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Abstract

The Small-Scale Mine-By was an in situ experiment to measure changes in brine
and gas permeability of rock salt as a result of nearby excavation. A series of small-
volume pressurized brine- and gas-filled test intervals were established 8 m beneath the
floor of Room L1 in the WIPP underground. The test intervals were isolated in the

bottom of the 4.8-cm diameter monitoring boreholes with inflatable rubber packers,
and are initially pressurized to about 2 MPa. Both brine- and gas-filled test intervals
were located 1.25, 1.5, 2, 3, and 4 r from the center of a planned large-diameter hole,
where r is the radius of the large-diameter hole. Prior to the drilling of the larg_
diameter borehole, the responses of both the brine- and gas-filled test intervals were

consistent with the formation modeled as a very low permeability, low porosity porous
medium with a significant pore (brine) pressure and no measurable gas permeability.
The drilling of the mine-by borehole created a zone of dilated, partially saturated rock
out to about 1.5 r. The formation pressure increases from near zero at 1.5 r to the pre-
excavation value at 4 r. Injection tests reveal a gradient of brine permeabilities from
5x10 -18 m 2 at 1.25 r to about the pre-excavation value (10 -21 m s) by 3 r. Gas-injection
tests reveal measurable gas permeability is limited to within 1.5 r.
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1 Introduction

A Disturbed Rock Zone (DRZ) develops around the excavations of the Waste Isola-

tion Pilot Plant (WIPP), a US Department of Energy research and development facility
in bedded salt (halite) near Carlsbad, New Mexico. The DRZ is defined as the zone

of rock in which mechanical and hydrologic properties have changed in response to
excavation (Borns and Stormont, 1988). The presence of a DRZ has numerous implica-
tions for the performance of the WIPP. The DRZ is relatively permeable compared to
the undisturbed formation, and must be considered in seal systems designed to isolate

waste. The increased porosity of the DRZ may also serve as a sink for fluids (brine or
gas) to accumulate. Most research has focused on the properties and response of the
rock mass outside the DRZ. Current mechanical and hydrologic models for rock salt
do not account for the observed behavior in the DRZ.

Hydrologic characterization of the formation at the storage horizon has principally
been accomplished with brine pressure build-up and injection tests. These borehole
tests are performed in isolated intervals usually deep enough into the formation so that
they are assumed to be outside the DRZ. These data have been reasonably well matched
with conventional models of transient flow in a porous medium. The data from the

various measurements indicate that the storage horizon halite has a permeability of
less than 10 .20 m 2 and a pore pressure up to 13 MPa (Peterson et al., 1987; Nowak and
McTigue, 1987; Saulnier and Avis, 1988; Nowak et al., 1988; Beauheim et al., 1991;
Howarth et al., 1991). The porosity is typically assumed to be on the order of 0.1 and
1.0%.

Numerous gas-injection tests were made from isolated intervals within single bore-
holes to delineate the DRZ. In the test intervals which were comprised solely of rock
salt and were within the first meter from an excavation, the interpreted permeabilities
varied from about 10-13 to 10-19 m 2. The interpreted gas permeabilities rapidly de-
crease with distance from an excavation so that by 2 to 5 meters from an excavation the
gas permeability of the rock salt is immeasurably small. Undisturbed brine-saturated

rock salt has a very small or perhaps non-existent gas permeability because in order

to flow, gas must overcome both the formation (brine) pressure as well as a threshold
capillary pressure which has been estimated to be in excess of 10 MPa (Stormont et
al., 1987). Measurable gas flow in the DRZ may be through flow paths created subse-

quent to excavation. This additional porosity might include brine-saturated pores of
sufficient size that their capillary pressures are very low, permitting gas flow. It is more
likely that the flow paths for gas are not completely brine-saturated, and the gas flows
through the available gas-filled pore volume. From previous gas flow measurements
(Stormont et al., 1987; Stormont, 1990a), we conclude that the DRZ is principally a
dilated, probably partially saturated zone which extends a limited distance from an

excavatio_l. Dilation and de-saturation of the rock salt surrounding WIPP excavations



have also been inferred from resistivity measurements (Borns and Stormont, 1988), seis-

mic tomography (Borns and Stormont, 1988) and ultrasonic velocity and attenuation

(Holcomb, 1988).

The purpose of the Small-Scale Mine-By Experiment is to monitor the hydrologic

response of a halite layer to nearby excavation and provide a hydrologic measure of the

DRZ. An array of small volume pressurized brine- and gas-filled test intervals located

about 8 m from an underground room was first established. Their pressure response

was monitored prior to, cl_,ring and after the drilling (excavation or mine-by) of a nearby

large-diameter hole. Solnetime later, gas and brine-injection tests were conducted in the

boreholes. The emphasis o" measuremcnts and analyses was to quantify the changes in

gas and brine permeabilit3 as a result of excavation. The data also provide qualitative

information regarding changes in dilation and saturation in response to excavation.

This report is organized as follows. Chapter 2 contains the experimental config-

urations and methods used to conduct this experiment. In Chapter 3, the analysis

approach and scope is given. The experimental results and their interpretation are

given in Chapter 4. In Chapter 5, the results are discussed. A summary of the experi-

ment is given in Chapter 6, and is followed by a list of references. Appendix A provides

a development of the analysis method.



2 Experimental Configuration arid Methods

Twelve small-diameter "monitoring" boreholes were drilled vertically down from

the floor of Room L11 in the experimental portion of the WIPP facility. The 4.8-cm

diameter boreholes were drilled to a depth of 8 m with air as the drilling fluid. Test

intervals were created in the bottom of the borehole by placing an inflatable rubber

packer nominally 65 cm from the bottom of the borehole. A schematic diagram of
the monitoring boreholes is given in Figure 1. In order to minimize the volume of

test interval, a 4.3-cm diameter steel rod was placed near the bottom of the borehole.

The packers have a tubing feed-through to allow access to the test interval for fluid

injection or withdrawal. The test interval pressure is measured by means of a strain-

gaged diaphragm pressure gage. A nearby data acquisition shed provides the excitation,
signal conditioning, and data recording instrumentation.

Prior to initiating the tests, system tests were performed on all packer assemblies.

During a system test, the packer assembly is placed in an aluminum tube, the packers

are inflated and the test interval is pressurized and monitored to detect leaks. These

tests revealed that all of the system components were operative with no detectable

leaks. Because the small amount of flow observed along the packer-tubing interface

was attributed to scratches in the tubing, leakage at the packer-borehole interface was
not expected.

A plan view of the monitoring boreholes is given in Figure 2. As shown in Figure

2, both brine- and gas-filled monitoring boreholes were placed at 1.25, 1.5, 2, 3, and 4

r from the center of the planned large-diameter hole, where r is the radius of the large-

diameter hole (r - 48.3 cm). Two monitoring boreholes of each type (gas and brine)

were located at 1.25 r to provide redundancy at the location where the greatest changes

in response to excavation were anticipated. At a depth of about 8 m from the floor

of Room L1, the rock adjacent to the test interval is described as clear to moderately

reddish orange halite with some polyhalite stringers and very little disseminated clay

(USDOE, 1988). The nearest anhydrite or distinct clay seam is more than 2 m from
the test intervals.

Both the brine- and gas-filled test intervals were established within 4 days of comple-

tion of the borehole drilling by placing the steel rod and packer at the desired location

and inflating the packer. The packers were inflated and mainitained at a pressure of

about 5 MPa using fresh water. For the brine-monitoring boreholes, saturated brine

was first placed in the bottom of the borehole prior to placement of the packer and

steel bar to reduce the likelihood of trapping gas in the test interval. The packers were

driven at a pressure of about 5 MPa with fresh water. The brine and gas test intervals

were pressurized to about 2 MPa, shut-in and monitored for about 150 days until the

1Room L1 is 9.9-m wide, 3.9-m high, and 30-m long, and was excavated in April, 1984. The boreholes
for this experiment were drilled in (_.ctober and November of 1988.
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large-diameter hole was drilled. Time zero is taken as the time the first test interval

was established. In one brine-filled test interval at 1.25 r, the borehole fluid and rock

temperatures were measured with thermocouples.

