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Abstract

We present a new method to interpret three-dimensional pressure interference tests
based on the asymptotic analysis of late time pressure transient data. The approach
yields reliable estimates of equivalent permeability and porosity which can be ob-
tained without the construction of type-curves or numerical inverse models. This
is accomplished by developing an asymptotic solution for the line-injection line-
monitoring solution derived by Hsieh and Neuman [1]. We apply our newly devel-
oped solution to a cross-hole pneumatic injection test data collected at the Apache
Leap Research Site near Superior, Arizona [2] to obtain equivalent permeabilities
and porosities. We find that permeabilities inferred from both the asymptotic and
steady-state approaches [3] are similar. There is a weak correlation between the
equivalent permeabilities and porosities and they both increase with the radial dis-
tance between the injection and monitoring intervals suggesting a scale effect in
both parameters.
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analysis, fracture flow, scale effect

1 Introduction

Various type-curve models developed for different hydrogeologic conditions al-
lowed for the transient analysis of the time-drawdown data. For the technique
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to be applicable and the parameter estimates to be meaningful, the time-
drawdown data must fit the type-curves developed for the situation under
consideration. In many cases these requirements are difficult to meet under
field conditions due to factors that complicate the analysis. External factors
such as recharge and barometric pressure fluctuations can corrupt the pressure
transients making well test interpretation by means of traditional techniques
difficult. Likewise, pressure transient data obtained from well tests conducted
in heterogeneous media frequently do not match type-curves developed under
the assumption that the medium is homogeneous. These complications limit
the use of analytical type-curve approaches to simple situations. Numerical in-
verse approaches can overcome many of these difficulties by incorporating the
effects of external forcings and heterogeneities, among other things, but these
models can be complex and time-consuming to develop. Therefore, there is a
need for alternative yet complementary interpretive approaches for the analy-
sis of pressure interference tests to yield reliable estimates of flow parameters.

[lman and Tartakovsky [4] developed a new method to interpret three-dimen-
sional pressure interference tests based on the asymptotic straight line analy-
sis of late time pressure transient data. They applied their technique to sev-
eral cross-hole pneumatic injection tests conducted at the Apache Leap Re-
search Site near Superior, Arizona [2,5] to obtain equivalent permeabilities
and porosities from these tests. These results were compared with previously
obtained estimates of permeabilities and porosities from type-curve [6] and
numerical inverse [7,8] analyses, as well as with permeabilities inferred from
steady-state analysis [9]. The comparisons revealed that the newly developed
approach yields reliable estimates of permeabilities and porosities from three-
dimensional pressure interference tests.

They developed this method because of difficulties encountered in traditional
well test interpretation approaches based on the analysis of steady-state or
transient data. For the steady-state approach, the pressure transient data
collected during a pressure interference test must reach a steady-state for the
method to be applicable. These conditions in many cases are difficult to achieve
because the pressure interference tests may have to be run for an exceedingly
long time for steady-state conditions to develop. Even after running such a
test for a long time, the pressure transients may never reach a steady state in
some hydrogeologic conditions. In fact, well tests seldom reach a steady-state
making the application of steady-state methods problematic. In addition, the
steady-state analysis of pressure interference tests yields only the permeability
but not estimates of porosity because of the reliance on the steady state portion
of the data for the analysis. These are some important reasons why transient
methods such as type-curve analysis, semi-log analysis [10], and numerical
inverse modeling approaches have been developed to analyze the transient
portion of the data.



The new approach developed by Illman and Tartakovsky [4] overcomes these
difficulties and the approach yields reliable estimates of equivalent permeabil-
ity and porosity which can be obtained without the construction of type-curves
or numerical inverse models. However, the approximation presented in their
paper is strictly valid for the case when the injection and monitoring intervals
can be treated as points. In many field tests especially when the injection or
monitoring interval is long and they are close to one another, this approxima-
tion is invalid. Therefore, solutions that consider the geometric relationship
between the injection and monitoring intervals need to be developed to analyze
three-dimensional pressure intereference tests.

