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Abstract

Variationsindisplacementandinternalearthpressureintwocreepinglandslideswere

lnvestlgatedbymeansofdirectobservationandfiniteelementmethod .Testsiteswerea

landslide　 at　Todoroki　 in　Awaji　 lsland,Hyogo　 Prefecture,and　 a　landslide　 at　Nishi-]口(awa,

TokushimaPrefecture.

CharacteristicsoftheTodorokilandslidewerestudiedbymeansofextensometers,

portablecone-penetrationtestsandring-sheartests.Theresultsofthesestudiesrevealed

that　 landslide　 movement　 was　 of　two　 types:blockmovementandcompressivecreeping .

Thecompressivecreepingwasfoundtobecausedbycreepingof　 silrficia]soiland

movementofalargeblockthatwasdelineatedbycracks.Thecreepingofthislarge

blockcausedanon-uniformdistributionofdisplacementalongtheslope.Thisnon一ノ/
uniformdistributionwasconsideredtohavebeencausedbytheshapeoftheslip

surface(s).Propagationoftheareaofactivemovementwasobservedbyan

extensometermountedonthelargeblock.The　 strain　 that　 accumulated　 during　 movement

wasreleasedbythepropagationoftheactivearea.Thispropagationwasconsideredto

havebeencausedbystresschangesinthecurvedshearzoneorinthecontactarea
O

betweentwoblockswherekinematiccontinuitywasstrong.

The　 internal　 horizontal　 earth　 pressure　 was　 measured　 in-situ　 in　boreholes　 placed　 in　the

Nishi-lkawalandslide.The　 horizontal　 components　 of　earth　 pressure　 in　the　 direction　 of

slipandinthetransversedirectionweremeasured.Sheardisplacementandpore

pressureweremeasuredattheslipsurface,

Variationsintheeffectivehorizontalearthpressure(calculatedfromthemeasured

horizontalearthpressureandporepressure)abovetheslipsurfacewerenoted.The

characteristics　 of　 the　 effective　 horizontal　 earth　 pressure　 can　 be　 summarized　 as　 follows:

The　 effective　 earth　 pressure　 at　the　 initiation　 of　movement　 increased　 in　the　 middle　 part　 of

thelandslideanddecreasedinthelowerpart.Anisotropicvariation,thedifference

betweenthevariationofearthpressureinthedirectionofslipandthatinthetransverse

direction,occurredduringmovement.Themonitoringshowedthat,attheendofthe



periodofmovement,theeffpctiveearthpressureinthedirectionofslipincreasedrapidly

("stoppingphase")atmostmonitoredlocations.Theanisotropicvariationwasreleased

afterthestoppingphase.Thedifferenceineffectiveearthpressurebeforeandafterthe

mOVementWaSSmall.

Theseresultsareconsideredtoberelatedtothedifferenceinmechanismoffonnation

ofintemalearthpressurefromthemovingconditiontothatinthestaticcondition.The

stoppingphaseisconsideredtorepresentashiftfromthemovingconditiontothestatic

one.Accordingtomeasurements,thisshiftinearthpressurestatewasrapidcomparedto

porepressuredissipationandthedecelerationofdisplacementmeasured.

FEManalysisfortheonsetofmovementintheNishi-llcawa　 landslide　 was　 performed

inordertoexaminetheobservedvariationintheeffectiveearthpressure.Inthis

analysis,theslipsu㎡acewasrepresentedbyaseriesofjointelements.Theeffectsof

groundwaterwererepresentedbynodalforces.TheresultsoftheFEManalysis

providedgoodagreementwiththeobserveddistributionofvariationsineffectiveearth

pressureintheinitialstagesofmovement.Whethertheearthpressureatacertain

positionincreasedordecreasedwasconsideredto'bedeterminedmainlybytheshapeof

slipsurface(kinematicconstraint)anddistributionofporepressureattheslipsurface

O

(stresscondition).



1.Intro⊂luction

1・1・Creepinglandslide

Landslidescanbeclass迅edinmanyways(Furuya,1996).Inthisstudy,theyaredivided

intotwotypes:"creepinglandslides,'and7uslopecollapses"bymeansofdisplacementrateand

amountofgeometrychangesofthemovingmass.'℃reepinglandslides"arecharacterizedby

slowmovementofthesoilmasswithoutlargechangesingeometry,and"slopecollapses,,

moverapidlywithmarkedgeometricchanges.A'℃reeping　 landslide"　 is　often　 transformed　 into

a脚slopecollapse,電;thus,thisclasst丘cationisflexible・

In"creepinglandslides",two　 deformation　 models　 are　 involved:

1)inte㎜ittentslidingofthesoilmassonacontinuousslipsurface

2)deformationoftheslopewithoutacontinuousslipsurface

The(血 ≡ferenceiswhethertheshearstrainconcentratesalongtheslipsurface(1),oritis

dist貢butedatdepth(2).Theslipsurfaceisconsideredtobeasignificantheterogeneous

elementinthesoilstructure,and髄creepinglandslideluasusedinthisstudyinvolvesboth

models.Hereafter,"theshearzone"isalsoreferredtoas"theslipsurface,u

1.2.1)isplacementandinternalearthpressureinacreepinglandslide

Thefailureprocessinsoilstructureiscons孟deredtobeprogressive:i.e.,thestressalongthe

entireslipsurface(orpotentialslipsurface)doesnoti皿stantaneouslyreachthefailurecondidon・

Inthisthesis,thisphenomenonisexpressedas闘enlargement　 of　 the　 failed　 area'冒inspiteofthe

widespreaduse"progressivefailure'㌧whichhasmanymeanings(Chowdhury,1978).During

enlargementofthefailedarea,anon-unifo㎜dis励utionofdisplacementishkelytooccurand

itmayvarywithtime.InaSwayoftheprogressivefailurecausedbyadeepexcavationin

OxfordClayintheUnitedKingdom,Burlandet　 al・(1977)monitoredsurfacedisplacementby

surveying,extensometers,andinclinometers.Theyexplainedtheobserveddistributionof

surfacedisplacementanditschangeswithadvanceof　 the　 excavating　 facebyasbeingcaused

shear-bandpropagation・

Theenlargelnentofthefailedareainslopeshasbeeninvestigatedfordelayedcollapseof

slopesconsistingofover-consolidated　 clays(e・9・Skempton・1964)・Insuchacollapse・the

1



strain-softeningcharacteroftheclayandhighhorizontalearthpressuresareconsideredtobe

important　 factors(Bjem㎜,1967,Potts　 et　al.,1997).Intheirresearch,theprocessof

delayedcollapsewasillustratedasfollows:1)Theinitialstressconditionintheslopeisclose

tothefailureconditionbecauseofhighhorizontalearthpressure.2)Strain-softening(failure)

ina　 localareachangesthestress.3)Thechangedstressinducesfailurein　 adjacent　 areas。

Recently,themechanismofacreepinglandslidepriortothecollapseofaslopewas

investigatedforthepurposeofcollapse-timeprediction。TsuchiyaandOhmura(1988)

assumedthattherateofenlargementoftheslipsurfaceisafunctionofthesizeofthepreviously

failedarea.Theysucceededinproducingaso-called胃creepcurve璽 冒(variationindisplacement

withtimebeforecollapse)onthisassumption.Kamm(1993)monitoredunderground

displacenlentintheYonaihatalandslide,a　 landslide　 composed　 of　Tertia{y　 mudstone　 in　Japan.

Hefoundenlargementoftheslipsu㎡acepriortocatastrophiccollapse.Healsoreproduced

血isphenomenonusingaring-shearapparatus.Theseresearchersinterpretedthemechanismof

creepingpriortoacollapseofslopeas3nenlargementpr㏄essoftheslipsu∫face.

Inthecaseofacreepinglandslidewithapre-existingslipsurface,theenlargementis

consideredtooccuralongtheslipsu㎡ace.Suelnine(1983)invesdgatedlandslidesin

crystalline　 schists　 in　detail　 by　 monitoring　 surface.displacement　 and　 shear　 displacement　 along　 the

slipsu㎡ace.Hefoundthattheonsettimeofdisplacementdifferedwithpositionsinthe

landslide.The　 difference　 was　 considered　 to　be　 due　 to　the　 enlargement　 along　 the　 slip　 surface.

Thus,enlargementofthefailedareainthesoilmassisconsideredtobeanimportantpr㏄ess

inmovementofcr㏄pinglandslides.Previousresearch(Suemine,1983,andKamai,1993)

focusedondistributionofdisplacementinaIandslide.Chowdhury(1978)speculatedonthe

importanceofvariationsintheintemalearthpressureduringthisenlargelnent.However,it

hasrarelybeeninvestigatedinareallandslide.

1.3.Review・fprevi・usw・rks・n　 earth　 pressure

SinceCoulombfirstestablishedhistheoryonearthpressure,therehavebeenmanystudies

oftheoreticalandpracticalaspectsofearthpressuresactingonretainingwalls・Earthpressures

actingonstabilizationpiles(Fukumoto,1972)and　 water　 catchment　 wells(YamagataPrefecture・

..)have　 been　 investigated　 in　relation　 to　landslide　 prevention　 works・Theseresearchershave

focusedonpressuresactingonarigidstructurebecausetheirmaininterestshavebeen

2



concentratedondesignproblems.Thepressureinsideaslidingsoilmass,however,has

receivedlittleattention.Fukuoka(1984)consideredintemalearthpressuresasinter-slice

forces　 whose　 determination　 is　not　 clear　 now.

Measurements　 of　internal　 earth　 pressures　 during　 soil　 movement　 have　 been　 performed　 in　the

laboratory(e.g.,Fukuokaetal.,1985)but,mainlybecauseoftechnicaldifficulties,few

attemptshavebeenmadetomeasurethesepressuresin。situ.Hadaetal.(1988)usedan

especiallydesignedtransducertomeasurethestaticintenlalearthpressureintheTakada

landslide,alandslideinageologicunitthatcontainedserpentine.Theyconcludedthatthe

measuredpressurewasappreciablysmallerthanthevaluecalculatedbytheslicemethod.

Recently,researchershavecometotheopinionthatfailureofasoilmassisprogressive(e.g.

TanakaandSakai,1993),whereastheconventionaltheoryofearthpressureisbasedonstatic

equilibrium,whichassumesthatthefailureconditionisachievedatthesametimewit1血the

entireslidingmass.Theenlargementofthefailedareamayarrestthemobilizadonofthe

extremeearthpressures(韓active恥and∵ 暫passive聖'earthpressuresintheRankinestate)as

discussedbyHabib(1988).

Theseinvestigationsevaluatedthestaticearthpressure.Toinvestigatetheearthpressure

duringfailure,it　 must　 be　 measured　 in　 a　manner　 that　 willobtaintime-variant　 data.Fukuzono

(1993)conducteddynamicmeasurementsofstressesinlarge-scalelaboratorytests.He

obtainedinterestingresults,onlysomeofwhichagreewithresultsobtainedbymeansof

conventionaltheory.Hisresultssuggesttheimportanceofdirectmeasurementofdynamic

internalearthpressure・

Asyet,noattempthasbeenmadetomeasuredirectlythevariationinintenlalearthpressure

inareallandslide.Inthisstudy,thehorizontalinternalearthpressurewasmonitoredduring

themovementofalandslide.

1.4.Aim　 and　 majorworksforthisstudy

Creeping　 landslides　 innaturalslopesarenotsimple;manyfactorsaffecttheirinitiationand

movement.Thoughinternalearthpressureanddisplacementwithinalandslidemassobviously

are　 important　 factors,theunderstandingofthemislimited・becauseitisnotaneasytask・The

authoraimedtoachievethisunderstandingasmuchaspossiblebymobilizingallavailable

sources.The　 major　 efforts　 in　this　 study　 were　 as　follows:

3



(1)Observationofdispla㏄mentinlandslides

InordertoexaminethedistributionandvariationofdisplacementinlandslidesO

displacementswereobservedintwocreepinglandslides.Surfacedisplacementsonthe

Todorokilandslidein　 the　 Awaji-lsland,HyogoPrefecture,weremeasuredbyextensometers.

Sheardisplacementsalongtheslipsu㎡aceoftheNishi-IkawalandslideonShiko㎞Islandwere

measured　 using　 boreholes　 for　 the　 observations.

(2)Observation　 of　internal　 horizontal　 earth　 pressures　 during　 landslide　 movement

Internal　 horizontal　 earth　 pressures　 that　 developed　 during　 landslide　 movement　 were　 monitored

in　the　 Nishi-lkawa　 landslide　 at　two-minute　 intervals　 in　order　 to　reveal　 the　 qharacteristics　 of　these

pressures.Toobtain"intemal"earthpressures,pressuretransducerswereinstalledin

boreholes.Becauseoftechnicald迂ficultiesintheinstallation,thesetransducerswereinstalled

in　two　 directions:the　 direction　 of　slip　 arid　 the　 transverse　 direction.

