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ABSTRACT

The development of nuclear excavation tech-
nology is based on the promise that the relatively
inexpensi ve energy available from thermonuclear
explosives can be used to simultaneously break
and move age quantities of rock and earth eco-
-nomicaLty and afety. This paper discusses the
economic and other advantages of using nuclear
excavation for arge engineering projects. A
brief description of the phenomenology of nuclear
excavation given. Each of the several proposed
general applications of nuclear excavation is
discussed to include a few specific example of
possible nuclear excavation projects. The dis-
cussion includes nuclear excavation for harbors,
canale, terrain transits, aggregate production,
mining and water resource development and conser-
vation.

* * * * * * * * * * * * * * * * * * *

Throughout his history, man has searched for new and
better mean S to break and move rock and earth. His search
has pro gressed from hitting one rock with another and using
his hands to scoop up the broken pieces, to breaking rock
with explosives and moving the broken pieces with huge earth-
moving and digging machines which can handle 100 cubic yards
or more with a single bite. These were the tools of excava-
ti on until the detonation of the first nuplear explosion, in
1945, opened the possibil ity for the development of a tre-
mendous new excavation tool. The successful detonation of
the first thermonuclear device heightened these possibilities
even further by demonstrating that nuclear explosives could
utilize the cheaper fusion fuels, with the bonus of less by-
product radioactivity than with fission fuels. It is not

unusual that such a tool should be born as a tool of war '
The firs t exp losive' blac k powder, was als0 born as a tool
of war and explosive S existed for over six hundred ears
before being applied to peaceful purposes. It seems
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encouraging then, that less than twenty-five years after the
first nlear explosion, man is actively engaged in develop-
ing this huge energy source as an engineering tool for peace-
ful purposes.

The development of nuclear excavation technology is based
on the premise that the inexpensive energy available from
thermonuclear explosives can be used to simultaneously break
and move large quantities of rock and earth economically and
safely. It is considered possible, with the development of
nuclear excavation technology, to use nuclear energy to per-
form the excavation required for large engineering projects
such as canals, harbors, cuts through mountain barriers, and
other large excavations that might not otherwise be done.
Nuclear excavation, both domestic and international, appears,
in some cases, to offer potential cost savings in the hundreds
of millions of dollars and significant reductions in construc-
tion time. Indeed, in many large earth-moving concepts, the
financial requirements, extending over long periods of time,
make the excavations economically infeasible with current
earth-moving systems. The nuclear explosion, as a new, rela-
tively cheap excavation tool, may make such concepts much
more attractive.

The inherent advantage of using nuclear explosions for
excavation lies in the huge energy source available in a
small package and at low cost per unit energy released. This
advantage is manifest at a few kilotons yield (equivalent
to a few thousand tons of TNT) and becomes increasingly aD-
parent at greater yeilds. To illustrate the economic attrac-
tiveness of nuclear explosives as energy sources, one can
use the projected charges for thermonuclear explosives re-
leased by the Atomic Energy Commission in 1964 (Figure 1).
These projected charges, which were released only for use in
feasibility studies and evaluations, are based on a projec-
tion to a time when thermonuclear explosives would be produced
in quantity for routine commercial utilization. The charges
cover nuclear materials, fabrication and assembly, and arming
and firing services, but do not cover significant related
services such as safety studies, site preparation--including
construction of holes, transportation and emplacement of ex-
plosives, and support. The latter services, of course, de-
pend significantly on the number of explosives detonated at
a given location. As can be seen, the costs of the explo-
sives on a per ton basis, range from $35/ton for a 10 Kt
explosive, down to $0.30/ton for a 2 Ht explosive (equiva-
lent to 2 million tons of TNT). As a comparison, dynamite
and TNT cost $400-$500/ton.

Thermonuclear explosives designed for nuclear excavation
can be expected to be of a size which could be emplaced in
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48 to 72 inch diameter holes. In contrast, 10,000 tons of
TNT, in its most compact form, a sphere, would require a hole
over 80 feet in diameter. If one envisions an engineering
project of a size requiring a few hundred kilotons of explo-
sives, the logistics problems of producing, transporting and
emplacing the required quantities of chemical explosives be-
come staggering. This, of course, is one of the reasons chem-
ical explosives are not used in this manner.

