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ABSTRACT:

Conventional slope stability monitoring often involves the use of inclinometer casings and
open-end piezometers. A plastic or aluminum casing is installed in the ground and an electronic
carriage referred to as the inclinometer probe (IP) is lowered into the pre-installed casing to measure
the inclinations. The displacement profile of the casing is determined by accumulating relative
movements from IP readings. Open-end piezometers are used to monitor the ground water levels.
Both sensors are read manually in the field. The procedure is time consuming and can be dangerous
when conducted in rainy season or when the slope is unstable. The safety hazards may prevent the
critical instrument readings from being taken when they are needed the most. Many automated
electronic devices have been developed recently. These devices can be costly and subject to
electromagnetic interference and lightning damage when deployed in the field. In comparison with
electronic devices, the optic fiber sensors, which are passive systems with no electronic circuitry|
installed underground can easily, transmit signals by tens of kilometers through light. Multiple
sensors can be connected to a single optic fiber. A test site has been set up at the Five Turn Point of]
Highway 18 near Alishan. The fiber optic ground displacement and ground water monitoring sensors
developed by the research team have deployed at the test site. The main purpose of this research is to
verify the feasibility of using an all fiber optic sensor system in slope stability monitoring. Coupled]
with field measurements, a ground water numerical model will be established as a basis to evaluate
the slope failure mechanisms. The fiber optic ground displacement and pore water profile monitoring|
systems have demonstrated their effectiveness by continuously transmitting and recording valuable
data during Typhoon Synlaku in 2008 and Morakot in 2009. The achievement and benefit of the water
numerical model included that the regional underground water flow distribution and flow directions
can be known through the underground water flow model to be used as the road unit decision-making
reference for regional improvement direction and the side slope real-time security warning system.
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Bl2.115 sc 2 {82 Gk KBRS FHE Heea s g R L2
a‘»:r AEPEST R GRGCE R R AM Y > ERERRB AN REZR
AR PGl RPE §=rq AR R RIFRPIEZGE ﬁﬁ:g
XER AR R R RIATRIIF L Rkt E 0 i
“fiﬁ)igif%@ﬁﬁé\ T EFELRA E A B2125 2 p
2,

)‘]\ m\:x%

(>t25C2- 2 R) H oA N 501KPa> BI2.135 #ex 2 {82 L ki
KRB E S - EREREEFRRRE  J RREERT 0K
@%_1a&%ﬂﬁﬁa&F@W$@“%$ F] gt ék@:élﬂ
BEARER . TR R E AR RS 2P
Fo 3N EP R RBRIZCERAEREE T T 0 A
AQJ;ﬁT’%gﬁi%ﬁﬁaagg;Mmﬁﬁﬁ%§Ti%ﬂ
AETRE AL, » B R BB A FRBCT LR ELRS T 2
EE o

Mg = Alan At (2.1)

Rl2145 #eg L KR XEBFRF BEBZ L I ZRBCHE
5 ] -

2215 p vl iTR 2108 kg Kok R HIgt g
IHMT-01/F AL LRI E 3¢ =% » H P h3 § ke & kPP > 7 354 B-B¥7a
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Pressure, kPa

600

400

200

0 2000

R2=0.9998
Temperature = 25°C

+

4000 6000
Wavelength shift, pm

B 2.12 s2 218 kg kp LRI F 2§
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600

FBG temperature sensor

a0l © T R2=0.9988
: Gauge pressure transducer
B R? =0.9987
200 [—

Ahgis & Ahgr, PM
o
|

-200 |

-400 |

_600 | ‘ | ‘ | ‘ | ‘ | ‘ | ‘ | ‘ |
5 10 15 20 25 30 35 40 45
Temperature, °C

B 2.13 B B AT ET R Gk oK R X 2§
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300

- ——o—— Original reading

200 | —&@—— Corrected to 25°C

100 |

Al & Ahg,, pM
(@»]
|

-100 |

-200 |

_300 | ‘ | ‘ | ‘ | ‘ | ‘ | ‘ |

5 10 15 20 25 30 35
Temperature, °C

B 2.14 13 58 B3R Gk p KRB % F
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%21 NCTU-04 kg kip-kR3pel 4

