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Abstract

Numerous single-hole and cross-hole pneumatic injection tests have been conducted in unsaturated fractured tuff at the
Apache Leap Research Site (ALRS) near Superior, Arizona. Steady-state analyses of single-hole tests conducted by Guzman
et al. [Summary of Air Permeability Data From Single-Hole Injection Tests in Unsaturated Fractured Tuffs at the Apache Leap
Research Site: Results of Steady-State Test Interpretation (1996)] have yielded values of air permeability at various locations
throughout the tested rock volume on nominal scales from 0.5 to 3.0 m. Analyses of transient data from single-hole and larger-
scale cross-hole tests were performed by Illman and Neuman [Ground Water 38 (2000) 899; Water Resour. Res. 37 (2001) 583]
using type-curves and by Vesselinov and Neuman [Ground Water 39 (2001) 685] and Vesselinov et al. [Water Resour. Res. 37
(2001a) 3001; Water Resour. Res. 37 (2001b) 3041] using numerical inversion. These have yielded bulk fracture permeabilities
and porosities on scales ranging from a few meters to several tens of meters. We complement the latter results by steady-state
analysis of a relatively large set of cross-hole tests. Steady-state analysis (a) allows interpreting cross-hole tests that were not
interpreted using type-curves due to weak or noisy signals, (b) is relatively easy to perform, and (c) yields results comparable
with those obtained from transient analyses. We analyze the results statistically and discuss their implications vis-a-vis the
pneumatic properties of unsaturated fractured tuff at the ALRS. Our results strengthen the evidence for a previously surmised
permeability scale effect at the site.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction rather than with water (Kirkham, 1946; Boardman and
Skrove, 1966; Montazer, 1982; Trautz, 1984; Mishra
et al., 1987; Rasmussen et al., 1990, 1993; Baehr and
Hult, 1991; Edwards and Jones, 1994; Massmann and
Madden, 1994; LeCain and Walker, 1994; LeCain,
1995, 1996, 1998; Guzman et al., 1996; Illman et al.,

1998; Wang et al., 1998; Huang et al., 1999; Benito

The characterization of unsaturated fractured rocks
by means of hydraulic tests is fraught with logistical
and technical difficulties. Many of these difficulties
can be overcome by conducting field tests with air
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et al., 1998, 1999).
Numerous single-hole (Guzman et al., 1994, 1996)
and cross-hole (Illman et al., 1998; Illman, 1999)
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pneumatic injection tests have been conducted by the
University of Arizona atthe Apache Leap Research Site
(ALRS) near Superior, Arizona. The tests were
conducted in vertical and inclined (at 45°) boreholes
drilled to a maximum depth of 30 m in unsaturated,
slightly welded fractured tuff. Guzman et al. (1994,
1996) and Guzman and Neuman (1996) conducted over
270 single-hole pneumatic injection tests in short
isolated intervals within six boreholes. By considering
relatively stable periods of injection rate and pressure
during each test, the authors were able to estimate the
bulk permeability of fractures within the surrounding
rock on nominal scales of 0.5-3.0 m by means of
steady-state formulae. Analyses of transient data from a
selected number of single-hole tests were performed by
Illman and Neuman (2000) using type-curves, and by
Vesselinov and Neuman (2001) using a numerical
inverse model. These analyses have yielded estimates
of bulk fracture permeability, porosity, skin factor
and dimensionality of the flow regime on a nominal
scale of 1 m.

Single-hole pneumatic injection tests provide
information only about a small volume of rock in
the close vicinity of the injection interval. Fractured
rock properties measured on such small scales tend to
vary rapidly and erratically in space so as to render the
rock strongly and randomly heterogeneous. To
determine the properties of the rock on larger scales,
Illman et al. (1998) and Illman, (1999) have
conducted numerous cross-hole pneumatic injection
tests at the site. The tests were conducted by injecting
air into an isolated interval within one borehole while
monitoring pressure responses in isolated intervals
within this and other boreholes. Analyses of transient
data from one of these cross-hole tests were
performed by Illman and Neuman (2001) using
type-curves, and from several tests by Vesselinov
et al. (2001a,b) using numerical inversion. These
analyses have yielded bulk fracture permeabilities and
porosities on scales ranging from a few meters to
several tens of meters.

Tests, during which injection took place in low
to moderate permeability intervals, proved to be
more difficult to analyze by means of transient
methods than those during which injection took
place in high permeability intervals. This is so
because the latter tests have generated distinct
pressure signals that were relatively unaffected by

background noise (due in large part to atmospheric
pressure fluctuations) whereas the former tests have
generated relatively weak pressure signals that were
more difficult to separate from noise.

There have been no previous steady-state
analyses of cross-hole test data from the ALRS.
We present such analyses in this paper for a larger
set of cross-hole tests than those analyzed pre-
viously by transient methods. In particular, we
include in our analysis data from tests during
which injection took place into intervals of low to
moderate permeability. These tests have yielded
relatively weak signals that would have been
difficult to interpret by transient methods. The
interpretation of transient data is further compli-
cated by factors such as non-linear borehole and
rock storage effects due to the large compressibility
of air, and borehole skin effects. These factors have
a much lesser impact on parameter estimates
obtained on the basis of steady-state data. Though
steady-state analyses do not yield information about
fracture porosities, we expect them to provide
reliable estimates of bulk fracture permeabilities.
We analyze our results statistically and discuss
their implications vis-a-vis the pneumatic properties
of unsaturated fractured tuff at the ALRS. Our
results provide further evidence for a previously
surmised permeability scale effect at the site
(IIlman and Neuman, 2001; Vesselinov et al.,
2001a,b; Hyun et al., 2002).

2. Site description

The ALRS is located near Superior, Arizona, at an
elevation of 1200 m above mean sea level (Fig. 1). It
is situated near Apache Leap, a 600 m west-facing
escarpment that exposes a thick layer of volcanic tuff
and underlying carbonates. The tuff is a consolidated
ash-flow sheet of dacite that has its origin in a
turbulent mixture of hot gas and pyroclastic material
about 19 million years ago. The ash-flow sheet
(Peterson, 1961) covers an area of 1000 km? and
varies considerably in thickness about an average of
300 m. Climate at the site is warm-temperate and
semi-arid, with a mean annual precipitation of less
than 500 mm. Precipitation occurs primarily from
mid-July to late-September in the form of high



38

W.A. lllman, S.P. Neuman / Journal of Hydrology 281 (2003) 36-54

%

)

A}J\é‘w 4

4
T

Y5 b

—

i
L

A
<

A
o

0y

d

HoTE N

Fig. 1. Location map of ALRS test area (star). Elevation contours are in feet above mean sea level.

intensity, short duration thunderstorms, and from
mid-November to late-March as rains of longer
duration and lower intensity. The regional water
table lies at a variable depth of more than 600 m.
Except for a relatively thin perched zone of saturation
at a depth of approximately 150 m, the rock above
the water table is unsaturated.

