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INTRODUCTION

The impetus for study of close-in phenomena of buried explosions stems from a desire to
understand how the explosive disturbtance generates sclsmic waves at distances far from underground
explosions, It is certain that the elastic wuves produced are characterized by features of the initial
explosion and by properties of the propagating medium as well. Delineation of the characteristics of
the close-in disturbance provides insight into the manner of seismic wave generation by explosions, a

central aim of the Vela-Uniform Program,

The close-in region about a buried explosion may be described as that in which wave propagation
is nonelastic. This close-in region may be subdivided into at least two distinct subregions which are
characterized by the manner of the medium's response to the explosive disturbance. In the region
immediately adjacent to the explosion where disturbance of the medium i8 intense, wave propagation
is by means of shock waves; t.his region is termeod hydrodynamic or fluid, At distances farther
removed {rom the explosion center, the shock wave disturbance decays to such an extent that the
medjum no longer responds as a fluid but not to the extent where the medium's behavior is yet elastic.
This nonfluid-nonelastic region {8 characterized by many possible complex phenomena whose details
are largely unknown. Processes such as yielding, plastic flow, crushing and cracking, phase changes,
anomalour compresaibility, and viscosity are likely to be encountered in this region. In spite of the
vast number of exigting experimental and theoretical publications on these precesses, it is important
to realize that little is actually known about these phenomena particularly as they may apply to under-
ground explosions, However, numeroua and valuable data from measurements in the nonfluid-
nonelastic region about buried explosions awalt detalled theoretical description, and from these, it is

hoped, we can glean information,

Significant progress has been made during the past two or three years in theoretical calculations
of the wave disturbance from buried explosions in the closo-in region. Mosat striking ie the succeas
of these calculations for the disturbance in the hydrodynamic region, It seems certain that the goneral
features of shock wave propagation in the hydrodynamic region are correctly descrihbed by the theory.
However, quantitative agreement botween theoretical predictions and data recently obtained from
moasurements in the fluid reglon is not in every case obtained, indicating that refinements in theory
are required,




Understandably, much less progress has been made in detailed calculations of the wave disturb-
ance in the nonfluid-nonelastic region. This lack of success is principally a result of our ignorauce of
the medium's properties in this region. For this region a model of the medium is required which
describes its properties and dynamic behavior under the conditions crecated by buried explosions.
Criteria for dynamic yielding must be established, the influence of phase changes evaluated, the signi-
ficance of viscosity and strain rate effects determined, and other possibly significant phenomena

investigated before an adequate model can be obtained,

Once a realistic model is obtained, then the explosive disturbance may be theoretically described
throughout both the fluid and nonfluid-nonelastic regions to the point where the disturbance is elastic.
At that region in space about the explosion where the disturbance is described and where the medium
responds elastically, the explosion source characteristics for seismology may be considered obtained.
At present, the greatest barrier to a fuller understanding of seismic wave generation from buried
explosions is the lack of knowledge of the medium’'s properties in the nonfluid-nonelastic region.
Much of the information required for construction of an adequate model can be obtained from laboratory
experiments. The remainder must come from direct measurement during full-scale explosion experi-

ments.

The research described in this report is an attempt to obtain some information about close-in
phenomena which will be helpful to the realization of cbjectives in the Vela-Uniform Program. Specific
aims of this research have heon the development of instruments capable of making measurements in
the nonelaatic region about buried explosions, investigation of medium properties of geologic solids
relevant to studies of the close-in region, and development of a theory for deacription of spherical

wave propagation from buried explosions,

Ihstruments developed are a peak ahock proasure gage for measurement of 100- to 1000-kilobar
shock pressures in solids and long-period, large-amplitude displacement gages for measurements in
the nonfluid-nonelastic region. All instruments developed have beon tested in field experiments with
nuclear explosions under conditions for which they were designed. These tests have been successful
and the inatrumonts developed are currently being used to collect data from experiments with buried
nuclear explosiona,

Medium properties investigated have bean Hugoniots and the Hugoniot elastic limits of geologic

materials, Hugoniots of volcanic tulf and two types of porous sofl have been meoasured Also the
influence of porosity and water content on the Hugoniots of porous media has been oxamined. Hugoniot
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elastic limits have been investigated by means of a new technique employing quartz piezoelectric
crystals to measure directly the stress-time profiles of finite amplitude waves in rock specimens, By
this technique some qualitative information has been obtained from measurements of stress wave pro-

files in granite, basalt, and halite,

A phenomenological description of spherical wave propagation from buried explosions has been
developed and compared with experimental data, The express purpose of this effort has been to obtain
a simple analytical description without resort to the formidable difficulties of a more rigorous mathe-
matical approach and without detailed consideration of the numerous possible complex phenomena
which occur in the close-in region. Objsctives were to obtain, in terms of a few parameters which
characterize gross properties of media, expressions for the decay of wave pressure with distance
which could then be compared with numerons available data, Calculations have been compared with
data from both nuclear and chemical explosions in granite, halite, volcanic tuff and desert alluvium
over the complete range of pressures found in all regions from the hydrodynamic to the elastic. The

results of calculation are preseutly as accurate as those of other methods.
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Section 1
HYDRODYNAMIC SHOCK PRESSURE GAGE

A. J, Chabai, R, C. Bass, and H. L. Hawk

Background

The purpose of developing an instrument that can measure pressures of amplitude from 0.1 to
1 megabar (100 thousand to 1 million atmospheres) is to obtain data on the shock wave decay with
distance in the hydrodynamic region about buried explosions and to provide information for the “eviﬂuali
tion of theoretical calculations. Conventional pressure gages can not operate at the extreme pressure
levels associated with shock waves in solids, nor are their principles of operation generally applicable
for extension to the high pressures in question. Indeced, the material of which the gage is constructed
may be a significant perturbation on the shock wave whose pressure is to be measured. At shock
pressures of 0.1'to 1 megabar all materials suffer a large compression and so any transducer will
have its physical form drastically altered; in short, it will be destroyed by shock waves. The extreme
pressures ahd high accelerations associated with shock waves present a difficult environment for any
transducer, Clearly any transducer in this environment must complete its measurement before it and

its component circuitry and cabling are destroyed.

Of the five hydrodynamic quantitics - pressure, density, temperature, particle velocity and shock
wave velocity - which characterize any shock wave, the one most sﬁsceptible to direct measurement is
shock wave velocity, Particle velocity comes next in ease of measurement,* Pressure and temp2rature
behind shock waves in solids have never been directly measured. While direct measurements of
density behind shock waves in solids have been made by flash-X-ray techniques in laboratory experi-

ments the method is not considered feasible for use in a field gage.

The boundary conditions at a shock front specifying conservation of mass and momentum contain
the four unknown hydrodynamic quantities - pressure, density, particle velocity, and shock velocity.
If any two of these can be measured, theh the remaining two quantities are determined by the conserva-
tion cquations. In laboratory experimcnts1 on shock waves in solids, shock velocity and particle

velocity are measurced; shock pressure and density are then inferred from the conservation equations,

“['rom measurements of free surface velocity particle velocity is inferred (see Reference 1).

11




This laboratory technique has becn adopted by Lombard? in development of a peak shock pressure gage

for field use., Another laboratory tec}mique1 used to determine hydrodynamic quéntifies behind shock

waves is the impedance-mismatch method. In this method use is made of some fﬁ'ateri‘ai whose

e

'

Hugoniot is known, and measurement of only one quantity, shock velocity, is‘v’reqﬁi‘z“‘e’d‘ 'in order to infer
pressure, density, and particle velocity. Since shock velocity is more easil‘y’ ‘mv“easurté'd» than pafticle
. 2

velocity the principles of the impedance-mismatch technique have been chosen ifor the development of

the peak shock pressure transducer described in this report.

Other methods for measurement of peak shock pressures, employing new and different princiﬁi?Si
are currently being investigated, For example, Lombard3 has made use of electric current released
by Lucite under the influence of shock pressure. It is found that over a certainy range of shock pressures

the peak current released by Lucite is directly proportional to peak shock pressure.

Research is also t?eing conducted to develop shock pressure gages capable of measuring pressure
as a function of time behind the incident shock fronts. Significant progress along these lines has been
made, Keough and Bernstein4 have employed a technique where the changes. in resistance of a wire
over which a shock wave is passing are related to the pressure changes behind the wave. Manganin
wire appears to be the most promising sensor. The percentage increase in wire resistance is a linear
function of shock front pressure over the range investigated (10 to 150 kilobars). Measurement of |
pressure-time history behind a shock wave can be made for times of the order of tens of microseconds

before the gage is destroyed,

Another gage being developed 5,6 for measurement of shock wave pressure-time profiles consists
of a disk-shaped cell filled with distilled water into which two silver electrodes are inserted. Applying
a potential to the electrodes and passing a shock wave through the cell results in an output signal which
varies directly with incident shock pressure and directly with the initially applied potential., No signal
is observed with zero applicd potential, Pressure-time waveforms are observed for periods of 10 to

20 uscc and have shapes similar to thosc obtained with the manganin resistance wire gage.

While not all of the pressure gages currently under development have been extensively tested in
ficld experiments, their eventual use will provide much information about wave propagation in the non-

elastic region about buricd explosions,

Asg a result of rescarch activity in shock pressure transducers, roughly 25 measurements of peak

shock pressurc have been successfully performed during the past two years in the hydrodynamic region




about buried explosions. The measurements wei'e made using the impedance-mismatch gages and the
Lombard2 gage. Shock pressures recorde<:l7'8'9 have been from 20 to more than 600 kilobars in granite,
volcanic tuff, and desert alluvium., These pressure measurements have yielded valuable information
and, together with independent measurements of shock wave position as a function of time, provide the

basis for confidence in the theoretical description of shock wave propagation in the hydrodynamic region

about buried explosions.

Impedance- Mismatch Shock Pressure Gage

Conservation of momentum and mass at the front of a shock wave are specified by the equationsl
P=pVu (1.1)
0

and

pOV = p(V-u), 1.2)

where P, p, and u are respectively pressure, density and particle velocity behind the shock wave,
V is shock velocity, and Po is the density of the medium into which the wave progresses. In Equations
1.1 and 1.2 it is assumed that the medium is at rest, u, = 0, and that ambient medium pressure, Po,

is essentially zero. The increase in internal energy, E-Eo, is given by

1 1
- = 1pf—. = . .
EEo 5 <po p> (1.3)

The Hugoniot of a material is a relationship between P and p and represents the locus of the
thermodynamic states which can be attained in the material by means of shock waves. Every material
has a unique Hugoniot, From laboratory experimentslo it has been found that for most solids shock

velocity is a linear function of particle velocity over a wide range of shock pressures,
V=C+8 ., (1.4)

Eliminating velocities in Equations 1,1, 1.2 and 1.4, the Hugoniot is obtained in terms of the

material constants po, C and S:

2
ooc P(P-po)

P =
[pOS-p(S-u]2

. (1.5)
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By eliminating shock velocity from Equations 1.1 and 1.4 another form for the Hugoniot can be

expressed in terms of pressure, particle velocity, and the material constants:

P = DO(C+Su)u . (1.6)

The principle of operation of the impedance-mismatch gage is an extension of well lmown1

laboratory techniques and is illustrated by the following example, Consider a plane shock wave
progressing through a medium whose Hugoniot is unknown, and assume that this incident wave

encounters two or more different materials of known Hugoniot in its path (see Figure 1. 1).

p1 —_— v Material
2
Medium
Py Material
P ~0
Material
u po 3
1
u =90
(1)

Figure 1.1 Shock Wave Incident on Dissimilar Materials

At the interfaces of the materials with known Hugoniots, shock waves are transmitted into these
materials and waves are reflected back into the medium. By measuring the shock wave transit times
through materials 2 and 3, shock pressure in each material is determined since their Hugoniots are
known, This informnation together with a measurement of the incident shock velocity allows the

incident shock pressure to be inferred.

The known Hugoniots (Equation 1.6) of materials 2 and 3 of Figure 1.1 are illustrated in Figure 1,2
together with the medium Hugoniot, 1, considered unknown. From the shock-wave transit-time
measurements in materials 1, 2, and 3 we obtain shock velocities, and with the known values of

material densities, shock impedance, pOV. is determined for each material,

By Equation 1.1 it is seen that shock impedance is represented by a line of slope pOV passing
through the origin of coordinates in Figure 1.2, Since the momentum equation must be satisfied and
since the pressure of the shock wave must be given by one of the points on the Hugoniot curve, the inter-~
section of the line of slope poV with the medium Hugoniot curve determines the pressure and particle

velocity of the shock wave whose impedance is pOV. This point of intersection is given by the solution




of Equations i.l and 1.6 once pov has been measured. It is because the Hugoniots of materials 2 and 3

are known that pressures P2 and P3 and corresponding particle velocities u, and u, may be obtained

from shock transit time measurements in these materials,

(1r) 2)

2-

)

-
Uy

Figure 1.2 Illustration of Peak Shock Pressure Determinaticn From
Pressure-Particle Velocity Diagram
Now the transmitted p1 2ssures and particle velocities established in materials 2 and 3 are

determined by the strength of the incident shock wave in the medium material, 1. Since the shock
impedances of materials 2 and 3 differ from the medium impedance, the transmitted shock pressures
will be different from those of the incident shock and waves will be reflected back into the medium
material at the interfaces. Applying the conservation equations to the system of waves resulting after
the incicent shock passes an interface, it is found that pressure and particle velocities of a reflected

LIL1Z e curve, fllustrated by ir for the

wave must lie on a curve called the "reflection Hugoniot."
medium material in Figure 1.2, represents the reflected wave traveling in a direction opposite from
the incident wave and determines the locus of states, (P, u), which may be attained by reflected waves

starting from the shocked state, (Pl, “1)' From the boundary conditions that pressure and particle

i A

B




e e W

i < ot

N, A o T

16

velocity must be continuous across an interface, ﬁ}iS, seen that the intersection of curves 1r and 2 of
figure 1.2 determines the values of pressure and particle velocity for both the transmitted and reflected
waves at the interface between materials 1 and 2. In this case it is seen that the reflected wave is a
shock wave (P2 > Pl) since the shock impedance of material 2 is greater than that of the medium
maferial. Similarly, considering materials 1 and 3, it is seen from Figure 1.2 that from this interface

a rarefaction wave (P3 < Pl) is reflected since (pQV)3 < (poV)l .

It is foundl experimentally that within a few percent the reflection Hugoniot, Ir, is the mirror
image of the Hugoniot curve, 1, about the line u = u,. Consequently the reflection Hugoniot may be

expressed as
= 2 -
P-= Py [S(2ul—u) + C(2u1 u)] . (1.7)

The points (PZ' uz) and (P3. ua), established by shock transit time measurements in materials 2
and 3, are alsc points on the unknown Hugoniot of the medium (noted by open circles in Figure 1.2),
The impedance-mismatch gage can make use of this fact in obtaining information on the Hugoniot of the

medium material, .

If materials 2 and 3 are chosen to have a higher and lower shock impedance than the medium as
shown in Figure 1.2, then the incident shock pressure may be estimatied by interpolation as that
pressure, le, determined by the intersection of the line of slope (pOV)l and a line joining the points
(Pz, “2) and (P3. ua) on the Hugoniot of materials 2 and 3, If the two materials of known Hugoniot both
have higher or lower shock impedances than the medium, then an extrapolation procedure may be
, will, as seen in Figure 1,2, always be

employed to establich P . The interpolated preassure, P

im

greater than the incident shock pressure, Pl; however, it is found empirically from examination of the

lm

interpolation procedure for various combinations of materials 1, 2, and 3 and for various incident

pressures, Pl. that the difference between P, and P'1 resulting from interpolation will, in almost

im
every case, be much less than the maximum combined percentage error (25 percent) expected from
other sources in the measurement process, A 10 percent error appears to be a more realistic error

incurred in P1 by @ straight line interpolation procedure,

Once le and also Uy Ore obtained Equation 1.7 and the points (Pz. “2) and (Pa. us) may be
utilized to estimate the unknown Hugoniot of the medium, Since medium density » ol is known and Yim ;

has been obtained, the two unknown conatents, Sl and Cl' which determine the medium Hugoniot
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(Equation 1.5), may be evaluated. This procedure gives at least an estimate of the Hugoniot in the
vicinity of the pressure, Pl' From similar measurements of shock pressure at different levels of
the incident pressure, Pl (at different distances from an explosion), additional Hugoniot points and
are obtained, which, when all taken together, provide an

values of C1 and S, near the pressure P

1 1
estimate of the in situ medium Hugoniot curve (curve 1 of Figure 1.2) over the range of measured

pressures.

It must be emphasized that the impedance-mismatch method of measuring shoc;k‘pressures is
strictly applicable only to strong éhock waves, At lower wave pressures where, for example, phase
changes may be induced in the medium material, the Hugoniot (curve 1 in Figure 1.2) will have a cusp
or peint of inflection, and the reflection Hugoniot (curve 1r) will likely not be the mirror image of the
Hugoniot, particularly that portion of the reflection Hugoniot which joins the initial shock point (Pl' ul)
with a lower impedance point such as (P3, u3) in Figure 1,2, Fortunately, it appears from presently
available data that even marked phase changes induced by shock waves in geologic materials do not
produce marked cusps or deviations from a smooth (P-u) Hugoniot curve (Equation 1.6) whose C and S
values are evaluated by strong shock measurements. In addition, that portion of the reflection
Hugoniot joining points such as (Pl, ul) and (P3, u3) in Figure 1.2 is actually an adiabat which is
absolutely unknown for geologic materials and which, more than likely, has no inflection points as does
a Hugoniot with phase changes, The observation that a Hugoniot curve in the P-u plane is not grossly
altered from a continuous curve as given by Equation 1.6 by phenomena such as phase changes, and the
qualitative belief that the adiabatic portion of the reflection Hugoniot will be a continuous curve and
nearly equal to the mirror image of the Hugoniot, tend to be compensationa for errors incurred in
le when an impedance-mismatch gage is used at pressure levels where phase changes may occur,
Until more precise methods are avallable for measuring shock pressures, it is felt that the impedance-

mismatch technique will provide reascnable values of incident shock pressure even at pressures where

phenomena such as phase changes cause cusps or departures from a smooth Hugoniot curve,

‘To test the impedance~-mismatch method of determining incident shock pressures, laboratory
experiments were conducted in which 2024 aluminum (whose Hugoniot ia knownl) was used to represent
the medium. Braas and Plexiglas were used as the mismatch materials 2 and 3 of known 10,13
Hugoniot. Plane shock waves were generated in the aluminum uaing TNT and Composition-B explosives.
The 310-kilobar shock from TNT and the 350-kilobar shock from Composition-B expected in aluminum

were measured by the impedance-mismatch method with errors of about 5 percent,

17
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As envisaged for field use in drill holes radial to an explosion center the impedance-mismatch
gage will hove a large circular disk (Figure 1.3) cut from rock cores taken at or near positions in the

medium where pressure measurements are desired,

Ve

-~

" e N\ —— MEDIUM MATERIAL

e0* /
PLANE OF iNCIDENT 7
SHOCK WAVE

(1,2,3,4,8,8)

> SHOCK WAVE
/ DETECTORS

MISMATCH MATERIALS

Figure 1.3 Schematic of Impedance-Mismatch Gage Assembly

A typical arrangement of the basic elements for an impedance-miamatch gage is shown in Figure
1.3. On the flat surface of the large circular disk of medium material (8 inches in diameter and 1 to 2
inches in thickness) are mounted three smaller disks (dimensions 1-1/2 inch diameter and 1 cm thick).
The two disks of mismatch material and the small disk of medium material have their centers on a
circle of 1-1/2 inch radius and are spaced 130 degrees apart. Diameter-to-thicknuss ratio of the amall
disks must be about 2 or more in order to avoid the influence of edge effoctuw on detectors as the shock
wave progresses through the disks, Shock wave detectors are placed at the center of the back face of
each of the small disks (numbered 1, 2 and 3 in Figure 1.3). In addition, three shock deotectors

(numbered 4, § and 6) are placed on the back surface of the large disk. These latter three, mounted on

e e o o 8

i




a circle of 3/4-inch radius, are spaced 120 degrees apart and located symmetrically to the small disks

as shown in the figure.

Detectors 2 and 3 each in combination with any one or all of the d¢‘ectors 4, 5 and 6 serve to
determine shock transit times in the mismatch materials, Detector 1 with 4, 5 or 6 establishes transit
time in the medium material. Thus, for example, in the case of a normally incident plane shock wave,
the impedance slopes, (pOV)l. (pOV)z, and (poV)3’ required in Figure 1.2 for determination of medium
shock pressure, may be obtained from transit time measurement of detector combinations 1 and 4,

2 and 5, and 3 and 6, respectively.

When the incident wave is not normal, correction for tilt (angle between the longitudinal axis of
the large medium disk and a normal to the plane of the incident shock wave) must be made. It is for the
purpose of measuring shock tilt that three detectors, 4, 5, and 6, are used on the large medium disk.
Detectors 4, 5, 6, and 1 form a set of four noncoplanar points which in principle are sufficient to

determine both degree of shock tilt and shock velocity in the medium material.

Consider, for example, a plane wave incident on the shock gage and tilted with respect to the
longitudinal axis of the gage of Figure 1.3. Suppose that detector number 4 first senses the shock wave.
Construct a cartesian system of coordinates with the center of detector 4 as origin and with one of the

coordinate axes parallel to the longitudinal gage axis. Then from the four equations

Vat, ¢ Ax“coaul + Ay, ,co8a, + A'I.ucoaa

14 3

vat, , = Ax5

54 cosay + Ay\,,“cosw2 + Azs cosa

4 4 3

\ 7Y Axﬁ sa

64 cosa, + Ayﬁécosa toz

2 64(:0 3 (1.8)

4

1= ¢:on2¢:l + cc:uaa2 + coszu3 .

incident shock velocity, V, and {ts direction cosines cosa,, cosa,, and coda, raay be determined in
terms of the known positions of detectors 1, 53 and 6 with respect to detector 4 and in terms of ine
measured time differences At

4 at 4 and Ms A solution of the equations {s possible only U ihe

1 5 4
four detectors are not coplanar, It is nssumed that a field ga;fe can be located with some degree of
accuracy so that shock wave tilt will not be too great and so that possihle shock wave refraction effects

will be negligible.
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For experiments in which drill holes radial to an explosion center are not feasible but in which
vertical drill holes to the depth of an explosion center are available, the impedance-mismatch gage can
be a rectangular slab with elements mounted on the back face in a manner similar to that shown in
Figure 1.3, Whenever a gage is placed in a vertical drill hole, orientation of the gage will be required.
Field experience with orientation has shown that, by means of gyroscopes attached to gages, an axis
normal to the gage or slab face may be aligned in a 1000-foot-deep hole to within 1 degree with a

horizontal iine passing through the explosion center,

In final form for field installation the gage will be mounted in a canister which protects the working
elements of the assembly and to which the signal cables and gage lowering equipment may be attached.
The front surface of the medium disk must, of course, be completely exposed 8o as not to impose a
perturbation on the pressure measurement, Bonding the medium disk to the in sity material is discussed

below,

Shock Wave Detectors

Several types of shock detector elemeni; have been considered for use with the impedance-
mismatch gage. The properties of both piezoelectric ceramic detectors and shorting pin detectors have
been exanined. In addition, a shorting "circular awitch® type of detector has been uwelugated.u Up
to shock pressures of ahout 1 megabar, piezoelectric ceramics of lead-zirconate-titanate ~re found to
be by far the beat; however, an) detector element of fast rise time ('~'10'8 sec) -nd output of 10 or

more volts would serve as well,

In Figure 1.4 «re shown the components of a PZT aetect:r which has proven to be extremely
reliable. A small wafer® of PZT, 0,120 inch in diameter by 0,020 inch in thickness is sandwiched into
a amall brass housing onto which a standard Microdot coaxial cable cannector is attached. For use

with an impedance gage the assembly is simply cemented into position, usually with an epoxy mixture,

R has heen found that the PZT detector of Figure 1.4 releases considerable amounts of charge
over a relatively wide range of preasures. For example, at a shock pressure of 300 kilobars about 100
volts are genarated by the PZT wafer across a 350-ohm resistive load, Aa shock pressure is increased,
however, the cutput signal progressively decreages, Precise experiments by Reynolds and Seay“
have shown u marked decrease in chirge per unit arca veieased by PZT as shock prossure increascs

from 20 to 180 kilobars. Our invesiigations of the PZT detector shown in Figure 1.4 indicate that

*Obtained from Clevite Corp., Electronic Components Div., 3408 Perkine Ave., Cleveland 1, Ohin,




output voltages from PZT are still sufficiently high and usable in a pressure gage ap to 1-megabar
pressures, At l1-megabar pressure, the output is about 10 volts across a 50-ohm load, At shock
pressures in excess of 1 megabar PZT ceramics are not adequate as detectors for tield gages., For
shack wave detection at pressures in excess of 1 megabar, we have used the 0,032-inch coaxial self-
shorting pins manufactured by Edgerton, Germeshausen and Grier, Inc.; however, the shorting pins do
not have the same reliability that PZT ceramics have at lower pressures. Investigations of different
types of piezoelectric ceramics other than PZT are being made in the hope of finding one which will

operate at pressures above 1 megabar.

