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ABSTRACT

Uncertainty of material properties and transient seepage in unsaturated soil slope
are significant triggering factors in rainfall-induced landslides, especially in tropical
regions. Rainfall infiltration leads to the decrease in stabilizing effect because of the
increase in positive pore-water pressures. SEEP/W and SLOPE/W have been widely
used, respectively to describe frameworks for understanding transient seepage in soil
slope and to perform slope stability analyses, and were used in this study. The main
concepts and conclusions of this report can divide in two parts; base case analysis
and sensitivity analysis. For base case analysis, a landslide in southern Thailand was
investicated by modeling the process of rainfall infiltration under negative and
positive pore-water pressures and their effects on slope stability. GIS and
geotechnical laboratory results were used as input parameters. The van Genuchten
soil water characteristic curve and unsaturated permeability function were used to
estimate surface infiltration rates. Rainfall intensities for 30-year return period were
adopted from Thailand intensity-duration-frequency curve. For transient condition,
finite element analysis in SEEP/W was employed to model fluctuations in pore-water
pressure during a rainfall, using the computed water infiltration rates as surface
boundary conditions. SLOPE/W employing Bishop simplified method was then carried
out to compute their factors of safety; and the antecedent precipitation index (API)
calculated. Heterogeneous slope at the site became unstable at an average critical
API (API.,) of 380 mm. For sensitivity analysis, type of soil, thickness of soil, angle of
slide, soil unit weight, effective cohesion, effective angle of internal friction, angle of
friction with respect to matric suction in unsaturated soils were used to estimate
API... Moreover, Fitting parameters from many soil-water characteristic curve (SWCC)
and permeability equations were used to find out that which parameter has most
effect on landslide failure. Most sigfinicant and uncertainties parameters for API,

were effective angle of internal friction and angle of slide.

Keywords: Landslides, Sensitivity Analysis, Unsaturated soil, Antecedent Precipitation
Index (API)
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1.1 AUFIAYHANUIVBINITITY

nsnmangluaeRusssumAneWiinanudsmesedinwasnindau dad
ﬁmmﬂmmaa%mlﬁdwmﬂu Useiin13gniiniene (erosional history), @n1mmn19558anen
waymsldusslovdluiiudg (Casagli et al., 2006) Tua1nAusIINIG IAINTSTAUNATAEIY
Tng/lalldasentndeauliudueulusuusmeildlunmsiesziadosnwvesainiu 3
Anndiazilugnisananuindedefildainnsussifiuanutasads msigluainiy
werruusliildegluninanfsrfuieisszilugiadesuanudss uaglinansiases
é’mﬂmuﬂaamﬁaﬁmﬂ@iwaﬁ’u%a%uagﬁ’Uﬂa’]uLLUiﬂsaué’uLﬁaqmmmﬁaLLUﬁﬁiﬂtﬂumi
Ansgiadesnimusnaiiiinisfiansaniesasdnvasadeliaunsadunaendldly
JneRanRussINAnauald (L and Lumb, 1987) ijl;’lr}lm‘f]ugf’sLLﬂiﬁﬁﬁmgﬂﬁiﬂﬁﬂﬁiﬁi’f
Wunaeiinlunswanaievesaindu (Zhang & Tang, 2011) gﬂLLUUﬁﬁlﬂiuﬂﬂﬁﬂﬁ’aﬁﬂ%
Dumsitmatevesainiuwuuszezdu (shortterm) luvasdiunnvtnuazszezen (long-
term) dlesunniuniauunans (Guzzetti et al, 2007; Corominas, 2001; Wieczorek, 1996).
FunauiiniAntutesedmmmaldvesuszmdlne Smnsliussandldang

vangdudviuiineniadesnmussatafuiioldlunsiiouds  widadefifusanig
ﬁﬂﬁmﬁiﬂumﬁlm']zﬁﬂmmiﬂ%mmﬁﬂé\’ﬂaﬁuuazmzmumiq@lﬁﬂLaﬁaimwiumaﬁu
Suiflonnanusawdn (Oriving force) Mifistu 1WA Audusty, anmsufuanmgierne
(D’Amato Avanzi et al, 2009; Giannecchini, 2006; Crosta & Frattini, 2003;  Iverson,
2000; Caine, 1980) ﬁﬂﬁﬂjﬁmmﬂjuﬁﬂumaauﬁﬂqa (Critical antecedent precipitation
index (API.)) Tumaugiinaeans Qﬂi%’l,ﬁaa%msnﬁmf;um5Lﬁuazamaﬂﬁﬂumaawﬁaa'm
Fuugndoiaiosnmuadlflunasifanisdudiludeinlusiaiu (Degree of saturation)
FfealoaturusifuuazsInan (Resisting and driving forces) lutlymaewadosninly
annu

uisedavsiinisdnunadosaimvesivlugiine dva Sanda
unsAIsTINTY Lielildnadnsluzuuuuves Adudanuguiuluinafuingd dmsuldly
FTUUNITLADUNE uaﬂmﬂﬁé’qﬁwﬂ'15ﬁﬂm@ifmafmlﬁuﬁuaumaqé‘f’;LLUW\'Nﬂﬁiﬂumi
WAsgatosnnluatnfusssuand saulufeaianuliudueuludanusinvue ( Fitting
parameter ) 489 SWCC Lag permeability function ldnannsAuanluaunisves van
Genuchten, Fredlund&Xing, Wylie&Gardner Lag Brook&Corey Tuanpudilidusalude
i (Unsaturated slope stability)
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Anvuativsnmvesiulusune dva Smin unseisssnsy wWielildnadnslusunuuves i
dadaruguivluinaiuingd dnsuliluszuunsiiouss

- Fnwaruliviueuluiuysildlunsinseiaiosnnvosaniusssuwd (vlnvesi,
mwwuwaﬂ%’uﬁu, AMNANRLDEIlUAINAY, wmaﬁgﬂwﬁfﬂﬁuaqﬁu, AusBamieUsEavawa,
AYNYDLTLATANIUAETY, ﬂ'mm'eNLmLﬁammumaiul,ﬁaqmmﬂLLiaﬁwaaﬁﬂuﬁu) 1ng
wanINaeaNUTUFULUUTB9AT é’%ﬁmmﬁu%ﬂumaauﬁﬂqa

- Anwrpulinduesulusanusimue (Fitting parameter ) U84 SWCC waz permeability
function

1.3 YAULYAVDINIFIY

- uiseiinnsimssiianesninvesiulunsdfnuiiui sune dva Tauda
UATASTIINIY

- ANMINNGMATANNAATUVBIAINAUDNBINNN SEUUATAUNANTAENT (GIS) Warkans
naeuildrnisiiRmslunsdfnuituil sune dva Sanda unselsssusy gy
AmwUslumsIasgiafiasnw

- fhudsmuua ( Fitting parameter ) 989 SWCC wag permeability function Tugunis van
Genuchten, Fredlund&Xing, Wylie&Gardner Wag Brook&Corey gnununldlunisiasigyi
Sasmsiiuduesilumianusazauliutueulun SIS iER s NUe AR TSR
- ArdSunaidy 30 Vdoundemusesnafiandunsalfinuiiiufl sne dva Sauda
UATAISTTUTIVALLAAMANITAAINAUNRY VBINTIMAIAUTUHU-YINIA-UAETRUNITHAA
% (Intensity-duration-frequency curve) gniuldilumdiaudslunsiiasizin sty
yosWulusiany
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- Ui

P a a LY = S [ Aa £ o
msaydaadivsnnluanfusuiioswnainiiuludymitisvunildluais

[y

AusssuvAuSuUsEmansautaznanatiunuidendaylumilanlneluinagiiansan

a

= a a o A . . a a wa a &
ANudemeluainfuiiinegiui (Residual soil) LaglAinNISNURALUAIARULUURY

Y

(Muhammad, 2015) 8vznaguiilownnnsguriuvesdilulugnmsiiisduvesaiusaduii
waznsasyideiatiosninluainsiu

miAfennnglddnwieatunuduiusseuineandianuguiulueme

fiu (AP) uazdnunigngAnssumnasnugnninet nmsUsegndltinadaifeafiunisind
APl wagnsuuzina delay factor Iuajuﬁﬂﬁ'q 8 wvis Tuituil Achaia-Peloponessos 1198w
nziusenideunile Nikas et al. (2007) wuin anwandrlunisinativestinluguihdana
nsznudensiaatiduazaningAldidueeed Falamnunainnisiudsunlasesssd
é’mgwuLLa3QMﬂiwaﬁmaqejuﬁw Beschta (1990) l@uedaya input-output d115U nsEUIUNNT
$raesnsinadusiurenit (peakflow  simulation) TuwneiiAamgdulasldndnnisin
Usunasazauesiwutazadudssansnisanaesiildan hydrograph lududluriiaue
865-hectare UuiN1¥g1318 Chao et al. (2012) Anwnansznuvesnsiouamisdnesd
dAglunuuitaoinananiwarans (The hydraulic hysteresis model) swluiansdu
NuveluRUBNEY (The saturated hydraulic conductivity), AdauUsAsiiluaunsEy
Sondnwalvesiuiiliduiadetues van Genuchten Uuns AT IEnsTusuvetluan
fu Tngdudsiiddiaaluiuuiasssammisvamans fe Aeuduveunalingin
wilaszaud198s (the hydraulic head) Chiu et al. (2012) w@usldnguiauiiaziduwuy
\we (Bayesian framework) wieldlunisussiduilsiduamudlunisnszatesh (the updated
probability density function) vesrnalaiutueulufulsvendusnndnualiveanuilidus
seiiieldlumsinsshadosnmlnedenldaunisues van Genuchten fin1sanaiai
3 9iln A sand, loamy sand wag sandy loam MNNITIATILANUIN fitting parameters Tu
fudsveadusnndnuaivesiuuarnisidasunlasiaifonudmliuieusonisiinsed
adiesamvieg



Tuund 2 gudnwidesanudilalunisussynaldanuiiugiunisysedivanuliiivesdn

wUsTAEIT09AUNTIATIEMARE TAINYDIAIAAUSTINYIA IneITlATIuTINNg Ui
WNEITDIIUNIANITIIMUALAZNITNUNIUITIUNTTU Al

2.1 ASUANINUN 81N Fva 9UIN UATAISIINIIY (Study site)

deninana favda unsedsssune deogneneldvesssmalneduiuiidssoninia
mmﬁuaa’mqqLﬁawﬁﬂié’%’uﬁw%wamﬂwwqmﬂﬂaﬁﬂ%mmﬁmumﬁw\'a% 2,500 919 4,000
fladwns fansananaiiduazasluseu 30 TJvesnsiingy @ w.a. 2529-2559) Feiuiid
weinanaunaunsng 2 Adadeiu adwsnluidousuanay wa. 2530 Tnedausuna
drluseieuads 11nnin 1,600 fadwns diunded 2 Aetuludeuiiuiny we. 2554 Tag
fanUSinadusedouads Usvana 1,600 faawns $1989a1nns A uny-
%2919a7-kag 59U 30 ?Jﬂ’lﬁl,ﬁﬂ“lgig”l ASUYAUTENIU W.A. 2554 (Thailand Royal lIrrigation
Department, 2011) Tnevhlusuluusnndnagnnvinluraieu naARIsuIIAY éﬁ’qgﬂﬁ
2.1 FeilUSunaniWuazamnda 50% WisufuuSinanduaraunasased Usunanidueds
30 Youndslusiou ngeRnieulszana 600 fadwnsluvariiiouiiuvauiusunainy
wae 30 Udoundsuszanas 100 fadiuns unluiousiuing w.a. 2554 Wanisaauvesiulae
ﬁﬁwwqﬂumﬂwﬁﬂLﬁmsﬁuasmﬂmqg]maimaﬁﬂ%mmﬁmuasamaﬁa Uszuad 1,500 Hadiues
wardandrienugutulunafuings (Ganauazeme, 2556) Wity 388 Sadiuns Tasiu
Mndriauguiulumafusssued 190 SadwnsainiinarauasdiuinTuaniisud
unumadgiviledeinnugudulunafuisiusesanaiosnmluanfuanas
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oMl acn!l s Ml anwnafinnl I
N W
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o = Q

gﬂﬁ 2.1 Monthly rainfalls (30-year return period between 1987-2016) at Khao Luang,

Nakhon Si Thammarat province, Thailand



& - = o ' = Y y i = =
wenaniuudiionuviandemsnesuuwwnie-lavemelaianziagnilne (GUa 2.2)
& A a = - o 3
#uAsauAguUIEANM 600 MINRLALIATUATEaRNTIAINEurTasEAuNMELa 1,835 LUng
Fuduwwniionugaiaalunialduazaindnvugnigiivssmeasiiuiniioniuinaisiu
angnatr NV Rangaianaiunr TusanLATAL TUAN GNYMENIETIINGT WU
andulaedlngasduiiudai vesya 951a8a3wiTe (Igneous rocks of the Jurassic-
cretaceous Age) lngaziinnisynsausazulsan wlumunmananduiuunsts §198szuy
asaunAnieans (GIS) MNAREITedeivineessuyfniala (Nadrec) uazn15d1Iaiug

N = % I a A a
nsdiAnwlag SynauazAne (2556) NUIFAUEAINED 34 ATLAYALAIALEYY 26 B3N

STTO00 584000 E31000 E2B000
ke

QRSO

'"I';. Naf'_nnST'_l'ﬁalﬁmarat i
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non blende granite and pegmatie dike

QT000N
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gﬂﬁ 2.2 Study site and its geological depositions

Synanazauy (2556) ATIERIUINNIATIN (Grain size distribution) Flgunannisiiu
Fethapuivun 4 suvs 1dun sumdsuy T (Top), MLRUINA19FUL M; (Medium,
Upper), Minuanansgaeans M, (Medium, Lower) way @Liuias B (Bottom) é’fagﬂﬁ 2.3
wuduAazdLruadidnvaznisrasfuresiafutas e miiunna1etuiilosu1annnig
Wasuwlasmessanven Wenatrhulvainfiuwnsinazdosaatsuazivasunlasaninly
Jufumdeavunsie (Sil) waz Aunsie (Sand) Inedsgdumunisuugndavuanmngdu
AulszLan Poorly graded sand- silty sand (SP-SM) amgl@szuun1sanuunfu (Unified soil



classification system (USCS)) uaz@iusunisaragniavuanamvyiduiiungu (Decomposite

rock)
Grain size distribution
120.00
Position T
100.00 == V. osition
i "‘\"\ %
» \\ b / Position M,
. LIS
80.00 T 1 LY | |
’ \ \\‘/
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1] £y
& NI I,
BN . N / F S Position B
40.00 \ N LY
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gﬂﬁ 2.3 Grain size distribution curves of the soil at various positions on the slip
Surface (After modified SunawazAng, 2556)

2.2 npensaassianesninluaindu (Slope Stability Analysis Theories)

Inquszasdvesmsinsgiaiosnwluaiaiu Ao nmsUsuifiunudeduaindu lidiay
W annfusssueni, amsuny, AAAUYA, Fou 1Wudu lutlagtidenslavinisiiauinis
Anzmatesnmsensenndenseldindosdinan (manual calculations) udunis
Uszendldanudiiugu ileliiinnesishndiutaonss dadu Finite element methods,
Probabilistic slope stability analysis u@u I@EJﬁ‘ﬁﬁmanﬂﬂiﬂiyl,ﬁummhéfﬂuﬁaLuJTﬁ
LﬂmsuaaﬂuLaaamﬂwiua'mmuﬁisuﬂmmvmammwmwumumqmumqwgmiams’]vﬁi@a
malmmwmwgmaﬁuamawmmmamummmmmwmlmaLLmaaﬂLUumma il



2.21 AsAmszaddesawluaindunuunaiy  (Conventional Slope  Stability
Analysis)

TagmsiesigianesnmluaIatuluuaumn - J99137n015A15HATIEREDNTAIN WU
Deterministic analysis F9AuIUnIAT 9ns1d@ruUaeniy (Factor of safety) lagiansadn
AUNATBITIAY (Resisting force) fiausenan (Driving force) AvauN1T 2.1

Fo = 2 Resisting moments

= (2.1)
> Overturning moments

IneAsmsinseilaeyiluazyinisiusdiuesananusonJuduuisglunuinussgosnia i
AnTuLllevin1sklanIafurslukuITIUlaZREIAEg NN TN AU alasTuagiunI g

Uszgnaldvaricnsusiazau aanusnglugui 2.4

&L. Constant Variable

) "¢ Ei

Z; ; T~ Koo J, Xis1

i+l E;
‘m Z i+1 ‘%{1\ Q
XT X
Ordinary Bishop’s Spencer’s
method of slices  simplified method method Morgenstern and

Price method

gﬂﬂ 2.4 Differences in assumptions regarding side forces in methods of slope

oz, Z = LmLaauu%mmgméum%umaau (mobilized shear forces at base of slice),
X, X = wasluuuifsuestuinafiu (vertical side force), £, E i+1 = usdluuuisuves
Fusnafu (horizontal side force) Fnnwiaugausssdndeussiulagussiinisiansan
Tughulygjiuife uss X wag E U7 2.5 uanaiainisdiui sasdmvaondelasiionsan
aunaiieliinesenuiiila



yes

i
! on \ !
i

Divide the mass above an assumed
slip surface into vertical slices.

N

%

Determine the forces acting on a
typical slice.

I

Use the following definition of the
factor of safety
5 _ shear strength of soil

F=-=
7 ghear stress required for equilibrium

no

v

Finish

Find minimum F.S.

g‘lﬁ‘l‘ 2.5 Forces acting on a typical slice



Junanaed imsinngiaiesnmiaglfaugavoausignimuntulagimnsaisay
Fafuandlilumaedt 2.1 lufidnsiesesiluaniazauga (Limit equilibium  methods)
JuAsaflaadnvuzivngauigadvivimnsideassdisuifisumanatuisnmsiasey
Su"‘] (Duncan, 1996) LWimﬁa@mumﬁNﬁ 2.1 9iiudn Forces Equilibrium Methods
(e.g. Lowe and Karafiath 1960; U.S.Army Corps of Engineers, 1970) mmmﬁ’ﬂ@fﬁunﬂ
EULLUU%aQﬂWSWﬁaﬁLﬁﬂ‘ﬁiﬂUizUﬂU (Slip  Surface) wag ATEUARNNINTUIANAATVDILTY
(Force) funnsgvinrioainiu siaussluuuisu (Horizontal) wagusduuafa (Vertical) d1u3s
SuAtdentoidounnsaiueenly wu Ordinary Method of Slices (Fellenius,1927) a1l
gmsivAuuulAawesszutu warlinseunqunisinnsanaunaduesuss (Force) 4ol
d1Afyn3a  Bishop’s Modified Method (Bishop, 1955) fazlidnsaungunisiiansanauna
v93us3luLUITIU (Horizontal) wagldldamznsitauuulfwesszuiy diisindent
Bsfgaennuazdudeuiuludladsuivitmslinnegiaaiuluannzaugad
Tngnsiasgiluannizaunad (Limit  equilibrium  methods) Wuisnsiidesiiase
iefpsnmlngorfovannisannadvesusiingg funnsevidesnafieguiownfitinisfiuia
vosaRuazaunadiity ussiidulianfudeuloa (dun dhainvesnafiu) avdedian
wihduussinuumsideuloa  (eun Afidadeu (Shear Strength) vosulany wazves
WAt Ardndruvesusiiudenssiumadeload Fond1 “Shndiuresanuuasnde”
(Factor of Safety ) &1en F.S. fiddesnin 1.0 Sedrampuiulsiadesamn
uaﬂmﬂﬁu’usluﬁm;ﬁ’uﬁié’ﬁ Computer  Softwares #14 9 917y PCSLOPE, GSLOPE,
STABL Geostudio tugiu 1ntrelinsiinsgsiasanuazsindivy

Duncan (1996) tauen1sinsiemadesnnwluainfulaeiiansan usesiuin (Pore water
pressure) Wsstdaulusianu (The shear strength of soil) n1el@Reuly undrained shear

strength, S, (or ¢, = 0) LLazlﬁgﬂa%malﬂuaumiﬁ 2.2
T=ct( op-u ) tan ¢' (2.2)

lag ¢ = AussBautlenuse@nsua (effective cohesion of soil), G, = AMMLAY (normal

stress), u = pore water pressure Lag (I) = V’immawjﬂlﬁammumﬂu (effective friction

angle of soil)



3197 2.1 Characteristics of slope stability analysis (Duncan and wright, 1996)

Method

Characteristics

Equation

Bishop’s modified
method (Bishop,

1955)

-Only for circular slip
surfaces

-Satisfies moment
equilibrium

-Satisfies vertical force

equilibrium

-Does not satisfy horizonta

force equilibrium

F=

Wh

|

RZ(c'lcosa +(W —-Ucosa + Ncos —Msinﬂ)tan¢')/M
> (WRsina + Wy, +Nay — Mayy )

ere y,, Oly and ay, are appropriate

moment arms and Mg is given
tang't
by M o =cosa(l+m)
/N
Morgenstern and S s
= i F
orices’s method Any shape of slip surfaces i)
(Morgenstem and | Satisfies all conditions . Z
Price, 1965) ;7\ w =
of equilibrium Ju
tan . tan(ct — &,
- Permits side force COS(O!-&)(HW)
N . ZR=2L -9
orientations to be variencs cos(@ — Sg)(1 + AP tan@ = OR)
F

Wh

ere Q is the resultant of the inter-slice

forces

0 is replaced by

Z is horizontal side force




Spencer’s method
(Spencer, 1967)

- Any shape of slip

surfaces
- Satisfies all condition
of equilibrium

- Permits side force

location to be varied

Q: F

e

c'l tang'

+

(Wcosa—-U)—Wsina

tan ¢' tan(a — 6)

cos(a—6B)(1+ )

Forces equilibrium
methods (e.g.
Lowe and kara
fiath1960; U.S.
army corps of

engineers, 1995)

- Any shape of slip

surfaces

- Do not satisfy moment

equilibrium
- Satisfies both horizon

tal and vertical force

equilibrium

F=5_
T

Note: S

on

shear strength of soil

shear stress required for equilibrium

=c+ O, tan (I) G, = normal stress

base of slice

Ordinary Method
of Slices
(Fellenius,1927)

- Satisfies moment

equilibrium
- Does not satisfy hori
zontal or vertical force

equilibrium

Note: w, =

FS - CAby, + wy, cosay, tan g

wy, sinay,

Slice weight, b, = length of soil

mass divided QL ,, = Slope angle, (I) =

Friction

angle
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ogalsfny aunsit 2.2 Wuaunisildlgfansandeuluiofuauiilisuised (only to
fully saturated soils) dmsunsiaswmatosanluaeiulnefinnsanauilddusasei
IngUszendld The Mohr-coulomb failure criterion (Fredlund and vanapalli, 2002)
dqums fal

