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Growth monitoring of delamination of CFRP laminates

by Rayleigh Scattering Optical Fiber Distributed Sensor
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Fig.2.1-1 Measurement principle of OTDR
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Fig.2.1-2 Optical systemof Michelson interferometer
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Fig.2.1-3 Strain calculation for a Rayleigh scattering distribution optical fiber sensor



23 I F7ANEUHERAVNREREZ=SY VY

INETOMRET, @EEE=F Y U TIIEHTE DN T 7 A4 BB D0 ZES
LNTWVWD. BEDHEEZSZEIZ, FRPOREMNEE=4 Y V JIUGHTE S Tnbdt
Y E WL OENTD.
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3) B-OTDR(Brillouin Optical Time Domain Reflectometry)
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4) B-OCDA(Brillouin Optical Correlation Domain Analysis)
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(1) Single Lap Joint: SLJ (Bl 8 42 & HHEHET)
B 24112 S DR AZ =T . SLIEHMELEEZERGOED Z & T, RWEERE
R L TWD. — FTHME LR B2 Wi Hics L TRFEFMICEE
IRAMIol- e LTHEMICHITRREL TLEIREADD 5.

e o

Fig.2.4-1 Single lap joint

(2) ButtJoint : 22 X &bk F
X 2421225 & b EERTORRERT. ZOMFITHIMFE LE2F KR EIcox
HOELMEL > TS, Loy L Z OIS CTITEE RN /NS W e s, B85 TR

NWEWYERETLND.

Fig.2.4-2 Butt joint



(3) Double Lap Joint : DL) (- EhH HEHET)

X 2.4-31Z DL DR & 759, DL — 2D EM & fkAaiTe L 9 ICHERTEET 51
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N

Fig.2.4-3 Double lap joint

(4) Scarf Joint : A I — 7 kT
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Fig.2.4-4 Scarf Joint
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Fig.2.5-1 Cracking modes
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Fig.2.5-2 Schematic view of ENF test
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Fig.2.5-3 Free body diagram at ENF test

TOLER F oS ERE TEZ D X 254 DERIZRD.

11



P

4

Fig.2.5-4 Free body diagram ofunderpart of ENF specimen
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Fig.2.5-5 Theoretical strain distribution of ENF specimen
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EEIZ 1.5mm & 0.2mm D 7 L R 500 F O TV THRIEAER & it LB $EE A CREE L
7.
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+—>

50

Teflon
Sheet I

CFRP

| Spacer

@)

@)

"o\ O

Adhesive

o ¢ ¢ ¢ ¢ o @

3.2-1 Schematic view of manufacturing CFRP laminates with delamination [mm]

CFRP Teflon Sheet(0.1mm) Spacer(1.5mm)

Spacer(0.2mm)  Adhesive

Fig.3.2-2 Schematic view of manufacturing CFRP laminates with delamination (side view)
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3.2-3 Dimensions of SLJ specimen (single crack) [mm]

aluminum CFRP

190

A

A 4

3.2-4 Dimensions of SLJ specimen (double cracks) [mm]
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51 IR BR IR 0 RES R 4 — 7 7 7 (B ERT 2 AV ChIERBR 21T o 72, &
BRAICBEE LT VI E oA e L, RBREICEE L. SIRRBITENEE %
0.5mmVmin TATVY, 7 1 A~y RN 05mm b4 2 Z L iZilBramEL L, 77 A4
IZ X o TREOTAHMEPE Lic. 2D &2 AFEM 25mm & 72 5 F TRV IR LT 7.

W7 7 ANV, R A SIERBICEE L7OREZ 0T 0 L LTOTAHIE
B Uiz B oF — U Eis JOWGERIFREIL Imm, OF 2 1) 7E #iPH X £5000ue & L7-.

25 aluminum CFRP Optical Fiber

I

25
50
70

A
A 4

190

A

Fig.3.3-1 SLJ specimen with adhered optical fiber sensor [mm]
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34  FEM f##f

W7 7 AR DOHELNTOTAOMAOZEEEZFAIL, OTHOIHAERX D =X A
O ICT A0, ARESRMGNT Y 7 Y =7 ABAQUS Z HWTOT ADE R Z1T -
7o B 34-LITER L7 SRR A ET V&2 d . fERLTcET MR A F3Ic Liz—7
ETFTATHD. WH LM ENERRGEE 3HIX5ERBRICE > THELEZLDTH D.