CUTAWAY VIEW OF STANDARD BRASS INNER PaT BRASS OUTER
MICRODOT COAXIAL ELECTRODE CERAMIC ELECTRODE
CABLE CONNECTOR (CLEVITE PZT-4)

10-32 NF

/ THREAD

RN 016 x 45 -l fo— ;“":‘m&ééﬂﬂ -
AIII Y CHAMFER / . o -1 T_ F--3 1
ARl L. 1T o"o: 120 128 |
" T -t -3 ! & ol - 150 DIA,
- :t\\\\\\\\\\ ____ﬁ DiA DIA. DIA,
X7 J 1
(L ddd JL ozo h: I
- 138 — o
AN -
—~a 083 re~ oe,002 5 .00]
sy | T ~—nett
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Figura L4 Assembly Drawing of PZT Shoek Wave Detector

Delay Time Coding Mixer Circuit

When a shock wave i nearly normally incident on the gage of Figure 1.3, output signals from
detectors 4, 5, and ¢ will be nearly colneldent. Alwo, depending on the incident rhock pressure and the
material of the medium and ynismstch diaks, signals from detectors §, 2, and 3 may occur nearly
simultancously. In addition, since the degree of tilt of the shock wave at the pressure gage cannot b
known beforc a measurement is made, one does not know, for example, which of deteciors 4, 5, or &
will give an output signal first. To idontify cach detector signal and to distinguish unambiguously those
signals which occur nesrly simultaneously, a dolay time coding mixer circuit has beer developed,

e,



An electronic circuit 18 (Figure 1.5), developed for use with an impedance-mismatch pressure gage,
is employed to identify detector output signals and to allow the times at which & shock wave activates the

detectors to be measured with some precision,

VROt . T SRR 5

1 488
[ aocs wevg syvicron ngs |
IMPEDANCE MISMATCH | Wtecrensmaz |  TIME DELAY
GAGE ASSEMBLY CODING MIXER 14 s
L CIRCUITRY Lid
SETRCTOR Ng o
1 48
2ATICTON W) ¢
SETRCTOR WO &
-
oiMR IS DN
SDUNINT 000 P88 eRNLPON lggnﬂ (1)
oI ]
| &
9 MRGAMNG { [ 1
L L%
A

Figure 1.5, Circuit Flow Diagram for Time-Ilay Coding Mixer Circuitry

The time delay coding mixer (TDCM) eircuit performs the function of delaying in time several of
the output signals from detectors and mixing these signals in appropriate combinations for recording,
Delaying signals by prescribed arnounts serves the purposc of identifying signals with particular
detectors and of Increasing the separation in time of those signals which eceur nearly simultancougly
{two output signals are consldered nimultaneous when they are scparated in time by an amount which iz
less than the pulse widih of either signal), Provisions are made in the TDCM for receiving pulses from

a pulse generator for preshot calibration of time delays and for receiving a zero time aignal,

From Figure 1,5 it i8 seen that output signala from detectors 4, 5, €, and | - which measure shock
velocity and tilt of the shock wave In the medium - are deolayed and mixed in the TDCM elreuit and fed ow
on a single line, channel A, to the recording station, Signals from detectors 2, 4. and & - whiech
measure shock velocity in one mismatch material - are delayed, mixed, snd fed out on channel B,
Similarly, signals from detectors 3, 4, and 5 on channel C determine shock velority in the other miamatch




material,

There is some redundancy of signals on channels B and C used to obtain velocity in the mis-

match material, This redundancy has been specifically designed into the circuit as a safeguard against

the possible failure of one or two of the PZT detectors, 4, 5, and 6,

Figure 1.6 is a block diagram of the TDCM.

Its principal circuit for reception of signals from the

detectors inyolves for each detector an "and" gate, a 26 usec blanking monostable multivibrator (MMV),

a delay MMV and inverter (for detectors 4, 5, and 6 only), a pulse-shaping MMV, an "or" gate, and an

emitter follower. The subsidiary and optional enabling circuit consists of a 120 usec delay MMV, an

inverter, and an enabling MMV for operation of the "and" gates.
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Figure 1.6 Block Diagram of Time-Delay Coding Mixer Circuit

The optional enabling circuit has been designed for usc with pressure gages that will be placed

very close to explosions.

Its purpose is to blank out any early extraneous signals from an explosion

and prevent them from triggering the TDCM and recording scopes. When used, the enabling circuit,

as shown, provides a 500-usec -long signal which activates the "and" gates and makes them receptive

to detector signals from 120 usec to 620 usec after zero time,

The time at which the "and" gates are

activated and the duration of activation can be varied to suit the requirement of a particular pressure

23



gage, At shock pressure gage positions where it is felt that extraneous signals will not be troublesome,

the enabling circuit is not used, the "and" gates are bypassed, and detector signals are presented

directly to the 26 usec delay MMV's,

In the main TDCM circuit, the 26 usec blanking MMV's are used to eliminate noise and undesired

signals, such as cable breaks which may occur after the measurement signals are obtained from

detectors.

The delay MMV's take the nearly siraultaneous signals from detectors 4, 5, and 6 and delay each
signal by a different amount so that it may be identified with the detector which generated it. The pax'ticn
ular values of delay times shown in Figure 1.4 were more or less arbitrarily chosen and can be varied

according to estimated shock wave transit times in the gage and to meet conditions required for record-

~

ing.

From inverters or directly from blanking MMV's, signals are passed to the pulse-shaping MMV's
after first being di‘ferentiated. Output from a pulse-shaping MMV is a single positive pulse of 0.2 usec

duration and of about 8-volt amplitude (see Figure 1.7).

Figure 1.7 Output of Pulse Shaping MMV, 2 Volts/cm, 0.1 ysec/cm

Figure 1.8 shows the typical operation performed by the TDCM on the signal from detector

number 6.

Output signals from detectors 1, 4, 5, and 6 - after being delayed, inverted, differentiated, and
shaped - are mixed by the "or" gate and then passed to an emitter follower whose output is channel A.
In Figure 1,9 are shown output displays which are expected from channel A during calibration and for a

normal incidence shock wave with a velocity of 2.5 mm/usec in a medium disk with a thickness of 1 cm,




SOv

PZT CRYSTAL OUTPUT

10v BLANKING MMV OUTPUT
o 26
10v L 16 us DELAY MMV OUTPUT
T o 16
0 16 INVERTER OUTPUT

10v

SHAPING MMV OUTPUT
—le— 0.2 pmsec

Figure 1,8 Typical Operation of TDCM, Signal Output From Detector No. 6

! I P I | I | |
5 8 101 15 16 20 psec © 4 7 S 20 psec
CALIBRATION MEASUREMENT

Figure 1.9 Channel A Displays During Calibration and for a Shock Wave of Normal Incidence

A prototype TDCM circuit has been built and its characteristics and electronic operation evaluated.16

Figures 1.10(a) through 1.10(e) present detailed circuit diagrams of the TDCM. Figures 1.11(a) and 1.11(b)

show two views of the prototype circuit. Channel A, B, and C outputs resulting from calibration signais

applied simultancously to simulate detector signals 1 through 6 are shown in Figure 1.12, Stability tests

indicate that delay times produced by the TDCM are constant to better than 0,02 usec over periods of more

than 30 minutes.
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Rear View of Prototype TDCM

Figure 1.11(b)

=
8
(]
[
3
3
4
8
s
B
-
S
:

Figure 1.11{(a)




Yen

Figure 1,12 Calibration Traces of Channels A, B and C,
1 volt/cm, 2 usec/cm
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A plane wave explosive experiment was conducted to test the TDCM operation at shock pressure
levels similar to those expected in the field. Composition-B explosive was used to generate a 450-kilobar
shock wave in brass. On the back surface of the brass plate were placed three shock detectors (corre-
sponding to 4, 5, and 6 of Figure 1.3), In addition a 1 cm thick disk of brass with a shock detector on its
back surface (corresponding to 1 of Figure 1,3) was mounted on the back of the brass plate. The test
then was an evaluation of the channel A portion of the TDCM, This test was successful and the TDCM

circuit functioned properly.

Performance of the TDCM circuit appears adequate for field use. Modifications of the basic

circuit can be made to accommodate specific applications without undue difficulties,

With the TDCM circuit the impedance-mismatch gage can operate as described, yielding shock
velocity in the medium, degree of tilt of the shock wave, shock pressure in the medium, and information

on the medium Hugoniot in the vicinity of the medium shock pressure,

Bonding Gage to Medium

A practical consideration which has not received sufficient attention to date is that of bonding the
pressure gage to the medjum at its emplacement position, A grout mixture is desired which will be
convenient to use and will make a good bond or contact between the medium and the gage in its drill hole,
More important, a grout mixture is required whose Hugoniot matches that of the medium. If the grout
has a shock impedance much different from that of the medium then a significant perturbation may
be made on the pressure measurements. The preparation of grout mixtures with Hugonjots matching
those of a given rock medium, at least over a small range of pressures where a measurement is con-

1

templated, is felt to be a relatively easy task. An analysis 7 of the synthesis of Hugoniots of multi-

component meaterials has indicated how the grout preparation problem may be approached,

Shock Pressure Measurements About Nuclear Explosions

The impedance-mismatch gage as described above has never been used to measure shock pressures
in a field experiment, The principal reasons for this have been (1) that no adequate eloctronic circuitry,
such as the TDCM, was available for proper recording of pressure gage signals, and (2) that no oppor-
tunity has arisen where an impedance-mismatch gage could be placed near an underground explosion for
a meaningful evaluation of its performance. Now that the impedance-mismatch gage haa been developed,
it ia ready for fleld trials, Measurements of peak shock pressure will be attempted at the 1-, 0.6-, and

]
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0.4-megabar pressure levels using impedance-mismatch gages in a scheduled nuclear explosion (Shoal) in

granite.

As a result of research conducted on the impedance-mismatch gage, simplified shock pressure gages
have been fabricated, tested, and used in field experiments, Shock pressures created by buried nuclear
explosions have been successfully measured with these gages., However, in each case where & simplified
gage was used, no absolute measure - in the sense of that derived from an impedance-mismatch gage - of
shock pressure was possible, Rather, to derive shock pressures from measurements it was necessary
to make the assumption that the medium Hugoniot was known. The desirability of a gage which gives
direct measurements of shock pressure is clear, for with this type of gage the reliance on possibly erro-
neous assumptions regarding medium Hugoniots i8 avoided and, to a certain extent, the requirement of

extensgive laboratory determinations of medium Hugoniots is eliminated.

To date, 23 attempts have been made with simplified gages to obtain peak shock pressures in the
hydrodynamic region about nuclear explosions. Except for one in granite rock, all measurements were
made in desert alluvium, a porous, weakly consolidated soil. Of the 23 measurements, the one in granite

and 14 in desert alluvium are considered reliable and the remainder are felt to be of doubtful or littie value.

In desert alluvium, shock pressures were measured using Plexiglas gages placed in vertical drill
holes to the same depth as that of the explosion, The choice of Plexiglas for gage material was dictated
by the fact that it is not possible to machine and prepare a sample of poorly consolidated alluvial soil for
use in a pressure gage and by the fact that the Hugoniot of Plexiglas matchos ressonably well that of desert

siluvium over a workable range of pressures.

The difficulty of not being able to machine and work soil cores will probably persist, and any ahock
pressure gage used in 8uil measurements will probably requive s substitute matecisl which can be worked
end whose Hugoniot is as similar as possible to that of the soil. In view of this, it will be necessary to
make laboratory determinations of soll Hugoniots so that suitsble substitute materials can be aelected.
Materials which can serve as substitutes for soll may be obtained by reviewing all available data on
Hugoniuts in the hope of finding one which is nearly the same an that of the soll medium, or by synthe-

11
aiaing  materiala so that their Hugoniot» match the noil Hugonict at Jeast over a range of pressuves

where measurements are contemplated.

The reasonably close match between Hugoniots of Plexiglas and desert alluvium is shown in

v

Figure 1.13. From measurements of shock velocity in Plexiglas, shock pressure in Plexigias is obtained

{solution of Equations 1.1 and 1.8), This pressure then is taken to be the shock pressure in desert
slluvium at the position of the Plexigias gage.
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Two types of gages have operated successfully in desert alluvium, one a rectangular slab gage and
the other a ring-type gage. The Plexiglas slab gage is shown in Figure 1.14, One or more pairs of PZT
shock detectors identical to those of Figure 1.4 were employed in each Plexiglas gage of Figure 1.14, A
pair of detectors were accurately spaced about 2 inches apart along the direction of shock propagation

and spaced about 1 inch apart along a direction transverse to that of shock wave propagation,

Figure 1,14 Front and Side Views of Plexiglas Sab Gage Used ia Desert Alluvium

Attached to and above the slab gage are a gyroscope and a molor 10 rotate and poaition the gage near
the hottom of its vertical hole. With gyroscope drift taken into account the gage may be aligned azimuth-
ally to withia | degree. After the slab gage is positioned the drill hole is fllled with native soll from the
same area in which ihe gage hole was drilled,
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To avoid the great inconvenience of orienting the slab gage, a ring gage has been developed“ which
requires no azimuthal alignment. The manner of ring gage operation ia illustrated in the diagram of
Figure 1.15. Two cylindrical rings of PZT are the shock detecting elements. Electrical leads sre
attached to the inner and outer radii of each PZT ring and taken cut to the surface through the axially
located tube, Details of construction and operation may be found in Reference 18, In Figure 1.16 is shown
a raster oscillogram of ring gage signals obtained in a field experiment with a buried explosion in desert
alluvium. The amplitude of the pulses derived from the PZT rings is about 300 volts. These pulses were

obtained at a position where the shock wave pressure was 150 kilobars. Timing pips on the record occur

at 1 usec intervals,

Figure L16 Raster Oecillograny of Sigaals Frum PZT Ring Gage




Shock pressure data obtained to date from the two types of gages used in desert allﬁvium are plotted
in Figure 1.17 as a function of scaled distance from explosion center. Each open cirecle point represents
a shock pressurc measurement from one explosion. The triangles and squares occurring in pairs signify
two pressure measurements from a single explosion. The solid curve of Figure 1.17 is obtained by calcu-
lation using method§ described in Reference 8. Data of Figure 1.17 have also been plotted in Figure 4.11

of this rcport for comparison with Bishop's calculations.

- The reliability of shock pressure measurements in desert alluvium may be ascertained by compari-
son of data with the dotted curve of Figure 1.17, This dotted curve is an indirect and less accurate

indication of shock pressure versus distance obtained from independent measurements of shock wave

position as a function of time.

Shock time-of-arrival data obtained from buried explosions in desert alluvium are shown scaled in
Figure 1.18. The solid curve of Figure 1.18 is calculated by methods given in Reference 8 and the dotted
curve is a best fit to all the data. An analytical expression was obtained for the dotted curve from which,
by differentiation, shock velocity as a function of distance from explosion center was estimated. Since
shock velocity is now known at any given position, the shock pressure at any position can be determined
from the Hugoniot curve (Figure 1.13, 1,20, or 1.21) of the medium. Shock pressure as a function of
distance from the explosion estimated in this manner from shock time of arrival data is the dotted curve
.shown in Figure 1.17, Since direct shock pressure measurements are consistent with the independent
shock wave time-of-arrival measurements, it is believed that the shock pressure data are reliable and

descriptive of spherical shock wave propagation in desert alluvium,

Data of Figures 1.17 and 1.18 were obtained from various explosions among which the maximum
ratio of two explosion encrgies was in excess of 50, Since data of Figures 1,17 and 1.18 scatter nicely
about a single curve in each figure, the measurements verify that spherical shock phenomena scale as

the cube-root of energy release, W, expressed in kilotons.

Scatter in the data of Figures 1.17 and 1.18 is attributed to lack of precise values of explosion
energy release, to experimental errors in measurement, to the possibility that all explosions were not
perfectly spherical, and also to the fact that the medium Hugoniot was very likely not the same for all

explosions,
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There is good evidence (see discussion below on Hugoniots of porous soils) to indicate that relatively
‘small changes in the porosity or water content of desert alluvium or any other porous medium make sig-
nificant changes in the Hugoniot. Shock pressure gages used to obtain the data of Figure 1.17 were made
of Plexiglas whose Hugoniot is similar to that of completely dry desert alluvium. . It is possible that the
Hugoniot of Plexiglas was no longer a good match for the Hugoniots of desert alluvium in those experiments
where the porosity and moisture content of the medium were appreciably different from those assumed
(FFigure 1.13 or 1.20). If this is true, then the data of Figure 1.17 will require some correction after the
influence of porosity and moisture content on the Hugoniot of desert alluvium is known. Another observa-
tion that water content may significantly alter the medium Hugoniot has been made19 by correlating ti;l'e-oi‘-
arrival data from various experiments with some gross measure of water content in the medium obtained
from drilling logs. If experiments are grouped as "dry!" %damp," and "average" according to moisture
condition indicated for the medium, the three separate distance-time curves, similar to the one shown in
Figure 1.18, are obtained from the data for desert alluvium. A best fit made to each of these three groups
of data reveals a sméllcr standard deviation than that for the average curve given in Figure 1.18 when all
data are taken together. The interpretation of this result is that moisture content in the medium does

noticeably alter the medium Hugoniot.

A somewhat different modification of the impedance-mismatch gage was used to measure peak pres-
sure of a shock wave generated by a nominal 5-kiloton nuclear explosion (Hardhat) in granite, For con-
struction of the gage a core of granite was obtained from near the point of measurement and machined into
a circular disk 7 inches in diameter and 2 inches thick. The granite disk was placed in direct contact with
a 7-inch-diameter, 2-1/2-inch-thick disk ;)f (2024) aluminum as shown in Figure 1.19. Shock transit
times through cac}; disk were recorded with PZT crystals placed at the granite front surface, where con-
tact with the shock was first made, at the granite-aluminum interface, and at the aluminum back surface,
Three sets of three crystals positioned in this manner and on axes 120 degrees apart were installed as
insurance against the possible failure of one or more crystals, If at least two of the three sets of
crystals functioned without failure, then, in addition to shock velocity in each disk, the tilt of the shock
wave with respect to the longitudinal axis of the circular disks would be obtained from Equation 1.8, One

cable for each of the three sets of crystals was used to bring out the signals,

The gage assembly was inserted at the bottom of a drill hole whose axes made an angle of 36 degrees
with a line joining the gage position and the explosion center. The hole was then filled with a grout whose

sonic impedance matched that of granite. Shock impedance of the grout mixture was not known.
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Insufficient time was avaiiable prior to the experiment to prepare a grout whose Hugoniot matched that of

granite at the pressure level expected.

Because the instrument drill hole was not truly radial it was desirable to obtain a measurement of

i ARSI AR ST,

z shock tilt. B was for this purpose that the three sets of three shock detectors were employed.

Results of the granite shock pressure experiment are shown in Table 1.1. From measured shock

velocities pressures were determined using Equations 1.1 and 1.6.

TABLE 1.1

Shock Pressures From a Nuclear Explosion in Granite

Density Shock path Transit time Shock velocity Pressure in disk
Disk (gm/cm3) {cm) (usec) {mm/usec) {kb)
Granite 2.68 4,07 6.27 6.48 450 = 50
Aluminum 2.79 5,08 6.10 8.33 514 + 100

The shock wave pressure measured in granite during the Hardhat explosion is consistent with an

independent measurement made by Lombard7 at a nearby position.

It must be noted again that the pressures listed in Table 1.1 are not direct measurements but were

deduced from shock velocities by assuming that the Hugoniots for gx'anite2 and aluminum1 were known.

The purpose of placing an aluminum disk behind the granite disk is now seen to be an attempt to
check the validity of the assumption regarding the granite Hugoniot. If the Hugoniot assumed for granite
were the same as that for the granite disk in the gage, then the reflection Hugoniot for granite (Equation
1.7), passing through the measured granite pressure point, would intersect, in a P-u plot such as
Figure 1.2, the accurately known aluminum Hugoniot (Equation 1.6) at the pressure measured in the
aluminum disk. Apparently the Hugoniot assumed for granite was correct since the 514-kilobar pressure

measured in aluminum was within experimental error of the 540 kilobars indicated by the solutions of

Equations 1.5 and 1.6,

For a more comprehensive description of the hydrodynamic measurement performed on the Hardhat

experiment, Reference 8 should be consulted,

. Aside from experimental errors it is seen from the measurements of shock pressure performed
thus far that the greatest uncertainty associated with the data resides in the assumption that the medium

Hugoniot is well known. Accuracy of the shock pressure data from experiments in desert alluvium
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depends on the validity of the assumption that the Hugoniot of in situ desert alluvium is the same as the
lahoratory determined Hugoniot of dry reconstituted alluvium samples and nearly the same as the Hugoniot
of the Plexiglas used in gages, As pointed out, there are strong indications that these assumptions for
desert alluvium are not absolutely correct because the moisture content of the medium was not zero for
all the field experiments but apparently varied. This variation from zero moisture content results in a
Hugoniot different from that for a perfectly dry material. Accordingly, the desert alluvium pressure data

have inherited a certain unknown inaccuracy resulting from the Hugoniot assumption,

The granite pressure of Table 1.1 is consistent with the pressure measured in aluminum and indi-
cates that within experimental error the Hugoniot assumed (least square fit of available data) for the in
situ medium was correct. However, had the granite and aluminum pressures been widely inconsistent,
no pressure data would have been obtained and the only information provided by experimental results

would be that the assumed Hugoniot was prcbably incorrect.

If there is a high degree of corfidence that a medium Hugoniot is well known then there is absolutely
no need for attempting elaborate and difficult pressure measurements, All that is required is a measure-
ment of shock wave arrival time at various positions from an explosiou center to obtain a distance-time
curve such as that shown in Figure 1,18, Since the medium Hugoniot is considered well known and time-
of-arrival measurements can be made simply and accurately, shock pressure may be deduced at various
positions from the explosion as was done to obtain the dashed curve of Figure 1.7. However, it seems
unlikely that we will ever have this much confidence in a Hugoniot assumed for any geologic material

To make our shock pressure measurements more meaningful, it is important to divorce the
measurement technique from any assumptions regarding the medium Hugoniot and to attempt some

relatively direct measurements of shock pressure, Hopefully, the impedance mismatch pressure gage can

accomplish this task, at least in rock type geologic media,

Hugoniots of Porous Earth Materials

In conjunction with development of shock pressure gages for use in soil media, an examination of
soil Hugoniots has been necessary. Since, as mentioned previously, cores of poorly consolidated soils

cannot easily be worked and prepared for fabrication of shock pressure gages, a particular material whose

Hugoniot is very nearly the same as that of the soil in question ia substituted In the gage, After laboratory
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determination of the soil Hugoniot, the properties required by the substitute material Hugoniot are made

known, Hugoniot data on soils are also necessary for performing calculations of shock wave propagation

in these media.

Data have been obtained on the Hugoniots of desert alluvium, volcanic tuff, and a medium called playa.

Volcanic tuff is a porous rock, well consolidated (relatively well cemented and firm). Desert alluvium is a
very poorly consolidated (friable) soil, and playa is an alluvial soil relatively well consolidated. These
materials are representative of the media in which shock-pressure measurements are currently being
made. Core samples of desert alluvium and of tuff which underlies this alluvium were obtained at various

depths from Area 3 of the Nevada Test Site (NTS). Playa samples were obtained from Frenchman Flat,

Area 5 of NTS.

Sample preparation of these materials and the techniques employed to obtain Hugoniot data are given
in another report.20 Majority of the data are from samples that were completely dry, i.e., any moisture
contained in the samples obtained from cores was removed by baking before Hugoniot experiments were
conducted. The remainder of the data are results of investigations into the effects of porosity and water

content on the Hugoniot of the dry material. Data are summarized in Table 1.2 at the end of this section.

In Figure 1,20 are plotted data for dry desert alluvium, Porosity of this material is about 30 per-
cent, and the initial density of samples ranges between the values of 1.38 and 1.80 gm/ cm3. The squares
and triangles of Figure 1.20 represent data from the earlier work of McQueen and Marsh.21 Shock wave
velocity and particle velocity behind the wave, plotted in the figure, indicate raw data from which shock
pressure and density may be determined using Equations 1.1 and 1.2, It is pointed out that the squares
and triangles of the figure are data obtained from so0il samples taken from one location in the medium,
Circles represent data from samples taken at different locations in the same medium, which probably
account: for the scatter in the data, since the alluvium is highly inhomogeneous, Also shown in
Figure 1,20 for comparison i8 a line through Hugoniot datal for aluminum and a line esttmated” for

nonporous desert alluvium., A synthesized Hugoniot” for dry desert alluvium of 40 percent porosity

is also plotted on the figure,

Curves may be drawn through the data of Figure 1,20 in a number of ways. We have drawn two
curves to designate the range of densities likely to be encountered in a desert alluvium medium and for
which there are some data. It is seen that most of the data fall within that region of the figure bordered
by the two curves, Hugoniot data and the curves of Figure 1,320 have been replotted in Figure 1,21 to

show shock preseure as a function of relative specific volume, v/vo , where v is shocked volume of the
medium and Vo is initial specific volume, For the dry samples of alluvium whose initial density, p o
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was 1.8, the derived21 grain density was 2.46 gm/cm3. and for the samples of density o * 1.54, grain
density is given as 2,24 gm/ cm3.

By comparison with Hugoniots of most other (nonporous) materials the Hugoniots of desert alluvium
are most unusual, It is seen that the alluvium Hugoniots are double valued functions of density and that
the Hugoniot has a region of pressures over which the slope,(8P/8), of the curve is negative. Hugoniots

22,23

of porous metals have been found which demonstrate similar characteristics.

A qualitative explanation of the shape of alluvium Hugoniot curves may be as follows. In porous
soil individual particles of density PG ore separated by void spaces so that the average density is Por A
shock wave passing through the material does work by collapsing the void spaces, by overcoming the
internal friction between particles and by deforming and compressing the particles, The increase in

internal energy (Equation 1.3) as a result of shock compression is greater for a porous medium than for

a similar nonporous medium when shock pressures in each medium are equal. This may be seen from the

diagram of Figure 1.22,

P
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Figure 1.22 Comparison of Energy Deposition by Shock Waves in Porous and Nonporous Solids

The increase in specific internal energy given by Equation 1.3 is represented in Figure 1.22 by the

triangular ares, "Opnp'w‘ for the nonporous material and is less than the area vol'pvp for the porous
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material, Since the increase in internal energy behind the shock wave is equal to the increase in material
kinetic energy (from Equations 1.1 and 1,2) it is also seen that the kinetic energy imparted to a porous s
material will be greater than that imparted to a similar nonporous material when shock pressures in both
materials are equal. It is for this reason that porous Hugoniot curves such as shown in Figure 1.20 will

be below the Hugoniot of the nonporous material, Consequently, in porous materials similar to desert
alluvium, internal energy and particle velocity will be greater and shock wave velocity will be less than
that produced by a shock wave of the same pressure in the material with no void spaces. Because internal
energy in the porous matorial i{s greater than in the nonporous material, temperatures behind the shock
waves in porous materials will be greater. These higher temperatures in porous materials may have
effects such as shock-induced phase changes at pressures lower than those at which phase changes occur

in nonporous materiala. Also the higher temperatures resulting in porous media from shock compression

may account for the region of negative slope, (8P/8), demonstrated by the Hugoniots in Figure 1.31,

The shape of the alluvium Hugoniots in Figure 1.21 between 0 and 100 kilobars is possibly described
by the collapsing of void spaces, the principal mechanism of medium deformation in this pressure range,
A small change in shock pressure results in a large change in specific volume, Between about 100 and
200 kilobars phase changes are being initiated by shock waves passing over particles of the medium, At
pressures in excess of 200 kilobars the offect of shock heating s gufficiently intense in the porous material
that increases in shock preasure are accompanied by decreases in density, Also in this pressure region
the two alluvium Hugoniot curves appear to be coaloscing, i.e., as shock pressure increases ahove about
300 kilobara fewer and fewer void apaces remain, and a given shock pressure compresses hoth materials,
of different initial density, to very nearly the same density. Eventually, at pressures of the order of hall
a megabar, both porous and nonporous materials are compressed to the same density by a shock wave of
a given pressure. It may be that at some preszure grester than about 0.5 megahar the Hugoniot curves of
perous aliuvium are identical to a Hugoniot of & nonporous alluvium medium. &I must be remarked that,
in all the alluvium experiments conducted, space in the samples was occupied by air at atmoapheric
pressure. What influence this small mass of gas may have on the Hugoniot is not actually known.

