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Ultrasonic Flaw Detection on the Keyway Cracks of Turbine Rotor Disk
by Using Neural Network

Young -Ho Son

Diepartment of Physics, (raduate School.

Pukyong National University

Abstract

Stress corrosion cracks were observed at the keyway of the turbine rotor disk in a power
plant, and sometimes they had raised a significant failure of the turbine during the operation of
a power plant. The ultrasonic flaw detection was used to detect and evaluate these cracks, but
the characteristics of keyway cracks, i.e, the locations, the sizes and the orientations of keyway
cracks, were not determined quantitatively because of the complex gecmetry of the turbine
rotor disk, the beam spreading of the ultrasonic waves and the difficulty of ultrasonic signal
processing. The most of keyway cracks designed with the length of 2 mm were vertical to the
keyway surface, bul one of these cracks made the angle of 12° with the vertical direction of
the keyway surface. In order t¢ determine gquantitatively the characteristics of keyway cracks,
lhe water immersion method and the direct-contact method of ultrasonic flaw detection were
employed by using the neural network with the 3 layered back-propagation algorithm.

Ultrasonic RF signals were observed over the entire scanning range by using the water
immersion methad of ultrasonic flaw detection. They have 4 peaks corresponded with the top
of the keyway, the crack tip, the comer between the keyway and the crack and the bottom of
the specimen, respectively. The significant features (7 parameters) were extracted from the
scanning paositions and the arriving times having the maximum peak amplitude of ultrascnic
signals corresponded to each peak, and then they were applied to the neural network with the
3 layered back-propagation algorithm. So the characteristics of keyway cracks estimated by
using the neural network were similar 10 the actual cracks well designed within approximately
5% in the error of crack length.

Ultrascnic B-scan images were obtained by using direct-contact method of ultrasonic flaw
detection, and the observed images showed the geometric configuration of the specimen and
crack. The 3 peak amplitude distributions were obtained at the top of keyway, the crack fip
and the corner between keyway and crack, respectively. The significant features (6 parameters)
were exitracted from the ultrasonic B-scan images and the peak amplitude distributions. So the

characteristics of keyway cracks estimated by using the neural network were similar to the




actual cracks well designed within approximately 5% in the error of crack length. But one of
keyway cracks having the angle of 12° with the verlical direction of the keyway surface had
different characteristics of actual crack, and then it showed approximately 8% in the error of
crack length. It may be considered that the learning of the neural network has carried out in
the case of the cracks vertical to the keyway surface, but a crack having the angle of 12°
made some errors because of mismatching between the learning and actual crack.

Therefore, the neural network with the back-propagation algorithm was applied to determine
quantitatively the characteristics of keyway cracks by using ultrasonic flaw detection, and then it
may be considered as a very useful technique to evaluate the characteristics of keyway cracks

guantitatively.
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Fig. 1-1. Schematic diagrams of a) turbine rotor disk cross—section

and b) rotor disk cracking problem area
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4) #Holg4 (transfer function)

#2443t sh(activation function)@Fillx k= Ho|gFd= A8 FH7}
Qo AMAZRH BE Ztarget value)d Wt AR A HEo
ALESEE dol gl A& Aoln, v 7l GxFTrl ggoln, 1A
ol AbgEHe Al 7FA] HolEgele AlR-gH(hard limit), A& (pure
line), Al1Xc]=3(sigmoid) FEl7b Atk Fig. 2-50 el Aldeg
dolgtsre 7o F8o] Oojyt 12 #AHEE, E{E W=E w4

TZE AHEETH Fig. 2-69 A3 Aol 48y vlojoja
o el 23HY, WA dIFA7I= #ol AHEET. Fig2-79 ZI1-4
aRolE Holgae YHE 03 19 WA S F9o T3 g 7HE
F Advk ol ZFE Mol mE viwdty] e A 3z
wo] AbEHET 7 g A #HEE nlolo] vt gle Aoy, $&& u)
ool 2 & Zhe A$E JESlY

jo
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5) 8FsF(learning)

VEesee) et NAs2Ee AY 2Asa0) A8, 92 HFAE
P wbe 88 dEd o weSHNA 2 $4L WARE Ao
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)
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y & y 4

