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Foreword 

This handbook, prepared by the Armed Forces Spe- 

cial Weapons Project of the Department of Defense 

in coordinat.ion with other cognizant government 

agencies xnd published by t,he IJnited StatesAtomic 

Energy (‘ommission, is R comprehensive summary 

of current knowledge on the effects of nuclear weap- 

ons. The effects information contained herein is 

calculwt.ed for yields up t,o 20 megatons and the scai- 

inp laws for hypothetic~~lly extending the crtlcultt- 

tions beyond t,his limit are given. The figure of 20 

megatons however is not8 to be taken as an indication 

of capabilities or developments. 

CHARLER E. WILSON 

Secretary of Defeme 

LEWIR L. STRAURR 

(‘haim,n 

Atomic Energy Commission 

. . . 
111 



. 

THE FEDERAL CIVIL DEFENSE ADMINIETRATION 

commends this publication aa the definitive 

source of information on the effecta of nuclear 

weapons for the use of organizations engaged 

in Civil Defense activities. Ita detailed treat- 

ment of the physical phenomena associated with 

nuclear explosions provides the necessary tech- 

nical background for development of counter- 

measures against all nuclear effects of Civil De- 

fense interest. 

VAL PETERSON 

Administrat-or 

Federal Civil Defense Administration 
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Preface 
When “The Effects of Atomic Weapons” was first issued, in 1950, the 
explosive energies of the atomic bombs known at that time were 
equivalent to some thousands of tons of TNT. The descriptions of 
atomic explosions and their effects were therefore based on a so-called 
“nominal” bomb with an energy release equivalent to that of 20,000 
tons (or 20 kilotons) of TNT. It is no longer possible to describe the 
effects in terms of a single nominal bomb. An essentially new presen- 
tation of weapons effects has consequently become necessary and is 
titled “The Effects of Nuclear Weapons.” 

The main purpose of this new handbook is to describe, within the 
limitations set by national security, the basic phenomena and the 
most recent data concerning the effects associated with explosions of 
nuclear weapons. The information has been obtllined from observa- 
tions made following the wartime nuclear bombings in Japan and at 
the tests carried out at the Eniwetok Proving Grounds and the Nevada 
Test Site, as well as from experiments with conventional high explos- 
ives and mathematical calculations. Tests have provided much 
important data on weapons effects; nevertheless, a distinction should 
be made between the consequences of such tests, when all conceivable 
precautions are taken to eliminate liazards to life and property, and 
of the consequences of the use of nuclear weapons in warfare, when 
the efforts of an enemy would be devoted to causing the maximum 
destruction and casualties. It is for use in planning against possible 
nuclear attack that this volhme is intended. 

The major portion of the book consists of a statement of the facts 
relating to nuclear explosions and of ~ln objective, scientific analysis of 
these facts. In the final chapter some general conclusions are pre- 
sented upon which prot.ective measureS may be based. It should be 
emphasized, however, t-hat, only the principles of prote&ion are dis- 
cussed ; there is no intention of recommending the adoption of par- 
ticular procedures. The responsibility for making and implementing 
policy wit,11 regard to surh matters as protective construction, shelters, 
ntld evacuation lies with the Federal (3vil Defense Administration 
and other TJnited States Government agencies. The information 
presented in this book should prove useful to these agencies in plan- 
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ning defensive measures for the protection of civilian 
property. 

PREFACE 

lives and 

The phenomena of blast, shock, and various radiations associated 

i 

with nuclear explosions are very complex. It is inevitable, therefore, 
that the description of these phenomena and their related effects 
should be somewhat technical in nature. However, this book has been 
organized in a manner that will serve the widest possible audience. 
With this end in view, each chapter, except Chapters IV, X, and XII, 
is in two parts : the first. consists of a general treatment of a patticular 
topic in a less technical manner, whereas the second part contains the 
more technical aspett,s. The material is so arranged fhat, no loss of 
continuity will result, to the reader from the omission of any or all of 
these more technical sect ions. It is hoped that this format. will permit 
the general reader to obtain a pootl understanding of each subject 
without the news&y for coping with technical material with which he 
ma: not be roncerned. On the other hand, the te(*hnic:ll m:lteriwl is 
avallable for specialists, as for example architects engineers, medical 
practitioners, and others, who may have need for such dt+lils in theil 
work connected with defense p1:11111ing. 

!SAMUEL C*Id8Kl’ON& 

CHAPTER I 

GENERAL PRINCIPLES OF NUCLEAR 

EXPLOSIONS 

CHARACTERISTICS OF NUCLEAR EXPLOSIONS 

INTROOUCTTI~N 

1.1 In general, an explosion is the release of a large amount of 
energy in a short interval of time within a limited space. The libera- 
tion of this energy is accompanied by a considerable increase of tem- 
perature, so that the products of the explosion become extremely hot 
gases. These gases, at very high temperature and pressure, move 
outward rapidly; In doing so, they push away the surrounding 
medium-air, water, or earth-with great force, thus causing the de- 
st.ructive (blast or shock) effects of the explosion. The term “blast” 
is generally used for the effect in air, because it resembles (and is 
accompanied by) a very strong wind. In water or under the ground, 
however, the effect is referred to as “shock,” because it is like a sudden 
impact. 

1.2 The atomic (or nuclear)’ bomb is similar to the more conven- 
tional (or high explosive) type of bomb in so far as its destructive 
action is due mainly to blast or shock. However, apart from the fact 
that nuclear bombs can be ma!lp thousands of times more powerful 
than the largest TNT bombs, there are other more basic differences. 
First, a fairly large proportion of the energy in a nuclear explosion 
is emitted in the form of light and heat, generally referred to as 
“thermal radiation.” This is capable of causing skin burns and of 
starting fires at considerable distances. Second, the explosion is 
accompanied by highly-penetrating and harmful, but invisible, rays, 
called the “initial nuclear radiation.” Finally, the substances remain- 
ing after a nuclear explosion arc radioactive, emitting similar radia- 
tions over an extended period of time. This is known as the “residual 
nuclear radiation” or “residual radioactivity” (Fig. 1.2). 

1 As will be CW?I below (1 l.V), the terms “atoldc” and “nuclear” may be used Inter- 
cban@zably, as far as weapons or explosions are concerned. 
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Figure 1.2. F&da of a nuclear exptlofdon. 

1.3 It is because of these fundamental differences between a nuclear 
and a conventional (TNT) explosion, as well as because of the tre- 
mendously greater power of the former, that the effects of nuclear 
weapons require special consideration. In this connection, a knowl- 

edge and understanding of the mechanical and radiation phenomena 
associated wifh R nuclear explosion are of vital import,ance. 

1.4 The purpose of this hook is to state the facts concerning t,he 
effects of nuc*lear weapons, ant1 to make an objective analysis of these 
facts. It is Iq)etl that this itlformation will help those responsible 
for deft>nse pl:~rming to make prep;Ir:ltions to deal with the emergencies 
that, rnny arisfl from nuclear wa!;f:lre. In addition, architects and 
engineers irt:ty be able to utilize the data in the design of structures 
having iucrcvlsect resistance to damage by blast, shpck, and tire, and 
pre;itar ;tbilit.y to provide shielding against nuclear radiations. 

i\TOMlC ~TRWTURE ANV ISOTOPES 

I.!5 All slll)st:Illces are niadc up from one or more of about .ninety 
different. kinds of simple tn:~tcrials known as “elements.” Among 
the common elements are the gases hydrogen, oxygen, and nitrogen ; 
t.he solid nonmetals carbon, sulfur, and phosphorus; and various 
metals, such as iron, copper, md zinc. A less familiar element, which 
has affained prominence in recent years because of it,s use as a source 
of atonlic (or nuclear) energy, is ur:~nium, normally a solid metal. 

1.6 The smallest part of any element that can exist, while still 
retaining the characteristics of the element, is called an “atom” of 
that element. Thus, there are atoms of hydrogen, of iron, of uranium, 
and so on, for all the elements. The hydrogen atom is the lightest 
of all atoms, whereas the atoms of uranium are the heaviest of those 
found in nature. Heavier atoms, such as those of plutonium, also 
important for the release of atomic energy, have been made artificially 
from uranium. 

1.7 Every atom consists of a relatively heavy central region or 
“nucleus,” surrounded by a number of very light particles known as 
“electrons.” Further, the atomic nucleus is itself made up of a definite 
number of fundamental particles, referred to as “protons” and 
“neutrons.” These two particles have almost the same mass, but they 
differ in the respect that the proton carries a unit charge of positive. 
electricity whereas the neutron, as its name implies, is uncharged 
electrically, i. e., it is neutral. Because of the protons present in the 
nucleus, the latter has a positive electrical charge, but in the normal 
atom this-is exactly balanced by the negative charge carried by the 
electrons surrounding the nucleus. 

1.8 The essential difference between atoms of different elements 
lies in the number of protons (or positive charges) in the nucleus ; this 
is called the “atomic number” of the element. Hydrogen atoms, for 
example, contain only one proton, helium atoms have two protons, 
uranium atoms have 92 protons, and plutonium atoms 94 protons. 
Although all the nuclei of a given element contain the same number 
of protons, they may have different, numbers of neutrons. The result- 
ing atomic species, which have identical atomic numbers but which 
differ in their masses, are called “isotopes” of the particular element. 
All but, about 20 of the elements occur in nature in two or more isotopic 
forms, and many other isotopes, which are unstable, i. e., radioactive, 
have beeli obtained in various ways. 

RELEASE OF NUCLEAR ENERGY: FWION AND FISSION REACYTIONS 

1.9 As stated above, an explosion results from the very rapid 
release of a large amount of energy. In the case of a conventional 
explosion, this energy arises from rearrangement among the atoms 
present in the explosive material, e. g., the hydrogen, carbon, oxygen, 
and nit,rogen atoms in TNT. In a nuclear explosion, on the other 
hand, t,he energy is produced tiy the redistrihut,ion or recombination of 
the prot,ons and neut,rons witbin t.he atomic nuclei. What is commonly 
referred to as at,omic energy is t,hus, strict.ly, nuclear energy, since it 

. 
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results from particular nuclear interactions. It is for the same reason, 
too, that atomic bombs are also called nuclear weapons. The forces 
between the protons and neutrons within atomic nuclei are tremen- 
dously greater than those among the atoms as a whole ; consequently, 
nuclear (or atomic) energy is of a much higher order of magnitude 
t.han conventional energy when equal masses are considered. 

1.10 Many nuclear processes are known, but not all of these are 
accompanied by the release of energy. The basic requirement for 
energy release is that the total mass of the interacting species should 
be more than that of the resultant product (or products) of the re- 
action. There is a definite equivalence between mass and energy, and 
when a decrease of mass occurs in a nuclear reaction there is an ac- 
companying release of a certain amount of energy related to the de- 
crease in mass. These mass changes are really a reflection of the dif- 
ference in the forces in the various nuclei. It is a basic law of nature 
that the conversion of any system in which the constituents are held 
together by weaker forces into one in which the forces are stronger 
must be accompanied by the release of energy, and a corresponding 
decrease in mass. 

1.11 In addition to the necessity for the nuclear process td be one 
in which there is a net decrease in mass, the release of nuclear energy 
in amounts sufficient to cause an explosion requires that the reaction 
should be able to rep&duce itself once it has been started. Two kinds 
of nuclear interactions can satisfy the conditions for the production 
of large amounts of energy in a short time. They are known as “fis- 
sion” and “fusion.” The former process takes place with some of the 
heaviest (high atomic number) nuclei, whereas the latter, at, the other 
extreme, involves some of the lightest (low atomic number) nuclei. 

1.12 The materials used to produce nuclear explosions by fission 
a.re cert,ain isotopes of the element,s uranium and plntoninm. When 
a free (or unattached) neutron enters the nucleus of n fissionable atom, 
it, can cause the nucleus to split, into two smaller parts. This is the 
fission process, which is acconip:~nied by the release of a large amount 
of energy. The sinalter {or lighter) nuclei which result. are called the 
“fission products.” The complete tir;sioll of 1 pound of eraniom or of 
plutonium can produce as murl~ energy as the explosion of 9,000 tons 
of TNT. 

1.13 In nuclear fusion, a pair of light nuclei unite (or fuse) to- 
gether, to form a m~cleiis of :I heavier atom. An example is the fusion 
of the hydrogen isotope known as deuterium or “heavy hydrogen.” 
Under suitahle condit,ions, two deuterirun nuclei may combine to form 
t,lie nucleus of a heavier elemenf, helium, with the release of energy. 

, 
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1.14 Nuclear fusion reactions can be brought about by means of 
very high temperatures, and they are thus referred to as “thermo- 
nucleer processes.” The actual quantity of energy liberated, for a 
given mass of material, depends on the particular isotope (or isotopes) 
involved in the nuclear fusion reaction. As an example, the fusion 
of all the nuclei present in 1 pound of the hydrogen isotope deuterium 
would release roughly the same amount of energy as the explosion of 
26,000 tons of TNT. 

1.15 In certain fusion processes, among nuclei of the hydrogen iso- 
topes, neutrons of high energy are liberated (see 81.65). These can 
cause fission in uranium and plutonium. Consequently, association of 
the appropriate fusion reactions with a fissionable material will re- 
sult in a more complete utilization of the latctter for the release of 
energy. A device in which fission and fusion (thermonuclear) reac- 
tions are combined can therefore produce an explosion of great power. 

1.16 A distinction is sometimes made between atomic weapons in 
which the energy arises from fission, on the one hand, and hydrogen 
(or thermonuclear) weapons, involving fusion, on the other hand. 
In each case, however, the explosive energy results from nuclear IV+ 
actions, so that they may both be correctly described as nuclear (or 
atomic) weapons. In this book, therefore, the general terms “nuclear 
bomb” and “nuclear weapon” will be used, irrespective of the type of 
nuclear reaction producing the energy of the explosion. 

ENERQY YIEID OF A NUCLEAR EXPLOSION 

1.17 The power of a nuclear weapon is expressed in terms of its 
total energy release (or yield) compared with the energy liberated by 
TNT when it explodes. Thus, a l-kiloton nuclear bomb is one which 
produces the same amount of energy as the explosion of 1 kiloton (or 
1,000 t.ons) of TNT. Similarly, a l-megaton weapon would have the 
energy equivalent of 1 million tons (or 1,000 kilotons) of TNT. The 
earliest nuclear bombs, such as those dropped over Japan in 1945, and 
those used in the tests at, Bikini in 1946, released roughly the same 
quantity of energy as 20,000 t,ons (or 20 kilotons) of TNT. Since that 
time, much more powerful weapon a, with energy yields in the megaton 
range, have been developed. 

1.18 From the statement in 8 1.12 t,hat the fission of 1 pound of 
llranimn or plutonium will release t,he same amount of energy as 9,000 
tons of TNT, it. is evident that, in a 20-kiloton nuclear bomb, 2.2 pounds 
of material undergo fission. However, the actual weight, of uranium 
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or plutonium in such a bomb is greater than this amount. In other 
mords, in a fission weapon, only part of the nuclear material suffers 
fission. The efficiency is thus said to be less than 100 percent. 

DIETRIBUTION OF ENERGY IN NUCLEAR EXPLOMONS 

1.19 In the explosion of a conventional (TNT) bomb nearly all 
the energy released appears immediately as kinetic (or heat) energy. 
Almost the whole of this is then converted, as described in 5 1.1, into 
blast and shock. In a fission weapon, however, the situation is dif- 
ferent. Only about 85 percent of the energy released in fission is in the 
form of heat (kinetic) energy, and only a part of this is utilized to 
produce blast and shock. The other part of this 85 percent appears 
as thermal radiation, i. e., heat and light rays. This is a result of the 
very much higher temperature attained in a nuclear, as compared with 
a conventional, explosion. The fraction of the fission energy emitted 
as thermal radiation varies with the nature of the weapon and with 
the conditions of the explosion, but for a bomb burst fairly high in the 
air it is roughly one-third. Consequently, about 50 percent of the 
total energy is then utilized to cause blast and shock (Fig. 1.19). 

1.20 The remaining 15 percent of the energy of the nuclear explo- 
sion is released as various nuclear radiations. Of this, 5 percent con- 
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stitute the initial nuclear radiations produced within a minute or so of 
the explosion ; whereas the final 10 percent of the bomb energy is 
emitted over a period of time in the form of the residual nuclear radi- 
ation.. This is due almost entirely to the radioactivity of the fission 
products present in the bomb residue after the explosion. It may be 
noted that in a conventional explosion, there are no nuclear radiations 
since the atomic nuclei are unaffected. 

I 
1.21 The initial nuclear radiations consist mainly of “gamma 

rays” (resembling X-rays) and neutrons. Both of these, especially 
the gamma rays, can travel great distances through the air and can 
even penetrate considerable thicknesses of material. It is because 
these radiations can neither be seen nor felt by human beings, but can 
have harmful effects even at a distance from their source, that they are 
an important aspect of a nuclear explosion. 

1 1.22 In the cour6e of their radioactive decay, the fission products 
emit gamma rays and another type of nuclear radiation called “beta 

I particles.” The latter are identical with elebtrons, i. .e., subatomic 
particles carrying a negative electric charge (8 1.7)) moving with high 
speed. Beta particles, which are also invisible, are much less pene- 
trating than gamma rays, but like the latter they also repreasnt a 
potential hazard. 

1.23 The spontaneous emission of beta particles and gamma rays 
from radioactive substances, such as the fission products, is a gradual 

k process. It takea place over a period of time, at a rate depending upon 
the nature of the material and upon the amount present. Because of 

I the continuous decay, the quantity of radioactive material and the rats 
of emission of radiation decreases steadily. This means that the r&d- 
ual nuclear radiation, due mainly to the fission products, is most in- 
tense soon after the explosion but diminishes in the course of time. 

TYPES OF NU~I,EAR EXPLOMONS 

1.24 The immediate phenomena associated with a nuclear explo- 
sion, as well as the effects of shock and blast, and thermal and nuclear 
radiations, vary wit,11 t,he locat,ion of the point, of burst in relation to 
the surface of the earth. For descriptive purposes four types of burst 
are distinguished, although many variations and intermediate situa- 
tions can arise in practice. The main types, which will be defined be- 
low, are (1) air burst, (2) underwater burst,, (3) underground burst, 
and (4) surface burst,. 

1.25 Almost at t,he instant of a nuclear explosion there is formed 
an intensely hot and luminous mass, roughly spherical in shape, called 
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the “ball of fire” or “fireball.” An “air burst” is defined as one in 
which t,he bomb is exploded in the air, above land or water, at such 
a height that the fireball (at maximum brilliance) does not touch the 
surface of the earth. For example, in the explosion of a l-megaton 
bomb the ball of fire may prow until it is nearly 5,800 feet (1.1 mile) 
across, at maximum brilliance. This means that in the air burst of 
such a bomb the point, at which the explosion occurs is at least 2,900 
feet above the earth’s surface. 

1.26 The quantitative aspects of an air burst will be dependent 
upon the actual height of the explosion, as well as upon its energy 
yield, but the general phenomena are much the same in all cases. 
Nearly all of t,he shock energy appears as air blast, although if the 
explosion occurs close enough to the surface, there will also be some 
ground shock. The thermal radiation will travel large distances 
through the air and will be of sufficient intensity to cause moderately L 

severe burns of exposed skin as far away as 12 miles from a l-megaton 
bomb explosion, on a fairly clear day. The warmth may be felt at. a 1 

distance of ‘75 miles. For air bursts of higher energy yields, the 
corresponding distances will, of course, be greater. Since the thermal 
radiation is largely stopped by ordinary opaque materials, buildings 
and clothing can provide protection. 

1.27 The initial nuclear radiations from an air burst will also pene- 
trate a long way in air, although the intensity falls off fairly rapidly 
at increasing distances from the explosion. Like X-rays, the nuclear 
radiations are not easily absorbed, and fairly thick layers of mate- 
rials, preferably of high density, are needed to reduce their intensit.y 
to harmless proportions. For example, at a distance of 1 mile from 
the air 1~11st of a l-megat,on nuclear bomb, an individual would prob- 
ably need the protert,ion of abol’t. 1 foot of steel or 4 feet of concrete 
to lw relatirely safe from tlie effects of the init,ial nuclear radiations. 

1.28 Iii t Iw event of a high (‘1’ moderately big11 air burst, the fission 
~wot111cts wmlinitlg itftt’r the nwlww explosion will be widely dis- 

1~WSWl. The r&dual nuclear radiations arising from t.bese products 
will be of minor cmseqwnce 011 the ground. On the other hand, 
if the burst 0Wllrs tle:rrW the f?ilrt,ll’S surface, the fissioii prodIlct,s may 
fuse with part irles of earth, much of which will fall to the groulK1 

at points &M to the explosion. Tbis dirt and otbar debris will be 
contamiiu~tetl with rdhctive matwin and may, consequently, repre- 
sent a 1)ossi Me cltlnprr to living org:inisins. 

I.??!) If :i nuclear explosion 0wu1*~ under sucli conditions that, its 
ceiher is Ixweatll the prollnd or under the SllrfiUX of water, t.he situa- 
tion is tlwrt~ibetl as an “IIII~~~~I.OUII~ burst” or an “underwat.er burst,” 

respectively. Since some of the effects of these two types of explosions 
are similar, they will be considered here together as subsurface bursts. 

1.30 In a subsurface burst, most of the shock energy of the ex- 
plosion appears as underground or underwater shock, but a certain 
proportion, which is less the greater the depth of the burst, escapes 
and produces air blast. Much of the thermal radiation and of the 
initial nuclear radiations will 1be absorbed within a short distance of 
the explosion. The energy of the absorbed radiations will merely 
cont,ribute to the heating of the ground or body of water. Depending 
upon the depth of the explosion, some of the thermal and nuclear 
radiations will escape, but the intensities will be less than for an 
air burst. However, the residual nuclear radiations now become of 
considerable significance, since large quantities of earth or water in 
the vicinity of the explosion will be contaminated with radioactive 
fission products. 

1.31 A “surface burst” is regarded as one which occurs either at 
the actual surface of the land or water or at any height above the sur- 
face such that the fireball (at maximum brilliance) touches the land 
or water. The energy of the explosion will then cause both air blast 
and ground (or water) shock, in varying proportions, d?pending upon 
the height of the burst point above the surface. Upon this will also 
depend the amounts of thermal radiation and initial nuclear radiations 
cwsping from the ball of fire. The residual nuclear radiation can 
be a significant hazard because of the large quantities of contaminated 
dust or water that result from the nuclear explosion. 

1.32 Although the four types of burst have heen considered as 
being fairly distinct, there is actually no clear line of demarcation 
between them. It will be apparent that as the height of the explosion 
is decreased, an air burst will become a surface burst. Similarly, a 
surface burst merges into a subsurface explosion at a shallow depth, 
when part of the ball of fire act.llally breaks through the surface of 
t.he land or water. It is nevertheless a matter of convenience, as will 
be seen in later chapters, to divide nuclear explosions into the four 
general types defined above. 

SCIENTIFIC BASIS OF NUCLEAR EXPLOSIONS2 

THE FISSION CHAIN REACTION 

1.33 The significant point about the fission of R uranium (or ph- 

tonium) nucleus by means of a neutron, in addition to the release of 

9 The remnlning wxtlons of tbls chapter may be omitted without loss of ContlnultY. 
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a large quantity of energy, is that the process is accompanied by the 
almost instantaneous emission of two or more other neutrons. The 
neutrons liberated in this manner are able to induce fission of addi- 
tional uranium (or plutonium) nuclei, each such process resuking in 
the emission of more neutrons which can produce further fission, and 
so on. Thus, in principle, a single neutron could start off a chain 
of nuclear fissions, the number of nuclei involved, and the energy 
liberated, increasing at a tremendous rate. 

1.34 Actually, not all the neutrons liberated in the fission process 
are available for causing more fissions; some of these neutrons escape 
and others are lost in nonfission reactions. It will be assumed, how- 
ever, for simplicity, that for each uranium (or plutonium) nucleus 
undergoing fission, there are two neutrons produced capable of initiat- 
ing further fissions. Suppose a single neutrcn is captured by a 
nucleus in a quantity of uranium, so that fission occurs. Two neutrons 
are then liberated and these cause two more nuclei to undergo fission. 
This results in the production of four neutrons available for fission, 
and so on. 

1.35 Accordingly, the number of neutrons, and hence, the number 
of’ nuclei undergoing fission, is doubled in each generation. Starting 
with a single neutron the number would increase rapidly, thus, 1,2,4, 
8,16, 32, 64, . . . In less than 90 generations enough neutrons would 
have been produced to cause the fission of every nucleus in 50 kilo- 
grams (110 pounds) of uranium, resulting in the liberation of the 
snme amount of energy as in the explosion of a million tons (1 
megaton) of TNT. 

1.36 The time required for the actual fission process is very short, 
und most of the resulting neutrons are emitted promptly. Conse- 
quently, the interval between successive generations is determined by 
the average time elapsing between the release of the neutron and its 
capture by a fissionable nucleus. This time depends, among other 
things, on the energy (or speed) of t,he neutron, and if most of the 
neut,rons are of fairly h.igh energy, generally referred to as “fast 
ncut,rons,” the interval is about a one-hundred-mil1iont.h part of a 
second. In this event, the 90th geiierat.ion would be attained in less 
than a millionth of a second. The release of the energy, equivalent, of 
1 megat.on of TNT in such R short. t.itne would provide the conditions 
for a t.reniPnclous explosion. 

1.37 It, is seen, th~refora, that. because the fission process is ac~otn- 
panied by the instantaneous liberat,ion of neutrons, as WPII as by the 
release of energy, it, is possible, in principle, to produce a self- 
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sustaining, chain react.ion. As a result, a few pounds of fissionable 
material can be made to liberate, wit,hin a very small fraction of a 
second, as much energy as t,he explosion of thousands (or millions) of 
tons of TNT. This is the basic principle of the nuclear fission bomb. 

CRITICAL SIZE OF NUCLEAR FISSION BOMB 

1.38 It was mentioned above that some of the neutrons produced 
in fission are lost by escape or by capture in nonfission processes. If 
the conditions are such that the neutrons are lost at a faster rate than 
they are formed by fission, the chain reaction would not be self- 
sustaining. Some energy would be produced, but the amount would 
not be large enough, and the rate of liberation would not be sufficiently 
fast, to cause an effective explosion. It is necessary, therefore, in order 
to achieve a nuclear explosion, to establish conditions under which the 
loss of neutrons is minimized. In this connection, it is important to 
consider, in particular, the neutrons which escape from the material 
undergoing fission. 

1.39 The escape of neutrons occurs at the exterior of the uranium 
(or plutonium) mass. The rate of loss by escape will thus be propor- 
tional to the surface area. On the other hand, the fission process, 
which resu1t.s in the formation of more neut.rons, takes place through- 
out the whole of the material and its rate is, consequently, dependent 
upon the volume. The relative loss of neutrons by escape can, there- 
fore, be reduced by increasing the size of the fissionable material, for 
in this manner the ratio of the area to the volume is decreased. 

1.40 The situation may be understood by reference to Fig. 1.40, 
showing two spherical masses, one larger than the other, of fissionable 
material with fission being initiated by ‘a neutron represented by a 
dot within a small circle. It is supposed that in each act of fission 
Chree neutrons are emitted ; in other words, one neutron is captured 
and three are expelled. The removal of a neutron from the system is 
indicated by the head of an arrow. Thus, an arrowhead within the 
sphere means that fission has occurred and extra neutrons are pro- 
clr~cd, whereas an arrowhead outside the sphere implies the loss of a 
neutron. It is evident, from Fig. 1.40 that a much greater fraction of 
the neutrons is lost, from the smaller than from the larger sphere. 

1.41 If t,he quantity of uranium (or l~lutonium) is small, i. e., if 
t.he ratio of the surface area to the volume is large, the proportion of 
neutrons lost, by escape will be so great that the propagation of a 
Iliicle:ir fission chain, nnd liance the l~roduction of an explosion, will 



12 PRINCIPLES OF NUCLEAR EXPLOSIONS 

not be possible. Rut as the size of t,he piece of uranium (or plutonium) 
is increased, and the relative loss of neutrons is thereby decreased, a 
point is reached at which the chain reaction can become self-sustain- 
ing. This is referred to as the “critical mass” of the fissionable 
material. 

@ 

. 

Figure 1.40. Effect of increased size of flaaionahle materlal in reducing the 
proportion of neutrons lost by escape. 

1.42 For a nuclear explosion to take place, the weapon must thus 
contain a sufficient a,mount of uranium (or plutonium) for it to exceed 
the critical mass in the existing circumstances. Actually, the critical 
mass depends, among other things, on the shape of the material, the 
composition, and the presence of impurities which can remove neutrons 
in nonfission reactions. 13~ surrounding the fissionable material with 
a suitable neutron “reflector,” the loss of neutrons by escape can be 
reduced and the critical mass can thus be decreased. 

1.43 Because of the ~ww;enw of .stray neutrons in the atmosphere 
or’ the possibility of tlwir being gfw?ratecl iI, vsriow ways, a quantity 
of R suit:rble isotope of nr:\nianl (or plat,onium) exceeding the crit,ical 
mass wo111tl be likely to melt or possibly explode. It- is necessary, 
therefore, t,hi\t before the detonation of n nuclear bomb, it shordd con- 
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tain no piece of fissionable material that is as large as the critic+1 mass 
for the given conditions. In order to produce an explosion, the ma- 
terial must then be made supercritical, i. e., larger than the critical 
mass, in a time so short as to preclude a sub-explosive change in the 

, configuration, such as by melting. 
1.44 Two general methods have been described for bringing about 

a nuclear explosion, that is to say, for quickly converting a subcritical 
system into a supercritical one. In the first method, two or more pieces 
of fissionable material, each less than a critical mass, are brought to- 
gether very rapidly in order to form one piece that exceeds the critical 
mass. This may be achieved in some kind of gun-barrel device, in 
which a high explosive is used ta blow one subcritical piece of fission- 
able material from the breech end of the gun into another subcritical 
piece firmly held in the muzzle end. 

1 1.45 The second method makes use of the fact that when a sub- 
critical quantity of an appropriate isotope of uranium (or plutonium) 
is strongly compressed, it can become critical or supercritical. The 
reason for this is that by decreasing the size and, hence, the surface 
area (or neutron escape area) of a given quantity of fissionable ma- 
terial by compression, the rate of neutron loss by escape is decreased 
relative to the rats of production by fission. A self-sustaining chain 
reaction may then become possible with the same mass that was sub- 
critical in the uncompressed state. 

L 1.46 In a fission weapon, the compression may be achieved by 
means of a spherical arrringement of specially fabricated shape+9 of 

I ordinary high explosive. In a hole in the center of this system is 
placed a subcritical sphere of fissionable material. When the high 

, explosive is sat off, by means of a number of detonators on the outside, 
an inwardly-directed “implosion” wave is produced. When this wave 

I reaches the sphere of !uranium (or plutonium), it c&u988 the latter to 
be compressed so that it becomes supercritical and explodes. 

t FISSION PRODUCTS 

t 1.47 Many different fission fragments, i. e., initial fission product 
nuclei, are formed when uranium (or plutonium) nuclei capture neu- 
trous and suffer fission. This is because there are 40 or so diRerent 
ways in which the nrdei can split up when fissiou OCCUIS. Most, if not 
all, of the approximately 80 fragment,s t.hus produced are the nuclei 
of radioactive forms (rdioisotopes) of well-known, light.er clementSs. 
The radioactivity is usually manifested by the emission of negatively 
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charged beta particles (0 1.22). This is frequently, although not al- 
ways, accompanied by gamma radiation, which serves to carry off 
excess energy. In a few special cases, gamma radiation only is emitted. 

1.48 As a result of the expulsion of a beta particle, the nucleus of 
n radioactive substance is changed into that of another element, some- 
times called the “decay product. ” In the case of the fission fragments, 
the decay products are generally also radioactive, and these in turn 
may decay with the emission of beta particles and gamma rays. On 
the average, there are about three stages of radioactivity for each fis- 
sion fragment before a stable (nonradioactive) nucleus is formed. 
Because of the large number of different ways in which fission can 
occur and the several &ages of decay involved, the fission product mix- 
tnre becomes very complex.s Something like 200 or more diRerent 
isotopes of 31i light elements, from zinc to gadolinium, have been 
identified among t.he fission products. 

1.49 The rate of radioncbive change, i. e., the rate of emission of 
beta pnrticks and gamma radiation, is usually expressed by means 
of the “half-life” of the pnrt.hlar isotope involved. This is defined 
as the time reqnired for the radioadtivity of a given quantity of a 
part.icular rrdioisotope to decrease (or decay) to half of its original 
valna. Etwh individual ratlioact,ive species has a definite half-life 
which is indq)endent of its st,nte or its amount.. The half-lives of the 
fission prodrlct,s lmvr been found t.o range from a small fracfion of a 
second t,o something like a million years. 

1.50 Although every radioisot,ope present, among the fission prod- 
ucts is known to have a definite, half-life, the mixture formed after a 
nuclear explosion is so complex that. it, is not possible to represent t.he 
decay RS a wl~ola in terms of a half-life. Nevertbeleq it. has been 
found, from experimental measurements made over an extended period 
of Gme, that t,he decrease in the total radiation intensit,y from the 
fission prodnc*ts cat1 be ralcnlnted by means of a fairly simple formula. 
This will he given and discussed in Chapter IX, but the general nature 
of the decay rate of fission products, based on this formnla, will be 
apparent, from Fig. 1.50. The residual radioactivity from t.he fission 
products at, I hour after a nuclear detonation is taken as 100 and the 
subsequent. decrease with t.ima is indicated by the curve. It is seen 
that at, 7 hours after the explosion, the fission product1 activity will 

have tlec~rez~st~d to about one-tent.11 (10 percent) of its amount at, 1 
hour. Within rlpproxiinately 2 days, the activity will liave decreased 
t.o 1 percent, of the l-hour value. 

i 
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P’igure 1.50. Ilate of deny of fission products aPter a nwlear explosion, 
(nrtivitg is taken as 10 nt 1 hour nfter the detonation). 

ALPHA-PARTICLE ACTIVITY 

1.51 In addition to the beta-particle and gamma-ray activity due 
to the fission products, there is another kind of residual radioactivity 
that should be mentioned. This is the activity of the fissionable ma- 
terial, part of which, as noted in $1.18, remains after the explosion. 
Hoth uranium and plutonium are radioactive, and their activity con- 
sists in the emission of what are called “alpha particles”. These are 
a form of nuclear radiation, since they xre emitted from atomic nuclei ; 
but they differ from the beta particles arising from the fission prod- 
ucts in being mu& heavier and carrying a positive electrical charge. 
Alpha particles are, in fact,, identical with the nuclei of helium atoms. 

1.52 &cause of their greater mass and charge, alpha particles are 
IIIUC~I~ less penetrating than beta particles RJ~ gamma rays of the same 
pnerpy. Thus, very few alpha particles from radioactive sources can 
travel more than 1 to 3 inches in air before being stopped. It is doubt- 
ful whether these particles can pet t.hrouph the unbroken skin, and 
they certainly cannot pen&rate clothing. (:onsequently, the uranium 
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(or plutonium) present in the bomb residues do not. constitute a haz- 
ard if they are outside the body. However, if plutonium, in particu- 
lar, enters the body in sufficient quantity, by ingestion, inhalation, or 
through skin abrasions, the effects may be serious. 

FUSION (THERMONUCLEAR) RFMXIONS 

1.58 Energy production in the sun and stars is undoubtedly due to 
fusion reactions involving the nuclei of various light (low atomic 
weight) atoms. From experiments made in laboratories with cycle- 
trons and similar devices, it was concluded that the fusion of isotopes 
of hydrogen was possible. This element is known to exist in three iso- 
topic forms, in which the nuclei have masses of 1, 2, and 3, respec- 
tively. These are generally referred to as hydrogen (H’), deuterium 
(H* or D2), and tritium (HS or T3). All the nuclei carry a single 
positive charge, i. e., they all contain one proton, but they differ in 
the number of neutrons. The lightest (H’) nuclei (or protons) con- 
tain no neutrons; the deuterium (H*) nuclei contain one neutron, 
and tritium (Ha) nuclei contain two neutrons. 

1.54 Several different fusion reactions have been observed among 
t.he nuclei of the three hydrogen isotopes, involving either two similar 
or two different nuclei. In order to make these reactions occur to an 
appreciable extent, the nuclei must have high energies. One way in 
which this energy can be supplied is by means of a charged-particle 
accelerator, such as a cyclotron. Another possibility is to raise the 
temperature to very high levels. In these circumstances the fusion 
processes are referred to as “thermonuclear reactions,” as mentioned 
earlier. 

1.55 Four thermonuclear fusion reactions appear to be of interest 
for the production of energy because they are expected to occur suffi- 
Gently rapidly at realizable temperatures.’ These are : 

H2+H2=He”+n+3.2 Mev 
H2+H2=H3+H’+4 Mev 
H”+H2=He4+n,+17 Mev 
HZ+H”=He4+2n+11 Mev, 

where He is the symbol for helium and n, (mass= 1) represents a 
nentron. The energy lit~eratetl in each case is expressed in Mev 
(million electron volt) nnih5 Without going into det,ails, it may be 

4 I,. N. RIdenow. Rcientific Antcticnn. f82, No. 3. 11 (19W) ; H. Retbe, IhW., 182, No. 4, 
1R (1950). 

6 An dwtmn wdt In tlw energy thnt aouhl hc ncqultrd h.v n’ranit rlwtrlr chnrar, i. c.. 
RII electron, if rcrd~n~tetl by n potmtlnl of I volt. The million elrrtron wit unit. I. fl., 1 
Mev. IR one mllllon timrR ns lnrpe, ~ntl Is rqalrnlent to 1.6X 10-O rw or 1.6X10-‘* Joule. 
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stated that the fission of a nucleus of uranium or plutonium, having 
a weight of nearly 240 atomic mass units, releases about 200 Mev. 
This may be compared with an average of about 24.2 Mev obtained 
from the fusion of 5 deuterium nuclei with a weight of 10 mass units. 
Weight for weight, therefore, the fusion of deuterium nuclei would 
produce nearly three times as much energy as the fission of uranium 
or plutonium. 

1.56 In order to make the nuclear fusion reactions take place, tem- 
peratures of the order of a million degrees are necessary. The only 
known way in which such temperatures can be obtained on earth is by 
means of a fission explosion. Consequently, by combining a quantity 
of deuterium or tritium (or a mixture) with a fission bomb, it should 
be possible to initiate one or more of the thermonuclear fusion reac- 
tions given above. If these reactions, accompanied by energy evolu- 
tion, can be propagated rapidly through a volume of the hydrogen iso- 
tope (or isotopes) a thermonuclear explosion may be realized. 

1.57 It may be noted that the two reactions involving tritium 
(Ha) are of particular interest for several reasons. Not only do they 
occur more rapidly than those in which deuterium alone takes part 
and produce more energy, but in addition one or two neutrons 8r43 
emitted in each case. These neutrons are able to contribute ti, the 
fission of uranium and plutonium, as stated in # 1.15, thus adding to 
the total energy release of the combined fission-fusion system. 
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result, the fission products, bomb casing, other weapon parts, and sur- 
rounding air are raised to extremely high temperatures, approaching 
those in the center of the sun. The maximu_m temperature attained in 
a fission bomb is probably several million degrees. This may be com- 
pared with a maximum of 5,000” C. (or 9,000” F.) in a conventional 

; high-explosive (TNT) bomb. Due to the great heat produced by the 
nuclear explosion, all the materials are converted into the gaseous 

I form. Since the gases, at the instant of explosion, are restricted to the 
region occupied by the original constituents in the bomb, tremendous 
pressures will be produced. These pressures are probably several 
hundreds of thousands times the atmospheric pressure, i. e., of the 
order of millions of pounds per square inch. 

2.5 Within a few millionths of a second of t,he detonation of the 
bomb, the intensely hot gases at extremely high pressure formed in 

I 
i 

this manner appear as a roughly spherical, highly luminous mass. 

i 

This is the ball of fire (or fireball) referred to in 0 1.25; a typical ball 
of fire accompanying an air burst is shown in Fig. 2.5. Although the 

I 

brightness decreases with time, after about seven-tenths (0.7) of a 
millisecond,* the fireball from a l-megaton nuclear bomb would appear 

I 

CHAPTER II 

DESCRIPTIONS OF NUCLEAR 
EXPLOSIONS 

INTRODUCI’ION 

2.1 A nuclear explosion is associated with a number of character- 
istic phenomena, some of which are visible, while othersare not directly 
apparent. Certain aspects of these phenomena will depend on th:! 
type of burst, e. g., air, surface, or subsurface, as indicated in Chapter I. 
In addition, meteorological conditions, such as temperature, humidity, 
wind, precipitation, and atmospheric pressure may influence some of 
the observable effects, alt.hough the over-all characteristics, to be de- 
scribed below, remain unchanged. 

2.2 The descriptions in this chapter refer mainly to the phenomena 
accompanying the explosion of a l-megaton TNT equivalent nuclear 
bomb in the air (or near the surface of the ground). For a shallow 
underwater burst, the only information available was obtained at 
Bikini in 1946 when a %kiloton device was exploded in water about 
200 feet deep. In addition, indications will be given of the results 
to be expected for explosions of other energy yields. As a general 
rule, however, the basic phenomena for a burst of a given type are not. 
greatly dependent upon the energy of the explosion. 

2.X In the following discussion, itt will be supposed, first, that thr, 
explosion takes place in the air at a considerable height above the 
surface. The modifications resulting from a surface burst will be 
included. Subsequently, some of the special phenomena associated 
with under\vater and underground bursts will be described. 

DESCKlPT!ON OF AIR AND SURFACE BURSTS 

2.4 AS :111w~ly seen, the fission of uranium (or plutonium) in a 
nuclear W(‘ilj)OIl leads to the libfbration of a large amount of energy in 
:I vrry s111:il1 pwiotl of time within :I linlitecl qnant.ity of IIliltter. As Ib 
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Pignrr 2.5. Hall of live frwn an air burst in the uwgatun energy raup, photo- 
graphed from nn rlit,itutle of 12,000 feet nt ati distnnw of nbout r’d miles. The 
firrl~r~ll is pnrti:llly swroundetl 115’ the condensntlon c~loud (see 0 2.43). 

1 A millinwond In R otw-thoosnndth part of II srrond. 
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to an observer 60 miles away to be niore than 30 times RS brilliaat as 
the sun at noon. In several of the nuclear tests made at the Nevada 
Test Site, in all of which the energy yields were less than 10 kilotons, 
the glare in t,he sky, in the early hours of the dawn, has been visible 
400 (or more) mile5 away. 

2.6 As a general rule, the luminosity does not vary greatly with 
the energy (or power) of the bomb. The surface temperatures 
attained, upon which the brightness depends, are thus not very 
different, in spite of differences in the total amounts of energy 
released. 

2.7 Immediately after its form&ion, the ball of fire begins to 
grow in size, engulfing the surrounding a.ir. This growth is accom- 
panied by a decrease in temperat.ure (and pressure) and, hence, of 
the luminosity. At. tl le sa.me time, the fireball rises, like a hot-air 
balloon. Within seven-tenths of a millisecond from the detonation, 
the ball of fire from a l-megaton bomb reaches a sadius of about 220 
feet,, and this increases to a maximum value of about 8,600 feet in 10 
seconds. The ball is then soiiw 7,‘LW feet across and is rising at the 
rate of 250 to 350 feet, per second. After a minute, the ball of fire has 
cooled to such an extent that it, is no longer visible. It has t.hen r&en 
roughly 4.5 miles from t.he point. of burst.. 

THE IZ’L’OMIC (RADIOACTIVE) Cr,oun 

2.8 While the ball of fire is &ill hnninous, the temperature, in 
the interior at. least, is so high that all the bomb materials are in 
the form of vapor. This includes the radioactive fission products, 
uranium (or plr~fo~~ium) t,h:rt 11:~ escaped Ii&on, and the casing (and 
other) mnterials of the bomb. As the fireball increases in size and 
cools, the vapors condense to form a cloud containing solid particles 
of the bomb debris, as well as many small drops of water derived 
from the air sucked into the ascending bat1 of fire. 

23 The color of the atomic cloud formed in this manner is initially 
red or reddish brown, due to the presence of various colored com- 
pounds (nitrous acid and oxides of nitrogen) at the surface of the 
ball of tire. These result from the chemical interaction of nitrogen, 
oxygen, and water vapor in the air at the existing high temperatures. 
As t,he ball of fire caools illl(1 c~ondensation occurs, the color of the 
cloud changes to white, mainly due, as in an ordinary cloud, to the 
water droplets. 

2.10 I)epentling on the height of burst of the nuclear bcimb, and 
the nature of the terrain below, a strong ll~Xl!Xft with inflowing 
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I winds called “afterwinds ” is produced in the immediate vicinity. 

I 
These’ afterwinds cause virying amounts of dirt and debris to be 
sucked up from the earth’s surface into the atomic cloud (Fig. 2.10). 

i 2.11 At first the rising mass of bomb residue carries the particles 

j 

upward, but after a time they begin to fall slowly under the influenm 
of gravity, at rates dependent upon their size. Consequently, a 

l’engthening (and widening) column of cloud (or smoke) is produd. 
This cloud consists chiefly of very small particles of radioactive fission 
products and bomb residues, water droplets, and larger particles of 
dirt and debris carried up by the afterwinds. 

2.12 The speed with which the top of the radioactive cloud con- 
tinues to ascend depends on the meteorological conditions as well a~ 
on the energy yield of the bomb. An idea of the rate of rise is given 

I by the results in Table 2.12 and the curve in Fig. 2.12. Thus, in 
general, the cloud will have attained a height of 3 miles in 30 seconds 
and 4.5 miles in about 1 minute. The average rate of rise during the 

first minute or so is ro11ghly 260 miles per hour. 

TABLE 2.12 

RATE OF RISE OF RADIOACTIVE CLOUD 

Height Time Rate of rise 
(miles) (m&&es) (miles pe2 ho?lr) 

2 0. 3 300 
4 0. 75 200 
6 1. 4 140 

10 3. 8 90 

14 6. 3 35 

2.13 The eventual height reached by the radioactive cloud depends 
upon the heat energy of the bomb, and upon the temperature gradient 
and density of the surrounding air. The greater the amount of heat 

liberated t,he greater will usually be the upward thrust due to buoyancy 
and so the great,er will be the distance the cloud ascends. It is prob- 

able, however, that the maximum height attainable by an atomic 
cloud is afleeted by the height of the top of the troposphere, i. e., by the 
base of’the stratosphere, for atomic clouds which reach this level. 

2.14 As a general rule, the temperature of the at,mosphere de- 
creases wit.h increasing akkude. However, in some circumstances, an 

“inversion layer” occurs, where the temperature begins to increase 
with altitude. If the rndioact,ive cloud should reach such a tempera- 
ture inversion layer, it. will tend to spread out t.o some extent. Never- 

theless, clue to tmoy;lnty of the hot air mass, most, of the cloud will 
usually pass through an inversion layer. 
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Figure 2.12 Height of cloud above burst height at various times after a 1-mega- 
ton explosion. 

2.15 Upon reaching a level where its density is the same as that 
of the surrounding air, or upon reaching the base of the stratosphere, 
part of the cloud slows its rise, and starts to spread out horizontally. 
This results in the formation of the mushroom-shaped cloud that is 
characteristic of nuclear explosions (Fig. 2.15). The maximum 
altitude of the bottom of the mushroom head, which is attained within 
about 8 to 10 minute< is generally from 5 to 10 miles. The top of 
the cloud rises still higher, the altitude increasing with the energy 
yield of the explosion. In the tests wit.h devices having energies in the 
megaton range, carried out in the Pacific during 1952 and 1954, for 
example, the tops of the clouds rose to heighk of about 25 miles. The 
mushroom cloud generally remains visible for about an hour before 
it is dispersed by the winds into the surrounding atmosphere and 
merges with other clouds in the sky. 