While these qualitative spoculstions may not be particularly dluminating they serve to (llustrate
the complexity of phenomena involved and the difficulties likely to be encountered in formulating theoretical
descriptions of porous soil Hugoniots.

The 0.5-magabar Hugoniot point for desert alluvium represents the upper limit of shock pressures
sttainable in laboratory experiments. R is prectically impossible to generate pressures much higher than

«©
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this by conventional methods, As a consequence of this limitation additional Hugoniot information in the
pressure region above 0.5 megabar must come from other sources such as experiments about nuclear
explosions or theoretical investigations. While experiments with nuclear explosions will be considerably
more difficult than laboratory experiments, shock pressures as high as 10 or even 100 megabars may be
achieved and valusble Hugoniot and thermodynarnic information can be obtained. Attemptl”'"'“’zs'so
have been made to calculate Hugoniots of materials for shock pressures between 0,1 and 1 megabar; how-
ever, the successes of these methods have not been striking and great reliance cannot be placed on the
calculsted results. Much more work is required in the theoretical calculation of Hugoniots for geologic

media, particularly those media with high void content,

An implication of the alluvium Hugoniot data shown in Figure 1.21 is that Gruneisen's parameter,
re v(apP/ IE)V ., for desert alluvium is not a constant but likely a strongly varying function of specific
volume, v 3 % « This implication is significant to theoretical calculations of spherical shock wave propa-

34,28

gation in desert alluvium or other porous geologic media. In these theories the Mie-Gruneisen

equation of state, which contains the parameter [, is commonly invoked and Gruneisen's [ is usually

taken to be constant. While for many materwl" 10

I'is ncarly constant or only a slowly varying function
of specific volume, the data for alluvium indicate that [ is not constant Lut varies appreciably with

specific volume,

Gruneisen's parameter for solids i8 analogous to the ratio of specific heats for gases and determines
how rapidly pressure falls off behind the ahock front and the amount of cealing experienced by a medium
particle in adiabatic expansion. These processes are important in determining how rapidly peak shoek
presaure falls off with distance and the rate st which a shock wave is propagated from the explosion

source,

From the alluvium data of Figure 1,21 estimates of Gruneisen's [ and its varistion with velume may
be made in 8 number of ways. For example from the measured Hugoniot and the Dugdale- MaeDonald or
Siater nlmaus‘ for [, values of [ for desert alluviuin may be computed, Also estimates of T may be
obtalned using the method of Al'tshuler®® for porous iron, Evalustions of Grunelsen's psrameter for
desort alluvium by these various methode resilte in s confising array of vilues,

Theoretical colcuhum" 3.3

of spherical shock wave propagations in desert alluvium with
constant value of T (both 0,5 and 1) have yielded predictions of shock position versus time which are
gonerally in excellont agreement with experimental data (e.g. , see Figure 1,18 and also Figure 3 of

Referance 35), Siice the desert alluvium Hugoniot data indicate thet [ is definitely not constant, one
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wonders how the spherical shock calculations can give correct answers with constant valuesof I', R is

not known whether agreement between calculations and data is fortuitous, whether shock position versus
time is not sensi ive to large changes in I' demonstrated by alluvium, or whether the Mie-Gruneisen
equation of state is not applicable to a porous soil medium, However, in ordes to have confidence in the cal-
culations the [ variation indicated by desert alluvium must be understood and its implications for theoret-

ical results must be evaluated more fully.

Figure 1,23 shows data obtained for a volcanic tuff from Areas 3 and 16 of the Nevada test site.
The dry tuff has a density of 1.46 gm/ cms and a porosity of 27 percent. These Hugoniot data are different
from those reported by l..omlul‘d2 for tuff from Area 12 at NTS. Lombard's tuff had a density of 1.7 and
a porosity of about 24 percent. His data points for dry tuff lie above those shown for the dry tuff in

Figure 1.23, Data for saturated tuff are also shown in Figure 1.23,

Figure 1.24 presents Hugoniot data for the playa medium of Area 5 at the Nevada test ajte. The
density of samples recoived from the field was 1,47 m/cma. Completely dry, these samples had a

density of 1.41 gm/ cms. The porosity of playa {s estimated to be about 30 percent.

From Figures 1.20, 1.23, and 1,24, it is abaerved that between 30 and 200 kilobars the Hugonieis of .

dry desert alluvium, dry tuff, and playa are essentially identical,

In Figure 1.23 are shown the results of a few experiments with a fine, purc silica sand, These

experiments were canducted to obtain information an the effvets of poraosity and water content on Hugantots,

The &lliea sand used (s camposed of particles 80 percent of which have diameters less than 78
micrens, Maximum partiele aize ls about 130 microns. Grain density of the sand is 3.63 gm/em’, ihe
same as that of erystalline quarta. For experiments, the sand was grsched“ to Jdry densities of ),58 and
1.0% gmlema. Corresponding porogitica are 41 pereent and 22 pereent. It is seen that the higher donaily
dry sand data lle above thase of the lower denaity dry sand and {n 3 direetion toward the Hugoaiat curve

32, 33 nown at the top of Flgure 1,25, Aleo ahawn in the figure are data for xatese

for erystalline quartz
saturcied sand with a density of 1,98, Since the porosity of the watop-gaturated sand (s the pume as that
of the loweat curve in the figure, it is sven that addition of wuter to il the void apace In this s skifts
the Hugoniotl upward by a considersble amount, making the saturated sand much less compressitie. Thua
8 docrease in porasity or sn increase {n water content of 8 porous material results in s higher shock

preasure if the same relative density is achieved (see Figure 1.26)
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In the close-in region about buried explosions in porous media, this means that stronger than
expected shock waves will be propagated if the water content of the medium is greater than expected or if
the porosity is less than expected. For experiments with explosions in porous media it will be essential

to obtain information on the in situ porosity and water content,

Summary

An impedance-mismatch pressure gage has been developed which is capable of measuring peak shock
wave pressures of amplitude 0.1 to 1 megabar in the hydrodynamic region about buried explosions. In
addition the gage provides information on the medium Hugoniot and a means of measuring degféﬁ of t!.lt

of the shock wave.

Techniques employed in measuring shock wave pressures have been tested, and shock pressures
have been measured in experiments with buried nuclear explosions. By comparison with independent
hydrodynamic measurements the shock pressure data have been shown to be reliable. These data are

currently being employed to evaluate and refine theoretical calculations of spherical shock wave propaga-

tion in solid media.

Limited investigations have been made of Hugoniots of porous geologic media. Some unusual features
of Hugoniots for porous media have been revealed which were not previously observed in Hugoniot
studies of other (nonpbrous) materials. Moisture content and porosity are found to be significant param-
cters influencing the Hugoniot of porous materials. Possible applications of the Hugoniot data for porous

media to theoretical calculations of shock propagation in these media have been pointed out.
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TABLE 1.2

Hugoniot Deta for Porous Earth Materials

——— - p———

- ————— — W S

&
(gm/em3d)

144
.58
1.5
1.50
.70
1.46
164
.38
.17

1.48
1,46
LI 1
146
1.46
146
1,46
1.4¢
1.46

‘lﬁ
 J ]
.15

v u P
{mm/usec) (mm/usec) {kb) pjln Source
Dry Desert Alluvium - Porosity, 35 to 30%

.66 1.00 38 0.624 NTS, Area 3

.90 0.917 44 0,666 NTS, Area d

3.4 1.58 83 0,337 NTS, Area 3

3.6% 1.87 8 0.370 NTS, Area 3

3.70 1.%2 ot 0,589 NTS, Area

4,33 .45 156 0.437 NTS, Area 3

4.38 2.3 n 0,452 NTS, Area 3

5.2% 327 anl 0,317 NTS, Area d

5.88 3,37 s ¢, 428 NTS, Area 3

Dry Valeanic Tuft - Porosity, 27%

4 0,98 31 0576 NTS, Area 3 (13000 deﬂh)
1,70 1.58 as 0573  NTS, Area 3 (1500 depth)
4.8 .28 143 0,467 NTS, Arca 3 (1500t depth)
4,20 .50 1583 0,403 KT8, Arca 3 (1500 dopth)
478 1.90 02 Q393 NTS, Area 3 (i500° depih)
.68 1.00 30 0.&27 NTS, Area 16

LM 1.57 a2 0,566 NTS, Area 16

4.03 .0 141 0,180 NTS, Area )6

¢, 24 L4 1582 0.420 NTS, Area 16

Water Sawrated Voleanie Tull

.42 0,50 83 0,731 NTS, Area I8

4,26 1.48 1¢a 0660 NTS, Area )$

548 1.8} 2170 0482 NTS, Area d
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TABLE 1,2 (Cont.)

v u P

2
o
{gm/ cma) {mm/usec) (mm/usec) {kb) Dol ] Source

Playa - Porosity, ~50%;: Water Content, ~6%

La» 2.70 1.04 40 0.615  NTS, Area §
.41 4.40 2.48 148 0.436  NTS, Area $
1.41 3.00 1.08 48 0.640  NTS, Area$
1.41 2,58 1.04 39 0.597  NTS, Area s
1.47 3.69 1.60 87 0.566  NTS, Area s
1.47 447 2.52 166 0.436  NTS, Area$
1.47 4.36 2.50 160 0.427  NTS, Area s
1.41 5.07 3.54 264 0,302  NTS, Area s
1.47 5,24 1.82 mn 0.328  NTS, Area 8

Dry Silica Sand - Porosity, 40%

1.%a 3,13 117 58 0.626
1.58 3.23 118 59 0.641

1.89 3.42 1.61 88 0,829

1.58 .47 1.70 93 0.310 ¢
1.56 426 2.2 150 0,472

).62 w24 L 153 0,474 .

Dey Silica Sand - Porosity, 23%

.02 3,45 101 7 0,890
.14 170 Li6 16 0,505
ERA 47 .03 197 0,575

Water Saturated Silica Sand, Porosity, $0%

.03 4,53 a,98 90 0,784
1,07 3,00 148 143 6,710
1,98 563 1.54 m 0,£38
3.00 5,89 1.93 e 0,855
“Ramplos obtalned from 100-foot dopth were completely dry.
Remainder of cxperiments were with samples from about
11-ftoot deplh as recelved from fiold, scaled in wax containers. -
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Section 2

DYNAMIC RESPONSE OF GEOLOGIC SOLIDS TO LARGE AMPLITUDE STRESS WAVES

R. C. Bass, H. L. Hawk, and A, J, Chabai

Introduction

Propagation of large amplitude stress waves in solids is reasonably well understood when com-
pressive stresses are in excess of about 100 kilobars., At these stress levels material rigidity is
negligible, the stress wave isba steep-fronted shock, and a fluid model is used to describe wave propa-
gation in the solid. For small amplitude stresses, say less than about 1 kilobar, an elastic model is
often sufficient to describe the response of the solid. Between these limits, when amplitudes of com-
pressive stresses are of the order of 1 to 100 kilobars, there is no general model which effectively

describes the dynamic behavior of solids, particularly geologic solids.

In this range of nonfluid-nonelastic stresses phenomena such as yielding, fracture, strain rate
and ;ela.xation effects, anomalous compression and viscosity are expected to occur and may play
dominant roles in determining the detailed structure of the compressive wave profile. Principally
because an adequate model does not exist for the description of nonfluid-nonelastic behavior of geologic
solids, there is at present no theory of spherical wave propagation from buried explosions which is
capable of reproducing wave profiles that have been observed in experiments, It is believed that, once
a reasonably realistic model were formulated, theoretical calculations of spherical wave disturbances

could be made which would yield wave profiles similar to those observed in experiments.

If a modcl can be obtained allowing accurate calculations of nonfluid-nonelastic stress wave propa-
gation, then elastic disturbances resulting from buried explosions in geologic mazdia can be predicted

and seismic phenomena may thereby be better understood.

To study nonfluid-nonelastic behavior of solids, use is made of plane compressive waves of large
amplitude, 7, produced by explosives or by high velocity projectile impacts. In these experiments, a
one~dimensional state of strain, € = (l-po/ p), is achieved. Often the single, step-function type of

wave pulse introduced into the test specimen by these means is unstable because the condition for
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i stability, 820/8 62 >0, has been violated. As a result two waves are propagated through the specimen,

Simple examples of some stress-strain curves leading to double wave profiles are shown in Figure 2.1,

IDEAL
FLUID MEDIUM

FLUID MEDIUM,
NONZERO
ELASTIC LIMIT

MEDIUM WITH
MIXED PHASE
REGION

MEDIUM WITH
ANOMALOUS
COMPRESSION

P

(b)

IR

R

(c)

§ N

(d)

L

Figure 2,1 Some Stress-Strain Curves Leading to Two-Wave Profiles

Figure 2,1(a) is an exainple of a stress-strain relation or "Hugoniot” (Equation 1,5 of Section 1)

for an ideal solid in which wavea of any amplitude are stable,
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In Figure 2.1(b) i8 {llustrated a
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stress-strain curve exhibiting a finite yield strength or "Hugoniot elastic limit.® This curve gives rise
to a double wave structure consisting of an elastic precursor which propagates with the sonic velocity
of the specimen and a second higher amplitude wave of slower velocity. Double wave profiles resulting

2,3,4, 5,6

from yielding have been observed in metals, in quartz, and also in rock materialls.7

A double wave structure as shown in Figure 2,1(c) may also result from polymorphic phase
transitions induced in the test specimen by the incident wave, The phase transition mechanism has been

invoked to explain double waves observed in iron,2 quartz,s' 8 79,10

and rocks. Phase transitions
induced in solids by shock waves seem to occur generally at stresses in excess of 100 kilobars. How-

ever, Gregson and Grine7 suggest that in carbonate rocks phase transitions may occur at stresses ag

low as 30 kilobars.

‘Figure 2,1(d) illustrates a medium with a stress-strain curve having a region of anomalous
compressibility, Over this range of stresses a steep-fronted wave cannot be propagated and becomes
elongated as it travels through the specimen. Plane wave experiments6 have shown that fused silica

has a stress-strain curve similar to that of Figure 2,1(d).

If a medium is characterized by viscous or dissipative effects the rise time of a wave front such
as shown in Figure 2.1(a) will not be steep but will appear more like that illustrated in Figure 2.2(a).
That viscous effects may be significant has been demonstrated by noticeable variation in rise times

obgerved in plane wave experiments with metnla.4’ 1

If relaxation phenomena occur in conjunction with yielding, wave profiles such as shown in
Figure 2.1(b) may appear more like those of Figure 2,3(b), Very definite relaxation effects have been

witnessed in imn,‘i‘11 steels.4 and quartz.s'6

It is apparent that a realistic model describing nonfluid-nonelastic behavior of geologic solida
may be quite complex since a natural material may, for example, exhibit several of the phenomena
illustrated in Figures 2,1 and 2.2, Mechaniams of theae various phenomena are largely unknown, even
for metals, For comprehensive discussions of wave instability, viscosity, anomalous compression,

relaxation, and yielding, the reader is referred to the literature, particularly two excellent review

12,13

articles by Duvall and the references contained therein,

The extent to which geologic solide demonstrate nonfluid-nonelastic effects such as considered
above has not been sufficiently investigated, The purpose of the work described here has been to initiate

experiments by which these various effects may be observed and to perform a survey of a few rock
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materials with large amplitude (1 to 100 kilobars) stress waves of high strain rates (103 to 106 sec -1

)
under conditions similar to those created by buried explosions, These experiments were designed to
yield sufficient data to at least characterize the responses of various rock materials and to provide
guiding information which might assist in formulations of reasonable models. More specifically,
objectives were to investigate in rock materials of current interest the magnitude of the dynamic yield
point if one exists, the extent of viscous properties which might influence the rise times of propagated

waves, the possibility of occurrence of anomalous compression in rocks, and whether or not rock

materials demonstrate relaxation effects.

R

_ -

(a) Wave in Viscous Medium

(b} Wave in Medium With Nonzero Elastic Limit Demonstrating
Stress Relaxation

Figure 2,2 Wave Profiles for a Viscous Medium and Wave Profile With Streas
Relaxation After Yielding

In order to realize these aims it has been nocessary to develop an instrument capable of measuring

large amplitude streases with high time resolution,
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Description of Quartz Stress Gage

) 14 et al. for examination of

The new X-cut* quartz crystal technique perfected by Neilsou4
stresses in metals has been adopted for the observation of stresses in geologic solids. Since quartz
has a higher dynamic elastic limit than that expected of most geologic materials, it is an ideal trans-
ducer for investigation of stress-time wave profiles. The dynamic elastic limit of X-cut quartz has
been reporteds’ 6 as about 50 kilobars. X-cut quartz has also been shovmls to have a linear piezoelec-
tric response to at least 25 kilobars.

Quartz transducers used to obtain stress-time profiles in solids have been found to compare

11,16 slanted resistance wire, 17 and

favorably with other techniques such as the optical, 5.6 capacitor,
pinz’ 3 methods, all of which measure free surface velocities rather than stress directly. The great
advantages of quartz transducers are their ability to measure stresses directly, their high time resolu-

tion, and the relatively little effort required for their use,

Dlustrated schematically in Figure 2,3 are two experimental arrangements for observing stress-
time profiles in rock specimens, An explosively generated plane shock wave is transmitted into the

specimen and then into the positively oriented‘ X-cut quartz crystal,

2
X
I

DRIVER PLATE

(ad with alumiman ful vles trode (D) with siFess 1raasIRILING Quarta vryslal and evaporated guldd ele trade

Figure 2.3 Schematic of Wave Profile Experiments

* Crystala oriented so that the stress wave is made to propagate along the crystallographic X-direction,

¥ The crystal is positively oriented when a compreasive streas produces on the face farthest from the ,

specimen a voltage which is positive with respect to that on the other face.
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For small values of the resistor, R, the circuit current, i, is given4’ 14 by
AdC, B g (x,1) AdC
PR i
i e a —dx = — GQ(XF.t) - ch(xB.t) . (2.1)

where A is the area and w = (xB - xF). the thickness of the quartz crystal. The sonic velocity in
quartz is CQ; d= eu/c11 is the one-dimensional strain piezoelectric coefficient; oQ(xF, t) is the

time variation of the stress wave in the crystal at the front surface, Xp next to the shocked specimen; :

and cQ(xB, t) is the time variation of the wave leaving the back face, x Note that for t <w/CQ ,

B*
before the stress wave front reaches the back surface, O'Q(XB, t) = 0, so that time variations in
current give a direct measure of the pressure-time profile in quartz at the quartz-specimen interface.

For times t > w/CQ the current is proportional to the stress difference across the crystal.

To determine the amplitude of the stress history in the shocked specimen from the quartz stress

history at the interface, the degree of mismatch at the interface must be examined.

Consider the one-dimensional wave system at a time just after transmission of the wave into

quartz.

l [
l l

% l 0y UQ [ UOQ =0

v, ~—] — Vo

I l

p P P

! I 2 @ Poq
u1 | uy t “Q I qu = 0
Interface

By conservation of momentum across the transmitted wave in quartz, we have

g,

= p V = Z . (2.2)
Q" QR"'e T “Q'e
where oQ and uQ are stress and particle velocity, respectively, behind the transmitted wave,

pOQ is the quartz density ahead of the wave, is the wave velocity in quartz, and ZQ is the quartz im-

A

pedance. Simflarly, across the incident wave in the sample we had before the wave reached the interface

o 7 2.3
9 = A Vyuy = Zpuy (2.3)

)




Across the reflected wave, momentum conservation gives
Gy -0y =V, + ul)(u1 Sup) = 2wy -, (2.4)

where Z].r is the reflected wave impedance of the sample relative to the flow ahead of the wave.

Dividing Equation 2.4 by Equation 2.3 and making use of the interface boundary conditions, u

2 " Yq
o, = (YQ results in
39__,-_2_1_r<_i2_) _
9 Z1 uy o

—
+
NlN
=
e}

9 IDQ
- 1]
l-‘N -

-
+
A
e ]

Q

Thus the stress cl(t) behind the incident wave in the specimen is given in terms of the quartz

interface stress, oQ(t), -and an impedance factor as

Z
14 5L
o, (t) = ——-29— o = Zagt) (2.6)
14 =1L
Zl

provided the transmitted wave in quartz has not reached the back face, Xp -
Having limited ourselves to stresses in quartz less than the elastic limit, the crystal impedance

is simply ZQ = quCQ , where CQ is the appropriate elastic wave velocity.

To completely determine the impedance factor of Equation 2.6, it is necessary to make the approxi-
mation that er = Z1 = "o1C1 , Where C1 is the elastic wave velocity in the specimen., The close
agreement of stress time profiles obtained by quartz transducers with those obtained by other means

mentioned above indicates that the impedance approximation is sufficiently accurate.

The use of quartz crystals for stress transducers functioning as described and according to
Equation 2.1 is novel and different from the usual application of quartz crystals to measure stresses.
In the common application, dimensions of the crystal transducer are small compared to a stress wave-

length; the wave transit time in quariz is much less than the time variations in the stress wave, and the
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total charge released by the crystal is proportional to the average stress imposed on it. In the Neilson
application, wave transit time in quartz is much greater than time variations in the applied stress, waves
of length less thap the transducer dimensions may be measured, and the specimen-quartz-interface stress

is proportional to the quartz current output.

In all our experiments X-cut crystals of synthetic alpha quartz* were used, The crystals were
positively oriented¥ and generally were 1/2 inch in diameter and 1/8 inch thick, Crystals of ‘this size
were calibrated by R, A. Grah.'n of Sandia Corporation with step-function type wave profiles at two pres-
sures, 14.5 and 23,7 kilobars, resulting from high velocity projectile impacts. At these pressures the
piezoelectric constant, d (average value = 2,05 x 10-8 coulombs/cmz-kilobars), of Equation 2.1 was
found to vary less than 5 percent for the initial step-function rise of the input wave. At a time when the
wave has progressed halfway through the crystal the value of d has increased by about 10 percent, When
the wave has reached the back surface of the quartz crystal the value of d is on the average 40 percent
higher than it was initially, but at this time the stress-profile measurement is completed. That d is not
strictly constant is a consequence of both mechanical and electrical edge effects in the crystal. In our
survey of stress profiles from rock materials we have neglected the variation of d with distance of

wave travel into the crystal and have used a constant value, d = 2 x 10'8 coulombs/cmz-kilobar.

The primary purpose for using the configuration of Figure 2,3(b) was to increase the separation
between the elastic precursor and the main shock wave entering the transducer crystal from the
shocked rock specimen. For some of the rock materials studied it was found that the elastic precursor
and main shock wave had velocities which were not greatly different. As a result the main shock wave
entered the transducer crystal immediately after entry of the precursor and made examination of the

precursor amplitude and profile difficult if not impossible,

The time-distance diagram of Figure 2.4 illustrates the difficulty encountered. For a given driving
pressure at the rock-explosive interface, two waves are generated in the rock specimen, the elastic
precursor wave of nearly constant velocity, CS’ and a shock wave of velocity VS' whose value depends
on the driving pressure. At the rock-quartz interface, the elastic precursor first enters thé transducer

at time t1 and, after adjusting its amplitude according to the degree of impedance mismatch (Equation 2.6)

#Obtained from the Valpey Crystal Corp., 1244 Highland Street, Holliston, Mass,
# Negatively oriented crystals may also be used but only over a limited range of stresses.18




between rock and quartz, proceeds through quartz with the elastic velocity of quartz, CQ’ emerging at

time t3. However, before time t3, the rock shock wave enters quartz at time tz, transmitting a shock
wave into the transducer.

TIME
}

ROCK
SPECIMEN

QUARTZ

' [}
]
:
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- h
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Figure 2.4 Time-Distance Diagram of Double-Wave System in Rock and Quartz Transducer

If the transmitted wave of velocity VQ has a sufficiently large amplitude, impurity atoms o .he
quartz lattice in the region behind this wave are ionized, as suggested by Neilsson14 et al. As a result
of ionization the electric field breaks down and conduction of electrons occurs behind the shock wave.

Thus, after time tz. the quartz no longer operates according to Equation 2.1 but by other means.19

In order to obtain information on the elastic precursor, we must try to satisfy (t2 - tl) > (t3 - tl)'
which gives us a condition on the ratio of specimen-to~-transducer thicknesses, S/w > CSVS/ CQ(CS - VS).
Since CQ is fixed and the quartz thickness, w, cannot be greatly varied, specimen thickness, S, is
governed by the magnitudes of precursor velocity, CS’ and shock velocity, VS' in the specimen.

Another condition of the thickness, S, is that the thickness-~to-diameter ratio of the epecimen be suffi-

ciently small so that a true plane wave is maintained in the specimen as it progresses into the quartz

t
transducer, . _

At some shock pressure (overdriving pressure) in the specimen, which is determined by the shape ‘
of the specimen Hugoniot, the elastic-plastic two-wave structure is no longer generated, the elastic

wave {8 said to be overdriven by the larger amplitude shock or plastic wave, and at this pressure VS is
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equal to CS’ At shock pressures somewhat below this level, CS > VS but the difference (C_ - V_) is
TS S

small and the condition on S/w cannot be met. In the range of pressure from the Hugoniot elastic limit

pressure to the overdriving pressure, Hugoniots of rock materials under test are either not well defuied
or not known at all, As a result, it is not possible, prior to making a wave profile measuz‘ément, to

accurately estimate magnitudes of VS which may be achieved by different driving explosives so that the

condition on S/w can be realized,

1

By making the quartz crystal shown in Figure 2.4 a stress transmitter rather than the transducer |,

and placing another quartz crystal as transducer behind it, the difficulty of an early entry of the shock of k

plastic wave is alleviated. In this configuration, the first and second wave arrivals are separated in

time by an amount (tp - te) which is greater than the separation time (t2 - tl) when no stress transmitter

is used.

In Figure 2.5 are shown oscillograms of the elastic precursor‘in Armco iron, which was used to test
the two transducer assémblies of Figure 2.3; The amplitude of the elastic wave just after the initial rise
is about 6 kilobars. Sweep speed for all traces in Figure 2.7 was 0,2 ysec/cm, except for the top trace
in (a), where it was 0.1 ysec/cm. All the quartz crystals used to obtain the records shqwn had diameters

of 1/2 inch and thicknesses of 1/8 inch. TNT was the driving explosive in each experiment.

The record traces of Figure 2,5(a) were obtained from quartz crystals in direct contact with a
1/2-inch-thick picce of Armco iron, which served as one electrode for the transducer. The symbol A-Q
is used to note this type of assembly. In this experiment the plastic wave from Armco entered the front
surface of the quartz transducer after entry of the precursor but before the precursor arrived at the
transducer back surface. Thus one secs the 6-kilobar precursor followed in time by the large-amplitude
(> 100-kilobar) plastic wave which takes the trace off scale. These records are similar to those

4, 11, 14

observed by others in Armco iron.

