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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. 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 safety hazards may prevent the critical instrument
readings be taken when they are needed the most. Many automated electronic devices have been
developed recently. These devices can be costly and subject to electromagnetic interferences and
lightning damage when deployed in the field. In comparison with electronic devices, the optic fiber
sensors are passive in nature with no electronic circuitry. The optic signals can be easily transmitted
by tens of kilometers through light. Multiple sensors can be connected to a single optic fiber for
distributive sensing. The objective of this research is to develop and integrate the optical fiber sensors
and the automated interrogation system. The system was deployed at a test site at the Five Turn Point
of Highway 18 near Alishan. A series of optic fiber sensors were installed in boreholes to monitor the
pore water pressure and ground displacement distribution. The system has survived typhoons
Sinlaku, Molake and Fanapi and demonstrated their effectiveness. The overall slope stability can be
analyzed by integrating the pore pressure readings and stress analysis. The proximity of failure can be
ascertained by comparing the state of effective stress according to the pore pressure measurements
and stress analysis and its relationship with the failure envelope. Following this concept, a framework
for slope stability warning system has been proposed and experimented.

ACHIEVEMENT AND BENEFIT :

The monitoring system can provide references and applications of the disaster prevention of the
roadside slope collapses for the Highway Bureau and parties that may be concerned with promoting
disaster prevention technique for the maintenance management of mountain areas in Taiwan.
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7\1 I ......................................................................... (2 6)
K? ...................................................................................... (2 /)

Tﬁ‘?%%%ﬁ#ﬁﬂm‘ﬁ%&'bfﬁ REBEMSETD TNEAT

= (EH QAT =Ky X AT oo (2-8)
# o
S = kg ek % e (Thermal Optical Coefficient )

a = k& e$OE %k % #k (Thermal Expansion Coefficient )

Kr = B &ATR ik
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uip returns

W 2.1 BgkipF 5 RIZT E B (Kersey, 1992)

FTERRALRS IR DAL AFEFERRE §RALESR
LSEFEF G AL A 150°C 9 5 6.9x10°°C »450°C PR % 5 9 9.6x10/
T @ BIE il 0=0.55~1.1x10°/°C » X 3 BiEET > 1ChE R
FiLHREFFREAS S 1.1~1.2x107nm o

Band Source

Reflected
Signal

Band Source

Reflected
Signal

d+Ad

W22 gk Rp4lT & W (8%, 2003)

2-3



2.2 gk &I RHAR

AP WA B N2 FBG ¥ & FRIBAALZ 5k kip am
i #L & (FBG segmented deflectometer, FBG-SD) - ¢ $3 £ & SLip|¥8 ¢ fie
£i# % - FBG-SD ¥ #—- £ % 215mm > 2 /&% 10mm > & * % 4% % &
2_ 3 |24t ¥ (Flexible tube)*t > ApFg 180 & ZRRL = $Feise gL p o &gt
SRR R o S e AR R Ao ] 2.3 ror 0 A s R T
SElehd BIP BIEHAL  AEHIBHEET BEE Y
B o 2 fﬁ»s’ﬁ Bk gk o RERR R B A AR R
Mt & &L (Segment) 2 FRA4 o &I A& F & I (Measurement
segment) Zat ¥ &2 (Extension segment) = 384 o € P& IT + 5

2 (Stud) > H =~ | grajk s i p|# ¥ (Inclinometer casing) * H
W%iwﬁﬁ“ﬁ’%ﬁﬁﬁ(&m%)~34k%%iﬁﬁﬁ%ﬁﬂ
*wﬁz?bo&ﬁﬁﬂ%—ﬁw’ﬂjﬁwééﬁ’ﬂﬁ—ﬁﬁé
WG E PR 7 E RV LTRSS EF 2l - ERIGER X LS B
fhk » B9 - BahRETRE S vk (fhe ik Longltudinal
bearing)> # B ehi xRz R RIE L ERE e 4 (S L4 2 BEES)
HhAHEREBEZEE V- BRREERE S e 2E (K dhk
Lateral bearing )» ¥ £ 2 & B|&° 122 ¢ < 8> H g i 30 4| £ P &3
P e RGP A B R AT T AR M E 2 -
IR E IR PSRN > ¥ - BE e kY o F I dhe
FEFAED o AP B e kAR - R o AR AERYS
EECUEPGEEEN FEIIREH AN G ERA2 BHARYE
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P
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ﬁiéwiﬁ SR S A S IR SN i AL IR TR F e T 2 4RFR

24 5Kk

AR AT 2 KRR Sk gk (FBG) Rok B2 247
= 18t FBG /ﬁt“é i S AR /ﬁt‘ltt ﬁ‘}i I =<J5] %é—% e \?% ﬁ; (MOdU,late) ’
T A e H A AT

oA ) N FBG k% A A 47 ¢ b ik ¥ 5% FBG 443 FBG P ¢
A B2 A IREETR (e 2.7) 0 BR- R 23 ~H 2 FBG
FRFIhA B AL BN RSP FBG A B R € % 4o R 2.8 i o

cladding

A “Broc a;f rfl:\'\' ) y
. | ! IS Abroad ~ /*B
A B '.‘ \ .l |
\

LDI&

B 2.7 gk posd R 2 R R %

FBG % g #4% 2 47 :FBG X e B R 5 5 A 2 R EBm#H (B
2.9) Bk - B FBGm&p,ﬁ\a ; xl ¥ FBG % 7|t 4 &8 B 2 058P

E®E -
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B obrg i ;8 FBG &k @l (5 R R340 B 2.10 #751 o # FBG Rb3T
M85 PEFIFRERDFERDEL Y DR RGER
Fratr §RFNET XL T o DR P KR CIER DR
REEMALWERE IRGAF > FP R FIF L G FBG § 3 2 b
A FN 0 kR TR SR € R R A o B R g A2
Yol 2.8 2R g oom BLE TR ERA AL o gkt 2 BEEE FBG
FRe? 2B REM2R80 SHHHE -

