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UDC 621.039.9
PUBLISHER'S NOTE

In the book Podzemnye Yadernye Vzryvy (Underground

Nuclear Explosions), data on the experimental underground
nuclear explosions (shots) set off in the USA from 1951 to
1962, as published in the forelgn press, and also informa-
tion available in the literature concerning projects for the
use of underground nuclear shots for industrial purposes,
are generalized and systematlzed.

The first five chapters of the book are devoted to
problems of the effect of underground nuclear explosions.
The conditions under which the experimental shots of
1951--1958 were conducted are described, the results of
experimental shots, of total internal effect, excavation, and
ejection are generallized, the mechanical and thermal effects
of the shots on the rocks are characterized, and an analysls
is given of the selsmic effect of underground nuclear
explosions, and the results of observations of the radiation
effect of the experimental shots are described.

In Chapters 6--11, information concerning the
American projects of nuclear shots for industrial purposes
(the "Plowshare" program) is generalized. Proposals and
projects of foreign speciallsts for the use of underground
nuclear explosions in the mining of solid and llquid
(petroleum) minerals and in the construction of large
structures, such as earth-fill dams, underground reservolrs
and other storage spaces, canals, and harbors, are considered.
Proposals for the use of nuclear exploslons o obtaln heat,
and in certain fields of science, are also glven. A
description of the first experiments 1in the Plowshare
program, the Gnome and Sedan shots, is given.

The book is intended for the general reading circle
of engineering and technical workers.




PREFACE

The Moscow Treaty prohibiting nuclear bursts 1n the
atmosphere, in outer space, and under water, was the first
step toward a goal that is the desire of all progressive
mankind =-- the total prohibition of nuclear bursts and the
outlawing of the most destructive weapon that has ever been
created on the earth.

However, although having signed the Moscow Treaty,
the United States of American has not freed the world of test
bursts of nuclear devices. Underground nuclear shots.
renewed by the USA at the Nevada test area 1in September of
1961, are belng conducted even at the present time. The
example of the USA 1s followed by its junlor partners,

Britain and France.
In trying to Justify the continuatlion of nuclear

tests, American propaganda, as one of 1ts arguments, advances
the special program of the U.S. Atomic Energy Commission
(AEC), concerning problems of the use of nuclear bursts for
industrial and scientific purposes, the so-~called "Plowshare"
program.
However, with relationshlp to the well-developed
American program for further development and accumulatlon of
nuclear weapons, the Plowshare progrem looks more than
modest. Thus, while more than 100 shots were set off for
purposes of testing nuclear weapons at the Nevada testing
area from September 1961 to January 1964, as was reported in
the American press, 1ln the same period, in connection with
the Plowshare program, only three experiments were made.

A comparison of the expendlitures of the U.S. Atomic
Energy Commission, which is primarily the governmental organ
for the development of the U.S. nuclear arsenal, with
expenditures for the Plowshare program (the latest data are
given in the report of Johnson and Higgins at the Third
International Conference on the Peaceful Uses of Atomic
Energy, Geneva, 1964), demonstrates that all expenditures of
this program, from the beginning of its approval 1in 1957,
amount to only 2% of the annual expenditures of the AEC.




Nevertheless, the engineering ideas of the use of
powerful nuclear shots for industrial purposes (in mining, in
the petroleum-production industry, in the construction of
hydraulic-engineering structures and varlious types of earth
structures, etc.), developed by the American speclallsts in
accordance with the Plowshare program, appear, in our view,
to be of definite interest.

The book PodzemnYe Yadernye Vzryvy (problems of the
industrial use of nuclear explosions), presented here for the
attention of the reader, contains general information relative
to the American projects for industrial and sclentific use
of nuclear explosions, the economic effectiveness expected in
this case, flelds of possible application of the explosions
under conslderation for sclentific purposes, and also con=-
cerning the real difficulties and dangers in thls path. The
book systematizes the data published in the foreign (basically
American) scientific and technical literature, as of the
state of the art at the beginning of 1963.

In spite of a number of undoubtedly questlonable
provisions contained in the American literature, in this book
we have not set ourselves the purpose of making a critical
analysis of them. This must be the object of special work.

For the reasons indlcated, the expositlion of the
materials in the book 1s given baslecally 1in accordance with
the primary sources (books, articles, reports, and others).
Obvious inaccuracies, to which the authors considered 1t
necesgsary to call the attention of the reader, are referred
to in the footnotes.

The authors express their gratitude to Corresponding
Member of the Academy of Sclences USSR M. A. Sadovskil, for
the valuable advice given by him during the writing of the
book. The authors are also grateful to Z. I. Efimova, who
rendered us great assistance in the preparation and formula-
tion of the manuscript.



INTRODUCTION

At the beginning of 1957, the U.S. Atomic Energy
Commission approved a speclal program for the study of the
possibilities of applying nuclear explosions for industrilal
and scilentific purposes, which was glven the name of

"Plowshare"l).

This program provides for:

1) theoretical and experimental investigations of
the phenomena accompanying nuclear bursts in different medla,
for the accumulation of data necessary in the use of nuclear
explosions for the purposes lndicated;

2) the designing and testing of speclal nuclear
charges for industrial and sclentlflic purposes;

3) the study of possible fields of use of nuclear
explosions in lndustry and sclence;

4) the compllation and realizatlon of projects of
nuclear explosions for purposes of industry and sclence.

The U.S. Atomic Energy Commission exerclses general
supervision of work in accordance with the Plowshare program.
More than 40 governmental and private ilnstitutions and
research organlzations have been brought in for the fulfill-
ment of work in accordance with this program. The Lawrence
Radiatlon Laboratory of the University of California plays a
leading part among “hem. This laboratory, whilch accomplishes
general coordination of the work, has issued a number of
reports on the given program in the past period. The Argonne,
Brookhaven and Oak Ridge National Laboratories, the U.S.
Bureau of Mines (with 1ts affiliates), the Colorado Minlng
Research Institute, and a number of private companies (Sandia
Corporation, Dow, General Electric, and others) are also
participating in this work to a great degree.

Scientists from different branches of sclence have
been brought in to study problems of the peaceful use of
nuclear explosions. Three speclal symposia (in 1958, 1959,
and 1964) have been held in the USA 1in accordance wlth the

1)vpiowshare" =- Coulter, plow.
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Plowshare program. Problems of the industrial applicatlion
of nuclear explosions were discussed by American speclalists
at the Second International Conference on the Peaceful Uses
of Atomic Energy (Geneva, 1958), in two papers (Brown and
Johnson, "The Use of Nuclear Explosions for Peaceful Pur-
poses," and Porzel, "The New Approach to the Production of
Thermal and Electric Power by Means of Underground Nuclear
Explosions"), and at the Third Conference (Geneva, 1964) in
one paper (Johnson and Higgins, "Engineering Application of
Nuclear Explosions in Accordance with the Plowshare Program").

Some projects in the Plowshare program are beginning
to go beyond the national framework of the USA. Thus,
Project Oilsand, for producing petroleum by means of nuclear
explosions in the bituminous sands of Athabasca, it 1ls
proposed, will be accomplished with the permission of the
Government of Canada, using the facllitles of the petroleun
companies of that country.

The basic problems on which the American speclalists
are working at the present time are as follows:

1. Development of minerals: a) removal of over-
burdens by means of nuclear explosions (primarily ejectlon
explosions) and mass mining of minerals 1n large uarries;

b) fragmentation of a mineral by nuclear charges In case of
necessity, also fragmentation of the overlying rocks) in the
underground development of large deposlts of lean ores by the
system of forced caving in by levels. A variation of under-
ground leaching of the ore 1is also possible, after 1its
fragmentation by nuclear explosion; ¢c) the extraction of
almost inaccessible petroleum by means of reducling its
viscosity by heating the rocks with the energy of & nuclear
explosion, and by means of destroylng structures (the develop-
ment of additional cracks in the collecting stratum). It is
intended to accomplish some of these methods 1n combination
with the underground sublimation of the petroleum.

2. The construction of large structures: a) construc-
tion of earth-fill dams and dikes by means of nuclear
explosions; b) the construction of canals (channels) and
harbors for seagoing and river shipping, wlth the use of
nuclear explosions intended to eject and scatter the material;
¢c) the development of artificial storage tanks for the
storage of petroleum and gas, ln appropriate geological con-
ditions, by means of nuclear charges lald at a great depth
from the surface (through drilled wells); d) regulation of
flows of surface, and ground waters by the formation of
artificial water-carrying structures (aquifers) by means of
nuclear explosion.

3. The generation of power: a) the creation of
sources of thermal energy by means of underground explosions
of nuclear charges of great power and heating the




approprilate rocks in a locallzed volume, with subsequent
bleeding and channeling of the heat by plpes, by means of a
coolant; b) obtalning electric power by means of the heat
liberated by means of a powerful nuclear exploslion under the
earth (a development of the previous idea).

4,  Sclentific 1deas: a) the production of trans-
plutonium elements as a result of underground nuclear
explosions, in the appropriate medlia; b) the formatlon of
valuable mineral components by means of underground nuclear
explosgions, 1n particular obtalning diamonds from graphite
or other carbon-containing materilals; c) investigation of
the structure of the earth and study of problems of selsmology
by means of powerful underground nuclear explosions
(artificial earthquakes).

The problems llsted are in different stages of
solution; with respect to some of them, theoretical and
calculation and planning developments are being conducted (in
many cases very questionable and based on shaky assumptions)
while wlth respect to others speciflc experimental projects
have been compiled, and preparatory work for their accomplish-
ment is being performed. One of the projects, named Gnome,
1s an underground nuclear burst in a salt stratum near the
city of Carlsbad (in the state of New Mexico), which was
accomplished in December of 1961. Besldes this, experiment
Sedan was conducted at the Nevada test area in July of 1962,
and 1s also part of the Plowshare progranm.

The solutlion of the problems advanced by the Plowshare
program 1s based on the investigation of various sldes of the
effect of underground nuclear shots. Nine shots set off in
the perilod from 1951 to 1958 at the Nevada test area in
accordance with nuclear weapons tests programs were studled
In detall, and also the two experimental shots mentloned above
(Gnome and Sedan) accomplished in accordance with the program
named. At the present time, in the USA the results of some
of the shots from a series of military tests begun in 1961
are being studied.

According to avallable reports, the experiments 1in the
Plowshare program for the present are baslcally assoclated
with the tests at the Nevada test area. During the next few
years, 1t 1is proposed to set off nuclear shots both for
scattering material and explosions for a camouflet effect.

In the literature, eight such explosions have been named
(five for scattering material (ejection) and three of an
entirely camouflet effect). As a result of the setting off
of experimental shots, they propose to develop a theory of
crater formation and a technology for making industrilal
experiments 1n accordance with the available projects.

In this book, an exposition of accumulated data con-
cerning the effects of nuclear shots, which compose the basis
of the program named, precedes the consideration of projects
and other developments under the Plowshare program.

6
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CHAPTER 1

CONDITIONS UNDER WHICH EXPERIMENTAL UNDERGROUND
NUCLEAR EXPLOSIONS ARE SET OFF

GENERAL INFORMATION

The beginning of the settlng off of underground nuclear
(atomic) explosions by the United States of America dates
back to 1951, when at the U.S. Atomic Energy Commisslion (AEC)
test area in the state of Nevada, durlng the test of the
effect of a nuclear weapon, under the name Operation Jangle,
one shot was accomplished with the charge located directly
on the day surface (a contact burst), and the second with
the charge buriled in the ground to a depth of 5 m. In 1955,
one more such shot was set off, with the charge placed 1n an
alluvial stratum at a depth of 20 m.

Considering the fact that the testing of nuclear
weapons underground at a great depth increases secrecy of
testing and reduces radiatlon danger, the U.S. AEC in
1957--1958 performed a series of 13 experimental underground
nuclear explosions at the Nevada test area.

Out of the underground contact experiments made in
the perlod 1951 to 1958, in the literature nine underground
explosions and one contact burst are consldered, having
greater powers of the charges in comparison to other
explosiona: in 1951 Jangle-5 (19 November) and Jangle-U (29
November); in 1955 Teapot-Ess (23 March); in 1957 Ralnler
(19 September); in 1958 Mars (28 September); Tamalpals (8
October); Neptune (14 October); Logan (16 October); Evans
(28 October); and Blanca (30 October). The power of the

nuclear chargesl in the experiments indicated varled from

1)Here and in the future the power of a nuclear charge
(power or energy of the blast) 1s expressed in unlts of
trotyl (trinitrotoluol)(TNT) equivalent - tons (T) or
kilotons (KT).
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13,500 to 19,000 T. The depth at which the charges lay in
the underground experiments varied from a shallow depth

(5.2 and 20.4 m), in which the formatlon of blast craters
occurred, to depths providing an entirely internal effect of
the shot (complete camouflet).

In 1954--1958, the USA also set off several contact
bursts of great power on the islands of the Pacific Ocean.
The results of these experiments, with respect to the forma-
tion of explosion craters on the surface of the earth, are
analyzed in detail in the work of Viale [1]. Since contact
bursts are a field outslide the scope of this work, data
concerning these tests are not consldered in the future.

In the autumn of 1961 the USA renewed underground
nuclear explosions at the Nevada test area. Here, from
September 1961 to 1 January 1963, 58 underground shots were
set off. Among these tests the Sedan experiment, conducted
on 6 July 1962, is of outstanding interest; 1t was an
explosion of a thermonuclear charge with a power of 100 KT
and a depth of 193 m, with the formation of a blast crater.
This experiment was conducted as part of the Plowshare
program. A description of the Sedan shot 1s glven in Chapter
11. Besldes this, one experimental underground nuclear shot
(Project Gnome) in accordance wilth thls same program was
accomplished in salt strata in the state of New Mexico, near
the city of Carlsbad, on 10 December 1961. The preparations
and result of this experiment are expounded in detall also
in Chapter 11l.

The basic information concerning the experimental shot
at the Nevada test site in 1951--1958, and also the Sedan
and Gnome shots, are given in Table 1 [2~-=4].

LOCATION AND GEOLOGY OF THE SECTIONS WHERE EXPLOSIONS WERE
SET OFF AND THE PROPERTIES OF THE ROCKS

Section where basic blast-effect (ejection) shots were
get off. The Jangle-S, Jangle-U, and Teapot-Ess experiments,
conducted with the formation of a blast-effect crater, were
accomplished in sectlion 10 of the Nevada test area, located
in a valley at an elevation of approximately 1300 m above
gsea level {6], and having level rellef of the surface. The
charges were placed in alluvlal deposits, typlcal for the
desert, which Nordyke [7] characterizes as a friable mixture
of sand and gravel, with a density of the average of from 1.5

to 1.7 g/cm3, and a water content at the depth of about 10%.
Johnson and others [2] call the rocks weakly cemented alluvium.
The Sedan shot, for blast effect, was set off in the same
gsection of the Nevada test area, not far from the site where




the Jangle~-U and Teapot-Ess shots were set off, in rocks
represented as weakly cemented sand and gravel alluvial
deposits [3, 8].

Section where shots were gset off in Operations Plumb
Bob and Hardtack, phase II. The basic underground explosions
-- Rainler, Mars, Tamalpals, Neptune, Logan, Evans, and
Blanca ~-- which were accomplished (with the exception of the

/mep une

Tamalpais _%
-RainierTa— _-?,,;/ -

=

900 ¢ 105,

Elevation above sea level, m
o]
<
8
’:]

Figure 1. Geological cross sectlon of the area
where the basic nuclear shots were set off, and
the positions of the charges:

TOSg -- fused tuff; rhyolites to quartz latites;
TOS7 -- brittle tuff, for the greater part weakly

cemented and interbedded with sand, color grey to
greyish~-brown; T086 -- fused tuff, color light

grey to brownlsh-grey; TOS5 -- gtratified tuff,
well cemented, color light yellow to green; TOS4

-- gtratified tuff, well cemented, color light
grey to dark yellow, sometlmes rose-pink; TOS3 -

stratified tuff, well cemented, color red on top
and bottom, rose-pink to dark yellow between
layers; TOS2 -- gtratified tuff, color for the

most part light grey to dark yellow; TOS1 --

stratified tuff, color purple to rosy red; Dd =--

massive limestone, hard, crystalline, color grey

to dark grey; 1 -- summit of mountaln above

charges Blanca and Logan; 2 -- summit of mountain

above charges Rainier, Evans, Tamalpais, and Nep-

tune; 3 -- approximately upper and lower bound~
aries of weakly cemented grainy tuff.
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Figure 2.

Location of adlits for placement of
charges 1n sectlon 12 of the Nevada test area
(contours are given in meters).




Neptune experiment) with total hermetlic seallng of the
products of the exploslon underground, were conducted in
gection 12 of the Nevada test area. Thls sectlon 1s the
slope and upper plateau of a table (flat) mountain (i.e., a
mesa) in the northwestern part of the Yucca highland (i.e.,
Yucca Flat), with elevations from 2000 to 2300 m above sea
level. The experiments were grouped at three points in the
given section, which were located at short distances (of the
order of 300--1000 m) from each other. The slte of shots
Blanca and Logan were located further south of the other
shots, and lower along the slope of the mesa (the elevation
at the point where the charges were planted 1is about 1872 m).
The point where experiments Rainier, Evans and Tamalpals were
held is located north of the first sectlon, and higher up
along the slope (the charges were at the level 2017 m).
Alongside the point where these shots were set off, somewhat
to the southeast and slightly higher (the elevatlon of the
point where the charges were planted was 2048 m), shots
Neptune and Mars were set off.

The locatlion of the sections where the baslic experi-
ments were conducted 1s apparent in Figure 1 [2] on a
ver%ical projection and in Figure 2 [9% as a plan (i.e., a
map).

The geological description of the sections and the
characteristics of the rocks are glven in the work by
Johnson et al. [2] who used data from the U.S. Geological
Survey. Detalls of the geologlcal structure of the Neptune
section are given by Nordyke %7]. The rocks in sectilon 12
are represented by tuffs consisting chliefly of volcanle
glass with large crystals of quartz and orthoclase. The
geologlical section is glven in Figure 1. The upper part of
the mesa, at a depth of dpproximately 175 m, 1is composed of
fused tuff (stratum TOSB). Below this lie seven horizons

(from TOS7 to TOSl) of stratified tuff, with a total thickness

of approximately 500 m. Individual horizons are divided into
geveral sub-horizons, with different characteristics of the

tuff,
From the standpoint of the results of the experiment,

horizon TOS7, having a zone of weakly cemented tuff, the

tentative boundariles are represented in Figure 1, is of

importance.

In experiments Rainier, Evans, Tamalpals and Neptune,
the explosions involved the weakly cemented zones, hence the
charges were located 1n horlizon TOS7, approximately 30 m

below this zone. In shots Blanca and Logan, the charges were
located in the TOS3 horizon, at a distance of 180 m from the

boundary of the weak zone.
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‘The basic characteristics of the physical and chemical
properties of the rocks near the places where charges
Rainler, Logan and Blanca were placed, according to Johnson
et al. Ez] are given in Tables 2~=5.

Table 2

Average Values of Density, Porosity, and
Moisture Content of the Rocks

Sections where experiments were held
Indices
Rainier Logan Blanca
Density in a dry state, g/cm3.. . eceravinncesan 1,7-=0,2 1,84:0,3 1,64-0,2
Density in a natural state,
7L = RO URPRPR S ) I S A I8 2,140,2 1,9£0,2
Density of grains, g/cm3.iccciirciaess convennne | 2,3-0,2 2,6+0,1 2,4+0,1
POTOSItY, Tornnarorsnassses « aseessesassanssnes 024,447,0 | 30,6+7,4 | 33,246,0
Moisture content, % by weighteweeriiessnnnees| 15,335 14,54-3,5 17,543,5

Table 3

Average Chemical Composition
of the Rocks

Content in airdried samples
in sections where experi~
Components ments were held, % by weight

Rainier L.ogan
SiOq 66,9 71,5
Al O, 12,3 13,0
CaO 2,3 0,7
Fe,05 2,2 1,8
MgO 1,0 0,4
Na,O 1,3 1,3
K;0 2,2 6,6
H.0O 10,6 4,5
Ocrartok 1,2 i 0,2
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Table 4

Thermophysical Properties of the Rock

Properties Rainier section Logan section

Specific heat content, cal/(g * °C), at 100°C,
and water content with relationship to
weight of dry sample, %:

0o .. T 0,21 —
5 . . . ... 0,31 —
20 . ... 0,03 —
0 . . ... 0,36 —
Thermal conductivity, cal/(cm ¢ sec * °C):
dry rockS.iviessccmssoenees 0,00” 0,0014
moist rocks.... 0,0016 0,0020
Melting point, OCeiiiirsessiiaciesnscransserssnsesaos 850—1500 850—18500
Latent heat of melting
(8t 1500°C), Cal/ i rerrerrereernernnnnnnasnensenns 700 700
L atent heat of vaporization
(at 30000C), €A/ Brrerreeernerevmsernenssiesanses 3000 3000
Heating temperature (°C) for
water loss, Y:
8 . . ... 110 —
98 .. L. 600 —
o . ... 1000 —

Table 5a

Average Indices of Strength and Elasticity
of the Rocks in Section Rainler

£ Static compression "
g N
%% , g Bags | 9i3
Index 59, Ty o 2o 2.82¢ gﬁ“’
L3 593 g% | EWudg | 983
23 o Y c)omo P8
S5 g% 2" | geRER | Asg
a9 - o) E‘,},'_c a -5\/
Strength, kg(i’orce)/cm2 ........... 11.55 329 84 357 .
5 O BYA .
Young’s modulus E, kg(force)/cm?2 0.32.105 0.77.105 1 0.13.105 | 0,96.105 | 75-105
Poisson ratio, Ouseececescescesncscnss "(‘) 19 ’ 0.11 ’ T 0.09
Modulus of shear G (calculated), ! ’ v
Kg(force)/cm2iuirenrasscasrvosnses ORI an 5 . _ 0.35.10°
Modulus of all-sided compres- 0,15-10 0,35-10 /33
sion, kg(force)/cm2 ...............
without a shellivaiaeearensenens — 3,36-10% | 3,99.10° — -—
with a shelliiiicienncncinreceeanss _ 0’29‘ 103 0,38- 108 o —
Decrease in porosity
(%) at pressure,
kg/cm?2!
0. ... — — 6 — -
“o .. L L - - 8 - -
210 . . . L. — — 10 - —
280 . . . .. — — 12 — —
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Table 5b

Velocity of Selsmic Waves in Sectlon
of Shot Rainler

Distance along the

.vertical from place

where charge was
located, m

Velocity of waves
in stratum,

Depth from surface of the earth, m
m/sec

70—82 202—190 2190
82—94 190—178 4180
94—120 178—152 2030
120—160 152—112 2160
160—205 112—67 2190
205—235 67--37 1780

Note. The velocitles of the selsmlc waves
were measured directly in the massif
before the shot was set off.

The region of the Gnome experiment. The sectlon where
the experimental industrial shot was set off in accordance
with Project Gnome was located 1n the state of New Mexlco,
at a distance of 40 km to the southeast of the city of
Carlsbad, in flat terrain. The shot was set off 1n strata
of rock salt of the Solado formation, having interbeddlngs of
anhydrite and aleurite. Above the salt stratum lle strata of
anhydrite and aleurolite, which are covered at the surface by
weak sandstone and sand (for more details see Chapter 11).

APPROACH WORKINGS, CHARGE CHAMBERS, AND PACKING OF THE
GALLERIES

In the experiment Jangle-U and Teapot-Ess, when the
charges were located at a shallow depth (5.2 and 20.4 m,
respectively), they were placed in vertical mine shafts.

In the Jangle-U shot, the charge was placed in a concreted
charge chamber, with a cross section of 3 x 3 m 1n plan, and
a height of 2.4 m. The chamber had concrete reinforcement
and was drilled from a prospecting pit with a depth of 4 m,
vwhich, after the charge was lald, was entirely filled wlth
sandbags [7].

In the Teapot-Ess experiment, the charge was placed
in a well with a dlameter of 3 m, drilled from the lower
level of a mine shaft, which had a depth of about 20 m and a

15




diameter 9 m. The charge was covered by sandbags, after
which the well and the shaft were filled with dirt, to the
level of the earth's surface [7].

In the Sedan shot, a charge with a power of 100 KT was
placed in a vertical well with a depth of about 200 m and a
diameter of 914 mm, reinforced by plpes. After this the well
was filled with dry sand [3, 10].

In the 1957--1958 experiments, the charges were placed
through adits, excavated in the slope of the mesa, and 1ln this
case the followlng were used: adit Ul2b for shots Rainier,
Tamalpals, and Evans; adlt Ul2c for shot Neptune; and adilt
Ul2e for shots Logan and Blanca. The charges were placed
inside chambers, dug from the adits. The Ralnler shot was an
exception, in which the charge was placed at the end of the
baglec adit. The arrangement of the adits, the side excava-
tions, and the locatlons where the charges were placed ls
apparent in the plan in Figure 2.

In the Gnome experiment, the vertlcal mine shaft and a
horizontal gallery drilled from it were the approach gallerles
(see Chapter 11). Horizontal approach galleries were made
without any supporting and had a small cross section: in the
tuffs at the Nevada test area 2.1 x 2.4 m to 2.7 x 2.7 m [2];

and in the rock salt in the Gnome shot, 2.4 x 3 m [12.
The nuclear charges in the Rainler, Tamalpals,

Neptune and Evans experiments were placed in speclal chambers.
The chambers in the shots, 1in all experiments except the
Rainler experiment, had such dimensions in which a con-
slderable free interval remalned between the charge and the
wall. The chamber in the Evans shot had especlally large
dimensions. In the Neptune experiment the walls of the
chamber were faced with blocks of rock salt for the purpose
of obtaining the data needed for the subsequent experiments
in accordance with Project Gnome. In the experiments
indicated, and also in the Gnome shot, the chambers were so
arranged relative to the adit as to provide for movements
of the walls of the adlit and 1its plug before the product of

the explosion would penetrate through the stopper ) into the
adit. For this purpose, the end part of the adit was given
elther a helical shape (Rainier) or the shape of a hook
(Tamalpails, Neptune, Evans, Gnome). In the Logan and Blanca
shots, straight blind passages of the approach adits served
as charge chambers (in the Blanca shot, initlally it was
planned to have a hook-shaped end of the adit (see Figure 2),
but this section was never excavated).

l)Corresponds to the terms stemming and packing.
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Pigure 3. Placement of charge and plan
of approach galleries in the Rainier
shot.

a -- geologlical section: 1 -- upper
and lower boundaries of weakly cemented
tuff; b -~ plan of adit Ul2b and posi-
tion of drill holes: 1-19 -- drill holes
for measuring temperature of the sur-
rounding rocks; 20 -- shockproof doors.

In all the adits in the Nevada test area, sandbags
served as the stopper material, and in the Gnome shot, bags
f1lled with salt were used. In those cases when the adit had
a "self-plugging" configuration, one sectlon of plugging
(Rainier, Evans, Gnome) or two sections (Tamalpais, Neptune)
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were used. In a case of straight adits (Logan, Blanca) the
stopper consisted of three or four sections, separated by
alr gaps. We should note the short length of the stopper
section 1n all cases. The total maximum length of the four-
section stopper in a straight adit during the Logan shot
(5 KT) amounted to a little more than 30 m. In a subsequent
shot with a straight adit (Blanca, 19 KT), the number of
stopper sections was reduced to three, and its total length
to 21 m, in spite of the considerably greater power of the
charge.

In all experiments, one or two metal doors In
concrete frames were fitted out in the adit, calculated for
the pressure of the alrborne shock wave, amounting to several

kllograms per em® (5.25 kg(force)/cmz for the Rainier shot,
3.5 kg(force)/cm2 for the Tamalpals shot).

Table 6
Data Concerning Approach Gallerles and Charge
Chambers
o f :uJ_o E_ Stopper
., B | i
5 & 5 Workings for w _ ¥ | Shape of end |w &
: 'E ; e placement g S.%Dﬁ part of - 2% E. .g &g
% o N of charge s §ul eallery 29 Eﬁ =.§ g
z g g w8y S| 2% £9%
*la skeg =l =1 @
Rainier | |,7 adit  UI2b 630 | Helical 1 4 1,8x1,8x
> 2,1
Tamal- 0,072 U12b02 328 Hook-shaped | 2 | 12,2 | 6,4%4,6¢
pais >3,7
Evans 0,055 U12b04 675 1 6 6x6x4,6
Neptune | (0,115 Ul2c¢03 S0 M 2 1 10,7 {5>:323,7%
Logan b} Ul12c02 831 Straight 4| 30,5 9,3x2,7X
x2,7
Blanca 19 N Ul12c05 780 3|21 6x2,4%
x2,1
Gnome 3 Shaft and drift 665 Hook-shaped 1 7 4 > 3 N 1 hed
x2,43

*Chamber faced on all sides with blocks
of salt having a thickness of 0.6 m; internal
dimensions of chamber after faclng are glven.
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Some data on the approach gallerles and charge
chambers for the baslc shots from 1957--1958 and the Gnome
experiment are given in Table 6 (2, 9, 12, 13, 14].

The plan of the approach adlt and charge chamber for
the Rainler shot, and also the geological sectlon at the
location of the charge, are given in Figure 3 [14].
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CHAPTER 2
NUCLEAR SHOTS FOR EXTERNAL EFFECT

EXPERIMENTAL SHOTS FOR BLAST EFFECT USING NUCLEAR AND
CHEMICAL EXPLOSIVES

Out of a series of experiments at the Nevada test
area 1ln 1957--1958, four nuclear shots were set off with the
formation of blast craters on the surface (blast-effect
shots). Three experiments -- Jangle-S, Jangle-U, Teapot-Ess
~- were made in friable sediments (alluvium) on a level
surface with charges of the same power (1.2 KT), but with them
lying at different depths, beginning wlth a contact burst and
ending with a depth of 20.4 m. The fourth experiment,
Neptune, was made in tuffs with the charge (0.115 KT) placed
on the slope of a mountain with a surface slope of 300. Shot
Blanca 1s an intermedliate one between external-effect shots
(for blast effect) and complete internal effect (complete
camouflet) shots. This experiment 1s described in Chapter 4.

A fifth nuclear shot for blast effect 1ls experiment
Sedan, conducted on 6 July 1962. In distinction from the
four shots for blast effects, which were conducted in
accordance with military test programs, the Sedan shot was
conducted as an experiment under the Plowshare program. In
this experiment, in friable rocks at a depth of 195 m, a
thermonuclear charge with a power of 100 KT was detonated. A
detalled description of experiment Sedan 1s given in Chapter
11, and here only the basic results of thls shot are glven.

Aside from nuclear shots, experlimental shots for blast
effect were set off using charges of high-brisancy chemilcal
explosives (TNT), in order to establish the quantitative
relationship of the formation of craters needed and to obtain
data for a comparison of the effect of a shot for blasting
purposes by means of nuclear and chemical explosives. These
experiments were conducted both in parallel with the flrst
underground nuclear explosions, and after 1958 in accordance
with the Plowshare program [1, 15--17].
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The majority of the experiments with chemlcal
explosives were performed 1in alluvial sediments in section 10
of the Nevada test area, where shots were made from the
Jangle and Teapot-Ess series. Experiments were also made
with chemical explosives (INT) in basaltlc rocks. In these
experiments (the Backboard series), 10 shots were made with
charges welghing 456 kg each and three shots with charges
weighing 18,200 kg each. Experiments were made with
simultaneous explosion of a TNT charge weighing 3.6 kg in
dry lake sediments of the Nevada test area for establishment
of the effect of the combined action of charges.

The information concerning shots for blast effect
using chemical explosives, in alluvium, the data from the
results of which were used for comparison with the results of
nuclear explosions, and also informatlion concerning the
explosions of the Backboard series, are given in Table 7 {15].

A view of sectlon 10 of the Nevada test area, wlth
craters caused by the exploslions of Jangle-U and Teapot-Ess,
Scooter, Stagecoach, and other smaller shots with chemical
explosives 1s shown in Figure 4 [7].

Figure 4. View of section 10 of the Nevada
test area:

1 ~-- crater from the Teapot-Ess shot; 2 ==

trench, showing the crater; 3 -- crater from

the Jangle-U shot; 4 -- crater from the

Scooter shot (chemical explosives); 5 -~

three craters from Operation Stagecoach (chem=-
ical explosives).
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Table 7

Baslc Data Concerning Experimental Exploslons
for Blast Effect of Chemical Explosives at the
Nevada Test Area

Depth of place-
of charge,
" m
Weightof | G &

name Ofel::‘:i:;::n!:: series of | Year Rocks charge, kg E '% . :::

R .1 o

ZE | 8| &

le-S, -
Op:hrgx?x?galjgpgl:;isves.......... 1951 Alluvium 1%88 g —8:2 é:g
18150 1 1,6

Project Mole.eeeueessnesnseeness | 1953 R 116 7 |-—0,2 1,9
Project Hurdle s seesesesesrsaeeas 1953 ., 116 6 0,2 1,9
Sandia Lacesesscesesanses 1959 » 116 10 1,91 7,8
& SENA Thovesserserorsnenss 1959 . 116 13 0 9,1
-g E Stagecoach.weessssessses 1960 » 18 150 3 5,2 24,5
S8 | seoote = 1960 : P 10 | 18 1se
5§ | Scooteriwciiinnn 19 Besat , 2
oo Backboardi.ceseceeasenss. asalt 18 150 3 77| 1800

Note. The depth of placement of the charge
with a minus sign indicates the helght
of placement of the charge above the
day surface.

The analysls of the use of nuclear blast-effect shots
given was made by American speclalists on the basis of four
nuclear blasting shots, detonated in 1951--1958, and the
experiments with chemical explosives mentloned above. The
data obtained in experiment Sedan agree to an adequate degree
with the conclusions made concerning these exploslons.

