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< SUMMARY >

Purpose

Development of an ultrasonic and machine learning based absolute stress
monitoring technique and examination of the performance (20 MPa resolution)

Contents

Investigation  of the relationship  between ultrasonic  propagation
characteristics and absolute stress through [literature reviews and
experiments.

Extraction of absolute stress sensitive ultrasonic propagation

Purpose & characteristics
Contents = Development of absolute stress monitoring technique using the extracted
stress sensitive ultrasonic propagation characteristics as input of an
artificial neural network
= Examination of the performance of developed technique for a plate-like
structure under uniaxial loading applied by a Mechanical Testing System (MTS)
= |nvestigation of the data acquisition system specifications and data
acquisition parameters for absolute stress monitoring resolution and
improvement of the resolution by optimization
= Examination of the target resolution (20 MPa) with 20 MPa increment using the
MTS
= Ultrasonic and machine learning based absolute stress monitoring technique
Results for a plate-like structure under uniaxial loading (World first and best)
= Ultrasonic generation and acquisition system for absolute stress monitoring
= Patent application of research products
= Multi-axial loading monitoring technique by investigating ultrasonic
propagation characteristics in each direction using a sensor network
= |dentification of the maximum loading location and stress visualization using
a sensor network
Expected

Contribution

Application to various structures such as nuclear power plants, ships and
railway structures.

Additional research for absolute stress monitoring for large infrastructures
and field application

Unification of ultrasonic based structure damage monitoring system

New market development in structure maintenance technologies

Keywords

Structural ) , ,
Piezoelectric , Machine
Absolute stress heal th Ultrasonic )
, . transducer learning
monitoring
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Lamb wave= symmetric (S)2} anti-symmetric (A) 2=, 5
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22T 717 2 M4 AL 7Y

National Instrument (NI) PXlI A|AEIZ o|25t01 =2m} MM 2 HZE FIEY oS FAME 5= 0
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2 7ol =31 71l & ASS dl Lab View 7|82 AE LT EQo{E s|etst
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MS 2= 5-cycle tone burst A& ALSE

SMA
Connector

PN

—Input Signal

o
o

Normalized amplitude
& o
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Time(ms)

(b) 5-cycle tone burst &l&
F M2t 718 AMs

b
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El

PZTA PZT B

Thickness: 6 Unit: mm

Specimen -
thickness: 6mm ‘l
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» XSO JiF Fhlges MR 2AS 2?6l otE FE0| 42 FusE MEE
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rate2 MItE =ZOE ASE. ESH LO0|= HAHE 2flsto] =3m MM 2 AZFS 20 HH=5510d
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» SHE ZSTooAM S0 ZEF A0 EEE FESIo] 33 WSl E =30 K HEE el
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28 ZUHZ 7= L2 o 3.

o o2, 2 AF0ME SO EEE 0|35t 83 ZYET J|ls IS AAlE

3-5. =84} £ HelE 0|8st Y == 38 ZYHTY J|& MY

= MTS ZEHH|of| A|HEZ M3t 0~20 kN Z7FX| 2 kN (8.33 MPa) B2 MX™ olEt st=g 7t =2nts
HEE. olmf AlHof| 7l X[= stE2 MTS Zd|e] REM S Sdll AAIZISZ Moo= HSE

o IR AMS, =ESTF FIoEE, sampling rate 52 AE AT HEE2 ol AMEHD ST g2 Al
& 5t s.

