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Abstract

Rainfall-triggered shallow landslide is one of the major natural disasters over the
world which may immediately cause large numbers of casualties and huge economic
losses. To mitigate the landslide disasters, the numerical model simulations based on
the infinite slope theory have been widely applied to predict the slope stability during a
rainfall event. However, due to the inherent heterogeneity and lack of complete
information about model inputvariables, uncertainties exist in specifying the values of
these variables in the numerical ‘model rendering potential failure to obtain the
authentic model output (safety factor, FS) for the slope under consideration. In this
study, three approximated uncertainty analysis methods, including the first-order
second-moment (FOSM), Rosenblueth’s point estimation (R-PE), and Li’s point
estimation (LI-PE) were utilized with the developed rainfall triggered shallow
landslide model (Tsai and Yang, 2006) to obtain the statistical properties of FS and the
landslide probability (Ps) at the Salunzai slope during typhoon Aere. Besides, the
relative errors of computed P; with respect to Monte Carlo simulation (MCS) result
were compared. Six stochastic model input variables, including the saturated hydraulic
conductivity (Ksy), friction angle (¢), cohesion (c), initial groundwater depth (d;), soil
thickness (d,z), and slope (o) were considered. Moreover, six cases involving different
uncertainty levels of slope angle and soil thickness were considered. The results

showed that each of the three approximated methods has its own advantages and
m



drawbacks for the uncertainty analysis of rainfall triggered shallow landslide model.
The performances of the approximated uncertainty analysis methods were evaluated
through three criteria including: (1) accuracy; (2) efficiency; and (3) prior information
requirements. For the accuracy of the approximated methods, the differences in
obtained landslide probability between the point estimation (Rosenblueth’s and Li’s)
and MCS are minimal in all of the six cases. However, the FOSM method tends to
significantly overestimate the landslide probability especially in the case with higher
model inputs uncertainties. In contrast to accuracy, the FOSM method has highest
computational efficiency because the required number of numerical model evaluation
in one simulation grid is 9, while the Rosenblueth’s and Li’s point estimation methods
require 16 and 15 model evaluations, respectively. In view of the prior information
requirement, the FOSM method only requires the first two moments of the stochastic
model input variables while the Rosenblucth’s and Li’s point estimation methods
require the first three and four.moments of model inputs, respectively. In summary, the
applicability of the three ' approximated uncertainty analysis methods for
rainfall-triggered shallow landslide model depend on the space scale of the application.
For the estimation of the distributions of the landslide probabilities within a watershed,
the third and fourth moments of stochastic model inputs might not be reliably
obtained, besides, the amounts of simulation grids might be huge, thus the FOSM
method is more applicable than the Rosenblueth’s and Li’s point estimation methods.
In contrast, for the estimation of landslide probability at a specified slope, the third and
fourth moments of stochastic model inputs might be reliably through a more
comprehensive field investigation, thus the Rosenblueth’s and Li’s point estimation

methods are more applicable due to the higher accuracy.

Keywords: shallow landslides, safety factor, uncertainty analysis,
first-order second-moment method, point estimation method
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2 11 Rp b #smeER 2 a0t (1 44 47 0 2006)
G I G A Bl E B it g
* A
ML SgE | fIr g aSdan#s | LGH RERETT]
(2002) 20 4 R
2.2 & % B i
BT L5
3.2 EBEHL G &
ERT SUER RN B
e S8z | 1% powerlaw fafs # | 1.j5 E 1.7 24 5 A
(2005) 2 25 L R B
2.2 & 4 § i il
BRI 5K
BE®RBMLH A &
/z;E”** HiERE R
A Sk ﬁ ] * Eﬂf’j{ awz;fgrﬁg e 1.4 1.7 24 5 A
£ YN
i = lpmﬁéé ‘mjgffwﬂ@a%i%
4 M HF] L 2 g E
(-#q:zfiu#) R TR TR TR
Aleotti T EIEEL i 1.4 ¥ 13 54 FRA#
(2004) 258 (%
2.7 8 % RN
B S LS
BEFHE I A &
F N ERE R
Collinsand| #2172 1]’* SmAz R Tk (LB EAH 140 % 4F 2
Znidarcic R e AR fEa | 2.7 A R (iR Sdkc
(2004) Foik o R H . | A7) 2.3+ % Fapiepr
ERT AN )=
4. 5B ik 18 T3
B.f £IFK HB
Col(ljins and| j#45;% | §1* - L Richards | 1.2 4 & fd 19247 32
Znidarcic SR el EUEEAR | 2 A R ] B
(2004) TR 0 e 2.3 5 AP
5‘: o 5
# 3. S Bk 19 FEE
lverson | jgag7iz | fI* - Gdwigibefe | LE 4 FAH 1.3 35 0240 fo B
(2000) Richards = #25' » e £ & | 28 * ~ B2 & | [

S
B H o

3.4 8
A3 BETRE G D




(d) .fg'] ;‘ﬁ- ‘ B ——es—

(e)i#i #)

S

1978)




' A 514

PR E e

v

By~ R TR B

\ 4

\\\?‘;r

Bt A e

A 4

F 8+ RfORUE

Rosenblueth’s & iz 3+

Li’s gk iz 3402

\ 4
EPORE KRR A S SR ey
3 R AT

!

