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On Transient Wheel-Rail Rolling-Sliding-Jumping Contact and Critical
Sizes of Short/Medium-wave Irregularities at Higher Speeds

ZHAO Xin', HUANG Shuangchao', YANG Jizhong®, YANG Zhen®, WEN Zefeng'
(1. Traction Power State Key Laboratory, Southwest Jiaotong University, Chengdu 610031, China; 2. China Railway Eryuan Engineering
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Abstract; A review of prediction methods for wheel-rail rolling contact was first presented. It is found that the 3-D tran-
sient rolling contact model developed using the explicit finite element method seems to be the most suitable approach for
analyses of transient wheel-rail rolling-sliding-jumping contact at 400 km/h, or at higher speeds, and in the presence of
short/medium-wave irregularities. Therefore, a transient rolling contact model was developed to simulate the dynamic
curving of a wheelset on a typical curved track in the time domain. Harmonic or ideal rail corrugation was taken as the
typical short/medium-wave irregularity to study its influences on transient rolling-sliding-jumping contact, with a wave-
length range of 30~210 mm considered on the basis of field observations of high-speed wheels and rails in operation. Be-
sides corrugation geometry, corrugation occurring on the high and/or the low rails was also taken into account properly,
with the speed up to 500 km/h. Considering dynamic unloading caused by dynamics of low and medium frequency, the
critical sizes of short/medium-wave irregularities were determined, at which the wheel-rail contact loss just occurred. Fi-
nally, proposals for management of wheel-rail short/medium-wave irregularities were discussed from the aspects of impor-
tance, rationality and application limitations, and compared with the corrugation limit recommended for rail grinding opera-
tions in Management Measures of High-speed Railway Rail Grinding.

Key words: higher speed railway ; wheel-rail rolling contact ; short/medium-wave irregularities ; wheel-rail contact loss;

critical sizes ;explicit finite element method

ks HHEA: 2022-08-05; fZE HEH: 2023-02-11

E&TH: 15 AR L ( 52027807) V114 BRAHSAHTE VR DT H (2021YFHO006 ) 522751 3l 7 [ ¢ S50 3 1 E IR (2022TPL_T06)
F—1EE. B FE(1981—) B IWERKFER /\ 5T 61,1+, E-mail; xinzhao@ swijtu.edu.cn

BEEE. X &E(1981—) 5B, L]_IiFZdj::ﬁ‘)\ Eﬂ:%ﬁ,ﬁi E-mail; xinzhao@ swjtu.edu.cn



22 B il

e 5 46 &

e

H i, CR450 A3 TREC 4 1h B T, B4 400 km/
h BT T A T R B T, A ek
i BILKE 10 IS 400 23 LR Yz 8 AR 5 vy o Ak
MRz W, ¥ T 2007 4E 4 H 3 HAIE T
574. 8 km/h )t B A i iR 00 K B, H A F ] PG PR
A T 400 km/h LA b A B R 0 2R PR
2010 47 12 3 H , FREER P =2 T 486. 1 km/
h (R E I X AR B 0 0 R R 2
A R ORI it , DA CR D), 18 25 14 5 4 A
M3z 8 S AEAE AN ] 206 1 22 5, MR s AN g e 4
Rz E TR, BT, Rk R T B R S
PERFSE S5IRIIE

SRR B AR, ATD SR J2 T v B B Y DG B - R
St RedS S N AR ORI S, 4 B R
T i TR B 118 B, S L AR I I A R
525 I, iR sk 5 m A s SR s TN
TR RGWE R A S AT AE 52 24 2R )
S AL, O B s B PR LSRRl S, A SCLAIE
o A I P U B S TR R ARSI S B 5 X
G2, BEAEL o0 BT B Bl A 2 T ol 4 e R B B R S
“UR-TE-BI T A , DN 5 5 A R R S v R AN ST I
FR I SRR AL, R A o B g A AN IR B A1 55

1 BHRIFMIT AT T ZREEE

FePIR SR, Ao bR — B8 Bl R 1 1 e A
B, 5 AR e e MRS e R IR A B
Ko LS B R H AL B YR Sl RS D A B
A S5 e R T 42 i JL AT B R DA R 2R B S 9t 4k 2
S5 R EE B, JU R AE S 34T DA B A A e
WEEAN T . GRS MT ek k2
KA R AT | (E e 0 4 fh X B S R ) 58 A HE
WNT ALY, 12 fih BE AT T BB/ (1 g e | AR
A L I A JRE R S I A SR AR v SRR, UL 1, [
1, G A G O WIPERIHAE A5 N e AR i LA 30
20 5 AERKAL ST F7 5 b AR, BORT oK X
— [V, AR5 B8 R AL S AT A TSR T S
NI SRR 2 22 S O AR LA F | SRS IE O R
Bt 5, RS PUR S Al — DN S R NIARR AL |
RN AR G A KR Sl F R S SER YR Bl Y IR A2 Bl )
SEMER, JCH T PR A I AERS . RORHEEZAE |
ZRREE TREON 8RR A S 2 N R 2 ()
At — 52 Ak

LRI, 1 G2 fish Bt PR 30 2858 10 77 7 228 ) e i 4
AR T A AT I B W R B AR —

Po>10GPa . WIS B B R T A T
—— R T
;@%%m 0 — AR AT

BT RIS T N R nUn R (R e S ko T
FRMAFRIRRE)

R AGE T 30 Hz LR R sh 258 5 & . e
PL, DME A BUR S A T A 0E 9T, — B A B AU
TEAE,

& 58 W ) #: b PG, A0S T T
Vermeulen-Johnson 3¢ I [RHIS S, DL S FEUE L
¥ Kalker ZRFIHIE 7 Wi R AR A TR S B8, A3
T ES UL R AR RS BEAIR B4 A T R 43 HT
g T 1230 DL Hertz 3% 1) 22 fih 308 O JE6E, B
Hertz BRI fil LR SMERTRE TCRRAE 23 ] 4 il iR AR FEE
RN AR A -1 B X A SR, 322 H 2 5 1
W NIRRT R 3 1503, JorkA RS
AOHER N ), AN T A B S 0F 9T, Kalker R 514K
{ESRE D, S BRI 25 5 B8 ( Contact F2)F) |
KA FICEAR A 5T Hertz B4 fil 115 1k 26 5
B X o3 A A5 s e, B WY T A A ik b G Al AR i3
Kalker A5 BEIE AY 41 R Z0E 3005 WL SCHR[ 9-12 ], A5
B Jo B s [ R, 3ok, R e T 5 JE R )
Hertz 42 filt JLARPRRAE (14 VR 422 fil s R g i1 i
FT Kalker 90 )42 fi DR g k7 ARERBRS 1
HARZARBE

A BRITIENE T 25 FE A B LS LA A R L 55
SR, J2 B AT T AT I I A VR Sh 2 b A7 oy ARy
B, HARHIr RS — MR AR ) 22 gh 2 R B[]
I A AT AR 1 5 511 R 802 B AT — I 20
125 U 1 e e o) AN A 05 LD ) B ) S5 R0 o,
AR A R B A ROT AR A AR R A5 5
Sl RN ) 4l ;g 43 A, (BT VR A B HER 1) Bh A5 45
RICHN SRR . RAEERIR) RPRIE S
10, EEA ALE 54l Lagrangian i A # #5 F Fp
Tiide