+1 +1
> »
0 -6 0
-1 -
(a) without bias term (b) with bias term

Fig. 2-5. Hard limit transfer function

Yy A A Y
+1 / +1
-
» >
0 0
/ - — Y »
(a) without hias term (b) with bias term

Fig. 2-6. Linear transfer function

+1 +1
L~ v
/ /
> >
0 -0 0
iy -1
(a) without bias term (b) with bias term

Fig. 2-7. Log-sigmoid transfer function
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23 A4 ds sty dadF

AMAzze] g5 A A3 (supervised learning)3 ¥ X =38}y
(unsupervised learning) R9& Yz & ot B[R ETgFE Foj3 U
HHES 929 7Y glel 222 zAgsd, U7 Y A2 Fold
Abg AT ofo wha AledhEe 1Y el dd MAIZ e Z8 o)
2 oA Aeigof, 3 ddo] dgd uf 2 A dido] &5
EE gu ol AP RTY Fe dd tEAE WAANIE FH

=

2 olfolxu], yvt AANRYE BE Fo] FANE ARGE ¥

ol &3},
dHEFe 4 wHX, =], ., ol YdBHE ANE xe T 499 24E
oz dedn, edzd 7 FadAE AFA wb Be AHAEE
dotel, 5 To,n& Foti, ol dol sl @ 4 B tiw ¥ o4
o] Ho|gF f18 FIlY zE WE FYstA "ot F,
zj = fl(Elvjl'xz'+ 81) (21)

o] EHT Y AZ v tA A9 EEIFI(OLE AYHI, &9
S 7HEA wy?t FER AEAEE FakEe] o] ghol wlelojx gk
85 A% F Aol f.8 HEEo orF &8 3et

O = fz(zjwk,z,-+ 5;3) (22)

T AT = dA T Ao de $de AEE 29 HYl
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2 a7 WEel &9 oz 0% 1Abe)9) @ o199 FE BEER 37 9
s, dNHoR P4 A by BExe) £ 4% WolE, &4
Moz A (23)7 2L Z1-A1Ro|=(log-sigmoid) IFFE o) &3}
T EY39 HolFFE A 243 2L APFFE g HGH

1
- —1. 2.
f1(x) [+ o " (2.3)

folx) = x (2.4)

A A5 Fig. 2-83 22 2 Fa7H (A4, gradient descent
method)& AH&3tH, AAtetdoldt §,9 F9o AA FAWFEFS
Ao ge HaAEA 77 AF E e vbE et 2R S
Ew)7b )& 7%, 29 248 zte & dZ27 e} vlojoj2g &
7] el dee 27 ez RE AE eAastert Zadte wEo R wl
B Axtste o Al A EE WA 9Eg ALY 3 FAHS
D53 weith AF SHEA(weet v vtelo)=(49 g9t 22 wisfW
=7t BAEY ddn dugFe] SE5A4 FEEE Fig. 2990 s
Wi,
LA E ohit o] Aol

T

- %g (£~ 0 (2.5)

AN, Lz StaHEe] HH 23 ddoln, o 2¥HITY 29 #&
Lrepdio
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EF? Mean-squared error

E
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in aE
rd ow
Weight

Wo Wo'(n:l) W(n)

Fig. 2-8. Gradient descent method
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Fig. 2-9. Learning algorithm of back-propagation neural network
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2w TR & dwge HAFEAY s o

=
)
g3b @l vehd £ Qo

dwy = — 7 (2.6)

A71 A ne BFFY AFAEE HElWlE Fo 2 85 E(learning rate)
ot}
2 (26)2] A& A4 A (chain rule)g H&8o g7 go] JebA

dE  _ Q3E do;
0 Wy N aOk c?wk,» (27)

k3ol 3ol A¥ HolFsrE A7 wied 4 279 e

aok = —_( b — Ok) (28)
0d
G = S (nety)z (29)

A7) M netr (= z}:wka,- + 805 ¥ ZM QY g3 dAF s1F A9

Fol molol~ gg vd goz AR jFL o9 8 yehdn #
o4 9% LAHN 4,8 & Lol AN

QO
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8, = (& — ox)fo (nety) (2.10)

4 @NT A HEN WHY Awgs B3I 2o] Fainh

“(l‘k‘ Ok)fgt(nefk) Z; = —aij (210)

