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SECTION 1
INTRODUCTION

This report considers data and mathematical models for
geological materials subjected to shock loading. Data from
laboratory experiments are summarized in terms of pressure (P)
and density (p) at equilibrium states. An ensemble of such states
over a range of pressures constitutes the principal Hugoniot for a
material. The specific internal energy (e) at these states can
be found by applying the Rankine-Hugoniot equations for conserva-
tion of mass, momentum, and energy. Data are also given for states
along adiabatic pressure release paths. The model must be used
cautiously below 50 kb, because variations in density, porosity,
and moisture within the same basic material from different loca-
tions can dramatically affect the low-pressure properties. The
model accounts for these variations if the empirical constants are
properly modified. At high levels of pressure and specific internal
energy, the model represents a perfect gas (gamma law gas, i.e.

P = (y-1) oe) with ; = 1.5. Under conditions of very low density
and specific internal energy above the vaporization energy (ey),
the model represents a perfect gas with y = 1,1,

Analytic equations of state are provided which match
approximately the main features of the data over the range men-
ticned. The equation of state aims primarily to calculate P,
once p and e are specified. The basic form of the high-
pressure model is due to Tillotson (Reference 1-1). However,
deviatoric stress/strain relations are accounted for in order to
provide a more rcalistic model in the low-pressure region. The
deviatoric stress/strain relations are prescribed by means of a
variable-moduli, perfectly plastic nmodel, with associated plastic
potential flow rule. This model, when used with a Coulomb-type
yield criterion depending on mean stress, produces dilatency or
plastic volumetric expansion. This tendency opposes the plastic
volumetric compaction, or hysteresis, which enters through the
variable bulk modulus. Although rigorous proofs of uniqueness are
not generally available for such an analytic mode! (Reference 1-2),
vhich in any event apply only in the low-pressure range, no diffi-
culties in obtaining unique solutions have been encountered in
practice.

The major modifications to previous work done in this
area (References 1-3 and 1-4) include accounting for (1) the
specific energy lost or gained during phase changes, (2) changes
in bulk and shear moduli and in shear strength due to phase
changes, and (3) volumetric compaction due to irreversible closure
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of cracks or pore spaces. Also, specific parameters of the modal

for sach material are selected after considering both Hugoniot and
release isentrope data.

The materials considered in this study include the
following: :

NTS Granite (granodiorite)
Cedar City ionalite
Laramie Anorthosite
Banded Mountain Limestone

Coconino Sandstone

Mountain Home Basalt (dense and porous)
Tuff

Salt

The data on which each model is derived are obtained
primarily from laboratory experiments on samples whose maximum
dimension is 1 to 2 in. Site surveys are also considered for
general rock classification, in situ bulk density, porosity,
water content, seismic velocity, crack patterns, and geologic
layering. It is common in such a survey to find variations of
as much as 10 to 15 percent in as basic a property as the density.
Other properties, such as porosity or seisnic velocity, may easily
vary more than a factor of two within a geological area much
smaller than the region considered in a ground motion calculation.
Judgment is a necessary ingredient, therefore, in selecting repre-

sentative values for each of the parameters reasured in these
surveys.

Because the tests included in a site survey are performed
at low pressure, one must turn to laboratory results to obtain the
high-pressure dynamic properties of the rock. However, the site
surveys are useful for identifying the specimens which are most
representative of the in situ medium and, based on the homogeneity
of the site, for determining how extensive the laboratory programs
must be to describe the rock in the field. At mean stress levels
less than a few kilobars, the triaxial and hydrostatic tests pro-
vide most of the data necessary to determine the values of the
parameters in the constitutive model. The hydrostat provides the
relation between mean stress and relative volume, and triaxial
tests are used to determine the shear modulus and yield criterion.
Loading and unloading cycies in both types of tests are necessary
to measure the extent of hysteretic compaction in porous media at
various loading stresses. Wave speed measurements and low-pressure
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Hugoniot data provide a useful check on these properties. At
high pressures, the Hugoniot data provide a measure of the
materialts elastic limit and its behavior up to energy densities

at which the Thomas-Fermi theory (i.e., perfect gas with y = 1.5) §
3 can be applied. 1elease isentropes from multikilobar shock 3
: states help cempiete the description of hysteretic compaction. %
S N R
2 ":j
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SECTION 2
GENERAL EQUATIONS OF STATE

The general equations of state are divided into two
parts. The first part describes calculation of the pressure or
mean stress and the vecond part describes calculation of devia-
toric stresses in the solid phase. In the fluid state, the

deviatoric stresses vanish and only the first part of the EOS is
necessary.

CALCULATION OF PRESSURE OR MEAN STRESS

Loading

The mean stress or pressure is expressed as the sum of
two independent parts: the fluid pressure (P¢) and the solid
pressure (Pg).

P = Pc+P, (2-1)
Since the pressure in a fluid is assumed to be independent of its
previous history, Pc is a function of only specific internal
energy (e) and density (p). The equations for calculating the
fluid pressure are a modification of the model first proposed by

J. Tillotson (Reference 2-1), for metals subjected to strong
shocks:

Pe =

ayp +fa, + exp Z pe¥ (2-2)

- 3 + 1
on

o1}
-
o
N
-
o
-
(1]
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Empirical constants
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:
¥
3 and
b %
f Criterion Material State
§ e ——r——
% ‘0 p>9 Liquid or compressed gas
8 Z =
- E lu %- u<o0 Fxpanded gas
2 E
B
3 ;o ese Cold solid
X . ex =
. € le - e e> e Fluid with specific internal
; g m energy greater than that
K required to begin the phase
3 change (em) from the solid state
s 1 The specific internal energy at which the phase change is initiated
: depends on the compression n
= +

i e, € (v + fn) < e
4 where

e = Specific internal energy required to initiate a

mo Rk

phase change at normal density
&m = Specific internal energy at which a phase change
is completed
f = Empirical parameter

The role of exp z is to provide a smooth transition from the com-
pressed state to that of an ideal, low density gas. The reason
for defining a new variable, e*, to represent the internal energy
is to account for the energy absorbed or released during a phase
change which does not affect pressure or density. Thus, on load-
ing, there is no contribution to P from Pc until e =e, As
) loading continues and e > e_, it is shown below that the .ontribu-
. , m \
tion of Pg rapidly decreases and is replaced by Pg. Conversely,
as unloading proceeds from a fluid state, the main contribution to
P is from Pg until e = eyp. |f unloading continues such that
e < e, Pg becomes the dominant contributer.
Under conditions of low density and high internal energy, 5
Equation 2-2 effectively reduces to y

Pe = 3, pesk (2-3)
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This is the familiar equation for a low density perfect gas in
which aj; =y - 1 where y is the ratio of the specific heats at
constant pressure and volume. For purposes of the calculations,
it is assumed that a, is a constant, even though y is known
to vary (Reference 2-.) with P, p, and =. To minimize the
error, an average value of aj in the rance of interest is
selected. The values a; and b are chosei to match experimen-
tal Hugoniot data at pressures of the ovder ¢f 500 kb, while

e, is selected so that the model approximates the Thomas-Fermi-
Dirac description of highly compressed material at high-energy
densities.

