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ASmdyofSettlingTendenciesofAPI

ReferenceClayMineralsinSeaWater

TakeShi lTO

(Receivedon310ctober, 1973)

1． Introduction

Whitehouseetall)'4)reportedthedifferentialsettlingtendenciesonvarious

kindsofA.P. I．claymineralsinsalinewaterchangingthechlorinity.They

explainedthatsettlingtendencydependshighlyonthechlorinity・More
differentresearchonthebehavioroftheclayparticlesinseawatershould

beorientedtotheproblem.undertheseawater・Thisremainsstillforusas

thefurtherstudy・Afewpapersareavailableonthesolubility2)andthe
chemicaibaseexchangesofclayminerals3)withconsiderationoftheeffectof

salinewater・ Inthisregard, thispaperdescribesanoutlineofthebasic

studyonsettlingtendenciesofA.P. Ireferenceclaymineralsofillite(I),
kaolinite(K), andmontmorillonite(M) inthreedifferentwatersi.e. real

seawater, diluteseawateranddistilledwater.Thesettlingofclaymineral

fractionsinseawateristhemainareaofthestudy, theresultsobtainedby

theexperimentcarriedoutwithotherwaterswereusedfordatacomparison.

Inthisexperiment, 0．5gclaymineralwascontainedinlOOccwatertomake

aneasydetectionofthesettlingheightofclaymineral fractionsinthe

suspension,becauseitwasdifficult tomeasureexactlythesettlingofslurry

bothtoorichandtoopoorthantheabovementionedclaymineralcontent.

Experimentonsettlingisnotbeingstandardizedforthepresent time.The

authordefinednewlythesettlingvelocity(V)andthesettlingratio(R).

That is,RwasdeterminedbythesettlingheightandVderivedfromR.Asa

result,RandVchangedaCcordingtothesalinityandthekindofmaterial,

thevvariedexponentiallvwithtime.ThusRwasfoundtobetheyvariedexponentiallywithtime.ThusRwasfoundtobe

［

reachedeachminimumuniformvalueafteracertaintime

passed・Theresultsdeducedthenewexperimental equations

onRandV, andthelatterwasnearlyepual tothevelocity

intheliteraturel)．Consequently,theresultsobtainedhere

canbeconsideredasthepossibilityoftheapplicationto

othersuspensions, asawhole, tohaveaclueofananalitical
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approachinstudyingthesettlingmechanism･Thispaper Fig、 1

Apartialdescriptionofthispaperwaspublishedforthe8thsymposiumJapan

SoceityofSoilMechanicsandFoundationEngineeringinNiigata, 1973． ．
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dealsessentiallywiththesettlingratioofclaymineral fractionsinsea

water・ Further, intheobservationsontheinfluenceofamovingseawater,

astheslightlydifferentsettlingtendencieswerenoticedbetweenstillwater

androllingwater, thesewillbereportedinthelatersection.

2. MethodsandSampleS
I4

(")De/2γ伽"α伽"so/Se"""gRa伽

α〃dSe"""gVeJoc"y ml.3
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Standardclaymineralfragments
尋
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weretoobigforexperimets.So, gl2
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eachclaymineralwascrushedinto (5

powderbythecrusherforapproxi- gl.l
●ー

mate30minutes.ThenalOOmesh 8g
のIOsievewasusedtoaccept theclay

powderofO､2mmunder. Clay
Og
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containingseveralkindsofwater. Solinily S"J
Fig． 2

Thesamplesfordataanalyseswere

0.59/100cc.Alsousedlg/100cc,29/100ccand2g/1000cc,butinthispaperthese
arenotmentioned.0.19/25ccsampleswereusedonlyforacomparisonbetween
stillwaterandrollingwater. Selectedfrequencyof thevibratorwas lOO
cycle/minutehorizontally.

SettlingratesofclaymineralsareingeneraldeterminedbypipetanalysiS
method, densilometricmethod, balancemethodandnephelometric-spectro-

metricprocedure.Thesemethodsareconcernedwithequivalentdiameterofclay
fractionS, i. e.Sizeoffallingparticles.Consequentlyfallingvelocitiesare

limitedbythesizeoftheclayfractions・ Settlingratesmentionedaboveare

baseduponStokes' law・ Fromthispoint ofview, fallingvelocityisclosely
relatedtothesettlingvelocity.

