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ABSTR4CT

The technical problems to be solved in future under-
ground engineering experiments are of two kinds. one con-
cerns dequate description of the variation of nuclear
explosion effects with physical nd chemical properties of
the exp losion site. The other concerns engineering of the
explosive detonation system t, �rovide adequate safety and
security, cncurrently with -rm total costs per ex-
plosion.

The semiempir-ical equations for explosion ffects can
be trus ted only in the range of explosive energy, depth of
burst, mid rock type for which there por experience.
Effects calculations based on the principles of continuum
mechanics and measurable geophysical properties appear to
work in the few test cases, such as Gasbuggy, to which they
have been applied. These caZculationaZ methods must be
te ted in a variety of situations. The relevance of dynamic
and atatic measurements on Dragon Trail, Bronco, Rulison,
Stoop, Ketch, and Pinedale to proving the methods are dis-
cussed in this paper.

The traditional methods of assembling mid fielding
nucZea explosives have evolved from practice at the Nevada
Test Site. These provide great flexibility and assure maxi-
mwn recovery of all data from each test, thus minimizing the
time required to achieve desired results. Tinting and firing,
radiation monitoring, explosives assembly and emplacement,
explosive performance, weather monitoring, and dnamic measure-
ments of earth and building motion have all been handled
traditionally as independent fctions. To achieve oer
costs in underground engineering experiments and projects,
one prototype system combining all electronic, measurement,
and communication unctions is being built. Much further
work will be required to complete this effort, including,

*Work done under the auspices of the U. S. Atomic Energy Commission.
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especially, an examination of safety crite2-ia and means for
assuring operational and public safety at reduced costs.

INTRODUCTION

The two preceding papers 1,2 have established the application of
nuclear explosions to underground engineering and summarized some of
the results obtained from experiments already completed. From these
papers it is apparent that the critical technical problem is accurate
definition of the mechanical effects required for an application.
In addition, the effects related to safety must be understood with
sufficient precision to assure minimal risk to the public. Besides
the experiments described by Holzer, there have been more than 200
underground nuclear detonations which have yielded information useful
in assessing underground engineering. These detonations have occurred
in six different rock types and have ranged in yield from one to more
than 1,000 kilotons, in depth from a few hundred feet to somewhat over
4,000 feet.

The most utilitarian feature of the underground nuclear explosion
as applied to engineering Is the combined region of cavity, chimney, and
fracture zones. This region contains all the potentially beneficial
effects. Figure I is a stylized drawing representing the most important
features. Briefly, it contains a spherical fractured zone--outside
the cavity--whose permeability decreases in the outward direction as
the zone grades off into undisturbed rock. The chimney is cylindrical
with approximately hemispherical ends. It contains disaggregated,
broken rubble which is generally thought to be of high permeability.
The lower hemisphere is lined, along its bottom, with a glassy material
containing the bulk of the refractory radionuclides; this is the remnant
of the initial gas bubble blown in the rock by the explosion. These
highly stylized views are subject to a number of limitations which
will be discussed later.

Nordykel has discussed the first steps in improving systems for
executing underground engineering experiments. These frst steps
involve integration of the arming, firing, monitoring, data collection
and on-site radiation documentation systems into a single unit. n
addition, he has described the projects being considered for execution
during the next few years.

As can be seen, there are a number of safety-related issues to be
considered along with the beneficial effects. It appears, at present,
that product contamination and seismic motion, as it relates to archi-
tecfural damage, are the two key issues.

In the remainder of this pape�, an attempt is made to predict the
direction the underground engineering program will take and to anticipate
the key technical and safety problems. For simplicity, the discussion
is divided into four parts:
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*Effects and product contamination.
*Safety-related questions.
*Systems-related questions.
*Future experiments and anticipated results.