(3)FEManalysisofthevariationofearthpressureattheonsetofmovement

Inordertoexplainほ1edistribu丘onofvariatio且sineffectiveearthpressuresobservedinthe

Nishi-Ikawalandslideattheonsetofmovement,aFEManalysiswasperformed.

4



2.Testsites

2.1.TheTodoroki 1ands畳ide

2.1.1.Generalaspects

TheTodorokilandslideislocatedonthewestcoastof　 AwajiIsland(Fig.1).TheN(>jima

FaultappearedattheHyogokenNanbuEarthquake(Jalluary17,1995).Thereladve

displacementoftheFaultwasaboutlmillbothhorizon囲andverticalplanes.Largescale

open-cracks(withaboutO.7mstep,openingO.1-0.2m)werefoundinupper-hillafewweeks

laterthantheEarthquake(℃rack,冒inFig.1).AftertheEarthquake,manycracksontheslope

werefoundinshockedarea(Hiramatsu　 et　al.,1996).Someofthemdevelopedtocollapsesof

slopesfewdaysaftertheEarthquake(e.g.Takeuchiet　 al.,1996),whichcanbe℃onsideredasa

ノ
continualeventfromthefomlationofcrackbytheEarthquake.Enlargement,due　 to　rainfall,of

areaofcollapsedslopeshavingbeeninducedbytheEarthquakewasreportedbysome

researchers(Tomita　 etQl.,1996,HiranoandIshii,1997).Someofcrackswhichdidnot

collapsesoonaftertheEarthquakeweresuspectedtodeveloptocollapsebyrai㎡ 創1.To

investigatethepost-earthquakebehaviorofsuchcracks,aslopeinTodorokiareawas

investigated.Apartofslopelowerthallthecracksisexpressedas"theTodorokilanUslide'曜in

thisstudy.

ApartofslopeupPerthantheFaultconsistsofgra皿odioriteanditsgroundsurfaceis

weatheredtoberesidualsoi1.Thesur£acematerialofapartofslopelower　 thantheFaultis

debris　 laying　 on　 the　 bedrock　 of　sand　 stone(Kobegroup)・The　 thickness　 of　debris　 is　about　 23

mat"BV"(boreholevertica1)inFig.1。Thesurfaceofslopefromthetopofsurveylinetothe

N(オimaFaultisplaneanditsaverageinclinationisabout35。SlopelowerthantheFaulthas

beenartificiallychangedanditsaverageinclinationisabout27。Thelowerendofsurveyline

is62mhighabovethesealeveland200mdistantfromtheseashore・Land-useofslopeupPer

thanEX5isforestandthatofIowerslopeisafnlitfa㎜.Nopemanentsp面gexistsinthe

forest,

5



2・1・2・Arrangement　 o fmonitoring equipment

Fig.1showsarrangementofextensometers(1'EX"),portablepenetradontestpointsand

samplingpointofspecimenforringsheartests.EXltoEXlOweresetonApril27alldEX

lltoEX14weresetonMay23,1995.Thearrangementofextensometersin血sresearch

wasplanedbeforecrackswerefoundolltheupperhi11.Itwasdesignedtoobserveanopen-

crackattheNojimaFaultreportedbyresidents.Forthisreason,tenextensometerswereset

負rst,thenthesurveylinewasextendedtoEX13aftercracksontheupperslopewerefound,

oneextensometerwassetinEX14.Therefore,themainsurveylinedidnotlocateinthecenter

ofcracks,unfortunately.Inthisresearch,thewholeareadelineatedbycracksisconsideredas

oneblockbecausesucha監argescaledseriesofcracksmightbeinducedbydeformationofdeep

soll.AswilIbediscussedlater,observedslopedeformationisconsidere(重tobecomposedof

movementofthelargeblock　 delineated　 by　 cracks　 and　 localmovelnent(suchas,surficialsoil

creepingandsmallblocks).

Boreholeforobservation(34mdeep)wasddlledatthepositionof"BV".Groundwater

tableandpipestrainsweremeasuredusingapolyvinylchloride(PVC)pipe　 with　 drainage　 holes

onthewallforthewholedepthembeddedintheりorehole.Slightvariationingroundwater

tablewasobserved.Measurementsby"insertion-typebending-pipe"(ShimaandTakeuchi,

1973)werealsodoneintheborehole(Octoberl995andMay1996).Accordingto

measurementinpipestraills(sampledeverymonth),2000(μ ε)outputofonestraingauge

(attachedatthedepthofboundaryofthedebrisandthesandstone)wasrecordedinAugust

1995.However,onlyoneoutputisunreliable・Accordingtothemeasurementsbythe

inser口on.typebending-pipe,signtficantbentofpipewasnotobserved(Fig.2).Thus,the

outputofstraingaugeisconsideredasanerror・Accordingtoresidentsandgroundsurface

survey,thereisnosymptomoflandslideintheslopeIowerthantheborehole.Therefore,the

groundlowerthantheboreholewasassumedtobestable・Thepartofslopebetweencracks

andtheboreholeisdiscussedinthisstudy.

2.1.3. Gmundstr皿cture

A　 series　 of　portable　 penetration　 tests　was　 performed　 along　 the　survey　 line　on　September　 24-

25,1996,about20monthsaftertheEarthquake・Thetestresultsofpointsshownassolid
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trianglesinHg.1arepresentedinFig.3.Thenumberofblowfor10cmpenetration(Nc10)is

shown.

Atestwasendedbytechnicalreasonswhenpenetrationdepthbyoneblowoflessthantwo

㎜(Nc10>50)wasrecordedfor五veblows,or　 the　 total　 depth　 reached　 to　3.5　 m.Therefore,

theresultsdonotdenyexistenceofanotherlayerofNc10<50belowthelimitdepth(asstated

inlatersection,slipsu㎡aceexistedbelowthelowerlimjtofsu㎡icialsoil,wh孟chsuggests

anotherlayeroflowNclobelowthelimit).

Manyresearchersperformed　 portablepenetradontestsinslopescomposedofweathered

granite.Manyofthemdetemlinedtheupperlimitofbasementinthemeansofcollapseof

slopeproblemasdepthofNcloreachedto30(e・9・Ohsakaetalり1992)・However,the

threshold　 value　 was　 determined　 as　 50　 in　this　 research,because血atlayerofNc10〈30was

foundbelowthelayerofNc10>30inmanyresultsinthisstudy・More6ver,creepingslope

movementisdiscussedinthisresearch,whileinteres的of　 former　 reseazcherswere画 皿y

focusedonthecollapseofslope.Bythesereasons,thelayerofNcloニ50isconsideredasthe

lowerlimitofweatheredsurficialsoil.DistributionofthedepthandNc10profiles(Nc10

depthcurve)foreachpointareshowninFig・4・Nc10doesnotreachto50forpointslower

thantheN(オimaFault.ForpointsontheupPerslope,thelayerofNc10>50wasdetected,

especially,itappearedinthelayershallowerthanlmatbothendsofEX8.AtP8,Nclo

reachedto50at30cm,whichisomittedinFig.3forthesakeofclarity.Anotheftestwas

doneatapointwith3mdistantfromPgandsimilarresultwasobtailledThus,these

extremelyshallowlimitswerenoterrorwhichmighthavebeencausedbyexistenceoflarge

gravel・

Fig.4　 shows　 the　 result　 of　portable　 penetration　 tests　 near　 EX14.Differenceintheelevation

ofgroundsurfaceatthecrackwasabout70cmanddifferenceinthedepthoflowerlimitof

surficialsoilwasabout80cm.Therefore,stepofthelowerHmitatthecrackcanbeestimated

as1.5m.

2.1.4.Soilproperties

斑ngsheartests(Sassaet　 al・,1989)wereperformed　 on　 specimen　 akenfrom"sampling

P・i・t"i・Fig.1.A・ ・m・unt・fw・ath・ ・ed・ ・il・fg・ 組 ・di・rit・w・ ・tak・nf・ ・m・ ㎡ace・f・

smallfailure.Thesoilwasdisturbed,air-driedandsievedby2mm・Testswerepe㎡orlned
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under　 constant　 normal　 stress,cons伽tspeed(3clnlhr)and　 drained　 condition .Fivetestswere

perfo㎜ed;three　 onair-d亘ednormallyconsolidated(NC)spec㎞en,oneonsaturatedNC

specimenandoneonair-ddedoverconsolidated(OC,overconsolidationratio=3)specimen.

Their　 results　 are　summarized　 in　Fig.5.Peak　 stress　conditions　 are　plotted　 with　 solid　 marks　 and

residual　 stress　conditions　 are　plotted　 with　 open　 marks.Peak　 strength　 parameters　 for　air-dried

NCspecimenwereobtainedasc=3.9kPaandφ=39。Residualonesweredoneasc=Oand

φ=35。Thereisslightdifferencebetweenthestrengthsofair-driedNCandsaturatedNC

specimen.Alsoaslight　 difference　 isseeninNCandOCspecimeninthepeakstrength,but

differenceintheresidualstrengthisnotmarked.Asaresult,residualstrengthofthe

granodioriteisindependentofwatercontentandOCR(intherangeofOCR≦3).

Confillingpressureissaidtoaffectthestrengthofweatheredsoilofgranitebecauseofthe

effect　 of　graincrushing(JSSMFE,1982),butitseffectwasnotobviousillringsheartestsin

thisresearch.Atypicalchangeinsampleheightandthatinshearresistancewithshear

displacementareshowninFig.6.Th6sampleheightchallgecanbeexplainedasas㎞nkage

due　 to　increment　 in　the　major　 principalstress,dilatancytowardsvoidratiomobilizingthepeak

resista皿ceand　 shrinkage　 after　the　peak.Theshrinkageafterthepeakisconsideredasaprocess

ofdevelopmentofslipsurfacemobilizingresidual町eslstance.Amountofdisplacementtofoml

theslipsu㎡aceisdeterminedasabout10cmbytheendofsampleheightchangeandshear

resistance.Theamountof10cmissmallerthantherelativedisplacementatthecrack(1.5m)

foundatEX14.Therefore,theslipsurfaceislikelytobedevelopedatleastintheslopenear

EX14.

There童snoinformationaboutdegreeofweatheringinthisslope.Bori皿gandstalldard

penetration　 tests　were　 cai㎡edoutinneighboringsimilarslope.Itsresultshowedthatthedepth

ofweatheredsoilwas3-4mandthedepthofhighlyweatheredrock(N<30)was8-12m.

2.2.The　 Nishi・lkawa　 landslide

2.2.1.General　 aspects

TheNishi-lkawalandslideislocatedintheSanbagawametamorphicrocksregionofthe

ShikokuIsland,southwest　 Japan(Fig.7)・The　 landslide　 is　close　 to　the　Median　 Tectonic　 Line

(MTL),one　 of　the　major　 active　 fault　systems　 in　Japan.Fig・7showsthegeologicalmap　 of　the
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areaaroundthelandslide(after1>騒zunoetα ム,1993)・Inthefigure,1'landslidescarp　 `'and

"landslidedeposit"wereidentifiedmorphologica11y
.Thel㏄ationofNishi。Ikawalandslide

observedinthisstudyisaddedbytheauthor.Anoldlandsl量descarpsurroundsthenewactive

Nishi-lkawalandslide.Thecrownofthesca正phasbeenpartiallydissected.TheNishi-lkawa

landslideistakingplaceinthedepositoftheoldlandslide.Therewasnosignoflandslide

activitybeforeNovember1973whenanartificialcuttingatthetoemadeacdvethelandslide。

Sincethen,slidinghasoccurredrepeatedlyattimesofheavyrai皿fall.Thelandslideisabout

lOOmwideandl70mlong.Acounterweightfmworkusingconcreteframesandrockswas

constructedatthetoe(Fig.8)inNovember1974.Itsucceededinreducingthelandslide

activity.Therecentaveragerateofdisplacementisafewcentimetersperyear.Theaverage

annual　 precipitation　 in　this　region　 is　1401　 mm.Mostl㎝dslideeventso醐nthe面nyseason

alldthetyphoonseason・

Suemine(1983)observedthelandslideindetail.He　 maintained　 the　 slide　 to　be　 a　progressive

failure　 and　 estimated　 the　 propagation　 speed　 along　 the　 slipsurface　 to　be　 of　the　 order　 of　 10(ml

hr).Fig.8showsthetopographyandarrangementoftheobservationequipment.The　 main

headscarpofthisactivelandslidehasbeenconfirmedtobeatEXl・SlopeupPerthanEXl

andthatlowerthanEX16areconsideredtobestablebecausenosymptomoflandslideactivity

hasbeenseen.Thusthemainlandslideblockisconsideredtobe　 extended　 from　 EXltoEX

16.

Land-useoftheslopeupperthanEXlisforest.Theslopelowerthanitiscoveredbytrees

andbushes.Nopermanentspringexistsintheslopebutsignsofsurfacewaterflowcanbe

seenafterrai㎡allinsomepositions・

2.2.2.Groundstructure

Fig.9showsresultsofvisualinspection　 of　drilled　 cores　 and　 standard　 penetration　 tests・The

groundiscomposedofhighlyweatheredmaterialincludingfragmentsofweatheredargillaceous

schist,greenschistandoftenhardquartzvein・Becausethislandslideislocatedinthedeposit

ofancientlandslide,geologicai　 structure　 is　not　cleaz.ThebedstrikesareN74。EtoN95。Ewith

thedipsof20。Nto30。Nintheareasaroundthislandslide(Suemine,1983).

