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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
employces, 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-
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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~PPLICABILITY OF SLUG INTERFZRINCZI TISTING FCR
AYDRAULIC CHARACTERIZATICN OF CONTAMINATZID AQUIFER SITZS

by

F.A. Spane, Jr.
Pacific Norihwest Laboratcry?

L.C. Swanson
Westinghouse Hanford Company

Aquifer test methods available for characterizing nazardous waste sites are
sometimes restricted because of problems with disposal of contaminated
groundwater. These problems, in part, have made slug tests a more desirable
method of determining hydraulic properties at such sites. However, in higher
permeability formations (i.e., transmissivities > 1 x 107 m°/s), slug test
results often cannot be analyzed and give, at best, only a lower limit for
transmissivity. A need clearly exists to develop test methods that can be
used to charactarize higher permeability aquifers without removing large
amounts of contaminatad groundwatar.

One hydrologic test method that appears to hold promise for characterizing
such sites is the slug interference test. To assess the applicability of this
test method for use in shallow alluvial aquifer systems, slug intarference
tests have been conducted, along with more traditional aquifer testing
methods, at several Hanford mulitiple-well sitas. Transmissivity values
estimated from the slug interferencs tests were comparable (within a factor of
2 to 3) to values calculated using traditional testing methods, and made it
possible to caiculate the storativity or specific vield for the intervening
test formation. The corroboration of test results indicates that slug
interference tasting is a viable hydraulic characterization method in
transmissive alluvial aquifers, and may represent one of the few test methods
that can be used in sensitive areas where groundwater is contaminated.

IHTRODUCTION

Pacific Northwest Laboratory?, in cooperation witn Westinghouse Hanford
Company, is providing hydrologic testing suppoort For hydraulic
characterization investigations at various RCRA and CERCLA operable unit
facilities on the Hanford Site. Current hydrolocic characterization studies
at Hanforg have, in some cases, been restrictaed by existing site conditions,
such as contaminated groundwatar, purge-water disoosal problems, high
formation permeabilities, etc. The presence of contaminated groundwatsr anc.
in some locations, areas of extremeiy hign transaissivity greatly diminisnes

® Operateag tor tne U.S. Department of fnergy by Sattelle Memorial Institute
under Contract DE-ACO6-76RLO 183C.



the use of standard hydraulic test mathods to hydrologically characterize
subsurface materials. A ncod clearly exists for developing new test methods
and/or modifying currently used techniques to improve ongoing and future
hydraulic characterization investigations. Of particular interest are test
methods that can be performed rapidly, and that minimize the removal of large
quantities of water (i.e., tests that minimize purge-water disposal problems).

One test method that appears to hold particular promise is slug interference
testing. This test requires a two-well installation: a stress well and an
observation well. The general test procedure requires injtiating an
jnstantaneous head increase or decrease at the stress well, and monitoring the
associated formation response at the neighboring observation well. Analysis
of the monitored pressure response at the observation well provides estimates
of the formation transmissivity and storativity.

Use of slug interference testing has been infrequent in the past, with its
function primarily limited to hydraulically characterizing confined aquifers
and/or fractured rock formations having low storativities (between 107" and
107°) [e.g., Novakowski (1)]. The objective of this study is to illustrate
the applicability of slug interference testing for hydraulically
characterizing shallow alluvial formations under unconfined or semiconfined
conditions (i.e., storativity between 10™ and 107'). Results from a field-
test example are also included.

TEST THEORY

The analytical solution for a slug test response for a stress well with a
finite radius within an aquifer containing a semicompressible fluid was first
presented in Cooper et al. (2). In their article, type curves were presented
that related dimensionless head response, H,, versus the dimensionless time
parameter, B, for various values o7 the dimensionless storage parameter, «, at
the stress-well location where

Hy = H/H, (Eq. 1)

[0 )]
"

Tt/r. (Eq. 2)
e = r's/r.  (Eq. 3)

where

H = observed hsad at time t, minus pretest
static head level in well

H = instantaneous head change applied to well
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T = transmissivity of test interval

t = test time
r. = radius of well casing in the interval over which
head change takes place
r, = effective radius of well within test interval
S = storativity of test interval.

The type curves can be used to match the siug test response data at the stress
well to solve for transmissivity and storativity using equations (2) and (3),
respectively. The Cooper et al. (2) analytical solution in theory is strictly
valid only for a fully penetrating well in a confined aquifer. Their
solution, however, yields acceptable results for partially penetrating wells
and unconfined aquifer tests provided that the saturated thickness of the
unconfined aquifer does not change significantly [Walter and Thompson (3)] and
radial flow conditions (no significant vertical flow components) exist.
Although these conditions may be violated to some degree at the stress well,
they should be acceptabie at nearby points of observation.