B2.11 B 7 i Eiffﬂh % FBG L A 22 R 4 2 B 74 ko
5o B FBG k2 - AR BIFRING AT A4 ¥ -
FFR B ERE L o FORBP P IR T g &
KE2 575 0 F]pt FBG ST £ 2 %4 2 8 o 4}@3%@ R TERR]
BRM FBGTriRmIFFHN2 % FBG LS BB R4 5 - MK %o
gt - R EFRREERCSHFBG A 2 P FIP & P~ Y
- % (Dummy) FBG # i B R ERFL 2% o

B212EA SN FBG KB 2 £5. 2% c 2% k7 » 40
500kPa # FIp 3 #icr B4 B § B B2 ML 0 HApH ik (RY)
0.998 11 b 5 s 2L ¥ U4F o Hix ;Y FBG (RRIHA ) D)0
1.5mm > i E3CIFFEE ENIRG Z BTN R o
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HHzZ 3 EF P ldEa )= o BF P2 &
.t T2 'Maéw’o%ﬁ (FBGI # FBG2) .} » AR %A a5 A
WAL EF PEEMREE RGN L E L o FH B
kg ) 2 e BT LB S s @%—ﬂz AR A

N,
B
1.
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>
£
OM
"'S'F'
=hf
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5
ull
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26,1 FBG-/A+ci# BRRIAE
£

FRPIZEAHEDNLHLE > 5 (x> %) A2 4vid B a ¥ (40F
217 #751 ) 0 RRpl B2,k SLiEd o N e T

2M %+ (r K + 1=K )x = —2Ma,

X =x 3 o =HB¥PERF2 - =tih
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(Moment) @ 3 *gd&z M > P — s> 4 & (Meew) 5 °

Meew = (2|\/|g)>< d,

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

dw = £Hp¥3 a2 4 EF

2.6.2 FBG-I/A &R Bl RE

B TR A 2 ERERERE o 5 PR UL E L %
B2 IEH AM A% o RFKPEEACAAL AR AL
SRS 2 4 (Mow) B

Mew = (2FFBG)XdFBG

Ho
FFBG = % 5 &4 978 3.4 2 o 5
dFBG = % 4 % f 4p $35 phk 2 4 P

Mcew £ Mcw = /[ 48 > mdp k> F|pt e & f i 2 52 o § R
EEAAHENEAS S 22 FA L RO (4B 2.19 #77 ) > dw HEMEA
R dFBG 2 dM 35 2 % o JLPF 08 Frpg § M T 2 M A5

Mgd,, cos @
OB e (2-18)

FFBG =

BT LB T 2 LGk erg 4 e FFBG < L ApF I §
ApE oI - BRT R ERE FAERER TSRS TS
2 kGG TA 4 fr 4 s FFBG A /] 21 f S04p ke o B A K
TRk TR P44 s FBG BB AR T R o
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4o 2.20 #777% - FBG-VA B ~ } Tt gy > ¥ U &%~
BAEY o F R EFHPF FBGVA 5D HA LSRR E KB E
EORERE T RSB
AR CHELELERELE
3y FBG A & % 1 pm (247 1%
i P2 b FBGA L% E) “TH B2 AR E > AL RER

%.0.002 22 0.004 B 2 o &5 |3 B pEA ¥ 0084 B FBG-I/A
Pib-A THREPIDDEREE 2R HE 0 H 2 FBGRMR
R EFEA L R AT 502/ o

S % (R 2.21) 0 1R 25

I
Bl g

B 2.19 FFBG-I/A AR Pl & Bl

2-19
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2.7 * 2 ¥ (Brillouin) #z% R 2

Brillouin »</& > 5 -t &_d ;2 B4~ 22 & R Leon Brillouin ( 1889~1969 )
71920 #EATF T e Al aFILE P oo B A B F IR TSk g &
_.ﬂp;cfa?é y A0S z}@ﬂ} "is G %o fih Brillouin fgsf e @ ¥ § pE
lj_%‘?,{h—}i AR Y 3tk 231970 £ 2 18 » 8ok * &
WG k2t B ] &b I EAR o

Brillouin $xét7cfls» 2 & £ F] 5 » stk 3w 5| R+ &2 R+ g5 i3
$@+ﬁ}@+mﬁﬁv LR 3 i xS ;ﬁtn*v i N AT R
FlPb € F AT G A A AR ARPE Y o M- BAS
%%i‘rvﬂm##‘"ﬁ‘ﬂ’%ﬁ* BAEREF AT AR B €5 - IRk
M ts R (180 B adgst)» ¥ 7 F & ARy 3 (Doppler effect )
Sl o & EATET R €0 N Bk M- BAE S E 0 SR TSR % o A
i jj"*uﬁ_; Ea:s A HT (Brillouin Scattering ) » #* p% #7%% i 9 & B A &
Brillouin #f & vB 4[] 2.22 #777

Fiber Core
Pump lightwave /—
1"’0 ~194THz
?\MWANW; V,~5749m/s
Acoustic
Stokes wave
lightwave 4N

V, -Vi. Vy~11GHz

B 2.22 Brillouin $c%t A4k 4% (core)® #n & B (Fig4g, 2001)
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&r%jr‘&);%_—? BBRBER ORI R ARG RS BT 2 B3
ABTEH o Brd H 3 4n :f?ﬁﬁr‘ R FF A g AL RS 4 TR
S rﬁ;:‘éé'v'c W BT o dodk A 4 BT hiE o Pk 3 ey
BERD O HEFL ERS S AERBEFRT O APHE L FLES
( Stokes shlft) ok H e BS o Bk S gt B o j’rs g H 4 B
TAERT o ANPH L F § F B #H (Anti-Stokes shift) o B A d Gk
+ i A TSI G 0 AP AL 8 474+ (Raman Scattering ) ;@ 3 #_d
Bt i S eI g 0 AP AR F 2 A4St (Brillouin Scattering ) ©
d T Bl 2.23 #1705 B 0 Rayleigh ~ Brillouin ~ Raman $g &t

-

=
B
-

t/)xgi' #(Incident light, » )

Rayleight# 8t &£( b )

Raman # §f £( v , +(10+a few)THz)

v 50) —fnt

Brillouin #% §f #£( v ; +(10+a few) GHz)

| /N

Bl 2.23 sk g p 9 Rayleigh ~ Brillouin ~ Raman ¢4 (747 3% ]
(Pt i&4&, 2001)

