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Abstract

The use of two or more nuclear devices, phased together in order to con-

structively add their respective particle velocities, is proposed herein. By

directing the seismic waves of the nuclear explosions to make them more effi-

cient in accomplishing the intended construction, we hope to be able to reduce

the radioactivity, seismic, and airblast hazards substantially. Experiments

are being performed with one gram charges of PETN.
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Fig. 1 — Configurations of Explosives.
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Introduction

Hazards associated with nuclear explosions represent a serious obstacle to

widespread engineering use. Even when it is known that no geophysical or physio-

logical damage would occur, the thought of radioactive, seismic, or airblast

hazards has been known to cause sufficient social and political controversy to

delay or prevent particular nuclear explosion engineering projects.

It may be possible to reduce these hazards by making the distribution of

energy far from the spherically symmetric distribution of a single explosion.

A way to achieve a directed angular distribution of energy is to use distributed

phased nuclear explosions (dpne).

For cratering, the basic configuration of dpne is shown in Fig 1.1. The

explosives above the lowest one are detonated in phase with the shock wave arriv-

ing from below. It should be possible to place the uppermost explosive deep

enough so that the cratering mechanism is spalling alone.

1 3

Normally, cratering includes venting ' as one stage of its history. It

is during venting that some radioactivity is released and much of the airblast

is produced. Modification of venting may significantly reduce these hazards.

The altered angular distribution of energy should affect a significant reduction

in the seismic hazard.

The basic idea of dpne is rather similar to an explosive design used in

seismic exploration, and can be used in a wide variety of geometries. Figures

1.2 to 1.4 show dpne concepts useful for special crater shaping. A non-vertical

array such as that of Fig 1.5 shows a concept of two dimensional dpne as applied

to canal construction.

There may be occasions where it is useful or economic to combine nuclear

and chemical explosives in dpne configurations. One such concept is shown in

Fig 1.6. The chemical explosive is used to impart horizontal velocity to the

medium and thereby decrease the fallback in the crater.

For underground applications similar considerations lead to the concepts

of Figs 1.7 and 1.8. The detonation of the explosives should be in simultaneous

pairs. It may be possible to fracture a formation horizontally without the

cavity intersecting the formation at all.
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Results from Linear Theory

Although a rigorous calculation of multiple distributed phased nuclear

explosions is quite beyond present analytical and numerical capability, much

qualitative insight can be gained from linear wave theory. Such a model, with

phenomenological correction, has been shown to be successful for spalling from

underground nuclear explosions.

In the forward direction N explosions with yield W and phased property

would give peak particle velocity approximately N times those of a single explo-

sion with yield W. The width, in time of the first positive portion of the

pulse, would be the same as that of a single explosion with yield W.

In the backward direction the peak particle velocity would remain the same

as that of a single explosion but the width in time would be much increased.

That spalling due to deeply buried coherent explosions is capable of pro-

ducing a crater is best illustrated by some sample numbers. The Danny Boy shot

was buried at ?a 40 m/kT and gave surface velocities « 45 m/sec. It was

only a little deeper than optimum cratering depth and hence yielded a large

crater. The Charlie shot was buried at ?» 65 m/kT * and gave surface veloc-

ities ?« 30 m/sec. It gave no crater at all (only a mound). Assuming that co-

herent detonation will result in an adding of the velocity waves in the upward

direction, two devices in different holes, both with depths greater than

65 m/kT * would give velocities of ~ 60 m/sec at surface zero which would

make a substantial crater. Even if the velocity waves do not completely add

there appears to be adequate range for adjustment.

Nonlinear effects would be essential to a detailed theory of phased explo-

sions because we want to add two stress waves in the vicinity of the explosion.

Nevertheless, it may be possible to confine the theory to the quasi-linear re-

gion outside the explosion and take from experiment information on the extent

and way in which waves add.

