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ABSTRACT

A simulation-based approach that can be used to systematically model the uncertainties of
seismic loading and geotechnical property is presented in the context of reliability analysis of
slope stability. The uncertainty of seismic loading is studied by generating a large series of
hazard-compatible artificial motions, and by using them in subsequent response analyses. The
stochastic nature of spatially varying material properties and also the uncertainty arising from
insufficient information are treated in the framework of random fields. The simulation-based
analyses indicate that in a seismically less active region, a moderate variability in soil
properties has a relatively large effect as much as characterization of earthquake hazard on
the computed risk of slope failure and excessive slope deformations.
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2. AT EFYA

AA AA5E FAsSE 2 7HA deHEHEd 4$dE AXgE ity o sy ol o8
707} % F Attt w@E M, B4 A4 ey 48 (XA EZREE g $HARE
AL F 9. AAAAGE JAFFHoE A ML ZA A JHRE ERE 4 e
(1) 2117] A58 F£AFAY; (2 AARE WY ZZ A2 (random process or stochastic
process)2 AAsAY; (3) 28 4 (Green's function) 71'H-& ol &3te] AAFCE AT F
718 7Id g5 ARES A2z 33 4 Y. 53], AZHF (zero-mean) T2 A
(process) € Th-3 o] HALE £ qith

X = i V2G(w,)Awsin(et +6,) ’ .

B =R AME, Kanai(1957)9F Tajimi (1960) 7o vlg-g& £ 9 2¥9Ed dx (Power
Spectral Density, or PSD) G(@) #4& A4adA. U437 (phase angle) 4 & 0 7 2 Atole]
Fz9) Meg Jogoz A e dF (FFY) EXE ved £ . BAHo=z 2] (1)
& FYE FoF EAS JRASY s AR Atele §37E0] FANAR 2XdE F3E =&
o] ANtol&HE FAF, AW A (intensity) 2] ®EEA (transient characteristics) < 471
B T2 A4 (stationary process) ol <4 (modulating function) m() & F3tod F712 &
Atk WE ARG Y0) = oy

Y() = m()Y 26 (@) sin(w,t +6,) @
I=

2 dT7dME, Wang & Kavazanjian (1987)0] /33 &8 AFolA Akd otaie} #o] 27t
2 getug g 7t 4485 4y AT E AL
m(t) = sin® (ﬂ(t/t‘, )p) 3)

3714, a st B & 2AEFS YL AAsE 2 7HA FEAngen, L = s A&k
o A Fige 549 Az AgE Bgste PEL 94 A g el Ao aF ¥
3 3}“‘“15 %4?_‘ F Y sue AAAE 2 AY ARFHeE Yo HdFge & T
a2 e Fag 40 £¥%e A2 7HA%E Roldh. (Saragoni and Hart, 1974). & =&l
= Ads%E &—55}711 A FHez o] g o) s 5L 249 AT

ro=rO3E,e) =%y, @

2y

21 £33US9 RMS 9 &4

RMS (Root Mean Square) 7t& =% AYvA Adel TAFE A% 2= A2veg F 3hito]
o thg3 2ol Ao .

E(T TR "
- d
RMS, = T [ J' (r)dr}

d dro

5)
A7, at) = FEE AgolHolm, b & VAL, T & A&A7, 28z EW) = qxA7
Atolel & ouiRolnt. wAAARZ, AHAZ T & max A 273 Atz g QA F
(temporal) 21 RMS & t-&3 o] & 4 gloh
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t+ 4 12
RMS, (t) = [KII J.az(r)d‘r} for At >0

1

(6)

E 3y T8 /MFegA, PSDE B4 (0?) 22 U¥oy olal9 o] EZ2 3P (normalized)
PSD & #A¥ 4 Utk

. 1
G(w)= ;Z-G(a)) )

Y Z2Ads X0 7 @4 245 EFE PSD 2 3@ TeAAY Fode, 4 ()8 2359
F me) o BF PSD G'(@) & ALgste) ges o] £ Yoz BAL $ Yok

