3
N

¢
°

AFWL-TR-65-146 AFWL-TR
65-146

4| INVESTIGATION OF EQUATION OF STATE OF
POROUS EARTH MEDIA

= XP62880

Stanford Research Institute

Menlo Park, California
Contract AF29(601)-6427

TECHNICAL REPORT NO. AFWL-TR-65-146

February 1966 D D C

T
MAR 8 1966

Liow.. o Lb
TISIA F
AIR FORCE WEAPONS LABORATORY
Research and Technology Division
Air Force Systems Command
Kirtland Air Force Base

b New Mexico
/ 1
Y CLEARINGHOUSE | |
FO? r “':"':_‘9 »""‘.12;3 T¢I AND ’
PUOLNHTATL TUFORMATION

" Hardcopy | Mlcroflche] |—-

s50008/,00 /7700 as

IVE ROPY —




NS

BLANK PAGE




a-._g?’&

AFWL-TR-65-146

Research and Technology Division
AIR FORCE WEAPONS LABORATORY
Air Force Systems Command
Kirtland Air Force Base
New Mexico

When U. S. Government drawings, specifications, or other data are used for
any purpose other than a definitely related Government procurement operation,
the Government thereby incurs no responsibility nor any obligation whatsoever,
and the fact that the Government may have formulated, furnished, or in any
way supplied the said drawings, specifications, or other data, is not to be
regard=d by implication or otherwise, as in any manner licensing the holder
or any other person or corporation, or conveying any rights or permission to
manufacture, use, or sell any patented invention that may in any way be
related thereto.

This report is made available for study wiih the understanding that
proprietary interests in and relating ther«to will not be impaired. 1In
case of apparent conflict or any other questions between the Government's
rights and those of others, notify the Judge Advocate, Air Force Systems
Command, Andrews Air Force Base, Washington, D. C. 20331.

Distribution of this document is unlimited.

!‘0&-5505 far ¥
GrsT ferre e-peiny ﬁ
B ELF S23ma

TR S T e L e e bt i b
T Ll 2 g o L TS



AFWL-TR-65-146

INVESTIGATION OF EQUATION OF STATE OF
POROUS EARTH MEDIA

G. D. Anderson
G. E. Duvall
J. 0. Erkman
G. k. Fowles
C. P. Peltzer

Stanford Research Institute
Menlo Park, California
Contract AF29(601)-6427

TECHNICAL REPORT NO. AFWL-TR-65-146

Distribution of this document
is unlimited.

<

BB

e . o _ R
VRN R e e

s e ma




AFWL-TR-65-146

FOREWORD

This report was prepared by Stanford Research Institute, Menlo Park,
California, under Contract AF29(601)-6427. The research was performed under
Program Element 7.60.08.01.D, Project 5710, FERRIS WHEEL, and was funded by
the Defense Atomic Support Agency (DASA).

Inclusive dates of research are 15 June 1964 to 26 July 1965. The
report was submitted in December 1965 by the AFWL Project Officer, Captain
Joseph J. O'Kobrick, (WLDC).

The contractor's number is SRI Project No. GSU-5059.

The principal investigator on this project was G. R. Fowles. Experiments
were conducted by G. D. Anderson, J. T. Rosenberg, and A. L. Fahrenbruch.
The theoretical techniques for extrapolating the equation of state to pressure
and temperature regimes beyond the experimental range were derived by
C. P. Peltzer, and the shock calculations were carried out by J. 0. Erkman.
G. E. Duvall and V. Horie, of Washington State University, carried out the
theoretical work on the effects of phase changes on shock propagation under
subcontract to Stanford Research Institute.

This report has been reviewed and is approved.

' UD)
Jos#euld. o'KoBRICK
Captain USAF

Project Officer

ol He

FREDRICK W. KO y JR. JOHN W. KODIS
Lt Colonel USAF Colonel USAF
Chief, Civil Engineering Branch Chief, Development Division

L]

14



ABSTRACT ;

Earlier experimental work has been extended to evaluate the effect of
moisture on the Hugoniot of playa. For engineering applications the Hugoniot
of moist playa can be predicted with sufficient accuracy from the Hugoniot of
dry playa and water and the assumption of pressure equilibrium.

Isentropic release data were obtained for moist and dry playa. The steep
release curve (in the P-V plane) from high pressure implies an irreversible
phase change. Some low pressure data in the elastic-plastic region are

presented.

A theoretical discussion of various forms of the Mie-Grineisen equation
and the physical basis of asymptotic statistical models is presented.

Shock stability is reviewed. Phase transitions in which AV < 0 are
classified according to the signs of the slopes of the coexistence curves.
Relative slopes of Hugoniots and isentropes in the mixed phase region are
calculated. The results of the theoretical discussion are applied to transitions
in bismuth, iron, and quartz. Agreement of values of dP/dT deduced from
shock data and measured directly are good for bismuth and poor for quartz

and iron.

Calculations of spherical shock propagation in a hypothetical medium that
undergoes a phase change are presented. The calculations show qualitatively
some types of pulse shapes that may be expected in a transforming medium.

It is concluded that the proper treatment of phase changes is an outstanding

problem in predicting equations of state for earth materials.
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1-INTRODUCTION

The goal of this program is to measure in some detail the equation of
state of Nevada Test Site playa, to extrapolate the results to pressure and
temperature regimes beyond the experimental range using existing theoretical
methods, and to examine the sensitivity of shock propagation in spherical
geometry to reasonable variations and uncertainties in the equation of state.

In the previous year's work Hugoniot measurements were obtained on dry
samples of playa of two different porosities, of initial densitities 1.55 and 1. 95
g/ em® (crystal density, 2.66 g/ cm3) in the pressure range 40 to 500 kbar.
These results showed several interesting features: (1) the differences inthermal
pressure due to differences in initial porosity are small and imply a small
value (< 1) of the effective Gruneisen parameter, (2) the pressure-volume
curve appears to be multivalued in the 200- to 400-kbar range. This result
shows that a simple Mie-Griineisen equation of state with I' a function of
volume only is inadequate and probably implies the existence of polymorphism--
presumably the quartz-stishovite transition, which is known to occur in this

pressure range.

During the current effort these results were extended in three directions:

1. The effects of moisture were examined by measuring Hugoniot states
of samples of the same initial (dry) density as before, viz., 1.55 and 1.95
g/cms, but with approximately 10 percent by weight of water added. In addi-
tion, samples containing as large a fraction of moisture as possible consistent

with controllable sample quality were tested.

2. The experiments also determined several points on the release isen-
tropes from shocked states. For earth materials particularly, experimental
determination of these curves is just as impcrtant as determination of
Hugon.ots because of the possibility of irreversible phase transitions and be-
cause of uncertainties in the proper theoretical treatment of the effects of
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moisture. Both of these problems severely complicate the derivation of
isentropes from Hugoniots so that customary procedures used, for example,
for metals and simple ionic solids are of questionable validity. Some un-

expected peculiarities were in fact observed at higher pressures.

3. Preliminary experiments were also performed in the very low pres-
sure range to investigate the pressure region in which compaction to crystal
density occurs. Unfortunately, insufficient effort could be devoted to this
problem to give clearly reliable results. Some measurements were obtained,

but the results should be regarded as tentative.
The experimental methods and results are described in Section 3.

In Section 4 a general discussion of various approaches to predicting
equations of state is given. Also in that section is a comprehensive review of
the thermodynamics of the Mie-Griineisen equation of state and a discussion

of the different forms in which it is used by various authors.

The physical bases for theories of high pressure asymptotic forms of
equation of state are reviewed in the appendix in elementary form to assist
the nonspecialist to understand the assumptions underlying these theories and
to assist him in appreciating the difficulties in assessing their validity.

Clearly one of the most difficult and potentially important problems in
constructing an equation of state is that of phase changes, including poly-
morphism, melting, and vaporization. The existence of polymorphism, the
location of phase boundaries, and the relevant thermodynamic parameters
describing transitions must at present be determined experimentally, and
measurements in most cases are lacking. Moreover, the effects of phase
changes on Hugoniot and isentropic forms of equation of state and on shock

propagation has so far received little attention.

The work reported in Section 5 is a fundamental and general treatment
of the thermodynamics of phase changes with particular reference to their
effects on the Hugoniot. Application of this theory to existing shock measure-
ments in iron and quartz shows substantial discrepancies between theory and

experiment--possibly due to nonequilibrium effects.

