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A STUDY OF MULTIPLE CRACK INTERACTION IN RAIL UNDER
WHEEL-RAIL FRICTION CONTACT

LI Wei, WEN Ze-feng , JIN Xue-song , WU Lei

(State Key Laboratory of Traction Power, Southwest Jiaotong University, Chengdu 610031, China)

Abstract: A thermo-elastic plane strain finite element model incorporating multiple surface cracks in rail is
established by using a thermo-mechanical coupling finite element method. In the numerical model, the
temperature-dependent material properties are considered. The movement of wheel-rail contact forces and
fictional heat resource is used to simulate the wheel sliding on the rail. The effect of multiple crack interaction and
number of cracks on the crack growth behavior in rail is investigated during wheel-rail full slip contact. The
results indicate that comparing to the single crack, the multiple crack interaction can reduce the possibility of
crack growth. The stress intensity factor K; and stress intensity factor range AK, of cracks in rail decrease with
increasing the number of cracks. Only five cracks in rail can reveal the interaction among many cracks.

Key words: wheel-rail friction contact; multiple surface cracks; stress intensity factor; thermo-mechanical

coupling; finite element method

PR BIR M 7 RO R BUR BRI/ S AR, i IX LRSS a) A T AT 2% 5% i FL AR G
BOTB R B A R, i HORTAANEURE RN oA, NSRS Y . —
TR PR RO 32 325 FR 1 2 A g e, S NEZ L CEZ SN ERE RS i)
s b, R R R SOE B BLEA  MORRRST R T HIORHIE IR
B, W1 Pos. WE, T2 REPIFRYL Lam A1 Phual 8 o 7] 547 8 1) 53 A1 KR AL
P4 UL ERREO MU RS RECZ AT —& RN — R B %, VST T N AR )L

WA . 2011-04-22; B HH: 2011-09-10

FEEIH: FERARFHFIEEIH (50821063); 1 ZKH fUERIT TR THRITIH (2007CB714702);  FE W R BH K44 NI4T H (114028);
HE WAL TE NA SRR H (NCET-08-0824)

WIER: &5481956—), F, LAEMA, Bz, WL, S, WHEHOCRIIII(E-mail: xsjin@home.swjtu.edu.cn).

eI 4 H5(1985—), B3, WIHALMAIN, WAk, AGHEeBREh A 57 iF 50 (E-mail: 1022liwei@163.com);
mPRIE1976—), TCH), JUUERETIN, BIWFIE L, 1k, WA ) AT 9T (B-mail: zfwen@home.swjtu.edu.cn);
21981 —), B, S MEWA, WA, FEENFRPATI A TFIT(E-mail: leiwulanxia@)163.com).



296 T 1%

I

EZ LR R (DE RV E SN VPIE A PSRRI A TR

Wang 25U T 2B/ NSNS SRR
THOL,  SEU R WX LR GUR I (R4 & 7 1 B 2R £
(VPR B B AR NI A A3 s IR T Tl R m] 9
XSG FE Ty 1] (¥ 2504 « Noda SPIRFE T 4
R 2 WEA R R EATAE ) R IT e, FF8
T T ARGCK T« ST B B AN R GUS BEXT R
51 A7 [R50 - Noda S5 AT 7 E T A1 LRAE Y 48
ML 53 HT o Fletcher Z5P VR i Aot 5
2, AT TR Ak I AN AR 22 SRR S TN
TIERT MR e o AT SRR 2 ARG LA
HR BRI AL . Tillberg 251
FUT 5 R B 1 i I 4N B3 T (14 e 2R SO (head
checks) (M3 ERFIE, M TAER PR Bh AN LA
SH(UIRRGUN L RO RG] (1 B AR
BB o PR P A BE) A e 2 B R Tl R AR ) *oF
EZ GRS AR

K1 AN IR A
Fig.1 Oblique cracks in rail

IR TG A 2 T 5 A B BAE ] I R
BRSPS o AL AR U RE R A P 5 4
XA, BT WU A (0 7k, @7 iR
SIS b e g i (R
BRI 22 5 RSO AT TR # SR QU S 1 g 58
A7 AR O, 23 TR B T 2R S ML)
AR EATE FHRE I g 5 B2 TARL 5 R S
1 HEIHE&ED
11 SRR SRR

RGBS BRI G, R

P, TR R A
BE_L {0935 1 FE 3 4341 H Hertz e B i 1012,

2
mm=m$—%- (1)

XH e po(=2P/mab’ ) Jy ¥ Al BE b 1 f KA s
b (=4b/3) Jy P fi RS 1) 255K 8, W 2 Fiss a
H1 b 53 52 s W RS x J5 10 z J7 [ () 55 )8

