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１nWTRODUCnON

Shikokuhasafragilegeologymainlybecausethetectonicfaultssuchasmediantectonicline,Mikabu
tectonicline,andButsuzotectoniclinepassacrosstheisland・Investigationshaveshownthatthemck
massesnearthefaultsareheavilyfractured・Ｔｈｉｓｈａｓｌｅｄｍｏｓｔｒｏｃｋｍａｓｓｅｓｔｏｕｎｄelgoin-depth
chemicalweathering，whichasamajorpreparingfactorfOrtheslopefailureshasgivenriseto
landslideactivationunderconsiderablyslowrateofdisplacement・TheMinistryofLand，
Infrastructure,andTransport(1997)reportsthatthenumberofdesignatedlandside-threatenedareasin
Shikokumderthedirectjurisdictionoftheministryis670,whichisnearly21％ofthenumberin
wholecountry・Moreove喝thetotalareaoftheselandslidesmeasuresabout310km2,whichisnearly
30％ofthetotallandslideareainthecountry(totallandslideareainJapanisaboutlll5km2).Nearly
alltheselandslidesinShikokuhaveoccurredwithinastripofwidth20to50kmfrommediantectonic
linetoButsuzotectonicline・MorespecificallylmostlandslideｓｈａｖｅｏｃｃｕｒｒｅｄｏｎＳａｍｂａｇａｗａａｎｄ
Ｍ池abubelts,wheredominantdistributionofmetamorphicrockscomposedprimarilyofgreenstone
andgreenschistcanbefbund・

OnefrequentlyreportedandwidelyacceptedfactaboUtlarge-scalecreepinglandslidesinShikoku
isthattheyslipthroughclayeysoillayersofthicknessfromlOto20cm(Yagieta1.,1990;Yatabeeta1.,
1991a,1991b).ThedisplacementbehavioroftheselandslidesisconsideredcontrouedlaIgelybythe
strengthcharacteristicsofthesliplayermaterial,whichatmostlandslidesitesinShikokuisfbund
composedofweakerclaymineralssuchasexpansivechlorite,smectite,vermiculite,andillite(Ybkota
etal.,1995;Yagieta1.,1999).ItistherefOreimportanttoinvestigatethestrengthpropertiesofsoils
composedofexpansiveclaymineralssoastounderstandthemechanismoflandslideactivationin
Shikoku,whichmostlyhavecreepingdisplacements・Improperinterpretationoflandslidemechanism
mayresultinunsafestabilityanalysis，ａｎｄｈｅｎｃｅｉｎｔｈｅｒｉｓｋｏｆｕｎｅｘｐｅｃｔｅｄｆailureintermsof
accelerateddisplacement・Inadditiontochangeinundergromdwaterconditions，mineralogical
changesinthesliplayermaterialgreatlyinfluenceitsstrengthparameterscausingincreaseordecrease
ofthedisplacementrate．

Thisstudyaimsatbrieflyexplainingthedisplacementmechanismofla､dslidesonthefaultzones
ofShikokuandthenatcarryingoutaprelimmarystudyonthestrengthpropertieSofsmectite-richclay
soilwiththehelpofsimpleringshearapparatus・AlthoughitmaynotbeeasytofUllyunderstandthe
strengthbehavioroflandslideclayscomposedofexpansiveclayminerals,itisexpectedthatcertain
labinvestigationsofthestrengthbehaviorofbentonite-likeclayswillrevealtherelativestrength
propertiesofexpansiveclays．

２ＬＡＮＤＳＬＩＤＥＭＥＣＨＡＮＩＳＭｍＳＨＩＫＯＫＵ

AccordingtoTbrzaghi,（1952)thelandslide-causingfactorscanbebroadlyputintothreegroups：
preparatory，activating,andsustaining・Thepreparatoryfactorsprepareasoilslopefbrfailure，the
activatingfactorsinducethefailure,andthesustainingfactorskeepthefailedslopeinmotioneither
continuouslyorintermittentlyうoftenresultingincreepingdisplacements・Rockmineralweatheringand
fOrmationofweakerclayminerals,fbrexample,arepreparatoryfactorfOrlandslides・Theactivating
factors，ｏｎｔｈｅｏｔｈｅｒｈａｎｄ，includeextemalfbrceslikeearthquake，rainfall，humanactivitieslike
cuttingandfiningworks，otherconstructionworks，etc・Similarly，thesustainingfactorsinclude
changeslikeriseandfallofgroundwaterlevel・