Approximately 40 days after the first test interval was established, test interval

compressibility measurements were made in the brine-filled test intervals. Two methods

were used. In the first method, called the equilibration method, the test interval is

allowed to equilibrate with a small reservoir of brine at a pressure less than that of the

test interval. To compute the test interval compressibility, it is necessary to know the

reservoir compressibility. Tne second method, called the vent method, involves venting

a small volume of brine from the test interval into a buret at atmospheric pressure. In

both methods, the pressure change in the test interval resulting from the flow of brine
out of the test interval is measured.

Pulse tests were conducted in two test intervals. The pressure in one gas-filled test

interval and one brine-filled test interval were instantaneously increased by about 1

MPa and 1.5 MPa, respectively, 140 days after the test intervals were established.

The mine-by was achieved by drilling a 96.5-cm diameter hole. This hole was deep-

ened incrementally: A 5-cm diameter pilot hole was first drilled, followed by the coring

of the 96.5-cm diameter hole to a similar depth. The pilot hole provided directional

stability and aided in the large core removal. The drilling time was less than 8 hours

for both the pilot hole and the large-diameter core from about 1 meter above to 1 meter

below the mean test interval depth (8 m). To reduce the potential for packer-induced

damage, packers within 2 r of the large-diameter borehole were shut-in prior to the

mine-by so that their pressure would drop if they began to expand the borehole.

Approximately 50 days after the mine-by drilling, compressibility measurements

were repeated in the brine-filled test intervals using the equilibration method. Also,

the gas volumes in the gas-filled te_t intervals were measured by permitting them to

equilibrate with a small reservoir at a known pressure.

About 240 days after the mine-by drilling, injection tests were conducted in both the

brine-filled and gas-filled test intervals. Constant-pressure tests were conducted in all

of the brine-filled test intervals and two of the gas-filled test intervals, the test interval

pressures were increased by up to 0.7 MPa, and the flow rate necessary to maintain

this pressure was measured with a flow manifold connected at the wellhead. Shut-in

or pressure-decay test were performed in three gas-filled test intervals by raising the

pressure in the test interval by 1.4 MPa and measuring the pressure decrease as fluid
flows out into the formation.

At the conclusion of the testing, the position of the packer system in the borehole

was verified. For those holes in which the packer systems could be removed, the hole

diameter was measured "vith a caliper.



3 Analysis Approach and Scope

The principal focus of the data analysis from the in situ experiment is to determine
the changes in permeability of the rock salt as a result of nearby excavation. The
analysis approach is to first establish a pre-excavation permeability and then determine
the permeability after the excavation. Analyses of the experimental data are in three
categories:

(1) Pre-excavation response: Prior to excavation of the large-diameter borehole
(mine-by), the responses of the brine- and gas-filled test intervals can be interpreted to
provide baseline or initial formation properties.

(2) Excavation-induced response: During and after the mine-by, the responses of
the test intervals can be interpreted in terms of the changing formation properties.

(3) Post-.excavation injection tests: Approximately 240 days after the mine-by, the
pressures in the test intervals were at or near equilibrium values. At this time, injection
tests were conducted in all of the gas- and brine-filled test intervals. These tests provide

data which can be interpreted in terms of formation properties.

The experimental data are interpreted in terms of transient flow through a com-
pressible, porous medium. The flow is assumed to be radial, applicable for flow to or
from a borehole. The governing differential equation for isothermal, radial flow through
a porous medium is derived by combining the continuity equation, the equation of state
of the fluid, and Darcy's law. For brine flow it is given as

OP 1 1 a (k_raP)at = s ,.a,. .

where P is the borehole pressure, t is time, r is the radial coordinate, # is the fluid
viscosity, and k is the permeability. S is a formation storage term given as

s = (c - c.) + ¢(cj - c,) (2)

where C is the bulk compressibility of the rock, C, is the compressibility of the solids,
Cf is the compressibility of the fluids, and ¢ is the porosity. An expression comparable
to Equation 1 can be developed for gas flow with P replaced by pa and substitution of
the appropriate gas pro,oerties.



There are five boundary conditiohs applicable at the test interval: (1) brine flow
to or from a brine-filled, shut-in test interval, (2) brine flow to or from a partially gas-
filled, shut-in test interval, (3) prezsure-pulse gas injection, (4) constant-pressure brine
injection, and (5) constant-pressure gas injection. Closure of the test interval from salt
creep can be accounted for in each of these cases. Derivations of the equations for
brine and gas flow as well as applicable boundary conditions are given in Appendix
A. A finite difference solution to Equation 1 was developed in order to simulate the
field measurements of brine and gas flow. Details of the numerical solution are given
in Appendix A.

The lower limit of the meaurement system resolution depends on the uncertainties
and limitations of the test system and interpretation method. The measured quantities

during these flow tests are pressure, test region dimensions (e.g., test interval length),
test interval compressibility, and time. With the exception of brine-filled test interval
compressibility, these quantities are measured quite accurately. For all the gas tests
and the constant-pressure brine-injection tests, the uncertainity in the measured quan-
tities is expected to contribute a maximum of 10% relative error to the calculated flow

rates and permeabilities. For the brine-filled test interval pressure build-up tests, the
uncertainity in the brine-filled test interval compressibility results in relative error in
the flow rate and permeability of about 100%. Further discussion of this topic can be

found in Stormont et al. (1987) and Stormont (1990a).

The greatest pote:ttial uncertainty in the calculated permeabilities, however, is a
result of the flow model itself. The development of the governing differential equation
(Appendix A) is accompanied by numerous conventional assumptions. Some of the

assumptions are readily justified (e.g., isothermal conditions). Other assumptions are
more difficult to justify (e.g., a single-phase fluid is flowing; permeability is indepen-

dent of fluid pressure; the flow is perfectly radial). However, in the absence of more
information, these assumptions are necessary in order to make the model tractable.
Further discussion of some of these assumptions is given in Appendix A.



4 Results

4.1 Pre-excavation responses

The responses of the brine- and ga_-filled test intervals after they were shut-in but

before excavation of the mine-by borehole are given in Figures 3 and 4, respectively.

Once shut-in, the brine-filled test interval pressures increase and approach a value of

about 3 MPa. Borehole 60 appears to be appraching a somewhat greater value. The

gas-filled test interval pressures increase at slower but more linear rates. The responses

of the gas-filled test intervals appear to be more variable than those of the brine-filled
test intervals.

The response of both the brine- and gas-filled test intervals are consistent with the

formation modeled as a porous medium with a very low permeability, low porosity, and

a significant pore (brine) pressure. Flow of brine from the formation into the lower

pressure test intervals results in pressure increases in both the brine- and gas-filled

test intervals. The flow rates into the test intervals, and consequently the test interval

pressure changes, decrease as the test interval pressures approach the formation pore

pressure, and finally level off near the formation pore pressure. In the gas-filled test

intervals, pressures increase at slower rates due to the relatively great test interval com-

pressibilities. The gas in the test intervals does not flow into the formation because (1)

the formation brine is at a higher pressure, and (2) there is a threshold or displacement
pressure which the gas would have to overcome in order to flow into the formation.

The formation properties are estimated by means of numerical simulations of the

test. Permeability, porosity, formation pore pressure, test interval dimensions (includ-

ing closure or opening of the test interval during the test), test interval compressibility,

formation compressibility, and fluid properties are input to the simulation, and the

resulting calculated pressure history is compared to the data. The values of the param-

eters which were fixed in the simulations - formation compressibilities, fluid properties,

and test interval dimensions - are tabulated in Appendix A. The unknown parame-

ters (permeability, porosity, and formation pressure) are adjusted until a reasonable

agreement between the numerical simulation and measured response is obtained.

The numerical solution is non-unique: different combinations of parameters (per-

meability, porosity, and formation pressure) produce simulations which match the mea-

sured pressure histories. In order to eliminate one variable in the interpretation of the

pre-excavation data, the formation porosity was assumed to be 0.1% for most of the

calculations. This value is consistent with that used in previous analyses (Peterson et

al., 1987; Stormont et al., 1987; Nowak et al., 1988; Howarth et al., 1991) and is within

the range for healed or intact rock salt determined by Stormont (1990b). With this

value of porosity, the formation storage term S c_mputed by means of Equation 2 is
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equivalent to that used for other simulations of brine flow in WIPP rock salt (Nowak

et al., 1988; Howarth et al., 1991).