M RS A K o Brillouin $gst8r ik 55 11GHz i < i
FiEMEZ N} A0MHz 9 % 0 & Raman $sPHE s > Bgr £ 4
7 13.2THz(440cm-1) b < AE 5 EA E o 3 7 0 SR A 2
¢k > Brillouin §7 8422 6 3 st & B+ 5 M v S4TSR HAEFE
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i

BE LB o P pFaE A ER B4 5 Brillouin A F o ttré'”%’é‘f(ﬁf’f
PR 5 F o @ ® Brillouin #7%2. € 33 & % +* Raman g% % ;
2 Brillouin #8455 i & * >0 4 5 4] 6 G R PIAE B q*“‘ oy HEEE-

¥ ¢t > 4 Brillouin 7848427 » R H A BB R X )T A E A X
: (1)jg% 14 Brillouin ¥z %+ ( Stimulated Brillouin Scattering ) »c /i » #
7~ Bk s R AZWE & B TR*UE (Threshold value ) B¥ > R & 953 ex
kAR E BE S ﬁg?] ~ =5 (2)p % £ Brillouin #z%+ ( Spontaneous
BrillouinScattering ) </ » % 77 » &k A0 gt EpF > H A £ p 2 J‘T“u
g At BEWINE S TS gk AEFEHRE o APT
Bl 2.24 ¥ 5 &) > Brillouin %78t 5 » B4k 34 5 onff T2 [

E‘ 6 T T T I . E\
o= F —e— —O—LEAF et 430 2
E, 4 L L 3 --{}--- SNF _,". 4 20 'c
ey i -,
b 4— <— DSF g _ =
» - - -~ .. [ P - o
= 5l - a--TWF ;«3"-:*!—*———‘ .+ I £
§ A ﬂf* A --—A--- A [
ﬁ" T 40 =
E 0r ,"ff' LT P =
= A o Q/EJ/ 1l 2
lé 2 i :}Z’ | At ) /{,.\/ 5 o ;_'” _’ §
» Gﬁ;ﬁﬁslm@m%i-:{_;«—ﬁ.-——{r’” 120 g
g - i
'ﬁ _4 | N 1 | I N | . L | -30 :
= (3,
2 4 6 8 10 12 43
Input Power (dBm)

B 2.24 Brillouin $t&ts% %~ &k 5 Fenpf 4B (Mg, 2001)

2.7.1 1 Brillouin $g5f it 32

¥ 1 Brillouing &4 1 & F d R kL (Pump wave) > 7B E
(Probewave ) % & i (Acoustic wave) = ¥ FIARIE® 24 dhig%k o
Pumpwavef-Probe wave ik ¢ 0 AT LApF o By L BT
3 # %5 (Electrostriction) »x s M5 i > ® F LR IT8F X D)3
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MR R ATE N SR ek o L pF R e B d Rk L EA DR R X
w RETE R € F] G AR CORIE I T (Acoustic velocity ) V45 #

=
E]
kR K M e T RS R B vy BB R il

ﬂﬁ%“?iwﬁkﬁﬁiiﬁiﬁiﬁﬁb%iﬁﬁiiﬁ%ﬁﬁﬁﬂ'
() = Wp — Mg +eeeervreessreeessreesassseessssseesasssesasseeeessseesssseesassseesassseesans (2-19)
mHBEETIER RN AT
K = Kp =K vt (2-20)

@ A - the frequency of the Pump wave
@p - the frequency of the Stokes wave
®@s - the frequency of the Acoustic wave
ka : the wave vector of the Pump wave
kp : the wave vector of the Stokes wave

ks : the wave vector of the Acoustic wave

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

He ¥ BRI - LA ngBAp= F b 0 2 B 4pahy sedT i Sn o
2R FEVAF L 0 A dpE SRR o d TR EPL T R &
( Electrostriction ) »< g eni®* ,Th ¢ % FBrillouinfg & 3 £ gy > @
Brillouinft 44 £ L gp®? ML e a2 TR W 45 lieyF B> A ki
Brillouin #{ ¥ " #itgg(v)¥ * %14 % (Lorentzian) = #%;% Xy it :
27y,
(2-22)

(V)= o e
B() Co&y An PNV, A Vg
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APy s TR SR =P0EI0P) s po i AL B R 0 Ap R Rk

A E o Avg s #EE 5& (FWHM linewidth) > e, % E 204 T ¥ # > n
5 PxedT et R Vas A R 0 B - Mgp= 5x10-11 m/W > @
TRRUGGHA TR T EH M RR > AT A KT ET A
3

7
I

N

2 (=2
Az_ﬁ_lciﬁ (2-23)

_— T T T T sesecssecscescscseccsscscsscsssecsssesssessseessseesssesssecssensssne

e 2 ¢ 2
HoCi i TR AE(C=pop/op) P37 %3kl @ TR s
§ AT Gl S R A M e

H PTG X% R =(ng,c,/2)E * ER TH 0 coi % Bk &

on 1 Cyp.°

An=—=Ay=— e | ettt e e e e e e 2-24
ox 7 n’s,’c, 2-29)
7 Brillouin3¥ & 47 3% &5 » BHAE3# %R Avgi% ] » 40MHz = +

M AR A e A pF R ( Damping time )fe %+ 74 & 3% 8 (Lifetime )

’l,']_),'/f5 Mo H L7343 AVB:(ﬂZ‘EB)_l °

2.7.2 % 1% Brillouin f¢8 i =

B % {4 Brillouin %743 & &4 &gk ik (Pumpwave) » € % it
(Stokes wave) * 5 i (Acoustic wave) = F 4p £ % A 4 ehig % o
PUI R - SR FF R (M s F ﬂ} g})’r 4 o BT EPA SR g B AR g eh
BEZFHAARL ST (DWDM) e iiet g4 FE PP a p
7% M Brillouin #7530 e i® * 32 22 503 4 Brillouin #7842 4p e >
REGESR R KL AN e AP EEF ZANTHIR R BT AR R
S E VR LR Fl o A7 R F]A & H g M Brillouin $78 % €
BEBHELITY cufird 42 T > RERPOSFEERER R
Fi o F1225 5 BBk S b o F 2 H R 0 F12.25 ()17 B R 1
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.m:

