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AbstractThehydro-geologicalpropertiesofanaturalhⅢslopearealmostalways
heterogeneousandanisotropic・Thecomplexitiesinslopestabilityanalysisresultingfromthis
variationinpropertiescanbehandledbydividingthegeologicalfbrmationintomanylayers，
eachlayerrepresentingaspecifictypeofmaterial・Aslipsurfacemayfbrminsuchfbrmationsat
theboundarybetweentwodifferentmaterialtypes・Thisisespeciallytruewhenamaterialwith
higherhydraulicconductivityliesoveralowerhydraulicconductivitymaterial・Inthiskindof
situationthepercolatingwaterflowsdownhⅢmostlyattheboundarybetweenthelayers，
eventuaⅡycIeatingaslipsuIface・Amethodofsmlulationofquasi-3Dfactorofsafety(FOS)of
amultilayeredgeologicalfbrmationwithslipsurfacesalongtheboundarybetweenlayersis
proposed・Inthismethod,afinitedifference3Dgroundwaterflowandtransportmodelwasused
tosimulategroundwaterfluctuation・Usingspreadsheet,theresultinghydraulicheadsofeach
soilcolumnwereconvertedintoporewaterpressure・Thegeologicalfbrmationwasdividedinto
anumberofsections,eachofunitthickness・Usingappropriatesoilproperties,geologyofthe
area,andtheresultingporewaterpressure,theFOSofeachsectionwascalculatedbyusinga
2Dslopestabilityanalysismethod・TheresultingFOSfluctuationsfbreachsectionwere

simulatedbya3Dgraphicalsimulationpackage・Thus,aquasi-3Dslopestabilitysimulationwas
achievedbycombining2Danalysismethodswitha3Dgroundwatersimulationmethod・Ｔｈｉｓ
ｍｅｔｈｏｄｃａｎｂｅｕｓｅｄｔｏｓｉｍｕｌａｔｅｃhangesinhⅢslopeFOSduetodynamicchangesininputand
orextractionofwater,andinhillslopeswithmultipleslipsurfaces．
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Introduction

Countrieswithsteepmountainsandheavyrainfallslosesubstantiallifeandpropertyamuauydueto
landslidedisasters･Inordertoproperlyplanandexecutedisastermanagementprograms，abetter
understandingofthemechanismsoflandslidesandthedegreeofstabilityofslopesinthehillyareasis
aprerequisite・
Therearevarioustwo-dimensional(2,)techniquesofevaluatingslopestability・Mostofthese

techniqueswerCsimplifiedtomakethemusefUlfOrhandcalculation，Ｗｉｔｈｉｎｃｒｅａｓｍｇｕｓｅｏｆ●

computers,newthreedimensional(3D)teclmiquesofslopestabilityanalysisareemerging･However，
duetohighdatarequlrementsandcomplexity,thesemethodsarenotyetpopularamongpracticing
geotechnicalengineers・Arelativelysimpleapproachtowardsevaluatingtheoveranstabilityofaslope
soilisproposed・Thismethodconsistsofcombiningafinitedifference3Danalysistechniqueof
groundwaterflowwith2Dslopestabilityanalysistechniques・Thecombinationresultsintheabilityto
estimateandviewthefluctuationsinfactorofsafety(FOS)ofeachsectionofsoilinaslopedueto
fluctuationinwatertable，withrelativeease・ＴｈｅgroundwaterflowmodelisapplicablefOr
heterogeneousgeologicalconditionsandanisotropicflowconditions､Henceslopestabilityincomplex
fOrmationscanbesimulatedasweⅡbycombinationofthetwomethods・Thispaperdiscussesthe
detailsofthismethod・TheabilitytovisuallysimulatethefluctuationinFOSofageologicalfOrmation
isveryimportantwhendealingwithnon-technicaldecisionmakersandwheninteractingwithgeneral
publicfOrawarenesspurpose・Itishopedthattheapplicationofthismethodwillresultinabetter
understandingofsiteSpecificslopestabilityandlandslidemechanism・
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Methodology

