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ABSTRACT

The mechanical response of earth materials are demonstrably dependent
upon the environment during deformation as well as the physical properties of
the rock masses themselves. Among the most important of these environmen-
tal parameters are mean pressure, pore fluid pressure, temperature, strain
rate, and the relative magnitude of the intermediate principal stress a2) com-
pared to the maximum (al) and minimum (F3) stresses. Important inherent
properties of rocks include anisotropy, homogeneity, porosity, permeability,
grain size, and mineral composition.

Calculation of the response of rocks to a nearby nuclear detonation re-
quires knowledge of the deviatoric stress-strain behavior as well as the result-
ing mechanisms of deformation: fracture or flow. For calculations beginning
at times of the order of 10-3 sec after detonation, that is, when peak pressures
are - 106 bars and lasting to _ 102 sec when cavity pressures have decayed to
- 102 bars, broad limitations may be imposed on the possible deformation en-
vironment. Here, mean pressures range from 106 to 102 bars, pore pressures
from 106 to bar, temperatures from 15000 to 500C, and strain rates from
106 to 10-3 per sec; a2 may range in value from that of a3 on loading to that of
a, on unloading. Using present technology, it is virtually impossible to meas-
ure the mechanical behavior of rock materials under controlled conditions over
much of the above range. This behavior must be largely inferred from data
gathered at less extreme conditions.

Quantative data illustrating the effect of the deformation environment
upon the strength and brittle-ductile behavior are presented for a suite of rocks
of interest to the Plowshare program; among these are limestone, quartzite,
granite, sandstone and "oil-shale." More limited results are also presented
illustrating the effect of planar anisotropies as well as of grain size upon me-
chanical properties. The available data then may be used to infer the mechan-
ical response of rocks at the more extreme conditions near a nuclear detona-
tion.

INTRODUCTION

It has long been recognized that the mechanical behavior of rock materials,
both elastic as well as inelastic, may be much enhanced or degraded by altering
the conditions or environment under which the loading occurs. In the previous
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two papers, D. Stephens and R. Schock describe the change in compressibility,
Young's modulus, shear modulus, and poisson's ratio with mean pressure.
In this contribution, I concentrate on the inelastic behavior of rocks as deter-
mined from the differential stress-strain curve resulting from a standard tri-
axial test. Macroscopic fracture or flow of a material may be inferred from
the shape of such a curve; and, in addition, the strength (or more specifically
the yield point, ultimate strength, and rupture strength) may be read directly
from it. In addition to ean pressure mentioned above, the following are
among the main environmental parameters influencing the behavior of rock
materials: pore fluid pressure; state of stress, or relative value of the inter-
mediate principal stress; temperature; and strain rate. Many of these param-
eters have already been explored singly for a large number of rocks of vari-
able anisotropy, homogeneity, porosity, permeability, grain size, and ineral
composition. Only a few rocks have been studied in which the relative effect
of all five environmental parameters have been evaluated; thus these existing
data then allow a semiquantative estimate of selected rock behavior at the ex-
pected conditions existing in the immediate vicinity of an underground nuclear
detonation. These estimates may then serve as input for the computer code
calculations. For unevaluated rock types, much may be inferred from the
existing information.

The total stress field imposed upon a small volume element of porous
and permeable rock may be thought of as the sum of an applied deviatoric
stress, plus a mean pressure, plus an interstitial fluid pressure. The devia-
toric portion is completely specified by nine components: six shear and three
normal. If the volume element under consideration is in rotational equilibrium,
by suitably choosing our coordinate axes we may resolve these nine into the
three principal component stresses SI, S2, and S3. Since neither the mean
pressure, PM, nor the pore pressure,* P P, contain shear components, the
fluid pressure may be subtracted from the mean pressure to give the effective
mean pressure, P. eff, and this in turn may be added to SI, S2, and S to
give the three principal effective stresses al, a2, and a3. The maximum
principal stress is then (71, the intermediate is 2, and a3 is the minimum,
with compression taken as positive. Thus we may write the stress tensor
acting on this small volume element as