Precise timing of the successive explosions is important. Linear wave

theories, particularly in electrodynamics, show that waves which have a depen-
-e

dence on distance such as r , where e S 1 is an exponent, are altered when the
-e

source is moving to something like (r-r»u/c) where û  is the velocity vector

for the explosion source and c is the velocity of the formation. The exponent

e would be of the order of three. In the forward direction the ratio of the
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amplitudes for u-c = ±0.01c and u-c = ±0.10c would be 1000 meaning that 10%

matching of the effective source velocity to the velocity of the formation is

not satisfactory at all.

In the underground application of Fig 1.7 the improvement is predicted as

a factor of N, the number of explosions, in a linear theory. Again the nonlinear

effects would appear to be an essential complication. The shock-shock interac-

tion would cause a much wider horizontal region of cracking than would be pre-

dicted by a linear theory.

Safety and Economics

Safety is presumably improved by using distributed phased nuclear explo-

sions. However, not all of the effects of dpne are clearly going to make posi-

tive contributions to safety. Several aspects require further study. For ex-

ample, the phasing does indeed reduce the peak particle velocity in the backward

(downward) direction but it also spreads the pulse in time thus shifting its

frequency spectrum toward lower frequencies. The earth transmits the lower

frequencies better, which works against improved seismic safety. Likewise,

cratering by spalling above, without venting, will certainly reduce airblast

and radioactivity; however, the larger total cavity formed by several explosions

may not permit a guarantee of no venting. These points would need to be studied

before engineering use of dpne would be possible.

Use of several devices, instead of one, would also presumably increase the

device cost for Plowshare projects. This cost increase may be partially or com-

pletely offset by being able to perform projects not otherwise possible^and by

decreases in safety and monitoring costs.

Experimental Program

Small-scaled experiments are being carried out in the Explosion Engineering

Laboratory at the University of California, Davis branch. The purpose of the

experiments is to establish feasibility of the above proposals and experimental

verification of theoretical predictions. Small amounts of PETN (one to seven

grams) are being used, detonated by exploding-bridge-wires and with carefully

controlled timing.

The duration of the positive phase of the traveling wave from a small PETN

explosion is very much shorter (microseconds) than that of a nuclear device
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(milliseconds); consequently the time is far more crucial in small-scale experi-

ments than in full-scale experiments.

Equipment

The key piece of equipment in the test set up is a multi-pulse generator

(Hewlett-Packard Spec. K02-5332A) capable of present output time from 1 μsec to

10,000 μsec from a given start time with each pulse being 3V ± IV into IK ohm

for 20 μsec. This permits the necessary accuracy in timing the sequence of ex-

plosions. The multi-phase generator triggers a thyrotron firing circuit which

discharges capacitors charged at 2000V across a bridge wire detonator.

To date experiments have been carried out in a steel box 6 ft. X 6 ft. X

2 ft. filled with ordinary construction sand. Figure 2 shows the laboratory

control equipment and the sand box. The firing circuits rest on the top shelf,

the lower shelf holds the multi-pulse generator, a 2000V power supply and a 30V

power supply also part of the firing circuitry. The mylar screen assists in

protecting the equipment from flying debris.

Calibration

The velocity of a traveling compression wave in the soil must be known with

precision in order to phase the detonations properly. Experimental determina-

tion of this parameter is complicated by reflections off the side of the box

and transmission around the box which can permit a signal to arrive at a dis-

tant pickup before it arrives at a near one. This latter phenomenon is due to

the fact that the velocity of sound in steel is roughly 10 times that in the

sand.

Nevertheless, the determination of velocity was made by the use of two

piezoelectric transducers set 24 inches apart and subjected to a stress wave

from an impact on the side of the box. A record of the resulting charge on

the transducer was obtained by means of a Tectronix Storage Oscilloscope. Fig-

ure 3 shows a typical trace after one such experiment. The time ordinate is

5 msec per division. The top trace is from the sensor closest to the impact.