The objectives of this paper are to extend Illman and Tartakovsky [4]’s analy-
sis by developing an asymptotic solution for the line-injection line-monitoring
solution [1] and studying the late-time behavior. We then apply this approx-
imation to one of the cross-hole pneumatic injection tests (labeled LL2) con-
ducted at the Apache Leap Research Site near Superior, Arizona [2,5] to obtain
equivalent permeabilities and porosities and compare these results to previ-
ously obtained estimates of permeabilities from steady-state analysis [3]. Fi-
nally, the correlation between the equivalent permeabilities and porosities are
examined as well as their scale dependence.

2 Methodology

The methodology rests on obtaining a large time approximation to the line-
injection line observation solution [1] originally developed for anisotropic aqui-
fers. Here, we develop such an approximation to analyze three-dimensional
pressure transient tests conducted using air as a flowing fluid in unsaturated
geologic media. We note, however, that the approximation is also valid for the
interpretation of pressure interference tests in saturated media.

The equations that describe airflow in partially saturated porous media are
nonlinear due to the compressible nature of air, its capillary interaction with
water, and non-Darcian behavior at high Reynolds numbers. A complete de-
scription of air-water interaction requires two systems of coupled partial dif-
ferential equations, one for each phase. The development of corresponding
analytical formulae [6] 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. Illman and Neuman [11] 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 [6] have shown that the



same holds true for cross-hole tests and therefore adopt the simpler p-based
representation, as we do here.

The line-to-line solution is given by Eq. (35) in [1],
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Here p4;; is the dimensionless pressure defined for an isotropic medium as
Parr = 47k LAD/(qu), where k is permeability, L is the length of the injection
interval, Ap is the average change in pressure in the monitoring interval, ¢ is
the flow rate, and p is dynamic viscosity. The dimensionless time is defined as
tg = ktpave/(dur?), where p,.. is average pressure, ¢ is porosity, and 7 is radial
distance between the centroids of the injection and monitoring intervals.

The geometric relationships between the injection and monitoring intervals
for the anisotopic case is described in [1]. For the isotropic case oy = 2R/L
where L is the length of the injection interval and as = cos6;, where 6; is
the angle given in radians is between a unit vector pointing from the centroid
of the injection interval toward the centroid of the monitoring interval and a
unit vector parallel to the injection interval. Similarly, 5; = 2R/B where B is
the length of the observation interval and [Fs = cos 0y, where 0, is the angle in
radians between a unit vector pointing from the centroid of the injection in-
terval toward the centroid of the monitoring interval and a unit vector parallel
to the monitoring interval during the test. Note that ¢ has a simlar meaning
as ap and (5, and is related to the angle between the injection and monitoring
intervals.

We start our analysis of the assymptotic behavior of p,;; at large time by
evaluating the time derivative of (1),
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so that the leading term in the expansion of (2) is
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for ¢ = 1. It follows from (4) that the pressure derivative decays with time at

the rate t;?’/ ?. This result is analogous to the result obtained by Illman and
Tartakovsky [4] for a point-source solution.

Integrating (4) yields the assymptotic behavior of dimensionless pressure at
large dimensional time
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where pa; 1 (c0) is the steady-state solution. For ¢ # 1, it is given by Eq. (54)
of Hsieh and Neuman [1985],
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It follows from (7) that the dimensionless pressure varies linearly with 1/v/f;
for large enough values of dimensionless time t,;. This finding coinsides with
that obtained by Illman and Tartakovsky [4] for the point-source solution.
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Figure 1 compares the dimensionless pressure py;; computed with the solution
of Hsieh and Neuman [1] (solid curves) and our asymptotic solution (dashed
lines). For the purpose of data analysis, the two solutions are identical for
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Fig. 1. Dimensionless pressure pg;; computed with the solution of Hsieh and Neu-
man [1] (solid curves) and the asymptotic solution (7) (dashed lines).

intermediate to late dimensionless time (small 1/4/t4), with the correspon-
dence improving as a; = 31 increase. The approximation can be used to infer
hydraulic parameters from line-to-line pumping tests when oy = 5; > 0.2.
The accuracy of the asymptotic solution (7) depends on the accuracy of the
approximations (3). This leads to the following constraints on the duration of
a pumping test,
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These relationships provide useful guidelines for the design of pumping tests,
when they are interpreted using our approach.

