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' DISCLAIMER "_

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of their

employees, makes any warranty, express or implied, or assumes any legal liability or responsi-
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or
process disclosed, or represents that its use would not infringe privately owned rights. Refer-

,q

ence herein to any specific commercial product, process, or service by trade name, trademark,

manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof. The views

and opinions of authors expressed herein do not necessarily state or reflect those of the

United States Government or any agency thereof.
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APPLICABILITYOF SLUG INTERFELNCETESTINGFOR
• u_,_-,,,-iCCHARACTERIZATIONOF CONTAMINATEDAQUIFERSITES

by

F.A. Spane,Jr.
PacificNorthwestLaboratory_

L.C. Swanson
WestinghouseHanfordCompany

Aquifertest methodsavailablefor characterizinghazardouswaste sites are
sometimesr.s_r;ctedbecauseof problemswithdisposalof contaminated
groundwater. These problems,in part, havemade slug tests a more desirable
method of determininghydraulicpropertiesat such sites. However, in higher
permeabilityformations(i.e.,transmissivities_>! x 10.3mZ/s), slug test
resultsoften cannot be analyzedand give, at best, only a lower limit for
transmissivity. A need clearlyexiststo developtest methods that can be
used to characterizehigherpermeabilityaquiferswithoutremoving large
amountsof contaminatedgroundwater.

One hydrologictest method that appearsto hold promisefor characterizing
such sites is the slug interferencetest. To assess the applicabilityof this
test method for use in shallowalluvialaquifersystems,slug interference
tests have been conducted,along with more traditionalaquifertesting
methods, az severalHanfordmultiple-wellsites. Transmissivityvalues
estimatedfrom the slug interferencetestswere comparable(withina factor of
2 to 3) to values calculatedusing traditionaltestingmethods, and made it
possiblezo calculatethe storativityor specificyield for the intervening
test formation. The corroborationof test resultsindicatesthat slug
interferencetesting is a viablehydrauliccharacterizationmethod in
transmissivealluvial aquifers,and may representone of the few .'.estmethods
that can be used in sensitiveareas where groundwateris contaminated.

INTRODUCTION

PacificNorthwestLaboratory3, in cooperationwith WestinghouseHartford
Company, is providinghydrologictestingsupportfor hydraulic
characterizationinvestigationsat variousRCRA and CERCLAoperable unit
facilitieson the HanfordSite. Currenthyaroloc.iccharacterizationstudies
at Hanfor_ have, in some cases,been restrictedDy existingsite conditions,
such as contaminatedgroundwater,purge-waterdisaosalproDlems,high
formationpermeabilities,etc. The presenceof contaminatedgroundwaterand,
in some locations,areas of extremelyhigh,.ransmissivitygreatly diminishes

-- " : Ooeraze_ for zne U.S. Departmentof Energyby _attelleMemorial Institute
under ContractDE-ACO6-76RLOIS3C.
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the use of standardhydraulictest_;thodsto hydrologicallycharacterize
subsurfacematerials. A nc_J clearlyexistsfor developingnew test methods ..
arid/ormodifyingcurrentlyused techniquesto improveongoing and future
hydrauliccharacterizationinvestiga=ions.Of particularinterestare test
methods that can be performedrapidly,and thatminimize the removal of large
quantities of water (i.e.,tests thaz minimizepurge-waterdisposal problems).

One test method that appearsto hold particularpromise is slug interference
testing. This test requiresa two-wellinstallation:a stresswell and an
observationwell. The generaltest procedurerequiresinitiatingan
instantaneoushead increaseor decreaseat the stresswell, and monitoring the
associatedformationresponseat the neighboringobservationwell. Analysis
of the monitoredpressureresponseat the observationwell provides estimates
of the formationtransmissivityand storativity.

Use of slug interferencetestinghas been infrequentin the past, with its
function primarilylimitedto hydraulicallycharacterizingconfined acLuifers
and/or fracturedrock formationshavinglow storativities(between10-"and
10-°) [e.g.,Novakowski(I)]. The objectiveof this study is to illustrate
the applicabilityof slug interferencetestingfor hydraulically
characterizingshallowalluvialformationsunder unconfinedor semiconfined
conditions (i.e.,storativitybetween10-4and I0"i). Resultsfrom a field-
test example are also included.