A BRI 4 x Az 20 R R R
[ RIS ) AR AR PR FE T

ARG
y s AN z
ke ’ Y
W
— b .
o) b
LEN
| — LR SR | > x
A —> 2a
M -
SN

o 22

2 A 2 SRR R U Bl A AN 1 B
Fig.2 Wheel-rail in sliding contact with multiple cracks and
slim contact area
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Fig.3 Finite element model of rail with multiple cracks under wheel-rail contact
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Table 1 Temperature-dependent material properties

WEA(C)  BAPEREE/GPa AL PUBIKRERBU(x10°KT)
24 213 0.295 9.97
230 201 0.307 10.82
358 193 0314 11.15
452 172 0.32 1127
567 102 0.326 11.31
900 43 0.345 11.25
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Table 2 Temperature-dependent specific heat and thermal
conductivity

WIE/(C) L0/ (kg * K)) PG /(W/(m « K))

0 419.5 59.71
350 629.5 40.88
703 744.5 30.21
710 652.9 30.00
800 657.7 25.00
950 665.2 27.05
1200 677.3 30.46

L8 — 191F A FRICIE TS0 BT T Ae SRR
FEAl I AN LR A 1E T ARG A0 B 3 T R 2
SURT SRR, BFST T 2% IS IR 5% MR I R A
THT P9 EE 45 2R 45 4 80T (1] P B 44 22 5URN 24 S0 A o )
AN IR 57 LU G DL, X Bl 43 % 16 R
HRG W) R A 2 8 PR 5 AR ) I A 2 3 1 R 2
S0 S P 1 = R T S L oI N TR e A g T R
FH IS 244 a) BR B0 R80 ERF YRR 5E 0 . 4 T AL
5 SEBR AT R SU5AE B, ASCEE T 3C[18—19],
THEL A BT T 5C B0 2 H2 i i AN Bh SR T 22 RS0 B
VER G ReRF I 52 me, THE T T AN LR T
T35k 54 T M 9 KZALUN ZLINY J)
KI-F Ky Fl K TR DL
2.1 WHMERERIHEN ALY BIF AR

AR 2 LSRR RS L, MR T
AN B i RGO A FH I (3R ay et . o T
Rl FEA A, I 208 e BRG] 1R A L 52
Wi, 25 ey T i RS ES R B 4@
Bl 4(b) 5 5l T A BB A 1 PRI AN RS 75 1
FH IS IR AU (22 4288 80) T [R) 2R SR RN ) 5 JiE
7 Ky BEAESe A B AR Ol A 4 BT %0, BEA
FLGUEIRIE O, PIFT 00 T IRV g i B TR 7 K (19 e
NN, HAWAEGER T 3 &0 5%, 7%
9 3L Ky 1 AR/ IN R 530 R 22.7%
4.79%- 2.29%H1 1.77%, P nl LLG H K, 9N %
BEAG RS TR, 1T RS ER 7 48K
9 ZEEZN, K PEEART. &M THEER
gUEINI 2, LGN BRSOV I o8, AR
i A4 R0 I8 45 BIRE TS, 2 B I PR A X 67 5 Yk
/INo XFEL B ()R byl &, LA WUz fr 7
I 1) K B S AN RSB 1 FH I 6 A0 R R Rk 34
HLAE 2 &G W (FAHLAS A5 VE F ST %) 3. ) 5 B DR 7
Ky B LG S LB A 1 FH IS R 70

Kl 5(a)F 1 S(b)7r slh T A BB Ar 1
FIHHLRE A 1 F I (0 24 805 ) 240 249N )

9 IR T K BE L5647 B AR A S L . AL 5 AT AR

RN B Y AK, BEAE RS0 8 n

S, T ARG T aEE T 5 400, AK, I1E

AACARTA A o T ZRESCHON A HUEAT 1 T I 1 K

B SR EE AW URS S AE T I ] A2, X2 R R 2% FE A
I DY

,,,,,,,,,,, 3 4

s AL

7 5ARYL Lt
—9kMy T

o
|

738 5 R F K1/(MPa + m'?)
~

(=]
i !
L\

M L
2 X /a
(2) HUbRa A 1]

'
N

1/2
)

°m

By 3R F K/(MPa

W x;/a
(b) PHLREAAE
K4 ZREBONRINY IR IN 1 Ky RS
CREUKE I rh 1220
Fig.4 Influence of the number of cracks on stress intensity
factor K;

RN T Ko/(MPa » m'?)

