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ABSTRACT

The stress-strain codes (SOC and TENSOR) used to calculate phenome-
nolo of nuclear explosion for the Plowshare Program require inter alia thegy Zn
pressure-volume relationships of the earth media. In this paper we describe
a rapid and accurate method to obtain pressure-volume data to 40 kb at 250C
for rocks. These experimental results may also be related to the in situ
elastic properties of the rock and to other laboratory measurement of proper-
ties, such as ultrasonic experiments with pressure and Hugoniot determina-
tions.

Qualitative features of the pressure-volume curves can be related to the
initial porosity of the rock. A porous rock is usually quite compressible at
low pressures. If the porosity is in the form of narrow cracks, the cracks
are closed at a pressure of about 3 to 6 kb, after which the rock is much less
compressible. If the porosity is in the form of spherical pores, it is not
necessarily removed even at pressures of 40 kb, depending on the strength of
the rock, and the compressibility is higher at all pressures than for a similar
rock containing no porosity.

Data for water-saturated samples show the phase transformation due to
free water at about 10 and 22 kb. However, the presence of "nonliquid" water,
which is loosely contained within the lattice of clay or zeolitic minerals or
adsorbed on particle surfaces, is also observed.

INTRODUCTION

One of the most important requirements of the Plowshare Program is
preshot prediction of the physical effects of a nuclear explosion in a given
media. This includes pressure, velocityand acceleration profiles, crater
geometry and ejecta patterns for a cratering experiment, and chimney geome-
try and extent of fracturing in an underground experiment. Although much
useful information may be gained from empirical, scaled data, an accurate
prediction can only be made from a first-principle calculation using the actual
physical properties of the medium. Cherryl,2 has described a number of
these calculations. Since the properties of the rock in the explosion environ-
ment may vary widely from one area to another, equation-of-state data must
be obtained for each rock type. One of the important sections of an equation
of state is the pressure-volume (PV) behavior of materials.

Work performed under the auspices of the U. S. Atomic Energy Commission.
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Schock3 and Heard4 describe other portions of the equation of state.
"Equation of state" as used at LL implies data on the inelastic behavior Of
the material as well as its elastic properties.

In this paper we describe a method both rapid and accurate to 5% to ob-
tain pressure-volume data to 40 kb;"' we also present some considerations and
limits on the type of data to be expected, results of several materials studied,
and a comparison of experimental results with elastic theory models. We ob-
tain isothermal data by this method. The PV data required in the calculations
are the Hugoniot for initial pressurization followed by isentropic unloading.
These PV paths are readily calculated from the isotherms.

EXPERIMENTAL

Two types of equipment. are used for these bulk PV measurements. One
is a piston-cylinder die employing a solid pressure-transmitting medium (PTM)
end-loaded in a double-acting hydraulic press, which is capable of maximum
pressures of 40 k. The other is also a piston cylinder die, but employs a
liquid PTM to obtain data at pressures of k or less. The solid PTM system
is insensitive to data below 5 kb, since the PTM does not approximate a fluid
at lower pressures.

The die and sample assembly for the 40-kb system are shown in Fig. 

Steel Steel Carbide

C bide

Steel
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Pressure transmitting
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Fig. 1. 40-kb die and sample assembly.

9 21 kb 10 dynes/cm 987 atm.
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The pistons are packed with steel sealing rings and plugs'to prevent extrusion
of the PTM. We use either tin or lead as the PTM. Both metals have a low
shear strength and are quite ductile; thus the principal stresses, especially
above a few k, approximate hydrostatic conditions.

One ram of the press end-loads the top and bottom of the tungsten car-
bide core, while the other ram presses on the tungsten carbide piston. This
end-loading serves to add support to the core and prevent transverse fracture.

In the piston-displacement method, corrections are necessary to obtain
the true volume change. These include the contraction of the pistons, expan-
sion of the bore of the die, and other pressure effects. Therefore, we use
gold as a standard and measure its compression to correct for these distor-
tions.

We have used PV data for gold both from Bridgman's work5 and that of
Daniels and Smith.6 Although the two sets of data differ somewhat, the com-
pressibility of gold is sufficiently small that the differences are not important
in our work.

