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'RFWRUDO GLVVHUWDWLRQ

OHFKDQLVPV RI 5DLOZD\ :KHHO

%R 3HQJ

6 XSHUYLVRUYV 6 LP
LOLS 6KDFNOHWRQ

$ WKHVLVY VXEPLWWHG WR WKH 8QUXBUMLMHQRN R
WKH UHTXLUHPHHQHWVR | | FRUFWKHB KBIHIKLORVRSHKk

, QVWLWXWH RI 5DLOZD\ 5HVHDUEFK
6FKRRO RI &RPSXWLQJ DQG (QJLQHHUL
8QLYHUVLW\ RI +XGGHUVILHOG

YHEUXDU\






&RS\ULIJKW 6WDWHPHQW

7KH DXWKRU RI WKLV WKHVLV NFROGXIOPN DIDR WVKINWQWK AM VD RG @
LW WKH 2&RS\ULJKHUW HQ Q& KQIL XK BWWILWORI WKIB WH JIJKW WR XVH VX
DQ\ DGPLQLVWUDWHGKF B WRRRW DR ®MSERRHWHDFKLQJ S

&RSLHV RI WKLV WKHVLV HLWKRDGK ROMO RY D RFRWGEWIAMYZ IPDK B
WKH 8QLYHUVLW\ /LEUDU\ 'HWDLO\W IRQ HNEK HVRHP UMK K & VUL B VR P DX KE-
UHJXODWLRQV PD\ EH REWDLQHG IURBPNVEBIUMWERIDDQD Y XFKLARSDHAMN

7KH RZQHUVKLS RI DQ\ SDWHQW\QGGHUDIJRW KWU D QKMADILNF VYEO D Q
IRU WKH &RS\ULJKW WKH 2, QWHO O HMBXRG XFIRISRHUW R 5 [FRKSNV L J KOV
H[DPSOH JUDSKV DQG WDEOHV 35HSURKXE®QY LWVRIQIW WERKVEK PED\EIRG
WKH DXWKRU DQG PD\ EH RZQHG E\3WRISHE \§ D B WKWV ®XRXK 5 B SWHROGOX
DQG PXVW QRW EH PDGH DYDLODEOHM IRAQ MW HV Z RW RARKXHN USHHOUHPYLD/QY
3URSHUW)\ 5LJKWV DQG RU 5HSURGXFWLRQV



$FNQRZOHGJHPHQWYV

7KLYV GRFWRUDO GLVVHUWDWLRQ LV IRPRORRWKISYSSR BWRRGSDB\ &5K KFKKKXYK
DSSUHFLDWHG

, ZLVK WR H[SUHVV P\ PRVW VLQFHUURIKBQRRQV,Z ®LFNILLQ ©XBHWQY D VRR
QRW RQO\ WKH SURIHVVLRQDO NQRZDW®GJHN XWDNONRLRKLM QWP SWIHAH LK
HQWKXVLDVP IRU ZRUN DQG JRRG ¥RWFLISHIRIHWYV RLD VKKRKD K DD D WK S Hi!
PDLO RU TXHVWLRQV LQFUHGLEO\ HRVRXYBJIHWP BQWR ZRIRFX DLW BERYHGLL
, ZRXOG OLNH WR WKDQN KLP IRU RHM VIR W RB W L, VF D @ XK@Y R SH[S W XIQQ M
WKLV XQLYHUVLW\ EHFRPH DQ H[SHWIVH@RH: H[B B QKZ AU D RDJGMIR X B QCHON
RQ KLV LQIOXHQFH LQ WKH DFDGHPLF FRPPXQLW\

7KH VDPH UHVSHFW LV DOVR JLYHKD WNRORWRR \RAS HVNRHWROS UQ WBIXKLO®A
YHKLFOH G\QDPLFV DQG FDQ DOZDWJISHRWLER W Q R~ [PWKY WRIQVKREZX PR XY
LV , WKDQN KLP IRU WKH PDQ\ WLPMM FKQ@LAD G LYFREF U HBVFRIP\S B LKHIPW H
ILQG WKH PRVW FULWLFDO LVVXHVYMV @ IPY\SHDSWDW LRKHLN[SHDWDQMW RH @/ K |

6SHFLDO WKDQNVY DOVR WR 'DYLG &URK BHASZKR IQRMXHRWQ CBXKHB BN OM
%ULWLVK FXOWXUH WR PH ZLWK EHHRVW QVR KHR®OXE! 6HPAS/DPOZHSWREOEL
IRUJHW WKH PHULWY KH VKRZHG PN Z¥Y @WOOMRW MX\HYMR NWHLY KZ B HIVEOLHP W

, PXVYW WKDQN DOO RWKHU VWDII EQ WSGH |,RY WLIKWHXW H RO $DEOHADK Y +
WHFKQLFDO GLVFXVVLRQV WKH\ KDDB WD G HZ UWYXHRBHW RKHKX QNKKOLQ & K D\RK ROX
'LPLWULRV .RVWRYDVLOLYV DQG -RDARR®OHERVD WRE HVKH M5 K &/'SWRQJE W
DOVR HQMR\ WKH WLPH VWD\LQJ ZISWK RWKHU 3K' VWXGHQWY LQ RXU JlI

7KDQNV PXVW EH PHQWLRQHG IRU 3URI&DDORN %HDWD QRISYHVYRBEHDWE :
KHOSHG PH FODULI\ WKH DSSOLFDELR IQWHB W N KD-QAH R W KPHRUG H OS H UDAD
WKH FRQIHUHQFHV VXFK DV 3URI| HOEBDYWIDRI 69HRFRIH CHRWLR/IL -BIQR/I 1
*DQJ 6KHQJ 3URI +XDQJ\XQ 'DL 3URIGHD@PWRRXKDLY DQRPPWKH FRQYH L
WKHVH H[SHUWV PRYH QVSWHKH P A LEWRL PK WU M \JHDDRKO\ DFNQRZOHGJHG

, DOVR ZDQW WR WKDQN WKH FKLHI HKRM WRERRRNMHY H &RPG D Q\ SR S K
PH ZLWK PXFK WHFGQIDADED YRS RUWRBIVXDQH/® R ZPH H[SHULPHQWDO G
'U 'DELQ &XL ZKR KDG PDQ\ EHQHILFUD CIZQY BROVISRIQM ZQPAMKWPRH GBIQ G Y
VRPH LQQRYDWLYH ILQGLQJV

, ZLOO PLVV WKH KDSS\ WLPH ZLWKRPW IRIO-ORZWH G (E WK HP BY L HK RIUK B VN §i U
JULGD\ HYHQLQJ LBWLRQSIFWD ® HJ H OWEKY PADRXIWER QUL HKLZHL :DQJ DQG
'DQJ

O\ ILQDO WKDQNV HHQARDQV W&RZP\ VD P KPH DUO WAPIRWAR SRIZR FHH G



SXEOLVKHG SDSHUYV

-RXUQDO SDSHUV

%R 3HQUPRQ ,ZQLFNL 3®&LCLYSLGKOEROEHMNHR ZRPS PRIGHRQVRIRU VLP XO|
UDLOZD\ ZKHHO SRDUJRQL]DWIKRQ

Contributions: %R SODQQHG DQG ZURWH WKH SDSBQF6LPRG DE&LIKALODS LS|
ZLWK 6LPSDFN PRGHOOLQJ LVVXHYV

%R 3H@LPRQ ,ZQLFNL 3KLOLS 6KDFNOHWRQ@KHDKQGOXHRVHHRI ZKIPF
IOH[LELOLW\ RQ SRO\JRQDO ZHDW RI ORFRPRWLYH ZKHHOV

Contributions %R SODQQHG DQG ZURWH WKH SDSEDQBHPRQGDQIBYRKIZOLB YL
<XQVKL KHOSHG ZLWK VLPXODWLRQ LVVXHV

%R 3HOUPRQ ,ZQLFNL WHLPD LSO QKDFRIDIH *BYHBDOUPRQBDWIRHHO SR
ZHDU WROHXRPYH 6\VWHP '"\QDPLFV

Contributions: %R SODQQHG DQG ZURWH WKH SDSHW®QF6H PRG DOIG LIKL O S Wk
ZLWK SURJUDPLQJ LVVXHV

&RQIHUHQFH SDSHUV

%R 3H@LPRQ ,ZQLFNL 3KLOLS 6KDFNOHWRQFWX{EDKLPHIDIRR GDIERLY \&l
WKH HYROXWLRQ RI UDLOZD\ ZXK'H8 O RODIRIRIQDLQDWPBRVEZXPA RQ G\QD
URDGV DQGBIWUDFNYRFNKDPSWRQ $XVWUDOLD S 2UDO SU

Contributions: % R SODQQHG DQG ZURWH WKH SDSHQFG6LPRG D@ &LHZL GXR BK
'DELQ KHOSHG ZLWK VLPXODWLRQ LVVXHV

%R 3H@GLPRQ ,ZQLFNL 3KLOLS 6KDFNOHWRQ@KHDYQGOZHRWVEHRMI ZKQF
IOH[LELOLW\ RQ WKH GHYHORSPHQW7RH" QWD ZWHR Q DIR 6 RIRIG D]
PHFKDQLFV DQG ZHDU R&WDLO 'HCHWO MAWWHPOYDQGYV S 2U

Contributions: % R SODQQHG DQG ZURWH WKH SDSHWQ FH FORYG DUHSY BHZ O'1L5Y B
<XQVKL KHOSHG ZLWK VLPXODWLRQ LVVXHV

%R 3H@LPRQ ,ZQLFNL 3KLOLS 6KDFNOHWR®Q SIRPGDFMVRQ RI ZEBDOZ
SRO\JRQDOL]MW QRVH UIXKBIWLRQDO V\PSRVLXP RQ GUQB®YBY RI YHKLFOH
*RWKHQEXUJ 6ZHGHQ 2UDO SUHVHQWDWLRQ

Contributions: %R SODQQHG DQG ZURWH WKH SDSHW®)F6H PRG DOIGLIKLOLS SU



1RWDWLRQ

ORQJLWXGLQDO WDQJHQWLDO IRUFH >1@
ODWHUDO WDQJHQWLDO IRUFH >1@
VSLQ WRUTXH >1P@
JOREDO ORQJLWXGLQDO FUHHSDJH JOREDO > @
JOREDO ODWHUDO FUHHSDJH > @
JOREDO VSLQ > P@
UHVXOWDQW WDQ@HQWLDO VWUHVV >1 P
ORQJLWXGLQDO WD@JHQWLDO VWUHVV >1 P
ODWHUDO WDQJHIQWLDO VWUHVV >1 P
ORFDO UHVXOWDQW FUHHSDJH > @
ORFDO ORQJLWXGLQDO FUHHSDJH > @
ORFDO ODWHUDO FUHHSDJH > @
Juou prono ZHDU UDWH RGHBKB @H@U PRGHO @
Juou prono  RULJLQDO ZHDU FRHIILFLHQW >GHSHQGLQJ RQ WKH ZHDU PF
uou prono  JOREDO HTXLYDOHQW ZHDU FRHIILFLHQW >P 1@
Juou preno  ORFDO HTXLYDOHQW Z@DU FRHIILFLHQW >P
ZKHHO GLDPHWHU >P@
FRQWDFW@DUHD >P
VWRFKDVWLF HQHUJ\ I®@RZ GHQVLW\ >1P VP
Juou prono JOREDO ZHDU GHSWK >P@
Juou prono  ORFDO ZHDU GHSWK >P@
ORQJLWXGLQDO VHPL D[LV >P@
ODWHUDO VHPL D[LV >P@
QRUPDO IRUFH >1@
VOLGLQJ GLVWDQFH >P@
KDUGQHVV RI PDWHULDO >3D@

£ 2 Z T O T IMP U XX RSB N =~k T A

b, QRUPDO SUH®VXUH >1 P

3 PHDQ QRUPDO S@HVVXUH >1 P

"d ORFDO VOLGLQJ GLVWDQFH >P@

F IULFWLRQ FRHIILFLHQW > @

s ORFDO UHVXOWDQW VOLGLQJ YHORFLW\ >P V@

v YHKLFOH VSHHG >P V@

‘X ORQJLWXGLQDO OHQJWK RI RQH JULG HOHPHQW >P@
m QXPEHU Rl ORQJLWXGLQDO HOHPHQWYV > @

L PDWHULDO GB®QVLW\ >NJ P

v, JOREDO ORQJLWXGLQDO VOLGLQJ YHORFLW\ >P V@
v, JOREDO ORWMNHD®RLO\GIP V@
z DQJXODU VOLGLQJ YHORFLW\ >UDG V@
dt JOREDO SDVVXIX RQWP HFRKWRFW SDWFK >V@
't ORFDO SDVVL®JRQHP HUWE HROXIPHQW >V @
0 ZKHHO 225 RUGHU > @
c ZDYHOHQJWK RI ZKHHO 225 >P@
r ZKHHO UDGLXV >P@
ZKHHO FLUFXPIHUHQFH >P@
k DPSOLILFDWLRQ FRHIILFLHQW IRU SRO\JRQDO ZHDU > @

pm P



$SEVWUDFW

5DLOZD\ ZKHHO SRO\JRQL]DWLRQ LV VPR ZIKNAO DAL XEXHPIHQ HGIPH ZKR
VHYHUH SUREOHP ZRUOGZLGH IRU QHRFOLGEHRYV F WO DO @/X RV DSM WKL VE K
FDXVLQJ IRUFHG YLEUDWLRQ WR WK KK KALEF Q HV\W UDR RX \GOQ D/P K ) IV DWW
VDIHW\ Rl WKH UDLOZD\ YHKLFOHVQLXOQ X\ @HEWWDDE\L RIURH | L MRAWR N
SURSRVHG

$ &KLQHVH HOHFWNHWE IORF RPRAV M M RQH ] D MHIRQ SRCHPSOR\HG DV WKH
$EXQGDQW H[SHULPHQWDO GDWD KD GXEHHF® REW DWNHNEBRIYBK B @ REER]
WHUP WHVW FDPSDLJQ :LWK WKH VIHRPHDLPW WRHREWGDR QY I HW K UD G LXKV
ZKHHO SRO\JRQL]DWLRQ ZLOO IROORZD BU VH B XRXW ILRQIL¥KHI XQIGEHPHE
UDLOZD\ ZKHHO SRO\JRQL]DWLRQ VPRIE ISOW GWKW LIRIQHFWR/I UBRH W R HO Z
IOH[LELOLW\ DQG WKH LQIOXHQRL@WVW RD FND FEBHIY FBIHE MED DA FR © D RQ \

$ FRPPRQ ZRUNIORZ IRU SUHGLFWDRQ RQ U P LOZHDY HEWHG ROV HBGQR
VRPH UXOHV IRU WKH HYROXWLRQ RI SADR®RDN & KSHIHRY ISRIO) J R@LQ B WD R
WR XQGHUVWDQG WNKHRE DR\DLLFO PBI\F R R BHRM SKIOVBRIQUXPWDULVLQJ WKH\
JHQHUDO FRQGLWLRQV IRU UDLOZD\ DKHHOVSRDEIRQD® ZBDU7WR HS
LQVWDQWDQHRXV ZHDU DQG WKH HI[FL@DILWRHL Y KHIKKD RES5 LG FD V8
HYROXWLRQ GLUHFWLRQ WR JURZ GRHQW\RF&UNIHQR ¥ K D L7 H GH NURRIPX W K F
ZHDU )5) )JUHTXHQF\ 5HVSRQVH )XQFWLRRO LRUVEREGLWR LEH DV KN H2I2
HVSHFLDOO\ IRU S URGGE K W MOKIDWKEHRXXB® \WOR D W UM GRPHQ RSHUDWLQJ

$ FRPSDUDWLYH VWXG\ RQ WKH DSZHDLUF PRIGCHOWA RQ N [LPXNDLDON LKRR)S K
SROVJRQL]DWLRQ LV FDUULHG RXW GR¥XWH QWRSHIG \EN QM5B W %YUHL VE H\DKJ 5TF
.7+ 5R\DO ,QVWLWXWH RI 7THFKQRORHO G86P Q 6Q3ERIUAIMRIERH RO/ IHY HO \
VHOHFWHG IRU WKH FRPSDULVRQ RMADI PRIQMLREGW DWKRQIRUR HREDE
FRQYHUWHG ZHDU IXQFWLRQV LV GBOHYMW ZHPOO PR HAEF OLGQ H @ WWIKV WK
LGHQWLI\ WKH S RRYKU Y IEFRHQDZH K € OBKRIHR WH.IMD WR GHOWV 6LPXODWLRQ Ul
WKH ZHDU PRGHOV LQYHVWLJDWHGNSWHKMHQWFB X DWLARDMU RD BALIOH VL Q W\R
YDULRXV FLUFXPVWDQFHV $GGLWLRPHWKRGEW MV \QRXYELWRBEB®HWIRR
SROVJRQDO ZHDU RI UDLOZD\ ZKHHOV

$ WUDFNLQJ WHVW IRU DQ HOHFHWURRKVWORKRRA VBIRCH IR LHDW QR Q URF
LV XVHG WR GHPRQVWUDWH WKH HYROXON FO® ® | WKKH YSEO DWW DORQ RH
LPPHGLDWHO\ EHIRUH DQG DIWHU ZK HDO® WLH S URX VO E 8 W Z$1 A R P\BIDRUXLOVI
PHDVXUHPHQW GDWXO%DNIR® RQ GHH BV U PLHVEBH FDHIDMOHG WR LGHQV



ZKHHO SRO\JRQL]DWLRQ RQ WKH G\QDKDR\WHWIRWIPDHFH RRPWKHH@HKD
UHJDUGLQJ WKH HIITHFW Rl ZKHHO SRHOUILRQGIDWLRQ RQ WKH YHKLFOH D

7KH LQIOXHQFH RI ZKHHOVHW IOR[LEM LYY HRQN ZKDBI\W B GS R5G\V R Q W]\D V
ZKHHOVHW IOH[LELOH WXKFD QQRWZ B\RPEWHRQSRQ\DROHQHUDO VHQVH X
SUHUHTXLVLWHY DUH IXOILOOHG WB WHKRYZIGHHD WKW W D B QLHE IHGWL U RIGPE
FRQWLQXDOO\ H[FLWHG WR |0XFWXDRHD®W KR € R QRN D KWH UZHVHI-ROQAMHW  F DK
H[FLWHG E\ VWLFN VOLS YLEUDWLR® \&KBWVRD\QD WKR)OUWRG WRQ WD R2W VDIC
RU E\ ODUJH WUDFWLRQ WRUTXRQJ, WLRHV WKW XDHWIHOR S AH Y W RIVW RH DK
FDQ EH H[SHFWHG 7KH H[FLWHG R U GMHKHZZIOHBN HI\WD W\R O V IGRH\DHU P RG D¢
WKH YHKLFOH VSHHG

7KH LQIOXHQFH RI WUDFN IOH[LEY QIQW\HR @ LZ}CHMHIOGS R @ H R/ QH B SHR G L
DQG WKH 3 IUHTXHQF\ DUH FRQVLGHBHGY DPRMLIQH WIZRRP GARKPH. QADWDAF N UL
$OWKRXJK WKH VOHHSHU SDVVLQJ MUXHTQXA QFFR FLLVQ W KWRPRW WH Gl RO ML Q D@V \
QRW SURGXFH YLVLEOH GHYHORSPHQMV FIQZ K P $IROU 23 Q WK IHD BW B H VARRIID/QL
GHYHORSPHQW RI ZKHHO 225 7KH ORFX®QGUW ROL BHMCHL@RHPWE& HVZ R HOQ &
WKH 6LPSDFN )75 PHWKRG

.H\ZRUGMLOZD\ ZKHHO SRO\JRQL]DWLRQ VRO\ZRQDCPRBHOVHLGY¥WDQ®Y
ZHDU SUHGLFWLRQ SURJUDP HYRGONXWHIRL WHQGCHFN FHYHLAKWHOVH



&RQWHQWYV

&RS\ULJKW 6WDWHPHQW :
$FNQRZOHGJHPHQWYV .
3XEOLVKHG SDSHUV s
1IRWDWLRQ

$EVWUDFW 9
&RQWHQWYV 9,,

 QWURGXFWLRQ
% D IINRX Q G
L, QWURGXFW ZRIOQ W R @X H® D J H
&ODVVLILEBWQRMRU DQG GDPDJH
,QWURGXFWLRQ WR ZKHHO SRO\JRQL]DWLRQ
‘HDU PHFKDQLVPV LQ ZKHHO UDLO LQWHUIDFH
5HVHDUFK VYV RGEWRHRK
$LP
2EMHFWLYHV

ILWHUDWXUH UHYLHZ
7KH PHFKDQLVPV RI ZKHHO 225
,QLWLDO Z26HGI®OHBRMEROLQJ
5HVRQDQW YLEUDWLRQ Rl WKH YHKLFOH WUDFN G\QDPLF V\\
&DVWHDIR @UWDBH EORFN
"KHHOVHW L® PDOVHUAHD OQQKRPRJIHQHLW\
‘KHHO 10DW
2WKHU UHVHDUFK
7KH HIITHFWV RI ZKHHO 225
OHDVXUHP HHQMW FRV WRHZKHHO 225
6LPXODWLRHF WV \RKEKHHO 225
1XPHULFDO SUKBHPWIR@ FRQL]DWLRQ
5H V HDIDFS

SBUHGLFWLRQ RI UDLOZD\ ZKHHO SRO\JRQL]DWLRQ

,QWURGXFWLRQ
$ FRPPRQ ZRUNIORZ IRU SUHGLFWLRRQRI UDLOZD\ ZKHHO SRO\JR

$VVXPSRULRRUAXORGNIRQ RD ZHDU

6LPXODWLRQ VFKHPH

‘HDU PRGHO
6RPH UXOHV IRU WRHOZYDR @X\WHRQSRO\JRQL]DWLRQ

7KH BXOIF IRY26QUR IHY®R O Y H



7KH HIIHFW RI HIFLWDWLRQ RQ FRQWDFW SDUDPHWHUV
7KH HYROXWLRQ WHQGHQF\ FXUYH
&RQYHUJHQF\ DQDO\VLYV RQ ZKHHO UHYROXWLRQV
JLQHDULW\ RI H[FLWDWLRQ
&RQWULEZ\WOLREY RH@RSHG 225
&RQWULBXWERQHRALWDWLRQ

7KH JHQHUD O FR Q BA YRR QN

'LVFXVVLRQV
$VVXPSWLRQV
,QVWDQWDQHRXV ZHDU )5)
&RQGLWLRQV2PBUWRKIBEHYHORS

6XPPDU\

‘HDU PRGHOV IRU UDLOZD\ ZKHHO SRO\JRQL]J]DWLRQ

 QWURGXFWLRQ
‘HDU PRGHOV

$VVXPSWLRQV

'"HILQLWLRQ RI ZHDU PRGHOV

&RQYHUVLRQ RI :HDU PRGHOV

8QLIRUP H[SUHVVLRQ RI FRQYHUWHG ZHDU PRGHOV
&RPSDULVRQ RI ZHDU PRGHOV

8QGHU KDUPRQLF H[FLWDWLRQ

8QGHU UDQGRP H[FLWDWLRQ

(YROXBRRQIRQRDO ZHDU
'LVEXLRQ

$ERXW WKH VKDUS SRLQWYV

$ERXW WKH DVVXPSWLRQV

$ERXW WKH ORFDO :HDU ,QGH]
6XPPDU\

(IMM"HFWV RI UDLOZD\ ZKHHO SRO\JRQL]DWLRQ
,QWURGXFWLRQ
225 GDWO\DQV
7UDFNLQJ WHVW
OHDVXUHPHQW VFKHPH
OHDVXUHPHQW UHVXOWYV
6LPXODWHRQ RRZKIIIHFWYV
ORGHOORFRRRWLYH
&RPSDULVRQ EHWZHHQ VLPXODWLRQ DQG PHDVXUHPHQW
(IIHFWV RAI5ZRBHXUEYH QHJRWLDWLRQ
3DUDPHWUL® B BIOMWEW\RR|I ZKHHO 225
6XPPDU\

9,,,



,QIOXHQFH RI ZKIIVAORQW DOQE ZIDBLOKHRH@® SRO\VJRQL]D
 QWURGXFWLRQ
ORGHOOL QUHRUBVDKIHZIKHH OV H W
JUHTXHQF\ UHVSRQVH DQDO\VLV
JUHH ZKHHOVHW
2Q WUDFN ZKHHOVHW
,QIOXHQFH RI ZIKMHO\WR® AREIWEFW UHVSRQVHV
6WUDLJKW WUDFN
&XUYHG WUDFN ZLWK D VPDOO UDGLXV
,QIOXHQFH RI ZIKMHD\WRIQ UOHPLZD\ ZKGIHO SRO\JRQL]DW
3UHGLFWLR®LRQVKIHZHKURIOXSRO\JRQL]DWLRQ
&DVH VWXGLHV
6XPPDU\

,QIOXHQFH RI WUDFN IOH[LELOLW\ RQ UDLOZD\ ZKH
 QWURGXFWLRQ
OHWKRGV IRU PLE®HHOWUQFNOMHI 6LPSDFN
'LUHFW DQG LQGLUHFW PHWKRGYV
7KH )75 PHWKRG
ORGHOOLQJ Rl EODNHE GRM3 WHINF\R G
3UHSDUDWLRQ RI WKH IOH[LEOH UDLO LQ )(
&RQILIXUDWLRQ RI WKH )75 ILOH
&RQILIXUDWLRQ RI WKH 0%6 PRGHO
&RPSDULVRQ Rl WUDFNYV
,QIOXHQFH R L @WUD\FRQ CR@ BRU
6XPPDU\
&ERQFOXVLRQV DQG IXWXUH ZRUN
&RQFOXVLRQV
ODLQ FROWUWIEXKWBGRYVHRUWDWLRQ
)XWXUH ZRUN

SHIHUHQFHV






3K' GLVVHUWDWLRQ &KDSWHU

 OQWURGXFWLRQ

%DFNJURXQG

6LQFH ZKHQ WKH ILUVW SXEOLF WDQOZM\ (G AVKMGZ RUKOH DO RS H
PHDQV IRU PDVVLYH WUDQVSRUWDWLRBHRI BE® V\VHILMEHQ \DIDEO W DER
GHYHORSPHQW RI HFRRRP\GZQGHV RKILWMM N AVSHARNO®KLQD ZKLFK KL
SRSXODWLRQ DQG WKH WKLUG ODHUUBY &2\ H WWID/IQR/S\RIUQV Y WH ZR KO8 G
LQ UHFHQW GHFDGGEYV RIRWAKHRR WEIWIRKEH QDUJHVW PDUNHW RI UDLO:
LQFOXGLQJ KLJK VSHHG OLQHV PHWURLWKQWKH DUDG LKH DG\Y DUQHFLH KR\
WHFKQRORJ\ WKH OLPLW RI UDLOZI)} WHDRW KR UWKBWLDR QP X\P §/I$ HOIG EU
FDSDFLW\ 7KH RSHUDWLQJ VSHHG RI KNFPKKVBE® HG UWWPDIMLQ YURDQV HH [FH
&KLQD DQG WKH WUDFWLRQ WRQQDUE& EPWWIHDFIKHG6$ 6RWRQK R U LR
+RZHYHU FKDOOHQJHV DULVH DW WK VIDPH \URDK D) UKD WHHK L B Q H
FKDOOHQJHV LV UR@ZDWIRKH @ KSIRFKWOCEE EHBORIPHVRBH LQ UDLOZD\ HQ.

7KH SKHQRPHQD RI ZKHHO SRO\JRQL]DMI® @ LKDX\H FEIHHRODLLEHOX WRX ®
@ LQFOXGLQJ KLJK VSHHG WUDLQ®QG ORF@&P RWWYHRVWUD L@ VDY VK®Z
(VSHFLDOO\ LQ UHREHQW WK UJ DHRG DHOBSIRWZW URETUDLOZD\ LQ &KL
RI UDLOZD\ ZKHHO SRO\JRQL]DWLRWQRIODNH G HXHIJ HDQ R W IRFD Q HA/OAXG HW R
WUDLQV ORFRPRWLYHV DQG PHWUR WUDLQYV

(a) Locomotive (b) Metro (c) High-speed train

Figure 1-1 Images of railway wheel polygonization [6]

5DLOZD\ ZKHHO SRO\JRQL]DWLRQ LV PR ZIKINVMO DAL X DX IHQ O PH DKIHRG
GXULQJ YHKLFOH UXQQLQJ LW LQIGR@ HVRSW K M L\Z MHHHIDWH SRMX RGQF IR\
YLEUDWLRQ WR WKH YHKLFOH WUDFWOG\W R B HBD W HQN WK H ZKR P KR B B/Q DV



3K' GLVVHUWDWLRQ &KDSWHU , C

UDLOZD\ YHKLFOHWLIBIVFZFHOWD MIVWIKKHYWKDF & H D@ G GKWXEWVWRFQW LD O O\ K
PDLQWHQDQFH FRVWYV QHFHVVDU\ WR © D XDNMH 2215 HAQ). WHIHQ SR PHDSIW B R OH
IRU VWXGLHY OHDGLQJ WR D EHWWR U 2K}GOUYRUD\Q B Q Q1D RIL W& HD © B FLKDH,
DSSURSULDWH FRXQWHUPHDVXUHV W i LPFRWW LFMRWP B R R ZS\DKV ¥ L YaH &R O K
VKRUWHQLQJ WKH ®DRQWHKEOBQNH SHIFINRIDQ | DHDGWMRQ FUHDVH RI PDLQ
RU FKDQJLQJ WKH YHKLFOH VSHHG SIOH{OWU R 2K AKRBSOIHDWLR Q GRDCG
DGGUHVV WKHVH SWRED R A ¥ KDINAVPDAO®NSIRIDMNOR QL ]DKMHLRQ KDYH WR EH X
WKDW VRPH HIIHFWLYH VROXWLRQV FDQ EH SURSRVHG

, QWURGXFWLRQ WR ZKHHO ZHDU DQG GDPDJH

&ODVVLILFDWLRQ RI ZKHHO ZHDU DQG GDPDJH

1LHOVHQ > @ JDYH D EURDG GHILQXKWGRGE \RV WREDBERFZKBHQ HXWHZEMWSR
ZKLFK KDV EHHQ ZLGHO\ DFFHSWHG LQ WK® DD GHPWHE GRPPXQY VU >R X'V
VLPLODU PHDQLQJ PRUH FOHDUO\ UHQA W KH DKIG KJ KDNFWRMMVMRIEXWD WL RQ
GDPDJH LV SUHVHQWHG LQ )LJXUH

Figure 1-2 Classification of wheel wear and damage

*HQHUDOO\ ZKHHO ZHDU DQG GDPDIHGKD® MR ZKWE R WYWHN @ R ZZX BN OX Q
> @ DQG FLUFXPIHUHQWLDO ZKHHO BDAOMHG 2PKD QIR XRIGRKHYV X22%6D (
XQLIRUP ZHDU 7KHH®HUPHQORIWR Y PGHOWLHPLVRO B WG RQJPMRKDWUDQVYHUV|
FKDQJH DOWKRXJK FRQVWDQW DURRQO WHKHIHDK SIHIRI >0 i@ F KKOH)J K/ SIHVD XL
WKH WUDQVYHUVHQZKH H® HS & R UFOH IIFKBK@WUBOLS UFROLQO\ SUHVHQWHG
LUUHJXODULW\ Rl WKH ZKHHO F L UEXPU H WHQ W i HZMGD G H QMW WB\E UED ER'Y RQV
LQFOXGLQJ WUHDG I0ODWV WUHDG WV&BIORLLUFIX ODWHDGUWKKODUQW \ FO®
LQWR VR FDOOHG SHULRGLF LUUMNJWKBIUG W WLQEF W WRF KD LE HLISUHUDHGILX
GRPLQDQW ZDYHOHQJWKY WKHUH DEHU RIWIRAL) DOW R DON OHQLUMKWVHIG
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FLUFXODU LUUHJXODULW\ VXFK DVQV R@GHWW LI\Q F,@&D \KLLIK WG HH/G SW
RWKHUZLVH DV VWRFKDVWLF LUUHJXODULW\ FDQWBHN WKEH LYH G HRX
SRO\JRQL]DWLRQ DQG ZKHHO URXJKQ HAKH HIX s R\ W Q Q FDWVIRRQ EHQVEZ
URXJKQHVV LV SUHVHQWHG LQ 7DEVHY D WR VIR &OGLE HR@RRGIG K PH
WKHVH WZR WHUPV

Table 1-1 Distinction between wheel polygonization and wheel roughness

THUP :DYHOHQJWK $PSOLWXGH 3RVVLEOH UHD\
5RXIJKQHVV PP —P 7TUHDG EUDNLQJ
BROVJRQL]DWLRQ PP RQH FLUFOH ! PPLVPV)L[HG IUHTX

$V FDQ EH VHHQ |URPHDDERXJI K Q H2V \H OH DMK RWHW ZDHGIDWIQM WKV UDQJILQ
PP DQG VPDOO DPSOLWXGHV LQ WK®G\RRGHD WRIL R Q—XR/ XDLE\HK DR/HGIRC
YDU\LQJ IURP PP WR DQ HQWLUHRFLHFO R D Q3 § HIUGILQ D RS V W/ BLH LI
8QGHU H[WUHPH FLUFXPVWDQFHV WKRQDFSDUWREK RI ZREBH®@ SRD IRG
URXJKQHVV LV PRUH RIWHQ IRXQG RWF VEUBDGE CGE WOLINDH.® WV D B L\G K HW\K B |
LQWHUDFWLRQ EHKWZHI® QY EBRENFD Q@HB DIGLWIR KR WRWE RWIMRUPO\ GLVW
ZKHHO DQG EUDNH EORFN FRQWDFW XKWHIDFSRO\JRQLEBWS R QDK\DLW HEC
PDLQO\ RQ GLVF EUDNHG ZKHHOV RI> |RULK[DRE OB QK DIXG VISGI HBW U B L
&KLQD > @ 7KH PHFKDQLVPV RI ZKHNOFRROG]IEGLYBIW L RBQ | DHOUH Q RIXIAKF
W LV JHQHUDOO\ EHOLHYHG WK DWGW HDZXWHMH B RQ\WRIQ D]DWLLR® LW
ZDYHOHQJWK RU IL[HG IUHTXHQF\ PHFKDQLVPV > @