—=

7%+ (Stimulated Brillouin Scattering ) #g 3% » % B]2.25 (b)#777 3
E: A AT ( Spontaneous BrillouinScattering ) #7 3% °

o 3}
SO
\_ﬁ

11.0
1.0
[~ ] dn

-9.0p

10.0

a0

-89.0 M W
1553.55 1653 800rm 0.05n/D 1554,

B 225 (a) SMF ¥ ¥ i 12 % 2 A5 SHig 3
(0)SMF ¥ e e f 3 1% 2 4598 3 (P 248, 2001)

2.7.3 MR T ORE & B2 kG B E

ﬁ%%¢@ﬁ25em®&%;mﬁ7%H REFTHL D2
PERETLAGABFHEAAE P SRR A THETY > FRE
?’wif'J# IS A N 2 E R F bR TR T g ST .
Flib 0 AF A HB LT R EERE A MEE LR
A0 ZIEAERIE & § T~ 82 2 78] "0 & (Inclinometer Probe, IP)
EFUFR 28 T g2 F YT RIS ,ﬁﬁvﬁhwv,ﬁﬁvﬂ

[ofrrts AT BT R EEHS AR SEFLA N
FAF KRR AL 2 FPE B P XTRBRAREEIAARS E
be b ok E - Qgﬁ B2EF g E (5000mE Bk & B AT S 3000
) 0 T ILAETE Rk R MR R TR < )k SR R
$’6%$&ﬂ$,3@£%% $o £ % 12menE Bk g A R
£5cm> B[S G4emeididE F o R RH 2 O - £ 13208 > P2 S 4em -

x\“i
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TR bemen R A E 0 R R A K ] A IR B TR st 1R
FFRT RE X A2 RERE R E L RELE N 4o Bl2.26%7T 0 B]2.27
T EANL e A - S-S UL LY Ful
2 #-H F et 28mmE EPVCE F XA A £ - PVCE L 9
519m& > 4SS PVCE RII* £ 5 %8> £202 4 FPVCE P4k
A2 FPVCE X F|h4 $opFo pl-f¢A 204 V- FRA2 R
Ao g W A ETIE AL LRI E L A A2 a0 BI2.285 Bk W
FPEREPVCE L 2o LR e

B 2.26 kg i -7t E
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Biv o F-pli R e i 2e > PRATTEES X4
F ko T R2274TF 0@ LB G PR E a2
FRlEE > Bk W2 3 W RREY o LR g W - R ROk
Fhirr o a ¥ - AT RE L g+ 2 Rkt 0 0 F Smm
PR GG RF BI2205 R BV R W RIS d BRI ER
PR 3 ey A2 € Rt o HR-squares 0.9972 0 F - ik
&% ¥ g &0.0lmm e

34

B2.30 5 R # 2 F 2 WPVCE $d 20 LB 7 2w L&
GRCGRCE Fulll el & ‘“PVC? PEAR S AL B RPVCE 2 - F
FNRE LG o R HE L - BEAERKRLE Y- pd BRI ERKEL25mm
_ AR ke w {854 c’ﬂ231m pdanie = BE o RE2ZM R

(\s

H R-square 5 0.9958 > #* — M & ¥ ¥ B &0.39mm -
8
i Y =10.85 X - 3.151
=0.9972
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5
g B
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A% X WAL A5 @A RGP W R P BINL 0 - X R4 omiE A
BB A kP W R R A S G 1.32~2.52m ~ 3.32~4.52m ~
5.32~6.32m3% 732~8.52m-° LW 32 B - 3 £ 4 kg H g
oo R R E B Y RARuBOTDR #ics? 8 M Rz o B
25 %"1 A L hOmPEALE B 3mALA Bl hE 1 5)3.5m > 4.3m
» B12335 P RIOmMIEA E drd PRI RE RN EA R T R
*E%iﬁ ARV RERIER £1.32~2.52mi A F G AR
B b RS R SR MAE SRR R S MR R R PR
L0 BI2.345 7 JUER £1.32~2.52m = % Ao PRz kP U R E
TR AR > P REEAR VIR R BEER G R AR A &
WAL 2k b BhRg 3.32~4.52mfez YRR ISP R g BRI IR
MORIRRA B S RRGKRL 0 FoE ARR 5.32~6.32m" 45 k- FANLICSEA)/ 7
RitEs HMAERVEE - Rod R AT732~-82mMEA F F A F
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o L KBRS AL R D R R T &
# (Tension) ¥ % B (Compression)Z &% ~ /| B (2 ¢ "EiF AR ™ &~ # >
4 B)2.34%757 o

BN A R T 0 B ALY AR R RRO0L 3mie H
b di A5 B 4 %] G 3.8cm~8.1cm#% 10.2cm( L F2.35)0 ¥ d Blg o

351323 2.52m2 KR ghd W 3o IR 2 R G OP AEE S R
BB R 2 B ARE o AP R XL A AN AR T
Z 4 (Tension) £ % B (Compression)2 &% ~ [ M (23 ¢ ¢ "LFA D
Ko 4eBl2.36%7T o

P b sk o b R A2 F ¥ 1% BOTDRB % A i 2 1 %
FIRR 0 e s be 2 A4 BN iR R 2 R BOTDR G % 3 #icil TE 2
VAR E

A

W 2.32 bk @3 2RATE P A K EALRRIE
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=
=
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Step 3 Ten.
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u - — = Step 2 Comp.
Step 3 Comp.
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2.8 ¥ TR EECHEE

# B3K (Dupuit assumptlon)L /L#‘?"‘Q(Unconﬁned)f"v T ok 03] (Fetter,
1988) » ¢ A B & ¥ 20 s i (Vertical flow)? BEY -+ je i =
KR F AR G oK T v (Horizontal flow)2 R pF o H =43 4258 ¥ £ 7 4o
-

E(Kxhﬁj+i K-S s, T e (2-25)
ox ox) oyl Y oy

V¢ > h 5 -KE 2 -k = (Hydraulic head) » Kx & Ky » %] &7 x &y
R T B ﬁx(Hydraulic conductivity)’ Sy & +* -k 7% #ic(Specific
yield) o 48 3k 2 2400 T oRIRHCA] 0 ho W) 2.37 S 0 F AR 0
Hikl g 7 K% i (Seepage flow) 2 & 47 o

