e It

BORAHAZEILFBG oY EAV=AIL
REZZVY T ORTLDIRE L REL

3.1 EHIAAZEIL FBC EUHITk BV THEHA LR FLDIIRE

ARETIE, B2ETHLMI -7 CFRP WHEY Y v FHERE (AGS) % BV B B8 2 4~ & Hi{51-
PVT, ZRERMY 2D OWiE~ NV AE =4 Y >/ (Structural Health Monitoring : SHM) & 25 A%
"RES 5,

I3ETHRREHREEZEESTH L, SHM © 25 LTI,

o EFETREBPENBMTEL L,
e EHEMEDOEH R TLTHAZ b,
o VAT LB ERANES T, BaArThbs Lk,

DI RBROOND, E£io, B 1ETHEALHIC, AGS TIHHEERIKIC LD L 5 He— FOMEIN
Dofel LTh, &I 7B WTLY THHMH O 2 ZH T L=, 8541 L 0 s
NEEESZILLIZBE. ZOREBIEIE) THEBOTHRIBND L Z2 L5, “hey &% L. Az
KBWTEER, UTICE~S $ELLE FBG ¥ oV ZMbIAA T OF RIS 2T L) 2%+ 2,
ZTITEY, FBG B HZOWTHBR LIz, Z 40 AGS ~0f ik e i+ 5,
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3.1.1 Fiber Bragg grating (FBG) %

Fiber Bragg grating (FBG) £ >4 L i3, SEE, #EIMb 20T HE258T 5802 LT, ko
B OBEEFE O L AR LR —~ b TEBE2EDH TS Th 5 [3][33][43].
Fig.3.1 {2 FBG £ vV OMGE %573, ZOFBG 24t XV 7 A "2 AWOTHe 4 ThHD,
W7 AN, OB CHHAWEN T xaF (Core), TDAVDE UL AHRHATTATTECWAENE
a7 Ly bd L E<EESNTWS 2 7 v F(Cladding)., £ L THIES2HWTH 7 A2 KET
HlhOW, OEMCHRENR TS, ZORT 74 7 SNICKEARTE L, Rlloa7 L4802
T o FORPFROBENDG, Snell DIEANZ LV EESHH5BE L0 BEVABEON L, ZOERTERNH
Ehbkw, BeAVRKRE KN aTNE RIBMEET S, BFEE YAV OND L) B —E—F
W7 7 ANChIE, a7 aOERE, S~10um BEL 25TV 5,

FBG o &, 2N 7 7AWty YO—MT, X774 0aTIZFHENUIZL - T
ikt B MR RE TR E, AR L — Y — ORI L > TR RAPHEZ R LIZbOTH S
(Fig.3.1 B, ILAHROYE AT 5 & ORGSO FsE 2 v | Beliilo o 1
SND, ORI RIHEGES 2 oMb A OTHARIZ L > TRET 50, ZRIKIS CTERT A)
SO e B O RAE I TE 5,

W) A O BN 5 & OB ANY MVEIERE RS EE R RORERNT AL 12

2%, S ORI OMIEEL Ag(nm) (L,
Ap = 2ngeA 3.1

S UTHF A, Bragg 1% £

LRI D, 2T fgy X7 LT 4 7O a T OF @R TH
D Am) LT =T 4 RO TH L, oAb LMD LEY | Bragg i 13 370
AT ngg & H TN A LSIKIE L. 2 75 I OP BRI 5 & | 2R U TR 2 5 068
PERHIRAZ S D SR oAb, #-FRIBOZE L, (2L Y Bragg Bl g HELT D, ZOELNL, OFH
WA SN D,

ot Vi, Bragg MEMAOKEERSELDOT, RS nge A b OV REINEGEL, &
it L7 o R oY & 510 FBG M THMATE, 0 ED20%T 7 4 APt EHOE v HEEERT S 2
ELITHETH D,

Pk, ZoOFBG 2O OMEEELDDL L,

o FOEH T AMBITIER S TS/ BREFFEIC L HMER0,

N
o)
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o KIEEHTRBRES L2 OO THEBMERD 5,

o BRI,

o &8,

o ZEIICLY, —KOKT 7 A NPIZEBORRAEERTE 5,
o REIEHEEEN TR O TREMEISHE LTV 5,

LB,

ZIT, REMICHOEROESN S EO LS FBG £ Hicib s 0P ansstla s ong kv
AEHNCEIT 2, AOBHBRIC OV TR A ITBWTIR=5 25, Bl SN KOHBERZE AL LY
K32 EMNT, FBG U HIhb s U5 eOF st &S h 5 [34],