7KH ZKHHO SRO\JRQL]DWLRQ KLJKOKUKW H GL ¥ LWWKKH DU EIR € 6 URHKGI REEGW ILG
7R DYRLG FRQIXVLRQ WKH WHUPV RIHRXWR K I K@RKD\G QMK 02 3 K WIHEG Z2
IRQW LQ )LIXUH DUH ERWK DV VXP® G DVWRL R Q GIL\F Z\W & ONVIK® B KHW G5 IS\
DV DOWHUQDWLYH WHUPV

, QWURGXFWLRQ WR ZKHHO SRO\JRQL]DWLRQ

3RO\VJRQDO ZKHHOV SUHVHQW D SHUMRKGH FPUDIGQ DDKW BIHID @ BE Y KIVW |
SROVJRQV FDQ EH DSSUR[LPDWHG Z XK HG) RDGILID® MODHD & L& HRYIL W H F
FROWULEXWLRQV Rl GLIIHUHQW KD DFYRIQIHORIME B H VL TKG E R UTXHDWSIRROX
07‘9 0
ZKHUEY WKH ZKH HOLY DB K \K DQRBR Q LE R ULGHIL FIKMHADYE HEFHQW UL FL W
LOGLFDWHY D ZK HHDWR WIKD IHW\ RIGHEU 1 OD LUK XLOHD X V W U
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Figure 1-3 Examples of wheel polygonization in the order of 1(a), 2(b), 3(c) [19]

7KH ZKHHO SRO\JRQL]DWLRQ IHDWXUHAVSOLWRGH ZDRBIRMH®DA W KV HDYQHU IDC
SROVJRQDO RUGHUV H[LVW VLPXOWRPRLHRDOM \R EEWUWKHXH H V RV R QVRI
ORFRPRWLYH ZKHHO 2%R WRG HARBUGINBWWHG LQ WKH SRODAHFRBHGLQDW
VLWXDWLRQ WKDW FDQ HYHQ EH LEBABQW LAKHBOEOWHKE VQW R H® FUM DY S C
ZKHHO UDLO FRQWDFW IRUFH DW @S H KIHI LH] FHW DWE BQRIQGH EX TR 2 KHHIH S
225 ZLWK D FHOWD L®HRUHBPUQHG K\ DAKGH WKU-D FEDYWHSRMAGLVQK WR (TXDWLF

\4 VA O]
Or S

f

5DGLXV UXQRXW >PP@

Figure 1-4 A measured wheel OOR of dominafitdigler [22]
‘HDU PHFKDQLVPV LQ ZKHHO UDLO LQWHUIDFH

:HDU LV WKH UHPRYRB® B I|FRRWHDUMDKD B DAXEHDIFH WAKKH.FRUP RI GHEULV 9l
PHFKDQLVPV FRXOG H[LVW VLPXOW D GBHRRXV ¥\ S LFHIWK B ZDAHPHYO DUWMHL O LWXN
EHORZ > @

z 'HODPLQDWLRQ ZHDPADWHULP ODUYVIFGEGRHRPDW &EWIRRIQWXUIDFH
z 2[LGDWLRQ RU FRUURVLYH ZHDU UHRRFDEDRI| RBHDAFOHIR)URY R BGW E R/Y
EHWZHHQ WKH FRQWDFWLQJ VXUIDFRIDQOISL W\KH HQYLURQPHQW H J
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z $GKHVLYH ZHDU ZHDU GXH WR ORFDDFHNQWH DG LEHWY R HP@ \WR Q WIDG
RI PDWHULDO EHWZNKNQI|DFRIR/ W,KH ABBR ¥ A RGHHQ MMORUH RI DVSHUL)
ERGLHVY LQ FRQWDFW

z $EUDVLYH ZHDU KDSBOUWLFORVFRSWKR UFHBNVDFW. YXWIDFH DQG PF
HJ ZHDU RI ZKHHOV QDX GQUWKEVFRQWDFW SDWFK

7KUHH ZHDU UHJLPHAWH WP @8 AH D Q GVEB D W Y WK B SKIHFGAEMZ F\WWH W DWH D
ZHDU GHEULV KDYH EHHQ LGHQWLIDHBREDV HG JRKZ BY HY LARHF\D BIYSHGL I
DQ HODERUDWH UBWHDWKHK R DLLD ¥ BRWIBY UDQ G ZDN JARHINO VWHHO DV 2
PHFKDQLVP HYROXWLRQ WKURXJK WKHFROWPFHW ERBG LWKIR Q\H X I9E U\N
ZDV IHDWXUHG E\ QBZRIH®DWLYWHAHDVYHY KUGHZ HOW WK JLPH PLOG GH
R[LGH OD\HUV ZD VVIRR RQ @ [DW HW K B\GIRW/R S & LWHUGHE DD LYIDYWIRQ DQG \
FUDFNLQJ FDQ RFFXU 7KH WUDQVLWLRGXHWRHWRHPERGQDE A WRPY SDt
VOLS ZLWKLQ WKH ZKHHO UDLO FRQEMMFAW 1$Q W FK HUKH D € B VF /W B W\WUDR
E\ D WHPSHUDWXUH LQFUHDVH WK DWW OH@IBVKW B HY GCOIWUE D \LIQ RPIRWHK H
WKH ZHDU IXQFWLRQ GHYHORSHG BRUHELR QD @ WW KHKHHDWR GCXWW RV \§
WUDFWLYH IRUFH LQ WKH PLOG ZHDPHUWKIHP BH DRIUUW WHH \LIYY VW B EZHD |
SURGXFW DQG LQZWKY FBWNPWW WRBKIWBDY GDMADIWQFDOO\ ZLWK WKLYV

OLOG ZHDU LV PRUH FRPPRQ RQ WKR ZX H H & L\ b H\DHGY HIUHG DR)EG \W B M D D\
RFFXU GXULQJ FXUYH QHJRWLDWLR@®DHEBW KO ZKHVHXD W U HROUG S L7
WUDQVYHUVH SURJLEHV \WRU KB YZH{ IR REH VFSRHALL BRREANME D ULRY SUHGLF)
RI ZKHHO SRO\VJRQL]DWLRQ WKDW GV\B L 6 B OZH DAY KPW \IPRMR@ BMIOH) PHHHKD §
RI LQLWLDWLRQ

SHVHDUFK VFRSH RI WKLY GLVVHUWDWLRQ

5DLOZD\ ZKHHO SRO\JRQL]DWLRQ L& ZHHIDD WWBHWR EXRW CROQMR WKH PR R\
EHWZHHQ WKH YHKL BN B Q4G S\W K HP\WRI@/FNLHG ADLUPXICHGVR XW WR LQYHV
LVVXH LQ WKLV GLVVHUWDWLRQ $QKH [SHWH. AHHOQW V@ LD P KRB RPQR WR.Y H
ZKHHO SRO\JRQL]DWLRQ ZDV FDUULHG RERPSED @5 D0 EKKRKRKZRVRPR
8QLYHUVLW\ FRRSHUDWLYHO\ VLQFW R W & EHXRLGFE W SWMHVOWE B 0BR Q QJ R\
ZKHHOV DQG WKH YLEUDWLRQ UHVSREGHNVRW K B\DNELKN R B B \KIDVE L R IDH (

$LP

7KLYV GLVVHUWDWLRQ DLPV WR LPSURDWLR®HPXRIGIHUMPLYQRB L QUID IRD
SROVJRQL]DWLRQ WKURXJK IXQGDPHQW DIHQHU/HD UFXO HBA VK BMU W D
SROVJRQL]DWLRQ ZLOO IROORZ
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2EMHFWLYHYV

,Q &KDSWHU D O LW HIUDWWK B B ULUHNHLEH RAXKAH KYHRYIDOWHPHRI M XKUUHQW XQGHUYV
UHJDUGLQJ WKH PHFRDWQRY ZYK HDH)G FADAHIR QD] ZWILRKQ WKH UHVHDUFK JDS

,Q &KDSWHU D SUHGLFWLRQ SURZKBIF ORYRW KIR € Y FDAKLVRICR QVRG HW\DH. OR ¢
IRUWKH HYROXWLRQ RI UDLOZD\ ZEHRVOLER QUIRQQ RDVDMRY 1B $H S VYRISRW H
WKH EDVLF PHFKDQKNMAY BRODIFOZIDYPMILR Y L RIWW KHWHP UXOHYV WKH JHQI
IRU UDLOZD\ ZKHHO SRO\JRQDO ZHDU WR HYROYH DUH HVWDEOLVKHG

,Q &KDSWHU WKH DSSOLFDELOLWL@® IVHPLAVOWDIVYLURERB X O D UOZHDD Z RIRIE®I C
LV DQDO\]JHG )RXU UHSUHVHQWDWL YAUZMOD WY B O HON HGRAPDBO ER BWE VEX B
Rl 7THFKQRORJ\ 86)" 8QLYHUVLW\ RIREKRUILHBGSHBPWGYBORIHVMRY HO|
FRPSDUDWLYH VWXG\ ZLWK FRQVL&GWUDWLRQ RI JOREDO DQG ORFDO Pl

,Q &KDSWHU D RV DN H@QH FWHWIW  IARIF RIPARRRV VHH) \RXIVHBKHHO SRO\VJIRC
LQWURGXFHG 'DWD LV XVHG WR G&PR@QDWUDHIDH WK = KHHHRMVX I Q B QVKIHWY
ORFRPRWLYH LPPHGLDWHO\ EHIRUH BDQE @HWBHO FKHEGPBLYE HW R HIDLUQGIL C
ZKHHO SRO\JRQL]DW@WHRIUR @G WHKHY HigWHBY B Q@ RAA\SLIDAU D P H

,Q &KDSWHU  WEHKHOOKMQIFHH RIELORWL [PV ZREHY SRYHVWLIDWHG $1\
)5) JUHTXHQF\ 5HVHR@V AV KHQFRQ W D O WWJ MKHRWYB¥ND IDUHJXODULW\ IR
DQG DQ RQ WUDFN ZKHHOVHW WK HR RQWIHH BR & WRD FAK HHHOASHRWY M B Y [ D BIGO
ZKHHO SRO\JRQL]P®WURQ YD ULPXWUWHQDULRYV

,Q &KDSWHU WKH LQIOXHQFH RI RQUPW LA B[ LELOQWYVWROL ZBWH G HHRDO
WUDFN 0%6 OXOWL %RG\ 6\WVWHP PRGHD)ZY BXOH)W EBN G IRIQ HQKEH 6 PF
6LPXODWLRQ LV FDUULHG RXW W ROKKIHAANH KARKZHWSRHO W RN | DHHDIUE R O Z WK K
WKH ORFDO UDLO BH 8 [FLQUHBRWE RVGRBPQEEDO BRVY K HD M IR Q
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[ILWHUDWXUH UHYLHZ

1LHOVHQ DQG -RKDQVVRQ > @ UHBRHDUHE WIKHDLWDEZ\HZKIHW& HS R OW

UHJDUGLQJ WKH FODVVLILFDWRRGQ MRPRIWUFPX\GH W VF B QRAMIKHHD B i
> @ LQ FRPSDUHG SUHYLRXV VWXX@PIHHM. FDKD WRGVHOG/ DAQRD D OWD IXF/MMOJ
RI ZKHHO 225 LPSDFW RQ WUDFN DQGHUBBOLIDIVVRIRHFMHGR P YRR QWD
UDLOZD\ ZKHHO SRO\JRQL]DWLRQ LGP S\BHUWP \O R D GWK HU HFCRAY)DWDH F U [EVU K U
+RZHYHU LQ WKH UHFHQW \HDU® VDROHRYK RQ FH WHKBIUFEGHINW S DR EH 8.
SRO\JRQL]DWLRQ ZLWK VLJQLILFD @W LRRMUR E X &/H RIQF FRRFPADQILMIR B (
HJUHDW OHDS IRUDMW G GBIYHIDIRSIPQ &KLQD

7KLV OLWHUDWXUH UHYLHZ LV DWWH@BEWR G WDR O2OP PDKH A R B\ XRG
GDWH 7KH UHVHDUFK RQ UDLOZD\ ZPNISE R \ WRH. HDI VRV LY & QWK
IRUPHU LV WR LGHQWLI\ WKH URRWD RIRX WHK IRW W RIR HZ IDHF M. YSHR © RDRQ@W H-
SURSRVHG WR OLPLW RU HOLPLQDWW MWK HVJWRZWHFR U @ KJHHH & K22 50 H KD+
SRO\JRQDO ZKHHOV RQ WKH YHKLF@®HGW Y B PR % WRPRHL P VL QW H ® D Q FRIU'G
ZKHHOV LQFOXGLQJ PRQLWRULQJ D¥SHAH 2LOH FHRUHYILGIZ HAK MW B D/
WKH QXPHULFDO SUHGLFWLRQ [RU UMIOY DL\Q BWUHRHEX FSHR® \ BR @ H]WD W X
OLWHUDWXUH UHDISHIZV \WR & RDH\GHIBK PKFR S\HK R I WAK/EMD GLVVHUWDWLRQ |

TKH PHFKDQLVPV RI ZKHHO 225

7KH LQYHVWLIDWLR@HFIKEZRHWRV 22% D HRPGHWO LFDYWHID QA VAVIXXVHV PL.
VLPXOWDQHRXVO\ ,Q WKLV VHFWHRBQE \WXHKHOIRWHRIQW XDO® RV HVZ S VF
UHVHDUFKHUV

, QLWLDO 225 GXH WR ZKHHO UH SURILOLQJ

5RGH > @ LQYHVWEEKDWBE BHWKFHNAY®VOHL FWWD HQYULQ *HUPDQ\ DQG
WKH IL[HG FODPSLQJ XVHG LQ WKH UKMKOW HGQS URLMOLLDYY BAERR H WK HF R
&XL > @ LQYHVWLIDWHG WKH HIKQFGH B I ORRWQZKQH HRK D D VKA N UR. @ WWLKEF
SRO\JRQL]DWLRQ 7KH UHVXOWV VKRZRG WKB \Z KHKH KLIKIIDF IR FRKXO G
UHPRYHG E\ WZR FXWV 7KH HFFHQWRMERW®Y\URD® I$E D \KD G QIR H QR D WH
TXDOLW\ RI KLJKHU RUGHU SRO\JRQVFIXKHU HBY WKH\IRKUW KVK B GSHHWL
VHYHULW\ Rl WKH IRXUWK RUGHU S R/G\H RIX IB\HS HRQ GAHKGH RHEF FHIQHV O HFYLH
UROOHUV 7KH VSDFHURI FARKHD @& DRDNJFRRFWL YK HLFRWWDQJ TXDOLW\
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5HVRQDQW YLEKDWQR WRDWKKHKYIDPLF V\VWHP

ORVW UHVHDUFK VAWD\LGY H QVWIKW B/HRUIDAS R QQ FDW ZRO HPX\BW EH D pIL[HG ||
HIL[HG ZDYHOHQJWKY LVVXH DQG W R W RR\E ULDXVRIQ P MW WELHD ¥ R BH WK
G\QDPLF V\VWHP +RZHYHU DV IRU ZRLFRQNEQG® VRl W KN RAXHHO ROV DR
GLIIHUHQW H[SODX@BWL®R @ KB @ EWGE BQDWXKH | B QIRIRXEH

KHHOVHW IOH[LELOLW\

ORU\V > @ LQYHVWLIDMGH 8 QUIDH JRIPIHIEWHPIOF DR IRV P, &K1 FDUULDJHV LQ
FRQVLGHULQJ WKH IOH[LELOLW\ RLH DIMOFNDWERQG WW DG S L BPDW.HG QK B
IRUFH YDULDWLR ®VWHKRK Q& HMHRF b O MWD \& DEDHOQ AL@G@ RWWALOODWLRQ RI WK
ZKLFK OHDGV W RDOMDHAHDIOD BDWCHSIZIDYGED[FVR FRWORQXOGMG WKDW LQ WKH S
RSHUDWLQJ FRQGLWLRQV RQO\ VRPH HIFORUGHG W DRBUGIOY Z K& WHIDIW R
WKHLU VKDSH XKQGKOIWDI2BCRWG HU V

OH\ZHUN > @ GHYHORSHG D IOH[LEOHEXDKHHDNVNEBOW WR GHH® RQWQUQ W R QVIKd
225 SURILOHV 7KH UHVXOWYV VKRZHKBVWKDW W KK HHOWW W ZR E\HHGGD Q JHR
WKH JURZWK RI SRO\JRQDO ZKHHOV MHHE®Y?YHW WHUBYB RAKI G &Y PRIHR/QH FZ
RQHV WKH HLIJHQYDOXHV FRXOG LQGEFIDW W MK W KIDDQ ARRAMKLHY VW KW VI D\R ]
WKDW RWKHU UHDVRQV IRU ZKHHO JSR{JRIRQDWMLW QR/QGXIH RKM\R HJHV RQW R I
PDVVHV

-LQ > @ LQYHVWLIJDWHG WKH PHFKEQQWR RIPWWH FSERAANDRQIEQ EBDU\RQ D
Rl D YHKLFOH DQG LWV SDUWVWV WwgWBWWK MW KW UYHKN VO HWLHQHR &R Q
REVHUYDWLRQ WHVW RI WKH SRO\JRQ D& Z MDHNV & H @ Bl QRIS/EXHFOQWY R 1IQ & KFHD
FDXVH ZDV WKHHYR®WOFHHORILY KK ZKHHOVHW

6LPLODUO\N DQRWKHU LQYHVWLJIDWIURQ Y ZDVHGRRWEL QLXKEL Q@ |1 RKIHPMD
ZDV WKDW WKH FRXSOLQJ RI WKH PRIYHARHRKWW RWWXHGEHRYCLEH PR\G HRR)I
PRWRU LV WKH OHDGLQJ FDXVH RI WKHAORWRRD W IFRHVRRSWRODIRQ X KIDFSKH E
E\ FKDQJLQJ WKH VWUXFWXUDO SDUDPHWHUV RI WKH ZKHHOVHW

7DR > @ LQYHVWLIJDWHG WKH PHFKDHQNPWRIL R IOHR FRRRRWR Y B OZRHB (
H[SHULPHQWYV FR Q®MHRW H & HD M[ $ HRIOBGNORDDVOH G HWEKIDW W KH ILUVW EHQGL
ZKHHOVHW ZDV WKH URRW FDXVH IRUWSRKIG AKHHQ DREM 1RQLR QW MRIQHRY
PRGH RI WKH ZKHHOVHW ZDWHKRX\GHLF WH KW R @ BRROKE R/GHR 2 MLIRU KDV Q|
EHHQ YHULILHG

SHULRGLF RXW RI QQRX Q& HRHIO S RZHURHE WWRHFMH&® RQKMHVQRQ ORFRPRWL]
ZLWKLQ 6RXWK $1UDBDZ KHKHHOS/RIOQ FRI @ DOVVREG WIKSHH F\WWMUWR.IRD WKH ORFRPRW
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DFFHOHUDWHG FRPSRQHQW IDLOXURNRARW IWRUNVICRDDPDVYEEQ LW PRIG A
H[SHULPHQWDOO\ WKURXJK YDULR XX $HPWHLFW VP RAMHG DRIJE VIRIQH WJUHD/FXN
WRUVLRQDO YLEUDWLRQ H[FLWDWLRQ\ PHFXIDH[EV.MAVH @ HVOML E 8 FVQ@W 5| LYt
VDWXUDWHG DGKHVLRQ DQG IRUFHG QWAHLUWIODWLARRRQ EF VWIKUR K DU PR Q L
JUHTXHQF\ 'ULYH GULYHQ $& WUDFWDRRUMRWRDWS$XI/HR/SW YK HG R R WQ\R
DQG DUUHVW WKH VIHEXFWILR@ \LIQR® R GAELYRHILLAV Y LE U@ W

3 UHVRQDQFH

-RKDQVVRQ > @ GHYHORSHG D SUHWLRW®WLRR GHRROURILQHKWKBD BRPKDR
WKH FRQWLQXHG JURZWK Rl WKH WK LZKEHRWWO/MH U @ KW KOG SRADR JFRDK. RDOA
FRQFOXGHG WKDW WKH PDLQ PHFKDQQWPWDRN ZIKG\WMD 28 ¥ FDQHQ WH HD ¥ R
WKH 3 UHVRQDQFHWUIAUHUSHOS VIIQDW V&L I DK WKSO GWRPHIXODULW\ RU
ORQJHU ZDYHOHQJWKY GXH WR WKH6RIRH TEUH Q) HFRRHMV DQ WK A HB |
REVHUYHG IRU WKH OHDGLQJ DQG ADXNHOR QW B K HHIHTHKD O K IVKHVERL
RQ WKH OHDGLQJ ©BW WD IO UV FIRWONWR BAK HRWQU B F 1@

-RKDQVVRQ > @ DOVR VWDWHG WK DRNWRKHGMHQIHFIW R K HEKE HD IZG DL \
FRQVLGHUHG WR EH WKH RQO\ DFWIWHKHG B PPLUH WHEK DROLKNRU , QLB KO
LQIOXHQFLQJ WKH ZBEWHSODRYWLFXGEKIEUPNWQRQW UFMDREQ FRQWURC
LQKRPRJHQHLW)\ D URXEX® W KH @AKHHOR BVHY KB QW G\ QWRHULFDO VLPXC
H[SODLQ WKH IRUPDWLRQ RI WKH KGRP GOIDWH B JR 2 Z5RE HVDHPR QG FL R UV
VXEZD\~ ,Q DGGLWLRQ WKH LQFW@HBD&XURDWKRQQLQIL PO \VEKL BB XK HG!
RU WUDFWLRQ V\VWHP UDWKHU WKDQ ZHDU

7DR > @ LQYHVWLIJDWHG WKH PHFKRQWW®IRQ ER YW P ZVHWOWHRH Q W
PRGDO WHVW 7KH LQYHVWLIJDWLRUHUDKN®EWRHIFEG QAW HRI W K B W RA\HKH-

KDUPRQLFV ZDV WKH 3 UHVRQDQPMHZHRXUSIURW RV H B WVLR P LY WIHUAHH
SROVJURQDO ZKHHO ZHDU EDVHG RQ WKH ILHOG PHDVXUHPHQW UHVXO\

&DL > @ FDUULHG RXW DQ H[SHULRHDRWDIR \URIG IRUPHDWLLFDMD R.IQX KIHVAC
RI D PHWUR YHKLFOH ,W ZDV VXJJHVWKHTGDW KW WHWKIHL B R QRQDLEPHN RKLW R
RI ZKHHO UDLO FRQWDFW IRUFHV LDV WWKHH F D X¥]HI URIT XAHGQH 'S B D QR YO
VWXGLHV VKRZHG WKDW WKH GRPLOG®QWQEWE DY H HIFRSIDHNH/QIWL 9 Bl 1L F
PHFKDQLVP 7KH ZKHHOVHW IOH[LELI®LWR XB'GSB FLUDDOD WHK M/ EHH Q& HOIJ
DQG IXUWKHU DFBPMWQRQDRVHS REH RRDA & ISDG VWIKHIHVY ZRXOG LQFUI
IUHTXHQF\ DQG VKLIW WKH GRPLQDWYW SRO\JRQDO RUGHUV WR KLJKH

5DLO IOH[LELOLW\

/L > @ VWDWHG WKDW WKH ZKHHOGSW R \WKGALEHRQICRQ@ P PRGH RH D VIVOW/
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RI WKH WKLUG YHUWLFDO EHQGLQWPRIBGI RG MMXAH QWFDIOHH O VB WWH FFR L |
SDVVLQJ IUHTXHQF\ RI WKH SRO\JREBIEG ZKRXQEG W& DM VKWL R QE WDWVK E
SRO\JRQDO ZKHHOVHW FRXOG EH WODIRGP ZW VB & KR O V@ ML INKKEURRIMLIXKI DH

X > @ FDUULHG RXW D VWXG\ RQ WKBRKUWRIMW LIRWLRIQKIRIK R KGEG HK \ZKH
ORFDO UDLO EHQGLQJ PRGHV ZHUHLWADSHFRW WE& HD ¥ HAKCH. Q R R WE BIDXWLHR Q6
VHIPHQW EHWZHHQJWUR HZ& HDWOW K WHKH BBHBQDG LADIY WIORHUPIWL RQ PRGH QHDU
LGHQWLILHG DV WKH SULPDU\ FRQ\WUOEKRVRUDWWR KRUEKH DQQWWIKXGH+ZK Hr
UDQJH 6LPXODWLRQ DOVR LQGLFDOWH&LWKBW VWDKK SOHHOWHWQWYLEE B
ZHDU DQG ZHUH PRUH OLNHO\ WR FRXRWRQEXRQH QLR DWHK R Q0 R, DHFW HROMNG_HL
GDPSLQJ FRXOG HIIHFWLYHO\ UHGXHH AKKH QO BWBO\RRQDRZYDIWRREB®LJIK RU

6HOI H[FLWHG YLEUDWLRQ

&KHQ DQG =KDR > @ SURSRVHG WKPWDWKR QWRIFW ZR & B O WHD WHI[B E W P
WKH VDWXUDWHG ZKH HOWDLSRVVHRGHZRHAKDSRORRQDO ZHDU RI KLJK
7KH UHVXOWV VKRZHG WKDW ZKHQ ZISHROGMWORS \R QDUDLNO WK® WKH & U
H[FLWHG YLEUDWHRQVRUDFKHVAKWHB FIKQ FIKK PPN Q QREKFH WKH ZKHHO SRC
W ZDV SURSRVHG WKDW SUHYHQW LWL & KZHD Z KKHH @& V VIR @ WLMDLC SIUHIF B OV
SRO\JRQL]DWLRQ RI ZKHHO WUHDG VK Q6 LIO) FYWW MDGILU VEPN &BPSLRQCO R
ZKHHO SRO\JRQL]DWLRQ

6WLFN VOLS YLEUDWLRQ

X > @ VWXGLHG WKH ORQJLWXGLQDDQWGL EWNVWLARSD RF DAK HRI@V UIRIUO ZKRIC
VWDWHG WKDW WKH ORQJLWXGLQD® KK HWHOD ¥ WLRIWVR B E DD DOV M[R U WX
FKDQJHV LQVWDQWDQHRXVO\ DQG WK YSLLELLPIDW A R Q HLTVK MGKF IRR QVR K B WWSX
0 WKH ZKHHOVHW ZHUH VXEMHFW LVFR HRRQ \D\E B € WL WIR T RXIH | XFLGHW DRR QC
ORQJLWXGLQDO VWLFN VOLS YLEUWDMR@ QUERXE G R FFFROUO G KAHD XIV[H ® HB[HFL
ZKHHOV UHVXOWLQJ LQ WKH SHULRGVFSDRED D) RX-EGH WIKMHZLK BHED U |
SRO\JRQL]DWLRQ

%RJLH UHVRQDQFH

X > @ LQYHVWLIJDWHG WKH PHFKDQRVY M RILK KJ ¥ SRHHGH W USIRLAD MR R DX K D
H[SHULPHQWYV 7KHQREHGWLK B VP HRDQOX BHP HYQ\E UFDWIKRI! DQG G\QDPLF Et
WUDLQ DQG WUDFN DQG QXPHULFDO ®WR&DOWDQP@®LFDW HRG YWHKOLW OWM K FIR
GHYHORSPHQW RI KLJK RUGHU ZKHHOWSKRIOMIR QW 8 GZ ¥ Bl Y RZQIVQIEGIL R/IL DK F
WUDLQ LQ KLJK VSHHG RSHUDWLR CH® RWKHDRAY IF K D @/ KLHQ 11 QAWKIHY W X DO DR QV §
FRXOG HIIHFWLYHO\ PLWLJDWH WKH KLJK RUGHU ZKHHO SRO\JRQDO ZHL
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&DVW LURQ WUHDG EUDNH EORFN

$ VWXG\ RI ZKHHO ZHDU LQ LQWHUHRAVWY & WIKIDQW LLQQV WIKIMHF WH. W & ¥ IRC
FDVW LURQ EUDNH EORFN FRXOG ORIPH:QWR DFKRHYDB G VEHRONJR® IE\DBV ER®
ORZ RUGHU KDUPRQLF ZHDU DQG VERHWOSEWFKXPUHWHER OB U W VXY IRIWF
LURQ EORFN EUDNHV PXVW EH HLWKHWKRSWRRLKIQE VRU CLHIYRHROY HTGK MV R\
LQVWDELOLW\ RI WKH ZKHHO PDWHQ@Jl EOQ IDNJ®& W K H UMD WHHSJR. DWW HVEU DD WA
IDFWRUV OHDGLQJ WRVEKBHO@2B VAIBAOWWHGT WISBWGYHBHAKWK FDVW LU
EORFNV ZHUH PRUHKMHHNHGR®\RR@IFPDAR LWROHFRRBBOMEZLWK GLVF EUDN

KHHOVHW LPEDODQFH DQG PDWHULDO LQKRPRJHQHL"

OHLNH > @ XVHG D URWDWLRQDO ZKWHMOMHWH PRIGH! @ KZHAMKX SR Q2)JR@ LI
DQ LPEDODQFH RI ZKHHOV 7KH PRGH® WKHR DHGE W REWR PR KHQE LODPLEG
PDWHULDO PLJKW DOVR FRQW UL E XFRH) WRQXR XN URR USSHUL R G UP FQUF X A
ORU\V > @ UHSRUWHG WKDW WKH ZKEHDRMWLGOPMPLLREQL R E MKIHQ E K HF
YLEUDWLRQ RI WKH EUDNH GLVNVKIRB S & R W LW \FRHQHEA. W/IURDQ. \) K RDKGL OR-

KHHO IODW

<H > @ SURYLGHG DQ LQQRYDWL YMHWMM FDW KD/ WHVRUD WIIDFHWEKDWHZ KK |
7KH VLPXODWLRQ UHVXOWY VKRZHG WKKDWDGHRLFREAVVYSHHGYE CHY G QI
SROVJURQDO ZHDU $ ILHOG WHVW RI PWHGWWDR) M HZDUJIR VKDY R\G\RRVKR Y G
WKDW WKRVH H[FLWDWLRQV RU GHWHRGLFZKKHFKOFDRLEDXKSDOEWEYJ MU
DJJUDYDWH ZKHHO SRO\JRQL]DWLRQ

2ZWKHU UHVHDUEFK

7KH 9DQFRXYHU PDVV WUDQVLW V\VWHPHLQDE&DQDG® KDOHVHB[SRUUKQB|
7KH GHYHORSPHQW Rl FRUUXJDWLRQ\W ZPNQGMH R P & HHR \ERHWE/X HOQWERR S
RI HUROO VOLSY RVFLOODWLRQV HIOWBRHQ VZ KHH RQi6 QIR UPQ & \WE
WUHDG DQG WKH UZHWH S8BREBRVHBHGQH WAL QROHGRQFH Rl ZKHHOV
WR “ PLQXWHV RI DUF DSSO\LQJRDFIKDEOWH R\QK RR G L FIWHILR O FF KB b B OW |
ZKHHO WUHDG DQG UDLO IURP QH YDWDLPNH D/QRS IRV QVE LYK WHIHID B 1 DQW F
HDFK RI WKH IRXU RVIDX@IH@WFWUR&NKRBKHWH UWRBGDN HOLPLQDWHG FI
VIVWHP > @

%URPPXQGW > @ DSSOLHG D VLPSOH @HHHHOR/S$IMG PIR GHO W X GED WH R
LQYHVWLIJDWH WKH JURZLQJ QRQ RPLWRKED DQ GWFK RN MBO/REDW QMK IOY Z1
225 ZDV DWWULEXW HEDWRHIU B'G WKGHZIDEFMQ RIQVY. O, WQIDY FRQFOXGHG
RI YHKLFOH VSHHG FRQWULEXWHYV RZHGHBGH D WIDRIPR GRPLQDWHG E\
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OD > @ SURSRVHG DQ LGHD WKDW D SRVOWVIFRUDWEIZKAWD FRKQSE E&XU LE
UHYROXWLRQV RI D ZKHHO UDWKHORWY K D& TNOHVQF \RAKHH H 8 YYRLEXI\WW WAL QWRD
DOVR FRQWULEXWH WR WKH JHQHUDWLRQ RI WKH SRO\JRQDO ZKHHO

=KRX > @ LQYHVWLIJDWHG WKH UHORWLFQWKRG ERHMNPDMH@® QV R H FAOHH.G
VWUXFWXUH RI D KILIK W8 HBE (R @R SWKPW U3 LV XEUSHRY V. MR @D DQJ VW U X FV
RI WKH ERJLH ZRXOG KDYH D GLIIHOERQWH LRI Q/KHIQERIJIRID WKHQIWKIE ZR A
ER[ SRVLWLRQLQJ VWUXFWXUH LV DDGRBSYGHGH WD 2N HQ FMIXH RRRQU V\U
GXH WR WKH XS DQG GRZQ PRWLR Q®WRIQW KH SUKIP ZEHWOUS RO\ MR IQXYDWH.