'S s o i g,



In Section 6 the results of spherical shock calculations for an equation-
of-state model containing the major elements of a phase transition are pre-
sented. These show the qualitative shock structure to be expected for a
reversible phase change. A summary of the results of parameter variation

studies, including the previous year's effort, is also given in that section.
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2-SUMMARY

This report describes an extension of work reported previously on the
equation of state of playa from Area 5 of the Nevada Test Site. As in the
previous effort the work was concerned with (1) experimental determination
of the equation of state, (2) theoretical interpretation of the experimental i
data, and extrapolation by semitheoretical means to pressure and temperature
regimes beyond the experimental range, and (3) shock calculations to indicate
the sensitivity of spherical shock propagation to reasonable variations in the

equation of state.

The experimental work was extended to include the determination of
release isentropes from shocked states in both dry and moist playa. These
curves appear relatively uncomplicated where the peak pressure is less than
100 kbar, indicating only some degree of compaction by the fact that the free-

surface velocity is less than twice the shock particle velocity.

The release curves from a shock pressure of about 270 kbar, however,
shows two interesting features. For dry playa the initial slope (high pressure)
of the isentrope is very steep in both the P-u and P-V planes. The fact that
it is steeper than the Hugoniot in the P~V plane is clear evidence of some
form of change of state since such behavior for a simple fluid would violate
the shock stability condition. The most reasonable explanation, consistent
with other independent observations, is that the quartz component of the playa
is converting irreversibly to stishovite. At lower pressures the isentrope

from 270 kbar becomes shallow, possibly due to reconversion of stishovite to
quartz.

The isentropes for moist playa also appear to be uncomplicated from

S e B

shock pressures of about 100 kbar. For the higher shock pressures the free-

= o

surface velocity is appreciably higher than twice the shock particle velocity.
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It seems likely that this is due to vaporization of the water on release of
pressure, and resulting rapid expansion of steam ahead of the surface of the
solid. The experiments also determined the Hugoniot curves for moist playa.
These results show that the effect of water on the Hugoniot can be predicted
accurately enough for engineering applications by assuming that the solid and

the liquid are shocked along their respective Hugoniots and that pressure
equilibrium is obtained. The question of thermal equilibrium is thereby ignored,
and the model is clearly oversimplified. Nevertheless, it is found empirically

that satisfactory agreement is obtained.

A few shock experiments at very low pressures were performed to investi-
gate the region in which compaction to crystal density occurs. The results
should be regarded as tentative, but indicate a precursor wave of about 0.1
kbar amplitude traveling at a velocity of 0.5 km/sec. More thorough investi-

gation of this pressure range should be conducted before definite conclusions are

drawn.

The theoretical work during this period presents a general review of
approaches to the problem of predicting an equation of state. It also presents
a thorough treatment of the thermodynamics of the general Mie~Gruneisen
formulation and shows the differences in the forms used by different authors.
Finally, an elementary description is given of the assumptions upon which

asymptotic high pressure and temperature forms are based.

Because of the evidence for polymorphism in the solid constituents and
vaporization of moisture in the playa, and because these effects cannot now
be easily treated theoretically, a considerable effort was devoted to the effects
of a phase change on both the equation of state and on shock propagation.
Comparison of the predicted Hugoniots in the coexistence region for iron and
quartz with experimental measurements shows substantial discrepancies.
These may be due to incorrect interpretation of the data, or to nonequilibrium

effects. The results for bismuth agree reasonably with theory.

Shock propagation calculations were extended to include in a qualitative
way the major features of a phase transition, and typical pressure profiles

and decay curves are shown.



In general, the two-year program has established the Hugoniot equation
of state from 40 to 500 kbar including the effects of variable porosity and
moisture content. Some release isentropes were measured and preliminary
measurements in the very low pressure region obtained. A relatively simple
theoretical equation of state was developed that, inthe absence of phase changes,
appears adequate for playa and perhaps other earth materials. A major
remaining difficulty, however, is the prediction and proper treatment of phase
changes; progress was made in the application of thermodynamics to this
problem. Shock calculations for a simple energy source and spherical
geometry showed that peak pressures as a function of radial distance are not
highly dependent on uncertainties or variations in the equation of state and
some insight into reasons for this insensitivity wus gained. Of potential
importance to interpretation of field measurements are the pulse shapes
associated with phase changes because it is often tacitly assumed that the
peak pressure is closely associated with the first shock arrival.

Possible directions for extension ofthis work include:
1) More thorough investigation of the very low pressure range where
the material is not completely compacted.

2) Further investigation of phase changes, due to polymorphism and to
vaporization, theoretically and experimentally.

3) Model tests in which shock propagation and decay can be compared
with predictions based on the equaticn of state as established thus far.
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3-EXPERIMENTS
G. D. Anderson, J. T. Rosenberg, and A. L. Fahrenbruch

A. INTRODUCTION

The purpose of the experimental program to be discussed is to gather
shock wave data on Nevada Test Site playa which can be combined with existing
theory to yield an equation of state suitable for machine flow calculations. The
current experimental phase is a continuation of a program which was begun in
mid 1963. The explosive systems and streak camera techniques used in ob-
taining Hugoniot data were described in an earlier report1 which summarized
the work at the end of the first year. During the first year the effort was di-
rected toward gathering Hugoniot data on dry playa. It was found that it was
necessary to reconstitute samples by pressing sifted soil in order to obtain sat-
isfactory streak camera records. The native material contained inhomogenei-
ties in density which were large on the scale of the experiments. These inhomo-
geneities lead to irregular or 'ragged' shock fronts passing through the samples
which destroyed the necessary precision. Samples which were pressed from
soil which had been sifted proved to be quite satisfactory. X-ray analysis and
streak camera records both indicated a uniform density. The initial densities
of the dry material were 1.95 g/cm3 and 1.55 g/cms. The fully completed
crystal density was measured to be 2. 65 g/cm3. The densities of the pressed
samples studied were greater than the native dry density of the soil (1. 39 g/cm3)
as it was found to be necessary to press to higher densities in order to obtain
samples which were mechanically strong enough to be used in experiments.
The two densities were chosen so as to generate two Hugoniots for the purpose
of estimating the role of thermal pressure. No large difference between
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Hugoniots was observed. In the course of the present work the measurement
of the Hugoniot of dry material has been repeated with good agreement with
earlier data.

The work of the first year, which has just been briefly summarized, was
expanded in three directions during the second year. Each of the three new
phases brought new problems which required technique development. The
three phases were the measurement of the Hugoniot of moist playa and evalua-
tion of the effect of water, the study of release isentropes including free-surface
velocity, and the study of the low pressure behavior of dry playa in the 1 kbar
region where compaction may not be complete and nonhydrostatic behavior is
expected. The Hugoniot measurements of moist playa presented the fewest
experimental problems as the tests relied heavily upon techniques developed
during the first year's effort. The isentrope measurements and the low pres-
sure studies involved new types of experiments. As the work on these phases
progressed it became clear that extensive studies would require an effort much
larger than the present one. However, significant progress was made toward

the perfection of the new techniques and some preliminary data were obtained.

B. SAMPLE PREPARATION

During the current phase of this program an effort has been made to im-
prove the existing techniques of dry sample preparation and to develop a method
of constructing high quality samples of uniform moisture content and density.
For reasons already discussed, the playa as it is received from the field is

unsuitable for small scale shock wave tests.

The initial step in preparing a soil stock from which to construct test
samples is to shake the soil through a series of sieves. All that passes through
a No. 50 sieve (297 micron openings) is recovered. The material at this
stage contains 5 to 6 percent moisture by weight. A portion of this soil is dried
in an oven at 105°C to be used at a later time as a diluent to a high moisture
content stock in the preparation of specimens of various intermediate moisture

contents.

10



(1) Control of Moisture Content

To prepare homogeneous high moisture soil, a weighed amount of the
ambient soil is placed in a 400- to 600-ml beaker, leveled, and covered with
four or five layers of filter paper cut to fit snugly in the beaker. It is
important that the height to diameter ratio of the soil does not exceed one. The
filter papers are then covered with several layers of paper towel. Water is
added to the paper towel which absorbs the moisture and allows it to slowly
diffuse down through the filter paper into the soil. No more than 8 to 10 g of
water should be added at one time and not more than 1/8 of the total water
should be added in any 12 Lo 24 hour period. After addition of the water the
beaker is sealed and allowed to stand for at least one day. Before more
water is added, the soil is poured into a larger beaker and thoroughly stirred.
It is then replaced in the smaller beaker and covered with the filter paper and
towels prior to adding more water. This slow process of water addition is
repeated until the desired moisture content is achieved. Upon completion of
this process the moist soil is stored in stoppered flasks. Soil samples of
intermediate moisture content are made by mixing the moist material just
described with the oven dried soil in the appropriate proportions and storing

for one day in a stoppered flask.