Ingeneral，thecreepphaseofthelandslidesisconsideredtobethepreliminarystageofa
progressivefailure・Ｉｔｍａｙｍｅａｎｔｈａｔthecreepmovementofnaturalslopesispreparatorystageof
laIge-scalelandslides,whichgivesenoughsignalsbefbretumingintoacatastrophiclandslidedisastem
ltisalsoconsidered,howeve喝thatthecreepphaseofthelandslidesisreactivationofrelictlandslides
thattOOkplaceinthelongpastduemainlytoearthquakefbrcesortectonicactivitiesthroughthefaults．
リングせん断試験による膨張性粘土の強度特性と地すべりのクリープ移動挙動への影響に関する研究
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equivalentto90-95％oftheangleofshearing
resistance，ａｓｓｈｏｗｎｉｎｔｈｅｆｉｇ１ｒｅ・Thezone
widenswiththeincreaseintheeffectivestress，

ｗｈｉｃｈｍｅａｎｓｔｈｅｒａｎｇｅｏｆｃｒｅｅｐｆｂｒｄｅeper
landSlidesiswiderthanthatfbrtheshaI1ower

ones・Inotherwords,ｗｈｅｎalandslidehasa

deepersliplaye喝ｔｈｅｎｏｒｍａｌｓｔｒesswinbe
higherandtherangeofeffectivenormalstress
requiredtocausecreepfailurewillbewider，
asindicatedinthefigUre・Moreove喝therange
ofcreepfbrweakersoilsiswiderthanthatfOr
thestrongerones,ａｓⅢustratedinFigUre3・It
isbecausetherangebecomeswiderwitha
decreasedinclinationofthestrengthenvelope・
Thedecompositionofrockmineralsintheslip
layersoilresultsinclockwiserotationof
strengthenvelopewiththereductioninangle
ofshearingresistancefbrthesoil・Thisprocess
bringsthestrengthenvelopclosertothecircle
representingthestressesinstableconditions
suchthataslightreductionineffectivestress
owingparticularlytotheriseintheporewater
pressureresultsincreepfailureassoonasthe
stresscircleshiftstowardleftandentersthe

creepzone,asshowninFigure2．

て

…<曇‘‘<RS§§、

FigUre2:Creepzonefbrsoilsandcreepfailureexplained
byMohr'sstresscircle．
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Thetestprogrambasicallyinvolvedpartoftheattemptstostudystrengthcharacteristicsofbentonite
asahighlyexpansiveclay・ThephysicalpropertiesofbentoniteandcrushedTbyourasandsample，
whichwereemployedintheexperiments,ａｒｅｓｈｏｗｎｉｎＴｈｂｌｅｌ・Thetestprogramconsistedofthree
parts,namelyringsheartestsonsand-bentonitemixsamples,consolidation-sweutestonbentonite，
andringsheartestsonbentonitealone・

Thetestsamplesofsand-bentonitemixwerepreparedin90/10,80/20,ａｎｄ７０/３０proportionby
simplydry-mixingthｅｍ・Themixeddrysampleswerethenplacedintheringshearapparatussuchthat
thesampleswouldattainavoidratioof2ataspecimenthicknessｏｆｌ５ｍｍ､Thesampleswerethen
wettedbypassmgwater
throughthesamplebottom・Thblel:PhysicalpIopertiesofsonsamplestested

３EXPERIMENTS

Asapreliminarystudyonthestrength
propertiesofsoilscomposedofsmectiteinan
attempttounderstandthemechanismof

