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Abstract

Heavy rainfalls brought by Typhoons frequently plague Taiwan. Due to
vulnerable geology, rainfall-induced shallow landslides occur very often and
sometimes induce tremendous loss in human lives and properties. In order to
reduce the landslide disasters, landslide modeling has become an important tool
for landslide potential analysis. Generally, rainfall infiltration is taken into
account for the boundary condition in landslide models. Many studies
investigated the rainfall-induced landslide through physical modeling by
integrating the rainfall infiltration simulation and slope stability analysis. Pore
water pressure is affected both by groundwater and infiltration caused by rainfall
and/or surface runoff. The pore water pressure is investigated to accumulate
faster from infiltration of slope surface runoff than groundwater level rise; and
thus, slope surface runoff plays a key role in pore water pressure accumulation
leading to slope failure. To tackle with the surface runoft infiltration problem,
this study proposes a rainfall-induced shallow landslide model based on the
slope stability analysis with the limit equilibrium method coupled with the 1D

kinematic wave runoff and 2D Richard equations.

Sensitivity analysis is later employed to prioritize to the most sensitive

parameters (in sensitivity ranking order) including the: (1) friction angle of

v



unsaturated soils, which slightly increases with increasing matric suction (¢");
(2) effective friction angle (¢'); (3) effective cohesion (c¢’); and (4) soil specific
gravity (G;). This study further set up various scenarios of hydrologic conditions
for testing the proposed landslide model. Results show that the rainfall amounts,
durations and patterns greatly influence on the landslide occurrence in terms of
the landslide depth and occurrence time. So do the surface runoff rates with
different durations and patterns. Some cases indicate that slopes do not slide
during a rainfall event but slide after the rainfall with the continuous surface
runoff inflow into soil bodies. Thus, surface runoff may also influence the

occurrence of landslide and its timing.

This study further develops several pre-warning threshold curves for a
design slope based on the proposed 2D landslide model with various design
rainfalls. Furthermore, the slopes located at 37K+500-40K+100 of the Ali-Shan
Highway System are taken as a case study. Results show that unlike the
threshold curves given by the conventional 1D landslide model, the proposed 2D
landslide model portrays the threshold curves with upper and lowers bounds for

issuing delicate pre-warnings.

Keywords - shallow landslide, rainfall runoff, infiltration, slope stability

analysis, rainfall threshold curve
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b i *7 % F & (slice width)

c' T A3y R 4 (effective cohesion)
et L REREA

FS % > % #(factor of safety)

f ¢ > % Z(infiltration rate)

G, : 2} ¥ v & (specific gravity of soil)

h - Ki%F(water depth)

H, '3 % 3%

i, - "# = 3 & (rainfall intensity)

i~j R B R

K, @ 4Ffr-k 4 @ % % fic(saturated hydraulic conductivity)

K, x> w2 k4 @3 aiic

=

K. tz> w2 k4 @E G

M W B & F]F (curve fitting parameter)

Nt 3t Ji4p #k(pore size index)

n: % BRERE % #ic(Manning’s roughness coefficient)
g : H =% &% (discharge per unit width)

R : B & 2T

S : 4 {r & (degree of saturation)

Sy ¥ % 8 R (slope)

Sy B¥H R (friction slope)

T : *% &% 2 p#(rainfall duration)

u, - I M % B+ (pore air pressure)

u, - 3L 4K 4 (pore water pressure)
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a, - BB FIAE S de2 14
& 138§ Hese F1+ (empirical parameter of air entry value)
o ! 1 &4 (normal stress)

w @ & 4 -k Ef (pressure head)
w, © 1t B # -K 28 (positive pore water pressure head)

w, ' f /&4 -KkEf(negative pore water pressure head)

0 . 3 EEH 7 -k £ (soil volumetric water content)

0, - & frf A 7 'K £ (saturated volumetric water content)
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¢' - 3G B R (effective friction angle)
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Znidarcic(2004)¥ Sun et. al. (2009) % A fi* = M T R R fe & RILT
ot R A s H > R HHA T A AT g A RERZ P B
2.1%%%<%Tfkf§§ig?]§§%a@—ia IR EHE MG L Y Lok T KE
¥ » 4r Akan and Yen(1981) ~ Bradford and Katopodes(1998) ~ Morita and Yen
(2002 ; 2004)¥2 Panday and Huyakon(2004) % A o »7F & | 4gif v £ 357082
NS NP E i 1Bl '

1.3 %4 13‘:—/:1

# 4 4 (dynamic wave) X2 % ~ #5474 (diffusion wave)TL # % & &
(kinematic wave)IZ# 5 = FAF ¥ 2 REM #0225V o A o HINER
BN R R o R PR 2R 4 3F 2 32 58 fir(Henderson,1965) 0 ok i
BB G B KT Lk 0 T % E B T B
BoRZE e BAEL 4o Schmid (1989) ~ Liu et. al. (2004)2? An and Liu
(2008) % -

- BEH AR A AN RS



—=i—f @.1)

S =5, (2.2)

(2.1)5% & i § > 475" (continuity equation) > g % H =% & /i £ (discharge per
unit width) > & % -k % (water depth) > 7, % "# & 3 & (rainfall intensity) > f 5 »

Z (infiltration rate) - (2.2)3% 7 &_d # & = 423 (momentum equation) & v% {3
4 (inertial force) 2 % R R ie* #7802 2% oS, & 77 # % 3L & (slope) >
Sy % 7 B8 R (friction slope) » §]* & % = ;% (Manning’s formula) > (2.2)5"