7= (0n — Uy) tan ¢+ (uy-u) tang’ (2.3)

b U a d‘ = ’Oj a
1ng U, = pore air pressure, (I) = F"I’]i!lIGEJ’ENLLNLﬁEJﬂV]’]TJﬂ’WEJGLULu%NlI’H]’WﬂLLN@QTE]\‘]‘LHIUG]‘L!
(friction angle of the soil with respect to changes in (u, —u) when (o, —uy ) is held
constant), (ug —u) = ﬁhLL'N@ﬂﬁﬂumaau (the matric suction) (Fredlund and rahardjo,
1993)

ag13lsAmunnItnsiinsiematosnmlagldaugavasussaziidenulunismdnsidiu
Uaeaduwmilounu Ao 1WSsuiisuusaounioniasnigluuiadu (The shear strength) sio
WSIN1EUBN (Duncan, 1996). lagazdssanu@al @2ulaslunisng (A slip surface) Aouazyin
N3 UsIRdnsauseiulagAidnslunitafuazgnaudlvidalnuaiusalunis
sesfuussnsuanlifanuanaondiulfenisisludesfunarauuilaiaiuludiausnd
Laﬁaimwmﬂﬁ?umé’mwei'mﬂaamﬁa%ﬁaaﬂamaammmnﬁwﬁumaameauaﬂ (The shear
stress) Tnwauldslumsiiensandudiulfwmdelidudnlfilduaodesiuazgna
Judulag

TuiBnsieneiaiosnmuuudafualfidusuuslu Input data agwuilfinandeya
nauLdn datu Jeyadildnnsfiutoyanazinmaaeumsugiinamansuslsifingmilsis
HymiFosauibiviveuluafiosnmvesanfuisenassglvimdndrulaonfefigaiuly
Walinnsinszvnadnsiianatn (Duncan, 1996) FereaUszgndldausifunaziu
iy evidielildmaadwsilndiAsstunndussuazineuUaonsiogsgn

2.2.2 33n15AT1TMEDYSNINALITLYIRLaY Numerical method

lumsiiesgiatesnmegideiavidglidesihmsauuAsuuuudiulaaidaluainsu
uazHan T TziaiesnnegldguuuudmlERTRT AR T IusTINTIR (Wyllie and
mah, 2004) Iu%wﬁ'ﬁ%mﬁLﬂiﬂzﬁmﬁmmwimUi%jau@asuaqLLN%WLM@'wé’mwdauﬂaa@ﬁa
TnglififeyalniiufuudinsgiinisguuuumaiadoudmiesiuuudmldaiiRfiAntuess
Jsanunsaagdliinmsiessiaiiosnmiieisidsiiavezaunsalinadnéiivendeya
RenfumsfidiluaaiuldazdoaniiBuuudaindwadnsaduasnsduasndellaly
Anadnsilndifssuananduaiuasiinanulasnsogegn ud  Numerical method
mmma'ﬁmagﬂLmua'auiﬁqﬂﬁ’@ﬁLﬁmﬁﬁm%qmmﬁmﬁ (Itasca consulting group, 2005)
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ne3S3eiavuuaiu 38deaqlaon 2 35 laun finite element method uag random
finite element method

2.2.2.1 33n15AT1MENYTNINAEIS Finite element method (FEM)

2 ad a ) ) ¥ o a ’~ ¢ A v 2 v ~
Judsnsignitauiuazyssgndldiuimiesneuiiamesiiosaindesnuteyantdluns
ANUINTIUIUABUY NN TA8TTAIUI AINULAY NISLARDURIVDIANNAULAZLTIAULT 1
S duAtouog 1IN NaNgLNUNISN1TIATITRRUUALAY (Duncan, 1996, Griffiths and
lane, 1999). #3505 FEM 9193zdbaululunisamuiatudaunasldiaimuisuiun It
Tofnfe agldmnounitndifssnnuduaiwinndt filsuaznanianuidenneidesiu
ax a ¢ = Y  aa . . o &
AFN15ATEMERYTAING8IT Finite element method fasabudl

Potts, 2003 fiansaniywifeafunsinengfnssuvesandudn (deep pile) #ae35 FEM
Tnpauudlifusouanfuidnvazuivliiinuguiuronindwnfvadouasfuild
ngAnssumsszureiilaeiien dilation angle, V = 0° uay v = ¢ = 25° Fagui 2.6 N3
Jaszilaeiun Vv = 0° 9gaunsavinungal ksanseyingsdn (an ultimate load) Tui
enduaiAnmaiedeusaly 2 was dwsumsindeusiluaidudiuduasindousaluaud
0.09 L3 (9% ﬁuawmmaummuaﬂamamu) sgiiulsinasiAnnsiedeusngeanuiim
QnusInIzIgean fAire Aranduviity mATeiuandiiuidelivieumensdon
2835 FEM wW3suLisufuisnslinsesiuuunaiy (conventional method) insneasnse
viunengRnssunsiadeusiveaduanly

10000

‘ Soil: ¢" = v = 257 | Soil: ¢ = 25% v=10"

8000 |

E000

4000

Vartical force: kN

2000

,.—-l"._' R Base
D o : 1 1 1 1 1 1 1 1
0 0-005 0-01 0015 0-02 0 003 0-06
Displacement: m Displacement: m
(a) (b)

'gﬂﬁ 2.6 Behaviour of a pile in drained soil a) soil with V = ¢ b) soil with V = 0°
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Hammah et al (2005) W3gUBUNITIATIEMLAREININAIYAUAAVDIUTINANA D TIA1UKAY
33 SSR (Shear strength reduction) FufumafinnisAuinainds finite element
technique AUNITIATIZRAINAU 30 N3l lneauuRaAl a dilation angle = 0 lunsel the
elastic-perfectly plastic WU1135 SSR (Shear strength reduction) 3tAS1z9ALARNIINTS
Aasziaiesnmmeaunavesindndeusunssluaiiowisnsiessiiadesnn
é’wau@amaqLLiamé’ﬂdaLLiqﬁﬂusgﬁwma6]ﬂ%qauﬂszﬂ"ammaulﬁmmiq@ﬁaLaﬁaim‘w

Kulhawy uwaz duncan (1972) Waunisn15IlAsIzAanesnmaIeds Finite element
method fudeufuay  (Embank fill) ﬁgﬂamﬁiﬁﬂmwuwﬁﬂ (Rigid and hyperbolic
mode) WuIMIAaTzidnuuzmnadoulalidnuarlndifssiunrmiduaieididei
nsFunAkaENUINAE FEM  @nansaviune fufinisivaiiieidestuuseiald (Tension

zones agreed closely with visible tension cracks)

2.2.2.1.1 BN5IATITALENITAINAYAT Shear Strength Reduction Technique

Wumafian1sA1uauands finite element analysis lnglun1siasigiafiosnmassainfu
NUIAWIUIINTAINTNAIMINY (ALY Griffiths and lane, 1999, Hammah et al, 2005,
Yuan-liang chang and Tien-kuen huang, 2005 and IndraNoerHamdhan and Helmut,
2011) wdnmslunsias1esi e M3ree9andl ¢ uay tand AunszTaIatuinnsgy.de

wdesnmlulsunsy FEM lasanfiieadestiuanuudussesiu laud o waz ¢, gnuandli
Tuaunis 2.4 wag 2.5

cr = FCS (2.4)

a1 (DO (2.5)
¢, = tan (F.S.)

Yuan-liang chang uag Tien-kuen huang (2005) Uszgndlyn1sitasiemaiesnnmeds
SSR (Shear strength reduction) WieldAu3nafiuiinsivaluasdulasudsituiianniu
aamﬂugﬂ%m?au%’eﬁﬂu elastic-plastic soil 135 the Drucker-prager nonlinear stress-
strain relationship w2 a non-associated flow rule WUINNTTATIERENYAENSIAGOUT
AT (the potential slip surface) vosanniufilafidnuarlndifsstuauduass

Li ji xiang et al (2009) ﬂiz&gﬂﬁ%’mﬁLﬂswzﬁl,a?mmwmaqa’maumsfléfﬂ']slﬁmﬁwé’u
\ieaunanelunndie3s SSR (Shear strength reduction) Wiemadnuaznsisiluainiu,
useuth war Smsrdudande nadnsnuinmsidsuulawesidnsidiutasnseiinan
MnnmaAsuulaseuiduvesincu uasiiansgapdeiadosninlugag 40 Faludlaglally
AnTuneuiidunnegraiuiiiulauddeddnardimidnitesiamsivilaenadlétay
auLmamaﬁ’umim?{auﬁLLammﬁLﬁmﬁﬁuﬁwﬂﬂmsLﬁU%angamﬂamm
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indraNoerHamdhan wag Helmut (2011) Anwwansznuiitaannaasiiniseenliingusiiu
(the effects hydraulic conductivity) LazAdas M ssusivesinlumlafududu (nitial
degree of saturation of soil) luAITILATIZAENYIAINUDIAINAULATAIUIUOATIEIY
Uasasenieldnsiiniiswidewnandunndieds the shear strength  reduction
technique WUIINTIATIERENBLNITIARouTiiNRTAveanRufldlidnuarlndiRssiu
Auduas

2.2.2.2 A5n15AT1LMEDESNINA287S The Random Finite Element Method (RFEM)

3B RFEM dmsulinssiiafiosnimluandufosiideteyadiliannninauiuuaznns
Uszgndlimstiemeiuuudaimndunsutunszfenioadesfurdeyanisadifvesen
anuudsusdlumiafulidnazifudn 1ode (mean)  Andoauuningigiu (standard
deviation) uazALamzfii3und spatial correlation length Fsauususiumatiaziuog
fuaruusnsslusssuAvostuiu

Fenton and griffiths (2008) W3y uLisu 35015 finite element method AU random finite
element method lumsiiasgiiadosnmluaindu Guil 2.7) nenadwsildazgnedute

L‘flugULL‘UU mean (L,), standard deviation (V,) Wag the spatial correlation length 911

A1 undrained shear strength

Input parameters

bu="0, Vsat

ey 96, P,

(TTTITOTITITTTTT I T T T T T T TTTTTTTTTT7T7T]

gﬂﬁ 2.7 Cohesive test slope problem (Fenton and griffith, 2008)

wadnsasluguil 2.8 wansliifiufanguiudsifen the single random variable &
nangluilungueadiney aruur9zdulun1sidi (Probability of failure, Py lnaden
standard deviation = V. awuinen spatial correlation length flawudnfaysionislsh
Y94A12W U UlUNTATR dusuiiasziatssnmluaindu
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E‘Uﬁ 2.8 Comparison of the probabilities of failure predicted by RFEM and by Finite

element the mean is fixed at . = 0.25 (Fenton and griffith, 2008)

Jumpol (2013) AnwA8vEnaves AUNTY (porosity) wazvuIAteIdIslulafAuLileLAe?

(void

size)

TRENUINNITIASIENAIBAT RFEM

LadN1INILIBAILUYU Monte-Carlo

simulations zuaAlaAAYBIAIAITUNTY (porosity)  Uazau1neddnsluiafu (void size)

munIdeimue daansliluguit 2.9

n=03,8=3 o=0.5,4

n=0.1,8=3

=13 8= 50

= .1,8 =50

=3 n=07,6=3

a=05 f=

Lowd

=0 =07 4 =50

Hightd

gﬂﬁ 2.9 Typical simulations in 2D models showing the generation of voids at low and

high spatial correlation lengths with different porosities. Dark and light regions

indicate voids and solid material respectively (Jumpol, 2013)
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2.3 anuliuuauluanaudfivasiu (Uncertainty of Soil Properties)

Tunsineiatosnmresanfuuuusaiuayiaansarseunaudstiom
anulsiuueulusuuslduazariiliotaazlailndidssnudussaaslivilfAnn iy
Uaensiegedn ( E-Ramly et al, 2002) wwnuipuiildiduiudeenduianiliamuise
niuiselunmautingludeiulfosnsdnauiafuaiveyiliAnnuwsusnudonny
LiwdueuluanauiRvesiunazardmaliiidninadenadnslumsinmeianiudaiuiens
yharudlaeafuanuliviveuluguauifivesiusasmmaudtyviiornugndesves
HATNSYRISR TdIuUaonsie

2.3.1 anunvasnuliviuau (Sources of Uncertainty)

aulduiueulunuaniRvesiugnuusesnidu 2 diu (Christian et al 1994, Lacasse and
Nadim 1996, Phoon and Kulhawy 1994) lgiin

- arnilaiuiueunusTTINR (Inherent uncertainty): fuUsildannsanuguldinge
Annanmeanudussanusssuminelianzwindey

- ANUAANAIAINTLUU (Systematic Error): LARNANUEANAIALLATTIA NMTNAGdDU
insesilaildmaasuniauuudiass (Model) Tumsmandnuazisquesiu was doyailin
9nmsTuTmdeya (collection) aghsliifissweviliAnaulsivueuduld uinauil
wiusuiAnanAmRsnaInegaduszuvannsanuauazaaveulitiosatld (Lacasse
and Nadim,1996)
Christian et al (1992) dausnauliutuevlunnaudivesiuiomundu 2 wuu Aeanalsl
LL‘Li‘L!E]‘Ll‘ﬁLﬁﬂﬁﬂﬂﬂ’]iﬂi%ﬁ]’]ﬂ%@ﬁ‘ﬁ@ﬂua (Data Scatter) FaUszneulusemANLLUTUTILUUY
Spatial  Variation Wag AINLAANAIAIINNITNAGOULUUFY dIuAIANRANAIATLARDIN
S%UU (Systematic error) Usznaulume anuRanatnvnsadfvesaiadouas Anuldudes
(Bias) 91n38M153M Flaguit 2.10

Uncertainty in Soil
Properties

|
v .

Data scatter Systematic Error

4

- v Y
Real Spatial Random Testing Statistical Error in Bias in Measurement
Variation Error the Mean Procedures

gﬂﬁ 2.10 Uncertainty in Soil Properties (Christian et al., 1994)



18

2.3.2 Quantifying Uncertainty in Soil Properties

Degroot (1996) @131 Imnsanunsausuleyaiievslaliifinanuranainlagazses
Usuugalildrussanauningn (@ best estimate) uaz AMIvIVENAIAINLNRUNUYDY

' ' £%
aaa =

AUTENNUTNANEAT (@ measure of uncertainty in the best estimate) IngA1@0IAAINET

q
'
J a

lumsadifnfoaade (Mean, 1,) waz Andesuuansgiu (Standard — deviation, o)
AIUFIAU

1 4 ¥

/ N < (Y aady vo ! b4 -

- AuAdY (Mean, p,) ; duiadanlddaruwiliugaudnarsvestoyannszaisuuy
UnAwindu nanfie Teyanealljunsivessuiuuteyaiifeudaninnsseu il Ag
Judwuuifiveaden (Unimodal  Pattern) waziludeyaisausinainussyinsidl

AL UYL UUAIN

Xi (2.6)
1

Hx=

I ™Mz

1
N

- AndeauunInsgid(Standard deviation, o ) ; \UUsINTIAWDIAIAIULUTUTIUTS

I3 | A Y ~ v a
LUU@WWIGU@HNWU?TJ']QJLUHQLUU%@QU?S%"Iﬂﬂ,ﬂﬂ‘V}a@

9

1 N 2
oy, =S=_|— Y(Xj-o0x) (2.7
N-Tio
- AuUTEANSUIAINRUUYT (Coefficient of Variation,COV) ; ANSNAITUNEREIUAD

wihgresrfiasaziluiiorinisseuiisumnudeavuvesdeyanus 2 gatull

cov = 2% (2.8)
Hx

Phoon et al. (1995) ¥N1357U50 M0y adnSUN15UNIATI8YTEn e s inasninase
auasdulupnufithivesfiunusssuriinud Amnadanmuizauiuauaudhvesiu
MINTTTUVIRABAIATILEAIIUATIN 2
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ANSNT 2.2 Summary of Inherent Variability of Strength Properties (Phoon et al,,
1999)

No. of | No. of tests per
data group Property Value Property COV (%)
Property v Soil Type groups | Range Mean | Range Mean | Range Mean
8, (UC) (kN/m’) | Fine Grained | 38 | 2538 |101 |6412 100 | 6-56 33
S, (UU) (kN/m’) | Clay. Silt 13 | 14-82 |33 15-363 | 276 | 11-49 22
S, (CIUC)
(KN/m”) Clay 10 |12-86 |47 130-713 | 405 | 18-42 32
b*
S, (kN/m’) Clay 42 | 24-124 | 48 8-638 112 6-80 32
d (°) Sand 7 | 29-136 | 62 | 35-41 376 | 5-11 9
¢ (°) Clay. Silt 12 |5-51 16 |9-33 153 | 10-50 21
¢ (°) Clay. Silt 9 |- - 17-41 333 | 4-12 9
0.24-
tan ¢ (TC) Clay. Silt a |- - 0.69 0509 | 646 | 20
tan ¢ (DY) Clay. Silt N E i i 0.615| 646 | 23
0.65-
b*
tan ¢ Sand 13 6111 a5 o9z 0.744 | 5-14 9

*° S, = Undrained Shear Strength , (1) = Effective Stress Friction Angle , DS. = Direct
Shear Test, TC. =Triaxial Compression Test,UC. = Unconfined Compression Test, UU.
= Uncon solidated, Undrained Triaxial Compression Test , CIUC. = Consolidated
Isotropic, Undrained  Triaxial Compression Test, * Laboratory Test Type not
Reported.
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2.3.3 nafdnIvasnunlidufinieun (Unsaturated Soil Mechanics)

narmansvesfunlidudimednduauiiugiuvedimssamaiadiold@nwinisinsen
@igsnmvesAuniegniloseAuin (Water table) imsizAuuinamudiliiinudusalume
ummuadslinginssuniraulaninisvihnsfinwiielnsigvianuaenisaydeiaiesnm

2.3.3.1 ngAnssuvanuiilaidusadae1n Characteristic of Unsaturated Soils

Tusssumamluvesaadusnesiansay deiadosnnludnuassiudesziudl (Water
table) pgfAn fu vausTHuANFsALTIIugeduszernandu ddumarmuluduiud
laiBusaseiuniesyauih (Water table) Fududvswalufudsiieadestumstinsgy
wefpsnmiidndgiideninnisinu Uil 2.11)  Aufivinufuiilisuidied:  (The
unsaturated zone) Iénaneidugmdeusiuseninairluduimilo water table (the water in
the atmosphere) furiludu water table 8vdnavesiudssuiieananamudnludy
1Ay (groundwater table) uagaumuoIRuUInaduAulsiBufdethazdueg fud
anmgionauTiiifu (the ground surface climate) FamIuUIUTuUsEIANYRIFUDE
Fufue muguturesivlumiaiiu (the average net moisture flux) U3y ey

15PN ULBINNRNUHY (Thornthwaite, 1948).

Transpiration

$88

I'recipitabion

2 > Infiltration
§ € ¢
boztr oy
Tension cracks /l \“"
. .\ :
=

Unsaluraled cone e

)
........... T ““\‘%r’ Wetting tront
R »
e i
t e

————
—

—— H‘b \\{ .
. Evapuoralion
Saturated zone et e T K A Slip surface .
- [ -
CESES §8¢

gﬂﬁ 2.11 Mechanism of rainfall-induced slope failure (after Rahardjo et al, 2007)
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Usnauituiimilesedunn (Water table) Aoiluusians vadose zone (Bouwer, 1978) &qy
wUstulumudnuaslassadamessdivaciiu Auseutin(The pore-water pressures)lutu
fuitlidusmeiestuegfuuinaihduiesnanidues defeduiifuasuluduiy
LLazﬁwLﬁaaﬁU@mauﬁ’amqsﬁamam%ﬁuaaau (the hydraulic properties of the soil) ALY
dhiinuuususldnansd dausien 0 9nndu water table Tuaudsruseiai fdondn a
maximum  tension (soil suction) gsgadeiAUszaal 1,000,000 kPa neldnasauliffy
wika (Croney et al, 1958) AndnsAudusluseilunanusifidosus 0-100%

2.3.3.2 WUUIRDIEINSUAUNbDNAI92811 (Constitutive Model to Handle

Unsaturated Soils)
Wunuudrassdmivedurenginssuniinadiansiazvamansvosianuilidudiniein
WeawnanlunisiesziatesnnluainfusssugAues1u3TeiisfeIn1snasnIIuds

dnwarnsgadsiadesnmluanfuilidudimedinig

a) MassunsaRoulunlafu (Shear Strength)
anwaznIsTukstRouluwiafiulaeasulengfinssunienasians 2219111910 Bishop’s
effective stress uag linear elastic, perfectly plastic Tuluud1aas Mohr-Coulomb Faduly

ANUAUNTITN 2.9

T, = c‘+(0 -u, )tan(/ﬁa +X(u, —u, )tang' (2.9)

Lﬁa Tf Ao the soil shear strength, ¢' Ao the effective cohesion, (I) Ao the
effective angle of friction, © Ao the total stress, uy fAa the pore air pressure, uy R
the pore water pressure(c—uy) AD the net stress WA (uy —uy ) AO the matric
suction.