Displacement is measured by a rectilinear potentiometer and applied
force by a load cell. In previous work7-9 these two signals were displayed on
a xy recorder while pressures were increased and decreased manually. We
now use a completely computer-controlled system, described in detail by
Grens.10 Briefly, a PDP-9 computer is programmed to perform loading and
unloading cycles (up to 10) upon the sample, with a slow and constant loading
and unloading rate of about I k/min, and to read and store the displacement
versus force data.

With this method, calculations are quite simple. After, a sample has
been pressed to the maximum pressure of 30 to 40 k, a hysteresis loop of
piston displacement versus pressure is obtained for each run, which estab-
lishes the friction as described by Bridgman. 11 The true displacement, and
therefore the compression, is then obtained. The friction is taken as essen-
tially one-half the difference in pressure of the ascending and descending loops,
neglecting the first part of the descending loop.

Blank runs are made with gold before and after sample runs. The gold
volumes are made equal to the samples; the amounts of other materials, such
as steel rings and plugs and the pressure transmitting medium, remain con-
stant from run to run. With the known volume of gold as a function of pressure,
the volume of the sample is also known. These calculations are also carried
out with the aid of the PDP-9 computer.

Two dies are used; one has a 0.5-in. bore and takes a sample 0460 in.
in diameter by I in. long, and the other has a 1-in. bore and takes a sample
0.88-in. in diameter by in. long. The larger size is preferred for very
heterogeneous materials.

The 5-kb liquid system is shown schematically in Fig. 2 Octoil-S is the
pressure-transmitting fluid in this system. The diameter of the bore of the die
is 1/4 in., permitting 1-in.-diam samples. The samples are either copper-
jacketed or coated with epoxy to prevent access of the PTM to the sample. Con-
trol and calculation with this system are similar to the 40-kb system; blank
runs are made as already described.

We use the 5-kb liquid system for very compressible rocks only. Errors
in volume are larger in this system than in the solid device, as the Octoil PTM
is much more compressible than tin or lead. For the solid system, the errors
are ±0.2% in initial density or ±5% in change in volume or pressure. Errors in
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Fig. 2 Liquid PV cell.

the liquid system are not as well established. Errors in pressure are no more
than ±1%, but errors in volume for incompressible rocks are as much as 10%.
For compressible rock the errors are approximately 5%. A somewhat smaller
version of the liquid cell is described by Keller.12

In some cases, it is desirable to obtain data with fractured specimens, as
PV curves may change when rocks are fractured by shock loading. In addition,
since rock near a detonation may undergo several cycles of stress application
and release, it is also necessary to obtain sequential loading-unloading PV
curves for the same materials. This would not be necessary for samples with-
out porosity. However, most rocks of interest are very porous and the loading-
unloading paths are different even when loaded to only I kb.

We use two methods of fracturing samples. One is to drop a weight on
the sample from a known height; second is to detonate a small charge of high
explosive near the sample. The two methods produce deformed rock with
fracture patterns which roughly approximate those observed in rock recovered
from the vicinity of nuclear explosions. 13 This is reasonable, since both
methods produce a rather intense stress wave which propagates through and
fractures the rock at a high strain rate. The actual stress histories of the two
methods are complex; however, the peak stresses in the high-explosive method
are at least an order of magnitude higher than in the dropping-weight test.
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PRESSURE-VOLUME CONSIDERATIONS

In principle, it is possible to calculate the pressure-volume relationship
for any rock if the rock contains no porosity and the volume fractions and com-
pressibilities of the minerals are known. Compressibilities as a function of
pressure for many minerals have been given (for example, in Birch's compila-
tion14) and the compressibility of the aggregate may then be determined from
the Reuss and Voigt limits.

Hill15 showed that these methods yield upper and lower bounds for the
average compressibility

< < 
V R

where PV is the Voigt compressibility, OR is the Reuss compressibility, and

= I T
V ap

In the Reuss averaging method, stress is assumed to be uniform throughout the
aggregate, and

PR Xi0i

where Xi = volume fraction of component i.
The difficulty with this model is that, under pressure, the distorted grains can
fit together only with some peripheral fracture and/or intracrystalline flow.

In the Voigt model, strain is assumed to be uniform throughout the aggre-
gate and

1 X
(2)

V i i
The difficulty with this model is that the forces between grains are not in
equilibrium.

