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AnomalybetweentheTheoreticalandActualGroundwater

FlowVelocityintheUnsaturatedZone

HariK・SHREsTHA＊andRyuichiYATABE*＊

Variousstudieshaveshownthat厚oundwatertendstoflowfasterthanpredictedbythe
conventionaladvection-dispersion-diffUsionmode1．Thistendencyispronouncedinthe
unsaturatedzonecomparedtothesaturatedzone・Todeterminethistendencyquantitatively，
anexperimentwasconductedonintactandrepackedsoilcolumns・Thecolumnswere
subjectedtosimulatedirrigation・Theresultingsoilmoisturebreakthroughcurves(BTCs）
wereanalyzedandcomparedwiththetheoreticalBTCstoassessthedegreeofanomaly
betweenthetheoreticalandactualgroundwaterflowvelocity・Ｔｈｅｒｅｓultsshowthat,dueto
thepreferential(bypass)flow,theactualvelocityofgroundwaterflowisabouttwotimes
fasterthanthetheoreticalone・Thedyeexperiment,conductedtoobtainvisualevidenceofthe
preferentialflow,matchedtheconclusionsofthechemicalexperiment．

1．Introduction

Theaccuratepredictionofeffectivegroundwatervelocityintheunsaturatedzonefacilitates
theenvironmentalplannersandpolicymakerｓｔｏｃｏｍｅｕｐｗｉｔｈｂｅｔｔｅｒｐｌａｎｓａｎｄｔｏｄevise
betterpoliciestowardspreventionofgroundwatercontaminationjTheunsaturatedzoneisthe
boundarybetweentheearthsurfaceandthegroundwatertable・Theunderstandingofthe
mechanismofgroundwatertransportinthiszoneisimportanttofindtherelationshipbetween
groundwaterpumping，industrialwastedisposal，leakingundergroundpetroleumtanksetc・
andthecontaminationofthegroundwater・ＦｏｒasustainablegrowthofMatsuyamacity,ｔｈｅ

onlysensiblesolutiontotheevergｒｏｗｉｎｇｗａｔｅｒｄｅｍａｎｄｉｓｔｏｔａｐｔｈｅｃｉｔyisgroundwater
systematically・Ｉｔｉｓ，therefOre，criticaltopreventthecity'sgroundwaterfrombeing
contaminated・Anypoliciesfbrthegroundwaterprotection，however，cannotbesuccessfUl
withoutproperunderstandingofthemechanicsofgroundwatertransportationinthe
unsaturatedzone．

Mostofthetraditionalmethodsofestimatingtherateofwaterandsolutetransportinthe
unsaturatedzoneregardtheeffectofthepreferentialflowasnegligible・Fbrexample，the
GreenandAmpt(1911)modelassumesgroundwatervelocityinunsaturatedconditionsasa
fUnctionofpotentialdifference,hydraulicconductivityandwatercontentonlyandproposed
thefOllowingrelation．

ｖｓ＝Ｋｓ’８ｓ ’(1)

where，

vs＝velocityofwettingfront，
８s＝volumetricwatercontent

ho‐ｈＬ＝potentialdifference,Ｋｓ＝hydraulic
conductivity，Ｌ＝distancebetweentwo

points

Similarly,BiggarandNielson(1967)describedarelationshipbetweenconcentrationgradient
andconcentrationasafimctionoftime,fOrareactivesolute・Aspertheirmodel，
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僻｡閏-僧 (2)

where,Ｒ＝retardationfactorofasolute＝1＋互些と
８

６C/6t＝rateofchangeofsoluteconcentrationwithtime

6C/6ｘ＝changeofsoluteconcentrationwithdistance

D＝hydrodynamicdispersionCoefficient,ｖ＝averageporewatervelocity＝ｑ/ｅ

ｐ＝averagebulkdensityofporousmediｕｍ

ＫＤ＝linearpartitioncoefficient,ｅ＝volumetncwatercontent
q＝fluxrate＝Ｑ/A,Ｑ＝dischargerate,Ａ＝cross-sectionalareaofflow

Boththesemodels,representedbyequations（１）ａｎｄ(2),completelyignoretheeffectof
p正ferentialflowinpredictingthegroundwatervelocityintheunsaturatedzone．

