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Assessment of Slope Stability With the Uncertainty in Soil Property
Characterization

Z A% Jinman Kim

AR 718 T4 YA T Y, Senior Researcher, Hyundai Institute of Construction Technology,
Hyundai Engineering & Construction Co., Ltd.

SYNOPSIS : The estimation of key soil properties and subsequent quantitative assessment of the
associated uncertainties has always been an important issue in geotechnical engineering. It is well
recognized that soil properties vary spatially as a result of depositional and post-depositional
processes. The stochastic nature of spatially varying soil properties can be treated as a random
field. A practical statistical approach that can be used to systematically model various sources of
uncertainty is presented in the context of reliability analysis of slope stability. Newly developed
expressions for probabilistic characterization of soil properties incorporate sampling and measurement
errors, as well as spatial variability and its reduced variance due to spatial averaging. Reliability
analyses of the probability of slope failure using the different statistical representations of soil
properties show that the incorporation of spatial correlation and conditional simulation leads to
significantly lower probability of failure than obtained using simple random variable approach.
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22 ANMFRES MAAY o AT2ES PN AR5 THH HAS Adz godste AL AuEE Eof
of FAtste 71eXEAA Yol M FLE 4 F9 FUEZ B F oy A7 e EH Sx0 vl
2A449E BAst dAATE 233 Ao Addog 44 Jun gdd. £ =82 AMgEY £F
AR S AAH R FIse I FEFA 7IHS T8 L4 AARAA 42 T8 ol JYEs A
T4 Fede HEY

2. X|HrMZle] ESIAIM alol
Auk Ao B8 A (geotechnical property uncertainty) & ©FE 92 (2@ 1) oA ZIdshd a2 FAAAE

BAX WE%A (inherent variability, spatial variation), &% (ZA) 2. (measurement error), ¥4 24
(statistical error or uncertainty) 221 Wg 29 E382 A (transformation model uncertainty) 5 4l 7}A7t $&
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3 leltth. Aure] AN wgAold AA, ¥, & HF 4 T AW ¥4 FA (natural geologic
formation process) & ¥4 F Auke] W} A A AdbpA FE Aol AWt &8 Fu] 559 AurgA
Z279] zpolof] wE Aol dXnitt d2n = ARWFH Fude] AFo]l oyt e Y-S FJTY.
Ak do] B8A% £ & olf 2 e A9 true) A 4P ol TR & A4 FHLANE
& otk FAAE SR, Y, AL 2En 39 4F a7 (random testing effects) Soll 28|
Ay, Ay JFge é"”"ﬂl AA o FARFAEoIY, GO AMSEE FuEY Y 9 Alxdo] M2 g2
oA 2t ZAWH-AH S APAHZ 7]F(code T procedure) o FASt SR} oD A o] 7]
2} FAHLE o|BA ZAME Y BUE 7o FAlolth wEtA dWtH o R AZ ZAlRld A 9E3A
o] B3 w7t Aol hdEiAY AS ARG B o&Este AR ZAMET Y] WEo] A,
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% 1. Uncertainty in soil property estimates (Phoon and Kulhawy 1999).

EA1Q2} (statistical uncertainty or sampling error) £ ZA&E 2F (FAHYA YuioA 3o wlsf HL
FE5ah oM 2E Ato|tt. o] Qiake RAVEF dlolg st FrHEe| wel Ao

W3 e 93} (transformation model uncertainty) & ZH2 A @20 E 7IA 1 FdAE o83 % =& A
W AFAE A Ak A4z fskste Ao A LAsE Aot o& Eof AWy F&E R o @Re As &
v AFAGAEA g8 AH 78 FE AT FAY EAE dEE EEEYAE (SPT) oy 2aYAF
(CPT) =& &9 AUUE A Aue} vpadZ Alo]9 A o2RY Aoz o 297 Bk AAYES
Hulg ZEE AR A, el AU goztE Jd& UBEY AFEEZRE FHo| 5. o9
o] AA AMASFE ANFAFAZRE FAY o WFe] st WHOA (transformation uncertainty) & o™
ARl Aol

