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Abstract

Standard aquifer tests in low-permeability sediments are of doubtful value because of the ambiguity and spread of the derived
plots that drive the calculations. Recent literature on laboratory determinations of in situ hydraulic conductivity concludes that
permeameters and grain-size analyses are not acceptable for fine-grained sediments and soils. Slug tests are of value in low-
permeability sediments and produce valid approximations of hydraulic conductivity within one order of magnitude. We
compare the various methods of analyzing slug test data, discuss their relative merits and shortcomings, and make
recommendations on preferred methods. Future studies will involve field investigations on slug tests combined with tracer tests
under controlled conditions, on related computational handling of slug test data, and on monitoring well installation methods
to minimize permeability reduction at the formation-borehole face during drilling. -

Introduction

Over the past 50 years, highly permeable sediments provided the basis (and the flow) for developing many
sound analytical charactizations of an aquifer’s permeability, transmissivity and storage which, when combined
with pumping a well, allow for the prediction of drawdown as a function of time and position (Theis, 1935).
We have had no serious need to estimate aquifer flow of less than one gpm until recently. However, sites of
low permeability are often sites which contain and restrain contaminants from moving offsite for many years
(see Dunn (1983) and Fawcett (1989)). But, the need notwithstanding, the methods of evaluation and
characterization of sediments with intermediate to high permeability are not applicable to low permeability
conditions because the inherent low pumping rates produce drawdown data of dubious value. The plots of such
data and the associated scatter illustrate the problem and confounds analytical treatment regardless of how
elegant the numerical/analytical method. Without meaningful data, the results are useless and mislcading.

Over the past 15 years, the need for improved methods and technology has become obvious as hazardous waste
investigations have expanded in number and complexity. In one response to this need, our ability to identify,
define and characterize organic hydrocarbons, for example, in ground water at low concentrations has advanced
significantly. In another response, developments in instrumentation such as in pressure transducers and useful,
personal computers and associated applications software (scc Pedler ¢t al.(1990) and Bradbury and Rothschild
(1985)), have placed powerful data acquisition and computational tools in the hands of hydrogeologists,
remediation engineers, and other professionals involved in environmental investigations (for pitfalls, remember:
Dansby (1987) and Smith (1987)).

We now can identify the contaminant and, given sound mathematical equations, we have the ability to
investigate complex relationships by modeling subsurface behavior over time. However, the inherently weak
link in the modeling appears to be the methods employed to estimate hydraulic conductivity (previously known
as the coefficient of permeability, see Campbell and Lehr, 1973) for sites containing fine-grained sediments
and soils of low permeability.

85



The state of the world’s industrialization requires that we now must estimate the rate of ground-water
movement even at such slow rates as 5.0 x 10”7 cm/sec. We must also have some confidence that our estimates
of hydraulic conductivity have validity. The equivalent flow of a few feet per day for a toxic contaminant
present in a dissolved concentration of a few thousand micrograms per liter assumes important implications
to human health, which is the essential purpose of the concern of any meaningful environmental investigations
involving ground water.

There are a number of methods available to estimate hydraulic conductivity. In the course of our companys’
consulting business throughout the U.S. and overseas, we conduct numerous environmental and geotechnical
investigations for a broad base of industrial clients. These projects include reviewing other consultants’ reports,
drilling and installing monitoring wells and conducting aquifer tests and ground-water sampling programs for
contamination associated with underground storage tanks, environmental assessments for property transfers
and associated CERCLA and RCRA projects. In all of these, the issues of ground-water flow direction and
flow rate are of primary importance and require investigation.

The U.S. Code of Federal Regulations require that hydraulic conductivity be determined at hazardous waste
sites but does not stipulate the method(s) to be used (U.S.C.F.R.,1988). The Alpha Research Group was
formed within the Law Companies Group, Inc. in response to the growing industry debate concerning method
selection. The purpose of the Alpha Research Group is 1o assess the issues and to conduct ongoing research
into the subject, with special emphasis on low permeability applications. This is a progress report of the
group’s findings to date. In this paper, we will review: 1) the various methods of estimating hydraulic
conductivity, obtained both in the laboratory and in the field, 2) the relative merits and shortcomings of the
methods, 3) our general observations and conclusions at this stage of our investigations, and 4) the direction
of the applied research we intend to pursue on the subject.