TngAIANUAUYTEANSHE X @1unsaasuielansaunisn 2.10

_ oK
X = 6N (2.10)

e Oy A9 the normalised water content (which is equal to the degree of

saturation uag k o a fitting parameter.
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b) AmaNUANIIAUTaAIERT (Hydraulic Properties)

Tuiuiilddusmetisunaveshiiiuaduluainiu the flux of water infiltration) was
AaaudRvsvamanslutanuluiuusddydmsueiuiean pore-water pressures d115u
msfnnTiesgiiaiosnmluainfusssuni idndufesdnueiuditugudiu pore
pressures, shear strength parameters, Wi]aﬂ‘iﬁumis?fllﬁi’m%amjﬂumaamaﬂauﬁlﬁémﬁ’s

YU MANNIINABFUDHNANWAIUDIRUN DUFIN81N (Soil water characteristic curve), A

Y

Amamsaunsiviaduvesiluinaiu (Permeability function) azgneSuiely sl

- maninulusiadu (Soil Water Storage)

drudsznovveanadiu suldun synirveafiafiu (soil granular) UazYesiNg F990991
anansainsgniinmedvseoNavseiaikarenAadluldgnesuielivsauns 2.11

Ow =7S; (2.11)

e S, f® the degree of saturation
N #® porosity of soil

0w M9 volumetric water content of soil

Tuuiidusluseidosinludafuazgriiumsulufetiuazeinia a1 volumetric water
content Tufiuazdian wirdu Araunguludedu (S, is equal to 100% in a saturated
soil) 8e19lsAnu A1 volumetric water content %aﬂauﬁlﬂéuﬁﬁﬁ?ﬂﬁﬂ%zﬁuagﬁu A1
wssfuimsilsavniorusafsgauiludosineuosunaiu (the negative pressure or
suction) Bernadanansaidsuwlasiununaazauatesriisluiraiudsimniidu
lafdunuduiusseninesuimailumnefulazanindsunuadlunssfgaiily
ferinevennany fil

- AduIARANEAlVBIRUT RIduAIAIU (Soil-Water Characteristic Curve)

feldosunAiinavosihmurussisgailudesisesnafuiiudeuly Seuvaniay
%uagjﬁ’u volumetric water content (8y,) @z the degree of saturation (S,) ﬁhLLNﬁﬂQﬂﬁ’l
TugesinsazeSunedemuuansiieszminsomasazussiuiilumany AUNNTEN9Y 1By
Adusmndnuaiveshufiliduiageth gnosune fell
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A. Brooks and Corey (1964)

A
(‘PaJ _ 9-6r (2.12)
¥ 0g —0¢

Wa ¥ Ap soil matric suction, ¥4 Ao air entry suction, 0 Aa volumetric water
content, B WAy 0, WAAIDY the volumetric water contents at the saturated and

residual conditions respectively uag ), A9 a curve fitting parameter and is a constant

B. van Genuchten (1980)

A
(Ta] A B (213)
Y 0500 {14 (ap)?

e O Ao a function of maximum pore size m,n Ag constant parameter in van-

genuchten equation and m= 1—l
n

Note: parameters fwidiognesuieliluaunis (2.12)

C. Fredlund and Xing (1994)

P I (2.14)

n
In eJ{WJ
Va
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c) d@un15tAsUn (Water retention curve)

Wuaunsiuansauduiusiiouannginssunsiinturesiiluinanu wuii lngesuiels

INEUNI5VB9 van Genuchten (1980) Aail

19 0y, Ao the actual volumetric water content, 04 Wag 0, WAAIAS the volumetric
water contents at the saturated wag residual conditions respectively, S @@ the

matric suction, o, n W8z m @9 fitting parameters by using the statistical pore-size

1 2
distribution relationship m = 1—— @quanAsu191n Mualem (1976) by assuming 6, = 0
n

[

FILAAIAIFUNTT FI9T

1

1——
s oL | " (2.16)
1+ (aS)®

d) Arpnuansalunmsivaduvesdnlunianu (Hydraulic Conductivity Function)

wane aunsinsienuatnuausalumsivaduvesitlunafuieldesuisnginssuns
Furuveatuiaiu Al

A. Brooks and Corey Model

_ Y, Y'uS,
Sur

K

v

(2.17)

o 7w A9 unit weight of water, N A® porosity, S; A® degree of saturation, ufA®

2 _4Ts‘2

lPZ

viscosity, T AD tortuosity, T, D surface tension Way Y
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B. Wyllie and Gardner Model

K
Kp=—" (2.18)
Ks

o K, Ao relative hydraulic conductivity, K, A saturated hydraulic conductivity

C. van Genuchten-Mualen Model

_|a —(ap)" 1+ (ap))™)? (2.19)

1+ (ay)) 2

e oL,m,n AB van genuchten SWCC parameters

2.3.4 Seepage Analysis

Tunshinsgniadesanluaiaiu wginssunisduruvenilunaiuduiddyidesh
audile nsiiudlusnadusuidonnaniiluiinadenisiiutuves pore  water
pressure, AU groundwater, volumetric water content miLiJgEJuLLUaﬂu matric
suction %a%ua&iﬁ’ummﬁﬁaaﬂﬁfw%whu (hydraulic conductivity) Z9a1N15A15TUNIY
vostilusnaiu gnuansdsluauns 2.20 (Fredlund and Rahardjo, 1993; Thode and
Gitirana, 2012)

o an,

2, Tto O k. Tty 0 (2.20)
Myw™Yw ot = 8x( Kwx 8x)+8y(kwy 8y)+q

Lﬁa m,, A8 the slope of the soil water characteristic curve (SWCQ), V., Ao the unit
weight of water, h ¢ Ao the hydraulic or total head, t R elapsed time, Ky, oz Ky, 0]
hydraulic conduvtivity with respect to water as a function of matric suction, in x and

y directions respectively wag q fa the applied boundary flux.
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Celia and Bouloutas (1990) w@ueaun1sIUAITIATIZANGANTTUNSTUR UYL lULIARY
WUU 2 3R fail

B _0of_ o) of O (2.21)

2.3.5 aauantavasuseRaulusiafumineldasiunisiaszianesaiwluainiu (Shear
strength properties of soil and slope stability)

a1unsnesunei Inseas1enanan Mohr-Coulomb criteria MiUAguwladiiosanAnuauds
09AUNlUBUFMMEEY F9aSUnefIaNn1T 2.22 Taen i 2.12 85unedd the extended
Mohr-Coulomb wuu 3 46

Extaredad Mani-Coulomb
fadune anvelopa

Shear sorees, T

'gﬂﬁ 2.12 Extended Mohr-Coulomb envelope for unsaturated soil (Fredlund and
Rahardjo, 1993)

T =c+HGp, —uytan@+uy — uW)tan¢b (2.22)

1o 7 @B the shear strength of unsaturated soil, ¢' @g the effective cohesion of soil,
¢' @p the effective angle of internal friction, (on —tta) Ao the effective normal stress

e - b
on the plane of failure, (g —uy) A® matric suction on the plane of failure tan (I) AD

the angle of friction with reapect to matric suction in unsaturated soils.
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MNANNS 2.2 %Lﬁu’jflﬁgq&f';u:dﬁ?‘iLﬁm%’aqﬁ’ULm@mfﬂumaau (matric  suction) W@y
ANUAUUTEANSHE (the effective normal stress) ddullnansenusierusuauluuianu
uazissgauluanafuazuUsAnndufiuAn degree of saturation Wagen volume matric
water content tasanduduangunlunafisduvesdniluinafuuaznisanasesd
arudausdluinafuuasadnandulaontowaraziluganiadnfidstuluinafurilf
WS UAAA

gﬂﬁl 2.13 Free body diagram of slope

mﬂgﬂ'ﬁ' 213 lumsiasziiaiosnm Aussnelunazdauysiaafiiniulu failure
surface Awflnuddnysenisiiagyt Adndiutaensouasadaianuguiulumaiu
(The antecedent precipitation index, APl) §3aunisaildlunisAuimAdnsdiulasnss
Y84 bishop simplified method el

Zmi (c'bn +(W —ub)tan(pt-l-(ua —u, )tan(Pb)

2.23
Fs.=— @ 2.23)

Z(Wsina )

Lﬁa c A the effective cohesion, b, Ao the width of each slice,W Aa the weight of
each slice, u @ the water pressure at the base of each slice, (1) ° fia the effective

internal angle of internal friction, OL #A® slope angle with respect to degree of

saturation
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2.4  nsUszEiuaulA29891159A5 1R AUNURSSINYRA (Sensitivity Analysis)

Tunsiinngiiadssnmluaiafuieisieseiaunauswdndeussimuiiiond factor of
safety wuinigdnlalldihmsiansan anuliwiveulusuusezldsnsdiutasndodn
LlndiAeafueimnaduass (Banaki et al., 2013)

Zhai, Q. et al. (2016) AnwAgafunansznuves SWCC uaz K,, function Tuanfiunnsind
Bulkit Timah 7 Singapore “uAdemuitradnsannsnsiewlag upper limit of SWCC &
waogmnaNdLlsilunuidasly (ainwater) wag SWCC finaoensunniun1sinse

a o

wdesnnluaaiusssurisuiiewnandunn suden (The wetting front) Tuanafuil
Aims1eflag upper imit of SWCC 2siidnsnisdururestinlumianudnnit amauiiish
w3l (best fitted) Tuanmiuiiiasizilag lower limit of SWCC

TunsinsanaauliudueulusudssuiionnanmsinsshaiosnmlnoUasunlas
mﬁé’aé’f’sLLUiLﬁaﬁﬂmﬁawqﬁﬂﬁmmqﬂﬁlﬁ@ﬁﬁu o ﬁumsﬁmmﬁmﬁmmsqmﬁaLaﬁasmwmi
Usziiuanulifvesmsingainnuivisssumnsadaidumaialunisuseiiuanuli
waznansynuludulsniefinnsanidulslefinasenisiasunlaswesmsnsdiulasn sy

EN

maﬁq@
Asfensanarmdhisuiewnannisisshiaiosamaissulusmuised Wuns
farsandernulfvesulsiietestunsiinseiadosnmuesatnauilddusalusae
11 Tneruuaen Soil water characteristic curve equation Way permeability parameters
dvsuatnpunsdlinuil 0.3 2.unsATsI5u1Y TnelUasuntaan aruduey (rainfall
intensity) waz AmanuamBesluaindu(f), Aanunuiluaindu (t), vlevesdy, mie
dinvesiu ), AuLsBamdeUszansaa (), v-w'ﬂﬂ,gmadl,l,m?wmmumﬂu (@), ﬂ'mmaq
wsadoamuneludonnanussiwesiiuiu (@) Ingldlusunsa SEEP/W way SLOPE/W
Tunsemuwia dnsidrutasnsiy

2.5  Stochastic Approach to Slope Stability Analysis

mMiesiatssnnuesaiaiulaenunineeiu fo myllszilasfinnsanedoyaild
W input data Teelfifunduandaudsnsefidefiesuisldmoameaiatsisnmsiinses
anudululdfezinnsfitivesainiulaeuszgndldfuauimasuai deaunsasile
a8 WU First Order Second Moment Method, Point Estimate Method, Monte
Carlo Simulation #saziimeandeawedany farelud
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Consider parameters on slope model
(Da Ha B, Sua YRV, HRV)

Note: RV is random variable parameter wisp ’
N is iteration of determine f's. in '
monte carlo simulation

v Soil
Parameters

Define random variable
\ parameter

i

Analyze slope stability

and Determination of F.S. \

FS. <1 pyg ES.

Compute probability of Failure
_N(F.s.<D
Ntotal

P

g‘lﬁ‘l‘ 2.14 Flow chart of probabilistic slope stability analysis

2.5.1 First Order Second Moment Method (FOSM)

Junstiesginnuudsusinvemsfimesiuilaves Method of Moment Aldinauusn
909 Taylor’s Series Approximation Tun1suszanauen F.S. anne1Useunaesiaulsid
AT saun1sf 224 Toe g(x,) fe Heilidnnadsndnaniasnds uas e Ao
A1 Model Error uflanmmsiiilen = 0 (womdunsdivestymiuatiosam) Ay
wUsUsiuwesAl F.S. anaun1sii 2.26 Sdldannnisidsuannisi 2.25 Wansnsaldauld
1834 (Phoon and  Kulhawy, 1999) iflosannfididadouvesiu (5,) Wesriedidu
AfulsTiinuuUTUTIL LagmnandsauLnssIuYesa F.S. 9Inaun1si 2.27 ey
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SN¥aIZN1SNTLAEAIV09A1 F.S. warmanuthazidulunisidiannanuduldlaaen F.S.
<1

F.S.=g(x1,X2,X3,...Xp )+ (2.24)

oe
g(x,) Ao HeunldAwnardnyEwmBlaonsy

e f® A1 Model Error

A1 Mean uagAn standard deviation Wudeyaiilddmiuriuine the performance
function (Harr, 1987).

E[F.S.]=uf ~g(E[X1 ] E[X2]....E[Xy ]) (2.25)

e E[F.S.] A® the mean of the factor of safety

2
n|( oF n ool aF oF
V[Fs]= X VXill+22 ¥ —lcov[Xj,X; (2.26)
| ]i:1 (6XJ bl i=1j:1[[axi BXJ ki J]]
_ 2
V[F.S]=of ¢ (2.27)

dlo V[F.S] fiefn variance of the factor of safety, Cov[X;.X j| B A1 the covariance

between the random variables X; wag X;, n Ao the number of random variables.

78 FOSM method lunmsiiswiatssninluaianuazgnesuiglag Tang et al. (1976),
Christian et al. (1994), Duncan. (2000), Griffiths et al. (2002) TwadnsilsannnisAang
agladuAnisnszateivesdnsndiutasnis (the probability density function (PDF)) Ll
lifideyaiieatuguiuresnisnszneivessisdudaonds  #iuds  FOSM  method
wdenhnsauufsuiumnszanefvesdnndiulasniouazsuusiiiertosnouriins
IAsreiaue (Griffiths et al, 2002).



31

2.5.2 Point Estimate Method (PEM)

mMseseiatosnineaeds FOSM asmuneiuiladduiiuseneuludesulsiidesnin 2
i widdimuusinndniusgyilfaumsitsidulumsmsnsdinuaeadogennuasdudou
auAuly Rosenblueth (1975) liinaue3suszunamluuga ( Point Estimate Method )
%qﬁﬁﬁﬁﬁugmmmﬂﬁawi?ju (Random Variable) @u@ausn tawa A1na1s (Mean) , A1
ANULUTUTINYRaYa (Variance) kag AU (Skewness)

WivinAuilaludnuealzALAAIEARITENITINITLANKAIANNLUIELTU (A Probabilistic

Distribution) WagA1INT¥ANBVBIUTINNINTEYIN FVIN1TEnFAI819U9IA1U(RIgd Beam) il
w3sluuwIfs (Vertical Load) unsevin agui 2.15 a

f(x) @

- _._.|_.>S.*
A B
EX] —1
0 ©
|
|
!
! PG R HAN
A x| EX X, B
p ! <N

sUl 2.15  Beam with Vertical Load (After Harr, 1987)

Harr. (1987) WSsuifisusaiilalstu (Radius of Gyration) WWaAAINN1TNTLANYURINUN
NUNUITITNTAMUNENealoudvdude s uunInsgu(Standard  Deviation) WuLaq
9n3U7 2.15 b leauiluswnsgyinnaeiiussdns (Reaction) azvieundu Tuiill fe uss p.

[ ]

UNFUAUILAU X = X LAZLII p, AATUNAILALULAL X = X, ITEALTE p,Uazlsd p. 11

=

LR
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“ Two-point estimates ” ¥89AINITNTZALFHIVO WeAdu  f(x) Hauduiusussdinys
Aareluil

(2.28)
p—=1-p; (2.29)
X4 =pyx +0x ’p__ (2.30)
P+
X_ =y +0x P+ (2.31)
p—

[ ' ' [
= 1 A U ca a =

198 p. AD UINEWSTLAATUNAMAUILAY X = X_ VBIAI, p, AD  WIIANSTILAATUTAILLNLS

=) v
AU X = X, VNATY, a AD ANAINULU (Skewness)

Wsznaauuuyearlinadnsildanmasandudnisnizaiefvessnidiulasnds
dumsnszasuuusieiesmniuarauuiisgausinseyin(discrete point massesuarlngd
$¥ELMNINANAIBINMINTEEINTUAT LT8auuLMIgIu (located at plus or minus
one standard deviation) 9ausenszvidumiléannssamumsnszneses Shsdu
Uaendte agndlsfimuisnisduaniifesauufio ousnsesih uafissgaieindudiiuse
IuLmuﬁaaﬂﬁ;Wﬁuw (two moments of the performance function) ag7lALAANSIATIZY
wdsnmilgeennanniy dudmiumsieseiatosnmlasarnhasduisdenld3smns
PEM Tun1sA1uaes (Christian and Baecher, 1999)

2.5.3 Monte Carlo Simulation (MCS)

Huismsliesgiiefiosnmnisada ARnannsthawssngumnniinesiignidonunyiing
ST CRE I R AUTRIE AMERHE It & uldA1neveenulugUkuUYeINITNTEALAIMIIETA
(Probability D|str|but|on) %ulmmaawswLimaamiamﬂluwuwﬂeﬁﬂamimmmm Factor
of Safety mmmmma wazvanefivrlinisnszaneves .S, (Distribution of Factor of
Safety) a1ntudn P; ansadiuaalddinanduldled Fs. < 1 Fadunsudteymi
unneeInIsnsiesgiiaiissnmlneialy wagdnoufleanunasfuailingidueg s
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nausudsfisndentunnud $uuady) dnsienesiinguszadiielwldamiignies
o awsausinoufiag1ii8n1sues Monte Carlo Simulation HuisidoshnsaiteguLuy
yamenndsludiil Ao AuautRvesaiafuidy A1 Undrained Shear Strength (S,) @131130
wUsiasulununsnszanenneadia (Statistical  Distribution) nszUILNNTAFI9gULUUTNG
mennil 3ond1 n13adha Realizations

2.5.3.1 N15@579 Realizations

N3850 Realizations  dwsuyavesdn S, lumsleseiiadesnmueiainauilaiage
(1o, ) Andeauunasgiu (o)  Wirduausawusnszsvunsesnidu 3 Junau
Aanaluil

a) Generating Uniform Random Number

M3a519YATBIAT S, L3UALAINNITASS Uniform random Number (U) Fadugadaasuuy
duadadiyansnszanednuuadniate (Uniform distribution) 13A15e1d19 0.0 911 1.0 (5UN
2.16) Ingld Algorithm fiauslayg Wichmann and Hill (1987)

COUNT ¢ Uniform Random Number

| \ | ! | ! |
01 02 03 04 05 06 07 08 09 10

v

sU#l 2.16 Uniform distribution (0,1)

b) Calculation Normal Random Numbers

A158519 Random  number ﬁﬁm'iﬂizmaﬁuwuﬂﬂa (Normal distribution) ('gﬂﬁl 2.17)
Tngld  Uniform  random number a1ndumeuil 1aesen (U, way U,) undu Normal
Random Numbers (X; way X,) nsAuavinlalagldaunisves Box and Muller (1958)
Faseluil
X1 = cos(2MI 5 )/~ 2In(U7) (2.32)
X, = sin(211U,)/-21n(U,) (2.33)
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A1 X, wag X, Nletdy Normal Random Numbers @aflaade (Mean, x, ) = 0 LazaAl
Lﬁ&JﬁLuummgm (Standard deviation, o) = 1 n1541A1 Normal Random Numbers
WegaadelUlgrinlalaeldan X annaunisi 2.34

X, = X1+X2 (2.34)

NG

C

e X Ap total normal random number

COUNT 4

\ 4

MSU =0
gﬂ‘ﬁ 2.17 Normal Distribution
c) N15AIUI a realization of X

ANSAUINAT Realization w89 X (FruUsirvuady Random variable) yilalaeniswuas
Anade X . (0,1) Tidu X #fidwady (Mean, u,) wazALdsuuunnsgy (Standard
deviation, o ,) Nisaen1staalaaun1sn 2.35

X =px +Xc0x (2.35)

aunsi 2.35 anunsauansaumsiviedlumenes COV  (Coefficient of Variation) o4
AN AR

X =px (1+X,COVyx) (2.36)
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COUNT4

»
>

}’LSU
5U# 2.18 Distribution by calculation Realization of X

TolaTuuredis MCS method Asliifsauufisuinenisnizanedivessnsidiudasnsiy
wazfulsiiisatesnowinisinneiunaz Wi nsiunlnaunisnisadaansi
Futou WewFeuiiuiu 53 FOSM uaz PEM 33015 MCS method nuanfu3snnsiasiz
lngussaunad gnivauulagdmnsvateqviny Jennifer L.P., 1999; El-Ramly et al, 2002)
Mnmsimuasnguiidedudsilitiannuuiueuluguantivesfuuaznisduaiunis
nsraevesensd@uUaonnelngldlusinsuneniines

Low and Tang (1997) A vn15LAIIERALNITEINSURDNUUUAUNIUETURAIUUAY
wilsageudiielinetosnmiiievinmsesnuuulneauladues Tension Crack 7inTunse
Rruuvasdunseusadeutuogfurinvoshumisaseu (Undrained  Shear Strength)
pszianuiunwenioulneds First-Order Reliability Method (FORM) iSuduainld
Microsoft Excel’s Solver shmisAiwaaiiiemandnsiaiutasnsde (Factor of Safety)
mnﬁ?uﬁwmaﬁwmmmmﬁaLLUi‘ﬁLmnmqﬁuwmam%mawG]ﬂ%gﬂmsﬂ% Monte  Carlo
Simulation ielinsudnvarnIsNTEewes  F.S. Wiemaauiiandulunsiva
okl

ydy  (2547) Llauen15IATIENafie sN1MY0IAIUAINAIENITIUATIZNVBULYAUULUY
ﬂizqmﬁ (Upper Bound Analysis for Slope Stability Problems, UBTMA) 3§ﬂ’155%
Uszgndldindnmsvemquiveuiwsuusiuiunalnmsidinuuidou uagdesdnguuuudam
Teglugvvestymnamardivaizauiign  Saamisaufmdimeulilaemaianis
AU adunse (Linear  Programming) wWamsiasgvivesilyvivansquuud
Ao UBTMA azgaidieuifioufiunamsinsesinlfainidues Spencer dmsu
Uszanaurrdadiummdasafoveinsiasssiaiosnmenmaianansiinszvinuine
tundFeudisusuitinnves Michalowski (1995) Sdmsnziilagld Stability Number (N)

a I )~ v I o a oA A A ) o a'
'J%”I,‘Wll"ﬂgllﬂ'mllgﬂmaﬂLLNUEJ']LL@S@JV’TJ']@JUWLGU'E]Q'EJL‘L!'E]\T“U']ﬂa@@ﬁa@ﬁﬂUWﬂUﬁ@ﬂzﬂ% 2.19



36

”
rd
”,
~— B0 | 2!
= o,
EJ“ E »0
I [ ’
= -,
— an | r
= &
2 I L
= 40 = -
A e
= s
o - v
= 30} ¢ A
= - h=]
2 =]
= [ s
20 -
B o Upper Bound-F SI
- - Upper Bound-Z Sl
10 — = — = Equal Line
B s
[ -
i} L 1 L 1 1 1 ]
u} 10 20 B0 70

30 40 50
UBTMA (.27
L

'gﬂﬁ 2.19 Comparison with UBTMA and analytical upper bound (Boonchai, 2004)

Chalermyanont and Benson (2004) 1435n153tA518%WUU Reliability-Based  Design
dusuliianeiianosnnagluvesmunsduiu (Mechanically Stabilized Earth Walls)
TnorAfnUsifnadoladosnmaesfunsfuAuui1n153As12% U Probabilistic
Analysis  wieudladgmanuliuiueuresiiulswagldis  Monte Carlo Simulation
Wielimsudnuarmsnszaefvemadnsdmsuilumaranuurandulunmsich (The
Probability of Failure) wazgavineazls Reliability-Based Design  Charts Wiouand
auduiusseninauutasdulunsiviuasfulsitinado@dosnnidamnsauise
thlullumsesnuuy faguit 2.20