P P 0 0 Cr 0 0
In P

2' In P 2

0 0 S3 P P -0 0 a3-

EFFECTS OF THE ENVIRONMENTAL PARAMETERS

An increase in the hydrostatic or confining pressure, Pc, surrounding a
test sample, regardless of the type of test (i. e. , compression, torsion, ex-
tension, bending, etc.), may significantly increase the strength of the sample
as well as alter the shape of the resulting differential stress-strain curve.
This behavior is well documented for virtually every common type of rock for
many kinds of tests. 1-6 Figure I shows the first quantative example of this
effect for marble and sandstone. Here the differential stress, 1 - 3 is
plotted versus axial strain for compression of cylindrical samples tested over
a range of confining pressures (noted for each curve, in bars). Any increase

Assuming a low viscosity fluid in only very slow motion through the rock
pores.
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Fig. 1. Stress-strain curves for dry Carrara marble and Mutenberg sandstone
compressed at different confining ressures (shown in bars for each
curve) at room temperature (Ref. 1).

in strength is reflected in equation (1) both as a change in SI, S2, and S3 and
an increase in Pm; the increase of hydrostatic pressure occurs only in Pm.
The increase in differential stress commonly ranges from zero up to about six
times the confining pressure increment, depending on the internal friction of the
rock and the test type.2 Note also in Fig. I that the ductility or permanent
strain before onset of macroscopic fracture (which may be correlated to a
marked change of slope of the stress-strain curve) is also significantly in-
creased by the addition of confining pressure.

In a porous and permeable rock, an increase of pore fluid pressure (or
a decrease in the effective mean pressure) is known to lower the failure strength
and ductility, thus promoting fracture at the expense of distributed fow.7 -9
Figure 2 illustrates such behavior in a sandstones It should be noted here that
the mechanical properties are identical at similar effective mean pressures.
If, however, the rock is partially impermeable to the fluid, the fluid pressure
is not uniform throughout the test sample or if it is not maintained constant
during the test' then the strength and ductility may be very much different.3,7,8
Figure 3 emphasizes this point for a dolomite rock.7

The mechanical behavior of a rock is also quite sensitive, to the type of
impossed stress field, that is, the relative value of 2 cmpared to al and 3
may affect both the strength and ductility.1, 10,4, 11

In examining results from triaxial compression, extension, and torsion
tests, it should be remembered that a2 ranges from equality with 3 in
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in compression to equallty with al in extension; in torsion, a2 equals neither
and is midway in value between a, and a3. Figure 4 shows failure envelopes
as deduced from stress-strain data for these very different stress states on a
limestone.3,4 The largest discrepancies occur at low mean pressures, where
internal friction is most important. At high pressure, they begin to converge
with a much decreased slope and thus are beginning to approximate a von Mises
solid. Relative ductility is also strongly influenced by the stress state, as will
be documented below.

Torsion c1> a2 > 3

3 -

Compression
04 aI > U2 CF3
'_1

c 2 -
b

xtension a '2 > 3

Sol enhofen I mestone -

0 1 2 3 4 5 6

P a1 + a2 3
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Fig. 4 Shear stress versus mean pressure for triaxial compression, torsion,
and extension of Solenhofen limestone tested at 250C, dry, and at a
strain rate of 10-4 /sec. Data from Block 35 (Refs. 34).

Test temperature is also important in altering the mechanical response
of the rock. Moderate increases in the test temperature lower the stress-
strain curve and increase the ductility.3,12-16 Brittle behavior at lower tem-
peratures is replaced by uniform flow at the higher temperatures. Occasional
deviations from this general behavior pattern do exist for a few rocks in re-
stricted temperature ranges, but these may be explained by secondary effects
such as phase changes in the component minerals or work hardening due to an
increase in ductility. Figure illustrates the effect of temperature for a
granite and a basalt tested in compression. 12 Most common rocks show roughly
a two- to threefold decrease in strength for a 5000C temperature rise above
ambient. Enhancement of ductility may be much greater in certain rocks for
similar increases in temperature.