3DQ > @ IRFXVHG RQ WKH PLFUR P HIFEDM\LYPHRIOYR @ LAR QW ® G\HDHY RD OB
UROOLQJ WKH QR® WRHIRROWRB AHVAR IDFE L D MIEYDWLRQ IURP WKH I
XQLIRUP SODVWLF GHIRUPDWLRQ RRWRH RXNHUPRYDW &DFHGH | R UWR B M UR
WR IRUP DQG H[SDQG DORQJ ZLWK WSKHD OL B U R/ X VGHD & K EMIZ/VBHY GRIEQ P IEFU
‘DYH FUHVWV DH)QG IWURKGKR/QWMKKH VXUIDFH

/KH HIITHFWV RI ZKHHO 225

'KHHO 225 EULQJV DERXW H[WUD F\FBOFLQRSHDWFM F®IRBGHDW WLKHH WDKLHD 2
ZKLFK FDQ KDYH GHWULPHQWDO L QRM+HQUFWH VFRQ WWIDEPAWL QG W R KLLG OUHH
ULVNV RI UDLO EDANINM VDWHBHU[BMYKFROY$RIQHDW GDPDJHV DQG VR
VHYHULW\ RI ZKHHI®S2®2 Z PW K WQEBQNR FHF @ '8 \DHE OVHK 1 VADUWWA R1 WKH UDL O
WKH FRPIRUW R SOINH B QUBW VR @R OGP & M E QV LRRO DIERRYXND WHKHHOV IURP VH
UHVHDUFK KDV EHHQ® GG GCHDWRNHPHRW RU VLPXODWLRQ

OHDVXUHPHQW RI WKH HIIHFWV RI ZKHHO 225

7KH PHDVXUHPHQWZRKHWR&HR HIIHRAWPRROD\LDYBSREWHR QVRI WKH FLUFXPIHU
VKDSH DQG WKH GHWHFWLRQ RI YH®EHRORI WKHBHN Y225EU DOW QR QP H RV WIKH
FDPSDLJQV KDYH EHHQ FDUULHG RXW ZRWODG ZQBHR AFARRW HYUHL @ J DKQ-G KP ¥ $WHU
W\SLFDO WHVW FDPSDLJQV IRXQGQULEHEKHHORYHUDWXUH DUH EULHIO\ G

$ UHVHDUFK SURJUDP ZDV FDUULHGDRXWRW RKODHIWYWHD $YSKKHHDUD QIHRR| WK SLE
UDLOZD\ UROOLQJ VWRFN DQG WKHYHDL O VZKIHW & BHEGHKMVAINV Y RUXHA Z®
PDGH WR REWDLQ D SLFWXUH RI WKHLINENRQWWHE X RX RKQ WRVUDIGY IDO®NH
RUGHU WR GHFLGH KRZ WR UHGXFH UDLOZD\ UROOLQJ QRLVH

7R REWDLQ D UHSUHVHQWDWLYH L @GILFDMQ RBQ@ HE HZR 5 DHY LIV/[WWIHWIV L HWHK
FDPSDLJQ ZDV ODXQFKHG LQ E\ PHIDWX D RGJ V25| DW H DKOVNGHQUHARY SRUR |
SDVVHQJHU WUDLQV ; DQG LQW HIIFLQW 5IHHIQIEK WD W G DAMG/H B RPXQVGH W |
%RWK WUHDG DQG GLVF EUDNHG ZK HH®W @WUXV PIBDIVX WHKGH V K B HRRDL RUH
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PLQLPXP WU DYHGIORMIG GLVWP

‘X > @ UHSRUWHG D ORQJ WHUP ILHRGIN N'8WHSU R UDDLRP BELVRK DR OKLR
ILHOG PHDVXUHPHQWY LQYROYHG PRXDVWREHQVLRHZKH 50 RSIUR LIQQIHR |
REWDLQ WKH JURZWK UDWH RI SRONJRRD DFFHDWH U QWLR®L W KRIQG\Y R/ IV
GHYHORSPHQW LQ ZXIHH 6 KI2BD ZW HFK AHD B \RIRDKIK'EDOPRQLF RUGHU\
7KH D[OH ER[ DFFHOHUDWLRQ ZDV &IXRADWRW H& UNG HWHHIFMAL RV B KX\HHD XS
WKHUHE\ WKRWFZKWHOLRPRYDO

6KL > @ UHSRUWHG D WZR \HDU H[SBEKHPB®QSW R R@GIXF GG WRUY A WKL
KLJK VSHHG WUDLQV 7KH H[SHULPHQ WR QKHRZW G DMK-DAVRWKWM KGRE R 6 DQ
DQG WKH ZHDU U D MHVKRR®HU DQWLOHDE HVWXOUQ BAHGXRIWRQLQJ UHVXOW|
ZKHHO PDWHULDO 7KH LQFUHDVHZRH WEWHWT XZ K/ IDFOKH QMY I R DLSFLWR\[ RP ¥
WKH ZKHHO ZHDU D@E HR SFHRIMONGL Q J DRADWRIONVRI W WH) X EWX UDO FRPSRQHQ!
YLEUDWLRQV DULVLQJ LQ WKH ERHLMUDEGE PDU ERIHPAHUM DO G ZWH B OA
FDXVH WKH ULGH FRPIRUW WR ZRUVHQ VLJQLILFDQWO\

7DR > @ UHSRUWHG D FRPSUHKHQVLYJHD O HDRMAQAHVAH @ @ HFFIPLSLIFL J Q HILRIL
VXITHULQJ IURP VHUUKXY BKHHRMM RR5X R\ X SKXWRXK HORERPRWLYH FRF
FRRSHUDWLRQ ZLWK 6RXWKZHVW -LD®RVWR®JID 3XMHNE UL\QL WK LAK 16 IIMfEHUY
WKLV WHVW FDPSDLJQ ORUH WKDQ RPRAIHHON ZRIGYIDY KXY WG SLHYV &RALC
PHDVXUHG VLQFH $SULO 7KH W\WXRLHY ZKHH @ KRZOQ\ IR I DXWIHR Q ITH

$V FDQ EH VHHQ IURP )LJXUH WIKILMHK WASLFDQ G R OX DRF(HIVOZ AHKIHHIH IGRY
ILJXUH OHJHQGY LQGLFDWH WKH PHDWWUIHPB QWHS RVML®/HR Q) LURKPU W K
DPSOLWXGH RI WKH SRO\JURQDO ZHDVWHGHWWRUHEH GKIHQ OMHKM SRO®E AR R
LQ WKH ILIXUH GHPRQVWUDWH WHH RRBRQ CIKMHHBNVUFOH VIHQUMIKD D UL W\
UHVSHFWLYHO\ ,@®WHURHYRWL QU MK MJKIRUAH JRIQD\WOUAKIRODU 7KH LQWHUY
DOVR DOPRVW VLEPWOIKHH® W GHID QUSARRWH WDRGVZEDHVIDOVWHUQ +RZHY
GHSWK PD\ GLIIHU DV VKRZQ LQ WKHHOHIVD D @ & HP SAH{IDAIFRRY BW K H VORIl WL
ULJKW ZKHHOV RI WKH VDPH ZKHHOVR®DIOV ROUGGAHRY O QUK EHKD Y PIH LLQ XW K
WKH RFWDYH EDQG VSHFWUXP URHYX® \¥ MDRJ IKKHHH @Y U HKHRAISH ADY &
WKRUGHU 225 UHSUHVHQW PP ZDYHO B Q GWW KIDONRRY BMKIHRFSNIDW H E D
PP > @
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Figure 2-1 Typical polygonal wear of wheels with 18, 19, and 24 waves (from left to right). (a) Described in

the polar coordinate system. (b) ordevels. (c) 1/3 octave band spectrunthef measured irregularities. [30]
6LPXODWLRQ RI WKH HITHFWV RI ZKHHO 225

$V DQ DOWHUQDWLYH WR PHDVXUHRHQRVLGHBXDWWRE HVIBDFAMR/QR HRQKH
WDVN IRU WKLV DUHD LV WR TXDQWH \YWKHFBHHFW/FRIGARBROF2Y5V R
SDUDPHWULF DQDO\VLV LQ WKH VLPXIODW DRQHORRHS BRPPGHE LW & HV RX QY
PRGHOOLQJ SRO\JRQDO ZKHHO H JRONPSDRN WK KDY HKR FOKIDWUW RN G HQL
WKH SUHVHQFH RI ZKHHO SRO\JRQL]DWLRQ FDQ EH HDVLO\ VLPXODWHG

'LDR > @ FDUULHG RXW UHVHDUFK RQ@ Z\HOH LRXQ O2K-HHRH URD LKOD BR @ W DFF \I
KLJK VSHHG WUDLQ XVLQJ 8QLYHUV B® X0 K DUXLRZRH G8 OV K\DRN W\WZKDHJ K D B R F
WKH ZDYH GHSWK RFE R Q/ RVKAHOZKGUHB@NBH\M FODOMH VB @ &/RKGWBFRUBHRPHW
7KH ZDYH GHSWK ZDV PRUH LQIOXHQWLDO WKDQ WKH RUGHU

X > @ H[DPLQHG WKH HIITHFW RI ZKEHORS R\UKHRAKIHE VY R®W R Q XQKANHH I WHLL
RI D KLJK VSHHG WUDLQ 7KH FRPSDIDMNUXH BQ P OFRUBGLINMKRIFHIB JWRQRD®
ZHDU ZDV ODUJHU WKDQ WKDW ZLAKKRION WKH SROVJIRQDO ZHDU RQ V
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‘DQJ > @ LQYHVWLIDWHG WKH HIIGIE® Rl EAKHW DRZ2 R RY KHK HH\Y B UV WL E
WKH G\QDPLF IRUFHV ZLWKLQ WKH DK@MNVARYJEIRDUD KL JB QG MHKG WK DU
7KH JHQHUDO FRQFOXVLRQ ZDV WKDWO WK®I @XHGIPH 2WK H RXWDIEQ VR 1§
LQFOXGLQJ WKH D[OH ER[ EHDULQUD QP& RVKHKIHPRERR ERQMVD JH ,J UMKR
ZDV LQGXFHG E\ WKH ZKHHO 225 GDPDJH FRXOG RFFXU

/IDQ > @ LQYHVWLIJDWHG WKH ZHDU @&QD/PRQIG HRU EKNHBDHO Q@R 57KQVUDRONZ
WKH 225 GHIHFW FRXOG GRPLQDWH WXMHP QR WPB DFMR QRAUDFFHWI DR WRH 7R
VXIJIHVWHG WKDW WKH UDWLR RIRQUREG IGWHIEPARN QR QVAIHY CH B B WOWHUQ MG
GHUDLOPHQW TXRWLHQW LQ WKH SUHVHQFH RI ZKHHO 225

&KHQ > @ IRFXVHG RQ WKH HIIHFW RIVBKHIBOYSKQ FIRD /@ DZAHD V XREQ L
LQWHUDFWLRQV 7KH UHVXOWYV VKRIHBQW KZDA ME KHH 8 &K UFERDXYOH GWEKRIOZ &
UDLO YHUWLFDO IRUFHV ZKHHO X@ OUPDL G LMIFUIDW H B WIIDR/QWH QIHID LR IUA-
Rl ZKHHO SRO\JRQUMAWHR® WRHOAH@WLBDRG SWWIHOD/FRPWKH VXEJUDGHE

X > @ DQDO\]HG WKH G\QDPLF UHVSKG®VWR RKIDHIOL 2R 5V DH/H BHOHK DK O
RI SRO\JRQDO ZHDUDHQHNVKW ZHWW OVKEBZ H& HVK BWXIOLWK RUGHU ZKHHO
FRXOG OHDG WR KDFKVIORDGNQFW LWED ZHHEOZKDE® V@WH YLEUDWLR(
ZKHHOVHW DQG WKH D[OH ER[ FRXOLGVKIG i [FLOWHERQ BDFEG HQ H WIRWKIRIE B
LQ WKH ZKHHOVHW D[OH

/ILX > @ LOQOYHVWLIJDWHG WKH YHUWRQFDI®OVE OQUIRQF IDKRHFPHD SR OOIR Q VG
VSHHGV XVLQJ D YHUWLFDO YHKLFOKH WHN KR W R XVXREZEG G WOPWFW KPR G
ORDG EHFDPHWIRUHH WR GQWR R R HALRKA YLHKFLLAHOOHVV SHH G V

=KDQJ > @ SUHVHQWHG D GHWDLOHI GHQNYWVRQYEWS\REHRDIEKG VEK B H
DQG ZKHHO UDLO QRLVH DQG WKBV QWMMBXRK BRLNEVRIYKLBKSWHIH R E Q
VLPXODWLRQV

1XPHULFDO SUHGLFWLRQ RI ZKHHO SRO\JRQL]D

$OPRVW DOO WKH QXPHULFDO PRGHGOSR ORURSUHBAERQ R R ORJ RZBIIGO P R\
SURJUDP VWUXFWXUH FRQVLVWLQJ RIHDBRP RGH® PR @/KDLF D00 B [DRS 06
SURJUDP IRU UDLOZD\ ZKHHO SRO\JRQZKDAH. ROV CWYHORSH® BLIRKD
$V FDQ EH VHHQ DQ LQLWLDO 22 5VADAHER DWKH. ZEHE @MW WKH 0% 6 \P RI5C
IRU FDOFXODWLQRQWKDIFWKHHYSRIMVEH R ILDKWHKEO SREVHR@AE]DWLRQ LQ
LWHUDWLYH 225 7KH SRO\JRQDO ZBDUPRG MK K LRDIO WX G DFR-OGN D IEW/K |
LQSXWV +HUH WKH SRO\JRQDO ZHDRL B AR BN WKGWLDWHYUR PDWALRWDY DI
FLUFXPIHUHQWLDO VKDSH RI WKH ZKAHHDAN $MVKSGPDMMH GL W H WKW LRRW
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HYROXWLRQ RI WKH ZKHHO SRO\URQLUDWHR/MH UV PRXFLWIRW N S H A KHDRFREG W
FRXOG EH GLITHUHQW IURP RQH LWHUD WHBQ LW R LDFQRSWHKUHDMNLR @ W FHR) D €

Figure 2-2 lllustration of iteration scheme for coupling of simulations of dynamic train—track interaction with
calculations of wear[14]

SHVHDUFK JDS

&XUUHQWO\ WKH XQGHUVWDQGLQZ KR H®KHRQMIPOLL DM HR I K\I \R E WIDQ 07z
WKURXJK H[SHULPHQWYV DQG VLPXODWIKR® O7 K25 FLKD WIKFPWH UWV O/H B A\ &
SHULRGLF IRUFHG YHUWLFDO RV HLDLO\DKVILLR I GD MJ IVTKKHH @ K HiHYD MIALROU IGQ W B
ZDYHOHQJWKV RI ZKHHO 225 DQG W RH FH®& LYFLEEH) VWH R Q R7AKFDVU SIH Q 11 ROGAL F
EHWZHHQ WKH ZKHHO WUHDG D Q GZ WR®IHUDH K IKFHDHG W U DAFIND@\QFDLPA W H/GV |
ULVNV Rl FRPSRQHQW UHVRQDQFH YV WDRXGL § RWKILQAML DD GKOIP\D EHHVH Q0 RANRWT ¥
RI ZKHHO 225 RQ GLIITHUHQW SDUWW WIHW K EDWHHIGL RQHZ W IUFDKF NWE\WH) DFEH &
ZKHHO 225 FDQ EH UHFRPPHQGHG 7KRW K5 LJWDHHUMW DWIRIQQ B L ® OHFR RAUD X
ZKHHO 225 RQ WKH YHKLFOH

2Q WKH FRQWUDU\ IRU WKH PHFKDQLVFVWKIDWKRIQOL Y28 HOTRDOLXWHIOR QF
5HVHDUFKHUV DUHVFRR W DY XIVQUL BBV IRWUKIH. ORBWZRBK®Y SRO\VJRQL]DWLF
SHUVSHFWLYHVY 6RPH SRWHQWLDO DOQHXXHWFREK D VDF¥FWRLAOKDWIHHEEHQ
> @ ZKHHOVHW IOH[LELOLW\ LELOLW\ >@@ORKBEGOMHW LOHDODQFI
KDUGQHVYV > @ VHOI LQGXFHG YRERPWRBQ >@@DQAKEHHORQDWRZHY @U $\
EHHQ D XQLYHUVDO H[SODQDWLRQ WEPW LHEIQ ERFBXVBOWKHLUPXP\Z
SRO\VJRQL]DWLRQ LV D PXOWL IDFWRULRM BD H PY\RKRENORANEGHS IHBHHHGWU B B
WKH ZKHHO SRO\JRQL]DWLRQ PD\ E MW IDRAQVUR E XWW R & HVRR @&/IH QHALHDOW | B R\ |
WKH SUREOHP KDUG WR H[SODLQ

7R LQYHVWLIJDWH WKDRLPHPK Z&HHRV BRRSUVBHREQEWMRIR QURIUDP LV QHFHVY
QR H[LVWLQJ FRPPHUFLDO DYDLODEQH WRIWZQUHVFPROIRMIQD BMK UW DAL
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VHFRQGDU\ GHYHORSPHQW EDVHG RQ HIRVWZIRUH RE DXV V %R GG HoX ¥
SDFNDJHV 1R PDWWHU ZKDW WKH VROXRUR @ K NHHIGOHIONUBTXE GZLHDVL RZK
225 LV WR GDWRPSDWHGZ KM\ F¥DH/QMBH USUHGLFWLRQ WKDW K
VXFFHVVIX0O\ LQ FRWRRQFL B0 LOOSZD)DAKIHRHD LSROMIRIDLHG WR QRW RQC
LWVHOI EXW DOVR WKH FRPSOLFDIWBHQGL@WHUWBWER QOKOWZISBE VDK
DERYH FDQ FRQWULEXWH WR WKH IXYION L BWILARQ PRINHKHWE® LA2 5 WR P ® €
LQWHUSUHW $V D UHVXOW LW LW Q@ RBHULDNLIRKHHW R/ BB O UY KROQA  WKIQHG O
ZKHHO SRO\JRQL]DWLRQ ZLOO IROORZ

7KH JHQHUDO UXOHV Rl ZKHHO SROWRBLIDWGROWRRIY GURKEW B \L BVDAH
WKH SUHGLFWLRQ SURJUDP IRU ZKHBQ @ F5H HXYIRMX WIRR Q HR ® ¥ WWE H HDROJI
DFFXUDF\ +RZHYHU P® QV VX DRBIDNVQRRG EFHHHD ¥QGHQVWHUPV RI W
SURJUDP IRU ZKHHGS Q25 2RUFK[WPSH RV XIHDLEPRIGIRW EWOFXODWLQJ S
:KDW NLQG RI ZRUNIORZ VKRX0OG WKH \SUPHS®ILFWARQLEQRIDDR D BRI
DUH QRW" :KDW LV WKH UHDVRQDP®H RRX DG \¥RP ®OW K H\WSKJ'H:G& IDFW DR @
IRU SRO\JRQDO ZHDU WR HYROYH" 7 WHWRK R X HVO LIRD W B LD G IE\HV 8 U WXV

,Q DGGLWLRQ DPRQJ DOO WKH FRP$RQHPW W RH ZHKKILHFOVHHW WD FN G\QD
WUDFN > @ FRXOG EH WKH PRVW L PGRHQFHOW KFR PS RW HRDW/IVR @ KROI WZ K
DUH WKH QHDUHVW FRPSRQHQWYV WIRHW K HVKKHSIROVY.IR.@D PR DMDIUF R/F EQ\
WKH IOH[LELOLW\ Rl WKH ZKHHO VR ¥ [DX)/G{ S WMHROEALIF VRFLLDJGAN AE Bl UH DRULRAKH
ZKHHO WUHDG +RZHYHU LW LV \DW G® \FRROYWHYRF R UM LIDPY H @ WALK DW DR
ZLOO DOVR GLJ LQWR WKH LQIOXMREN HORII[ LZEKLHH. O\ HRAQ | DKIH IHEOL © R\ \ JIRQXC
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SUHGLFWLRQ RI UDLOZD\ ZKHHO SF

L, QWURGXFWLRQ

7R HQVXUH WKH VDIHW\ DQG FRPIRRWNVRFRMDR-RDYZ 3\DYVRQ Y H Q/JRDW R/ER QW.K/HI
WKH PDLQWHQDQFH SHULRG IRU ZKHHO V. QEKIHEK ADR) © B DGWHR) DOQWLIH @ RI
WKH YHKLFOH VSHK G WUHDXODDG G VKKRRSOUDMWM\RWRPIWQDJIJHPHQW 7R DG
FDXVH RI WKLV SURW Y HPHH BIDQ EVROWR R GVRREW KKOVE WBRYPH GLUHFW DQG HI
FDQ EH SURSRVHG

&XUUHQWO\ LW DSZEKBHU WKOWROLIDWRRHEG PUNWXEBF\ LVVXH 6SHFLIL
PXVW EH VRPH VWUXFWXUDO PRGHVHRI WWHWY HIKQ FEOH W\ B DW N GG VO R IQA_ \
SRO\JRQL]DWLRQ ZLWK SDUWLFXOHD® RY GHUWY I WHRD HWAARO DG XILRH HE VR
WR ILQG WKH VW UXERAXWIODW RGE POWITKK BUIDMWGROLIQBITXHQF\ RI ZKHHOV
RI ZKHHO 225 HLWKHU E\ PHDVXUHP HD@WL R UOXHRFQRW LBBW BR R HK B R W HEC
VXFK DV YHKLFOH VSHHG 3 UHVRQDQFH> @ @Z KBIRIFOD/G W Dl DG [ILCEH.[@ EX
ZKHHOVHW LPEDODQFH > @ PDWHUEDDWLRIEGOH®V 2K KEH OV HIDD W. QG XaF H$
DQG VR RQ +RZHYHU WKHUH KDV QW WDRHHARQDFRYHYHDYDOF HYS® P QW N
EHFDXVH WKH UDURRQD)}DAKHR® ISR O\PHP WRLQGAWR WG SIWREHQW VFHQDULR
W\SH WUDFN W\SH VSHHG UDQJH WWR UZKEX\WHSR®RRIQU]JBEWHRY FRPE
SRWHQWLDO IDFWRUV ZKLFK PDNHVHVKH GW R E OLHIP RK\D G BWA R ¥-VS DDV QD |
RQ WKH IXQGDPHQWDO HYROXWLR Q WIXFROM V$ VR UWU DV. GZFOW HKDH/H OV BRICAS R ¢
RI IXQGDPHQWDO LQYHVWLIJDWLRQ WWHRWLQ H [SRMW PHI@GV \GIXUH RXKR/ W &
QRUPDO RSHUDWLRQ VLPXODWLRQ BWKAR RJHH\D WRKQHD EELHOLW \ D D @VGH UIGRCEWX I
SUHGLFWLRQ SURJUDP QHHG WR EH JXDUDQWHHG

&RPSDUHG WR WKH ZKHHO WUDQVY HUWAXH FAHH/D/U X ©ON @LSNOLRHEG W R D BVX KIC
SUHGLFWLRQ Rl UDLOZD\ ZKHHO SR®JRALJREZLRY M/KHDBKOH DY WPHUALX
FLUFXPIHUHQWLDO ZKHHO ZHDU D WH \R{ EW MHD ®\W DV G H G V H HAKHIWD AHDRL
PHWKRG FDQQRW EH MXVW FRSLHG WILRRRQR KD WHR VDR BEW KPHDLG HD (DG WR IREX X
IROORZ DQ LWHUDWLYH ORRS SURJWDRODVERXPWHGH R QH BV KUHH \SHUDH G KR
UDLOZD\ ZKHHO SRO\JRQL]DWLRQ RQ-RKDBUVRQ B FRPSRUIWH®S\@& YBIQGH Q
DUH VRPH SLRQHHBZKRJLQMWUHRIBXFHERS KHJ R WHIUFD WWYUKK FORX UH W R WK H
UDLOZD\ ZKHHO SRO\JRQL]DWLRQ )WKH@ BRMBXVUBG/VRPE DAH\RDQL IR R
VXFK DV VLPXODWLRQ VWHSV FRQWL@®XNWS\GRWSRO®\BR QDB OWAHRIW DI®GX
FRPSOH[ SKHQRPHQD RI UDLOZD\ ZK HHHG BRW LRRQ SIDRVIUD@ KW WAHR) EW
FRQVLVWHQW WRKREWPLRQ WHNH-PMVWKH UHDOLW\
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7KLV FKDSWHU LV BPHQWDO RKWHDHFMKWR HQNUD W LIPWGLWLRQV IR
SRO\JRQDO ZHDU WR HYROYH $ FRPPRQDLDRZDN IDREH R $ RS B QE ZWDLVQLI|
LQWURGXFHG LQFOXGLQJ VRPH DVR®B 8WIHDQV WRLH RDLEFOMDWL RRQVRE K
PRGHOV %DVHG RQ WKLV ZRUNIORRIWDLHZDO TKHOHY $R 0 \WRK®IL HXY\R DR
SURYLGLQJ LQQRYDWLYH SHUVSHFWHFK QLR PAYQ GH UWWXPPQ G LWIKH) X\KG-
JHQHUDO FRQGLWLRQV IRU UDLOZDKH®HHO 225 WR HYROYH DUH HVW

$ FRPPRQ ZRUNIORZ IRU SUHGLFWLRQRR) UDLOz

$VVXPSWLRQV IRU FDOFXODWLRQ RI SRO\JRQDO ZHDU

7KH PRVW UHDOLVWLF VLPXODWLRDRQK DVKH Y& MWH® W VYHQ GHZ HAKW AKX/ R
JHRPHWU\ RI WKH ZKHHO WUHDG VKROWOLR GKBRZHYIRU ANMWMHW\ LAK HHH @/ |
LPSRVVLEOH RU XQEHDUDEO\ WLPH FRRQWDPUGY XQW KW RGODDLV WRH KK
ubLOZD\ ZKHHO WUDQVYHUVH SURILBH ZBGH WR BDH OR ¥ XPISKV VR B X OCD/
FLUFXPIHUHQWLDO ZHDU WR EH IHDVLEOH ZKLFK DUH OLVWHG EHOR:

z 7KH ZKHHO WUDQVYHUVH SURILOH LVRBXVXPRG\ RRWWWKR FKDQJH L7
FLUFXPIHUHQWLDO SURILOH 7KLWWWKXB®WIZREQ W MXO/ZDL | ZK B HD !
RFFXUV WKH FLURXPRPHDN X WH G ® WR® B! HIDHD S/RYKMH @ QV DUH TXLW

z 7KH LQVWDQWDQHRXV ZHDU LV DVVXRAHGWKR BH BIgX DB OV H VHWF W
LPSOLFLW IURP WIQH )R U VWD PR/ \FREBAELFRWH S BMWFERHL@® @ DYHUDJHG Z|
FDOFXODWHG

z 7KH ZHDU LV DVVXPHG WR RFFXU RQWDEW B W FKO LZAWVDKIRPRW H IRQ WA
SODVWLF GHIRUPDWLRQ $ W\SLFDOLNRPHEWWD WYLSFEQ 6RO WZKKH. G IR RWWIKF
RI FRQWDFW PRGHO FRXOG DOVR EH DSSOLHG

z 7KH QRPLQDO ZKHH WORGHLX \D R IVQWERN F K DZLMWKRIHY 8 LXWGBLKHU HG X F L
GXULQJ WKH LWHWDRQ Z® UW KR ¥ LZPUSIID E W HP®R U, ) VRRHRLSY R\PKLIQ\WDLOY Z K H
UDGLXV LV DVVXPHG QRW WR FKDQJH

8QGHU WKHVH DVVXPSWLRQV WKH PHD G DD WV R D W KPHK L i VEAHD B RUD\QL
WUDQVYHUVH ZHDU HVWLPDWLRQ LVXBWRXORQLRLU RYHW KH A& QD Q® GRADID
GHWHUPLQH WKH HYROXWLRQ RI ZKHHO SRO\JRQL]DWLRQ

6LPXODWLRQ VFKHPH

$OPRVW DOO RI WKH H[LVWLQJ SUHRGOURRP® FORMHEPVWRRE ¥YKPXOD
&RPSDUHG WR WKH ZKHHO WUDQVYWUR@ BIUKRIODHRADHOGZ A /U RK® VWLKRHY
JHQHUDO ORRS VLPXODWLRQ VFKHPHLMN UOWDN\OZDD VY KB HIA SR OXURQ L]
GLYLGHG LQWR IRXU VWHSYV
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Figure 3-1 Loop simulation scheme for railway wheel polygonization

BWHS  0%6 VLAXGDOXIORML %RG\ 6\VWHP 0%6 VLPXOOBDMRQJILWKHHVSI
FRQWDFW UHVSRQVHV IRU WKH ZHP® GINVO P IBVER PE L, R WE& H I$W R K)5 6 T6 70
QLQH FRQWDFW SDUDPHWHUV DUH @HMGHE QQPROU ROV HRWIFG! FQ 8 H/SSDL.IH V
VHPL D[LV D DQGIEFLH@MWHU&FRKI DQG &

6WHS :HDU FDTKRHXDBRRBR®LQDWH RI DOO WKH FKRH WHHFRO UHR/G® IQY.H
DQJOHV LQ RUGHU WR IDFLOLWDWZAHH DMK HREDBB KO XW HRIQ RIHWR G XS\RLAR\Q F
DFFXPXODWLRQ RI WKHHBUURKPIXOQW @OV RQMH@KWHYRVWDQWDQHRXV
FDOFXODWHG LQ UHDO WLPH VR W KIVWD @@ R ZFHLGJ YRR HYROQWMAL BBQ & K H HADK
WKH ZHDU PRGHO XVHG KHUH LV DPW PRGEVQRXGRID ENKDRDL WRVRID O WU\ fi |

6WHS ‘HDU DFFXRKODMWLYRIQWDQHRKXYVAHDQ WHHEIROBBKDD OWYR DV \
GLVWULEXWHG IRU HYHU\ FLUFOHWKHQSREBDX\PX OPWRQHDRIGUB®HUDDIE G
ZKHHO UHYROXWLRQV WR REWDLQ WK H LSRX\PRIQM® ZH DR UD E R K QIGW WK
PLQLPXP QXPEHU RI ZKHHO UHYROXWMVR@W UNTXEH 808 URR ®HSRIQGHUIW Q
GLVFXVVHG LQ 6HFWLRQ

BWHS 225 XBIGWWHUFXPIHUHQWLDO ZKHHO VKDSHXOYWISRE@® WHKG IR U
QHZO\ JHQHUDWHG 225 VKRXOG EH VRRBWFKHEQ ALBW MUKHDGY VDRJ Hi [HF IOV IS i L
RU DUH JHQHUDWHG E\ DUWLILFLDIOQXEWNHVYRP Q\K H QMWXDB\E WR WHKHHHRX
F\FOLF FORVHG FXUYH 7KHVH WKUHGHRBPVOV ZADNK BHK ARPBOHWHG MUF
PHWKRG VHH )LIXUH J)LQDOO\ VDIRIS QLH Z FIRW LLIRQ VAFRHDI HIGF IZH @\ V@ U
ODUJHU QXPEHU RI UHYROXWLRQV [RKHWK H \D IR IDFDS\VHR QL F RAHU LWV H |
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FRPSURPLVH EHWZHHQ WKH FRPSXWL X DV IXABBOAN | IDAPGV HRIQ FRRIKIFL F B
GLVWLQJIJXLVKHG IURP WKH ZHDU FREMWHBELGMIWMOXIRXE FHDBDOFXODWLF

,Q WKLV GLVVHUWDWLRQ 6LPSDFN LVWHERSWB GG R WEBIEO RN XN\LIR & O
RWKHU VWHSV IURP VWHS WR VWHBQV §¥ HGOWR JEH QOMPERRK R G LIMH R
HYROXWLRQ RI ZKHHO SRO\JRQD O LVDGHMLQ QW & HV\RL B M OKDL\WK @ \Q DSXUNRFE RIS
ZKLFK FDQ DOVR |BF X6 QWD SIHU IV K HMNKEPXQDOMVR § SKRFHGXUH LV VKR

=

« e e
*

Figure 3-2 Simulation procedure

7KH ZKROH ORRSLQJ VLPXODWLRQ SORMHHGGXQ H LW QN HIQ® \B HBS D BN
LQFOXGLQJ FRQILIXUDWLRQ SDUDPHWHHVGBO®ONEKLEOH WRDHAK §QUY
VHUYH DV LQSXWV WR 6LPSDFN PRGH® V7K@ R2BSE B WD HGV RUHPE® WQW2RD
6LPSDFN DUH SURFHVVHG GXULQJ VUHPRXFOYDDAOL RRX ULYQF URBRQ/K VG L NB §
XSGDWLQJ 7KH 0%6 VLPXODWLRQ LV ODXQ¥RWIGSW QF RGMW® D\ER Y SE
HTXLOLEULXP SUHORDG DQG WLPH LWWH BIQWPRPE FROYRIG XMW\ YOG R)X
ILOHV DQG WKH IGHQV IV GG H G WDHIGF WRS \D W R OFD FERADWH WKH SRO\J

‘HDU PRGHO

JRXU UHSUHVHQWDWLYH ZHDU PRGHOVG GHRRIOWWHREU ERARERIJ\ . D \B &E)H HI
SUHVHQW D VLPLODU DELOLW\ WWRDWHN O B AW XW KAH DAJX K@ & B W LYFDQJ [RR XWK
ZLOO EH GLVFXVVHG LQ GHWDLO FEF® KBKOQ@IWRR DPRWY D WHKNWXIDVEH VK HP |
PDWWHU VLIJQLILFDQWO\ 7KH .7+ ZHO BXPRGHD W.KHHIP@ DWW DHGN R I Bi IR XNV/F
VLPLODU UHVXOWW FHD 6 IR WIRWWRRG HO V
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6RPH UXOHV IRURNHKID HY RD\XXNKIHRHO SROVJRQL]DW