Another required input for the numerical simulations is the test interval compress-

ibility. The test interval compressibility of the brine-filled test intervals can be dra-

matically different than the compressibility of brine alone. The presence of even small

amounts of gas in the test interval will dominate the effective test interval compressibil-

ity. For example, at a test interval pressure of 2 MPa, 1% gas by volume will increase

the test interval compressibility by an order of magnitude. For the brine-filled test in-

tervals, gas could be trapped during packer installation or in the tubing, or could flow

into the test interval from the formation or exsolve from formation brine in response

to pressure decreases. Compliance of the pr.,_ker system may also greatly affect the

brine-filled test interval compressibility. The measurements of the test interval com-

pressibility with the equilibration method resulted in calculated compressibilities less

than that of brine itself. This non-physical result was subsequently explained by small

gas bubbles trapped in the reservoir observed during an inspection of the measurement

system. Test interval compressiblities determined from the vent method, given in Table

I, are in the expected range (i.e., more than that for brine alone, about 3xl0-1°Pa-1).

Table I: Brine-filled test interval compressibilities measured with vent method

Borehole Compressibility

number (Pa -1)
52 2.7x10 -9

53 2.0x10 -9

54 1.6x10 -9

60 1.6x10 -9

The approach to estimating the formation properties from the pre-excavation brine

pressure responses was as follows. First, two groups of responses were defined. Group

1 (test intervals 52 and 60) had a test intervals (Group 2: test intervals 53, 54, 56 and

58). Next, simulations were conducted that produced subjective estimates of upper

and lower bounds to the two groups of measured responses. The free variables in these

simulations were permeability and formation pressure. Two values of test interval

compressibilty that bounded the measured test interval compressibilities were used

(Table I). All other variables were fixed (porosity, test zone dimensions, initial pressure,

fluid properties). The brine data can be bounded with a formation pressure of 2.8

MPa to 3.5 MPa and a permeability of 1.7x10 -22 to 5.6x10 -21 m 2. The results of the

numerical simulations that bound the measured responses are given in Figures 5 and
6 and summarized in Table II.

Simulations performed with a porosity of 1_ rather than 0.1_ altered tile calculated

pressures by less than 2% at any time, re_ c_tling tile insignificance of the porosity to the

12
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Figure 6: Bounding numerical simulations for Group 2 brine-filled test interval build-up
data.
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Table II: Results of Bounding Simulations of Pre-Excavation Brine-Filled Test Interval
Responses

Group Permeability Compressibility Formation pressure

(m 2) (Pa -1) (Pa)
UPPER BOUNDS

1 2.8x10 -22 1.5x10 -9 3.5x10 6
6. lxl0 -22 3.0x10 -9 3.5x10 6

,,

2 2.5x10 -21 1.5x10 -9 3.0x 106
5.6x10 -21 3.0x10 -9 3.0x10 6

LOWER BOUNDS

1 1.7x10 -22 1.5x10 -9 3. lx10 6

I 3.9xi0 -22 3.Oxi0-9 3. IxlO 6

2 1.0xlO -21 1.5xlO -9 2.8x 106
2.3x10 -21 3.0x10 -9 2.8x10 6

calculated response for these tests. A similar conclusion was reached for brine flow in

WIPP rock salt by Howarth et al. (1991). This result is a consequence of the calculated
response not being greatly affected by the formation storage S, the term in which the
porosity manifests itself.

The responses of the gas-filled test intervals can also be grouped into two categories.
Group 1 (test intervals 51, 59, and 61) had steeper pressure build-ups compared to
Group 2 (test intervals 50, 55, and 57). As with the brine-filled test interval simulations,
the approach was to find the combinations of permeabilities and formation pressures
that bounded the two groups of measured responses. Because the compressibility of a
gas-filled test interval is dominated by the compressibility of the gas, the test interval
compressibility was not varied for these simulations. Both the measured data and the

numerical simulations produced nearly linear pressure-time responses. It is the slope
of the pressure history which the simulations bound; the calculated response was found

to be relatively insensitive to the value of the assumed initial test interval pressure.

Simulations that bounded the gas-filled test interval responses are given in Figures
7 and 8 and are summarized in Table III. It was found that a formation pressure of
3.0 to 3.6 MPa and a permeability of 2.0x10 -2° to 5.0x10 -22 m: produced simulations

which bounded these data. The interpreted permeabilities and formation pressures
which bound the responses of the gas-filled test intervals prior to the mine-by are of
the same magnitude as those determined from tile brine-filled test interval responses.
The range _" interpreted permeabilities from the gas-filled test intei ¢als is somewhat
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Table III: Results of Bounding Simulations of of Pre-Excavation Ga.s-Filled Test Interval
Responses

li Group Permeability Formation pressure i_
(m _) (Pa) it, i

rT
II UPPER BOUNDS TI

1 2.0x10 -2° 3.6x106 ii

I i _i!, 2 5.0xlO -'l 3.0xlO 6 ,,
i LOWER BOUNDS }

,_'_ 1 8 .0x10-21 3.6x10 6 li
!! 9 5.0x10 -22 3.0x106 iii! " !_

greater than those from the brine-filled test intervals.

The magnitude of the formation pore pressure interpreted from the pressure build-
ups (about 3 MPa) is less than the pore pressure of up to 13 MPa for the undisturbed

formation estimated by others (e.g., Howarth et al., 1991). This indicates that the test
intervals were located close enough to Room L1 (8 m) to be in a region of depressed
pore pressure, or this halite layer had an anomalously low pore pressure.

140 days after the first test interval was shut-in, the pressure in the monitoring

boreholes 61 (gas-filled) and 60 (brine-filled) were instantaneously increased (pulsed).
In the gas-filled test interval, the pressure was increased from 2.4 to 3.5 MPa (see
Figure 10). Even at this pressure, which is in the range of the local formation pressure,
the gas pressure continued to increase, although more slowly, indicating that gas still
could not flow from the test interval into the formation.

In contrast, when the pressure was instantaneously increased from 3.3 to 4.8 MPa
in borehole 60 (brine-filled test interval), the pressure decreased and approached the

pre-pulse pressure after a few days (see Figure 3). This result indicates flow of brine
into the formation. However, the interpreted permeability from this pulse test is about
two orders of magnitude greater than from the build-up data. Possible causes for the
discrepancy include:

• Test interval compliance: a pulse of pressure could displace the packer, resulting
in a decrease in pressure.

• Unaccounted for mechanical-hydrological coupling: the increase in pore pressure
around the borehole may reduce tile effective stress on the rock and the pore
structure may dilate, locally increasing its p_:rmeability.

• A local, borehole-scale DRZ ni,y exist: for the build-up test, the inflow to the
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borehole is controlled by tl_" far-field properties whereas for an injection test, the

outflow is initially controlled by the near-field (local DRZ) properties.

Because the build-up data are believed to produce permeabilities more representa-
tive of the formation, v,e discounted the permeability interpreted from the pulse test
in borehole 60.

The time-dependent creep of rock salt may change the volume of the monitoring
boreholes, which in turn will induce pressure changes in test intervals that have been
shut-in. When closure comparable to that measured in nearby open boreholes is in-
cluded in the numerical simulations, the permeability could be reduced by about 10%
or the formation pressure could be reduced by about 10% to match the data equally
well compared to simulations with no closure. Thus, the assumed closure of the mon-
itoring borel;oles does not appear to dominate the fluid-pressure response of the test
intervals. Hc,wever, it is not clear how the borehole actually responds to salt creep and
internal fluid pressure. Recent careful meaurements of borehole diameter changes in

pressurized test intervals indicate that some holes open and some close (Howarth et
al., 1991), suggesting a complex mechanical-hydrologic interaction.

In summary, the interpreted brine permeabilities are in the range expected for
undisturbed rock salt. Further, the pre-excavation response shows that gas does not

flow from the test intervals out into the formation. This indicates that the effective gas
permeability of the formation prior to the mine-by excavation is zero.

