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Development of
An Optic Fiber Bragg Grating Pressure Sensor

Student : Sheng-Chiang Kao Advisor . Dr. An-Bin Huang

Department of Civil Engineering

National Chiao-Tung University

Abstract

The objective of this research is to develop an optic fiber Bragg grating
(FBG) pressure sensor that can be applied in the field for ground water
monitoring. The sensor should haveithe resolution and stability required for the
field applications. Water pressute/level can be an important part of the field
monitoring system for purposes 'such as ground subsidence and slope stability.
The use of conventional electtonic pressuresensors can have drawbacks that
relate to electronic devices. If properly designed, FBG sensors have the
advantages of small size, light weight and immune to electromagnetic interference.
This research develops two types of FBG pressure sensors. The first type
modulates the pressure by chirping of FBG (the chirp sensor). The other design
is based on uniform stretching of FBG (the stretch sensor). The chirp sensor has
the potential of multi-purpose as it can be used a load cell or displacement sensor.
The stretch sensor is compact. The thesis describes the design principles of the
two FBG pressure sensors, predict the performance of the sensors based on linear
elastic analysis of the sensor components. The developed sensors were tested in

the laboratory, and the results were compared with the linear elastic analysis.

Keywords: optic fiber Bragg grating, fiber Bragg grating pressure sensor.
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FHEREPFL 2FHPFEAI AR T A T ARG
BFE - 7 g A2 e mpp it - d TRAZSDER X
fRYTT AT GG o0t AR TR L 2 PR A = Bk (Standing
wave)pF o it B4F > Fltip 0 AU KR R & S 22 -
b kA B ER ML PR ARRKY TR d T IOR F B
FruEF R R g L(Rp LA )] bk B pu W

LR G e T A R L ke 8 1§ TR i

Lk @45 10 (Mode) e &

2.4 KGR P

jVaaS iﬁgﬁ i &2k

>
WA A RILILE R A E ¢ ot i
kGRS BT 0 R AdbRERERE TR 2 A R 2 4 VR
B Aol 4 5tk Gk B EGE

2.4.1 & (grating) &L * R 1@

d &P AM RSP gs(diffraction) h 7 4o d kiRl ~ 5] -
BEF REDNT G > g Flrstkend L2 RUT R A AV - A2
7 EFER A SESIER > A v A IR 4 I#ie(Bessel function) i
BRI e RS RIL Y hH AR S P R T R
frivern e o gt - R HE T E AT L4k (Grating) B 4 0 4o )
3TN e

2-15 #9777 o B nSES IR % o d RMPE BB bk BF UEFS

A N
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. . A
nsiné, = nsin,+ mX

(2-6)
#e
n=1i ey it 5
=@z kgL
A=A i 2
m=4 5 eHf% #ic
O, ~ O,=ker itk %] PRESE o
2.4.2 kg kA ek BE

R ITRR R R ES ax  T ERR R A 0E E ik
B2t 2 R EH A A o d0 S AR ARk B2 IR T R Bk ) R g
£ EAHE LR R AR AR S T s B RS
BN RERVE N
(1) =% #p 3% 5k 4% & ¢ (Shert period fiber grating)

WO LR W R R ARG S F 8438 (reflection) B gk 4
FHAHE lyme B RILZ > § kg B g pmirdy kg
WHE €5 - FIRE TR LGB PEREL - F o wiek o
4%{i%%%ﬂﬁﬁéﬁ%g@ﬁw%ﬁ%ﬂ@éiﬁF%ﬁ%’%
B 2-16 #777 o @ H ¢ K & & & & F £ # i ¥ (Bragg condition) 4 ¥
TR PR iR s?ﬁmp’uq*a—ﬁ BT

Ag =2n4 A (2-7)

He

Ap =7 ek gk 4y et &

Nep=4k 1% F »ed7 54 &
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A=k Gk ik )
(2) & iFdp ;% 4k 4 (Long period fiber grating)
HFH 95 100~1000 um = + 0 » FIF 5 5 3% 3% (transmission) & &
kg oood B HFHRE > F AR Bk s Bl &k ak > g

I S ERC SN

(2-8)

B 1=z ™ ik
Br=2 (48 & i ik
A=A 3F )

I T E e . NP G
(A T S N )I}z]—\\-ﬁu’ NEFER SER B k2 e RSB M € TR A

Pk Gk Ao B 2-17 #1o o

%% ek gk R E TR 2 2 N 2 I Rk
el £ R dEE o Ra o 5 R4 BRI BB B 1 P (chirped) Sk SR
BAp & LHIRGH PRGBS R AR T M gk B R
2 PRk G Sk 4 P Sk cPiE P IS 3 T R gk 2 A 5 303 32 2L
23S0 33 Ak T A BavEir Rk o A b5 g Ak
GhOE R AE 5 P 3¢ Sk gk & 4 (Chirped fiber grating) > IR e H-pr g 55 Sk gk &
Ao P o