Calculation of the mean stress in the solid, Py in
Equation 2-1, is based on J. B. Walsh's concept (References 2-3 and
2-4) that the effective values of the elastic parameters differ
from the intrinsic values for the consolidated material due to the
presence of cracks and pores. The hydrosictic loading behavior of
a material containing cracks and pores is then described by a bulk
moduius which varies in the following way:

P
S = - - l -
5 = Ko (K=K ) exp (u*) (2-4)
where
K = Initial bulk modulus

K = Intrinsic bulk modulus

p = Elastic component of excess compression = %—-- 1
o

wt = Empirical constant

Integrating Equation 2-4 between the limits 0 and u + ge (B
is the coefficient of volumetric thermal expansion per unit
energy), leads to the following equation for Pg:

P, = K. (u+ge) - K -K) [1 - exp =+ ;*Be] (2-5)

Initially, u + Be = 0 and the bulk modulus is K , the bulk
modulus of the rock matrix with included voids. AS . increases
the voids close, and the bulk mcdulus approaches the intrinsic
value K . The function of the empirical constant u* is to
control the rate at which the solid bulk modulus asymptotically
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approaches its maximum value. |In selecting a value of .* for a
specific material, it is helpful to remember that o P_/4. will
approach K; faster as .* is made smaller. This fermulation
assumes that the mean stress depends only on the elastic component
of volume change. Inelastic volume change due to plasticity and
strain rate effects are specifically excluded from computation of
pressure,

P. depends on e in two ways. First, i is augmented
by the thermal expansion, Re, so that a hot solid is at a higher
pressure than a cold one at the same density. Also, since the
intrinsic bulk medulus of most rocks decreases with increasing
temperature or energy (Reference 2-5), K, in Equation 2-5 is
replaced by

= - -e— = < - ce ()a
Ko = Kmax[I (c e )] I‘max[l E;;TT—:—?ET 2 0 2-6)

nax Intrinsic bulk modulus at room temperature

-~
e

Empirical constant

Thus, the solid contribution to the ..“fective bulk modulus becomes
zero when the phase change is initiat»4. The effect of causing

the bulk modulus to decrease with increasing specific internal
energy is to make a portion of the principal Hugoniot to be con-
cave to the y-axis, as is illustrated in Figure 2-1. In selecting
values of the parameters ¢ and f for a specific material, it is
helpful to remember that point m moves tcward the origin if ¢

is increased, if € is decreased, or both.

The model described above is adequate for materials whose
initial porosity is less than about 5 percent. For materials with
greater initial porosity, the very low-pressure, solid-phase hydro-
stat is modified as shown in Figure 2-2(a). The material is
assigned a reference density Pref? which is assumed to be the
density at zero pressure along a master unloading curve =5 shown
in Figure 2-2. A new variable 1 is defined, which enables tiu
P/u relation on loading to be calculated from the master unloading
relation. Thus

P = P

g e o
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! where
e
5 Region B B
2
g 1 TREY B o= p-wp p
i ! - 1 (o] 34
A . (uy = w3 3
3 = + d
;o 2 My < H <y u Mg * Hy3 exp " g
: _ 23 %
3 3 Wy S M R o= 1 ;
-(; 0 ,.‘,l
o The empirical parameters u,, Py and u3 have the R
4 following physical interpretation: %
2 i
k> Wy = Excess compression, at which the material matrix e
3 begins to break down g
2 wy = Excess compression, at which the virgin loading %
E: curve joins the master unloading curve b
]
4 ) ) :
u 3 3] ] uo ;

Unloading

WAL N AN TIPS

eveasiab AR

S 2 Pt

In the present model, primary consideration during
unloading is given to hysteresis, the irreversible compaction
which may occur during a cycle of hydrostatic loading and unload-
ing. As an example, experimental data (Reference 2-6) indicate
that NTS granite compacts irreversibly to about 1.005 times its
initial density when it is subjected to pressures between 5 and
50 kb and then unloaded. |f the peak loading pressure is less
, than 5 kb, the hysteretic compaction is less than 0.005, but
E because the unloading data are limited, the functional relation-
‘ ship between the permanent compaction and peak pressure in this
regime is based on hypothesis.

R T

‘;'-

-

st B

: The mathematical procedure for representing hysteresis
5 | is an extension of the variable modulus method used for the load-
ing relationship. If 1 1is greater than or equal to the maximum
| excess compression (u ) previously experienced by the material, :
; P is calculated by Equatson 2-5, which is referred to as the

: virgin loading curve. However, if u < u_, the material is

on an unloading/reloading path. The permanent compaction or

"set'" resulting from loading to uy is then calculated. This

set represents a new point along the u-axis, namely u,, at which
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the mean stress returns to zero. The unloading path has the
same value of pressure, P;,, as the virgin loading curve

when u = .. Thus, if K; and u* are assumed to be constant.
Equation 2-2 can be inverted to obtain a new value of K,
namely

K(') = Km - IPm B Km(um - uZ + Be)lx
Iu*{l - exp [- (um Su, ¢+ ge) u*l}l (2-7)
Along an unloading path P, then becomes
PS = Km(ul + pe) (Km Ko) u (I exp[ oE (2-8)
where
W' o= -,

If the solution of Equation 2~7 produces a value of
K!' larger than K , which is presumably the maximum bulk modu-
lﬁs, it is assumed that a phase change has occurred and the
material is constrained to unload along the linear path:

P = K (u' + ge) (2~9)
where K is Pm/(um - up).

The definition of p_ completes the specification of
Ps. Experimental data (References 2-6, 2-7, and 2-§) show that
u_ increases with increasing peak pressure until all of th=
cracks and voids are apparently closed. Further moderate increase
in pressure does not appreciably increase the permanent set. At
very high pressures, u, may again increase due to phase changes
in one or more of the constituent minerals in the rock. This
behavior, depicted schematically in Figure 2-3, is expressed
mathematically by

n
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Criterion
Pmd Pm “p/d
‘.:p up/d < Pm - Pa
~ (2-10)
B, © u - up
- < « + P
up + (Pm Pa) d Pa Pm —E-E-—-——-d a
W -u
y LE B 4p b
PP d a m

u. 15 the excess compression at which all the voids are closed.
The density op( = 0ol + 1p)) must be less than or equal to the
crystal density of the rock. P, is the minimum pressure at which
a phase change can occur and ( = (1 + lip )) is the crystal
density of the rock after the phase change is completed. The
assumption that wu, varies linearly with pressure (d is the
proportionality constant) is certainly crude, but the meager
unloading data and the large scatter within that data does not
justify further refinements at this time,

For the highly porous typme of material whose loading
hydrostat is illustrated in Figure 2-2, the pressure during unload-

ing is found by evaluating Equations 2-7 and 2-8 with
' = u = py. The result of this procedure is an unloading hydro-

stat which passes through the point (Pp, up) and is parallel to
the master curve. Hysteresis is automatically accounted for

during the loading phase.

In using this model in practical calculations, mean
tensile stresses may develop. Because of the low value of tensile
strength for in situ rock, this is prevented and Py is set equal

to zero for u < pz.

CALCULATION OF DEVIATORIC STRESS

A complete description of the material in Fhe solid state
requires the specification of deviatoric stresses (s;.) as well as
the mean stress. 'f the material behaves elastically, the stress

increment is calculated from

do%j = ZG(dx‘.;j) (2"”)
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where

de;j = Deviatoric strain increment
G = Shear modulus

Stress states are calculated incrementally to allow for the possi-
bility of plastic deformations. A trial deviatoric stress tensor
is calculated at the end of each time step from

(o (o;j)Old + (dc;j) (2-12)

]
ijitrial

where doi- is obtained from Equation 2-11. A yield criterion is

3 used to determine whether the devjatoric stress (U;j)trial defines
; an elastic state. If so, then (0ji)¢ria] is the correct devia-
3 toric stress, otherwise, plastic deformation has occurred during

the time step, and do;j; must be adjusted according to the yield
criterion and the associated plastic potential flow rule.

o o -

The mathematical model of the shear modulus G is vimi-
lar to that of the bulk modulus. G varies from an initial value, -
G,» at normal density, to the intrinsic value, Gpax, as the
pores and cracks are closed.