SR UREIAS Y

B 1.2 3 inA2HE
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£ BN EAAMAAE 0

A3 2 #-2 Tsai and Yang (2006) %73 B 2 sl #3505 & é?{’ E-H TR
RE NI Ig@‘]/\ R A LI PR AT E P EE > Gl Bt
Pt I RESEARDEE S EEHS T o AR F LE TR I FE Y W
Woat ) 2 Won AT - JE AR F g B AT TR AT Y B s
P

21% R 3IFHE N HBHAY A

A Rl g2 B M X S U A LA AR MM T N
FI* & UFH I e 2 2 R AT 0 ¢ R AH AR o B rUFRITH
FBEXREF 2 Be TA3WE e > DBERR)EEZ RS ERELR ) Ao
B 2.1 #77  Rp B - R 5 ALEE ] (Mohr-Coulomb failure criteria) » ©2 4 & s

A3 B 2l vy L350 3%

FH AR T L& L k¢ F (loading, S)AziE ¢ s i
(resistance, R) » & * ** & VFH LI AT JAEP LS I A L4 TAL 2T
TS RRERERR)E 2 Y B Rha HRT A
FERIPRT A SRR H D N RT R E PR T A e 2 R
Woo @ HAET % > G(FS) X (E2[%F, % 2 Bl s 3 BT % B R)E T F 4 (L)
HE 3t Lk s g 3 o

gl

‘11

(w
-
=t

RN R AR S ,’T:‘*ié&iﬁia\ﬁ fo b R4 ke 8 T

Vip A 2 E F B o >REE AT AT AT

Fs— tang z,//(Z,’F);/W tan¢ + _ Cc (2-1)
tana y_ Zsinacosa y_ ZSInacCosa

FYFSEaxtil; zEEe AL w(Z )R SRR R AT Z ax

ez &4 -k ER (pressure head)(L) 5 @5 + 3P Bdsd ¢ 5 4 #EERS (ML'TD)
ab & (slope angle) 5 py 22 pear B4 W] 5 8 T ok dp{od 32 H = £ (unit weight)
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(ML?T?) -
BR(2-1)Y B4 CRFamE Y EER A BB efo s BB T AR A4 B2
i P AR T AT 5 L

oy 0’y
——=D,cos’ « 77 (2-2)

F? Kew 5 4 fo-k 4 @ % % #(saturated hydraulic conductivity) (LT™Y) ;
D,=K,/C, » C,& T C(y)2 5] &> A C(y)=dO/dy %7 z Kk E(PLE &4 -k
Fot e KRN (22T B 2 Ak iE BB R R e

o

w(Z,0)=(Z~d,)cos’ & (2-3)

9¢d, & A48 T ok-k iz (groundwater table) (L) e

R FEeE
Bkt R RINE - 2B RER CREREL TR T 5

a—V/(d t)=cos’a (2-4)

Lz?

v dzeasE 2 EER(L) -

4%7\!}@?‘1' el S PN, S 2R A F]vtl?ﬁ" AR DNR S

v

fjﬁm%;%nb" ARNER R BA KLY AT 5

Y 0,t)==1,/K_ +cos’ if »(0,1)<0 and t<T (2-5)

sat

;¢ 1, 4 % & % & (rainfall intensity) (LT™) 5 T % *# = 2 p¥(rainfall duration) (T) o
,’;\- ;:;J.

FRAKEFASRUEFNF RN ENT > AT R DN B2 BERDT I TR
FT o Ep R4 ORI AN E o &7 F (pounding) IR % g A 0 Wor R
AN E AR oA N A Y R AT orid A% 8 sn(overland flow)zo B2 58 5 e s

12



2 REE L
w(0,t)=0 if w(O,t)>0 and t<T (2-6)

FRRAZE E R U > PR R R D %1

Z—Z(O,t):cosza if t>T (2.7)

g3 R G A N B SRR o EE Y R4 N KRR A K
£F > w Tsai and Yang (2006)f1* 3 A~ Z /2 2& = Heig - 5 54 > ?‘:J‘Eﬁ.%&rl%‘] 2.2

t"l—i-'/-‘lt o
2.2 F-3\ ﬁ.‘]ﬁll ER Al = d el

gl SR I N W N G H A AT s N e T >
(Rl FS #r e & 2 g » if 2 7 $E4 5 TR B
(1) -k= i i (hydrologic) : R (B A SR ) A e TR () ¥ -

(2) # 32ix £ (geographic) 1 & Z AR ()2 23E 5 R (d )% -

(3) # Fi% i (geologic) : T & IEF H S € T Aok 4 B E G B(Ka) ~Co 2
P BELE() 2HARS A2 B E 2F () ¥ ©

é*E%ﬁ%ﬁﬁﬁaﬁﬁﬁ&%iznﬁiﬁ’@a%§ﬁ$%§%

R AL E ;9@1/\ Pz MM L BFATR B AT 0 AT N Py
Jo 2 W~ iE

‘."
I
ok

datgg g o AR BUF AR R EATH(TEVRFEL A E)
TR #32 i > FIP AR/ B2 T R £ 2 A FE T o T R PpiE
L2 PR TR . B r@g— N @?J NIE 2SR AT