B R R 5 T PRk - B - EH Bk R
d FO o B AR Rk eIt SR B IR 2ES 3 A e R 2-18 Hror o
H oIk Eoersk 2 BN AR MR P ek g OB o gL SR R e E SRR

28



WEeg Ak ki 2 LR AU RS THER O T U RG RER AR

dnd SO AR e 2-19 4T 0 S AL R TR R T R

55 °

B ff 5P LB K T Ak ik T AR
A = A0+ Ay (2-9)
H ¢

A=A 43 Hp

A=k ip 2 S ee g 3 chil
B 2-20 %~ %] X & Raised-cosine-apodized » &+ 3 #f % F| @] 2-18 #771 2.
TP BT R a o
B S Rk chfE e B8 pPE SDIE Yo% 57 (Bandwidth) >

A)“chirp:}"max'}"min (2- 1 O)
H ¢

Amax > Amin=3~ * £ B st £
243 R L BMH E DM R

P> jro 7 AvE PR Gk F SR RS A Ly 0 frir R
SR ERRERCEF M A G4

dn

e

n2
Adg =2n A {1—(?]( P, — (P, — Py )>}g+ a+- 9T AT

n

e

(2-11)

Py ’ff' Po=kB g%k
Y =% 4 e gL (Possion's ratio)

£ =%
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a =2k 4k e RS R 7% #ik(Thermal expansion coefficient)
AT=#7< g R %1 &

A L NiEG  gE RS
AL

5 =(1-p,)e+(a+EAT =K e+ K,T (2-12)

B

H v

dn

e

= iT =3k 4k er# % % Bic(Thermal optical coefficient)

e

2
P, = (%e][plz —v(P, - p,,)]=% 38 ¥ #c(Photoelastic constant)

Ko=# 5 s i i
KT:”'T)» m_)i% L‘E‘_W"J’?{}g‘ l’,/‘,‘ﬁ)'t
B TTETREY [0 L T LSRN TR

B a A4 ¢ ST R I B T R A B R B ol %

3

TR B BT S i H BN e
(1) HEBMHEERF DM G
BARLNQ2-12)F MERRCAT 500+ ,Ti—k:tz- CRR R ik
Rk ET o PHS KR RERERA LM R om i Hitids ,)\J':}uﬂ-\,'l
T 49(2-13)

Mo (1-p)e=K,e (2-13)
AB

Hv

E=NE% = |
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2
P, = [%}[plz ~v(P, - p,,)]=% & ¥ #ix(Photoelastic constant)

— PR AT A AR T 0 R B B - R 2
et Aacnisld T4picn ¥ RI M| L5k
(isotropic) » & £ *h Kk ehvh 4 P fqRePAR g F P A ko a BRI
# 7] E_% ML {2 (anisotropic) > Flut 478 F # W2 £ e o 2K *
20740 8 AR I PP R G DT P kg R Y R R

L e P HEHSE < H5 0.0015n0m~0.0012nm -

(2) /ﬁ» + B A5 'E_ e /ﬁ& gl %
FORWIS X DIREOERRT BB EWMBT A (2-12)F
I o m IE,':TIJ'T ;\
AjB = (o + EAT = KT (2-14)
B
He

a =3k g e 'k T Bi(Thermal expansion coefficient)

& =3k g ¥ & % #ic(Thermal optical coefficient)

Kr=#7% 8 B 81 8 g g fhidk

TRRAEBSOERR G LFIERYE AR EFTRERED

gRAEBMBIRLPE » a=055~1.1x10°» @ £ 150°C £06.9x10°
g it & 450°C 79.6x10° - g B K %3 82x10° @ ¢ H A&
A% 2 300°C 1 P K %5 11.2x107°0 0 97 00 f— denie * TR
1°C e g gt F ek ipcnd o £ AF A EBHS < 55

0.0115~0.012nm -
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25 KGR RPE

Pano e SN RRRY R B S E R R R
BRI E AL o
251 kLR BRI

KR RS RGBS B2 AR AR T AL B R
PR AR SRS P e SRS SRR RS e T Nk i
v s B VR 4 PEARA G e E kb S e o o
BT TR o N A R BT Rk o

Raman (1999)F & 4 g R B2 77 > Bl 2-21 #777 > E ¥k k5L
WS 3R o TG e gk B i o 0TI SR R ST R
AR RRATRE T F 0 FATES -1.98%x10°MPa ' ©