H
[T -

- - - ot} -
G = 6 . (Gmélx Go) exp ™ (2-13)

Some experimental data (References 2-9 and 2-10) indicate that, for
rock which has been cracked prior to testing, G, is close to
zero. (Reference 2-6 reports G, = 0 ¢+ 4 kb for fractured NTS
granite.) However, as u increases, G approaches its intrinsic
value much more rapidly than does K. We assume that variability
of the effective bulk modulus is strongly affected by the closing
of spherical pores, whereas the effective shear modulus is more
influenced by the closing of in situ cracks. |t is consistent with
the findings of Reference 2-3, which shows that cracks are more
easily closed than pores, for G to approach its intrinsic value
faster than does K.

A ey S A& o e

Specifying that G increases with increasing u raises
the possibility that energy might be extracted from the material
by hydrostatically compressing it, shearing it at high pressure,
releasing the pressure, and then releasing the shear. This danger
| is avoided by assuming that friction prevenis cracks from reopening
during unloading so that the largest value of & reached on load-
ing is retained during subscquent unloading/reloading. Under these .
restrictions, a material may dissipate energy in shear during load-
ing and unloading cycles but can never produce additional energy.
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Data on the temperature dependence of material strength
(Reference 2-11) clearly indicate that the shear strength of
several rocks decreases almost linearly with increasing tempera-
ture. By analogy, a similar dependence is assumed for the shear
modulus. As the specific internal energy approaches ens
G tends towards zero according to the following
equation:

= - - i) - & -
G = Gmax (Gmax Go) exp '~’=](l e ) (2-14)
G m
For e > e the rock is assumed to have undergone a phase change

?
such as meTting, and to be unable to support shear stress, in
which case the shear modulus, G, 1is set to zero.

The yield criterion determines the maximum deviatoric
stress which the material can support before it deforms plastically.
The yield criterion is a function of stress components. |f the
criterion is not satisfied, the material is assumed to behave
elastically. If the trial deviator stresses calculated by Equa-
tion 2-11 are in the forbidden region outside the yield surface,
the stress state is adjusted by means of the flow rule so as to
be exactly on the yield surface. The yield surface used is a com-
bination of the Mohr-Coulomb and von Mises representations
(Reference 2-12), i.e.,

‘k‘ + kP
"Jé = Y = minimum of l (2-15)
k3
where
Jé = Second invariant of the stress deviator; a
function of the current state of stress

k] = Cohesion
k2 = Tangent of the angle of internal friction
k, = Upper limit of yield strength (von Mises Surface)

Towles and Riecker (Reference 2-11) have shown that the
shear strength of several rocks decreases with increasing tempera-
ture roughly in accord with the following empirical relation:

Y = ¥ exp (tT/Tm) (2-16)
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where t is a negative empirical constant whose value for the
rocks tested lies between -0.87 and -1.4, and

T = Temperature
Tm = Melting temperature
o = Shear strength at room temperature

To include temperature effects in the model, the exponential factor
in Equation 2-16 is represented by the first two terms of its
Taylor series expansion, t is assumed to equal -1, and T/T is

replaced by e/e_, assuming constant heat capacity. Thus,
Equation 2-15 becomes

Py Op v R o6 SR

’ ky + k,P

\/,T; = Y = minumum of (2-17)
e

: (- &)

3 ’ “m

As the specific internal energy e approaches the melting eneray
e and the solid approaches the fluid state, the stress deviators
are reduced to zero by both the shrinking of the von Mises portion
of the yield sur.ace and the reduction of the shear modulus G.

TR

P Y F TR
(R Lad

The plastic potential flow rule, used to calculate devia-
toric stress increments from strain increments when the material is
deforming plastically, can be summarized by the statement that among
all stress states which lie on the yield surface, the stress actually
reached in a given plastic strain increment is one for which the
plastic work increment is stationary. The mathematical formulation
of this flow rule is discussed more fully in Reference 2-13. This
flow rule requires the separation of the strain tensor into elastic
and plastic components and can result in permanent plastic volume
change. To calculate Pg after plastic volume change has occurred,
the elastic component of excess compression u is used instead of
the total excess compression, where

L e

A

! = l - P] (2']8)
ue+| u+1 n o+ 1

EALEA

2 IS MCARIN,

and uP is the component of excess compression arising from the
ptastic flow.
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SECTION 3
HUGONIOT AND RELEASE ADIABAT DATA

This section summarizes Hugoniot and release adiabat data
i for a number of geologic materials whose equation of state has been
formulated as described above. The materials considered and the
coefficients in the equations are given in Table 3-1.

Comparisons between the equations of state and the rele-
vant data are given in Figures 3-1 through 3-21. For some
materials, comparison is made only between data and model along the
principal Hugoniot, while for others, data and models for release
adiabats are also included. For these materials where release

adiabat data are lacking, the model release adiabat is shown cen-
tered at 200 kb, 400 kb, 600 kb, and 800 kb.

L Xigls e

W e

REFERENCES
3-1.

A1

Jones, A. H., and H. H. Froula, Uniaxial Strain Behavior of

Four Geological Materials to 50 Kilobars, DASA-2209,
March 1969.

RO A0 T

: 3-2, Shipman, F. H., et al., High Pressure Hugoniot Measurements
s for Several Nevada Test Site Rocks, DASA-2214, March 1969.
i"‘ g
4 3-3. Grine, D. R., Equations of State of Granite and Salt,
3 UCRL-13004, Lawrence Radiation Laboratory, May 1961.
4
% i 3-4.  McQueen, ll. G., et al., "Hugoniot Equation of State of
g Twelve Rocks,'" J. Geophys. Res., Vol. 72, Ne. 20, p. 4999,
. 1967.
<
4 3-5. Bass, R. C., Additional Hugoniot Data for Geological
3 Materials, SC-RR-66-548, Sandia Corporation, October 1966.
3 3-6. Bass, R. C., et al., Hugoniot Data for Some Geological
. Materials, SC-4903(RR), Sandia Corporation, June 1963.
'é i 3-7. Lombard, D. B., The Hugoniot Equatiun of State of Rocks,
g UCRL-6311, Lawrence Radiation Laboratory,. February 1961.
; 3-8.

Petersen, C. F., Shock wave Studies of Selected Rocks,
Ph.D. Thesis, Stanford University, May 1969.

N o
P ——
CAPG L3 i Sndee R L

SEMOT ) WL

18

IEBE

ST,

o gt S (2




8
s
@
3

=4

re
e
i
<

g
!

s

oy P e TS L

R ANIN A S o e

PR

befalore oy SRS

Gk

CRIR R RO 122

el

ey ¥
YR Fhan £

pans

3-10.

3-11.

3-12.

3-13.

3-14,

3-17.

3-18.

3-19.

R-7134-2283

Keough, D. D., et al., Piezoresistive Stress--Time
Transducer Development and Granite Adiabat Measurements
for Project Pile Driver, DASA-2131, Stanford Research
Institute, February 1967.

Ahrens, T. J., et al., Dynamic Properties of Rocks,
DASA-~1868, Defense Atomic Support Agercy, September 1966.

Saucier, K. L., and D. L. Ainsworth, Tests of Rock Cores,
Warren Siting Area, Wyoming, MP C-69-3, U. S. Army Engineer
Waterways Experiment Station, March 1969.

Ahrens, T. J., and V. G. Gregson, ''Shock Compression of
Crystal Rocks: Data for Quart., Calcite, and Plagioclase
Rocks,'' J. Geophys. Res., Vol. 69, No. 22, p. 4839,
November 15, 1964,

Ahrens, T. J., et al., Dynamic Properties of Rocks,
DASA-1868, Stanford Research Institute, September 1966.

Isbell, W. M., et al., The High-Pressure Equation of State
for Two Geologic Materials, General Motors Defense Research
Laboratory.