TEST THEORY

The analyticalsolutionfor a slug test responsefor a stress well with a
finite radiuswithin an aquifercontaininga semicompressiblefluid was first
presented in Cooperet al. (2). In theirarticle,type curves were presented
that relateddimensionlesshead response,HD, versusthe dimensionlesstime
parameter,B, for variousvaluesof the dimensionlessstorageparameter, _, at
the stress-welllocationwhere

HD = H/Ho (Eq. I)

2

S = Tt/r (Eq. 2)

:S/r::= rW (Eq. 3)

where

H = observedhead at time t, minus pretest
statichead level in well

Ho = instantaneoushead changeappliedto well
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T : :ransmissivityof test interval ..

t : test time

rc = radiusof well casing in the interval over which
head changetakes place

rw : effectiveradiusof well within test interval

S = storativityof test interval.

The type curves can be used to match the slug test responsedata at the stress
well to solve for trans_issivityand storativityusing equations (2) and (3),
respectively. The Cooper et al. (2) analyticalsolution in theory is strictly
valid only for a fully penetratingwell in a confinedaquifer. Their
solution,however,yields acceptableresultsfor partiallypenetratingwells
and unconfinedaquifertests providedthat the saturatedthickness of the
unconfinedaquiferdoes not changesignificantly[Walterand Thompson (3)] and
radial flow conditions(no significantverticalflow components)exist.
Although these conditionsmay be violatedto some degree at the stress well,
they should be acceptableat nearbypointsof observation.

Novakowski (4) presenteda program(TYPCURV)that can generate slug
interferencetest type curvesbased on the analyticalsolutions and boundary
conditionspresentedin Cooperet al. (2). The programwas used for
developingpredictivetest responsesand the test-exampleanalysis presented
in this paper. As indicatedpreviouslyin Spane (5) and Spane and Thorne (6),
slug interferencetests are expectedto providevalid characterization
informationfor test in.:ervalsthat exhibitconfinedand se_ confined
conditions,and for unconfinedaquifersthat displaytest _sponses reflective
of time-drawdownbehaviorthat is not significantlyinfluencedby delayed-
yield (gravityflow/verzicalflowcomponents)effects. The presence of
delayed-yieldbehaviorcan be discernedby convertingthe recorded slug test
data to an equivalenthead responsethat would be observed for a constant-rate
pumpingtest. Conversionof slugtest responsedata to equivalent head values
associatedwith constant-ratepumpingtests can be accomplishedfollowingthe
transformationproceduredescribedin Peres et al. (7). The presence of

• delayed-yieldbehaviorthen can be assessedusing pressurederivative analysis
of the equivalenthead response. Spane (5, 8) presentsa more detailed
descriptionof the conversionprocedureand use of pressure derivative
diagnosticmethods.

FACTORSAFFECTINGSLUE_INTERFERENCERESPONSE

Factors influencingthe transmissionand amplitudeof the slug interference
response includethe zransmissivity,storativity,and anisotropyof the
aquifer;radial distance;and partialpenetrationand wellbore storage
characteristicsof the stress and observationwell. The influenceof these
individualfactorsis examinedin the followingdiscussion;more detailed
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discussionsare presentedin Novakowski(I, 4) and Spane (5).

Transmissivity

Although analyzableslug test responsesat the stresswell are limited to test

formationswith transmissivitiesof 10.3m2/s or less [Spane (5)] Fig.3 !indicatesthat slug interferenceresponsesfor transmissivitiesof Iv m2/s
or more are readilydiscernible3 m from the stress-welllocation (Note: A
wellbore radius of 10 cm was assumed). As indicatedin the figure, for a
given observationpoint location,transmissivityhas no affect on the
magnitude of test response,but does exert a strong influenceon the predicted
slug interferenceresponsetime, causingthe interferenceresponseto shift
horizontallyon the plot. High aquifertransmissivitiesare associatedwith
fast test responses,while lower transmissivitiesare associatedwith lagged
(delayed)interferenceresponses.