The two methods yield values which usually agree within a few percent.
Brace16 has described the method in detail and has applied it to several dense
rocks. We have also used the method to describe the compression of a grano-
diorite and a dolomites

However, most rocks are porous and require consideration of porosity
effects on compressibility. Walsh17 has shown that the compressibility of
porous solids can be calculated if the porosity consists of a low concentration
of either spheres or narrow cracks and, in the latter case, the geometry of the
cracks are known.

The effect of spherical pores on compressibility is17

Oeff Pi (I + arip) (3)

where Peff is the actual compressibility of porous rock, Pi is the intrinsic
compressibility of material of theoretical density, -qp is the porosity due to
spherical pores and a is defined below:
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where v is Poisson's ratio.

For low porosity and a Poisson's ratio between 02 and 033, a varies
between 2 and 3.

The effect of narrow fractures on compressibility is17

Peff = JQi (I + aC') (4)

where a is a constant and is (average fracture length) cubed per unit
volume.

Walsh17 showed by evaluating the constant in Eq. 4 that the effects upon
compressibility of fractures and spherical pores at equal concentrations are
equivalent, if the diameter of the spherical pores is about two-thirds the aver-
age fracture length. Thus, for equal total porosity at any given state, frac-
tures have a much greater effect on compressibility than do spherical pores.

Walsh17 also showed that PI the pressure to elastically close an ellip-
tical crack, is approximately

PC = Ea (5)

where E is Young's modulus and a is the ratio of minor axes to major axes
of the elliptical crack. As discussed by Walsh17 and shown experimentally by
Brace16 and the authors,8,9 fracture porosity disappears at moderate pres-
sure. For many rocks, E is approximately 500 to 1000 kb and crack porosity
disappears at a few k; hence, a is of the order of 10-3 to 1-2.

Of necessity, the preceding considerations are somewhat idealized. At
least some of the porosity in rocks does not take the form of either spherical
pores or narrow fractures of given length. In addition, the theory described
assumes that the rock in the vicinity of the pore or fracture is elastic and
isotropic. Obviously, at sufficiently high pressures, component minerals near
an opening may undergo brittle failure or intragranular flow. It can be shown9
that the locus of failure of an empty spherical pore in an elastic, isotropic,
infinite medium is the point at which the shear strength of the medium is equal
to three-fourths the mean pressure. Experience with most dry silicate rocks
shows that, at to 10 kb the shear strengths are in the range 6 to 10 k and
increase with pressur08 Spherical pores in such rocks probably will not fail
at 10 k. It is assumed, of course, that the rocks satisfy the criteria of the
model (elastic, isotropic, empty pores, etc.). It is reasonable to expect the
shear strength to increase with pressure and, in fact, this is indicated in ex-
periments by iecker19 and by Giardini2O to pressures of 80 k. Therefore,
spherical pores may survive in strong rocks at our maximum pressure of
40 k. However, spherical pores in many weak sedimentary materials, such
as calcite and clay shales, should be closed at considerably less than 40 k.

Thus, it appears that spherical pores may persist to 40 kb in moderately
strong rocks. Pores of other geometry may fail at lower pressures. Even at
failure, porosity may not completely disappear; for if the rock is brittle, ma-
terial will spall into the cavity and some porosity will remain.
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RESULTS AND DISCUSSION

Our experimental data will now be described and compared to the theo-
retical and empirical considerations just discussed.

Loading data for Stirling quartzite are shown in Fig. 3 and in Table I.
The rock is from hole UeNb, an exploratory hole near the proposed Sturtevant
cratering experiment. The material is described by Schock.3 Note that both
samples, from 500- and 900-ft depths (Schock Type and Type C & D, re-
spectively), are more compressible than quartz. This may be due in part to
impurities in the quartzite; however, a more important reason is the porosity
in each sample; at least 0.5% in the 500-ft sample and 1.6% in the 900-ft sam-
ple. These porosities are based on the'initial specific volume and the specific
volume after pressurizing to 40 k and unloading. It is a lower limit, since

45

40
X V 500 ft samples

A 1900 ft samples

35 - A

30 - A

25 - A

20 -

1 - Quartz

V

10 \A

5 NAII� %PV 'V
NA*

V

-4V-.Oa

0.90 0.92 0.94 0.96 0.98 1.00

(V/V 0

Fig. 3 Loading PV data for Stirling quartzite, hole UeNb. Data for quartz
shown for comparison.