Awkj = 778k 2; (211)

Aol 2E wyen FHF upojoja WUEHE cohg o] AutH

oE
= gy 2E 12
0E _  QE do,
20, ~ Tdo, 90, (2.13)
48, = 6, (2.14)

eHEd j Fe 49, 27 j F9 SR ¥ % o4 FoARA @

org FHFY 2xE ol &3t ANTLEZN j Fo JANFAY v
oloj~g mAStlol Bk AMAHEL ol fabd TheF To| UEI 4
AT
_ QE _ _ 9E 09z
Auﬁ -7 avﬂ = az; a[}; (215)
BE _ s oE 904
dz; Z:&ok 0z, (2.16)
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EHF Y FHE 42 o] Fozn,

z; = fi{net) (2.17)

net, = 2 vix;+ 4; (2.18)
2 (2.16)8] ¥Z oS o] & + U}

85 = —(h—on) (2.19)

90 ( (2.20)

3z, fo(nety)wy .
up2ba H(2.16)2 of#lgt o] HHE £ v}

QE St o0 - - (221)

dz; Z: r 0 fo (net) wy = ZSkwa i
EF 2YEY dF shEAY WS bl 4 (215 g o)
Ao}

dv; = U(gé\kwkj).ﬁ'(nefj)xf = 76x; (2.22)
oA7le A, kv FHETE ey, g o9 & 5o dEpgolth welA
24 5 /9 238 )= FHF9 A F)E o] &5l T

Aot 2 o vlojojae) WS thei} o] Aot

_25_




46, = ~ 154,
JE _ _OE 9z
38]' 6‘21- 88]

Agj = 775;'

(2.23)

(2.24)

(2.29)

Adaety WA FEEE Zolv] AT Wyel ¥Ed AddHa ¢
o 2 e iR RN FEHEREE 777 SlEA mald
(momentum) ol Wol ALEHT AAL shAH S ALY ) FFE R
A 22 HAF(ocal minima)el E@ste] A3 HA 9zte] grogm 43
A @ A7 wAskEd olE wAshy] fls) muly sERe AE
Fhehoo) e 2 wolETe AR A 0, o]d WA A%
o awshs WAL R o WS ol &E oo st dACAM e £
bt Zr
Awy(t+1) = 96, z; + pl wy(1+1) — wy(t)] (2.26)
Adv,(t+1) = 568 x; + pxl v;(t+1) — 0,(£)] (2.27)
46:(t+ 1) = 9ty —0) + 1[0, (24 1) — 8,(] (2.28)
A6;(t+1) = 5(228 wy) + wl 6;(t+1)— 6;(D] (2.29)
o 7ol A pe mele Ao, 03 14}ele] gEe zrec)
@M Thee e st dejHEs dfsE g &
001 2]z wald AF L= 092 sduh NAs LY ~ZEY|=

MathWorkA}F 2] Matlab Toolboxl‘“ 2 A5
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24 259 A3 Ayt AAds =g Ag

Aste] dabwvli: iz st getA WS Algshe o] Roix T g
dg AaAel Al @esy AEe
A, 57, 20, 0 5 Ade tis FUH du= uFRAPL B
Y F 220 g e va A gy
of ulsl e HEL ol $FEn HAGAR] Hgo) wwH fo|s}
of @ol ®gx 3 et

2S0E o188 Al W: AA A FH wdd 2r) e

i)
12
.
i

Ir
oL
i
N
N
§2
N
2
A

2 obE oAt d@ T oAdel A% Am Fel EAs: A

s Aol e HAbe A4 ol A ggHE 289 o
of Sgel e @A FRel A #A99 BY ojdel, BE AAA

o) wAE j At m gk Ho] &

Aol A7) A4S ey AgNEe JES ol&dly o|Foixu 9l
U d3e] a7 25 gAY AZ3Rg e ALdE gdAE
(flat-bottom  hole}elt}  F(sphere)® 7|7} 4H2 ] Ab&dH)
(reference scatterer)®} ¥l welo] Age] @75 24 a s Ag-dFE-=17)
(distance Gain-Size : DGS)FH & A gate Wyol o] g5z Q™ o