Lombard, D. B., fhe Hugoniot Equation of State of Rocks,
UCRL~6311, Lawrence Radiation Laboratory, February 1961.

Wiedermann, A. H., et al., Shock Unloading Characteristics
of Porous Geological Materials, AFWL-TR-66-118, |IT Research
Institute, January 1967.

Altshuler, L. V., Soviet Physics, JETP12,10 (1961).
Rosenberg, J. T., et al., Dynamic Properties of Rocks,
DASA-2112, Stanford Research Institute, July 1968,

Lysne, P. C. A., "A Comparison of Calculated and Measured
Low-Stress Hugoniots and Release Adiabats of Dry and

Water Saturated Tuff,'" JGR Vol. 75, No. 23, August 1971,
p. 4375.

19

\/“,v..g,
e TR e e

i T L L

A s

Bz e

Soss Pl Dy

P

Siabde sund



T R R R T R O W R S R R AT

s N AR S

- Aer e e e . RN

"

] S Bl esi oc| os{ os| o 0° o' 0°s o' os| - °

i N o

: ) ¥ 01 0l 01 01 0°t 01 o't o'l - 3

= ¢

2 = €100 | o0°0 0°0 01 01 51°0 - 500 50°0 50°0 equ d

4 ' ;

: x $000°9 |$510°0 | sst00 | Z10°0| Li0°0 €00°0 £00°0 £10°0 52500°0 £10°0 sequ | &y

; sol| stro| sLo 5°0 $°0 5.0 5h°0 5°0 €0 £°0 sequ | Oy

4 20000°0 | 100070 | 100070 | 100070 | 100070 | 50000°0 1000°0 1000°0 1000°0 1000°0 sequ |y E
w.n sz'0 | stoo | SLoo| S90| Sio 10°0 52°0 9°0 5L0°0 52270 sequ | % ;
£ w sy'0| S50 | S50 | $9°0 50 8°0 9°0 8°0 525°0 80 aequ | *y 4
; t'o| woo | woo z°0 z0 400 z°0 SLE*0 10 0°0 sequ | %9
2, A
w tro| #woto | wovo z°0 z'0 $40"0 z0 SLE°0 Lo £°0 sequ | ¥y

v

AR AT

0°l L1 L1 070 0°0 80 L1 Lt 0°l L1 - ]

s0'0| 90'0 | 900| o9t0| 9t0 £0°0 01°0 91°0 91°0 90 | somtem | 2 S

M 020°¢ | S0°0 s0°0 | s€o'0o| sgoo 5€0°0 520°0 5€0°0 5€0°0 5€0°0 S-wwne “s
W s00'0| S0°0 | So0°0 | Szooto| zio'o 10°0 £000°0 5110°0 010°0 5110°0 8-.“_”2_ ouy
: : ot | s€ S°€ 0°0 01 0°s §58°0 0°0 01 o't | e P
wn M 0°0 0°0 0°0 0 SE°0 ¢ c°0 €0 <0 G€°0 - 2 “
m 1 "1 0°1 01 0°1 g0 €1 €1 €1 €1 - q
e wo| wol| wo| wo| wo n0 50 10 10 o | - % g
w i 1o 1o 1°0 1°0 10 1"0 10 10 1o L*o - ‘e
‘w } iles 3any 3iny | 3jeseg | 3|eseg | suoispueg auolsaw] a3 | soy3jaouy @31jeuoy 93juesy s3un b
= Xaq 94 asuag | snosog | ouiuosoy *uly papueg 21wesen) A319 4Epa) SIN 3
o 3
3 S1300W 31V1S 40 NOILVND3 ¥O04 SINIIII44300 TWWII¥IdWI " L-€ 378Vl
* '
ke 2

cszs o ST T 6 falt Sy vie ay e
A N e T I R T IR i b AR SO L R £
R sy

S e B RS Y oy
1 f i a k.

ro gmiag
e s

G B ST TS TR e £ ool Bt M T s Hh T




o e e -~

R-7134-2283

,
I
Y
; E
Y 4
r y
:
¥ A
_
L )
: . p
. J
X &
3
3 . 3
;
v
I

)

38 o

S-yreiack Ll
AP A

i W hez 9e'T| 9E°2 6'2 52 0z 99°2 7 s5°2 §9°z| o2opmb |30 5
3 . S 3
A il A2 4 91 9L 6°¢ 92 0°z 99°2 r{Ad4 65°2 $9°2 25 /wb o
00 - 0°0 - - - - - - so0'0| - 2 - ¢
H o~ g
m. 1-o LTl (] - S0°0 Sl ®0°0 £0°0 9lz0°0 £°0 - EL
4 $£z00°0 | 542000 - €q ;
s §150°0 | 5.50°0 - Zn :
5 - L
i dd 2
% ) €10°0 20 ¢°0 910 9t°0 6°0 1100 %°0 %°0 %°0 - 3
“ . €10°0 0°0 0°0 0°0 91°0 9z°0 110°0 0°0 S0°0 §00°0 - 3
o f
! : . . . . . . . . . ve | 20-4eQUW
: | 0°S1 0°€ 0°¢ o'z 0°2 0°€ 0°€ 9°€ 0°€ 0°€ |~
; ltes 330y 43nL | 3teseg | 3eseg | suojspues auoysaw) 93 | soysouy 23} jeuoy ajjuesy | siupn
Aag I9M asuag | snosog | oujuodo) *uUlW papueg Ijuwese A1) aepa) sl #
(GINNILNOD) "i-€ 378VL |3
.
S R R AR R TR A OB RTE - <
i P R TP T ORI LTI LTI Oo% A ‘fﬂ,,,?;u.. iy, e sv.m\,
" A - .y f..i.ﬂx.n..:,;\.vﬁ:..v .N.- uu.«. ot b \kh.......,,«uuﬁf.eﬂ EL A S BT, Ly ey oy ..... Jirheced Sk . o for? 4 TS ,frn..tv:. P

o Y BIE T v

T N T S o I L T T T s T O L T ey




T R Ay Gesha T e G weg 7

RN

TRt

e i PR R g g R P Bl

o R s A w2 -

134-2223

R-7

vy

404 7300W GNV VYiva 1vavigQy 3Sva3y

9199w
. ar- L $5°1

e e

P

/
{
/

¢

—

/
/

S o AN GO RE

JLINVED SIN
*Z-¢ NS4

T T T S N AN ST ST TR B R TR R

404 7300W ANV ViV LOINOQOINH

JLINVYD SIN
*1-€ 3¥N914

MR N LA M Er A3 D

H$L3 Stgavy
ave L 2€° . 9., an- . $8° G €s*S 00°S g,
4. S emdee e b g P Rt ¢ 4 +*
W/ yy 4 8 8
s :
|
1 -
g -z
& =
@ =
Lo .
< o
g z
[+] .
. —
< =2
<
~ >~
= -—
< L <.
& =>
S =
2 =
N 2
KRN .-
o= z
&> £
L4 - -
5 -2
=) . :
<2 m
< .
w ~
24 )
e s
=) =z
(=]
1 1|1 -,
> I-f  L°To973 118 CowOVEY @ -
2= a.f §3°2 <€5) SSe © -z
1300w tvaviICy 35v3I3y ———— | @ Gef  A8°3-20° 199) SS¥8 % =
1I00M 10INOSON —~——F— | & e £9° 2 109) WIICLI o z
(6-€ 334) OKGHAVE O— — —O | © £-¢ 827 1igs Tt v
(8-€ 434) 321YOICONVND Ve — —2° * € $9°2 (46D wwales O
. 1-f $9'2 16 SIwer 2
vi" LvQvIQY 3S¥YITY L& 34w £
b 0 loma I N YiVG 10INODNK .(u
! ¢ A8l 3UINON9 SIN 8 0L-01-L 351vK80 e
.n»ama*ma 3843 Vie LOINGONH, «1Y SA X318 ° (10INOONH) OHY SA Y{IS