Novakowski (4) presentec a program (TYPCURV) that can generate slug
interference test type curves based on the analytical solutions and boundary
conditions presented in Cooper et al. (2). The program was used for
developing predictive test responses and the test-example analysis presented
in this paper. As indicated previously in Spane (5) and Spane and Thorne (6),
slug interference tests are expected to provide valid characterization
information for test intervals that exhibit confined and ser confined
conditions, and for unconfined aquifers that display test :._sponses reflective
of time-drawdown behavior that is not significantly influenced by delayed-
yield (gravity flow/vertical flow components) effects. The presence of
delayed-yield behavior can be discerned by converting the recorded slug test
data to an equivalent head response that would be obhserved for a constant-rate
pumping test. Conversion of slug test response data to equivalent head values
associated with constant-rate pumping tests can be accomplished following the
transformation procedurs described in Peres et al. (7). The presence of
delayed-yield behavior then can be assessed using pressure derivative analysis
of the equivalent head response. Spane (5, 8) presents a more detailed
description of the conversion procedure and use of pressure derivative
diagnostic methods.

FACTORS AFFECTING SLU& INTERFERENCE RESPONSE

Factors influencing the transmission and amplitude of the slug interference
response include the <ransmissivity, storativity, and anisotropy of the
aquifer; radial distance; and partial penetration and wellbore storage
characteristics of the stress and observation well. The influence of these
individual factors is examined in the following discussion; more detailed
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discussions are presented in Novakowski (1, 4) and Spane (5).

Transmissivity

Although analyzable slug test responses, at the stress well are limited to test
formations with transmissivities of 107 m’/s or less [Spane (5)], F1g
indicates that slug interference responses for transmissivities of 1073 2/s

or more are readily discernible 3 m from the stress-well location (Note: A
wellbore radius of 10 cm was assumed). As indicated in the figure, for a
given observation point Tocation, transmissivity has no affect on the
magnitude of test response, but does exert a strong influence on the predicted
slug interference response time, causing the interference response to shift
horizontally on the plot. High aquifer transmissivities are associated with
fast test responses, while lower transmissivities are associated with lagged
(delayed) interference responses.

[Place Fig. 1 Here)
Storativity

Fig. 2 shows the predicted slug interference response for the same test-site
condwtxons for an aquifer transmissivity of 10 3mz/s and storativity range of
107 to 107°. As shown, the shape (amplitude) of the slug interference
response at the observation well is strongly influenced by the storativity of
the aquiter. For this reason, slug interference testing is far superior to
single-well slug tests for the characterization of this hydraulic parameter.

[Place Fig. 2 Here]
Radial Distance

Fig. 3 shows the predicted maximum slug interference test response as a
function of rad1a1 distance from the stress-well location for a storativity
range 107 to 107!, and a wellbore radius of 10 cm. As expected, the ability
to detect a response is enhanced the closer the observation well is located to
the stress well and the Tower the storativity value of the geologic material.
For the storativity range considered to be representative of most shallow
alluvial- aquifer conditions (elastic storage component of 107% to 107*), slug
interference responses should be observable to maximum distances between 8 and
30 m from the stress well.

[Place Fig. 3 Here]
Observation Wellbore Storage

Significant observation wellbore storage tends to cause the well response to
be Tagged and attenuated from the predicted response, which, in the previous
discussion, assumes that observation wellbore storage is negligible compared
to that of the stress well. Novakowski {1) presents a graphical method for
analyzing slug interference responses for cases in which wellbore storage at
the observation well is or is not significant.
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Partial Penetration

The previous discussion also assumes that the stress and observation wells
completely penetrate a homogeneous and isotropic aquifer. The analysis method
presented in Novakowski (4) and Spane (5), therefore, cannot be rigorously
used to analyze test results having conditions of partial well penetration or
vertical anisotropy (i.e., unequal vertical and horizontal hydraulic
conductivity).

The effects of partial penetration cause distortion of the radial
equipotential pattern that would normally develop during testing within a
homogeneous, isotropic aquifer surrounding a fully penetrating stress well.
Partial penetration effects cause additional drawdown to occur within the
section of the agquifer intersected by the stress well-screen depth interval,
and less drawdown to occur within the nonscreened aquifer section. This
results in vertical flow components. Deviations induced by partial
penetration are more significant near the stress well and diminish with
distance. As indicated by Hantush (9), the flow pattern during hydrologic
testing is essentially radial for observation well distances > 1.5 times the
aquifer thickness; for practical purposes, equations based on fully
penetrating stress wells (e.g., Theis equation) provide sufficiently accurate
results for observation well distances (r) as, small as the aquifer thickness
(b), provided that u < 0.1 (r/b)? where u = r? 5/4 T t.

