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Fig. 1 Deterioration of structure performance.
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Table 1 Nondestructive inspection method(19)

Inspection method Target failure Target material
(Surface/Internal failure)

Visual testing Surface failure Everything

Hammering testing Internal failure Everything

Ultrasonic testing Internal failure Everything

Magnetic particle testing Surface failure Ferromagnetic material

Penetrant testing Surface failure Non-porous materials

Eddy current testing Surface failure Conductive material

Radiographic testing Internal failure Everything

Acoustic emission testing Surface/Internal failure Everything

Infrared thermography testing | Internal failure Non-metal material

1.3 FFRERRE & BEEMR

BAEAWV SN T WA IEIERAE T2 Table 1 12377, SIEWBRETFEIZOWT
(AP UTAN

HGME ML PR EN G 2 H TR TREIZHN TV S OURENh, EHRZR
CDEEGERDITLFIETHS. RKENIZEULELELEZ RO 2 Z 0TS 20EEGR
& DRI ME S O EBUKFT 5720, MOMEBEFEOAERE L TirbhaZ
LW, HEMAEZITS 2O IIREEVRENRIEMAZHHUTEZ 2 LDABETDH
B, 1V 7 SHEWIETT 572012 3R RE R & REH O LR A
BB AR N OWMADEEE 725, TNEMIRT B720D12, KR L O BEfl[a) 8
ERAAAEBRERREMR VT 2 720K D) 271 Y L AH A 5 %7
GBWEAM OB (12), H A SEERL MEREHT Ry oz (03, ENTE
EATURED» S MEREZIT ORI AT —TH A SO D) 8D h XS5 2HWE
LEDDREINT NS,
IEMREBCEHUTIEE 2 BB VWTH L IR T 22, Mtz vvTi<Ze



THENMFET LI LI 2RETIEOELEZREEVE T Z 2 I2k v EER
MATH5LDTHS. HUMREL ZZ O ANBITFET 2BEGE2RATEHI LN TE 5.

A ARG I IMEY S E R 2 AN VBRI W THELE Wz 2 51T 5
e THEEZBRMTI2FIETHS. ZOREFIRITE S Z H\VS Z & THIBIZEE
T AWUNLEGZ T TTRETH D R~ RIREBBG TN T W2 D U 72845 DR i
DRHEETH S L VWS FIEEANH 2 19, Z ORI L CIEAZ 5 filc TREL < &l
5.

TR BRGAR A | R EAR O MA S R 2 G DIz B < 2 & Tk T bRl
A 2R A E T DS D3R % K 2 72 & 1845 0 i i |2 R A DS B VR R SR T I 9~ %
728, O E T, BN R E OB Z DT 5 L EIZE ARG S
TRGOMRZBINCT B Z N TELIRETFETH S, KIS 16 12 & > THHR
ET A VO RPEBEME ONIN 2 RE T M EEREXREDOHRAE M TONT WD
FAy, &S (O7) D358 FEHE O 8 PR AR O I I D 18 1 A AIE X AN YT & A ORI E SR
BNDEELEG LTV,

RBERGRE TR B Z RAEN R EMA LRI ORBERZRE L 218, BBK%
BT HI L THEBIZRAAAZRIZEVBEVREZBIRT LI LN TEZIRET
HETHDH. M O I TENBRBAOHEAGIVHEAINATVE., EEAIS
W) iz ko THEIZL BTV 27 ) — FDOVENALZ O CENID DJtt TEALT
LHHEZDOHEIZ X > TG FEHET 2 AEPMEI TV 5.

THEREGREIZEEED D 2MENEYIIZREZR U723V EED TSI LT
BIEAEIZ L > THRANSYNICAE L 2EROBGICRERNT 2Lz Y E—X VA
DEALL UTHRHT2RETETH S, #I5 C) I2koTL—LDE LAEHNDKR
HAFTHNTWSIED, %S 2D 12k 5T CFRP BEHO XMt FESRES N
TW5.