CHARACTERISTICS OF A SURFACE 13~~s~ 

2.16 Since many of the phenomena and effects of a nuclear explo- 
sion occurring on the e!:lrth’s surface are similar to those a.ssociat,ed 
wit,h an air burst, it is convenient8 before proceeding further t,o refer 
to some of the special ch:lracteristics of the former. In a surface 
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Flgure 2.15. The mushroom cloud formed in a nuclear explosion in the mega- 
ton energy range, photographed from an altitude of 12,000 feet at R distance 
of about 60 miles. 

burst, the ball of fire, in its rapid initial growth, will touch the surface 
of the earth (Fig. 2.16a). Because of the intense heat, a considerable 
amount of rock, soil, and other material located in the area will be 
vaporized and taken into the ball of fire. It has been estimated that, 
if only 5 percent of a l-megaton bomb’s energy is spent in this manner, 
something like 20,000 tons of .vaporized soil material will be added 
to the normal constituents of the fireball. In addition, the high winds 
at t.he earth’s surface will cause large amounts of dirt, dust, and other 
particles to be sucked up as the ball of fire rises (Fig. 2.16b). 

2.17 An important, difference between a surface burst and an air 
bnrst is? conseqnently, that. in the surface burst the atomic cloud 
is much more heavily loaded with debris. This will consist of particles 
ranging in size from the vary small ones produced by condensation as 
the ball of fire cools to the much larger particles which have been raised 
by the surface winds. The exact composition of the cloud will, of 
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course, depend on the nature of the terrain and the extent of contact 
with the ball of fire. 

2.18 For a surface burst associated with a moderate amount of 
debris, such as has been the case in several test explosions, in which 
t.he bombs were detonated near the ground, the rata of rise of the 
cloud is much the same as given earlier for an air burst (Table 2.12). 
The atomic cloud reaches a height of several miles before spreading out 
into a mushroom shape, as described in 8 2.15. 

2.19 The vaporization of dirt and other material when the ball of 
fire has touched the earth’s surface, and the removal of material by 
the blast wave and winds accompanying the explosion, result in the 
formation of a crater. The size of the crater will vary with the height 
above the surface at which the bomb is exploded and with the char- 
acter of the soil, as well as with the energy of the bomb. It is believed 

that, for a l-megaton bomb, there would be no appreciable crater for- 
mation unless detonation occurs at an altitude of 450 feet or leas. 

figure 2.16~1. R~II of tire formed hy a m~clesr CX~IORIOII In the mcgntorl energy 

range ncnr the e:lrt.h’s surface. The m:tximnm cIlrmet.er of the flrehall was 

3% milrs. 
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Figure 2.16b. Formation of dlrt cloud in a surface hnret. 

2.20 If a nuclear bomb is exploded near the surface of the wat;er, 
large amounts of water will be vaporized and carried up into the 
ntomic cloud. For example, if it is supposed, as above (0 2.16), that 
5 percent of the energy of the l-megaton bomb is expended in this 
manner, about 100,QOO tons of water will be converted into vapor. At 
high altitades t,his will condense to form water droplets, similar’to 
those in an ordintlry at,mospheric cloud. 
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fission products into fused particles of earth, etc. A small proportion 
of the solid particles formed upon further cooling are contaminated 
fairly uniformly throughout with radioactive fission products and 
other bomb residues, but in the majorit,y the contamination is found 
mainly in a thin shell near the surface. In water droplets, the small 
fission product particles occur at discrete points within the drops. 
As the violent disturbance due to the exploding bomb subsides, the 
contaminated particles and droplets gradually fall back to earth. This 
effect is referred to as the “fallout.” It is t.he fallout, with its asso- 
ciated radioactivity which decays over a long period of time, that is the 
main source of the residual nuclear radiations referred to in the pre- 
ceding chapter.l 

2.22 The extent and nature of the fallout can range between wide 
extremes. The actual behavior will be determined by a combination 
of circumstances associated with the energy yield and design. of the 
bomb, the height of the explosion, the nat,ure of the surface beneath 
the point of burst, and t.he meteorological conditions. In the case of 
an air burst, for example, occurring at an appreciable distance above 
the earth’s surface, so that no large amounts of dirt or water are sucked 
into the cloud, the contaminated particles become widely dispersed. 
The magnitude of the hazard from fallout in any moderate sized area 
will then be far less than if the explosion were a surface burst. Thus 
at Hiroshima and Nagasaki, where approximately 20-kiloton bombs 
were exploded about 1,850 feet above the surface, casualties due to fall- 
out were completely absent. 

2.26 On the other hand, a nuclear explosion occurring at or near 
t.he earth’s surf&e can result in severe contamination by the radio- 
active fallout. In the case of the powerful thermonuclear device 
t&ad at Bikini Atoll on March 1,1954, which was detonated close t,o 
the surface of a coral island, the ensuing fallout caused substantial 
contamination over an area of over 7,000 square miles. 

2.24 The contaminated area was roughly cigar-shaped, extending 
approximately 20 (statute) miles up-wind and 220 miles down-wind. 
The width in the cross-wind direction was variable, the maximum 
being close to 40 miles. Act,ually, both the direction and the velocity 
of the wind, paeticularly in the upper at.mosphere, have a significant 
influence on the shape and extent, of t,he contaminated area. As will 
l,e seen later, the wind characteristics must, br taken into consideration 
in at,tempting to predict the fa.JhIt p:lttwn following :L IlliChl 

rxplosion. 
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2.25 It should be understood that the fallout. is a gradual phenome- 
non extending over a period of time. In the Bikini explosion referred 
to above, for example, several (about 10) hours elapsed before the 
contaminated particles began to fall at the extremities of the 7,000 
square mile area. By that time, the atomic cloud had thinned out to 
such an extent that it was no longer visible. This brings up the im- 
portant fact that fallout can occur even when the radioactive atomic 
cloud cannot he seen. Nevertheless, most of the fallout generally re- 
sults from the larger contaminated particles of dirt and debris which 
drop from the mushroom cloud at distances not too far from the 
region of the explosion. This is referred to as the “local fallout.” 
There is, in addition, another kind of fallout, consisting of very fine 
particles which descend very slowly and eventually cover large areas 
in a fairly uniform manner. This is the “world-wide fallout” to which 
the residues from nuclear explosions of all types-air, surface, and 
subsurface-may contribute (see Chapter X). 

2.26 Although the thermonuclear test of March 1, 1954 produced 
the most extensive local fallout yet recorded, it should be pointed out 
t,hat the phenomenon was not necessarily characteristic of (nor re- 
stricted to) thermonuclear explosions. It is very probable that if the 
same device had been detonated at an appreciable distance above the 
coral island, so that the large balI of fire did not touch the surface of 
the ground, the local fallout would have been of insignificant propor- 
tions. 

2.27 Of course, special circumstpnces might arise in which there 
would be appreciable local fallout even with an air burst. If it were to 
rain at the time of, or soon after, the explosion, the raindrops would 
carry down with them some of the radioactive particles. Such was 
the case in Test ABLE, at bikini in July 1946, when a 20-kilotou 
nuclear bomb was detonated a few hundred feet above the surface of 
the lagoon. Within 2 or 3 hours of the explosion light rain showers 
developed in the vicinity, and the raindrops were found to be radio- 
active. The extent of the radioactivit,y in this case was, however, 
relatively sniall. 

‘FllR h\ST. WAVE 

2.28 At a frartion of :I aec~md :lfter the explosion, a high-pressure! 
wave develops and moves outw:trtl from the ball of fire (Fig. 2.28). 
This is the “blast WIW,” to Iw considered snbseqnently in more detail, 
whic*h is the C:IIIW of 1n11dl tlrstrucf ion accompanying an air burst. 
The front of the bl:ls( ww, callrd (Iw “shock front,” travels rapidly 
away front the fircb:lll, bchnvinF like a moving wall of highly com- 
pressed air. After the I:ipse of 10 seconds, when the fireball of a 

Figure 2.28. The faintly luminous shock front seen just ahead of the ball of 
fire soon after breakaway. 

l-megaton nuclear bomb has attained its maximum size (7,200feet 
across), the shock front is some 3 miles further ahead. At 50 seconds 
after the explosion, when the ball of fire is no longer visible, the blast 
wave has traveled about 12 miles. It is then moving at about 1,150 
feet per second, which is slightly faster than the speed of sound at 
sea level. 

2.29 When the blast wave strikes the surface of the earth, it is 
reflected back, similar to a sound wave producing an echo. This re- 
flected blast wave, like the original (or direct) wave, is also capable 
of causing material damage. At a certain region on the surface, the 
position of which depends chiefly on the height of the burst above 
t,hB surface and the energy of the explosion, the direct atid reflected 
shock fronts fuse. This fusion phenomenon is called the “Mach 
effect.” The “overpressure,” i. e., the pressure in excess of the normal 
atmospheric value, at t,he front of t,he Mach wave is generally about 
twice as great as that at the direct shock front. 

2.80 For a typical air bwst. of a l-megaton nucletir weapon (see 
5 2.47), the Marl1 effwt will btngin :Ipproximately 5 seconds after the 
explosion, iii a ror~gli circle at n radiIIs of 1.8 miles from pronlrd zero. 
The term “ground zwo” refers to the poinC 011 the earth’s surface 
immedi:~taly below (or ;~bova) the point of detonation.” For a burst. 
over (or an&r) water, the rorrespondinp point is generally called 
“surface zero.” 
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2.31 At, first t,he height of the Mach front is small, but as the 
shock front continues to move o&ward, the height. increases st,eadily. 
At, the same time, however, t,he overpressure, like t.hat in the original 
shock wave, decreases correspondingly because of t,he continuous 10s.. 
of energy and the ever-increasing area of the advancing front. After 
the lapse of about 40 seconds, when the Mach front from a l-megaton 
nuclear bomb is 10 miles from ground zero, t,he overpressure will have 
decreased to roughly 1 pound per square inch.’ 

2.32 The distance from ground zero at which the Mach effect com- 
mences varies with the height of burst. Thus, as seen in Fig. 2.28, 
in the low-altitude detonation at the TRINITY (Alamogordo) test, 
the Mach front. was apparent when the direct shock front had advanced 
only a few yards from the ball of fire. At the other extreme, in a very 
high air burst there might be no detectable Mach effect. 

2.33 In addition t,o t,he ground wind (or afterwind) due to the 
updraft cnused by the rising ball of fire (4 2.10)) strong transient winds 
are associated with t,he passage of the shock (and Mach) front. These 
winds may have peak velocities of several hundred miles per hour at 
point.s fairly near ground zero; and even at more than 6 miles from 
the explosion of a l-megaton nuclear bomb, the peak velocity may be 
greater than 70 miles per hour. It is evident that such strong winds 
can contribute greatly to the blast damage following an air burst. 

THERMAL -RADIATION 

2.34 Immediately after the ball of fire is formed, it starts to emit 
thermal radiation. Because of the very high temperatures, this 
consists of ultraviolet (short wave length), as well as visible and 
infrared (long wave length) rays. Due to certain phenomena asso- 
ciated with the absorption of t,he thermal radiation by the air in front 
of the ball of fire (see 0 2.76, et seq.), the surface temperature under- 
goes a curious change. The temperature of the interior falls steadily, 
but the surface temperature of the ball of fire decreases more rapidly 
for a small fraction of a second. Then, the npparent surface tempera- 
ture increases again for a somewhat, longer time, after which it falls 
cont.inuonslg (scbe Pig. 2.92). In other words, t.here are effectively 
two sr~I~f:~(~(~-tetlIl,er:llo~e pulses; t,he first is of very short duration, 
whereas tli(b sc~n~l lasts for :I nir~ch longer time. The behavior is cluit,e 
gtlnrr:ll, :Ilthougl1 tlw tluration times of the p111ses increase with the 
riicrgy yieltl of the esl)losion. 
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2.35 Corresponding to the two temperature pulses, there are two 
pulses of emission of thermal radiaticn from the ball of fire (Fig. 
2.35). In the first pulse, which lasts about a tenth part of a second 
for a l-megaton explosion, the temperatures are mostly very high. 

Figure 2.35. BImission of thermal radiation in two puke% 

As a result, much of the radiation emitted in this pulse is in the ultra- 
violet region. Moderately large dosea of ultraviolet radiation can 
produce painful blisters, and even small doses can cause reddening 
of the skin. However, in most circumstances, the first pulse of thermal 
radiation is not a significant hazard, with regard to skin burns, for 
several reasons. In the first place, only about 1 pe.rcent of the thermal 
radiation appears in the initial pulse because of its short duration. 
Second, the ultraviolet rays are readily attenuated by the intervening 
air, so that the dose delivered at a distance from the explosion may be 
comparatively small. Further, it :q)pears that the ultraviolet radia- 
tion from the first, plllse could cause sikmificant effects on the human 
skin only within ranges at which other radiation effect.s are much 
more sermus. 

2.36 The sitnat ion with regard to the second pulse is, however, 
quite different. This l~lse may last. for several sec*onds and carries 
aboout !)!J percent of the total thermal r:lcli:~t~iotl energy from the bomb. 
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Since the temperatures are lower than in the first, pulse, most. of the 

rays rewlling the earth consist of visible nud infrared (invisible) 

light. It is this radiation which is the main cause of skin burns of 
various degrees suffered by exposed individuals up to 12 miles or 
more from the explosion of a l-megaton bomb. For bombs of higher 
energy, the effective damage range is greater, as will be explained in 
Chapter VII. The radiation from the second pulse can also cause 
fires to start under suitable conditions. 

INITIAL NUCLEAR RADIATION 

2.37 As st,ated in Chapter I, the explosion of a nuclear bomb is as- 
sociated with the emission of various nuclear radiations. These con- 
sist, of neuf,rons, gamma rays, and alpha and beta particles. Essen- 
tially all t,he neutrons and part. of the gamma rays are emitted in the 
act,uril fission process. That, is to say, these radiations are produced 
simultaneously with the nuclear explosion. Some of the neutrons 
liberated in fission are immediately absorbed (or captured) by various 
nuclei present in the bomb, and this capture process is usually also 
accompanied by t,he instantaneous emission of gamma rays. The re- 
mainder of the gamma rays and the beta particles are liberated over a 
period of time as the fission products undergo radioactive decay. The 
alpha particles are expelled, in an analogous manner, as a result of 
the decay of the uranium (or plutonium) which has escaped fission in 
the bomb. 

2.38 The initial nuclear radiation is generally defined as that 
emitted from both the ball of fire and the atomic cloud within the 
first minute after the explosion. It includes neutrons and gamma rays 
given off almost instantaneously; as well as the gamma rays emitted 
by the radioactive fission products in the rising cloud. It should be 
noted that, although alpha and beta particles are present in the initial 
radiation, they have not been considered. This is because they are so 
easily absorbed that they will not reach more than a few yards, at 
most, from the at,omic cloud. 

2.39 The somewhat arbitrary time period of 1 mim1t.e for the dura- 
tion of the initial mlrlear radiations was originally based upon the 
following considerat-ions. 11s :I consequence of attenuation by the air, 
the ~fr0dive range of the fission gaiim:~ rays flntl of those from the 

fission piwlwts front :I %)-kiloton explosion is very roughly 2 miles. 

111 otlwr nortls. gc:ltlllll:l r:\yS Ol~igillitt illg flYtIll sllrll :I Wllr(‘P nt illI alti- 

tide of owr 2 milrs c:111 tw ignored, as f:ir as tlwir effrct :It the earth‘s 
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Thus, when the atomic cloud has reached a 
height of 2 miles, the effects of the init.ial nuclear radiations are no 
longer significant. Since it takes roughly a minute for the cloud to 
rise this distance, the initial nuclear radiation was defined as that 
emitted in the first minute after the explosion. 

2.40 The foregoing arguments are based on the characteristics of a 
20-kiloton nuclear bomb. For a bomb of higher energy, the maximum 
distance over which the gamma rays are effective will be larger than 
given above. However, at the same time, there is an increase in the 
rate at which the cloud rises. Similarly for a bomb of lower energy, 
t,he effective distance is less, but so .aIso is the rate of ascent of the 
cloud. The period over which the initial nuclear radiation extends 
may consequent,ly be taken to be approximately the same, namely, 1 
minute, irrespective of the energy release of the bomb. 

2.41 Neutrons are the only significant nuclear radiations produced 
directly in the thermonuclear reactions mentioned in 8 1.55. Alpha 
particles (helium nuclei) are also formed, but they do not travel very 
far from the explosion. Some of the neutrons will escape but others 
will be captured by the various nuclei present in the exploding bomb. 
Those neutrons absorbed by fissionable species may lead to the Iibera- 
tion of more neutrons as well as to the emission of gamma rayq just 
as described above for an ordinary fission bomb. In addition, the cap- 
t.ure of neutrons in nonfission reactions is usually accompanied by 
gamma rays. It is seen, therefore, that the initial radiations from a 
bomb in which both .fission and fusion (thermonuclear) processes 
occur consist essentially of neutrons and gamma rays. The relative 
proportions of these two radiations may be somewhat different than 
for a bomb in which all the energy release is due to fission, but for 
present purposes the difference may be disregarded. 

_ 

OTHER NUCLEAR EXPLOSION PHENOMENA 

2.42 There are a number of interesting phenomena associated with 
a nuclear air burst that are worth mentioning although they have no 
connection with the destructive or other harmful effects of the bomb. 
Soon after the detonation, a violet-colored glow may be observed, par- 
licularly at night or in dim daylight, at some distance from the ball 
of fire. This glow may persist for an appreciable length of time, be- 
ing distinct.ly visible near the head of the atomic cloud. It is believed 

to be the ul;imate result of a complex series of processes initiated by 
the action of gamma rays on the nitrogen and oxygen of the air. 
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2.43 Another early phenomenon following a nuclear explosion in 
certain circumstances is the formation of a “condensation cloud.” 
This is sometimes called the Wilson cloud (or cloud-chamber effect) 
because it is the result of conditions analogous to those utilized by 
scientists in the Wilson cloud chamber. It will be seen in Chapter III 
that the passage of a high-pressure shock front in air is followed by a 
raref action (or suction ) wave. During the compression (or blast) 
phase, the temperature of the air rises and during the decompression 
(or suction) phase it falls. For moderately low blast pressureq the 
temperature can drop below its origtnal, preshock value, so that if the 
air contains a fair amount of water vapor, condensation, accompanied 
by cloud formation, will occur. 

2.44 The condensation cloud which was clearly observed in the 
ABLE Test at Bikini in 1946, is shown in Fig. 2.44. Since the bomb 
was detonated just above the surface of the lagoon, the air was nearly 
saturated with water vapor and the conditions were suitable for the 
production of a Wilson cloud. It can be seen from the photograph 
t,hat the cloud forms some way ahead of the ball of fire. The reasol~ 

is that the shock front must travel a considerable distance before the 
blast pressure has fallen sufficiently for a low temperature to be at- 
lained in the subsequent decompression phase. At the time the tem- 

Figure 2.44. (:orltlt~llallior~ c-lor~cl formed in an air lnirst over wntcr. 
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perat,ure has dropped sufficiently for condensation to occur, the shock 
front has moved still further away, as is apparent in Fig. 2.44, where 
the disk-like formation on the surface of the water indicates the 
passage of the shock wave. 

2.45 Because of the necessity for relatively high humidity of the 

I 

air, the conditions for the formation of the condensation cloud are 
most favorable in nuclear explosions occurring over (or under) water, 

r as in the Bikini tests in 1946. The cloud commenced to form 1 to 2 
seconds after the detonation, and it had dispersed completely within 
another second or so, as the air warmed up and the water droplets 
evaporated. The original dome-like cloud first changed to a ring 
shape, as seen in Fig. 2.45, and then disappeared. 

Figure 2.45. I&e ntnge of the condensation rloud in nn air burst over water. 

2.46 Since the Wilson condensation cloud forms after the ball of 
lire has emitted most of its thermal radiation, it has little influence on 
this radiation. It is trie that fairly thick clouds, especially smoke 
clouds, can attenuate the thermal radiation reaching the earth from 
the ball of fire. However, apart, from being formed at too late a sta.ge, 
t,he condensat.ion cloud is too tenuous to have any appreciable effect in 
this connection. 

CHRONWOQIOAL I~EVELAIPMENT OF AN AIR Bumm 

2.47 The more important aspects of the description given above of 
a nuclear explosion in the air are summarized in Figs. 2.47a to 2.4i’e. 

(Trxt rontlnrlrd on ,‘a~e 41) 
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Figure 2.47n. (:hronologic:lI develotnncnt of nn air burst: 0.5 Rwond after 20- 
kiloton dctonntion ; 1.8 sccwnds after l-me&on detonntion. 

Tmmetli:~trly following the detonation of a nuclear homh in the air, 
an intensely hot. and hm~inous (gasenns) hall of fire is formed. Due 
to its extreniely high temperature, it emits thermal (or heat) radiation 
cap:d~le of causing skin hums :LJI~ starting fires in flammable material 
:iI a consider:lble distance. The nuclear processes which cause the ex- 
plosion :~ntl the radioactive decay of the fission products are ac- 
companied I)g lnirmful nuclear radiations (gnmma rays and neutrons) 
that also Ir:~va :I long range in air. Very soon after the explosion, a 
(lest-ructivtt shock (or blast) wave develops in t.heair and moves rapidly 
:I Wily fIY)lrl th firehall. 

At the times indicated, the 1~111 of fire has almost attained its 
maximum size, as show11 hy the figures given below: 

Diamcfrr of fireball (fret) 
20 kilotons 1 megafon 

At time intlic~ntrd____----___----_-_--------__--_--__ 1,460 6,300 
Mnxi~irum__-______-__---_----_--_-__-__--___--______ 1,550 7,200 

Tltn shock front, in the sir is seen to he dell ahead of the fireball, 
about 7%) feet, for the %)-kiloton explosion and a little over one-half 
mile for the 1-megnton drtom~tion. 
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‘Fignre 2.47b. Chronological development of an air burst: 1.25 seconds nfter 
20-kiloton detonation ; 4.6 seconds after l-megaton detonation. 

When t.he primary shock (or blast) wave from the explosion strikes 
the ground, another shock (or blast) wave is produced by reflection. 

, At) a certain distance from ground zero, which depends upon the height 
of burst, and the energy of the bomb, the primary and reflected shock 
front,s fuse near the ground to form a single, reinforced Mach front 
(or stem). 

The time and distance at which the Mach effect commences for a 
typical air burst are as follows: 

Time after d&on&ion Di8taflce from ground zero 

Ezplo8ion gicld (seconds) (miles) 

20 kilotons__--__-__----_-_---_____ 1.25 0.35 

1 megaton-_--_--_--_-_-__-_-______ 4.6 1.3 

The overpressure at, the earth’s surface is then 16 pounds per ware 
inch. 

Significant quantities of thermal and nuclear radiations continue to 
be emitted from the ball of fire. 
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Figure 2.47~. Chronolnglml dfw?lopnwnt of an air burnt: 3 seconds after 20- 
kiloton detonation ; 11 seconds after l-megaton detonation. 

As time progresses, the Mach front (or stem) moves outward and 
increases in height,. The distance from ground zero and the height 
of the stem at the times indicate? are as follows : 

Tinrc after dctonnfim Dirtanm from Height of 

Explosion gi&l (srrond.?) ground zrro (milae) stem (feet) 
20 kilcttol)n___________- 3 0.87 1YD 

1 mf~gntnn______--___. 11 3.2 050 

The overpressure at the Mach front is 6 pounds per square inch and 
the blast wind velocity immediately behind the front is about 180 
miles per hour. 

Nuclear radiations still continue to reach the ground in significant 
amounts. But after 3 seconds from the det,onation of a 20-kiloton 
bomb, the fireball, although still very hot, has cooled to such an 
extent that the thermal radiation is no longer important. The total 
accumulate~i amounts of thermd rridiation, expressed in calories per 
square ceot,imeter, received at various distances from ground zero 
after a 2O-kiloton air burst, are shown on the scale at the bottom of 
the figure (for further details, see Chapter VII). Appreciable 
amounts of thermal radiation still continue to be emitted from the 
fireball at 11 seconds after a l-megaton explosion ; the thermal radia- 
tion emission is spread over a longer time interval than for an explosiou 
of lower energy yield. 

Figure 2.47d. Chronological development of an air hnrst : .lO seconds after 
20-kiloton detonation ; 37 seconds after l-megaton detonation. 

At 10 seconds after a 20-kiloton explosion the Mach front is over 
21/, miles from ground zero, and 37 seconds after a l-megaton detona- 

I tion it is nearly 91/2 miles from grcund zero. The overpressure at the 
front is roughly 1 pound per square inch, iti both cases, and the wind 
velocit,y behind the front is 40 miles per hour. Apart from plaster 
damage and window breakage, the destructive effect of the blast wave 
is essentially over. Thermal radiation is no longer important, even 
for the l-megaton burst, the total accumulated amounts of this radia- 
tion, at various dist.ances, being indicated on the scale at the bott,om 
of the figure. Nuclear iadiation, however, can still reach the ground 

I to an appreciable extent; this consists mainly of gamma rays from 
the fission products. 

The ball of fire is no longer luminous, but it is still very hot and it 
behaves like a hot-air balloon, rising at a rapid rate. As it ascends, 
it canses air to be drawn inward and upward, somewhat similar to the 
updraft of a chimney. This produces strong air currents, called after- 
winds, which raise dirt and debris from the earth’s surface to form 
the stem of what will eventually be the characteristio mushroom 
cloud. 



- I t 
40 DESCRIPTIONS OF NUCLEAR EXPLOSIONS 

rn,, UI1k.S j, I I 8 s I u ’ 1 1 1 ’ ’ ’ ’ 
“? “I Oh 11” I” I? I4 IL I” IO 12 I, 76 21 

I ul WI b3 
I 2 1 4 I 6 ! I 0 I” 

Figure 2.47~. Chronological development of an air burst: 30 seconds after 
20-kiloton detonation ; 110 seconds after l-megaton detonation. 

The hot residue of t.he bomb continues to rise and a.t t,he same time 
it expands and cools. As a result, t.he vaporized fission products and 
other bomb residues condense to form a cloud of highly radioactive 
particles. The afterwinds, having velocities of 200 or more miles per 
hour, continue to raise a column of dirt and debris which will later join 
with the radioxct.ive cloud to form the characteristic mushroom shape. 
At t,he t,imes indicat,ed, the cloud from a 20-kiloton explosion will 
have risen abo& 11/2 miles and that, from a l-megaton explosion about 
7 miles. Within about 10 minutes, t,he bottom of the mushroom head 
will have at tnined an altit.ude of 5 to 15 miles, according to the energy 
yield of the csplosion. The top of the cloud will rise even higher. 
Vlt~imately, the particles in the cloud will be dispersed by the wind, 
a,nd, except. under weat,her conditions involving precipitation, there 
will be no appreciable local fallout. 

Alt,hough the atomic cloud is still highly radioactive, very little of 
the nuclear radi&ion reaches the ground. This is t,he case because of 
the increased dist,ance of the cloud above t,he eart,h’s surface and the 
decrease in t,he activity of t.he fission products due to natural 
radioactive decay. 

DESCRIPTION OF AN UNDERWATER BURST 

(Text continued from page 86) 
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Thase show the chronological development o$ the various phenomena 
associated with a typical air burst, defined as a burst at such a height 
above the earth that it is expected to cause the maximum blast damage 
to an average city. Because of the operation of certclin simple rules, 
called scaling laws (see Chapter III), it is possible to represent times 
and distances for two different explosion energies, namely 20 kilotons 
and 1 megaton, on one set of drawings. 

2.48 It. should be noted that. the drawings are schematic only, and 
do not represent what can be seen. All the eye is likely to see, if not 
blinded by the brilliance, is the ball of fire and the atomic cloud. 
(The Wilson condensation cloud is not included since this requires 
high humidity and is, in any event, not of practical significance.) 
The blast accompanying shock passage can be felt, and the skin is 
sensitive to the thermal radiation, but none of the human senses can 
detect the nuclear radiations in moderate amounts. At very high 
intensities, however, nuclear radiations cause itching and tingling of 
the skin. 

DESCRIPTION OF AN UNDERWATER BURST 

UNDERWATER EXPIJMON PHENOMENA 

2.49 Although there are certain characteristic phenomena asso- 
ciated with an underwater nuclear explosion, the details will undoubt- 
edly vary with the energy yield of the bomb, the distance below the 
surface at which the detonation occurs, and the depth and area of 
the body of water. The description given here is based on the obser- 
vations made at the BAKER test at Bikini in 1946. In this test, a 
20-kiloton nuclear bomb was det,onated well below the surface of 
the lagoon which was about 200 feet deep. In 1955, a nuclear device 
was exploded deep under water, but the observations made were not 
applicable to civilian defense. 

2.50 In an underwat.er nuclear detonation, a hall of fire is formed, 
but it is probably smaller than in the cise of an airburst. At the 
BAKER test., the water in the vicinity of the explosion was lighted 
up by the luniinosity of the ball of fire. The distortion caused by 
the natr& waves on the surface of the lagoon prevented a clear view 
of the fifeball,,,and the general effect was &lilsr to that of light seen 
through a ground glass screen. The luminosity remained for a few 
thou&ndt,lis of a second, but it disappeared as soon as the bubble of 
hot, high-pressure gases constituting the ball of fire reached the 
water surface. At this time, the gases were expelled and cooled, SO 
that the fireball was no longer visible. 
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2.51 In the course of its rapid expansion, the hot gas bubble, while 
still under water, initiates a shock wave. The trace of this wave, as 
it moves outward from the burst, is evident, on a reasonably calm 
surface, as a rapidly advancing circle, apparently whiter than the 
surrounding water. This phenomenon, sometimes called the “slick,” 
is visible in contrast to the undisturbed water because small droplets 
of water at the surface are hurled short distances into the air, and the 
resulting entrainment of air makes the shocked water surface look 
white. 

2.52 Following immediately upon the appearance of the slick, 
and prior to the formation of the Wilson cloud, a mound or column of 
broken water and spray, called the “spray dome,” is thrown up over 
t,he point of the burst (Fig. 2.52). This is a consequence of the reflec- 
tion of the shock wave wt. the surface. The initial upward velocity 
of the water is proportional to the pressure of the direct, shock wave, 
and so it, is greatest directly above the detonation point.. Conse- 
quently, thp water in the center rises more rapidly (and for a longer 
time) tlrau water farther away. As ;I result,, the sides of t.he spray 
dome be~~ome steeper as the water rises. The upward mot,ion is termi- 
nat,cd hy the downward pull of gravity and the resistance of the air. 
The total time of rise and t.hr maximum height, attained depend upon 
the anerky ,of the explosion, and upon it,s depth below the water 
surface. For a very deep uuderwater burst, t,he spray dome may not 
be visible at, all. . 

2.58 If the depth of burst. is not. too great, the bubble of hot,, 
compressed gases remains essentially intact. until it rises to the sur- 
face of t ho water. At. t.his point. the gases, carrying some liquid water 
by entraimuent, are expelled into t,he at.mosphere. Part. of the shock 
wave passes through the surface into the air and because of the high 
humidity, the conditions are suitable for the formation of a conden- 
sat.ion cloud (Fig. 2.53:~). As the pressure of the bubble is released, 
water rushes into the cavity, and t.he resrilt,ant complex phenomena 
cause the wafer fo be thrown up as a hollow cylinder or chimney of 
spray called the “column.” The radioactive contents of the gas bubble 
are vented t-hrough this hollom column and form a cauliflower-shaped 
cloud at. thr top (Fig. 2.RRb). 

2.54 In the shallow underwater (13AKER) burst tit, Bikini, t,he 
spray dome began to form at ahout. 4 milliseconds aft.rr the explosion. 
Its init,ial rate of rise was roughly 2,600 feet, per second, but. t,his was 
rapidly diminished by air resistance and gravity. A few milliseconds 
later, the hot gas bubble re:lc*bcd the surface of t,he lagoon and tbe 
column~begnn to form, quickly overtaking the spray dome. The maxi- 
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Fignrp 2.531.~ The rondennatinn clonrl formed nfter a shnllow underwater ex- 
plonion. (The “slick,” due to the shock wave, can be seen on the water 
surface.) 

Figure 2.53h. Formation of the hollow rolumn in an underwater explosion, 
the toIt is suln~rIr&+ I)y n late stage of the r.ondensation cloud. 
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mum height attained by the hollow column, t,hrough which the gases 
vented, could not be estimated exactly because the upper part was 
surrounded by the atomic cloud (Fig. 2.54). The column was probably 
some 6,000 feet high and the maximum diameter was about 2,000 feet. 
The walls were probably 300 feet thick, and approximately a million 
t.ons of water were raised in the column. 

Figure 2.54. The radioactive cloud nnd first stages of the base surge following 
an underwater burst. Water is beginning to fall back from the column into 
the lngoon. 

2.55 The cauliflower-shaped cloud, which concealed part of the 
upper portion of the column, cont,ained some of the fission products 
and other bomb residues, as well as a large quantity of water in small 
droplet form. In addiCon, there is evidence that mat,erial sucked up 
from t,he bottom of the lagoon was also present, for a calcareous (or 

chalky) sediment, which must have dropped from the atomic cloud, 
was found on the decks of ships some dist,ance from t,he burst. The 
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cloud was roughly 6,000 feet across and ultimately rose to a heiglit of 
nearly 10,060 feet before being dispersed. This is considerably less 
than the height attained by ai atomic cloud in an air burst. 

2.56 The disturbance created by the underwater burst caused a 
series of waves to move outward from the center of the explosion acroa 
the surface of Bikini lagoon. At 11 seconds after the detonation, the 
first wave had a maximum height of 94 feet and was about 1,000 feet 
from surface zero. This moved outward at high speed and was 
followed by a series of other waves. At 22,000 feet from surface zero, 
the ninth wave in the series was the highest with a height of 6 feet. 

THE BASE SURGE 

2.57 As the column of water and spray fell back into the lagoon 
in the BAKER test, there developed a gigantic wave (or cloud) of 
mist completely surrounding the column at its base (Fig. 2.54). This 
doughnut-shaped cloud, moving rapidly outward from the column, 
is called the “base surg.” It is essentially a dense cloud of water 
droplets, much like the spray at the base of Niagara Falls (or other 
high waterfalls), but having the property of flowing almost as if it 
were a homogeneous fluid. 

2.58 The base surge at Bikini commenced to form at 10 or 12 
seconds aft& the detonation. The surge cloud, biIlowing upward, 
rapidly attained a height of 900 feet, and moved outward at an initial 
rate of more than a mile a minute. Within 4 minutes thi? outer radius 
of the cloud, growing rapidly at first and then more slowly, was 
nearly .31/, miles across and its height had then increased t.o 1,800 feet. 
At this stage, the base surge gradually rose from the surface of the 
water and began to merge with the atomic cloud and other clouds in 
the sky (Fig. 2.58). 

2.59 After about 5 minutes, the base surge had the appearance of 
a rnasy of strat,o-cumulus clouds which eventually reached a thickness 
of several thousand feet (Fig. 2.59). A moderat,e to heavy rainfall, 
moving with the wind and Ming for nearly an hour, developed from 
the cloud mass. In its early stages t,he rain was augmented by the 
small wst,er droplets still descending from the atomic cloud. 

2.60 From the weapons effects standpoint, t.he import.ance of the 
base surge lies in the fact. that it is likely to be highly radioact~ive 

tlw to fission prodwts present. either at. its inception, or dropped 
into it from the atomic cloud. Because of it.s radioactivity, it may 
represent. a serious hn.x:~rtl for a distance of several miles, especially 
in the downwind dire&on (see Chapter IX). Any object over which 
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Figure 2.58. The development of the base surge following an underwater 

explosion. 

the base surge passes is likely t,o become contaminated, due to the de- 
posit,ion of water droplets to which fission products may have become 
at.tached. The base surge and the fallout or “rainout” from the atomic 
cloud constitute the sources of the residual nuclear radiation following 
an underwater nuclear explosion. 

2.61 The necessary conditions for the formation of a base surge 
have not. been definitely established. However, base surge formation 
will occur if an appreciable column is formed. The probability of such 
an occurrence increases wit.h an increase in the depth of burst, up to 

[ 

reasonable depths. 
2.62 In the event of a sufficiently deep underwater nuclear explo- 

in a mass of turbulent water 
before reaching the surface. III t,hese circumstances, there is no large 
column of wat,er and spray a.nd, hence, little or no base surge. The 
clisintegrat,ion of the gas bubble into a large number of small bubbles, 
which are churned up with t,he water, will produce a radioactive foam 
or froth. When this reaches the surface, a small amount of mist is 
formed, but, most of the activity is retained in the water. There is thus 

, 
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Figure 2.59. Final stage in the development of the base surge. 

no atok cloud from a deep underwater burst and, consequently, no 
cxt,ensive fallout.. The deposition of the highly active foam on a 
nearby shore, however, COIII~ constitute a hazard. 

2.~ Essenti:~lly all the thrrmal radiation emitted by the ball of 
fire allilr. it. is still sabntc~rgad is ;~lworl~ed~by the surrounding water. 

\\‘l1p11 the hot pses reach the surfwe aad expaud, the cooling is SO 
rapid that t lie tc.iiipertitiira drops almost inimedi:ktely to a point. where 

there is 110 fiirtlirr aplweci:hlr bmission of thermal radiation. It, fol- 

lows, therefore, that, in 211 nndwwutrr nuclear explosiorl tile tlierrnal 

raclintion c:iii bn ignored, as filr as its effrcts 011 personnel Rnd flS fl 

soiirw of fire are co~~cet~iled. 
2.64 It is prolmhle, too, that most, of the neutrons and gamma r%yS 

lil*r:ttetl within :I short time of the initi:ition of the explosion will nls0 

be ,zhsorlwd by tire water. I<$ wlieii the fireball reaches the siirfwe 

mid the gases are expelled, the he cr~~mm:l rays (and beta particles) from 
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the fission produ& will represent a form of initial nuclear radiation. 
In addition, the radiation from the fission (and induced radioactive) 
products, present in the column, atomic cloud, and base surge, all three 
of which are formed within a few seconds of the burst, will contribute 
to the init,ial effects. 

2.65 However, the water fallout (or rainout) from the cloud and 
the base surge are also responsible for the residual nuclear radiations, 
as described above. For an underwater burst, ;t is thus less meaning- 
ful to make a sharp distinction between initial and residual radia- 
tions, such as is done in the case of an air burst. The initial nuclear 
radiations merge continuously into those which are produced over a 
period of time following the nuclear explosion. 

CHRONOLKMXCAL DEVELOPMENT OF A SHALLOW UNDERWATER Bnaer 

2.66 .The series of drawings in Figs. 2.66a to 2.66e give a schematic 
representation of the chronological development of the phenomena 
associated with a shallow, underwater burst of a lOO-kiloton nuclear 
bomb. The data supplement the information relating to a 20-kiloton 
explosion given above. Essentially all the effects, other than the shock 
front and the nuclear radiation, are visible to the eye. 

DESCRIPTION OF AN UNDERGROUND BURST 

UNDER~ROIJND EXPLOSION PHENOMENA 

2.6’7 When a nuclear bomb is exploded under the ground, a ball 
of fire is formed consisting of extremely hot gases at high pressures, 
including vaporized earth and bomb residues. If the detonation oc- 
curs at not too great a dept,h, the fireball may be seen as it breaks 
through the surface, before it is obscured by clouds of dirt and dust. 
As the gases are released, they carry up with them into the air large 
quantit,ies of earth, rock, and debris in the form of a cylindtical 
column, analogous to that observed in an underwater burst. In the 
underground test explosion at a shallow depth, made in Nevada in 
1951, the column assumed the shape of an inverted cone, fanning out 
as it rose to cause a radial throw-out (Fig. 2.67). Because of the 
large amount of material removed by the explosion, a crater df consid- 
erable size was left in the ground. 

2.68 It is estimated from tests made in Nevada that, if a l-mega- 
ton bomb were dropped from the air and penetrated underground in 

(Text continued on page 55) 
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Figure 2.66a. Chronological development of a lOO-kiloton shallow uuderwater 
burst : 2 seconds after detonation. 

When a nuclear bomb is exploded under the surface of water, a 
bubble of intensely hot gases is formed which will burst through the 
surface if the detonation occurs at a shallow depth. As a result, a 

hollow column of water and spray is shot upward, reaching a height 
of over 5,000 feet in 2 seconds after a lOO-kiloton explosion. The 
gaseous bomb residues are t,hen vented through the hollow central 
portion of the water column. 

The shock (or pressure) wave produced in the water by the explosion 
t,ravels out,ward at, high speed, so that. at, t,he end of 2 seconds it. is more 
than 2 miles from surface zero. The expansion of the hot, gas bubble 
also resu1t.s in the formation of a shock (or blast) wave in the air, but 
t.his movrs less rapidly than the shock wave in water, so t,hat the front 
is some 0.8 mile from surface zero. 

Soon after the air shock wave has passed, a dome-shaped cloud of 
conclansc~tl water droplets, called th& rondensat,ion cloud, is formed for 
a serond or two. Although this pbanomenon is of scientific interest, 
it has apparently no significance as far as nuclear attack or defense is 
concerned. 

For an underwater burst, at moderate (or great) depth, essentially 
all of the thermal radi:lt,ion and much of t,he initial nuclear radiation 
is absorbed by the water. 
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Figure 2.66b. Chronologleal development of II MO-klloton shallow uuderwater 
burst : 12 seconds after detonation. 

At 12 seconds after the loo-kiloton explosion, the diameter of the 
water column is about 3,300 feet, and its walls are some 600 feet thick. 
l’he bomb residues venting through the hollow central portion con- 
dense and spread out to form the cauliflower-shaped atomic cloud, 
partly obscuring the top of the column. The cloud is highly radioac- 
tive, due to the presence of fission products, and hence it emits nuclear 
radiations. Because of the height of the cloud these radiations are a 
minor hazard to persons near the surface of the water. 

At 10 to 12 seconds after a shallow underwater explosion, the water 
failing back from the column reaches the surface and produces around 
t.he base of the column a ring of highly radioactive mist, called the base 
surge. This ring-shaped cloud moves outward, parallel to the water 
surface, at high speed, initially 200 feet per second (135 miIes per 
hour). 

The disturbance due to the underwater explosion causes large water 
waves to form on the surface. At 12 seconds after a 100-kiloton ex- 
plosion, the first of these is about 1,800 feet (0.34 mile) from surface 
zero, and its height,, from crest to trough, is 1’76 feet. 
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Figure 2.66~. Chronological development of e lOO-kiloton shallow underwater 
burst : 20 seconds after detonation. 

As the water and spray forming the column continue to descend, the 
base surge cloud develops, billowing upward and moving outward 
across the surface of the water. At 20 seconds after the lOO-kiloton 
explosion the height of the base surge is about 1,000 feet and its front 
is nearly l/z mile from surface zero. It is then progressing outward at 
a rate of approximately 150 feet per second (100 miles per hour). 

At. about, this time, large quantities of water, sometimes referred to 
8,s the massive water fallout, l)egia to descend from the atomic cloud. 
The init ial r:ltc of fall is about. 60 feet per second. 13ecause of t.he loss 
of water from the colnmn, in one way or another, its diameter has now 
decreased to 2,000 feet. 

13~ the rntl of 20 seconds, the first water wave hns reached about, 
2,000 feet. (0.38 mile) from srrrfscc zero and its height, is ro~~gllly 106 

feet. 
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Figure 2.66d. Chronological development of e lOWkiloton shallow underwater 
burst : 1 minute after detonation. 

At 1 minute after the underwater burst, the ws.ter falling from the 
atomic cloud reaches the surface, forming a region of primary cloud 
fallout. There is consequently a continuous ring of water and spray 
between the cloud and the surface of the water. 

At about this time, the base surge has become detached from the 
bottom of the column, so that its ring-like character is apparent. The 
height of the base surge cloud is now 1,300 feet nnd its front, moving 
outward at some 75 feet per second (50 miles per hour), is about 1.2 
miles from surface zero. Because of the radioactivity of the water 
droplets constituting the base surge, the latter represents a hazard to 
personnel. 

Several water waves have now developed, the first, with a height of 
42 feet, being approximately 1 mile from surface zero. 
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Fipre 2.Me. Chronological development of a 1Wkiloton ~hellow underwater 
burst : 2.5 minutes after detonation. 

By 21h min11tes after tl1e 100-kilot.on underwater explosion, the 
front of the base surge is nearly 2 miles from ground zero and its 
height is roughly 2,000 feet. The greatest effective spread of the 
base surge cloud, reached in 4 minutes, is approximately 2$$ miles 
from surface zero, i. e., 5 miles across. The base surge now appears 
to be rising from tl1e surface of tl1e water. This effect is attributed to 
several fact,ors, including an actual increase in altit,ude, thinning of 
tl1e cloud by mp~lfng air, and raining out of the larger drops of 

water. Owing t)o natural radioactive decay of the fission products, 
to rainollt., and to dilution of tl1e mist. by air, the intensity of the 
nuclear r:ltliaf ion from the base surge af Y/z nlin11tcs after the ex- 
plosio11 is cmly onch-twentieth of that. at. 1 ininute. 

The. clescc~rit. of wntt~r illltl spray from tl1e colnmn and from con- 
densation iii ilie atomic cloud rrsults in the fornint.ion of :1 cont.inuou.7 
milss of lnist or cloritl down to the surface of thr: water. IUtimataly, 

this 1116yges will1 the b:lse surge, whit+ has sprwd and increased in 

lleigllt, :IW[ illso with the Ililt\ltitl C~OII~S of tile sky, to be finally 
dispersed by the wind. 
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Figure 2.67. Shallow underground burst. 
(1’4 cnntlnne~l from pap 49) 
sandy soil to a depth of 50 feet before exploding, the resulting crater 
would be about 190 feet deep and nearly 1,400 feet across. This means 
that approximately 10 million tons of soil and rock would be hurled 
upward from the earth’s surface. The volume of the crater and the 
mass of material thrown up by the force of the explosion will increase 
roughly in proportion to the energy of the bomb. As they descend to 
earth, the finer particles of soil may initiate a base surge, as will 
be described below. 

2.69 The rapid expansion of the bubble of hot, high-pressure gases 
formed in the undergro1111d b11rst initiates :I shock wave in the earth. 
Jts effects are sotnewllat, similar to those of t1r1 earthquake of moderate 
in&n&y, except that the distnrbance originates fairly near the sur- 
face instead of :it :I gretrt tlepth. The difference in depth of origin 
means that. the pressures in the antlerground shock wave caused by a 
1luc:lear bomb probably fall off more rapidly wifh distance than do 
those due to earthcpnlke WIWS. Further, both tlie energy of a nuclear 
explosion and t.he duration of fbe shock wave are less than for an 
cartlqmlke. 
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2.70 As in Rn under\vnter burst, part of t,he energy released by 
the bomb in an underground explosion appears as a blast wave in the 
air. The fraction of the energy imparted to the sir in the form of 
blast depends primarily upon the depth of the burst. The greater the 

penetration of the bomb before detonation occurs, the smaller is the 
proportion of the shock energy that escapes into the air. 

BASE SURGE AND FALLOUT 

2.71 When the material thrown up as a column of dirt in an under- 
ground explosion falls back to earth, it will, in many instances, produce 
an expanding cloud of fine soil particles similar to the base surge 
observed in the Bikini BAKER test. For example, the early stages of 

a base surge formation can be seen in Fig. 2.71, which resembles Fig. 
2.58 in many respects. The base surge of dirt particles moves outward 
from the center of the explosion and is subsequently carried down- 
wind. Eventually the particles settle out and produce radioactive 
contamination over a large area, the extent of which will depend upon 
the depth of burst, t,he nature of the soil, and the atmospheric condi- 
tions, as well as upon the energy yield of the bomb. It is believed that 

a 4ry sandy terrain will be particularly conducive to base surge 
formation in an underground burst. 

Figure 2.71. rinse surge formntion in underground burst. 
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2.72 The atomic cloud result,ing from an underground explosion 
will inevitably contain a very large amount of soil, rocks, and a variety 
of debris. There will, consequently, be a considerable fallout of con- 
taminated matt,er. The larger pieces thrown up by the explosion will 
be the first to reach the earth and so they will be deposited near the 
location of the burst. But the smaller particles will remain suspended 
in the air for some time and may be carried great distances by the 
wind before they eventually settle out. 