PH 2 x;/a

(a) HUBRZAT 11 ]

N ST T Ko/(MPa + m'?)

B ES xi/a
(b) BHLREAAE
K5 RGO RN IR H T K, R
CREUKE I 1R 20
Fig.5 Influence of the number of cracks on stress intensity
factor K,



€T

i 2 299

MRS AEFH I, AR T 2BHUbR g fr 1, B4R
WFE =R N ey e 35, MR aE g
Tront v () B4 AL ) A AT AR AT 5. A
MM, AHXSTHRANRLL, AR AE R LA
A F 2 8 AR S R rIVE s T 44
RO A F AT A WL Ar 4 R 8 n 21 5 4%
DL F B m) DA A e i B 22 S G0 (R 240 e R Pk
T, TEZE A AN ZLLL ) PR 290 4808 i 5% 1 B
BG5S [9— 1010155 2 440t (1 4518
AL T ALK T . 240 B A4 ] 1)
AR TAEH T 228y AT T — P R
AT Mo TS TANBVES N 21 40k B ANl
CIE AN E SUEASE LN i E A IR S E o N2
PR P21 % 8.
22 ZEWNHFREMAESBEERARNZIT

Kl 6 FE 7 oy siles T AR sh b F rp
BT 3 SR TSI ) R+ K Fl K,
ARG, B 6 I 7 HhEgr 1, g2 Fdar 3
RN R AE RN PO R AR 1 4. B2 4
M 3 43 g08 K MK, R4 . B 6(a)fl
Elob) ] LU, 5 B HHUAE & - A A LR ER
frfE R, BT ARG (RS 2) 2 BRI R GU(RLL )
MG RERL 3R, HRIMNY IR ER+ K,
H AT RS Er D)L Ra3L 3N K fH
Ny BAG03 1) K (E L 1 L2 KINZ, Al
X BANLL,  SAEAE A MU A 1 FH R A LR
EAE IR 50/ 3.06%H1 0.52%. X HbZgr 1 F1%d
23 (1Y 5 P DA B T s 22 SRl AR AR ]
X B G AT R 5 m L s AT TR S0 . N
Bl 7(a)F1 I 7(b)rT LU, HHLAS A VE AT A AL
BT VE I, T rh () 2480 (R EL 2) %2 BT R 244
(s, LRy 5 R YE I AK, 1R b L R e
(R DRI G REIEL 3)NAK, H/h. i, £
AR AR ELAE PO i () 2480 (RS 2) 16 52 L i
R THI 2 U(ZEL0 1) Fl i Ja TR SU(ZELL 3) 52K
Ll 3 FAMUARS B 1 A A WU 28 A7 4 FH 1 &5 2R T
Al 2L A BAE R 52w AR L 4518

Kl 8 I 9 4 Jiles th T ZEAC RIS 28 1 AR ar
(B DN S350 KT K F K, BSO8R ) 1
o M 8 FNIE 9 FTLUE th, HA MRS FE A1
ZRERNUR A E I, Z2Rau(=3 &) RIMAHE/ER
X I 7 5 B DR R AKG FAK TRE AT kISR FH
M8 R 9 AT%n, MREUECKT 3 I, A,

51 AARELCREL DN 5N 7 Ky A K IR
Ny ATLARNS . i T RGO AR I e 1 43R4
FISEm DS, X LR 4 A R

— 10.0-

T Huc
ﬁ'lg)‘{z
e B3

°m

7.54
5.0

2,54

N 33 R T K, /(MPa

0.0

EEI‘E?J x,/a

(a) U1 H]

[ Jy# R T Ky/(MPa » m'?)

PEE x1/a
(b) PHLREEAE
K6 ZLarinl A0 B AR FIX N )5 BE R 1~ Ky 520
(3 FRALUTE L)
Fig.6 Interference effects on the variation of K; with wheel
position (the model of three cracks)

—_
N
1

~
N

(=}
n

'
~
N

I S3 3R T Ko/(MPa + m*?)

(=)
[o%)
o4
%)
(=2

P x/a
(a) MUk 7EH

IS T Ky/(MPa » m*?)

EEI‘EE’J x;/a

(b) BHLREEAE
7 ZRGUAA EAE R 75 IR K (R
(3 FARLUMTIL)
Fig.7 The effect of cracks interaction on stress intensity
factors K, (the model of three cracks)



300 T T

J1

105+ .
1- 1 5308

2-3 YL
3-5 3L
1 47 &R
5-9 YL

By
=)

3R Ky/(MPa + m'?)