T FR WA (XA 2 AT RN LN 2 Ed S, MAENRYIE#IC
WEUZTAIVLAZEE LR T 52 THEORMPHEZFHR2METIETH 5.
COFHEIFIEEMEINTHD 2 P MERNFYOBERIZT A VLA ERET DHERDH D,
BiES 22 & > TPHEEHEAM & U T KAIRMIE~DEHAATbT N5,

TA—AT 4 v 7 ITIyYa VIREIIRENREEGEYIN CEE VSR AET 2B
INHZHETRINVFIZL > CHI SR I INIPE =R 22T ICI ORI S LT
BEZRINTE2FETHL. ZOFERITEEREGHRE L FARICESY 2 EBT 5K

6



FNZHDOKMEAFTIETHEH, 72771 7 ITHEEYITBEE I 2 AT 588 1R ER
TR VBEREIAVHBEINE2HET XAV 2Ny VY T RBEFIETH
5. mNs 33 391 REREESEO EBICER S N A HUMEOBREIZE LTy a—
AF 4w 7T IvyavEABLTRHETSEZ 2R LTWS. HHS CD 3o
R v 27 DEROEEEEZE 217> TWw5a. £S5 292X 5T RC E2D
HITHIEIZ & > TH LU % AE FHIEBRAM T DT WS I1ED, Bl 0 12 & 245k
W& O AR T =& ) V7R kM S CD 2k 3oy 2 ) — OB ADE
ZR) VI TbNTWED, BERERIZE Y Y YT U TWERBENRD L 2D K
BHIDPRBRE L 705,

HRINRYT —E 7 T 7 1 MEIZME N REGEY) 2 5 U S 0 5 RIAMET 3L F &
U, RAEMESMELTESAD I e THEAGEREZ RIMREFIETH S, FEEMEHH
TdH O NIBITFIET G ORZ @R E CTHE T Z 2 B IESEMENZ O A5 H A 68
ThdeedHITRENFEEMNORELIPBETDH 57D KRG & DR % ]
LYo — MEEYIZH LT, fii s B ka3 ar sy — MEIKET
HEDBFERERKS @) 1z X238 - av 2 ) — MEOZERIMFE, BES GO 8455
COIZ X B RIGOHES 2HET 2 FEMEI LT WS,

1.4 BEANIVREZS) VT EBAME

141 RBEAILRAEZSY) VT OERER

Az FH TZODEFICBWTRES NMHENVAE= 2 Y V7 OBERIE, T8 A
V7 IHEEY OEFMLMEICN U THEEHATH 2 LERA SN TE DA 251 TH
NTWa, &KE), BHZMHUZBENVAE=X) VIV RATLEERT 5 EEIT
Fig. 3 I1TRT XD ITREBEDF, 7 — X @, WD 3 DIZKHITE .

Measurement Data analysis Diagnosis
- Excitation - Model » - Damage index
- Sensing - System identification - Localization
- Data fusion - Inverse analysis method - Residual life assessment
- Sensor network
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Fig. 11 Wave propagation model.
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(a) Frequency component of modualated wave.
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(b) Frequency component of demodulated wave.

Fig. 13 Frequency shift by demodulation.

2B IS, KEBRTIZEM T — ROERZHT 5 72O 10kHz DA T O i
T7u— TIRE O E R R IR 5.

Table 2 Parameters of FEM.

Young modulus [Pa] 2.05 x 1011
Material density [kg/m?] 7.8 x 103
Max value of element size [m] 6 x 1072
Min value of element size [m] 6 x 1074
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COMSOL 4.4.0.248

COMSOL 4.4.0.248

(b) Longitudinal vibration mode
(1351Hz).

(a) Bending mode (1018Hz).

COMSOL 4.40.248
COMSOL 4.40.248

(¢) In-surface bending mode .
(d) Torsional mode (1064Hz).

(1102Hz).
(e) longitudinal vibration mode of (f) Bending mode of width direction
width direction (10059Hz). (10245Hz).

Fig. 14 Vibration mode of beam specimen.
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BERTORRAER T OEMZ 2 YRS U, A TIE 3Imm EFRELTWS.