THERMAL AND NUCLEAR RADIATIONS 

2.73 The situation as regards thermal and nuclear radiations from 
an underground burst are quite similar to those described above in 
connection with an underwater explosion. As a general rule, the 
t.hermal radiation will be almost completely absorbed by the soil mate- 
rial, so that it does not represent a significant hazard. Most of the 
neutrons and early gamma rays will also be removed, although the 
capture of the neutrons may cause a considerable amount of induced 
radioactivity in various materials present in the soil. This will con- 
stitute a small part of the residual nuclear radiation, of importance 
only in the close vicinity of the point of burst. The remainder of 
the residual radiation will be due to the contaminated base surge and 
fallout. 

2.74 For the same reasons as were given in $2.64 for an under- 
water burst, the initial and residual radiations from an underground 
burst tend to merge into one another. The distinction which is made 
in the case of an air burst is consequently less significant in a sub- 
surface explosion. 

CHRONOLOMCAL DEVELOPMENT OF A SHALLOW UNDERQROUND BURST 

2.75 The chronological development of some of the phenomena 
associated with an underground nuclear explosion, having an energy 
yield of 100 kilotons, at a shallow depth is represented by Figs. 2.75a 
to 2.75d. 

(Text continued on pwze 62) 
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Figure 2.76a. Chronological development of a lQ@klloton shallow underground 
burst : 2.0 seconds after detonation. 

When a nuclear explosion occurs at a shallow depth underground, 
the ball of fire breaks through the surface of theearth within a fraction 
of a second of the instant of detonation. As the fireball penetrates the 
surface, the intensely hot gases at high pressure are released and they 
carry up with them into the air large quantities of soil, rock, and debris 
in the form of a hollow column. For a burst at a shallow depth, the 
column tends to assume the shape of an inverted cone which fans out 
as it rises to produce a radial throw-out. A highly radioactive cloud, 
which contains large quantities of earth, is formed above the throw- 
out as the hot vapors cool and condense. Because of the mass displace- 
ment of material from the earth’s surface, a crater is formed. For a 
100-kilot,on bomb exploding 50 feet. beneath the surface of dry soil, 
the cr:lt,er would be about, 120 feet, deep and 720 feet across. The 
weight, of IIW material removed would be over a million tons. 

In acltlit ion to the shock (or pressure) wave in the ground, some- 
what r&tecl to an e;trthqu:~ke wave, the explosion is accompanied by 
a shock (or blast.) wave in thp air. At 2 seconds affer the explosion, 

tile shock front, iu air is about xLL mile from surface zero. 
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Figure 2.75b. Cbronologlcal development of a lQQ-klloton shallow underground 
burst : 9.0 seconds after detonation. 

The atomic cloud continues to rise, giving off intense nuclear radi- 
ations which are still a hazard on the ground at 9 seconds after the 
detonation. At this time, the larger pieces of rock and debris in t.he 
throw-out begin to descend to earth. 
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Figure 2.75~. Chronological development of a lOO-kiloton shallow underground 
burst : 45 seconds after detonation. 

‘As the material from the column descends, the finer soil particles 
attain a high velocity and upon reaching the g?ound they spread out 
rapidly to form a base surge similar to that in an underwater explo- 
sion. The extent of the base surge, which is likely to be radioactive, 
depends upon many factors, including the energy yield of the ex- 
plosion, the depth of burst, and the nature of the soil. It is believed 

that a dry sandy terrain will be particularly conducive to base surge 
formation. 

DESCRIPTION OF AN UNDERGROUND 
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Figure 2.75d. Chronological development of a MO-kiloton shallow underground 
burst : 4.5 minutes after detonation. 

The base surge increases in height and area ltnd soon begins to merge 
with the atomic cloud of bomb residues, etc., part of which descends 
and spreads out under the influence of the prevailing winds. In due 
course, the radioactive clouds disperse, but the contcminated particles 
descend to earth to produce a hazardous fallout over a large area, 
especially in the downwind direction, during the course of a few hours. 
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(Text contlnrwl from pwe 57) 

SCIENTIFIC ASPECTS OF NUCLEAR EXPLOSION 

PHENOMENA5 

DEVELOPMENT OF THE RALL tw FIRE IN AN AIR ~URBT 

2.76 In the very earliest stages of its formation, the temperature 
throughout the ball of fire is uniform. The energy produced as a 
result of fission (and fusion) can travel rapidly as radiation between 
any two points within the sphere of hot gases, and so there are no 
appreciable temperature gradients. Isecause of the uniform tempera- 
ture, the syst.em is referred to as an “isothermal sphere” which, at 
this stage, is identical with the ball of fire. 

2.77 As the ball of fire grows and a blast wave develops in the air, 
as stated above, the shock front at first coincides with the surface 
of the isothermal sphere and the ball of fire. However, when the 
temperature falls below about 300,000” C. (540,000° F.), the shock 
front advances more rapidly than the isothermal sphere. In other 
words, the transport of energy by the blast wave is now faster than by 
radiation. 

8.78 Since thermal radiation consists of “photons,” traveling with 
the speed of light, it is not immediately obvious why the transport 
of energy as radiation should be slower than by the blast wave. A 
simplified explanation of this phenomenon is somewhat as follows. 
Because of the high temperature of the ball of fire, most (about 70 
percent) of the radiation is concentrated in the ultraviolet region of 
the spectrum in which the wave lengths are less than 1,860 A. In 
cold air, through which the rsdiation is transmitted as the fireball 
grows in size, such radiation is strongly absorbed and the mean free 
path, i. e., the average distance a photon travels before it is absorbed 
by an atom or a molecule, is very small, of the order of 0.01 cm. 
or less. 

2.79 On the average, each photon moves with the velocity of light 
for a distance of a mean free path. It is then absorbed by an atom, 
molecule, or gaseous ion, usually of nitrogen or oxygen present in the 
air, whkh is thereby ronverkd into a high-energy (or excited) state. 
The m:kteri:kl remains in t,lw rwited sfate for a cart.nin time, after 
whkh it, reverts to its lower crwrgy (or pwmd) state Iby the emission 
of a photon. This 1~11oton t.1~~ mows WI in a random direction, with 
the speed of light, only to IN? sul)scxcluent ly captured hy I~II atom or 
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molecule of the air, followed by a re-emission, and so on. Because 
of the short. mean free pnt,h of the radiations of wave length less than 
1,860 A, and also on account of the fact that the photons move in a 
random path, due to their successive rbsorptions and emissions, the 
over-all rate of transport of such radiation is relatively small. 

2.80 It should be understood that this slow transport applies only 
to radiations in the very short wave length region of the spectrum. 
For thermal radiations of longer wave length, i. e., in excess of 1,860 
A, tile proportion of which increases as the surface of the ball of fire 
pools, the mean free path in air is greatly increased. Consequently, 
those radiations lying in the near ultraviolet and in the visible and in- 
frared regions of the spectrum are propagated from the fireball with 
the velocity of light. 

2.81 As the shock front moves ahead of the isothermal sphere it 
causes a tremendous compression of the air before it. As a result, 
the temperature is increased to a sufficient extent to render the air 
incandescent. The ball of fire now consists of two concentric regions. 
The inner (hotter) region is the isothermal sphere of uniform tem- 
perature, and this is surrounded by a layer of luminous, shock-heated 
air at a somewhat lower, but still very high, temperature. The sur- 
face of separation between the very hot core and the, somewhat cooler 
outer layer is called the “radiation front.” 

2.82 .The phenomena described above are represented schematical- 
ly in Fig. 2.82; qualittitive temperature gradients are shown at the left 
and pressure gradienti at the right of a series of photographs of the 
ball of fire at various intervals after detonation of a 20-kiloton nuclear 
bomb. It is seen that in the first three -@$urea the temperature is 
uniform throughout the fireball, which is then identical with the iso- 
t.hermal sphere. This is indicated by the horizontal temperature lines 
within the ball of fire and a sharp drop at the exterior. After the 
lapse of about 0.5 millisecond, two temperattire regions commence to 
form, as the front of the fireball, i. e., the shock front, moves away 
from t,he isothermal sphere. The outer region of the ball of fire ab- 
sorbs the radiation and so prevents the isothermal sphere from being 
visible. The photographs, therefore, show only the exterior surface of 
the fireball. 

2.83 From the shape of the curves at the right of F,ip. 2.82, the 
nature of the pressure c*hang:es in tluh 1~ II of fire can be underst,ood. 
In the early (isoth~rmnl) stages ihc j ‘: -;ure is uniform throughout, 
but after about 0.6 millisecot~tl the shoi k front begins to separate 
from the isoth~~rmal sphc~re, as is indicated by the somewhat higher 
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pressure near the surface of the fireball. Within less than 1 milli- 
second the steep-fronted shock wave has .traveled some distance ahead 
of the isothermal region. The rise of the pressure in the fireball to a 
peak, which is characteristic of a shock wave, followed by a sharp drop 
at the external surface, implies that the latter is identica.1 with the 

i 
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shock front. It will be noted, incidentally, from the photographs, that 
the surface of the ball of fire, which has hitherto been somewhat un- 
even, has now become sharply defined. 

2.84 Far some time the ball of fire continues to grow in size at a 
rate determined by the propagation of the shock front in the sur- 
rounding air. During this period the pressure at the shock front de- 
creases steadily, so that the air through which it travels is rendered 
less and less luminous. Eventually, the faintly visible shock front 
moves ahead of the much hotter and still incandescent. interior of the 
ball of fire (Fig. 2.28). The onset of this condition, at about 0.01’7 
second after detonation of a 20-kiloton bomb, for example, is referred 
to as the “breakawa,y”. 

2.85 Following the hreakaway, the visible ball of fire continues to 
increase in size at a slower rate than before, the maximum dimensions 
being attained after about a second or so. The manner in which the 
radius increases.with time, in the period from roughly 0.1 millisec- 
ond (lo-’ second) to 1 second after the detonation of a 20-kiloton 
nuclear bomb, is shown in Fig. 2.85. Attention should be called to the 
fact that both scales. are logarithmic, .so that the lower portion of the 
curve (at the left) does not represent a constant rate of growth, but 
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rather one fhat falls off with time. Nevertheless, tI1e 1narked decrease 
in the rate at which tI1e fireball grows after t.he breakaway is apparent 
from the flattening of tI1e rnrve at tI1is time. 

BOMRENERGY AND SIZEOF I~ALLOF FIRE 

2.86 The results of nu111erous tests I1ave shown that the maximum I 

sisre of the Iu1nino11s ball of fire n1ay be represented by a scaling law 
in the form of the equation 

R w 2t5 
-=---- , ( > & W 

where R is the maxin111m radius of the Iumino11s fireball for a bomb 
with an energy yield of W kilotons TNT equivalent and R,, is the 
(know11) v+Ine for a reference bomb of W, kilotons. I 

2.87 1%~ 111aki11g 11se of this scaling law, together wit11 the results 
obtai11etI at various nuclear test explosions, it is possible to derive the 
relationship 

R (feet) =230W2/5, (2.87.1) 

fron1 which the n1axim11m radius of the Iun1inous fireball (in feet) 
for a bomb energy of W kilotons TNT equivalent can be readily I 
ctalcllIatfd 

2.88 The fireball radius required to estimate the heigI1t of burst I 
above which a give11 explosion will cause negligible local fallout, has 
been fonnd to correspond to that at the time of the second tI1ermaI 
maximum (see Fig. 2.02). The appropriate expression for a bomb of 
W kilotons energy is 

R( feet) = 180W2’5, (2.88.1) 

where R is now the minimum IJght for negligible local fallout. This 
expression is plotted in Fig. 2.88. For a bomb of 1,000 kilotons 
i. e., 1 megaton, it can be fo11nd from Fig. 2.88 or equation (2.88.1) 
that tI1e fireball radi11s for negligible local fallout is 2,900 feet,. Conse- 
quently, if a I-megaton bomb is det.onatecl at a heigllt greater than 
2,900 feet. it. is to be exI)ected that in most. cases the local fallout follow- 
i11g sucli an exI1Iosion would not be il serious I1robIem. 

RA~IIIIS OF F1nEnA1.i. (FEKT) 

Figure 2.W. Firehll radius for lam1 fallout. 
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TEMPERATURE OFT-HE BALL OF FIRE 

2.89 As indicated earlier, the int,erior t,empernture of the ball 
of fire decreases steadily, but, the apparent surface temperat,ure, which 
influences the emission of thermal radiation, decreases t,o a minimum 
and t.hen increases to a maximum before the final steady decline. The 
basic fact upon which t,his peculiar behavior depends is that at 
temperat~ures over 2,300° C. (4,200° F.) heated air both absorbs and 
emits t,hermal radiation very readily, but ?t lower temperatures it 
does not absorb or radiate appreciably. 

2.90 As the shock front, which then coincides with the exterior of 
the ball of fire, expands in t,he early stages of the explosion, its strength 
decreases. The surface temperature, due to the shock-heated air, then 
falls rapidly. According to well-established laws, the rate of emission 
of radiation from the ball of fire should be proportional to R2T4, 
where R is t.he radius at, any instant. and 7’ is the corresponding surface 
(nbsolut,e) temperatture (see (37.109). Although R is increasing wit,11 
tiine, 2’ is decreasing so rapidly t,hat the quantity R2T4 also decreases. 
Near the breakaway point, t,his has become so small that the shock- 
heated air is no longer incandescent, that. is to say, the rate of emission 
of radiation from the shock front is then negligible. 

2.91 Since it cannot. radiat,e, the shock front cannot. now absorb 
radiation, and so t,he air behind t.he shock front, which has a higher 
temperat,ure, begins to be visible. Thus the apparent surface tempera- 
ture, having dropped to a minimum of about 2,100” C. (3,800° F.), 
commences to increase. As the shocked air ahead of the radiation front 
loses its incandescence, the apparent surface temperature of the fire- 
ball increases steadily, due to the gradual unmasking of the hot iso- 
thermal sphere, until the temperature of the latter is reached. This 
corresponds to the maximum of about 8,000” C. ( 14,400° F.) attained 
about 0.15 second after the explosion of a 20-kiloton nuclear bomb, and 
1 second after a l-megaton explosion. Subsequently, the temperature 
of the whole ball of fire, which is now fairly uniform again, falls con- 
tinuously due to cooling of the hot gases by radiation and expansion. 

2.92 The variation with time of the apparent surface temperature 
of the ball of fire, from lo-’ second to 3 seconds after a 20-kiloton nu- 
clear explosion, is shown in Fig. 2.92. Corresponding with the rapid 
growt,h of the fireball, within the first hundredth of a second (Fig. 
2.85), the apparent surface temperature drops sharply from about 
15,000” C. at IO-’ second (0.1 millisecond) to about 2,100” C. at 0.013 
second (18 milliseconds), the thermal minimum. Subsequent,ly, there 
is a relatively slow rise to the maximum of 8,000° C. at about 0.15 sec- 
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t 

Figure 2.92. Variation of apparent surface temperature with time in a 20-kiloton 
explosion. 

ond, followed by the steady decrease over a period of several seconds, 
until the ambient atmospheric temperature is reached. By this time 
the ball of fire is, of course, no longer visible as such and its place has 
been’ taken by the atomic cloud. 

2.93 As stated above, the curves in Figs. 2.85 and 2.92 apply to a 

20-kiloton nuclear burst, but similar results are obtained for explosions 
of other energy yields. The rate of growth of the fireball depends on 
the actual yield, and so does the radius, as shown by equations (2.87.1) 
md (2.88.1). The time of breakaway increases with the energy yield, 
as also does the time at which the subsequent maximum temperature 
occurs (see 0 7.112). The respective temperatures, however, are 
essentially independent of the explosion energy. 

NUCLEAR BOMBS AND THE WEATHER 

2.94 There has been speculation, from time to time, especially after 
a series of test detonations in the Pacific or in Nevada, concerning the 
possible influence of nuclear explosions on the weather. This specula- 
tion is based primarily on two considerations. First, it was thought 
t,hat the energy added to the atmosphere by the explosions might 
change the existing weather pattern, and second, that the products of 
the explosion might serve as a trigger to divert some much larger 
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natural &ore of energy from the path it mi$~C,otherwise have followed. 
2.95 The addition of energy to the atmosphere does not. appear to 

be an import.ant, factor since the amount. of energy released in a nuclear 
explosion is not large in comparison with that, associated with most 

meteorological phenomena. Fiirt.her, it is not produced in a manner 
that, is likely to he conducive to weather changes. There is a powibility 
that the at,mosphere may be in an unstable state, nnd so the sudden 
impulse of a nuclear explosion might, cause R change in the weather 
that would otherwise not take place. As far as thunderstorm forma- 
tion is concerned, it is believed that, the release of energy in a nuclear 
explosion is so rapid that the atmospheric conditions could not, be re- 
arranged within the limited time, to take advantage of the extra 
energy. 

2.96 There are three ways, which appear reasonable, whereby the 
products of a nuclear explosion might, indirectly, e. g., by trigger ac- 
Con, produce changes in the weather. These are (1) the debris thrown 
into the air by the explosion may have an effect in seeding (nucleat- 
ing) existing clonds, thus changing the pattern of cloudiness or pre- 
cipitation over Iargo areas; (2) the radioactive nature of the bomb 
residues will change the electrical conductivity of the air and this 
m?y have nn influence on observable met,eorolopicnl phenomena; and 
(8) the debris entering the stratosphere may interfere with the trans- 
mission of radiant energy from the sun and so serve to decrease the 
temperatare of the earth. These possibilities will be considered in 
turn. 

2.97 Although the techniques for testing seeding efficiency are not 
too well developed and are being given further study, the evidence 
obtained so far indicates that bomb debris is not effective as a cloud- 
seeding agent. It is true that rain fell after the nuclear explosion 
over Hiroshima in August 1945, but it seems certain that this was 
iargely, if indirectly, due to widespread fires which sust,ained convec- 
tion for several hours after the detonation had occurred. A similar 
phenomenon has been observed, under suitable air mass conditions, 8s 

a result of a “fire storm” over large forest fires and over burning cities 
during World War IT. However, there has been no analogous effect 
in connection with the numerous explosions of nuclear test devices, 
since these u-ere not accompanied by large fires. 

2.!)8 Within t,wo or three hours after the Bikini AT)J,E (air) 
burst in 1946, light rain showers developed throughout the northern 

Marshall Tsl:uncls. Some :it,triiipt, was made to relate the formation 

of the she\\-ers to the atomic: cloud. IM, fhe showers were very witle- 

spread :iii(l were readily c~xplaint~tl on the basis of the existing meteoro- 
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logical conditions. The records show that, the only detectable changes 
which occurred in the wind or at.mospheric structure were the momen- 
tary effects of the blast and thermal radiatidn. In any event,, such 
changes were significant, only in the immediate vicinity of the burst. 
The main cloud pattern over the lagoon was unchanged apart from 
the atomic cloud directly associated with the explosion. 

2.99 The amount of ionization produced by the radioactive mate- 
rial, even for a high-energy nuclear explosion, is believed to be insuffi- 
cient to have any significant effect on general atmospheric conditions. 
It appears improbable, therefore, that the ionization accompanying a 
nuclear explosion can affect the weather. 

2.100 The dust raised in severe volcanic eruptions, such as that at 
Krakatao in 1883, is known to cause a noticeable reduction in the sun- 
light reaching the earth, but it has not been established that this 
decrease has any great effect OII the weather. The amount of debris 
remaining in the atmosphere after the explosion of even the largest 
nuclear weapons is probably not more than about 1 percent or so of 
that raised by the Krakatao eruption. Further, solar radiation rec- 
ords reveal that none of the nuclear explosions ~CI date has resulted 
in any detectable change in the direct sunlight recorded on the ground. 

2.101 The variability of weather phenomena due to natural causes 
makes it dificult to prove (or disprove) that any change in the weather 
following a nuclear explosion was due to the detonation. However, 
the general opinion of competent meteorologists, both in the United 
States and in other countries, is that, apart from localized effects in the 
vicinity of the test area, there has been no known influence of nuclear 
explosions on the weather. 



CHAPTER III 

AIR BLAST PHENOMENA AND EFFECTS 

CHARACTERISTICS OF THE BLAST WAVE IN THE AIR 

DEVELOPMENT OF THE BLAST WAVE 

3.1 Most of the material damage caused by an air burst nuclear 
bomb is due mainly-directly or indirectly-to the shock (or blast,) 
wave which accompanies the explosion.’ The majority of structures 
will suffer some damage from air blast when the overpressure in the 
blast wave, i. e., the excess over the atmospheric pressure (14.7 pounds 
per square inch at standard sea level conditions), is about one-half 
pound per square inch or more. The distance to which t,his overpres- 
sure level will extend depends on the yield or size of the explosion, and 
on the height of the burst. It is consequently desirable to consider, 
in some detail, the phenomena associated with the passage of a blast 
wave through the-air. 

3.2 A difference in the air pressure acting on separate surfaces of a 
structure produces a force on the structure. In considering the 
destructive effect o$ a blast wave, one of its important characteristics 
is the overpressure. For this reason the variation in the overpressure 
with time and distance will be described in succeeding sections. The 
maximum value, i. e., at the shock front, is called the “peak over- 
pressure.” Other characteristics of the blast wave such as dynamic 
pressure, duration, and time of arrival will also be discussed. 

3.3 As already seen in Chapter II, the expansion of the intensely 
hot gases at extremely high pressures in the ball of fire causes a blast 
wave to form in the air, moving outward at high velocity. The main 
characteristic of this wave is that the pressure is highest at the moving 
front and falls off toward the interior region of the explosion. In 
the very early stages, for example, the variation of the pressure with 
distance from the center of the fireball, at a given instant, is somewhat 
as illustrated in Fig. 3.3 It is seen that, prior to breakaway (9 2.84), 
pressures at the shock front are about twice as high as those in the 
interior of the fireball which are of considerable magnitude. 

73 
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IWl’ANCK FHM EXIWWON CXNTEH - 

Figure 3.3. Variation of overpressure with distance in the fireball. 

3.4 As the blast wave travels in the air away from its source, the 
overpressure at the front steadily decreases, and the pressure behind 
the front falls off in a regular manner. After a short time, when the 
shock front has traveled a certain distance from the fireball, the pres- 
sure behind the front drops below t.hat of the surrounding atmosphere 
and a’so-called “negative phase” of the blast wave forms. This de- 
velopment 

. 
IS seen in Fig. 3.4, which shows the overpressures at six 

successive times, indicated by the numbers 1, 2, 3, 4, 5, and 6. In 
the curves marked t1 through ta the pressure in the blast wave 
has not fallen below atmospheric, but in the curve marked ts it is 
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seen that, at some distance behind the shock front the overpressure 
has a negative value. In this region the air pressure is below that 
of the original (or ambient) at,mosphere. 

3.5 During the negative overpressure (rarefaction or suction) 
phase, a partial vacuum is produced and the air is sucked in, instead 
of being pushed away, as it is when the overpressure is positive. In 
the positive (or compression) phase, the wind, associated with the 
blast wave, blows away from the explosion, and in the negative phase 
its direction is reversed. At the end of the negative phase, the pressure 
has essentially returned to ambient. The peak negative values of the 
overpressure are small compared with the peak positive overpressures. 

VARIATION OF BLAST OVERPREBSURE WITH TIME 

3.6 From the practical standpoint, it is of interest to examine the 
changes of overpressure in the blast wave with time at a fixed location. 
The variation of overpressure with time that would be observed at 
such a location in the few seconds (possibly up to half a minute) 
following the detonation is shown in Fig. 3.6. The corresponding 
general effects to be expected on a light structure, a tree, and a small 
animal are indicated at the left of the figure. 

3.7 For a short interval after the detonation there will be no 
increase in pressure, since it takes the blast wave some time to travel 
the distance from the point of the explosion to the given location. 
When the shock front arrives, the pressure will suddenly increase 
to a large value, i. e., to the peak overpressure referred to earlier. 
In Fig. 3.6 the numeral 1 represents the time of the explosion, and 
2 indicates the time of arrival of the shock front. At the latter point, 
a strong wind commences to blow away from t.he explosion. This 
is often referred to as a “transient” wind because its velocity de- 
creases fairly rapidly with time. 

. 

3.8 Following the arrival of the shock front, the pressure falls 
rapidly and at rhe time corresponding to the point 3 in Fig. 3.6 it 
is the same as that of the original (or ambient) atmosphere. 
Although the overpressure is now zero, the wind will continue in 
the same direction for a short time. The interval from 2 to 3, 
roughly one-half to one second for a 20-kiloton weapon, and two to 
four seconds for a l-megaton explosion, represents the passage of the 

wave. It is during this 
of the air burst will be 

positive (or compression) phase of the blast 
interval that most of the destructive action 
experienced. 

Figure 3.4. Varlntion of overpressure with distance at successive times. 
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Figure 3.6. Variation of pressure with time at a flxed location and effect of 
blast wave passing over a structure. 
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3.9 As the pressure in the blast wave continues to decrease, it 
sinks below that of the surrounding atmosphere. In the time inter-’ 
val from 3 to 5 in Fig. 3.6, which may be several seconds, the negative 
(or suction) phase of the blast wave passes the given location. For 
most of this period, the transient wind blows in the direction toward 
t.he explosion. There may be some destruction during the negative 
phase, but, since the maximum negative overpressure is always 
smaller than the peak overpressure at the shock front, it is generally 
quite minor in character. During the passage of the negative phase, 
the pressure at first decreases and then increases toward that of the 
ambient atmosphere which is reached at the time represented by the 
numeral 5. The blast wind has then effectively ceased and the direct. 
destructive action of the air blast is over. There may still, however, 
be indirect destructive effects caused by fire (see Chapter VII). 

THE DYNAMIC Pnxssuux 

8.10 Although the destructive effects of the blast wave have usually * 
been related to values of the peak overpressure, there is another quan- 
tity of equivalent importance called the “dynamic pressure.” For a 

great variety of building types, the degree of blast damage depends 
largely on the drag force associated with the strong (transient) winds 
accompanying the passage of the blast wave. The drag force is in- 
fluenced by certain characteristics (primarily the shape and size) 
of the structure, but is generally dependent upon the peak value of 
the dynamic pressure and its duration at a given location. 

3.11 The dynamic pressure is a function of the wind velocity and 
the density of the air behind the shock front. Both of these quantities 
may be related to the overpressure under ideal conditions at the shock 
front by certain equations, which will be given later (see 0 3.80). For 
very strong shocks the dynamic pressure is larger than the overpres- 
sure, but below 69 pounds per square inch overpressure at sea level 
the dynamic pressure is smaller. Like the peak shock overpressure, 
the peak dynamic pressure decreases with increasing distance from 
the explosion center, although at a different rate. Some indication 
of the corresponding values of peak overpressure, peak dynamic pres- 
sure,‘and maximum blast wind velooities in air at sea level are given 
in Table 3.11. The dynamic pressure is seen to decrease more rapidly 
with distance than does the shock overpressure. 
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TARLE 3.11 

OVERPRESSURE, DYNAMIC PRESSURE, AND WIND VELOCITY IN 
AIR AT SEA LEVEL 

Peak overprer- Peak dynamic Maximum wind 
sure (pour&s per pressure (pounds 

square inch) per square inch) 
uelocily (miles 

per hour) 

72 80 1,170 
50 40 940 
30 16 670 
20 8 470 
10 2 290 

5 0. 7 160 
2 0. 1 70 

3.12 At a given locntion, t)re dynnmic pressure changes with time 
in a manner somewhat similar t,o the change in the overpressure, but 
the rate of pressure decrease behind the shock front is different. This 
may be seen from Fig. 3.12 wbicb indicat!es qualitatively how the two 
pressures vary in the course of t,he first second or so following arrival 
of the shock front. Both pressures increase sharply when the shock 

k- OVERPRbSSUilE 

\ DYNAMIC PRFSDRE 

Figure 8.12. Variation of overpressure and dynamic pressure with time at a 
flxed location. 
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front reaches the given point and subsequently they decrease. The 
curves show the overpressure and dynamic pressure becoming zero 
at, the same time. Actually, the wind velocity (and the dynamic prey- 
sure) will drop to zero at a somewhat later time, due largely to the in- 
ertia of the moving air, but for purposes of estimating damage the 
difference is not significant. 

3.13 During the negative overpressure phase of the blast wave the 
dynamic pressure is very small and acts in the opposite direction. 
Therefore, dynamic pressure (or drag force) damage sustained during 
the negative overpressure phase is also small. 

ARRIVAL TIME AND DURATION 

3.14 As stated previously, there is a finite time interval required 
for the blast wave to move out from the explosion center to any partic- 
nlar location. This time interval (or arrival time) is dependent upon 
the energy yield of the explosion and the distance involved; thus, at 1 
mile from a l-megaton burst, the arrival time would be about 4 set- - 
onds. Initially, the velocity of the shock front is quite high, many 
times the speed of sound, but as the blast wave progresses outward, it 
slows down as the shock front weakens. Finally, at long ranges, the 
blast wave becomes essentially a sound wave and its velocity ap- 
proaches ambient sound velocity. 

3.15 The duration of the blast wave at a particular location also 
depends on the energy of the explosion and the distance from the 
point of burst. The positive phase duration is shortest at close ranges 
and increases as the blast wave moves outward. At 1 mile from 8 l- 
megaton explosion, for example, the duration of the poeitive phase of 
1 he blast wave is about 2 seconds. There is a minimum positive dura- 
tion associated with blast wave development which occurs prior to the 
formation of a negative phase. 

3.16 It was noted in g 3.12 that the transient wind velocity behind 
the shock front decays to zero, and then reverses itself, at a somewhat 
later time than the end of the overpressure positive phase. Conse- 
quently, durations of dynamic pressure may exceed durations of over- 
pressure by varying amounts depending on the pressure level involved. 
However, dynamic pressures existing after the overpressure positive 
phase are so low that they are not significant. Therefore the period of 
time over which the dynamic pressure is effective may be taken as 
essentially the positive phase duration of the overpressure as shown 
in Fig. 3.12. 
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REFLECTION OF BLAST WAVE AT A SURFACE 

INCIDENT AND REFLECTED WAVIM 

3.17 When the incident, blast. wave from an explosion in air strikes 
a more dense medium such as the earth’s surface, e. g., either land or 
water, it is reflected. The format,ion of the reflected shock wave in 
t,hese circumstances is represented in Fig. 3.17. This figure shows four 

Figure 3.17. Reflection of blast wave at the eartb’a surface in an air burst; 
t, to t represent successive times. 

stages in the outward motion of the spherical blast originating from 
an air burst bomb. In the first stage the shock front htls not reached 
the ground; the second stage is somewhat later in time, and in the 
third stage, which is still later, a reflected wave, indicated by the 
dotted line, has been produced. 

3.18 When such reflection occurs, an individual or object precisely 
at the surface will experience a single shock, since the reflected wave 
is formed instantaneously. Consequently, the value of the overpres- 
sure thus experienced at the surface is generally considered to be 
entirely a reflected pressure. In the region near ground zero, this 
total reflected overpressure will be more than twice the value of the 
peak overpressure of the incident blast wave. The exact value of the 
reflected pressure (see 99 3.80,3.81) will depend on the strength of the 
incident wave and the angle at which it strikes the surface. The 
variation in overpressure with time, as observed at a point actually on 
the surface not too far from ground zero,’ such as A in Fig. 3.17, 

1 For an explanation of the term “ground zero.” 8ee 8 2.30. 

i 

REFLECTION OF BLAST WAVE AT A SURFACE 81 

will be as depicted in Fig. 3.18. The point A may be considered &S 
lying within the region of “regular” reflection, i. e., where the incident 
and reflected waves do not merge above the surface. 

P MCIDEBT OVERPR~SSSURE 

Figure 3.18. Variation of overpreasure with time at II point on the surface in 
the regIon of regular reflection. 

3.19 At any location somewhat above the surface in this region, 
two separate shocks will be felt, the first being due to the incident 
blast wave and the second to the reflected wave, which arrives a short 
time later (see Fig. 3.19). This situation can be illustrated by con- 

II p INCIPENTO-IJRE 

P, TOl’ALOVU4PRESSUllE 
AFmxREFLEClloN 

IlME- 

Figure 3.19. Variation of overpreeaure with time at a point above the am-face 
in the reglon of regular reflectlon. 

sidering the point B in Fig. 3.17, which is also in the regular reflection 
region. When the incident shock front reaches this point, the re- 
fleeted wave is still some distance away. There will, consequently, be 

a short interval before the reflected wave reaches the point above the 
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surface. At the same time, the reflected wave has spread out to some 
extent, so that its peak overpressure will be less than t,he valueobt,ained 
at surface level. In determining the effects of air blast on structures 
in the regular reflection region, allowance must be made for the magni- 
tude and also the directions of motion of both the incident and re- 
flected waves. After passage of the reflected wave, the transient wind 
near the surface becomes essentially horizontal. 

THE MACH l%mccr 

3.20 The foregoing discussion concerning the delay between the 
arrival of the incident, and reflected shock fronts at a point above the 
surface, such as R in Fig. 3.17, is based on the tacit assumption that 
the two waves travel wit,h approximately equal velocities. This as- 
sumption is reasonably justified in the early stages, when the shock 
front is not far from ground zero. However, it will be evident that the 
reflected wave always t,ravels through air that has been heated and 
compressed by the passage of the incident wave. As a result, the re- 
flected shock front moves faster than the incident shock and, under 
certain conditions, eventually overtakes it so that. the two shock fronts 
f&e to produce a single shock. This process of wave interaction is 
called “Mach” or “irregular” reflection. The region in which the two 
waves have merged is therefore called th+ Mach (or irregular) region 
in contrast to the regular region where they have not merged. 

3.21 The fusion of the incident and reflected shock fronts is indi- 
cated schematically in Fig. 3.21, which shows a portion of the profile 
of the blast wave close to the surface. Fig. 3.21a represents the 
situation at, a point fairly close to ,ground zero, such as A in Fig. 3.17. 
At a later stage, fart.her from ground zero, as in Fig. 3.21b, the steeper 
front of the reflected wave shows that it is traveling faster than, and 

(01 (b) (cl 

Figure 3.21. Pusion of incident and reflected wave8 and formation of Mach stem. 
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is catching up wit,h, the incident wave. At the stage represented by 
Fig. 3.21c, the reflected shock near the ground has overtaken and fused 
with the incident shock to !orm a single shock front called the “Mach 
stem.” The point at which the incident shock, reflected shock, and 
Mach fronts meet is called the “triple point.” * 

3.22 As the reflected wave continues to overtake the incident wave, 
the triple point rises and the height of the Mach stem increases (Fig. 
3.22). Any object located either at or above the ground, within the 
Mach region, and below the triple point path, will experience a single 

\ ’ / -u- Il-RiXUClEDWAVE 
1 -lNCIDurrlAvE 

‘I’ 

a I 
/ 

REGION OF RECuLAR RECIMY OF MACH RlWLECllON 

I REREcTloN 

I 
Figure 3.!2!2. Outward motion of the blast wave near the surface in the Mach 

region. 

I 

shock. The behavior of this fused or Mach shock is the same as that 
previously described for shock fronts in general. The overpressure at 
a particular location will fall off with time and the positive (compres- _ 

sion) phase will be followed by a negative (suction) phase, as in 
Fig. 3.6. 

3.23 At points in the air above the triple point path, such as at 
an aircraft or at the top of a high building, two shocks will be felt. 
The first will be due to the incident blast wave and the second, a 

/ 

short time later, to the reflected wave. When a bomb is detonated at 
ihe surface, i. e., in a contact surface burst, only a single merged 
wave develops. Consequently, only one shock will be experienced 
either on or above the ground. 

324 As far as the destructive action of the air blast is concerned, 
there are at least two important aspects of the reflection process to 
which attention should be drawn. First, bnly a single shock is expe- 

rienced in the Mach region below the triple point as compared to the 

1 the so-called “tr,pk point” is not really II point but a circle ; it aPPea?O a8 II Wtnt on 

t 
a sectional drawin& such m Fig. 3.21~. 
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separate incident and reflected waves in the region of regular reflec- 
tion. Second, since the Mach stem is nearly vertical, the accompany- 
ing blast wave is traveling -in a horizontal direction at the surface, 
and the transient winds are approximately parallel to the ground 
(Fig. 3.21). Thus, in the Mach region, the blast forces on above- 
ground structures and other objects are directed nearly horizontalIy, 
so that vertical surfaces are loaded more intensely than horizontal 
surfaces; 

3.25 The distance from ground zero at which Mach fusion com- 
mences and the Mach stem begins to form depends upon the yield of 
the detonation and the height of the burst above the ground. For 
a typical air burst of l-megaton energy yield the Mach stem begins to 
form about 1.3 miles from ground zero. As the burst point approaches 
the surface, this distance is reduced. If the bomb is exploded at a 
greater height, then Mach fusion commences farther away. If the 
air burst takes place at a sufficiently great height above the ground, 
regular reflection will occur and no Mach stem may be formed. 

HEIGHT OF HURST AND BLAST DAMAQE 

3.26 The height of burst and energy yield (or size) of the nuclear 
explosion are important factors in determining the extent of damage 
at the surface. These two quantities generally define the variation 
of pressure with distance from ground zero and other associated blast 
wave characteristics, such as the distance from ground zero at which 
t.he Mach stem begins to form. As the height of burst for an explosion 
of given energy yield is decreased, the consequences are as follows : (1) 
Mach reflection commences nearer to ground zero, and (2) the over- 
pressure at the surface near ground zero becomes larger. An actual 
contact surface burst leads to the highest possible overpressures near 
ground zero. In addition, cratering and ground shock phenomena 
are observed, as will be described in Chapter V. Further reference to 
the difference in air blast characteristics between a contact surface 
burst and a typical air burst will be made below. 
. 3.27 Recause of the relationships between the energy yield of the 
explosion and the height of burst required to produce certain blast 
effects, a very large yield weapon may be detonated at a height of sev- 
eral thousand feet above the ground and the accompanying blast wave 
phenomena will approach those of a near surface burst. On the other 
hand, explosions of weapons of smaller energy yields at these same 
heights will have the characteristics of typical high air bursts 
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3.28 In the nuclear explosions over Japan during World War 
II, at Hiroshima and Nagasaki, the height of burst was about 1,850 
feet. It was estimated, and has since been confirmed by nuclear test 
explosions, that a 20-kiloton bomb burst at this height would cause 
maximum blast damage to structures on the ground for the particular 
targets concerned. Actually, there is no single optimum height of 
burst, with regard to blast effects, for any specified explosion energy 
yield, because the chosen height of burst will be determined by the 
nature of the target. As a rule, strong (or hard) targets will require 
low air or surface bursts. For weaker targets, which are destroyed 
or damaged at relatively low overpressures or dynamic pressures, the 
height of burst may be raised in order to increase the area of damage, 
since the Mach effect extends the distances at which low pressures 
result. 

CONTACT SURFACZ BURN 

3.29 The general air blast phenomena resulting from a contact sur- 
face burst are somewhat different from those of an air butit described 
above. In a surface explosion, the front of the blast wave in the air is 
hemispherical in form as shown in Fig. 3.29. There is no region of 

Figure 3.29. Rlaet wave from II contact surface burst; incident and reflected 
wave.a coincide. 

regular reflection, and all objects and structures on the surface, even 
close to ground zero, are subjected to air blast similar to that in the 
Mach region below the triple point for an air burst. Therefore, the 
shock front may be assumed to be vertical for most structures near the 
ground, with both overpressure and dynamic pressure decaying at 
different rates behind the shock front as previously described. The 
transient winds behind the shock front near the surface are essentially 
horizontal. 

4242780-67-7 
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MODIFICATION OF AIR BLAST PHENOMENA 

TERRAIN E&xmts 

3.30 Large hilly land masses tend to increase air blast effects in 
some areas and to decrease them in others. The increase or decrease in 
peak values of overpressure at the surface appears to depend on the 
change in slope from the horizontal. For very steep slopes, there may 
be a transient increase (or “spike”) in peak overpressure of short 
duration up to a factor of two on the forward side of a hill as a result 
of the reflection process. Some reduction in peak overpressure may be 
expected on the reverse slope if it is also quite steep. In general, the 
vrria.tion in peak overpressure at any point on a hill from that ex- , 
petted if the hill were not present depends on the dimensions of the 
hill with respect, to t,he size and location of the explosion. Since the 
time interval in which the pressure increase or decrease occurs is short 
compared to the length of the positive phase, the effects of terrain on 
the blast wave are not expected to be significant for a large variety 
of structural types. 

3.31 It is important to emphasize, in particular, that shielding 
from blast effects behind the brow of a large hill is not dependent upon 
line-of-sight considerations. In other words, the fact that the point 
of the explosion cannot be seen from behind the hill by no means im- 
plies that the blast effects will not be felt. It will be shown later that 
blast waves can easily bend (or diffract) around apparent obstruc- 
tions. 

3.32 Although prominent terrain features may shield a particular 
target from thermal radiation, and perhaps also to some extent from 
the initial nuclear radiation, little reduction in blast damage to atruc- 
tures may be expected, except in very special circumstances. HOW- 
ever, considerable protection from missiles and drag force8 may be 
achieved for such movable objects as heavy construction equipment 
by placing them below the surface of the ground in open excavations 
or deep trenches or behind steep earth mounds. This subject will be 
discussed more fully in Chapter XII. 

3.33 The departure from idealized or flat terrain preaentad by a 
city complex may be considered as an aspect of topography. It is to 
be expected that the presence of many buildings close together will 
cause local changes in the blast wave, especially in the dynamic prea- 
sure. Some shielding may result from intervening objects and struc- 
tures; however, in other areas multiple reflections between buildings 
and the channeling caused by streets may increase the overpressure 
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and dynamic pressure. It would seem, therefore, that on the whole, 
t,he’resulting effect on damage is relatively small. 

METEOROLOGICAL CONDITIONS 

3.34 The presence of large amounts of moisture in the atmosphere 
may affect the properties of a blast wave in the low overpressure 
region. But the probability of encountering significant concentrations 
of atmospheric liquid water that would influence damage is considered 
to be small. 

3.35 Under suitable meteorological conditions, window breakage, 
light structural damage, and noise may be experienced at ranges from 
an explosion at which such damage and noise are not to be expected. 
These phenomena have been observed in connection with large TNT 
detonations as well as with nuclear explosions. They are caused by the 
bending back to earth of the blast waves by the atmosphere, in one or 
other of (at least) two different ways. The first is due to temperature 
gradients and wind conditions at. relatively low levels, within the 
bottom 6 miles of the atmosphere, whereas the second arises from con- 
ditions at considerably greater heights, 25 miles or more from the 
ground. 

3.36 If there is a decrease in air temperature at increasing distance 
from the ground, such as usually occurs in the daytime, combined 
with a wind whose velocity increases at a rata of more than 3 miles 
per hour for each l,OOO-foot increase in altitude, the blast wave will 
be reflected back to the ground within the first few thousand feet of 
the atmosphere. When the conditions a,re such that wveral shock 
rays converge at one location on the ground, the concentration of blast 
energy there will greatly exceed the value that would otherwise occur 
at that distance. Usually the first (or direct striking) focus is limited 
to a distance of about 8 or 10 miles from the explosion. But, since 
the concentration of blast energy is reflected from the ground and is 
again bent back by the atmosphere, the focus may be repeated at 
regularly spaced distances. Thus, the exploeion of a !&kiloton bomb 
haa been known to break windows 75 to 100 miles away. 

3.37 A somewhat similar enhancement of pressure (and noise) 
from large explosions has been reported at greater distances, 70 to 80 
miles in winter and 120 to 150 in summer. This has been iattributed 
to downward refraction (or bending) and focusing of the shock rays 
by a layer of relatively warm air, called the ozonosphere, at a height 
of 25 to 40 miles. Repeated reflection from the ground, and associated 
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refraction by the ozonosphere, causes this pattern to be repeated at 
intervals. Thus, a large explosion may be distinctly heard at even 
greater distances than those mentioned above.. 

EFFECT OF ALTITUTIE 

3.38 The relations between overpressure, distance, and time that 
describe the propagation of a blast wave in air depend upon the am- 
bient atmospheric conditions, and these vary with the altitude. In 
reviewing the effects of elevation on blast phenomena, two cases will 
be considered : one in which the point of burst and the target are essen- 
tially at the same altitude, but not necessarily at sea level, and the 
second, when the burst and target are at different altitudes. 

3.39 For a surface burst, the peak overpressure at a given distance 
from the explosion will depend on the ambient atmospheric pressure 
and this will vary with the burst altitude. There are a number of 
simple correction factors, which will be given later (sea 8 3.89), that 
can be used to allow for differences in the ambient conditions, but for 
the present it will be sufficient to state the general conclusions. With 
increasing altitude of both target and burst point, the overpressure at 
a given distance from an explosion of specified yield will generally de- 
crease. Correspondingly, an increase may usually be expected in both 
the arrival time of the shock front and in the duration of the positive 
phase of the blast wave. For elevations of less than 5,000 feet or so 
above sea level, the changes are fairly small, and since most surface 
target.s are ab lower alt,itudes, it is rarely necessary to make the 
corrections. 

3.40 The effect when t.he burst and target are at, different,elevations, 
such as for a high air burst, is somewhat. more complex. Since the 
blast wave is influenced by changes in air t,emparat,ure and pressure 
in the atmosphere t.hrough which it t,ravels, some variations in the 
pressure-tlist,anre relationship at. t,he surface might be expect,ed. 
Wit,hin the range of significant damaging overpressures, t,hese differ- 
ences are small for weapons of low energy yield. For large weapons, 
where the bl:tst. wave tl:l.vels over :lppreciably longer dist.ances, local 
varint.ions, .such as trmperature inversions and refraction, may be 
expected. Consequentlg, a detailed knowledge of t,he atmosphere on 
:I particular day would be necessary in order to make precise calcula- 
Qons. For planning purposes, however, the corrertion factors referred 
to above may he applied at. target. ambient. conditions, if rinressary, 
for an air burst when tAe target. is at, some apprec*inblc elevation above 
sea level. 
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SURFACE Em 

3.41 For a given height of burst and explosion energy yield, some 
variation in blast wave characteristics may be expected over different 
surfaces. These variations are determined primarily by the type and 
extent of the surface over which the blast wave passes. A certain 
amount of energy loss will occur for a low air or surface burst where 
a shock wave in the ground is produced ; this will be discussed further 
in 0 3.43. The nature of the reflecting surface and its roughness may 
affect the pressure-distance relationship, as well as Mach atem forma- 
tion and growth, for air bursts. On the whole, however, these mechan- 
ical effects on the blast wave are small and have little influence on 
damage. The results presented later in this chapter are for average 
surface conditions. 

3.42 Somewhat, related to the condition of the surface are the 
effects of objects and material picked up by the blast wave. Damage 
may be caused by missiles such as rocks, boulders, and pebbles, sa’well 
as by smaller particles such as sand and dust. This particulate mat& 
carried along by the blast wave does not necessarily affect the over- 
pressures at the shock front. In extremely dusty areae, it is possible 
that enough dust may be present to affect the dynamic pressure of the 
blast wave and, consequently, the action on a particular target, but 
this effect would probably be small. 

GROUND SHUCK FROM AIR BLAST 

3.43 Another aspect of the blast wave problem is the possible effect 
of an air burst on underground structures. If an ex$osion occurs 
moderately near the surface, some of the energy is transferred into 
the ground. As a result, a minor oscillation of the surface is ex- 
perienced and a mild ground shock wave is produced. The pressure 
acting on the earth’s surface due to the air blast is thus transmitted 
downward, without appreciable attenuation, to superficially buried 
objects in the ground. The major principal stress in the soil will be 
nearly vertical and about equal in magnitude to the air blast over- 
pressure. These phenomena will be discussed in more detail in Chap- 
ters V and VI. 

3.44 In general, it appears that, for high air bursts, where relatively 
large blast pressures are not expected at ground zero, the effects of 
ground shock induced by air blast. will be negligible. Even directly 
underneath the point of burst,, moderat,ely strong underground struc- 
tures will not be seriously affected. Certain public utilities, such as 
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sewer pipes and drains, at, shnllow depths, claw to ground zero, may 
be damaged by earth movement, but metal pipe will not, normally be 
disrupted. In the case of a surface burst, when cratering occurs, the 
situat,ion is qnite different,, as will be seen in Chapter VI. 