MELA SCHR B, ALE #% AY {T BE oK i 12 8 R
B2 T4l Lagrangian il i A1 i 28 A A] AL 43 ) 2
R sh A BR TR AL A e S B Bh/ R A VR Bh 4



410 1

B A R AR UGS TR - A AT D B SR AN I S FR(ELAE 5T 23

AT AL, B R A BROTAE Y SRR T AR
SR BN 1 T 2 o BT R A T D) 1) R ik, L
R FE 2 fol R 1T S0, Zhao 25122 )t 2047 PR
TR AR B S IR S A | & i TR S8
RSN IS T 20, B AR L EL S L S48
TR BN AT R R A S B A AR R R N
AN G S5 PR 3R AR 1 ) 42 ik g 8 gl (B
“BE”) YIS, E IR SEEL T AN R R AR
FIE R =Gl v/ o AN T 56 B 25 < TR -1 -k 42
AT A REALL

YRR DR SR B B A L RL, R T IO 3
(160 km/h) f#L A% ( Squats ) BFFE ) . L) Hertz 4%
Sk RS- T35 TR A G 2 1) 80 2 15 | T4 Sy 4B 3 5 X B
Contact TIEEEH | SERL T =450 B SVR Sl 42 il 7l
(35 V) 1) 2 fl g B UE , A IAFIE RS 1 mm 2245 1)
A% A REAS S SR Al e il A > . I, 52 A ot
i . Spence % Fl Cattaneo Y4 fish 1% 15/ 1] 0] 322 finh i
BHE

T T = AER B S IR S AR f R T 4 %
Bk A W 275 5 | R B 5 A LS B9 T SR A
Batnn | A s/ Ve #6800 Rk m e e
T8 N A B A AL 3 AN R A 5 0 20 A Hr T AR
FETHT IR AS T 0 B e 2 38 A b 1 FEE 4 R A kb
WS TR Bl HE fil g 0 52 0, SCHR [ 31-32 ] 7R 1245 AL Tt
FRIFERN L, I 1 6 T el AR D 3 J32 1 40 2910 I A R s 2
SRR AN BRI 7 i AT T B g g6 Uk, A T
BAIE T =AU SR S AR M A Y T REVE . B XSl
R R 40 t W EEERES S5 5  TR TP gl Ay
BB G B 1 2E R WG T A AN Al
TRBEmARE Y ST R S S RE T
W 40 ¢l AR I SR AR AR Y

DA s gk O S, AR B S T R
HEZ 500 km/h f) = 4 v A4S B IBE 250K Sl 1 i L
YL BN N AR SR AR BRI 2 A A
IR EXR IR G A7 et J#AR T T A
IRERE X D R SR ERREih
T 2 v B Y AN ST TR R B A i 22 o i el e A
WA TR -1 - 4k () S ) R TN T AR BURE S TR 1Y)
USRS B T AR I AR KTy
A AT SR 7O T B, LUNBILE T
e AL T R A < VR - A A A S R S 2 R e R
TR TERR G B 1R 2 R S A e
P& OE T e RS B B ) 4 BT Y Hertz 5 3R 15
I SEEL T AR R G B ) AR B R
AT T I RERE T, i —2P 5 A Archard |

Ty il Zobory % J FERL RIS DL K 0l 40 4 &0 1) A
PRI ARSI T A B A S RE RN R LR LR
BY AT B, EAS4E H, A BE2STR Bl i A
i R e AR PR AR R AR R R 42 5|
IR Y BRAS A, SCIL T 4% A IR AR 1R T Y
W S A A A T

1 BRI R T A R R Sl kA T o o3 A
TR R AGE PR, 2T DR, A SCR A B0
BROTYE L 1 S e AR Y — e TR Sh A s
RO S g R R AN AR A SR I o i 2 e
AR TR -k HE AT

2 ERERHHZSBRSRTEMRE

2.1 #EEESG

DAFR B B R I R 8 7Y 5, A Ansys LS-
DYNA 37 7% 4 58 00 R 4 B A0 o g sl A ) =
HelF TR S B fl A BR TR DL 2, FHER T LAfE 2
SEAPPEEE X EAR BB AY N S R A A P AR L
BIVE AR LS KRR B3 Sk RV 55 K 32 7% &
FEPN, RTBHOURES 1) 1 B Vi B O JaE AT T,
A A IR S S AR RIS T 0 S iR s A T
SRR TR -w -k e, T AR @ r N 2
FIE7R B B R 1 R AR AR AR 2R omyz, A A SRS AN T 58 X 49
AL IE T 7 LB R O AL

e 2z b A Rt O — R R,
SR HAR T AL A B AR A O S i — R A
HE 5 R AR ARE | 4l FE BN GE B A N ARMA LS ¢,
ERERIE LMA, M2 T, 75 i i 42 B ) (5] il
LB, HH CN6O SNBIL A1 B A | T8 Al (8] B SEORL I
WM 2, OB K 15,2 my, BB N A LR,
2 AR UL 350 km/h T 3 2% e ok 2k 0 1 e /M
7 000 m, 2% Pl iz M ALE S 133 mm, BRI
1 40, 044 5] FE A0 58 B 43 30k 0. 65.0. 13 m, 58X
B BUIE A | TR BUIEDR RIS IR 2 SRR 8 1 SN T
TRBATE BIHL, LA T35 R = 4 LA, ) 22 A
FCLTE MR | (B BRIEUR AP IR | 22 L R e ok S, —
FARFERNFOE B P B e S on AR, B L A R T
HHATURAE, A5 AL 1 2 85 Al AR 55 50 00 B s A
14, 388 3 it o T e A R 57 AR Y B R BT R, B
FeH TR R, WEAEASHLE 2,

SR FHANEI ST A 40 43 S W, 5 B = kG B ) e
ikt DX PSR FH 1.0 mm 50T RS, HoAl X 38R AT REF 5
DARBEAICASE RIS | 5 2 S0 5 PR TTEL 30l 6. 544
10° F15.899%x10°, £—HF 21T, A& al ik | U 1a) 2 i
P R 1 PR R < TR TR o O R R R BRI