(1) s T ok (dy) :

gl e B ks B TR 2 AP BE TR G 4 L o ME A T A A TR I ER Y
Frd Wz B R o BB i s EALR IR R KBRS A S B R

13



wr oL
%‘3 7 Illf"?ﬁ

\\\ﬁr

I R AR R LSPE CALE I
(2 HE(0):

MRV d5d #ciE § 4z 03] (Digital Elevation Model, DEM)3* & @ 17 » # & 2 7
FER R DEM TRl pald o 37 & KA F R Hopfranigdh > 741 3 e oen
HATEE DEM > 2 2 SN DEM > 7 it i & g £ 357 o Li (1992)4 &)
DEM 78 4 7 MiT 0¥ fE A 7 o B & i chie™ > DEM w4 Biplen
g F A (random error) SEHSE L 4 R B B M R S EAL LG A & DEM

BRREA nT0E T BK 5 00 p(2005) 4] * F&UE N 462 % % i 7 DEM Tz
HRERA > 5T AR 78 & L s pl £ 978 72 40 m DEM H 3 4234 2
$9- §33£ % (root mean square error, RMSE) %) % 4.152 m; = + 4 ¢ <4 5 m
DEM % #22%% 2. RMSE % 2.126m ; @ 12 LiDAR % i*2. 5m ¥ 1 mDEM A
% A2 %4 2 RMSE P4 &%) 5 0.324m#2.0.271. m-RMSE 5 DEM & %% 44
WPl B A R AR 25 LT

(2-8)

3¢ ¢ DEMERIEL o eT32E 5 OFF £ RIEAL ¢ i B X 7 27 103t RMSE
B 4o (2-9)#7 7

\/i(aﬂ)z \/iez
o =112 ~ 1/ =L (2-9)

;v o s eiREL Sy G e EE o

%Y B DEM BRI L2 B BARTHRT LT N A5

DEM,.,, = DEM, . +& 5 &~ N(0,RMSE?) (2-10)

rea measure

;57 DEMpa » 7 % ¥ £ B /2 5 DEMpeasure = £ B2 3 £ 3 if—? Fie i FEAG
2 N L I (L5 E 0048 £ L RMSE)°DEMyey fie & 3 JLF 3 % Suic 48 ArcGIS

14



VRELI T ZHAE o
(3) 2ER(dy):

& Tsai and Yang (2006) 4 /& 2. H3L N b Y > G S FH AW AL
Bt R R BFER CIRERN O ATTRABIFR AL RS
B oo om (kypi5 4 4(2008) % 3% N 2 R R AT 0 A EE R RIRAT B
2 XA TR ATIERE L P2 MM RR YL IMER o d I EE
RAASD FEERER > A Z M FTHEF T BERIEER T HBFR o
Dymond et al. (1999)4p &1 B35k & ¥ 24 & & & v+ 2 B 1% 5 Khazai and Sitar (2000)
FHA PP RPFGETHBFR - WP AR P JERFRY BRERR

— S TR 4o (2002) e POEEEE RRFEFFRK LA0 2 10m e B
&&Eﬁﬁﬁﬁéﬁﬁwwﬁﬁiﬁﬁﬁ‘Wmmaﬁ%%ﬁ«ﬁg¢am%§
RIFA > AT @0 R e LB R LM Bt o MHBIFRARLS - AT
B 4rEn(2003) v Heh (EAFEF E R AT AR F L M2 BT R ST ST

W

REDEEENLITERFEORARK Lo 25Me B R T EHL ARG M- 2 R
HRBERAGTEAR > SRRPEFERIN RN TR BT

(4) #rfe-k 4 @ % d(Key)

i 5 Gelhar (1993)% Fetter (1994)2.%7 % »-k 4 B H 2 5 % R S ¥V T
" h T &~ w(log-normal) > ® A% AT > HIEE LB H < bldop) 2
(sand) ~ # 2+ (silt) 2 4k 4 (clay)2 -k 4 @ ¥ AT 3@ A w45 10°~107 m/sec -
10°~10° m/sec & 10°~10" m/sec> ¥ $tdc-k 4 @ Gz BB L 2 R FRPA
iZ 0.4~26 -

(®) Co:

iP5 lverson (2000) ¢ $F3vut e HIL ST T2 K 2 Co R4 BE R
R g okt BEGER A BB AP CER 2R <] &R
%/_‘\7}(% fg%fﬁﬁ& ’ Coi%’a ﬁi&*@/]\?%t 1] Z;\l% o
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(6) 2P BHi(H) 2 HRRS (OB I HEIE 2 E (o)

RHEL M MB R RN Y B 2 21 A 22 5 FRIGHR(2007) 4 ST
RS CRRA S RerE R L AP ERT o4 & 217 RS 2
Bt X R R IET EREK L2 VAL G228 - 8 227 w34
Bz B 2 %2 fhii(coefficient of variation, COV » % & & “E 4 % #c2 1
BALGUYRE) A TE0I A LG E 2EAPHA T RIE G R L RE
B B N5 01

A.

