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RESEARCH ON SHORT-PITCH RAIL CORRUGATION ON
METRO TRACK BASED ON TRANSIENT WHEEL-RAIL
ROLLING CONTACT

ABSTRACT

With the growth of metro operating mileage and operating time, rail
corrugation has become a bottleneck issue affecting the operational safety
and quality of metro trains. Rail corrugation refers to the periodic non-
uniform wear that occurs along the longitudinal direction of the rail surface.
Rail corrugation can lead to severe vibrations in the vehicle-track system,
and uncontrolled rail corrugation may even cause train derailment,
resulting in major operational accidents. Rail corrugation has not been
effectively resolved to date, which is attributed to the lack of clarity
regarding its formation mechanism, especially for short-pitch corrugation
with wavelengths ranging from 20 to 80 mm, which is highly prevalent on
metro tracks, and its causes are still debated. In this paper, focusing on the
short-pitch rail corrugation on a metro track, a finite element model of the
wheel-rail system is established, and transient wheel-rail rolling contact
analysis and modal analysis are conducted to investigate the intrinsic

connection between the vibration characteristics of the wheel-rail system
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and the formation of short-pitch rail corrugation on tangent tracks. Based
on the complex eigenvalue analysis method, the stability of the wheel-rail
system is analyzed to study the causes of short-pitch rail corrugation on
small-radius curved tracks, and the influence of wheel design on rail
corrugation is explored. On this basis, the transient impact of rail
corrugation excitation on the wheel-rail system is investigated. The main
work and conclusions are summarized as follows:

(1) To address the issue of large initial disturbances and slow
convergence 1in traditional transient wheel-rail rolling contact models, an
improved finite element model for transient wheel-rail rolling contact was
proposed. The main difference between the improved model and the
traditional model lies in the following: In the improved model, a rotational
speed is applied to the wheelset through a steady-state transport analysis,
and the steady-state rolling contact solution between the wheel and rail is
obtained in the static analysis, avoiding the impact caused by the sudden
loading of centrifugal force when applying the rotational speed during the
dynamic analysis in the traditional model. Based on the improved model,
the normal contact force and stick-slip distribution within the contact patch
between the wheel and rail during the rolling process over a smooth rail
were investigated and compared with the results obtained from the
traditional model. The results demonstrated that in the improved model,

the normal wheel-rail contact force can rapidly converge to the steady-state
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value, and the dominant high-frequency vibrations observed in the
traditional model are eliminated. Furthermore, throughout the rolling
process, the wheel-rail interface remains in a state of stick-slip distribution.

(2) The formation mechanism of short-pitch rail corrugation with
wavelengths in the range of 40-50 mm on a tangent track of a metro line
supported by Cologne egg fasteners was investigated. Based on the
improved transient wheel-rail rolling contact model, the frequency and
time domain characteristics of the transient wheel-rail responses were
analyzed when the wheel passed over dip defects with different
wavelengths and depths, and the intrinsic connection between the transient
response characteristics of the wheel-rail system and the formation of rail
corrugation was discussed. Modal analysis was performed to identify the
sensitive modes of the track system associated with the formation of rail
corrugation, and combined with the transient rolling contact analysis, the
cause of rail corrugation formation was clarified. The results showed that
after the wheel passed through the dip irregularity, severe vibrations
occurred in the vertical wheel-rail contact force, with the dominant
vibration frequency ranging from 455 to 465 Hz. The dominant frequency
varied slightly with the dip wavelength and vehicle speed and was very
close to the corrugation pass-by frequency for wavelengths of 40-50 mm.
Modal analysis indicates that the formation of short-pitch rail corrugation

on straight tracks is attributed to the excitation of the track’s natural mode
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at 460 Hz by irregularities in the form of dip defects, which subsequently
induce resonance in the wheel-rail system, ultimately leading to the
development of short-pitch rail corrugation.

(3) The influence of short-pitch rail corrugation excitation on the
transient rolling contact responses of the wheel-rail system on metro
tangent tracks was investigated. A finite element node coordinate batch
modification plugin was developed to introduce sinusoidal rail corrugation
on the rail surface by modifying the node coordinates. Based on the
improved transient wheel-rail rolling contact model, the transient
responses of the wheel-rail system under corrugation excitation were
studied, and the effects of rail corrugation on the normal/tangential wheel-
rail contact forces were discussed. The variation patterns of the transient
responses with corrugation wavelength and depth were analyzed in detail.
The results indicate that the wavelength significantly influences the wheel-
rail contact force response. As the wavelength increases, the amplitude of
the wheel-rail contact force generally decreases, but the normal wheel-rail
contact force would increase dramatically when the frequency of the rail
corrugation approaches 460 Hz. Furthermore, an increase in the traction
coefficient would enhance the tangential frictional force between the wheel
and rail, increasing the probability of wheel slippage and accelerated wear.
The amplitude of the normal wheel-rail contact force would increase with

an increase in the corrugation depth. The research findings can provide a
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theoretical basis for the formulation of rail grinding strategies.

(4) The influence of wheel web structure on the tight-curve short-pitch
rail corrugation of metro was investigated. Based on the theory that rail
corrugation is caused by the friction self-excited vibration of the wheel-rail
system induced by the saturated creep forces between the wheel and rail, a
finite element model of steady-state rolling contact for the wheel-rail
system on tight curves with short-pitch corrugation was established. Using
complex modal analysis, the effects of key wheel web structural parameters
on tight-curve short-pitch rail corrugation were studied. The results
revealed that the wheel web structure significantly influences the friction-
induced vibration of the wheel-rail system. Wheels with S-shape web were
more prone to inducing unstable vibrations between the wheel and rail
compared to wheels with a straight web on tight-curve tracks. Further
research indicated that the axial distance between the rim and hub had a
significant impact on the friction-induced vibration of the wheel-rail
system. Reducing the axial distance between the rim and hub could
significantly decrease the probability of tight-curve short-pitch rail
corrugation. Moreover, the probability of rail corrugation occurrence

would continuously increase with an increase in the wheel wear.

KEY WORDS: rail corrugation, wheel-rail transient rolling contact,
finite element analysis, wheel-rail dynamic response, rail dent,

formation mechanism
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I AR GIT TS . Wl 3-13 Fios, 7E 430~490 Hz (136
N, TERUE FRILT AN 460 Hz REAE AR TS AR 1 3 B IR 2 1 ] A A

, TIEAZ AT Y 1 2256 D R R S L P ] A R o DALt mT A > 22
BB MR PR E, B8 EARCN 460 Hz MG BSEE, S8T SR
[ e fik ) P T ARIR B o [FVENE, SR A PR I ok g i B 51 RE A B R S b B Y
BER MBS W . AW FE M UR TS, A5 BE 45 E I,
B TR 1 PRIFIR A D0, ) R0 00 B

U,Magnitude
1.00

0.75

0.50

0.25

0.00

K] 3-13 HiE KRG 45 M [ A RS

3.6 NE /24

A FH 58 — 5 i T ) SO R SR S IR S b A PR TR A, BE T 1 M ANT
NGl o) e B0 2 e Bl J i N R . L T AL MBTAP IR R B R S A R T
A, DI SR AR A 2 FE T T 1 40 5 A 38 I U150 AP IR R B sh A i B
TRV T MIGTAN T NG5 3 B R IR 8 B B TB) )R 2, A9 B R 458 h -

(1) AEPTEMBTAPIRERTS, HUE LA 460 Hz [ A S HEHUK
PR TR GRI IR . TP IR S SO L i [X 3 0 457 5 B 2

29



S MW e e VAT

2oL RS BRI, ALK T R 7 A

(2) BUIE 2R A MIGTASF NGO 52 P A 32 A 77 BT S e . R A
80 km/h JEIE KA 30 mm. PIAY 0.1 mm FIMHTAPIRX A f2 2 )
BRSO BRI T 15 % AEEE M IX S 1 B RSB BL fe TR
[ 7 R 3 32 MRy 457 Hz.

(3) AN B MGTAT IO 50 2 Gele A iR s s i AN F), - 44l
RPKTY 30 mm R HTGTAS TSR FE ) i i b ol e K. 2R A P O3S n 2
P BRI R A T IRIE R K. AR MU AN TR (1 B R IRBIR B
e [ F2 it A7 (RIIR B0 ¥ 32 2 A I ANl I8 IR 5 (1 A2 A i H B S FR AR A

(4) ANFIZEAL B AN AR X R T () R IR 3 ) B2 2 o SRH B JE R
FIFAE AT DL 25 AR 2 e B o T 50 AN P I 3 i 32 ik 7 IR B

30



TR R A LA 183

B 4 F MUK B AR TR IR R

YN P BN, AR AR G PR Sl 1T A ) S 2 AR B 2
T A AU A AR AR R D TR SR IR B S R BBl g S R
TR FCAIAR AT R, (L H X e R AN AT RO DR L 2238 AR 4 R 5 T
AHREREZ L. RERVIIE ERNR D 8 EZPE IR X 5 R S5
AR L PRS2 o BB I TR RN O AR BB B AR s Ik, I m] RE RS 2
B B REARTS ANE AN 2R AT 224 BRI, MR AN AT — el @, A5 )
SO R PR S IR B AT IROTARE Y, JRES S SR PR PLIE S K, Xt e i B Bl
R SR SR SR Ak R I RE AT RS 0 A, SRR S X Bh A i N 5 P
VB B 2 TR RV AE R 2R

4.1 FE B EXTECEN B FI 0 R 52 el

FE RS AN LB A IR T, R BB SR EPIE R S A bs, TEE
B, Bk, TR T RITT m ARt BB SEm A o 75 S 3R T AR AE
I, ARG SCT AR, BT BB BRI R AR A IR
JeiEA, W 4-1 s . NI R, R REHLAS U E, B R E
JASATE 72T, TR ARBE T B SRR 520, M) B LT AR 2R

&1 4-1 S A PR TG T
FEZETH N 80 km/h S64F R, A4 KON 60 mm. AN 0.1 mm 4N
B B DX N, e [ B A g e R B 4-2 i, TRLE Y, R
fish 3 99 I A 5 e B S A 8 PR AR — 3, X 3R B R T T T (X B 2 ]
R0 L5 0 B (R T AN B AH DG . RARE B AR X UG, R I MR B R