A n?
-}-f’ = [1 - —i'- {pi2 =v(pu + p12)l

& = - : x Al (3.2)
[1 -5 lpn-v(pn +p12)}]f1i

=4 E?F = C; X A

x 60"

SITVvRART Y Uk, p IEMIEHREE H b L. Zh B DI T 7 4 SOMBHEA O C b
D (Table 3.1 125 & D D), B2 ANLLNBEED, bENLHE FBG & Yoy Ap X
Prst ny Aomo TOREEL REDEPOBROLE(L AL 525 FBG & i lib 5 OF Bas it o 5,

3.1.2 AGS ~ODiEHA

AWE T, =0 FBG £ # MU T AGS 0% U T ORMITE T A BT B o AT Wk gy
Do Fig3 2 IZEDBER ZRT, HBMOLHEIL FBG %%, AGS OV 7 % 5 et 1~ 15
m@%ﬁﬁ\%U?¢%K¥BG%%@<:&K£@‘AGSWWﬁufwﬁﬁéMﬁmeﬁ%%W%m
THZLENRTES,

Fig3.2 0@ TH L. AGS IZIZBE(L S iz FBG & v % 2 H\BAE DAL, ~ 0 FBG + 2 #17.
MR (Light Source) & 0 ¥ DK% . HAA v F (Optical Switch) %3 L CAM+ 5, %47 7 A o3t
O FBG I3, BVNC 72 2 EHEITE n; RUBFEBA, ObOEZRANE - L1210 . TNEhi
DR A ORI SH. FRRBOCRAL v F R i@ - Tl B (FBG monitor) (234615,
FEIZOTAPMbD S & BOAENTE FBG £ i b Fhio ot LEOTHpmbs, 54, %
%#6&%@&%%@¢bﬁ§%&&ﬁ@%%KK%ﬁwf%mféo:@%ﬁ%&QWE%%%ﬂ%
NOWRENL, EOMBIZEOREDVTHBELTHADONLT <L - LiTx o
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TOVAFLAORAL LTI, UFD LI boigTons,

LAl

CFRP (2R3t & MG O SND M, FBG U b7 7 A /8 (i) THHZ &b, K
AW - THOAL Z S 2 L0 MBI OBBEE L TS L < EBDRDL I N TES, £
o GEZ AL, U DREFMEIC L > TREBENDS Z LIZRDZOT, FRAMIZZO
oY BRGNS ENTED,

ZAUE T CERP M~ [34][35] 18T, MEDIE & A ¥4 TH CFRP — HEHETH
MENTWAH, LY~ BHIZFBG UV EEDIALZ ENTE D,

AGS 1t T A 0T, &Y T Tl S<OWMELY T E L LTRIBERS, LT,
RAETHOPHE Y TG BOFHB LR L 25, AR L S IZHDIAATK FBG £ it Y
T O EOF I UET 5 2 B TERVD, ZOMERMETHIUTHT R & O3S
HOPTHBOBTHITHY, HBETHE, FBGHUHEZHWLOICHE LIBEL W25,

S SICEHNTES b BE. AGSIE T AELEX ONDDOT, &Y TORFHAIIEE
R OPHBELDH, 2O Eik, &Y FICHOAL FBG BB —DTHoTHDHZ &2 EW
T4, Lo TRKUOMETH, MEREErMBcBlT5 L8 TE FBG VY ZOREBE
WK T 5O ChH L BN,

143080 AGS oGk Ry AW TABREIC LV IThbhTng, ZofbEdi
(2 B FBG & ¥ O AR L EICHARATL Z E X HRETH S, Tibh, 20 SHM v 2
A L5 BRI - 2 R FORIINLIE & A E R,

THR LT v AT Ad, WhmOFHThivE, 6 « BO@EEOOF A HWS Z LA TE

Do ABOLEROMTE, §HY B0 L2 SE S AT A2 RENICREL, ZOVAT L%

I ANEN

WD - IO B EHIASEENC T 2 5 = & & BREET B,
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BT R B RS

vl &

Fig.3.1 Schematic of fiber Bragg grating (FBG) sensor, a general configuration.

——
-—
Broadband Light
Light Source \ga:ltii —
'
.
—

Fig.3.2 Schematic of strain measurement system with muptiplexed FBG sensors embedded in Advanced

Grid Structure (AGS).