The test site included 22 vertical and inclined (at
45°) boreholes that have been completed to a
maximum depth of 30 m within a geologically distinct
unit of partially welded unsaturated tuff. A three-
dimensional perspective of the boreholes at the site is
shown in Fig. 2. The upper 1.8 m of each borehole
was cased. Cross-hole testing was conducted in 16
boreholes belonging to the sets V, W, X, Y and Z,
which span a volume of rock on the order of
60,000 m>. A surface area of approximately 1200 m?
was covered with a thick plastic sheet to minimize
infiltration and evaporation before and during pneu-
matic tests. Additional details of the site are given by
Illman et al. (1998).

3. Previous work at the ALRS

Early work related to our area of study at the
ALRS is described by Trautz (1984), Rasmussen
and Evans (1987, 1989, 1992), Tidwell et al.
(1988), Yeh et al. (1988), Weber and Evans (1988),
Chuang et al. (1990), Rasmussen et al. (1990,
1993, 1996), Evans and Rasmussen (1991), Halde-
man et al. (1991) and Bassett et al. (1994). This
work included drilling, the retrieval of oriented
core samples totaling 270 m in length, geophysical
logging and televiewer imaging of the boreholes,
and a variety of field and laboratory tests.
Laboratory measurements on core samples provided
information about rock matrix interstitial properties
such as bulk density, effective porosity, skeletal
density, pore surface area, and pore size distri-
bution; hydraulic properties such as saturated and
unsaturated hydraulic conductivity and moisture
retention characteristics; pneumatic properties
such as oven-dry and unsaturated air-phase
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Fig. 2. Three-dimensional perspective of the boreholes at the site.

permeability; and Klinkenberg slip flow coefficient
(Klinkenberg, 1941).

Information about the location and geometry of
fractures has been obtained from surface observations,
the examination of oriented cores, and borehole
televiewer records. A summary of data concerning
the orientation, dip and density of fractures in
boreholes can be found in Rasmussen et al. (1990).
A total of 79 fractures have been identified in
boreholes at the site. The fractures appear to be
exponentially distributed in a manner consistent with
a Poisson process of fracture locations. Fracture
density, defined by Rasmussen et al. (1990) as number
of fractures per meter in a 3 m borehole interval,
ranges from zero to a maximum of 4.3 per meter. The
fractures exhibit a wide range of inclinations and
trends, but most are near vertical and strike north—
south. Vickers et al. (1992) reported a study of
aperture distribution in a large natural fracture at the
site.

Single-hole pneumatic injection tests were con-
ducted in 87 intervals of 3 m length in nine boreholes
by Rasmussen et al. (1990, 1993). According to
Rasmussen et al. (1993), the tests were conducted by
injecting air at a constant injection rate between two

inflated packers while monitoring pressure within the
injection interval. Pressure was said to have reached
stable values within minutes in most test intervals.
Fig. 5b of Rasmussen et al. (1993) suggests a good
correlation between pneumatic and hydraulic perme-
abilities at the ALRS. A more detailed summary of
this and other early work at the site can be found in
Illman et al. (1998).

Single-hole pneumatic injection tests conducted at
the ALRS by Rasmussen et al. (1990, 1993) were of
relatively short duration and involved relatively long
test intervals. Guzman et al. (1994, 1996) and
Guzman and Neuman (1996) performed a much
larger number of single-hole pneumatic injection
tests of considerably longer duration over shorter
injection intervals in six boreholes. A total of 184
borehole segments were tested by setting the packers
1 m apart. Additional tests were conducted in
segments of lengths 0.5, 2.0 and 3.0 m in borehole
Y2, and 2.0 m in borehole X2, bringing the total
number of tests to over 270. The tests were conducted
by maintaining a constant volumetric injection rate
until air pressure in the test interval remained within
1 mm of Hg (133.33 Pa) for a period of 30 min.
Pressure has reached stable values in most test
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intervals, thus allowing the calculation of air per-
meability by means of steady-state formulae. The
injection rate was then increased by a constant value
and the procedure repeated. Three or more such
incremental steps were conducted in each borehole
segment while recording air injection rate, pressure,
temperature and relative humidity. For each relatively
stable period of injection rate and pressure, air
permeability was estimated by treating the rock
around each test interval as a uniform, isotropic
continuum within which air flows as a single-phase
under steady state, in a pressure field exhibiting
prolate spheroidal symmetry. The results of these
steady-state interpretations of single-hole air injection
tests are listed in Guzman et al. (1996) and
summarized in Guzman et al. (1994, 1996), Guzman
and Neuman (1996) and Illman and Neuman (2000).

The work of Guzman et al. (1994, 1996) and
Guzman and Neuman (1996) strongly suggests that air
injection tests yield properties of the fracture system,
which are relevant to both unsaturated and saturated
conditions. In particular, numerical simulations by
these authors show that, whereas the intrinsic
permeability one determines from such tests is
generally lower than the intrinsic permeability to
water of fractures which surround the test interval, it
nevertheless approaches the latter as the applied
pressure goes up. This is so because capillary forces
tend to draw water from fractures into the porous
(matrix) blocks of rock between the fractures, thereby
leaving the latter saturated primarily with air. Water
saturation in the matrix blocks is therefore typically
much higher than that within the fractures, making it
relatively difficult for air to flow through such blocks.
It follows that, during a pneumatic injection test, the
air moves primarily through fractures (most of which
contain relatively little water) and the test therefore
yields flow and transport parameters which are only
slightly below the intrinsic properties of these largely
air-filled fractures.

Spatially distributed log air permeability data
obtained from a steady-state interpretation of the
184 single-hole tests in 1 m borehole intervals were
subjected to geostatistical analysis by Chen et al.
(2000). The authors determined that these data could
be viewed as a sample from a random field, which
lacks a unique variance or correlation scale. Instead,
the field constitutes a random fractal characterized by

a large variance and a wide range of spatial correlation
scales, both theoretically infinite. Using the geosta-
tistical method of kriging, Chen et al. were able to
estimate the way that log permeability varies in three-
dimensional space between and around the boreholes.
Their estimate is based on an augmented database of
227 values including the original 184 values corre-
sponding to 1 m long test intervals, and 43 values
obtained earlier by Rasmussen et al. (1990, 1993)
from single-hole tests in 3 m intervals within bore-
holes X1, X3, Y1, Z1 and Z3, which have not been
tested by Guzman et al. (1994, 1996).

Illman and Neuman (2000) used type-curves to
interpret over 40 transient pressure data from the
single-hole air injection tests previously conducted at
the ALRS by Guzman et al. (1994, 1996) and Guzman
and Neuman (1996). Their analyses provided infor-
mation about air permeability, skin factor and
dimensionality of the flow regime on a nominal
scale of 1 m in the immediate vicinity of each test
interval. The authors’ transient air permeabilities
agree well with previously determined steady-state
values.