4.2 Responses during and after excavation

The responses of the brine- and gas-filled test intervals during and after excavation
are given in Figures 9 and 10, respectively. The brine-filled test interval responses re-
veal pressure increases during the excavation process followed by a period of decreasing
pressures tending toward equilibrium values. The response of the brine-filled test in-
tervals are a function of the distance of the test interval from the excavation; the closer
to the excavation, the greater the initial increase, the more the pressure subsequently
drops, and the lower the equilibrium pressure. At 1.25 and 1.5 r, the brine-filled test
intervals lose nearly all of their pressure in response to excavation. From 1.5 r to 4 r,
there is a gradient of increasing pressure. At 4 r, the pressure initially decreases after
the mine-by but recovers to near the pre-excavation value.

During excavation, the pressures increase slightly in the gas-filled test intervals.
The subsequent pressure decreases are a function of the distance a test interval is from

the mine-by excavation. At 1.25 r and 1.5 r, the gas pressures drop rapidly to 0 and 0.7
MPa, respectively. At 2 r, the gas pressure changes from slowIj increasing prior to the
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Figure 9: Pressure-time data from brine-filled test intervals during and following exca-
vation.



mine-by to slowly decreasing afterward. At 3 and 4 r, there is no apparent response to
excavation.

The peak pressures concurrent with excavation normalized with respect to the pre-
excavation pressures are given in Figure 11. The peak pressures occurred within 15
minutes of one another in all test intervals, and coincided with the drilling of the large-
diameter hole past the depth of the test intervals. One cause of the initial pressure
increase is thermal expansion of the fluid in the test interval from heat generated by
the drilling process. At the time the drilling passed by the test interval depth, the
brine temperature at 1.25 r was measured as increasing by about 5 °C. Assuming
a volumetric thermal expansivity of 3x10-4K -1 and a compressibility of 2xl0-gPa -1

for the test interval brine, the measured temperature rise corresponds to a pressure
increase of about 0.8 MPa, consistent with the measured pressure increases at this
location. A similar temperature increase in the gas-filled test interval at 1.25 r would

increase the pressure by about 35 kPa, similar to the measured pressure increases at
1.25 r. Lack of additional temperature measurements precludes conclusively ascribing
the pressure increases in all of the test intervals to temperature effects.

Another possible cause of the pressure increase is stress changes induced by the
excavation. Removal of the borehole material induces a stress wave that moves through

the formation at a velocity of > 103 m/see (see Carter and Booker, 1990, for further
discussion). The resulting stress change could then cause (1) test interval closure, and
(2) an elevated formation pore pressure. The test interval closures required to produce
the measured pressure increases are c-,nsistent with an instantaneous elastic response,
both in magnitude and its rapid decrease away from the excavation. A formation pore

pressure increase is predicted from poroelastic theory (Nowak and McTigue, 1987). A
portion of the mean stress change due to the excavation is instantaneously borne by
the fluid phase, causing the fluid pressure to increase. This effect, however, is expected
to cause a uniform pressure increase, whereas the data reveal a gradient away from the
borehole.

The subsequent pressure decreases in the brine- and gas-filled test intervals are due

to (1) dilation of the formation, and (2) formation pore pressure changes in response
to flow toward the zero pressure boundary of the excavation. (If heating of the test
interval fluid was the cause of the initial pressure rise, its cooling would only return
the pressure to its pre-excavation value.) The pressure response to dilation will occur
relatively quickly, whereas the pressure changes in response to flow in a low permeability
medium such as rock salt will happen more slowly. The test interval responses are
consistent with a dilatant zone surrounding the large-diameter borehole out to about
1.5 r. In this region, there appears to be sufficient increase in pore volume so that brine-

filled test intervals almost immediately lose nearly ali of their pressure. Relatively large
increases in pore volume may not be able to be instantaneously saturated by brine from
tile surrounding low permeability formation. The gas-filled test intervals at 1.25 r also
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lose virtually ali of their pressure. In order for this to happen, the formation has to

become undersaturated with respect to brine. At 1.5 r, tile gas pressure decreases

from over 2 MPa and stabilizes at 0.7 MPa, indicating that some gas flowed out of the

borehole into the formation and then stopped. If the formation pressures are symmetric

about the excavated borehole, the brine-filled test interval response indicates that the

the formation pressure is zero at 1.5 r. The equilibrium pressure of 0.7 MPa irl the gas-

filled test interval at 1.5 r, therefore, may be a measure of a displacement or threshold

pressure in the disturbed region.

Beyond 1.5 r, the changes in response to excavation are less dramatic. The pressure

responses of the brine-filled test intervals to excavation decrease with distance from the

large-diameter borehole. In the gas-filled test interval at 2 r, the slow decrease in the

test interval pressure suggests that the formation pressure at this location has reduced

below the test interval pressure. Either the gas pressure is sufficient to overcome the

threshold pressure, or the brine which has accumulated in the test interval during the

pre-excavation inflow period is forced into the formation. Beyond 2 r, the gas-filled test

intervals are not affected by the excavation.

Formation pore pressure changes are not immediately manifested as pressure changes

in the test intervals due to the slow movement of fluid in the low-permeability formation

and the relatively great fluid storage volume in the test intervals. With time, however,

the test interval pressures will approach the adjacent formation pressure. Therefore,

the brine-filled test interval pressure approaching an equilibrium more than 200 days

after the mine-by should be representative of a pore pressure in the formation.

The equilibrium pressures in the gas-filled test intervals at 1.5 r and beyond (Figure

10) are greater than those in the brine-filled test intervals at a comparable distance

(Figure 9). If the pore pressures are symmetric about the large-diameter hole, then

the difference in pressures in the gas- and brine-filled test intervals may be a measure

of capillary pressure effects.

4.3 Post-excavation injection tests

Approximately 240 days after excavation, injection tests were conducted in the test

intervals. The formation properties were estimated from the injection test by means

of numerical simulations. The equilibrium pressure immediately prior to each injection

test is taken as the constant formation pressure. Because ali of the brine-injection tests

were constant-pressure flow tests, the test interval compressibility does not affect the

measured response and is not required as input to the numerical simulation. Test inter-

val closure is not considered because of the relatively short test duration. Permeability

and porosity are the remaining free parameters; they are adjusted until a reasonable

agreement between tl,e numerical simulation and the measured response is obtained.
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Table IV: Summary of Brine-Injection Test Results

Borehole Position Permeability Porosity

number (r) i (m2)

52 1.25 I 5.7x10-18 0.01

53 i 1.25 ' 5.7x10 -18 0.01
i .....

54 J 1.5 1.5x10 -lr 0.005

56 I 2. 1.8x10 -2° 0.001
i

58 I 3. 4.5x10 -_1 0.001

60 . 4. ! 5.5x10 -sl 0.001

All of the injection tests in the brine-filled test intervals were constant-pressure
injection tests. The pressures in both test intervals at 1.25 r were increased 0.45

MPa above the previous pressures; the pressures in the remaining test intervals were

increased 0.7 MPa over the previous pressures. The results are summarized in Table

IV, and the injection data and the best-fit numerical simulations are given in Figures
12 through 17.

For all of the tests in the brine-filled test intervals, the injection rates are greatest
initially and level off to nearly constant values for the remainder of the tests. The

numerical simulations do not reproduce the initial faster rates, and the matches are

based on the later, nearly constant rate. The initial response may be a result of the

same factors discussed in Section 4.1 regarding the relatively fast brine-pulse decay

in borehole 60: test system compressibility, mechanical-hydrologic coupling, and/or a
local DRZ.

Examples of the sensitivity of the calculated response to the assumed values of

permeability and porosity are given in Figure 14. The calculated response is consid-

erably more sensitive to the value of permeability than porosity, consistent with the

interpretation of the pre-excavation build-up data.

Remarkably, the injection tests in both brine-filled test intervals at 1.25 r yielded

interpreted permeabilities of 5.7x10 -la m s and porosities of 0.01. The permeabilities

and porosities interpreted from the brine-injection tests decreased as the distances from

the mine-by borehole increased. At 1.5 r, a permeability of 1.5xlO -19 m s and a porosity

of 0.005 were determined from the injection data. A permeability of 1.8x10 -_° m s and

a porosity of 0.001 were determined from the injection tests at 2 r. At 3 r and 4 r, the

interpreted permeabilities and porosities were comparable to those before excavation

(5x10 -_1 m 2, 0.001), indicating that the excavation had no measurable effect on the

brine permeability at 3 r and beyond.

