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Abstract A three-dimensional inverse model was used to analyse air pressure
data from single- and cross-hole air injection tests in unsaturated fractured
tulfs at the Apache Leap Research Site in Arizona. The model simulates
single-phase airflow in a uniform, isotropic continuum. It treats open borehole
intervals as high-permeability and high-porosity cylinders of finite length and
radius. Single-hole test data yield local-scale permeabilities, porosities and
borehole storage coeflicients. Cross-hole test data yield larger-scale
permeabilities, porosities and their spatial distribations.

INTRODUCTION

Over 270 single-hole (Guzman et al., 1996; Guzman & Neuman, 1996), and over
40 cross-hole (Illman et al., 1998) pneumatic injection tests have been conducted in
16 vertical and slanted boreholes (Fig. 1) completed within a layer of slightly welded,
fractured, unsaturated tuff at the Apache Leap Research Site (ALRS) in Arizona.
Steady statc analyses of single-hole test data have been reported by Guzman et al.
(1996), and transient type curve analyses of both single- and cross-hole test data by
Illman er al. (1998). We describe numerical inversion of the test data by means of the
finite volume code FEHM (Zyvoloski er al., 1997), coupled with the inverse code
PEST (Doherty et al., 1994), using a multiprocessor supercomputer (SGI Origin 2000).

NUMERICAL INVERSE MODEL

Laboratory tests of core samples show that porous blocks of fractured tutf at the ALRS
are virtually saturated with water, However, the void space of fractures at the site tends
to be occupied primarily with air. It follows that air flow occurs primarily through
fractures and can be simulated as single phase. Duc to air compressibility, the
corresponding airflow equations are nonlinear. Fractures at the site appear to form an
interconnected three-dimensionai networlk that we represent by a uniform and isotropic
continuum. It follows that air permeabilitics, and air-filled porosities, identified from
pneumatic test data at the ALRS, reflect the bulk properties of fractures.

Paillet (1993) has noted that adding an observation borehole had an impact on
drawdowns during an interference test in an aquifer. Preliminary simulations of cross-
hole tests at the ALRS (Illman ez al., 1998) have shown that open borehole intervals
have a considerable impact on pressure propagation through the system. We therefore
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Fig. 1 Three-dimensional perspective of the site and computational region.
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Fig. 2 Cross-sections through the computational grid (after Iilman ef al., 1998).

included such intervals in our model by treating them as high-permeability and high-
porosity cylinders of finite length and radius.

The simulated flow region corresponds to the shaded rock volume in Fig. 1, which
measures 153 090 m° (63 x 54 x 45 m). The side and bottom boundaries of the flow
region are made to be impermeable; preliminary stmulations (IHlman et al., 1998) have
suggested that these boundaries are sufficiently far from injection intervals to have
virtually no effect on simulated pneumatie tests. The top boundary coincides with the
ground surface and is maintained at a constant and uniform pressure of 0.1 MPa,
correspending to average barometric pressure during the tests. Though barometric
pressure fluctuated during each pneumatic test, these fluctuations are ignored in our
analysis. Initial air pressure in the rock is likewise set equal to 0.1 MPa. The pneumatic
propertics of the mediom remain constant in time.
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A three-dimensional computational grid of tetrahedral elements was generated
automatically by means of the code X3D (Treasc er al., 1996). It consists of: a regular
grid at the cenire, with node spacing of 1 m; a surrounding regular grid with node
spacing of 3 m; and a much finer and more complex unstructured grid surrounding
each borehole. The grid associated with the injection borehole is wider and finer than
those associated with other boreholes so as to allow accurate resolution of the
relatively high pressure gradients that develop around the former. There is a gradual
transition from fine borehole grids having radial structures and surrounding coarser
grids having regular structures. Two cross-sectional views ol a grid constructed for the
case of injection into an interval along borchole Y2 are illustrated in Fig. 2. The grid
includes 39 264 nodes and 228 035 teirahedral etements. 1t allows resclving medium
heterogeneity on a scale of 1 m.

We developed a series of pre- and post-processing codes to allow seamless transfer
of data between FEHIM and PEST. The latter relies on the Levenberg-Marquardt
algorithm (Marquardt, 1963) to estimate parameters by minimizing a weighted sum of
squared difference between simulated and measured pressures at selected grid nodes,
at selected times. Assuming that measurements are mutually uncorrelated and
estimation ervors are Gaussian, PEST calculates 95% confidence limits for each
parameter. As these assumptions do not apply to our case, we view (he corresponding
confidence limits merely as crude indicators of parameter reliability.