(2) Sample Pressing

Since the low density samples are fragile and require some external sup-
port after removal from the pressing die, they are pressed in steel rings of
1/8-inch wall thickness. Prior to pressing, one face of the ring is covered
with 0.0007-inch Mylar which is aluminized on one side. The Mylar is bonded
to the ring to form a seal and then the assembly is weighed. The Mylar covered
ring is bolted in the pressing die so that the ring and die axes are parallel. A
predetermined quantity of soil is then poured into the die and spread uniformly
with a leveling tool. At the time of pressing, all soil contains some moisture
since it has been found that samples pressed from dry material crack upon
pressure release. Dry samples are pressed from soil initially containing a
small amount of moisture and then dried in an oven at 105°C for several hours
after pressing. The density is controlled by pressing a weighed amount of soil

into a given volume fixed by a series of stops on the pressing die. .

11 ;
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All samples are weighed immediately after pressing and those to be di.ed
are then placed in an oven. Moist samples are sealed in the rings by
0.0003-inch Mylar to prevent moisture loss, reweighed, and mounted on the
driver plate. Moist samples are not made until just prior to shooting in order

to minimize moisture loss which would occur during long periods of storage.

Samples of density less than 1.9 g/cm3 are pressed in steel rings which
serve a dual purpose. They provide lateral support for the samples which at
low densities are relatively fragile. Also they are a convenient support point
at which to glue the aluminized Mylar which covers the playa to hermetically
seal it and to record the arrival of the shock wave. The pressing process
assures that the playa will be in intimate contact with this aluminized Mylar
top. Similarly, care is taken that there will be good surface to surface contact
between the bottom of the sample and the lapped 2024 aluminum driver plate
by pressing the sample to a thickness several mils greater than that of the
support ring. In the case of dry samples, which may be kept free of moisture
during delays between pressing and mounting on the shot assembly by storage
either in an oven or a desiccator, the playa could be mounted in direct contact

with the aluminum driver surface.

Samples of density greater than 1.9 g/ cm3 require no lateral support and
are pressed free standing. In the shot assembly a plastic ring, again thinner
than the sample, is used as an anchor to which to attach the aluminized Mylar.
These samples are not stored between pressing and mounting, hence both dry
and moist specimens are attached directly to the driver plate surface with no

intermediate layer of Mylar.

12



C. HIGH PRESSURE SHOCK WAVE EXPERIMENTS

(1) Hugoniot Experiments

The Hugoniot data for all samples were obtained by the impedance match
method2 which is described quite completely in Section 3. B (2) of Reference 1.
This method permits determination of a point on the Hugoniot of an unknown
material from knowledge of the shock velocity alone, if the shock is introduced
into the unknown through a standard material whose Hugoniot and relief cross
curves are well known. 2024 Aluminum was used as a standard; its Hugoniot
and calculated isentropic relief curves were obtained by private communication
from Dr. R. G. McQueen at Los Alamos Scientific Laboratory.

The 2024 aluminum driver plate used as a standard on the Hugoniot experi-
ments is nominally 8 inches in diameter and 3/8 inches thick, the dimensions
varying somewhat from shot to shot. A plane shock wave is induced into the
driver either by detonation of an explosive train in contact or by impact of an
explosively driven flying plate as described in Section 3.B. (1) of Reference 1.
The measurements necessary to apply the impedance mismatch method -~ (free-
surface velocity of the aluminum driver plate and shock velocity in the playa
sample) -- are made in the manner described in Reference 1. Some detail re-
finements have been made in order to attain a higher degree of precision in
these measurements. For example, each experiment includes two independent
measurements of the free-surface velocity of the driver. The thickness of
shims used to protect gapped mirrors from air shock has been reduced from
0.006 to 0.004 inches with the result that pertubations upon the values of
velocities measured by these mirrors is negligibly small after corrections.

No samples or arrival mirrors are located at the center of the aluminum
driver in experiments involving flying plates since it has been noted that in
some cases the shock wave arriving at the front surface of the driver plate

has a small radially symmetric dimple, in both pressure and shape. The
precision of the playa pressing process has been increased during the course of

13



the project. The results of the Hugoniot measurements, in the form of graphs

and tables, are presented and discussed in a later section of this report.

(2) Release Isentrope Experiments

The problem of determining release isentropes for playa necessitated the
development of new techniques. The method chosen is again based on the im-
pedance mismatch principle. A shock of known strength in a standard aluminum
driver plate is used to introduce a shock into the playa sample in the same
manner as in the Hugoniot experiments. However in the adiabat shots a ma-
terial of lower shock impedance than soil is mounted in contact with the front
surface of the soil. As porous playa is of relatively low shock impedance, the
only suitable materials of lower shock impedance are liquids. The initial
shock propagates through the driver and playa as before until it reaches the
playa-liquid interface. There a rarefaction is reflected back into the soil, and
a shock is transmitted into the liquid. If the Hugoniot of the liquid is known,

a measurement of the shock velocity is sufficient to specify the state in the
liquid behind the shock. As the boundary conditions require continuity of
pressure and particle velocity at the playa-liquid interface, this state in the
liquid must be a pressure and particle velocity state on the release isentrope
of soil. The zero pressure point on the release isentrope is determined by
observing the free-surface velocity of the playa which is constrained to remain

at essentially zero pressure.

Experimentally it is much more difficult to obtain the measurements
necessary to determine adiabats than Hugoniots. All adiabat measurements
are made after the shock has passed through the playa specimen thereby
increasing the number of uncertainties which may enter the problem. In the
Hugoniot experiments an aluminum driver is used, whereas in the adiabat
shots one can think of the shock being introduced into the liquid by a playa

driver.

The final experimental design chosen for the release isentrope experi-
ments is shown in Fig. 3-1 and will be described below. Each assembly yields
a Hugoniot point and three points on the release isentrope from that Hugoniot

point. For shots in which the explosive is in contact with the driver plate, the
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driver thickness is 3/4 inch. For shots in which a flyer plate with a free run
is used to initiate the shock, the driver thickness is 1/8 inch. The reasons
for this difference in driver thickness and the explosive systems used in each
case will be discussed later in this section. The smear camera trace from
slit 1 gives two independent records of the free-surface velocity in the driver
at approximately the same radial distance from the center of the driver plate
ac the observations on the state in the playa and liquids are taken. For each
of these measurements the shock arrival at the free surface is recorded, and
the transit time of the free surface across a 1/8~inch air gap is measured. The
recording surface of the gapped1 mirror, the side toward the driver plate, is
protected from premature arrivals such as air shock by a 0.004~inch iron
shim. Since the Hugoniot of iron is known, it is possible through application
of the impedance mismatch method in an iterative manner, to correct the
observed transit time for the presence of the shim. In actual calculations the
correction is small, less than 2 percent, as the shim thickness is small com-

pared to the gap.

The points defining the release isentrope are taken from slits 2 and 3.
The playa sample of diameter 2-5/8 inches is covered with aluminized Mylar
to record shock arrival and planarity at the front surface of the specimen. On
the upper two quadrants of the cell are 1/8-inch gapped free-surface arrival
mirrors, protected by 0.004-inch iron shims as before, to measure the playa
free-surface velocity. The lower two quadrants of the cell are covered by
water and ethyl ether, both transparent liquids, to a depth of 1/8 inch. The
transparent covers of the liquid cells have a 1/4-inch-wide reflecting stripe,
protected by the customary 0. 004~-inch iron shim, to record the arrival of the
shock at the liquid free surface. On the middle slit two shock arrival mirrors
are mounted on the driver surface in order to be able to monitor the shock
velocity in the playa. This measurement is used as a consistency check only
since knowledge of the playa Hugoniot, determined in the earlier research
period, and measurement of the state in the aluminum driver are sufficient

information to specify the state in the playa by the impedance match method.
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The gapped mirrors above the aluminum driver surface are supported by
means of 1/8-inch hardened steel dowel pins whose diameters are held to
tolerances of 0.0001 inch. The dowel pin-shim-mirror assembly, which is
glued directly to the driver surface, is shown in Fig. 3-4 of reference 1.

The final uncertainty in gap thickness with such an assembly is less than

0.0002 inch and hence is negligible.

The playa specimens are supported by a steel ring of 1/8-inch height and
wall thickness. Lucite rings of the same diameter and wall thickness are
mounted concentrically on top of the playa support ring. The Lucite rings
are divided into quadrants by Lucite cross members. This assembly is hand
lapped, checked for parallelism of top and bottom, and held to maximum
deviations in thickness of 0.0005 inch. The entire assembly is covered on
top by a circular piece of slide glass with 1/4-inch-wide aluminized stripes
oriented as shown in Fig. 3-1 and mounted facing the playa specimen. Each
of the two liquid cells is checked for leaks between quadrants o1 to the outside
by filling with air at a pressure of at least 10 psi. Using air rather than liquids
to check for leaks prevents contamination of the cells and reduces the possibility
that either of the liquids used may attack any component of the cell assembly.