TheP-wave　 velocity　 structure　 in　this　landslide　 was　 determined　 by　 Mae(bandShima(1982)

whousedaseismicrefractionmethod;thesu㎡acelayerofVpニ370-450(m/s)isfrom2-10
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mdeep,thesecondlayerofVp=12∞-1500(m/s)from　 20-25mdeepandthebasementof

3200(mls)belowthat.Fig.10showstwocrosssectionsalongthesurveylinesinNovember

1995.The　 depth　 of　slip　su㎡aceateachborehole(Table1,Fig.9andlO),exceptBV12,was

identifiedbystraingaugesattachedonplpesembeddedinthelandslidearea(asstatedlater)and

checkedbymeasurementsmadeonaninsertion-typebending-pipe.Thedepthhadbeell

co面 ㎜edbylong-te㎜investigations(e.g.Shima　 et　al.,1975,Suemine,1983)andnoother

slipsurfacehadbeenfound.

2・2・3・Arrangement　 of　monito血g　 eqnipment

TwosurveylineswereconstructedasshowninFig.8(BV12toBVgalldBV4toBV6).

"BV"indicatespositionofboreholes(vertical)forobservation
.Unfortunately,the　 survey　 lines

are　 limited　 from　 the　 toe　 to　the　 middle　 part　 of　 landslide.Noinformationisavailableforthe

slopebetweenBV12andEX1.AcbnventionalpentypeextensometerwasusedforEXl

whose　 resolutions　 both　 in　time　 and　 in　variation　 of　the　 distance　 are　 not　 sufficient.Obtaineddata

foritwerenotusedinthisstudy.

Intemalearth　 pressures,porepressuresattheslipsu㎡ace,andpipestrains　 were　 measured

usingtheseboreholes.TheobservationequipmentusedinthisstudywasinstalledinJune

1994forBV7toBVgandinJune1995forBV4toBV6.BV12　 was　 drilled　 in　May..

withoutearthpressuretransducers.Thethreemovementeventswereobservedsincethefirst

installationofearthpressuretransducersinBV7toBV9.TheyweredesignatedasEvents1,

2,and3intemユsoftheamountofdisplacementofslidingmassmeasuredinBV7・Fig・11

showstheresultsofstrainmeasurement(statedlater)inBV7atdepthsjustaboveandbelow

theslipsurface　 for　 the　 three　 events.Thetimeoriginisthemomentofonsetofdataacquisition

foreachevent.Events2and30ccu!TedbeforetheinstallationsofBV4toBV6andEventl

occurredaboutonemonthafter　 their　 installations.AlltheeventsoccurredbetweenMayand

Julyl995,almost　 one　 year　 af'ter　the　 installations　 of　BV　 7　to　BV　 9.
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3.Methodology

3・1・Observation　 equipment

3.1.LMonito血g　 of　displacement　 on　 the　 ground　 surface　 by　 extensometers

Theextensometeriswell-usedequipmentininvestigationofIandslidesbecauseitcanbe

easilysetandtherefore,itisofbenefittoobservewidearea(e.g.Sassa,1984).Especially,

whensomeextensometersaresetcontinuouslyandoneendofsurveylineisfixedtoastable

ground,theycanprovidedistributionofdefo】mationofslopeprojectedtothesurveyline.

Extensometermeasuresonedimensionalstrainoftheground,thoughdir(光tionofdisplacement

vectorisnotalwaysparalleltoit.Therefore,quantitativeanalysisoftheresultisdifficult.It

isusedintheTodorokilandslideinordertocla五fytheareaofdeformation611slopeandto

investigate　 its　time　 dependent　 characteristics.

SchematicstructureofanextensometerisshowninFig.12.Alogpilewithdiameterof

about20cmwasembeddedinaholewithdepthofaboutlm.Atransducer(model4701

(Oyo-ChishitsuCo.))whichmeasuresvariationofdistancebetweenonepileandtheupperpile

usi且gsuper-invar-wirewassetonit.One　 end　 of　the　 wire　 was　 connected　 to　the　 transducer　 and

anotherendwasfixedto血enextpile.Oneextensometerwascomposedof"two　 piles,wire

stretchedbetweenthemandthetransducersetononeof　 them"Asshowninthefigure,o丑e

pilewassharedbytwoextensometers.Therefore,therewasnogapofwirefromthebottomto

the　top　of　survey　 line.The　 sampling　 interval　 of　extensometers　 was　 15minutes　 in　summer　 and

30minutesinwinterintheTodorokilandslide,whileintheNishi-Ikawalalldslideitwas30

㎡n.Thepositivevalueinthedataindicatesextension。

3.1.2.Monitoring　 of　internal　 horizontal　 earth　 pressnre

Monitoring　 of　earth　 pressure　 is　very　 difficult　 because　 many　 factors　 are　 considered　 to　affect　 it

(Hariu,1984).BrackleyandSanders(1992)madein-situmeasurementsofthehorizontal

intemalearthpressureinaflatlandcomposedofexpansiveclay・They　 made　 in-situ　 teststo

ch㏄kthevalidityoftheirmeasurementsandobtailledacceptableresults・Theirworksshowed

thatitispossibletomeasurethein-situearthpressureaccuratelywhenthereiscareful
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instrumentation　 andfavorable負eldconditions(flatness,finematerial,uniformgeology).

Purposeofmeasurementinthisstudywastoobservetheearthpressureatvariousdepthsalldin

manyboreholestodetem五netheearthpressurebothatonepointanditsdistributionwithinan

actuallandslide.Therefore,itwasimpossibletohavecarefulinstrumentationlikethatof

BrackleyandSanders.

Fig.13showstheschemeforanobservationborehole.Earthpressuretransducersand

straingauges(notshowninthefigure)wereattachedtotheolltersurfaceofaPVCpipe(outer

diameter　 of　48　 mm　 and　 wall　 thickness　 of　 3.6㎜)embeddedin血eborehole(diameter　 142

㎜).伽rinse宜ion,the　 clearance　 between　 the　 pipe　 and　 the　 original　 soil　 was　 carefully　 filled

wi血sand　 to　obtain　 uniform　 back一 釦ling.In　 the　 installation　 procedure　 described,血ereare㎞ee

questionablefactors:1)thesoilincontactwiththesu㎡aceoftransducerissand,2)the

transducerisattachedtothePVCpipewhichcanbestrainedbychangesinstressinthe

surroundingsoi1,and3)thestressfieldcanhavebeendisturbedbytheboringandback-fnling.

FactorlmaycausestressconcentratfonandeccentricloadingonatransduceLSucheffects

canbereducedbyllsingfinesandintheback-fillingandthechoiceofawell-designed

transducer.

TheeffectofFactor2wastestedbychangingthepressureinsidethepipe.Whenthewater

pressureinsidethepipewasincreasedbyporinginwaterfromOto78.4(kPa),theoutputsof

earthpressuretransducersdidnotchange・Strainonthepipecausedbychangesin邑theinner

stressinthisrangeisnotsolargetodisturbthemeasurementofearthpressure.Thisisnot

directevidencethattheeffectofFactor2canbeignoredwhenthepipeisstrainedbychangesin

theoutsidestress,butitfavorstheassumption.

Anotherproblemiswhetherthepipeatthedepthoftransducerisstrainedbyshear

displacementalongtheslipsurface・Thiseffectisconsideredverysmal1・Nakamuraand

Itagaki(1976)investigatedthebehaviorofaPVCpipeinlandslide・Accordingtotheirresults,

bendingstrainandmomentwhichmaydisturbthe'「natural"stressfieldingroundaroundthe

pipeisnegligibleatthedepthlmdistantfromtheslipsurface・Theirresultisconsideredtobe

validintheNishi-lkawalandslide.Fig.14showsthedifferenceofma)dmumandminimum

valuesinoutputsofallstraingaugesduringEventlplottedagainstthedistancefromtheslip

surface.Clearly,strainalongapipeattenuatesrapidlywiththedistance,becomingnegligible

atthedistanceofO.8minthislandslide.Becauseearthpressuretransducersareattachedat
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Ieastl.2　 m　 distant　 from　 the　 slip　 surface,assumptionthattheearthpressuremeasurementisnot

disturbedbythebendofpipeisconsideredtobeacceptable.

Factor3indicatesafundamentalprobleminmeasuringthピ'natural"intemalearthpressure .

Thisproblemcannotbesolvedwithoutusing"remotesensingl',forwhichthereisnosuch

technologyatpresent.Theauthorthedtoreducethiseffectbyhavingtheinstallationin

boreholesinsteadofinexcavatedp量ts.

Thestructureofearthpressuretransducerusedinthiswork(BE-5KRS4(Kyowa-Dengyo

Co.))isshowninFig.15.Thistransducerwaschosenbecauseitsoutputisnotmuch

disturbedbyeccentricloadingonthefirstdiaphragm,ithashighwaterresistancewithgood

linearity,anditssuitablesizeforinstallationinaborehole;allqualitiesnecessarytothe

measurementofinternalearthpressureatmanydepthsandpoints.Optheotherhand,the

diameterdlmenslonandtheaspectratio(helghtldiameter)were　 sacrificed.Alargediameter

andsmallaspectratioareconsideredpreferableforaccuracy.However,itisd元fficulttofu脆ll

both　 these　 properties　 as　wellastheconditionsgivenabove.

Earthpressuretransducerswereinstalledinsixboreholes(BV4toBVginFig.8)。Tablel

showstheinstallationdepthsofearthpressuretransducers.Twotransducerswereattachedat

eachdepth;onefacinginthedirectionofthe卑aximumslopegradient("UD"),theother

Pei)endiculartothef1rsttransducer("RL").Apositivevalueindicatescompression.Their

outputsweresampleddigitallyattwo-minuteintervals.Thezerobalancesofearthpressure

transducersmightd㎡tduringinstallation,buttherewasnowaytocalibratethemafter

installation.Therefore,variationinoutputofeachtransduceronthebasisofinitialvalueofthe

data-acquisitionperiodwillbediscussed.

3.1.3.Monitoring　 of　 shear　 displacement　 and　 pore　 pressure　 at　 the　 slip　 snrface

PairsofstraingaugesarebondedtothesurfaceofthePVCpipeat　 variousdepthsinorderto

observethedistributionofbendingstrain.Ateachdepth,therearetwogauges;oneontheup-

slopeside,theotheronthedown-slopeside,tocompensatefortheeffectofvariationsin

temperature(tw(rgauge　 method).ThedistancebetweentheneighboringpairsisO.33matthe

depthofslipsu㎡aceinordertoobservethestraindistribu丘onnearthesurfaceindetail・andthe

distance　 islmatdepthsdistantfromtheslipsurface・Resultsofacalibrationtestonthestrain

measurementmadeinthelabolatoIyareshowninFig・16・Apipewithapairofstraingauges
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wasbent,anditsoutput(X)plottedagainstthecurvature(R)ofpipe.TheunitofXis

expressedas(μ ε).Itmeans10-6strain.Thereladvedisplacement(Y(m))oftwoendsof

pipeobtainedgeometricallyis

Y=121R

wherelisthelengthofpipeandl!Risassumedtobesufficientlysmall.

Therelationshipbetweentheoutputsofstraingaugeandtherelativedisplacementisshown

inFig.17forl=0.33m.Thislvalueisthesameasthatforthesystemusedinthefield.

Thisrelationshipisobtainedonanassumptionthatpipestrainisunifo㎜(theradiusof

curvatureisconstant)forO33mlong.Thoughtheassumptionmaynotbevalidneartheslip

surface　 in　a　real　 landslide,itcanbeusedasanapproximation.Bothposidve(forastraingauge

abovetheslipsurface)andnegative(fQronebelowit)strainsareseenin～hemeasurement(Fig.

11).DisplacementshownintherightaxisofFig.11wascalculatedusingtherelationship

showninFig.17.SheardisplacementalongtheslipsurfaceusedinFigs.、41and43was

obtainedusingtherelationship　 with　 X',assumofabsolutevaluesofstrainsmeasuredattwo

depths;justaboveandbelowtheslipsurface.

Movementofalandslideisgenerallycontrolledbyporepressureactingontheslipsurface.

Therefore,itmustbemonitoredwhenthemechani寧moflandslideisinvestigated.Inorderto

avoidtheeffectofporewaterinotherdepths,twobentonitelayers(Fig.13)wereplaced(0.5m

aboveandbelowtheslipsurface).Lowpermeabilityofbentoniteisconsideredtop郵eventthe

transmissionofporepressure.TherearedrainageholesonthePVCpipeatthedepthofslip

surface　 through　 which　 porewaterflowsintooroutofthepipe.Thepressureisbalancedby

theheadheightofwaterinsidethepipe.Porewaterpressureattheslipsurfacecanthusbe

measuredbyahydro-pressuretransducer(model4597(Oyo-ChishitsuCo・))placedinsidethe

pipe.Theabsolutevalueofthistransducerisreliablebecauseitiscalibratedeveryfew

months.

