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CALCULATIONS ON SEISMIC COUPLING 
OF UNDERGROUND EXPLOSIONS IN SALT 

ABSTRACT 

In the Cowboy and Dribble programs, a series of chemical and nuclear 
explosions were carried out in salt domes. Using data from these experiments, 
we have conducted a theoretical study of seismic coupling and decoupling of 
tnderground explosions. 

Computer calculations were made with the SOC finite difference code to 
match the experimental data from the Salmon shot, which was part of the 
Dribble program. A fair match was obtained by using a shear strength of 8 MPa 
for the salt medium, although this value is considerably lower than the values 
obtained from core samples. The resulting value for reduced displacement 
potential {HDP) for a tamped explosion was about 500 m /kt. 

Further calculations were made on the variation of coupling with cavity 
radius usin^ the input values for salt obtained from the Salmon comparison, 
and using step application of cavity pressure. Comparative calculations were 
also made at twice overburden pressure and at higher values of strength. When 
the strength was doubled the residual RDP decreased more than when the 
overburden pressure was doubled. 

We compared coupling in mined cavities with coupling in explosively 
formed cavities. Since the degree of weakening of the cavitv walls in tne 
case of an explosively formed cavity was not known, no firm conclusion could 
be drawn on the comparative couplings. We also compared the calculated 
results obtained by Rogers, Patterson, Latter et al., Haskell, and Terhune 
et al. No significant differences were found. 

Calculations were made on the coupled and decoupled shots in the Cowboy 
series and on the Sterling event, with the material properties obtained in the 
Salmon studies as computer input. It was found that application of step 
pressure into the cavities gave coupling values much lower than the 
experimental ones. When reverberating pressures at the cavity walls as 
calculated with SOC were applied, the agreement was better, although the 
computed couplings were still low. If it is assumed that the shear strength 
of the salt near the cavity is decreased by a factor of two because of the 
inelastic flow occurring near the cavity during the relaxation of the 
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overburden stresses, then the agreement between the calculated and th£ 
experimental decoupling ratios is fairly good. 

OVERVIEW 

This report details the results of a theoretical study of seismic 
coupling and decoupling of underground explosions in a salt medium. A series 
of chemical and nuclear explosions was carried out years ago in salt domes for 
the Cowboy and the Dribble programs to provide experimental data on seismic 
coupling for both tamped explosions and explosions in cavities. The Cowboy 
program consisted of a series of chemical explosions, and the Dribble program 
consisted of the camped nuclear Salmon event, the Sterling nuclear event in 
the Salmon cavity, and an associated site calibration effort. This report 
presents the results of extensive computer calculations, which are in 
sat isfaclwiry agreement with the experimental data. The calculations were 
extended to give general resuits on seismic coupling in salt. 

The measure of seismic coupling for most of this work was the residual 
reduced displacement potential (residual RDP). The decoupling associated with 
a shot in a cavity was expressed as the ratio of the resulting residual RDP to 
that of an equal-sized tamped shot. 

Most of the investigations were made with the SOC computer program, which 
is a Lagrangian, finite difference, one-dime isionaI code that simulates stress 
wave propagation in earth media. Areas of investigation included the effect 
of the salt mechanical properties, the effect of initial cavity size, and the 
effect of the waveform of the pressure at the cavity walL. 

The input parameters for SOC calculations were initially est imated from 
laboratory data on the salt, and were then adjusted to obtain agreement with 
the experimental results from the Salmon event, a 5.3-kt nuclear explosion in 
a tamped geometry. These adjusted values for the salt medium were then used 
in calculations on Cowboy and Sterling, as well as in general studies. 

The adjusted set of properties of the medium included a failure shear 
strength of 8.0 MPa, zero porosity, a density oi 2.2 g/cc, a modulus of 
rigidity of 13.9 CPa, Poisson's ratio of 0-25, and a compressibility curve 
to give a sonic velocity of 4,357 m/s. The failure shear strength was the 
only parameter whose adjustment from the laboratory data was significant. In 
order to maCch observed displacemencs, the shear str-angth of 32.6 MPa measured 
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in laboratory samples had to be reduced by a factor of four. Calculations 
showed that a decrease in shear strength increased the radius of inelastic 
motion, and increased the seismic coupling. Increasing the shear strength of 
the salt from 8.G to 1.6.0 MPa decreased the inelastic radius and decreased the 
seismic coupling for all initial radii less than about 20 m. Doubling the 
overburden pressure had about the same effect on coupling as increasing the 
strength by approximately 50%. 

Further calculations were performed on the variation of coupling with 
cavity size. For these calculations, the values for the properties of the 
salt medium as determined in the Salmon calculat icas were used. The 
calculated residual RDP increased from about 500 m /kt for a point tamped 

1 1/3 
source to *'*0 m / At tor an initial cavity radius of 2.0 m/kt , and 

3 
decreased to approximately 5.0 m /kt for an initial cavity radius of 
20 m/kt 1' J. 

r ur the. cili-ulation-s on trie cavities with the existing overburden 
pressure, it was necessary to obtain equilibrium stress configurations around 
tin3 cavities bo fore tne explosive energy was app'ied. This relaxation was 
per forme.1 with th? STATIC option Ln S0C. It was found that for both the 
Cowboy cavity shots ind for Sterling, the salt near the cavities flowed inward 
in an ine last i-̂  -nanner, which introduced the possibility that this salt was 
weakened t>y the inelastic flow. 

I.i the calculations on explosions in cavities, it was found that when the 
energy of the explosion was homogeneously distributed throughout the cavity, 
the calculated peak 1 isplacements were much less than the measured peak 
d isplacement s in several of the Cowboy shots. Calculations on the dynamics of 
ttie explosion within the initial cavity for each decoupled Cowboy i>hot showed 
that the actual pressure history at the cavity wall consisted of an initial 
spike, followed by reverberations in pressure. When this form of pressure 
wave was used in the SOC inpuc, the calculated peak displacements more nearly 
matched the measured date for each Cowboy event. In order to obtain good 
agreement between calculated and experimental decoupling ratios, we assumed 
tha*: the shear strength of the salt adjacent to the cavities had bean 
decreased to 4 MPa by the inelastic motion occurring in the earlier stress 
relaxation. With reverberating pressure and with a salt shear strength of 
k MPa for the cavity calculations, the computed low frequency decoupling ratio 
for Cowboy shot 12 (a detonation of 929 lb pelletol in a spherical cavity with 
a 6-ft radius) was 35, as compared with a value of about 20 obtained from the 
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seismic data. The calculated low frequency value for Cowboy shot 14, a 
detonation of 1902.4 lb pelletol in the same cavity, was 9, as compared with 
the experimental value of about 10. 

In the Sterling calculations, the duration of the pressure spike was 
quite short with respect to the characteristic period of the cavity, and the 
calculated peak displacements were not increased very much by the inelastic 
motions resulting from the spike. The calculated low frequency decoupling 
ratio with a shear strength of 4 MPa was 65, and that for an 8-MPa shear 
strength was 108. The experimental value was approximately 54. 

INTRODUCTION 

PURPOSE 

The purpose of this work was to analyze seismic decoupling of explosions 
in cavities in salt with the aid of the SOC finite difference code. We 
desired to make computer calculations of the ground motions in the Salmon 
event, and by varying the constitutive relations of the salt medium, to match 
the Salmon experimental data. Our aim was to then use these constitutive 
relations in SOC studies to determine the effects of cavity radius, overburden 
pressure, and pre-existing stresses in the medium on the coupling. We 
compared the SOC results with the results from theoretical analyses and with 
the experimental data from the Dribble and Cowboy projects. 

BACKGROUND 

The seismic coupling of underground explosions has been analyzed by 
Latter, Martinelli, and Teller. Their analysis showed that the distant 
ea: "-.h displacement should vary as the first power of the energy release for 
the case where the pressure in the cavity is maintained for a long period of 
time, and as the 4/3 power where the cavity pressure decays in a period 
proportional to the energy of the explosion, in a t ime range comparable with 
the periods of the seismic waves emitted. This mathematical analysis was used 
by Latter, LeLevier, Martinelli, and McMillan*1 in calculating the amount of 
seismic decoupling that would be expected from an explosion in a large 
underground cavity. They compared the calculated seismic coupling from a 
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cavity shot with the observed seismic coupling from the Ranier nuclear 
explosion in tuff, and concluded that a decoupling factor of 300 might be 
possible in salt. In another paper, Latter, Martinelli, Mathews, and 
McMillan considered the effect ot" pre-existing stresses around the cavity 
on the onset of inelastic motion resulting from an explosion in the cavity. 
They considered a medium that failed by plastic flow with a von Mises failure 
envelope, and concluded that these pre-existing stresses should have very 
little effect on the subsequent decoupling. 

Haskell also analyzed this case, but assumed that the existing stress 
difference between the radial and the tangential stresses in all fa.iled 
material would be the maximum permitted by the Coulomb-Mohr failure 
criterion. He obtained quantitative results for the expected decoupling as a 
function of cavity radius. Lewis and Treiman extended this analysis, and 
studied the requirement that the medium could sustain no tensila stress. 
Their analysis indicated that failure would occur at lower stress Levels than 
in the Haskell analysis, and that in some applications three separate regions 
should result, the ir.r.Ciuiost including material that had failed in shear, the 
next region including material that had failed in tension, and the outermost 
being the elastic region. 

Rodean has made further studies on decoupling in cavities, and has 
analyzed the fraction of the total energy radiated in the seismic field. 
He has compared the seismic signals frori U.S. nuclear explosions in Nevada 
granite with the signals from French shots in Sahara granite. 

An experimental program has been carried out to check these theoretical 
8 9 . calculations. In the Cowboy project, ' chemical explosives were fired in 

tamped holes and in cavities in a salt medium near Winnfield, Louisiana. 
Large decoupling factors for the shots in the cavities were observed. 

Decoupling studies were extended to higher energies in the Dribble 
project, in which nuclear explosives were fired in the Tatum salt dome in 
Lamar County, Mississippi. In the Salmon event a 5. V-kt nuclear device 
was exploded in a tamped hole in the salt. Extensive ground motion 

11 I** measurements were made on this event. In the Sterling event ' ** J 0.3d—kt 
nuclear device was exploded in the Salmon cavity, and again large decoupling 
factors were measured. 

Numerical calculations with finite difference computer programs have been 
carried through by Brode, by Rogers, by Patterson, by Godfrey et 
al., and by Terhune, Snell, and Rodean. Early calculations by Brode 



indicated that strong reverberations should be expected in a nuclear explosion 
in a cavity. Later calculations by Patterson and by Godfrey gave simiLar 
results. Rogers made calculations of the Salmon stress-wave behavior, and 
included the effect of the overburden stress both in the horizoncal and in the 
vertical directions. Patterson made calculations on an explosion in the 
Salmon cavity, and first calculated a relaxed stress configuration around the 
cavity before the introduction of an explosion. He also made calculations on 
the effeet of the high frequency spikes in pressure at the wall of the cavity 
to determine whether these spikes affected the distance within which the 
medium underwent inelastic deformation. 

Terhune, Snell and Rodean made computer calculations on coupled and 
decoupled explosions in granite. They studied the peak in the coupling that 
appears at a cavity radius of about 2 m for a 1-kt explosion, and also 
calculated the expected low frequency decoupling as a function of cavity 
radius. 

SALMON EXPERIMENTAL RESULTS 

In the Salmon event, Sandia Corporation made extensive measurements on 
the salt medium near the shot center, and these data formed the basis of 
comparison for normalizing the finite difference computer calculation^ for 
shots in salt as described in this report. The Sandia instrument at ion 
included acceLerometers and velocity meters emplaced in several holes located 
at distances out to 744 m from the shot. These holes were drilled into the 
salt medium to depths beneath the shot horizon. Ground motions were measured 
out to several seconds after shot time. 

Figure 1 shows several particle-velocity vs time curves as measured by 
18 Perret of Sandia. Some of these velocity records have been obtained by 

integrating the accelerometer data. Perret et al. have integrated these 
velocity records to give the displacement records of Fig- 2. The»t 
displacement curves show the initial transient displacement as the stress wave 
passed by, and then a long-time residual displacement. In Fig. 3 the residual 
displacements tabulated by Sandia are plotted, and represent the data that 
were to be matcned by computer calculations. 
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by Sandia in the Salmon event. UR refers to velocity transducer data, and AR 
refers to accelerometer data. R denotes radial direction and H denotes 
horizontal direction. (Adapted from Reference 18.) 

The reduced displacement potential (RDP) follows the relation 

•M*S ( i ) 

where 2 is the displacement and y is the RDP. The quantity x is the 
retarded time, defined by the relation 

(2) 

where c is Che sonic velocity. Figure 4 shows the experimental RDP curves 

8 



Radial distance (m) 

FIG. 3. Residual radial displacement vs radial distance, from experimental 
data of Sandia in the Salmon event. 

obtained by Sandia from the motion measurements on Salmon at several 
instrument locations. 

Figure > shows the wave velocity curves ootjined by Ssndia. It contains 
the arrival times of the leading part of the transient signal, representing 
the elastic wave; the arrival times of the beginning of the inelastic 
component; and the arrival times of the peak of the signal. 

Perret has described the elastic wave as of very low amplitude, with a 
transient pressure of only one-half to one MPa. The rate of radial 
attenuation of this elastic wave was very low, which indicates that energy was 
being transferred continuously from the inelastic wave to the elastic wave as 
the composite wave moved outward. Perret placed the transition stress level 
between inelastic and elastic behavior at 1.95 MPa radial stress. Perret has 
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Time (s) 
FIG. 4. Reduced displacement potential (RDP) vs time at several instrument 
locations, as measured by Sandia in the Salmon event. I.!RH refers to velocity 
meter data and ARH refers to accelerometer data, all measured in trie radial 
horizontal direct'.on. (Adapted from Reference 18.) 

not presented the reduced velocity potential (RVP) signals corresponding to 
the RDP curves of Fig. 4, so that the constancy of the RVP signal in the 
elastic region cannot be checked. 

RELATION OF SEISMIC SIGNALS TO NEAR-REGION MEASUREMENTS 

Measurements of earth motion near an underground explosion, such as in 
the Salmon event, may span the range from highly inelastic motion very near 
the source to essentially elastic motion much further away. In addition, the 
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disturbance contains both fields that radiate outward as waves and fields that 
do not follow the wave equation. Equation 1 may be expanded to the form 

z = — + C7-TT- ( 3 ) 

r 
The first term on the right hand side can bp defined as the induction field, 

2 varying as 1/r , and the second term is the radiation field, varying as 
1/r. (The terms near-field and far-field are avoided in these definitions 
because they have been criticized as being misleading and inaccurate.) 

The induction field and radiation field complications can be avoided in 
the analysis of the experimental data measured near the explosion center by 
the use of RDP's and RVP's. These potential functions have wavelike 
properties in that tney move outward in spherical geometry without change in 
amplitude or shape when the medium remains in its elastic range. These 
functions are convenient measures of the seismic coupling, and the RDP's in 
particular have been used in determining decoupling ratios. As shown .'i 
Appendix A, the residual rtDP is a measure of the zero-frequency component of 
the distant seismic signals. It serves as a seismic coupling indicator up to 
frequencies approaching che characteristic frequencies of the cavity or of the 
excitation, but at higher frequencies the coupling has practically no 
dependence on the residual RDP. On the other hand, the RVP curve is directly 
related to the far-field displacements, and it is a better coupling indicator 
in many applications. Since the residual RDP was used as the measure of 
coupling in much of the earlier work, and because it gives the zero-frequency 
component of the RVP spectrum, the results of the SOC calculations are 
expressed both in terms of residual RDP and peak RVP in this study. 

In the frequency domain, the decoupling of an explosion in one geometry 
witn respect to another geometry is given by a decoupling-vs-frequency curve. 
The decoupling resulting from an explosion in a cavity as contrasted with a 
tamped configuration is ordinarily defined as the ratio of the amplitudes of 
cne spectra of the displacements as observed at a distant point. This ratio 
15 tne same as the ratio of the spectra of the reduced velocity potentials, 
•lisc'issed in Appendix A. 

In an incompressible medium, the residual radial displacement at some 
point in the medium is directly related to the change in cavity size. For a 
temped -;<<r>losion, conservation of mass leads directly to the relation 
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3 
z = -2-^ (4) 

where a is final cavity radius. 
Lines corresponding to cavity radii of 17 m and 24 m in an incompressible 

medium have been added to the displacement graph of Fig. 3. These lines 
bracket the experimental data fairly well, although this simple analysis 
neglects the possibilities of a decrease in salt density resulting from 
dilatation associated with shear failure of the salt, or of an increase in 
salt density because of pore collapse. 