= T T T T
wE (a) Ps = 0.0001 7

(b) P¢ = 0.0001 3

COVy = 20%

qo bl o o 1 1 1
5.0 7.5 10.0 125 15.0

COVy, %

gﬂﬁ 2.20 Relationship between A (a) and 1 (b) and COV with P¢ = 0.0001
for COVt= 5%, 10%, 15% and 20% (Chalermyanont, 2004)
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Tneflaunsfiduiusiu Reliability-Based Design Charts el
a = Mg (2.37)

dlo A,y = Empirical Parameters ﬁ%uagiﬁ’uﬁw COV wae Py, a = \Judasduiiuan
ANUFIRUSTENIeALadY (W) YotuseFeilien Pr Aideenisfumisfinesanegild
wnnwiadosnwaeluvesiuwiuiy, g, = Anady (Mean) vosyuldsaniuyosiu
wdsumatufy, COV, = duUsyansuniininuiuuys (Coefficient of Variation) 784A14se
Aslumunaniumu

Mat Radhi et all (2008) Waiunasnsinsgiaiosnmlagauuraziuvesainiiu ann1s
lddeyadwusuuuilunidensongudeyalaeviinisnszatediniemaila Monte carlo
simulation  (MCS) AtAT1zR@desnnlAg9auAIdATLAZIAUNAAIEATIABNITILATIZINIY
AUAIANTDNIBIUININNITILATIZRLATIAT19M195580ANY (stereographic  projection
analysis)  WAT N15ILASIEHNIITAUNAAIEASEIDIU191NTENITHASIERLUURILAY
(deterministic analysis) A18ns1dUUaBAfEgNIINTIMTRlusURUUNTaEeLatesn1w
yAUsELAYM Fagu MIRTRLUUSTUIURasLUUAN (planar and wedge failure) foyaninain
Fusks 6 nadifinu Téunl Slope S1, 52, 53, S4, S5 uay S6 gniATIgiauNIgUTl 2.21 ann
#u Slope S2, Slope S4 wag Slope S6 fiAdnsdrutasnde 0.953, 0.991 uaz 0.891 39
anifiudn faradu 3 nsdfnwiasiAnnisiamatsuuusyuu druatnduiiinisauuinng
Wareluainduduuuvdnneunisinseinuindiadnsidiutasadeninnit 1 anis
N3£91UMLUU Monte Carlo simulation azaunsasuraainuunasdulun1sits The
probability of failure (P) dwsuataduiifinsauufnisiamangluaiaduduuuussunui
a1nTu Slope S2, Slope S4 way Slope S6 lawilAn Py iy 51.6%, 17.8%, way 49% A4
Ul 2.22 dauannduiiiimsausinisiemangluaadudunuvannuindien P windu 0%
dmsumsavuianauluanuzwiwsidmsuamauluanusen nnqaiatu sniiu aindu
S1 fiAn Py Waus 7.7% auis 75.2% nHadnsuansiiansinsematosnmlnennuungy
HuaeldeyafiaziBonuardnninnisiinsizsiainfiuuuy determine instability of rock
slope Tnsnadnsasifuainnuiianiulunsfivh Ainannmadanisnszatediwuy
Monte carlo simulation #sfeslindnnisiugiunisadfuazasounquanalaiueud
Antuluadesnmassaniugae
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(f) Wedge Failure Wet Slope (left) and Dry Slope (right) for 10000 iteration

g‘dﬁ 2.22 Histogram of FOS calculated in probabilistic analysis for combination of

38

gﬂﬁ 2.21 Scatter plot data collected for six numbers of slopes (Mat Radhi et all,
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Yu Wang et al (2010) isuinsiasgiaiosnmvesaintulaganuuiazidulasuuaduy
33n151dne 2 33015 Ao hypothesis  tests dmsun1siasizmulafaifieannainnis
Wasuulassuuslunisinsgiialesninvesainfiu waz bayesian
Uszifiunansevuvesiuusiieatesiumsgaydeiaiosnmluaadulaefnguszasdves
nsinsziaiosnmuesarndulaauasduiiilednvinsdlnvives James

Dyke #33Ufi 2.23

analysis @115

Bay

\ | 56.0m |
a5t |
= (x. ¥) 3 i
e l 3 5
E o5l s Embankment Y Prn 11 12.0m
E = _ { lav [rpst - &
2 15| Marine Clay- ~ S - -'i.' _B.0m|D,
L7 5 | Lacustrine Clay 5~ =~ - == e 'TL .
— 5 ﬁ-. [: :.: 77 . . . . . :['ntwﬂl I:il;p:__mrtlc
0 20 40 60 &0 100 120 140 160

Distance (m)

E‘U‘ﬁ 2.23 The jame Bay Dyke (modified after EI-Ramly, 2001)

nadnsldannsiesgienuldidonnannsisusasuusluaiosamuesaindu
1ay hypothesis tests WU31A1 undrained shear strength 1ufu lacustrine clay &
anuddyuazinansenusermaUdsuuvaduanuinagdulunsidiuniagn Tuvaei
AnauvuTiufy clay crust fmudduasinansenuseninisidsuwtaduainutiag
Hulumsiididesiian feguil 2.24 wag 2.25

£

z \
: T Y
£
(1]
—o— FT.F)
— BT

i L
polt = - t

Teolm)

U

=
]

{a) &= thickmess of

(Yu wang et al, 2010)

clay crust, T,

| 2.04 (a) Conditional probability density function (PDF) (P(9|F)) for T,
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(b} & = undraimed shear strength of the lacnstrme day, 5.

gﬂﬁ 2.25 (b) Conditional probability density function (PDF) (P(B|F)) for S, (Yu
wang et al, 2010)

Wael A. et al (2008) Anwinansznuveinsiudsunlasa @1ulasnsiva (slip surface) 7

waneeiulun I IEIngnsdInUaendulag NugIuNITAATIEIRUY AUAATDITY (the

limit equilibrium (LE)) Taganatuis 3 nsaldnwilagUiaudisuiulsunsunisinsizioue

TAgR15UANUIAIVDIAIMU SALNEITDITUANYAUENNETEINGNVIaIARY bAkA SNuy

YU UBAY LATWUINANATUNSIANEIN 2 AANUTULDULNYINUNANTENUIBIRILUTAN WY
49" a 1 dd‘ o dl

YoUUBAY WINNIINTAN 1 Uag 3 AIFUN 2.26

Example no. Layer no. vl [kN,-’m"] Cohesion (kPa) @ (°)
1 1 17 15 20
2 1 18.2 80.0 0
2 21.0 0.0 38
3 18.2 100.0 0
4 18.0 4000 0
5 16.9 95.0 0
6 18.3 95.0 0
3 1 120 300 30

'g‘dﬁ 2.26 Soil properties for three examples used in this study (Wael A. et
al, 2008)

NASNSALALALLAL A Tua1ndunsain 3 duansenuanulIfveIfIkUsaneueUDINg
Wasuwlas slip surface 11n91gn lagvinsiasienanlusunsy SASMCT 4.0, UTEXAS3
wag STABLSM len FS = 1.179, 1.22 uag 1.214 Aa3U#l 2.27 INNITIATIWANUIINTS
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Aalagld wdnn1sves limit equilibrium method mU@jﬁJU Monte-Carlo technique 2%
Tiensimsgninafeaiuauduaiennninis deterministic analysis

Example SAS-MCT UTEXAS3 STABLSM PLAXIS PLAXIS
no. 4.0 2D ib
2 1.179 1.22 1.214 1.14 1.22
e
155 i
- -.-‘.
e mase S N R
5 - .\ WLSTARL
Bl Wl
125
13 o
10 - A
95 i ——
8 SASMCH
B
1
010 @ 30 & N € M 8 50 100 130 120 130 140 10 160 170 10 190 20 210 29 1% 340 290

E‘U‘ﬁ' 2.27 Geometry of slope and slip surfaces in example 3 ( Wael A. et al, 2008)

2.6 szuumstisufglunisiasiziiafesninwluaindy (Landslide warning system)

TumafusssumRaumguaniviliarafuinnmsgydoaiosnmlduismimduyoaiiy
wgnafisturesUimaniduagluanaussfagainlumnafiu (suction forces) uwagen
damnuudausddumaiu nstiestumsnanluandusuiuomsuauiinaniduaza
IngAviteldlunsifiouds

2.6.1 State of the art

FdatiazasSuredaunanuiiduniswauIn1segiddssnnvatantulaeinadns
I3 1 v 1 dy a
ponunTua avlinnuguiuluuiasiu (AP

- Tugdulaaussuunsioudedmiuldludendinusssuyd Insldivoinszuiuns
nsAuU, nsluavestiluainfu (infiltration ay overland flow) wazUTunmuuuazay
a a ¢ al a Y] I3 U cav v a ¢ A I

IngAdunannldlumsiisudewasilunadnsnliainnsinssiatosnmieldusuuss
nsReufvruUALALLarlgnensalonnalagltlsn1sA1ANUAL (radar and telemetry) i

YSunutheluasaumnnTuas e
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va o

-1l 1996 Amnsssdlmaialfoonuuussuudmiuioussivasuidosnainiuuain
amil¥a 30 uvi Tussoznauazggmaniednedearnisainiaituiu (Rio radar) Feszuudld
narUsinarluavaningidarldnnnisauasifeussdrmiiluanfunaufugnn il
TlumhenusgdmiudesiuanusuusdutsiAnmgruuuse

- Wollongong regional study Waw1n1siieusefvisssurflagldusuianinudunudy
st inlunisiieussiunauduivdeyamianuse AnisiAnfundud g funatends Tas
eualduldulAs average recurrence interval (ARI) mu’g‘dﬁ 2.28 TneiSududaud August
1998 Fadutreiiinarudemeinnanaindundy

100
i ARI BOM Station 68108 Waonona 1 Bowman 1972 C hm-m hic
0 2Eonman 1972 Siidos and Lnngmm:iﬁ?
< Site 64 slide initiated
10 i 3 Young 1976 Slides initiated
5 . 4 Longmac 1930 Sile 84 Continuation of slides
- UoW CRTM <10mm event ) e 5Lon Emc Site 77 Large deep slides initiated

RailCorp levels
-~ - Alarm 100mm in 8 hrs
. -Waming S0mm in 8 hours

1980) | = 14.82 x D3

Rainfall Intensity (mm per hour)

x
1 RTA/Longmac Rockfalls LHD 2003 Pad 2 Z
M \
\* .
S
A - Existing UOW CRTM Alarm Landslides expected ree \‘___\ Al
e

B - Existing UOW CRTM Warning Landslides possible 2

0.1
01 1 10 100 1000 10000
Duration (hours)

Ul 2.28 Interpreted threshold curves for landsliding in wollongong, superimposed

Y

on annual recurrence interval curves for a selected rainfall station (Chowdhury et al,

2012)

2.6.1.2 The Antecedent precipitation index ( API)

ﬁﬂﬁ%ﬁﬂjﬂuﬁu%uiumaaau (The antecedent precipitation index, APNusdfivents
Usunailuresinaweuiaiuniusssund Tngenaasiaaindsunamsiisiudesunan
Yadusineg u iy soifies (Shakir Ali et al, 2010) méﬁ’ﬁzjﬁﬂmmjm%ﬂumaﬁu%ﬂqa
Critical APl (API,) AorfuduSanniludesinsvesnaiu w variianaduianisoay Tag
drusnnagiinundsannmigay éfﬁuﬁmmﬁm%ﬂumaauﬁmz%uagjﬁmzaznmﬁmum
(the rainfall duration) Ayuanadedtuaiaduiasiaudeuluuianu
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Linsley et al. (1949) wansaunisildlunisAruiumdvianuguiuluiaiu fsaunisi
2.38

APl = APliq) Koy + Py (2.38)

dlo APl fia API of a current period (mm), APl #8 APl of the previous period (mm),
Py A8 precipitation of the current period (mm), Wag Ky, A® a recession constant of
the previous period.

Choudhury and Blanchard (1983) wansaunsildlunisdiuimen K., faunisi 2.39

Kty = exp (-Et/W) (2.39)

Wia Et AD evaporation at short shrift, W A® the soil moisture at evaporation time.

AUUsNdARY 3 MUUTIN Phrase diagram vasuiadu (Vy,Vr and Vi) WlElu API gnuans

Rsaunsi 2.40

'07"771‘

O/O l‘et.
S(-, ,O”Sﬁaae

Rainfall

'gﬂﬁ 2.29 Phase relationships for a soil

<

W

\Y
, volumetric water content (0) = V. and degree of
T

e porosity (M) =

<

. \A
saturation (S,) = —
Vy

Arddanuguiulumaiuingfgnaunasesldilunarilunsifoudvivaaulae il
AnuguTuluiafuingd AP, gnuuinduvsunaniluniaduingfnisinuladen (the
wetting front in the thickness of the soil) wazAualansaunisi 2.40
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APl = M. S¢ Her (2.40)
1o S, A the critical degree of saturation, Wag H,, A the critical thickness of the soil

layer

ANUNUNINGALWANNTT H,, Tuaunish 2.40 aunsaussendmlaainaunisidaiuduiug
Auensdulasnsuluaunisves Bishop’s simplified method @115U infinite slope
stability analysis under unsaturated seepage conditions Lﬁaaw%’uL%aJQigL?lEJLaﬁaimW
(F.S. =1)

b
c+(oc —u )tang+(u —u )tang
H = L4 — ¢ W (2.41)
cr ysin

NAUNTN 2.40 wag 2.41 TunsalNseAunogininseAuiiuRfiUs (water table s
beneath a circular failure) APl @u1saAINLlAINANNIT 2.42

' _ _ b
Se c+(0n ua)tan¢+(ua uw)tan¢

API = — . (2.42)
l+e ysin B

Lﬁa e AB the void ratio; S Av the degree of saturation; c' Aa the effective cohesion; Y
A the unit weight of the soil; [3 Ao the slope angle; @ A the effective angle of
. .. b a .. . . . .

internal friction; @ #® the angle of friction with respect to matric suction in the

unsaturated soil; (O,-u,) way (u,-u,) A8 the effective normal stress Lag the matric

suction, respectively, on the plane of failure.
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A5AIUN15IY

Tuunilagesureiednumenisssiinervesiiuiifnwinagiinesuinlugnadnslunis
nautnguszasd uidedinnisinudvinaresaranuldutuouvosmiimesiild
Anzhadesnmluannu Teun viavesiy, mauvuivestui, muandssduaniu,
yinvosnguinsiiwesiiigdestuammudasdusnafiu (Shear strength parameters of
soil) wagnguetauliutueulufudsivun (Fitting  parameters) 994 SWCC g
Permeability function 7ildunatnniseuialuaunisves van Genuchten, Fredlund&xXing,
Wylie&Gardner uag Brook&Corey lnguaninaoanunluguiuuvasa ﬁ’mﬁmwmjm%uiuma
Auingd uaz Anwadesnmvesduludine dva Sandn uasAIssIus Welwldkadnsly
JULUUUDY mé’%ﬁﬂ'sfluﬁm%ﬂumaau%ﬂqa (API.) d@1usulalusyuunisiiousds nanis
yeaouildanesfoRmsuasaluaunugniunldidumduuslunsiesesiammsdusines
dulunafuuanadosnmluainiu Tnslusunsu Geostudio WieR uiaiatiiannfuas
ayduiadosnmuazfiansaniimiwesilvuiinansenudonisiasundasesduiany
faudulunafuuazdnsdiulasadoundian welmdlafanminesuvesdsdiiununon
Jwtnsideendu 4 Funeulnglq ddlunnd 3.1 Feusznoudae 1) nsivue
LL‘U‘UﬁT”laa&m&aifﬁ?ﬂaﬂiuﬁuﬁﬁﬂm(Geological properties on study area (Base case)), 2)
A53AsEinsTur et luainiu (Seepage analysis), 3) N15LATIENNTGEYLEe
Laaaimw"lummmuuaymiwqmﬂﬁumwmmmaqmNuLwammmmﬂimmuﬂummw
WNTU (Slope stability analysis & Transient stability of slope seepage behavior
indicating VWO waz  4) nisusudiumiulidivessiulsildlunsimssiaiosnin

(Sensitivity analysis)
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Method Modeling Framework

Geological properties Define type of soil %ﬁw pa;’an_l{at:s Unsaturated soil parameters
of study area Define soil slope SP-SM E a8 0Ll () SWCC (van-Genuchien)
(Base case) model *| (Sichon, Nakhonsi- Rflfoalf]eﬂgle(tﬁ) K functionfvan-Genuchten)
thammarat) - Rainfall Intensity (I;)

5 . Estimate fitting Estimate water
eepage |
Seepage analysis condition : S | Parameter of : | volume chapge
|| parameters SWCCEE g characteristics
function | of soil

(I, rainfall intensity)

Slope stability analysis & Soil properties Transient stability
Transient stability of slope Canditon of sl?pe.see_pa‘g?e

seepage behavior indicating (c.0.0°%) behavior indicating
vWe ' ik VWC

\ BC’:"]" A Fredlund
: 7 ey Genuchten (1994)
Soil Hydraulic “Nf.lff)/-" (1930
data
iti (UNsoD&) | sSwcCc E.quahuns Vary ¢,0.00 which parameter have
SRn I AATS i yHLB.I, most effect on landslide
5 type of soil Broaks- Wie s :
Corey [ failure,
Ifiode] e
Crardne
e S lr moded
E Function

E‘U‘ﬁ 3.1 Research methodology

3.1 NISAMMUALUUIIABINISSTUIMNET TUNUAAN® (Geological properties on study

area (Base case))

Junstvuawuudiaemesainfufithidmsuivldlunsheseiildndnuuusiasmng
adlnAans (The mathematical models) fauandlusud 3.2 dsldandeyaidelinseily
wite 2.1 Tnednvazanivazldifuiuiometulunasniinanuain (A heterogeneous
soil  slope) ﬁuﬁﬁzuuuqmwf]uawﬁm SP-SM diaanuviun 3 wns dnasluaziduiiungu
(Decomposite rock) w1 1 133 uazduarsanazduiufiuih (Bed rock) mu 9 wns am
fufianugs 30 waswaziinnuaiades 26 ssmransadeUTlFanesUfuAms laun
ALsBamilenUsyansaa () 14.37 kPa, AyuvaIndsanIungly (¢ 24 0am, AmUIe

ﬁlmﬁﬂmﬁu (y) 16.81 kN/m’ (S¥walazaey, 2556)
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4' 4 a d' 1% a1 1 L3 d‘ o a (3
Wesandeyaduves  SWCC  fildannisnaaeviiarldanysainefagiin1sinsie
Transient seepage F3dpsthvayanuluiiasesilulusunsy SWRC Fit curve (§38veasUne
TUMDUNITATUIUBE1NAELEYATURITD 3.2.1 ) AU INAIAILUIAMUA (Fitting
parameters) U84 SWCC wag Permeability function Aldlunsaldnwiiug o. dva laye19d9
w9InsAwInluannsves van Genuchten iasainiluguiuuaunisegniieuasain
TUsunsuMsiaszsinsduniuvesiculuainfuazldndnnis Finite element analysis Li®
ATUIRNWULNITAGDUNS (Deformation) UBIaINAY UIVINNITIATIZALABYIINITLUINUA

a [ 1 dy a a a v [ % o
YosraRueanluaYeNuNFUAmMAENIRTATUIANTIG 0.3 LUnT 817 0.3 RT3 1479

= ° A L ) a v & v 9] VYY)
0 uazgdinsivuaeuluveuiun (Boundary conditions) Asguit 3.2 fsil Arudsiledneg
wazAuaNaaivualy lifinisluariuduiissunaini (No seepage through the base of
the soil slope) auansilsvnmuualuiinisssuisiieenlalaeinualinisivaniuiian

WinAu A unit gradient (i) kazfiuinIuULaIATUINIII89SUUSHIAINSIANLNgULTBILNRIN
AANILTNRY (Rainfall intensity, 1) lasAmualinisivasiuasiuluswnanu dawindu an
duuszansnseenlmhdusnuluiiafunvinnisniivue (Coefficient of permeability, k) Tu
Lo

SPSM: ¢’ =14.37kPa, ('=24", v = 16.81 kN/m?