GRS

= \/S_h5/3 23)

n

q=

;9 ¢ > n i % B B #(Manning’s roughness coefficient) e

2.5 Tk MR

P332 % X > 4% 3% (Richards equation, 1931)> &7 % it flw (y * )

v

KGR D B TR B S A2S 0 T AR S

A e A 0 2 Y

9% 5 0% 7 -k & (moisture content) ; y & &R 4 -k Ef (pressure head) ; K, 2

K, #8470 x ¥ z 3m2 k4 B Al ¥ LIRS K EE 2 S
FfEQRA N F B F F 2 4 4 i 2 (initial condition) 12 % F R iF &

(boundary condition) o 4= 45 FF » B 2 FEACKIET FH G 0 T TR R



ALK

Ha T deit@’ B %\' Eﬁ ﬁE.HE v pa T ’}\fir_g ﬁiHE-Zd ’ E'JW”‘&%&@’; ’J\EF'-? %\

T &
w=H,-Z,—z 0<z<H, (2.5)
B o koA doFEa 2 2 0 BE s 23k A A8 R(2.1)
2 NEFREG

Z_tE(Darcy’s law)¥ % 7T &

f=-K, (://)( jsm(a) K (l//)( ljcos(a) (2.6)

P A :tan’l(SO) SHE(ER)-

ok 3k R CEE AR PIELE 2 K RN BT iE

- 2.7)

fﬁljlév'ﬁr&i @]*Bj}%‘ y ll‘/\ I"] L’ FF‘ 7 3\%% ]l_,, :]_'

w=H,-Z,—z 0<z<H, (2.8)
Pl 2 g k2 3 ki PEF R ERT L 2S5 KER > ER
ERE R

v _,

2.9
A (2.9)
RfEQA) > FERIE G RERRS KFLM G TO-y MRS G

k& & (water retention curve) » *iék C & F-Rd RAPM AT T FIL o K7

10



7 # * Van Genuchten (1978)#73 ! 2_ &7 fr B &2 R 4 -KEpfr-k 4 & H g

e 5% 0 Ao AT

M
g_9-6, _ 1 : (2.10)
0,-6. \1+(Sy)
” )’
— _ M
12(‘9):(5 %] - 1—(5 6;;] @2.11)

#H P 5§ % 4o & (degree of saturation) » 6 5 * & 7 -k £ (soil volumetric
water content)’ &, i 4 fof ## 7 -k £ (saturated volumetric water content)> 6, %
7 4 7 7K £ (residual volumetric moisture content) > K 5 4ok + & % % ¥
(saturated hydraulic conductivity) » & & i€ # #it ¥]+ (empirical parameter of
air entry value) » N & 3% f34p #c(pore index) » M 5 & &% & F]+ (curve fitting
parameter) * M- N2 B 25 M=1-1/N-}t ;v e 20—y e K—yz2 M
% » % #- Van Genuchten ¥+ 7 fo {25 2 B2 % % F1W 4o 2.1 08y B

md S4B 2.2
2.2 E{/ﬁ]iﬁ.?‘ I A L e

R FTEFE ARG P MHERI L SR E HBE L - S
AV R HE BB VT A LB (fall)~ M fs(topple) ~ if B2 (slide) ~ & = (slump)
o5 (flow) 2 45 (creep) & = 8 4o B 2.3 F L & & 51388 & s B3L Uk
B R SRR LR S AT TR R A M A PTIEG R
AT EFARE N FEFETRG o

BT G2 T 2R 4 T e ¢ TR B BT R R R
P A EE AR E S c mRTEEE T L 5 H - opd AT

11



(Freebody analysis) % *» 5 4 47 ;% (Slices analysis) - = 2 S E Z B+ * ¥ g
AR ICHOKRA A B AT S RGEE ZAT E o

A A e s Abfoo ki R R P B A 2L - ¥
Wy gt o ERE (o-u)EATSEA (u,—u,) B 7 o 5 2 &4 (normal
stresses) * u, & 3[4 F /& * (pore air pressure) > u, = " [4 K /& * (pore water

pressure) > Fredlund et al.(1978)4] * & § B i 32 % (Mohr-Coulomb theory) » #-
F RV 2 Ao A R RS BATE S BA 2 Sl T A

7, =c+ (o —u,)tan(¢") + (u, —u,,)tan(4") (2.12)

HoP oot h 2 TG 2R A (effective cohesion) » ¢' 5 2 3G AL R
(effective friction angle) > ¢” 5 £ B4 B Avirig = 4 32 B4 R (friction
angle with respect to the matric suction)> % * i i % B4 4p E3t ~ 5§ B4 pF >

T, =0 Bl(2.12)7 § i+ 3

7, =c'+o-tan(¢')—u, - tan(g") (2.13)

.

drd L AR NP g ENg s IR e R RAT AT
T,=c'+(o—u,) tan(¢) (2.14)

j}{@?bﬂlj:gaw)@yl ,gw,«zyu)%gg TIF,{PQFS,—.«T /T,rﬂLLT:Tf/FS-‘;‘:

@b ot BT

r:%[c# (O'—uw)tangb'] (2.15)

12



2y :‘% ?'Léﬁ’fr'il” ):{% 3

T:%S[c'+atan¢'—uwtan¢b} (2.16)

R4 BTG 4oR 24 7 0 A PR F RS 2 £ B Rk

L gEd Rsing, » 5 F B4 B0 AT QIHT RS KL jLg i 6 E

B blcosa 3t EF A AE A BTHNT 40T A7
: bR
. yhbRsina, =3 — 2.17)
cos ¢,

¢ b L B 5 R (Slice width) » o, 5 B FlA L 24w 2 2 & 0 R
SRRFERALE s yphbR 5 FER o T AT P sk EOE e