To infer the equivalent permeabity and porosity from pressure data from the
monitoring interval, we write (7) in its dimensional form as
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Since Ap varies linearly with ¢t~/ we plot the change in pressure, p, at a
given monitoring interval against values of the reciprocal of the square root of
time ¢~%/2. A straight line should develop for a portion of the data to which
a straight line is fit. Let Ap* denote the intersection of this straight line with
the time axis t~1/2. Then permeability & is determined from
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Similarly, let t* denote the time at which the straight line crosses the horizontal
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Fig. 2. Vertical and inclined boreholes within a geologically distinct unit of partially
welded unsaturated tuff in the test site near Superior, Arizona.

coordinate, i.e., Ap = 0. Then porosity ¢ is determined from
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This method of determinining the permeability and porosity of porous forma-
tion is more accurate and less prone to interpretive errors than the currently
used curve matching approach.

3 Application to three-dimensional pressure interference tests

We apply our technique to a three-dimensional pressure interference test with
the line-injection/lin-observation configuration conducted at the Apache Leap
Research Site (ALRS).

3.1 Site and test description

The site is located near Superior, Arizona at an elevation of 1,200m above sea
level. The test site included 22 vertical and inclined (at 45°) boreholes that
have been completed to a maximum depth of 30m within a geologically distinct
unit of partially welded unsaturated tuff. Figure 2 shows three-dimensional
perspective view of the 16 of the 22 boreholes at the site. The upper 1.8 m of
each borehole was cased. Core samples were taken from 9 of the 22 boreholes
and a variety of tests were performed [12] to determine the interstitial prop-
erties of the tuff matrix. Single-hole pneumatic and hydraulic injection tests



were conducted with both an injection interval length of 3m [12] and various
injection interval lengths [13] to determine estimates of permeabilities of the
fractured tuff. Additional details on these tests and the site can be found in

2].

Core and 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 errat-
ically in space so as to render the rock strongly and randomly heterogeneous.
To determine the properties of the rock on larger scales, numerous cross-hole
pneumatic injection tests were conducted [2,5] between 16 boreholes (one of
which included all 22 boreholes), 11 of which have been previously subjected
to single-hole testing. The tests consisted of injecting air into an isolated in-
terval within one borehole while monitoring pressure responses in isolated
intervals within this and all other boreholes. 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
interconnected.

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 both the injection and monitoring boreholes. The
main injection string consisted of 3 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 72U, 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 re-
covery was slow, but this feature was never activated even though recovery
had sometimes taken several hours. Once packer inflation pressure had dissi-
pated 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 pres-
sure was allowed to dissipate until ambient conditions have been recovered. In



Table 1
Geometric parameters of monitoring intervals during cross-hole test LL2

Interval R[m] Bm] o1 a2 [ B2 c

V2 219 2425 035 1.04 0.39 0.67 0.71
V3 336 2648 0.34 0.69 035 093 0.71
W1 8.08 11.35 0.48 0.85 1.09 0.63 0.50
W2A 5.10 26.14 035 0.20 0.36 0.74 0.50
X2 5.72  28.61 0.36 0.01 0.34 0.01 1.00
X3 9.18 42,64 0.64 0.02 040 0.03 1.00
Y1 797 1319 053 0.15 1.09 0.07 1.00
72 18.17 2750 1.19 0.66 1.17 0.67 0.00

other tests, air injection continued at incremental flow rates, each lasting until
the corresponding pressure had stabilized, before the system was allowed to
recover.