Outputsofstraingaugesweredigitallysampledattwo-minuteintervals・Datafromthepore

pressure　 transducers　 were　 recorded　 by　 multi-scanning　 pen-recorders(chart　 speed=お(㎜!

hr))inthefield,then,digitizedmalluallyatthirty一 ㎡nuteintervalsinthelaboratory.
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3.2.Examinationofdistributionofinternalearthpressureattheonsetof

m・v・m・nt　 in　th・Ni・hi-lk・w・1・nd・1id・byFEM・naly・i・

3.2.1.Generalaspects

FEManalysishasbeenwellusedingeotechnicalproblems.Inthecaseof"long-term"

conditionoflandslides(e.g.Potts,1997),slopewasmodeledbyelasto-plasticorvisco-elasto-

plasticelements.Whentheslipsurfacedoesnotexistintheslope,thismodelisadequate.

Becausetheslipsurfacecausesstronganisotropy,itmustberepresentedwhencreeping

landslidewithpre-existedordevelopingslipsurfaceisanalyzed(Morsyet　 al.,1994).To

representtheslipsurface,itisnecessarytouseespeciallydesignedmodel(e.g.Desai,1995).

However,simplemodelispreferableforapplyingthemodeltoreallalldslidesbecauseamount

ofundergroundin[forrnationisgenerallylimited・Suenune(1984)represented・theslipsurface

byaseriesofjointelementswhichwas　 developed　 in　rock　 mechanics(Goodman,1976).He

succeededingettingacceptableresults.Inthisstudyalso,slipsu㎡acewasrepresentedbya

series　 of　joint　 elements　 for　 analysis.Joint　 element　 is　formed　 by　 two　 surfaces　 with　 four　 n(xles

(eachsurfacehastwonodesatbothends).Reladvβmovementsofthesesurfacesareclassi丘ed

intoparallelslip,separation(orclosing)androtation.Thismodelisconsideredtobe

acceptableforrepresentingbehaviorofrealslipsurface・Asstatedlater・jointelementusedin

thisstudyhaselasticconstitutionintheslip.Thisisasimplemodel,whereplasticbehaviorof

realslipsu㎡acecannotberepresented.Thebehaviorofslipsurfaceinreallandslidesisnot

well㎞own.Uncertaintyinmaterialmodelandparametersisafun(iamentalproblemin

analysisconcerningundergroundphenomena.Complicatedmodelwithmanyparameters

couldrepresentprecisebehaviorofground,however　 the　 uncertainty　 might　 be　 major　 problem　 in

suchmodel.Inthisstudy,thesimplemodelwasusedtoreproducequalita吐vebehaviorof

intemalearthpressure・

3.2.2.Ca丑culationprocedure

Static2-DFEMsimulationunderplanestrainconditionwasperformedusingcrosssection

showninFig.18.Thoughthelinecurvedinthemiddlepart・structureofgroundwas

simplifiedina2-DmodeLDepthsofslipsurfaceatBV7toBVginthefigurehadbeen
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confirmed by long-term observation. The depth at BV 12 was assumed by inspection of bored 

core, because BV 12 had been constructed recently and the depth had not yet been confirmed by 

means of measurement. Structure of model is shown in Fig. 19. The upper and lower ends 

were extended in order to avoid disturbing behavior of the landslide. The lower and bottom 

ends were fixed and the upper end was left free. Both shapes of slip surface and ground water 

table were assumed for the slope upper than BV 12. Results of slope between BV 9 and BV 

12 will be discussed. 

  In the analysis, buoyant and seepage forces due to ground water were represented as external 

nodal force. Simulation was performed as follows; 

  1) Applying gravity force using wet total unit weight 

  2) Applying nodal forces representing buoyant and seepage forces induced by initial ground 

water table 

  3) Applying nodal forces representing buoyant and seepage forces induced by  ground water 

table at 15 hours by six steps with constant increment 

  Here, 15 hours was considered as limit of static analysis. It will be stated with residual 

forces. Variations in shear displacement along the slip surface (joint elements) and internal 

stress during 3) are discussed in this thesis.

3.2.3. Parameters

  Parameters for isoparametric elements  

  Except for the slip surface, four-noded 2-D isoparametric elements were used. The 

constitutive law was elasto-plastic, but yielding condition (Table 2) was not achieved. 

Therefore, all elements remained in elastic domain. Vermeer (1990) analyzed the biaxial test as 

a slip of elastic mass on a slip surface. The motion of elastic sliding mass on the slip surface 

was also reproduced in this analysis. Assumed ground structure is shown in Fig. 20 and table 

2. 

  Elastic constants were assumed by boring data in Fig. 9 and seismic survey (Maeda and 

Shima, 1982). Young's modulus (E) for sliding mass is obtained using standard penetration 

tests performed in BV 8. The soil divided in three layers as N < 10, = 20 and > 50. Empirical 

relationship of E = 28 N was used (material 1, 2 and 3). Shear stiffness is calculated from E 

assuming Poisson's ratio as 0.35 to 0.4. The result of seismic survey shows that P wave
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velocityofsecondlayeristhreetimesofshallowsoil.Eofbasement(material5)was

determined10times(abσut32)aslazgeasshallowsoil(material3waschosenas

representative).Anintermediatelayer(material4)wasinsertedbetweenthebasementand

material　 3。

一

Table　 3　shows　 material　 property　 of　joint　 element・The　 elastic　 constants(normal　 and　 shear

st迂fness)ofjointelementsweredeterminedasthesameonewithmateria12.Thematerial2

(not3)waschoseninordertoillustrateductilezonearoundslipsurfacewhichisoftenobserved

increepinglandslides.Normalstiffnessofjointelementinr㏄kmechanicsisdeteminedby

distanceoftwosurfaceswhicharefom血gtheelementtoillustratethedhangeofcontactarea.

However,thenormalstiffnessisconsideredtobeconstantinthisstudy,becausethecontact

areaislikelytobealmostconstantinthecaseofslipsurfaceinsoil.Nodropinshearstrength

afteryieldingwasconsidered.Such　 jointelementbehavesasbi-linearelasticmaterialwith

s巨ffnessofsecondspringiszero(becauseofthisreason,theterm冒'yield四isusedinthisFEM

analysisinspitof"failure").Therefore,thereisnohysteresisinshearstress-strainrelationship

asshowninFig.21,illotherwords,noplasticdisplacementwasreproduced.Shearbehavior

ofrealslipsurfaceinsoilislikelytohavehysteresiswhichisnotrepresentedbythisanalysis.

Theomitofhysteresisdidnotaffecttheresultof血isstudy,becausethesheardispl窃cementat

alljointelements圭ncreasedmollotonously(sheardisplacementoccurredonlyinthedh●ectionof

"loading冒 冒inthefigure) .Noshear-induced-dilatancywasconsidered.

Strengthsofjointelementswereassumedby頃al-and-errortomakeillitialsafetyfactortobe

about1.1.First,averageinclinationfromthetoptothetoeoflandslide(17。)wasassumedbut

thelowerhalf　 of　landslidecannotbesafeforinitialgroundwatertable・Then,strengthof

lowerhalfwasillcreased(material2)andthatofupPerhalfwasleftl7。(material1)・

InclinationoftwoupPermostjointelementswaslarge(thoughtitsassumption　 is　not　 reliable)・

Theirstrengthwasalsoincreased(material3)inordertoavoidunrealisticallylargedeformation

there.Thoughthisassumptionwasforconvenience'ssake・itdidnotmuchaffecttheresultof

BVgtoBVl2.Theresidualstrengthofresidualclayofargillaceousschistwasdeterminedas

l2.to21。by　 Yatabe　 et　al.(1991).AssumedvalueswereintherangeofiしThewidthofjoint

elementwasdeterminedasO.4m.
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HゴMmeshandextemalforce

Fig.22showsgroundwatertableinEventlwhichwasusedfortheanalysis.Penneability

ofslidingsoilmasswasconsideredtobehighandgroundwatertableshown　 in　the　 figurewas

calculatedfromporepressureattheslipsurfacemeasuredinBV7toBV9.ForBV12,where

measurementwasnotdoneatthetimeofEvent1,thewatertablewasassumed。Fig.23

showsresponsesofgrouIldwatertabletoprecipitationobservedrecently.Itshowsthatin三tial

tableforBV7andBV12werealmostthesameandrisingofthetableinBV・12wasfasterand

largerthanthatinBV7.ThetablefbrBV12wasdeterminedas;7.1mfbrinitlal(thesame

valueinBV7inFig.22)and3,2mfor15hours(thehighestvalueinFig.23).Soilbelowthe

slipsu血cewasconsideredimpermeable.ThevariationofshapeofthetableisshowninFig.

18.Thisshapecannotbeexplainedinthiscrosssection(2-D)andpluralsourceofground

watermayexistin3-Dforthislandslide.Buoyantandseepageforceswererepresentedby

nodalforces.Thatis;

buoyantforceisYw×volumeinthe†erticaldirection,

seepageforceis(Ywxsinα)×volumeinthedirectionparalleltothestreamline,

sum　 of　them　 is(Ywxcosα)xvolumeinthedirectionperpendicu豆ar　 to　the　 stream　 line,

whereYwdenotesunitweightofwaterandαis典einclinationofthestreamline.

Inthisthesis,streamlineswereassumedtobeparalleltothegroundwatertableinsidethe

slidingmass(isoparametricelements)andtobeparalleltotheslipsurfaceatthesHpsu㎡ace

Gointelements)・

3.2.4.Preliminary　 analysis

A　 preliminary　 analysis　 was　 performed　 before　 the　 analysis　 of　real　 landslide.

Tosimulatebi-axialcompressiontestofsoil,structureshowninFig・24wasstressedas

follows:

1)ApPlyingisotropicpressure(σla【1dσ2)

2)σ1wasincreasedtomakestressesatjointstobeneartoyieldingcondition

3)ApPlyingnodalforcestodecreasenormalstressonjoints(representingdecrementin

effectivestressbyporepressure)

Localsafetyfactors(ratioofshearstressacingoneachjointandyieldingstrength)forthree

joint　 elements　 aze　 shown　 in　the　 figure・Loadstep　 0　indicates　 the　 end　 of　 2)(anisotropicstress
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conditionofσ1andσ2)・Porepressurewasappliedbyeightstepswithconstantincrement .

JointNo.4　 was　 central　 one　 and　 was　 suffered　 high　 pore　 pressure.Therefore,decreasingratein

localsafetyfactorwaslargerthanthoseofotherjoints .before量treachedto1(thejointwas

yielded).JointNo.3wasnextofNo.4anddecreasingrateinlocalsafetyfactorincreasedat

thestep3whenjointNo・4yielded・Similarly,JointNo.3yieldedatstep5anddecreasing

rateof　 localsafetyfactorofNo.2increasedatthatstep.Onceonejointelementyielded,

yieldingoftheneighboringonewaspromotedbecauseshearstressexceedingtheyielding

strengthwastransmittedthroughpost-yieldingdisplacement.Inthistest,enlargementof

yieldingareabyporepressureandre-distributionofshearstresswasreproduced.

Shear　 displacement　 along　 the　 slip　 surface　 in　real　 creeping　 landslides　 does　 not　 always　 occur　 at

onceforthewholeslipsurfaceandenlargementofthefailedareawasobservedasstated

before.Inthisanalysis,such　 phenomena　 can　 be　 reproduced　 as　increment　 of　number　 of　yielded

jointswithloadstep(increaseofporepressure).Thisanalysiswasstaticジtherefore,time

dependentphenomenawereignored.'Thejointelementwaselasticmaterialandstaticstable

stress-strain　 field　 was　 analyzed.Itmaybeachievedasaresultofplasticslipattheslipsurface

inareallandslide.Itstimedependence(delayofdisplacement)wasnotreproducedinthis

analysis.
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4.ResultofobservationofslopedeformationintheTodoroki

landslide

4.1.Dataobtained

Fig.25showstheresultofmeasurementonextensometersfromApril28,1995toDecember

ll,1996togetherwithdailyprecipitation.Periodsofdata-missing,whichdifferedwith

extensometers,werecausedbybreakofsuper-invar-wire,cutofelectriclinebyanimals,error

ofrecorder,etc..Variationduringamissingperiodcausedbybreakofsuper-illvar-wirewas

assumedtobezerobecausethereisnowaytoestimateit.Variationduringamissingperiod

causedbyotherreasonscanbeestlmatedbecauseabsolutevalueofoutputofthetransducerwas

condnuousbeforeandaftertheperiod.Markedvariationsareseenatearlyperiodof

observation.ItisprobablypartiallybecauseofIargeprecipitationthenandpartiallybecauseof

effectofdamagebytheEarthquake.'Fig.26showsdistributionofthefinalvalueofeach

extensometerinthecrosssectionalongthesurveyline.Lengthofdataacquisitionperiodis

differentindif£erentextensometerbecauseofdata-missingperiods,asmelltionedabove.The

distributionofextensionandcompressionisilldisorder,whichislikelytobetheresultof

complexsoilmovement.Markedextensivevaluesares㏄ninEX6,EXgandEX13,

suggestingthatupperboundariesofblocksofmovingsoillocatedaroundtheseextehsometers.

