GOVP1200509323

99-NG-01-A-06

ZIAANAE AET| =71

A Study on the Development of the Key
Technology on Machine Systems

)

4w HMAME of8st et Il Y

Development of Technology of Structural Health
Monitoring Using Fiber Optic Sensors



PR 7l A7) o RAaME Asch

el

9. 30

2002 .

gk



) oy e
oF T o o
g —— [
R st
O Co oh
[ S JRe ) o
T S LI 3
b e : s ot
E 3wl Al = A <
ot 5] e =
=< e = L
~n fo
y1d el
» . .. T i 7A
it .m.w: EE o
i A
£y .w. e
) o b
T o B
=, s .
e
e o
% P i)
,x_J e Ee Be e ey
o7 w04 o4 FHo st us I
s . ST kanl B ™~ Hmw o,
= e “ o e v o
A T+ [ i, == ~
g —_ ; b P 4
fi ~ ™~ o oBh i
bt Loy ] T - ey
i o iy - | s i
T ’ ] H (i HH = .
i ofo i e ,’wm ~ =
™ gl — o B T g . ~i =53
s e T nMQ wa W oo
i B - i ‘
s ™ o . H -
o L ik 4 e il e
ol o I ) ~ TR R
fii S o= | = T e o = =1 5
G = B ca hE
. ™1 N Ly
T R o | WO TS e g
T OE T W E ok = ;S
e PORS - rry M % o 1ul b
™~ ™ o < O ) ZzM e b
ey e \ < Qt ke
o #O < ok s ™.
,\6: 2 T, Z A [ w.OWn Py
T oB ] me | B R CE I Al L, B EREE
SR D - R | E B o <
e ER ko) = iy . — B ’ oo % I e
= e P im0 ™ oy s iy 20 A
7 ~< s ! A Al B ke KO
e e h i . fomens o ¢ prbon ﬂO
O S S I e i~ e i | o= | ©l O, B
. — = R b L _mw, = Ho wE
¢ = it H —_ 4
= A R Bl B ol ! R I i S P
o = e k P
= U I I — 0 T o
i i A T
oK TM.. ) AR R
4ol H e - = N I
E B TO - e ; (G o
= = || e | w | IT s
) 63 2l I o B R %
P ; 3 ¢ o] e e e e
i ] - I i s of 2
w4 ot e
% - 7 5 B 4| A | w | o

optical fiber, sensor, mechanical, strain, monitoring, system

o




0

B

Favr 2

‘oF
o

K
alo

"o}
G

5

0

2~ €l
— T

WSFL 3¢ A

p
p

g1a] ¥ ATFA

i

ol

| WSFL Al2=ge] 3

3]

Aoltt. o2 9

=
T
g A

.
fite]

&+

o
ol

oF
ﬁO
pu

;0.._
!

B

Jari
no

&

ol
oM
M
o

i

=
=

[}

il

A BEA A

g

= acy

T

)

—_
"o

ruzel

_&_l

i=A]
=

<
e

T

i

B

=
=

.

0

B
B

—_
"o

W

3t 8 BEFsHE o

E= S|
= =2

T2 =gtk 3 FBG AlA

& <

el
s

e 7HA

;OL

do

o

ol
plp

K

"
=L,

a}x]

bk

3

wh



o

o}

TH

L
.

B

—_
fi%s)

ofpy

o

B

o
fite)

il

1«.7”

o
O

——

s @A 7HA] Al

3T
=

i AA A

& &3 o= H

2 2EUE

of 2] 7]

ki

2 9

olo

R
fite)

i

T
oo

%)

of

Als el o diF A FxE

AT LAY T8

V.

z
B

A F+F

2

AT A A Aot HA ol

s

ALt ofel o

b A ZE A

A4

e
<
ol

e

do

)

o

]

o



SUMMARY

1. Title : Development of Technology of Structural Health Monitoring Using
Fiber Optic Sensors

II. Objective and Need

The objective is to develop the health-monitoring technique using a smart
technique in large structures. This technique will be very fruitful in application
to real structures such as dam, bridge, nuclear plant, oil-tanker, etc. In addition,
the condition of the structure can be notified real-timely so that the structure
can be prevented from catastrophe beforehand, which will reduce the cost to
repair and to maintain structure. Moreover, the development of this technology
will be influential in over the society. Therefore, this technique is worth
researching.

III. Scope

In the first year, we successfully accomplished the objective of the project,
the development of optical fiber sensor system such as WSFL(Wavelength
Swept Fiber Laser), the light source of the system, and the design of the
computer code for the signal processing.

In the second year, we performed the several experiments in order for the
application of the developed system to the actual fields. The module dividing the
light source was developed to increase the quantity of sensors. the dynamic and
structural analysis was carried out with the sensor system. Moreover, the
system measuring the temperature with optical fiber sensor was developed.

In the third year, the final objective of the project is the development of the
optical fiber sensor system for monitoring the structural health in-situ. The
WSFL was upgraded to guarantee its stability for a long term and the united
module for driving the system was developed. In addition, the several problems
induced from the application of fiber Bragg grating (FBG) sensor were solved.
Finally, the sensor system was developed for measuring temperature and strain



of the structure at the same time with only one optical fiber sensor.

IV. Results

We have successfully developed the united optical fiber sensor system for the
health—-monitoring of the structure. The system was composed of the WSFL, the
laser source, and the united module for driving system. For the application of
fiber optic sensor to the real structure, we performed the several experiments. In
addition, the several problems induced from the application of fiber Bragg

grating (FBG) sensor were also solved.

V. Application plan

Recently, fiber optic sensors were widely used in various fields. The technical
abilities and skills of optical sensors are, however, in initial stage in the
developed countries. Moreover, the applied cases with fiber optic are very rare
to be found. Therefore, this results will be very fruitful in application to real
structures such as dam, bridge, nuclear plant, oil-tanker, etc. In addition, the
condition of the structure can be notified real-timely so that the structure can
be prevented from catastrophe beforehand, which will reduce the cost to repair
and to maintain structure. This technology can also be applied to the advanced

field, such as aerospace structure, military equipment, etc.



