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CLOSE IN OBSERVATION OF THE EXPLOSIVE GENERATION OF

SEISMIC WAVES. Explosion source: 48" of 5 grain/ft PETN in a 1/16"

hole in 1/8" Plexiglas. Optics: Argon bomb illumination source, plane

polarized light Ektachrome film, B.&W. 189 framing camera, and inter-

frame time 4.158 microseconds. Tensile prestress in model: 114 p,s.i. .

See paper by Thomson, Ahrens and Toksoz for a more detailed analysis.




SEISMIC COUPLING

Gene Simmons, editor

Proceedings of a Meeting Sponsored by the Advanced Research
Projects Asency, held at the Stanford Research Institute
on 15 and 16 January 1968.
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PREFACE

As Chairman of this symposium, and later editor of the proceedings, 1
wish to take this opportunity to thank the participants for an excellent series
of papers and presentations; the Stanford Research Institute for providing us
with facilities, the Advanced Research Projects Agency for sponsoring the

meeting, and Dr. R. K. Linde who made all of the local arrangements,

Gene Simmons
Cambridge, March 1968
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1
COUPLING OF SEISMIC WAVES

J. M. DeNoyer
U. S. Geological Survey
Washington, D. C.

The objective of obtaining seismic source functions was considered of utmost importance
during the early phases of the VELA Program, This aim was hopefully to be accomplished
through the use of seismograms, a knowledge of propagation characteristics, and appropriate
deconvolutions to compute source functions from distant seismic signals. Such a procedure,
while very desirable in concept, became difficult and in most cases imp;)ssible to implement,

A high degree of activity on this problem was prompted by pointing out its desirability in the
Berkner Panel Report and by the desire of many participants in the VELA Program to contribute
to the one most significant problem in the area. Stephen Simpson was able to show that he could
design filters which would transform a number of the seismograms obtained from the HARD-
TACK II recordings into upward directed impulses. All of these seismograms. however, were
obtained from the near and regional seismic zones. His work was significant in the statistical
theory of time series. It was, however, not conclusive when considered in the light of geo-
physics and the complicated multi-path phenomena which produced his initial data. The objec-
tive of Simpson's work was to determine first motion radiation patterns and not to determine

the time history of the ground motion near the source,

James Brune made an interesting contribution by equalizing surface waves from under-
ground explosions and earthquakes in a way that made it possible to determine radiation pat-
terns. His technique made use of the longer period portion of the spectrum. He was indeed
able to obtain "source functions' which could be related to radiation patterns. His analysis
required good signal-to-noise ratios and a detailed knowledge of the dispersion characteristics
of the propagation path to each station. This technique has definite application for stations
where surface wave signals can be expected to be high and where the paths can be calibrated.
Additional research in surface wave generation has indicated that explosions generate surface
waves one to two orders of magnitude smaller than shallow earthquakes of equivalent body
wave magnitude. This reduction in surface wave amplitude limits the utility of the use of
source functions 'nd radiation patterns obtained by surface wave phase equalization. Also,
details of the source function (reduced displacement potential) can not be obtained from the

long-period information carried by the surface waves or from the shorter period body wave
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information since inadequate higher frequency components are propagated to large distances
to describe the reduced displacement potential.

Knopoff recognized that source functions showing more detail than radiation patterns could
probably not be obtained from seismograms at any large distance. He suggested that instead
of computing the source function from the seismogram, a more rational approach would be to
start with the source function, pass this functicn through a filter corresponding to the best
model of the earth available, and compute the resulting seismogram at the desired station, He
pointed out that attempts to obtain source functions from distant seismograms would result in
elaborate descriptions of the earth filter and would not necessarily have anything to do with
the source function as it existed near an explosion or an earthquake, Herbst, Springer, and
Werth demonstrated that this couid indeed be done for distance ranges of several hundred

kilometers. Carpenter and Marshal have also obtained reasonable agreement with observation-

al data for teleseismic distances.

Since these early attempts to compute seismic source functions, much empirical data
has been accumulated on the coupling characteristics of various rock materials. The range
of seismic magnitudes that can be expected for a given yield is large and depends on the
properties of the media in which the explosion was detonated. With the large number of
underground nuclear explosions now available, it is possible to see order emerging from
what appeared to be a hopeless scatter of data points a few years ago. This order has
come about through a more careful documentation of the media in which the explosiens
were detonated and from improvements in determining seismic body wave magnitude. We
are still limited in our prediction capability for new materials. Some empirical relations
between the properties of the materials and seismic coupling appear to establish at least
some of the significant parameters. Tests of these relations are being implemented in
experiments such as the planned SCROLL explosion. It would, however, be desirable to
realistically investigate the magnitude-yield relationships for many materials without actually
conducting a nuclear explosion. The reasons for the desirability of the computational ap-
proach are economics, time, impracticality ¢l conducting tests at many of the locations of

interest to test detection,

Fortunately, a lot of progress has been made in developing our ability to predict what
seismic source functions should be for rzal geologic materials. The Lawrence Radiation
Laboratory has been a leader in developing these complicated codes. Other groups have also
been making significant progress in this direction, The ability of computalional codes to pre-
dict reduced displacement potentials is now quite acceptable provided the proper input param-
eters are available. Many of these input parameters must be obtained from laboratory inves-

tigations leading to the equations of state of rock materials. Failure criteria and time

.
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The purpose of this meeting is to look at the individual pieces that can contribute to the
estUmation of a selsmic signal provided the yield of the bomb, the media, and the location are
specified. Hopefully, we are nearing the point when it will be possible to speciiy a probable
material at any point on the earth; calculate the maximum yleld that could be detonated in this
material without being detected; or, given a detectable yleld within the specified material,
compute the probability of detection and possibly an estimate of the waveform at each station
of the network. The ability to accomplish this objective will make it possible to include the
effects of local geology in the USSR and China in our estimates of seismic :apability. As more
is learned about the geology and the physical properties of the rock materials in the USSR and
China it will be possible to include the seismic coupling characteristics of these earth mate-

rials.
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GEOLOQGIC STUDIES OF USSR AND CHINA FOR
NUCLEAR TEST DETECTION

L. D. Bonham
U. S. Geological Survey
Washington, D. C.

ABSTRACT

Since 1962, the U. S. Geological Survey on behalf of the Advanced Research
Projects Agency has been interpreting the environment of the Sino-Soviet area
in relation to underground nuclear test detection. Small-scale and medium-
scale atlases of geology, seismicity, and other environmental topics are being
prepared to aid in identification of potential test areas, analysis of seismic sig-
nals, planning and operation of on-site inspection, and study of test techniques,
Special studies are being conducted on distribution of low-coupling media and

for inspection training.
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DYNAMIC PROPERTIES OF GEOLOGIC MEDIA

G. D. Anderson and R, K. Linde
Stanford Research Institute

ABSTRACT

In order to perform computations to predict how a given energy source distur-
bance in the earth will couple to the surrounding medium and how the subsequent
stress wave will propagate, it is necessary to know certain properties of the me-
dium, The properties which must be known depend upon the model that is being
used to describe the medium, e.g., elastic, elastic-plastic, or hydrodynamic. The
material properties are generally referred to as the constitutive relation or equa-
tion of state. In the case of nonreactive flow, knowledge of a complete equation of
state is not necessary. A stress-volume-energy (c-v-e) equation of state is suffi-
cient to solve the equations of motion.

Shock wave techniques provide a powerful tool in studying a (0-v-e) equation of
state of a solid. Most solids exhibit an elastic-plastic behavior. Plane shock waves
can be used to study the Hugoniot curve (locus of final states of normal stress, spe-
cific volume, and specific energy behind the shock), the Hugoniot elastic limit (yield
stress under uniaxial strain) and the path the material follows when it is released
to a lower stress by rarefaction waves, Optical and electronic stress gages can be
used to observe stress-time profiles as shock waves pass over an element of mate-
rial,

These techniques have been used to study the material properties of a variety
of solid rocks, porous rocks and dry and moist soil materials at room temperature
and at -10°C (to simulate permafrost). The results of these studies indicate that
the moisture present in the soil and the existence of polymorphic phase changes in
soils containing large amounts of silica affect the shock impedance (how the medium
will couple to adjacent media) and how {inite duration shock pulses attenuate as the
wave propagates, The majority of the work performed at SRI has been in the high
stress regime, i.e., 50 to 500 kbar, Laboratory prepared samples rather than
naturally oc.urring samples have been used primarily since the latter frequently
contain inhomogeneities which are large on the size scale of the experiment,
Studies of porous metals indicate that simple models of material behavior in the
low stress region < 30 kbar) may not be adequate for reliable prediction of wave
profiles and attenuation.

More experimental data on yield strengths, shock profiles, and attenuation
characteristics are needed. These low stress data are important because the major-
ity of the material affected by a sudden release of energy in the earth will experience
relatively low stress. The region of validity laboratory tests of scaled down or re-
constituted earth materials with large scale inhomogeneities should be seriously
considered. Finally, an evaluation and classification should be made of the large
amount of existing shock wave data on geologic materials to assure that it is
being most effectively and efficiently vsed in present computation programs.