0.0 . } :
-6 -4 2 0
PR &S xi/a
(a) LR 7E
7.5, 1- 1 553840
2-3 43 1

3-5 434
5047 FRLL
T 59 geBar

2.5

W )58 T Ki/(MPa « m'?)

0.0

-6 4 2 0
P X /a
(b) MRS 1R
8 LUINIHH EL A HIXS B i T 24 (REL DI
D58 LR 5 K R
Fig. 8 Effect of crack interaction on stress intensity factor K
of the first crack

o

1- 1 4344
2-3 54
3-5 AL
4-7 544
5-9 Z5aL

o
L

N 158 R F Ky/(MPa + m'?)

N
()
o
[
N

PH 2 x;/a

() HURZ AT 1]

73R T Ky/(MPa + m*?)

4 2 0 2 4
BEES x;/a
(b) MRS AEH]
9 Zgrin) AR BAE FI e A TR LGRS DI
I 758 B S K B B2 R
Fig.9 Effect of crack interaction on stress intensity factor K,
of the first crack

3 g

(1) FABURE A 1 AN A WU AT A T A T
UL N IRAN R TR GO SR T K (¥ 85 KA AN

BRI T 3L N TR AK BBt R EUEUK T
TN o

(2) AR ARG, PR 00 K 2 G %
R FEMIVE ] ARG FEANZS ] i 0] JE
FLCY e e W G (3 (X LI 0 =45° 1 d=
2.8mm), PR TO0 T IRECEE N2 5 2 n] DL
¥ N E 22 AU NI AN | S G TRV

(3) 2 241w K3 AR LA X P ) R4 (1 5 i L
Z 8 T T 10 5 I T 2 SR A A T 1) e T AL
SRR o 11 22 2480(=3 4%) )R LA 6 R 5
BERFHEHIAK, FAK, FIEAT IR/ ML
BOKT 3 460, REIOH FRRe L (M5 1 414801
IV Jy5iRJEN 7 Ky R K SEMRAR N o

S K

[1] Olzak M, Stupnicki J, Wijcik R. Investigation of crack
propagation during contact by a finite element method [J].
Wear, 1991, 146: 229—240.

[2] Olzak M, Stupnicki J, Wijcik R. Numerical analysis of
3D cracks propagating in rail-wheel contact zone [C].
Proceeding of the International Conference on Rail
Quality and Maintenance for Modern Railway Operation,
The Netherlands, June, 1992: 385—393.

[3] Bogdanski S, Olzak M, Stupnicki J. Numerical stress
analysis of rail rolling contact fatigue cracks [J]. Wear,
1996, 191: 14—24.

[4] Bogdanski S, Brown M W. Modelling the three
dimensional behavior of shallow rolling contact fatigue
cracks in rails [J]. Wear, 2002, 253(1/2): 17—25.

[5] Akama M, Mori T. Boundary element analysis of surface
initiated rolling contact fatigue cracks in wheel/rail
contact system [J]. Wear, 2002, 253: 35—41.

[6] Lam K Y, Phua S P. Multiple crack interaction and its
effect on stress intensity factor [J]. Engng Fracture
Mechanics, 1991, 40(3): 585—592.

[71 Wang Y Z, Atkinson J D, Akid R, Parkins R N. Crack
interaction, coalescence and mixed mode fracture
mechanics [J]. Fatigue Fracture Engineering Materials
and Structures, 1996, 19(4): 427—439.

[8] Noda N A, Tsuru M, Oda K. Stress intensity factors of
double and multiple edge cracks [J]. Japan Society of
Mechanical Engineers International Journal A, 1997,
40(1): 1—7.

[9] Fletcher D I, Hyde P, Kapoor A. Growth of multiple
rolling contact fatigue cracks driven by rail bending
modeled using a boundary element technique [J].
Proceedings of IMechE Part F: Journal of Rail and Rapid
Transit, 2004, 218(F3): 243 —253.

[10] Tillberg J, Larsson F, Runesson K. A study of multiple
crack interaction at rolling contact fatigue loading of rails
[J]. Proceedings of IMechE Part F: Journal of Rail and



71

2 301

(14]

[15]

Rapid Transit, 2009, 223: 319—330.

Carter F W. On the action of a locomotive driving wheel
[J]. Proceedings of the Royal Society of London, 1926,
A112: 151—157.

Johnson K L. Contact mechanics [M].
Cambridge University Press, 1985: 90—104.
Tanvir M A. Temperature rise due to slip between wheel

Cambridge:

and rail — An analytical solution for Hertzian contact [J].

Wear, 1980, 61: 295—308.