SO =S4 MSe| £ HE FHZ ffdi chaFst & (Cross correlation, Zero crossing % Peak
tracking)0l AEEA20{, 1 & cross correlations O|2st= ghHo| 712 50| EH| LIEE.
cross correlation2 7|& ASE MEHSI0] CIE2 Ao ETIe| gy AMMUAAE 245101 =S The| Al
7t X|oiS K== AHAMSE.
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8 81 w
2 R?=0.9928
E0.05¢ o0 |
D = | L '
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Stress (Mpa)
a8 13. S 2gne XAYE A £
SREl 2HAlZ 0|85t0f 0~20kN Alolo| 2lolo| M olF SHE (1-19 kN, 2 kN THel, A3l Ao
M St =33k AlZE X[ 2 s Aol AlSE A E’gg SE)2 Jistal, MTs FHle| ==Hdof| 7|
& stz FH At Sy 230 M 2FE FHE 3ol HuE A O 2 39 F
d z|tf 2%f7t 3.5 MPaZ °f 4 MPa HEEZE 33 ZUEE0| 7ls&e =felet
0.2 . . s
---------- Liner Fitting ™
[ o TestData e l
20.15 o
- ey
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E I ¥ . 1
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0 s . . ;
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Stress (Mpa)
a8 14, A stF stolM =3 at 7|8 8 2UEE Z1t
SUTH HHOZ SHIIS(LHTE gh5stE) solM L™ Az 24 (1s) 22 =31t s E 0
M ASet = 0|2 ¥dsto, AlHo| JihEl HdSHe ZHEPSHE Ades sdd. dd Zaef
MEE ZAEE 9o SUs MES 10814 ut2 3
AEZD, HEAURT BUIESS BRSY RUET A} Zate #elsidn, olnf S 3
Ztf 2= 2 4 MPa2 =HelE.
| o Estimated Stress---Real Stress | o Estimated Stress ---Real Stress
8_60 Real Mean: 41.65 Mpa 8_60 I Real Mean: 41.65 Mpa
= ° =
= Q il = - ] - = o a ] o <] e} o o
B 40 Fored® ®a0} ° o
g Estimated Mean: 45.09 Mpa g Estimated Mean: 42.99 Mpa
w Estimated Std: 2.32 Mpa )] Estimated Std: 0.72 Mpa
20 20t
0 2 & 6 8 10 0 2 e 6 8 10
DAQ Trials DAQ Trials
(a) 103 H&F = g7 (b) 100 2| A& = "o
J% 15. " 3HE 10 kN (41.65 MPa), &= 5 kN (20.83 MPa), 0.1 Hz & HI535tF AEHAD
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| o Estimated Stress-—-Real Stress | o Estimated Stress-——-Real Stress
8_40 | Real Mean: 20.83 Mpa 8_40 Real Mean: 20.83 Mpa
% L] o [+] % o a
» c o i g _®
@20t s - @20l ow e
@ & @
= i =
n ~ Estimated Mean: 19.84 Mpa ° | @ ol Estimated Mean: 22.61 Mpa
0 Estimated Std: 8.17 Mpa Estimated Std: 3.63 Mpa
0 2 4 6 8 10 0] 2 < 6 8 10
DAQ Trials DAQ Trials
(a) 108 AZ = HZ (b) 100 &l AZ = "
8 16. HsHS 5 kN (20.83 MPa), &= 5 kN (20.83 MPa), 3 Hz && HI=stE AEHZAD

| AFEE|D U= Multi-layer Neural Network
o| At 12{5IX| L1, raw datas AT Xzls| w20 e kel &M 0T}

, B, oo 74 5 HEste m2tolE 2| JHTt Botkl= ATt US.
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L
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Zolnf, 2450 OS2 st melo|ele| xfol= Cf Ho|F,
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S. Wels 2 stsolM M2 chzdl M8snd, Welo E3e 2 |

2
2|
< th=gt S0l AlZsto] A 2te] U Ret SEL2 o SESHH ETo|

LR

LSk, ONN2 CHE A3AMZUST} v|wsto O 22 stE u2lo|HE o =2 AES A3st, U
EfE A | U=,

Z5o EMI azAPdYUZ ol8std SHE ZUEZsSH| fIsHM Convoultional Neural

(49729, 1, 1) (223, 223,1)

1D ultrasonic

i 12 112,30
response 2D input (112, )

(56)

(7) Convolutional layer, C (Filter size), Stride: 1 1 Buiy eonmeciediayer

"% ReLulayer (ReLu activation function)
*(Width, Height, Depth)  (*#} Max-pooling layer, P (Pooling size), Stride:2 ] Qutput regression layer

a8 17. 84 FE2 I8 CNN 22| &5

CNN2 CtE olZAldatnt olxiuix|2 3 AS, 28 AS ¥ F AS Alole] o BY AHEe=
TMHE. 2 AES2 slY dolegto] 2= SAHE =tE5sty| flel diolHE wAsSH=E ANs F=yEh
270 M= Convolutional, RelLu, Pooling, Fully connected layerE O|&235t01 24 HE8 A5
o] =
PN =]
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Convolutional layer ilterg AL2S}H0]