59



BIFEHDAHLEL FBG VY ERWEANREZS ) VT VAT LORE LB

Table 3.1 Mechanical and optical properties of conventional optical fiber.

Poisson’s ratio v 0.16
Strain-optic coefficients  py;  0.113

Pz 0252
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3.2 BUT HEHBIDOREE
321 BRIVATL

9. AR THOZROTHHMABOHIRICOWTRAT 5, Figd3 [CAPFETRET 5094
AR EZRT, Figd2 OMERE2BE I, HOTHAHRRL UTAR T, JEBIC ASE K86
(LA158D-16FSS1, Mitsubishi Cable Industries, Ltd.). # & #H#l#2 FB200(Yokogawa Electric Co.). Y4
A v F 12 OSW8108(THORLABS Inc.) Z V5 Z & & Ui, = Z CTABFZECHIV = 5 G FHEE FB200 ©
HoHH, K I7vi—=r—HRERA LTS, ZOFRXTEHEE L, BEEAEE Lo T, EEE
A a Ry MLigd L b, BREMPOEBEMOGVER L Lo TV D, E, BERESZ WS L L
DEBIBEETITASZ LM TH D, SEEOMIEL LTIk, 15270m 55 15670m OPH T 1pm @
BRMBENH Y S0pm DWRMELH TS, TOM, FHUROMERL, BISRLEEBY Ths, &
LIZ Z OFHIRIE, LabView (2 & D AL v F LRI 2 BG#IC PCHIET 5 2 LM CE, Zhick
D EERENZI3E® 100Hz CEHAIT 22 & TE 5,

322 HREBME

AT, Fig 3.3 1R L RHIUR R U AGS PITHEIAA TS FBG & 4 % IV T2, B0 20 OV 2 i)
VAT LOMREERIES 5, BAEEIIE, FBG & o WAL AGS M2 R L. = oMo 50 4 1
AVOTHELELEED, ZOUTHE, MOAALELZEFBG ¥ oMz L0 #5205, FIGCY 7 #
EIZHE O e OT AT = VIc s THEIIIL, FNEFROOFLE ) SRl 5, £ L Cligoo
FTHBELTE, BOARLE FBG £ 42O TOFREHIA TE S LT o n s,

Table 3.2 ICARBRIZH WA KOS A XERT, EREhOMIE, 1.4.4 T LT Figl.11 O
RIS L TWD, ZOREKIT, &Y 76234 Bo—FKi7 Y 7 v 7 (T8O0H/E011604-1M, Bryte
Technologies, Inc.) % & & AN L TV 5 (A TIE 68 MBI Sh T 5), $EMHEE. Table 2.1
LEBRTH S,

Fig.3.4 \Z FBG B % &L O A5 — 2 (KFG-1N-120-C1-11L3M3R, Kyowa Electronic Instruments Co.,
Ltd.) DEHiAA « BV T LEE Y, ZOMREETIE, &Y TORFHHEFRIZ FBG &4 L O$H
TUi—wt, BOiAd - BT O TV S, HYIAENT FBG E oY OE & Fofii@is, VTS0
BmEAEEBICELRY ., +60° ,-60° ,0° KRl FixEn£h, 10KE & 1 HBEO/B., 11 12K
HoOM., 12#8 & BHEEOMIZEDAEN TS, Thbb, 4,8,10,13, 17F0 Y 7I2lbiishi
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FBG £ HE 10 #H & 11 EOM. 2,3,7,9,14,18 FD Y 7128 bHIA £z FBG R L1 11 #E &
12 B E DM, 1,5,6,11,12,15,16, 19 FD U FI2#hiaiE - FBG £ 43 12 4B & 13 #H ORIz
WA ENT S, Table33 1% Y TE S L ZOMBIZHEDIAEN TV S FBG B o4O LEEOHIE
Zot, % FBG £ YV IZBHIEASH 03nm Db OTHY | £V EIZ I0mm Th b, —FH., OFHmsr—
DI Fig34 R Lk ol &) 7 OEBRICAD T TH B,