(7) #~ e 2 Ap R :

Christian et al. (1994)% Husein Malkawi et al. (2000) '# 45 1 2 3 B b ~ 53R

d e g AR AR E ) @ T 4002 &9k 5 Chen et aI. (2007)#,?—; R E A e

Bipddt @y ToRig Mo L A S HEEAAM TS LR T 7 AR HAR

IR c 2EERFELRFH RS FEG M FRBRAEME GNE
THER > AT R FHELT ARMET E RS F hfk A Y KT .

23ﬁ§ﬁ%§ﬁ§ﬁﬁﬁ&9ﬁ

7o) m%‘gd #Bfﬁéjgkﬁﬁiﬁgéﬂi%ﬁjﬁ P {g;@jﬁ%})\ W2 RE L g 2R
AR 2T R CARR T B P R R e BRI L) R R
oo TR AR EHBRN N 2 X 2 REE S APE > A RETUERRF L
%J» G R T A EHEE > Gfd > g R 2 - Chang et al.
Qmmi%%@%wg#ﬁﬂﬁizgaﬁf’%%ﬂ%fﬁﬁﬁﬁ%ﬁﬁﬁ
170 A SRR B TR L% > Tl ok 4 BT BEE RS 2
B RS ded TR T BE AR R A et RE e Y
TR FRNT T ERHE2GREAIEFLPE - FEY ) SFREE ALY
2R Ak e Aok 4 R R (Ka) ~ 2R R E(f) 2R (0)
Ardeb TR () s 2 EER(A)EH R (0)FE ﬂ;ﬁ;f]» LR A R Rl NEs
Rl Jbm o FE RIS a3 R Rt Y ke
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3020 B B M R 2

SRS 3 Ty LpEds A R Sk e
T g 16.5-37.5 Cheung and Tang (2005) ~ Shou and Chen (2005) ~ Refice
- ¥R e
B T F 1.6-7.5 and Capolongo (2002) ~ Harr (1977)
(®) TiaE 35 Sivakumar Babu and Mukesh (2003) ~
30-47 Lo (S PN
%R Gk 0.1-0.5 Lee et al. (1983) - Griffiths andFenton(2000)
TiaE 2.5-350 Cheung and Tang (2005) ~ Shou and Chen (2005) - Refice
- £ WA
Ll 1.6-83.3 and Capolongo (2002)
TiaE 50 Sivakumar Babu and Mukesh (2003) ~
0-100 S LA
R A %R ik 0.1-0.5 Lee et al. (1983) ~ Griffiths and Fenton(2000)
(kpa) TiEaiE 54.7
skew-beta-distribution
Bt 10.2
37.9-82.7 (® 2 %4 i1 12 normal Harr (1977)
i fis T2 3.6
distribution)
Y R T 21.7
I EarE - T 13.5-26 Yarahmadi Bafghi and Verdel (2005) ~ Sivakumar Babu
(KN/m®) TR A 0.98-1.47 and Mukesh(2003) - Refice and Capolongo (2002)
B ROEEERYEFHGE IR G TLBE > ¥R Gdi(coefficient of variation) & #28 X ¢2 Ti5iE 2 1t @ T kR FRi4(2007)
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228 F5ERE G R
~ }I?J% T e Vsat ¢ C
Lumb(1974) 5-10% 5-15% 20-50%
Mulder and
36% 22%
Vanasch(1988)
7%for gravel
Harr(1987) 3-7% 40%
12%for sand
Chen et al.(2007) 0.31-3% 9.8-23.7% 20-89.9%
Harr(1977) 1-3% 5-20% 10-80%
Husein Malkawi
1-4% 5-20% 10-40%
(2000)
Sivakumar Babu
and 10-50% 10-50%
Mukesh(2003)
Her ot %3 %ic(coefficient of variation) 3 #5328 Z &2 L 35FE 2 0t & FAL KR FREE45(2007)
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water flow -
/

Bl 2.1 "% & » ;% 303 5 3% k5 & Bl(Tsai and Yang, 2006)

[ 22 T
% & 7 R

e 7T e

B 224 g2 EFE > %54 7 & Bl(Tsai and Yang, 2006)
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SR FRETEALAPFERE

AR RERE - DX ~ Rosenblueth’s gk iz 2+ ~ 17 % Li’s
8L % 32 (Li point estimation method, LI-PE) % w #& 7 #z 224 47 = 2 & * *t Tsai
and Yang (2006)#73F & 2. T "% & 3188 30 % BN > AR RE N e B3 T

AT R RBIEA L o
31 2Tk
3.1.1 # FE 2 A 7Rt

7/ (uncertainty) €4 - BE E X - BEIFT G 5P Pk o F
FEEAESGERF AP E B8 EF T 7 =R Zimmermann (2000) ¥ ¥ # Fx
Zo B ETRLET o AMAZ RS TR DT ARG 5 T
AN T N TC R RSN SR
oy AATER A AL AR S B G(iSK) R - B E L E 2
% 5 (probability) » # FEE 2 F 2 W RIS FTAER N S {72 2 AR A F
AR TR R D 2 A e BREE A L A

3.1.2 # FEZ A en kR

A2 A2 A IR RRRS A RIS AL FFE AL FE T (W

#~ EH k> 1992)