INTERACTION OF BLAST WAVE WITH STRUCTURES 

3.45 The behavior of an object or structure exposed to the blast 
wave from a nuclear explosion may be considered under two main 
hendings. The first. is called the “loading,” i. e., the forces which re- 
suit from the action of t,he blast pressure. The second is the “response” 
or distortion of the structure due to the particular loading. As a gen- 
eral rule, response may be taken to be synonymous with damage since 
perma.nent distortion of a sufficient amount will impair the usefulness 
of a structure. Damage may also arise from a movable object striking 
the ground or another object which is more or less fixed. For ex- 
ample, tumbling vehicles are damaged primarily as they strike the 
ground. Further, glass, wood splinters, bricks, pieces of masonry, and 
other objects loosened by the blast wave and hurled through the air 
form destructive missiles. Indirect da,mnge of these types is, of 
course, greatly dependent upon circumstances. 

3.46 Direct damage to structures due to air blast can take various 
forms. For example, the blast may deflect structural steel frames, 
collapse roofs, dish-in walls, shatter panels, and break windows. In 
general, the damage results from some type of displacement (or dis- 
tortion) and the manner in which such displacement can arise as the 
result of a nuclear explosion will be examined below. 

3.47 For an air burst, the direction of propagation of the incident 
blast wave will be perpendicular to the ground at ground zero. In 
the regular reflection region, the forces exerted upon structurea will 
also have a considerable vertical component (prior to passage of the 
reflected wave). Consequently, instead of the loading being largely 
lateral (or sideways) in nature, as it is in the Mach region (8 3.24), 
there will also be an appreciable downward fcrce initially, which 
tends to cause crushing toward the ground, e. g., dished-in roofs, in 
addition to distortion due to translational motion. 

DIFFRACTION LOADIXO 

3.48 When the front of an air pressure wave strikes the face of 
a building, reflection occurs. As a result the overpressure builds up 
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rapidly to at least twice (and generally several times) that in the 
incident shock front. The actual pressure attained is determined by 
various factors, such as the strength of the incident shock and the 
angle between the direction of motion of the shock wave and the 
face of the building. As the shock front moves forward. the over- 
pressure on the face drops rapidly toward that produced by the blast 
wave without retlection.s 

; 
At the same time, the air pressure wave 

bends or “diffracts” around the structure, so that the structure is 
I eventually engulfed by the blast, and approximately the same pres- 

sure is exerted on all the walls and the roof. 
I 3.49 The developments described above are illustrated in a simpli- 

fied form in Fig. 3.49 ; 4 this shows, in plan, a building which is being 

L- 
b 

Ftgure 3.49. Stagea in the dtffraction of a blast wave by UI str&ttm. 

struck by an air blast (Mach) wave moving in a horizontal dir&ion. 
In Fig. 8.49r the shock front is seen approaching the structure with 
the direction of motion perpendicular to the faca of the building ex- 
posed to the bldst. In Fig. 3.49b the wave has just reach4 ita front 

@Thlr la often referred to aa the “ride-on overpremm,* since It lr the ume as tbnt 
experienced by the side of the structure, when there tr mo apprectable retlectlon In the 
rtdple case conaldered below. 

* A more detalled treatment Is given In Chapter VI. 
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e. g., telegraph or utilit,y poles and smokestacks, the diffraction period 
is so short that the corresponding loading is negligible. 

3.53 If the building exposed to the blast wave has openings, or 
if it has windows, panels, light siding, or doors which fail in H 
very short space of time, there will be a rapid equalization of preq- 
sure between the inside and outside of .the structure. This will tend 
to reduce the pressure differential while diffraction is occurring. The 
diffraction loading on the structure as a whole will t.hus be decreased, 
although the loading on interior walls and partitions will be greater 
than for an essentially closed structure, i. e., one with few openings. 
Further, if the building has many openings after the diffraction 
stage, the subsequent squeezing (crushing) action, due to the pressure 
being higher outside than inside, will not occur. 

fare, producing a high overpressure. In Fig. 3.49c the blast wave has 
proceeded about half way along the building and in Fig. 3.49d it 
has reached the back. The pressure on the front face h,as dropped to 
some extent and it is building up on the sides as the blast wave diffracts 
around the structure. Finally when, as in Fig. 3.49e, the shock 
front has passed, approximately equal air pressures are exerted on 
all t,he walls (and roof) of the structure. If the structure is oriented 
at an angle to the blast wave, the pressure would immediately be 
exerted on two faces, instead of one, but the general behavidr would 
he the same as just described (Figs. 3.496 g, h, and i). 

3.50 Under such conditions, that the blast wave has not yet 
completely surrounded the structure, there will be a considerable 
pressure differential bet,wen the front and back faces. Such a 
pressure differential will produce a lateral (or translational) force, 
tending to cause the structure to move bodily in the same direction 
as the blast wave. This force is known as the “diffraction loading” 
because it. operates while the blast wave is being diffracted around 
the structure. The extent and nature of the actual motion will 
depend upon the size, shape, and weight of the structure and how 
firmly it is attached to the ground. Other characteristics of the 
building are important in determining the response, as will be seen 
later. 

3.51 When the bla.st wave has engulfed the structure (Fig. 3.498 
or 3.49i), the pressure difi’erential has dropped almost to zero because 
the actual pressure is now approximately the same on all faces. 
However, since these pressures will remain in excess of the ambient 
atmospheric pressure until the positive phase of the shock wave 
has passed, the diffraction loading will be replaced by an inwardly 
directed pressure, i. e., a compression or squeezing action. In a struc- 
ture with no openings, this will cease only when the overpressure 
drops to zero. 

, 

3.52 The damage caused during the diffraction stage will be deter- 
mined by the magnitude of the loading and by its duration. The 
loading is related to the peak overpressure in the blast wave and this 
is consequently an important -factor. If the structure under con- 
sideration has no openings, as has been tacitly assumed so far, the 
duration of the loading will be very roughly the time required for 
the shock front to move from front to back of the building. .The 
size of the structure will thus affect the diffraction loading. For 
a structure ‘75 feet long, the diffraction loading will operate for a 
period of the order of one-tenth of d second. For thin structures, 

DRAG (DYNAMIC PREBSURE) L~ADINQ 

3.54 During the whole period that the positive phase of the air 
pressure wave is passing (and for a short time thereafter) a structure 
will be subjected to the dynamic pressure loading or ‘Ldrag loading” 
caused by the strong transient winds behind the shock front. Like 
the diffraction loading, the drag loading, especially in the Mach region, 
is equivalent to a lateral (or translational) force act,ing upon the 
structure or object exposed to the blast. 

3.55 Except at high shock strengths, the dynamic pressures at the 
face -of a building are much less than the peak overpressures due to 
the blast wave and its reflection (Table 3.11). However, the drag 
loading on a structure may persist for a relatively long period of time, 
compared to the diffraction loading. It was sta.ted in 8 3.15 that the 
duration of the positive phase of the blast wave from a l-megaton 
nuclear explosion is about 2 seconds at a distance of 1 mile. On the 
other hand, the diffraction loading is effective for a small fraction of 
a second only, even for a large structure. 

_ 

_ 

3.56 It is the effect of drag loading on structures which constitutes 
an important difference between nuclear and high-explosive detuna- 
tions. ’ For the same peak overpressure in the blast wave, a nuclear 
bomb will prove to be more destructive than a conventional bomb, 
especially for buildings which respond to drag loading. This is 
because the blast wave is of much shorter duration for a high-explosive 
bomb, e. g., a few thousandths of a second. Because of the increased 
length of the positive phase of the blast wave from weapons of higli 
energy yield, such weapons cause more destruction than might he 
expected from the peak overpressures alone. 
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STRUCTURALCIIARAC.TF,RIRTKS AND AIRBLAST IJOADINB ' 

3.57 In analyzing the response t,o blast loading, either quantita- 
&sly, by the use of mathematical procedures (see Chapter VI), or 
qualitatively, as will be done here, it is convenient to consider struc- 
tures in two categories, i. e., diffraction-type structures and drag-t,ype 
st,ructures. As these names imply, in a nuclear explosion the former 
would be affected mainly by diffraction loading and the latter by drag 
loading. It should be emphasized, however, that the distinction is 
made in order to simplify the treatment of real situations which are, 
in fact, very complex. While it is true that some structures will re- 
spond mainly to diffraction forces and others mainly to drag forces, 
act,ually all buildings will respond to both types of loading. The rela- 
tive importance of each type of loading in causing damage will depend 
npon the type of structure as well as on the characteristics of the blast 
wave. These fact.s should be borne in mind in connection with the en- 
suing discussion. 

3.58 Large buildings having a moderately small window and door 
area and fairly strong exterior walls respond mainly to diffraction 
loading. This is because it takes an appreciable time for the blast 
wave to engulf the building, and the pressure differential between 
front and rear exists during the whole of this period. Examples of 
structures which respond mainly to diffraction loading are multi- 
story, reinforced-concrete buildings with small window area, large 
wall-bearing structures, such as apartment houses, and wood-frame 
buildings like dwelling hou,ses. 

8.50 Because, even with large structures, the diffraction loading 
will usually be operative for a fraction of the duration of the blast 
wave, the length of the latter will not have_.lzny$y preciabla,effect. 
Tn other words, a blast wave of longer duration ~1 w not moMMlgt 
a.ffect the magnitude of the net translational loading (or the resulting 
damage) during the diffraction stage. A diffraction-type structure 
is, therefore, primarily sensitive to the peak overpressuti in the shock 
wave to which it is exposed. ,Actually it is the associated reflected 
overpressure on the structure that Iargely determines the diffraction 
loading, and this may be several times the incident shock overpres- 
sure (see$3.81). 

3.60 When the pressures on different areas of a structtire (or struc- 
tural element) are quickly equalized, either because of its small size, 

. the characteristics of the structure (or element), or the rapid forma- 
tion of numerous openings by action of the blast, the diffraction forces 
operate for a very short time. The response of the structure is then 
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mainly due to the dynamic pressures (or drag forces) of the blast 
wind. Typical drag-type structures are smokestacks, telephone poles, 
radio and t,elevision transmitt,er towers, elect,ric transmission towers, 
and truss bridges. In all these cases the diffraction of t,he shock wave 
around the structure or its component elements requires such a very 
short time that the diffraction processes are negligible, but the drag 
loading may be considerable. 

3.61 The drag loading on a structure is determined not only by 
the dynamic pressure, but also by the shape of the structure (or 
structural element). The shape factor (or drag coefficient) is less for 
rounded or streamlined objects than for irregular or sharp-edged 
structures or elements. For example, for a unit of area, the loading 
on a telephone pole or a smokestack will be less than on an I-beam. 

3.62 Steel (or reinforced-concrete) frame buildings with light 
walls made of asbestos cement, aluminum, or corrugated steel, quickly 
become drag-sensitive because of the failure of the walls at low over- 
pressures. This failure, accompanied by pressure equalization, occurs 
very soon after the blast wave strikes the structure, so that the frame is 
subject to a relatively small diffraction loading. The distortion, or 
other damage, subsequently experienced by t.he frame, as well as hy 
narrow elements of the structure, e. g., columns, beams, and trusses, is 
then caused by the drag forces. 

3.63 For structures which are fundamentally of the drag type, or 
which rapidly become so as a result of blast action, the response of the 
structure or of its components is determined by both the drag loading 
and its duration. Thus, the damage is dependent upon the length 
of the positive phase of the blast wave as well as upon the overpressures, 
to which the dynamic pressures are related. Consequently, for a given 
peak overpressure, a bomb of high energy yield will cause more 
damage to a drag-type structure than will one of lower yield because 
of the longer duration of the positive phase in t,he former case. 

STRUCTURAL DAMAOE R.ANGF.~ : SCALING RULES 

3.64 The range (or area) over which a particular type of structural 
damage is experienced will depend, of course, upon the energy yield 
of the explosion and the type (and height) of burst. As will be shown 
in the more technical section of this chapter ( 5 3.78, et seq.), there are 
scaling rules which relate the distance at which a given peak over- 
pressure is attained in the blast wave to the explosion energy. Hence, 
for structures damaged primarily during the diffract.ion phase+ where 
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peak overpressure is the important factor in determining the response 
to blast, the effect of bomb energy on the range (or a.rea) within which 
a particular tyne of damage is sustained can be readily calculated. 

3.85. Assuming eouivalent heights of burst, in the sense discussed 
in 83.27 (see also 83.87). the range for a specified damage to a struc- 
ture that is essentially diffraction-sensitive increases in pronortion to 
the cube root, and the damage area in proportion to the two-thirds 
power, of the energy of the explosion. This means for example, that 
a thousand-fold increase in the energy will increase the ritnee for a 
particular kind of diffraction-type damage bv a factor of roughly ten; 
the area over which the damage occurs will be increased by a factor 
of about a hundred. 

3.66 Where the damage depends to an anpreciable extent on drag 
loading during the whole of the positive blast phase, the length of 
this phase is important, in addition to neak overpressure. The greater 
the energy of the bomb, the farther will be the distance from the ex- 
plosion at which the peak overpressure has a specific value and the 
longer will be t,he durat,ion of the positive phase at this overpressure. 
Since there is increased drag damarre with increased duration at a 
given pressure, the same damage will extend to lower overpressures. 
Stpuctures which are sensitive to drag loading will therefore be dam- 
aged over a range that is larger than is given by the cube root rule 
for diffraction-type st.ructures. In other words, as the result of a 
thousand-fold increase in bomb energy, the range for a specified dam- 
age to a drag-sensitive structure will be increased by a factor of more 
than t.en, and t.he area by more than a hundred. 

FACTORS AFFECTING RESPONSE 

STRENGTH AND MASS 

3.67 There are numerous factors associated with the characteristics 
of a structure which influence the response to the blast wave accom- 
panying a nuclear explosion. Those considered below include various 
aspects of t,he strength and mass of the structure, general structura.1 
design, and ductility of the component materials and members. 

3.68 The basic criterion for determining t’he response of a structure 
to blast is its strength. As used in this connection, “strength” is a 
general term, for it is a property influenced by many factors some of 
which a,re obvious nnd others are not. The most obvious indication of 
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strength is, of course, massiveness of construction, but this is modified 
greatly by other factors not immediately visible to the eye, e. g., 
resilience and ductility of the frame, the strength of the beam and 
corner connections, the redundancy of supports, and the amount of 
diagonal bracing in the structure. Some of these factors will be 
examined further below. 

3.69 The strongest structures are heavily framed steel and rein- 
forced-concrete buildings, whereas the weakest are probably certain 
shed-type industrial &ructures having light frames and long beam 
spans. Some kinds of lightly-‘built frame construction also fall into 
t.he latter category, but well constructed frame houses have higher 
strength. 

3.70 The resistance to blast of structures having load-bearing, 
masonry walls, e. g., of brick or concrete blocks, without reinforce 
ment, is not very good. This is due to the lack of resilience and to the 
moderate strength of the connections which are put under stress when 
the blast load is applied laterally to the building. The use of steel 
reinforcement with structures of this type greatly increases t,he 
strength, as will be seen in due course. 

STRU~~ORAL DESIGN 

3.71 Except for those regions in which fairly strong earthquake 
shocks may be expected, most structures in the United States are de- 
signed to withstand the lateral loadings due only to moderately strong 
winds. For design purposes, such loading is assumed to be static (or 
stationary) in character because natural winds build up relatively 
slowly and remain fairly steady. The blast from a nuclear explosion, 
however, causes a la&al dynamic (rather than static) loading; the 
load is applied extremely rapidly and it lasts for a second or more 
with continuously decreasing strength. The inertia, as measured ‘by 
the mass of the structure or member, is an important factor in de- 
termining response to a dynamic lateral load, although it is not signifi- 
cant for static loading. 

3.72 Of existing structures, those intended to be earthquake re- 
sistant, which are capable of withstanding a lateral load equal to 
about 10 percent of the weight, will probably be damaged least by 

blast. Such structures, stiffened by diaphragm walls and having 
continuity of joints to provide additional rigidity, may be expected 
to withstand appreciable lateral forces without serious damage. 

= 

_ 
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DtXI-1LITT TECHNICAL ASPECTS OF BLAST WAVE PHENOMENA” 

3.73 The term ductility refers to the ability of a material or struc- 
ture to absorb energy inelastically without failure; in other words, 
the greater the ductility, t.he greater the resistance to failure. Ma- 
terials which are brittle have poor ductility and fail easily. 

3.74 There are two main aspects of ductility to be considered. 
When a force (or load) is applied to a material so as to deform it, 
as is the case in a nuclear explosion, for example, the initial deforma- 
tion is said to be “elastic.” Provided it is still in the elastic range, the 
mat&al will recover its original form when t.he loading is removed. 
However, if the %ress” produced by the load is sufficiently great, the 
material passes into the “plastic” range. In this state the material 
does not, recover completely after removal of the stress, that) is to 
say, the deformat,ion is permanent., but there is no failure. Only 
when the stress reaches the “ultimate strength” does failure, i. e., 
breakage, occur. 

3.75 Ideally, a structure which is to suffer little da.mage from blast 
should have as much elasticity as possible. IJnfortunately, structural 
materials are generally not able t,o absorb much energy in the elastic 
range, although many common materials can take up large amounts 
of energy in the plastic range before they fail. The problem in blast- 
resistaut design, therefore, is to decide how much permanent (plastic) 
deformation ran be a(,cepted before a particular struct,ure is rendered 
useless. This will, of course, vary with the nature and purpose of the 
structure. Although deformation to t,he point of collapse is definitely 
undesirable, some lesser deformation may not. seriously interfere with 
t.he continued use of the struct,ure. 

3.76 It is evident t.hat, ductility is a desirable property of struc- 
tural materials required to resist blast. Structural steel and steel 
reinforcement have this property to a considerable extent. They are 
able to absorb large amounts of energy, e. g., from a blast wave, with- 
out failure and thus reduce the chances of collapse of the structure 
in which they are used. Steel has the further advantage of a higher 
yield point (or elastic limit) under dynamic than under static 
loading. 

8.77 Although concrete alone is not ductile, when steel and con- 
crete are used together, as in reinforced-concrete structures, the 
ductile behavior of the steel will usually predominate. The structure 
will t.hen have considerable ductility and, consequently, resist.ancc 
to blast. Without reinforcement, masonry walls are completely lack- 
ing in ducti1it.y and readily stiffer hrittle failure, as stated above. 
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PtzorRm-rEs OF RLART I~AVE AT SURFACE 

3.78 The characteristics of the blast wave have been discussed 
in a qualitative manner in the earlier parts of this chapter, and the 
remaining sections will be devoted to a’consideration of some of the 
quantitative aspects of blnst wave phenomena in air.@ The basic 
relationships among the properties of a blast wave, having a sharp 
front at which there is a sudden pressure discontinuity, are derived 
from the Rankine-Hugoniot conditions based on the conservation 
of mass, energy, and momentum at the shock front. These condi- 
tions, together wit,h t.he equation of state for air, permit the derivation 
of the required rela.tions involving the shock velocity, the particle (or 
wind) velocity, the overpreasure, the dynamic pressure, and the 
density of the air behind the ideal shock front. 

3.79 The blast wave properties in the region of regular reflection 
are somewhat complex and depend on the angle of incidence of the 
wave with the ground and the shock strength: For a contact surface 
burst, when there is but a single hemispherical (fused) wave, as stated 
in 5 3.29, nnd in the Mach region below the triple point pa,th for an air 
burst, the various blast wave characteristics at the shock front are 
uniquely related by the Rankine-Hugoniot equations. It is for these 
conditions, in which there is a single shock front, that the following 
results are applicable. 

3.80 The shock velocity, U, and the particle velocity (or peak wind 
velocity behind the shock front), U, are expressed by 

r/ =cO ( 1+ 6p/7Y,) 1’2 

and 

_ 

_ 

where p is the peak overpressure (behind the shock front), PO is the 
ambient pressure (ahead of bhe shock), and co is the ambient sound 
velocity (ahead of the shock). The density, p, of the air behind the 
shock front is related to the ambient density, pO, by 

P 7+6plPo 
po=7+plpo’ 

‘The nmalntng seetlona of this chapter mnay be omltted nltbout fess nf continuity. 
*The technlcnl aspects of blant IondIng nnd rcrponse at structures. and other related 

tnplrs. we treated In Chapter VI. 
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The dynamic pressure, r/, is defined by 

cI=%P1J=, 

and t,he introduction of the appropriate Rankine-Hugoniot. equations 
leads to 

5 p” 
*=2 - *,+p 

for the peak dynamic pressure. The vqriations of shock velocity, 
particle (pr peak wind) velocit,y, and dynamic pressure wi-ith the peak 
overpressure at, sea level, HS derived from the foregoing equations, 
are shown graphically in Fig. 3.80. 

3.81 When the blast, wave strikes a surface, such as that of a struc- 
lure, at normal incidence, i. e., head on, the instantaneous value of the 
reflected overpressure, pr is given by 

(3.81.1) 

It can be seen from this expression that the value of pr approaches 8p 
for large values of the incident overpressure (strong shocks) and tends 
toward 2p for small overpressures (weak shocks). A curve showing 
the variation of the instantaneous reflected pressure with the peak in- 
cident overpressure is included in Fig. 3.80. 

3.82 The equations in # 3.80 give the peak values of the various 
blast wave parameters at the shock front. As seen earlier, however, 
the overpressure and dynamic pressure both decrease with time, al- 
though at different rates. For many situations, the variation of the 
overpressure behind the shock front with time at. a given point can be 
represented by the simple empirical equation 

p(t)=p( I-/-) e-‘I’+, (3.82.1) 

where p(t) is the overpressure at any time, t, after the arrival of the 
shock front, p is the peak overpressure, and t+ is the duration of the 
positive phase of the blast wave. This expression is represented 
graphically in Fig. 3.82, in which the “normalized” overpressure, i. e., 
the value relative to the peak overpressure, is plotted against the “nor- 
malized” time, i. e., the time relative to the duration of the positive 
phase. It may be noted that in t’he event of the interaction of the blast 
wave with a structure, this equation is used in determining the air 
blast loading:. 
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Figure 3.30. Relation of hlaxt wave characteristics at the shock front to peak 
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0.6 T 
Finrwe 3.82. Sormalised owrpresnure and dynamic pressure versus normalfzed 

time. 

3.88 h simihr empiric-n1 expression for t.he variation of the dyna.m- 
ic pressure with time behind the shock front is 

q(Q=p 1-c 2 e-/r+, ( > 
where p(t) is t,he value of the dynamic pressure at any time, t, after 
the arrival of t.he shock front, and q is the peak dynamic pressure. A 
plot of thisequation is also shown in Fig. 3.82. 

3.64 Another important blast. damage paramet,er is the “impulse,” 
which t,nkes into account the duration of the positive phase and the 
variation of the overpressure during that t,ime. Impulse may be de- 
fined as t,he tot,al area under the overpressure-time curve, such as that 
shown in Fig. 3.82, at, a given location. The positive phase overpres- 
sure impulse, I, (per unit, area) may t.hen be represented mathematical- 

ly by 
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where p(t) may be expressed analytically, if desired, by means of 
equation (382.1). The positive phase dynamic impulse can be defined 
by a similar expression in which q(t) replaces a(t). 

3.85 In order to he able to cdculate the characteristic properties 
of the blast wave from an explosion of any given energy if those for 
another energy are known, appropriate scaling laws are applied. With 
the aid of such laws it is possible to express the data for a large range 
of energies in a simple form. One way of doing this, which will be 
illustrated below, is to draw curves showing how the various properties 
of the blast wave at the surface change with increasing distance from 
the detonation in the case of n l-kiloton nuclear bomb. Then, with 
hhe aid of the scaling lawsi the values for an explosion of any specified 
energy can be readily determined. 

3.86 Theoretically, a given pressure will occur at a distance from 
an explosion that is proportional to the cube root of the energy yield. 
Full scale tests have shown this relationship between distance and 
energy yield to hold for yields up to (and including) the megaton 
range. Thus, cube root scaling may be applied with confidence over 
a wide range of explosion energies. According to this law, if Do is the 
distance (or slant. range) from a reference explosion of W, kilotons 
at, which a certain over-pressure or dynamic pressure is attained, then 
for any explosion of W kilotons energy these same pressures will oc- 
cur at a distance I9 given by 

D w ria 
-=- . 

( > Do K 
(3.86.1) 

As stated above, the reference explosion is conveniently chosen, as hav- 
irtg an energy yield of 1 kiloton, so that WO=l. It follows, therefore, 
from equation (3.86.1) that 

V=D, X W”s , (3.86.2) 

where II, refers to the distance from a I-kilotouexplosion. Conse- 
quently, if the distance D is specified, then the value of the-explosion 
energy, IV, required to produce a certain effect, e. g., a given peak 
overpressure, can be calculated. Alternatively, if the energy, IV, is 
specified, the appropriate distance, 13, can be evaluated from equation 
(3.86.2). 

3.87 When comparing air bursts having different energy yields, it 
is convenient to introduce a scaled height .of burst, defined as 
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Scaled height of burst= 
Actual height of burst ’ 

w-ii3 * 

It can be readily seen, therefore, that for explosions of different ener- 
gies having the same scaled height of burst, the cube root scaling law 
may be applied to distances from ground zero, as well as to distances 
from the explosion. Thus, if do is the distance from ground zero at 
which a particular overpressure or dynamic pressure occurs for a 
l-kiloton explosion, then for an explosion of W kilotons energy the 
same pressures will be observed at a distance d determined by the 
relationship 

d=d& W1f3 . ( 3.87.1) 

This expression can be used for calculations of the type referred to in 
the preceeding paragraph, except that the distances involved are from 
ground zero instead of from the explosion (slant ranges). 

3.88 Cube root scaling can also be applied to arrival time of the 
shock front, positive phase duration, and impulse, with the under- 
standing that these quantities concerned are themselves scaled ac- 
cording to the cube root- law. The relationships may be expressed in 
the form 

and 

where to represents arrival time or positive phase duration and Z. is 
the impulse for a reference explosion of energy W,, and t and Z refer 
to any explosion of energy W; as before, do and d are distances from 
ground zero. If W, is taken as 1 kiloton, then the various quantities 
are related as follows : 

t=t,,X W*lB at a distance d=d,X WI’* 

and 

Z=Z,X W1js at a distance d=d,X W*/*. 

Examples of the use of the equations developed above will be given 
later. 

AUIT~IJDE CORRECTIONS 

3.89 The foregoing equations apply to a strictly homogeneous at- 
mosphere, that is, where ambient pressure and temperature at the burst 
point and target are the same for all cases. If the ambient conditions 
are markedly different for a specified explosion as compared with 
those in the reference explosion, then the correction factors referred 
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to in 0 3.39 must be applied. The general relationships which take 
into account the possibility that the absoluto temperature T and 
ambient pressure P ure not the same as T, and Z’,, respectively, in 
the reference (l-kiloton) explosion are as follows. For the over- 
pressure, 

D 

p=po + 
0 

where the p’s refer to the respective overpressures at a given distance. 
The corrected values of distance for a specified pressure are then 
given by 

and for arrival time or positive phase duration at the appropriate 
scaled distance by 

t=tow*,a (g>‘” (z!? 

3.90 It is seen that when T is equal to To and P to P,, these expres- 
sions become identical with the corresponding ones in $0 3.86 and 3.87, 
for strictly homogeneous conditions. As a general rule, the reference 
values for the blast wave properties, such as those to be given shortly, 
are for a standard sea level atmosphere, where PO is 14.7 pounds 
per square inch and the temperature is 59O F. or 15’ C, so that To is 
519O Rankine or 28&Y Kelvin. As noted previously in $3.39, for 
bursts at elevations within 5,000 feet or so above sea level, these 
corrections will be no more than a few percent. 

STANDARD CURVES AND CALCULATIONS OF BLAST WAVE PROPERTIES 

3.91 In order to estimate the damage which might be expected 
to occur at a particular range from a given explosion, it is necessary to 

4 define the characteristics of the blast wave as they vary with time 
and distance. Consequently, standard curves of the various air blast 

I wave properties are given here to supplement the general discussion 
already presented. These curves show the variation of peak over- 
pressure, peak dynamic pressure, arrival time, positive phase duration, 
and overpressure impulse with distance from grtiund zero, for a con- 
tact surface burst and a typical air burst. For the case of the air burst, 
a curve showing the path of the triple point, i. e., the‘Mach stem height 
as a function of distance from ground zero, is also given. 
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3.92 From these curves fhe valises of the blast wnre properties at 
the surface can be calculated and the results wed to ddermine t.he 
londing and response of R psrt~iwlar target. It. should be mentioned 
t,hat the data represent, the behavior of the blast wave under average 
conditions over a flat, surface at (or near) sea level. Hence, the values 
of peak overpressure and c?ynnmic pressure may be regarded as the 
basic information to be used in applying the procedures to be discussed 
in Chapter VI for the determination of blast damage to he expected 
under various conditions. 

3.93 These standard curves show the blast wave properties for 
a I-kiloton explosion. Ati example showing t.he use of the curves 
will be given on the page facing each figure. To simplify the cal- 
culations that will be made, Fig. 3.93 is provided; this gives the 
values of cube roots required in the application of the scaling laws. 

3.94 The variation of the peak overpressure with distance from 
ground zero for a contact surface burst is shown in Figure 3.94a 
and for a typical sir burst in Fig. 8.94b for a l-kiloton explosion.’ 
For the sake of completeness, a so-called “free air” overpressure 
curve is included in Fig. 3.94a. This is based on the suppositiou 
t,hat, a contact surface burst of W kilotons energy is equivalent. in 
blast, characteristics to an explosion of 2W kilotons high in the air 
and prior to any reflection. This would be true only if the ground 
were an absolutely rigid reflecting surface. The energy transmitted 
to the lower hemisphere of the blast wave in the absence of the 
ground will then be reflected into the upper hemisphere in coin- 
cidence with the energy normally sent there in an explosion high 
in the air. The distances in this (free air) case are the slant ranges 
or actual distances from the explosion. Fig. 3.94c shows the height 
of the Mach stem for a l-kiloton air burst, as a function of distance 
from ground zero, as defined by the path of the triple point. 

3.95 In Fig. 3.95 the curves represent the horizontal component 
of the dynamic pressure versus distance from ground zero for a 
contact surface burst and a typical air burst of l-kiloton yield. The 
vertical component of the dynamic pressure is small enough to be 
neglected except near ground zero in the case of an air burst. Since 
only the value of the horizontal component is given, the dynamic 
pressure in the regular reflection region for an air burst becomes 
smaller as the distance from ground zero decreases beyond a certain 
point. (Text continued on page 120.1 

‘For the deflnltion and descrlptlon of a “typlcal” air burst. we 1 2.47. The acsled 
height of burnt Is assumed to be the same for all energy yields. 
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Figure 3.93. Cube roots of explosion yield ralues. 
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The curve shows the increase in height of the Mach stem with dis- 
tance from ground zero for a 1 KT typical air burst in a st,andard sea 
level atmosphere under average surface conditions. 

S@n.q. For yields other than 1 KT, the height and distance of the 
Mach stem scale as t,he cube root of the yield, i. e., 

h= h,” X W1’Sat.d=d, X WI/3 , 
where 

ILo is the height of Mach stem at a distance do for 1 KT, 
snd 

h is the height of Mach stem at a distance d for W KT. 
Ezanzpb 

Given.: A 1 MT typical a,ir burst. 
i%U: (a) The distance from ground zero at which the Mach ef- 

fect commences. 
(6) The height of the Mach stem at. 2.75 miles from ground 

zero. 
A!olvGon,: (a) Where the Mach effect commences, h and h, are the 

same, i. e., zero, so t.hat in this case rZ=c?“X W1’3. From Fig. 3.93, the 
cube root, of 1,000 KT is 10, and from Fig. 3.94c, the Mach effect for 
a 1 KT air burst sets in at 0.13 mile from ground zero. Hence, for 
the 1 MT air burst the Mach etiect will commence at a distance from 
ground zero given by 

d=d,,X W’~s=0.13X10=1.3 miles. Amwer. 
(6) ‘The distance ct, for 1 KT corresponding to 2.75 miles for 1 

MT is 

&- d 2.75 
W’” =m=O.275 mile. 

The height of the Mach stem at. this distance from ground zero for a 1 
KT air burst is found from Fig. 3.94~ to be 37 feet. Hence, for the 
1 MT typical air burst, 

h=hoXW1’3=37X10=370 feet. Answer. 
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DlSTANCEFROM CROUNLlZEROMMLES 

Figure 3.94~. Height of Mach &em (path of triple point) for a I-ktloton air 

burst. 
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The curves show the dependence of the arrival time and the duration 
of the positive overpressure phase on distance from ground zero for 
1 KT air and surface bursts in a standard sea level atmosphere under 
average surface conditions. 

kz&ng. For yields other than 1 KT, the duration and distance may 
be scaled in the following manner : 

where 

t=t”X W”S at d=a?oXW”3 , 

to is the arrival time and posit,ive phase duration for 
tance d,, 
and 

1 KT at a dis- 

t is the arrival time or positive phase duration for W KT at a dis- 
tance d. 
h’xample 

Given: A 1 MT bomb is exploded on the surface. 

Find: The time of arrival and duration of the positive phase at a 
distance of 5.5 miles. 

Solution: From Fig. 3.93, the cube root of 1,000 KT is 10. 

&=d=G=O 55 mile for 1 HT. 
W’” 10 * 

From Fig. 3.96, the time of arrival at 0.55 mile for a 1 KT contact 
surface burst is 1.9 seconds and the duration is 0.44 second. For a 
1 MT surface burst., 

Arrival time: t=t,,X W1’3=l.9X10=19 seconds. Answer. 

Duration: t = to X IV3 = 0.44 X 10 = 4.4 seconds. Answer. 

TECHNICAL ASPECTS OF BLAST WAVE PHENOMENA 
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Figure 3.03. Times of arrival and positive phase durations at the nurface for 
a l-kiloton exploston. 
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The curves show the variation of overpressure and dynamic pressure 
(horizontal component) impulses in the positive phase with distance 
for I KT air and surface bursts in a standard sea level atmosphere 
under average surface conditions. 

Rc&~g. For yields other t,han 1 KT, the impulse and distance may 
be scaled as follows : 

where 

I=l,,X W113 at d=d,X W”’ 

and 

lo is t,he impulse for 1 KT at a distance do 

Rxam,pZe 

I is the impulse for W KT at a distance d. 

Given: A 1 MT typical air burst. 

Find: The distance at which the positive phase overpressure im- 
pulse is 5.5 lb-xx/in*. 

h’olutimc: From Fig. 3.93, the cube root of 1,000 KT is 10. 

I =L=G=O 55 lb_sec/i$. 0 WI/a 10 * 

From Fig. 3.97, the distance at which the positive phase overpres- 
sure impulse for a 1 KT typical air burst equals 0.55 Ib-secJin.Z is 
0.40 mile. For a 1 MT typical air burst, 

d=d,X W1’s=0.40X 10=4.0miles. Answer. 
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(Text continued irom page 106.) 

3.96 The dependence of tha time of arrival of the shock front, 
and the duration of the positive phase of the blast wave on the ground 
zero distanre from a l-kiloton contact surface burst and a tvDica1 

CHAPTER IV 

air burst of the same energy are shown in Fig. 3.06. 

8.97 Finally, Fig. 3.97 giver, the overpressure positive phase and 
dynamic press&e impulses; f, and Iq, respectively, as a f&ction of 
distance from ground zero for a cont.act surface burst and a typical 
air burst of a l-kiloton bomb. As in all the other cases, the results 

t STRUCTURAL DAMAGE ,FROM AIR BLAST 
, 

INTRODUCTION 

apply to an explosion in 
average surface conditions. 

a standard sea level atmosphere under GENERAL OBSERVATIONS 

4.1 The preceding chapter has dealt with the general principles 
of air blast and its effect on structures. Now some consideration 
will be given to the actual damage to buildings of various types, 
bridges, utilities, and vehicles, caused by a nuclear explosion. Some 
of the information, especially for large structures, has been obtained 
from surveys made at Hiroshima and Nagasaki. Over each of these 
Japanese cities a nuclear bomb of approximately 2O-kilotons energy 
was detonated at a height of ribout 1,850 feet. More recently, this 
has-been supplemented by much data secured in connection with vari- 
ous tests, especially those carried out at the Nevada Test Site in 
the United States. The present chapter is largely descriptive in 
character; a more technical analysis of structural damage will be _ 

i given in Chapter VI. 

4.2 Before proceeding with detailed descriptions of the behavior 
_ 

I of structures of specific types, attention may be called to an important 
difference between the blast effects of a nuclear weapon and those 

_ 

due to a conventional high-explosive bomb. The combination of high 
peak overpresaure and Ionger duration of the positive (compression) 
phase of the blast wave ‘in the former case results in “mass distortion” 
of buildings, similar to that caused by earthquakes. An ordinary 
explosion will usually damage only part of a large structure, but 

7 the nuclear blast can surround and destroy whole buildings. 

4.3 An examination of the areas in Japan affected by nuclear 

I bombing shows that small masonry buildings were engulfed by the 
oncoming pressure wave and collapsed completely. Light structures 
and residences were totally demolished by blast and subsequently 
destroyed by fire. Industrial buildings of steel construction ‘were 
denuded of roofing and siding, and only the twisted frames remained. 
Nearly everything at close range, except structures and smokestacks 
of strong reinforced concrete, was destroyed. Some buildings leaned 
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away from ground zero as though struck by a wind of stupendous 
proportions. Telephcine poles were snapped off at. ground level, as 
in a hurricane, carrying the wires down with them. Large gas 
holders were rupt,ured and collapsed due to the crushing actioll-of 
the blast wave. 

4.4 Many buildings, that at 3 distance appeared to be sound, were 
found on close inspection to be damaged and gutted by fire. This 
was frequently an indirect result of blast action. In some instances 
the thermal radiation may have been responsible for the initiation 
of fires, bat in many other cases fires were starte4 by overturned 
st,oves and furnaces and the t%pture of gas lines. The loss of water 
pressure by the breaking of !Gpes, mainly due to the collapse of 
buildings, and other circumstances arising from the explosions, 
cont.ributed greatly to the additional destruction by fire. 

4.5 A highly important consequence of the tremendous power of a 
nuclear explosion is the formation of enormous numbers of flying 
missiles consisting of bricks (and other masonry), glass, pieces of 
wood and metal, etc. These caused considerable amounts of minor 
damage to st.ructures as well as numerous casualties. Tn addition, the 
large quantities of debris resulted in the blockage of streets, thus 
making rescue and fire-fighting operations extremely difficult (Fig. 
4.5). 

Figure 4.5. Debris after the atomic bomb explosion at Hiroshima. 
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4.6 It. may be pointed out that many structures in Japan were 
designed to be earthquake-resistant, which probably made them 
stronger than most of their counterparts in the United States. On the 
other hand, some construction was undoubtedly lighter than in this 
country. However, contrary to popular belief concerning the flimsy 
character of Japanese residences, it was the considered opinion of a 
group of architects and engineers, who surveyed the nuclear bomh 
damage, that the resistance to blast of American residences in general 
would not be markedly different from that of the houses in Hiroshima 
and Nagasaki. This has been borne out by the observations made at 
the Nevada tests in 1953 and 1955. 

4.7 The descriptions of various types of blast damage in the sub- 
sequent parts of this chapter are grouped into three main sections, as 
follows : (1) structures and their contents, including residences of 
different kinds, industrial, commercial, and administrative structures, 
and bridges; (2) transportation, including automobiles and other ve- 
hicles, railroad facilities, aircraft, and ships; and (3) utilities, in- 
cluding electricity, gas, and water supply systems, and communicn- 
tions equipment. 

STRUCTURES AND THEIR CONTENTS 

RESIDENTTAL STRUCTURES 

4.8 There were many wood-framed residential structures with 
adobe walls in the Japanese cities which were subjected t.o nuclear at- 
tack, but such a large proportion were destroyed by fire that very 
little detailed information concerning blast damage was obtained. It 
appeared that, although the quality of the workmanship in framing 
was usually high, little attention was paid to good engineering prin- 
ciples. On the whole, therefore, the construction was not well adapted 
to resist wracking action. For example, mortise and tenon joints 
rrere weak points in the structure and connections were in general 
poor. Timbers were often dapped more than was necessary or splices 
put in improper locations, resulting in an over-all weakening (Fig. 
.4.8). 1 

4.9 In Nagasaki, dwellings collapsed at distances up to 7,500 feet 
(1.4 miles) from ground zero, where the peak overpressure was eati- 
mated to be about 3 pounds per square inch, and there was moderately 
severe structural damage up to 8,500 feet (1.6 miles). Roofs, wall 
panels, and partitions were damaged out to 9,000 feet (1.7 miles), 
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where the overpressure was approximately 2 pounds per square inch, 
but the buildings would nrobablv have been habitable with moderate 
repairs. 

4.10 A considerable amount of information on the blast response 
of residential structures of several different kinds was obtained in 
the studies made at the Nevada Test Site in 1953 and, especially, 
in 1955. The nuclear device employed in the test of March 17, 1953 
was detonated at the top of a 300-foot tower; the energy yield was 
about 15 kilotons. In the test of May 5, 1955, the explosion took 
place on a 500-foot tower and the yield was roughly 30 kilotons. 
In each case, air pressure measurements made possible a correlation, 
where it was justified, between the blast damage and the peak over- 
pressure. 

4.11 The main objectives of the tests on residential structures were 
as follows: (1) to determine the elements most susceptible to blast 
damage and consequently to devise methods for strengthening atruc- 
tures. of various types ; (2) to provide information concerning the 
amount of damage to residences that might be expected as a result of 
a nuclear explosion and to what extent these structures could be sub- 
sequently rendered habitable without major repairs; and (3) to de- 
termine how persons remaining in their houses during a nuclear 
attack might be protected from the effects of blast -and radiations. 
Only the first two of these aspects of the tests will be considered here, 
since the present chapter is intended to deal primarily with blast 
effects. The problem of protection will be considered later (Chapter 
XII). 

TWO-STORY, WOOD-FRAME HOUSE: 1953 TE+JT 

Figure 4.8. Upper ph,oto: Wood-frame building; 1.0 mile from ground zero at 
Hiroshima. Lower photo: Frame of residence under construction, showing 
zmail tenons. 

4.12 In the 1953 test, two essentially identical houses, of a type 
that is common in the United States, were employed at different 
locations. They were of typical wood-frame construction, with two 
stories, basement, and a brick chimney (Fig. 4.12). The interiors 
were plastered but not painted. Since the tests were intended for 
studying the effects of blast, precautions were taken to prevent 
the houses from burning. The exteriors were consequently painted 
white (except for the shutters), to reflect the thermal radiation. 
For the same purpose, the windows facing the explosion were equipped 
with metal Venetian blinds having an aluminum finish. In addition, 
the houses were roofed with light gray shingles; these were of 
asbestos cement for the house nearer to the explosion where the 

I 
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F&we. 4.12 Wood-frame howe hefore a nuclear explosion, Nevada Test Site. 

chances of fire were greater, whereas asphalt shingles were used for 
the other house. There were no utilities of any kind. 

4.13 One of the two houses was located in the region of Mach 
reflection where the peak incident shock overpressure was close to 
5 pounds per square inch. It was expected, from the effects in Japan, 
that this house would he almost completely destroyed-as indeed it 
was-but the chief purpose was to see what. protection might be 
obtained by persons in the basement. The peak overpressure of the 
incident shock wave at the second house, farther from the burst, was 
1.7 pounds per square inch. Here partial dest,ruction only was 
expected, so t,hat the test might provide data for structural 
improvements. 

4.14 Some indication of t.he blast damage sulfered by the dwelling 
nearer to the explosion can be obtained from Fig. 4.14. It is ap- 
parent that the house was ruined beyond repair. The first story was 
completely demolished and the second story, which was very badly 
damaged, dropped down on the first floor debris. The roof was 
blown off in several sections which landed at both front and back of 
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Figure 4.14. Wood-frame house after the nuclear explosion (5 pfd 
overpressure). 

the house. The gable end walls were blown apart and outward, and 
the brick chimney was broken into several pieces. 

4.15 The basement walls suffered some damage above grade, mostly 
in the rear, i. e., away from the explosion. The front basement wall 
was pushed in slightly, but was not cracked except at the ends. The 
joists supporting the first tloor were forced downward (probably be- 
cause of the air pressure differential between the first floor and the 
largely enclosed basement) and the supporting pipe columns were 
inclined to the rear. However, only in limited areas did a complete 
breakthrough from first floor to basement occur. The rest of the 
basement was comparatively clear and the shelters located there were 
unaffected. 

4.16 The second house, exposed to an incident peak overpressure 
of 1.7 pounds per square inch, was badly damaged both internally and 
externally, but it remained standing (Fig. 4.16). Although complete 
restoration would have been very costly, it is believed that, with the 
window and door openings covered, and shoring in the basement, the 
house would have been habitable under emergency conditions. 

4.17 The most obvious damage was suffered by doors and windows, 
including sash and frames. The front door was broken into pieces and 
the kitchen and basement entrance doors were torn off their hinges. 
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Figure 4.16. Wood-frame house after the nuclear explosion (1.7 psi over- 
pressure ) . 

Damage to interior doors varied ; those which were open before the 
explosion suffered least. Window glass throughout the house was 
broken into fragments, and t,he force on the sash, especially in the 
front of the house, dislodged the frames. 

4.18 Principal damage to the first floor system consisted of broken 
joists. Most breakages originated at knots in the lower edges of the 
2 x 8 inch timbers (16-inch spacing). Most of the studs (2 x 4 inches 
with 16-inch spacing) at the front end of t,he house were cracked. 

4.19 The second-st.ory system suffered relatively little in structural 
respects, although windows were hroken and plaster cracked. Damage 
to the roof consisted mainly of broken rafbrs (2 x 6 inches wit,h 
16-inch spacing). All but one of those at t,he front side were affected, 
but none of the rafters at the back was badly damaged. The roof 
(span 14 feet from front wall to ridge) was sprung slightly at the 
ridge. 

4.20 The basement showed no signs of damage except to the 
windows, and the entry door and frame. The shelters in the basement 
were intact. 

STRUCTURES AND THEIR CONTENTS 

Figure 4.22. Strengthened wood-frnme house after a nuclear explosion (4 psi 
overpressure). 

TWO-SIVRY Wood-FRAME HOUSE: 1955 TEEJT 

4.21 Based upon the results described above, certain improvements 
in design were incorporated in two similar wood-frame houses used 
in the 1955 test. The following changes, which increased the estimated 
cost of the houses some 10 percent above that for norinal construction, 
were made : (1) improved connection between exterior walls and 
foundations; (2) reinforced-concrete shear walls to replace the pipe 
columns in the basement; (3) increase in size and strengthening of 
connections of first-floor joists; (4) substitution of plywood for lath 
and plaster; (5) increase in size of raft,ers (to 2 x 8 inches) and wall 
studs; and (6) stronger nailing of window frames in wall openings. 

4.22 Even with these improvements, it was expected that almost 
complete destruction would occur at 5 pounds per square inch peak 
overpressure, and so one of the houses was located where the over- 
pressure at the Mach front would be 4 pounds per square inch. Partly 
because of the increased strength and partly because of the lower air 
blast pressure the house did not collapse (Fig. 4.22). However, the 
superstructure was so badly damaged that it could not have been 
occupied without expensive repair which would not have been 
economically advisable. 
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Figure 4.24 First floor joists of strengthened wood-frame house after a nuclear 
explosion (4 psi overpressure). 

Figure 4.25. Strengthened wood-frame house after a nuclear explodon (2.6 psi 
overpressure). 

4.23 The front, half of the roof was broken at midspan and the 
entire roof framing was deposited on the ceiling joists. The rear half 
of the roof was blown off and fell to the ground about 25 feet behind 
t,he house. Most, of the rafters were split lengthwise, in spite of the 
increased dimensions. 

4.24 The first-floor joi.& were split or broken and the floor was 
near colla.pse; it, was held up principally by the sub- and finish-flooring 
which was largely intact (Fig*. 4.24). The second floor and the ceiling 
of the first, floor showed little damage, indicating ra,pid pressure 
equalization above and below the floor. This was made possible by 
the fact. that. pract.irally a11 doors and windows were blown out. The 
ripper portion of the chimney fell outward and although the lower 
part remained standing, it was dislocated in places. 