However，recentstudiesshowthattheeffbctofprefbrentialflowmaynotonlybenon-
negligiblebutcanbethedeterminingfactorinsomecasesofgroundwatercontaminationby
differentsolutes､Theprefbrentialflowphenomenonincreasesthecontaminationpotentialofa
water-bomechemical,becausetheflowbecomesmoreconcentratedand,therefbre,fasterand

lesssusceptibletodegradationandadsorption．

Astudyoftheeffbctsofpre企rentialflowingroundwatermovementintheunsaturatedzone
anditseffectintheadsorptionoforganicchemicalswasconducted・Foursoilcolumns,two
intactandtworepacked,wereusedinthisstudy,Twoorganictracers,oneslightlyretarded
andonenon-reactive,ｗｅｒｅusedtoobtainbreakthroughcurves・Acolordyeexperimentwas
perfbrmedtoobtainvisualevidenceoftheprefbrentialflow．

2.Methodology

Ｔｗｏｓｏｉｌｃｏｌｕｍｎｓ，eachapproximately15.24‐ｃｍｉｎｄｉａｍｅｔｅｒａｎｄｌＯＯ－ｃｍｉｎｌｅｎｇｔｈ，were
hand-carvedfiPomafield・Theintactcolumnswerewrappedwithfiberglasscloth，which
providedsupporttotheoutersurfaceoftheintactcolumnsandprcventedthewalleffectinthe
expenment・Ｓｏｉｌｆｍｍｔｈｅｐｉｔｓ，ｗｈichwerethesourceoftheintactcolumns，wasusedto

preparetwohomogeneousrepackedcolumnsofapproximatelysamedimensionsanddensity
astheintactcolumns

2.1SoilCharacterization

Thedifferentpropertiesofthesoilweredeterminedinthelaboratoryfbllowingthestandard
procedure・Theresultsofsoilpropertydeterminationfbllow．

2.1.lMoistureContentandPorosity

Ｔｈｅｔａｂｌｅｌｉｓｔｈｅｓｕｍｍａｒｙｏｆｓａｔｕｒａｔedvolumetnc

moisturecontent（９s)andporosityatdifferentdepths、
Ideally,thesaturatedvolumetricwatercontentandthe
porosityvalueshouldmatch・However,sincetheintact

columnswerenothomogenous，thesevaluesdonot
match．

１２０

Ｔａｂｌｅｌ：esandPorosi

Depth(c、） Porosity
0.434 ０．４１９

０．４５１ ０．３８８

9６ 0.39910.321
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VOlumetricWaterContent

2.1.2WaterContentandBulkDensity
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Theair-driedwatercontent（Wad）ofthesoilwas
determinedtocalculatethemassofair-driedsoil

requiredtopacktherepackedcolumnstothesame
bulkdensity(p)astheintactcolumns､Thetable2is

thesummaryofWadandpofthesoil．

2.1.3SoilMoistureCharacteristic(SMC)Curve

TheSMCcurvewasdetermined

byusingtheKluteismethod

(1986)．Ahangingcolumnof
deairedwater，connectedtoa

graduatedburette、ｗａｓｕｓｅｄｔｏ

ｓａｔｕｒａｔｅｔｈｅｓａｍｐｌｅａｎｄｔo
determinethesample'smamc
potentialandwaterretention．

Thefigurelshowstheplotof
equilibriumpointsofmatric
potential（suction）andwater

contentofthesoilsamples．

1４０

Thestainlesssteelporousplatesweresetatthebottomofbothintactcolumns､Thecutpieces
ofPVCpipeswerefittedatthetopofthecolumntosupportadripemitter､Thebaseassembly
wassetuptocollecteffluentwater､Allfburcolumnswereerectedonangleironfi･ames,with
emuentcollectoratthebottomofeachcolumn．

０
０
０
０
０
０

２
０
８
６
４
２

１
１

（
』
○
一
尾
《
全
〆
ｏ
－
ｃ
Ｐ
屋
○
０
）
臣
。
一
一
○
．
め

０

０ 0.1

AnomalybetweentheTheoreticalandActualGroundwater
FlowVelocityintheUnsaturatedZone