Y() = mt)3 26" (@,)Aw sin(w,t +6,) ®

°l¥ %3¢, A A (temporal) RMS & ZA§4 m e o gn & dAS 7tk

RMSZ(t) = E[Y *()]= m* () E[X 2(0)] = m* (1) 9)
A 2, ek BF PSD 7b FojAuw, A3 YAF (temporal) RMS o Ezsig 2w
Z2 M2 (normalized stationary process) & FL2 T8 4 gtk ERE dwyoz A A
8l #4 (seismic hazard analysis) 2% ¥ 4 l& RMS 7EE7} AlZFg4rt ofuyzm A
T (BUF) e H Aok 9@H 44 RMS ZRY 28¥4E SE5tE o] 2rpgoz
Bag o), 1987 Y Wang and Kavazanjian ©] Ats chedt & @ANozRyg 246 7%
&}c}:

m(t)=C-sin®(z(t/1,)*) (10)
A71A, 2B, AF C = OLH 2ol Foja,
Ce—__ RMS,
[fsin **(er?)dr]** (11)

2 (D) & ol Zo] MY HHo2 A4 AT AW (AF T2A2) & HaET Qo)

—— Non-stationay Motion
~= Modulating function
(RMS=0.20,0=0.73,3=0.22)

Acceleration (g)
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219 1. Sample time history of non-stationary ground motion (Kim 2001)
3. Avtgde F Wze Biay

Awt 429 8844 (geotechnical property uncertainty) < t4g 49 (7Y 2) oA 7]
dstt 2 FAME F+¥ @8 (inherent variability, spatial variation), &% o3}
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(measurement error), A 23 (statistical error or uncertainty) 28|31 HEyRd 24
(transformation model uncertainty) 5 ¥ 7}X7F F4% fddojt}t. A Aoz Qs HF
AFE A0E T FAHA HEE FaEH (Kim 2001, Kim and Sitar 2002, 2399l 2003
5)S F=x3by] uiehd.

SOl —» IN-SITU  —# TRANSFORMATION —» ESTIMATED
MEASUREMENT MODEL SOIL PROPERTY

inherent data
variability scatter | Juncertainty uncertainty

inherent

variability emor

2% 2. Uncertainty in soil property estimates (Phoon and Kulhawy 1999)
3.1. Awte] EHdY FF3}

FH oz WalstE A Aol EFAAML Vanmarcke (1983) 7} AlA S BEHE (random
field) 24 228 & 4 o) o] APH= wde FHY WIS AAYen B Z8 o}
gl Fol ARE HoOF oldaa AAYor EFHAANEL Hird & £ o B =7&
Vanmarcke 7} AN 71&9 FHA AR WS dFst] FH2AG 2ANARAE n T
F de Wie AANDT. 279 <o WY (A A2 9 FI HFAE & Zo] HRe
g2 Fo & 4 Uh

U=%Lu(x)dx 5 V=L dx ; xeQ, (12)

BAA 529 79 (& AF) 9 NA A (= dd)dA AuAA L A5 71338

2, oA izt Sx3g oY & AR U B FHeA & § §E goith gt B 247
o AFZ= B A E 1IE At AF Fghe & Fo] oj2Hez ¥IAY F Ut

v, =By, +e; i=12,....,N (13)

e ¢ 5 gomz Audde EANE EAFoZRE FEHTD $H 2AYXNE nEA

< vjzz13 ¥ (Unconditional approach) &2 T8 F&X9 B4 54 (23 &4 &

&2 ot

E[U]z p= "Il\;i[Biu: +e]

A

A g £ 9o EgA4L ‘—?E}‘Hk BAE =

var[/‘z]=var|: Z(B A +e,:| Hso *H O';?V+0:0'°2+0'3 (15)
S FEEY =X (expected value) ® AA HF # & £ AF £ o2 YAsg o
23 Zo] 7+ F o

E[D)= 4 (16)
T3 FAHEFY B4
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pie? + utol+olo? + ol
N

var[o] = +oy(Q,)