Aubd Aol AAH EBAA digt 47] Wl 7kA] 99 AdF FoEE 4%, A ¥ A a9
AAE 24 3¢ agjn ¥ B4 29 (transformation model) o A=l #-dch wel AAY B
ekl 134 & dojz XA FAXE AAS A st AWNTREY FF2A, =23
ZA50] FAANE d& U oS FALS ML HE sbssi)
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1970 ' Wu and Kraft 7} B&719el ol APHGA a4
i}’“"é% AAH ez nestele SRS Yol ALHEAU
Ed# st Aolth (Christian et al. 1994). o]
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gy, oleidt SAAUAYY Aol BEFAUFE FUMNALEA AHdEY FEE v ANt A (GA] 23
A AUAA Baze] ARE F) B L34 Ao ez wEslE vk A EEA4L Vanmarcke
(1983) 7} AA & FHYE (random field) 22X Ed8 & + vk o] dFU= B FH HIE AAdezm
T3 8¢ ol Fo ARE HUF ol &M AR EFANE HAs T £ ok A 20 3¢ A
gge 7|l 7123 g 34 Farigel AA HAe d 2 dB2EA APEAA SN, 49A kAL A]uk
S8 84, A3 AF a1, 71z et s, x84, 21281 stochastic aquifer ZEF Fo] 9lr)

B =dAe Audde 33 Fage] BAE AAstA vk O olfE EFL dwtxoz AXNA Wi
g Ho|n EARIHSY GFAHL AN BFW 29 A% AX9 HHEve 55U HFH A g3 85
7] WFolt}. ob28 Vanmarcke (1977) 7} AAIg 7|&9] 43 Ho WS A3t FHae 2AA7HA)
E 13 ¢ e s AR S

3.1 Yoig= 29 (Random field mode)

Vanmarcke (1983)0] 93ld FEUE=E N AY HEFToA g AP oz AFodd. ek U=
7b 74$-A¢t (Gaussian) #-¥0]9, dPIU=E %i“ﬁ-’r“- —E"&‘E?-T—, 283 AA R FrEAN 443 g8E F
ATk 7FFAIGE o]e]e] AETEE dWtH o2 24 FAE BAES oy AFrs Ha s

A&3 YAE (WHYE) dME A AYUSE 2732 F4EL gIT & e AY ¥4 Helsz F4s) 2
gl Zlo] ot d44 dYU=E gy HEEAN dE3] 9o dgd 28 Yo 21]°}5]$ti°"1
4 ¥ (Midpoint method) &7+ WY (Spatial averaging method), 4<% (Shape function method), &
A7WY (Series expansion method), 28] 3 A% 33 (Optimal linear estimation method ) 5°] Tt

3.2 3HA 84

H2 2704 A3 209F ¥e AYe A wySe A7Y ¢ °11*H AYLEY d4H HsE RIT +
AR, nag A4 T WEE A3 FHE Aol ¥ ag AL ol dE W EA AMY A4
HAE AEdE 2SS §5HY BEAVE Gt oz A4WEE Hojv rﬂrﬁW EAMVE S Qo] B 534

nla ARe AMAE wrhe BEUe WEd AW 30| AAHE FPE wa
279 ke AY (W) 4d 9 I WEAL U o] 42 Yuz 4 T £ Ak

—=%Lu(x)dx ; V=L dx ; xe{, M

oj7]A, dx £ 3,2 283 1 g A 742 79 A, @3 e AL udin

TN FE FEE 2790 TAF ulold FA (statistically homogeneous)®] ¥ S Fz HFHS] D
ol dxmdES o EME FASAL TP 2ol A (point) TA SAHE ol&dd THEY 4 Adt
(Vanmarcke 1977). & B & (mean) &:

E[5]= E[% fo dx] - % { Elo)ldx = % [ ydx=p "
#At (variance) &

var[o] = % ‘! [p(r)dxax'=c" - y(Q,) -
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1
=1 dxdx’
) v r‘x” P i o] r=x-x' ot} vl 2 AHBA (covariance) &

Q
3714, 7(Q,

2
covp,0']= *G—' L,p(r)dxdx' =0’-7(Q,,Q,")
yy' S 4 (4)

1 —_ 1 (]
7, 7@ =pn [ Lemad g au Gy a0 & 249 aw asz pus
v(X)=p(x)+£(X) z gEw.

A7) Aol 7(Q) o 7(Q,,Q,") = BA (varance) € ABA (covarance) ZAQAAE BAAH 74
E 38T COV (Coefficient of Variation) 3 A&zt COVel ®] (ratio) olth ZA0AE A#A g5 4£74
o Jaed Equoz AR AR gid Tgags de ZE2@ wasl go. Awnyel 4 1
ZAY 27) BEo] ZATEE 0 3 1 Afold ke /Y. we, IndRe) BAe @4dde Baug
4 Hom ATedel 277} Z7ehd paw