From Eq. (3) it is seen that when 3^/3T is zero, then the following 
simple relation holds: 

2 (5) 

where z is residual displacement and il»(») is RDP at large T. This 
will occur after a stress wave has passed by end the medium has become 
quiescent again. Combining Eqs. (4) and (5), it is found that for a medium in 
which, density does not change, 

3 
+<«) = Y~ ( 6 ) 

for a tamped shot, where a is final cavity radius. 
In the elastic regime, the pressure must return to its original value 

after th*1 stress wave has passed by, even though the cavity remains 
pressurized) so that the density of the surrounding medium must also return to 
its origincl value. If a is the elastic radius and z is the displacement 
at this radius, then Eq. (5) can be rewritten in the form 

+(«) = a 2z . (7) 
a 

This equation is independent of the interactions occurring within the 
inelastic sphere, and will hold also at any larger radial distance. The RDP 
measurements on Salmon by Sandia shown in Fig. 4 do not indicate conclusively 
whether the region of constant RDP and elastic behavior was reached at the 
larger distances instrumented. 
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SALMON CALCULATIONS WITH THE SOC CODE 

DESCRIPTION OF THE SOC CODE 

19 20 The SOC code has been described at length elsewhere, * so only a 
brief description is given here. It is a finite difference Lagrangian 
computer program, designed to solve problems in rock mechanics with impulsive 
loading. It is limited to problems in one-dimensional symmetry, such as 
radial motion in spherically symmetric geometry. Since it is a 
one-dimensional code, as contrasted with a 2-D code, fine zoning is possible 
without creating excessive computer storage or running time demands. 

The pressure-volume and the failure relations between deviatoric stress 
and pressure can be put into SOC problems in tabular form. The failure 
mechanisms provided for are compaction, shear failure, and tensile failure. 
Overburden pressure may be included either by use of an overburden option or 
by application of a pressure at the outer boundary of the grid. 

It is possible in SOC to specify a "static" option, in which an 
attenuation factor is applied to the velocities, so that the stresses 
throughout the grid gradually attain an equilibrium configuration. In this 
mode of operation, it is necessary that the loading and unloading paths be the 
same for the pressure-volume relation, and that the Lame constants and the 
deviatoric stress yield curve be the same for unfailed and for failed material. 

The SOC code contains an OVB option, by which the overburden pressure is 
not included in the compressibility data. The local overburden pressure 
becomes the "zero" pressure, and the compressions are measured from this 
point. When the pressure -irops below overburden pressure, the compressibi1ity 
curve is extrapolated back through this local ambient pressure linearly. This 
OVB option does not apply to the relation between failure shear stress and 
pressure. Tension can occur only when the maximum tensile principal stress in 
the medium completely cancels the corresponding component of compressive 
stress due to the overburden. 

DETERMINATION OF SOC INPUT QUANTITIES 

In the Salmon event the shot depth was 828.1 m below the ground surface, 
where the undisturbed overburden pressure was 18.1 MPa. This value of 
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pressure was used at all radial distances and for most of the calculations on 
Salmon. The OVB option in SOC was used in all cases. 

The medium at the Salmon shot point contained approximately 90% NaCl and 
10% CaSO by weight, and had a density of about 2.2 g/cc. This medium was 

k 21 
very dry, with a water of approximately 0.001% by weight. 

The pre-shot velocity of dilatational waves in the Tatum salt was about 
4,550 m/s and the shear wave velocity was 2,539 m/s, as measured by Teledyne 
and by Birdwell. These velocity data lead to a value of Poisson's ratio of 
approximately 0-25. In the SOC calculations this ratio was set at exactly 
0.25, partly to permit easier comparison with results from analytic formulas, 
which can be considerably simplified at this value because the two Lame' 
parameters are then equal to each other. 

Perret's measurements of stress wave arrival times indicated an elastic 
wave velocity of 4,669 m/s, as shown in Fig. 5, The reason for the 
disagreement with the pre-shot value of 4,550 m/s is not known. 

Triaxial compression tests have been performed on a number of cores from 
the vicinity of shot depth in the Tatum dome by the Bureau of 

9? 
Reclamation. ~ Under lateral confining stress of 20 MPa, the salt cores 
failed at an axial stress of 89.1 MPa at 20% deformation. This gave a value 
of 32.6 MPa for octahedral shear strength, defined by the relation 

°0 = T [(°l - ° 2 , 2 + ( 0 2 - V 2 + (°3 - °l)2Y'2 ( 8 ) 

where a., a_, and a. are principal stresses. 
23 Heard, Abey, Bonner, and Duba have made extensive measurements on the 

properties of polycrystalline NaCl, including compressibility and shear 
strength. They tested samples of pure fine-grained salt that had been 
compacted to about one percent porosity. Among other results, they found that 
shear failure stress remains quite constant at about 40 MPa over a wide range 
of confining pressure, as shown in Fig. 6. They observed a strain hardening 
effect, in that larger values of shear stress are required for larger values 
of inelastic deformation. They also observed that the brittle-ductile 
transition occurred at a pressure of about 3 MPa, and that failure in the 
brittle regime is preceded by volumetric expansion. 

The samples tested by Heard et al. were composed of pure polycrystalline 
NaCl, while the Salmon medium contained 10% CaSO s o that considerable 
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FIG. 6. Measurements of shear strength vs confining pressure on poly-
crystalline NaCl at permanent strains of 3%, 5%, and 10%. (Adapted from 
Reference 23.) 

differences might be expected in the failure levels, although the Salmon salt 
might still be expected to exhibit plastic failure. 

Since the samples tested by Heard et al. contained 1% air-filled 
porosity, their measurements showed much n re compressibility than the Salmon 
salt. Preliminary SOC calculations were made using as input the coi.stitutive 
relations given by Heard, et al., but the calculated residual displacements at 
a distance of some hundreds of meters from the explosion center were toward 
the center rather than away from it. In the version of the SOC code used for 
these calculations, the pores were collapsed by the outgoing stress wave, and 
when the stress wave had passed by, the medium rebounded to a position nearer 
the center than the original position. There is no provision in this version 
of SOC for either reopening the pores when the negative phase of the wave 
arrives, or of providing for dilatancy upon brittle shear failure. Although a 
version of SOC exists that has been designed to overcome these difficulties, 
it is very slow-running. The gas-filled porosity was set at zero to 
overcome the difficulty with SOC and to match the actual Salmon salt porosity 
more closely. 
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The PMUMAT code, developed by Butkovich" and modified by Snell, 
was used to generate a more realistic compressibility curve for the Taturo 
salt, with zero gas-filled porosity. The composition was set at 91% NaCl and 
9% limestone, since the CaSO component was not available in the PMUMAT 
library. Although the salt was known to be dry, 0.4% by weight of water was 
added in the input to PMUMAT to make the medium more compressible and to lower 
the sonic and plastic wave velocities. This procedure did give the additional 
compressibility that was required for the resulting wave velocities to match 
the field data. Figure 7 shows the resulting compressibility curve. Although 
the PMUMAT code also provides shear strength data, this option was not used 
because the resulting values of shear strength were much higher than the known 
values for salt. 

The results of the PMUMAT calculation gave 23.2 GPa as a value for bulk 
modulus K *t low stress levels. At a Poisson's ratio of 0.25 and a density of 
2.2, the resulting elastic wave velocity is 4,357 m/st which is appreciably 
slower than the experimentally determined velocity of the low amplitude sonic 
waves of Salmon salt. 

A grid extending out 1,600 m was used in these Salmon calculations. This 
grid was divided into 692 cells by the SOC automatic zoner. With this grid 
size, the stress waves could be followed for about 0.4 s before reflections 
from the outer boundary would return and would begin to obscure the outgoing 
waveform. 

The fine details of the geometry of the energy source and the time 
history of the energy emission were not considered in the SOC calculations of 
Salmon because the very high frequency behavior was not of interest, and 
because most of the zones in the salt were too large to permit accurate 
calculation of the effects of these fine source details. Instead, the source 
was represented by a sphere of iron vapor 50 cm in radius and of a density to 
give a total source mass of 1,152 kg. The 5.3 kt of energy was applied 
uniformly over this volume of vapor. 

Table I gives the values used for the various SOC input quantities. Also 
shown are corresponding values used by Rogers, Patterson, and Terhune 
et al. in their finite difference calculations. 
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FIG. 7. Compressibility curve for Salmon salt, used as input for SOC 
calculations. 
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TABLE 1. Input parameter values used in SOC calculations in this report. 
Also shovn are the corresponding values used by others in their calculations. 

This 
s tudy 

Medium Salt 
Initial density (g/cnr) 2.2 
Elastic Poisson's ratio 0.25 
initial bulk modulus (GPa) 21.18 
Initial shear modulus (GPa) 13.91 
Sound speed (m/s) 4357 
Total porosity 0 
Saturation 100% 
Shear strength (MPa) 
Fast rising stress $ 
Slowly rising stress 3 

Tensile strength (MFa) 0.2 
Energy to melt medium 
Mb (cm /g) .0417 
Energy to vaporize medium 
Mb (cm /g) .1971 
Overburden pressure (MPa) 18.1 
Mass of iron 1151kg 

RESULTS OF THE SOC CALCULATIONS ON SALMON 

We performed many SOC calculations, varying the compressibility and the 
shear strength curves for the salt. The arrival times for the elastic and the 
plastic waves w»re controlled by the shape of the compressibility curve, but 
the widths of the positive and negative phases of the velocity or the pressure 
curves were controlled primarily by the failure behavior. 

For coupling studies, a quantity of primary interest is the residual 
displacement, so efforts were made to match this quantity in the parameter 
studies. Most of the early calculations gave residual displacements that were 
too low, even with the salt with zero gas-tilled porosity. As noted earlier, 

Terhune, 
Snell, and 

Rogers 1 4 Patterson Rodean 
Salt Salt Granite 
2.24 2.24 2.67 

0.28 
29.0 32.42 46.84 
10.4 10.45 24.15 

5440 
0.0267 
100% 

50 40 Dependent 
14 14 on pressure 

5 

.0493 

.1767 
18.1 26 

3000 lb 5910 kg 



this difficulty may have been partly caused by the fact that the SOC code did 
not allow for dilatancy upon shear failure. 

The shear strength of the salt was found to have a strong effect on the 
residual displacement. Several different shear failure curves were used in 
the SOC calculations. Figure 8 shows some of these curves, and Fig. 9 shows 
the resulting curves of residual displacement vs radial distance. The 
displacement curves for the 8-MPa and the 5-MPa shear strengths fit the 
experimental data moderately well. Figure 10 shows the computed values of 
residual RDP plotted as a function of shear strength. 

Several velocity waveforms for the calculation where the shear strength 
was 8 MPa are shown in Fig. 11» along with experimental results. The match is 
quite good, although the peak velocities of the calculated curves fall below 
the peak vslocities measured by Sandia. It may be that the artificial 
viscosity value used in the calculations attenuated and broadened the peaks to 
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a greater extent Th^n actually occurred. This form of attenuation in the 
calculation does not depend on ine constitDtive relations for the medium, but 
is a calculational artifact. 

Figure 12 compares the displacement curves corresponding to these 
veloc ity curves with the experimental curves. For these three curves, the 
calculated values lie below the experimental ones. There is a fai1* amount of 
scatter in the experimental points, as is evident in Fig. 3, so *a exact match 
with ail experimental data is not possible. 

liie cavity radii for several values of shear strength of the salt are 
given in Fig. 13 k and the final cavity pressures are shown in Fig. 14* It has 
been estimated that the Salmon cavity radius was 22.3 m immediately after shot 
time, and that the salt flowed plastically inward during the interval before 

2 7 Che radius was actually measured several months later. This measured 
radius was 17.4 m. 

Figure 15 compares the curve of computed residual RDP for the 8-MPa shear 
strength with experimental values. Also shown is the RDP obtained from Eq. 
(6), for a cavity radius of 24 m. Table 2 lists the S0C results for the 
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TABLE 2, Results of SOC calculations on explosions in Salmon salt with 
several values of shear strength. The energy source is 5.3 kt, overburden 
pressure 18.1 MPa, and initial cavity radius 0.5 m. 

Residual reduced 
Shear strength Final cavity Final cavity displacement 

•a 

(MPa) pressure (MPa) radius (m) potential (m ) 

5 5-09 27.65 3350 
8 7.22 25.43 2490 
9 7.93 24.88 2280 
10 8,64 24.40 2130 
20 16.3 19.80 1260 
40 32.5 16.17 710 

effects of shear strength on final cavity pressure, final cavity radius, and 
residual RDP. 

Figure 16 shows the arrival time curves for the elastic wave and the peak 
of the inelastic wave, as indicated by particle velocity measurements. These 
curves indicate wave velocities comparable to the experimentally measured 
curves of Fig. 5, although the computed wave forms do not include the elastic 
precursor, and the first arrival of the plastic wave could not be identified 
in the computed waveforms. In the computed curve, the pulse peak, at first had 
a velocity of about 3400 m/s, but at a distance of about 275 m, its velocity 
rose to that of the elastic wave. 

DETERMINATION OF ELASTIC RADIUS 

The radius at which the transition from inelastic to elastic behavior 
occurs is of interest in coupling studies. It can be regarded as a measure of 
the energy available to be radiated as seismic waves. Furthermore, it can be 
regarded as a scale factor for the frequency of the seismic signal emitted, 
particularly in specifying the "corner frequency." Several criteria can be 
used to define this radius, although these criteria are not necessarily 
independent of each other. These criteria are listed as follows: 
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1. The radius at which the residual displacement begins to follow a 
o 

1/r relation. (This requirement is necessary but not 
sufficient.) At higher frequencies, the attenuation rate is 
perturbed by the presence of both induction and radiation components, 
however, so that at very large distances, the peak displacement 
follows a t/r relation, while the residual displacement still follows 
the 1/r relation. 

2. The radius at which the reduced displacement potential or the reduced 
velocity potential attains a constant amplitude and waveform. This 
criterion is independent of induction component effects. 

3. The radius at which the wave velocities of all components of the 
stress pulse become sonic. 

4. The radius beyond which the medium remains undamaged or unaltered 
after the passage of the stress wave. 

5. The radius beyond which the residual pressure equals overburden 
pressure after passage of the stress pulse. 

6. The radius beyond which the energy flux carried by the radiation 
field wave through a sol id angle integrated over time remains 
constant. 

7. A radius defined by the frequency content of the seismic waves, for 
some assumed radial stress history at the elastic radius. 

Several of these criteria have been applied to the Salmon event, with only 
partial success. One of the difficulties is that the inelastic-elastic 
transition is not well defined in the actual situation. For example, a 
seismic wave attenuation factor Q is included in determining transmission of 
seismic waves to large distances, even though at these large distances the 
medium behavior is often regarded as elastic. Other difficulties are the lack 
of vital pieces of information, and the experimental uncertainties in the data 
actually measured. 

In the SOC calculations the transition between the regions of inelai-tic * 
and elastic behavior is more clearly defined, although this transition is not 
necessarily realistic. Inelastic behavior occurs at some radius in SOC only 
where the stresses at that radius reach the failure envelope, either in shear 
or in tension. The phenomenon of compaction is not present in this nonporous 
medium. 

The experimental data on Salmon and the results of the SOC calculations 
are evaluated here using these seven criteria for determining the elastic 
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radius. The experimental data have too much scatter to determine the radius 
where the 1/r variation in residual displacement begins, as is seen in 
Fig. 3. In the computed plots of Fig. 9, the point at which 1/r behavior 
becomes evident is about 300 m for the 8-MPa shear strength curve. Similarly, 
the field data do not indicate a radius where the RDP becomes constant, while 
tne calculations indicate a radius of 300 m, as is evident in Fig. 15. 

In the experimental data in Fig. 5, it is not evident where the wave 
velocity becomes sonic, while the calculated curve in Fig. 16 indicates that 
this point is at 275 m. With respect to damage of the medium, Rawson et 

21 al. have studied cores taken from a hole drilled into the cavity several 
months after the Salmon shot, and found microfractures and other alteration of 
the medium out to a radius of about 120 m. I.i the SGC results, the last zone 
in which damage to the medium had occurred was at 325 m radius. 

There were no extensive pressure measurements made on the Salmon event. 
As seen in Fig. 17, the SOC results indicate that the uniform overburden 
pressure of L8.1 MPa was reached at 325 m radius. 

Perret has studied the sixth criterion, that of determining the 
integrated energy flux per unit area at severs! radial distances for the 
Salmon, Sterling HE , Sterling, and Diode Tube events, all at the Tatum salt 

28 dome. He evaluated the quantity 

cf 2 [u(0]2 F = pc / |u(t)| dt (9) 

h 
where p and c are the density and the propagation velocity characteristics 
of the rock at the observing station, u is free-field particle velocity, and 
t and t. are the times at which the motion began and ended. In Perret's 
calculations the total energy represented by the quantity E = 4r F did not 
reach a constant value out to the outermost measuring station, at a radial 
distance of 744 m for the Salmon event. For Sterling and Diode Tube, it 
apiv̂ .ired tnat the ground motion was elastic already at the innermost station 
distances of 165.8 m, and for Sterling HE at 261 m. Perret did not include 
the effect of the deposition of the energy of the induction field component as 
permanent strain energy, however, so that his results are not completely valid. 