ぴ

皿じｍＰＬＬｕｕ皿ucI凱a皿ｑｍｃｍｃｃ皿ａｍｓｍｏＩＦｉｇｕｒｅ３：Ｒａｎｇｅｏｆｃｒｅｅｐｆａｉｌｕｒｅｆｂｒｔｗｏｓｏｉｌｓwith
landslideswithcreepingdisplacements，differentstrengthparameters・
Na-bentonite，whichcontainsnearly50％
montmorillonite,wasusedinthetests・Thetestswerecarriedoutonaringshearapparatusbasedon
simpleshearprinciples・Ｔｈｅｍｅｒｉｔｓｏｆｕｓｉｎｇａｓｉｍｐｌｅｒｉｎｇｓｈｅarapparatusoveradirecttypearethat
thewallfrictionsarereducedandtheshearplaneduringpost-peaksheardevelopsthroughtheweakest
planeacrossthedepthofthespecimen・Itinfersthatthestrengthofasampleisoverestimatedinthe
directringshearapparatus,whereasitnearsthetruevalueifmeasuredinsimplesheartypeapparatus．

Whentracesofwater

permeatedthroughthesamples
wereseenonthetop,thewater
wasalsopassedfromthetop・
Befbrewetting，eachsample
wasconsolidatedundera

pressureof9､81kPa・After48

hoursofcontinuouswetting，

AnnualJoumalofEng，

EhimeUniv.，Ⅲ.，Mar.，２００５

Sample ｐｓ

(g/cm3）
皿
側

PＬ

(%）

Iｐ Grainsizedistribution(%）

く恥、 5～7恥、 >7平、

Freeswell

value(%）

Na-bentonite 2.67 460 2８ 432 7７ 2３ ０ l２１５ａｔ

ｗ=430％

Crushedsand 2.66 2５ 7５ ０
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eachsamplewasconsolidatedunderadesirednormalstressofthetestconditions・Ｏｎｅｍｉｘｓａｍｐｌｅ
ｗａstestedunderthenormalstressof98.1,196.2,ａｎｄ294.3kPa,andeachsamplewasshearedfbrl5
hoursbywhichthesheardisplacementwouldbeequivalenttoonerotationoftheringshearapparatus
(i､e､,31.5cmoflineardisplacement)．

Inthesecondpart，attemptsweremadetoseehowbentonitesampleactuallybehavesduring
consolidationandswelling・ＡｓｓｅｅｎｉｎＴａｂｌｅｌ，theliquidlimitfOrpurebentoniteisinarangeof
nearly7-10timesthatofordinaryclaysoilsandithasafreeswenvalueabovel200％ａｔ430％water
content，inordinaryconditionsitwasdifficulttocarryoutconsolidationtestonafUllysaturated
sampleofbentonitebecauseoftherestrictionofthedepthofconsolidationring・Tbovercomethis
problemandtohaveａｒｅlativeideaofconsolidationbehav皿drysamplewasfirstputundera
pressureｏｆ9.81kPaandtheｎａｌｌｏｗｅｄｔｏｓｗｅⅡuntilfUllyswouenvolumewasattainedbypassmg
waterfirstfromthebottomoftheconsolidationringandthenfromtopandbottomaftertracesof
waterpeImeatingupwardwereseen・Duetodepthrestrictionoftheconsolidationring，theinitial
thicknessofdryspecimeｎｗａｓｋｅｐｔｌＯｍｍｗｉｔｈａｖｏｉｄｒａｔｉｏｏｆ２,whichwasascertainedtobeastate
looserthantheoneobtainedbyapplyingapressureof9､81kPa・Thesecondpurposeofthistestwasto
determinethesweningpressureofbentonite,whichwasbasedonconsolidation-swelltestasdesCribed
byNelson＆Miller(1992).Theconsolidationwascarriedoutaspertheconventionalmethodbutthe
timerequiredtoachievetheendofprimaryconsolidationfbreachstageofconsolidationwas3daysin
average,andthatrequiredduringsinglestagesweⅡingwasoneweek