Ahypotheticalgeologicalfbrmationthatresemblesacuthillslopewithdifferentgeologicalstrataand
beddingslopeswasconsidered・Arepresentativetableoffluctuationinwatertableresultingfrom
rainfallwascreatedpriortomodeldevelopment・Thevaluesintherainfalﾙwatertablefluctuation
tableweretypicalofthevaluesobservedatanearbylandslideinvestigationprQject､Asetof
hypothetical“observedvalues，，ofhydraulicconductivity，basedonvarioustypesofgeological
materials,wasprepared・ThegeologicalfOrmationwasdividedintodiscretenumbersofrows,columns
andlayers・Thegmundwaterregjmeoftheareawas‘‘calibrated,，tothepreset‘‘observedvalues,，of
hydraulicconductivityandwatertable,usingMODFLOW(2000),whichisapopularfinitedifference
3Dgroundwaterflowandtransportmodel・ＭＯＤＦＬＯＷｉｓｏｆｔｅｎｕｓｅｄｔｏｏｂｔａｉｎｈｙｄｒaulicheadin
vanousgeologicalfbrmationsresultingfromsteadystateortransientinputscenarios・Ｔｈｅ“calibrated”
modelwasusedtoobtaintheresultinghydraulicheadineachcenfbrsteadystateandtransient
conditions､Thedifferenttransientconditionswerecreatedbychangnginputvalueslikeaerial
rechargeandpumpingrates・

ThebottomsuIfaceofeachlayerwasconsideredasapotentialslipsuxface・Soeachsectionofthe
geologicalfbrmationconsistedofanumberofsub-crosssections,asshowninHgurela､Fbrexample，
thesoilmaterialsinthesub-crosssectionwiththebottomoflayerlasthepotentialslipsurface

consistedofmaterials

８０．０

６０．０

Ｎ

４０．０

２０．０

廿omthegmund
surfacetothebottom

ofｌａｙｅｒｌ；thesoil
materialsinthe

sub-crosssectionwith

thebottomoflayer2
asthepotentialslip
surfaceconsistedof

materials危omthe

groundsuIfacetothe

bottomoflayer2,ａｎｄ
ｓｏｏｎ・Theresulting
hydraulicheadfbr

ＯｏＯ

ｅａｃｈｃｅＵｏｆｔｈｅｍｏｄｅｌ
ｏ ｏ

３ ８ｇｏ
日wasextractedan d

N

】< inmportedintoa

Fig,１aCrosssectionthrougharowspreadsheetprogram・
Whilewritingthe
resultinghydraulic

headsinthespreadsheettheceuswereseparatedsothateachsetofceⅡsrepresentsadistinctsub-cross
section・

FigUrelaconsistsoffivesub-sections,onefbreachlayer・Thetopofallsub-sectionsistheground
surfaceandthebottomofeachsub-sectionisthebottomofthatlayer・ＩｎＦｉｇｍｅｌｂ,thesuIfacesabcd，
efgh,andijklrepresentthegroundsurface,bottomoflayerlandbottomoflayer2ofonesoilcolumn・
WhencalculatingtheFOSofthesoilsectiOncontainingthesoilcolumnabde-efghlyingonlayerl，
thesuIfaceefghisconsideredtheslipsuIface､Similarly,whencalculatingtheFOSofthesoilsection
containingthesoilcolumnabcd-ijkllyingonlayer2,thesuIfaceijklisconsideredtheslipsurface,and
ｓｏｏｎ・SothegroundsurfaceisthetopsuIfacefbrallthesoilcolumns・

TheresultingheadvalueofeachceⅡ,whichrepresentstheheadvalueofacolumnofsoilofunit

thickness,wasconvertedtotheporewaterpressure(u).Forasteadystateconditioneachcenhasonly
oneheadvalue・Fbrtransientconditioneachceuhasaseparateheadvaluefbreachtimestep・
Usingappropriaterepresentativevaluesofcohesion(C),dryunitweight(YJ,submergedunitweight