CONTENTS

Chapter 1 Introduction

Chapter 2 State of domestic and foreign technical development

Chapter 3 Substances and results of research

Section

Section

Section

Section

Section

1

Improvement of fiber optic sensor system for health
monitoring of structures

Problems and solutions on appling FBG sensors to the
fields

Development of a hybrid fiber optic sensor for the
stimulated monitoring of temperature and strain of a
structure

Cure monitoring of composite using hybrid fiber optic
sensor

Heath monitoring of filament wound composite pressure

vessel using FBG sensors

Chapter 4 Achievement degree of goal of research and contribution

Chapter 5 Application plan of results

Chapter 6 Survey of foreign scientific and technical informations

Chapter 7 References



AgshatatA o ) e

A1

A A

Mo dA FEE A8 hE

Al

Be Az

A2 A

e
)
=0

T

)

A3 4

ol

AL AT FEA

A 5 A

AT oA

A 6 %



o
ﬂmo

;OU

+

e
w0

4Ar

ol
L

AL S 7]

g "

o] 2

1
g}

A 9

kol

A

A A

1218 o

e}

b4

2=

@]
=

HARZE o1 H

N

A

%

¢+

o

JJo

T
frol

A 7}

=S

HFs Ak T

Z & (smart

2nbE T

o}

E-(intelligent structure)

T

|

= A

E‘E
A}

)

[e]
T

structure
71 <}

9l

il

W

AN 2=

oAl 2k

.
T

A el

ER(electro—rheological) A,

MR(magneto-theological) A %] ol &8t} Fig. 1.12 ol#g ~nt

g ol

=
]

=z}
2}

optic sensor), WS

)

¥

(shape memory alloy),

o

External -

interference

Excessive load

4

2
2585
650 L
Q.02 E
”m,n,@m
o Q-T2
= Q>

o e el e e e

Structures

Fig. 1.1 Concept of smart structure.

AAol A&7t



A=

=
=

1 4]

A

AV|2

e

°©

i

A

e

ped
&l

L wWo &
&5 A9t wWnh Emg AV Ao JHH SRR FEE
H7h Ao,

(5i02) AT H71dd

R

TR T R R e o o
ﬂmﬂw?t_ Th o T Pagl
IR X om ROR = oz owr )
e &ll.\llw.r < K
xwlq,kamoﬂ/%ﬂu o O R ra
o o oy B oo T W 5 X
&&%fﬂx%ﬁ; CHE & o
T = p—
??ﬂl1gOmm7u g ome T m 2 o
TnoEEELT EN® 0 1 A gz
WOM@&.A%,@Q gl T+ B - mﬁ g X
Ar J - R ~
kkfﬁﬁ,%,wl%h W U : 5 =
t@@.ma_/w n &70M ™ 0 m.w o
w0 ” A0 o !
N N o 0 w T
o e BT R e N Rl ol g
T R KOE R oy T oF o = 2 ol
T T o 1 D o Rl . o -
N w T ﬁaro ol Ki 5 T
PG gr e oA K 2 0°
o o, oF & T HL 'y - 2 ol
Re WW wE TR oy oo o o) mwe; o 0 i
B S a B0 o w
o) 14110 m..u.\ﬂ_ro 0\431 QO ‘m ™~
1H Hr o) X o M iy G A S rn.v. N
gy e = B N T g ‘ = -
7Z&MMXUHTWQ1A - - LIS 5
R R = i g u
= go © < = Tod N = =y =~
Ty m R TR g M = o 5 7
RO T M ) po W N © ﬂM X0 ix ,m .
~ - ! il
=TT o S v ol il A ny 70 il e by
T B o T - s < S A
GETER R aw T EN P =< g o
IR R ok g %
%ﬁ%mﬂ?mow;ﬂ%ﬁﬂﬂ i o "
o omow o w oz T 0
W e s Emmwﬂ.ﬁmeﬁﬁ 5 2
onml,AH ‘m_)ﬁ_bdl‘MOv_/ALWH o
e oapw e Eaow BF 4. 2
FRT  EH B I o SR
WM ok o o B 2w N ~ NI y:9)
st T o C
e oo D) = N T M%ﬁi b

_10_



2t Al A 3

]

o
-

1t

0_] A

WSFL %%

.

I+ Aolt}. Figure 1.3

B

1.

a2 Aol

718l s 29AVE S5 H

AT gol ot

W ook T U RO AR AR
=K Wm Mm Mvrnﬂ_ o o AP M e
) - — Lr —_
=5 BH or il B O w AN
™~ X 7AO aa)
5 » Smom T T
= om T M oW P H p
o A TR g
e <R lemoaﬂr.wue@q
| ol o gz M o
° . )
g =4 : MH%WW%W 0]
w )A . e
o BT T T @
o wn oF AR o { .A|_
= o ~1 ﬂ” umU OT i EE fi =
o ) o o n oF Ee Of o#e =
o T o ot =g B =)
WA w9 o
do IV gm o g TOB B
T < W T g P MR 2!
gmva ] B of Ern Owo ﬂ/l J.l QMO
s E o Y B o o Dy o
mmE Z.* m OE ﬁi Ry RG] O# EE
e T IR R et
= B X il - T ow Il = °
dp X g Ne o oW oy XA
< ° 2 1 wul ‘.mlwv o B
= ) woR 250 J‘v RO ., =0 B 3
N W e Bwm_ ® S oW
o ﬂw} o ) m_x QO HE ﬂw: i
FL “wﬁ LvE Munﬂ LE s &O - J@M T
1) Hr - 2 o \.ﬂ! o T L=
Hhv' = UT.: = v nvlmﬂ. o
~ ~ N N X
w 25 Nd . S > e R
FE R T PT T T Gow
i gyl ™R om < =
w g = B oA < o R oy <
s o do T — o W = yu ok
w0 E %Q%MA gy OB ER TR
J‘H ] < T 2o o
OO o N T R N o K| Al
EU O " A ok o T T BE X

- 11 -

Figure 1.3 Scope of research at the second stage



w77 %

o

]

37 Fok AME wol g gk ey AA FRE o

o]

of
8
o
o}
oo

"

ol

Z
A

o}

e 2

=t}
=~

A

*

147k A7), 914

£53 9l

A
fild

Al
=

% oA ¢ motor case

1

7

9l A7 7}

9ot Eo 7%

)
458

Ioh oy Aa 23

o}

al

d sl 48

A< THA o)

ik

g 71z 7

TEE

A &-F7)

Al
=

E1 glow o vt

el

Aoz ol o s MAe] oa T

fois
=

Kt
ol

o

il

WE (1997, Bl=)