95



Table I. Loading-unloading PV data for Stirling quartzite, hole
UeNb, 1.5% H20-

500-ft samples 900-ft samples
3 3PO = 2650 g/cm PO = 2516 g/cm

K = 220 k Ko = 7 6 kb

P V/V 0 P V/V 0

(kb) loading unloading (kb) loading unloading

0 1.0000 0.9947 0 1.0000 0.9837
1 0.9954 .9912 1 0.9868 .97 9 
2 .990 9 .988 2 2 .98 12 .97 5
3 .9867 .98 52 3 .97 6 9 .9716
4 .9831 .9824 4 .973 .9682
5 .9800 .97 98 5 .97 0 1 .9648
6 .977 6 .977 6 .9670 .9620
7 .97 52 .97 52 7 .9640 .9 593
8 .9730 .97 3 0 8 .9610 .956 

1 0 .968 .96 1 0 .9 552 .9515
12 .9642 .9642 12 .9501 .9467
15 .9578 .9578 15 .9429 .9400
18 .9519 .9519 18 .9361 .9339
20 .9480 .9480 20 .9319 .9300
25 .9393 .9393 25 .9221 .9211
30 .9315 .9315 30 .9130 .9126
35 .9240 .9240 35 .9045 .9045
40 0.9170 0.9170 40 0.8964 0.8964

some porosity probably remains after such a pressure excursion. Compress-
ibilities of the quartzites as a function of pressure on loading and unloading
are shown in Fi 4, along with the compressibility of quartz according to
Anderson et al.!�_I The plots show that the compressibilities above kb for
the 500-ft samples were identical above 5 kb and in reasonable agreement with
the quartz data. One can then infer that the porosity in the 500-ft sample was
eliminated by pressures of k and that, according to E. (5), the porosity
was in the form of narrow cracks of aspect ratio 5 X 10- or smaller. Data
for the 900-ft samples imply that the compressibility for loading and unloading
were different up to 35 k. Thus, the porosity in these samples may have
been elliptical with a much higher aspect ratio.

The results imply that at low pressures, on release some of the porosity
recovers. A large increase in compressibility above that for quartz appears
to begin for the 900-ft specimens at about 11 k and for the 500-ft samples at
about 4 k. Using the single crystal quartz data as a model, we can compute
that the 500-ft samples contained 0.7% porosity initially and 0.2% upon unload-
ing; for the 900-ft samples, 2.41o initial porosity and 0.8% upon unloading.

Loading PV data for five Green River oil shales are shown in Fig. 
These samples were studied for preliminary calculation of the Bronco ex-
periment, which is planned as an oil shale stimulation experiment in the Plow-
share underground engineering program. Samples marked (A) are from the
USBM Anvil Points Mine, Rifle, Colorado, while samples marked (B) are from
Colorado Core Hole No. 3 Rio Blanco County. The material is usually a
carbonate rock (marlstone) containing kerogen, a hydrocarbon having a high
molecular weight. A typical analysis for the kerogen-free rock is shown in
Table 11. Since the carbonate rock is much denser than the kerogen ( = 27
as compared to 1.0) a low sample density usually denotes a high kerogen
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Fig. 4 Compressibilities versus pressure for Stirling quartzite. Data
for quartz shown for comparison.

content. Since the kerogen is more compressible than the rock, one then ex-
pects the lower density samples to be more compressible than higher density
specimens. However, this is not the case unless the samples are divided into
two groups, those with about 0.7% initial porosity and those with about 4% po-
rosity. Then, a low initial density correlates with compressibility.

Table IL Typical analysis for Green River oil
shales, oil excluded.

Mineral Volume o

Dolomite 48
Feldspar 21
Quartz 13
Illite 13
Analycite 4
Pyrite I
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Fig. 5. Pressure versus relative volume for Green River oil
shales, loading data.

A Anvil Points Mine samples
B CCH3 samples

Initial densities and porosities are indicated.

It is usual practice to infer oil content of an oil shale from a plot of oil
content with density. The preceding shows that this is a dangerous practice,.
at least for small samples, as the density is also a function of gas-filled
porosity.
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Complete loading-unloading data for these shales are shown in Tables
III-VII.