It is thought that water may cause the aluminized Mylar to relax or deteriorate
at a very slow rate, and similarly that ethyl ether may attack Lucite at an
cyually slow rate. It has been determined that neither of these processes
occurs during the time intervals involved in the course of firing these experi-

ments.

It has been observed that on some previous experiments the aluminized
Mylar covering the playa has pulled away from the playa surface. This is
thought to be caused by the fact that the experiments are constructed in
temperature controlled environment and fired at the test site where the ambient
temperature may typically be 20°F higher. Hence the gases filling the pores
of the sample and trapped there may expand and lift the Mylar from the surface
of the playa. To avoid such situations a system of applying an overpressure
of approximately one pound per square inch to the top surface of the aluminized
Mylar has been developed. This is accomplished by filling the two liquid
cells, opening passages to the upper two quadrants, and applying the over-
pressure by means of a balloon to the entire Lucite assembly which is still

17

— o R o GBS o g— i : =
. RS T it .. - R TS



hermetically sealed from the outside. It is apparent from visual observations
when the Mylar has been pressed into contact with the plava surface, and hence
it is possible to apply only the minimum overpressure required. This over-
pressure is in all cases taken to be so small as not to effect the initial densities

of either liquid.

A typical smear camera record from such an experiment is shown in
Fig. 3-2. Fig. 3-2(a) is a still photograph of the shot face with the image of
the streak camera slits exposed over it. The streak camera record is shown
in Fig. 3-2(). The record from slit 1 yields the transit time of the aluminum
driver free surface across a 1/8~inch gap. The record from slits 2 and 3
yield the release isentrope data. The measurement of shock velocity through
the playa from slit 2 is not as precise as the shock velocity measurements
from shots designed to deterinined playa Hugoniot points. This loss of preci-
sion occurs because the samples used for isentrope measurement are of large
diameter to permit all measurements for a single isentrope to be taken from
the same sample raised to a uniform Hugoniot state by the initial shock. Due
to the large diameter of the samples, shape and arrival time of the shock at
the driver playa interface on slit 2 are not well known. However, the accuracy
of the measurement is sufficient for a consistency check on the state in the

playa.

The measurement of playa free-surface velocity is complicated by the fact
that playa, being a porous r aterial, is subject to jetting as the shock arrives
at the free surface. The effect of such jetting is to cause the free-surface
arrival recording mirrors to yield jagged free-surface arrivals with a
corresponding high degree of uncertainty in interpretation. In order to smooth
the jagged arrivals a shim is mounted directly on the surface of the playa.

If the shock impedance of the shim material is greater than that of playa and

if the release isentrope of playa from a doubly shocked state is not significantly
different from that for the singly shocked playa, then it can be shown that the
shim will achieve the playa free-surface velocity, through a series of wave
reflections at the playa-shim and shim-air interfaces. If the time in which the
shim accelerates to the playa free-surface velocity through the wave reflections

is small, then its presence will have a negligible effect upon the value measured

18
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for the playa free-surface velocity. On slit 2 of Fig, 3-2(a), a 0.003-inch
aluminum shiia was used and on slit 3 no shim was used on the playa free
surface. Aluminum is a more suitable material for such a shim than iron or
steel since it is of lower impedance thereby introducing a smaller pertubation
on the state of the playa. Since the shock and rarefaction velocities of alumi-
num are higher than in iron, it will reach equilibrium in shorter time. Also,
fewer wave reflections are required to achieve equilibrium because of the
closer impedance match to playa. The free-surface record from slit 2 provides
direct experimental examination of the shim effect. The shim was purposely
cut wider than the free-surface arrival mirror number 5. The shim, labeled 7,
can be seen protruding from either side of mirror 5 on Fig. 3-2(a). Along the
free-surface quadrant there is a distinct line at approximately the same point
in time at which the free surface impacts its arrival mirror. This is due to
air trapped between the playa free surface and the glass cover of the Lucite
cell luminescing as shocks reflect back and forth raising its temperature.

The record shows quite clearly a time interval, tS , between the luminescence
due to the arrival of the accelerated shim and due to the unobstructed free
surface. The shim arrives later. When the total transit time of the shim on
the free surface is corrected by this factor there is very satisfactory agree-
ment between the two free-surface cells. This effect will be discussed further
when the data are presented. The designations A and B are used on mirrors
number 4 in Fig. 3-2(a) to point out that the aluminized Mylar on the playa is
being observed through an air gap and a liquid cell respectively.

(3) Explosive Assemblies for Hugoniot Release Isentrope Experiments

The explosive assemblies used to initiate the shock in the driver for the
Hugoniot experiments are discussed in section 3.B. (1) of reference 1. The
only change made during the experimental period is that the free run distance
of the 1/8-inch stainless steel flying plates is reduced from 1-1/2 inches to
1 inch. For the adiabat shots, however, the problem of attenuation of the
shock amplitude with distance as the wave progresses through the experiment
is more severe since measuren.ents are made over twice as long an interval
from the driver surface as in Hugoniot experiments. For shots in which the

explosive is in contact with the back surface of the driver plate one would like
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to use a configuration which gives a long, relatively flat, pressure pulse at the
front of the driver. It has been shown in this laboratory3 that a slowly decaying
pressure pulse can be obtained in an aluminum plate from an explosive train of
plane-wave lens, Comp B, and Baratol, if the ratio of the thickness of Baratol
to that of Comp B is 2 to 1 and the aluminum plate is at least 1/2 inch thick.
Such a system is used and produces a shock of approximately 180 kbar in alumi-
num with planarity of breakout at the front surface on the order of 0.01 usec
variation along a 3-inch slit length. Shock attenuation, which is inevitable due
to the inherent characteristics of an explosive detonation, is not monitored
directly, but by Gregson's report should not be a source of difficulty.

Wave initiation by flying plates seems desirable for two reasons. Higher
shock amplitudes are possible than for in-contact shots since the flyer plate
receives momentum gradually over its free run and then gives it up rapidly on
impact thereby delivering an impulse in a short time resulting in high pressures.
In addition to higher pressures, it is in principle possible to achieve flatter
topped pressure profiles via the impact mechanism of a flying plate. According
to hydrodynamic theory the wave should be perfectly flat until the trailing
rarefaction from the rear of the flying plate overtakes the original shock, as
discussed in reference 1. The difficulty in designing flying plate assemblies
is that not enough information is known to accurately compute the point at which
the overtaking will occur. On the basis of early results in the adiabat program
it is felt that such attenuation was taking place in the region in which measure-~
ments were being made. Hence a new system designed to minimize the
possibility of attenuation has been designed. This involves increasing the ratio
of flyer to driver plate thickness from 1/3 to 2 and changing the flyer material
to be identical with that of the driver. Earlier experiments to obtain Hugoniot
data made use of a steel flyer with an aluminum driver plate. Increasing the
flyer-to-driver-thickness ratio creates two problems. As the driver is made
thinner it becomes more difficult to machine to the necessary degree of flatness
and planarity, and as the flyer is made thicker it becomes more massive and
hence achieves lower velocities. The first problem is really one of economics
and has been met simply by increasing the care taken in the machining process
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and rejecting all unsatisfactory plates. The second problem is partially solved
by changing the flyer material to aluminum which is approximately 1/3 the
density of steel. However, since the shock impedarce of aluminum is less
than that of steel, aluminum must be accelerated to a greater velocity than
steel to produce the same target pressure upon impact. The maximum pres-
sure attained with the new system is 500 kbar in the driver whereas 700 kbar
is easily attained using 1/8-inch steel flyer plates, however, 500 kbar is
adequate for the purposes of the current release isentrope program. Previous
work has shown that shock attenuation occurs in aluminum flying plate experi-
ments earlier than is predicted on the basis of hydrodynamic calculations.

The premature attenuation is attributed to elastic relaxation due to elastic
relief waves propagating at velocities approximately 20 percent higher than
hydrodynamic values. Taking this 20 percent velocity increase into considera-
tion, time-distance analysis of the wave propagation in flyer and driver indi-
cates that the present systems should be free of attenuation within the driver-
playa-liquid assembly. The fact that the flyer and driver are of the same
material means that there is no impedance mismatch at this interface and
hence the driver may be made as thin as is desired without new disturbances
originating when reflected waves from the playa-driver interface reach driver-
flyer interface. The advantages of this are reflected in the above mentioned
calculation placing the attenuation region well beyond the time interval in which

adiabat measurements are made.

Two explosive trains are used with the new flyer plates. For intermediate
pressures the Composition B-Baratol system is used, and for high pressures
a plane-wave generator and an HMX pad are used. With the first system
driver pressures of 265 kbar are reached with maximum deviation from planar-
ity at the front of the driver being 0.03 usec over a 3 inch diameter. Because
of the flatness of the pulse produced by this particular explosive system at the
back of the flyer, spalling of the flyer, which could introduce premature
attenuation, is unlikely. The HMX system gives driver pressures of 500 kbar
and planarities of 0.01 usec over a 3 inch diameter at the front of the driver.