We did not perform the corresponding analysis of integrated energy flux 
on the SOC results. As in the experimental case, the induction field 
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components would be expected to make a simple direct integration of the total 
energy flux invalid for determining elastic radius. 

Criterion 7 for determining elastic radius bears on the reason this 
radius is important in coupling studies. Over the region where the wave 
motion is inelastic, the concept of frequency components is not very useful 
because these components cannot te treated individually; the behavior of a 
single component depends on the form of all the others. When the elastic 
radius is finally reached, these frequency components become independent, and 
wave motion beyond this point becomes calculable from the linear differential 
equations of stress wave motion in solid media. As a first approximation in 
some past analyses, the radial stress wave was assumed to have a step form at 
this elastic radius. A refinement was the addition of a spike, decaying away 

29—37 exponentially, superimposed on the step. 
The linear differential equations for spherically symmetric expansion 

have been solved Dy Sharpe and Blake in complicated analytic form. 
Numerical solutions can he easily obtained with the use of a Fourier series 

35 solution, manipulated with the SOCKITTOME data processing code. 
Simplified mathematical formulas for use with the Fast Fourier Transform (FFT) 
are developed in Appendix B. in Fig. 18 th- scaled velocites at various 
scaled distances are shown for a step radial stress input at the elastic 
radius. The velocity waveforms become narrower at larger radial distances 
until the effects of the induction term in the analysis become negligible. 

The experimental measurements can be related to these calculated 
waveforms by a comparison of the time durations of the positive phases of the 

18 velocity curves. Perr^t has tabulated these values for the experimental 
Salmon data, as plotted in Fig. 19. There is a considerable spread in the 
values, with an indication that the durations at the larger radii were greater 
rather than less than those at smaller radii. These data indicate a duration 
of about 0.06 s at a distance of 300 m. At a scaled distance of 2 on Fig. 18, 
the dimensionless time duration is 1.5. The time scaling factor U T = 
ct/a, where T is dimensionless time, c is sonic velocity, a is source 
radius, and t is time. The source radius is then a = ct/r - (4357)<,06)/i.5 
- 174 m. Obviously this estimate is quite crude. 

The comparable time from the SOC run with an 8-MPa shear strength is 
0.055 s at a radius of 300 m. This leads to an elastic source radius of 167 m. 
Healy, Chi-Yu King, and O'Neill have made a more thorough analysis on 
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obtaining the apparent elastic source radius with a step input in radial 
stress from the rise time of the observed displacement. They used a pulse 
propagation velocity of 3960 m/s, and obtained an equivalent elastic radius of 
169 m. 

Actually, the stress history at the inelastic-elastic interface is not a 
simple step in pressure for tamped explosions. Figure 20 shows the radial 
stress histories at several distances as calculated by SOC. The region of 
elastic behavior is reached at about 300 m in these calculations, and at this 
distance the radial stress history consists of a broad spike, a trough, and 
then a stress plateau at a le^el somewhat higher than overburden stress. The 
residual pressure in the elastic region must be equal to overburden pressure, 
as is discussed in Appendix C. 

When the region of elastic behavior is reached, the radial stress should 
remain unchanged in form at increasing distances except for the varying 
contributions of the induction and radiation components of the wave. This 
complication is avoided in the RVP plots, as shown in Fig. 21, where the RVP 
curves have reached an unchanging form at a distance of 319 m. 

Since the radial stress history at the elastic radius does not have a 
simple form, the usefulness of the elastic radius as a coupling indicator is 
diminished. At this elastic radius, however, the RDP-time and the RVP-time 
curves take forms that remain unchanged at all larger radii. 
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It is concluded that the existing Salmon experimental data do not lead to 
a reliable determination of the distance out to the inelastic-e]-stic 
interface. Instead, they indicate that the elastic state is approached in an 

28 asymptotic manner. Perret has observed elastic precursors at most of the 
accelerometer locations in the Salmon event, corresponding to radial stress 
amplitudes up to 1 MPa, and merging into the main waves at transition stresses 
of about 1.95 MPa. If these precursors represent the elastic wave, then, the 
main wave must involve energy loss to the medium, and the medium cannot be 
considered to be in the elastic domain. 

In the SOC calculations, the inelastic-elastic interface is at a radial 
distance of 325 m, as indicated by several of the criteria, especially by the 
beginning of the plateau of residual pressure as shown in Fig. 17. 

DISCUSSION 

The results obtained in this optimization of the input values for the SOC 
calculations have given fair agreement with the experimental data. The 
scatter in the experimental data precludes an exact fit. 

The data shown in Fig, 6 and the results of the parameter optimization in 
the series of SOC calculations indicate that the Tatum salt failure was of the 
von Mises type—the failure appeared to occur at a particular value of shear 
stress, independent of the confining pressure. This salt behavior differs 
markedly from a material such as granite, where the shear strength is of a 
Coulomb-Mohr type, with strong dependence of shear strength on confining 
pressure. 

Leo Rogers made SOC calculations on Salmon at the t ime it was fired, and 
obtained results similar to those reported here. His input values for shear 
failure were also of the von Mises type, and included a 50-to-6G-MPa shear 
strengta for a fast-rising signal, and 10 MPa for a slowly-rising signal. He 
used a separate shear-strength value of 5 MPa for material that had already 
faiLed. The SOC code at the time of his calculations dik'Jered from the 
present SOC code in several respects. In this earlier version, two separate 
shear strengths dependent on the loading rate were provided for, but this 
feature was later removed because there were not enough time-dependent failure 
data available to justify inclusion of this complication. 

The same shear strength curve was used in the present calculations for 
the unfailed and the failed salt because of the requirements imposed by the 
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relaxation option. Because of the plasticity of the salt, we believe that 
this limitation does not introduce gross error into the calculations. 

The present version of SOC permits the use of compressibility and of 
shear strength data in tabular form. Actually, the compressibility curve used 
here was practically linear at pressures less than about 1 GPa, where the more 
important stress-strain interactions were occurring. 

There is a large discrepancy between the values of shear strength of the 
Tatum salt of 32.6 MPa as measured by the Bureau of Reclamation and the value 
of 8 MPa as used in the SOC calculations. The following are some reasons for 
this discrepancy: 

1. The medium may have been heterogeneous, with areas or planes of 
weakness larger in scale than the dimensions of the core samples. In 
this situation the strength tests would give higher values for shear 
strength than the values applicable for the SOC calculations. 

2. The actual failure of the salt may have been complex, including 
inelastic yielding of some component of the salt medium at a shear 
stress corresponding to a radial stress of approximately 2 MPa, and 
gradually more failure with increasing shear stress up to the 
laboratory failure value of 32.6 MPa. It is conceivable that for the 
SOC input, a single failure stress value intermediate between these 
two levels might give a fair match with the observed results. 

It may be that both of these possible factors, as well as others not 
suggested here, account for the discrepancy between the Bureau of Reclamation 
value of 32.6 MPa and the SOC input value of 8 MPa for the shear strength of 
the salt. 

DECOUPLING CALCULATIONS 

GENERAL DESCRIPTION 

All the foregoing calculations were made on the tamped Salmon explosion. 
These results were then used as a basis for further calculations on decoupled 
events. A reference energy source of 1 kt was selected, to make scaling up or 
down in size more convenient than with the 5.3-kt energy source in Salmon. 
The constitutive equations used for the salt were the optimized set obtained 
from the Salmon calculations, with the limitation that the shear failure 
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curves should be the same for original and for failed salt, as required by the 
relaxation requirement discussed in "Relaxation Analysis," below. In this set 
of calculations, the 1-kt energy source was introduced uniformly throughout an 
iron vapor that filled mined cavities of various sizes, and the resulting 
displacements, RDP's, and RVP's were calculated with the SOC code. This 
uniform energy deposition produced pressure histories at the cavity wails that 
were stepwise in form. 

In a later set of calculations, the geometry of the sources was 
introduced in a more detailed form, and the gas motions inside the cavities 
were calculated with SOC. These calculations showed that the pressure 
histories at a cavity wall actually consisted of a spike followed by a 
reverberating pressure signal. 

RELAXATION ANALYSIS 

When a cavity is mined out in a salt formation that is i*» a state of 
uniform pressure and of zero shear stress, this stress state is altered. The 
radial stress at the cavity wall becomes completely relieved, while the 
uniform overburden pressure at large distances remains unchanged. 

The stress distributions existing in the medium outside the cavity where 
the medium remair.s in the elastic range have been solved by Lame. His 
relations for the radial and transverse stresses a and a for the 

v t 
case where the cavity pressure is zero and the distant overburden pressure is 
P are the following: o 

o^ = -p [l - (a/r)3J (10) 

(11) '(f) 
The quantity a is the radius of the cavity. It is noted that the pressure, 
equal to -(a + 2o )/3, is .-qual to P over this whole elastic region. 
The shear stress o can be found from Eqs. (10) and (11): 

2 
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This shear stress is a maximum at the cavity wall, where r = a- In the 
problem considered here the overburden pressure was 18.1 MPa, giving a maximum 
shear stress of 13.575 MPa. This is beyond the 8-Mt'a shear strength assumed 
for the salt, so local failure must have occurred and the stress distribution 
was not given by Eqs. (10) and (11), which are for an elastic medium. 

The formulas ior the case where inelastic flow has occurred are given in 
Appendix C for a particular failure curve applicable to sale. 

RELAXATION WITH THE SOC CODE 

After the creation of the cavity, the surrounding salt is no longer in a 
state of uniform hydrostatic pressure. The salt becomes prestressed to some 
degree, and failure from a subsequent explosion in the cavity depends upon 
this pres tress in.g. It is necessary to assign the proper prestress values to 
each zone in finite difference computer calculations tefore the energy source 
is applied within the cavity for the dynamic calculation. Furthermore, if the 
salt is not in a state of equilibrium before the detonation, it will relax 
during the dynamic phase of the calculation, so that the calculated effects 
will be the result from the superposition of the two different processes. 

The static option in SOC has been used to relax configurations where the 
stresses from the overburden were comparable with the stresses expected from 
the later explosion in the cavity. Since this relaxation computation is quite 
slow, relatively small grids extending out only 400 or 600 m were used for 
these problems. 

Figure 22 shows the resulting values of radiai and of tangential stress 
after relaxation of a geometry with a 20-m-radius cavity, with an overburden 
pressure of 18.1 MP?, and with a shear strength of the salt of S MPa. Figure 
23 shows the corresponding values of shear stress and of pressure. Also shown 
on these two figures are the values obtained from the analytic equations (C-?) 
and (C-8) in Appendix C. The agreement is practically exact, indicating 
successful relaxation by the static option. 

From Eq. (C-6), the elastic-inelastic interface was calculated to be at a 
radial distance of 25.23 m, which agrees with the static results. Beyond this 
distance the stresses followed the Lame relations for an elastic medium, and 
the pressure was u^nstant, equal to overburden pressure. Within this distance 
the shear stress was constant, equal to the failure shear stress for the salt. 
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FIG. 22. Relaxed radial and 
transverse stress-.'s around a mined 
cavity 20 m in radms. Shear 
strength was H MPa and overburden 
pressure was 18.L MPa. Solid lines 
are analytic curves; data points are 
from SOC. 
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FIG. 23. Relaxed pressure and shear 
stress aruund a mined cavity 20 m in 
radius. Shear strength was 8 MPa and 
overburden pressure was 18.1 MPa, 
Solid lines are analyt ic curves; data 
points are from SOC. 

Tne stresses wer*j relaxed with the rather small inward motion oi 0.86 cm 
in rh i s exainple. The numer ical results obtained from Eq. (C-9) also gave an 
inward d isp 1 .icement or ;1. rtf> cm at the cavi ty wa 11. 

DYNAMIC CALCULATIONS WITH THE SOC CODE—STEP INPUT PRESSURES 

The dynamic ca Iculat ions consisted essentially of i1.serti.n4 1 kt of 
energy into cavities of various radii in the salt, and determining thp 
resulting motions of the salt. For the problems where the cavity radius was 
5 m or less, it was not necessary to go through the static calculations first, 
oecause th*1 stresses considered were trivial in comparison with the stresses 
resulting from the explosion. For cavities with radii of If) m or greater, a 
static phase was calculated first, to obtain an equilibrium stress state 
oefore initiation of the dynamic phase. 

Decoupling can be calculated either by applying a fixed amount of energy 
to cavities of various sizes, or by applying various amounts of energy to a 
cavity of a f;..ed size. Where relaxation was required, we used the second 
approach in most of the calculations presented here because it permitted us to 
calculate the preliminary explosion and subsequent relaxation only once for a 
series of decoupling calculations. The scaling required to convert to an 
equivalent input energy of I kt is discussed in Appendix D. The results 

36 

http://i1.serti.n4


obtained in the calculations described in this section were scaled back to an 
input energy of 1 kt in this manner. These scaling relations have b;en 
verified in this study in that the resulting values ot RDP and RVP as 
calculated by varying the cavity size or by varying the energy input in the 
SOC calculations fell on the same smooth curves. 

The optimized input parameters listed in Table 1, obtained by -natchine, 
with Salmon results, were used for these calculations. It was not realistic 
to include only the mass of tne nuclear device in the larger cavities, Because 
this would lead to initial densities throughout the cavities far less than 
tnat of air at standard conditions. Instead, bhO kg of iron were put into the 
cavity, and the air in the cavity, at a density of 0.001 ^/cc, was added to 
the device assembly mass. The air was assigned tne equation of state (Eui) jf 
tne iron vapor in the ca lc. lat ions. 

The calculation grid extended out to a distance ot only bOU m tot th*. 
runs where the cavity was large enou^.i to necessitate relaxation. T'ie uynamu 
calculations could be cairied out Lo only 0.1b s before inter ft* renee occurred 
f rom the wave that was ret iecteu at the gnu buunoai y. Th i *> ua.-. ion,, enou^f. 
for these partially decoupled cases tn reach steady-state values ol r«-̂ iû <ti 
RDP. The peak values of RVP we re reac hed earlier in t lme. 

Figure 2U and Table 1 show the results for the residual Kiî 1 v.il:«-s .>f a 
series of SOO calculations for an "nput uf 1 kt of onersjv into rpl.ixel mine,1, 
cavities of various rad i i and wi rh a step chance in pr. s sure. The »-a 1 cul it .• 1 

5 residual RDP was approximately 5 51 m for a cavitv with a ri.i \< or •">. m, 
and the calculated potrntials from cavities with radii larn**r r'l.i.i i1"1 "it V") *n 
were approximately 3 m . These values ind icated a deco.ip'. i ivz r U i <i '.'" about 
1 ft4 for the low frequency component of the seismic wav^s. 

The residual RDP obta ined f rom the Salmon measurement ̂  w.js in t n-1 r.vu--* 
of 1,000 to 4,000 m , as shown ii F I R . 15. \ vilue of 5,00n -n' converts 
to 5*16 m for a 1 -kt detonation, in ^ood agreement with th^ 5 v v.i 1 ue •>: 

5^1 m at a cavity radius 01 0.^ m. 
The. calculated static coupling increased appreciably is tin1 si:;e it tne 

origins 1 emplacement cavity was increased from 0.5 m to 2 -. in radius. The 
coupl in& remained high out Co a'^out 10 m, then decreased rapidlv, and at a 
cavitv radius of 20 m the explosion was almost comple telv decoupled for the 
induction field wave, as indicated by the residual RDP. 
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with SOC in Salmon salt, for several values of shear strength and overburden 
pressure, tor an input energy of 1 kt, and with step change in pressure. 

The analvtic solution for residual RD D upon th^ aoplicatim -it a stt-p in 
pressure on the walls >f the cavitv where the median r-.'mains in its -*li-.ti 
range is : 

whpre P is th*» step pressjre rise. The press art* rise is r-* 1 it *M : > t V- "neryv 
input through the re 1 at ion 

(y - 1)E 

where Y is the ratio of enthalpy to internal energy, and *•' i -• the input 
energy. v.qs. (13) and (14) lead to the relation: 

*(-) = Kl 1)E 
16TTM (15) 

It is noted that when all the medium around the cavity remains in the elast 
range, th.2 residual RDP is independent of cavity radius. 
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TABLE 3. Calculated residual reduced displacement potentials, expressed in 
m , as functions of cavity radius for an energy input of 1 kt. The four 
series have different values for shear strength and overbur'-an pressure. 

