W44k e 2/ M Fx % W Vol. 44 No. 8
2023 4F 8 H Chinese Journal of Scientific Instrument Aug. 2023

DOI: 10. 19650/j. cnki. ¢jsi. J2311579

FEEERS RN RN RSIEIGR

MR, o FENFBT, RN
(ALsuscil AU S i TRl TR LBt 100044)

B ORFERES AN R B S A R R TR] , A Kok S G 0 RSS2 e BSOS M ) [, BF 95 50 kHLz 380030 R T SRR okl i
RSN BESR BV RS BRI AR T 3 D03 IT 2 1Y 5 P L BUHUBBR S B BUJT V5 (selection of optimal crack-sensitive
mode, SOCSM) , il i HHXFAE LM R 8L B ML K WA A AT MRS KT 22 A RURRE . W UMERR It Ir TR s 4 i T e il
TSI B (optimal mode excitation, OME) , AHHIE SOCSM 1 OME ¥5 AT SCPERIER G P, L CHNGO 9L B E Ak 24 20 43l
AT T BT EL A BT DL SE IR B0 UE , 25 3R, SR OME WL BB MEGR il AR 416 11 FIAR S ZE A 1550 kHz 3R T RIS
A 111 B RS RPN, MESH S 1 JLFEA 2L, RS A A 11 T 3E SR DAL i 2R 2, X R 80 st/ Vs Ak
A U IS A R AR T R IR, A AR AE S I S IR, RIS (5 5 IR R/

KA : ARLMRE A U B DL M BB s SR S Ul s WT B AR U B

HESE S TB553 TH878 SCRRARIRED : A ERIREFZH LA 580.80

Research on mode selection for nonlinear ultrasonic guided
waves rail crack detection

Yang Wenlin, Shi Hongmei, Niu Xiaochuan, Xu Xining,Zhu Liqgiang

(School of Mechanical, Electrical Conirol Engineering, Beijing Jiaotong University, Beijing 100044, China)

Abstract: The sensitivity of different modes to cracks at different locations are different. In response to the problem of inaccurate mode
selection when detecting cracks, the selection of optimal crack-sensitive mode ( SOCSM) method evaluated by three indicators is
proposed, which considers the effects of cumulative second harmonic modes combination, mode vibration pattern and crack location
under 50 kHz excitation. The sensitivity of modes to cracks is evaluated by the trend of relative nonlinear coefficients with crack growth.
The optimal mode excitation (OME) algorithm is proposed to accurately excite the required modes. To evaluate the effectiveness and
accuracy of the SOCSM and OME methods, numerical simulation analysis and experimental verification are conducted by using the crack
at the waist of the CHNG6O rail as an example. The results show that the OME method can accurately excite mode combination 11 and
mode combination 1. Under 50 kHz excitation, the mode combination 11 B8 monotonically increases with crack growth, while mode
combination 1 B8 has almost no change. The mode combination 11 B is more suitable for detecting cracks at the rail waist and is very
sensitive to small changes in cracks. Both modal combinations can generate cumulative second harmonic. The presence of cracks can
affect the propagation of guided waves, which affects the amplitude of the signal.
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Fig. 1 Finite element discretization of rail sections
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Table 2 Modal combination parameters at 50 kHz

BAHE iFR/kHz *Hi%f’yi"/(m-sfl) ﬁﬁﬁ/(m-sﬂ) A,

50 2 547 2923.3
1 4.94
100 2 553 3242.7
50 2578 2 852.98
2 4.48
100 2 557 3242.7
50 2 801 3174.1
3 13. 67
100 2 817 3194.9
50 2952 3021.3
4 10. 06
100 2 959 3039.5
50 3003 2924.3
5 30.76
100 3 002 2994.9
50 3019 2924.3
6 85.98
100 3013 3 006. 7
50 3055 2855.6
7 55.17
100 3043 3039.1
50 3 091 2648.4
8 72.67
100 3098 2970.3
50 3316 2 461.7
9 23.33
100 3322 2892.6
50 3623 2165. 1
10 2.52
100 3618 2655.3
50 3 807 2554.1
11 44.25
100 3 809 2 480.2
50 4125 2 300.5
12 12. 54
100 4 138 2 208.2
50 4254 2256.4
13 49. 85
100 4 2064 2331. 1
50 5011 2 058.5
14 12.19
100 4995 2287.0
50 5382 2762.8
15 30. 24
100 5374 2771.2
50 6116 1936.1
16 28. 37
100 6112 2391.6