Three types of cross-hole tests were conducted at the ALRS in 3 phases.
Phase 1 included line-injection/line-monitoring (LL) tests in which injection
and monitoring took place along the entire length of a borehole that had been
isolated from the atmosphere by means of shallow packers. Some of the bore-
holes were open to the atmosphere. Phase 2 consisted of point-injection/line-
monitoring (PL) tests in which air was injected into a 2 — m section in one
borehole while pressure was recorded along the entire length of each monitor-
ing borehole. During Phase 3, we conducted point-injection/point-monitoring
(PP) tests in which both the injection and the monitoring intervals were short
enough to be treated as points for purposes of type-curve analysis [6]. All of the
boreholes were packed off during the PL and PP tests. A total of 44 cross-hole
pneumatic interference tests of various types (constant injection rate, multi-
ple step injection rates, instantaneous injection) have been conducted using
various configurations of injection and monitoring intervals (LL, PL and PP).

3.2  Results

Recently, we applied our asymptotic approach to analyze data from various
cross-hole pneumatic injection tests in unsaturated fractured tuff. The asymp-
totic analysis was conducted on tests deemed successful in that 1) they did not
suffer from significant equipment failure and 2) their flow conditions were rela-
tively well controlled and stable. Here, we analyze selected data from one such
test LL2 which was previously subjected to steady-state analysis [3]. However,
a type-curve or numerical inverse analysis has not been done using this test.
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Fig. 3. Data from line monitoring interval V2 from cross-hole test LL2 and their
asymptotic analysis.

We apply the asymptotic straight line approach to pressure data in which both
the injection and monitoring intervals are treated for the purpose of analysis,
as lines. There are two tests (LL1 and LL2) available for the interpretation
but we choose LL2. LL1 was conducted with a volumetric flow rate (q) of
50 standard liters per minute (SLPM) while LL2 was conducted at a higher
flow rate of 100 SLPM thus yielding a stronger responses in a larger number
of borehole interivals. Table 1 lists the name of the borehole intervals that
were monitored during test LL2, their radial distance (R) from the injection
interval, their lengths (B), and the geometric parameters described earlier.

Figure 3 shows the results from analyzing data from line monitoring interval
V2 from cross-hole test LL2. Details to the test are given in [2]. It reveals
that after an early time behavior that may be dominated by the effects of
borehole storage, skin, and heterogeneity, a straight line develops. A visual
examination of all pressure records examined reveals that all of them attain
this straight line behavior at sufficiently large time and therefore is amenable
to our asymptotic analysis. In many of the data that we examined, the signal
to noise ratio was large making the definition of the straight line portion of
the pressure transients relatively easy.

We also plot data obtained from line monitoring interval Z2 on Figure 4 and
analyze it with our asymptotic straight line approach. It is evident from the
figure that the signal-to-noise ratio is considerably lower making the anal-
ysis more difficult with traditional approaches such as with the type-curve
approach. However, we see the development of a straight line at large times
(small t;l/ 2) making the analysis possible with our approach.

Logjo-transformed permeability values from the asymptotic analysis of 8 in-
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Fig. 4. Data from line monitoring interval Z2 from cross-hole test LL2 and their
asymptotic analysis.

tervals range from -14.25 (5.60 x 1071%m?) to -12.59 (2.57 x 107'3m?) with the
geometric mean of -13.60 (2.49 x 107'4m?). Likewise, the log;o-transformed
porosity values range from -2.85 (1.49 x 1073) to -0.59 (2.59 x 107!) with the
geometric mean of -1.48 (3.24 x 1072). More meaningful statistical analysis of
these data is not possible, since only 8 data points are available.

Our analysis of pressure transient data assumes that the rock is pneumatically
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 permeabilities and porosities can be viewed as bulk
directional properties of the rock associated with given injection and monitor-
ing intervals.