W LV JHQHUDOO\ EHOLHYHG WKDWLWKB UID[IHOZ DU HKTHHOQ § R QLY R IH D V8
VLPXODWLRQ WKLV IL[HG ITUHTXH QF \WHKRIX 8 [ IF\R B W LHRLQV WHRUWXLHJ M HW IOR O
VI\IVWHP RU IURP VRPH PRGDO UHVRKFQWH GV KDWFRMDLY EOG\ VEU IH] FH WHDGV D
WKH LQVWDQWDQHRXYV ZHDU LQ WKHRAD WR PRIGHD @ H K HRXH QVRY D FKIHGNQLF
HLWKHU EH WKH WUDFN H[FLWDWQRKRVBDQODWIURQXDQGLWR RWD HHE WK I |
LI WKH PRWRU YLEUDWLRQ DQG WKHQQLWHKRGUEDPLFDNVHMHUWRR V6 FR\Q R Q®}
IRUPHG JUDGXDOO\ XQGHU H[FLWDWYHRQ\ RGHERH\W IR S\HWGD EAS Hf ER WOWDR R Q R
WKH HYROXWLRQ ZKAFKSDBHERKDWH\G BW R E ¥ VAR P73R0 FHRJN W\RX KM QHGDHMULV W D Q G
VLQJOH ZKHHOVHW PRGHO LV LQW HEDWLLAFQUWXOGH VD B R S WH BWXR HHVY SR K D\G
ZHDU ZLOO IROORZ 6LPSDFN LV XVH® RV VRIR ORFRS\OFFNMHD 2 HW K Z K WIRQ\DHI
DGRSWHG DV WK 8RVWHOQUFLKQR BAMHPIH PIRG HROLARWVH. J WKH ZKHHOVHW |
UHSUHVHQW WKH WUDFN IOH[LELQLWH VX LBED® BH PR U H V. @ L\WKKU & HQ DB [IHY
ERWK VLGHV RI WKH ZKHHOVHW D[QH JUHHSKHHW HQ R/ Q¥ KW KER GL D P IDFP HF
SURILOH LV -0 > @ DQG WKH UDROSHSUPBIRIKDWHUN &R WWKHROPR&HG®DUH OL

Table 3-1 Main model parameters

ODLQ SDUDPHWHUV 9D O X H 8QLW
"KHHOVHW PDVYV N J

5DGLXV P

3UHORDG RQ HDFK SULPDU\ VXVSHQVLRQ N 1
/IRQIJLWXGLQDO VWLIIQHVV RI SULPDU\ VXVSHQVLRQ H
/IDWHUDO VWLIIQHVV RI SULPDU\ VXVSHQVLRQ H 1
9HUWLFDO VWLIIQHVV RI SULPDU\ VXVSHQVLRQ H
9HUWLFDO GDPSLYXRSISQVYPRQ H 1P V

6OHHSHU PDVV N J

9HUWLFDO VWLIIQHVV RI EDOODVW H 1P
9HUWLFDO GDPSLQJ Rl EDOODVW H 1V P

7KH EDVLF UXOH IRU LQLWLDO 225 WR HYROYH

$VVXPLQJ WKDW WKH ZKHHO KDV DQ LR RWGHW 2K A LXK BOV E QU BXPKIDW
H[DFWO\ GLYLGHG E\ WKH ZDYHOHQWWRXWD Q@ G\ WKHK HIXDBN LWL S M U 2K
UXQQLQJ DW D FRQVWDQW VSHHG DWKH G HE ¥ MCKQ \E H QL W\LFIDA. R M5 FALLWVIKWIL R
DFFRUGLQJ WR (TXDWLRQ

JUHTXHQF\ 6SHHG :DYHOHQJWK

$00 FRQWDFW UHVSRQVHYVY DV ZHQQ @Y/ WK AW QWD @ W K MRXM \VZDHH) HY F
EXW FDQ KDYH GLITHUHQW SKDVHV F&V X RIHHWHDW LW & HZ KIS B O W/IK®IS R | DV
UHYROXWLRQ FRPHVY GRZQ WR D VLPWBHE BUWKXPWIWREGDO SUREOHP LOO
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0,
$ VLR~ %XV L Q4 "%/ $%FRV WH%Q DUFWDQ
0

ZKHUH $ LV WKHSIOXWXWXID WLRQ LDALW XODA2ER @ MASHO LAWK GH RI LQVWDQ)\
f WKH H[FLWDWUIRWKMHKBKOMVMHFRI LQVWDQWDQHRXV ZHD UDQBISMVK ZLW I

ZKHHO UROOLQJ DQJOH 1RWH WKDW WKHVREWQ DXPWKE RQ@EZSWKIH R P
WKH IOXFWXDWLRQ SDUW 6R WKH HGRZXWK UDWLR RI 225 FDQ EH H[SL

*URZWKQ—B—W—&%{M f"/ /] % 9 % $ FRV

7KH JURZWK UDWE D V¥IQ EH BORWRMMW W 2R ILDQGGYLGXDO YDULDEOHYV I

Figure 3-3 Growth ratio against B/A and/

+DYLQJ D ORRN DW WKH ORZHU ' VIDEHLDEBMH QVKHISUGN SOWIQH VXD
WKDW WKH 225 ZLOO JURZ 2WKHUZLXBK WHKH 22)5R Z WMKOU®G MWPLLR) LVKG 1$ D'
DQG WRIHWKHU EXW LQ UHDOLW\ % $UIHW ROXWH RKO \PHPIA Q J RAUK B §/HV

RQO\ RFFXU LQ WKH GDVKHG UHIGV WHK HRRQ @\K GOLFNW RIK HE\S WENWHNLK H 225
JURZ RU QRW %)\ JRRPLQJ LQ WKLVQWHYLRIQ DMKHVZH O/FWLQ D WKL SV E H W
DQG WKH JURZWK UDWH RI 225 FDQ BN UH HVHOXWPH G IL @ B KHH XS SHWK
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EHWZHHQ WKH LQVWDQWDQHRXV ZHBRUQGHSWR D Qfc WDIQH H. QW WH DLG) RW3 [
JURZ $W GHJUHH WKH JURZWK UDWH WK BKRZ WK B PR [ IRP XV DD I KM
RI PDJQLWXGH IRU RQH ZKHHO UH YLROZKIMOLAR @ H VDIRIS Bill | HIF &/ [2X. AV B URZOKL ¢
WKHQ WKH FKDQJH RI WKH FLUFXPIBHHQWLDO ZKHHO VKDSH FDQ EH QR

7KH HIIHFW Rl HIFLWDWLRQ RQ FRQWDFW SDUDPHWHUYV

7KH HIFLWDWLRQ SRVLWLRQ RI 2D3NBGGL QD)ILOXUWHIHJIXDWD WK\ LD HORDKS/G
7KH 225 FKDQJHV WKH QRPLQDO UDGHXVBV RRIWRH RN Q VW KYHD ¥ H W\ HFDK
WKH UDLO LUUHJXODULW\ DOWGWRWKH BRWILWDR QDR IGWKHNVWHWIDID SJIRIH 6
WKH SRVLWLRQ RI WKH FRQWDFW FBHD WWKi Z LDOFF EBGV.IQD O F KH@GGI PW G YFHRUD
ZLOO EH YDULHG ARHURIHWE RO Q\XO\Q B\ \KIDQUPRHQIUFHA[FLWDWLRQ RI1 225 R
LUUHJXODULW\ LV DSSOLHG DO OL WKQWHKOH W DUPHHV 8 RFQ WHOWZ IR@O | UG X\M R B
GLIITIHUHQW FRQWDFW SDUDPHWHUNUBIDA QV RPWKH K [RIWW B W LB Q G- MK HE K
SDUDPHWHUV FDXVHG E\ 225 DQG YIHWH®OL FIDVO DUCDARD G lU UHHU X Q WY UILWR\P UHHD/R
SUHVHQWY DV D YHU\ FRPSOLFDWHSUSMHQRPHQRQ WKDW LV KDUG WR L

1RPLODO |/RFDO
225 UDGLXV |UDGLXV

5DLOpmm ;
LUUHJ uLwy, | @

b

Figure 3-4 Excitation position of OOR and rail irregularity

J)LIXUH VKRZV DQ H[DPSOH RI WKHWIKDW B JDIL QR MH DF R Q WDRQL 5 0HU BIPW
DQG YHUWLFDO WY SHIFWILHIHXAD\D YRWK W K IFWH GIDDRROIHY VHW WKH VDPH IRU
UDLO LUUHJXODULW\ WR IDFLOLWDHVHKWK & VAHRP S/BHIVR QVEHWR R HKQ WKI
ZDYHOHQJIWKRILWKH ZKHHO FL® FX R HH B HFELAWD WLR Q PIPP STKLHV K B @ WLD/F W

SDUDPHWHUY EHLQJ LQYHVWLIJDWH® XQHGXIWH LW IS K VOY. QHR AR QMY DAWZ B B
ZHOO DV WKH LOQVWDQWDQHRXV ZHDBRGHONK FDOFXODWHG E\ WKH .7+
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3KDVH DJDLQVW H[FL\\gDWLRQ >
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Figure 3-5 Phase of contact parameters against excitation

7ZR LWHPV RI LQIRUPDWLRQ FDQ EH WKW DALR)GME DIFMR RJ HIVISRIG HV  FIDUV
SKDVHV UHODWLYH WR HDFK RWK H WK DWRIUBHW.PKHO® W RRG@AD F\K RIZH W & R
GHSHQGHQW DQG LW PD\ QRW EH 9 QoMIFBREH WHGE 3K DV H. [RIGF B B Q/DW WM
E\ 225 DQG YHUWLFDO UDLO LUUHHXBQWLWYV WHVBMK®WY MOK H. 8 KODOAFR R
ZHDU GHSWK FDXVHG E\ 225 LV GLIOHUHOHN XOR P IWMK D WREH Y H U WILE D/R R
' 0%6 SDFNDJHV > @ WKH 225 DQG H HEBRWIKF DS SO HEG WR) MV K I© DFURLQM
GLUHFWO\ DV D VLPSOLILFDWLR@HFWWK WX5 D YE PYSHOLWLFADWL B QL W KH L
WKH VDPH DQG WKH SKDVH EHWZHHN®Q LZADIDWD D G 8 UH[FH & DWIMWRQD PDQ EE
VLWXDWLRQ WKH FRQWDFW SHQ H\WRILDWDLVRIQR QK FEXOVG QERVDD 1 6Q BWE RQL
7KLV LPSOLHV WKDW WKH DSSOLFOWURG® RIODKH W\ F LY MWKIHR QL 226 RWI
LQIOXHQFH RQ WKH UHVXOWV JLY HZH DVK ZWWW KWH S B B ¥ W RVRL Q¥ MVDLQD/
LQGLFDWRU VHH 6HFWLRQ

7KH HYROXWLRQ WHQGHQF\ FXUYH

%HIRUH LQWURGXFLQJ WKH pHYROQMRRD ZHDQG)HE R Mk K TF\W UGYHHP RADKHV IUQ!
RI WKH LQVWDQWDQHRXV ZHDU D JIDILUGHVIVX HHQFLLW D W DR'OWMR E 1D ZU B S DWMH
E\ VZHHSLQJ WKH ZKHHO YHORFLW)\ RQWXHL WL[FZOZD Y HO HQ WK XH[B UV
DQG WKHQ H[WUDFWLQJ WKH DPSOLQHRXY ZOG UWKHX BW R B W LR QWZKLHN K
H[FLWDWLRQ ,W LV ZRUWK QRWL@EH VKD MWW K G YAKHEEZED\ VB RXRY HW K Q
2WKHUZLVH WKH FDOFXODWHG LQVYWDFW ZEH RXOVUHYIRD X W LGRROV ,SH Wk
ZDYHOHQJWK RI HIFLWDWLRQ LV RBHWKIN KB PRSIOW WK @ K HRH OH [FRLLUNFDX W LHRL
ZKHHOVHW VSHHG LV VZHSW WR JHW AYK¢H IUGITWHR®G \ 22 B VIBQRE WAHK M SY |
LUUHJXODULW\ DUH DSSOLHG DV PHFLW\UWLRQVUW R SHFOR.Z DOR RZA-SADKU 1A

7KH REWDLQHG L QY5 DLOMMKXREZRXVQZ HDW U H
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$PSOLWXGH >F@

3KDVH >GHJUHH@

Figure 3-6 Instantaneous wear FRF

$V FDQ EH VHHQ LQ )LJXUH WKH DIPGE® WANKXHG YW HWUSAHLIFRVD WX B DRIIOWLKUHU I3 2 B
WR HDFK RWKHU ZLWK WKHLU GLVFUHSBKQFKHU DGNDXOKQ FHHHFAVR P7LKQ.Y HIPJS
225 DQG WKH YHUWLFDO UDLO LUURJIXOBDW I[RV\WKKCHY H [BLWIPN ORQ B PIFEV
UHDVRQDEOH +RZHYHU WKH SKDVH W3HHG WIUKP N QERAMKARIEH EDODAKKK R XRIIXQWE
RYHUDOO WUHQG LV VLPLODU '"HVWSAWN WKIDW W/KKHH PSRADA H PASSRHUFRWADUOXANP |
XVHG WR LGHQWLI\ WKH IUHTXHQFHNQGQ MARLQURKLRK WKPLOQQVKLDBO® RPY \

LQ 6HFWLRQ WKH LQLWLDO 22 % HRQOWKHJ R@ VAKB QW\DKHH B K I/ VZHH B H VGH ¢
225 LV ZLWKLQ WR GHJUHH % BVHG ®IH VEKWAK UX @K L FKK W KB HLTQXHVQL D
JURZ FDQ EH PDUNHG LQ )LIJXUH DERYH IURP L@]WWRV FD\DHQ G KH

LV WKH UHVRQDQW IUHTXHQF\HHRSHW R HD LYQW W WALKFHD DU RFPXRG H Z R
DSSUR[LPDWHO\ GHHPHG DV WKH 3 @QHV R DLPRSHR UWMWDIQXW Q BV T KL VI lOHRTW
GRPLQDQW UHVRQDQW IUHTXHQF\ LQVKWHK MW BBSOQW S&H QNS HDRW U XGHE X W F
VSHFWUXP 7KLV IUHTXHQF\ FDQ EH VLPISOK SDWDPEHWHGVEO [VX\DHAGL RQ 71
LW LV QRW FOHDU ZKDW GHWHUPLXDWWKKH +4]DQQ® WEH LJGQRUHRBWLIH W
GLVFXVVLRQ

f \/ VOHHSHU YHUWLFDO VWLIIQHVV\/ ZKHHOVHW HA®WVV VOHHSHU PDV

*LYHQ WKH LQVWDQWDQHRXV ZHDU 56X P WK H. \U PFIOQRRR @ K QDATBGER [R\EAV U E
DQ PHYROXWLRQ WHQGHQF\{ FXUY K WE&DWH FWQRIQQ G R DIW R ZE R W KV R KaH_ P
HYROXWLRQ VSHHG RI WKH LQLWLD®@ T2 ¥ IRYHIH DF XD QK H 5RH PIRURETBX bl QVFKLBI\
WKH XSSHU VXE ILJXUH WKH JURIZWKHUBKWRLRHLEHW ERN QQW KIX Q DW WR.Q
LQVWDQWDQHRXV ZHDU %\ VKLIWLQJWW KLNWWFR\DL\Q W KXQERMN.R®DG R 2Q E!
HYROXWLRQ GLUHFWLRQ WR JURZ RU WRVG DRL® XWKL O ZKIQRK ERAWFIR R ) VR(

I[URP WKH DPSOLWXGH DQG SKDVH VSBFWUKE RY RAGHN L Q D VWD I QMDHIHR XA
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SORWWHG XVLQJ (TXDWLRQ ZKLFK LV VKRZQ LQ )LJXUH
(YROXWLRQ WHQGHQF\ FRV 3KDVH $PSOLWXGH

(YROXWLRQ WHQGHQF\

Figure 3-7 Evolution tendency curve and corresponding growing and diminishing orders at speeds of 70 km/h
and 120 km/h

1RWH WKDW WKH HYROXWLRQ WHQGWHIF EAMZHH QV QIRUG D OD W GWWRV |
PHDQLQJOHVV DQG LWV VLJQLILFD QWZH R Q OG LOIHHM Q@ WKHHT KRBPSDH YV
WHQGHQF\ LV DERYH JHUR WKH LQDQWRIV& 2 E LW H Q &K W RQLUARLZD B Q2 2 BV ¥
LWV RZQ 7KH KLJKHU DEVROXWH YDQ X H DRAVWAHKUH HHYRROOWMLIRRD WB H @ G H @
WKH RUGHUV FRUUHVSRQGLQJ WR WKH GUHTXHWQE LBV WERVISHHS\D RV
LQ WKH VDPH ILJXUH DFFRUGLQJ WRQ(WKIHWXKR®H U SDPKL RK L\ ¥ KR ZQ
GHVFULSWLRQ WKH IUHTXHQFLHV DW QXK LMKV VWK K HHFYZWR.GRQN DRIG WBIC
IUHTXHQFLHVY WKH RUGHU FRUUHVW$RYGLIDJOMB WEKRIX QRO GROUG H U f
ZLOO JURZ RQ WKHLU RZQ DUH FDOWWG WEDRZZQO R GERUYEV IO R® WHH
HGLPLQLVKLQJ RUGHUVY ,Q )LIJXUH RXQGDDQWHTXHRBEHHAVZRZELFK DUH
QXPEHUVYKDOMRUGHUV DUH WZR ERXQGDU\ RYDBE BYR DGHUVNPUKH WQRK
ERXQGDU\ RUGHUV DW NP K ZKLFKRDUWHKPDWUNHIKEGDR/I SLER K X WEHUR

DUH JURZLQJ RUGHUV DQG WKRVRUGRBV I®G VRURIQG LPWELWKILY JI
WKDW ZRXOG JURZ WKH PRVW GRPLGD @ WICRKRWR MBI B ZIQVF D QN E H LDEHX,
WRUGHU DW NP K

7R YHULI\ WKH DERGH YKORIS PAHKHNV2 B §D VP KD XVWHIWE QRHVRLDO 225 LV VLP
ZKLFK RUGHU ZLOWKJIDWR Z ROOGD ¥ LWHKHHE UZHKY. RR X W L\RKRYQ LQ )LIJXUH

LUUHJXODULW\ LV DSSOLHG WR DYRHG DQMWHDYIHREQRAYV 7 WH 5 D/ B HHG
QXPEHU RI LWHUDWLRQV LV W K HHQ X R EIHAVUH R IDEWIHRHRXLIKHIR. @ B X W LHRQ@R/>



®
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N

WKH DPSOLILFDWLRQ FRH HDFIKHQWHIND WLRQ WKH RUG HW \K VKR Y H DL
ad
IUBTXHQF\ FRPSRQHQWY VR RUGHUVY]DERGE QR WREG BYSWRIRL DIXW R

5RXJKQHVYV >G% BUBIGLX® GHYLDW

Figure 3-8 Evolution of OOR due to initial measured OOR

$V FDQ EH VHHQ IURP )LJXUH WK KRUWOGH WK RV H ROIQ G DEH® RERVIR & L F
WKH JUHHQ OLQH GHQRWLQJ WKH WWRD @\KIHVL @ R UPKOLW KRR UQ H SRQIE V
SRVLWLRQ DW DURXQG LV FRUUHVSRQWGKDY MORVH + WDNDWY KIHOERXENG [
LV D JRRG FRQVLVWHQF\ LQ WHUPRMRWW KR HYLPQ WV RDHDSH H & U HLOWK MU
JLIXUH DQG )LIXUH (VSHFLDO QN KR WER X JIKV WKHVKRIX)J ORE VARR S D
RI RWKHU RUGHUV DW WKH EHJLQ QX @GJR RIMD Bl @ WQRMXDHOD D B HF B PHHW MAKHIO
YLIXUH SUHGLFWV 7KURXJK WKIG\H @ HUK DIVF DWKLR B'Y R @ XPADLGR € HWFHRIGEAHCL
WRRO WR SUHGLFW WKH HYROXWLRQ RI 225

&RQYHUJIJHQF\ DQDO\VLY RQ ZKHHO UHYROXWLRQV

$V VKRZQ LQ )LIXUH IRU VWHS RIU WHOH. O/ATP\X 2 IPMH.®R (5 FRWURIKDLR 2 \
FLUFXPIHUHQWLDO ZHDU GHSWK LV PBHBXPIXDDHHHOGUHYR OXW UR QN GNVR\ IH
ZHDU DURXQG WKHHRKHHIR W LRGN PUWBIRWD VRIL RAKHHAHKCH UHXYHREO XWLRQV UHT
FRQYHUJHQW UHVXOW LV VFHQDULRGGIRY¥HYEBEHQRM VHKRFKKZUPRQHER &[N
UDQGRP H[FLWDWLRQ UHVSHFWLYHO\

7KH FDVH Rl KDUPRQLF H[FLWDWLRQ

JRU H[FLWDWLRQ RI UDLO LUUHJX®DWWIW\ WEH ED P HO H Q J WK IF ROK®IG! & HF
EH H[DFWO\ GLYLGHG E\ WKH ZDY H CGGHQYILWRIG LW KRIUL 8 Y WD\QZKHBIKOR X N YZR-HIDX
ZKHHO FLUFXPIH U HIFPW OR DALY R W HEEH EHRW KW KHD ¥ BIOH@QH QXKW K LV ELJIJHU W
FLUFXPIHUHQFH WEHDLDGWBOYW XQ BMRXEM GRILBWHR® WKH ZKHHO FLUF)
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FRQVHFXWLYH ZKHHQ VRY RROX WU LIRID/PLRIDLW DRDV BIQ MRKXY ZHDU ZLOO DC
IRU D UXQQLQJ GLVWDQFH RI VRPHQRKPBWWHLY RERW LW RN DKYHRIHH MF
QXPEHU RI ZKHHO UHYROXWLRQV IRULWYXWDRFAFEQHR®V¥HZRD W HFDHWE )
LGHQWLILHG E\ D XQLIRUP (TXDWLRQ
L ¢
m
ZKHUH.V WKH ZDYHOHQJWIC RNV UDKB Z KK H O XPOLILFANBI® WHQ MHZ FD @®D W X
QXPEHUV %mH@MGEUHQIHODWLYHO\ SULP W KRIUPHQ ERXPWEXREHU RI UHY
WKH RFFXUUHQFH RI UHSHWLWLRQ HRQ W Q WW DK \M PIFHSFOHN ZIMDH S &RIFVHH Q

C ; C ]
c : c ;
L C L ® C ny ®
C . c .
C - C -

h  RQH ZKHHO UHYROXWLRQ LV HG@RPIK UR Q \RIQIHOU BSBUDWH G REW HW K
ZKHHO UHYROXWKR@®LQLPXP QXPEHU RI FLUFO HWWIRUWR RDKIHL RXHOUNDIVELOF
E\ ZKLFK WKH IOXFWXDWLRQ RI WK HWIKY BEIUDO HGH P Q V@ IDYW D Q/HHRIX VO R
LQVWDQWDQHRXV ZHDU Rl HDFK ZKHHOWHIEY RONBVAR @ VEKE O EH IWX F VQ
)LI®UH DV DQCH[DPSRH VWDQGDUG GHYLDWLRQRQY RN W& H B YIHUDLIF-
LQVAWD QWD QHR X VHEH DLW G HEW K O RIMWNGR QOWIER Q%V FBRREH VHHQ WKH V
RI WKH DYHUDJHG LQVWDQWDQHRX\H@HDHY B & % WKRIQW PE®B WIRDUIR Z IOIC

e
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Figure 3-9 Standard deviation of averaged instantaneous wear depth for specified wheel revolutions (L=C/5.3)

7KLV DQDO\VLV LPSOLHV WKDW D Q\WWKD WX D W URHIQ QR WL SW HALIW K @\ DY
FLUFXPIHUHQFH FDQQRW IRUP DQ 2H5DHIWVHOL YV, QVKIH D/GHWHS HU Wa\B Y ¥
$OWKRXJK WKH VOHHSHU SDVVLQJ ZML\EK DWILRGL ¥DE FFKD®RWIPQWF R (A RW
WR D IL[HG ZDYHOHQJWK PHFKDQLVFHKRYGIYRW DEFGMKBYWIHWEHYZ & H
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FLUFXPIHUHQFH LW LV QRW HDV\ IBU(FH®WKH'SEBBEBEBU 525 WR @HHY KD
GLYLGH LQWR WKH ZKHHO FLUFXPIBHOERPHGEHRWHBKH ZKB B ® DUOD0A L&XHZ U
WKH VLWXDWLRQ RI H[DFW GLYLVHR QKFNQRRRND ® EEWD | ROGF IV RHAMNWOWR RVXK ¥
225 FRUUHVSRQGLQJ WR WKH VO HH KK WKH WPRYWI GRPXIQQ@RW. R QN XD O O

,Q DGGLWLRQ IRU WKH FDVH RI L@WMMODOWRE BB [WAXP H[B Y WO MWQ RQKRR
ZKHHO FLUFXPIHUHQFH LWVHOI D QEHQWWIKWYW QWD VO LADHGI\RURFDERVH
GHYHORS VLJQLILFDQWO\ DV WKH 2 285URDNHZ W& SPNAHURHQZRNE EBF K RQIVWY & K|
LWHUDWLRQV WKH QHZO\ XSGDWH GV2 D5X A LIDDOR X QIELFRNWKH HAKHANHFE\GV\R R H
VPRRWKLQJ PHWKRG HJ WKH PRGLIQHMGK)LRXWKHY LIV.OWHH JRHWKRG X V3
LQVWDQWDQHRXV ZHDU GHSWK FDWHHUG FEG LW KIHR W HWHILD OZ R BH @ VU MWR Q K
RQH FLUFOH LV QHHGHG IRU WKLV FLUFXPVWDQFH

7KH FDVH Rl UDQGRP H[FLWDWLRQ

8QGHU H[FLWDWLRQ GXH WR UD QGHRRPXV DAHD UUG H S WEDILN W@ '\D WXKUHD D@V WL
ZKHHO UHYROXWLRQ ,Q WKLV FDVER®XHQROQBLYR GHWVD GFRH WHBRXHOE
DYHUDJHG LQVWDQWDQHRXV ZHDU GWISBVKN | R U URIQ X OLDAUH. WD W/ISRHE WU X WV [
FODVV WUDFN GHILQHG E\ JHGHUDO 5® LIOW RB® SHVEIR G QW RWADDUMIL RROX W | [8
DQDO\VLVY RQ WKH QXPEHU RI ZKHH Q@ DO R B X\ L RQIMULIF@ CLXM BHI[HEW MOQW/H & |
)LJXUHS) W FDQVEH VMHD® GXWDMV BHYUW D IWHR Q QRIWBIQMW D QHRXV ZHDU C
FRQYHVWJIJHQW DIWBAN 7KIZKHABSOWKE MUK BW ZIKIHM OHUBIXROXWLRQV LV QRV
ODUJH FHQRXJIK L@ R\PKH DALIDV HURJIHU QDR DY BERHR DAMPQR G X F H G
5

X

6WDQGDUG GHYLDW

Figure 3-10 Convergency analysis on the number of wheel revolutions under excitation of random rail
irregularity (FRA 5)

/ILQHDULW\ RI HIFLWDWLRQ

W LV IRXQG WKDW WKH IOXFWXDWIKR®DKN MXH\LQ¥W DQW DQBIRX W WZWHI
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VLPXOWDQHRXVO\ LV D VLPSOH OLQ@HDDLOXPURHNKFOMH WD XQBGYEG?
WKH G\QDPLF VIVWHP FRQWDLQV QRR ORQERBE FADWH H g VEW HH O \DPS @
225 LV FRQILIXUHG ZLWK WKH P HD VXQIHGGEGMDRY D HB Q6 VAHQW M QIR LYVHH YW
7KH UHVXOW LV VKRZQ LQ )LIXUH |0 XKWMXDRLIRED BRI XW KFX U@ W W.IY QWK
FDXVHG E\ YHUWLFDO UDLO LUUHJOKOH VRO RE ZKLGV AXQR HV HVLW & D WL B
LQGLYLGXDOO\ DQG WKH VROLG PG W@ IFX WY H HYVXW K D WWR COXQV/GH G GE\WIH
7KH GDVKHG EOD FNRAXWRGIL GVEWWKH ¥XG FX IDYHG SARPRG EH VHHQ WKH Vi
PDWFKHV WKH GDVKHG EODFN FXUY H BHWQHFOMAW DD RQUD R GFORU FRY L
VLPXODWLRQV VKRZ WKDW WKH OLGQRHD YIDW\L RX VH FFRLR\ED. \§ DRVQ. ROQD RR 7
LUUHJXODULW\ ZKLFK PHDQV WK DWMD @HRIXR YHUDWD G HIHV K G\I XR/IH\G KB L
LUUHJXODULW\ ZLWK PXOWLSOH | XHSTHXUS®RFALMRRSR R H QW R I/ R DG E
LUUHJXODULW\ ZLWK VLQJOH KDUFRIQLE RS R UXMD@DFW WRL B LRX DVKDIF WRIE
FRPSOH[ VFHQDULRV

‘HD IOXBRRQ >P@

Figure 3-11 Linearity analysis for instantaneous wear fluctuation caused by vertical rail irregularity of white

noise and measured OOR

&RQWULEXWLRQ RI QHZO\ GHYHORSHG 225

&RQVLGHULQJ WKH OLQHDULW)\ RIRW[ERY BIWRRR®WWRE E G EBWSLHV 8 QR
,Q WKLV ILJXUH (27 LV WKH DEEUH DDAV R R FRH D(QFVL WOMH® Q X2W 20 BRI
W7 LV WKH IOXFWXDWLRQ RI SRO\JR QG ®DIHD U GRQKHBLERMH G KW RZ T/ |
IOXFWXDWLRQ RI SRO\JRQDO ZHDU BRYWH GEXMG\BAEY, 2BV KOIGGY . GRA D
WKHP DPSOLILHG E\ R ®NWXP IERHWKH WQ@WH YDOXH IRU HNFWVLWHU!
LQGLFDWH WKH LWHIND WLKRH L\QA WS D @8 M6H URW L VK H WKH 225 LV XS
225 225w,,,, LWKWHUDWLRQV WKH 225 HYROXWLRQ LV REWDLQHG
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Figure 3-12 Iterative process for OOR evolution

$V FDQ EH VHHQ IURP )LJXUH W K 8 YZIQHHOL WX5 WK HI BRGQWDQ B X WIYRQ
H[FLWDWLRQ DQG 2QHZ O\ VEHLYFHND R SALGPIHWIIRRIQ W R/HWKHR O H MpHUDWLRQ S
LV DFWXDOO\ WKH VDPH IRU HDFKHMWROXIW RRQF R Q WWKLLEX WHIGH E W\ H D2
OLQHDU VXW,RIZKDFK FDQ EH VLPSKIWH{SKIHVVIHERQNVWDQW 2Q WKH FRC
Ws25 ZLOO DOZD\V FKDQJH DORQJ ZLWKRWKRI LQWZOD VGLHRYGNO B X HGWIR2 5. QDV
FRQWU L BVXM WRQWKH 225 HYROXWLRQ FRXOG EHQSWYHWMLY®JRURQ HJBMANY
IUHTXHQF\ VHH 6HFWLRQ

$Q H[DPSOH LV SUHVHQWHG LQ )LJIXUWH HIlWRWGRIP@ B X®\UGNYH O/R SIHGH2:
JURZWK ,Q WKLV H[DPSOH RQO\ YKNWPR®IOF ZMLYMH OH/Q B®EOD H GWD VZ MKF
WUDFN H[FLWDWLRQ SHUVLVWLQJH ROXWWKZWRR® D WHUDMWILRH BIURE HY
PkLV 1DV DFRQVWDQW WKH QXPEHWKH V®HHWGWYRQMP K ,Q )LIXUH
EOXH FXUYH LV WKH LPDJLQDU\ ILQD®%2 ED XWKDAVEX R)O.® HYRE YKODR LW
FRQWULEXWLRQ IURP QHZO\ GHYHORB H&F WXD ONKI) VR QLG WK G VF XHINRD I
UDLO LUUHJXODULW)\ DQG QHZO\ GHYNMMBRSMIBV2R 8§ GLIEW K IQQ D W IGHD 2 R 5 ® \H
GXULQJ LWHUDWLYH SURFHVV ,WGLY¥2H YSLGBHY VD \WKDBDMWWLKH QRDE\LEQHY HX
JURZWK LQ WKLV FDVH "IRUWGHV EMFDX&/HPWEHVKLQJ RUGHQ DW D VSF
YLIXUH

+DYLQJ D FORVHU ORRN DW )LIXUBRBV ZKBDOWHAKHDURE GV | G LNWHLROQV D B
WKH DPSOLWXGH RI UDLO LUUHJX®OHDWM \R1 FROYUHWISHR Q&3 QU RVZRVW WHVB B
LWHUDWLRQV 7KLWKWH (EHHFZD\XE@ H Y2AAKHRBKHGEG 2 WR KDK/HUHD PH URXJKQHVYV Ol
LUUHJXODULW\ WKH LQVWDQWDQHRML ZHOWULGEHSRWPIS FOBEE B W\RWHOHK U
ZLOO EH FRXQWH WOMAMHHUG VAKILLY JL SKBI@QIRHPH YRKQ W WKW URXIJIKQHVYV OHYH
QRW H[FHHG WKDWORIUWWH IBDLOLPUQHVKLQJ RUGHUYV
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Figure 3-13 The negative effect of newly developed OOR on OOR growth'{tBedt3)