(1) #R2 2 FEH  WS R Y 3 L ok R B F IR A

4 R FE A o

(2) Sl 7 R S SN B 2 SRR AL



(B) FHL AT FHLERFL T - K TR EA elarL § 4

(4) pARBZ AT D P RERERPATE T2 KT P FE T

FTR@QIEFEEAAFETE A2 A mEE kR B (DI (QEF F T
WAL BF RHEFEAAG R 0T fF T IR R AR S
TR R @ % (4)TE R B RERE AL ch2b A S TR o H Y FIRCN EE ook i
BES2LFRRGE I AL E G 2 A ma ik ? Y g s

TSz A mE s TR AT pREE A
322 a5 i3

P FE TN AT IEARY 0 AT R 2L AR B AT T R FHP-1E N EE
ﬁi’&gﬁikﬁéﬁﬁ%’l?5“%*J§@@*’ﬁi7ﬂﬁ”$&i

Bzt s ® g 08 By et (nonlinear) 2 451 > € °F iﬁﬁlﬁi#&%ﬁ:;‘ﬁﬁ

B A T R KRR Y F R LB BT R R R

rI,
s

9#%’frT%35%i%—ﬁ§ﬁ
3.2.1 ¥# + B#3%2 (Monte Carlo Simulation, MCS)

FE A RBEREY 15 BERGILS - 2 A HER T - 3¢ 4 EITRIL

}i‘g

BT E OE o T ARG - BAR R A FR ¢ TR Bl kR
oo F A FARE B S S BRI A B T AR I ek A T 30T S
B3 T iz ¥ - 26 > AT SR ALY LR
T WL EAFROAT R E S EFA RGO (Tt EE SR AR
ER T L D ﬁdiﬁﬁﬁ#ﬁﬁﬁ*ﬁﬁ\ﬁﬂﬁi* P

ok R L SR B AR LR T LA 5 A R
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o RJEAT fRE fﬁﬁiﬁf\ PR SR AT RAE S It PRI R
A A B AP BRI ARG EARH o PR BGAE T R

DB g B RATE RT o (e R et B R

Fr A RA- BR2EHPIIREE > AEFRPET LRI SIS TR
T8 o R LBk o Bk (T 7 4g 2 3 B4k (Latin Hypercube
Sampling, LHS) (McKay, 1988)i& 7 » H st Mg “ Pk X HE T2 % hH
(unbiased) ° LHS iz 33 & ﬂi%l > Gls BRI E TERBFROBEAEERAEL L

SHc2 VEWHEA T U R S lkEA  LHS Z B (T E R A 40T

1) Btz 48> Sz Bl AR ED Ko Do RBEE

5

B X2 B F %R Sk

(2) #5 - $HEXLALZKBEF - I EFTFP 2T E 54 500k > ¢ 75

- AR 51K

(@) #s

9

i) 2 K B RS- B AG 70 K BAElE A o
(4) EEEAKBTHHEA -

B) LHQ)~DH A2 & Fly =Pk o

d 0 FeriB Rz K8t » o879 228 > (T2 2 mafdiatra ® o

3.2.2 i1 W % (approximation methods)

x’ﬁ‘ll),z T]—\;}g‘év\ *%%3—;\‘ %J S K:a’;:7 #ﬁ"f 4;&“)"3{&? it :1 ﬁ;{&?ﬁ 3 lJF‘S} y 1) 'TIJ
*§H 2 F0 4 (moment) 2 54 AL I Rl IR LITIE o AT AR L
LE 0% 5 - 1§ = Z 4B - Rosenblueth’s Bh 5 342 ~ Li's 8332 > 07 jed 2w

fEh %o
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3.2.2.1 - F¢ = = 4&;% (first-order second-moment, FOSM)

B 2 B RS N 2 3 A R S By T 0 PIFST 7 5

FS=f(X)= f(X.,...,Xy) (3-1)

HP f4 b o - FSiud 3 # 2 Yc(Tayler series) 2k Xo B B 7 (40T > 4230

N
FS =FS, +Z[§j (X, =X ,o)+

n=1 Xo

(3-2)

NP S, = f(x); eRABENY = il t 2 BRI o R A 155 (3-2)¢ S 1

b2 FrEIE P FS V- AT A

9(3-3) % A2 qpst > Flpt kg Al = & (linear combination) i 32 0 F B B gk

Xo 5 et (0= [ty pn]” 2 i 5 % N B3 FE S
(expectation)£7 5 £ #c(variance)¥ % 7 5

E[FS]~ Fs, (3-4)

Var[FS]zZN:ZN:(aa—):j (a‘%) Cov(X,, X ) (3-5)

i=1 j=1

P E[JrATHEE Va2 F 28 Cov it 2 E 8B

3.2.2.2 Rosenblueth 2k % 3+ /% (R-PE)

Ji

BRHE- LT R R SHL > B H XA (R 319 ¥ @) 4%
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Peds £ (THP B - %P B h AL GE)E T E - Zadr(discrete) R AL ME S ¥ Bz W
SRR L O T LIRS R AN X)L A I pEp, (B 31¢° 2
)b AT BB REYAH T ER B Lr=1237 1T S ki

ENY — Y [= 20—, ) (3-6)