2R5

2 %
=

o] =¥o] FBGAIA

(1997,

=1

Slamming force®

ok

FBG AlAM &

= 0
e

st

=

§ 30 km Zole] HRAMe] 2§

o1 3

3. A, vgsew

RYUEE(1997, 4E)

EFPL 414 2 38

&L
92

5 ] 2]

of 2%

=z
=

3

JA e F

3

4, F-16 RE719] &7l 7}

(1991, =]=)

SHAE)E &4

Bl

bl 5% ¢

5

ol&

=
=

5. FBG A4

=
=

[

(Waterway lock gate )9 #

ol 2 AHE

&

o] &

~El g
2 g BRUE (2000, EHR)

A A

X

A

6. FBG

- 12 -



)

2

]

dEel 9% A7199%, My

(1996, =29 °])

PHN F5(1998,

-

[e)
LN

7kek <

[e]

]

] =
Mg AlzEl A #1999, =29 o))

7<C4> Al

sled Waterjet®] 523 954 ZUEH (1999, v

1 7EA1(1996, |l =)

5

SOJI-MARU= ¢

A
o

e
FaA
=)

8. Braunschweig #3&9 %2 (taxiway)olAel =52 aE# R E (2000,

13. FBG AAM Al&glg o

7. C/KC-135 714
9. 1:20

11.

Gl ~ " GG SO §
= o % ST n T
e o [ ._ﬁ HT [@)) "° q.NlL = O . O
i) = X — —_ <] R
5 5 = N I
Ko kil & ~ dl}wle ﬂE
a 750 = 38 .,ohi1M7xﬂAmum ﬂqu
WM rﬂm 03 2 Urmwmro%mmd'%o .nmo_i
) R TR ONES 4E
3 R R pic
= il — T
o + g £ Sr BT gom PE
ol 5 2 O kBT o W B\
,mmo \_ﬂoﬂ_ m NL/ ,uAuD H%l%u Eé,m ﬂml h - Um!
A F 7 < R o B M W % =
T ow £ o geFliEel o
v F L L ®Bmmufn: Tw
cy - Resbx®z BW
o = AL < = ©°F N
i Hio Q & o T S = of
o) ! = = oo oo Mo T Ho
5 B Foow s g P o
;Id%: EO o — S H:O‘..ﬂA!l! X ._‘lr;oo
e Jjo 5} M o N o) o g P
el & = B g ]
5 oo B R S-IRCC R
) 5 = X T T N AR
= O d.ﬁﬁﬁﬁia_ﬂmom
o o 8 LG N B S R
N [ M T m P
e vEA 3 M a.ﬂo%wa%ﬁeg_m;%ﬂﬂ
st o T
= 2 g g HEXIowuDy i
> 9 E 5 X W of 5Ty
! —_ - 0
4 <2 B G X oo ook o
) oy < 8 ovowon_aﬁxﬂhnmuioﬂmu
, X £ W o= T E T T g P
% 2.» .W/M ] fo o zI HT .Mu]../l‘_mn nml_,._u
oo 7 X
S, ¥ 4 BF ggiertriEecsy
< s e o~ Toewmm LTz
. S8 5 o me ool T T o
oM RE T T 2

_13_.



o =2
=

S|

S
Zd

T
i

AF7F FulelA] o] Foixl i ¢

T
T

S

0}

3h =) 5L

5]

3

A

o] M =
] 3 Abst Aol A

&

A
=

X 7]

zolu,

-

HA e 71249

Aol Tz

]

2

o

&R

A

AA) gkok AEH 3

F-ofof
= o7

L

3F7] ol

& °

o] ol¥ s
EEp)

=

]

=)

12

|
=

wl
=

p
Y

o]

o X
p

_14_

...o]

beh 2y 4
Gz Adg 4 FEE

NEE

T

=

[€]
=

Al

L

—

+o

IS}

AXE A&
FAIRE o} 7t A = A

=3} 2 7)%e] s)&ol d

k]

stele AbElZE Bol R Ha

3



-
Ho
;OO
Wy
1:O Jllylll
~ T/ o) 0
X0 dmdl.zo]#eﬂr
o @mammwa x
. ioi:m, £*
T { 1%5_5% E:_W
I # o) = X +~ 9 B =% o -
re mn O 2 =T ™ T &
_ aﬂluax oﬁeﬂm - T
oK A;}u%ﬂwé 4,@1@ N 2
T Mﬂo_#oo_al,mrﬂ MLT@ M@Mﬂo%%,@
Ro < WJJAoﬂuWuTMLMNUulZ gaﬂﬂioﬂlizﬁ,mx
K ¥ { <30 < o ! o ofE e ol i o
m — Unnﬁbo#o% onﬂ‘.r:x i1 OQL, o ~o
i 455A4%H L Laéaraﬂlaf_.g Xz
= M_EOﬁ zﬁ1gmaﬂgo#u ﬂnvoﬁ%oﬂ@n@wﬁm 7Lﬂx1
70 o age%ﬂ%%ﬂﬁw{h aﬂ&1@mﬁﬂﬂc% ﬂmoﬂewg}
n o = G T
n N ) 5%%W%@%ﬁghw ﬂ@ﬂ@%z@ﬂ] ﬂ%@iaa
- M A ?@Lﬁ%%do%@w& ,m.yrmolnﬂﬂwow T Ew_g%
ol ™ T = WLA, Ls,_#io,.q ,_aog E%Ur of
_— ﬂo;ﬂQ1xF < o ;oaobo ol J.o_t oli W
= X = &M ﬂo@%Aﬂc dlo q_Emu%ﬂr.x} o zliﬁ_z
™ — o 0 n R 3 < oy jul — ) = o o N o o ~ ) —
=2 T o © = leﬁ g omiL TR 70 B uoﬁgé
- = X o LOA M o 171“,% %xa.m
LS ¢ 1WTJ q,{
— ) 1o N EA " = ~
L ) twmuwmﬂﬂfcowm%w wwmww%ﬂﬁ%%@% Mom.w%ﬂﬂew
=L ; il = ;A]I__
" i aafeqﬂoahfaﬁu, u?%fﬂoggmo EEOOEZE%
__Ao ﬁolx_Hx ns o ,CEo _nwo%%mﬁomﬁ L|€ NN
) Mmgo@ﬁ%w:oﬁf @wr; o BT x@ﬂgr¢ﬂ
o Hlﬂga:ﬂoz% ; P ?ﬁ@@ﬂr%ﬁ% ﬂo_roﬁo@uEH
= —_ ﬂ%?h% gogzgui ofiarg%@%ma ﬂw}wl%w
X o ;lﬂ@a ° ) by o A] ol s P T T E - = i > <
= 3 Eﬂp? T T Ty wE T @Hﬂ&ﬂz
i3 Mo @EE K N b oLLE )
ﬂuﬂ%?%é _3%c ﬂﬂ&o‘wﬂwﬂ M%g ,mﬂzpo.@mmﬂ
— ELH%%Q}EMM ﬁoﬂn ﬂﬂuawtimﬂmm ar uME#EWuFWoE
;oh LA&H ol /s wo.ﬂ — Ecﬂ ﬂu.ﬂg_ou =y
E ;o.._1r b - wq XOWE‘A J_EL-O = = ‘lr#
ow%v,uuo#_/pln.goJ!FuT i oLm_.,_ ..No &OAOC Foww.amﬂ.,o‘_
Javol_/ T » RO f%*%ﬂ,ﬂ.g E% S%aﬂ ﬂuuga
ﬁmoamgaw% % %133,\@% X w%@ma.ﬂ
o gmnﬂﬂﬂ - RN . W S ° R
H __m_i om mzqormooﬂomomo H%w%%%i
I ~ 3 —
oF X . 0N ,_oﬁoo@ﬂu%me waT‘_%JE
N Wdrum,mﬂnl%ipog h T .or
& o op 2%@ s o NF of T A
oo_ﬁﬂﬂﬁuﬁﬁrﬂ ibutﬂ/r@ﬁ
NsL.ﬂuﬂ.,_ B 1J_/HJ:J|,_ﬂo|mm
7Lux o) F T EW_L_G
$ o o ﬂamz_o%}
_,A_‘WOC..* HT»_/
ﬁﬁ.mqogiar. s
.Dl L‘rols olp
HﬂmMﬂ,rga
ooﬂwuuxmwmuf
A
oﬂomxl
()