Table 111. Loading-unloading PVcurves for Green River oil shale, Anvil Points
Mine samples. po = 2184 g/cm3; minimum gas-filled porosity: 3.7%.
Bulk modulus at 02 k: K 62 kb.

Loading

P v V Unloading v cm3 1g)

(kb) (cm,/g) VO From 06 k From 12 kb From 37 kb From 31 kb

0 0.457 1.0000 0.4545 0.4545 0.4482 0.4409
0.2 .4553 0.9945
0.4 .4537 .9910
0.6 .4523 .98 80 -
1.0 .4493 .9814 .43 5
1.2 .4478 .9782 -
2.0 .4417 .9648 .4321
3.0 .4368 .9541 .4295
3.7 .4338 .9476 -
5.0 .4298 .9388 -
7.0 .4250 .9284 .4208

10.0 .4194 .9161 .4165
15.0 .4127 .9015 .4115
20.0 .4075 .8901 .4075
25.0 .4033 .8809 .4033
3 0.0 .3997 .8731 .3997
31.0 0.3 991 0.8718 0.3991

Table IV. Loading-unloading PVcurves for Green River oil shale, Anvil Points
Mine. p 2194 g/cm3. Minimum gas-filled porosity: 3.5%.
K = 65 k.

Loading

V v Unloading v (cm 3/ g)
P

(kb) V 0 (cm3/ g) From 07 k From 13 k From 75 kb From 40 kb

0 1.0000 0.4558 0.4 53 2 0.4521 0.4454 0.4399
0.25 09965 .4542 -
0.5 .9930 .4526
0.7 .9899 .4512 -
1.0 .9840 .4485 .4365
1.3 .9794 .4464 2 k - 4324
3.0 .9634 .4391 .4292
5.0 .9478 .4320 .4247
7.5 .9307 .4242 7 k - 4210

10.0 .9190 .4189 .4168
15.0 .9035 .4118 .4110
20.0 .8923 .4067 .4060
2 5.0 .8828 .4024 .4022
30.0 .8752 .3989 .3989
3 5.0 .8679 .3956 .3956
40.0 0.8627 0.3 93 2 0.3 93 2
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Table V. Loading-unloading PV curves for Green River oil shale, CCH-3,
2808 ft. PO = 2308 g/cm3. Minimum gas-filled porosity: 4.4%.
KO = 3 9 kb.

Loading Unloading v (cm 3 1g)

P V V From From From From From From
(kb) (c 3 V-0 0.25 kb 0 7 kb 1. 5 kb 4 kb 9 kb 40 kb

0 0.433 2 1.0000 0.4307 0.4283 0.42 57 0.420 0.4167 0.4130
0.5 .427 6 0.9871 -
1 .4229 .9762 .4104
2 .4163 .9610 .4082
3 .4120 .9511 .4062
4 .4082 .9423 .4044
5 .4054 .9358 .4027
7 .4014 .9266 .3999

10 .3969 .9162 .3962
15 .3916 .9040 .3910
20 .3875 .8945 .3868
25 .3839 .8862 .3831
30 .3-80 .8783 .3799
35 .3772 .8707 .3770
40 0.3740 0.8633 0.3740

Table VI. Loading-unloading PV curves for Green River oil shale, CCH3,
23 10 ft level. po = 2118 gcm3. Minimum gas filled porosity:
0.6%. Bulk modulus at 02 k. K = 62 k.

Loading Unloading V (cm 3 /g)

P V V From From From From From From
(kb) (cm 31g) I 0 0.25 kb 0.7 kb 1.5 k 4 k 9 k 40 kb

0 0.47 22 1.0000 0.47 20 0.47 17 0.47 09 0.4699 0.46 90 0.469 
0.2 .4704 0.9962 -
0.5 .4682 .9915 -
1 .4658 .9864 .4640
2 .4622 .9788 .4602
3 .4595 .9731 .4568
4 .4568 .9674 .4539
5 .4544 .9623 .4515
7 .4501 .9532 .4477

10 .4446 .9416 .4425
15 .4372 .9259 .4360
20 .4311 .9130 .4304
25 .4263 .9028 .4256
30 .4220 .8937 .4217
35 .4186 .8865 .4184
40 0.4157 0.8803 0.4157
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Table VII. Loading-unloading PV curves for Green River oil shale, Anvil
Points Mine. po = 2273 gcm3. Minimum gas-filled porosity:
0.8%. Bulk modulus at 02 kb- K = 87 k.