I

/— Decomposite rock{Impenetrable) : k=5.83 mm/h
a b

e /

2, e

Bedrock (Impenetrable)

34m

Boundary Conditions:

ab, be, cd = q = |, (Rainfall intensity) [i
de, ef =i{Unit gradient)
gh, ha=0Q=0m/s {No flowboundary}

87 m

gﬂﬁ 3.2 Slope geometry and soil property for the site

| d = S a b a
AyuURILsRasaNIuN1eTuLdR 19 INLIIR e lUAY () 10 83A1 1AN21NNNT plot
N5 MLazIASIERANL AL LSS T I19ALS T UL kAT A LLTILssTuNIaR UTBN9B N1 NG
nManeaeulaiesl URves Sunauasame (2556) AsgUN 3.3
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ShearStress (kPa )

0 10 20 30 40 50 60 70 80 o0

Matric Suction (U,-U,, )

g‘dﬁ 3.3 Relationship between matric suction and shear stress of geotechnical

laboratory (After modified SywallazAale, 2556)

3.2 NMsAATERNsTUFIUvesUn luanfiu (Seepage Analysis)

Qe

unoUNTIATIYINT ST v luanAufeUN 3.1 uaziineaziBunudndesnuansly

UM 3.4 fig

Cat 2

gﬂﬁ 3.4 Flow chart of seepage analysis methodology
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1) fmuansiweififeitesfuauandfveshuiilidudafiedt (Unsaturated  soil
properties)

2)  fulsiiAendesfunisiasizdainiuiilidudadet Tiud Arfiudsaeit (Fitting
parameters) Tudusandnualvesiuitlidussedi (Sol water characteristic curve), i1
mnuannsalunsiveduvesitluinadiu (Permeability function) waz Aadusy (Rainfall
intensity) famsamsiuiaunilognuessuil 3.4

3) fmunioulawauias (Boundary conditions) Insuanssvazidoauazlfesuiesslusud
3.2

4) Tpseinsiuiuvesiluanfuilddusadetiannlusunsy Seep/W Tasaniindui
Wintuardsmalimussuilunaiuntulagldvdnues Darcy’s law @msunisguriuly
WUATEUTULUU 2 §IR) Fraunisdl 3.1

0 oH, 0 oH 00

8X( Xﬁx) 8y( Y@y) Q ot
dlo H AoAuseiusin (Total head), k, fAorasfinisvamansluLulssuiunuuey (x
direction), k, flof1AsTINIegaAIansluLLITEUIULALAY (y direction), Q AoA1dnsInIslua

UUNURT (The applied boundary flux), D derrUsinsilugiaiu (The volumetric
ot

water content), t 8 1381 (The time)

5) Fwainsiuriesnilumiany dwnlusunsy Seep/w a¢ldnadnseanududn
LLS@@@ﬁﬂuﬁaﬁu (Matric  suction),  $ns1auduialudetlumiany (Degree  of
saturation) Az ANUSIATUAlLnaAY (Volumetric water content) ThUasuudany
Uinanhruuazia (Step time) firmun

6) thfouailldluibudeyalulusunsu Slope/W Tudunoudaluiiiovnisiiasgsing
wadssnmluaiafuvieduindidasdutaenfouasardrianuguiulumnaduingd
(API,)

Lﬁaqmﬂmﬁmesﬁmi%mshu‘uamfmuiummamﬂudauﬁﬁﬁﬁymn Seveedursdunouves
Seepage Analysis Tuwsiazaiu mugﬂﬁ 3.1 (Seepage condition parameters, SWRC Fit
curve, Estimate fitting parameters of SWCC and K Function, Seep/W uag Estimate
water volume change characteristic of soil) W%@Nﬁm%aﬁayjam‘f’ﬂﬂu Input data TulLs
azvdiuegazidualuiideialuniuannyu Geological properties on study area (Base

case))
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3.2.1  AISAIAUANISINLABSNNEATDINUNITAATIZHNSTURTUVBIUHUTua AR Y

(Seepage condition parameters)

FaulsTiAedesiu Seepage analysis Suldud fAaudsasil (Fitting parameters) luidusag
Snwalvesnuiiliduseeri (Soil water characteristic curve), Arauansnsalunsivaduves
vnlusnadu (Permeability function) uag ARy (Rainfall intensity) tumaudury
(Rainfall intensity) Tunsiifiufifinu (Base case) gnénsdananaAUunamiHuazanves
Weu flunay w.A. 2554 miuszeziaiaindunsdanuiiud s1ine dva Sande
UASATTTIUTIY LALIAMANITAlAIAAUNENIAEB1NBINNIIN NIINAIAIUTLNU-FIIA- AL
sev 30 Ynsiiinen nsuvauseny (Thailand Royal Irrigation Department, 2011) lagn
vl fuedudslunisinsesinsdunuve swhdulugianu wavlunsdl Sensitivity
analysis 2gldrmnuduny Rainfall intensity) 6-36 fadiunssetiluaduidefidnadan
970 AFINAIAMULTUNU-YI9L81- LAz 59U 100 T‘Jmmﬁmsgfl way A1AIULUNRY (Rainfall
intensity) 71 Rahardjo et al. (2007) 1lunsisesianiuuinaginaedy

3.2.2 JuUMdU SWRC Fit curve, Estimate fitting parameters of SWCC waz K Function

Aon1sinA1Uayafu Permeability Mldanaaaunlyiiassvdlagldlusunsa SWRC Fit
curve LiterunAmLUsAmualududandnualvesiuiiiduiimigiarAALEnTaly
nsvaduvesiiluinafiy dagui 3.5

SWR.C Fit can fit several soil hydraulic models to measured soil water retention data. Copy vour soil water retention data in the textbox below and pre
"Calculate” button. Before vou use vour original data you can see how it works by selecting a sample data from the pulldown memu. Read more instruc

Soil Water Fetention
Curve ~— Input data

Selg

Description of the soil sample

7
tepparach 85.1875 0310444145

82.59375 0.318605928
68.623 0.326318181
62.53125 0.327371111
30.65625 0.331976007
19.14375 0.335702269
4.71875  0.343355925
4.09375 0.345081438
3.3125 0.345896557

Soil texture

Your name
chollada, 2014
(NS: Not Specified)

Calculation options
o 8' =)
Bimodal models

| Calculate | | Clear |

gﬂﬁ 3.5 Permeability from geotechnical laboratory (Calculated by SWRC Fit curve)
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as1efl 3.1 waneAfuUsivun (Fitting parameter) w83 SWCC uay Permeability
function lunsdl Sensitivity analysis @1 SWCC Equation anAnlagldaunisves
Brooks-Corey (1966), van Genuchten (1980) uagz Fredlund (1994) @u Permeability
function Qﬂﬁwmaﬂmﬂ%’aumwm Brooks-Corey, Wylie-Gardner Wag van Genuchten-
Mualen model wigldlumsinszinmsiasuulassasnsifinuveaitiuiaiuiasaiy
liwueulunmsiasuulasidnsdutaonds (F.S) wazadiinnutuiuluinafuing
(API,)

$1519 3.1 Fitting Parameters in van Genuchten, Fredlund&Xing, Wylie&Gardner,Brook&
Corey Equation (Calculated by SWRC Fit curve)

SWCC Permeability function parameters
Fquation atkpa)l hs | o | n | m Os Or
Brooks-Corey 10 |0.3891/0.3328| - - 0.4197 0.0246
van Genuchten [1.503| - - (1.484/0.326 0.4362 0.0486
Fredlund and Xing| 10 - - 1 1 - -
Wylie-Gardner - - - - - 0.3308 0.07

1397 3.2 uansiAnuduiusseviausagainlufiafu (Matric suction) wazA1UTuInt
Tuanadu (Volumetric water content) Faanunsariuinasnnsan SWCC Equation filgan
nnsuiAdILUsivue (Fitting parameter) Tu SWRC Fit curve luunuatluaunis
SWCC Equation 489 Brooks-Corey (1966), van Genuchten (1980) wag Fredlund (1994)
13197 3.3 uansAALdITuS sEvinsussgainlufinfu (Matric  suction)  wazen
auanansalunsTasvesitlumaaiu (Coefficient of permeability) Seansannas
ansl K Function #lsunannnisthedaudsiinun (Fitting parameter) Tu SWRC Fit
curve luunuAluaunis Brooks-Corey, Wylie-Gardner uag van Genuchten-Mualen

model



M99 3.2 Relationship between matric suction (kPa) and volumetric water content

©.)

M197°9 3.3 Relationship between matric suction (kPa) and Coefficient of permeability

K, (cm/s)

Matric suction GW GW GW
(ua-uw)  [(Fredlund&xing)[(van genuchten)|(Brook&corey)
0.01 0.43599485 0.435951243 0.4197
0.1 0.42610206 0.428897182 0.4197
1 0.320656416 0.3246726 0.313189
10 0.153844808 | 0.152424404 0.158716
100 0.083048196 0.08286096 0.086927
1000 0.059924838 | 0.059844694 0.053565
10000 0.051592505 | 0.052289928 0.038061
100000 0.048271157 | 0.049810837 0.030856
1000000 0.04687043 0.048997332 0.027507

Matric suction Kw Kw Kw

(ua-uw)  [(van genuchten)|(Brook&corey)(Wylie&Gardner)

0.01 0.00718359 0.006171 0.006946791

0.1 0.006729807 0.006171 0.005657802

1 0.002209899 0.001913 0.001831084

10 0.000107351 0.000126 8.48939E-05

100 9.3754E-06 1.14E-05 6.58071E-06

1000 2.55089E-06 1.64E-06 3.21878E-06

10000 1.48683E-06 4.17e-07 2.85896E-06

100000 1.22429E-06 1.8E-07 2.80965E-06

1000000 1.14625E-06 1.14E-07 2.80262E-06

52
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3.2.3 YURdU Seep/W uag Estimate water volume change characteristic of soil

Aotumaun1sindeyanuuinaeesanfukastayanldidu Input data lawn wlnvesdu,
A1 Fitting parameter U949 SWCC Wwag Permeability function,A1AN%RUY,AUANALDYY,AT
ANTNNY wazAuauTRTINeITeduALRTILsIveIaInfY Laun Ausednniled

(4

Usedndua (), Ayuveusadsamunelu (@) way Ammhedminvessiu () ininsiei
WAINISTNNIUYBsUN I uIafuNUAs UL A uUSUaUNHULaan (Step time) MANTY
UNTENIAAAUGFLLANLTAMN

3.3 NSAATISHLEDYTAINVDIAINAUSTIUYR (Slope stability analysis)

Bunsideyaiildannstienginisfuriuvesiruluainfiy - (Seep/W)  wvinig
UATIZRUNUANYTAIN L3991 (Resisting force) MouIINAN (Driving force) wioldnannis
Limit equilibrium analysis tieTasevinen Sasdiuvasnste (Factor of safety) Tnesh
wsildlunsimsgiadosanluainiu Toun fuusiierdestuanuudausdluniafiu
(Soil strength parameters);ﬂ'wLLiq%mﬁmUszﬁw%ma (c), f’immaumﬁa@mumﬂu (@),
Asmvasussdsamumeluiiieadestuiuilitusimed (o) uay Awnhedminueshu
)

dodnseimsnsdutasndtluriaaiiaedusugydoaiosnmld (Fs. <1 ) Sah
Foyaluinaiu 1wy sedunnuBusiafed (), aviungu (1) agrsamfiainfuiamsads
uiasigsiv adrdauruiuluinaiu (Ap) Weldlussuumaiieusvarmihvieluisnms
Slope stability Analysis gnuuseenidu 4 Fupeugeslaud (1) Input soil properties
condition; (2) Slope/w; (3) Check F.S.; (4) Transient stability of slope seepage behavior
indicating VWC

3.3.1  dunsunsldtayanineadasivamaudiluainfu (Input  soil  properties
condition) wag TuMBUNITIATIZILEDEIAINIUAIARAY (Slope/W)

o w ™

Moyantiannsiesieimsduiiuwresmuluainiu  (Seep/W) u1viMsiATIEng

=

w@desnnvsesnsdrutasadelagldnannis Limit equilibrium analysis lagluniidenld

39n15904 Bishop’s simplified method uwazmnusuldlumsitasziadosain laun @2
wUstnendesiuauudawssluniadiu (Soil  strength  parameters); AusadaLnilen
Usendwa (') 14.37 kPa, ﬁmmaal,mL?mﬂmumsﬂu (2) 24 93¢, f’immaumfmmu

{ i ¥ o a i IQI b U 1 %!’ U a
aeluiifertesiuauilidudinigln (@) 10 asruasAmulglninvesfy (y) 16.81
3
kN/m
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3.3.2 JUADUNNINTIVEDU dns1drutasnne (Check factor of safety)

Jutuneunisasiadeusnduasadefilaainnisiinsey Slope/W 91 au.¥1a3a77ia10
Aufnnmsodunazidoyauinsgin edaianuguiuluinaiu (AP) WewFouiiey fu
Usurmidduasavingiuasdedauguduluuiaiu finanisaifuody o.dva
UATA3IINTIY MTANuaennaatunsell dlifimuaurnaunandesinnsdounduly
ﬁmimﬂusﬁu’umau Seep/W 7AW Fitting parameter 499 SWCC Wag Permeability
function e mualdeulvreuws  (Boundary conditions) Aanatandeld widiiaiy
anmaauwaﬁ’um@;mmﬁﬁuadm%qﬁﬁwLﬁumﬂu%umau sruunsiieudy (Early warning)
wagiasizianulifvesiawys (Sensitivity analysis) siolu

3.3.3  JUABUNISIALATISHNGANTTUNISTUNIULTB 11 U e uTua AR Uu(Transient
stability of slope seepage behavior indicating VWCQC)

A9 TURBUNITILATIZANGANTINN1TTUEULTDINNIINUIN U UAIAALNTENITAAITN /Y
Usumsuneluluniadu (Volumetric water content), A1usuunbudlIany (Pore water
pressure), S¥AUAINBNAIAIIUT (S,) U LIATIAINAUAANTIAULNONTIVABUNAANS N LA
I3 a P oA A o = '
Julusumgufuazianuindetememensell

3.4 nsUsziiuaanuladavasdudsiildlunsiasisiaianuitiRsssusd (Sensitivity
analysis)

AowhmsUsziiunnula desimunndaudsramuniiiodedumsinszsiaiosamly
AARUSTILTRIATBULTUREUNTIAS I RREA NG 3.1 1T 4 Jumeu deseluid (1) Input
soil texture condition; (2) Input SWCC and k function; (3) Vary geometry and soil
strength parameters.; (4) Sensitivity Analysis.

[ a

3.4.1 Jupeunslateyafiisatesiueiinvasiu (nput soil texture condition)
Hunislddeyadmivussifiugenilhiivesniinesifiefiansuninvivesiuiiunnsig
ﬁ’uﬁwa&iamﬁmmsﬁmmdmmmmﬁu‘imUﬁmé’f%ﬁmmﬁzjm%ﬂumaﬁu (API), A1OMNIIEIU
Uaoasiy (F.S.), szamaﬂumma’mLLazwqaﬂiiumi%mw'mLﬁaqmmﬂﬁﬂﬁiuiuamﬁuasmli
Nnnsersdeviinvesiuiiazianusaidiugaiuldnvesmsdimesivslausniigniden fe
Loamy sand (Unsoda 1062) iflesandiawanisnaaeuluviesufjidinsuginamand
(Cu,Cc,D10,030,060) AdnafuAuwila SP-SM lunsdiAnwituiiuddesnismaaauiiauain
Unsoda waz fiufiaseefienuilasivesnimedfnieuniounnefunielsl annifudei
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n138M9B9AU Unsoda 4660,4651,1111,1381 iilefinnsananuliiivesmnsifinesiieites
ﬁ’wﬁmaﬂﬁmﬁa%mesﬁwqaﬂisums%”uchutﬁaammaﬁqNuiuamau Tngnnsneil 3.4
WARITIEILLDAVRIANANIINAEBY Atterberg limit, Sieve analysis tuvesuUsAn1sugi
narans vesAu Unsoda uaz Auvila SP-sM Tunsdlfinufiui

151934 wantsneaouluiiesujinnisUgiinamians ve9Ay Unsoda
4660,4651,1062,1111,1381 way Auvia SP-SM lunsalfnunitui

£1984 fiu 9.3%8 1.URT unsoda 2.0
WILWLAR e THERY
RiuELFTaIRU T M1 M2 u 4660 | 4651 1062 1111 | 1381
FffALrET (LL %) £992 | 5074 | 5009 | 3549 | 5074
Fviifeiaahn (PL %) 3445 | 29235 | 2636 | 2285 | 29.23
Adilnanafin (P o) 3547 | 2151 | 2374 | 1216 | 2151
TuunlssarmaasPufwiaUscs) | sWo [ SPSM | SWeSM | SE-SM | sand | sand [loamiy sand

Flssditanusiiaysrendedy

(Cul 8.75 or T2 8.35 78 8.53

dulsedEaTulAaasung

{Cc) 14 0.93 1.07 078 0.93 0.78

D10 0.2 01 0.09 0.09 009 | 035 .09 0.02 0.01
030 0.7 0.3 0.25 0.25 045 | 055 0.25 0.15 0.15
D&l 18 1 0.6 07 0.7 0.75 0.7 0.25 0.3

3.4.2 Yunaunislddaya WudnndnualvashunlidunafisuinazAiauaunsalung
Ina¥uvasunluniaiu (Permeability function) (Input SWCC and k function)

\unslddeyadmivusziiuganalfmvesmnsifineslneth Fitting parameters filsiann
TUsunsu SWRC Fit curve @9 SWCC Equation gndturalleeldaunisues Brooks-Corey
(1966), van Genuchten (1980) Wag Fredlund (1994) @3 Permeability function gn
Aulalagldaunisves Brooks-Corey, Wylie-Gardner uag van Genuchten-Mualen
model AN 3.6 uaz 3.7 uanINTINVDY SWCC uaz Permeability function fisuanilglag
Taunnsiiwmnenafiu
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0.5

—4— WG model

GDB

o 0.4 - —=—FX model

E 1 —— VG model

§ 03 J —e—BC model

= ]

= ]

= i

] 0.2 1

= 2

E —

5 i

E 0.1 ;
0 ] T T T 1
0.01 1 100 10000 1000000

Matric suction, (u,-u,,) (kPa)

'g‘d‘ﬁ 3.6 Relationship between matric suction (KPa) and volumetric water content ©,)

for loamy sand (Unsoda 1062)

0.01
) —4— WG model
\E 00{}1 | +PXmodel
aa —4— VG model
E 0.0001 - —#—BC model
=
g
E 0.00001
¥ ]
Q r
4 n
S 0.000001 A
5
=
= 0.000000 ~ !
2
0
1E-08 T T T
0.01 1 100 10000 1000000

Matric suction, (u,-u,) (kPa)

'g‘d‘ﬁ 3.7 Relationship between matric suction (KPa) and coefficient of permeability ,K,,

(cm/s) for loamy sand (Unsoda 1062)
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3.4.3 Yumaunisladoyaiiiertasiudnvasnessalimenwazannuudausslunianu

(Vary geometry and soil strength parameters)

Jutuneunsladeyadmivlsaiuganulimvesmsfimeslastmisfinesfifsites
fluanwazn19s5aivne) loin AR NaInLBsU9IaIRRULAZAIAIINRUITDIAINAY dIUGN
wUsiiAefestuanuudausslusiafiu (Soil strength parameters) Ao A1usaBAmTY?
UszAnsua (), Aynveusadoaniunely (@), Aguvesusadonmumeluiiieadeiu
fuitliBumieth (o) uazamhedminuesiu () avvesiuieiifidanazdrsdiiunly
vatfedl 3.4.4 Tu Series B uar C augdsu

3.4.4 JURBUNISIAIIZIIANNLIRWBINITITMBS luNT1sIesIzitaaesn nluanfu
(Sensitivity analysis)

TuTunautazaSu1e0INI15LaanNN15ITABSNLNEITDINUNITIASIZ AN TN LA AR Y
NuA (Scenario for study) ®15197 3.4 LEAIDIATNABLAZE19DITUIVOINITNTLAD ST
d‘ ¥ [y a L a a 3.11 ] I3 . .
LAEIYINUNITIATIZIEDETAINI LA AU aUALAsLU LT Series A (Unsaturated soil
properties), Series B (Geometry properties) kag Series C (Soil strength) Agil

a1574fl 3.5 Series A (Unsaturated soil properties): fiu 5 ¥diafiunnseiu léun Sand,
Loamy sand ez Sandy loam ( UNSODA 4660,4651,1062,1111 ez 1381) Qmﬁaﬂmnﬁ@
Trimsgianulimaesmnsfinesinedu Loamy sand UNSODA 1062 agilnanisvnageuluy
wosUfuRnmsUsfinamans (Cu,Cc,D10,030,060) adefuueiln SP-sM TunsdiAnuniiui
uantuandunsdededunansiianain  UNSODA Weganuumnsndlunies
wigsnm lag SWCC Equation gneawinilagldaunisves Brooks-Corey (1966), van
Genuchten (1980) way Fredlund (1994) wag Permeability function Qﬂﬁﬂuamimai%’
A1N13U8Y Brooks-Corey, Wylie-Gardner Wag van Genuchten-Mualen



5197 3.5 Sensitivity analysis table
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Series | Type of SWCC K Function Slopeq, | Rainfall | Thick c Y @ 0
Sail Equation ©) Intensity | ness | (kPa) | (kN/m”) | (°) | (©)
(mm/h) of
soil(m)
A Vary Vary Vary 26 6-36 3 14.37 | 16.81 24 10
B Loamy van- van-Genuchten Vary 6-36 Vary | 1437 | 16.81 24 10
sand Genuchten (1980)
(UNSODA (1980)
1062)
C Loamy van- van- 26 6-36 3 Vary | Vary | Vary | Vary
sand Genuchten | Genuchten(1980)
(UNSODA (1980)
1062)

A151971 3.5 Series B (Geometry properties): A1AINLMWIVEIAY (Soil thickness, T) wae
AMNAIALBEIYDIAIAAYU (Slope angles, PB) gneeBaNAINTEULATAUIMNANLIMEANS (GIS)
Wi 0. dva uaseIsssus nedmfidonnumnvesiu 1-5 m wazdinnuainses
YRy 20-50 aee TnefidnAnududy (Rainfall intensity) 6-36 fiadwnssetaluaduided
Sedanan nsmlenadudugaanaruazsey 100 Unsiingn wer Ay
(Rainfall intensity) 7i Rahardjo et al. (2007) IdlunsiesgiainfuusuginiaeLde

A157497 3.5 Series C (Soil strength properties):AussBnmie1Usyaniua () 1-35 kPa
Asmveasndsamungluifedosiuiuiliduiafed (0% 10-20° wagAmheuin
VIAU (Y) 13-20 kN/m” 9N91989U19IN M1319 approximate guidelines table for design
soil property variability (Phoon&Kulhawy, 1999) d@aumyuvasusadsaniuniglu (g 20-
30° Qﬂﬁﬂﬂﬁﬂﬂﬁ%ﬁﬂ Descriptive properties of soil (Jon, W. K. et al, 1989)




uni 4
NAN15ILLAZNISIA50]

uaildannuideignudseandu 4 daumuinisdniunudde 16ud 1) wadildainnis
SvuALUUSIaomessaiRneluitufidnu(Result from geological properties on study
area (Base case)), 2) mailéa1nmsimsizdnissuriureniluainiu Result from
seepage analysis), 3) maﬁlﬁmﬂmﬁmwﬁmiqigL?{EJLaﬁEJimwiummﬁuuasmawqaﬂﬁu
nsTuruvesiWuiomuniUsnailuanauiidintu Result from slope stability
analysis & transient stability of slope seepage behavior indicating VWC) wag 4) Naiile
InnsUsziuaahifvessuusiildlunisiesziiadosnin (Result from sensitivity
analysis) Insnsidoasaiifadldrmndoyara Wusnun  Twesnifiesanizdeyadi
anunsaesungligenudilalade

4.1 waNlAaNNNITAMUALUUIIADINI955AINBT TuNUAANE(Result from geological
properties on study area (Base case)) waz WaNnlAaINN1sAATIZANTTURIVVDIU U
a1nAu (Result from seepage analysis)

mnmsdsasasivoyaluau lufufinsddnu . Ava unselsssune (Gunaunzansz,
2556) WuinAuAnnsaauLazideulaavesiuuuAuduiunans (Shallow and moderate
slope movements) ﬁﬂUUWUENmiLgaulaaLﬂUﬂ’]iLﬂgauﬁ’JLL‘U‘U‘VI@{L! (Rotational slipping
movernent) luraisiiguanswesnisideuloadunsndeusuuuideussuinaseswendilil
AusaLiesty (Debris sliding along two intersecting discontinuities) finsifiusegefiu
Tnguuseaniu 2 nqu: ﬁuﬁgﬂsumu (Disturbed samples) gnitlumdayanianieninuag
%agaﬁugmmﬁmmw ORRNE ! Lf‘jaau (Texture), LL{LUL‘ﬁaau (Clay mineral type) uag
Uhinaniluinaiu (Water content) daufiuitlignsunau (Undisturbed samples) azgn
e szdaanuidonuiulugiaiu (the effective soil cohesion) Taan1svagau Multi-
stage direct shear test wagn13nAdey Direct shear tests under consolidated drained
IANINAFEUMANSERUAL BN e (Degree of saturated) WuidaegeRufuin
pouinnsaaNTiA1UszINa) 70-90% waznuidumnudiilaisuesurengiimnsiideinfu
szasuiisyiuAIBLTaFe 100% wiluauesonaasaduneudinud liduiuiigees
gonmdaafunIsmuindildainTusunsy SEEP/W uag SLOPE/W wudtaisasiuiimuanle
Aannsadudisssunnudusadienin 70% daresuneeazidunlutedaly