EFFECTS OF NUCLEAR EXPLOSIONS

The Explosion-Produced Cavity

The size of the nuclear explosion cavity is related to all of
the desirable effects and Is a measure of seismic potential. Therefore,
cavity size prediction has been the subject of continuing effort since
the beginning of the Plowshare program. Analysis of the first under-
ground explosion, Rainier, led to the suggestion of the first empirical
relationship between the radius of the cavity produced in rock and the
explosive energy. For explosions a few hundred me ters deep, the
approximation of the cavity radius, RC 1 Wl/3 meters (where W is
the number of kilotons of yield), fit most of the explosions in tuff.3
Later dimensional analysis necessitated Inclusion of the effect of
overburden pressu re, 4 wh I ch was tested success fu II y with f le Id data
and led to the equation5:

R = CWI/3/(ph)1/4 meters,

where C Is a constant of proportionality, Is density in g/cc and h is
depth of burial In meters. In this equation the value of the constant
C was found to vary somewhat from one rock type to another, but was
usually somewhere in the neighborhood of 70. This equation was found to
be valid In five different rock types with the appropriate value of C.

The next attempt at refinement involved analysis of rock properties
and the equation of state of the gas produced by vaporization of rock in
order to allow prediction of the value of C and the exponent on the ph
term. Higgins and Butkovich6 used a thermodynamic approach which reduced
the scatter on a I I of the data to 15$ or better for depths up to about
1,000 m. Heard and Ackerman7 had Timilar or somewhat better success
using the elastic constants of the medium.

From the very beginning, in parallel with the empirical efforts,
attempts have been made to explain cavity growth and certain other
features from first principles of physics and properties of the rock
materials. N uckoll S4 described the first partially successful calcu-
lational attempt. Effort has been continuing In this area. Most recently,
the successful prediction of the Gasbuggy chimney height and fracture
radius8 are ample testimony to the success of the method.

When we attempt to extrapolate predictions of the cavity radius into
a new material, therefore, we believe the geophysical continuum mechanics
calculation give a reliable estimate. There appear to be no signifi-
cant differences between cavity size predictions as made with the

162



empirical relationships and with the calculational method at depths of
burial up to a few hundred meters or so. But for greater depths of
burial the predictions diverge seriously, as shown In Figure 2 For
example, at a depth of 5,000 m the cavity radius as predicted by the
Boardman et a5 and Higgins-Butkovich6 equations Is 29 tmes that
predIcted-byT�app1s calculations9 using the equation of state of Lewis
Shale. This discrepancy Is extremely serious when one considers that
It represents more than a 20-fold disagreement in predicted volume of
the cavity and, therefore, probably a similar dsagreement In predicted
void volume In the chimney.

The importance of testing the validity of these different methods
of extrapolation to greater depths--and of obtaining measurements of
cavity radii at greater depths--cannot be overemphasized. If a 20-m-
radius cavity were desired at a depth of 4000 m a yield of 200 t
would be needed on the basis of the calculational prediction, as
compared with a yield of only 25 kt on the basis of the empirical
equation prediction. Whether one prediction method or the other Is
valid will make little difference for copper leaching and oil shale
retorting, both of which seem to Involve shallower depths; however,
for both gas stimulation and storage, the difference can be decisive
In economic applicability. The key future experiments In this regard
are those In which adequate core samples, calculations, and cavity
radius measurements are made. Project Rullson and Pinedale or WASP
would appear to offer the earliest opportunities for confirmatory
measurements of cavity radius for deep shots. However, the status of
measurement programs for determination of these features is, as yet,
unclear.

Chimney Size

Early experiments at the Nevada Test Site revealed that the cavity
formed by explosions was unstable and collapsed. The height to which
the collapse extended seemed to be dictated by the bulking ratio of
the rock. The cavity volume was found distributed in the voids between
rock fragments. Based on the assumption that the interparticulate void
was conserved and on empirical observations, Boardman et al.5 suggested
that the height of the chimney was related linearly to the cavity
radius, which can be represented by the equation R = kh. Different
values of k were derived for several media, ranging from to 7 However,
when the Handcar test was conducted In dolomite the value of k observed
was found to be only 31, and postshot drillinglo disclosed a large
apical void in the chimney. The my-s-tery caused by the very sma I I
chimney remained unsolved until Cherry et a.11 suggested that there
was an amazing coincidence between the chimney height and the calculated
radius of brittle failure of the rock. Table I shows the computed
fracture radius and chimney height for several events, Including Gas-
buggy, computed from rock properties measured before the event.