PARAMETERS OF CRATERS

In nuclear explosions of external effect, the blast
craters are formed under the effect of a complex of physico-
mechanical factors: the vaporization, blasting, and compres-
sion of the ground in the region of the explosion. A cross
section and the relative dimensions of a typical crater are
shown in Figure 5 [14, 18, 19]. The elements of the craters
and the spheres of effect of the shot for blasting purposes
are: the apparent crater 1 -- the visually apparent crater,
formed after the explosion, resembling a parabola in the
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vertical section of its boundary; the true crater 2, limited
by a surface which characterizes the free volume initlally
formed by the blast, before partial filling of it by the
material that fell into the crater after the explosion; the
ground surrounding the true crater may be fragmented or
destroyed; the crater 1lip 3, formed by the material 4 that
fell in after the explosion and by the destroyed ground sur-
rounding the crater; the zone of destructlon 5, directly
adjoins the true crater, characterized by a high degree of
cracking and crumpling of the ground; the zone of plastic
deformation 6, directly surrounding the zone of destruction,
which 1s the region where the 1nltial ground has been ir-
reversibly displaced, but without apparent cracks or
destruction; in hard rocks, the zone of plastlc deformation
is entirely lacking, or almost lacklng.

The most characteristic shape for explosions set off
for blast effect is shown by the crater from the Teapot-Ess
explosion, although its volume 1s less than the maximum
possible for the given power of the charge, because the
charge was placed at a depth which was less than optimum.
The crater from the Teapot-Ess explosion, with all its
elements, is shown in Figure 6 [7]. In thls explosion, the
most detailed investigations were made, for the purpose of
determining the contours of the blast crater. Before the
explosion, along a line passing through the center of the
future crater, in test holes with a depth 15--60 m, 21
columns of colored sand were placed. After the explosion, a
trench was dug along this line, making it possible, by the
part of the sand columns which had been preserved, to estab-
lish accurately the boundaries of the true blast crater and/or
the zone of destruction (see Figure 6). The trench dug is
visible in the photograph of the section where the explosions
were detonated (see Figure 4).

In shots Jangle-U and Jangle-S, as a consequence of
the shallow depth at which the charges were placed, a great
scattering of the blown-up ground occurred, with a shallow
depth of the craters.

In the Neptune shot, the charge was placed at a depth
greater than the optimum figure, from the standpoint of the
formation of a crater of maximum dimensions. The section of
the mountain slope was uplifted in the form of a semiclrcular
dome, to a height of 7.5--10.5 m, and then destroyed by the
gases that broke through it, breaking 1t into large pieces,
which were thrown to a height of 20--30 m. The slope of the
surface also influenced the shape of the crater. A large
number of fragments rolled down the slope, forming a mass of
material with a length of 250 m, beginning at the downslope
edge of the crater.
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Figure 5. Elements of a crater caused
by a nuclear explosion of external ef-
fect:

1l -- apparent crater; 2 =-- true crater;
3 == pile of ejected materlal; 4 =--
ejected material that fell back 1into
the crater; 5 =- zone of destruction;

6 == zone of plastic deformation; 7 --
zone of elastic deformations; 8 -~ sur-
face of the earth. D, -- dlameter of

apparent crater; dA -=- depth of apparent
crater; DT -~ dlameter of true crater;
dp =~ depth of true crater; Dy, =~ diam-

eter of material around crater lip equal
to 2.0 D, * 25%; H;, -- helght of fill

around crater 1ip equal to 0.25 d, I 50%;

DR -= diameter of zone of destruction,

equal to 1.5 D, I 25%. Dp -- dlameter of

zone of plastic deformation equal to 3D, 2

¥ 50%; Vg -- volume of apparent crater,

equal to (D2AdA)/8 (calculated as a parab-
olloid).

After the Neptune shot, for determination of the
physico-chemical state of the rocks, and for determining
the contours of the zones of destruction and the distributlion
of radioactivity, 11 test holes were drilled in the zone of
the explosion, seven of which were drilled from the surface
(for this surface it was required that the blast crater be
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partly filled), and four from the approach adit (Figure 7).
By means of these test holes, the contours of the varlous
zones of the effects of the explosion were entirely de-
termined [7].

The shape of the blast crater from the Neptune shot
and the zones of the underground effect of the explosion,
and also the detalled geologlcal structure of the sectlon,
are shown in Figure 7 [7].

Data concerning nuclear explosions for external effect
and the parameters of the craters are given in Table 8
[3, 7, 16, 20]. The profiles of the apparent craters,
reduced to charges with a power of 1 KT, are represented in

Figure 8 [7].
Table 8

Data Concerning Nuclear Explosions for
External Effect, in Different Rocks,
and the Parameters of the Craters

Name of experiment and rock blasted
parameter Jangle-S Jangle-U Teapot-Ess Neptune Sedan
(altuvium) | (alluvium) (alluvium) (tuff) | (alluvium)

Power of charge W, KTececatareaar 1.2 1,2 1,2 0,“5* 100
Depth of ttis f ch y .

Bk of least fesistance, d, m{ —1,1*% | 52 20,4 33 193
Reduced depth of setting

of charge, m/KT1/3 ............. 1 4,8 19 68 42
Redius o s e e 13,7 40 44,5 33 183
D o e venuresnenne | 6,4 16,2 97,5 10,5 | 97
Volume of apparent crater

V, M3 urirerncnreaniiisioiinancres 1960 28 250 73 300 16 800 | 5 million
R/D 18ti0ueerceruesersesecrsearsssens 2,15 2,45 1,62 2,86 1,9
Blast index n =

2 R/eeearesnsasemssnssasansosannns . 7.7 2,2 1,0 0,95
R o T reerenees — — 46 — —
D O e — — 38,5 — —
e O e eeeeeeeeeanas _ 2,4 5,8 — 30

i f 1ift of k .
e Mheesensosssssnsssssesseene - 1800 1600 | 92530 600

*
(2] According to other sources, 0.09 KT
2].

*%
Height above surface of the ground.
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Shot Jangle-S, 1.2 KT

751015 20 251
[SEN——

{
|
+ Center of explosion (i.e., ground zero)

Figure 8. Profiles of apparent

craters from nuclear exploslons

for external effect (reduced to
charge with power of 1 KT).

Considerable attention 1s devoted 1n many works
(1, 7, 15-=17, 20] to establishment of a law of similarity
(in the American literature the term "law of reduction"” or
"scale of reduction" 1s generally accepted). Thils law
determines the dependence of the change in linear dimensions
(radius and depth) of the blast crater upon the change in the
power of the charge, and also makes 1t possible to reduce the
results of explosilons conducted at different depths to one

depth of setting of the charge.
In a general form, the law of similarlty is written

in the followlng manner:

£1==<W3>Pd. BL==<W&>PR- 9l==<Wﬂ)PD (1)
d2 Wg ’ RQ ‘Vg ’ Dg WQ ’
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where d1 and d, are the depth of setting of charges with a
power W; and Wo; Ry and Ry are the radil of the apparent
craters caused by explosions with a power of Wl and WQ; Dl
and Do are the depths of the apparent craters caused by
explosions with a power Wl or WQ; Wl and Wz are the powers
of explosions 1 and 2; Py, Pr, and Pp are exponents with the

charge power determining the law of similarity for the depth
of placement of the charge, the radius and the depth of the
apparent crater.

In recent years the majority of speclalists [4, 15,
20] have arrived at the conclusion that the application of a
reduction scale (law of similarity) with an exponent, with a
power of the charges P equal to 1/3 (P = Py = PR = Pp), as

is accepted for charges intended for internal effects (see
Chapter 4), in a case of blast explosions leads to
considerable inaccuracies in the calculation. The cause of
this 1s the fact that the reduction with a power of 1/3 does
not consider the effect of the force of gravity of the rocks

or the force of internal friction of the mediuml).

On the basis of experiments for blast effect with
chemical explosives and a comparison of their results with
the parameters of craters from nuclear explosions, in recent
times a majority of the investigators (Nordyke [7, 15, 16],
Viale [1], Murphey and Vortman %17]) consider that the linear
parameters of the craters formed and the depth of placement
of the charge, both for chemical and for nuclear explosions,
are proportional to the power of the charge to the degree of
1/3.4, i.e.,

() R (W Dy (I (2)
dy ) "( ' D, '

W) TRy AW W

Violet [20], assuming the same dependence for the
radius and depth of a crater, belleves that for a depth of
placement of the charge the following ratlo gives a lower
error (5%):

l)In the USSR this conclusion was made in 1952--1956.
Soviet speclalists, at this time, developed methods of
calculating the charges of chemical explosives, with a
consideration of the forces indicated.
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The magnitude of the radil and

(3)

depth of the blast

craters obtained in all four nuclear explosions and in shots
of chemical explosives in alluvium are reduced to the scale

Wl/3’4 (formula (2)) to a charge with
plotted on the graph in Figures 9 and
graph 1t 1s apparent that the data on
coincide satisfactorily with the data
explosives (with the exceptlon of the
S). Consequently, the craters formed

a power of 1 KT, and
10 [7]. From the
nuclear explosions

on shots of chemical
contact burst Jangle=~
in the nuclear

explosions indlcated may be compared with the craters formed

by chemical exploslves.
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Figure 9.

A Shots of chemical explosives, charges
of 18,160 kg each
¥ Shot of chemicul explosives, charge

Dependence of the radlus of

the apparent crater upon the depth of
placement of the charge, 1n alluviunm,
for nuclear and chemical explosives (re-
duced to a charge with a power of 1 KT).

The correspondence of the points with respect to the
Neptune shot, which was conducted in tuff, with the polnts
referred to explosions in alluvium, 1s explalned by Nordyke
(7] by the increase in the dimenslons of the crater in tuff
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in comparison to what was expected because of the con-
siderable slope of the day surface.
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Figure 10. Dependence of the depth of

the apparent crater upon the depth of

placement of the charge, in alluvium, for

nuclear and chemical explosives (reduced
to a charge with a power of 1 KT).

A graph of the dependence of the radius and depth of
an apparent crater upon the depth at which a charge with a
power of 1 KT was set, constructed according to
the points in Figures 9 and 10, and the corresponding degree
of scale reduction 1/3.4 is represented in Figure 11 [7, 15].

For determination of the parameters of a crater when
the charge has a power that is greater or less than 1 KT, 1t
is necessary to: a) determine the reduced depth of placement
of the charge of the given power W according to the dependence

d,oq = &/W/3+%; b) find, by the graphs in Figure 11, the
reduced radlus Rred and depth Dred of the crater, cor-
responding to dneqgs c) determine the actual parameters of the
crater according to the dependences R = Rpgq °* W1/3'4 and

D = Dpog - W/34,
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Figure 11. Dependence of the param-

eters of the apparent crater upon the

depth at which a charge ls lald, in

alluvium (reduced to a charge with a
power of 1 KT):

1 -- radius of crater; 2 =- depth of
crater.

In calculation of the parameters of a crater for a
medium that differs from dry alluvial sediment, it 1s
recommended [5] that the following correctlon factors be
introduced (as a multiplier): 1in strong rocks (granite,
limestone, sandstone, etc.) 0.8 for the radius and depth of
the crater; in ground saturated with water, 1.7 and 0.7,

respectivelyl).

On the basis of experiments with chemlcal explosives,
Nordyke [19] considered it possible to conclude that in the
ma jority of types of hard rocks the depth of the crater 1s
reduced by 20-~30% in comparison to the depth in alluvium,
and in wet ground the dimensions of the craters are 20--50%
greater than in dry alluvlium.

A graph of the expected dimensions of a blast crater
and the depth of placement of the charge necessary for the
formation of a crater of maximum diameter, in the case of
charges with a power of up to 10,000 KT, is given in Figure
12 [18]. The graph was compiled on the basis of an extra-
polation of data from shots of chemical explosives wlth a
power of up to 500 T, in alluvium. From the graph it follows
that the optimum depth of placement of the charge for blasting
away the ground, in alluvium, is

l)These recommendations of Nordyke and his subsequent
conclusion need experimental confirmation.
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a = 50 wt/3+% n. (4)
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Figure 12. Parameters of a crater
in alluvium, as a function of the
power of the explosion, with the
depth of placement of the charge
providing the maximum diameter:

l -~ diaméaqr of apparent crater
(122 W1/3'4fm); 2 -=- depth of place-

ment of the charge (50 W1/3'4 m);
3 -- depth of apparent crater

(27 wi/3+4 ).

With such a depth of placement of the charge, the
dimensions of the apparent blast crater amount to?d

dlameter 122 Wi/3+4 n; (5)
depth 27 Wl/3'4 m. (6)
THE EFFICIENCY OF NUCLEAR AND CHEMICAL EXPLOSIVES
The problem of the relative efficlency of the
explosions for blast effect made by means of nuclear and
chemical explosives occuples an important place in the
literature. In this case, in recent times, the majority of

authors have drawn an analogy between the efficlency of
nuclear explosions and shots of chemical explosives for such
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a medium as alluvial sediments, with a moisture content of
10--15%. Thus, Nordyke [7] on the baslis of data from
Figures 9 and 10, concludes that the dimenslons of craters
formed by nuclear explosives are simllar to the dimensions
of craters caused by shots of chemical explosives.

The comparative effect of the formation of craters in
bursts by nuclear and chemlcal explosives 1s characterlized
by the efficlency factor, which 1s expressed as the ratio of
the powers of charges of chemlical and nuclear explosives
giving the same parameters of the apparent blast crater. The
efficlency factor has different values, depending upon what
parameter of the crater is used in the comparison of the
exploslons: radius, depth, or volume of crater. These
factors are deslgnated as ¢, < &, respectively [15, 20].

In Table 9 the efficlency factors are glven for each
of the parameters indicated, calculated by Nordyke according
to experimental data [15].

Table 9

Efficlency Factors for Nuclear Blast Explosions
in Alluviunm

Name of experiment R % fpr % Tyt
(calculated)
JANEIE=Sirtiriet consrerarerareaseanesassrinasiasns 3,5+0,1 1741 6-+1
JBNEIE-Usire svarerasrossesosconrssestscsssrnsasens 87+29 135422 103422
T eapOt-EESS.etenssrvosecsessrrsrcscssrsevascsvsre 45i20 132422 68422
Average of Jangle-U and
TeapOt-ESS.iistectasreasonssssosrnscssnasscnes 68i15 134j;]5 85i15

Note. 1s determined from the volumes of

£
v
craters calculated as RQD.

The difference between £¢i and Ep, as given in Table 9,

1s significant and 1s explained by the mechanism of formation
of the craters (compaction of the earth, recoll effect, gas
structure) and the difference between the dimensions of the
nuclear charges and the charges of chemlcal explosives. The
mechanism of the formation of the crater, which plays the
principal part in the given conditions, affects the radlus
and depth of the crater differently. Low efficiency factors
in the Jangle-S contact burst are explained by the great loss
of energy 1in a nuclear burst on the surface of the earth.
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The difference in efficlencies of the Jangle-~U and
Teapot-Ess shots, expressed in a low value of ¢ for the

gecond shot and, as a consequence of this, a low €y, can be

explained by the conditlions of the placement of the charge.
In shot Teapot-Ess the charge was placed in the hole firmly
against its walls, whlle in the Jangle-U shot the charge was
placed in a chamber with a conslderable gap between the
charge and the walls of the chamber.

On the basis of the average efflclency factors given,
the radius and depth of craters in nuclear explosions may
amount to0 90% and 110%, respectlively, of the dimenslons of
the craters formed in similar conditions by shots of chemical

explosives, in the opinion of Nordyke [15]1).

l)For establishment of the relative effect of nuclear
and chemical explosives with respect to the formatlion of
craters in other rocks (especially when the charges are placed
at a great depth and the medium is of low moisture content),
the data are inadequate.
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CHAPTER 3
NUCLEAR EXPLOSIONS FOR INTERNAL EFFECT

EXPERIMENTAL EXPLOSIONS FOR INTERNAL EFFECT

Out of six basic experiments in the tuffs of the
Nevada test area, five exploslions were set off without the
formation of & blast crater. Experiments Rainier, lLogan,
Tamalpals, and Evans, 1n which the day surface was not
destroyed, are explosions of completely internal effects
(complete camouflet). In experiment Blanca the zone of
destruction reached the surface of the earth, as a consequence
of which this experiment must be considered as a shot of
incomplete internal effect (a shot for the purpose of frag-
mentation of the massif).

Bagic data on explosions for lnternal effect, to-
gether with data on the Neptune explosion, in whilch, together
with a blast crater, a large zone of destroyed, but not
ejected, rocks, was formed, are given in Table 10 2, 71.
Here also 1s given information concerning the experimental-
industrilal camouflet shot Gnome, conducted in a massif of
rock salt [4]. The experimental explosions at the Nevada
test area are indicated in order of lncrease of the reduced

line of least resistance (llr)l) which 18 determined from the
expression

dpeg = a8 [sic], (7)

In the Amerilcan literature they usually use the
term "depth of placement of charge" (or "depth of explosion,
shot depth") and "reduced depth of placement of charge" (or
"reduced shot depth"), having in mind the 1llr and reduced
1llr.
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where d is the actual line of least resistance, 1l.e., the
distance from the center of the charge to the nearest point
on the surface of the earth, m; W is the power of the charge
in i1ts TNT equivalent, KT.

|
il

|

1
|
i

AN

To opening of adit

T.h.= Test hole

Test hole jy Test hole H

Figure 13. Zones of deformation of the rock 1n
the Rainler shot and dlagram of the survey gal-
leries and holes:

1 =-- vertical hole R = 6 m, depth 278 m; 2 ~=
cavity at 156 m from the surface, 118 m above
the point of the explosion; 3 -~ zone of frag-
mented rock (cave-in); 4 -- cavitles; 5 -- zone
of shift of rock; 6 =-- survey gallery; 7 =-- basic
adit Ul2b; 8 -~ initial explosion cavity; 9 =--
zone of material compacted by the exploslon; 10 =--
boundaries of zone of destruction; 11 -- place
where charge was set; 12 -- sectlon of drift 41 m
long in destroyed rock; 13 -- zone of shift of
rock; 14 -- perforated drill hole 14 m deep in
soft sandstone material; 15 -- drill hole E;
16 -- overlying rocks of hard rhyollte tuff, 68 m;
17 -- small cracks at surface.
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Figure 14. Galleries and drilled holes made
in the zone of the Rainier shot:

1 -- cave~-in zone; 2 -- location of the place=-

ment of the charge; 3 -- survey drift; 4 --

radioactive zone; 5 =- shockproof door; 6 ==

basic adit Ul2b; 7 == survey side gallery;

8 =~ upper survey drift; 9 -- position of cut
on 20 June 1959.

Note. Holes Jl’ Jos Il’ and 12 were cut at an

angle of 45° to the vertlcal and lie on a plane

perpendicular to the given sectlon. The posi-

tion of the given holes on the drawing 1ls con-

ventional. Hole 3 was drilled before the ex-
ploslon.

Out of the experiments performed in 1957--1958, the
Rainier shot was most completely studied from the standpolnt
of underground effect. In this experiment, the lnvestigation
of the zone of effect of the shot was conducted by means of
test holes and galleries. A dlagram of the survey holes and
galleries is given in Figures 13 [21] and 14 [2].

They began to drill the first survey hole (R=6)
several days after the explosion, on the surface of the mesa,
at the eplcenter of the explosion. In view of the danger of
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Figure 15. Stratigraphic section of the

central zone of experiment Rainier after

the explosion and diagram of the survey-

ing of the lower part of the explosion
cavity:

1 -- boundary of cave-in zone; 2 =-- upper
survey drift, cut from the side drift;
3 -- maln zone of displacement (shift);
4 -- center of explosion; 5 -~ short side
gallery; 6 -- adit for placement of the
charge; 7 =-- survey drift; 8 -- lower sur-
vey cut; 9 =- blind cut with dlameter of

2 m.

encountering a cavity with a high pressure, the drill was
remotely controlled. Test hole R-6 passed through a small
cavity in the upper part of the fragmentation cone, the zone
of destruction, and reached the level where the charge was
placed, 5.2 m from the center of the explosion. The depth
of the hole was 278 m. Other survey holes were drillled from
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underground galleries. From a cross cut in the wall of the
basic adit, located at a distance of 63 m from the center of
the explosion, three holes were drillled through the zone of
fragmentation, in a fan-shaped arrangement: hole D
horizontally through the center of the explosion; holes C and
B, respectively, 8 and 17 m below (see Figures 3 and 14).
Later, for determining the contours of the zone of effect of
the explosion, 12 more holes were drilled from the survey
galleries (see Figure 14).

Two survey gallerles were tunneled into the central
zone of the Rainier shot several months after the explosion
(basically in the first half of 1958) from adit Ul2b. One
survey drift was cut 7.5 m below the place where the charge
was set, and the second 30 m higher. Both drifts intersected
the zone of fragmentation of the rock by the explosion [2].
Later a small-sized side gallery was cut from the lower drifti
to the place where the former charge chamber was located,
and also a vertical gallery from which, along the boundary
corresponding to the bottom of the initial explosion cavity,
a curved survey drift was cut. Thls stage of the survey of
the central zone is represented in Figure 15 [18].

The zone of the underground effect of the Neptune shot
was investigated by means of seven test holes, drilled from
the surface, and four holes drilled from the underground gal-
leries (see Figure 7). In other explosions for internal
effects, survey holes were also drillled. The cores removed
in the drilling of the survey holes were subjected to analysils
and investigations for the physlcal, chemical, and radio-
active properties of the rocks. The test holes also served
for measurement of the temperature of the rocks after the
explosion.

A description of the zones of deformation of the massif
and the zones of a prolonged temperature effect 1ls given
below, and also the physlcal processes of the effect of a
nuclear explosion on the surrounding rocks are deseribed for
the explosions intended for internal effect and for the
Neptune experiment. The seismic and air-compression [mining]
effects, and also the radiation effect of explosions intended
for internal effect, are discussed in Chapters 4 and 5.

ZONES OF DESTRUCTION OF THE ROCKS

It was established by means of the survey holes and
galleries that the region of destruction in explosions of
entirely internal effect has the shape of a sphere, with 1ts
center at the place where the charge was located to which,
from above, a zone of destroyed rock adjoins, in the form of
a truncated cone or cylinder. The shape and dimensions of
the zone of destruction after the Rainier shot are repre-
sented in Figures 13-=15.
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The majority of the authors [2, 14] assume the shape
of the upper zone of the destroyed rock is in the form of a
truncated cone (see Figure 14). The upper boundary of the
zone of destruction in the Rainier shot 1is a small cavlity
with a height 7.5 m, located at a dlstance of 156 m below the
surface of the earth and 118 m above the place where the
charge was set (see Figure 13). The cavity had a roughly
conlcal shape (it was investigated by means of photography).

With respect to the nature of the destruction of the
rock, two clearly expressed zones are distingulshed,
coinciding basically with the spherlcal and conlcal zones
deseribed above. The first zone is permeated by water, and
begine somewhat below the center of the explosion and extends
to the upper boundary of the zone of destruction (upper
cavity). It 1s created by the layers of rock lylng above
falling into the cavity initlally formed by the exploslon.

The second zone, which conslsts of water-impermeable material
(there were no losses of drilling water) has the form of a
sphere, which surrounds the lower part of the cave-in zone.
This zone is formed as a consequence of the direct destructive
effect of the shock wave from the explosion of the charge on
the rock massif. In the Ralnier shot, the zones indicated
have the following dimenslons: the height of the cave-in
zone amounted to 118 m above the place where the charge was
set, with a dlameter of 20--23 m in the first 30 m above the
center of the explosion; the diameter of the cave-in zone
above a point 30 m above the center of the explosion was not
determined; thls same zone continues below the center of the
explosion, occupying a hemlsphere with a radius of
approximately 17 m; the zone of destroyed water-impermeable
material had a radius of approximately 40 m [2].

In the Rainler shot, the distribution of pleces of
rock, with respect to size, in the cave-~ln zone was as
follows: in the lower survey drift the dlameter of the pleces
varied from approximately a decimeter in the peripheral part
of the zone to a meter in sections located under the place
where the charge was set; the intervals between pleces of
rocks were filled wlth materlal pulverized to powder, which
had succeeded in hardening, since the uncovering of the zone
was done a year after the explosion (secondary cementation is
not uncommon for material with a hlgh content of clay t
particles). A survey gallery cut 30 m above the center of
the explosion entered a region of fragmented rock at a {
dlstance of 23 m from the vertical axis passing through the
center of the detonation. At this distance, the rock frag-
ments had a dlameter of from a declilmeter to a meter and were
broken by open cracks; then the slze of the pleces gradually
decreased, reachlng a state of finely pulverlzed powder at a
distance of 20 m from the vertical axis. As 1s apparent from
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Figure 15, in the sectlon of the cave-in zone located above
the center of the explosion, the lithologlcal horizons can
be traced adequately clearly even in the fragmented material.

In the zone of destruction that 1s impermeable to
water, warped and compacted material is located, formed as a
result of the destruction of the tuff by the shock waves,
with subsequent compacting in the expansion of the initlal
cavity. The degree of compactlion of the tuff in thls zone
differs; in the lower section of the zone the material is
more highly compacted than in the upper part, adjoining the
cave-in zone.

Zones of cracks (jointing) lie in the interval of the
radial distances from 40 to 90 m. Beyond the limits of
distances of more than 90 m from the charge, a zone of
elastic deformation began [22].

Johnson et al. %2] consider that the total quantity
of rock destroyed amounts to a minimum of 700,000 T, of whilch
200,000 T is fragmented material of the cave-1ln zone and
500,000 T destroyed compacted material of the zone of frag-
mentation. By working from these figures, in explosions of
an entirely camouflet type in the tuff massifs, the volume
of rocks destroyed per kiloton of power of the charge would

amount to: 300,000 T (135,000 m3) in the zone of fragmenta-

tion; and 120,000 T (53,000 m?) in the cave-in zone.

From Table 10 it 1s apparent that the complete
internal effect of the explosion (a complete camouflet) was
reached with a value of the reduced llr equal to

146 m/KT/3, wnile with a megnitude of the reduced llr equal

to 95 m/KTl/B, considerable destruction of the surface was
already observed (in shot Blanca).

Johnson et al. [2], and later Parkinson [14], consider
that the value of the reduced 1llr providing for a total
internal effect of the explosion in tuffs 1s the quantity

120 m/KT1/3. From this, the minimum value of the 1llr for an
explosion of an entirely camouflet effect would be

a4 = 120 W3, m (8)

where W is the power of the charge, in kllotons.

A graph of the dependence of zones of fragmentation
and the cavity of the explosion upon the power of the charge
for explosions of an entirely internal effect 1s given 1n
Figure 16 [21]. The graph was compiled by calculations, on
the basis of data on the Rainier shot, working from the
following principles: 1) for charges of different power the
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relationship between the diameter of the zone of fragmenta-
tion and the diameter of the exploslion cavity 1s the same
as in the glven explosion; 2) linear dimensions (dlameter
or radii) of the zone of effect of the exploslon are
directly proportional to the power of the charge to the power

W,/ R

zones of defofmationa in the Rainier shot and an explosion
of another power and WR and Wx are the corresponding powers

of the charges).

d t
1/3, i.e., ;3::(23Yﬂ (where 4. and d; are the dlameters of

2000
1000

100

Diameter, m

" i 0 100 1000 10062
Power of the charge, KT

Figure 16. Diameters of the

explosion cavity and zone of

fragmentation as a functlion

of the power of a nuclear
charge:

1l -~ diameter of fragmenta-
tion zone; 2 =~ dlameter of
explosion cavity.

In the Blanca shot, an uplifting of a dome-shaped
part of the mesa occurred, in a regilon with a dlameter of
approximately 500 m. This uplifting was fixed at the moment
of the explosion by motion picture photography. It was
chiefly the Mitchell motion plcture camera that was used,
with a rate of 100 frames per second (a more detalled
description of the motion picture photography statlons and
apparatus is given in Chapter 4). The greatest uplifting
was noticed on a sectlon of the mountain slope located 1in
the vicinlty of the epicenter of the explosion.
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The first movement of this section fixed by motion
picture photography occurred 3.5 gseconds after the explosion
of the charge. The height of uplifting of the rocks
reached a maximum of 7.6 m, 5.2 seconds after the explosion.
The graph of the helght of uplifting of the surface of the
mountain slope, as a function of time, in the vicinity of the
eplcenter is given in Figure 17 [9]. The uplifting of the
surface at a radial distance from the eplcenter of 230 m
amounted to about 0.75 m, and at a distance of 275 m about
0.45 m [9]. At 15.9 seconds after the exploslon, a crack
was formed on the slope of the mountaln in the section of
maximum uplifting of the surface, through which a column of
gaseous explosion products was discharge.

In drilling into the zone of shot Blanca 1t was ob-
gserved that the initial cavity which was formed in the
explosion had a radius of 40 m. The cave-ln (collapse) of
this cavity, which, probably, began almost immedliately after
the explosion, reached the surface and led to the discharge
of a certain quantity of radioactive explosion products to
the surface of the earth.
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{ Y J\J
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A

AT 5 56

Time from moment of explosion, sec

Figure 17. Change 1n the vertlcal
displacement of the surface of the
earth in time during shot Blanca:?

1 -- reference mark 1; 2 -- reference

mark 2; 3 -~ reference mark 3; 4 --
reference mark 4.
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Although the shape of the cave-in zone 1s not
precisely known, the total volume of fragmented rock may be
calculated, 1n approximation, on the basis of the dimension
of the zone of destruction at the surface and the dimension
of the initial cavity of the explosion. The volume of frag-
mented rock, calculated from the assumption that the zone of
destruction had the approximate shape of an inverted cone,
with a base radius of 150 m and a height of 335 m, amounts

to 11.4 million m°, or about 22,000,000 T.

As is apparent from Table 10, the magnitude of the
reduced 1llr for shot Blanca, which gave the fragmentatlion of
the massif without the formation of a blast crater, amounted

to 95 m/KTl/B, while with a value of the reduced 1llr equal to

67 m/KTJ-/3 an external effect of the explosion is observed,
with a considerable blasting of rock (experiment Neptune).

The underground effect of the Neptune shot was briefly
considered in a work by Nordyke [7]. By means of test holes
drilled after the explosion, 1t was established that the
layers of tuff partly above the charge chamber collapsed into
the initial cavity, but were only insignificantly displaced,
and therefore individual lithological elements could easily
be differentlated. Fragmentation extended 12 m downwards
along the vertical and 15 m along the horizontal from the
place where the charge was set. A zone of cracking
(fracturing) below the level of location of the charge was in
the shape of a hemisphere, with a radius of 20 m. The
boundaries of the zone of fragmented and warped tuff at the
day surface lle beyond the limit of the apparent blast crater.
The zones of the underground effect of the Neptune shot are
apparent in Figure 7.

ZONES OF PROLONGED TEMPERATURE EFFECT

The temperature distribution in the central zone of
the Rainlier shot, measured along test holes D, C and B (see
Figure 13) five months after the explosion is shown in
Figure 18 [2]. The heat content within the boundaries of
different isothermal contours, calculated by working from
the specific heat content of 0.3 cal/g - 0C, are given in
Table 11 [2].

The maximum temperature measured within the zone
bounded by the 80°C isotherm was 949C, i.e., 1t corresponded
to the boiling point of water at the elevatlion of the
explosion. The center of highest temperatures turned out to
be displaced to the left of the place where the explosion
occurred, by approximately 6 m. It 1is possible that the
initial motion of the gases proceeded in this direction
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along a large open crack, formed on thls side, which led to
the phenomenon indlcated.
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Figure 18. Temperature distribution in

rocks during experiment Rainier five

months after the explosion (isotherms on

the vertical plane). Temperature of sur-
rounding rocks 16.60C.

Table 11
Distribution of Thermal Energy during the Ralnler Shot

Total energy, accumulated within boundaries
of isotherm*
therm, °C Average radi m
Iso ’ verage radius, In comparison with total
x 106, kcatl energy momentarily liberated

during the explosion, %

20 30,0 1000 60

40 24,0 700 40

60 16,7 300 17

80 9,1 60 3

*Pemperature distribution is assumed to
be symmetrical with relationship to the axes.
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The temperature distribution in other exploslons was
studied with less completeness than in the Rainler shot, but,
however, in each case measurements of the temperature were
made along one or several test holes. The general nature of
the distribution, and precisely the geometry of the isotherms
and maxlmum fixed temperatures were the same as in the Rainler
shot. Great asymmetry in the temperature distributlon and
radlation distribution in the Logan and Blanca shots testi-
fied to the fact that at the first instant after the
explosion a motion of part of the gaces along the crack and
in the direction of the approach galleriles also occurred.

The approximate radii at which different temperature
levels were recorded are given in Table 12 [(2].

Table 12

Average Radius of Isotherm for Dilfferent
Explosions, m

Isotherm, °C Blanca Logan Rainier Tamalpais*

20 73#% 57:?:!: 30 _
40 36,5 30 24,3 -
60 — 24,3 16,7 _
50 — 21,3 9.1 _
Ry 64 42.6 28,2 15,2
Rr

, 24 25 24,6 36,6
whd

Note. RT is the radius at which the first

gsharp rise in temperature 1is ob-
served, in comparison to the tempera-
ture of the surrounding rocks.

*The charge was exploded 1in a large
chamber. \

**Natural temperature of the rock in the
Blanca and Logan shots was, respectively, 20
and 189C.

According to the data in Table 12, the magnitude of

the radius RT in which we should expect a rise in the

temperature of the rocks may be expressed by the following
empirical formula [4]:
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Rp = 24.6 wl/3, m. (9)

PHASES OF THE EFFECT OF A NUCLEAR EXPLOSION ON THE SUR-
ROUNDING ROCKS

Parkinson [14] and Johnson [23, 24] divide the entire
process of the effect of a nuclear explosion for complete
camouflet effect on the surrounding rocks into four stages:
phase of nuclear reaction, phase of hydrodynamlc effect,
phase of static effect, and phase of thermo-radiation after-
effect.

During the phase of nuclear reactions, in a time of
less than 1 usec, the liberation of almost all the energy of
the nuclear explosion occurs. The energy of the explosion of
a fission charge 1s defined as the product of the number of
nuclel fissioning, measured by the radlochemical method,
multiplied by the magnitude of the energy momentarily
liberated in the fission of one nucleus (179 MeV, or

2,86 - 101+ ergs), which 1s the sum of the kinetlc energy of
the fission fragments and the energy of the fast neutrons
and the momentary ) radiation. The delayed liberation of

energy assoclated with radiocactive decay gives an additional
22 MeV per fission. About 15 MeV of this energy, in the
final analysis, is converted to heat, and about 7 MeV 1is
liberated during the first 20 min [2].