31



S MW e e VAT

IS o DR, IS B IR T TR 0T 1 ik ) AT AR A3 AT
i 4-3 s, GRE R R ) 1) 1 SR 372 Hz, XRS5
BRI AR (RIZE5 DL 80 kmvh S LI ATy 60 mm ¢ % DX Ask it 7 A= O E
fEAZE, K/NA 370 Hz) JEHEIR, X —45 BRI B R e m sl

[ TIVEESRERTES=AN
um'

100 +

(o]
o

N
o
P P R |

e i) $ it /1 (kN)

40 ; ‘
| N ik
01— . . . : . : .
400 600 800 1000 1200
2525 (mm)
4-2 BN BRI N T AR e 2 i o B A B
25 T T T
20 e
_151
-
o
= 101
5 n
O_
500 1000 1500 2000
F# (Hz)

P 4-3 AN BB T~ ) 38 17 42 ik 7 7 A sk oz

4.2 R KB R2 N

BN AR FE HUR AR FH B OSSR, A R 3 n o 52 1 28 S 1)
MR, — ELAENPLI T T AR o AR I R PR A TR B A AT PR T AR R AT
FEANFIBA B T IR R G SN o [ 4-4 Bl 9 AN [ B R Bl 1 e
BT R R Ak W N IR, T DR Y, S TR T R P T 1 32 fh g v N S
W3, JFHRAAMEINER, T RIRIEAT AR B 4-5 oy
AN TP A B N S KA B [l PR E . PTRLE BB B AR,

32



S MW e e VAT

RO [ B A ) PR R A A 2RI PRSI . SR, HAEEN KN 50 mm
RO S I, 0 U A ) e Mk D BRE R OK, PRIE KA 126 kNo HR 4%
ﬁ@a 3N 80 km/hy PEK N 50 mm B (13 BRI AR 445 Hz, X5

T WHTAP IR FIEE BN 460 Hz [BEBRSMFEIE. Bk, wrLl
HEMIPE KA 50 mm P EEHUK Tizids, gl TRIARS LR, b, 25
IR B 25 5 B BB B N BE B (I B, AN B R R, PRI AR
T LR T A7 I B KA 40~50 mum Y BBl Y 1) R R

1604 2=40 mm—— A= 50nhn———¥x 6ohnn
A=70 mm—— A=80 mm------
21201
- s
= 80- XY
= //\"A ’\14 \)‘/ \’& 'l\'
§4m
. I
00 600 860 1000 1200 1400
FF B (mm)
P 4-4 AN [R] 9 AU B SR T 1 3 ) 2 ik 77 i) [
140— T T T T T T T T T T T
Z 120
=
1 100
5 80
N
&&= 60_
5 7 o
20 -

40 ' 50 ' 60 70 ' 80 ' 90
A (mm)
4-5 TR [ B2 77 B KR iR B 5 B K AR 40

4.3 KA X F i iR E RS

AR R TEAN A 4 N 25 T8 I P X B R R G st Wi N, 25 Rk
A E R EVEE . B 4-6 P N A R N BBy 50 mm {135

33



S MW e e VAT

B X BRI A0 AU [ el (R 8, PT DA, ZRdURRER, 2R I B X B
Sl R A B B S SRR ZY . MR 80 km/h I, AR B 0SS
RO M) FIRIE I 0. T2 70 km/h A1 60 km/h B, ZEACTE @ 1
i R BT [ B AR B AN 1. 24 Z55800 60 km/h B, e 3Ll ) HE &
I T B R P AR XA I R ) SR PR AT e S AR E (40 80 kmv/h) B,
FCPIE D S AS AR LA S IR ZY o 2R 0E i i B X BRI AR I, T AR,
TR 5IE A IR fk ) [R) 45, (H Bk /) A8 Ak, 5 B0 [ 42 i g () IR R 3
Ko TIAEBARESE (4170 km/h B 60 km/h) T, X 284k (15 240 H A
155, DRG0 (m) k) AR AN IR A T 20 o AR DL B rdr, W DA R 440
TEE I BA DS B BT, AT DUE M B2 08, DA Ik B 1) K e

ﬁ}5o ——v=80 km/h'—— v=70 km/h'—— v=60 kmn' ' '
< 100
S A AN /\ Iy
A YN VY W W XY
= 504 ) |
= LA
0 I I I I I‘ I
400 600 800 1000 1200 1400

#5125 (mm)
P 4-6 AN [R) 238 I A5 % 9 B 51 ke 1Y) 3 [ i 77 7

4.4 5| RBHVSZMN

TEARAEAT B R b 2l e A G| DR TR, H R ANIE B AR U B
B A AR SR X R N s S 0 B RS2 . AT Il B AR 5] IR SR L AR 5] R
XTI B B A R RS o AR A SCEE L R PR S TR B A Y, AE AT BB )
FHIWIEM B, fERH B — AN B 1A M, HoOR/N (4-1) 8 SO
M = uNR (4-1)
b, fONBEERE, u NFEGI BB, N oML, R MR SRS
Fofr. BEERBOVRPUE T 2MWIRE T YIRSk mEma ) 2 R HE, 3
() R R v RS T DU 22 5| RBCRRAE, HERIEAN:

I:L
(4-2)

ﬂ=F—N

34



S MW e e VAT

Horb, Fr AR eIy ) B, Fy OREREUE AL ), R TESK
B 35| REE/NF ST EE R FIaTai T, SRz S 25
WENO.1, WIER@E-1), FRH EMaET] IR ER 3.2 kKN-m. LR K
PE X BLIF, TR AL I R 2 s, BRI A g R R AR . A
Sl RBT B R MO RO S R IRET R, s T A L ) B AR

N T G AR 5| 7R N E LA B 705 BT AR A A R, 251 11
JIN RSN . W 4-7 Fus, ZERT 0.05 s WS JJRE N 0 3 nE| 1, <
JE—HRIFAL . K 4-8 R ALER: S| )] R AR, ATLAEH, ZHTE
0T i B X B R O AR AR K, TR BT A TR, AU I T
0.058 m/s. PRIULAEFERF 704 51 REOHCHL R Grah A5 W S (52 B, 7T DL 22085 T

JEARX 73 M1 45 Rty RIKI T o
1.2

1.0+

0 . . .
0 0.005 0010 0015 0.020
BFIE] (s)

4-7 ZE5| SRR BE R 1) 1 AR 4L
224
22271
©22.26

=
2 99251

o
i 22.24
22.231
22221
0 0.01 0.02 0.03 0.04 0.05 0.06

INFIA] (s)

K 4-8 Z= 5| JJ1EH R 2 B A (8] 1 A8 4L

TERRE DN IE B I, AR PR 2 5] R BN EAL . HAT, ZRAIE I
i B AN R 22 5| S B0 R PURE Al e vk 1 B AR R W . O T ST AR Ol R AR

35



S MW e e VAT

Mo, WEARS /%N 0 0.1, 0.2, 0.3 Al 0.4. RAEN@E-1), 251 %8
- HEL 0 kKN'm. 3.2 kN'm. 6.4 kN'-m. 9.6 kN-m. £l 12.8 kN-m. #5| /] N
0 kN'm B, ZERC/EHUE b HBRKRSN, SEMNER, (EREM s e
WK, R IR LEAS [ 22 5 REC R RBLIE (AR I, AT BAFR A TR
B ZERAEAN R 22 5] 7 Rl i B X B i e P Al Bk AS o 1B 4-9 o A [
SIRBCTN ERIB I 50 mm i3 BE X BB (A0 B [ Hefl g ., AT AR
1] 42 fish 7 BB U B A BN T BN, 2 51 FR BN BT e 2 fid o v R B AR N
TR B E R, BEE 25 REIG R, AR M HRIE A 5K,
5] RECRERIN 0.1, FPE R AR ) KL 10%. [FEF, A2 5] RECEH N
0.1, FE[FEMn I RA) 52 0.1~0.37,

. ; .
- —u=0 4#=0.1 1=0.2 #=0.3- - =04
160

[y

N

o
1

3 7] $ ik 71 (KN)

40-

160 4- - - - u=

120

N
o
1

3 [ 2 fik 7 (KN)

o
1

400 600 800 1000 1200 1400
B (mm)

Pl 4-9 AN[F) A2 51 A KT AR B 5| 2 3 17 42 i v [
4-10 PFron AR 7 5] A 80N B B X BU N R BEE W B, v A H
7 5| R HOG NA BEE T WM RE2 AR K . B 2 5] REUNIE N, AR EEE I
RNFIHRIEH TR0 2325 RECY 0.4, RPN I BEE ) IR M Bt Kk 31 53
kN.o F35h, OhAEESE T AL A B AR AN OREF — B0 JFH, BEE S R

36



S MW e e VAT

BB, e BEE T IARAL B e A2 I, ARG REUEEE N 0.1, YR EEHE T
HI BANL K2 JE# 0.1~0.37.

T

T T T
60 — - yZO ,U:Ol """ —

N
o
1

~o/ NN TN
~. /\,"/- i \
GOV N VIR VAN

o
|

L~ e~

. DR A N I R
/&%}Iﬁ VAR VN

PATEEEI(N)
1
R
>
S
L e
e

N
o
1

T T T T T T T T T T
400 600 800 1000 1200 1400
#E B (mm)

P 4-10 AN [F) 7% 5| Z9800T KB B 5| SO ] JBE 448 3 Wi 17

MR IR UTE AT I R, R0 IR] ) [ B ik g AN [ R AR ) T
retbBtaE, WTBLANAZE S RERAEN . WIEX(4-2), ECmEREmT) Fy
MAG 2 p BB, ATUAF RS DEN T 10 Er & Fr, XFHg
) BEHE T A0 A R, PR RN — B . BRI, R BRI AT Im) I E G 1]
R BRI AT A B N 1) BERE )RR AR . SR, R AR X BT
HH 3 [ 4 ik g A0 1) JBE 2 ) R AE RN B By, e 2 5] SR BOR AR I R O
4-11 iR et 5 B X B AR i AR e 5] REMA1E, TTRAEH,
ARG HERVER T, ZR50 @ B X B 122 5] RECR A T W R 1S .
BAEG RN 0 kKN'm 50 3.2 kKN'm v, 25| REP R KEBALET 04, X&
URAE S B A IR A T RIIRES, RPUEIFR IS . BAT il
6.4kN-m 5 9.6 KN-m I, I X Br 2z 5| REUK B IEH AT iLE] 0.4, 5RPARSG
R R R A, X ERER A I T AT .