Fig. 3.5 ICAMBHE AL & 77T, ARB I3 oM 2 BMiRE L- BT, ZAMhiPiES . Hemsg)
SEIE i A Instron] 185(4400R)(Fig. F.7) % MV, BBHEE 1.0(mmy/s) TH 2 7=, 3L, LR = A
W% 1000N 52 72 RIECLERIZIEY (1 b2 OF B =P TY TREFBOTH 6= 1---19)
ZEHUT B, WG, A E T FBG & Y0 Bragg KIFAEOPOBEELL Al(i=1---19) &, K#
I ASE YEIi (LA158D-16FSS1, Mitsubishi Cable Industries, Ltd.). %24 v F (AQ8203, ANDO Electric
Co.). A7 AT F T A4 (Q8384, ADVANTEST) Z FIVVCEE L=, = 2T, AWEEISREN 3.2.1
@%%Lkhmkﬁﬁéwm‘%@ﬁﬁmﬁwfx&ﬁF»T%?%Wﬁié%%&z&ﬁbw%m&ﬁ
IRHEN It T DT HA, Bk, WH R COHMEROLBELIToTEY ., 321 TRELELO
AMNTH, FRORRPHEONDL EEZ OGNS, ZZTHWERARY NVT T4 FORE#IE R 1T
1530-1570(n)m #4k, 725 C-band HILIZ BV T 10pm, WEREE I 20pm ThH 5, “OdLEES
LAt &0 R EB.2) £MNT, FBG £ HZb 2 047 60 (i = 1-19) EET 5, £LT, £9F &
&MY B L,

I TRHURE R OB ST 0 60 130 TIEEO OB TH Y | R OF L3R A B RO OF

A FWL TS 2 b o EDIDH, @EFHOALEOFHOIEE LT, A (B3 2HNT ESG
“M’ (18 - N ol S Y“M’ L SOf TS5 & 8 LT,
7OF
s:“SG ZISGE' (3.3)

220 NEB3) o 20 286 ke, FBG & o O & HREIABRALE . OF s — S nis Y+
L2 . Fig3 4 POBAHWTERLAELOTHS, &Y T TOIRLOEEES Table 34 (2% &

N5Y

3.23 EHRIKSE

Fig 3.6 [ZHIWIAL FBG ¥ o HIC L DRI S 7c 09 % OF L | 50 ayr — Dl ko Tl s hk
OFH S0 R L1 VT 7 hFY, 2OV T7ERD L, &6 L OF ffiz, £TOY FiIzHBVTIE

EHELWNMEL 22T D, O Enh HBHRAAESE] FBG €4 &MU T AGS OO 33




2 BUT HEtAORE

TEHI LAmani,

BRPODOTHLRHAMREORE & LT,

o AGS iERFOBAEOHEMEIZ L > TFBG £ 4@ 78 & Fi DA ZAL A TR X h 2
AAALE & R2-> TS,

o X7 74 /3H®D FBG SOHENFRIEMTH S,

o FHLELUT A —COHRAME M H S,

EVolemAEBEALND., ZOZ X, REOTE, FBG £ 4 O MO EMA R L, AR
#? FBG o H{Ifl% LV EMICIBBT 2HEWIROENTNEZ L2 WkT 5, 2L, EBRiCITR
RTHE At pe BEDOTAHELM 2L, OTHRS—COHAUMEICHENRTVWE L LB LMD T,
SEIORMOIRY TRAHMARL ) 7RFSHFHOOTHAEHBTED LEMRMTITLIWVWEEZ RS, &
FEERIZ, ZOHMROOT AHMBMEIRBEM TIEI~0pe L LTEBLOBNRYULELE LS,

. { FBG sensor monitor
ulsiLIof syslen (Peak Shﬂ)

[cH1] |cH2l [cH3|

10ms 10ms

[cH1~CH2| [cHz—CH3]

LabView & MATLAB
(Data Acquisition
| & Visualization)

Ho) SRR
]—O—O-(HZ) N Fe RN
n

Fig.3.3 Basic configuration of static strain measurement system used in this research,
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VAVAVAVAVARE
JAVAVAVAVA

Attached strain gage FBG

Fig.3.4 Arrangements of FBG sensors and strain gages. Each marked rib has an embedded FBG sensor

and an attached strain gage.