SR S TERTL SUL AN A

1 ¢h
V:;L [(1-6)7,G, +6y, ldh (2.18)
B (2.15)58 R 2 217)58 > T EF S G e BT 2% > BE(FS) B

Z[(C'+ (o — uw)tangb')/cosan}
th sina,

FS = (2.19)

dod 4 L 2o FTR(2.16)5% 0 BIF BB G 02 e o d T 2 & >
B (FS) 5

13



Z[(c'+ ctang'-u,, tan ¢’ )/cos an]

FS = ; (2.20)
thsman
Bishop(1954):c £ (2.19)5% ¥ & /% % Ksb-3 4 Tirz 442> H % > ik
BELT A M e F R EE e LT AT
yh=o+rtane, (2.21)
TR QA5FN B ot ;i 4 7 F T &
o 1+w :7/h—c—tanan +u—wtan¢'tanan (2.22)
FS ES ES
RIHQ16): 3+ 8 e fed T 4 7 @7
o 1+w :7/h—itanan +u—wtan¢b tana, (2.23)
ES FS ES
#A2.22)78 %~ (2.19)58 T w F
Z (¢'+(yh—u,)tang')
FS - cosa(1+tan'an tan¢@'/ F, ) (2.24)
thsman
¥ #2238 2~ (220)58 7 #
5 (c'+ yhtang'—u, tan¢b)
FS = cosa(1+tan'an tan¢'/FS) (2.25)
thsman

14



B KBy - AR R BE RS OKSAT R G MG

¥ i

Z (c'+ yhtang'—y v tang'-y v tan ¢b)
cosa, (1+tane, tang'/ F))

z yhsina,

FS = (2.26)

-

Fy<0-> Ry, =0>Fy>0- Ry, =0
By Ak E R o F > GA(FS) 2 1B R AR o

15



=% ‘f#_"b’gtm‘% E

o R AN AR ToORMAER R EH ST BB AH
ﬂ\:‘gz_‘ﬂ' AWP hrfe f£fEd- BES AR L0 E 2 B TR E L@
Waciw g &8 F > BRI EATEIHES RO RS TG #B ST
> * o

3.1 ¥ £EfNaE

AT R A F 2B ’*{ w 2L X % 2 (Preissmann four-point finite

difference scheme) $f% - & &5 )8 B & ided] 2 4258 (2.1) » H 3pagit 4o
PV pVH N NHL N+ N N
(l—b)( I+1 1+1)+b( I 1)+(1_a)(%+1 q; ) a(%ﬂ QI):Z.‘

Ax S
(3.1)

At At

B s g0<a<l) 2 B4 EFF 5 bOSHS]) 5 FRAHEFF o N &7
PREAE IR R At s FRMIE, Av o 2 RRFIE [ =i —f
% A% "% & F (rate of excess rainfall) o Bk Az4oki® 2 B 2+ Tj‘u—«ih} =0.0 »
[=123,.NX > NX %77 % Rz FRiE%ao F 5 R igid 5 Bl okiF,
MEBRE 0 N=234.NT > NT% 7T 5 el RE% g o f]% 4= 400k 2
R EE TRRFERE M G2 TR B T R(3)5N

(1-a)(\fS, /n)eH*" +(1-b)H = RHS (3.2)

S H=n o S, nH = S, n(h) =gl e=nifAx o RHS B © 4

16



RHS =(1-b)hY, - b(h,N”—h,N)Jr(l—a)%q?’”—a%(qm a)+in (33)

(3.3);8 5 2sm M k> 4258 > ¥ 1 * Newton-Raphson ~ j# (Steven and
Raymond,1988) 4 12 - f# o

B E = 2 12 0 1% Singh(1996) 7 R 17 f# 47 f# 2k 22 7 2 425° >
Bk- Lo & 5500m> "5 B 5 10cm/h > & B %¥en=01>3"% S5, =001 -
m=15 > "% &% £ pF 5 1500F) o # 2 #r5 e gL 002 P B T a=05 >
b=04 Z A FE 2 R EIEL Ac=1.0m% Ar=1.0s o 5% 2 f347 /2 K18 2
KiFRERE SRS 0 R RS S A0F32 0 d B3.12 B3.2F w0 3t E
SEEEFREST > Ko

32 ¥ ok » B ER

AT AT %Ceha et al. (1990)*7#% 1 e fe > F a4 - My = k0 B

et BN AL A E R IE L A BTN HAT T AT
n+l,m+1 _nn n+l
0 9 _E(Knﬂal/jj_aK —i(KnHa—l//]:O (34)
At oz 0z oz ox Ox
o

n s REREFAE, SR Zﬁx’At%B?Fé&Fé&&Eﬁ?%;%@ﬁH%Fﬁ“ J

P

%_} ;\; . enﬂ'mﬂ’f'J » wn+1.m+1 % F;,Fg -sll\."—"‘

n+l,m

gl — gl ﬁ (l//n+l,m+l _ l//n+1,nz)+ 0(52) (3.5)

dy

17



RBAHErCHN T LR BIFIEZEE BT A 74T

n+1,m+1 n n+l,m
e - 9 + M (l//n+1,m+1 _ WnJrl,m)