It is noteworthy that, in the Salmon shot, the rock (salt) was
plastic at every pressure because the confining pressure due to the
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weight of overlying rocks was above the brittle-ductile failure tran-
sition pressure. Therefore, there was no bri tt le fail u re and no
chimney. Thus, if this model is correct, there is a depth at which
the confining pressure wi 11 be high enough so that every rock wil I
behave plastically, there will be no brittle failure and, therefore,
no chimney. Analysis of Lewis Shale suggests that the depth below
which there will be no chimney is between 4000 and 5,000 m A
chimney and fracture system are believed necessary for recovery of
petroleum from oil shale, for copper leaching, and for gas stimulation.
The chimney and fracture features would be of little importance for
gas storage, since the cavity volume is the useful product, whether or
not a chimney is formed. Key tests are possible on each one of the
forthcoming proposed underground engineering experiments, provided
there is sufficient effort expended to measure the preshot rock
mechanics properties and postshot results. To date, effort sufficient
only for the Lewis Shale study has been available.

Chimney and Fracture Permeability

The highly idealized chimney shown in Figure I suggests very
simple relationships for permeabi lity of various regions. Four
attempts have been made to determine the permeability in the chimney
and frrture areas. During postshot investigations on Rainier,
Stead' attempted to determine the permeability between tunnels at
two different elevations in the lower portion of the Rainier chimney.
He was unable, with the test equipment available, to observe any flow
of fluid through the chimney material. From this he concluded that
the permeability may have been less than about I millidarcy. Crude
attempts at measurement of the permeability in the fracture region
were unsuccessful in distinguishing permeabi I ity changes from the
preshot range of I millidarcy or so.

Boardman and Skrove,13 working at the Hardhat site, found that
there was a regular increase in permeabi I ty and microfractures in
grains of minerals in the granite as the detonation point was approached,
and that the permeabi I ty of the chimney region was very high, probably
of the order of a m I I I ion darcys.

Rawson, Boardman, and Jaffe-Chazanl4 observed an increased zone
of permeabil ity induced by explosion fractures 46 to 105 m from the
3.1-kt Gnome detonation in bedded salt. No quantitative estimates of
the permeabi lity were made. However, a few tens of mi I lidarcys of
permeability would explain the observations. In the same experiment,
Coffer et al . observed that permeabi I ty was increased in some samples
of reservoir rocks grouted in holes and exposed to srong shocks during
the detonation. In other samples, however, permeability was decreased.

The Gasbuggy experiment allows some direct measurement of per-
rrieabi I ity increase in the rock and of the permeabi I ity of the chimney
region itself. At this time, however, the three-dimensional analysis of
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flow data required for determination of these permeabilities has not
been performed. The preshot analysis and one-dimensional methods are
incapable of distinguishing this type of variability. A crude
qualitative analysis of the data indicates clearly that simple one or
even wo-dimensional calculations, assuming constant-permeability
regions, are inadequate for interpretation and that the permeabi ity
of the chimney and fracture zone is not so high that it can be assumed
infinitely large.

Attempts have been made to calculate permeability of chimneys
using the void fraction and particle size distributional For the
Hardhat chimney, a value of several megadarcys was inferred in this
way, which is consistent with crude measurements. For the Handcar
detonation, particle sizes inferred from photographs and an estimate
of the void fraction also led to very high permeabilities.

From all of the above, it should be clear that permeability
varies greatly from experiment to experiment and from rock type to
rock type. Thus, oversimplified models can be grossly misleading. At
this time, there is no evidence that a nuclear explosion in any new
rock type will produce a region of increased permeability. The per-
meability must be determined by some pred ictive mode I based on
measurable rock properties. The work of Boardman and Skrove '13 coupled
with calculational techniques of Cherry et al.,17 shows promise of
providing such a model. There are insufficient data at present to
reach conclusions.

It is also obvious that the permeability of the fractured
region and chimney are critical in assessing feasibility of gas
stimulation, copper leaching, and oil shale retorting. For example,
in in situ oil shale retorting the calculated cost of oil recovered
can vary by almost a factor of 2 depending on the pressure of air
necessary to sustain in situ comLstion.18 This pressure depends
directly on the permeabi lity of the fractured chimney and region. In
order to provide additional data, direct measurements of permeabi lity
in the fractured region produced during Dragon Trail, Rulsion, Pine-
dale, Bronco, and Sloop are extremely desirable.