Thedataacquisitionsystemconsistedofa24-portscanningfluidswitchwafbrScanivalve,a
DruckPDCR22differential，straingaugepressuretransducer，anAD-500dataacquisition
boardandacomputer､Asthescanningvalverotatedthrougheachfluidswitchwaferport,the
pressuretransducermeasuredthepressureineachtensiometer・Themulti-voltoutputsfiFom
thetransducerwerestoredonthecomputerfbranalysis．

2.2LaboratorySetup Figurel：SoilMoistureCharacteristicsCurvｅ

Thesoilcolumnsweresubjectedtounsamratedconditionsusingconstantflowrateofl23.05
ｍL/day(0.015porevolumeperday).Theoutflowratewasdeterminedbyoutflowin4221‐

Fiveequallyspacedtensiometerswereinsertedoneachofthefburcolumns・Thetensiometers

wereconnectedtotheScanivalvepressuretransducersystembyurethanetubing,tomeasure
thesoilwatertension・Thewatersupplysystemconsistedofmulti-channelsyringewater
pumpanddripemitters．

Theeffluentcollectionsystemoneachcolumnconsistedofsteelcylindricalvacuumchamber，
aMooreModelSeries44pneumaticnull-balancepressureregulatorandanlSSCORetriever
llfiactioncollector・Thevacuumchamberenhancedtheflowofwaterandsolutethroughthe
soilcolumnswhilemaintainingaunitgradient．

2.3ExperimentDesign

Ｔａｂｌｅ２:ｐ,Wad,andpadofsoil

AnnualJournalofEng，

ＥｈｉｍｅUniv.，Ⅲ.，Mar.，２００４
１２１

Depth
(c、） (g/:n3） Ｗ aｄ

ｐａｄ

(g/cm3）
1０ 1.57 0.025 1.609

3４ 1.54 0.026 1.580

6５ 1.62 0.026 1.672

9６ 1.80 0.028 1.850
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mLvialsanddividingthetotalamountofoutflowbythedurationofeffluentcollection･The
soilsuction,whichindicateddrynessofthecolumns，wasmonitoredevery30-minutesby
tensiometers・Onceaunitgadientwasachieved，asindicatedbyconstantsuctionatall
elevationsofeachcolumnandbyinflowrateequalingoutflowrate，asluginputoftracer
solutionwasmadeatthetopofallfburcolumnssimultaneously,atthesamesteady-stateflux
rate.、letracersolutionconsistedof500ｍｇ/Lbromacil(5-bromo-3-sec-butyl-6-methyluracil）
and２５０ｍｇ/Ｌmeta-trifluoromethylbenzoicaci。(､-TFMBA).Them-TFMBAservedas
tracerofsoilmoisturemovement；ｍ－ＴＴＭＢＡｈａｓｂｅｅｎｆＯｕｎｄｔｏｂｅａｎｏｎ－ｒｅactivestable
anionictracerinunsaturatedzonetracertests．

Afterasluginputofsolutesthewatersupplysystemwastumedonagain・Theeffluentwas
collectedandthesoilwatertensionwasmonitoredfbrllOdays・Theeffluentsampleswere
analyzedfbrthesolutesusingHighPerfbrmanceLiquidChromatography(HPLC)．

Tbobtainvisualevidenceofpreferentialpathwaysofgroundwatermovement，acolordye
experimentwasperfblmedonallfburcolumnsattheendofthisstudy､TheErioglaucinedye
wasintroducedonthesoilsurfacefbrl2daysatthesteady-statefluxrate・Thesoilwasthen
removedhomeachcoｌｕｍｎｉｎ５－ｃmdepthincrements・Eachnewexposedsurfacewas
photog、phedandtheapproximateareasoftheunstainedportionwerecalculate｡．

