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Introduction

Rescarch on the potential of nuclear explosions to
stimulate gas production from Jow-pecrmeabihity
(1ight) sandstone reservoirs is being conducted by the
U. S. Bureau of Mines in cooperation with the Atomic
Energy Commission. This report describes the part of
that research that was conducted to establish correla-
ton between permeability measured on dry cores at
low external pressure (routine analysis) and permea-
bility at rescrvoir conditions.

Cores used in this research were obtained from rwo
Plowshare gas-stimulation projects. Project Gasbuggy
cores from the Pictured Cliffs formation, Choza Mesa
field. Rio Arriba County, N. M., can be described as
very fine grained, slightly calcareous, well indurated
sandstone. Project Wagon Wheel cores from the Fon
Union formation, Pinedale ficld. Sublette County,
Wyo., can be descrnibed as very fine grained, slightly
calcareous, very well indurated sandstone.

Underground reservoirs are under considerable
compressive stress as a result of the weight of overly-
ing rocks (offset somewhat by intermal-fluid pressure).
The resultant net confining pressure or effecuive over-
burden pressure 1s referred to in this repon simply as
overburden pressure. The resulting effects on the phy-
sical properties of the reservoir rock have been
studied.’-* Overburden pressure causes only a small
decrease in porosity. which can usually be ignored.®
This was confirmed for Project Gasbugev and Project
Wagon Wheel cores. A commercial laboratory found
that the porosity of these cores is reduced by about §

percent of the original porosity. The effect of over-
burden pressure on permeability, however, is appre-
ciable and vanes considcrably for difierent reservoir
rocks.’* causing greater reductions in permeability
for low-permcability rocks.*> The effect of overbur-
den pressure on relative permeability-has been found
to be small* or nonexistent.”

This report presents matcrial that confirms and ex-
tends previous research findings on the effect that
overburden pressure has upon the permeability of dry
cores. Also presented are the results of research on
the relative gas permeability of low-permeability
cores under overburden pressure.

Apparatus and Procedure

Cvlindncal cores 2.0 to 7.5 cm long and 2.5 em in
diameter were cut parallel to the bedding plane. After
the cores were dried overnight in a vacuum oven (4.5
psia, 70°C). the gas (N.) permeability of each core
was measured in a Hassler cell. An external pressure
of 100 psi over the inlet pressure was used to main-
tain a pood scal between the rubber sleeve and the
corc.” Permeability was measured at inlet pressures of
45, 60, and 100 psia. with atmospheric - pressure at
the outlet. A bubble tube and timer were used to
measure gas flow rate. Initial permeability (k;) then
was calculated by the Klinkenberg technique to cor-
rect for the eflect of gas slippage. All other pcrmeabil-
ities reported here were calculated by this method.

In the same manner, permeability was measured at

with overburden pressure.

Research conducted to determine the potential of nuclear explosions to stimulate gas
production verifies that the gas permeability of tight sandstone cores is markedly decreased
with increasing overburden pressure. Water saturation also reduces the gas permeability
by a large amount. The relative permeabtluy, however, does not change significantly
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increasing external pressures of about 500, 1,000, 100
2,000, 3,000, 4.000. 5.000, and 6,000 psi. Exicrnal . |
. > Core numbers k;, ma
pressures actually were somewhat higher to compen- 5327 oo7e
sate for internal pressure. The core and staniless steel o 80— s 3928 0.037
end pieces were placed in a fubbcr sleeve (piece of bi- S o . S 393 :,“?:,
cycle innertube) 0.1 cm thick. Rubber cement was -
used to seal the stainless steel end pieces to the rub- § sor—
ber sleeve. Shrinkable plastic tubing proved unsatis- 4 8
factory because high pressure was required to seal the z
core. The jaclfctcd_ core was mounted in a high- z O 349
pressure cell with distilled water as the external fluid. L b
Cores used in relative permeability studies were s
first subjected to high external pressure and then w 201
allowed to recover their initial permeability. Bulk & | . -
. - a
volume, dry weight, and porosity were measured by ] s ! [ ]
° 1,000 2,000 3000 4000 5D00 6000

conventional gas-expansion techniques. Cores then
were subjected to a vacuum (0.3 psia) for 2 hours,
immersed in water, and allowed to stand under a
vacuum overnight, The cores were weighed and again
subjected to vacuum overnight and weighed again to
assure complete saturation. Most of the cores were
completely saturated after one night. Porosity values
calculated on the basis of water saturation are in good

agrecment with those measured by conventional gas- roe
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Fig. 1—Etfect of overburden pressure on
gas permeability of Gasbuggy cores.