- 15 -



FBG AlA(Bragg Photonics Inc., 2

o

o] &3t

=

=

1550.430 nm)

B:

<R
a

e

TR
X

~L,
HO

A

G

1

T
il

=

=
=

el &

M=

Al

HA7], g

I}

it

o]
ol
<

H71 wgel AAl FERE A8 Al Al2=fle olF %

A

=R
Fol Al #AE = vk wepa] & Aol

[e]

<,

)

A g A

283 A Asgol
4

Z
2}

Ton

—_—
fi%e)

o

A]

X

5749 &

o

e
fite)

=
}-

7}

i3

el

==

94

-
o

w1l

1
1550430 nm)E ¥ i & A4 AFA 7

’70_] =N =]
o T

WSFL

e

1

st v,

3

B

2=
nn

Kol
=

&

Aegel BE SR @
=g

Al2¥le] WSFL

L R

3 ge 4
T~

o
3|

=

A28 Fig. 3.1.1(h)oll A HofA
o}ok

i H

5 57 A8 o

stA

4

o] etk whebA

Fig. 3.1.2(b)<]
Fig. 3.1.3 oA & 7o)

7] FBG (Bragg Photonics Inc., 4p
H e FBG AlAM e Bl o4 ols5#He =4

j o
o

=1

ol

%0

N

N\
N

o

el o

&t

5

A3

o
=

Fol7F 0.0029 nm

A

_16...

Hj g3 FHa gk Abol

FETIE

J ¢

8

=
=

}

(o]
JEA

5

A, 30417k



B

7)ot} A

g = =

3]

2.4 p-strain®

ok
24

st

B

70

ks A ZAFEElY o

_17...



3
:
¥

(b) WSFL &%

Fig. 311 ¥Z#3 22432 & ol &

_18._




S XNelg

ol 2284 4 4

up
e

tHo

Tox
o
o
oF
Y

e

A

Az

‘?‘j]—

&

ol
ES

Fig. 3.1.2 WSFL +%

_19_



Fig. 313 32 #H e FBG A& o] &3 WSFL 2% A4

1550.490 — et

A)
=

1550.485

1550.480

1550.475

line of maximum value

0.0029 nm

Wavelength (nm)

1550.470

1550.465

line of minimum value

1550.460 : L .
0

Fig. 3.1.4 30712t &¢ke] &2 v o] FBG AAM B#a s ols

10 15
Time (hr)

_20_

20

25

&

30

=
=

juiid

7

ih



2. VIS ol & A WPE RUHY

® goE TCP/IP ZE2ESS B8 AW 542 o8sd o
FBG AMA-9E 2Fs0] 237 : @

Toe 4
71 %/b}‘%%é‘;ﬁ AAFHANE Aot Fea
]

it
I
o7
t
I
2,

oZ
i3
e
2
S
4z o
2
bt
G
a2
o, o
B o

o L H op
]
offl
X
i)
O
iy
2
.
et
2
T,
=2
>
2
=)
2

% oy
N
Ol
2
A

o -
B
i
it
25}4
ofi
oz
:g;{& -
e
03
2
b1
£
i)

f;l

AR 3, o
Lodge B
AZF EUEH gAY

7k A= A 2 28 3y

(1) ANZE AEAE R AES AT A=

S

et O
ol
o)

BGAIA A2¥g olgte] AAXZIEY ANT T2 WHE

3] graphic user interface(GUDE A9 3t National Instrument
LabVIEWE ©]-§-3}¢ "gii’é g £ AFEZaRE AEsch
2 HEE-HE JqEg&g ol &ty it HHH HHE AAsH
ol dis] zZF A e x’“«ﬂf’ﬁ” Hol g ol g3 ¥MILEE AL
2 FASe] gt Fig. 315 9 Il RoR vie} 2o
| AFE7E ALREHA Hed 447 g FFEHE Hol
E hie 48 FoldERZ A o] AATLE
e dEg o MEE ANE AEAE TR 94A
Blo] kol wela] AWE AFE AAY Fx glon
. FetoldEE EARNA AulE ¥ ZT
g AAE 2Fse 9T g Ave dF4AUE A2 EE Y
HEER A3 Ay A5E gAgd e SEoldER Hedte

-
s :io
g

ol
L
ot
e

o
ol
L

' o

>
»—‘ml
1o
B>
[k
'.
£

9
)
it

N

R W)

2o e

<4
!
-

lf‘j;jg

AN LAY )
e lo 7
ol
_ﬂ.;«
2‘&3&&{‘3

2 7
i
oo [ o
2
i
—{n
£

{0

oy
2
o
=
A8
ek
itlo
ol
k)
)
«X{L

S
2,
re

It
ol
2,
=M
A1)
_‘% 1
Ho
;%,_: i~
¥
o
32,
Q,,

i

fol
,}fi
fole B4,
=z

e o1 T G - T L = A o [
ot
it
o

@ AWAR D AP

AR ] F2EY AGES AANToR SHSE 48
A}el CU-125 NS graphite/epoxy Z#Z ez dHlo|ZE AR&5HY /‘V{_%f A2

-.-21....