4.25 The other strengthened t,wo-story frame house was in a loca- 
tion where the incident, peak overpressure was about 2.6 pounds per 
square inch ; this was appreciably greater than the lower overpressure 
of the 1953 test. Relatively heavy damage was experienced, but the 
condition of the house was such that it could be made available for 
emergency shelter by shoring and not too expensive repairs (Fig. 
4.25). Although there were differences in detail, the over-all damage 

was much the same degree as that suffered by the corresponding house 
without t,he improved features at an overpressure of 1.7 pounds per 
square inch. 

4.26 In addition to the doors and windows, the framing of the 
house, especially that of the roof, suffered most severely from the 
blast. The cornice board on.the side facing the explosion was blown 
oti and it appeared that a slightly higher blast pressure might have 
lifted the roof completely from its attachment to the structure. Part 

of the ceiling framing was raised several inches, a ridge board was 
broken, and some of the rafters were fractured ; one of the center 
girders was also pulled away from the ceiling joists, and part of the 
plywood ceiling was blown off. However, relatively few of the second- 
floor ceiling joists themselves were damaged. 

4.27 The ceilings and walls of the first floor were only slightly 
s.ffected. The floor joists were cracked and fractured, but no debris 
was deposited in the basement, as the subflooring remained intact 
(Fig. 4.27). 

4.28 The wood window-sashes on the front and sides of the house 
were blown in and smashed, although at the back they suffered less. 
Exterior doors were blasted in, and some of the interior doors were 
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Figure 4.27. First floor joists of strengt.hened wood-frame house rfter a nuclear 
explosion (2.F psi overpressure). 

blown off their hinges. The brick chimney was sheared in at least 
two places, but it remained standing. 

TWO-STORP, BRICK-WALL-BEARING HOUSE 

4.29 For comparison with the tests on the two-story wood frame 
struct.ures, made in 1953, two brick-wall-bearing houses of conven- 
tional construct,ion, similar in size and layout, were exposed to 5 and 
1.7 pounds per square inch overpressure, respectively, in the 1955 tests 
(Fig. 4.29). The exterior walls were of brick veneer and cinder block 
and the foundation walls of cinder block; the floors, partit.ions, and 
roof were wood-framed. 

4.30 At au incident overpressure of 5 pounds per square inch, the 
brick-wall house was damaged beyond repair (Fig. 4.30). The ex- 
terior walls were exploded outward, so that very little masonry debris 
fell on the floor framing. The roof was demolished and blown off, the 
rear part landing 50 feet behind the house. The first floor had par- 
tially collapsed into the basement, as a result of fracturing of the floor 
joists at, the center of the spans and the load of the second floor which 
fell upon it. The chimney was broken into several large sections. 

Figure 4.29. Unreinforced brick house before a nuclear explosion. Nevada 
Test Site. 

Figure 4.30. Unreinforced brick house after the nuclear explosion (5 psi 
overpressure). 
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I’igure 4.31. Ilnr~inforced brick house after the nurlear explosion (1.7 psi 

ovwpreaaure) . 

4.31 Farther from the explosion, where the overpressure was 1.7 
pounds per square inch, the corresponding struct.ure was damaged to 
a considerable extent. Nevertheless, its condition was such that it 
could be made available for habit.ation by shoring and some fairly 
inexpensive repairs (Fig. 4.31). 

4.32 There was no apparent damage to the masonry of the house, 
but t,he roof and second-floor ceiling framing suffered badly, The 
connections to the rear rafters at the ridge failed and the rafters 
dropped several inches. The ridge was split in the center portion 
and some of the 2 x 4-inch collar beams were broken in half. The 
ceiling joists at. the rear were split at midspan, and the lath and 
plaster ceiling was blown downward. The second-floor framing WRS 
not, appreciably affected and only a few of the first-floor joists.were 
fractured. The interior plastered wall and ceiling finish were badly 
damaged. 

4.33 The glass in the front and side windows was blown in, but t.he 
rear windows suffered much less. The exterior doors were demolished 
and several interior bedroom and closet doors were blown off their 
hinges. 

ONE-STORY, WOOD-FRAME (RAMBJ,ER TYPE) Hons~ 

135 

4.34 A pair of the so-called “rambler” type, single-story, wood- 
frame houses were erected on concrete slabs poured in place, at grade. 
They were of conventional design except that each contained a shelter, 
above ground, consisting of the bathroom walls, floor, and ceiling of 
reinforced concrete with blast-door and shutter (Fig. 4.34). 

4.35 When exposed to an incident overpressure of about 5 pounds 
per square inch, one of these houses was demolished beyond repair. 
However, the bathroom shelter was not damaged at all. Although 
the latch bolt on the blast shutter failed, leaving the shutter un- 
fastened, the window was found to be still intact. The roof was blown 
off and the rafters were split and broken. The side walls at gable 
ends were blown outward, and fell to the ground. A portion of the 
front wall remained standing, but it was leaning away from the 
direction of t,he explosion (Fig. 4.35). 

4.36 The other house of the same t,ype, subjected to a peak over- 
pressure of 1.5 pounds per square inch, did not suffer too badly, and it 
could easily have been made habit,able. Windows were broken, doors 
blown off their hinges, and plaster-board walls and ceilings were badly I 
damaged. The main structural damage was a broken midspan rafter 
support beam and wracking of the frame. In addition, the porch roof 
was lifted 6 inches off its supports. 

ONE-STORY, PRECAST CONCREIE HOUSE 

4.37 Another residential type of construction tested in 1955 was 
a single-story house made of precast, light-weight (expanded shale 
aggregate) concrete wall and partition panels, joined by welded 
matching steel lugs. Similar roof panels were anchored to the walls 
by special countersunk and grouted connections. The walls were sup- 
ported on concrete piers and a concrete tloor slab, poured in place on 
a tamped fill after the walls were erected. The floor was anchored 
securely to the walls by means of perimeter reinforcing rods held by 
hook bolts screwed into inserts in the wall panels. The over-all design 
was such as to comply with the California code for earthquake- 
resistant construction (Fig. 4.37). 

4.38 This house stood up well, even at a peak overpressure of 5 
pounds per square inch, and, by replacement of demolished or badly 
damaged doors and windows, it could have been made available for 
occupancy (Fig. 4.38). 
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Figure 4.34. Rambler-type house before a nuclear explosion, Nevada Test Site. 
(Nate hlnnt tithe (IVW lwthmnm window n). rfrht. \ 

Figure 4.35. Rambler-type house after the nuclear explosion (6 pal over- 
pressure). 

Figure 4.37. Reinforced precast concrete house before a nuclear explosion, 

Nevada Test Site. 

Figure 4.38. Reinforced precast concrete house after the nuclear esploslon (5 
psi overpressure). The LP-gaa tank, sheltered by the house, is essentially 
undamaged. 

I 
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4.39 There was some indicrt.ion t.hat the roof slabs at, the front.‘of 
the house were lifted slightly from their supporm, but this was not 
sufficient to break any connections. Some of the walls were cracked 
slightly and others showed indications of minor movement. In certain 
areas the concrete around the slab connections was spalled, so that the 
connectors were exposed. The steel window-sashes were somewhat 
distorted, but they remained in place. 

4.40 As may be expectred from what, has been just stated, the 
precast concrete-slab house suffered relatively minor damage at 1.7 
pounds per square inch peak overpressure. Glass was broken exten- 
sively, and doors were blown off their hinges and demolished, as in 
other houses exposed to t.he same air pressure. But, apart from this 
and distortion of the steel window sash, the only important damage 
was spalling of the concrete at the lug connections. 

ONE-&oar, REINFORWD-MABONRY HOUSE 

4.41 The last type of house subjected to test in 1955 was also of 
earthquake-resistant design. The floor was a concrete slab, poured 
in place at grade. The walls and partitions were built of lightweight 
(expanded shale aggregate) B-inch masonry blocks, reinforced with 
vertical steel rods anchored into the floor slab. The walls were also 
reinforced with horizontal steel rods at two levels, and openings were 
-spanned by reinforced lintel courses. The roof was made of precast, 
lightweight concrete slabs, similar to those used in the precast concrete 
houses described above (Fig. 4.41). 

4.42 At a peak overpressure of about 5 pounds per square inch, 
windows were destroyed and doors blown in and demolished. The 
steel window-frames were distorted, although nearly all remained in 
place. The house suffered only minor structural damage and could 
have been made habitable at relatively small cost (Fig. 4.42). 

4.43 There was some evidence that the roof slabs had been moved, 
but not sufficiently to break any connections. The masonry wall 
under the large window (Fig. 4.42) was pushed in about 4 inches on 
the concrete floor slab ; this appeared to be due to the omission of 
dowels between the walls and the floor beneath window openings. 
Some cracks developed in the wall above the same window, probably 
as a result of improper installation of the reinforced lintel course and 
the substitution of a pipe column in the center span of the window. 

4.44 A house of the same type exposed to the blast at a peakover- 
pressure of 1.7 pounds per square inch suffered little more than the 
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Figure 4.41. Reinforced maaonry-block bouae before a nuclear explosion, Nevada 
Teat Bite. 

Figure 4.42. Reinforced masonry-block house after the nuclear explosion (5 
psi overpreaaure) . 
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usual destruction of doors and windows. The ateel window-sash ie- 
mained in place but was distorted, and some spalling of the concrete 
around lug connections was noted. On the whole, the damage to the 
house was of a minor character and it could have been readily 
repaired. 

TRAILER-COACH MOBILE HOMES 

4.45 Sixteen trailer coaches, of various makes, intended for use 
as mobile homes, were subjected to blast in the 1955 test. Trailer 
parks and dealer stocks are generally situated at the outskirts of 
cities, and so the mobile homes to be tested were placed at a con- 
siderable distance from ground zero. Nine trailer-coach mobile homes 
were located where the peak blast overpressure was 1.7 pounds per 
square inch, and the other seven where the OverDressure was about 1 
pound per square inch. They were parked at various angles with 
respect to the direction of travel of the blast wave. 

4.46 At the higher overpressure two of the mobile homes were 
tipped over by the explosion. One of these was originally broadside 
to the blast, whereas the second, at an angle of about 45’, was of 
much lighter weight. AI1 the others at both locations remained stand- 
ing. On the whole, the damage sustained was not oi a serious char- 
acter. There were variations from one trailer-coach to another sub- 
jected to the same blast pressure, due to different methods of 
construction, types of fastening, gage and design of die-formed metal, 
spacing of studs, and window sizes. 

4.47 From the exterior, many of the mobile homes showed some 
dents in walls or roof, and a certain amount of distortion. There 
were, however, relatively few ruptures. Most windows were broken, 
but there was little or no glass in the interior, especially in those 
coaches having screens fitted on the inside. Where there were no 
screens or Venetian blinds, and particularly where there were large 
picture windows, glass was found inside. 

4.48 The interiors of the mobile homes were usually in a state of 
disorder due to ruptured panels, broken and upset furniture, and 
cupboards, cabinets, and wardrobes which had been torn loose and 
damaged. Stoves, refrigerators, and heaters were not displaced, and 
the floors were apparently unharmed. The plumbing was, in general, 
still operable after the explosion. Consequently, by rearranging the 
displaced furniture, repairing cabinets, improving window coverings, 
and cleaning up the debris, all trailer-coaches could have been made 
habitable for emergency use. 

. 

STRUCTURES AND THEIR CONTENTS 141 

4.49 At the 1 pound per square inch overpressure location some 
windows were broken, but no major damage was sustained. The 
principal repairs required to make the mobile homes available for oc- 
cupancy would be window replacement or improvised window cover- 
ing. 

Foon PRODUCTS 

4.50 To determine the effects of a nuclear explosion 0x1 foodstufFs, 
some 90 food products were exposed in the 1955 tests. The Selection 
was baled on an evaluation of the American diet, so as to insure the 
inclusion of items which were used either most frequently or in largest 
volume. About half of the products were staples, e. g., flour and 
sugar; semi-perishables, e. g., potatoes, fruits, and prod meata; 
and perishables, e. g., fresh meats and frozen foods. The other 
half consisted of he@-sterilized foods canned in metal or glaee con- 
tainers. In addition to the extensive variety of foodstuffs, a number 
of different kinds of retail and wholesale packaging materials and 
methods were tasted. 

4.51 Food samples were exposed at distances ranging from a quar- 
tar of a mile to about 15 miles from ground zero. In some instances, 
the main purpose was to determine the effects of either the initial 
nuclear radiation or the residual radiation (fallout). The present 
discussion will be restricted to the effecta of blast. 

4.52 Fresh food products, such as potatoes, apples, and onions, 
packaged in the usual light wooden boxes, suffered from bruising 
and crushing. Apart from this, there was relatively little direct blast 
damage. There were very’ few (if any) failures of glass or metal 
containers due to the high overpressures, although some were pierced 
by sharp missiles, especially flying glass. The damage to packaged 
goods resulted mainly from dislodgement from the shelves in the 
kitchen and subsequent breakage of glass containers. Where the 
cans or jars had been stored on shelves in the basement, the damage 
w&9 negligible, even when the main structure of the house was de- 
molished. 

4.53 Containers made of soft materials, such as paper, polyethylene 
(plastic), or cardboard, were badly damaged by flying missiles. In 
these cases the food products were often seriously contaminated with 
splintered glass. Where there was adequate protection, however, the 
direct and indirect consequences of blast were not serious. 
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4.54 In Nagasaki there were many buildings used for industrial 
purposes of the familiar type, consisting of a &eel frame with roof and 
siding of corrugat,ed sheet, metal or of asbestos cement,. In somes cases, 
there were rn.ils for gantry cranes, but the cranes were usually of low 
cn.pacity. In general, const,ruction of indust,rial-type buildings was 
comparable to that in the United St&es. 

4.55 Severe damage of these structures occurred up to a distance 
of about SPOO feet (1.14 miles) from ground zero. Moderat,ely close 
to ground zero, the buildings u-ere pushed over bodily, and at greater 
distances t.hey were generally left leaning away from the source of 
the blast (Figs. 4.55 a and b). The columns being long and slender 
ofleered little resistance to the lateral loading. Sometimes columns 
failed due to a lateral force, causing flexture, combinsd w&h a simul- 
taneous small increase in the downward load coming from the impact 
of the blast on the roof. This caused buckling and, in some instances, 
complete collapse. Roof trusses were buckled by compression resulting 
from lateral blast loading on the side of the building facing the 
explosion. 

4.56 A difference was noted in the effect on the frame depending 
upon whether a frangible material, like asbestos cement, or a ma- 
terial of high tensile strength, such as corrugated sheet iron, was 
used for roof and siding. Asbestos cement broke up more readily 
permitting more rapid equalization of pressure, and, consequently, 
less structural damage to t,he frame. 

4.57 Fire caused heavy damage to unprotected steel members, so 
that it was impossible to tell exactly what the blast effect had been. 
In general, steel frames were’ badly distorted, and would have been 
of little use, even if siding and roofing material had been available 
for repairs. 

4.58 In some industrial buildings wood trusses were used to sup- 

port the roof. These were more vulnerable to blast because of poor 
framing and connections, and were readily burned out by fire. Con- 
crete columns were employed in some cases wit.h steel roof trusses; 
such columns appeared to be more resistant to buckling than steel. 

4.59 Damage to machine tools (Fig. 4.59) was caused by debris, 
resulting from the collapse of roof and siding, by fire in wood- 
frame structures, and by dislocation and overturning as a result of 
damage to the building. In many instances the machine tools were 

Figure 4.KSa. Indust.rial-type steel-frame bullding (0.36 mile from &ound rro 
at Hiroshima). Wooden beams should be noted. 

Figure 4.56b. Single story, light steel-frame building (0.8 mile from mound 

sero at Hiroshima) ; partially damaged by blast and further Collapsed by 
subsequent fire. 
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Figure 459. Damage to machine tools in steel-frame building (0.6 indle from 
ground zero at Hiroshima). 

t 

belt-driven, so that the distortion of the building pulled the machine 
tool off its base, damaging or overturning it. 

4.60 Smokestacks, especially those of reinforced cencrete, proved 
to have considerable blast resistance (Fig. 4.6Oa). Because of their 
shape, t,hey are subject,ed essentially to drag loading only and, if 
sufficiently strong, their long period of vibration makes them less 
sensitive to blast thati many other structures. An example of extreme 
damage to a reinforced-concrete stack is shown in Fig. 4.6Ob. Steel 
structures performed reasonably well, but being lighter in weight 
and subject to crushing were not comparable to reinforced concrete. 
On the whole, well-constructed masonry stacks withstood the blast 
somewhat better than did those made of steel. 

NEVADA T~sns OF 1955 

4.61 Three types of metal buildings of standard construction, such 
as are used for various commercial and industrial purposes, were 

, 
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exposed at peak overpressures of 3.1 and 1.2 pounds per square inch. 
The main objectives of the Nevada tests were to determine the blast 
pressures at which these structures would survive, in the sense that 
they could still be used after moderate repairs, and to provide 
information upon which could be based improvements in design to 
resist blast. 

STEEL FRAME WITH ALUMINUM PANEM 

4.62 The first industrial type building had a conventional rigid 
steel frame, which is familiar to structural engineers, with aluminum- 
sheet panels for roofing and siding (Fig. 4.62a). At a blast over- 
pressure of 3.1 pounds per square inch this building was severely 
damaged. The welded and bolted steel frame remained standing, 
but was badly distorted, and pulled away from the concrete footings. 

Figure 4.6Oa. Destroyed industrial area showing smokestacks at111 standing 
(0.51 mile from ground zero at Nagasaki). 
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Figure 4.6Ob. A circular, 60 feet high, reinforced-concrete atack (0.34 mile 
from ground zero at Hiroshima). The failure caused by tbe blast wave oc- 
curred 16 feet above the base. 

INDUSTRIAL STRUCTURES 147 

Figure 4.6Za. Rigid steel-frame building before a nuclear exploston, Nevada 
Teat Site. 

Figure 4.62b. RigId steel-frame bullding after the nuclear explosion (8.1 psi 
overpreeanre ) . 
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On the side facing the explosion the deflection was about 1 foot at the 
eaves (Fig. 4.62b). 

4.63 The aluminum-sheet panels were stripped from the front 
wall, together with most of their supporting girts and purlins. Girt 
and panel segments were blown to the rear, damaging machinery on 
the way. Most of the aluminum panels on the ends and back wall 
remained attached to the structure. Similarly, those on the rear slope 
of the roof were still in place but they were mostly disengaged from 
their fasteners. 

4.64 At a peak overpressure of 1.2 pounds per square inch the 
main steel frame suffered only slight distortion. The aluminum 
roofing and siding was not blown off, although the panels were dia- 
engaged from the bolt fasteners on the front face of the steel columns 
and girts. Wall and roof panels facing the explosion were dished 
inward. The center girts were torn loose from their attachmenti to 
t.he columns in the front of the building. The aluminum panels on 
the side walls were dished inward slightly, but on the rear wall and 
rear slope of the roof, the sheeting was almost undisturbed. 

4.65 As presently designed, these structures may he regarded as 
being repairable, provided blast pressures do not exceed 1 pound per 
square inch. Increased blast resistance would probably result from 
improvement in the design of girts and purlins, in particular. Better 
fastsning between sill and wall footing and increased resistance to 
transverse loading would also b& beneficial. 

SELF-FRAMING WITH STEEP PANEU 

4.66 A frameless st,ructure with self-supporting walls and roof of 
light, channel-shaped, interlocking, steel panels (16 inches wide) 
represented the second standard type of industrial building (Fig. 
4.66a). The one subjected to 3.1 pounds per square inch overpressure 
was completely demolished (Fig. 4.66b). One or two segments of wall 
were blown as far as 50 feet aday, but, in general, the bent and twisted 
segments of the building remained approximately in their original 
locations. Most of the wall sections were still attached to their founda- 
tion bolts on the side and rear walls of the building. The roof had 
collapsed completely and was resting on the machinery in the interior. 

4.67 Although damage at 1.2 pounds per square inch peak over- 
pressure was much less, it was still considerable in parts. The front 
wall panels were buckled inward from 1 to 2 feet at the center, but 
the rear wall and rear slope of the roof were undamaged. In general, 
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Figure 4.66a. Exterior of sell-framhg steel panel bullding before a nuclear ex- 
plosion, Nevada Test Site. 

Flgute 4.66b. Bell-Cramlng steel panel building titer the nucksr exploston (8.1 
pat overpreaaure) . 
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the roof structure remained intact., exc*ept for some deflection near the 
center. 

4.68 It appears t,hat the steel-panel type of structure is repairable 
if exposed to overpressures of not more than about 3j4 to 1 pound per 
square inch. The buildings are simple to construct but they do not 
hold together well under hlast. Islast-resistant improvements would 
seem to be difficult to incorporate while maintaining the essential 
simplicity of design. . 

SELF-FRAMING WITH C~RRUQATED STEEL PANELS 

4.69 The third type of industrial building was a completely frame- 
less structure made of strong, deeply-corrugated, &-inch wide panels 
of 1Qgage Steel sheet. The panels were held together wit,h large bolt 
fasteners at the sides, and at the eaves and roof ridge the wall panels 
were bolted to the concrete foundation. The entire structure was self- 
supporting, without frames, girts, or purlins (Fig. 4.69). 

4.70 At a peak overpressure of 3.1 pounds per square inch a struc- 
ture of this type was fairly badly damaged, but all the pieces remained 
bolted together, so that the structure still provided good prot.ection for 
its contents from the elements. The front slope of the roof was 
crushed downward, from 1 to 2 feet,, at mid-section, and the ridge line 
suffered moderate deflection. The rear slope of the roof appeared 
to be essentially undamaged (Fig. 4.70). 

4.71 The front and side walls were buckled inward several inches, 
and the door in the front wus broken off. All the windows were 
damaged to some extent, although a few panes in the rear remained 
in place. 

4.72 Another building of this type, exposed to 1.2 pounds per 
square inch overpressure, experienced little structural damage. The 
roof along the ridge line showed indications of downward deflections 
of only 1 or 2 inches, and there was no apparent buckling of roof or 
wall panels. Most of the windows were broken, cracked, or chipped. 
Replacement of the glass when necessary and some minor repairs 
would have rendered the building completely serviceable. 

4.73 The corrugated steel, frameless structure proved to be the 
most blast-resistance of those tested. It, is believed that, provided the 
blast pressure did not exceed about 3 pounds per square inch, relatively 
minor repairs would make possible continued use of the building. 
Improvement in the design of doors and windows, so as to reduce the 
missile hazard from hroken glass, would be advantageous. 

FIgace 4.69. Self-framing corrugated steel panel building before a nuclear ex- 
plosion, Nevada Teat Site. 

Figure 4.70. Self-framtng corrugated steel panel bnlldtug after tie nuclear 
explosion (3.1 psi overpreamure) . 
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OIL STORAGE TANKS 

4.74 Large oil storage tanks (around 50,000 barrels capacity) were 
not in the damage areas of the Japanese cities and have not been 
tested in Nevada. However, in the Texas City disaster of April 194’7, 
several tank farms were seriously damaged by blast, missiles, and fire. 
Oil storage tanks, part.icularly empty ones, received severe blast 
damage out, to the overpressure region estimated to be 3 to 4 pounds per 
square inch, on the basis that the explosion had blast waves com- 
parable to that of 2- to 4-kiloton nuclear weapons. The serious fire 

hazard represented by the fuel stored in such tanks is obvious from 
Fig. 4.74a which shows both blast and fire destruction. Fig. 4.74b 
indicates minor blast damage and some missile damage to the storage 
tank walls. 

Figure 4.74n. Generrl blast and fire damage at Texas City April 16-17, 1047: 
distance of foreground from detonation 0.6.. mile. 
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Flgure 4.74b. Light mfsslle and blast damage to of1 tanks, 0.70 mile from detona- 
tion at Texas City April 16-17, 1947. 

HEAVY-DUTY MACHINE Toots 

4.75 Some reference has been made above ($4.59) to the damage 
suffered by machine tools in Japan. However, in the Nevada tests of 

1955, the vulnerability of heavy-duty machine tools and their com- 
ponents to nuclear blast was investigated in order to provide informa- 
tion of particular interest to the defense mobiiization program. With 

this objective, a number of machine tools were anchored on a re- 
inforced-concrete slab in such a manner as to duplicate good industrial 
practice. Two engine lathes (weighing approximately 7,000 and 
12,000 pounds, respectively), and two horizontal milling machines 
(7,000 and 10,000 pounds, respectively), were exposed to a peak over- 
pressure of 10 pounds per square inch. A concrete-block wall, 8 inchea 

thick and 64 inches high, was constructed immediately in front of the 
machines, i. e., between the machines and ground zero (Fig. 4.75). The 

purpose of this wall was to simulate the exterior wall of the average. 
industrial plant and to provide a substantial amount of debris and 
missiles. 

4.76 Of the four machines, the three lighter ones were moved from 
their foundations and suffered quite badly (Fig. 4.76a). The fourth, 

weighing 12,000 pounds, which was considered as the only one to be 
actually of the heavy-duty type, survived (Fig. 4.7613). From the 
observation it was concluded that a properly anchored machine tool of 
the true heavy-duty type would be able to withstand overpressures of 
10 pounds per square inch or more without substantial damage. 

4.77 In addition to the direct effects of blast, considerable destruc- 
tion was caused by debris and missiles, much of which resulted from 
the expected complete demolition of the concrete-block wall. Delicate 

mechanisms and appendages, which are usually on the exterior and 



154 STRUCTURAL DAMAGE FROM AIR BLAST 

9 

INDUSTRIAL STRUCTURES 155 

Figure 4.75. Machine tools behind masonry wall hefore a nuclear explosion, 
Nevada Test Site. 

Figure 4.76% Machine tools after the nuclear exploslon (10 pai overpressure). 

Figure 4.?dh. Heavy-duty lathe after the nuclear explosion (IO psi over- 

pressure). 

I unprotected, suffered especially severely. Gears and gear cases were 
I 
i 

damaged, hand valves and control levers were broken off, and drive 
belts were broken. It appears, however, that most of the missile dam- . 
age could be easily repaired, if replacement parts were available, since 
major dismantling would not be required. 

4.78 Behind the two-story brick house in the overpressure region 
of 5 pounds per,square inch ($4.30) was erected a 200&n capacity 
hydraulic press weighing some 49,000 i;ounds. The location was 

I 
chosen as being the best to simulate actual factory conditions. This 
unusually tall (19 feet high) and slim piece of equipment showed little 
evidence of blast damage, even though the brick house was demolished. 
It is probable that the house provided some shielding from the blast 
wave. Further, at the existing blast pressure, missiles did not have 
high velocities. Such minor damage as was suffered by the machine 
u-as probably due to falling debris from the house. 

4.79 At t.he 3-pounds per square inch overpressure location, there 
I were two light, industrial buildings 6f standard type, described earlier. 

In each of these was placed a vertical milling machine weighing about 

i 
8,000 pounds, a 50-gallon capacity, sta.inless steel, pressure vesd 

weighing roughly 4,100 pounds, and a steel steam oven, approximately 

I 
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21/2 feet, wide, 5 feet high, and 9 feet long. I3ot.h buildings suffered 
extensively from blast ($4.62)) but the equipment experienced little 
or no operational damage. In one case, the collapsing structure fell 
on and broke off an exposed part of t.he milling machine. 

4.80 It should be noted that the damage sustained by machines in 
the 1955 tests was probably less than that suffered in Japan at, the same 
blast pressures (54.59). Certain destructive factors, present in the 
latter case, were absent in the Nevada tests. First, the conditions were 
such that t,here was no damage by tire; and, second, there was no ex- 
posure to the elements after the explosion. In addition, the total 
amount of debris produced in the tests was probably less than in the 
indust,rial hnildings in Japan. 

COMMERCIAL ANT) ADMINISTRATIVE STRIJCTURES 

4.81 Buildings used for commercial and administrative purposes, 
such as banks, offices, hospitals, hot,els, and large apartment houses, 
are generally of more substantial construction than ordinary resi- 
dences and industrial-type buildings. Essentially all the empirical 
information concerning the effects of nuclear blast on these multistory 
st,ructures has been obtained from the observations made at Hiro- 
shima and Nagasaki. The descriptions given below are for three 
general t,ypes, namely, reinforced-concrete frame buildings, steel- 

* frame buildings, and buildings with load-bearing walls. 

MULTISTORY, RFZNFORCED-CONCRET FRAME BUILDINGS 

4.82 There were many such buildings of several types in Hiroshima 
and a smaller number in Nagasaki. They varied in resistance to 
blast according to design and construction, but, they generally suf- 
fered remarkedly little damage externally. Close to ground zero, 
however, there was considerable destruction of the interior and con- 
tents due to the entry of blast through doors and window openings 
and to subsequent fires. An exceptionally strong structure of earth- 
quake-resistant (aseismic) design, located some 720 feet from ground 
zero in Hiroshima, is seen in Fig. 4.82a. Although the exterior walls 
were hardly damaged, the roof was depressed and the interior was 
destroyed. More typical of reinforced-concrete frame construction 
in the United States was the building shown in Fig. 4.82b, at about 
the same distance from ground zero. This suffered more severely 
than the one of aseismic design. 
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Figure 4.82a. Upper photo : Reinforced-concrete, aeeismtc structure ; wlndow 
flre shutters were blown in by blast and the interior gutted by flre (0.12 mile 
fro& ground zero at Hiroshima). Lower photo: RUmed out interior of 

Aimilar structure. 
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Figure 4.828. Three story. reinforced-concrete frnme building; walls were 13- 
inch thick brick panel with lsrge window openings (0.13 mile from ground 
zero at Hiroshima). 

4.83 A factor contributing to the blast resistance of many rein- 
forced-concrete buildings in Japan was the construction code estab- 
lished after tdle severe earthquake of 1923. The height of new build- 
ings was limited to 100 feet. and they were designed to withstand a 
lateral force equal to 10 percent of the vertical load. In addition, the 
recognized principles of stiffening by. diaphragms and improved 
framing to provide continuity were specified. The more imporynt 
buildings were well designed and constructed according to the code. 
However, some were built wit,hout regard to the earthquake-resistant 
requirements, and these were less able to withstand the blast wave 
from the nuclear explosion. 

4.84 Close to ground zero the vertical component of the blast was 
more significant and so greater damage to the roof resulted from the 
downward force (Fig. 4.84a) than appeared farther away. Depend- 
ing upon its strength, the roof was pushed down and left sagging 
or it failed completely. The remainder of the st.ructure was less 
damaged than similar buildings farther from the explosion because 
of the smaller horizontal (lat,eral) forces. Farther from ground 
zero, especially in t.he region of Mach reflection, the consequences of 
horizontal loading were apparent (Fig. 4.8413 and c) . 
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Figure 4.S4a. Depressed roof of reinforced-concrete building (0.10 mile from 
ground zero at Hiroshima). 

Figure 4.S4b. Effects df horl7,ntal loading on wall facing explosion (0.4 mile 
from ground zero at Nagaskl). 
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Figure 4.84~. One story, reinforced-concrete building with steel roof trusses 
(0.26 mile from gronl!d zero at Nngasnki). Note the resistance offered hy end 
interior walls when acting as shear rvrlln. 

4.85 In addition to the fnilnre of roof slabs and the lateral dis- 
placement of walls, nmllerous ot.her blast effects were observed. These 
included bending a.ntl fracture of beams, failure of columns, crush- 
ing of exterior wall pnnels, and failure of floor slabs (Figs. 4.85a, 
b, c, and d). Heavy damage to false ceilings, plaster, and partitions 
occurred as far out. as 9,000 feet, (1.7 miles) from ground zero, and 
glass windows were generally broken out t.o a distance of 33/ miles 
and in a few inseances out, to 8 miles. 

4.86 The various effects just described have referred especially to 
reinforced-concret,e structures. This is because the buildings as a 
whole did not collapse, so that, ot,her consequences of t,he blast loading 
could be observed. It should be pointed out,, hcwever, that damage 
of a similar nature also oCcurred in struct,ures of the other types 
described below. 

MULTISTORY, STEEL-FRAME HUILDINQS 

4.87 There was apparently only one steel-frame structure having 
more than two stories in the *Japanese cities exposed to nuclear ex- 
plosions. This was a five-story structure in Nagasaki at a distance of 
4,500 feet (0.85 mile) from ground zero (Fig. 4.87). The only part of 
the building that was not regarded as being of heavy construction was 
the roof, which was of 4-inch thick reinforced concrete supported by 
unusually light &eel trusses. The downward failure of t.he roof, which 
was dished 3 feet, was the only important structural damage suffered. 

Figure 4.S5a. Buckling and cracking of beams in reinforced-concrete building 
(0.32 mile from ground zero at Nagasaki). 

Figure 4.8Bb. Multistory reinforced-concrete frame building ehowlng the failure 
of columns and girders (0.38 mile from ground zero at Nagasaki). 



- 
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Figure 4.88 Two $.ory steel-frame building with ;I-inch reinforced-conrretr? wall 
paneIn (0.40 mile from ground zero at Hiroshima). The first. story columns 
buckled away from ground zero dropping the second story to the ground. 

4.88 Reinforced-concrete frame buildings at the same distance 
from the explosion were also undamaged, and so there is insufficient 
evidence to permit any conclusions to be drawn as to the relative 
resistance of the two types of construction. An example of damage to 
a two-story, steel-frame structure is shown in Fig. 4.88. The heavy 
walls of the structure transmitted their loads to the steel frame, the 
columns of which collapsed. 

BUILDINUS WITH LOAD-BEARINQ WALLS 

4.89 Small structures with light load-bearing walls offered little 
resistance to the nuclear blast and, in general, collapsed completely. 
Large buildings of the same type, but with cross walls and of some- 
what heavier construction, were more resistant but failed at distances 
up to 6,300 feet (1.2 miles) from ground zero (Figs. 4.89, and b). 
Cracks were observed at the junctions of cross walls and sidewalls 
when the building remained standing. It is appare& that structures 
with load-bearing walls possess few of the characteristics that would 
make them resistant to collapse when subjected to large lateral loads. 

4.90 There were a number of different kinds of bridges exposed tt, 
the nuclear explosions in Hiroshima and Nagasaki. Those of wood 
were burned in most cases, but steel-girder bridges suffered relatively 
little destruction (Figs. 4.90a, b, and c) . One bridge, only 270 feet 
from gtiund zero, i. e., about 2,100 feet from the point of explosion, 

_ 

Figure 4.8Qa. Interior of two-story. brick wall-bearing hullding; the walls 
were 19 inches thick (0.80 mile from ground zero at Hiroshima). Blast 
collapsed the roof and second story and part of the flrst story. hut much of the 
damage was due to fire. 

424278 o-61-12 
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Figure 4.89b. Heavy wall-bearing structure ; the 23-inch thick exterior walls 
of brlrk with huttresses were shattered (0.34 mile from ground zero at 
Nagasaki ) . 

which was of a girder type with a reinforced-concrete deck, showed no 
sign of any structural damage. It had, apparently, been deflected 
downward by the blast force and had rebounded, causing only a slight 
net displacement. Ot,her bridges, at greater distances from ground 
zero, suffered more lateral shifting. A reinforcedxoncrete deck was 
lifted from the supporting steel girder of one bridge, due apparently 
to the blast wave reflected from t,he surface 6f the water below. 

COMMERCIAL AND ADMINISTRATIVE STRUCTURES 167 

Figure 4%~ Bridge with deck of reinforced concrete on steel-plate girders: 
outer girder had concrete facing (270 feet from ground zero at Hiroshima). 
The railing was blown down but the deck received little damage so that tratlk 
continued. 

Figure 4.9Ob. A steel-plate girder, double-track rallway bridge (0.16 mile from 
ground zero at Nagasaki). The plate girders were moved about 3 feet by the 
blast ; the rallroad tracks were bent out of shape and trolley cars were demol- 
ished, but the poles were left standing. 
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Figure 4.90~. A reinforced-roncrete bridge with T-heam deck (0.44 mile from 
ground zern at Nagasaki). Part of deck was knocked off the pier and abutment 
hy the Mast, rauaing one span, 85 feet long, to drop into the river. The re- 
mainder of the bridge was almost undamaged. 

TRANSPORTATION 

STREETCARS AND AUTOMOBILEB 

4.91 In Japan, trolley-car equipment, was heavily damaged by both 
blast and fire, although the poles were frequently left standing (Fig. 
4.9Ob). Bases and aut,omobiles were, in general, rendered inoperable 
by blast and fire as well as by damage caused by flying missiles. How- 
ever, af, a distance from the explosion they appeared to stand up fairly 
well. Thus, an American made aut.omobile was badly damaged qnd 
burned at 5,000 feet, (0.57 mile) from ground zero (Fig. 4.91), but a 
similar car at 6,000 feet (1.14 miles) suffered only minor damage. 

4.92 Automobiles and buses have been exposed to several of the 
nuclear test explosions in Nevada, where the conditions, especially as 
regards damage by fire and missiles, were somewhat different from 
those in Japan. In the descriptions that follow, distance is related to 
peak overpressure. It must be remembered, however, that in most) 
cases it was not primarily overpressure, but drag forces, which pro- 

Figure 4.91. General view at Nagasaki showing wrecked automobile in fore- 
ground (0.57 mile from ground aero). 

ducad the damage. Hence, the damage radii cannot be determined 
from overpressure alone, but require the use of the chart given in 
Chapter VI (Fig. 6.41~)) which takes these facts into account. Some 
illustrations of the effects of a nuclear explosion on motorized vehicles 
are shown in Figs. 4.92a, b, c, and d. At a peak overpressure of 5 
pounds per square inch motor vehicles were badly battered, with their 
tops and sides pushed in, windows broken, and hoods blown open. 
However, the engines were still operable and the vehicles could be 
driven away after the explosion. Even at higher blast pressures, when 
the over-all damage was greater, the motors appeared to be intact. 

EMERQENCY VEHICLES 

4.93 During the 19% explosions in Nevada, tests were made to 
determine the extent to which various emergency vehicles and their 
equipment would be available for use immediately following a nuclear 
attack. The vehicles used included a rescue truck, gas and electric 
utility service or repair trucks, telephone service trucks, and fire 
pumpers and ladder trucks. One vehicle was exposed to an over- 
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Figure 4.94. Light damage to heavy-duty electric utility truck (5 psi over- 
pressure). 

pressure of about 30 pounds per square inch, two at 5 pounds per 
square inch, two at 1.7 pounds per square inch, and six at about 1 
pound per square inch. It should be pointed out, however, that, as 
for automobiles, the overpressure is not the sole criterion of damage 
(see Fig. 6.41~). 

4.94 The rescue truck at the 30-pound per square inch location 
was completely destroyed, and only one wheel and part of the axle 
were found after the blast. At 5 pounds per square inch overpressurd, 
a heavy-duty electric utility truck, facing head-on to the blast, had 
the windshield shattered, both doors and cab dished in, the hood partly 
blown off, and one tool-compartment door dished (Fig. 4.94). There 
was, however, no damage to tools or equipment and the truck was 
driven away without any repairs being required. At the same loca- 
tion, a truck with an earth-boring machine bolted to the bed, was 
broadside to the blast. This truck was overturned and somewhat 
damaged, but still operable. The earth-boring machine was knocked 
loose and was on its side, leaking gasoline and water. 

4.95 At the 1.7 pounds per square inch location, a light-duty elec- 
tric utility truck and a fire department 75-foot aerial ladder truck 
sustained minor exterior damage, such as broken windows and dished- 
in panels. There was no damage to equipment in either case, and 
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both vehicles would have been available for immediate use after an 
attack. Two telephone trucks, two gas utilit,y trucks, a fire department, 
pumper, and a jeep firetruck, exposed to a blast overpressure of 1 
pound per square inch, were largely unharmed. 

4.96 It may be &oncluded that vehicles designed for disaster and 
emergency operation are substantially constructed, so that they can 
withstand blast overpressure of about 5 pounds per square inch and 
the associated dynamic pressure and still be capable of operation. 
Tools and equipment are protected from the blast by the design of the 
truck body or when housed in compartments with strong doors. 

RAILROAD EQUIPMENT 

4.97 Railroad equipment suffered blast damage in Japan and aim 
in one of the test,s in Nevada. Like motor vehicles, these targets are 
primarily drag sensitive and damage cannot be directly related to 
overpressure. At a peak overpressure of 2 pounds per square inch an 
empty wooden boxcar will receive relatively minor damage. At 4 
pounds per square inch overpressure, the drqmage to a loaded wooden 
boxcar was more severe (Fig. 4.97a). At a peak overpressure of 6 
pounds per square inch, the body of an empt.y wooden boxcar, weigh- 
ing about 20 tons, was lifted off its trucks and landed about 6 feet 
away. The trucks were themselves pulled off the rails, apparently by 
t,he brake rods connecting them to the car body. A similar boxcar, 
at the same location, loaded with 30 tons of sandbags remained up- 
right (Fig. 4.97b). Although the sides were badly damaged and 
the roof demolished, the car was capable of being moved on its own 
wheels. At 7.5 pounds per square inch, a loaded boxcar of the same 
type was overturned,‘and at 9 pounds per square inch it was com- 
pletely demoIished. 

- 

4.98 A Diesel locomotive weighing 46 tons was exposed to a blast 
overpressure of 6 pounds per square inch while the engine was running. 
It continued to operate normally after the blast, in spite of damage 
to windows and compartment doors and panels. ‘There was no dam- 
age to the track at this point. 

PARKED TRANSPORT AIRCRAP~ 

4.99 Transport-type aircraft are damaged by blast effects at levels 
of peak overpressure as low as 1 to 2 pounds per square inch. Com- 
plete destruction or damage beyond economical repair may be expected 
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Figure 497a. Loaded wooden boxcar after a nurlenr explosion (4 psi over- 
prexaure) . 

at peak overpressures of 4 to 6 pounds per square inch. Within this 
range, the peak overpressure appears to be the main criterion of dam- 
age. However, tests indicate that, at a given overpressure, damage 
to an aircraft oriented with the nose toward the burst will be less than 
damage to one with the tail or a side directed toward the explosion. 

4.100 Damage to an aircraft exposed with its left side to the blagt 
at a peak overpressure of 3.6 pounds per square inch is shown in Fig. 
4.1OOa. The fuselage of this aircraft failed completely just aft of the 
wing. The skin of the fuselage, stabilizers, and engine cowling was 
severely buckled. Fig. 4.1OOb shows damage to an aircraft oriented 
with its tail toward the burst and exposed to a blast of 2.4 pounds per 
square inch peak overpressure. Skin was dished in on the vertical 
stabilizer, horizontal stabilizers, wing surface above the flaps, and 
outboard wing sections. Vertical stabilizer bulkheads and the fuselage 
frame near the cockpit were buckled. 

. . I 

l 

i ., 
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Figure 4.37b. Loaded wooden boxcnr after a nuclear explosion (6 psi over- 
pressure). 

Figure 4.1OOa. Aircraft after side exposed to nuclear explosion (3.6 psi over- 
pressure). 
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Figure 4.100b. Aircraft nfter tail exposed to nuclear explosion (2.4 psi over- 
pressure). 

SHIPPING 

4.101 Information concerning, the effect of air blast on ships and 
their content,s was obtained from the ABLE test (20-kiloton air burst) 
at Bikini in July 1946. From the results observed it appears that up 
to about 2,500 to 3,000 feet from surface zero, i. e., for peak overpres- 
sures of roughly 10 to 12 pounds per square inch, vessels of all types 
suffered serious damage or were sunk (Figs. 4.1Ola and b). Moderate 
damage was experienced out to 4,500 feet (6 pounds per square inch) 
and &nor damage occurred within a radius of 6,000 feet (4 pounds 
per square inch). 

4.102 Provided the ship survived, the machinery apparently re- 
mained intact. The principal exception was blast damage to boilers 
and upt,akes, which accounted for most cases of immobilization. In 
general, boilers were badly damaged up to 2,700 -feet, moderately 
damaged to 4,000 feet, while light damage extended out to 5,000 feet, 
corresponding to peak overpressures cf approximately 11, 8, and 5 
pounds per square inch, respectively. 

4.103 With the closing of all exterior openings prior to exposure 
to a nuclear explosion, light structures and shock-sensitive equip- 

I 
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klgure 4.10la. The U. 9. S. Crtttenden after ABLE test; damage reeultlng wan 
generally moderate (0.47 mile from surface z&o). 
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Figurp 4.101h. Major visible superstructure damage to Il. 8. S. Crittenden, _ 
showing Pailure of the masting, rrushlng of the st,acks. and damage to the 
bridge area. 

nlent (in t.he interior of the vessel) are not safeguarded from serious 
damage. A retlnction in damage intensity may be achieved by shock 
nionnting, 

4.104 Struc*tures on the ships decks were not, protected and so 
were severely damaged by the air blast, (Figs. 4.104a and b). Light 
vehicles and aircraft. also suffered badly when fairly close t.o surface 
zero. Masts, spars, and radar antennae are drag sensitive, and so 
the damage is determined mainly by the dynamic pressure and the 
duration of the positive phase of the blast wave. The effects may be 

expected to be similar to t,hose experienced by analogous structures 
on land, as described below. 

Figure 4.104a. Damage to the forecastle of the U. S. 8. Crittenden at the _ 
ABLE test. 

UTILITIES AND COMMUNICATIONS 

ELECTRICAL DISTRIBUTION SYBTEMS 

4.105 Because of the extensive damage caused by the nuclear ex- 
plosions to the cities in Ja.pan, the electrical distribution systems 
suffered severely. Utility poles were destroyed by blast or fire, and 
overhead lines were heavily damaged at distances up to 9,060 fbet 
(1.7 miles) from ground zero (Fig. 4.105). Underground electrical 
circuits were, however, little affected. Switch gear and transformers 
were riot damaged so much directly by blast but rather by secondary 
effects, such as collapse of the structure in which they were located 
or by debris. Motors and generators. were damaged by fire. 

4.106 A fairly extensive study of the effects of a nuclear explosion 
on electric utilities was made in the Nevada tests in 1955. Among 
the purppses of these tests were the following : (1) to determine the 
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Figure 4.104h. Stern deck damage to U. S. 8. Crtttenden. 
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Figure 4.105. Lhmage to utility pole (0.80 mile from ground zero at Hlroshlma). 

424273 O-67-13 
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blast pressure at, which st.andard elect.ricnl equipment, might be ex- 
pected to suffer lit,tle or no damage; (2) to s(ady the extent. and 
character of the damnge t,hat might be susiained in a nuclear at,tack; 
and (a) to determine the nature of the repairs that. would be needed 
to rest,ore electrical service in those areas where homes and factories 
would survive sufficiently to permit their use after some repair. With 
these objectives in mind, two identical power systems were erected ; 
one to be subjected to a blast overpressure of about 5 pounds per 
square inch and the other to 1.7 pounds per square inch. It will 
be recalled that at the lower overpressure, typical American residences 
would not be damaged beyond t,he possibi1it.y of further use. 

4.107 Each power system consisted of a high-voltage (69 kv.) 
t.ransmission line on steel t,owers connected t,o a conventional, outdoor 
t,ransformer substation. From this proceeded typical overhead dis- 
tribut,ion lines on 15 wood poles; the latter were each 45 feet long and 
were set 6 feet in the ground. Service drops from the overhead lines 
supplied electricit,y t,o equipment placed in some of t,he houses usedin 
the tests described above. These inst,allations were typical of those 
serving an urban community. In addition, the 69-kv. transmission 
line, the 69-kv. switch rack with oil circuit-breakers, and the power 
transformer represented equipment of the kind that, might supply 
electricity to large industrial plants. 

4.108 At an overpressure of 5 pounds per square inch the power 
system suffered to some extent, but it. was not seriously harmed. The 
type of damage appeared, on the whole, to be similar to that caused 
by severe wind storms. In addition to the direct, effect of blast, some 
destruct.ion was due to missiles. 

4.109 The only damage suffered by the high-voltage transmission 

line was t,he colla.pse of the suspension tower, bringing down the 
distribution line with it (Fig. 4.109a). It may be noted that the 
dead-end tower, which was much stronger and heavier, and another 
suspension tower of somewhat stronger design, were only slightly 
affected (Fig. 4.109b). In some parts of t.he United States, the sus- 

pension towers are of similar heavy construction. However, structures 

of this type are sensitive to drag forces, so that the overpressure is not 
the important criterion of damaie. 