Figure 2.5(b) compares the signals from one experiment with two quartz transducers on a 1-inch-
thick piece of Armco. The top trace of {b) is from a transducer in direct contact with Armco (A-Q),
and the lower trace is from a transducer with a 0.2-.m11 aluminum foil placed between the Armco and
quartz (A-A1-Q), as shown in Figure 2.3(a). The traces are essentially identical, indicating that the
0.2-mil aluminum foil is not a serious perturbation to the wave from Armco. In this experiment the
plastic wave from Armco does not arrive at the front surfece of the quartz until after the precursor
transmitted into quartz has traversed the thickness of quartz. The time at which the precursor wave in

quartz reaches the duartz back surface is noted by an abrupt swing of the trace downward, owing to the
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Figure 2,5 Quartz Transducer Oscillograms from Armco Iron

With Three Types of Electrode Assemblies:

(a) quartz directly on Armco iron,

(b) quartz with aluminum foil on Armco,

(c) quartz on quartz on Armeco with gold electrode,
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term OQ(XB, t) of Equation 2,1. The time difference between the start of the trace a.ﬁd the time at which

-it turns downward is, within experimental error, the calculated elastic wave tr-a;hsit time,in quartz.

Records of Figure 2.5(c) are from an experiment identical to that described £or Figure 2. 5(b)
except that the lower trace of (c) is from a transducer in contact with a quartz blank (A-Q-Q) as shown
in Figure 2.3(b). This transducer arrangement is also shown in Figures 2.6 and 2.7. The traco- of
oscillograms (b) and (c) indicate that the Armco elastic precursor is very well reproduced by quartz

transducers in either assembly configuration of Figure 2.3, From thesev experiménfs'.with Armcowir_onu

it was concluded that the quartz transducer technique would be adequate to examine strecs-iime profi.

in rock materials.
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DOW CORNING NO, ¢ SILICONE
DIELECTRIC
ALUMINUM HOUSING

UG 255U COAXIAL
CONNECTOR

{ SIS 777,

M \\\\\\\\\\\\\\\

9’/// // ) ;.;,;.;.;.;.;.,\.;.

7 //é AN

RN N 224

/

ALUMINUM ELECTRODE

DIELECTRIC INSERTION PORT

QUARTZ SENSING CRYSTAL
(GOLD PLATE BOTH FLAT SURFACES)

QUARTZ STRESS TRANSMITTING CRYSTAL
(GOLD PLATE BOTH FLAT SURFACES)
(SILVER PLATE EDGE)

Figure 2.6 Assembly Drawing of Quartz Crystal Transducer

68

——r— e . e s e T o e




e ]

Figure 2,7 Photo of Quartz Stress Transducer

Experimental Results

Rock samples examined with the quartz crystal trausducer were obtained from drill cores, cut to
various thicknesses and ground smooth and flat, The diameter-to-thickness ratio of samples was
always in excess of 2.5, Aluminum (2024) or steel (4340) was the driver plate placed between sample
and explosive as shown in Figure 2.3(b). Explosives used were TNT, Baritol, and Nitroguanidine.

The quartz transducer employed for all experiments described here was that of Figures 2,3(b), 2.6, or
2.7, Current output of transducers was measured on Tektronix 555 and 581 oscilloscopes as the voltage
drop across a 50-ohm resistor. Timing markers and voltage calibration signals werc also recorded

along with signal traces. In many, but not all, experiments velocity of the first wave was measured

by recording wave transit time through the specimen,

Granite

Granite rock samples utilized in experiments reported here were obtained from a location near
Fallon, Nevada and are referred to as Shoal granite, Typical wave profiles recorded by the quartz
transducer on two thicknesses of Shoal granite are shown in Figure 2,8, Rise times of waves to the
first peak are noted by arrows labeled tr. Time of arrival of the second wave is noted by arrows labeled
ts = (t4 - t3). The scale to the right of the figure indicates the magnitude of stresses in the granite wave
and is derivzd from the voltage scale to the left using d = 2 x 10-8 coulombs/cmz-kilobar in Equation 2.1
and Z = 1 in Equation 2.6, Between the times tr and ts there appears to be a relaxation of peak stress

in the first wave. The stress profiles of Figure 2.8 prior to the time ts are believed to be elastic

precursor waves in granite,
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Figure 2,8 Stress Wave Profiles Observed in Two Thicknesses of Granite

Although the dynamic yield stress of granite is expected to be quite high (Grine20 has reported
36 kilobars for another type of granite), it cannot be concluder’ from the records of Figure 2,8 that
Shoal granite has an elastic limit of 60 kilobars., There are two reasons for this, First, the dynamic
piezoelectric coefficient, d, for quartz is not vell known at stress levels near or above 50 kilobars,

and second, at about 50 kilobars quartz itself begins to yields’ 6 and is no lunger an adequate transducer,




Calibration of quartz crystals with diameter-to-thickness ratio of 5 by projectile impact experi-
ments has shovm21 that d increases fairly linearly with increasing stress, being 2.05 x 10_8 and

2.48 x 10”8 coulombs/cm>-kilobar at 25 and 45 kilobars, respectively.

. From this information we may surmise that the peak amplitudes of waves in Figure 2.8 are some-
what mor-e than 40 kilobars and probably less than 50 kilobars. Because the precursor amplitude in
granite is higher than was expected, the wave profiles observed were obtained with the quartz transducer
operating in a region where its piezoelectric properties are not well known, Consequently, the wave pro-
files obtained for granite (except for experiment number 188) must be regarded as being of a qualitative

nature,

Table 2.1 is a list of experiments performed with various thicknesses of Shoal granite showing the

explosives used and the rise times and second wave arrivals observed,

TABLE 2.1

Shoal Granite Experiments
(1 cm thick Aluminum Driver)

Sample Rise time Second wave
Experiment Explosive thickness tr arrival time
No. type SG(c'n) (usec) tg (usec)
215-1% TNT 0,340 ~0,1%% ~0,24
. 215-2% TNT 0,986 0.14 0.40
189 TNT 2,480 0.34 0.47
197 TNT 4,032 0,71 0.80
216 Baritol 0,340 0.06 0,22
208-1*% Baritol 0.582 0,08 0,27
204 Baritol 0.824 0.16 0.28
203 Baritol 1,062 0.16 0.38
208-2* Baritol 1.320 0,28 0.42
192 Baritol 2,415 ~0,55 --
188 Nitroguanidine 2,615 ~0,6 --

* Both granite samples on one TNT experiment
#Doubtful result
# Both granite samples on one Baritol experiment

In Figure 2,9 are plotted granite wave profiles obtained from experiments with TNT, Since from
¢ Table 2,1 rise time, tr‘ appears to increase linearly with increasing sample thickness we have plotted
as abscissa the dimensionless time, 7= tCG/SG ,» using the average value of first wave velocity in
granite, CG = 0,57 £ 0,03 cm/usec, obtained from independent measurements. Small arrows in the

figure indicate the times, ts' congidered to be second wave arrivals, The pressure scale on the right of
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b . the figure is provided to show only the magnitude of stresses involved and, just as in Figure 2.8, over-

estimates stresses particularly at higher stresses and later times. From Figure 2.9 it is seen that the

reduced rise time is roughly constant for all thicknesses of granite except for the tainnest sample,
SG = 0,34 cn, The wave profile for this sample seems to be anomalous. The reason for the anomaly is
unknown; it may be that the wave in the sample was aot plane or was tilted or possibly that the sample
?
was not uniform and homogeneous. That the reduced rise time is nearly constant for all the other sample
thicknesses suggests that granite exhibits dissipative or viscous effects,
Granite wave profiles produced by Baritol explosives are shown plotted in Figure 2,10, Here again
the reduced rise time for all thicknesses of granite is roughly constant, Note that the reduced rise time
{
for the sample of 0.34 cm thickness is about the same as for the other thicker samples and does not
appear to be anomalous as was the case for the 0,34 cm thick sample driven by TNT.
1 '»L (
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Figure 2,8 Granite Stress Wave Profiles as a Function of Reduced Time for TNT Experiments }
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Figure 2,10 Granite Stress Wave Profiles as a Function of Reduced Time for Baritol Experiments %
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The influence of driving pressure on the rise time of waves in granite is seen in Figure 2.11 where
profiles initiated by TNT, Baritol, and Nitroguanidine in samples about 2,5 cm thick are shown. Driving
pressures produced in granite by TNT, Baritol and Nitroguanidine are about 200, 130 and 40 kilobars,
respectively. Evidently the rise time decreases as driving pressure increases. The wave profile from
the Nitroguanidine experiment is particularly interesting. Peak amplitude of the wave is about 35 kilobars,
and this value may be considered as having some reliability since quartz transducers function properly at
these stress levels. There is no evidence of a second wave arriviu before one transit time of the wave in
quartz, from which we may conclude that the Hugoniot elastic limit in Shoal granite is in excess of 35 kilo-
bars, If the elastic limit were less than about 35 kilobars a double wave structure would certainly have
been observed, The Nitroguanidine plane wave generator used in this experiment was fabricated by W.
Benedick of Sandia Corporation. Density of the explosive was 0.41 gm/cm3. Shock pressures generated

in alumirum by Nitroguanidine with this density are found22 to be between 40 and 50 kilobars.
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Figure 2,11 Effect of Driving Pressure on Rise Time of Waves in Granite

Because the first wave stresses in granite were so high the quartz crystal transducers found
themselves operating at stress levels where their piezoelectric properties are not known and at stress
levels near which quartz itself yields, Consequently we do not have great confidence in the times denoted

for second wave arrivals in Figures 2,9 and 2,10, There are, however, other indications that a double
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wave structure is exhibited by Shoal granite. First wave velocities appear to be nearly constant,

CG = 0,57 + 0,03 cm/usec, regardless of sample thickness and driving explosive. If a single shock wave
were stable in granite the more energetic explosives would produce waves of higher velocity; this was
not observed, Also, if the first wave velocity is constant the second or shock wave velocity, V., in

G

granite may be calculated from

-1
ts 1
Vo: |l te 2.7)
G SG CG
' and compared with other Hugoniot data for Shoal granite. From.the values of tS and SG listed in
Table 2.1 one obtains the average values of second wave velocity, VG = 0,500 cm/usec, from TNT

" experiments and VG = 0,493 cm/usec from Baritol experiments, Knowledge of the shock pressure

generated in the aluminum plate by TNT and Baritol enables one to determine the pressure and particle
velocity associated with the second wave in granite, By the standard impedance-mismatch technique

(e. g., see Figure 1 of Reference 6) one obtains the following Hugoniot data for Shoal granite:

P, = 163 Kbar, u

9 = 0,118 cm/usec, V., = 0.500 from TNT

2 G

P, = 133 Kbar, u

5 0.096 cm/usec, V., = 0,493 from Baritol.

2" G

T'o obtain the above figures it was necessary to estimate the Hugoniot elastic limit, Pl, of Shoal
granite, This was taken as 50 kilobars, Other assumed values of P1 between 40 and 60 kilobars change
the values of P2 listed above by less than 10 percent, The two Hugoniot data obtained from the quartz
crystal measurements are shown along with other Hugoniot dat323 in Figure 2,12, That the quartz

crystal data are consistent with Hugoniot data obtained by other means suggests to us that a double wave

struacture is actually being observed by the quartz transducers,

Results of wave profile experiments with quartz crystal transducers strongly point to the existence
of a two-wave structure in Shoal grauite at driving pressures below about 300 kilobara, The experi-
mental records do not demonstrate this positively, however, If a double wave structure exists, as
appears to be the case, the granite precursor amplitude or dynamic yleld strength is felt to be in excess

of 35 kilobars and probably between 40 and 50 kilobars.

In the wave profiles measured there appears to be a relaxation of stress after the first peak or
yleld stress in granite is achieved, As noted before, this relaxation may be inatead some idiogyncrasy
of the quartz transducer, Further calibration experiments on quartz transducers are required with 50-
kilobar waves and with various wave profiles or strain rates before the relaxation can be definitely

assigned to the granite waves,
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Figure 2,12 Quartz Crystal Data Plotted With Hugoniot Data for Granite

A more definite result of the granite experiments is that the rise time of the first (and possibly only)
wave increases with increasing distance of wave travel in granite. This observation i8 considered as

evidence for viscous behavior of granite, -

It must be emphasized that the interpretations given the records obtained from Shoal granite with
quartz crystal tranaducers are largely qualitative and certainly not unique, Before more definitive

information on granite may be obtained further experiments are required,

salt

Samples of rock salt used in wave profiles experiments were obtained from a location near
Winnfield, La,, and are referrcd to as Cowboy salt. All samplea were highly nonuniform in the sense
that they were permeated by numerous cleavage and shatter cracks., Density of Cowboy salt was
2,15 gm/cm3 and the average firast wave velocity measured was 0,40 « 0,02 cxp/puec. slightly lesa than

the reported“ seiamic velocity, 0,438 cm/usec,

The crystal transducer of Figure 2,6 was used in all experiments. Because a very low precursor

amplitude in salt was expected, of the orderof 1 or knobarl.25 explosives in direct contact with sait

75

B

R 2 e

RO T RS




- - — - ———— e - o s — e T Gy e oo

76

—~-

or explosives with a driver plate such as aluminum could not be used as it was feared that the high driving
pressures generated would overdrive the elastic precursor. The driver plate chosen for the salt experi-
ments was 4340 steel from which waves of amplitude 16 to 25 kilobars are obtained,4 depending on the
Rockwell C hardness of the steel. These waves in 4340 are actually the elastic precursors of steel, TNT

explosive was used to initiate the waves in steel,

In Figures 2,13 and 2,14 are shown the results of wave profile measurements in salt. For each
experiment a quartz transducer was placed on the back surface of the 4340 driver plate as well as on the
salt sample. By this means the wave profile produced in steel by TNT and transmitted into salt was
measured. The topmost profiles of Figures 2,13 and 2,14 are the waves entering the salt samples; lower

profiles in the figures are those from salt,

Salt sample thicknesses for Figures 2,13(a) and 2,13(b) were 2,54 and 2,01 cm, respectively. In each
of these experiments the 4340 driver plate was 7.62 cm thick. The quartz transducer used to obtain the
profiles of Figure 2.13(a) was 1/4 inch in diameter by 1/8 inch thick, while that used to measure profiles

of Figure 2,13(b) was 1/2 inch in diameter by 1/4 inch thick.

In Figures 2,14(a) and 2.14(b) the 4340 driver plate was 2,54 cm thick, and the salt sample thick-
nesses were 1.05 and 0,886 cm, respectively. Diameter and thickness dimensions of quartz transducers

were 1/2 inch by 1/8 inch for both experiments of Figures 2,14(a) and 2,14(b),

Impedance factors, Z, of Equation 2,6 used to reduce records were 2,02 for steel to quartz and !

0.784 for salt to quartz,

That the wave profiles measured in 4340 steel are not identical in Figures 2,13 and 2,14 is due to
the fact that the steel driver plates did not all receive the same heat treatment, and consequently they are
expected to yield different profﬁea.4 The Rockwell C hardness of steel drivers in Figure 2,13 is not

known. For the steel drivers of Figure 2,14 the hardnesas is estimated to be between 35 and 50,

It is difficult to make a comparison of the stress profiles from salt because of the different stress
profiles transriitted into it and because of its different thicknesaes, Nevertheleas, it can be seen that
under roughly similar conditions (see Figure 2,13) the galt profile amplitudes at a given time may differ
by a8 much as a factor of two, Perhaps theae differences in salt profilea are a result of the nonuniform-
ities in samples, All of the salt stress profiles do, however, have the same general shape, a slowly
rising wave form without prominent maxima or peaks. If Cowboy salt had a Hugoniot elastic limit at
about ! or 2 kilobars and a stress-strain curve similar to that of Figure 2,1(b), & double wave atructure *

should have been observed from the driving pressure of 4340 steel, Since the wave profiles observed in } {
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salt are more nearly similar to those of Figure 2.1(d) it is felt that the stresa~strain relation of Cowboy

salt has a region of anomalous compreasibility for stresses in salt less than 20 kilobars,

Basalt

From Area 18 (Danny Boy site) of the Nevada test site a2 sample of basalt rock was obtained for
wave profile experiments. A stress wave profile measured in basalt ia shown in Figure 2,15, A plane
wave explosive generator, Baritol expiosive, a 1 cm thick aluminum driver plate, and the transducer

assembly of Figure 2,6 were used to obtain the profile of Figure 2.15, Density of the basalt sample was

2.67 gm/ cm3 and measured first wave velocity was 0.524 cm/usec,
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Figure 2,15 Stress Wave Profile in Basait

The poak stress occurring at 0,07 usee Indicates a Hugoniot elastic iimit of 18 kllebars for bagalt,
. This precursor amplitude may be compared with the 50-kilebar Hugoniot elastic imit observed by
Eriunm“ in a basalt of denaity 2.82 ¢lulo:u:.3 Between the time of peak stress and the time of gevond

wave arrival a relaxation in streas of about 7 kilobars occurs,
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The second wave arrival time is clearly noted. From Equation 2.7, we may estimate the second
wvave velocity, as was done for granite, and calculate a point on the basalt Hugoniot. Shock velocity is
found to be 0.485 cm/usec. Using 38 kilobars as the Hugoniot elastic limit und the appropriate aluminum
reflection Hugoniot, shock pressure and particle velocity associated with the second wa§e are 127 kilobars

and 0,102 cm/usec. This datum is consistent with other Hugoniot data23 for basalt, .

Unlike the transducer used with granite, the quartz transducer which measured the basalt profile
of Figure 2,15 operated at stress levels below the dynamic yleld stress of quartz where the piczoelectric
response of quartz is relatively well known. As a result, considerably more reliability may be attached

to the basalt profile than to the granite profile,

Conclusions

The quartz crystal technique developed by Neilson14 for the measurement of stress wave profiles
in metals has been adapted for studies of stress waves in rock materials. -This new technique is capable

of measuring stresses directly with high time resolution at stress levels below about 45 kilobars.

A cursory examination has been made of three rock materials to investigate the properties which
characterize nonfluid-nonelastic stress wave propagation. Results of experiments indicate that Shoal
granite exhibits a viscous nature whose effect is to lengthen the rise time of a step-function type stress
wave as it propagates in granitc.( Rise times of waves in granite appear to be influenced by the driving
pressure, The Hugoniot elastic limit of Shoal granitc is in excess of 35 kilobars and probably is

between 40 and 50 kilobars,

Cowboy salt appears not to have a Hugoniot elastic limit during times over which observations were
made; rather the wave profiles observed in salt suggest that the stress-strain relation for salt is such

that compressions are anomalous at stresses below about 20 kilobars,

A wave profile measured in basalt established the Hugoniot elastic limit as nearly 40 kilobars and

also indicated that relaxation effects exist in basalt.

While these initial experiments have not provided reliable quantitative information on the rock
materials examined, they have pointed out some effects which will require consideration in the formula-
tion of models of nonfluid-nonelastic behavior of geologic solids. Before accurate calculations can be

made of nonfluid-nonelastic stress wave propagation from buried explosions, the results of laboratory

plane wave experiments must first be understood.
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Section 3
LONG - PERIOD DISPLACEMENT GAGES _ A

J. W, Wistor, J. A, Beyeler, and G. J. Hansen

Instrument development for observation of long-period earth displacement produced by under-
ground explosions has been directed toward relative displacement devices (long-base strain gages),

inertial displacement gages, and electronic single and double integrators.

Stretched-Wire Gages

The spring-loaded wire gages uscd by Sandia Corporation on Plumbbob Projects 1.5 and
26.4b are typical bxamples of state-of-the-art stretched-wire relative displacement gages. The
gage system comprises a spring-loaded music wire stretched under continuous tension between a
fixed anchor and a spring-loaded drum in the transducer unit. An auxiliary helical extension spring
is used to preload the main music wire to ensure optimum frequency response from the system.
The music wire is operated within a flexible metal tube, which permits free movement of the wire
and cffectivély decouples it from the surrounding medium (Figure 3.1). This instrument had a
usable displacement range of about +20 inches and a response of 20 milliseconds per foot to a step

displacement. A modified form of this gage was used at several locations on the Small Boy event

at NTS,

The Small Boy instrumentation consisted of three deep drill holes which contained particle
motion gages at various depths betwcen the surface and 400 feet. The displacement gages used in

these drill holes were constructed in the following manner:

A large canister at the bottom end of each instrument array housed the spring-loaded dis- ‘
placement pickoffs and the preload springs. The remote displacement zeroing and spring tension-
ing mechanisms were housed in satellite canisters at various locations in the uphole portion of the
array. These satellite canisters, which also contained velocity gages and accelerometers, acted
as the forward anchor points for the displacement gage arrays (sce Figures 3.2, 3.3, 3.4, and
3.5). These gages could measure up to 70 inches of relative displacement and were operated over

spans of from 100 feet to 375 feet,
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Figure 3,1 Stretched-Wire Relative Displacement Gage {two configurations)
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Figure 3.2

Assembled View of Small Boy 375-foot Instrument Array
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Figure 3.3 Installation of Small Boy 375-foot Instrument Array
(Note main canister and one satellite canister,)
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Figure 3,4 Small Boy Main Canister Detail
Showing Four Displacement Pickoffs

Figure 3.5 Small Boy Satellite Canister Detail Showing
Music Wire Takeup Winch and Canister Orienting Unit
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In retrospect several recommendations can be made with respect to long-span displacement
gage assemblies. First, any long-base, spring-loaded music wire gage system should be limited
to about a 200-foot span. For longer spans frictional forces between the music wire and flexible
metal decoupling tubing become so large that, even with additional wire preloading, gage response
time is seriously affected. Second, for the particular type of relative displacement gage under
discussion — i.e., one in which the displacement pickoffs and music wire preloading springs are
located at the bottom or remote end of the instrument array —— overall system response time is in-
fluenced by several additional considerations. In this system the ground displacement signal ar-
riving at the forward anchor at time t0 is not sensed by the displacement pickoff until some later
time (to + At), where the additional delay time At is determined by the transit time of a sonic wave
in the associated length of music wire:’anc.l the response time of the displacement transducer-music
wire system. In this system the frictional and inertial forces required to accelerate the music wire
assembly degrade the system response. In the alternate system (displacement transducer and pre-
load spring forward), the response time of the displacement pickoff is the most significant part of
the delay time, Fortunately the portion of the delay time associated with the transit time of the
sonic wave can be calibrated out of the response equation with reasonable accuracy. I"or the Small
Boy event the advantages associated with remotely locating the displacement pickoff were felt to
outweigh the disadvantages, particularly because of the peculiar geometry of the Small Boy instru-
mentation plan. Primary advantages were of course associated with the additional shielding afforded
by remote location. Thus instrument disturbances due to nuclear and electiromagnetic radiations

and to ground shock were minimized., For performance details consult Reference 1,

For additional information on the Plumbbob type rclative displacement gage system, see Refer-

ences 2 and 3.

Rigid-Rod Gages

A second type of relative displacement device consists of a rigid rod, one end of which is se-
curely anchored to the test medium, The rod is enclosed within a flexible metal housing containing
self-align...g bearings at fixed intervals, The metal housing decouples the rod from the test
medium, and the bearings permit free rod movement and damp out transverse rod vibrations, A
distance transducer is used to measure the relative displacement between the free rod end and a

second fixed anchor (Figures 3,6 and 3,7), Several 10-foot gages in various configurations, set
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up in the laboratory to simulate the buried condition, were excited by an electrodynamic shaker,

First significant resonances for 3/8- and 1/2-inch-diameter rods occurred in the region of 300 to

450 cycles per second, Smaller diameter rods resonate laterally at frequencies so low as to pre-

clude their use. Two 10-foot gages were buried near each of two 5000-pound HE bursts and per- »
formed satisfactorily (Figure 3.8a). Several 10-foot gages were built with a remote zeroing capa-

bility for Gnome and NTS. A record obtained from this gage at a distance of 950 feet from the Gnome

explosion is shown in Figure 3.8b, and an NTS record in Figure 3, 8c,

Recently the original 10-foot relative displacement gage has been extensively redesigned,
These modifications have produced several advantages, Smaller and more sensitive displacement
pickoffs can now be used. This reduces the active gage span from 10 feet to 3 feet with no reduc-
tion in gage sensitivity, Strains between the limits 2 microinches per inch te 20,000 microinches
per inch can be measured with this device, For deep hole installations the remote rod unlatching
and transducer zeroing mechanisms have been redesigned; this has produced a shorter and smaller
diameter motor and transducer housing, consistent with installation in smaller diameter drill holes,
The length has been reduced from a nominal 16 inches to 10 inches and the diameter from 5 inches to
2,25 inches. A recent test of this device near a buried 1000-pound HF: detonation at the Coyole test

field yielded good displacement data.

Inertial Displacement Gages

In order to measure ground motion directly, a reference point must be chosen which remains
fixed with respect to the earth., Since such a reference point must, in general, be located at a great
distance from the point of motion, it is more convenient to use an inertial type of displacement gage,
Furthermore, when studying large-amplitude displacements, a gage having a sensing-element motion

(with respect to the gage case) of only a fraction of the case movement is desirable,

Two mechanical-type inertial displacement gages were designed and constructed, In both of
these, the relative motion between sensing mass and case is reduced by coupling the lincarly moving
sensing mass to a flywheel, This is accomplished with a rack-and-pinion gear in the first gage and

a recirculating ball nut in the second,

The moving rack in the first instrument is fastened to a mass carried on a ball bushing which
rolls on a splined shaft, The flywheel-and-pinion shaft is mounted on precision bal) bearings (Fig-
ure 3,9), If M is the mass of the ball bushing assembly, R is the pinion gear radius, and I is the

moment of inertia of the flywheel assembly, then the case motion, D, is given by:

o i i i e L
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Figure 3.8 Typical Records From Relative Displacement Gage
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Figure 3.9 Displacement Measuring Mechanism Assembly - Model 11

D - (1 + "'I'“z‘))’: (3.1
MR

where y is the relative motion between the case and the batl bushing,
The output signal is generated from a rotary differential transformer,

The second instrument consists of a helical-splined shaft which supports a vecieculating ball-
screw nut of the type used on some automotive steering gears, The inductive pickoff includes a
ferrite ring mounted on the ball-screw nut and four laminated, soft iron armatures attached to the
cage, ‘The armatures are tapered und their coils wired in a four-arm bridge configuration (Figure

3.10). Inthis gage, the case motion, D, is given by:

2
D - (1+i‘l_‘§) y. (3.2)

mp

where I is the moment of inertia of the ball-screw nut assembly, m is the mass, p is the pitch of the
screw (linear advance per revolution), and y is the linear displacement of the nut with respect to the
case,
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Figure 3,10  Spline and Block Assembly

A small sled was constructed for test and evaluation of displucement gages (see Figure 3,11),
The sled consists of a carriage approximately 1 foot high which rides on two Thompson ball bushings
guided by a pair of parallel steel rods, The carrviage is driven by a quick-release coil spring and pre-
bounds from a second coil spring at the far end of the track, The sled displacement output as a func-
tion of time i8 essentially a triangular pulse having an amplitude which {8 adjustable from zero to
50 inches, The carriage normally makes several round trips, the number depending on the strength

of the initial impulse, The largest drive spring can impart an acceleration of well over 100 g to

the carriage and gage assembly at full compression,
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Figure 3.11 Spring~Driven Test Sled

Displacement-versus-time curves were plctted from the displacement sled test data of both the

rack-and-pinion and helical-splined inertial displacement gages (Figures 3.12 and 3. 13).