[Place Fig. 1 Here]

Storativity

Fig. 2 shows the predictedslug interferenceresponsefor the sam_ test-site
conditions for an aquifertransmissivityof I0"_m2/s and storativityrange of
10"_to 10-:. As shown,the shape (amplitude)of the slug interference
response at the observationwell is stronglyinfluencedby the storativityof
the aquifer. For this reason,slug interferencetesting is far superiorto
single-wellslug tests for the characterizationof this hydraulicparameter.

[Place Fig. 2 Here]

Radial Distance

Fig. 3 shows the predictedmaximum slug interferencetest responseas a
function of radialdistancefrom the stress-welllocationfor a storativity
range 10-;to I0"z,and a wellboreradiusof 10 cm. As expected,the ability
to detect a responseis enhancedthe closerthe observationwell is located toi

the stress well and the lower the storativizyvalue of the geologicmaterial.
For the storativityrange consideredto be representativeof most shallow
alluvial-aquiferconditions(elasticstoragecomponentof i0-2 to 10"_), slug

. interferenceresponsesshould be observableto maximumdistancesbetween8 and
30 m fro_,the stresswell.

[PlaceFig. 3 Here]

DbservationWellbore Storage

Significantobservationwellborestoragetends to cause the well response to
be lagged and attenuatedfrom the predictedresponse,which, in the previous
discussion,assumesthat observationwellbore storageis negligiblecompared
to that of the stresswell. Novakowski(I) presentsa graphicalmethod for
analyzingslug interferenceresponsesfor cases in which wellbore storage at
the observationwell is or is not significant.
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PartialPenetration

The previous discussionalso assumesthat the stressand observationwells
completelypenetratea homogeneousand isotropicaquifer. The analysismethod
presented in Novakowski(4) and Spane (5),therefore,cannot be rigorously
used to analyzetest resultshavingconditionsof partialwell penetrationor
vertical anisotropy(i.e.,unequalverticaland horizontalhydraulic
conductivity).

The effectsof partialpenetrationcause distortionof the radial
equipotentialpatternthatwould normallydevelopduringtestingwithin a
homogeneous,isotropicaquifersurroundinga fullypenetratingstress well.
Partial penetrationeffectscause additionaldrawdownto occur within the
section of the aquiferintersec:edby the stresswell-screendepth interval,
and less drawdownto occurwithin the nonscreenedaquifersection. This
results in verticalflow components. Deviationsinducedby partial
penetrationare more significantnear the stresswell and diminishwith
distance. As indicatedby Hantush (9),the flow patternduring hydrologic
testing is essentiallyradialfor observationwell distances> i.5 times the
aquifer thickness;for practicalpurposes,equation_based on fully
penetratingstresswells (e.g.,Theis equation)providesufficientlyaccurate
results for observationwell distances (r) as small as the aquiferthickness
(b), provided that u < 0.1 (r/b)2 where u = r2 S/4 T t.

VerticalAnisotropy

The effects of verticalanisotropy.(Kv_ Kh where Kv = verticalhydraulic
conductivity,and Kh --hor_zonzalhydraullcconductivity)also tend to
accentuate test responsedevia:ionscausedby partialpenetration. Becauseof
the stratificationevidentto some degree in most sediments,vertical
anisotropywould be expectedto influencetest resultsobtainedwithin
sedimentaryalluvialaquifers. Within unconfinedaquifers,where the vertical
anisotropy ratio is less than ! (Kv/Kh< I)_ the effectsof elastic storage
and delayedyield are accentua'ceddur_ngthe aquifertest response [Neuman
(i0)].

Hantush {11) reportsthat at a given distance,r, from a partiallypenetrating
. stress well, the responsewithin an anisotropicaquiferwould be the same as

that at the distancer(K_/K.)l''n within an equivalentisotropicaquifer. The
effects of verticalanisotropy,then, can be accountedfor using this
relationship,if the ratio of verticalto horizontalconductivityis known or
can be estimatedfor the test formation.