2Q WKH FRQWUDU\ IRU JURZLQJ RUG MWV D WKHHOGINZDON Kz MYKHHO RSH B Y2RG X2
WKH DERYH FDVH LI RQO\ FKDQJL@JLW K H JZIDCHRKIMWWIZR. (RO YH ALK DO .
RUGHU RI WKH URXJKQHVV RI WKH IL@BONR25 LV G% FGDOH WIRWMM IGH| &
IURP WKH QHZO\ GHYHORSHG 225 D VDWK RIEHULGH )L LMD RRXHY B Q) WRKZ
WKH PRVW GRPLQDQWO\ RQ LWV RRQOL L WUKHHJ K DFILWLIWA LLR/SRRABURHOHSOEQ G
WKH 225 ZLOO HYROYH UDSLGO\

o

5RXJKQHVV >G% M X\ @ELBQ >

Figure 3-14 The positive effect of newly developed OOR on OOR growth {tiedekr)
&ERQWULEXWLRQ RI WUDFN H[FLWDWLRQ

&ERQWLQXLQJ WKH DERYH VHFWLRQ RXKH 2ALMPK FRW VR Q@ HILMD WXLIRWK R U V
LQFOXGLQJ ERWK WKH UDQGRP WUDWN 1 IRWHIOMDUN. MR QD @R WK 8 DACDH
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VDPH DV DERYH ZR@XOVRRE LDIGFOIWLWRNM BBREGRP GGUHIEFN LUUHIXODULW
VOHHSHU GLVWDQFH LV P D VDPOWWRGMMDHG 2R X W @ ¥ DIXIUSHO L H G VE \

ZHLIJKW WKH DP SIOALHBIW LRRWY HIRAHI HMWHHED WILRRFR LMVE HIFYRLG FRQWDF W
GHYWDFKPHQW GXULQJ WKH LWHUDWWHQUDWKR@KNHO UHKR OM/PISROGV RIR
WU‘/‘\DFN LUUHJXODULW\ LV VHW WRNVRHDX ® E B UWHSHOWMLGE. YRIUV I B IO W MRAU D
XQ6HU H[FLWDWLRQ RI RQO\ YHUWLRDIOR)5%H UG DIX O O D)W$H U OFAR QU R O\
LUBGHIXODULWLHY DUH SUHVHQWH @ SIHF WLIWHIGH DQG )LIJXUH U

-
|

Figure 3-15 OOR evolution under excitationoofy verticalrandom rail irregularity (FRA 5)

5RXJKQHVV >G% BBGLX® GHYLDWLRQ >5RGIKQHVV >G% BBGLX® GHYLDW

Figure 3-16 OOR evolution under excitatiorfulf random rail irregularity (FRA 5)

$V FDQ EH VHHQ IURP )LJXUH HLJ ROV LWK H W IDSWOEB G WANUKDH M LRIQX W
WR WKH FDVH RI RQO\ LQLWLDO 225 XUW KR XW RGOD EFQ JHWKLDNYD W KRIQF R/GHW
YHUWLFDO UDQGRP WUDFN LUUHJXIQDLEDOW\PRR SDKJHH @ 2W FH WRKDXWV R R Q QL
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EHFDXVH WKH VWD QKMUDYGHDUBG LERRORIBR D OURBB®RAF UDLO LUUHJXO
QXPEHU RI ZKHHO UHYROXWLRQV R DL\QP INEQVDPRXIQW. VZRR DR HKDIM B M
BHFWLRQ ,Q WKLV VLWXDWGRQ Y M HE \2 K H YHRYGROMXIMRLR Q VWHVDIGOHA
WKRUGHU JURZLQJ WKH PRVW GRPLQRA®W RI WKW HIVHF WXYWRHVUVFRD
WHQGHQF\ FXUYH ,Q DGGLWLRQ W KRR W CSHURSINF I8 DY REY LRKVXHIABF\ C
WR GHYHORS EHFEFXPHHWHK B F2K A B Q QFL\® HEG! BN BVAKWOM GBHHSHU GLVWDQF |
RI ZKHHO UHYROXWLRQYV LV O HDIW FOQRMIE ER WLANHHS ERIOS ORWWIL®R G
FRXQWHUDFWHG DPRQJ D ODUJH QXPEHDORIRZEHHQ G HWROMNMICR DY 6k

+RZHYHU XQGHU WKH H[FLWDWLRQHMRIGROWLEQ FKWDKKEHVHEXO RDRILET
JLIXUH $V PRUH H[FLWDWLRQ HAQUDFIN LV UFIRIRDDQQHMIEH D Q \G W HCHRXFIX
ZLWKLQ WKH ORZHU IUHTXHQFLHWV2E AD@® GHY HQRSWKRH H RZHAL | B
RWKHU RUGHUV ,Q WKLV VLWXDWILR®QH W RB ULRMWSLOLEW WD RIR RLQ R Q O
HYROXWLRQ DQG WKH FRQWULEXWE2R@IRQ EQLMRYDHUBIGGX 8 HZRW B MK
WHQGHQF\ FXUYH PHQWLRQHG DERYH[EYVREWDRQ@ HG REOWLED QK H UH
LUUHJXODULW\ RU LQLWLDO 225 LM\ RKWH WD\GHYVROIOWQDFN QG UB XX
WDNHQ LQWR FRQVLGHUDWLRQ WKBWIQR/QVRQ W DIQHEBRKYW MD S H ) K DI'RK
UHVSHFWLYHO\ VR DV WR GHULYH WK RXARRUWHWVH X I8 RRXG E R X IF FEGIX WHLIR\QC
HDFK RWKHU 7KHVH HYROXWLRQ W BDQ®N XM LFOXJM 8 VW\RK R X &6 BEH. WK QL
LQGLFDWRU WR SUHGLFW WKH 225 HPRGRW LVRIQD AL GLNW F] KON BWZ R QH|
QRW FRQWUDGLFWRU\ WR WKH YDRU®I2\E \SRIHELR QX W QR @KW ¥ Q& HID FX W

7TKH JHQHUDO FRQGLWLRQV IRU 225 WR HYROY&

%DVHG RQ WKH UXOHV GLVFXVVHG DBRWHK RUQ/G>S UH® L RAXK/HUHVQHHDWIF®
225 WR HYROYH DUH SURSRVHG DV IROORZV
7KH ZKHHO LV UXQWLWQSHBE DRERDWRDEA WLPMDERHHBRYLURQPHQW
GHYHORS JUDGXDOO\
2Q0H RU PRUH VW BRBPWEH NQJIPR GLHWD Q@O WR[PL 3/HIGY LOML®J YLEUDW
IUHTXHQF\ WR WEW HKIHDHF® UPWL® ORQJ WLPH
7KH HQHUJ\ GLVWULEXWLRQ RI WKXFWNXDBKR iPFFEGM\D WIRRBHDID[G R W &
7KH 225 RUGHU W K DHVPRR/X\O G RIRIRZDW WIDG B\ QD EJ& EE @MY LHLYHR O X W L |
WHQGHQF\ FXUYHVREWDMWIBQMWBREHRXY ZHDU )5)

'LVFXVVLRQV

$VVXPSWLRQV

,Q WKLV WKHVLVY WKH ZKHHO UD GL XWK HVL BAMNDOPMICR Q R W+ W RHF KIQ DHV G/
DQ LPSRUWDQW IDFWRU WKDW FDQ GHWHKHK PRLKIHQ WK IR | QXKPHEHHQ RD Q1236



3K' GLVVHUWDWLRQ LFVWKRGVRH WD BOUHMZKREGO SRO\.

FRQVLGHUHG LQ WKH IPHMD}XUMD O XNEGRFR XW KZH DQ VGWHBQWKDVKRXOG EH FRQV|
GHWHUPLQH WKH UHGXFWLRQ VSHHVKRIZMKH @ RHHIDQV I E UXWH SQRIGGHW.L
WR FKDQJH $OWKRXJIK WKLV OLPLWDMWKHHRQ@RFRXCEBFSDHUBNRQUWRU RWJK\
WKH FKDQJH Rl WUDQVYHUVH SURILWHHPZKKW KBRD\ORPV]DWIRQOQW B G AL
VKRXOG EH FRQILUPHG LQ WKH IXWXUH

,QVWDQWDQHRXV ZHDU )5)

7KH LQVWDQWDQHRXYV ZHDU )5) LV KH FURWHDW LRG L2RBWRILG WRVLE KQ W L
GRPLQDQWO\ (VSHFLDOO\ WKH SKDYH DUBHNFWILK RV RH WKN L@QVWDGIVRDQ!
HJURZLQJ RUGHUVY DQG pGLPLQLVKH®WZHHRHG MKH \ ZR-EDDQIGDGYHKRE LSKDW E
LV UDWKHU KDUG WR LQWHUSUHW RQKHUWH WDKK SWIRV B KEDHAM ZBHIQ@DWK R Q-
FRQWDFW UHVSRQVHV WKH RWKH WY RQKH \S OM\GH WEKINW Z 8 M Q¥ DADKMD DRI@\
WKHP SUHVHQW DV D FRPSOLFDWHGNKWHYRRG BARIOAQ K PW WIRREH ,WH © B WM\
PRGHOOLQJ PHWKRGV ZLOO GLUHRWIOR SGDH.BIG W R DGA IDHMW B @ WVWWH VRO W \P R
VXIILFLHQWO\ UHDOLVWLF WR SUHGLHFW I26L M YGRROKWQR @ I®H W K DFWO 1 U R
REVHUYDWLRQV PDGH KHUH ,I WKH WR & HIKDIMHI PHHODKVRIGR QY KL BV PRD R | E
PDWFK WKH UHDOLW\ WKH HYROXWKRQ QWHOQIBHQBEQ FRKY HZ REW DEQ ABX.
VLIJQLILFDQW DV JXLGDQFH

&RQGLWLRQV IRU ZKHHO 225 WR GHYHORS

7KH SRVVLEOH URRW FDXVHV FXU URRXQQ WY YOWSH 5§ R/IHBWL@® W WIR DVFCHG BRH |
DQG WKH UDLO IOH[LELOLW\ DOWKRXIR RM WHW FROXYRIYH QR PR\EGWW F ZX
WKH FRPPRQ UXOH UXFWXWDW VPRRGH VRKH/YR GBRPLRQ WWHH Q&HQF\ FXUYH

FRUUHVSRQGLQJ 225 RUGHU FDQ GHOHWRSWKRPERQ GUWWOLRBW\RIGHVD Q@

LQ 6HFWLRQ FDQQRW HDVLO\ EH FRODQLUPAHIR WD \V §R Q DH]DR'S GFiD QV RP
PRGHV FDQ EH GRPLQDQWO\ H[FLW KG LGQR WRP® R'W KW URCHF WIL R/ W B PR
FDQ KDYH VHULRXVH2WH D¥NMX I XRQ RUFKMHU PD\SBRWI YHKY EHOLHYHG WK
EHWZHHQ WKH WU EN VGG WKWW MRIOKW2R Q URE DNR LG

6 XPPDU\

7KLY FKDSWHU UHSRUWYV IXQGDPHQMWWIRQWMVRDUFELDQZWR ZWKHOQ BRIOVD
HYROYH $ FRPPRQ ZRUNIORZ IRU SUHZLFWWRR R IL VY BULHADH QAKHE O- G R
DVVXPSWLRQV D VLPXODWLRQ VFKHPHG RQGWIX DM ZRRUNI OZRHD W RRIB HIX C
HYROXWLRQ RI UDLOZD\ ZKHHO SROWRQQDMYWWLMWRIQY B USHH BV RIS RWHGHYUW RL
EDVLF PHFKDQLVP RI 225 $IWHU VXPPBDOLFRQEG WKIHR/GIVUDRQHWYD WxZHD I H R |
ZHDU WR HYROYH DUH HVWDEOLVKH@® U RPHWDHG BERORWYV LQ WKLV FKEC



3K' GLVVHUWDWLRQ LFVEKRPGVRHWD BOUHM XKREGO SR

7KH SKDVH EHWZHHQ WKH LQVWD QW D/QKHR X\H \Z HQ G LFQ & RAK I§ HAVFHLUA
HYROXWLRQ GLUHFWLRQ WR JURZ RU WR GLPLQLVK

7KH HYROXWLRQ WHQGHQF\ FXUYWY REWDL)FHGL W B R RVKRIV HEV W B QY
SUHGLFW WKH 225 HYROXWLRQ HYV SHAL IMKOW RZR 306 GUREZLQR PLRID (
VSHHG

.| RQH RU PR URGHWUKTFQ & RP 0 QFDWHIQVE K I - YIROMWHL DD G WKH HQHU.
WUDFN H[FLWDW LR \DOORE X WDIOL P GGIINA PVRLEY H O\ FERUUHVSRQGLQJ
RFFXU GRPLQDQWO\
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HDU PRGHOV IRKHHIDLGSROVNJRQL]DWI

L, QWURGXFWLRQ

7KH SUREOHP RI UDLOZD\ ZKHHO SRQWRXH ]DWH RW LIQDVWEKHH Q HI QD W [RR
UDLOZD\ QHWZRUN DORQJ ZLWK W IOH LORAUWEH DNRHLR Y MW L B DW H B/HKHIGP B
SKHQRPHQRQ WKURXJK VLPXODWLRQ MDWSUWEHFWYRQXWRRQ RIKDWL®
SRO\JRQL]DWLRQ LMW WRHNFIBILH Y HORRUMERER G UIHWE LFWHVVHQWLDO WR DGR
VKRXOG EH VXLWDEOH WR VLPXODWH WKRZ R Y EX A E PR QW LIDADO ZRIID W KRH
PRGHOV IRU UDLO ZKHHO DSSOLRDW LGRHV L QQMIGHWIR. & bl G MR M B H LZHK 1 B ¢
FKDQJH IRU D ORQJ GLVWDQFH RI UXQBWQRQ:IRHZKRF)XV5Q0\RR QN KHVS |
PRGHOV KDYH WR FDHD F R Q I WHWHIGH W.RIV WIDRXWPRWR B FWZ ISDW FK IRU HYH L
VHTXHQFH VR WKDW WKH FLUFXP|HWYHR@W HD OQZW K HYD WHOQBH LW KBIOFORRZYHH
LV DFWXDOO\ QR ORQJHU D 30ORQJ WHIHR XXH IH PR CHRG HDXMWQ DWW HDL G V ¢
DPSOLILFDWLRQ FRHIILFLHQW F D QX \E'HZRDOQMMW B OADHYGH VF R RABKKHW LLQIV W IDROHW T
7KLV *LQVWDQWDQHRXV" ZHDU PRGHRHVERROGDEMW DEBRXWRFGHVWRLIQW
UHVSRQVHV VR WKDW D VWXG\ RQ WRRAHV LE[MHE MKHT XODQFFW PHIWK B Q LIVPSIOL
Rl WKH LQVWDQWDQHRXV ZHDU DUHHSKWY¥E& RQ LQKH FKDW D QU W KRH V\i
SLQVWDQWDQHRXV"~ ZHDU PRGHO $WXB WRVXQEH ULWIWWDWY ® WXKHG D 8 8 Q MAIX
ZHDU PRGHOV IRU WKH VLPXODWLRQ RI UDLOZD\ ZKHHO SRO\JRQL]DWLF

BHYHUDO ZHDU PRGHOV KDYH EHHQ GR@MORSHG IRU @K HKG WPDILQ XS
HVWDEOLVKLQJ D ZHDU PRGHO LV KNIFS IERWZWKE TWOD WR QYD NEWHSDHO
PDWHULDO ORVVO\ZKAGXV WD Q WH-GZ B DRSE RHHUE BIHQWRY&H[ 7KH ZHDU
LQGH[ :, LV WKH FRPELQDWLRQ RIJWKA RRIQ\W B FWD \$IDRJEDIPHIW KWNG HRIU W

FDOFXODWLRQ 7KW ZMDDQFRGGLFDWIBWH REKLKK EBRURQO\ EH REWDLQ
H[SHULPHQWDWLRQ HWRP# ZHPUOGHJLRYWURSKLFG FIDWEH SDUWLWLF
FRUUHVSRQGLQJ ZHDU FRHIILFLHQWQWHFRWYWLQJOWRGWIKHUGBWH @HPIU
GHYHORSHG ZLWK YDULRXV :, ZHDWHRHI IRFZHQW W HJIQ B8HSD BRVWLRQ\ K
FLUFXPVWDQFHY FRQVLGHUHG RU GUHWHBQRK HRIFVX ¥ DFYRQ F B Q WIUHDGN R BW
VWXG\ RQ GLIIHUHQW ZHDU PRGHOVIXRWFMWRRQV @ WRROBEHG ER W ZKDWC
> @ 3HDUFH DQG 6KHUUDWW > @S WRVELYHH®DG HB\ ¥ H@ W(IQVEIORP WK KEP LIV
ZLWK D ZHDU YHORFLW\ LQWURG X FHH DNX D\KMLXVDWR Y A DHDD W QREQ ¥ DEN
PRGHO ZHUH REWDLQHG IRU PLOG DIRP ERI ¥HUEH ARPISPHNG UMR/ASHIHF W D
GHYHORSHG E\ %55 .ZEWBEQFROVLGHUDRWLRRFRODIJPRWERRGY 7KH FRPSDUI
UHYHDOHG D JRRG DJUHHPHQW LQ ZMPUHSUHIBDL B WIRREH QWD QQHG BL WIHB
FRPSUHKHQVLYH FRPSDULVRQ RQ IRXUHZHD@® PRRERAM SH@®HORSBEOEW :



3K' GLVVHUWDWLRQ &KDSWHU "HDUQPLHODWORQRU |

%UDJKLQ > @

7KH DERYH PHQWLR@RGNFRRB B UDO WHMD\EGHFWLYES WKEKHHO WUDQV
SUHGLFWLRQ /LWWOH UHVHDUFK FIDRQKEHH ORKLQUGF X B RPUWE W LDHOU 8 S IRFI
W\SLFDO VWXG\ ZDV IURP -RKDQVVRQZHD@ RZR&HRR PRIBUWEG HVIKH. BW ER (
PRGHO LQ WKH FDOFXODWLRQ RI WHNHLY HDW @ XV\@H IGE R WWRW KLDQV KE R W
VRPHZKDW VLPLODU ZHDU GHSWK &XDU HREGO\O W KRHU PROUVMG ZE\G HQJ X
SRO\JRQL]DWLRQ LV WKH $UFKD UG RAHD UVP RHDH/Q BMDKD W R. @ DLOVRK RD)W.H.
ZHDU GHSWK GLUHRWOD>DV WK® AMFW PRCBIO\VZRUNFK KRZHYHU QHHG
> @ $PRQJ DOO RI WKH H[LVWLQJIBB DKHMO ZHDND DRGSO ¥ PLSYIRDONDLE
KDYH D WKRURXJK XQGHUVWDQGLQZKHHOKSIRO\DSSQ DIICARER Q LEAI R Q HU I
LQ WKH VLPXODWLRQ SURJUDP 7KKQVDIES KD \DHRWW B HHXG LIQN H VSMLEND!
WKLV FKDSWHU

YRXU UHSUHVHQWDWLYH ZHDU PRGHOV S8HYHO®S® & \3BR5HYVRU .ZRE
UHVSHFWLYHO\ DUH VHOHFWHG WW KFHDLUUU D 8 X @/L BDER B B DLV L WK H/ W IX
ZKHHO SRO\JRQL]DWLRQ $00 WKH ZBOREPRGHQE DIRWR & RO WIGRHEN WL
WR DOORZ WKH ADDEWORWRRY RHDEMIFFPDYWYXPEWRRYSHS$ XQLIRUP }
DQDO\WLFDOO\ GHULYHG IRU DOO WIK®IL WRGMH WW H GF R A 5 D UILXGRFQV ERI@\
6HYHUDO VFHQDULFRQLERKEHW EW KPQMPWE RQ @ARIPDHFRSWHG WR DVV
RI WKH LQVWDQWDQHRXV ZHDU G H S3MIO ¥ D DK GIY\W B & HB SR 0 HIRQDW Z
ZKHHO FLUFXPIHUHQHRB DV ROV R KR ZIDRQPRIGH GV HEGVHVLRQ SURJUDF

HDU PRGHOV

,Q WKLV VHFWLRQ VRPH DVVXPSWQBWYRQ R IILQVW VOV BVH-ER MW 2ZM B I
SDWFK 7KHQ DIWHU EULHIO\ LQWURGHFZAD W RR GHOV L QIX® GIA MO WR
LOOXVWUDWHG LQ GHWDLOV )LQ@OHUWDH X ZHBRURXHIBWH R QVRIQV R3 HUK P

$VVXPSWLRQV

z 7KH ZKHHO WUDQVYHUVH SURILOH LVRBXVXPRG\ RRWWKR FKDQJH L7
FLUFXPIHUHQWLDO SURILOH 7KLWWWKXB®WEZREQ W MX/ZADL | ZK B HD
RFFXUV WKH FLURXPRPHDN X WH G ® WE® B HIDHD S/RYKMH R QV DUH TXLW

z 7KH LQVWDQWDQHRXV ZHDU LV DVVXRPAHGWKR BH BIgX DB OV H VHWF W
LPSOLFLW IURP WIQH )R U VWD DR/ \FRRBPELRWH S BMWERHL @ @ DYHUDJHG Z|
FDOFXODWHG

z 7KH ZHDU LV DVVXPHG WR RFFXU RQWDEW \&BW FKO LZAVDKIRPRW HF RO WA
SODVWLF GHIRUPDWLRQ +HUW] FRRDMODFROQWRBFRUPREHOGROWHG6DE
WKH WDQJHQWLDO FRQWDFW PRGHOHDD WKLY ARDS®WH ZIKWK IV KO
D[LV DQG E ODWHUDO VHPL D[LV



3K' GLVVHUWDWLRQ &KDSWHU "HDU@PLHHBWORQRU UD

'"HILQLWLRQ RI ZHDU PRGHOV

7KH RULJLQDO GHR)QLWHRQ VPR G WEBVWEHGE QUUHQO HWWH G LQ 7DEOH 7R
FRPSDULVRQ DOO MIQH \RUR QVQDOH2HEIMW W UMWHEBDWREB, VHHQ LQ 7DEOH

PRGHOV LQ WKHLU RULJLQDO GHIU@VWALRQK/ GID YHHU G IQIWH U, HEDWWWHKTHK 2 WD B
YDULDEOHV LQ WKH HTXDWLRQ UKBLSBYVWLIML R Q\IRUR SYSHOULAD RO MNKLHY B HZ
PRGHO RQ LWV RZQ DQG WKXV QRW W FPRRIDHID\E OK IE HAM DRIH R & LIl A UHH@\
YDULHG GXH WR GLIIHUHQW H[SHUWRHQWO® WHNW@ME.RY DQG GLIIHUHQ\

Table 4-1 Original definition of wear models

‘HD U
bRGHODPY IXQFWLRQV ‘HDU UHJLPHV DDWHUL
‘HDU UbWH [>:H@U LDGM[ > @
m KHHO
T $UHD QRVV
TJ 5 7
u TJ SHU
%55 > GLVWDIQFH
—u J > 5DLO
D - %6 UROOH|G
u TJ!
D
:HDU YRAXPH,>>3® @s>P V@ K > @ :SKHHO
9ROXPH RI
[ Nd > bl il - spLo | ZRYQ
KKTH_+ pz + bS] > u 8,& $ PDWHULDO
p,! + | DQSs u 8,&
HDU urﬁ%]wH > HD@ LéA—éH[ >1 P @ ‘KHHO | 0DVV ORVV
LI TJ u 5 7 SHU
86)" A A UXQQLRQJ
] TJ ] v lspLo GLVWD|QFH
A s & g SHU FRQWDFW
TJ, LA u ’ DUHD
A A '
HDU WWH 1 ¢ 2@ p v p @ K om0y kg @ 6WRFKDVWLF
sm N "m
_ : 5DLO HQHUJ
-RERLK : E u DURX®QG % 6 IORZ
Zobory Ex | u DURX@G GHQVL\/\/\

&RQYHUVLRQ RI :HDU PRGHOV

7KHUH DUH WZR PHWKRGV WR DSSO\REG ZHDPG PRIEHD® P WKRG\ YERE®IO IFAK
WKHP FDQ EH VHHQ LQ )LJXUH ) ROWRKRHQ WODRF-BAD G DPUHDAPKIRAGH UWVK KK BEJ R A |
XVHG WR FDOFXODWH WKH ZHDU DR KVKWH ®IRHADIHWHWK®R GQWR H O R @ K/
ZHDU GLVWULEXAD®GFRQWRPWKBEDFGRP HQ/ EOXHKLIKOLJKW
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*OREDO PHWKRG /IRFDO PHWKRG
WK,y
AN '8

Wiy }

L Xy |

Wiy

kxy

Figure 4-1 Global method and local method

‘H FDQ GHJD@QH
TI [ M) /

DQG ORFDOO\

xywxy ,xy ,xy W, xy , xi -/ [
ZKH':lJXHTy DQMGDUH WKH JOREDO ORQJLWXGLQD®m WDH@QIIHQWLLID® | IRWAAHH
JOREDO VSLQ WRU:Zij'l DHNVES BEWLWHKHBAB\JOREDO ORQJLWXGLQDO FUHH

FUHHSDJH DQG WKH JORKRO D/G&BQy UBDVUSHWWHYBIREDO WDQJHQWLDO

DQG WKH ORFDO FUHHSDJH UHVSHPWEDIKWORRRIUVWK QP WH VQLG)L MDIHL BR Q
VXEVFULSW [ DQG \ LQGLFDWLRQJLWKKB LU HFEW 1 R R BARP/BRWHKPREY DQG
ORFDO PHWKRGYV

'LWKRXW ORVLQJ JH (PHRUWGCIH@DLMWWE DWW KEH ZBHHHDSUHVHQWHG D

TJ m_ .
W, Kggr — —
BRR BRR D m @
TJ kg _.
WUSFD KUSFD T mm > @
kg ~
Zobory KZobory s ~m > @

ZKHWHV WKH ZHDKUWKIHWAHDQ GFRHIILFLHQW ERWK ZLWKRKROGHXEVFULSW

1RWH WKDW WKH .7+ ZHDU PRGHO LVDQWRSH BLHLIFQHIOXY R IZHPWQUDRH
VOLGLQJ GLVWDQFH DQG QRUPDO \IRWFIE WRYER®X VRO DIWH D KQHEHQ @ IMD
WKRVH ZHDU PRGHAHD G HJDQHG D V UDRIQHLD R GH VARRIAWFIHFW SDWFK P XV
PXOWLSOLHG WR WKH ZHDU UDWH KAHR RREBMDDLIQH @&/ KHH D Q@ \AR X Q & [CEGH R M
YROXPH RU PDVV GHSHQGLQJ RQ WK\ ®N HQR W IQRIQWRKI HWLKHV WHDIUV B R)(
FRQWDFW SDWFK D VLQJOH YDOXB REDY RHVE MRKGL WK EWDYLHYUHIE] L XRIU P
GHSHQGLQJ RQ WKH ZHDU PRGHOVY WKH @HW UR®L V)W U LVE K W IOFRRF RO R |
DYHUDJHG E\ DFFXPYX GLWWQ.L BWIML RIG OWKHIQ WX E UQDD®I DDWHUDOO\
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%55 PRGHO

7KH %55 ZHDU PRGHO FDQ RQO\ EH X\G+GE LORARIOR I $WRKRUBE R 7 MIRU W
FDOFXODWH WKH IRV VRIGWAIRDHARXRMZIEDIWE KV WIKGIFRHI KV KRN IBOG BHY RO X W |
ZKLFK LV DVVRFLDWHG ZDWKKWKAFD@KKXB 0O WH® PH3BHZIHDU LV DQ DUHD O
WUDQVYHUVH SURILOH 7KHQ WKHLDUWBHORVMUD/IBGYZBHGE G S B KV R7 RH

JLYHQ LQ (TXDWLRQ $V FDQ EBFWXD®D OV KHR X@WHO DFVDREWHU LV
~ TJ X - ~ ~
HBRR WBRR D _b KBRRF D _b % 1S J

ZKHBHH UHSUHVHQWY WKH JOREDO ZHDU GKBWAKHIZUWKR GHWOXEYV FALBXWP L

K ger Kege  ZKHUUHUHSUHVHQWY WKH JOREDO HTXLYDQBEWQWW @6 DD AR LW
b

ZHDU PRGHO (TXDWLRQ EHFRPHYV

HBRR KBRRT J

.7+ PRGHO

7KH .7+ ZHDU PRGHO ZDV LQLWLDOOHWHKRBOR S & RVHGE R WKKHSQORRKDO!
> @ DQG )$676,0 > @ 7KH EDVLF HTXDWLRQ LV DV EHORZ

Nd
V, KKTH_

wear p
ZKHWH LV WKH ZRUQ WKGX@RURDONKRHINFVBOLGLQJGNNMW PQWHHURQG KDUGQ

7TKH FRUUHVSRQGLQDWRQB WRKUHFDHOWUEGLXY WWW W KW LIRVQ F D

p,xy "dxy

hKTH X y KKTH +

ZKHWKy LV WKH ORFDO ZHDU GHSWK GLVQVUUW KXWIHOR RRGWIK WXEVFUL

QRUPDO SUHVVXUH'6kxYWWKEHXWRRRDO D/V@EGLQJ GLVWDQFH GLVWULEXWI

RFFXUV LQ WKH VOLGLQJ JRQH ZKE DH) & KWK WU B IRVLER @ KEHR WO® 1N QWDLDXOU
SURGXFW RI WKH QRUPDO SUHV¥ XlkHy D@6 WKH FKWH RQ FRHUOLELHQW R
DV VKRZQ LQ )LJXUH

7TUDFWLRQ

$GKHVLRQ JR&ELS JRQH
'd 'd z
p, WP

Figure 4-2 Adhesion zone and slip zone
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7RJIHWK HUX ZL WK Z K HUWH VQLGEQd JRQHDQ EH GHFRPSRVHG LQWR

_I/IXy
p, xy "dxy ® P

dxy Xy VORRBGLQJ ]J]ROQ'
Xy * VOLGLQJ JRQH
SFWXDG@XyDVDQ GHWHUPLQH WKH VOLGLQJ DGKHVERQ ERIQUHHR Q PLEAL D 1
WR D FRQFLVH H[SUHVVLRQ DV EHORZ
Wy
P

p, Xy “dxy dxy

,Q DGGUWIlYR®DQ EH IXUWKHU WUDQVIRUPHG WKURXJK WKH IROORZLQ

'd xy sxy~tV~xyVX~ xy x°°' [

KHUBxy LV WKH UHVXOWDQW VOLGLQJWHKIH RALRPH E$DVYUDRE WEHRKQ
HOHPH@®MWH ORQJIJLWXGLQDO OHQJIJWY VRKH QHKLFIOGH HGHPEQ WWH DK G

DVVXPHG %\ VXEVWLWXIQQJ WIKDWIIRQLRIQV EHFRPHYV
K X
h X —KH_ = x yW x
ki XY o y y 7
*LYH® a/m ZKHOWHYV WKH QXPHMUXELQRA XOWMPRIQWVYV (EHFRPH

a ~KKTH

w
m P+ X ywxy !

hKTH Xy
)| DVV)km_Q,ﬁKKTH ZKHKWHUHSUHVHQWY WKHHORFBERHHTXLWYDWHERAMWNK D
m A

LQGLFDWLQJ WKH ZHDU PRGHO (TXDWLRQ EHFRPHYV

Ny XY Kay XYW XY [
7KH .7+ ZHDU PRGHO LV EDVHG RQ WKUFEKDFEIKDUKBDIHPRGHROG HWYD X M HWGK
FULWLFDO SUREOHP LV WKDW WK HXQWWH® RRZUD WODIRREWKHD @ B XKQ ONVROE
GLVWDQFH 7KHUHIRUH LW LV RQ®\Z2KDNWKH EZQ B QR&H FIDYIHVHRN \ORLFPQ @/
$UFKDUG ZHDU PRGHO LQ WKH JORRIGOLFHWRWMR G QFV NOGHIBY X@ W KWK IRK

86)' PRGHO

7KH 86)' ZHDU PRGHO FDQ EH XVHG BERNHK JORED® @HIEE G RERD QU X)@
RYHU RQH FRQWDFW SDWFK VKR XO GOE) MW RROH VY H¥RGE QO DO FRRW D
PHWKRG WKH *UXQQLQJ GLVWDQFHJRRNXGLRQB HOLKP H @\ IP® ZGRIMKK W
PHQWLRQLQJ WK DWW VG FHH? UKKHUDH. @ X TR | RH WHKHV W IR EHD U PRGHO ZKLF
SHULPHWHU 7KL VIHYHQW GHR LMK MZIGRDQU R X @/FKW VRIQW ZRKH FDOFXODWH (
WKH IRUP RI PDVV ORVV 7KH PDVVWIKRV G HQWVOL BN RX WKKHDKG HYOL @ B & H
DYHUDJHG ZHIMKIG FRWKW RFW SDWFK

7KH :, RI WKH 86)' ZHRU RPR ®KE LOVREDKXPAWKREBUDWKH ORFDO PH
7KH GHULYDWLRQ RI WKH :, IRU WKHIKOREBOPHIWWRGC.L QDIDKBHHHIE REWR *
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LV UHZULWW HOQHD 8 HFHADL Y HO\\
TJ
K _

V\{JSFD USFDA
V\{JSFD X y KUSFD~ X yWX y

7KH FRQYHUVLRQ RI WKH 86)' ZHDU PRREGID XU MW K LIYORE B B8 ORYG OHRFDHOF W/t

a TJ a . ~ -
HUSFD WUSFD - KUSFEUa_b - —KE)SFD -|:S.J U 5 U
X L X so X - ' -
hJSFDXy V\(JSFDXy_ KJSFD XWVXVU Xy XYy w [ U
*LYHQ a/m (TXDWLRQ EHFRPHYV
akK
X —USED % yW x -
Nseo Xy — 25 y y [
0 DVVXRLQIKusso DRG _3Kiseo (TXDWLRQ DQG (TXDWLRQ EHFR
USFD DU SFD mU

HUSFD KUSFD T J

hJSFD X y KUSFD~ X yW X y [

=RERU\ PRGHO

7KH =RERU\ ZHDU PRGHO ZDV SURSRVRG I:FRLER\AK\I-HXS.Q\WEM@(WRG-IQ}HRJI\
IORZ GHQVLW\ DV WKH :, ZKLFK LV H[SUHVVHG DV EHORZ
éxy Wxysxy
7R VDYH WKH FDOFXOVORMLRREWRURHD ORAEROSURIRKVABWKRG ZKLFK LV SUHV
|T><V><| |Tyvy| |'V'2f P, Xy ~
A 3
ZKHL:}/XHVy DQG DUH WKH JORED Q@ @MIRQH DWW K GW Q AKX WALMR IEQ.D YCHIDVRIFUW\ D (

JOREDO DQJXOBBL\V\OLGH@\BNHM/I{H’I-P@\DQ QRUPDO SUHVVXUH

7KH VLPSOLILFDWKRY MKW DNV REBHEWW WVRQERHYHWRSWKH QRUPDO SUHV
WKH WZH(Lj/I?]WRg(TXDWLRQ +RZHYHU EDVHSHRQ WKKHH ZHVD/AX BEWWRIQ B

ZLOO HYHQWXDOKWG BHRHIW VOB b/ IBRHIIEDE K U 8BW KLV FLUFXBWWD QIFWH3 WKH WH!