Most recently, Vesselinov and Neuman (2001)
used a numerical inverse method to interpret simul-
taneously four sets of multi-rate injection and
recovery data. Their model represents faithfully the
three-dimensional geometry of boreholes at the site,
and accounts directly for air storage and conductance
properties by treating them as high-permeability
and high-porosity cylinders of finite length and radius.
It solves the airflow equations in their original
non-linear form and yields information about air
permeability, air-filled porosity and dimensionless
borehole storage coefficient. Some of this is difficult
to accomplish with analytical type-curves. Air
permeability values obtained by their inverse method
agree well with those obtained by steady-state and
type-curve analyses.

4. Cross-hole pneumatic injection tests

Core and single-hole measurements, conducted
over short segments of a borehole, provide infor-
mation only about a small volume of rock in the
immediate vicinity of each measurement interval.
Available data from the ALRS indicate that rock
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properties, measured on such small scales, vary
erratically in space in a manner that renders the rock
randomly heterogeneous. Chen et al. (2000) have
conducted geostatistical analyses of several such
variables. We show in Fig. 3, a three-dimensional
representation of kriged log permeabilities obtained
by them on the basis of single-hole pneumatic tests in
borehole intervals of lengths 1 and 3 m. This
smoothed image of spatial variability, together with
other site information (primarily observed single-hole
test behavior, borehole televiewer images, and core
data relating to fracture distributions and matrix
pneumatic and hydraulic properties), served as a
guide in our design of cross-hole pneumatic injection
tests at the ALRS. The purpose of these tests was to
determine the bulk pneumatic properties of larger

rock volumes between boreholes at the site, and the
degree to which fractures are pneumatically inter-
connected. We conducted 44 cross-hole interference
tests between 16 boreholes, six of which have been
previously subjected to single-hole testing. The tests
consisted of injecting air into an isolated interval
within one borehole while monitoring pressure
responses in isolated intervals within this and all
other boreholes. Details concerning our tests, equip-
ment and test procedure can be found in [llman et al.
(1998).

The tests were performed using modular straddle
packer systems that were easily adapted to various test
configurations and allowed rapid replacement of
failed components, modification of the number of
packers, and adjustment of distances between them in
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Fig. 3. Three-dimensional representation of kriged log k (adapted from Illman et al. (1998)).
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both the injection and monitoring boreholes. The main
injection string consisted of three packers, one near
the soil surface to isolate the borehole from the
atmosphere, and two to enclose the injection interval.
The air-filled volume of the injection interval was
made relatively small so as to minimize borehole
storage effects. Intervals with a single packer near the
soil surface (of which we had six) are identified below
by borehole designation; for example V1, X1 and W1.
Where a modular system separates a borehole into
three isolated intervals, we append to the borehole
designation a suffix U, M or B to identify the upper,
middle or bottom interval, respectively; for example
V3U, V3M and V3B. Where a modular system
separates a borehole into four isolated intervals, we
append to the borehole designation a suffix U, M, L or
B to identify the upper, middle, lower or bottom
interval, respectively; for example Z2U, Z2M, Z2L,
and Z2B.

A typical cross-hole test consisted of packer
inflation, a period of pressure recovery, air injection
and another period of pressure recovery. Our
system allowed rapid release of packer inflation
pressure when the corresponding recovery was
slow, but this feature was never activated even
though recovery had sometimes taken several hours.
Once packer inflation pressure had dissipated in all
(monitoring and injection) intervals, air injection at
a constant flow rate began. It generally continued
for several days until pressure in most monitoring
intervals appeared to have stabilized. In some tests,
injection pressure was allowed to dissipate until
ambient conditions have been recovered. In other
tests, air injection continued at incremental flow
rates, each lasting until the corresponding pressure
had stabilized, before the system was allowed to
recover.

5. Previous analyses of transient cross-hole
test data

Illman and Neuman (2001) used type-curves to
interpret the results of one cross-hole test, labeled
PP4, by treating the fractured rock as a uniform
isotropic continuum. The type-curves they used have
been modified after Hsieh and Neuman (1985) to
consider single-phase airflow and extended to

consider the effects of storage and skin in monitoring
intervals. Cross-hole type-curves of pressure deriva-
tives and recovery were included for improved
pneumatic characterization of the site. Each record
yielded an equivalent directional air permeability
and air-filled porosity for fractures that connect the
corresponding monitoring and injection intervals,
representing rock volumes with length-scales
ranging from meters to a few tens of meters. Both
parameters were found to vary considerably from
one monitoring interval to another, reflecting the
non-uniform nature of pneumatic rock properties at
the ALRS. The geometric mean of these equivalent
permeabilities exceeded by a factor of 50 that was
obtained earlier by Guzman et al. (1996) from
single-hole pneumatic injection tests, on a nominal
scale of 1-3 m.

Based on these and related studies conducted
at the site by various University of Arizona
researchers, Illman and Neuman (2001) concluded
that the pneumatic pressure behavior of unsaturated
fractured tuffs at the ALRS can be described quite
accurately by means of linearized single-phase
airflow equations; this behavior can be interpreted
by treating the rock as a continuum on scales
ranging from meters to tens of meters; the
continuum is representative primarily of intercon-
nected fractures; as these fractures are filled
primarily with air, their pneumatic permeabilities
and porosities are close to the bulk intrinsic
properties of fractures at the site; these intrinsic
properties vary randomly with location and direction
across the ALRS; and permeability depends strongly
on the scale at which it is determined. Both the
single-hole and cross-hole test results have proven
to be virtually free of skin effect (Illman and
Neuman, 2000, 2001), implying that they represent
rock conditions unperturbed by the presence of
boreholes.

Type-curve methods provide a relatively simple,
fast and reliable way to interpret the results of
pressure interference tests between boreholes in
porous and fractured geologic media. Because type-
curves are usually based on analytical solutions of
the corresponding flow equations, they typically
treat the medium as being composed of one, or
very few, uniform constituents such as aquifers,
aquitards, faults, dykes and/or fractures. For this
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reason, they yield equivalent properties of the
medium (permeability, specific storage or porosity)
on scales comparable to distances between an
injection or pumping well that generates a pressure
signal, and monitoring wells in which pressure
responses to this signal are observed. Type-curve
methods cannot provide detailed information about
the spatial variability of medium properties on
scales smaller than these distances. To obtain such
information, it was suggested by Neuman (1987)
that the rock is treated as a stochastic continuum,
and its properties estimated by the simultaneous
numerical inversion of multiple pressure signals,
sent across the rock from various boreholes in
various directions. Neuman’s (1987) suggestion
arose in the context of hydraulic cross-hole tests
conducted by Hsieh et al. (1985) in a saturated
crystalline rock mass near Oracle, Arizona, which,
however, have not been interpreted in this way.
Since the idea is akin to geophysical characteriz-
ation methods, such as seismic and electromagnetic
tomography, Neuman termed his proposed approach
‘hydraulic tomography.’