The initial temperatures and pressure in the charge
chamber [2] may be calculated according to the following
equations, compiled on the basis of the equation of the
density of energy:

for temperature
E = 1,25-108%474-7,65.10—15?:, (10)
for pressure

p::OBBJOSﬁ—T4—25540—5T4dynes/cm2, (11)

where E is the energy density equal to the energy density of
the particles plus the radiation energy density, in ergs per

cm3, M is the molecular welght; p 1s the density of the

material in the charge chamber, g/cm3; and T is the tempera-
ture of the explosion, ©K.
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In the Rainlier shot, energy amounting to 7.2 - 10°
ergs was lnstantaneously liberated. Since the mass of the

material in the chamber amounted to about 108 g (the weight
was approximately equal to 1 T), and the volume of the

chamber was 7 ° 106 cm3, the average denslty was 0.l1l4 g/cm3.
At very high temperatures, almost all the nucleli were freed
of thelr electrons, and since the atomlc welght 1s
approximately equal to two atomic numbers, the effectlve
molecular welght amounts to approximately two. From the
formulas given, 1t follows that the temperature a few milcro-
seconds after the shot was about 1,000,000°9C, and the pres-
sure was 7000 kilobars (about 7,000,000 atm). The radiation
pressure at such a temperature amounts to 2.5 kilobars

(2500 atm).
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Figure 19. Rate of propagation of

a shock wave during the Ralnler shot:
0 -- Porzel data; -= calculated
curve.

In the phase of the hydrodynamlic effect, the vaporiza-
tion and fusing of the rocks surrounding the charge occur,
and a cavity is formed as a consequence of the compression of
the fused rocks. The shock waves fragment the rocks in a
zone adjoining the cavity, and cause seismic osclillations in
a more distant zone.

Calculation of the dynamic processes in the medium
[2] from the moment from several microseconds after the
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nuclear reaction (ending of the first phase) up to 100 msec
was performed by Nackels, who expanded Pelsor's previous
calculations. In this case it was assumed that tuff has
only an insignificant resistance to fracturing and behaves
like a linear-elastic solid until such time as the tensile
stress exceeds the compression stress caused by the rock
pressure. The constants of elastlclty were the measured
values of the modulus of volumetric compresslon, modulus of
shear, and the speed of sound.

The calculation data concerning the time of arrival
of the shock wave at a point located at various distances
from the charge, together with the result of the measurement
of the actual arrival time as performed by Porzel, are gilven
in Figure 19 [2]. The calculated dependence of the peak
pressure of the shock wave upon the dlstance to the point of
the explosion 1s shown 1in Flgure 20 [2]. In a radius of up
to 10 m, the pressure decreases as a function of distance,

according to the law R=235.

In a radius of up to 2.3 m, under the effect of the
shock wave, the peak pressure of which (see Flgure 20)
reached 1,000,000 bars in 0.2 msec, the tuffs were trans-
formed into vapor, and in a radius of up to 3.3 m, where the
pressure amounted to 400,000 bars, the tuff fused.

In the first 4.6 m the shock wave had adequate energy
to fuse all the tuff within the limits of thls radius (660 T).
Radlochemlcal analyses after the Rainler shot indicated that
this magnitude actually amounted to about 800 T. The total
quantity of fused tuff 1s equal to the sum of tuff fused
under the effect of the shock wave (600 T) plus that fused
because of the energy of decay of the fisslon products. It
must be approximately 1.2 times as much as the magnltude of
the fused tuff caused only by the effect of the shock wave.
The coefficient 1.2 1s the quotient of the dlivision of the
percentage of instantaneously liberated energy in the medium,
gas + liquid + products of decay, by the percentage of
instantaneously liberated energy in the medlum, gas + liquid.

The shock wave fragmented the medium within a radius
of 40 m, where the pressure was equal to 1400 bars, l.e., 1t
was twice the resistance of the rock to static compression.
At s distance of from 40 to 87--93 m, a gradual transformation
of the shock wave into a seismic elastlc wave occurred. From
the calculations it 1s apparent that the zone of purely
elastic deformations began at a distance from the center of
detonation at 87 m along the vertical and 93 m along the
horizontal.

Under the effect of high pressure, because of
compaction of the fused material and the rocks destroyed by
the shock wave, the formation of a central spherical cavity
occurred untll that moment when the pressure 1n the cavity
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became equal to the pressure of the overlying rocks. The
fused tuff covered the internal surface of this cavity with
a layer having a thickness of 4--10 cm. The calculated rate
of expansion of the cavity is shown in Figure 21 [2]. As 1is
apparent from the curve, the radius of the cavity reaches
1ts maximum magnlitude equal to 18.9 m, in 80 msec. The
actual radius of the cavity caused by the Ralnier shot cor-
responded to this magnitude.

5000
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\\
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Pressure p, kbar
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7 V] 70

Distance from center of explosion R, m

Figure 20. Dependence of maximum
shock~-wave pressure upon distance
during the Rainlier shot:

1 -- shock-wave pressure, 1 Mbar at

a distance of 2.3 m; 2 == pressure

0.4 Mbar at a distance of 3 m;

3 == pressure of l.4 kbar at a dis-
tance of 39.6 m.

The dilstribution of energy 90 msec after the
explosion according to Nackels' calculation 1is gilven in
Table 13 [2]. At this moment, less than 0.5% of the energy
falls to the share of kinetic energy, and therefore the
system was almost statlc.

At the phase of the static effect, because of the
pressure drop in the cavity, the walls cave in and a cave-in
cone above the cavity i1s formed. The phenomena occurring in
the cavity after the Rainier shot, from the moment of 1its
formation to 1its collapse, in general features are the same
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[2, 14]. The cavity existed from 30 sec to 2 min. In thls
time the fused tuff flowed along the walls and dropped from
the roof of the cavity. The lack of any hollows in the

drops of congealed glassy materlal testlfles to the fact

that the temperature in the cavity decreased rapldly and
sharply, as a consequence of which hardening occurred "on the
wing," before the drops reached the bottom of the cavity.

Table 13

Distribution of Energy in the Ralnler Shot

Instahtaneously

Zone ( Radius, m liberat‘(;d energy,
o

Vaporization............................................1 0—18,9 8,2
FUSIOMuareenceososacncssssssessssssssasnsarsacsscsessaas 18,9—19,0 19’1
Fragmentation.eeeseasecscsnnsisccncsnsessasessoanssrene 19—-40 47, 0
Crack formatioNiiieecesasecssnsacconcescisssrsassaasece 40—85 21 ,2
Elastic deformationS.iseeceessreoreesssssscsesssrsnns >85 4,5
2 " Fein=78,9M
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Figure 21. Rate of increase
of cavity during Rainler shot.

The sharp decrease in temperature in the cavity, the
considerable leakage of short-lived volatile radloactive
products (krypton and xenon) from the cavity, and the marked
asymmetry of the distribution of thermal energy after the
explosion (see Figure 18) prove that a rapid decrease in

53



pressure, from 40 atm to only a few, occurred as a result of
the propagation of the gases along the cracks that had no
outlet to the surface (no radlioactivity at the surface was
detected). Judging by the asymmetry of the temperature dis-
tribution after the explosion, the ventilatling crack was
located on the side of the cavity opposite to the adit. The
calculated temperature distribution at the moment when the
cavity ceased to expand, but had not yet caved in, 1s shown
in Figure 22 [2].
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Distance from center of explosion R, m

Figure 22. Inltial temperature
distribution in the Rainler shot.

Working from the melting point of tuff, the conclusion
was made that the fused material at this moment had a
temperature of 1200--1500°C. For heating 800 T of tuff wilth
a moisture content of 15% up to this temperature, about

5.7 - 10° keal would be required, which amounts to 32% of
all the energy liberated (instantaneous + thermal ensrgy of
the products of decay) in the Rainier shot (1.8 « 107 keal).
According to Nackels' calculations (see Table 13), 27% of the

instantaneously liberated energy (1.7 - 109 kcal) 1s consumed
in vaporization and fusion. Thus, the energy of the decay
of the fisslon products must amount to 3--4% in addition to
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the instantaneously liberated energy. The vapor pressure 1n
the cavity, with the assumptlon that all the moisture from
the fused and vaporized rock remains in it in the form of
steam and that its temperature is approximately the same as
the fused rock (1500°C), 1s calculated to be equal to

40.8 atm. This may be compared with the magnitude of the
pressure of the overlying rocks, which 1s equal to 51==56 atm.
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Figure 23. Development of the cave-in
of the cavity in the Rainler shot:

a == explosion cavity before cave-in
(1 =-~- spherical layer of fused radio-
active rock with a thickness of 10 cm,
2 ~~ zone of destruction, 3 =-- explosion
cavity); b -- development of the cave-
in; ¢ =~ end of cave-in (1 == cavity in
upper part of cave-in zone, 2 =-- depth
from surface 156 m, distance from charge
118 m, 3 == fragmented material, per-
meable for water, 4 -- destroyed material,
impermeable for water, 5 -- main zone of
radloactivity).

Johnson et al. [2] consider that the linear dimensions
of the central cavity are subordinate to the law of
similarity that 1s common for charges intended for an
internal effect, i.e., they are proportional to the power of
the charge to the power 1/3, and they recommend that the
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radius of the cavity be determined in accordance with the
dependence

R = 15 wt/3 m, (12)

where W is the power of the charge, 1ln kilotons.

Johnson f24] assumes that the temperature and pressure
in the cavity decreased as a consequence of the propagation
of vapors through the cracks during the cave-in of the cavity.
The cave-in of the cavity, after the pressure in it decreased,
occurs as a consequence of the reverse movement of the walls
in a radial direction under the effect of the pressure of the
water vapor formed from the water enclosed in the tuff, during
the transfer to the rock from the fused layer. Thils cave-in
occurred throughout the entire surface of the cavity and
began before the fused mass had entirely flowed to the bottom.
Then, at the end of this phase, a cave-in of the layers of
rock lying above the roof of the cavity occurred, with the
filling in of the latter by the fragmented material. A
diagram of the development of the cave-1in zone durlng the
Rainler shot is given in Figure 23 [14, 25].

In the phase of thermal radiation aftereffects, the
cave-in of the rocks lying above the cavity is completed,
with complete formation of a cave-in zone, and a slow
scattering of the heat and decay of the radloactlve products
occurs. The duration of the phase, as a functlion of some
type or other of effect, 1is measured in days, months, or
years [14, 24].
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CHAPTER 4

SEISMIC AND AIR-COMPRESSION EFFECTS OF
UNDERGROUND NUCLEAR EXPLOSIONS

METHODS OF OBSERVATIONS OF THE SEISMIC EFFECTS AND RECORDING
APPARATUS

Observation of the selsmic effect of underground
nuclear explosions of the Plumb Bob and Hardtack, phase II,
series was accomplished in accordance wlth an extensive
program, with the participation of a number of state organiza-
tions and private companies (Stanford Research Instltute,
the Sandia Corporation, Laboratory of Englineering Research
and Development, U.S. Coast and Geodetic Survey, the Edgerton,
Hermeshausen, and Grier Company, and the Laboratory of Bal-
listic Research). The seilsmometric apparatus most frequently
recorded the accelerations and displacement of the soll and
the rock massif. The veloclty of the particles, stresses and
deformgtions were recorded in individual explosions conducted
in 1950,

During the Rainier shot, accelerations of the motion of
the rocks in the massif were recorded 1n test holes, drilled
from the summit of the mountain in the direction of the
charge chamber, in the approach adit, and at the surface of
the mountain along a profile passing through the eplcenter
of the explosion. Observation of the movement of the surface
of the earth in this experiment was performed at eplcentral
distances from 300 m to 15 km by the U.S. Coast and Geodetlc
Survey by seismographs for strong earthquakes, with direct
optical recording. Part of the selsmographs were accelero-
meters (period of natural oscillations of the pendulum
Ty = 0.03--0.15 sec) calculated to record accelerations from

0.001 g to 3 g, and the other part (Tj = 2--3 sec) served for

recording displacements with a maximum magnitude of up to
15 em. Nine stations were established at dlstances (along
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the surface of the earth) of from 370 m to 4.8 km from the
center of the explosion. In the Ralnier shot, one of the
stations was located at a distance of 13.6 km from the polnt
of the explosion, on alluvial soil, and in explosions of

the Hardtack II series, at approximately the same distance on
hard rock. The arrangement of the seismlc stations during
the Rainler shot is shown in Figure 24 [26].

In the Tamalpals, Logan, Evans, and Blanca experiments,
12 stations were instelled in the zone from 600 m to 15 km
from the point of the explosions, for recording strong
oscillations (accelerations at displacement of the surface
were recorded). Besides this, fixatlon of the acceleratlon
of the surface was performed at shorter dlstances during the
Tamalpais, Evans, and Blanca shots with Vianco accelerographs.
At the epicenter of the Evans shot, three test holes were
drilled, with depths of 225, 185, and 100 m. In these test
holes the acceleration, velocities, stresses, and deformations
were recorded during the Evans shot, and also the accelera-
tions and velocities from the Blanca shot (Figure 25).
Measurement of the displacement and stresses during the
Tamalpais shot was also performed in the layer of rocks ad-
joining the approach adit. Large vertical upliftings of the
surface of the earth were fixed during the Neptune, Blanca,
and Evans shots, and also later during the Gnome experiment,
by means of motion picture photography.

In the experiments of the Hardtack II serles, two
motion picture photography statlons were placed on the slope
of the mountain (combined station 1203) with a view both
toward the epicenter of the Blanca shot and also toward the
Evans and Neptune shots (see Figure 25). At these stations,
there were two high-speed 35-mm Mitchell motion picture camer-
as each (filming 100 frames per second), one standard 35-mm
camera taking 24 frames per second, and one 70-mm camera.

The surface of the mesa was photographed by two distant
motion pilcture photography statlons (1204, and the station
with a Dow camera), located to the northwest of the explosion
gsection.

In the more distant zone, the seismic waves durlng the
Rainier shots were fixed at stationary selsmlc stations
operated by different organlizatlons (University of California,
California Institute of Technology, and others{ within the
limits of an epicentral distance of up to 3700 km.

Carder and Cloud [26] use for thelr analyels the data
from seven permanent stations (Tinemaha, Hoover Dam, Mount
Hamilton, Palo Alto, Pasadena, San Francisco, and Berkeley)
located at distances of from 180 to 556 km from the epl-
center, and equipped chiefly with Wood-Anderson selsmographs.

In the explosions of the Hardtack II seriles, detalled
observations in the long-range zone were performed by means
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in the short-range zone during explosions of the Hardtack
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¢ -- eplcenters of explosions. Seismic recording stations:
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gineering Research and Laboratory of Ballistic Research;

®© == motion picture photography stations of the Edgerton,
Hermeshausen, and Grier Company and the Sandils Corporation.
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of temporary seismic stations (operated by the Geotechnical
Corporation), located along a line extending from the test
area to the east as far as the state of Arkansas, and then
to the northeast as far as the state of Maine [27]. The
eight stations were left on the spot, and the positlon of
the ninth station was changed in the interval between the
Logan and Blanca shots. Recordings were obtalned for 29
points, located at distances of from 80 to 4000 km from the
location of the explosion. At distances of up to 2300 km
the interval between the stations amounted to 100 km, and at
greater distances, to 250 km. A diagram of the arrangement
of the stations is given in Figure 26 [27].
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Figure 26. Arrangement of selsmlc stations
in the long-range zone durlng exploslon of
the Hardtack II seriles:

+ -=- region of nuclear exploslons; e =--

permanent stations; + -- temporary statlons

during Blanca shot; ©® -~ temporary statlons
during Logan shot.

The temporary stations were equlpped with short-
period vertical seismographs of the Benloff system (To =

= 1 sec; damping Dl = 0.7; natural perlod of galvanometers
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Tgalv = 0.2 sec; damping of the galvanometers Do = 1). At

the majority of the stations there wers also two horizontal
seismographs each (for the longitudinal and the transverse

components). Recordings of the permanent selsmlc statlons

in the USA and Canada, which are equipped for the most part
with Wood-Anderson torsion seismographs, were also used.

SEISMIC EFFECT ON UNDERGROUND GALLERIES

Data concerning the selsmic effect of nuclear explo-
sions on underground galleries basically contaln information
concerning the effect on approach gallerles leadlng to
nuclear charges. Data concerning the zones of destruction
of the galleries are given in Table 14, the nature of
damages to adit Ul2b during the Rainier shot 1n zones of
continuous destruction and partial damage being shown 1ln

Figure 27 [14].
Table 14

Zones of Apparent Deformation of Approach
Adits during Nuclear Explosions of Different
Power in Tuff [2, 7, 14]

! |
Blanca ' Logan Rainier Neptune Tamalpais

Deformation 19 x1 5 Kt 1.7 &1 0.115 k1 0.072 &T

|
Continuous obstruction of 1
the adit, Mereeciesenrssncsrosens]

260 250 60 21 —

Falling of pieces from the 1
roof and walls, Muiceececoeans. —_

Displacement along
fractures or flaking off of
individual pieces, Maieesssers _— _ 33

From the table it is apparent that the dimenslons of
gectlions of apparent deformation in the gallerlies lncreased
as the power of the charge increases. The lack of corre-
spondence of zones of destruction of adits in the Blanca and
Logan shots calls attention to itself. In accordance with
the law of similarity, we should expect that durlng the
Blanca shot the destroyed part of the adit would be
approximately 1.6 times as long as in the Logan shot:

(f ? ~1,6). Actually, thls ratlo amounts to 260 m/250 m =

= 1.04. Such an inconsistency in the dimensions of zones of
damages 1s explained by McKeown and Dickey [28] by the
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features of the geological structure of the rocks, through
which the shock waves from the Logan and Blanca shots were
propagated.

Figure 27. Damage to approach adlt Ul2b

during the Rainier shot, at the following

distances from the center of the explo-
sion: 120 m (a) and 60 m (b).

Parts of adlts Ul2e and Ul2e.05 (Figure 28), which
recelved the greatest damage during the Logan shot, are
within 1imits or near the sub-horizon A of the tuff horilzon
TOS. In this sub-horizon the tuff is harder (density

2.11 g/cm3, porosity, 30.6%) than in the others (average

value of density 1is 1.95 g/cm3 and porosity 32.9%), and
therefore the attenuation of the compression wave in the
sub-horizon A is less, and the kinetic energy transmitted by
the wave 1s greater than in the surrounding rocks.

Besides thls, during the Logan shot the path of the
wave along the direction to the end of the caved-in part of
the adlt was parallel to one system of natural fractures and
perpendicular to another, while during explosion Blanca the
path of the waves intersected both systems of fractures and
17 faults at an angle of about 45° (see Figure 28) (28],
which caused a great degree of attenuatlon of the energy of
the wave in the following explosion.

On the basis of experimental data for explosions in
tuffs, the following dependencies have been derlved [22]:
the distance at which cave-in of the galleries occurs 1s,

D = 100 W3 m, (13)
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Figure 28. Destruction of approach
adits:s

a =-- in the Logan shot (1 -- faults,
2 w= cave-in of adit, 3 =~ lines of
equal distance from the center of
Logan shot, m, 4 -- damages io adit--
moderate to heavy); b -- 1n Blanca
shot (1 =-- fault, 2 =-- lines of equal
distance from the center of Blanca
shot, m, 3 =-- cave-in of adit durlng
Logan shot, 4 -- cave-in of adit dur-
ing Blanca shot).
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the distance beginning at whilch damages to the galleries are
lacking 1is,

D = 200 w3 m. (14)

PARAMETERS OF SEISMIC EXPLOSIVE WAVES IN THE ROCK MASSIF

The recording of the acceleration in test holes
located above the charge chamber in the Rainler shot showed a
decrease in the magnitude of acceleration as the dlistance

100 5
80
60
40 \
. 7
\a \
\
o olt N N
§s NN
E >\ \_ANR‘L___M
o . A~R7 N \(/
< ™ N 7
Z yay \\\\-\(
o
| B
.
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y W

50 100 150 200 250 300

Distance, m

Figure 29. Dependence of accelerations
in the massif upon the radial distance:

A -- data from Stanford Research Insti-

tute, Evans shot, vertical component;

o =- data from Sandia Corporation, Evans

shot, vertical component; 1 -- data from

Laboratory of Engineering Research and

Development, Tamalpais shot, horizontal
component.
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Figure 30. Dependence of vertlcal
veloclity of particles upon dlstance
during the Evans shot:

0 -- measured values; O ~- calcu~
lated values.

from the charge increased, to the fourth power of the

distance, i.e., a = R'4. At a depth of 60 m below the sur-
face of the earth the acceleration was 1 g, after which it
increased, reaching a magnitude of 5.8 g, at the surface at
the eplcenter.

Data from measurement of the maximum accelerations in
the Evans (in test holes drilled from the surface) and
Tamalpals (in bore holes drilled in the adit) shots are
glven in Figure 29 {9], from which 1t 1s apparent that at a
distance of up to 180 m from the charge the acceleration 1s
attenuated proportionally to the fourth power or cube of the
distance; near the day surface the same phenomenon as was
found dquring the Ralnier shot is observed =-- an lncrease 1n
the maximum accelerations.

The maexlimum values of the velocity of rock particles
at the depth measured in the test holes durlng the Evans
shot and calculated according to the accelerations recorded
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at these same points, are given in Figure 30 [9]. The
maximum velocity is attenuated in proportion to the distance,
to the power of from 2 to 3.

The stresses were fixed at several points during the
Tamalpals shot (in bore holes with a depth of 2.8 m in adit
U12b.02). At a distance of 30.5 m, the radlal and
tangential stresses were equal, respectively, to 70 and

50 kg/cmz. Apparently, both components of the stress vary
in inverse proportion to the cube of the radlal distance
[9]. Displacement of the galleries in the rock layer

ad jacent to the surface (at a depth of less than 1 m from
the wall of the gallery) during the explosion of the
Tamalpals charge, measured at a distance of 90 m from the

detonation point (reduced distance 195 m/KTl/B) amounted to
1.5-=1.75 cm (duration of the positive lmpulse in the dis-
placement wave was 90--180 sec) [9].

SEISMIC EFFECT AND PARAMETERS OF SEISMIC EXPLOSION WAVES AT
THE SURFACE OF THE EARTH.

The greatest seilsmic effect on the surface in the
vicinity of the epicenter was observed during the Blanca shot.
The surface of the mesa being located directly above the
charge, received a vertical displacement with an amplitude of
approximately 0.75 m 1n a time of about 0.4 sec, and in thls
case the vertical maximum of the accelerations at the surface
were stable in exceeding the acceleratlions in the horizontal
direction [2]. Further uplifting of the slope of the mesa
by 7.6 m occurred under the direct pressure of the explosion
products as was described 1n Chapter 3.

In the Rainier shot, the upper part of the mesa
separated from the massif and was displaced over a perlod of
146 msec upward, with the maximum amplitude at the epicenter
of about 0.3 m. Then the block that had separated fell back
into place. It 1s assumed that the detachment of the summit
of the mesa from the massif occurred at a depth of a minlmum
of 30 m and a maximum of 90 m below the surface of the earth
[2]. The acceleration of the motion of the surface at the
eplcenter reached a maximum value of 5.8 g 186 msec after
the detonation. The maximum vertical displacement of the
surface of the earth (sand and friable sandstone) in the
Gngme shot near the epicenter of the explosion amounted to
1.8 m.

The result and analysis of observatlons of the motion
of the earth's surface during the Rainler shot in a wide
range of distances from the explosion polnt (from 0.3 to
%Og]km) were most completely discussed by Carder and Cloud

2 L]

67




—
Q‘
<

7

—
<D,

107

p
’ﬂ

Displ acement of the earth’s surface, cm
(]
Displacement of the earth’s surface, cm
\
~
P

-
QI
@

]
—7

-5 !
107 f ; 10 ;
310 10’ 0wt 310 10 10° 10
Epicentral distance, m Epicentral distance, km

a b

Figure 31. Displacements of the earth's
surface durling the Rainler shot:

a == data from temporary stations with
selsmographs for recording strong earth-
quakes; b -- data from permanent seismic
stations; -~ displacement calculated
according to formula (16).

In a work by Adams et al. [9], the summary data and
concluslons on the seismic observations made durlng the
underground explosions of the Hardtack II series at epi-
central distances of up to 15 km are discussed. During the
preparation of the selsmometric apparatus for the Rainier
shot, near the sectlion where this experiment was made in the
tuffs two preliminary explosions of chemical explosives
(TNT) were set off, with the charges welghing 10 and 50 T.
On the basis of recordings of these experiments, and also
gselsmograms on the 1945-~1946 explosions at the U.S. Navy
test area (in the state of Idaho), set off to test the
serviceability of ammunition, formulas were complled for
preliminary calculation of the seismic effect of the Rainier
shot.
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_O W0'75 .

0,75
¥ 10° cm, (16)

A=34-

where & 18 the acceleration of the earth's surface, g; A is
the amplitude of displacement of the earth's surface, cm;

W is the power of the charge, tons; R is the distance to the
locatlion of the explosion, m.
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Figure 32. Accelerations of the earth's
surface during the Railnier shot:

a -- data from temporary stations with
selsmograph for recording strong earth-
quakes; b -~ data from permanent selsmic
stations; -- acceleration calculated
according to formula (15).
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Formula 15 1s valid for waves with an oscillation
period of more than 0.05 sec, and formula (16) for waves with
a period of more than 0.5 sec. Dlsplacements and accelera-
tions of the day surface due to the Rainler shot, recorded
at 10 temporary stations located at epicentral distances
of from 284 to 13,580 m, and at seven permanent stations in
the long-range zone (180--556 km), are given in Figures 31
and 32n%26]. The heavy lines in the drawing correspond to
displacements and accelerations calculated according to
formulas (16) and (15). The period of the waves to which the
maximum accelerations are referred at distances of up to
5.3 km for tuffs, limestones and quartzites, amounted to
0.1--0.2 sec 1n the overwhelming majority of cases. The
perlod of the waves according to which the displacements 1in
this same zone were determined amounted to 0.8 sec on the
average for tuffs, limestone and quartzlte, and 1.3 sec for
sediments at a dlstance of 13.6 km. In the long-range zone
at distaences of 180 km or more, the maximum amplitude, 1in
the opinion of Carder and Cloud [26], may be referred to the
transverse waves S or the wave trains of the surface waves,
with a duration of 20 sec, with a perlod of the individual
wave of 1 sec.

The graph of the dependence of the amplitude of dis-
placement upon the distance, for nuclear charges with a power
of 1.7 KT, constructed on the basis of data obtained 1in the
Rainier shot, 1s given in Figure 33 [26]. On the same graph
are plotted data obtained from explosions of chemlcal explo-
sions (50 T at the Nevada test area and 613 T at South
Holston in the state of Tennessee, reduced to a charge with
a power of 1.7 KT).

From Figure 33 it 1is apparent that the attenuation of
the amplitude of displacement varies according to a curve
(upper and right-hand part of the graph) which, in the range
of distances from 3 to 150 km, 1ls described by the dependence

Qi?ld“”%“ and at distances of more than 150 km by the

0,0075 . 4 00257
dependence Vﬁ‘lo - At distances of less than 3 km from
the explosion, the attenuation of the amplitude of dlsplace~- t
ment 1s determined by the dependence 0.7/R2 (the dotted line
in the left-hand part of the drawing). Because of the dif=-
ferent degree of attenuation of the amplltude of displacement
of the waves as a function of distance, we may use formula
(16) in an unaltered form only for distances of up to
105"-3 km.

Thus, according to Carder and Cloud [26], in nuclear
explosions in rocks similar to tuff, the amplitudes of dls-
placement of the waves representing the greatest danger for
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surface structures are determined according to the
dependences as follows: at distances 0.3--3 km from the
location of the explosion

0,75
A= 34710 cm, (17)

at distances of 3-=150 km

WO Lo 4 o00sr

at distances of 150--~1000 km

W0,75 e
A= 2’5_1_/_?_10 5 0,0025l?cm, (19)

Here W 1s expressed everywhere in tons, R in formula (17) 18
in meters, and in formulas (18) and (19) in kilometers.

The amplitude of displacement may also be determlned
from Figure 33, aside from calculations according to these
formulas. The values of the amplitude found according to
the solid curve or the dotted straight line must be multiplied

by the expression (W/l.?)o'75 (where W i1s the power of the
charge, in kilotons). The amplitude of the dlsplacement of
the surface in a case of great thickness of the sediment
will be approximately twice the calculated values, which was
also observed during the Ralnier shot.

A joint analysis of data from selsmic observatlons at
the surface obtained during explosions of the Hardtack II
gseries and data from the Ralnier shot leads to the dependencles
below, for accelerations and displacements in the zone at a
distance of up to 15 km from the epicenter [9]. The
accelerations at the earth's surface, recorded during the
Tamalpais, Evans, Blanca and Logan shots at distances of
0.2-==15 km from the location of the explosion and referred
to a charge with a power of 1 KT, are shown in Figure 34.
The data on the Ralnier shot are also plotted there. We will
give the equations for individual components:

vertical

0,70
a; =100 Yo (20)




radial

tpm 10 W
RS (21)
tangentlal
5,45 WO
arp = ]O"v‘h’_g, (22)

R2,07

here W is in kilotons and R in meters.
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Figure 33. Refined dependence of the
amplitude of displacement upon distance
for the Ralnier shot:@

o == displacement in the Rainlier shot:

O -- displacement 1in shot of chemlcal
explosives South Holston, multiplied

by 2; A -- displacement of shot of 50 T
of chemlcal explosives, multiplied by 14.

The dependencies of displacements (vertical component)
upon the distance to the source, according to data from
explosions of the Hardtack II series and the Ralnier shot,
are given in Figure 35 [9].
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Figure 34. Dependence of the

accelerations of the surface

in radial components upon dls-
tance:

o -- data according to Tamal-

pais shot; & -- Evans; O --
Blanca; () =~ Logan; (0 -- Ralnler.

The displacements are expressed by the following
equations for the individual components:

vertical

cm; (23)
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radial

tangential

(24)

(25)

Reduced displacements, em/KT 1/3
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The result of seismic observations in the long-range
zone during the explosions of the Hardtack II serles
(basically during experiments Blanca and Logan) which are of
interest chiefly from the standpoint of selsmology, are
deseribed in the work of Romney [27]. Since the pulse of
Benloff's selsmographs in the range of 0.5--1 sec, which 1s
characteristic for the majority of the waves recorded, 1s
more proportional to the velocity of motion than to dis-
placement, Romney assumes the ratlo A/T for the amplitude of
the waves, where A 1s the recorded amplitude and T is the
period of the wave. This quantity 1s not a measure of the
true velocity.

The volumetric waves of group P with a predomlnating
period of 1 sec or somewhat less than 1 sec were rellably
determined only for the Blanca, Logan and Ralnier shots at
distances exceeding 300 km.
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Figure 36. Dependence of the

amplitude (A/T) of the P waves

upon the power of an under-
ground nuclear exploslon.

e -- data from temporary sta-

tions; o -- data from the
Tinemaha seismic station.
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The dependence of amplitudes of P waves upon the power
of the explosion is represented in Figure 36 [27], where the
amplitude for the Blanca shot, by division by the coefficlent
2.3%6, which is the average ratio of the amplitudes of these
explosions for equal distances, 1s reduced to the amplitude
of the Logan shot. From the graph the approximately directly
proportional dependence between the amplitude of the P waves
and the power of the explosion is apparent. Without giving
any explanation for this phenomenon, the author indicates
that the law of directly proportional dependence cannot be
applied for predicting the amplitudes of very large explo-
sions, since the energy of the selsmic waves willl unavoldably
exceed the total energy of the explosion. For a comparison,
in the same drawing are plotted the amplitudes recorded by
the Wood-Anderson seismograph at the Tinemaha station. They
reflect the maximum amplitudes for displacement waves, but
not for the group P waves. As 1s apparent from the drawlng,
the amplitude of the dlsplacement waves at the Tinemaha

Amplitude, mkm
[ -
<

1700 2000
Distance, km

Figure 37. Dependence of the

amplitude (A/T) of P waves upon

distance for an underground

nuclear explosion with a power
of 19 KT:

e -~ data from Blanca shot; 0 ==

data from Logané multiplied by
2.3 .
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station are in almost the same dependence upon the energy of

the explosion as the amplltude of the P waves.

The dependence of the amplitude of the P waves upon
the distance to the location of the explosion is represented
in Figure 37 [27], and in this case the amplitudes for the
Logan shot, by multipllcation by the coefficlent 2.36, are

reduced to the amplitude of the Blanca shot.
At distances of from 200 to 1000 km, the amplitudes of

the P, waves are inversely proportional to the cube of the
distance (the dashed line in Figure 37).

700

10

Amplitude, mkm
-

1000
o

00
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Figure 38. Dependence of amplitude (A/T)

of displacement waves upon dlstance of

underground nuclear exploslions with a power
of 19 KT:

e ~- data according to Blanca shot; 0 ==
data from Logan shot, multiplled by 2.25.

At distances of more than 1000 km, the Pn waves are

reduced to such smell amplitudes that the majority of the
stations cannot detect them. However, the strong waves were
observed several seconds after the expected arrival of the Pp
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waves., The sharp varlation in the dependence of the
amplitude upon the distance, the longer period, higher
velocity, and the gap in the curve of the running all testify
to the appearance of a new phase of the P waves. Beyond the
limit of 2000 km, the amplitude decreased 1n almost the same
manner as was expected on the basis of studlies of earth-
quakes, with the exception of the fact that 1in the
3300--3500-km region, there is an area of low ampllitude.
The systematic dependence of the duration of the first motion
(compression or rarefaction) was not established, with the
exception of the rule that at distances of less than 700 km
the first motion is compression and has a considerable
intensity. Romney [27] explains this by the fact that at
distances of from 1000. to 3000 km, because of the high level
of microseismic interferences, it 1s not precisely known
whether the first recorded wave corresponded to the flrst
recorded motion or not.