SRS vy 2 3 DRI AYIRSN

U(N,m)=./U. + U} + U2 (26)
Kb, U, U, U, 5PN AE x y 2 3 407 AR B0
B N HEUE 1 ST T m W RIS TS RaE
SOPBHR BRI (27) B , AR5 15 714945 2
R an=(28) fs,

200
150

\ £ | 100

y/mm

i
4 LR DX A

Fig.4 Nodes in the area around the crack

Nerack
> U(N,m)
N
Avaﬁmk=—4L7v4444* (27)
crack
Nau
> U(N,m)
¢
Avag,=—4LARTAAAf (28)
all
K. NV, AU T T R, Xk R
BT A .
AvDis! .
A= (29)
AvDis",

B f A m A GRS B mi AP RRES
LR M M, T

Avmi
M, = 30
! |:max [Av' - A™ - AV"] :| (30)

2 AN AR A S X I B T A BE R A
BEA BT A RS S DX 8l 7 A TR B 2 40 AT R R

M (30) AT, M, e [0,1], BESHLRER S i T
b M, B8R IS AE 400 X 8 A R A, %oF 24 b A
B, BRIL, BePE M RIS RN L
2.3 B FEEEMNIEER

ELIaiop e i A ISl A i S R U S SN EA £
—E AR, A 4 T TRIE, SIS
TRV X — PP 6 A R B A 2 SO T AL RR VR
UG A PR A R T B 2 U E B R AR B R AEAE
T, I R HR 50 kHz B8 75 S I RN 15 50 R B e AR
F R IATIIIY

FEECR RS B AE B R, B S i K, FH 2L
D5 1) ) H5E AR A AN IR 30 O ) 1) b AR ok ROk AL
RS RIVER . MBS IR 7 a1 5 2805 1) FAT R,
S0 AFE R R TS AL 3G LT B 5 ) 5 2425 R 3 7 1)
5545007 0] HOAR TR LR, 248007 ) 1) B 7R AR S Bk B
) ] AL N O, BE R B S AL 3R 4 2 B K

R,



146 % & L F ¥

a4t

X T 2900 M Ak %8 2 ok 36, %4 0 R i s A A A3 S ol
C1(9Ccl »Ye, ) \Cg(xcz ,ycz) , %%Zﬁ(?'ﬂfﬂ fﬁlﬁﬂ\]:
Crack = [xcz = %, ¥, —ycl,OJ (31)
i 7 SN U T T A L e R BN S € C, il
PN ¢, C, TR (6) TR S ¢, ., T3 AT
o) 1 60RED U,(N,m) (U, (N,m) \U(N,m) , B RS 7
I o) A
ModeVib(m) = [ U, - U;,U; - U,,U; - U] (32)
Hrp, U =U(3,m),U; =U(4,m), HR3I0IH%
FA .
SVib(m) =
(U; - UD? + (U] - U)* + (U - U2)° (33)
LT ) ] i AEAR S R 30 7 ) 1) it B A4 ok 3R
TN RAGOE R EE VN FR bR M, SR f, S RS mi
B IR PEN R ER A
| Crack - ModeVib(mi) |
SVib(mi)
| Crack - ModeVib(m) |
ma’{ SVib(m) }
Kb o AREOT AR SRS IR 30 7 ) B 85
LU s 43R RS 0 TR BT A B IR 2 77 1) %52 o L i
SN
Mz (34) IR, M, e [0,1] BESREIE M, B,
A IR BN J7 ) 5 2480 £ 2 90° , BV RS AR
SRVERBR, WA B e ™ E, Bk, Rk
M, BRBSKM 2L,
2.4 KEBIEIRSEIEE
PRI R 50 kHz , 15 E LI Ak 28 280 it A8 s 43+ 31)
M €,(0.85,79.98) .C,( - 0.37,72.08) , HHE=(30) FI
(34) IHEIIAESHER M, f1 M, , W& s frs, R
B PRSI R BT X L, FTRLER Y, B
A USSR A0 M, ok BAS 4L A 6 R IR R 5UE
A, K, ULATEM R AL 4R EE B T S A A 6 ¥k
B KA RIS I I 1