DYNAMIC PROPERTIES OF GEOLOGIC MEDIA

Gordon D, Anderson and Ronald K. Linde
Poulter Laboratory for High Pressure Research
Stanford Research Institute
Menlo Park, California

INTRODUCTION

The partial differential equations of motion which express the conservation of mass and
momentum in continuous media are independent of the material to which they are applied. In
order to apply these equations of motion to a particular material and to solve them to predtct
the motion resulting from a particular disturbance, it is necessary to supplement the equations
of motion with an equation or set of equations describing the material properties of the partic-
ular medium. This involves assigning an appropriate model (e.g., hydrodynamics, elastic-
plastic, etc.) to describe the medium and then prescribing relationships between the material
parameters necessary to describe the model. These relationships are commonly called equa-
tions-of-state or constitutive relations. Shock wave experiments are not only a powerful tool
for investigating equations of state, but are essential for describing material response to im-
pulsive loading such as that produced by natural or artificial seismic sources. We have
studied a wide variety of materialis to date, ranging from pure metais to heterogeneous solls.
The purpose of this paper is to familiarize the audience with some of the techniques used, and
types of laboratory measurements made, and to present some results and point out some prob-
lems that we feel are pertinent to the seismic coupling program.

SHOCK WAVE EXPERIMENTS
Plane shock waves are produced in materials in the laboratory either by placing the mate-

rial in contact with a high explosive or by impact with a high velocity flat plate, Typically,
pressures range between the order of one kilobar and ten megabars, compressions for solids
range from less than 1 percent to more than 50 percent, and the time during which the material
is subjected to these stresses and compressions in the laboratory ranges from 1077 t0 107
sec. For strong shocks in compressible materials (particularly in porous materials) extremely
high temperatures are reached, so that the material may even vaporize after release of pres-
sure., The states of the material on either side of the shock are related by the Rankine-Hugoniot

jump conditions expressing conservation of mass, momentum, and energy:

pOU = PI(U - ul) (1)
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where pois density, U in shock velocity, u in gmrticle velocily, p is gressure, v in apecific
volume, and ¢ in apecific Internal energy  The aulmcrigm o and | refer 1o states ahead of and
behind the shock, reapectively  The maas and momentum equations lequations | and 2) contain
four variables assoclated wilh the shochk  These vartables are U, vy p', and ” Measurement
of any two of these variables permils (ne Lo compute the remaining tue Equation -«f -state
data are obtained by measuring one of these variables an a function of one of the others  This
functional relationship is called the Rankine -Hugoniot equation, or simply the Huganiad of the
material. Shock velucity is measured optically of electranically by recording the transit time
of a shock tiraugh a known thickneas of material, the particle velocity is usually Inferred from
a measurement of the velocity of a [ree sutlace, and the pressire of streas may be measured
by a plezoclectric or plezaresistive atress gage  In studying poraus media It is customary o
use experimental samples that are large compared to the scale «of the inhomaogeneities in den-
sity In this case the material is treated an a continuum and the Hugoniot jump conditions refer
to the macroscopic stresa-volume -energy states «of the shocked material U the sample under
study is not large compmred o the inhomagencities, steady state conditlions may nol e achieved
in Umes short compmared o the duratlon «of the cxpreriment  {n this case the validity of using
the Rankine-Hugoniat jump condiions (o deter mine equation<d-atate data must e critically

examined,

When studying solids, It Is customary to laasely classily shock wave experiments as cither

high or low pressure High pressure relers Lo the case in which the pressure greatly eaceeds

the vield strength of the matert Vs that the - conn configuration i» nearly hydrostatic las
prossure shocks are of the rdos of the dynamic yield strength of the mategial  In the cane of
most metals the dynamic vield strength is belew at=gt 10 ktar while it may be as high an 50
Kbar 10 some rocks and 50-200 klar in some single-cryatal minerals The Mighont pronsyres
reached at SRE have been obtataed by impact with an eaplemively accelerated metal plate The
system 1s shown 1n figure 1 Pressusren in excena of 1420 klar in tungaten. 790 klar in alymi-
num (1. 2) and 400 kbar tn porias solls [3) are riutinely achiesed Streak camera photography
I1s most {roequently used to record shoek transit times and (ree surface modion. The lower
pressurc work at SRE s often performed on the light gan gun (4. 5] shown in figure 2 This
pun s capable of accelerating a 200 gm. 2 1 2-inch diameter projectile to a velocity of atwat

1 mm psce. The head of the projectile which impacts the targed 1 lapped flat and may be
made from any solid material desired  The matn taady o th projectile i aluminum  The tar-
pet to be studied Iy mounted on the muzzle end of The gun as shown in ligure 3 A lincar array

of velucity pliss mcasure projeetile veloctty and ac ologation near the muzsle . A net of three

9
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radial pins for the purposc of further velocity measurement and triggering of electronic equip-
ment are placed very near the face of the target; the actual tmpact is recorded by four tilt pins
in the target surface. Transducers may be placed in the projectile head, within the target or

on the back surface of the target to monitor stress.

The manganin wire gage [ 8. 7] is one type of sensor that s frequently employed to record
stress time profiles. Manganin (84% Cu, 125 Mn, 4% Ni) is a piezoresistive alloy for which
the percentage change in resistance is proportional to the pressure, but essentially independent
of the temperature. Manganin is used in the form of a wire or thin film through which a constant
current Is passed. The wire configuration is shown schematically in figure 4. The thin wire
is embedded In the material under study and comes to stress equilibrium with the surrounding
medium rapidly. so that a measurement of the voltage drop across a portion of the wire as a

function of time yiclds a stress-time profile.

Quartz gages [8] are also used routine  on gas gun shots to study wave profiles [4, 5].
They have the advantage of gre.ter ser  tivity at low stresses (520 kbar) but the disadvantage
ol perturbing the wave shape beli.g studied due to the shock impedance mismatch between quartz

and most samples.

EXPERIMENTAL RESULTS

Let us now loo\ at some examples of material properties obtained from shock wave experi-
ments and observe particularly the comp'icated behavior of porous materials at low stress
levels. We have included examples of porous ('foam'’) metal specimens in order to illustrate
the cffect of porosity, present in most rocks, without the additional complicating factors such

as phase transitions and solid inhomogeneities.

Al very high stresses, when the yield strength is greatly exceeded, the stress configuration
is nearly hydrostatic. In this regime the terms stress and pressure are frequently used inter-
changably and a hydrodynamic model is sufficient to describe the material for most purposes.
(We shall see a major exception later.) An energy-pressure-volume (e-p-v) equation of state
is then a sufficlent description of the medium for the equations of motion to be solved. As an
example of high pressure equation-of-state data let us consider aluminum. Using the explosive
system shown in [igure 1 to induce strong shock waves into specimens, an e-p-v equation of
state was generated for pure aluminum over the pressure range between about 200 and 700
kbar. A high speed rotating mirror streak camera was used to record shock ard free surface
velocities. Porous aluminum samples were shocked to obtaln e-p-v states to the right of the
Hugoniot curve for solid aluminum. Hugonlot curves were obtained for aluminum with porosity
ratios P, Py, 1.0, 1.4, 1.7, and 2.0, where P, is the void-free density of solid aluminum at
standard conditions and Poo is the bulk density of the porous aluminum. In analyzing the data
it war .ssumed that (1) the final shock state of the aluminum lies close to the equilibrium e-p-v

10




surface for aluminum, (2) the crushing strength of the porous aluminum is negligible, and (3)
the initial internal energy of solid and porous aluminum at standard conditions is the same.

Under these assumptions the data were fitted to an e-p-v equation of state of the form
p = be +f(v) (4)

where b is a constant and f(v) is a function of volume. The experimental data and Hugoniot

curves generated by combining equation 3 and 4 are shown i nre 5. Equation 4 is a Mie-
Gruneisen equation' of state in which Gruneisen's ratio. , is directly proportional
to volume, i.e. (dp /ae)v is constant over the pressure-: v regime studied. The
function f(v) was evaluated using an analytical fit to the Hup . r solid aluminum, Pg = ps(v).

Since equation 4 must hold along the Hugoniot of solid aluminum,
pS(v) = bes + £(v) (5)

where eg is the internal energy along the Hugoniot of solid aluminum. From equation 3 we

know the energy, pressure, and volume along the Hugoniot are related by

_ del ¥ .
eg = e g T3 ’(V0 v) (6)

where P, has been set equal to zero and the subscript S signifies "solid.” Substituting equa-
tion 6into equation 5 we can solve for the function {(v) in terms of the pressure-volume fit to

the Hugoniot of solid aluminum, ps(v),
i) = pg[1 - 2ty - )] + be @
S 20 0
The equation of state (5) can also be written in the form
p - Pgv) = Le - e (v) (8)
S v S

where ps(v) and es(v) are respectively the pressure and specific internal energy as functions
of volume along the Hugoniot of solid aluminum. The constant b has been replaced by y /v,
which was found to be nearly constant in the case of aluminum, but about 10 percent higher
than its zero pressure equilibrium value. Using equation 8, Hugoniots of porous aluminum
can be generated. Along Hugoniots for porous aluminum

pF - ps = :(GF = CS) (9)

where the subscripts F and S signify (porous) foam and solid, respectively. Along the Hugoniot

of the foam the energy relationship given by equation 6 holds, viz.,

- e -v) (10)

) 1
eF " "oF * EPF(V()U
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where v00 is the initial specific volume of the foam. Recall that in the analysis we have ig-
nored the small difference in initial internal energy of the solid and foam so that €& F ~ o8

Combining equations 9 and 10 we can generate the Hugoniots of foams of various porosities:

Y
-5=v_-v)
PR(v) = pg(v) A = (11)
v
e 2v(voo -V

The Hugoniots of porous aluminum shown in figure 5 were computed in this way. An equivalent
expression in terms of the function f(v) can Le obtained by combining equations 5 and 10. In

this case the Hugoniot of the porous material is given by

Pplv) =———T— (12)

The Hugoniots of the porous materials (for which y/v > 0) lie to the right of the Hugontot of
the solid in the pressure-specific volume plane. This is due to the large amount of heating
caused by the irreversible conversion of mechanical work to heat in the shock compaction of
the foam. For many metals the assumption that y/v is constant over a wide pressure range is
quite good, so that knowledge of y/v at one point enables one to make predictions of the
Hugoniot of a foam at high pressure if the Hugoniot of the solid is known., As we shall see
later, this analysis breakxs down at low pressures where the foam is not completely collapsed

to solid.