AW ERIIT RO Y Y v REFETHD. BMERSEHE, EFHME T )OI
R, b IOy VICRFHMOMHENZ 5 272, 2k, il %f{u%:ffzf:
Ty DITIEEER RN D B 7R, BT VO Wi (XK 3.4-1 O FRIO @ISR A 5 2
7.

Fig.3.4.1 Universal mechanical test machine

Table.3.4 Stiffness of CFRP laminates [GPa]
E1l E22 E33 v12 v13 v23 Gl12 G13 G23

156 113 113 0.328 0.328 0.328 6.7 6.7 4.38
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351 SUTNI T IRBRROUVT #HHBIERR

35118 Y THIE LIy v Iy 7y 7 B oRmOT Aofizr~d. KHIZ
%7 v X~y RZE(7 05,15, 2.5mm O K O RER RE2 "L TR Y, WONIISENE2 5 2 7
KEDREZ R L TWD. T 7 A K TOME TEHXEIL 170~250mm TH v, & P73
AR T HEE STV D06 5L E DS 170mm, B2 35 i B OAZE X 224mm, & > ks O R
A& 1 244mm & 72 > T 5 (X 35.1-2).

OFTHGATRLTND A SIS T EREN, B AUIBEEmT, C Al FEEOKA
%z LD, JWIEMENS, BATIHEMOTAOE =7 RREMHTEY, ART
H O P MEZTR > TWD Z ENb5.

#3511/ 7 v A~y REMTO ASKROBROEY —IEEZRT. BAICBENLDE
— 7 MEIIEER R ONIR o720y, A RIZBND BE— 7 LEIL7 v A~y RENL 2.5mm
DOEFICHESET T ~1mmBE L= 2 LN bbb,

2000
— 2 72kN
1500 6.93kN
12 3kN
51000
g
Z 500
0 — — - f F 4
A B | C
2500
174 194 214 234

Position 1 optical fiber lengthjmm]

Fig.3.5.1-1 Strain distribution measurement of single crack SLJ specimen
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Adhesive end (224mm)
Start(173mm) End (244mm)

el

Fig.3.5.1-2 Measuring position along optical fiber regarding to position along adhesive for SLJ

specimen (single crack)

Table.3.5.1-1 Strain peak positions along optical fiber and adhesive length for SLJ specimen at

various load (single crack)

Displacement[mm] 0.5 15 2.5
A 183 183 184

B 223 223 223
Adhesivelength[mm] 40 40 39
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352 YUTNISvOHBRAD FEM TR LD HRE L UER

¥ 35.2-1127 1 A~y REAL 1.5mm O & & O OT Ao HE R R & FEM f#FT#E R 2R
F. K 3522IC FEM EF7 VO a v & —[X, X 352-3 [IZHEEMEILRK LIz v ¥ — X &R
T BITFRRICEETSE, ARBIUOB ATOTAHADOE—7 2L TEY, HERKRE
I —H LBz Enbns.

# 3521 ([THIEMR L MITREROOT A -V (LEZRT. £LD, AR BREBI
15MMOFEENRAE L TWABZ N broT.

2000

A S
1300 1) geipere

1000

L |

" 500

e

m

Stra

-500

-1000

J

174 194 214 2
Position 1n optical fiber length[mm]

4

L

Fig.3.5.2-1 Strain distribution measurement of single crack SLJ specimen

Table.3.5.2-1 Measured and calculated strain peak positions along optical fiber and error for SLJ

specimen at various load (single crack)

Measured[mm] Analyzed[mm] Error[mm]
184.5 183.0 15
B 2245 223.0 15

ZIMNBIET TN Ty VR OO HGMICET 2582 RT3 HBE IR
HOOTHOACERT S, K352-1 O A RHBECHMETHY, ZOMEE TIEEN
TV —THHEOOTAHAN 0L 2D, £z, AR T/HIRIEMOTHAOE— 7 BRI
N, TS HERICEDZ b D EEZLND.
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PR NETHAEEE IR TR, FRREOSHEN 10mm T ECldiehozZ &
WRKE LTEZLND.