The gas-injectiol, test results are summarized in Table V. The injection data and
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Figure 17: Results from and numerical simulation of brine-injection test at 4 r in
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best fit numerical simulations are given in Figures 18 through 22. In the two gas-filled

test intervals at 1.25 r, constant-pressure (0.24 MPa) injection tests were conducted.
The relatively fast flow of gas from the test intervals, coupled with the fact that these
test intervals had lost ali of their pressure in response to the mine-by, indicates that
the formation surrounding these test intervals is partially saturated. Therefore, these
test data were interpreted as gas flowing into gas-filled porosity; the permeabilities
interpreted from these data were 9.0x10 -16 m 2 and 4.5x10 -is m 2, both with porosities
of 0.01. The constant-pressure test in borehole 50 is used to illustrate the sensitivity
of the calculated response to the assumed values of permeability and porosity. As
before, tile calculated response is more sensitive to the value of permeability compared
to porosity.

In the gas-filled test intervals at 1.5, 2, and 3 r, pressure-decay tests were conducted

by increasing the test interval pressures by 1.4 MPa over the previous pressure and

shutting the test intervals in. For the gas-injection test at 1.5 r (Figure 20), the volume
of gas which moves from the test interval into the formation during the injection test
is in excess of 300 cm 3, and it is clear that gas is extending an appreciable distance
into the formation. We modeled the flow induced by this test in two fundamentally
different ways. One model assumes gas flow into a gas-filled porosity. In other words,
the formation is assumed to be partially saturated and tile gas travels only in the gas-
filled portinn of tile porosity. For this assumption, the interpreted gas permeability
and porosity are 2.0xlO -21 m c and 0.001, respectively. The other model assumes the
gas in the test interval displaces or drives brine flow in the formation, as if the rock
surrounding this borehole remained saturated but at a low enough pressure so gas can
displace the brine. Simulations with this model do not model two-phase flow, but

assume that the brine flow in the formation controls the flow and the corresponding
test interval response. In this case, the interpreted brine permeability and porosity are
2.0x10 -1° m 2 and 0.005, respectively. Only a single calculated pressure-time history is
given in Figure 20 because the two different simulations produce identical responses.

For the gas-injection test at 1.5 r, it is more likely that the gas is driving brine flow as
opposed to gas flowing through a partially saturated formation for a number of reasons.
First, the uneven or step-wise pressure history during the shut-in test is consistent with

that expected during viscous fingering, or channeling (Dullien, 1979). This phenomenon
occurs when the viscosity of the displacing fluid is less than that of the saturating fluid,
as is the case for gas displacing brine. The advancement of the gas into the pores will be
uneven because pore size distribution is heterogeneous; consequently, the gas pressure
changes in the test interval in response to this flow will be uneven. Second, the brine-

injection test at tile same distance into the formation (1.5 r) results in an interpreted
permeability of 1.5xlO -19 rn2 and a porosity of 0.005 (Table IV), consistent with the
values obtained assuming gas-driven brine flow in the formation. Finally, recall that

this test interval maintained some pressure after excavation (Figure 10); if a continuous
gas-fiiled porosity surrounded this borehole, the test interval would be expected to lose
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ali of its pressure.

Table V: Summary of Gas-Injection Test Results

Borehole Position Permeability Porosity

number (r) (m 2)
50 1.25 4.5x10 -18 0.01

51 1.25 9.0x10 -16 0.01
....

55 * 1.5 2.0x10 -19 0.005
-.

57 * 2. 3.0x10 -21 0.001

59 * 3. 6.0x10 -21 0.001

61"* 4. NO TEST NO TEST

Tests were interpreted as the test interval gas driving brine flow in the formation.

• * Pulse test conducted prior to excavation.

At distances of 2 r and greater, the gas shut-in tests resulted in very small pressure

decays. If these data are interpreted in terms of flow in gas-saturated porosity, the

corresponding permeabilities would be much less than 10 -22 m 2, so small as to doubt

they are measurable. It is more plausible that the gas pressure is forcing brine out

into the formation. In this ca.se, the interpreted permeabilities are in the reasonable

range of 10 .20 to 10 -21 m 2. Comparable values were determined from the injection

tests in the brine-filled test intervals at similar locations (Table IV). In both tests, it

was not possible to exactly match the measured response. At 2r, the pressure-decay

rate decreases midway through the test. At 3r, the pressure-decay rate decreases after

a pressure decrease induced during a borehole volume measurement.

There is some question as to the nature of the flow induced by the gas-injection

tests at 2 r and 3 r. The flow of gas is so small during these injection tests (a few

cm 3) that it is not possible to determine if the gas actually moves into the formation.

Perhaps gas is displacing brine in the formation, but only in a small zone of enhanced

permeability surrounding the test k_ervals. An alternative explanation is that brine

which was produced into the test interval during the pre-excavation inflow phase is now

being forced back out into the formation.

The injection test results can be summarized as follows. At 1.25 r, the formation is

largely unsaturated., and both gas and brine can be injected into the formation at rates

which ccrrespond to permeabilities of 5x10 -18 m 2 or greater. At 1.5 r, the formation

is depressurized, but probably nearly completely saturated, and gas can be injected

into the formation and displace the formation brine. The permeability at this location

is 2x10 -i9 m 2. Beyond 1.5 r, there is no measurable permeability to gas. The brine

permeability continues to decrease so that at 2 r, it is about 2x10 -2° m 2. At 3 and 4 r,

the brire permeability is comparable to that before excavation (_xl0 -21 m2).
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5 Discussion
i

The test results reveal that hydrologic parameters (properties and response) of the
formation are altered in the vicinity of the mine-by excavation. As shown in Table
VI, the magnitude and extent of the effect at the time they were estimated depend on
which hydrologic parameter is considered.

Table VI: Hydrologic Parameters Affected by Mine-By (as estimated 240 days after
excavation)

Parameter Approximate depth

influenced (r)
Gas permeability 1.25

Brine permeability 2.0
Saturation 1.25

_.,

Porosity 1.5

Pore pressure 3.0

The previous definition of the DRZ has been a qualitative, non-specific term which
indicates that some formation properties have been altered in response to excavation.
A more fundamental definition of the DRZ is the volume of rock which experiences
a change in its pore structure in response to excavation. Defining the DRZ in terms
of pore structure changes allows physical insight into the response of the rock mass.

Pore structure is the link between the mechanical and hydrologic response of a porous
medium. For example, an increase in mean stress tends to close existing pores and
crac!,:s; this closure, in turn, reduces the connnected porosity and permeability. To
predict permeability or permeability changes from a fundamental basis, a model or
representation of pore structure must be used.

Pore structure can be altered in two fundamental ways: changes in the existing pore
structure and creation (or deletion) of pore structure. Most pore structure models
concern changes in the existing pore structure. For example, models which relate

permeability and mean stress have been developed by assuming elastic, recoverable
deformation of the existing pore structure (e.g., Walsh, 1981; Gangi, 1978; Osten_en,
1983). Creation of new porosity, such as in the DRZ, will also induce permeability
changes. These permeability changes are due in part to deviatoric stresses, and may
or may not be recoverable.

A conceptual model of pore structure changes in the rock surrounding the mine-by
borehole is given in Figure 23. The rock mass is defined in terms of three regions. In

the first region adjacent to _he excavation, the rock is the most damaged (major DRZ).
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The damage is manifested principally as grain boundary microcracking accompaned

by dilation (Stormont, 1990b), and is a result of relatively high deviatoric and low
hydrostatic stresses induced by the excavation. This damage does not imply failure
or loss of strength of the rock salt. With increasing distance from the excavation, the
stresses are less favorable for damage. The second region contains a combination of

damage with little dilation and changes in the existing pore structure (minor DRZ). The
first and second region comprise the DRZ. Beyond some distance from an excavation,
there is no significant effect of the excavation on tile pore structure (neglecting the very
small elastic and unknown time-dependent response of the pore structure). This so-
called undisturbed region is still affected by the excavation, and processes which do no
require pore structure changes such as isovolumetric creep and pore pressure changes
occur in this region as well as in the DRZ.

Pore structure damage is responsible for the majority of the effects attributed to the
DRZ in rock salt. When accompanied by dilation, damage reduces the pore pressure
and may induce a partially saturated state. Measurable gas permeability is possible
under these conditions. Brine permeability will be increased due to the increased size
and connnectivity of the damage-induced pore structure. Damage increases the effective
or bulk compressibility of a material, not only decreasing the effective elastic moduli
but also increasing its hydraulic storage capability of the material.