P oy Y2ZHFEY R IBTaF A28 5 Vi E 2 2 185 Rosenblueth’s
g&-f’é: /ZL'&»%'“/E/%&IJ—T._’%EE:

p, +p_=1 (3-7)
P EPX 5, =0 (3-8)
A LR ° N et (3-9)
PXEEPIXES 5, (3-10)

FP X =X =)o, 0 B XEEE gSRE o A B R X Ee

BRL B o/ AuE X2 W EEEEL Sy 5 X2 X2 0k % #(skewness
coefficient) ; X =|X_—u,|/o, r12 X =[x, = /o, o ¥ F(3-7) % 5% (3-10) 7 42 -2

(X, X% H 3 3 455 (p., pa)dbe T #6F

(3-11)

X=X (3-12)
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P =
X+ X (3-13)
p.=1-p. (3-14)
X, =, + X;ax (3_15)
X = Hx = X0 (3-16)

%%d JT“ (3'11)_1 5“ (3'16) 2 A KR in}k PE - BE AT ‘L’Ti— e @ ég‘wl
fi 2 fim ~ SliciEdE G OWE 4 S fAlicE 2 BT R R R (X, X)) BER BES

7N BEAmETIL Sl WS FS=f(X)=f(X,,....,X,) » # %tk 2t

=,

ZrPH A7 G5 40T 913

E[FS =3 055 1o XFS s o, (3-17)

P8, O, ONA B EA N SETAFA 2 AR T A E - BE D

GHZ TR FAPBIRT L TG Py s, 0T o BF 2 GEE AT AT AT

iEDHATEIN

=—=F (3-18)

p51.§2,.._,(5N 2 N

RO, =1 T2 MG, =0 = dor el o BT py, T IR B

Lf oo opy s RIBEF]EES S0 2 Ap

B G 4o

P, =p._ = (1+ P12 +8[)23 +,031) P =p.. = (1—,012 +8,023 _p31) .
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ZPp N (3-17)E N (B-18)F ity Mk > ¥z W R AL 0 AT AT
E[FS]: Z Ps.s,..6, % FS§1,52,___,§N (3-19)

Var[Fs]=E[Fs?|-E[FSF =3 p, ;. 5 xFS2, , —E[FSF (3-20)
3.2.2.3 Li B 3% (LI-PE)

BREE- SRS R R SR R X AT (R 327 ) R
Fede £ (s 2~ R o~ G Tl ¥ i) ¥ 0 R - #edg(discrete) 3
WREZ P L P SR R R R T AR  n EFF AT poopo
ps (B 3.2 ¢ B 41) o Li’s Bhig 212 2 Bk < A8 £ T = g2 ¢

O Pt | (3-21)
P.Xi—px. =uy=0 (3-22)
p.x>+px?=0f =1 (3-23)
X = pX° =7, (3-24)

p. X"+ p.x* =k, (3-25)

R X (X))o, o b X AR R w2 o AN E X LB

L B o a X2 EBEEE 5y 2 X8 X 2 ik % #c(skewness
coefficient) ; k % X'#r X 2 # i v #c(kurtosis coefficient) ; X' =|Xx_—u,|/o, 122

X=X, — g |fo, o8 (3211 F(3-25) T 4e EB X e X E B A A pop, -

Pake T ST
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. 2 (3-26)
X' = -Vt V4kx _3?/5

. 2 (3-27)

1

P. =

X, +X0) (3-28)

3 1
X (X +x") (3-29)
po =1- p+ — P (3'30)
X, = H, +X.0, (3-31)
e (3-32)
X =u —Xo, (3-33)

%ﬁ d ;i (3 28)__5‘_ 7 (3 33)? " ’F!:}\‘ @aj A E

E[f(X)]=p_f(x)+ p, f(x,)+ p, f(X,) (3-34)

BRES G ON BEF R Sl B RS = £(X)= F(X,0, X, )7

FS=f(X) zF—S+iai(xi _:ui)+ibi(xi _,Ui)2 +ici(xi _,Ui)3

+zd (X, =)'+ 3 36,0~ )X, - )
i=1 j=i+l (3_35)

20 FS=1f(u) sabiocod s ke
HA B3NGB ERT H P ET B
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E|:F_S+iai(xi _/ui)+ZN:bi(Xi -m)* +ici(xi _/ui)3++ZN:di(Xi _ﬂi)ﬂ

. . (3-36)
{(1— N)ﬁ{ZFSi} = (1-N)FS+ Y (py £ (4)+ P FS +py, F(x,))
i=1 i=1
¥ RS, = F(XW) = F (s ety X Mg 1) °
239(3-35)7 g =0t f(X)[oxX;, » fI* § LLAT K@ o
o < fi0 X )= fix) = £ )+ Fw) _ FS;—FS, —FS,, +FS (3-37)
! (% = ) (X, — #4) (X, 0)(X],0))
PP RSy = (% X)) = (s £l Mgy X Mo g Xy Moo M)
BV ENLEFT A FET FheT
Iz 80,0, = 6 (FSj=Fs=Fs,, +Fs)J; (3-38)

A Lt ) Py e JIESE S SRR L Ap B T o
! S =py /(X X},) T P S JIFAEts S8 2 4p W Thdic

i 5N (3-36)27 54(3-38) 0 (3B H rEE £ 4

/“&["T .