At At
- (3.6)
_2 Kn+1 al// _ aK _i Kn+16_w _ 0
oz oz oz  Ox ox
;:é;_L—\ F'&IE Ilﬁ’ﬁ-i/w\ﬂljf%%«&r“f
n+l,m n+l,m ntlm+l O ntlmtl n+1,m n+l,m n+l,m+1 n+l,m+1
L Ki,j Kz+1/ Wi, ij _ Ki,j Kz -1,j ij ~ i,
Ax 2 Ax 2 Ax
B n,m n+l,m n+l,m n+l,m nl,m n+l,m n+l,m n+l,m+1
+L K; -*'—1 Kz ;11 l//z ;+1 o l//z -/*—1 " _ Ki,; Kz;— 1 V/z ; " V/l ;11 :
Az 2 Az 2 Az
1 B Kn+1m +Kln;—i1m Kn+lm +Kln;—11m
+— —
Az 2 2
n+l,m n+l,m+ n
_ Ml‘,j |:l//.n+.—1,m+l _l//.n-i.—l,m:| + Hl bt 81
At o \ At
(3.7)

-,‘E"‘:J ’l‘_],:.\ P—"hivq_ /,’ﬁl’Ax AZF;F'&F'&&E" q\‘s’}x/\'ﬁb&’ﬁfﬂ"rﬁ'-&rﬁ]
33

‘l//’”+1 - W’"‘ < Max Error (3.8)
AzdpiE 22 2 43N AT &
yI=H -7,z (3.9)

BB 3 REARMEREEL LANT 47

RS

18



m+l,n+l .m+1,n+1
l//i,l Wl,z — 1 (3.10)

Az

fEl]réwifﬁ‘Lll+l—Jﬁ7 AT LT 5

7 %5 -k R (no flux boundary)

m+1,n+1 m+1,n+1
Yy, —Yu, —0 3.11)

Ax

H 7 -kEg:E K (Dirichlet boundary)

y =, -7, ~z, (3.12)

(%“E“)‘J’jﬁ / Z\F%;\Tl é"J—/ll ’3§

B Lo ko A24EF% R 2 >

by

Dl 2, g N\ + —
;ILII/')}"‘]:]:%LA’ }k? =~ I =&

n+1,m+1 n+1,m+1 n+l,m+1 n+l,m+1
K + Kl+1 . l)”i,j > l//Hl,j .
sin(@)

/= 2 Ax
1 1 1 1 1 1 1 1 (313)
Kn+ m+ + Kn+ m+ n+ Jm+ - n+ Sm+
i,j—1 l//z,j l/lz,J—l _1 COS(CZ)
2 Ax
FEft o F &

HEgER 8 AR EfRERER S S RFEL F
FI* Celia et al.(1990)#c 8 j2 s & = & 2 425 » Bk - 2 & & & 100cm -

MR S ke 23] 2 RFRIEMZ PR IES Ac=1.0m ~ Az=0.0lm %
At=20s o + BB - B RA REE-TS5em v 4 B RIS - FERA K

B SR 4cB3.4 0 2 E 5% B Celia et al.FTiE B % 1R

SR

EE-1000cm ° Bl #ciz 3+ &

;"_; ".';7 @ )
£ 1245 Vauclin et al.(1979)2. :#5% & % %z Bt > 4 £ - 6mx<3m
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AR P EPT S AeT 232 2 8 A 501 0.5mE Al Fa8)
PR kim3Ssm/day 2R 2R TR S A RER > 2L RER
B HEREE0.6Sme FREFENZ BFEERFEFIES Ax=0.Im ~ Az=0.05m %
At =10s o B\ R 22 385 1 ¥ 8 % 4 B3.5 » 2 2 % 27 Vauclin et al.(1979)

RS TE R E A KA

33 8L A oKEH T RN B AR 2

ﬁ%iﬁ%@ﬁ%‘~ﬁf’ﬁd“aumwﬁﬁ%fx»mw«4
BEY o el T A W BB6HTT c AR A B TOREER > P EH Fae

- .

|l

1. ﬁ%»ngaag)g(ie),ng, B J\)‘/%ﬁ—}\‘ ’iﬁlpprﬁi"u";%\'”}‘% f’
BAw @A A B iof )P B AR R ok ARy B h
’J‘ zé/ﬂ’]\‘_ B‘;‘;-‘%]Ji*‘,"ryj\[iz{ A

&

2. g%%@J«@%A%MW>RMLM%%%¢ﬁ§iFW,mM,ﬁ
Zex 30.0001565 2 T ok B HGVR Y CKEEE R F 1 w=(y, +h)2
MR RE &2 2 FR(S) o £ A ELARZER B )R
R h o AT AH BT F L e 410.0001

3. BWT - EARTRES AT R LRI T EIEHE A

2L BEARRA KA TR

FUg

)4
S
Ay
-
P
1
e

£ &t 2.2% Bishop*r ¥ & 73234 »

fﬁ“vz"rj-]}‘%@ﬁ; y AP E ;injtﬁff‘% F?’%'Jii\i F'K@ %3;

4, MG bR HIRFle Rt oB3T 0 R A REERAESITH

5. AzheE T - X > GB(FS)FRIE 0 A~ (2.26)58 7 E T - 2 (N E(FS,)
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£ UFSyEAF % K3 B FSp o

¥ % 2 GBGE L (FSp-FSm) ] 220.001 » Blie 77 — 3 | o & & 42

Bis o P EARAEMe LT A% D GEE > G

=

N
T
v
s
=1
A

)4

X\

7

PR EABEETEE LAY bl % 2 S 2 K2 B RG » £F

e k BORORR S M o
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Yr g FESRERAIT