When performlfng shock attenuation calculations, it is necessary to know the release path.
In porous material the release path is generally quite different in shape from the Hugoniot, or
loading curve. Release paths can be determined experimentally by techniques similar to those
used for determining Hugoniots. Two examples of Hugoniot curves and release paths in the
pressure-particle velocity plane for porous soils are shown in figures 6 and 7. Figure 6 shows
a Hugoniot and release curve for dry Nevada Test Site (NTS) playa pressed to an initial density
of 1.55 g/cm3. Note the steep slope of the release curve from the highest pressure. Although
release curves in porous media are generally much stecper than the Hugoniot (due to the ir-
reversible compaction taking place in the shock process), the extraordinary steepness seen in
figure 6 is believed to be a manifestation of a phase transition. The Hugoniot and release
curves in figure 7 are for NTS playa containing about 19% water by weight. The bulk density
of the water and soil combined is again 1.55 g/cms. The high pressure release curve is not
so steep in this case; however, the free surface velocities (particle velocities upon release to
zeru pressure) are very high. This could be due to vaporization and expansion of the water

upon release. The shape of these release curves determines the velocities of rarefaction
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waves and governs how the compressive stress waves will attenuate when they are overtaken
by rarefaction waves. It is therefore imperative that they be accurately known when attcnuation

calculations are performed.

Even though the stress may be nearly hydrostatic at very high pressures, the material
may still retain considerable strength, and shock attenuation may he highly nonhydrodynamic.
(See fur example, refs. 9 and 10.) In fact, the relative strength of materials at high pressure
is one of the major unknowns at present, and appears to be considerably different for different

minerals [13].

At lower stress levels the behavior of materials under shock loading becomes more com-
plex. A simple hydrodynamic model is not adequate to describe even compressive stress wave
propagation. The effect of material rigidity (ability to support a shear stress) gives rise to a
double wave structure and in scme cases nonstcady-state stress wave profiles. The behavior
of porous materials is further complicated at low stresses because the stress wave may not
completely collapse or crush the porous structure. In cases such as this, knowledge of the
e-p-v equation-of-state surface of solid material is inadequate to solve problems, because the
macroscopic states for porous materials do not lie near that surface and cannot be predicted

from a knowledge of that surface.

Some examples of stress-wave profiles in porous aluminum and graphite are shown in
figure 8, These profiles were generated by impacting the samples with a gas gun projectiles
(as in figure 3) and were recorded using quartz crystal stress gages, The stress magnitudes
are those transmitted to the quartz, and are somewhat higher than exist in the initially porous
material prior to interaction with the quartz. Note the low amplitude (generally less than 1
kbar) elastic® precursor wave preceding the higher amplitude plastic wave. In a porous mate-
rial the amplitude and velocity of this precursor depend upon the porosity, the matrix structure
of th “orous material and upon any material, such as water, that may occupy the pores. This
precursor wave does not collapse the porous structure but is transmitted as an essentially
elastic wave. It must be emphasized, however, that the amplitude and velocity of this wave
cannot, in general, be simply predicted from the yield strength and elastic moduli of the solid
material. Figure 8(f) shows a douable (elastic-plastic) wave profile in solid aluminum with
about a 5 kbar elastic precurso:. The precursor in foam aluminum shown in figures 8(a) and
8(b) is less than one kbar. The plastic wave following the precursor may still not completely
crush or compact the porous structure, even though its amplitude is several kilobars. Hugoniots

for solid and porous tungsten are shown in figure 9. The Hugoniot of porous tungsten shows

*In a porous material, high stress concentrations exist at contact points when a load is
applied. Thus, even the "elastic' precursor will in general cause a small amount localized
plastic flow which enlarges contact surfaces and relieves high stress concentrations.
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that some porosity still persists even at stresses near 150 kbar. At first sight, one might
think that the offset between the Hugonlots of solid and porous tungsten at 150 kbar would be
due to thermal effects. Some of the offset is due to heating, but heating does not account for
all of it. Using a Mie-Griineisen equation of state. the expected offsets due to heating were
estimated using the best value and two extreme values of yo,‘ with y/v held constant in equa-
tion 7. As can be seen from figure 9, the offset of the data from the solid tungsten Hugoniot is
greater than what heating would produce, thereby indicating some remaining porosity at 150
kbar. Examination of specimens recovered after shocking disclosed residual porosities com-
parable to the porosities indicated at high pressure. Similar behavior was observed in copper,
as shown in figure 10. This figure also shows the significant effect of foreign material in the
pores. The black points represent the Hugoniot of the copper foam containing some oil in the
volds. The Hugoniot of the very same foam after the oil was removed is represented by the
open points. Clearly, the oil which partially saturates the pores, adds considerably to the effec-

tive strength of the foam.

The Hugoniot curve represents the locus of final states the material can achieve by a
shock process, and the shock velocity is proportional to the square root of the slope of the
chord connecting the initial and final shock states in the stress-volume plane. Upon release
of the stress, a particle proceeds along some release path such as the release curves shown
in figures 9 and 10. The velocity of a relief wave (relative to the shock front) is proportional
to the square root of the slope of the release curve in the stress-volume plane. Therefore, a
comparison of the slopes of the Hugoniot and release curves tive an indication of how rapidly

a rarefaction wave will overtake a shock wave and attenuate it.

Particularly at low stresses, the Hugoniot and release paths for foams can be very differ-
ent, due to the fact that the shock wave compacts the foam (at least partially), and upon release
of stress the foam may recover only a small fraction of its initial volume. Thus porous mate-
rials are generally highly attenuating media. Observe the Hugoniot data for the partially satu-
rated copper foam (figure 10). The Hugoniot is represented by the heavy dashed line, and has
a rather shallow slope up to about 20 kbar. After release of pressure, however, recovered
samples were found to have a volume considerably less than the initial specific volume (points
labeled "recovered volume' in figure 10). The release curves must then have slopes given
approximately by the dash-dot line drawn between the points in figure 10. The difference be-
tween the slopes of the Hugoniot and release curve is quite evident. It may be seen that for
this example, the slope of the release curve is similar to that {or initially solid material.

Similar behavior is noted in figure 9 for porous tungsten.
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SUMMARY AND SUGGESTIONS FOR FUTURE STUDY

Knowledge of material properties is necessary to solve the equations of motion to pre-
dict wave propagation. Shock-wave experiments may be used to study dynamic material pro-
perties at stresses ranging from less than one kilobar up to several megabars, In the shock
experiments, the material is subjected to compressions varying from less than one percent

8 yec™! in the laboratory, and ex-

to more than 50 percent. Strain rates vary from 106 to 10
tremely high temperatures are sometimes achieved in compressible materials (such as porous
media), At very high stress levels solids can, for many purposes, be treated as fluids. In
this case the stress is approximated as hydrostatic and an energy-pressure-volume equation-

of-state is sufficient.

At low stress levels the effect of materii.]l shear strength becomes important and a hydro-
dynamic model is almost never adequate, Elastoplastic behavior and phase transitions lead
to multiple wa- e structures. At low stresses, wave propagation in porous media becomes
complex. Foams made of relatively simple materials such as aluminum, copper, and tungsten
propagate and attenuate waves in a quite dissimilar manner from th: way that solids do; porous
geologic materials are even more complicated. Experimentation and calculation clearly show
that stress-wave propagation and attenuation in a porous material cannot be accurately pre-
dicted in the low stress region {rom the knowledge of how the solid material behaves in the
same stress region. In perform‘.g calculations of wave propagation through large geologic
formations, such as granite which may contain many cracks and voids, one would not expect
accurate computational rosults if the properties measured in the laboratory for a normal void-
and crack-free piece of granite were used. The influence of porosity, foreign material included

in the pores, and the structure of a porous medium cannot be overemphasized.