24 B oaHE o % 4R o5 46 %
T 1 BHEDBEMITAEERN A EZRESESER MY
R B AT v IR Sk B AT B &
NN Carter, Vermeulen-Johnson, Kalker Hertz 75 I SR AL  FALEAA R D0 FHT Hertz $2fi , EEAEIE 1T R/ 5
MR some ow vo e AN el KR T A
TSRS LA R e B e
- . L AFICER ATk A FAE Herts $ fill, 15 21 BE Py
BB i T astsim s P .
gg’;g{ Kalker $CEHE '(‘Cﬁft‘)“ (Fastsim ) A8 B8 o oo ey 5 ik BEWB KM, i T8 14
o ST N o RS B
Contact #i £ 10) SR e AF T TTIE S o mak
Kalker SEUEHIE fif+ 1 1 Kalker 1 fb 2% 4 45 1/4 25119 g 16152 2 U117 P i 5 b e f’;f;ﬁ‘;}t‘ﬁiﬁf Ifﬁfaﬂl’ﬂi
g7 FaS iR sh LRl e e -
S R A g g gy EVTIROCEA B AR QePASLILE, G 1L H
polly S ‘ _ I (B 5, 15 6 1 B 0LV 0t
PR VR RERRAZS i e (8 (3 T o P ol
RS sh B R ALE i3 Faztfr BRocH: 84 I FHF R 5 7 MM B, T i) A
o Fads R s 021 : i
iR TaAs i PR R E,aﬁzaﬁ«szwﬁmwm
e B B4R T R4 B Lagrangian $ 38 | [R-1 2045 & A BROTIA | T S Bl S LT AT S 4R
S 219 T A Lk xRt AR I 22 5/ B S A T fe
;;gmﬁu W G MU A R UE B PR B O M B 2 B S e R /R B ) AR TN B A TR
U s &0V BRI BN T VB BT
A SR P R B s SYATRLRE e S S
PSR B A 5 T bRV L e 5 IR ) K N %EKJJ&JL??,%HT?‘%
B (2 R gy ¥ T IR SROR AR ol i e g 1 A o
S0 S TR B 1 I A A A
BRI SRR S B R M TR YR, 5 A S FERI LY R 40T RS VA Sh B S A T 0L
LAY RO Sy i Sy VS FERI 2 WLE TR AT N
2 REGTESHREE
BH Bofl
LM kg 13 220
L4 /mm 430
- - X/ kg 1019
HTRA [} I8 i B/ kg 761
NI Z ¥/ (MN - m™') 0.88
—FE
REHE BHJE/(KN - s - m™") 4
- W Z ¥/ (MN - m™!) 22
it FHSE/ (kN « s+ m™") 200
PP/ GPa 205.9
A ol THFA L 0.3
ZEREARE R I (g ) o0
BELJE H# %k B 1.0x10™
PP/ GPa 34.5
BB HER /N 0.25
BRE/ (kg » m™) 2 400
PR/ GPa 8
25 RN 0.2
R/ (kg - m™?) 1 600
FAPERR/GPa 29.5
- I e BB A B AN 0.25
B2 ik B A it xt = dEAe v SR shig oA BROTAR Y I (g - ) 5 400
TATHAUAE 0. 45, BB Z i, Y6 H] Simpack

TR EAS S0, SRR g Smge A,
XTEIRERS VR A RSk A, OLER 3 PR R AR TR B i
AL R 06 21 . 205, R R R 28 SRS R 5
FEEJRECIER N E SN B, T 0166 kbt

RSO I A) G S | 5 [ B 2 SR B A R A

PEAT RS TR S A o b o RS AT ZE RN T 2

K A U B AR R vt 225048 5K e/
8 RS P s T B 20 KB 6. 921078
P2 T R A HUUR S Ak A I S
£ 2,015 m WshaS Rl X (& 2 FioR AB BL) , LIFERK

S, 7% Euﬁ
SFIEIAT N, BRI



410 1

B A R AR UGS TR - A AT D B SR AN I S FR(ELAE 5T 25

ANGEFHIG S5 A5 K W AR B RE S, (A5 56 X 7 gk
AKX (K 2 fiR BC Bo) BHERLARIRR SRS, £
BRSBTS A A S LA BN 1E 3 BTR
AR A AR T, BN S | RECCRe X m 22y 1 5
WEZ ) B FRIE 0. 17, 2 5| HLAEAE £ 4] 0. 005 s
WIS INBITAE T, , 2 5 PR FFfese , B Z20% 7 30
S S G HURE Y B A B Bl BuBE R I R IS [ 4 Bl
D [ 9 i T i TR 24 B R — R R R AT 7 g
W RLAYRE Gh1m) 3 EE (BMCA] S A e AR RS )
£3 HPEABESET R7 000 m AR SEBXITHERE,
MEAMNEL ATNLER

WA/ (km - h™!) HEFS/mm M/ (°) BEAa/(°)

350 3.889 0. 008 48 0.008 6
400 4.148 0. 005 62 0. 009 2
450 4. 400 0. 006 88 0.009 9
500 4.823 0.002 92 0.010 8

T

Y4

0 0.005 t/s

3 REALn Y A A 5 AR

T L BUTE AR U AR ] B AR R 2
R A RS S XTI L 51 A T Rayleigh
FHJE c,, , Hit5h

c,, =am + Bk (1)
Ko 1B 43l R 5 i m AN & AE b B B2
R, AR SC EE S RS RN = PR S A O e
L0 a B 0,8 BUA I BE By 2 1Y Bk s
B 2, TR IES O[3, 45],
2.2 H/EEANFEIREER

MR | = R o R A I B AR
TR S A0 R 2R 2R/ AN
ST, 3 A4 SR T A 5T AT AR AR, AR A R = 4R
SPGREE Ji0 T 6 0 A R B Ml R R R ) R
11E 0= 1 AN O N 18573 517 S o S K e R 1 2
RO aE AR ] . O SC LA 5 % A 10 B I 0 % Sy gt 750
BN R GE AT AN IR L BIR d, F1SE
FE WA O A R A VR -k B AT R Y
Wil A AT R BT 8 B LA iR A7 — Ak A 42
A, LGN Ak 1] JUART 53301 B = R BORITI ) 4 A, B
BB X PIAT— 1 (e, y) AL BITREE d A

d=d.[1-(y/W)*] (2)
d,=-0.5d, {1 = sin[27(x —x,)/L + w/2]|
(3)
Krbrod, YW E « Zb 1Y e KRR BE (57 T i B A )
Ht) s SR W BRIABUR BRI 30 mma, A7 i B a
PABFR BT, 5 mo ELAART 0 A I A 1 v (R
i) fe KR BE N ) 5 50 A% b B rh oo il 4 G PRIE
SRR T H AL A, Bl 4 o Tl T4 () B
AR 0. 1 mm K 90 mm AP BN A [a] JLAAT

4 AR 0. 1 mm P 90 mm S 5 HANBLER E LA

3 H/REATEIRTRHBESEh ER

3.1 FIREHFTEIR

PRFFFE BN TP, REASHE AT (AT 5 BN 33
FE v = 400 km/h JEEREf = 0.45 MAET| R =
0.1 &M MM sh S5 a5 R ILE 5, Bld s
A S NG il W S L TR A O (BN e U L T o i
PRis B S 2R P A DG B A YR SR, R SR
LI ab B

E5 ST S H 5 (v=400 km/h f=0.45 u=0. 1)

FE S AT L. s T4, 2 (/) A (R) B
WAL A R B D B AR A T R 2, HLRE R
TEFFEEEE 73,5 kN R /NGB 3y 5 PR b 2 0 1 B 79 0]



26 B il

¥ M

i 46

2 BB RN 1 o AR A AL DT AR
RV A% 22 Pl B0y 220 4= e DN ) B 00 522 51 71 75 a1 AH
(], A VU0 AF B2, BT DA ZE 00 1) % 20 00 22 e 2 e T A
M, FFde i, Frsi i 442 =ik 7 000 m, 42 il v )
ATREON N S m A, WY Rt Az g A2k
SRS GO NEL A o
3.2 BEE

76 3.1 Th TSR T2 (/) Buslids (fI%)
BRI 90 mm PR 0. 1 mm BB B GA S
REAEXTR S 1.5 m, S E S5 WIE 6 I
7. B shASEE I FHSCHk [ 29-30] i S, BT
IS TR 5 JC I B TR 25 SR 2 2%