Zhang et al. (2001) 2 2% Raman <77 5 ® % A& 7 i c0R* {8 > ) *
FOE P sl Ch i | i Rl Rk Hhdt XA R & 7 o AR 2-22
AT 0 B0 N E R R R RCE WY & AR 0 M R & MR
gk L6 0 HER A ERIDFATAE S -625x10°MPa! o

Xuetal. (1996) % B M rizk kgt 4 b e 4 Rl B 5 ho ] 2-23
TR 0 R RIRIR RPN SR F RS g A g A
PSR IIR D AT b ek kiR e ¢ A 2 fhe IR o PR R B DR AR
95 -2.12x10°MPa™! ©

Zhang et al. (2001) 2¢ B 110 R & 4 & hARAe K2 R4 R R
B Aol 2-24 7o o PR RIE G AR B Rk T BT R Y oo
TP R R Rk BTN Y R AR HRE A LR
REA S RED ¢ Aphe F7) 0 &0 4 Bk A o rEPJES LT
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Reig ki A 2 203 % RIERRIF DT RIFLRS -
Ui AR (2003) TG kR ck4R 5 BEM AR RURHE 0 AT fedhe K
b P ARR G E 0 P RPIE T g W Rk N R R R A
RRIE > hoB 2257 > B (TRILI B LG LpE AP RESF?
FRAELDRe b T g RE S b R 0 kG
o - Aep@ oo
gkt L h RERBPORME L EL RS B RIESASH P

Hhed g ST ERRELRS Y - F BRI AR EF T EAEE T

‘IE\

PRIAALPE AL L BRI BN LG AT R LA g
2T g e

Liuetal. (2000) f|* #FRemF EFF L #FE - B4 RRIE 4
Bl 2-26 #77% » = 3P FBG1AE % % B AR £ $ A 41 % H 4 FBG2
d V- R EFREB MRESFBEEL BT 5 2 443 FBG2 thi
AR Flha Bk g AR R OREE S FIRS E

Heo et al. (2005) % B & ] R gtk v B 4 Pl % > 2§ 4 ¢ B
Yol 2-27 17 o BRI R - FA P AT o R CER T W R

’gQJé%ﬁﬁJ%ﬁﬁﬁ’%ﬁ%wgaﬁw’%@zm@)#
e, A LB R BT A REER Y TR T E RS AR AN
WREGER PR W T gt HRE kA 2 R .

Zhao et al. (2004) ] #* £ FBG = % @ iv R | B > 4o @] 2-28 #7757
PR PR R R R IR S RS TR R R A WZRRET AR T A fa
@ﬁ&ﬁ’@%%&%%%’ﬁ%%ﬁ%ﬁgﬁwﬁﬁﬁ%J?@%
3 REREHFLEALPE P Rigd 3 LGP L 3 R-7 1Y
ﬁ%ﬁ&%n&z%*
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Kojima et al. (2003) 1* = % ¥ (Bourdon Tube)# & — % i 4 g
BRI 4o 2-29 917 0 T B F AL PR e L4k £ £ F 0 SR
A GEE 2 — R LG AR BELIE AT - B HP R
WE T EREEL o F FMARMERS P PRI A EREET
R ARE . P AR RE L RAP LIRS (T o L
R AR o M RRET R - BARRATLRRLERY
HPE LR -
252 Brg;i R kR PR

(IR R S R S R e i
ko -] TR A R PR 5 ) FHA Rt R R BB R R Z
g o

Dong et al. (2005) & * jbr% ;N L 5k B4 - (CFBG) % TR P B - H#
CFBG 4bpkte— B & = & e enB Bk 4B 2-30 #7577 > T AL 5 i = &
P fgh A T R A P R R ®
AL A A P R P B R Aea P o R F s 4ol 2-31 A1 o

Dong et al. (2002) f1* 353 Ak @ kp 4 7323 g™ 4k
WIER AR R R B M4 BB R ORI 4B 2-32 1T 0 @

B E AR KAREY S - TR F SR A s ey
Miht > RBEE > TR RB LD BERA R AT ERDY T
BEASpL Ly — IMA kR N R R - AN IR R F
RRPE S K € PP L T RRE L RE 0 AR 2-33(b) T 0 B R
AR 6 R 0 SR A % Y (Chirped)

Je gk 4 VR R BArER iR S N LRk ke ek £ B
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b — B g Rk gk end ik B (Peak value) > @ Dong #7%
Bt Bl EED S 2 g 2Rk Gk 2 % F (Bandwidth ) 5 ] 2-34
w RAAEGER] 0 A AKX 4 B R R T A A
Lk R ST G R b RS A F R REFR S
FE R G Dk R R SRR ST R R
A2 FLFRAREREER AL P g R FF S
g A5 A 4 BAS niEr o e 3 BERY i R o