A e g 82 e

s Tr e Hhe T} 02 o s 4 o 3 e e Sl ke N B SRS e Bt S o et 0

o Ty A

B

P ia s

PR A TR A T I R

22

ONAT I RS

e

‘

I

L st

L3 oo a

0

Zoy ep T, R e Ve Tg



SRR R

EAET N

© T SRR RR GRS T TS,

 SE IR ART A

s

R-7134-2283

LA

96" {

Yinvw

08" i 9°1

3 A

89 {

—,

JL1VNOL

AL1J ¥va3) ¥04 T3QOW Lvavidv 3Sv33y

E1A 00°1 "

NPT NS COT e £ A

LT ‘érz,v?mnxw, TS o

13008 LVEVIQY V31TV
1300W 10INCINH i

311eNed

' (Sidgdl0d 3SH3TT3¥-LOINOOAH) BL3 SA XIOIS

DB INS i s, RN

3,

§ g 4 B

k)

T

A e S N

L € s AR T e

*H-€ 3WUND (14

3117VNOL
AL1J ¥¥Q3D HO4 T3AOW LOINOINH “€-€ 3¥NDI4

1w {JI/KY) oum

.pu 08°S 00° 9 0S8° ¥ 00* v 08°| 00°€ 08°2 00° 2,
o \! o
-1 c
= o
o e
=) =]
N N
LN Mo
o o
=} =]
£ i
=y )
=} o
20 N
LS L& —
D -0 o
g% gSx ~N
= =
0@ -]
it LA
o o
= °x
L d —
g S
a - o -
=4 Fo
o e
(=] [=]
- ~F
LS Fe
) &
Q [~
0 ﬁa
==1 (=4
) e
o <
[ 0
Fo e
o 000'0 * 008 &
© 31170%04 <«
(10INOONH]) BHY SA XO1S

SR SOR G TR S N ms o A L B e e e

v

LYLEDIRE; AR L IFARULIRRIR QSIS A

Semgr N T f - - e s
ali ol o T RIS SR e e e st Ze S a s S DI BRATE R b o

-

S e

e R M €

%8

BECRAL

AN N

S S al




JLISOHLYONY JIWYYYT
404 73Q0W JNVY Viva lvavigy 3sv3nady

o

*9-€ N9 14

R-7134-2283

JLISOHLYONY
JIWYYVYT Y04 1300W GNV YLiva 1OINOONH °S-€ 3¥n9Id

e Rl e I VAT PR NN

R TN

-

g

S

R
T
00y
xa1s

]
’

G T
b

’

q

¢ Ak tT s
.
09" Yy

PR AT

Ain

PO Eyhe i
h b S T
nneng, a9 he

VAR T S

300N LVEYICY ISYITIy ~—————
13000 10INCONN =

(f1-€ 2390 VIYO 1YEYICY ISVINIY = o

VS
an ag

B e

B

355373840 INOSPHY g13 SA XO1S

20t €ty Mt onT ity o

s,

eoLvey 33/WD *AL1SNIO
05°S 00°§ 05'y 00°% 05°¢ 00°€ 05°2 oty
v t-cco
MY
F02°0
FcCro
co°0 - E
£
w +5
< i
] 3
ogto & B
. *
x “
« .
- 09°0
- 0070 X
1330
21-¢ (n9) SNIWHY 4 A
E
IKU N
* LIEEIIN L coe 3
ti-¢ Jiwveyyr D
~ LR ]
L1 NIINTOH ¢ g
k%
v o1 (99) sn3wvr @ 0670 b
3ININI4¥ 0ARAS ¥
VIVG L0UNCTIAM Y
B
4
~
2
i
:
b
3
‘W.
- i
Pl T LR At ”( ki R ORI OAADE KA TR vt ..x LS s otk




7D 0 o N T R S S L S U TR SRR 2 P S B SR W3 e OV ¢ T T R TRV S To 8 5 T Y

S AR Hav i LT TR Sl oAtk MR S ACE fe 20Tk 2 3

e A e
.

pon e APwg

AT s

3INOLSIWIT ¥O4 7300W Lvaviay 3SY3T3¥  °g-€ 3uN9I4 3INOLS3IWIT Y04 713C0W GNV VIVQ LOINOONH °/-€ 3¥N9I4

T

R-7134-2283

2

Lignvy ) oLy (33/W9) OHY
T i 0s°s 00°S oSy 00 ¥ 0S°€ CO°€ 05°2 oo

i i

Ip
(o)

A e s
oo ¢”

e

ERtes

FOA Y
00°01

7

S Ehacele SX-Up L gy
00°O¢ 00°02

&
nn:0¢

EeiX R

o
o —
Py
OS¢

T

nn-ay

(uy) X918
25

et L TR RS
) 0
(au)

00° 0S

3

T+
0n* ns

RVl E Y el
00" 09
=
00°09
‘.0 =

EOdS

PURIFR
T

00°0L

on-ng

LAt

e 1380m
Gi-f  2WIWNI-1181000W0Y
Ti-f W (1915030
{1 118100veeY
{321 19018830
$-£ (9818890
1300w 170v10Y ISYINY ———— J”m .""u:dﬂa_
13300 IOINCONN e e 1€ .-..-!.!.‘
IMIVIIN

E

—t—

on*oR

B AT I
DE-X RS & XN I
1]
0008

THRE Wk
00°06

A\

an- 06

vIve 10U
/ INTLSTRI T NLN 030NY 3NBIS3UIT
/' (g148d10% 3SYITIL-LOINGINH, HL13Z SA X918 (LOINOONH) OHY SA X9IS

L NP NS S 6#T S

S R AT TR S ¥ s S Zi a2t o 22 I RN




A CE AR RS A s e AR M TS 2 kg

[ L ]

INOLSANYS
Y04 vViva OGNV 71300W lvavicy ISV3II3y  *01-€ 3¥n9id INOLSONVS ¥O0d4 T300W GNV

. ——n——— oot

2199vY Bi3
°z c 802 98" $5° 3 € oo} 89°

R-7134-2283

00°S os°y 00'v  0S8°C

o

X
o

B e S PR R Lo x x o v 3oLy

3 Lisywy a.u\:u_ QOHY

Viva LOINOONH °6-€ 3¥N9I4

00°¢ 0S°2 00°2

.
pl bl

[

on-

T

o 3 T TP AT s S R T Ser Lo -abion e ton s an s
on-ng

v

on- 001

AT STTERFCRof 3T
T
nn-ast

0n° 0Nz

R A
(9%} X919

T

0n- 082

T

on-nne

.