(Ysw)andintemalangleoffriction仲)fbrthesoil,theFOSvalueofeachsubsectionofthecalibrated
modelwerecalculatedfbreachscenario,usingJanbu's(1957)２，slopestabilityanalysistechnique・
VariousstudieshavefOundthattheresultsfiomJanbu，smethodareclosetotheIesultsofrigorous
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methodssuchasSpencer,ｓ（1967）method
(Fredlund＆Krahnl977，Nashl987)．
Generally,a3Dslopestabilityanalysisresults
inhigher，andhencelessconservative，FOS
valuecomparedtoa2Danalysis，duetothe
boundaryeffectoftheslidingmass・Fbrmany
cases，theresultsofa2Dslopestability
analysisareconsideredsatisfactoryfbr
practicalapplications・

Figure2indicatesthefbrcesineachsoil
Fig.２Forcesonaslice r1Ga…ユレュュｃＷＦ型､ゴュｕＵ皿ロ・

Figure2indicatesthefbrcesineachsoil
slice・ThewidthofthesliceisbandthelengthofitsbasealongtheslipsurfaceisJ・TheWisthetotal

綱:髄f砦;磯鰐瀧｡謡:i瀦縦蝿s蹴翻淵蹴灘鑑驚謡
strengths＝c,＋(o-u)tanウ.Atthetimeoffailures＝てF,whereFistheFOSvalue・
ThenormalfbrceP＝oIandtheshearfbrceT＝て１.Hence，

Ｔ＝（1/F)(c'１＋(Ｐ－ｕｌ)tanウ）（１）

BalancingtheverticalfOrces,ｗｅget,Pcosα＋Tsinα＝Ｗ－(ＸＲ－ＸＪ
Ｂｕｔ,fbrtheJanbu，sSimplifiedmethodtheinterslicefOrceishorizontal,i､e､,ＸＲ＝ＸＬ＝０.Ｓｏ，

Ｐ＝Ｗ－(1/F)(c，lsina-ultanウsinα)/ｍα，（２）

where、α＝ＣＯＳα(1＋tanatanウ/F)）
ResolvingthefOrcesparalleltobaseofsliceweget，

Ｔ＋(ER-EL)COSα＝(Ｗ－(XR-XI))sina（３）

ＳｉｎｃｅＸＲ＝ＸＬ＝０，ａｎｄＴ＝てノ，

ER-EL＝Ｗｔａｎａ－(1/F)(c'1＋(Ｐ－ｕｌ)tan申）seca（４）

IntheabsenceofsuIfaceloadingZ(ER-E,)＝0,sｏ

２(ER-EL)＝ＺＷｔａｎａ－(1/F)(c'1＋(Ｐ－ｕｌ)tan｡）seca＝0,and

Ｆ＝[Z(c'１＋(Ｐ－ｕｌ)tan●）seca]/zWtana（５）

Toobtainthefinalvalueofthefactorofsafelyofasection,theFvalueobtainedhomequation(5)has
tobemultipliedbyafactorfb,wherefbisafUnctionoftheratioofdepthofslipsurfaceatthecenterof
thesectionandthelengthofthestraightlineconnectingtheheadandtoeofthesection・

ＴｈｅｆinalcalculatedvaluesofFOSofeachsubsectionofthegeologicalfOrmation,fOreachlayer，
wereexportedfromthespreadsheettoa3Dsimulationpackage・

Theresultsoftheindividual2Danaｌｙｓｅｓｃａｎｂｅｃｏｍｂｉｎｅｄｔｏｏｂｔａｉｎａｎ‘equivalent，３ＤＦＯＳ・
AccordingtoSherardetaL(1963)３ＤFOS(orF3)canbeobtainedfromtherelation

F＝旦旦（６）
ｚ崎

whereFrandFbrepresentthetotalresistinganddrivingfOrcesfOreach2Dcrosssectionandthe
summatio､isperfOrmedfOrallcrosssections､Similarly,LambeandWhitman(1963)suggestedusing
weightedaverageoｆ２ＤＦＯＳｖａｌｕｅｓｏｆｅａｃｈｃｒｏｓｓｓｅｃｔｉｏｎｔｏｏｂｔａｉｎ３ＤＦＯＳｖａｌｕｅ;withthecross
sectionalareaastheweighing-factorofeachsection・Hence,accordingtoLambeandWhitman，