BRI MEE | R4 RBIAE, Nm B R RPIAE, nm
AL-A-1 1524 1524
AL-A-2 1530 1530
AL-A-3 1536 1536
AL-A-4 1542 1542

AL-A-5 1548 1548
AL-B-1 1524 1524
AL-B-2 1530 1530
AL-B-3 1536 1536
AL-B-4 1542 1542
AL-B-5 1548 1548
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$-2% €4S KEEAN B LEGRBPEAP

ARSI B AEES SRR A L G RP BB RIRE
FHFEHEERY FROITEEFMRILEFAHRE

3.1 % ke R IEf i

g R B B ERA T A RER R ST R
AT R L - AFNEH R AP BIER > P2 G R KR (Fiber
Bragg Grating, FBG) ° % — B £f8 & & » ot - RgpF > AL
1% ¥ (Bragg condition) i Tk £ > LA LR E Fl 5 4pi= L @
48 3} (Hill, 2005 ; Kersey, 1992 ; Meltz, 1989 ; Measures, 2001 ; Othons,
1999 ; Rao, 1998 ~ % 7 ix, 2005) °

RN S DS

N o= kGRS e ARdT e
= 378+ FHp M R O R

BI3.1 5 kG ks RITon BB > Eip v b P o ik REE &
kghd g - AGBEEL > PR AL B LEa R LR 3D
FRETMF QMRS S oon B F AP BE > 7 g
BAEED b o RIALE S5 415 7 7 dp e o

%y L LB 4cB3297E T :éx%%ﬁiflffwéiz@%
P Bl kG R A B EEATC R B ZAA 0 F 3D

@ 5|
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Ady =2nAA (3.2)

A% (e 4 AT = Ky xAT

He

§ = sk edik thdic (Thermal Optical Coefficient )



o = ®F %k %% (Thermal Expansion Coefficient )

Ky = /E)ij‘f{},a' ff‘fﬁt

. I grating
mput ﬂ sensor( A )
spectrum b measurand field
coupler
broadband | __ %I I@H I@H
source I I I ) Ij
wavelength ‘/A QLQ /A QLQ /A A
shift decoding : . |2 /3
‘ i ‘ ‘ ‘ l wavelength
encoded
outputs

returns

B 3.1 kghkipF 5+ RET X H (Hoetal, 2005)

TRERALBSLET 2AMY > AR EFEREART € AL AP
PA B E TS AER150C K 5 6.9x10-6/°C 450 C PR % % £9.6%10-6/
C o @ #E B ¥Hco=0.55~1.1x10-6/C » 22 a 3 BiF2T > 1CoE R
LR ESPERES 91.1~1.2x10-2nm °
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Band Source

Reflected
Signal

Band Source

Reflected
Signal

d+Ad

B 3.2 segskip g RIWHIT LW (F8%, 2003)
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3.2 kG PEAL ek B R R

AT ERETE R e p e REALR AR (FBG
inclinometer/accelerometer, FBG-I/A ) 2. %8 f# it 4eB]13.387 B3 4477
T ER RS, 2008) 0 HAvig B2 ORE LA S E L kR 2
MDA o HEEH KL BZEF N 2 20 Bk k4 (FBGl Y
FBGz)#i?f » % BFBGMELE E LR BE o BB~ EF I F - 58
PR 2 4 A o F R SRR R AT 2 e 8 R B S s Y T
A2 Rple = HE -

®l 3.3 FBG accelerometer & & 2|5+ @
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® 3.4 FBG inclinometer 3|7 Bl

3.3 FBG-I/A%ri# B B Bl R IZ

Bl13.5% FBG-I/A%cst R RlT LB > § RBIEBEAPH X ELE

Fe(x e ) A A drid RaxPF o ROPI B2 kAR O N 4o T

M % +((@/b)* K, Jx = —Ma

K e e et (3.9)
H v

M= £iFE

X = x> o #HEEREF2L - K iks
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a = kL o2 4
b = F4HEEMez

%Q§ﬁ§%umm,@ﬂ:

.....................................................................