Cavity 
rad ius 
(m> 

0.3 

L'J 
1 u. o 5 
11. ll 

12 

I J.«2 
IT 

1 b. 91 

lft 
1« . h 1 
20 
21.11 

2<) .8 i 

!>).<> 
3 ' j . 6 o 

^ . ' 1 . 

a.. 
b e r t e s A 

" B 

" C 

" 3 

553 
635 
135 
781) 

23-1 

51. i 

6.7 

-'.. 1 1 
4.03 
i.M 

1.-.5 
3.21 
1. )h 

374 

A 30 
155 

51.5 

2*2 
1 U 

2 i m C] 

H-MPa snear strength, L8.1-MPa overburden, mined cavity. 
Lb-MPa " 18.1-MPa " " 
rt-MPa " J6.2-MPa 
S-MPa "' 18.1-MPa " explosively formed cavity. 
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The appropriate value of y is 1.2, as will be shown later. For an 
input energy of 1 kt and a value for p of 13.9 GPa, the value for residual 
RDP from Eq. (15; is 3.6 m . This value has been added to Fig. 24 for 
comparison with the points obtained from the SOC runs. 

For cavities larger than 25 m in radius, the resulting energy density in 
the iron vapor was so low that the resulting values of y fell considerably 
below the value 1.2. Since in such cases most of the mass was that of the air 
in the cavity, and since the value of y for air should remain near 1.2, 
corrections were made to these S0<~ results. New values for energies 
correspondi ng to the step pressures in the cavity were calculated from 
Eq. (15), using a value for y of 1.2. The corrected values of cavity 
radius, RDP, and RVP were then scaLed from these new energy values. 

Even with this correction, the SOC points beyond a 25-m cavity radius 
fell below the line representing the theoretical elastic limit at the RDP 
value of 3.6 m . The reason for the discrepancy is not known. 

The values calculated for peak RVP are listed in Table 4 and plotted in 
Fig. 25, for 1 kt of energy in relaxed mined cavities of various radii. The 
theoretical curve for peak RVP in the elastic region, as derived in Appendix 
E, has been added to his graph for comparison with the SOC results. 

This curve of peak RVP vs cavity radius, from the SOC calculations, has 
the same general form as that for the residual RDP (Fig. 24), with a region of 
high coupling at small cavity radii, and much lower coupling at larger cavity 
radii where the medium response is approximately eLastic. There are several 
differences, however. In the elastic region the residual RDP becomes almost 
constant, while the peak RVP decreases as 1/a. At small cavity radii, the 
increase in residual RDP with increasing cavity size is quite large, while for 
peak RVP the increase is smaller. 

A third difference is that the range in coupling indicatec by the 
residual RDP is greater than that indicated by peak RVP. Since the peak RVP 
curve does not reach a lower plateau at large radii, however, this comparison 
becomes subjective. The ratio of the residual RDP value from the cavity 2 m 
in radius to that from the 25 m cavity, where eLastic behavior is apparently 
reached, is 233. The corresponding ratio for peak RVP for these two cavity 
sizes is 48.3. This is a significant difference. 

It is observed that the transition from high coupling to low coupling in 
the salt is not abrupt, but is rather gradual. Furthermore, the coupling 
curves, such as those given in Figs. 24 and 25, are plotted with respect to 
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TABLE 4. Calculated peak reduced velocity potentials, expressed in m /s, as 
functions of cavity radius for an input energy of 1 let. The four series have 
different values for shear strength and overburden pressure. 

Cavity 
radius 
(m) 
0.5 
1 
2 
5 
10 
10.65 
11.72 
12 
13.42 
15 
16.91 
18 
18.61 
20 
21.11 
25 
26.84 
•50.6, 
36.68 
43.02 

16,100 
16,500 16,000 
18,500 
16,000 14,000 
8,000 4,600 
6,746 

4,500 

1,550 
722 
600 

500 
454 
359 

275 
219 
172 

1,950 

500 

250 

5,318 4,683 
2,596 

1 ,197 

550 

408 

8-MPa shear strength, 18.1-MPa overburden, mined cavitv. 
16-Wa " 18.1-MPa 
8-HPa " 36.2-MPa 
8-MPa " 18.1-MPa " explosively formed cavity. 
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FIG. 25. Variation of peak RVp with initial cavity radius as computed with 
SOC in Salmon salt, lor several values of shear strength and overburden 
pressure, and for an input energy of 1 kt. The dashed line represents 
theoretical peak RVP in an elastic medium. 

cavity radius rather than volume. Since the energy density and pressure vary 
inversely with cavity volume, the volume parameter is more significant than 
the radius. The data of Figs. 24 and 25, for the 8-MPa shear strength and the 
18.1-MPa overburden pressure with the mined cavity, are replotted as residual 
RDP versus cavity volume in Fig. 26, and aj peak RVP vs volume in Fig. 27. 
These graphs show that most of the decoupling occurs at a relatively small 
cavity volume. The conclusion is that a cavity of moderate size will lead to 
a moderate amount of decoupling, but that for complete static decoupling, the 
cavity must be very much larger. 

Since the increase in coupling is associated with inelastic motion of the 
medium, it would be expected that a medium with a greater shear strength would 
decouple down to smaller values of cavity radius. Several SOC runs were made 
with a shear strength of 16 MPa for the salt rattier than the usual 8 MPa. The 
resulting values of residual and of peak RVP are also shown in Figs. 24 and 25. 
As expected, the 16-MPa points lie to the left of the 8-MPa curve, indicating 
that a smaller cavity in the stronger medium is sufficient for decoupling. 

In addition, the maximum residual RDP value in the coupled region is 
lower for the stronger medium. This feature had already been studied in the 
Salmon investigation, where it was found necessary to use a low value of shear 
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FIG. 26. Variation of residual RDP 
with initial cavity volume for mined 
cavities, as computed with SOC. 
Shear strength was 8 MPa, overburden 
pressure 18.1 MPa, and input energy 
1 kt. 

FIG. 27. Variation of peak RVP with 
initial cavity volume for mined 
cavities, as computed witti SOC. 
Shear strength was 8 MPa, overburden 
pressure 18.1 MPa, and input energy 
i kt. 

strength in order to obtain large enough values of displacement and of RDP to 
match the experimental results. 

Several SOC runs were made to investigate the effect of the overburden 
pressure on the coupling. The shear strength of the medium was set at 8.0 MPa 
but the overburden pressure was doubled, to 36.2 MPa. The stresses around a 
mined cavity of radius 16.91 m were then relaxed under this greater overburden 
pressure. The resulting radial distance of failed material was 37.6 m, in 
good agreement with the value of 37.3 m obtained from Eq. (C-6). The various 
values of energy were put into the cavity, and the results were scaled to give 
the residual RDP vs cavity-radius data, also shown in Fig. 24, and the peak 
RVP vs cavity-radius data in Fig. 25. 

An upper limit of residual RDP as the shear strength approaches zero can 
be found. In such a case, the final residual pressure inside the cavity will 
equal the overburden pressure. The cavity radius can then be obtained from 
Eq. (14), again assuming a value of 1.2 for y* At 1 kt of energy input and 
a pressure of 18.1 MPa, the radius of the resulting cavity was found to be 
22.3 m. It is valid to use Eq. (6) to obtain the RDP in this application, and 
the resulting limiting value for RDP is 3,697 m . This is considerably 
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higher than the peak value of about 800 m for the medium with 8 MPa of 
shear strength as obtained from SOC, 

Figure 28 shows the input pressures obtained from SOC for the various 
cavity radii, with the usual overburden pressure of 18.1 MPa and a shear 
strength of 8 MPa. These are to be compared with the pressures as given by 
Eq. ( H ) , where the value used for y is 1.2. The agreement between the two 
sets of points is fairly close. (This really indicates that the y in the 
SOC gas tables for iron vapor was approximately 1.2.) 

Also shown are tht tinal pressures in the cavities, as obtained from 
SOC. This curve shows that in a cavity with a radius of 1 m, the final cavity 
pressure for a tamped explosion was much lower than for the explosion in a 
cavity with an original radius of 12 or 15 m. 

Figure 29 shows the variation of final cavity radius with original cavity 
radius, The 1 kt of energy created a cavity 15 to 17 m in radius for all 

105 -* 1 1 — l — I i i i i i r 
\ ' 
\ ^—Initial pressure 
br (from SOC) \ \ 

-Initial pressure 
for r=1.2 

'1 2 4 6 810 20 30 

Initial cavity radius (m) 

FIG. 28. Variation of initial and 
final cavity pressures with initial 
cavity radius, as computed with 
SOC. Shear strength was 8 MPa, 
overburden pressure 18.1 MPa, and 
input energy 1 kt. 
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FIG. 29. Variation of final cavity 
radius with initial cavity radius, 
as computed with SOC. Shear 
strength was 8 MPa, overburden 
pressure 18.1 MPa, and input energy 
1 kt. 

original cavities ^hat were initially smaller. On the other hand, there was 
almost no increase in size for cavities that initially had radii larger than 
15 m. Table 5 lists chese data on cavity radii and pressures. 

It is observed that an input of 1 kt will create a cavity that is large 
enough to partially decouple a subsequent 1-kt explosion in the same cavity. 
This sequence of shots involves complications that are considered in Section D, 

COMPARISON WITH OTHER RESULTS 

Haskell has calculated seismic coupling curves for a Coulomb-Mohr 
medium under the assumption of quasi-static expansion in response to an energy 
input inside the cavity. His shear failure curves for two values of internal 
friction coefficients are shown in Fig. 30 along with those used by Terhune et 
al. for granite, and with the failure curve used for the SOC calculations 
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TABLE 5. Calculated variation of final cavity radius, initial cavity 
pressure, and final cavity pressure with initial cavity radius. The energy 
source is 1 kt, overburden pressure is 18.1 MPa, and shear strength is 8 MPa. 

Initial cavity Final cavity Initial cavity Final cavity 
radius3 (m) radius (m) pressure (MPa) pressure (MPa) 

1 15.15 3.42 x 1 0 5 8.7! 

2 16.60 3.28 x 10 4 10.2 

5 16.36 1729 19.7 

10 14.86 216.6 4 8 . 0 

10.65 14.62 175.0 53.2 

12 14.45 122.6 62 .5 

13.42 14.62 91.8 67 .1 

15 15.40 68.7 62 .3 
16.9 16.96 4 6 . 3 4 5 . 8 

18 18.04 38.4 38.2 

20 20.03 28 .8 28.7 
21.3 21.3 23.0 23.0 

25 25 13.3 13.2 

30 30 7.0 7 .0 

In all these SOC calculations, an inner rigid boundary was located at a 
radial distance of 50 cm to prevent the occurrence of high transient pressures 
at the center. 

presented in this report. Figure 31 shows the resulting RDP vs cavity radii 
curves that correspond to these failure curves. Haskell's curves were 
obtained for an overburden pressure of 5.1 MPa, and Terhune's curves were for 
26 MPa. 

It is seen from Fig. 30 that the input shear strength values used for Che 
salt calculations presented here were Lower than the Haskell values except for 
pressures lower than 30 or 50 MPa. It was not obvious what the effect of this 
difference in shear strength should be on the resulting RDP. Therefore we 
made a separate SOC calculation to give results that could be compared more 
directly with Haskell's results. The data used by Haskell, including an 
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FIG. 30. Shear failure curves used by Haskell,* Terhune et al.,1' and in 
the calculations presented for Tatum dome salt in this report. 

overburden pressure of 5.117 MPa and a modulus of rigidity of 1.697 x 10 
MPa, were used in the SOC input. We used the shear failure curve for K = 0.3, 
shown in Fig. 30. The overburden stresses around the cavity were relaxed in 
the usual manner, using this shear failure curve, and the input energy values 
were then inserted into the cavity. Figure 31 shows two resulting residual 
RDP points from these calculations. It is seen that the agreement between 
these SOC points and the Haskell curve for K = 0.30 is moderately good. 
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FIG. 31. Comparison between the curves of Haskell,* Terhune et al., 1 7 and 
the results of the SOC calculations presented in this report on the variation 
of residual RDP with initial cavity radius. Input energy was 1 kt. The shear 
failure data used are as shorn in Fig. 30. 
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DECOUPLING IN MINED AND IN EXPLOSIVELY FORMED CAVITIES 

QUALITATIVE DESCRIPTION 

The method of creation of an underground cavity has a strong effect on 
the stress field around the cavity. Furthermore, this pre-existing stress 
field would be expected to have an effect on the decoupling in these 
cavities. In the preceding section it was assumed that the cavity was a rained 
cavity, and the stresses were allowed to relax into their equilibrium 
configuration unJer the overburden prassure, with zero pressure inside the 
ravity. The energy from a nuclear explosion was then put into this cavity, 
and the resulting RDP was determined by a SOC calculation. 

This procedure is not valid for a cavity created by an earlier explosion 
because the earlier explosion will have produced its own non-uniform stress 
field. The material originally inside the cavity has been moved outward, and 
this additional mass outside the cavity results in a region at high density 
and pressure. After this first explosion, a residual pressure remains in the 
cavity, which is eventually vented to the atmosphere in normal procedure. 
This pressure decrease is accompanied by a readjustment of the stresses in the 
surrounding medium. When a second explosion is fired in this cavity, the 
subsequent behavior of the medium depends upon this readjusted stress field. 

This seqience of events was calculated with the SOC code in the following 
steps: 

(1) The cavity was first formed by application of 1 kt of energy at a 
point within the medium. Actually, the energy was applied to the inside of a 
small cavity 2.5 m in radius, representing a shot room, to permit larger zone 
sizes r.ear the origin. The entire grid extended out to a radius of 600 m, 
which represented a compromise between the large size desired in the dynamic 
phase to give information at large distances and prevent the early arrival of 
reflection effects from the outer boundary, and the small size desired to 
permit complete stress relaxation in a reasonable amount of computer time. 
The SOC code was operated in the dynamic mode for this calculation. 

(2) The residual pressure in the cavity was set to zero, corresponding 
to a release of the cavity gas to the atmosphere. The SOC code was then 
operated in the static mode to relax the stresses in the medium to their new 
equilibrium configuration, under the 18.1-MPa overburden and with the 
additional mass present around the cavity. The stresses were considered to be 
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completely relaxed when material velocities dropped to a very low value, and 
when the stresses no longer changed with time. 

(3) The energy source for which the decoupling was to be determined was 
applied throughout the cavity, resulting in a step in pressure, and a dynamic 
SOC run was made. The decoupling could be determined either by applying a 
fixed amount of energy to cavities of various sizes, or by applying various 
amounts of energy to a cavity of a fixed size. In the decoupling calculations 
of this section, the first approach was used. The scaling discussed in 
Appendix D was used to convert the results to those of 1-kt explosions in 
cavitiey of various radii. 

For the mine J cavity, step (1) of the procedure for the explosion-created 
cavity was eliminated. Instead, a geometry was set up that included a cavity 
with a radius of 16.9 m, equal to that created by the 1-kt explosion. The 
stresses around this cavity, resulting from the condition of overburden 
pressure of 18.1 MPa and zero pressure in the cavity, were then relaxed with a 
SOC run in the static mode. The energy sources of various sizes were then 
applied inside the cavity and dynamic SOC runs were performed to determine the 
resulting coupIings. 

RESULTS OF SOC CALCULATIONS 

The 1-kt explosion in the salt medium resulted in a calculated cavity 
diameter of 16.9 m. Figure 32 shows the resulting radial and transverse 
stresses, and Fig. 33 shows the pressure and shear stress fields. For this 
calculation, where 1 kt of energy was put into the original cavity with a 
radius of 2.5 m, the final residual pressure was 11.2 MPa. This value is less 
than the overburden pressure of 18.1 MPa. 

These stresses were then relaxed with the SOC code, to the condition of 
zero cavity pressure and 18.1 MPa overburden pressures. The resulting stress 
and pressure distributions are also shown in Figs. 32 and 33. It is observed 
that this stress relaxation procedure changed the strain field very little 
from its earlier configuration. Only within about 50 m of radial distance 
were the stresses adjusted appreciably. 

The stress field around this explosively created cavity is seen to be 
quite irregular. The irregularities in the SOC output were created mainly by 
the shear failure of the salt medium as the first stress vrave passed by and as 
the slower stress readjustments occurred. Some shear failure occurred out to 

50 



50 

0 100 20C 
Radial distance (m/ 

F[0'. S2. Radial and transverse stresses around an explosively formed cavity 
16.9 TI in radius oefore and after stress relaxation, as compared wi.th SoC. 
Shear strength was S MPa and overburden pressure was 18.1 MPa. 

a radial distance of 226 m, as indicated by the damage tabulation in the SOC 
output. The damage at such a large distance was very small, tnou^h, *n 
comparison with the damage at smaller radial distances. 

The stress fields calculated by SOC are h ighly dependent on the 
particular features of the shear failure data used for the salt medium. These 
details are probably not accurate, and in addition the jOC treatments of the 
failure mechanisms are probably in only approximate agreement with reality. 
Consequently, these stress distribut ions are probably only approximately 
correct. 