At present there appears to be no simple way of deducing the material properties of a
porous medium at low stresses from the material properties of the solid from which the porous
structure is formed. Future work should emphasize study of the low stress region because
most of the material affected by a sudden release of energy within the earth will experience
relatively low stresses and the behavior of the material in this stress regime is most complex.
Small scale shock-wave experiments are useful for studying which models to use to describe
material behavior. However, serious consideration is needed to assess the validity of using
the results of small scale experiments to describe large-scale wave propagation in the earth,
The experimenter must take into consideration the fact that large-scale geologic formations
have cracks and inhomogeneities, and he must attempt to scale these effects into experiments.
The theorist who attempts to make computations inust make sure that the experimentally deter -
mined material properties he is using come from samples that represent the medium he is

trying to describe.

The effects of nonsteady-state behavior of materials must be critically evaluated to assess

their importance in the [ield. While early-time wave propagation effecis may be of secondary
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importance to ultimate late-time results, they may be all that we are measuring in the labo-
ratory. Thus, the input data to the computer codes (particularly Hugoniot elastic limit data)

may be wrong, These data should be verified through experiments on "thick" specimens,

Finally, the dynamic strength of materials at high pressure (i.e., at stresses substantially
above the Hugoniot elastic limit) appears to vary considerably from material to material and

is perhaps one of the most important areas for further investigation.
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DYNAMIC PROPERTIES OF ROCKS

Thomas J. Ahrens
Caltfornia Institute of Technology
Seismoiogical laboratory
Pasadena, California

ABSTRACT

Rocks and rock-forming minerals exhibit dynamic yielding under one-dimensional
shock stresses varying [rom several kbars to approximately 100 kbars. The depen-
dence of the dynamic yield point, or the Hugoniot elastic Limit, on mincralogy, poros-
ity, and grain size in multimineralic rocks has not yet been studied. For shock
stresses greater than the Hugoniot elastic limit, the achieved states lic along the
deformational portion of the Hugoniot curve. Although non-porous rocks shocked to
states along the deformational Hugoniot are often assumed to hehave an fluids ur
elasto-plastic solids, few data as to their actual rheological behavior in this stress
range are available,

In some materials, notably calcite and possibly carbonate bearing rocks and
some silicates, the onset of dynamic yielding may be controlled by phase transitions.
In virtually all the minerals which have been studied, including various forms of
quartz, microcline, plagioclase, diopside, olivine, and calcite one or more phase
transitions are indicated along the deformational Hugoniot either by anomalously
high compression or the formation of multiple shock {ronts. The crystallographic
nature of these phase transitions are known in several cases from other high-
pressure static or dynamic measurements. The available release adiabat data for
quartz, fused quartz, and plagioclase all indicate that unloading {rom deformational
shock states (at stresses as low as 150 kbars) takes place along steep pressure-
volume curves, These reld 1se adiabats are thought to be characteristic of the high
pressure phases, but elastc -plastic effects cannot be ruled out. Release curves
from higher shock stresses (~300 kbar) indicate breakdown or melting of the high
pressure products during pressure release.
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DYNAMIC PROPERTIES OF ROCKS®

Thomas .J. Ahrens
California Institute of Technology
Seismological Laboratory
Pasadena, California

INTRODUCTION

Equation-of -state data for rocks and minerals are needed for describing the intense
stress-wave propagation and terminal response (cavity formation and cratering) in the vicinity
of a nuclear or chemical explosion in an earth material, The constitutive equations (or in
more general terms, equations of state) relate the dynamic stress, strain, and thermodynamic
variables such as energy and temperature in a material. For purposes of predicting seismic
coupling, shock wave equations of state and thermodynamic data are employed in calculations
which are used to describe the wave propagation in the high pressure (hvdrodynamic) and in-

termediate pressure (elasto-plastic) regime.

In the very high pressure, or hydrodynamic, regime which is in the immediate vicinity of
the explosion, the magnitude of any one of the principal stresses (for example, the radial
stress) will far exceed any possible stress difference which is supportable by the medium,
and hence the medium {s usually treated as a fluid. Experimental data for rocks and minerals
indicate that phase transitions take place in nearly all of the common rock forming minerals
and play an important role in determining the behavior of earth materials in this regime. In
porous materials (e.g., soil) the initial density and moisture content is also known to be an
important parameter in affecting the constitutive relations in this stress range. Interms of
shock stress, the {luid or hydrodynamic regime is thought to extend from the multimegabar
range down (0o hundreds and tens of kilobars for solids and porous materials, respectively.
Equation-of -state data can presently be obtained by using explosive and hypervelocity impact
techniques in only the lower portion of the hydrodynamic regime.

The transitional or elasto-plastic regime is thought to extend from a fraction of a kilobar
to a few kilobars or hundreds of kilobars for porous and solid materials, respectively. It is
within this stress regime that elastic and deformational shock fronts form and that dynamic
yielding takes place. Materials after yielding may also exhibit finite strength effects in this
pressure range. The latter behavior is often described in terms of an elasto-plastic model
of the material. The porosity of an initially distended material is partially or completely
irreversibly reduced as a result of propagation of stress waves in this pressure regime. The
dynamic yielding properties of the medium determine both the stresses required to permanently

* Contribution No. 1522, Division of Geological Sciences, California Institute of Tech-
nology, Pasadena, California.
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reduce material porosity, as well as the amplitude of the elastic precursor which forms over

a certain range of shock stresses,

At a distance far enough from the source that the dynamic stress levels have decayed to
the dynamic yield strength of the medium, an elastic type of behavior is usually assumed —as
a first approximation —for the behavior of the material, In the elastic regime, the equation-
of -state is usually obtained from laboratory low-amplitude shock, acoustic (ultrasonic), and
quasi-static experiments. At the point at which the stress waves propagating from an explo-
sion enter into the elastic regime, further description of propagation is usually obtained using

seismological techniques (elastic ray and wave theory),

The measurement or calculation of the shock-wave propagation in vicinity of a nuclear
explosion can thus be considered as a way of obtaining the source function input for the seis-

mological problem of detection of clandestine underground nuclear explosions.

EQUATION-OF-STATE DATA FOR ROCKS AND MINERALS

A generalized Hugoniot curve, representative of several of the rocks and silicate minerals
which have been studied to date, is shown in figure 1. Also indicated are the release adiabats
which lead from states along the Hugoniot to states at zero pressure. While the Hugoniot
curve represents the locus of shock s*tates, the release adiabat represents the thermodynamic
paths which material, that has been shocked to a high pressure state, follows upon being re-
turned to zero pressure., Thus the unit mass in the vicinity of an explosion, upon being en-
compassed by a shock, achieves a thermodynamic state which correspcnds to pressure and

volume (P. V) along the Hugoniot. As this unit mass encounters the following rarefaction

waves, the thermodynamic states which are followed lie along the release adiabat curve cen-
tered at P, V. Much of the shock wave research performed on rocks and minerals has been
concerned with measuring Hugoniot and release adiabat curves of various earth materials.
Experimental techniques used in measuring Hugoniot release adiabat states are given in gen-
eral for solids by Doran {1], and with specific reference to rocks and minerals by Ahrens
and Gregson [2]. Techniques for measuring release adiabats are discussed by Ahrens and

Ruderman [3].

Hugoniot data for a wide variety of rocks and minerals, much of it to 1 megabar, have
been tabulated in terms of the quantities usually measured, and shock particle velocity, Data
reported to 1963 are tabulated by Rinehart [4], and a more recent tabulation which includes
recent Soviet and Los Alamos results is given in the "Compendium of Shock Wave Data' (Van
Thiel, [5]). A useful tabulation of Hugoniot data for basic rock forming minerals is given in
the ""Handbook of Physical Constants' (Clark, [6]). An extensive series of measurements of
various rocks were recently reported by McQueen, Marsh and Fritz [7]. Hugoniot data for
porous rocks and carbonates are given by Adadurov, et al. [8], Ahrens and Gregson [2],
Flanigan [9] and Bass [10].
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Hugoniot data for alluvium of various initial densities, moisture content, and in frozen
and unfrozen states are available from 40 kbar to ~2 megabar from the work of Bass [10],
Anderson, et al. [11], Anderson, [12], and Isbell [13]. Release ad.abat data are available
for only a few nonporous materials such as quartz, fused quartz and plagioclase. Because of
their importance in the detection of underground testing and the prediction of response of pro-
tective construction, considerable release adiabat data are available for porous earth media
such as dry and wet alluviums [11] and quartz sand in dry, wet and frozen form {12]. Some
release adiabat data have been reported for wet and dry tuff by Weidermann and Curth [14],
and Ahrens, et al. [15] in the 160 to 400 kbar range. At high pressure some data are also
being obtained by Isbell [13].