Loading Unloading M3 / g)
P v V From 07

(kb) (cm3/ g) V 0 From 025 k to 13 k From 75 k From 40 kb

0 0.4400 1.0000 0.43 86 0.437 0.437 0.43 6 
0.1 .43 81 0.99 57
0.2 .437 .9934
0.5 .43 6 .9911
0.7 .43 55 .9898
1 .4347 .9880 .43 25
2 .4328 .983 6 .4294
3 .43 14 H05 .4273
5 .427 3 .9711 .423 
7 .5 .4229 .9611 .4093

10 .4182 .9 50 5 .4163
15 .4121 .93 6 6 .4113
20 .407 6 .9264 .407 2
25 .403 .9170 .4033
30 .3 986 .90 59 .3 98 6
35 .3956 .8991 .3 9 56
40 0.3 9 2 0.8920 0.3 92 

Tuff samples from the cratering experiment Schooner exhibited two
typical types of phenomena; the effects of water and of large amounts of gas-
fill4d porosity.

Rock from shot depth to the surface at the Schooner site at the Nevada
Test Site was composed of tuff. Four layers were recognized for calculations
of the experiment and so four rock types were chosen to represent these layers.
The layers and samples selected are shown in Table VIII. An attempt was
made to adjust the water content of the samples to be equal to experimentally
measured water contents of the in-situ rock.22

Table VIII. Layering at the Schooner site and samples selected.

Sample
Logged depth Water Minimum

Depth density selected content gas-filled
Layer (ft) range Mean (ft) Density Wt % porosity

1 0-120 2.22 - 2.3 9 2.30 41 2.3 56 0.3 3.4
2 120-235 1.24-1.88 -1.55 154 1.7 6 6 8.4 2 5.0
3 235-370 1.42 1.82 1.60 304 1.604 27.6 12.0
4 370 47 2.15-2.25 2.20 398 2.3 0 6 0.3 5.3

Rock at the Schooner site has been described in detail by Ramspott. 23
Our samples may be described as follows: 41-ft depth, densely welded ash-
flow tuff, Trail Member of Thirsty Canyon Tuff; 154-ft depth, partially welded
ash-flow tuff, Spearhead Member of Thirsty Canyon Tuff; 304-ft depth, re-
worked tuff, Rocket Wash Member of Thirsty Canyon Tuff; 398-ft depth,
densely welded ash-flow tuff, Grouse Canyon member of Belted Range tuff.
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The dense tuffs from 41 and 398 ft are typical of hard rock. Data are
given in Tables IX and X and in Fig. 6 They are mineralogically different,
as the two PV curves cross at about 11 kb.

Table IX. Loading-unloading PV curves for consolidated Schooner tuff, hole
Ue2Ou No. 3 41-ft level.

Loading Unloading

P v From From From From From From
(kb) (cm 3/ g) 0. 15 k 0. 5 k 1.25 k 2. 5 k 5 kb 27 kb

0 0.424 0.4207 0.4 163 0.4158 0.4158 0.4143 0.4102
0.2 .423 2 -
0.5 .4211 4090
1 .4180 .407 6
2 .4149 .40 54
3 .4130 .403 
5 .4081 .4000
7 .4040 .3972

10 .3994 .3934
15 .3929 .3884
20 .3867 .3843
25 .3810 .3810
27 0.37 8 5 -0.37 5

Table X. Loading-unloading PV curves for consolidated Schooner tuff, hole
Ue2Ou No. 3 398-ft level.