]

th A e [05/903)s o HEEME HFsglch A9 e 27 22 AM 9
A& Fig. 31690 Yehiinh AlA 2%%:%. 19] 59 AA, AA 2He 20 578 AlM
2 AE 10719 AXE AREG 59 Fes st LESH|EAA AlH
I A FAAEEE ssdTh

E PUEEL 43 48 e 937 de EAEHS 534 72E 0%3
Helo Fal5e 7bstol el dold = RUE Hud 25 e WY

= Aot} WSFLZ Y $1% #lne-sz "ed 5718 dzhse] *r-‘ﬂr
Hz 2 stg3 g8 daoia o= AEE 100 Hz 744 #30] 7t

8y
CE

AZE BEA 9AE Fig. 3158 Zo] Ao £330z 3R o Bt A
Al SO EE G| Bue] & R FrhEYE Mg F 27 WAE £ F
of ARNEL Ak By AFAESE B F AMSEAY 1079 W%QM s
AE AxE AFH AFHE BA AABOE AF Hyso] FYOAE
FHE Foto] 2UHE sah Fzg 3178 Akl 194 9] 5 Aol e W
HE BUHE 43& dehia v —%‘:% ge] AAFe2REH i E97%
A ? 1@ 571¢] FBG AM2Re HS5E Wggd] ge oz g5 Ny

e shsAHE AAes Eﬁ%ﬁ‘—:& dow d&sEHon WsshE F

o‘ra‘c‘ﬂ HaAE #4 glol A" AT A ?Si #g rAFUT AzAFE A

1 ai’%‘f’l 4 AFee 24X A BF dAHE dAE

£ 2deow dAdE ,g_é; EASHAE AgsE A A5

e R g %E}‘ oldeg #HFeol AAste] Ao §FL 29 F AL F W AR
el Alag zdol 7He skl

olEld A¥ AIERE FAH FBGANE o839 dAA Y FEE tishd

o] AAe A WMIPEL A AT FRE QHALEHM wUe gy 3
F 9eg FASAT olTd FAL 08T A WES AHAE AAS WA
A gn AEe] AAHe e AR 0§ 4 Mw FAHE & oH,
WA g RS We gy TREY WYE RUHYR 2o AFAE @ el
EUHAE AFEE ol43te] o8 T AxdY g AMA2EE ¥ ZUH
% F Y

- QF -



FBG sensor array

NN

Server
FBG peak : :
detection : U RIRES
circuit internet
FBG sensor
system

Fig. 3.1.5 FBG sensor remote strain monitoring system
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Fig. 3.1.6  Specimen for remote strain monitoring
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Real-time FBG Sensor System for Strain Monitoring

SENSOR ARRAY1

Fig. 3.1.7 Real-time strain monitoring of FBG remote strain monitoring system
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Table 3.2.1. Specifications and strain-optic coefficients of optical fiber.

Property Value
Quter coating diameter 243.99 pstrain
Inner coating diameter 193.13 ustrain
Cladding diameter 124.58 pstrain
Core diameter 8.61 ustrain
Coating material Acrylate
Poisson’s ratio 0.16™
Effective core index 1.4476
Photoelastic constant pu = 0.113%4
piz = 0.2527
Young’'s modulus 70 GPa
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Fig. 3.2.2 Reflected spectra of Casel and Case I : (a) Unidirectional prepreg
of Casel and Casell, (b) Specimen of Case II, (c) Case I before curing, (d)
Case I after curing, (e) Casellbefore curing, (f) Casell after curing (by
LED- OSA system).

- 30 =~



“%:n|Before curing oy = 1549.56 nm
2.8d8
Y i
i
{
dBm f
f
|1
5.0 g ()
ST —— 1549.56mm  in Vac 1554. 56rm
| After curing A, = 1546.61 nm
%acvxs 7 Aq = 1546.99 nm
-65.8 I
dBm 3
{
/
75, 9 { (e)
" (544.56rm  1.0mmodiv 1549.56mm  in Yac 1654. 56rm

Fig. 3.2.3 Reflected spectra of Caselll and Prepreg of Case IV : (a) Prepreg of
Caselll, (b) Specimen of Case IlI, (¢) Pre preg of CaselV with bigger yarns,
(d) Spectrum of Caselll before curing, (e) Spectrum of Caselll after curing.
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(b) R=2.020mm

S TIEREE e
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Fig. 3.24 Embedding environments of bare optical fibers and coated optical
fibers: (a), (b) and (c) Embedding environments of Casell, Il and IV, (d),
(e) and (f) Cross sections of bare optical fibers embedded in Casel, Case
I, Case M, (g) and (h) Cross sections of optical fibers with dual acrylate
coatings in Caselll and Case IV, (i), (j) and (k) Side sections of bare optical
fiber in Casell, Caselll and Case IV, (1) and (m) Side sections of optical
fibers with dual acrylate coatings in Case Tl and Case IV.
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Fig. 3.2.5 Experimental setup for cure monitoring.
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Fig. 3.2.11 Results of strain transfer experiment.
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Fig. 3.2.12 SEM photograph of stripped optical fiber.
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Table. 3.4.1 Specifications of embedded FBG/EFPI sensors for cure

monitoring.
Bragg Initial CTE | Thermo-
o s Gage . . .
Specifications length wave- cavity optical optic
gt length | length fiber coeff.
Symbol L Az d, oy &
Unit mm nm )7 o/ C | pom/ C
S 1] 243 11532.003] 664.56
[0,2/{0.90}/0,2]r S 05 | 62

Sensor 2 245 1532.441 | 642.66

S 2. 2,050 | 660.
[04/{0}/05/904/ {90}1/90,/0], s 2 § 1159 8051 s 6.2
Sensor4 | 239 | 1532.070] 680.55

Sensor 5 | 296 | 1536.505 | 551.21
[0/0}/05/905/{90} 90}y 236.595 0.5 6.2
Sensor6 | 253 |1536.579] 60031

. . Sensor7 | 256 135 587,
[Fabricy {000}/ Fabricg], oot/ 226 115361351 58753 | ¢ 6.2

Sensor 8 | 24.0 ] 1536.201 ] 633.87

Table. 3.4.2 Components of characteristic matrices of embedded FBG/EFPI

sensors for cure monitoring.