Ｆ‐里Zg- 4 L （ ７ ）
zAi

whereFiandAirepresenttheFOSandcrosssectionalareaoftheilhcrosssection・Seedetal.(1990）
suggestedusingthesameapproachaslambeandWhitmanbuttheweighing-factorofeachsection
wastakenastheweightofeachcmsssection・Inthispaper,fOrsimplicity,theSherardetal・method
wasusedtoobtainquasi3DFOSfrom2Dresults．
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Res皿11tsandDiscussiiOns

Ahypotheticalgeologicalfbrmationwas
considered(Figure3).Forclarity,theformation
isshowninwire-framemode・Forsimplicity,the

areaunderstudywasdividedintｏｌＯｒｏｗｓ，１０
columns,and51ayers,thusthereisatotalof500
cellsinthemodel､Eachrowrepresentsasection
inX-Zdirection，hencetherearelOsections・
Eachsectionconsistsoffivesubsections，since

eachlayerconstitutesasubsection・Ｓｏ,thereare
atotalof50subsectionsinX-Zdirection・Each

layerrepresentsadifferentsoiltypeconsisting
ofdifferentaquiferpropertiessuchashydraulic
conductivityanditsheterogeneityand
anisotropyineachlayer・Thethicknessandthe
slopeofthebottomofeachlayervaryfmmcell
tocell､ThebottomofthelowestlayerOayer
number5)ismadeflatfOrnoparticularreason．
Tosimulatetheeffectofvariationsinpumping
fromwells,severalextractionwellswereadded
atvariouscells・Anetworkofartificial

undergroundhorizontaldrainswasaddedthat

drawswaterfromthetopthreelayers・
Theartificialundergrounddrainsａｒｅｏｎｅｏｆ

ｔｈｅｗａｙｓｔｏｄｒａｉｎｒａｉｎｗａｔｅrfromhillslopes，
Thehillsideistowardstherightsiｄｅｏｆｔｈｅａｒｅａ
ａｎｄａｒｉｖｅｒｒｕｎｓｉｎｔｈｅｌeftsideofthedomain・

Consideringtheriverbedattheleftsideofthe
modelasconstantheadcens，ａｎｄｔｈｅｐｒｅｓｅｔ
“observedvalues，,ofhydraulicconductivityat
variouslocations，thegeologicalfOrmationwas

calibratedfbrgroundwaterflowfOrthesteady
statecondition・ＳｉｎｃｅｔｈｅｆＯｃｕｓｏｆｔｈｉｓｐａｐｅｒｉｓ
ｏｎｔｈeuseofthecalibratedgroundwaterｆｌｏｗ
modeltoobtaintheFOSvaluesfbｒｅａｃｈsection

representedinthemodel，thedetailsofthe
calibrationprocessofthegroundwaterflow
modelareomitted・

Forthesteadystateconditiontherecharge
andthepumpingratewerekeptconstant､Once
themodelwasdeemedsatisfactorilycalibrated
forthesteadystatecondition，ｔｈｅｍｏｄｅｌwas

updatedfOrtransientconditioｎｓｔｏｍａｔｃｈｔｈｅ
ｐｒｅｓｅｔ“observedvalues'，offluctuationofwater
tablewiththevariationsinrainfallrechargeａｎｄ

／

Ei9.3A3Drepresentationofhillslope
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一

hydraullcheadvalueorapartIcularsectionoftheareaintwodimensions；thearrowsineachcellof

thesectionindicatetheflowdirectionintheindividualcells,andthelengthofthearrowsindicatethe
relativerateofflow・Figure5isa3Dversionofhydraulicｈｅａｄandrepresentstransienthydraulichead
fOraparticularscenarioofthehillslopearea;thegreyareainthehillsiderepresentshighheadvalues
andthedarkcolorinthevalleysiderepresentslowheadvalues・ＡｓｓｈｏｗｎｉｎＦｉｇｕｒｅ５，duetothe
effectofwaterdrainingfromthehorizontaldrains，ｔｈｅｈｅａｄａｔｔｈｅｔｏｅｅｎｄｏｆｌａｙｅｒ３ｈａｓｌｏｗｅｒ