ITHWS Y YT L AL, EFEETZ2HTCOLMOEY ST LI UTHEAL
TW5. ZUHIiz, ZoOREBA %2H\WT Fig. 15 1IZRT & 5 2 EBREEZMA, &)E
AR 51T B R O HLIREEBIZ OWTHE L 7. AERTIIESE R %2 Al
5 7-ITF5F 4 4R Signal Generator(NF #), {55HiEsSR (NF &) 2{iH 7 5.

{85 F 440 &5 5 I %2 8 U CTHRIE 30Vp-p T 10kHz~40kHz ¥ T 1 BT
AL D AL —TPE A U7z, FHANZIEEHHIER AD R — F WE7000 (4 &%)
AWV, U7V AR IMHz & Uiz, 2 OREOAEEZTDBIEREDE
PSS % Fig. 16, Ik L7723 D% Fig. 17 1ZmR7. IhorAb e, 10kHz~15kHz
ODMIZEVWE =2 HPEHLTWE Z 205, ZOHTHE -2 &\ 12.4kHz~
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Table 3 Parameter of specimen.

Young modulus|[Pa] 2.05 x 10!

Material density[kg/m?] 7.8 x 103
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Fig. 15 Experiment setup of sweep input.
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Fig. 16 Open circuit voltage output of Fig. 17 Open circuit voltage output of
receiver PZT. receiver PZT (up).
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Fig. 18 Experimental setup about estimation kd.
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Fig. 19 Error of toward traveling wave.

Fig. 20 Phase difference of backward

traveling wave.
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Fig. 21 Error of toward traveling wave Fig. 22 Error of backward traveling

(12.64kHz-12.66kHz) . wave (12.64kHz-12.66kHz) .
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ZOMHEE R LD RS L UKER%E Fig. 19, Fig. 20 1IZ3R7.
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L7zeZZD>dRDT, kD 2 0~21 A TEAT 272D TH5S. TD=d, ¥
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Bolt Bolt
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Nut Nut

(a) Closed condition. (b) Opend condition.

Fig. 23 Simulated contact-type failure.

WHLUTTAEY VIR TEHL2TOAFERIZBVWTOfETHS. LELD
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DEEERE W CIREI SR 1TS .
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FUESOlRZRABFICRLV NSy FTREETS. Zhicky, Mk oM T
TPl & fER C & 2 O CHEHEMZ L S HEGE BT 2 LB X 7. BUZRETIERD
E X ek il & mEiRE e 2T W5, L L, RBRADHNTIRE 217 -
TWb & Fig. 23(a) & Fig. 23(b) DREALZHIZAEL B, Z DR Fig. 23(b) iIZB W
T, AV NEEHORITTIEHRIL M EFy Mo TH UM T ST W3 72 8 1 HE il
REEZ MR- XX THEH, OIS TR OHIFENIZ & > TR A Hk 5
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Fig. 24 # B & UCTHAE U, BEEEO 72O U 72HiE Fig. 25 IZRTHD
THY, MEIFILIZ SS400 TH 2. ZOEEHREGZHH L TEFPEL 5 & 2FER
WKLo THEMD D, ZIZT, T A—=RKOGFHUIZAME Table 4, Table 5 % 7=,
Fig. 26 (2R3 & 512, FEEBRIFCEHRE IR (> = 28 (I (1T =@k &34
BRrERIFRICEDERL, N7 EANT 5. 72, EE5RESR (NFH), F51
fEas (NF #) 2 A\ T 12.65kHz O E 7o — 7B 2 UL TANT 5. 5HIIES
YT VA OEEEFORKERE %G WETO00(RERER) TEHllss Z & &
5. 2B T LA UAMNIEER S 100mm O & Z A0 1) 7 EEHE T O E
JE%& FET 77 7 4% (NFHIZRR) 2 HWCEHHIT 5 2 & TR Y TIRO A A E
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DIz, Tua— 7B OHMEEIZIG D TERPE D K S5 IZZ4T 205 fid 5 72
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Vise (input) |« Vise
Fig. 24 Specimen.
Table 4 Parameter of beam. Table 5 Measurement condition.
Young modulus[Pa] 2.05 x 10! Sampling rate[kHz] 500
Material density[kg/m?] 7.8 x 103 Measurement time[s] 2
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Fig. 26 Experiment setup(pump).
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Fig. 27 Experiment setup(probe and measurement).