Symbol P Py Py Por

Unit ugum | upsmm Chum | Crinm
[01/{0,901/0,5]; Sensor 1 41.15 47.38 0 97.42
Sensor 2 40.82 4742 0 97.40
Sensor 3 40.32 47 .41 0 97.42

01/{01/05/904/{901/904/0
[O/103/0905 00100 0ckr = ra | arsa | 4732 0 97.42
Sensor 5 33.78 47.66 0 97.13

06/ {0}/04/904/ {90190

(0105090 B0V0cke =g 6 | 3953 | 4741 0 97.13
[Fabricy/ {0,900}/ Fabricg] Sensor 7 39.06 4747 0 97.16
Sensor 8 41.67 47.30 0 97.16
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Fig. 3.4.1& 4 749 A& djste] 22 7 7o) 34 F ArMe ddde A4
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Therm ocouple

Sensor 1
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18 cm 1

(a) Unidirectional laminate: [012/{0,90}/012]T

Sensor 3

Thermocouple

Sensor 4

18 cm

(b) Symmetric cross-ply laminate: [0s/{0}/03/906/{90}/90¢/06l

Fig. 3.4.1 Directions and locations of FBG/EFPI sensors embedded in laminates
(Cont’d).
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Fig. 3.4.1 Directions and locations of the fiber optic sensors embedded in
laminates

_61...



gAY 3R 2wy

Fig. 34.2F graphite/epoxy B89 o 2
Gr/Ep SdA84 LEZYolB YU AA 3gARZ 5

3 AT RS X E At $AE T BAAIY] Y8t 258 80T
<9 3081 A 28 A e HERe 5 HF AFRLE(I0T)E
2AZE FSE FAste) Az aga rpA e Al E HERe] 28 o
Bz ojefdk duel H4HTAAE AXNYEA BAEE S48 2k WEE FA H
o U HEE 9 ZEo] BAFA et

m{o

2

’rmir%

d
5
i

};L

. Temperature
................  Pressure
o T=1~2 °C/min
2 o 2 hours . )
g 130\~ ; = )
w
g 30 min, A1 T 2
2 80p- AR RO . de ®
5 &
4
E...(
T
1
....................... H 1.2
Time
S, B § ol oo il E
1 ) ot e Ll
Stage 1 Stage 2 Stage 3
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Signal Processing Unit
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Fig. 3.43 Experimental set~up for cure monitoring.
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Detection of the location point of In AEFP!1 sensor signal, find peaks and
sensing FBG in wavelength their location in wavelength by
by converted grid points of FPWL signall | converted grid pgﬁms of FPWL signal

Starting data acquisition of FPWL and
sensor signals from the minimum tuning [«
voltage to maximum

\ Filtering the FPWL signal and generating Obtaining the wavelength shift of 0 1oon of the cavity length of AEFPI
time grid points with time data Bragg wavelength of sensing FBG T
Detection of the location point of { Calculation of the temperature change i { Calculation of the strain
referance FBG with time data and assign § ¥
the wavelength 1o the point. ir
In the FPWL signal, find the wavelength Plotting and saving the wavelength of
at the nearest peak to the location of sensing FEG and cavity length of
reference FBG AEFP! sensor
Converting intervals between individual . R V‘
peaks to wavelength 0.8 nm Plotting and S:r\ul(‘jngt::ii temperature

S

Regenerating the converted points to
wavelength by interpolating between No
peaks

STOP?
Yes

Fig. 34.4 Flow chart of signal processing program for cure monitoring.

r

AAA dANAE HE-H2 e hd A ArtHe Age HaF
e EdA(trigger)ste] wlole] &7 Al7H(data sampling time)ol 33 38l=
TA HEE ARG 283 FPWLOA dkalEs galsoA Ztzbe] a7t g
= AFE Fol I HAE s u}a] AAE FEZ AAAA IA2 Qg AT
a3 2z HA3E e AGE AR 08 mvt HEE AT 48 E

F\U

71 FBGY $4 #3E 7IEo g sto mA oy AxAE dAste] 49 v
G4e AAstEE it

of #dlE A Az A ZF Hage
olZRH e WEHEE FI MM sheA = WY EL T 72 FBG AlA
o] FA 47 AEFPI A9 7HE7olE Asia HidEY 220 U d:&
85 ZF eSS A3
ot 48 A7 g B9

Fig. 3455 4%& &3 [01{090)/012re] A 5 SHE ¥EES 19
£t} Fig. 345 B3As 224 % U30)eR 49 sensor 12 A" A
FEolH Fig. 345Mb) A4 A7 #3390z 4 ¥ sensor 22 SAHH ¥ E

- 64 ~



golth, Aol BY ¥ BAAS $3% BAAS A% gF AT G5
o . - .
g2 zhz} oF - 130ustrain® - 4000ustrain o] ow Wz gAY GEHPEL
z- wbeko] s Zhzk oF - AQustrain® - 4200ustrain o]tk 2R A zheke
FEWPEo] HAMG WPel FFAPERG YA = 2L nath
80 150
40 - “,.-' e {[ \ 4 120
0 -n': ;{ \‘k
- Af’ ‘* \‘ o %0 8
X} * *
) S e \‘x g
£ / 4 g
% { . \ 180 &
8ok T LY £
1 R PR Fengtn h’; }93
‘-. LN |
20 f ~~w- Sensor 1 (left axis) “:k‘h.q %
::f —4— Tharmocouple {right axis} 1
160 i " i i " i i Ie]
0 50 100 150 200 250 300
Time (min)
(a) Strain measured by sensor 1.
1000 150
w,,,wwmmmmmm
0 [avemasentmessnssanmss™ i - 120
/ ,X
£ i
/ i ~
L ‘,f 3\ Joo £
) cansianaas® *“S e
= S It E
® I A ©
£ 2000k ] H “460 B
- Sengar 2 (left axis) * 3, =
[ % ".A
-3000 |- / ~—4— Thermocouple (right axis) x h, 30
£y '
~£‘ ("l- ‘-
& “
4000 i . i 1 . L : 3 teg) o
o 50 100 150 200 250 300
Time (min)

Fig. 345

(b) Strain measured by sensor 2.