On the other hand, these results are probably better than the results 
from analytic studies. Analyses by HaskeLl and by Lewis and Treiman 
deal with aspects of this problem, but assume that the stress fieLd is applied 
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FIG. 33- Pressure and shear stress around an explosively formed cavity 16.9 
in radius before and after stress relaxation, as computed with SOC. Shear 
st rength was 6 MPa and overburden pressure was 18.1 MPa. 

slowly and adiabat ica I ly , so that the entire stress field is n>>ar •••|ui 1 I br m;n 
at all times. They do not consider the failure caused during tne passage ui 
tne transient stress waves. 

The pressure in the medium near the cavity was increased when the 
explosively created cavity was formed because of the presence of the 
additional mass chat had been moved outward to form tne cavLty. In tne shear 
failure curve assumed for these SOC calculations, the shear strength was 
independent of pressure above the knee of the af-p shear failure curves, 
so chat this extra pressure should not have affected the shear failure in SOC 
results for a subsequent shot in thp cavity. 

Figure 34 shows the calculated values for residual RDP for the case of an 
explosion in a cavity that had been explosively formed, and Fig. 33 give;; the 
companion curve for peak RVP. These values are compared with Che curves for 
RDP and RVP from shots in mined cavities. A result is that at some paiiicular 
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FIG. 35. Comparison of peak RVP for 
explosively formed cavities in Salmon 
salt with the RDP curve for mined 
cavities, as computed with SOC. 
Input energy was L kt. 

cavity radius, the resulting values of RDP and RVP for the explosion-formed 
cavity are less than those for the mined cavity. The reason for this behavior 
may have been caused by the increased pressures in the medium near the cavity, 
resulting in an effect similar to that from increased overburden pressure. 
The SOC calculations did not include strain-hardening effects. 

DECOUPLING APPLICATIONS 

COUPLING Of NUCLEAR AND CHEMICAL EXPLOSIONS 

The energy density at the source for a nuclear explosion is very much 
higher chan chat from a chemical explosion, so that differences in seismic 
coupling might occur. In the Cowboy series of shots, the explosive used was 
Pelietoi, with a density of 1.0 g/cc and an output energy in a tamped 
configuration of 3200 joules/gm. At this energv density, an explosive charge 
of 1 kt wouId fill a spherical cavity 6.78 m in radius. This is not 
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equivalent to a 1-kt nuclear explosion in a cavity of this radius because of 
the large amount of mass inside the cavity. 

Comparative SOC calculations were made on l-kt nuclear and 1-kt chemical 
explosions in salt with the properties determinpri for the Salmon event, but at 
an overburden pressure of 5.33 MPa. The source radius for the nuclear 
calculation was 0.50 m, while for the tamped chemical explosion it was 
6.78 m. The resultmg values of residual RDP were 612 m for the nuclear 

3 shot and 1,283 m for the chemical explosion. The corresponding values of 
3 3 

peak RVP were 17,200 m /s and 27,850 m /s, respectively. 
These results show that the seismic coupling from a tamped shot depends 

upon whether the energy source was nuclear or chemical. Consequently, in the 
analysis of Cowboy, all calculations on decoupling were made with respect to a 
tamped chemical energy source, and in Dribble, all were made with respect to 
che tamped Salmon event. 

COWBOY 

Background 

In Project Cowboy many experiments were carried out in which various 
charges of chemical explosives were detonated in cavities and tamped holes in 
a salt medium. The masses of the charges varied from 20 to 2,000 lb, and 
ground motions were measured out to 585 ft from the explosions in free-field 
configurations. Surface seismic measurements were made out to 30 mi from the 
source region, but useful records for the decoupled shots were obtained only 
at stations 14,400 ft and 21,100 ft from ground zero. Table 6 provides 
information on the various Cowboy shots. 

Computer calculations with the SOC code were made for most of the Cowboy 
shots. The salt was assumed to be similar to that in Salmon, so the same 
material properties were used as before, including a shear strength of 
8 MPa for the salt. In the course of the calculations, it developed chat the 
calculated decoupling rat ios for some of the shots were larger than those 
observed experimentally. Further calculations were made at salt shear 
strengths of 4 VlPa, discussed below, to obtain results more in agreement with 
experimental results. 
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TABLE 6. Summary of shot data for Project Cowboy. 

Shot no Charge weight (lb) Type of shot 

20 Coupled, 45-ft hole 
20 Decoupled, 12-ft diam sphere 
100 Decoupled, 12-ft diam sphere 
100 Coupled, 45-ft hole 
198.35 Decoupled, 30-ft diam sphere 
200.0 Decoupled, 30-ft diam sphere 
199.65 Coupled, 110-ft hole 
477.4 Decoupled, 30-ft diam sphere 
499.7 Coupled, 110-ft hole 
954.0 Decoupled, 30-ft diam sphere 
1003.0 Coupled, 110-ft hole 
929.0 Decoupled, 12-ft diam sphere 
987.6 Coupled, 110-ft hole 
5 902.4 Decoupled, 12-ft diam sphere 
936.2 Coupled, 110-ft hole 
199.5 Coupled, 45-ft hole 
199.8 Coupled, 45-ft hole 

The Cowboy shots were not as deep as the Salmon event. The 6-ft and 
15—ft radius cavities were at the ends of horizontal drifts from the main mine 
workings at a depth of about 800 ft below the surface, while the tamped shots 
were at the bottoms of holes drilled downward from the mine floor, so these 
shot points were somewhat deeper. Since the existing overburden stresses were 
not accurately known, it was assumed for the SOC calculations that the 
overburden stress would be proportional to depth, with the Salmon overburden 
pressure as the reference value. This gave an overburden pressure for Cowboy 
of about 5.33 MPa. Separate SOC calculations were made with this smaller 
overburden pressure at cavity energy densities corresponding to some of the 
Cowboy shots, for comparison with the experimental data. As in the earlier 
calculations presented in the section, "Dynamic Calculations with the SOC 
Code," above, this change in overburden pressure did not have a strong effect 
on the calculated values of peak RVP or displacement. 
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The output energy from the Pelletol explosive used in the Cowboy shots is 
not known accurately. Calorimetric measurements at LLNL, as reported by 

37 Trulio, indicate that the energy output from tamped Pelletol at full 
density is about 3,200 joules per gram, while the untamped output from small 
charges is 2,500 joules per gram. These values were used in the SOC 
calculations. Other Pelletol calculational parameters were obtained from 

38 Finger and Collins. 

Tamped Cowboy Shots 

Figure 36 shows the peak displacements as measured by Murphey on 
various Cowboy tamped shots. Also shown in this figure are the peak 
displacements as calculated with SOC for input energies of 200, 500, and 1000 
lb of Pelletol and with a shear strength of 8 MPa for the salt. The agreement 
between calculated and measured displacements is fairly good, although the 
experimental displacements decay with distance more rapidly than the 
calculated values do. The slopes of the experimental curves of peak 
displacement vs radial distance are about -1.5, while the slope of the 
computed curves is about -1.1 at the larger radial distances. In the 
radiation field (far field) region in an elastic medium, the peak displacement 
decays as r . The higher rate of decay of the experimental peak 
displacements was probably caused by the attenuation of the higher frequency 
components by the salt medium. The higher decay rate in the computed curves 
was probably caused by the effects of the finite zone size and by the 
artificial viscosity, since the stresses involved at the larger distances were 
well within the failure envelope assumed for the salt. 

If it is assumed that there was no controlling length or time factor, the 
experimental results can be scaled and combined into a single plot, as shown 
in Fig. 37. The SOC results are also plotted on this graph. The agreement 
between the experimental points and the computed curve is fairly good, although 
the experimental data show the greater decay rate, as mentioned earlier. 

In principle, the decay rate caused by inelastic effects implies an 
e-folding decay distance, which will ordinarily not scale properly. On the 
other hand, if the attenuation varies directly with frequency, then this decay 
distance varies directly with time, whic*i scales as E , and in this case, 
scaling with the cube root of energy is valid. It is probable that in Cowboy 
and in the laboratory experiments, the ranges considered were not large enough 
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FIG. 37. Comparison of computed peak 
displacements with experimental data 
for Cowboy tamped explosions, scaled 
to an energy of 1 kt. 

to permit the nonscaling of the inelastic attenuation to have a significant 
effect, 

Cavity Shots—Step Pressure Input 

In some of the Cowboy cavity shots, the expected shot pressures were in 
the same range as the overburden pressures, so that the dynamic deformations 
were in the same range as the original static deformations that occurred 
before stress equilibrium around the cavity was reached. Because of this, in 
the calculations the stresses around the cavities were first relaxed to 
produce the condition of zero pressure within the cavity but overburden 
pressure at large distances from the cavity. Since overburden pressure was 
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53.3 MPa while shear strength of the salt was 8 MPa, inelastic deformation in 
the salt around the cavity occurred before equilibrium could be attained. 

In this relaxation process, the salt next to the cavity was unsupported 
in one direction, and some brittle failure might have occurred. Completely 
ductile behavior might be reached only at some distance from the cavity, where 
all the principal stresses were appreciably compressive. Heard, Abey, Bonner, 
and Duba have reported brittle failure when pure salt specimens were 
subjected to uniaxial stress, so it is plausible that the impure Cowboy salt 
failed in a nonductile manner when subjected to stress in two direccions. 
Because of this possibility, and because the experimental decoupling ratios 
seemed to require it, dynamic calculations were made for the cavity shots with 
a salt shear strength of 4 MPa, as well as a value of 8 MPa. 

In the set of dynamic calculations, the energy was introduced uniformly 
throughout the cavity gas, as described in "Decoupling Calculations," above. 
The amplitudes of the pressure steps for Cowboy shots 6, 8, and 10 were 0.19, 
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0.46, and 0.92 Mpa, respectively, as obtained from the energy-pressure 
relationships for air in the LLNL computer library and for Pelletol from the 

38 JWL tables. These pressure steps were considerably below the assumed 
shear strengths of 4 or 8 MPa for the salt, so the salt should have behaved 
elastically with respect to this dynamic loading. Figures 38, 39, and 40 show 
the peak, displacements calculated with FFT for Cowboy shots 6, 8, and 10, 
respectively, and are compared with the experimental peak displacements as 
measured by Murphy. In every case the calculated values are below the 
experimental values by a factor of about three. These results do not depend 
upon whether the shear strength of the salt was 4 or 8 MPa because the salt 
remained in the elastic range for either strength value. 

The calculated input step pressures for shots 12 and 14 in the 6-ft 
radius cavity were 14 and 29 MPa, respectively, so that inelastic deformation 
of the salt was expected, and it was necessary to use SOC rather than FFT to 
calculate the salt motions. Figures 41 and 42 show the resulting calculated 
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displacements for the 8-MPa and 4-MPa shear strengths of the salt, and compare 
them with the experimental peak displacements. For these shots, the SOC 
values lie below the experimental results by a factor of about five. 

Since the experimental peak displacement curves for the Cowboy decoupled 
shots did not reach the r decay rate, they do not lead to unique values 
for peak RVP. Rough values may be obtained from the displacements measured at 
the 200-ft station for the 15-ft cavity shots and at the 100-ft station for 
the 6-ft cavity shots. The resulting values for peak RVP have been scaled to 
1 kt, and are compared with the calculated peak RVP decoupling curve from Fig, 
25 in Fig. 43. The experimental points lie considerably above the calculated 
curve. 

The experimental decoupling curves for the Cowboy shots were determined 
Q 

by Herbst et al. from comparisons of the seismic signals from pairs of 
shots of approximately the same charge weight, one camped and the other in a 
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cavity. Consequently, decoupling ratios were calculated with SOC on similar 
pairs of chemical explosions, so that the calculated and the experimental 
ratios couLd then be compared directly. Actually, since similarity conditions 
were met for the tamped chemical explosions, a single tamped Pelletol shot was 
calculated, and values of residual RDP and peak RVP for various input energies 
were scaled from this single calculation by the relations given in Appendix D. 

Table 7 lists the calculated values of residual RDP (or ze--o-f requency 
spectral amplitude of RVP), along with the calculated zero-frequency 
decoupling ratios for the cavity shots, with step pressure input. Also listed 
are the approximate values obtained from Herbst et al. The ratios are in 
rough agreement for Cowboy shots 6, 8, and la, but the computed decoupling 
ratios for shots 12 and 14 are much larger than those found from the seismic 
data. 
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TABLE 7. Calculated pressures, values of residual RDP, and 2ero-frequency decoupling ratios for Cowboy and for 
Sterling. 

Cavity 
radius 
(m) 

Input 
energy 
(J) 

Input 
pressure 
(MPa) 

Residual RDP Cm3) decoupling ratio at Cavity 
radius 
(m) 

Input 
energy 
(J) 

Input 
pressure 
(MPa) 

Cavity zero frequency 
Shot 

Cavity 
radius 
(m) 

Input 
energy 
(J) 

Input 
pressure 
(MPa) Tamped Step Reverberating Step Reverberating Experimental 

4.572 
4.572 

4.572 

1.829 

Cowboy 6 
Cowboy 8 
Cowboy 10 
4 MPa 
8 MPa 

Cowboy 12 
4 MPa 
8 MPa 

Cowboy 14 
4 MPa 
8 MPa 

1 kt HE 
1 kt Nucl. 
(5.33 MPa OVB) 
Salmon 0.5 

2.268 x 10 8 

5.414 x 10 8 

1,082 x 10 9 

1.053 x 10 9 

1.829 2.157 x 10* 

6.78 
0.5 

4.186 x 10 
4.186 x 10 1 

12 

Sterling 
4 MPa 
8 MPa 

17 
2.219 
1.591 

x 10 
x 101 

13 

0.19 
0.45 

0.90 

29 

.0695 

.1659 

.3316 

.6611 

1283 
612 

.0032 

.00077 

.00155 

.00236 

.0535 

.0032 

.00077 

.00093 

.00924 

.00398 

.0737 

.0156 

1.45 
2.74 
1.64 

217 
215 

214 

136.8 

12.4 

217 
215 

356 

34.9 
82.1 

9.0 
42.4 

121 
65 
108 

-150 

-10 

-54 



Calculation of Reverberating Pressure Sources 

Measurements by Murphey on cavity pressures in some of the cavity 

shots showed that the pressure history at the cavity wall was not a simple 
step in pressure, but incLuded a spike followed by an oscillatory signal. In 
the SOC calculations described in the preceding sections, the actual geometry 
of the energy sources had been simplified by the replacement of the explosive 
device and surrounding air by an equal mass of iron vapor filling the cavity 
uniformly. This idealized geometry produced only a step in pressure if the 
cavity wall did not move outward appreciably. Consequently, in cider to 
reproduce in the SOC calculations the reverberating pressure that was observed 
experimentally, it was necessary to simulate the actual source more closely. 

For SOC input, the PeLletol explosive source for a particular Cowboy shot 
was included as .he actual weight of explosive multiplied by a factor of 1.1 
to provide for the mass of the container and supports, and this assembly was 
assigned a density of 1.0 g/cc. The cavities had been evacuated down to about 
one-twentieth of normal air prfssure for each shot, so the density of the air 
in the SOC inpi:r. wa-3 set at 6.25 x 10 g/cc. 

Finite difference calculations are not well suited to problems where 
there are Lar^e density differences from one region in the problem to another, 
as from the PeLletol to the air, and it is necessary to use very small time 
stepJ per cycle to obtain reasonable results. Consequently, it was necessary 
to breaL each Cowboy cavity problem into two parts, the first consisting of 
calculating the dynamics of a cavity surrounded by a rigid wall, and the 
second consist i.n& of calculating the dynamics of the salt medium surrounding 
the cavity when subjected to the pressure history at the cavity wall as 
calculated in the first part. This procedure is valid where the outward 
motion of the cavity wall is small, so that the behavior of the cavity gas is 
not much affected by replacing the air-ralt interface with a rigid wall. 

Cowboy Shots—Reverberating Pressure Input 

Figure 44 compares the pressure at the wall of the 15-ft cavity for 
Cowboy shot 10, calculated with SOC, to the experimental results reported by 
Herbst et a±. These results are quite similar, indicating that the SOC 
calculations did give realistic results. The details of the decay of the 
reverberations differ, however. In the experimental situation, the decay was 
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FIG. -4^. Comparison of computed and 
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cavity in Cowboy shot 10. 

rrobably caused by viscosity of the £ases and by departures from spherical 
symmeiry, wnich ireak up the reverberating wave. In Che computed case, the 
decay was probably caused primarily by the artificial viscosity included to 
stabilize the calculations, and by the finite zone size. 

The peak motions as measured in the salt medium near the cavity were 
Chose resulting from the first pressure «Dike, so that the peak displacement 
did not depend on the decay rate of the reverberations. On the or her hand, in 
spectral studies the decay rate should hav.; a direct effect. 