4 Discussion

4.1 Comparison with results from steady-state analysis

The inability to analyze many cross-hole tests by means of type-curves led
[lman and Neuman [9] to use a steady-state formula developed by Hsieh and
Neuman [1] for hydraulic cross-hole tests in saturated rocks. Steady-state anal-
yses are much easier to conduct than transient type-curve [11,6] and numerical
inverse [7,8,14] analyses, which have therefore been limited to relatively few
single- and cross-hole tests. They found that their steady-state approach per-
forms well for the pressure records, whose signal-to-noise ratio is too low to

11
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Fig. 5. Comparison of the permeability measurements inferred from the steady-state
analysis of Illman [3] and the present transient asymptotic analysis.

allow meaningful transient analysis. They were therefore able to augment in
a significant way the database previously established for the ALRS by other
means. Though the steady-state method does not yield estimates of poros-
ity, it does yield reliable estimates of permeability between an injection and a
monitoring interval. The results were analyzed statistically and they discussed
their implications vis-a-vis the pneumatic properties of unsaturated fractured
tuff at the ALRS. Their results strengthened the evidence for a previously
surmised permeability scale effect at the site.

The results are compared against permeability estimates from the steady-state
analysis [3]. Figure 5 shows this comparison revealing that the comparison is
quite good with a slight bias toward the steady-state estimates of permeability.
This may be due to the fact that the steady-state estimates reflect a larger
volume of the rock as the estimates are based on late data. Such a time
dependence of permeability was observed in the analysis of pumping test data
in fractured carbonates [15].

4.2 Correlation between permeability and porosity

Vesselinov et al. [7,8] developed a three-dimensional numerical inverse model
to analyze 5 of the 44 cross-hole tests conducted at the ALRS (i.e., tests
PP4 through PP8). The model simulates airflow on a three-dimensional grid
of structured and unstructured tetrahedral elements, which represents quite
accurately the geometry of vertical and inclined boreholes at the ALRS. Bore-
holes are treated in the model as high-permeability and high-porosity cylinders
of finite length and radius. The model treats permeabilities and porosities ei-

12



ther as uniform throughout the rock volume or as random fractal fields. In
the first case, the estimated parameters represent equivalent values over rock
volumes having length-scales ranging from meters to tens of meters, repre-
sented nominally by radius vectors extending from the injection interval to
the various monitoring intervals. In the second case, they describe the spatial
variation of local pneumatic properties throughout the tested rock volume. In
their model, this spatial variability was characterized by a power variogram
and was estimated geostatistically by Kriging, on the basis of discrete pilot
points. Such estimation entailed the simultaneous inversion of pressure records
from multiple observation intervals and cross-hole tests. It thus amounts to
relatively high-resolution pneumatic tomography, or stochastic imaging, of the
rock.

Vesselinov et al. [7,8] analyzed the data first one pressure record at a time mak-
ing it analogous to the analytical interpretive techniques described here. They
noted that each such numerical inversion required ~ 80 forward simulations
and it took & 4 hours on the University of Arizona SGI Origin multiproces-
sor supercomputer. To interpret the cross-hole tests with the inverse model,
Vesselinov et al. [7,8] filtered the available pressure records so as to focus on
signals that appear to be due primarily to air injection and to reduce the large
set of recorded pressures done to a manageable number without the significant
loss of information. They did so by ignoring those portions of a pressure record
that they deemed strongly influenced by barometric pressure fluctuations or
other extraneous phenomena and by representing the remaining portions via a
relatively small number of “match points.” The match points are distributed
more or less evenly along the log-transformed time axis so as to capture with
equal fidelity both rapid pressure transients at early time and more gradual
pressure variations at later time. Matching was done with equal weighting
using the match points with the numerical inverse interpretation.

Vesselinov et al. [8] plotted Kriged and pilot point estimates of log,, ¢ obtained
from test PP4 against corresponding estimates of log,, & and fitted a straight
line to these data by regression. They found low correlation cofficients 72 equal
to 0.428 and 0.463 for Kriged and pilot point estimates, respectively. Their
hypothesis that the observed scatter can be explained by a linear trend was
rejected by a standard Fisher test. The weak linear correlation may be due in
part to the effect of correlated estimation errors on the scatter.