= f ,
ReLu layer= Qladldgte| HlME M S HO#OF._ Ast= S Pooling layer= F&E dsol EXE
550 2o= AskE Sto, Fully connected layer= =& E2 2 0|2510 23 ZLUEHZS A

A&,

Convolutional layeroliM+&= 3x3 37[2| 3070 filterE O|&3t0 2D inputS
S feature maplZE UHEJUS. O] M, stride= 18 AISE. E8H, EXZS
FE2 YX|st7| 2ot =gt F=2lol zero paddingE AFESSIFS.
Convolutional layer& HMAM FEE SEHE2 Adiloll 20{7t= HEREY 2[AE
2X|5k7| 25t Max-pooling layerE Ol &30 &3 O|o|Eel A7|E E0|11 §H O
Fond, Convolutional layer@t OFEZFX|Z 3x3 3712 filter2} zero padding2 A

2 Mesige.

S8 ZUEZe uIgnt Ao g s wX|stn Zoe| MEM sHE 2|5t0] 242t |ayerE F

JH4 i RISt 2NE[FS IHLSIUS.

5o +=23M =EE st FYE S0 =31k 415(49729,1,1)2 2D (223,223,1)2 H2ks50{ CNN
UDE|F inputSR AIBBIN O SIBAHYSl cutputSRE XSTIL SHEY 1ol xS0 A8
ste Sol =a%.

Mean square errors Z[A35}517| 915H0] gradient descent optimization €I2|ES 0|&35I¥ 20,
t&oll AFZ2El learning rate= 1e-60/04 500042 iterationsOl it Foll elgaldatel st58 &

ShH
5|
25

MTS ZHd|of| 220l W A|HE2 MX|SED 0~20 kN 7FK| 2 kN (8.33 MPa) CHRlZ2 XE olZt st=2
7t =2uE ASs oluf AlHo| JlsHX|= SHE2 MTS ZH|el 2EMS Ed AAZICZ Moz
HESE
olzAlALt st&52 2|5t0 2+ SEEE 1770Q] training data® ALRSIE 0], olZAld 2ol & stEg|
U=X| 2elstr| {5Hd 37He] validation datags A&
80 || ° Estimated Stress - - -Real Stress 960%|
L
o Max.err=1.64 et
Qo
O 60} JPu © 1
E ,90000
"
2 40! e |
O _pcﬂ‘b
% poond
20+ So0oe 4
‘g.a.nua
D aﬂood L L L 1 1
0 10 20 30 40 50
No. of Data
a8 18. el3Mdds olgst MY 3H = ZIl
O|MT} SASIH 0~20kN Atole| Qlojol MA QIAt 5= (1~19 kN, 2 kN k|, M3 AlsofA S0}
=3O X|AAIZE A =7 Alofl ASEX 22 SH)S Zhstl, MTS Fd|e] 2EHM| 7|FE stE2
2EE AXrE 223 220 AlSet ZAMAdUoc2RE FHE 229 H|nE Gl L= ol
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» 2t 5t5 o 57H2| test dataE CHEO! 2 ZUHZS AHASIRZ. 2=dof 7[SE SHot ozl
Zdae| 231t v|w Zoh, 23 FH Zof 2XIF 1.64 WPa2 2F 2 WPa HUET 2 3 2u{E{Zo] J}
=sto 5to|stk
o= -0

. QlZAAHTLS oSt giHo| 231 =20 AlS X4 Ato|e] BHAHIE o|2st HHHHELCE 2F 2 WPa =2
HuEE sjEe o & U
- EBH ABNUZAYS 0lB3te xS 45| A7 xlelg AWM 2T S 2uEgol JhsE
ggol U=
Load-monitoring Data acquisition
time interval time interval
E E : Time
Averaging
v
CNN

Amplitude

a8 19. X S 2 SgtololE YS Hes

2 SHOIE(YHAE uH=slE) slolM U Azt 2oz x21) AS

HESH £, OWS SHaAlA 23 Sx SaD) TS Mol 2EMo| 7|28 stEoRRE
I:I AL

~

= Load-monitoring time interval® 32 Z2EUE{&<e| F7|0|04, Data acquisition time interval2 =

|E18 MU o} singnal-to-noisell &FatZ 915101 Load-monitoring time intervalS¢h £3
ot AlSE WA 23 DTLE2S AlA|

= dS EelE flsto] =S cf27| Slof 3Eel AYE TSR 2n, el =H2 oiEdt €.

