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ABSTRACT

Air-injection testing to determine air permeabilities
was conducted in borehole UE-25 UZ#16 as part of the
Yucca Mountain Surface-Based Borehole Investigations
Project. Air permeabilities of the rocks tested are: 1)
Tiva Canyon Member; 2.0 E-13 ml to 88.0 E-13 m', 2)
Topopah Spring Member; 1.1 E-13 m' to 12.0 E-13
m 2, and 3) tuffaceous beds of Calico Hills; 0.8 E-13 m
2 to 1.1 E-13 m 2 . Based on the moisture observed on
the downhole equipment, the borehole wall is dry down
to 2683 meters below surface level and wet below this
depth. Testing above 2683 meters showed no welibore
storage or skin effects. Tests conducted below 2683
meters showed both wellbore storage and skin effects.
Tests that forced water out of the rock exhibited a
characteristic pressure drop in the arithmetic pressure
plots. The stabilization pressure of the steady-state
testing following this pressure drop provides an estimate
of the test interval in-situ capillary pressure.
Permeabilities calculated from the steady-state period
following the pressure drop were less than those
calculated from the transient tests, because the steady-
state analysis did not account for skin effects.

I. INTRODUCTION

The purpose of conducting pneumatic tests (air
injection) in the surface-based vertical boreholes at or
near Yucca Mountain is to quantify the in-situ air
permeability of the unsaturated fractured and
unfractured volcanic rocks (tuff). It is the permeabilities
of these tuffs, combined with the pneumatic and
hydraulic gradients, that control the movement of all
fluids in Yucca Mountain. This includes the potential
transmission of water from the surface downward to the
repository horizon, and the movement of gas, including
water vapor, from the repository horizon to the surface.

Variations in the tuff permeability can result in perched
water zones, fast-pathways, and capillary barriers. These
variations occur between stratigraphic units and within
individual stratigraphic units. An understanding of the
spatial and directional variability of permeability is
necessary for the formulation of conceptual models and
is required input to flow and transport models that
attempt to represent the flow system at Yucca
Mountain.

Because the air permeability of a rock changes with
water content, it is important to recognize that a given
permeability also has an associated capillary pressure.
Capillary pressure is the pressure difference across the
interface between the gas and liquid phases. Capillary
pressure increases when this interface is confined to
smaller pores or fractures, and decreases as this
interface moves to larger pores or fractures. The larger
pores and fractures are potentially the most conductive
features and are dry at all but the wettest conditions
(lowest capillary pressures). Using the capillary
equation: '

p. 2yf
r

where:

P - pressure ( N)

(1)

y - surface tension of woer (N} and

r radius of tube (m),

it is possible to approximate the size of the pores and
fractures that will be dry at a given capillary pressure.
At a capillary pressure of 1013 kiloPascals (kPa) pores
and fractures with a diameter or aperture larger than 3.0
microns will be dry. The air-permeability testing
program is primarily interested in testing on pores and
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fractures with diameters and apertures larger than 3.0
microns; therefore, successful air-permeability testing
can be conducted when the capillary pressure is greater
than 101.3 kPa because the fractures and pores of major
interest will be air filled. In the cases where the
capillary pressure is between 0 and 1013 kPa, and
therefore the larger fractures and pores of interest are
water filled, the air-permeability testing equipment is
designed to allow downhole testing at gas-injection gage
pressures up to and greater than 101.3 kPa. Testing at
gas-injection gage pressures greater than 1013 kPa will
force water out of the larger pores and fractures, and
provide an estimate of air permeability at a capillary
pressure of at least 1013 kPa. In addition, multiple
tests, at incremental increasing flow rates, conducted on
the same interval will provide the relation of
permeability to capillary pressure for capillary pressures
from 0 to 1013 kPa.

U. FIELD TESTING METHODS

The surface-based air permeability testing activity at
Yucca Mountain consists of pneumatic testing (air
injection) in the unsaturated zone in 031 meter
diameter boreholes up to 823 meters in depth. The
equipment consists of state-of-the-art hydraulic,
pneumatic and electrical systems that allow the
installation of pneumatic packers to isolate selected test
intervals in the boreholes. Pneumatic testing is then
performed on the isolated test interval (Figure 1). The
packer system consists of four pneumatic packers each
approximately 2.5 meters in length, weighing 90
kilograms, and capable of inflating in boreholes ranging
from 0.2 meters to 036 meters in diameter. The four
packers are assembled end to end, and connected by
aluminum pipe, forming a packer assembly with three
intervals between the four packers. Each interval
contains: 1) one pressure transducer for measuring
absolute pressure, 2) one thermistor for measuring
temperature, and 3) one thermocouple psychrometer for
measuring relative humidity. The two end-intervals are
called guard intervals and are a fixed distance of 1.0
meters between packers. The middle interval is the test
interval; the length of the test interval can be extended
from 2.0 meters up to 28.0 meters by inserting additional
aluminum pipe sections between the packers. The
packer system is connected to the surface with a tubing
bundle that contains: 1) electrical cable for powering
and monitoring the instruments, 2) nylon tubing for
inflation of the packers and injection of the test gas, and
3) a steel cable to support the weight of the packers and
tubing bundle. The packer assembly is lowered and
raised in the borehole with a surface-mounted hydraulic
winch. The instruments are powered, monitored, and