Thefollowingisadifinitionofsettlingratio(R)asafunctionofaccumulatiev

settlingheightofclayfractionS. Inthecylnderofarbitrarysectionasshown
inFi9.1,

R=ZT－V H-h （1）V ドh

inwhich,V:Settlingvolume(cm3)

Vr:Totalvolumeofsuspension(cm3)

h:Settlingheight (cm)

H:Totalheightofsuspension(cm).

Settlingheightsofclaysuspensionsweremeasuredbymicrometeratthe

timeintervalsof3, 6, 10, 15, 20, 30, 45, 60, 90inminute. Bytheabove

difinition, alargeratiomakesforsmallsettlingquantities.

Settlingvelocity(V)maybedifinedfrom(1)asfollows:
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V=升去(,¥R) (2)
inwhich, t:Time(minute).

(6)Sα池，彫SE加pJ0ygd
A.P. I・No.1) ClayMineral ThePlaceofProduction

Kaolinite(K) Lewistown,Montana 17

Montmorillonite(M) SantaRita,NewMexico 30

Ilite(I) Fithian, Illinois 35

2)Water ThePlaceofProduction Salinity

33.95(齢）

｛:職･鮒撫stery
RealSeaWater

DiluteSeaWater 16.97

DistilledWater Laboratory, (U.C.Berkeley) 0

Fig． 2showstherelationshipbetweenthesalinityandthespecificgravity.

Inthefigure, thewaterofsalinityof70%wasnotusedforexperiments.

3． ResultsandDiscussions

ExperimentalresultsofsettlingratiosaredescribedinFig.3(a)toFig.3(c).
Asisevidentfromthefigures,withinthelimitsofthisexperiment, settling

ratiosoftheclaymineralsexceptmontmorillonitevariedconsiderablywith

thekindofwateremployed・ Indistilledwater,asmoothrateofincreaseof

settlingquantityappearedaftera

certaintimepassed,whileinreal

seawater, considerablequantities

weresettledwithinthe timere-

gardlessofanyclaykind.Indilute

seawater, thetendencywasvery

similartothecaseofthereal sea .

water. Ineachsample, a great "

quantityofsedimentwasobserved

inthefirst lOminutes・ After20

minutes,similarsettlingtendencies

aroseineachtypeofclay. Itwas

J･cWIUL
－

D 負＝09

O lO 20 " 40 50 60 70 80 90
notedthat thesettlingratiointhe ･ " -. - ､~t (M.}

firststage(withinlOminutes) Fig. 3 (a)

showedverylargevalue・Thissettlingratiowaslargestindistilledwaterbecause

theincreaseinsettlingquantitieswasslight.Montmorillonitedidn'thavea

specialresponsetoseawaterasseeninFig、 3 (b)． Thisisconsidereddue

tothereasonwhythemontmorilloniteparticlesweretoofinethantheother

clayparticlesdWhithintheexperimentaltime,settlingratioofmontmorillonite

inthesalinityof33.95船wasonlyalittlelessthanthesalinityO． Ingeneral,

thesettlingratio.ofmontmorillonitewasfairlysmallcomparedwithotherclay

minerals. Illiteandkaoliniteshowedahighresponsetoseawater.However,
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theirsettlingtendenciesinrespect

oftimecloselyresembledone

another.

Fromthesefigures, onecansee

thatthechangeofRdependsont,

i. e・ timeeffectbecomessmallas

Rincreases.ThenRtendstoreach

graduallyitsminimumvalue(Rmin)

ast increases.Inthecaseoffixed

claymineralcontent, timeisstill

necessarytoreachacertainsettl-

ingheight.Afterallclaysuspen-

sionswillbereached，'colloidstate"

ofwhichsetltingratiO isRmin;

andit isthought thatthesettling

willnotoccuranymore.

Accordingtothefiguresofsett-

lingratio(R)vstime(t),therela-

tionmayberecognizedinthest－

raight linesofbestfit intheLog－

Logdiagram・ Showingthisinan

equation, onecangetas:

Log(R－Rmin)=

Logk-nLogt （3）

Inwhich{'k" isaconstanttobe

determinedfromthekindofclay

mineralsandthesalinityofsus-

pensions,also ，In" isanexponent

withrespect to time, which is

determinedfromthediagram.