WA & MRITAE RO OT BN L —ELTEY, MITHEROOT B30 O 14
OO KL — 7 (L EILE R OB L OBE T OMEICHNS 2 &b, 8L
AW OB, AL 2RV THIE LEOTAOMMICE—2 & L THGET 52 &0
Hok 2 2 END.

¥ 35.2-2 1L SLI BRI D =2 2 —[XTh 5. HAEHITHTRIMEO AN X 0 dhiF 53 Bl
ENDR, EEEHTIIRERIMITVECLTCND I ERbND. £, BEHOMRERICIT
FBEAE T O I AL, SERMFN & R ER T U — O THIZ /2> TV D Z ERDh 5.

¥ 35.2-31% SL) iER fy = o =X OEEM AR LI b D TH L. i rhrsibi &35
EED & AT CTH LN R Y, FEET O£ T, FBET STV IEICB WD TOT A
LPNEETWD I Ennnd. £, HBEES TIZRWRIoBEm CTiTfhiF omE A2k L
T, BIROT BN EMOT AT DR B0 5.

00B: Xob-8.0db  Abaqus/Standard 2020 Wed Mar 03 13:39:06 GMT+09:00 2021

Fig.3.5.2-2 Deformation and strain €11 distribution measured by optical fiber sensorand calculated

by FEM analysis for SLJ specimen
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A% 27 Step-1
increment 1 Stop Tme = 1.000

3.5.2-3 Magnified view of Fig.3.5.2-2

353 BTN vIRBRROUVTH#DMBIERER

B 3531 HTHELLFTNY Ty 7B OREOT H oMMz nmd. K2
7 | A~y RZE(7 05,15, 25mm DR O RIERE RZ R L TR Y, WONTITAEN % b 2 -k
DMEZRLTND. T 7 A R TONE TEHIXHEIL 340~420mm TH V), &2
B A I E ST D AR RUALE S 334mm,  #275 Uii 5 AL E L 395mm, & o B ERE D #E AL
[E 1L 4156mm & 72 > T 5 (X 35.3-2).

DT AR LTS A ST T 2000, B ARUITEE S, BAIX & & e, Cald
UV REBOKBMEZRL TS, XTIV Ty 7B Cidy 7 vr g /7.#%5%}#
LEWV BRTIERLS BRTEMOTHAOE—7 N8, A STEERRRIONS e —27 R
sl T & 71z,

#5331 K 7 ANy REMTOOTAHAOE—IEEZRT. ARICBEIND E—7 7
EXED 7R~y REMTHR UED, B fIlBld E— 7 LEIL7 7 A~y REMH
25mm T ImmBEI L= Z &b D

Table.5.3.3-1 Strain peak positions along optical fiber and adhesive length for SLJ specimen at
various load (double cracks)

Displacement[mm] 0.5 15 25
A 354 354 354

B 384 384 383
Adhesive length[mm] 30 30 29




2500 —1.53kN
: —3.86kN
2000 7.01kN

A B B C

345 365 385 405

Position in optical fiber length[mm |

Fig.3.5.3-1 Strain distribution measurement of double crack SLJ specimen

Adhesive end (395mm)
Start(334mm) End (415mm)

Fig.3.5.3-2 Measuring position along optical fiber regarding to position along adhesive for SLJ

specimen (double cracks)
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# 354-L IR ERE K & ETEROOT A —I fEZRT. LY, AKRTL5mm, B

HT2MMOBRENE T TWAEZ ERNbhoT-.

