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MECHANICAL PROPERTIES OF ROCKS FROM THE
SITE OF THE RIO BLANCO GAS
STIMULATION EXPERIMENT

Abstract

Thespressure-volume relationship,
strength, differential stress-strain, and
acoustic velocities were studied as a
function of pressure for several samples
of graywacke sandstone from the em-
placement hole at the site of the Rio
Blanco gas stimulation experiment. The
results of these measurements are in-
tended for use as input parameters in
calculational codes which seek to predict
the amount and extent of fracturing pro-l
duced as a result of the detonation of an
underground nuclear explosion, Atlabora-
tory strain rates (~1072 sec™?) the sand-
stones from the emplacement well are
found to be rather compressible (K

=~ 120 kbar at overburden pressures) but

Symbols

c - principal stress denoted by
subscript as maximum (1),
intermediate (2) and minimum
(3) stress or confining pressure
(2=3)

€ - strain denoted by subscript as
radial (r), longitudinal (), or
volume (V)

- bulk modulus (kbar)

7 - shear modulus (kbar)

have the relatively high shear modulus
(u = 100 kbar) characteristic of other
As with
these other sandstones, the simulated

similar graywacke sandstones.

plane shock-loading path shows pro-
nounced. departure away from the failure
envelope, Some of this departure may be
the result of strain-rate dependent proc-
esses, Failure in uniaxial compression
is characterized by brittle fracture at
mean pressures below 5 kbar and by
macroscopic ductile flow above this pres-
sure, Strength properties and the brittle
to ductile transition are midway between
those found for similar rock-types from
the Gasbuggy and Wagon Wheel gas stim-

ulation experiments,

and Units

E - Young's modulus (kbar)
v - Poisson's ratio

P - density (g em”3)

VP’ VS - compressional and shear

velocity (km sec™ 1)

T - shear strength (o, - 03)/2 (kbar)
P - mean pressure (o; + o, + 0'3)/3
(kbar)
8 -2 -3
bar - 10" dyne cm = 10 © kbar
= 1‘0-6 Mbar




X.3.8 cm). These samples were either

compressed to failure at various confining
pressures or evaluated in the indirect

tensile (Brazil) tests at atmospheric pres-
sure. Quasi-hydrostatic P-V data on
similar cylindrical samples (1.3 cm diam
X 2,5 cm) were obtained in a piston-
cylinder device., A soft metal such as
lead or tin was used as the pressure
transmitting medium, Pressure-volume
data were also obtained to 12 kbar using
a hydrostatic pressure fluid to transmit
pressure to the metal jacketed samples,
Volumetric strains were monitored with
foil strain gages cemented to the metal

jacket, The jackets were initially sea-

soned to several tens of bars to shrink
the jacket onto the rock sample,

Identically prepared specimens were
used in the three-dimensional stress-
strain experiments where axial load was
applied with the piston of a piston-
cylinder die in which the confining pres-
sure could be externally controlled, The
data from these three-dimensional
experiments were then used to calculate
deformation moduli over a wide range
of stress states below and up to the
failure envelope.

Acoustic velocities were obtained by
measuring the transit time of a 1-MHz

plane wave through jacketed samples,

Results and Discussion

PRESSURE-VOLUME CHARACTERISTICS

The P-V data for this sandstone are

shown in Figs. 1 and 2 and summarized

in Table 2, The results show consider-

able scatter, The data from hydrostatic
tests indicate that the sandstone exhihits
more compression thandothe results from
quasi-hydrostatic tests. Test results for
the 5846 ft and 6442 ft samples appeared