FIELD TEST EXAMPLE

A slug interferencetest was conductedwithin the unconfinedaquifer on the
Hanford Site using a test configurationconsistingof two observationwells
and a stresswell. The stresswell (WellG) _as completedwithin the lower
third of the aquifer,while one observationwell was completedwithin the
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lower section(Well F) and one within the upper section (Well E) of the
aquifer. Fig. 4 presentspertinentinformationconcerningthe test-facility ..
design. Detaileddescriptionsof the test and test analysisare provided in
Spane (5) and Spane and Thorne (6).

[Place Fig. 4 Here]

Prior to initiatingthe slug interferencetest, the s-resswell casing was
closed in at land surfaceusing a wellheadassembly. The water column was
then depressedapproximately10 m using gas suppliedfrom compressednitrogen
gas cylinders. A constantgas pressureof about 100 kPa was maintained inside
the well casingduring the water-columndepressionphase to equilibrateheads
in the well and a(luifersystem.

The slug interferencetest was initiatedwhen the gas pressurewithin the well
casing was releasedwithinabout I secondby simultaneouslyopening four ball
valves on the wellhead assembly. The releaseof gas caused groundwaterwithin
the test intervalto flow back insidethe well casing,creating a slug
withdrawalat the stresswell. Pressuremeasurementswere recorded at the
stresswell, and the slug interferenceresponsemonitoredat the two
observationwells (WellsE and F). Discernibleinterferenceresponsesto the
slug test were observedand recordedat both observa'.ionwells. Analysis of
these responsesis presentedin the followingsection.

TEST ANALYSIS

Becauseof the small slug interferenceresponse(< 1 kPa) measured at the
observationwells, test data were correctedfor chan_esinducedby barometric
pressure fluctuations[Spane(5)]. These correctionswere based on barometric
efficienciesof the observationwells determinedduring the pretest period
using the proceduredescribedby Clark (12).

The observation-welltest responseswere analyzedby matchingto type curves
generatedusing the TYPCURVcomputerprogramdescribedby Novakowski (4),
which is based on fully penetratingwells within confined aquifers. As noted
in Spane (5),the effectsof partialpenetration,anisotropyand delayed yield
were not.consideredsignificantfor the test data section analyzed. This

• conclusionwas based on the observation-welldistance/aquiferthickness
relationship,and diagnosticpressurederivativeanalysisthat was performed
on the observed interferenceresponse. Furtherrefinementof calculated
transmissivityand storativityvalueswould be expected,however, if these
factorswere taken into account.

The slug withdrawaltest initiatedat Well G caused a maximum slug
interferencepressureresponseof 0.64 kPa at Well E. The maximum response
was recordedapproximately1,800 secondsafter slug initiation. Figs. 5 and 6
show the slug interferenceresponse,and associatedpredictedresponses for
selectedvalues of transmissivityand storativity,respectively. Selected
values of transmissivityand storativitywere used zo illustratethe
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sensitivityof the analysisto varyingparametervalues.

[Place Fig. 5 and 6 Here]

Examinationof Figs. 5 and 6 indicates".hatthe slug pressure "hump,"or
"wave,"was detectedat approximately300 seconds,with residual effects of
the slug interferencestillmanifestedin the observation-wellresponse up to
20,ODO seconds. As indicated,the best fit for the observed slug interference

response at Well E is obtainedusin_a %ransmissivityvalue of 1.6 x 10.4_2/s
and a storativityvalue of 4.4 x 10 .

At Well F, a maximumslug interferencel_ressureresponseof 0.97 kPa was
recorded approximately650 secondsafter slug initiation. Examinationof
Figs. 7 and 8 indicatesthat the slug pressurewave was first detected at
approximately75 seconds,with residualeffectsof the slug interferencestill
evident in the observation-wellresponseup to 4,000 seconds. This represents
an earlier detectionand slug interferencedissipationby a factor of 4 to 5
in comparisonto that recordedat Well E. The best fit for the observed slug
interferenceresponseat Well F was obtainedusing a transmissivityvalue of
3.3 x 10.4m2/sand a storativityof 2.9 x 10.3. The transmissivityvalue is
approximatelya factorof 2 higherthan that obtainedfrom analysis of test
data for Well E, while the storativityvalue is nearlyidentical.