The general shock behavior of rocks and minerals can be discussed in terms of the hypo-
thetical Hugoniot and family of release adiabats sketched in figu:e 1. Shocks with amplitudes
that lie between 0 and A, are associated with states lying along the elastic Hugoniot. The
elastic Hugoniot represents the locus of shock states achieved by finite one-dimensional com-
pression for which no internal rearrangement takes place at the shock front within the material.
Elastic shock velocities for nonporous rocks and minerals are usually equal to or slightly
greater than the corresponding longitudinal elastic wave velocity (table I), These data have
been obtained mostly using the inclined mirror method for recording shock profiles in the
sample [1]. In general, initial shock velocities which are equal to or slightly greater than
corresponding longitudinal elastic wave velocities are observed in all of the silicates with the
exception of diopside and augite, where the velocity of the initial shock is appreciably less
than the longitudinal elastic wave velocity. In these cases, unless the elastic shock wave am-
plitudes are considerably lower than in other silicates, the failure to detect an elastic shock
is not understood. In the case of material such as porous limestone, sandstone and halides,
elastic shock amplitudes in the 0.5 to 10 kbar range have been measured. Virtually no data

on the dynamic yielding of porous alluviums and tuff are yet available,

In general, the Hugoniot Elastic Limits (HEL) of 40 to 50 kbar observed in such solid
rocks as HARDHAT granodiorite and Vacaville basalt are of the same magnitude as those of
the constituent minerals of these rocks. The dependence of the elastic shock amplitude in
porous rocks on porosity, mineralogy and grain size is largely unknown. Another effect,
stress relaxation, in which the HEL is observed to vary with driving shock pressure, and
shock propagation path length has been observed (Wackerle, [16]; Ahrens and Duvall, [17])
but has pot yet been explored in most rock types and minerals, The relation of the normal
stress in the direction of wave propagation (which, in general, is the only stress which is
measured in shock experiments) to the other principal stresses for states along the deforma-

tional Hugoniot are needed in order to predict whether material which has been shocked to a
deformational shock state will respond elastically or plastically to further compression or to

pressure release. For shocks below the HEL, in the elastic regime, the longitudinal stress

o is related to the transverse stress oy, parallel to the wave front by
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where r is the appropriate elastic Poisson's ratio. In contrast, in the very high pressure,

hydrodynamic, regime where the stress differences reflecting material strength are small

compared to T it is assumed that

g =0 (2)

In the intermediate stress range the relation of a5 to O'y must be explicitly specified. To ac-
complish this, a rheological model of the material is often constructed. For example, it

may be possible to describe the material as an elasto-plastic solid. In this case, at a given
compression, the stress difference between the normal shock stress and the transverse stress
is 27, It follows that material shocked to a state lying along the deformational Hugoniot will
then support a shear stress of magnitude 7 and the Hugoniot will be offset above the (isothermal)
hydrostat by a stress

ag, =§T 3)

Equation 3 neglects the effects of shock heating, which below several hundred kilobars are
small for nonporous materials. In general, T may be a function of such variables as stress,
temperature and time. Sufficient low-pressure shock and hydrostatic compression data exist
for a few geologic materials which allow meaningful examination of the magnitude of the stress
offset between the Hugoniot and the hydrostat, Unfortunately in the few materials for which
this stress offset can be examined it appears to vary widely, and seems to bear no simple re
lation to the stress difference existing at the HEL, For example, the maximum shear stress
in CaCO3 in various directions, is at least as high along the deformation Hugoniot as it is at
the HEL, and apparently increases with increasing shock stress (and hence with increasing
mean stress), along the deformational Hugoniot (figure 2), This result is particularly striking
in that generally calcite is thought to be a fairly weak mineral and that both the shock [2] and
hydrostatic data [8] indicate that one or more phase {ransitions take place below 100 kbar.

For Si02,
for both single crystal and polycrystalline materials appears to be offset slightly above the

below the onset of quartz-stishovite transition (McQueen, et al., [18]), the Hugoniot

hydrostat (figure 3) while for polycrystallire A1203 {figure 4) the shock and hydrostatic results
indicate that a shear stress comparable to that existing at the HEL is supported to perhaps

300 kbar. The results for MgO (figure 5) are striking; although this material has a fairly high
Hugoniot elastic limit and under ordinary conditions appears to be a strong material, essen-
tially no offset in stress of the deformational shock state is indicated by comparison with the
shock data (McQueen and Marsh, [19]; Al'tshuler, et al., [20]; Ahrens, [21]) with hydrostatic
data (Perez-Albuerne and Drickamer, [22]). *

*Recent analysis (22A) indicate that the shock data Fo MgO are consistent with a 15 kb offset
of the Hugoniot curve above the hydrostat.
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If elasto-plastic effects are ignored or, as in the case of MgO, appear to be absent, the
adiabatic release paths from the final shock states A and B, AA' and BB'; indicate, that a zero-
pressure volume that is greater than the initial volume is achieved upon pressure release,

This effect is due to the shock heating arising from entropy gain of materizl encompassed by
the shock front. The calculation of the pressure-volume-energy adiabats for materials which
do not undergo phase transitions for minerals and rocks are similar to those for metals,
Several calculational schemes are available for generating release adiabats when no phase

transitions occur; for example one is described in Rice, et al., [23].

PHASE TRANSITIONS AND THEIR EFFECT ON THE HUGONIOT AND RELEASE ADIA-
BATS. Virtually all the <ilicates, particularly rock forming minerals such as quartz, plagio-
clase and olivine (forsterite and fayalite) as well as many of the oxides for example Fe;’O4
and Ti02,
one or more phase transitions. In the silicates several of these phase transitions are related

carbonates and halides which have been examined by shock-wave techniques, exhibit

to the change in coordination of silicon from 4 oxygens to 6 oxygens in more closely packed
structures. The zero pressure volumes for most of the silicates and many of the oxides in
the high pressure, most highly coordinated state phases, are reduced by 20 to 507, ({7, 19]:
Wang, (2] ; Anderson and Kanamori, [25]). As a result of these phase changes, the Hugoniots
of essentially all the rocks that contain the open structured silicates reflect phase changes
taking place within their constituent minerals upon shock compression. For example the
Hugoniot for Vacaville basalt containing olivine and augite (figure 8) or a granodiorite (fig-
ure 7) containing predominately quartz and plagioclase will be affected by the phase changes

in these minerals, In general the minerals within polymineralic rocks are not shocked to
states along the Hugoniot of the component minerals when the rock itself undergoes shock
compression. It appears from the results obtained by simply adding 1n Hugoniot volumes at

a given pressure,on a mass fraction basis, for constituent minerals tha 1.e Hugoniot of an
initially unknown nonporous rock may, however, be closely approximated, Calculations of the
zero pressure densities of phases produced in various minerals and rocks [24, 25] shocked

to high pressure [7, 19] indicate that at sufficiently high pressure, achieved densities are
comparable, but in general not equal to, those which would be achieved by a mixture of oxides.
Aside from the effect of phase transitions on the shape of the Hugoniot as iidicated in figure 1,
the release adiabats may be steeper than the Hugoniot. This generally indicates that some of
the solid has transformed from, for example, Phase 1 to Phase 2 and that the Phase 2 material
does not revert to Phase 1 upon release to zero pressure (figure 1). In a case of polycrystal-
line quartz (figure 8), the Phase 2 material is believed to be stishovite ([18); De Carli and
Milton, [26]). In the case of plagioclase similar shaped release adiabats (Ahrens and Peter-
son, [27]) indicate that this material is likely also to have a rutile-like modification similar
to the high pressure form of KMZGeSOB (germinate orthoclase) prepared by Kume, et al. {28]),
Recently Ringwood, et al. [29] reported that KAlzGesos and NaAl,Ge,O, (analogous to ortho-
clase and albite, respectively) transforms to the dense rutile-like hollandite structure.
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TABLE I. HUGONIOT ELASTIC LIMITS (HEL), ROCKS AND MINERALS

Hugoniot
Initial Elasiic Longitudinal Elastic
Material Densi Shock Velocity Elastic Velocity Limit
R m% {mm/usec) {mm7/ usec) {kbar)
TIO,  [100) 4.25 -8.78 8.00° ~10°
TI0,  [001] 4.25 ~10.78 10.850 -100°
MgO (100 3.576 8.91, 9.199 8.83 - 9.13¢ 37,24
MgO [100] 3.576 10,074 8.83 - 9.13¢ 89 + 109
8i0,  [T2i0] 2.657 5.95! 5.74! 6of
810, [1010) 2.657 6.130 5.99' 85!
810, {0001 ] 2,657 7.28f 6.37 148!
CaCoy  (12i0] 2.1 7.32% 7.299h 228
Caco; (1010 2.1 7.45! 1.3480 24F
CaCOy  [0001] 2.1 5.55F 5.535h 19%
CaCoy  [1011] 2.1 7,058 7,237h 198
Hot Pressed, T10, 2 9.32 9.15 - 0.26¢ 15¢
4.18 8.9-93°% s 55¢
4.07 8.7.9.0% u 33¢
810,
Arkansas novaculite  2.628 6.15) 6.057 - 6.07° 70!
Eureka quartzite 2.629 5,96 6.057 - 6.07° 70!
Sioux quartzite 2.626 5.98) 6.057 - 6.07° 48
A1,04, (Lucalox) .98 10.88 - 10,98  10.848! 112%
Twin Sisters 3,280 - 3,018} 8.45 -8.72 8.32 - 8.42M 76 - 93
Dunite
Microcline 2,55 - 2.56 .09 - 156! 6.95" 19 - 8s!
(001§
Muskwa Lake 3.6) - .64 6.8 - 1.6 ¢.88" 37 - 58°
Oligoclase
Polycrystalline 3.47-3.48 7.3 - 8.0 8.2-03 »-nt
Augite
Polycrystalline 3.2 - 3.28 7.9-80 7.3 - 100! 69 - o4'
Diopside
Diopeide [001] 3.2 s.¢' 5.8' 42

4

- o

c 2 3

Ahrens and Linde (30].
Velocities and madull from Birch, [38] Clark (6],

Linde and De Carli [31].
Ahrens (21].