The observed high degree of planarity is very satisfactory.
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D. DATA AND RESULTS

(1) Hugoniot Experiments

Hugoniots for NTS playa in five different initial states have been experi-
mentally determined. Two porosities of dry playa, by = 1.55 g/cm3 and
PO = 1.95 g/cm3 , were selected for study during the first year of the pro-
gram in order to ascertain the cffcets of thermal pressure on the equation of
state. Some Hugoniot work for dry playa of these densities has been repeated
in this experimental period to serve as a consistency check. As playa in situ
is moist, two new densities of playa containing approximately 10 percent mois-
ture, po = 1.71 g/cm3 and p0 = 2,14 g/cm3 , were studied. These two
densities were obtained by requiring that the samples, in addition to containing
approximately 10 percent moisture by weight, have the same pore volume as
the corresponding dry samples. Thus if a moist sample of density 2.14 g/cm3

were to be dried, the resulting sample would have a density of 1. 95 g/cm3 :

Finally, playa of moisture content 19 percent and initial (wet) density 1. 55 g/cm3
was examined in order to observe the effect on the Hugoniot of having the pores
filled to a high degree with water. This represents the highest moisture content
it was possible to introduce in samples of wet density 1. 55 g/cms. It corre-
sponds to 56 percent of saturation. It should be remembered when comparing
Hugoniots of dry and moist samples of the same density that there is necessarily

a variation in pore volume between the two,

The results of the Hugoniot experiments are presented in Tables 3-I to
V and, as pressure-particle velocity plots, in Figs. 3-3 to 7. The tables
are divided into direct-contact and flyer-plate shots on the basis of the manner
in which the shock is introduced into the driver. It should be noted that for
some of the very low pressure shots it was necessary to replace the standard
aluminum driver plate with one of brass. As the Hugoniot of brass is steeper
than that of aluminum, application of the impedance match method will show
that the pressure achieved in some specimen material through use of a given
explosive material and a brass driver is lower than that achieved using the
same explosive material and the standard aluminum driver. Also some shots

were fired in vacuum in order to determine if air in the pores of the playa
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Table 3-1

HUGONTOT DATA FOR NTS PLAYA

P

Moisture Content (M.C.)

0

1.55 + 0,02 g/cm®

0 percent + 0.2

DRIVER DATA PLAYA DATA
SHOT 2024
5281 E Aluminum| Shock Free-Surface| Partacle |, .
. <xPluslve Driver |SPecimen Ve ety Vi Lox Iy ikl Uy, Pressure|Final Volume

SISGEL Pressure Rk (mm/tsec) (nm/sec) |(mm/itsec) (30t ) ((m‘fg)

(kbar)

Direct contact
Pe60 +

10, 584 2" Comp B 285 10 4,01 3ol 2,08 129 0,310
al5 3.92 -- 2,09 128 0. 300
10,997 2" Comp B 275 56 3.85 3.19 2,05 122 0,302
10, 605 -- 138 32 2.58 1.37 1.23 19 0.338
10,996 -- 137 57 2,49 1. 46 1.23 47.5 0.327

*
10, 606 -- 165 31 1.90 0.852 0.821 24,4 0,367

*
10, 608 -- loo 7 1.86 0.849 0.819 2l 0,359

1/8" stainless steel
flver plates
P-do +

10, 549 3" HMX 660 12 6.38 6.13 3.64 357 0.281
11,053 37 HMX 60?2 68 6.35 -- 3. 40 334 0. 301
11,131 3" 1MX 612 i 5.85 -- 3.52 318 0,257
Ho 5.84 -- 3.52 318 0,250
11,173 TR 550 T 5. 54 ¥ 3.28 282 0,203
11,174 2 Comp B 401 75 5. 38 -- 3,02 252 0.283
3 5. 34 -- 3.04 251 0,279
10,945 2" Comp B 478 36 5.25 1.79 2,99 244 0,277
10, 6oat 2 Gl B 176 8 5. 14 5.24 2,97 239 0,271
16 5.12 -- 2,98 238 0,270
10, 586 2" Comp B 445 89 5.02 4.90 2.85 220 0,282

*
Brass driver.

Vacuum shot.

EVCIRE

5 16" staiuless steel flyer plate.
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Table 3-11
HUGONTOT DATA FOR NTS PLAYA

Fo = 1.95 1 0.02 g/(‘m3
Moisture Content (M.C.) = 0 percent + 0,2
DRIVER DATA PLAYA DATA
. 2024
SHOT . . Aluminum | q Shock Free-Surface | Particle ! .
NO. thIUS|v“ Driver [“Pecimen Velocaty Veloncity Velocity PressureiFinal Volume
SiseT Pressure Nak (nm/isec)| (mm/msec) |(mm/usec) (BEie) (cms/g)
\kllar)
Direct contact
PP-ot +
10, 467 2" Comp B 288 ES 4.55 3.13 1.93 172 0.296
D1 4.68 -- 1.92 176 0.304
10, 168 -- 158 El 3.35 1.66 1.26 82 0.321
D2 3.34 -- 1.26 82 0.323
10, 548 -- 163.4*] D18 2.57 0.895 0,772 39 0.355
D12 2.52 -- 0.775 38 0.354
1/8" stainless steel
flyer plates
P-80 +
10, 585 3" JMX 610 03 6.27 4.76 3.22 394 0.250
10, 469 2" Comp B 503 E7 5.65 -- 2.84 314 0.255
10, 690t 2" Comp B 476 4 5. 48 e 2.74 295 0.256

* Brass driver.

Vacuum shot.
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Table 3-111

HUGONTOT DATA FOR NTS PLAYA

)

Moisture Content (M.C.) =

170 4 0,01 g/cn’®

9.6 percent ¢t 0,1

DRIVER DATA PLAYA DATA
. 2024
GHOT . Aluminum (. Shock Free-Surface | Partaicle . .
NO. Explosive Specimen | . . ; Pressure|Final Volume
Syst Driver N Velocity Velocity Velocity Mibaind 3
YS-SEIT Pressure 0 (mm/isec) (rm/msec) (mm/itsec) (em ' /g)
(kbar)
[hrect contact

P-60 +

10,58 4 2" Comp B 285 v 4 1,44 3.39 1.98 150 0,325
§25 4.43 .- 1,99 146 0,325
10,605 .- 138 34 2.99 1,56 1.17 59.5 0,358
10, 698 -- lon® 3 2.36 1.19 0.795 32 0, 390
10,606 -- l65* 1 2,36 0.950 0.797 32 0, 380
1/8" stainless steel
flyer plates

P-80 +
10, 549 3" HMX 660 2 6.58 6. 46 3,50 393 0,274
10, 586 2" Comp B 145 @b 5. 40 - 2,72 250 0.291
*

Bress driver,
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Table 3-1V

HUGONTOT DATA FOR NTS PLAYA

= 9
Po = 2.

14+ 0,01 g/em®

Moisture Content (M.C.) =

9.4 percent + 0.2

DRIVER DATA

PLAYA DATA

SHO ol
y N()T F Aluminum ] Shock Free-Surface| Particle .
NO. xplosive Driver Specimen Ve oot Velocit Velocit Pressure|Final Volume
System No. Y Ao Sl ] (kbar) 3
¥ Pressure (mm/itsec) (mm/tsec) |(mm/isec) (cm”/g)
(kbar)
Direct contact
P.6) +
10, 467 2" Comp B 288 G8 5.00 3.18 1.82 196 0.295
G3 4,72 .- 1.86 187 0.282
10, 168 -- 158 Gl10 3.86 1.67 1.18 97 0.325
G2 3.78 -- 1.18 95.5 0.321
10,518 -- 16 3* w7 3552 .- 0.727 55 0.370
w3 3.60 1. 36 0.724 55.9 0.372
1/8" stainless steel
flyer plates
P-g0 +
10, 585 37 1IMX 610 wl0 6.81 6.26 3.04 444 0. 260
10, 469 2" Comp B 503 G6 6.20 5.01 2.68 359 0.264
*

Brass driver,

27




Table 3-V

HUGONTOT DATA FOR NTS PLAYA

1.55 £ 0,01 g/cm?®

Po =
Moisture Content (M.C.) = 18.9 percent t 0.2
DRIVER DATA PLAYA DATA
. 2024
UL 5 Aluminum| . Shock Free-Surface | Particle R .
NO. Explosive Drav Specimen| - v 2 Ve lodi Pressure|[Final Volume
System river No elocity elocity elocaity (kbar) 3
Y Pressure i (mm/psec)| (mm/tsec) (mm/usec) {em )
(kbar)
Direct contact
P-60 +
10,997 2" Comp B 275 T9A 155 2,58 1.96 138 0. 366
10,860 .. 139 15 3. 22 1.95 1.17 58.5 0,410
10,906 -- 137 85 3.09 1.67 1.18 57 0,399
18" stainless steel
flyer plates
P-80 +
11,130 3" HMX 630 70A f.60 -- 3.52 | 360 0.301
83A-1 h. 51 .- 3.54 357 0,295
11,053 3" HMX 602 81A-1 6.08 5.86 3.44 | 324 0,280
10,861 2" Comp B 175 kY 5. 70 b. 50 . o | || To5F 0.315
10,945 2" Comp B 478 52 5.606 6,20 2,03 | 257 0.311
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FIG. 3-3 PRESSURE vs. PARTICLE VELOCITY IN NTS PLAYA

(po = 1.55 g/cm3, moisture content = 0 percent)

affects the Hugoniot. These shots are appropriately marked in the tables, On

the basis of the results it appears that any effects due to air in the pores is

smaller than experimental error.