Amplitude[V]
@ &

N

0 | ‘ ‘
0 20 40 60 80 100
Input Voltage[Vp-p]

Fig. 28 Relationship between output and frequency of probe wave about only probe wave.
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Fig. 29 High frequency component of
PZT1.
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Fig. 31 High frequency component of
PZT3.
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Fig. 30 High frequency component of
PZT2.
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Fig. 32 High frequency component of
PZT4.
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Fig. 44 Experimental setup of localization.
Table 6 Parameters of specimen.
Young modulus[Pa] 2.05 x 101
Modulus of transverse elasticity[Pa] 8 x 1010
Material density|kg/m?] 7.8 x 103
Shear correction factor 5/6
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Fig. 45 Simulated contact-type failure.
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Fig. 47 Time history of high frequency vibration at PZT1.
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Fig. 48 Time history of high frequency vibration at PZT1 (zoom up).
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Fig. 49 Traveling waves of amplitude demodulation.
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Fig. 53 Averaging scheme.
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Fig. 54 Experimental setup of localization.

Table 7 Parameters of specimen.

Young modulus[Pa] 2.05 x 10!
Modulus of transverse elasticity[Pa] 8 x 1010
Material density[kg/m?] 7.8 x 103
Shear correction factor 5/6
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Fig. 55 High-pass filter circuit.
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Fig. 56 Phase investing circuit and non-investing circuit.

60



DAL E I T E RS 2 % E U, 100Hz DR Y TiRE%2 AT 5. K T ANEHD -
DI HEE AR & R 2 BT A BIZ 0T A — YR AT L 100pue (XA 2710

FLAY) 725 &% LT-. Fig. 45 IR THBEHEGIXEGMNEZZEET S 2
EMTERWVWZDH, REBRTIE Fig. 59 12T &5 2%z T THRiD M 1T 72 B E
GaEHWS. Z OBEHESIE G TRED M 72 AL E Tl % £ > TV 2 20 4
s T AR Fr O RINTENLIZ & - TN T & 5 72D BRI AT 5 720,
Fig. 45 LFRRICEME 26§ 2 BGE2ERTETCWD e E 2. GHlld 3T L
12T A2EEBRTOMBETEEZ A/D A= F2HAVTEHNT 5. FHlEM4E0
7 v AWEC100Hz, FHEEER 10s & U, FEEEED 2D Ry TIRE O A % b
VAZHWEZT— 2% 10 FIEE T 5. B3 L7727 —X1d MATLAB 2 H\WTA 7 Z
1V TEFSUIEE L.

BHEHEG ONE % Table 8 (RS, &fF 1 IXESREBTH D, Zff 2 18— DBl
HxETHHEGOHETHE. FMHE3 LEM41F2 D0HEMAEIE2ET 2HEG2FEL
7-5ETH 5.

fEtridt 97 L1 OARIRESEZ SR L UTTS. B2 TIREIOE SR 100Hz 124
U CEABESTH % 1kHz 75 10kHz O J& IR BEEE % F N T SR A oD 22 5] — I

20

(BN
o

=)

Amplitude [dB]
AR
o

_20 L

0 2000 4000 6000 8000 10000
Frequency [Hz]

Fig. 57 Frequency characteristcs of high-pass filter.
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Fig. 58 Output signal of phase investiging and non-investing circuit.

Specimen

Clamp

Fig. 59 Simulated failure.
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Distance[m]

Fig. 60 Spatial-time map of reflection intensity at condition 1.