DFWXDOO\ QRW XVHIXO IRU WKH HIGQIR P MWKHD WTXQ & IFP@ K XWXD W aHE O
RQ WKH VLPSOLILHQ BHVEBKRG M\EHRGY HDFDHRZQ LWLQD\(TEKHOR Z
Tyl [Tv| (M2
A
7R FRQYHUW WKH =RRRED @ FYUDRMRG E@ B U QD/ WIXDAB QY B BVEMRH DL:UXQQLQ

GLVWDQFH LV WR EH PXOWLSOLHG®&R MRKWK+R ER DU AHDWHD RSEHOOREL MY W K |
UHODWHG WHUP 7KH 3UXQQLQJ WL WH'K SEKRWL@&VBVRKW RXKIK JROR-E B R QP DVRW
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DQ& xV IRU WKH ORFDO PHWKRG UHVSHFWKHHRUP7RH DWW >XORDMWH:

DYHUDJHG ZHDU G H SS\DRVRK R HWKRIGWRIEWRD VY HGRXWWHL Y KBEHG PDWH U
GHQVLW\

7KH ZHDU URER WRI ZHOH PREBO DQ GRGRFDWHPGMAKLYHG DV EHORZ UHV.

x TV [TV |M T |T M vV TJJ N J
WZobory KZobory Zobory| | | YAY| | | K ZoboryV | J | YA J | | K Zobory A
WZobory X y KZobory XE X y KZogory X y S X y l&obory \4 ~X y X y -

7KH FRQYHUVLRQV RI =RERU\ ZHDU PR\G BOHRU YJIO® EBO P GJ BRE B OWRI

dt VTJ a K zobor - -
H Zobory WZobory - Zoborym 7 - %ST ‘] U S
t ~X X ~ -
hZobory Xy VvZobory Xy _[J KZobory \% X y/'/ X yv _l{ I&obory Xy X yU w [
*LYHQ a/m (TXDWLRQ EHFRPHYV
aKOOT ~
hZobory Xy ﬁ X yWX y [
K akK
N DVVX@Z&RJﬁ DR,S, ﬁ (TXDWLRQ DQG (TXDWLRQ E
H Zobory K Zobory T J
hZobory X y KZobory X yWX y~ [
$V FDQ EH VHHQ IURP WKH DERYH GHUWHL R D WILRIIWAVYKHHOW H RIKFEONHH U B IF M/Q
FRPSDULQJ (TXDWLRQ ZLWK (TXDWZRWK (T XD BWWQHEVEHEHKDWLYRHD\ LW

EH IRXQG WKDW WKH FRQYHUWHG HDQDWVRK B6R1 IHDHU =fIRERHWO XZ/HKDW H
IRUP ZLWK WKH RQO\ GLIITHUHQFHHERHNL QRI WEBHRKRRR GIH®D G ZQ YD TXRIKDIW
WKDW WKH 86)' ZHDU PRGHO DQG WKH ERERDWXDH ERGHONERW K H VG/L
©, XVHG

8QLIRUP H[SUHVVLRQ RI FRQYHUWHG ZHDU PRGHOV

$V D VXPPDU\ DO HTMWCHNVERQYHIUWRKXG B® FD. Q) PREMKRR ®Y ® UH OLVWHG L
LQWHUHVWLQJ WR WHH WKDW PRGWE®RMH Q' BRPBBULY RMKHLU RULJLQDO
WKHP FDQ EH D Q DUP\RVG FADRO O \ XYW DROKVA R [BLU R W P LHR[S U VUL RAQR IV W K H
JOREDO PHAMKRGKDQByWw xy IRY WKH ORFDO PHWKRG 7KH XQLIRUP :,
IRU WKH JOREDIX P AWKIR® WXG ORFDO PHOWKFE®RH$IQ HTHQWBBMGHULY H

ZHDU PRGHO WR UHSUHVHQW WKH FRIQR/QVDAXW FED UW ARQ ROMDHREXERA | R L
PHWKR®&V DRG ORFDO PHWKRAW LQGWRKDWXENIFWK$H X@DW RRGHKMGIVHT XL
FRHIILFLHQW LV DOVR XQLDRWGPP FRKU KK LKWDNFN WRREH PHOWLRQHG WKDW
DUH DFWXDOO\ YDULDEOHYV LQ WLPW XDV WRWLRWLKRIR FRIQ AHDRIFXGBLIR/O!
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QHJOLJLEOH FRPBD W WHEBXxEHLWKY WKDW D DQG E bDUH DOVR GHRPHG DV FR
V@KH IRUPXOD RI HTXLYDOHQW FRHIHKHFWHMNVRDKRRKHP PRV LWKH XQLIR

14
iable 4-2. The uniform expression of wear models converted for calculation of instantaneous wear depth
i 8QLIRUP H[SUHVKLRL ~ (TXLYDOHQWK&RHPIIF@H QW
8 %55 Here Kore T Y . Kere  Kogry/ b
ISCJ 86)’ Huseo  Kuseo T J ) Kusro  Kyseo/ DU
g =RERU\ Hooboy K zobory T ~ Kby K Zobory/ kS U
g 8QLIRUP H[SUMXYYLRQ xyW xy [ | (TXLYDOHQWK&RHRI@FLHQW
T 7+ e XY Kau X YW Xy [Kry  @Kyqy /mP +
Q1 86) Nseo X Y Kusrp X YW X Y Kusro  aKyseo/m U
E =RERU\ Mooy XY Kooy X YW X Y™ | Kfipery Koo/ MU
Handling wear distribution: Accumulate longitudinally and then average laterally

&RPSDULVRQ RI ZHDU PRGHOV

7KH VLJQLILFDQFH RI 7DEOH O IWHLVY H QF RIKDINU IL WR Q COCPRRZQJ DV K X D DHADLUN
VDPH JURXS HLWKHU JOREDO PHWKWRGRQPW QRIFOIDON R R ¥ KERIGWZ H A QHH®E R
EH REWDLQHG E\ VLPSO\ FRPSDULQQ WWKHHQMT % DYMO HEQMW F IR H Ql LHD FIQ WK D
., YDULDEOH SDWRW DUONWHKH/ ZHEBLPFARMGHRXS LDOWEBO/RU ORFDO *LYHQ
DQG WKH RULJLQDO ZHDU FRHIILFLADQNEH \WR B KO W Bl G HQ RV LFGRHHQ M. E L\H
HDFK ZHDU PRGHO S®® \HHQWSHEBHLIQ 7TDEOH

$V FDQ EH VHHQ IURP 7DEOH W K HHI@QD MDLIRK R2 HVD K HP RIGDID G M SSAUKAVF IEVHHA
WKDW RI WKH HTXLYDOHQW FRHIISHEMWQWHOW H $VUD & HD\QXD WO X\HK B DHUTK
FDQ EH HPSOR\HG DV D XVHIXO LQGHHWR PRO®WVYWEHWZAHHQ AR F & DRW
TXDQWLWDWLYH FRPSDULVRQ LV EDMLFBRI®®\OREDWHREULQRWEE VBHY HRW
RI WKH VDPH ZHDU PRGHO EHWZHHQXQORKEBO\ DA)RG RERFDIOQ PIH WXRGW L W\D
GXH WR WKH FRPSOH[LW\ RI WKH FR\QZMHIFWIPRGHE O VD @& HD BE B DU\ B R C
ZHDU PRGHO FRXOG GHSHQG RQ PDQ\RSH[SDPH WY H QY \DSLEV H VR F RAPKSLO/L FLDV
WKH ZHDU GHSWK FDOFXODWHG E\ WKW EORBCH CFRADIOR BHMWK BG U DHIG \
FRQYHUJHQW ZLWK WKH LQFUHDVHORNV UV LIRS WHKOVIW\G $5HRY Y WU RH® MK 1
LQVWDQWDQHRXV ZHORE®HS VG GE B WEBI®I W WE R®V) L YX U ZLWK WKH
OLVWHG LQ 7DEOH +HUH WSOH 8WKH GLVB WH SDR) 6\H BH W
LQVWDQWDQHRXYV ZHDU GHSWK FDOEXOILHSHME \EN QWREDZL WR GVERED QJ B W'
RI HOHPHQWYV LV WKH VDPH IRU ERWRQWR @ YLMXE EQD\CH B Q G LLRIPMV)H. U D DHG |
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&KDSWHU :HDUQARODWORQRU |

RI HOHPHQWYV VKRXOG EH ELJ HQRXYJ K MWRZHHWD D OFRREDYH D DHEQ O/RG D\OF B
VDPH ZHDU PRGHO RBRRBS/LRMIMH R WKBIPBXQWLIPXP WIDROHKH R IRU WKH
HOHPHQWYV LV VXJIJHVWHG
Table 4-3 An example ofIcalating the converted equalent coefficients and thestantaneousvear depths

SDUDPHWHUYV 9DOXH BDUDPHWHUYV 9D C

N >N1@ Kerr u >R@

4 u > @ K u > @

J u > @ Kuseo u >NJ 1P@
,Qsxwyv [/ > P@ K z0pory u > N J 1

a >P@ \% >NP K@

b >P@ F > @

L >NJI@ + >*SD@

m > @

*OREDO HTXLYDORQWR FRHIILFIRFOWVHT XL YDMOHB@ FRHIILFLH

(TXLYDOKWQW K s Kuseo  Kaoboy
FRHIILFLHQWYV
9DOXH H H
5DWLR

K KKTH KUSFD KZobory

H 9DOXH H H
5DWLR UHI

&)
*ORDO PHWKRGYV

/IRFDO PHWKRGYV

HDU GHSWRGHO %55  86)
9DORH >P@ H H

5DWER > @

=RERU\

ORGHO T+ 86)" =F
H 9DOXH >P@ H
5DWLR > @ UHI

o, . . .
* The Zobory wear medel is thefegence for the ro calculation

5DWLR Rl ZHDU GHSWK

Figure 4-3 A convergence analysis of the number ofezlesron the ratio of wear depth (Global/Local): the

USFD wear model is used in this analysis as an example
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%DVHG RQ WKH DERYH NQRZOHGJH HXEMKHWH G RRPSMD WRNQ R R N/ I WGH.RIZ/
SLQVWDQWDQHRXV" ZHDU PRGHOV XM IFOHFQW WK GV LEWNVEWDRONBLRRIQSR. Il | WK H
FLUFXPVWDQFHV DQG ZKHWKHU WK $\KEHKDX[®H @ RIXG YRPRPRIMLRH QR
UHVHDUFK REMHFWVIRRPSRH DM EYWHTRWRYLMM LAKER@RIXUHG ZLWK ER
ZKLFK FRQVLVWYV RH LQ@KWHDQWDMOH RRKYOX HIDWD BXHBDIWKHIGY IRU WKH OHIW Z
ZKHHOVHW 7KH WV DWLNP SOH. [ L HIGO BADSRNSIHWL RQGA LU @QHDWK HYHU\ ZKHHO\
WUDFN RQ ZKIHRK WWKHHD BKRIF BX URDLY) BWROOWHG HQBMRLRQ DV WKH ZKHHO S|
PHUHO\ IRUPHG LQ WKH ZKHHO WUHRBGE HQ WEKRQ N FZAHDW UR EFWLLR@ JURP N
RULJLQDO ZHDU R HIQLFIDHEQA OL\WRHLPHPRFRFEUUHQU RQ D WDQJHQW
DGRSWHG 7KH YHWLW®HEWSHHNG® KVRWH DKHO PDHHPORJ LUHTXHQF\ Rl LQWH
+] IRU D ORZ VSHHG ORFRPRWLYH G6RR®UMD 6[¥EWQLRRY QR XDHIG R P K
DGRSWHG WR REVHUYH WKH UHVSRQU HG LHIDIW X QMW RV\SHKW RZIHE [F PR DBWO
VFHQDULR D FRPSUHKHQVLYH FRPSDRS®RPHDMRG EXKH) ¥ B B BWLROGHWW K H
RI WKH LQVWDQWD Q@R XVVEBHB W \G HEMEKR X DOWKLFROX DWHTRQ DPSOLWXGH I
SKDVH

8QGHU KDUPRQLF H[FLWDWLRQ

7R REWDLQ D EDVLF XQGHUVWDQGLQUILUWYRYVWXREHEG KRQEBROQLIF[FDWBW
VLQXVRLG DX QOLDULDRN DWCHV L Q XV RUGLRX QG IOW VY OVZRRSHHHIOHN BWB FLO LW D W
FRPSDULVRQ WKHMHWRIRGW 05 H VF RWIIW IGR DMVIXKUWPKRHR @ DLV H SDYUHDO H Q J W K

ZKHHO FLUFXPIHRHQD®HEH DPSOLWXGHURIRUHPWRKK RQO\ H[FLWDWLRQ
DURXQG +] DW D VSHHG RI NP KWRKENM GUNWKIHQIKLNVKHGSE\FWIKIE ZHD
VLPXODWLRQ UHVXOWY DUH VKRZQHRWILYKON ZLOMXG )VIEJBUDS KWWK
KLVWRU\ WKH |UHDHQ PAKHS RRRPBDCRGANWL Q U OVKE HPKEWXDWLRQ DPSOLW

9HUWLFDO VLQXVRLGDO WUDFN LUUHJXODULW\

$V FDQ EH VHHQ IURP )LJXUH DW D\@ MVHD @VHLR XIVKZ N VIR (G\HB MK K HF D Q ¥ X O
ZHDU PRGHOV LV SUHVHQWHG LQ D IFRMSKOHUPEOR YBOXH RIKW IGH. Il BV W@
GHSWK EHWZHHQ HDFK ZHDU PRGHO QU ZHQO\ FRHVIIHBPHQWG® RV WRHAKR
ZKLFK KDV EHHQ GLOAFXVRRGHSUGIW HRMWKY LY JWKHS HEXWFW XDWLRQ RI WK
ZHDU GHSWK ,W FRQXEH VHHD IWRBPW PRG® OWKFDDHFRUUHFWO\ UHIOHF
IUHTXHQF\ WKDW LV  +] LQ WKL\WREDWHKHLDORSBGLWXGH IXQ® KHKWD WK R1 W
WKH LQVWDQWBRWMRX \Z IZ\WR W KH P HIRQPYINGIX\WM K H/ X BEIWVW DG WAHVBXDWLRQ SK
WKH DEVFLVVD LSHBRPG @ LD RBWM XTHHIOR BVUEXW KHWKEWLDO DQJOH DV V
7R FRPSDUH WKH ZHDU IOXFWXDWLRRRDBIQIDW}GHVFRBSEREHG WD \W Wi
DPSOLWXGHV RI WRKH/ Z BB M UKD X\FKAHX DRIF DROGHRE RUW EHDKH VPDOOHVW ZHD
WKH UHIHUHQFH D8G KDXF W XPRULFD® YD FO@L WX OHHIRQ LQ )LIXUH F

IOXFWXDWLRQ SKWDWKHW DNKH DS URORF B I©UZ HORZERRIG B OVL QR GOV HUH Q|
EHWZHHQ JOREDO DQG ORFDO JURXRWQ DRISOLIWKIGRH RIPRIOH DBODUW KB FA/
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DOPRVW WKH VDPHDBQYV WDIODMW RAKWYKIHIPDDE® HKHFNHG
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:KHHO FLUFXPIHUHQWLDO DQJOH >UDG@
(c) Wear fluctuation phasand normalized amplitudgef: Zobory Local)
Figure 4-4 Comparison of instantaneous wear depthsngnthe wear models under excitation of a sinusoidal
vertical track irregularity: (a) Time history, (b) Frequency spectrum, (¢) Wear fluctuation phase and
normalized amplitude (ref: Zobory Local)

Table 4-4 A comparison betweee ttatio of the meamalue and the ratio dluctuation amplitude

86)" =RERU\ 86)" =RERU\

0
ORGHO %55 0REDOOREDO’Y  /RFDO /RFDO

OHDQ YDOXH
5DWLR
JOXFWXDWLRQ

* The Local Zobory wear modeltise reference for the ratio calculation
6LQXVRLGDO LQLWLDO 225

YJLIXUH VKRZV WKH UHVXOWV H[BLWKIE EVLPMUQXWRWEDE LQLWLPDRO
WKH FDVH RI WUDFN LUUHJXODULWR EHK H HI[6 HWWNWGRRR UWHHTFXWHM\FE \FD C
%XW WKH PXOWLSOH IUHTXHQF\ FRPASR OH@WF DH¥RRORWHL R @ VRD BAOKH &
LQ )LIXUH E +RZHYHU VRPH VROWSHYRR QY ODUMRERX®D 6 HVQKE & M
ZKLFK LV XQUHDVRQDEOH 7KLV FDQ EH H[SODLQHG E\ WKH IROORZLQ
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:KHHO FLUFXPIHUHQWLDO DQJOH >UDG@
(c) Wear fluctuation phasand normalized amplitudgef: Zobory Local)
Figure 4-5 Comparison of instantaneous wear depthsrgnthe wear models under excitation of a sinusoidal

initial OOR: (a) Time history, (bffrequency spectrum, (c) Wear fluctiosa phase and noratized amplitude
(ref: Zobory_Local)

7KH JOREDOFRQVLVWLQJ Rl WKUHH FRPSRQHQWW HH FRRUHEQL\Q DQWHW K B K:

LV UHZULWWHQ DW BEROREVBRBWAMM-QPBINE URUXHDFK FRPSRQHQW DV QHJID)\
ZRUN LV PHDQLQJOHVYV

TJ T, | \Tgy\ M| U /
8QGHU H[FLWDWLRG T2{MEKFD BDQJ @ HVFRIWD WK DUHN SRKH VDPH TUHT XH(
1 YLHZLQJ HYHU\ FRQWDFW UHVSRQWHFD? @\ VH Q K XFRRRPIRG FRDQAV R DDV K |

SURGXFW RI WZR VLQXVRLGDO FXUYMKZWWXQW KHQVDPHVILUHMNELEH O 1F
H[SUHVVHG DV D XQLYHUVDO IRUPXOD EHORZ

Ft 0 I $f#WIrQ
ZKHWHLV WKH PH@Q.VD/‘DQ(I—H DRSYDWXMBWY RMDKH TUHTXHWKMH SKDVH VKLIW
7KH SURGXFW RI WIZFHH V LAQAXWR MWEKIHOVXEHH IGHT X HIQG\DADIROORZV
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,Q (TXDWLRQ URNWK H QB LYW 16 XWDIO HS DALV@ X V R HG ROY DIDGGV X D QHL\RROL G D
IOXFWXPWRRE@LREYPY LV FRQVWDQWO\ $\RVREHYBWD R D EWRRX D/KH QR
UHVXOWtFAXW QRW FRQVWDQWRXVSR EHWLW MW UDKXNWKE B &/H RQR S\D KI M/ \f

VKDUS SRLQWY ZLOO EH SURGXFHG WE\2KKM BIEYV ROKKHWVH R/KHDWSWSLRRLQ@) W
LQ WKH ILGDPOGHBHYG&O W QR WKH KRR FRIQMWDDFMWR @ CRIBWHDW HYV V 2K VIS HML

FRPSOLFDWHG PDWKHPDWLFDO LVV X SRKQH IRY DWW KHD OOOHF WIX /W HRRR Q|
SKDVH EHWZHHQ FRQWDFW SDUDPHWHUM FD QVRRDVLWY KX SIIQFWHWKHO D |
UHVSRQVHV H[FLWKG IEY LW [DFNG LIUMLIWYIHDOD. 22KL AKHSBHFHQWY D VLJQL
EHWZHHQ HDFK RWKHU 7KLV FRXOGDHB RBRRHQRMVWIKS$SH B D VRREML R KV ®AK
JOREDO PHWKRGV IRU WKH FD¥H ROV RW WOUD B R5L ZKH OHOQ R WWR 1B QU R
EOHDU DV IREZ MAHDRIGDK R UHOP W IRV RV WKH FRQMHIGE WQUEHMWS GLITHUH
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:KHHO FLUFXPIHUHQWLDO :KHHO FLUFXPIHUHQWLDO DQJOH >UD
(a) Excited by vertical track irregularity (b) Excited by initial OOR
Figure 4-6 Phase difference between contact responseBx(dted by vertical track irregularity, (b) Excited
by initial OOR. The fluctuatioamplitude of all curves isormalized to 1 to facilitatthe comparison of phase

between curves.

8QGHU UDQGRP H[FLWDWLRQ

%DVHG RQ WKH XQGHUVWDQGLQJ REMLIMINAIGRIQ RW 2R KVHF AR DI IRR\VK B U B E
DUH IXUWKHU L @GPH\GWW UDW N G UNWDEG CSWRION Y RDQRDE0 PZHLDUX

6WDQGDUG WUDFN LUUHJXODULW\

$Q HVVHQWLW® HD 8 B RBWFIQICRZD \  Z K H\VD L R ROLW R\@ RWIKGHHERQ W GURHP.RQ D Q W
IUHTXHQFLHV RI WKH LQVWDQWDQHRKN ZWDWH R Q $W\K\WM DQHFOLIF® HVW D B
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VSHFWUXP )5%KFOWKHN WUDFN BMHIQ QRO BGHHELY W OW LR@REWSHESG W R
LQYHVWLIJDWH WKH UHVSRQVHV RIDZHIVW PR G D Q\EFREMADHNF I QADHIXR Q WR
PDLQ HQHUJ\ Rl WKH UDQGRP WUDEXWHG HOHXORQILVED YW QRQYPBIOWV FBUVW
WLPH IUHTXHQFLHV EHORZ +] DW H V&AHH&LRIX O DVPL R QL @ HWKIOWFDY U
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(c) Wear fluctuation phase and amplitude
Figure 4-7 Comparison of instantaneous wear depths among the wear models under excitation of random track
irregularity (FRA 6): (a) Time histgy, (b) Frequency spectrum, (c) Wdluctuation phase and amplitude

$V FDQ EH VHHQ IURP )LJXUH D D Q ® Q H R XW KB BID O/ O\ WHRE S WME
EHWZHHQ HDFK ZH DUJ\PRREGIFH Q\W H HVOHIG HTSRHR ALK AR ZFHRIUUHFW O\ UHIO
ZHDU PRGHOV 1RWH WKDW WKH ZH DD BIPEMNY HVGS K VDUXP QLG/R P XW K DOFINU [I
FDVHV $OWKRXJK VRPH DEUXSW ZHH I LOMBRWK V BA® XZHEHR (RURQISS Y WWLKEH UM
IRU WKH ILQDO SRO\JRQDO ZHDU EHFQPRXHKIRDPDS QD @ERW FENMVBGRSOR
DYHUDJHG IRU PDQR WMHKYDRAD XWKIHR Q E UKGIWP LISHIDW N GZ L:X®I E D RRNLQJ DW )L
VRPH VKDUS SRLQWVLQUWAKWWLOLY BREGRY HQ REDO PHW

OHDVXUHG SRO\JRQDO ZHDU

,Q UHDOLW\ WKH\UBRDRQYDW ZKG HY SBORWDROD®AO\IEURMMKH WUDFN H[FLWDW
WR WKH SRO\JRQDO ZHDU LWVHOI RISAVRBDWVR U HEHNSBR IRRHEW R H Z W [
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PRGHOV XQGHU WUKHD[IE\L W IDFVIL® IQWRLIDIX SR O\ JROBPIDVZMBKM PHDVXUHG S
RI HLJKW ZKHHOV Rl WKH ORFRPRVWWHHG Z\ WK UM IGHORIDHD\D BH W B QXHY &
WKH VWDWLVWLFDI® IRKI\GX UG PH (@ ISR\ JRMIDVOX @HDU DUH DVVLJQHG
UHVSHFWLYHO\ 7IOWVLPXIOVWRERD LERRXYRDIOW [$DWXUH LQ )LIXUH

PXOWLSOH IUHTXHDMEN ERMSRIYHDOWR/U WKHVGIFP ¥@WEBQHQWY LV H[DFW
IUHTXHQF\ Rl WKH ZKHHOV ZKLFK\W\.\DGRXQWBR WK HQF WIOLL\F FH) F HW D KL
ZHD@ LWVHO! 'HWSIWRRE KDW DOHOVUHYWR VN NKDOQBIRAWNDZH DU GHSWKV RG
WKDW VRPH VKDUS SRLQWV SHUVLVW LQ WKH FXUYHV Rl JOREDO PHW

5RXJKQHVY >G% BBGLX® GHYLDW

Figure 4-8 Measured polygonal wear of a locomotivigh Wack lines indicating giht wheels and the red line

indicating the averaged value
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(c) Wear fluctuation phasand normalized amplitudgef: Zobory_Local)
Figure 4-9 Comparison of instantaneous wear depthsng the wear models under excitation of Measured
initial wheel polygonization(a) Time history, (b) Frequency esgirum, (c) Wear fluctuation phase and

normalized amplitude (ref: Zobory Local)

(YROXWLRQ RI SRO\JUJRQDO ZHDU

7KH SUHGLFWLRQ SURJUDP LQ &KDSXWMHO SRV \D K QI BE \WRRR HSQDHISLIF W/ HWW
HYROYHG SRO\JRQDO ZHDU DURXQG WKIHUEK FW\® DFQIEHFWX P VHLQK @ RH GO0G H |
ZKLWH QRLVH ZLWK D FRQFHQWUD WLRDRQP R& H CF RRIDBR Y R QVEHVQZFH HE
SDUDPHWHUV DV ZHOO DV WKH RVUKHLQDRHZBND U G RHKIHL B ERY W W HIFW. R/ ©
LWHUDWLRQV LV VS®@LMRDW ZR®Q K- R UD FHLDHFGWL. \R H UBDRNLLRHY/ SERRQ ®IKQJ WRY

U%QQLQJ GLVWDQFH LV NP 7KH QD@D 2HBDYRBOXMALR G LRIHWK 8 W 6D
SUHVHQWHG LRQGIXNUMNUH IRU VERF WEWIQOWULRY UHV
o

8QGHU WKH NLFLXWRWGRQ RHUXMWQAPODOWWUDFN LUUHJ

5RXJKQHVYV >GC% OBIGLR® GHYLDWLR

Figure 4-10 Evolution of polygonal wear under exiia of sinusoidal vertical track irregularity
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$V FDQ EH VHHQ IDRPP® WKNWHDU PRGRONM BRKWBLVE WKIORSHG RUGHFH
FRUUHVSRQGYV WR WKH H[FLWDWLRQNPUKTXKKIQBUREZW K- UDW HD R/ISWK B R}
GHSHQGV RQ WKH RIFLH@WD? XWIDE HEOHH DLAKKZB FO RPRIE ORRN DW WKH O
EOXH FXUYHV WKH HYROYHG UD8BHXD GG YLIOMUR QV D W RIGDFRVQDAL V@
WKH PXOWLSOH |UWNVXB QR \JERRESFD@HNY Bl W WHQWBW PG R# RDREDO PHWK
WKH VLW XBMWY R Q\LVRP IS/0H FADKADGRACKAR | Y A UWDR WD G N/ LQ X WBX G D O LW L W\
QRW SURGXFH GLVWLQFW VKDUS SFRLWQWWHHQIWKHH ORED O EQWWD QA Q
SROVJRQDO ZHDU GXULQJ LWHUDWLQRKLDIHO ON KFH H V)R DXWH. RQ FU R JH
VPRRWK WKH SROV\JRQDO ZHDU FXUVYH D E/NWDZEHHIQ VIXW A H D WLYRD V L\F R QUL
QHZO\ GHYHORSHG SRO\JRQDO ZHDU EHFRFRHVVODLOIGI HH R K DKH UDR\PHH
VPRRWKHG DV ZHOO ,I WKH HYROYBG B®)GLXWREDOLD WLRH \LFRRIWK 1%
WKRVH VKDUS SRG GIWVLEDQZKH WHIDIRERW =REKRIUVPRRWKLQJ HIIHFW FI
HDVLO\ ,Q D@®E&HWRLRQJIHBGH XK OOHES QIR Q6)' *OREDO  WKH PXOWLS
FRPSRQHQWY DUH QRW JUDGXDOO\ WWWHQXDWHG GXH WR WKH VPRR!