Hydraulic Conductivity: Laboratory and Field Tests

Historically, non-pumping methods include a variety of approaches involving two basic types of tests, Le.,
laboratory and field tests. Laboratory tests employing permeameters and grain size analysis are widely used
for geotechnical engineering studies. Melby (1989) summarizes the recent literature on laboratory
determinations of hydraulic conductivity and concludes that permeameters produce reasonable results for high
permeability conditions but are not acceptable for fine-grained sediments and soils. Herzog, et al.(1989) make
similar comments by noting that their field-determined values of horizontal hydraulic conductivity were 10 to
1,000 times greater than laboratory-determined values. Cleary (1990) also observes that the use of laboratory
values in contaminant/ground-water studies often results in poor estimations of travel times.

Laboratory Tests: High Permeability

In a study of unconsolidated sediments in the Netherlands, Ridder and Wit (1965) report that laboratory test
results on "undisturbed" coarse-grained sands were in agreement with classical aquifer test results and with
results produced by grain-size distribution of the samples. MacFarlane, et.al (1983) found similar results on
an unconfined sand aquifer using aquifer and in situ field tests. Permeameter tests and grain size analyses were
similar but were slightly higher than in situ field tests. In an carlier review of the literature, Taylor, et.al (1987)
indicate that majority consensus supported the view that grain-size-derived hydraulic conductivity values
differed by several orders of magnitude from field determinations. However, in their investigations on a
moderately- to well-sorted sand aquifer, grain-size estimates were in the same order of magnitude as their field
results. Fetter (1988) found similar results for a well-sorted medium sand.

Laboratory Tests: Low Permeability

For fine-grained sediments and soils, Olson and Daniel (1981) reviewed the literature of the period and
concluded that field tests are preferred over laboratory permeameter tests because the former permits a larger
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volume (o be tested which would incorporate the effects of macrostructures and macropores, such as root
openings and fissures (slickensides). Pollock, et.al (1983) in a study of clayey mine spoil found the following
hydraulic conductivity values for the three methods:

TEST TYPE Average Horlzontal
Hydraulic Conductivity
(em/sec)

Based on Aquifer Tests: x10* to x10°

Based on In Situ Tests: x10™

Based on Laboratory Tests: x10% to x10°®

They concluded that "the differences between laboratory and field results probably were due to the
measurement of different flow directions and [to] the absence of fracture [macropore] flow in the laboratory
samples. Other investigators found similar results. Herzog and Morse (1984) conducted a comparative study
of laboratory and field tests at a waste disposal site. Their results indicate that laboratory values of hydraulic
conductivity were at least one order of magnitude lower than field values. They recommended that field tests
be conducted for waste disposal sites rather than laboratory tests.

The emerging conclusion is that fined-grained sediments have higher permeability than indicated by small cores
used in laboratory permeameters. Keller, ct.al (1986) conducted both laboratory and field tests on an
unweathered clayey till in Canada. They showed that the bulk permeability of the till was larger than its matrix
permeability by some two orders of magnitude. Examinations were performed to establish visual evidence of
fractures and other macropores in Shelby tube samples but none were found. Sample scale was again suspected
as being responsible for the difference in bulk and matrix permeability. Hendry (1982) and Prudic (1982) found
similar conditions.

In studies on clay liners of hazardous waste sites, Melby (1989) and Daniel (1987, p.15)) cite evidence that
laboratory tests have consistently yielded values that were "much too low" and that field tests should be
employed to determine the permeability of compacted clay liners. In general then, for fine-grained sediments,
the laboratory methods used for estimating hydraulic conductivity have serious shortcomings. Olson and Daniel
(1981) indicate that under laboratory conditions increasing the hydraulic gradient resulted in increases as well
as decreases in hydraulic conductivity values (see Follmer (1984), Schwartzendruber (1968) and Mitchell and
Younger (1967)). In addition, undisturbed samples are required fot laboratory tests, although such a condition
would be difficult to achieve.

In Situ Field Tests

Field tests involve either classical aquifer testing (via pumping), tracer studies (to estimate travel direction and
velocity), flow-meter tests (although low-flow studies have not been successful), and so-called "slug" and "bailer"
tests. The latter tests are widely used because: 1) some method is required to determine in situ permeability,
and 2) these tests are the only widely accepted approaches presently available.