K6 K 90 mm PR 0. 1 mm MU BEH0 T ik 3h24&
#8171 (v=400 km/h f=0.45 u=0.1)

H &l 6(a) P UL, i BE RN T 22T, P65 )
A7 52 300 it O s Lo v JR B 38 8 , L 0 s A 05 3
(HZERAS 22, B4 20 M0 S5 72 [ 2 oM - 59. 2 kN, J&
AMARE 7.3 kN B 8. 11 4%, X id B Ik 3% e Bl
Bl AT LA F I BE A% 326 22 J0 gk B AN {35 0 R R K e
%, 53CHR[ 38 ] i MLk A e 4 SR 2L, 748 L AR
PPN 0 7 10k S G st 220 G T A, B i) 2 %
N7 I8 VS T S5 S0 T A =2 ) P £ 3t 3o A B ) A R
TL0.1 m, ARG 7, AWM S AR

PEEEJLATT 249 0. 347 vad, 1fif A7 MU 7 S5 T 0% & JL ] 24
0. 07 rad ( “ AT RIFEI I 0 72 B8 T L An g 06 114
W, AR P T B B A AEZ) 0. 41w
rad MOFANL 25, PRIBERY 5843 2% 16 T R G2 1%, r AR
Sh% i 1 R A S A e 45 SR 2 rp R 56 40 L S ik
[52],

P Tt N A s (R A R 25 SR an &1 6 (b) s,
REAE S50 F 22 BB AR H AT, AR (R R A 22 5, )
W, e A0 5 R o) U A B 53 0l S - 7.3~ 56. 8 kN
DCURBA  TCTe I B K A A B —0 LTl 4k 2 i) A%
FE R G| S A SR AR —B

K7 E— SR T R 6 TOLRE R i) 1) 3h 2546
HgER, X 6 ks R L, W shAs )
P Bk AT AR BR B I 1) 77, B Y 1) A8 007 (0% 3l
FRLZE Iz /N Tk e BT, (B SR A7 78 I ) 38 20 115 [
KAWL EEMM IS . 356, e B it i RS ) iy 4
BRI TS K W 1) sh A e (A
Ko FHHLFRTEDL SCER 3] .

K7 B 90 mm JEYR 0. 1 mm BN I B RN T Y il B 2
B (v =400 km/h f =0.45 u=0.1)

3.3 UMK EE

3.2 71T FR U B ) 5 SR R B TR S T B B mT DA
P 0 B A% 35 28 I 0 BN, B ARG R R R, H
AL DAHEN, SO B T AR — %S5 1 1) sh 4 o)
7 2% FR AR A 3587 s i 2 R 2 328 3 >R P XoF A i s 4 2y 2 [



410 1

B A R AR UGS TR - A AT D B SR AN I S FR(ELAE 5T 27

Yo AR S LR R A 22 BB AH G W)
LIRS RIEL, AT 3.2 e o B
TR 2 0030 s 50 Ay A A A 0 B A e o A [
IR TR TR 18 B s (L JHL R I 2050 0 O sl I
B, AT PO AR S X ZE M S A B T s
SE ST S A 0 i TIN5 A, Ty

Ax, =x" -« (4)
2 st S A I B S A A A 5 oL Ay A s
PABER, H 3.2 /NTTATAT, 400 km/h 3R R — 0k &
ST ER SN AL 3 28 55 — M %) B8] P 8 6H VR 2 B B 2
0.1m, XEWHE, 2 Av = 0. 1 m IF, BO0IEE Fr sce
BIAEZEM NI G Ab T [RIAR A 2% R P K 90 mm,
2 Ax, = 0.055 m(Ax,=(0.1-0.09/2) m) i, #if 2%
K rad , BERE A% 36 5 R AR Sh S 7E AL M 5
2o A B4R EIE U GR M RIE . 8 AR T Ax,
43 51HL0.1.,0. 055 .0 m SALZEMIAFTE B 1Y 25T
LA ) S AR IR SR B 1 A8 Ak, TT O AR 2%
PF R A m sh AR 1 s B H AT, Ax, =
0 mAERMEEE A ZE R 7 T Ax, = 0.1 m Fll Ax,=0. 055
m Z[] 4 AT gk ) 58 20 e R DA ) 25 57 e e 24
9.19 kN, N4 73.5 kN 19 12. 5% , T 16HH, & 8(b)
R R L H 5] 8 (a) BRI BENZSSRA531

K8 P 90 mm JBEPR 0. 1 mm IR RN W00 P AH 37 22
X e Mk 1) 2l 2556 LT R )

4 BYHEIRFRE

A AR R S TR A RS T
MBI BRRAS . It R 5] i3l K A T 4
R RXT—E R A TREARAS, B DL, Ry
o HE R N TR A AR B T A
FRRUBE B, R S ) A A AR K, B AT BRe R e e
4.1 IGFRERBEFIE

PN 3 F T 48 6T 400 km/h 58 B 58 5 9% K
90 mm B J ], R Ax_ = 0. 1 m PR F6 XU 35k
T, T T IEAE 0. 05~0. 2 mm 78 Fl N 2SR 46
BUBRAS VR - -k B AT O A B ZE N ) B A R
HAIREIR SR AR L WL 9 (a) |, BT/ At B PR e Rl 2
RIS W 9 (b) o AT UL, PR/ T 0.1 mm
B, e A= A U A B 1 9 1) o Dk 2 o5 D R Rl 2
RPEXRZR AR 0.15 mm B, | KB C AHEE
73.5 kN, BRfE B0 K A i B, B T RN T AT
0. 1 mm THLHILER  FEAT A1 9 (b) Bz 2R A
P33 WG A e B 2 ) I B R e o 0. 118 mm,
M 9 () BB 0. 118 mm R EHAEH RG4S
RAT /NI R 1A 1,45 kN AR IR T
%o XU, R AP 5 v AT LLAORS i b 6 2 I
FRHR T SO SR R 00 €
4.2 ERERESHTL

AP LA A 20 10 S g K A [, 35 e R g s
B i O [V AE AT AR A8 B0 47 58 A SR 1
K AR BB 5 N 30 ~ 210 mm, 5% 55 3 F 500 km/h,
FREIG B 5t % Bl I K RS R 1 AR fb 25 R, I’ 10
B

FH L 10 AT UL, [F]— U RE T Il St il TR S bl o
BB I T R B8N , 76 60 ~ 120 mm P EEP AL I 5 B
MBS, KB P gk Sz g ok, R KT
150 mm s}, I U308 TR il 2 398 38 %) 38 o g s /)N, {E 5 /)N
BT S A e AN B B, X e TS S Y
JRP, KBTS - 3R KTl R 5 R G R B
DEA DR, 2 FEOE R shB S, FE8OE/N
PRI SR B 5 [ iR e 48 ik 78 Ak | R G AT
TELZ MR S% N R 15 E 10 rhgi R B — R m]
RGN LIRS o O T FE | I I i K 25 DR 3 1 5
AT, FEDLSCHR (3], I 10 AT UL, FT 43 AT )
WA T Fe /NI B i S R AR FE S FE 450 km/h
K 120 mm B, HA&R 0. 105 mm,