Although there are engineering projects in the United
States and other highly industrialized nations, where nuclear
explosives may be used to advantage, the potential economic
advantages of engineering with nuclear explosives are even
more pronounced in many less industrially developed areas.
In many such areas, the cost of importing new equipment or
diverting existing industrial capacity to support large earth-
moving projects limits the capability to accomplish such work
and thereby impedes development. Of course, the choice of
construction method on any project must depend on an analysis
and comparison of the alternative means available, and must
consider the total requirements necessary to produce a com-
pleted project with a given energy system. In general, one
can say that the types of projects for which nuclear explo-
sives are most likely to be an advantageous energy source,
are those which require excavation of rock in sufficient
volume to require yields approaching 10 kilotons or irger,
or those which require large excavated cross-section near
100 meters in depth, in soft materials such as alluvi n.

Before discussing several proposed applications of nuclear
excavation, it is necessary to understand a few generalities
of the phenomenology of nuclear excavation and to become ac-
quainted with a few of the terms. Depth of burst (dob is
the term used to delineate the distance below the ground sur-
face at which the explosion takes place. Optimum depth of
burst is that depth of burst at which crater dimensions are
maximized. This, of course, is a function of the yield of
the explosive and the characteristics of the material in which
the explosion takes place. Figure 2 illustrates the sequence
of events in a nuclear cratering explosion. When the explo-
sive is detonated, extremely high temperatures and pressures
are generated and the rock immediately surrounding the explo-
sion point is vaporized. At the same time a compressional
shock wave radiates spherically from the explosion point
doing work in te form of crushing compaction and plastic
deformation. Upon reaching the free ground surface, the
shock wave is refracted back toward the explosion point,
placing the rock in tension. If the sum of the outgoing com-
pression wave and the refracted wave exceeds the tensile
strength of the rock, the rock will fail in tension and
pieces will fly off with a velocity characteristic of the
momentum trapped in the "spalled" piece of rock. As the
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rarefaction wave returns to the cavity, it reinforces the
high pressure gases pushing on the walls of the cavity. The
cavity expands asymmetrically toward the surface, folding
back, accelerating and electing much of the overlying mate-
rial and allowing the explosion gases to filter through the
disassembled mound. As the cavitV pressure is relieved, the
material which received insufficient horizontal components
of velocity to eject it from the excavation, falls back into
the crater. Enough material is ejected, however, to leave
an excavation of considerable volume; over 6 million cubic
yards in the case of the 100 Kt Sedan crater, a Plowshare
experiment in 1962.

If the explosion takes place somewhat deeper than opti-
mum cratering depth, the sequence of events (Figure 3 is
essentially the same up to the point of disassembly of the
mound but the visible effects on the surface are altered.
In tis case, the explosion is deep enough so that the shock
wave has been attenuated to a great degree before reaching
the surface and the effects of spalling are reduced. The
cavity pressure is relatively lower just prior to mound rup-
ture, the cavity stops growing and the overlying material
collapses into the cavity. Little or no material is actually
ejected from the excavation. If the material has a bulking
factor somewhat greater than one, as does most rock, it will
occupy a greater volume when broken than it did in situ. if
the bulked volume of the collapsed material is greater than
the cavity volume, the surface manifestation of this mode of
emplacement is a mound of broken rock. On the ther hand,
if the volume of the collapsed material plus the volume of
the void spaces is less than the cavity volume, the collapsed
material will not fill the cavity completely and the surface
manifestation will be in the form of subsidence, termed a
subsidence crater. When the detonation is at a much deeper
depth of burst, the collapse does not propagate to the sur-
face and the only surface manifestation may be a very broad
dome raised some few inches to tens of inches in the center.

All three types of excavations, ejects, bulk, and sub-
sidence craters, may be used for potential nuclear excavation
applications. However, before discussing these potential
applications, it should be pointed out that no proposed nu-
clear excavation application is in an active stage of planning
for execution. The transisthmian sea-level canal proposal
is in a feasibility study stage and no decision will be made
regarding its construction until after the Atlantic-Pacific
Interoceanic Canal Study Commission has reported to the
President, now scheduled for I)ecember 1, 1970. Another
feasibility study to determine possible uses of nuclear
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explosions for water resource development in Arizona is now
in progress. All other applications which will be mentioned
are merely suggestions from individuals, private consultants,
engineering firms, etc. (Bibliography 6 7 8, 9 sugges-
tions which have been reviewed in more or less detail to de-
termine if they might be suitable projects. No project would
be undertaken, of course, without a detailed economic and
technical (including safety) feasibility study, and then fur-
ther study, if feasibility were established, to enable design
of technical, safety, support, and other requirements.