Aquifer Teslts

Aquifer tests are usually considered to be the most reliable method to determine hydraulic conductivity. But,
in sediments where a constant-rate aquifer pumping test does not produce a sustained flow rate, such tests will
not be possible. In addition, even when a small, but sustained [low rate can be maintained, in applications
where pumping would accumulate a large volume of contaminated ground water for subsequent storage or
disposal, such pumping would be prohibitive.

Tracer and Flow-Meter Tests

Tracer tests are time consuming and often costly to perform. Results are ambiguous on occasion but are
usually used to confirm other tests where test duration is not a project issue. Davis, et al., (1980) reviews
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tracers used in ground-water studies to determine direction and velocity of flow. Schroeder (1982) treats the
state of instrumentation in aquifer testing under a varicty of environmental conditions.

Slug Tests

Slug tests involve a short-term introduction or removal of water via a well or boring into (or out of) a
subsurface interval of sediment, soil, or fractured rock. For information on slug tests in fractured rocks, see
Schwartz (1975). Monitoring the water level rise (or fall) as it returns to quasi-equilibrium conditions produces
data on the basis of which numerous researchers have developed methods to determine hydraulic conductivity
and transmissivity. In general, slug tests are limited to sediments with a transmissivity of less than 7,000 ft*/day.
With high-speed instrumentation (transducers and recorders), even highly permeable aquifers with horizontal
hydraulic conductivities greater than 10 cm/sec can be evaluated by using slug tests (see Prosser (1981) and
McLane, et al.(1990)), although the classical aquifer test methods provide more information on aquifer
conditions than site-specific slug tests. Slug tests originated out of the needs of geotechnical engineering
projects where shallow subsurface conditions, pore pressure distribution, and dewatering were important
factors in construction and foundation engineering for buildings, dams, and bridges (Bouwer, 1978).

The inherent problem with slug tests in clay-rich sediments is that the hole or boring wall is usually smeared
during construction by augering which further reduces permeability at the face exposed to the screen of the
monitoring well. This applies to sites with low permeability where clay content is high. Smearing of coarse-
grained sands without significant clay content would not have an impact on flow into the well, unless the hole
was drilled with clay-rich muds. In this case, well development would be important, after installation of the
monitoring well, to remove fine-grained material that could reduce permeability at the borehole-formation
face.

Each slug test method was developed in response to a particular subsurface condition, but on the whole, each
method is related in some way to some extent to the other methods. One method was developed to
accommodate certain features that previous methods either overlooked or ignored. The following methods will
be reviewed:

Slug Test Method: Date Published:
1. Hvorslev Method 1951
2. Cooper-Bredehoeft-Papadopulos Method 1967
3. Ferris-Knowles Mecthod 1963
4. Theis (Modified) Method 1935
5. Bureau of Reclamation Method 1960
6. Nguyen-Pinder Method 1984
7. Bouwer-Rice Method 1976

1. Hvorslev Method

Hvorslev (1951) pioneered the development of in situ field tests, particularly the slug test. The need existed
to estimate in situ hydraulic conductivity for both confined and unconfined aquifers under a variety of well
geometries and aquifer conditions. The method has been described by Fetter (1988) and by Cedergren (1977),
and involves determining the ratio "H/H(0)", where "H(0)" or "H," is the distance the water level declines upon
removal of a slug of water, and "H" is the height of the water level below the static water level at some time,
"t", after the slug is removed. The ratio is plotted versus time on semilogrithmic graph paper. A straight line
should be evident.

A restriction imposed by the Hvorslev method is that the length of the well must be greater than eight times
the radius of the well screen. Meeting this restriction would be a problem for only very shallow or large
diameter wells. The following is considered to be the general form of the Hvorslev equation:
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r* Ln(L/R)
K=—
2LT,

where:

K= hydraulic conductivity

r= radius of well casing

R= radius of well screen

L= length of well screen

T,= time required for the water level to
rise to 37% of the initial
change, obtained from the
graph of H/H(0)

Hvorslev ignored the effects of compressive storage, and for water table cases, he assumed that the aquifer has
an "infinite" thickness. The "saturated thickness" factor in water table considerations also is not incorporated
in the Hvorslev method. In a review of the method, Chirlin (1989) addresses the shortcomings of the Hvorslev
method by recasting the approach into a framework where compressibility and quasi-steady state conditions
are considered, i.e., the Cooper, et al.(1967) model.