Displacement waves (or Lg) with a short period (1--1.5

sec), having a veloclty of about 3.5 km/sec, were observed at
a distance of about 2000 km. In these waves all three
components of the motion are approximately equal to each
other. The amplitudes of the Lg waves for different distances

are given in Figure 38 [27], where the amplitudes for the
Logan shot, by multiplication by the coefflclent 2.25, are
reduced to the amplitude of the Blanca shot. The coefflicient
2.25 corresponds to the mean ratio of the amplitudes observed
at the permanent stations. From this 1t 1s apparent that Lg

varies inversely proportional to the cube of the distance

from the explosion. The vertical amplitude of the displace~
ment waves 1s three times as great as the vertical amplitude
of the P, waves. Long-period Rayleigh and Love surface waves

(the latter with a period of 10 to 15 sec) were recorded at a
number of the permanent stations.

MAGNITUDESl) OF UNDERGROUND NUCLEAR EXPLOSIONS

The problem of the magnitude of nuclear explosions has

been very completely discussed in the work of Romneyg) (27] \
and he has also calculated the magnitudes in the short-range

1)The magnitude is a certain generalized characteristilc
of the focus of a seismic phenomenon, making it posslble to
compare the foci with each other.

Q)Yu. V. Riznichenko [29] considers these problems in
detail, and indicates some errors made by Romney.
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zone (local magnitudesl)) and in the long-range zone

(teleseismic magnitudesz)). The local magnitudes, determined
from measurements of the amplitudes of the waves by Wood-
Anderson torsion seismographs and statlons located at epl-
central distances of from 180 to 580 km, amount to the
followl figures for the explosions indlcated: Blanca,

4.8 1 ?i (according to 10 stations); Logan 4.4 ¥ 0.4
(according to 10 stations); and Rainler 4.25 % 0.2 (according
to seven stations).

The magnitude for the Ralnier shot, determined by the
difference between magnitudes of the Logan and Blanca shots,
turns out to be equal to 4.25 not 4.05. Romney conslders
that the first value was exaggerated, since data from three
seismic stations were not considered. Carder and Cloud [26]
in determining the magnitude for the Rainler shot from the
energy of the waves calculated on the basls of selsmograms
from statlons in the zone from 0.38 to 5.4 km, also, in the
final analysis, give a value of the magnitude equal to 4 for
this explosion. The teleselsmic magnitudes,calculated wlth
the use of parameters of the waves fixed at great distances,
amount to 4.8 ¥ 0.4 for the Blanca shot (according to eight
stationsg, and 4.4 ¥ 0.5 for the Logan shot (according to six
statlons).

Thus, the local magnitudes coincide wilth the
teleselsmic magnitudes. Romney assumes that, although
according to Gutenberg at magnitude 4.5 the diversion between
the scales reaches one, the calculated magnitude should be
considered as reliable, and accepts a M = 4.8 ¥ 0.1 for the
Blanca shot, and a M = 4.4 ¥ 0.1 for the Logan shot, where 0.1
1s the mean square devliation from the average value.

The magnitudes for other explosions may be calculated
on the basis of the established magnitude of the Logan shot,
if we know the amplitudes A and the periods T of the waves:

() () e

where the parameters with the subscript [/ refer to the Logan
shot, and those with the subscript x to the explosion under
conslderation.

1)Locza.l magnitudes are determined in the zone from
the eplcenter to 1000 km.

2)Teleseismic magnitudes are determined in a zone
beginning at a distance of 1700 km.
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The magnitudes determined according to formula (26)

amount to the followingl) for the Rainier shot M = 4,1t for
Neptune M = 2.4; and for Tamalpais M = 2.6.

Romney, working from the basic formula for the
determination of magnitudes

A B
M=1g(7) —187) -

where (A/T)d is the amplitude at the distance d; (B/T)d is

the amplitude of the explosion with a zero magnitude at the
same distance, and with a directly proportional dependence
between the amplitude and the power of the explosion (see
Figure 36) (A/T)d = K,Y, recommends the following formula for

the calculations, as a function of the power of the explo-

sione):

M =365+ 1g W, (27)

where W is the power of the explosion, in kilotons.

Equation (27) is applicable for explosions 1n the tuffs
of the Nevada test area. Thne Evans shot does not fall under
the given dependence.

Carder and Cloud note that the magnitude of a nuclear
explosion calculated according to the Gutenberg-Richter
formula with respect to the energy of the source (E)

lg E = 9,4 + 2,14M — 0,054M?, (28)

l)According to the determination of Yu. V. Riznichenko
[29], the magnitudes of the nuclear explosions have the fol-
lowing value: for the Blanca shot 5.2 ¥ 0.1; for Logan
4,95 * 0.1; and for Ralinier 4.7 I 0.1.

2)The dependence of the magnitude upon the power of
the explosion expressed by the formula [29] M = 4.6 + 0.5 &V,
glves more accurate results.
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exaggerates the intensity and range of the destructilve
effects due to underground nuclear explosions. This 1s
explained by the liberation of the energy of the explosion
at a shallower depth and in a highly localized region.

SEISMICALLY DANGEROUS ZONES

Violet [30] proposes to calculate the zone that 1s
dangerous to surface structures because of the selsmlc
effect by means of the possible accelerations at the surface
of the earth, using a dependence similar to formula (15),

3

(29)

et

g

8. = 0,154

where W 1s in kilotons and R 1s in kilometers.

Since earthquakes with an intensity of four (accelera-
tion of the surface of the earth 0.016 g) do not cause any
damages to bulldings, we may assume that structures may
withstand an acceleration of up to 0.1 g without any damage.

Working from dependence (29), the radius of the
seismically dangerous zone for nuclear explosions intended
for internal effect 1s

R=154V W% km, (30)

where W is in kilotons.

Carder and Cloud [26] consider 1t possible to accept
a high critical magnitude of acceleration. Assuming that
since the maximum acceleration in the Rainier shot amounted
to 0.13 g at a distance of 1.3 km, the radius within the
1imits of which damages may occur is limited to approximately
1.6 km for explosions analogous in power (1.7 KT). 1In the
Logan shot (5 KT) and Blanca shot (19 KT) the main recording
station with electronic apparatus and the ventllating plant
located at the opening of adit Ul2e, 760 m along a stralght
line from the charges, did not recelve any damages during
the explosion [2].

Violet [30], in recommending formula (29) for cal-
culating the acceleration in an explosion, conslders that it
may glve an error by a factor of two or three to one side or
the other. He gives a comparison of the seismic effects
from a nuclear explosion with a power of 10 KT with the
intensity of earthquakes (Table 15) when the oscillatlions
from explosions of such a power need not cause any harmful
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effect at eplcentral distances of more than 8 km. Violet
also notes that the selsmlc effect on underground gallerles
1s less than that on surface structures at the same dis-
tance. Measurements show that accelerations at a displace-
ment under the earth are usually reduced to half the degree
in comparison to the same quantities at the surface.

Table 15
Oscillations of the Earth's Surface in an

Underground Nuclear Explosion with a Power
of 10 KT

Intensity of earth-

quake (according to

Maximum | gaitered Mercalli .

Distance, a.ccelera- scale), balls [i.e., Seismic effect
km tion, g intensities on a

scale at which 10

is the maximum]

1,6 0,34 S Light damages to special design

’ ’ buildings, considerable damages
to ordinary buildings in a good
state of repair.

8 0 ,014 4 Windowpanes rattle and moving objects
are damaged. Oscillations felt by
many people indoors, and by some
people outdoors,

16 0,0()S 3 Oscillations felt indoors, similar to
oscillations from a passing
train .
24 0,0015 1—3 Oscillations felt by sensitive
! people.
40 0,00051 — Oscillations not perceived.

The data given in Table 15 agree quite well with the
Intensity of oscillatlons of the surface of the earth
according to the perceptions of personnel engaged in settlng
off the explosions, and also persons living in the adjacent
regions. The estimate of the intensity of the osclllations
at various distances was as follows [2, 13]:

1. ©Shot Blanca (19 KT): 3.2 km from the epilcenter,
strong osclllations, shaking motor vehicles; 8 km, easily
percelved osclllations; 26 km, weak oscillations; 32 km,
oscillations not perceived.

2. The Logan shot (5 KT): at a distance of 8 km,
weak but clearly perceptible oscillations; 11l.3 km, oscil~
lations not percelved.

3. Rainier shot (1.7 KT): at 4 km, weak oscillations.

4, Tamalpals shot (0.072 KT): at 4 km, oscillations
were not perceived.

5. Gnome shot (3 KT): in rock salt: at 7 km from
the epicenter there were clearly perceptible oscillations.
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AIR-COMPRESSION WAVE [i.e., shock wave)

The effect of an alr-compression wave depends strongly
upon the depth at which the charge 1s placed. In experi-
mental explosions with a reduced depth of placement of

charges of more than 60 m/KTl/B, i.e., in all the experlments
in tuffs, the effect of the shock wave and the sound effects

were insignificant. Although sound waves were also fixed by

microbarographs, at a distance of 4 km they were not audible

at all to the human ear [2].
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Figure 39. Expected effect of a

nuclear explosion with a power of

1 KT as a functlon of depth of
placement of the charge:?

a =-=- air-compression wave: p(d) =--
pressure of the shock wave for an
explosion at the given reduced
depth, p(0) -- pressure of the
shock wave for a surface burst;
b == distribution of radloactivity
(1 == radloactivity trapped under-
ground, 2 -- radioactive fallout at
the surface), and active products
scattered to the atmosphere.
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Violet [30] gilves a graph of the dependence of the
magnitude of relative pressure of a shock wave upon the depth
of placement of the charge (Figure 39) from which it follows
that in the Jangle-U and Teapot-Ess shots (the reduced depth

of placement of the charges was 5 m/KTl/3 and 19 m/KTl/B),
the pressure of the shock wave amounts to 85 and 30%,
respectively, of the pressure in a burst at the surface.
Thus, even in the case of blasting explosions, a considerable
weakening of the airborne shock wave occurs 1n comparlson
to the surface bursts. Besides the depth of placement of
the charge, such factors as the wind, inversion layer,
density of the air, and other atmospheric conditions exlstling
at the moment of the explosion alsoc influence the alr-
compression effect. Secondary shock waves reflected from the
ozonosphere reach the surface of the earth at a definlte
distance from the location of the explosion, and at shorter
distances zones of '"calm'" are observed. The distances
indicated, also the force of the reflected wave, depend upon
the meteorological conditions at the moment of the exploslon.
When the explosion is set off at a moment of the most
favorable meteorological conditlions, we may ensure that the
necessary regions fall within the zone of "calm.'

In the opinion of Violet [30], underground explosions
with a power of several megatons may be set off at a
distance of 80 km from centers of population without any
harmful effect of the airborne shock waves or sound waves.
This distance must be refined in the process of further
experimental nuclear exploslons.
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CHAPTER 5
RADIATION EFFECT OF UNDERGROUND NUCLEAR EXPLOSIONS

ZONES OF RADIOACTIVITY DISTRIBUTION UNDERGROUND
The study of the radloactivity of the rocks after the
Rainier shot by means of survey holes and galleries,

demonstrated that the zone of radioactive materlal had
acquired the shape of a cup, located below the horizon where

Center of explosion
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Figure 40. BShape and dimensions of zone
of radioactive material in the Ralnier
shot (vertical section).

the charge was placed. The center of the external hemisphere
approximately coincided with the place where the charge was
located. The thickness of the layer or radloactive rocks
amounted to several meters. The zone of radioactlve material
is shown in Figure 40 [2]. The change in the level of radio-
active radiation 1n the region adjolning the center of

85




detonation, according to measurements in test holes 146 days
after the explosion, is given in Figure 41 [14]. From this
drawing it 1s apparent that the radioactive reglons on both
sides of the point of the explosion are divided into two
zones: the first, from the center of the explosion to a
distance of 22.8~-~18.2 m, with a dose of ) radliation equal
to 200--400 mr/hr, end the second, a narrow zone to a dis-
tance of 16.1--13 m, with a maximum dose of 800 mr/hr. From
test holes B and C, drilled below the level of placement of
the charge, individual samples were obtalned with a very high
activity. In test hole B the dose reached 137 r/hr, and the

activity was 3.4 - 1014 fissions/g (the total number of fis-

sions in the explosion was 2.5 - 1023). The part of the
samples having radioactlivity in external appearance was a
glassy mass with bubbles and numerous inclusions of grainy
tuff, fused to different degrees. The denslty of the samples

was 1.8 g/cm3, which differs somewhat from the density of the

rocks before the explosion (2 g/cm3). The radioactivity level
changed very rapidly as a function of distance. At a distance
of from O to 11 m from the center of the explosion, the
activity of the pulverized rocks only slightly exceeded the
natural background. Beginning at a distance of 25 m from the
charge, the activity dropped sharply and at a distance of

40 m became insignificant [31].
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central zone from the Rainier experiment,
146 days after the explosion
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Eight months after the explosion, in excavating a
survey gallery, where 1t reached the radloactlve zone the
dose at the drift surface amounted to 300 mr/hr, and at a
distance of 1 m from the drift, 20 mr/hr. Pieces of broken
radioactive rock were loaded manually by the workers (with
shovels), and during transportation the radloactlive rock
from the gallery was adequately shlelded by sandbags [32].
The dose in the upper cavity above the cave-in cone (117 m
above the charge) did not exceed the natural background =--
0.04 mr/hr.

Table 16

Data Concerning the Radiation Effect of
Underground Nuclear Exploslons

dio-
Reduced a?évi‘t’y
Radius of | radius of | of fallout e
Reduced radio- radio- product Distribution of
Name of 11r, s];ctive active at the :}e:dxatxg: ¢
i t emi- hemi- roughou
experimen m/KT1/3 | sphere, spirg-e, su’g‘aece of the adit
m m/KTY/3 |earth*, 7,
Jangle-U 4,8 | No data — >80
Teapot-Ess 19,2 No data —_ Q0 _
Nep tune 67.6 6’4 14,3 1—2
Blanca 95,4 | 40,0 14,7 | 0,3—0,5|smalt
’ 26,0 :
Logan 146,5 ) 15,3 0 None
Rainier 201,4 19,0 16 0 |None
Tamalpais 237,7 9,2 22 0 Confsiderable qu;ntity
5 data —_ of gaseous radio-
Evans 675,0 No da 0 active fission
products

*The percentage of total activity of
the explosion is indlcated.

Similar to the Rainier shot, the general quantitatlive
relationship of radioactivity distributions was also estab-
lished in other experiments in tuff. The average radii of
the outer contours of the radioactive zones for these explo-
sions are given in Table 16 [(2]. Working from the values of
the reduced radii of the radioactive zones (hemlispheres)
with respect to the three largest explosions -- Blanca, Logan,
and Rainier (see Table 16) -=- the following empirical de-
pendence was derived for determination of the radlus of the
radioactive zone [21]

R = 15 wi/3 m, (31)
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where W is the power of the charge, in kilotons.

The formula obtained is analogous to formula (12) for
a determination of the radius of the 1lnitial cavity.

The radioactive hemispheres [2] are formed as a result
of the cave~-in of the initial central cavity, covered with
fused tuff, where a great part of the fission product is
concentrated. The hardened fused material, in the form of a
glassy mass, during the cave-in of the walls of the cavity 1is
partially mixed with the rocks that caved in and 1s located
along the peripheral part of the lower half of the cavity
in a zone of cup-shaped form (see Figures 14 and 23). The
central part of the cavity is filled to only a slight degree
by the active material from the cave-in of the rocks located

above the cavity.

DISCHARGE OF RADIOACTIVE PRODUCTS INTO GALLERIES AND TO THE
SURFACE

The configuration of the adits, which provide thelr
"self-plugging" or the application of a multi-section drift,
prevented the propagation of the products of the explosion
along the adits during the Rainier, Logan, and Blanca shots
[2]. In these experiments, no noticeable penetration of
radioactive products into the mining passages beyond the
drift sections was established. In the restoration of the
sections of the adits caved in by the explosion, a discharge
of active products into the adits was observed at a distance
of 180 m from the charge chambers in the Blanca shot and at a
distance of 58 m 1n the Logan shot. In the Tamalpals experi-
ment, radioactive gases penetrated into the adilt in
considerable quantities. In the Evans experiment, a great
part of the radioactive products was discharged into the
adit, because of disruptions of the drift during the explo-
sion. Thelr leakage through the adit to the day surface was
observed. Data concerning the discharge of radioactive
products to the surface as a result of the destruction of the
rock massif are given in Table 16.

In explosions of an entirely internal effect -~ Logan,
Rainler, Tamalpais, and Evans =-- the radioactlve products
did not penetrate to the surface through the rock strctum.

In a case of an explosion with fragmentation of the
surface layer of rocks -~ Blanca -- the discharge of radio-
active products amounted to less than 0.5% of the total
activity of the charge. The maximum measured dose of y
radiation at the surface amounted to 50 mr/hr. The height of

rise of the radioactive products was low -- 300 m.
In an explosion with partial blasting of the rock =--
Neptune =-- 1--2% of all the fisslon products were dlscharged

to the surface. The radioactive products reached an altitude
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of %000 m, and then fell to the ground, extending 20 km
downwind from the epilcenter. The maxlmum -radiation dose an

nour after the explosion amounted to 1200 r/hr in a sectlion
with a radius of 20 m from the eplcenter. A dose of more
than 50 mr/hr was observed in a section with a length of 9 km
and a width of up to 1.5 km. From Table 16 it is apparent
that in a blasting explosion in alluvial sediments, with the
charge placed at a shallow depth (experiment Teapot-Ess), up
to 90% of all the radioactive products were discharged to
the surface. Some decreasge in the activlity measured at the
surface during the Jangle-U shot, apparently, is explained
by the fact that the charge exploded at a shallower depth
than in the Teapot-Ess experiment, and therefore the scat-
tering of the active products in the atmosphere was great.
First, for experiments 1in tuff, the dilscharge of radlo-
active products to the surface, with a magnitude of reduced

11lr of 95 m/KTl/3 (the Blanca shot) was very small, and with

a magnitude of the reduced 1llr 145 m/KTl/3 (the Logan shot)
it was entirely absent.
Johnson et al. [24] assume the average of these two

values -- 120 m/KTL/3 == as the value of the reduced 1lr,
providing for complete burial of the radioactive product

under the ground in tuff or rock similar to them in propertlies;
for determination of the 1llr (depth of placement of the

charge) at which the discharge of radioactivity to the surface
is exploded, they recommend that the same dependence [10] be
used as in finding the depth of placement of a charge for a

total camouflet effect, l.e., d = 120 Wl/B, in meters, where
W is the power of the charge, in kilotons.

NATURE OF THE RADIOACTIVITY IN A NUCLEAR EXPLOSION

Radioactivity of the fission products. The energy
instantaneously liberated in a fisslion reaction (179 MeV per
fission) includes the kinetic energy of the fission frag-
ments, the momentary P radiation, and the neutrons. A charge

with a power of 1 KT corresponds to 1.46 - lO23 flsslons.
From the additional energy (on the average, about 22 MeV per
fission) liberated as a result of the decay of the fission
products, about 50% is manifested in the form of y radiation,
about 17% as the energy of decay of the B-particles, and

the other 33% as the neutrinos formed in the process of P-
decay. Approximately 7 MeV of the energy of decay ® + /) is

liperated in the first 20 min after the explosion [33]. At a
temperature in the cavity surrounding a charge of the order
of several million degrees, the chemical properties of the
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fission products play no part, since the matter 1s transformed
into incandescent gases or diffused atoms and electrons.
Under the effect of the shock waves on the walls of the
cavity, the layer of rock surrounding the charge 1s vaporlzed
(about 1 m in an explosion with a power of 1 KT), and the
vapors mixed with the incandescent gases which contain the
fission products. As the incandescent gases cool to a
temperature of about 50000C, their condensation occurs, and
then they are precipltated on the walls of the cavity, as
part of the fused layer. The perlod of condensation ends
basically in a few hundred milliseconds [21].

In nuclear explosions for internal effect, in rocks
with a considerable silicon content, such as, for example, in
tuff deposits, the fused rocks covering the walls of the
cavity consist of a relatively insoluble glassy mass, in
which a great part of the fisslion product i1s enclosed (30].
The glassy material traps from 60 to 85% of all the flssion
products. That part of the radloactive flsslon products
which, in the cave-in of the cavity, 1s still in a gaseous
state, 1s not trapped, but penetrates from the cavility into
the destroyed rocks.

Table 17

Fraction of Active Elements in Percentages
of Total Radioactivity

Time after explosion, min
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A list of the radloactive elements 1s given in Table
17 [32], with an indication of the fraction of total radio-
activity which they constitute in different periods of time
after the explosion.

From Table 17 it is apparent that a considerable part
of the radioactive particles exists in the form of inert
gases or volatile elements in a period of time comparable to
the time during which the cave-in of the cavity occurs.
Isotopes in the form of inert gases will not condense until
decay into other elements has occurred, and the more
volatile substances will not decay until the temperature
decreases, or they decay into less volatlle elements [33].
As the process of radloactive decay continues after the
explosion, the relative distribution of gaseous and non-
volatile 1sotopes changes.

The decay chalins, before the appearance of certain
isotopes detected by radiochemical analyses, are indicated in

Table 18 [2]. A great part of the sr?0 1s formed during
fission in the form of inert Kr2° (about 80%), with the

exceptlon of small quantities of directly formed Br0 or Rb°,
Thus, 1f the cavity caves in in a period which may be

compared with the half-l1ife of kr?° (33 sec), a great part of

the final Sr20 1s not trapped by the fused material, but is
liberated from the cavity with the other gases.

The results of radiochemical analyses after all explo-
sions set off in tuffs are given in Table 19 [2], from which
the effect of volatile and gaseous predecessors on the
excess of certailn isotopes in the glassy mass and on the
enrichment of them in the gas-permeable destroyed material
1s clearly apparent.

On the basis of data from Tables 17--19, it has been
established [2, 30, 33], that even in explosions of an
entirely internal effect and in the formation of an
insoluble glassy mass, in which the baslc parts of the

products of decay are enclosed, a large fraction of the Srgo
and 05137, existing during the cave-in of the cavity in the

form of inert gases (Kr90 and Xel37),will not be enclosed in
the glassy mass, but propagated together with the other gases.

Thus, quite significant quantities of Sr90 and other 1l1sotopes,
the predecessors of which were gaseous or volatlle elements,
precipitate at quite considerable distances from the zone of
high radloactivity and are distributed ln the destroyed
medium. With a temperature of 1000--1500°C in the explosion
cavity, certain other products of decay also become volatile,
which leads to a leakage of them from the glassy materlal.

It is thus that arsenic, caesium, and uranium behave.
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Table 18

Chains of Decay Leading to Isotopes Which
Were Detected in the Products of Underground
Nuclear Explosions

n?.\dr:z:r Element, half-life, and isotope detected (underlined)
. 4043 o 040 B 30 Kr
sec sec sec
3,2 1,5 Sr
89 Kr - Rb — —
min min
K 2,7 Sr
90 Koo el X
sec sec
91 ke 28 Rb-2~ sl Y
sec min hr
95 Rb S0, A L y 10 Zr
min
-
99 700, Np 290 Mo
sec min -
p 3,8 C
137 12 xe 28 =
sec min
5 6 E:
140 xe 0, ol Ba
sec sec
141 xe T Cs XD, Ba 18 137 Ce
sec min hr -
144 L Ba—2 . La <P . Ce

kp = brief half-life (in comparison to
seconds).

Note.

The lower content of Sr90 and Csl37 in the samples of
glassy material from the Blanca and Logan shots 1in comparison
with samples from the Ralnier shot testiflies, in the opinion
of Higgins [34], to the shorter existence of the cavity
before the moment of its cave-in for the first of the explo-
sions indicated. In explosions of an incomplete internal
effect, the fraction of radloactive fragments which are
discharged into the atmosphere is enriched by the moblle gases
and the volatile products of decay. Thls leads to an
increase in the concentration of the isotopes Sr90 and cal37
in comparison to their distribution in the fission products.

The relative concentration of Srgo In samples of ejJected rock
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fragments in the Blanca shot, when 15 sec after the explo-
sion from 0.3 to 0.5% of the total radioactlvity of the
figsion products was discharged to the surface, increased by
a factor of 5. Thus, about 2% of the total quantity of the

Srgo formed in this explosion was actually discharged to the
surface. During the Neptune shot, when 1--2% of the radio-
active fission products was discharged to the surface, the

concentration of the discharged sr90 as a result of five-
fold enrichment because of the Kr90, increased to 5--10% of
the total quantity formed during the exploslon.

Table 19

Summary Data of the Radiochemical Serles
with Respect to Underground Exploslons

How many times the content increased
Fraction of initial
content in .
Isotopes glassy material, A in the e;eited
In the cave-in zone material
8 ~0 All in the gaseous
Kr < ! products
Sr&, As 3—10 > 2 ~ 10
Sr90, Csl37 20 —40 > ) ~5
yor, Balde
Cs, Cel 30—60 > 2 > 2
U, Mo™ 50—100 <9 <2
Pu, actinoids
Pa, Hf
Ta, Cel?
Nde ~ 100 { 1 1

¥*
Observed in the Neptune and Blanca ex-
periments.

Violet [30] indicates that in the air the atoms of

Srgo and Rb90 rapidly precipitate on the surface of
individual rock particles, which are discharged together with
the gas from the explosion crater and, consequently, are
removed from the atmosphere as these particles fall to the
ground.
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Induced radloactivity

1),

Batzel [33] and Violet [30]

note that in underground explosions, in essence, all the
neutrons are absorbed by the rocks surrounding the charge
Thus, the activity of the materlal

within a radius of 1 m.

in vaporization and fusing zones is composed of the activity
of the fission product and the induced radloactivity.
Batzel [33], working from the assumption that in a nuclear

explosion about 1 - lO23 neutrons are liberated for each
kiloton of power, and all these neutrons are captured by the
medium, gives the calculations of induced radioactivity in
the medium shown in Table 20 (the tuffs of the Nevada test
area have a chemical composition given in Table 21).

Table 20

Radloactive Isotopes Formed in the Capture

of Neutrons by the Medlum
Ratito of t}f\e
capture o Number of
Element of Isotope Half- Egn:,:f.}';f ler;%ui;rgr;g c‘;ﬁ’s per :(cc(‘gnlg:%yx
the medium formed tife radiation, the l;xflotaoen of gamma
Mev | fprmatonefl | Charge [mcietom
%
Na Na24 15 hrs 4,0 3,7 1,3x108 |5,2x105
Al Al 2.3 min 1,8 2.6 3,5x108 16,3108
Mn Mnss 2.6 hrs 1,8 1,3 26106 | 4,7x106
Fe Feb9 45 days 1,3 0,015 ~102 ~1,3x102
(0,332% Fem)
Co Co"o 5.2 years 2,5 0,09 ~10 ~25
Table 21
Characteristics of the Composition of
the Medium
Elements | Si | a1 | Fe | ca | H [N | K [mg|m [P | M| co
Content by weight,
% 50 {14,5| 9 | 6,45,1{4,9 4,713,7‘0,6 0,18/0,18(0,0042
|

1)Radioactivity assoclated with the radiation of lso-
topes which are formed in the capture of neutrons by sub-
stances surrounding the charge 1s called induced radloactivity.
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The oxygen content 18 not glven, since it adsorbs
considerably less than 1% of the neutron, and the water
content in the medium amounts to 20% by welght.

0

10’

\ ’l
: E 1
; | |
g 0 \(’ |
10 :

f\ |
. \\ | ‘
7 : '
v ___\\N 1 7 i
¥ ot T3 i 80 2]
e\ SRR

\ ~

706'- { l N I 703
k \\//4[” \\ /,755 ‘t‘ b
SR O T

A\t i0°

3 Vool 5! 31\ ; ~al );ezlir.llo y‘ears
\ 1 Fex1p \\ \ Time
S S S J W VIS \
\ v

:m‘

(Curies) x (energy of gamma radiation)
/
/
/ (Curies) x (energy of gamma radiation)
Lz<j

7 _ -~
LY \ ' r
{
/52 I VPV DR SVIT) S TSIV & | S I B VTS
0,1 1 0 i [ 0*
1 day 1 week 1 month 1year

Time after explosion, hours

Figure 42. Comparison of the lnduced

radioactivity with the radioactivity

of the fission products in a nuclear
explosion with a power of 1 KT:

1 -- fission products; 2 -- total in-
duced radiloactlvity.

The neutrons captured by the medium are distrilbuted
in accordance with the percentage content of the element
present and with the capture cross section of the thermal
neutrons. If the water content in the medium amounts to
20% by weight, a great part of the neutrons 1is thermallzed
(retarded to thermal energies), before capture occurs, and
about 60% of the neutrons are captured by the hydrogen 1in the
water.

Data concerning isotopes produclng b radiation which

are formed as a result of neutron capture are glven 1n
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Table 20 [32]. The number equal to the product of (curles) x
x (energy of radlation) is a measure of the relative
biological effect of the radiation.

In Figure 42 [33], a comparison is glven of the lnduced
activity and the activity of the fission products 1n an
explosion equivalent to 1 XT with respect to instantaneously
liberated energy. The induced radloactlvity amounts to
20--25% of the activity of the flssion products a day after
the explosion, and 1% in a period of time of the order of
one week. After 45 days, this radioactivity 1s reduced to

0.1%. Asaresult of the presence of Co60, in the period from
3 to 15 years the induced radioactivity rises to 2%.

In the calculations given, the 1sotopes which do not
produce ) radiations of high energy and do not intensify the
external field of this radiation, but may have lmportant
significance from the biologlcal standpoint, were not

considered. Such 1sotopes include cal> (half-life 164 days),
which radiates p-particles and is formed in the quantity of
about 200 Ci per kiloton of energy of the explosion.

Violet [30] notes that the Sr°0 and Cs137 are not
formed in the effect of neutrons on the rocks surrounding
the nuclear charge. He considers that the radiological danger
from the induced radioactivity is insigniflcant in comparison
to the radioactivity of the fisslon products from an atomic
explosion.

RADIOACTIVE CONTAMINATION OF GROUND WATERS

The problem of the danger of radioactive contaminatlon
of ground waters in underground nuclear explosions 1is
analyzed in detail by Higgins [34], on whose data the work of
Batzel [33] is also based. If the medium in which the explo-
gion occurs contains aluminum and silicon in adequate
quantities, with a lack of an excess of sodium and potassium,
the glassy mass formed in the fusion of the rocks, and con-
taining a large part of the radloactlve fission products, 1is
practically immune to leaching. Higgins, clting the experi-
ment of Amphlet and Warren, notes that 99.5% of all radio-
active particles will not be leached from a glassy mass by
ground waters during several centuries. In an explosion in
carbonate rock, the fused material 1s less reslstant to
leaching, since the oxides of calcium and magnesium react
with water.

A zone of finely divided unclassified material, formed
during the explosion, may act as an effective watertight
barrier between a possible flow of ground waters and the
radioactive products.
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The distribution of radioactive products of the explo-
sion not trapped by the glassy mass by means of flows of
ground waters may be estlmated in the following manner. The

1ons Sr20 and csl37 are selectively adsorbed from the ground
waters by the majority of the minerals encountered in
nature, and are distributed between the water and the
minerals in accordance with the law

AM,
K}-_Z:MS’ (32)

where Kd 1s the distribution factor; AS and Aw represent the

radloactivity of the mineral and the water, respectively;
MW and Ms represent the masses of the water and the mineral,

respectively.
The average rate of motion of the radloactlive particles
in ground waters is determined from the expression

Fpm-to (33)

where Fp 1s the rate of motion of radioactivity; F, is the
velocity of the flow of ground waters; Ky 1s the distribution

factor; o 1s the ratio of the mass of the mineral to the mass
of the water per unit volume of the aquifer; in the majority
of cases 0 = 4--5 (according to Higgins) or o = 10 (according
to Violet).

The distribution factor for minerals varies from 40

(in limestone) for 5r90 to 100,000 for Cel** (a table with
values of Ky is given in the work of Higgins [34]). In

water-bearing formations that have been surveyed, from which
water was obtained via test holes, the natural rate of motion
of the ground waters, as a rule, amounts to not more than
1.5 m per day and not less than 1.5 m per year.

Batzel [33], assuming that F, = 1 m/day, K4 = 300 and
0 = 1, determines the rate of transfer of Srgo as 0.003 m/day
in accordance with formula (33). In a time equal to the

half-1ife (28 years), this corresponds to the transfer of sr20
to a distance of 30 m. Higgins, assuming that F, = 3 m/day,

Kgq = 416 (ground) and e = 1, obtains a figure of Fp =

= 0.07 cm/day for Csl37 and for Puc39, in pure pulverized
quartz, (Ks = 82) - Fq = 3.8 cm/day.
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In experimental explosions, the charges in the Blanca
and Logan experiments were made below the ground-water level
[i.e., the water table]. The water collected in the survey
holes and galleries near the location of the exploslon had a

radioactivity of from 1 - 10~2 to 1 - 1078 ¢1/f, which is
approximately equal to the natural radioactivity of the ground
waters in Southern Nevada and much less than the norm [34].

As a result of hydrogeological investigations for the
determination of Ky and the velocity of the flow of ground

waters, it has become known that in the majorlty of cases
there will be practically no contaminatlon of ground waters

(30, 33].

RADIOACTIVE CONTAMINATION OF THE ATMOSPHERE AND RADIOACTIVE
PRECIPITATION [i.e., fallout]

The problem of radlioactive contamination of the
atmosphere and the fallout of radioactive precipltation on
the surface of the earth arises basically in explosions for
the purpose of blasting earth or rock (reduced depth of

placement of the charge 1s less than 60 m/KTl/B) and only to
a small degree in explosions with fragmentation of the surface

of the earth (reduced depth 90 to 60 m/KTl/B). The nature of
radioactive precipltation in underground explosions for an
external effect differs essentially from fallout in contact
bursts or bursts in the atmosphere. As a consequence Of the
conslderably lower altitude of the radioactive cloud [(mush-
room|] the fission products do not reach the stratosphere, and
therefore radioactive precipitation will not fall on the
entire surface of the earth. The Neptune and Blanca experi-
ments indicate that underground explosions for an external
effect are associated with local (near-by) precipitation which
may fall out at a distance of 40--170 km downwind from the
location of the explosion [30].