,Q DGGLWLR\GS HFMR R/ IK MOWHHSIUHR/ SSPOWWL IRRXYIXQ SURDWKH HYROYHG ZKHHO
HDFK ZHDU PRGHO MKHD ODAKIHR @ IWVRKRKGHYV\VERWEKHQ HDFK ZHDU PRG
ZLWK WKDW RI WHHLPNNQ QVDIDXHIR RAWK\E KID U VGAH SDY § WRIKEL ER Y EOH
FDQ EH VHHQ IURP 7DEOH WKH BW R SRKWRORIXD W KIHH DW WU R QY R DY §
H[FHSW %55 DQG 86)' *OREDO 7KH FKDQJH @ W% 55SDREG RB6 W L RQPDOD U
GXH WR WKH VPRRWRVBJVKDOHSWS RR G WWQ JAK R IVAKHKWRFDO ZHDU PF
SURSRUWLRQDO UHODWLRQVKLS 2ZKL PRV QYHZEX WP E O MHEBRSW& H R /DIQ ¥
LQWURGXFHG IRU WHEKHIUQW KVI W X\QK HRWPBVELDRH RR [ VWAKKHH PLHDV W D QWD QHR XV
HDFK ZHDU PRGHO MKEHWNXUPDQHG Y \FRFWMLRQHQWY WKLV LV WR VD\
FRHIILFLHQWV FDG DVGRVIRVEAH. PP @/GIBWH D \8 URGRKMELRQW®H ILQDO HYRO
DPRQJ WKH ZHDU PRGHOV

Table 4-5 A comparison betwee ttatio of the meamalue and the ratio dluctuation amplitude

6)' =RERU 86)' =RERU\

0
ORGHO /ongRED’CDRED' * /IRFDO/RFDO

OHDQ YDOXH ILUVW UXQ
SDWLR
KHHO URXJKQHVV ILQDO UHVXOW

* The Local Zobory weamodel is the referender the ratio calculation

8QGHU WKH H[FLWDWLRQ RI HTRDVHQHUJ\ GLVWULEXWHG ZKLW

8QGHU WKH H[FLWDWLRQ RI WKH HAXDXH GHMRIO CHE W B HEDOWHRSX Z K Q W
PHWKRGY DQG ORFDO PHWKRGV DUH GILR/ SIMLE GW\DHAEHD WKV HROE VLHQU YLD\
DERXW WKH HIXDWUHEXNWHG ZKLWHHGRLY H ZEWORBH HO ERUOWEI| DO
VKRXOG GHYHORS GRPLQDQWO\ DFFREGRQDWRXWE&H P+JLIDWU B WRSHHEW
LQ WKLV FDVH 7KLV LV GLVWLQJXHVKIK® 8\ DKDY MKHDZAORVVRGRAN Y
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DOO ORFDO ZHDU PRGHOV SUHVH QW VDIQQ Bi [W 8 OSFONJ RRQ DL ¥ WBIY) F\ UIRX
FLWFXPIHUHQFH DQWH R ID UXR@L GL \KWBZKL WH IQRDWHR @R ZHYHU RQ WKH
JOREDO PHWKRGV GR QRW VKRZ SHUHHF\DVFR&RZQWHR FIl JKHW Z HH QEH DFH
GXH WR WKH VPRRWKLQJ HITHFW R QZW KK FXRIFHH \D ZWW K. F/LKIDQJ $ BRR QW ¥
LOWURGXFHG

(a) Local methods

5RXJKQHVV >G% BRGLX® GHYLDWLRQ >sRR&Q JKQHVV >G% GRGLXE GHYLDW

(b) Global methods
Figure 4-11 Evolution of polygonal wear under excitataf equal-energy-distributed white noise: (a) Local
methods; (b) Global methods
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'LVFEFXVVLRQ

$ERXW WKH VKDUS SRLQWYV

$V FDQ EH VHHQ LQ 6HFWLRQ VREB H K Q W8 K3R IL Q WW DIUWHD QR & RIX\\W ZHR
E\ JOREDO PHWKRGV IRU PRVW VFHR®HURBRWLRQ U R UsWHIK RDW KB E,V F

EHHQ H[SODLQHG LQ 6HFWLRQ HQ FRUW\O R EW ® DPHIMRKR B LVOWW KRNV DKYIRS.
$OWKRXJIK WKH VTXDUH RSHY®DWy RQY HRIU(TWCHVQRBDO :, PLIKW SURGXF

IRU RQH HOHPHQW ZHDU WKH DYHUDQYH \RID®KBI\ WY HDECHSE WZRI D/WP FGRIW W L
VKDUS SRLQWYV ,Q DGGLWLRQ D OBRAKRXR EDWKPIHWKKDRUGEY SIRU I V8 R \JHLCEHOU
ZLWK VRPH VPRRWKLQJ PHWKRGYV LEWDW DFNHMR WY H @ MWKNH RU HFADXO'W @ J DK
EHOLHYHG WKDW WKH JOREDO PHWKKRGLIOVN YRWWXQWREVYEZHRU FIDOW K
VRPH FRPSXWLQJ WLPH DQG WKH ORFDO PHWKRG LV UHFRPPHQGHG

$ERXW WKH DVVXPSWLRQV

'KHQ VWXG\LQJ ZHDBIW\WK ZKHKH OV S D Q MMHQ WALIOHD FAKHAX® ISURILOH ZDV I
XQDOWHUHG > @ 6LPLODIDRILWKHLW DD/YXPHIGY I RAK HAHKD
GLVVHUWDWLRQ WR FRQFHQWUDWHVRQOWRHXKBR 0 VBIRG® \BRY KD WWRQ |
> @ %DVHG RQ WKLV DVVXPSWLIRGROYWD Y \SDIVFW DLYHRXYWEHD W R
GLVWULEXWHG LQ WKH ZKHHO W RQV WHQWD® SRRV LOHD U7 KD \B YLHU &
ZHDU GHSWK +RZMMIB D) ROWB QG D WYL EWIWWHLRB DWW @WIGRSWLQJ WKH
YDOXH RI WKH WUDQVYHUVDO ZHDPB FOH YWHBIV - RIKKIHQN\DR®D U HE X © \WR Pl
KDV EHHQ FRQGXFWHG KHUH WR FKHRFRHWKHR G Y | | HUYHHQFDH 1 HP\M BVHKHRQS WK
PHWKRG"~ W WXUQV RXW WKDW WKHQWDSE RH MCKTHYF BRI RAKRANDMVNL € HRLI
EXW ZLWK D GLIITHUHQFH EHLQJ W WH HORUFMWXIF\D BRED D B B B MVMKIBWRZ KH ¢
WKLV LW LV EHOLHYHG WKDW WKW KB YR D PLRHX P HAMKARGR GL VD S/UW KHHU TDEYC
FRQIRUPV WR WKH DVVXPSWLRQ EHWMRQ IRRUBR¥BO ZAMIOH Y@RIGROWP
DQDO\WLFDOO\RIHWKHH® EBVEEH PHWKRG’

,Q DGGLWLRQ WKH FRQWDFW PRGRO QW DRIV FFHR® WERFXW B Q-G Y$6]7 8/, K
FRQWDFW 7KLV LV WKH PRVW FRPPR QDALFOP ERQIWDIERQ FDOFX\UB @ LR
PRGHOV DUH XVHG WKH FRQYHUVLRQER I DAGKVHX ¥ WHIE ARG R O & LRAIB\W +H
EHOLHYHG WKDW WKH XQLIRUP ZH DD OXH@AW ER @M LVE R BIIQWR/HE HZLLW K GV |
UHIOHFW WKH HVWKMWVIDRSQDWKPB & BIQUGWRB VL HRQVKRSHOV LQ D JHQH

$ERXW WKH ORFDO :HDU ,QGH]

7KH ORFDO :HDU x@@#iky :,RI RQH JULG HOHPHQW LV GHILQHG DV WKt
WDQJHQWLDO VWUHVYVY DQG WKH UHYROMW BDQW SSRRIEKD/D FFIUAHIED JW K LV RLP
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YHFWRUV WKDW KDYH WKH VDPH G MWKRGW RQH HRYZIHLYGHUE O\HZ R QG WIK H UDHRDW
ZKLFK DUH OLVWHG EHORZ

OHWKRG yWxy \/X[xy y xy\;h/X Xy , xWW - [ [

0 HWKyR®By , Yy, xy MWy, xy/ w /

,Q WKH RULJLQDO SDSHU ZULWWH® BMK3HJ R [B ¥V WIWAARRE RUA 2L Y@ QDBE\W KR X

OHWKRG WKH FDO RBRFODIWWICRD RFERUBK QKW QHBHKRIGHFNHG LQ WKH (°
LQ UHIHUHQFH > WiKH, @ UFrK®IUWMEL RIYD B KP RVGHO. %S RBPDAKPRGHO LV EDVHG
XVHV OHWKRG WR FDOFXOMNYHEKIWK RDQIDQDMEB EGREDPYHUWHCGHWR

6HFWLRQ $V WK xR FDHSEUHVHQWY WKH IULFWLRQDCMPRUN WKDW

LWLV EHOLHYHG WKDW OHWKRG WRKHWKH $0WIHDDERX & DRWMHHG EE YOIHRKK/ROG
VPDOOHU WKDQ WKDW E\ OBMKWKRIQLGXx Q0 V&BUWIWRKH WWPH GLUHFWLRQ

RSHUDWLRQ LQ OHWKRG LV DFWXDOO\ QRW QHFHVVDU\

6 XPPDU\

7R VXP XS WKLV FKDSWHU KDV REWRL @HKG DS S PISAOREYLHOG W'\Q B IH WK\ DHJ {
ZHDU PRGHOV IRU VLPXODWLRQ RI UDWOWDI)JIZRKX\WOD SRRPS BB K HQWILR @ E
VWXG\ EHWZHHQ IRXU UHSUHVHQWDWLYR+ZI8B) PR®BGIGYRIHYWRRSHRER
UHVSHFWLYHO\ $0WIGRIOM LR i \AMDIBAR W GD UG \BKLWWFHK@W IURP HDFK F
RULJLQDO GHILQLWLRQ WKH\ DFWXDODOLQK DW KHWKH WD DRV R Q MRY\H ZHL
WKHP FDQ EH DQDO\WLFDOO\ FRQY HWKVBGXIQQWRUP XKD UR UPGHS U:HV VD R
-, LV GLIIHUHQW LQ WKH IRUP IRU HUREBIG BIJELERPBQ W HAMPORIGVR HIK HF
LQGH[ WR TXDQWLWDWLYHO\ LGHDRRQY WKH 3SHRS PRGHRYDLQ B HQDIMIRHF
YDOXH RI WKH LQVWDQWDQHRXV ZHDBRIGMEMW K QWK B Q@ BDRW R KW LRHD D K
URXJKQHVV OHYHO RI WKH HYROYHG SRO\JRQDO ZHDU

6HYHUDO VFHQDULFRQLERKEHG EW KPQMDWE RQ @ARIPDHIRSWHG WR DVVHV
RI WKH LQVWDQWDQHRXV ZHDU G H SOMIO ¥ D DK GIY\W B 8 HB SR 0 HIRHDW ZHI
ZKHHO FLUFXPIHUHQFH LV DOVR FRPSDBURG D FROJIHORSHGHB UHEREMWQR R
6LPXODWLRQ UHVXOWYV VKRZ WKDWDWMG WRHVKHLD UFRRSWEY SEHHYHQQYE
UHIOHFW WKH IOXFWXDWLRQ RI WKL U® X RADDDVDRMYR X3\ H FHIDVH ® Q GHALO YZ
FRUUHFWO\ UHIOWR\W DKW HUH VRGN @ I DVKHQOHIFR/ PWQVH DQG WKH 10
WKH LQVWDQWDQHRXV ZHDU LV REVWPR®HGWXHNVEHDOPRR @H®Y H 7\KBIRHH U
FRQVLVWHQF\ Rl WUHQG IRU DOO WRFOVHTHHRORRRBGIDY IHD UL F X & DAHID @\
IOXFWXDWLRQ DPSOLWXGH RI WKH URXXIDW D @HRMNO ZRIDW K B \H Y R O ® HIBV
DUH DOO GHWHUPLQHG E\ WKH RUBGH\Q DLON ZIHD B HFGRLH YLHG HAKNDW XW K 16 J @
VXLWDEOH IRU FDOFXODWLQJ WKHVSRRFRIRQRODUSHORL RWWDD O & DH DAKLHOH O
WLPH KLVWRU\ RI LQVWDQWDQHRXVHDBDIWL M $RK V8 KH WOR BIX®! :DEUR G X
PHWKRG LV UHFRPPHQGHG



3K'" GLVVHUWDWLRQ &KDSWHU ‘HDUQARGWORQRU |

$V DOO WKH ZHDU PRGHOV LQ WKH ABPHBUHVRDROK DWKH W KB HD/PLR DRI
ZHDU PRGHOV GRHV QRW PDWWHU VHQ®L OLGRWIDG EK W KWK N HAHDR R E
UHVXOW IRU D UHDO FDVH 7KH ZAWUQRRWIKHFZKBMWQ VWUIVEDPORILRY §
ZKLFK FRXOG EH YHU\ GLITHUHQW IQH B WK FWIARRRERMD B XQYFBDW H GS |
E\ IXQGDPHQWDO H QW IS,R-OQ ZWRQ R D ZRHD UR UQED WO DERNIDAM PHDVXUHPF
FLUFXPIHUHQWLDO, (S DRI GO W LR@ V LDWBLARDDY WAKAL FKH IRUBHQHUD OO\ QHJ
SROVJRQDO ZHDU VWXG\ ZHUH IRXQG NW\DHGWR D O WHR ZKBIR @\K HDS 8 O\
PD\ KDYH WR EH LQWURGXFHG 'HVSIMVIB QWRHI UAKHF FZHVHVH O FKU RINLKDGH LSC
H[LVWLQJ ZHDU P RGEHOW LIR Q@ FRE X0/ B0 | DMK HRI@ BIRDIV PREHOQML YV VW L
WKH ZD\



3K' GLVVHUWDWLRQ FWY KD URHE DO FEQARQQL]IDW

(ITHFWV RI UDLOZD\ ZKHHO SRO\JF

L, QWURGXFWLRQ

5DLOZD\ ZKHHO SRO\JRQL]DWLRQ KDWLEHHQR UWKRIJQEQHRU BB @ KIDEUPD WQ R
WUDFN G\QDPLF V\VWHP > @ ,W WA WURHK XKH\H G RUDLLROG L B W i B UIDAML F
RVFLOODWLRQ WR WKH YHKLFOH FWRSIRDHHHIDV SIRDGJ R/Q D]BNV LRXQQ IGIDW UR
OHYHO WKH G\QDPLWKIH Y HXULFD®GFWNEM AN YMOMIOR EDRDIJHG VR WKDW \
SURILOLQJ PXVW EH LPSOHPHQWHG WRRFQDRLI® W XEW WH @WH B O @2 K L JK
FRVWY KDYH EHHQ VDLRBQLFROW VWKW LHVWBWAHHD EQGH WRVD EGLQJ RI ZKHHO
HITHFWV DQG LGHRWRS UEDW HRRR/X RV RHTH XURXWKRRO ZKHHO 225

6RPH &KLQHVH HOHFWULF ORFRPR VWY IURE QAIQHHRQS IRIGNLI R ] D WQ R
WKH HITHFW D WUDFNLQJ WHVW RiG [RX W CEH F&/% 8 B F=& R FRPXR WRLFRP R DAL FID
DQG 6RXWKZHVW -LDRWRQJ 8QLYHU WKV FRRESHWUHDW LW KDY WLLLDFRN L Q J W
DIWHU LOOXVWUDWLQJ WKH PHWKR® @ INZ25Z G B W DHD @ DIONVIZD DEVI XD GR
FDUULHG RXW EHWDHBIQGWMKHY PP RO BW RH QM P %®NYWGRR PRGHO SDUDF
LV SHUIRUPHG WR LGHQWLI\ WKH HIVWFW GRRQ ZRHMH G HRGURDQ FHWR R QV |
TXDQWLWDWLYHO\ )LQDOO\ VRPHFW ®HWDQ OO0 H\K HB OVSIR® M RO W B W LHF
DUH GHULYHG

225 GDWD DQDO\VLV

7KH ILUVW VWD Q ®DU KHS A ADN.XD ORNQWHRY ZIDWHIOQWRI RGXFHG LQ 0D\

(1 5DLOZD\ DSSOLFDWLRQV $PRM}QWVW BBD®XDE 6 HIKWWH HIH QRW
JHQHUDWLRQ > @ ZDV SXEOLVKHG E$H RR b GALIAJ FW 8 DMKLQ/J QNHZH VADY GI® b
WKH RULJLQDO P HDAKKHHH® H@RW J& Q WBMRN & DLOQO VEKHU SIIRFW DJHY QDPHO\ V
FXUYDWXUH SURFHVVLQJ DQG HQGBE&WHW IHWHEQBYQROTKRAVDUH EUL|

6SLNH UHPRYD QU REZRXSHAPRB® HY  DNUIHGHW KIDW EMHWIQ UBYNY RFLDWHG ZLWK
VPDOO SDUWLFOWHMWRR (R WHIH @ KRHHW®D KVAXUUHINORFUHH  BOQRGAYHUHRS UMKR/HH QWD O vV X U
JHRPHWU\ 7KH VSLNH LV LGHEQWILILRCG BQ® KoH FKWDLQWUHHUR DARBIWQHIR U G
LV WKH GLVWDQFH DURXQG MK H \VZ MMHKHHOURMXUIFKXPH MV HOFW HD Y& DW RQO\ W
WR EH UHPRYHG DFFRUGLQJ WR WKHHR WE f GIHV/X OZK RO H/ BL @ SVIXWDWL F(
PRGLILHG 7KH GLIIAYHNH\H E@GCVBH W LRDKQ )E BIXFRKHFNHZKHUH LV D VSLN
D SLW 6KRXOG WKH SLWV EH UHPRKB Q JBNG&HRIO GAPWKH FULWHULRQ FDQ
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Figure 5-1 Spike removal: 1 spike, 2 pit [88]

&EXUYDWXUH SURFPARXEW RN RVWID BHEI W RUXW KR WKH VHQVRU WLS
WKH ZKHHO )RU HDFK XRMUKRKBREMWHRIXDMPHERLIQWFWLRX) RLMALKBXODU
UDGLXV HTXDO WR WKDW RIVWEH LRHDS/ SN @ LAKIHWR U R XWK WWN & B Q/\D |
ORFDWHE DPYYXWKRBFWLRQ 7KH FRUUHFWHG URXJKQHN W DRHQ KH/ UR X J

DFFRUGLQJ WR (TXDWLRQ

rox Porx [ 250 R F R V
‘ R S 2

Figure 5-2 Curvature processing principle [88]

(QGSRLQW GHWUHQGLQJ D VWU JXDW /L QHHFE W G RIR/IW MERPH DLRW WH E
GDWD WR HQVXUH RRKMWH QGPLPA DWW X B RQ\WR/

7KH DLP Rl WKH DERYH WKUHH VW® SM UR WWR GHXGULLFENBVDWAR B R IRAP FORJWVK_L
WKH URXJKQHVV FXUYH DQG HQVXWRYHUWKKHRYGIG ODISORV W R W/ IV WK DWW
VWDQGLQJ LQ WKH SHUVSHFWLYH RRPRUNH SROPW HRG ZKNXBV226RIH
LQYROYHV LW H UDRKH. Y PXUORORMIVR/Q V MIRIHME 2/3H 6 XDFFFFRBGLQJ WR (1
DOZD\V VXIILFLHQMND Z KHWPRWKKMH B LMK HQVB GIGH W IDRIH WRPRYHG DV ZHC
225 SURILOH DV DVRBRQBGE AXFRGIWSERXEWV RWWVRA AHQA® JHRPHWULF
LQ GLIIHUHQWL D ER® UHDDLY WLRF BSWMRALR B Q6 YR RGWY D RD DGEBE W LR Q
KLIKHU IUHTXHQFLHYV WKDW DUHCHVWRNXOGQRMW IROWHWHGH$W R W BV
FXUYH VKRXOG EH IXUWKHU SURFH@WIGHL DR\ MU X IRW WLKH DVG & IRWLKRIH
7UDGLWLRQDO FXUYH VPRRWKLQJ PHWWRGEHFPR@RMWQ KBV XOUHSG DGE O R \
HQGSRLQWY $ PRGLILHG )RXULHU IW@® W HX URHWHKIR §UIRF IE\HWLHOIR ISRHUG 2\
7KH PHWKRG FDQ EH GLYLGHG LQWR WKH IROORZLQJ VWHSYV



3K' GLVVHUWDWLRQ FW@KRDUDHO ZOIIEKRBO SROVIR

BWHS 5HSOLFDWH WKH 225 GDWD ZKKHHCHPNUFK P IHQ H PR RDG IDQQI\GH W
BWHS  $SSXOULMMKHWBDQVIRUP WR WKH ZKROH FXUYH

BWHS 6SHFLIUMKGHRESMR IEH ILOWHUHG

BWHS $SSOHWRMNUGMHWWDQVIRUP

BWHS 7DNH WKW PILEE&BHOWLUH FXUYH

7KLV PHWKRG LV VLPSOH EXW HIIGFEXMQYWH W FR QWLEQWRM}V VB IQIEWGWIK H U
HQGV ZKHQ WKH 225 FXUYH LV UHSOLGDWHG ORBBRFBIOO WIK® &K HXARY
VPRRWKHG DQG |L®&WHUHIH WRH B FLGR/E BIWQWHKID R/DPH M/ SUHVHQWHG LQ |
IDFLOLWDWH WKH FRPSDULVRQ WKH EDQE WXHYHHO/ PXMUYWHGE SREZIQVEY
P $V FDQ EH VHHQ LQ )LIJXUH QWK N PRRBWRKXLIWH W \D SEFOWL @ X (L F
EOXH FXUYH EXW FDQ EH ZHOO VRRRBWRKG LI R BLOWDHEIFRHN KW KR P R/
LPSRUWDQWO\ WKH2B® EXRYBWAHRRAVBKERQWILHFEWY DIEDH DV WKH GDVK
VKRZ

— 2ULJLQDO 225 GDWD
— 6SLNHV DQG SLWV UHPRYDO DFFRUGLQJ WR (1
6PRRWKHG E\ PRGLILHG )RXULHU OWH PHWKRG

5RXJKQHVV > P@

'LVWDQFH >P@
Figure 5-3 Comparison of wheel OOR curve smoothing

$IWHU SURFHVVLQJ WKH RULJLQDO R2LHGDWDH@WHR 28 B3YRLUE O B OAKIDD B
EDQGYV ZLWK WKH URXJKQHVYV OHYH A @H WK XQEWERDP RH ZDYHO VRH PWMKU 5
I[URP D FRUUHVSRQ®5QFVQUUR RZKEH @G RHFOV D R HREDIQW KEKW FDOFXODWHG
(TXDWLRQ

aJ N ‘% [0}
L ORXs ! k
‘ f_ J'I % J %34 J

ZKHOUMQGDUH WKH SRUWLRQV RI WKH QDUURW BADKHG R QMHRWHEH. UNGD R R DLYC

ERXQGRWNVHWKH QXPEHU RlI WKH QDUURZ IURIGWHQEXBD A G VZ KW KL QJIWKH H
EDQG RIkBQ&®HWKH DXWR VSHFWUXP LQ Wkl QDWW WKH EDDQG) RI EQRIG[Z L
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(a) Original OOR data (b) Processed OOR data

Figure 5-4 OOR presentation in the form of radiesidtion, order spectrum, and 1/3 octave band spectrum.
(a) The original OOR data, (b) The OOR data processed by the modified Fourier filter method with the

maximum order of 40

7KH RQH WKLUG RFWDYH EDQG VSHREWUXRXDRQQOVVLE VIMH QHAFHYWDDY |
VSHFWUXP VSHFLILHG LQ ,62 > @ ORRIHW HWS HWWHIXP LR UQRKWKBK
XVXDOO\ WKH OLRIRXJAOQHN\H |IRQY WERYRQEDWE&LYSHRWUXP LV XVHG D
UHIHUHQFH IRU ZKHHY WRKIWQ I$QWR WKW W WU, HW R/ IGH PRD5 UR X JKQ |
VSHFEFWUXP ZLWK ZKLFK WKH ZKHHO W RXK K @KPE BB YRH G 6J BV QM WV WH |
FDQ EH REVHUYKB GR N oY WEH WU BN LW SBPFXODWHG DFFRUGLQJ
L ORY
ZKHWHY WKH DFRXVWLFE URXJKQ H ViV fOUHOHHD LIVQVBHG6 PUDH Q L W@ G R IR WW K H
VSHFWUXP LQIWPRIRGHMKH7KH PD[LPXP ZDYHOHQJWXPIRUHQKH 2?2
FRUUHVSRQG®RU GWHU WKRIZHYHU WKH PLQLPXP ZDYH®&HQWWRUBRIWU HV
VSHFLILHG DFFRUGLQJ WR WKH P D[P ODMIXRI® FX KALRFEVILG N B H Q DLWDL R

UHODWLRQVKLS EHWZHHQ WKH 225 RUBGRWUHVISHR Q&5 (ZD W HFRLRDIWVIKR D
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JLYHQ VSHHG LV VKRZQ LQ (TXDWLRQ

v v Vv©

0 clo ¢
ZKHYHV WKH ZKHHO @ XDIQH Q2 SCFMKEHIK HH O F LAWFKKHP IH2ABHDIFHH O H Q J W K
DGGKH H[FLWDWLRQ IUHTXHQF\ RI 225 RO QHUDWHGE FRIH R D SIRFXGPVRW B W
IUHTXHQF\ RI LQWHUHVW )RU LQVR\WD¥H ZKRRVNB RDJKPXPOR SHRDGV ORF R
NP K DQG ZKRVH ZKHHO FLUFXPIHUHQEHLNVYV URYJKOKH PDYUHPWSR RGGEJ
DW NP K DQG WKB HQIW R RRY HVINMRP®G $V DQ H[DPSOH WKH 225 GDW
IRUP RI UDGLXV GHYLDWLRQ RUGHSHFSMFXWU R P HOSJHXHERWWE X HWEKDRQ G
FRPSDULVRQ EHWZHUIQ RQE& ®DW B UE 8§ URH WHHLGD L Q$ M. FOWH WKH RUGH
DQG WKH ZDYHOHQJWK EHORZ P P) R X Ui LIH. @ WLHOUMKEU ZR MWK K\R IGH PIRIG E I X1
RFWDYH EDQG VSHFWUXP LV WKH GLHPAIWLWMSHIFQV Us2P IRU UDRQ QARKH K §
DOWHUQDWLYH UHIHUHQFH KHUH BW WPH OHPKBW | @ B W KEHHHHA@ WRX S K@ HNLV
VSHFWUXP OLPLW LQ ,62 LV,6/20LJKWO\ ORZHU WKDQ WKDW LQ

TUDFNLQJ WHVW

OHDVXUHPHQW VFKHPH

$ ORQJ WHUP W U DF MIOGHIF WH VAV O RERPRMWQ YEH IMKH XGG 8 UK X]KRX /RFRP
&RPSDQ\ LQ FRRSHUDWLRQ ZLWK 6RX®X IR/ WQYH\RWLRI@IV 8IQWKHIUNMQ WO\X |
225 RQ WKH YHKLFOH 7KLV WUDFNLQ@II EKNMWOLD2EROY RM OWHNH PGI® WKKUH F
YHKLFOH FRPSRQHQMY H FDRHIG DDW/HHGRWEGH. @K HHH (PHH BUXUHPHQWY ZHUH
IRXU WLPHV DV VKRZQ LQ 7DEOH

Table 5-1 Tracking test of wheel OOR profile and vibration test

7TUDFNLQJ WHVW ONMPVXU BXIQQ@QW QEDAMHY WD QFH Q WHVWIOLEUDWLR
NP EHIRUH UH SURILOLQJ <HV

NP DIWHU UH SURILOLQJ <HV
NP DIWHU UH SURILOLQJ 1R
NP DIWHU UH SURILOLQJ 1R

7KH 225 SURILOHV RN ZRO B OAKRHMHWOIM- FOPRHARPRIMAHIGY HRIXDHWHPHY GXULQJ WKt
7KH WZR ORFRPRWLYHV RSHUDWHG \WFWR X080 B HW R BRY/MHAHK WY WRRK RUBREX Q KVRLK Y O
DQG RSHUDWLQJ FRQGLWLRQV 7KHWREKHHDKHV2RY I URIQOWHWALDMWMHIED NV Y |
0«eOOHU %%0 DV VKRZQ LQ )LJXUH R QK& PWR WK E DAV/DBDEIQUUACSRYRWD W |
IURP WKH ZKHHOfV IODQJH EDFN DIDQYG RWKHU PBWHULPO BRGLWLRB \Z HW
PHDVXUHG DV ZHOO 7KH PHDVXUHG HLUYURKREZHKDMQ WILPIOO B H DLWS B WNHL
SRVLWLRQV LQ WHUPV RI WKH ZDYHOM GIWIK GHY AWM BEOWQLRIY | EXYCVIRP |
DPSOLWXGH
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(99 (99 (9(9

/IRFRPRWL YHD$ IRFRPRWLYH %

OO OLL VU

Figure 5-5 lllustration of wheel ID

Figure 5-6 Measurement of OOR profile

$ VFKHPDWLF RI WKH YLEUDWLRQ WHYMWURQ W KK D R FARNRW VYRR X\D W K R
Y)LIXUH 7KH PDLQ FRQFHUQ LV VDK®HDERR WPKHD EYRLELUHD W D@V RO GV KV
WKH SUHVHQFH RI ZKHHO SRO\JRQ L [@W\ R/Q F KQDIVG\E K W IVWRUDD FARIPRIQF B R S
WKH GULYHU FDE DLQHWXHV R QLYGHRO/KLEIHGY\L R Q GV ERISIH) IRKX QG WR IUDFW
RSHUDWLRQ

Figure 5-7 Scheme of vibration test

(a) Axle box (b) Bogie frame (c) Seat bottom in driver cab (d) GPS velocity sensor

Figure 5-8 Sensor positions



3K'" GLVVHUWDWLRQ FW@KRDUDHO ZOIIEKRBO SROVIR

OHDVXUHPHQW UHVXOWYV

"KHHO 225 HYROXWLRQ

7TKH ZKHHO 225 HY R GDUW.RIPF MWQJ WK 1D REEGVEE V S RFWWDXP DUH SUHVHQWHCG
DQG )LIXUH UHVSHFWLYHO\ ZKHUHJWRBK VIWHY QO LRUWWKE BDF KGNV
PHDVXUHG ZKHHO DMK WK H ROHS/ QMEMAK VY DHFFWDIA R RWKH ZKHHOV

~ 7TUDFNLQJ WHVW i NPDFNLQJ WHVW NP

<
n

2UGHU 2UGHU
7TUDFNLQJ WHVW ~ TWIPENLQJ WHVW NP

<

<
L]

P@
P@

2UGHU 2UGHU
Figure 5-9 Evolution of the grder spectrum of wheel OOR

bH

B&XJKQHVYV >G% UH
PXJKQHVV >G%

5RXJKQHVYV >G% UH
5RXJKQHVYV >G% UH

Figure 5-10 Evolution of the 1/3 octave band spectrum of wheel OOR
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7KH EOXH OLQH LQ WKH RPAWUDR HRE U@ GO WRIKX FKAQW X P \LSH

7KH PD[LPXP RUGHU SUHVHQWHG 7K WK R RUBHH ESOIE WISXE W
ILOWHUHG WR VKRZ WKH RULJLQ D OQ2A5VPEID YO HBH ORI R DIV EHBGIHUW
DERYH WKH UHIHUHQFH OLPLW G XHY W R RWK HE H B GHRIZGIMRHQ R B WRSUMHN L W (
DERYH VSHFLI\LQJ WKH ORZHU OLRQW URLIRWKHS ¥ QRS VZ D ¥ KIOFHKQ B V& K
RQ WKH VLPXODWLRQ UHVXOWYV

2YHUDOO WKH UDQJH RI RUGHUV W RNDKWH GHIYDHFROANRRSHH GWWLIRVY LU WRDXQ@ WO\

FRUUHVSRQGLQJADR MOKH U\ B JIK ARA F'Q EH VMM HRVIURP )LIXUH D
7\SLFDO®RWEHU LV WKH PRVW GRPLQDQW RU®@HUNRHW KB ZDH G OMR
R PP $IWHU UXQQLQJ NP E HHl RURK JVKIQHH VOH GIFRBIGHRD MVRGK

H[FHHGHG G% DV VKRZQ LQ WUDWMRLQYXN HVAH YV VEWHWKLLEU DRULLQRW FL
225 DOO WKH ZKHHOW & HURIZW ¥ BU/RRIMWI MK WK QGHUIORRU ZKHHO ODW
FRPSHWHQW WR HGROPIKQIHVN WK H F2ZEQHOU DN VEBRIHVW  WKH GRPL
VWLOO H[LVW HGWKWVIXWEE RILRXJ K Q HN G XFHGHW RRQ BR BW LSQUIRULO L QJ

'LWK WKLV UDWKHUWKIH $RQWRD® QRAHIEU WDISHGA@HYKB URXWYKQHVV O

RUGHU UHDFKHG G% DIWHU RQO\ DQG NP \GiH DVWBIENRQD W HV W 1
WUDFNLQJ WHVW 7KH UXQQLQJ GUNNYWD QEW @HVV WKPQ &DWUDRANLQJ
WHVW  EXW WKH URXRWQGHWY 1OH WHIMD RN LMK HV H V W Q @M% DIEW IHYH Q
WHVW G% 7KLV LQGLFDWHYV PNRDW EQW ULLE XWIRIO VR 5DIEV HD I

GHYHORSPHQW 7K XK HHCH OCMEKIH IKOERRAER R EBIUIDRSW IRN HEHWWHU LQLWL

7KH FKDQJH RI ZKHHO UDGLXV UXQ/RRKIMQ COQ ) IQIIXRHHH WWKLAKF NA_KQH HV® N VD
SUHVHQWHG VHSDUDWHO\ 7KH ZKHHBHWZG EHQV WKKH) FRD{WP XW & KHH®L U |
PLQLPXP ZKHHO UDGLXV $FFRUGLQJ WRRQ@L ,Q VHHNOGNHWKRSBODMOL
UHTXLUHPHQWY ,Q VHUYLFH DQG RH YA KWKMH OARPH MICKVH-HEHIIX FF UG WEI QU
GHIHFWV H J SRO\JRQL]DWLRQHGOR® W KRB BIWEWHRN BH UAKDOFAH EH 1L

5XQ RPPN

:KHHO ,'
Figure 5-11 Tracking of the wheel radius run-out
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7KH GDVKHG \HO ORYZ RXXWVQ KD ILI/L WEHFEERIMIGH ORFDO ORFRPRWLYH GHSRW
SUDFWLFDO H[SHULHQFHYV $V FDQVHH NWUH @ LIQHXQRV XMWY Z K RWKHZKRIW® U
WKH OLPLW PP QWEYIKHH MAXVHH WV, Q WWWHZLRH X/ KNHLHIDI\CH WW KZHUNWAHK/ \B A M @/’ IE WD O

WR WKH FHQWUH RI WKH WZR FRXSRHG @R HARPRAHLOY X QVRHW) IHIDFBIH GV
PP WKH ZKHHOV PXVW EH UH SURILOHG

9LEUDWLRQ WHVW

7KH YHUWLFDO DFEROQHERWIHR QU BPH DB 6 HERUMHDQG DIWHU ZKHHO UH
SUHVHQWHG LQ )LIJXUH 7KH YHKWRMIMH N DWUX YQHAE RRQ DUNRXQGL J KM
VHFWLRQV RI WKH WMHU K KEHH & WH B IL FRPEFDUHGOG/WR HDFK RWKHU LQ
LUUHJXODUNMWW VI BQHE/SYW WKH IVBIF XHFV KW WHVWLQJ WLPH LV \%

(a) Axle Box

(b) Bogie frame
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(c) Driver cab

Figure 5-12 Measured vertical acceleration of (a) Axle,bd) Bogie frame, and (c) Driver cab, before and
after wheel re-profiling

$V FDQ EH VHHQ IURWKMHLPPWUB HQHUQ\WRKHY DEOB VERRQWKH ERJLH IUDPH
FDE ZHUH DOO GLVWULEXWHG IURPFWWRP $W] LQIRVKH WK HV XIKWGIFX M8
H[DFWO\ FRUUHVSRQGLQJ WR WKH GRPW&DQW RRY% RYG HADMWYNQWKDW
225 LV EDG HQRXJK LW FDQ GRPLQBKLH O IG VY EUW W MRKH RIVIR R B VI KRQ
7KH YLEUDWLRQ RI HDFK FRPSRQHQW RAD O LIQH G EKMG WKKH R R $ K ROKHHRH-
VLIQLILFDQW GXH WR OLPLWDWLRIQN RD Q\KRHWXIQIGHAWQ R R O \ ZHK G IHROL @ D)
,QGHHG WKH YLEUDWLRQ DW DURXQIEWH4Y] ZONHIOYHB PRRIH V/ILQ @ IWKD
EHFDXVH WKH PRVW G RPRQDIWS RYGIHYIMPRK FRX®® QRW EH ILOWHUF
XQGHUIORRU ZKHHBQOBMADH HD RREU HWSHM & RIPHQ DWW SIRILOLQJ DV FD
FRPSDULQJ WUDBRNEQIQUHWWVWWRLQY )LIXUH