2.4ComputerModelandBTCAnalysis

CXIFIT(ParkerandvanGenuchten,1984),anon-linearleastsquarescurve-fittingprogram
fbrsimulatingone-dimensionaladvective-dispersivｅｆｌｏｗ，wasusedtoestimatedifferent
transportparametersandtofitBTCSofbromacilandm-MrFMBA・Acomparisonbetween
simulatedanｄｏｂｓｅｒｖｅｄＢＴＣｓｗａｓｍａｄｅｔｏｆｉｎｄｔｈｅｄifferencebetweenthetheoreticaland

actualgroundwatervelocityinunsaturatedzone．

3.ResuItsandDism壁i⑪皿

3.1UnitGradientinColumns

TheexperimentwasconductedunderunitgradientconditioninallfOurcolumns,asindicated

byconstantsuctioninallfivetensiometersofeachcolumnatvariouselevations(figure2)．

１２２

Figure3:ExampleChromatogram
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Figure2:UnitGradientCondition
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Fitted

３．２０bservedBTCs

Tracer

ＵｓｉｎｇＨＰＬＣ，
thecolumn

effluentwas
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obtainobserved
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bromacilanｄ
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infigure3，wasFigure4:Relationbetweenareaunderthecurveandsoluteconcentration
calibratedusing
standardsolutionsofdifhentconcentrations・Therelationbetweenareaandconcentration

wasfbundtobeapproximatelylinear(figure４)．

3.3MassBalance

Theobservedmassbalancesofm-TFMBAandbromacilwerecalculatedfroｍｔｈｅｏｂｓｅｒｖｅｄ

ＢＴＣｓｏｆｔｈｅｔｒａｃｅｒｓ，usingtrapezoidalintegration・Thefbllowingrelationprovidedmass
recoveredineachduration：

Ｍ=幽Lwhere,Ｍ＝massrecoveredintime△t;Ｑ＝steady-stateflowrateC＝soluteconcentration;△t＝tｉｍｅ
ｌＯＯＯ

TheflttedmassbalancewascheckedfiFomthefittedpulsevalue,aparameterinCXTFITthat
indicatesthetimedurationoftracerapplicationThemassrecoveryofaspeciesdependson
severalfactors，suchasitsbio-chemicaldegradationrate，durationoftheexperiment，and
experimentalconditions・Ｔｈｅｍａｓsrecoveryofm-TFMBAandbromacil，ｓｈｏｗｎｉｎＴａｂｌｅ３，
wasapproximately97％inboththeintactandrepackedcolumns．

ｍ－ＴＦＭＢＡ

Table3:MassRecovery(％)oftracersinsoilcolumnsbasedonobservedandfittedBTCs
ReDackedColumnslntactColumns

Ｃｏｌｕｍｎ４Ｃｏｌｕｍｎ３Ｃｏｌｕｍｎｌ Ｃｏｌｕｍｎ２

FittedObserved
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FlowVelocityintheUnsaturatedZone

Observed

９６

Fitted

９８

Observed

９８９７ ９８

1２３

Bromacil ９７

AnnualJoumalofEng.，

ＥｈｉｍｅUniv.，Ⅲ.，Mar.，２００４

3.4AnalyticalModel

８８９８

BasedontheshapeoftheobservedBTCsofm-TFMBAintheintactcolumns,theapproprlate
solutetransportmodelfbrthisstudywaddeemedtobethetwo-regionconceptofCXTFIT､In
thetwo-regionconcept,allsolutetransportoccursinthemobile(dynamic)regionandsolute
movesfiFomtheimmobile(stagnant)regiontothemobileregionthroughdiffUsiononly,This
diffilsionofsolutesfiPomtheimmobileregioncausestailingofbothreactiveandnon-reactive
tracersIBTCs・Thegovemingequationsfbrthetwo-regionconceptare：
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Ｍ')川(等)書化‘-c綱）

(‘聯ｗＫ伽'闇州-刀刈闇雲帆I祭州等）
where､Ｃｍ＝residentsoluteconcentrationinmobileregion

Cim＝residentsoluteconcentrationinimmobileregion
９ｍ＝mobilevolumetricwatercontent，

ｅｉｍ＝immobilevolumetricwatercontent

Ｄｍ＝dispersioncoefficientfbrthemobileregion
f＝fractionofthesorptionsitesthatequilibrateswiththemobileliquiｄｐｈａｓｅ
入＝first-orderrateconstantgovemingsoluteexchangeratebetweenmobileand

immobileregions

Theparameterspertinenttothisstudyaretheaverageporewatervelocity(v),hydrodynamic
dispersionCoefficient(D),retardationcoefficient(R),pulse(to),ａｎｄthetwodimensionless
parameters,βａｎｄの.Forthemassbalancetobemet,thefittedtovalueshouldclosely
correspondtotheknownamountoftimeofsoluteflux．