Our pneumatic cross-hole tests were designed so as
to allow using them for pneumatic tomography of
fractured rock at the ALRS. This was accomplished
by Vesselinov et al. (2001a,b) by using a three-
dimensional numerical inverse model to interpret
several cross-hole pneumatic tests at the ALRS. The
authors analyzed pneumatic cross-hole test data by
treating the rock as being either (a) spatially uniform
or (b) a random fractal characterized by a power
variogram. The first approach yielded a series of
equivalent log air permeability (and log air-filled
porosity) estimates analogous to the type-curve
estimates of Illman and Neuman (2001). The second
approach yielded a high-resolution estimate of how
air permeability and air-filled porosity, defined on
grid blocks having a length-scale of 1 m, vary
spatially throughout the tested rock volume. The
approach entailed geostatistical inversion of the cross-
hole test data to yield estimates at ‘pilot points’.
Projecting these estimates onto the simulation domain
by kriging yielded a tomographic image of rock
heterogeneity. Five cross-hole tests (PP4—PP8) have
been analyzed by treating the rock to be spatially
uniform and three tests (PP4—PP6) by treating the
rock as a random fractal.

6. Steady-state analysis of cross-hole test data

Recently, we have used a steady-state approach to
analyze data from a larger set of cross-hole tests than
had been interpreted previously by transient methods.
Our steady-state analysis was conducted on tests
deemed successful in that (1) they did not suffer from
significant equipment failure and (2) their flow
conditions were relatively well controlled and stable.
These tests are listed in Table 1, which identifies them
by name, injection borehole, injection interval
measured along the borehole relative to the lower
lip of the casing, injection flow rate, and permeability
computed on the basis of pressure within the injection
interval by means of a steady-state formula previously
used for single-hole test interpretation by Guzman
et al. (1996).

In Table 1, PL designates point-injection/line-
monitoring tests in which air was injected into a 2 m
section in one borehole while pressure was recorded
along the entire length of each monitoring borehole.
We analyze data from six such tests (PL3, PL4, PLS,
PL9, PL10, PL15) none of which have been
previously analyzed. In all these tests, air was injected
into various intervals within borehole Y2 that are
surrounded by low to moderately permeable rock. PP
designates point-injection/point-monitoring tests in
which both the injection and the monitoring intervals
were short enough to be regarded, for purposes of

Table 1

Test name, name of injection borehole, upper and lower extent of
injection interval measured along borehole from lower lip of casing,
injection flow rate (Q), and injection interval permeability
computed by means of a steady-state formula given in Guzman
et al. (1996)

Test name  Injection  Injection Q (slpm) k (m?)

borehole interval (m)
PL3 Y2 15.0-17.0 20 4.10%x 107"
PL4 Y2 21.0-23.0 1 264x10° 1
PL8 Y2 18.0-20.0 1 3.03x 1071
PL9 Y2 26.0-28.0 1 1.08 x 1071
PL10 Y2 23.0-25.0 1 1.51x 107"
PL15 Y2 21.0-23.0 1 229%x 1071
PP4 Y2 15.0-17.0  50.0 555%x 1071
PP5 X2 18.5-20.7 5.0 513x 1071
PP6 73 15.9-17.9 5.0 1.06 x 10~
PP7 W3 19.2-20.4 5.0 225%x 107
PP8 Y2 15.0-17.0  50.0 537x 1071
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analysis, as points. We analyze data from five such
tests (PP4—PP8) which were previously subjected to
transient analyses by Illman and Neuman (2001)
(PP4) and Vesselinov et al. (2001a,b) (PP4—PPS).
Their transient analysis was made possible by the
relatively high permeability of the injection intervals
(Table 1), which in turn has allowed relatively distinct
transient pressure signals to develop in monitoring
intervals.

Fig. 4 shows arithmetic plots of pressure responses
in monitoring intervals V1, V2, and V3 (of lengths
29.53, 24.25 and 26.48 m, respectively) during cross-
hole test PL15. Pressure in the monitoring intervals is
seen to reach a stable value after 10,000 s following
the start of injection. A barometric pressure record is
included to help explain why we have analyzed data
from V1 and V2 but not from V3, in which the former
exceed the pressure signal.

Fig. 5 shows arithmetic plots of pressure responses
in monitoring intervals W2AU, W2AM, W2AL, and
W2AB (of lengths 6.66, 1.54, 2.07 and 3.96 m,
respectively) during cross-hole test PP4. Pressure is

seen to have reached stable values after 50,000 s
following the start of injection. The signal-to-noise
ratio is relatively large in all four monitoring intervals.

A visual examination of all pressure records
reveals that many of them attain near-stable values
at sufficiently large time and should, therefore, be
amenable to steady-state analysis. We consider the
arithmetic average of such late data to represent
steady-state pressure. Our criterion for what constitu-
tes steady-state is somewhat more lax than that
adopted by Guzman et al. (1996) for their single-
hole test interpretations.

Table 2 lists coordinates of the centroid of each test
interval (with origin at the center of the injection
interval), its length B, radial distances R from the
centroid of the monitoring interval to that of the
injection interval, angle 6 in radians between a unit
vector e pointing from the centroid of the injection
interval toward the centroid of the monitoring interval
and a unit vector e, parallel to the monitoring interval,
the geometric parameters 3; = 2R/B and 3, = cos 6,
and the pressure increment that we take to represent
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Fig. 4. Pressure in monitoring intervals V1, V2, and V3 during cross-hole test PL15.
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Fig. 5. Pressure in monitoring intervals W2AU, W2AM, W2AL, and W2AB during cross-hole test PP4.

steady-state in the interval. Also included in Table 2
are permeabilities k calculated by the steady-state
formula

_ Qu ﬁln(3%+2[31/32+1)1/2+,31/32+1
ATRp 2 (B —2B1Ba+ D+ BB~ 1

where Q is injection rate, u is dynamic viscosity and p
is the average steady-state pressure increment. The
formula is an isotropic version of one developed by
Hsieh and Neuman (1985) for saturated flow in a
uniform, anisotropic porous medium. It treats the
injection interval as a point source and the monitoring
intervals as lines of variable lengths. We take
permeability to be a scalar because we do not expect
to capture the heterogeneity pattern in Fig. 3 by means
of an equivalent anisotropic model any better than we
do by means of an equivalent isotropic model.

The equations that describe airflow in partially
saturated porous media are non-linear due to the
compressible nature of air, its capillary interaction
with water, and non-Darcian behavior at high
Reynolds numbers. A complete description of air—
water interaction requires two systems of coupled

ey

partial differential equations, one for each phase. The
development of corresponding analytical formulae
requires that two-phase flow is approximated as
single-phase airflow and that water is treated as
immobile. The airflow equation must additionally be
linearized to allow solving it either in terms of
pressure, p, as is customary for liquids or in terms of
pressure-squared, p?, as is more common for gases.
Details to the theoretical development are provided in
Illman and Neuman (2001). Illman and Neuman
(2000) have shown that interpreting single-hole
pneumatic injection tests at the ALRS by means of
p?-based and p-based type-curves leads to similar
results. Illman and Neuman (2001) have shown that
the same holds true for cross-hole tests and, therefore,
adopt the simpler p-based representation, as we do
here.