The SOC calculations do not give reliable results on the height of the 
pressure spike because this spike ordinirily involves a shock front narrower 
in spatial extent than the zone size. Tne calculated values of the momentum 
impulse, which are related to the time integrals of the pressure spikes, are 
basic to the SUC calculations and should be more reliable. When the momentum 
pulse occurs in a time that is short compared with the characteristic time of 
the cavity, then the motion of the medium depends primarily on this momentum 
pulse rather than on the height of the pressure peak, assuming that the med ium 
remains elastic. If the positive phase is followed in a very short time 
interval by a negative phase, then some cancellation occurs, and the seismic 
coupling is decreased. 
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Figure 4 5 compares the dis placement calculated using FFT tor a point 
30 ft from tne center of the 15-ft cavity, possessing this input pressure 
history, witn the experimental curve. These curve» agree qualitatively, 
further verifying the SOC calculations. The same d isplacement curves were 
oDtdined for salt shear strengths of 4 MPa and 8 MPa, indicat ing tnat only 
elastic interact ions occurred in the calculations. 

figure 4b shows the calculated pressures at the wall of che 15-ft cavity 
for Cowboy shots 6, 8, and 10, and Fig. 47 shows the pressares at the wall of 
the 6-ft cavity for shots 12 and 14. In these calculations tne reverserations 
appear to die away faster for the larger shots. 

In shots 6 and 8 the peak pressures calculated for the cavities indicated 
tnat the resulting stresses in the surrounding salt should have been too low 
to lead to failure. For these problems the FFT procedures, which are valid 
for elastic motion, were used to calculate tie dynamic behavior of the salt. 
For Cowboy shots 10, 12 and 14, the cavity pressures were considerably higher, 
and for these shots the SOC code was used for the salt calculations, where 
inelastic behavior could be provided for, although tne motions in shot 10 
appeared to be elastic in the calculations. 
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iiueri'htiii,; J.JLcome LS that the reverberating input pressure gave a resulting 
value t.ir r-"> idua 1 RDP lower than that with step pressure, even though the 
values of [at^ pressure in the cavity were the same, 0.90 MPa. This result 
.nay indicate that tne inelastic motion resulting from the pressure spike 
relieved siimc of tne stresses associated with the overburden pressure. Figure 
JI compares the resulting decoupling curves with experimenta 1 data. The 
calculueJ vdlues of decoupling are higher than the experimenta I va Lues 

9 
reported iv Herbst et a 1 . 

Figures 52 to 55 show some results of the calculations on shot 12. 
Figure 52 compares the KVP signals with step and with reverberating input 
pressures. The large amount of inelastic motion resulting from the 
reverberating signal in the weakened salt (4-MPa shear strength) increased the 
amplitude of the RVP curve greatly. Figure 53 compares the RVp curves 
resulting from elastic motion only, in salt with an 8-MPa shear strength and 
in salt with a 4-MPa shear strength. The inelastic yielding of the salt 
increased both the amplitude and the width of the first positive excursion of 
the RVP signal. Figure 54 compares the RVP signals from a tamped explosion, 
from a reverberating pressure input in the cavity, and from a step change in 
pressure in the cavity. For the tamped shot the shear strength of tne salt 
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was 8 MPa, while for the reverberating and step pressure cavity shots it was 
4 MPa. Figure 55 shows the computed RVP spectra for a tamped shot, a cavity 
shot with a 4-MPa shear strength, and one with infinite shear strength 
(elastic solution). Figure 56 compares the resulting decoupling ratio curves 
with the experimental data. 

Similar comparisons are made in Figs. 57 to 61 on Cowboy shot 14. Figure 
57 compares the RVP signals for 4-MPa and 8-MPa salt shear strengths. In the 
calculation with the 4-MPa shear strength, even the second reverberating 
pressure peak contributes appreciably to the RVP signal. The curves of Fig. 
58 show the large increase in RVP signal amplitude and duration caused by the 
inelastic motion. In Fig. 59 a graphic comparison is made among the RVP 
signals for a tamped shot and for cavity shots with reverberating am* with 
step pressure input. Figure 60 shows the RVP spectra for a tamped shot and 
for cavity shots with 4- and 8-MPa salt shear strengths, and Fig. 61 shows the 
resulting decoupling curves. The decoupling ratio curve for the calculation 
with 4-MPa shear strength agrees moderately well with the experimental data, 
although the experimental results show a rise in decoupling with frequency. 
The computed curve shows only a slight increase at the corner frequency. 

Table 7 lists the calculated values of residual RDP ( equal to the net 
positive area under the RVP curves. 
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as given by Herbst et al.9 
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These calculations on the cavity shots with the lowered shear strength of 
the salt are oversimplified, in that the strength of the salt was decreased to 
4 MPa at all radial distances. Actually, the salt nearest the cavity would >e 
degraded in strength the most, and the salt should be less affected with 
increasing radial distance. When the cavity 6 ft in radius in a salt medium 
of 4-MPa shear strength, under the 5.33-MPa overburden pressure, was relaxed, 
inelastic motion took place out to a radial distance of 6.5 m. In the 
subsequent dynamic calculation for Cowboy shot 14, the outer extent of 
inelastic motion was about 9 m, although at this distance the salt should have 
retained its original strength of 8 MPa. The exact variation of shear 
strength of this impure medium with inelastic strain is not known, so that an 
accurate curve of shear strength vs radial distance is not available. 

STERLING 

Step Pressure Input 

In Project Dribble the Salmon event consisted of a 5.3-kt nuclear 
explosion in the salt medium. Extensive ground motion measurements were made 
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within 744 m, and also at regional and teleseismic distances. About 2 yr 
later the 0.38-kt Sterling shot was fired in the cavity created by the Salmon 
explosion, and ground motion measurements were made again, in part with the 
same instrumentation that had been used in Salmon. The resulting data on 
Sterling were much lower in amplitude and of lower quality than the data from 
Shimon. The Salmon event created a cavity with radius of 22.3 m, as estimated 
by Perret. This cavity contracted in size, and 6 mo after Salmon the radius 

21 was measured at 17.4 m. The cavity volume as measured by Rawson et si. 
was 19,600 m , giving a radius of 16.7 m. A value of 17.0 m was used in 
Sterling calculations here. 

The coupling of Sterling was measured by Sisemore, Rogers, and 
12 Perret, and some of their results are presented here for comparison with 

the results from SOC. Figure 62 shows their data on maximum values of 
displacement. These points have a large scatter, and do not define a straight 
line well. 

In the SOC calculations, the shear strength was again set at 8 MPa, and 
the input overburden pressure was 18.L MPa. Preliminary relaxation 
calculations were cairied through on a mined cavity, and the resulting 
stresses were very similar to those shown in Figs. 31 and 32. The Sterling 
input energy of 0.38 kt gave a calculated step in pressure of 17 MPa in the 
17-m radius cavity. Figure 62 also shows the peak d isplacements calculated 
wi th SOC, with fair agreement with the smattered experimental points. This 
agreement is in contrast to the results with the step pressure inputs for all 
the Cowboy shots. 

Reverberating Pressure Input 

In the Sterling event, most of the mass present inside the cavity was 
that of the air, in contrast to the Cowboy shots, where most of the mass was 
in the form oE chemical explosive. The Sterling working point was 754.1 m 
below sea level and the temperature of the air in the Salmon cavity was about 
66°C, so that the air density was about 1.14 kg/m . The total mass of the 
air in the cavity of radius 17 m was therefore some 23,^60 kg, which is much 
greater than that of the nuclear explosive assembly, consisting of a few 
hundred kilograms. 

Since the temperatures involved might havp been high enougn to involve 
energy transport by radiation flow, a one-dimensional code that included 
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radiation flow was used in place of SOC for the preliminary calculation of the 
reverberating pressure at the cavity wall. This reverberating pressure 
history, shown in Fig. 63, was then used for the subsequent SOC calculations. 

Since the cavity in which the Sterling shot was fired had been 
explosiveIv formed by the Salmon detonation, a large amount of inelast i c flow 
of the salt surrounding the cavity had occurred. Some additional inelastic 
flow occurred as the stresses relaxed to the condition of zero pressure inside 
the cavity. The post-shot velocity logs in Fig. 64 as presented Ny Perret 
show that the compressive and the shear wave velocities were appreciably 
decreased in the vicinity of the Salmon explosion. This indicates that the 
elasticity relations had been changed, and introduces the probability that the 
shear strength had also been altered by Salmon and by the subsequent stress 
relaxation. In the calculations on Sterling, the salt shear strength was set 
at 4 M°T as in the cavity shots in Cowboy. Additional calculations were made 
at a hear strength of 8 MPa for comparison with the 4-MPa calculations. 

Figure 65 show3 the resulting RVP curve calculated with the SOC code with 
the reverberating input pressure, along with the pressure signal for an 
indication of tne time relations between the features of the two curves. For 
this event, the reverberation frequency was much higher than the 
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characteristic frequency of the cavity because of the high energy-to-mass 
ratio inside the cavity. 

The calculated peak displacements with the reverberating pressure input 
have been added to Fig. 62, where it is noted that this curve i., not much 
higher than that obtained with the step pressure input to the SOC 
cilculatinns. This same feature is noted in Figs. 66 and 67, where the RVP 
curves for the step and the reverberating pressure inputs are compared. The 
PVP curve with the step input shows the characteristic time of the cavity, 
while the RVP curve with reverbera. ion input also shows this response but with 
the effects of the high frequency reverberations superimposed. The RVp 
spectra a.? ro-.ipare^ in Fig. 67. It is seen that the reverberating source 
leads to some higher frequency contributions, with an RVp peak occurring well 
beyond the corner frequency, but that the zero-frequency ampLitude (iqual to 
residual RDP) is only slightly hijher than that from the step source. Since 
the residual pressures were the same for the two sources, this increase in 
v( <=) was caused by the greater amount of inelastic deformat ion that 
occurred with the reverberating pressure input. 

Figure 68 compares the RVP spectra as calculated with SOC of Sterling, of 
Salmon, and of Sterling and Salmon scaled to an energy of 1 kt. The Sterling 
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spectrum contains considerably more high frequency components in a relative 
sense, even when scaled to the same input en rgy. 

The decoupling ratio was obtained as the ratio of the calculated RVP 
spectra for Salmon and Sterling converted to an energy level of 1 kt, and is 

29 shown in Fig. 69, along with the experimental curve presented by Murphy. 
The agreement is good, although the calculated results do not show the 
increase in decoupling at about a i*-tiz scaled frequency, and differ in the 
neighborhood of the corner frequency. Also shown is the decoupling curve 
obtained from SOC calculations with a salt shear strength of 8 MPa. This 
curve lies appreciably above the experimental curve. 

Table 7 lists the calculated and experimentally determined values of 
decoupling for Cowboy and for Sterling, along with residual RDP. 

ANALYSIS OF CAVITY REVERBERATION 

Since the reverberating pressure sources in a cavity appear to have a 
significant effect on the earth motion, a study of the cavity dynamics was 
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undertaken. When an explosive is detonated in a cavity, the detonation wave 
moves outward through the explosive from its point of initiation. A shock 
wave is created in the air at the air-explosive interface, but because of the 
mass mismatch at the interface, only a small part of the energy is carried by 
this shock wave. The remaining energy moves outward with the expanding gas 
from the explosion, at a velocity Lower than that of the shock. 

When the shock wave reaches the cavity wall, it is reflected because of 
the mass mismatch, and this reflected shock moves inward and meets the contact 
surface between the HE gas and the air. Although tne gas has become more 
rarefied at the contact surface, the reflected shock can still be reflected 
outward again. These interact ions lead to a hashy pressure history following 
the first spike. EventualLy the mass of HE gas nears the wall, and is slowed 
and reversed !jy the pad of compressed air. This mass of gas moves back to the 
center, is reflected there, and the next reverberating cycle begins. 

Figure 7) shows the structure of the first pressure pulse in Cowboy shot 
1 •) as calculated with SOU, along with tne experimental curve. This plot shows 
the first air shock, the minor secondary shocks, and the broader p-ilse from 
tne arrival ot the HE ->as. As seen in Fig. 6J, this nulse is followed by a 
trough, the pressure dropping to a value lower than the long-cerm steady state 
value. 
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FIG. 70. Comparison of computed 
pressure history at the cavity wall 
with experimental data for Cowboy 
shot 10. The time scale is expanded. 
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The rise time of the first pressure pulse is very short because of the 
shock in the air. In the following pulses Che waveform is still peaked 
because the moving gas mass is still concentrated. Eventually this localized 
motion diffuses down into the lowest mode of oscillation of Che gas in the 
cavity, and the pressure history at the cavity wall becomes sinusoidal in form. 

The average pressure in the cavity is given by the relation 

P = (> - DE/V (16) 

where E is total energy and V is volume. This energy includes both the output 
energy from the explosive and the initial internal energv in tne air. The 
sonic v^Locity in the cavity gas is given by the re lat ion 

where ^ is d^nsLty JIUI '-1 is total mass in the cavity. 
I'ne 1 >WPS t resonant frequency in the acoustic appro ximation is s:i._wn in 

Append ix K C< • De 

i = — r a Ui) 
g ziia 

The resonant period is the inverse of £q. (18): 

2a 
r 4.49 iocg 

2 a r A i 
4.4935 [_-r(-r - 1 ) E J 

1/2 
(20) 

In the Cowboy shots the mass was mostly that of the Pelletol gas, with 
Y equal to 1.25. In Sterling the mass was mostly that of the air, with an 
assumed value for y of 1.2. The periods obtained from the data in Table 8 
with the use of En. (20) are listed in Table 9, along with the periods 
obtained from the SOC calculations. Also listed are the values from the 
Cowboy experimental data for the shots where this information could be 
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TABLE 8. Masses and energies of the explosives and of the air in the Cowboy 
cavity explosions and Sterling. 

Ma: ss (kg) Energy (MJ) E/H ratio 
Shot Explosive Air Total Explosive Air Total (MJ/kg) 

Cowboy 
Shot 6 99.8 25.0 124.8 226.8 10.0 236. 8 1.897 
Shot 8 23*?. 2 25.0 263.2 541.4 10.0 551.4 2.095 
Shot 10 476.0 25.0 501.0 1081.8 10.0 1091.8 2.179 
Shot 12 463.5 1.57 465.1 1053.5 0.63 1054.1 2.266 
Shot 14 949.2 1.54 930.8 2157.3 0.61 2157.9 2.270 

Stirling smal 1 23,420 21,420 1.591 x 10 6 8200 1599 x 10C 1 67.3 

TABLE 9. Calculated and observed periods in cavity explosions. Calculations 

were made witn Eq. (21) and with che SOC computer code. 

1/2 
•A i \ n - J ira fX + 2uT bas per iod (msec) Cavi ty per iod = — I 1 

Snot Eq. (21) SOC Ob served 
Cowboy 
Shot D 8.3 8.0 
Shot 8 7.9 8.0 7.5 
Shot 10 7.7 7.7 8 
Shot 12 3.0 2.8 2.6 
Shot U 3.0 2.7 

Sterling 5.9 3.4 

7 . 0 

7 . 6 

7 . 6 

3 . 0 

3 . 0 

2 8 . 3 

obtained from the records. The agreement among the values from these three 
sources is quite good. 

The periods obtained from the acoustic approximation method are only 
approximate because the oscillations were no*; infinitesimal in amplitude, and 
because the final cavity gas was not homogeneous, but consisted of separate 
regions of gas from the explosive and of air. Although these regions 
equilibrate to the same pressure at the contact surface* they do not 
necessarily reach the same sonic velocity. One gas may end up at a higher 
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temperature and lower density than the other, giving a higher sonic velocity. 
The reverberat ing gas rould then act as two coupled oscillators, with two 
"fundamental" modes of oscillation. Furthermore, a radial variation of 
temperature and density within each gas would be expected, further 
complicating the gas motions. 

The behavior of the first pressure pulse depends upon addit ional 
nonlinear factors not provided for in the acoustic analysis, and this first 
pulse is the component of the pressure wave that determines peak displacements 
and velocities at free-field distances. This pulse has a steep rise because 
of the increase in velocity with pressure, which is tne basis of the formation 
of a shock, leading to greater high frequency content. The precise shape and 
amplitude of this pulse Jep< ids upin dimensions, densities, material 
properties, and energies involved i- '.e cavity explosion, but it is noted 
that in the Cowboy and Sterling cavity shots, the width of tnis pulse is 
somewhat less than the half-periods of the acoustiL solutions. 

It is observed in Figs. 4£ ,•' Ul th.it the shapes and frequencies of the 
pressure waves are nearly • ident ot the amount o explosive used. Sine* 
the acoustic resonant pe; . de-^nds upon the ratio M/h, in Eq. (20), and since 
most of the m . in the Cowboy cavity shots was present as mass of explosive, 
increasing the amount of explosive did not change the M/K ratio appreciably. 
In Sterling, on thf other hand, mos. of the mass was in the air in thr cavity, 
and an increase in nuclear energy outnut would raise the resonant frequency. 