The densities and moisture contents which specify the initial conditions of
the playa are recorded at the top of each of the tables. The quoted tolerances
in densities refer to the maximum deviations that were actually observed. The
value of the average density of any given sample is measured to within 1/4 per-

cent. The tolerances in moisture content are estimates based upon observations
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(pn - 1.95 g/cm3, moisture content 0 percent)
0 9 P

of tre rates at which dry and moist playa gain and lose moisture, and upon
known variations in the moisture content of the stocks from which nominally

similar samples were pressed.

Playa free-surface velocities have been measured in many of the Hugoniot
experiments. The purpose of these measurements is to give insight into the
qualitative behavior of the frec-surface velocity as a function of pressure.
Inclined mirrors rather than gapped mirrors are used since inclined mirrors
monitor free-surface velocity continuously, and are able to observe any struc-
ture which the shock might have such as a double wave induced by a phase

transition. Iron shims are used on the free surface whereas in the more
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sophisticated adiabat experiments aluminum shims were used as described in

a previous section. Free-surface velocities measured using aluminum shims
indicate that the free-surface velocities measured earlier using iron shims

were systematically low. The variation is on the order of 10 percent at 100 kbar,
and less than 2 percent above 300 kbar. This variation is probably due to shock
attenuation as the wave passes through the experiment and to the nonnegligible
time required for the shim to accelerate to the playa free-surface velocity. In
addition, the random error is greater for measurements made with inclined
mirrors than gapped mirrors since the inclined are more sensitive to shock tilt

and curvature. The resulting free-surface velocity measurements are useful for
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FIG. 3-6 PRESSURE vs. PARTICLE VELOCITY IN NTS PLAYA

(g - 214 g cm?3, moisture content 9.4 percent)

giving the general nature of free-surface velocity dependence on parameters
such as shock velocity or pressure, and for showing the relative changes in
free-surface velocity with the variation of the density and moisture content.

Figures 3-3 to 3-9 show the experimental results in the form of five pres-
sure, particle-velocity plots, and two pressure specific volume plots for playa
in the various initial states. Figure 3-3, p o 1.55 g/cm3 , moisture con-
tent = O percent, has error brackets on two typical points. These are
representative of the errors to be associated with points in the high and low
pressure ranges of cach of the Hugoniots. They are probable random error,

rather than maximum error, calculated from estimates of the uncertainty in
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sample density, shock path length, shock curvature, and shock transit time
as recorded by the smear camera. The error estimate is lower than in the
previous year partially because of technique refinements, but primarily because

of the availability of a new film reader having considerably better resolution

than that which was previously attainable.

The five Hugoniots are distinct in the pressure, particle-velocity plane
mostly because of the variation in initial densities. The data presented in -
the thermodynamic plane, pressure-specific volume, are less sensitive to the

initial density and the various Hugoniots are much closer. In fact, after initial -4

E >3
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FIG. 3-8 HUGONIOT AND RELEASE ISENTROPES FOR NTS PLAYA

(rg 1.55¢ cm3, moisture content - 0 percent)

porosity has been removed, the only significant difference between the various
samples is due to the moisture content and is relatively small. It is interesting
to note that in the P-V plane it is possible to generate the Hugoniot of moist
playa, Py = 1.55 g/cm3 , moisture content 19 percent, in the intermediate
pressure region quite closely from the Hugoniots of water and of dry playa of
the same density. This is done by making the simple assumption that the water
and playa making up a moist sample act independently and are at the same
pressure behind the shock. Differences in temperature are neglected. Since
both Hugoniots are known, one can add together the specific volumes of playa
and water at various pressures, in the relative proportions which each are
present in the sample, to obtain specific volumes of moist playa at those
pressures. In this way a Hugoniot may be generated which agrees quite closely
with the measured one. This model for moist playa is certainly a gross over-

simplification of the actual material, hence it is interesting that calculations
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FIG. 3-9 HUGONIOT AND RELEASE ISENTROPES FOR NTS PLAYA
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hased upon it are not greatly different from actual measurements. A similar
result was reported last year (1) based on Sandia data for dry and saturated

sandstone.

(2) Adiabat Experiments

The results of the adiabat measurements are presented in Table 3-VI and
Figs. 3-10 and 3-11. The table is again divided into two categories according
to whether the wave was initiated in the driver by a flying plate or by explosive
in contact. Release isentropes are measured for only two of the five initial
playa states which were examined during the Hugoniot experiments. It is felt
that the other initial states would not yield significantly different results and
hence did not warrant the additional effort. The two states examined are both
of density 1.55 g/cm3, one dry, the other of moisture content 19 percent. The
tolerances on the soil sample parameters are as quoted in the previous section

o

on Hugoniot experiments.
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Table 3-VI

RELEASE TSENTROPE DATA FOR NTS PLAYA

I

.55 1

0,01 g'cm

3

DRIVER DATA

ADITABAT DATA

o (PR
hggT Exp " Aluminum Initial Shock Free=Surface | Particle P el
' 'J (HSl Driver Material Densiyty | Veloacaty Velocaty Velocaty rﬁ?sqxp
SO P Pressure g (mm fisec) (mm tsee) (mm Hsec) L
(kba ) Gl )
Aluminum flyer*
;vlnte
P-80 +
11, 447 SRINTITAN 512 Plava 1,55 o 5,65 3,11 202
MO = 0%
Fthy! Ether| 0,708 6.54 -- 3,24 152
H.,0 0,997 6,00 -- 3,20 2R
11, 456 1" Comp B + 204 v, 1.35 .- 3, 37 1,99 lin
2" Baratol MLt a
H,0 0,007 5.01 - 1.93 an
H.,0 0,997 1.04 .- 1.88 a2
11, 458 47 HMX 617 Playa 1.55 .- 7.41 3.07 281
MLCo= 10,30
Ethyl Fther] 0,708 6,85 -- .42 171
H.O 0,007 h.86 = 3,36 230
11,450 1" Comp B+ 205 'laya s .- 165 1,93 130
2" Baratol Vo= 10,39
Fthyl Either| 0.708 4,91 -- 2,30 80
H,0 0,947 5.03 .- 1.95 98
Direct contact
P-80 +
11, 457 17 Comp B+ 181 Playa Iy 50 -- 2, 80 1.4 80,5
2" par-tol ML= 19,39
Fthy!l Ether]| 0,708 1,19 -- 1.80 53
H 0 0,497 1,36 .- 1.53 G
11, 446 1) Comp B+ 183 Playa 1.55 -- 2,36 1.52 AR
2" Raratol MLCo= 0%
kthyl Ether| 0,708 1.08 -- 1.74 50
H,0 0,007 1,30 S0 1.51 ho.0

* '
1/'  lucite buffer, 1/t

t playa pressures and particle vel

known playa Hugumiot.

’
“ Al flyer and 1/8
oeities are anferred from measurement of Al driver free-surface velocity and

Al driver.
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Each shot yields four points defining one release isentrope as described in
an earlier section. In the release isentrope experiments, the Hugoniot state
from which the release occurs is not directly measured. Since the Hugoniot
in the pressure, particle-velocity plane is quite well defined from all previous
data. in the present experiments it is inferred from a measurement of the state in
the aluminum driver. The three release states are determined by measurement
of the shock velocity through the liquid reflectors and the free-surface velocity
of the playa. Typical tolerances are shown in Fig. 3-10 for points on the high
and low release isentrope. These tolerances are calculated by a similar method
to that used in the Hugoniot program. Rectangular tolerance bars are not used
since in this case one wants to know the variation possible in a curve centered
on the Hugoniot rather than at the origin, and the projection of rectangular hars
in that direction does not cover the entire error region. The tolerances shown
for the free-surface velocities are the deviations from the average of the two

values measured on each shot.