St

S RETEHERLFETL TS LT L L - Morgenstern
(1997) % & DB H AT H A2 P2 PR I R R 22 FTu L B
FEE o do b licpl £ 2 A 47~ AT~ B 247~ 1 422 K3 E 5 Chenet al.
(2007)#% & s ot P Sl ¥ o A R @2 R AR R

-

NP EUFRES R TOREFRER Y BT EE 3 % 2

-

e b=
Wy Sl i %ﬁi;'ﬁi%] M2 BEEE R INEHENE LR PETS FE

FERAKEG L FUFERL LA ¥ LB RS T A S A A

A ANECR R TS FRRACE R A 4T 0 GeF B R L BRI R L
BUERCS S0 07 0 BP9 0 SHES B2 B - SRS R A 4

¥ i % 2. P~4% /2 (sampling-based) > & fi 5t ﬁ%] rFEBERFERIP 54 < E
PRI FREE A R BEFE L F F #1853 (Knopman and Voss >
1988) z'nja%éfr‘%ﬁi%p 2 BN AR R o R EBERFF I FE

*OEER A %i;“ﬁi%] ~ %ﬁ@i’ﬁi;‘ﬁiﬁﬂ%i SR ILARMR R T AT

k
Y= Z,b’l.Zi (4.1)
i=1
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Ww

B2 STR AR o BeEAR A TARECE Ak AT AR M A A AP
[ e e Tﬁé{iﬁi&éﬁ%% SEBF R 2P ST 2R
Rdegt b 2 cEl-Kadi (1987)#% 315 g $-8csrfp B 27 10 0+ 5 1/3 607 F
¥} > @ Carsel and Parrish (1988)~ #& 11 % Jg S~#cerp B 427 0] B30 ﬁ%]
M2 RREM IR ETHEN 2B T AFT YR S
Bl 2 AP ML o KRB LD AR R A R 0

Chang et al.(2010) § 478+ (2012) % #-4p B (2 8ol * D] 84 3% 5058 B 2
Fo iR SR R SRR M o 2T

S R )= Ry | R(ES,) =R
\/Zfﬂ[R(xk,m)—R_%TZ _I[R(FS )- RFST

r(FS,x, )= 4.2)

RO r(FSy) 2% 2 AHFS)E AR B k B~ Sl ApM Bl M 5 -
%

\\\?{r

BE > G fo RN~ Sl R A R(x,) ~ R(ES,) 3 ¥ kB~
AT 28 M B PR ARSI % Gl R Ry RIA B
AN A EBEATIOENE S B ACEENGE S EEEEEN Y S
oo AP Thdie2 & 5 WA EZ 2 AR LA~ SR 20 b FE
B2 bl k ARG ORE AR M B A7 BRI

pls R

42 FAUEBELEZ FHR T

AR SRR R AT LR P L R R 2T &
Boo BAVREFM S REF S HESHOIRS LTI R Y
R SRR R AR L PR TR T X X 3

BEAVFTEREIIEHIHEG 2o o TP-REMNS3 E@BErA, L Sgn
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Bk RR O RYPRFEIXEA LT LI B KRS
s #m AL F o BPORR L R

SN R TS EEEE L
EEAUBETH RRRLRAAWNLRBERINEPLREE TP E

BERERAHRGTGFAT R AN 2 Bk TR E T
% heBl 4.1 02 % B B A2 B0 DEM E * 1 AR 2007 £ 4172 5Sm DEM
T 2B BRI M A EQ005) TR 2 RS KBRS

d,, = —0.0716a + 5.6563 (4.3)

PR e sHEHRFFNHGHER 0T 70 RFRIP 0 54 DEM
FHRFEE SmB e A LI B ARSI RERM G EH I EER
PR AR B R R A 42 F] 5 R E DR Tk T R
Bt Bk A ek TR ot 2R R IRE Ime 050 R d A2 ST oR ) 249
YA R T R AR Koo P BRI ERES S E > & Carsel and
Parrish (1988)p #74& 4} 2 %) & 3% 4 (sandy loam) ik & 4R $-#c i@ o

e iE gk DEM ®E15 2007 E A R R PR FRFEFLF
FloB43 i FRE S 2B FAaFF ARG EI0? 5P 1FLO6
P24pF s R348 ) o k2 HixE 5 981iN/m’ - &kl 7 K2 (01
¥% Carsel and Parrish (1988) i3k 5 0.41 o i& (AT B A $72. 8ce 7 2 3E %

Bt okl MGl TR BE P AT o

1. 2 E%AR $k

2
g

A E(G) Y FEF ORBEELR(S) 2 HET A ()t
e B b R(f)THEEY T 2P RE KRR HBEE TR GG
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T TR ERRE > m A E G BEEER(S) N FEF AR (c)E
B s R (601 5 % R S BP9 Refice and Capolongo (2002)% 5 %
i T 2 (G S B R Sy Harr (1987) B3k 2 % A 7 0 B 4
Simo SRR I 4 4]

Christian et al. (1994)# Husein Malkawi et al. (2000) ¥ 45 ! 2 3 B4 &
B~ RR A S A E L gt B AP AP Ml @ T Se i gvg o @ Chen
etal. (2007)» ¥ 45 R 4 frAix b pr iy ToR G Mo A S EF AP
FHRBLAFRT T ARMERLI AP o KA BRI HET B
AR CIEFRARIEIEVEF RS T A 2T o
2. Wokd Mk

b fork 4 @B AB(K )~ AR T KR (0) e F R B (¢) > T
iZ4p B(N )2 B 5 #1345 Carsel and Parrish (1988)74% 112 £ % B ke
dode 420 T g gt 2 AR dE o 3 S dg Bo(NV )P S R S #ic i Johnson
system 2. LN(lognormal) ; 47 fe-k # & & ki dic(K )~ HHF R4 7 LE(9) &
F Aeie F]F (&) X % R S#c s Johnson system 2. SB(log ratio)e -k & &
SR B IR E 42 .