TaAg i, LRI S R A A5 1 T AN



28 B

B

e 5 46 &

e

PO PN S i 30 TR AR 52 2% 1 % 22 A8 803 #) S

P10 BROA ST I SR T i O 4 ek B2 9 22 1

3 J R AN B v s A Bl K (H S B
W2 AFAE A AS St 2 5 AR A9 30 1 sk 28, I

S TR RS A, . Sk [ 33 ] HP B AR 2R LA 1 (%
1 0.5~100 m) BUah AR, HhAs 5 4% (AR T 18
R S E R A U E) 294 30% ,300 km/h 7452
WIASEITR 2928 41%  (Fdst 17 50 /50 A T
JO7 B SRR () 1) B F g 509% 7T B IR AR A Bl
TR MR shA W st [a] ) 1A% 8 2 o) 42 241 iy
ARG ARSI e RS TR S Ml A vh | APRASE ak 2% T
1 o A L B A O SO DR, i — 20 & e
ST YN VSN N VT % S8k, 16 WA R =

3R . BRI B S E RIS bR 25 5 25 4R I3k il
R AR A R AT BE S B0 R A, Y
H 3 1 o i R AIRARE UL

PAAEAIFSE B a5 26 B, e B 1R) = 00 ol 4 FH 32 %2
P ST L P, B b 5 B A B i ] 2
JITLA AR A8 A T 50 3 B JHL b iy B B ALK 45 o
i I R A s, v 38 2ok 7 B R ARG 5 30 Dk A Wt ()
T3 27 EAE P, RV FH SRR A 4 4 i AL it
(EAHE . WA 9 (a) FER, S X TR L D B B, S 7R I AT
B30T 2 A 20 DR, TN R W B 0 2 A B0 T 2k, kA8
B ek A IS FIREAE AR AR R ) /R
rh AR RS el 2 o DR B X B P e B B 1
JRURS: , TN A A UB S . A S R AL 1
A% AT h s T It SR TR A S ], AN 2 1 m#Rk
SN PRUASTHL S S kil  ie  e 3, /-7, 5 1
5% -73.5 kN, Joik H R ik ik ot

2 A P BN iR A L S &R | e A
FHEH 3. 5~6 t(JRERFE T AY 46. 7% ~80% ) i, 75 FI Y
Il SR A A A B 11 B, nl D il B O A0 {1
K, e T TN FEAR 53.3% I (I8 11 (ce)) , B/l
I SR E LK T 0. 05 mm,

BT A [l il S T A5 300 A e S0 P O 2

4.3 IEFRERETEREEIN
22 18 1 SCHE B Y U TE 1 O T S Y By g e 2K e
{8, Dt & B SR U B A B LA 11 (b)) H Y Il

U R IR 37 %6 B vb 2 DS ST I A A PR A, B
8 99 B 3 VR B He Ath il B RGBT B0 38 R B
33.3% , il TR Z IR LG, 15 ) A 350,400,



410 1

B A R AR UGS TR - A AT D B SR AN I S FR(ELAE 5T 29

450 500 km/h X 17 (4 I B IR do, ey «d B2 doy 5F
i)
dey =0.149 — 1.43 x 107°L + 8.73 x 10°°L?
(5)
dey =0.111 = 7.76 x 107*L + 5.32 x 107°L*
(6)
dey =0.129 = 9.27 x 107*L + 4.91 x 10°°L*
(7)
de, =0.120 — 8.60 x 107*L + 4.50 x 107°L’
(8)
A K L BBUEYEFY 30~210 mm,
K12 s 1T iE(5) ~ (8) T A Im A I RS
fhas R,

12 N[RIEE R W SR A B R B

5 itig

W/ BRI RS, — B A S U i i
it ReN DR R AR SRR Y S RN LR (e WA R N
BRI kit WAREN /S R &/ o 10T R o0 B s
SIS SR, b Ie ik S e X S, HRRZ—02
SO R S R4 BRI < i 5, R TR A K
PATA B 90 Ao i) 2R GE i DB 4 4 s FLUK, 2 fih
JIod 5 Pt B A, NP1 £ 2 5 | o] 3 41 2 5 B UG
T R BHHER, F IR AR 1 A7 D g, DT -4
i st 7 A R AR B 7 AR U AR S, AR AR L
PR R S RS 5 BARIR 25 22 57 LR T WA X 2l
TIAT I N, 75 ZEUEH , PRp it AR g, b ik
I JAR BT 5 | R 4 oIR8 A R, T HR AR 47 38
JEARAY T Sk P AP Bt b, B DRI R G LRI
A EE R, (E B SR 22 el AR M e AT e
REAY S R sk B R 48 L, BOF O — DR E R,

TR RE A/ R WA RELIN A SO % s ik
e 2 e, L DA S ) 42 it e 28 1 O P e A Bl o AR
W i R 1) SR 2 1F T A LR A 7 >R O F b, U P
12 g 5 T AN DU PR R TG o — 2D

%, TR Sl 0] A B 1 52 24, il an
T FBBER L = B | PR A R R R Z AR
RV sk S RGBT B R
R ZE RS AT 2R SR R AR A SE SO R %
JEY) 1) 35 75 K B AN A5 B PR AR 1

WEATFZE A ELPE | AE 300 km/h 5 3 4k iz 5 R4S
DRI AREE,, BRGNS  fE5s I = RS THT, 77 ™
HIFPEE A B SR E &, 5 s E A e &
A TR S 57 S BCR R B, R 248 e i
G| I 458 T3R50 57 4258 1 o K IE 1 %51
RIS AT, B HARAS I R & 5k w1 3l )
DA S P FE IR G o ) A, EEZE I K RIS R & T
KT R B 225 |/ H S 6 R G, AR LRI K
AN 300 km/h {932 B TR UG AR WL TR 3 4
ARG S 4 Y R AR N 2 2 B
VeS8 fIRF A () B ™03 4 R R i ifE— 204k

AL R TAR A Bl g ek 28 K L Ath A R AR R
B ] S RRAR, B2 8 T B fE B T, sh ik S
Bk S G SR, WA SO M T S, HAZ RS
TR FEWATHE, 7o, A ISP R
KR BB PRSI, P37 5 AT RE B 1 0 2 P A0 35 s
KRR, 2 RPN 2 5% ma A R (& 8) , AH I 43 At ok
JE N 2 R, TR i S bras i A/
WA A PR RRAEL , B2 25 FEAN S 24/ 410
TR Sh P 557 | Al B AR LR R A
R

Bk I2 (2014 )357 5 (Rl 2k B AN LA T B S HL T
BT R X s B 250 ~ 350 km/h FY
BB P 300 mm DA BB LG R TR B 450. 08 mm
B, N AT T A 2 N 12 A e I A TR A
0.08 mm = FHIZE R KFE , BAT I 5 A PR W 4 m]
DI 15 ¢ R 500 km/h S5 RN 1) &
A AHRRESE 20 R IR SR F R E TR