Product Contamination

Extensive studies of the Rainier chimney provide the idealized
model for radioactivity distribution produced by an underground
nuclear explosions Figure I indicates the key regions. Precisely,
there are three regions with which we are now concerned. The first is
the lower cavity boundary where the thermal ly affected rock contains
the bulk of refractory radioactivities. This region, composed of
some 700 tons of rock per kiloton of yield, is highly contaminated
and appears to contain, on the average, more than 90% of the radio-
nuclides whose oxide or hydroxide boiling points are greater than about
1,500 C.
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The chimney region, our second region of concern, has distributed
throughout It the radlonucIdies which are gaseous or were gaseous at
the time the roof of the ntial cavity collapsed. These radloactivitles
appear to be on the surfaces of the fragments of rock In the chimney and
are present In dilute quantity. One dtailed studyl9 indicates that the
major contaminants in this region are cesium, antimony, and ruthenium.
In granite, the medium of this test, It would appear that approximately
half of the radioisotopes of these three elements are attached to about
125,000 tons of rock per kiloton of yield. There Is presently lttle
quantitative Information regarding the spatial distribution of the radio-
activities, but gamma ray logs of drill holes penetrating the chimney
show some gradient of increased contamination from top to bottom. The
voids between the fragments contain gaseous radloactivities of krypton,
xenon, and Isotopes of hydrogen (such as tritium) in the form of water
vapor, elemental hydrogen, and hydrocarbons. It has been found that
tritium distributes Itself ubiquitously with environmental hydrogen so
that the water Incorporated In the rock both as pore water and water of
hydration Is contaminated rather uniformly.

in t ractured region, our third region of concern, several
studies3,WA have Indicated that, at early times, the molten rock
can be injected into the fractures as far as one cavity radius beyond
the cavity boundary. This has the effect of blocking the fractures
and creating zones of contamination beyond the initial cavity.

When the idealized model is applied to a specific site, consider-
ation must be made of the details of chemistry of that site. For
example, In gas stimulation, where there is an abundance of elemental
carbon and hydrocarbon around the detonation point, the hydrogen
isotope distribution is affected. Table 11 shows the initial radio-
activity found in the Gasbuggy chimney,21 where the ambient methane
pressure was about 50 atm prior to detonation. These data indicate
that about 25% of the tritium was in the organic phase and 75% in water.

In a different environment--either a different gas reservoir or a
completely different environment such as for copper leaching--grossly
different distribution should be expected. Predictive models based
on thermodynamics have been prepared and evaluated against the Test Site
detonation and Gasbuggy.8 Since the Test Site environment and Gasbuggy
provide only two kinds of chemical environment, the range of experience
Is not adequate to determine the general validity of models. In fact,
the preshot predictions of radioactivity distribution for Gasbuggy,
based on Test Site nformation, were different from the observed
distribution by several-fold. The importance of obtaining early
radioactivity distribution in the gas phase from gas stimulation ex-
periments cannot be overemphasized, therefore.

The key questions besides gaseous distribution involve the
solubility of the radloactivities both in the chimney and melt region
and the behavior of tritium in the complex chemistry of oi I shale
retorting. It would appear that the distribution of radioactivity in
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storage app I cat Ion is I ss cri ti ca I because the ch imney-cavi ty region
can be flushed and treated prior to Insertion of the product to be
stored.

SAFETY-RELATED QUESTIONS

Safety-related questions are separated from product contamination
questions because they have to do with the local detonation environment
at a specific time and place, rather than the broader questions which
can result from product contamination. Dynamic venting of radio-
activity, ground water contamination, and architectural damage from
seismic motion are the three areas Included as safety-related questions.
Papers to be given later will cover these problems.

SYSTEMS-RELATED DEVELOPMENTS

The first nuclear explosives were detonated either to test the
performance of the explosive Itself or to determine the effects of the
explosion on the ground surface environment. These effects included
those of military concern as well as those useful for assessment of
civil defense problems which might result from use of nuclear weapons,
or from nuclear accidents.