59
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mﬂmsaaﬂLLUUﬁi”laawaqa’mauLﬁaﬁﬂULflu%’au”a Input data Tu TUswATU Seep/W uag Slope/W
dieldlunsinseiatosnmluainfunsdiuiidinui 0. Gva unseisssumetu sUA 4.1 uas
p13797 4.1 uansiedoyauuudaasiideddlulusunsulnsdnunraiafiu Heterogeneous soil du
vugnazsidufuyin SP-SM Tmnunun 3 wns daaluazduiungy (Decomposite rock) wun 1
w03 unzdudsgeasiufiufiuii (Bed rock) v 9 wns amAufinrugs 34 wesuardiaauain
1989 26 99 mimmaauﬁlﬁﬁmﬁmﬂﬁﬁami @A Aussdauieauseansng () 14.37 kPa, GREGY
vowusndoaniumelu (¢) 24 osen, Ahetmiinuesiu () 16.81 kN/m’

Audssvun (Fitting parameters) 183 SWCC wag Permeability function Aldlunsdifnufiui
0. Ava $19BananmsAunluannisves van Genuchten lagtherdeyadu Permeability filst
Mnmeauluiinsevielaglilusunsy SWRC Fit curve wadwsagldnswlidusnndnunivosiuilsl
dussnetuazaeuansalumslnadienilumafu

3197t 4.1 Sensitivity analysis table

Series | Type of Soil SWCC | KFunction | SlopeQt Rainfall | Thickness | C’ Y 2 | @
Equatio ©) | Intensity | of soil(m) | (kPa) kN/m) | ©) | (@)
n (mm/h)
Base SP-SM Van- Van- 26 IDF 3 1437 1681 | 24 | 10
case (Sichon, Genucht | Genuchten curve
Nakhonsi- en (1980)
Thammarat) (1980)
P % Z: I i;(_ 0001 | e
n - E 0:2 % 0.0001 -
afy M! """"""""" S ui;t- 1000000 ._% R s - .-
E:‘f N Viatnc suction, (- u _jikFa) Mlatnc suction, (u-u s kFa)
=
s,
1 1 1 1 1 | 1 1 1 | | | 1 | 1 1 B

Horizontal (m)

E‘U‘ﬁ 4.1 Results from SEEP/W and then SLOPE/W, showing slip failure (green) and intact soil
(blue), together with SWCC and k- Function graphs for the top soil in the case stud
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4.2 wanldannisiassinsgaidsaissnnluainfuuazniswginssunisdusinuvesunely
iR uIuAIUTINaU TuaaAULNNAIY (Result from slope stability analysis & transient
stability of slope seepage behavior indicating VWC)

nsesziaiesnimvesataiulagldlusunsy  SLOPE/W  gnuansdumiiuduiusszninenis
Wasuuamesdasddasad (FS) |, duflanuguivlumaiu (AP) uaw 6 Frananiikiuly
(0,23,33.43,53 way 100 42lu9) é‘fﬁgﬂﬁ 43 wadnsannlusunsy SEEPW wudiia 6 9ha2and
Wasuwash finnuduiudiunisasunamessesuanudufagieii (Degree of saturated) a1
Usinahrufignivadly u seduarminvosainiufiunnsnetu a1uguil 4.4 uazsieasdenvear
w33 (Pore water pressure) iosnunisdiavidanisaduvesaIniy 3 uis (Ul 4.1) Téunvas
duen nanaien wagiuin guanslilusud 4.5

A

IRRRRRUEEELEFT::

T T TS

'g‘dﬁ 4.2 section A-A, B-B and C-C (Upper, middle and bottom) at Sichon soil slope

1:2

E%ﬁepi [API =190 mm}

L1~

step2 (AP1=237 mm)
step3 (API1=285 mm)
T step4 (APl =330 mm)

] — — — — — e — e —— — — — — —

-’»EEE {API =380 mm)

e step6[API=300 mi

0.9 -

Factor of safety

B oy o o e e M R S R ) R e e pa Y il S R " S [ i ) N HA i R

Tiume (Hour)

'g‘dﬁ 4.3 Time-step versus factor of safety during the rainfall
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Tunsdiiiudl 0. dva wuhUSmaauiifsmuasinlugnisanasmosdslufiu (Soil strength) wazen
Snsrdrutaeade Tunihin A-A 9a33Uf 4.0 nuthsgduarudusiadaeih (Degree of saturated) lu
waRuENEweIn 01U 24% Fianudnvesiu SP-SM 3 Lumsma%’uﬁwqm (step 1 7 0 Falus &9 step
2§ 23 Falus) wazd 100 Flumuinsziuauduiasethylg Sasrdnlasnseluainiuanas
NBudY 1.16 10 0.91 way umdvdanuguivluinadu (AP) 210 190 1U 900 fadiuns (step 1
f9 step 6 1ugﬂ17i 4.3) Fuseiuni (Pore-water pressure) 1umau17‘immauL%T'uajsz?lmaammw (53
) uansrluaaniaraaiiu (step 5 lu section A-A U 4.5) wudrdusaduilaild
Wintunaennudnvenitidn insizeszduth (The water table) awifiutuainaanudndnudns
Uszana 1.7 s way Ausssuiludiuduuuiisssuiiulifeuihainnuesiien -1.5 kPa Tu
U0uEd step 5 USaMTERTIINAILAEAAT (the middle (B-B) section Waz the lower (C-C)
section) lund 4.5 wuinaussutiniudunaeaniudnvemnge

ﬂ’umﬂNuL%'mmwudﬁﬂ'Wé’mﬁdauﬂaamﬁmzamaﬂﬂﬁ'aaﬂﬁ]uﬁam@ﬁuﬁuqmtﬁaLaﬁasmwﬁﬁij&ﬂmﬁ
53 uarlian dufarutguilunafusiiy 380 fadums Ssadnsiladiaaenadesiuuiumdeil
mwzju%yuiumaauLLaxﬂ%mmﬁmuazaﬁﬂqa w fuft 27 fwien 2011 lunsdlitufidne edewa
UASATSIIUTTARNTaaN (SunauazAny, 2556)

Dry Matural Saturated
00m -L—c I
| ] P -
. " 'P"' Time (hour)
® | i
I o a L
05m L . /,_’ et B Ohour
- . .-"-l]
™ ,,3/7/ £ 'T o 23 hour
F 1
10m el | * & 33 hour
— |
£ Y- A A ¥
E .J f 4 43 hour
g i L] *
O 11 1
L] 15m 1 1 ¥ 53 hour
0 = £
é L lll v 100 hour
|
11
20m deiil—drt—b
| I
"© i | :r
.I I
#% 1 O ¢
25m 1 + t
o g |A1a K "
1 A\ L I
B 0 b & *
I
30m L -
0% 25% 50% 75% 100%

Degree of saturated (%)

gﬂﬁ 4.4 Degree of saturation versus depth (At section A-A) at six time-steps in the

simulation
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sihdaunanduen (section A-A) Tusuil 4.4 wuhanaufilaBudlfedisuduanusmaily
waRumusTINAlUIudeinsysuauBusadaet 70%  Guaduludalued 53) USunaninuil
Fiutudanalsien ussgauilumnafu (matric suction) anas way Usnashluinau (the soil
moisture content) tintu uazd annudlioauludalued 53 wuisinanhlunaiuesiutuly
Begqaunsyiie ArsziumuBusasethian 100% aaeanudnvemigin (step 6 Adalusd 100)

Section A-A Section B-B

Seetion C-C
a5 16 Step
J o
L L i
: Y 8 ;‘\- L [] JSI(_PI
o d FH{ \ 4 \'\ [ I \- :
i A f \ \_ L 4 o ;3!(?2
AN T = E b it
h \_ & 5, |
YRRV I TN IR 111 "\ Step3
- 1 & b s STep
s Biil b 14 I | S\ e
* M 11 NAYRLE
M4 . Y E b 4\ 4 . Stepd
12 ' A
" 4 W
41 2 G 2 v Step 5
v Step o
40 10
0 5 o 5 10 15 20 25 -0 5 0 10 15 10 0 10 20 30 40
Peore water pressure (KPa) Pore water pressure (kPa) Pere water pressure (KPa)

gﬂﬁ 4.5 Pore-water pressure developments during the six time-steps at the three cross-
sections on the slope

LY s

AN5197 4.2 wanedemnuduiussening Snsnaiutasnde (factor of safety) a nanfidsulluay
audurluiiiindu (636 fadwas/dlue) wuaniui o.dva Sugydoiatosnm (factor of
safety less Houndn 1) Adalasdt 53 Annududu (LR) 9 faduns/dalus uag natfiainfuisy
EjiyJL’?iEJLﬁﬁﬂiﬂ’]Wﬁ]Bi’JﬂL%TﬁuﬁiaﬁJ‘] Fagu finnuduely (1R) 12 faduwns/dlusanndiudl 0.3va (3u
gy dsiafosnmiidalued 42, Amnudunu (R) 18 fadwns/Anlusainiudl o.dva Gugayide
wdpsnmiidalued 35 Mnuadnslduandidiuin Anruduugagasnduadadauduiuluine
Aunaziduanmmivilfarsfuinnisoduegiannii dsaenndesiuunauves rahardjo et al
(2007) ftagui mansenuildanunahduiifistuesdnatunmieseiaiosnwluainfudiie
5uﬂﬁzaw§ﬁﬁlaﬂﬁﬁﬁm\i’mq& (Low saturated coefficient of permeability) 9&19L%U AUNIIE
annnAuTiiduUsyansfoeuliidusiius
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A15199 4.2 Relationship between factor of safety and rainfall intensity for loamy sand at

different time

AP.L 380 312 315 300 308 288 324
Time (hour) Ir=6 r=9 r=12 r=18 r=20 r=28 r=32 r=36
0 1.162 1.162 1.162 1.162 1.162 1.162 1.162 1.162
6 1.155 1.155 1.155 1.154 1.111 1.11 1.049 1.049
12 1.151 1.148 1.148 1.14 1.098 1.08 1.025 1.025
18 1.148 1.145 1.145 1.123 1.06 1.07 0.99 0.99
22 1.145 1.143 1.142 1.122 1.05 0.99 0.988 0.987
24 1.143 1.14 1.14 1.12 1.04 0.988 0.985 0.985
30 1.14 1.137 1.115 1 0.99 0.985 0.981 0.981
35 1.139 1.12 1.1 0.99 0.985 0.98 0.98 0.975
42 1.12 1.104 0.998 0.985 0.97 0.97 0.97 0.97
53 1.1 0.998 0.995 0.97 0.96 0.95 0.95 0.96
60 1.08 0.997 0.986 0.96 0.95 0.94 0.93 0.93
70 1.07 0.995 0.96 0.95 0.92 0.9 0.89 0.89
96 1.056 0.98 0.95 0.92 0.88 0.87 0.86 0.86
144 1.025 0.928 0.91 0.89 0.85 0.84 0.83 0.83
192 1 0.928 0.91 0.88 0.85 0.84 0.83 0.83
240 1 0.928 0.91 0.88 0.85 0.84 0.83 0.83
A B
15 12
13 § B
i v
< § 4
= A on| & A s53h.
g s Os3n| & Oon
7 g %
e s T B
5 T T T T T 8 .12
20 25 30 35 40 45 50 0 25 30 35 40 45 50
Slip failure distance (m) Slip failure distance (m)

E‘U‘ﬁ' 4.6 Shear strength and pore-water pressure versus horizontal slip failure distance,
from SLOPE/W
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gﬂﬁ 4.6 LAAINIAIYDIAU (Shear strength) wa wseuiiluinaiu (Pore-water pressure) il
WasuwlaslUnumisnssesmslunuiusuresiuiansoauvesamnuly . dva (Horizontal slip
failure distance) Tilgarnn1siaszilulusunsy SLOPE/W wuiadesnnveasiuaindugu (7 0
Flu9) aunsetepunay @ 53 $2lu) Usinaniuasvildmdwesiuanas duanslussosgamss
nanswesfiuian1snauYeannRy (The middle section of the soil) 7ifndswesAiuanasIni2 f 6
kPa (21n3UTl 4.6A) uarUSuaniduaiinaliussiuinluafutimsnatswosiuinnisoduyes
anRuiiNTUIIN -9.8 §9 8 kPa (1n3UTl 4.68) vilsaguldinuiinaenudududiunumardaly
i@iosnmaesanaduliiinnisaaulasingaty

4.2.1 The critical rainfall intensity

Fafiesuneneundiinsrarnuduru-g99a1-wazseu 30 Yn1siingn (ntensity-duration-
frequency curve) annsnTaUszugninanldifundudslunmslieseyt drdaueudulumaiu
naarUSinanudry (The rainfall intensity) vesn1ssurureniulunaiuiivilianiu
\inn13geyideLaiosnim 90 Rahardjo et al. (2007) wudHansenuan audusuiinaseiiddly
wanulnslanzegnadlufuiifidnduussanifoouliiduriugs  a1eafufiianisoduly o.4va
WUINAANNTOEN 84 1387 14.00 Wsin 999Tudl 27 Sumy A.d. 2011 (Gunauazmn, 2556) Tnedia
Fafinrugutuluinafiu vie Average critical APl AU 388 fiaRins. 93U 4.7 wansfanans
fuauen factor of safety 71 1.2, 1.1 wag 1.0 MinainAuSunamududusinge Tngldunainns
Iinnwiiafiosnmluainfiuannlusunsu SEEPW uaz SLOPEAW lngmuinainduduinmsgade
@desnm (F.S.=1) ivsunaanududy winfu 9 uw/vw. Aid9lued 53 waxdlen Average critical AP
Wiy 380 fadwns. Feenmsmuwadulusunsuilaansavinnemsinfuadily o dvaduiaty
founsaauate 10 Falus Feduduguliidanaivntundmsfefunduiina 14.00 uifin
Tnsrnduitendeeguinaiusluauduiionsionsoduieuniniufsiudmiamndy
Pnflunfenataunaren citical AP fildnnnsiiaszdlulusunsuannsai Ul dusedngg
Sreduiieldlusruunsifoudvarminiiodhss Tt lueuandmsuatnivly o dvauasitui
TnaAeslalneldlsmanglunsaifiinlunnagereiiies (subjected to a continuous rainfall, and

not intermittent)
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F.5.=1.2 F.5.=11  psg=1p
35 pov—;
i 5= —
= 30 4 PN v —
E .o |  Rainfall March, 2011 - o : *
e ’ -
= -
B 20 A § /
3 ( L
= 15 "
E ¥ ’ "k /
- 10 £ \
g o | IF AN
- 4 —— Slope became unstable
= | March 27, 2011
. e - — - _— -
0 T T T T T T T T T
150 200 250 300 350 400 450 500 550 600 650
AP {mim)

gﬂﬁ 4.7 The critical rainfall intensity

4.3 pankaannn1sussiiuaulIfva9Rdstg lun1sas1ziidnesnin (Result from

sensitivity analysis)

uaiildanmstsaduanilafvesiuusildlunisiinssiatosnmgnuiaduaudiu auduneu
AM5UUT Series muASnsFunuIdeluund 3 (15199 3.5) Tneuvadu 1) nadnsiiléan Series
A (Unsaturated soil properties), 2) nadnSfldan Series B (Geometry properties) lag 3) NOANS
fldann Series C (Soil strength properties) uenantudainslnsesiiuiuiieafuaaiutiiee
Julunsiohidsazusseneliluttod 4) nadwsilaann Probabilistic analysis

4.3.1 NadWSTLEaIN Series A (Unsaturated soil properties)

=

JUN4.BuanatemuduiusseninnsiUdsuwdasdvtinuguruluinadiu (AP) Aududsiiieates

Y
[

AUATIATIEAED SN N UAINAUSIINYIR Series A (Unsaturated soil properties) lala Ay 5 wiln
fumnenafiu Sand, Loamy sand way Sandy loam ( UNSODA 4660,4651,1062,1111 way 1381),
Fitting parameters Tu SWCC Equation uag Permeability function @sgneurailagldaunisves
Brooks-Corey (1966), van Genuchten (1980), Fredlund (1994) uay Wylie-Gardner laglunis
Anreiainfugnudseenidu 2 anug Ae MnaauzainfuwisluaunszianRugapdeLatiosnm
(Dry to failed) uag mﬂamuzmmauﬁiimwmﬂwﬂizﬁammauqﬁgt,?mLaassmw (Natural to
failed)
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A Relationship between APl {mm) andBrook and corey SWCC equation with different kfunction fitting
parametersfor sand (UNSODA 4651,1381,1062,4660,1111) | [Dry [ ] Natural

700 loamy sand
600 s S HH
L . Lo
—_ r= -
E L P B e
- I o g [~ sandy loam
a 200 11 b i i A e
<L T] =]
loamy sand
300 -+ 1062
sand 4660
200 +
100 +
0

B Relationship between APl {mm) andFrediund SWCC equation with different kfunction fitting
parametersfor sand (UNSODA 4651,1381,1062,4660,1111) | {ory [ Natural

700 loamy sand
1111
----- i
600 TR S
z Pt B s
g 500 T T =
= T - | sandyloam
a 400 I 1381
< I N
: loamy sand
200 - E sand 4660
100 -
0

Relationship between A P.I {(mm} andvan Genuchten SWCC equation withdifferent kfunction fitting
C  parametersfor sand (UNSODA4651,1351,1062,4660,1111) Moy []natural

700 loamy sand
I 1111
600 A I
g w i ::"i i E--E sand4651
Eﬁ 400 l. ="= == E : g :ang;;a:
e I _ l:.: B N oamy san
300 555 3 -
200 +— ':' B
100 +— B
0 :::

VAN

E‘Uﬁ 4.8 Relationship between A.P.I. (cm) and Brook &Corey, Fredlund and van Genuchten
SWCC equation (4.8a, 4.8b, 4.8c) with different k function fitting parameters for 5 types of
sandy soil
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L= =

4.3.1.1 nwadwsldananiuzarnfuwidluaunsziaaiafugaydeiaiosniw (Dry to failed)
PNl Wwisuieulundnifeady @unswuualse (Compare column-wise with hidden
layer column) wuanAuluaunts SWCC equation w84 Fredlund finallifaseusunaauidueud
g3 (High rainfall intensity) 1nnn11AUluELNTS SWCC equation 983 Brooks & Corey Wag van
Genuchten models dufunuidiun 6-36 wu/an. mmsisuulases dsdauduiuluinafu
(AP iflesnamnananududy aflendeslufuiifiddudseanifeuliihduiiuas sandy soil
UNSODA 4651) #1u11678 loamy sand (UNSODA 1062), sandy soil (UNSODA 4660) wag sandy
loam soil (UNSODA 1381,1111) 9nUandudieduaguladn A"swUasuLUaY Fitting parameters Tu
AuMS SWCC equation nasternisiUdsuutasmes dufinnuruduluinadiu (AP)

gﬂﬁ 4.8A, 4.8B uaz 4.8C Wisuiisulunafeaiu dunsluuIUsy (Compare row-wise with
hidden layer column) wuinainAuluannis k- function ¥09 van Genuchten fauladane
U'%mmmwwﬁwluﬁqﬂ (High rainfall intensity) winnarAuluaun1s k- function U8 Brooks &
Corey waz Wylie & Gardner d1wsuanuidiuely 6-36 uy/vu.An15wasunames é’mﬁmwmjm%u
Tuwaiu (AP) iflessnamnAiarunduny  asfidoslufuiimduussansoenlminduiiugs
(sandy soil UNSODA 4651) an3131169178 loamy sand (UNSODA 1062), sandy soil (UNSODA 4660)
waz sandy loam soil (UNSODA 1381,1111) 91n€anaudieauaguladn M3UasuLUas Fitting
parameters Tuauns k- function fixasaAmsiasuuases ddauduiuluinaiu (AP)

NnuadnsTlFnanuratnfuuiiluaunsEanAugadoiaiosnmmuinainfuidadul seans
fvonlirdusinum (sandy loam soil UNSODA 1381,1111) aesislutasssesiaansniuy (Long-
duration) luvmugdtanafufifiaduussansiioeslmiduriugs (sandy soil UNSODA 4651) g
TutaeszesimdusInigs (Short-duration) u3e Aufifidrduysyavineeslsihduminuguasiail
fsomanudirlusasnsanamesafisnmnn i AuiidadussanifonlminFuiuiuae
ﬁm’mLﬁt’iur:luqﬂ%dmamiLﬂﬁauLuJawaqamauﬁﬁmsLU?{*&JuLLUm Fitting parameters luainis k-
function %84 van Genuchten LagSWCC equation 84 Fredlund 31nninamn1sdu agunailld de
nsiUAsuuda Fitting parameters luaun1s k- function agSWCC  equation Hnananns
Wasuudasiwiienugadulumaiu (AP) dmsumsliesgiamuzainfuiiuidliaunsersanniu
gydeiatiosnn
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JUN 4.9 uansteSunaniluniaiuvesainduluaunis k- function v8d van Genuchten (4.9A)

= o9 Y1 o o =1 a K1 o oo & a | Aa
Fedlnavilvrsudanuguruluinadiu (AP) Tuaunisiifian dvdanuguduluanadiu o anainnu
pau wnnateauluannis k- function ¥e9 Brook & Corey waz Wylie& Gardner (4.9B)

gﬂﬁ 4.9 Location of water table when the minimum factor of safety occurs for sand
(UNSODA 4651) with van Genuchten ‘s K Function (4.9A) and Brook & Corey and Wylie&
Gardner‘s K Function (4.9B).