Figure 1. Schematic of pneumatic (air-injection) testing.

data recorded by data loggers at the surface. When a
test interval is located, the packer assembly is lowered
to the selected interval and all four packers are inflated.
At a constant flow rate of 1.0 to 1500.0 standard liters
per minute (slpm) air is injected downhole into the
middle test interval causing a pressure, temperature and
relative humidity response. The data from the pressure
transducer, thermistor, and thermocouple psychrometer
are then converted into engineering units of pressure,
temperature, and relative humidity. The pressure
response is used to calculate the permeability of the test
interval while the temperature and relative humidity data
are required to evaluate assumptions of isothermal
conditions and a constant water potential. The purpose
of the guard intervals is to monitor for leakage around
the packers isolating the test interval. If there is no
leakage the data output from the instruments in the
guard intervals will remain constant.

III. TEST ANALYSIS METHODS

The methods and models used to analyze pneumatic
tests are similar to those used in aquifer, petroleum, and
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natural gas well analysis. The difference is that most
methods were designed for use with incompressible
fluids while the pneumatic tests must account for the
compressibility of the gas. Modification of these
methods to work with compressible fluids is possible by
use of the pressure squared differences? In addition to
the standard assumptions for analyzing tests using
incompressible fluids the following assumptions must be
included: 1) the ideal gas law applies, 2) the system is
isothermal, and 3) gravitational effects can be excluded.

Semilog and type-curve analysis were used to
evaluate the transient tests from the Tiva Canyon and
Topopah Spring Members of the Paintbrush Tuff. The
semilog method uses a modified version of the Cooper
and Jacob ' straight-line radial-flow solution for
homogeneous isotropic systems. The solution states that
when the radius is small or time is large, or both, the
permeability can be calculated from,

mT~,Ip
where: m Is b1e pressure-squared difference for one
log cycle of the pressure transient, straight-line
flow-period and,

k - permeability (m2),
PX - standard pressure (1.013 ES Pa)
T - temperature CK)
qsw - flaw at standard pressure and temperature

sPm)
P - gas viscosity (Pa(s)),

- stndard tanperature C273.17 'IL), and
I - length of test Iterval (m)

the tuffaceous beds of Calico Hills. The analysis uses a
modified version of the Hvorslev' solution for steady-
state elliptical flow. Testing assumes that the pressure
in the injection interval is at steady state. The
permeability can then be calculated from,

PVQVIL 1 T
km q2r) '

-XkP2'-PbT.V
(4)

The transient tests conducted in the tuffaceous beds of
Calico Hills best matched a type curve that assumes
radial flow and accounts for weflbore storage and skin
effects. ' For analysis of the transient tests in the
tuffaceous beds of Calico Hills, the wellbore storage was
set at 100.0 and the skin effect at 5.0, the permeability
was calculated using equation 3.

IV. RESULTS

At the present time, testing and permeability
analysis has been completed on: 1) four intervals of the
Tiva Canyon Member, 2) three intervals of the Topopah
Spring Member, and 3) one interval of the tuffaceous
beds of Calico Hills. Examination of the moisture on
the downhole tubing bundle showed that the borehole
wall changes from dry to wet at 2683 meters below
surface level. Based on the rock dust coating the packer
assembly and tubing bundle, it appears that the borehole
wall is coated with fine drill cuttings.

The transient test data from the Tiva Canyon and
Topopah Spring Members best fit a type curve for a well
with partial penetration and vertical leakage.
Hantush 4A developed a solution for radial flow that
included components for leakage, and partial
penetration. Using the Hantush type curve, with a
leakage component of 5.0, the permeability is calculated
from,
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whzere:

(3)

A PO = dunensionless pressure, and
(P2 - P =1 = pressure squared dfference (Pa2).

Steady-state analysis was used to evaluate the data from
the long-term (overnight) injection tests conducted in

Log Tim (Seconds)

Figure 2. Semilog plot of the pressure-squared
differences during a pneumatic test in the Topopah
Spring Member, depth interval 78.0-80 meters.

The Tiva Canyon Member and Topopah Spring
Member test-interval permeabilities are presented in
Table 1. Figures 2 and 3 show representative examples

I
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Table 1. Permeabilities for the Thva Canyon and Topopah Spring Members (all units of permeability arc 1OE-13
meters squared).