N Ml
. T
SN T~
Adin® 1 T H_'_”“m_%_ﬁ
b o ?{ T ﬂ"'“'-u,._hm
}" I— & }f T
K- A
FiEKER ‘L.
X k)

® 2.37 -FTS‘# Bk 2. 25500 TR R B

Rm o %”f;—r,};;,ﬁﬂ Z2_ A A 'p",’&u% » B oL ;Ffrqt o M@}}LA\'A?
o e ? Y gt o BT o " ’f' | * 5 -k & (Multiaquifer)y = -k ix

HA J(McDonald and Harbaugh, 1984 ; § 2:2, X 87 & ; {4 427 3
wie, AR 92 E EAT, VR0 #£) . 4ol 238 417 0 40115 ok
(Confined aquifer)~ #£47*2 7 -k & (Unconfined aquifer) % -k & (Aquitard)
Z BT oRS ARN T A T G
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a@h@jaKh@ 8@h@js@ ................................ (2-26)
ox ox) oyl Yoy ) e\t ez ot

i ohE kg ki K- Kyg K, A uimxy&Ez>3 w2k
4 B e Sy 5 v %K T B(Specific storage) °

L0/ ',\ lﬁj
JE 61 PG 7K A
_ LKA
__.-d-'f‘-_ _-—;_‘_:-‘_R_‘—L_
Ak N
1 7}; i,..

%@'%a@ﬁy1¢¢ﬁﬁ%%@ﬁ,4ﬁ%&#ﬁ,%af¢
Eu G A E BB RE Y R RZb e ol TR
(Unsaturated groundwater modeling) - 48] 2.39 #7771 » H 4] fe 8 ¢
% 77 % (Bear, 1972; Hurley and Pantelis, 1985)

E L e e L [ L e

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

so¢ oW LB 4 oK Ep (Pressure head) » o & B3 2. & & (Slope angle) >
K& K, A8Z&r8irde s da 2 k4 &% %f(Hydraulic
conductivity) » 0 5 7 -k & (Water content) °
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d F(2-27)7 oo 2hAe ol TORRHECERF 0 F A ok EH RS K
B2 B Rk BEGE RS KEE MR 4 ,?a{r'ﬁ; iR K b
4 (Water retention curve) » Van Genuchten (1980)#% 1 2_4¢ v 22 R 4 -k
EpAvok 4 B H AR nRE 25N o Ao Aon

M
-6 1
S e e 228
0, =6, (H(fw)”j 229
y Wl
2 M
K(e):(é’“grj 1{1[‘9“) ] .................................... (2-29)
K. |6,-6, )

H ¥ 0 5 47 fr 7 -k £ (Saturated moisture content) > 0, 5 7% 4% 3 'k £
(Residual moisture content) » K % 47 fr-k 4 & 3 7% #c(Saturated hydraulic
conductivity) * & 5 & F e ]+ (Empirical parameter of air entry value)
N & 3% /5 4p dc(Pore index) * M & & S % £ F]+ (Cure fitting parameter) e
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IHMT-01 2002 = PRALELR ¥ 2 e & 4 & b i 2 kG ERlF =
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1~22% > RF B ERIEAT2ZRE

@ Inclinometer

© Standpipe
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'@ FBG Piezometer
@) TBGSD

W31 2kHF]ERRKRFRER (7 L1 REF2F,2007)

3.2 BT R ARP BEITRREP
321 HHME R RE L RIEhHREP

B13.2 5 NCTU-03 60m-k/B X jplat 2 -k R 1 B » 323% 2 p 96#
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&t A 'Ii’ foA4-15 RGBS BB RERIREL st TR A o

% 4-1 RGBS B @D Rk Bagag i £

GBS d A RE R v KRR | RECE &I A R KR

1. ¥ P p Bt TR 1. GRat A3 - FRAER
2. REGZARAAPR RGP &I |12 2872 3 23 AT AT
NBARM . (BEHER o

, %0.04mm/m ;L LH HIE |3 L wp s w g e
2 it AL %0.017mm/m )

3. BRI FFART ZRE LA

2 B4 s ae R REAR
T AR TIAREIFLS VTS
1/1:"‘__:( {:l"*rs o
5. UL HIERE > T S 2
-
1 F- ERER > s |1 gk 08Bk
AR B ABELE A
2. ERRBFIXETREATE |2 LR P FENBARE X
43 " .
N S ¥ ERAPHE RPN -
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lé":,ir i Fiﬁ_ﬂ_y—r’}\/n'—ﬁ:ﬁ

51 iﬁaﬁ_b"—rj\ln '\‘?:?-/\

AT A1 * 4 £ % Geo-Slope 2 & 41 B ehgc 0 e 3
SEEP/W(3 T -k i % i A 47) ~ SLOPE/W(:# 8 42 %4 47) ~ SIGMA/W( 2
B REASIT)E > m IR E - 6 # T RIVESE > Bl SEEP/W
o5 AP ORALS -

Mo s ek TR HCED R Y E B B & 97 Michael G McDonald
Z Arlen W. Harbaugh (1988, 1996) % * =73 & 2 fic3% > 1% IF-H 3 ¥
TokELRE T Sd BN S Skt 0 PR H - e T OREORZ
WRh R R TS ERR o TG L A RN 2B H R IR
=~ & oo
5.1.1 SEEP/W #g.;\ 3 &% #.p

SEEPIW 5 = A3t > 5417 § LA A2 B RAHT 54 F
2 e kB R L%L@%%wﬁwﬁez&ﬂ%ﬁﬁmwmmg
equation)4c™

o(, H) o, oH) . a0
&(kx 6xj W(k Ej Q= g T (5.1)

e
H % % kg (m)
k, ~ kA % & XEy 3wz k4 @ E G g (m/sec)
Qr@F R g

0= W 7k

Ik

t 5 PR
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Mo EN TR PR ,fié(transient)'r 2. AR 2
KB s U RfEF R TRBIRRET 0 A ReREz KRS 2
g a S el -