Probably the most widely known of the aplications for
which nuclear excavation is being considered is the construc-
tion of canals (Figure 4, specifically the construction of
a sea-level canal across the American Isthmus. The Atlantic-
Pacific Interoceanic Canal Study Commission, established by
the 88th Congress, is charged with determining the feasibility
of, and the most suitable site for, the construction of a
sea-level canal connecting the Atlantic and Pacific Oceans;
the best means of constructing such a canal, whether by con-
ventional or nuclear excavation, and the estimated cost thereof.
The Chief of Engineers of the U. S. Army Corps of Engineers
has been designated as the Engineering Agent for the A-P/ICSC
and the Corps of Engineers is developing on-site information
in such fields as geology, hydrology, topography, and hydrog-
raphy. The U. S. Atomic Energy Commission is developing data
in such fields as meteorology, seismology, and ecology for
use in the nuclear safety studies and, of course, through
the Plowshare program is providing information on the tech-
nical feasibility of nuclear excavation. Three nuclear cra-
tering experiments, Cabriolet, Buggy, and Schooner, were con-
ducted in 1968 as part of the nuclear excavation research
and development program which provides information to the
canal studies.

The concept for nuclear excavation of a long canal, such
as a transisthmian canal, is depicted in Figure S. Since
the total excavation might require 300 or so explosives with
a combined yield of 200 or 300 Mt (depending on the route
selected, geology, and many other parameters), one would not
propose to excavate the entire length i one blast because
logistics, safety, and other considerations could become un-
manageable. If one were to attempt to drive the canal straight
through, without skipping alternate sections, the personnel
working in the section immediately adjacent to the section
where a detonation was imminent, would have to be evacuated
during the detonation. The detonation would collapse some
of the emplacement holes in the adjacent section if they had
been predrilled. The base surge from the detonation would
cover a portion of the adjacent section resulting in some
radioactivity deposition. Workers would have to wait for
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the radioactivity to decay before they could return to that
portion of the adjacent section to prepare it for the next
detonation.

Therefore, the leap-frog concept has been suggested were-
in the total yield of a string of explosives would be limited
to, perhaps, a few megatons. Such a concept would not only
enable control of ground motion, air blast, and radioactivity
effects but, would also allow drilling crews to prepare em-
placement holes in alternate sections up the line at the same
time that emplacement and detonation operations were in prog-
ress on previously drilled sections. By the time the first
pass across the canal route was completed, residual radioac-
tivity levels from deposition on the first unexcavated sec-
tions should be very low and workers could safely enter and
start preparing them for detonation, and then proceed on across
the route in the same manner as before to complete the exca-
vation.

Although a ransisthmian sea-level canal is the best
known proposal, other canal projects have been suggested as
possible projects suitable for nuclear excavation. A canal
across the Isthmus of Kra on the Malay Peninsula could cut
500 miles or more from the shipping lanes between India and
the United States and Japan. Such a canal might be about
30-50 miles long and would go through areas with elevations
ranging from sea-level to about 900 feet above sea-level.
Canals across the Alaskan Peninsula and across the Boothia
Peninsula in Northern Canada have been suggested in order to
shorten shipping lanes to the north and west coasts of Alaska
and Northern Canada.

Nuclear excavation has also been proposed as a means of
removing barriers to shipping in otherwise navigable channels.
As examples, the removal of rapids in the Madeira River in
Brazil could permit river transportation from the Amazon to
interior locations in Brazil, Bolivia, and Peru; elimination
of shoals on the Paraguay River could provide freer naviga-
tion to Asuncion; clearing the delta of the Mackenzie River
in Northern Canada could be important to the development of
Arctic North America.

Nuclear excavation for canals might also be applicable
to the diversion of water directly for, or to facilitate,
construction of hydropower projects. One proposal envisages
connecting the Qattara Depression in Northern Egypt to the
Mediterranean Sea by a canal. The depression lies at a depth
of about 164 feet below sea le'vel and the hydrostatic drop
might be used for power generation. Evaporation would be
sufficient to maintain the drop for several hundred yars.
Nuclear excavated canals could also be used for stream diver-
sion during conventional construction of dams or to divert
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streams into canyons where dams have been previously construct-
ed in the dry.