53 KENRA RRE

Rao et al. (1994) 12 Fabry-Perot ernBjisik 3+ — R Bl B 4o B 2-35 #7

7o BRRIE D - FEHEEE - I HRCERE Y 2R R eSS
B I HE e Y Bl 2% (eavity ) o & hdaff £ ok % %

HPE A HF S RE T Z ATHEEN B o S R R 6

S I TRl ST v - Ty @F%%%#géi
+ o %ﬁd P ok o R JE (8 LR LEREY = R R e
R4 o
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SCREW CAF OR

WOODEN PLUG
= CEMENT/SAND
% OR BENTONITE
; BACKFILL
e 5cm DIAMETER
A STANDPIPE
]
] [ 3=—— sanp 0R sanD
a0 AND GRAVEL
* BACKFILL
peRFORATED |1 I
SECTION OF PIPE |.7] |--
APPROX. ] )
1 m LONG g b
;ng-—PLUG
0.3m 2] Note: 1m =3.3 fti:
| MRS Tem= 04 in.

Bl 2-1 B 3 RERT R B
(4% p Wilson and Mikkelsen, 1978)
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10mm /E
HEFE HH =t
TP
0%
! m g | 7~ — B+ kK
a4
4
30 cm
30 ca} [}-—ﬁ ERKE
30 on T— RO LUK

B

] 2-2 Casagrande B v ;% KB+
(Wilson and Mikkelsen, 1978)
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Diaphragm
A

Water .
FPressure | ,
Vent

Inactive

Water
Pressure

Water ....................................................................... 1
Pressure 1 |

Ready to Use

Bl 2-3 FOB kR RGRT R B

RTD or Themistor,
Lightning Protection Plucking Coil

High Grade Epoxy SSIES

- = e R T e T T E e

[ irE——y
~ s sy
7 String Wire !

Dampproof seal /

j S—

Signal Cable

B 2-4 SE| T+ R RIFORER
(Wilson and Mikkelsen, 1978)
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——

W O
("Xo¥ddY)

U0 = W | tEloN

STEEL CONICAL TIP

315 mm (APPROX.)

o
—

0N
/]
L T

DIAPHRAGH YIBRATING WIRE

ELECTROMAGNET
POROUS STOME FILTER SENSING TURE : s

Eﬂ 2-5 jﬁ% 5% ;R 7};!§E-€l’§k ﬁi Eﬁ

Coating

Core Hﬁﬁx&xﬁx&hﬁx‘xﬁxwaa

Cladding

i)
(

2-6 % kA A id F
Fg P R, 2002)
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(b)
B 2-7 Sk giEITEgA s 5
(i p £ 5%,2002)

cladding cladding
core > ocore
cladding claddmg

@) (b)
B 2-8 Sk gk iz 0 g A A F P o
(e p £ = #,2002)
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N

v /\

F2-9 LHcsf T L
(4 A H®*%,2003)

Microbends

B 2-10 & 3Rt i = k44
(P #@%,2003)
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Change in fiber

adding \ fiber

Core

[
[~

Ray is confined to fiber for /
undeformed fiber
B 2-11 b3 F T e sgid & % 4F 4
(B H 4825 2003)
Ray Is In cladding
Ray leaves

fitger

B 2-12 RGEERES Y i sk df 4
(fE B H®B%,2003)
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refractive index
n — >

R
S0 N

B 2-14 sk &g p @ 4F 2 BT B
(e p = 2, 2002)
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B 2-15 sk Gk 7 7 B
(A Mz £, 2003)

il 7 LA

R EAH

B 2-16 =ik 8 L Gk 7 & B
(A Mz £, 2003)
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INER b

B 2-17 £ ¥ kgLt 3B

(df p PLaE =

, 2003)

- —7

core

B 2-18 3 = i R 2 b ir P Rk K
(4 B 2 & F,2003)



¥ Decreasing
[nput: Long2 = Long A \ grating period

lags short A < (Chirp)
R s EEs
|
Output: Compressed - - an
Pulse - Short A

Bl 2-19 sk 7% s i a7 58 3¢ 5k 4 Sk 4 U S5 e )
(4 p =& 5,2002)

—Raised-cosine — — +0.004nm/period
1
0.8 p
£ 06|
=
~ 04
0.2 F
0 L " 1
1549.6 1550 1550.4

Wavelength (nm)
Bl 2-20 jbrsg 3% S kb 4 X F] o Sk B2 02 B S G
(f %= F,2003)
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3% - #1 4R