[Place Fig. 7 and Fig. 8 Here]

The transmissivityrange determinedfrom the slug interferencetest analysis
compares favorablywith results(2.1 x 10-4to 3.7 x I0-4m2/s) obtained from a
multiwell, constant-ratepumpingtest performedwithinthe unconfinedaquifer

at a well test facilitY3appr°ximatelYlLSO m away. Comparabletransmissivityvalues (rangingfrom . x 10TM to 3.3 x 10.4mZ/s)alsowere obtained from
single-welltest analysisfor the slug test data at stressWell G [Spane and
Thorne (6)]. Less correspondencewas exhibitedwiti_the results from

previous single-wellslug tests conductedat Wells E and+F. These single-well
tests resultedin transmissivityestin_atesof 2.2 x 10.4_v 5.vx 10.5m2/s for
Wells E and F, respectively. The differencein the test results, however, may
be associatedwith the low stresslevels used in the earliertests. The
maximum stress level for the previouszests was approximately1/10 of that

used during the slug interference+tesat[Spaneand Thorne (6)]. The calculatedrange for storativity(2.9 x 10.3_.4 x 10-3) is withinthe elastic response
. range commonlyexhibitedby unconfinedaquifers.

CONCLUSIONS

Results of the field test evaluationindicatethat slug interferencetesting
is a viable hydrologictest method for characterizingshallow alluvial
aquifers,and may be successfullyempioyedfor characterizingsites for which
standard hydrologictest methods,such as single-wellslug tests (for high
transmissivitylocations)and constant-ratepumpingtests (for contaminated
sites) are not applicable. Limitationsin the area of investigation,however,
restrict the applicationof slug interferenceteststo multiple-wellsites
with radialdistancesof < 30 m.w
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Applicability of Slug Interference Testing

Presentation Outline
• Factors inhibiting

hydrogeologic characterization

• Standard hydraulic test methods

• Slug interference tests
- Factors influencing test response
- Test example

• Summary

$9309075.3



Applicability of Slug Interference Testing

Factors Inhibiting Characterization
of Contaminated Areas

• Subsurface access limitations
and/or restrictions

• Disposal of contaminated groundwater,
soil, and geologic material

• Presence of high-permeability aquifers

$9309075.4



Applicability of Slug Interference Testing

Standard Hydraulic Test Methods

Test Method Hydrologic Parameter
IIII I II _

Slug injection/withdrawal T, K

Constant-rate pumping T, K, S, Sy

Slug interference T, K, S, Sy

$9309075.5



Applicability of Slug Interference Testing

Slug Injection/Withdrawal Tests
(Single Well)

• Advantages
- Rapid results at low cost
- No purge-water production

• Disadvantages
- No characterization of moderate or high

transmissive test intervals
(i.e., T > 103 m2/s)

- Limited area of investiaation

$9309075.6



Applicabilily of Slug Interference Testing

Constant-Rate Pumping Tests
• Advantage

- Large area of investigation
- Sensitive to test formation heterogeneities
- Compatible with other hydrogeologic

characterization activities

• Disadvantages
- Costly and time-consuming
- Large volumes of groundwater produced

$9309075.7



Applicability of Slug Interference Testing

Slug Interference Tests
• Advantages

- Extended characterization capabilities
_ Characterization of interwell distances

to ~ 30 rn
- Rapid results at low cost
- No purge-water production

• Disadvantages
- Limited characterization area
- Analytical constraints

$9309075.8



Applicability of Slug Interlerence Testing

Factors Influencing
Test Response
• Transmissivity

• Storativity

• Radial distance

• Partial penetration

• Anisotropy

• Wellbore storage

S9309075.9



Applicability of Slug Interference Testing

Summary -
Slug Interference Testing
• Extended hydraulic

characterization capabilities

• Rapid results at low cost=.

• Characterization of interwell distances
to ~ 30 m

Rfl,10.I_0l._.t0
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Applicability of Slug Interference Testing

Areas of Future Emphasis

• Modify existing slug-interference analyticalmethod to account or the effects of

- Partial penetration
- Anisotropy
- Unconfined aquifer conditions

$9309075.1 1
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