A SRR S S T QUi o VI
on-ose

=
3

HRE L pk s H

00 00v

13008 LYEYIOY 3SYIINN
(91-€ 43V) VIVG LVEVIOV 3SVINIY ~—— e
TIOOW LOINOINN e

RIS

on-ngy

{S1dB8i10d 3SH3T3Y-L0INGONHI 813 SA XIS

A Yi¥Y 117 8 A¥L 3INGLSGNES

4
<
oo
13
e,
y
!
<
3

4 > At B b ¢ e a1 P BT I e T 2 Do . vk o ct ~
VRt 2SR i IS 5N, i A LKL e 354 2 et RS S it s Rty L de o b RIS 3 S B gt o [ERATC A s R e it wi N3y

B e ey

SO IG

%

1008

Thef INFVIIN  (v9100000 ©
ViV0 101809

INGLSONVS
(LOINBONH) OHY SA XIIS

3 g

a7 s ARG I 5 vr Rt s

SunTtag

<

00°d”

) Qo°Ct

00°02

Y

00°0¢

a2
7]
8x

0008 0
<O1E  (8X)

Y

) 00°0L  00°09

00'08

T

26

AR

-

AR ALY

IR i

ok

23

Y

TN Y e e oy, 80 20



,:., ! K i
b { ;
) ; ]
N ! ]
, o i
1 (e o]
. o~
i o~
L ; S 17vsvya 404 1300W Lvaviay 3Sv3i3y  "Zi-€ 3uNDiL LTYSvYE SN0Y0d 404 13Q0W LOINQINH ti-€ 34914 4
iv M o
e : -
i ~ s
i j ! ozonvy di3 [ LL/WD0 BHE . roes rre= )
i e e [ 872 563 9 e o1 8s" iy tog £c0s 05"y 6’y rete i T o ,.
ik w ! ’ £ k
iz I8 / = Ny
‘, ' / Y
%, |
3 iz e
,.J,A A. c
¥ = &
[ [
W ;
K I / (83
£ e / £
¥ c / ‘e
] = / ;
it / "
by L \\ be
v = , e
m : .\ :
3 / _
{ ) R
,v : 5 \ N
2 g > / cx
- \\ m
=
w2 x T
b i c
< / . c
(=3
=19 [
= / -
o - / Lo -
2 g
’ e \ , e
i ” : s
’ [ ! r.n
» B / 2
o ” ! ,
{ !
; hE / ‘&
! ‘ I ! =
c =
H WA IYEVICY 5Ny m .
' N0Ce (INOINN T e , HPS
be ie
i s p
1IeSEE §fCobe e t 1799¢6 6hCale €

t
SLEEE 32 E3d373-100NeilMM, 212 SA A3IS

EIETEA RIS Y g Sabn NS A e L AR A L T T T3 7 U A S AT s NNl AT N B b 2 € etk A e G,




3ISN3A ¥O3 13A0W Lvaviav 3 *Hi-€ 3¥N914

R-7i34-2283

el

ER A et S

IR

T

00*02

G0*oE

00° 0¥
(8%) X91S

00°08

-0lx

TOTRREMN L TETRE SR L
00°09

Gl
Y

TR ¥
00° 0L

=

fee
H
v
"

00°08

3600 LVEVIOY 1SVIIIV
13004 10IN0IM ———

00°06

9 17YSU8 3ISN30
{S1YBUI0H 3ISHIT3IY-LOINGINH) HLI3 SA XO1IS

ST SEAL RTINS NG e R OO X B

(a¥) Xx91s

|.Ul'

11vsve
ISN3A Y04 T300W OGNV ViVG LOINOONH ‘E€1-€ 3¥N9II
619vvy (JJ/7WO ] OHY
as's 00°S 0S¢ 00" ¥ 05" € 00°€ 082 00°32,
S
[ )
° LS
-3
° -3
B
@ o
£ 1991002000 &
1-{  tieicweuet @
INTIIN S
VAVO 101M09H S5
176548 hd
(1OINBONH) OHY SA X9IS

YT a3 Cea TR LIRS

28



TRV KR T B RO TRRT R TS
AN

R T e merea’s

Y ey

v

17vS ¥04 1300W 1lvavidy 3Isv3Iny

P et

hZNvw
2y

yi3

R-7134-2283

ci-1 80" 1 90- 1
= L s :

41

*91-¢ 3UN9 14

86°

L R AN ST SRS S i p Ay MR L G SN G et

M R G

Gt

pi A RE STl o

v

WA GRS RRREY

Ay

ot L
.
ny

R ELAS

AR LY

FITON LYEYICY I5¥INIY e

REELIFIPTITE.Y Wip—" - S—

1788 NOWWS
B13 SA X9IS

PLELE D S S R el o Tl

({S188UIQY 3SH3T3¥~10INGONH)

=
s

am

BT NI i, g ol e e
.’ l

by B ) GREAARY f S & S IR D\ AT i ntn ) el S

00°S 00- ¢

00°01

g

00°S1

T

0062

0n°S2
(8¥) X91S

00°0F

00-SE

00° 0y

T

00° Sy

- a FUPETLRREIA E AL :
T r s T T e o ke Tt S A SWIRR A B g U A it i e L e SR S e

o g T D R N L R R R R T T

B Wi et A R A A R

s ok O R T

17vS ¥04 1300W ANV ViVQ 1OINODAH °SL-€ 3¥N9I4

tgnw
0s'S

(33/Ud) OH¥
00'S 0s°y 00°y 0s'€ 00°€

i n

¢

e

.

S

00°01

-
00°02

[
00" 0¢€

‘T
00°0v
X918
29

tgy)

e o
00° 05

-0tm

00°09
PRy

1300w
(N YWHLW @

oc-os

v T
0n°0L
T T L

@ Gt
o/® R
NI
Yiv0 10INODNK

1768
(10INOGONH) OHY SA XIBIS

00°06

R

13 et S LEE L.




R TR s E O ST

R

T P e T T T T 7 e s P e R T N T
]

Ly

b

]
FLX
ot n Faa e

B AN 2N

A

ch bt

44nL L3M ¥0d4 7300W Llvavidvy 3sY3ai3y  °gl-€ JuN9ld 44nL 13M 404 1300W ANY ViV LOINOINH “L1-E FUNIId

$29NWY
26'2 09°2 82°2

: H13
A g : 96° 1 191 el 001 89°

00°2 051 oo*

A

R-7134~-2283

L2gnvY (3J/U9) OHY
9 oSy 00y 0S¢ 00°€ 05°2

1
00

LS PR AN Se S

go-d”

a:

0

o

g2

00°01

,',;,-[n.k‘\“b 7 1Y,
0001

o
00°02
00° 02

+

T

00°0¢

T

00°0€

]

BT

00° 0%
(8M) X81S
00° 0¥

(9%) X91Ss

BRI
00° 05
00°08

&

GRS N
1
80-09
Rize
00+ 09
0lx

e

SR
T
T
00°oL

00-0L

3004

-€ SL°L (COINVe X
-M -_.~.8_=¢¢0
.m

T

0p-o8

0008

4 1-0°1 C1DI10MINeT X

e Lt R o s S AR TR AT

9
s
L

9300W VEYIOY 3SVITIY e it oL v
1300 LOINOIH  amemef TR ° 2~.m L8°1 1081MNIIING ©
- 1281 (9819202008 ©

NI

R
T
o
T
0006

00°08

044

AR A A

S€°T « JW0HY
9L°t = Z0My
1 4404 13m OL-01~L J4N1 13M

A (S168H108 38H3N3¥-16INOONHI YL3 SA X318 (1O0INOONKH) OHY SA X8IS

ViV0 L0INOONH

Aok Shuon s go o ime el SININY Sera e Mo imma d ot gr o2 e, S SV




S R T T R T & o ST R RS

fgeoia s AL

+
o~ M
w E
o~ oo
] Q... '.M F
A 2
~ !
)
[
=) uw
g 5
E — - 3
[t w
= 5
Ey (& = -
5 ! — n~e (=]
%, : c l?”. [ T
5. ! €T -~
4 H w M
i X ¥ =)
[N ! w < Q
rw | — e ANn
1% : uJd -
x | s <
X}
3 1 @ =
] ! o — wl a -—
; i — b8 = ™
£ ?
: § W o >
; <
m o 3
i >
1
] wu. M
| 2
! w
, -
| w
F

—
©
-
)
o
[T
w
<
<
e
<
=a
< o
S = o~
== p 7
< 233 "
— Q<< -
Weo _wn 2538
g™ < <
TS BSww
> oue g MMM\M - .
w Suw = N
o N QJa =
> = W Sww > -—
Pdo] N oa T - '
[=K=] o
— T
'~ w e
5 B | "
=
_ 3
(Y98

.68

)

00-0S+  00-00v  00-0SE  00-00€  00°0S2 00002  00*0St 00001 0n* 68 on
k (g¥] Xals .