Fon A i 2§42 w8k ik (steady-state) iF o B
Foompc s Do Bl A L (647 -

8@§i]8@éﬂjqzo ...................................................
OX OX oy oy

¥ ¢h o SEEPIW Hcif fiRAZ S0 ¥ o 3 2 o d S A 4T 0 B
Bok4 BEGEKERMA T R 02 M R - ok @%;.«gwsw;f
Kb 2 B TR E %ﬁd Fok > EEJI Y qphEE RIERE FE o F

SEEP/W #2358 ¢ » T £ 4 R E H &k N2 2 - & 5-1 5 2 FH ki
k4 BEGHREMBEZ-RE2ZM % a > 4255(5.3)5 Fredlund et al

(1994)#74% H12. -k 4 B4 B WAF 7 kv 2 B 1% o

K, » SR URE T2 ZRE & f I HORRA AR AR @
% $i(m/sec)
k, & 47 fe ke i 2. -k 4 @ 3 % Bc(m/sec)
0%z kT
e s p AR¥#HCE > e=271828
v
7 (5.3)% 4230 ¢ 2 0 FFd 2 A2t (B.4)W A
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0=Cly) ‘% -
LAl
{H{H ) o (5.4)
He o,
as 2 7 5 &F E(air-entry)
Nnes 3 EZ-LE AN > $ gl A i) Sdic
mas& I EALTRE T M2 S
m A2 2 Cly) > 7 d 2 42359(5.5) & #
In(1+l//]
C,
Cly=1-
1000000
In(1+ /:rj
.................................................. (5.5)

jue

C 3 ¥dciE » - 43 1500kPa> A kBT hiEd § B

%51 k4 @R BEARA §kE2 RS

ol T 4 Kk

yi
k, =k, ° Fredlund et al, 1994
ot Xale? )-o, , ’
SO0 o)
i=1
k, 30T2 &Y &y, .
k(©), = = =¥ [y +1-2in?] Green and Corey, 1971
ke pgn n® 45

Van Genuchten, 1980
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m 2 iil:%*":fi 7okt 4l s 4 (matric suction) d B o KL ¥ 4 3K
okt BB d g o Bt o £H5ET R LT
RO F ok B AR A § 2 W & @ SEEP/W 4255 ¢ 31~
ﬁ%ﬁﬂ1&51ﬁ;’?w%iﬁiﬁﬁﬁﬁﬁﬁ‘i
AR ﬁ_‘”jr_ggﬁf’* kv o iEen 4 2 B A R &
5-2 3 A K iR 3 M Sk A LM

= #25%(5.6) 5 Fredlund and Xing (1994)#r#4% 412. + R 7 kvt &
AEGA Z MG RN ARSI SRS IETFEFE 0 AR
FE2Z AFHAEIERELLT LS -

o W EKE

AWM T kT

RS

foillfi g Kk E

RS

e s p AR¥HCE > e=271828
v e foEPat KR S

a,m,n & & HRIFH] S
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%52 k4 BEEEMBE I REZIER 2

S =97W= S, +5:(1-5,) Kovacs, 1981
W, _
Vi=o e Arya and Paris, 1981
p
0,=0,+— %%
1+(V/jn Van Genuchten, 1980
a
Hw — er 05 — 9,, .
{m{e{vgj }} Fredlund and Xing, 1994

5.1.2 MODFLOW #& 5" 3 35 3.

MODFLOW #25% i & d % M3 3 & H(USGS)# 8 B » 541*
FORE A 2 3 E KR TR AR > B BN AT

i(kxx @j+i kyya—h +£(kzz é’—hj—W:Ssa—h ......................... (5.7)
OX ox) oy oy) oz 0z ot

He

o~ Ky K A E B Xy Sz B 2k B
Wi E H A2 M

Sy 59U H A I KK 5

h s B4 kR

t 5 pFER
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52 MR LRI $FHEEIFHN TORIMEHERE R

MG R TR AATY 0 A B A G A AL s AP
MODFLOW #2:\ i fie & - § BRI HHA T T ¥ Tk mF 42
i £ 5-3 5 MODFLOW #%;% %#ck ip » & 5-4 2 £ 5-5 5 -
TF ORGP B TR R TR Rk R F
MODFLOW #2547 % 3 S5 8 h 4~ BB ToRi=8i > #
ﬁﬁ‘%%%%ﬂ%$i$ﬁ’ﬁﬁﬁwwﬂﬂﬁﬁmm%&é
1x10%cm/sec *» Pk B AR 2 A B/ Prn B2P KB REP L 2 2
= > 1% Ucode & J&3R3-7% % Mlic» MRS A B TR 42

12 RI03 45835 B P uh #lRIH T RGP
FELATPARL SHE TRERRL I R A B2 R

Bk A7 Hp 3 & ~ % F 5 1x10°m/sec » I+ £ X f1* Ucode £ f831
%21“%&%% »EXSBB522BObAANLEFELBEETR TR
i TR B AR 1Y B o F]t ’%ﬁd MODFLOW #2.;" ficft 5 £
SOHRh T~ S HPILBE TR AR > TS B SEEP/W HER
B-B 3% (1—;%‘155)7 IR LE® D WA T &/

# 5-3 Modflow #2 ;% % #k& T3P

S B %8k
R iE H- K2Ry kR
Wkt e e e 140> 80
L 100 m
PReAdeoR B AR 800 m




254 REBERL N ZHEURRPEFS TP L
(F L AR R 4R, 2009)

FRER
LR Yo%
Foke | sk | rAg
04-5 ok 704.9 ok
B-2 761.6 734 27.6
B-7 785.5 755.9 29.6
T-1 814.6 776.8 37.8
T-2 768.7 725.5 43.2
T-5 787.2 755.3 319

2 55 BEEPE VTR DT TREE L
(F LAE R 4R 4, 2009)

PR
B2 Yo
Bk (%4 Qs g
04-5 736.4 704.9 31.5
B-2 772.2 734 38.2
B-7 786.6 755.9 30.7
T-1 815.1 776.8 38.3
T-2 768.6 725.5 43.1
T-5 798.3 755.3 43
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Distance, m