Maximum deviation of the rack-and-pinion curve from the true displacement was less than

5 percent of the peak displacement amplitude for the first 1.5 seconds ca one run, and 8 percent for

the first 2.3 seconds on a second run. These runs were made with different initial driving forces.

As the sied slows to a stop, the deceleration forces decrease to a point where they are comparable
to the frictional forces in the gage, and the gage error increases. In both of the runs mentioned
above, the peak displacement amplitude was about 20 inches, and the sled came to rest in approxi-

mately 2-1/2 seconds. The present threshold sensitivity of the gage is 0.04 g.
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Figure 3,12 Sled Test of Rack-and-Pinion Gage - Model II

0 Ind Gage Displ

- Sled Displacement Monitor

Displacemnent (inches)
[—
I/

v
¢
9 b
o
o QP o 4 -0 B (R R P
o O ¢ o ¢ o ¢
-1
o 100 200 300 400 500 600 700 800

T ime {milliseconds)

Figure 3.13 Sled Test of Helical-Splined Gage

The internal friction of the helical-splined gage was high enough to produce errors as large as
30 percent of full scale after the first oscillation of the sled. For this reason, together with the
facts that its physical size becomes excessive when designed for large displacements and its cost
is much greater than the rack-and-pinion device, our efforts were directed toward improvement of
the rack-and-pinion gage.

The prototype rack-and-pinion and helical-splined inertial displacement gages were exposed

on the HE test mentioned previously., Because of the small motion expected, the flywheel was removed
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from the rack-and-pinion gage. Performance of the helical-splined gage was unsatisfaétory because
of excessive friction. The rack-and-pinion gage indicated a peak displacement of 1.0 inch and a
residual permanent offset of 0.25 inch (Figure 3.14a). A precise preshot and postshot survey of a
gage-mount bolt showed a permanent displacement of 0.28 inch. Since the maximum relative error
of this type of gage usually occurs near the end of the record, and the recorded peaks coincided with
the crossover points of a velocity gage located nea:rby, it is believed that the record was a good rep-

resentation of actual ground motion. This gage was later used at NTS for surface motion measure-

ments,
Lo~ }
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(b) Hardhat event, NTS, radial displacement at shot depth,
600-foot slant range,

Figure 3.14 Typical Records From Inertial Displacement Gage
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The rack-and-pinion gage has been repackaged and modified to permit installation in deep drill
holes (both vertical and horizontal). The new external configuration is a 6-inch-diameter sphere,

and provision has been made for a remote leveling and calibration capability after the case has been

grouted in position (see Figures 3.15 and 3.16). Twelve were built for use at Gnome and NTS. The

record obtained at the 950-foot station at Gnome (Figure 3.17a) indicates a residual displacement to-

ward ground zero which is probably not irue. This discrepancy is explained by reference to an ac-
celerometer record from the same location {Figure 3.17b). It is seen that accelerations are small
after about 0.15 second. Frictional forces in the gage are therefore becoming more significant com-
pared to acceleration forces, and the gage indication is not reliable after this time, This chiaracter-

istic was also evident on the sled tests. A record from Hardhat at NTS is shown in Figure 3. 14b.

Figure 3.15 External Configurution of Inertial Displacement Gage
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Figure 3,17 Displacement and Acceleration Records From a Nuclear Explosion in Halite
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Several ideas have evolved for gage designs which use the same basic operating principle but

which should exhibit less friction than present models.

Velocity Gages

Recently considerable effort has been directed toward a redesign of the SRI type velocity gage,
This device is basically a highly overdamped, low natural frequency, pendulum accelerometer.
This new gage, in conjunction with a single-stage electronic integrator, has yielded good displace-
ment data on experiments conducted with buried HE detonations and the displacement test sled.
This modified velocity gage has been specifically designed to extend the range of particle velocity
measurements into the 300 ft/sec region and to withstand shock loads in excess of 1200 g. To effect
this capability a complete redesign of the pendulum suspension system and pendulum and armatu‘fe
assembly was necessary. Several other changes were made in order to improve the accuracy and
repeatability of these gages. A system for filling these gages with DC 200 damping fluid under
vacuum was designed. This eliminates damping ratio changes (with consequent amplitude and fre-
quency response errors) caused by air admixture in the damping fluid, To accommodate tempera-
ture expansion of the damping fluid a flexible bellows assembly was incorporated in the base of the

velocity gage. Figures 3,18 and 3,19 show various views of the present design.

Figure 3,18 Experimental Velocity Gage, Type DS-B(H)
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Figure 3.19 Disassembled Experimental Velocity Gage Showing Two Case Configurations

During the recent experiments conducted on subsurface 1000-pound HE detonations, these
gages successfully measured peak particle velocities between 0,1 ft/sec and 235 ft/sec; corre-
sponding peak accelerations ranged from 0.5 g to greater than 1500 g. The 235 ft/sec peak velocity
was measured at shot depth, 7 feet from the center of a 1000-pound HE sphere, detonated in desert

alluvium, A reproduction of this velocity gage record is shown in Figure 3, 20,

This velocity gage was later recovered. Extensive postshot tests showed no gage damage;
however, a slight loosening of the E-coil hold-down screws was observed., As a result of this test

the E-coil hold-down assembly has been redesigned, The hold-down fixture has been strengthened,

and epoxy is used to lock the E-coil and hold-down screws in place, Transient gage response records

derived from experiments conducted on the displacement test sled are shown in Figures 3.21 and

3,22,

The experimental velocity gages discussed above fall into two categories, One type is basic-
ally a low-range model using a brass pendulum, used to measure particle velocities in the range

0.1 ft/sec to 25 ft/sec. Production models of this gage are referred to as type DS-B(H), The "B"
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refers to the brass pendulum material and the "H" refers to the horizontal mode of operation, The
second type of vclocily gage is similar to the above in overall design; however, the pendulum is
constructed of aluminum alloy. This model, referred to as type DS-A(H), is designed for operation
in high g regions and is normally used to measure particle velocities in the range of 10 ft/sec to
300 ft/scc. The experimental velocity gage record of Figure 3,20 was obtained with a gage of this
type. The two experimental velocity gages referred to in Figure 3.21 as U1 X, and U2X are identi-
fied as follows: U1 X is an early prototype of the DS-~B(H) model; U2X is an early prototype of the

DS-A(H) model,

Electronic Integrators

Because of the problems of design, calibration, and installation of velocjty and displacement
instrumentation, we have long desired to be able to obtain velocity and displacement data by integra-
tions of accelerometers, Several attempts to perform integrations using operational amplifiers
with capacitive feedback have been made in the past, .However, long-term carrier system drift and
operational amplifier zero drift have caused the results to be unsatisfactory. This section reports
progress madce in overcoming these difficulties and describes the development of long-term stabilized

single and double integrators.

Singlc Integrators

The basic circuit for performing integration with operational amplifiers is shown in Figure
3. 23a. The current through R is i = (o::i - es)/R. Since an ideal amplifier draws no input current,

this current is also the charging currcuat for the capacitor, C. The voltage across C is

\% =e-c‘=(1+A)c.
s o s

Therefore if A>>1, VC can be written
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Since e, - -eolA and A is very large, the equation becomes % RC f eidt' which shows that
the output voltage is directly proportional to the integral of the input voltage. In general an opera-

tional amplifier circuit can be shown as in Figure 3.23b. If A is very large (10‘ to 108). then

"}

e 0. Therefore, Eo/Ei z . zf/zi.

Using Laplace transform methods to analyze the circuit shown in Figure 3,23a we obtain

1 = s
Zt 55 and Zi = R where S = jo
f:g =z - .z-! 5 - or E = - —E_:.L
Ei Z1 RCS RCS *

Taking the inverse transform we obtain
i 1
o RC i

which s the same answer obtained previously, Therefore the ratio of feedback to input impedance

will be used throughout this report to determine circuit performance,

The circuit of Figure 3, 233 suffers a number of difficulties in {ts practical application, A
typical instrumentation system consists of a velacity or acceleration guge whose response is ampli-
ficd by a carrier amplifier; output uf the carrier amplifier is then fed to the integration vircuitey,
The output voltage of the carrier amplifier varies slowly (approximately + 30 mv) with time, and,
when applied to the vircuit of Figuve 3, 233, causes ¢ o 10 vary several volts, whieh i3 sufficient te
saturate the signal recorder, In additian, all actual eporational amplitiers require a amall DC cur-
rent flowing through Z' to stabilize them, This curreat varies from amplifier te amplificr, and for
the amplifiors being used (the Astrodats  DA~110) is about 23 1o 30 micromicresmperes, This
current continuously charges the capacitor C and, unless bhled off, allows e, 10 ugatn rise to satura-

tion,

To salve these problems the circult shown in Figure 3, 23¢ was investigated. With this cly-

cuit we obtalin:
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LetT = R,C, = R.C, = stabilization time constant.
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Then

Eo s

T e  meee——

s

. . 2
i R1C3(S+l/1‘c)

]

and for a unit step function input

Therefore it can be seen that, for t less thaa 0,1} to. this eircuit wil) integrate with less than 10
percent crror, In practice it is possible to obtain values of T‘. = 30 seconds or more with gaed
long-term stability, This allows accurate integrations ever about 5 sccoads, Feor most measurc-
ments the data i oblained in Jess than ) second, The single-inmtegration eireuit employed in our

tests was that af Figure 31, 23¢,
Dauble Intogrators

The practical prablems asseciated with deuble -integration circuits are much mere severe
than thase of #ingle integrators, The meet cammen methad of perferming double integration is te

use two single integrators in series. This yields the fallowing form for a step input:

A system of this type will work; however, it has seversl major probloms,. The form of the ex-
ponential requires that 're t«wmtmmwnhuﬂmheMeouhmu?etwaswb
integraior o yield the same accuracy, Then (oo, the output drift of the first integraior s in the
pass band of the second and is therefore integrated,




Much of the series amplifier drift problem can be overcome by using the circuit shown in

Figure 3. 23d for which

2AS + 1/2R,C,)

mlm
°

C 2 .
i (RS)I°C,C,(5+2/RC)

Let RIC1 = 4R2C2' Then for 4 step input e = t2/R:1"C1C2, which is the form for true double inte-
gration, However, the circuit of Figure 3. 23d is very unstable. Some means of compensation

must be supplied to eliminate the instability, The simplest method is to apply a leakage path from
output to summing point and to block long-term drift in e; as shown in Figure 3.23e. This circuit
produces an oscillatory form in the output voltage for all values of Rc other than Rc = R2. If Rc is

made equal to Rz, the circuit is stable and we have

K} 28

(s + 1/23202) ]

2 [ 2
i R, C,Cy LS+ 1/3202) (s +2/RC)(S+ 1/2R1Cb)

It RlC1 = 4R2C2 and 2R1C

b = R2C2 then

¥
LK

.28 [ 1 ] % [ s ]
2 3 3 3]
RIC1 g LG5+ 1/R2c2) R,C, (s + 1/R2(72)

For a step voltage input we obtain

This is the form desired, performing short-term double integration but having long-term stability.

T, = R,C, must be made large to obtain accurate data, R, is limited to < 2x10° ohms for
stability: therefore C2 is determined when Tc is specified, This means the gain of the circuit is

controlled by the value of Cb' IFFor the actual circuit Cb is calculated to be several hundred
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microfarads. Luw-leakage capacitors of this magnitude become physically impractical, and there-

fore this circuit has limited application. To attemnpt to eliminate these problems the circuit in

Figure 3, 23f was investigated. I Cb >> Cl and Ra >> R2 we obtain

o zf 25 (s + 1/2R2C3)~ ]

i %4 Rice [(s+1/ac)2(sz+zslnc c1ric.col
1613 13 11 1€1%

25

(s + 1/2R2C3) ]

2 2
R1C1C3 (S + 1/R3C3) (s+ 2/R1Cl) (s+ 1/2R1Cb)

andif R.C_ = 4R2C and 2R Cb = R3C , then we again obtain the proper form

171 3 1 3
E. 2 3] 3 3| .
i R1 C1C3 (S + 1/Rac3) 323303 (s + 1/R3C3)

In this case we find that if R3 and C3 are specified and Cb is limited to a reasonable value, gain
can still be adjusted by varying Rz. This circuit can be built with reasonable components and
double integrates nicely; however, it is very unstable because the voltage divider formed by R3
and Rz severely limits the steady state stabilization current flowing from output to summing point.
Stabilization can be restored by placing a capacitor in series with R2 to block the direct current

path, The circuit shown in Figure 3.23g is then obtained, Making the assumptions that Cb >» C1

and R3 >> R2 we see that

2
B!
z, = —5—= [+ 2/RC)) (s + 122RC))]
, .2 (5+1/2R,C,) (8 +2/R3C2)]
f C 2
3ls +1/R,CY" (S +1/R,C,)
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Let Rlcl = 432(3 and R3C2 = 4 RIC and R2C2 = R3C3 c

3 b

Then

L}

E, Zz 2% 3] T2 3)°
i i R CCy Lis+1/R,Cy T.Cy Llis +1/T)

which is again the form desired.

This circuit has been constructed and operated with many values of Tc and gain. With values
of Ry < 2x107 it will hold zero to +100 mv for long periods of time. It can be constructed with com-
ponents of reasonable value and, depending upon the gain desired, accurate double integrations
over several seconds can be obtained. Results of some recent experiments using the displace-

ment test sled are shown in Figures 3.21 and 3.22.

Sample Determination of Components

For purposes of example the sled run shown in Figure 3.22 will be used. In this case it was
desired to (a) single integrate acceleration to obtain velocity, (b) single integrate velocity to obtain

displacement, and {(c) double integrate acceleration to obtain displacement,

Acceleration (A) = 50 g
Velocity (U) = 10 ft/sec

Displacement (D) = 3 feet

Using the relationships U = At, D = Ut, and D = (1/2) At2, the values of the integrator gain con-

stants can be determined, For case (a) above we obtain

RC,=t-= U/A = 10/(50) (32.2) = 6,21 x 10"3 seconds ‘where all components

are designated as shown in Figure 3.23c.

Next, values for R2 and C1 are chosen as large as possible consistent with the desired

stability. For the example, R2 = 2x 109 ohms and C1 = 18x10.6 farads,
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¥RC =RC, =T, then
1 ¢

T2 = R.R.C.C. = (6.21 x 1073 (2 x 10°) (18 x 10°) = 224

c 1727172
or

Tc = 14,95 seconds

-6 5
R, = 'rc/c1 = 14,95/18 x 10 ~ = 8.30 x 10" ohms
’ 9 _ -9
C, = T IR, = 14.95/2 x 10" = 7.5 x 10 ° farads,
Using the same method for case (b) we obtain

RC,=t= D/U = 3/10 = 0.30 second.
Let

R2 =2x 1()9 ohms

-6

C, = 18 x 10 ~ farads.
Then

2 9 -6

T, - (5.30)(2 x 107) (18 x 10 ) = 10800,
or

’I‘C = 104 seconds,

-6 6
R, = Tc/Cl = 104/18 x 10 ~ = 5.8 x 10 ohms,
9 -9
C, = To/Rz = 104/2 x 100 = 52 x 10  farads.

For case (c) the circuit of Figure 3, 23(g) is used and we obtain

T: c,/c, = £ - 2D/A = 6/(50) (32.2) = 3.73 x 10™°.
9 -6
Let R3 = 2 x 10”7 ohms and Cb = 18 x 10 ~ farads,
Then
e =% /RY = (3.73 x 107 (18 x 107%/(4 x 10"
N -9
C3 = 2,56 x 10 © farads
and
'I‘c = 33c3 = (2 x 109) (2.56 x 10-9) = 5,12 seconds,
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For the equations to hold, Rs must be much greater than R2. Therefore let

R, = 100 R,.
Then

R2 = 2 x 107 ohms
and

C, = T/(2 x 107) = 2.56 x 10" farads.
Since

RyCy = 4R,Cy

_ 9 -7 -6 6

R, = {2 x 107)(2.56 x 10 )/(4)(18 x 10 ) = 7.1 x 10 ohms

and

C, = 4R,C /R, = (4) (2 x 10 (2.56 x 10°9/(7.1 x 10% = 2.88 x 1078 farads.

These circuits were constructed and the data shown in Figure 3.22 were obtained, It car be

seen that in all cases waveforms from integrated channels closely resemble the output of tran: -

-ducers measuring the functions directly. In addition all peak data are accurate to well within

+10 percent,
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Section 4
SPHERICAL SHOCK WAVES FROM UNDERGROUND EXPLOSIONS

R, H. Bishop

Introduction

In order to improve understanding of cratering and seismic-coupling phenomena -- especially
for extrapolating from chemical to nuclear explosions -- an analysis of shock waves in solid media has
been made, Only spherically symmetric waves are assumed, in uniform unboundcd media; these waves
are analyzed throughout the entire range of distances from close to the explosion center to distances
where linear elastic theory is applicable. Principal results derived from the anslysis are pressure-
distance decay laws for various geologic materials, Time history profiles are not obtained, but the
"effective shell thickness" parameter (which is obtained as a function of the radial distance) indicates

the general scale of the shock-wave radial profile, without reference to its shape.

The partial differential equations expressing conservation of mass, momentum and energy, the
constitutive relations of the medium in which an explosion occurs, and the appropriate boundary and
initial conditions are in principle sufficient to describe completely the wave disturbance generated by
an explosion, In practice, however, a general and complete solution is extremely difficult mathemati-
cally. Considerable progress toward a solution has been made in the last few years by use of electronic
computers, particularly in the immediste or hydrodyramic vicinity of the explosion, Nevertheless, at
present there appears to be no computer calculation capable of predicting values for an explosion dis-
turbance which agree with experiments in the variety of media in which data have been obtained and

over the complete pressure range from hydrodynamic to elastic.

In addition to the mathematical difficulties, lack of kncwledge of media constitutive relations is a
major shortcoming, Since methods of solution by computer techniques are relatively difficult and not
readily available for general use, a simple, analytical, and easily applied method of solution is highly
desirable, It is the aim of this report, first, to make those simplifying approximations and reasonable
assumptions for the unknown constitutive relations of the medium so that an analytic solution may be

obtained; and, second, to evaluate the resulting solutions by comparison with experimental data.
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In the present report, solutions are obtained which are analytic in each of the several different
pressure ranges associated with explosive disturbances, Over each range, an approximate relation
between stress and strain is described by a set of constant parameters, and a corresponding analytic

expression relating pressure and distance is obtained which holds only within that range,

It is known experimentaily and from theoretical considerations that an arbitrary initial pressure-
distance profile generated by an intense initial disturbance in a medium is generally not maintained during
subsequent propagation; it rapidly approaches a certain "steady-state" ultimate shape., The "front" of
this ultimate hydrodynamic profile is very steep, almost discontinuous, and the "tail" has a nearly
unchanging shape during propagation, being roughly exponential, Taylor (1950)22 has shown that the shape
of the hydrodynamically stable profile of a sufficiently strong spherical shock wave depends only on the
adiabatic exponent of the medium. Moreover, the profile remains always "similar® -- i, e., a given
fraction of the front pressure is always located at the same relative location between the explosion center
and the shock front position at each instant of time, provided the shock remains sufficiently strong.
During subsequent propagation at lower pressures, two changes take place: (1) the scale of the profile
varies as the front moves along; (2) the shape of the profile varies with R, As a simplifying assumption,
we ignore the change in profile shape (2), This change is amall as long as the transition from ambient
pressure to front presaure is irreversible. Even assuming an invariant profile shape, one must still
take account of the change of acale (1), since this is a first-order effect and cannot be neglected even in
an approximate analysis, It is useful to define a separate parameter to account for the change in scale
of the radial profile which occurs during propagation at relatively low front pressures -- i, e., when the
shock is not "strong® in the gense defined by Taylor. This parameter is related to the radial distance
(at any instant) from the wave front to a point on the profile where the pressure has decreased to a given
fraction of the front preasure, This distance defines a "shell thickness,® y, which contains most of the

wave energy.

Use of the "shell-thickness™ parameter simplifies the mathematical description of shock propaga-
tion. The fundamental partial differential equations, which contain time as an independent variable,
are required to describe the transient approach to a steady radiai profile shape, Assuming a steady
shape to have been reached at some early time, we derive ordinary differential equations in which the
{ndependent veriable is the wave front radius, R, at any instant of time, Integration of these equations
gives the curve of pressure as a function of radial distance in any given medium. This latter curve is
the principal object of concern in the following analyses, since most of the available data from experiments

e gz




can be compared with it,

{

In order to derive the curve, however, the constitutive (stress-strain) relations

of the medium must be known in each pressure range. The initial steady shape of the radial profile is

determined from Taylor's analysis, but the change of shape which actually occurs during subsequent

propagation is ignored in our analytic approximate solutions,

Stress-Strain Description of a Solid Medium

The Hugoniot curve refers to the set of all shock front conditions (ps. [ s) that can be reached from

a given initial condition (pl, pl). In a gas, one may use the following Hugoniot (Taylor, 1950),22

vS/v1 =

y+1+(y-1) (pslpl)
s Y-1+G+D ® /p,)

pllp

provided that the parameter v is defined as

¥y'=1 +(psvS - plvl)/(ES - E

1) ’

in which p is pressure, v is specific volume or reciprocal of density, and E is specific internal energy.

The subscripts 1 and s refer to regions ahead of and behind the shock wave, respectively.

The parameter v is equivalent to the exponent of a reversible adiabat only for "weak" shocks, so

that P, - Py is small compared to Py In general, v is a function of Py

In terms of the relative fractional change of volume, or "strain,"e¢ = 1 - vs/

pressure, ¢ = p_ - Py, the Hugoniot may be reduced to

1/e = (1/21y + 1)+‘Ypl/o .

Vl,

and the over~

(4.1)

When ¢ is large compared to Py Equation 4,1 approaches the well known limit ps/p1 = (y+1)/(y-1)

for "strong" shocks; and when o is small compared to Py Equation 4.1 corresponds to the differential

form of the reversible adiabat, (d<:cr/dt:t)1 = 71p1pl-1 , in which 71 is the value of ¥ corresponding to

the ambient conditibn (pl, pl). That is, y approaches v, a8 © approaches zero,

Equation 4.1 can be applied to a solid medium, but the parameter ¥ may vary rapidly with the

front pressure, o . For solid media, we make the assumption that the product 'yp1 in Equation 4.1 may

be replaced by the reversible adiabatic elastic modulus Sl' The quantity v in this product must also

be replaced by 7y - By definition, S1 = pl(da/dp)1 , and it is well known that the plane wave propa-

gation velocity, C

1 ’

corresponding to infinitesimal longitudinal strains is (do/dp)

1/2
1

Thus,
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S1 = Ylpl = QICI + Equation 4,1 is then expressed in terms of S1 for any solid medium,
ole = p,C2(14x) = S (14x) =S
1 l 1 s » (4.2)

in which x is defined as

x = (v + Doffeo c?) . (4.3)

The stress-strain ratio o/e in Equation 4.2 defines a finite-strain modulus, or "shock modulus,"
Ss . Thus, we interpret x as the relative fractional correction which converts the elastic-wave

modulus, Sl' to the shock modulus, Ss .

The modulus correction, x, in Equation 4.2, has a simple expression in terms of the shock-front
propagation velocity, U. This is derived from the Rankine-Hugoniot equation for conservation of mass
across a shock frout, u, /U = €, in which u, is the particle velocity at the front. Eliminating ¢

between this equation and Equation 4.2 and using the momentum equation, ¢ = plusU, we obtain

x = (U/C1)2 -1 . | (4.4)

.

It should be recognized that the strain, ¢, in Equation 4.2, takes place in a direction parallel to the
directio1 of plane-wave propagation, so that there is no change of volume in any transverse direction.

However, there is always a transverse stress field accompanying the longitudinal stress, o .

If x is negligible compared to 1, each stress component is directly proportional to the longi-
tudinal strain, ¢. In this case the strain at the front is infinitesimal, and the corresponding waves
are said to be "sonic" or "acoustic,” In a solid medium, the transverse stress field depends on
Poisson's ratio as well as on the elastic modulus Sl' When o is large compared to S1 and x is
large compared to 1, stresses generated in a solid by shock waves are termed "hydrodynamic.” When
o is comparable to S1 and x is comparable to 1, the quantity o is neither acoustic nor hydrodynamic,

nor is it simply related to the longitudinal strain, €.

Reversible Strain

Let us consider a spherical compressive wave in a small volume nf rock subjected to a uniform
lithostatic pressure, p1 . This pressure is due to the weight of air and rock at depth hS below the
surfacc and is approximately equal to B + phghs, where ph is average density of rock, B is barometric
pressure, and g is gravitational acceleration, As a spherical shock moves along, the front pressure

will eventually decrease to a value less than that necessary to open radial (hoop-stress) cracks. If the
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shock overpressure, °r = Pg =Py is replaced by a static overpressure of the same magnitude at the wall

of a spherical cavity, Lamb (1960)8 has shown that the static tangential stress, O due to the excess
radial stress, on’ is given by o, = (1/2) (ch - 2p1), provided that the medium is linéarly elastic. When
R exceeds 2pl, the cavity wall is subjected to a tensile hoop stress. When o, reaches some critical
value, T, ‘radial cracks will be formed, If we assume that this static relationship can be extended to a
éhock wave, the parameter T is equivalent to a dynan;dc tensile strength in the medium. Then the shock
front stress, ci‘, corresponding to the onset of radial cracking is defined by the equation
T = (1/2) (UI'R - 2p1), or uf" = 2(T +p1) .

The actual maximum reversible stress, pr, cannot exceed this limit, but it may have some smaller value,
Thus, in general, P, is less than or equal to 2(T + pl).

Since S1 = 'ylp1 = pICi the reversible adiabatic exponent 71 in a solid medium at a moderate
ambient pfessure, Py, may be relatively large, For example, if Py = 2 gm/cms. C1 = 4 km/sec and

p, = 60 bars {1000-foot depth), v > 103,

When x is small compared to 1, the strain is small and ¥ approaches the limit, Yqye Since v
is genecrally large compared to 1 in any solid medium, and Sl = VP Equation 4.3 is practically

equivalent to

X = cx/2p1 o< pr) . {4.5)

When o is less than pr, the relation between stress, o, and strain, ¢, is given by Equations

4,2 and 4.5. Evidently, the stress is directly proportional to the strain only when x is negligible com-
pared to 1.. In general, the relation may be nonlinear even when the strain is reversible (o < pr)’
because x is not necessarily negligible gompared to 1, To see this, we observe from Equation 4.5
that x may have any value less than P, /2pl, and P in turn, may have any value less than 2(p1 + T).