It 1s known that the rising of pleces and particles
of rock into the air when discharged from a crater faclli-
tates the removal of the greater part of the radioactive
products from the atmosphere [30, 33]. From 90 to 99% of the
radioactive products are adsorbed on the surface of pileces
of rock and dust particles and are carried away by them when
they fall to the earth, and therefore the reglion of the
propagation of this matter and the time of this fallout are
reduced. Basically all the radioactive products, including

90--99% of the SrP° and csl37 £all out within a few hours

after the explosion. Since the fallout of sr90 1g dangerous
from the biologlical standpoint as & consequence of 1its
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absorption by plants, explosions for an external effect should
be set off with a consideration of this feature.
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Figure 43. Distributlon of radio-

activity in a nuclear shot, as a

function of the relative depth of
the crater:

1 -- radioactivity trapped 1ln the

glassy mass and in rock fragments;

2 ==~ radioactivity of precipitation

in the short-range zone; 3 -- radio-

activity located in the air for a
prolonged period of time.

The decrease in the radiation level at the surface,
as a function of the time passed since the explosion, is

described by the function t"1+2 (where t 1s time). Under

the influence of meteorological condltlions, & decrease in the
activity may occur considerably faster. In the Teapot-Ess
shot, a short interval of tlme after the explosion the
measured radiation levels at the brow of the crater amounted
to 60% altogether of those calculated according to the

dependence g=Lle2, Thus, the radiation level at the surface
of the earth 1is
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R,= FRt-12, (34)

where Rt ig the radiation level after t hours; Rl is the

initial radiation level 1 hour after the explosion; t 1ls the
period of time that has passed since the measurements of the
initial radiation level, in hours; F 1s the coefficlent of
meteorological conditions (a variable index, depending upon
the specific conditions).

The effect of the depth of placement of the charge
on the percentage of activity discharged to the surface and,
consequently, the quantity of radioactive fallout, 1s clearly
shown in Table 16.

A graph of the distribution of activity as a function
of the relative depth of the crater, compiled basically
according to the result of four nuclear exploslons with the
formation of craters, 1s given by Nordyke (Figure 43) [19].
Violet [30] gives a graph of the quantity of radloactlve
products in precipitation at the surface as a function of the
reduced depth of placement of the charge (see Figure 39).

METHOD OF REDUCING THE RADIATION EFFECT OF NUCLEAR EXPLOSIONS

Foreign speciallsts [24, 34, 35] propose the following
measures which may limlt the harmful effects of radlatlion in
nuclear exploslions.

1. The application of nuclear charges in which the
synthesis [i.e., fusion] reaction (thermonuclear reaction) is
95% used, and only 5% of the yleld comes from the fission
reaction, for purposes of reducing the quantity of radio-
active products obtained during the exploslon.

2. The use of materials containing boron (neutron
reflectors) as shells for the nuclear charges, for purposes
of absorbing the neutrons liberated in the nuclear explosion.

3. The application of a lining of quartz sand to the
surface of the charge chamber in explosions in carbonate
rocks, for the purpose of trapping the radioactive fission
products in the glassy silicate fused material.

4. The use of the time factor for a natural decrease
in the radioactivity level.

5. BSetting off explosions for an external effect in
favorable meteorological conditions, for purposes of reducling
the zone of radloactive contamination of the surface.

6. Placing the charges at a depth providing for the
maximum possible burial of radloactive products underground
in the given conditions of the useful work of the explosion. J
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CHAPTER 6

THE USE OF NUCLEAR EXPLOSIONS IN THE DEVELOPMENT
OF DEPOSITS OF SOLID MINERALS

The expositlon of the ldeas of lndustrial and
scientific application of nuclear explosions should begin
with the problem of using nuclear charges for developing
solid minerals [11, 14, 21, 25, 31, 35, 36]. On the basis
of the experimental underground explosions described above,
which show the ability of nuclear exploslons to break down
large volumes of rock [11, 21, 36], American sclentists
consider that in the appropriate field of operations the
application of nuclear explosions in the mining industry may
be Justified.

Brown and Johnson [11] indicate three interconnected
problems of the industrial application of the energy of
nuclear explosions:

1) selection of ore bodies of adequate slze, in which
i1t would be effective to use the enormous energy of the
nuclear explosion. The presence of such powerful sources of
energy makes 1t possible to accomplish work of such a scale
and such a nature which would be entirely impossible 1n the
use of ordinary methods;

2) the technical feasibility of purposefully directed
nuclear explosions which are, at the same time, practically
safe for the living organisms surrounding them. The
problems associated with this will vary as a functlon of the
specific task of the explosion. Among them include control
of the magnitude and direction of the effect of the energy
liberated in the explosion, the physical and chemlcal state
of the surrounding medlum after the exploslion, the suppres-
sion or localization of the dangerous phenomena of a nuclear
explosion =-- radiation, seismic, alrborne shock wave, and
thermal. The latter problem must be solved in the future by
the appropriate design of the nuclear charge and selectlon of
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the appropriate medium and condlitions for settling off the

explosion;
3) the economic feasibility of nuclear exploslons.

The given problem depends upon the cost of the charge, and
also upon the expenditures required for its placement in the
proper position, its explosion, and measures for suppressing

the dangerous phenomena.

10000000
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b /

100000 ;

Cost, dollars

i
1
0 100 1000 10000 100006

Power of charge, KT

Figure 44. Cost of nuclear charges as a
function of power:

1l -- cost of charges according to data
published by the U.S. AEC; 2 -~ cost
according to further interpolation.

A comparilson of the cost of nuclear charges and two
types of chemical explosives, according to Hoy's data [18],

1s given in Table 22.

Nuclear charges with a power of the order of 1--2 KT
are atomlic bombs entirely based on the flssion reactlon;
charges with a power of the order of megatons are thermo~
nuclear bombs, and 95% of their energy 1s based on the

fusion reaction and 5% on the fission reaction.
The cost of nuclear charges with intermediate values

of power with relationship to those indicated in the table
may be estimated by using the graph in Figure 44 [21].

As 1s apparent from Table 22, the 1increase in the
nuclear charge reduces the relative cost per unit of 1its
power and consequently at large scales reduces the cost of
blasting operations.

The American sclentists consider that the most
probable field of application of industrial nuclear explo-
sions [36] 1s the development of deposits of solid milnerals
that are large in reserves, but lean in quallty, lying at a
considerable depth in remote desert regilons.
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It is proposed [31, 36] that the followlng operations
may be accomplished by nuclear charges: 1) fragmentation
and removal of the overburden by explosions for blast effect,
before the beginning of the working of the deposit by the
open-pit method; 2) fragmentation of the mineral to prepare
it for mining by the open-pit method; 3) fragmentation of
the mineral and the overlying rocks in underground develop-
ment of deposits by means of systems of forced cave-in by
stages; 4) fragmentation of the mineral (ore) for subsequent
removal of the valuable components by the method of under-
ground leachling at the place where the ore body lles;

5) fragmentation and combustion of hard coal for underground
gasification of it at the place where the coal bed lies.

The last proposal is analogous to the fragmentatlon
of oil shales and underground distillation of the petroleum
by means of nuclear explosions, which will be described in
detail in Chapter 9, and therefore proposals concerning the
application of nuclear explosions for mining solld minerals
by the open-plt and underground methods will be expounded
further.

Table 22
Comparative Cost of the Energy Llberated by

Nuclear and Conventional Charges of Different
Power

| Cost of 2,5 x 105 kcal® of energy liberated by different
i charges, dollars
Power of charge, |
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In the evaluation of these proposals, the American
specialists [11] arrive at the conclusion that adequate
bases exist for calculating on the use of nuclear charges
in the future for fragmentation (breaking of rocks). How=-
ever, before the application of nuclear explosions in this
field becomes a reality, it is necessary to do an enormous
amount of experimental work.
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Until knowledge has been accumulated for adequately
preclse control and precalculation of the results of the
effect of underground nuclear explosions, 1t is not recom-
mended that we experiment on specific ore bodies, as this
might lead to an unjustified risk, considering the value of
the surveyed mineral resources. Therefore, it 1is proposed
to conduct the experiments in gangue rocks, having modes of
occurrence and physical properties similar to the ore bodles.
Special attention is devoted to the selection of the
appropriate section for experimental explosions. It is
emphasized that to obtain essential results from such an
investigation, a prolonged period of time is required.

In the final analysis, the application of nuclear
explosions for the development of solid minerals will become
possible only 1f the given method will provide for cheaper
mining, with the same magnitude of leanness of the ore, as 1s
achieved by existing methods, and 1n the absence of a practi-
cal danger of radioactive contamination of the ore.

The performance of open-pit mining cperations by means
of nuclear explosions attracts the attention of researchers
primarily by 1ts opportunity of moving enormous volumes of
earth and rock by explosions for a blast effect.

The parameters of craters formed in alluvlal solls by
nuclear charges, and also expenditures for each cubic meter
of excavation created by nuclear explosions for a blast
effect, are given in Table 23.

Table 23

Parameters of Craters from Nuclear Exploslons
for a Blast Effect and the Cost of Excavationl’

’ Pd?{ﬁm,féfgi of E)g)lg‘x;csi;trl:;:sogx:i:ﬁeafsxplosiom; Parameters of crater g«) g
c for placement B ,_;&:; A 5 N _"’E 2 EE °
Thawe | T@TEe | sp BEefiley o | 5 | £ fg [TRis
e | m g BEREEEE 7| e | Be | 2f Bl
Diam- |peptn | 8% |@3E5 |76 F | A >E afy

1 0,9 o0 500 | 100 500 [ 1100 | 120 30 | 0,10 ~ 6,99

10 0,9 100 500 | 150 750 {1400 1 210 55 1,22 | 1,19

100 1,8 19 750 1 300 [1000 12050 | 490 110 | 9,15 | 0,22

1 000 1,8 a70 | 1000 I G0 |2 00 | 3600 0,05

950 | 210 (73,0
\

i | |

l)Recent; data from the Sedan shot show
some deviations from the parameter of the
craters gilven in this table (see Chapter 11).
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As is apparent from Table 23, a thermonuclear explo-
sion with a power of 1000 KT theoretically may form an

enormous open pit with a volume of the order 70--75 million ml.
Such volumes may have large quarries in their final contours,
after the removal of the debris and working of the ore
reserves, which are measured 1in tens of millions of tons. In
distinction from the conventional technology of open-pit
operations, which include two independent processes == the
fragmentation of the rocks by chemical explosives and the
removal of the broken rock from the quarry by loading and
transporting machines and mechanisms, a nuclear explosion for
blast effect solves in these problems 1in one operation.

As is apparent from Flgure 44, according to data from
the U.S. Atomlc Energy Commission, the cost of a nuclear
charge increases only insignificantly with a sharp increase
in its power (for example, less than by a factor of three
when the power 1s increased by a factor of 1000). These data
refer to the first experimental explosions; 1in the industrial
use of megaton nuclear charges we may calculate that their
cost will be only half as much [21]. Consequently, the
economlc advantage of nuclear charges in large volumes of
excavation of earth is considered to be unquestionable; to
the contrary, however, in full volumes of excavatlions con-
ventional methods of open-pit operations will be cheaper. In
connection with this it 1s proposed to use nuclear charges
for a blast effect for uncovering large deposits of lean ore,
located 1n reglons have a scanty population, which are
unprofitable to develop by conventional methods and with the
existing equipment. Such an opportunity is schematlically
illustrated in Figure 45. A steeply dipping bed of iron ore
with a thickness of 120 m, outcropping at the surface at the
summit of a mountain, is uncovered on the hanging side by a
nuclear explosion for scattering the rock of the corresponding
slope. As 1is apparent from Figure 45, an excavation with a

volume of up to 15 million m3 is formed, which, in view of
the favorable relief of the surface, is done by a single
nuclear charge with a power of 100 KT. The cost of a cubic
meter of excavation will be of the order of 10--15 cents,
while in the use of conventional methods 1t would be 30--35
cents.

In one of these works [14] considerations are
expounded concerning the gradual uncovering of an ore
deposit by nuclear explosions intended for blast effects.
Nuclear charges of relatively small power (5--10 KT) are
placed in the rocks of the overburden in a rectangular grid
or in staggered settings, with the interval between the
charges beilng 79--90 m. It is considered that the depth of
placement of the charges of the first level from the surface
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of the overburden In which 1t 1s possible to use this method
must be a minimum of 15 m. The overburden 1s removed by
successive explosions of these levels, beginning with the
upper one. In direct proximity to the ore, the remnant of
the overlying rock is removed by machinery. By such a method,
in particular, it is recommended o0il shales in the western
states be uncovered for open-pit mining of this resource.

The economics of the nuclear exploslons in the gilven case
will be less favorable as a consequence of the relatively
small power of the charges.

Figure 45. Diagram of the removal

of the overburden above an ore de-

posit by a nuclear explosion for
blagt effects:

a == vertical section; b -~ plang
l -= 0Ore.

From another work [31] it is known that it is possible
to quarry bullding stone and crushed rock by the open-pit
method, and to fragment it to the necessary size, in one
operation by means of nuclear explosions.

The application of nuclear explosions is also
consldered economical in the open-pit mines of the Anaconda
Chile Company in South America, where the overburden factor
at the present time 1s equal to 10:1l and in the near future
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an increase in it is expected. The remoteness of the region,
which is located in a thinly populated desert, favors the
application of nuclear exploslons in thils deposit. It 1is
proposed that the energy of nuclear explosions could also be
used in the working of the Steep Rock lron-ore deposit in

the province of Ontario (Canada), 65 km north of the U.S.
border [37]. The ore bodies lle under a lake with an area of

18 xm2, at a depth of 25--90 m; the thickness of the layer
of silt on the lake bottom is 90 km; directly above the
deposit lles the layer of rubbly gravel 30 m thick. The total
thickness of the five ore deposits reaches several hundred
meters. Before the beginning of the development of the
deposits, after the water had been pumped out of the lake,
it would be necessary to do a great amount of work in the
removal of the silt and clay lylng above the ore bodles, wilth
the application of dredges and excavators. By means of
nuclear explosions, these operatlions could be performed
faster and cheaper.

In the USA, the reserves of taconlte ores 1n the
north of the state of Minnesota are enormous. The reserves
of these ores with an average iron content of 30% amount to
56 billion T. At the present time, the difficulty of
developing the taconite 1s assoclated with the great amount
of oversized rock fragments produced, because of the
inadequate power of modern chemical explosives. Subsequent
crushing of the viscous and abrasive material in rock
crushers 1s a labor-consuming and costly process. It 1s
considered that this problem might be solved by the applica-
tion of nuclear explosives [14].

In the USA the working of open-plt mines by modern
methods 1s considered economical if up to 50 T of gangue
[i.e., barren rock] ls removed for each ton of ore. A
higher ratio of overburden, even in the development of
valuable ores, makes open-plt operations disadvantageous. In
the use of nuclear explosions 1n open-plt operations such
factors as the depth of the deposits, strength of the ore,
thickness and nature of the overburden, and relatively small
value of the mineral raw material, cease to play the primary
role.

Thus, in the opinlon of American researchers [3, 35,
36] the application of nuclear explosions in open-pit mining
operations:

1) essentially simplifies the technologlcal process
of mining a mineral by combining several operations into one
process; 2) makes it possible to increase conslderably the
depth of open-pit operations and the maximum ratlo of over-
burden; 3) reduces the cost of mining a mineral to a tenth
or less of the comparative cost with contemporary methods;
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4) creates conditions for bringing into exploitation large
deposits of lean and low-grade ores that are unprofitable
for development at the present time.

In practice, the application of nuclear explosions
in open-pit operations depends primarily upon the suppres-
sion of their harmful effects, and especially the radio-
active contamination of the body being developed and of the
surrounding terrain. Baslc measures for safety provisions
were expounded above (see Chapters 5 and 6). For a case of
open-pit operations, they can be reduced to the creation of
charges with a low fractlon of the fission reaction 1in the
explosion, the development of neutron-~-proof shells, the
selection of the safest depths for the placement of the
charges, and the consideratlon of the meteorological factors
before the exploslon, and the use of the time factor for
natural deactivation (decay of the radioactive products) in
the reglon of the explosion. Together with this, a number
of specific problems arise which must be studled in the
solution of the problem of the industrlial application of
nuclear explosions in open~-plt operations. OSome of them have
been formulated by Boyd [36].

1. Methods of drilling and exploslve operations and
its equipment used at the present time make it possible to
develop the planned contours of the quarriles more precisely.
In a case of nuclear explosions for a blast effect, the
volume of unneeded "excess' rocks beyond the limits of the
planned contours of the crater remalins unknown, as well as
the stablility of the sldes of the crater, the nature of
operations and expenditures on thelr dismantling for safe
mining of the ore located below.

2. Exlsting methods of open-pit operation provide for
gseparate removal of barren rock and mining of the minerals,
and make 1t posgible to work different grades of ore or
large incluslons of barren rock in ore bodies selectively.
In nuclear explosions it 1is assumed that after removal of
the overburden, another nuclear charge may be planted, which
wlll blast the ore to the surface of the barren rock. In
that case, a mixing of the ore and the rock 1is possible, thus
creating an impoverishment of the mineral.

5. Exlsting methods of drilling and blasting opera-
tions in a quarry make it possible to control the size of
pleces of the broken ore and the yleld of oversized pleces
to the degree required. In nuclear explosions, such a
possibility is not clear. The formation of large blocks of
ore, requiring considerable effort for secondary pulveriza-
tion, 1s not excluded.

For a study of these problems and other questions of
the safe and effective application of nuclear explosions in
open-pit mining operations, further research is proposed in
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the USA, including experimental explosions at speclal test
areas and in thinly populated desert reglons [25].

Proposals for the use of nuclear explosions in the
underground development of solld minerals also are based upon
the new opportunity for fragmentation and breaking of un-
usually large masses of rock.

The most complete concept of the development and
result of an underground nuclear explosion for internal
effect is given by the Rainier experiment, descrlbed 1n
detail in Chapter 3. In very unfavorable conditions of
operation of the charge, in practically an absolute pinch, an

explosion with a power of 1.7 KT broke up 90,000 m3 of tuff;
besides, as a result of the cave-in of the overlying rock

into the spherical explosion cavity, up to 225,000 m’ of
water-permeable (broken) rocks were formed.

By working from the laws of similarity, we must
expect that more powerful nuclear explosions will break up
enormous volumes of rock.

Not to mention a charge of 10 MT, the application of
which in mining practice 1is scarcely probable, an explosion
with a power of 1 MT could theoretically break up, in one
explosion, a large ore body with reserves of 300-~400 million
T, if 1t had the appropriate shape. The optimum depth of
planting of such a charge from the surface would be somewhat
within limits of 1300--1500 m. The data glven are a very
tentative estimate of the possible results of the explosion,
and do not so much characterize the absolute quantitative
indices as the possible scales of fragmentation of the rocks
by the nuclear shot.

In a case of the creation of more favorable operating
conditions for the charge, the effect of the exploslon, from
the sense of fragmentation of the rock, might be considerably
improved. An important circumstance, therefore, is control
over the destructive effects of the nuclear explosion in the
rocks. American researchers [36] are considering ways and
means to obtain a directed effect for an underground nuclear
explosion. For example, the optimum distance of a nuclear
device placed in an underground chamber from the exposed
surface of the surrounding rocks, in which the maximum shock
effect of the explosion 1s achieved, has been established.
Another possible, but as yet far from proven, effect 1s the
effect of the shape of the chamber. In the explosion of a
charge in an underground chamber of definite shape, we may
expect a concentration of the explosion effect in one given
direction. Besides this, cases of the energy distribution of
a nuclear explosion are being studied: along one underground
gallery; in four directions, along two intersecting gal-
leries of limited length, and uniformly throughout the entire
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surface of the massif being tapped. In all cases, condltlons
are being sought for direction of the energy of the explosion
in a given direction, so that 1its fragmentation effect would
be stronger than in the effect of an explosion in an un-
limited massif, with the formation of an expanding sphere.

By means of appropriate prelimlnary preparation of
the ore massif by mining workings, for a directed effect of
the energy of the explosion, 1ts useful effect may be
increased, from the sense of the fragmentation of the ore, in
comparison to the lndices from the Rainier shot. The
technique of forced mass cave-in by nuclear explosions may be
advanced as far as it makes it possible to process adequately
large ore bodies without dividing them into blocks.

The problem of the application of nuclear exploslons
for underground mining of ore 1is being considered by
American specialists primarily because of the reduction in
the reserves of rich ore deposlts, in particular copper ores,
that 1lie at a shallow depth. Boyd [36] indicates that at the
beginning of the twentleth century the USA was developing ores
with a content of 2.5% copper, completely satisfying the
domestic market of the country for this metal, and even
exporting 1t to many countries. At the present time, the
average copper content in the ores extracted at American mlnes
amounts to less than 1%, and the USA 1s obliged to import
copper. In the future, the discovery of new deposits at
great depth with a low metal content may be expected, and
expenditures on their development will unavoidably 1increase,
if new methods of underground mining are not found. Among
these methods we may include the application of nuclear
charges for cutting the ore, which 1s the basic costly opera-
tion in underground mines.

As yet no specific proposals or plans for underground
working of definite deposits with the application of nuclear
explosions have been published in the U.S. literature. The
lack of such projects is probably explained by the complexity
of underground fragmentation of rocks by this method, and the
fact that the method has been little studied. However, qulte
a few ideas and planning proposals with reference to condi-
tional ore bodles do exist, which may be divided into two
groups: 1) the application of nuclear explosions in systems
of forced cave-in by storles, with the removal of the ore and
its delivery to the surface; 2) the application of nuclear
explosions for breaking up ore, with subsequent leachi of
it on the spot where it lies and delivery of solutions [l.e.,
concentrates] enriched in metal to the surface.

A possible variation of forced cave-in by stories,
by means of nuclear charges with a power of 1.7 KT, which
would be laild below the ore body, in order to prevent radlo-
active contamination of the ore, 1s given in Figure 46 [18].
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The dimensions of the zone of effect of the charge and the
cave-in zone of the ore are assumed by working from the
assumption that the rocks have properties simllar to tuff.
In this case, the quantity and power of the nuclear charges,
and the given dimensions, may be determined by using Figure
16. The basic shortcoming of the proposed scheme for the
placement of the charges is the necessity of cuttling and
shoring up the galleries in a masslif destroyed by the explo-~
sion [18].

After the explosion, 1t 1s necessary to do a certain
amount of work to remove the fragmented ore, in analogy to
mass cave-in systems. Great attention in thls case 1is
devoted to the preparation of the ore body before the explo-
sion, to increase 1ts efficlency, the creatlion of a
definite shape and volume of the fragmentation zones, and
also to protect the rocks in which the collecting shaft will
be cut from the destructive effect of the charges.
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Figure 46. Diagram of the fragmentation
of an ore body by nuclear charges 1in a
system of forced cave-in, story by story.

In a case of the explosion of a single nuclear charge,
in an intact massif, Jjudging by the example of the Rainier
experiment the fragmentatlon zone probably will be bounded
below by a spherical segment of slightly disturbed rock. The
tunneling of the outlet galleries in it may be accomplished
in accordance with two schemes: 1) by means of finger rises
of the same height, at different levels of the ore-removal
horizon, or 2) with finger rises of different lengths, from
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one level of the ore-removal horlzons (Figure 47). 1In
control of the effect of the nuclear explosion by the method
of preliminary horizontal cutting of the massif that is to
be collapsed, the fragmentation zone may be given a flat
surface on its lower side, and the rocks under it may remailn
undisturbed. Then we may apply the simplest preparation of
the gallery, with scraper drifts, and short finger rises

(Figure 48).
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Figure 47. Preparation of the bottom of
the block:

a -- arrangement of drift of the ore-
extraction horizon at different levels;

b ~=- arrangement of the drift of the ore-
extraction horizon on one level, wilth
different lengths of finger risers; 1 --
communicating risers; 2 -- flnger risers;
3 == drift of the ore-extractlon horizon;

4 «- ore-removal drift.

The basic advantage of the method of forced cave-in
of the ore stage by stage, by means of nuclear explosion, 1ls
considered to be the possibility of developing the most
diverse deposits, including those that are structurally
disturbed, where ordinarily systems with mass cave-in can be
applied with difficulty, or where 1t 1is impossible to apply
them at all. Thus, nuclear explosions, as it were, would
expand the field of application of high~capacity mining
systems, with story-by-story cave-in of the ore.

The pecullarity of such mining systems lies in bringing
out the ore under the enclosing overburden rocks. If the
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latter are stable and difficult to cause to cave in, in the
withdrawal large overhangs of rock are possible, wilth sub=-
sequent sudden cave-=in of them,which may cause air-compres-
sion shock. This phenomenon is associated with danger to the
lives of the workers engaged at the ore-extraction horizon.
It is recommended that possible overhangs be avoided by
preliminary fragmentation of the overlylng rocks by means of
nuclear explosion. Cave-in of the overlying rocks by the
given method may be applied both in conventlional systems for
cave~-in story by story by inertia, and forced cave-in, story
by story, with blasting out of the ore by means of chemical
explosives, and in a case of the method using forced cave-in,
with nuclear explosions.

= T
= \O\SPQH ore

adjp -
it pora™

Figure 48. Preparation of the ore-removal
horizon for ore caved in by a nuclear explo-
sion:

1 -~ scraper winch; 2 -~ scraper drift; 3 -~

outlet ramp 4 -- ore hopper 9 m long; 5 ==
blind pit for placement of nuclear charge;
6 ~- nuclear charge.

Rock removal, underground transport, and 1lifting of
the broken ore to the surface are made highly complicated
because of the radioactive phenomenon and residual heat of
the nuclear explosion. Problems of seismic safety are solved
in the same way as in ordinary underground explosions. It 1s
recommended that the radius of the zone beyond the llmlts of
which the seismic oscillations caused by the nuclear explo-
sion will not present any danger to surface and underground
structures be determined as indicated in Chapter 4.
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From a vertical section of the fragmentation zone
formed by the Ralnier shot (see Figure 14), where the black
arc marks the location of the basic concentration of radio-
active products, it 1ls apparent that at the first stage of
removal of the ore to the system of gallerles cut under the
fragmentation zone, radioactivity will not present any special
danger. However, after a definite time the radloactive ore
will appear in the outlet ramp. Therefore, besides control
of the ore removal, which makes it possible to predict to
some degree when and through what ramp radioactive ore will
pass, it 1s necessary to organize a constant and thorough
radiometric control at the ore-removal horizon. If the
radiation levels are higher than the permissible nornm,
American researchers propose the followling protective measures
for the personnel: a) automation of the operation of the
scraper winech for its remote control, with the installation
of a hermetically sealed screen having a window in the
scraper drift; b) active dust suppression in the withdrawal
and scraping of the ore by means of Intensive spraying and
purifying the outcoming air Jjet of radioactive materlials by
filtration through the appropriate absorbents; c) deactiva-
tion of the scraper drift after cessation of the removal of
the radioactive ore, for which, for example, 1t must be
intensively washed with water; d) stowage of the broken ore
contaminated by radioactive products for a definite time,
during which natural decay of the radiloactive isotopes will
occur.

The possibility of working near the zone of radio-
active material and removal of the ore from this zone is
confirmed by the experiment of cutiing survey gallerles in
the vicinity of the Rainler shot.

According to a communication by Johnson et al. [2], in
the cutting of a survey gallery from an approach adit (see
Figure 14) the radiation level at the surface of the drift
intersecting the zone of radioactive material amounted to
300 mr/hr, which made it possible to remove the pieces of
rock manually and transport them in dump cars, with a simple
shieldling made of sandbags.

One of the possible variations of the working of
deposits by means of nuclear explosions is a proposal for
caving in the ore in individual sections or throughout the
entire ore body, with isolation of the reserve of broken ore
contaminated by radioactive products for a prolonged period
of time for purposes of the natural decay of the short-lived
radioactive isotopes. Removal of the ore from such sections
may be accomplished after 15 years or more.

The heat created by nuclear explosion will be absorbed
by the enormous volume of relatively cold ore that has caved
in, and the average temperature in fragmentation zones 1is
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expected to be comparatively low. However, in indivldual
sections the temperature of the ore arriving at the ore-
removal horizon may turn out to be increased, and create ab-
normal working conditions in the scraper drift. The heated
ore is cooled by water, which 1s fed into the cave-ln zone in
large quantities, with multiple recirculation. The galleriles
of the ore-removal horizon must be ventilated by air,
artificially cooled by stationary or portable coollng plants.
In spite of the problems with this, in the opinion of
Amerlcan researchers, no insurmountable technical or economic
reasons exist because of which it would be lmpossible in the
future to apply nuclear explosions successfully in the
underground working of deposits of ore, with the haulage of
the mineral to the surface. A system of story-by-story
forced cave-in by means of nuclear charges would make 1t
possible to mine ores which at the present time are con-
sidered to be nonindustrial.

Figure 49. Underground leaching of ore
after fragmentation by nuclear explosion:

1 ~- feeding of leaching solutions; 2 ==

old quarry; 3 =-- ore broken up by nuclear

explosion; 4 -- drainage gallery for col-

lection of enriched solutions; 5 =-- pump-
ing station.

A first attempt to remove a mass of rock broken up by
a nuclear explosion is known [25]. The experiment indicated
was made in the section where the Rainier shot was set off
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approximately 2--3 years after the detonation of the charge.
In a survey gallery cut in 1959 from a riser 30 m above the
approach adit (see Figure 14), four ramps were made in the
zone where the rock was caved in by the explosion, to remove
the broken rocks. A scraper winch installed in the drift
delivered the rock to a raise stope from whence, through a
hatch, it was loaded into dump cars and rolled out to the
mouth of the adit. All operatlions were accomplished
basically in the same way as in ordinary mining by block-by-
block cave=-in. The removal of the broken mass of rock was
successful. However, the given experiment was of a purely
demonstrative significance, slince the rock mass removed was

only barren rock.
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Aot 430-m horizon
T |

Figure 50. Fragmentation of ore
by a nuclear explosion for sub-
sequent underground leaching:?

1l -- drilled holes for feeding in

solution [solvents]; 2 =~ boundary

of jointing; 3 =- ore body; 4 ==

shaft; 5 -- cave~-in zone; 6 ==

fragmentation zone; 7 -~ position
of nuclear charge.

The principle of underground leaching of ores (Figures
49 [25] and 50 [21]) 1les in the following: the ore deposit,
as a rule, with a low content of valuable components, being
impermeable to water in the massif, 1s broken up by one or
several nuclear charges, with subsequent feeding of leachilng
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solutions through holes drilled from the surface. The

uncut massif, which is impermeable to water, surrounding the
fragmentatlion zone, creates, as 1t were, an enormous natural
vessel, in which the process of underground leaching wlll
occur. The solutions being pumpert through the ore will
remove the element needed (selectively, 1if necessary), be
collected under the fragmentation zone in dralnage galleries,
and pumped out to the surface for subsequent reprocessing
(precipitation of the valuable components).

The advantages of the given varilations of the use of
nuclear explosions for working ore deposits, in comparison
to the first group of proposals, is obvious. In the given
case, the necessity of removal of the ore no longer arises,
nor is the underground transportation or 1lifting to the
surface needed, which considerably simplifies the exploita-
tion of the deposilts, and reduces 1ts cost. However, as Boyd
mentions [36], in this case new problems arise, which as yet
have found no answer because of our inadequate knowledge and
experlence.

135m

330-m horizon

Figure 51. Development of deposits

(with ore reserves of 50 million T)

by the system of story-by-story cave-
in by inertla:

1 -- ore bodies; 2 -- shaft; 3 =-- col-
lapsed ore.

1. It is qulte apparent that the given process 1is of
industrial interest only with adequate pulverization of the
ore by the explosions, since the extraction factor of the
valuable components depends upon this. At the same time, for
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economic considerations the application of nuclear charges

of great power 1is required, probably measured in hundreds of
kilotons. The degree of fragmentation of the rocks composing
the ore deposit in this case 1is unknown.

2. It is not known 1if nuclear explosions will create
adequate and uniform permeability of the fragmentation zone
to water (this is primarily assoclated with the first prob-
lem) for continuous and effective pumping of the leaching

solution.
3. It is not known 1f the ore massif will be broken

up to such a degree that the excavation of dralnage galleries
under it for collection of the enriched solutions will be
hampered, or even made impossible, and it 1s also not known
what the state of the underlying rocks (the bottom of the
block) must be to prevent losses (leakages) of the valuable

gsolutions.
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Figure 52. Development of a deposilt
(with ore reserves of 50 million T)
by the method of fragmentation of the
ore by nuclear explosion, with under-
ground leaching. Vertical sectlon:

1 -~ wells for feeding in solutlon;
2 -- shaft; 3 -- ore bodles; 4 =--

fragmentation zone; 5 =-- nuclear
charges; 6 =-- drainage drift; 7 --
cave-in zone; 8 -~ boundary of joint-

ing.
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4., It is not known if the indices of underground
leaching (speed of the process, extraction factor of the
valuable components) will be adequately high in order to
justify expenditures for the mining preparatory operations
and the necessary structures and other devices.

5. It is not known to what degree the leaching solu-
tion will be contaminated by the radioactive products of the
nuclear explosion and the broken ore contaminated by them,
as it is circulated.
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Figure 53. Development of a deposit

(for reserves of 50 million T) by the

method of fragmenting the ore with

nuclear explosions, and with under-

ground leaching. Plan of the drainage
horizon:

1 -- drainage galleries; 2 -- shaft;
3 -~ ore bodles; 4 -- nuclear charges.

The overwhelming majority of the radlioactive products
of an explosion, as the Rainier experiment demonstrated, will
be trapped in a limited volume of glassy rock that is only
slightly soluble, which, as it were, wlll reduce the danger
of radioactive contamination of the solution. However, only
experimental work can give a confirmation of this assumption,
and only in such a way can we obtaln the answers to the
previous questions.