Frow modult compiled in Anderson and Liebermann [32].

Fowles [33].

Ahrens and Gregson [2].

Peselnick and Robie {34].

Anhrens, et al, (3],

Ahrens and Duvall [17],

Anrena, et al. (18],

Anderson and Schreiber |36 .

Clark (6], Muta by Birch, 4 - 10 kbar).
Alexsandrov and Rhysova [37].

Ahrens and Petersen (27].
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5
SHOCK-WAVE DATA AND EQUATIONS OF STATE

R, McQueen
Los Alamos Scientific Laboratory
University of California
Los Alamos, New Mexico

INTRODUCTION

Since it is obviously impossible to measure the equation of state of all the materials of
interest for various military and scientific applications, a study has been undertaken to mea-
sure the Hugoniots of a few selected materials and to compare these Hugoniots with ones com-
puted from the known equation of state of their constituents, Such materials {fall into two large
categories: those in which there is no chemical interaction of the constituents, that is simple
mixtures; and those in which there is a chemical reaction or bonding of the constituents on an
atomic scale, In the case of simple mixtures probably the most common naturally occurring
examples are rocks, Other simple mixtures are synthetic materials such as the various
plastic bonded solids and the commonly available Elkonites (mixtures of good electrically con-
ducting materials, copper and silver, with very hard materials, tungsten, molybdenum and
tungsten carbide). For these materials there is no problem associated with the bonding and
crystal structure. However, because these are heterogeneous materials the problem of how
hydrodynamic and thermodynamic equilibrium behind the shock wave are obtained is more
complicated, Since the shock wave not only sees particles of different shock impedance but
travels through these particles at different velocities it is apparent that the specimens under
investigation must be made of very small particles if equilibrium conditions are to be obtained

in the short times available, particularly the thermal equilibrium,

We have included alloys as a separate class for two reasons, One is that a large number
of so-called alloys are actually simple mixtures, The other reason is that metallic bonding
produces a much smaller volume and energy change from ideal mixing than do ionic and
covalent bonding, It then becomes of interest to see how well the theory of ideal mixtures

can account for the Hugoniot curves of various alloys.

For a large class of compounds simple mixing models are obviously inadequate and it
would be far better to attempt to derive a high-pressure equation of state by other means,
For example if the equation of state of an ionic solid were desired it would probably be far
better to use the known bonding energies and some assumed potential rather than to attempt
to mix the two components, There are some types of compounds that are somewhat amenable

to mixing calculations. For example, to a certain extent the silicates can be considered to
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be made up of mixtures of their basic neutral oxide components. Hence, if the equation of
state of the oxides are known, the similarities that exist in the bonding suggest that simple
mixing models may be adequate for most purposes.

CALCULATIONAL MODEL

There are several models that could be used in an attempt to predict the Hugoniots of
mixtures from the known equation of state of their components, One approach might be to
consider the mixture as a laminated structure and to compute an average shock velocity f)ased
on the shock transit time through the various layers. Such a method is appealing in that one
is attempting to compute the quantity that is subject to direct measurement, Another approach
would be to interpolate pressure-volume Hugoniots at constant pressure on the basis of the
volume occupied by the various components. This method appears to be a bit more straight-
forward and is more or less the method being pursued here with minor modifications.

It is clear that for a pure mixture the isothermal equation of state measured in a high-
pressure static device should be precisely that obtained by the addition of the volumes occupied
by the various components at any pressure.

For a Hugoniot curve, this simple mixing is slightly complicated by the different temper-
ature increases in different constituents resulting from pressure increases produced by a
shock., However, this is a small effect compared to the compressional energy stored in each
of the components by the shock. The change in pressure resulting from the redistribution of
energy because of these temperature differences is less than the uncertainties in pressure
changes produced by our limited knowledge of the behavior of the Grifneisen parameter at high
pressures, Accordingly, a simplified method of calculating the shock pressure of a mixture
is used. A "zero-Kelvin'" curve is calculated for each component. For the present application
we have used a constant specific heat, Cv’ and a constant value for 9E/ ap)v. Once the P =0
zero-Kelvin density is obtained the rest of the curve is calculated by simultaneously satisfying

the thermodynamic law
dE = -PdV (dS = 0)

the experimental Hugoniot and the Grifneisen parameter, The specific heat, of course, van-
ishes as T goes to zero, but we only make a small error (small relative to the uncertainties
in P in the Hugoniot data) in the low T range of this extrapolation. Since we go down and up
in temperature in the same way, the ''zero-Kelvin'' curve may be regarded as an artifice of
the calculation, although the resulting P - p curves will actually be quite near the real zero-
Kelvin curve, A zero-Kelvin curve may now be obtained from the mixture from the following

equations:
= =Y
1/pk = “mivi(p)
Ek = LmiEi(P)
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where p, Vand E are the density, specific volume and specific energy of the mixture on the
cero-Kelvin curve; m, are the mass fraction of the components in the mixture; and Vi and Ei
are the volume and cnergy for the ith component as a function of pressure along the zero-
Kelvin curve, To extend the energy function up in pressure at constant volume we need the
Grlineisen parameter of the mixture, or equivilently, the quantity (FvE/ﬂP)v V/y. To center
the Hugoniot of the mixture at some temperature other than zero, we need the specific heat at

constant volume of the mixture, For these two quantities we use the equations:

V/iy = timi(V/)’)i
C - Xm.C .
v i vi
We now have an E(P, V) relation for the mixtu:. pgiven by

E-= Ek + (P l’k)'V/'y

This function is used in the Rankine-Hugoniot relitionship to calculate the Hugoniot of the mix-
ture. A slight error is introduced in this procedure because it is necessary to compute pres-
sure offsets at a constant volume of the mixture while the y's used in this calculation have been
computed at constant pressure from constant volumes of the components, This is not consid-

ered to be a limiting defect since the values of y at high pressure are not accurately known.

CALCULATION OF ELASTIC WAVE VELOCITIES OF MIXTURES

In addition to measuring and calculating the Hugoniots of mixtures there is another guantity
that is sub#~ "~ v experimental investigation, This is the propagation of elastic waves in a
heterogem~ . substance, As before it is desired to sum the extensive quantities since these

e additive for the mixture.,

The purely extensive quantity most closely connected with the bulk sound speed, CB’ is
-F'V/DP)T. It is this quantity which is additive for mixtures provided the intensive variables
P and T have come to equilibrium. However, in a sound wave, whether or not temperature
equilibrium is achieved between different components of the mixture depends on grain size.

If no heat flow occurs, individual "grains' are compressed and released isentropically, Then
the extensive quantity S, the entropy, is constant, and the expression -¢V/ PP)S =1 p2C2 is
linearly additive; that is, the function should be a linear function of the mass fractions m,,

and therefore a linear function of the specific volume (1/p) of the mixture.

The same arguments apply with respect to the longitudinal wave velocity, CL’ which lead
to the result that -UL/PT)S = 1/p2ci should be a linear function of the mass fractions. Here
L is the length/unit mass and T the appropriate tension, However, among the class of exten-
sive functions some are more extensive than others, In contrast to the bulk compression we
do not expect this function to be exactly linear. It would be if the phases were stacked up in

series, but they can occur in parallel. If they are in parallel, the stiffer member of the system
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can take up more of the tension and 0L/0T will decrease. This would be an interesting feature
to check in some properly prepared specimens where one could vary the orientation of some
laminated materials, or perhaps, some fiber imbedded materials,

Since shearing motions do not involve extensive quantities particularly, these arguments
say nothing about the shear waves directly, but its variation is now specified by the isotropic
relationship

2

Cn

_ e 2
-CL-4/3CS

where CS is the elastic shear wave velocity., Thus in principle it should be possible to esti-
mate the value of the elastic moduli of an isotropic mixture from its constituents.

If these thermodynamic arguments are to be applicable to a material, it must be homo-
geneous for distances larger than a fraction of the wave length of the elastic wave and heter-
ogeneous on an atomic scrle (i.e., chemical reactions should not drastically change the com-
ponent materials). A material can have voids, have a soft component in a hard matrix, or vice
versa. It can be fibred, layered, have preferred orientations of highly anisotropic materials,
or a host of other peculiarities that cause it to deviate from results predicted by the simple
thermodynamic mixing we have used here, Strong shocks tend to get rid of voids and struc-
ture (at least make it less important) and tend to make materials more isotropic. We expect
these difficulties to plague a zero-pressure sound speed measurement much more than the
Hugoniot data.