1
Q)=— dxdx’ = > T
7] A, =y !,5"(” ¥ o rex-x otk ulEIANE, A2 "ojA AE: F A &
o 27y F7e] ABA (covariance) &

.
10" + 40} + 030 + 07

cov[D,0']= - < +0%y(Q,,0Q,")

(18)

¥ 1 L)

oj71A, 7@ =5 [ LA o ag 1w 43 v & 3T trend) F AY 22
2 Baslo v =mx)+e(x) 2 EHAC

271 Ao A 7)) 9 HQ,Q") = B2 (variance) ¥ 484 (covariance) #FAYAZ &7
Atk waA, BREFe] 24 AN EART F4 Aoy, £2FHe AJst FrkstE
Aasch A A7) 3 4 (18) 9 A BRL EA 2L 24 0NE, R HEL FU ez
) A" 22X BAd (22he Jehdth a9 3) & F0F WEH A Ak ARH
2844 3718 8lastgdoh A (17) dA AgAAe 4 240 E 98 54
Ao 9§ el FNHoE FANAE FAsA Fon @x FAF N o FLdEGE

L
4 = 9

mo o r2
POUNES |11

¥

Sampling error {6*/N), N=1

[}
g
g o8 )
5 \
> "
B 06 4 ' Line-average variance (~ o%/L) N=2
N \ i
E 04 |
§ ’ \ Areal-average variance (~ oX(6/L)%)
z \ N=5
0.2 A
\ N=20
0.0 i T v
0 5 10 15 20 25
Ls

% 3. Comparison of the uncertainty magnitudes.
3.1.1 2743 99 (Conditional Approach or Ordinary Kriging)

(A A) AYFY=g A By oldsted gloid Az EA4E & A AAAAMY go=z
AREE Aol u¢ waAsig, 2A F2W EE Gut 37 (Ordianry Kriging) & o2&
Hol glom FEEAE TFHA B Bopo Py A1EHo] gk Kriging 71¥E N¥ B3
o] stz A EA 84 thHE BLUE (Best Unbiased Linear Estimator) 713 AH28 4
s, 72 A=A A Boke HA A3 FHW (Optimal linear estimation method) 9 wi-¢
ALl A "ol AZF vzD F2YUL B 23% (37 P99 S5 AldHZa 44T
Z gt AsE AW AFRA 287 J|HE ol&std FuYFY BASAE EEde AL A
Fstg o AAg HEL FoFF (Kim 2001, Kim and Sitar 2002)& =37 wrgtt

4. 44 =AY

Y (@) o EAY FAE A dis Aoz AT 3 A5 FEdnA o 3



a4 @A AFZALE 3F Fsn 10 /A ASE AFASAC AW ADAE 2 A=
v Wl AYREE FF 45 EN/m? ol EFHAE 13.5 IN/m’ ollen, T3 Hdn H
A= 7hzh 18 AN/m*3 0.9 AN/m* otk Awtg F49 WY PY=2 2APsa 9 3
WER} (scale of fluctuation) & ztzt 6,=5m g J,=Im 2 gAY Iz JBAL 2y
2-D exponential AA FBAY F5E AHLERAT. AdA T Fhstd, AAE Aute] ddn &
T 150 o)A 250 m/sec AlolE #EE YT

@ Bishop WS o4& A1 A& g8 /M8 E EAE 4079 FAddez YUk
HAE ANAT 7k (A) & olg8ix ZAF (deterministic) A AP AL & ZAF 1.52
o ALL AU FY EFAHA AvAS (AT E HE - ZEUA, BEASZES 3 +
EFHaH & 9¥Ee A9 1.02 o ¢A&E B

B2 Bl
i
3
B3 7
6
10 ]
0 5
AN VZS) Z)
T
m: sample location 5 10m

¥ 4. Geometry and sample location of a cohesive slope with a circular slip surface