B 2-21 ARGE G R R4 BRI R
(4% A Raman, 1999)

KoM

™

LB B

Bl2-22 R E P 5 ARz kGRS R RE
(4% B Zhangetal., 2001)
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& 71 1K

o
—oh %
’ ]
T T T
J!’ I‘
rl L]
"‘ “
\

oY S

v 1 188 ok

223 oo olds 5 hig kgt R 4 B E

(3% 7 Xuetal, 1996)

g

%@%%%%%%%1

B 2-24 MEBLEF G AR KGR RS R P E
(4% B Zhang et al., 2001)
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FBG

B 2-25 [pPRRGN R R Pt
(R p ¥ 2 2%, 2003)

it

Polymer A Polymer B

e st

Bl 2-26 2 PR EP FHEZ LGP R4 BPE
(4% B Liu et al., 2000)
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BG P 3

i
:

External Load

. 2

Extension Extension

%1227 ﬂ@%@%ﬂ@% Fk:3
(#ﬁ F} Heo et al 2005)

O-ring  Active cylinder Cantilever Protective cover

Jm'] /{/’ *u- ﬁxxx 0D tﬁ\'\\\\.ﬁ‘\\\‘h\\\. t"’ ,.;1 \
/ 4§58« pe—TTTTTTTE _|l.:'-h.h SN

, ﬁ!’ T_*"; A o " "_ *
Elastic ../ # P ) '\$

spring j/_,W/ “ﬁﬁ

End element I  FBG Endelement 2 Closing element

Bl 2-28 Bk G ki AT VR 4 BRI E
(4% B Zhao et al., 2004)
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Optical fibe

==

[ |
' | Sensor case

t | tensile
|

iy

FBG for temperature
compensation

Bourdon tube

! ;
H FBG for tensile

- measurement

Water pressure

B 2-29 =2 gk RS ERE
(4 5. Kojima et al;, 2003)

Clamp

' nautral layer

. ~ ¥
_______________ e ttt| /1
| t

@,

f
CFBG or

e
h__l: 5 . Sampled-CFBG
™

|
OSA

ASE = 4 R

Optical circulator

W

F] 2-30 CFBG & | B £ % 7 1
(4% B Dong et al., 2005)
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Eeflection (dB)

B % e

B : ' | :
Ff=4.4cm f=-42em| 1 f=0cm
Bl o -
- | HE— | 1
o 1 1 | !
=20
25
R ¥ i aETs I
35 URbe -t ARV gy
=y ! i
1520 1540 1550 1560 1570
Wavelength (nm})
Fl 2-31 C'FB.G BRIB RS T
(k7 Dongetal. 2005)
Lo o ]
N v, E N
N — | I\
"\,'\ | __,-"ﬂf ""ﬁ:::___\_\:_::__ u,‘\ B
N [\ FRG N
ﬁ?ﬂfﬁfﬂffﬁéﬁ |

3% A2

] 2-32 R EAp g RIF 2T T B
(4% p Dong et al., 2002)
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Bl 2-33(a) ~ (b) 5 kg kip s 2 b pF 7 LW 5 (%35 b)%A 1
(# B Dong et al., 2002)

Intensity (dBm)

-44

-45 . :
1546 1548 1550 15352 15534 1556

Wavelength (1)

B 2-34 Sk ki 3 4 S pE en R SR S A 47 B
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Pyrex glass ubs

Diaphragm

\\\\\\

Prgssure
impuk

Sinple-made fibra Adhetive

L Multimode fibre

R

Stainless steal tuba Al coating

Adheasive

Single-mode Adhesive

fibre link
(b}

B 2- 35FabryPerotf§" }g,/? xR R
(:f§ A Raoet'al;,1994)
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% 2-1

KR 2 R B A

(2 # p USBR > 1987)

B o2

EEaok
R

UK R

TN T R
B IR N

WA B EEER B

SO EE W PR

F &S

Py
25
g WL

KR
EEN. ¥

BRI B ARfOR 4 B AR
EBE RS E PR (R

NI
TR RR kB AR R AR
RS EAREA R LA
B~ 3 g4

P RF e R

FiES [ HORR | F B RGE A GBS R | HERNE T RARTUFE
B RS B BB RACE W | T S F RS it aT
ﬂ%@ﬁ?uﬁﬁ~?ﬂﬂﬁ B~ F R FIRR A 3R
NRERERR e WIS B it S
1 erdp Hk
TR MR | RPSFESEFIELE | FAZRUTEOT R T RH
i BRR S B~ R AR PR RS BRA | BEARCBECTARES CTHER

BRARCGFEDETRE T
YRR B AR R

ERZ BRI E TR
R Fls B FE

IR T R T
T~ A TEPFRFRY
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A - ~ 3
§r;.$ 533317§