iz Carsel and Parrish (1988)p #13% 41 > 7%%' d & % ##% # (orthogonal
transformation)#-% L 5 Ap B {22 e Mgk 5 & 5 AR 452 F 1% Johnson

B UF 4T

LN:X =exp(Y) (4.4)
SB:X =[Bexp(Y)+4]/[exp(¥)+1] (4.5)
#¢ >X 5% 4Pk -2 Johnson system 4 fF Y 5 £ F ApB M2 ¥ i A &4k
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AOA G %g;aurx{yﬂ, TROBR L e Bt SB A F 2 k4 @%f‘ﬁﬁit(Ks)
TB 530> TFTA GO0 2 EMBEALTKEG)FTIB 5 011> 71
50 W FF(E)FIB L 0255 TFRLA S 0o

43 R A%t

22

Ry - & ormp 2BEE R T R R R RS S > ks
B R~ SR rB 44 0 5T ot R S0 8 § 2 HEE(G)
2GR BEER(P) S 2 HEFUREA (B s RELR(S)E > L
X Gl FE T2 ﬁ@ﬁ»ﬂé’a%%%1¢ﬁﬁ%gi%¢g

LR(g)FT2 0 2N ﬁ()%i&ﬁ&ﬂ@ﬁ+°%$ﬁ@§&%$
> RBFER N3 & o L F] 5 A 454k * Carsel and Parrish (1988)#72_ 4% i i
kd Sl B R np EL > FRARSELR ) 0 FEPERFER

PR GT RN AN PR £ 219 B2 H
P
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IR R ERHE e #B2 P

REEEE TR LEE £ R S SR R SR s £30
MBS @A R TOREERAT R L ekl S § R Tlic s MO R
Fl+ oo a0 ok RSB L B AGERLF B Aok iEE 2 Sl
ok iR A BT A BN AT EJY R PR R R
e s kAaR  HBEEAT > R A piLin r A REE A R LR
RN BB MR TR Ak R TSR R B B

S
"

5.1 " a 3% K H o MRS 47

ARAEZER e ZHERRR ) S HERFREEE AR A A
?'J*Ev”ﬁlpf'ﬁﬁ,t’bffﬁfﬁnﬁﬁ»iﬁ’@lfg] BB PR E
2 ERER S R RRMA T AR A R R R
fglo

P RERER U

f‘l'—':’Kli /\fq:}—':%4/\q}§@’ii)‘%:(ﬁ’£_&r%‘Sl’j';—_gl_ﬁ\_jl%iﬂfgﬂ
aﬁllf”/f“v@%T’&iﬂL%fgg » 2R AEV B Fond e okiw o Fpt oo K
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WA THEHN RS EE AR S ) 45N (grid unit)~ 47 0 BXKE -
Bt i - Ho oo HINEREE - RREE G AEEE R A
TRERFARE PR E G o APMERTT A EARFIEE K T
PO RMMER AR FLARALARFIRZLE LB G > A 5T
Mudher(2011) ¥ Venkatesh(2012)4] * Arc Hydro Tools | :¥ 3 ¥ = (slope
unit) = Arc Hydro Tools % ESRI 2 & 22 University of Texas at Austin 8% & 2
B2 Bl fe; 0 BEBTIE M LB L2 g8 5 g* Arc Hydro Tools a2

y» A5(DEM) F AL 2 3 6 S AR 4e T

Lo#r BB B RTH D F ABARS F Ha (OB R A TR TR 5 R

254 75 (RAW) ;’ﬁ“ ra @?J » Arc Hydro Tools °

2. ‘;ﬁ"“‘,f JE F2E(Fill sinks) ! Arc Hydro Tools 2| f#5l & = /2 5 BB o -Kf8
B - BREROBAA)DTEFRER  H e P2 BEE KT €0
Flt o i A 3T L R fﬁilﬂ B ARTR P 2 B ngk 0 Bl D & /;ai",f
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3. s & 37 (Flow Direction) © 7t & 47 5 v S e $ 22 % 8 e 422 B 42X )
PEA O RRART R D AL 2 e o I R S TR

EFAS BB AT AL LR R e o A AR
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o E % F B (Flow Accumlation) © B8 et o & — R+ %7 - H = h

&
ke ERAFIL SRR HBE > AEBHFGEORRES - B

H i+ ,‘fﬁftbi - BRIV FENAFOIEAEE LR R A
TEDE - 2 ko fF o 22 nERFEEEBA -

@ ' i+ R @ (Stream Threshold) : #d 3% @i~ 4e f i M & > {17 #1737 L
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SLOPE (degres)

50-12.1
. 122117
. 1Te-218
. 9.249
. 25.0-28.2
20324

- 22s-37 |f
- 7.8 450
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#.2.1 Van Genuchten7 e |+ 5 4 3 325 & % £

Soil Type 0, o, 4 N & g 3
(cm/day) (g/cm?)
1 Clay loam 0.2 0.54 0.008 1.8 25 1.22
2 Loamy 0.17 0.47 0.01 2.0 75 1.41
sand
3 0.1611 0.4611 0.01036 2.178 132.8 1.43
4 0.15 0.45 0.0108 2.4 205 1.46
5 0.14 0.44 0.0112 2.6 270 1.49
6 0.1311  0.4311 0.01156  2.778 327.8 1.51
7 0.1244 0.4244 0.01182 2911 371.1 1.53
8 Sand 0.12 0.42 0.012 3.0 400 1.54
3.1 & ToRE R Sk ]
fpfo-k 4 @ F il Ks 0.00922 cm/s
4¢fcz R E 0, 0.368
Bz kE O, 0.102
n 2
m 0.5
X 0.0335