Theexperimentalresultsobtain－

edinthewaydescribedaboveare

showninFig. 4(a)toFig. 4(c).

Asisindicatedinthesefigures,

onecanestimatethetimeforRmin

whenR－Rmin=1,alsocanestimate

thevalueofkwhent=l although

thatwasnotmeasuredintheex-

perimentbyusingthesediagrams.In

whicheachkhasadifferentvalue,

i.e・kforseawaterisfairlysmall,

andtheslopeofthelineisalittle

1
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Fig. 3 (b)

O IO

O IO 20 30 40 50 60 70 80 90

t （min.）
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gentlethantheotherwater'sone.

EverytimeofRminwas settled

aroundt=100minutes.Aspreviously

referred, it istosaythatrateof

sedimentationandflocculationof

claypartielesinseawaterisfairly

highcomparedwithotherwaters.

From(3),Risgiveninthe

followingform.

R=Rmin+k・t－n （4）

inwhich, nisaconstanttobe

determinedfromakindofmatPrial

andsalinity, anditsvaluesurpa-
ssestheunit.

SincP(1)and(4)areequivalent,

kintheabovecquationis

(f-,-Rmirj (う）k=tn

Byusingeqs. (2)and(4), settling

velocitycanbewritteninthefrom

of

v=Zr(iw而号¥R-J (6)
Integratingtheeq. (6), settling

velocitymaybeconcludedinthe

followingform.

v=-LI"' '=4･L(n=')
{('+¥in)t｡+IF (7)k

｝
Ifweput l+Rmin=C!andn。k・

H=C2becausetheyareconstants,

weget consequentlyfollowing

equation.

mO
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500IOO

{(1+Rmin)'t("')+2k+1+Rmin)t+k"t('-m)｝V=nkH

+*)t-(｡（古十百ざ正十署t-(･券。 (7)'=C2

Fig. 5 showsanexampleoftheV-trelationsinseawaterobtainedbythe

eq. (7)'. Inthefirst lOminutes, settlingvelocitiesforeachclaysuspension
●

arefairlyhigh. Ingeneral, settlingvelocitiesforclaymineralsemployed
herewithin90minutesfollowstheformofM>I>K.Ontheotherhand,

Whitehouseetal showedthat thesettlingvelocitiesforthreeA・P・ I・ clay
mineralswereintheformofl>K>M.Theytooktherelationofweightvs.
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settlingvelocity.TheirresUltdon't

partiallycorrespondtotheexperi=

mentalresultasMisreplacedwith

eachother・Thisisconsidereddue

tothedifferencesoftheexperi-

mentalmethodsi.e・ claycontent,

seawater, temperatureandthe

sizeofvesselcontainingtheclay

suspensionandthedifferenceof

claypowderfineness.However,

settlingvelocityinthis experi-

ment (10-3～10-2cm/min) shows

reasonableagreementwiththeirrereasonableagreementwiththeirre

看
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、
Ｅ
Ｓ
ン

画
矼

O IO 20 30 40 50 60 70 80 90
t (min.)

Fig. 5

sults.That is, theequationdeducedhere

inthelimitoftheclaycontentaboutO.5g/100ccmeansgenerallysuffiCient.

4.ObservationonSuspensionsinRollingWaters

Fortheinvestigationofwaveactioneffect,0.1g/25ccsampleswereemployed

intherollingmachine (100cycleperminute).Fromtheexperiments, high
settlingvelocitywas observedwhenrollingcommences. Settlingalmost

ceasedwithin30minutes・ Theamountofsettlinginseawaternearlydoubled

instillwater.MostoftheseincreaseswereduetoflocculentpreciPitation.

No special settling tendencywas observed ineach typeofclayinrolling

waterexceptmontmorillonitewhichkeptmuddystatea littlelonger than

theothertwomaterials・ Thissuggests that offshoredeposit hasahighly

developedflocculent structureandthat claysuspensionsarerathereasily
flocculatedbytheintroductionofarollingmotion． Themainreasonof this

tendencyisconsidered that the flocculatedsediments consistedof particles

attractedtooneanothertoformloosearrays,andthatshearstrengthbetween

theparticleswillbethusdecreasedbytherollingmotioninonedirection.