The Colorado Institute of Mining Research has made an
interesting investigation on determining the profitability
of the development of a conditional deposit of lean copper
ores (with an average content of 0.5% copper) by different
methods, including the application of nuclear explosions
[37]. Technical and economic calculations were made for
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deposits of ore reserves of 1.5 million T, 10 million T, and
50 million T, according to three variations for obtaining the
copper: 1) story-by-story cave-in of the ore by lnertia,
with subsequent hydrometallurgical processing of it at the
surface; 2) story-by-story cave-in of the ore by inertia,
with subsequent floatation concentration of it at the sur-
face; 3) breaking up the ore by nuclear explosions, under-
ground leaching on the spot where the ore body lles, and
pumping the enriclied solution to the surface for precipita-
tion of the copper.
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Difference between selling price and cost of
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Figure 54. Profitability of extraction

of copper as a functlion of the size of

reserves and method of working the de-
posits:

1l -~ fragmentation by nuclear exploslons,
with leaching of the ore on the spot where
the ore body lles; 2 =-- story-by-story
cave-in by inertia, with subsequent floata-
tion of th- ore at the surface; 3 -- story-
by~-story cave-in by lnertia, with subse-
quent hydrometallurgical processing of the
ore at the surface.

A diagram of the working of a deposit with reserves
of 50 million T in accordance wlth variations 1 and 2 1is
shown in Figure 51 [37]. The working of such a deposit by
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Specific expenditures, dollars
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Figure 55. Change in specific
expenditures per ton of ore with
respect to capital and prepara-
tory operations in different
methods of working the ore body:

1 -- fragmentation by nuclear
explosion, with leaching of the
ore on the spot where the ore
body lies; 2 =-- story-by-story
cave-in by inertia, with subse-
quent floatation of the copper
ore at the surface; 3 =-- story-
by-story cave-in by inertla,
with subsequent hydrometalllc
processing of the ore at the sur-
face.

means of nuclear explosions and underground leaching 1is
shown in Figures 52 [18] and 53 [37]. The results of the
calculations are given in Table 24 and are shown in Flgures
54 and 55 [37]. In the conslderation of the results, we may
conclude that in conditions in the U.S. the exploitation

of deposits with a 0.5% copper content in the ore may be
profitable only with the use of the first varilation and in
deposits whose reserves are more than 10 million T of ore.
Thus, from the economic standpoint the fragmentatlion of the
ore by nuclear exploslions with subsequent underground
leaching may in the future turn out to be the most acceptable
method of working deposits of lean ores that are capable of
being leached.
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CHAPTER 7

THE USE OF NUCLEAR EXPLOSIONS IN THE CONSTRUCTION

OF LARGE CIVIL-ENGINEERING STRUCTURES

INTRODUCTION

The next field of industrial application of nuclear
explosions may be the constructlon of large civil-engineering
(primarily hydraulic-engineering) structures. In this case,
a nuclear charge may also be used for the instantaneous
destruction and movement of enormous masses of rocks. The

iven problem is discussed by many American researchers
3, 11, 19, 23, 25, 31, 35, 38, 39], and also in Rougeron's
book [40].

It has been proposed to use nuclear explosions for the
solution of the following specific problems: 1) the
construction of harbors for seagoing and river shlpping;

2) the construction of canals for seagolng and river vessels;
3) the construction of earth-filled dams and dikes; 4) the
regulation of surface and underground water courses; 5) the
creation of underground storage tanks for POL and gas.

Aside from general ideas, there are already specific
proposals and projects in existence in the given direction
of the industrial use of nuclear explosions, and also a
special experiment (the Sedan experiment) has been carried
out at the Nevada test aresa.

THE CONSTRUCTION OF HARBORS FOR SEAGOING AND RIVER VESSELS

The essence of the glven idea lies in the appllcation
of nuclear explosions for a blast effect, for the formatlon
of sheltered harbors on the coast of a sea or the bank of a
river. The explosion of a thermonuclear bomb with a power of
14 MT at the location of the coral reef of Elugolab (on
Eniwetok atoll), set off by the USA, formed a unique "harbor."
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The birth of the project on an industrial scale in
the USA was a project for the construction of an enclosed
seaport with an entrance channel at the northwest extremity
of Alaska, known under the code name of Project Charilot.

This project was concelved in 1958 and, aside from its
applied significance, provided for the following basic goals:
1) the expansion of data concerning the results of nuclear
explosions for a blast effect in rocks of different
characteristics (in the given case, in the hard rocks of a
seacoast); 2) the detonation of a simultaneous group explo-
sion of nuclear charges; 3) the procurement of new informa-
tion concerning the distribution of the radiocactive products
of nuclear explosions in the surrounding territory and in
the atmosphere; 4) the study of the effect of the airborne
shock waves at varlous distances from the point where the
nuclear charges for an external effect were set, planted at
a considerable depth.

The site of the future harbor is located 160 km north
of the Arctic Circle, south of Point Hope and Cape Thompson,
at the mouth of the 1little Ogotorox River. 1In the vicinilty
of Point Hope, the shore is not clear of the polar pack ice,
which even in summer never moves far away from the land.
Seagolng vessels can pass north of this point durlng only one
month of the year., In the viecinity of the future harbor, the
sea 1s free of ice three months in the year. Nearby there
are deposits of coal and flelds of petroleum, which could be
developed in the presence of a good shelter for shlppilng.

The project proposed the placement of three charges
of 20 KT each at a depth of 120 m and two of 200 KT each at a
depth of 210 m, having arranged them in the plan as shown 1in
Figure 56. As a result of the simultaneous explosion of
these charges, 1t 1s proposed to form an entrance channel
550 m long and 250 m wide and a landlocked harbor 840 m long
and 420 m wide (Figures 56 and 57). The minimum depth of the
harbor will be 9 m. The volume of rock scattered by the
energy of the nuclear explosions will amount to 20 million T
according to the plan. Later on, the possibility of
additional widening of the harbor to dimensions of
900 x 1500 m and increasing the width of the channel to 360 m
1s provided for.

To carry out the experiment, a deserted coast was
selected, working from considerations of reducing the hazard
due to radioactive contamination of the terrain. Besldes
this, for the minimum dlischarge of radioactive products into
the atmosphere and at the surface of the earth, the burlial of
the charges at a considerable depth, as indicated above, was
accepted. In the project it was assumed that the energy of
the explosion will scatter only the surface rocks and the
greater part of the radioactive products (80--90%) will
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Figure 56. Arrangement of the charges
for Project Charlot:

1, 2, 3 =-- charges with a power of 20

KT each; 4, 5 -- charges of 200 KT each;

6 == contour of the harbor after addi-

tional widening; 7 -- contour of the

channel formed after the explosion; 8 --
entrance channel.

remaln stored in the rocks that surrounded the nuclear
charges. After the explosion, it was proposed to measure
the radloactivity within a radius of 160 km and renew opera-
tions in the vicinity of the location of the explosion after
two weeks.

Beginning in the middle of 1959, in the vicinity of
the future harbor, geological, meteorologilcal, ecological
and oceanographic investigations were conducted. At
individual periods up to 140 specialists from the AEC and
other governmental institutions of the USA were engaged in
this work.
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Initially it was proposed to carry out Project Chariot
in 1960. But as the surveys continued, doubts arose about
the possibility of accomplishing it safely for the sur-
rounding biosphere, and the time of its accomplishment was
repeatedly delayed. In the summer of 1962 the AEC decided
to delay the conduction of the given experiment for an
indefinlte period because of the protests of the local
inhabitants (Eskimos), who consldered that nuclear explosions
represent a hazard for the population, fauna, and flora of
the given region of Alaska [39]. Expendlitures on Project
Chariot by this time had amounted to about $4 million.

The Sedan experimental nuclear explosion, set off in
July 1962 at the Nevada test area, in the opinion of American
researchers, made it possible to obtain an adequate quantity
of data on the excavation of the soil and the creatlon of
large diggings. As a consequence of thls, the setting off of
the Project Chariot explosions now is of lesser significance
from the standpoint of studying the effects of nuclear explo-
sions of great power for blast effect.

Figure 57. Overall view of the Project
Chariot harbor for seagoling vessels.

A detailed description of the Sedan experiment 1s
iven in Chapter 11l. According to a communlcatlon by Kelly
%3], a nuclear charge with a power of 100 KT was exploded
in the Sedan experiment (with the fraction of the energy |
obtained by the fission reaction beging less than 30%, and |
that obtained from the fusion reaction being more than 70%),
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placed at a depth of 193 m from the surface, in alluvial
rocks, through a drilled hole with a diameter of 914 mm. The
actual parameters of the blast crater formed by the explo-
sion in comparison with those calculated in accordance with
two variations of the dependence W of the power of the
charge are given in Table 25.

Table 25

Calculated and Actual Parameters of the
Apparent Blast Craters in the Sedan Shot

Calculated I
parameters of crater after explosion variation I variation I1 Actual
1f ]
@y (WP | =7 (W'
Diameter d, m < . ¢ ¢ .« o e e e 425 365 369
Depthhym ..., 90 52 97

The rocks discharged fell within a radius of 4 km
from the eplcenter of the explosion, and the heilght of the
rock pile around the crater varled from 60 to 30 m.

The Sedan experiment was very successful from the
standpoint of the blast effect: the explosion removed

5.1 million m> of earth. From thls index, the technical
possibility of the construction of harbors (or canals) by
means of nuclear explosions was proven. Later on, it wlll
be necessary to refine the calculated sizes of the craters
in soils and rocks of different characteristics, and also to
gsolve the major problem of the given method of harbor
construction -- safety from the standpoint of radiation
effect. A comparison of expenditures of the creatlon of a
harbor in hard rock by conventional methods and with the
application of nuclear explosions [14] will make it possible
to judge the economical nature of the method proposed.

Let us assume that a harbor must have a maneuvering
basin with a diameter of 800 m and an entrance channel
1400 m long and 370 m wide. By the explosion of a charge
with a power of 1 MT, lald at a depth of 50 m, a basin of
the indicated diameter is formed, with a depth of 150 m. An
explosion of four charges with a power of 100 KT each, lald
at a depth of 20 m, would create a channel of the dimensions
indicated, with a depth of 70 m. Altogether, the nuclear

explosions would remove 100 million mJ of rock. The cost of
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these operations, according to calculatlions, would amount to
5 million dollars, i.e., each cublc meter of earth removed
would cost 5 cents.

In a case of the performance of the operatlon by
conventional methods, the total volume of a cut with a depth

of 20 m would amount to 20 milllon mJ. However, the frag-
mentatlion of the rocks by means of drilling and blastling and
removing them with excavators would cost considerably ~nre
than in the first case. The total expenditure would amowuaub
to $2 per cubic meter of rock, or 40 million dollars for the
entire volume. In more remote regilons the cost indices would
be several times as much. Thus, the creation of a harbor by
nuclear explosions would be much cheaper than in a case of
its construction by conventional methods.

THE CONSTRUCTION OF CANALS FOR SEAGOING OR RIVER VESSELS

With the arrangement of several nuclear charges
intended for external effect in one line under the earth, as
a result of their combined exploslion for a blast effect, a
channel may be formed for seagoing or river vessels. Johnson
and Brown {35] indlicate that nuclear charges with a power
of 100 KT each, arranged in one row at intervals of 360 m, at
a depth of 15 m from the surface, would form a canal 360 m
wide and about 1.5 km long during the explosion.

In the USA several specific plans for the construction
of canals by means of nuclear explosions are being studied.
Among them we may mention first of all the entrance channel
to the harbor for seagoing vessels at Cape Thompson in
accordance with Project Chariot. There 1s a proposal for
the construction of a river canal in the south of the USA,
with the application of nuclear charges, which 1ls to connect
the Tennessee River with the Tombigbee River, emptyling lnto
the Gulf of Mexico. As a result of eight explosions with a
power of the order of several kilotons each, 1t is supposed

to remove about 70 million m3 of earth and to form a canal

56 km longl) passing through thinly populated terrain of
Tishomingo County between Ermori in the state of Missouril
and Pickwick Pool in the state of Alabama. It has been
calculated that the use of nuclear charges would make 1t
possible to save 20--30 million dollars 1in the construction

l)We have in mind the total length of the canal,
including sections of existing routes, where the application
of nuclear explosions 1s not foreseen.
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of the canal, and to reduce the total cost of the work to
240 million dollars.

After the Sedan experiment was carried out, in the USA
interest in the use of nuclear explosions in the constructlon
of large hydraulic-engineering structures, especially new
canals, rose considerably. In the American Senate, a
proposal was introduced to study the problem of the construc-
tion of a second canal across the Isthmus of Panama with the
use of nuclear explosions. It is expected that already by
1975, because of the growth of marilne transportation, the
exlsting Panama Canal will not be able to provide for the
passage of all vessels even with continuous traffic in two
directions. According to preliminary calculations, the
construction of a second canal by means of nuclear explo=-
sions will make it possible to finish it in half the time
and at a third of the cost required by conventlonal methods.
It is proposed to route the new canal along the border between
Panama and Colombia: either on the territory of Panama (the
Sasardi-Morti route), or on the territory of Colombia (the
Atrato-Truano route). In both cases, the mountainous relief
of the terrain in the central part makes a transition to a
swampy plain at the seacoast [41]. The reality of the
accomplishment of such a project, again, depends upon a
guarantee of the safe detonation of underground nuclear explo-
sions in the given regilon.

The Atomic Energy Commission, together with the Corps
of Engineers of the U.S.Army, 1s studying the possibllity of
the construction of other canals to connect navigable water-
ways, by means of nuclear exploslonms. In this case they have
in mind a reduction in the expenditures on the work indicated
in comparison to conventional methods.

In 1963 it was planned to conduct a new experiment at
the Nevada test area to obtain data concerning the pos-
sibility of the construction of canals and harbors 1in group
explosions of underground nuclear charges, arranged in the
appropriate manner. However, the experiment was put off
because of the danger of contaminating the atmosphere with
radiocactive fragments.

It is considered that nuclear exploslons also may be
applied to eliminate underwater obstacles for the purpose of
improving navigation facllities: the elimination of rapilds,
deepening the beds of rivers, etc.

THE CONSTRUCTION OF EARTH-FILLED DAMS (DIKES)
The given type of structures differs from all the
others described in this chapter, since these are not an

excavation or an underground cavity, but a fill, formed by
means of nuclear explosions. In the USA they are now
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studying the following posslibllities of the application of
nuclear explosions in the constructlon of large earth-filled
dams:

1) for fragmenting the hard rock, with subsequent
laying of i1t in the body of the dam (dike or levee) by the
conventional method or for the construction of welirs by

explosions for a blast effect.
2) for construction of a dam by a direct fall (land-

slide) of rock (or soil) of which the steep banks of a
watercourse are composed, when 1t is proposed to dam up the

watercourse.

In the first case the problem can be reduced to the
working of the construction materlal (stone or rubble) or to
the construction of the route of a weir or spillway (channel)
with the use of nuclear explosions. In the second case, it
is necessary to solve the problem of directed explosion of
the underground charge intended for external effect, or the
problem of the given calculated selsmlic effect of the nuclear
explosion, which will cause an earth slide.
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Figure 58. Formation of an
earth-filled dam by means of
nuclear explosions:

1 -- boundaries of the blast-

ing zone; 2 -- river bed; 3 =--

outlines of landslide; 4 --

nuclear charges; 5 -- earth-
filled dam.

The construction of dams by the second method 1is
especlally feasible because of the high cost of materlals
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brought in for the body of the dam. The basgic conditlon in
this method lies in the fact that the material used (earth,
hard rock) must be located above the upper datum level of the
future dam, in direct proxlmity to it.

In their consideration of the problem of constructing
dams by nuclear explosions for the purpose of creating land-
slides, the American gpeclalists are using the practice of
the Soviet Union in the construction of earth-filled dams by
the use of powerful charges of chemical explosives. 1In
analogy with this practice, it 1s proposed to use single~-row
or multi-row placement of the nuclear charges on one of the
steep banks of the watercourse as indicated in Figure 58,
with the bridging of the river bed by the collapsed rock
after the explosion. In the opinion of American researchers,
the creation of earth-filled dams with the use of the energy
of nuclear explosions for simultaneous breaking up and moving
of the rocks 1s most feasible.

e A i AR "

Figure 59. Landslide ln the canyon of
the Madison Rilver.

However, in the USA proposals also exist for the use
of a nuclear explosion as a seismic shock only, which, in
turn, would cause the movement of a landslide at the place
desired and in the direction desired for the formation of the
dam. The glven idea arose in connection wlth the natural
landslide which bridged the Madison Rlver near Yellowstone
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Park in the state of Montana, in August 1959 (Figure 59
[25]). An earthquake, whose eplcenter was located at a
distance of about 11 km away, was the cause of the landsllde.
It has been calculated that a similar landslide could be
caused artificially by the explosion of a nuclear charge
with a power of 190 KT. Since the maln problem for the
practical use of nuclear explosions in the construction of
dams 1s the danger of radiation contamination of the sur-
rounding terraln, the latter variation has definlte ad-
vantages. The application of nuclear charges for 1lnltlating
a landslide only would reduce the danger of radlation
phenomena to a minimum. However, this method cannot provide
adequately effective fragmentation or movement of the rock
in comparison with directed explosions of charges laid
directly in the bank slope.

For practical solution of the problem of the construc-
tion of earth-filled dams with the use of nuclear explosions,
a program of additional research has been proposed, lncluding
experiments with conventional chemical explosives. As the
probable region for the construction of the first experl-
mental dams, the hydrographic network of Alaska is proposed,
in which up to 15 specific points have been recommended (Lakes
Cooper, Grant, Ptamiken, and the Yukon, Copper, Lewls Rilvers,
etc.). Aslde from the construction of earth-filled dams,

a. proposal has been considered for the elimination of natural
landslide dams, or obstructions, which may threaten
catastrophlc consequences, by means of nuclear explosions.

REGULATION OF SURFACE AND UNDERGROUND WATERFLOWS

Underground nuclear explosions create an entirely new
opportunity in the field of the regulation of surface and
underground waterflows by means of the formation of artificlal
underground reservoirs and water-carrying structures for the
accumulation of water, flood control, and the tapplng of
aqulfers [25, 35].

A thermonuclear charge 1s evaluated as a powerful and
relatively cheap tool of the future, making it possible to
construct reservoirs of considerable volume in the places
needed. Rougeron [40] reports that the construction of the
highest dam in Europe, on the upper reaches of the Nest River
(France) lasted for seven years. In this case, a reservoir

with a volume of 65 million m was formed. A crater of such
a volume could be created by the underground explosion of a
nuclear charge with a power of 700 KT, in considerably
shorter perlods of time and with lower expenditure.

The construction of artificlial underground water-
accumulating zones by means of nuclear explosions may pursue
different goals:
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1) the regulation of the regimes of rivers by means
of an artificial underground reservolr for the diversion of
the water in a case of flooding. Water from this reservoilr
can move along the aquifers (Figure 60) [35] or be accumulated
for further use (irrigation or the generation of hydro-
electric power);

2) providing hydroelectric power-generating systems
with cheaper reservoirs instead of costly reservoirs created
by conventional methods. In thils case, the explosion crater
can be used as a new variation of water system, when the
generation of electric power will be accomplished along the
entire route of the fall of the water to a level that is
conslderably lower than the river level or sea level.
Rougeron [40] considers that hydroelectric-power statlons in
absorption craters, where the water head will reach several
hundred meters, can be considered among the most profitable;

3) creation of water-permeable sectlions for feeding
aquifers with surface waters (Figure 61) or with the ground
waters from neighboring geologlcal structures (Figure 62)
[25]. We may, for example, destroy a river bed so that the
water can seep into a collector stratum. By means of such
artificial collectors, located at various depths from the
surface, we may remove potable water from the region where
it is used to a region that is short of water. In another
case, an underground collector may serve for removing
brackish or contaminated river water to a reglon where 1t
will not pollute potable water.

Caprock strata
[i.e., rock strata impervious to water)

[aquifers]

water-bearing horizons

Figure 60. An underground reservolr
formed by a nuclear explosion.
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In the opinion of American researchers, the applica-
tion of nuclear exploslons may have a considerable effect
on increasing the water resources of the USA, and providing
for the better use of them. Simultaneously, they note the
shortcomings in the application of nuclear explosions for
purposes of water supply, which, aside from the harmful
factors of such explosions, include the difficulty of the
selection of appropriate territories for carrying out these
operations, with a consideration of the effects of the explo-
sions, and also the limited sphere of their effects in
comparlison to the dimensions of natural geological structures.

Figure 61. Creation of a water-permeable
section for feeding an aquifer with sur-
face water:

1l -~ caprock; 2 =-- aquifer; 3 =-- place where
nuclear charge 1s planted.
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Figure 62. Destruction of a watertight
barrier for permeation of an aquifer wilth
ground waters from an adjacent structure?

1 -- watertight barrier; 2 -- water table;
3 -- place where nuclear charge 1is planted;
4 -~ underground flow.

CREATION OF UNDERGROUND POL AND GAS STORAGE TANKS

The problem of the use of nuclear explosions for the
construction of underground POL and gas storage tanks 1s
considered in detail by Carlson [38]. In recent years,
underground storage of petroleum and gaseous hydrocarbons
has become more and more widely distributed in the USA because
of the simplicity and economy of the glven method. Thus,
for example, the total volume of underground petroleum and

gas storage tanks increased from 1.1 million m3 in 1952 to

4 million m3 in 1956, and in subsequent years the expansion
of underground storage areas has continued.

Two types of underground petroleum and gas storage
tanks exist in the USA, which are of interest from the
standpoint of the use of nuclear explosions in theilr
constructiont

1) underground reservoirs in rocks that are impermeable

to water -- with dimensions of 4000 to 40,000 m3. The total
volume of such types of storage tanks has reached 240,000

m3. In most cases, they are used for propane and butane.
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These gases must be stored under high pressure (up to 17--18
atm), because of which the operation of external storage
tanks for these purposes costs several times as much as the
use of underground storage areas;

2) surface tanks, which are closed by floating metal
covers. Leakage of petroleum from them is prevented by
regulating the ground-water level (i.e., the water table)
under such a consideration that the pressure head of the
latter exceeds the pressure head of the petroleum.

An example of such a storage tank is the petroleum
storage reservoir bullt by the Standard 0il Company in an
abandoned shale quarry with a volume of the order of

160,000 m?2 and an area of 3.3 hectares for the floating
metal cover.

Besides the low cost of construction, underground
storage tanks have the following advantages in comparison
to external ones: 1) their construction does not require a
large consumption of metal; 2) a change 1n the amblent
temperature has practically no effect on the product beling
stored; 3) the operation of such storage facilities requires
only small expenditures; 4) the probabllity of fires and
accidents is reduced; 5) the camouflage is good, which in-
creases the safety of the storage facllity in a wartime
situation.

In the opinion of American researchers, the use of
nuclear explosions for the formation of petroleum and gas
storage facilities of both types mentioned is possible, and
would allow a considerable saving in comparison to con-
ventional methods. A diagram of an underground storage tank
of the first type, constructed by means of a nuclear explo-
sion, 1s represented in Figure 63 [38]. The nuclear charge,
exploded underground in rocks that are lmpermeable to water,
initially formed a spherical cavity; then the arch of this
cavity began to collapse, and a reservoir filled with broken
rock was obtained. The free intervals between the pleces of
rock create the necessary storage capacity for the storage
of petroleum or gas. The filling of the reservoirs and
loading of tankers are performed by means of two independent
pipe lines, placed in the drilled holes.

With a high degree of pulverization of the rock by
the explosion and collapse of the arch, the cavity will be
filled with fine material, which sharply reduces the volume
of the storage tanks, and hampers or makes impossible the
withdrawing of the petroleum from it, because of the effect
of capillaries and surface tension. In this case, it 1is
necessary to remove the rock that has collapsed into the
cavity, which, 1in turn, 1s possible only with an external
effect of the nuclear charge, i.e., in the formation of
petroleum storage facilltles of the second type.
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Figure 63. Diagram of an underground
petroleum storage facility, created by
a nuclear explosion.

In the construction of petroleum and gas storage
facilities by means of nuclear charges, as in other cases
of their industrial use, special attention must be devoted
to the problem of radlation hazard. Explosions for blast
effect will be used only in the formation of the crater-
shaped storage tank of the second type; in the construction
of underground petroleum storage facilities, charges for an
internal effect will be used, which excludes radioactive
contamination of the earth's surface. For protection against
the harmful effect of radioactive products of a nuclear
explosion, formed underground, special methods must be
developed. Among them Carlson [38] includes: 1) a thorough
washing out of the cavity with water under high pressure,
for the purpose of removing the greater part of the radlo-
active products; 2) storage of the petroleum in a contaminated
cavity, with subsequent decontamination of it as it 1s with-
drawn from the storage tank; the radloactive particles are
removed when passing the petroleum through a system of filters;
3) decontamination of the petroleum during 1ts subsequent
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refinement at the refinery, where the radioactivity may be
removed together with the bitumen remaining after distilla-
tion. The methods listed are proposer. as tentative measures.
Other, possibly more effective, methols are not excluded.

As a consequence of the flammabllity of petroleum and
petroleum products, attention must be paid to the temperature
regime in the cavity. Data from the Rainier shot indicate
that in a medium with a high moisture content the temperature
falls rapidly (in the Rainler shot the temperature in tuffs
with a water content of 15--20% by weight rapidly decreased
from 1300 to 100°C). In a medium with a low moisture
content, such as granite, for example, high temperatures,
probably, will be preserved during a more prolonged period of
time. Nevertheless, this problem 1s not especlally serious.
The 1lgnitlion and vaporization temperatures of the product
belng stored are known precisely, and therefore the operation
of the storage facility must begln after the temperature in
the cavity has decreased to safe values. If the temperature
in the cavity is very high, or the time factor is of decisive
significance, the cavity can be cooled by feeding water into
it.

Table 26

Volumes and Cost of Construction of Under-
ground Petroleum and Gas Storage Tanks as
a Function of the Power of the Nuclear
Charge, in Kilotons

: ]
. |

Indices 10 | 110 1000
I

Cost of nuclear charge, including
expenditures for its plantmg
millions of dollars..

. {
Volume of storage tank, millions of m3....... | (

—

Expenditures on the construction of a I
similar storage tank by the convenhonal i

th 114 f dollars..cceeeceess . a o o A
method, miltions o C208 1 28,0 [ 280,0 | 2300,0
Calculated saving by the use of a nuclear |
charge, millions of dollars.. cemeeaserien ! 1.9 2% 75 2/9 25 2708 0
’ 20, g,

It is proposed to set nuclear charges for the forma-
tion of underground petroleum and gas storage facllitlies by
means of drilled holes [38]. For a preliminary economic
evaluation of the method of constructing underground
petroleum and gas storage facilitlies by means of nuclear
explosions, some calculations were performed, the results of
which are given in Table 26 [38].
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As is apparent from Table 26, the construction of
underground petroleum and gas storage facilities by the use
of nuclear charges may produce & very great saving, especially
when their volumes are increased.

139




CHAPTER 8

THE USE OF NUCLEAR EXPLOSIONS FOR THE EXTRACTION

OF PETROLEUM

PROJECT OILSAND

The problem of the application of nuclear exploslons
for the extraction of petroleum occupies an important place
in the Plowshare program. In this case, 1t is proposed to
use both the effect of the destruction and fragmentation of
the rocks to increase their permeability, and the effect of
the heating of large volumes of fragmented rock to reduce the
viscosity of the petroleum enclosed in it. In published
material, two proposals from the given field are both fully
discussed: the experimental exploslon in the bltuminous
sands [tar sands] of Athabasca (Canada), called Project
Oilsand [42], and the extraction of petroleum from the
Colorado oil shales in the USA [43, 44].

The tar sands of Athabasca, lyling in an enormous area,

of the order of 40--45 thousand kmg, and having potential
petroleum reserves approximately equal to the world's
explored reserves, are not considered to be an industrial
field, since so far no profitable methods of working them
have been found. Altogether, about 2% of the area indlcated
1s occuplied by sections where the overburden rocks are
relatively thin, where the development of the sands 1s
possible by means of the open-pit method. The exceptionally
high viscosity of the petroleum makes 1ts extraction through
wells practically impossible. Out of the many proposals of
methods of extracting the petroleum up to the present time,
not one has been considered satisfactory.

The Richfield Petroleum Company in 1958 proposed to
gset off an experimental underground explosion of a nuclear
charge, placed under the tar sands in the McMurray horizon,
in order to determine whether 1t was possible to reduce the
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viscosity of the petroleum by heating 1t to an adequate
degree for subsequent pumping of 1t out of zones of broken
rocks through drilled wells. The region of the proposed
experiment is shown in Figure 64 [(42]. The precise coordi-
nates of the site where the well is to be made by placing
an explosive charge must be selected after a detalled topo-
graphic survey, since they have in mind providing a survey
sector of the order of 3--3.5 km, in order to facllitate
taking motion pilctures of the movement of the earth's surface
during the explosion.

A typical geological section in the vicinity of the
shot site is given in Table 27 [42] and in Figure 65.
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Figure 64. Locatlion of the detonation
of a charge 1in accordance with Project
Oilsand.
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Table 27

Stratigraphic Column of Rocks of the Shot Site
Depth from surface, m Rocks (and their age)
0—65 Glacial deposits [drift], chiefly boulders, clay, and un-
cemented sand (Quaternary)
65-—150 Shale and sandstone (Cretaceous)
150—240 Sandstone (Grand Rapids formation)
240—315 Shale end aleurolite (Clear Water formation)
315—365 Oil-bearing sand, aleurolite and shale (McMurray
formation)
365—490 Limestone and shale (Beaverhill Lake formation)
490—690 Rock salt, anhydrite shale, and dolomite (Elk Point
benches)
690—760 Dolomite (Metsi formation)
760—860 Red shale, rock salt, dolomite (Devonian)
860 and over Granite and granite gneiss( Precambrian)

GO~ Ps

305~

05t

Athabasca River

i ) 10 xm
- Glacial drift @ Limestone and shale (Beaverhill Lake)
Shale (Cretaceous) Rock salt, anydrite shale and dolomite (Elk Point)

- :::fsmncels (Grand R"pids)@ Dolomite (Metsi)
= es (Clear Water) Red shale, rock salt, dolomite (Devonian)
- Oil-bearing sand

(McMurray) Granite, granite gneiss (Precambrian)

Figure 65. Geological section of the
oll-bearing region of Athabasca:

1l =-- well for placement of nuclear

charge in accordance with Project Oil-
sand.
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The thickness of the tar sands amounts to 45--50 m,
on the average, and in places 1t varies considerably because
of the irregular hypsometry of the underlying limestone.

The sands of the McMurray horizon contain approximately
81% silica, 8% petroleum, 8% water and 3% clay, plus traces
of other minerals. Four aquifers are expected: glaclal
gediments, the Grand Rapids formation, McMurray formation, and
Beaverhill Lake formation, with a relatively small flow of
ground waters.

According to the project, a nuclear charge with a
power of 9 KT 1is to be lowered into its shot position through
a well drilled approximately 15 m below the base of the
McMurray formation into the Beaverhill Lake formation. The
well would be lined with pipes having a diameter of 965 mm,
cemented around the outer perimeter from the mouth to the
bottom. The charge would be placed 6 m below the contact
between the McMurray and Beaverhill Lake formation. After
this, the well would be thoroughly stemmed with the calcula-
tion that it would collapse after the detonation of the
charge. The stemming would consist of wooden plugs and
drilling slurry, alternating with each other.

The limestones of the Beaverhill Lake formation, in
which the nuclear charge would be placed, are characterlzed
by the following average chemical content: S10, =-- 13.5%;

A1,05 -- 3%; Fe,0y =- 1%; Ca0 -- 40%; MgO -- 0.7%; K,0 and
Na,. 0 -~ 1%; and co, == 39%.

2

In a natural state, the moisture content is 6--7%
by welght.

On the basis of data from experimental underground
explosions, especially Rainler, the following development of
the phenomena in an explosion in accordance with Project
Oilsand 1s expected (Figure 66) [42].

Immediately after the explosion of the charge, the
temperature around it will increase to several milllon degrees
Celsius and the rocks will vaporize, thus having formed the
initial cavity, with a diameter of the order of 2.5 m and a
vapor pressure of the order of 30 million atm. Around this
cavity a zone of fusion of the rocks will origlnate, with a
radius of about 6 m from the center of the charge. The
cavity, expanding radlally as a result of the enormous
compression of the rocks in the direction of the motion of
the shock wave, willl reach its maximum dimensions approxi-
mately 0.1 sec after the explosion, with a radius of the
order of 35 m. The shock explosion wave, propagating further
in all directions, will produce disruptions in the rocks
within a radius of 120--140 m. The final compresslon cavity
as formed will be filled with gases, and 1ts surface will be
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coated with a layer of fused rocks with a thickness of the
order of 75--80 mm. The pressure within the cavity will
become less than the pressure of the overlyling rocks (of the
order of 85 atm), and the temperature will be close to the
melting point of the complex carbonate medium of the sur-
rounding rocks (1500--2500°C). The lower part of the cavity
will be located in the carbonate rocks, and the upper part
(approximately the top 30 m) in the oll-bearing shales.
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Figure 66. Proposed zone of rock

fragmentation by a nuclear charge

with a power of 9 KT according to
Project Ollsand:

1 -- center of nuclear explosion;
2 -- initial cavity, r= 6 m; 3 ==
final spherical cavity, r ~ 34.5 m;
4 -~ cup-shaped zone of sintered and
hardened glass-like rock; 5 -=-
tubular cave-in zone; 6 =-- outer
boundary of zone of destruction of
the rock, r =~ 130 m; 7 =-- Joints
above cave-in zone.
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As a result of chemical reactlons between the
components of the rocks, the shell of the cavity, apparently,
will be a mixture of the following compositions (by welght):
calcium silicate minerals 36--38%; calcium carbonate, with
traces of magnesium carbonate, 28--30%; aluminum oxlde and
ferric oxide, carbonates and gilicates, 28-~30%; and other
gubstances 2--4%. Approximately 1 sec after the explosion
of the charge, approximately 40% of the total radioactivity
of the fission products will be trapped in the gas-filled
cavity, and the other 60% in the fused crust. The fused
rock will flow downward to the bottom of the cavity, and
after congealing will trap within itself the main fractlion
of the radioactive products. This congealed glassy material,
the zone of distribution of which has the shape of a cup,
will be located considerably below the McMurray stratum,
which will produce the petroleum.

