%36 % 4 4 M hOE HL A TR Vol.36  No.4
2025 4F 4 A CHINA MECHANICAL ENGINEERING pp.830-839

AC AR T B I T 2 80 1) il 3 Wy 72 8 A

i E] 1,2 }%] r;}._“l,Z-X- 54;-] ‘(%1,2
I.RAFRFERSRBIEHXFTRELER T, Ei5,201804
QRFRFLATHERBENMAL 2424 FT 5 EHh7E, LiE,201804

WE . RALES LTS THRIG T 08 (FE B 5MIADBERAEFLAVELA KNG LE N
RUH BT — A SR E M A R B T v 0 ok, AT B R AR B 4 R
Ay g @mrokE MELA NI ASEHERKGEFSRHBAMN L L, MET AR
RRALEHEAMGHGE L hEER B TELARRABAARS Y LB £ 5y T
A K F A R EITES R E GRS E TS A ABELAR XA IR ENRE, RS
RAV . RACHGHI G EFTLELBARERY R, EHE T MM SABF O REGHKE
AL R A S R e R B AR AR R AR B AR R, A T
TRt § AKX R A G W T R AR T T O BT, EMLE RS R0 5
HE R AT 099, FFF AT 0.00115,3FE £ F 0.003,

KRR AN VR S b 55 5 TCIIRL I 28 Ik R S A 10 37 T

HESES:  THS9 4P

DOIT:10.3969/.issn.1004-132X.2025.04.020 FEHRLEE (FERR S ) FRIAAS (OSID) ; ARdds

Reconstruction of Magnetic Field Responses Caused by Rail Surface
Cracks with Alternative Current Excitation

WANG Chi'* ZHOU Yu'*" WENG Zhiyi'*
1.Key Laboratory of Road and Traffic Engineering of the Ministry of Education, Tongji University,
Shanghai, 201804
2.Shanghai Key Laboratory of Rail Transit Structure Endurance and System Safety, Tongji
University, Shanghai, 201804

Abstract: As the response laws of the perturbed magnetic field in ACFM to rail RCF crack mor-
phology parameters remained unclear, a novel method was proposed for functional reconstruction be-
tween the ACFM perturbed magnetic field and rail RCF crack parameters. The ACFM calculation
models were established based on multiple field tests of surface length, ellipse ratio, and internal an-
gle of RCF cracks in heavy-haul railway rails throughout their full life cycle. The perturbed magnetic
field above RCF cracks with different parameters was numerically calculated using the ACFM model.
The relationship between RCF crack parameters and the perturbed magnetic field was systematically
analyzed. Through fitting and evaluation of the perturbed magnetic field's response to the spatial mor-
phology parameters of RCF cracks, the functional expression of the response laws was reconstructed.
The results demonstrate that the ACFM response to rail RCF crack parameters is synthetically charac-
terized. The peak value of magnetic field x-component is observed to increase linearly with the surface
length and nonlinearly with the internal angle of RCF cracks. Conversely, a nonlinear decrease may be
identified as the ellipse ratio of RCF cracks increases. These variations are effectively described by pol-
ynomial functions. The change rules between the perturbed magnetic field and RCF crack parameters
may be functional reconstructed. The determination coefficient between the reconstructed results and
the perturbed magnetic field is found to exceed 0.99, while the sum of squared errors(SSE) and root
mean squared errors(RMSE) are constrained to less than 0.001 15 and 0.003, respectively.

Key words: rail; rolling contact fatigue(RCF); non-destructive testing; alternative current field
measurement(ACFM) ; magnetic response
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Fig.1 Effect of crack on induced current and magnetic field response

1.2 NPRSNEMES REESSHLH
UntEl 2 B xRS E BBk R 4R 500 m
th 2k BOHY B b BT B0 b IE 20 5d 8 320 T T

(MGT) BB MR BEAT 8 YCUIFIBURE I kA7 % 1

WL L CT 45 5 55 18 17 <6 AH LI, 0 B 40 B IR 3l 4

fih 5 55 2L BOE 25 RSB A . BRI AR L
+ 831 -



REALAR T RE 5 36 % 2 4 ] 2025 4F 4 A

TR B 12 fil 2 55 280 v 19 T 285 41 3t 5 AT A [
BRI SRR PR, S T G R ] RS0k S
A B SR BURE (9 15 A 7 20 12 fil 82 57 SR S0 4
PR AT I 2b Fros 89 CT 41 A LB E 2800
R A L 2 R R WY I BURE 7 2802 o B2 30T )~
ML . 5 3CRRE6. 16 12518 — 2.