Amountofcompressionislargerthanthatofextensionthroughoutthesurveylille.Large

compressionisseeneveninupperslope(EXlltoEX12)andamountofextensioninEXl3

issmallcomparedtothatofcompressioninlowerextensometers.Itindicatesthatslopeupper

thanEX13wasalsomoving.TheseresultscannotbeexplainedbyasimplelandslidemodeL

Itislikelythatdeformationobservedwascausedbydifferenttypesofsoilmovement.

4.2.Relati・nship　 between　 precipitati・n　 and　 sl・pe　 def・rmati・n

Relationshipbetweenprecipitationandvariationsinrecordsofextensometersisdiscussedin

this　section　 inorder　 tosepazate　 different　 typesofsoilmovement・DataobtainedfromEX6,

which　 was　 less　noisy　 throughout　 theobservationperiod,showscharacteristicrelationshipwith

pattem　 of　rainfall.Fig・27showsdataobtainedforEX6illthreedistinctperiods(length=10

days)with　 hourlyprecipitation・TimeoriginineachfigureisO:000fthedatewritteninit・
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"Sho曲utintense"
rainfall　 was　 observed　 both　 in　Period(A)and(B).Precipitation　 of　 140　 mm

inthreedayshadbeenobservedtwoweekspriorto(A),whilenoprecipitationhadbeen

observedforabouttwomonthspreviousto(B).Step-typevariadontowardsextension

appearedaboutonedayafterintenserainfallin(A)andlastedforabout3days.Ontheother

hand,onlyrapidcompressivevariationatthemomentofrainfallisseenin(B).℃entlebut

long,「rainfallwasobservedinPeriod(C).Step-typeextensivevariationappearedaboutolle

dayaftertheinitiationofrainfalL

Thus,extensivevariation　 in　 the　 record　 of　 EX　 6　 isconsideredtoco且elatetolong-tem

conditionofgroundwaterandbeganaboutonedayaftertherai㎡all.Ontheotherhand,

compressivevariation　 took　 place　 in　 short-temone.Thecompressivevadadonhasbeen

seldomobservedinEX6,butithasbeenfrequentlyobservedin{otherextensometers,

especiallyintheupperpartofsurveyline.Compressivecreepinginupperslopehastwo

characteristics.Oneisthatthevariatibnappearssoonaftertherai㎡allasseeninEX6intheド ロ
figureAno血eristhatitlastedforlongafterrainfallstoppedwhichlsnotseeninEX6.These

characteristicswillbeshownIater.

4.3.Separation　 of　two　 types　 of　movement　 and　 their　 characteristics

Anattempttosepalatetwotypesofsoilmovementwasdoneinthissection.Da田usedfor

thisanalysiswasobtainedMay11-20,1995,when　 the　largest　 variations　 were　 observed.EX

ltoEX10wereworkingduringthisperiod.Fig.28showsvariationsinrecordsof

extensometers.TimeoriginisMay110:00.Step-typeextensivevariations　 began　 about　 one

dayartertheinitiationofrainfallinEX6andEX9.OIItheotherhand,compressivevariations

begansoonaftertherainfallbeganandlastedforlongaftertheendofrainfal1・

BysummingoutputofeachextensometerateachsamplingtimefromEXltoEX10,

variationofdistancefromtheIowerendtoeachlogPilealongthesurveylinecanbeobtained.

Thelowerendofsurveylineisassumedstable・Thoughrelativedisplacement(in3-D)ofeach

piletotheIowerendisnotalwaysparalleltothedirectionofsurveyline・itisassumedtobe

parallelasanapproximation.TheresultisshownillFig.29.Logpilesaze　 numbered　 from

thelowerendasPileOtothetopendasPile10・PileOisorigin・Negativevariationindicates

shorteningofthedistancefromthelowerendtoeachpile(thepilegoesdownwards)・The

permanent　 change　 i曲edis伽cefrom血elowerendto血eupPerendisabout8㎜ ・The
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amountofpe㎜anentchangeofeachpiledoesnotincreasemonotonouslywithnumberofpile.

Itsuggeststhatseveralblocksofsoilmovementexisted.Toillustratetheindividualmovement

ofblocks,changeinthedistanceofeachpileat1・5days(theendofintenserainfall)andthatat

10daysareplottedagainstthedistance(theupperdiagraminFig.30).Twofiguresinthe

lower　 part　 of　figure　 show　 definitions　 of　"Block"movementand℃ompressivecreeping"inthe

upperdiagram.AtthetopofFig.31,schematicmodelofsoilblockmovementanditsresultin

thevariationinthedistanceafeshown.Relativemovementappearsonthesurfaceattheupper

andthelowertipsofblockifsoilInovesasonebody("Blockmovement").'℃ompressive

creeping「 ℃annotbeexplainedbythissimplemodel.

MovingblockisclearlyseenintherangeofPile3to6inFig.30,especiallyin10days.It

indicatesthatblockmovementwasactivatedafter15days.ThecllrveupperthanPile6canbe

explainedbysuperimposingablockintherangeofPile6togandcompressivecreepingupper

thanPile6.AlsoblockmovementwaSactivatedafterl.5dayshere. 「〆
4.4.Strain・nthegmundsurfaceinducedbyc・mpressi▼ecreeping

Compressive　 creeping,whichisnotexplainedbymovementofsimplesoilblock,indicates

thatlargepartofslopeiscompressedinthedirectionofsurveyline.Anextensometer

measuresrelativedisplacementoftwopilesinthedirectionofsurveyline.Howevet,itisnot

alwaysparalleltothedirectionofdisplacement.InthelowerpartofFig.31,twomodels

explainingthecompressivecreepingareshown.Theupperoneexplainsthecreepingby

difference　 in　the　 direction　 of　displacement　 vector　 at　each　 point・Thelowermodelexplainsthe

creeping　 by　 difference　 in　the　 length　 of　displacement　 vector(this　 model　 is　not　 realistic　 in　thecase

ofusualsoi1.Thisisvalidinspecialcaseinwhichlargechallgeinvolumeispermitted

(su㎡icialsollcreeping,underground　 erosion(Sassa,1984),etc.).Therefore,theuppermodel

isconsideredtobeadequateforcompressivecreepingcausedbymovementofthelargeblock

delineatedbycracks.Inthismodel,thestrainonthegroundsu㎡aceisconsideredtobe

inducedbyanon-uniformdistributionofdisplacementinthesoilmass.

Compressivecreepingwasactiveintheupperpartofsurveylille.Fig.32showsdata

obtainedfromJune30toJuly12,1995whendatafromEXlltoEX14wereavailable・Time

origin　 is　June　 30　 0:00.Precipitation　 of　6・S　mm　 was　 observed　 12　 days　 earlier・Data　 for　 EX　 4

wasmissedbecauseofabreakofsuper-invar-wire.Markedcompressivevariationsareseen
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inEX10andE文12.Thesevadationshavegoodcorrelationwithintensityofrainfall;

accelerationanddecelerationcorrespondtoamountofhourlyprecipitadonduringrai㎡all,but

variationslastedforlongperiodevenafterrai㎡allstopped.Endofcompressivecreepingis

notsoobviousasblockmovement(EX6andEXgarealsoshown).Neglectingslight

variations㏄ninaboutlday,variationintherecordofEXllbeganabout4daystowards

compressionandthenchallgeditstendencytowardsextensionatabout7days.Beforethe

change,va煮ationintherecordofEX12waslargerthanEX10andviceversaafterit.These

resultsindicatethatactivemovementareapropagateddownwards.Afterlldays,EXlldid

notshowvariation,whichislikelyto.be　 a　result　 of　parallelmovementofpilesoftwoends.

Propagationoftheareaofactivemovementisdiscussedinsection7.1.

EX13didnotshowcleartendencyinthisperiod(alsoth∬)ughoutthewholeobservation

period(Fig.25)).It　 is　impossible　 to　discuss　 about　 the　upper　 limit　 of　compressive　 creeping　 by

thisresult.VariationintherecordofEX14,whichisconsideredtorepresentdisplacementof

thelargeblockdelineatedbycracks,began　 at　about　 4　days.ItisalmostthesameasthatinEX

llbutdelayedtothoseinEX10andEX12(3・3days)・Intheresultsofportablepenetration

testsinFig.3,athinlayerwithlowNcloisseenjustabovet血elayerofNclo>50forPllto

13.The　 existence　 of　weak　 layer　 indicates　 surficial　 soil　creepingandfastonsetofvariationsin

recordsofEX10andEX12mightbeduetoit.Variationsinrecordsofextellsometersonthe

・pPersl・p・w・ ・elik・lyt・becau・edbyb・ 血th・ ・u而 ・i組 ・・i1・・eepi・gandm・v・m・nt・f血 ・

larg・bl・ ・k.Th・ughth・ ・u面 ・i訓 ・・il・・eepi・g・an　 di・t・・b伽f・ ・th・m・v・m・nt・f　 larg・

bloc瓦thedisturbanceislikelytobesmallafter4days,becausethesurFicialsoilcreeping

、。nv・ ・g・df・ ・t(it・鷹d3.3・by・and　 alm・ ・t・・nv・ ・g・d・t4・by・)㎝d・m・unt・f・ari・ti・ni・

therecordofEXl4waslargeafter4days.Fastonsetofcompressivecreepingmightbedue

to　surficial　 soil　creeging　 and　 its　long　 duration　 might　 be　due　 to　the　movement　 of　large　 block.

Thus,strainonthegroundsurfaceinducedbycompressivecreepingduringthisacdvity

(Fig.32)can　 be　summarized　 as　follows.

1)S。 盃 ・i・1・・il・・eepi・gi・d・ ・i・g・・m・am・ ・nt・f・n・dim・n・i・n訓 ・・mp・essi・n…peci・11y

inearlystage・

2)M。v・m・nt・fth・larg・block　 i・d・・血g　larg・D・ 耐 ・f・。血 ・i・ 日(12　 and　 EX　 10・

3)St面naccum・1・t・di・ 日(11d・d・gi面al・ 田9・(4t・7　 day・)・fm・v・m・ ・ti・d・ ・i・g

、t,essch・ng・ ・,・e・uld・gi・p・ ・P・g・d・n・fth・area・f・ ・U・・m・vem・nt・
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4・5・Depth　 of　deformation

Twoblocks,foundbyobservationofextensometers,areexpressedbysolidlineinFig.33

(EX7toEXgandEX4toEX6).The　 lower　 limit　 of　surficial　 soil　 isveryshallowin　 EX7to

EX9(Fig。3).The　 slip　 surface　 of　this　 block(EX7toEX9)isconsideredtoexistdeeperthan

the　 lower　 limit.Thisslipsurfacemaybecontrolledbyjoints,becallsestrengthofintactrock

(evenweatheredrock)isveryhighcomparedtostrengthofjoint.Thelowerblock(EX4to

EX6)crossestheFault.AsshowninPO5andO6inFig.3,surfacelayeristhicknearthe

Fault.ThemarkedturbulenceinNc10profile,whoseexistenceisexpectedbecauseblock

movementofEX4toEX6isactive,isnotseeninPO6.Theslipsurfaceis　 consideredto

existlowertha皿thesur丘cialsoUbecausethestep-typecharacteristicofmQvemelltisthesameas

theupperblock.However,thepossibilitycannotbefUllydeniedthattheslipsurfaceexistsin

thesurficialsoilbuttheturbulencecannotbeseenbecausethelayerissoft.

Theslipsurfaceoflargeblockdelineatedbycracksisconsideredtoexistdeepsoilbecause

ofthescaleofcracksandtheresultshowninFig.4.Itisnotclearwhethercontinualslip

su㎡aceexistedfromcrackstothelowerendoftheblockornot.Thelowerendwasnot

detected　 clearly　 by　 extensometers　 because　 of　compressive　 creeping　 but　 it　is　likely　 to　exist　 in　the

spanofEX10becauseoflargecompressioninitsrecords.

Theauthorconsidersthatshearstrainislocalizedina(some)zone(s)withacertaindepth

becauseoftheexistenceofpartofslipsurface(colltinuedfromcracks)andlargeobserved

deformation.Thezone(s)canbeexpressedas,,shearzone(s)"Thedifferencesof

characteristicsbetweencompressivecreepingduetothelargeblockmovementandstep-type

movementoftwosmallblocksaremainlyduetothesizeofmovingmassandshapeofslip

surface(orshearzones).
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5.Resultofin-situmonitoringofinternalhorizontalearth

pressureintheNishi-lkawalands童ide

5.1.Dataobtained

IntemalhorizontalearthpressuresmeasuredinBV4duringEventlareshowllinFig .34as

anexampleofrecordedearthpressuredata(dataforotherboreholesareshowninAppendix1) .