4.110 The transformer substation survived the blast with relatively 
minor damage to the essential components. The metal cubicle, which 
housed the meters, batteries, and relays, suffered badly, but this sub- 
station and its contents are not essential to the emergency operation of 

the power system. The 4-kv. regulators had been shifted on the 
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Figure 4.10311. Collapsed suspension tower (5 pai overpressure from 30-kiloton 
explosion, Nevada Test Site). 

Pigura 4.103b. Dead-end tower, euspenslon tower, and tranaformem (6 pal 
overpreaaure froni IO-kiloton explosion, Nevada Terrt Site). 
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Figure 4.111. Collapse of utility poles on line (5 psi overpressure from 30-kiloton 
explosion, Nevada Test Site). 

concrete pad, resulting in separation of the electrical connections to 
the bus. The glass cells of the batteries were broken and most of the 
plates were beyond repair. Rut relays, meters, and other instruments 
were undamaged, except for broken glass. The substation as a whole 
was in sufficiently sound condition to permit operation on a nonauto- 
matic (manual) basis. By replacing the batteries, automatic operation 
could have been restored. 

4.111 Of the 15 wood poles used to carry t,he lines from the sub- 
station to the houses, four were blown down completely and broken, 
and two others were extensively damaged. The collapse of the poles 
was attributed partly to the weight and resistance of the aerial cable 
(Fig. 4.111). Ot.her damage was believed to be due to missiles. 

4.112 Several distributor transformers had fallen from the poles, 
and secondary wires and service drops were down. Nevertheless, the 
transformers, pot heads, arresters, cut-outs, primary conductors of 
both aluminum and copper, and the aerial cables were unharmed. 
Although the pole line would have required some rebuilding, the gen- 
eral damage was such that it could have been repaired within a day 
or so with materials normally carried in stock by electric utility 
companies. 

UTILITIES AND COMMUNICATIONS l&5 

GAS, WATER, AND SEWIWAGE S~srrlrs 

4.113 The public utility system in Nagasaki wtta similar to that of 
a somewhat smaller town in the United States, except that open sewers 
were used. The most significant damage was that suffered by the 
water-supply system, so that it became almost impossible to extinguish 
fires. Except for a special case, described below, loss of water pressure 
resulted from breakage of pipes inside and at entrances to buildings 
or on structures, rather than from the disruption of underground 
mains (Figs. 4.113a and b). The exceptional case was one in which 
the l&inch cast iron water pipes were 8 feet below grade in a filled-in 
a,rea. A number of depressions, up to 1 foot in depth, were produced 

Figure 4.113a. Four-&h gate valve In water ‘maln broken by debris from 
brick wall (0.23 mile from ground sero at Hiroshima). 
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Figure 4.113b. Broken portion of l&inch water main carried on bridge (0.23 
mile from ground zero at Hiroshima). 

Figure 4.115. Gas holder decltroycd by nuclear explosion (0.63 mile from ground 
zero at Nagasaki). 
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in the fill, and these caused failure of the underground pipes, pre- 
sumably due to unequal displacements. 

4.114 There was no appreciable damage to reservoirs and water- 
treatment plants in Japan. As is generally the case, these were lo- 
cated outside the cities, and so were at too great a distance from the 
explosions to be damaged in any way. 

4.115 Gas holders suffered heavily from blast up to 6,000 feet (1.1 
miles) from ground zero and the escaping gas was ignited, but there 
was no explosion (Fig. 4.115). Underground gas mains appear to 
have been lit.tle affected by t.he blast. 

NATURAL AND MANUFACTURED GAS INSTALLATIONS 

4.116 One of the objectives of the tests made in Nevada in 1955 
was to determine the extent to which natural and manufactured gas 
utility installations might be disrupted by a nuclear explosion. The 
test was intended, in particular, to provide information concerning the 
effect of blast on critical underground units of a typical gas-distri- 
bution system. 

4.117 The installations tested were of two kinds, each in duplicate. 
The first represented a typical underground gas-transmission and dis- 
tribution main of d-inch steel and cast iron pipe, at a depth of 3 feet, 

1 
with its associated service pipes and attachments. Valve pits of either 

_ 

brick or concrete blocks contained g-inch valves with piping and pro- 
tective casings. A street regulator-vault held a 6-inch, low-pressure, 
pilot-loaded regulator, attached to steel piping projecting through the 
walls. One of these underground systems was installed where the 
blast overpressure was about 30 pounds per square inch and the other 
at, 5 pounds per square inch. It should be noted that-no domestic or 
ordinary industrial structures at the surface would survive the higher 
of these pressures. 

4.118 
I The second type of installation consisted of typical service 

lines of steel, copper, and plastic materials connected to 20-foot lengths 
of g-inch steel main. Each service pipe rose out of the ground at the 
side of a house, and was joined to a pressure regulator and meter. The 
pipe then entered the wall of the house about 2 feet above floor level. 
The copper and plastic services terminated inside the wall, so that 
they would be subject to strain if the house moved on its foundation. 
The steel service similarly terminated inside the wall, but it was also 
attached oumide to piping that ran around the back of the house at 
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ground level to connect, to the house piping. This latt,er connection 
was made with flexible seamless bronze tubing, passing through a 
sleeve in the wall of the building. Typical domestic gas appliances, 
some attached to the interior piping, were located in several houses. 
Duplicate installations were located at overpressures of 5 and 1.7 
pounds per square inch, respectively. 

4.119 Neit.her of the underground installations was greatly affected 
by the blast. At the 30 pounds per square inch location a l$&inch 
pipe pressure-test riser was bent to the ground, and the valve handle, 
stem, and bonnet had blown off. At the same place two 4-inch ven- 
tilating pipes of the street-regulator-vaults were sheared off just below 
grou.nd level. A few minor leaks developed in jute and lead caulked 
cast, iron bell and spigot. joints, because of ground motion, presumably 
due to ground shock induced by air blast. Otherwise the blast effects 
were negligible. 

4.120 At the overpressure of 1.7 pounds per square inch, where 
the houses did not suffer severe damage, t,he service piping both inside 
and outside the houses was unharmed, as also were pressure regulatow 
and meters. In the t,wo-st,ory, brick house at 5 pounds per square 
inch overpressure, which was demolished beyond repair ($4.80), the 
piping in the basement. was displaced and bent due to the collapse of 
the first floor. The meter also became detached from the fittings 
and fell to the ground, but the meter itself and the regulator were 
undamaged and still operable. All other service piping and equip- 
ment were essent,ially intact. 

4.121 Domestic gas appliances, such as refrigerators, ranges, room 
heaters, clothes dryers, and water heaters suffered to a moderate 
extent only. There was some displacement of the appliances and con- 
nections which was related to t,he damage sutfered by the house. 
However, even in the collapsed two-story, brick house, the upset re- 
refrigerator and range were probably still usable, although largely 
buried in debris. The general conclusion is, therefore, that domestic 
gas (and also electric) appliances would be operable in all houses 
that did not suffer major structural damage. 

4.122 It, would appear that little can be (or needs to be) done to 
make gas installations more blast resistant. Clamping or replacement 
of lead-caulked joints would be advantageous in decreasing the leaks 

caused by ground motion. Distribution piping, valves, regulators, 
and control equipment should be installed beneath the surfam, as 
far as possible, to minimize blast. and missile damage. 
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LIQIJID PmRoL~uni (LP) C~AS I NSTALLATION~ 

4.123 In the 1955 tests, various LP-gas installations were exposed 
to the blast in order to determine the effect of a nuclear explosion on 
typical gas containers and supply systems such as are found at sub- 

I urban and farm homes and at storage, industrial, and utility plants. 
I In addition, it was of interest to see what reliance might be placed 

upon LP-gas as an emergency fuel after a nuclear attack. 
4.124 Two kinds of typical home (or small commercial) LP-gas 

installat3ions were tested : (1) a system consisting of two replaceable 
ICC-approved cylinders each of 100-pound capacity ; and (2) a 500- 
gallon bulk storage type system filled from a tank truck. Some of 
these installations were in the open and others were attached, in 
the usual manner, by means of either copper tubing or steel pipe 
servica line, to the houses exposed to overpressures of 5 and 1.7 pounds 

I per square inch. Others were located where the overpressures were 
about 25 and 10 pounds per square inch. In these cases, piping from 

the gas containers passed through a concrete wall, simulating the 
wall of a house. 

4.125 In addition to t,he foregoing, a complete bulk storage plant 
was erected at a point where the blast overpressure was 5 pounds 
per square inch. This consisted of an 18,000-gallon tank (containing 
15,400 gallons of propane), pump compressor, cylinder-filling build- 
ing, cylinder dock, and all necessary valves, fittings, hose, accessories, 
and interconnecting piping. 

I 4.126 The dual-cylinder installation, ‘exposed to 25 pounds per 
square inch overpressure, suffered most ; the regulators were t,orn loose 
from their mountings and the cylinders displaced. One cylinder came 

to rest about 2,000 feet from its original position; it was badly dented, 
but was still usable. At both 25 and 10 pounds per square inch over- 

pressure the components, although often separated, could generally 
be salvaged and used again. The cylinder inst.allat,ions at 5 pounds per 

square inch overpressure were mostly damaged by missile? and falling 
debris from the houses to which they were attached. The component 

parts, except for the copper tubing, suffered little and were usable. 
At 1.7 pounds per square inch, there was no damage to nor dislocation 
of LP gas cylinders. Of those tested, only one cylinder developed a 

leak, and this was a small puncture resulting from impact with a 
sharp object. 

4.127 The 500-gallon bulk gas tanks also proved very durable and 
experienced little damage. The tank closest to the explosion was 
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bounced end-over-end for a distance of some 700 feet; neverthelkss, it 
suffered only superficially and its strengt,h and servireabilit,y were not 
impaired. The filler valve was damaged, hut, t,he internal check valve 
prevented escape of t,he r0ntent.s. The tank exposed at 10 pounds per 
square inch overpressure was moved about 5 feet,, but it sustained little 
or no damage. All the other t,anks, at 5 or 1.7 pounds per square inch, 
including t,hose at houses piped for service, were unmoved and 
undamaged (Fig. 4.38). 

4.128 The equipment of the 18,000-gallon bulk storage and filling 
plant received only superficial damage from the blast at 5 pounds per 
square inch overpressure. The cylinder-filling building was com- 
pletely demolished; the scale used for weighing the cylinders was 
wrecked, and a filling line was broken at the point where it entered the 
building (Fig. 4.128). The major operating services of the plant 
would, however, not be affect,ed because the t.ransfer facilities were 
outside and undamaged. All valves and nearly all piping in the 
plant were int,act and there was no leakage of gas. The plant could 
have been readily put back int,o operation if power (electricity or a 
gasoline engine) were restored. If not, liquid propane in the storage 
t,ank could haye been made available by taking advantage of gravity 
flow in ronjunct.ion with t,he inherent pressure of the gas in the tank. 

4.129 The general conclusion to be dra.wn from t,he tests is that 
st,andard LP-gas equipment is very rugged, except for copper tubing 
connections. Disruption of the service as a result of a nuclear attack 
would probably be localized and perhaps negligible, so that, LP-gas 
might, prove to be a very u.seful emergency fuel. Where LP-gas is 
mainly used for domestic purposes, it appears that the gas supply will 
not be affecfed under such condit,ions that the house remains habitable. 

GMMUNICATIONS EQUIPMENT 

4.130 The importance of having communications equipment in 
operating condition after a nuclear attack is evident and so a vari.ety 
of such’equipment, was tested in Nevada in 19%. Among the items 
exposed were mobile radio-communication systems and units, a stan- 
dard broadcasting transmitter, antenna towers, home radio and t,ele- 
vision receivers, telephone equipment (including a small telephone 
exchange), public address sound systems, and sirens. Some of these 
were located where t,he peak overpressure was 5 pounds per square 
inch, and in most, cases t,here were duplicates at, 1.7 pounds per square 
inch. The damage at the latter location was of such a minor character 
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Figure 4.128. Upper 

nuclear explosion. 
pressure ) . 

photo: LP-Gas bulk storage and filling plant before a 
Lower photo: The plant after the explosion (6 pai Over- 
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t.hat it need not be considered here. Damage radii for this type of 
equipment cannot be directly related to overpressure but should be 
obtained from t,he charts in Chapter VI. 

4.131 At the higher overpressure region, where typical houses were 
damaged beyond repair, the communications equipment proved to be 
very resistant to blast. Standard broadcast and television receivers, 
and mobile radio base stations were found to be in working condition, 
even though they were covered in debris and had, in some cases, been 
damaged by missiles, or by being thrown or dropped several feet. No 
vacuum or picture tubes were broken. The only mobile radio station 
to be seriously affected was one in an automobile which was completely 
crushed by a falling chimney. 

4.132 A guyed 150-foot antenna tower was unharmed, but an un- 
guyed 120-foot tower, of lighter construction, close by, broke off at a 
height of about 40 feet and fell to the ground (Fig. 4.132). This 
represented the only serious damage to any of the equipment tested. 

4.133 The base station antennas, which were on the towers, ap- 
peared to withstand blast reasonably well, although those attached to 
the unguyed tower, referred to above, suffered when the tower col- 
lapsed. As would have been expected from their lighter construc- 
tion, television antennas for home receivers were more easily damaged. 
Several were bent both by the blast and the collapse of the houses upon 
which they were mounted. Since the houses were generally damaged 
beyond repair at an overpressure of 5 pounds per square inch, the 
failure of the television antennas is not of great significance. 

4.134 It should be mentioned that representative items, such as 
power lines and telephone service equipment, were frequently at- 
tached to utility-line poles. When the poles failed, as they did in some 
cases (see $4.111)) the communications systems suffered accordingly. 
Although the equipment operated satisfactorily, after repairs were 
made to the wire line, it appears that the power supply represents a 
weak link in the communications chain. 

SUMMARY 

4.135 Although more complete data will be given in Chapter VI 
concerning damage-distance relationships for explosions of various 
energy yields and structures of different kinds, the simplified sum- 
maries in Tables 4.135a and b are presented for rapid reference. They 
apply to so-called typical air bursts, as defined in 82.47, with energy 
yields of 20 kilotons and 1 megaton, respectively. The information 
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Figure 4.132 Unguyed lightweight 12Woot antenna tower (5 pal overpressure 
from S&kiloton explosion. Nevada Teat Site). 

has been obtained from observations made in Japan and at several 
nuclear test explosions as well as from calculations. Since there are 

always substantial variations, due to differences in design and con- 
struction, among buildings of apparently the same type, the data in 
the tables may be regarded as applying to “average” structures. Some 

structures will be weaker and others will be stronger than the average. 
This limitation as well as possible variations due to a change in the 
height of burst must be kept in mind when using the tables. In order 

to make the informat.ion more complete, .some of the characteristic 
properties of the blast waves at various distances are included. The 

dynamic pressures quoted are the horizontal components only (see 
0 3.95). 
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high temperature. This material is sucked upward by the ascending 
air currents resulting from the rising ball of fire and eventually 
condenses in the atomic cloud. As far as crater formation is con- 
cerned, a much more important contributory factor is the displace- 
ment 0% soil and other material due to the pressure produced by the 
rapid expansion of the hot gas bubble. The removal of material by 
being pushed, thrown, and scoured out is largely responsible for the 
crater formed as a result of the explosion. Because of the outward 
motion of the gases, very little of the earth falls back into the ho16 
although a considerable amount is deposited around the edges to 
form t.he upper layers of a lip. 

5.5 Assuming, for simplicity, that the ground under the explosion 
consists of dry soil, then two more-or-less distinct zones immediately 
beneath the crater may be distinguished. First, there is the “rupture 
zone” in which there are innumerable cracks of various sizes due to 
the rupture of the soil. Below this is the “plastic zone” in which 
there is no visible rupture although the soil is permanently deformed. 
Plastic deformation and shear of soil around the edges of the crater 
contribute to the production of the lip referred to above (Fig. 5.5). 

CHAPTER Y 

EFFECTS OF SURFACE AND SUBSURFACE 
BURSTS 

CHARACTERISTICS OF A SURFACE BURST 

AIR RLAST WAVE 

5.1 In the present chapter t,here will be described some of the ef- 
fects of nuclear explosions occurring at or near the surface of the 
ground, under the ground, and under water. The particular aspects 
‘considered will be those associat,ed with the shock (or blast) wave pro- 
duced as a result of t,he rapid expansion of the intensely hot gases at 
extremly high pressures in the ball of fire formed by the explosion (see 
Chapter II j. 

5.2 The first case to be discussed is that of a surface burst, i. e., one 
in which the explosion occurs either at the actual surface (contact 
burst) or at, a height above the surface where the fireball (at maximum 
brilliance) touches or intersects the ground. Although some of the 
energy of the explosion may be spent in producing a crater, as will be 
seen shortly, a considerable proportion appears as air blast energy. 
Because the det,onat,ion occurs fairly close to the surface, fusion of 
incident, and reflected blast waves occurs close to ground zero: In fact, 
as explained in Chapter III, in the event, of a true surface (or contact) 
burst, i. e., when t.he weapon is exploded on the surface, the incident 
and reflected waves coincide immediately forming a hemispherical 
shock front as shown in Fig. 3.29. 

5.3 The chara&eristic properties of the blast wave accompanying 
a reference, (l-kiloton) surface burst, as functions of the distance from 
ground zero, have been given at the end of Chapter III. The cube 
root scaling law described there can be used to calculate the blast 
wave properties for a surface burst of any specified energy yield. 

FORMATION OF CRATEI~ 

5.4 It was mentioned in Chapter II that 

considerable quantity of material is vaporized 

196 

in a surface burst a 
due to the extremely 

Figure 5.5. Plastic and rupture zone formation in a surface burst. 

5.6 The thicknesses of the rupture and plastic zones depend on the 
nature of the soil, as well as upon the energy yield of the explosion 
and location of the point of burst. If the earth below the burst con- 
sists of rock, then t,here will be a rupture zone but little or no plastic 
zone. Except for damage to weak buried structures and some util- 
ities, the undeground effects of a surface burst do not extend appre- 
ciably beyond the rupture zone, the radius of which is roughly one 
aud one-half times that of the cra:er. 

424278 O--67-14 
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5.7 It has been estimated that for a l-kiloton nuclear contact. sur- 
face burst, the diameter of tile crater, i. e., of the hole, will’ be about 
125 feet in dry soil, the lip will extend a further 60 feet or so all 
around. The depth of t,he crater is expected to be about 25 feet. In 
hard rock, consisting of granite and sandstone, the dimensions will 
be somewhat less. The diameter will be appreciably greater in soil 
saturated wit,h water, and so also will be the initial depth, to which 
the structural damage is related. The final depth, however, will be 
less due to “hydraulic fill”, i. e., the slumping back of wet material and 
the seepage of water carrying loose soil. 

5.8 The diameter (or radius) of the crater increases roughly in 
proportion to the cube root of the energy of the explosion. Hence, 
for an explosion of W kilotons yield, the diameter will be W113 times 
the value quoted above for a l-kiloton burst. The depth scales ap- 
proximately according to the fourth root of the energy, for most 
soils, which means that it increases by a factor of W*lr. For example, 
for a MO-kiloton contact surface burst in dry soil, the diameter of 
the crater may be expected to be 125 X (100) 1/s=580 feet, and the 
depth 25 X (100) I”=80 feet. Curves showing the variation with 
energy yield of the diameter and depth of the crater from a contact 
surfact burst, in dry soil, together with correction factors for other 
soil types, are given toward the end of this chapter (see Fig. 5.46). 

5.9 The results quoted above apply to a burst, on the surface. As 
the height. of burst increases, the dimensions of the crater vary in 
a rather complicated manner, due to changes in the mechanism of 
crater formation. As a rough guide, it may be stated that both the 
radius and, especially, the depth of the hole decrease rapidly with in- 
creasing height of burst. Long before a height of burst at which the 
fireball just touches the ground, the cratering becomes insignificant. 
In fact, for an appreciable crater to be formed, the height of burst 
should be not more than about one-tenth of the fireball radius. 

GROUND SHUCK 

5.10 In a nuclear surface burst a small proportion of the explosion 
energy is expended in producing a shock (or pressure) wave in the 
ground, of which only t.he general features are known at present. 
This pressure wave differs from the blast wave in air in having a much 
less sudden increase of pressure at the front; the ground shock wave 
also decays less sharply. Close to the explosion the pressure or shock 
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gradient) is large enough to destroy the cohesive forces in the soil. The 
magnitude of the pressure wave attenuates fairly rapidly with distance 
from the explosion, and at large distances it becomes similar to an 
acoustic (or seismic) wave. 

5.11 The effects of underground shock have been described as being 
somewhat similar to those of an earthquake of moderate intensity, 
although, as pointed out in 8 2.69, there are significant differences be- 
tween an underground nuclear burst and an earthquake. The pressure 
in the ground shock waves falls off more rapidly with distance in the 
case of the nuclear explosion, and the radius of damage in a surface 
burst due to the ground shock (or “earthquake effect”) is small in 
comparison with that due to air blast. 

5.12 The shock waves in the ground are complex, but their general 
characteristics may be summarized briefly. At the surface of the 
ground a series of waves move outward in a manner somewhat similar 
to waves in water. These ground surface waves radiating out from 
the cent,er produce what is called ‘Lground roll,” which, at any given 
location, is felt as an oscillation of the surface as the waves pass by. 
In addition, a pulse traveling outward from the expanding gas bubble, 
along a roughly hemispherical wave front of ever increasing size, 
produces compression and shear waves below the surface of the 
ground. 

5.13 The effect of ground shock pressure on an underground struc- 
t,ure is somewhat different in character ‘from that of air blast on a 
structure above the ground. In the latter case, as explained in Chap- 
ter III, the structure experiences something like a sudden blow, fol- 
lowed by drag due to the blast wind. This type of behavior is not 
associated with underground shock. Due to the similarity in density 
of the medium through which a ground shock wave travels and that of 
the underground structure, the response of the ground and the struc- 
ture are closely related. In other words, the movement (acceleration, 
velocity, and displacement) of the underground structure by the shock 
wave is largely determined by the motion of the ground itself. This 
fact has an important influence on the damage criteria associated with 
both surface and underground explosions. These criteria will be out- 
lined below and are discussed more fully in Chapter VI. 

CHARACTERISTICS OF AN UNDERGROUND BURST 

AIR BLAST 

I 5.14 An underground burst is defined in general terms as one in 
which the center of the explosion is below the surface of the ground 

1 
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(0 1.29). Practical ronsiderat.ions, however, would suggest thkt. an 
explosion occurring at a depth greater t.han 50 or 100 feet is rather 
improbable. This means that the only underground nuclear explosions 

that need be given serious r*onsiderat,ion are those in which the hall 
of fire or the sphere of hot,, high-pressure gases breaks through t.he 
earth’s surface. A burst of this kind will e,vident.ly have many feat,ures 
in common with a surface burst. 

5.15 The proport,ion of the bomb energy appearing as air blast 
will be greatly dependent on circumstrtnces, pnrticularly the dept,h of 
burst. If the explosion occurs a few feet helow t,he eart,h’s surface, 
the situation will not be very different. from that in a true (or contact) 
surface burst. As the depth of burst. increases, the air Mast energy 

decreases and the attenuation of peak overpressure wit,b distance is 
more rapid. Consequently, the blast overpressure at a given range 
will be somewhat less for deeper bursts. 

CRATER FORMATION AND GROUND SIXKK 

5.16 The size of the crater produced by an underground burst just 
below the surface will be essentially the same as for a contact burst, as 
given above. With increasing depth of the burst, a decreasing fraction 
of the explosion energy appears as air blast, while an increasing pro- 
portion is spent in producing ground shock and in crater formation. 
Hence, up to a point, the diameter and radius of the crater increase 
with increasing dept,h of the explosion. Further information on this 
subject will be found in the. technical se&ion of this chapter (see 
Fig. 5.46). 

5.17 The characteristic properties of the ground shock wave accom- 
panying an underground explosion are quite similar to those described 
earlier in connection wit.h a surface burst. The energy fraction going 
into the ground shock is not precisely known, but it will increase up to 
a limiting value with increasing depth of burst. 

DAMAGE CRITERIA 

GROUND SCTRFACF, BURSTS 

5.18 For a surface burst at a moderate height above the ground, 
the crater or depression formed will not be very deep. Shallow buried 
structures near ground zero will be damaged by this depression of the 
earth, but those at greater depths will hardly be affected. As indicated 
in $ 5.6, the damage to underground structures and utility pipes will 
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probably not extend to distances beyond one and one-half times the 
crater radius. As far as structures above ground are concerned, the 
range of damage will depend upon the characteristics of the blast wave 
in air, just as for an air burst (see Chapter III). The area affected by 
air blast will greatly exceed that in which damage is caused by motion 
of (or shock waves in) the ground. In the event of a contact or near 
surface burst, the situation is similar to that in an underground burst, 
as described below. 

UNDERQROUND BURSTS 

5.19 The damage criteria associated with underground (and con- 
tact surface) bursts, especially in connection with buried structures, 
a.re difficult to define. A simple and practical approach is to consider 
three regions around “surface zero,” i. e., around the point on the 
surface directly above the underground explosion. The first region is 
that of the crater itself. Within this region there is practically com- 
plete destruction of everything both above and below the surface, and 
so there is nothing further to be discussed. 

5.20 The second region extends roughly out to the end of the plastic 
zone, i. e., as far as the actual displacement of the ground (see Fig. 
5.5). In some soils the radius of this zone may be roughly two and 
one-half times the radius of the crater itself. Within this region, 
heavy and well-designed underground structures are probably affected 
only to a minor extent by the air blast, and damage is caused by the 
effects of ground shock and ground movement. The actual mechanism 
of damage from these causes depends upon several more-or-less in- 
dependent factors, such as size, shape, and flexibility of the structure, 
its orientation with respect to the explosion, and the soil characteristics. 
Some of these factors will be considered in more detail in Chapter VI. 

5.21 Along with underground structures, mention may be made 
of buried utility pipes and tunnels and subways. Long pipes are 
damaged primarily as a result of differential motion at the joints and 
at points where the line enters a building. Failure is especially likely 
to occur if the utility connections are made of brittle material and 
are rigidly attached to the structure. Although tunnels and subways 
would probably be destroyed within the crater region and would suffer 
some damage in the (plastic zone) region under consideration, it 
appears that these structures, particularly when bored through solid 
rock and lined to minimize spalling, are very resistant to underground 
shock. 

5.22 In the third region, beyond the plastic zone, the effecta of 
ground shock are relatively unimportant and then air blast loading 
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becomes the significant criterion of structural damage. Strong or 
deeply buried underground structures will not be greatly affected, but 
damage to moderately light, shallow buried stroct,nres and some utility 
pipes will be determined, to a great extent, by the downward pres- 
sure, i. e., by the peak over-pressure of t,he air blast accompanying the 
surface or subSurface burst. Structures which are partly above and 
partly below ground will, of course, also be affected by the direct air 
blast. 

CHARACTERISTICS OF AN UNDERWATER BURST 

8110~~ WAVE IN WATER 

5.23 The rapid expansion of the gas bubble formed by a nuclear 
explosion under water results in a shock wave being sent out through 
t,he water in all directions. The shock wave is similar ingeneral form 
to that, in air, although it differs in detail. Just as in air, there is a 
sharp rise in overpressure at the shock front. In water, however, the 
peak overpressure does not fall off as rapidly with distance as it does 
in air. Hence, the peak vahles in water are much higher than at the 
same distance from an equal explosion in air. For example, the peak 
overpressure at 3,000 feet from a 100-kiloton burst in deep water is 
about 2,700 pounds per square inch, compared with a few pounds per 
square inch for an air burst. On t.he other hand, the duration of the 
shock wave in water is shorter than in air. In water it is of the order 
of a few hundredths of a second, compared with something like a set- 
ond or so in air. 

5.24 The velocity of sound in water under normal conditions is 
nearly a mile per second, almost five times as great as in air. When 
the peak pressure is high, the ve1ocit.y of the shock wave is greater 
than the normal velocity of sound. The rate of motion of the shock 
front becomes less at lower overpressures and ultimately approaches 
that of sound, just asit does in air. 

5.25 When the shock wave in water strikes a rigid, submerged 
surface, such as the hull of a ship or the sea bottom, reflection occurs 
as in air. The direct and reflected waves may even fuse in certain 
circumstances to produce a shock front of enhanced pressure. How- 
ever, when t,he water shock wave reaches the upper (air) surface, an 
entirely different reflection phenomenon occurs. 

5.26 At the surface between the water and the air, the shock wave 
moving through the water meet.s a much less rigid medium, namely the 
air. As a result a reflected wave is sent. back into the water, but this 
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is a rarefaction (or suction) wave. At a point below the surface the 
combination of the reflected suction wave with the direct wave pro- 
duces a sharp decrease in the water shock pressure. This is referred to 
as the “surface cutoff .” 

5.27 The variation at a given location of the shock overpressure 
with time after the explosion at a point under water, not too far from 
t.he air surface, is shown in Fig. 5.27. After the lapse of a short inter- 
val, which is the time required for the shock wave to travel from .the 
explosion to the given location, the overpressure rises suddenly due to 
the arrival of the shock front. Then, for a period of time, the pressure 
decreases steadily, as in air. Soon thereafter, the arrival of the re- 
flected suction wave from the surface causes the pressure to drop 
sharply, even below the normal (hydrostatic) pressure of the water. 
This negative pressure phase is of short duration. 

TIME - 

Figure 6.27. Variation of water peRsure with time in an underwater explosion 

at a pdnt near the air surface. 

5.28 The time interval between the arrival of the direct shock wave 
at a particular location (or target) in the water and that of the cutoff, 
signalling the arrival of the reflected wave, depends upon the depth of 
burst, the depth of the target, and the distance from the burst point 
to the target. As may be seen from Fig. 5.28, these three distances will 
determine the lengths of the paths traveled by the direct and reflected 
shock waves in reaching the target. If the underwater target is close 
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to t,he surface, e. g., 8 ship bottom, then the time elapsing htweh tlw 

arrival of the two shock fronts will be small :IIIC~ tlrcl cwtofl will occut 
soon after the arrival of the shock front. This c*an result in a de- 
cream in the extent of damage sustained by the target. 

SURFACE 

BUllSI 

Figure 5.28. IPirect. nnd reflected wnves reavhing an underwater target. 

UNDEHWATER SHWK DAMNE : GENERAL CHARACTERISTICS 

5.29 The impact of a shock wave on a ship or structure, such as a 
breakwater or dam, is a sudden blow. Shocks of this kind have been 
experienced .in connection with underwater detonations of TNT and 
other chemical explosives. But, whereas the shock produced by such 
an explosion is localized, that resulting from a nuclear explosion acts 
over a large area, e. g., the whole of a ship, almost instantaneously. 

5.30 It appears that, the effects of an underwater nuclear burst on 
a ship may be expected to be of two general types. First, there will be 
the direct effect of the shock on the vessel’s hull ; and, second, the in- 
direct effects due to components within the ship being set in motion 
by the shock. An underwater shock acting on the hull of a ship tends 
to cause distortion of the hull below the water line, and rupture of the 
shell plating, thus producing leaks as well as severely stressing the 
ship’s framing. The underwater shock also causes a rapid movement 
in both horizontal and vertical directions. This motion causes damage 
by shock to components and equipment within the ship. 
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5.31 Main feed lines, main steam lines, shafting, and boiler brick- 
work within the ship are especially sensitive to shock. Due to t,he 
effect of inertia, the supporting members or foundations of heavy 
components, such as engines and boilers, are likely to collapse or be- 
come distorted. Lighter or inadequately fastened articles will be 
thrown about with great violence, causing damage to themselves, to 
bulkheads, and to other equipment. Equipment which has been 
properly mounted against shock will probably not suffer as seriously. 

5.32 The damage to the component plates of a ship is dependent 
mainly on the peak pressure of the underwater shock wave. The same 
is probably true for the gate structure of canal locks and drydock 
raissons. Within the range of very high pressures at the shock front, 
such structures may be expected to sustain appreciable damage. On 
the other hand, damage to large, rigid subsurface structures, such as 
harbor installations, is more nearly dependent upon the shock wavd 
impulse. The impulse is dependent upon the duration of the shock 
wave as well as its pressure. 

UNDERWATER SHOCK DAMAGE : BIKINI EXPERIENCE 

5.33 In the shallow, underwater (BAKER) nuclear test at Bikini 
in July 1946, which was described in Chapter II, some ‘70 ships of 
various types were anchored around t.he point of burst. Although, 
the explosion was accompanied by an air blast wave of considerable 
energy, the major damage to the ships in the lagoon was caused by 
the shock wave transmitted through the water. From the observations 
made after the shot, certain general conclusions were drawn, and these 
will be outlined here. It should be noted, however, that the nature 
and extent of the damage sustained by a surface vessel from under- 
water shock will depend upon the depth of the burst, the ship t.ype, 
whether it is operating or riding at anchor, and its orientation with 
respect to the position bf the explosion. 

5.34 The lethal or sinking shock overpressure in water for all 
types of ships of fairly substantial construction is expected to be very 
much the same, probably about 3,000 or 4,000 pounds per square inch, 
for a shallow underwater burst similar to the BAKER. test. Some 
ships may be expected to sink as a result of an overpressurq of 2,000 
pounds per square inch, and those which survive will be damaged 
to such an ext,ent as to render them almost useless. Most vessels will 
be immobilized at peak pressures down to 1,000 pounds per square 
inch. At lower pressures most of the damage will be to equipment 
rather than to the ship plates. 
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5.35 With a shallow underwater burst, boilers and main propulsive 
machinery will suffer heavy damage due to motion caused by the 
water shock at locations where the wilter shock overpressures are about 
2,500 pounds per square inch ; at locations where pressures are down 
to 2,0&l pounds per square inch the damage will be moderate, and 
light damage will extend to somewhat beyond the l,OOO-pound per 
square inch location. Auxiliary machinery associated with propulsion 
of the ship will not suffer as severely, but light interior equipment will 
be affected down to water shock pressures of 500 pounds per square 
inch. Vessels underway will perhaps suffer somewhat more damage 
to machinery than those at anchor. 

AIR BLAST FROM UNDERWATER EXPLJMION 

5.36 Although the major portion of the shock energy due to a 
shallow underwater explosion is propagated through the water, a con- 
siderable amount is transmit.ted through the surface as a shock’ (or 
blast) wave in air (fj 5.15). Air blast undoubtedly caused some dam- 
age to the superstructures of the ships at the Bikini BAKER test, 
but this was insignificant in comparison to the damage done by the 
underwater shock. The main effect of the air blast wave would 
probably be to targets on land, if the bomb wera exploded not too far 
from shore. The damage criteria are then the same as for an air 
burst over land, at the appropriate overprwsures and dynamic 
pressures. 

WATER WAVES IN UNDERWATER EXPLMION 

5.37 A brief account of the water wave phenomena observed at 
the Bikini BAKER test was given in Chapter II. Some further 
details, with particular reference to the destructive action of these 
waves, will be added here. The first wave to form after the under- 
water explosion consisted of a crest followed by a trough which 
descended as far below the still water as the crest rose above it. After 
this came a train of waves, the number increasing as the wave system 
moved outward from the point of the explosion. The appearance of 
the water when the waves reached the beach 11 miles distant is shown 
in Fig. 5.37. 

5.38 Observation of the properties of the waves indicated that 
the first wave behaved differently from the succeeding ones in that 
it was apparently a long, solitary wave, generated directly by the 
explosion, receiving its initial energy from the high-velocity outward 
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motion of the water accompanying the expansion of the gas bubble. 
The subsequent waves were probably formed by the venting of the 
g&s bubble and refilling of the void created in the water. 

Figure 6.37. Waves from the BAKER underwater explosion reaching the beach 
at Bikini, 11 miles from surface zero. 

5.39 Near the explosion the first crest was somewhat higher than 
the succeeding ones, both above the undisturbed water level and in 

total height above the following trough. At greater distances from 
the burst point the highest wave was usually one of those in the 
succeeding train. The maximum height of this train appeared to 
pass backward to later and later waves as the distance from the cen- 

ter increased. 
5.40 The maximum heights and arrival times (not always of the 

first wave), at various distances from surface zero, of the water wave8 
accompanying a 20-kiloton shallow underwater explosion are given 
in Table 5.40. These results are based on observations made at the 
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Bikini BAKER t&t. A more genernlized 

AND SUBSURFACE BURSTS 

treatment of wave heights, 
which can be adapted to shallow underwater explosions of any speci- 
fied energy, is given later in this chapter. 

TABLE 5.40 

MAXIMUM HEIGHTS (CREST TO TROIJGH) AND ARRIVAL TIMES 
OF WATER WAVES AT BIKINI BAKER TEST 

Distance (yards)-..___-_____ 330 660 1,330 2,000 2,700 3,300 4,000 
Wave height (feet)_________ 94 47 24 16 13 11 9 
Time (seconde)_____________ 11 23 48 74 101 127 154 

5.41 It appears probable that the large waves were responsible 
for some of the ship damage which occurred in the BAKER test. 
Fairly definite evidence of the destruction caused by water waves 
to the carrier U. S. S. Saratoga, anchored with its st,ern 400 yards 
from surface zero, was obtained from a series of photographs taken 
at 3-second intervals. A photograph taken before any visible shock 
effect had reached the Saratoga shows the island structure and the 
radar mast undamaged. In a-photograph taken 9 seconds later, the 
radar mast is seen to be bent over by the blast wave, but the island 
structure is yet unaffected. This photograph shows the stern of 
the vessel rising on the first wave crest, at least.43 feet above its pre- 
vious position, but shortly thereafter it was obscured from view by 
t,he base surge. 

5.42 When the Saratoga was again visible, after the major waves 
and other effects had subsided, the central part of the island structure 
was observed to be folded down on the deck of the carrier (Fig. 5.42). 
It appears highly probable that shortly after the rise on the first 
wave crest, the Saratoga fell int.o the succeeding trough and was badly 
hit by the second wave crest, causing the damage to the island 
structure. 

CHANGE IN THE LAQO~N BOTTOM 

5.43 The explosion of the Bikini BAKER bomb caused a measura- 
ble increase in depth of the bottom of the lagoon over an area roughly 
2,000 feet across. The greatest apparent change in depth was 32 feet, 
but this represents the removal of an elevated region rather than an 
excavation in a previously flat surface. Before the teat, samples of 
sediment collected from the bottom of the lagoon consisted of coarse- 
grained algal debris mixed with less than 10 percent of sand and mud. 
Samples taken after the explosion were, however, quite different. 
Instead of algal debris, layers of mud, up to 10 feet thick, were found 
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Figure 6.42. The air&aft carrier U. 8. 8. Saratoga after the BAKER explosion. 

on the bottom near the burst point. Further information on cratering 
in underwater explosions is given at the end of the chapter. 

TECHNICAL ASPECTS OF SURFACE AND UNDERGROUND 
BURSTS’ 

CRATER DIMENSIONS IN SURFACE BURST 

5.44 In addition to the rupture and plastic zones, defined earlier, 
two other features of a crat&r may be defined; these are the “apparent 
crater” and the “true crater.” The apparent crater, which haa a diam- 
eter D. and a depth H,,, as shown in Fig. 5.44, is the surface of the 
depression or hole left in the ground after the explosion. The true 

crater, diameter n,, on the other hand, is the surface extending beyond 

the apparent crater where a definite shear has occurred. The volume 

*The nmalaing sections of this chapter ma, be omItted nlthoat loa of contlnol~. 
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of the (apparent) crater assumed to be roughly paraboloid, is given 
approximately by 

KD,,~H,, Volume of crater=---_. 

Using the data given in 9 5.7, the crater volume for a l-kiloton burst at 
at the surface in dry soil is found to be about 150,000 cubic feet, weigh- 
ing close to 7,500 tons. 

Figure 5.44. C’haracterMlc dimensions of crater in a surface burst. 

5.45 The diameter of the rupture zone, indicated by D, in Fig. 5.44, 
is roughly one and one-half times the crater diameter, i. e., 

D, = 1.5 0.. 

The overall diameter, including the lip, i. e., Ds, is about twice the 
crater diameter, so that 

D,=2 Da, 

and the height. of the lip, HI, is approximately one-fourth of the depth 
of the crater, i. e., 

H, ~0.25 H,,. 
5.46 The (apparent} depth and diameter of the crater formed in a 

surface burst in dry soil of a weapon of energy yield W kilotons, 
ranging from 1 kiloton to 20,000 kilotons (20 megatons), can be ob- 
t,ained from Fig. 5.46. The plots are based on the scaling laws giveu 
in 0 5.3, namely, that the crater diameter scales according to Wlfa and 
the depth according to W114. Various soil characteristics, particularly, 
the moisture content, affect the dimensions of the crater. Approximate 
“soil factors” are therefore used to obtain the values in other soils when 
those in dry soil are known. These factors, together with. an example 
of their application, are given on the page facing Fig. 5.46. 

TECHNICAL ASPECTS OF UNDERWATER EXPLOSIONS 211 

CRATER RADIUS IN UNDF~~ROUND BURST 

5.47 The dependence of the crater radius upon the depth of burst 
in the case of the underground explosion of a l-kiloton weapon in dry 
soil is shown by the curve in Fig. 5.47. In order to determine the 
crater radius for an explosion of W kilotons yield at a specified depth, 
it is first necessary to determine the scaled depth of burst by dividing 
the actual depth by Wila. The crater radius for this depth in the case 
of a l-kiloton explosion is then read from Fig. 5.47. Upon multiplying 
the result by W1/3 the required crater radius is obtained. The cor- 
rection factors for hard rock and saturated soil are given in connection 
with the example facing Fig. 5.47. 

TECHNICAL ASPECTS OF UNDERWATER EXPLOSIONS 

SHOCK WAVE PROPERTIE 

5.48’ By combining a theoretici treatment with measurements 
made in connection with detonations of TNT charges under water, 
some characteristic properties of the underwater shock from a nuclear 
explosion have been calculated. The peak pressure, the impulse per 
unit area, and the energy per unit area of the shock wave at various 
distances from a deep underwater explosion of l-kiloton energy, are 
recorded in Fig. 5.48. An expIosion at a considerable depth in deep 
water is postulatsd, so as to eliminate the effects of surfaces. Conse- 
quently, the values of impulse given in Fig. 5.48 are independent of 
the cutoff effect. For an explosion and target near the surface, the 
impulse and energy would be greatly decreased. 

5.49 The scaling procedures for calculating water shock wave 
properties for an explosion of W kilotons yield are similar to those 
described in Chapter III for an air burst. Thus, if Do is the slant 
distance from a l-kiloton explosion under water at which a certain 
shock pressure occurs, then for a W-kiloton burst the same pressure 
will be attained at a slant distance D, where 

D=DoX W’f8, 

as in equation (3.86.2) for an air burst. The underwater impulse and 
energy scale in the same manner as impulse for an explosidn in the 
air, as given in 0 3.88. Thus, 

Z=ZoXW1fa at a distance D=D,XW”*, 

E=EoXW1f8 at a distance D=D,XW1f8, 
(Text coatlaued on pa@ 218.) 
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The curveS give the values of apparent crater diameter and depth 
as a function of weapon yield for a contact surface burst in dry soil. 
Average values of soil factors to be used as multipliers for estimating 
crater dimensions in other soil types are as follows: 

Bntl Tgpe Dtumeter Depth 
Hard rock (granite or Rand&one) ______________________ 0.8 0.8 
Saturated soil_________________________________________ 1.7 0.7 

Exnm$ 

Given: A 20 KT contact burst over a sandy loam soil where the 
water t,able is within a few feet of the surface. 

Find: The crater dimensions. 
Rohtion : From Figure 5.46, the crater diameter and depth in dry 

soil are 340 feet, and 53 feet, respectively. ISy applying the soil factors 
listed above for saturated soil, the estimated (approximate) crater 
dimensions for a 20 KT surface burst over saturated soil are a~ 
follows : 

Crater Diameter (I?,) =340X 1.7=580 feet. 
(‘rater Depth (H,) = 53 X 0.7 =37 feet. 
Diameter of Rupture Zone= 1.5 I),= 1.5 X 580=870 feet. 
Height of Lip = 0.25 Ha = 0.25 X 37 = 9 feet. &WUWP. 
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Figure 5.46. Apparent crater depth and diameter for a contact 2nrface burst 
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The curve gives the estimated crater radius as a function of depth 
of burst for 1 KT explosions in dry soil. For other soils, multiplica- 
tion factors should be used as follows : 

#oil TUPR Relative Crater Radius 
Hard rock (granite and sandstone) ____________________________ 0.8 
Saturated soil____________-________-__________--______________ 1.7 

i5’cuJim~. To determine the crater radius for a IV KT yield, the 
actual burst depth is divided by W *I3 to obtain the scaled depth. The 
radius for 1 KT at, this dept,h of burst, read from Fig. 5.47, is then 
multiplied by W1’3 
li.‘xample 

Given: A 20 KT burst at a depth of 50 feet in saturated soil. 
Find : The crater radius. 
Xohtion : The scaled burst depth is 50/201/a= 50/2.7 = 18 f est. 

From Fig. 5.47, the crater radius for a 1 KT explosion at this depth is 
88 feet. Hence, crater radius for the 20 KT burst at a depth of 50 
feet in dry soil is 

88X2O1:3=88X2.7=24O feet. 
Crater radius in saturated soil is, therefore, 

240X1.7=410 feet. Answer 
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Flgure 6.47. Relation of apparent crater radlua to depth of burst for l-kllotm 
explosion in dry soil. 
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The curves show the peak water overpressure, the energy per unit 
area, the impulse per unit, area, and the time constant (defined in 9 
5.50) as functions of distance (slant range) from a l-kiloton explosion 
in deep water. 

ScalGnq. For yields other than 1 KT, the range to which a given 
pressure extends is given by 

D=D,X WI/8 
where D, is the distance from the explosi& for 1 KT, 
and D is the distance from the explosion for W KT. 

For the impulse, energy, and time constant the appropriate scalinp 
equations are as follows : 

and 

Z=I,XW1f3 at D=D,X W113 
E=E,x W’/3.tD=D,xW’/:, 

B=&XW1f3 at D=D,XW1’s 
where IO, E,, and B,, are impulse, energy, and time)constant for 1 KT at 
distance I),, 
and I, E, and B are impulse, energy, and time constant for W KT at 
distance D. 

Ezampk 

Given: A 30 KT bqmb detonated in deep water. 
Find: The peak overpressure, impulse, energy, and time constant, nt. 

a slant range of 3.1 miles. 
Solution: The distance D, for 1 KT, corresponding to D=3.1 miles 

for 30 KT, is 3.1/301/3=3.1/3.1= 1 mile. From Figure 5.48, the peak 
overpressure at 1 mile from a 1 KT burst is 330 psi. By the scaling 
law, the same pressure occurs at a distance 1X3O*/s=3.1 miles from 
a 30 KT explosion ; hence, the required value of the peak overpressure 
is 330 psi. A9.8wer 

At 1 mile from the 1 KT explosion, the impulse, energy, and time 
constant from Fig. 5.48 are as follows: 

Impulse = 6.5 lb-sec,/in*. 
Energy= 12.5 lb-ft/in2. 
Time constant = 17.3 millisec. 

Therefore, at 3.1 miles from the 30 KT burst, the corresponding 
values will be 

Impulse = 6.5 X 30*13 = 20.2 lb-sec/in2. 
Energy = 12.5 X3O1/3 =39 lb-ft/in2. 
Time constant = 17.5 X3O1/3 =54 millisec. Amwer 
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DISTANCE FROM SURFACE ZERO 6TATUl’E MILES) 

Figure 6.48. Water shock wave properties for LL l-kilotou explosion in deep 

water. 
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underwater explosion. The overpressures obtained from this curve 
will be lower than observed from a surface burst, but fireater than 
those from a deeper burst in water. As a rough approximation, this 
overpressure-distance curve may be used, together w.ith the usual seal- 
ing law for blast overpressure, for any shallow burst in moderately 
deep water. 