二Ｆ

ＬｑＵ上しｗ上し型し型L′ｖＱ八八cLL人Ｕ型。』以上α』皿上α』上上しし上』αﾕ邑しα皿ｕ Ｆｉｇ・ＳＥxampleofHydraulicheaddistri-
pumpingofwaterfromdifferentwells､Figure4 butioninatransientsimulation

showsanexampleofacontourofresulting
hydraulicheadvalueofaparticularsectionoftheareaintwodimensions;ｔｈｅａｒｒｏｗｓｉｎｅａｃｈｃｅｌｌ
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一

hydraulicheadcomparedtothesuIroundingcells､Thislocaldropinhydraulicheadreducesthepore
waterpressureinthesecells,andthusincreasestheFOSvalue,ａｓsumingeverythingelseisconstant・
Aftercalibratingthe3Dgroundwatｅｒｆｌｏｗｍｏｄｅｌｆｂｒａｓｔｅａｄｙｓｔａｔｅａｎｄｔransientconditions，ｔｈｅ

resultinghydraulicheadvaluesfbrdifferentscenarioswereobtainedbychangingvariousinput
parameterssuchastheaerialrechargerate，locationandslopeofartificialhorizontaldrainsand
pumpingrates丘omthewells・Ｔｈｅｒｅsultingheadvaluesofau500censfbreachscenariowere
convertedtoporewaterpressure・

TheFOSofasoilsectionisbasicallyafmctionofitscohesion(c),intemalangleoffriction((ｳ)，
weight(Ｗ),porewaterpressure(u),andslopeoftheslipsurface(α).Ｔｈｅｃ,ｆ,andWaresoil
propertiesandaregenerallydeterminedfromsoilsampleanalysisatalaboratory・Inanatural
environmentthesevaluesarealmostalwaysheterogeneous・WhencalculatingthevalueofWcarewas
takentobreakthesoilcolumnintothepartsthatwereaboveandbeloｗｔｈｅｗａｔｅｒｔａｂｌｅbecausethe
specificweightofsoilvarieswhenitisbelowthewatertable､Theuvaluedependsonthehydraulic
headandthedensityofwater､Thehydraulicheadofeachsoilcolumnwasobtainedfromtheresultsof

MODFLOW；ｔｈｅｕｎｉｔｗｅｉｇｈｔｏｆｗａｔｅｒｗａｓｔａｋｅｎａｓ９８１０ｎＶｍ３ｏＴｈｅａｖａｌｕｅｓｃｏｍｅｆｒomthe
elevationdifferencesbetweenthelowerandupperendsofthebaseofeachcolumnorsliceofsoil・

TheFOSvalueswerecalculatedfOreachsubsection,assumingthebottomofeachlayerasthe
slipsurface・ＴｈｅＦｉｇｕｒｅｓ６ａａｎｄ６ｂａｒｅｅｘａｍｐｌｅｓｏｆtheresultingFOSofeachsubsectionintwo
differentsections,inaparticularscenario､InFigure6a,whichrepresentsthesectioninthemiddlepart
ofthegeologicalformation,thesecondlayerhaslowestFOSvalue・Figure6b,ｗｈｉｃｈｉｓｆｒｏｍｔｈｅｅｄｇｅ
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Ｆｉｇ．６b：FOSvalueineachsubsection
inedgepartofthemodeldomain

partoftheformationhaslowFOSvalueforboththefirstandthesecondlayer・Thiskindofvariation
inFOSvalue丘omonesubsectiontoanothersubsectionandfromonesectiontoanothersection

resultsfromvariousfactorssuchasheterogeneityoffOrmation,anisotropyofhydraulicpropertieｓｏｆ
ｍａｔerials,locationsofinputandoutputsourcessuchaswells,drains,andrivers,spatialvariationsin
aerialrechargeanddischargesourcessuchasprecipitationandevapotranspirationandvariationsin
boundaryconditions・

BychangingvariousinputparameterstheresultingchangesinFOSvalueineachsubsectionand
orlayercanbesimulated､Similarly,ｔｈｅｃｈａｎｇｅｓｉｎＦＯＳｖａｌｕｅｉｎｅａｃｈｓｕｂｓｅｃｔｉｏｎａｎｄｏｒｌａｙｅｒｗｉｔｈ
ｔｉｍｅｃａｎｂｅｓimulatedfOrtransientsimulation、