Member Depth Unit Injection Rate Semilog Type-Curve
(meters) (SIpM) Analysis Ansis

(1OE-13 m2) (10E-13 in2)

Twa Canyon

183-223 lithophysal-
hackly
transition

213-253 Lithophysal-
hackly
transition

250
500
750

250
500
750

500
750

1000

21.0
13.6
11.0

5.8
3.7
2.8

77.0
66.0
57.0

88.0
49.0
42.4

18.0
9.5
7.4

4.8
2.6
2.0

623
50.7
35.0

64.0
36.0
26.0

25.9-37.2

363-40.2

hackly

hackly 250
S0
750

Topopah Spring

78.0-82.0 upper
nonlithophysal

500
250
SOO

12.0
11.7
6.6

8.3
9.4
4A

82.6-86.6

88.1-92.1

upper
nonlithophysal

upper
nonlithophysal

250
500
750

250
500

2.4
2.0
1.7

1.9
1.8

2.2
1.5
1.1

12
1.4

I.

c / L^-ky P ~~retil-
° >! ~~~Penoetreton0*~~~~~~~~~~~

* Ib

DiPensionless Ti-

differences uring a pneumatic test in the Topopah
Spring Member, depth interval 78.0-87.0 meters.

of the semilog and log-log plots of the pressure-squared
ifferences versus time. Figu 3 shows the data from an
injection test in the Topopah Spring Member matched
with a Hantush ' type curve for leaky partial-
penetration. Also shown in Figure 3 are the idealized
line-source radial-flow type curve ' and the idealized
point-source spherical-flow type curve. I Because the
test interval is long compared to the borehole radius, the
early test-period flow is radial. Because the test interval
is short compared to the formation thickness, the latter
flow takes on a vertical component, drops below the
radial-flow type curve, and begins to resemble a
spherical-flow model. Figure 2 shows the semilog plot
of the pressure-squared differences versus time of the
same injection test in the Topopah Spring Member.
Since the early time data follows the radial-flow model,
it is possible to use this early transient data to estimate
permeability by the semilog straight line method. The
straight-line section of Figure 2 corresponds to the data
that plots on the radial-flow type curve in Figure 3.
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The Tiva Canyon Member test intervals at 18.3-22.3
meters and 213-253 meters are located in the transition
zone from the lower lithophysal unit to the hackly
unit. ' The unit is densely welded and fractured.
Permeabilities agree very weil between the type curve
and semilog analysis but decrease with increasing flow
rate. The maximum pressure during testing of these two
intervals was 31.6 k-Pa. It is not likely that the testing
forced water out of the rock; all evidence (core samples
and television logs) suggests that the water potential of
these intervals are drier (greater) than 31.6 k-Pa.
Another possible explanation is turbulent flow. In a
fractured rock, such as the Tiva Canyon Member, the
air flow is restricted to the limited surface area where
the fractures intersect the borehole wail. This
restriction of flow paths means the potential for
turbulent flow is greatly increased compared to a matrix
flow system of the same permeability. The Tiva Canyon
Member test intervals, 25.9 to 37.2 meters and 363 to
403 meters, are located in the hackly unit. This unit is
also densely welded and fractured. Permeabilities agree
well between the two test intervals, but again show
decreasing permeability with increasing flow rates. The
maximum pressure during testing of the haddy unit was
2.5 kPa. Again, it is very unlikely that the injection
testing forced water from the rock.

The permeabilities determined from tests in the
tuffaceous beds of Calico Hills are shown in Table 2.
All four tests were conducted at one test interval from
395.4 to 399.4 meters. The test interval is a nonwelded,
zeolitized tuff with an estimated porosity of 30%.
Matrix permeabilities of zeolitized tuffaceous beds of
Calico Hills core samples from borehole USW G-1
ranged from 0.1 to 4.7 E-16 meters squared". The test
interval is located below the 2683 meter depth where
the borehole wall becomes wet.

W0

S6

The three test intervals in the Topopah Spring
Member are located in the upper nonlithophysal unit.
The unit is partially to moderately welded and fractured.
The shallowest interval (78.0 to 82.0 meters) has slightly
greater permeabilities but the range for all three test
intervals and all injection rates is less than one order of
magnitude. As was found in the Tiva Canyon Member,
there is a decrease in permeability with increasing flow
rates.

Table 2. Permeabilities in the tuffaceous beds of
Calico Hills, test interval 1297-1310 feet below surface;
tests are listed in order of occurrence (all units of
permeability are in 1OE-13 meters squared).

Tine (Seconds * 10')

Figure 4. Arithmetic plot of the pressure during a
pneumatic test in the tuffaceous beds of Calico Hills,
depth interval 395.4-399.4 meters.