A

Ca) 037 B RE
S22 mERR

@

XRG4

%

EBME
CCD#RMI 23

\

THHEP=4E &
Wi 2 4R
(O CT F 4
B2 WMPBRNEMESRIESUN

Fig.2 Observation of RCF crack morphology
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Tab.1 Parameters range of rail RCF crack based on

metallographic observation
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Tab.2 Parameters set of rail semi-ellipse RCF crack
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Fig.14 Original AB,,, fitted result of LLP and LLE
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Fig.16 Residual error of LLP fitted result
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Tab.6 Machining parameters of the cracks
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Fig.18 Calculation result and measurement result of

machined crack

+ 838 -

Kl 18a fi7n ky AB,, FEAITHEE 5 S0 45 5, & 7
A AR LA B i — Bk E R T s AR
TR RIS LB B ARG § R A T AN TR, H
2 B G S AL R AR IR B S AR — I TR 2%,
JIT LA S0 25 SR 5 A5 A0 B 4 R LA — s 1 e x
NEEFR . B 18b From by 2 25 5 5 AR B 4 R
ZIEM KR ZEZ LR R BERY
S 0.7104, UE B T ALY Y A B

4 Hip

D $Ei 7 —F ek F i iR ACFM W 37) Wy 2
0T A LT S gz 55 2 0 S B 1 R A ) A
T3 ¥ 3 B3 WL D VR B 4 i 57 4 B0 1R 2
B0 A Y ] 58 Ui H R S R I D BT B TR [
S5 R i S W AR 35 TR N AR AE AB L, .

2) T W AR R N ARAE AB ., 2 RMEK S
LR R B R T KR L 3G KR L2 4tk
BER B R LE R e B 3 R B 5 s B0 0 AR Ak
Ry KF 20, AR Z M Ay BIS2I L, R ¢ &
T 1~ 2ZMEL, A, AT B 20 . AB,, B A,
B34 R KL H AL KT 30° B AB,, XF AL B
o Bz I A AR AL AN

3)AB.,, N 5 280 1 B 4 S 806 &R AT L
PAR IS R KT 2 WA AU % JE Ly 5 Ry
B2 R ¢ A F 1 ~ 2 B, %) R A0 97 30T 8L 3E 1k
BN, X Ay e R 5 IR 2 IR K, 20
KL GF i A Ls R K A X AB,, [
N, HUEEE, Y Ry KT 2 B, P9 52 e ]
ZME AT 33X 2 H T 2SO R A R, AR B
N BT BE LR AL TR R JZ DY 5 R I IS AR AZ Y
A6 £ 52 M) 28 /N 5 G EEAS ) D9 B AT AR 7 3R AE

4) FESZI ACEM i b7 5 4% 1 % 4 80 4% S 4L
M) 7 5 A4 J , 24 0 S B30 e g AT DA L 4% BR T R R
BT 2L AT 2 N T T AR,

5) 3 it i TR S Skt B AR Ok E AT IR
TE . S0 45 SR 55 A A o A 48 B () A7 A 2 M G
R LR 0.7104 K I 45 5 5 A1 25 B n] L
SEHAH B R B UE T TR R T R A A

6) W 1N 2 8052 BB % SRR R,
WS AR & ST LG5 %8 B,
Wi 17 D6 2% K B . Wi [0 g 2% L O 3 o Bk 5 1 A5
MG SRR,

SE k.
(1] ARBEZR . W, RIS, &5, 57 REY TR
WMok mF HHRLI] REMN %S LEY¥IR,



A2 SR T A R T SR Y 1 3 e 8 i A

ECO A

T OHZE

2018, 15(12):3082-3088.

ZAN Xiaodong, LI Xiaotao, XING Shuaibing, et al.
Analysis of Rail Surface Shelling Resulting from Fa-
tigue Crack Propagation[]J]. Journal of Railway Sci-
ence and Engineering, 2018, 15(12):3082-3088.

[2] POPOVIC Z, LAZAREVIC L. BRAJOVICET L.
et al. The Importance of Rail Inspections in the Ur-
ban Area-aspect of Head Checking Rail Defects[ J].
Procedia Engineering, 2015, 117:596-608.

[3] POPOVIC Z, LAZAREVIC L. BRAJOVICET L.
et al. Managing Rail Service Life[ ]J]. Metalurgija,
2014, 53:721-724.

[4] ZHOU Yu., HAN Yanbin, MU Dongsheng, et al.
Prediction of the Coexistence of Rail Head Check
Initiation and Wear Growth[]]. International Jour-
nal of Fatigue, 2018, 112:289-300.

(5] A&, EHE. A8, 5. WA WB0R Sl 4% il 55

BECH AR LT ] IR BF R 27 2 4l CH AR B O
2022, 50(2):253-263.
ZHOU Yu, WANG Zheng, LU Zhechao. et al. Ef-
fectof Liquid on Rolling Contact Fatigue Cracks in
Rail[J]. Journal of Tongji University (Natural Sci-
ence), 2022, 50(2):253-263.