Changes in the rate of application of load upon mechanical properties of
rock has only recently been extensively explored. An increase in strain rate
is observed to raise the stress-strain curve as well as to decrease the duc-
tility.9,14-18 This behavior may be seen in Fig. 6 for a quartzite tested in
compression. In rocks tested at conditions where ductilities are not large, a
decade increase in strain rate may increase the differential stress by roughly
57o.9,17 However, if the deformation environment favors high ductilities,
similar increases in train rate may produce strength enhancements ranging up
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Fig. 5. Stress-strain curves for Westerly granite and basalt tested at k con-
taining pressure, dry, and at a strain rate near 10-4/sec. All data in
compression except where noted (Ref. 12).
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to 20% 14,15,18 Very large (orders of magnitude) degradations in ductility may
accompany such increases in strain rate.4

RELATIVE DUCTILITY AND FRACTURE ORIENTATION

When the mechanical responses of a rock from triaxial tests are com-
pared over a wide range of environmental conditions, it is convenient to clas-
sify the behavior as brittle, transitional, or ductile, depending both upon an
arbitrary amount of permanent strain before onset of macroscopic fracture
and upon the shape of the stress-strain curve. One definition suggests that,
for permanent strains of less than 1% after the yield point, the rock be classi-
fied as brittle; for 3 to 5%, transitional; and, for any strain greater than 5%,
ductile.3 When a rock material does fail in a brittle fashion, two different
species of planar fractures are recognized: shear ad extensile, with each
possessing a unique orientation to the stress field regardless of the type of
test. Extensile fractures are normal to 3; any movement is essentially par-
allel to c3- Shear fractures, on the other hand, occur at low angles (usually
10 to 30 deg) to al and contain a2 in their plane. All movements are predom-
inantly parallel to the more or less planar surface. In Fig. 7 which sche-
matically illustrates the spectrum of macroscopic deformational behavior for
the compression, torsion, and extension cases, bittle fracture occurs at the
left. When the surrounding environment is suitably altered, fracture is pro-
gressively suppressed until only macroscopic ductile flow is present (right).19,4
At intermediate ductilities (transitional behavior), cohesion is retained across
the shear fracture and they are better termed faults, in exactly the same sense
as that used by the field geologist; some ductile flow occurs. Brittle fracture
may be inhibited and ductile flow enhanced (shift from left to right in Fig. 7)
by increasing the mean pressure, or temperature; an increase in pore fluid
pressure, g2, or strain rate has just the opposite effect. The strength of a
rock material, as schematically shown in the stress-strain curves, may be
raised by an increase in mean pressure or strain rate. Increasing pore fluid
pressure or temperature tends to lower the strength. By increasing U2,
strengths may be either raised or lowered, depending upon relative ductilities.

One useful method of comparing the relative ductilities between rock
types or within a given rock as its environment of deformation becomes modi-
fied is to compare the relative transitions from brittle fracture to ductile flow
as defined above. The effect of several of the environmental parameters upon
this transition has been studied in only a very few rocks. Figure compares
the relative effects of mean pressure, stress state, temperature and strain
rate3in limestone.3,4,16 The effect of the pore fluid pressure has been evalu-
ated but for clarity is not plotted here. For this rock, all parameters are im-
portant in affecting the mean pressure for transition. The relative magnitude
of each depends on the increments compared; in general, these changes are
nonlinear.

ESTIMATION OF THE ENVIRONMENT NEAR A NUCLEAR DETONATION

Before we can infer the mechanical behavior of rock materials in the
vicinity of a nuclear detonation, we must estimate the transient environment
resulting from the interaction of the event itself with the emplacement medium.
Existing physical measurements taken from mary such detonations, along with
machine calculations based upon simple models, 021 yield ranges of mean
pressures, pore fluid pressures, stress states, temperatures, and strain
rates, depending both on the time and the radial distance.

Typically, the deposition of energy at detonation time is produced in a
period of the order of 10-7 sec.22 This energy instantly vaporizes all material
in the immediate vicinity of the device. The resulting rapid loading from
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Fig. 8. Brittle-ductile transition for Solenhofen limestone (dry). Brittle be-
havior occurs to the left of each boundary; ductile flow predominates
to right of each curve. Note relative effect of mean stress, stress
state G2) temperature, and strain rate on transition (Refs. 34,16).