b, = 2.491 g/em?; 507 saturated; 5862 ft and 6442 ft,
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Table 2. Pressure-volume characteristics of Rio Blanco sandstone, &
P V/ Vg - V (em3/p) K P v/ Vo : v (em3/g) K
(kbar) loading unloading loading unloading loading (kbar) loading unloading loading unloading loading
0 1.0000 10,9884 0.4014 0,3968 17,2 8,0 10,9558 0,9527 0.3836 0,3824 258.0 l
0.1 0.9942 - 0.3991 - 45,5 10.0  0.9483 0.9469 0.38086 0.3801 260,0
0.2 0,9920 - 0.3982 - 71,0 12,0 0.9417 10,9417 0.3778 0.3778 337.0
0.3 0.9906 - 0.3975 - - 83.0 15.0 0.9340 10,9340 0.3749 0,3749 425.0
0.4 0.98% -~ - 0,3972 - 124.0 18,0 0.9274 10,9274 0.3723 0.3723 463.0
0.5 0,9886 0,9848 0.3969 0.3953 141.0 20.0 0.9234 0.9234 0.3707 0.3707 '473,0
0.7 0.9872 - 0.3963 - 164.0 22,0 10,9195 0.9185 0.3691 0,3691 511,0
1.0 0.9854 00,9818 0,3955 0,3941 197.0 25,0 0.9141 0.9141 0.3670 0.3670 560.0
1.5 0.9829 - 0.3946 - 214,0 28,0 0.9092 00,9092 0.3650 0.3650 552.0
2,0 0.9806 10,9764 0.3937 0,3920 213.0 30.0 0,9059 10,9059 0.3637 0.3637 584.0
3,0 0.9760 0.9715 0,3918 0,3900 222,0 32,0 0.9028 0.9028 0.3624 0.3624 589.0
4.0 0.9716 10,9671 0.3900 0.3882 221,0 35,0 10,8982 10,8982 0,36086 0,36086 599,0
5,0 0.9672 0.9631 0.3883 0,3866 236.0 38.0 0.8937 10,8937 0.3588 0.3588 595,0
6.0 0.9631 0.,9595 0.3866 0,3852 253.0 40.0 0.,8907 0,8907 0.3576 0.3576 -
7.0 0.8593 0.9559 0,3851 0,3837 259,0
a
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Fig. 2. Rio Blanco RB-E-01; pressure versus —Ajon loading., Curve is fit to hydro~

static data,

to be identical within the scatter of the
data.

the Rio Blanco pressure-volume curve

There is less reproducibility in

than in the curves of other sandstones
previously examined,4 suggesting a
greater sSample variability, These data
also show inelastic effects. For example,
the irreversible compaction upon unload-
ing from 40 kbars is 1.1% as compared
withthe 3 to 4% initial gas-filled porosity.

Results for a sandstone from a well*
7.5 mi WSW of the Rio Blanco emplace-~
ment well are shown in Figs. 3 and 4 and
in Table 3, This was the most porous of
the samples studied (~18%). Both the

“Equity So. Sulfur Creek No. 4,

Vo

hydrostatic and quasi-hydrostatic data
show a distinct break in the P~V curve,
This occurs at about 3 kbar and is un-
doubtedly related to the onset of pore
collapse., Pore collapse seems to persist
from 3 kbar to about 8 kbar where the
P-V curve begins to stiffen again, Even
so, the irreversible compaction from

40 kbar in this sample was only 3.4%, or
18% of the total porosity initially pre-
sent in this samle. Inspection of the
P-V data (Fig. 4) show that at about 4
kbar pressure there is only 6% dif-
ference in volume between the loading
and unloading curves, and therefore

considerable.porosity was recovered

upon unloading to 1 bar indicating



quasi-elastic recovery of some voids
at low pressure.

It can be seen from the data presented
in Table 3 that the bulk modulus at over-
burden pressure (=440 bars) is 90 kbar,
considerably lower than that found for the

emplacement well samples,

UNIAXIAL STRESS MEASUREMENTS

Samples of graywacke from both depths
in the Rio Blanco emplacement well were
evaluated for compressive strength prop-
erties. These were the 5846 ft and
6442 ft materials, Tests were carried

40 R
! T T -
| Quasi-hydrostatic afo
Loading Unloading
35 o ® ol B
a A
Hydrostatic
30— v |
o
25— T
g
~x 20— B
l
(=18
15— |
10— |
Y o
\
oa
S 0
o a T
a
Ao"p
0 eae=—T | |
0 0.05 0.10 0.15 0.20

-AV/V 0

Fig. 4. S, Sulfur Creek No. 4; pressure versus AV/V, on loading and unloading.