Thesepressureswerecalculatedusingtheinitialimbalanceofeachtransducer .Theinitial

imbalance　 was　 measured　 in　the　 laboratory　 before　 field-installation.Asstated
,thezerobalance

ofanearthpressuretransducermaydriftduringinstallation.Thereisamarkeddifference

betweenthevaluesmeasuredfor13.25mUDandRL,buttheirvariationsareverysimilar .

Thisdifferenceisconsideredtohavebeencausedbythedriftofzerobalanceofone(orboth)

transdllcer(s)occurredduringinstallation.Hereafter,variationofearthpressurefrominitial

valueofthisperiodisdiscussed.

Valuesmeasuredatthedepthofl8.25m(bothdirections)areverylowandtheirvariations

aresmalLIfthismeasurementwascorrect,twopossiblecausescanbeconsidered;oneisthat

"earthpressurecoefficient"(horizontalearthpressure/verticalone)issmallatthedepth
,and

theotheristheabsenceofgroundwater(absenceofisotropicpressure).However,anerrorof

measurement　 caused　 by　 arching　 effect　 is　also　 possible　 in　deep　 and　 stiff　ground.

Inordertodiscussaboutdeformationofsoil,「'effectivestress"conceptmustbeemployed.

Fig.35showstheporewaterpressureattheslipsu㎡acemeasuredinBV4toBVgduring

Event1.Theporewaterpressureatthedepthofeachearthpressuretransducerwascalculated

fromthisresultwithanassumptionthatgroundwaterispresentasfreewater.Theassumption

ismadebecausetheslidingsoilmassiscomposedmainlyofloosesandymaterial,whichis

consideredpermeable.Fig.36showsthecalculatedhighestandlowesttableofgroundwater

duringEvent1.PondswereseenaroundBV5afterEventlandthehighesttableisalmost

samewiththegroundsurfacethere・Though"perfectlypermeable"cannotexistinIlature,the

assumptionisacceptableasanapProximation・Itispossibletoobtaintheeffectiveearth

pressure　 by　 subtracting　 the　 calculated　 pore　 pressure　 from　 the　 measured　 earth　 pressure:

EPefc=EPobs-(PPobs-dH×9.8)(forthecasethat(PPobs-dH×9.8)ispositive)

EPefc　 =　EPobs(forthecasethat(PPobs-dHx9・8)isnegative)
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whereEPe応effectiveearthpressure(kPa),EPobs;measuredearthpressure(kPa)
,PPobs;

porepressuremeasuredatslipsurface(kPa),dH;differenceofdepthofearthpressure

transduceralldthatofslipsurface(m).

Fig.37showsvariationsincalculatedeffectiveearthpressureandmeasuredporepressureat

theslipsu㎡aceinBV4durillgEvent1(forotherboreholes,seeAppendix2).Thereis

markedvariationin3.25mRLcomparedtoUDdirection.SmallvariationsaregeneraUy

observedfortransducersatshallowdepthsbutthistransducer(3.25mRLinBV4)isan

exception,whichreasonisnotclear.Rapidincrementinpressuresisseenin8.25m,whileits

decrementisseenin13.25m.Calculatedeffectiveearthpressuresforl8.25mbehavealmost

reverselytotheporepressureatslipsurfacebecausemeasuredearthpressureshaveslight

variationsasshowninFig.34.Theassumptionoffreewaterislikelyto{beinadequateforsoil

blowtheslipsurface.Itisoftenobservedthatheadheightofgroundwaterintheslidingsoil

massandthatinsoilbelowtheslipsurfacearedifferent.Theauthorconsidersthatthe

effectiveearthpressuresobtainedforl8.25　 m　 are　 not　 correct.

To　 discuss　 variation　 in　the　 internal　 horizontal　 earth　 pressures　 of　sliding　 soilmass,outputsof

theearthpressuretransducersinstalledatthenearestdepthabovetheslipsurfaceineach

borehole(underlinedtransducersinTablel)areusedinthisstudy.Hereafter,theirdepthsare

notmentioned.

5.2.Comparison　 of　 monitored　 earthpressuresinboreholesat　 varionspoints

Fig.38showsvariationsintheeffectiveearthpressureintheUDdirectionduringEvent1・

Asanindexofdisplacementofslidingsoilmass,thepipestrainattheslipsurfaceinBV7is

shownatthebottom.InBV4andBV7,thereisarapidincrementinthepressureatfirst,then

agradualdecrementwasobservedwhilethesoilmasswasmovingandanotherincrement

apPearedattheendmovement・BV5andBV8showasuddendroplnthepressurefirstanda

jump-upattheend。Pattem　 of　these　 variations　 seems　 to　correspond　 to　longitudinal　 positions　 of

boreholes.BV6inFig.38showsaslightcompression・Thevariationinthepressureatthe

toewasrelativelysmallcomparedtovariationsinuphillboreholes(thepressurebelowtheslip

surfaceinBVgalsoshowsslightvariation(Appendix2))。

Fig.39showsresultsofextensometermeasurement・MarkedcompressionisseeninEXl2

andmarkedextensionisseen血EXl3.EX13isbesideBV8anditsextensivevariation
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agreeswiththedecrementoftheeffectiveearthpressureinBV8.EX12isnotjustbesideBV

7butisclosetoit.Itscompressivevariationagreeswiththeincrementintheeffectiveearth

pressureinBV7.Thoughthedirectionofextensometersurveyllneismuchdifferentfromthat

ofcrosssectionofslipsurface(Fig.10),distributionofdeformationmodeobservedinthe

effectiveearthpressuremeasurementissupportedbytheextensometermeasurement.

Variationintheeffectiveearthpressurediffersmarkedlydependingonposition.Itindicates

thattheslidingsoilmassdidnotmoveasoneblock.Themechanismofmovementofsoilw油

adevelopedslipsu㎡aceisexplainedastheslipofanelasdcbodyonthesurfaceratherthan

failllreoftheentiremass.Soilaro心ndtheslipsurfaceisin,orverynearto,thestress

conditionoffailure(plasticstate),whereasotherpartsoftheslidingsoilmassremainelastic.

正fdisplacementwereuniformalongtheslipsurface,therewouldbeno蛋st面ninside(parallel

movementdoesnotcausestraininsideaslidingmass,whereastheremustbeshearStt3111

betweentheslidingmassandthestablebasement),sotherewouldbenσearthpressure

var孟adon.Contrarytothis,variadonsihtheeffectiveearthpressurearefounded.Itindicates

血atdisplacementalongtheslipsurfacewasnotunifo㎜,therebycausing　 strain　 inside　 the

slidingmass.

5.3.Variationinthe effectivehorizontalearthpressureattheonsetoffai lure

Ea曲pressurevariationsintheUDdirec丘onatabouttheonsetoflandslidemovementare

showninFig.40.Thepipestrainneartheslipsu㎡aceatBV7(thebottomdiagram)indicates

thatthesheardisplacenlentalongtheslipsur£acebeganatatilnebetween10to10・5hoursat

BV7.ThereisIlovariationintheearthpressureinBV40rBV7beforethat,whereasBV6

andBV8showsimilarvariationsatthattime,andBV5showsaslightone.Althoughsmall,

thesevariations(BV5,BV6,andBV8)seemtobephysicallyassociatedwiththeonsetof

failure　 because　 they　 occurred　 at　different　 depths　 and　 boreholes　 at　the　same　 time・Thefirstonset

offailureapPea■stohavebeenarelativelysmalleventintemlsofearthpressure・Itmightbe

theresultofitsbeinglocal(failuredidnotoccuralongtheentireslipsurfaceatonce)・

LargevariadonsintheeffectiveearthpressurefirstapPearedafteraconsiderablealnountof

displacemelltoftheslidingmass・Fig・41showstherelationshipbetweentheeffectiveea曲

pressureandsheardisplacementalongtheslipsurfaceineachborehole・Varia虚oninthe

effectiveearthpressureapPearsafterdlsplacementofaboutl(r2cm,displacementapParently
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precedingstress.Thefailureoflimitedareathenmightenlargealongtheslipsurface.The

soilmassabovethesurface　 mightloose岨iformity,therebyinducinglargervariationinthe

effectiveearthpressure.

5.4.Variationintheeffectivehorizontalearthpressureatthe　 endoftheperiod

ofmo▼ement

AsporepressuresdissipatedafterrailエfallstopPed,therateofpipestraindecreased.Inthis

stage,theeffectiveearthpressuresincreasedinmanyboreholes,thoughvariationsinthose

locatedinthefootoflandslidewererelativelysmall(BV6).Fig.42showsthephenomella

observedduringEvent1.TheincrementfirstappearsatBV5andBV$(ineveryevent)and

"hesitant"behaviorisseenaspointedoutbyopenarrows
.Thelastincrement,whichis

pointedoutbysolidarrows,is　 expressed　 as"stoppingphase"inthisthesis.AsshowninFig.

38,the　 effective　 earth　 pressure　 retumed〆toalmostsamelevelasthatbeforeslidinginBV5alld

BV8afterthestoppingphase.ThepressureinBV7wasstillhigherthantheinitialvalueat

theendofperiodillFig.38(150hours),butitgraduallydecreasedbecomingalmosttheinitial

valueatabout300hours.Thedifferenceintheeffectiveearthpressurebeforeandafter

movementissmall,whichwouldfacilitatetherepetitionofmovement.Therateofincrementin

theeffectiveearthpressureatthestoppingphaseish五ghneverthelesstherewasnochangein

rateofporepressuredissipationatthattime(porepressureattheslipsu㎡aceinBV7isshown

atthebottomofFig.42).Theendoflandslidemovementcanbeindicatedbytherapid

increment　 in　the　 effective　 earth　 pressure,whereasitisnotclearlydetectedbypipestrain(Figs.

38and55).

5.5.Internal　 earth　 pressureduringmotion

Fig.43showsrateofsheardisplacementineachboreholecalculatedattheintervalof30

minutes.ComparingittoHg.38,major　 variations　 in　theeffective　 horizontalea曲pressure

wereobservedbeforethepeakofsliprateandatthedeceleratingstage・Sliprateduril1950-

80　 hours　 shows　 relatively　 sma11　 variation　 and　 the　 effective　 earth　 pressure　 shows　 relativelysmall

variation.Duringthatperiod,variations　 induced　 at　the　 initiation　 of　 movement　 were　 maintained

exceptinBV4where三twasgraduallyreleased・Fig・44showsthedifferellcebetweenthe
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measuredvariadonsintheUDandRLdirections(UDRL).Byexaminingthesedata,

eliminationoftheeffectofporepressureisachievedwithoutmakinganyassumptionaboutit ,

andtheircomparisonispossible.Clearly,thereisamarkeddifferenceduringmotion(hatched

inthefigure),whichbecomessmallafterthestoppingphase.ThevaluesinBV4andBV7a爬

smallattheini極ationofmovementandincreaseuptothestoppingphase.InBV5andBV8,

thedifferencewascausedbythedropofeffectiveearthpressureinUDdirectionandvanished

byjump-upinit・Althoughmoredetaileddiscussionaboutthestressconditionisimpossible,

becausemeasurementsarelimitedintwodirections,thedifferencecanbeseenasanindexof

al1玉sotropyofearthpressure.Fig.44indicatesthatanisotropicearthpressurewasinduced

duringmotion.

5.6. Comparison ofevents

Figs.45and46showvariationsiガeffectiveearthpressureandporepressureattheslip

surfaceforthreeevents,respecdvely.Measurementofporepressurefaileda負er35hoursin

Event3.αearly,asdisplacementduringeacheventincreases(Event3to1,Fig.11),the

amount　 of　and　 duration　 of　decrement　 in　the　 effective　 earth　 pressure　 in　BV8　 becomes　 large.On

theotherhand,theeffectiveearthpressureinBV7doesnotshowsuchacleartendency,The

factthatthevariationinthepressureinBV7forEvent2issmallerthanthatforEvellt3may

correspondtothattheillitialporepressure.Theinitialporepressurewasthehighestinthese

threeevents,because　 this　 event　 occurred　 after　 considerable　 amount　 ofrainfallbeforeit.Event

3isnotaclear"event"becausepipestraininFig.11issmalLTheeffectiveearthpressure

showsaclearvariationinBV7butdoesnotinBV8.

Accordingtothetraditionaltheory,theearthpressureatthemomentoffailureofsoilmassis

a　constant　 determined　 by　 the　 soil　 strength　 and　 mode　 of　 deformation(passivelacdve).In山e

activeregion,itdecreasesdowntothe"activeearthpressure"value,whereasinthepassive

region,itincreasesuptothe"passive"one.Bothextremepressuresaredeteminedonlyby

the　 internal　 friction　 angle　 of　soil.Thistbeorybasesontheassumptionof　 simultaneous　 failure

ofthewholeslidingsoilmass.Howeveritis,generally,notvalidinreallandslides・Inreal

landslides,two　 major　 points　 are　 different　 from　 this　 assumption;oneis血ee虹stenceofslip

su㎡aceandtheotheristhatfailureinreallandslideisprogressive.Thesepointsmayarrestthe
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mobilizationof　 peak　 stressconditioninslidingsoilmass.Thus,twoextremepressurescan

notalwaysbeobserved.