Enhanced permeability due to slip flow (the
Klinkenberg effect) was shown by Guzman et al.
(1994, 1996) and Guzman and Neuman (1996) to
be of little relevance for the interpretation of air
injection tests at the ALRS. This is so because
most of these tests ‘see’ fractures, which have
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Table 2
Geometric parameters, steady-state pressure and permeability associated with each cross-hole test interval

x (m) y (m) z (m) B (m) R (m) 6 (rad) Bi B> p (kPa) k (rnz)
PL3
A2 -7.17 1.64 —6.84 29.53 10.04 0.82 0.68 0.68 0.89 498 x 10”1
V2 —4.18 1.64 —4.20 24.25 6.15 0.82 0.51 0.68 438 1.51x 1071
V3 -1.18 1.64 -531 26.48 5.68 0.36 0.43 0.93 17.71 511x 1071
w1 —3.57 0.31 491 11.85 6.07 0.92 1.03 0.61 3.90 1.96 x 10714
W2A -3.18 4.16 -0.20 26.14 5.24 1.01 0.40 0.53 6.66 9.83x 1071
w3 —3.38 7.88 —7.14 45.93 11.15 1.52 0.49 0.05 1.82 1.69 x 10714
X1 -6.01 4.84 403 14.44 8.70 1.41 1.21 0.16 3.01 1.68x 1071
X2 —0.94 4.83 -1.05 28.61 5.03 1.29 0.35 0.28 3.75 1.61 x 1071
Y1 -5.73 -0.12 438 13.19 7.21 1.44 1.09 0.13 2.87 2.09x 1071
Y2M 0.00 0.00 0.00 2.00 17.87 410x 1071
Y3 4.10 0.15 -5.90 40.90 7.18 1.39 0.35 0.18 0.19 2.16x 10713
z2 14.13 —-5.17 -1.02 27.50 15.08 0.78 1.10 0.71 0.10 331x 1071
PIA4
V1 -2.93 1.64 —2.59 29.53 424 0.91 0.29 0.61 0.09 3.87x 1071
V2 0.06 1.64 0.05 2425 1.65 1.54 0.14 0.03 0.09 581 x 1071
W2A 1.07 4.16 4.04 26.14 5.89 0.18 0.45 0.98 0.97 585x 1071
Y2M 0.00 0.00 0.00 2.00 38.83 2.64x 1071
PLS
V3 0.94 1.64 -3.19 26.48 3.71 0.54 0.28 0.86 0.83 5711071
W2A -1.05 4.16 1.92 26.14 4.70 0.42 0.36 0.91 0.69 6.84x 1071
Y2M 0.00 0.00 0.00 2.00 33.23 3.03x 1071
PL9
\al 0.61 1.64 0.94 29.53 1.99 1.08 0.13 0.47 1.09 420% 107"
Y2M 0.00 0.00 0.00 2.00 110.37 1.08 x 1071
PLIO
\%! —1.51 1.64 -1.18 29.53 2.53 1.08 0.17 0.47 0.44 956 x 1071
V3 4.48 1.64 0.34 26.48 478 1.50 0.36 0.07 0.15 2.05x 1071
w3 2.28 7.88 —1.48 45.93 8.33 1.00 0.36 0.54 0.03 5.98 x 10714
Y2M 0.00 0.00 0.00 2.00 74.20 1.51x 1071
PLI5
\al -2.93 1.64 —2.59 29.53 424 091 0.29 0.61 0.18 1.98x 107"
V2 0.06 1.64 0.05 24.25 1.65 1.54 0.14 0.03 0.49 1.08 x 1071
W2AM 1.07 1.16 1.03 1.54 1.88 0.60 245 0.82 1.84 7.12x 10713
W2AL 1.07 -0.82 —0.94 2.07 1.64 0.71 1.58 0.76 1.33 1.14x 1071
Y2M 0.00 0.00 0.00 2.00 4551 229% 1071
PP4
V1 —-7.17 1.64 —6.84 29.53 10.04 0.82 0.68 0.68 8.03 1.38x 107"
V2M —4.18 1.64 3.92 2.03 5.96 0.85 5.87 0.66 9.34 2.16x 1071
V3U -1.18 1.64 6.08 9.56 6.41 0.32 1.34 0.95 5.57 401%x 10"
V3M -1.18 1.64 -0.32 0.50 2.05 1.41 8.19 0.16 48.07 122%x 107
V3B -1.18 1.64 -9.50 18.11 971 0.21 1.07 0.98 23.17 771%x10°"
w1 —3.57 0.31 491 11.85 6.07 0.92 1.03 0.61 8.74 2.19x 1071
W2AU -3.18 475 0.39 6.66 5.73 0.88 1.72 0.63 2.80 751 x 101
W2AM -3.18 1.15 -3.21 1.54 4.66 1.25 6.05 0.31 13.45 1.91x 107
W2AL -3.18 —-0.81 —5.18 2.07 6.13 0.81 5.92 0.69 7.27 270x 107
W2AB -3.18 —3.68 —8.05 3.96 9.40 0.49 475 0.88 6.78 1.90 x 10714
W3u —338 16.50 1.49 6.81 16.91 0.72 497 0.75 430 1.66 x 10714
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Table 2 (continued)
x (m) y (m) z (m) B (m) R (m) 6 (rad) B By p (kPa) k (m®)