TAE Asel 27t AE BEel A4ne AL Fgolu 2ol




7Hedtz] wiitel, Agtel 277 & Ffdw dB drop¥, EEUY T3
& da FHE S AHEstd 2% A7]E HAEH. 2y o] WYew
= Ak e HhE A7 B Ao ol &F ¢ US AR
AEHY 252 2717F dids] o3 4ol

FEe] i o]F #&stes AL FAR st ok TEv gifRe] 4
2

(ultrasonic pattern recognition) % A 2L F& o] &3 EFH7

(classifier)o] Wit A3 7F =3

u
g

=

stvkel 29 7] WEel sbEd ¢ A 5EHS @ol dgsioof 3t
O AFE2ZEE o] 85 AF Rl diF J)E AFECA oW 53
g0l FEH AMRHAEAE 7Hee] mabs) R

Song S'e MR A¥L EHy] Y BEAANZY BHIE
Agatarh A% TR, Ax gz dFEH #2278 3 e A9,
7] F(porosity), =dl-t £ (slag inclusion) 5 374 FH &4 #HAIL
MEST Q= 48T A AAY AT 2P Nsz¥H 5

& 2EAT ADIY By FArge 2MEFo2TE Table 1o
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10 (& A A antisymmetry) S #2982

Table 1. Features of ultrasonic signals[ls]

Time domain features

F1
2
F3
F4
F5
F6
F7
F8
FS
F10
F11
F12
F13

Number of signal groups

Pulse duration of the 1st group

Pulse duration of the 2nd group

Pulse duration of the 3rd group

Energy of the lst group

Energy of the 2nd group

Energy of the 3rd group

Interval between the first and the second group
Interval between the second and the third group
Antisymmetry of signal

Rising time

Falling time

Skewness

Frequency domain features

Fl4
F15
F16
F17
F18

Number of the maximum amplitudes
Number of the minimum amplitudes
Number of deep minimum amplitudes
Number of shallow minimum amplitudes
Frequency bandwidth
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Flaw Response

- F3 (F6)
F2 (F5 .
e < - FA(FT)
F8$ F9
ST AL/T—A_.,___'::FC Ao o

-
37 signal group

|
2" signal group

u 1" signat group

Magnitude Spectrum
A % Maximum of the 1* signal group

Fld:£0f QO
Fis:#af (1 + A\
Fl6:#ar ]

:#qu

1Al
Shallow

minimum

Deep

minimam

.
| o

Frequency

Fig. 2 10. Typical features of ultrasonic Signalslm
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A. Masnata S g5 AR e2ws Hest

rt) 4 A7 (rise time)
6 87AAIZE (fall time)
pd) B2 A& A 7F (pulse duration)

WEN) 143} oA (normalized energy) :

> LA

WEN = 7D

oAl All)e 2% e oA AFoln a2 A& ¥ BE
ol

SDEV) o} 122 oz ¥&M2 #F Ha(standard deviation of the

maximum peak echo envelope) :

> LAY

SDEV = —
”
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PE) Pearson :

oA7lol M Ae A& Fed QX Hitghelx, PET- 489 @52 A
of & Aol whrtd Ha oz Fade Ao 53], dAHA A

7 Az Al 09 gs THAe AR P

THANI) Hd AZ3 25 A)7ke] Hi(ratio of maximum amplitude to

rise time)

THANZ) Hdl &3 &7-A17ke] 8] (ratio of maximum amplitude to

fall time)

KUy #o 3= oz Aol A% (Kurtosis of the maximum peak

echo envelope) :

> LA - AT

P

Wi el @ bATh wer xehdel sheAe Hoje] I
{Gaussian-like curve)o]¥ X gko] 3olx, 2Alo] F 7§19 Azl 3

ks 7Hd molii= lejetn 7hA gt

KU = (n+1) Ry
[M@—Aﬂ

(=4

MMA) &2 23 925 ¥3A719N dE29 Ay A% 37 ¢

(mean of the maximum amplitudes detected varying the probe flaw
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position(P-F pos.))

MRT) “F5A17t2] "Hu g (mean of rise time (varying P-F pos.))
MFT) &7d 2 z2ke] H T gt (mean of fall time (varying P-F pos.))

KUA) #Hd AEZe] #¥% (Kurtosis of the maximum amplitudes

(varving P-F pos.))