The experimental results summarized in Table VI are consistent with the concept
that pore structure changes alter the hydrologic properties of rock salt. Gas perme-
ability probably only exists in the region which has experienced substantial damage,
and will be nearly coincident with the limit of partial saturation. Brine permeability
will be affected by changes in the existing pore structure, and these effects will there-
fore extend beyond the depth of measurable gas permeability to the limit of the DRZ.
Pore pressure changes do not require pore structure change, and can therefore extend
outside of the DRZ.

The results of the mine-by experiment substantiate the use of gas flow tests to
measure or delineate the major DRZ. We found that intact, saturated rock salt has
an immeasurably small permeability to gas. In contrast, in the region adjacent to the
excavation which is depressurized ,and probably partially saturated, gas can be injected
into the formation. The most plausible mechanism for the development of this region
is pore structure damage and dilation. Thus, successful gas flow tests indicate regions
which have experienced damage and constitute the major component of the DRZ.
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Major DRZ Minor DRZ

• Due to Damage and Dilation • Due to Changes in Existing Pore
as well as Changes in Structure and Limited Damage
Existing Pore Structure and Dilation

• Measurable Gas Permeability • No Measurable Gas Permeability
Due to Great Threshold Pressures

• Relatively Great Brine • Some Increase in Brine Permeability
Permeability

• Low Pore Pressure • Some Pore Pressure Decrease Due
• Partial Saturation to Dilation, but Remains Saturated

TRI-6346-92-0

Figure 23' Conceptual model of pore structure changes in rock surrounding an exca-
vation
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6 Summary

The mine-by experiment provides direct evidence of changes in hydrologic parame-
ters of rock salt as a result of nearby excavation. The results are summarized in Figure

24. Prior to mine-by excavation, formation fluid (presumably brine) flows into both
the brine-filled and gas-filled test intervals. Interpretations of the pressure build-ups
yield permeabilities on the order of 10 -sl m s and a formation pore pressure of about
3 MPa. Gas does not flow into the formation, even when the gas pressure equals or
exceeds the formation pressure. At these conditions, the formation has no measurable
permeability to gas.

The mine-by excavation induces dramatic changes in the hydrologic parameters of
the formation. Concurrent with excavation, a desaturated zone is created out to a
distance from the excavation of 1.25 to 1.50 r. Beyond 1.5 r, the formation remains
saturated. A pore pressure gradient develops from near zero at 1.5 r to about 3 MPa
at4r.

The gas and brine permeabilities, as determined by injection tests, are also altered as
a result of the excavation. The injection measurements in the brine-filled test intervals
indicate a gradient of brine permeabilities as the distance from the excavation increases:

from as high as 5x10 -18 m s at 1.25 r to near the pre-excavation value at 3 r (5x10 -sl
me). Gas can readily be injected into the partially saturated formation at 1.25 r,
corresponding to a gas permeability of 5x10 -18 m s and greater. At 1.5 r, gas can
be injected into the formation, but it is most likely displacing formation brine rather
than flowing through gas-saturated porosity. Beyond 1.5 r, there is no measurable gas

permeability.

The test results reveal that the extent and magnitude of the (hydrologic) DRZ de-
pends on which parameter is considered. The greatest changes in hydrologic parameters
are confined to 1.5 r, and are asssociated with pore structure damage. Defining the
DRZ in terms of pore structure change and damage provides a framework for gaining
physical insight into the processes active in the development of the DRZ and may aid in
developing the fundamental relationship between mechanical and hydrologic behavior
of rock salt.
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Figure 24: Summary of Pre-and Post-Excavation Results.
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A Appendix A

A.1 Derivation of Governing Differential Equations

The mathematical expression which describes fluid flow through a porous medium

is derived by combining the continuity equation, Darcy's law, and an equation of state.

The continuity equation is derived by considering the mass balance over a representative

elementary volume of the porous medium

O(p¢)
: -v •(pv) (A._)Ot

where p is the fluid density, v is the average fluid velocity, ¢ is the porosity of the porous

medium, and t is time. From Walsh (1965), the time rate of change of the porosity

can be expressed in terms of the compressibility of the solid material (C,) and the bulk

material (C)

ac = iv - c,(1 + ¢)]0P0--t- -_- (A.2)

The continuity equation therefore becomes

Op aP OP = V . (pr) (A.3)-¢--_ - pC--_ + pCs(1 + ¢) at

The average velocity of a fluid through a porous medium can be related to the

pressure gradient (VP) and the ratio of the permeability of the porous medium (k) to

the viscosity of the fluid (#) by means of Darcy's law

= -k-rP (A.4)#

To complete the system of equations, an equation of state is introduced. For an

ideal gas
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PM

P= RT (A.5)

where hl is the molecular weight, R is the gas constant, and 7' is the temperature.
Combining Equations A.3, A.4 and A.5 yieids the governing differential equation for

isothermal gas flow through a porous medium

OP----_2Sot= v(kvp2) (A.6)

where S is a storage coefficient

S=(C_C,)+¢(CI_C, ) (A.7)

where C/ is the compressibility of the fluid (in this case gas).

For brine flow, the variation of density with pressure is given by

P = PoeCb(P-P°) (A.8)

where po is the initial density and Cb is the compressibility of brine. Combining Equa-
tions A.3, A.4, and A.8 yields the governing differential equation for isothermal brine
flow through a porous medium

OP

= V(kVB) (A.9)
S

Ot

Note that the form of the differential equation for brine flow developed above is a
special case of the general, three-dimensional poroelasticity theory and is equivalent to

the model developed by Nowak and McTigue (1987) to model brine inflow to WIPP
excavations. Poroelastic theory produces coupled constitutive equations for the total
stress and the pore pressure. If we assume that the rock salt can be represented by
an infinite medium with isotropic stresses, the constitutive equations can be uncoupled

(Rice and Cleary, 1976) and the pore pressure can be solved for independently. If it
is further assumed that the total mean stress in the rock remains constant and the

volumetric strains are small, S becomes equivalent to the three-dimensional storage

coefficient used in poroelasticity (van der Kamp and Gale, 1983) and the resulting
poroelastic differential equation for the po. - pressure is equivalent to Equation A.9.
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A.2 Discussion of Assumptions

It is worthwhile to consider the assumptions inherent in the development of the

governing differential equations for brine and gas flow (Equations A.6 and A.9).

1. Isothermal conditions - Although temperature measurements were only made of

the brine and rock temperature in one borehole at 1.25 r, thermal effects are believed to

be negligible for these measurements. The brine temperature measurement reveals that

temperature changes during the initial, pre-excavation build-up period are less than

0.05 °C. For a thermal expansivity of 3x10 -4 K -1 and a test interval compressibility of

2xl0-gPa -1, the thermally induced pressure change is less than 10 kPa. We expect the

other test intervals to equilibrate with the formation during the relatively long duration

shut-in period and have similar temperature histories. For a similar temperature change

in a gas-filled test interval, the corresponding pressure change is less than 1 kPa. Thus,
thermal effects are not significant for the long duration shut-in tcsts.

Thermal effects during the post-excavation injection tests are also believed to be

negligible. For gas flow tests similar to those conducted during the injection tests in

the gas-filled test intervals, Stormont (1990a) found no significant temperature effects

during both constant-pressure and shut-in tests. We also expect the thermal effects

during the brine-injection tests to be small. For example, even if the injection test

results in a temperature change of 5 °C, the injected volume of brine and consequently
the interpreted permeability is altered by less than 10%.

2. Laminar flow - When streamlines become distorted, Darcy's law breaks down

(Dullien, 1979). The lowest critical Reynolds number above which Darcy's law is no

longervalid is 1 to 10 (Bear, 1979). The Reynolds number is calculated as (Bear, 1979)

Re = qd
(A.IO)

where q is the specific discharge or flux, d is some representative length of the porous

medium (often taken as the grain size), and u is the kinematic viscosity of the fluid.

The largest Reynolds numbers developed during the constant gas and brine in-

jection tests at 1.25 r. For brine, the maximum flux was about 10 -9 m/sec and the

corresponding Reynolds number was about 10 .4 . For gas flow, the maximum flux was

about lxl0 -4 m/sec at standard conditions and the corresponding Reynolds number is

about 3x10 -3. Clearly, the flow was not sufficient to invalidate Darcy's law.