Thus, x may have any value less than 1 + T/pl.

Cracking Zone and Crushing Zone

Wiien the radial stress, or’ exceeds the reversible limit, P radial cracks will appear first,
due to tangential tensile stresses at the spherical wave front, In a range of higher values of peak radial
stress, tangential cracks may be expected to form as a result of shear stress failures. Consequently,
separate rock fragments will result from a combination of processes resulting in tangential and radial
cracks, As the radial stress increases, the fragments may break up, until a grmular composition is

left as the "crushing-strength,® P is approached, We call P, the effective dynamic compressive
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strength. If the peak radial stress, R’ is less than P each fragment tends to retain its shape; in

this range of stress there is no excessive transverse bulging, and the tangential compressive stress
component is negligible compared to the radial stress component. After the Iirst radiai cracks have
appeared, the tangential stresses become zero, and the radial stress component becomes dominant,

All these conditions apply approximately to any radial stress, on which is less than the dynamic
compressive strength, P, - The region of a medium in which the stress °n has values such that

P. < °n < pc is termed the "cracking zone," and in this zone the radial stress component is considered as

the only stress of importance in a first approximation,

Because the radial stress, o is directed perpendicularly to any concentric spherical surface, it

R’
will diminish inversely as the square of any radial distance in the cracking zone. This is readily seen

from the equilibrium equation in spherical coordinates,

in which the tangential stress, o, is set equal to zero, The radial stress, o which is a solution of

t R’

this equation, varies inversely as the square of the radial distance, R.

This variation is strictly true only for a static radial stress field. We shall assume that the
inverse-square law is also obeyed for wave-front stresses in the cracking zone, (pr < °R < pc). It should
be recognized that if the radial stress, R’ exceeds the crushing strength, P the transverse stress
components can no longer be neglected even in a firsi approximation. In the cracking zone, each rock
fragment tends to resist a change of shape, which is described by a finite-strain shear modulus, Mg«

As the radial stress increases in the cracking zone, resistance to change of shape begins to disappear as
fragments are broken down into smaller and smaller particles of more regular shape. These ultimate
particles tend to resist change of volume rather than change of shape; hence, the shear modulus, Py
becomes negligible in that range of stress which exceeds the crushing strength, P this range will be
termed the "crushing zone." Now, the stress-strain relation can be described by a finite~strain shock-

wave bulk modulus, kS .

In order to determine a stress-strain relation for a medium which applies to both the cracking zone
and the crushing zone, we express the dynamic shock modulus, Ss' in Equation 4.2 in terms of the’
shock~wave bulk modulus, ks' and the shock-wave shear modulus, u s By analogy with the acoustic

modulus, Sl’ representative of infinitesimal strains and expressed by S1 = k+ (4/3) = plci , We

define finite strain or shock-wave moduli by the corresponding relation, Ss = ks + (4/3)}.«s . Using



. 2
the well known relation y = p1C » where C2 is the velocity of infinitesimal shear waves, the acoustic
bulk modulus, k, can be expressed in terms of the acoustic plane wave modulus, SI:
S = 1. 2
k/S; = 1-(4/3)(C,/C ) .

In the cracking zone, it is expected that Poisson's ratio remains nearly the same as its "acoustic"

value. Thus, ks/uS = kin, kslk = us/u = f, and SS = fSl, where { is a constant factor. Solving

Equation 4,2 for x gives
x, = (43 /8) + fk/S)) -1, : (4.7

in which the subscript ¢ refers to the crushing zone or the cracking zone. In the crushing zone, as
already explained, the finite-strain shock-wave shear modulus, Hg becomes negligible, and

Equation 4,7 reduces approximately to

~ 2
X, = f[l - (4/3)(02/01) ] -1 (4.8)

In the crushing zone, the factor f is not strictly cons‘tant, as in the cracking zone, but depends on '
the amplitude of the stress o . In the absence of experimental data, we shall assume Equation 4.8 in
conjunction with Equation 4.2, for the stress-strain relation in the crushing zone. In Equation 4.8,
the factor f is equal to the ratio SS/ Sl’ in which Ss is the "rapid-strain® shock modulus, and S1
is the "slow-strain" acoustic modulus, It has been observed by Wuerker (1959)26 for "mine rocks"
and by Watstein (1953)24 for concrete that the ratio of a rapid-strain modulus to its corresponding
slow-cstrain :modulus is about 2, In accordance with these experiments, we use £ = 2 in Equation 4.8,

so that the modulus correction X, in the crushing zone becomes
x_ = 1-(8/3)(C,/C,) (4.9)
¢ 2° 71 ) *

Hydrodynamic and Plastic Ranges

When the front pressure, o, exceeds a certain minimum value, P individual particles merge
to produce a continuous fluid with high viscosity, which exhibits "plastic flow." When the pressure
exceeds a still higher limit, Py the medium displays a completely hydrodynamic character as a low
viscosity fluid. We can determine an approximate value for P, by substituting x = X, into
Equation 4.3, and replacing ¢ by P which gives P, 2xcp1C3/ (y + 1). This result follows from the
fact that we have identified the highest pressure in the crushing zone with the lowest pressure in the
plastic zone, The expression for P involves the parameter y. From experimental 'Hugoniot data,

Y may be evaluated using Equations 4,2 and 4,3. It is found that v is about 2 or 3 in most geologic
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materials, These values for vy are accurate in the hydrodynamic range of pressure, o > Py ‘but

approximate in the plastic range, P <g< Py -

In the hydrodynamic pressure range, o > Py ¥ is very nearly constant, In the plastic réhge, R4
is a slowly varying function of o, so that in subsequent calculations we shall take it to be constant for |

all pressures, ¢ > P and equal to its value when o > Py -

Pressure Zones Near an Explosion

The schematic diagram of Figure 4.1 illustrates the various pressure regions surrounding an
underground explosion. The modulus correction, x, in these same pressure regions is shown as a
function of ¢ in Figure 4.2 for a typical earth material, The information of Figure 4.2 has been

converted to a stress-strain diagram in Figure 4.3.

Table 4.1 summarizes the modulus corrections and the stress-strain relations for the various

| pressure ranges.

i . The only certain information we have about the properfies of solid media is their elastic constants
and their Hugoniot, illustrated in Figure 4.2 by the two regions of the curve where the slopé is unity.
Between these extreme limits of pressure our knowledge of medium properties is imprecise, if not
negligible., The two straight-line portions of the curve in the acoustic and fluid pressure ranges must be
connected in some fashion. We have made this connection by assumption, using the relations listed in

Table 4.1,
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TABLE 4.1

Modulus Correction and Stress-Strain Relation in Various Pressure Ranges

Condition of medium and Stress-strain relation,
Zone range of pressure Modulus correction x G Versus ¢
I Continuous solid, reversible _ @ - 2 (l + 1 )
strains, ¢ <p *X*3%p e = 0,C) {5 2p
r 1 1
n Cracked solid, large 2 2 +x
fragments or radial cracks, ' - 4 C2 _ plcl (l xc)
xX=fh-{=-}=—=) [-1 1lfez —vnr
p_<o<p c c 3\C °
r c 1
£ 22
c
m Crushed solid, small l‘ 2 2
L ' C p,C, {1 +x )
particles, Pc<°<pm x =fl‘(é)-_2 -1 Ve = : l( -
(3 3 Cl [}
2
f=2 = pIUc/a
v Fluid, hydrodynamic or
piastic, o> p x = o t/e=(3) e+ v epclio
m 2 2 171
2p1C‘

Shell Thickness and Wave Energy

Let us take the shock-wave energy, Ws, as twice the kinetic energy in a spherical volume of
radius R, the distance from explosion center to shock front. Near the front, the kinetic energy per

unit mass is known to be practically equal to the internal energy per unit mass, provided the front

pressure is large compared to ambient, Thus

R 22
Ws = 47 prurr dr ,

in which Pr is density and u, is particle velocity at radial distance r from the center of explosion.

We now define the effective shell volume, Vs' to be equal to Ws / (psui) , in which fs is density and ug ’

is particle velocity at the wave front. Then

N
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The shell volume, Vs’ can be expressed in terms of its thicikness, y, and outer radius R, so that

V, = 4sR%F, in which

F=1-G/R+a/3) R’ . | (4.10)
Now, letting n = r/R, the shell-thickness ratio y/R is found from

y/R = (!IF)Ll (prlos)(ur/us)znzdn . (4.11)

Equation 4.11 applies generally to any spherical shock wave, provided the front pressure is large

compared to the ambient pressure, Py -

It follows from replacement of ", by Sl “in Equation 4.1 that Py lps approaches (v - 1)/{y + 1)

when o is large compared to s From Equation 4,3, this same condition results in a large value

1 .
of x, regardless of whether a gas or a solid is being considered. Taylor (1 95())22 in his analysis
assumes the asymptotic front condition pl/ps = (y - 1}/(y + 1); accordingly, Taylor's analysis can be

applied to a solid medium when x is large compared to 1 and the shock wave is strong.

Taylor's theory provides radial profiles for inclusion in Equation 4,11, In terms of Taylor's
variables, ¢(n,y) and ¥{n, v), the result is

1
2
/R), = (741; l)[ v %n%an (4.12)
Jo

in which the subscript, o, designates a strong shock wave. The values of (y/ R)o calculated
from Equations 4.10 and 4,12 and Taylor's formulas for ¢ and ¢ appear in Figure 4.4, This shows
that the hydrodynamic shell-thickness ratio (y/ R)o is a function only of the medium parameter, %,

and does not depend on R.
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\Figure 4.4 Relative Shell Thickness Versus Adiabatic Exbonent for Hydrodynamic Shock Waves

135




Strong Shock Energy and Pressure

B is seen (Figure 4.4) that the shell-thickness ratio (y/R) is invariant as R increases, provided
v remains constant and the shock wave remains strong; when x is large compared to 1, a shockis -
defined to be "strong,® regardless of the type of medium, Any spherical blast wave can be described
adequately by two parameters, namely, front pressure, o, and shock energy, Ws « The shock energy
can also be expressed in terms of the relative shell thickness, y/R, and the energy density, psuz , at
the front. From preceding definitions, Ws = 47R3psu:Fyl R. Energy density, psuz. is related to

front pressure, o, since the change of kinetic energy is (1/2)11: = (1 Iz)ccr(v1 - vs) = (e/2)(o/p1) .

Taylor (1950)22 has shown that there is a simple relation between the front pressure, ¢, and the
total blast energy, Wt . This quantity is defined as the total kinetic and internal energy associated
with all the material inside the entire sphere of radius R. It is sometimes convenient to separate the
total blast energy, Wt, into two parts, The shock-wave energy, Wa, has already been described, It
is associated with the spherical shell whose outer radius is R and whose inner radius is R - y. We
now define the “core" energy, Wc’ to be equal to Wt - Ws . The core energy, Wc, is associated with

the spherical volume whose radiusis R - y.

Taylor ( 1950)22 defines a dimensionless pressure, f(n,y), analogous to the relative density, v,
and relative particle velocity, ¢, which we have already used in Equation 4.12, Firom Taylor's result

in our notations, the front pressure, o, is given by »

¢ = B(v)wtn'3 (4.13)

where

B(y) =

-1
v+ 1) [11 +(2/7) (v - 1)"12:”

and x >>1, It ia calculated from two definite integrals through the use of Taylor's formulas for ¢, ¥,
and f, |

1
L0 = [ v,

1
lz(‘r) ] _L f(n, 'y)nzdn .

: v

The function Bly) is plotted in Figure 4.5
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From the strong-shock energy rglations, Ws = 4wR3psu§F(y/R)o, “2 = eo/pl, €= 2/(y+1), and
Equations 4.12 and 4,13, we find that Ws = 2m(y + l)RSII(‘Y)o . Ws/Wt = 2n(y + 1)11(7)8(7), and also that
WC/Wt =1- Ws/wt . The ratio Ws/wt designates the fraction of the total energy which is partitioned to
shock propagation (i,e., in the shell), and the remainder is retained by the core. These fractions depend
on the medium; for strong shocks (x >> 1) they are functions of ¥ only. It is also evident that for strong
shocks the fraction of energy partitioned to shock propagation is independent of the front radius, R,
provided v is constant. For example, when ¥ = §, W’/Wt = 0.8, Thus, only 20 percent of the total
energy is retained by the core in this case; whereas, when v = 1.4, ws/wt * 0,42 and nearly 80 percent

of the energy is retained by the core,

Heat Energy L.oss From Shell

As shown in the last section, there is no significant loss of energy from a strong spherical shock-
wave shell, since v is nearly constant, As the spherical front radlug, R, increases, however, the
shock necessarily becomes less strong, and eventually there is an appreciable net losa of energy from the
shell, Then W s becomes a variable, depending on the shock front radius R at any given instant, Since
the adiabatic expansion curve of a medium lies sbove the Hugoniot curve (Figure 4.6), the net loss, Q.

(per unit mass), is always less than the heat, @, which corresponds to a Hugoniot expansion curve, in

127

¥
H
H
!
:
i
3
§
§
i
3

i
i




S —— i A i 5 e

o s A o R it 3t A i

128

which the final specific volume is the same as the initial specific volume, Let us define

Q =G GQ, (4.14)
where
Qs = heat which is ultimately lost from the shell and retained by the core;
Q@ = heat associated with the Hugoniot expansion curve of Figure 4.6;
Gx = factor which depends on shock strength; and
Gm = factor which depends on type of medium,

As we have seen for strong shock waves, the shell energy, Ws’ remains constant as the front
moves along, Therefore, for strong shocks, Q8 must be zero, although Q is never zero, For shocks

which are not strong, neither Qs or Q is zero,
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The heat Q is the approximate energy deposited in a solid medium if ¢ < Py since the final
specific volume vi‘ is nearly equal to the initial specific volume, It is to account for these observations
that it is convenient to introduce the two parameters Gm and Gx . Also, by the introduction of parameters
G m and Gx explicit consideration of adiabats, which are completely whom for geologic media, is
avoided. The shock strength parameter Gx must go to zero as the shock becomes strong in order to
account for Taylor's result that the shell energy, Ws, remains constant, The factor Gm is a medium

parameter which can be evaluated approximately from an experimental determination of the Hugoniot in

the plastic zone. Explicit forms for Gm and Gx will be presented in the following sections.

Referring now to Figure 4.6, the heat energy Q per unit mass is illustrated graphically on a
pressure-volume diagram as the area between the Rayleigh line, AC, and the Hugoniot curve. The area
enclosed represants the approximate net hea. energy, Q, deposited in a unit mass of condensed material.

Using the analytic Hugoniot curve described by Equations 4.2 and 4.3, the heat fraction is given by
h= Qul=1/2- arfas1mma+o-i] . (4.15)

in which ui = o(v, - vs) = ms/p1 represents twice the kinetic energy at the shock front, and is

1
shown in Figure 4.6 as the rectangle ABCD,

When x is small compared to 1, Equation 4.15 reduces approximately to h = x/6; and h

approaches 1/2 when x is large compared to 1,

Energy Propagation

From the definition of the effective shell volume V., W. = p us

s V_ . Differentiating this with

respect to the front radius R,
aw_ /dR = o_[v_ (wd/dr) + w2(av /dR)
s sl s\ 8 s s ‘

{n which we neglect the change in front density Py compared to changes in u: and V. . Consider the
energy loss uw' from the shell which results when a shock front advances from radius R to radius

R+ dR, Then dW /dR = -4rB’6,Q_, in which o, is the amblent density of the medium. Eliminating

dW'IdR from the last two equations provides a differential equation describing variation of shock energy,

u’. with distance, R. Using Equation 4.14 and introducing = * R/y we obtain

8
)
) dl:“.)_ 3+q- mn(%.a.ﬁ) , (4.16)
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q-= (IIF)thme(pllps) . {4.17)

in which q is a parameter which denotes the heat energy loss from the shock-wave shell. The variable

2 represents the ratio of the front radius R to the effective shell thickness ¥

Shell Thickness in Rydrodynamic Zone

In order to integrate Equation 4,16 in the hydrodynamic zone where v is nearly constant, we use
the Hugoniot Equations 4,2 and 4.3 and eliminate ¢ through the energy relation uz = oel Py This gives

2 - Ad -
u  c @ lop\l 1(1 + 1/x) ! in which o« = (1/2)y + 1) and x = ac/Sl. From these results,

2 =2 -1 2 - -
u, =@ p, Slx 1+x) 1 , and dlog uz/d log x = (2 + x){1 + x) 1 , when ¥ is constant. Now we can
obtain a differential equation from Equation 4.16 which relates the variation of x with R to the variation

of z with R in the hydrodynamic zone,

(Slos) - (Lex) 34 q-q/m(dlenz)]

It is evident that this équation cannot be integrated until z is expressed in terms of x and R. Let us

assume that
dlogz/dlogR = 1/{1 +x) , (4.18)

and also that this relationship is valid over all ranges of pressure. It is apparent that Equation 4.18
applies to strong shock waves, where x is large compared to 1, since we have already seen (Figure 4.4)
that Taylor's theory requires z to be constant if vy is constant; and so for very strong shock waves,
dlog z/dlog R = 0. Very weak shock waves, or acoustic waves, correspond to values of x which are
very small compared to 1. These also are described by Equation 4,18, since z = R/y and y remains
constant, independent of R so that dlog z/d log R = 1, Each "infinitesimal® Fourier component of a

very weak disturbance travels at the same "acoustic" velocity, C,, as is evident from Equation 4.4,

11
since x approaches zero for acoustic waves. Therefore, an acoustic wave pulse does not disperse; it

maintaing a constant radial extension whose scale is measured by the effective shell thickness, y.

Using Equation 4.18, we obtain a differential equation which describes the variation of x with R

in the hydrodynamic zone,

d log x _2+3x;|- (1 + x)
- (ETB%E) L2z oalre (4.19)

where q is defined by Equation 4.17, and F has been set equal to 1, Referring to Equation 4.10 and

Figure 4.4, we see that y/R is relatively samall for strong shock waves, and F is nearly equal to 1.
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The ratio y/R will become even smaller for weak shock waves, because y tends fo remain constant

when R increases, as already pointed out. Therefore, we can assume F = 1 for any shock wave, with

adequate accuracy.

By eliminating R, a differential equation for z is obtained from Equaticns 4.18 and 4.19, which

is valid in the hydrodynamic pressure range (y = constant),

_dlogz _ 2 +x | (4.20)
d log x (1+x)[2+3x+q(l +x)] * °

Now we refer to the definition of q in Equation 4,17, and set ¥ = 1, Each remaining factor in
Equation 4.17 must be evaluated in order to integrate Equation 4.20. First of all, it is evident that q
is directly proportional to 2z, and thg differential Equation 4.20 is consequently nonlinear in the
dependent variable z., Moreover, it will become apparent that the remaining factors defining q in
Equation 4.17 are complicated functions of the independent variable x. An approximate analytic method
is desired in order to avoid numerical integration of Equation 4.20, Fortunately, one can derive an

analytical approximation which is sufficiently accurate for most practical purposes.

Loss Factor, q, in Hydrodynamic Zone

It can be shown from Equation 4.20 that z is a slowly verying function of x when x is greater
than about 5, regardless of the variation of q with x. This corresponds generally to the hydrodynamic
pressure range described in Section 2. Consider now each of the remaining factors in Equation 4.17

- which determine the shell energy loss parameter q. In Equation 4,17, F = 1 and h is a function only
of x given by Equation 4.15. From Equation 4.15 it is seen that h is a slowly varying function of x

when x is greater than 5. From Equaticns 4.2 and 4.3
-1 -1
pl/pg = 1-2(1+%) (1+1/x) , (4.21)

showing that (pl/ps) is also a slowly varying function of x when x is greater than 5, and when ¥

is between 2 and 3, values typical of hydrodynamic pressures in solids.

In Equation 4,17 and Equation 4,14, Gx is a shell energy-loss factor which depends on shock
strength, and Gm depends on the type of medium. We have seen that Gx approaches zero as x

becomes large. By analogy with Equation 4.18, let us assume that Gx = 1/(1 + x), so that Equation

4.14 becomes

Gm = (1+ x)(Qg/Q) , (4.22)
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and Equation 4.17 becomes
(1+x)q-= szh(pllps) =q, . (4.23)

From Equation 4.22 we see that Gm is a slowly varying functicn of x in the hydrodynamic zone,
Note that Gm cannot become large as rapidly ag x, because Qs/ Q must approach zero as x increases.
This observation indicates that qa, in Equation 4.23 is a slowly varying function of x, since each of the’

other factors has already been shown to be a slowly varying function of x. As a result, we assume that

some constant average value (qz) = q, can be used in evaluating Equation 4,20,
av
_ (d log z) R 2 +x R
d log x (1+x)(2+qa+3x)

which can be integrated to give

1 b_2

' 3(bt 1) 3b(b - 1)
_{1+1/x 1+b/x
z/zi = (1 1 "i> <1 - "i) , (4.24)
in which
b= (1/3)(2+ qa) . (4.25)

In Equation 4.24, z = zi when x = xi' and in Equation 4,25,

ba (Gm>a Za"a (pllps‘)i (4.26)

In Equation 4,26, we first examine the variation with respect to x of each of the factors over the

hydrodynamic range of pressures.

In order to determine z, in Equation 4,26, let us find an average value for z over the hydro-
dynamic range of x. To do this, it is sufficient to examine Equation 4.24 for all values of x in the
hydrodynamic range which are smaller than x = 100. It is unnecessary to c:onsider Equation 4.24
for larger values of x since z remains practically the same as the strong shock limit, (y/R)o = 1/zc> s
given in Figure 4.4, This conclusion also follows necessarily from Taylor's theory, because the
actual density ratio pllps given by Equation 4.21 differs from Taylor's limit (y - 1)/{y + 1) by less

than 1 percent when x is greater than 100,

From Figure 4.2 we find that X, is the lowest values of x in the plastic zone, and from Table 4,1
it is seen that the same stress-strain relation is used in both the plastic zone and the hydrodynamic

zone, In Figure 4.2, the transition betwecen hydrodynamic and plastic pressures occurs where x = Xy o




Below this point v is not constant, and the hydrodynamic equations in which a constant value of v is not
assumed are not strictly valid, If ¥ is taken to be constant, as a simplifying assumption in the plastic
range, (xc <x< xH). we can make an additional simplifying assumption in order to avoid calculating a
separate lower limit X, for the hydrodynamic~plastic range in each medium. We shzll assume X, = 1/2
for the "effective-average" lower limit of this range in each medium, and‘the corresponding pressure will
be called the "hydrodynainic termination pressure," Pgy (see Figure 4.2). As determined from Equation
4.3, we obtain Py = SI/(-y +1). This may not be the "best" choice that can be made. ‘Ideally, one should
perform a separate analysis of the (curved) plastic zone and determine the variation of x with o without
restricting it to follow a linear relationship (i.e., constant y) as we have just done. However, the
parameters of an extensive geologic formation are not sufficiently uniform to make such an effort reward-
ing, and our objective here is to make reasonable and simplifying assumptions so that the problem is

tractable in analytic form.

From Equation 4.25, it is evident that b is always greater than 2/3, since a is never zero in the
hydrodynamic range of pressures. It follows from Equation 4.24 that the greatest possible values of z/zi

occur when b has the smallest possible value, namely b = 2/3.

Thereforé, evaluating Equation 4.24 between limits X, = 100 and Xy = 1/2, and assuming b = 2/3,
we obtain the greatest possible value for Zy, namely 2o = 1, 820 . Here z, is the value of z at the hydro-
dynamic termination pressure, p,, and 1/zi = 1/2.o is the asymptotic limit (y/R)o, shown in Figure 4.4,
at the high-pressure end of the hydrodynamic range, where x; = 100. An average value of z can be taken
to be half way between 1.8zo and z. SO that z = 1.4zo . Because of the assumption b = 2/3, this
particular average is an upper limit for any medium, which is approached only by a nearly loss-free
medium such as halite or granite. From experimental data we find that Xy = 3.5and b = 3,28 in tuff,
which differs considerably from the lower limit, b = 2/3. In tuff, it is found that z, = 1.1(Sz0 . For
desert alluvium, b = 12,8, and z, is less than l.lﬁzo. It turns out as a result that an average value for
z in any rock medium, including alluvium, is given by z, = 1.220 with adequate accuracy. This is the

value we shall use in Equation 4,26 for all geologic materials,

Returning again to Equations 4.15 and 4.21, it can be seen that toth h and (pllps) are quite slowly
varying functions of x when x exceeds 10, since ¥ in a solid medium is generally greater than 2 and
less than 3. Referring to Equation 4.24, we see that z changes very slowly when x exceeds 10, for

any possible value of b, Thercfore, we need only consider how these quantities vary in the range from
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X=X, = 1/2 to x = 10. The same is also true of Gm’ given by Equation 4.22, as we have already
shown that Gm must be a slowly varying function of x when x exceeds 10; then pl/ps approaches

(v - 1)/{y + 1), and Taylor's theory becomes applicable, at which point Qs/ Q approacheg zero.

Referring now to Equation 4.22, we recall that x = x . at the upper limit of the plastic zone, It is

H

expected that the heat loss, QS, should be approximately equal to Q for any value of x less than Xy in

the plastic zone, In the plastic zone where x, < x< x.,, Equation 4.22 is simplified by this assumption,

HD
giving Gm = 1+ x. As explained previously, the general plan of calculation is to obtain an average for
h, (pllps). and Gm over the range from x = 0.5 to x = 10, It is not clear how Gm varies when x
exceeds Xppe Possibly a good average for Gm over the stated range is the value corresponding to the
point where x = X Then an approximate average of Gm to be used in Equation 4.26 is (Gm) =1+ X
) a
In principle, one should now take the average of h(pllps) over the entire range of x from 0.5 to 10.