AW) A 7hddelst A FE A FAZe] v (ratio of the overall

maximum amplitude to the defect virtual length (varying P-F pos.))

AA) FE2-243 Ao Hae A=A o AF o spd Ag A
o] Le¢] H] (ratio of the maximum amplitude summation, relevant to the

variation of the probe-defect distance, to the virtual defect length L) :

> [ MA(R]

AA = 7

G) #Ho HE fitting A A X{maximum amplitude fitting curve
degree); fitting = 7d¢ v ZIdHa= old dist= AA @ Ateld

A AEEE HassteRn dygdy,

rtl A THAN27b 7 o) 54 wiabe A wo] ofuazt il g4
A% A wd golv, yuiAle g3A-4d% Agrt dEsdd o

Choi $'& Zgs Bug olgete] 2UF £99 vlaFRol
271 Wrksbed GAn 432 e JesAn ARGl A

8
¥ YUEPon s Fus ddoly 34 54 20

£
e




MZo] i3t RMS 33 9] Fourier 3HS %38le 448 Fa14 AdHER
oA A A7 e oA WA Fa5E AlAF e A g
c},

[Sv)

M. Takadoya %2 z&3t £34@ dolgE olgsto sgglaa
B Az Bw 2d
AEE A/ AN A% AANZEES AR AA4H=Ge 8
#4717 98 4 SYom Fop G Ay By dolHE 3
Asagel 8@ FAdN0s Tad AAAA HB G ol el

T el dyez AL T AR AEeE v ge) x¥EE

iy,
o
5
o
5
D
[N
2]
=
g
oy
(]
9]
o
=
3
=
i
(@]
=
o
o
=
1o
N
L
r

Yoolw) = TWH H, H, HY: H, H, T, (2.30)
A7l M Tolw) @ FFA 248, Hlo) : 5 A2 Hlow) ¥ 24
Hulw) 1 = — 34 44A, Holw) 1 A — & A, THw) @ G2
e 293 HOM(w) @ A e ddde] daago] o $ug

FEoloh

ol Aaeh A7, wge g dE A& Adstne FHg
| T3t}
Ytheom(w) = TDHwastHcBriﬁstHw Tr (231)

23D A, HEM(w)= AA 24HWBEMISZ AME i el g

o 4EHEL etk HEI0NA  HELE AT SRTFE A
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ALZ17] f18), BAMelel d diale AlEE )& AR =gstdd 9%
SEa pmsh gAb) mAElel wdel fAbstel FAQ FUT Ao
e, o 71& =mAy AEE ggn 2ol el 3= o

Xref(w) = TO Hw Hb st Hcor st Hw Tr (232)

A7 N Ho (o) A Wel FAA wAeoAe) wrALE e,
$ A%l WY 289 4% P2 A Fdsn 4
dEel o 4230 ¥¥ AEe] F4HI ARTA

(deconvolution) &3} 7ol viepvtch

Ly
N
N
ol
_OJ_'d
)
0

3
A
E
10
~
N

Yexp ( CU) Hgftfck ( (U)

X,o(w) = Hg(w (2.33)
Holow) F2 siqAoz Add & v i, 22339 #3 ge

to
)
=

=

2
il
=
o
=

=
-
N
<
W
=

=

=
p
o
K
o
o
4
e )
o,

ol Gl i)

1
ARG olE dely F AR APz gl AbgEAon,
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A3 2 3

3.1 =348 A=

2 dgo] AbEE BHYIRE daae BHAEL Figo 3-13% Fig 3-2
2} zro] of= ™ A (180mmx150mn>34mm)el A B F)del X F(d
19.05m)et $dg 7islolE stasty, 719le]l F4 OoAM AdEE V&2
7 AZEe] 30°, 45° 60° E G0°¢1 Fldle] = Are] Poll HAlzbe] w4
3t Zo| lpmelil Zol7} 2m¢) AFHLELS FtFetFon, Frlzbo| 40°¢1
71lel FE Ao 1T AT(S40E wde AAE L2°E A s ST
Table 20 A gHe] F7/, 27 % v de =& HEp A

3
o ¥

30 | 19.05

v
h

Fig. 3-1. Typical geometry of specimens
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Fig. 3 2. Photograph of specimen