Figure 4 shows a plot of the pressure response during
the steady-state 20 slpm air-injection test. Plots of the
pressures and pressure-squared differences do not
resemble tests of the Tiva Canyon and Topopah Spring
Members. The peak at 207.0 kPa and subsequent
pressure decline reflects the transient drainage of water-
filled pores and/or fractures. Initially the pores cannot
drain fast enough to conduct the air-flow; however, with
time, water is forced from enough pores and/or
fractures that the pressure stabilizes at a lower value
than the peak of 207.0 k-Pa. The associated steady-state
pressure of 136.0 k-Pa means that the pre-test capillary
pressure of the test interval was less than 136.0 k-Pa
minus the atmospheric pressure (92.7 k-Pa) or 433 kPa.
This is very interesting because the test interval for the
tuffaceous beds of Calico Hills is located approximately
91.5 meters above the water table. In a system at static
equilibrium the capillary pressure at this elevation
should be approximately 870.0 k-Pa, not the 433 k-Pa
inferred from the pneumatic testing. This means that
there must be a source of moisture somewhere other
than the water table.

Test Type Injection rate Permeability
(slpm) (1OE-13 nin)

Steady-State 20 0.17

Transient 10 1.1

Transient 20 0.8

Steady-State 30 0.19 Following the first steady-state test, two transient



AIR PERMEABILIT TESTING 282787

tests were conducted at 10 and 20 slpm. The transient
tests rates were kept at or below the 20 slpm steady-
state test rate in order to keep from forcing any
additional water from the rock. The transient tests best
match a type curve that accounts for wellbore storage
and skin effects (Figure 5). The transient tests show

0

Is

A.

a1
0

a

CB 4

4

Dimensianless TSme

Figure 5. Log-log plot of the pressure-squared
differences during a pneumatic test in the tuffaceous
beds of Calico Hills, depth interval 395.4-399A meters.

higher permeabilities than the steady-state tests. This is
probably due to the borehole skin effect. The transient
test analysis accounts for the skin effect in the match
point values used in equation 3; however, the steady-
state analysis does not, and therefore the smaller steady-
state permeabilities are due to the influence of a lower
permeability skin.

Following the transient tests from the tuffaceous
beds of Calico Hills, a second steady-state test was
conducted at 30 slpm. The second steady-state test had
a similar pressure response as seen in the first steady-
state test except that the peak pressure was lower, 181.0
kPa, and the steady-state pressure was higher, 146.0 kPa.
The lower peak pressure occurs because the first test
had already forced water from most of the pore space
that would be utilized by the second, higher flow-rate
test. The higher steady-state pressure of the second test
is due to the increased flow rate. Theoretically the
second steady-state test should show a higher
permeability because the increased pressure will force
water out of additional pore space. Using an
atmospheric pressure of 92.7 kPa, the differential
pressures for the 20 and 30 slpm steady-state tests are
433 and 53.3 kPa. These capillary pressures correspond
to pores and fractures with radii and apertures of
approximately 6.6 and 5.4 microns. This means that

during the first steady-state test all pores and fractures,
with radii and apertures larger than 6.6 microns, were
air-filled during testing and that during the second
steady-state test, all larger than 5.4 microns were air-
filled. The small increase in the permeability between
the 20 and 30 slpm steady-state tests is due to this
increased air-filled pore space.

V. SUMMARY AND CONCLUSIONS

A. Pneumatic Testing to Define Air Permeabilities

Using downhole packers pneumatic testing was
conducted in borehole UE-25 UZ#16 to define air
permeabilities. Testing was conducted in the shallow,
high capillary pressure, Tia Canyon and Topopah
Spring Members of the Paintbrush Tuff, and in the
deeper, tuffaceous beds of Calico Hills, where the
capillary pressure was less than 433 kPa. Because of
fractures, the in-situ permeabilities of the tuffaceous
beds of Calico Hills are several orders of magnitude
larger than the permeabilities of the core samples from
this unit in borehole USW G-1. Pneumatic testing
showed a decrease in the calculated permeabilities with
increasing flow rates. This may be because of turbulent
flow. The lower flow rate tests provide good upper
estimates of the combined fracture and matrix air
permeability.

B. Testing on Near-saturated Rock

Testing conducted on near-saturated rock (small
capillary pressure) showed that when water is forced out
of the rock a characteristic response can be identified on
the pressure plot. An arithmetic plot of pressure versus
time will show an initial rapid increase, peak, and
decrease to a steady-state flow pressure. The steady-
state air-injection pressure minus the atmospheric
pressure is the capillary pressure associated with the
calculated permeability.

C. Use of Type Curves

Calculation of permeabilities from type curves,
originally developed for incompressible fluids, and data
plots of the injection tests pressure-squared differences,
worked well. Testing on the deeper, wetter, tuffaceous
beds of Calico Hills showed wellbore storage and ski
effects. Testing on the shallower, drier, Tiva Canyon
and Topopah Spring Members did not.
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