6 #it

BT A BRIT ik B B = A RS R S Al i s
FE R ITII s a 70 - R Mt | WY (T o = | ES Y =
FRIEEYEE PR TEAT B = AT S5 08 RN 3% SRR o
DL RS TRIAT HAENE | il T 400 km/h & DL B
e R R AN S R T B e R A < VR - -k
FEfh AT R o0 DATR [ 5 i R B R G 1 e, T
T R AR = YRR AR S Al Y BB R T
BT AT AN P ) R7 000 m [ 4 LB B Y
WS AT N, 2R T 30~210 mm [ 5 I K FR A
350~500 km/h B EEE L B2 458



30 B il

¥ M 5 46 &

1) RPRE AT, L Dm0 45
W REUE TR RS, MERR 3 T il 28 i R 3
F AR 2 T B P A 1) U 0 P 25 5, A DR S SR O T
FEBEE T HeAih

2) FAME B SE AR I P IR B AT LUA% I &
TCIE BN, A5 B A U0t s A R IR R AT, A D8 s 0
o7 PR 204 3ofs 3o A T A7 AE — 2 [ /5, 400 km/h T 48
X AEHT I BT BEN 2978 80 0.1 m,

3) XU [ B A IR B, — O B i B R A o ok
F1R) X A0 3 S 2 TR AR S B, 3k Tl 4 20 e sh (B e K
H R OGS T 0L, K B I Ak B 7 X6 1 A lfe B
P TR B R R R S A R AR e AR e, 2R
A% RSN I3V B Al PR 2R 3800 JHL TR 3 i) 28
33.3% , B TS EE UGBS A AR b AN I
(R LA BRI, e A T 0 8 235 PR 32 P 2 T
PIEFGUAME 15 ¢ Bl 500 km/h 2544 F R S0 28
() R ABANRE 58 4l R I 3R A5 1 T IR RS 5 75K

S 3k

[1] ZHAT W M,JIN X S,WEN Z F,et al. Wear Problems of High-
speed Wheel/Rail Systems: Observations, Causes ,and Counter-
measures in China [ J].Applied Mechanics Reviews,2020,72
(6) :060801.

ZHAO X,AN B Y,ZHAO X G, et al.Local Rolling Contact Fa-
tigue and Indentations on High-speed Railway Wheels : Obser-

[2

[

vations and Numerical Simulations [ J].International Journal of
Fatigue,2017,103.5-16.
[3] ZHAO X, WEN Z F, WANG H Y, et al. Modeling of High-
Speed Wheel-Rail Rolling Contact on a Corrugated Rail and
Corrugation Development [ J]. Journal of Zhejiang University
Science A,2014,15:946-963.
ZHAO X,LI Z L.A Three-Dimensional Finite Element Solution
of Frictional Wheel-Rail Rolling Contact in Elasto-Plasticity

[4

[

[J].Proceedings of the Institution of Mechanical Engineers,
Part J: Journal of Engineering Tribology, 2015, 229 (1)
86-100.

GULLERS P, ANDERSSON L, LUNDEN R. High-frequency

Vertical Wheel-Rail Contact Forces: Field Measurements and

Influence of Track Irregularities [ J].Wear,2008,265(9/10) ;

1472-1478.

S, XS BR A B 2 [ M) b st oh B R

#t,2004.

JIN Xuesong, LIU Qiyue. Tribology of Wheel and Rail [ M ].

Beijing: China Railway Publishing House,2004.

[7] AYASSE J B, CHOLLET H. Wheel-Rail Contact [ M |//
IWNICKI S.Handbook of Railway Vehicle Dynamics.Boca Ra-
ton: CRC Press and Taylor & Francis Group,2006.

[8] HERTZ H. Ueber Die Beriihrung Fester Elastischer Korper
[J].Journal fiir die Reine und Angewandte Mathematik , 1882,
92.156-171.

[5

[

[6

[}

[9] A R i 30 SRR WY [ D] 0K - 74 R 32
KeE,1999
JIN Xuesong.Creep theory and experimental study of wheel hub
[ D].Chengdu ; Southwest Jiaotong University, 1999.

[10] LI Z L. Wheel-Rail Rolling Contact and Its Application to
Wear Simulation [ D ]. Delft; Delft
Technology ,2002.

[11] BURGELMAN N, LI Z, DOLLEVOET R. A New Rolling
Contact Method Applied to Conformal Contact and the Train-
Turnout Interaction [ J].Wear,2014,321:94-105.

[12] VOLLEBREGT E, SEGAL G. Solving Conformal Wheel-Rail
Rolling Contact Problems [ J]. Vehicle System Dynamics,
2014,52(S1) :455-468.

[13] PIOTROWSKI J,KIK W.A Simplified Model of Wheel/Rail
Contact Mechanics for Non-Hertzian Problems and Its Appli-

University  of

cation in Rail Vehicle Dynamic Simulations [ J].Vehicle Sys-
tem Dynamics,2008,46(1/2) ;27-48.

AYASSE J B,CHOLLET H.Determination of the Wheel Rail
Contact Patch in Semi-Hertzian Conditions [ J |. Vehicle
System Dynamics,2005,43(3) :161-172.

[15] ALONSO A,GIMENEZ J G.A New Method for the Solution of
the Normal Contact Problem in the Dynamic Simulation of
Railway Vehicles [ J]. Vehicle System Dynamics, 2005, 43
(2) :149-160.

SH SICHANI M, ENBLOM R, BERG M. A Novel Method to
Model Wheel-Rail Normal Contact in Vehicle Dynamics Sim-
ulation [ J]. Vehicle System Dynamics, 2014, 52 ( 12) .
1752-1764.

[17] TAO G Q,WEN Z F,ZHAO X, et al.Effects of Wheel-Rail
Contact Modelling on Wheel Wear Simulation [ J]. Wear,
2016,366/367 : 146-156.

TELLISKIVI T, OLOFSSON U.Contact Mechanics Analysis of
Measured Wheel-Rail Profiles Using the Finite Element

[ 14

(I

[16

[}

[18

[

Method [ J].Proceedings of the Institution of Mechanical En-
gineers, Part F: Journal of Rail and Rapid Transit,2001,215
(2):65-72.

[19] BRZE, 5 B A F0 5035 fib ) 0 A0 s s kA3 M (0] Bk TE 2%
#%,2000,22(3) :16-21.

ZHANG Jun, WU Changhua.Elasto Plastic Analysis of Wheel
Rail Contact Problem [ J].Journal of the China Railway Soci-
ety,2000,22(3) .16-21.

[20] NACKENHORST U. The ALE-Formulation of Bodies in
Rolling Contact [ J].Computer Methods in Applied Mechanics
and Engineering,2004,193(39/40/41) :4299-4322.

[21] ¥ 5z SR B4 ik 5 98 P 43 BT S 55 ik 58 [ D],k
50 E BB R RSB , 2012
XIAO Qian.The Elasto-Plastic Analysis and Fatigue Damage
Research of Wheel/Rail Rolling Contact [ D].Beijing: China
Academy of Railway Sciences,2012.

[22] ZHAO X, LI Z L. The Solution of Frictional Wheel-Rail
Rolling Contact with a 3D Transient Finite Element Model ;
Validation and Error Analysis [ J].Wear,2011,271(1/2) .
444-452.



410 1

B A R AR UGS TR - A AT D B SR AN I S FR(ELAE 5T 31

[23] WEN Z F,JIN X S,ZHANG W H. Contact-Impact Stress A-
nalysis of Rail Joint Region Using the Dynamic Finite
Element Method [ J].Wear,2005,258(7/8) :1301-1309.