0.5

04f - mmmmmmm e m e

0.3

& 0.2

M g1

[pind

& 0.0
0.1
-0.2

-0.3

p=0—— =01 #=0.2— =03

Bt LD A I R IR 5 R A R A {5

400 600 800 1000 1200 1400

#5125 (mm)
4-11 = 5| 2B 8] 2
37



S MW e e VAT

B 4-12 Fron AN R 2 51 R 80N AERE RSO xo ARFE LB BE Py 2 11 BY D) 8 77 1)
AAIEDL, FTLAEH, AR5 I H 3.2 kKN-m 4 9.6 kKN'm 5, A0HUEMEE N
MIRE RSB ok, 725 REPE BRI AN = B2 51 1A K 222 1
DS o FEBU BT I AL B — B tH A I B e A (I B, TR Mk i B A A
Abf AR, DRIUE, ARAE DL B or A, R I BT NP e B, MR
Pl IR, B SRR B I P4 K

CSHEAR?2
500

- 400
300
- 200
100
0

P 4-12 AR 78 5| AT Al A i 2 e BT DI N A 93 A7

4.5 KR RIS

Xt FAR L AR B B i — BEIN 8] J& 2R fiE B Il AR B AR B PILIR B I B TR
FEA—, RIS BRI A B P 5%, FLER R =] LUAF] 100 pml Pl H
RO TR B S BB 0 2 B SE R RIE T F AN e 35, (AL, AT ReBIF 70 A i 0
PR FEXT RN B 3 22 L2 o B 4-13 P %0 3 [ 3 ik g A6 A 3] 98 S ¢
FEN BN NG DL, R AR IR R S O R LA o R Ak g IR S 2 Y
W], 5 PR VRS PR RS R P T 1) 2 i g v 78 F) 2 o R N T [ % ik g O R AR AL
FFANBE IR TR JEE B AR 1T e A

150{—0.1mm ——0.08mm----- 0.06 mm

— — 0.04 mm- - -0.02 mm
z
=100 -
N
5
= 50-
i

0_

4':I')O ' 6(I)O ' 7':1)0 ' 9(I)O ' 10I50 ' 12IOO ' 13I50
BA S (mm)
A-13 N[ R PR R IR 8 S 5 1) [ i g Wi 37

38



S MW e e VAT

B 4-14 From e U [m) 1A 70 s KRG Rl P IR L 14240, T A, Y
LT RIEHGIAR IR R BB R LA S 0.1 mm N, FEHUIA) B /0N A 28 i) %
fi 1R 6 kN, Ce kb TP FOIRES o BRI BRI KT 0.1 mm J& 24
LT, 0 S A S R

//

o

20 40 60 80 100
T PR VR T (um)
4-14 B VIR [m) H2 i 7 e KR R o v B8 VR 1) A8 4k

T [ Fefik 1 HR 1R (KN)
5 8 8 88

N
o
1

4.6 TR AR RN

PN R RIS R G I OGS AL, 32 B A SRR AR S I S I ) 4=
IBAT PR RSN o AT 3 BT 2 0 I B B T A 2R 2 o R 0 B g A 8
(Rism, & 4-15 B R 2R A0 8 I A FH AN (R SIS 20 110 dpl 5 i BT P L 2 1)
P e RGP UL AR R AT )R L I g ) S S
B, ZE U W R R B8 I T I R P TR [ Rl g e o R SR AT b
KIRMEL) Y 118 kN, 1l DTVI2 F144 F s RIRMEAAL 294 33 kN

T T T T T T T T T T
150 { —— RIBEEM
~ | ——DTVI2dntE
2
< 100
=
&
G
= 50
i _ |
04 ﬂlﬁ\ i
T T T T T i I T T T T
400 600 800 1000 1200 1400
0% (mm)

4-15 AN [FIOAFRAL T FROHE 5 B 51 (10 2 17 42 ik g o 7
BeAk, R EINEIE b, RS R, PR R A T R
AIREAARIES . MM T DTV i 3aE B, ERemd s,

39



S MW e e VAT

B R B Ak 7 IR B B B W . B, AR EE TR AR, T
DTVI2 11 AT ARG AN SIS I (% PR o 31X — &5 SRAB Ul WY 17 £ 1 I R 2410
R bk B I8 I8 B A P DTV AR 2 H SR e i 25 1) o

4.7 IKEINZE

AR PSR BN BRI A, IRNIRIT 1 I B il X e
) I N B RN o AT T A AR I -

(1) ZA 7Rl ipe JE it BN, e 2T 1) 2 ik 77 ) R sl Ao 3 5 P 45 AT Ao
ORfF— 2. AR IO S8 X Bm R T () 1 figh 7 A R Bl e P 2 25 08 0 o A0
RO, FEBIEE R Bk 77 ) T TR R SE PR PLIE b B B B AR

(2) FEBNIE [ 45ih 77 AW B 52 B AN R S i 2 25, 249 BL 80 km/h T
KTy 50 mm R ER BN, ol A HUARGIIR, 3 50EE Rk 7T 4RiE 5
FEWR . RN, BEE Mg, SRR R iR K. A, B
R T BEAT RO T [ Bl T ORI, $R = B R G E P

(3) AFZEG| RECT PR AR 2 R A S . 225 KBS &
M RRIERE N, IF H SRR PURITTH, DN B s 5 i ) B 5

(4) P IR LR, 58 I 3 7] 3% ik 7 vy R 2 o 2 R IR R T
0.1 mm I, Felal i MR R L%, KRR E PR E, M
2 NN AL FR

(5) FNPFIRBI RPN SN (RO 22 o =4 R Apid i % X B, R
FHEE AN SCHE R G0 1) 2 LR B DTVI2 144 S 3 28 Gt 1) 2 [ 5 il 7 ) Wi
IV AP

40



S MW e e VAT

% 53 ok E RIS E R E

FEIRE R R G, PRS-k, /e Ag it 2R HUE 2 I LI
BER i B HEGETE, RZ) 80%HIPMBILE B th BLAE /N A th 2k BE |, JF R
RZRAAENFARIMEHIE ERARIL, EmP BB B, SR DU i i
P i 22180, ORI, Tk A AR i 2 BT L PR U B T AL e AN B
HEAMRPRMEPUEMLIL, Fanad hFa i 2P uEns, s reE 7
BRMAVRES, 1 BB ZHIE b, i R RIE2IAT.  H e
DUBCHF 0 AR LT LB 1) B0 ARG e 2R 4 e P R 42 1 IR sh B PY, 3%
BBV I Gl NP 2R B B, R IR B T TR, AT
i Sl CRPUE R B RS, AT E VIR R . I, K
BTG A WIREI IS, B 7 = 4ER A IRTEY, R R AR > Mk
WEFC 1 R/ A7 it 2 B8 R B P AT I A AEBE SR B, BE T T 2R A
FEY R REL B BRI, RS 1 R I I 1428 Hhl) i

5.1 #igk/ R L HIE _ERVIREUKR BT EARE

5.1 B ARG =HBRTRE

K HIRLA% B H/BRRL BRI 1 R AE i B8 BRI IE R . 12057k
FIRREL 35438 1 -5 I NIR B sh ATTie e, s B H iRtk 258 (AR .
FERMITET, FRMEIFA MM, 112 AR RIS TR sh AR
TR R SRzl o XM IR R0 o R 7 ZEANA 1 DX R RS, XA R AL B
AR 1 SRBFE IR TH SRS, IEWRNREE B4/ T RLA S IR T
TR AT, 1R 1R

BETIR A BAK B /BR AL D5 325 HOAT BR 7T 20 M 7 2 SOMPRHAL I e, BRLe %=
e ) = AT 00 2 py A o AR R S TR Rl e R T k. AR ST R AR ) = EAT IR
TORERL, ERAIE T YR AR, SRR e e i, A e
I =4EFRC L5 M . AERCEEA b, BE— 0 AR R AN SN SN 2 4e LA AL
SERRPUA IR T, & 5-1 fros v e B g 12

41



TR R A LA 183

I v e ————
| AR

| ekt

| >

i
n:
L7/R ]

‘—-

K 5-1 PR GA IRTTH A
FEMB RN AR i S F, BB R R AR AR AR, DRI S TR
FIEBA RO . A 45 PN, HUEK 36 m, FLEIE 58
ARSI . HUEFIRN350m, MR RGN AR AR TS 1. PUR
BN 140, ZRRCESTHEARDY LM B, RN TR ES RS, R SR
HARN 840 mm, FREPIERIMEIZEER 2-1 —5. (PN 8
TeRAN e RUBEANF RS RIERT, BARSHINER 5-1 Fron. 3e9UA FROTIRRY f)4%
ful AR A SRR IR ARSI I B 77 S 0 A A A B REBILIR) ) BRI AR A BN
0.3, SR s 800 “ - Bk Sk H R A S R] R B AR ELAE A, R

coulomb JEFEIERAGIAFE LI (K D) R 2 AR AT 9 o
R 5-1 e M KANMES

ERERERE A A A KA
MIIFE / MN-m! 10 30 10
FHJE / kN-s-m! 2 10 2

W B B AR AR B A A, RERSHER I R R R B I FE R R L (]
FRIAF ELAE B o 0 194 i i TF = A 7 R S T B T 2R 0 F o T U 52 B
A x 7 BN FRAIR . BT B s T B e AR A B R R L — NS
L, HHABRRZZSEANEEAHE. H ERERHZSE S ER—1K
/N 455 kN FIEEFSE ER, ZERR AR ELEE T s G IR AR R 4 T
(C3D8R) HEATEIfl. AT IR md A oA TR, [N SO R 25
FEEE, SRR G IR ALEAT T A A1 BRI o o TESC BRI XIS, ]
WAL E] 1X 1 mm, DA ORIRASRERA B, 2B L4 180225 A SEAR L TT
A1 215490 4™ LT T A