Hibbitt D, Karlsson B, Sorensen P: ABAQUS/ Standard
User’s Manual, version 6.7 [M]. ABAQUS,
Pawtucket, RI, 2007.

A6, WP, KRG, . RIS AN AR
PEA BRICHT[I]. HULBRCCRE 24, 2010, 46(10): 95—
101.

Li Wei, Wen Zefeng, Wu Lei, Jin Xuesong.
Thermo-Elasto-plastic Finite Element Analysis of Rail
during Wheel Sliding [J]. Journal of Mechanical
Engineering, 2010, 46(10): 95—101. (in Chinese)

Inc.,

[16]

[17]

(18]

[19]

BN, KR ER. BB M]. Bt P EERIE
JiAL, 2004: 47—63.

Jin Xuesong, Liu Qiyue. Tribology between wheel and
rail [M]. Beijing: China Railway Publishing House, 2004:
47—63. (in Chinese)

Brandon T, Jeff G, Perlman A B. Investigations of
effects of sliding on wheel tread damage [C]. ASME
International Mechanical Engineering Congress and
Exposition, November 5-11, 2005, Orlando, Florida
USA.

Li W, Wen Z F, Wu L, Du X, Jin X S. Finite element
analysis of thermo-mechanical contact fatigue cracks in
rail [C]. Proceedings of the 3rd ICMEM International
Conference on Mechanical Engineering and Mechanics,
October 21-23, 2009, Beijing, P. R. China, 1: 268 —273.
Guo J, Li W, Wen Z F, Wu L, Jin X S. Mutual
interaction  of cracks under
thermo-mechanical contact loading [J]. Advanced
Materials Research, 2010, 97/98/99/100/101: 543 — 546.

two rail surface

(L85 276 D)

(10]

Dy, SRR, 5 07 4 R 11 S RS AT I [].
B, M5 LW, 2004, 24(3): 234—237.

Yi Dengjun, Han Xiaolin. Experimental curvature modal
analysis of damaged structures [J]. Journal of Vibration,
Measurement & Diagnosis, 2004, 24(3): 234—237. (in
Chinese)

A, AR, d . RS MR IR RS R 1R 45
LRI, TRESI%E, 2006, 23(7): 49—53, 7.

You Chunhua,
diagnosis of beam structures by modal curvature
difference method [J]. Engineering Mechanics, 2006,
23(7): 49—53, 7. (in Chinese)

Li Fanchun, Li Cheng, Zhang Aifeng. Curvature modal

Peng Hua, Meng Yong. Damage

analysis and numerical simulation in diverse structural
damage identification [J]. Journal of Ship Mechanics,
2006, 10(6): 115—121.

BINES, SRSE, SO, R T ARSI S A 45
SEARL[I]. MR TRCZE B TR A AR (SRR AR, 2009,
1048 11): 57—63.

Hu Yeping, Zhang Chenghai, Tu Yiqgiang. Curvature
mode-based structure damage localization [J]. Journal of
PLA University of Science and Technology (Natural
Science Edition), 2009, 10(Suppl): 57—63. (in Chinese)
BUEHE, T, JE TR R 2 S U W S d g 10
SERL[T]. 3L T TRERARKAZ AR, 2007, 26(6): 859—

[12]

[13]

[14]

861.

Yin Zhixiang, Ding Tao. Nondestructive tests of
reticulated dome based on parameter of mode curvature
[J]. Journal of Liaoning Technical University, 2007,
26(6): 859—2861. (in Chinese)

W, REARHL, gRom, BRUTEE. GBS MR
T B A MR U 5 e ST ST MR )%, 2010,
14(5): 502—508.

Shang Gaofeng, Ji Chunyan, Zhang Qiang, Chen Minglu.
Damage identification and localization of offshore
platforms based on mode curvature method [J]. Journal
of Ship Mechanics, 2010, 14(5): 502—508. (in Chinese)
FK 5, BT, RIFIR. BT RS A AR SR AR I 4
R ORI ]. e RHECR S22 R G R AR, 2010,
27(2): 82—85.

Zhang Yong, Jing Hang, Yuan Haiqing. Structural
damage detection based on change rate of curvature
mode [J]. Journal of Huazhong University of Science and
Technology (Urban Science Edition), 2010, 27(2): 82—
85. (in Chinese)

SEAE. ABEM] I, BRI, B dEat A
RASIE H AL, 1996: 143 —146.

Craig Roy R Jr. Fundamentals of structure dynamics [M].
Translated by Chang Ling, Li Zhenbang. Beijing: China
Communications Press, 1996: 143 —146. (in Chinese)