ThelocaleffectsofchangesinFOSbyinterventionscanbesimulatedbyplottingspecificranges
ofFOSvalues､Ｆｏｒexample,ｔｈｅｅｆｆectofartificialdrainsdischargingwater,attheupperpartoflayer
3,andtheeffectofwellsdischargingwateratthelowerpartoflayer3canｂｅｓｅｅｎｉｎＦｉｇｕｒｅ７,ｗｈｉｃｈ
ｉｓａｐｌｏｔｏｆａｒｅａｗｉｔｈＦＯＳｖａｌｕｅslessthan1.1.Astheexcesswateriswithdrawn,thehydraulichead
andtheporewaterpressurearedecreasedlocally,asindicatedbyrelativeabsenceofshadinginlayer
3・ThereductioninporewaterpressureincreasesFOSvaluelocally・Theeffectsofvariationsin
variousotherinputparameterssuchaschangesinhydraulicconductivitycanbesimulatedin3Dand
withrespecttotimeintransientsimulations・Freeze(1987)notesthatvariationinsaturatedhydraulic
conductivityplaysanimportantroleinslopestability,ＯｎｅｓｕｃｈｅｘａｍｐｌｅｏｆｉｎｃｒｅａｓｅｉｎＦＯＳｖaluedue
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toincreaseinhydraulicconductivityisgivenin

Figure8，ｗｈｉｃｈｉｓａ３ＤｐｌｏｔｏｆａｒｅａｗｉｔｈＦＯＳ
ｖａｌｕｅｌｅｓｓｔｈａｎ1.1．Duetohigherhydraulic
conductiviｔｙａｔｔｈｅｃｅｎｔｒａｌｐａｒｔｏｆｔｈｅｍｏｄｅｌ
ｄｏmain,thewaterfromthatpartwasdrainedoff
whichresultedinlowerporewaterpressureand
hencehigherFOSvalue、１ｔshouldbenotedthat
discretevaluesofFOSwerecalculatedforeach

subsectionofthemodeldomain，ａｓｓｈｏｗｎｉｎ

Ｆｉｇｕｒｅ６ａａｎｄ６ｂ・Thespecificshapesofthearea

shadedinfigures7and8areduetointelpolationof
FOSvalueswithinthesubsection，whichisnot

technicallycorrectbutservestoinustratethe
conceptoftheeffectsofchangesｉｈｉｎｐｕｔ
ｐａｒａｍｅｔｅｒｓｏｎＦＯＳｖａｌｕｅｓｉｎthevicinityofthe
changes・

The3Drepresentationofthesoilmassin
criticalstateregardingpotentialoffailure，ｉ､e､，
landslide,canbeeffectivelyusedtodeterminethe
degreeofurgencyofdisastermitigationactionand
themodeofaction・Ｆｏｒexample，thefactorof
safetycanbefixedfOraparticularmassofsoiland
therequiredreductionintheporepressureto
achievethatfactorofsafetyvaluecanbe
calculated・Sincethelocationofthesoilincritical

statecanbeseen，itbecomeseasiertosharethe

infbrmationwithnon-technicalpersonsalso,which
isveryimportantinplanningtheimplementation
phasesofadisastermanagementprogram，

Ｔｈｅｑｕａｓｉ３－ＤＦＯＳｖａｌｕｅｓｏｆｅａｃｈｌａｙｅｒａｎｄ

司闘、噂ｕ〕ロト②、Ｃ
ＦＯ

。００○○ｏＯＯＣＯ０

．Ｋ

Ｆｉｇ．７：Localefectsofwaterextraction
fromdrainｓａｎｄｗｅｌｌｓ

Ｆｉｇ．８：Localeffectsofheterogeneityin
hydraulicconductivity

eachlayerblockwerecalculatedfbraparticularscenario・Thequasi3-DFOSvalueoflayernumbers
1,2,3,and4,werecalculatedtobel､01,1.04,1.29,and1.92,respectively,usingSherardetal.(1963）
method・Similarly,thequasi3-DFOSvalueoflayerblokesconsistingoflayerslto2,１tｏ３ａｎｄｌｔｏ
４werecalculatedtobel､06,1.15ａｎｄ1.36,respectively,TheFOSvalueoflayer5wasnotcoI1sidered
asitwasmodeledtobeaflatbottomedlayerinthisexercise,andthepotentialofFOSvalueofthis
layergoingbelowlispracticallyZero・