42



S MW e e VAT

5.1.2 EYFEED A E

SRFAEME W20 — R AT 735, RE RS 7E SIS P T3 2R G 7 B 1R
WRBN A T RN AR FIREZS, T PPAE RS AR E DS O, RSO T
ABAQUS #f v A B ¥ R RHEAR 3 BT 2 RAR TR B R G0 BE 2 B AR BN AE A
ERpEE S RERROCHESEBE M 5, LR BE R AR G B S
2, UARGTEER, R RGBEAIEE TTEN:

[MIX+[C]x+[K]x=0 (5-1)

Bavis [CTRI[K] 3 7 B B FE R BEJE R RE AT BERE RS, x 5 AR 1
F[a .
UANFERELE N, [M], [CIM[KIHRAFRFERE, RIT7RE(S-1) HRHIE 8 SE
HWARIE, HFINBEERWE, RG3071FITRA FHA:
[M ]%+[C,]J%+[K,]x=0 (5-2)

A, KA 5 B R GE R AR L BH SRR AT I R R B E SON ML [CAn
(K], EIRFEFES ARG RRAERE, A C AR e iR e Mk A MR R ok s g, T
FEHIAFAE T FE -

(IM, 1% +[C, 1A +[K D)y =0 (5-3)
X A NRGFHEAE, y ARGHIFFER R, RIEFE RS, REBHLIBMEA:
X(t) =2 yjexp(4)t = Xy exp(e; + jo)t (5-4)

Ay AR RE R A &, A ORI REMORFEAEL s o DAL AR A S0
wi JFHEERI RS, j RERRAL. o 20, RGMFEREEE QRS

¥, HEEE o KRR AR BRI g . SF0HE

FREE RG iz iz tt, Hoe h:
s 2-Re(1)
[Im(2)|

X, Re()NEFHEM A IS, Im(A) AR, 4 (<0nf, RRRGHBT AR
o CHlUD, RYIEES BRSNS .

(3-5)

43



S MW e e VAT

5.2 MISK 5 2R 2R A0 AR R XS FE IR K FE OS2 AT 53

5.2.1 ZEERERIRE RIS

FOXT AR RO AR . MR R B ] 5-2 BTR  FR 4
MI4E4e, W IR XN TR Zir, — R 5-2(a)f) “S” AfEtRk
g5k, Jy—FrE 5-2(b) B I EARAR AEH . HHT I ANTE R A R R a5
i e AR G I8 0 R4 B AR B, IOREATT R BT T, 1B 5-3 Fos ke L 1A
R A S i B ARG AR B I (KRR 2 77, T AR, S5 B (R P RO R
F A AT AR P 1 B R A R 7109 1242 MPa, T AR AR BN I 72 Hh 1) s K4 i
7179 1335 MPao B4k, 47250 AN B fih e 2RSS IR BN, B A B 1 S S0
WMoz 1 EBE . WARMMN T B oA v DL HY - 45 DX ) Wl 4 € A2
T IR .

fehi

e

P 5-2 Mk R G0 e ST 45

B T3 A (Fﬁgs
1113
890
668
445
223

B 5-3 F AN ) 3 A

P 5-4 s AN [FIEAR 45 M R RE U AR SE AR SE IRBDIIR (1) 70 A, %5 T RS
T8 AN B 1 IE I AR H AN 1000 Hz,  [RIAE BT EARFIEME 2 AT, BR
& R AT HE IR TG /E 0~1000 Hz 2 18], ARG LR BT 45 H AAH S A

44



S MW e e VAT

e, BEAh, AEERR SRR G BRI RE IR . X T HAl
i A P A ARAR 25 Aok, EAAE s /N AR 2 i A b, SR R G ) 11
P BRSNS 5 R AN B AN AT G ) . AE 2 AAET, R “S” AlR
WA IR G RIREN E A TR T, H SR TR 8 R 3 155 B0FH JE L &/
TR BN AR ARG . XRPRM “S” MRS HIA R G R
BARIR A MR R G SN2 5 R A PR BAR )

& 5-5 F1EE] 5-6 FrR NEEEL R G A TR E IRBIIBS TR . Hh R 1 4%
REHJE LN T-0.001 AR EIRSN . FTLAEH, AFERIRS) F 2R AL G
Fo RH “S” BUERIRINEL ARG AT E RIS 7379 200 Hz FIREIEIRS) .
211 Hz R I3 398 Hz (M- JEHR3F1 444 Hz 1 464 Hz [ 4RS . SATH0
PRGN E SR 430 Hz A1 450 Hz (AhAIRSD . IR RS
H1, fE 430~470 Hz JG[H A AR E SRS &R JE Lu i /. IF IR R 4t
(1 SRR E IR /3 A0 4E 430~ 470 Hz B P, #550 TN RS F
(1 2 30 U8 S P e A e

. XIO-S ) ><10-3
(a)o - Y ———— (b)0 ° ' e
“S” AR ERE EEIR 5
22 - -2
X * ® = ®
u IS
= o = 4 .
Hr ® #r
-6 -6
-8 . . ’ : -8 ‘ : ; .
0 200 400 600 800 1000 0 200 400 600 800 1000
i (He) i (Hz)

Pl 5-4 7R FUARHLSE MR R G R R e dRED 0 43 A

5-5 R EAER AR R R ST E IR

45



S MW e e VAT

K 5-6 KM “S” BBV PLAR G A TE IR

Zibpnd, BPARGRIRENE S Z BRI EE, “S” BEARA I RFe
ARG B R AR G T 5 R B R B IR BN . KR, “ST A
BRI RIS AT R UIE R B B A S L, KRR EER . R ELRRAR e T LA
DR M R4 B IR Bl 5 R R BRI
5.2.2 ZFRHEIERIFNT

AATR O U BB AR AR E SRS . B 5-7 VBN E
K, A ONIEE, kg SONUE . B 5-8 B A AR EEE T, “s” &Y
FEAR R R AR E IR B IR AN SR JE L Ao AT DU Y, B x
AFRE YRS ISR AN SE R JE AT 25 500 . BiAE 0~40 mm YN, R
MBI, RARSGETHI T EZRARERS, AR E RS 1R
J& LUt it 2 M B PR G T R ek . IR, R RGN, B E R
AL RE LR G0 I e 2B R R 2 T R B B PR G T R o B g R A
40~60 mm Y& Fil 4, AFEE RS FEH BRI A ARG . ([EAERRE, 4
BN 0 mm I, BIARG T A —DERHE /N T-0.001 AT E RS I

46



S MW e e VAT

X AR B H/NT-0.001 BIAEEERSD, MELLSEIR RGFLE MR R . Kk,
MHEIEEE Y 0 mm B, AT LRI R G e R B OR35S E IR BN
Ko FAN, HREBEE/NT 0 mm IR E ISR L, FTLLAKREL RS
AT RS K. B 5-9 s N EBLSIIZRAE 440 Hz 1 460 Hz [T
(¥ 3 AR E R BN ¥ 55 24 BE e LB B PR (¥ A8k, mT DUt 45 34 BH 8 LU A B 3%
FH4 10~40 mm ¥t [ P Bl A 800E PR RN DGR R [ 2 )5, S5 BR e e e 8 i
P8 o T s A K

5-7 BN = K

(a) o xlO'Sl

I L:i) mm
22

-4

SRR L

-6

-8
0 200 400 600 800 1000

Fil (Hz)
-3 -3 -3
b OX]O ‘ r i ‘ c OXIO.. ‘ . . d 0><10 i . . .
(b) L=10 mm () . L=20 mm (d) | . L=30 mm
321 . 221 - 22
ISy = IE i
=4 = -44 - = 44
= = s =
£ ® %

-8 ————— -8 -8
0 200 400 600 800 1000 0 200 400 600 800 1000 0 200 400 600 800 1000

B (Hz) B (Hz) i (Hz)
1073 %1073 %1073
e) 0 at T T T y (f) 0 T T T T g 0 T T T T
( % L=40 mm - L=50 mm (2) - " T L=60 mm
3221 - 1 23-21 = 1 -2 .
i o 1 .
=4 o o4 " o4 "
X . X . X .
i -6 ‘<.JP -6 &F -6

-8 -8 T ‘ " T -8 : . . .
0 200 400 600 800 1000 0 200 400 600 800 1000 0 200 400 600 800 1000
B (Hz) Hii % (Hz) S (Hz)

] 5-8 AUt “S” BRI PR GAT E IR I

47



S MW e e VAT

0 x107°
—— 440 Hz
—0— 460 Hz
2 i
H
JIAY]
= 4] -
=
£
-6
-8

10 20 30 40 50 60
M PE (mm)
Kl 5-9 E FAREIRSISERHE LLEE “S” BUARAR A 40 M BRI AR 4L

5-10 P A BRI 25 B R R L R AT E IR RS2 . AR,
BRI RS I B B B R A W M AR R A AT E RS . HBEEAE
6~32 mm Ju[E N, FEERBIEMIGIN, RMRFEHIM T EMARE MRS, X
BE AN FRE A 1) 55 2 BH 6 LU B 25 3 b 0 38 i ek o B S 3G o, R
BERWIREN R AR RetE 2 BB N, MEREEAE 32~50 mm B N, AFRERE
bER R AR A 2 . SR PE Y 6 mm I, ARG K IR AL
FHJE EE/NT7-0.001 FIARERA, #LERRAGHEMAE. MERMEEE
/N6 mm N, BHRGTRHRASRIUERATERS. B 5-11 s AESA
FaE AN TE 440 Hz 1 460 Hz itz 145 25 PH JE LU Bl BLARAR 450 B AR 4L . 72
6~32 mm VN, FEEREEERIG N, SAHJE LR PR C. FEE B )
ANWsE N, SERPH Bt T RRE

RIE UL ERE AL BT LG, EREBEE R RGN ARE RS A B &
RS o ek /)Nl e PR S R DA O A R R S BE R B AR B),  AE  H
PN &PE ER R E . AR EERERILE “S” MERER, UE
R BEE N T —EEN, RURSATHIARERIIEES S TEH L. H,
XIT “S” BUER R EEE /D TEEE T 0 mm B, AT LDUSE TR AU A
WARBN SR AN . 0T EARARCERS, SR N 2] 6 mm DL, ]
PASE I B AR 8 B 1 H o