The average of several shocks gave a velocity of the first peak compressive

wave as 34 in/msec.

This means that explosives set 5 inches apart in a vertical array should

be detonated 147 μsec apart from bottom to top in order to have maximum vertical

orientation.
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Fig. 2 — Firing Control Equipment and Sand Box.

Fig. 3 — Typical Stress Wave Traces.
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Sand Box Experiments

The usual period of development of the equipment and the learning period

of the experimentalist preceded any meaningful data. The early experiments in-

cluded single shot, double array shots and triple array shots in hopes of estab-

lishing the depth of burial to prohibit venting. It became apparent, however,

that in loose dry sand it is not easily determined whether the crater lip is

formed by spalling or venting. The crater itself is formed to a large degree

from subsidence caused by the compaction of the sand during the explosion. This

is demonstrated in those cases where no lip is formed, implying that there was

no ejecta. This is shown in Fig 4.

The pure subsidence case is interesting for itself, in that with the ver-

tical phased distribution the compactive effort is localized to give a narrow

vertical column of compacted soil. The following table gives the results of

three subsidence crater shots with vertical arrays.

Depth of Burial

6-3/8 in.

9, 14

10-5/8, 16-5/8, 22-5/8

Number in
Array

1

2

3

Depth of
Subsidence

3/4 in.

1-5/16 in.

2-1/4 in.

Diameter

8 in.

10 in.

11-1/2

Table 1 Subsidence craters from vertical phased arrays of
1 gm charges

The depth of subsidence from a single shot of 3 gms, by the 1/3 power scaling

law, should be 1.42 times the depth of subsidence of a 1 gm charge, namely

1-1/16 in.

If the phasing is not correct or the depth of burial too shallow, spalling

or venting may actually be detrimental in that bulking of the sand at the sur-

face reduces the apparent crater depth. An example of this was a shot contain-

ing 3-1 gm charges arrayed vertically 6 inches apart from 7 in. below the sur-

face and phased for half the true velocity. A crater depth of only 7/8 in.

resulted.

Speculations from Preliminary Experiments

It is apparent that loose sand will vent the explosion gases regardless of

the depth of burial due to the high inherent permeability of sand. The effect
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Fig. 4 — Typical Subsidence Crater.



of venting can be made negligible by making the flow path long so that the gas

velocity is too small to move the surface particles. This is done by a deeper

burial. It can also be done by decreasing the effective permeability by moist-

ening and compacting the sand. The moisture can fill the flow paths and essen-

tially eliminate gas flow provided the surface tension of the water is strong

enough to prohibit water transport. This latter requirement can be satisfied

by close particle spacing (compaction).

The moisture in the sand will provide an apparent tensile strength propor-

tional to the surface-tension-strength of the water. This will reduce the vel-

ocity of spallation, namely

2a
max

v = 2V =
1 o pc

for loose sand in the vertical direction, while for competent material having

tensile strength a ,
c

v =2V _ ! ° / 1 + Y* \
1 o pc \ 2cj - yX J

\ max /

where y = pg , the unit weight of the material

<J = the wave front stress
max

p = density of the sand

c = velocity of the wave

X = distance of positive pressure behind the shock front

However, the reduction in venting of the explosion gases may well result in a

larger <J which will more than offset the reduction in velocity from tensile
max

strength.

Other suggestions for model materials which should solve the problem of

inherent permeability to gas flow are paraffin wax and plaster of paris. Both

of these can be easily handled in the laboratory, but are not as easily compared

to real soils.

Conclusions

The concept of the distributed phased nuclear explosion (dpne) suggests a

possibility of containing all, not most, of radioactive material below ground

while still producing desired surface effects (cratering) as well as reducing

undesired effects (airblast, seismic motion). It is suggested that the
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feasibility of these proposals should be first demonstrated in the small scale

laboratory experiments at relatively small cost before full scale tests are con-

sidered. Some of these tests have been initiated at the University of California,

Davis.
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