(Text canthoed from page 211.) 

where Z and E are t,he impulse and energy, respect,ively, at a dist.ance 
D from an explosion of W kilotons, and Z0 and E, are the values at a 
distance D, from a l-kiloton explosion. These scaling laws are 
illustrated in connection with the example based on the use of Fig. 5.43. 

5.50 The rate at which the shock pressure, at a fixed distance from 
the explosion, falls off with time can be represented by 

p(t) =pe-‘lo, (5.50.1) 

where p(t) is the pressure at a time t after the arrival of the shock 
front at the point of observation, p is the peak value at the time of ar- 
rival, and 8 is a parameter called the “time constant.” Physically, 0 
is the time at which the pressure has decayed to p/e. The time con- 
stant varies with the distance from the explosion, and some calculated 
values for a deep underwater explosion of l-kiloton ene.rgy are in- 
cluded in Fig. 5.48. The time constant for an explosion of W-kilotons 
energy may be obtained by the scaling method given above for energy 
and impulse. 

5.51 It is apparent from equation (5.50.1) that 19 determines the 
rate at which the shock pressure decreases wit,h t.ime and, consequently, 
provides a relative indication of the duration of the shock wave. As 19 
increases with increasing distance from the explosion, the duration of 
the shock wave increases correspondingly. 

5.52 The peak pressure and duration of the water shock wave from 
a burst in shallow water will be less t.han those given above for an ex- 
plosion in deep water, because of the influence of the air and bottom 
boundaries. The peak water pressures versus dist’ance from surface 
zero for a l-kiloton burst at mid-depth, as derived from measurements 
made at the Bikini BAKER test, are shown in Fig. 5.52. The results 
are applicable, in general, to a burst at mid-depth in water having a 
scaled total depth, i. e., actual depth divided by WI’*, of 66 feet. The 
distance at which a given peak pressure occurs is then obtained upon 
multiplying by the usual scaling factor of W113. 

AIR BLAST *‘ROM UNDERWATER EXPLOSIONS 

5.53 As seen earlier, a certain amount of the shock energy accom- 
panying a shallow underwater explosion is transmitted as a blast wave 
in the air. The proportion of the energy so transmitted depends upon 
the depth of burst, but in order to give some indicat.ion of the ,over- 
pressures in the ai,r, the data obtained at the Bikini BAKER test have 
been used as a basis. From these, with the aid of the familiar W1j8 
scaling law, the curve in Fig. 5.53 has been derived for a l-kiloton 

WAVE HEIQHT IN UNDERWATER EXPLOSIONS 

5.54 By appropriate scaling of the wave height! observed at the 
BAKER test (Table 5.40)) the results given in Fig. 5.54 have been ob- 
tained for the approximate maximum wave heights (crest to trough) 
at various distances from a l-kiloton burst under water. The results 
apply to an explosion of W-kilotons energy yield in water having.a 
scaled depth, defined in this case as actual depth divided by Wl’*, of 
85 feet. The wave height at any given distance from surface zero for 
a W-kiloton burst can be obtained upon multiplying the result for 
l-kiloton yield in Fig. 5.54 by the scaling factor W”*. If the scaled 
depth of the water is less than 85 feet, the wave height decreases lin- 
early with the actual depth. It should be noted that the data in Fig. 
5.54 are for a constant depth of water and do not allow for peaking 
that may occur as the waves reach shallow water. 

UNDERWATER CRATER FORMATION 

5.55 The dimensions of the crater formed on the bottom as the re- 
sult of an underwater explosion for a range of energy yields are repre- 
sented by the curves in Fig. 5.55. The values are for a burst less than 
20 feet deep in 60 feet of water for a sand, sand and gravel, or soft 
rock bottom. The correction factors for other bottom materials are 
given on the page facing Fig. 5.55. 
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EFFECTS OF SURFACE AND SUBSURFACE BURSTS 

The curve shows the dependence of the peak water overpressure on 
the range for a 1 KT burst at mid-depth in water that is 66 feet deep. 

Scaling. For a W KT burst, the distance at which a given pressure 
occurs in a scaled depth of 66 ft of Mater is obtained by multiplying 
the distance for a i KT explosion by W1ls. 

Given7: A 30 KT bomb detonated at mid-depth in 200 feet of water. 
Find: The distance at which a peak overpressure of 300 psi will 

OCCW. 

S&&m: The scaled depth corresponding to the actual depth of 
260 feet is 200/30*~s=200/3.1 ~65 feet. This is close enough to 66 
feet for Fig. 5.52 to be used. 

From the curve, it is found that 300 psi occurs at 0.39 mile from 
a 1 KT explosion. Therefore, for a 30 KT bomb, the peak over- 
pressure of 300 psi occurs at 

0.39X301fs =0.39X3.1=1.2 miles. Answer 

300 

200 

100 # I I . 
0 0.1 0.2 , 0.3 0.6 

DlSPANCEFllOMSDllFACE~O (STATU'IEMll.B) 

I Flgure 6.62. Peak water overpressure ‘for II l-kiloton explofdon at mid-depth 
In water 66 feet deep. 
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The curve gives the peak air overpressure at the surface for a 1 KT 
explosion in shallow water as a function of the distance from surface 
zero. 

Scaling. The distance at which a given peak air overpressure oc- 
curs for a W KT explosion is obtained by multiplying the distance for 
the same overpressure in the case of a 1 KT burst by the scaling 
factor WIJs. 

Example 

Given: A 30 KT bomb detonated in 100 feet of water. 
Find: The distance at which the air overpressure at the surface 

is 5 psi. 
Xoktion: From Fig. 5.53, the air overpressure of 5 psi will occur 

at a distance of 0.2 mile from surface zero for a 1 KT burst. Hence, 
the surface zero dista& from a 30 KT explosion for the same over- 
pressure is 

0.2 X 301fs = 0.62 mile. Anezoer 
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Figure 6.63. Peak alr overpressure 8t surfa& for a l-kiloton &allow under- 
water ‘explosion. 
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The curve shows the approximate maximum crest-to-trough wave 
height versus horizontal distance for a 1 KT burst in water having 
a depth of 85 feet. (This corresponds to the scaled depth at the Bikini 
BAKER test.) 

Sc&ng. At a given distance from surface zero, the wave height 
for a W KT explosion is W ‘I* times the wave height at this distance 
in the case of a 1 KT burst in water of the same scaled depth. For 
water shallower than 85 W’f’ feet, the wave height decreases linearly 
with the depth of the water. 

G&v&n: (a) A 30 KT bomb detonated in 200 feet of water. 
(6) A 30 KT bomb detonated in 100 feet of water. 

Find: The expected maximum wave height in each case at 4 miles 
from surface zero. 

Solution: (a) The scaled depth of the water is 

200/3O’f’ = 200/2.34 = 85 feet ; 

consequently, Fig. 5.54 is applicable to this case. From the curve, 
the maximum wave height at 4 miles from the 1 KT explosion is 
1.0 feet. Therefore, for a 30 KT bomb in 200 feet of water, the 
wave height .at 4 miles is 

1.0 x3W2 = 1.0 ~5.5 = 5.5 feet, crest to trough. AYIMW~ 

(6) Since 100 feet is less than 85 W’* when W is 30 KT, the wave 
height will now be proportional to the actual depth of the water. 
When the dept,h is 200 feet, the wave height at 4 miles from the 30 
KT burst is 5.5 feet.; hence, for a water depth of 100 feet the wave 
height at the same distance is 

5.5 X $$ =2.7 feet, crest to trough. Anmaer 

14 

12 

2 

DlSTANCK FROM SURFAW ZEHO (STATUTF. MII.ES) 

Figure (i.M. Mnxiraurn wave height (crest to trough) for a l-kiloton explosion 
in water &r, feet deep. 
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DEPTH AND LIP HEIGHT (FEET) 

The curves give the depth, diameter, and lip height of the under- 
water crater as functions of yield. The results are for a burst less than 
20 feet deep in 60 feet of water for a sand, sand and gravel, or soft 
rock bottom. 

For other bottom materials the crater dimensions can be estimated 
by multiplying the values from Fig. 5.55 by the fdllowing factors: 

dtaterta2 Diameter Depth Ltp Retpht 
Loes8________________________-_______--_______.1.0 1.7 0.7 
Clay_______________________________-__________.1.0 2.3 2.3 
Hard Rock_____________________________;______.0.7 0.5 0.4 

Mud or Muck_____________-__-________--______ 0.7 0.4 0.2 

Example 
Given: A 200 KT bomb detonated just below the surface of 60 

feet of water; the bottom is predominantly clay. 
Find: The crater dimensions. 
Solution : The dimensions from Fig. 5.55 for this burst are 

Diameter= 1,100 feet 
Depth = 37 feat 
Lip Height=3.3 feet. 

The dimensions for a clay bottom are then 

Diamet,er= 1,100X l.O= 1,100 feet 
Depth=37X2.3=85 feet 
Lip Height = 3.3 X 2.3 = ‘7.6 feet. Ans?uer 

DIAMFTFR @W-T) >, >> 

Figure 5.55. Dimensions of crater from underwater burst. 
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DAMAGE FROM AIR BLAST 

DAMAGE CLASSIFICATION 

CHAPTER VI 

DAMAGE FROM AIR BLAST,’ UNDER- 

GROUND SHOCK, AND 

UNDERWATER SHOCK 

INTRODUCX’ION 

6.1 In the three preceding chapters the basic phenomena of air 
blast and ground and wat.er shock have been presented, with a general 
description of the damage produced by these effects of nuclear ex- 
plosions on various targets. The purpose of this chapter is to present 
an overall discussion of damage criteria and to consider damage- 
distance relationships, as functions of the energy yield of the explosion, 
for a number of specific structural types. In addition, a method 
is omlined for making a detailed analysis of the factors which deter- 
mine the damage suffered by particular structures exposed to the 
action of air blast. 

6.2 The general conclusions concerning the expected effects of 
nuclear explosions on various structures are summarized in the form 
of three &arts (Figs, 6.41a, b, and c). These are based on a com- 
bination of theoretical analysis with data obtained from actual nuclear 
explosions, both in Japan and at various tests, as well as from labora- 
tory studies. However, the nature of any target complex, especially 
a city, is such that no exact prediction of the effect of blast on struc- 
tures can be made. Nor is it possible to indicate the reliability of 
the prediction for any particular situation. Nevertheless, by the 
application of proper judgment to the available information, it is 
believed that results of practical value can be obtained. The con- 
clusions to be prese*’ 1 ed here are considered to be the most representa- 
tive for the average situation that might be encountered in actual 
t,arget complexes. 

ns 

6.3 In describing or classifying the damage to a city complex, 
the Federal Civil Defense Administration (FCDA) uses a system 
based on four zones. In the A-zone, all buildings are almost com- 
pletely destroyed by the blast; in the H-zone, most buildings are 
damaged beyond repair;. in the C-zone, moderately damaged build- 
ings must be vacated during repairs; and in the D-zone, partially 
damaged buildings need not be vacated during repairs. This system 
classifies damage to average b:rildings in a city, and is of particular 
value for gross planning purposes. Since it refers to average condi- 
tions, it is not recommended for describing damage suffered by a 
structure which may be stronger or weaker than the average. Further, 
certain targets, such as aircraft and ship, do not fit the concept of 
zones as established for a city complex. 

6.4 In order to describe damage to particular targets, the average 
zone system of t,he FWA has been modified. Because of the varia- 
t.ion in the blast response, even among related structures, the A-zone 
for one building will not neccss:trily be the same as the A-zone for 
another, and similarly for the other vones. Hence, instead of being 
used to describe average damage zones, the letters A, 13, C, and 1) will 

here refer to degrees of damage to a particular structure or object. 
The definitions are then as follows : 

A : The structure is virtually completely destroyed. 
B : The damage is so severe that complete reconstruction is required 

prior to re-use. 
C: The structural damage is such that major repairs are required 

before the object (or structure) can be used for its intended 

purpose. 
D: The object (or st,ructure) receives light damage, so that only 

minor makeshift repairs (or no repairs at all) are required to 
maintain its usefulness. 

A more detailed description of the application of this classification 
to specific targets will be given below. Charts for estimating the 
class of damage that might. be expected for various structures at 
specified distances from explo4ons of prescribed energy yield will 
be presented later. 

424278o-57-16 
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DAMAGE TO Alrow GROZTND STRXJ~T~IIIES 

6.5 The nature of the damage in the 13, C, and 11 classes to various 
st,ructures are given in Tables 6.5~. and h. Since A damage represents 
virtually complete dest,ruction, it has not been included. For con- 

TABLE 6.5s 

STRUCTURAL TYPES PRIMARILY AFFECTED BY BLAST WAVE 
DURING THE DIFFRACTION PROCESS 

Description of str”ct”re 

_____----- 
Multistory relnforced-con- 

crets holldlng; with reln- 
fowod.con,r~ie walls, blast 
resistant dcrlu”. no wln- 
dews. three ntorles. 

Multistory, relnforced-con- 
crete hullding; with con- 
mote walls. small wlndow 
area, five storlas. 

MultIstory. wall-hearing 
bulldlng, brick apartment 
house type, up to three 
storias. 

Multistory, wnll-bearing 
hulldlng, ma%?lvc type. four 
stories. 1.wge structura 
(over 211) ft x 100 It plnn 
dimensions). I” thls CSSP 
the side facing the blast may 
be severely damaged while 
the lnterlor remains rela- 
tlvely undamaged. 

Wood-frame bUlldi”g. house 
type. one or two stories. 

011 tanks, 30,000 to KWOO 
bbl, cone roof: tank8 co”- 
sidered full (more vulner- 
able If empty). Floating 
roof tanks are lea8 vulner- 
able. 

T Description of damage 

B 
---___ 

Walls shattered, struc- 
turo frame severely 
dlstortod, Rrst floor 
columns collapse or 
near coliapw. 

Wails shattered, severe 
frame dlstortlon, In- 
cipient collerw of Rrst 
floor columns. 

De.¶ring rvslls coll.spse 
resulting in total col- 
lapse of structure (Fig. 
4.aw. 

Bearbw wslls collapse 
resultbIg In collspse of 
structure supported 
hy these walls. Some 
bearing walls may be 
shlelded enough by 
lutervenlng wails so 
that part of structure 
may receive only mod- 
erate damage (Fig. 
4.69b). 

Frame shattered so that 
structure is for the 
most part collapsed 
(Fig. 4.14). 

Large distortions d 
Sides, @earn8 split, 110 
that moat of contents 
are lost (Fig. 4.748). 

C 
--___- 

Walls cracked. bulldIng 
slightly distorted, en- 
tranoewass damaged. 
doors blown In or 
Jammed: some spall- 
ing of concrete (Fig. 
4.628). 

Exterior walls badly 
erazked, Interior par- 
tltlons badly cracked 
or blown down. struc- 
ture frame perma- 
nentlydlslorted:spsll~ 
ing of concrete. 

Exterior walls bedly 
cracked, interior pw 
tltlons badly cracked 

or blown down. 
Exterior wails faciw 

blast badly cracked. 

l”teIlor partltlon3 
badly cracked, al. 
though toward far end 
d hulldlng damage 
may be reduced. 

Wall framing emked, 
roof badly dauwed. 
interior partltlona 
blown down (Fig. 
4.6). 

Roof collapsed. sldes 
above liquid buckled, 
some dlatortlon below 
llquld level. 

D 
--____ 

Designed to prevent 
light damage. 

Windows and doors 
blown In. lnterlor 
partitions cracked. 

Windows and doors 
blow” In, Interior 
partltlons craeked. 

Windows and doors 
blown In, Interior 
partitions cracked. 

Windows and doom 
blown ln, lnterlor 
partItIona emcked 
(Fig. 4.16). 

Roof bad19 damaged 
(Fig. 4.74b). 

‘Designed to withstand 20 psi overpresaure in the Mach mglon from II 20-klioton weapon wlthout onY 
impairment of faclllties. 
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venience, t.he structures in the first table are those damaged by forces 
acting primarily during the diffraction process; these forces are closely 
related to the reflected overpressure. The second table is concerned 
with buildings which are affected mainly by drag (dynamic pressure) 
forces. It will be noted that there is no mention in the tables of high 

I 

TABLE 6.5b 

STRUCTURAL TYPES PRIMARILY AFFECTED BY DRAG LOADING 

--- 

Light ste&rarne industrial 
building, sb@e Story With 
up to 6 ton crone cr.pacitY. 
Light weight, low strength 
walls Iall quickly. 

Medium steel-frame indw- 
blni hulldlng. single story 
with a IO-ton capwlty 
crane. Light weight, low 
strength wails fall quickly. 

Heavy stool-frame lndwtrlal 
bulldlng, single story wltb 
66 ton fxB”C cspscltY. 
Light weight, low strength 
~a3 rail quickly. 

Multistory. steel-fra”to UmCa 
type bulldlng. live stories. 
Light weight, low strength 
wdb fail quickly. 

MultIstory. relnformd+on- 
Crete frluns omce-type 
bulldlng, flveestalee. l.@ht 
weight, low strength walls 
fall quickly. 

Hlghnay and raIlroad tr~gl 
brldge.8. 

- 

B 

3evom frame dlstortlon 
(half column height 
deilectlon), (Fig. 4.668 
and b). 

Lvere frsme distortion 
(half column height 
delleotionJ 

Jevere frame dlstortlon 
(hail column height 
deflectIon). 

Bevere%tune dlstortlon. 
Inclplent collapse d 
lower floor columns. 

Severe frame dbtortton. 
Inclpleat eollap8e d 
lower floor col”“uu 
(Fig. 4.azb). 

Total frrllure of lateral 
brsoing. collapse d 
bridge. 

Description of do”we 
- 

_- 

i 
I 

I 

I 

- 

0 

Borne distortlon of 
frame: crraned (If any) 
cannot operate until 
rep&m made (Fig. 
4.6Zb). 

Some dletortlon of 
frame: craned (if any) 
cannot operate untli 
repairs mode. 

lome dbtortlon of 
frame: cranes (If any) 
cIumot operate until 
repalrs made. 

Frame dlstorted moder- 
ately. Interior partI- 
tlons blown down. 

Frama distorted modor. 
ateiy. lot&r partI. 
tlom blown down: 
.wme spalllng d co”. 
orete (Fig. 4.66b). 

lome failure of lateral 
bra&g such thal 
bridge eapac1ty is re, 
duced about 66 per. 
mnt. 

- 
D 

-___- 

Wlndowa and doom 
blown ln, light sld- 
ti ripped od or 
buckled. 

WIndowe and doom 
blown ln, light sid- 
lng ripped off or 
buckled. 

Wladows and doors 
blow” In. light sld- 
lng ripped Oil or 
buckled. 

Window8 and doors 
blow” In, light sld- 

lug ripped OR, Ln- 
ter1or partltlons 
cracked or buckled. 

Wlndoaa and doors 
blown Ln. light ald- 
1°K rlpped on. In- 
t&or partltlons 
cracked or buckled. 

cspac1ty of brme 
unchanged. Bare- 
ly notlessble dl.. 
tmtkm of lstord 
brf3cblg. 

buildings, such as are common in many large cities in the United 
States. This is because information concerning such buildings is 
lacking. There were no structures of this type in Hiroshima and 
Nagasaki, and there have been none exposed at the nuclear test 
explosions. 

6.6 For certain structural elements, with short periods of vibration 
(up to about 0.05 second) and small plastic deformation at failure, 
the conditions for failure can be expressed as a peak overpressure 



232 DAMAGE FROM AIR BLAST AND SHOCK 

withod cmnsitleration for thrb dur:ltion of the Id:\st W:IVP. The fztilurc 

~onclitions for &ulents of this tyl)v are given in ‘l’i~l~le 6.6. 80~~ of 
these eleumts fail in :t Ijrittle f:dion, and thus there is only a small 

difTerenc*e IN+WW thp Ibrt5sures tlntt cause 110 tht~~wgr and those that 
produce c~oinpletc failure. Of her vlenient~s may fail in zi inoclerately 
&Mile llt:ll3t1~r, but still with littk clilferenve between the pressures for 
light. tlnninge :In(l roiiiplrtt? failure. The pressures are incident, blast. 
overpressures for pnels tlr:lt face ground zero. For panels that are 
oriented so that t,here arta no reflected pressures t,hereon, t.he incident, 
pressures mnst be cloid~letl. 

TABLE 6.6 

CONDITIONS OF FAILITRIS OF PF;AK OVERPRESSURE-SENSITIVE 

- - -~ .._.-._-._ 

Structllrat EtelJlcllt 

Corrllg:bt od asbesf,os siding. 

Corru&rd std or duminum 
panetine;. 

Rrick wall panel, 8” or 12” 

t,hick (not. rrjnforccrt). 

Wood sitting pctnrtx. sf.andard 

house construrt~ion. 

Conrret,e or cinder-btork wall 

panels, 8” or 12” thick (not, 

reinforccd). 

__-_. -- _- _._.._ 

Failure 

Shattering nsuatty, occesionst 

frame failure. 

Sh:d t.ering. 

Connoc~t.ion failure fottowed 

by Imckling. 

Shc*aring and ftexure failures. 

I~sually failure occurs at t,he 

main connections allowing a 

whotr panel t,o be blown in, 

ShaMring of the watt. 

Approximate 
Incident Blast 
Overpressure 

(psi) 

0. 5-1. d 

I. o-2. 0 

1. o--2. 0 

7. O-8. 0 

1. o--2. 0 

2. o-3. 0 

6.7 Air blast. is the controlling factor for damage to light-weight 
r:rrt 11 covered st rnc*tures and shallow buried underground structures. 
l’l~e earth cover provides surface structures with substantial protec- 
t ion :rjiainst, air blast and also some l)rotect,ion against missiles. The 
depth of eart.h cover above the strrrcbture would usually be det,ermined 
by the degree of protection from nuclear radiation required at the 
design overpressure or dynamic pressure (see Chapter VIII). 
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6.8 The usual method of providing earth cover for surface or “cut- 
and-cover” strnctures is to build an earth n~ow~d over the portion of 
the st,ructure that is above the normal gronnd level. The earth mound 

reduces the blast reflection factor (see Fig. 6.82a) and improves the 
aerodynamic shape of the structure. This results in a considerable re- 
duction in the applied translational forces. An additional benefit of 
the earth cover is the stiffening or resistance t.o motion that. the earth 
provides to flexible strnctures by the buttressing act ion of the soil. 

6.9 Light-weight, shallow buried underground structures are those 
constructed deep enough for the top of the earth cover to be flush with 
the original grade. However, they are not sufficiently deep for the 
ratio of span t,o depth of burial to be la.rge enough for any benefit tv 
be derived from soil arching (see g 6.11). For depths of cover up to 
about 10 feet. in most soils, t,here is lit,tle attenuation of the air blast 
pressure applied to the top surface of a shallow buried nnderground 
struckre. The results of full scale nuclear tests in Nevada indicat,e 
t,hat there is apparently no increase in pressure exerted on the struc- 
ture due to ground shock reflect.ion at the interface between the earth 
and the top of the structure. 

6.10 The lateral pressures exerted on the vertical faces of a buried 
structure have been found to be as low as 15 percent of the pressure 
on the roof in dry, well-compacted, silty soils. For most soils, how- 

ever, t.his lateral pressure is likely to be somewhat higher and may 
approsich 100 percent of the roof pressure in porous saturated soil. 
The pressures on the bottom of a buried struct.ure, in which the bottom 
slab is a structural unit integral with the walls, may range from 7fi 
to 100 percent of the pressure exerted on the roof. 

6.11 [Jnderground structures, buried at such a depth that the ratio 
of the burial depth to the span approaches (or exceeds) unity, will 
obtain some benefit from the arching effect of the soil surrounding the 

structure. Limited experihnce at the Nevada Test Site has indicated 

that the arching action of the soil effectively reduces the loading on 

flexible structures, alt,hough the exact extent is at present uncertain. 
6.12 The damage that might be suffered by a shallow buried struc- 

ture will depend on a number of variables, including the structural 
characteristics, the nature of the soil, the depth of burial, and the 
downward pressure, i. e., the peak overpressure of the air blast wave. 
In Table 6.12 are given the limiting values of the peak overpressure 
required to cause various degrees of damage to two types of earth- 

covered structures. The range of pressures is intended to allow for 

difference in structural design, soil conditions, shape of earth mound, 
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and orientation with respect to the incident blast wave. The datiage- 
distance relationships for these structural types are summarized in 
Fig. 6.41a. 

TARLE 6.12 

DAMAGE CRITERIA FOR SHALLOW BURIED OR EARTH COVERED 
SURFACE STRUCTURES 

Type of structure 

Light, corrugated steel arch, 
surface structure (lo-gage 
corrugated steel with II span 
of 20 to 25 feet) with 3 feet 
of earth cover over the 
crown. 

Light, reinforced-concrete sur- 
face or underground shelter 
with 3 feet minimum e&h 
cover. (Panels 2 to 3 inches 
thick, with beams spaced on 
I-foot centers.) 

- 

-- 

-- 

- 

Damage 
class 

Peak over- 
pressure 

(psi) 

35-40 
30-35 

20-25 

IO-15 

30-35 
25-30 
15-25 

lo-15 

Nature of damage 

Complete collapse. 
Collapse of portion of arch 

facing blast. 
Deformation of end walls 

and arch, possible en- 
trance door dsmage. 

Possible damage to venti- 
lation system and en- 
trance door. 

Collapse. 
Partial collapse. 
Deformation, severe crack- 

ing and spalling of 
panels. 

Crackingof panels, possible 
entrance door damage. 

6.13 An ilhlstration of R-t.ype damage to a lO-gage corrugated 
steel-arch, earth-covered, surface structure is shown in Fig. 6.13. It 
will be noted that about half of the arch has collapsed. This failure 
was attributed primarily to the dynamic pressure acting on the for- 
ward slope of the earth mound. 

6.14 The peak overpressure for the complete collapse of the cor- 
rugated steel-arch structure, with 3 feet, of earth cover, is given in 
Table 6.12 as 35 to 40 pounds per square inch. However, it has been 
estimated that if this structure had been completely buried, so that no 
earth mound was required, an overpressure of 40 to 50 pounds per 
square inch would have been necessary to cause it to collapse. This 
increase in the required overpressure is due to the fact that the dynam- 
ic pressure is minimized under these conditions. It may be mentioned 
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Figure 6.13. R-type damage to earth-covered l&gage rorrugated steel structure. 

that, using standard engineering techniques, it is possible to design 
underground structures which will wit,hstand blast overpressures in 
excess of 100 pounds per square inch at the surface (see Chnpter XII). 

DAMAGE TO LAND TRANSPORTATION EQUIPMENT’ 

6.15 The general types of land transportation equipment con- 
sidered here include civilian motor-driven vehicles (cars, trucks) and 
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t~:trll~-rlloviil~ ec1\li1mteilt (hill~lozers. p:dws, scr:11)ers), anti. rail- 
~)a11 rolling stock (loco~llotiws and 1)0x, tank, :tncl ~ondol:~ cars). 
‘I’llese ittws are prirnai*ily drag sensitive, i. e., they respond chiefly to 
the d~WUlliC pressure, Kltlle~ tllilU t0 the ilir blast ov’cr1)ressIIIp. +lle 

descri1)tions of the v:iriolls cle~lWs of cl:lnlitgf? are give11 ill Table 6.15. 

‘I’he corres1’on(liilg ranges iis a function of explosion yield are in- 

TABLE 6.15 

DAMAGE CRITERIA FOR LAND TRANSPORTATION EQITIPMENT 

Descript.ion of equipment 

-.- 

Civilian mot.or equipmc,nt, 
(cars, trucks, bulldozers, 
and gradtsrs). 

Railroad rolling stock (box, 
tank, snd gondola cars). 

-----_ 

Railroad locomotives (Dirsel 
or steam). 

-.-_. .~______.___..___ 

Damage 
CIIISS 

A 

n 

C 

D 

A 

1% 

C 

D 

-__- 

A 

B 

C 

D 

Nature of damage 

--- 

Completely demolished and parts scat- 
ttsred. 

J,arge displacements, outside sppurtc- 
nances (doors and hoods) torn off, need 
rebuilding before use. 

Turned over and displaced, badly dent- 
ed, frames sprung, need major re- 
pairs. 

Crlass broken, dents in body, possibly 
turned over, immediately usable. 

----- -..- ____~_ 

Complebety demolished and parts scat- 
t.t*rtld. 

Car blown from tracks and badly smaah- 
cd, some parts usable. 

Doom demolished, body damaged, could 
roll to repair shop (Fig. 4.978). 

Some door and body damage, car can 
continue in use. 

--_-~ 

rwisted and generally demolished. 

Serturned. parts blown off, sprung and 
twisted so that major overhaul re- 
quired. 

Probably overturned, can be towed to 
repair shop after being righted and 
need major repairs. 

Xass breakage and ininor damage to 
parts, immediately usable. 

-- 
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eluded in n cluwt, (see Fig. 6.41c). For civilian motor equipment, the 

ranges apply, sperifically, to heavy trucks. For passenger cars and 
light, trucks, the respective distances would be somewhat. greater, 
whereas for heavy eart,hmoving and construct.ion equipment, they 
would be less than those derived from the cbarL 

I 

DAMAGE TO PARKED TRANWORT AIRCRAFT 6 

6.16 Aircraft. are relatively vulnerable to air blast effects and, 
as stated in Chapter’ IV, the peak overpressure is the significant pa- 
rameter for estimating damage. The forces developed by overpres- 
sures of 1 ho 2 pounds per square inch nre sufficient to dish in pnnels 
nnd buckle stitfeners and stringers. At, higher overpressures, the 

materin] (or wind) velocity behind the shock front develops drag 
forces which t,end t.o rotate, translate, overturn, or lift a parked air- 
(*rnft, so that, damnge mny then result from collision wit,h ot,her air- 
craft, strucfures, or the ground. Aircraft are nlso very susceptible to 

dnmnge from flying debris carried by the blast wave. 
6.17 Several factors influence t.he degree of damage that may be 

expected for an nircraft of a given type nt. a specified range from a 
nuc*lear cletomition. Aircraft, that are parked with the nose pointed 
toward the burst will sutfer less dnniage than those with the tail or 
&her side directed toward the oncoming blast wnve. Shielding of 

one nircrnft by nnother or by structures or t.errnin features may re- 
duce damage, especially t,bnt cnused by flying missiles. Standard tie- 

down of aircraft, RS used when high winds are expected, will also 
minimize the extent of damnge at ranges where destruction might 
otherwise occur. 

6.18 The various damnge categories of aircrnft are outlined in 
Table 6.18, together with the npproximnte overpressures at which they 

Damage 
class 

A 
R 
(I 

D 

TABLE 6.18 

DAMAGE CRITERIA FOR PARKED AIRCRAFT 
_.. ____ 

Nature of damage 

C0mplet.e destruction. 
Damage beyond economical repair. 
Major shop repair required prior to flight (Figs. 4.1OOa 

and b). 
Minor or no repair or replacement required prior to flight. 

Overpres- 
sure (psi) 

6 
4 

3 
1 
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may be expected. The corresponding damage ranges, as related to the 
energy yield of the nuclear explosion, are given later (see Fig. 6.4~~). 
l’hey are applicable to transport aircraft, of the type utilized by com- 

mercial air carriers, parked in the open at random orientation wifh 
respect to the point of burst. It should be noted that these rank-es are 
based on tests in which military aircraft were exposed to detonat.ions 
having yields in the kiloton energy range. For megaton yield detona- 
tions the longer duration of the blast exposure may influence the re- 
sults. However, as no data are available to define this effect, no at- 
tempt has been made to adjust the damage ranges. 

6.19 Aircraft with fabric-covered ‘control surfaces or ot,her ex- 
posed ignitable materials may, under certain conditions, be damaged 
by thermal radiation at distances beyond those at which equivalent 
damage would result, from blast effects (see Fig. 6.41~). The 
vulnerability to thermal radiation may be, decreased by protecting 
ignitable materials from exposure (.o direct radiation or by painting 
them with protective (light colored) coatings which refle&, rather 
than absorb, most of the thermal radiation (See Chapter VII). 

DAMAGE ~0 S~IIPPINC~ 

6.20 Damage to ships from an air or surface burst will be due 
primarily t,o the air blast, since litt,le pressure is transmitted through 
the water. For this reason, t.he exposed port,ion of the ship above 
water, will suffer the greatest. n brief description of the observations 
made at. the Bikini AHLE test was given in Chapter IV, and the gen- 
eral COII~~I~S~OII may be summarized here. Masts, spars, radar anbn- 
nae, stacks, electrical equipment, and other light objects are especially 
sensit,ive to air blast. Ship machinery would probably remain intact 
R(, the rauge within which the ship survives. Boilers and upt,akes are 
the principal exceptions, and blast damage to these components will 
account for many cases of immobilization. 

6.21 The degrees of damage to merchant type vessels are described 
in Table 6.21. The A and 1% classifications are combined because 
it is difficult to make a reasonably clear distinction between them. 
The damage-distance relationships for various types of damage are 
included in Fig. 6.4la. Illustrations of the dest,ruct,ion caused to 
ships by air blast from a nuclear explosion were given in Chapter IV. 

DAMAGE FROM AIR BLAST 239 

TABLE 6.21 

DAMAGE CRITERIA FOR SHIPPING FROM AIR BLAST 
~~.___-- 

Damage class Nature of damage 
I -- 

A and B 

C 

D 

Severe damage, with probable sinking. 
(The ship is sunk or is damaged to the extent of requiring 
rebuilding.) 

Moderate damage, with immobilization. 
(The ship requires extensive repairs, especially to shock- 
sensitive components or their foundations, e. g., propul- 
sive machinery, boilers, and interior equipment.) 

Light damage. 
(The ship may still be able to operate, although there 
will be damage to electronic, electrical, and mechanical 
equipment.) 

DAMAQE TO UTILITIER 

6.22 The treatment given here applies to damage caused to utility 
power lines, telephone and telegraph lines above the surface, and 
transmitting towers. Buried utility pipes will be considered later ($ 
6.31). Damage to structures, such as power stations, pumping sta- 
tions, and storage tanks may be inferred from the information given 
earlier in the section on ibove-ground structures (8 6.5, et 8ep.). ES- 
sentially? power lines are damaged if some (or all) of the poles are 
blown down, but they are otherwise undamaged. Lines radial to the 
direction of propagation of the blast wave are less susceptible to dam- 
age than those running in a transverse direction. The #results may be 
interpolated to give the damage-distance relationships for lines of 

intermediate orientations. For utility lines, A damage signifies that 

most of the poles will be blown down and wires broken (see Fig. 
4.111). There is, however, essentially no B, C ar D damage, since out- 
side the A zone, the damage may be expected to be light and easily 

repaired. 
6.23 For radio and television transmitting towers, about 200 to 500 

feet in height, the various types of damage are as described in Table 
6.23. The corresponding ranges as a function of energy yield of the 

explosion are given in Fig. 6.41~. 
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TABLE 6.23 

DAMAGE CRITERIA FOR TRANSMITTING TOWISRS 
___ ____.._._-_ ____..--~...__ _ .__._~ ___~~~ _~_ _ _ __ 

Damage class Nature of damage 

A 8ndB Towers demolished or flat on the ground (Fig. 4.109,). 
C Towers partially buckled, but held by guy lines; ineffective 

for transmission. 
D Guy linrs somewhat slack, but tower able to transmit 

(Fig. 4.109b). 

DAMAQB TO FORESTS 

6.24 In considering damage to forests, t,he discussion will refer 
more specifically to naturally occurring broadleaf and coniferous 
stands averaging about, 175 trees per acre. 12ecause trees are primarily 
sensitive t,o drag forces, the zone in which the damage decreases from 
class A to class I) is relatively narrow. In particular, the transition 
from A t,o I3 is diffiwlt to delineate, and so these two t.ypes of damage 
are taken together. The different classifications are described in Table 
6.24. Since the effect of air blast, on fores& is similar to that. of strong 

Flgnre 6.24b. Forest stnnd after 8 nnclear explosion, C damage (2.4 ~81 
overpressure). 

TABLE 6.24 

DAMAGE CRITERIA FOR FORESTS 

Damage ChSS 

A&B 

D 

Figure 6.24~. Forest st8ntl nfter 8 nnrlear explosion, B damage (3.8 PSI 
overpressure). 

Nature of damage 

Up to 90 percent of trees blown down; 
remainder denuded of branches and 
leaves (Fig. 6.24s). (Area impassable 
to vehicles and very difficult on foot.) 

About 30 percent of trees blown down; 
remainder have some branches and 
leaves blown off (Fig. 6.24b). (Area 
passable to vehicles only after exten- 
sive clearing.) 

Very few trees blown down; some leaves 
and branches blown off. (Area pass- 
able to vehicles.) 

Equivalent 
mrricane wind 

velocity 
miles per hour) 

- 

1 

( 
_- 

130-140 

90-100 

60-80 
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winds, the velocities of steady winds which would produce comparable 
damage are included in the table. 

6.25 The damage-distance relationship for average forest stands 
are given in Fig. 6.41~. The distances for broadleaf stands are some- 
what greater than the average, whereas those for coniferous stands are 
slightly less. 
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t.o the chwrac*terist.ies of t.he ‘soil or rock in which the st,rurture is 
buried. It will he seen that, as is to he anticipated, there is no appre- 
ciable damage from ground shock beyond the plastic zone, i. e., farther 
than about two and one-half crater radii from surface zero. 

TABLE 6.29 * 

GROUND SHOCK DAMAGE CRITERIA FOR MODERATELY DEEP 

I UNDERGROUND STRUCTURES 

DAMAGE FROM GROUND AND WATER SHOCK 

UNDERGROUND STRUCTUREE 

6.26 An underground structure can be designed so as to be practi- 
cally immune to air blast ($6.14)) but such structures can be damaged 
or destroyed by cratering or by ground shock due to a near surface, 
true surface, or underground burst. The average density of an under- 
ground structure will usually be less than that of the displaced soil. 
In addition, it is known t.hat the pressure pulse in the soil from a 
contact surface burst or an underground burst is relatively long com- 
pared to the dimensions of the structure, and the pressure at the shock 
front does not increase abruptly. 

6.2’7 On the basis of these facts, it is to be expected that under- 
ground structures of relatively small size will “roll with the blow.” 
This expectation has been borne out by actual experience. The move- 
ment of the structure is intimately connected with the movement of 
the soil as the shock wave passes. In other words, if the particle 
acceleration in the soil has certain peak horizontal and vertical com- 
ponents, then the small underground structure may be expected to 
have almost the same peak acceleration components. 

6.28 As stated in 8 5.18, et aep., the criteria for damage caused by 
cratering and ground shock may be described in terms of three regions, 
namely (1) the crater itself; (2). the region extending roughly out to 
the limit of the plastic zone, i. e., to approximately two and one-half 
times the crater radius; and (3) the zone in which transient earth 
movements occur without permanent measurable deformation, there 
being no appreciable ground shock damage in this region. 

6.29 The shock parameter mainly responsible for damage has not 
been defined either theoretically or empirically. However, there is 
considerable evidence that the degrees of damage can be related, with- 
out serious error, to the crater radius. Some examples of this type of 
relationship are given in Table 6.29. There are certain minor varia- 
tions in the distances due to the factors referred to in 9 5.18, as well as 

I 

Type of structure Damage 
class 

-___ I 
Relatively emall, A&B 

heavy, blaxt-resist- 
ant design (shel- C 

1 ters) . 
D 

Relatively long, flex- A 
ible (pipelines). B 

C 

- 

_- 

__ 

- 

Distance from 
surface zero 

1% crater radii. 

l)i to 2 crater 
radii. 

2 to 2>4 crater 
radii. 

I>4 crater radii. 
1>4 to 2 crater 

radii. 
2 to 3 crater ra- 

dii. 

Nature of damage 

Collapse or severe displace- 
ment. 

Shock damage to interior 
equipment. 

Severance of brittle connec- 
tions, slight cracking at 
structural diacontinuities. 

- 

Deformation and rupture. 
Slight deformation with some 

rupture. 
Failure of connections. 

! 
6.30 A heavy, reinforced-concrete underground shelter is an 

example of the first type of structure referred to in Table 6.29. Thi$ 

may be expected to survive just beyond the crater region. But, at- 

tention should be called to the fact that the structure would be covered 
with the highly radioactive earth (see $9.58) of the crater lip out to 
the limit of class C damage. 

6.31 Buried utility pipes would be representative of the long, 
flexible structure in Table 6.29. The damage in zones A and B is 
primarily a result of permanent displacement of the soil, and in zone 
C it is due to permanent or transient strains. The actual distance to 

1 which type C damage will extend is dependent upon the orientation of 
the pipeline with respect to the explosion center. It is expected that 
a radial orientation will result in greater damage than a transverse 
orientation at a given range. Failure is most likely to occur at struc- 
tural discontinuities, such as at lateral connections and entrances to . 

buildings. This will particularly be the case if brittle materials are 
involved. 
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6.32 Although tunnels and subways would be destroyed within the 
crat,er region and would suffer damage out,side this area, these struc- 
tnres, especially when bored through solid rock and lined to minimize 
spalling, are very resistant, to ground shock. The rock, being an elastic 

medium, will transmit, the pressure (compression) wave very well, and 
when this wave strikes the wall of the tunnel, a tensile (negative pres- 
sure) wave is reflected from the rock-air interface.’ 

6.33 Under certain c,ircumstances, failure of the rock at the tunnel 
wall will result, in spalling when the reflected tensile stress exceeds 
the tensile strength of the rock. The thickness of spalling is de- 

pendent upon the magnitude, duration, and shape of the pressure 

wave, upon the size and shape of the tunnel, and upon the physical 
propert,ies of the rock. 

6.34 When structures are partly above and partly below ground, 
the damage to the underground portion will be very much as in- 
dicat,ed in Table 6.29, if the walls are sufficiently strong. However, 
as a general rule, for surface and subsurface bursts, dest,ruction due 
to air blast will extend well beyond the plastic zone, the third region 
referred to above. The over-all damage is then determined by the air 
blast, and is in accordance with the discussion in the earlier parts of 
this chapter. 

DAMAGE TO SHW~ FROM -UNDERWATER SHOCK 

63.5 A descript,ion of the interaction of underwater shock with 
ships, based on experience at the Bikini RAKER tests, was given in 
Chapter V. For most cases of underwater explosions, the water shock 
will be the important factor in determining damage. Exceptions to 
this rule may occur if the underwater burst is very near the surface 
or a weapon of very high yield is det!onated in shallow water. In 
these cases, the air blast. would be more significant than water shock. 

6.36 The various types of damage to ships from underwater shock 
are defined in the same manner as for air blast. Thus, the general 
descript,ions in Table 6.21 are applicable, irrespective of whether water 
shock or air blast is the main cause of damage. The relationships be- 

tween various degrees of damage to merchant-type ships and distance 
from an underwat,er harbor burst, as a function of the energy yield, 
are given.in Fig. 6.41~. 

‘The formatlon nf II negative pressure vfeve upon rellectlon of e COmPreBBiOu wave at 
the BUT~IW~ of II ltm ~WUE medium (air) 18 diecussed more fully ln the treatment of shock 
‘Rsvee In water (8 5.22). 
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Dl\MAoE TO MYDRAtJLIc STRUCTURES 

6.37 As is the case with air blast, it is to be expected that the dama,ge 

to an underwater structure resulting from water shock will depend 
upon the dimensions of the structure and certain characteristic times. 
The particular times which appear to be significant are, on the one 
hand, the time constant of the shock wave (3 5.50) and, on the other 
hand, the natrural response (or plastic) time and the diffraction time 
of the structure, i. e., the time required for the diffracted pressure 
(shock) wave to be propagated distances of the order of magnitude of 
the dimensions of the structure. In the event that the underwater 
structure is near the surface, the cutoff time (§ 5.26) would be signifi- 
cant in certain cases. 

6.38 If the time constant of the pressure wave is large compared 
to the times which are characteristic of the structure, that is to say, 
if the water shock wave is one of relatively long duration, the effect of 
the shock is similar to that of an applied steady (or static) pressure. 

In these circumstances, the peak pressure is the appropriate criterion 

of damage. Such would be the case for small, rigid underwater struc- 

tures, since they can be expected to hare short characteristic times. 

of 
6.39 For large, rigid underwater structures, where the duration 
the shock wave is short in comparison with the characteristic times 

of the structure, the impulse of the shock wave will be significant in 
determining the damage (Fig. 5.48). It should be remembered, in 
this connection, that the magnitude of the impulse and damage will 
be greatly decreased if the reflected wave from the air-water surface 
reaches the target soon after the arrival of the primary shock wave. 

6.40 If the large underwater structure can accept a substantial 
amount of permanent (plastic) deformation, as a result of impact 
with the shock front, it appears that the damage depends essentially 
on the energy of the shock wave (Fig. 5.48). If the structure is near 
the surface, the cutoff effect will decrease the amount of shock energy 
available for causing damage. 

DAMAGE EVALUATION 

DAMAGEDISTANCE REI,ATIONSHIPB 

6.41 By combining the information collected after the explosions 
in Japan and the data obtained at various nuclear tests with a theo- 
retical analysis of loading and response of structures, as described 
below, in the technical section of this chapter, relationships have been 

4242780--W-17 
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developed between the yield of t,he explosion, t,he distance from ground 
zero, and the degree of damage that would be expected for a variety 
of structures. The results for a typical air burst (AB) and a contact 
surface burst (SB) are summarized in the charts in Fig, 6.41a, b, 
a.nd c. For convenience, Fig. 6.41a is concerned with the effects of 
air blast on structures which are essentially of the diffraction type, 
whereas the structures to which Fig. 6.41b and c refer are primarily 
drag sensitive. Damage to ships from an underwater harbor burst 
and thermal damage to aircraft are also included in Fig. 6.41~. Ex- 
amples showing how these charts are used are given on the explan- 
atory pages preceding the respective figures. 

6.42 As explained in 9 6.4, the system used for classifying damage 
is a modification of the zone system adopted by the Federal Civil De- 
fense Administration to describe damage to an average city complex. 
In the present treatment, however, the letters A, I3, C, and D refer to 
degrees of damage, of decreasing severity, to individual structures or 
objects. Detailed descript,ions of these damage classes have been 
given above in various tables but, in simple terms, they are as follows : 
type A damage means virtually complete destruction; type B damage 
refers to destruction severe enough to need very extensive (perhaps 
prohibitive) repair; type C damage would require major repairs be- 
fore the object or structure could be used for its intended purpose; and 
type D damage would involve minor repairs or even further use with- 
out repair. 

6.43 The data presented in Figs. 6.41a, b, and c are for certain 

average target conditions. These include the assumptions that (1) the 

t,arget is at sea level (no correction is necessary if the target altitude 
is less than 5,000 feet) : (2) the terrain is fairly flat (rugged terrain 
would provide some local shielding and protection) ; and (3) the struc- 
tures have average characteristics (that is, they are of average size 
a.nd strength). In applying the results to conditions which depart ap- 
preciably from the average, any modifications that may be necessary 
must be left to the judgment of t,he analyst. 

6.44 Since the structures in Fig. 6.41a are of the diffraction type, 
the peak overpressure is the significant damage criterion. Conse- 
quently, the d.istances from ground zero for a specific damage are re- 
lated to the explosion energy yield by the familiar cube root law 
(5 3.86, et 8eq.). For the drag-type structures in Fig. 6.41b and c, 
however, this scaling law does not apply (8 3.66). Nevertheless, if 
it is required to extend the results to explosions of energy yields in ex- 
cess of 20 megatons, which is the maximum value in the charts, the 

(Text continued on FOX@ 250.) 
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From the nomogram and bar chart in Fig. 6.41a the nature of the 
damage to various diffraction-sensitive structures can be determined 
at any given distance from ground zero for an explosion of specified 
energy yield. The symbols A, B, C, and D in the bars refer to de- 
grees of damage of decreas ing severity, as described in the text. The 
abbreviations “SB” and “AB” at the head of each set of bars indicates 
a surface burst and an air burst, respectively. 

S&&g. The chart can be used directly for energy yields in the 
range from 1 KT to 20 MT. For yields W MT, in excess of 20 MT, 
the scaling law is 

d=g do for W>20 MT, 

where 
d=distance from ground zero for a W MT (>20 MT) explosion 

to cause a specific damage, 
and 

&=dista.nce from ground zero for a 20 MT explosion to cause the 
same damage. 