_‘a‘_‘iﬁu?ﬁi& AT R 2. S HP IR G
iot

X = Xe

B XGINEGI)EHREF A > 28C9)TF TR EHTER
g X

AR Tl % Sree XM TR S
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FIph 35 18 B M Crec Z P 0 WE I HIRIGXATRF R Z R0 0 @ 7]

Fp2 P o

K= a—/b% (ustrain/G)
L o,
w, =2,
Ay \“r-\
ne %75&
* = a=bmm
/|
10l FBG,K
TVl
b=4cm
%
5831, Mg el

R EFe X

= —

B 3.5 FBG-I/A 4ci B BBl R B
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34 FBG-I/AMAR PR

AR = Tl § AR S Phe I R
2 jEdpOrcc LB EE 4 BLF LR R A2 F (T 4 gy
et 24 82 (Mew) &

Frpg = SRR 4 2 iy
degg = RE KRR 4B

FAABEAS TS BB I et L B@mES 4w
(moment) > - ¥4t 4 52 (Mcew) 5 -

....................................................................

Mo = (Mg)x Ly, sin 6 (3.17)

g = T4 hER
Ly = E£HApET IR 4 B

Mcew¥EMew * /[ 4p e 2 e dp F > FIR g R RIKE AP E A 2w
AAEALE O (4oB3.6977 ) o S PEFOBEFBGT 11T 2 B %3

MgL,, sin@
oG e (3.18)

I:FBG
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ot

T -t a=6mm
Ll L+ FBG
[T = b=6cm

fr i, 100g

S —

e

B 3.6 FBG-1/A AR BT % B

P Ltz kg4 L ¥FBGS | AR
oo FET AR RTE FIREAHES B3 2k
BokprTA 2 P4 T RFBGR LB f AR o BE 4 K E
K ir g B4 i FFBGHEE AP TV BF R If@:fﬁ ME oo

FBG-VAH =~ } T e} jR#h > ¥ e &3 r @it

ﬁ»évp%FBG VAT §d MAE LR R AP HH e
FBGRIM & iplw B3 & » S8 A2 NEVERIE A A BE G
o 7 f?']"é’f*’ﬁ,%o &’?Eﬁi ’F—;—L.,,JD’H%/;;—W;{% |—,':3 ﬁ:)ﬁ%ﬂ%_"

_L

BE 4 (B13.8) I % %38 > FBGL & #o % 1pm (f347 & #7403 B~

25 FBGA AT ) “THEZEARARCE » A & BHF & 20.002

1:55?0.004f£i e AERF R FEFENPT RS BFBG-I/AP 3 -

Az T R-FRITIenE B E S Rl 28R 0 H 2FBGRI M &R 5% F
AL A R SR IASEZE o
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Angle, degree

® 3.7 FBG-I/A 5 HHE

y=0.00220x-0.04768
R?=0.99943

-6
-3000

-2000 -1000 { 1000

Wavelength chabge,pm

B 3.8 FBG-1/A fEAE T &%
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BPEA N KGREA BRI ERH 2 R R AR B
RARP 2 F4 N RRIFR R o YA BT fGriE
ARG AT 4 B 5 l6mm *16mm*

60mm > H & EF 5180g> @ & 4 M2 € ek oK R (4 AR

B)L55mmo ¥ b0 R RB ARLPTE ERAZETA 0 Bk
* 23E3mm7 My 2 fhK o B]3.9% B3.105 M E 4 N CRR A 2 KW

HRHE -

e
3
16
ip]
QU]
Fh K -~ )
} 0
e
L J
ﬁ:l' A 8
4 5 180g — = ,
Unit: mm

B39 %-=1ris FBG-I/A AR R+ R B

2 =
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@ 3.10 (a)FBG-I/A 3 1 B R4 0 ; (b) FBG-1/A R T B & & 4R F

dE 4 N MA T RRES  F Rk (FBGR L e %
Ipm (f345 R *Tit F P2 B | FBGR K #e % ) “TH B2 4 RF £ 5
0.005£0.007& 2 F - 27 gipl & R FBZ3RI+2R2Z T > iR
%2 Aph B(R) 5099740 B304 2 E 4 SRR A2 H g%

L
B o
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15

y=0.0064x+0.0121
i R2=0.9974

0, degree

N T R N

0 500 1000 1500 2000
wavelength change , pm

W31l %-=xizit FBG-VA & E T 8%

doa—- E 4 VR A e LR % 4311 H R R E: Aid
FH R BFEF TR REFRABE HRREFRORIINRZALE 7
REER ] £ EHE 5000647 » Flpt s £37F 4 Tfr 4258 > 23
A28 4o o