As an alternative to the ideal mixing, we consider a layered model. The time for a wave
to travel through many layers is simply the sum of the individual times for each layer, Hence
the reciprocal average velocity is the sum of the reciprocal component velocities, weighted
by the volume fraction of the component, For a two component system, with m the mass

fraction of component 2, this leads to

cC (- m)p1 + mp, C1 C2

Mixing generally tends to lower velocities, The layered structure permits each compo-

nent to transmit the wave as fast as each component can, The above result usually serves as

an upper bound for expected values of measured velocities,

EXPERIMENTAL RESULTS

The shock-wave experimental techniques used here have most recently been described in
an article on shock wave compression of rocks [1]. Incidently the same calculational proce-
dures described in that report are used here. The results of the experimental investigation
are grouped into the large categories of mixtures, compounds and mixtures of compounds.
No work on alloys, other than the Au-Ge alloys which actually are almost perfect simple mix-

tures, is presented here, %
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A, The Zero-Pressure Sound Velocities and Hugoniots of Some Elkonites

Elkonite is the name of a family of metal composites manufactured by P, R. Mallory and
Co, Inc. They are composed of a sintered metal with a high melting point (W, WC, or Mo)
into which has been infiltrated a metal having a lower melting point (Ag or Cu), The particular

Elkonites (and their composition) which were used in this study are shown in table I,

TABLE 1. ELKONITE COMPOSITIONS

TRADE po(gm/cms) Weight per cent of

NAME (meas,) (calc.) Ag Cu w wC
208 15.21 15,67 27.6 - 72.4 -
358 14.68 15,16 32.5 - 687.5 -
508 13.27 13.68 48.9 - 51.1 -
4050 13.14 13.85 46,9 - 53.1 -
2125C 9.69 10.35 - 74.5 25,5 -
1W3 12.40 12.68 = 45,0 55.0 -
3w3a 13.80 14,70 - 32.0 68.0 -
10W3 14,85 15.09 - 24,0 76.0 -
TT-10 11.65 11.68 - 42,0 - 58.0

The cooposition was determined by wet analysis.

On the basis of the measured composition

we have calculated what the density should be and have compared it with the measured density.
It can be seen that all samples have porosity, some worse than others, It was also found that
for a given type of material the composition varied as well as the amount of porosity. This

has caused considerable scatter in the Hugoniot data and in the sound speed measurements,

The results of the sound speed measurements are compared with the calculated sound velocities

in figures 1 and 2,

The solid curves in these two figures are the ideal mixing results. The dashed curves are

the layer model results. The data favors ideal mixing and, as expected, the layer calculation
serves as an upper bound to the measured sound speeds. One trend that can be observed in the
data is the increase in sound speed over that predicted by the mixing model as we go toward
larger weight percents of tungsten. One conld suppose that the rigid material forms continuous
paths at these higher densities, and in spite of voids or the lower density, lower sound speed
filler material, the sound wave is transmitted by these "bridges'' over a path length approxi-
mately equal to the thickness of the sample and at a velocity somewhere between that of the
longitudinal velocity or the rod velocity (i.e., the one given by Young's modulus) of the tungsten,
On the other hand, as we go toward the copper or silver rich regions, bridges of tungsten

must become more tenuous and less well braced. There may be transmission along these
weaker bridges, but it will attenuate more rapidly and let the copper or silver carry the bulk

of the wave, Here, porosity can have a greater effect, in that it now creates copper or silver
bridges loaded with high density tungsten, When the tungsten no longer forms bridges it effec-
tively no longer transmits the signal at its higher longitudinal velocity and its high density

now becomes a drag on the wave. These topological considerations indicate the complexity of

the problem and also indicate that elaborate statistical considerations are necessary to even
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solve the problem for an ensemble of samples, For large grain sizes one can still expect a
considerable scatter of individual samples about an average solution even if it were obtained.
We have not tried to handle the porosity we know to be in our samples in our calculations for
the sound speed, We have taken it into account in our calculations for the shock wave experi-
ments, Unfortunately we cannot simply extrapolate the shock model to zero compression to

get the acoustic limit, for any voids in this model would lead to a zero limit for the sound
speed, The hydrodynamic model does not take rigidity into account, and the rigidity, of course,
keeps the voids from collapsing, especially in the very low pressure regime,

The Hugoniots of four Cu - W and one Cu - WC Elkonites have been measured. The equa-

tion of state used for the constituents is given in table II.,

TABLE II. EQUATIONS OF STATE OF COPPER, TUNGSTEN
AND TUNGSTEN CARBIDE

Material Cu w wC
b, gm/cm’ 8.93 19.30 15.02
C, km/sec 3.940 4,029 4,920
S 1.489 1.237 1.339
Yo 2,00 1.54 1.50
C, 107 ergs/gm-°K 0.386 0.135 0.128
M (moles/gm) 63,54 182.86 195.87

The Cu Hugoniot is one of Los Alamos Scientific Laboratory's shock-wave standards (2]
for impedance-match solutions, The W and WC Hugoniots were partially determined using
this standard. Hence the three materials should be compatible, The Elkonites were also mea-
sured with this standard. The data and calculations are compared in figures 3-12 in both the
US - Up plane and in the P - p plane, The agreement of the Cu - W data with the experiments
is truly satisfying. In general the scatter in the data is due to variation in density in the sam-
ples. Since the composition of each sample was not measured these density variations could
be due to non-uniform composition or a lack of uniformity in the porosity. One feature com-
mon to all the Us - Up shots is the falling off of the shock veiocity at low pressure. Tais is
due to the porosity and has been observed for many other materials, The calculaticns account
for this in a satisfactory manner.

The data for the T'C 10 material does not agree as well with the calculations as the Cu -
W series, There are two possible explanations for this. One is that the material used for the
determination of the WC Hugoniot is slightly different than used in the mixture, It is :nown
that the WC for the former contained a Co binder. The other reason is that the WC Hugoniot
is reflecting the residual shear stress due to the large rigidity in this material, The measured
WC Hugoniot could very well be in a highly non-hydrostatic state, while in the mixture the Cu
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will flow plastically and allow the rigid material to be compressed more hydrostatically, This
is one of the reasons this study was initlated, that is to develop a technique for measuring the
Hugoniots of very rigid materials by imbedding them in materials that deform easily by plastic
flow in the shock front, The good results with Cu - W series indicate that this might indeed
be i very useful technique. The Us - Up Hugoniot for WC measured here (figure 13) reflect
the difficulties encountered in applying the usual techniques, The Hugoniot of SiC, also very

rigid, shows this same effect,

B. The Hugoniot Equation of State of Au-Ge Alloys

The Hugoniots of two Au-Ge alloys have been measured using the standard GMX-6 impe-
dance-match method with Cu used as the standard. Although these two alloys came from the
same casting their compositions are different because Ge is not soluble in Au, and separation

occurred in the casting,
The weight percents have been calculated from the densities, Samples have heen sent for
chemical analysis. The measured and calculated sound velocities are given in table III.
TABLE I1I, MEASURED SOUND VELOCITIES OF Au-Ge ALLOYS

Vv A4 V

1 S b
Po km/sec km/sec km/sec
g/cn13 Wt %, Ge meas. (cale,) meas, (calc.) meas, (calc.)
15.49 9.3 3.388 (3.49) 1.465 (1.72) 2.94 (2,87)
16.88 5.8 3.326 (3.41) 1,329 (1.56) 2,95 (2,89)

The data (po's and Cij's) used to calculate the end members for Au and Ge were taken from

Clark's [3] handbook.

The shock-velocity particle-velocity data of these two materials are given in figure 14,
Two features of these Hugoniots should be noted, The most important is that the data do not
extrapolate to the zero-pressure sound velocity, The fact that they fall below the sound velocity
by over 107, is an indication that a transition has occurred. This transition is shown at a Up
of about 0.15 km/sec. The other feature is the nonlinear behavior of the two curves. As with
some other materials these Hugoniots can be drawn with two straight lines with the break oc-
curring near a particle velocity of 1.0 km/sec. To help explain these features we have repro-
duced the phase diagram (P = 0) of the Au-Ge system [3] in figure 15, It is well known that
Ge contracts upon melting and apparently the Au-Ge alloy at the eutectic also confracts on
melting. Shocked Ge undergoes a transition at a pressure near 125 kb possibly due to melting,
The transition we have indicated for the Au-Ge alloy in the figure Up = 0,15 km/sec also occurs
at about this pressure, This seems to be about correct considering the probable effect that
Au will have on the slope of the phase line and the pressure-temperature relationship along the
Hugoniot of the alloy. Although the Au-Ge alloys start to melt at this pressure, melting will

not be complete until a higher temperature is attained; this corresponds to a considerably
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higher pressure. The break in the U' - Up Hugonlot curve occurs at a pressure near 700 kb,
Although this seems a bit high it is certainly not an unreasonably high pressure for the comple-
tion of melting.

To check our ability to predict the Hugoniot of mixtures we have taken the linear Hugoniot
of Au

v, = 3,075 + 1,560 Up (where units are km/sec)

and mixed it with the Hugoniot of transformed Ge, The transformed Ge Hugoniot was obtained
from our Ge shock-wave data with our code TRANS, This code assumes that the metastable
Hugoniot of a transformed material will have a linear Ue - Up Hugoniot, It then determines
the new zero-pressure density and sound speed for selected slopes, S, This calculation has
been described in detail in the rock paper. These calculations predict the following equations
of state for high density Ge,

TABLE IV, ZERO-PRESSURE DENSITY AND SOUND
VELOCITY FOR TRANSFORMED Ge AS A FUNCTION
OF SLOPE OF THE LINEAR Ug - Up HUGONIOT

Slope Co [
1.00 6.25 km/sec 7.48 g/cm3
1,25 5.43 " 7.27 "
1.50 4,57 s 7.03 ¥

The results of these {its are compared with the original Ge data in figure 16, It is apparent
that all three slopes adequately fit the data giving little reason to choose one slope over the
others., However, the calculated volume changes at the transition can be compared with values
obtained from static measurements. The slope of 1.5 gives the best agreement.