Fabrication strain measurement of [012/{0,90}/0s2}r laminate.

..65..



150

® had
120 B
L eof *
o3 M
E] L
3 /
e L
g fop ff L}
g —a— Thermocouple
= 3 K ~—e—— Sensor 1
a0 |- e SENSOC 2
¢
4] X i Ry 3 i L H i
(o} 50 100 150 200 250 300
Time (min}

Fig. 3.4.6 Temperature measurement of [012/{0,90}/012]r laminate

Fig. 3.4.7 Signal processing program for cure monitoring.
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Fig. 3.4.8 Strain and temperature measurement of [0:/{0}/05/906/{90}/90s/0s}r

100

-100

-200

-300

-400

500

-600

Temperature (°C)

150
RS0y
] .-":‘*ﬂ"ﬁ “""m’*.
ot R
sy f oY
L he™ T baane LT
}i “m“‘”“‘.‘“m‘"nmm:ﬂ::ﬁ X‘k
- 4 I
£ \\n\\ - g0
- A’A ‘\ o‘x
‘W '\".\ ‘&
I P
/ o\
= # S
f 5 4 80
-
- 1‘ —u— Sensor 3 (left axis) tgnaant
; —s-— Sensor 4 (left axis) fie,i‘ 0
z —4— Thermocoupie {right axis} s Jot
—?’ ]
g :
1 x 1 " [} . i 5 1 ]
o} 50 100 150 200 250 300
Time {min)
(a) Strain measurement.
150
1‘ a3
120 b {
80 - f
-/
60 |- F
—— Thermocouple \
——e— 5ensor 3
20 b - SENSor 4
5] L i H n 1. i 1 i i
0 50 100 150 200 250 300
Time {min)

(b) Temperature measurement.

laminate.

-~ 68 -~

Temperature {°C)



150

100
] o .
0 w:,.,. e ...n.“ “\
L \ 4120
100 v A
R " ‘& “";mw -~ . \‘\ i
i A &
200 I i) 1% <
w o g aenans™ 5 1l
3 anssbiastasassst w ok g
< ¢ Ly 2
% 300+ 4 . 4 g
© H 5 480 @
5 f ":’ &;\‘ g:
400 - f ——w— Sensor 5 (left axis) .'\._‘ < Nt
N ~+-— Sensor 6 (left axis) LN
3 . - : - s % - 30
] —— Thermocouple {right axis) "o u,
500 §f ety
_GOO X I i ] i i " i i i " O
0 50 100 150 200 250 300
Time {min)
{a) Strain measurement.
150
120 L H 7’?
I
L j !
!
£ sof X
5 ;
5 L
o
‘é’_ 80 }&
;{3 4 —s— Thermocouple \
§ —x— Sensor 5
30 —j —a- GENsor 6 \-\‘\
0 i i, i i i i 3 i
0 50 100 150 200 250 300
Time (min)

(b) Temperature measurement.

Fig. 34.9 Strain and temperature measurement of [0s/{0}/0s/90s/{90}/%0s}r

laminate.

mag-



150

;o %
120 F i 8
£
/ |
! \
O oL £ \
2 J L
o Prsw ey {
2 ¢ £ A
S #
é_ 60 r— ;
2 4 —a— Thermocouple A
4 —ea— Sensor 7 “i
30 —f e SBASOT 8 &&.‘“
1] " i " 1 A i i 1 1 "
0 50 100 150 200 250 300

Time (min)

(b) Temperature measurement.

Fig. 3.4.10 Strain and temperature measurement of [Fabrics/{0,90}/Fabricsir

laminate.