However, it was not possible to evaluate Gm for any value of x greater than x For this reason, it is

H
expected that a better average for the triple product Gm(pllps)h might result from emphasizing the upper
end of the range of x near x = 10 when an average for the double product (pI/ps)h is being calculated.
Since pllps is a decreasing function of x and h is an increasing function of x, the product varies quite
slowly even for values of x less than 10, Therefore, it is sufficient to evaluate (pllps)h at x = 10 in
order to obtain a satisfactory average to be used in Equation 4.26. From Equations 4.15 and 4.21 we find
h,o = 0.336, and (ﬂl/Ps) = 1-{20/11)/(1 + v) . Using these expressions together with the preceding

10

equations, (Gm) =1+ X5 and za = 1.220, we obtain a general expression for the loss term, qa, in
a

Equations 4.25 and 4.26,
4, = (O)z, (L4 x[1 - 0/1D/ v+ 1] | (4.27)

In Equation 4,27, zg is obtained from Figure 4.4 and a known value of ¥ for the medium. Values of
v and of Xy for the medium are obtained from a plot of x versus ¢ using experimental Hugoniot data,

and from Equation 4.3. As in Figure 4.2, we obtain x., from the point at which the plot of x versus

H
o first departs "significantly®™ from the hydrodynamic straight line where ¥ is constant. Below this
point, the medium is plastic and ¥ is not constant, The exact location of this departure is more or
less arbitrary. As a rough guide, one can assume that the departure is "significant"when the actual

value of x differs by about 30 percent from the value of x obtained by extending the hydrodynamic

straight line,
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Variation of Pressure with Radial Distance :

Hydrodynamic Pressure Range

In the hydrodynamic pressure range where o is greater than Py the value of x at any distance

R is found by integrating Equation 4,19, using also Equations 4.23 and 4.25,

2-b

R/R, - (xi/x)1/3<1 +b/x > 35 ’

1+b/x (4,28)
i

where R = Ri when x = X5 and from Equation 4.3 we obtain the pressure, cr/o'i = xlxi . It should

be observed that v is assumed to be constant.

Crushing Zone
When the wave-front pressure, o, s less than P, Ve take X, = 1- (8/3)(C2/C1)2 as shown
by Equation 4,9. We see from Figure 4.2 that, in general, the hydrodynamic termination pressure,
P, is nearly equal to P Thus, a constant value of x determined by X, from Equation 4,9 can be
used without excessive error for any pressure less than P, and greater than the crushing strength, P

This particular modulus-correction for the crushing zone is merely an estimate, made necessary by

lack of experimental data,

Shock-wave propagation in the crushing zone is not described by Equation 4,28 since ¥ in the

crushing zone varies rapidly with pressure o . In the crushing zone we use Equations 4.16 and 4,18,

with I = 1,
2
- (d10g ui/d10g R)=3+q- Ut ) (4.29)

in which q = Gm(pllp")zh(l + xc)-1 . Here the heat factor, h, is xc/6 from Equation 4.15, using
the approximation for small x. The factor Gm is obtained from Equation 4,22, in which we assume

that Q_/Q = 1.0 for the crushing zone, sothat G_ = 1 +x ., This combines with Equation 4.9 to give
s m c

_ 2
G, = 2-(@/3Cc,/c)’ .

It is seen from Equations 4,21 and 4,9 that pl/ps is nearly equal to 1 in the crushing zone, Therefore,

G_zx
. mTe

q-(i(l-l-xs

c s

»

RIS ECERPA

PR SRACE L 12
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and Equation 4,29 becomes

- (d log us/d logR)=3-(1 -~ zxch/G)/(l + xc) . T (4.30)
') ' .
Since u; =0 e/p1 , it follows from Equation 4.2 that uz = 02/ [plsl(l + xc)] and Equation 4.30

becomes

-d logo/dlog R = 3/2 - (1/2X1 - zx G _/6)/(1+x) . AR (4.31)
Dividing Equation 4.31 by Equation 4,18, with subscript ¢ in crushing zone,

«(dlogo/dlogz) =1+ 3xc/2 + xchm/lz .

which can be integrated to give

2+ 3x
c

olo, = (2Jz) °  exp [—(Gmllz)xc(z- zi)] ) (4.32)

In Equation 4.32, z = z; when o = O The ratio z/zi is obtained by integrating

Equation 4.18 ,
1

1+x
z/zi = (R/Ri) *e , (4.33)

in which o =oi and z = z when R = Ri .

Cracking Zone and Reversible Zone

When the wave-front overpressure, o, is less than the crushing strength, P, and greater

than the reversible limit, P the pressure varies inversely as the square of the radial distance, R,

as assumed in Section 2 for the cracking zone, Thus,

olo = (R /R, (4.34)
in which ¢ = oi when R = Ri .

When o is less than P the strains are reversible and q, * 0. Thus, b = 2/3 éaccbrding to
Equation 4.25, and x in the reversible zone is given by Equation 4.5. The curve of o versus R is found

from E£quation 4,28 with b = 2/3, x = o/2p1, 0 that

1+ 4p1/3c 2/3

1 +4pl7§61 ’

RIR, = (o,/0)/3
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when o is less than P In Equation 4.35, Py designates the ambient pressure. When ¢ = P, Py is
much smaller than Py Equation 4.35 approdches R = constant/o , and the pressure, o, falls off
inversely as the first power of the radius, R. This range corresponds to acoustic overpressures, for

which x in Equation 4.5 is very small compared to 1.
Table 4,2 lists the stress-decay formulae associated with the various conditions of the medium,

and the corresponding ranges of pressure,

TABLE 4,2

Stress Decay Laws in a Solid Medium

Zone Condition of medium and range of stress Stress-decay law
I Continuous snlid, reversible strains, 1+4p. /3 ¢
g<p ¢lo, = (R /R)3 1
r i i 1+ 4p173oi
I Cracked, large fragments or radial o/ci = (Ri/ R)Z

racks <o <
cracks, Pr PC

2+ 3x
C

2T +x)

(Ri/R)
m Crushed, small particles, olo, =

i 1 i
P <0 <Py X T¥x
exp P (R/Ri) ¢

2-b
b

L1+ 2p1cf(b/o>/(v +1)

v Fluid, hydrodynainic or plastic, cT/cri = (Ri/ R)

> . 2
0> Py Py ¥ P 1+2p,Clblo)/(y +1)

Initial Conditions

In order to use Equation 4,28 to calculate the relation between ¢ and R in the hydrodynamic zone,
one must first obtain the "initial value," X qt some given radius, Ri’ Since x, = (1/2Ky + 1)0i /Plci
from Equation 4.3, it i8 evidently necessary to calculate the pressure, ¢ i at some given initial radius,
Ri’ This pressure can be calculated for a strong shock wave (x >> 1) in a solid, using Taylor's

formulae given above. Strong shock wax , X >>1, are alwayr produced by buried nuclear

explosions,

187

—— - —

1 T T2




Anmdergmmdchanicdeqﬂodmdoesndpmdaqeam:hockwave. and, accordingly, only
a fraction of the incident energy of a detonstion wave is transmitted past the houndary of the surrounding

medium. The remaining energy is reflected bacX into the detonation products, In order to calculate the .

transmitted energy, one must first obtain the energy and pressure of the incident detonation shock wave,

For chemical explosions, the front pressure, Popy of a detonation shock wave is obtained from

the Rankine-Hugoniot mass and momentumn conservation relations,

u.p ® AD , (4.36)

R .
Pep = PPYp = A2 D \4.37)

in which A = (l =P, /ps) and “.p is particle velocity behind the detonation front. The ambient
D
density of the undetonated explosive is designated as Py and the detonation front velocity is D.

Parameter A is the relative fractional volume change from the ambient specific volume, P, to

the shock front specific volume, ps°1. The factor A is nearly equal to 0.25 for several types of

explosives (Cook, Keyes, and Ursenbach, 1961, Lutzky, 19(:30).5'10

In order to find the pressure, P of the shock wave transmitted into the surrounding medium, . .
one must first obtain the reflection pressure as a function of the reflection particle velocity in the
explosive detonation products. When the reflection pressure, p, is greater than the incident detonation
front pressure, Popy the reflection particle velocity, u, is less than the particle velocity, Uy of the
incident detonation wave, and the curve (p, u) is described as a "reflection Hugoniot.,® When the
reflection pressure, p, is less than Popy the reflection particle velocity, u, is greater than Uspy
and the curve (p, u) is termed a "reflection isentrope."

These reflection curves are not generally known from dircct measurements, but formulae for
calculating an explosive reflection Hugoniot or isentrope huve been given by W, E, Deal (1958).G
Deal's results can be expressed as follows in our notation, When the reflection pressure, p, is

greater than the incident front pressure, p the reflection Hugoniot is ) ]

sD’

2
plp . = A, + (Az- A)” (4.38)
sD 2 2 3 4 .

D

-1 2
A2 = 1+(1/4)1 - A) (1 - “/“sD) .

A

-1 2
g=1- (1/2 - A)X1 - &) (1 - “/“sD) .
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When the reflection pressure, p, is less than Pep the reflection isentrope is

Mok d o, Sae 4

n/usD =1+8 [1 - (p/psD)B] . (4.39) -~
g=(1/2-a1-arY .

; The transmitted pressure, P and the transmitted particle velocity, U correspond to the point
of intersection (pt, ut) of the reflection curve (p, u) with the Hugoniot curve (o, us) of the surrounding
medium. The Hugoniot curve (o, ns) of the surroun_f.iing medium is generally obtained from laboratory
experiments. If direct measurements are not avail‘able for the medium in question, one can use a
theoretical Hugoniot, derived from Equations 2.2 and 2.3 in Section 2, and the kinetic energy relation

at the front, (e/2)¢ /01) = (1/ 2)u2 , which is independent of the shock strength. It is found that

2 _ 20
Ys T yFDAIm ; (4.40)
X = ('Y + 12)0' . (4-41)
2p.C .
171

Here Cl is the longitudinal wave propagation velocity for infinitesimal strains in the medium. As
already mentioned in Section 2, the adiabatic exponent ¥ in the hydrodynamic pressure range is about
2 for hard rock, and about 3 for porous wet rock and porous soils. When x is small compared to 1,

Equations 4,40 and 4.41 reduce to the correct relation, ¢ = "1C1“s , for small acoustic 6verpressures

(compared to the modulus plcf). regardless of the particular value assumed for v in the hydrodynamic
pressure range, Therefore, we can use the same constant value of v in Equations 4,40 and 4.41 over
any intermediate pressure range with reasonable accuracy. For very strong shocks, x is large com-~

pared to 1, and Lquation 4.40 reduces to the simple relation, ¢ = (1/2)(y + l)pluz

Shell Thickness Ratio

In order to calculate the shell thickness of the spherical shock wave {ransmitted into the surround-
ing medium from an incident explosive detonation wave, it is first necessary to find the shell thickness, ;
Yo of the explosive detonation wave, using Equation 4,11, This gives the (constant) shell thickness ‘
ratio, ze'l = ye/ Re , at any spherical detonation front radius, Re' in th» explosive, using known %
relations between (pr/p‘), (“r/ u‘). andn = r/ R, for an explosive which has a given undetonated density, P

These relations are termed “radial profiles." Such profiles have been calculated by Lutzky (1960)10
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for several explosives, incfuding TNT at a density P, = 1.58 gm/cms. Radial profiles for pentolite,

RDX, tetryl, and RDX/TNT have also been calculated.

" It is sometimes necessary to obtain the shell thickness ratio, za-1 = ya/ Ra , for an explosive
whose ambient undetonated density, Py is not the same as the particular density, Py for which radial

profiles have been calculated. An approximate method for finding z, (at density pa) from a known value,

Zgs calculated at density Per is given by Bishop ‘(1962a).2

) 2
z,/z, = (D,/D )" . (4.42)

i
!
!
!

Here Da represents the detonation front velocity which corresponds to an explosive density, L and

De is the velocity which corresponds to a density, Po

In order to determine the shell thickness ratio, zt-1 = yt/ Rt’ of the shock wave transmitted into
the surrounding medium, compared to the shell thickness ratio, za-l = ya/ Ra’ of the incident detonation
wave at the medium boundary, we observe that, in a time ya/ Da’ during which the detonation front moves
a distance g the wave front in the medium moves a distance Y in a time yt/ Ut' where Ut is the !
initial shock front prdpagation velocity in the medium near the boundary. Since the detonation shock
wave can supply energy "effectively® only during the time ya/ Da’ the effective shell thickness, % of !
the shock wave in the medium near the boundary is the same as the distance that its front moves in the
same time, Thus, ya/\D&l = )%/Ut, or yt/ya z Ut/Da . In terms of the shell thickness ratio z, this ’
relation is equivalent to z, = (Da/Ut)(za)(Rt/Ra) . Since Rt is essentially equal to Ra near the

explosive-medium boundary, we have, finally,

zt/za = Da/Ut . (4.43)

- —— —— -

The shock frent propagation velocity, U,, in the medium can be found from

t?

—— - —

-1 -

T =

U, = plou)” (4.44)
since Py and u, have already been determined,

It is sometimes necessary to adjust the transmitted pressure, Py and the transmitted shell

< iy

thickness ratio, L I p; is equal to or greater than the plastic flow upper limit, Py for the medium,
the pressure is said to be "hydrodynamic" (refer to Figure 4,.2). In the hydrodynamic pressure range, i
the hydrodynamically stable shell thickness ratio, zo-1 = yol R o is given by the graph in Figure 4.4

as a function of the adiebatic exﬁonent. y. It P i8 greater than Py and z, 18 greater than z o’ there
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is an unstable balance between the pressure, Py and the shell thickness ratio, LA The shell thickness
ratio must rapidly shift to the stable value, L and the front pressure, Py simultaneously shifts to a
corresponding stable value, R The shift is completed at a minimum stable radius, R o’ given (Bishop,

19623)2 in terms of the initial radius, Rt‘ at the explosive-medium boundary,

‘ _ -1
Ro/Rt =(1-2/z2) (4.45)
The stable pressure, po, is found in terms of the transmitted pressure, Py the transmitted modulus

correction, xt, and the stable modulus correction, xo.

Py = Pylx,/x) (4.46)

In Equation 4,46, the stable modulus correction, X is obtained by solving the following quadratic

equation, (Bishop, 1962a)2:

a(l + llxo) -1
. (4.47)

_ 3
xo/xt = (zo/zt)(Rt/Ro) [—-——-—7—-;-—"(1 FiT%,) - 3

in which @ = (1/2)(y + 1) and x, = (Ut/cl)2 -1 .

Comparison of Calculations With Experiments

Numerous measurements have been made of particle velocities resulting from explosions in various
geologic media, Algo, from new developments in instrumentation, a considerable number of direct
measurements of pressure have recently been obtained, principally in the hydrodynamic zone. Peak
particle velocity data may be converted to peak wave front pressures by the momentum relation,

o = f Uua, if the density, Pys and wave front velocity, U, are known,

The numerous data which have been obtained over the past few years have largely defied accurate
theoretical description, Only within the last two years has significant progress been made in attempts
to calculate peak wave pressure as a function of distance from explosions in geclogic media., Needless
to say, very little progress has been made in calculating the particle velocity waveforms which are
observed, The foremost difficulty in the theoretical calcula.ion has been and ccatinues to be our great

lack of knowledge about the properties of these media, without which meaningful and accurate calculations

cannot be performed,
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Extensive data have been obtained from both chemical and nuclear explosions buried in four media:

granite, halite, volcanic tuff, and desert alluvium. These data have been plotted in Figures 4,7 to 4,11,

together with curves calculated from equations derived in the preceding sections, Figure 4.12 compares t

pressure-distance curves resulting from nuclear explosions in various media. v

Hugoniot data used in the calculations for the four media are shown in Figures 4.13 through 4,16.
In these figures, the modulus correction, x, is obtained by substituting experimental Hugoniot data into
Equation 4.4, Other properties of the media required in these calculations are shown in Table 4.3.

Note that in Table 4.3 the infinitesimal dilatational velocities, Cl’ are obtained from the measured

wave velocities, U, using C1 = U/(1+ xc)uz

, from Equation 4.4, As may be observed from the data
of Figures 4.7 through 4.11, very few, if any, measurements were made in the acoustic regions around
the explosions. In an acoustic region, pressure or peak particle velocity varies inversely as the distance

from the explosion, and the acoustic wave froni propagates with the velocity, C,. Since almost all of

r
the measurements of wave arrival were made in the crush-crack zone where peak particle velocities
decrease with distance according to a negative power greater than 1, we interpret the measured velocities

as being those of finite amplitude waves, and determine C‘ from them by the above formula,

TABLE 4.3 i
Medium Properties .
Average Measured Infinitesimal Minimum hydro-
Explosion density wave velocity wave velocity dynamic pressure
Medium  serier or ~ U Cy PH -
type event {gm/ emd)  (km/sec) (km/sec) Xe Y *H (kilobars)
Granite  Hardhat 3.67 5,51 5.2 0.111 32,18 0,72 530 f
Halite Cowboy 2,15 442 4.2 0,094 32,16 0,23 90
Halite Gnome 2.15 4.88 4.6 0.094¢ 2.16 0,23 108
Tuft Hobo 1.85 2.444 2,07 0,385 3,0 3.5 125
Tuff Rainier 1.85 2,449 2.07 0.385 3,0 3,8 125
Alluvium  Scooter 1.6 1.208 1.04 0.333 3.0 14 135 '
Alluvium Teapot Ess 1.6 1,077 0,02 0.333 3.0 20 135

1. Perret, 1963a; Chabai and Bass, 1963

3. Murphey, 1960, Nicholls, Hooker, and Duvall, 1960 +
3, Weart, 1960 !

4. Young, 1961 : ¢
8, Perret, 1961 LI

6, Perret, 1963b

7. Sachs and Swift, 1688
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To {llustrate the method of application of the formulas summarized in Table 4.2, w.e descriﬁe briefly
the procedure followed for obtaining the calculated curves of Figures 4.7 to 4,11, For chemical explosions,
values of the transmitted quantities Py Uy and Ut in the medium at the explosive boundary, R = Rt' are
determined by the point of intersection of the medium Hugoniot (o, us) with the reflection curve (p,u) of

the explosive, as described under "Initial Conditions" and shown in Figure 4.17 for desert alluvium. The
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shell thickness ratio, Zy of the transmitted wave at the boundary is determined by Equations 4.43, 4,42,
and 4.11, in conjunction with the radial velocity and density profiles of the explosive, as explaincd under
"Initial Conditions," The initial value of the pressure, o I in Equation 4.28 is Py similarly, we have

X T Xy, and the initial radius Ri is Rt' If pH> pt> Py © is calculated as a function of R by

Equation 4,28, as indicated in Table 4.2, to the distance R2 at which ¢ = Py and x = x, * 1/2. The

2
: . . - - 2
value of P, is obtained directly from Py = pt(lext), where X, = (Utlcl) 1.

The value of b must also be computed for use in Equation 4.28. By Equations 4.25 and 4,27, b

is readily evaluated in terms of the medium constants v and x since the shell thickness ratio, llzo,

H:

equal to (y/R)o, is given as a function of ¥ in Figure 4.4.

The initial value of the shell thickness ratio, Zp in Equation 4.24, is equal to the transmitted

shell thickness ratio, z , atthe boundary. Since X, = % and Xy = 1/2, we can evaluate the shell

t.v t,

thickness ratio, . z,,, from Equation 4.24, at the hydrodynamic termination point where the pressure, o,

9
is equal to Py In the range from o = 12 too = P the pressure as a function of distance is determined
by Equations 4,32 and 4.33, in which the initial pressure, P, is equal to Py and the parameter z

is equal to z In the crack zone, P, > 0> P, pressure decays inversely as the square of distance

2
(Equation 4,34), and in the reversible zone, o < P the pressure falloff is by Equation 4.35,

Since there are no data available regarding the values of P. for geologic materials, we must
estimate P, from wave pressure and particle velocity data of explosion experiments. In Figures 4.7 to
4.11, we note the minimum pressure level at which o varies inversely with the square of R; for pressures
smaller than this value (which we take to be pr)' the falloff rapidly approaches an inverse R dependence.

Values of P, estimated in this manner are listed in Table 4.4 .

From explosion experiments we can also obtain a value for the dynamic compressive strength, P,
of an earth material by observing the maximum pressure at which ¢ varies inversely as the square of R.
Fortunately, laboratory determinations of the static value of P, provide a helpful guide (Duvall and

7,23

Atchison, 1957; Warner and Violet, 1959), As has been mentioned, laboratory tests reveal that the

dynamic strength, P is about twice the static value for several materials (Wuerker, 1959; Watstein,

1953).26' 24

Whether or not these results from tests on laboratory samples can be applied to gross
regions of material in situ is unknown, Nevertheless, such determinations of even static compressive

strengths give valuable information for order of magnitude comparison,
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TABLE 4.4

Summary of Explosions and Corresponding Numerical Quantities Used in Calcuiatidns

Hydrodynamic
termination values Dedlfced,
TNT Ambient Calculated initial values (kg = 1/2) medium
Medium and radius | Energy [pressure o, R, —Constants
type of release |pg=pghg ' Ri Py 2 Pe Pp
explosion (feet) W (bars) {(kilobars)|(feet) | %i Xi |(kilobars) I:"t' Zg9 (bars)
Granite, 33.7 5 kt 80 45,400 4,0 10,5 {100 | 227 0.75 15.6]/4000(250
nuclear, ‘
Hardhat
1/3 . :
Halite, 0.156Wt Various, {60 87 TNT |10.4 0.18| Nonhydrodynamic }2500| 10
TNT (pelletol)}, 20 1b to radius initial pressure
Cowboy 1000 lb Ry
Halite, 28.4 3 kt 76 28,900 3.88 |10.5 (100 144.5 0,97 16.3|2500| 10
nuclear,
Gnome
Tuff, 240 ft., 1,54 968 1b 11.4 6 1.54 |12.1 [2.57 14.8 1.47 14.5]1400 5
TNT (pelletol),
Hobo
. 1/3
Tuff, 1000 ft., 0.156Wt/ 103, 516, |64 76 TNT {12,1 {2.57 14,8 1.47 14.5(1400({80to 200
TNT (pelletol), and radius
Hobo 973 1b Rt
Tuff, 23.5 1.7 kt 25 to 60 3,960 7.18 8.0 1100 14.8 1.38 10.5| 650 -
nuclear,
Rainier
Desert 14 10€ 1p 7.4 (131) {(14.0) [(22) {(15) 4.3 1.61 8.7 6 1
Alluvium, TNT, 29 18.7 8.0 |3.4
Scooter
Desert 18.75 1.2 kt 4,4 680 11.5 8.0 1100 3.42  1.46 8.9 - -
alluvium,
nuclear,
Teapot ESS

It should be noted that quantities P, and P, listed in Tabl

e 4.4 for desert alluvium are estimated

from the Jangle HE-2 data points plotted in Figure 4.11. The dynamic compressive strength of halite has

been measured directly by Nicholls, Hooker, and Duvall (1960).12

With regard to the determination of g in Equation 4,24, this is generally equal to z (Equation 4.43)

for most chemical underground explosions, but it is possible for 2,
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of explosives and media. Here, 1/ z, is the hydrodynamically stable shell thickness ratio (y/ R)o obtained
from Figure 4.4, If, moreover, the initially transmitted pressure, Py exceeds the hydrodynamic limit,
Py 28 noted under "hitial Conditions® z, is then an unstable shell thickness ratio and rapidly shifts to
the stable value, Z Simultaneously, the pressure, pt, shifts to the stable value po determined from
Equations 4.45, 4.46, and 4.47. In Table 4.4 the initially transmitted values in parentheses for the Scooter

explosion represent unstable quantities in desert alluvium.

For nuclear explosions where the starting pressures are extremely high and the initial disturbance
is fully hydrodynamic (¢ >> pH), we take any value for X which is greater than 10, for example, x; = 100.
Then o, is given by o, = 291C§xi/ (v + 1), from Equation 4.3. Using known values of o W, and v, the

13. Equation 4,13, Now in the

corresponding initial radius, Ri’ is obtained from Ri = [B(‘Y)W':/cri]l
hydrodynamic range, oi> o> Py the pressure, ¢, varies with distance, R, according to Equation 4.28,
and the subsequent calculational procedure is exacily as described above for chen:ical explosions. Note

that in the present context, Z, = 2, and z;l is given in Figure 4.4, For complete details of each of the

explosion experiments listed in Table 4,4, reference may be made to two research reports by the author

(Bishop, 1962a, 1962b).2

The energy release, Wt, of the Hardhat nuclear explosion in granite is listed as 5 kt in Table 4.4.
It should be pointed out that there is an uncertainty in this value (obtained from rwdiochemistry) of about
30 percent, The error associated with the 3 kt value for Gnome is in excess of 30 percent, but the errors

for the remaining nuclear explosions in Table 4.4 are believed to be less than 20 percent.

Also in Table 4.4, it is to be noted that the initially transmitted pressures (% = pi) from the pelletol
(TNT, P = 1) chemical explosions in halite are less than 100 kilobars, and consequently are definitely

not hydrodynamic (see Figures 4.9 and 4.14),

The initial shell thickness ratios (yi/Ri = l/zi) in Table 4.4 are of the order of 0.1 for all the
explosions listed, indicating that the effective length, ¥y of the wave transmitted into each medium is of
the order of magnitude of 10 percent of the starting radius, Ri .

Values of Py listed in Table 4.4, refer to the lithostatic pressure at the depth of the associated
instrumentation from which data were obtained, For the Rainier explosion, Py varies t‘roqx 25 to 60 bars,
corresponding to the depths of the various velocity gages used in that experiment (Perret, 1961).“ As a
result, one might expect the values of P, and p r deduced from Rainier to differ somewhat from those for

the Hobo explosions, since thesde quantities may depend upon depth,
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Note that, for a nuclear explosion, the parameter IV.t in Table 4.4 refers to the radius of an

®equivalent® sphere of TNT that would release the same total energy, Wt. The density, L of the equiva-

lent TNT sphere is assumed to be 1.0 gmlc:m3 for Gnome, Hardhat, and Rainier, which are compared to I ]

3
<]
4
._
5
H

TNT (pelletol) explosions in corresponding media. Therefore,

,_ o
R(feet) - (19.7)kilotons) /3 . e |

The density, by is taken as 1.375 gmlc:m3 for the Teapot Ess and Nougat nuclear explosions in alluvium,

since these are compared with the Scooter explosion (Figures 4.11, 4.17), for which Rt = 14 feet, : 1

There is always a hydrodynamic zone surrounding any tamped nuclear explosion that releases more

energy per unit volume than TNT. Rk was shown from Taylor's strong-shock theory (Equation 4,13) that

initially R, = [B('v)WtIci 1/3

with good accuracy, provided X, is greater than 10, Therefore, the particu-
lar distance, Ri' at which any high pressure, o, occurs (xi > 10) will be proportional to the cube root of

the energy, Wt . It is then evident that the radial distance, R, will be proportional to th /3 at any given

pressure, o, in the crushing zone, the crack zone, or the reversible zone. Cube-root scaling in each

low-pressure zone results from the fact that the termination radius, R,, at the beginning of the crushing

2
zone is proportional to thls . This last proportionality arises from the fact that o is a function only of ) ‘

R/ Ri) in the hydrodynamic zone of a given medium (see Table 4.2), and Ri' in turn, is proportional to

1/3 :
Wt . '

In Figure 4.7 are shown data obtained from experiments with pelletol (TNT) explosions in volcanic ’
tuff (Hobo). One series of experiments was conducted at 240-foot depth and another at 1000-foot depth,
Scatter in the data is very great. The source of scatter is unknown; it may be due to uncertainties in the
values of Wt. gross medium inhomogeneities, large experimental errors, or a combination of these, In }
order to give an 1dea.of the effect of an inhomogeneity, a curve has been drawn in Figure 4.7 representing

calculated pressures in a homogeneous medium with acoustic velocity C. = 2,8 km/sec and density

1
I 2,2 gm/ cm3. Although such a hypothetical medium does not represent actual tuff characteristics, it is

I

interesting to observe that only a slight change in the sonic velocity, Cl' results in a considerable change

in the transmitted pressures.