W3M —338 12.93 —2.09 1.23 13.53 0.97 21.99 0.57 4.29 2.07x 101
X1 —-6.01 4.84 4.03 14.44 8.70 1.41 1.21 0.16 6.30 2.00x 107
X2U 2.55 4.83 2.44 8.16 5.98 0.94 1.47 0.59 8.51 233x 1071
X2M -1.83 4.83 —1.94 2.20 5.52 1.07 5.02 0.48 17.33 125x 1071
X2B —17.89 4.83 —-8.01 12.94 12.24 0.41 1.89 0.92 6.94 1.52%x 107"
YIM -2.83 -0.12 7.28 1.83 7.81 1.16 8.54 0.40 6.84 224 %1071
Y2U 3.96 0.00 3.96 7.12 5.60 1.56 1.57 0.01 16.78 1.20x 107"
Y2M 0.00 0.00 0.00 2.00 106.79 555x 1071
Y2B —5.99 0.00 —5.99 12.94 8.47 1.56 1.31 0.01 21.38 6.11x 1071
Y3U 14.83 0.15 4.84 7.46 15.60 0.47 4.18 0.89 0.50 155x 107"
Y3M 10.73 0.15 0.74 2.03 10.76 0.72 10.63 0.75 0.61 1.84x 10713
Y3B —0.54 0.15 —-10.53 27.78 10.55 0.73 0.76 0.74 253 447 %101
Z1 18.87 -5.20 3.83 13.04 19.95 1.01 3.06 0.53 0.11 531x 10713
72U 10.52 -5.17 2.60 8.06 12.00 1.09 2.98 0.47 0.68 146 x 1071
Z2M 14.80 -5.17 —1.69 2.00 15.77 0.74 15.77 0.74 0.27 285x 10713
Z2L 16.94 -5.17 —3.83 2.01 18.12 0.63 18.03 0.81 0.13 5.14x 1071
Z2B 21.12 -5.17 —8.00 7.74 23.17 0.48 5.99 0.89 0.13 417x 107"
73U -0.30 -5.20 3.80 6.81 6.45 1.10 1.89 0.45 6.26 291x 1071
Z3M 3.54 -5.20 —-0.03 2.00 6.29 1.16 6.29 0.40 6.63 287 %1071
Z3B 14.37 -5.20 —10.86 25.98 18.75 0.31 1.44 0.95 0.16 455%x10° 13
PP5
\% —5.34 -3.19 —4.90 29.53 7.92 0.90 0.54 0.62 0.75 1.69 x 10~
V2M -2.35 -3.19 5.86 2.03 7.08 0.59 6.97 0.83 0.40 421 x 107"
V3u 0.65 -3.19 8.02 9.56 8.65 0.39 1.81 0.93 0.38 4.02x 101
V3M 0.65 —-3.19 1.62 0.50 3.63 1.11 14.53 0.45 1.40 236x 1071
V3B 0.65 —-3.19 —-17.56 18.11 8.23 0.41 091 0.92 13.49 137x10°"
w1 —1.74 —452 6.85 11.85 8.39 1.37 1.42 0.20 0.44 3.07x 107"
W2AU -135 —-0.08 233 6.66 2.69 0.94 0.81 0.59 0.24 1.73x10° "
W2AM -1.35 —3.68 —1.27 1.54 4.12 0.56 5.35 0.85 467 6.28x 107 1%
W2AL -135 —5.65 —3.24 2.07 6.65 0.33 6.42 0.95 0.61 297 %1071
W3U —1.55 11.67 3.43 6.81 12.26 0.51 3.60 0.87 0.07 142%x10° "
W3M —1.55 8.10 -0.15 1.23 8.25 0.82 13.41 0.68 0.66 221x 1071
X1 —4.18 0.01 5.97 14.44 7.29 1.40 1.01 0.17 0.35 420x 101
X2U 438 0.00 4.38 8.16 6.19 1.56 1.52 0.01 0.98 1.86 x 1071
X2M 0.00 0.00 0.00 2.20 117.60 513x 107"
X2B —-6.07 0.00 —-6.07 12.94 8.58 1.56 1.33 0.01 2.55 5.06x 1071
Y2U 5.79 —4.83 5.90 7.12 9.57 0.53 2.69 0.86 0.77 1.68x 1071
Y2M 1.83 —4.83 1.94 2.00 5.52 1.07 5.52 0.48 1.51 144 %101
Y2B —4.16 —4.83 —4.05 12.94 7.55 0.69 1.17 0.77 5.55 3.01x 1071
Y3B 1.29 —4.68 —8.59 27.78 9.87 1.02 0.71 0.52 0.39 274 %1071
72U 12.34 —10.00 454 8.06 16.52 1.23 4.10 0.33 0.03 2.89x 10713
73U 1.53 —10.03 5.74 6.81 11.66 131 3.42 0.26 0.08 121x 10"
7Z3M 5.37 —10.03 1.91 2.00 11.54 1.36 11.54 0.21 0.28 3.70x 107
PP6
A2l -10.71 6.84 —6.81 29.53 14.42 1.08 0.98 0.47 0.53 1.44x 101
V2M -7.72 6.84 3.95 2.03 11.05 1.20 10.88 0.36 0.54 2.00x 1071
V3U —4.72 6.84 6.11 9.56 10.32 0.94 2.16 0.59 0.65 1.79x 107
V3M —4.72 6.84 -0.29 0.50 8.32 1.54 33.27 0.03 0.66 2.18x 1071
V3B —4.72 6.84 -9.47 18.11 12.60 0.72 1.39 0.75 0.47 2.12x 107"
w1 -7.11 5.51 4.94 11.85 10.26 0.77 1.73 0.72 0.63 1.90 x 1071
W2AM -6.72 6.35 -3.18 1.54 9.78 1.34 12.70 0.23 0.66 1.85%x 1071

(continued on next page)
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x (m) y (m) z (m) B (m) R (m) 6 (rad) B B> p (kPa) k (m?)

W2AL -6.72 439 -5.15 2.07 9.53 1.51 9.21 0.06 0.77 1.62x 1071
W2AB -6.72 1.52 —-8.01 3.96 10.57 1.12 5.34 0.43 0.63 1.80x 10~
X1 -9.55 10.04 4.06 14.44 14.44 1.30 2.00 0.27 0.47 1.72x 10"
X2U -0.99 10.03 247 8.16 10.38 1.47 2.55 0.10 0.31 3.67x 101
X2M —537 10.03 -1.91 2.20 11.54 1.11 10.49 0.45 0.50 207 x 1071
X2B —11.43 10.03 -17.97 12.94 17.17 0.65 2.66 0.80 0.34 2.13x 1071
Y2U 0.42 5.20 3.99 7.12 6.57 1.08 1.85 0.47 0.64 281x 10"
Y2M —3.54 5.20 0.03 2.00 6.29 1.17 6.29 0.39 0.71 270x 1071
Y2B -9.53 5.20 —5.96 12.94 12.38 0.49 1.91 0.88 0.54 1.91x 1071
Y3B —4.08 5.35 —-10.50 27.78 12.47 0.60 0.90 0.83 0.23 4.65x10 1
Z3U —3.84 0.00 3.84 6.81 5.43 1.56 1.59 0.01 3.98 525%x 1071
Z3M 0.00 0.00 0.00 2.00 49.69 1.06 x 10~
PP7

A2 -3.79 —11.29 —4.75 29.53 12.82 1.19 0.87 0.37 0.61 135x 101
V2M -0.80 -11.29 6.01 2.03 12.81 1.08 12.62 0.47 0.63 1.50 x 1071
V3u 2.20 —11.29 8.16 9.56 14.10 0.95 2.95 0.58 0.48 176 x 10~
V3M 2.20 —11.29 1.76 0.50 11.63 1.42 46.53 0.15 0.62 1.67 x 10~
V3B 2.20 —11.29 —7.41 18.11 13.68 1.00 1.51 0.54 0.50 1.74x 10"
w1 -0.19 -12.62 6.99 11.85 14.43 1.29 243 0.28 0.65 125x 10"
W2AM 0.20 —11.78 -1.12 1.54 11.83 0.69 15.36 0.77 0.58 1.75x 10"
W2AL 0.20 —13.75 —3.09 2.07 14.09 0.56 13.61 0.85 0.37 230x 10"
W3U 0.00 3.57 3.57 6.81 5.05 1.56 1.48 0.01 7.6 287x1071
W3M 0.00 0.00 0.00 1.23 21.48 225%x 1071
X1 —2.63 —8.09 6.12 14.44 10.48 1.33 1.45 0.24 0.81 1.34x 1071
X2U 5.93 —-8.10 452 8.16 11.01 0.83 2.70 0.67 0.68 1.63x 10"
X2M 1.55 —-8.10 0.15 2.20 8.25 1.42 7.50 0.15 0.98 1.48 x 10”1
X2B —4.52 —-8.10 -5.92 12.94 11.00 0.84 1.70 0.67 0.97 1.13x 10"
Y2M 3.38 —12.93 2.09 2.00 13.53 1.28 13.53 0.29 0.63 141 x 10
Y3B 2.84 -12.78 —8.45 27.78 15.58 131 1.12 0.25 0.34 2.08x 1071
PPS8