FxD=WxLxsiné
RN Y R Ty PR (A

Bhk? 2 R WE (A2 EA B2 ER LTS B2 £ iRy
fhk P s B R(4 RFIERR); O 5 kA i AR o
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d 3 ABNGIYTREE D § A kip 2 FEEAR (D) H SRR AR
TR I ?i*%ﬁikgwyﬁ%%&Wﬁgﬁ$§%&ﬁé
B pESARE (L) B ACRAPHES o

gt I o PIRES SRRV AR B AP E
4 B ® <t i 16mm *6mm* 100mm > 2 £ 4 B.E § 5 100g 0 £ B4
W kzo 4 RS Smme A ARREE 2 4R S B R i 2mme BI3.125 % =
Fg 2 E A VR MEA I (FBG-VA)K - B B3 132 BI3.145 & 4 ;¢
KB PEA R ITEARR 0 BI3.15E £ 4 SNRRMFA R T EALR -

6

16

54

sk

s
Wl o

48 5 (0.TMMIE 1) —| ©

S0
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W 3.14 FBG-I/A "RALR B4 # F i 3ERER
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B 3.15 FBG-I/A /AR B2 %

B3.165 %754 @iz &4 —ucg;wm 2o BACR L
0.0039 ; H g RIfFER & AR Z-2RFIFI2AZF > Hipl BHE®R) &
0.9991 -
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Frd IELEEP KRR 2 T REG REP

H

F4.1%: 3 & L&#»&Mpw HAEH 'é:'hii? i
REPRER > F P RFS S £ 1700~1000mm > B4.2~Bl4.45 3 #
B h B2 IRER Z 7“&4 LA RE AR AE J B42
¢ > 9/148L P 8RERE %] W > #30-14m~-24m2 FBG K R B 4o F KR}
L dg g o F 18 o -24mr T 2R R4 o b A A - BlASE KL IR
BR2ZFBGKEA FiL B B m LFRTVRES S 5 pE»
- PR g > T 5 A 0/13T £ A4BLpEL] pF 5 -40m b SFBGK R
L PR AR R S P iSd IR KPR T B kT e B
i3 /r%mbhﬁBGL@fﬁwpp%4 KBRS T B KRS
%1t ¥ 1]:£100kPa > %9/15 ¢ = 4BEEEL|pF > &R R FFBG KRR & K
BRA G EF - ETE > CFRTH 4 > LFRISFBGR R 2K
B4R IE R PR T RRA BRI AT Y 0 Bl4T~E4.9
REPIBHRFLFRZ RS GAFER B2 RS AR T g
7 8/8 ¢ £ 6BEFE Y] F 0 -14m~-24mz FBG K B3 B 4nf ek PR 4
L AR$ > Bl4.105 B IFR2ZFBGRRA FiL @M B M LIFR
ﬁ«@%g%ﬁ@%*ﬁ~ﬁﬂﬁ@ﬂ’?§z_WWJG%%ﬂﬁ’
-40m b eFBGAK RGP BE e R R 5 LS d SIS R T
Baeg kT i 2 0 RIS TFBG KRR F%flpp’%’i’}\@
4ot s Box KBRS T 512 80kPa 0 %8/9K) F £ OBLPE R o LR
B eFBG K BR3-EK R4 i > - FE > EFRFETR 0 LF
BReFBG KR Z KRB T B RGP & 7 KR Baal®iice

e

|9
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| ﬂ\_

-

|~

d PR L ATRLREFERF 0 RE R RPN 2L KRS
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Precipitation per day, mm

Precipitation per day, mm

1200

o

S

S
\

400 —

0

[ EEEE

9/10/08 9/11/08 9/12/08 9/13/08 9/14/08 9/15/08 9/16/08

1200

Date

800

400

0
8/5/09

I ¢ oo

8/6/09  8/7/09  8/8/09  8/9/09 8/10/09 8/11/09
Date

WAl 28 aEPLwhPTIMEA £
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O/13080:00 91408000  9/5080:00  9/16/080:00  Y/A7/080:00  9/18/080:00
Date