A =AH
Mean Amplitude |Frequency| Load-monitoring | Data acquisition No. of
Load Case , , . . .
(MPa) (MPa) (Hz) time interval (s) |time interval (s) averaging
1 50.00 16.67 0.1 1 (1 Hz) 0.25 (4 Hz) 4
2 41.67 20.83 1 0.1 (10 Hz) 0.025 (40 Hz) 4
3 20.83 16.67 5 0.025 (40 Hz) 0.0125 (80 Hz) 2

fIsto] Bl st 82 #el, F7|, £Su ASF FI|E ct27sto] 389
= =
= =

x|C X7} 2.61, 3.17, 4.08 MPaE =2 MUTE JIE.
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poch = nt 3K[m+ 4—+7\+2u] C21 2= o|2Al
On AL

Pochs = u+3—K[m— o n—27\] 23 ZE o|24l

ABAQUS T2 S o|B5lo] PxBo| F2 ALREE SM570 steel AMZE2|l Zol 1200mm, XIS 110 mm
3710 22 YUY %0, S0 we ¢11, ¢12, €13, €21, 22, (23 BEo| & & W5t &
oIt

e H

Algefold 22, C11 229 MutKzrt SHof| 7HY 2izsi, 023 2=9| Mulk
7F Aol HSHA| &F. mWEtM, 2 Aol s SHol| JHE et (11 2= o8

- -
S AAEH

Excitation i

ODB: Job-1.0db  AbaqusfExplicit IDEXPERIENCE R2016x HOLFIY 3 Hon Aug 12 09:51:19 GNT+09:00 201%

H 4—I SL!n‘ Stegel

-
Intr@mznl 2545 Step Time = 2.2451E-D4

=2 (b) ctHollMel =5ut M}
a8 21. =33 Mo 242 fIe AlEZaold Znt

O TE2 22 DUEZo| ABSH SHSQI0i 2EZEY0{S 0|85l0 YES NCR 3T} 4

St Macro Fiber Composite (MFC) % AJIH% AH8E. 53|, P1 ERRl MFC2E P2 EHl MFC Boll =5
to| 7ixlnp MAlo| 2E JtsEF P2 B
1= 712 28mm MZ 14mg .
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=
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AN AEtiwe| YHE|X| AlAHo] AR Zol 2= st 44 (Zo] 1200mm, XIE 110 mm)2l
SM570 ME o] ZH=E2 HMZESID, ZEel EHol| =2ut JIRlnp MAS 2 Ml 7He| P2 EFIe| MFC Al
ME F=atst

WXcstm stolE2|= FxRAEME!2| 500tong UT o Z& A|lHE MX|5tD MY 2 st52
716 =20l MoEx HstE AESE. oluf AlHEo| JIElX|= SHES 500tonm UTM 2|l 2EM S

Excitation PZT& =34 A S& Fx==0 786k H&s 510, Sensing PZT_12} PZT 2= F+==0

Sensing PZT_10l= C11, C12, C13 2E2| =5uPJl AF =0, Sensing PZT_20ll= C21, C22, (23 2=

of =Pt AFE.
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 Diameter: 110 Sensing
Unit: mm ‘

f . fSensing: 450 iExcitation
#PIT | '—> P2

(a) AIE AT HIZE 2 QFMAl AR

- = —

H
a3 22, ME AH A U

Fojs MEE S| ol olA
Ues = ToME 10 Mz of MBY F
| =]
—

st &, 0|lZ Interpolation 3t0f EC} =2 Azt

2 ko

- 11—o0kN | pe—
5t ‘n| 1 S gl 800KN /_c'/ S
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