_70_



Bl
SIS 247 4857

B
= };}7\HE }é_éé /\]_o
]E.Ql 21;}-

[s)
o
=
=
o]
ol
=~
3}

o 7
%MWﬁOtELJ
X Ap N 3K o
5 2o AP A+ BT o s oM T oM T
B = o = Mo o R ms e BR
uﬂn‘tx#;o‘m@)] OWHMWO Au.umzi_OT.“Ol.lerl
%ﬂpxé@né E awr@.w.._oﬁﬂk
i ° o - oo %o Mo oy £l S Ha W W R S
mo%,ma«&%may} wr.Log o Y
_&zvﬁ,ﬁ_& b G i R £
ﬂ‘w.mE:lewa.‘i zo g5 ) 55 o M o =
EE X 5o m.x o ﬂ:m mmE fo . AT B ﬂ/E r ZT @ wq. = '
Py HA A AL E moR E.H oo o}/ olo A= },_n = oy B “ w w0
ad S egﬁaaﬂu{qrs mk m\z_s,tlu . @l 2 8 Y 7o To
G oy Mo by o o xo 0 A~ o 10 o) 2z 3| =) wl wl w £
Qﬂﬁﬁaﬁ%%%ﬂm@fr%im‘%79%% g w%%%OWWum P o
. n s S IR— i o . == = O N o0 [
y e ,q%wvmmﬁﬂﬂ;%iwwwﬂ : MEEEREEE T
o o#LowL@}ﬂLHMOZ.MaEHT meﬁ ot = g NI e - o}
ﬂ..agw.ob I Ly u‘maﬂ‘wamV&mﬂH £ 18 o = 7o
Xog T A ﬂnu,mﬂl;%s,,oﬁ_ﬁ\o/mnﬁﬁo_omld;ﬂ;m B “ o
RIS Rk g I | B3
R ﬂdﬂn%aﬂ.mzhﬁ% B oo U 3 o
o . gy AN = B BT = g B . 8 oy
amﬂmowoﬂ%ﬂﬂ%mﬁwﬂﬁﬂ.nmda ﬁgﬁo@o%%@ﬂ% - B E
2 oz W B RN e - w N T g =3 I Rl %o
) i Hﬁou{7L.ﬁﬁg@]§UW.z?EoH g Orr3456 i
og,éd, ogw,mﬂou;oao.neﬂg Lsoiz.;% 3 moomrr | o0 T W
.!‘I!EEO#MMOV oﬂﬁﬂomﬁﬂaﬂoﬂgo&ﬂoo_EWJd o emmsmwmmm m.A.ﬂ%
= X g om - T3 O I 2N 2 315151555555 wr
IR L,.mu Mo o w Ty o oy ™ RE i B o3 Lt m AR ARAPAEA D = o X
Laﬂﬂ,‘m@&owﬂ}owo%iﬂ%%%%%@w@ . ® = wjun TS
.WE ﬂ&ﬁ@o\uﬁumwudleg gnﬂmﬁuowelnladhﬂmﬁ.@dﬂ 7] 2o
J:.Qo‘lv//r ,L.ufH%l praiu_mo.m Z\Jlkﬂw/».bﬁa.lrﬁF ) ,ngmvﬂ
x,_uoﬁﬂa.,.‘,ol&%mx,m_.%my%wjmﬁaéﬁgwmﬂ}%ﬂ k= wﬂ
ﬁ_%%gmx N o SO .gn%i/,m;a 7 o T
1H = .mwneﬁ‘zﬁo}W Ew_ﬂﬂ}ml;FwﬂﬂerI O = o .
atw]»@:o » o j.z,_ &wnn;o.,o ﬁ;}tx A = = "o oy
o o s B Mo O o " ) = oo ' B By e 2 =) = e H
gin o IOt‘l.o.J : = < = = T3
o = :i oW £ wDrmmﬂ K = HTOL.&HZM.% WT ﬂ_.nwx@ﬁ @] = < < ) e O
in = n| ® RZ = i l— oo P B mo N T 2 S 5 & & ] mo  oR
xwozuzum.udﬂﬂﬂb Ma.z_oﬁob wo oy O Mdzs,m,h mm = = & To (-
ﬁm:xiydm..x.mlﬂu&,mﬁh x._morﬁ‘_aEAATEoﬁAa o 5] 00/ & r,nra o
ﬂ%oUraﬂ#aﬁ.%w.vag%mﬂﬂ%m,_omg% o 218 8 2 S 2
e M o o oF X O U o B S I = R S =~ T 9
,,W_oif{?%f;oi;oiwf; ML EIEE 5 ¥
H?%%%%@W%%%%gﬁ%ﬂﬁaqé% 2 S 3 o
53 — uﬁow,. K om 00 T < ® = = 1o
&;mavgﬁo@s ) raﬁﬁﬁdh ﬁﬂsau.imﬂzﬂ & 2, = o ﬁo‘oy_u
o8 L2 %o op T o ® e © M g0 T IS o °
BN R T 0 Ko ,Al_xomﬂi_.o 10141&! 2o =5 = ot =~ of
xU%uisﬁ,@] 2 HO RO = LA
x%%ﬂywa%%.%mggg ®
= o o ®OR ™ oo e il ol
x%}._a NS O
< T W m -
G| mvszﬂ
a3}
d&eﬁa
M
o}

-71 -



3. 001 Au HFe 2xo ug Iy A% 2ygd

a8 34 2wy

= G

¢

Fig. 341(c)st Zol A8 2uUHy AL Ax AZE ¥gd JnxdE 237
SHe Lxo] dHES A7 AT AP SRt AR HE2uo A
ol A ¢k & AH(saddle shape)S 33 24T}

EUAE A A F A
Haloy Ag AR £xrv gEpg FBGY F4 33

£ Table 3.45% Zo. 4%
A Fok Aol 7} 2} A} Table 3.4.2¢ Table 3.45
5 vws wE A4 SA9EdA 2 sl e e @ 4

Table 3.4.4 Specifications of FBG/EFPI sensors for thermal strain

measurement.
. [06/{0}/04/904/{90}/90s17
Sensor Spec. Symbol Unit Sensor 5 Sensor 6
Gage length L mm 29.6 253
Bragg wavelength A nm 1536.691 1536.731
Initial cavity length Dy um 539.28 587.53
CTE of optical fiber & ppm/°C 0.5
Thermo-optic coefficient & ppm/°C 6.2

Table 3.45 Components of characteristic matrices of FBG/EFPI sensors
for thermal strain measurement.

Components of Unit [06/{0}/06/904/{90}/906]r
characteristic matrix Sensor 1 Sensor 2
Py, ue/ um 33.78 39.53
P, HE/ nm 47.68 47 .43.
Pir °C/ um 0 0
P,y °C/nm 97.13 97.12
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Fig. 3.4.11  Experimental set-up for thermal strain measurement of

unsymmetric laminate.
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(c) Side View. (d) Assembly with nozzle.

Fig. 3.5.1 Filament wound composite tank.
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qE "= A Fel] AR BEPAE Zgzdae v 2259 de# 9ld
(helical windig) 6353 $X 9219 (hoop winding) 10250]‘3% oo F9 Xf9f
Aol ALES AFES] EAXE Z+ZF Table 3513 Table 3529 #vh z2ex ¥
efol] AVEE o F Aol Ao} Xolduly bzt 131 GPad 03019 dFulE R
(boss)®l ZEe Eol$u]e Z+2 80 GPa¥ 0.3°]t).

Table 3.5.1 Dimensions of filament wound composite tank.

Forward Dome Aft Dome
Cylinder radius, R, 250 mm
Boss radius, Ry, 50 mm 85 mim
Cylinder thickness, t. 2.92 mmn
Thickness of 1% skirt 4,16 mm
Thickness of 2™ skirt 3.68 mm

Table 3.5.2 Material properties of filament wound composite tank.

T800/Epoxy
E, 142 GPa
Bz, Es 3.14 GFa
Giz, Gz 4.69 GFa
Ges 1.0 GPa
Viz, Vi3 0.33
Vs 0.45
X, 2687 MPa
X 1411.2 MPa
Y, 36.36 MPa
Ye 70 MPa
Density, p 1.5x10°% kg/mm’
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(a) Original FBG sensor signals and tuning voltage of F-P filter.
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Fig. 3.5.4 Processing of FBG sensor signals by electric circuit.
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Fig. 355 Flow chart of the real-time strain

Plotting and saving strains and
wavelengths of sensing FBGs

measurement program.
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Fig. 356 Experimental set-up for strain monitoring of filament wound

composite tank.
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Fig. 3.5.9 Strains measured by FBG and ESG attached on domes
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Fig. 3.5.10 Strains measured by FBG and ESG attached on cylinder
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