Chirlin emphasizes that Hvorslev provides no physical basis for selecting "effective radius" (or re) and
introduces the Cooper approach to correct for the deficiency in Hvorslev and to act as a standard against
which to judge the effect of the incompressibility assumption by Hvorslev. Chirlin is continuing his efforts
along these lines.

Summers, et.al (1983) evaluated the commonly used slug test methods during a field program on the Pierre
Shale in New Mexico and found that in using Hvorslev the volume of the slug was neither important nor
required, and that only a few depth-to-water measurements were needed to obtain a straight line. However,
they also found that in several cascs a straight line could not be achieved with the data produced. At the
present time, the Hvorslev method is used widcly for reasons that are more related to historical precedence
than to technical justification. The method has widespread acceptance and meets the perceived needs of the
engineering profession because the method has produced results that seem to be reasonable approximations
of in situ permeability. Modifications to the method are expected to evolve through the work of Chirlin,
Melby, Summers and others. Patterson and Devlin (1985) suggest a down-hole packer to improve upon the
reliability of the early water-level data.

An associated method commonly used in geotechnical engineering companies is termed: NAVFAC (DM-7.1),
which is a restatement of the Hvorslev approach (see Anon.,1982).

2. Cooper-Bredchoeft-Papadopulos Method

The Cooper-Bredehoeft-Papadopulos (1967) method is widely regarded by most hydrogeologists and engineers

as the most appropriate approach to estimating in situ permeability. The method uses a type-curve to obtain

a match point which produces the input value for time in the following equation:

1440 r}
bt
where:

K = hydraulic conductivity
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r, = radius of casing
b = length of screen
t = time since slug was inserted

According to Lohman (1979), the Cooper, et al. method was designed for confined, homogeneous aquifers of
infinite areal extent where the well is fully penetrating and the diameter is small enough to ignore well storage
effects. It is also reported to be strictly applicable to formations with low transmissivities of less than 7,000
ft*/day.

Cleary (1990) indicates that although in principle the storage coefficient (S) may be estimated with this
method, the reliability of such is questionable because of the similarity and related ambiguity of the type curves
for different values of S. If S is required and if the formation is suffiently permeable that a reliable aquifer test
via pumping is possible, then an aquifer test could provide the parameter: S. In an attempt to offset the
problem with getting a reasonable value of S, Walter and Thompson (1982) offer a "repeated pulse” technique
as a modification to the Cooper, et al. method for use in formations of low permeability. This approach yields
information similar to conventional aquifer tests.

Summers, et al.(1983) found that if the data do not match one of the family of curves provided by the method,
there is no possible estimate of K. The greater the degree to which the curve fits the field data, the greater
the reliability of the derived results. In order to obtain a good "fit", data for both "tails" are required. That is,
several measurements of the water level are required during the early decline period and after 90% of the
decline has occurred. The principal shortcoming of the method is that the field data did not fit just one curve
but had characteristics that fit other curves as well. In order to offset this problem, many measurements are
required and the duration of the test may require many hours.

Further refinements of the Cooper, et al. approach were made on the various functions by Papadopulos, et
al.(1973) and by Reed (1980). The Cooper, et al. model is used by Chirlin (1989) to generate "observations”,
while the Horslev model is applied to thesc observations to estimate hydraulic conductivity. This apparently
provides a quantitative comparison of the two models, and defines the conditions for which the Hvorslev
estimate of hydraulic conductivity is led astray by the assumption of incompressibility.

3. Ferris-Knowles Method

Ferris-Knowles (1963) made the assumptions in their method that the well was fully penetrating in an aquifer
under confined conditions, radially infinite, homogeneous and isotropic. In contrast to Hvorslev (1951), their
method allows for aquifer storage but ignores wellbore storage. The Cooper, et_al. model has essentially
replaced the Ferris and Knowles model.