The slope of the regression line is 0.522 + 0.004 for Kriged estimates and
0.247 £ 0.174 for the pilot point estimates. This is equivalent to a 1:2 linear
relationship between log,, ¢ and log,, k based on Kriged estimates and a 1:4
linear relationship based on the pilot point estimates. These authors found it
of interest to note that upon reinterpreting data from field conservative tracer
tests conducted in saturated fractured rocks on various sites worldwide by
different research groups, Guimera and Carrera [16] obtained slopes equal to

13
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0.28 and 0.35 for regression lines of log effective porosity versus log permeabil-
ity. These are roughly equivalent to a 1:3 linear relationship between the two
parameters.

Analysis of the data obtained from the asymptotic analysis of cross-hole test
LL2 yielded a slightly higher 7? equal to 0.576 with a slope of the regression
line of 1.052 which is equivalent to a 1:1 linear relationship between log,, ¢
and log,, k (Figure 6). We attribute the lack of correspondence between the
slopes of the regression line obtained here and those obtained by Vesselinov et
al. [8] to the differences in the method of interpretation. That is, we treated
to the rock to be uniform while Vesselinov et al. [8] treated the rock to be
nonuniform described by a power variogram that is characteristic of a random
fractal. It is also possible that the differences in the slope is a result of the
interpretation of different tests (PP4-PP8 vs LL2) although all the tests were
conducted at the same site.

4.8 Scale effects in permeability and porosity

Analyses of single- and cross-hole pneumatic injection tests to date [6,9,7,8]
show that the permeability scale effect results from the comparison of single-
and cross-hole test data and this can be explained theoretically by treating
the permeability field as a self-affine random fractal [17]. However, Illman [3]
noted that there is considerable uncertainty whether the comparison of the
data from the two types of tests really reveal a scale effect because the tests
were conducted in a different configuration that could potentially introduce
an experimental bias.

14
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The single-hole tests were conducted along the boreholes in 11 boreholes where
the bulk of the rock is unfractured and so they will be representative of the
combined properties of the fracture and rock matrix. Fracture porosity deter-
mined from cross-hole tests range between 10~* to 1072 suggesting that only
a small portion of the rock conducts flow. Therefore, [llman [2004, submitted
manuscript] reasoned that a “true” scale effect can only be measured from
the comparison of permeabilities from a single type of test conducted over a
large range of scales at various configurations. As the cross-hole tests at the
ALRS were conducted in a tomographic manner with air injection taking place
from different directions while correponding monitoring interval pressures were
monitored in all neighboring intervals. These attributes of the cross-hole tests
show that cross-hole tests at the ALRS may be able to measure a " true” scale
effect. Using the steady-state solution [1], Illman [3] showed a strong field ev-
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Fig. 9. Log porosity log;y ¢ as a function of log;y R with V2 data treated as an
outlier.

idence for a permeability scale effect from cross-hole tests alone by plotting
the calculated permeabilities against the radial distance between the injection
intervals. As he used a steady-state equation to analyze the data, he was only
able to obtain estimates of permeability only from the various tests that he
analzyed. Here, we used the asymptotic approach to obtain the estimates of
permeability and porosity showing that both parameters increase with radial
distance from the injection interval (Figures 7 and 8), i.e., with the measure-
ment scale. The correlation between porosity scaling is log;, R and log,, ¢ is
very weak because of the strong influnece of the high value of porosity in V2
near the injection interval. If we treat this value to be an outlier and replot
the graph, we see that the correlation improves dramatically (Figure 9).

5 Conclusions

This study leads to the following major conclusions:

(1) We developed a new method to interpret three-dimensional pressure in-
terference tests based on the asymptotic analysis of late time pressure
transient data. The approach yields reliable estimates of equivalent per-
meability and porosity which can be obtained without the construction of
type-curves or numerical inverse models. The approximation presented in
4] is strictly valid for the case when the injection and monitoring intervals
can be idealized as points. Here, we extend their analysis by developing
an asymptotic solution for the line-injection line-monitoring solution [1]
and studying the late-time behavior. A comparison of our asymptotic
solution to the original line-injection/line-observation solution [1] reveals
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that the approximation is very good at intermediate to late time (small
t;l/ 2) with the correspondence improving as a; = (3 increases. For all
practical purposes the approximation can be used when a; = 31 > 0.2.
The major advantage of our new approach to existing type-curve meth-
ods is that there is not need to plot a type-curve, which can be sometimes
difficult to acheive.