Before 1962, the tests were conducted as "operations" In which a
series of experiments was performed in a relatively short time span,
usually a few months. In order to accomplish these tests and to obtain
both a maximum amount of information and to assure success in each of
the experiments, a pseudo-military project-execution program and
system was evolved. In this system each project was executed under a
technical leader, relatively independent from all other projects.
The management and systems problem, therefore, was one of assuring
proper interfacing between projects, a minimum of project-to-project
interference, and great flexibility from experiment to experiment.
This system, for Its prupose, has worked very well and continues to
be used for weapons development purposes to this time. However, its
objectives--speed and flexibility--are not consistent with the require-
ments for underground engineering applications. The underground
engineering experiments and applications require minimum cost and
maximum safety. A complete overhaul of the nuclear operations system
will be required if industrial applications of nuclear explosives
become a reality.

As a first step, an advanced fielding system has been designed,
built, and is now undergoing extensive testing. Shown schematically in
Figure 3 it combines the nuclear explosive firing and monitoring,
experimental data recovery system, eteorological documentation, on-
site radiation safety, ground-zero television coverage, and local
communications functions. This system replaces, in each named case,
a previously completely independent system and eliminates a separate
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timing system, thus reducing the personnel required to conduct a
nuclear explosion. As experience is gained with such a system, one
can envision the Control Point being moved farther and farther from the
detonation point, unt I detonation centers estab I is hed for regions
including one or more states could be maintained, carrying out many,
many detonations from a single location.

Whi le this system is one step toward greater efficiency,
additional simpler concepts must be appl ied to the off-site safety
programs o that a regional, rather than an event-oriented, approach
is taken. For example, Projects Rulison, Dragon Trail, and Bronco
are separated by at most 60 miles. Yet as presently proposed, each
has independent off-site safety programs. By contrast the Nevada
Test Site, which occupies a comparable area, is treated as a single
region for off-site safety programs. Such a unified approach to the
off-site safety program should certainly be applicable to the Rullson/
Dragon Trail/Bronco area as well.

CONCLUSION

In summary, any experiment in underground nuclear engineering
must be evaluated in terTns of those results which bear on proposed
applications from the standpoint of scientific, engineering, and
safety requirements. These are cavity radius, Rc; chimney height, Hh;
chimney permeabi I ity, Kch; product contamination; dynamic venting;
ground water contamination; seismic structural damage; and fielding
systems development. Table III shows which of these measurements or
investigations will be made on upcoming Plowshare experiments, in the
author's viewpoint. The experimental plans are not yet fixed, however,
and are still flexible and subject to change.

As these experiments are undertaken, there wi I I be opportunity to
extend understanding by a significant amount. Obtaining the information
will be critical for determining whether or not any one or all of the
proposed underground engineering appl ications of nuclear explosives are
technically feasible. Since explosion effects depend so strongly on
medium properties, broad general zations must be careful ly avoided and
each site and geologic formation must be individually evaluated.
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TABLE I Fracture radius and chimney height.

Computed Observed
Event Medium fracture radius chimney height

(m) (m)

Handcar Dolomite 80 68
Harchat Granite 97 85
Salmon Halite -0 -0
Gasbuggy Shale-sandstone 120 100

TABLE 11. Radionculides In Gasbuggy cavity gases.

Product Concentration, pCI/ft 3

85Kr 2.8
HT 91
CH3T 8.9
C2H5T 0.45
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TABLE I I I Tentative plans for upcoming Plowshare experiments.

Measurements or investigations to be made:

Product Dynamic Ground Seis. Systems
Event Rc Hrh Kch contam. venting water dam. devel.

Rulison No? Yes No No Yes No Yes No?
(Early
1969)

Dragon
Trail Yes Yes Yes Yes Yes Noa Noe Yes
(Late
1969)

Bronco Yes Yes Yes Yes Yes Noa Yes Yes
(1970?)

Ketch Yes Yes Yes Yes Yes Noe ? ?
(1970?)

Sloop No Yes Yes Yes Yes? Noa Yes ?
(1970?)

Pinedale-
WASP ? ? ? ? Yes ? Yes ?
(1972?)

aNo exposure, so no test data for evaluation.
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CAVITY-CHIMNEY FORMATION HISTORY
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Fig I Formation history of nuclear explosion cavity and chimney.
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SIMPLIFIED FIELD bOtRATION

Fig. 3 Schematic concept of a simplified explosion fielding system.
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