4.3.1.2 wadwsldananiuzarnfusssuvaluaunssisannfugrydeiaiesnin (Natural to
failed)

Ul 4.8A, 4.88 waz 4.8C Wisuifleulunnanfiodtu idunsmuuniiu (Compare row-wise with
thick layer column) wuananaauluaunis k- function wazSWCC equation lidswasnaainulifives
AnaAsuuUates fdlnugutulumaiu (AP) iesunainaranuidudy dusuanudisy 6-
36 w/v.Ansasuulases fudauduiulunaiu (AP) asfiendeslufuiiiiidulseansi
aauiﬁﬁws‘ﬁmhuqa (sandy soil UNSODA 4651) ausnaae loamy sand (UNSODA 1062), sandy
soil (UNSODA 4660) wag sandy loam soil (UNSODA 1381,1111) a1ndemnudesiuaguladn vila
vosiuazauduhiuifnadea s Bsuuases dudarumuiulusaiu (AP)

agUnaiildannsmil 4.8 nuirdmiunisiinssianiuzainiuiisssuealuaunseisanniugade
w@desnInnnsiUdeuuas Fitting parameters luaunis k- function wasSWCC equation lalfinase
mMaBsuulasdyiauduiulunaiu  (AP) uiifuraduiownain viavestuuazauduny
Tuvagiimsinsgianuzaiafuiinisliounseisanfugaidoiaiosnmnsdsuulasiviinng
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furuluinadiu (APN) Tanulidse siavesdu, Auduely, n1swWasuwlas Fitting parameters Tu
@UNIT k- function WagSWCC equation

g“dﬁ 4.10 wandlifiuinnsudsuuyas Fitting parameters luaunis SWCC equation Tuvnaunis
lifinademadsuutasiviauguiulumaiu (AP) Suilownanunauuluaiafudiden
matric suctions 5¥%314 0.01 - 1 kPa w%aamusﬁumﬂﬁiimnﬁlﬂamju%u(Naturat to wet range)
W31A1 volumetric  water  contents TugsanugAiuansssuvIdluauataduiawnulidingg
Wasuuasagluraeil matric suctions 5891119 1 - 1x10° kPa wipanugAunuisluauguiuOry
to wet range) volumetric water contents finuandnafuluusazaunsvlsdsianusuiuly
ARy (AP) WasuLas uar anughuansssufluaugudue volumetric water contents 3
mswasuwlaafivudndesludis Faled to wet range uspvuludrsduianiswsluuga dn
volumetric water contents f Unziudslsiinadensdsuuasiadarumuiuluinaiu

. Wet-Natural Natural-Dry
0.5 T
= : —— WG model
~m-=‘ 0.4 1 Z —s—FX model
-‘E— 2 —+— VG model
8 034 | —e—BC modd
[ 1 Slope|Fail
I i !
= _ !
S f21 |
S . !
2 g1
> 1
01— | | | |
0.01 1 100 10000 1000000

Matric suction. (u,-u,,) (kPa)

E‘U‘ﬁ 4.10 Relationship between volumetric water content and matric suction at different
SWCC Equation.
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4.3.2 nadnsiiléann Series B (Geometry properties) waz Series C (Soil strength

properties)

UM 4.11-0.24 wansfannuduiusseninunadsuudasirieugutiulunaiu (AP) fufidesh
wUsiifeadesfunmsinseiatosnnluainfusssuani Series B (Geometry properties) béu @1
AUNUIOIAUY (Soil thickness, T) hag AIAILAINLDEIUBIAINAY (Slope angles, B) dau Series C
(Soil strength properties) 1A AusadamisaUszaning (), Ayuveansadsaniuniglui
Retestuauiiladumme (o), suvesusadeamiunisl (@) uazawhehwinvesiu ()
Tagesunedern Anuduth (Pore water pressure)ﬁLUgﬂuLLﬂaﬂLLazﬁ’lizﬁUﬁ’l (The Location of
the ground water) o YauzfiaAUARNTgEDIETETAMEY

4.3.2.1 dSwasusiiosunandauysann Series B (Geometry properties) uaz Series C (Soil
strength properties)

fdufnUsAALMLYeIRU (Soil thickness, T) Fanwd 4.11 Wudﬁﬁwﬁ%ﬁﬂawuﬁu%ﬂumﬁu
(AP) ansiinTuetsdewien 405 fadwmsilonnumuiiuy 5 wasluvaefinuaindowesiu
Wiuduann 20 fa 50 esmndurildmdaiauguivluinaiuanas 139 Sadiunstumzyium
wanuausadiuinildntudorumnvesaniuiintusazdwalhatosnwluananuiud
i AP Fadlinsavauineeriunitaiafuaziinnisasuusnisiinduvesnnudundurinli
@iosnnluainiuanadneazeluiesieaidenvesen mudutia (Pore  water  pressure) 71
WasuuawazAszdut (The Location of the ground water) m%mzﬁa’maulﬁﬂmiqwﬁ&l
i@dgsnnvesAAIIYasiukarAItuvesaniluaden 4.3.2.4 uag 4.3.2.5

450

400 s =

S . el Base case
300 : .

250

200

AP {mm)

150 -+

100

50 4

0 T T T T
10 20 30 40 50 60
Thickness (decimeter) and slope (degree)

g‘dﬁ 4.11 Relationship between A.P.I(mm) and van genuchten SWCC equation with
Different thickness (dm) and slope angle (degree) for sand (UNSODA 1062)
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AT 4.12 wansdansiasuilasasardvianuguruluiiadiu  (AP) dunisildsuudasiiduds
wUsiiAeatesiu Soil strength properties oA AussBnwmiieIUsedvana (c), AyuvatLssden
i { ¥ U a 4 IQI v YV sg b ! 1 1 %’ £y
munelunifertesiuiunlidudimenn (), Myuvedwsaudeaniunigluy (@) uasAmulsuivin
vadu (y) Igendvilauguruluiiafuasiiinduegedaiiion 450 89 250 faduns WoA1wsEn
~ a a a d’{ = <@ v 12 Yo a ] a a o
wileUseavanaiudy 35 kPafisagiiuanuduveadunsinladaiian, diunisasuwlasideves
b o Y o1 i a a 1 1 g o a ] i
g 12 psmdnayvinlia APl wWasuwdasly 155 Saduns, Amdistintnveshuiiuasundasld 7
3 a o 8 v i N a a = = a o = a o
kN/m” finavinlvian APl iWdeuudasly 80 Tadwns Begwiloudsiudsunlasiosign wasidoyuves
ussdgaunigluiiuasuuasain 20-30 seadswaiiilnen AP 1Wdsullasly 150 Jadiums a0

naansAulisa Series C (Soil strength properties) wdlFhmaiinduves (]) (I) ¢,y fnavi
Iﬂﬂ’]ﬂﬁmLL‘ZNLLNIU@W]@ULW%J?JNENN@I%M API fiinmsazantisestuninatniuaziiansadulag
203U SuAveIn AuTLn (Pore  water pressure) AasuulauazaAnsydut (The
Location of the ground water) s mmzﬁmmﬁmﬁmmiqwﬁaLaﬁaimwmaammﬂwuwaqauu,az
aruduresarnnuluiiten 4.3.2.6 way 4.3.2.9

500
cf
450 4 \
=3
(5] ﬂ,.»“'
= 400 - YT / £
E Bb i ‘7
f ﬂ*‘\
350 4 b% g‘ N\ ~
2 b e *T'IT' / Base case
R a4
----- . — - e o s o o s s s o
300 V'F/f-"" /-
.u-'pl’ ﬁ 5
-
250 4 =% /
EDD T T T T T T T T
] 5 10 15 20 25 30 35 40 45

¢’ (kPa),y (kN/m?), @ (degree), ¢®(degree)

gﬂﬁ 4.12 Effects on A.P.I (mm) of variation ranges in c' (kPa),y ( kN/m3 ), @ (degree), for sand.

4.3.2.2 Sensitivity index

o

Andaiaallag (sensitivity indexes) @nnsaldiduizianisidsuudadushulsiiesdostunis
Anrwiiadosnmluaeafussaundldiiladnansenuden APl 1nfigalag sensitivity indexes
9n@uN5983 Lenhart 2002 legneSutedsluaunis 4.1 dadunsdun mswdsuudasesiide
fudslunuiunuuey (xdirection) AernsiuAsuulasiviarutuiulumadu (AP) luuuaunuss

(y-direction)
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V2 =)/ ¥, (@.1)
2Ax/ x,

dloy, @0 maximum APl y, Ao minimum APl, v, fi8 AINA19T89 y, WA vy, Ax A8 A1
WANFNISEIING minimum ka8 maximum vesmfudsiiieidesiunsimssiadosnmluainiiu
5ITUMR UaY x, AD ANV Minimum Wag maximum vesAdulsiierdesiunsinsen
L@n8A NI UAIAAUSIINANG

ndeyan APl uay muUsiiigesiun1sisgriatiesnmluainAusssuyalugun 4.11 uag
4.12 gnansaidnunmuiuanstaniuli (sensitivity indexes) Inglinadnsamis1eh 4.3 uag wao
anslanagui 4.13

» I o5

o . o
K
¢ o7

t [ 0.6

0.6 04 0.2 0 0.2 04 0.6 0.8 1

E‘Uﬁ 4.13 The sensitivity indexes (I ') for ¢’ (kPa), Y ( kN/m3 ), @ (degrees), thickness (dm), and

slope angle (degree ), for sand.



ANSNT 4.3 Summary of sensitivity analysis with sensitivity indexes.

Parameters Ay o270 sequence
2AX | X
Ax 0
0" (Series A) | 190/12 | 0.52 2
(I) (Series A) 340/20 0.83 1
Y (Series A) 80/7 0.31 3
¢’ (Series A) 350/34 0.27 a4
T (Series B) 390/40 0.46 2
B(series B) | 594/30 -0.47 1

4.3.2.3 Location of the groundwater

=
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AR5 4.4 LAAIEILRUIBITEAUTNTIINTY (GWT) Tuainau Tuvasinudndaiadesninga 3

wuudagyihbiiAnaudlategiuunazimvaralumsanideiate snnesainiu

o
a

#5197 4.4 The location of the ground water table ( GWT )

FWT Categories

Critena

Initial GWT

Initial GWT

location

focation
T\

Initial GWT

location ———

* Water table rises up to the mid-slope

* The reduction in factor of safety is partly controlled by
the mounding of water table and the vanability in matric
suction in the unsaturated soil slope

*TWater table rises up to the toe of the slope

* The reduction in facter of safety is mainly controlled
by the mounding of water table and the vanability in
matric suction in the unsaturated soil slope

* Mo mounding or relatively small mounding of water table

+ The reduction in factor of safety is mainly controlled
by the variability in matric suction in the unsaturated
a01l slope
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4.3.2.4 The influence on slope angles([3)

PNMTIATEiEesnmUsiulaslUsngy SEEP/W way Slope/W 3ga1u1303LATIsRALANNUS
sememsUasunlasinuanntuil 20,26 way 50 a9 sern1sasuLUas APl 91na1aRud
Wuanugsssu® (Natural situation:hidden line graph) IWauanduaauiiosnnyusinainy
(Fail situation: thick line graph) fasnwdl 4.14 aann1slnsiUsinansduruvesilumaiulng
14wdnnns finite element analysis Inelusunsy SEEPW wuinmisifisduves APl fiwasenis
\WasuwUatuesAn pore water pressure UShaiuinnMsAvR (failure surface) muwiinvesan
AuUTanfiue na1 wasfiuan fanmi 4.15

At 4.14 uanslifiuinnsiiiuturesiamnuainduan 20 de 50 ssrndwaliiaiesnmluainiu
anadilazAn APl anaain 220 U 100 fadwms (Natural situation) wag 339 U 200 fadiuns
(Failure situation) AWl 4.15 wansdeen pore water pressure Fdndusuilownanuimnaninlu
AADAMTAAYEIAIARLUS AW Na1wYT wasfudsdonadostunIsne 4.5 Tuansdeusuial
ity o swesefugydeaiosnm

400

Crt.a

300 +

AP {mmj}

200 +

100

10 20 30 40 50 60
Soil slope

gﬂﬁ 4.14 Relationship between A.P.I (mm) with different soil slope (degree)
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4 Int.a
5 T
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fri Ky Section C-C

Depthim)

Pora waterprassure (5Pa)  Pora water prassure (:Pa) Pora water prassure (kPa)

gﬂﬁ 4.15 Pore water pressure profiles for three slope angles.

1%
[y o

seautluatnfiu (The location of water table) flananalum1s1en 4.5 NuINsEAUEILAIARLT
Winduaudsiunznuluaadunden B= 20, 26 aem seaududy 9 uu/vy., szauihluaindu
MisTuauisnarsluaiafuiifien B= 20, 26 oan seaududy 36 uu/wy. og1alsinulad

mMaiuturesssiuimieiutulosunluaadudiiien B= 50 e ey 9 uay 36
Y.

NnwadnsAlsnunaefuitisamiugsasinmsgadeaiosnmleefanvnmnendr  Matric
suction, N5ARAIWBILIINL (Resisting Forces) muaumsfi 4.2 UaznIsanasosmsnsaIy
Uaondouaznaiiiutuves APl Tuaadufifi;nudusastiusgfumszdumafinturesiluinaiy
wazAALTUHY
asUmsinseiiaiosnmvssfulaenaiudsuntasmnuaatunuiinsiiinduvesainduuay
aranduduiilugnmsanasoseiarmudousdusafiuwagmaifiuturesen Pore water pressure
way nMafinturesiaruudusdlunafuilugnafiuduread APl a1 sensitivity index fifua
161 fie - 0.47 (Pesvanglsifinasionniladlusuds) Ssiedndusuusiifiaulmafianlungusn

a & .
wUsUu geometric parameters
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?1319 4.5 Categories of water table location at slope failure in Series B (slope angles) of the

parametric study.

Slope angle, B (degree) | Rainfall Intensity (mm/hr)

9 36
20 II I
26 II I
50 I 11

4.3.2.5 The influence on soil thickness(T)

PMNAMT 4.16 nudtmuRuvesanAuTiUAsuuladlufinasenisiudsuulasvesn APl Taeidle
AumwvesaeRuint ummEnselumsaranUsinahsuiomnaniwWulunaiuazay
wiaussluampufovifisunulugreriidonnumunann 1-5 wnsawaly A APl iinTuain 105
U 208 Jadmms(Natural situation) waz 210 1U 405 fadwas (Failure situation)

9nlUsunsy SEEP/W wuinmsiiiutiuwesiausunlupuiinadenisifisfuwesdn APl uay pore
water pressure UShaiuRINSATR (failure surface) AamtidavesainAuuSasiue nana
wazfiue fanndl 4.17 9annsiinnsanaunismsesziadesanluainsulaefiansanauilyl
Sushseth Iﬂ&lﬂﬁzqﬂméﬁ The Mohr-coulomb failure criterion (Fredlund and vanapalli, 2002)
WAL AinTun s duionunn sxsilsesuiluilei® gy —u) WisTuded
NALUSHUNTIBBAT ¢ LAY (I)b IﬁLﬁmﬁumﬂﬂé’wLLazL‘fJummaiﬁmmLL%&LLiﬂumaﬁu,ﬂ'ﬂ F.S. hay
fin API LUy
asUmslengiaiiosnmuesdulasmaddsulasmanuvuiluaafunuinisanadufiides
fiuuaz APl fiaummuiainnsanasuesndiumnluainfiuen sensitivity index idmuaailel fie 0.46
Fasldnsneiu sensitivity index Tunnsiasuntasmnuaindeddumnafudisndntos Sedeqn i
Aunuarauaidesluatafufudiuysidaiuladalungudnd sy geometric
parameters ﬁgﬂ@j
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gﬂﬁl 4.16 Relationship between A.P.I (mm) with different thickness of soil slope (decimeter)
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gﬂﬁ 4.17 Pore water pressure profiles for three thickness of soil.
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4.3.2.6 The influence on effective angle of internal friction (¢

PnMsieeiaiosnnvesiulaglusunsy  Slope/W  namdl 418 azanunsadiasen
ArduRUSTEIansAsuwladen effective ancle of internal friction 7 20,25 wag 30 04A1 6o
fmsiiatures APl 910 130 U 300 fadwssluaienuiidusougsssund  (Natural
situation:hidden line graph) waza1n 250 U 400 Hadwuns Tuaadussuiiosanusunasiny
(Fail situation: thick line graph) Lﬁja\m’lmﬂﬂ’mﬁuﬁu%qm effective angle of internal friction
thlugmatiiutuveusssu (Resisting Forces) auaunsi 4 2uagdsussinuiinauusiiunsatuen
F.S. vl APl Gty

;:;Ui?‘i 4.19 uansdensiiatuvos pore water pressure SuileaunnnUsinaidusaeanidaves
AU ALY nana wariiundsdenndesiunnsne 4.6 TuansdeUSina ity o
yumanRugdeiaiissnm  naunsminneiedssamluaeiulaefionsanduiliduiame
‘13’1 Iﬂ&lﬂ'ﬁvﬂﬂmﬁﬁ The Mohr-coulomb failure criterion (Fredlund and vanapalli, 2002) wui1 e
dumn aevilusasuiluilaidu (on —uy) meummmaiwml,mLaauiumamu (Shear strength)
wazaruudsslunanu i F.S. waze APl iudunugsu

500

Crt.c
400 -

= Crt.b
Int.c
£ 300 3]
o Crt.a L
4 -
Int.b <" Matural
Gkt Int.a B
m
100 T T T
15 20 25 30 35
@ (degree]

gﬂﬂ 4.18 Relationship between A.P.| (mm) with different ¢)
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Section A-A Section A-A

Depth(m)

-5 15 35 -5 15 35

wn

15 35

Section B-B ; Section B-B

Drepth(m)

i 5 15 35

Depth(m)

-5 15 35 5 15 35 5 15 35
Porewaterpressure (kPa) Pore waterpressure (kPa) Porewaterpressure (kPa)

'gﬂﬁ 4.19 Pore water pressure profiles for three (I)

syfutiluanniu (The location of water table) fauanslunisnedt 4.6 wuiissduinluaiaiui
dutuauiedunaynuluaiaaudiden angle of internal friction = 25, 30 94F1 AIYAIUTUAY 9
U/, seRuTluae ANt uaudsnataluaafudisen angle of intermal friction = 25, 30
09A1 Femry 36 uu/vy. egnslsinullinsfisturesseiuviefintudesunluainiy
#ifien angle of internal friction = 20 89A7 FEAUTLHY 9 WAz 36 Ui/v.

MnadnETlEnUI angle of internal friction Slunumsensifinduresauudsdluinaniu, AP
Wa¥ pore water pressure fin sensitivity index fignuanild fien 0.83 Fefiedndusuysiidaialm
ﬁ?jﬂiuﬂdmﬁmﬂsﬁlﬂu soil strength parameters

71919 4.6 Categories of water table location at slope failure in series C (angle of internal

friction) of the parametric study.

angle of internal friction, ¢' (degree) | Rainfall Intensity (mm/hr)

20 If Il
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25 I

30 I

4.3.2.7 The influence on the angle of friction with respect to matric suction in

unsaturated soils ((I)b)

PnMsiesiaiesnnvesiulaelusunsy  Slope/W  namd 419 avanunsadinsigh
aruduitusszinamaAsuudasen ¢° 9 8,10 uay 20 asen dormaiintures APl 110 160
290 fadwnsluandufiiduaauzsssuy@ (Natural situation:hidden line graph) wazain 295
450 fadwns TuaedunsuiiesanuSunaniny (Fail situation: thick line graph) 1109121013
Wi uve e (I)b ﬂﬂﬂg@:muﬁm%yumauméﬁu (Resisting Forces) aMuaun1sfl 4.2uazderusadinud
nawUsHunssuAn F.S. vl API ity

;:;Ui?‘i 4.20 uansBNsIaT Yo pore water pressure suideunanusinai Wunasamingnves
anRuUSRaAdLeN Na1991 kazfiuanaunismiessiaiesnnluaiafulaefansanfuil
Susee lagUseendld The Mohr-coulomb failure criterion (Fredlund and vanapalli, 2002)
wuin lestuan axvinlvuseduniluiledau (ug —u) RS sdamaliausadeuluinaiu (Shear
strength) warANLdIusslusnadu,A1 F.S. wazAl APl LA

nuadnsTildnuin (I)b funumdenisiiutuveseuudaussluinaiu, APl waz pore water
pressure 1 sensitivity index Aidualld a1 0.52 Fafioindusuusiianuldsusui 2 lung
FauUsidu soil strength parameters
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Crt.c
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Crt.b
= Crt.a Int.c
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< — Matural
Int.b e
200 Inta  _ __--~ &
-
w
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g‘dﬁl 4.20 Relationship between A.P.I (mm) with different (I)b
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Section A-A Section A-A

Depth(m)

-5 15 35

I Section B-B

Depthim)

Int.c

-5 15 35

Section C-C

Depth(m)

15 35 5 15 35 -5 15 35
Pore waterpressure (kPa) Porewaterpressure (kPa) Porewaterpressure (kPa)

gﬂ‘ﬁ 4.21 Pore water pressure profiles for three (I)b

4.3.2.8 The influence on soil unit weight (Y)

PnMsiesiatiesnnvesiulaelusunsy  Slope/W  namd 422 avanunsadinsgh
AETUS ST TIUAsuLUasAn y‘ﬁ 13,18 wag 20 93AN AoANSLiNT e APl 90 120 U
230 fadwnsluandufiiduaauesssuy@ (Natural situation:hidden line graph) wazain 270 I
350 fadluns luaeAusauiiosnnuinaniey (Fail situation: thick line graph) 1ilosn91nn1s
diduresen ¥ thlvgnafistuvesauudeusdlunaiu sUil 4.23 wansiansifivtures pore
water pressure suideunanusinasidunaennifrveeafuusaaiue natsen wariu
NnuadwsAldnui funumdensiiuduvesnnuudusduinadiu, APl wav pore water
pressure 1 sensitivity index Aidualld a1 0.31 Fafiondusuusidanuldsusui 3 Tung
FauUsidu soil strength parameters
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gﬂﬁl 4.22 Relationship between AP.I (mm) with different Y
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gﬂﬁl 4.23 Pore water pressure profiles for three different Y