]
S

Distance, m

Typhoon Sinlaku low water level

600

3
S

200 400 600 800 1000 1200
Distance, m

B 51 LB h DHIRER T LB RS F

Typhoon Sinlaku high water level

800 1000 1200
Distance, m

W52 ELEBHRIF TREFRLLTH
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Distance, m

Distance, m

Typhoon Morakot low water level

200 400 600 800 1000 1200
Distance, m

B 53 T eh WEIREY TREBE% L H

Typhoon Morakot high water level

600 800 1000 1200

Distance, m
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AETAHE 18 MPE LT I FE TR TR A R
oA TR 2 W R RERE NCTU-03 &2 NCTU-04 2_%re » H
B e 35 NCTU-03 22 NCTU-04 #7ip| 8 2. & /BB KRS 17 5 3%
IR R S REZ 3T  NREBEREYT I EE RS2 TR
2 %-#ce B 5.5 Z M TORGERI R Ak TORRECAIZ A R G oRk i
Al R o i e Tk kR (R h )BFH RS TR 2§
bomEdg R RpAEIDTRIX ZITREFZEAE > RE R
EAMGR L - e MIELER MBI 2 2R E 0 %GR ¢
i 35 F NCTU-03 &2 NCTU-04 4 i 3¢ -k R psLR] 2 5 Rl 358 % 17 5 24
Fiedyp > RERBEKXRLZ - 2 & kgER o

—A=

% 5-6 LILHW TR EA LB £ AP 2ok BEGEL
i 538 NCTU-03 22 NCTU-04 #7p 18 & iF B KR 1 T - J]* 33
FEBEE D R TR o AR § R Sk Rl M
B 55 ¢ 2 %58 A kP k4 BEGZEFASNRNIRBOSS mRE

7T °

oBOE 2 A RF o

B 5.5 I+ T ARGHCT B
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% 5-6 ¥ ToRGHA] FEGRP £

A% E R k4 @3 % #c k (m/sec)
1 1 x10°®
2 3 x10°
3 1 x10°®
4 5 %10
5 3 x10™
6 2 x10°®
7 2 x10°®
8 9 x10°®

P BRI TORGHERCA Sl TR N (o AR R E B3R
i, j’“ Fo%& IF,—..» T ,L/n *3—%'&5@ ‘ﬁvl‘ ;JFLF]H o T ’,L/ﬁhﬁ:%ﬁ“‘é‘-
5o TR uREEL L2 Sk

531 2 2L Rh RHEF ToRARERIELE R

@56;%%@&& N3 SR AR o d TRITORE
BRI A5 A E 932 900 mm > @ 4 NCTU-03 -k B gipl 2 #7 5 ipl 1)
BoA KBRS g 1 210kPa’:=q 7RHE kg £8 57 5 NCTU-03
RBRBLBIE R BRI > B LFRRREFERFRC 2 3D
B2 o

AT TR GRS 0 A B R Y ﬁ% Tk fk (steady-state) #-
o 41" NCTU-03 -j B BRI 2 & ip] 8L 18 3 34 T R g AR 30 520
Bk yp o UHHRE E LB WM TR R R PR
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Tok s B 5.9 % B 5.10 5 f1* SEEP/W HiHt: % % h R
EESHrFE NCTU-03 &/ FA KRR &> T ERFFEERIFTH
SR S

59 ¢ B b 8m o REE BB L LB £ 8
a-14m 2 -30m B > FIR P2 A F S 4 PR i SR TR E R
i

XIS T ORI 2 B R D] QAR kb Ik
d MOk AT 3ok AR OR SR8 F % NCTU-03 KR E Rl%
Tl FHEHHEARNY 20 A 0 BB R A 4o 5.8 B I REEE
BEE A rZE2Z <) o Bl A 2B E L 8x107 misec e

HAR R Y 1S 2 B~ Sl S8 17 9 G (transient) B HER 7 P
PERFELET o Rk AP LIRRZKBREFFRM > B RS E T8
T3 NCTU-03 -k B gLip| £ #7 8 R % 3 4pr- 0 B 5.11 #7157 -

1200
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S 800

g

[

S

S 400

=

S

a
0 ]
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Date

W56 FLrmh RFH2E

5-12



200

15¢
@
e,
2
o 00
<

50

,49"03
0 »”
qﬂiﬂ]s
g,u'll'm
08
QI"ITIUDg[‘

B 5.7 NCTU-03 -k BRjgip|+ *t 3 &3 dh 3D % §

600
NCTU-03 ,, 20
5 :
= NCTU-04 V7 ffi
gﬂ 16 : b4 3
9 13 . » illll-Hll %
E . 2 3 'L
= l-l' ';ﬂ':l 31 3 1 TIX
E sass ssssmmEn
o 400 i1t
T [T % I
oo L L LU LIl
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Distance, m
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A
~
AR — — A— — computation
220 A —A—— measurement
-30
g
z
R
-40
-50
-60
-100 0 100 200 300

Pressure. kPa

W59 MARTREAE I LLRE 2 HRELRTETRERE

-10

— — A - — computation

=20 —4&—— measurement

-30

Depth, m

-40

50

-60
0 100 200 300 400

Pressure. kPa

500 Bk =R RG22 ARE 2 KR EH T % E R @0 Ry
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— A&— computation (97/9/13 1:58)
A\’\ —&— measurement (97/9/13 1:58)
A — ®— computation (97/9/13 16:36)
220 M —&— measurement (97/9/13 16:36)
3 — % — computation (97/9/14 16:32)
* —#&— measurement (97/9/14 16:32)
— =~ computation (97/9/15 2:25)
230 —F— measurement (97/9/15 2:25)
=
<
-40
-50
-60
-200 0 200 400 600 800

Pressure. kPa
W51 HEAET W2 HURh L HRELFFERE RE

5.3.2 X e h Y TR EBPRELESE

B 512 S MFHRFENLI L RLADFZEaE > d TRITH
BRI A8 A £ 9:E 2100 mm > @ 8 NCTU-03 /KR gLip] = #7 % ip
iljﬁm'fk@vl L5 287 kPa» %) 10 ks k=i &> 23 #5 %