232 BT oRBNEE AL

4 fe-k 4 @R a8k Ks 8.4 m/day
&ics k£ Os 0.3
B3 kL o 0.01

n 4.1
0.756

m
¢ 0.033
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241 H558 SFHc E P A

B i TioE AL WBEFHAR IR

2HEHE(G) 2.665 0.18665 LECENL
2R RBHELR(P) 30.9° 1.125 B
2EFRERA () 205 jv/m 9.27 LR
e foBigd B (90) 15.5° 0.56 LR
§ % thikc(n) 0.05 0.02 LR

ARG Z KE(6,) 0.065 0.017 Johnson family SB

ik 4 WRGEK) 440 cninr 5.63 Johnson family SB

iEF A F1F (S) 0.012 0.037 Johnson family SB

it 14 (V) 1.89 0.17 Johnson family LN

.42 Fokd R EH2 £ BR GlE
- 25600 —0.2488 0.0592 0.3376 "
—0.2488 0.3129 0.0035 —0.1367

0.0592 0.0035 0.0019 0.0048

- 0.3376  —0.1367 0.0048 0.0826 -
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251 M5 £ Bcd
i value

wE G, 2.65

SHG RRBELR Y 26°

efo-k 4 B E G K 75 cm/day
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#6.2 5 18537k+500 ~40k+100/ & = 3% F L

Fu B i R RHR # & (mm)

Wb | 24 X Y
1| 36k+350 | 209515 2592219 P 988
2 | 36k+350 | 209515 2592219 sOF 1058
3 | 36k+850 | 209852 2592323 ST 988
4 | 36k+850 | 209852 2592323 R 1058
5 | 36kt950 | 209952 2592343 e 410
6 | 38k+700 | 209995 2592559 5Tk 1058
7 | 38k+750 | 209917 2592528 5Ok 1058
8 | 38k+860 | 209802 2592649 e 410
9 | 38k+900 | 209763 2592636 sk 1058
10 | 38k+900 | 209763 2592636 ¥ia 968
11 | 40k+100 | 210384 2592738 sk 1058
12 | 40k+800 | 210930 2592949 e 410
13| 40k+800 | 210930 2592949 e 988
14 | 40k+800 | 210930 2592949 skl 1058

FRKR TR FATEAE A PF N L R BB MR T PR LD
B B
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le+4

le+3
T
le+2
Clay loam \
— — —  Loamy Sand B |
................... Sand
le+l : . . — ‘ ,
0.0 0.1 0.2 0.3 0.4 0.5 0.6
0
Bl12.2 7 F 2 B 08y 44 RE
FLOW TOPPLE SLUMP
Original ® /Original
Moving Pl Slumped

Qriginal

TMGd. Original

Partially % .
covered +__Falling

SLIDE CREEP FALL

B * kik:Geoscience Australia, http://www.ga.gov.au/hazards/landslide/causes.jsp

2.3 3 &6 R
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Depth(em)
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— Analytical Solution

+ Preissmann
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Time(s)
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B 3.1 T % 500m ez K IFE RSB
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Discharge(m?/s)

0.016

0.014 r

0.012 r

0.008 r

0.006 r

0.004 r

0.002 r

— Analytical Solution
+ Preissmann

- N

500 1000 1500
Time(s)

2000

2500

B 3.2 T %5 500m Aoz ¥ rin B AR

\

4

\
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_— | HpZa

» X
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=R Z(cm)

# T -k = Water Table Position (cm)

20 ;
A
DY S x"x f
204 ke X f
¥
7
¥
A
. _ e ———————
60
3hr
.......... 12hr
80 1 ——— 2ahr
. 3hr-Celia
X 12hr-Celia
+ 24hr-Celia
100 : : . :
-1200 -1000 -800 -600 -400 -200

B4Ry (cm)

) 3.4 Celia et al. #ic (& % - %t 5% % B

180 ~

160

140 ~

120

100

+H—

+—+—

—— Present Model
v Vauclin et al. (1979) Experimental Data

oY T T

60

40 -

20 1

50 100 150 200 250

X =% (cm)

B 3.5 Vauclin et al. (1979) #Z% & % 1B
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F) By 3. & K 3R
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e > 0.0001
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e=| ysh | /h
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Z (m)

pre £ (hr/mm)
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Ja= N
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0 / 8 RO 80 100
X (m)
Bl 4.2 £ P F & l'l;:;é v @
” 800
I Ea -
50 | —— *fziE ///,
- 600
40 - ) -
. A4 ~ tao00
20 - iR
- 200
10 A i
0 —l T T T T T T —’_L o
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Time (hr)
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Rainfall
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FS

FS

1.8 -

Duration 6 hrs
Duration 12 hrs
Duration 24 hrs
Duration 36 hrs

1.6 1 \%\\\\\\ — — —  Duration 48 hrs
. e Duration 60 hrs
B NN~

R FS=1

1.4 -

1.2 A

1.0 ~

0.8 . . . . .