48



S MW e e VAT

10° %107 \ nx107
a) o0 X ‘ ‘ ‘ . b) o - - - c) 0 . . .
(‘1} - =6 mm ( ) ; L=10 mm ( ) " =16 mm
A -2 3 -24 2 -21 :
I = ua
=m =p =4
b= gt gt
# 6. #e -61 # g
-8 -8 " " - - -8 T T T T
0 200 400 600 800 1000 0 200 400 600 800 1000 0 200 400 600 800 1000
HiZ (Hz) % (Hz) B (Hz)
-3 -3 -3
d) o x10 e)0 x10 i i i 0 x10 . . . .
(d) . L=22 mm ) 1 L=28 mm @ % . L=32 mm
3 =21 2324 23 -24
n
=P - =9 ; = 4 -
i 6 6 #F g
-8 w w w T -8 r r - T -8 " " " "
0 200 400 600 800 1000 0 200 400 600 800 1000 0 200 400 600 800 1000
Hi (Hz) Wi (Hz) B (Hz)
-3 -3 . -3
(g) 0 x10 ‘ ‘ . (h)oxl() i i i (l)OXlO . . . .
-. L=38 mm . L=42 mm - IL=50 mm
4324 " 23 -24 " a -2
oo 19 i -
= -4 - =4 m = -4 -
= : o . = .
64 ﬁ'-6 B s
-8 T x - r - T r r : -8 T T T .
0 200 400 600 800 1000 0 200 400 600 800 1000 0 200 400 600 800 1000

B (Hz)

WiZE (Hz)

Bl (Hz)

P 5-10 BN BRI 45 MR P R SR e IR BN (K520

x107

—— 440 Hz
—@— 460 Hz -

K 5-11 E AR EIRNE

5.2.3 R HEERR
HT B, #HEKERE (WK 5-12) SEET BRI InmA ., %4

1) J& FE fn e
RN R Gk e

MR R G AR E IRBI 2 — A EE AT TR

P

10

20

30 40 50

% #E (mm)

RUBHJE PL B LR A A R A BB R AR

o ARTIHETT T %E

. B 5-13 Froa MR R G AN R E A Bl ELAR

49



S MW e e VAT

SRS LI ARAE, AT LA Y, e )5 P AN R e S R 70 A AR AL R T
BUNe BRI, A5 A0H 2 L BEAE e 1 5 R RO I T B2 K. B 5-14 PR N ER
ATEEIRBNAE 440 Hz LIS JE LUREFe )5 FE etk B A FRE RSN
SR RELJE L B e 8 B kN T R o X U B A R R B IR, R R R
AR HEIAFEE -

.

K 5-12 ke B s & K

-3 -3 -3
(a)oxlo . i . (b)o x 10 . i i ; (C)OXIO ; i ;
- D=75 mm I D=65 mm D=55 mm
ﬁ -2 ij -2 _\;\J _2_
IS, Iy n "
=i -4 = -4 = -4
ﬁ"" -6 ﬁ-l‘.’ -6 H_" _6_
-8 T r : " -8 r : ‘ v -8
0 200 400 600 800 1000 0 200 400 600 800 1000 0 200 400 600 800 1000
B (Hz) % (Hz) S (Hz)
(d)(}xlodl R ()0 x107 - f) x10°
D=45 mm - D=35 mm n D=25 mm
ﬂ -2 A._\_‘l -2 A._\J -
IS XY A
=4 " =4 =4
ar g # -6 F -6
-8 -8 — -8 .
0 200 400 600 800 1000 0 200 400 600 800 1000 0 200 400 600 800 1000
iz (Hz) i (Hz) Bl (Hz)

B 5-13 FE 45 BN FUARBRZS M AL PR SEAN R E SR B IX 2
B 5-15 Fras MR AR ST AR e IRBNBE “S” RUFEAR 2R A fe i I3 A2 4L
[FIRE,  Fe A 5 R AN RS AR A A REM AR /N o IR, 25 28BH JE L BB R
W5 E AL FE BT o 1] 5-16 P VG FEIAE 460 Hz 2 Ay i) - AR E R BN 1
SEXH JE Lh R R IR R Ak . BEAE AR LA, AR RSN IS e
EU A B8 2 k)~ o

50



S MW e e VAT

0 x107

'8 T T T T T
20 30 40 50 60 70 80

AR (mm)
P 5-14 £ SRR E R Bh A5 R B Eb Bt e 8 5 2 AR Ak

-3 -3 -3
(a)o x10™ i i ' (b)OXlO . — () X107 ' ‘
L] D=75mm - D=65 mm D=55 mm
L]
221 n 22 n 3221
o 1 - 1 " .
= = = . = .4 .
# g iF _g & _p L]

-8 : . : . -8 . ' . .
0 200 400 600 800 1000 0 200 400 600 800 1000 0 200 400 600 800 1000

W (Hz) S (Hz) W (Hz)
-3 03 x1073

( ) D=45 mm ( ) D=35 mm (f) D=25 mm
R S 22

= '4 ' = '4 :—:: '4

® ¥ - ®

Lk i kit

d—:-ﬁ n daF 6 " 4 <6 u -

0200 400 600 800 1000 0 200 400 600 800 1000 0 200 400 600 800 1000
i (Hz) i (Hz) S (Hz)

5-15 BRI REXT “S” ARIRESHI R AR AT E SR BN

%107

20 30 40 50 60 70 80
BHE (mm)
K 5-16 £ AR E PR3N RIS BH JE LE BE 39 )5 1 1) A8 4k,

51



S MW e e VAT

M ERERATLE W, BEE FRESIRIN, M AR, RIR
GUIATSEIRBNLE 5 515, BB R AE LA AR K. BRI, R I B 4 43
7 5 (V) AR5 A M T4/ il 2T B R R

5.3 SRURRGHIANZE R0 T R AR R K R R RN

5.3.1 SRR B RIS 0

AATIGH TR M R R G ARE IR . 8] 5-17 95 BYAR AR A
R REE, W52 W I BRI E R RGBT R . T i A DA
PR R, AR SR AN O E, FREE . Rl LR b
PREEMSHIY 8 Bl 5-17() 8 5 BER G, HEHEBCER S N .
rav 3 ra R BN, A—BUE EREBURAR . P8 R K BT L,
FRARURREN 25 mm. WRAEICEEAR AR, BIE T OREREAR R 1 RUER AR S R 1
e, SRAENRCER RTEE M 275 mm 2] 400 mm, LA 25 mm NESRE, Wit TR
AN FARRR G H I AR 4G

~r

R 4~ e r2 ™
p p
\ [
: { R |
2 -/ | . 2 P |
r3 ‘ [ F3 r4\ f
/ — / e
(a) 7 BUARMR (b) Jx 5 BYEER

K 5-17 5 RUAER S5 7R

K 5-18 Fros NEe LR 4e 55 AL BH JE L BE SR ARt R i) 22k, FEARCEAR R AE
350 mm F| 400 mm V[N, BEEREAR AR AU, D SRR e L H BRI
Mo AEFERIZ, IR RTE 275 mm 2 325 mm Y6 P 5 1
R I SR B b, XM A UL ARV N R L R G AN = 2 B B
H IR IFE . SR /N i A RS R, AT RUR R 5 R AR 45
MIEBAR GRS EE T R ILEE, LT EAERA “S” RS, 7870 Sl
ISRt ey Al angikyw g e

52



S MW e e VAT

0 %107
) { ol
-1
= o*
g;f , AA
=
& H R;=350 mm
31 e R=375mm
A R,=400 mm

-4 T T T T
100 200 300 400 500 600
PZE (Hz)

P 5-18 5 RUFEAR Hh X Fe N 2R G A FaE Ik ash 1 I

5-17(b)Fras e 5 BRI A5 M ) ZRfe e, LA 5 5 R R4
FAACL, AE A TRl (R SR 25 i 5 1 5 2 M B BT MR AR se T, it 7 A A
[FIFEAR AR Ry (1) 5 BRI A5 M A 5, B8 ARCEAR R2 BL 300 mm £ 400 mm 2y
VoL BL25 mm ONESIE . B 5-19 Pl 9 AN R R i 3R 1) Be 5 FREARAR 45 #) (1 5 2L
BRIELE Al . S EARIR . 5 AR A B 4 AR L, 5 BUREAR 4 M 1) 1 5%
RPH JE EEBY R Ry, X EMRE I 5 AR IR AS M I RE L R S IN ARG 2 . BB TR
BRI, SRR fE EE B2 AR/, BB R AR LR B A K

x1073
-0.4] 1 :
-0.6 v ‘ :
-0.8- $ !
= -1.01 !
18 Y i Pt
= 4.0 B : ¢
;1155_4.2_ = R,=400 mm . a
td ® R,=375mm | Y
4.4
A R,=350 mm e
-4.6 - !
v R,=325mm 'y
-4.8- !
R,=300 mm !
_5.0 T T T T e T T T
140 160 180 200 440 460 480 500
B (Hz)

B 5-19 e 5 BURAR th R 5 e L R G AR E SR 2
MR DL EAT A R T DA Y, R R R AR 1 R3S R AR GE AR sl AR 1R AT
RELW . B TEGR EREN “S” BARRZER, AR IRAER A BEm S
o B h PR B AR B S RN I HLARAR R A, R ORI X
AL, SR A 5 RUAEAR S5 B R R AR SR THRS AR Gue e U7 TR AT S 5 A%, A

53



TR R A LA 183

e, B RUBEAR SE H R RE IR R B R G O ARG B RS, AT NS AN i
FRITE BT e o
532 ERTHENFNT

TR BN “S” BERMR, 02 SRR, EIRE XL AR G
PRBNAIFEM R o SRR LEAS R AR Z5 0 A S AR ST IR BT 4 R B, % de
FEE AR TAHESWEM)E, 87 4E TRUMIARE . AR TR Ae
MRE SR AGARERNIK R, K 5-20 Frasdy “S” REEHR 2 2%/
HTE RIS B D9 7T EE, WASEEAE 7O, HEIE T8 1000, AT
CIE Y, ZERAEMAMIER T, RETHUNMIZR, HAEhhm EsouiE.
IR H, EREEM )R, PR OURE IR, HIIXR AR A . sesr
PRIA [F) G R R AR Bl ) A TR E A1 5-21 P L Bl sl 132 Y dy 15 i
BERAAER bR