The seismic transfer function of the cavity in the elastic range is that 
of an overdamped oscillator. A commonly used reference frequency for the 
cavity itself along with the surrounding medium is given by the relation 

0 2ira 

where c is the compressional sonic velocity in the medium. This frequency is 
independent of the cavity gas, and depends only on the cavity radius and on 
the properties of the external medium, and is approximately the corner 
frequency of the spectrum of the radiated displacement signal when a step in 
pressure is applied inside the cavity. 

This frequency f is not the resonant frequency of the cavity, 
however. From Eqs« (A-2), (A-6), and (A-7) in Appendix A, it is found that 
the Fourier transform for the reduced velocity potential has the form 

*2 

http://th.it


• (f) = p j £ — 5 (22) 

- z (!) - f * J" ( H I T 1 ) 

Rpsonanca occurs when the imaginary quantities in the transfer function on the 
right-hand side cancel each other, resulting in a maximum of the absolute 
value of the transfer function. This occurs at 

r a X̂ t 2v] 

1/2 
CM) 

f = — (24) 
r rra 

where s is the shear wave velocity in the surrounding medium. Rodean ' 
has investigated the relations among the various quantities involved in 
elastic wave radiation from spherical sources using the quant ity f as 
defined in Eq. (25) as a primary parameter. 

Figure 71 ^ivss the dependence of the radiated RVP or displaceme- on the 
ratio f /f for sine-wave excitati' ;. as checked with SOC calculations. g 

The curve shows that the amp I itude of the resulting sinusoidal RVP ĥ .s a 
maximum wiie.i the frequency f i 
(22), and (23) give the result 

\l/2 

Tiaxiinum whe.i the frequency f is somewhat greater than £_. Eqs. 121), 

f0 = V ̂  J (25) 

When k = u, as is the case for the salt medium considered here, f /f 
= 1.1547. 

The response curve of Fig. 71 drops off with unity slope on the log plot 
at lower and higher frequencies, When the cavity pressure is impulsive rather 
than sinusoidal, the efficiency of seismic radiation for each frequency 
component in che pressure curve will follow the transfer function shown in 
Fig. 71 if the medium remains elastic. 

The periods associated with the cavity frequencies f have been added 
to Table 9 for comparison with the periods associated with the gas 
frequencies. It is seen that these periods were almost equal for each Cowboy 
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shot, buL hat for Sterling the gas frequency was much h igln-r than the cnvitv 
frequency. In Figs. 50 and 67 the computed ampli tude spec t ra n t RVP fur 
Cowboy shot 10 and Sterling, respectively, are presented for step and for 
reverberating input pressures. For the Cowboy .shots the excitation p 
appear at the corner frequencies, while for Sterling the excitation pea 
far beyond the corner frequency. These spectra with the reverberating ../>ut 
pressures are only qualitative because the correct decay rate of the wave 
train is not known, but they do indicate the significance of the f /f 
ratio. 

Some of the inaccuracies in the calculated SOC results could have been 
decreased by a more precise description of the geomet ry of the particular 
cavity shot. In the calculations it was assumed that the explosive and its 
coitainer would be vaporized by the explosion, but actually the container 
probably remained as a collection of solid particles as it moved toward the 
cavity wall. Other refinements, such as finer zoning, might be made in a more 
meticulous calculation. 

The energy transport may take a different form in the nuclear 
explosions. If the mass of the device is tow, then the early part of energy 
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transfer is by radiation diffusion, without an appreciable transfer of 
momentum. If the early fireball fills the cavity, then the mass of air in the 
cavity is nearly in the form postulated for the step change of pressure, that 
of a uniform ^as at uniform pressure filling the cavity. On the other hand, 
if the mass-to-energy ratio of the nuclear device is high, then the energy 
transport will be through mass motion, and the reverberat ing pressure source 
wiLl result. In an intermediate case, the fireball will fill only part of the 
cavity, and the cavity gas will consist of the two regions of gas, one hot and 
rarefied and the other colder anil denser, and the reverberation will be that 
of a c-K-pled oscillator. 

Figure 72 compares the pressure waveforms result ".ng from a v ange in 
device mass. The ]ower curve gives the calculated pressure curve for a 
nuclear -'evLce with a relatively low mass, and the upper curve gives the 
pressure waveform for a device whose mass is larger by a factor of 6.5. The 
interaction of tiie coupled modes of oscillation is prominent in the lower 
curve, whilti for tlie upper curve the irregularities have almost disappeared. 

The calculations with the heavier nuclear device also gave a much higher 
initial spike in pressure, 242 MPa as compared with 162 MPa for the lighter 
device. The higher spike should lead to greater inelastic deformation in the 
surrounding medium, and to greater seismic coupling. 

DISCUSSION 

The purpose of this investigation was to explain decoupling in salt, both 
qualitatively anj quantitatively, with the aid of computer calculations. This 
analysis was intended to u ify all experimental data and observed phenomena 
imo a self-consistent pici re. In this work the degree of decoupling at 
distant seismic stations was the ult imate quantity of interest, and this 
decoupling was determined primarily by calculation of the RDP and RVP curves. 

Experimental measurements were made at close distances in free-field 
geometry, and at large distances in geometries wnere the received signal has 
undergone many reflections and refract ions. The free-field signals are 
ordinarily predominantly high frequency signals and the seismic signals are 
low frequency, with practically no overlap between the two. We made many 
efforts to determine values of residual RDP from the experimental data, since 
this quantity bears on the very low frequency component of seismic signals, 
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but only efforts on the Salmon event were successful. The corresponding 
determination on Sterling was unsuccessful, so we could not obtain the value 
of the very low frequency decoupling from the residual RDP values. The 
experimental difficulty was that for the free-field measurements, the 
transient displacements were much larger in amplitude than the residual 
displacements from vhich residual RDP was to be determined, obscuring the 
residual signals. In addition, instrument drift was a pervasive problem in 
the low frequency measurements. 

An alternate approach was the determination of the peak value' of RVP, 
since it bore a direct relation to peak displacement. The practical 
disadvantages of this parameter as an indicating device are that at short 
distances the high frequencies are highly attenuated by the salt medium, and 
the elastic region for these frequencies is never reached. In the elastic 
region the peak displacements should attenuate w" ̂h distance as 1/r, but in 
the experimental data the decay rate at the u<ar distances was usually about 
1/r * . Consequently, valid determinations of peak RVP could not be made 
from the experimental data. 

The residiai "Op does not suffer from this difficulty. Residual PDP is 
an induction field ; entity, and the displacement associated with residual RDP 

2 decays as 1/r , The experimental data from Salmon do gi^e this decay rate 
for residual displacement. Tua si £'*al observed at the seismic stations is not 
zero frequency and is a radiation field signal, but still the frequency 
spectrum is flat at very low frequencies up to frequencies approaching the 
reference angular frequency ui = c/a of the cavity or o£ the inelastic 
sphere. Although the seismic signal is observed in the time domain, and the 
deteccability of this signal is determined by the peaks in the time domain, it 
is still necessary to convert to a spectrum in the frequency domain to 
eliminate the variations in signal peaks caused by multipath transmission. 
The single decoupling value as determined by a comparison of the peak signals 
is more satisfying and dirct, but for more consistent and complete results, 
the decoupling must be determined in the frequency domain. 

Since the frequency spectra of the displacements at near and at seismic 
distances do not overlap, it is not obvious that free-field measurements have 
much importance in determining decoupling at seismic distances. In performing 
the calculations presented in this report, however, it became obvious that the 
inelastic motion associated with the high frequency spike made £ direct 
contribution to the zero-frequency signal. If the pressure spike did not 
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drive the medium into the inelastic region, then the zero-frequency coupling 
would remain unchanged from the case where the pressure source consisted of 
only low frequency components. 

In these calculations the reverberating pressure signals were computed 
with only moderate accuracy because the shot geometries were not known 
precisely, but the results from the calculations still agree fairly closely 
with the experimental data, both free-field and seismic. 

Results from the calculations with the reverberating pressure source 
appear to make inapplicable all the results obtained with the step pressure 
input to the decoupling problems. On the other hand, the step in pressure 
represents an idealized input that can be applied to any combination of input 
energy and cavity radius, while the reverberating pressure sources represent 
pressure histories from particular geometries. In the case of a nuclear 
explosion where the fireball fills the cavity, the pressure signal may contain 
almost no soike, and may approach p function instead. The step pressure 
input may give results that may be. .rded as lower limits for the coupling. 

The SOC calculations probably oversimplify actual roclt hehavior. In SOC 
a precisely delimited failure curve is used, while in reality the failure may 
occur in a rather statistical manner. This simplification would cause the 
inelastic et"Fects to disappear rather al~ruptly in tne calculated cu.ve of 
coupling vs cavity radius, whereas in reality tV d *_nange would be expected to 
be more gradual. 

Another difficulty is that crack behavior, involving two- or 
three-dimensional behavior, cannot be analyzed adequately in a one-dimensional 
code. It may be that reasonable results are obtained by lowering the nominal 
shear strength of the medium in the computer calculations. To match the 
experimentally determined displacements in the Salmon calculations it was 
necessary to use a value for shear strength of salt about one-fourth of the 
laboratory value. 

It is often assumed that failure of the salt medium will occur when the 
transverse stress becomes tensile. With the use of Eqs. (1^) and (11), the 
radial and transverse stresses at the cavity wall can be expressed in terms of 
the cavity pressure P and the overburden pressure P : 

°e ' ( p c ' 3 P o > / 2 
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The radial stress is compressive for all values of cavity oressure, while the 
transverse stress at the cavity wall becomes tensile at 

P = 3P (28) 
c o 

When tiie shear strength is quite low, the salt around an unpressurized 
mined cavity will deform plastically until an equilibrium stress field is 
established where the maximum shear stress equals the failure shear stress 
° f. Upon application of a step in pressure in the cavity, this shear 
stress will decrease to aero, and will then increase in the alternate 
direction until the failure level is again reached. 

Although this reasoning is valid for perfect spherical symmetry, it may 
not be generally applicable in reality. In any departure from spherical 
geometry, such as in the case uf cracks extending out radially, there will be 
stress concentrations at the crack tips. Tensile failure cf the salt medium 
may then occur at cavity pressures that exceed overburden pressure to a much 
smaller extent. The limiting pressure that could cause such failure wild be 
P - P , which would certainly be valid for a fluid medium. For the salt 
c o } 

medium, it would be valid where the pressurized gas flows into the cracks, 
transferring the region of high gas pressure out to larger radial distances 
and bypassing the restraining effects resulting from the rigidity of the salt 
medium. 

In the SOC calculations, the salt is not permitted to go appreciably into 
tension, so that the tensile hoop stresses are relaxed automatically, giving 
the same effect as the transverse stress relaxation due to the radial cracks. 
There is no gas flow into the cracks in SOC though, so that in these 
computations there would be zero pressure inside the cracks. 

Figure 28 shows the calculated variation of final cavity pressure with 
initial cavity radius, for an energy input of 1 kt. It is interesting and 
significant that for a partially decoupled shot, the calculated residual gas 
pressure remains high, with a peak of about 65 MPa for the case shown, where 
shear strength is 8 MPa and overburden pi assure 18.1 tiPa. It is noted that in 
this case, the cavity pressure was more than three times overburden pressure, 
contrary to Eq. (28). This simply means that inelastic deformation must have 
occurred to accommodate this additionsl pressure. In principle, this cavity 
pressure could have been arbitrarily high, with a corresponding increase in 
the radius of inelastic deformation. 
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This analysis applies only if the gas does not flow into the cracks, 
however. If the gas should flow into the cracks, hydrofracturing would occur 
ana would continue until the cavity gas pressure would be lowered almost to 
overburden pressure. The rate of hydrofr*.cturing would depend upon the 
viscosity of the gas and the openness of the cracks. 

The second observation to be made from Fig. 28 is that the residual ga-* 
pressure for the tamped snots is much lower than for the partially decoupled 
shots, and at 9 MPa, is lower than overburden pressure. For this low gas 
pressure, hydrofracturing will not occur. The conclusion is that the 
phenomenon of hydrofracturing will occur only for the partially decoupled 
events, and the variation of coupling with overburden pressu-c will differ for 
the tamped and for the partially decoupled events. 

In post-shot excavat ions around the cavity with radius of 6 ft, in which 
Cowboy snot s 12 nid 1U had been i red , Short observed many carbon-filled 
cracks thar extended out at least one foot into the salt medium, and several 
fractures that extended to depths of 7 to 9 ft. Although these results do not 
prou'.- that tiie coupling was increased by gas flow into the cracks, they do 
surest this possibi \.\i. 
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APPENDIX A: RDP AND DISPLACEMENT RELATIONS 

It has been found that the three-dimensional equations of elasticity 
where variations occur only in the r coordinate can be solved in terms of a 
reduced displacement potential tji. This function represents a wave moving 
outward, dependent only on the retarded time T - t - (r/c). The dynamic 
displacement is found from this function by the relation 

•-h(¥) (A-l) 

" T + « TT" ( A~ 2 ) 

r 

l'his equation divides the displacement into its induction field and its 
2 radiation field components, the first varying as 1/r and the second as 1/r. 

The reduced velocity potential (RVP) is the time derivative of the 
reduced displacement potential (RDP;: 

a»(T) 
St 

3T 

This relation leads to the corresponding relation for velocity: 

" " - T< [-7-) 

CA-3) 

(A-4) 

(A-5) 

It is seen that the form of RVP given by Eq. (A-4) is the same as that of 
the radiation field displacement in Eq. (A-2) so that a determination of the 
RVP is equivalent to finding the radiation field displacement. '"his relation 
is given explicitly by the equation 

z c = */rc (A-6) 

On the other hand, the RDP contains both induction field and radiation field 
displacements, Residual RDP, sometimes called *(«), is independent of 

94 



retarded time T. so that 3IK«)/3T ~ 0; thus the only effect of *(*>) 
is seen in the induction field displacement. Consequently, residual RDP can 
be used as an adequate seismic coupling indicator only when the far-field 
displacement is a particular function of the near-field displacement from one 
case to another. 

In the early work on decoupling, it was assumed that detection of 
underground events would be ac teleseismic distances. Because of differential 
earth attenuation, only frequencies below about 1 Hz were regarded as being 
important in the analysis of Latter et al. This frequency is lower than 
the frequency u)_ defined by the relation u)_ = c/a fo;- a cavity or 
deformed region of reasonable size, wher» a is the elastic radius. For a 
frequency of 1 Hz and a sonic velocity in the surrounding medium of 4,3S7 m/s, 
the radius a equals 693 m. Consequently, in Latter's work, w << m 

The Fourier transform for the displacement has the form 

\r / -o - J<v z; " 

Somet imes this is expressed in terms of z(m), with the ri^ht-hand siile 
divided by 2TT . Even though u terms appear in this expression, th<* 
function z(f) is defined here by the Fourier re 1 at ion 

s(f? * J z(t) exp (-j2nft) dt (A-S) 

and the inverse transform is 

/ 
z(t) * I z(f) exp (j2nft) df . (A-9) 

For Che radiation field contribution, only that portion on the nehc-hand 
of Eq. (A-7) multipled b 

equation reduces to the form 
side of Eq. (A-7) multipled by jw/rc is retained. For &)<<(»), th 

i(t>-gjf • <A-10> 



When the pressure function is a step of amplitude p_ at t = 0, its transform 

P " T= " < A - H ) 

The result ing spectral form for z at low frequency is 

p o a l z ( t ) = - y — - . (A-12) 
Uuc r 

This result is also valid for other input pressure profiles that contain only 
high-frequency variations from the assumed step rise in pressure. This 
spectrum is independent of u> for values of tu << a) i.e., the spectrum 
is flat at the Low frequency end. When tn increases to the value to = w 
f th<> corner frequency) this conclusion no longer appl ies. 

In the elastic domain, the residual displacement is related to the 
res idna 1 displacement potential by the relation 

*(-0 = r2 z(~) . (A-n> 

From plasticity theory, the static displacement in this geomet ry is 

1 pa 
(A-14) 

This relation is independent of the path followed in building up the pressure 
p. Consequently, the residual RDP is given by the relation 

1 pa *(-) = . (A-15) 

where a is the elastic radius and p is the final radial stress at that 
radius. Consequently, the radiation field displacement spectrum at zero 
frequency may be expressed, from Eqs. CA-11) and (A-14), 
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S(f = 0) = ^ l . (A-16) 
cr 

This is a form of a result obtained by Latter et al. It has alio been used 
27 by Murphy in an analysis of Sterling. 