cxpansion techniques. ) 1
N Core numbers k,, md

Water in the core was allowed to evaporate at at- 60 Y o €0
mosphenc conditions to a saturation of about 70 per- o 4134 0.10
e 4AlIl} 1.75

cent and the core was placed in the holder for 2 hours
under external pressure (100 psi above inlet) only so
the water saturation was uniform. Gas permeability
then was mecasured at three inlet pressures between
30 and 100 psia with atmospheric pressure at the
outlet. This procedure was repcated for decreasing
water saturations at the same external pressure. After
the permeability was measured the core was weighed
to determine if any water was lost. In all cases the
.amount jost was neglhgible. After the core was dried

PERCENT OF INITIAL PERMEABILITY

in 2 vacuum oven, the gas permeability at -this ex- o '
o ) 4000 5000  6.000
ternal pressure was measured. The procedure was re- tpoo . 2.0 ERES:"??S - ‘000
peated for external pressures of 3,000 and 6.000 psi.
- Fig. 2—Effect of overburden pressure on gas

Results and Discussion permeability of fractured Gasbuggy cores.

Effiect of Overburden Pressure on Permeability

Core number, length, porosity, and initial permea-
bihty of the cores uscd in this research are shown in
Table 1. The core number refers to the depth in feet 100
at which the corc was obtained. Typical plots of the Core mumber 3978
efiect of simulated overburden pressure on Gasbuggy %, =0 131 mo
cores are shown in Fig. 1. The permeability is de- ¢-82%
creased by about 75 percent at an overburden pres-
sure of 3,000 psi and by 90 percent at 6.000 psi. The
hydrostatic loading used in these experiments does
not reproduce subsurface conditions exactly; in an
actual reservoir the honizontal component of stress is
usually less than the vertical component., Since the
actual loading is not known, this method probably is
as realustic as any other. Cores that contain micro-
fractures are affected to a greater extent, as shown in
Fig. 2. In these cores the permeability is decreased by

80—
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about 95 percent at a simulated overburden pressure | 0 | | { |
of 3,000 psi, with most of the reduction occurnng be- o 1000 2,000 3000 4000 5000 €000
low 2,000 psi. . PRESSURE. oy

Tbc data sho“t'n in Table 1 and Figs. ! ar_ld 2. were : Fig. 3—Hysteresis effect at decreasing
obtained by subjecting the core to successive incre- confining pressures.
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TABLE 1—EFFECT OF OVERBURDEN PRESSURE ON GAS PERMEABILITY

EHective Overburden Pressure (psi): 500 1,000 2,000 3,000 4.000 5,000 6.000
Core Length Porosity
Number® {em) (percent) k.t Permeability (md)
Gasbuggy
3927 2.1 81 0.076 0.053 0.040 0.024 0.0175 0.0132 0.0105 0.0095
3928 75 83 0.037 0.031 0.024 0.015 0.0093 0.005% 0.0046 0.0035
3978 21 8.2 0.151 0.118 0.078 0.052 0.036 0.024 0.0175 0.0132
4113°° 2.1 10.1 1.75 1.16 0.602 0.252 0.113 0.068 0042 0029
4134°° 2.1 11.6 0.10 0.046 0.029 0.0153 0.0085 0.0065 0.0055 0.0047
4146°" 15 11.6 2.40 1.73 132 031 0.14 0.063 0.052 0.022
4147 75 113 0.60 0.247 0.181 0.07] 0.034 0.0186 00118 0.0082
4158 2.1 13.6 159 1.06 0.80 0.35 0.225 0.152 0116 0.100
Wagon Whee!
8084 38 7.7 0.028 0.022 0.020 0.010 0.0070 0.0047 . 0.0035 0.0030
8122 38 114 0.071 0.055 0.048 0.034 - 0027 0.024 0.021 0.019
8975°* 38 8.7 0.039 0.029 0.024 0.0114 0.0073 0.0048 0.0032 0.0025
10156 38 85 0.088 0.067 0.051 0.032 0.025 0.022 0.018 0.016
10390°* 38 9.0 0.048 0.020 0.0175 0.0080 0.0050 0.0040 0.0025 0.0019

“Number denotes depth in feet,
“*Slightiy fractured.
tinitial permeability.

mental increases in external pressure. The core was
assumed to be in equilibium at cach pressure when
pcrmeability measurements remained constant for 15
minutes, which required between 1 and 2 hours. A
penod of 30 minutes to an hour was required to at-
tain equilibrium when the inlet pressure was changed.
Consequently, cach external pressure was maintained
for a minimum of 2 hours. '

The effect of decreasing external pressure was de-
termined on a few cores, and typical results are shown
in Fig. 3. Other researchers™* have observed .and
shown that this hystcresis is mainly dependent on the
stress history of the core. Cores generally recover their
. ~onginal permeability after 3 1o 6 weeks at atmospher-
ic conditions. This time could be shornened by storing
‘the core in an oven at 70°C.