<35l P AR
JEDZE(LFBG
t 2t E 1B 8hIA
ST B TICUTH
F—I%REY DIt

|
- - 19D 1) ﬂwﬁw’-yﬁ
{19%x0n ) 7icFBGE 4 % RURBTUTHERE

BHABD T HEEHR




L2 RUTAHAORE

[} EfOF & 8,mSG

(pe)
1000

800

600

400

Measured Strain

200

-200 '
123 456 7 8 91011121314151617 1819

Rib Serial Number (/)

Fig.3.6 Comparison of measured strains between by embedded FBG sensors (e and by attached strain gages (£79).
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Table 3.2 Sizes of AGS specimen. All characters correspond to Fig.i.11

5268 £ 02 (mm)

B 550.9 +0.16,-014 (mm)

a 1050 =o1 (mm)
b 1821 +139.-1.00 (mm)
/ 932 +141,-109 (mm)
t 1.8 +033,-027 (mm)

h 9.7  +034,-1.04 (mm)
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Table 3.3 Center of wavelengths (CWLs) of FBGs.

ribnum.  CWL  (nm)

1 1556
2 1540
3 1590
4 1540
5 1590
6 1580
7 1580
8 1580
9 1590
10 1530
11 1540
12 1570
13 1580
14 1580
15 1590
16 1580
17 1540
18 1540
19 1556

Table 3.4 Height positions of embedded FBG sensors. Those embedded in each rib directions (-30, 30,
90 degrees) were placed between different plies of prepregs.

Rib axis Embedded plies Zop(mmy)

-30 degree  between 10 and 11 -4.12
+30 degree  between 11 and 12 -3.53
90 degree  between 12 and 13 -2.94
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3.3 BIUT A (EIEIRK) BHRIOREE

AWCIE, 3.1 B TRELEHUAZAN T, MENBLEETORERIC IV ECIHNLUTAE
HEF B VAT DCOWTIRE - BEET 5,

WML A B D BRIZ . B OF LR VA EAICEAST, UTIKRT LI RAICEET ALENDS
LEZLND,

o IEERRBIBEOREEEZ DB, HE - MEEOHEZED TEXRTNER LR D D, 1
EOREE B 2SBS0 A BE L T hidZe bz,

o ZHETIIERT ALEDRY - R S OHE) bRICLeThER 6w,

o BHTHMAZTS Z IR b0 T, FHAICEY 2RMEBET 2LELDH D,

o FEHITHR/S (Tpe FREE) 22 OB 2 3HI L 22t idZe B v iz o BHIIE W D B B ORI RS
VLIRS,

LAsLiiic, S OERRE MR, B O-F 20T,

o K& iR Aeif A AR,
o UPHORE Softuz, B, BBk, L9 OMBEREBEICRCSZ LB TED
Tz, Bk% 722 SHM FEAEZ G,

Evozfliibd s, SO XS R 5, CFRP & MW/ E O BIRRE Ik L LT, HEROBE
FARE 2 TR 2R BRI & U T & 72 [53][54](55],

ZITET, AGS RUE iCHliAE T FBG Y IR E AV B G O MR R O O RHIIOF)
MA RS, EPHE LR0EC, AGS BA ORF#E LT, HICiER OB LT,

o HEEERAHHEW Y TOMAG O E TR SN TE Y . BHEROEREREAE—KTICHIR s s
To ¥ oD Z R TEIEME RS ISR THEEAV N & L B ORER, KO RE MG L - THEMARRE,
AR LT B SR T RIS MR R A S e | B ORI IR A ISR
(VU TEFHE) &b AGS T, BEN/DE,

EV o ERIEBET NS, SHICARIE TR, BT dMERoOBEE LT, FIUEEEOTTHHEE
OEE S B AN [ & R & A2 DB (RERE). compressional (longitudinal) wave, & HEEIEN5), AT
L AT (M IRED, flexural (bending) wave, & LEEEILD), ZHWA I L E Lz, ThbORIT,
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I3BUTH GRIER) B RORIE

BHEROFTHHBNEREEHROBETHY | HOBBRASVOTL Y EFE CEET S0, L
REEEEORMICEL TH A3,

ABLTH, 3.1 BTRE L OTHHRRE AT, AGS 1084 S UM 230 L, 2 0EHES
DR L CLRBERYT DL HIEEER D, £OLHO LR L L CTAE L, B B
B WIPRESERRLTOVSHIY AT AZMOTHETE 2005 5 h, BT 588k L b b
T - MY AGS ICHAESED ZEBHRTHADONE 55, B « T HIE AGS e Enks
ARHET D00, L7 AGS B EED 2 MHER OGRS, 2 LT, BB &7 - 1 Wiy
DI B8 LRI A R E L,

3.3.1 BHRICAFL

Fig.3.7 IZABIFE CRVVZ FBG & T & B W BBl A F A O3 % 724,
AFFIETITLAT OFNE TR & 364 - 3145,

@ PC TYERR L7 S 4R M % % Function Generator [Z3% %,

@ Function Generator IZBW T Z OEBLBERFICERL, BRKT L 7 CHIET 5, HIE S8
FEDEBHT (i, B) 12 & » TIESERICERE N, FTF OB ShIi M2 Mg L. AGS Mic
B RESE S,