Another reason for stream diversion is to get water from
water-rich to water-poor areas. A nuclear excavated canal
has been suggested as a means to divert water from the Niger
River to the Volta River Basin, thereby recovering some 33 mil-
lion acre-feet of water annually, amking it possible to irri-
gate 2 million acres of land in Mali, Ghana, and Upper Volta.
The proposed canal would be about 50 miles long through a
maximum cut elevation of about 500 feet. A diversion of the
Sao Francisco River in northeastern Brazil has been suggested,
to bring water 40 miles through a mountain range for irriga-
tion of an estimated 200,000 acres of land. A suggestion has
been made to divert water from the eastern slopes of the Andes
to arid western slopes. Studies have been conducted to divert
water from Northern California to the Central Valley of Cali-
fornia and to water-poor Southern California. Portions of
this netwoik might be suitable for nuclear excavated canals.

Other water resource development and management projects
could possibly use nuclear excavation in the form of craters
for water storage (Figure 6 and ground water recharge (Fig-
ure 7; crater lips for dams (Figure 8); strategically located
explosions for ejecta and bulk dams (Figure 9; and explosions
to produce aggregate for rock fill and concrete dams (Fig-
ure 10). A feasibility study known as Aquarius is being con-
ducted to determine if nuclear explosions may be suitable for
use in developing and managing the water resources of Arizona.
This study is a joint effort of the State of Arizona, pri-
marily through the Arizona Atomic Energy Commission, the
Department of the nterior, primarily through the Bureau of
Reclamation, and the USAEC, with the assistance of the U. S.
Army Corps of Engineers' Nuclear Cratering Group. The study
is planned for completion before the end of this year.

Some of the most arid areas of the world, much drier than
the Southwestern United States, are not dry all the time, but
rather are subjected to infrequent but torrential rainfalls.
An outstanding example of such areas is the desert areas of
Australia. Nuclear excavated craters might be used as catch-
ment basins to collect and store the water from these rain-
falls for use during the dry seasons. Nuclear explosions
might also be used to advantage in opening or closing moun-
tain passes and providing diversion canals to deflect streams
from the wetter coastal regions to the interior deserts.
Also, numerous proposals have been made for dams and diversion
canals on the Indus and Ganges Rivers in Pakistan and ndia
to aid flood control and irrigation.
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A special type of ejecta or throwout dam has been sug-
gested for construction in deep, steep-walled canyons such
as are common in the rugged mountains of Alaska. In this
case the explosion would take place in the wall of the canyon
directing the ejecta across the canyon floor. In addition
to the material thrown into the canyon, the material on the
upper edge of the side-lying crater would be expected to col-
lapse and spill additional rock onto the embankment. This
technique has been successfully demonstrated by the Soviet
Union wherein a 26 million cubic yard rock fill dam was con-
structed across the Vakhsh River using 2000 tons of chemical
explosives buried in the side of the steep-walled canyon.
A very similar technique has been demonstrated by nature in
cases like the slide dam on the Madison River in Montana.
In this case, an earthquake triggered a landslide which flowed
across the canyon and dammed the river. Man then gave an
assist by cutting spillways to prevent erosion, much as would
have to be done on a dam constructed by nuclear excavation.

The U. S. Army Corps of Engineers has identified areas
in the Western U. S. where nuclear explosives might be used
to advantage for producing aggregate for rock-fill or con-
crete dam construction. This technique envisages breaking
the rock with nuclear explosions and recovering the broken
rock with earth-moving equipment for further use in construct-
ing the dam (or satisfying some other large demand for aggre-
gate).

Cuts through mountain barriers would be possible using
the same nuclear techniques as for canals. Figure 11 shows
a model of such an excavation to accommodate a railroad and
superhighway passage. Note the crater on the right of the
main excavation to serve as a catchment for runoff water.
One possible application of this technique which has been
studied in some detail, is a cut to accommodate the realign-
ment of Interstate Highway 40 and the Atchison, Topeka, and
Santa Fe Railroad through the Bristol Mountains in California.
Another is the realignment of the Southern Pacific Railroad
through Boca Pass near Lake Tahoe in Northern California.
Several proposals have been made for nuclear excavations for
road beds in Colombia, Argentina, and Chile.