The mix code then takes these equations of state and the Gr\fneisen ratio and transf rms

them to zero-Kelvin isentropes,

The shock-particle velocity and pressure-density results of the mix calculation are shown
in figures 17 and 18,

C. The Hugoniots of Some Oxides
Of considerable interest is our ability to synthesize the equation of state of minerals from

the equation of state of these basic oxide constituents, There is some hope that this can be
done since it is felt that the oxygen in both the oxides and more complicated minerals is largely
controlling the compressibility with metallic ions causing variations in density, This is ad-
mittedly a great over-simplification and it is hoped that the comparison of these calculations
with the experimental data will give some clues as to the type of bonding occurring in the high-
pressure polymorphs that so many minerals have, In the meantime there are some data avail-

able to check the model.
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The Hugoniots of the major oxides have been measured here using a 2024 Al standard,

These Hugonjots will be changed slightly in the near future because of small changes being
made in the 2024 Al standard. The Hugoniots of the <te:fals are preeented graphically in
figures 19-27, An attempt was made on MgO and ’“203 to imeasure the Grifneisen parameter

at high pressure by using porcus materials (ceramics), Although extreme precision i8s required
in order to make high quality determinations of 3, such data do allow a straight forward check
on the Grineisen gammas used in our calculations. To this end we have simply run the mix
problem as a single component but with voids, The figures show that we indeed have an ade-

quate high-pressure representation of these functions,

The equation-of -state parameters used in our calculations are presented in table V.,

TABLE V, EQUATION-OF-STATE PARAMETERS OF THE MATERIALS
USED IN THE MIXTURE CALCULATIONS

Mineral (MgO)  (A1,0.)""" 10" (FeO)"  (TiO,)
AE (100 ergs gm)”™” 0.0 0.0 1.8 0.48 1.7 !
p, (gm cm?) 3.585 3.987 4.287 5.61 5.76
Co (km, sec) 6.71 7.94 10,6 4,26 10,0
s 1.363 1.3 1.25 1.25 1.25
' 1.324 1.4 0.78 1.45 0.9
Cy (107 ergs gm-K) 0,95 0.752 1.0 0.72 0.94 !
M (zm mole) 10.31 101.96 60.09 71.85 79,90

*This equation of state for iron oxide is to be regarded as a rough preliminary estimate
for this compound. The numbers were obtained by extrapolating on m, the average mass per
atom, the high-pressure data on hematite and magnetite.

'he last three minerals in the above table have a phase transition between their zero
pressure state and the high-pressure range of interest here, The equation of state as given in
the above table refeirs to the high-pressure phase, whi.i is metastable at zero pressure., The
AE is the extra energy this metastable phase has over the rormal state of the mineral at zero
pressure, Since the mixture is centered at the normal state, this energy difference must be
taken into account in the Rankine-Hugoniot equation for the energy.

***The parameters for corundum and stishovite were obtained from forms of these miner-
als at a density lower than crystal density. For quartz the fused silica samples were used,
primarily because of the more numerous data points available, For corundum, a lower density
was used because the large and fast elastic wave in crystal density material prevented the
measurement of a hydrodynamic Hugoniot.

D. The Hugoniots of some ""Oxide Mixtures"

Three of the oxides in the last section; periclase (MgOj, corundum (A1203) and iron oxide
(FeO); are essentially close-packed oxygen lattices with the metal ions dispersed in the inter-

stices of the oxygen lattice. In quartz, on the other hand, the silicon ion is tetrahedrally
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bonded to four oxygen atoms, and the lattice is composed of a rather loose-packing of these

tetrahedra, In rutile (TiOz), the oxygens are octahedrally coordinated about the titanium ion,

In the high-pressure phase of quartz, stishovite, the coordination about the silicon is the same
as it is for titanium in rutile. In the minerals formed from these oxides, the coordination of
oxygen about a given metal ion tends to remain the same. If this behavior persists into the
high-pressure phases of those oxides that undergo phase transitions, we can hope to approxi-
mate the high-pressure Hugoniot of the mineral by mixing high-pressure oxide equations of
state. Table VI lists the minerals and rocks considered here and their oxide molar composition,

TABLE VI. OXIDE MOLAR COMPOSITIONS OF SOME
MINERALS AND ROCKS

Mineral/Rock MgO A1203 §i0, FeO TiO,
Mole percent of above oxide

Enstatite (MgSiO,) 0.50 ---= 0,50 ---- ----
Forsterite (Mg28i04) 0.67 -——- 0,33 e -
Spinel (MgAl,0,) 0,50 050 ----  —oom ooo-
Mullite (AlgSi50,4) ---= 060 040 ---- -
Fayalite (FeySi0,) -e==  -«-= 0,33 0.87 ----
Iimenite (FeTiO3) cmem smem a-e- 050 0,50
Granite * 009 ----  0.81 -ea-  -o--
Twin Sisters Dunite* 0,57 ---- 0,35 0.08 ----
Mooihoek Dunite * 030 ---- 035 0,35 ----

*The compositions given for the rocks are nominal, and
such minor constituents as the alkaline and alkaline-earth
oxides and water have been ignored.

Enstatite and forsterite are (1/1) and (2/1) molar mixtures of MgO and SiOZ. The crystal
structrre of enstatite contains long chains of SiO4 tetrahedra as does quartz, but without the
complex cross-linking and intertwining that occurs in quartz, The cross-linking is done by
the Mg ions. Inforsterite, on the other hand, the oxygens are approximately in a close packed
structure, with the Si ions still at the center of the tetrahedra. In forsterite the Mg ions form
a matrix that tends to surround individual SiO 4 tetrahedra, while in enstatite the matrix of Mg
icns links chains of SiO4 tetrahedra. Thus enstatite might be expected to adhere more closely
to the predictions of a pure mixing theory, Although these considerations are weakened by the
existence of a high-pressure phase transition the data for enstatite (admittedly sparse in the
high-pressure region of interest) and forsterite shown in figures 28, 29 and 30 indicate that
enstatite seems to satisfy the mixing model better than does forsterite,

The spinel structure, although somewhat complicated, (with 56 atoms in the unit cell),

does have the oxygen aton.s in approximate cubic close packing. For the ideal spinels used
here (MgAIZO 4), the Mg ions have the diamond structure and are in fourfold coordinaticn
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between a grovp of oxygen atoms, The Al ions are in sixfold coordination between an octahedral
group of oxygeas, Conversely each oxygen is linked to one Mg ion and three Al ions. This
structure is somewhat more open than either the periclase or corundum structure as can be
seen from the zero-pressure densities (MgO - 3,58 ¢, cm4, A1203 - 3.99 g cm3 and MgAlzo -
3.58¢ cms). Spinel undergoes a transformation with a large density increase as can be recog-
nized from the Us - Up data (figure 31). Magnetite, which also has the spinel structure, ex-
hibits a similar Hugoniot, It is not obvious how this structure rearranges itself to the more
dense configuration, However, the final state is even slightly more dense than that predicted
by the simple mixing of close packed periclase and corundum, When powdered mixtures of
periclase and corundum were cold pressed and shocked, the Hugoniot was stiffer than predicted
by the simple mixing calculations (figure 33), However, the densitv of these samples was so
low (”c ~2.1¢g cms) that heating effects become extremely important, An effort to obtain

higher density samples of unreacted mixtures is underway,

Data on ceramic mullite is an acceptable agreement with the calculated equation of state
from corundum and stishovite (figures 34 and 35), We believe the scatter in the data is due to
sample thickness in the high-pressurc region and to an uncompleted phase change in the lower

pressure region.

Shock-wave data for fayalite are compared with the mix calculation for 2(FeO) SiO2
(stishovite) in figures 36-37, This is the first mineral examined that has a significant amount
of FeO present, We believe the agreement should be better, based on the MgO - SiO2 studies,
and that probably the FeO equation of state is too soft, Further evidence that FeO is too soft
is given by the ilmenite comparison in figures 38 and 39. We do not have any additional checks

for Ti02, but at least its equation of state was derived from experimental data,

The last two figures (40 and 41) are exceedingly encouraging. Here we have attempted to
predict the high-pressure equation of state of these rocks on the basis of their chemical compo-
sition and density, We note that a slight improvement could be made in the agreement with the

densities 1if a shghtly stiffer equation of state for FeO were used,

CONCLUSION

First efforts in this program have been very encouraging. 1t has been shown that hetero-
geneous materials can come sufficiently close to hydrodynamic and thermodynamic equihibrium
so that their measured Hugoniots are experimentally indistinguishable from that calculated
from the 1deal nuxing model, It has been shown also that mixing techniques offer a new way to
study materials that are complicated by rigidity effects, More work needs to be done on the
minerals and mineral synthesis. On the whole, though it is rather apparent that with a minor
adjustment of the equation of state of the basic oxides all the high-pressure data could be fitted
well enough to satisfy any current practical application, The mixture calculations for minerals

should be made sufficiently precise so that disagreements between the calculations and data

can be interpreted in a meaningful manner, There should be no reason that mixture calculations
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