[6] FF, KET, EEMH, . KT X HLEZHHM
PSRBT Bl il 55 M BOB R T k[T ). K
SE3 R 2L, 2019, 36(1) :41-48
ZHOU Yu, MU Dongsheng, HAN Yanbin, et al.
Modeling Method for Rolling Contact Fatigue Crack
Shape of Rail Based on X-ray Tomography[J]. Journal
of East China Jiaotong University, 2019, 36(1) :41-48.

[7] JIANG Yi, WANG Haitao, CHEN Shuai. Visual
Quantitative Detection of Rail Surface Crack Based
on Laser Ultrasonic Technology[J]. Optik, 2021,
237:166732.

(8] BRI, WAL wE AL I 07 B0 A SOk 3 wF 5 [T ). ALK
5, 2020, 38(1):57-61
CHEN Xiao. Simulation Analysis and Experimental
Study on Magnetic Flux Leakage Detection of Rail
[J]. Machinery & Electronics, 2020, 38(1):57-61.

[9] VFMS, XIMIZR, BRIEAHE. 3T 2245 B Rk 1y

BRERL R I 7 B L) ], e E LA TR, 2023, 34
(20):2419-2427.
XU Peng, LIU Bailin, CHEN Yaxiong. Rail Crack
Detection Method Based on Differential Flexible Ed-
dy Current Probe[]J]. China Mechanical Engineer-
ing, 2023, 34(20):2419-2427.

(107 EZE JyARE] B, 5 A 555N R 11 2L 8005 ) L g A

LT EHLBR TR . 2022, 33(9):1057-1064.
YAN Liang, WAN Benli, HU Bin, et al. Surface
Crack Orientation Detection Method of Stainless
Steels Based on Electromagnetic Field[J]. China
Mechanical Engineering, 2022, 33(9):1057-1064.
[11] NICHOLSON G L, ROWSHANDEL H, HAO

X, et al. Measurement and Modelling of ACFM
Response to Multiple RCF Cracks in Rail and
Wheels[J]. Ironmaking &. Steelmaking, 2013, 40
(2):87-91.

[12] YUAN X, LIW, CHEN G, et al. Two-step Inter-
polation Algorithm for Measurement of Longitudi-
nal Cracks on Pipe Strings Using Circumferential Cur-
rent Field Testing System[]]. IEEE Transactions on
Industrial Informatics, 2017, 14(2) :394-402.

[13] GEJ. LI W, CHEN G. et al. Experimental and
Numerical Investigation on Buckling and Post-
buckling of a 3000 m Subsea Separator[ ]J]. Engi-
neering Failure Analysis, 2017, 74(2).:107-118.

[14] LEWIS A M, MICHAEL D H, LUGG M C, et
al. Thin-skin Electromagnetic Fields around Sur-
face Breaking Cracks in Metals[J]. Journal of Ap-
plied Physics, 1988, 64(8):3777-3784.

[15] SAGUY H, RITTEL D. Bridging Thin and Thick
Skin Solutions for Alternating Currents in Cracked
Conductors[J]. Applied Physics Letters, 2005, 87
(8):084103.

[16] NICHOLSON G, KOSTRYZHEV A, HAO X.
Modelling and Experimental Measurements of Ide-
alized and Light-moderate RCF Cracks in Rails
Using an ACFM Sensor[J]. NDT&.E Internation-
al, 2011, 44.427-437.

[17] SHEN J, LIU M, DONG C, et al. Analysis on
Asymmetrical RCF Cracks Characterisation Using
an ACFM Sensor and the Influence of the Rail Head
Profile[ J]. Measurement, 2022, 194(12):111008.

[18] SHEN J, ZHOU L, ROWSHANDEL H, et al.
Determining the Propagation Angle for Non-vertical
Surface-breaking Cracks and Its Effect on Crack
Sizing Using an ACFM Sensor[]]. Measurement
Science and Technology, 2015, 26(11):115604.

[19] MARQUARDT D W. An Algorithm for Least-
squares Estimation of Nonlinear Parameters [ ]].
Journal of the Society for Industrial and Applied
Mathematics, 1963, 11(2):431-441.

(g "WHB)

EERMN: 2 5. 90.1995 R4 T LW TEE . BFIE D5 1 S BT
Gif L BE KM, E-mail: chi. wang@ foxmail.com, A % * GlfF
PEHRD 55,1977 R4 B JH2 WE LBFoT 4 S 0. B 5 07 1) Sk L
TE A A5G I AL RS MR R S R RE LI AC 8. E-mail.
yzhou2785@ tongji.edu.cn,
A5 RS
FIb T 2 B S WA T AR AR T 2SI il e
[J]. R E B T2 ,2025,36(4) :830-839.
WANG Chi, ZHOU Yu, WENG Zhiyi. Reconstruction of Mag-
netic Field Responses Caused by Rail Surface Cracks with Alter-
native Current Excitation [ ] ]. China Mechanical Engineering,
2025, 36(4):830-839.

. 839 =