Kl 5-20 AR TR Ja X HL A

Hefl

fh 22 dy
Kl 5-21 250 1A AR TR =
] 5-22 S 1 AN TRV R AR 45 46 2 1) 2l 1e) AR T dy WA 0 iR A1 00, AT A
i, AFAENRES B R R AU AFE M B2 R, Bl AR I 7 AN T T
—E G AR, BN, SE AT AR KL, Ahhm AT AT
NS, R RENFEARE RS, SR E TN, RN,
R 5 3 BUEHE B RS B &K

54



S MW e e VAT

T T
. —0—R;=275mm
/ ——R,; =300 mm

' ——R;=325mm

—&— R, =350 mm

—>—R; =375 mm

: R, =400 mm
/ —o— HARIR

—— R, =400 mm

—¥—R, =375 mm

Fefih /1 (kN)

101 —A— R, =350 mm
for! —o—R, =325 mm
i 2] C A L —&— R, =300 mm
01« B, e o
-50 -40 -30 -20 -10 0 10 20 30 40 50
fir &% (jm)

&1 5-22 % il v AR T i ) 38 4
K 5-23 Flras AW RIIERAE 450 Hz 245 1) 325 A g Irsh A 10 45 24 BH e b
ANFE UG SE FEARIN Rl A 22T dy FIOQAR, Rl m) LR 48 [ AN, SBLAS
FE FEAMINT B R AT dy MIZEXHERR, 32T AR E IR (1 55 R4 P JE Lh 280
EBR, R R GUMATEE .

0 x10°3

—e— 460 Hz
-1+ —a— 430 Hz -

24

RUEHJE L

SFX

-3

faray
2

-4

-5

0 -10 -20 -30 -40 50 -60
Al =) 157 F% (m)
5-23 XS AR E RSB JE LLiE#h AL F2 dy 17481k

R R R B A5 0% SIE T 5 T, AN I JEE R U R] ) R R AR R L R
GiteE R RELW . AWIE “ BRI R A, RPRZHAR
SEPRBIEASTH R WARIEARF LHL T G, Ak ARSI, BE
BURLANE . DTVI2 40 B0 LR R, B AR o (1 e 2
FANME, WAFE L PR ARG A oA E A . AN, BRIRST
FES REONERET 0.3, RN 0.2, 0.4, 0.5, FEHHTAHINHE . 458%H,
TR A RG] 228, SRR B i BE i R VR T R B, R A Rl 1) AR T R )

55



S MW e e VAT

B, PRSP BRI IIARERS, IESEART L) 2 iE

L, R AR X s AT RUE VERC I R 3, RN TR T B B
HE . HAETRIT R IR Bt 78 70 2 RE A e S AN PR A I (X Bl R AR T, R
REWS A R0 e L 28 Y B s B /DN~ A28 i 2R B R B ) R e i ) A

5.4 KB

ST ERHEE T, WA T R A MR R LR SRS E MRS . B I X 4
RS HN RN, TRV T /DFA2 i S E R B bl . T
IS HIBA R &6

(1) FYEANERAR /7 51 SRR PR SE N BE 4 B R a2 S Bk P12 Hh 26
BB A I X T H RTR A B P AR AR SR 1 R, R AT AR
SHE IR ARG B B dRah & A nl it . 2810, KM “S” BRI IFEH
RGWKH BRI RFEEAEE . HERRERRE “S” BRG]
CASIELASBETH B Fh EE R B R 51 51 ) LB

(2) FReisun B2 7 R ARG AR E . Bk EEE, e
BFEPRATRE IR BT et X TR “S” RUER I FRe, BBUE/ T
5T 0mm i, BMAGHIAFEIRIRAE R, BEEE A BIRS0 5] 1 R 5
Roeaifbr. TR ERERK R4, BT eEET 6 mm, IR
Fa € PRI K o

(3) FRHFeHE SRR G EE A VR . BEE iR
I B BB N, BN R e AN AR 8 IR B AR I B A A E MR S 1K N AR A
e J A ) 42 A LB Ve

(4) S RER A AL, Bt il 5 RER A M R ZE e, A MR B A%
SGUMERENRS “S” RUEERI R, RIARGISITRENEE . 10k S ALt
A R U T BE TN R A B R S AR E IR BN

56



S MW e e VAT

FoE REERE

6.1 WX TIERS

AHIEFUET R MR 2 2% b A B I B, I BUE T 5O, IR IR E
R B% EANE B I SEBRTE DL, MECEEhA I N T, SR RGES
Oy, BRI R B TR LB . A TR A A R LA

(D g BsEs i, 16830 20 M YIEH B T 50 7)
HIRIRINEL, R R G IR PR SRR AAE, T et i 20 B A 3L R P A A%
o, 1ER BN SN Z AT A TR I T — AR IR, W T 0T
[ BN N 2R BTl SR PRI aR 2, R0 R G T LA IS S B AR A AH

(2) MBFATIER T HIE LI 460 Hz [IEA B, 51UREHEK
RS, SRR N IR R RS, K T B A Ak K
T A 40~50 mm FOREIE S R U4, ZERRIR B T £ 51 R R B B TR
R . TEZ 58I Y5 0 B R IRBN B B, 3 ) $E ik 7 1 HR 3 3 S A% A
S WA PR B (AR T A 2 A

(3) 200030 1o A5 P oI BRI (000 P s BT, JE I R S B X B
P 1 RENIE R B E K. ML 80 km/h 3B Y KA S0 mm I B M Bt
SRR G IR, S ) A ) RS BN RIEL . AN, A5 R
KUV I n] B S B BUR T I A B . S AL 0.1 mm J5, #
B He i D HE T . AR AR A B A R R, R R BB B4
R ZR Gt L IR A g v A IR B X B AT G AT R DTVI2 04 0 58 Jei 24

(4) YZEAE I MR /N A% M AR By, WRURIGE AR ) 5] S 1Y) R 4 1 U
PRBh 2 kN A0 M 2B TE bR B B . “S” BRI R HHLL T B
AR ZE R TN 5 5 R BEHE AR BN . 1IN ZE R0 HE A8 R RN A A R R A B T AR
AFEIRN K AEWTTRENE, 24 “S” RUFEAR A6 9 s b 28 2= /N T 855 T
0 mm, BF EFEARZER BRI /N T ST 6 mm B, AL 0H B4R
MARGHIATREIRD) . ML TGN ERREL “S” MR, 584K
MR, T REFRARIARRMREE.

57



S MW e e VAT

6.2 RESEIL

PRI I 1) B I ZE A5 A8 R g T RE U — AN AR R Bk . H AT, K
EEH RS TR, JIRGEHFEEZ MREER, MEmEA
(B A A LI B (VDT R AR SCIB I A 380 77 52 70 i A e S m s &5 2 At e
TR R B R, IFSR T SR RER IR R . AR, A
BB IE OB FUI R )R 2%, IF HSk b T ot LU BRI FC AN 2%, AROKR M
BT AT AR LT JUASJ5 T2 AT # F -

(1) ASCEZWE TS| O N AU S BRI, ARRWIFFE o) LI hiox
2 TOLRIWETT, IR TG IR B & e IR HARFE N, st FU AN [/ 3 358 2%
fF GRS MBIZ . {595 MUSE R (A B, AT R RS X
PETE B

(2) ST FH M B0 I 25 07 0 07 Vo) M Bk 0 B A U R B T AT IR R Mk
WHot. R RVFRIRHOLT, ARKFTLMEIZ M AR, Wksebriz g %1%
MR AGHIE, DIRIEFE BRI A R R . R, 8B
SRR R VYAl A [ 42 1 i ot PO A 28801

(3) HWELIR I TNV R 2%, 0 K 2 Rl T2 R LA 3R AR
FEAT LAE— D IR AR AN I (R R R, RLAE AR ST < BESIALAG DA S e
B fihah 715255 . RN F R A« BUE D7 H DA K S B Il 45 5 AT 7T
SRR IR AN B B TR LB

-

58



S MW e e VAT

275 ik

[1] BBER RS, MBS . ST P A2 8 AR M. B0 SRl R AL, 2015.

[2] A 7k#. R O HE PUIE AN BRI B LB AT 7T [D]. Jb 5t b5 ssid
K, 2017.

[3] Zarembski A M. Classifying rail corrugation[J]. Railway Track and Structures,
1994: 12-13.

[4] i, 5008, Mz, 55 WNPLERT T RE[)]. Zilis i TR 74k, 2021,
21(3): 110-133.

[5] Zarembski A M. Type of rail corrugation. Railway Gazette International[J].
1989, 85(8): 12-13.

[6] Suda Y, Komine H, Iwasa T, et al. Experimental study on mechanism of rail
corrugation using corrugation simulator[J]. Wear, 2002, 253(1-2): 162-171.

[7] Mair R I, Groenhout R. Prediction of rail steel strength requirements—A
reliability approach[J]. Rail Steels—Developments, Processing, and Use, 1978.

[8] MairR I. Track design to prevent long-pitch rail corrugation[J]. Bulletin, 1983,
84(3): 289-300.

[9] Bohmer A, Klimpel T. Plastic deformation of corrugated rails—a numerical
approach using material data of rail steel[J]. Wear, 2002, 253(1-2): 150-161.

[10]Suda 'Y, Iguchi M. Basic study of corrugation mechanism on rolling contact in
order to control rail surfaces[C]. Proceedings of the 11th IAVSD Symposium,
1989: 566-577.

[11]iR PR, 5o hn. ARRRAS B N R PR BN S LA B BE T FT (0], R4
224, 2007, 27(3): 252-258.

[12]Wen Z F, Jin X S, Xiao X B, et al. Effect of a scratch on curved rail on initiation
and evolution of plastic deformation induced rail corrugation[J]. International
Journal of Solids and Structures, 2008, 45(7-8): 2077-2096.