Loading 3
Unloading v (cm /g)

P V rom From From From From From From
(kb) (cm 31g) 0. 15 k 0. 5 kb 1.25 k 2. 5 k 5 k 27 k 40 kb

0 0.4336 0.43 3 0.43 25 0.4298 0.427 0.4271 0.4185 0.4107
0.2 .4325
0.5 .4308 .4153 .4081
1 .4280 .4132 .4058
2 .4226 .4102 .4022
3 .4180 .4076 .3 9 93
5 .4116 .4032 .3950
7 .4061 .3 9 93 .3915

1 0 .4000 .3935 .3871
15 .3908 .3876 .3813
20 .3834 .3825' .3 7 6 6
25 .3770 .3770 .3727
2 7 .3745 0.3 7 45 .3711
30 .37 12 .3690
35 .3665 .3653
4 0 0.3 6 17 0.3 6 17

The tuff from 304 ft was saturated with water., since field measurements
indicated a perched water table at that depth. Data are shown in Fig. 7 and in
Table XI. The volume discontinuities at constant pressure in the figure are
due to phase transformations in the water. Water freezes at 97 kb, and at
21.3 k transforms from a pseudo-orthorhombic to the bcc structure.24,25
These transitions in the tuff are very sharp and reversible; the pressures are
close to that of pure water 9.7 and 22.7 kb for the tuff). However, the volume
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Fig. 6 Loading PV curves for Schooner tuff, hole Ue2Ou No. 3.

changes should have been larger than observed for an inert mixture of rock and
water. We believe that much of the water in this rock is not "free"; it is in a
loosely bound state. Water can be adsorbed on or bound within the zeolites
which are abundant in this rock. Water loosely combined with a rock in this
way is described as "nonliquid water" by clay mineralogists.26
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Fig. 7 PV curves for Schooner tuff, hole Ue2Ou No. 3 304-ft level.

As described earlier,9 our PV measurements offer a qualitative way to
estimate the amounts of nonliquid water. The amount of free water in the rock
can be calculated from the volume changes due to the water transitions in the
sample compared to the volume changes found for pure water.24 Presumably,
the "nonliquid" water would not undergo the phase transition of pure water,
since, being in a different chemical state, its thermodynamics would also be
different. From the total water liberated from this rock at IOOOC (27.6%) and
the amount of free water indicated from the phase transformation (14%) we
estimate that - 13.6% or about half of the water in this tuff is nonliquid in nature.

The data for this tuff indicate the presence f about 12% gas-filled poros-
ity which was permanently removed by pressures of 6 kb or more. The pres-
ence of large amounts of gas-filled porosity in a supposedly water-saturated
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Table XI. Loading-unloading PV curves for consolidated Schooner tuff, hole
Ue2Ou No. 3 304-ft level.

Loading - Unloading v (cm,/g)

P v From From From From From. From
(kb) (cm 3/ g) 0 2 k 0 6 k 1. 5 k 3 kb 6 kb 27 kb

0 0.6 23 0.563 0.5 530 0. 5 520 0.5497 0.5487 0.546 
0.05 .6314 -
0.2 .5567 -
0.5 .5503 .5390
1 .5419 .5334
2 .5300 .5246
3 .5220 .5172
5 .5080 .5070
7 .4997 .4997
9.7 .4918 .4918
9.7 .4806 .4806

10 .4798 .4798
15 .4672 .4672
20 .4585 .4585
2 27 .4541 .4541
22.7 .4464 .4464
25 .4432 .4432
27 0.4404 0.4404

rock is unexpected. Some of the rock seems to contain non-interconnecting
pore space. Some voids may not communicate to the rock surface; they may
be surrounded by impermeable rock. The presence of juvenile gas may also
preclude the presence of water.

The low-pressure portion of the PV data is typical of weak and compres-
sible rock.9 The PV curve from zero to 50 bars indicates a reasonable value
for the bulk modulus (15 kb) followed by a very compressible region from 0
bars to 200 bars where porosity is rapidly removed. Above this pressure, the
PV curve approaches normal behavior. One can see that the compressibility
is constant to 50 bars, and then is quite low in the compaction interval.

The rock from 154 ft liberated 84% water when heated to 1000C. The
data, shown in Fig. 8, show that it is also a weak and compressible rock. The
PV curve from bar to 100 bars indicates a bulk modulus of 28 kb, followed by
a region where the rock begins to fracture, and the compressibility is quite
high to 2 kb. The PV curve above this pressure is normal. The phase trans-
formations due to water can be detected, but they are faint and hysteretic, as
can be seen from Table XIL About half of the water seems to be "nonliquid:l
Some hysteresis of the transitions may be expected, since the small amount of
free water below 10 kb can migrate to the region of lowest mean stress in the
rock. The rock strength also promotes some hysteresis. As water transforms
it decreases in volume, while the matrix surrounding the water tends to resist
the deformation necessary to assume the new pore shape.