M, =

(34)

1.0 - m "
= M,
i = M,
08| "
l')sv_
o o
0.6+ A
- |
: | I
§ 04+ ‘ 1 Ei
| f ¥ .
® ma %!
02 o !s
L |
o L1 [H AL L)l L
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

AT
K5 BUEREETH 8 br

Fig. 5 Indicators for evaluating rail waist cracks

3 AR bR 2L S HUR B A R W RS2 A 3 Y

W RBOTAARR], M 248 i o0 A RN 8 bn 2 LS

PRSI EZ AR IZ AR AR BCE R EOR E N ROK,

MRS RE PEAN $8 b R 2 ORI = 08 A R 0 BRI 2 4%

1, BT LR bR AR 1 B8/, SEBUURE M RIEA

[Fi] S AR S 2 B X L SRR B AR SR M T L

M08, M, 51 BRI UGEI A, B di LLE AR5 0. 1,

= (35) i,

M=0.8xM(m) +0.1xM,(m) +0.1xA(m)

(35)

RIER (35) Rl M, I3 M T —fL AL BEANPE 6 Fr

7, NEL 6 T LLE B A 11 B M R, Rtk FHAR

AAA 11 RAI LN RS, P M BRI A A

LAERXT LG, AR SO h AR S R B 38 T AR B A 4
FE Y 5, B

1.0p

08}

%o.e»

123456 78910111213141516
BSNETS

6 RUHURE
Fig. 6 Crack sensitivity

ASCHEBGHE S A A 11 HaE A TR 2.2 745
B AYOL TR O 2R, BB N R B B
UL B BT B9 6 B R A AR A I, 0 I B B X
U B RS AL B R A A, R B
AR 2 B LR R AT 5 RSO X PSP 4
BR7= ARSI ZREURE R AT PP A 5 s A 8 B U 2 e %
e EAT W BAR S T H A B B A W ARSI AR,
I T AASIR A ), B B R, B A5 2
SURER ATV AR PR BRI AN TR B 2RI I 3 A
SRR WIF AR, FECRECEME PP e b e A A
e, BTV XL T BR AL B A RS, TR LB IR
BRI S CREUIT e B, TH IR I IR 0T

3 EMRESHBEE

REAIL IR , WO T AR B RS L AR AT e,
WA B E A R AL B A T 1), R T RS
# il ( optimal modal excitation, OME ) 5535 | £ 3515 J7 1]
TERERNB AN B0, AR 50 kHz,



8 1

WSOk 45 AR SV P T N U RSO B S BT 5 147

K7 B MRS A 11 MBS 1 A AR S
PRI EL 5 S s A v A PSR B I, BAE T
PRSTE R R b B S DR B s 688, s TS
B RARSN I, BB 7 R R RIS S AR S b A 1
i AR B0 B M IR BN AL I AR S A 11 R34
HTEPUIE | U282 T2 B A AL B |35 5 RGN ph 1 28
LU MBS A 1 Rsh F 2 AR PR, R 2 A8
JEALTE A A R U A RS, 5 2.4 T REBE R
I ATRFRR A R —EL

HEASE /=50 000 C =3 807.057 3
200

100 £ 100
= oy =
0. 0.
100 n 100
0 _— 0 0

b -5 — -5
xXmm- _100 10 zmm Xmm 100 10 zmnm
(b) BAHA

(a) EELA1
(a) Modal combination 11 (b) Modal combination 1

BiAE =50 000 C =2 547.1526

K7 RS HER A

Fig. 7 Modal fundamental frequency vibration diagram

3.1 #mhAEEE

K HRENOLRS BT EIE it SRS AHE x oy 2 3
W RSN, B 1] 1 A AU b A Y A
S %y 2 3 DT AR S, ik (36) Fis

x =[x % x5 o]
y=I[n » » = »] (36)
z=[z z z - z]

s w, oy, 2 AR R AERT R T [ B R, B a
y .z 305 [ AR 43 SlAE /INEI R R 432k 10 AN IXCTH] A
PR AE X ] R R A A, IR 2 IR (AL 46 1E T, Sk X )
L(IEE 1) SCXE 10(IR{E R IE ) AAFRIRShIREER,
MAEX A 5 BT ACERIR SRR N AR R« oy 234
7 ]S Rz DX )41 Sl (B4 AN, A AL B A 15 PR AR 24
FEIZIT I AR SRR, 3 B892 07 a1 S LA 1Y) e A Ul
J7 Il