Thisapproachcombinestheversatilityof3Dgroundwaterflowandtransportationsoftwarewith
theshnplicityof2Dslopestabilityanalysistechniques,therebyprovidingthefacilitytovisualizethe
fluctuationinfactorofsafetyvalueofahillslopedependingonthefluctuationsinvariousinput
parameterssuchasgroundwaterrechargeandwithdrawalorrechargefjromwellsordrains､Similarly，
theeffectsofheterogeneityandverticalandhorizontalanisotropyingeologicalparameterssuchas
hydraulicconductivityonthefactorofsafetyvaluecanbeaccountedfbr・Theeffectsofheterogeneity
invarioussoilpropertiessuchasthecohesionandangleofintemalfrictioncanalsoberepresented・
Hence,ｔｈｅｍｏｄｅｌｃａｎｂｅｍａｄｅａｓｃｏｍｐｌｅｘａｓｔｈedataareavailable・

Since2DequilibriummethodsareusedfOrslopestabilityanalysis,alltheassumptionsassociated
withthe2Dslopestabilitymethodusedareinherentinthismethod・Furthermore,ｔｈeinter-column
shearstressesbetweentwocolumnsinadjacentsectionsarenotaccountedfbrbecause,again,ｔｈｅ
ｍethodofslopestabilityanalysisemployedisatwodimensionalmethod・TherefOre，itisagood
practicetoapplythismethodonlyaftertestingitsapplicabilityataparticularlandslidesite・

Ｔｈｅｃｏｎｃｅｐｔｏｆｏｂｔａｉｎｉｎｇ３ＤＦＯＳｂｙｕｓing2Dmethodshasbeenproposedbyvariousresearchers
(LambeandWhitman,1969,Seedeta1.1990).TheappIoachoftenusedistocombinethe2Dresults
firomseveralcrossｓｅｃｔｉｏｎｓａｎｄｏｂｔａｉｎａ３ＤＦＯＳｖａｌｕｅｂｙweightedaveragemethod,Recently,Loehr
etal.(2004)proposedaresistantweightedprocedure,whichisamodifiedfbrmoftheweighted
averageapproach､Themethoddescribedinthispapercaｎbeeasilyadaptedtouseweightedaverage
method．
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C0nClusi0ns

SimulationofQuasi-3DSlopeStabUityinMultiLayered
HⅢSlopes

Amethodtovisualizethefactorofsafetyvalueofahillslopeinthreedimensionsisproposed・
Theproposedmethodusesflexibilityandrobustnessofanexistingfinitedifferencethree-dimensional
softwaEedevelopedfOrobtaininghydraulicheadofageologicalfbrmationtocalculateFOSvalues、

Onceageologicalfbrmationiscalibratedfbrgroundwaterflowregime,thenfluctuationsinthe
FOSvalueofthefbrmationwithtimeduetofluctuationsinvariousinputvaluescanbecalculatedand
visualizedbycombiningtheresultswithas虹lulation-software・Thevisualizationisimportant,ａｎdcan
becritical,fbrinfOrmationsharingbetweengeotechnicalengineersandnon-technicalpersons,and
hencecanbeaneffectivemediumfOrplanningandimplementationofdisastermitigationmeasures・

Theboundarybetweeneachlayerwasconsideredtobeapotentialslipsurface・Hencecareshould
betakentomodifythismethodwhenapplyingtorealworldsituation・However,withcorrect
adjustments,thismethodcanbeappliedtosimulatefactorofsafetyfluctuationincomplexgeological
fbrmationswithtimedependentvariationsinvariousinputparameters・

Ｔｈｅｃｏｍｂｍａｔｉｏｎｏｆａ３Ｄｇｒｏｕｎｄｗaterflowmodelwith2Dslopestabilityanalysismethodsre-
sultsintheversatilityofthe3Dmodelwiththesimplicityofaspreadsheet・Hence,thismethodhasthe
potentialtobeusedbypracticinggeotechnicalengineers．
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