Under the pressure of the overlying rocks, the final
spherical cavity, several geconds or minutes after the explo-
sion, will collapse, and will be filled with the fragmented
material; the cave-in will gradually extend upward, until
such a time as a cone of fragmented rock 1s formed with a
height equal to 2.5--3.5 times the diameter of the final
cavity (175--250 m). In the cave-in of the overlylng rocks
within the cavity, exceptionally high initial temperatures
will rapidly decrease, since the water-saturated broken
material, because of the redistribution of heat, will provide
a general cooling of the zone of the explosion to the boliling
point of water.

The heat of the explosion will cause the decomposition
of the hydrocarbon gases (to carbon) from that part of the
petroleum of the lower bench of the McMurrsy formatlon, which
is located directly above the initial cavlity caused by the
explosion. Beyond the limits of the cavity, the petroleum
will be subjected to thermic cracking. We may assume that as
soon as the oil-bearing sand collapses 1into the cavity and 1s
heated as a result of heat transfer, the petroleum, heated
up to 100°C, will acqulre the necessary fluidity and can be
pumped out through wells drilled into the collapsed cavity
by the ordinary method (Figure 67). According to calcula-
tions, in the temperature distribution in a caved-in zone
similar to experiment Rainier, a charge with a power of 9 KT
will make it possible to remove 12,000 to 14,000 T of
petroleun [40]. 1In this case, 1t is assumed that out of the
total quantity of energy (900 million kcal), up to 50% 1is
liberated in the form of heat, with a temperature of more
than 1000C; 40% of the energy will be accumulated in the zone
with a temperature below 1000C; and the remaining part of 1t
will be scattered in a low-temperature form.
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{77 7)-Sandstone (Grand Rapids formation)

,Sha!es (Clear Water)
T77)- Oil-bearing sand (McMurray)

7173 Limestones and shales (Beaverhill Lake)

Figure 67. Dlagram of the

extraction of petroleum from

the oll~bearing sands in

accordance with Project 0Oil-
sand.

The project provides for measures to eliminate the
harmful effects of the nuclear explosion, or to suppress them
to the maximum degree. First of all, the depth of placement
of the charge is calculated for its internal effect, in order
to prevent collapse from extending to the surface, and
ensuring that the radioactive products of the explosion will
be entirely buried (stored)underground. For this purpose, the
depth of placement of the charge must exceed the maximum
height of the collapse contour and the vertical joints,
developing from its upper end in the directlion of the earth's
surface. Determination of the safe depth of placement was
performed according to an empirical formula (8), as given in
Chapter 4,
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a 5 120 w3 n,

safe

where dgg,pe is the safe depth of placement, m; W is the power

of the charge, KT.
According to this formula, for Project Oilsand, dggfe

must be not less than 250 m. According to the project, the
charge is to be placed at a depth of more than 365 m.

The shock waves, having reached the surface of the
earth, are expressed in the form of considerable vertical
oscillations of the surface. The observers will be able to
percelve the explosion at a distance of up to 25 km; at a
greater distance, the shock waves can be fixed only by a
seismograph. It is assumed that the glven explosion will not
be able to serve as the impulse for a natural earthquake,
since the reglon where the experiment 1s to be made is a very
stable section of the earth's crust. The radioactivity of
the petroleum and the ground waters in the reglon of the
experiment will be a potential hazard. From this standpoint
a commission of experts on Project Oilsand considers that
[42]: 1) the natural decrease in the initial radloactivity
(1 sec after the explosion) will occur quite rapidly, ac-

cording to the function f(t'1'2), after 1 min it will decrease
to 1/36 of its initial value, and after a year by a factor of

137 106; 2) no significant contamination of the petroleum
by radloactive products can be expected, since they are
distributed chiefly in the congealed fused rocks, pleces of
fragmented rock, and the gaseous phase, and can be dissolved
in the petroleum in small quantities only; 3) the radio=-
active materials leached from the congealed fused rocks and
the fragmented rock, together with those remalining in the
gaseous phase, will, in the final analysis, enter the ground
water. The migration of the latter, according to data from
surveys in the reglon of the shot, will occur at a rate of
about 1 m per year.

Since the radioactive materials dissolved in the water
tend to enter into an ion-exchange process with the minerals
of the surrounding rocks, as the underground flows of water
move, the rate of movement of radioactivity will be con-
siderably less than the rate of migration of the water.
Project Oilsand provides for a widespread program of surveys
and observations before the experlimental nuclear exploslion,
during it, and after the explosion. The appropriate samples
and measurements will be taken through a serles of drilled
wells in the vicinity of the experiment.
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THE PROJECT FOR AN EXPERIMENTAL EXPLOSION IN THE COLORADO
OIL SHALES

A second proposal for the use of nuclear explosions
for the extraction of petroleum concerns thedevelopment of
the oil shales of the Green River formation, 1lying in the
states of Colorado, Utah and Wyoming. In a natural state,
the organic part of the oil shales, called kerogen, consists
of amorphous solid particles, practically filling all the
pores, and reducing the permeablility of the shales to nil.

In the heating of the shales to a temperature of 4500C, the
organic material decomposes, and above 66% of it by welight

is converted to petroleum, 9% to gas, and 25% to coke. The
enormous potential reserves of petroleum in the shale have
remained almost unused up to the present time, since there
are no profiltable methods of extracting it. The shales have
been developed to an insignificant degree by conventlonal
methods of mining, and a dense waxy kerogen 1is extracted from
it by distillation, which 1s then used as a fuel.

Speclalists of the U.S. Atomic Energy Commission and
the Bureau of Mines have proposed the application of nuclear
explosions for underground fragmentation of the shales and
their distillation on the spot where they lie for the
extractlon of the petroleum and gas. A project has been
complled for the first experimental explosion in the vicinity
of the city of Rifle, 1n the state of Colorado. This section
i1s located in the south of a large regional deposit of oil
shales, known under the name of the Piceance Creek Basin, with

an area of more than 3000 km® (dimensions approximately

65 x 50 km). Along the southern edge of the deposit lie the
shale strata -- Mahogany Ledge -- that are richest in
petroleum, and have a thickness of from 24 to 60 m. The
content of organic matter in this stratum varies from 8 to 40%
by weight, which 1is equivalent to a petroleum content of from
58 to 285 [ per ton of shale. Directly over the point where
the nuclear charge would be planted, the yleld of petroleum
would exceed 90 per ton of shale. A silicon content of the
order of 35% in the shales makes it possible to calculate

on the capture of the greater part of the radioactive products
of the explosion by the fused silicate rocks. The water
saturation of the shales 1is very low. The resistance of the

shales to compression amounts to 1050--1750 kg/cm2 (the tuffs

of the Nevada test area have a strength of 350--700 kg/cmg).

It 1s proposed to explode the nuclear charge in a
chamber made in a blind adit, having a length of about 450 m
and cut into the stratum of shales from the rocky slope on
the surface. The charge will be covered by a stratum of
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rocks of about 275 m along the vertical and, considering the
considerably greater strength of these rocks than that of
the tuffs of the Nevada test area, a complete camouflet
effect is calculated. In rocks analogous to tuffs in
properties, the zone of destructlon must have a radius of
the order of 60--90 m. Considering that the shales are twice
as strong as the tuffs, the U.S. Bureau of Mines considers
that the radius of the zone of destruction of the shales
will amount to 30--60 m. Working from the least magnitude
of thls radius and from the assumption that the cave-in cone
will have a slope at an angle of 450 to the horizontal, the
probable volume of the destruction of shale 1s calculated to
be of the order of 300,000 T. More than half of thls frag-
mented mass will be located above the center of the explo-
sion, and these shales will be highly permeable to water.
However, it is impossible to calculate the degree of frag-
mentation in advance, because of the lack of data.

According to the calculations, the thermal energy of
a 10-KT explosion will provide for heating the shales up to
the melting point of the organic matter (about 450°C), and
more than 20,000 T of petroleum and of the order of 280,000 m2
of gas will be obtained by means of thls factor. After the
explosion, by drilling survey wells the geometry of the zone
of fragmentation and destruction of the shale will be
determined, the nature and dimensions of the Jjolnts will be
fixed, and core samples and samples of petroleum and gas
will be obtained for laboratory analyses.

When the contours of the zone of destroyed shale are
refined, the authors of the project expect to propose the
final method for underground distillation of the petroleunm.
In principle, this process will consist of the following:
several wells will be drilled, and some (or one) of them
will serve later on for forcing in air, in order to maintain
the underground combustion, and others (or another) for
pumping out the petroleum and gas. Then, as a result of
artificial ignition a combustion front will be created in the
fragmented shale; the part of the shale containing carbon willl
be used as a fuel, and also, partially, the gas and petroleum.
The underground flame front thus originating will be main-
tained and controlled by the air pumped in and by the gaseous
products of the petroleum. The combustible gases formed in
the burning of the petroleum will force the liquid fraction
(petroleum and water) out to the production wells. It is
assumed that by means of distillation up to 25,000 T of
petroleum may be obtalned from the region of an experimental
10-KT explosion (besides 23,000 T obtained from the heating
of the shale directly by the heat of the explosion).
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The experts of the U.S. Bureau of Mlnes consider that
the extraction of petroleum in thls experimental sectlon,
and also on an industrial scale if the results of the experl-
ments are favorable, may be accomplished by three methods of
underground distillation: 1) ignition of the shales 1n the
upper part of the zone destroyed by the explosion, with
petroleum forced under 1t and forced out from the lower part,
through wells of the appropriate depths, or through under-
ground galleries excavated under the zone; 2) the ignition
of the shales in the lower part of the zone destroyed by the
explosion, with the forcing of the petroleum upward and by
means of pumping it out through wells drilled from the sur-
face into the upper part of the zone; 3) the ignition of
shales in the center, with the petroleum forced out to wells
drilled around the periphery of the zone destroyed by the
explosion. Total expenditures to make the experliment are
estimated by the project planners at 2.6 mlllion dollars.

In a case of favorable results of the given experi-
ment, 1t 1s proposed to use more powerful nuclear explosions
for extraction of the petroleum from the shales. Thus, for
example, i1t is calculated in the explosion of a 1-MT charge
set at a depth of 900 m from the surface, up to 50 million T
of shale may be broken up and more than 4.5 million T of
petroleum extracted. Such a scale of extraction 1s comparable
to the productivity of contemporary large petroleum fields of
the USA.

We should note that some American speciallsts sharply
criticize the 1dea of using nuclear exploslons for extractlng
petroleum from biltumlinous shales. President Huntlington of
the RNB Corporation protested to the Atomic Energy Commlsslion
against the project for exploding a 10-KT charge and the ldea
of exploding a 1-MT charge [45]. He based his objectlons on
the fact that at a temperature of more than 760°C from each
ton of petroleum up to 60 kg of carbon dioxide gas 1is
liberated, and if the petroleum obtained from the shales 1is
rapldly heated up to 1100°C, it will entirely decompose, and
the pressure of the gases formed would be of the same order
of magnitude as it would be after an explosion of dynamlte,

1.e., Of the order of 3500 kg/cm>. With a consideration of
this, an explosion at a depth of 300 m would lead to a
considerable discharge of rock and radiocactive products. In
this case, no petroleum would be obtained in industrial
guantities. In the opinion of Huntington, to prevent an
external effect of the explosion of a charge with a power of

1 MT, intensified by the effect of the gases from the decompo-
sition of the petroleum, it would be necessary to place the
charge at a depth of approximately 16 km. The AEC did not
consider that Huntington's fears were well-founded.
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In spite of the fact that slnce the discussion of the
project for the extraction of petroleum from the shales by
the explosion of a 10-KT charge more than 6 years have passed
(the meeting was held with participation of the AEC, the
Lawrence Radiation Laboratory, and the petroleum companles,
and was held in January 1959), up to the present time no
practical steps have been taken for the accomplishment of

this experiment.
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CHAPTER 9

THE USE OF NUCLEAR EXPLOSIONS FOR THE GENERATION

OF POWER

The enormous quantity of heat liberated by a nuclear
explosion at super-high temperatures, in the opinion of
American specialists, could be used for the industrial
generation of thermal and electric power (35]. There are
several electric power stations in the world operating on
natural underground thermal energy. The largest of them is
located at Larderello (Italy) and has been operating on
volcanic thermal energy since 1940. The capaclty of this
electric power station has been brought up to 300,000 kW.

In New Zealand, at a natural hot spring in the volcanlic region
of Wairakei, an electric power station and a steam plant for
production purposes have been buillt.

It is proposed to use industrial experience in electric
power stations operating on natural underground heat in the
generation of electric power from nuclear explosions. If we
create a large hermetically sealed cavity underground, the
energy of a nuclear explosion may be used to generate stean,
with a high pressure and temperature.

Two methods have been proposed for bleeding off the
heat: 1) setting off nuclear explosions underground with
subsequent bleeding of the heat from the fragmented rocks;

2) setting off nuclear explosions 1in speclal capsules,
localizing the energy of the explosion in a small volume,
with the heat bled from the surface of the capsule.

In the first case 1t is considered very important that
the rocks in the zone of the explosion be practically free of
water. It has been calculated that the energy liberated in
an explosion of a 1-KT charge in the salt formations of the
Colorado plateau can heat 3000 T of salt to a temperature of
655°C. At such a temperature salt fuses. A charge of 1 MT
can fuse 3 million T of salt in a sphere with a diameter of
180 m. The heat from such a thermal reservoir could be
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extracted by forced circulation of a liquid or gaseous
coolant, such as water or carbon dioxide, for example, and
used to generate electric power at the surface. In an explo-
sion in limestone or dolomlite, an enormous quantity of carbon
dioxlde may be formed, and thls gas can serve as a direct
coolant [i.e., heat carrier]. Besldes thils, additional
thermal energy may be obtalned from calcium oxlide during lts

reaction with water.

Figure 68. Diagram of an under-
ground nuclear power station:

1 -- turbo-generator; 2 =~ lnner
pipe line; 3 == cut-off valves;

4 -- outer pipe line, filled with
water; 5 -- spherical cavlty
formed by nuclear exploslon; 6 --
cylindrical cavity formed by
nuclear explosion (possible var-

iation).

On the basis of the study of methods of designing
the closed systems of reactors and investigations of the
properties of soil, Porzel [46] has made hydrodynamic
calculations according to which the pressure zone developed
by a charge with a power of 1 KT may be 1limited in a sphere
with a radius of 300 m. The fact that almost all the energy
is enclosed in the relatively thin layer of rock surrounding
the explosion cavity is of great interest. About 99% of the
energy 1s stored in the cavity and shell with a thlckness of

33 W1/3 m, where W is the power of the charge, in kilotons;
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from this fact, two conclusions were made: 1) the energy
(power) is stored in a relatively small volume and it may be
used for practical purposes; 2) the seismic energy amounts to
an insignificant fraction of the total energy of the explo-
sion.

The principle of generating steam by means of the
energy of a nuclear explosion, for generating electricity,
is illustrated in Figure 68. A pipe line serves as a channel
for bleeding heat from the cavity. It is fllled with water
before the exploslon 1s set off. We may assume that because
water is practically incompressible (in comparison to rocks)
the plpe line wlll not be ruptured during the explosion. The
energy of the explosion, at the moment of the passage of the
shock wave along the column of pipes, wlll strive to dilscharge
the water. The pipe line consists of two columns =-- an outer
one and an inner one. The water plays the part of a
protective jacket for the inner column. Such a design makes
it possible to malntain a high pressure. The outer column
protects the system against any mechanical effect from the
gide of the walls of the well.

In order to prevent water from getting into the cavity
formed at the moment of the explosion, cut-off valves are
built into both columns. After the explosion, the cut=-off
valves are opened, and the water from the inner column 1is
released. The column of pipes 1s lowered to the explosion
cavity. Water is fed through the inner column, which has a
diameter of 25 mm, at a definite rate, and this water 1is
transformed into steam in the explosion cavity. The steam
formed 1s fed to the surface through the outer column, which
has a diameter of 150 mm. At the surface the steam passes
through a special heat exchanger and is used for operating a
steam drive (turbine) for an electric generator. A condition
of the creation of a thermal station in accordance with the
glven principle 1s the preservation of the cavity after the
explosion, which, in practice, 1s especlally difficult to
accomplish.

As a result of the pressure drop at the walls of the
cavity, stresses are created that considerably exceed the
limits of strength of the rocks. Radlal joints and the welght
of the overlylng rocks lead to the destruction of the roof
and walls of the cavity. Porzel [46] considers the possi-
bility of the formation of a cylindrical (elongated) explo-
slon cavity, which 1s more stable than a cavity of spherical
shape. An attempt to accomplish the idea of using the thermal
energy of the explosion was made in Project Gnome.

Porzel [46] considers a method of obtaining heat in
capsules localizing the energy of the explosion. On the basis
of an investigation of hydrodynamic principles it was estab-
lished that the energy of an explosion may be enclosed in a

154

N




container (capsule) of finite dimenslions, fllled with the
appropriate material: an absorbent. The least dimenslons,
and at the same time the most feasible dimensions, of the
capsule would be those in which almost all the material
enclosed within the limits of the containing shell would
make the transition to a gaseous phase in vaporization. The
iiberation of energy in a larger quantity than would be
required for vaporization would cause superheating of the
steam, which leads to a sharp increase in the hydrostatic
pressure. Porzel [46] defines the minimum spherical volume
necessary for localization of the energy from the expression

E;nR%H; where R is the radius of the capsule; @ 1s the

density of the absorbent; H 1s the total heat of fusion, heat
of boiling, or latent heat of vaporization.

Steel localization
shell

Figure 69. Dilagrams of capsules

for localization of the energy of

a nuclear explosion (central cir-
cle is the nuclear charge):

a) 1 -- dense materials; 2 --

boundary of vaporization; 3 --

porous materials; b) 1 -- sand;

2 == water; 3 =-- concrete; 4 --

glass; 5 -- steel; c) 1 -~ porous

material; 2 =-- dense material; 3 =--
expansible cavities.

For filling the capsule, materials with a high density
and a high heat of vaporization are necessary. For this
purpose, a number of known materials may be used, such as,
for example, a glassy sillicate mass, or steel. However,
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graphite appears to be most appropriate because of its
properties. The total heat of vaporization of graphite
amounts to 13,000 cal/g, of which an amount of the order of
10,800 cal/g is the latent heat of vaporization. With a
strong degree of heating, graphite accumulates consliderable
guantities of heat: 1in a case of an increase in the tempera-
ture from room temperature (20°C) to its boiling point
(40000C), of the order of 2000 cal/g, and if it 1s heated up
to the melting point (35000C), of the order of 1600 cal/g.
With the thermophysical quantities indicated, and with

graphite's density of 2.25 g/cm’, the minimum possible radii

of localization of 1012 cal of energy liberated by a 1-KT
explosion, excluding the shock waves, according to Porzel's
calculations come out to the following for the zones indicated:
vaporization of graphite 2 m; fusion of graphite with a
temperature close to the boiling point 3.8 m; with a tempera-
ture close to the melting point of graphite, 4.1 m.

Models of capsules are shown in Figure 69. In the
model represented in Figure 69,a, only one type of materilal
is used, analogous to graphite in its properties: around the
charge the material is dense, and beyond this level it 1is
porous. The model given in Figure 69,b is made up of dif-
ferent materials (steel, glass, concrete, water, sand), which
are arranged 1in accordance with pressure levels. In the
model represented in Figure 69,c, a method 1s shown of
scattering the gas bubble in the dense material for a case
when the dlmensions of the capsule are decreased to the
critical dimension. A simple scheme for bleeding heat from a
capsule 1s shown in Figure 70.

Figure 70. Capsule heat exchanger
of an electric power station (ther-
mal station)?

1 -~ capsule (radius of several
meters); 2 -- cold liquid; 3 =--
heated liquid; 4 -- hermetically
sealed casing; 5 -- insulating block.
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The transformation of the energy of a nuclear explo-
sion into thermal energy in an insulated capsule has the
following advantages 1in comparison to other methods of
obtaining heat from nuclear power: 1) the radioactive frag-
ments trapped and insulated in the rigid sphere rapldly
decay, are almost entirely self-absorbed by the capsule, and
directly facllitate the development of thermal power; 2) the
capsules may be exploded underground or in a speclal area,
excluding the risk of accldents and disasters at thermal
stations and providing for locallizatlon of the first flare-
up of radioactive fission products; 3) no strong pressure 1ls
developed in the capsule, and & short time after the explo-
aion the outer shell is not even necessary; 4) the capsules
may be transported and stored for a relatlively long perilod
of time, before the energy 1s bled from them; 5) with the
exception of the charge 1itself, there are no moving parts 1ln
the capsule, or electronic devices or other complicated fit-
tings, which simplifies the designing of the source of
thermal energy; 6) the high temperatures and pressures
originating during the nuclear reactions are a special
advantage in the use of a thermonuclear charge as the source
of energy in the capsules; 7) for the creation of a source of
energy, no great capital expenditures are required (as would
be needed in a case of a power reactor).

The shortcomings of the method of explosions in
capsules include: 1) probably it would be required that pure
thermonuclear charges with powers in the kiloton range be
used in capsules, if they are used in distant regions or at
temporary sites; 2) each capsule may be used only once, and
the material contailned in it must be considered as burning
fuel; 3) the hermetic sealing shell of the capsule requires
great expenditures.
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CHAPTER 10
THE USE OF NUCLEAR EXPLOSIONS FOR SCIENTIFIC PURPOSES

The possibility of the use of nuclear exploslions for
performing scientific experiments is discussed in several
works [6, 11, 23, 24, 47]. Experiments have been proposed
for the investigation of cosmic space and the structure of
the earth, obtaining isotopes, in particular the trans-
plutonium elements, measurement of neutron resonances, etc.
Some experiments have already been accomplished during the
tests of nuclear weapons. It 1ls proposed to perform others
in the Plowshare program.

First of all, nuclear charges may be used for the
production of transplutonium isotopes [23, 47].

Atomic explosions based on the flsslon reaction form

2 - 1023 neutrons per kiloton of the charge and create a flux
that may be used for the activatlon of internal targets,

10°° neutrons/(sec * cme). In thermonuclear shots, approxi-
mately 10 times as many neutrons are formed, and lnternal
fluxes with an intensity of 10--20 times as much as 1n the
explosion of a charge based on the fission reaction. Such
fluxes are many orders of magnitudes higher than may be ob-
tained at the present time by laboratory methods.

The discovery of einsteinium (atomic number 99) and
fermium (atomic number 100) 1s assoclated with the first
thermonuclear explosion, detonated in 1952 over the Pacific
Ocean. This exploslion was intended for military tests, and
the samples of new isotopes were obtained in small quantities.

In applying a specially designed system 1ln an under-
ground explosion, in one explosion we may produce and extract
milligrams of californium=-252. At the contemporary state of
nuclear engineering, several years would be required to ob=-
tain such a quantity of this rare isotope in a reactor. The
effective half-life of californium-252 1is 2.2 years (97%
alpha-decay and 3% spontaneous fission) and the half-life of
the portion due to spontaneous fission 1s 66 years. This

158




property makes the glven isotope the only laboratory source
of fission neutrons and fission fragments of 1ts kind.
Besides, with the appropriate design measurable quantities

of an isotope with the mass number of 270 may be produced and
determined, which as it is proposed, will be stable with an
atomic number of element 104.

Nuclear explosions may also be used 1n investigatlons
in neutron physics. Over the past 10 years, the measurements
of neutron resonances, associated chiefly with the develop-
ment of theory of the nucleus, have made it possible to obtaln
fundamental data on the neutron cross sections for the
designing of reactors. In experimental techniques in the
USA, various sources have been used for the production of
neutrons. Hughes [47] has compared several methods of ob-
taining neutron fluxes used in the past with a nuclear explo-
sion, which may also be used as a neutron source.

The largest designed reactor for continuous operation

in a subecritical regime will produce 3 - lO20 neutrons per
year. Such a powerful source must operate for 3000 years in
order to produce the quantity of neutrons formed as the result
of one nuclear explosion of 10 KT in power.

Similar results are obtained in the comparison of
nuclear explosions with the productivity of a fast neutron

selector. A nuclear explosion, forming lO24 neutrons, with
the appropriate moderation will create a flux of the order of

4 - 10%0 neutrons/(sec + cm®) in the interval of energy of
from 1 to 10 electron-volts at a distance of 100 m. According
to calculations it has been established that at Chalk River
in the new NRU reactor, with the Brookhaven fast-neutron
selector, we may, in the same interval of energy, and at the

same dlstance, obtain lO7 neutrons/cm2 per year. Thus, the
fast neutron selector at Chalk River must operate continually
for 4000 years in order to provide the flux originated 1in one
nuclear explosion.

Working from these considerations, Hughes [47] compiled
a plan for an experiment on the basis of the use of a 5-KT
explosion in accordance with Project Gnome as a source for
the measurement of neutron resonances. Some information con-
cerning the design of the installation and the first data
obtained are given in the description of the Gnome experi-
ment (Chapter 11).

In the process of accomplishment of a series of nuclear
tests in 1959, Cowen, in one of the explosions, measured the
effective fission cross section of uranium-235 nuclel as a
function of the neutron energy. He used the following
device: a ring made of uranium-235 was placed on a flywheel
rotating at a high speed behind a collimator slot during the
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explosion. The flight trajectory of the particles amounted
to 30 m. After the explosion the flywheel was removed and
the radioactivity of the ring was measured by radiometric and
radiochemical methods. The quantities of the corresponding

isotopes, such as Aglll and M099, obtained were compared with
the ratio of these elementes calculated as a function of the
energy. A comparison of the results of both methods made 1t
possible to obtain accurate data about the effective cross
section of the atomic nuclei of certaln elements. Having
performed this experiment successfully, Cowen proposed that
a similar experiment be made with a higher resolution during
the Gnome shot, using a flight trajectory in a vacuum with a
length of 300 m.

By a similar method, Lindner proposed to measure the
capture cross section of neutrons of varlous isotopes during
the accomplishment of Project Gnome.

In the study of the internal structure of the earth,

a great part of the information 1s based on the analysis of
signals caused by earthquakes. Proposals have been made to
use nuclear explosions, conducted for the purpose of weapons
tests, as a source of seismic signals [(48]. 1In 1955 Bullen
proposed that several nuclear explosions be set off for
seismic purposes. The explosions of four bomb tests held in
Central Australia in 1956 were used to obtain the first
valuable information concerning the depth of the Mohoroviéiée
discontinuity.

The possibllities of the application of nuclear explo-
sions for seismic purposes are very wide. The principal
uncertainties of conventlonal selsmology, which depends upon
earthquakes, are time, the source of the energy, and also the
location and depth of the focus of the generating source. In
a nuclear explosion, as a source of seismic signals, the
location and time of the explosion and the quantity of energy
liberated can be accurately controlled. The instruments
needed may be rellably installed and callbrated before the
explosion and after it. An analysis of the time curves of
the run (hodographs) can provide more detailed information
concerning the structure of the earth, slnce the source of
the signals is precisely known. Recording installatlions may
be placed in the proper places, and the selsmologlst will be
able to depend on other sources than the natural signals
arising from active seismic regions.

Antarctica is a region in which a nuclear explosion
may be effectively used as a source for obtaining valuable
information. This region is aseismic. A nuclear exploslon,
set off in the ice of Antarctica at a depth adequate to
prevent the discharge of radiocactivity into the atmosphere,
would provide data concerning the average distributlion of the
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thickness of the ice, the distribution of the land under the

ice, and the thickness of the earth's crust. With an

adequately powerful explosion (100 KT) the signals would be
propagated throughout the entire globe. This would make it
possible to obtain information concerning the structure of

different sections of the earth.
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CHAPTER 11

EXPERIMENTAL EXPLOSIONS UNDER THE PLOWSHARE PROGRAM

THE GNOME EXPERIMENT

The first underground nuclear explosion in accordance
with the Plowshare program =-- Project Gnome -- was set off in
the USA on 10 December 1961. This project provided for the
explosion of a 5-KT nuclear charge (at first a charge with a
power of 10 KT was planned) at a depth of 365 m in the salt
beds of the Solado formation in a section located 40 km to
the southeast of the city of Carlsbad (in the state of New
Mexico).

The salt bed in which the nuclear charge was placed
was reached by a vertical shaft having a depth of 365 m.

From the base of the shaft, a horizontal approach gallery was
cut, wilth a length of about 350 m, ending in a chamber for
the placement of the charge. A diagram of the Gnome experi-
ment and a geological section of the rocks in the region of
the explosion are shown in Figure 71 [49].

According to the calculations it was assumed that in
the explosion of a nuclear charge in a salt massif, a cavity
would be formed, in the shape of a sphere, with a dlameter
of 33.5 m. About 6000 T of fused salt, with a temperature of
780°C and a thickness of the layer equal to 10.6 m, would be
contalned in the lower part of the cavity. The cavity formed
would be filled with gas (a small guantity) and water (120 T)
in the form of superheated steam. The source of the stean
would be the water contained in the salt bed. According to
estlmated data, about 1% of the water, out of the total
quantity of it contained 1in the salt beds in the zone of the
effect of the explosion, would be expended in the formation
of steam. The collapse of the cavity probably would not
occur for a prolonged period of time [12, 13, 50].

The following goals were set in Project Gnome: 1) to
study the possibility of the transformation of energy released
as a result of the explosion of a nuclear charge into latent
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Figure 71l. Schematlc vertical section of
the Gnome experimental section:

a -- sediments; b -~ Pleistocene deposits
of aleurite [silt] and sand; c -~ red-
colored deposits of aleurite, sandstone,
and Triassic shales; 4 =-- anhydrite,
dolomite, limestone, and sandstone, Permian;
3 -- halite (rock salt) of the Solado forma-
tion (Permian); 1 -- shaft; 2 -- horizontal
galleries at a depth of 365 m; 3 == cavity
formed by the nuclear explosion; 4 -~ pipe
lines for removal of steam and isotopes;

5 == aquifer.

heat, with subsequent removal of the water vapor for the
generation of electric power; 2) == to investigate the
practicability of the extraction of the radiocactive isotopes
formed as a result of the underground nuclear exploslion, so
that they might be used for sclentific and industrial purposes;
3) to perform measurements of the neutron cross sections,
which would make a considerable contribution to science and
would facilitate the accomplishment of the nuclear reactor
development program; 4) to establish in what way the effect
of a nuclear explosion detonated in a salt bed differs from
the effects of nuclear explosions accomplished in tuffs at
the test area in the state of Nevada; 5) to obtain data for
designing nuclear charges intended for explosions for
industrial and scientific purposes [12, 13, 51].
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The program for investigating the posslbllitlies of the
use of the thermal energy from a nuclear explosion was
developed by the Lawrence Radiatlon Laboratory of the
University of California. This program provided for both the
determination of the magnitude and distribution of the thermal
energy of the explosion in the central cavity and the rocks
surrounding it and the study of the problems assoclated with
the extraction of heat from the cavity for the generation of
electric power. The injection of water into the exploslon
cavity was provided for (if this proved to be necessary), in

order to bring the steam pressure up to 8.75 kg(force)/cmE,
with subsequent controlled generation of steam and its
delivery to the surface. The power plant for obtalning
electric current by means of steam has not been designed.
The experiment was to be limited to a thorough study of the
characteristics of the steam (pressure, flow veloclity, the
contaminants contained in it). It was proposed to collect
the contaminated liqulids arriving wlth the steam from the
explosion cavity and to return them to the cavity again [12,

48].

It was assumed that in the explosion gaseous radlo-
active isotopes and solid radloactive isotopes assoclated
with the salt would be formed. It was planned to obtain
samples wlth the isotope content through wells drilled from
the surface in the explosion section. One of these wells,
with the apparatus for removing the radiochemical samples,
was to be sunk directly into the charge chamber.

Samples of gas and salt were to be investigated for
the isotope content in them. In addition to the samples that
the Lawrence Radlatlion Laboratory proposed to collect, the
Oak Rldge National Laboratory, which had been engaged 1in the
separation of 1sotopes in a pure form for many years, proposed
to collect samples from each gas individually, and also
general samples, to evaluate the different methods proposed
for extraction of the gases [4, 12, 13, 49, 52].

During the Gnome shot, for 1 usec a neutron flux of
such power that 1t could not be contained 1n any laboratory
equipment would originate. The Los Alamos Sclientific Research
Laboratory compiled an extensive program for the study of the
neutron fluxes, with the use of a vacuum plilpe line 300 m
long, lald along the gallery from the charge chamber to the
shaft. Neutrons wlth energles of different levels have dif-
ferent velocitlies. To record them, two measuring sets were
installed in the vacuum plpe lines: one at a distance of
150 m from the beginning of the pipe, and the other at a
distance of 300 m.

The mlssion of the experliment also included the
determination of the running time of the neutrons and the
study of the effect of neutrons with different energy levels
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by means of a flywheel rotating at a high speed in the
neutron beam. One experiment was intended for studying the
fission process of the neutrons with different energy levels,
in order to gain a better understanding of the difference
between asymmetrical and symmetrical fission. It was proposed
to measure the capture cross sections of the neutrons of
several elements by the rotating flywheel method [12, 49, 527].

The scientific program of Project Gnome also provided
for obtaining data concerning other phenomena characteristic
for an underground nuclear explosion. It included the
measurement of the pressure and veloclity of the shock waves,
measurement of the pressure in the cavity, investigation of
the nature of the increase in the volume of the cavity, study
of the seismic effects, study of the radiation temperature
and intensity, measurement of the displacement of the surface
after the explosion, study of the disruption of the stratlfi-
cation of the salt beds, and the investigation of other
phenomena.

The Gnome experiment was made by the U.S. Atomlc Energy
Commission, which includes a section on the use of nuclear
explosions for industrial purposes.

The development of the technical part of the project
was performed by the Lawrence Radiation Laboratory of the
University of California in accordance with a contract wlth
the AEC. This same laboratory carried out the management of
work in the fulfillment of the research program. Higgins and
Randolph headed the technical management of the project.
Aside from the Lawrence Radiation Laboratory, the Los Alamos
Scientific Research Laboratory, the Oak Ridge Natlonal
Laboratory, Stanford Research Institute, Sandla Corporation,
U.S. Geological Survey, U.S. Bureau of Mines, U.S. Coast and
Geodetic Survey, the Edgerton, Hermeshausen and Grler
Company, and other organizations participated in the fulfill-
ment of the research program. The Albuquerque Reglonal
Administration of the AEC (at the city of Albuquerque, 1n the
state of New Mexico) was responsible for management of fleld
work in the accomplishment of the project, as the reglon of
the experiment was located in its territory.