Inthethirdpart,ringsheartestswerecarriedoutonpost-swollenbentonitesamplebasedonthe
consolidationbehavior・Oneproblemobservedwhilepassmgwaterthroughthebottomofthe
speclmenwasthatthethickerspecimenstｏｏｋｄａｙｓｔｏｓｗｅⅡtofUllvolume,whilethinnerspeclmens
tookcomparativelyshorttimeevenunderthesamepressure・Itwasfbundthatthebottompartofthe
speclmenstartedswellingassoonasthewaterenteredthespeclmen,whichresultedinextremelyless
permeabilityandblockedthewaterpassageupward・Ｓｏ,theinitialthicknessofthedrysampleinthe
nngwassetatlOmmwithavoidratioof2・Thedrysamplewasthenconsolidatedunderapressureof
9､81kPa，ａｆｔｅｒｗｈｉｃｈｉｔｗａｓａｌｌｏｗｅｄｔｏｓｗｅｕｂｙｐａｓｓｍｇｗａｔｅｒｅｘａｃｔｌｙｉｎｔｈｅｓａｍｅｍａnnerasin
consondation-sweⅡtest・Threesetsoftestswereplannedsuchthattheswouensampleafter
consolidatingcouldbeshearedunderthreedifferentoverconsolidationratios(OCRs),i､e､,OCR=1,2,
and3soastoseeifthestateofover-consolidationmakesanysensemcaseofpurelyexpansiveclays・
Tbreducetheinfluenceofinitialparameters,theconditionssetwerefUⅡｓｗｅⅡing,fUllconsolidation，
fUllstressrelease，andconstanttimeofshearing，ｉ､e､，equalsheardisplacement・Theshear
displacementappliedwassimilartooneduringthetestsonmlxsamples．
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FigUre4showstheresultsofringsheartestsonsand-bentonitemixsamplesintermsoftheirstrength
envelops・ItisclearlyseeninthisfigUrethatthestrengthofthemixdecreasesｗｉｔｈtheincreased
amountofbentonite・Iftheobtainedresultsbearenoughaccuracy§itcanbeinferredthatthestrengthof
asoilintheresidlIalstate
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唖couldbepassedunifbrmlythroughouttheSpecimen，
thevolumeafterthereleaseofstresswouldhave

equaledtheinitiallyswouenvolume・
Finallylthedataobtainedfromringsheartestson

thepurebentonitesamplearepresentedinFigUre6・
AvariationoflO％inthevaluesofanglesofshearing
resistancecanbeseendependingonthe
over-consolidationratio・Howeve喝ifthisvariationis

attributedtoexperimentalerrors,thestrengthvalues
fOrthebentonitesamplestestedinthreestatesof
over-consolidationratioaresimilar-Whatcanbe

inferredfromthisisthatthehighlyexpansiveclays
losethestateofove展consolidationuponwetting・It
mustbenoted,howeve喝thatthewatercontentinthe

over-consolidatedspecimensishighe喝whichunder
shnilarinitialconditions,meanshighervolume､so，
thevolumeofover-consolidatedspeclmensduring
theshearmusthavebeengreaterthanthatof
normallyconsolidatedspecimen・Ｉｔｍｉｇｈｔｈａｖｅｂｅｅｎ
ｏｎｅｒｅａｓｏｎｆｂｒｔｈｅinsignificantchangeinstrength
parametersfbranover-consolidatedspecimen・The
reasonfOrthehigherwatercontentmaybe
comparativelyflattenedringspecimen，whichcould
absorbmorewaterthanathickerspecimencouldIn
allcases，thepeakangleofshearingresistancefOr
bentonitewasmeasuredtobearound9Q,whereasthe
residualanglewasmeasｕｒｅｄｔｏｂｅａｒｏｕｎｄ４Ｑ・
Similarlyうthecohesioninterceptsinallcaseswere
measuredtobearoundlOkPaand5kPaatpeakand
residualstates,respectively．