detonations in the low-intermediate to high yield range 20 to 1000 kt) generates
shock pressures in the megabar range that then move out radially and decay to
values of the order of 102 bars after periods of several hundred seconds. As
the deviatoric stresses associated with this compressional shock wave are
greater (at least at short distances) than the yield point of the surrounding ma-
terial, the rocks undergo irreversible flow, fracture, or only elastic deforma-
tion, depending on the peak cavity pressure, the radial distance, and the in-
herent rock properties. At discontinuities in the medium (i. e. , density, eas-
tic and inelastic behavior, etc.) the wave may be reflected or refracted into
compressional and/or shear waves with different properties; and, in certain
geometries, these waves may mutually interfere. Viewed simply, the initial
compressive wave exerts a loading much like a triaxial compression test
(al > cT = 3) and the reflected tensile wave would be akin to triaxial extension
(C I =a > 3)- In both cases, the fractures are oriented as schematically
shown in Fig. 7 In other cases with mutually interfering waves, the loading
may be somewhere intermediate between the above, and the fracture pattern
would be much more complicated. During the period of this shock loading, the
cavity growth first accelerates, then, as the gases cool, decelerates. Order-
of -magnitude calculations in which typical elastic mduli, velocities, and peak
pressures2O,22 are used show that strain rates very near the detonation point
may be as great as 105 to 106 per sec. At distances near km, these may de-
crease to - 0 3 per sec. The deposition of dilatational and distortional strain
energy in the rock at the margin of the cavity is large enough to induce melting.
These temperatures, - 000' to 2000cC, fall off extremely rapidly with dis-
tance until values at 100 m are only tens to a few degrees above ambient. The
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pore fluid pressures in an initially dry, porous rock would not be expected to
change during the history of the explosion except perhaps very near the cavity,
where the high temperatures would generate fluids from melting or decompo-
sition of mineral phases present (i. e. , "clays," carbonates). In the case of an
initially water-saturated, moderately porous rock, pore pressures can be ex-
pected to equal the shock pressures out to distances of several kilometers.
However, in low-porosity, saturated materials, the pore pressures may ini-
tially equal the shock pressure; but, as the rock fractures, the pressure is
relieved locally, and thus its behavior may be intermediate between the previ-
ous two cases.

The computer-based predictions of rock mass movements leading to
cavity radii, crater geometries, fracture radii, or surface ground motions re-
quire knowledge of the inelastic rock behavior (as well as the elastic constants)
in the above environmental range. Using present techniques, it is virtually
impossible to evaluate some of these properties under controlled conditions
over much of the above range. For example, it would be difficult to accom-
plish a controlled triaxial compression test at a strain rate of 104 per sec at a
mean pressure of 100 k. Most mechanical property tests (inelastic) serving
as input to these codes are carried out at strain rates of 10-3 to -0 per sec,
usually in compression. Tests are most frequently made at room temperature;
dry and confining pressures rarely exceed to 10 kb. The problem is, then,
to evaluate mechanical effects over as wide a range in environmental param-
eters as is feasible in the laboratory, to get the best possible basis for extrap-
olation to those conditions that cannot be conveniently controlled.

ESTIMATION OF ROCK BEHAVIOR NEAR A NUCLEAR DETONATION

The main characteristics of a series of stress-strain curves (ultimate
strength, stress after fracture, and relative ductility) taken over a range of
pressure may be conveniently plotted as shear stress, -r, GI - 3 versus

2Pm in a failure envelope. Figure 9 illustrates failure envelopes for both dry
and water saturated, 50 - to 501 -ft, Stirling quartzite23,24 samples tested at a
strain rate of 10-4 per sec. For the dry rock, both the loci of points indicating
initial fracture and the strength after first fracture are shown. In the wet rock
these are identical. This figure illustrates the agnitude of the effect that
pore fluid pressure (for saturation when P = confining pressure) ay have on
mechanical behavior. When these curves are extrapolated to much higher mean
pressures, the slope of each can be expected to decrease and eventually ap-
proach zero. As the water in the wet rock undergoes a liquid-solid transfor-
mation near 10-kb mean pressure, the envelope can be expected to show a dis-
continuity having an initial increase in strength followed by a monotonically
decreasing slope. Any further solid-solid phase transitions may either raise
or lower the wet or dry envelopes, depending on the strength of the high-
pressure phase. The dry quartzite is brittle to the highest mean pressures
tested; in contrast' the wet material is macroscopically ductile at all pressures
greater than about k. The effect of 2 on strength and ductility can be ex-
pected to be qualitatively similar to that illustrated for limestone in Fig. 4.
Mechanical properties would be essentially independent of temperature over
nearly the entire affected zone; only in very close proximity to the explosion
itself will the temperature be high enough to markedly affect the strength and
ductility.12,15 An increase in strain rate will be likely to raise either envelope
approximately 376 to 107o per tenfold increase in rate.15,16