Bl 8 Fin MRS A S 11 BRI % 1A,
M 8 FILLE H, HOr B U B 50 A, BIIX ] 5 BT
ROPR SR AR /0N, 53 A 21 X ] A R s R (E 3 R, X ]
10 Y AR A e bn e K, RIS 05 11 my s AL
J A Y
3.2 HMAEWHE

SCHR[22 ] B8 1, A0 AR 19 i R R 7 A5 Ak Dl ,
IR G N (E B e e K = N e (SR T
X G A A — S Bty , > I B i (L e KA AN B A0
S B PR IR AR B 2 R B AR SCE e X r

g <10
a =y alx:]
il
=== uilix:2
6 _
- | _
£ = _
ﬁ 1=
= P
2} {
0 I HH Hﬁ gE i

I 2 3 4 5 6 71 8 9 10
PRBHIRAE X A
8 HISHG 11 RS ALRS 157 1#
Fig. 8 Histogram of fundamental frequency vibration

displacements for modal combination 11

AR S B HE P 5 78 9 BB AR IR 3 B R AT 6
AKX 6 /l\%ﬁﬁ}’jﬂﬂ‘%,ﬁﬁﬁ K-means 2B ¥
FR 3 U A S50 5 308 T B BT AT &7 T 38l 59 6 (G B
I b o PR B8 G 22 A AT B AT IR R I 2 28 33l 4
S 1 R ) R S O BRI AT A B X R A
IS ZE R T AR

BOSHE 11 SRR e 9 s, B9 b g
RS A 11 PR K AIHET 6 A5 88, 40 A0 E U AL
HALE R, I ko= 2k BB AR, BT L
HEBRAL B I3 A (cen,, e,y ) | (cen,, cen,,) (19 H =
L) o AN i 5 B 22 ) 1Y) i R

dis, =min./(cen, — x,)° + (cen, — y.)? (37)
Ao i BB S AT O T ST T s dis, T AL
FBTC cen Z 8] 1 e BLEE 85 5 cen, cen, 5390 9 BT.0> cen
HREBAARTR 5, Ly, 23 9 R0 R AU RE DA AL A 3t D7 AN
BT A 0 AT U Y R R R T B RO B T Y AR
PRI A (& 9) L Bl 69 B 5 122 S R A 4
G 1LY A AR O A R R T R L T R, A
10 i .

200

0
-100

100
x/mm

K9 BUSALE 11 FefEmh s

Fig.9  Optimum excitation nodes of modal combination 11



148 % & L F ¥

a4t

10 K9 Jupiok
Fig. 10 Partial enlarged drawing of figure 9

3.3 HBEENG

Wk OME 59k b B 25 LS 1A 11 I dRcfE:
Sl 7 ) A R A B, % A AT AT S B AR
TR RS R R O 1) RS B A [ R S PR AN
LA W o R AL T HR AR T LA

32 3 Wi/Rh 50 kHz SRR T e AR T B TR
IR AL A 0 fe SRl O el A P AR
BIAEPAEE 3 AN A IR . % B AS RIS 1) de
PR S I SO RS ELA R[] 04 9l 7 R PR A X
SRS i R M A7 A2 T 1 3k B 5 3 o e Sl T
S TR AR BE S 4 e A AT HAE R SR A 2 e 4R
Sk BUBEAL (R 1Y RN Z R

®3 50 kHz TEEHEHNREHB A E fLE
Table 3 Optimal excitation direction and position for

modal combinations at 50 kHz
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Table 4 Simulation and theoretical group speeds
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Fig. 19 Relative nonlinearity coefficient with crack growth
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