31 R RS R FIRI-RE

311 Brgsi kg kp RS LB E

B R A R RIEAD - BRI E A S R R
AL RAoR 3-1 977 « R B BRI AL IVHKRE R E T IT
IEREE > ER T - kG Rk TR BRI o B R ESR
S A FEE R AR RREFEZG > 5 BN AP IR X T £
ENT G o KD ER RS E EIRAZ WKL e NI
PARREIT AR 2LV SRR LB A58 0 o R AT KRR 0
F SRS € R e VBT o

B NRA RRIEBT R E R O R e EF

PR SRR R BRI T L T s AR S

N

*

PR RA ST R RG] > TEART|RS L o
E Rt RS R Rk sl

(1) E-pmeiFsadmep @ RRSF 3 ER pIBgH 4 n
" o

(2) RBIAEIRPERIES B TORTRIRT 3 BEER

(3) FAERIF R LR R B DRITR

(4) "E*qﬁglﬁ”%'bﬂ"‘f’@Jk/?J*’w?v'/i'éq*é_ 5 e g i

R e

312 £ NGRS BRI R
o kg ki R4 RGP BE LAY S bR ARG -

LR E LR AR s BT a S dof] 32 P 0 B 33 5 p R
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PIEPf] 2 S Bl SRR EARFREET AP S G SR

LB GRG0 § kB kR R - FAIVRS T

\4

ARG FRA BB AT - HRPIRRF - B AR o RS PR

ST LYY R AT PR F RO R I
Bk RUCnSGER EFIR 0 L R R R LR ME R S g A
ﬁb’lbl%\ﬂ%*ﬂ*/ﬁ»'lé fﬁﬁ@“‘ 'ﬁ ﬁf’ B % o T2 gt — T»K;'L-,ﬂi/z Prﬁ'—%ﬁ-m_}i 3@%‘}'

g% foe » = F (dummy) b gk LS R

Ak

Gk g B2 B
BRI

A

o

32 EFHF G
7 B & 4% 22 % (Thin Plate Theory) s #= 3 e d ke A o |4 5 - d¥
E ] A% 0 WL Kirchhoff-Love plate theory < # & /it
Lo =
- RRER
Kirchhoff-Love plate theory "% g3 ™ ik & 3K
(DR 5 B 305~ % o
Q) EF £ T o
Q)EFaeE- 2wl > BRI <N HAERE 10 Bt -
(4 EF R e R RAPE R > 3 F AT 1/10~1/5 -
(5) 77 AP A x ¢ (5 (middle surface) 7 # o

cEd A B REHRTER v EEEA v o H FEH A ST

(6) 75215 > % chT G P AFT G o
(O ESROAE R Wz2) S8 LR Bl
(8)d TG p I ralAe A o
N o Tl i A 2
AT Rt hE R B340 20 unvew XY

Iy
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Z 3ot R HER T BEREF KL Z O AR

et v BB B]_\;}-\mia.z& T ’gj--% F25% 5 G T ol
M, =0
SM, = (3-1)
My =0
H

M= $ X phénfm it e

M, =#75 ¥ Y fhen$ et

Mxy_"LrF }"‘J’Zﬁwbm%”—ﬂ:' &

REDRE R Y R 00 T

(m, + agnx dx)dy —m,dy +(m,, +

(3-2)
qx d dx

—(S, + dx)dy——S dy—— pdxdy—=
He
m, ~ my="%*4=(Bending moment)
my, =% “E(Twisting moment)
Sy~ S,=%% ¥ 4
HEEHEBNM T A RIS FREE
om, om,,
_X+_:S -
T, (-3)
P32 d NG-layf X g5 4E5 00 v (8!
om, am,, 5

+—: -
oy X Y (3-4)
AR d NG-le) Zdhr e &4 500 FIEEE
S By _ 3-5
x oy TP (3-5)

A (3-3)(3-4)F8H » 34(3-5) > TiF
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o’m, _o’m, o’m,
2 + + 2
OX oxoy oy

¥ d = e i % E(Hooke's Law) » 7 {8 4 ¢

= —p(X.Y) (3-6)

O, = —V2 (& TVEY)

O-yy = %(‘C"yy + Vgxx) (3‘7)
E
T 1)

Yy

He

E=38 14 i

Vit SRR O

PR WEZEM  &EFARRAT AT 5 w=(xy) 0 2 F R

RAETHRT 0 TR FE

2
Ey =—L g \;v
X
o*w
£, =-Z Y (3-8)
2
7xy =-2Z oW
OXxoy
W BE(3-8) A N3BT) FE
EZ 0w 0*w
Oy =— > StV )
I-v~ 0OX oy
EZ 0w o*w
O-WZ_I_VZ(aXZ +Vay2) (3-9)
EZ o°w
O-xy == ( )
1+v oxoy