ST PEET A > KRR SN T

. ot voal N oty TR el A AL F + SR
PEESETS P, T T w4 o AR g AARA R s $ran K o S Koty a e v hatoay & N IWADob,

P SRS + EPF YAV

S o
s st 8 g w sadse 22 OrRY 5y G Y
e A AR R A A e s T g - i

i S S R B T Sty 0 i st
Lo i ~ e

L Lyt e sy i b s et S NSRS G




P R D A R i T R T B SV R I g W

% ke A

ATt vat ket

L, o
. -
: S :
4 d4nL AYa ¥od 300N 1v¢ ¥ 3ISY3ITIH  *1Z-€ J¥N9Id 44nL AYG ¥0d4 73Q0W :». Viva 1O0INOUAH °0Z-€ 3Y¥N9Id 3
i ; o 3
b ; -
P | T stww 613 szovwy (I3/H9) DHY
x : ® 62 09°2 822 96° 1 91 261 00" 1, 89° Q. osy oo'y s s go'e 0s'2 00°2 as ! a0,
i : B 3
£ e ° 3
" 5 g g
53 i 1
29 , 4
i . 3
7 -8 Bl ¥
8 & g
v
it w i
E -5 [ 3
w‘wn w m Wf
: A
.,.w 260 x 20 U
¢ Lo 34 1
g 5% g2 8
3 £ 22 4
|3 . .
; 8y 8. :
N ] = t
S A & I
: 2 2 :
4 g g 3
= S To. _‘
s M e 3 T
9-£ "L (EHIN0N0 @ 5]
S-£ '3 (9018000 X .
8 v FE e uinewen x 3 _,\
& 61+ 00°3-90°5t (012841 # S g
=] 6t-¢ 068 1-95°1 (80331 @ =3
13004 IVEVIOY 3SV3TI ol 31 1l -
T200H 101N0M s t-f 81 (e102 @
oLet = 200 .....ﬂn - MIN VivQ L0INOBNH ..HUD
¥ 44Nl NINGOHIS 8 0L-01-L J4NL ANO s
(31488108 3SY3134-10INOONH) Y13 SA XOIS (LOINOONH) GHY SA XIIS

§ ERAOAAS, ~ ™ N
P e rony 2w sttt PN BB v

N o x - e ¢ on e, e S0 S SRV LA St b i o g o b g bR U ST DG X fr o sny Lot g, Yy AL SR RS W Nkt .

B o Yo R O e ay AR A ngfss «u\wm A oy 2 AR A it Pt W it 2 Lot 2 v L TR PAh IO =Y 2



» [ N ek I § 4
. - . S rever T o K YA S ANER Y P | TV RIS Qﬁ;”f_w -',~":&’ ~.,.§_m§,§‘,\!"r
It SISy SR VR o B T B A T TR R e < S RS ek * {7 P R

R-7134-2283

SECTION 4

3 METHOD OF FITTING THE PRESENT MODEL
X TO HUGONIOT AND RELEASE ADIABAT DATA 4
g )
% The user of the equations of state presented above may ﬁ
§ wish to alter the recommended coef.icients in order to represent %
4 similar materials under different conditions of initial density or 4
k- moisture content. He may also wish to derive coefficients directly §
& from data for entirely different materials. The following dis- 3
£ cussion of the model for NTS granite is intended to help the new g
: user do this by indicating how various material parameters are 8
g evaluated. Following the discussion of fitting a complete model g
% for NTS granite, some comments on fitting a model to release §
. & adiabat data are made. 3
b
4 4 DERIVATION OF A MODEL FOR NTS GRANITE %
The density of granitic rocks may vary from 2.5 to %
2.8 gm/cm?, while samples from the region of interest, Area 15 of 3
the Nevada Test Site (NTS), vary between 2.62 and 2.70 gm/cmS. ¢
Densities are usually determined from measurements on small, 5

competent samples and, hence represent an upper limit to the
average density of the rock in a volume comparable to that in the
much larger finite difference_zones. With this in mind, an

initial density of 2.65 gm/cm’ was selected to represent the
granodiorite under consideration.

The calculation of pressure P_ for granite, a solid
exhibiting hysteresis, requires the evalliation of nrine cosstants
By Kpaxr Kg» u¥, ¢, d, v, Mo ? and P,. The first, 8,
is the coefficient of volume egpan5|8n per unit internal energy,
and can be derived from the ratio of the coefficient of volume
expansion per degree Centigrade, and the specific heat. Using
values of 25 pin./in. and 0.192 cal/gm (Reference L-1) f?r the twe
above mentioned quantities, & = 3.0 (cm/cm) (Mb-cc/gm)”'.
Although neither the specific heat nor the coefficient of volume
expansion is constant over the range of pressure and temperature
of interest, both tend to increase linearly with temperature, and
it is assumed here that their ratio does not change. A more elab-
orate representation of B is unwarranted, since Be in
Equation 2-5 is usually small relative to the compression unless

the material is subjected to pressures on the order of hundreds of
kilobars.
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The values of Kp,., K., and .* for NTS granite can
be determined directly from experimental data for pressures below
100 kb. Using a hydrostatic press, Stephens (References 4-2 and
4-3) has obtained loading and unloading pressure/volume data on
several HTS rocks for pressures up to 40 kb. In addition, La Mori's
measurements (Reference U-4) of the hydrostats of Westerly granite
and tonalite, and Birch's data (Reference 4-5) on the compressional
viave speed in various granites prestressed up to 10 kb, provide use-
ful data on possible variations in the hydrostat. Triaxial com-
pression tests, in which all of the stress/strain components have
been measured (References 4-6 and 4-~7), have been performed at
pressures less than 1 kb, and these provide a further check. In
an attempt to correlate these experiments, dP/du was calculated
from the data reported, and plotted against P. Curves represent-
ing the data obtained are compared with the model in Figure 4-1,
The variations arong the measurements are sc large that it is not
possible to choose a single value for the "intrinsic'" bulk modu-
lus, Kpay» for all granites. While all of the curves tend
toward values between 0.6 and 1.0 Mb, the data vary too much to be
fit by a single value of K__._ . Differences in mineral content
are probably responsible for the measured variations in this
parameter. A value of 0.8 Mb is chosen as representative of the
most recent data on NTS granodiorite (Reference 4-3). Similarly,
although K, ranges between 0 and 0.7 Mb for the variety of
granites examined, a value of 0.225 Mb appears appropriate for the
NTS material.

The parameter u®* determines the rate at which the bulk
modulus rises from K. to Kpax, while the constant ¢ is used
to decrease the bulk modulus at high temperatures to match the
Hugoniot data in the transition region between solid and fluid.
Values of 0.0375 and 0.35 for these two parameters complete the
description of the loading hydrostat. In Figure 4-2, calculated
hydrostat and Hugoniot curves are compared with data for several
granites for pressures in the range 0 to 45 kb. Since the
Hugoniot measurements are performed on small samples of highly
competent material, most of those data lie above the curve calcu-
lated for the in situ material. However, the upper curve, which
was calculated by assuming a constant shear modulus appropriate to
consolidated granite, fits the data well up to 35 kb. At higher
pressures, the measurements on Westerly granite fall below the
calculation. This is not unexpected as the bulk modulus, (curve
La, Figure 4-1), for Westerly granite and, therefore, its hydro-
stat, are also less than ihose of UTS granite at these pressures.