Asstated,measurementoftheearthpressuresinBV7andBV8du血gthreeeventswere

succeeded.Thelargertheamountofdisplacement,thehighertheporepressureattheslip

surface.The"effectiv♂earthpressureisusedtocomparethedataobtainedfortheseevents.

Fig.47showsthemaximumandminimumvaluesandthevariationrange(difference　 of　those

twovalues)ofeffectiveearthpressureatBV7andBV8du血gmovementofthelandslide.

Forthisplot,zerobalanceofeachtransducermeasuredbeforethefieldinstallationwasusedfor

thesakeofcomparisonofevents.BecausethesethreeeventsoccurredbetweenMayandJuly

l995,possibilityofdriftofthezerobalanceduringthisperiodisconsideredtobelitde・

Plottedvalueswith"?"forBV8intheEvent3wereobtainedfromOtQβ5hours.AtBV7,

where　 the　 soil　 was　 deformed　 in　 the　 passivemode,血emaximum　 value　 is　nearly　 constant

regardlessofdifferencesintheamountofdisplacementandporepressureattheslipsurface.

This　 value　 seems　 to　correspond　 to　the　 extreme　 earth　 pressure.In　 other　 words,thesoilaround

thisboreholewasunderalmostconstantpressureatfailure,whichagreeswi血thetraditional

theoryぐ'passiveearthpressure").ThereisnosuchatendencyatBV8foreitherthema】dmum

or　minimum　 value,but　 there　 is　a　positive　 correlation　 between　 the　 variation　 range　 and　 the　 amount

ofporepressureanddisplacement."Active　 earth　 pressure"wasnotdetectedin血isborehole,

which　 could　 be　 due　 to　the　 effect　 of　 enlargement　 of　 the　 failedarea,theexistenceofadeveloped

slipsu㎡ace,orboth・
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0.Result　 of　 FEM　 analysisontheearthpressureintheNishi-lkawa

landslideattheonset　 of　 movement

D.1.Residnalforces

Nodalforcesrepresentinggroundwatertableatthe15hourswereappliedbysixloadsteps

withconstant三ncrement.Theconditionof"constantincrement1'meansthatdetailedchangeof

groundwatertablewasnotreproduced.Thisconditionwasdeterminedbecausetherateof

dsingofgroundwatertable(Fig.22)wastoohightoreproduceitsdetailedchangeinthe

calculation.Fig.48showsma)dmumresidualforceaftercalculationofeachstep.These

residualforcesmainlyexistedinnodesofyieldedjointelements・ApPro)磁matelengthofajoint

elementwas10mandresidualforcewasaboutlO(kN),thus,residualstresswasabout1

(kPa).Thoughthisvaluecanbenegligible,markedincrementisseenatstep5to6.This

ノ

increment　 is　a　result　 of　yielding　 of　lazge　 number　 of　joint　 elements。Landslide　 movement　 was

alreadyobservedat15hours.Itsuggeststhatsoilmasswasnotinstaticsafeconditionthen.

The　 increment　 of　maximum　 residual　 force　 in　step　6(Fig.48)isconsideredtocorrespondtothe

movement.Timedependenteffects(rateofdisplacement,energylossbyviscosity,etc,)are

且ecessarytobeconsideredinordertoextendtheanalysisafter15hours・

6.2.Enlargement・f　 the　 failed　 area　 and　 relative　 displacement　 at　j・intelements

Fig.49showsdecrementoflocalsafetyfactorwithloadstep(risingofgroundwatertable).

Initiallocalsafetyfactorsofjointelementsatthet㏄wererelativelysmall.Yieldingofjoint

elementsoccurredtherefirst,andyieldedareaenlargedupwards.Inupperparts,localsafety

factorswereinitiallyhighbutitdecreasedmarkedlywithloadstepbecauseoflargerisingof

groundwatertable.Mostofjointelementswereyieldedatstep5andresidualforce(Fig・48)

begantoincreasefromthatstep・JointNo・9yieldedatstep6・Asaresult・thewholeslip

surfaceyieldedandthestructurebecameunstable・ThusinitiationoflocalyieldinginQ11$

modelwasoccurredintwoareas;onewasatthetoewherestressratioisillitiallylargeand

ano血eristheareawhererisingofgroundwatertablewaslarge.

Atthelastloadstep,JointNo.9yielded・Thisjointelementbehavedasa"baπier"量n血is

Iandslidebecausedirection　 of　 slipsurfaceischangedmarkedlythere・Itslocalsafetyfactor
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decreasedbyre-distributionofexceedingshearstressfrombothsides.Asaresult,therateof

itsdecrementincreasedwithIoadstep。Fig.50showsdistributionofsheardisplacementat

jointelements.Relatively　 small　 displacement　 is　seen　 at　the　 central　 part.Markedchangeinthe

directionofslipsurfacehinderssmoothtransmissionofsheardisplacement(alsoshearforce)at

a　joint　 element　 to　the　 next　 one.Thus,theshapeofslipsurfaceaffectedthedistributionofshear

displacement.Fig.51showsvariationsinpipestrainobservedduring　 initialperiodofEvent

1.Initiationofsoilmovemelltcanbeseenabout10to10.5hoursinBV7andBV9.Itisnot

clearinBV8andabsolutevalueofdisplacementinBV8issmallerthanothertwoboreholes.

Qualitatively,theobserveddistributionwasreproducedinFig.50.

6.3・Variationinearthpressure

Fig.52showsthedistributionofdifferenceinearthpressurecoefficient(ratioofverticaland

ノ
horizontalearthpressure)in　 isoparametric　 elements　 between　 the　initialconditionandtheendof

loading.Elementswherechangeofthestressratiowaslargerthan4%(bothincrementand

decrement)areillustrated.Themaximumchangewasabout10%.Thecreepinglandslideis

close　 to　critical　to　move　 at　the　initial　condition,hencethestresschangeisnotsolarge.Marked

changeisseeninelementsjustabovetheslip　 surface　 and　 change　 in　elements　 distant　 from　 the

slipsurfacewasrelativelysmall・

Elements　 o曲e　 ground　 surface　 around　 BV　 8　are　in　active　 mode　 deformation(the　 ratio　in　the

elementatthegroundsu㎡aceofBV8decreasedabout3%).ThosearoundBVgalldBV7

arei11passivemodeone.Thisdistributionisingoodagreementwithresultofextensometer

measuremelltshowninFig.39.Thisdistributioncanbeexplainedbythenon-unifoml

dis励 磁onofsheardisplacementatjointeleme■ts(Fig・50)・Passivemodedefomation

around　 BV　 7　is　explained　 to　be　caused　 by　large　 shear　 displacement　 around　 BV12(Fig・50)and

s副1displacementarounddle"barrier"・Active　 mode　 deformation　 around　 BV　 8　is　explained　 to

becausedbylargesheardisplacementaroundBV9(Fig・50)andsmalldisplacementaround

the壁,barrier,',

Fig,53showsvariationinhorizontalearthpressure・Thoseinelements8587decreased

withloadstepduebothtodecrementinverticalearthpressurebybuoyantforceandto

displacementoflowerelements・Thoseinelements8890firstdecreasedandchangedtheir

tendencytoillcrease・Thefirstdecrementwascausedbybuoyantforceandnextincrementcan
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beexplained　 by　 largeslipinupPerelements・Qualitatively,incrementintheeffectiveearth

pressureinBV7anditsdecrementinBV80bservedattheinitiationofmovement(Fig.38)

were　 reproduced　 in　Fig.　 53.

6.4.Absolutevalueofdisplacementandearthpressurecomparedtoin-situ

monitoring

Resultsofanalysiscouldnotreproduceobserveddatape㎡ectly.EspeciallyinBV8,

measuredvariationineffectivehorizontalearthpressureislargerthancalculatedone(element

86inFig.53andBV8inFig.38)andsheardisplacementmeasuredthereissmallerthan

calculatedone(Fig.50a皿d51).Thesedifferencesarelikelytobepartiallyduetothe

assumptionofstaticdeformation　 but　 mainlyduetouncer面ntyinparameters;elasticmodulus

bothinisoparametricelementsandjoihtelements,andpreciseshapeoftheslipsllrface.For

example,materialparametersforthela夕erofN>50weredeterminedwithanassumptionofN

=50.ThisevaluationmightcauseunderestimateoftheelasticmodulusindeepsoiLItalso

remainsquestionablehowtoestimateandrepresent"ductile'冨characteristicofzonearoundthe

slipsurface.InthisanalysisconstaIltelasticmoduluswereassumedforalljointelements

neverthelessoftheirdifferenceindepth・

Onthecurvatureofslipsurface,largechangeindirectionofslipsurfacesurelyexisted

betweenBV7andBV8becausedepthsofslipsurfaceinbothboreholeshadbeenconfirmed

bythelong-termobservation.Therefore,thedistribution　 of　 sheardisplacementwouldnotbe

muchaffectedbyminorchangeoftheshape.However,itsminorchangemighthaveaffected

absolutevalueofdisplacemelltateachnode・Theseparametersneededtobedetermilled

P・eci・elyi…d・ ・t・ ・ep・・duceab・ ・1・t・m・a・ 肛 ・d曲 ・・(b・thdi・placem・nt　 and・ 舳P・ess・ ・e)

butitisdtff玉cultinareallandslide.Insuchcase,theauthorconsideredthatsimplemodelwas

preferableasmentionedinSection3.2.1.
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7.】Discussion

7.1.PropagationoftheareaofactivemovementobservedintheTodoroki

landslide

Fig.33showstwopossiblemodelsfortheTodorokilandslide.Movementoftwoblocks

(below　 EX　 9)andsu面cialsoilcreeping肛eco㎜onforbothmodels.In　 the　 upper　 model,

compressive　 creeping　 caused　 by　the　large　 block　 delineated　 bycracksis　 explained　 by　movement

ofoneblockwithcurvedslipsurface.Inthismodel,anon-uniformdistributionof

displacementonthegroundsurface(themiddlemodelinFig.31)isinducedbytheshapeof

slipsurface.Thelowermodel(Fig.33)explainsthecompressivecreeρingbymovementsof

someblocks.Becauseof　 lack　 of　information　 ontheundergrounddeformation,further

discussion　 is　impossible・

0

DownwardpropagationoftheareaofactivemovementwasobservedinEX11(Fig.32).It

suggeststhatdisplacementatA(Fig.33)whichhadbeenfirstsuperiortothatatBwas

overcomebythatatB(inbothmodels).Severalchangesintendencyofvariation

(compressionandextension)inEXllareseen　 .inFig.54aspointedbyarrows.These

changesindicatethattheareaofactivemovementpropagateddownwardswhenthevadation

challgeditstendencyfromcompressiolltoextellsionandupwards(viceversa).Theywere

observedinthisextensometerprobablybecauseitsspanwassmalland!orbecallseofthe

shapeofshearzone(lowermodelinFig.33).The　 variation　 in　Fig.　54　was　 limited　 in　the　range

of±2mm,whichvalueissmallerthanthoseinotherextensometers(Fig.25and26).

P・・P・g・d・n・ccurr・di・b・thdi・ecri・n・(・pward・andd・w・w・ ・d・)and　 th・ ・el・tively・mall　 final

strainwasobservedinEX11.TheseresultssuggestthatsoilatAalldBdidllotmuchloose

theircontinuity.This　 result　 supports　 the　upper　 model　 in　Fig・33・becausecontinuityofsoilsat

AandBisweakinthelowermodel.

Th・p・ ・P・g・ti・n・ug9・ ・t・1・・ge　vari・ti・ ・i・ ・tress　i・th・ ・1・鉾d・ri・gm・v・m・ ・t・1・Fig・

32,soilatEXllhadbeenfirstinpassivemodedeformationforearlier4daysandthenbecame

inactivemodedeformation.Thus,deformationmodeofsoilinacertainpositioncanoften

・h・ng・during・ ・eepi・g,・ ・pecially　 i・th・ ・ewh・ ・e血 ・・h・p・ ・f・lip・ ㎡acecu・ved(i・th・upP・ ・

model　 of　Fig.33)andwheretwobl㏄ksareincontact(thelowermodel).
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7.2.Distributionofincrementanddecrementininternalhorizontaleffective

earth　 pressure　 at　the　 onset　 of　movement

The　 effective　 earth　 pressure　 in　the　direction　 of　slip　at　the　initiation　 of　movement　 increased　 in

themiddlepartoflandslide(BV4andBV7)intheNishi-Ikawalandslide(Fig.38).It

decreasedinthelowerpart(BV5andBV8)anddidnotshowlargevariationatthetoe(BV6).