BF v g A g Rl RA B Ep S 2 Tl

2z 2’ = .
% 0 e o
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h
m, = f 0,20z
/2
h
m, = [ o, 2z (3-10)
/2
g2
m, J._hZ—a zdz
WA KNGB9) s B R N3B-10) 0 A g A S 0 (R
62W 82w
=—D( )
8y
2W o*'w
=-D 3-11
EFvidh (3-11)
o’w
m,, =-m, =—-(1-v)D oxdy
He
2ER® o
D= = MR ( flexural = figidity )
3(1-v)

B 0 B G-1D)F 2R 3-6)0

0> |, 0w  o’w O 4oow [=0° | L o'w  d'w. |
v [D(ax2 +v 6y2 )}+2(l+v) axay[éxﬁy}r 6’y2 [D(ay2 +v e )} = p(x,y)

(3-12)
B SR ts TR B E ez > #2358 (Governing  Differential
Equation ) » 4= F

4 4 4
OW,, OW oW _pXY) (3-13)
OX ox-oy- oy D

B REY B AT o T

4 POXY) -
% w_—D (3-14)

E’tﬁj q/#ﬁ-%-ﬁﬁi
/J—*‘_ig
FAr o R A Ry R FAELAR FIZRIFE G OHA

B @ty @ f ot R AR RS2 0 FIG A
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153 AR AR A P 0 T T A 4T g et o

3.2.1 Fl#= 2% ¥ (Circular Plate Theory)
F et s RAR kR RE T  F BRI AR ART 0 Ao
3-5 757

X=rcos@
y =rsinf

r= x4+ y? (3-15)
0= tan‘l(lj
X

E ko AR A Kfg it - FlF2 ¥A58ER

w=w(r,6)
ow_owar owoo (3-16)
OX Or ox 06 ox
d (3-14)7 #
%:i = cos0
Y (3-17)
00 y I .
—=- =——sind
OX X +y? r
#3-16)F » (3-15)+ #
%=c059@—lsin0% (3-18)
OX or r 06
2
0 \;v = 2(8\_N) = [cos@g —sin@lij(cosea—lv —sin@l@j
X~ OX\ OX or r oo or r oo (3-19)
2 2 2
—cos I L2 g 0 L2 o LGn0p OV L L Ginop W
on- r r o r o0 r 00
JF'/:‘? IE"
v _ sin6@+lcos0% (3-20)
oy o r 00
2 2 2 2
0 \;v=sin2 0 \;v+izcos2 6’a V2v+lcos2 9@+lsin29 ow
oy o- r 00° r or r orol (3-21)
——Zsin2¢9@
r 00
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#+3-19) ~ (3-21) » #* » Laplace operator V’w = gx\;v+ \;V

¥ (B 44 & T 0 Laplace operator 5 :

DERLEE
d (3-14)enfz 4 2 4258 7 o flr il AR i gl B ARt 5
Gopslmmame on

#(3-19)~ (3-21) > & ~(3-11) ¥ FFHEAET ] 4 R 47 N

2 2
M, :—DF Wodow, 190 W)}

or? ror r’or’

low 1 82W+V82W
ror r’or’ or?

MB:—D[——+—

1 o°w 1 ow
M, =Dl-r) -0 - ]
o = X r){rarae I 69} (3-24)
o
S, =-D—(V*
‘ ar( w)
D o
S, = ———(V?
0= o
B XPE rphE S T O=0pF > (3-23)F AT L ¢
1d [ dfid( aw)]]_pwm _
rdr{rdr[rdr(rdrﬂ}_ D (3-25)
#(3-19)~ (3-21) > A~ (B3-9)F FHRAET B4 £ 7N
M,
O-rrz I
0 = 0 (3-26)
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3.2.2 lﬁ]ﬁggﬁﬁgﬁm c
d 2[R ] v R PR s AR o Atz B A R
CRRIE X S Lnl (F RIS R e rDs O
TRLEL RAOMF > B F LB R AN 4o e
(1) Bzt K(clamped)

b g P s g v 2 . aW
s HTE B BeE L LR ’fg'(w)x_R=0,(a_j ~0
r x=R

(2) @ & K (simple supported)
A A BESEL R FW,.=03 (M) _,=0
(3) p o zH(free)
wpd e FEQ)R=05 M), =M,
323 HF chph g o
EAFEY Y > WE g d AR TE R A 0 Flpt T g
P TS TR, &
(D) %i’afﬁ“é_ p iF* hfl7 i > BT E SR EARAL 152