The method involves the following relationship:

15.28 q(1/t)
K= ——
bs

where:

K = hydraulic conductivity (in ft/day)

q = volume of the slug (in gallons)

t = the time (in minutes) since the slug was injected
s = residual head (in feet) at clapsed time t

b = contributing interval of the piezometer
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Summers, et al.(1983) used the Ferris-Knowles method in their study and plotted measured depth to water
verus 1/t. Toward late times in the test, the plot should produce a straight line as the levels approach zero (0).
If this fails to occur then the method will not function on the particular data set. If a straight line occurs then
the slope of the line is equal to s/(1/t) and the equation can be solved for K. The group found that many
measurements were required after half of the water-level decline had occurred. Furthermore, while the method
gave what appeared to be reasonable results, they were often inconsistent with the results produced by other
methods and substantial time was required to conduct the test.

4. Theis (Modificd) Mcthod

This method is essentially the same approach employed for the conventional aquifer testing. The Summers,
et al. (1983) group made the assumption the slug was instantaneous and that one gallon of water was added
to a piezometer, a short-term injection test. They plotted H versus log of the time since injection ended, to
solve for the following model:

3530
K= ——r
bs

where:

K = hydraulic conductivily

Q = injection rate (in gpm)

b = screen length (feet)

s = water-level change indicated by
a straight-line segment
during one log-cycle.

Summers, et al.(1983) suggest that the Theis (modified) method gave inconsistent results, and in some cases,
provided results that were obviously unique.
5. Burcau of Reclamation Mcthod

This method is one of many approaches developed by the U.S.B.R. (Anon, 1960), and assumes a constant rate
of injection, according to the following equation:

261.8 Q
rH,
where:
K = hydraulic conductivity
Q = injection rate (gpm) determined from the
average rate at which water drains from the casing.
r = radius of casing
H, = calculated water-level rise caused by the slug
The U.S.B.R. method provided values in the range that were either in good agreement or were an order of

magnitude higher (and lower). In a continuation of the U.S.B.R. work, the "new" U.S. Water and Power
Resources Service produced an engineering manual that contains descriptions of many specialized permeability
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tests (see Anon., 1981). Another Federal Government document is of interest concerning slug tests, see
(Anon., 1961).

6. Nguyen-Pinder Method

The Nguyen and Pinder (1984) method is applicable to partially penetrating wells. Plots of: 1) Log H(t) vesus
log t, and 2) log -H/t versus 1/t are prepared and the slopes of the graphs, C1 and C2, are generated. The
hydraulic conductivity can be calculated by using the following relationship:

r2 C

4Cy(2y-2y)

where:

K = hydraulic conductivity
r, = radius of casing
C, = slope of plot: log H(t) vs. log t
C, = slope of plot: log -H/t vs. 1/t
z, = distance from bottom of screen to bottom
of aquifer
z, = distance from top of screen to bottom of aquifer

According to Melby (1989), his comparative analysis of four of the slug test methods indicates that the Nguyen
and Pinder (1984) method produced consistently low values for hydraulic conductivity when compared to the
results of the other methods. The plots required for this method generally did not yield good straight-line
solutions, according to Melby. This was supported by Nguyen and Pinder (1984) wherein they caution that any
significant deviation from a straight-line plot indicates either inaccurate data (i.e., for the water-level
measurements) or an inappropriate mathematical model.

7. Bouwer-Rice Method

The Bouwer and Rice (1976,1989) method is used widely for unconfined and confined conditions, partially
penetrating to fully penetrating, screened, perforated or otherwise open wells. The method is based on a
modification of the Thiem equation for steady-state flow (Thiem, 1906). The recent update from Bouwer
(1989) indicates that the approach is applicable to confined or stratified aquifers if the top of the screen or
perforated section is some distance below the upper confining layer. The governing equation, supported by
others, is as follows:

rcz Ln(RE"rrw) 1 YU
K= ——~  _In—
2L 1 Vi

€

where:

K = hydraulic conductivity
radius of casing

o"‘
I
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R, = a dimentionless ratio describing system geometry
I, = radius of screen plus thickness of sand pack or developed zone.
L. = length of screen
Yo = vertical difference between water level inside well
and static-water level outside well at time 0
y, = as above, but y at time t.

This method has many of the attributes and shortcomings of the Hvorslev method but advances the approach
by accommodating previous difficult issues. It accounts for the geometry of the screen, gravel pack, finite
saturated thickness and an effective radial distance over which the initial drawdown is dissipated. Using
clectrical analog modeling to characterize R,, Bouwer and Rice (1976) and Bouwer (1989) provide a
convenient set of curves relating R, to other known well dimensions (Pandit and Miner, 1986). However, the
issue of aquifer compressive storage effects remains unattended in the Bouwer and Rice method and Hvorslev
method.