Table 5.
sandstone (50%. Hzo saturated).

Summary of uniaxial compression and Brazil test data for Rio Blanco 6442 ft

Principal Shear Mean
stress strength pressure
Principal after Principal Shear after Mean after
stress fracfure stress strength fracture pressure fracture
91 91 2 3 7 ! Py Pm
Test type (kbar) (kbar) (kbar) (kbar) (kbar) (kbar) {kbar) (kbar) Behavior
Brazil 0.138 0 0 -0.46 0.092 0 0,031 0 Brittle
Brazil 0.111 0 0 -0.37 0.074 0 0.025 0 Brittle
Uniaxial 0,70 0 0 0 0.35 0 0.23 0 Brittle
compression
Uniaxial 0,78 0 0 0 0.39 0 0.26 0 Brittle
compression
Uniaxial* 0.67 0 0 0 0.34 0 0.22 0 Brittle
compression '
Uniaxial 0.72 0 0 0 0.36 0 0.24 0 Brittle
compression
Uniaxial 0.92 0 0 0 0.46 0 0.31 0 Brittle
compression
Uniaxial 4,81 3.91 1,00 1.00 1,91 1.45 2,26 1.97 Brittle
compression
Uniaxial 7.44 6.37 2.00 2,00 2,72 2.19 3.82 3.46 Transitioual
compression
Uniaxial 10,06 - 3.00 3.00 3.53 - 5.36 - Transitional
compression , )
Uniaxial 13.37 - 4.00 4,00 4,69 - 7.13 - Ductile
compression
Uniaxial 16,15 - 5,00 5,00 5,58 - 8.72 - Ductile
compression
Uniaxial 17,87 - 6.00 6,00 5,94 - 9.97 - Ductile
compression '

we are considering here, overall ductile
behavior is due predominantly to the for-
mer mechanism with the individual brittle
quartz and feldspar grains taking up the
local displacements on a very fine scale.
Figures 5 and 6 illustrate the shear
stress-mean pressure failure envelopes
for the graywacke recovered from the
depths noted above., The approximate
transition from macroscopic brittle
fracture to ductile flow occurs at approx-
imately 5 kbar for the 5846-ft material
(Fig, 5.
response is diffuse in the deeper gray-

This transition in material
wacke, occurring over a mean pressure
range of about 3.8 to about 5,4 kbar

(Fig. 6).
scale shear and extensile fractures pre-

In the brittle region, large

dominate, with complete loss of cohesion
of the test sample occurring only below
about 2 kbar,

fracture or faulting is present (on the

Above the transition, little

scale of the test sample); the stress-
strain curves show moderate to strong
work hardening with the strain being more
or less homogeneously distributed through-
out the sample (at least on the scale of a

few tens of microns).lz

The limiting
strength after fracture with consequent
loss of cohesion is also shown (dashed
Note that the level

of shear stress supported by this sand-

curve) in both figures,

stone after fracture is only slightly less
than that of the coherent material,

The failure envelopes for both gray-
wackeés are virtually identical; the 6§442-ft



material is only slightly weaker at all
except the lowest pressures, Both en-
velol.)es are nearly linear (except at the
lowest pressures) with an average slope
of 0,58,

Tensile strengths for both graywacke
samples range from 33 to 46 bars, aver-
aging about 39 bars. The 8442-ft material
seems slightly, but not significantly,
stronger in tension. No tensile results
are available at pressure, but based on
similar measurements on three other
rock types, 13 the tensile strength is ex-
pected to remain independent of confining
pressure,

In addition, both uniaxial compression
and Brazil data have also been determined
oh the graywacke from the S. Sulfur
Creek well. This material was tested
dry. 'The failure envelope illustrated in
Fig. 7 for this graywacke is based on
differential stress-axial strain data and

ductility criteria as discussed above, All

results for this material are summarized
in Table 86,

Comparison between Fig. T and Figs. 5
and 6 shows the shear strength of the
Sulfur Creek material in the 4 to 10 kbar
range to be only about 60% of that of the
sandstones from the emplacement well,
The envelope is curved to the highest
pressures but in the intermediate range,
the slope is approximately 0.368, much
lower than for the two emplacement hole
materials. The brittle-ductile transition
is also lower; 2.9 kbar compared to 3.8
to 5.4 kbar, However, the tensile
strength is almost identical (Table 6).
This different behavior pattern,character-
istic of the Sulfur Creek sandstone,is not
thought to be due to the initial differences
in water saturation, Support for this
contention can be found in the nearly iden-