Figure 10 summarizes the failure envelopes for five different ashfall and
lithic tuffs (density - 19) from NTS tested in compression, in both the dry and
the saturated condition, and at the usual rate. In view of the heterogeneity of
the material, it is surprising that the envelopes agree so well. At low mean
pressures, the porous dry tuff is very compressible23 and thus, when a small
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F ig 9 Failure envelopes for dry and fluid saturated Stirling quartzite
(500-501 ft) tested in compression at a strain rate of 10-4/sec, 25"C.
Top envelopes are for dry tests (pore pressure, P = 0). In bottom
envelope, P � confining pressure ' P Curve 6 labeled "fractured"
demonstrates strength of the dry roci�cafter initial rupture.

deviatoric stress is superimposed, only macroscopic ductility is observed.
This behavior is believed to account for the initial low slope of the envelopes
as well as inflections in some curves caused by accelerating pore collapse at
higher mean pressures. The water-saturated mterial is ductile at all mean
pressures and has a miniscule strength. Effects of cF2, temperature, and
strain rate on mechanical properties would be expected o be similar to those
discussed above for the Stirling rock.

Figure 11 illustrates the dry and water-saturated failure envelopes for
Hardhat grandiorite in compression at a strain rate of 10-4 per sec at 250C.
This rock is somewhat similar in behavior to the quartzite shown in Fig. 9,
except that the water-saturated Hardhat granodiorite is brittle. It has been
shown that saturated silicate aggregates of low permeability (such as the
Hardhat granodiorite) that also possess low porosity > 1%) expand
slightly as the fracture stress is approached. This positive increase in crack
volume locally lowers the pore fluid pressure and, at high strain rates, the
fluid pressure in larger, preexistent fractures cannot maintain equilibrium
throughout the sample. This low local pore pressure is then reflected by an
anomalously large increase in strength (with strain rate) until the "wet"
strength becomes identical with that of the dry material. This "dilatency
hardening" 17 is expected to grossly affect strength when viewed on a small
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Fig. 11. Failure envelopes for Hardhat granodiorite tested in compression,
250C, at a strain rate of 10-4 /sec. "Fractured" curves show
strength of dry (P p = 0) and wet (P P = PC) rock after first fracture.
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scale; but if the overall large rock mass contains a pervasive water-filled
joint system with appreciable volume, then the overall mechanical properties
can be expected to approximate that illustrated for the wet granodiorite with
the usual correction in strength with strain rate (5 to 10% per decade). 6 17

Mechanical properties in the two principal directions of Green River
shale ("oil shale") are summarized in Fig. 12. These data are for dry
compression at 10-4 per sec strain rate for two different density materials,
2.28 and 219 g per cm3, corresponding to Fisher assays of 18 and 26 gal per
ton of oil, respectively. Both materials were taken near samples already dis-
cussed earlier by Stephens23 and Schock.24 The higher density, low-assay
material is approximately 50% stronger when compared to the richer marlstone.
The brittle-ductile transitions for either parallel or perpendicular loading
directions in the low-assay marl also occur at much higher mean pressures
compared to the richer material. Aisotropies in the material (layering) seem
to have only a secondary effect on strength for both rocks. Minimum strengths
are to be expected near 30 deg to the bedding for both rocks;6 here, each mate-
rial may be lowered by 10 to 20%, based on the perpendicular envelope. No
data are available evaluating the effect of strain rate on strength or ductility.
However, strengths should increase with strain rate in a qualitatively similar
fashion as noted above for the other materials.

Ductile

Green River shale
3 -

P = 228

18 gal /ton

Duct
e2 NCA

P 2.19
f26gal/ton

0
0 2 3 4 5 6

(71+ a2 + Y3P kb
M 3

Fig. 12. Failure envelopes for two principal directions in two kerogeneous
marlstones foil shale") with 219 and 228 g/cc density, respec-
tively. Tests carried out in compression, dry, at a strain rate of
10-4/sec. For clarity, envelopes showing strength after fracture
are not shown.
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