>y

E[Fsr]:(l_?’?N+g+i piojﬁr "‘i[( P, —& +DFS] + pifFSirf]jLZZ FSMJ- (3-39)
i=1 i=1 i<j

BE 0 8=)85 6=)6 5 5=1°
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et}
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S
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E
fh
frmt.

cH ¢ oA T AR VR O3 E IR D
B2 3/ s A B i AT 2 kA B ki i pba B AR R 4
414cH 424 3 AR B & E A B AU 0 FORAF A AR O3 £ 80 23 0 12

PED 25 p 11 P& 3t 48 ) B 4 3 4p o8 = Bk 3 20.7 KN/m(45 44 4> 2008) -

# ﬁ:i-fia\ﬁ})s VE it

(1) #=4p3 ToRi(dy) -

FEIIFERGE RA LD TREEPITH 0 AH T A KA A TR
2 W %R B 853 A G (uniform distribution)4- Bl 4.3 #7570 F R R
st 2T AImI3MEF - FZFPFEos 2T 2m-HFEL 5 0577m-~%E %

#ch 5 0.289 -

(2) #E():

- ¥ 2 DEM FoR k3t B8R cDEM ANt £ 17 a3 B A
4 X :—:crqﬂﬁ TREA > FON AR R F’“ﬁ*%‘?}iTmDEM 1134}5 * g
FeRREL o En BER AR E S > A% v 44 5m & 40m DEM 347 A R
ﬁiiﬂﬁéif@tbiﬂi)iﬁﬁﬁﬂ%fg% L ﬁéﬁeﬁﬁfg A RHET S fl”ﬁ 7 gl
B &3+ 20° 2300 40" BHA -

3 (2-10)#77 0 4 g DEM 2 RF A2 E R B AT B LB AT 2
BIFEZ 7 7 DEMpeasure 5 B iR12 3 £ F T4 A7 7 3% 1 7 e 5m DEM
T AT T B 40m gt iv L 4OMDEM TR e 2 ¥ A LN
WA (T5E 00 %% L 5 RMSE) > 4 * 37(2005)2- DEM T & » 478 % >
% 5m DEM fr 40m DEM 2. RMSE &4 %] & 2126 m fr 4152 m > jEd 5 (2-10)
F414 g DEM £ Rl3%-£ 2 B F 3 27 #(DEMea) ©
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1% DEM 88 B2 223408 548 A% 57 ArcGIS S #rp 22~
BLEH B E O et AT B - Rz MBI E 2R H AT N BREL
BAET A o d W ApA e DEM 2 2R354 e A AL 7 7 B 4p B2 B3k DEM £

RIREZ ¢ 4 & = FF 2% M (second-order stationary) (Cressie, 1993)° Z_# = % £ &
#c % 4 83 f& (Wagner and Gorelick, 1989; Mylopoulus et., 1999) » * % & z FF %
14 (spatial variability)z. ‘T S #EH F BT RPN E-BFHE ¥ AT ERN E
B 8L P 3ENES o2 & % B fic(covariance) (R 22 3 BLRF 2 FEAE G B > T LA or &

Ele]= u (4-1)

a

Cov[gi s ] =02 x exp{— M} (4-2)

PP BEjRAZREY BB u Y o~ % 5 DEM 2 RIFEEL ¢ T EE L

B L AL,

BRI EL] 2 §EHE S a5 /R-T4p B % & (correlation scale) o

I * 3 fcdT f2 % (spectral decomposition). s #-Bx e 15 7 & 7 B qp B 1220 Y & 47
I % 4 (orthogonal transformation) & = 5 £ g Bl 2 "E48 S o » H4E O X 4o
TR

1
Xoq =ty + 0, Vg A2 oYou 3)

o X G ered Bz e E i ux B ox A s e THEEEEL Vi
R(X)% #+ s £ (eigenvector) i = 2 & it 4214 5 d R(X)2 4 #cE (eigenvalue)
KRN 5 45511 R(X) Loe 2 dp M licaErE g (4-2)1\,5' .
AR R A TR W O N Ao B S1F) o BRI R L 40 &
© o1 N (4-2) ~ (43T EF EApM L DEM £ RIGEAL £ 0 F » 34 (2-10) K
B FATA DEMpg > £ 2 & ArCGIS 3+ B L2 m et g A > H 3 ity
DEMoy 2 5 112 2 FE 2 BH BRHEAY HE o

427 H L F RS R RREL L A0M fRH5 A Cr Bl d R R F %
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Sm izt Az B A BB ERFEY EHRen > FIDEM B &8 BIEL
REe et o X A AR T o & A0m fRT R Tl chEl B A R )
o TR RRE DR > X DEM 2 REELF S~ > 7] DEM £ BlEAL
FEF T4 R TR ARG B R 2 A mE g ? 13 o
DPREFHA A AN AP R AEER L > FEERCE PITH A TEEN
The o4 E30RFYRABARBIAE - ZBARBRAEZ RTF] -

B) 2EE Ry :

44 £'(2008) 2 35 HEN R A MIFR IR D 2 RS R LB M
B (2005)# 2 MR E HIMIFREFOSRE ST OREE R H 2 B
RHE R F AL 4eB 4.4 deotidése C #77) » Chang et al. (2010) 41 * r A & (2005) 3.3~
BRIZHLFRFTEGEEBFR2Z AT 22 HBFREH R 2 M 4o