０

5０１００１５０

Vertical〆essure，ｏｖｋＰａ

唖

５
０
５
０
５
０
５
０

３
３
２
２
１
１

ロ
ュ
エ
胸
・
二
鈷
仁
③
』
材
』
：
二
鱒

１６９

ＯＣＲ＝２

ｗ=51％

のＦ9.35。
－

ｗ=55％

AnnualJoumalofEng，
ＥｈｉｍｅUniv.，Ⅲ.，Mar.，２００５

ＯＣＲ＝３

戸3.370

０

０５０１００１５０

verticaIpressure，ＯｖｋＰａ

Ｆｉｇｕｒｅ６：Resultsofsimpleringsheartestson
post-swonenbentonitesamples．

200

５
０
５
０
５
０
５
０

３
３
２
２
１
１

回
Ｑ
エ
牌
・
吻
吻
の
』
材
』
３
二
②

０
Ｗ=61％

◎
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Thenotablysmallanglesofshearingresistancefbrbentoniteareconsideredtobeentirelydueto
presenceofmontmorillonite,Whichisconsideredtolosethestateofsolidnessuponwettingbeyonda
certainmit・TheSoilMechanicsassumesallthesoilparticlestobesolidandincompressibleandthe
strengththeoriesareallbasedonthisassumption・Howeve喝ｄｕｅｔｏｈｉｇｈａｍｏｕｎｔｏｆｗａｔｅｒ
ｍｏｎｔｍｏｒｉⅡoniteparticlesareconsideredtoexhibithighlydefbrmativebehavio喝whichmaygreatly
innuencetheinter-particlefriction．

４CONCLUSIONS

EXpansiveclaymineralscomposedinthesliplayerclaysofthelandslidesinShikokuplayan
importantroleinactivatingthelandslides・ParticularlybthepresenceofeXpansiveclaymineralsinthe
sliplayersoilsreducestheshearstrength,andastheiramountincreases,thestrengthparameters
decrease,Moreove馬itisconsideredthatthestrengthbehaviorofexpansiveclaysisresponsiblefbr
causmgcreepdisplacementofmostlandslidesinShikoku・Therefbre，attemptsweremadeinthis
papertostudythestrengthbehaviorofexpansiveclayssoastounderstandmorethemechanismof
creepdisplacementoflandslidesinShikoku・ThefOllowingconclusionscanbedrawnfromtheresults
obtainedfromthelaboratoIytests・
a）Evenal5％eXpansiveclaymineralcontentincmshedTbyourasandsampleresultedinnearly

５０％dropinresidualand40％dropinpeakstrengthvalues．
b）Increasedexpansiveclaymineralcontentisconsideredtocausewiderrangefbrcreepfailureby

reducingtheinclinationofstrengthenvelope．
c）DespiteafreesweⅡvalueabove1200%,thebentoniteemployedintheinthetestscouldsweⅡ

onlｙ615％ｗｉｔｈ188％ofwatercontentwhenwettedunderapressureofaslowas9.811⑲a．
｡）Ａspertheconsolidation-swentest,thebentoniteusedinthetestswasfbundtohaveaswelling

pressureof380kPa,whichmeansithasaswellingpotentialof380kPawhenconfinedbyan
extemalpressureabove380kPa．

e）Ｔheapplicationofl255kPaofpressureonswonenbentonitecouldreducethewatercontenttoas
lowasl5％andthevoidratioaslowas0.5.Itimpliesthatthestructuralwaterinmontmorinonite
canalsobegreatlysqueezedout．

f）ThewatercontentafterfUllreboundreachedascloseasthevalueatinitialswelling､Itis
consideredthatifthewatercouldbepassedintothespecimenunifbrml乳thewatercontentand
theswoⅡenvolumecoUldreachtheinitiaIvalues．

g）Stateofover-consolidationwasnotfbundtohavesiglificanteffectonstrengthbehaviorof
bentonite・Howeve喝theremighthaveoccurredsomeeXperimentalerrorsthatresultedinsimilar
strengthparametersregardlessofthestateofover上consolidation・

Finallybasitwasjustasteptowardinvestigatingstrengthbehaviorofexpansiveclaysoilsduring
creepfailure,thepaperlacksenoughdatatosupportitshypotheticalpoints.ItiseXpectedthatthe
resultsfromcreeptestsplannedfUrtherwouldclarifythecreepmechanismoflaIge-scalelandslides．
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