The PV data described are useless for calculations of any nuclear exper-
iment if they are taken on samples which are not representative of the medium.
Careful analysis of the geology of the nuclear site always proceeds selection of
samples for equation-of-state studies. First, the results of the in-situ logging
program are examined. These consist of geology, density and a6`6-ustiE-veIoc-
ity logs. In addition, laboratory examinations of core samples provide infor-
mation on mineralogy, acoustic velocity, water content, bulk density and grain
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Fig. 8. Loading PV curves for Schooner tuff, hole Ue2Ou No. 3 154-ft level.

density. A careful study of the total information with the event geologist and
members of the calculational and equation-of-state groups then allow us to
choose rock cores which seem most representative of the most frequently en-
countered rock types at the site.

After data are taken, we can check some of our data against the previ-
ously described data. We will illustrate this with the selection of samples for
the Schooner event.
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Table XII. Loading-unloading PV curves for consolidated Schooner tuff, hole
Ue2Ou No. 3 154-ft level.

Loading Unloading v (cm 3 g)

P v From From From From From From
(kb) (CM11g) 0 2 k 0 6 kb 1. 5 k 3. 5 kb 7 k 30 kb

0 0.56 63 0.5488 0.4800 0.4488 0.43 53 0.4289 0.4233
0.0 5 .56 53
0.1 5643
0.3 .5200
0.5 .4880 .42 17
1 .4567 .4202
2 .43 23 .417 6
3 .4240 .4152
4 .4198 .4131
5 .416 .4112
7 .4120 .407 9
9.5 - .4042

10 .4062 -
11.9 - .3 97 
12.8 .4020 -
14 .3 97 7 -
15 .3 97 3 9 54
20 .3 9 29 .3 9 17
25 .3 92 .3 889
28.8 .3 86 6 -
29.6 0.3 850 0.3 0

As mentioned previously, four rock layers were chosen for calculations
with the properties described in Table VIII.

An inspection of the density log indicates that layer 3 is composed of
more or less the same material; the density varies in a random way in the in-
terval. However, in layer 2 120-235 ft) there seems to be three discrete
layers of density 1.55, 1.88 and 125. Unfortunately, little core was recovered
from this interval so we were unable to study any of the extremes in rock type
indicated by the log. Our sample density for this layer seems to be too high.
However, no other available cores were as close to the assumed mean density
as the one used. The other three samples seemed to adequately represent the
layers of interest. Note, however, that all of our samples are of a higher den-
sity than the log. This is generally true of logged densities versus laboratory
values.

Therefore, our samples, except for the 154-ft sample, agreed with the
density log criteria. We then compare our experimental compressibility to
one calculated from the logged acoustic velocities. The onset of shear waves
could not be reliably determined from the log; however, the compressional
velocities could readily be detected. Both velocities are needed for calcula-
tion of compressibility (see Ref 3 To permit calculating the compressibility
from the logged data, we assumed values for Poisson's ratio. Poisson's ratio
for porous tuffs are reported to be of the order of 0.11.14 Poisson's ratio for
the dense tuff was arbitrarily assumed to be 025. Results are shown in Table
XIII. Again, except for the 154-ft sample, the experimental and calculated
numbers are in reasonable agreement.
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Table XIII. Elastic values for Schooner tuff.

Experimental Calculated Logged
Sample depth bulk modulus bulk modulus value for V Poisson's ratio

M) (kb) (kb) Ut Is e P (assumed)

4 6 3 6 35 7 21 0.2 
154 2 8 10.1 3 50 0.11
304 1 5 17.9 537 6 0.11
398 7 9 7 27 7 800 0.25

In conclusion, w e can state that samples for PV studies can be selected
that are representative of geological formations and that the data thus obtained
can be used for meaningful calculations of the effects of nuclear explosions in
rock.

The qualitative nature of the PV data can be explained from experimental
data on minerals and consideration of the effects of porosity and water content.
A quantitative prediction of the PV curves of most rocks is usually not possible,
however, due to effects of water, unknown pore geometry and in many cases,
unknown mineralogy. Therefore, experimental PV measurements are almost
always necessary.
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