Field tests using the Bouwer and Rice method produce consistent results that generally compare favorably with
other methods, with the exception of the Nguyen and Pinder method and a few others reviewed above. For
example, Summers, et al.(1983) found that in their study this method was the method of choice because it
produced consistent results under a varicty of conditions. Melby’s investigation found that the method
compared favorably with Cooper, et al., even without corrections for compressibility. His slug test results also
compared well to the constant-rate aquifer test. Could it be that the methods (Bouwer and Rice and Hvorslev)
are correct for the wrong reasons and that Cooper, et al. are correct for the appropriate reasons? In an
attempt to address this issue, Black (1978) adapted the Bouwer and Rice method for application with the
procedures used by Cooper, et al., although the adaption has been put to little use to date.

Comparison of Slug Test Results

A vast set of data exists that contains results of slug tests from wells in various geologic settings. We are
accumulating and organizing these data for further evaluation. The first two sets of data (from Summers, et
al.(1983) and Melby (1989)) are presented in Figures 1 and 2; the latter is an expansion of the Oklahoma
results presented in Figure 1 (upper right). The Bouwer and Rice results shown include the results from two
analyses. One set was derived by the standard method (Bouwer and Rice, 1976), while the second data set was
calculated by estimating the fluid-level rise from the volume of slug and the diameter of the casing, then
plotted according to the standard procedure. In the New Mexico results, the spread between the two sets of
results converge with increasing hydraulic conductivity, and the absolute variation is well within one order of
magnitude. The figures illustrate the relationships between the methods over a broad range of low to
intermediate values for hydraulic conductivity, from 10° to 107 cm/sec. The Summers data are from tests in
a shale unit in New Mexico while the Melby data are from tests in alluvium in eastern Oklahoma.

Conclusions and Observations
Based on our investigations to date, we have come to the following conclusions:

1) Laboratory analyses (both from permeameters and from grain-size analyses) representing hydraulic
conductivity are of doubtful value, especially for fine-grained materials, for the following reasons:

A. There is a difference between bulk and matrix hydraulic conductivity because macropores
( ie., critter borings, root holes (refilled), slickensides and other site-specific causes of
increased permeability) play a major role in determining the permeability of any area of
unlithified sediment or rock. The small sample size used in laboratory tests could only
represent matrix permeability, with the exception of the occasional interception of a
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macropore.

B. The laboratory method imposes unnatural pore pressures on the contained sample which
affects the fined-grained material contained in the sample by either compressing or
otherwise moving or bending particles into existing pore space. If the hydraulic gradient
in the lab were adjusted to the point where these effects were no longer prevalent, the time
required 1o test one sample would be prohibitive.

2) The Bouwer and Rice method is the method of choice for slug tests because the method’s results
are consistent with other more cumbersome and time-consuming methods.

3) Data acquisition, handling and computational processing should be assigned to the computer for
quick response. The primary constants and intermediate equations can be converted to algorithms.
However, the responsibility for the nature of the input data and associated results rests with the
hydrogeologist or environmental engineer.

4) By the nature of the inherent variability in the subsurface, slug test results in fine-grained materials
should be only considered valid over a range of one order of magnitude for contaminant transport
studies.

5) Slug test results should be evaluated in context with a detailed boring/geologic log, preferably a
geophysical log (natural gamma) or cone penctrometer log in order to have a direct comparison
between geologic and hydraulic propertics of the particular site.

Direction of Future Investigations
We intend to pursue the following direction in our research on slug tests and hydraulic conductivity:

1) Continue to compile and organize data sets of slug test results from our projects throughout the
U.S. and from other sources.

2) Install monitor wells on company property to conduct ongoing investigations on: 1) monitor well
installation to evaluate ways to minimize formation face damage via downhole scratchers or other
methods, and 2) conduct slug tests combined with tracer tests under controlled conditions and over
various periods of time to serve as cross-checks on slug test results.

3) Develop spreadsheet and other solutions to handle the various slug test computations and for
comparing and and assessing the results and relative merits of the available slug test methods. Some
possible solutions have already appeared (see Bumb and Ramesh, 1990; Kemblowski and Klein,
1988; and Thompson, 1937).
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