. tical results for a dry and a 50% saturated
graywacke from Wyoming.4 The apparent

increased ductility and lower strength of
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Fig, 7. S, Sulfur Creek No. 4 dry: shear stress-mean pressure failure envelope,
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Fig. 8, Rio Blanco RB-E-01 5846 ft: mean pressure versus AV/V, under conditions
of uniaxial stress (o5 = 400 bars) and hydrostatic loading,

I I T T | T ductile nature of the Rio Blanco material
as evidenced by the lower observed

brittle-ductile transition pressure.
UNIAXIAL STRAIN MEASUREMENTS

Loading data under conditions of uni-
axial strain (der = 0) were taken on sam-
ples from both depths inthe emplacement

well, Within experimental error, the

(cr] - 03) — kbar

results were identical., Typical results

+ Failure surface in shear stress-confining pressure space
o Loading are shown in Fig, 9 for a 6442 ft sample
loaded from 400 bars (approximate over-

a Unloading
. T i
0 o | | | | I | burden pressure) he corresponding

0 1 2 3 4 5 é 7 8 strain data are shown in Fig., 10, As
Oy — kbar was observed for the Wagon Wheel sand-
Fig. 9. Rio Blanco RB-E-01 6442 ft: stone, the loading path is apparently di-
' axial differential stress (o] - o3) verging away from the failure surface at
versus confining pressure for
loading and unloading under con-
ditions of uniaxial strain (de,, = 0), initial slope in Fig. 8 is a reflection of
The failure envelope from Fig, & ’
is shown for comparison, Num- _
bered points referred to in text. ratio (low Poisson's ratio) characteristic

the higher mean pressures, The steep

the high shear modulus to bulk modulus
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another resulting in a decreasing shear
modulus. The deformation may be ideal-
ized as a small initial elastic region
followed by increasing inelastic compac-
tion, Upon the initial release of axial
stress from the highest value attained,
the deformation is again predominantly
elastic as evidenced by a large increase
in the shear modulus, Thus the initial
effective moduli (point 1, Fig. 9) are

K = 138 kbar (in good agreement with
Fig, 1), u = 99 kbar and assuming elas-
ticity, v = 0.17, At 3 kbar axial stress
difference (point 2) K has increased to
182 kbar, u has decreased to 62 kbar,
and v = 0,35, By 4.2 kbar axial stress
difference (point 3) the effective moduli
are K = 360 kbar, u = 40 kbar and

v = 0,45, Upon release of the applied
axial stress (point 4), the effective pu
increases drastically to 125 kbar, K has
remained at 360 kbar and the effective v
is 0,34.

There are two phenomena (perhaps
interrelated) which may serve to facilitate
fracture during a dynamic loading event
such as a nuclear explosion, The first is

the tendency toward brittle fracture at

higher mean pressures with higher strain |

rates. The second is that the processes
responsible for the increasing amount of
curvature of the uniaxial strain loading
curve (associated with large deformations)
at high axial stress differences presum-
ably involve intergranular movement and
are therefore inherently time dependent,
In a purely elastic solid, loading would
take place according to the elastic moduli,
If this sandstone were considered to be
elastic except for time-dependent proc-
esses, loading would be linear and to

failure along a slope defined by the initial

-16-

loading moduli (approximately point 1,
Fig. 9). Inreality, neither the path
shown in Fig. 9 nor the pure elastic path
will be the actual shock-loading path, but
rather these probably define limits to the
shock path, Good agreement has been
found between the shock loading states
(axial stress and strain) and those ob-
tained in uniaxial strain experiments for
the Wagon Wheel sandsi:one.15 However,
since the tangential stress (03) is not
determined in shock-wave experiments,
it is impossible to determine the shock
loading path with respect to the failure
surface in Fig., 9,