Flw 1 éﬁkmﬁr”ﬁiﬁ—
F Ao G2 fEA T A
2
rﬂ{lﬂ{gwﬂ:pr+cl (3-27)
dr{rdr{ dr 2D
dw r
= (r—)= C, 1 C, 3-28
rdr( )= 4D+ nr+ ( )
dw pr? r r’ r’
rW=1p6—D+C1(7lnr—T)+C27+C3 (3-29)
2
w=P cl(r lnr—r—)+C ' S +CnrsC, (3-30)
64D 4

5 =0k RBP4 5 UL S 0 C=Ci=0 5 B =R Ao

g R iERT W), . =0 [%{VJ =0 * »(3-30)1F -

=R
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4 2
w=0=P2 =% sc, (3-31)

64D 4
3
dw _,_PR° GCR (3-32)
dr 16D 2
, R2 pR4
7)1 3 /g C - _ p ’C —
& T T 78D Tt T 64D
We0o pR* przR2 PR p(R*-r?) (333)
64D 32D 64D 64D

#43-33) 0 &~ (3-24)17 3] :

—£ 2 _ 2
M, = 16[(1+v)R G+v)r’)
M, =%[(I+V)R2 —(1+3v)r2] (3-34)
S, =—2r
2

2) PR ERPEY AR EFE GBEXRLEE SR OERAT T
5L Flw 3 R SRR o
Flaan=0 7 #
w=C,r’Inr+C,Inr+C,r’ +C; (3-35)
¥ =0 5 G E > e Ce=0> (3-34)7 f§ i 5
w=C,r’Inr+C,r*+C, (3-36)

#4(3-36) > 2~ 3£ (3-24)7 7

Q= _4DrC1 (3-37)

dok A A INA BN L L vy F R A h hFHLH > 4 T R

8
27Q. +P =0 (3-38)
o=y, (3-39)

" §(3-37) 2 (3-39)# C, :%
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o g R g

P

w=0=——R'InR+CR*+C,

d—W=0:2c3R+i(1+21nR)
87D

fgz_ > & C3=—T(1+2lnR) ,C,

W:L(Zr In—+R? -r?)
167D R

#(3-42) > &~ (3-24)18 3 :

M = |a+n Do
162D R
i
M, =— | (1+v) -
’ 1672D[( - V}
P
2ar

3.3 kg kip R4

3.1 & & w)drit

IP(W)X:R:O ’ [&jx=R

PR’
167D

BRI BT BRI

oA FER A RPI BRI RIL - 32 &3

(3-40)
(3-41)
(3-42)
(3-43)
g Rl

A pEens FlE b oA B TG0 P RE Y 32 ok k o HHRA R

PRl £ SR S 1

331 Bk gkip R4 BR

PEIEFROBRGAORERAELIIRA piTH o

BB £ SRS B o e

#4(3-34) % ~ (3-36) » T 147
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o, = Z'\I/'f I'ZZI [0+ R =3 +v)r?]

Gy Zl\l/lg=m[(1+v)R2—(l+3v)r2] (3-44)
S oy Proa o

e R LS

d 7+ 5. #_E(Hooke's Law) » ¥ {8 5 !
1
Ey = E(O_rr - VO_&&) (3_45)

#(3-44) 1% ~ (3-45) > T @ EE } T - Bhebir o O &

2 2

_ pzR’ N r__3pR r i
=1cEi [(1 v?) (3+5v)R2} e [(1 V)= (3+5v) } (3-46)

FLBE(-46)7 For F T e AR 40 B R AR A 2 BRI ¢
SRR S R RE LR RS N BT 2 d (2-12) &

(3-46) 19 1 ;
A 3pR? r’

_K I 3450 3-47
Yoo 3K 0 3G (3-47)

H o
=k g 8 AT Tl
332 PHALGEPRS B E

PR ERIEIEGE R AR E L g

\-H>
ﬁ\‘.‘ﬂ
P3d

R g

Rl o FRBIELIIRS pivaph, £HE AL 22 %
$255 4 (3-33)F N AR P chz 3 e $355 258 5
2 2y2
G (3-33)
64D

R AR L Rk AR o T L Rk R R
0 25 R R 284 (1=0) 0 AT kR GR R T Dl R % S

4
g=Al_W_ PR (3-48)
I | 64Dl

=
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He
|=5k 4 Sk 4 e i R
LR R A RRIE o AR BB DR T G

My _ K.e=K,
- 64Dl

3-49
- (3-49)
He
Ke=3k 40752 fig % chic b (i

2ER® . o
D= = S k|2 ( flexural —rigidity )
3(1-v)
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