The efiect of overburden pressure on the pcrmea-
bility of cores from Project Wagon Wheel is similar
to that on cores from Project Gasbuggy, and typical
results are shown in Fig. 6. The permeability is de-
creased to about 30 percent of initial permeability at
an overburden pressure of 3,000 psi and to 20 per-
cent at 6,000.

A studv of the data in Table 1 indicates that the
original porosity of the core and the reduction in per-
mcability caused by overburden pressure are not re-
lated. Pore structure (fractures to uniform pores) is
probably the governing factor.

Water Saturation Efiects

The data in Table 2 show that the permeability de-
creased with increasing water saturation. The values
at 20-, 40-, and 60-pcrcent waler saturation were
obtained from individual relative-permeability curves
for Gasbuggy and Wagon Whee) cores. Relative-
permeability curves for three cores from Project Gas-
buggy are shown in Fig. 4 with the data points for
Core 3978. Data points were omitted for the other
cores to avoid confusion. This figure shows that al-
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though gas permeability is reduced, the relative gas
permeability of Gasbuggy cores is not significantly af-
fected by increased overburden: pressure. This con-
clusion is in agreement with the results of others.**
Extremely low values of permeability that resulted
from water saturation and overburden pressure re-
quired that either long flow times or high inlet pres-
sures (high difierential across the core) be used. Since
a high inlet pressure increases the end cfiects by
changing the distribution of water in the core, long
flow times were required. Although end-cfiect prob-
lems were encountered with the shont cores (Cores
3978 and 4158). the permceability of these cores was

TABLE 2—EFFECT OF OVERBURDEN PRESSURE AND
WATER SATURATION ON GAS PERMEABILITY

Water Saturation (percent): 0 20 _40 60
Core Pressure
Number {psi) _Permeability {(md)
Gasbuggy
33927 100 0.115 0.093 0.041 0.0023
3927 3.000 0.026 0.023 0.008 0.0005
3927 6.000 0.012 0.010 0.003 0.0002
33878 100 0.112 0.080 0.034 0.01}
3978 3.000 0.036 0.026 0.011 0.004
3978 6.000 0.013 0.009 0.004 0.0013
4158 100 0447 0.335 0.156 0.045
4158 3.000 0.075 0.056 0.026 0.0074
4158 6,000 0.027 0.020 0.010 0.0026
Wagon Wheel '
8084 100 0.038 0.030 0.014 0.0042
8084 3.000 0.012, 0009 00043 0.0013
8084 €,000 0.0070 0.0056 0.0025 0.0008
8122 100 0.074 0.054 0.017 . 0006
8122 3,000 0.027 0.020 0.008°  0.002
8122 6000 °9, 0020 0015 0005 0.002
10156 100 0.100 0.074 0.029 0.003
10156 3,000 0.028 0.020 0.008 0.0008
10156 6.000 0.017 0.013 0.005 0.0005



high enough to yicld reasonable results. Permeabil-
ity measurements for Core 4161 (7.5 cm long, 0.053
md) required more than 2 hours per reading. These
extremely long flow times can cause errors.

End efiects, long flow times, and changes in per-
meability due to water saturation tend to decrease the
accuracy of permeability measurements, especially at
the higher water saturations. :

The initial permeability of many of the dry cores
used in this research was not reproducible following
saturation and drying. The changes probably were
caused by solution of material in the pores and by
particle movement. These caused both increases and
decreases in permeability. The vanation, although
sometimes large, usually was less than 5 percent;
however, we feel that the relative permeability curves
arc essentially correct. To eliminate the effects of
solution and particle movement, the permeability of
the dry core following saturation, rather than the per-

_meability initially measured, was used in calculating
relative permeability.

A composite of the relative permeability curves for
Gasbuggy cores is shown in Fig. 5. These curves are
representative of permeabilities encountered in this
formation. At a water saturation of 50 percent, the
relative permeability of the cores ranges from 15 to 20
percent and is not affected by overburden pressure.