Vertical Anisotropy

The effects of vertical anisotropy (K, * K, where K = vertical hydraulic
conductivity, and K, = horizontal hydrau11c conduct1V1ty) also tend to
accentuate test response deviations caused by partial penetration. Because of
the stratification evident to some degree in most sediments, vertical
anisotropy would be expected to influence test results obtained within
sedimentary alluvial aquifers. Within unconfined aquifers, where the vertical
anisotropy ratio is less than 1 (K /K, < 1), the effects of elastic storage
and delayed yield are accentuated dur1ng the aquifer test response [Neuman

(10)].

Hantush {11) reports that at a given distance, r, from a partially penetrating
stress well, the response w1th1n an anisotropic aquifer would be the same as
that at the distance r(Kv/K )“ within an equivalent isotropic aquifer. The
effects of vertical an1sotropv then, can be accounted for using this
relationship, if the ratio of vert1ca1 to horizontal conductivity is known or
can be estimated for the test formation.

FIELD TEST EXAMPLE

A slug interference test was conducted within the unconfined aquifer on the
Hanford Site using a test conTiguration consisting of two observation wells
and a stress well. The stress well (Well G) was completed within the lower
third of the aquifer, while one observation well was completed within the
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lower section (Well F) and one within the upper section (Well E) of the
aquifer. Fig. 4 presents pertinent information concerning the test-facility
design. Detailed descriptions of the test and test analysis are provided in
Spane (5) and Spane and Thorne (6).

[Place Fig. 4 Here]

Prior to initiating the slug interference test, the siress well casing was
closed in at land surface using a wellhead assembly. The water column was
then depressed approximately 10 m using gas supplied from compressed nitrogen
gas cylinders. A constant gas pressure of about 100 kPa was maintained inside
the well casing during the water-column depression phase to equilibrate heads
in the well and aquifer system.

The slug interference test was initiated when the gas pressure within the well
casing was released within about 1 second by simultaneously opening four ball
valves on the wellhead assembly. The release of gas caused groundwater within
the test interval to flow back inside the well casing, creating a slug
withdrawal at the stress well. Pressure measurements were recorded at the
stress well, and the slug interference response monitored at the two
observation wells (Wells E and F). Discernible interference responses to the
slug test were observed and recorded at both observation wells. Analysis of
these responses is presented in the following sectiorn.

TEST ANALYSIS

Because of the small slug interference response (< 1 kPa) measured at the
observation wells, test data were corrected for chances induced by barometric
pressure fluctuations [Spane (5)]. These corrections were based on barometric
efficiencies of the observation wells determined during the pretest period
using the procedure described by Clark (12).

The observation-well test responses were analyzed by matching to type curves
generated using the TYPCURV computer program described by Novakowski (4),
which is based on fully penetrating wells within confined aquifers. As noted
in Spane (5), the effects of partial penetration, anisotropy and delayed yield
were not. considered significant for the test data section analyzed. This
conclusion was based on the observation-well distanca/aguifer thickness
relationship, and diagnostic pressure derivative anaiysis that was performed
on the observed interference response. Further refinement of calculated
transmissivity and storativity values would be expected, however, if these
factors were taken into account.

The slug withdrawal test initiated at Well G caused & maximum slug
interference pressure response of 0.64 kPa at Well Z. The maximum response
was recorded approximately 1,800 seconds after slug initiation. Figs. 5 and 6
show the slug interference response, and associated predicted responses for
selected values of transmissivity and storativity, respectively. Selected
values of transmissivity and storativity were used o illustrate the
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sensitivity of the analysis to varying parameter values.
[Place Fig. 5 and 6 Here]

Examination of Figs. 5 and 6 indicates that the slug pressure "hump,” o

"wave," was detected at approximately 300 seconds, with residual effects of
the slug interference still manifested in the observation-well response up to
20,000 seconds. As indicated, the best fit for the observed slug interference
response at Well E is obta1ned usansa transmissivity value of 1.6 x 10 4 m/s
and a storativity value of 4.4 x 10°

At Well F, a maximum slug interference pressure response of 0.97 kPa was
recorded approximately 650 seconds after slug initiation. Examination of
Figs. 7 and 8 indicates that the slug pressure wave was first detected at
approx1mate1y 75 seconds, with residual effects of the slug interference still
evident in the observation-well response up to 4,000 seconds. This represents
an earlier detection and slug interference dissipation by a factor of 4 to 5
in comparison to that recorded at Well . The best fit for the observed slug
1nte'ference response at Well F was obtained using a transmissivity value of
3.3 x 10" /s and a storativity of 2. x 107, The transmissivity value is
approximate]y a factor of 2 higher than that obtained from analysis of test
data for Well E, while the storativity value is nearly identical.