NTWa., ZHZRU, 13 = 750mm DAL E IZEEHEE %2 3% 1) 7256 O X EE D%
-~ v 7% Fig. 61 12R7. Fig. 61 TkBHEHAL % %) 72 A1 B\ T R4

MEDE—IRFHELTVWEI AR TENS.

ETABIEMNTETWVWB I EWERTE .

> >
— —

Time[s]

T, Fig. 60 & Fig. 61 O x5
HMEDOY —I7MEICBTARMEEZEZ 7ay bLZd D% Fig. 6212, ZOREHEEK
3% Fig. 63129, T kD, &M 1 OREEmERALEICE W TEHH S 7z KR
EDOY — 27 ORHIZENIZR Y TIRENCFEHL TE 63, M4 2 OBRBHEGAEIZS W
THBIH XN KHRED Y — 2 ORHIZEBIR  TIRENICFEAH L TWE Z 205,
IN& D, K TREL BRGAERE TEIC L > THEMIEZ A3 2 BEG60E 2 #

Table 8 Location of simulated failures.

ly [mm] | I [mm]
Condition 1 - -
Condition 2 750 -
Condition 3 250 750
Condition 4 750 1250
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Fig. 61 Spatial-time map of reflection intensity at condition 2.
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Fig. 62 Time fluctuation of the peak value of reflection intensity.
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Fig. 63 Fourier spectrum of time fluctuation of the peak value of reflection intensity.
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Fig. 64 Spatial-time map of reflection intensity at condition 3.

> 0.05

, 15 0 Timel[s]
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Fig. 65 Spatial-time map of reflection intensity at condition 4.
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Fig. 66 Wave propagation and reflection on abeam structure including single failure.

Incident waves First failure Transmitted waves
TN N Second failure™__~" ™" ™
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Fig. 67 Wave propagation and reflection on abeam structure including double failure.
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Fig. 68 Double nut.
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Tightening
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0 Tensile force Xial tension
[ | .ED;_____

Nut

77777777777 _ =
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Fig. 69 Stretching of bolt caused by tightening.
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BRETHIZFE UMM L7 TH->THRIDVPIND L WS HERVHS. LrL,
fEDETH IR bV 27 2 ERIETWLSED 2T EVEEIX BN 5720
AW TIXERMDEZH WS, M MLV OFIE NV L U F 2 HWTERL 72,
MRS AN CRLER T 5. AREEH A © 300mm DA7iE 23 E U 7z BEIRE 2 &
D 100Hz OFR Y TkEz AJI U7, 72, @AKKSHATS XCEHIIHOEESRE TIZ
FX 30mm, & 20mm, EX 0.5mm OHDZHWS. EEBEHEEIO AN IEEEF
Aede, (S ENERR, AAHRERMIES, AAHIRIEREIEE, NANA T 4 L X [EEEE WS
oY T VA ERKRT SEERTOMMKELEEZ A/D A— K2#H L T PC TI

Table 9 Parameters of specimen.

Young modulus|Pa] 2.05 x 10!
Modulus of transverse elasticity[Pa] 8 x 1010
Material density[kg/m?] 7.8 x 103
Shear correction factor 5/6
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Fig. 70 Experimental setup of integrity diagnosis of bolted joint.
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Fig. 71 Bolted joint.
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Fig. 72 Spatial-time map of reflection intensity when tightening torques of all
bolts are 25Nm.
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joint when tightening torques of all bolts are 25Nm.
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Fig. 74 Time fluctuation of reflection intensity at bolted joint when tightening
torques of bolt 1 is changed from ONm to 25Nm.

7



0.4
0.35 1
0.3

0.25 1

Modulation index

0.21

0 5 10 15 20 25
Tightening torque [Nm]
Fig. 75 MI when tightening torques of bolt 1 is changed from ONm to 25Nm

(Yellow area : lower tightening torque, blue area : proper tightening torque, red

area : excessive tightening torque).

0 002 004 006 008 0.1
Time[s]

Fig. 76 Time fluctuation of reflection intensity at bolted joint when tightening
torques of bolt 2 is changed from ONm to 25Nm.
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