The axial stress-strain data shown in
Fig. 10 indicate a slight break in the
1 This is
similar to an observed break in both the
Wagon Wheel (Fig. 11) and Gasbuggy®

sandstones. However, unlike both of

loading path about 3 kbar ¢

these rocks, there appears to be no sig-
nificant loading below the hydrostat be-
yond this break, This is probably due to
the initial high compressibility of the
Rio Blanco samples. Thus, the shear
stress can accomplish little enhanced
compaction at higher mean pressures
because porosity has already been lost
at low pressure, As previously
noted, there is some observed loading
below the hydrostat in uniaxial stress
experiments where the shear stress-
mean pressure ratio increases much
more rapidly.

After loading to 11 kbar in uniaxial
strain (01), permanent compaction is
observed, Upon removal of the stress
difference, 0.3% permanent compaction
results (Fig, 10) as compared with the
1.1% on unloéding from 40 kbar hydro-
static pressure (Fig. 1).



Since the traveltime of an acoustic wave

is very sensitive to its mean free path,

. the moduli derived from acoustic veloci-

ties are very sensitive to ariy deformation
mechanism which alters that path, Move-
ment along a surface across which a wave
is propagating is not likely to affect the
wave velocity as markedly as the initial
fracturing (formation) of that surface. It
is quite possible, therefore, that the
fractumring of ceimnent between grains af-
fects the wave propagation significantly

while the fracture itself does not cause

any significant volume compression, At
higher pressures, as grains begin to
move relative to one another, volume
compression becomes pronounced. How-
ever the resulting lower porosities now
result in a more efficient path for wave
propagation and a consequent increase in
velocity and derived K, At still higher
pressures, well beyond the extent of the
data in Fig, 12, the moduli would con-
verge as pores and cracks are squeezed
shut and the rock begins to approach a

theoretically dense elastic solid.
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Fig. 12. Rio Blanco RB-E-01 6442 ft: static and dynamic bulk moduli as a function

of hydrostatic pressure,
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Appendix: Acoustic Compressional and Shear Velocities

The data presented in Table A-1 represent velocities calculated from travel-
times of both compressional and shear waves propagating normal to the bedding and
the moduli derived therefrom with the assumption of elasticity, Densities are deter-
mined by continually integrating the computed bulk modulus, The sandstone was
initially 50% water-saturated at 1 atm.

Table A-1, Compressional and shear velocity and derived elastic moduli, Rio Blanco
: RB-E-01, 6442 ft,

Pressdre P Vp Vs K M E
(kbar) (g/ cc) (km/sec)  (km/sec) (Mbar)  (Mbar) v (Mbar)
0 2,47 3.40 2,12 0.138 0.111 0.18 0.262
0.10 2.48 4.02 2,34 0.229 0.135 0.25 0,333
0.20 2.48 4,50 2.63 0,274 0.171 0.24 0.42%\
0.40 2,48 4,70 2,90 0,270 0.209 0.19 0.498
0.60 2,48 4,79 3.08 0.254 0.235 0.15 0.540
0.80 2,48 4,83 3.18 0.245 0.251 0.12 0.561
1.00 2.48 4,88 3.18 0.255 0.252 0.13 0,568
2,00 2.49 4,99 3.27 0.265 0.267 0.12 0.599
3.00 2.50 5.14 3.28 0.301 0.270 0.16 0.623
4.00 2.51 5,24 3.30 0.325 0.274 0.17 0.641
5.00 2,52 5.33 3.31 0,346 0.276 0.18 0.655
6.00 2,53 5.40 3.32 0.367 0.278 0.19 0.666
7.00 2.53 5.50 3.32 0.393 0.279 0.21 0.677
8.00 2.54 5.60 3.32 0.424 0.280 0.23 0.689
9.00 2.55 5.64 3.32 0.434 0.281 0.23 0.694

10.00 2.55 5,67 3.33 0.444 0.283 0.24 0.700

-19-
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