N
d,, =—0.0716 x r+5.6563+ &, 5 &, ~ N(0,0.3076°) (4-4)

PP A R HBFER TIRER T AHR e A B L EPFL (T
0 AL 03076)  FALTM e H A o XL HEER d, 3 Sz > TS
BV EET R E PR b REGFHELT O 50 S (G- RE - B Eie d
F@E-E

(4) 2HEP BEL() - 2HERRS )2 # k4 BE HH(Kg)

TR THER RS 6 BiFLeafokd @ E GBI 4 4'(2008)
VR R FEE S L BT A N TS 30.9° 7.3x10° misec (7 InKgy T30 1E
5-1215) ; R4 M A B QOB TR TR ALE AR S H L 12
KWW:aﬁﬁzﬁa’@%@\ﬁﬁ%&%#«%@%ﬁ&i@ﬁiﬁﬁwﬁ
% % 9.27°~ 6 KN/m? ¥ 6.9x10° m/sec (7 InKgoe 528 £ % 0.80) ;5 AEit ~ 53R 4
2 5 %R SBBEK 5 ¥ &4 F (normal distribution) s 8 ek 4 @3 BB S

# ¥ i~ iw (log-noemal distribution) -

(5) i~ i % dp B
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BT ARIDE AR R 05 3 MR R SR S ()% M T B )
B Bk 4.4 frT o

4.2 %i" + BB SR

A 5+ RE Y % LHS (Latin Hypercube Sampling) se3+ B~ 4% 3 79
P PR B0 T2 P PR AR B A e A ARG R A Sl E 2 A e
Mo Aa PRl SRS ERERRL TR FILE AR EHEHE
ez 68 o PIRENEL 427 E 3 RBIBRAIELE2Z 20- > Bt
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A (FS ) F o Bl 45 3 W 400 A E SR S 24 ] Y 48 )
PG G E S R G S SRS B Y i £ 10
FHEFFRERESFE 2AEDEE X > GEAREREL MRS )RR o
d B 45~ % 46~ B 49 2R 410 ¥ —’g VB =t e 5000 PR R SR e
T ar 0 @ B 4.7 & B 4.8—;;71 INZ RS 0 R F) 3 Pt = e e B
PR @AY BRI E(drte LR~ te s B A )i € 0 FEH 4 0 R
ﬁﬁ»ﬁﬁ%ﬁﬁﬁﬁﬁﬂﬁ*ﬁﬁ%@;* GHco MR X > GREEELE
BB A, > T R R B P B S ek 2 % 5000 = e

43y #BBFLE

ST SSELEE L ER St L L P R S £l

Bis 24T RAHBYEF P LA 2 AR<LLBEF > AT

P, =Pr[FS <1] (4-5)
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AL ]IERR B REA R4

pEp(p/2) |FE%(hour) |pFa & (mm) |p Ep(p/2) |FE%](hour) |FF& £ (mm)
8/23 12 4.5 8/24 12 14.5
8/23 13 2.0 8/24 13 23.5
8/23 14 15 8/24 14 17.5
8/23 15 15 8/24 15 18.5
8/23 16 1.0 8/24 16 12.5
8/23 17 8.5 8/24 17 28.0
8/23 18 12.0 8/24 18 42.0
8/23 19 21.5 8/24 19 28.0
8/23 20 9.5 8/24 20 46.0
8/23 21 4.5 8/24 21 66.0
8/23 22 13.0 8/24 22 44.0
8/23 23 17.5 8/24 23 57.0
8/23 24 30.0 8/24 24 71.5
8/24 1 25.5 8125 1 60.5
8/24 2 15.0 8/25 2 57.5
8/24 3 16.5 8/25 3 53.0
8/24 4 6.5 8/25 4 59.5
8/24 5 14.5 8/25 5 50.0
8/24 6 42.0 8/25 6 40.5
8/24 7 37.0 8/25 7 30.0
8/24 8 14.5 8/25 8 12.0
8/24 9 14.5 8/25 9 7.0
8/24 10 27.5 8/25 10 4.5
8/24 11 23.5 8/25 11 2.0
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F A28 BB IEE RK T

N - = s I >
T oy B 20° 20° 30° 30° 40°
DEM #3458 | 53 | 403 | 5% | 40 % 40
T iaiE 20.41° | 19.19° | 29.77° | 29.98° | 39.98° | 40.37°
a i 5.60° 2.56° 5.05° 2.18° 3.83° 1.62°
FR B 027 0.13 0.17 0.07 0.04
TiaE | 419m | 428m | 3.53m | 351m | 2.79m | 2.77m
dz | #%%Z | 050m | 0.34m |0.48m | 035m | 041m | 0.32m
8 e | 012 0.08 0.14 0.1 0.12
% 43 # fﬁ?@?] NIRRT A
M e d ‘ o (anZat)
By 30.9° 12 KN/m® 2m Zi;(ll(;;
a4 9.27° 6 KN/m? 0.577m ?i;g;
E R S 0.3 0.5 0.29 0.95
WA Sk normall normal uniform log-normal
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Uniform distribution, Lower=1, Upper=3
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