20

30
Time (hr)

40

S0 60

B 5.2 é_300mth§é_’r;‘,;;‘§x Pﬁﬁifﬁia’fﬁ‘ﬁi%ﬁﬂ’]ﬁ]

1.8 H Duration 6 hrs
................... Duration 12 hrs
—————— Duration 24 hrs
1.6 - *§§.\\\ o N Duration 36 hrs
\EF\\\.\ — — —  Duration 48 hrs
\ BN 2 2 s = 3 | NS Duration 60 hrs
14 1 \ NS
1.2 A
1.0 f
0.8 A
0.6 . . . . .

B 5.3 2 400mm & ¥ F ¥ g A L >

20

30
Time (hr)
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Accumulate rainfall infiltration (cm?)

1.8 1 —  Duration 6 hrs
~~~~~~~~~~~~~~~~~~~ Duration 12 hrs
—————— Duration 24 hrs

1.6 N —_—— - Duration 36 hrs
: \\\\\\\ — — —  Duration 48 hrs
\ \l 'i.\ ——————— Duration 60 hrs
1.4\ \ \ FS=1
" \

0.6 . . . . .

Time (hr)

B 5.4 ﬁ_SOOmm&{‘é_‘r;‘,;;‘gx kﬁif&iiﬁ‘ﬁi%ﬂ’%}
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; / / R .
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;‘//,////' ——————— Duration 60 hrs
72
0 T T T T T T T T T
0 6 12 18 24 30 36 42 48 54

Time (hr)
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’E / ) ./ >/\ /,/' ~.. ~
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@ i/ ../'/f/ ~~~~~~~~~~~~~~~~~~~ Duration 12 hrs
5 // R A A i Duration 24 hrs
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/ﬁ// ——————— Duration 60 hrs
4
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Time (hr)
Bl 5.6 400mm & & T ¥ jg 7 B uf Pyl b ook B 4 B
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Infiltration rate (mm/hr)

Duration 6 hrs

Duration 12 hrs
Duration 24 hrs
Duration 36 hrs
Duration 48 hrs
Duration 60 hrs

B 5.7 400mm & £ T ¥ R A Bt £ 0

Time (hr)
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Infilitration rate (mm/hr)

Infilitration rate (mm/hr)

60

80
50 -
—— Infilitration rate Infilitration rate
60 4 Rainfall intensity Rainfall intensity
T 40 A
£
£
40 < 30 -
IS
c
2 204
20 4 g
£ 10
o0
0
0 4 6 8 10 12 0 4 6 8 10 12 14 16 18 20 22 24
Time (hr) Time (hr)
(a) % PF 6 hrs (b) zt FF 12 hrs
18 12
16 4
— Infilitration rate 101 — Infilitration rate
144 Rainfall intensity Rainfall intensity
12 4 g 84
£
10 £
o 61
81 &
5
6 5
47 £ .
2<
0<
0<
0 12 16 20 24 28 32 36 40 44 48 0 12 16 20 24 28 32 36 40 44 48 52 56 60
Time (hr) Time (hr)
(c) £ PF 24 hrs (d) z£ pF 36 hrs
[ Yo 2oy % 1y
@58 f‘Z\*)‘/,,;-f“P_E’Bd: }ib"ﬁ'f{%}
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Unit: cm

—~ /—\
E 100
N N
4 200
f 300;
| / a0
07‘ - . /I L .
0 2 4 © 8 10
(b) 24 hr

10 B Unit:cm /

(c) 36 hr
B 59 %% & 400mm EFF 24 | A F PR E PILERS LT E




(b) 26.5 hr

Unit: cm I Unit: cm
8 0 8j 0
—~ el o—
£ 6f 10
N 200/—
4 300/
2 oo |
07 L L / | L
0 2 4 X(m) 6 8 10
(d) 36 hr

10 B Unit: cm /

0

4X(m) 6

(e) 48 hr
B 5.10 "2 & & S00mm 2EFF 36 FA FREEE I PILHRS LT E
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Unit: cm
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N
4
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Rainfall intensity

£
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34 7
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Rainfall Time

Bl 5.02 $E4 1 & 6% & & 44§
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1.7

1.6 4\

1.5 +

Duration 12 hrs
Duration 24 hrs
Duration 36 hrs
Duration 48 hrs
FS=1

(90}
s
09 T T T T T T T T T T T
0 4 8 12 16 20 24 28 32 36 40 44
Time (hr)
B 5.13 % i) @ A & 400mm & BT 4 g A ek pFE > (R
1.7
S Duration 12 hrs
i X
1.6 \\E\ .................. Duration 24 hrs
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Time (hr)
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1.8 ~ —— Duration 12 hrs
.................. Duration 24 hrs
<— | T Duration 36 hrs
1.6 \\\\\ _——— Duration 48 hrs
\\\\\ . FS=1
1.4 4
s
1.2 -
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Inflow 0.0001 m?/s

— — — Non-consider inflow
FS=1

Time (hr)

B 5.17 % jiSim » i > th B 1 )
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Accumulate rainfall infiltration (sz)
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Unit: cm Unit: cm
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A ©

4 X(m) 6 10

(a) 0.00001 m*/s at 12 hr

(b) 0.00002 m*/s at 12 hr

Unit: cm
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FS

Accumulate infiltration (cm?)
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Unit: cm

Unit: cm

=
o

4X(m) 6

(b) 0.00016 m?/s at 4 hr

A ©

(d) 0.00004 m?/s at 4 hr

Unit: cm

10

Unit: cm

A ©

(e) 0.00008 m?/s at 12 hr

(f) 0.00004 m?/s at 12 hr
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Unit: cm

Unit: cm
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Inflow rate (m?/s)
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Legend
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DEPTH (m)
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Legend

% Failure slope
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Legend
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