\al -7.17 1.64 —6.84 29.53 10.04 0.82 0.68 0.68 7.40 1.51%x 1071
V2M —4.18 1.64 3.92 2.03 5.96 0.85 5.87 0.66 9.16 221x 1071
V3u —1.18 1.64 6.08 9.56 6.41 0.32 1.34 0.95 11.57 1.94x 10~
V3M -1.18 1.64 -0.32 0.50 2.05 1.41 8.19 0.16 47.32 124x 10
V3B -1.18 1.64 -9.50 18.11 9.71 0.21 1.07 0.98 2227 8.06x 107 1%
w1 —3.57 0.31 491 11.85 6.07 0.92 1.03 0.61 8.79 2.18x 1071
W2AU —3.18 475 0.39 6.66 5.73 0.88 1.72 0.63 2.49 8.47x 1071
W2AM -3.18 1.15 -321 1.54 4.66 1.25 6.05 031 12.77 202x10 1
W2AL —3.18 —-0.81 —5.18 2.07 6.13 0.81 5.92 0.69 6.37 3.09 x 1071
W2AB -3.18 —3.68 —8.05 3.96 9.40 0.49 475 0.88 4.03 321x 107
W3U —3.38 16.50 1.49 6.81 16.91 0.72 4.97 0.75 2.70 2.66x 1071
W3M -338 12.93 -2.09 1.23 13.53 0.97 21.99 0.57 4.10 217x 10
X1 —-6.01 4.84 4.03 14.44 8.70 1.41 121 0.16 6.47 1.96 x 10~
X2U 2.55 4.83 2.44 8.16 5.98 0.94 1.47 0.59 9.06 220x 1071
X2M —1.83 4.83 —1.94 2.20 5.52 1.07 5.02 0.48 16.81 1.30x 107"
X2B —17.89 4.83 —-8.01 12.94 12.24 0.41 1.89 0.92 6.59 1.61 x 1071
YIM -2.83 —-0.12 7.28 1.83 7.81 1.16 8.54 0.40 6.80 227%x 1071
Y2U 3.96 0.00 3.96 7.12 5.60 1.56 1.57 0.01 15.02 135x 1071
Y2M 0.00 0.00 0.00 2.00 111.71 537%x 1071
Y2B —5.99 0.00 —5.99 12.94 8.47 1.56 131 0.01 19.02 6.90x 10713
Y3U 11.29 0.15 1.30 7.46 11.37 0.67 3.05 0.78 0.68 158x 10713
Y3M 7.20 0.15 -2.79 2.03 772 1.16 7.63 0.40 1.53 L.02x10° "
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x (m) y (m) z (m) B (m) R (m) 6 (rad) Bi B> p (kPa) k (m?)
Y3B —2.31 0.15 —12.30 22.78 12.52 0.60 1.10 0.83 3.04 3.46x 107"
Z1 18.87 —5.20 3.83 13.04 19.95 1.01 3.06 0.53 0.16 3.79%x 1071
72U 10.52 —-5.17 2.60 8.06 12.00 1.09 2.98 0.47 0.70 1.42x 107"
72M 14.80 —5.17 —1.69 2.00 15.77 0.74 15.77 0.74 0.34 225%x 1071
Z2L 16.94 —-5.17 —3.83 2.01 18.12 0.63 18.03 0.81 0.17 3.89x 107"
72B 21.12 —5.17 —8.00 7.74 23.17 0.48 5.99 0.89 0.14 371x 1071

mean apertures that are considerably larger than the
mean pore diameter of intact matrix at the site. For
a more detailed explanation of the role that slip
flow plays in pneumatic tests at the site the reader
is referred to Appendix C in Illman (1999).

Guzman et al. (1994, 1996) and Guzman and
Neuman (1996) also found that whereas inertial
(non-linear, non-Darcian) behavior was limited to
only a few test intervals intersected by highly
permeable fractures, flow in most test intervals
appeared to be Darcian. We (Illman and Neuman,
2001) expect inertial flow during cross-hole tests to
be limited to the immediate vicinity of the injection
interval and thus to have at most a minor impact
on pressures recorded within monitoring intervals.

Table 2 lists results of steady-state analyses from
138 monitoring intervals during cross-hole tests PL3,
PL4, PLS, PL9, PL10, PL15 and PP4—-PP8. Data from
142 intervals were not amenable to steady-state
interpretation because there was no identifiable signal.
Our analysis of pressure data from any given
monitoring interval assumes that the rock is pneuma-
tically uniform and isotropic on the scale of the cross-
hole test. However, data from different monitoring
intervals are seen to yield different values of
pneumatic parameters, thereby providing information
about their spatial and directional dependence. The
values of k can be viewed as bulk directional
properties of the rock associated with given injection
and monitoring intervals.

7. Statistical analysis of results

Results from test series PL and PP reflect
different test conditions and are therefore examined

separately. LOG(-transformed k values from the PL
series range from —14.38 (4.17 X 10" mz) to
—12.48 (331 x 107" m?) with a mean of —13.74
(1.82 x 10~ '* m?), variance of 0.23, and coefficient
of variation equal to —0.035. If we exclude
logo-transformed k values from test PL3 (during
which injection took place into an interval of rela-
tively large permeability), the mean drops slightly to
—13.87 (1.34 X 10" m®) with a variance of 0.15
and coefficient of variation equal to —0.39.

LOG;y-transformed k values corresponding to PP
tests range from —14.86 (1.38 X 101 mz) to
—12.28 (5.25 x 10" "* m?) with a mean of —13.54
(2.88 X 10 rnz), variance of 0.26, and coefficient of
variation equal to —0.037.

Fig. 6 depicts a histogram of logo-transformed
pneumatic permeability, corresponding to all the tests
listed in Table 2. Fig. 7 shows that log;y-transformed
permeabilities previously obtained for test PP4 by
Illman and Neuman (2001) using transient type-
curves correlate well with steady-state results
obtained by us here for the same test. Fig. 8§ compares
numerical inverse results previously obtained by
Vesselinov (2000) and Vesselinov et al. (2001a,b)
for tests PP4—-PP8 by treating the medium as a
uniform continuum and our steady-state results for the
same tests. The two differ somewhat from each other
for reasons explained by Vesselinov et al.

8. Permeability scale effect

Previous analyses of single-hole and cross-hole
pneumatic injection tests have pointed to a pro-
nounced permeability scale effect at the ALRS
(Illman and Neuman, 2001; Vesselinov et al.,
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Fig. 6. Histogram of log-permeabilities estimated by the steady-state approach.