Theseresultsindicatethatthesoilinthemiddlepartofthelandslidewasinthepassivemode

deformation　 and　 the　soil　in血elowerpaltwasin血e　 active　 mode　 deformation.Theobserved

distributionofincrementanddecrementinthehorizontaleffectiveearthpressurewas

reproducedbytheFEManalys孟squalitatively(Figs.38and53).Thereproduceddistributio!1

wasexplainedasaresultofstraincausedbyanon-uniform　 distribution;of　 shear　 displacement

along　 the　 slip　su㎡ace(Hg.50)intheFEManalysis。Thenon-unifomldistributionofshear

displacementwasinducedduringenlargementofthefailedarea.Thedistributionwas

considered　 to　be　determined　 both　 by　the　shape　 of　slip　surface　 and　 by　theshapeofgroundwater

table.Consequently,observeddistributionofincrementanddecrementinthehorizontal

effectiveearthpressureisconsideredtobedeterminedmainlybybothoftheseshapes.

Thesimilarsituationwith㎞tialstage　 of　movement(elllargementofthefailedarea)canbe

consideredfortheendoftheperiodofmovement.Whenporepressuredissipated,localsafety

factorincreasedandshrinkageofthefailedareamightoccur.Thestoppingphase'(Fig.42)

maycorrespondtoit.Thefactsthat"hesitant"behaviorwasfirstobservedinBV5and8and

thateffecdveearthpressureincreasedinallboreholessuggestthatshrinkagefirstoccurredin

theslopebelowthesetwoboreholes.

7.3.Internal　 horizontal　 earth　 pressure　 during　 landslide　 movement　 inrelationto

movement　 process

In-situ　 monitoring　 of　internal　 horizontal　 effective　 earth　 pressurein　 theNishi-Ikawalandslide

showedslightvariationattheonsetoffailure(Fig.　 40)・It　 is　considered　 to　be　 explained　 bythat

onsetoffailurewaslocalized.In　 the　 FEM　 analysis,decrement　 of　 localsafetyfactor(Fig.49)

showedthatthereweretwopartsofslipsurfacewhereyieldingconditionwasachievedearlier

thanotherparts;one　 is　where　 the　 initial　 localsafetyfactorwassmall(atthetoe)andanotheris

wheredecrementoflocalsafetyfactorwasIargeduetothelargerisingofgroundwatertable
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(aroundBVl2).ThesmallvariationsobservedattheonsetofdisplacementinBV5,BV6,

andBV8inFig.40,might　 correspond　 to　a　local　 failure　 in　the　 former　 part .Theyieldedarea

enlargedbecausebothoftherisingofgroundwatertablealldofstressre-distributiondueto

post-yieldeddisplacementatyieldedpartofslipsu㎡ace.Thepost-yieldeddisplacement

inducedlargevariationinthestressinsidethesoilabovetheslipsurface.Thisinducement

continueduntilthewholeslipsurfacewasyielded.Thewho互eslipsurfacewasyieldedinthe

員nalstate(Fig.50and52).Oncethisstatewasachieved,slidingsoilmasscanmove

plasticallyonthegivenslipsurface.Thef三nalstateoftheanalysisseemstobenotmuch

disturbedduringmovementbecausevariationsintheeffectiveearthpressureduringthe

movementweresmallerthanthoseattheinitiationofmovement(BV5,BV7andBV8inFig.

38).

Intemalhorizontaleffectiveearthpressureshowedaclearstoppingphase(Figs.42).After

thestoppingphase,theeffectiveearthpressureinmanyboreholes(exceptBV7andBV6)

retumedtobealmostthesamevalue南ththatbeforethemovement.Anisotropicvariation

betweenthedirectionofslipandthetransversedirectionwasinducedduringmovementand

wasreleasedatthestoppingphase(Fig.44).Thesefactssuggestthatthemechanismof

developmentofintemalearthpressured面ngmovementisdifferentfromthatofstatic

condition.

Thus,variationinthehorizontalintemalearthpressureisexplainedas;

1)small　 variation　 at　the　 onset　 of　local　 failure

2)large　 variation　 during　 enlargement　 of　the　 failed　 area

3)relativelysmallvariationduringthesteadyslip

4)largevariationatthestoPPingPhaseprobablyduetoshrinkageofthefailedarea

Thevariationof2)and3)wasanisotropicandtheanisotropywasreleasedat4)exceptin

BV7.

7.4.StoPPingPhaseandresidualstrain

ApPearanceofthestoPPingPhase(Fig・42)andthereleaseofanisotropy(Fig・44)seemto

besudden,comparingtotheirvariationsbeforeandafterthephase・Ontheotherhand,rateof

dissipationofporepressureattheslipsurface(Fig・35)andrateofdeceleradonofpipestrain

(Fig.11)didnotshowlargechange(exceptporepressureinBV7)atthestoPPingPhase・This
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isalsoseeninEvent2(Fig.45and46).Thesefactssuggestthatstatechangefrommovement

tos醐ecQndi恒on,intemsof　 intemale舳pressure,wasrapidcomparedto血eother

mo!虹toreddata(porepressureandpipestrain).

Afterthestoppingphase,theeffectiveearthpressure(Fig.38)returnedtobealmostthe

samevaluewiththatofbeforethemovementexceptinBV6andBV7.ThatinBV7retumed

tobealmostthesamevaluemuchlaterthanthestoppingphaseasstatedin5.4.hltheEvent2

(Fig.45),theretumofBV8wasafterthestoppingphaseandthereturnofBV7delayed,too.

Theauthorconsidersthat血isdelayofBV7canbeexplainedbythataccumulatedstraindu血g

motionwasnotreleasedatthemomentofstoppingphasebutitwasreleasedb　 aduallyby

plasticbehavior(forexalnple,stressrelaxation)ofsoilorslipsu㎡ace・

Itissurprisingthatthed迂ferenceintheeffectiveearthpressureあeforeandafterthe

movementissmallinBV5andBV8(Figs.38and44)neve曲elessIharkednon-unifo㎜

distdbutionofsheardisplacementalo血gtheslipsurfaces亘llremainedevenafterthestopping

phase(Fig.55).Fromthepointofd嬉placement,residualstraln,causedbythenon-unifo㎝

distribution,seemsexistafterthestoppingphasebutresidualearthpressurewasnotobserved.

Twopossiblemechanismscanbeconsidered:

1)Residualstrainwasreleasedduringthestoppingphaseinthewaywhichcouldnotbe

observedbythesystemused(gaugesollpipe).

2)Re-distributionofshearstressoccurredduringstoppingphaseinordertobkeepthe

residualstraininsidetheslidingmassbytheshearstressontheslipsu㎡ace.

Situationof1)canbeachievedassumingplasticbehaviorofslidingsoilmass(for　 example,

delayedfailureatanothersl重psurface(thoughsuchslipsurfacehasnotbeendetectedbylong-

termobservation)).However,thismaynotbeconsistentwithfactsthatstoppillgphasewas

rapid.Standillgonobservationalfacts,2)seemspreferable・Howeveritleadstoaresultthat

distributionofshearstressalongtheslipsurfacecannotbedeterminedonlybytheslope

structurebutithashistorydependence(itsdistributiol]βbeforeandafteroneeventare

different).Furtherdiscussionisdifficultinthisstudybecauseofthelackofdirectevidellce・

Therefore,measurementofthreecomponentsofearthpressureinverticalplaneinorderto

measureshearstressisrequiredforfurtherunderstandingofstressinthelandslide・
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8.Conclusions

(1)ColltinuousextensometermeasurementsfortheTodorokilandsliderevealedanon-

uniform　 distribution　 of　 ground　 displacement.Thisnon-uniformdis面butionprobablyisa

resultoftheshapeofslipsu㎡ace(s).Propagationoftheactiveareaofmovementwas

observed　 in　an　 extensometer.Str… 唾nthathadbeenaccumulateddurillgmovementwasreleased

bythispropagation,whichwasconsideredtobeduetostresschangesillthecurvedshearzone

orcontactareabetweentwoblocksthatdidnotmoveindependently.

(2)Direct　 monitoring　 of　internal　 horizontal　 ea曲pressure　 was　 performed　 in　the　 Nishi-lkawa

landslide.The　 effective　 earth　 pressure　 was　 calculated　 from　 the　 measuredearthpressureand

pore　 pressure　 at　the　 slip　 surfacebasedontheassumptionoffreegroundwater.Variationsin

血e　 effective　 earth　 pressure　 in　the　 direction　 of　slip　can　 be　 summarized　 as　follows:ノ
2-1)Theeffectiveearthpressureattheh亘tiationofmovementincreasedinthemiddlepartof

landslide,decreasedinthelowerpart,anddidnotshowIargevariationatthet㏄.

2-2)The　 effective　 earth　 pressure　 at　many　 points　 in　the　 landslide　 increased　 during　 deceleration

ofmovement(stopp童ngphase).Therateofearthpressurevariationatthestoppingphasewas

large;neverthelesstherewasnotamarkedchangeinrateofdecelerationofpipestrainandrate

ofdissipationofporepressure・

2-3)Differences　 in　effective　 earth　 pressure　 before　 and　 after　 movement　 were　 small.

(3)Anisotropicvariation(difference　 between　 variation　 inthehorizontalearthpressureinthe

directionofslipandthatinthetransversedirection)wasinducedduringmovementandwas

released　 at　the　stopping　 phase.Basedonthecharacteristicsof2-1)to2-3),themechanismof

developmentofintemalhorizontalearthpressureduringmovementiscollsideredtobedifferent

fromthatinthestadcstate.Theshiftfromthemovingstatetothestaticonewasrapid.

(4)Distributionof　 variations　 in　effecriveearthpressureattheinitiationofmovementwas

reproduced　 by　FEM　 analysis・Intheanalysis・theslipsu㎡acewasrepresentedbyaseriesof

jointelements,andextemalforcesthatwereinducedbygroundwaterwererepresentedby

nodalforces.V凸ethertheearthpressureinacertainpositionofthelandslideincreasedor
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decreasedwasdete㎜inedmainlybytheshapeofslipsurface(kinematic

distributionofporepressuresattheslipsulface(stresscondition)・

constraint)andby

ContentsofthisthesisarebasedonpapersasfoUows:

1.℃nacrackinducedonaslopeduringearthquakegroundmotion",Proc.ofSymp.on

GeotechnicalProblemsinLandslide,Shiko㎞BranchofJapaneseGeotec㎞icalSociety,

pp.91-98,1996,byAraiba,K,andSuemine,A(inJapanese).

2."Analysis　 on　 the　 Result　 of　Slope　 Deformation　 ObservationinTodorokiArea,Hokudal1-cho,

Aw勾i-lsland",Landslides,Jour.ofJapanLandslideSociety,Vo1.34,No.2,pp.17-24,
}

1997,byAraiba,K.,Suemine,A.,Sakamoto,T(inJapanese).

3."ln-situMeasurementofIntemalE…irth　 Pressure　 during　 Landslide　 Movement",Soilsand

Foundations,(submitted),by　 Araiba,K.andSuemine,A.
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Table 1.Installationdepthsofearthpressuretransducersandsoilpropertiesthere.

Tra鍍sd§cefsa重 毛he撒defli嚢eddε 帥are　 used　 w墨thout　 spec3舳 芝まOn　of　their　 de帥s・

slipsurface transducer di$tancefrom soil properties
BV depth(m) depth(m)siip SUげace(m) (coior★ 〉

BV4 10.8

3.25

8.25

13.25

18.25

÷7.5

±2,5

1◇◎sesa轟dy(y/br)

sti什siity(br)

loose$andy(y/gy)

clayey(bl)

2.5

7.5

8.2

0.75

5.75

10.75

14.75

÷7.4

+2.4

loosesa轟(墨y(y/br)

100S㊧Silty(gy)

loos@silty(y/br)

stl響sil窒y(gy)

2.6

7.6

BV6 2.0

0.75

4.25

9.25

+1.2 loos◎silty(y/gr)

sti行$andy(gr)

stiffclayey(gy)

2.3

7.3

BV7 8.3
6.25

11.25

÷2.0 i◎os¢sll重y(y/br)

clayey(gr)3.0

BV8 15.6
12.25

17.25

+3.3 sti行$i1W(y/gy)

$tiffclayey(y/gy)1.7

8V9 2.6 ∠茎.25 蓬.7 1◎osesaRdy(y/br)

*Soilcolor　 was　 checked　 during　 drilling .

y;yellow,br;brown,gy;gray,bl;black,gr;green.

Table　 2.Mate嶽alpr◎perties　 for　2-D　 isoparametric　 elements.

Property MateriaI 1Materiai2Material3Mεlterial4 Materiali5

tot臓Iunitweight(tf/m3)

Y◎"自9嚢$mod"i"s(MPal)

shearstiffr}ess(MPa)

peakfrictionangle(◎)

cohesion(kPa)

1.9

27

9.8

30

1.0

2.12.12.1

55壌4◎280

2051100

323435

2、02.93.9

2.4

壌4◎0

510

42

10
■

Table　 3.Material　 properties　 for　joint　 elements.

Property Materi臓1 1Material2 Mat¢ria13

rlormal$tiffn◎ss(MPa)

shearstiffnes串(MPa)

frictl◎Ra轟9;e(o)

cohesion(kPa)

55

20

17

0,010

55

20

21

0,010

55

20

23

0,010
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