Table.3.5.4-1 Measured and calculated strain peak positions along optical fiber and error for SLJ

specimen at various load (double cracks)
Measured[mm] Analyzed[mm] Error[mm]
355.5 354.0 15
B 386.0 384.0 20

Strain[pe]

-1000
345 365 385 405

Position in optical fiber length[mm]|

Fig.3.5.4-1 Strain distribution measurement of single crack SLJ specimen
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292 Step-1
incrament 1 Step Tevw = 1,000

Fig.3.5.4-2 Deformation and strain €11 distribution measured by optical fiber sensorand calculated
by FEM analysis for SLJ specimen

OOf: Job-10.00  Abaqur/Standird 2020

Step Tew = 3.000

Fig.3.5.4-3 Magnified view of Fig.3.5.3-2
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Fig.4.1-1 Dimensions of ENF specimen

Optical fiber

Optical fiber direction

a0=25 |

’—ﬂ N Load point

Fig.4.1-2 Position of optical fiber sensoradhered to ENF specimen
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Specimen

Optical fiber

Fig.4.1-3 Schematic view of ENF test

42 FEM f&#r

4.2 A R SR FRATICAE A L 72 CFRP FS @ AlCE 7 VA 7~ 3. BRI E 7 /L IdE & -5
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Fig.4.2 FEM model of ENF test
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Fig.4.3-1 Strain distribution of CFRP laminates during ENF test
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Fig.4.3-2 Position of optical fiber sensoradhered to ENF specimen
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Fig.4.4-1 Measured and analyzed strain distribution of CFRP laminates during ENF test

Fig.4.4-2 Deformation and strain €11 distribution measured by optical fiber sensorand calculated by
FEM analysis during ENF test
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Fig.4.4-3 Strain &11 distribution near crack tip without deformation
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Fig.4.5-1 Positions for measuring strain distribution in FEM model of ENF specimen
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Fig.4.5-2 Analyzed strain distribution in CFRP laminates during ENF test
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Fig.5.1-1 Schematic view of VaRTM method
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Fig.5.1-2 Set-up of VaRTM
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Fig.5.1-3 Dimensions of GFRP textile laminates with delamination [mm]
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Fig.5.1-4 Dimensions of initial delamination
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Fig.5.1-5 Photograph of GFRP textile laminates with delamination
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53 EBRAE

AR FERTIL, GFRP FEJE K 2 FVC 3 B #2170, £ — NI S &tERP O KA
O B oA & B L7z,

W7 7 AT FEEmEICHEE ST 5 L) ICHEERTRE L7o(K 531). £
72, A OTEDIZKBILIF DT 7430 ElZ AXE, MMilZBXREET 5.

BRI, AT HE TR 0.5mmymin IZRRE L, XRNERT L I L ISR AR L,
RN Im 2R L ROREOT Aozt I Lo THIE L. ZORBET 7 A X
REMEOETRESEZERZHAOCCHELEZ. 0%, B0 % Imm ORREN & RER % Btk
L, BFOEANPERLZEZITRBEZIZEILEL, CEBVELE. X774 2057
— VF1T 2mm, 224 MEREIT 1mm, O9 AHIE HPH 1L +5000us & L 7=

AREBRIZEBWNTS, ABAQUS IZ XD O T AOMOFRE 21To7-. £ 5.2 IZFHHRICHWZ
GFRP DM B E# %~ 3. BB T T V&K 532 1277, FFKR@A20 x 25 X 6mm)DE T
WEAERR L, SZIBRITRBRPIC LT »OR -2l E b SICER L.

Table.5.2 Stiffness of GFRP textile laminates [GPa]

Ell E22 E33 v12 v13 v23 Gl12 G13 G23
195 195 8.00 0.153 0.153 0.153 2.85 2.00 2.00
1429 1404
| / Fiber direction
I
‘—
/ I
I
S ,------B
N\
1477 1496

Fig.5.3-1 Position of optical fiber sensoradhered to GFRP laminates with delamination
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Fig.5.3-2 EFM model of GFRP laminates with delamination for ENF test
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54 GFRPEEHROXEUVTAIMAERER

541124 & H/HE ZITBIT D GFRP K1 O Aoz nd . KHIZITAMANE & B
BIRCHE LS ETHEIOZZEMIELZ SR TRL TS, ERPOZHEIE, AK
ff 25, 33, 40mm, B [X[H 31, 36, 40mm & £/ L 7=. [¥ 5.4-3~5 | % 325k oD g ] S BfEF IR oD 1
BERLTND, KREBRTIIEHEIDT 7 A NREMEICL > TR D), CFRPEE
R D B AE R R X 2SR Tk &7 5 2 L b,