Data from the nuclear explosion in tuff (Rainier) are seen in Figure 4.8 together with the calculated

G R
e e . g =

pressure-distance curve, Also shown is a curve for Rainier calculated by Nuckolls (1959).13 and data of

Figure 47 from the Hobo experiments at 240 feet.

Figure 4.9 illustrates data from various explosions in salt media (halite), The data are very good,

and are well described by the calculated curves within the limits of experimental error, The dotted curve

Eor
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is from a computer calculation by Seidl (Letter from Lawrence Radiation Labhoratory to Sandia Corporation,

Albuquerque, New Mexico, October 10, 1961) for a nuclear explosion in halite,

Data from the 5 kt nuclear explosion in granite (Hardhat) are plotted in Figure 4.10. Except for the

e T ina e

' two valuable and independent measurements of shock pressure near 500 kilobars, the remaining data are
all at pressures less than 4 kilobars, R is s‘een> that not enough measu;ements were made in the elastic
region; consequently, it is difficult to estimate the reversiblé limit stress, P from the pressure data of
this figure, The computer curves calculated by Seidl (Lawrence Radiation Laboratory Memorandum,
Livermore, California, UOPKA 62-6, January 19, 1962) agree nicely wifh the two data points near 500

kilobars, but below 10 kilobars Seidl's curves lie definitely above the experimental data points.

Numerous data from explosions in desert alluvium (Fig'ux;e 4.11) cover almost completely the range
of pressures from 500 kilobars to 0.1 bar. Most of the data are results of velocity measurements, In the
alluvium hydrodynamic region, shock pressures were measured directly in the Nougat series of nuclear
explosions using a new “impedance-mismatch" gage described in Section 1 of this report. Since several

of the yields, W, of the Nougat explosions are classified, only the scaled distances (R/ Rt) can be

t

presented with the measured pressures, Considering the probability that the desert alluvium medium was .

not identical for all the explosions of this series, it is believed that agreement between calculations and

experimental data is excellent.

The theoretical curve for the Teapot Ess alluvium (Cl = 0,92 km/sec) has been plotted in Figure 4.11 }
as a solid line, It is seen that the Teapot Ess experimental points agree quite well with this curve, The
same is generally true of the Nougat experimental points, but the scatter is much greater than that of the

Teapot Ess points, i

It is evident that all but one of the Nougat points, as well as all of the Teapot Ess points, are below

the corresponding points of the Scooter explosion (TNT). This is probably due to the exceptionally high

value of the Scooter alluvium dilatational velocity (Cl = 1,04 km/8ec) rather than to any great difference

between nuclear and chemical explosions in the same type of alluvium,

It must be emphasized that the discontinuity in the slope of each calculated curve (Figure 4,12) at the
hydrodynamic termination pressure, Py is not realistic, but is a consequence of the assumption that ¥
remains constant throughout the hydrodynamic and plastic zones down to the termination pressure, Py, @8
'y shown by the dashed 45-degree straight line in Figure 4.2, Experimental Hugoniot data (Figures 4.13 to

4.16) reveal that ¥ is not strictly constant except for a range of pressure (o> pH) which is much greater
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than Po. In the region of pressure near Py 7 has an average value which dﬁf;rs from that of the higher
pressure region which was used in the calculations. The effect of including a variable v in the calcula-
tions would be to remove the discoﬁtinuity and to produce a smooth pressure-distance curve which would
lie above each one shown in Figures 4.7 to 4,11, in the vicinity of the pressure Py. The difference in
pressures would be comparable to that between the experimental Hugoniot curve (Figures 4.13 to 4.16)

and the projection of the 45-degree straight line from the hydrodynamic zone.

Discussion and Conclusions

Review of Assumptions

Calculations have been made, using a constant parameter v in the plastic zone, where the relation
between log o and log x is actually a curve, Let us examine the resulting error in halite. Referring to

Figure 4.14, we obtain the "constant y" termination pressure, Py, from the intersection of the x = 1/2

line with the 45-degree hydrodynamic straight line, which gives 132 kilobars. The "exact" value of pé

is obtained from the curved graph at x = 1/2, which gives 139 kilobars.

Another assumption of consequence is the use of f = 2 in Equatior 4.8, The modulus ratio,
f= Ss/ Sl‘ is defined in terms of the "rapid-strain" shock modulus, Sa‘ and the "slow~strain" acoustic

modulus, Sl' The modulue ratio, f, is a useful parameter only in the crush-crack zones, where it is

nearly constant. In the reversible zone, f = 1 + x, which is not constant; nevertheless, it is possible

to estimate the upper limit of f for wave front pressures near the reversible limit, where ¢ = P,
Since P, <o < P, in the crack zone (Figure 4.2), the upper limit of f in the reversible zone should pro-
vide an estimate for the nearly constant value of f in the cracit zone (and also in the crush zone). As
shown following Equation 4,5, x may have any value less than or equal to 1 + T/ P, in the reversible
zone, Here, Py is the ambient pressure, and T is the dynamic tensile strength, Therefore, f may
have a maximum value of 2 + T/ Py in the reversible zone, The value of { in the crack zone is probably
comparable to 2, since the term ’I‘/pl does not apply to the crack zone. The constant value f = 2 is

consistent with experimental data for several types of solid media (Wuerker, 1959; Watstein, 1953).26' 24

We have also used the constant value Gm # 2 in the crushing zone (pc g< p2) when making
calculations. As shown in the derivation of Equation 4,30, the relation Gm = 14 X, leads to
Gy, * 2~ (8/34C,/Cy)" in the crushing zone, It has been found that G_ = 3 gives a etter fit to the
experimental pressure distance points (Figures 4.7 to 4.11), In the derivation of Equation 4,30, it should

be noted that the heat loss expression h » Q/u: = X c/ 8, is only approximate. R is well known that

— -
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the energy, @, is not the exact heat loss because the Hugoniot expansion curve (Figure 4.6) only approxi-
mates the true adiabat curve, Therefore, the better numerical value of 2 for Gm may be interpreted as
an empirical factor which adjusts the product th in Equation 4.17 so that it has a more correct average

value over the entire range of pressures in the crushing zone,

In the hydrodynamic and plastic zones, we have used the relation (Gm) =1+ Xy in order to
a
evaluate Equation 4,26, Since the exact value of Qs/ Q in Equation 4,22 is unknown when x is greater

than Xppe we have used the equality Qs = Q only when x is less than Xppe

The parameter Xy is evaluated from the curve of x versus ¢ (Figures 4,13 to 4.16), It is taken as
the point where x on the curved graph is about 30 percent different from the corresponding intercept
{c = constant) on the projected hydrodynamic 45-degree straight line, This point is defined physically in

terms of the minimum hydrodynamic pressure, Py
x; = (1/2)y + Dp/(p,C2)
H H™™171" °

The medium is said to be plastic at lower pressures where Py <o < Py If an experimental Hugoniot

curve ig not available, one can determine x,, from the above expression if the minimum hydrodynamic

H

pressure, py, can be estimated -~ for example, by interpolation from Table 4.3. It i8 also necessary

to have a numerical value for the acoustic dilatational velocity, C It is evident from Table 4.3 that ¥y

1
is about 3 for porous rock, and about 2 for nonporous rock. The acoustic dilatational velocity, Cl‘ also

determines the "termination-pressure® Py defined by the condition x, = 1/2, so that P, = ple/('y + 1),

2
It must be noted that the dilatational acoustic velocity, Cl, is not generally identical to the measured

wave front velocity, U, but is calculated from the equation C1 = U1l + x)'”z. The modulus correction,

x, is equal to x, = 1- (8/3)(C2/C1)2 in the crush-crack zones, and x = alzp1 in the reversible zone,

Thus, x is not usually negligible compared to 1, and the wave front velocity, U, corresponds to that of a

finite-amplitude disturbance,

Conclusions

The properties of a solid medium which determine the manner of spherical wave propagation from
buried explosions have been described by means of a correctior factor applied to the known elastic
modulus, plcf. of the medium, Presumably, elastic properties are well known, Also, information is
available (Hugoniot data) concerning the hydrodynamic behavior of solid media, However, at the inter-
mediate stress levels where finite amplitude stress waves produce such effects as plastic flow, crushing,

and cracking, no experimental information i{s available for geologic materials, Modulus corrections are
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consequently estimated over the range of stress levels where these nonlinear phenomena occur. From
these modulus corrections, stress-strain relations are obtained for geologic media over the range of

stresses from acoustic to hydrodynamic, ‘ d

By introducing the concept of wave front shell thiclmeas and by considering the energy associated

4
kS
5
;
;}'
H
*

with an explosive wave disturbance, simple ordinéry differential equations are derived whose solutions
give analytic expressions for peak stress as a function of distanc_e from explosions, The shell thickness
of a spherical wave front represents the distance behind the front which contains essentially all the
energy carried along by the wave, Explicit consideration of the time dependence of the wave disturb-
ance is avoided by use of the ghell thickness concept, and, because of this, calculations are greatly

simplified and result in analytic solutions.,

Results of this phenomenological description provide estimates of peak stress at all distances
from buried explosions; these estimates, when compared with experimental data, are as accurate as

those of the more sophisticated calculations obtained from electronic computers,

The shortcomings of the description are evident and have been emphasized. At the expense of mathe-
matical rigor and detailed description, simplifying assumptions are introduced in order that an analytic
solution may be obtained, Nevertheless, despite the approximate nature of the aquations, values of ' b

stress versus distance may be computed for buried explosions which agree with measurements to better

.than an order of magnitude over the complete range of stresses from hydrodynamic to acoustic,

. . w————w— e v e —— —

P

- —— —— -




lol

11,

12'

13.

14,

15.

16.

17,

18,

18,

20,

LIST OF REFERENCES

Bass, R. C., Hawk, H. L., and Chabai, A. J., Shock Hugoniots of Porous Earth Materials, paper
delivered to 32nd International Meeting of The Society of Exploration Geophysicists, Calgary,
Alberta, Canada, September 20, 1962,

Bishop, R. H., "Theory of Wave Propagation from Spherical Explosions,® Section IV of Close-
Phenomena of Buried Explosions, Sandia Corporation, Albuquerque, N. M., SC-4711(RR), M
1962a; SC-4746(RR), November 1962b,

Chabai, A, J., Synthesis of Shock Hugoniots for Rock Materials, Proceedings of Fifth Symposium on
Rock Mechanics, School of Mines and Metallurgy, Institute of Technolog'y. University of Minnesota,
Minneapolis, Pergamon Press litd. Oxford, England, 1862,

Chabai, A, J,, and Bass, R. C., Measurements on a %%ericnl Shock Wave in a Granite Medium,
Sandia Corporation, Albuquerque, New Mexico, SC-4741(RR), 1963.

Cook, M. A., Keyes, R, L, and Ursenbach, W. O,, Measurement of Shock and Detonation Pressures,
University of Utah, Salt Lake City, Dept. of Metals and Exj Explosives Research,
Contract NOw 61-0411-d, ASTIA document AD-258-201, April 1961,

Deal, W. E., Measur 1rement of the Reflected Shock Hugoniot and Isentrope for Explosive Reaction
Products, Physics of Fluids, 1, 523- <527, 1858,

Duvall, W, L, and Atchison, T. C., Rock Breakage by Explosives, Bureau of Mines Report of
Investigations 5356, U, S, Dept. of the Interior, September 1957,

Lamb, G, L., Jr., Some Seismic Effects of Underground Explosions in Cavities, Los Alamos
Scientific Laboratory, New Mexico, L A-2405, November 1960,

Lombard, D. B., The Hugoniot Equation of State of Rocks, Lawrence Radiation Laboratory,
Livermore, California, UCRL-8311, Februlry 1961.

Lutzky, M., The Spherical Tgélor Wave for the Gaseous Products of Solid Ex'nlosives, U. S, Naval
Ordnance Laboratory, White Oak, Maryland, Navweps Report 6848, May 196

Murphey, B, F., Particle Motions Near Explosions in Halite, Sandia Corporation, Albuquerque,
New Mexico, SC-4440(RR), June 1960,

Nicholls, H. R., Hooker, V., and Duvall, W, L, Dynamic Rock Mechanics Investigations, Project
Cowboy, U, S, Bureau of Mines, College Park, Marylnn& “Report APRL 38-3.3, September 1060,

Nuckolls, J. H,, A Computer Calculation of Rainier, Paper No. C-2 presented at the Second
Plowshare Symposium, Lawrence Radiation Laboratory, Livermore, California, UCRL-5675,
May 15, 1958,

Perret, W, R,, Subsurface Motion From a Confined Underground Detonation, Sandia Corporation,
Albuguerque, New Mexico, WT-!559 ﬁay 1961,

Perret, W, R,, Free Field Ground Motlon Studies in Granite, Sandia Corporation, Albuquerque,
New Mexico, POR- » to be pu 63a,

Perret, W, R., Mechanisms of Crater Formation gProEect Scooter), Sandia Corporation,
Albuquerque, New Mexico, SC-4803(RR), to be publish 963b,

Sachs, D, C,, and Swift, L., M,, Small EEEIOIIOI‘I Tests, Stanford Research Inatitute, Menlo Park,

California, Project Mole Final Report, ecember 1958,
Shearer, J, M., Olson, R, G., and Krause, O, H., Close-In Pressure and Shock Arrival Time
Measurements, Lawrence Radiation Laboratory, Livermore, ornia, eport, Project

Scooter, UCRL-8605, September 1961,

Swift, L. M., Intermediate %a Earth Motion Measurements (Project Gnome), Stanford Research
Institute, Menlo Park, ornis, - , February 1084a,

Swift, L, M,, Measurement of Close-In Earth M Hardhat Event, Nougat Series, Stanford
Research Insttiute: Meals Park, Colifornie: VUBITE1, Mareh 1030,

187

————

v - —— - o ——————— = e g —

— e - —

— e ———— -




21,

22,

23,

24,

25.

26,

217,

158

Swift, L. M., and Wells, W. M., Close-In Earth Motions, Project Hobo, Lawrence Radiation
Laboratory, Livermore, California, UCRL-6397, March 1961,

Taylor, G. L, The Formation of a Blast Wave by a Very Intense Explosion, Proc. Roy. Soc.
London A, 201, 159-174, 1950,

1
Warner, S, E., and Violet, C. E,, Properties of the Environment of Underground Nuclear
Detonations at the Nevada Test Site, Contract No, W- 7405-eng-48, Lawrence Radiation Laboratory,
Livermore, California, UCRL-5542, Rev,, April 1859, x

Watstein, D,, Effect of Straining Rate on the Compressive Strength and Elastic Properties of
Concrete, Proceedings of the American Concrete Institute, 49, 729, 1953,

Weart, W, D., Particle Motion Near a Nuclear Detonation in Halite, Sandia Corporation, Albuquerque,
New Mexico, Project Gnome, PNE-108P, February 1962,

Wuerker, R. G. Influence of Stress Rate and Other Factors on Strength and Elastic Properties of

Rocks, paper delivered at Third Symposium on Rock Mechanics, Colorado School of Mines, April

20-22, 1859,

Young, D. D., Jr., In Situ Mezsurements of Elastic Properties, Lawrence Radiation Laboratory,
Livermore, California, UCRL-6477, May 1961,




DISTRIBUTION:

Defense Documentation Center (DDC), i i

Attn: TISTA-21 22914 ( ), Cameron Station, Alexandria, Virginia, (20)

Chief of Research and Development, D/A, Washington, D, C, 20310, Attn: Atomic D i

Chief of Engineers, D/A, Washington, D, C, 20315t Attn: ENGCW-~-NE (1) fe Division (1)
ENGTE-E (1)
ENGMC-E (1)

Commanding General, U.S. Army Materiel Command, Washington, D.C, 20310, Attn: AMCRD-DE-N (2)

Commanding General, Aberdeen Proving Ground, Aberdeen, Maryland 21005, Attn: Director BRL (4)

Director, U.S. Army Research and Development Laboratory, Ft. Belvoir, Virginia 22060

Attn: Chief, Tech. Support Branch (1)

Commanding Officer, Picatinny Arsenal, Dover, New Jersey 07801, Attn: ORDBB-TK (1)
Commanding General, U, S. A. Electronic R&D Lab., Ft. Monmouth, New Jersey 07703,
Attn: Technical Documents Center, Evans Area (1)

Commanding General, USA Missile Command, Huntsville, Alabama (1)
Commanding General, USA Munitions Command, Dover, New Jersey (1) ‘
Commanding Officer, U,S. Army Corps of Engineers, Beach Erosion Board, Washington, D.C. 20315 (1)
Commanding Officer, U.S. Army Nuclear Defense Laboratory, Edgewood Arsenal,

Edgewood, Maryland 21040, Atin: Tech. Library (1)
Director, Waterways Experiment Station, U.S. Army Corps of Engineers,

Vicksburg, Mississippi, Attn: Library

Director, U.S. Army Corps of Engineers, Nuclear Cratering Group, Livermore, California (3)
Chief of Naval Operations, Navy Department, Washington, D.C. 20350, Attn: OP-03EG (1)
Chief, Bureau of Naval Weapons, Navy Department, Washington, D.C. 20360 (2)
Chief, Bureau of Ships, Navy Department, Washington, D, C. 20360, Attn: Code 372 (1)

Code 423 (1)

Chief, Bureau of Yards and Docks, Navy Department, Washington, D.C. 20370, Attn: Code D-400 (1)
Code D-440 (1)

Chief of Naval Research, Navy Department, Washington, D.C. 20390, Attn: Code 811 (1)
Commanding Officer, U.S. Naval Schools Command, U.S. Naval Station,
Treasure Island, San Francisco, California (1)
Superintendent, U.S. Naval Postgraduate School, Monterey, California (1)
Commander, U, S, Naval Ordnance Laboratory, Silver Spring 19, Maryland, Attn: EA (1)
EU (1)
E (1)
Commanding Officer & Director, U.S. Naval Civil Engineering Laboratory,
Port Hueneme, Califomia, Attn: Code L31 (1)
Director, U.3, Naval Research Laboratory, Washington, D. C. 20390 (1)
Commanding Officer & Director, Naval Electronics Laboratory, SanDiego 52, California (1)
Commanding Officer, U.S. Naval Radiological Defense Laboratory,
San Francisco, California 94129, Attn: Tech. Info. Division (1)
Commanding Officer & Director, David W, Taylor Model Basin,
Washington, D, C. 20007, Attn: Library (1)
Underwater Explosions Research Division, DTMB, Norfolk Naval Shipyard, Portsmouth, Virginia (1)
Hq. USAF, Washingtn, D.C, 20330, Atin: AFRNE (1)
Director of Research and Development, DCS/D, Hq, USAF, Washington, D.C. 20330,
Attn: Guidance & Weapons Division 1)
ASD, Wright-Patterson AFB, Ohio 45433 (1)
Commander, Air Force Logistics Command, Wright-Patterson AFB, Ohio 45433 (2)
AFSC, Andrews Air Force Base, Washington, D, C. 20331, Attn: RDRWA (1)
AFCRL, L. G. Hanscom Field, Bedford, Massachusetts 01731, Attn: CRQST-2 (1)
AFWL, Kirtland AFB, New Mexico 87117 (4)
Commandant, Istitute of Technology, Wright-Patterson AFB, Ohio 45433, Attn: MCLI-ITRIDL (1)
BSD, Norton AFB, California 92409 (1)
Director, USAF Project RAND, Via: U.S. Air Force Liaison Office, The Rand Corporation, 2)
1700 Main Street, Santa Monica, California, For: Dr. H., L. Brode and Dr. R. Latter
Director of Civil Engineering, Hq, USAF, Washington, D.C. 20330, Attn: AFOCE (69
Director of Defense Research & Engineering, Washington, D, C, 20330, Attn: Tech. Library (1)
Assistant to the Secretary of Defense (Atomic Energy) Washington, D, C, 20330 (1)
U.S. Documents Officer, Officer of the United States National Military Representative-SHAPE,
APO-55, New York, New York (1)
Director, Weapons Systems Evaluation Group, OSD, Room 1E880, The Pentagon,
Washington, D, C, 20301 (1)
Commander, Field Command, DASA, Sandia Base, Albuquerque, New Mexico, 87115 (3)

ey o . . S -




160

DISTRIBUTION: (Continued)

Commander, Field Command, DASA, Sandia Base, Albuquerque, New Mexico, 87115, Attn.:‘ FCWT .

FCTG
Chief, Defense Atomic Support Agency, Washington, D.C. 20301, Attn: Major Bruce M. Carswell

Lawrence Radiation Laboratory, Box 808, Livermore, Calif,, Attn: Technical Information Division
For: Dr. Lombard and Dr. Holzer

Los Alamos Scientific Laboratory, P. O. Box 1663, Los Alamos, New Mexico,

Attn: Report Librarian 2)
Administrator, National Aeronautics & Space Administration, 1512 H Street, N. W, ,
Washington, D, C. 20546 (1)
Langley Research Center, NASA, Langley Field, Hampton, Virginia 23365,
Attn: Mr, Philip Donely 1
Chief, Classified Technical Library, Technical Information Service,
U.S. Atomic Energy Commission, Washington, D, C. 20545 (1)

Superintendent, Eastern Experiment Station, U.S. Bureau of Mines, College Park, Maryland
Attn: Dr. Leonard Obert

Mr. Kenneth Kaplan, United Research Services, 1811 Trousdale, Burlingame, California

Department of Physics, Stanford Research Institute, Menlo Park, California

Poulter Laboratory, Stanford Research Institute, Menlo Park, California (4)

Dr. Neidhardt, General American Transportation Corporation, 7501 N, Natchez Avenue,

Niles, Dlinois (1)
Dr., T. H, Schiffman, Dlinois Institute of Technology Research Institute,
10 West 35th Street, Chicago 16, Illinois (1)
Mr. Marc Peter, United Aircraft Corporate Systems Center, Santa Barbara, California
Roland F. Beers, Inc., 2520 Oakville, Alexandria, Virginia (5)

Space Technology Laboratories, Inc., One Space Park, Redondo Beach, California
Attn: Document Librarian
Dr. Frank Shelton, Kaman Nuclear, Colorado Springs, Colorado (1)
Paul Weidlinger, Consulting Engineer, 770 Lexington Avenue, New York 21, New York
Attn: Dr. M. Baron
Mr. A. Weiderman, Illinois Institute of Technology Research Institute, 10 West 35th Street,
Chicago 16, Illinois
Dr. Vincent J. Cushing, Engineering Physics Company, 5515 Randolph Road, Rockville, Maryland
Forestal Research Center Library, Aeronautical Sciences Bldg., Princeton University
Princeton, N. J., Attn: Library (For: Dr. Walter Bleakney) (1)
Department of Interior, U.S. Geological Survey, Denver Federal Center, Denver 25, Colorado
Attn: Dr. Carl Roach
Department of the Interior, U.S. Geological Survey, 345 Middlefield Road,
Menlo Park, California, For: Astrogeology Branch (1)
Shell Development Company, P.O. Box 481, Houston 1, Texas 77001, Attn: Dr. Sydney Kaufman
Robert G, Cheshier, Branch Librarian, Boeing Aircraft, P, O. Box 3707, Seattle 24, Washington
Professor Samuel Katz, Rensselaer Polytechnic Institute, Troy, New York
Physics International Co,, 2229 4th Street, Berkeley 10, Calif., Attn: Dr. W. Birnbaum
Director, Advanced Research Project Agency (ARPA), Washington 25, D, C.
VELA Seismic Informatijon Analysis Center, The University of Michigan, P,O. Box 618,
Ann Arbor, Michigan (3)
California Institute of Technology, Pasadena, California, Attn: Dr. Press and Dr., Benioff
VELA UNIFORM, Data Analysis and Technique Development Center, c¢/o Code TD-1A, AFTAC,
Headquarters, U.S, Air Force, The Pentagon, Washington 25, D, C.
Director, Military Application, U.S, Atomic Energy Commission, Washington 25, D. C.
Continental Oi’ Company, P.O, Drawer 1267, Ponca City, Oklahoma, Attn: Dr. John Crawford
Lamont Geophysical Observatory, Palisades, N, Y., Attn: Dr, Jack Oliver
U. S. Coast and Geodetic Survey, Department of Commerce, Seismology Branch,
Washington 25, D, C., Attn: Leonard Murphy
U. S. Coast and Geodetic Survey, Sandia Base, Albuquerque, New Mexico
National Science Foundation, 1951 Constitution Avenue, N, W,, Washington 25, D, C,
Attn: Earth Sciences Division
U.S. Geological Survey, Department of the Interior, Washington 25, D, C., Attn: Studies, Crustal
Crustal Studies Branch, U.S. Geological Survey, 7580 West 16th Avenue, Lakewood 15, Colorado
United Electro Dynamics Corp., United Earth Sciences Division, Alexandria, Va,

(1)
(1)
(5)
(2)

(1)

(n
n

(1)
(1)

(1)

(1)
(1)

(1)

(1)
(1)
1)
(1)
(G)

(2)

)
(2)
(1)
(1)

n
0

(1
(1)
(1)
(0



™

-y

DISTRIBUTION: (Continued)
Bell Telephone Laboratories, Murray Hill, N. J., Attn: Dr. John Tukey (1)
Atomic Coordinating Office, British Defense Research Staff, British Embassy,

3100 Massachusetts Avenue, N, W,, Washington 8, D.C. (3)
Air Force Office of Scientific Research (SRPG), Tempo Building D, Washington 25, D.C. (1)
Defense Re search Board Member Canadian Joint Staff,

2450 Massachusetts Avenue, N, W,, Washington 8, D. C. 1)

U.S. Arms Control and Disarmament Agency, Reference Research Service,

State Department, Washington 25, D, C. (n

R. S. Claassen, 5100
Neilson, 5130
Easley, 5300

Cook, 5400

Murphey, 5410

Mehl, 5411

Bishop, 5411 (3)
Merritt, 5412
Chabai, 5412 (12)
Bass, 5412 (10)
Eckhart, 7250

s
2

oW
moHwE

“x»2
00

B. C. Benjamin, 7251

J. W. Wistor, 7251-3  (5)

B. R, Allen, 3421-1

M. G. Randle, 3421-3, Bidg. 880

M. G. Randle, 3421-3, Attn: Mrs, E. Baca, Bldg, 836
W. F. Carstens, 3423

L. D. Patterson, 3423-5 (4)

W. A. Jamieson, 8233

R. C. Smelich, 3427-3 (15)

*161