3.3 ZAMLRO] ot ZHET B RY

7] AEL AtdAY FAF EA4E ¢438] €1 Ao st A el A AARE AvgA
ARG Ao EFAYLE APl HPg vpe} o] FH WFAolYo) FALS ABEAY FAHA AT
e} ezt UAE FsTh F AT A ARG FH A AVIE LA (FAY ZALL A AR S ¥
A3 A7l RFAGAHAS nedlof gk A AHez Q) HF ARTE ANET FAAHA WL FuF
(Kim 2001, Kim and Sitar 2002, 3178} 2003 5)& #=3}7] b

re l-(‘U rir mlo

3.3.1 H| =¥ 8 (Unconditional approach)

A% 549 79 (Ex A%) 9 N A A (Ex Aed AByLe R0 AR meby 2
2ol 24 0 € B U B FHLA & & TH golth MmN ok AR WE B AXE Redd A
& 429 ARe e ol olgden EAY & ok

v, =Buv +e; i=12,..,N 5)
FEe ¢ 7 glenz AutgA e FARE FAHFLERE FEIL A FAYAE TR g vxAF
¥ (Unconditional approach) &2 73 28X|9 EA% B4 (a0 &4 &
1 N »
Elol= jg1=— g7} i
varfv]=s? + o? =;i(u. - p)?
T N-15 Q)

A6 B A () L, 28y, A5 Toldd mE Frlete SA4g W £ 9o AR B nst gl
ZA7E 8 A% 5‘- AL AA 2D B2 AHT T AeSe] d43) @ Aoz A4E 5 ey
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Wetd 243 BT A £ TR WS FE 4 vk 28 343 B 4 9o BRYS deiE BuE

.

uio” + uol +oioc” + o’

var[ 1] = VaII: Z(B Vi+e )] N @®

W 2T &% (expected value) & A FF 4 & 2AH% FF A4 o2 gASd e go] 7 F

E[o]=u 9

2,.%2 2.2 2_." 2
var[U]:ﬂ”a tH a;v+a,,0' 9. +0y(Q,) (10)

AR 2, A2 dolA e F Y &A7F FTHALY FBA (covariance) &

pio® + ol +oloc” + o’
N +0 7(Q Q) (1D

cov[p,0']=

2(10) = A (1D o A FELE 54 2 3 eAE ¥ RS I TR % Fad 2FF BN
(%)&)-% L}EME} :L% t 30 WSS $A ot BHAY 2718 wasgch 4 10 o4 AuaA)
IFT ESATE 98 ST FAGE A% exE TUHOE HEdtHk FAFA don vA RANE
N o #Aedre 28 ¢ & U

-
N

Sampling error (ule), N=1

1.0
g
E 0.8 1
> ‘
B061 Line-average variance (~o”5/L) N=2
N \
E 041 1
E : “ Areal-average variance (~o’(5/L)%)
z " N=5
0.2 '.
N N=20
0.0 ey . .
(4] 5 10 15 20 25
s

a9 2. Comparison of the uncertainty magnitudes.
3.3.2 =7i% MY (Conditional Approach or Ordinary Kriging)

(A d) APU=g AEdoldster WA 449 48 ke A AAAA Y g2 Aste Aol Ul
¢ upEAsich 20 2 £ 49 2874 (Ordianry Kriging) & ©l21@ of$- up@ A @ gdo] glov Fed
A I g Bok] B3] AHEE it (Journel 1978). Kriging 71'8-& A% B9 suizA A%
ol t}%% BLUE (Best Unbiased Linear Estimator) 71 % AR S48, 72 A= 4 EoklAe A
A% 7% (Optimal linear estimation method) S} wl-¢- frAlstch. A AolH AL vlzd HIWE & 234
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(FZ27) $ge 53 Atdztn A & gtk AgE AW A 2A 7S ol 4% FUHTY FASA
E&de 3L Ao AT W4 F1EH (Kim 2001, Kim and Sitar 2002)-& #z3}7) vl

279 a o FHUF A AL AHT AAN SHY AutzAL A HF 7HE FA 0. 2A og
1} o] FAHE 4 3l

6,=0(x,) = Z W0, ZW(BU+‘?) 12)

A7) 2RA7 WYHR Fn A A% HE 23S FEHoE PEsd thew ge uyE O o £
ASHS 78 $ Utk & £79 a o NPT 2AX9) LARNS Y 2oL

Oae. =El(D, -v,)']=0," - Zw,,,% +4, (13)

SRR QRS £79 a 9 b Aol FAHE:

Ooxap = E[(0, -0, ), -v,)]= O~ Z wa;O-Jb +4, (14)