[24] PLETZ M, DAVES W, FISCHER F D, et al. A Dynamic
Wheel Set-Crossing Model Regarding Impact, Sliding and

[ C ]//Proceedings of 8th
Conference on Contact Mechanics and Wear of Rail/Wheel
Systems.New York : Elsevier,2009 ;801-808.

[25] ZHAO X,LI Z L.A Solution of Transient Rolling Contact with
Velocity Dependent Friction by the Explicit Finite Element
Method [ J ]. Engineering Computations, 2016, 33 (4).
1033-1050.

[26] LI Z L.,ZHAO X,ESVELD C,et al.An Investigation into the
Causes of Squats: Correlation Analysis and Numerical
Modeling [ J].Wear,2008,265(9/10) :1349-1355.

[27] WEI Z L,LI Z L.,QIAN Z W et al.3D FE Modelling and Val-

idation of Frictional Contact with Partial Slip in Compression-

Deformation International

Shift-Rolling Evolution [ J]. International Journal of Rail
Transportation,2016,4( 1) ;20-36.

[28] LI Z L,ZHAO X, DOLLEVOET R, et al. Differential Wear
and Plastic Deformation as Causes of Squat at Track Local
Stiffness Change Combined with other Track Short Defects
[ J].Vehicle System Dynamics,2008,46(S1) :237-246.

[29] ZHAO X,LI Z L,DOLLEVOET R.Influence of the Fastening
Modeling on the Vehicle-Track Interaction at Singular Rail
Surface Defects [ J].Journal of Computational and Nonlinear
Dynamics,2014,9(3) ;:031002.

[30] ZHAO X, LI Z, LIU J. Wheel-Rail Impact and the Dynamic
Forces at Discrete Supports of Rails in the Presence of
Singular Rail Surface Defects [ J].Proceedings of the Institu-
tion of Mechanical Engineers, Part F: Journal of Rail and
Rapid Transit,2012,226(2) :124-139.

[31] MOLODOVA M,LI Z L.,DOLLEVOET R.Axle Box Accelera-
tion ; Measurement and Simulation for Detection of Short Track
Defects [J].Wear,2011,271(1/2) ;349-356.

[32] OREGUI M, LI S,NUNEZ A et al.Monitoring Bolt Tightness
of Rail Joints Using Axle Box Acceleration Measurements
[J]. Structural Control and Health Monitoring, 2017, 24
(2):e1848.

[33] ZHAO X, YANG J Z, AN B Y, et al. Determination of
Dynamic Amplification Factors for Heavy Haul Railways [ J].
Proceedings of the Institution of Mechanical Engineers, Part
F:Journal of Rail and Rapid Transit,2018,232(2) ;514-528.

[34] B3 8, B, W1 45, 45,40 o il o o 000k B A0 1R W) EE F

F¢ [J]BE TR2£ 4, 2016,33(10) :55-60.
YANG Jizhong, ZHAO Xin, HU Lianjun, et al. Research on
the Fastener Stiffness of Heavy Haul Railway Running 40 t
Axleload Trains [ J].Journal of Railway Engineering Society,
2016,33(10) :55-60.

[35] BX 2%, Wi, B4 A 45, =4k m AR PUB SR Sl e b A7
FRTCASEAY KO [ ] AU TR 2441 ,2013,49(18) : 1-7.
ZHAO Xin, WEN Zefeng, WANG Hengyu, et al.3D Transient
Finite Element Model for High-speed Wheel-Rail Rolling

Contact and Its Application [ J].Journal of Mechanical Engi-

neering,2013,49(18) .1-7.
[36] 4x2FHr.973 Tt H i 3 41 42 5E Al )~ i) 2UAF 50 2R —
(2011CB711103) &R 5 - 5 e 51 42 4 A2 AT 5 3
AHLBETE [R ]S 75 R 500 K, 2015,
JIN Xuesong.Final Report of Sub-project 3 of the 973 Project
of Studies on Fundamental Mechanics Problems of High
Speed Trains: Research on Wheel-Rail Contact Behavior and
Adhesion Mechanisms for High Speed Trains[ R]. Chengdu:
Southwest Jiaotong University, 2015.
G XU B, A5 A VR B 5 ) 3l S AT R
JUANBEST [J].H JI ML 5 4 49, 2015, 38 (3) - 16-
19,24.
WANG Han,LIU Chao,ZHAO Xin,et al.Simulation Research
of Dynamic Finite Element Based on Single Wheel Set High
Speed Rolling Test Rig [ J]. Electric Locomotives & Mass
Transit Vehicles,2015,38(3) :16-19,24.
XU X % /NG A5 AL A A D R T 0 A I 2 e
BLEIREN AT [ 0] AU R 241 ,2017,53(22) : 117-124.
LIU Chao, ZHAO Xin, ZHAO Xiaogang, et al. Analyses of
Transient Wheel-Rail Interactions Excited by Unilateral Rail

—
w
~

[

—
(98]
o]

[

Corrugation [ J].Journal of Mechanical Engineering,2017,53
(22):117-124.
[39] ZHAO X,WEN Z F,ZHU M H,et al.A Study on High-speed
Rolling Contact between a Wheel and a Contaminated Rail
[J].Vehicle System Dynamics,2014,52(10) ;1270-1287.
LT R, X, A5 2 50 A T Ak 0 b 1) I 25 VR 2l 4 fik
I 353 (1] 5%, 2014,39(12) :69-74,79.
AN Boyang,ZHAO Xin,LIU Chao,et al. Analysis of Transient
Rolling Contact Stressesat Wheel Indentation [ J ].Lubrication
Engineering,2014,39(12) :69-74,79.
BORUH B 2, TR, S R B 2 R R B S AR AT
Joor#r (1] H R R 2A 4 (AR RHARR) ,2021,52(2) ¢
648-658.
HUANG Shuangchao, ZHAO Xin, ZHANG Duchao, et al. A-
nalysis on Transient Wear of High-order Polygonal Wheels

[40

[}

[41

[

[J].Journal of Central South University ( Science and Tech-
nology) ,2021,52(2) ;648-658.

IR, A& X, S WK E X R B S IR B
AbAT A 0 5w A B [T ] HLA TR 2% 4k, 2018, 54 (4) .
101-108.

KOU Junyu, WANG Hengyu, ZHAO Xin, et al. Influence of

Rail Decarburization Layer on Wheel-Rail Transient Rolling

—
N
8]

[

Contact Behavior [ J]. Journal of Mechanical Engineering,
2018,54(4) :101-108.

IR X B, TRMG 5 R BRI T AR E AR N AR
FORPAEI (1] TR J1%,2019,36(4) :239-247.

KOU Junyu, ZHAO Xin, ZHANG Peng, et al. Estimation of
Strain Rates for Wheel-Rail Surface Materials under High-
speed Rolling-Sliding Contact [ J]. Engineering Mechanics,
2019,36(4) :239-247.

ZHAO X,HUANG S C,ZHANG P, et al.On the Modelling of
Normal Wheel-Rail Contact for High-frequency Vehicle-Track

—
N
@

Pt

—
~
=

i



32 B il

¥ M 5 46 &

Dynamics Analyses [ J].International Journal of Rail Trans-
portation,2022,10(6) :695-716.