5. Summary

Thispaperrepresentedthepartialresultsofallexperimentalrunsofsettling

ratio(R)andsettlingvelocity(V) forA.P、 I. referenceclaymineralsinsea

waterbythenewdifinition，EquationsonRandVwereintroduced

experimentallyasfollows:

R=Rmin+k･t-n

H n･t(n-1)
V=－－． ‐－－－

{(u-Emm)tn+｣}
2

k

Althoughtheequationsdon't indicatedirectlytheinfluenceofsalinity, but

thesettlingvelocitywouldseemtogiveaclueofinvestigatingthesedimentary
structureofclaysinseawater.Forinstance,kaoliniteandilliteinseawater



58

presentedaconsidarablesettlingheightassalinityincreases,whileindistilled

watertheirsettlingheightsweresmall.Thisisconsideredthatthereaction

forcebetweenclaypartcilesvariedwiththemagnitudeofsalinity. Inother

words, thisbehaVior.showsthechangesofvoidratiowhichshowsarandom

structureofsedimentedclayfractionsiftheratioislarge・Therefore, shear

strengthofsuchclaystructurewouldbedecreasedassalinityincreases・This

isconcludedthathighsettlingvelocityofclayparticlesinseawatershould

intrOduCeflocculationsystemoftheclay,andsubsequentlylowshearstrength

oftheclaywithsuchastructureshouldbecomeout.

AsisprovidedinthefOrmersection, theflocculationofthesuspension

occurredmorereadilyinrollingwater・Tomakecleartherelationshipbetween

salinityandsettlingvelocity, manymoreexperimentswill beneeded to

comfirmtheaboveresultsanddifinitionsandtoprovideadditionaldatails.

Ac""o"Jedgeme"is:Pαγtso//"is力αpeγ〃eγ21γgse"#gdmPγ0/gssOγ､P.W"｡g,D航sわれ

o/Hy〃α""cE"g"ggγ伽，,U"んgγs"yo/Cα〃0γ〃",B2γ舵Jey@zs tz feγ畑加'"/or
"sco"7se@"0γh.TJZeg"hO7' @"0"脇庇陶g加邸pγgss師sα”γg“α〃0〃r0γ，γg”γ伽gメ加

啄'2γ伽g"ts @z"d"'2"seor〃αJ"a6Jg池ajgγj"Jsα〃。t舵s"ce i〃ルisJ"60γα加γy・〃is
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Appendix

Astheanothermothodforsolving

thesettlingvelocityandthesettling

ratio, afollowingequationwillbe

madebecauseRisreacheditsmini-

mumvalueRminwhent increases

『dR
‐ －－＝一k(R-Rmin) (8)
dt

Integratingthis,weget

R=Rmin+C･exp(-kt) (9)

Ift=1,thenR=R] thus,

.R,=Rmin+C･exp(-k)
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．．． C=(R,-Rmin)exp(k) (10)

Therefore, eq. (8)mightbewritteninthefollOwinggeneralform.

R=Rmin+(R,-Rmin)exp{-k(t-1)} (11)

Usingeq. (1), settlingheightwillbeexpressedasfollows:
H （12）

h=Ra+Rb･EXp{-k(t－1))
inwhichRa=1+RminandRb=R,-Rmin"

It ispossibletoputRa=Rminsincel isverysmallcomparedwithRmin.
Therefore, settlingvelocitymaybeconcludedhereintheformof

Rb・exp{一k(t-1)}｡ （13）
V=k・h・[Rmin+Rb･exp｢-k(t－1)}]2
OfcourSe, onemayputR,=Rmaxift->0． Intheaboveequations,kdepends

highlyonthetypeofclay, andwhichmightbesolvedexperimentally.Namely,
kiSdeterminedbycurvefittinginh-trelationshipslikeFig. 6.kisalso

solvedbychangingtheequationsof(8)and(10)asbelow.

｜ “，
l_g_L=_La旦旦k=-
R－Rmindt-Rc

k= {log(Rc/Rb)} /(1-t)Or

inwhichRc=R-RminandcM=inclinedangleofthecurve・ Inthisway,

thOughwecouldgetanothertypeofequationsonRandV,whicharefairly

roughcomparedwiththeformerones.Inanycase,moredateiledandaccurate

experimentsarenecessarytoensurethiskindofphenomenon.
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