Aldo] Az gFo] w3 MEZBAAI W% 299 Berkeley ol A Aoz 7MAs Ao
4o b4 7t7bE Hayward XA dig gk AJAQs AL F33tq d2 RMS
NEEE ZE, 72, 283 AmdsE Bd (de-aggregate) 3t Zrzte) W o A&dE dFA
AR RS Agg M APz ALsiAth. AFAAGY FHsy EAFS B=
(intensity) ¥ 3}+ Wang # Kavazanjian (1987) ©] A¢t&i Tung et al. (1992) o] R&d A&
2 olgstgoen Az %A X Abrahamson 3 Silva (1996) 7} A¢s ZE4 L A
g9, XA A FA6 saAAde] FHH T (random) AR IS AA3te (2
Y 5) 88 714 % (vield acceleration) & A4tsldc & AlRel &Y E Hd 200mm £ 7t
Astz APHGAR AL AR Y (Limit Equilibrivm Method) ¥ Newmark-type ¥ ¢34
e o]lgalger ZEHINEZ ANEHoA (Monte Carlo Simulation) P o2 A A&
Aatst Aot

MAAFHE 2 (6) o FAEP I1¥ 6(a) £ AT RMS 7= 7348 33 &858 %
Algtn A3 (fragility curve), 28 6(b) £ 1 3 ol @7 WY Fo] 3L AYPE 27T 7154
& Yehdt} (risk curve). XWrAdAe EHRAAPS 57X AR & F$2 2dd . o]
%z AXE (deterministic approach) & A 54L& Az B¥AGo] 71F Fe B ol
T3 ox8 ¥FI A (conditional) ¥ W EAA (unconditional) ol &Ll 73
%2 vdeidth Ayt 2dg) wyd mE 9§ Aol MEE £Eo] ¥ W (RMS <
1g) & M2 & Ao|& Boly 7/t&E 30 A F71ed wet Aozt FaHY & JMEx
Z (RMS > 02 g) dAdE FASE & ¢F o7t A9 gle AL ¢ + k. Agd A
o2 Q& AvstAE EaA HPE EFHE VM AR AHY AeE v FHE R

g 4 © o
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Atk webd Awgael BgAgel A7 A 3 Fle AYEA) 2 9L F 4 3
A, Ao AET Be AolE 2 99l WYk 2EL WY 5 AT

6.
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— Conditioned mean (trend)
70 A ---- Mean + std. dev.
—e— Simulated properties

w b (4 o
o o o (=]
L L

Average undrained strength (kPa)
n
o

-
o

Slice number

39 5. Simulation of average undrained shear strengths; conditional simulation

1E+00 | KK - - -- » 1.E-02
H y E 1E03 |
%15.01: < 8x=5m,8y=1m 2 £
£ i atiowable disp. = 200 mm | B oveos |
5 1E-02 E +— Unconditional approach (spatial varlation only) » 1E0S —e&— Unconditional approach {spatial variation onty)
¢ 1E-03 t PP (with error) i ’ 0p (with error)
f -—e— Condbtional approach 5 1606 ) —o— Conditional approach
§ 1E-04 E = =& - Daterministic approach (with mean) T; 1.E-07 ! = =& = Deterministic approach (with mean)
|3
o 1 = % = Deterministic approach (with mean minus std. dev.) g = =%= = Daterministic approach {with mean minus std. dev,)
1E-05 L N s 1.E-08 T T T T T
0 04 02 03 04 05 08 0 0.1 0.2 03 0.4 05 08
RMS (g) RMS (g)
(a) (b)

19 6. (a) Fragility curve; (b) Marginal annual risk curve

a8

°of AN 1 FoY AAFY e AWEF LF AY RMS > 01 - 02g) oA
Antgde] Egddgol AT 2 FFE nAA oI AAEFo AuHez Ed
BE AYG (RMS < 01 - 02 @) dXE Aupgdde Bg4do] AldLA sy A ofj$ Fa
Aol @ £ ke Holth wEA AAEFo] AiHoz FHN Fe FHE AL A

A A A AkgdEe ERE4E e Aol AXHRE AAPE BARFIY Fasd

aEold.

al

CRRARE 9, A 2 A Awe] BRAY R AR YT, AREE AFR |, ANzAE e

34 g o] &, AFAFE3], 2003, pp.43-58.
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