[Place Fig. 7 and Fig. 8 Here]

The transmissivity range determined from the slug 1nterference test analysis
compares favorably with results (2.1 x 107 to 3.7 x 107" m’/s) obtained from a
multiwell, constant-rate pumping test performed within the unconfined aquifer
at 2 well test facility approx1mate1y &350 m ,away. Comparable transmissivity
values (ranging from 1.3 x 10™ to 3.3 x 10° nf/s) also were obtained from
single-well test analysis for the slug test data at stress Well G [Spane and
Thorne (6))]. Less correspondence was exhibited witn the results from
previous single-well slug tests conducied at Wells E and F. These s1ng]e -well
tests resulted in transmissivity estimates of 2.2 x 10 to 5.6 x 10 m /s for
Wells E and F, respectively. The difference in the test results, however, may
be associated with the low stress levels used in the earlier tests. The
maximum stress level for the previous tests was approximately 1/10 of that
used during the slug 1nterference test [Spane and Thorne (6)]. The calculated
range for storativity (2.9 x 10 to0 4.4 x 103) is within the elastic response
range commonly exhibited by unconfined aquifers.

CONCLUSIONS

Results of the field test evaluation indicate that slug interference testing
is a viable hydrologic test method for characterizing shallow alluvial
aquifers, and may be successfully emplioyed for characterizing sites for which
standard hydrologic test methods, such as single-well slug tests (for high
transmissivity locations) and constant-rate pumping tests (for contaminated
sites) are not applicable. Limitations in the area of investigation, however,
restrict the application of slug interference tests to multiple-well sites
with radial distances of < 30 m.
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Slug Interference Testing
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of Contaminated Aquifer Sites

F. A. Spane, Jr.

Pacific Northwest Laboratory

L.C. Swanson
Westinghouse Hanford Company

$9309075. 1



Applicability of Slug Interference Testing

Presentation Outline

* Factors inhibiting
hydrogeologic characterization

 Standard hydraulic test methods

* Slug interference tests
— Factors influencing test response
— Test example

e Summary
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Applicabiiity of Slug Interference Testing

Factors Inhibiting Characterization
of Contaminated Areas

e Subsurface access limitations
and/or restrictions

* Disposal of contaminated groundwater,
soil, and geologic material

* Presence of high-permeability aquifers

S9309075.4



Applicability of Slug Interference Testing

Standard Hydraulic Test Methods

Test Method Hydrologic Parameter
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
e Disadvantages

— No characterization of moderate or high

transmissive test intervals
(i.e., T > 10° m?s)
— Limited area of investigation

$9309075.6



Applicabliity of Slug Interference Tesling

Constant-Rate Pumping Tests

* Advantage

— Large area of investigation

— Sensitive to test formation heterogeneities

— Compatible with other hydrogeologic
characterization activities

e Disadvantages

— Costly and time-consuming
— Large volumes of groundwater produced

S9309075.7



Applicability of Slug Interference Testing

Slug Interference Tests

e Advantages

_ Extended characterization capabilities

_ Characterization of interwell distances
to~30m

— Rapid results at low cost

— No purge-water production

e Disadvantages

_ Limited characterization area
— Analytical constraints

$9309075.8



Applicability of Slug Interference Testing

Factors Influencing
Test Response

e Transmissivity -
e Storativity o

e Radial distance

« Partial penetration

e Anisotropy

e Wellbore storage

$9309075.9



Applicability of Slug Interference Testing

Summary -
Slug Interference Testing

 Extended hydraulic
characterization capabilities

» Rapid results at low cost

« Characterization of iriterwell distances
to~30m

8930007510



Applicability of Slug Interference Testing

Areas of Future Emphasis

» Modify existing slug-interference analytical
method to account for the effects of

— Partial penetration
— Anisotropy
_ Unconfined aquifer conditions

593090751 1
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Dimensionless Head, HD
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Pressure Response, H, — H (kPa)
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Pressure Response, H; - H (kPa)
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