３．５０bservedandFittedBTCParameters

Theｏｂｓｅｒｖｅｄａｎｄｔｈｅｆｉｔｔｅｄ

ＢＴＣｓｆｂｒｅａｃhtracerineach

columnwereplotted；ａｎ
ｅｘａｍｐｌｅｏｆｓｕｃｈａｐｌｏｔｉｓ
ｇｉｖｅｎｉｎｆigure5・Ｔｈｅｆｉｔｔｅｄ

ＢＴＣｓｗｅｒｅｄｅｒｉｖｅｄｂｙｕｓｉｎg
thefittedparametersasthe
fixedvaluesinCXTFITand

simulatingtheBTCsfbrthese
values・Variousderivedand

fittedparameteｒｓｆｂｒａｌｌｆｂｕｒ
ｃolumnsaregivenintable4．
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fittedparametersfbrallfbur
columnsaregivenintable4・ Dayssincetracersadded

◆mTFMBAObserved『TﾄTFMBARtted

lfthewettingfrontofthｅ▲BromaciIobserved-BromcilFnted

groundwaterorsoluteisFigure5:observeｄａｎｄＦｉｔｔｅｄＢＴＣｓｏｆＣｏｌｕｍｎｎｕｍｂｅｒ３
ｓtableandthewholesoil

matrixtakespartinthesoilmoismremovement,thenthefittedvshouldequalthederivedv・
Butifthegroundwaterorsolutebypassaportionofthesoilmatrix,thenthefittedv(actual
velocity)willbehigherthanthederivedv(theoreticalvelocity)．

Ａｓｓｈｏｗｎｉｎｔａｂｌｅ４,alargedi従renceexistedbetweenthederivedandfittedvalueinallfbur

columns・Thevnuedvalueswere2､06,2.30,1.80,ａｎｄ１．９３timeshigherthanthevderivedvalues
incolumnsl,２，３，and4,respectively(row3,Table4).Thevderivcdvalueswereobtainedusing
therelationv＝ｑ/e・TheegravimeIricwasdeterminedbyweighingthecolumnafterthe
experlment.ｅwascalculatedusingtherelatione＝(ｐ／ｐＬ)egravimeiric,Figure6isagraphical
representatｉｏｎｏｆｔｈｅｄｉ従rencesbetweentheoreticalandactualgroundwaterflowvelocityin
theunsaturatedzone．

１２４



Theliquiddensitywas
takentobe１．０９/cm3，
Theqwastheconstant

fluxrateoftheleaching
solutionandwasequal
to０．６７ｃｍ/day・The
averagevnttedvaluesof

intactandrepacked
columnswere3.619

ｃｍ/dayａｎｄ３．１０８

ｃｍ/day,respectively．

Table4:TheDerivedandFittedParameters

3.6DyeExperiment

Thereasonfbrthis

highervfiIIedvalues

COmParedtOVderived
valuescouldbethewall

effect，anionexclusion

orprefbrentialflow，
Therefbre， a dye
experiment，ｕｓｉｎｇＥｒｉexperiment，usingErioglaucine
dye，ａｌｓｏｋｎｏｗｎａｓＦＤ＆ＣＢｌｕｅ

Ｎｏ．’，wasconductedtogetthe
visualevidencefbrthereasonof

thishighergroundwaterflow
velocity．
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Thetable5givesthesummaryof
CoIumnNumber

percentageofunstainedareawith

depthofthedyeexperiment・The
relativeamountofunstainedarea Figure6:TheoreticalandActualgroundwatervelocity

tostainedareaatvariousdepths
fiFomthesoilsurfacewas

interpretedasanindicationofdegreeofbypassing・The
resultsofthisexperimentindicatedthatatadepthof25Table5:Approximate％ｏｆ

unstainedareaatvariousdepthscmfromthesurfacethestainedareawasonlyabout
90％ａｎｄ４０％inthecrosssectionalareainintacｔ