Similar results were obtained on cores from Project
Wagon Wheel, as shown in Table 2 and Fig. 6 with
data points for Core 8122. These cores were cut to a
length of 3.8 cm to alleviate some of the long flow
time and end-effect difficulties encountered with Gas-
buggy cores. These curves are representative of the
permeabilities encountered in the formation. At a
water saturation of 50 percent, the relative permea-
bifity of these cores ranges from 12 to 21 percent. The
data in these figures show, as do the data from Gas-
buggy cores, that relative gas permeability is not signi-
ficantly affected by increased overburden pressure.

Correlation with Nuclear Stimulation Projects

Many of the basin areas of the Rocky Mountain re-
gion consist of thick, low-permeability sandstones
containing large quantities of natural gas. This type
of reservoir has been the object of the AEC's Plow-
share Program experiments, Projects Gasbuggy and
Rulison, and proposed Projects Wagon Wheel,
WASP, and Rio Blanco. Because most wells in these
reservoirs have not been commercial, only limited
reservoir-analysis and production-test data are avail-
able. Rescrvoir analysis is most difficult because low
permeability requires long-term testing. Also, it is
difficult to determine permeability and net pay from
these tests. Knowledge of the gas permeability is ne-
cessary in predicting gas recovery, and because it is
not economical to define the charactenstics of differ-
ent strata by well test. it is desirable to be able to re-
late laboratory-measured permeability to the true in-
situ permeability. -

Conventional analysis by a commercial laboratory
(confirmed in our laboratory) of about 200 Gasbuggy
cores gave an average initial gas permeability of 0.16
md on dry cores and an average water satursfion of
48 percent. The efiective overburden pressure of this
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Fig. 4—Effect of overburden pressure on
gas permeability of Wagon Wheel cores.
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Fig. 5—Relative gas permeability of Gasbuggy cores.
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rescrvoir is about 3,000 psi. From Fig. 1, the reduc-
tion factor resulting from the overburden pressure is
0.25, and the reduction factor for a walter saturation
of 48 percent (Fig. 5) is 0.20; thus the total reduction
is 5 percent of the initial permeability, or 0.008 md.
This value compares favorably with permeability de-
terminations of about 0.01 md from both preshot and
postshot flow testing at Gasbuggy. The gas reservoir

at Project Rulison is similar to that-at Gasbuggy, hav- .

ing an avcrage initial dry permeability of 0.11 md
and an average water saturation of 45 percent. Simu-
lated in-situ pcrmeability has not yet been measured
in the laboratory on Rulison cores; however, using an
cfiective overburden pressure of 5,000 psi and curves
of Gasbuggy core data (Figs. 1 and 5), the reduction
factor because of overburden pressure would be 0.12
and thal for water saturation 0.24. This results in a
combined reduction to 3 percent of the mitial per-
meability, or 0.003 md. Postshot production testing
at Rulison is not complete, and the only preshot deter-
mination of permeability was made from tests of a
32-ft isolated zone that gave an average value of
0.008 md. No cores are available from this zone. Ru-
lison reservoir rock is said to be less compressible

than that of Gasbuggy; therefore Gasbuggy pressure-

effect data would be expected to indicate a greater
reduction for Rulison than actually exists.

The average initial permeability of dry Wagon
Wheel cores is 0.068 md, with an average water
saturation of 50 percent. An estimated eflective over-
burden pressure of 3.000 psi gives a reduction factor
of 0.28 (Fig. 4). Water saturation further reduces
permeability by a factor of 0.18 (Fig. 6). Therefore,
the total reduction in permeability is to approximately
5 percent of the initial permeability, or 0.0034 md.

Original manuscript received in Society of Petroleum E"'!iﬂetﬁ
otfice June 16, 1971, Revised manuscript received Dec. 20, 1971.

Paper (SPE 3634) was presented at SPE 46th Annual Fall Meeting,
held in New Oriesns, Oct. 3.6, 1971].
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This valuc can be used to predict postshot gas re-
covery from the proposed Wagon Wheel expecriment.

Cores are not yet available from Projects Rio
Blanco and WASP.

Conclusions

The gas permeability of tight sandstone cores is
markedly decreased with increasing overburden pres-
sure. Most of the decrease takes place at pressures to
3,000 psi. At 3,000 psi, the permeability of unfrac-
tured samples ranges from 14 to 37 percent of the
initial permeability. In fractured samples, permca-
bility may be reduced to as Jow as 6 percent of initial
permeability.

Water saturation also reduces the gas permeability
greatly; however, the relative permeability does not
change significantly with overburden pressure.

Permeability calculated from laboratory results are
in good agreement with in-situ permeabilities deter-
mined from production test data. Although not con-
firmed, predictions for other projects appear to be
reasonable.
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