Table 2. Specifications of specimens

Spocimen 1. C(rgc;k dz;r;z)le Cra(él;]rl;ngth Specinlc(arr;H;};ickness
S0 A0
30 30 y 334
S30_1 30 2 A8
S0 22 2 345
45 45 2 38
S45.1 45 2 343
560 60 2 342
Se0_1 &0 2 AUl
S0 90 2 339
S90_1 0 2 3.1
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32 4% ¥

38 AFHEFE 7HR Aldle] APl A wAE g Wao
403, B4 R AZE A8 AHgE A"l AFREE Ugd Aol

VEAF NGHAN 2 SAFRAANE WAL AEF FALEG Fa) g

=
=
w
.’L\Lﬂ

U

N
o

of oi® WAl AE2 A F e FEER A

o T
A A we ez 2 gE dueld Fz 989 YEWS AL

el AR wE7= dEa AAol 0375 ineolil FAFIEFIL
SMHzl H£AE Ab&statt B9 glAvle o234 due #ygs
AA A 4 e KrautkramerAhel USD 15 2 &3 2F AE718 A&3
Row, FAH E2E5H obdEIL delE(RF MXE)E Tektronix TDS
410A A" edzssixe Bde] tiAdstete AsIAT FAF A
A A2 0bmelH, 73 YoM A=

BmAT FAEA YE Yol AT GER, 5P A0 L JEoAL

Aol M =gl dlolH 2

Table 33 2}

Table 3. Transducers and couplants used in ultrasonic testing

Water irﬁmersion technique| Contact technique
Transducer Technisonic Sigma transducers
Sampling time 40ns 10ns
Couplant water glycerine
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Digital Personal
Oscilloscope Computer
y
1L
Pulser & Position Controller
Receiver (Scanner)
Scan Direction
’ —— >
Transducer Water
Specimen
A /N

Fig. 3-3. a) Schematic diagram of ultrasonic system with water

immersion method
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Digital Personal
Oscilloscope Computer
F
i
Pulser & Position Controller

Receiver (Scanner)
4

Scan Direction

Transducer —

»l

Couplant

~ Specimen

A A

Fig. 3-3. b) Schematic diagram of ultrasonic system with direct

contact method
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A4 A3 2 »F

41 3PS o] &3 AFA L] F7}
411 A-FAL A3 A

Fig. 4-1& A&7 4de] AApzbel 30° 45°, 60° 2 90°91 AJHeA] 43
Yoz 2% 289wl 85 2 dewddAs wANss Hy
AES GEe Ao 38S GEd Flolth 30° 45°2 60°A el A
WA A F S 90°A ot wamsked QFFEA HhAE B o] W Eo]

A3 Qabstel 2guHE Wb WEe] Zum Ay e wE 2
Avlol gt 7419 JFos e WEY NI VEd Ao 47

oh Qlgdde] Aalztel A4 wdo] AT ol D F|slo] HHo

mREe R F77) R, 2k AR A AFTLe] o7
AETE HY EE s AR A% F 49 97 2 A5 9A%)

T A Es} pagel wek 489S 2 5 9
Fig. 4 1914 S90 Ale] 4o
m =7] WEel 71ge]l FHAN A AFEG FFEG ddefA g

A AEZ WA dehdel deln 78 Akeld wabe A3e) 7ol

Aevwd o] 7lde] AHrT} 2

rr

7l ololl A whALE Alg o] I W AA Yehd Ae wd Mdde] 2
del qabztst £49l tmel E& AA@ dx, Flslels] &bt
ol 4 Ao HE Aoz I gk F|dolst THE Xz gl

e UAPH O R HFobe A Eapa ks ) wiEeth 281 AFF
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0.2

] back wall
01 keyway cracktip comer o we,
o] NS
0.0 ; .
-1
i scanning position : 9.5 mm 530
0.2
T T T T T T T T T T T
0.2
] crack tip back wall
0 keyway corner
00
E 0.1 ]
Q
he A scanning position : 8.5 mm 545
=3 0.2 T T T T T T T T T T T
x
o 02
é‘ 7 crack tip KeYWay comer back wall
01 ~_ il ~
0.0
01
7 scanning position : 6.0 mm S60
-02 T T T
T | T T T J T
0.8
4 —* crack tip
04 - — keyway
0.0 SN
04
] scanning position ; 0 mm -@
08 T T T y ?p T T T 1 y T
12 114 116 118 120 122
Time (us)