ｃｏｌｕｍｎｓｌａｎｄ２，respectively，Theamountofstained
areadecreasedsignificantlyat35-cmdepth,indicatinga
progressioninbypassingwithdepth・Asimilartrend
wasobserved,althoughtoalesserdegree,inbothofthe
repackedcolumns・Averysimilarphenomenonhas
beenobservedbynumerousinvestigators，including
SeyfiiedandRao（1987),BooltinkandBouma(1991)，
andGhodratiandJury(1990)．

ﾖﾛ、Ｅ【】掴ＴＥ強制ｌｖＨｒⅡ【DｕｈｕＥｒ

Thepattemofunstainedareasconfirmedthatmostofthegroundwaterflowoccurredvia
preferentialpathways，ａｎｄｎｏｔｄｕｅｔｏａｎｉｏｎｅｘｃｌｕｓｉｏｎｏｒｗａｌleffect・Theydyeexperiment
resultswereconsistentwiththetracerexperimentresults．

lntactColumns RepackedColumns
Parameters Ｃｏｌｕｍｎｌ Ｃｏｌｕｍｎ２ Column3 Column4

vderived(cｍ/day） 1.751 1.576 1.758 1.576

vfined(cm/day） 3.615 3.623 3．１６３ 3.054

Ｖfitに。 /ｖderived 2.06 2.30 1.80 １．９３

egravime1ric(eg） 0.234 0.260 0.233 0.260

enIied(ef） 0.185 0.185 0.212 0.219

ef/ｅｇ
0.803 ０．７１１ 0.908 0.845

PVbypassed 0.197 0.289 0.092 0．１５５

Dfmed(cm2/day） 10.53 1４．０１ 3．２１ 3．４１

αfilled(c、） 2.913 3.878 1.015 1.117

Ｒfine。 1.602 １．３４１ 1.701 1.606

〕ntに。 0.809 0.689 0.912 0.849

のfitに。 6.639 1.166 5.345 6.637

Depth
(c、）

ＣｏｌｕｍｎＮｏ．

1 ２ ３ ４

1５ ０ ０ ０ ０

2０ ５ ６ ０ ０

2５ １０ 6０ １１ ６

3０ 2４ 6４ 1５ 3３

3５ 6５ 7４ 5８ 4３
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3.7Summaryoftheresults

ＢｏｔｈｔｈｅｏｂｓｅｒｖｅｄＢＴＣｓａｎｄｔｈｅｄｙｅｅｘperimentshowedabypassingofthesoilmatrixinthe
waterandsolutetransportinboththeintactandthehomogeneouslyrepackedcolumns､The
bypassingwasmuchhigherintheintactcolumnsthanintherepackedcolumns・Theresultsof
thisstudysuppoltthefindingsofseveralpreviousstudiesconcemingthepresenceof
preferentialflowinsoilunderunsaturatedconditions・Thepresenceofbypassflowcan
significantlyincreasethegroundwaterflowvelocitythanwouldbepredictedbythe
conventionaladvection-dispersionmodel．

TheresultsofthisstudyalsoindicatedthatthetransportparametersobtainedfiFomthe
repackedcolumnsunderestimatetheaveragegroundwaterflowvelocityinthefieldsoil・
Therefbre,bettersitecharacterizationcanbeaccomplishedbytracerstudiesinthefieldsoil
ratherthaninrepackedsoilcolumns．

4.Conclusions

Thefbllowingconclusionsarebasedontheresultsofthisstudy：
a・Thepresenceofpreferentialflowinnaturalsoilconditionsmustalwaysbeconsideredin

predictingthetransportofgroundwaterintheunsaturatedzone．
b・Intheunsaturatedzone,theactualgroundwatervelocitycaｎｂｅｕｐｔｏｔｗｏｔｉmesfasterthan

theoreticalvelocitypredictedbyconventionalmodelbasedonlyonadvectionand
dispersion．

c・Thegroundwatervelocityisdifferentinrepackedandintactcolumns・Theparameters
obtainedftomrepackedcolumnsshouldbeusedwithcautiontoestimateactual
groundwatervelocity．

d・Adyeexperimentisaneffectivetechniquetoobtainvisualevidenceofthepathwaysof
groundwaterflowintheunsaturatedzone．
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