[13]Grassie S L, Kalousek J. Rail corrugation: characteristics, causes and

treatments[J]. Proceedings of the Institution of Mechanical Engineers, Part F:

59



S MW e e VAT

Journal of Rail and Rapid Transit, 1993, 207(1): 57-68.

[14]Grassie S L. Rail corrugation: advances in measurement, understanding and
treatment[J]. Wear, 2005, 258(7-8): 1224-1234.

[15]Grassie S L. Rail corrugation: characteristics, causes, and treatments[J].
Proceedings of the Institution of Mechanical Engineers, Part F: Journal of Rail
and Rapid Transit, 2009, 223(6): 581-596.

[16]Grassie S L. Rail irregularities, corrugation and acoustic roughness:
characteristics, significance and effects of reprofiling[J]. Proceedings of the
Institution of Mechanical Engineers, Part F: Journal of Rail and Rapid Transit,
2012, 226(5): 542-557.

[17]Hempelmann K, Knothe K. An extended linear model for the prediction of
short pitch corrugation[J]. Wear, 1996, 191(1-2): 161-169.

[18]Knothe K, GroB-thebing A. Short wavelength rail corrugation and non-steady-
state contact mechanics[J]. Vehicle system dynamics, 2008, 46(1-2): 49-66.

[19] Grassie S, Knothe K, GroB-thebing A. Comments and response to comments
on ‘Short wavelength rail corrugation and non-steady-state contact
mechanics’[J]. Vehicle System Dynamics, 2008, 46(1-2): 67-70.

[20]Miiller S. A linear wheel-track model to predict instability and short pitch
corrugation[J]. Journal of Sound and Vibration, 1999, 227(5): 899-913.

[21]Jin X S, Xiao X B, Wen Z F, et al. Effect of sleeper pitch on rail corrugation at
a tangent track in vehicle hunting[J]. Wear, 2008, 265(9-10): 1163-1175.

[22]1shida M, Moto T, Takikawa M. The effect of lateral creepage force on rail
corrugation on low rail at sharp curves[J]. Wear, 2002, 253(1-2): 172-177.

[23]EganaJ I, Vinolas J, Gil-negrete N. Effect of liquid high positive friction (HPF)
modifier on wheel-rail contact and rail corrugation[J]. Tribology International,
2005, 38(8): 769-774.

[24] Daniel W J T, Horwood R J, Meehan P A, et al. Analysis of rail corrugation in
cornering[J]. Wear, 2008, 265(9-10): 1183-1192.

[25]Eadie D T, Santoro M, Oldknow K, et al. Field studies of the effect of friction

60



S MW e e VAT

modifiers on short pitch corrugation generation in curves[J]. Wear, 2008,
265(9-10): 1212-1221.

[26] Collette C, Vanhonacker P, Bastaits R, et al. Comparison between time and
frequency studies of a corrugated curve of RER Paris network[J]. Wear, 2008,
265(9-10): 1249-1258.

[27]Ishida M, Ban T, lida K, et al. Effect of moderating friction of wheel/rail
interface on vehicle/track dynamic behaviour[J]. Wear, 2008, 265(9-10): 1497-
1503.

[28] Grassie S L, Elkins J A. Tractive effort, curving and surface damage of rails:
Part 1. Forces exerted on the rails[J]. Wear, 2005, 258(7-8): 1235-1244.

[29]Suda Y. Effects of vibration system and rolling conditions on the development
of corrugations[J]. Wear, 1991, 144(1-2): 227-242.

[30] Steenbergen M, Esveld C. Rail weld geometry and assessment concepts[J].
Proceedings of the Institution of Mechanical Engineers, Part F: Journal of Rail
and Rapid Transit, 2006, 220(3): 257-271.

[31]Jenkins H H, Stephenson J E, Clayton G A, et al. The effect of track and vehicle
parameters on wheel/rail vertical dynamic forces[J]. Railway Engineering
Journal, 1974, 3(1): 2-16.

[32]Cui X L, Chen G X, Yang H G, et al. A case study of rail corrugation
phenomenon based on the viewpoint of friction-induced oscillation of a
wheelset-track system[J]. Journal of Vibroengineering, 2017, 19(6): 4516-
4530.

[33]Cui X L, Chen G X, Yang H G, et al. Study on rail corrugation of a metro
tangential track with Cologne-egg type fasteners[J]. Vehicle System Dynamics,
2016, 54(3): 353-369.

[34]Cui X L, Chen G X, Yang H G, et al. Effect of the wheel/rail contact angle and
the direction of the saturated creep force on rail corrugation[J]. Wear, 2015,
330: 554-562.

[35]Chen G X, Zhou Z R, Ouyang H, et al. A finite element study on rail

61



S MW e e VAT

corrugation based on saturated creep force-induced self-excited vibration of a
wheelset-track system[J]. Journal of Sound and Vibration, 2010, 329(22):
4643-4655.

[36] Frederick C O. A rail corrugation theory[C]. Proceedings of the Second
Conference on the Contact Mechanics and Wear of Rail/Wheel Systems.
Kingston: University of Vaterloo Press, 1986.

[37] Valdivia A R. A linear dynamic wear model to explain the initiating mechanism
of corrugation[J]. Vehicle System Dynamics, 1987, 17(sup1): 493-496.

[38] Tassilly E, Vincent N. Rail corrugations: analytical model and field tests[J].
Wear, 1991, 144(1-2): 163-178.

[39] Tassilly E, Vincent N. A linear model for the corrugation of rails[J]. Journal of
Sound and Vibration, 1991, 150(1): 25-45.

[40]Hempelmann K, Knothe K. An extended linear model for the prediction of
short pitch corrugation[J]. Wear, 1996, 191(1-2): 161-169.

[41]Miiller S. A linear wheel-rail model to investigate stability and corrugation on
straight track[J]. Wear, 2000, 243(1): 122-132.

[42] Gomez 1, Vadillo E G. A linear model to explain short pitch corrugation on
rails[J]. Wear, 2003, 255(7-12): 1127-1142.

[43]Nielsen J C O, Lund N R, Johansson A, et al. Train-track interaction and
mechanisms of irregular wear on wheel and rail surfaces[J]. Vehicle System
Dynamics, 2003, 40(1-3): 43-54.

[44]Correa N, Vadillo E G, Santamaria J, et al. A versatile method in the space
domain to study short-wave rail undulatory wear caused by rail surface
defects[J]. Wear, 2016, 352(1): 196-208.

[45]Igeland A, Tlias H. Rail head corrugation growth predictions based on non-
linear high frequency vehicle/track interaction[J]. Wear, 1997, 213(1): 90-97.

[46]Nielsen J C O. Numerical prediction of rail roughness growth on tangent
railway tracks[J]. Journal of Sound and Vibration, 2003, 267(3): 537-548.

[47] Torstensson P T, Nielsen J C O. Monitoring of rail corrugation growth due to

62



S MW e e VAT

irregular wear on a railway metro curve[J]. Wear, 2009, 267(1-4): 556-561.

[48] Torstensson P T, Nielsen J C O. Simulation of dynamic vehicle-track
interaction on small radius curves[J]. Vehicle System Dynamics, 2011, 49(11):
1711-1732.

[49] Torstensson P T, Schilke M. Rail corrugation growth on small radius curves-
Measurements and validation of a numerical prediction model[J]. Wear, 2013,
303(1-2): 381-396.

[50]Wu T X, Thompson D J. An investigation into rail corrugation due to micro-
slip under multiple wheel/rail interactions[J]. Wear, 2005, 258(7-8): 1115-1125.

[51]Wu T X. Parametric excitation of wheel/track system and its effects on rail
corrugation[J]. Wear, 2008, 265(9-10): 1176-1182.

[52]Sun Y Q, Simson S. Wagon-track modelling and parametric study on rail
corrugation initiation due to wheel stick-slip process on curved track[J]. Wear,
2008, 265(9-10): 1193-1201.

[53]Meehan P A, Daniel W J T, Campey T. Prediction of the growth of wear-type
rail corrugation[J]. Wear, 2005, 258(7-8): 1001-1013.

[54]Sheng X, Thompson D J, Jones C J C, et al. Simulations of roughness initiation
and growth on railway rails[J]. Journal of Sound and Vibration, 2006, 293(3-
5): 819-829.

[55]Jin X S, Wen Z F, Zhang W, et al. Numerical simulation of rail corrugation on
a curved track[J]. Computers and Structures, 2005, 83(25-26): 2052-2065.
[56]Jin X S, Wen Z F, Wang K Y, et al. Three-dimensional train-track model for
study of rail corrugation[J]. Journal of Sound and Vibration, 2006, 293(3-5):

830-855.

[57] 2. MR AN IR B R K] B Hoxt 24/ B AT N SE R [D]. BCER: P R AZ
K2, 2015.

[58]Ling L, Li W, Shang H X, et al. Experimental and numerical investigation of
the effect of rail corrugation on the behaviour of rail fastenings[J]. Vehicle

System Dynamics, 2014, 52(9): 1211-1231.

63



S MW e e VAT

[59]Li W, Wang H, Wen Z, et al. An investigation into the mechanism of metro rail
corrugation using experimental and theoretical methods[J]. Proceedings of the
Institution of Mechanical Engineers, Part F: Journal of Rail and Rapid Transit,
2016, 230(4): 1025-1039.

[60] 4555 . HuEREN NI BE T AT LER A 72 [D]. Bl vh re 22 I8 K%, 2012.

[61]Baeza L, Vila P, Xie G, et al. Prediction of rail corrugation using a rotating
flexible wheelset coupled with a flexible track model and a non-Hertzian/non-
steady contact model[J]. Journal of Sound and Vibration, 2011, 330(18-19):
4493-4507.

[62] Vila P, Fayos J, Baeza L. Simulation of the evolution of rail corrugation using
a rotating flexible wheelset model[J]. Vehicle System Dynamics, 2011, 49(11):
1749-1769.

[63] Vila P, Baeza L, Martinez-Casas J, et al. Rail corrugation growth accounting
for the flexibility and rotation of the wheel set and the non-Hertzian and non-
steady-state effects at contact patch[J]. Vehicle System Dynamics, 2014,
52(supl): 92-108.