A simple mathematical derivation of Eq. (A-16) can be made by setting 
f » 0 in Eq. (A-8): z(0) - J* Z(T) d-t. For the radiation field 
z(x) = (l/rc)3i/8-t, so that this substitution is made for Z(T) in the 
integral. Direct integration then gives the result z(f « 0) " {l/rc)*(«0. 

In summary, the RDP gives the y-intercept of the displacement-frequency 
plot for the radiation field displacement. This line extends horizontally to 
higher frequencies until the natural frequency w is approached. The 
residual RDP gives no information on this displacement behavior at higher 
frequencies. 
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APPENDIX B: SOLUTION OF DYNAMIC EQUATIONS WITH FFT 

The Fast Fourier Transform method (FFT) is the conventional method of 
obtaining numerical Fourier series solutions with computers. This FFT 
specialization of the Fourier transform method does not affect the discussion 
of the solutions of linear differential equations here. 

The Fourier transform of the equation relating displacement to driving 
pressure at some cavity radius or at some reference radius in the elastic 
medium is given by Eq. (A-7). It is convenient to make the substitutions 
listed in Table B-l to obtain the simpler kinematic relations among the 
dimensionless variables, as given in Table B-2. 

In these equations the dimensionless pressure o can be considered as 
the driving function, the remainder of the right-hand side as the transfer 
function, and the left-hand side as the response function. In the equation 
for displacement, the term 1/x + jn represents the su.n of the induction and 
the radiation field components respectively, and for velocity the 

2 corresponding term is jn/x - n . 
Fourier series transform methods are routinely employed in electrical 

circuit theory, where the transfer function is that of a filter relating 
ouiput to input. In the FFT routine in the SOCKITTOME code at this 
laboratory, the filter is defined as one polynomial in jn divided by another 
in the same variable. Consequently the transfer function is simply specified 
by giving the proper coefficients from the dimensionless equations as the FFT 
input, and the dimensionless pressure history is given in numerical form. 

In some cases this FFT procedure leads to nonconvergent results. 
Convergence can then be obtained by using as input the actual pressure time 
history over a period of time long enough to cover all transients of nonzero 
frequency, and then adding a similar pressure history of reversed sign. In 
spectral studies, points down to lower frequencies on the frequency spectrum 
can be obtained by extending the length of the input pressure history, even 
though the pressure remains constant at late times. 
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TABLE B-l. Conversion Co dimensionless units. 

Conversion relation 

K = 

ID au) 

where oi„ = — 0 a 

_ 0 

2 a c 

Quantity 

Radial distance 

Radial displacement 

Time 

Velocity 

Angular frequency 

Circular frequency 

Lame constants 

Radial stress 

Reduced displacement potential 

Reduced velocity potential 

95 



TABLE B-2. Transformed kinematic relations. 

Dimensionless variable 

Reduced displacement potential 

Reduced velocity potential 

Displacement 

Velocity 

Radial stress 

Additional relations 

Equation 

; . E _ _ 
1 + jn - Bn 

2 
1 + j n - Bri 

L J 11 + jn - Bn 

- c . f [ > _ „ * ] [ — i - ^ 
x L x J [ l + jn - Bn 

1 J 2 
- -T + x - 8 " 
£ X 

1 + Jit - Bn 

• = jn* 
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APPENDIX C: RELAXATION OF OVERBURDEN STRESSES 

When the medium near the cavity responds inelastically to the overburden 
stress, the resulting stress field becomes more complex than for the elastic 
case. The form of the shear failure curve must be known before this more 
complicated final stress distribution can be calculated. Latter, Martinelli, 

3 Mathews, and McMillan have solved this problem for a medium that follows 
the shear stress relation 

2 Me |or - o t| < a 0 

(C-l) 
2ae + aQ(l - a/u) |or - oj >_aQ 

The quantity a is twice the shear strength for the medium, u is the 
elastic modulus of rigidity, and a is the slope of the failure curve beyond 
the initiation of failure. This stress-strain curve is shown in Fig. 22. The 
shear strain is given by the relation 

, - i i - i (c-2) 
3r r 

where e is a radial displacement. 
This shear stress relation is independent of confining pressure, and 

therefore the failure might be termed von Mises failure. The shear stress is 
related to shear strain through the modulus of rigidity in the usual way until 
a failure point is reached, o /2 in Fig. C-l. At this point there is not 
a sudden failure, but a continuation of the curve at the second slope a. 
Measurements by Heard et al. shown in Fig. 6 indicate that this gradual 
failure must occur in sale. 

3 
Latter et al. used the stress equilibrium equation 

30 
— + - (a - a ) = 0 (C-3) 
r r r t 

and the compressibility equation 

l ( „ r + 2 o t ) + P o - k ( | i + i ) (c-4) 
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FIG. C-l. Stress-strain curve used by Latter et al. J in their analysis of 
stress relaxation around a cavity. 

where k is bulk modulus, and found the resulting stress distribution in the 
neighborhood of the cavity. They used the boundary conditions that 0 = 0 
at the cavity wail, that the radius stress 0 was continuous across the 
elastic-inelastic boundary, and that the stress state at infinity was a simple 
compression P , and obtained the following relation for the elastic-plastic 
radius p: 

p 1 o k In - + - - - + — a 3 4a, 
+ 4p/3 a/p 

a/u Hf) 
p 
o _ (C-5) 

The quanciCy a is Che shear sCrength of the salt, equal to a /2 in 
Fig.C-1. (In this derivation the shear failure is assumed to depend only on 
the principal stresses a and <r_. The concept 6f the octahedral shear 
strength is not used.) 

The stresses and the displacement E, in the elastic region (r > p) are: 
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-. = ® 3 •« 
4 a = -P t r o r o 3 s 

• £(*) a £ (C-6) 

-- " Mf) -3 VW "f 
2 

In the inelastic region, (r < f̂  , the stresses and displacement are 

k o k + 4M/3 /p\ û  
+ 4o/3 u f[_ k \r) a 

o = P + — ? • + i=-—- (1 - a/u) o. in £ (C-7) 
r o 3 k + 4a/_. £ t 

°t = " + T" + k * 4c/3 ( 1 ' a / M ) °f l" 7 

C " \ * W3JW \r) + H k * 4a/3 > H? + 3") 

T*- is noted that this is an infinitesimal strain solution, which cannot 
b<". valid for a canity created by an explosion. The boundarv conditions as 
used gave no indication a: o whether extra mass was present outside the 
cavity. Instead, the probltm was solved as one where a cavity existed in a 
stress-free medium, and the overburden pressure was then applied gradually. 
The displacements 5 in Eqs. (C-6)and (C-7) are with respect to a medium 
under pressure P , but with nc cavity present in the medium. The total 
displacement from the stress-free condition would be found by adding the term 
-P r/3K to the right-uand sides or the disolacemenL equations, which 
represents the displacement with r spect to the point r - 0 caused by the 
unifcrm compression of the medium. 

When the Poisson's ratio for the medium equals (1.25, the bulk 
compressibility is related tJ the shear modulus by the equation K = 5u/3. 
In addition, when the failure of the medium is of the von Mises tyne., as is 
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the case for salt, then the value of a is zero. Under these conditions, the 
Latter formulas can be simplified considerably. 

The elastic-inelastic Interface is then given by the relation 

U, -p- = I s . - I . (c-8) 
a « f 3 

The stresses and displacements in the elastic region (r > p) are given by 
the relations 

©., 
-P • t (rf o. (C-9) 

o 3 \r/ r 
3 

't " - Po - I (?/ "f (?) 

The equations for the stresses and displacements in the inelastic region 
(r < pJ take the forms: 

-4 o, in - CC-lOj 
f a 

ot - - [ 2 in I • 1 2„ f] 

< - - U ( * ) V H H * T ] -
Again the displacements are with respect to a medium compressed by overburden 
stress but with no cavity. 
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The analytic displacement at the cavity wall is found by setting r • a in 
Eq. (C-10) and using Eq. (C-8) to simplify the result. The final equation is 

Ea " 5u (l) 'f (C-ll) 
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APPENDIX D: SCALING AND SPECTRAL RELATIONS 

Some information on decoupling can be gained from scaling arguments. If 
the quantity held constant is pressure or energy per unit volume, then length 
and time scale as the energy to the one-third power (E ' ). If 1 kt is the 
reference energy» and a is the reference cavity radius, then a simiLarity 
solution will apply for E kt in a cavity of E a in. Since RDP has the 
dimensions of L , the RDP as measured at ^ distance E times the 
original distance will be E times the original RDP. The RDP is independent of 
distance, so RDP scales simply as E* for the case where the cavity is larger 
by the factor £ ' 3. 

The scaling for RVP differs from that for RDP. Since the dimensions of 
RVP are L /T, and since time T scales as E , the RVP varies as E 
provided that the cavity radius is increased by the factor E , and 
provided all the medium rema ins in the elastic rang**. 

For tamped explosions, the deformation should depend upon energy per unit 
I /I volume, so that the radius of damage varies as E . The scaling relations 

thus hold for inelastic motion around the source, so that the RDP varies as E, 
and the RVP varies as E ' . 

Scaling displacements and velocities are more complicated because these 
quant it ies depend on the radial distance. Direct scaling gives the result 

1/3 that displacement scales as E , but the point of observat on is also moved 
1 '3 out by this factor of E ' . Since the inductive displacement varies as 

2 1/r , moving back to the original observation poirit introduce? an additional 
2/3 factor of E , giving the final result that the displacement associated 

with the inductive field at a fixed observation point varies directly as E. 
For the transient displacement associated with the radiation field, 

1/3 direct scaling gives the same E variation of displacement at similar 
scaled distances. This radiative component of displacement varies as l/r, so 
that the transient displacement associated with the radiation field varies as 
2/3 E . I n seismic work the transient displacement in the radiation field is 
the one of primary interest. 

Both induction and radiation field velocities remain unchanged in scaling 
E, but the distance to the observation point scales as E . Consequently 
the induction field velocity, which varies as l/r , varies as E at a 
fixed observation point. Similarly, the radiation field velocity varies as 
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The frequency spectrum of the RDP is defined by the relation 

/ « *(f) = / *<t) exp (j2wfO dt . (D-l) 

Although the dimensions of *(t) are L , the dimensions of f(f) are seen 
to be L T. The function if is independent of the position of the measuring 
point, assuming it lies in the elastic region, so that direct scaling an be 
used. Consequently, the amplitude of the iff) spectrum varies as E , 

-1/3 while the frequency varies as E . In the same way it is found that the 
amplitude of the RVP spectrum J(f) varies as E. 

The amplitudes oi the inductive and radiative field displacements and 
velocities depend upon the radial distances, so that it is necessary to 
convert back to the original point of measurement to find the dependence on 
the input energy only. Denoting induction field and radiation field 
components by the subscripts i and r respectively, the results are z.(f ) 

/,/3 1 r 

varies as E , z ( f) varies as E, v.(f) varies as E» and v (f) varies 
as K . The reference frequency f varies as E . These results are 
listed in Table D-l. 

TABLE D-i. Variation with explosion energy E of seismic quantities at a fixed 
observation point for the case where the elastic radius values as E ' . 

Quantity Induction field Radiation field 

RDP -- <i»(t) E E 

,2/3 
RVP — <p(t) E 2 / 3 E 2 / 3 

Displacement z(t) E E 
Velocity v(t) E 2 / 3 E l / 3 

|i(f)| E 4 / 3 E 4 / 3 

|«(f)| E E 

2/3 
U(f)| E 4 / 3 E 
|v(f)| E E' 
Time E 1 ' 3 E 1 / 3 

Frequency E - 1 ' 3 E - 1 ^ 3 
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Latter et al. have shown that the residual ROP is independent of 
cavity radius if the medium remains in the elastic range. The time* scale is 
changed with a change in cavity radius, so that the effect of increasing the 
cavity radius is to shift the z(f) vs frequency plot on a logarithmic scale to 
the left. The radiation field displacement spectrum resulting from the 
application of a step in pressure at an elastic radius a has been analyzed by 

28 Larson and by others, and has the form shown in Fig. D-l. Figure D-2 
shows the corresponding radiation field displacement vs time curve. If the 
cavity radius is increased by a factor of two but the total energy is kept 
constant, then the spectrum is shifted to the left by a factor of two on the 
logarithmic scale. The vertical height of the flat portion of the spectru-n 
and the amplitude of the zero-frequency component remain unchanged. 

In the rime domain, the increase in cavity size results in a broadening 
and lowering of the displacement-time curve. Therefore if peak radiation 
field displacement is the measure of coupling, then increasing the cavity size 
decreases the coupling. The peaking of the displacement curve for the smaller 
cavity is caused by the higher-frequency displacement contributions added 
vectoriaU.y to the lower frequency components as seen in Fig. D-2 for the 
larger cavity. Although the flat sections of the spectral amplitudes 
essentially coincide in Fig. D-2, the phases of these low frequency components 
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will differ. It is noted that the area under Che radiation field displacement 
vs time curve can be regarded as the amplitude of Che zero frequency 
component, and that Che areas under the curves for ehe two cavicies are equal. 

If Che energy E is varied but the caviCy radius remains constant, the 
medium remaining in the elastic domain, scaling arguments cannot be applied 
directly. Sharpe's solution, as presented in Che next section, shows that the 
induction-field displacement varies as a p, where p is cavity pressure, 

2 while radiation field displacement varies as a p. The time scale of the 
disturbance depends only on the cavity radius, and is independent of energy or 
pressure. Since the radius is held constant, however, the displacement varies 
only with pressure, which varies directly w:th energy. 

In a similar manner, the velocity, which can be found as the time 
derivative of the displacement, also varies directly ;*ith energy. The RDP and 
RVP as well as the amplitudes of the frequency spectra of these quantities, 
also vary directly as E. 
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APPENDIX E: RVP FROM THE SHARPE SOLUTION 

The Sharpe solution for the displacement resulting from a step in 
pressure applied to the inner surface of a spherical cavity in a medium where 
the Lame'constants X and v are equal is the following: 

z" f* (?) L1 -JFexp (- f v ) s i n (¥• v + t a n _ 1 n) 
+ •* (F) exp (" f v) sin (¥) v] (E-l) 

Only the radiation field solution, which varies as 1/r, is of interest. It 
has the form 

The time at which maximum radiation field displacement occurs is found by 
differentiating this expression with respect to T and setting, the result 
equal to zero. This gives the relation 

C a n (¥ Vm) " •* • < E" 3> 
This value of T m is used in Eq. (E-2), with the following result: 

. • ( - 3 8 ; 6 ) a 2 p . ( E - 4 ) 
m 4ur 

The term p is found from Eq. (14), giving the maximum displacement z 
m 

as a function of input energy E: 

_ 3(.5876)(T - D E 
zm " 16*aiir " t E ~ 5 ' 

From Eq. (A-2), it is seen that the peak RVP is related to the peak far-field 
displacement by the relation 
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• « rcz . (E-6) 
m m 

The peak RVP is therefore 

3(.5876)(T - DcE ,_ 7 . 
•m 1 6 ^ ' ( E " 7 ) 

The values Y = 1-2, c = 4357 m/s, E = 1 kt, and u = 13.91 GPa wer» used 
from the example in the section, "Dynamic Calculations with the SOC Code—Step 
Input Pressures," above, in obtaining the numerical relation 

9182 . 3 , , 
$ - in m /sec . (E-8) 
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APPENDIX F: RESONANT FREQUENCY OF THE GAS IN A SPHERICAL CAVITY 

The wave equation of motion for the gas inside a spherical cavity is 

3t 3x 

The general solution has the form 

* * ^(r - ct) + +2(r + ct) . (F-2) 

A standing wave solution is obtained by setting t|i. = A sin k(r - ct) and 
+_ = A sin k(r + ct), where k is a constant. These terms can be combined 
to give the result 

+i = 2A(sin kr)(cos kct) 

The solution for displacement obtained from this equation is 

a(»/r) 
9r 

2A 2Ak = —(sin kr)(cos kct) - (cos kr)(cos kct) (F-3) 

At r = a, z = 0. This leads to the relation 

sin ka - ka(cos ka) = 0 (F-4) 
ka = tan ka 

The first solution ka = 0 gives the static result. The next solution is 
ka - 4.4935, as determined numerically. 

The frequency associated with this second zero is found from cos 2irft -
cos kct, or 

kc 4.4935 c 
f * 2V = ^7-a" * < F"5> 
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The period is 

2tia 
C " 4.4935 c 

The corresponding period of resonance between two parallel plates separated by 
a distance a is 2a/c. These results show that the spherical convergence 
raises the lowest mode resonant frequency by the factor 4.4935/ir = 1.43. 

Since it was assumed in this derivation that the velocity remained 
constant with respect to time and radial distance, this derivation is the 
acoustic approximation derivation. Actually, for large amplitudes of motion 
the sonic velocity at some radial distance changes with time, and the velocity 
at some point in time changes with radial distance. 
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