Fig. 4-1. Typical ultrasonic RF signals of specimens (530, S45, S60
and S90)

- 42 -




dol Flglel Haol 7hEH o A7) wWEel, FAA I AH] Fel e
AW EZF veb A e

Fig. 4-1o14 S60 A)# ¢ ASole d3#d Ao Fol7t 7]go] A
U 247 AEe Fldo] A
2 BT w] wide gE Muhe] MEh b WA e, 7)9 o]
LS SR S U = s LR B B s B B T
71 o] AN F R oF7k Heo| Ha g wolm ot iy ¢l Agho)

(o3

ARk ok7F w3 AdFFE Aot

2

A oukabel Aol Fjdlolal M wtAbE alse] AIZFAIE S90 AlsE M 9
AgA RS Gdjdor Ao a9 FASIAIE g19e] A 6.0nm
doj A l7] wiEell Aol A whAbE A&7 e

Fig. 4 1o1M 5459k S30 A1#e] Z-¢, F Mol o7}t s)glol AA
Hup wty) el 890 % S60 Aldel Mgt 2wl glde) AlEs WA g
VoL AARre] et E Fldo] A ¢d A Atele] At A%
7l Wl xS dte] WHARIE dojx FiolelA] wkAlg AEe} i

ol A wkAbel Al e} Akap7h ARk

@, Fig. 4-1904 49l AAbzto] 22858 w9 Huolq v

dEsh wARSl A wabR N5 A} dast AL 2 S
o Ae wHe] WAzel FATEE wd Ao wAe xol 7} 7

obdew 2&He W77 golx|7] WEon}

S30, 545 H S60 AlHelA 1FTFAHY 7o)l HipE 2ajg Ad
Azt A AFAbolo] et WAL E(HA Yoz FADE 71909
AFdd FH B¢ vaetd gaal g)ge WS oal A=
creeping #H7'e) B4, B wbAL R =W Sof o) waly Aow
daEn £ o dF7 2ag BPo|r}

_43..




412 A5x4

duir o x&EaGgdd e A2 AT F
Abolef sk alZktime of flightye] ¥kl 2 &ae AT Wsla HE
2tk K. Date 5, A. J. hayman, D. K. Makell 2&t% dzpA)zhe] w3}
o WE s gt ANeE dHe gol, A, aeln 4x 234 &
StA AR glgel Rag uh Yok T odbAL 2l FAbele] Ajzbate}
AEE ndset7] fleiMT bz whal 215 E diEsts g Astoof
stu, Fig. 4-14 & 4= 2l dheh o], ddolA whAlel A&7} wl e
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Fig. 4-2. Typical ultrasonic signals after signal processing
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Table 4. Features extracted from the A-scan ultrasonic signals

Feature no. 530 S40 S60 S90
F1 2.44 0.92 -0.24 -1.32
F2 3.2 1.76 0.84 0
F3 95 85 6.0 0
F4 8.0 7.0 6.0 0
F5 7.0 5.5 5.5 0
F6 6.0 55 5.5 0
F7 6.0 5.0 4.0 50
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30°% 45°AlHol A efzbe] Ate]lE Hoju}, HETe] o] M4t ¥
Sl 52°e) Aol Al FAMsA dElUD glow, Zelol HLdx
e Alfel M 01m W] Q& Hol: T, w99 ZtxEg "ol
3 Ao g dEshA HokE
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Table 5. Orientations and lengths of keyway cracks evaluated by

neural network

Calculated
) Qutput neuron
Specimen result
#1 #2 #3 #4 Angle | Length
t 3.75 475 9.96 8.23 30 2

s30_1 | o 40984 | 49153 | 102192 | 84309 | 2455 | 1.9660
e | ~0.3484 | -0.1652 02592 | -02009 | 545 0.034