433 3 4 14 A F ¥ A $EL I BRY A%2A Y ANYLY ByuT 292 i) 7
sote AL vehdc
4. OIF| &4

29 3 o NS HAE ARe 37 F5Ae ABSLA 3T 37 44 BUN AF2AE 3F FU8L
10 4o} ANEE AAsATh A AYAY 27 A9 v ¢ AGREE JF 45 KN/m' ol EZRAE 135
KN/m* o)9om, ko] A3} e Zzt 18 kN/m’* 3} 09 kN/m* o]ch. Abdol 918 o AAd o
3 HA AYorRE B Aue 29 Iy Yeg 743 sMestn £3 53 WER (scale of fluctuation) £

ztzt 6,=5m g 9,=1m 2 wuggn Bzt BAYE £2Y 2-D exponential AH BEY F4+5 AHgsTh
B¢ Bishop e ol8@ Al HAL 5 HABE ENE 0749 $YER0E YUY HEF AR

# (£) & ol &8N &4 (Deterministic) AA AHd HAHA S & A% 152 o FHEE AUk Fo B5H
AP (AGZEE JT - FFEUA, BEAS S 97 + EEEXD) & 49F 25 102 9 °}%i%§ Holt.
A Wy ddEsE AWugd e 2d9dte A8 M (reliability) & -’F*B"?} Az (dg) & 28 4 9
AT Hae NEHoR RE Fpo Zou AFH(EA) LAE XTI B (7Lﬂ L Hlé‘-?.i BF) B
A4 3712 A BHgEe] Fbatgh 2gdA ddE BXF FS 7H1 2o Z—} 9 d3o] A& o]
o ddge 2 sixd Ws €, A9 ¥ Ui 4§ ZAne AE¥ 9_2}% 3'—316& 3¢ 184 94
o A9 aol7t e He Aol FIakek A3 shte PSR EAsHE R (1AL WAL T
3 Fdsithe el s A ESEY (B 24 7“\% LA R7] Yol Ao
i Bl A#g ol ddds RUg o8¢ ARG 100 Wiy 5 H&EL BAY (39 5. olge
2, BE EAL F3EH EH?'SH 54 dgurE —‘?’—013}‘: A& ZMZ]?H 2 BAdAE 8 vEsHd 48
o o]8 & gtk 1 olfrE HBRAIF BolAFE A v EARE7E Tk Wil HEHo=

PR UN|

y|zA
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7 28 nsA &

o

d .
AER (F, A de) 03 BdA) £ AU 473E J3e Fof
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etz Qg BRA4el 3 AYEel 4 J¥e ol med AW oy A4 A AEY 2
3¢ ST T Y old @ AN WEAT et AT BARE AP gagel
A% W2 A5 oAE TP wAAH WER 234 WEe JheR WA dusia ¢
WERE 2okl del Zeel olf BaRat FAHAT YT ¢ agat duHez 2
2 3497 dgold. olaid ALE REsA WERE Fob] olale AU WF] B o FF AVT
24 AHelN F28 guE e & AUtk
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19 3. Geometry and sample location of a cohesive slope with a circular slip surface.

5
—&— Conditional approach
.“.. —e— Unconditional approach (sampling error)

4 N - & » Unconditional approach (no sampiing error)
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19 4. Probability distributions of factors of safety (& =5m S, =1my

1.E+00 ¢
1.E-01 % Random value approach (Duncan's) P; = 0.12
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19 5. Effects of the scale of fluctuation on the failure probability of the slope.
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kel FEH FA 2R A Arle O BEFEAE AAdes 2y & 5 e A8 FAY HI
& AN ARdAe THH Wt $ JHoR U3 BEUA Faww opdet AEY 4 FHLAE
§ EFEHE BF 1YY F s N2E FEHS AU AREE EAE BEReY AAE e A
M A7l e EAECE HH o HE st

HMZAHE T T3 (oca) BT 429 EFEHL AH (point) HA e EFEHETG &3 A= FE &
gt E o9& F8¢ Ade YT 242 Adol wobyd uwg A Aa¥Y. wibd By £ A
of cha) Fad At 429 EFAYLE NH 2R A Foi

T3 JEoge AashA gon A A A Aednt. BN 279 A7E T
FAH o2 g7t glon Atdss] HYPA vAE AAY 2AGL A¥de 279 2

£ BEE HAske 2799 Ar7k AEAC dEA 83 I FbAss dHE S AAHL
F AR (FARL FAT & JQAW), FAY BEHET FH A FAE 71&0lofoF gt
Ao g ggd FAHE o 4F AFUAAY Ay Y FR2RE A5 I
a2 Byl Faf Ay W5 whdel vl u¢ A Z2AE RoETh AAZ] A
227 wge] AIANN Y ZARS EFNE Ao o FI WAl FRY AHY
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