The parameters, d, and P, are used in

s Moo
describing the unloading behaviol of gglid material. Walsh
(Reference 4-8) has shown that the pressure necessary to close a
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crack is linearly related to the dimensions of the crack., |If
there are many randomly-sized small cracks which contribute to the
initial porosity, it is reasonable to expect an irreversible change
in porosity which varies inversly with peak loading pressure until
all cracks are closed. Ho further permanent change in porosity is
then exhibited until the pressure is so high that either the pores
break down or an irreversible phase change occurs. This behavior
is modeled by Equation 2-10, where d is the constant of propor-
tionality between the loss of porosity and the pressure; 4 is
the total change in compression when all the cracks are cioged;

P, is the pressure above which pore breakdown and/or phase change
is possible; and v is the maximum irreversible change in com-
pression due to pore breakdown or phase change. Unloading paths
from the grenite Hugoniot are shown in Figure 3-2. At pressures
above 400 kb, enough internal energy is present ir the material

so that the fluid pressure P., is not zero. The unloading path
from these high pressures drops very sharply until the contribution
of Pg to the total pressure dominates. Beyond that point, the
pressure diminishes so slowly that the material may not actually
return to zero pressure until it has expanded beyond the initial
solid density.

Evaluating the parameters for Py in Equation 2-2 is
all that remains to define the behavior of the mean stress in NTS
granite. At low densities, the exponential expression. exp Z,
damps out everything but the a;pe“ term. Hence, a, is the
equivalent of y - 1 in the perfect gas law. Calculations at
Lawrence Livermore Laboratory (Reference 4-9) show that y - |
asymptotically approaches a value between 0.04 and 0.14 for several
rock media at low densities for pressures below 10 kb. Consequently,
a; was set to 0.1 for all of the rocks modeled in this study. The
coefficient o of u/n in the exponential was set to 5, consistent
with the studies on metals by Tillotson (Reference 4-10) and on
rocks by Allen (Reference 4-11). For compressed material at
energies considerably greater than the vaporization energy, the
term

b

€+

e
oﬂ

3
3
ol
4
2
i
3
5
d
4
i

becomes negligible and the coefficient of pe” is simply

a, + a,. The term a, was set at 0.4 so that the sum equaled 0.5,
again consistent with Tillotson and Allen. This model does differ
from Tillotson's formulation in that the term Pg is set to zero

at energy densities less than that required to melt the material.
For granite, which melts at a temperature of about 1400°C, the mini-
mum energy density for melting, eg , is assumed to be
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0.0115 Mb-cc/gm. Since the melting temperature in most materials
increases with compression, the energy density at melting,
is allowed to increase linearly to a maximum e, ., equal to
0.035 Mb-cc/gm in granite, so that

©m

e <€ = €mo (1 - fy) < e (4-1)

where f 1is set to 1.7. In Figure 3-1 the calculated principal
Hugoniot is compared with experimental data up to 1 Mb. Data for
several rocks with mineral contents similar to NTS granite are
included. Above 100 kb, all of these rocks behave alike, suggest-
ing that their basic chemical composition, rather than initial

density, porosity or physical structure, largely determines their
behavior at high pressures.

The mean stress behavior of HTS granite is now determined
and attention is shifted to the parameters influencing its devia-
toric characteristics. Except for Simmons work (Reference 4-2) on
the shear wave velocities of rocks under hydrostatic pressures up
to 10 kb, there is little data from which to determine the shear
rodulus, G. of granite. Recently improved techniques in triaxial
testing (Reference 4-8) show considerable promise as a means of
determining G, but the work is still preliminary. Stephens
(Reference 4-13) at Lawrence Livermore Laboratory measured the
shear modulus for consolidated and :cracked NTS granodiorite. His
data, the wave speed measurements of Simmons, and the model are pre-
sented in Figure 4-2. The values of G,, Gpaxs and ug match
Stephens' data for the cracked granodiorite.

Data on the yield strength of granitz as a function of
mean stress are presented in Figure 4-3. Several Mohr-Coulomb
surfaces are also plotted for comparison. The large differences
between the various experiments are attributable to the initial
condition of the rock, since preexisting cracks and pores or varia-
tions in the water content and pore pressure can severely affect the
strength of the rock. There is evidence that the yield surface
depends to some extent on the stress state (References 4-14 and
4-15), but this is not included in this model. For intact, compe-
tent granite, the data is best fit by choosing kl = 0.0005 Mb
and k, = 1.10. The measurements made on jointed and cracked
samples from the Pile Driver site in NTS Area 15 lead to
k, = 0.0001 Mb and 0.5 < kp < 0.7 (References 4-6 and 4-16).
Finally, recent unpublished Lawrence Livermore Laboratory data
(Reference 4-17) from presumably cracked, wet NTS granite, suggest
that k, may be as low as 0.3.
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Since the small samples used in the experiments are
generally more competent than in situ material, the measured yield
strengths have been treated as upper bounds to the values to be
expected in the field and values of k, = 0.0001 Mb and
k2 = 0.3 are used in the model. For similar reasons, the von Hises
surface, ko, is set at 0.017 Mb, although comparison of the data
near the Hugoniot elastic limit with the calculated hydrostat
suggests a value of k3 as high as 0.020 Mb. The model at low
pressure consists chiefly of the hydrostat, shear modulus, yield
criterion and flow rule. These are checked by comparing the model
hydrostat and hugoniot with the data in Figure 4-4.

APPLICATION OF THE MODEL TO MATCH RELEASE ADIABAT DATA

Fitting the model to release adiabat data is performed

by selecting the parameters u, Pas Hpps €po9 and f.

The amount of hysteresis which occurs before melting,
that is when

e <e
- m

is controlled through the parameters Mg Py, and d as
indicated in Equation 2-10. lncreasnng gnd " increases
the amount of hysteresis and the slope of the release adiabat.

Behavior such as that shown in Figure 4-5 is controlled
through the parameters e and f. By raising ey, or f, the
energy required to vaporize the solid is raised and the solid
material remains a solid (Case 2). By lowering empo or f, the
energy required to vaporize the solid is decreased and the pressure
may still be governed appreciably by the gas contribution; in this
case when the pressure gets low enough, expansion beyond the
initial volume can occur (Case 1).
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APPENDIX A

During the course of fitting and checking the models
described above, references containing release adiabat data were
found. These references, some of which themselves contain exten-
sive lists of references, are given below,

TABLE A-1. ‘

Pressure Range,

R

i
<
¥
)
&
¥
¥
B3
3
3
7
4
:,;
b
é
3
i
&
E
%
x,
2;
;.‘«
E
%
#
;
9
Pt
b
by
i

Material k Bar Reference
¢ Alluvium, Frenchman's Flat, NTS 1 to 12 A-9
e Playa, Area 5, NTS, 0 to 18.9% 70 to 280 A-2
% Moisture
% Tuff, Area 12, NTS, dry 85 to 125 A-4
3 ? Tuff, Area 19, NTS, dry 20 to 290 A-8
: ¥ Tuff, Area 12, NTS, saturated 115 to 145 A-4
. Tuff, Rainier Mesa, NTS, saturated 135 to 470 A-6
3 ¥
3 Sands tone, Coconino, dry 155 to 255 A-4 é
L Quartz, Arkansas Novaculite 70 to 150 A-1 3,3
A Quartz, Arkansas Hovaculite 70 to 380 A-3 .
5 ? Quartz, Fused Glass 100 to 380 A-6 '
':. f. b
) § Granite, Raymond, California 45 to 285 A-5 %
\' & Granodiorite, Climax Stock, NTS 190 to 285 A-8 3:
g Tonalite, Cedar City, Utah 10 to 65 A-9 : j;
E: .{ ’ B
% Anorthosite, San Gabriel Mtns., Calif. 55 to 422 A-3 ’% ?
: Alluvium 80 to 285 A-11 34
,~ gi ; 3;
*: % :’%
x
s
4 Ve SEIRNE
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