t | 137 | 278 | 813 | 672 | 45 2
s451 | o | 14939 | 27666 | 79740 | 64567 | 39.99 | 1.9803
e | -01239 ] 00134 | 01560 | 02633 | 51 | 00197
t | 046 | 127 | 575 | 475 | 60 2
601 | o | -04175 | 12185 | 57151 | 47422 | 59.26 | 1.9034
e | 00424 | 05150. | 0.0349 | 00078 | 0.74 | 0.0966
t | 200 | 000 | 000 | 000 | 90 o |
901 | o | 20087 | 0.0387 | 00527 | 00576 | 90 | 20087
e | 00287 | 00387 | -00527 | 00576 | 0 | -0.0087
t | 161 | 318 | 850 | 727 | 52 9 |
s40 | o | 15395 | 32274 | 82242 | 69560 | 53.08 | 2.1114
e | 00705 | 00474 | 02758 | 03140 | 1.08 | -0.1114

t - target value, o : output value, e : error
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Fig. 4-14. Configuration of actual cracks and cracks evaluated by

neural network
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Fig. 4-15. a) Typical ultrasonic RF signals of specimen S30 and b)

ultrasonic signals after signal processing
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Fig. 4 16. a) Schematic geometry of specimen S0 and transducer, and

b) ultrasonic B--Scan image of specimen S0
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Fig., 4-17. a) Schematic geometry of specimen S90_1 and transducer,

and b) ultrasonic B Scan image of specimen S90 1
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Fig. 1 18. a) Schematic geometry of specimen S30_1 and transducer

)

and b} ultrasonic B-Scan image of specimen $30_1
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Fig. 4 19. a) Schematic geometry of specimen S45_1 and transducer,

and b) ultrasonic B-Scan imagce of specimen 5451
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Fig. 4-20. a) Schematic geometry of specimen S60_1 and transducer,

and b} ultrasonic B Scan 1mage of specimen S60_1
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Fig. 4 21. a) Schematic geometry of specimen S40 and transducer, and

bh) ultrasonic B-Scan image of specimen 5S40
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Fig. 4-22. a) Amplitude distribution of ultrasonic signals over scanning

position for S30_1
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Fig. 4-22. b) Amplitude distribution of ultrasonic signals over scanning

position for S45_1
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Fig. 4-22. ¢) Amplitude distribution of ultrasonic signals over scanning

position for S60_1
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Fig. 4-22. d) Amplitude distribution of ultrasonic signals over scanning

position for S90_1
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Fig. 4-22. e) Amplitude distribution of ultrasonic signals over scanning

position for $40_1
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Table 6. Features extracted from ultrasonic B-scan image and

amplitude distribution curves

Feature no. S30_1 S545_1 S60_1 S90_1
F1 2.73 1.18 -0.59 -1.48
F2 3.47 1.95 0.79 0
F3 10.5 8 6.5 0
F4 9.5 3 5.5 0
F5 125 115 3.5 2.5
F6 12.0 105 8.0 2
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A A%t 2AE OAE uolw, #he) ZwEs) do) B A A
don FEal WA ek Fdel AAb7he] 52090 S404) el A

el 4202 WobE olfi Hmuol FAo Wt YUY #A wAD
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Table 7. Orientations and lengths of keyway cracks evaluated by

neural network

Output neurcn Calculated
SpeCimen P result
. 29 #2 #3 #4 | Angle | Length
t 3.75 4.75 9.96 8.23 30 2

<30 | o | 391 | 482 | 1004 | 836 | 285 | 191
e | -016 | -007 | 008 | 013 | 15 | 009
v o137 | 278 | o813 | 672 | 45 2
45 | o | 137 | 286 | 812 | 666 | 455 | 209
e | 000 | 008 | 001 | 006 | 05 | -0.09
v 046 | 127 | 575 | a7 | 60 2
60 | o | 043 | 126 | 585 | 494 | 609 | 193
e | 003 | 001 | 013 | 019 | 09 | 007
vl =200 | 000 | 000 | 000 | 9% >
90 | o | 200 | -000 | 001 | 001 | %0 | 199
e | 000 | 000 | 001 | 001 | 0 | ool
L0160 | 339 | 850 | 727 | s2 | 2
<0 | o | 181 | 324 | 863 | 701 | 419 | 214

e -0.20 0.15 0.13 0.26 10.1 -0.14
t o target value, o ! output value, e : error
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Fig. 4-23. Configurations of actual cracks and cracks evaluated by

neural network
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