Many governmental organizations and private companies
participated in the operations in the preparatlon and
accomplishment of the experiment. The basic construction,
mining and drilling operations were performed by 13 private
firms, together with the U.S. Geological Survey, Bureau of
Mines, and the engineer troops of the Albuquerque District.

The Sandia Corporation, the Edgerton, Hermeshausen
and Grier Company, Federal Service, U.S. Public Health
Service, and the U.S. Weather Bureau performed work in the
detonation of the explosion. The cost of operations in the
preparation and accomplishment of the Gnome experiment
amounted to 5.5 million dollars [13].
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Preparations for the experiment were begun in 1958.

In the spring and summer the U.S. Bureau of Mines made a
selection of the section for the conduction of the experiment,
working from the following requirements: the salt beds must
be adequately pure and must lle no deeper than 250 m from the
surface, and the region must be thinly populated and must not
be under private ownership. A location in the basin of the
Deleware River [1.e., Delaware Creek], not far from the clty
of Carlsbad, in the state of New Mexico, was selected. In the
autumn of 1958 the Geological Survey made a topographic survey
of the site of the forthcoming explosion [12].

The region of the experiment was located 40 km to the
southeast of the city of Carlsbad and approximately 55 km to
the west of Carlsbad Caverns (Figure 72) [53]. The largest
settlement near the site of the exploslon was the clty of
Malaga, located at a distance of 19 km away, and there was a
small ranch located 7 km from the site of the explosion. At
a distance of approximately 10 km several gas and oll wells
were functioning (the nearest gas well was 9.6 km away), and
at a distance of 13 km away was an operating potash mlne (18].
The surface relief 1s a plain.

In August--September 1959, the drilling of a survey
hole for obtaining core samples was completed, which had been
conducted for the purpose of studyling the geological condi-
tions. The stratigraphic section of the explosion slte from
the surface of the earth is as follows [23]: sandy limestone
deposits 0--13 m, sand and weak sandstone 13--28 m, sandstone
and shales 28--90 m, anhydrite and gypsum, lncluding a
dolomite aquifer and intercalations of aleurite 90--198 m;
anhydrite and aleurite 198--216 m; rock salt of the Solado
formation with interbeddings of clayey shales of anhydrite and
polyhalite 216--457 m. The aquifer was located 195 m above
the level of the placement of the charge (365 m) [18], i.e.,
it was located at the contact of the anhydrite and sandstone
strata (see Figure T71).

The physical properties of the rock salt of the Solado
formation are as follows: density in a natural state

2.16 g/cm”, porosity 2.7%, Poisson's ratio 0.25, rate of
propagation of a longitudinal wave 4300 m/sec. The water
content in the salt is about 1% by weight.

A consultative group, consisting of speclallsts in
hydrogeology, geophysics, and selsmology, studled the
possible dangers associated with the project and arrived at
the conclusion that its accomplishment would not cause any
harmful effects on the population or industrial enterprises,
and would not lead to any radioactive contamination of the
ground waters. In February 1959, a prellminary estimate of
the selsmic effects which might be expected in the exploslon
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of a nuclear charge was made. For thls, three charges of
chemlcal explosives were exploded. As a result of these
investigations, data were obtained demonstrating that the
enterprises of the chemical, petroleum and gas industriles
located in the zone adjacent to the Gnome experiment would
not receive any damage from the seismic effect of the explo-

slon.
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Figure 72. Region of the Gnome
experiment.

For placement of the nuclear device in the center of
the section selected, a vertical mineshaft was excavated,
having a diameter of 3 m and a depth of 370 m. At the 365-m
level, a horizontal gallery (later on this will be con-
ventionally called a drift) with a section of 2.45 x 3.1 m
was excavated from the shaft in a southwesterly directlon.
The full length of this drift was 340 m. The end sectlon of
the drift was made in the form of a hook, for purposes of
self-isolation of the cavity after the explosion. The dls-
tance from the place where the charge was planted to the
mine shaft, along a straight line, amounted to 300 m, and
there was a distance of 365 m to the day surface. The
mine shaft and the drift are shown in Figure 7l1. The con-
figuration of the end part of the drift 1s represented in
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Figure 73. The chamber for placement of the nuclear charge
was the end of the drift, and the volume of the charge chamber

was 31.5 m> [12]. The drift was plugged after the placement
of the charge in the chamber, but only to the length of the
straight section (7--8 m) adjoining the charge chamber to the
place where it made 1its transition to the curvilinear
section. The plug was made of bags filled with salt.

To reduce the airborne shock wave, the section of the
drift not far from the shaft had the shape of a knee, at the
outlet of which was built a reinforced concrete bulkhead with
a shockproof door [26]. Besides this, in the shaft two
hermetically sealed covers were installed, one of which,
located at the conjunction of the shaft and the drift, was

calculated for a pressure of TO kg(force)/cm2 [4].

A

Center of
explosion

Figure 73. Configuration of the end
section of the drift and arrangement
of the pressure and temperature plck-

ups:
—eo— =-- temperature plck-up; —e -~
pressure plck-up (numbers given in
kilobars).

Since the basic task of the experliment was to estab-
1ish in what way the effect of an explosion in the new medium
(in salt) differs from the effect of the previously conducted
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explosions in tuff rocks, the apparatus fixing the motion of
the massif, the pressure from the explosion, temperature of
the rock, and other physical processes was installed at
different distances from the point of the explosion [12].
The arrangement of the test wells and pressure and tempera-
ture plck-ups underground in the zone close to the explosion
is shown in Flgure 73.

The measuring instruments (chiefly selsmic pick-ups)
were also installed in wells drilled from the surface. The
U.S. Geological Survey drilled hydrogeological wells with a
depth of 0.3--4 km for observation of the water table and
the migration of radloactivity [4]. Six seismic statlons
were constructed on the surface of the earth. 1In order to
solve other problems in the research program, before the
explosion special operatlions were conducted, and specilal
equipment was installed.

From the surface, in the vicinity of the eplcenter of
the explosion, a well was drilled to a depth of 150 m.
Casings with expanding connectlons were installed, permitting
the vertical displacement of the reinforced concrete slab at
the mouth of the well up to a distance of 2.5 m. It was
assumed that after the explosion the drilling of the well
would be continued until the explosion cavity was reached [49].
The steam extracted from the cavity through this well was to
be fed to a device for the measurement of its parameters.
This device was located on a platform near the shaft and
included the following equipment: a preventer at the mouth
of the well for prevention of sudden discharges of steam and
gas, a steam-flow regulator, a heat-exchanger, tanks for
acidic neutralizers, fas filters with a collection tank,
filter traps to catch the exhaust steam, a clean-water tank,
and a storage tank for purified water [12]. The plant was
calculated to generate 3.6 tons of steam per hour at a steam

temperature of 910°C and a pressure of 8.75 kg(force)/cmg.
In a case where the parameters indicated were exceeded, the
pressure would be reduced by a system of valves, and the
temperature by adding water to the steam arriving from the
well. The water formed from the steam as a result of
condensation was again to be directed 1lnto the exploslion
cavity.

For extraction of the radioactive isotopes formed at
the moment of the explosion, a well was drilled from the
surface into the charge chamber. A completely hermetically
gealed pipe line, in which a vacuum was created, was installed
in the well.

The lower end or the pilpe entering the charge chamber
was closed by an aluminum disk, which was vaporized in the
explosion. Immediately after the explosion, it was expected
that the gases would be ejected through the pipe line. At
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the upper end of the pipe several paper fllters and a gas
collector were installed. Automatic removal of the isotopes
in the gaseous phase, 1t was proposed, would be performed in
the following intervals of time: 1--40; 40--75; 60--90;
75--150; 150--1000 msec and 1--10 sec. The arrangement of
the pipe for instantaneous removal of the gaseous isotopes in
the charge chamber 1s visible in Figure 74 [49].

Figure 74. Chamber for the charge 1ln the

Gnome experiment: in the roof of the

chamber 1s a well leading to the surface,

for removal of samples of gaseous isotopes;

on the rear wall of the chamber 1is a

vacuum pipe for measurement of neutron
fluxes.

In the explosion it was assumed that three clases of
isotopes would be obtained: 1isotopes having an industrlal
significance (such as curium-244 and polonium-210 for
electric power generators, for example), flssionable isotopes
(plutonium, in particular), and transplutonium isotopes (both
known and unknown ones) [13]. It was proposed to study the
radioactive 1sotopes of more than 20 chemical elements ob-
tained under the effect of the neutron flux in the explo-
sion [25].

Before the explosion, different materials necessary
for the formation of the isotopes were placed in the charge
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chamber. Silver, gold, and uranium-235 were contained in
these materials [4]. It was proposed to extract the solild
isotopes from the explosion cavity and the surrounding rocks
by drilling core wells from the surface and from the under-
ground galleries [12].

A dlagram of the arrangement of the equipment for
%nv%stigation of the neutron fluxes is given in Flgure 75

25 J.

For investigation of the neutrons by the time-of=-
flight method in the drift beginning at the charge chamber,
a high-vacuum pipe (tube) with a diameter of 56 cm and a
length of 300 m was installed along a straight line. The
front part of the pipe line was led directly into the charge
chamber (see Figure T74). Since neutrons with an energy of
the order of 1--900 eV are the ones that are chiefly of
interest, at the entry of the vacuum tube into the chamber,
a neutron moderator was installed, consisting of a block of
a layer of polyethylene and a layer of lead (thickness of
each layer 5 cm). At the entrance to the chamber, at the
point where the neutron tube narrowed, two neutron counters
were installed, which fixed the moment that the neutrons
flew by.

At a distance of 275 m from the charge, at the end of
the vacuum tube, two neutron flywheels were installed, one
over the other [13]. The neutron flywheel was a wheel
driven by an electric motor, and on the surface of this
wheel turned toward the charge, strips of foll of the
material intended for irradiation were fastened [49]. The
collimator slot in the concrete shield before the flywheel
made 1t possible for the neutrons to strike only a small
part of the flywheel. Neutrons of different energy and dif-
ferent time of flight fall on different parts of the
rotating flywheel, behind the collimator slot [52]. Here
two neutron counters were installed: a silicon crystal

detector, and an He? counter. The neutron flywheels were
shielded by a wooden casing, covered by calemanlte (a boron
mineral that absorbs neutrons).

The upper neutron flywheel, fabricated by the Los
Alamos Scientific Laboratory, had a layer of foll made of
uranium-235 and was intended chiefly for measuring the fis-
sion effects, and not neutron capture.

The lower neutron flywheel, fabricated by the
Lawrence Radiation Laboratory, was complex in construction.
Almost 1000 pieces of foil made of uranium, thorium, gold
and hafnium were fastened on it. The uranium and thorium
folls were intended for measuring the neutron-capture cross
sections. These data can be used in the calculation of
reactors. The foils made of gold, hafnium and uranium were
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Figure 75. Diagram of the arrangement of the
equipment for the investlgation of the neutron
fluxes in the Gnome shot:

1 -~ vertical shaft; 2 -~ vacuum pipe g 56 cm;
3 -=- vacuum pipe ¢ 86 cm; 4 -- lead attenuator;
5 -- stepped vacuum pipe; 6 -- moderator; 7 --
location of explosion; 8 -- location of instal-
lation of carbon targets; 9 -- detector for
investigation of the section; 10 -- location of
installation of beryllium targets; 1l -- con-
crete collimators; 12 -- beam of fast neutrons;
13 -- slide rails for removal of neutron fly-
wheels; 14 -- neutron emulsion camera; 15 --
shockproof door; 16 -- detector for investiga-
tion of the spectrum of the Cherenkov glow;
17 -- neutron channel; 18 -- channel for j)
rays; 19 -- vacuum pipe g 56 cm; 20 =-- neutron
spectroscopic detectors; 21 =-- vacuum pipe g
56 cm; 22 -- neutron flux recorder; 25 -- Y-
ray detector; 24 -- neutron flywheels; 25 --
vacuum pipe g 86 cm; 26 -- carbon transformer;
27 == collimators; 28 -- Cherenkov P detector;
29 -- beryllium transformer; 30 -- detector
for investigating the radiation spectrum; 31 --
Cherenkov detector.

intended for measuring the effective cross sections of the
neutron flux, which are of significance for theoretical
physics. The velocity of rotation of the flywheels was

3000 rpm, and the duration of the experiment was 17 msec. In
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this time the flywheels were to make a little more than half
a revolution.

Signals from the apparatus ilnstalled underground were
transmitted by special cables to the surface, to the recording
instruments [49]. The station for recording the fast
neutrons was located in a drift at a distance of approximately
150 m from the charge. Here carbon and beryllium targets
%nd a dﬁtector for investigating the spectrum were installed

25, 52 .

During the explosion, precautionary measures were
taken: all persons associated with the explosion and present
as observers (altogether, 400 persons were present) were
located at an observation point placed 7.2 km from the slte
of the explosion [12]; entry to Carlsbad Caverns (55 km away)
was temporarily closed; the cattle were removed from a region
of large size; traffic of motor vehlcle transport and air-
craft flights in the region of the explosion were prohibited;
mining operations at the potash mine (13 km away) were
stopped [13]; and a gas well located 9.6 km away was filled
with clay pulp [(18].

For the explosion, an atomic charge with a nominal
power of 5 KT was used. However, the actual power of the
explosion was estimated to be equal to 3 * 0.5 KT.

It was proposed to detonate the explosion at 0800 local
time. However, because of the fog that covered the region of
the epicenter, and the wind that was blowing in the direction
of Carlsbad, the explosion was delayed and was set off about
12 hours after favorable weather set in. From the observa-
tion point and from helicopters that took off at the moment
of the explosion, a rise of the ground in the vicinity of
the epicenter was clearly observed [12, 13]. Water vapors
(100=-200 T) and gaseous fission products were discharged from
the mine shaft in the form of dense white smoke, which began
to be carried away by the strong wind. A premature explosion
of a charge of chemical explosives, located at the surface
and intended for calibrating the barographic instruments,
created the impression of the breakthrough of gases from the
nuclear charge to the surface of the earth through some
fissures. As a matter of fact, such a breakthrough did not
occur, and the explosion was entirely an explosion of internal
effect.

Some time (apparently 1 hour) after the explosion,
parties were sent to the vicinity of the shaft platform to
collect air samples, perform dosimetric measurements, and to
inspect the surface of the explosion zone. Almost all the
equipment on the surface remained undamaged. This made 1t
possible, already on the day of the explosion, to commence
preparations for drilling from the surface, and two days
later they began to drill two wells toward the explosion
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cavity [12]. At the end of December the drilling of these
wells was completed. One well with a diameter of 304 mm,
drilled at the epicenter of the explosion and intended for
removing steam from the cavity, reached the upper part of
the cavity at a depth of 332 m from the surface on 22
December 1961; the second well, with a diameter of 244 mm,
calculated for feeding water into the cavity, was drilled
through the cavity at a distance of approximately 18 m from
the center of the explosion to a depth of 361 m, i.e., 1t
reached a level lying 5 m above the bottom of the charge
chamber [4, 13]. The drilling of this well was completed
on 28 December.

In the second half of January and in February 1962,
the U.S. Geological Survey drilled a vertical exploration
well for removal of a core near the central zone of the
explosion. The well had a diameter of 89 mm, a depth of
450 m, and passed at a distance of 45 m from the center of
the explosion. A view of theregion of the epicenter of the
explosion and the site where the wells were drilled from the
surface is shown in Figure 76 [4].

The investigation of the mine shaft as far as the
place where it jolned the drift ascertained that it was 1ln a
good condition, although thils investigation was made six
days after the explosion, when the neutron flywheels were
removed from the near-by section of the drift [55]. 1In
March 1962, they began to cut a new survey drift from the
shaft in the direction of the central zone of the explosion.
It was located on the same level (365 m) as the old drift,
but 12 m south of the latter.

Underground wells were drilled from a distance of
60 m from the location of the placement of the charge toward
the cavity, to determine the contours of the cavity and
remove core samples from the cavity and the surrounding
massif.

On 17 May 1962 the surveyors in the survey drift
penetrated to the explosion cavity. The explosion cavity and
the underground survey wells are shown in Figures 77 and 78.

The study of the central region of the exploslon
demonstrated that the initial explosion cavity had a diam-
eter of 30--33 m. Thils cavity was formed partially because
of vaporization and fusion of the salt, and partially because
of the displacement of the surrounding salt bed. The zone
of destruction was very small (2--4 m of the rocks adjoining
the walls of the cavity).

Just as in tuff, the sides and the walls of the
cavity collapsed, but in distinction from tuffs this collapse
was limited, so that a stable cavity of large volume was
formed, not entirely filled with the rock that had collapsed.
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The total volume of the cavity, including the part
filled with rock fragments, was determined to be equal to

approximately 25,000 m>.

A year after the explosion, the dimensions of the
cavity were: maximum dlameter on the horizontal plane in
the center part 52 m; diameter of the lower hemisphere 34 m;
diameter of the upper hemisphere 45 m; maximum height of the
free space 27 n.

.

- ' B,

Figure 76. Region of the eplcenter of
the Gnome shot after the experiment was
completed:

A -- ventilator for feeding air to the
explosion cavity; B == mouth of drilled
well through which the steam was ex-
tracted; C ~- site of drilling of the
well with a diameter of 80 km [sic,
probably error for 89 mm], located at a
distance of 45 m from the epicenter.
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Figure 77. Vertical section of the Gnome explosion cavity:

1l -~ elevation above sea level, m; 2 -- position of stratum
before exploslion; 3 -- center of explosion; 4 -- free space
of the cavity; 5 -- plile of fragmented rock; 6 -- level of
the water fed into the cavity through wells drilled from the
surface; 7 -- approximate upper boundary of hardened fused
salt; 8 =-- distribution of hardened fused salt in well B;
9 -- gtrata exposed at the roof of the cavity (see Figure
78); 10 -- well A; 11 -- well B; 12 -~ well C; a -~ salt
changed under the effect of the radiation and observed ln the
wells; b -- slightly radioactive hardened fused salt, forced
into fractures; ¢ -- displacement of strata; 4 -- contact of
bedding planes; e =-- zones of fractures.
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The lower hemisphere of the cavity was filled with a
mixture of solidified fused salt wlth unfused pleces, that
caved in from the walls and roof. Thils mixture was coated
with a 6-m layer of rock that had collapsed from the upper
hemisphere of the cavity. No liquid fused salt was observed
in the cavity [4].

According to calculations by the American researchers,
the quantity of fused salt amounted to 2400 T, the total
quantity of material that caved in from the roof and sldes of
the cavity was 28,000 T, including 13,000 T of material mixed
with fused salt, and 15,000 T of material lying on top of
this mixture.

The fractures of the salt massif were propagated
chiefly from the roof side of the cavity. The maximum length
of fractures from the center of the explosion in this direc-
tion was 60 m. A well for the removal of a core sample,
drilled at a distance of 45 m from the center of the explo-
sion, entered the zone of fractures [4, 57].

Basically all the radloactive products in a solild
state were captured by the fused salt and concentrated in the
mixture of this fusion with the material that collapsed,
located in the lower part of the cavity. A great part of the
gaseous radioactive products, as a consequence of the
disruption of the hermetlic seal of the cavity at the place
where the vacuum pipe for neutron measurements was passed into
it, escaped from the cavity through the drift and the mine
shaft into the atmosphere.

Although the escape of actlve vapor from the mine
shaft continued for several days, the yield of the baslc part
of the activity occurred during the first hour after the
moment of the explosion. The radloactive vapors were carried
awsy by the wind in a north-northwesterly direction at a
speed of 25 km/hr.

The activity of the vapors issuing from the mlne shaft
at first was very high. Then the radioactivity of the vapor
issuing from the cavity amounted to the followlng figures:

10 days after the explosion (in the mine shaft) 100 mr/hbr;
after 15--20 days (in the well for extractlion of the steam)
5 mr/hr; after 1.5--2 months (in the well for removal of the
core sample) 1~-2 mr/hr [66].

Measurements of the J radiation, performed through the
well, indicated that 26 days after the explosilon the dose
amounted to 0.2-=0.4 r/hr in the free part of the cavity and
5--20 r/hr in the zone of fragments in the lower part.

Because of the shielding effect of the layer of frag-
ments formed from the salt beds that collapsed, covering the
radioactive mass, the activity in the free part of the
cavity was not great by the moment that 1t was opened by the
gallery. The dose at the surface of the rock pile amounted
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to: 6 months after the explosion 50--60 mr/hr, and after a
year 5 mr/hr (there were sections with a larger dose).

In the joints (cracks) in the rock solid radiloactive
products were encountered at a distance of the order of
several meters from the walls of the cavity (the greatest
distance was 12 m).

Figure 78. Gnome explosion cavity in plan (section
through central zone):

1l -- drift for placement of the charge; 2 -- restored
part of drift for placement of the charge; 3 --
escape route for gaseous radiloactive products of the
explosion from the cavity; 4 -- gallery for drilling
well No 25 before the explosion; 5 -- recess for
drilling well 6 before the explosion; 6 =-- recess for
drilling wells after the explosion; 7 -~ well D; 8 ~--
well F; 9 ~- well B; 10 == well A; 11 -~ well C;

12 -- well E. — ¢ — * — == contour of cavity along
maximum dimensiong; — — — == boundaries of salt
beds in roof of cavity; ------ -- radial cracks in

the roof of the cavity.

Total collapse of the drift occurred at a distance of
40 m from the center of the explosion (14 m from the wall of
the cavity at the present time) [59]. At a distance of up
to 270 m from the charge, a collapse of the walls and roof
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of the gallery was observed, of various intensity, in the
form of large blocks of salt, fragments of medium size, and
dust [51, 57]. At the conjunction of the enlarged part of
the drift near the mine shaft, there were fallouts of large
pieces of rock from the roof. The mine shaft remained
practically undamaged. Only individual falls of rock were
observed [4, 18].

According to the data from motion pictures taken at
the moment of the explosion, it was established that at the
epicenter of the explosion the rocks rose to a height of
approximately 1.3 m, and then fell, having formed a fill

with a height of about 0.7 m abgve the surface level before
the explosion. A maximum rise §1.8 m)_was observed 55 m from

the epicenter of the explosion [51, 59]. The residual dis-
placement at a distance of 100--150 m from the epicenter
decreased to 0.12 m, and at 2 distance of 300 m entirely dis-
appeared. A concrete platform (1.6 m2) with equipment for
taking radiochemical samples, located at the epicenter, sank
partially into the ground. The equipment continued to operate.
Almost 211 the other equipment 2t the surface remained un-

damaged [12].
An aquifer located 195 m above the charge was little

disrupted [18]. Filtration of the water into the shaft from
the aguifer remained the same as it was before the explosion
(570 ? per week) [55]. Oscillations of the surface during
the explosion were clearly perceptlble at the observation
point [13].

The seismlc observation program was successfully ful-
filled. The seismic signal was recorded in the greater part
of the territory of the USA and at many indlvidual stations
in other countries, such as Uppsala (Sweden), for example.
The fact that many well-equipped statlons, in particular
certain stations located within a radius of 125 km from the
center of the explosion, did not record the signal may be
explained by differences in the wave-propagation conditions,
in connection with the features of the structure of the rocks
near the site of the explosion [12, 51, 58].

The temperature in the cavity was measured through the
well drilled from the surface. On 22 December 1962 the
temperature in the free part of the cavity was about 1000¢C
and the temperature in the zone of rock fragments varied from
50 to 6500C [59]. No fused salt (melting point 7100C) was
observed. Sections with a temperature of 650°C were of a
sporadic nature. It was assumed that the fine friable
"fleecy" material was an insulating layer, through which
small 'geysers' penetrated, causing a sporadic rise in the
temperature.

At the moment of the explosion, the hermetically
sealed cover installed in the shaft at the junctlion with the
drift was damaged. As a result of this, and also as a
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consequence of the formation of channels connecting the
cavity with the drift and the shaft, a leakage of steam from
the cavity occurred [53, 60]. To obtain steam, water was
forced into the cavity, in the zones of rock fragments,
through the wells (435,000 f{ of salt water and 95,000 [ of
fresh water). As a consequence of the fact that during the
time that it took to drill the wells the cavity had cooled
considerably, the steam had very low pressures and tempera-
tures. To use the steam to generate electric power, a pres-

sure of 14 kg(force)/cm® was necessary. By forcing air into
the cavity through one well and the mine shaft, the pressure
of the steam coming from the well was lncreased to

3 kg (force)/cm® at a temperature of 659C. This made it
possible to test the equipment for the extraction of the
steam for corrosion and to test the operation of the instru-
ments for deactivation of the steam coming from the radio-
active cavity [4, 50, 59]. Since the steam did not have the
propertles needed, investigations on the extraction of steam
from the cavity were ceased on 19 January 1962 [59].

The removal of gaseous samples from the explosion
chamber at the moment of the explosion was not successful,
as a consequence of the fact that the pipe line for removing
the samples was damaged by the explosion. On the basis of
avallable data it 1is assumed that all the gaseous isotopes
were contalned 1n the steam which was discharged through the
shaft. The fact that the gaseous 1lsotopes were separated
from the s0lld ones 1s important. Thus, the extraction of
gaseous lsotopes from the free cavity will be possible upon
condition that the cavity 1s hermetically sealed, and,
consequently this method may serve for obtaining gaseous
isotopes [59]. It has been established that a great part of
the tritium was contained in the water vapor. Consequently,
we may also obtain and separate the radioisotopes of krypton,
argon, and other gases [13, 58].

The removal of core samples for analysis for solid
radloactlive isotopes was successfully performed near the
cavity.

Almost 21l (99%) of the isotopes of the solid
substances were trapped in the fused salt. This material can
be dissolved 1n hot water. At the Lawrence Radiation
Laboratory a method was developed for separating the
isotopes, based on conventional methods of chemical concen-
tration. In this case the plutonium, amerilcium, and curium
behaved almost the same within the first concentration cycles.
Investigations for the extraction of radioactive isotopes are
continuing.

Although the neutron flywheels were rotating at a speed
of 2600 rpm instead of the proposed 3000 rpm at the moment of

180




the explosion, the experiment in neutron physlics was
successful. The neutron flywheels were removed from the
drift six days after the explosion. On the basis of known
resonances in uranium, the neutron flux in the flywheels was

determined, and it amounted to lO12 neutrons/(sec . cm2).
Several important resonances were observed in the range from
10 to 60 eV in the elements studied: gold, uranium, hafnium,

and thorium [59].
THE SEDAN EXPERIMENT

Project Sedan -- an underground explosion of a 100-KT
thermonuclear charge -- was carried out by the U.S. Atomic
Energy Commission for determination or the technical pos-
sibility of the application of nuclecr explosions in the
excavation of rocks in construction and in mining. The condi-
tions under which the experiment was carried out and its
basic results are expounded by Kelly [3], and in other works’
[8, 10, 61--65], published soon after the experiment was
made.

The experiment was carried out at the Nevada test
area on 6 July 1962, at 1000 Pacific Standard Time. The
charge was exploded at a depth of 193 m in a well with a
diameter of 914 mm, which had been drilled and cased 1in
weakly cemented alluvial deposits of Yucca Flats. Dry sand
was used as the stemming.

A thermonuclear charge was used for the first time in
an underground experiment. Less than 30% of the total energy
liberated fell to the share of the fission reactlon, and the
other 70% was derived from the fusion reaction. According to
preliminary calculation, the devliation of the power of the
charge from the calculated magnitude amounted to about 10%.

For purposes of determining the flight trajectory and
distribution of the pleces of earth and dust ejected,
reference markers, measuring rods, pleces of canvas, and pans
were placed near the site of the explosion. The measurement
of the parameters of the apparent effect of the explosion
and the oscillations of the earth's surface was also made by
five motion picture cameras.

In the first three seconds after the explosion, a rise
of the surface of the earth occurred, in the form of a dome
of hemispherical shape, with a diameter of 180--240 m, to a
height of 90 m. Then the incandescent gases broke through,
which was observed by the representatives of the U.S. Atomic
Energy Commission from a distance of 19 km as a bright flash
of light. In the explosion, no formation of a fireball was
noticed, in spite of the initial flash, although a rupture
of the surface did occur in this case. The enormous mass of
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eJected rock rose to a helight of 600 m and fell to the earth;
a pile of fragmented rock was formed on & considerable area.
The burning gases and fine fractions of the rock separated
from the shower of ejected rock, rose to an altitude of 3.5
km in the form of a dirty white cloud of gas and dust, and
began to move toward the north. The dust cloud, visible from
the cilty of Las Vegas, located at a distance of 105 km
gsoutheast of the test area, initially had the shape of a
bubble, and then assumed a shape resembling enormous bulging
rubber tubes.

As a result of the explosion, a crater was formed,
partially filled with rocks. The diameter of the apparent
crater was 365 m, and its depth 97 m. Around the crater a
plle of ejected rock was located, in a radius of 1.5--2 knm,
with a thickness of from 6 to 30 m around the edge of the
crater. The volume of the apparent blast crater amounted to

5 million m>.
The dimensions of the crater, calculated by working

from the proportionality of the linear dimenslions of the
crater to the power of the charge, to a power of 1/3 (with a
great degree of simplification, this may be assumed for
charges with a power of the order of a kiloton), must amount
to the following: diameter 425 m, depth 90 m. Upon condi-
tion of proportionality of the linear dimensions to the power
of the charge by a power of 1/4, which 1s considered most
probable for the given depth of placement of the charge and
its power, a crater with a diameter of 365 m and a depth of
52 m should be formed. In comparing the calculated dimensions
of the crater with the actual one, Kelly [3] considers that
with an explosion having a power of 100 KT the llinear
dimensions of the apparent crater are proportional to the
power of the charge to a power of 1/4 for diameter and to a

power of 1/3 for the depth of the cratert).

The reduced depth of placement of the charge, deter-
mined with a power of reduction of 1/3.4, for the Sedan shot
amounts to

195 _ o

dped = =

l)The radius and depth of the crater from the Sedan

shot correspond to the function f(Wl/3'4) adequately
satisfactorily.
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which 1s less than the magnitude dpeq = 45 m/KT1/3°4, in which

the volume of rocks blasted out, according to Figure 11, 1is
the maximum. Thus, the charge in the Sedan experiment was
placed at a somewhat greater depth than it should have been
from the standpoint of the optimum blast effect.

In preparation for and in conducting the experiment,

a great amount of attention was devoted to the study of the
possibility of reducing the quantity of radioactive products
of the explosion and to problems of radiation safety. The
application of a thermonuclear charge with a power of 100 KT,
in which less than 30% of the total power of the explosion
fell to the share of the flssion reaction, made 1t possible,
by working from the calculations, to obtaln less radlo-
activity than would be produced in an explosion at the sur-
face of a charge with a power of 2 KT based on the fission
reaction. Measures were also taken to reduce the radio-
activity caused by the neutrons (induced radioactivity).

In the entire territory where it was assumed that
there would be a fallout of radioactive precipitation, pans
and collectors were placed; the territory was divided into
small individual sections, depending upon their blologilcal
nature, for the purpose of studying the radiation effect. A
large part of the radioactive fission products formed durilng
the explosion were trapped underground and only about 5% of
these products, according to estimate data, fell out to the
surface within the short-range zone.

The dust cloud carrying a small part of the radio-
active products that were not trapped underground, and d4did
not fall in direct proximity to the crater, were carried by
the wind in a submeridional direction to the north at a speed
of 35 km/hr. According to the initial calculations, the
radioactivity of the cloud at the moment of its slow passage
over the evacuated region to the north of the test area
amounted to about 1.5 r/hr. In moving to the north, the
dust cloud crossed the main highway of the state of Nevada,
which had been closed by the pollice. According to a report
by the Commission, the dose measured at the main highway
after 20 days at a distance of 50 km, amounted to 0.8 mr.
Small white clouds that appeared over the city of Las Vegas
several days after the explosion, according to a statement by
the U.S. Weather Bureau, were ordinary, nonradioactive clouds.

Quilte heavy radloactive particles fell in direct
proximity to the crater, at a distance of up to 3.2 km from
the site of the explosion, in the windward direction, and at
a distance of up to 6.4 km downwind. The dose at the edge of
the crater, measured by workers in a period of up to four
weeks after the explosion, turned out to be no higher than
0.5--0.7 r/hr. The maximum radiation dose actually received
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by anything beyond the limits of the test area amounted to
0.3 r which 1s less than the permlissible level, equal to
0.5 r/year, established by the Federal Council on Radlatlon
for cases of the peaceful use of nuclear energy.

On the basis of an analysis of the radioactivity as
recorded by dosimeters and the network of control and
measuring instruments installed beyond the limits of the
test area, as made by the U.S. Public Health Service, 1t was
possible to conclude that only a small part of the lodine-131
observed in cows' milk in the state of Utah may be the result
of the Sedan shot. The Sedan experiment, in the opinlon of
officials, also caused an inltial rise in the radloactivity
noted on 13 July in the vicinity of Great Salt Lake, but they
consider that the subsequent rise in radloactivity was due
to the two tests of atomic weapons held at the Nevada test
area: one on 1l July at a shallow depth, and a second on
14 July several meters above ground.

The selsmic effect in the Sedan shot was conslderably
weaker than the effect precalculated according to the
results of previously conducted explosions in tuff and
alluvium. Accelerations of 0.1 g were fixed at a dlstance of
2.4 km from the epicenter of the explosion. Observers
watching the experiment from the nearest hills, located
several killometers from the site of the explosion, did not
feel any tremors of the ground.

The Sedan shot was recorded by selsmic instruments at
a distance of 480 km, at the Unlversity of California in
Berkeley and at the Californla Institute of Technology at
Pasadena, and, in the oplnion of seismologists, could have
been recorded by sensitive instruments over the entire sur-
face of the globe.

Stations for recording the alrborne shock waves,
located within a range of distances of 130=-=240 km, recorded
a maximum pressure of 0.83 mbar at China Lake, California,
approximately 220 km to the southwest of the eplcenter of
the explosion. The study of the results of the Sedan shot 1s
beling continued.
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