3. The flow is radial- The flow geometry assumed for our analysis is radial flow to or

from the test interval. Radial flow may be tile most realistic for a horizontally bedded
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formation if the different layers have different hydrologic properties. Recent hydrologic

testing at the WIPP horizon strongly suggests that the formation is heterogeneous,
and different layers (even amongst various halite layers) may possess quite different
hydrologic properties (Howarth et al. , 1991; Beauheim et al., 1991).

However, if the test interval layer and the adjacent rock have similar properties,
then cylindrical flow may be a more appropriate assumption. In this case, the validity
of radial flow is a function of the length-to-diameter ratio of the test interval (Marinelli,
1984). For a similar length-to-diameter ratio as that employed in these tests, Stormont
(1990a) found that the radial flow geometry assumption introduced a maximum error
of 25%.

4. The flowing fluid is a single, nonreactive phase- There is uncertainity both
with h "he flow and gas flow in regard to single-phase flow. It is not obvious that
the flow induced toward a borehole during a build-up test is simply brine flow. The
intergranular porosity contains some gas, either free or dissolved in the brine. Gas

production into some some sealed boreholes has been detected (Peterson et al., 1985;
Borns and Stormont, 1989) and gas has been observed bubbling up through the brine in
some holes (Lappin et al., 1989). Chemical analyses revealed that the gas is principally
nitrogen, and its origin is presumably from the original deposition of the evaporite
deposit (Niou et al., 1988). It is not known if there is free gas in the formation at the
equilibrium pore pressure, or if it only exsolves as the brine pressure is reduced.

Brine is also reactive with the host rock. The solubility of sodium chloride in water
increases with pressure. Changes in the brine pressure due to flow or changes in the

total stress applied to the matrix could dissolve or precipitate salt along the flow path,
changing the permeability. Baes et al. (1983) observed permeability reductions with
time due to this phenomenon in the laboratory. Because of the very small dimensions

of the flow paths, Lappin et al. (1989) suggested that interaction between pore brine
and the solid surfaces can result in non-Darcy flow.

When gas is injected into the formation, the question of whether it the only fluid

which flows or if induce two-phase (gas and brine) flow arises. Pre-existing brine in
the flow path can greatly affect the resulting gas flow and consequently the calculated
permeability. It is unlikely that the injected gas will displace pre-existing brine because

of the capillary forces that exist in intact rock salt. Stormont et al. (1987) argued
that injected gas should not displace pore brine unless the pore sizes are much larger
than that typically assumed for intact rock salt or the rock tested was not completely
brine-saturated. Because there are no data on brine displacement from injected gas
in brine-saturated rock salt, it will be assumed that only the injected gas is flowing.
The implication of this assumption is that if the formation was originally fully brine-
saturated, the gas will be flowing through porosity which has been created or has

dilated subsequent to the excavation process. The dissolution of nitrogen into pore
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brine is believed to be small and not accounted for.

5. Gas is ideal - For an ideal gas, the viscosity is independent of pressure and

the real gas correction factor (or compressibility factor) equals unity in the equation of

state, allowing simplifications in the development of the governing differential equation.

The gas used for ali of the gas flow test was nitrogen - can it be considered ideal?

The use of reduced state variables permits the deviation from ideal behavior to be

assessed. The reduced pressure, Pr, is given by

P

Pr = PT_ (A.11)

and the reduced temperature, Tr, is given by

T

Tr : _ (A.12)

where P is the pressure, Pc is the critical pressure, T is the temperature, and Tc is the

critical temperature. The behavior of all gases is the same with respect to the reduced

state variables. The critical pressure and temperature for nitrogen were obtained from

The Handbook of Chemistry and Physics (Weast, 1978, p. F-90). At extreme values

of the reduced pressure and temperature applicable for the gas flow tests described

here, the viscosity change from standard conditions is <1% (Katz et al., 1959, Figure

4-102 and Figure 4-103, p. 173) and the real gas correction factor is between 0.99 and

1.00 (Katz et al., 1959, Table A-2, p. 710). Therefore, the assumption that the injected
fluid is an ideal gas is justified at these test conditions.

In all of the analyses, we further simplified our model by assuming that ali hydraulic

properties (permeability, porosity, and storage) are homogeneous. There are many

reasons why this assumption may not be applicable, but we la.k better information in

this area. Possible reasons the assumption of homogeneity may not be valid include:

• Damage - Regions of damage may surround the monitoring borehole in the form

of microcracks developing and dilating along grain boundaries (Stormont, 1990b).

Damage increases the permeability, porosity, and bulk compressibility (and there-

fore storage) of the formation. Stormont (1990a) found that many gas flow tests

were simulated better with a model which incorporated a local DRZ surrounding
the _est borehole.
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• Changes in effective stress - The pore structure, and hence permeability and

porosity, of geologic materials are assumed to be controlled by the effective stress

a,, which is defined as

o, = o - _Sau (A.13)

where a is the total stress, _ is the Kronecker delta, u is the hydrostatic (pore)

pressure, and a is a parameter that reflects the relative influence of the hydrostatic

pressure. Because both the total stress and the fluid pressure are altered in

the vicinity of an excavation, the effective stress surrounding both th_ large-

diameter borehole and the monitoring boreholes will not be constant. Therefore,

the permeability and porosity may be altered.

Skempton (1961) showed that a can be expressed as

Cs

a- 1 C (A.14)

where Cs and C are the compressibilities of the solid and bulk material, respec-

tively. For a material with low porosity, the bulk compressibility approaches that

of the solid, a tends toward zero and the effective stress is essentially the total

stress. For the compressibilities associated with intact or undisturbed rock salt

(e.g., Nowak et al., 1988), a is about 0.1. In a DRZ (whether globally associated

with the large-diameter borehole or locally associated with the monitoring bore-

hole), the effective stress law may have a greater significance. The development

of microcracks in the DRZ will render the rock more compressible (Budiansky

and O'Connell, 1976), the value of a will increase, and the fluid pressure will have

a greater influence on the effective stress. Thus, the effective stress law for rock

salt is a function of the degree of damage it has sustained.

• Pore pressure - Permeability may be a function of the pore pressure beyond

effective stress effects. Because sodium chloride solubility in brine is a function

of pressure, the permeability may be altered by dissolution and/or precipitation
along the flow paths.

• Gas slip - When the mean free path of the gas molecule approaches the size

of the flow path, substantial interaction between the gas molecule and the flow

path surface will occur. This interaction, referred to as gas slip, will result in a

component of flow in addition to that due to a pressure gradient (Darcy flow).

Because the mean free path of the gas molecule is a function of its pressure,

the magnitude of this effec_ and consequently the interpreted permeability is a
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function of the pore pressure and the specific gas properties. The apparent or

measured gas permeability can be up to an order of magnitude greater than the

intrinsic or liquid permeability. A correction for gas slip can be developed from

laboratory gas permeability tests. Sutherland and Cave (1980) and Peach et al.

(1987) interpret their laboratory data as indicating there is no significant gas slip

correction required for rock salt for permeabilities of about 10 -19 m 2. Stormont

(1990b) found that the sensitivity of the pore structure of rock salt to changes in

pore and external confining stresses makes determination of a gas slip correction

difficult unless the permeability is greater than 10-1_ m 2. Thus, while gas slip

effects may be inherent in the data, there is no clear information or indication

regarding a relevant correction.

• Fluid compressibiltiy - As the pore fluid moves toward a lower pressure such

as a drift or borehole, dissolved gas may exsolve and dramatically increase the

compressibility and consequently the hydraulic storage term.