2001a,b; Hyun et al., 2002). The results of our steady-
state cross-hole test analyses provide further support
for this scale effect by significantly enlarging the
corresponding database and eliminating any (pre-
viously plausible) suspicion that the cross-hole test
data may be biased toward injection into intervals of
relatively high permeability. The results of our steady-
state analysis are based on numerous cross-hole tests
in which injection took place into intervals of low to
intermediate permeability. These results are included
in Table 3, which clearly reveals a steep increase in
the mean value of log permeability estimates with the
scales of observation and/or resolution. The smallest
scale, on the order of 1 m, corresponds to single-hole
test results and to tomographic (kriged) inverse
estimates based on the cross-hole tests. The largest
scale, on the order of tens of meters, corresponds to
cross-hole test results obtained analytically using our
steady-state approach in this paper and type-curves, as
well as numerical inverse estimates obtained upon
treating the rock as being uniform. Mean values
obtained by different methods at any given scale of

estimation are generally comparable. Yet mean values
obtained from cross-hole tests under the uniform rock
assumption are consistently larger than those obtained
by allowing pneumatic properties to vary spatially
over distances of 1 m.
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Fig. 7. Log-permeability estimated using the steady-state formula
and the type-curve interpretation (Illman and Neuman, 2001) from
PP4 test data.
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Fig. 8. Log-permeability estimated using the steady-state formula
and the numerical inverse model (Vesselinov et al., 2001a,b) from
PP4, PP5, PP6, PP7, and PPS test data.

For example, the mean of steady-state log
permeability estimates obtained from cross-hole
tests PL3, 4, 8, 9, 10, 15 and PP4-8 when treating
the rock as being spatially uniform (— 13.57) exceeds
the mean of the steady-state estimates from the single-
hole tests (— 15.22) by 1.65. This represents a 45-fold
increase in the associated values of permeability.

Table 3
Summary statistics of log;o k (m?) estimated in various ways

51

The mean of inverse log permeability estimates
obtained from cross-hole tests PP4—PP6 when treat-
ing the rock as being spatially uniform (—13.70)
exceeds the mean of simultaneous tomographic
estimates from the same three tests (—15.69) by
1.99. This represents a 98-fold increase in the
associated values of permeability. The mean of log
permeability estimates obtained by inverting cross-
hole test PP4 when treating the rock as being uniform
(—13.57) exceeds the average of mean tomographic
estimates obtained from this test using 64 pilot points
(—14.77) by 1.20. This represents an increase in the
associated values of permeability by a factor of about
16. The average of all uniform inverse mean estimates
in Table 3 (— 13.64) exceeds that of all tomographic
mean estimates (— 15.23) by 1.59, which corresponds
to an increase in the associated value of permeability
by a factor of 39.

The observed permeability scale effect at the
ALRS is clearly unrelated to the method of testing:
there is consistency between single-hole and cross-
hole test results corresponding to a wide range of
injection rates and to steady-state as well as transient

Source Data estimates Kriging estimates

Sample size  Mean Variance CV Sample size  Mean Variance CV
Single-hole tests (steady-state analysis) 227 —1522 0.87 —0.061 53,176 —15.20 045 —0.044
Cross-hole tests
Uniform (equivalent) estimates
PP4 (type-curve analysis) 30 —1346 0.34 —-0.043 - - - -
PL3, 4, 8,09, 10, 15 24 —13.74 023 —-0.035 - - - -
(steady-state analysis)
PP4-PP8 (steady-state analysis) 114 —13.54 0.26 -0.037 - - - -
PL3,4,38,09, 10, 15, 138 —13.57 026 -0.037 - - - -
PP4—PPS8 (steady-state analysis)
Cross-hole tests (numerical inversion)
Uniform (equivalent) estimates
PP4 32 —13.57 0.57 —0.056 - - - -
PP4-6 76 —13.70 043 —0.048 - - - -
Non-uniform (tomographic) estimates
PP4: 32 pilot points - - - - 53,176 —1523 1.67 —0.085
PP4: 64 pilot points - - - - 53,176 —14.77 1.62 —0.086
PP4-6: 72 pilot points - - - - 53,176 —15.69 1.93 —0.089
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flow regimes. The scale effect is likewise unrelated to
the method of test interpretation: there is consistency
between results obtained by means of steady-state
analytical formulae from single-hole test data (Guz-
man et al., 1996), which are shown elsewhere to
compare well with transient type-curve (Illman and
Neuman, 2000) and inverse (Vesselinov and Neuman,
2001) analyses of the same data, and steady-state as
well as type-curve (Illman and Neuman, 2001) and
numerical inverse (Vesselinov et al., 2001a,b)
interpretations of cross-hole test data. Contrary to a
recent suggestion in the literature (Butler and Healey,
1998a,b), the observed scaling behavior is not an
artifact of rock conditions around the injection
borehole: neither the single-hole (Illman and Neuman,
2000) nor the cross-hole (Illman and Neuman, 2001)
test results have been affected by any skin effect of
consequence. It is also unrelated to enhanced
permeability due to slip flow.

The pronounced permeability scale effect observed
at the ALRS is real and amenable to theoretical
interpretation (Hyun et al., 2002).

9. Findings and conclusions

Our study leads to the following major findings and
conclusions:

1. We found it possible to interpret multiple cross-
hole pneumatic injection tests in unsaturated
fractured tuffs at the ALRS by means of a steady-
state formula based on a linearized version of the
non-linear partial differential equation that governs
single-phase airflow in a uniform, isotropic porous
continuum while treating water as if it was
immobile. The formula was developed by Hsieh
and Neuman (1985) for hydraulic cross-hole tests
in saturated rocks.

2. Steady-state analyses are much easier to conduct
than transient type-curve (Illman and Neuman,
2000; Illman and Neuman, 2001) and numerical
inverse (Vesselinov and Neuman, 2001; Vesseli-
nov et al., 2001a,b) analyses, which have therefore
been limited to relatively few single-hole and
cross-hole tests. We found our steady-state
approach to work well for pressure records whose
signal-to-noise ratio is too low to allow meaningful

transient analysis. We were therefore able to
augment in a significant way the database pre-
viously established for the ALRS by other means.
Though the steady-state method does not yield
estimates of porosity, it does yield reliable
estimates of permeability between an injection
and a monitoring interval.

3. Permeability was found by us to vary considerably
from one pressure monitoring record to another.
Thus, even though our steady-state analysis treats
the rock as if it was uniform and isotropic, it
ultimately yields information about the spatial
variability and directional dependence of per-
meability across the site.

4. Previous analyses of single-hole and cross-hole
pneumatic injection tests have pointed to a
pronounced permeability scale effect at the
ALRS. The results of our steady-state cross-hole
test analyses provide further support for this scale
effect by significantly enlarging the corresponding
database and eliminating any (previously plaus-
ible) suspicion that the cross-hole test data may be
biased toward injection into intervals of relatively
high permeability.
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