80

-14m FBG Pressure transducer

0

®
o
X
0
-
J
0
0
0
—
o

0_ | ‘ | ‘ | ‘ | ‘ |
/1308000  9/140080:00  9/150080:00  9/16/080:00  Y/L7/080:00  9/18/080:00

Date
80

-19m FBG Pressure transducer

®
0
Y
0]
5401
()]
[}
0]
-
o

0 | ‘ | ‘ | ‘ | ‘ |
/1308000  9/140080:00  9/15/080:00  9/16/080:00  Y/L7/080:00  9/18/080:00

Date

—_—
N~
()

| —-24mFBG Pressure transducer

= [o=]
[ [
‘ T T

Pressure, kPa

N |
0/13/080:00  9/14/080:00  915/080:00  9/16/080:00  9/17/080:00  9/18/08 0:00
Date

B 42 NCTU-03 -l4m~-24m-kBREF H5geh 2 3 a & g1
AR % ]
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mm

. 1200
800
400
0

accumulated-
precipitation

—_—
o
[

.
=1

Pressure, kPa

5200

<180
10}
60|

Pressure

0

9/13/08 0:00

180

oD
o

Pressure, kPa

9/13/08 0:00

0/14/080:00  9/15080:00  9/16/080:00  9/27/08 0:00

Date

9/18/08 0:00

oo
[
1 1

—-29m FBG Pressure transducer

0
9/13/08 0:00

0/141080:00  9/15/080:00

Date

0/16/080:00  9/17/08 0:00

9/18/08 0:00

—-34m FBG Pressure transducer

0/14/080:00  9/15080.00  9/16/080:00  9/17/08 0:00

Date

9/18/08 0:00

o}

—-39m FBG Pressure transducer

0
9/13/08 0:00

9/14/080:00  9/15/080:00

Date

9/16/080:00  9/L7/08 0:00

9/18/08 0:00

® 4.3 NCTU-03
AE % ]

29M~-39m kR R 2 gk 2 RS E R
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mm

10
B0 -
a0}

0 | ‘ | ‘ | ‘ |
O/13/080:00 914008000  9/15/080:00  9/16/080:00  9/17/080:00  9/18/0 0:00

Date
5 3

2 0 0 ; -44m FBG Pressure transducer
0]

accumulated-
precipitation

2 100[-
o 07 | | | | | | | | |

O/13080:00  9/140080:00  9/15/080:00  9/16/080:00  9/17/080:00  9/18/0 0:00
Date

ER
05200j
2 100
i) B

T | | | | | | | |

0/130080:00  9/14/080:00  9/15/080:00  9/16/080:00  9/17/080:00  9/18/08 0:00
Date

—-49m FBG Pressure transducer

—
D
[ =)

—-54m FBG Pressure transducer

Pressure, kPa
(o=]
e}
\

0
0/130080:00  9/14/080:00  9/15/080:00  9/16/080:00  9/17/080:00  9/18/08 0:00
Date

B 44 NCTU-03 -44m~-54m-KBRE R &5 eh 2 FE E 810
AR % Bl
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accumulated-

0 i | | | | | | |
870090:00  87/0919:12  8/8/0914:24  8/9/099:36  8/10/094:48  8/11/090:00

Date

-14m FBG Pressure transducer

0 | ‘ | ‘ | ‘ | ‘ |
709000 87091912  8/B/09 1424  89N09%:36 81009448  §/11/090:00

Date

-19m FBG Pressure transducer

0 | ‘ | ‘ | ‘ | ‘ |
709000 87091912  8/B09 1424  8ON09%:36 81009448  §/11/090:00

Date

| —-24m FBG Pressure transducer

0,
87I090:00  8M0919:12  8BI09 1424 89099:36 810009448  §/11/090:00
Date

B 47 NCTU-03 -14m~-24m-KBEIP nieh 2 234 a E R0
AR % B
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—_ —
O O O o

Pressure, kPa

0

87109 0:00

U0

<180

Pressure

[

g/l

[

[

ol

[

10|
B0}

817109 19:12

88091424 8909936 /10009448  /1L/09.0:00

Date

—-29m FBG Pressure transducer

817109 19:12

8/8/09 14:24
Date

8909936 81009448  8/11/090:00

—-34m FBG Pressure transducer

90:00

817109 19:12

88091424 8909936 /10009448  /1L/09.0:00

Date

—-39m FBG Pressure transducer

90:00

817109 19:12

8/8109 14:24
Date

89009936 811000448  8/12/090:00

® 4.8 NCTU-03
AR % B

29mM~-39m KRB R ek 2 R ER E B0
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[N
[
[ a1