NUMERICAL INVERSION OF PNEUMATIC TEST DATA

To illustrate the numerical inversion of single-hole test data, we consider test JG0921
(Guzman et al., 1996) conducted in borehole Y2 at two successive injection rates,
8.014 % 10 and 3.967 x 10°kgs'. The corresponding pressure build-up and
recovery data are presented in Fig. 3. To analyse single-hole test data, we treat the rock
as having uniform air permeability and air-fitled porosity values. In the case of test
JG0921, we first analysed pressure data from the first injection step. When open
borehole intervals are not included in the model (nodes along the axes of these
intervals are assigned properties stmilar to those of the surrounding rock), the inverse
model vields an air permeability &k of 2.3 x 10™ £2.6 x 10" m” and an air-filled
porosity ¢ of 4.5x 107+ 1.9 x 107 (where the + range represents computed 95%
linear confidence intervals). The latter porosity is much too high for fractures, and the
corresponding pressure response (dashed curve in Fig. 3) does not match the observed
pressures (dots for measured values, open circles for match points) well. When open
borehole intervals are included (by assigning to them high permeability and porosity
values), and the effective porosity @, of the injection interval is treated as an unknown
parameter, the computed pressure (solid curve in Fig. 3) matches the observed values
very well. The corresponding parameter estimates are k = 2.2 % 107 + 4.4 x 107 m?,
¢ = 67x10°£47x 107, and ¢, = 7.0x 10" £6.7x 107 The relatively large
confidence interval associated with ¢ reflects low reliability due to borehole storage
cffects at an early time. This adverse effect can be minimized by considering all
available pressure data, especially those measured during recovery (Vesselinov &
Neuman, 2000). The corresponding fit (Fig. 3) between computed (solid) and
measured (dots and circles) data, obtained with & = 2.4 x 104+ 7.1 x 10" m?,
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Fig. 3 Analysis of single-hole test data (after Vesselinov & Neuman, 2000).

G=14%x10%+1.7x107 and ¢, = 8.0 x 107 + 4.6 x 107, is good. The latter estimate
of permeability is close to that obtained by means of steady state (Guzman ef al., 1996)
and transient type curve (Illman et al., 1998) analyses of the first step of the test.
Unfortunately, these analyses did not yield unique values of porosity.

For illustration purposes we discuss the analysis of one cross-hole iest labelled
PP4 (Ilkman e? al., 1998). Air was injected into the middle (Y2-2) of three intervals
along borehole Y2 at a rate of 1 x 107 kg s™'. The locations of packers during this test
are shown in Fig. !. The length of monitored intervals varies between 0.5 and 42.6 m;
the distance from the injection interval to observation intervals ranges from 1.0 to
30 m. Though pressure responses were recorded in 32 of all 36 packed-off borehole
intervals, we present only 12 of these pressure records in Fig. 4. We started by treating
the medium as uniform and analysing each pressure record individually. The computed
pressure is shown by solid curves in Fig. 4, which also lists the corresponding
parameter estimates. Inverse permeability estimates are quite close to those obtained
by means of type-curves (Illman et al., 1998).

It is of interest to note that the injection intervals in cross-hole test PP4 and single-
hole test JGO921 wvirtsally coincide. Though the injection rate during PP4 had
exceeded that during JG0921 by a factor of about 100, both tests yielded similar
permeabilities and porosities for the injection interval.

To perform a simultaneous inverse analysis of pressure data from 32 of the
monitored borehole intervals simultaneously, we allow air permeability to vary in space
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Fig. 4 Independent and simultancous analyses of cross-hole test data. Parameter
estimates are from independent analysis.

while treating porosity as an unknown constant. Log permeability is kriged based on
32 “measurement” or “pilot” points at which the corresponding “measured values™ are
treated as unknowns. The pilot points are located along the injection and various moni-
toring intervals. Kriging is performed by means of the geostatistical code GSTAT
{Pebesma & Wesseling, 1998), using a power variogram with an unknown exponent that
is not allowed 10 exceed 1. A cross-section through the estimated log permeability field
(with an estimated variogram exponent of 1) is given in Fig. 5, and corresponding
pressure build-ups are shown by dashed curves in Fig. 4. Some of the fits are better
than those obtained by treating the rock as being uniform (solid curves), and some are
worse, We expect to improve the fit in the future by allowing porosity to vary in space.
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Fig. 6 Simulated spatial distributions of air pressure at end of cross-hole test PP4,

Kriging log permeability values obtained from single-hole tests (Iliman er af,,
1998) leads to a different spatial distribution to that we had obtained by inverse
analysis of cross-hole data (Fig. 5), but there are some important similarities. Attempts
to use the kriged pattern of single-hole data as a basis for inverse analysis of cross-hole
data have been unsuccessful.

Simulated air pressure distributions through the computational region at the end of
cross-hole test PP4 are depicted in Fig. 6. The figure demonstrates the combined
influence of heterogeneity and boreholes on airflow,

CONCLUSIONS

Pneumatic injeclion iests in unsaturaied [ructured tuffs are amenable to analysis by
means of a three-dimensional numerical inverse model, which considers only single-
phase airflow and treats the rock as a uniform, isofropic continuum representative of
interconnected fractures. The inverse model accounts directly for the geometry,
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conductance, and storage of open borchole intervals, which have an impact on the
space-time pressure distribution in the system. It is possible to analyse pressure data
from individual borehole intervals separately while treating air permeability and air-
filled porosity as uniform, and from all intervals simultaneously by allowing
permeability to vary in space. We hope to improve our analysis in the future by
mcluding spatial variations in air-filled porosity; heterogeneity of air-filled porosity
will impact early time pressures. We are also planning to analyse simultaneously
several cross-hole tests as well as a set of single-hole tests conducted along one
borehole. Such analyses would amount to a hydraulic version of geophysical
tomography, an idea proposed over a decade ago by Neuman (1987, p. 547).
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