@ HWEES, 3.1.1 LR CIREIC X 0 . FBG hd B 05 15 O 2 0BG E - 1L -C BEA &

@ RH ENIPHERITI—% 2 b F I L 0 A & LR A MM WA, T o 7 CHINE & R
Do KT TERNDOUE, AR CTHNDHMEBIC L9 4T 50P A3 1pe & HHITNE VD
Ty ZOUF R L TELD FBG & 06 OFUI KO Dl B OWB & Mo & v, 20
et KT ALY REDIRE 2GS D BBER D5, Ehdild 5 8 510, Wk oB s
WAL ZBHRIT 225, % FBG © oY D7 4 N FBHERRIE D12 th, 70 & & T Wi R o i
]EI7ZLEEAS AR £ 2T, B BRI NBE RS LT, BT <% T 4 L2152
AWG 7 A NVE DT A N EFHEDHZBET Bz b v b5,

® BB SN —EDRE L 2ol BHHIT, AWG 7 A L ZITENT, FOBIR LI >DT (L5 %
Wil L En B,

©® 74 NF ) 7 SIS Photo Detector 12BN T, JENEL M GBEEBE~LBHhENS,

@ EHBEN-BEGEOBMEL A0 23— ITBNTHRIIF — & L LTl 5,

ULofinmgb, BEESOBRERS FBG £ b 285 MO ADEBICHIE L T 5= &2
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b,

EELZOHFETHU FOA2ECEE LZTER b0, FllEnsBERIC L5 0FAE
A2 PAROEEOE T A VE ) S ENDRBOEILSBREFOLRL, tBELLSEE, ©
OFcE XFKE, Bt (mV)BELAZD, LT, A uRa—7COHBBIZRAT 588/ 1 X3
¥ (mV) Chbd, £01H, ZOBH A ABEOHITT SL—C0 72175, Zhid, —EEHHU
L OWERE O NS R OE R ATV ET B L0 ) FIET, BB A ARBHGHET TH DD, PRER
L L0 HNES A R UL RIT ) &L ABRERIEIIES S, /A XBBREShLEV IR
ERL TS, Zhicky, 2L OBEORHCHERESEZRY M Z LK 5,

2DV AT WOBEKOFIEL, FHHARI SVOPUEREAR YT 5 2 LR OOBEOHEZRA
TWD DD, T OB A BNy 2374 < 720 FBG B4 2 AV TEHEIZOTHEZEHET S
ZENTED,

DT, EELARTRIER GV EE LT, FBG B E AWG 7 4 VS OIREEIZH§ 5 Bkt
N5, ZORBELHS L. £ XWEHREITS 2, AWG 7 4 L # IR EREE S #ER S T
W5, ZhUZEY, HBEEIC-EORMEOTTITH ZENTES,

Arrayed Waveguide Grating (AWG) 7 1 )L &

ST, DO AT AL e EN R B 72T Arrayed Waveguide Grating (AWG) 7 4 V¥
[S6][S7][58] IV CHIAT 5, AWG (3, AHHEWHE, 2 SOBER AT E— FEER CTHH AT T
W BLUESORRLEBHO VIV E— FEBREBTHLT LA BEHEENLHRENS,

Yerk, R T SHEP TR XV IRAY . T VA EERICAKT S, T U BEEIE, HorLDHER
FRESW AL THORED L5 ICER LT, Zhic kb I (X7 7HEERIZ AT 58) Is0n
T, B T Lo, HIEE S OBICHRE LEARENE CoRBE 25, 58, BHEILIIEYD
A5 T ER RSB O TEITIC L DR dH S EXT D) NEIED S, Lo T, HAENLNEERY
Mo bzl BRI TE S,

T AWG DR E LT,

o YEif St [E# (Planer Lightwave Circuit, PLC) O¥S#E 2 RUSHNIC L 0 IEFICEAFR CRBEE R
AW - TN 1 OO AWG TEHTE D,

o HWRTHAHED, X7 7 A /L DEEM - BEEEMES LY,

o IRERFESNILTE S,

70



33 MUY H GHER) B MOREE

EVOTLRPBBF NS, TITPLC &id, AREREIDET » o ARSI & 08 (A0 T 2
MABEDETELNICREN T ANERETHY . AFRTHNLR TS AWG 7 414 b PLC 28
RAEntTuns,