It should be noted that the intermediate pressure release isentropes for
both moist and dry playa contain fewer points than the other isentropes. For
the dry playa both liquid cells were filled with water as the seal between them
was ruptured after the leak testing procedure. Hence there were three water
cells fired with the intermediate pressure driver system. All of these cells
recorded the same shock velocity within experimental error. This shock
velocity is anomalously low in the sense that the resulting release isentrope
points are not credible on physical grounds. On a pressure-particle velocity
plot the isentrope points fall at lower pressure and lower particle velocity than
the Hugoniot points from which they originate. This phenomenon could be
explained by postulating that there exists a double wave in water, and that the
veloceity which is being measured is that associated with the first wave. In
support of this explanation it should be noted that the Russians4 have reported
a phase transition in water with the velocity of the first wave being within
10 percent of the velocity we have observed. These three points are recorded

on the graph but are not taken into account in sketching the shapes of the
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release isentropes. As four points are not sufficient to determine the structure,

if any, of the isentropes, they are assumed to be smooth curves.

An interesting difference exists between the free-surface velocities for the
two moisture content playas. For dry playa the free-surface velocity is always
less thantwice the particle velocity behind the initial shock. For moist playa of
the same density the free-surface velocity is greater than twice the particle
velocity except for the lowest pressure in which case it is almost exactly twice
the particle velocity. Free-surface velocity data for the moist playa may in-
dicate either an expansion to a volume considerably greater than the initial
volume or, upon release, the water may be vaporized and thus produce a free-
surface velocity much greater than that of dry playa. Some of the early shots
using inclined mirrors to record free-surface velocities, indicated that the
mirror was sustaining two impulses such as could be delivered by the moist
playa if wuter vapor and then playa struck it successively. As the scope of
the project did not permit further examination of this hypothesis, it should
be borne in mind that the free-surface velocities recorded here refer to the first
material to arrive at the recording mirror. The velocity is characteristic of
moist playa and is reproducible to the accuracy shown by the tolerance bars

on the graph.

Since the impedance match technique, making use of thecontinuity of pressure,
and particle velocity across an interface between two media, is used to measure
both release adiabats and Hugoniots, the data are naturally obtained in the form
of pressure, particle-velocity states., The conversion of a Hugoniot pressure-
particle velocity state to a pressure-volume state is quite readily achieved
through the application of the Rankine-Hugoniot jump conditions. Pressure-
particle velocity adiabat points cannot be as readily converted to pressure-
volume points. This is because the transition from the initial Hugoniot state
to a state of lower pressure and higher particle velocity and volume is
achieved hy a continuous process through a rarefaction wave rather than an
essentially discontinuous jump as in a shock. Consequently, the jump condi--
tions relating the two states in the case of a shock must be replaced by an

integration between the two states which involves all intermediate states.
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Applying the equations for isentropic flow the volume at some state in a rarefac-

tion wave relieving the material from a shocked state is given by

u

) _ du
V=V, f (@P/du)_
&

where V] and u, are the volume and particle velocity state hehind the initial
shock. If the isentropic pressure, particle-velocity curves are known, the

derivative (dP/du )S can he calculated and the integral evaluated.

Smooth curves have been drawn through the experimental adiabats in the
P-u plane in order to map them into the P-V plane. If slightly different
curves were drawn through the data different P-V adiahats would result so
that the curves shown in Figs. 3-8 and 3-9 are somewhat arbitrary. However,
some quantitative conclusions can he drawn from the general shapes of the
curves. The adiabats coming from the higher pressure Hugoniot points indicate
the adiabat is quite steep in the P-u plane compared to the Hugoniot. This
behavior is also apparent in the P-V plane. Such a phenomenon has been
observed also in tuff. 2 This small increase in volume or particle velocity
with decreasing pressure upon release can be explained by assuming a poly-
morphic phase change occurring at the higher pressures. As approximately
50 percent of the playa is silica it is reasonable to suspect a transition to
stishovite. The adiabats releasing the material from the lower pressure states
behave in a more normal manner. The calculaied adiabat for the moist playa
(po = 1.55, moisture 18.9 percent by weight) releasing from the highest
pressure point indicates an extremely large specific volume,1.65 cm3/g, upon
release to zero pressurc. This value of the volume is again dependent upon
the assumed curve in the pressure, particle-velocity phase for the isentrope.
However, the high free-surface velocities observed for this moist material at

high pressures imply a zero pressure volume larger than the initial specific

41

- NSNS WIT e P LS 5
= — e e O et 0 T
) Ko Faudhilien

d

W e e



el e

volume. The effect of moisture in the soil appears significant in releasing
from the higher pressures. This behavior may be due to vaporization of the

water as the pressure is released.

Values of I', Griincisen's ratio, have been estimated from the slopes of
the Hugoniots and isentropes of dry playa at their point of intersection. The
value for the lower pressure isentrope is I’ = 1.3. At the higher pressure
point I' = - 16 . This anomalous value results from the possible phase

change.

E. LOW PRESSURE SHOCK WAVE EXPERIMENTS

The extremely low stress levels, less than 1 kbar, may well be the most
important stress region for study from the point of view of application. In the
case of a blast occurring in or near the earth the majority of the medium
affected by the ensuing wave motion will be subjected to stresses in this regime.
Snme preliminary dynamic data on the behavior of dry playa of initial density
1.55 g/cm3 were obtained. Since the techniques of inducing very low ampli-
tude waves into soil samples and recording the amplitudes and velocities were
unlike any techniques used in other phases of this program, the largest part of
the effort went into technique development. The low amplitude waves were
induced by a low velocity gas gun projectile and the stress-time recording

was done with a quartz pressure transducer.

(1) The Gas Gun

The gun consists of a smooth hore 2-1/2-inch-inside-diameter barrel which
is evacuated ahead of the projectile. The projectile is accelerated down the
barrel by gas introduced from a high pressure reservoir. Carefully spaced
electrical pins measure the projectile velocity near the target assembly as
shown in Fig. 3-12. The mass and length of the 2-1/2-inch-diameter pro-
jectile are variable and may be chosen to accommodate each experiment. At
the present time the maximum projectile velocity is approximately 0.7 mm/
usec. In the present study a low velocity of about 0.3 mm/usec or 100 ft/sec
is necessary. The main problems encountered using slow projectiles are

velocity control and tilt. The tilt, a measure of the deviation from parallel

42



§3-680S-v0

W3ILSAS WNNIOVA AHVITIXNY

ATGW3SSY 139dvLe ANV NN9 ZIl-€ "OId

@

©

=

X08 H3HOLYD

AXOd3 4-2J 030v071
SSYT19 NI Q3SVYIN3
ATEWISSY 139WvVL

Q04 INYN
WNNJWA 3NLIIrOMd

R TR NN

.Jl
e el SNid ONIHNSYIN
534025 S318vD ALI1D073A
TYNDIS 1L diNnNd WNNJYA
oL NITIN OL

3

4



of the target and projectile surfaces at impact, is measured by four arrival
pins in the target assembly. These pins are shorted, giving rise to electrical
pulses, by the projectile as it strikes the target. The pulses, which are
binary coded to assure later identification, are displayed in sequence on an
oscilloscope. The time interval between the first and last closure measures
the total tilt.

(2) The Quartz Pressure Transducer

The quartz gage consists of an x-cut quartz disk which has a conducting
layer evaporated on both flat surfaces. A circular groove, which is con-
centric with the disk and is called the guard ring, is machined into one face
and divides the disk electrically into two regions. Only the portion of the
quartz gage within the guard ring is used for recording. The outer portion
is to minimize edge effects and maintain a uniform electric field in the

recording area.

When a pressure pulse traverses the quartz, a voltage proportionalto the
difference in stresses at the two faces is generated. The gage is calibrated
to a pressure of 25 kbar and records for a time interval equal to the transit
time of a wave through the crystal. The sensitivity of the gage is about
0.8 volts/kbar. A more comprehensive treatment of the behavior of the quartz

6
gage is given by Graham et al.

(3) Shot Assembly and Data

Dry playa samples of initial density 1.55 g/ cm3 prepared in the manrer
described earlier were used in the low pressure studies. The samples were
2-1/2 inches in diameter and approximately 1/8 inch thick. The shot assembly
which is mounted over the end of the gun barrel is shown in Fig. 3-13. The
projectile strikes an aluminum driver plate inducing a pressure pulse into it.

The driver plate transmits the pulse to the sample. Upon reaching the soil -
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quartz interface the pressure pulse is reflected back into the soil and trans-
mitted to the quartz. During the time of passage of the initial pulse through
the quartz, the pressure at the quartz-soil interface is recorded by the
transducer.