54-2\27 7 v 7 £ 25~31mm,35 L Y 33~36mm O O3 4 45 A Jll E 8 L OVFEM ﬁﬁﬁf*%

R, FERBRD TH o TH X ZUERMIE COT HROMKIEZ R L TR Y, JIERF
E X PR OOT B I TWDHZ ENbnD. EZE S 33~36mmn @UT?%’\
i TIEHE & TS R CTOT ADORE IR R DA, 2 0 SR I BEEE R 5 0 Hr JL 287 7>
O IMMIZZENL & R LB, 7 7 A ASPIHET AR OT AERE L2 Th D &5
2 HiD. LoL, PIER LU #ER & I & ZUEMALIET TR &2 572D, T4
M EDOREICEHTHDL EEXLNS.

541 TiX, WTNOOTHLMIZHNTH &N TETOTHOE—2 2R LT
% 7%, CFRP FEJE M & I\ 7= EBRCIEX 4.3-1 23R4 X 9 10 & 2T MR e — 27 %
RERVOTHEGAN RO N, ZiUudE s, sl RmcESE LIt 7 714 3k
VY RHBINIZTEHTHD EEZLND.

54-6 |2 GFRP FEE I D e11 D =2 > —[({ &~ . EZUT Ko T& Rl T rigngs
fLL, TRITHEWREDOOT HSAMICHHERRNTND Z ENGND. 2N Z A
ECREOT AOMIBENBENLLIHHATH 5.

Table.5.4-1 Peak positions of strain distribution along optical fiber for various crack length

Number of measurements 1 2 3
Section A B A B A B
Crack length [mm] 25 31 33 36 40 40
Measured strain peak position [mm] 1430 1474 1425 1477 1419 1480
Calculated strain peak position [mm] 1430 1476 1422 1480 1416 1484
Error [mm] 0 2 3 3 3 4
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Fig.5.4-1 Strain distribution of GFRP laminate during ENF test
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Fig.5.4-2 Measured and analyzed strain distribution of GFRP laminate during ENF test
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Fig.5.4-3 Photographs of crack propagation in GFRP during ENF test (1st measurement)

Fig.5.4-4 Photographs of crack propagation in GFRP during ENF test (2nd measurement)
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Fig.5.4-5 Photographs of crack propagation in GFRP during ENF test (3rd measurement)

0DB: 220216f2-1.0db  Abaqus/Standard 2020 Wed Feb 16 12:35:04 GMT+09:00 2022

Fig.5.4-6 Deformation and strain €11 distribution of GFRP measured by optical fiber sensorand
calculated by FEM analysis during ENF test
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AWFFETIE, AU —8ELARDET 7 A "otk o2 v T, SEEREE L > CFRP X
K OVE W B A 5> CFRP & GFRP B Jg # O O A 434 & B iR 3R & ENF 3UBRIC K- Tl
E LT, £, B ONTOTHA & BRI E & OBMRZ T, A IREFZMTRE R L
L7, TORRLLT O/ a7,

(1) SLIFBR A O 5] R BR ORI ERE Fds L OFRITRE R L 0, #85 f8 & R E TOT A0
W/MEZ &0, 2K > CEEIEMMEZREFRRTH D Z R bhoTe. RN
WEEE i & & REIRALE O O B AMIERER OB AR L, SEFEAENLERE TR
TFIETE=XIV U TRETHD.

(2) CFRP iJE#IC & % ENF skBafE R L ORI L v, SZIRALE TOTHOMmK
EERY, ZHZE>TE— RIHBEEH EEZ RERRETH 5 2 & ibinolz.

(3) GFRP ffJEMiZ L 5 ENF iRBRFE B KOS R L0, RN LR CTH - T
b, KU HEEESETRET DI L TOTHOMDOMKEZ BUD AR D D HIEEF
WEFREFRRETH D Z N DTz,
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