HOKRERIE R 4 80 kPa > @ %% & €24 A% 1 1200 mm >
E%‘] 513 5 NCTU-03 -k BR@Lip| € *t 53 sodeh RPN 3= B ¥ 2 FARK
REgpE g2 3D B9 -

A I TR R HCER N A 0 47 B L2 48 TR fE (steady-state) Hi-
£ f1* NCTU-03 -k B pLip] & wPJ?‘q‘ A T ORI AR S
iy > MEREP RERE HIFR I TR 2 BHFR 2
ToR s §15.14 2 § 5.15 4 1% SEEP/W R I 4 s m b W Hp FE
B sy B2y NCTU-03 2R AR -RBRF I B T BIRE-F 25 R T
SR S
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Bl 5.14 7 $oa g R8T 0 R EE RPIERE S S LR pFp
EZRAHA-14m 2 -30m B> FIR 3|2 AT 4 P iR
RO ORRRR

2
F
“t
=2

SIS TR L~ R R 0 o Rl R sk g R
d MR AT Bk MR RR S S 2 %2 NCTU-03 -k R % Bl
LS RS =T R IR AN D I A R Y S
»iEE 2 A o PlE A~ % L 1x10° m/sec -

HAR LT 1S 2~ Sl S8 15 A L (transient) BB R B3
PFREET » REE R LIFRZKREFERM > Bl E R 2
B3 NCTU-03 -k B LR T2 Pl % 3 4+ > [B] 5.16 11 ©

Lu’f’ﬁ‘ﬂ FELBT PR 2 RS KRBT RITRE .V HR
b TR EFRBEEPRE B A NSRS B Tk
RIS BN FUORBRE T NFRS SRR E RS
FrBBEAE TR LG TV L SETE RS
Mo % 334 st 2 AR o & RHHE TR EA 2B kK
BRAG > PHRHET FERE B Y L824 VB hE
W >l BEEER SR EERT N

1200
=
=
S 800
g
[
S
S 400
S
D
a
0
8/5/09 8/6/09  8/7/09 8/8/09  8/9/09 8/10/09 8/11/09

Date

B 512 3P kh RFFERE
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30g

250

200

log

W 5.13 NCTU-03 -k BREipl £ 53 fdeh 3D FrF % H

-10
A\
AN — — A— — computation
20 A —&—— measurement
\\
A
Y
~
_ -30
£
L")
a
-40
-50
-60
-100 0 100 200 300
Pressure. kPa
B 5.14 M-k =AM ET TR 2 ZRRERIE RE
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-10

— — A—— computation
220 —&—— measurement
-30
z
5
-40
=50
-60
0 100 200 300 400 500

Pressure, kPa

B 515 B kU RENTRAEE 2 HRES T FE R E " KF

-10
— A~ computation (98/8/7 2:42)
—&— measurement (98/8/7 2:42)
— 4— computation (98/8/8 3:05)

220 —©O— measurement (98/8/8 3:03)
— % — computation (98/8/9 5:04)
—e— measurement (98/8/9 5:04)
— 4=— computation (98/8/9 12:34)

230 —B— measurement (98/8/9 12:34)

2

-40

-50

-60

-200 0 200 400 600 800

Pressure. kPa

W 5.16 % ik T KR ARD 2 HARE SR EE R @0 R
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FHR LA P ERRBL TERRP

6.1 F st B HC P

- g B A e N e L& (fall) ~ M fs(topple)
iﬁ‘"ﬁ%(slide) ~ & # (slump) ~ n = (flow) = 45 (creep) & = & > 4o B16.147
#i%&ﬂ@ﬂ%ﬂ%u;% a8 CUAR AR S A
HLE L REB P EFEFLBBAFHERE o

ﬁ4‘

FLOW TOPPLE SLUMP

Original

~
-~
-
-~
~
-~

Original

Slumped

Til
Qriginal |ted -

Qriginal

Partially % .
covered »_~Falling

?
o :
SLIDE CREEP FALL

W 6.1 Fxux HHEA M (Geoscience Australia,
http://www.gov.au/hazards/landslide/causes.jsp)

6.2 FHBEAW I ZEFPBRTERIZNE
621 FH PN G

¥ AZEH LT L LRI (L|m|ted equnlbrlum
analysis) £ % 2 & 47 /% (Deformatlon analysis)= = &> m &) & 1 & i
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A EE S

BT {2 v & 5 H - pd A 4772 (Feebody analysis) % *7 3 &
72 (Slices analysis) © & 2 L B> ¥ T mi A% E 2 FE R A
A R TR G 2 AT R 0 B R 4 ORI ]
4oB16.257w o Hpdke 5 - 58T ik BR> PR 4 L4 5
BT D AIH 4 ETfE2 3N IELA AT I R RERS BT H
% > G¥cdeT AT

n:p(Clbn _(Wn _unbn)tan ¢I)
Fs =3

n=

Zan sing, T (6.1)

n=1
=+ 4228 (6.1)
¢ » 2 JHEE 4 (Cohesion)

dEEER

S
ETIRS

b, & &7 ¥ ER

Wb B L

c
Y

Ty LNy Y

TS A2 (B)F % A4 T g e R B MY E A 2 T i

2. 10%~15% =% > % » B M kR 2 8 o BIA A E L 5 :E50% o

Bishop(1955) A s & = &34 (6.1)5% ¥ &2 /% & &7 4 T 72 4
B HZ > Gfich § 8 4 2 M4 2L 4o 254(6.2) %

f(clbn - (Wn - unbn )tan ¢I)i
FS = Man
n=p
ZWn sina,
= S 6.2)




Nl
e

tan @'sin
) =Cosa M ...........................................................
FS

a(n
S RN 25 § » ] pL 3??']9* LA
g Ec N I A &

N R AR TR AT S T

* A2 (6.2)¢ % > 2 #(FS)w &t
% (try-and-erron) 43 1 % > ¥z #iiE
Bishop 2 A\#‘r/z EH 2 2k R

By P
r ~.1nu I b,
’_—- __________ 3 3 ._,. 1..—”,.
.’ T C 77T NS
: |
I
I s / T,
I
I 3 i
| ! A i
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WR A Y R E (Sassaetal.,2004)

TSP:Total Stress Path: ESP. Effective Stress Path
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