An aluminum driver plate was used rather than impacting the projectile
directly into the sample. Since the gun barrel is evacuated this arrangement
is much simpler experimentally. Very low projectile velocities were used
so as not to exceed the Hugoniot elastic limit of the driver plate. If a double
wave systern emerges from the aluminum the interpretation of the gage
record becomes more confused in looking for a double wave system in the
soil, The aluminum driver is equipped with pins to measure projectile tilt
upon impact. A layer of aluminum foil is placed on top of the soil to provide
an electrical connection to ground for the gage. The gage is placed on the
soil sample and the entire assembly is potted in C-7 epoxy which has been
doped with glass beads 50 - 1504 in diameter. This potting is done to more
closely match the impedance of the surroundings to that of the soil and gage,
thereby minimizing edge effects. An appropriate resistor is added from the
guard ring to ground to equalize the electric field in the quartz between the

guard ring and center electrode.

Working at low projectile velocities introduces experimental problems
which are not serious at high velocities. The most serious of these problems
is tilt. Since the projectile velocity is much lower than the induced pressure
pulse velocity, large refraction effects in the wave front arise due to the
nonsimultaneity of impact. The low velocities also require extreme precision
in flatness of the colliding surfaces. An effort was made to maintain all
impacting surfaces flat and parallel within +0.0001 inches. It was found that
bowing of the target assembly due to the pressure difference when the gun
barrel is evacuated produces a nonplanarity much larger than the tolerance
specified above. To eliminate this effect an auxiliary vacuum system was
added to the back of the target. The other difficulty in working at low projectile
velocity is the reproducibility of the velocity itself. Frictional forces between
the barrel and projectile become quite important and lead to wide scatter in

velocity for the same initial accelerating gas pressure in the reservoir. A
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series of thirteen shots with no targets was fired to study this problem:. It was
found that using a massive projectile and argon rather than helium as an accel-
erating gas considerably increased the reproducibility.

The pressure-time profiles recorded hy the quartz gages for two shots
(11,467 and 11,468) are shown in Fig. 3-14. Time is increasing to the right.
Both records were subject to considerable tilt despite the precautions taken to
minimize it. These - shots were exploratory and were the only experiments
of this type perform: . Consequently, in the absence of any other data for direct
comparison, these .esults mustbe regarded as tentative. The oscilloscope rec-
ord for Shot 11,467 shows no definite double wave structure. * The abrupt change
in slope in the rise of this pulse corresponds to a pressure of about 0.09 kbar in
the quartz. The peakisat about 0. 45 kbar in the quartz. If an elastic precursor
in the soil is present, but obscured by the slow rise time due to tilt, it would
have an amplitude of 0.04 to 0. 09 kbar. The record from Shot 11,468, given by
the upper trace, clearly shows a rise, followed by a plateau and then a second S
rise. The signal on the lower trace is from the guard ring. The first and sec-
ond amplitudes from this record correspond to pressures of 0.12 and 0. 42 kbar
in quartz, respectively. Interpreting the record as indicating a double wave
structure in the soil, the first wave amplitude would be 0. 06 to 0.12 kbar.

Estimates of the wave velocities may be obtained from the time interval
between impact of the projectile on the driver and the arrival of the wave at
the soil-quartz interface as indicated on the gage record. The transit time of
the input wave through the aluminum driver must be subtracted out. This
transit time can be computed from the known Hugoniot of aluminum. The pres-
sure behind the second wave can then be estimated, ignoring the initial wave
which is small, from the wave velocity and the fact that the pressure, particle-
velocity state behind the second wave must lie on a relief cross curve of
aluminum. The pressures and particle velocities behind the main wave in the
soil calculated in this manner are presented in Table 3-VII. The pressures
obtained from the quartz gages for the main wave, which must be the pressure
behind the reflected shock in the soil at the quartz interface, are lower than
would be expected. As the impedance of x-cut quartz and aluminum are quite
close at these low pressures it would seem that the pressure in the quartz

*The amplitude of the first wave was taken as half of the initial pressure rise.
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would be at least double the initial pressure in the soil if the soil impedance
remained the same behind the shock. If the main wave crushed or compacted
the soil, one would expect the impedance to increase and the pressure to more
than double upon reflection from quartz. The results from the quartz gage
indicate a pressure less than twice the estimated initial pressure, implying
that the reflected shock Hugoniot of the soil is of smaller slope than the initial
Hugoniot in the pressure, particle-velocity plane. These results do not con-
form to any other data and since they are preliminary they must be vegarded
as quite tentative pending further investigation.

Table 3-VII

1.OW PRESSURE DATA FOR DRY NTS PLAYA

3 - APPROX IMATE APPROX IMATE
ior | SAMPLE | PROJECTILE | PROJECTILE “’""% VE"OC‘I”"‘ PRESSURE IN SOIL PARTICLE
‘Lo DENSITY | VELOCITY TILT Lufizslelc (kbar) VELOCITY BEHIND

Tl 3y | et sec) sec) SECOND WAVE
R First Second First Second (mm/isec)
11, 467 1.54 163 2.6 0.57 * 0.04]0.54 ¢t 0.04]10,.04-0,091] 0,39 0,047
11, 468 1.55 143 3.1 0.42 ¢+ 0,0410.39 ¢+ 0,04]0,06-0.121] 0,25 0.041
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A. INTRODUCTION

When attempting to obtain equations of state for porous earth media one
faces several problems in addition to those encountered with simple solids, !

namely: a

a. Already in its initial state, the mediuim is generally a three-
component system consisting of a solid phase, a gas phase
(air) and a liquic phase (water).

b. The solid phase itself is an essentially isotropic mixture of
many different compounds and/or mineralogic species.

c. The individual constituents of the solid phase are often com-
plex compounds rather than simple monatomic crystallites.

It is customary to treat the three phases as noninteracting systems so that all
thermodynamic extensive variables are obtained additively from those of each
phase and also to assume that pressure equilibrium is attained behind the
shock front and maintained during pressure release. A unique specification of
the thermodynamic state of the system requires of course further assumptions,
either that of complete thermodynamic equilibrium or specific assumptions on
the behavior of each phase under the shock transition and during pressure

release.

Similarly, the solid phase is often treated as a mixture of independent i
phases and its thermodynamic state functions are then calculated additively ]
from those of the simpler individual constituents, usually under the assumption |

of complete thermodynamic equilibrium.

Note: See List of Symbols at end of section, page 69.
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A meaningful evaluation of the validity of such assumptions would require
a better understanding of the structure of a shock front in dense mixtures and
little can be added presently to the elementary discussion given in the previous

report. -

Hugoniots for wet playas obtained as described there from the Hugoniots of
solid quartz and water are in reasonable agreement with the experimental wet
playa data. Also an estimate of the effect of a decreased Hugoniot temperature
in wet playa (as compared to dry playa) can be gained by taking successively for
the solid phase Hugoniot the experimental data of solid quartz and of dry porous
playa.

Calculated Hugoniots of solid mixtures are relatively insensitive to the
averaging procedure used7 to obtain them from the individual constituent
Hugoniots and in the absence of a better understanding of the physical mechan-
isms underlying the propagation of shock waves in solid mixtures, there are
little real grounds for selecting any one of the several averaging schemes
proposed (per weight fraction, per molar fraction, ----) in preference to the
others, the difference between the resulting Hugoniots being of the order of
the experimental uncertainty. The lack of sufficient adiabatic release data

preciudes at the present any analysis of the same problem there.

A further complicating factor in analyzing playa data is the existence of
polymorphic phase transitions for SiOz. in particular that to stishovite. In
view of the particularly large volume change and the change in coordination
number associated with this transition, the absence of conclusive experimental
evidence for or against its occurrence in dynamic compression of playa makes
any comparison of the experimental data with postulated equations of state

rather academic for the time being.

Nevertheless, one may conclude from a comparison of the experimental
data on playas and quartz and from the limited parameter variations performed
with the equation of state used here, that porous silica is a satisfactory
tentative model for the description of the thermouynamic behavior of the

Nevada playas considered in this program,
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The effects of small variations in the chemical and mineralogical composi-
tion appear of little significance in view of the other uncertainties affecting
both the experimental and theoretical situations, although such variations
could conceivably be of more importance in the (little studied) low pressure
region (< 20 kbars) and in the dynamics of eventual phase transitions.

For these reasons, the theoretical work has been based on SiO2 data

only, considered as a single thermodynamic system (see reference 1).

B. DERIVATION OF EQUATIONS OF STATE (EOS)

Presently, a direct first principles derivation of a complete EOS for
sufficiently realistic models for most physical systems is an almost impossible
task and if one requires an EOS to be valid over a relatively wide range of the
thermodynamic variables it is still necessary to resort to semiempirical for-
mulations. Most equations of state proposed so far can be grouped into four

types.

a. Purely empirical EOS: t