332 FBG UYL OHMERER R TLORER

TITE BRULHEY AT A% RO TR 2T 5 2 828 TE 200 2 HERT 572, CFRP
AR IA AT FBG & v IS & 0 MM ASEHT X 5 2 & & AD 5, Fig3.8 KB
WEE Y, YREI, EOLD CFRP —H 7Y 7L 7 &858 Ui bkl L - M % i
WBHZ &L LT, BRIKDYA XL, Fig3 84 LISRY, = OHMRIKD T (B ¥ % i v
HF BALBOIL ) I FBG & 24 Bl & STATICHDIA AT, FIRRIC BERIA O S 0 0 FE R % 7
FROWRRIBEE % FAVTHS Lic, £ LT, FBG & ¥ L ETEHT O CHBR A G o Bk o 5
BIEAT o7z, BMEBO AL, FAIOSERIEIC RN O b O L FEOEBAET F RS L, iR
LU, T LT, %k 50, BB ERE S € 5HAIIHBOERE T OMBICET &I
BB A R S B BAICIREDOEERF OMBIC KT LA 5 (Figd.8 BR), £0b, = 2T
DBEFHCBN TS, BEE - P ERH ORIR - ZIRAOMAE THRINET >, ADMIKICIE, ik C
TOBMBEREHE X T, BREWE, e heh, 80kHz, 40kHz 8 $ oo E%LH = MM Hamming
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Fig.3.7 Elastic wave measurement system with embedded FBG sensors,
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Piezo transducer

Embedded FBG

Fig.3.8 Schematic of test configuration for the verification of compressional and flexural waves measure-

ment with FBG sensors. All columns represent attached piezo transducer. An FBG sensor was attached

at the end of the bar on the bottom side.
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Fig.3.9 Comparison of signals of compressional wave measured with attached piezo sensor and FBG sensor.
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Fig.3. 10 Comparison of signals of Hexural wave measured with attached piezo sensor and FBG sensor.
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Embedded FBG

Fig.3.11  Schematics of test configuration for the verification of compressional and flexural waves gen-
eration. All columns represent attached piezo transducer. Two FBG sensors were embedded and attached
at the center of the bar on bottom and top sides of the specimen, respectively.
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Fig.3.12  Comparison of signals of compressional wave measured with attached and embedded FBG

sensors on top and bottom surfaces of the bar, respectively.

Tt



BIFEEBHAHZEILEFBG oY ERVEALAEZSY VT AT LOBRE R

(V) L—Input —AttachedFBG — EmbeddedFBG | (V)

0.8 0.003
©
9 0.002 9
% 0.4 g
5 0.001 =
- o
(o]
50 10 3
= 3
5 -0.001 4
E.04 i
a -0.002 9
£

-0.8 -0.003

0.0E+00 2.0E-04 4.0E-04 6.0E-04

Time (s)

Fig.3.13  Comparison ol signals ol flexural wave measured with attached and embedded FBG sensors on

top and bottom surfaces of the bar, respectively.
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Fig.3.14 Schematics of test configuration for the verification of compressional wave propagation in
AGS. All columns represent attached piezo transducer. Three FBG sensors were attached at different
ribs of AGS as illustrated.
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Fig.3.15  Schematics ol test configuration for the verification of flexural wave propagation in AGS. All
columns represent attached piezo transducer. Six FBG sensors were attached at different ribs of AGS as

tlustrated,

: Flexural
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Wave

® @

Fig.3.16. Schematic of test configuration for the verification of attenuation of compressional and fAexural
waves in AGS. All columns represent attached piezo transducer. Four FBG sensors were attached at the

bottom surfaces of series of ribs.
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Fig.3.17 Comparison of maximum amplitudes of first arrival compressional waves which were measured

in three different ribs as shown in Fig.3.14. They were normalized by that measured at B.
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Fig.3.18 Comparison of signals of flexural wave measured at six ribs connected to input intersection.
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Fig.3.19  Verilication of attenuation of compressional wave in AGS measured with attached FBG sensors.
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Fig.3.20 Verification of attenuation of flexural wave in AGS measured with attached FBG sensors.
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Ordered measured data
X1y Xgy =o=e=- Xi-1y Xky Xtwty, ===+, X
L ; ;Sl
[ i S,
L . i :SIM
l l | :Sk»
‘ |
Ty Ty —eeee Ti1 Tie—Max number
of outliers

Discordancy Test
If T, exceeds A(B)
(IOOB% sxgmﬁcance level),
Xy, Xy, ..., X; are outliers.