6LPXODWLRQ RI ZKHHO 225 HIIHFWYV

ORGHOOLQJ RI ORFRPRWLYH

7KH WHVWHG ORFRPRWLYH ZDV PRGHOKWHG LY B LWISHDFEND WM WKKRYZ @ KLH)
RQ YHKLFOH YLEUDWALBRQFINQ QUKW BROWIHOERURUH UH

z 9HKLFOH PRGHO 7KLV ORFRPRWLYHZRKROQOMHAWW RR W HD ER EIRV HZ L X
LV FRQQHFWHG WR D PRWRU WR SWRWER H B\HI DV VWL RIX\ERFGWIL RAK H7 El
DUH ORFDWHG RQ ERWK HQGV RI WKIKWV DRV ERG\P 7KKHQRFPQ MO KB
VXVSHQVLRQ GDPSHUV DUH FRQVLGHOMBUHG WK PARUDHO L G K NV
UH SURILOLQJ DUH DVVLIQHG WR HDFK ZKHHO
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z 7TUDFN PRGHO $ FR HNXQE& DX VHIHHKS WKW R OWHISW 1DV NEQRD BIKEL ®L W\ 7K
VOHHSHU SDVVLQDHMHIRHQKN IE\D MBNOLWR MRDIFH WE&HPHOHHSHU SDVVLQG
FRQVLGHUDWLRQ

z :KHHO UDLO FRQWDFW 7KH ZKHHQOSIERIQ @K HNO B UR @0 i KR BK&K\Y. @HW
7KH UDLO SURILOH XVHG LQ WKH VIRRXODWDR® SWH&1 IRY \@K H+ KQRRW P
PRGHOOLQJ )$676,0 > @ LV DSSOLRGFIHR & DK QMWQURQWLDO FRQWDF

Figure 5-13 The testeddomotive built in Simpack
$00 YHKLFOH FRPSRQHQWY DUH PREHBONEB VD V7HHIEZ EHEHROGAHW HI[ AWHKS BV BA
LV PRGHOOHG DV D IOH[LEOH ERG\ HEKDBK LLQ/J WKRHE Q HRP HWXUHWKH BL
VSHFLILHG DQG WEKH LXRWH MK DRE@YBQVH QVVWKLGEDW RQ GDED\HEHE PLQLPLV!
E\ UHILQLQJ WKH )( PHVK ,I WKH JRPRRPMWUF RH WKWKAKEHDOVHWULVVDIVQ F
FDVH WKHUH ZLED EBQF@ RQ LW DWOMLWP SRYWWHRIQQ DV LQGLFDWHG E\ D
J)LIXUH F 7KEDODQQMH FAXOPGC LWWRGCGAH DRCOOD®I SSHEUDWLRQ LQ Wk
ZLWKLQ DQ DFFHSWDBOH WHHRITH G/HRHI 2K KIH GRIGWO DH QLAF ID/LWK B LQIO X H
RI ZKHHOVHWR QOW KLHE Z&IHWKOV R RE) Y RODBNHHBOODESLYLGXDOO\ LQ &KDSWHL

(a) Geometry (b) Master nodes

F ,QLWLDO LPEDODQFH
Figure 5-14 Flexible wheelset
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&RPSDULVRQ EHWZHHQ VLPXODWLRQ DQG PHDVXUHPH

7KH ORFRPRWLYH EXPMHW HZUW K D\HYS VR LN G IDHFFIRRMOL G\QDPLF UHSRU
RI WKH UXQQLQJ WIRPL 8 UMK UWHKHY WRRWIIPU IRUPDQFH DQG VR RQ

8QIRUWXQDWHO\ \WKGGWW B FNDBWR S DUM ZBIFN LQRMA JKFOIDV XUHG IRU Wk
&RQVHTXHQWO\ LQ WKH VLPXODWLEB HVKH RADUDBFE @ \DIDBARSSOVIDIVY Y HF |
LUUHJXODULW\ VSHFWUXP ZKLFK FHDHQ OHIP& ODRVVR® HD Q G FRHO RXPH R
WUDFN LUUHJXODVUKMW \PDRSBPWQ K PLNRDSIS OWH 5 DKIHUIKAD FIQV LVKURHZ) X O H
7KH PDLQ WUDFN SURSHUWLH\WQ BYW RVRVLEDWHGDDVVYHR MQHAD/O 1
YHUWLFDO GDPSY @] ODWHUDO GNPSL@EHIFRPSDULVRQ ZDV FRQGXF
VLPXODWLRQ DQG PHDVXUHPHQW IRDFFHXDQMWMOR/QRRI D[QM EREUBDRV
GULYHU FDE 6RRBHDVRPN LLPUHD Q B WH KW UFDRQDE PMIOM UDWLRQ RI W
ZKHHO / DQG ERJLHHW® PS5 ID\EBYH\ZHKQ WH\G W QR) WYSWLIFDO H[DPSOHYV

Figure 5-15 Vertical track irregularity

(a) Axle box
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(b) Bogie frame

Figure 5-16 Comparison between simulation and measurement: (a) Axle box, (b) Bogie frame

.| RQO\ FKHFNLQJ WKW RAD@H GRRRQGRY OFWHWKHDJQRQ LQ WKH VLPXC
VLPLODU WR WKH PHWDRXQ@EG PH QUW FALNVEHD ¢ K\HLODWHXPVDPSOLWXGH +RZ
WKH ERJLH IUDPH WKH VLPXODWLR®PIHQRXFKRWRDWREW RRDOQ WKKHH [PHH
ZKHHOVHW LV FRKR/ILFHU AR AHOW KERIFBRWQ K Q\W'0 RMVGYURR G HHRGH GV 7KL
FRXOG XQGHUHVWLPDWH WKH HITHFW\WRE 225 R/ WKKHH YLIDEW BWG R Q KRHQE R
IUHTXHQF\ GRPDLQ LW FDQ EH VHXQHEGKDWVWHK H KHN® @R B \WDYL E B DWHIR
VLPXODWLRQ LQ WKH IUHTXHQF\ UPROBWUWRRP LW\RP D O-O]H [E XWK DMK MV KH P |
FRXOG EH DWWULEXWHG WR WKH @R @R BRQURE RLW\URIJWEBIUNWDFN SURS

(IN'HFWV RI ZKHHO 225 RQ FXUYH QHJRWLDWLRQ

7KH VLPXODWLRQ WYX H P®RE RPARKAQ 1B ZH MHK®R 2% QHIJRWLDWLQJ RQ D FXLU
WKH LQIOXHQFH RIUYKH BE JRAS LDQV ER® UL R LLAR ¥ RK ¥ MDA ® 1ZU VG LIX V
PDQG VHYHUH ZKHHO UXQ RXW RI H ORF DWKGIRE RRIBWE K & H FELWISHRSWER | WKL Q
7KH FRQILJXUDWLRQ RI WKH FXUY QR \HPLWWQQUQVWDEXNGD UG TR D \LNV V
UDLOZD\ ZKHHO 225FRHW KR BDQEPIL R F W KMV WHKPL FEVX VQ®\ WKH OLPLW
G\QDPLF LQGLFHYWBEFMWBD® G Q IHIWK B UHHHPSIO@RFHGVIRVMXGJH WKH LPSD
+HUH 8,& > @ LV DGRSWHG DRUNWHKHJMXPURQFXDGL\DWDORGPWG W K
FRHIILFLHQW WKFADLEROH D QW LVRIQHRNDHWDWILRADRH Z KH H > @ LV DGF
WKH UHIHUHQFLQJ VWDQGDUG UH IR WG LAXH WK Hi 4D BWUIMRGK IIORR R Q@ D B G X4 \
WKH VWDWLF ZKHHO UDLO YHUWLRDOHRXGWV7BHH RRBRZQDWR P H) MLFANXD
,Q DOO WKH ILIXUHV WKH UKG HX 22 B V WKIHY BEDKDHF WKHOKNIG N I/ WZK R Z
ZKHHO 225 DQG WKH EOXH OLQHV BUHQWK& UHIHURUQI OLPLWV W%SHFI
FRPSDULQJ WKH GLIIHUHQFH EHWZH HWQY W KW KUWH 8 | IFHXFUAY HR D DIGH W& H2 50 B
QHJRWLDWLRQ FDQ EH LGHQWLILHG1RQ W KMUKIDWRY R\PKH N/ ® GG \FRHDWP L\FX IPQFEIL .
GHUDLOPHQW FR HRIILBRIDGWU HDGEYG WIRW®! V V K RXD\GVAOWHEL Q P IHFRUGLQJ W
WKH FRUUHVSRQGLQJ VWDQGDUGYV +RREAHMVHYLH GV B HV G Ul I\ K H\Q 1 FPFDH VQ/R.
WKH GLIITHUHQFH EAHWZAHRKQV 2228 K DGR KR XMQ BORFBHIWBLQJ DUH DOVR SU
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; Table 5-2 Configurgtion of the curve
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qure 5-17 Sum of guiding forcestwvand without witel OOR: (a) origindhita, (b) the data is processed
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Ftéure 5-18 Derailment coefficient tfe left wheel (QUElter side) with amdthout wheel OOR: (a) original
O] Q
data, (b) the data is processed by sliding mean over2 m of track
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(a) Original data (b) Processed by sliding mean over 2 m

Figure 5-19 Ratio of load reduction of the right wheeh@r side) with and without wheel OOR: (a) original

data, (b) the data is processed by sliding mean over 2 m of track
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(a) Lateral @celeration (b) Vertical acceleration
Figure 5-20 Acceleration o§the seat bottom on the fdoivier cab with and withauwheel OOR: (a) Lateral
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Figure 5-21 Vertical force of the left wheel (outer side) with and without wheel OOR

$V FDQ EH VHHQ IURP )LJXUH WRH FIW XRU H/ D 1 H W H WD K16 [RYL I IQHD @ \G D \
JXLGLQJ IRUFHV WKH GHUDLOPHG@GW R B KX R WH IR-QFAYDGED B\ 8WMMK DX HBQVE R3 50
EXW LQ D OLPLWHG VHQVH ZLWK QVRMNHDAMIE RV KOIRPREY WH B IXFV L RFOD B MG
DUH SURFHVVHG XWIQRYWHVOLBIDFFRUGLQORVB L8JBEUHQFH FDQ EH REVHL
DQG ZLWKRXWOQD5L@GWKHYV ZLWK L & W\W K DON RALKAH DR @ H\DQ2AEZS DN L Q1O X H (
RQ WKH VDIHW\ RF MW KNV WHKPL E Q HV\K LIX/K FBINOH UZDKGHLUMA @ BOQV RAKKAH LOYLALW Y D ¢

‘LWK UHVSHFW WR WKH UXQQLQJ EHBRMWLIRRX B | UGSIUYHMH G VEH GDF\ WKIRHEZ @ K
WKH ZKHHO 225 SUHVHQWY LPSHUFHS®SWUWQHDLP SDEW AVOL RRW K+QREZWWHH D (
UHVXOW FRXOG EN R®BK GLDIEHQUHHON{ 8 WR B PMIQMVVAKMUH WKH GULYHU FDE
E\ WKH ZKHBQL2BEDQWEHFDKNVW WK R 1l @/HH BFFIDOUBR\G DV ZHOO DV RWKHU |
ERJLH IUDPH DUH QRW FRQVLGHUHGPLIXW K¢Q @ HRXYDIW PR @/ HP RAGKHHO W K
YLEUDWLRQ IURPLYWH WBHKFHOWR MG GGWLRQU FIPRUH COFFXUDWH PRGH
VXVSHQVLRQV PLJKW DOVR EH QHHKG@K GHHJS HEAGHRIDW IFKIDWIDEFIVW K HVIW HA

7KH PRVW DIIHFWHG LQGH[ LV WKRZYQHUW )LEFEDXQW BAKHHOr KB LRD | RRXEM RD W K
ZKHHO UDLO IRUFH LV XVHG DV DWLUXEH[Q RBY&DVV HV VAKHUW KWHK\WW UDLPN. WM



3K' GLVVHUWDWLRQ FW®KRDSUDHO ZOIIAEKREO SRO\J

N1 IRU D ORFRPRWLYH ZKRVH PD[LPXP Z/ISHHHH® 225 BFFHDQREZQFUNDB WKH WK
ZKHHO UDLO IRUFH WIHRYHQHOMDOVHDBGERMVYBHUMILWDIOVZKHHO UDLO IRU
OLPLWDWLRQ ,Q PRVW OLWHUDWXIMWLR@QYRVWKRB® 2Q5 VWKKHWIR.GH WIDE
ZKHHO UDLO IRUFH VSHFLILHG LQ @J&UHIHUHIQF KV HRBUDH/[ WSO M X (RIW KL
WKH PD[LPXP YHUWRBBB EBXWIOGUD\L D& HBHHHO VIF2IBOMOKRIX @/ KD Q N1

SDUDPHWULF BQDOHNFWW RII WKHHO 225

'XULQJ UROOLQJ WR & XFHH BHARISREKIH ZH{ A HW DUDILROQL QW MU IDFH FDXVLC
RI WKH YHKLFOH WUDFN G\QDPLF \QXWRILPG B3O ZKH HAQH D2GS\WHREQ (IRJW DX
RI WKH IRUFHG YREQB® DEG RWGE QW MRK HT KDWFIHRQYLEUDWLRQ FDXVHG
FDQ OHDG WR LQFUHDVHG ZKHHO WRQL\0O MRUFXDDOG W R WS G 0Q N VIVAHRAHLC
225 RQ WKH YHKLFOH WUDFN G\QDPLEVVRDWHA HIG SFOX\W PHWWUK. FWIX®ID D:
ZKHHO UDGLXV UXQ RXW DV WZR LDQWHYGL GXDUH WDKIH DUEDAEH\K W B XEH ROQN
225 DPSOLWXGH IRMWRK B FO \212 5R IZKILGKI LWUBIQ¥R WBGBXH EHWZHHQ WK
WKH PLQLPXP RI WKH ZKHHO UDGLXRXGRWLURQOMRHMIUGRVFULEHV WK

z 7TKH ORFRPRWLYH GHVFULEHG LQ BHRWLRWQUDFN DRW O XRRIQL\QW CRODWDV!
z 1R WUDFN LUUHJXOWDE MWR DY FRDVOSHUIHUHQFH
z :KHHOVHW IQHRBLPRYVILGHUHG

7KH YHUWLFDO ZKHHO UDLO IRUFHHY 22KH.BSRVFEBVY\DFRQBHBY ©W UWKH
WKH ZKHHO UDLO WQW & W R R HY H DNZHRUEEDD| R DEID RRYWBFW 7KH PD[LPX
YHUWLFDO ZKHH® H® LODRFHVR/I WKH ZKHHO QA@5WRKIHGZKHHO UDGLXV
PP LV SUHVHQWHG LQ )LJIXUH

OD[LPXP OLPLW

s
_———u%
—

2UGHU 5DGLXV UXQ RXW >PP@

(a) Maximum verticalvheel-rail force



YRUFH >N

K" GLVVHUWDWLRQ FW@KRDUDHO ZOIIEKRBO SROVIR

OLQLPXP YHUWLFDA

(b) Minimum verticalwheel-rail force

Figure 5-22 Vertical wheel-rail force against the OOR order and the wheel radius run-out (70 km/h): (a)

Maximum vertical force, {tMinimum vertical force

7R EHWWHU YWHUWGEMW\ WKRMVKH ZKHHO D2GCYREW BUHWWGRIWWG WR VHW WK
$FFRUGLQJ WR 8,& WKH OLPLWHROWIOH @ DRI LWHUWNEDRUWZ B O
ZKRVH PD[LPXP VSHHG LV EHORZ NP K $FERUGKGIIJOLR KW RI WKH U
UHGXFWLRQ LVOLPYW WKWK HVRIHQLEXDYEURUFBEF®&@NNRAEH HVWLEDW

N1 ZKHUH LV WKKHWW DNWWIR- LIRPIBBLNVQ DUHXGHYVSODW UHIHUHQFHY WR D\
Rl ZKHHO 225 )RU WKH XSSHU VXE JURDBEKH LE OXKIH VEXR[ILDPRAP Y W WDVEE IRFYTHO
SODQH WKH YLEUWDDELRD JRUQW WHOGIRAB K HY REQILPIX® YHUWLFDO IRUFH
EHORZ N1 SLKH \SIOB@N LWWKUHDWHQHG

$V FDQ EH VHHQ IURP )LJXUH O DW RHKIL UKIQURXD LFPX® Y Bl DI i FO DI U
PLQLPXP YHUWLFDO IRUFH ZKLFKOLA23RDGKR@DERM SIiKH\GHQ WR/UDWPK
GRPLQDQW LQIOXHQFHR WEEBQ WWKRU MRBIW WREHGRHWG WKN PBI[LPXP DQ
PLQLPXP YHUWLFDO IRUFHV B'®RM GHW KILIQWKLH ILVDG L XRIUUWRHR XW LV JUHD
PD[LPXP YHUWLFDO MK H 2 [LO0PX P [G HMEWH R IL J X INH. D DQG LI WKH U
RXW LV ELJJHU VQKP®P YHUWUWKHFPIORR WAHHZRIO®L EXPEBIOPLW RI N1 VHH
E 7KLV LV E[FED/OWH RG HUHHMX2BQ0R U G H W IOV WKPI K/ SNHRD RIFKLQJ WKH
UHVRQDQFH IUHTXHQF\ 7KH 3 UHVRQWRIF K QVSTXHIFR D VVGHWEH WKIH VG|
ZHOO DV WKH YHHWVL FD @ WUKOLFANK LW (DMKXYGEDVH 7KH H[FLWDWLRQ IUH
RUGHU DW WKH VSHHG RI NP K FIX® WHRRDOFXODWW AR DFFRUGLQJ WR (
+] :KHQ WKH H[FLWDWLRQ IUHTXHQFWHRW KB AKHVRDQ DDF KOS SARMQER &
ZKHHO UDLO IRUFBIQZL DD DXE W& BM M R, IQV WHK WVH VR EDWLRQ WKH ZKHH
YHU\ VHQVLWLYH RWRVWEW FID®G EXVVUHE® LOQINHWIHUHMDGLXV UXQ RXW LV DS
PP IRU WRHGHU WKH PLQLPXP YHUWLFDO Z&BHPEDWRLIQD RAUHHO ADIYL @ H
VHSDUDWLRQ
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,Q DGGLWLRQ WKH WKUHVKROG RILWQOCAXY DNXQYRREAVHRW LZAKCHAKDGUW KIS
DQDO\WLV ,Q WHUPW RUWILKHD © DK P &/ UDHYOKRWE W KRKOG EH ORZHU W
JLIXUH D ZKLOH LQ WHUPV RDWX HRPIE® L RKKPH YVAKIWHMKORID @ KVHKH
PP VHH )LJXUH E +RZHYHWDQIGHD WE P LW RIQB\LMWEIQR\MG I
UHIHUHQFHYVY $V PHQWLRQHG DERYMKV WK WK WHWHKRXOWG RE HV K YA WZIXEH®ILC
ORFDO H[SHULH@RWDOHRH WWLH \O RBEBHER OLGI GVEO RVIKRP RWENYB GHSRW

,Q DGGLWLRQ WR WKH YHUWLFDO @ZKHUHBY LRIV RRWYRHP HWNH FRBYREO
LQYHVWLIJDWHG 7KBIOPDHAXPHYPDUWIRRIQM RUCCHOHGAR[YHU FDE DQG PR
225 RUGHU DQG WKR RKAHDWHE SWULKY HIAX U H

SDGLXV UX RXW >PP@
2UGH Q

(a) Axle box

9HUWLFDO DFF®OHUDWLRQ >P V

5DGLXV UXQ RXW >PP@

2UGHU

(b) Bogie frame
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5DGLXV UXQ RXW >PP@
2UGHU

(c) Driver cab

2UGHU

5DGLXV UXQ RXW >PP@

(d) Motor
Figure 5-23 Maximum vertical acceleration of (a) Alatex, (b) Bogie frame, (c) Driver cab, and (d) Motor

$V FDQ EH VHHQ LBWRUWGKUHYV DOZWKHWKH PRVW LQ|OXHOWLADD RUG
DFFHOHUDWLRQ RI DOO WK H'RRBHRIQRIIQIWH HIGR 25 VDK\D W KHKWUS HH G R
UHVRQDQFH LQ WKH 3 IRUFH 7KLWLRSQORDIXVWEDEN WKH ZKNR® 2Q 5V ZY.L
PDWFKLQJ WKH 3 UHVRQDQFH [UHTXHQ F\RFP B R QEH WAU R.QV WIK\M WYHH3 W/LRF
DOWKRXJK WKH YLEZUO W LERHQ UHFCSXCFLHMER BYHXWIKSHH QWZLRR Q HW V WARRJ GOBIHUV L G H V
LV DOVR IRXQG WR KDYH D QRWDEOB W DRQXRIQFE CR DRW B R QrHHQW/\L F B @ SIHF
IUDPH DQG WKH PRWRU 7KH H[FLY?RWGRIQ W TWHGIF\W RHHBKR N

+] $QG WKH PRGDOLFRIHY XHEBDRILREHP REHVWRI WKH ERJL
+] DFFRUGLQJ WR VDION V(ILV H@Y ®LCPSHD ®K)\ B Q V HYDVEXWKDW WKH YHUWLFD
WKH ERJLH IUDPH LVYSRIJBIHWHRI 2\K\W K B L2325 WL\R @ KB HIPFH Q AR G DRD W F K H V
IUHTXHQF\ +] 7KH UHVRQDQFH RIJQYKILVF EQWIEOMKMPBEH IR R EHIOF PRWLLR Q
ERJLH IUDPH DQG PRMWIRU EXMQ K B YRQ GWIK K HD GQH. YEHRY B D E
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7KH YHKLFOH VS HSRUIMD Q RIW K WR [LARE MAD WL RIQQILLGHITWIKE FN R1 WKH ZKH!
VLPXODWLRQ LV FDUULHG RXW E\ FK DPO@J]L DX PWVXGIGVBHPILEP YR Y H UMPL KD (
IRUFH DW WKH VSHHG BHVHQWHGDLWH W KDW W KMSR RAH W XXEHI D UR X
IDFLOLWDWH WKH REVHUYDWLRQ RIUWH H&MRIPGIPXPGYW B VWL FDWHZ K H HZ® H
LV NP K LQ )LJINXHWHWLFDAKEKHHO WBV G UPDPRHVILGSOROMX IRU KLIJKHU 22
UXQ RXW OHDG IFQHDA\RH GDRSLIE® X P Q RHG WP LDQ.® XGPH FRIHAHY 7KLV LV EHF
VSHHG ZLOO SURGRF I KEU R WU RH®D MR QVKXRIZWDPHSHABGRUGHU DQG UDG
D UHVXOW WKH ZKHHO 225 FDQ KDMH DSHRIGHMKHIDYOHD\M D FOSRYAHW U BHBI &K |
LPSRUWDQW DV SH FM ILOVX QU WD BVHRIRBRAGN R~ ZKHQ WKH VSHHG LV FK
NP K WR NP K 7KLV LV EHFDXVH W®&D W RV KK 2 237 IRIESTAX-DERIHU BIE R G
VSHHG DFFRUGLQJ WR (TXDWLRQ

OD[LPXP OLPLW N1l >8,& @

2UGH 5DGLXV UXQ RXW >PP@

(a) Maximum verticalvheel-rail force

OLQXPXP YHUWLFDO IRUFH >N1@

(b) Minimum verticalwheel-rail force
Figure 5-24 Vertical wheel-rail force against the OOR order and the wheel radius run-out (120 km/h): (a)

Maximum vertical wheel-rail force, YIMinimum verticalwheel-rail force
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6 XPPDU\

,Q WKLV FKDSWHW WHKWHZR & GVD WRBKIE@OWHWW O RWUD ORFRPRWLYH ZDV S
RI WKH PHDVXUHPHQW RI ZKHHO 225WH Y ® QKWL B Q HVGI® FHK R | YAKEHHDAV 2 RE)
D FRPSDULVRQ ZDV FDUULHG RXW E HWWAHHQ @WK H %/ W) G DRAQL RV HD QG WX
VLPXODWLRQ PRGHO WKH HIIHFW RIZDIWHM® XREHREQ FE G YS$D Q B BRW HWI
SHUIRUPHG WR FKHFN WKH LQIOXHQWHRR) WXH RGNGBIPQIFOSR U DRKLHX V HKXLE G
TXDQWLWDWLYHO\ 6RPH PDLQ SRLQWY DUH FRQFOXGHG DV IROORZV

7KH ZKHHO 225 LQWURGXFHV SHULIRG LB \MHRLIW B MW ERQ WL R JWIRH ZHK G H5a
YLEUDWLRQ WR WKH ZKROH YHKLFOHHVW RHAN BAQWP IDFQ G\ VW AR UAR BX D
WKH PDLQWHQDQFHKPNUWRG ERIl ZHKEKPHMG WKHBIWRDIO@RH RI H[FHVVL
UHVXOWLQJ LQ KLJKHU PDLQWHQDQFH FRVW

7KH ZKHHO 225 GRHV QRW LQIOXBPQMHOFXUYH QHJRWLDWLRQ VLJQLIL
%LJJHU ZKHHO UDGLXV UXQ RXW ZYICEUDWEZRQ/ 3K R GOXPH W RUKIUWN KR (
UXQ RXW IRU ZKHHO UH SURILOL QB [SWH FXNQ F WIRUPDWOHG RAQK M/ IOH. FOLR
PD[LPXP YHUWLFDO ZKHHO UDLO IRMEHVRSMRGILHH &/ KB © L& L W LW KIJGR/K\
UDGLXV UXQ RXW

7KH 225 RUGHU FRUUHVSRQGLQJ WRHWEHZB VI URXXE GWFR BW B KIH. YPHRQY \
RUGHU DIIHFWLQJ WKH YHKLFOH W OMDFXDG\QDIPLR WVIWAMVMAKZROW RSBH
(TXDWLRQ YRU VRPH YHKLFOH RRPBWAHQWY FHUW BRQLMRIGIDWY HHRJ
YLEUDWLRQ PRGH RI ERJLH IUDPH HFDIQHED 1 PFBL WWHKGH F212 B FRW IGYHHIO F FEU WM
WR WKLV PRGDO IUHTXHQF\ DW D QLYHRD § %HFHREQMDUL BXOW RRQHW B W RHD
JRU RSWLPDO PDLQWHQDQFH D QWVZKHH DK HMOOLDIKE L B 8 SUMXRS B XDWV HE [\
PHDVXUHPHQW VKRXOG WKHUHIRUH FRQW L GWKH WSKIHH GORPFSLOQLINQVE H2 275
PHDVXUHG WKH RSHUDWLQJ VSHHG F DH\G R X @& B PHHKA B O HJ B @ B QWD QDF I
,Q DGGLWLRQ ZKHQ FRPSDULQJ WAOHO P MWK IRRD B QG B[ B WU RIOH B MWIZ®! FC
ZKHHO 225 WKH GLVFUHSDQF\ FDQ E WD U K DMRRD WHKKHHD YAHKH HF O H DFIRG
LQWHUIDFH H J 7WKH GH[LEHO LRDER G W\KK-H FEDPRIERIGNUDPH DV ZHOO DV
GHSHQGHQW FKDUDFSHMMML V KU LW EH PV FIOXGHH WRVR REWDLQ PRU|
VLPXODWLRQ UHVXOWV WKDW FD@RPWDWFK WKH UHDOLW\ 7KLV LV D IX



3K' GLVVHUWDWLRQ &KDSWHU ,QIOPHQEB\RAKAHHHGCSRBW RQLE

,QIOXHQFH RIHZKEHHIWHW QQUDLOZD
SRO\JRQL]DWLRQ

L, QWURGXFWLRQ

$PRQJ SUHYLRXV VWXGLPNFEKBDDLYVELRISREDLOZ@L]DMHR® D SRSXODU Y
ZKHHOVHW IOH[LELOLW\ SUHVHQWNM RS PP YRW RIDDWH K Q | DR 8 QYRH) R]O® WL
WKH ILUVW EHQGLQJ PRGH RI WKH H KHRHROW F VXK/BIVI E b /@R PR RAUHIGH WR R
GHYHORSHG GRPLQDQWO\ LQYSRGHIUF KFOD D DHRRIRARIBWIUYHHRIY @ P HW U R
> @ 7KLV K\SRWKHVLV LV VXSSRUMHGE EDWXSDOL PHHOTVKW QLFQ GRIU QA KW KI
Rl WKH ZKHHOVHW LV DSSUR[LPDWH®GTRRQBHRS RXKGL G R MLR) MKW B D @Y
SRO\JRQL]DWLRQ > @ 7KH ODWH U ORP RVGH IWKKHH QN FIR\Q IGV EHA\GR. @ X V
WKH GHYHORSPRQW HU RIKEKHHO SRO\JRQL]DWLRQ R HY B K LIQBHW H) RO !
EHHQ YHULILHG > @ ,Q DGGLWLRRHRUWKHWIR D @ DR @G R & H UZLPWH QRXDX
IRU WXRUGHU SRO\JRQ RI DQ HOHFWULF ORRR®RWH QM LLIO 6WRW KL RIQL
H[FLWDWLRQ PHFKDQLVPV ZHUH H[SORUSH G L BIDP\W DR  FK@IGHH[F LWDHAGX V E
IRUFHG H[FLWDWLRQ E\ WKH KDUPRQ'L F3D DQIEE DOW M H TKOLUPR Q UEY HU R
$OWHUQDW LUDFXLRQHPORW RW > @

'KHHOVHW IOH[LELOLW\ KDV DOVR EHRIQ WKHBXZCHBY DD LOVVW WL CDF
IUHTXHQF\ UDQJH +] +] > @W IZR @ IE HIKBHO BROLFRQLRQH C
LQIOXHQFH RI ZKHHOVHW IOH[LELPHW\DR® W KHOXHH OR ¥ Q GOWRDWHND
FRQVLGHUDEO\ UHRUFH WK I® FR K VDG VINEK® Wo MMUIHI RKBHOVHW IOH[LELC
ODWHUDO WUDFN IRUFHV VLJQLILFWQIMON K ZKH B K XIWH P B QIW V R:R G@D JHRH
VLPXODWHG UHGXFHG YLEUDWLRQ RI QVDVDINGWLDQWRQ B FBRXY@WOWI
GHIRUPDWLRQ Rl WKH ZKHHOVHW EKBWLPD® GHB00 BHWK FRINE SRR
GLIIHUHQFH FRXOG EH GXH WR GLIHILHFQW PG WKKFRDGW \DIQKS UFIDM.KBV D @ ® +
ZKHHOVHW PRGHO PLJKW PLVLQWHUSUNW MK i RADUIHIDMQROK FID OOFN DR
URWDWLQJ HODVW IR UAKRHHDWAHRAQ >F R @SPRIGI\G DENH HRUBEN XVLQJ ULJL
IOH[LEOH DQG URWDWLQJ IOH[LE O M KK HHOWHWLM JD QDG [\ X DIHH \Z\K H 15 OW
OHDGLQJ WR D VLJQ@UI ERIDOWD PW JI@ LUMDK BHRHP KR QK QWH/TXHQF\ UDQJH D
> @

7KLV FKDSWHU LV FDUU\LQJ RXW D KXQIGPDFO-DQWMLIRG DR HAK\WM END WK R D
IOH[LELOLW\ FDQ LQIOXHQFH WKH GRQHPRE PR Q WHR B HIHIR-ADK K H QG
FRPSUHKHQVLYH FRPSDULVRQ LV LPSOMHRWQINHGE [E HWILHH @ KB HON[H.\E O
WKH IUHTXHQF\ UHVSRQVH IXQFWLRIH YW OR FRAWD RW ZKHWER S R B VJ RIQ



3K' GLVVHUWDWLRQ &KDSWHU ,QIOPHQEB\RAKAHHHSORBW RQHITL

ORGHOOLQJ RI WKH IOH[LEOH ZKHHOVHW

$ VLPSOH ZKHHOVH/O LYHVKW HO B RV MHHOGE BEKHHWIHWW R \PDGRPLVH LQWHUIHUL
PDMRU LQIOXHQFLQJ IDFWRU RI LQMVONUBIMNV W HQ BAIOLW ¥ KD ¥ WH3IJO HVFW KU
IROORZLQJ WKH ZKHHOVHW LV XVH{LWEROLMW\S OX IUGCSQHY HRWF MAK H LWVKD €
DQG GDPSLQJ LQ D[HV DUH DSSOLB@®BWUERBW KWL LGW VQR I WWKH G\QHHPQ ¥ |
IURP WKH ERJLH IUDPH $ ZKHHOVHWORI MR&IGL Q HVRIQ@MRIF R RIVALR HWZH.GV R \
REMHFW 7KH ZKHHO &UPIQGHVIKWH&AOD 0 U RIKIKD IPBWH S RDPVKH PRGHO I
OLVWHG LQ 7DEOH

Table 6-1 Main model parameters

ODLQ SDUDPHWHUV 9D O X H 8QLW
'KHHOVHW PDVV NJ

5DGLXV P

"KHHOVHW ,[[ NJ P

"KHHOVHW ,\\ NJ P

"KHHOVHW ,]] NJ P
/IRQIJLWXGLQDO VWLIIQHVV RI SULPDU\ VXVSHQVLRQ H
/IDWHUDO VWLIIQHVV RI SULPDU\ VXVSHQVLRQ H ]
9HUWLFDO VWLIIQHVV RI SULPDU\ VXVSHQVLRQ H
9HUWLFDO GDPELYXRSIBQYLPRQ H 1P V
9HUWLFDO VWLIIQHVV Rl EDOODVW H 1P
9HUWLFDO GDPSLQJ RI EDOODVW H 1V P

7KH JHRPHWU\ RI WKH ZKHHOVHW L\QY MWPISID IPIRWG KN W KX DWW B E X WHIQ B/
DQG PRWRU VXVSHQVLRQ WXEH R Q OVKREDIOHHXI\HHMQ W B ROGHRALHEG DE E MIKLH