[6411 %%, F-F, )1 826, BB BN Y B FE R B 7T 0], Bk 24k,
2000, 22(1): 98-103.

[65]15 8 , XI5, WhA-fil. AN B () o T At ik K 50 3 005 o3 e [0, VL B A2l
K2R, 2009, 44(5): 721-725.

[66] 7K 7 IR, 5Kk A R B L L PR 5 PR IR )], 7 R AT K R,
2005, (4): 435-439.

[67]Fn, ZFES, 2546, &5, BRERANBPUBIRIE B 4 BT 7T 3k e [T]. 74 B 28l K
244K, 2016, 51(2): 264-273.

[68]Clark R A. Slip-stick vibrations may hold the key to corrugation puzzle[J].
Railway Gazette International, 1984, 7: 531-533.

[69]Clark R A, Scott G A, Poole W. Short wave corrugation-an explanation based
on stick-slip vibrations[J]. Applied Mechanics Rail Transportation Symposium.

1988, 96: 141-148.

64



S MW e e VAT

[70]Brockley C A, Ko P L. An investigation of rail corrugation using friction-
induced vibration theory[J]. Wear, 1988, 128(1): 99-106.

[71]Baumann G, Fecht H J, Liebelt S. Formation of white-etching layers on rail
treads[J]. Wear, 1996, 191(1-2): 133-140.

[72]Miiller S. A linear wheel-track model to predict instability and short pitch
corrugation[J]. Journal of Sound and Vibration, 1999, 227(5): 899-913.

[73]Miiller S. A linear wheel-rail model to investigate stability and corrugation on
straight track[J]. Wear, 2000, 243(1): 122-132.

[74]Bhaskar A, Johnson K L, Wood G D, et al. Wheel-rail dynamics with closely
conformal contact. Part 1: Dynamic modelling and stability analysis[J].
Proceedings of the Institution of Mechanical Engineers, Part F: Journal of Rail
and Rapid Transit, 1997, 211(1): 27-40.

[75]Bohmer A, Klimpel T. Plastic deformation of corrugated rails—a numerical
approach using material data of rail steel[J]. Wear, 2002, 253(1-2): 150-161.

[76]Suda Y. Effects of vibration system and rolling conditions on the development
of corrugations[J]. Wear, 1991, 144(1-2): 227-242.

[77]Matsumoto A, Sato Y, Ono H, et al. Formation mechanism and countermeasures
of rail corrugation on curved track[J]. Wear, 2002, 253(1-2): 178-184.

[78]Suda Y, Hanawa M, Okumura M, et al. Study on rail corrugation in sharp
curves of commuter line[J]. Wear, 2002, 253(1-2): 193-198.

[79]Suda Y, Iwasa T, Komine H, et al. Development of onboard friction control[J].
Wear, 2005, 258(7-8): 1109-1114.

[80]Suda Y, Komine H, Iwasa T, et al. Experimental study on mechanism of rail
corrugation using corrugation simulator[J]. Wear, 2002, 253(1-2): 162-171.

[81]Matsumoto K, Suda Y, Komine H, et al. A proposal of wheel/rail contact model
for friction control[J]. Journal of Mechanical Science and Technology,
2005, 19: 437-443.

[82] Matsumoto K, Suda Y, Iwasa T, et al. A method to apply friction modifier in

railway system[J]. JSME International Journal Series C Mechanical Systems,

65



S MW e e VAT

Machine Elements and Manufacturing, 2004, 47(2): 482-487.

[83]Matsumoto A, Sato Y, Ohno H, et al. A new measuring method of wheel-rail
contact forces and related considerations[J]. Wear, 2008, 265(9-10):
1518-1525.

[841 %1173, AN T BE FE IR BT L [D]. FUAR: 16 R 523 K 27, 1996.

[85]Wu B W, Wang W ], Pan J B, et al. Study on corrugated wear on high-speed
railways based on an improved finite element model of wheel-rail rolling
contact[J]. Tribology International, 2023, 179: 108199.

[86] SR SC. il Bhx 4= 48 2 U T8 BEFEAN AN LI B8 520 (T 7T [ D). . P Fg A8
i K5, 2020.

[87]Yuan Z D, Zhu S Y, Chang C, et al. An unsupervised method based on
convolutional variational auto-encoder and anomaly detection algorithms for
light rail squat localization[J]. Construction and Building Materials, 2021, 313:
125563.

[B8] FE e, Bk Fi 7, KT, &5, ELLRZLBRAHFE S A1y BUEA B B R A ) B e
WEFE[T]). $Rsh S, 2016, 35(13): 114-152.

[BO] MR, Mok, B ROE, 55 Bk HUIE Hh 2k 40 5 AN B B 1 AR S Pk
ST 5%, 2021, 46(01): 124-129+110.

[90] Mt BEIeRk, LA, rRpid 7] 25 22 50 i AR [ B FEATLEE[D]. VU R A K22
24, 2016, 51(02): 244-250.

[91]Meehan P A, Bellette P A, Horwood R J. “Does god play dice with
corrugations?”’: Environmental effects on growth[J]. Wear, 2014, 314(1-2):
254-260.

[92]Cui X L, He Z Q, Huang B, et al. Study on the effects of wheel-rail friction
self-excited vibration and feedback vibration of corrugated irregularity on rail
corrugation[J]. Wear, 2021, 477: 203854.

[93] FE IETk, MR DGHEE, #2200, FEXT G R AT I B2 0T S B8 B RS2 T ], P P
AEIE R AR, 2017, 52(1): 112-117.

66



S MW e e VAT

BUE = F A AAE SR FE AR R L SMHIE

— BRFRILX

[1] WuB W, Tang T C, Pan J B, et al. Effect of the wheelset structure on short-
pitch corrugation on tight curved track of subway[J]. Wear, 2023, 523(2023):
204831. (SCI)

[2] Tang T C, Wu B W, Wang W J, et al. Influence of wheel web structure on the
tight-curve short-pitch corrugation of metro[J]. Journal of Vibroengineering, 2023,
25(8): 1602-1615. (EI)

[3] Tang T C, Zhao Z C, Wu B W, et al. Effect of train traction on the wheel

polygonal wear of high-speed trains, [J]. Journal of Vibroengineering, 2024, 26(2):
414-426. (EI)

—. T

[1] WK, BRI, B, — M T e VN L s A 70 B Se R
A, 712023 2 1842179.6, 2023( L% AX).

[2] WEXAR, RN, RS, — R TN LIRZE R S LGL ok ) PR 45525
SERHRY, Z1 2023 2 2568415.6, 2023( 2L 4% Y.
=. BimHE

[1] 288 EAL B AR EFERE 70T H (KJ2020A0360)

[2] LA i B AR R T I H (2022AH030099)

67



S MW e e VAT

Bist

ERRRXHRER, RAGIILS, FIRSAERERRE S TR
SN NATRIE R BRI

B, B TIMREOCEN, IHFHLRE R BRI S o
e T, GnlEAT B RS IRATAT (B G . 1848 TN BOE S M LIBERE, KT Ak
NEANAETRE P ESRME, /91T FR, FOCERO S IE R R B .
B ER Y R B A ULACA SN AEESE, BT
FEAARRRMNLIE M b, AT RN, R

YRR 2 ARSI FRZEIR. WG SR FH SR =2 U AN ) A
2, EAMER SRS M SR BRSNS T. EH s, S
TR 4R N RPPATAE TSGR, iERAEWE FUERT BT LU K

S AL T KA A T 8 R b, TR R S 1 e A T B i
B BNE R o, RERE . sOREE. R E3CE. B, MRS SR 5
ST R, BB A A & E A2, RATERBIZS 7).
TR, K A BT B kW & o

MNTROFN, THETLREH . ZEITHRE KRR Z, 6
BRI, SFRIBRAARMIER . BAOERNACLEE L.

68






	第1章 绪论
	1.1 研究意义与背景
	1.2 钢轨波磨的研究现状
	1.2.1 钢轨波磨的分类
	1.2.2 钢轨波磨的理论模型
	1.2.3 钢轨波磨的形成机理研究

	1.3 本文研究的主要内容与章节安排

	第2章 三维轮轨瞬态滚动接触有限元模型
	2.1 轮轨瞬态滚动接触模型概述
	2.2 改进隐式-显式算法相结合的轮轨瞬态滚动接触分析
	2.2.1 传统的轮轨瞬态滚动接触响应分析方法
	2.2.2 改进的轮轨瞬态滚动接触响应分析方法

	2.3 模型可行性分析
	2.3.1 轮轨系统能量分析
	2.3.2 轮轨接触应力分布
	2.3.3 改进分析方法与传统分析方法的对比

	2.4 本章小结

	第3章 地铁直线轨道短波波磨成因研究
	3.1 轨道表面不平顺对地铁轮轨动态响应的影响
	3.2 钢轨凹坑不平顺波长的影响
	3.3 凹坑不平顺通过速度的影响
	3.4 钢轨扣件类型的影响
	3.5 轮轨系统模态分析
	3.6 本章小结

	第4章 钢轨波磨激励下轮轨动力响应研究
	4.1 短波波磨对轮轨动力响应影响
	4.2 波磨波长的影响
	4.3 波磨区段通过速度的影响
	4.4 牵引系数的影响
	4.5 波磨深度的影响
	4.6 扣件类型的影响
	4.7 本章小结

	第5章 地铁小半径曲线轨道短波波磨成因研究
	5.1 地铁小半径曲线轨道上的钢轨波磨仿真模型
	5.1.1 轮轨系统三维有限元模型
	5.1.2 复特征值分析方法

	5.2 地铁列车车轮结构对短波波磨的影响研究
	5.2.1 车轮辐板结构的影响
	5.2.2 车轮辋毂距的影响
	5.2.3 车轮轮辋厚的影响

	5.3 弓型辐板结构的车轮设计对短波波磨的影响
	5.3.1 辐板曲率的影响
	5.3.2 车轮变形量的影响

	5.4 本章小结

	第6章 总结与展望
	6.1 论文工作总结
	6.2 展望与建议

	参考文献
	攻读硕士学位期间取得的学术成果及参研项目
	致谢