If T, is an outlier, where j=k, k-1,

v v
Qutliers Normal
ey o

Fig4.1 Test procedure of consecutive outlier detection.

Table 4.1  Types of damages in AGS v.s. methods for SHM with embedded FBG sensors by monitoring

of static strain distribution.
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Fig.d4.2 Test configuration of one point bending loading for AGS without skin. All four edges were

simply supported and the load was applied at the cross section.
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Fie 4.3 Test conficuration of one point bending loading for AGS with skin. Four points were simply

supported and the load was applied at the cross sechion
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Fig4.4  Ae measured at 39 embedded FBG sensors caused by a rib partial cracking.
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Fig.4.5 Result of damage identification with statistical outlier analysis applied to Fig.4.4.
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Fig4.7 FEA model for one point bending loading in order to calculate change of strain distribution

caused by various types of damage.
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Iig.4.8 Verification ol FEA model proposed in Fig.4.7. Strain distribution measured in the experiment

(FFig.4.4) were compared with that calculated by FEA.
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Fig. 4.9  Calculated changes of strain distribution (A€) under concentrated loading. Five cracks in differ-

ent ribs were assumed
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Fig.4.10  Result of the outlier detection method applied to the changes of strain distribution (Ae) calculated in Fig.4.9,
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Fig4.11  Calculated changes of strain distribution (Ag) under concentrated loading in four different load-

ing locations. Two cracks in different ribs were assumed.
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Fig.4.12  Ag caused by a rib delamination measured in the experiment as shown in Fig.4.3.
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Iig.4.13  Result of the outlier detection method applied to the changes of strain distribution (Ag) calcu-

lated in Fig.4.12.
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Fig.4.15  Definition of FBG serial numbers referred in Fig.4.16. FBGs were considered to be embedded

in lower surface of ribs, which were located in the center of ribs in longitudinal and width directions.
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Fig4.16 A caused by a sphitting on top surtace of a rib.
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Fig.4.17 Result of the outlier detection method applied to the changes ol strain distribution (Ae) calcu-

lated in Fig.4.16.
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Table 4.2 Sizes of AGS specimen. All characters correspond to Fig.1.11

5268 +£o02 (mm)

4

B 5509 +0.16,-0.14 (mm)
a 1050 <£o1 {mm)
b 182.1 4139161 (mm)
/ 93.2  +141,-1.09 (mm)
t 1.8 +033..027 (mm)

h 9.7 +0.34,-1.04 (mm)
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Table 4.3 List of CWLs of reflected light from 39 FBGs embedded in the specimen.

Rib number CWL(mum) (nm) | ribnumber CWL(nm) (nm)
1 1553 21 1537
2 1557 22 1528
3 1532 23 1544
4 1530 24 1544
5 1536 25 1533
6 1535 26 1542
7 1552 27 1541
8 1531 28 1551
9 1549 29 1546

10 1545 30 1542
11 1541 31 1538
12 1528 32 1532
13 1552 33 1529
14 1540 34 1536
15 1534 35 1545
16 1548 36 1550
17 1543 37 1549
18 1537 38 1530
19 1529 39 1534
20 1533

Table 4.4 Material properties of T800/E011604-1{Bryte Technology Inc.).

E, Odeg. tensile modulus 149 GPa
Gy3 = Gy Shear modulus 3.25 GPa
Viz = Vi3 Posson’s ratio 0.281
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Table 4.5 Critical values for 5% consecutive test for up to k=5 outliers in a normal sample n=39.

i V/Ti(ﬁ)
1 331
2 2.88
3 269
4 255

5 247

Table 4.6 Critical values for 5% consecutive test for up to k=5 outliers in a normal sample n=29.

i AiB)
I 290
2 258
3 242
4 233

5 227

Table 4.7 Critical values for 5% consecutive test for up to k=35 outliers in a normal sample n=91.

i AP
1331
22091
3271
4 259
5250
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Fig4.22 Calculated Ae caused by fiber break under in-plane compression loading.
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Fig.4.23  Result of the outlier detection method applied to the changes of strain distribution (Ag) calcu-

lated in Fig.4.22,
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Fig.4.24  Measured A caused by a rib delamination under in-plane compressional loading.
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Fig4.25 Calculated Ae caused by a splitting on top surface of a rib under in-plane compressional loading,
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Table 4.8 Summary of the possibilities of damage detection under various combinations of possible

damage types and loadings.
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