We apply the technique to a cross-hole pneumatic injection test con-
ducted at the Apache Leap Research Site near Superior, Arizona [5,2]
and compare these results to previously obtained estimates of permeabil-
ities from steady-state analysis in [3]. The comparisons reveal that the
newly developed approach yields reliable estimates of permeabilities and
porosities from three-dimensional pressure interference tests.

The asymptotic analyses are much easier to conduct than transient type-
curve [11,6] and numerical inverse [14,7,8] analyses, which have therefore
been limited to relatively few single-hole and cross-hole tests. We found
our asymptotic approach to work well for pressure records whose signal-
to-noise ratio is too low to allow meaningful transient analysis. This also
includes cases when pressure transients are heavily affected by borehole
storage, external forcings, and heterogeneities that cause the data to de-
part from analytically derived type-curve models. We were therefore able
to augment in a significant way the database previously established for
the ALRS by other means. In addition to estimates of permeability, the
asymptotic approach yields reliable estimates of porosity between an in-
jection and a monitoring interval, which cannot be obtained from the
steady-state analysis of the same data.

Comparison of permeabilities obtained from the asymptotic to steady
state analysis is good although the permeabilities are slightly biased to-
ward higher permeability values for the steady-state approach. This may
be due to the fact that the steady state portion of the pressure transient
has sampled a larger portion of the rock giving rise to larger equivalent
directional permeabilities. We emphasize that the steady-state analysis
does not yield estimates of porosity but the asymptotic analysis does.
Our analysis of pressure transient data assumes that the rock is pneu-
matically uniform and isotropic on the scale of the cross-hole test. Re-
sults from individual monitoring intervals provided information about
pneumatic connections between these and the injection interval, corre-
sponding directional permeabilities, and porosities. Each pressure record
yielded an equivalent directional permeability and porosity for fractures
that connect the corresponding monitoring and injection intervals. Both
quantities were found to vary considerably from one pressure monitoring
record to another. Thus, even though our asymptotic analysis treats the
rock as if it was pneumatically uniform and isotropic, it ultimately yields
information about the spatial and directional dependence of pneumatic
connectivity, permeability and porosity of fractures across the site on
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scales relevant to the cross-hole test.

There is a 1:1 linear relationship between our estimates of log porosity
and log permeability at ALRS from cross-hole test LL2. This is different
from the weak 1:4 to 1:2 linear relationship found in [8]. We attribute
the lack of correspondence between the slopes of the regression line ob-
tained here and those ondtained in [8] to the differences in the method
of interpretation. That is, we treated to the rock to be uniform while [§]
treated the rock to be nonuniform described by a power variogram that is
characteristic of a random fractal. It is also possible that the differences
in the slope is a result of the interpretation of different tests (PP4-PP8
vs LL2) although all the tests were conducted at the same site.
Analyses of single- and cross-hole pneumatic injection tests to date [9,6—
8] show that the permeability scale effect results from the comparison of
single- and cross-hole test data and this can be explained theoretically by
treating the permeability field as a self-affine random fractal [17]. How-
ever, considerable uncertainty remains whether the comparison of the
data from the two types of tests really reveal a scale effect because the
tests were conducted in a different configuration that could potentially
introduce an experimental bias [3]. Here, we used the asymptotic ap-
proach and obtain estimates of both permeability and porosity showing
that both parameters increase with radial distance from the injection in-
terval which we treat it to be the measurement scale. These results show
that the cross-hole test results from test LL2 alone show a scale effect in
both parameters. However, the relationship between porosity and scale is
very weak.
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