1 1

Pressure, k

0
8110

530

Ny
o
(a1

[N
[
{1

Pressure, k

[ 1

i

[

20

oo
[

Pressure, kPa

0
817l0

® 4.9

Ny
[
[ =)

T

16|

81809 14:24  809/099:36  8/10/09 4:48
Date

817109 19:12 8/11/09 0:00

-44m FBG Pressure transducer

9000  §7/0919:12  8/80914:24  8/9/099:36  8/10/094:48  8/11/090:00
Date

—-49m FBG Pressure transducer

88091424 /9109 9:36

Date

9000  870919:12 810009448 §/11/090:00

-54m FBG Pressure transucer

870919:12  8/80914:24  8/9/099:36 810109 4:48
Date

90:00 8/11/09.0:00

NCTU-03
AR % B

AAm~-5Am KRB R ek 2 R ER E B0
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$IF FLHay ToRIER

5.1 ¥ ToRiABERSF A
5.1.1 3/ A#F L2 A 250

P*ﬂﬁ“ﬂ%%ﬁﬁ%T«mﬁr-@“_%4%a1%1¢m
oo e 2bAE ok TR RIEF] P AR & T AT

W _ 2T 2 ko2
cwhg—wpqwa;h&[mw(&+@}

Fiv s VS R4 -k Ef (pressure head) » K & 77 -k 4 & 3 % f(hydraulic
conductivity) - ¢ % i+ # % -k & (volumetric water content)
CW)=00/ov , x g zi w47 kT pil > LLPER
j’\}lh’:;\‘ (5 1)'% £ Vi '&pl'«r— i+ "fh’é ?\ p_,, (R 7 -ﬁ\—”""’ 4w T\ T e T
w(x,2,t=0)=y"(x,2) (5.2)

2t VD) g qgeda B KEA Gl T BB AT
A BRACKEFERFEEEREERFEEASL o RS KRR IFET £

AP N rAagR Ee e LR kind £ B
55 ® % 50 P A (inner product) -
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Fl sE38 5 UEL &2 F K-35 (5.1) 34 i (discretization) &

n+1,m+1 n n+1,m+1 n+1,m+1 n+1,m+1 n+l,m+1
C_m_—l,m l//i,j _l//i,j _ 1 n+Lm l//i+l,j _l//i,j _ K_n+l,m- l//i,j _l//i—l,j
" At (AX, +Ax, ) /2| 2 AX, 2 AX,
n+l,m+1 n+l,m+1 n+1,m+1 n+1,m+1
1 n+L,m l//i,j++l " _l//i,j+ " Kn+1,m [/Iljr " _(//i,}r—l )
" (Az, +Az, )12 "2 AZ i AZ
i i-1 i j-1
1 1 1
+ [K'n'+ '172 - K] '172]
Az +Az. )25 " e
Az A, ) 2 oo (5.5)

+1, 1, 1, 1, 1. +1,
PO Kiz; =K+ Kir]:l,jm)/z , Kz = (K" + Kin—l,jm)/z

Kirjﬁiryz = (Kir?jﬂym + Kiljﬁ'lm)/z y Kirjj%iryz = (Kirjjﬂ'm + Kir?ﬁ'lm)/z . At g Er;l;— Rl &E(time
interval) » AX ¥ Az > w) 5 X¥22 % 5 2 7 B R gE(Space interval) o F 4N £
A HCEEPE ] F4EM Ly 1 = dk(iteration number) s AR T g T4 w5 X
2% e 2 R e Bh Ao AT dp iR 2 2 G R AR T A1 Pk g L2 2
Haggggiv o ptob s Ff238(5.5)7 7 & 32 %k 4 s (water retentation
curve or soil-water characteristic curve). ~#* 3 4 * Van Genuchten(1980)

# Az B AN

HY o, = &7 fr it 7 -k £ (saturated moisture content) - & L AR TF
# 7 'k £ (residual moisture content) - Ks g £x ok 4 1 % % c(saturated
hydraulic conductivity) » ¢ % i % Heae F1+ (empirical parameter of air
entry value) » N % it j&dp #k(pore index) - M 5 ¥ s & F] (cure fitting

parameter) » * M =1-N
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