• Local variations in rock properties due to compositional or depositional differences

- Recent experimental evidence of the heterogeneity of the formation suggests that

even within the same layer, hydrologic properties may vary spatially.
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A.3 Initial and Boundary Conditions

The initial condition is a known (not necessarily constant) pressure field (P) in the
rock

P = P°(r) a < r < c_,t = 0 (A.15)

At the outer boundary, that is, far from the test interval, the pressure is assumed to
be constant with time. The boundary condition at the outer boundary for both brine
and gas flow is

OP
-- 0 r -- c_,t > 0 (A.16)Ot

There are five boundary conditions relevant to the test interval"

• brine flow to or from a brine-filled, shut-in test interval

• brine flow to or from a partially gas-filled, shut-in test interval

• constant-pressure brine injection

• constant-pressure gas injection

• pressure-pulse gas injection

A.3.1 Shut-in test interval with brine inflow or outflow

The flowrate at the borehole wall due to brine inflow or outflow is

OV k
-- --A(VP) (A.17)

where V is borehole fluid volume, k and /z are the permeability and viscosity of the
formation at the borehole wall, and A is the surface area of the test interval. For a

completely br;ne-filled borehole, the pressure change within the borehole due to the
brine flow is
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OP 10V
- (A.lS)

Ot CbVb Ot

where Cb is the compressibility of the test interval brine. Combining 17 and 18 yields

OP k A

O--t = t_ VbCb(VP) r-- a,t > 0 (A.19)

Next consider a test interval which contains some gas, but the formation permits
only brine flow. That is, the formation has no permeability to gas. The test interval

fluid compressibility is dominated by the gas compressibility, Cg = p-l, so the change
in volume of the test interval fluids in response to brine inflow or outflow is given as

oy oP
Ot - POt (A.20)

where Vg is the volume of gas in the test interval.

Combining 17 and 20 yields

OP kA

Ot - # vgPVP r = a,t > 0 (A.21)

The time-dependent creep of rock salt may result in the closure of test intervals,
which in turn will induce pressure changes in shut-in test intervals. The radial closure
rate of the test interval is assumed to be

o_r

= -c_r(a-P) n (A.22)i)t

where u is the far-field stress, P is the test interval pressure, n is the stress exponent,
and a is an empirical constant. This expression is a modified form of a closed-form

solution of Chabannes (1982) for secondary creep closure of an infinitely long cylinder
in an infinite medium. The stress exponent for secondary creep of WIPP rock salt

has been found to be near 5 (e.g., Munson et al., 1989). Because tile closure rate is
a run,Lion of the test interval pressure, the closure rate will b, time-dependent. The

55



value of a can be selected to provide any open hole closure rate desired, such as a
field-measured value.

For a brine-filled test interval, the rate of pressure change is

OP 7rL

Ot = CbVb [(--2aa2(a- p)n) -t-(-aa(a- p),)2] (A.23)

For a test interval which contains gas, the rate of pressure change due to test interval
closure is

OP 7tLP
= --i_-[(-2aa2(a - P)") + (-aa(a- P)")21 (A.24)Ot ,g

Tile combined effect of brine inflow/outflow and test interval closure is given by combin-

ing Equations A.19 and A.23 for a brine-filled test interval, and combining Equations

A.21 and A.24 for a test interval which contains some gas.

A.3.2 Constant-pressure brine and gas injection

During constant-pressure brine and gas-injection tests, the test interval pressure

is maintained at a constant-pressure by means of a regulated external reservoir. The

boundary condition for these tests is given by

OP

Ot -- 0 r = a,t > 0 (A.25)

The principal advantage of this type of test is that the compressibility of the test

interval is not a factor in the interpreted formation properties (Doe et al., 1989).

A.3.3 Pressure-pulse gas injection

In these tests, gas is flowing from the test interval into the formation. The rate of

pressure change in the test interval is given by

56



OP P OV
-- (A.26)ot vo ot

Combined with tile test interval flux, the resulting boundary condition is

OP kg A

Ot #o 11oPVP r = a,t > 0 (A.27)

Here, gas permeability and viscosity is explicitly denoted by the subscript g.

The effect of closure of the test interval can be added to this boundary condition as

desired. All of the boundary conditions for gas can be expressed in terms of p2 instead
of P.
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A.4 Numerical Simulation of Fluid Flow in a Porous Medium

A finite difference solution to Equations A.6 and A.9 was developed to simulate the

measurements of gas flow. The finite difference method involves discretization of the

domain into a number of finite lengths connected by nodes. Approximations to deriva-

tives of functions are made at nodes, substituted into the differential equation, and the

resulting system of equations is solved. In essence, the governing partial differential

equation is approximated by a series of ordinary differential equations. The numerical

solution follows from that of Nowak and McTigue (1987).

For radial gas flow, Equation A.6 can be written as

OP 2 1 i) i)P 2

i)t - S-1 [Kr ] (A.28)r Or

k A central difference approximation to the spatial derivative of the termwhere K is .
in brackets gives

ri+l/2 0P2+1/2 r,-1/2 0Pi2-1/2
dPi 2 _ S__1_1[_ K,+1/2 K,-1/2 ] (A 29)dt r_ Or A Or "

where i refers to the node number and A is the distance between nodes i and i + 1.

The remaining spatial derivatives can then be approximated by a central difference

approximation, yielding

UP 2 __ S( 11[_ri+1/2 Ui+1/2(pi21 - Pi2) r,-1/2A2Ui-1/2(p2 - P2-1)] (A.30)dt ri

K is calculated at the midpoint between i and i + 1, S( 1 is calculated at node i.

Both S -1 and K can be a function of position, pressure, or time. The numerical

approximation for radial brine flow is equivalent to Equation A.28 with p2 replaced by
P.

The resulting system of equations is solved using a backward differencing solver

subroutine (available from Sandia National Laboratories' technical library) which is

unconditionally stable and optimizes the time step for accuracy (Shampine and Watts,

1979). The value of tile independent variable (P or p2) is calculated and given at

discrete times on the way to the final time. Other quantities such as the flowrate and
,ux can be calculated as desired.
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The discretization of the domain for the simulation of the in situ measurements
should consider a number of factors. First, the number of nodes should be minimized in

order to limit the size of the system of equations which is to be solved. Next, the location

of the remote boundary (or last node) should be sufficiently far from the borehole so
Equation A.16 remains valid at ali times. Also, calculated pressure gradients in the

vicinity of the borehole will be large, and the accuracy of the approximation is improved
if discretization is fine in this region. Finally, the discretization should be suitable for
wide ranges of permeabilities, pressures, and times. In order to best accomodate these

factors, the following coordinate transformation given by Nowak and McTigue (1987)
was employed

x = 1 - e -_(_-1) (A.31)

where x is the transformed coordinate, r is the radial coordinate, a is the borehole
radius, and _ is the stretch factor. The transformed coordinate varies from x = 0 at

the borehole wall to x = 1 at an infinite radius. With this transformation, nodes can

be concentrated in the vicinity of the borehole while the remote boundary is at infinity.
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A.5 Verification

In order to ensure the accuracy of the code, the numerical solution was compared

with the analytical solution of Cooper et al. (1967) as given by Brcdehoeft and Pa-

padopulos (1980) for the borehole pressure history during a water pressure-pulse test.

The numerical solution was found to be essentially identical for simulations with 100

to 200 nodes and stretch factors of 0.1 to 0.01. The numerical results and analytical

solutions are shown to compare very well (Figure A.1).
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Figure A.I" Comparison of analytical and numerical solutions for slug test using water; p

is density of fluid, g is gravitational constant, b is length of test interval. Other terms
are defined in text.
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A.6 Material properties and test interval dimensions

The material properties used in the model simulations are given in the following
table.

Table A.I

Property Value Source

Effective halite compressibility 4.83x10 -xi Pa -1 Nowak et al., 1988

Solid halite compressibility 4.25x10 -11 Pa -1 Nowak et al., 1988

Brine viscosity 1.6x10 -3 Pa-sec Nowak et al., 1988

Brine compressibility 5x10 -1° Pa -1 Nowak et al., 1988

Nitrogen viscosity 1.8x10 -5 Pa-sec Weast, 1979

I! Nitrogen compressibility p-I pa-x _

The test interval dimensions, as derived from measurements of borehole diameter

and the position of the packer system in the borehole, are compiled in the following
table.

Table A.II

!_Borehole Diameter Test Interval Test Interval

!lilNumber (cna) Volume (cc) Length (crn)
II 50 4.72 653 67.0

![ 51 4.72 631 66.0 --

r o6o
i'i 54 4.72 634 66.2
_I

[! 55 4.71 564 63.5
! 56 4.72 631 66.0
r'_r 57 4.78 648 64.8

i 58 4.72 570 63.5

_I 59 4.70 619 ..... 65.0
!! 60 4.67 ,562 64.1

61 4.75 594 64.0
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