Figure 12 shows an artist's conception of a harbor and
entrance channel excavated with nuclear explosions. Many
areas of the world are known to have rich mineral resources
which are not economically recoverable because of the lack
of transportation. Construction of harbors on otherwise har-
borless coastlines could provide shipping access, and lead
to development of the areas. Notable among these areas is
Western Australia. Recently, the Government of Australia
invited the Government of the United States to participate
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in carrying out a study of the technical and economic feasi-
bility of using nuclear explosions to excavate a deep-water
harbor at Cape Keraudren on the northwest coast of Australia.
The United States agreed to participate in the feasibility
study. Subsequently, the Sentinel Mining Company completed
a reevaluation of its opportunities in the mining and mar-
keting of iron ore, which was to be the principal product
shipped through the proposed harbor, and decided to limit
its participation in the study. Since the economics of the
mining venture was an essential element, it was decided that
there was insufficient basis for proceeding with the study.
However, the U. S. and Australian Atomic Energy Commissions
continue to be interested in the possible use of nuclear
explosions for harbor construction and will continue their
review of the practicability of applying this technology to
other possible harbor sites in the area.

The concept for this type harbor is an interesting one
for ssible application in areas where the sea bottom slopes
gently away from the shoreline, thus limiting access by large
ships to some few miles from the shore due to the shallow
depth of water. Figure 13 shows an artist's rendition of
a concept for such a harbor. The concept envisages detonation
of explosives, each with a yield of 200 Kt buried about
1,100 feet apart and 00 feet beneath the ocean floor. The
resulting crater would be expected to e about 6000 feet
long, 1300-1,600 feet wide and 200-400 feet deep in the
center. The side lps of the crater would be 200-300 feet
high and end lips would be 30-60 feet high. Since the water
is quite shallow for some distance off-shore, a channel would
be dredged to the harbor and cut through the end lip by con-
ventional means. Excess material from the crater lips would
provide fill for a causewaV to the mainland. The crater
would provide a protected harbor for ships up to about
150,000 DWT.

Other possible harbor excavations have been suggested
in Chile, Somalia, Peru, several in Alaska, and several in
Australia. The recent North SlODe Oil discoveries in Alaska
have caused renewed interest i developing transportation
to Northern Alaska. The logistics advantages of nuclear
excavation for construction in such isolated areas seems
obvious, however, construction by any means in permafrost
areas is known to be a tricky proposition.

Figure 14 illustrates the use of nuclear explosions
to strip overburden from mineral deposits to facilitate open-
pit mining. This technique has been suggested for use in
several areas of Colorado, Utah, Arizona, and Woming.
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Figure 15 shows still another possible technique for
using nuclear explosions to aid in recovery of mineral de-
posits. In this technique the explosion would take place
at a depth which would produce a mound of broken rock in
a shallow ore body. Leach liquor would be introduced at
the surface, rain through the ore-hearing rubble and leach
out the mineral. The pregnant liquor would then be pumped
out from the bottom, processed to remove the mineral and
the clean leach liquor recvcled.

Tn summary, the possible applications of nuclear ex-
cavation are many and varied; development of transportation
routes and facilities through construction of harbors, canals,
cuts through mountainous terrain and removal of navigation
barriers; development and management of water resources
through construction of diversion canals, storage reservoirs,
dams ad ground water recharge facilities; and development
of mineral resources through overburden removal and in situ
leaching. The potential economic advantages of nuclear ex-
plosives for excavation are based on the huge amount of energy
which is available in a small package at relatively low cost
and which can be used to simultaneously break and ove rock.
The advantages are most pronounced in undeveloped areas or
areas in the infancy of development, where logistic, indus-
trial, and long-term financial support would be strained
or totally insufficient to allow development with present-
day construction methods. n this light, the development
of nuclear excavation technology should provide man with
an extremely useful and powerful engineering tool.
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OUESTION FOR MARVIN M. WILLIAMSON

From R. C. Pendleton:

Conventional explosives leave no residual toxic materials. From
the long-term contamination standpoint, can savings in dollars by
using nuclear explosives be defended?

ANSWER:

The first thing we have to do Is establish what the problem is as
far as long-term contamination is concerned. As I noted when I
started out, there are only two applications for excavation which
are even In a feasibility study stage. There are no active projects
for nuclear excavation. We are still in the development stage
trying to find the answers. At this time I don't believe we can
rea II y say from a ong-term contami nation standpoint, I don't be I i eve
we have any comparison. We don't know how serious the problem might
be or what It might cost to eliminate or reduce the problem.
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