[45] ZHAO X,ZHANG P,WEN Z F.On the Coupling of the Verti-
cal, Lateral and Longitudinal Wheel-Rail Interactions at High
Frequencies and the Resulting Irregular Wear [ J]. Wear,
2019,430/431.317-326.

[46] ZHAO X, ZHAO X G, LIU C,et al. A Study on Dynamic
Stress Intensity Factors of Rail Cracks at High Speeds by a
3D Explicit Finite Element Model of Rolling Contact [ J].
Wear,2016,366/367 :60-70.

[47] B/ R LR I, S5 ST 2 MO0 L B Rk
BY AT R [J]. TR J1%,2018,35(5) :239-245.
ZHAO Xiaogang,ZHAO Xin, WEN Zefeng, et al.Influence of
Wheel-Rail Adhesion Coefficient on Transient Propagation of
a Vertical Rail Crack [ J].Engineering Mechanics, 2018, 35
(5):239-245.

[48] 4L, T R, Frubid 2. 5] B iC 5 28 PLiE e ) 5 U iE

I W A5 TR T 1 B AULIE 5 [T ] HLAK T2 2441, 2020, 56
(24) .115-124.
YAO Chaofan, YU Ziliang, QI Hongfeng, et al.Transient Sim-
ulations of Gauge-adjustable Wheelset-Rail Rolling-Sliding
Contact in Consideration of the Clearance Fit [ J].Journal of
Mechanical Engineering,2020,56(24) :115-124.

[49] i, B3, P 5 & 55 LA 42 5] U A8 k25 G 5 52 Al A5 41
WE5E [J] U T AR, 2023,59(22) :401-410.

FAN Wei, ZHAO Xin, LUO Yifei, et al. Transient Meshing
Contact Simulation of Locomotive Traction Helical Gear [ J].
Journal of Mechanical Engineering,2023,59(22) .401-410.

[507 VPRRE X, X 3% , 55 4 H0 0o il 42 2ok i 1 Ik 2 VR Bl
AT AR S [J]. TR 1% ,2019,36(11) :203-211.
XU Liming, LIU Chao,ZHAO Xin,et al. Analyses of Transient
Wheel-Rail Rolling Contact Behavior during Curving [ J].En-
gineering Mechanics,2019,36( 11) ;203-211.

[51] KAZYMYROVYCH V, BERGSTROM J, THUVANDER F.
Local Stresses and Material Damping in very High Cycle Fa-
tigue [ J].International Journal of Fatigue, 2010,32(10) .
1669-1674.

[52] ZHAO X,HUANG S C,YIN S, et al.Influence of Unilateral
Low Adhesion on Transient Wheel-Rail Rolling Contact and
Wheel Damages [ J].Wear,2023,530/531,205053.

(53] 487K A i Bk % 0 AR B0 A9 B0 D TR T B 3 AL B AF 5
[D].dbat e aisgiE Ky, 2017.

GU Yonglei. Study on the Mechanism of Rail Corrugation on
High-speed Railway Unballasted Track [ D ].Beijing: Beijing
Jiaotong University,2017.

[54] WANG K Y,LIU P F,ZHAI W M, et al. Wheel/Rail Dynamic
Interaction Due to Excitation of Rail Corrugation in High-
speed Railway [ J].Science China Technological Sciences,
2015,58(2) :226-235.

[55] sk AR AN ERE R ARG s 5928 [M].dL

AU RhE A, 2013.
ZHANG Weihua.Dynamics of Coupled Systems in High-speed
Trains; Theory and Practice [ M ].
Press,2013.

[56] CHAAR N,BERG M.Simulation of Vehicle-Track Interaction

Beijing: Science

with Flexible Wheelsets, Moving Track Models and Field
Tests [ J].Vehicle System Dynamics,2006,44(S1) :921-931.

[57] GRASSIE S L, GREGORY R W, HARRISON D, et al. The
Dynamic Response of Railway Track to High Frequency Ver-
tical Excitation [ J].Journal of Mechanical Engineering Sci-
ence, 1982,24(2) :77-90.

[ 58] ARTIAS-CUEVAS O. Low Adhesion in the Wheel-Rail Contact
[ D].Delft; Delft University of Technology,2010.

[59] WANG W J,SHEN P,SONG J H, et al. Experimental Study
on Adhesion Behavior of Wheel/Rail under Dry and Water
Conditions [ J].Wear,2011,271(9/10) :2699-2705.

[60] CHANG C Y,CHEN B, CAI Y W, et al. An Experimental
Study of High Speed Wheel-Rail Adhesion Characteristics in
Wet Condition on Full Scale Roller Rig [ J]. Wear, 2019,
440/441:203092.

[61] sk¥R5e, VL, B0, 55 B 81T 5 T = s st Pt

DG R R s AR [T BB E R, 2020, 41 (2)
123-130.
ZHANG Zhenxian, TAN Jiang, HUANG Shuangchao, et al.Ex-
perimental Study on Optimum Sanding and Adhesion En-
hancement Strantegy for High-speed Wheel and Rail under
Complicated Operation Environments [ J].China Railway Sci-
ence,2020,41(2) :123-130.

[62] ZHOU J J,WU M L, TIAN C,et al. Experimental Investigation
on Wheel-Rail Adhesion Characteristics under Water and
Large Sliding Conditions [ J].Industrial Lubrication and Tri-
bology,2020,73(2) :366-372.

[63] WANG P,LU J,ZHAO C Y,et al. Numerical Investigation of
the Fatigue Performance of Elastic Rail Clips Considering
Rail Corrugation and Dynamic Axle Load [ J].Proceedings of
the Institution of Mechanical Engineers, Part F: Journal of
Rail and Rapid Transit,2021,235(3) :339-352.

[64] TAO G Q,XIE C X,WANG H Y, et al.An Investigation into
the Mechanism of High-order Polygonal Wear of Metro Train
Wheels and Its Mitigation Measures [ J ].Vehicle System Dy-
namics,2021,59(10) :1557-1572.

[65] Tk ag & P, R0, 55 il 8 4 R i Z I IE IEFE %

AFREFFT [T].08224R,2021,43(3) :42-51.

ZHANG Fubing, WU Pingbo, WU Xingwen, et al.Research on

Safety Limit of Wheel Polygonalization of High-speed Train

[J].Journal of the China Railway Society, 2021,43(3):

42-51.

TR XU, 2, S5 A B A A0 I8 S o b 2k 7 A

PR S B e [T, MRS 5 R B 5, 2018, 38 (6)

113-117.

FENG Chencheng, LIU Xiaolong, LI Wei, et al. Influence of

Short Pitch Rail Corrugation on Interior Noise of Metro Vehi-

cles [ J].Noise and Vibration Control,2018,38(6) ;:113-117.

[67] rb Ik A0 20 v s 80k I 19 0 9T 8 A BRI 05 - Bk B
(2014)357 5[ S]. b5 Hr Bk HEE 24 7], 2014,

China Railway Corporation. Guideline for High Speed Rail
Grinding Management; China Railway [ 2014 ) No. 357 [ S].
Beijing; China Railway Corporation,2014.

(TeAESmE SI4IM 8 #)

[ 66

[}