4.3.2.9 The influence on effective cohesion (¢')

PNMTIATIElangsn nYesfulaglusunsy SEEP/W uag Slope/W aganunsninseianuaunus
sewansilasuulasen effective cohesion 7 5,15 way 30 sierinsidsunlas APl 91na1aRui
Wuanugsssu® (Natural situation:hidden line graph) IWauamdusauiiosninuSinaniny
(Fail situation: thick line graph) fanwdl 4.24 1NN RS ERUssnansuruvesilumanulng
T4wdnnns finite element analysis Inelusunsy SEEPW wuinmisifisduves APl fiwasenis
\WasuwUatuesAn pore water pressure UShaiuinnmsAvR (failure surface) muviinvesan
Auusaniun na1an washiuen fanmi 4.25
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A 4.26 wandlidiuinnsifiudiuvesen effective cohesion 910 5 4 30 dawalshadiesninluann
fuanasuaze AP finduain 125 1U 245 fiadwms (Natural situation) way 270 U 400 fadiums
(Failure situation) AWl 4.25 wandieen pore water pressure Adudusuilownanuimaniny
naeAvtdnvesmRuUS AU nanse uasRuLAl msfisTuissdafemtounylaifing
WasuLaasaaenndosiuniss 4.7 AuansiaSuna dhiidfiatu a VAR IRAUGYLFLLED TN
sysutiluainiu (The location of water table) fauanslunisnedt 4.7 nudnsedurinluaadud
WisFuauisiiuwnaznuluanaudiilen effective cohesion # 5,15 uay 30 #eAUrY 9 Ua/a.
Lifinsiuduressesuinluaindiu egnslsfnuiinsiivtuvesseauinluaudsiuanluaapudian
effective cohesion 71 5,15 uaz 30 feAsduNy 36 w3/,
Pnuadnsildannnisudsunaiiuls effective cohesion Wu31en Matric suction Slauddayi
vnliAnnnsanasesrdnsiaiulasnfouaznisiiiutues APl luaiaiu

M1919 4.7 Categories of water table location at slope failure in series C (effective cohesion) of

this parametric study.

soil unit weight , c' (kPa ) | Rainfall Intensity (mm/hr)

15 Il Il

30 If Il

asUnsiinsziiadesnmuesiulasnsideuntasen effective cohesion wudnsiiutues
effective cohesion thlugmaifintuvesaruudousdumafuuaziilugninfistuosd APl a1
sensitivity index gl fd1 0.27 Fefiednduduysidmnilddesfignlunguiulsiiu
soil strength parameters

4.3.2.10 The influences of modeling parameters on resisting and driving moments

AensdvasnsalunmsiuiaadesnInluan A ud L IudnIId UL IR TUADLTINSNT ILTIA UL

[

Fuagiummuudusiluainiu

Re sisting Forces

F.S. (4.2)

Driving Forces
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FauSuahiuaziiunumadglunisanasvedaiysnInuaz AR 1@UUaRNNY ALTINEN (the
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of thickness (dm) and slope angle (degrees), for sand (UNSODA 1062).
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4.3.3 Probabilistic analysis
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'g‘d‘ﬁ 4.26 Probabilistic slope stability analysis
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151991 4.8 Relationship between probability of failure and rainfall intensity for loamy sand

at different time

AP 380 312 315 300 308 288 324
Time
(hour) Ir=6 r=9 r=12 r=18 r=20 r=28 r=32 r=36
0 0.470 0.466 0.466 0.466 0.466 0.49 0.493 0.493
6 0.469 0.469 0.469 0.470 0.478 0.493 0.495 0.495
12 0.472 0.473 0.473 0.478 0.49 0.495 0.500 0.500
18 0.473 0.475 0.473 0.489 0.493 0.500 0.561 0.561
22 0.475 0.476 0.4r77 0.488 0.495 0.561 0.562 0.563
24 0.476 0.478 0.478 0.489 0.500 0.562 0.564 0.564
30 0.478 0.479 0.492 0.500 0.561 0.564 0.566 0.566
35 0.478 0.489 0.500 0.561 0.564 0.567 0.567 0.569
42 0.489 0.498 0.558 0.564 0.572 0.572 0.572 0.572
53 0.494 0.558 0.572 0.572 0.578 0.583 0.583 0.578
60 0.511 0.558 0.583 0.578 0.583 0.589 0.594 0.594
70 0.517 0.558 0.583 0.583 0.600 0.611 0.617 0.617
96 0.522 0.567 0.583 0.600 0.622 0.628 0.633 0.633
144 0.539 0.596 0.606 0.617 0.639 0.644 0.650 0.650
192 0.544 0.596 0.606 0.622 0.639 0.644 0.650 0.650
240 0.544 0.602 0.606 0.622 0.639 0.644 0.650 0.650
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Abstract

Uncertainty in soil properties may lead to problems in
slope stability analysis (e.g. Heterogeneous in soil mass of
natural slopes are difficult to evaluate the exact shear
strength. This is a main cause of wrong calculate factor of
safety and wrong design to protection slope).Thus,
probabilistic study is carried out to assess the effect of
uncertainty of soil properties on stability of slope.This paper
describes the Random-finite element (RFEM) to slope
stability risk assessment compares between numerical and
limit equilibrium method to analyze slope stability.

Furthermore this paper compares between finite
element method and random-finite element method. The
result of RFEM analyses with monte carlo simulation are
describe by a range of parametric variations. Analyzed
method is used in conjunction with monte carlo simulation
to determine probability of failure (Py) and its corresponding
probability distributions.
Keywords: Slope Stability Analysis, Random-finite element
method, Numerical Method.

1. Introduction

Slope stability analysis is one of the oldest tasks in
geotechnical engineering.The earliest studies appeared in
the 1970s (e.g., Matsuo and Kuroda, 1974; Alonso, 1976;
Tang et al,, 1976; Vanmarcke, 1977) and have continued
steadily (e.g, D’Andrea and Sangrey, 1982, Li and Lumb,
1987; Whitman, 2000; Wolff, 1996; Lacasse, 1994; Christian
et al, 1994; Christian, 1999; Lacasse and Nadim, 1994;
Hassan and Wolff; Duncan, 2000; Szynakiewicz et al., 2002;
El-Ramly et al., 2002;Griffiths and Fenton, 2007; Griffiths et
al., 2008).

This paper focus on review slope stability analysis by
using limit equilibrium methods and numerical methods.
Especially random finite element method (RFEM), a more
rigorous method of probabilistic geotechnical analysis in
which finite-element methods are combined with random-
field generation techniques and fully accounts for spatial
correlation and averaging. RFEM method is also powerful
slope stability risk assessment tool that does not require a
prior assumption relating to the shape or location of the
failure mechanism. (Griffiths and Fenton, 2004)
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2. Slope stability analysis theories
Analysis method of slope stability can be divided in two
major parts as shown in figurel.(Limit equilibrium methods

and Numerical methods)

2.1Limit equilibrium methods

Limit equilibrium methods for slope stability analysis
can be separated in two parts.The first one is satisfies force
and moment of equilibrium, The result of these method is
factor of safety, Which is depend on mean of force
equilibrium and another one is probabilistic slope stability
analysis.The result of these method is probability of failure,
Which is depend on random variable of soil parameter that

we concern.

Slope
StabilityAnalysis

v

Limit Equilibrium Numerical
Methods Methods

¥

Finite Difference
methods (FDM)

Satisfies force &
moment of equilibrium

Probabilistic Slope

Stability Analysis Method (RFEM)

Random Finite Element|

Finite Element
Force Methods (FEM)
- Force equilibrium methods
(e.gLowe and Karafiath 1960;

. Discrete Element
U.S. Army Corps of Engineers nl\ g;ﬁ, de s (SE\;G
1970)

Boundary Element
Moment methods (BEM)

2

- Ordinary Method of Slices

(Fellenius 1927) Discrete Fracture

™ Network methods

Force+Moment (OFN)

- Bishop's Modified Method

1955 Meshless Local Petrov-|
L. Janbu's Generalized Procedure| ™ Galerkin

fof slices(Janbu 1968) Method(MLPG)

I Morgenstern & price's Method

1965

I Spencer 1967 ™ Lodalen Slide

Fig. 1 Slope Stability Analysis Method

2.1.1 Satisfies force and moment of equilibrium
Limit equilibrium method is satisfied a stability analysis
method to discuss about balance of resisting and driving
force.Slope will have a balance when resisting force (weight
of soil mass) is equal external force acting on soil mass
(driving force) and balance of soil slope is depend on the
increase of slope angle because it has a significantly
influence on the reduction of factor of safety. If the value

of F.S. is less than 1.0 the slope stability is unstable.



Table 1 describe forces equilibrium methods (e.g., Lowe
and karafiath 1960; U.S.Army Corps of Engineers, 1970 ).This
applies to any shape of slip surfaces and satisfies both
horizontal and vertical force equilibrium.However this
method is not consider moment equilibrium.Another
method for slope stability analysis, for example bishop’s
modified method(Bishop, 1955) doesn’t satisfies horizontal

force equilibrium and applies only for circular slip surfaces.

Table 1
and Wright, 1980)

Characteristics of Slope Stability Analysis (Duncan

Method

Characteristics

Slope Stability Charts
(Janbu 1968 ; Duncan
et al, 1987)

Accurate enough for many purposes
Faster than detailed computer ana-

lyses

Ordinary Method of
Slices (Fellenius, 1927)

1. Only for circular slip surfaces
2. Satisfies moment equilibrium
3.Does not satisfy horizontal or verti-

cal force equilibrium

Bishop’s Modified
Method (Bishop, 1955)

1. Only for circular slip surfaces

2. Satisfies moment equilibrium

3 Satisfies vertical force equilibrium
4.Doesn’t satisfy horizontal force

equilibrium

Forces equilibrium

method (e.g. Lowe and
Karafiath 1960;U.S.Army
corps of Engineer,1970)

1. Any shape of slip surfaces
2. Don’t satisfy moment equilibrium
3.Satisfies both horizontal and verti-

cal force equilibrium

Janbu’s Generalized
Procedure of  Slices

(Janbu, 1968)

1. Any shape of slip surfaces
2.Satisfies all condition of equilibrium
3.Permits side force locations to be
varied

4.More frequent numerical problems

than some other methods

Morgenstern and prices
Method(Morgenstern &
Price, 1965)

1. Any shape of slip surfaces
2.Satisfies all condition of equilibrium
3.Permits side force orientations to

be varied

Spencer’s Method
(Spencer, 1967)

1. Any shape of slip surfaces
2.Satisfies all conditions of equili
brium

3. Permits side force locations to be

varied

2.1.2 Probabilistic slope stability analysis

This is one of slope stability analysis method was

developed for solve

Probabilistic analyses

uncertainty in  soil properties.

are normally used to evaluate
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statistical distribution of a performance function. Based on
statistical characteristics of input variables, Process of this
method for analyze factor of safety come from distribution
of random variable by monte carlo simulation. Then,
probability density function (pdf) leads to measure
probability of failure (Py).

Degroot (1996) said that engineers can be adjust for best
estimate and a measure of uncertainty in the best estimate
by

a) Mean (M, ) ; is a statistical measure of

normal distribution and measure of Unimodal Pattern
data.That data collected from a population with a constant
standard deviation.

p, = X, M

b.) Standard Deviation (G ,) is the square root of the
variance which is used to explain the deviation of
population.

1

T (X — o) @

Oy =S =

c.) Coefficient of variation (COV) ; Consideration ratio of
standard mean for compare standard deviation data more
than two value.

cov, = :— 3)

Random variable method in soil parameter that can be
First Order Second Moment Method, Point Estimate Method
and Monte Carlo Simulation.

2.1.2.1 First order second moment method
(FOSM)

FOSM method is suitable for function that have more
than or equal two variable parameter that used first part
from Taylor’s series approximation for estimate factor of
safety (F.S.).

F.S.=g(X|, X0, X3 X ) +e (4)
When

gX) b Fador sty funcion

e is Model Error

Equation 5,6 shows coefficient of variation (COV) that
consideration ratio between mean and standard
deviation of random variable.

2

AF.S.
V[F.S.]: [covS Ky ]2 (5)
u Su
Asy
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2
0
GZF,S. = V[F.S.]: £ 6x12 (6)
X ;
J
When
X; & Variable parameter
e is Model Error
AFS.=g(Sy +1)-g(Sy -1) 7

From equation 4 lead to find variable parameter of F.S. and
Probability density function (pdf) from vertical axis (Phoon
and Kulhawy, 1999) because of undrained shear strength
(S,) and Characteristic of distribution of F.S. as shown in Fig

2 after that find Probability of failure that F.S. <'1

pdf

F.S.
ES.=1 Hes,

Fig. 2 Probability of failure (P)
2.1.2.2 Point estimate method (PEM)

When function has variable parameter more than two
(Eg. 4), the method of stability analysis is therefore
complicated. Rosenblueth (1975) introduced point estimate
method, PEM approach, based on Random Variable (Mean,
Variance and  Skewness) to understand  similarity of
probabilistic distribution and load distribution.For example
rigid beam that is applied vertical load action in beam as
shown in Fig 3

Harr. (1987) compare radius of gyration that shows
distribution from considerate point. It means standard
deviation as shown in fig. 3. When beam was acted by load,
reaction has occurred. Hence, p. force has appeared at x =
X, and at x = x, for p, force. This approach was called as
“Two-point estimates” of distribution of function f(x) .They

have relation about variable as shown in equation 8.
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f(x) @

—— _._.‘_)S.»
A B
E [X] 1
109 ONN
i
i
|
| - - _._.‘_.)S..>
A X E[X]: X, B
p. i P.

Fig. 3 Beam with Vertical Load (After Harr 1987)

p_=1-p, 9
p_
X, =Wy + 0y [— (10)
P+
p
X_ =y +0y =+ (11)
p_
When
p. = The resultant force at x = x_from beam.

p. = The resultant force at x = x, from beam.
o = Skewness

2.1.2.3 Monte carlo simulation

Monte  Carlo  Simulation or implementation is a
statistical method. Arising from implementation of the
parameter values is selected for the analysis or calculation
repeated several times.

Finally replied in a probability distribution.Until it get
the results by calculating the factor of safety repeat many
times and large enough to have the distribution of F.S.
(Probability density function).Then P; can be calculated
from the possibility that F.S. < 1.

2.2 Numerical method

Numerical modelling starts by dividing the slope into a
finite number of zones or elements. Forces and strains are
then calculated for each element using the appropriate
constitutive laws for the materials in the slope.The most
common numerical analysis methods available are Finite
Difference methods (FDM), Finite Element Methods (FEM),
Discrete Element methods (DEM), Boundary Element
methods (BEM), and Discrete Fracture Network methods
(DFN).



The difference of numerical method compared with
limit equilibrium methods is constitutive model and shear
strength reduction technique has been investigated.

2.2.1 Constitutive model formulation

The mechanical behavior has been described on
numerous models such as
2.2.1.1 Shear strength equilibrium

The mechanical constitutive formulation is based on
Bishop’s effective stress and a linear elastic, perfectly
plastic Mohr-Coulomb soil model.The failure criterion
extended for unsaturated conditions is

¢ =c'+(o—u, tang'+X(u, —uy, Jtang' (12)
When
T, = Soil shear strength
C’ = The effective cohesion

The total stress

¢ = The effective angle of friction
o
U

o

The pore air pressure

U, = The pore water pressure

2.2.1.2 Hydraulic conductivity function
Hydraulic behavior describes the hydraulic conductivity
suction level is

k(s) = kggeky () (13)

Where the relative coefficient of permeability k(s) has
been modeled using the function proposed by Van
Genuchten (1980)

(1-n)

n-1 n
1- (aas |:1+ (uusj| n

K (6)=Kgat o (14)

|:1 + (aasn} 2n

and where kg is the saturated hydraulic conductivity (P.
Arnold and M.A. Hicks,2011)

2.2.1.3 Shear Strength Reduction Technique

The principal of shear strength reduction technique in
finite element analysis is to simultaneously reduce c and
tan @ in small increments until failure occurs in the
numerical analysis.If shear strength parameters at failure are
¢, and @, .The factor of safety (F.S.) can be defined as (Indra
and Helmut F., 2011)
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F.§.=2 _ © (15)

"7 tan ?, cr

2.2.2 The Random Finite Element Method

the Random Finite Element Method (RFEM) that
combines random field theory with deterministic finite
element analysis was developed by Griffiths and Fenton in
the early 1990’s and has been applied to a wide range of
geotechnical applications. In a stability analysis, input to
RFEM is provided in the form of the mean, standard
deviation and spatial correlation length of the soil strength
parameters at the point level, which may consist of several
layers with different statistical input parameters. In the
absence of site specific information, there is an increasing
number of publications presenting typical ranges for
thestandard deviation of familiar soil properties, e.g. Lee et
al.

In RFEM, local averaging is fully accounted for at the
element level indicating that the mean and standard
deviation of the soil properties are statistically consistent
with the mesh density. Since the finite element method of
slope stability allows mechanisms to seek out the most
critical path through the soil, the methodoffers great
promise for more realistic reliability assessment of slopes
and other geotechnical applications. (Griffiths and Fenton
2000)

2.3 Comparison between Numerical and
limit Equilibrium Methods

The difference between Numerical and Limit Equilibrium
Methods is
(1) Limit equilibrium methods just give an estimate of factor
of safety with no information on deformation of the slope
but in numerical analysis, the failure surface can evolve
during the calculation in a way that is representative of the
natural evolution of the physical failure plane in the slope,
(Wyllie and Mah, 2004).
(2) Cundall (2002) compared the characteristics of numerical
solutions and limit equilibrium methods in solving for the
factor of safety of slopes and concluded that continuum
mechanics-based numerical methods have the following
advantages:

2.1 No pre-defined slip surface is needed.

2.2 The slip surface can be of any shape.

2.3 Multiple failure surfaces are possible.

2.4 No statical assumptions are needed.

2.5Structures (such as footings, tunnels, etc.) and structu

rals elements (such as beams, cables, etc.) and interface

can be included without concern about compatibility.

2.6Kinematics is satisfied.
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It is important to recognize that the limit equilibrium
solution only identifies the onset of failure, whereas the
numerical  solution includes the effect of stress
redistribution and progressive failure after failure has been
initiated. The resulting factor of safety allows for this
weakening effect, (Itasca Consulting Group, 2005). Hoek et al
(2000) stated that numerical models can also be used to
determine the factor of safety of a slope in which a number
of failure mechanisms can exist simultaneously or where
the mechanism of failure may change as progressive failure
occurs. (Henry, 2010).

For slopes, the factor of safety often is defined as the
ratio of the actual shear strength to the minimum shear
strength required to prevent failure, (Dawson et al, 1999). A
logical way to compute the factor of safety with a finite
element is to reduce the shear strength until “collapse”
occurs in the model. The factor of safety is then the ratio of
the rock’s actual strength to the reduced shear strength at
failure. This method is called the shear strength reduction
method, (Dawson et al, 1999, Griffith and Lane, 1999,
Hammah et al, 2004).

2.4 Comparison between Finite Element
Method and Random Finite Element Method
Griffiths(2008) compared the characteristics of finite
element method and random finite element method by
the results of nonlinear RFEM analyses with monte carlo
simulations. the results are described, based on a range of
parametric variations of ® that called this value in statically

as the spatial correlation length as shown in Fig 4.

Input parameters

¢u = 0' Vsat

Hep Ooy B Cy

+—T—»

FEEREEECE LTI T LT T irirere !
Fig. 4 Slope test problem (Griffiths and Fenton 2000)

In this study, the slope inclination and dimensions given
by B=26.6, H and D=2 and the saturated unit weight of the
soil y,, are held constantwhile the undrained shear
strength ¢, is assume to be a random variable.n the
interests of generality,the undrained shear strength will be

expressed in dimensionless from c,where

Cu

YsatH
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2.4.1 The Spatial correlation length (®)

The Spatial correlation length describes the distance
over which the spatially random values will tend to be
significantly correlated in the underlying guassian field.The
spatial correlation length can be estimated from a set of
shear strength data taken over some spatial region simply
by performing the statistical analyses on the log data.n
practice, however, 6, is purposes, @, and &, are
interchangeable given their inherent uncertainty in the first
place not much in the current study,the spatial correlation
length has been nondimensionalized by dividing it by the
height of the embankment H and will be expressed in the
form
- H

2] a7

different in magnitude from the correlation length in
real space,and,for most It has been suggested (see, e.g. Lee
et al,, 1983; Kulhawy et al., 1991) that typical V. values
for undrained shear strength lie in the range 0.1-0.5.The
spatial correlation length, however, is less well documented
and may well exhibit anisotropy, especially since soils are
typically horizontally layered.While the advanced analysis
tools used later in this study have the capability of
modeling an anisotropic spatial correlation field, the spatial
correlation, when considered, will be assumed to be
isotropic.

the result is shown in Figure 5 and 6 and consists of

undrained clay, with shear strength parameters ¢, =0 and

Cy-
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Fig 5. Comparison of the probabilities of failure predicted by
RFEM and by Finite element local geometric averaging
alone (Griffiths and Fenton 2000)



From Fig. 5 the probability of failure (Py) from random
finite element method is increase at lower coefficient of
variation (Vo) when spatial correlation length becomes large,
the probability of failure is conservative because a large
value of spatial correlation length (® ) will imply smoothy
varying field, while a small value will imply a raged field.So,
spatial correlation length has a significantly influence on
RFEM results compared with FEM and Fig.6 shows the result
is shown that spatial correlation length only starts to have a
significantly influence on the Fs vs. Pf relationship using
finite-element when the correlation length becomed small (
®<<1 ). (Griffiths and Fenton 2000)
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Fig 6. Probability of failure versus Fs (Based on mean) using
Finite-element (Griffiths and Fenton 2000)

2.5Summary

The difference between Numerical and limit equilibrium
methods is numerical implement is dividing the slope into a
finite number of zones or elements and characteristics of
solutions is representative of the natural evolution of the
physical failure plane in the slope because numerical
satisfies both of stress and strain ( Kinematics ) but limit
equilibrium methods satisfies only stress.

Random finite element method solutions always gives a
higher probability of failure and single random variable
approach becomes vary over a wider range of coefficient of
variation than when using finite element local averaging
alone. This is caused by strength distribution find the
weakest point in the slope element great and intensive
more than finite element method and spatial correlation
length has a significantly influence on RFEM results because
spatial correlation length is using in random variable
aapproach for find probability of failure just only RFEM
method.

P s

msUs:gu3sINs3ronssulusiKgs A ASIA 18

Fuil 8-10 waunaw 2556 au TssusuADuNSE w‘}sﬂ}n;ﬁ/\glsm
0) e N

2.6 Notice

In thesis, The author selected unsaturated slope

stability analysis into application form the Random Finite

Element Method (RFEM), it uses elastoplasticity in a finite-

element model combined with random field theory in a

Monte-Carlo framework.Which implement that shown in fig

7.

statistically by lognormal distributions.

Consider Parameter
in soil slope D, H, B,7, 5,

Input soil statistical
properties(y,0,6)

for local average and map the properties

Generate the Random field accounting
onto the finite element mesh

Record whether the
slope fails or not

Qutput statistic stable

Fig 7. the Random Finite Element Method (RFEM)

In this study, The random variables characterized
[t has three

parameters the mean, the standard deviation and the

spatial correlation length. The variability can conveniently

be expressed by the dimensionless coefficient of variation.A
benefit of RFEM is that the shape and location of the failure

surface is not determined a priori and the algorithm is able

to seek out the most critical path through the

heterogeneous soil mass.
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