Example 

Given: A 1 MT air burst. 
Find: The nature of the damage suffered by (a) a blast-resistant, 

reinforced-concrete structure, (b) a conventional reinforced-concrete 
structure, and (c) a wood-frame house, at 2 miles from ground zero. 

Solution: Find the point indicating 1 megaton on the left scale of 
the nomogram tind the one representing 2 miles on the canter scale; 
draw a straight line through these points until it cuts the line at the 
right (“construction line”). From the point of intersection draw a 
horizontal line through the bars showing degrees of damage. 

(a) A blast-resistant, reinforced-concrete building will suffer essen- 
tially no structural damage. 

(b) A conventional reinforced-concrete structure will suffer B 
damage. 

(c) A wood-frame house will suffer A damage, i. e., essentially com- 
plete destruction. Answer. 
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Figure 6.41a. Damage-d$tance relationships for diffraction-type structure. 
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(Trxt contlnurd fmm p~pr 246.) 

cube root law may he used for bot,h diffractiou and drag type 
targets, provided the reference explosion is taken as 20 megatons. 
Thus, if ct is the distance from ground zero for an explosion of W 
(which is greater than 20) megatons, where a certain degree of dam- 
age is expected, and do is the distance for the same damage for a 20- 
megaton explosion, then 

d w 113 

0 

jpia 

;i;;= ZTi 
or d=- d,,. 

2.71 

Since d, can be obtained from the charts, the value of a? for an ex- 
plosion yield of W (which is in excess of 20) megatons can be readily 
evaluated. 

6.45 In conclusion, it should be mentioned that the damage charts 
do not take into consideration the possibility of fire. Generally speak- 
ing, except for fabric surfaces of aircraft, for.which data are included, 
the direct effects of thermal radiation on structures and other targets 
under consideration are inconsequential. However, thermal radiation 
may initiate fires, and in structures with A, B, or C damage fires may 
start because of disrupted gas and electric utilities. In some cases, as 
in Hiroshima (8 7.100)) the individual fires may develop into a fire 
storm which may exist throughout a city, even beyond the range of 
significant blast damage. The spread of such a fire depends to a great 
extent on local weather (and other) conditions and is therefore diffi- 
cult to predict. This limitation must be kept in mind when Figs. 
6.41a, b, and c are used to make a damage analysis of a particular city 
or target area. 

INTERACTION OF OBJECTS WITH AIR 

I~ELOPMENT OF BLAST LOADING 

6.46 Because precise information concerning the 

BLAST’ 

effects of blast 
from nuclear explosions on structures is somewhat limited, the usual 
procedure for predicting blast damage is by an analysis, supported by 
such laboratory and full-scale empirical data as may be available. 
The first stage in this analysis is the determination of the air blast 
loading on the particular structure, followed by an evaluation of the 
response to this loading. Since actual structures are generally com- 
plex, the treatment presented here will refer to a number of idealized 
targets of simple shape. (Text continued on page 256.) 

’ The remrlnlog sections of this chapter may be omltted without loss of contlnulty. 
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From the nomograms and bar charts in Fig. 6.41b and c the nature 
of the damage to various drag-sensitive structures can be determined 
at, any given distance from ground zero for an explosion of specified 
energy yield. The symbols A, B, C, and D in the bars refer to degrees 
of damage of decreasing severity, as described in the text. The abbre- 
viations “SB” and “AB” at the head of each set of bars indicate a sur- 
face burst and an air burst, respectively. 

Sc&nq. For energy yields above 20 MT, the same cube root seal- 
ing law may be applied as that given on the page preceding Fig. 6.41a, 
for diffraction-sensitive structures. 

Example 

Gimn.: A 1 MT air burst. 
Find: The nature of the damage suffered by (a) a truss bridge, (b) 

a steel-frame industrial-type structure of medium strength, and (c) 
public utility (above ground power and telephone) lines, at 2 miles 
from ground zero. 

SoZution: Find the point indicating 1 megaton on the left scale of 
the nomogram and the one representing 2 miles on the center scale; 
draw a straight line through these points until it cuts the line at the 
right (“construction line”). From the point of intersection draw a 
horizontal line through the bars showing degrees of damage. 

(a) A truss bridge, more or less irrespective of its length, will suffer 
C damage. 

(b) A medium strength, steel-frame industrial building will suffer 
A damage from an air burst. 

(c) Public utility (above ground power and telephone) lines will 
suffer A damage, irrespective of whether they are oriented radially 
or transversely to the direction of the blast wave. Amwer. 
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6.47 The blast loading on an object. is a fun&ion of both the’ inci- 
dent blast wave chararterist.ics, i. e., the peak overpressure, dynamic 
pressure, decay, and duration, as described in Chapter III, and the 
size, shape, orient,ation, and response of the object. The interaction of 
the incident blast wave with a.n object is a complicated proc&s, for 
which a theory, support.ed primarily by empirical data from shock 
tubes and wind tunnels, has been developed. To reduce the complex 
problem of blast loading to reasonable terms, it will be assumed, for 
the present purpose, that. (1) the overpressures of interest are less 
than 50 pounds per square inch, and (2) the object being loaded is in 
the region of Mach reflection. 

6.48 To obtain a general idea of the blast loading process, a simple 
object, namely, a cube with one side facing toward the explosion, will 
be select,ed as an example. It will be postulated, further, that the 
cube is rigidly attached to the ground surface and remains motionless 
when subjected to the loading. The blast wave front, is taken to be of 
such size compared to the cube t.hat it can he considered t,o be a plane 
wave striking the cube. The pressures referred to below are then the 
average pressures on a particular face. Since the object is in the 
region of Mach refiect.ion, the blast front is perpendicular to the sur- 
face of the ground. The front of the cube, i. e., the side facing toward 
the explosion, is normal to the direction of propagation of the blast 
wave (Fig. 6.48). 

SI 

F 

Figure 6.48. Blast wave al)proaching cube riddly attached to ground. 

6.49 As t,he blast wave strikes t,he front face of the cube, a reflection 
occurs producing (reflected) overpressures which may be from twice 
to eight times as great as the incident overpressure (53.81). The blast 
wave then bends (or diffracts) around the cube exerting pressures on 
the sides and top of the object, and then on its rear face. The object 
is thus engulfed in the high pressure of the blast wave and this decays 
with t,ime, event,ually returning to ambient conditions. Because the 
reflected pressure on the front face is great,er than the pressure in the 
blast wave above and to the sides, the reflected pressure cannot be 
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maintained and soon decays to a “stagnation pressure,” which is the 
sum of the incident overpressure and the dynamic (drag) pressure. 
The decay time is roughly that required for a rarefaction wave to 
sweep from the edges of the front face to the center of this face and 
back to the edges. 

6.50 The pressures on the sides and top of the cube build up to the 
incident overpressure when the blast front arrives at the points in 
question. This is followed by a short period of low pressure caused 
by a vortex formed at the front edge during the diffraction process 
and which travels along or near the surface behind the blast front 
(Fig. 6.50). After the vortex has passed, the pressure returns essen- 
tially to that in the incident blast wave which decays with time. The 

air flow causes some reduction in the loading to the sides and top, be- 
cause, as will be seen later, the drag coefficient has here a negative 
value. 

6.51 When the blast wave reaches the rear of the cube, it diffracts 
around the edges, and travels down the back surface (Fig. 6.51). The 

Figure 6.50. Blast wave moving over sides and top of cube. 

-L 
V”“T*~x -b & 

Figure 6.61. Blast wave moving down rear of cube. 

pressure takes a certain time (“rise time”) to reach a more-or-less 
steady state value equal to the algebraic sum of the overpressure and 
the drag pressure, the latter having a negative value in this case also. 
The finite rise time results from a weakening of the blast front as it 
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diffracts around the back edges, accompanied by a temporary vortex 
action, and t,he time of transit of the blast wave from the edges to the 
center of the rear face. 

G.52 When the overpressure at the rear of the cube at,tains the 
value of the overpressure in the blast wave, the diffraction process 
may be considered to have terminated. Subsequently, more-or-less 
steady state conditions may be assumed to exist unti1 the pressures 
have returned to the ambient value prevailing prior to the arrival of 
the blast wave. 

6.53 The total loading on any given face of the cube is equal to 
the algebraic sum of the respective overpressure, p(t), and the drag 
pressure. The latter is related to the dynamic pressure, q(t) , by the 
expression, 

Drag pressure= C,& t) , 

where C;a, called the “drag coefficient,” has a value dependent upon the 
orientation of the particular face to the blast front and may be posi- 
tive or negative. The quantities p(t) and q(t) represent the over- 
pressure and dynamic pressure, respectively, at any time, t, after the 
arrival of the shock front (583.82,3.83). 

6.54 The foregoing discussion has referred to the loading on the 
various surfaces in a general manner. For a particular point on 
a surface, the loading depends also on the distance from the point 
to the various edges and a more detailed treatment is necessary. It 
should be noted that. only the gross characteristics of the development 
of the loading have been described here. There are, in actual fact, 
several cycles of reflected and rarefaction waves traveling across the 
surfaces before damping out, but these fluctuations are considered to 
be of minor significance, as far as damage to the structure is concerned. 

EFFECT OF SIZE ON LOADING DEVELOPMENT 

6.55 The loading on each surface may not be as important as the 
net horizont,al loading on the entire object. Hence, it is necessarp 
to study the net loading, which is the loading on the front face minus 
that on the back face of the cube. The net horizontal loading during 
the diffraction process is high because the pressure on the front face 
is initially the reflected pressure before the blast wave has reached 
the back face. 

6.56 When the diffraction process is complet,ed, the overpressure 
loadings on the front and back faces are essentially equal. The net 
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horizontal loading is then relatively small. At this time the net load- 
ing consists primarily of the difference between front and back load- 
ings reulting from the dynamic pressure loading. Because the time 
required for the completion of the diffraction process depends on the 
size of the object, rather than on the duration of the incident blast 
wave, the loading impulse per unit area during the diffraction process 
is greater for long objects than for short ones. 

6.57 The magnitude of the dynamic pressure (or drag) loading, 
on the other hand, is affected by the shape of the object and the 
duration of the blast wave. It is the latter, and not the size of the 
object, which determines the time duration of ,application (and im- 
pulse per unit area) of the drag loading. 

6.58 It may be concluded, therefore, that, for large objects struck 
by blast waves of short duration, the net horizontal loading during 
the diffraction process is more important than the dynamic pressure 
loading. As the object becomes smaller, or as the blast wave duration 
becomes longer, e. g., with weapons of larger yield, the drag (dynamic 
pressure) loading becomes increasingly important. For classification 
purposes, objects are often described as “diffraction targets” or “drag 
targets,” as mentioned in Chapter III, to indicate the loading mainly 
responsible for damage. Actually, all objects are damaged by the 
total loading, which is a combination of overpressure and dynamic 
pressure loadings, rather than by any one component of the blast 
loading. 

EFFECT OF SHAPE ON LOADINQ DEVELOPMENT 

6.59 The description given above for the interaction of a blast wave 
with a cube may be generalized to apply to the loading tin an object 
of any other shape. The reflection coefficient, i. e., the ratio of the 
(instantaneous) reflected overpressure to the incident overpressure 
at the blast front, depends on the angle at which the blast wave 
strikes the object. For curved objects, e. g., a sphere (or part of a 
sphere), the reflection varies from point to point on the front surface. 
The time of decay from reflected to stagnation pressure then depends 
on the size of the object and the point in question on the front surface. 

6.60 The drag coefficient, i. e., the ratio of the drag pressure to 

the dynamic pressure (F, 6.53)) varies with the shape of the object. In 

many cases an overall (or average) drag coefficient is given, so that 
the net force on the surface can be determined. In other instances, 
local coefficients are necessary to evaluate the pressures on various 
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points on the surfaces. The time of build up (or rise time) of the 
average pressure on the back surf:tce depends cm the size anti also, 
to some extent., on t.he sh:lpe of the object. 

6.61 Some structures have frangible port ions that. are easily blown 
out by t.he init.ial impact of the blast, wave, thus altering the shape of 
the object and the subsequent loading. Wlim windows are blown nut 
of an ordinary building, the blast wave enters and tends to equalize 
the interior and exterior pressures. In fact, a structure may be 
designed to have certain parts frangible to lessen damage to all other 
portions of the structure. Thus, the response of certain elemems in 
such cases influences the blast. loading on the structure as a whole. In 
general, the movement of a structural element is not considered to 
influence the blast loading on that element itself. However, an excep- 
tion to this rule arises in the case of an aircraft in flight when st,ruck 
by a blast wave. 

RLART I~~ADIN~-TIME CURVES 

6.62 The procedures whereby the curves showing the air blast 
loading as a function of time may be derived are given below. The 
met,hods presented are for the following four relut,ively simple shapes: 
(1) closed box-like structure; (2) partially open box-like structure; 
(3) open frame st.ruct.ure; and (4) cylindrical struct,ure. These 
methods can be altered somewhat for objecm having similar character- 
istics. For very irregularly shaped ohjecm, however, the procedures 
to be given may provide no more t.han a rough guess of the blast 
loading t,o be expected. 

6.63 The blast wave characteristics ‘which need to be known and 
their symbols are smnmarized in Table 6.63. The locat,ions in Chapter 
III where the d&a may be obtained, at a specified dist,ance from 
ground zero for an explosion of given energy yield, are also indicated. 

CLOSED 130x-LIKE STR~JCTURE 

6.64 A closed box-like structure may be represented simply by a 
parallelepiped, as in Fig. 6.64, having a length L, height H, and 
breadth n. In this category will fall structures with a flat roof and 
walls of approximately the same blast resistance as the frame. The 
walls have either no openings (doors and windows), or a small number 
of such openings, up to about, 5 percent of the total area, so that the 
pressures on the interior of the structure remain near the preshock 
ambient value while the oumide is subjected to blast loading. To 
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TARLE 6.63 

BLAST WAVE (:llARA(:TERISTICS FOR DETERMINATION OF 
LOADING 

property Symbol 

Peak overpressnre____________-_-_________ 
Time variation of overpressure________.___. 
Peak dynamic pressure_________--________. 
Time variation of dynamic pressure- _ _ _ _ _ _ _ 
Reflected pressure at normal incidence- _ _ _ _ 

Duration of positive phase__._____________. 
Blast front (shock) velocity________-______. 

P 
P(t) 

r b, 
PV 

Fig. 3.94a and b. 
Fig. 3.82 
Fig. 3.95 
Fig. 3.82 
Fig. 3.80 or equation 

(3.81.1) 
Fig. 3.96 
Fig. 3.30 

simplify the treatment, it will be supposed, as above, that one side of 
the structure faces toward the explosion and is perpendicular to the 
direction of propagat.ion of the blast wave. This side is called t,he 
front face. The londing diagrams are computed below for (a) the 
front face, (h).the side and top, and (c) t,he back face. Ry combining 
the data for (a) and (c), the net horizontal loading is obtained in (d). 

6.65 (a) Average Loa&ng on Front Face.-The first step is to 
determine the reflected pressure, pr; this gives the pressure at the time 
t=O, when the blast wave front strikes the front face (see Fig. 6.65). 
Next, t,he time t,, is calculated at which the stagnation pressure! 
ps, is first attained. It has been found, from laboratory studies, that 
ts can be represented, to a good approximation, by 

t=3S 
t u’ 

where S is equal to H or to I/@, whichever is less. The drag coefficient 
for the front face is unity, so that the drag pressure is here equal to the 
dynamic pressure. The stagnation pressure is thus 

pn=p(ta) +4(ts), 

where p( t8) and q( t.) are the overpressure and dynamic pressure at 
the time t,. The pressure subsequently decays with time, so that, 

Pressure at time t=p(t) +p(t), 

where t is any time between t, and t,. The pressure-time curve for 
t.he front face can thus be determined, as in Fig. 6.65. 
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Flgurc 8.64. Represeutatlon of closed box-like structure. 

6.66 (b) Averaye Landing on h’z%e~ and Top.-Alt.hongh loading 
commences immediately after the blast wave strikes the front face, 
i. e., at t=O, the sides and t,op are not fully loaded until the wave has 
traveled the distance L, i. e., at time t=L/U. The average pressure, 
I)=, at this time is considered to be the overpressure plus the drag 
loading at the distance L/2 from the front of the structure, so that, 

p(t) + q(t) 

I 
I K, . 

tt 

TIME - 

Flgure 6.65.. Average front face loading of closed box-llke structure. 

the drag coefficient on the sides and top of the structure being -VS. 
The loading thus increases from zero at t=O to the value p, at the 
time L/U, as shown in Fig. 6.66. After this time the pressure at any 
time c is given by 

Pressure at time t=p(t-&)-$(t-&), 

where t lies between L/U and 8+-l-L/227, as shown in Fig. 6.66. The 
overpressure and dynamic pressure, respectively, are the values at the 
time t-L/2U. 



264 DAMAGE FROM AIR BLAST AND SHOCK 

0 L 

u 
t+tL 

Xr 
TIME __t 

Figure 6.66. Awmge side nnd top londing of rlowcl box-like structure. 
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6.67 (c) Averngo Loading on Zla.cX: Face.----The shock front, arrives 
at. the back face at time L/U, hut it requires an additional time, 4,9/U, 
for the pressure to build up to t.he value ~1, (Fig. 6.67). Here, as 
before, S is equal to II or 1/&I, whichever is the smaller. The drag 

INTERACTION OF OBJECTS WITH AIR BLAST 265 

coefficient on the back face is --l,$, and so t.he pressure at any time 
after pb is a.ttnined is represented by 

Pressure at time t=P(t-6) - i(t-k)p 

where t lies between (L +4S) /U and t++ L/U, as seen in Fig. 6.67. 
6.68 (d) Net Horizon.taZ Loding.-The net loading is equal to 

the front loading minus the back loading. This subtraction is best 
performed graphically, as shown in Fig. 6.68. The left-hand diagram 
gives the individual front and back loading curves, as derived from 

0 I- I4 I,+% 
0- 

II I 
flhoz - TIME - 

Figure 6.68. Net horlmntal loading of closecl bux-like structure. 

Figs. 6.65 and 6.67, respectively. The difference indicated by the 
shaded region is then t.ransferred to the right-hand diagram to give 
the net pressure. The net loading is necessary for determining the 
frame response, whereas the wall actions are governed primarily by 
the loadings on the individual faces. 

I’ARTIALLY OPEN &X-LIKE STRUCTURE 

6.69 Such a strrwture is one in which the front and back wdl~ have 

about 30 percent of openings or window area. As in the previous case, 
the loading is derived for (a) the front face, (b) the sides and roof, 
(c) the back face, and (d) the net horizontal loading. Because the 
blast wave can now enter the inside of the structure, the loading-time 
curves must. be considered for both the exterior and interior of the 
structure. 
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6.70 (a) Average Loading on Front Face.-The outside loading 

is computed in the same manner as that. Used for a closed struct~ure, 
except that S is replaced by S’. The quantity P’ is the average dis- 
tance (for the entire front face) from the center of a wall section to 
an open edge of the wall. It represents the average distance which 
rarefaction waves must, travel on the front face to reduce the reflected 
pressures to the st,agnation pressure. 

6.71 The pressure on the inside of the front face starts rising at 
zero time, because t,he blast wave immediately enters through the 
openings, but it takes a time 21’/U to reach the blast wave overpres- 
sure va.lue. Subsequently, the inside pressure at any time t is given by 
p(t) . The dynamic pressures are assumed to be negligible on the in- 
terior of the structure. The variations of the inside and the outside 
pressures with time are as represented in Fig. 6.71. 

0 3s’ 2L -- 
u u 

TIME - tt 

Figure 6.71. Average front face loading af partinIly apen box-like structure. 

6.72 (a) Average Loading on &iles and Z’op.-The outside pres- 
sures are obtained as for a closed structure, but the inside pressures, 
as for the front face, require a time 2L/U to attain the overpressure 
in the blast wave. Here also, the dynamic pressures on the interior 
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are neglected, and side wall openings are ignored because their effect 
on the loading is uncertain. The loading curves are depicted in 
Fig. 6.72. 

6.73 (c) Avenge Loading on Rack Face.-The outside pressures 
are the same as for a closed structure, with the exception that S is IW- 

t 

E a OUTSIDE p(t -$ - $ b2;) 

g 
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Figure 6.72. Average side and top loading of partially open box-like structure. 

placed by S’, as described above. The inside pressure, reflected from 
the inside of the back face, reaches the same value as the blast over- 
pressure at a time L/U and then decays as p(t- L/U) ; as before, the 
dynamic pressure is regarded as being negligible (Fig. 6.73). These 
results are based on the assumption that there are no partitions to 
influence the passage of the blast wave through the structure. 

6.74 (d) Net HorizuntaZ Loading.-The net horizontal loading 
is equal to the net front loading, i. e., outside minus inside, minus 
the net back face loading. 

OPEN FRAME STRUCTURE 

6.75 A structure in which small separate elements are exposed to 
a blast wave, e. g., a truss bridge, may be regarded as an open frame 
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structure. Steel-frame office buildings, with a majority of the, wall 
area of glass, or industrial builtliups, with asbestos, light steel, or 
aluminunl panels, quickly become open frame structures after the 
initial impact of the blast WIVP. 

6.76 It is difficult. to determine the magnitude of t,he loading that 
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Figure 6.73. Aver-e bnck fnre loading of pmtially open box-like structure. 

the frangible wall material transmits t,o the frame before failing. For 
glms, the load transmitted is assumed to be negligible if the loading 
is sufficient to fracture the glass. For asbestos, transite, corrugated 
steel, or aluminum paneling, an approximate value of the load trrns- 
n%ed to the frame is an impulse of 0.04 pound-second per square inch. 
Depending on t.he span lengths and panel strength, the panels are not 
likely t.o fail when the peak overpressure is less than about 2 pounds 
per square inch. In this event, the full blast load is transmitted to the 
frame. 

6.77 Another difficlt1t.y in the treat.ment of open frame st,ructures 
srises iu the computation of the overpressure loading on each in- 
dividual member during the diffract.ion process. because this process 
occurs at ditferent times for various members and is affected by shield- 
ing of one member by adjacent members, the problem must, be simpli- 
fied. A recommended simplifcat,ion is to treat the loading as an im- 
pulse, the value of which is obtained in the following manner. The 
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overpressure loading impnl.se is determined for an average member 
t,reated as a closed structure :111d this is multiplied by t,he number of 
members. The resulting impulse is considered as being delivered at 
the t,ime the shock frout first, strikes the structure, or it can be sepa- 
rated into two impulses for front and back walls where the majority 
of the elements are locat.ed and applied, as shown below in Fig. 6.79. 

6.78 The major portion of the loading on an open frame structure 
consists of the drag (dynamic pressure) loading. For an inbividual 
member in the open, t,he drag coefficient for I-beams, channels, angles, 
and for members with rectangular cross section is approximately 2.0. 
However, because in a frame the various members shield one another 
to some extent from t,he full blast loading, the average drag coefficient 
when the whole frame is considered is reduced to 1.0. The force F, 
i. e., pressure multiplied by area, on an individual member is thus 
given by 

F (member) =Cap(t)Ai, 

where Cd is 2.0 and Ai is the member area projected perpendicular to 
the direction of blast propagation. For the loading on the frame, 
however, the force is 

F (frame)=Cdq(t)EAr, 

where Cd is 1.0 and ZAi is the sum of the projected areas of all the 
members. The result may thus be written in the form, 

F (frame) =p(t)A, 

where A=xAi. 
6.79 The loading (force) versus time for a frame of length L, 

having major areas in the planes of the front and rear walls, is shown 
in Fig. 6.79. The symbols A fu, and Aaw represent the areas of the front 
and back walls, respectively, which transmit loads before failure, 
and I,,,, and Ia,,, are the overpressure loading impulses on front and 
back members, respectively. It is seen that the drag force does not 
attain its full value of q(L/2U) until the time L/U, i. e., when the 
blast wave reaches the end of the structure. 

CYLINDRICAL STRUUWRE 

6.80 The following treatment, which is limited to peak overpres- 
sure-s of less than 30 pounds per square inch, is applicable to structures 
having a circular cross section, such as telephoue ,poles and smoke- 
stacks. It can also be applied to structures with semicircular cross 
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Figure 6.79. Net horizontal loading of rn open frame structure. 

sections, such as quonset huts and, as a rough approximation, to 
dome-shaped or spherical structures. 

6.81 The discussion presented here is for a cylinder with the 
direction of propagation of the blast perpendicular to the axis of 
the cylinder. The pressure-time curves to be developed are, however, 
those for a semicircular cross section, since a cylinder consists of two 
such semicylinders with identical loading in each case. The general 
situation is then as depicted in Fig. 6.81; r is the radius of the cylinder 
and B represents any point on the surface. 

6.82 The reflection coefficient at E varies with the angle O, and foi 
the front part of the structure, i. e., for a between 0’ and 90”, the 

FRONT 

-I+-- 
Figure 6.81. Representation of semlcylindtlcal structure. 

dependence of the reflected overpressure on the angle a is given in 
Fig. 6.82a. Here, p is the incident overpressm%, p, is the reflected 
overpressure at the base, where a is O”, obtained from Fig. 3.80, and 
p,= is the value at any arbitrary point 2. The drag coefficient also 
varies with a as shown in Fig. 6.82b, where Ca represents this co- 
efficient at any point a on either the front or back of the semicylin- 
drical structure, i. e., for values of a from0’ to 180”. 

I 
I 

0 so0 900 

ANGLE a (DECREES) - 

Figure 6.82a. Be&&xi ovetpteasnre versus angle for semicylindrical structure. 
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Figure 6.82b. Drag cncflicient versus nngle ior semirylindrical structure. 

6.88 TJsing the information now available, the development of the 
loading will be considered for (a) the front half, (8) the back half, 
and (c) the net horizontal force. 

6.84 (a) Loading on, Front Half (a=O” to 90”) .-The shock front 
strikes t,he ,base of the structure at time t=O, and the t,ime of arrival 
at any point z on the front, half is X/U, where, 

X=r(l-cosa), 

RI may be seen from Fig. 6.81. The value of the reflected pressure 
(normal to t,he surface) at, this point is obtained from Fig. 6.82a. The 
decay t.ime, t.is 3r/7J when a is W and decreases linearly to zero when 
(L is 90°, as seen in Fig. 6.84a. After time t,, the pressure (normal to 
the surface) at any time, f, isgiven by, 

Pressure at t,ime t=p(t-g) + Ci,q(t--$ 

The pressure-time curve at, any point, z on the front half of the struc- 
ture is thus of the form shown in Fig. 6.84b. 

6.85 (h) Z’rmmr~ on Rack N&f (a=90° to IW).-The time of 
arrival of the blast at a point z on the back half is here also equal to 
X/U, where X=T( 1 - ~0s a). But, instead of the pressure rising 
sharply, as it does on the front lmlf, there is a finite rise time, t,, which 
is zero when a=!W’ and increases in a linear manner to 2r/U when 
aa= 1800, as seen in Fig. 6.85s. The maximum pressure is thus at- 

0 
ANGLE a (DEGREES) ---c 

900 

Figure 6.84a. Decay time versw angle for semicylindrical structure. 

0 3 u L+ t, 
TIME - 

Figure 6.84b. Loading at point on front half of semicylindrical structure. 

t.ained at the time X/U+ t,. Subsequently, the decrease in pressure 
with time is given by, 

Pressure at time t=P(t-3 + C~&(~-$)* 
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Figure 6.85u. Rise time wrsus nngle for back half of aemicylindricrl structure. 

The development of the loading, as represented by the pressure normal 
to the surface at any point z on tile back half, is indicated in Fig. 
6&b. 

6.86 (c) Net Horizontal Force.-Since the procedures described 
above give the loads normal to the surface at any arbitrary point z, 
the net horizontal loading is not determined by the simple process of 
subtracting the bark loading from that on the front. To obtain the 
net horizontal loading, it is necessary to sum the horizontal compo- 
nents of the loads over the two areas and then subtract them. In 
practice, an approximation may be nsed to obtain the required result, 
in such cases where the net honzontal loading is considered to be im- 
portant. It may be pointed out that, in certain instances, especially 
for large structures, it is the local loading, rather than the net load- 
ing, which is the significant criterion of damage. 

6.8i In the approximate procedure for determining the net load- 
ing, the overpressure loading during the diffrnction process is consid- 
ered to be equivalent to an initial impulse equal to p,,ABr/U, where 
,4 is the projected area normal to the direction of the blast propaga- 
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Figure 6.85b. Loading at point on back half of sfmicplindrical structure. 

tion. It will be noted that 2r/IJ is the time taken for the blast front to 
traverse the structure. The drag coefficient for a single cylinder is 
about 0.4 in the region of interest, i. e., for overpressures of less than 
HO pounds per square inch, postulated earlier. Hence, in addition to 
the initial impulse, the remainder of the net horizontal loading may 
be represented by the force 0.4 q(t) A, as seen in Fig. 6.87, which ap- 
plies to a single structure. When a frame is made up of a number of 
circular elements, the methods used are similar to those for an open 
frame structure (8 6.78, et seq.) with Cd equal to 0.2. 

RESPONSE OF OBJECTS TO AIR BLAST LOADING 

DAMAQETOFIXEDANDMOVAJGEOBJECTS 

6.88 The response of an object is the motion or deflection it suffers 
when subjected to loading (9 3.46). For objects that are fixed to the 
ground, the response is the movement of one portion of the structure 
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ANALYSIS OF Srrtr-crcntAL IIEWONSR 

6.94 Once the loading on R structure has been determined, the re- 
sponse can be predicted in principle. 13ut, in many cases, this is not a 
simple matter because of the extensive mathm~tics involved. Hence, 
iI; order to permit, a structural analysis to be made iu a reasonable 
time, some simplification is necessary. For a structure in which the 
deflect.iou of one point can be related to that of the structare as a 
whole, the response analysis cau be reduced to a relatively simple pro- 
cedure. If this point, may be cousidered to be free to deflect in one 
direction only, then a one degree of freedom mass-spring system CRD 

be used to represent the response of the st.ructure arising from a sinple 

mode of vibration. As a geueral rule, most, of the motion is contributed 
by the mode corresponding to the lowest (or fundamental) vibration 
frequency of the structure. 

6.95 The major assumption in the followiug presentation is, there- 
fore, that. a system with one degree of freedom will adequnt.ely dupli- 
cate the given st.ructure. The latter may be treated as a mass-spring 
system, where the columns of the structure are considered’to be springs 
on which the roof mass rests (Fig. 6.95a). In accordance with the 
post,utate of one degree of freedom, the mass is permitted to deflect in 
the r-direction only. Thus, under the influence of a force F acting on 
the roof, the mass is deflected by m amount S (Fig. 6.95b). 

FIgwe tj.9511. St.rurture as mawspring Figure 6.9.5b. SJtrnctlire as mrRR-spring 
syntern before deflection. system when deflected. 

6.96 In addit,ion to the structure as a whole, a structural beam or 
a one-way slab (actually an infinite degree of freedom system) can 
also be represented as a system of one degree of freedom, by using an 

! 
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equivalent IIIRSS nd load. The present discussion is somewhat, limited 
siuce the methods present.ed cannot be applied directly to all multi- 
degree of freedom systems, e. g., a multistory building. 

6.97 Another limitation is the assumption that structural materials 
are deflected beyond the yield point or, in other words, that only large 
deflections are of interest, in connection with the response of structures 
to blast, toads. The methods presented therefore are not intended for 
use in computing elastic deflections, but rather large plnstic deflections. 

.6.98 A treatment has beeu developed for calculating the deflection 
produced in n system of one degree of freedom by a given peak load 
or, alternatively, of estimating the peak load that will cause a pre- 
scribed deflection. For this purpose, three basic data are required, 
namely, (1) the dymlmic resistance-deflectjon curve of the structure, 
(2) the fundamental period of vibration, and (3) the blast loading. 

Ih-Nmcrc RESISTANCE-I~EFLECTION CURVE 

6.99 Idealized curves are shown in Fig. 6.99, for the deflection, as 
a function of the dynamic resistance, of a selected point of the struc- 
ture (usually the point having the maximum deflection) when sub- 
jected td a concentrated load at that point. When the deflection ex- 
ceeds the yield value, X,, where the dynamic resistance is Qc, the curve 

I 
0 Xt? xlu 

DEFLECTION - 

Figure 0.99. Idealized dynamic resistance-deflection curves. 
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may hnve one of the three forms indicated, ncrordinp to the nnture of 
the structure. The slope of the resistnnce-deflection curve in the elns- 
tic region is represented by I?,, whereas in the plast,ic region it is K,. 
The maximum deflection to failure (or deflection prescribed for anal- 
ysis) is indicated by X,. 

6.100 For reinforced-concrete or steel structures the dynnmic re- 
sistance curve is derived from the stntic resistance-deflection curve by 
adding 20 percent to the values of the dynamic resistance at both X, 
and X,, i. e., at the points representing the yield and maximum deflec- 
tions, .respectively. For structures of masonry, wood, or mefnl, other 
thnn steel, the static resistance curve mny be used. If the true static 
resistance curve is found to be of the form shown by the full curve in 
Fig. 6.100, it may be approximated by two (dashed) straight lines, the 
area under the “approximnte curve” being equal to that under the 
“true curve.” 

FUNDA~~ENTAL PERIOD OF VIRRATION 

6.101 The fundamental period of vibratjon, T, of a structure is ex- 
pressed by 

J 
- 

T=2* $8 
1 

(6.101.1) 
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where K, is the slope in the elastic region defined nbove, and II!, is the 
equivalent mass of the structure. For a structure consisting of a roof 
mass supported by colmn~~s, as shown in simple form in Fig. 6.95, t,he 
equivalent mass, concentrated at the column t,ops, may be taken as the 
actual roof mass plus one-hnlf of the mass of the columns, assuming 
the columns to be fixed at both ends. For structural beams or one-way 
slabs the equivalent mass is obtained from the totnl mass by multiply- 
ing by the appropriate mass factor given in Table 6.101. 

TARLE 6.101 

MASS AND LOAD FACTORS 

Structure Mass factor Load 
factor 

Simply supported beam, uniformly Equivalent mass at cen- 0. 50 
distributed load. ter of beam (one de- 

gree of freedom). 
Simply supported beam, concen- ___._do_____._________ 0. 49 

trated center load. 
Fixed ended beam, uniform load____ _____do_______________ 0. 41 
Fixed ended beam, concentrated _____do_______________ 0. 37 

center load. 
Cantilever beam, uniformly die- Equivalent mass at end 0. 24 

tributed load. of beam (one degree 
of freedom). 

Cantilever beam, end concentrated _____do_______________ 0. 26 
load. 

0.50 

1. 00 

0:50 
1. 00 

0. 40 
2 
= 

1. 00 
_ 

I _ 

BLAST LOADING 

6.102 For the present purpose, the actual blast loading curve, as 
developed earlier in this chapter, is replaced by an equivalent force- 
time curve of the form shown in Fig. 6.102. This consists of an initial 
impulse, Z, plus a linear force-time loading function applied to the 
point where the mass is assumed to be concentrated. .The initial (or 
peak) force is F, and t1 is the duration of the equivalent linear load, 
as indicnted in the figure. The peak force in the triangular diagram 
of Fig. 6.102 is the same as the peak force in the computed distributed 
loading diagram, and the area of the triangle must be equal to that 
under the actual loading (force-time) curve. For beams and one-way 

DEFLECTION - 

Figure 6.100. True and approximate dynamic resistance-deflection curve. 

I 
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slabs, F is equal to the peak force multiplied by the appropriate load 
factor given in Table 6.101. 

6.109 The value of the initial impnlse, where it, is appropriate, is 
derived by the methods given above. In many cases, e. g., for large 
closed or partially open sfrnctltres, t ‘III init,ial impulse contrilnuion is 

not. compnted. For relatively small or open strnctures, the value of 
tlte init ial impulse shonld be determined, altlrough it may turn out, to 
be negligible in mngnitutle. 

6.104 IMh the impulse and the linear force function must be 
changed from clistribnted loads to roncemrated loads at. the points 
where the mass is assumed concent rated. Where buildings have their 
mass concentrated primarily at. floor levels, one-half of the remaining 
colmr~n or wall masses can be carried to each floor level. The dis- 
tributed blast loads can be concent.rated at connections as end reac- 
Cons computed in t,he usual manner. 

I 
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I’EAK FORCE-SELECTION ~ELATIONBIIIP 

6.105 With the necessary data secured in the manner described 
above, the solution of the structural response problem is obtained from 
the equation, 

A-D 

2Em(,,,.,;j (6-105*1) 
where 

, 

and 

’ or D=O if I is not computed. 

For convenience in the application of equation (6.105.1), the various 
symbols involved, all of which have been defined previoasly, are given 
below, together with their usual units : 

F=peak force in pounds (see Fig. 6.102) 
t,=duration of equivalent linear loading in seconds (see Fig. 

6.102) 
Qc=yield resistance in pounds (see Fig. 6.99) 

T=fundamentaI period of vibration in seconds (see equation 
(6.101.1) ) 

I=initial impulse in pound-seconds (see Figs. 6.79, 6.87, and 
6.102) 

;Y,=yield deflection in any units (see Fig. 6.99) 
S, = maximum (or prescribed) deflection in same units as X, (see 

Fig. 6.99) 
li, =slope of dynamic resistance-deflection curve in elastic region 

(see Fig. 6.99) 
K,=slope of dynamic resistance-deflection curve in plastic region 

(see Fig. 6.99). 
6.106 There are two general types of problems which may be solved 

with the aid of equation (6.105.1). If the load is prescribed, e. g., a 
given distance from an explosion of a specified yield, so that F may be 
regarded as known, the corresponding deflection, X,,,, can be de- 
termined. Alternatively, if the maximum (or prescribed) deflection, 
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X,, is given, the corresponding value of F cnn be cnlculxted. In 

either case, the solution must, be npproached by a series of approxi- 
mations. 

6.107 If the load is specified, so that F and t, mny both be regarded 
as known, a provisional value of X, must first be estimated and then 
checked by rmn~w of equation (6.1M.l). A new due is then tried, 
and so on, until agreement of the two sides is obtained. On the other 
hand, if a part,icuIar deflection, S,, is decided upon to represent, the 
degree of damage that. CRII be tolerated or that is not t.o be exceeded, 
the calculation of F is somewhat. more difficult, since t, is also unknown 
and this is dependent, upon /i’. It is necessary, therefore, to guess a 
linear function for the variation of the force with time, so as to give 
t,. With this, 1l11 approximate value of F is determined from equa- 
tion (6.1(&l), n11t1 R check of the guessed function is then made. This 
permits a new estimate of f,, and the process is repeated until a satis- 
factory solution is obtained. 

6.108 The use of the procedure just described CRD involve an error 
when the dynamic resistance curve shows the structure to be unstable, 
i. e., when li, is negative. Tl le soWion to a problem of determining 
t,he value of F t,o produce a deflection X, may then imply that a greater 
force F is required for a smaller value of X,. It is necessary, there- 
fore, to check this possibility. For cases in which K, is negative, F is 
first determined for a certain X,-, say 2 feet, then F is redetermined 
for a somewhat. sma.ller value of X,,, say 1.8 feet, which is greater than 
X, but, close to t-he original X,. If the second value of F is great.er 
than the first, the calculat~ions must be continued t.o determine the 
maximum value of F, called F,,,, which is associated with X,. For 
any greater value of the deflection X,,,, the force P, is st.ill required. 

TH 

CHAPTER VII 

ERMAL RADIATION ‘AND ITS EFFECTS 

RADIATION FROM THE BALL OF FIRE 

GENERAL CIIARACTERIBTICB OF THERMAL RADIATION 

7.1 One of the important differences between a nuclear and d 
conventional (TNT) bomb, which was mentioned in Chapter I, is the 
large proportion of the energy of a nuclear explosion which is re- 
leased in the form of thermal (or heat) radiat)ion. Because of the 
enormous amomit of energy liberated per unit mass in a nuclear bomb, 
very high temperatures are attained. These may be of the order of 
several million degrees, compared wit.h a few thousand degrees in 
the case of a TNT explosion. As a consequence of the high tempera- 
tures in the ball of fire, similar t.o those in the center of the sun, a con- 
siderable fraction of the nuclear energy appears as thermal radiation. 

7.2 From the standpoint of this radiation, the fireball in a nuclear 
explosion resembles the sun in many respects. The radiation in each 
case is made up of ultraviolet rays of short wave length, visible light 
of longer wave length, and infrared radiation of still longer wave 
length. Thermal radiation travels with the speed of light, i. e., 
186,000 miles per second, so that the time elapsing between its emis- 
sion from the ball of fire and its arrival at a t,arget a few miles away, 
is quite insignificant. 

7.3 The radiations from the ball of fire, like the sun’s rays, are 
attenuated as they pass through the air. The amount of thermal 
radiation from a particular nuclear explosion that will reach a given 
point, depends upon the distance from the burst and upon the con- 
dition of the intervening atmosphere. Just as with sunlight, much 
of the ultraviolet radiation is absorbed in the air, so that the thermal 
radiation received, at distances of interest from a nuclear explosion, 
lies mainly in t,he longer wave length, i. e., visible and infrared, re- 
gions of the spectrum. 

7.4 Of the total energy of nuclear explosion, one third is emitted in 
the form of thermal radiation. This means that for every l-kiloton 
energy of the nuclear explosion, something like 3.3 X 10” calories, 
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which is equivalent to ~Jrarly 400,000 kilowatt. hours, is relca.~~d RS 
radiation thernJa1 energy wiflJitJ :I few seconds (or less) of the detona- 
tion.’ This large :JnJouJJt of energy has inJport:JJJt. coJ~sequenccs. 

7.5 Although hlsst is responsible for most of the destrJJct.ioJJ c:uJ.sed 
by a nuclenr air lmrst, tlJrrJnal radiation will rontrihute to the over- 
all damage by ignitiJJg coJJJhustihle nlaterinls, e. g., finely divided or 
thin fuels such as dried leaves nJJd JJewspnpers, and tlJus startirJg fires 
in buildings or forests. These fires nJay spread rapidly amoJJg the 
dehris produced by the blast. IJJ additioJJ, tIlerma radiation is capa- 
ble of calJsiJJg skill IturJJs on exposed individuals at such dista.nces 
fronJ the nuclear explosion that the effects of blast and of the initial 
nuclear r:itliat,ion a;*e JJot significant. This differeJJce between the in- 
jury <ranges of thermal radiation and of tlJe other effects mentioned 
becomes JJJore Jnarked with increasiJJg energy yield of the explosion. 
The hazard due to delayed JJuclear radiations from fallout. accom- 
panying a surface hrst rmy extend over a great,er range than signifi- 
cant thermal radiation, 1JJJt even then the latter would be an impor- 
tant calise of persoJiJJe1 iii juries. 

AI-WNDATION OF TIIERMAL RADIATION 

7.6 The extent of iJrjury or damage caused by thermal radiation or 
the chances of igJJitiJJg conJbustible material depend to a large exteJJt 
JJpon the aJnouJJt, of therJJJa1 radiation energy received by a unit area 
of skin, fabric, or other exposed material. The thermal eJJergy falliJJg 
UpOJ1 :1 g,iveJJ area fronJ a specified explosion will be less the farther 
from the explosion, for two reasons: (1) the spread of the radiation 
over an ever increasing area as it travels away fronJ the fireball, and 
(2) atteJJllation of the radiation in its passage through the air. These 
factors will be considered in tnrn. 

7.7 If tlJe radiat,ion is distributed evenly in all directions, then 
at a distance I) froJrJ tlte explosion the same amouJJt of energy will 
fall upon each JJJJit area of tlJe surface of a sphere of radius D. 
TlJe total XIJW of this sphere is 4~1)~, and if B is the thermal radia- 
tion energy produced in tlJe explosioJJ, the eJJergy received per JrJJit 
area at a distance I) would be E/4~1)*, provided there were no 
ItttenrrstiorJ by the :JtnJosplJere. Obviously, t,lJis qiiantity varies in- 
versely as the square of tlie dist:rJJce froJn the explosion. At 2 miles, 
from a given explosion, for example, tire thermal energy received per 

‘The thermal rndlatlon energy cmltted per klloton of nuclrar explonfon encr~y could 
convert OYC~ a mllllon pounds of water, at ordinary temperature, completely Into t&am. 
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unit area would be one-fourth of that received at half the distance, 
i. e., at 1 mile, from tlJe same explosion. 

7.8 In order to esimate the amount of thermal energy actually 
reaching tlJe unit area, allowance must also be made for the attenua- 
tion of the radiation by the atmosphere. This attenuation is due to 
two maiJJ causes, namely, absorption and scattering. Atoms and 
molecules present in the air are capable of absorbing, and thus re- 
moving, certain radiations. Absorption is most effective for the short 
wave length (or ultraviolet) rays. In this connection, oxygen mole- 
cules and ozone play aJJ important part. Although the proportion of 
ozone in the air is usually quite small, appreciable amounts of this 
substance are produced by the interaction of gamma radiation from 
the nuclear explosion with atmospheric oxygen. 

7.9 Because of absorption, the amount of ultraviolet present in 
thermal radiation decreases markedly within a short distance from 
the explosion. At such distaJJces that thermal radiation effects are 
significant, compared with others (blast and initial nuclear radia- 
tion), the proportion of ultraviolet radiation is quite small. 

7.10 Attenurttion as a result of scattering, i. e., by the diversion 
of rays from their original paths, occut~ with radiation of all wave 
lengths. Scattering can be caused by molecules, such as oxygen and 
nitrogen, present in the air. This is, however, not as important as 
scattering resulting from the reflection and diffraction (or bending) 
of light rays by particles, e. g., of dust, smoke, or fog, present in 
the atmosphere. The diversion of the radiation path due to scattering 
interactions leads to a somewhat diffuse, rather than a direct, trans- 
mission of the thermal radiation. 

EFFECT OF AT_UOSPIIERIC CONDITIONS 

7.11 The decrease in energy of thermal radiation due to scattering 
by particles present in the air depends upon the atmospheric condi- 
tions, such as the concentration and size of the particles, and also 
11po11 the wave length of tlJe radiation. This means that radiations 
of different wave lengths, namely, ultraviolet, visible, and infrared, 
will suffer energy attenuation to different extents. For most practical 
purposes, however, it is Jnore convenient aJld reasonably satisfactory, 
although less precise, to postulate a mean attenuation averaged over 
all the wave lengths present in the thermal radiation. 

7.12 The stat,e of the atmosphere as far as scattering is concerned 
will be represented by what is known as the “visibility range” or, 
in brief, as the “visibility.” T!Jis is defined as the horizontal distance 
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at which a large dark object rnn be seen against the horizon &y in 
daylight. A rough correlation between the visibility and the clarity 
of the atmosphere is given in Table 7.12. 

TARLE 7.12 

VISIBII,ITY AND ATMOSI’HERIC CLARITY 

Atmonphrric GvmfM.on Vistbtlity (mtka) 

Exceptionally clear______--___--_____--___----__-----____-- 
Very cl~ar__________--__--__----_-_--_-_-----_-_--_-_.__-- 

Moderately rle~r___-___---___--____----_-----____--___---- 

I~iphthaze_____________---____-___---__---__-__----__----- 

Ha~______--____________-_--_-_____-_-_-----___---__----_ 

Dense hnzeorfog________-_____-_____--__----___--__--____ 

7.13 At, one time it. was t~haught8 the amount of 

More than 30 
12-30 

S-12 

2..w 

1.2-2.5 

1~s~ than 1.2 

thermal radia- 
.” 1 . . . 

tion received per unit area of exposed material, at a speritied distance 
from a nuclear explosion, depended markedly on the at.mospheric 
visibility. It appears, however, that, within wide limits, such is not, 
the case. The attenuation is believed to increase continuously with 
increasing dist,ance from the explosion, although not as rapidly as 
was previously supposed. Further, at, any given distance the degree 
of attenuation does not vary appreciably with the visibi1it.y within 
the range of visibility of from 2 to 50 miles, I. e., for atmospheric 
condit,ions ranging from light haze to exceptionally clear, provided 
the distance is half the visibi1it.y range or less. 
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7.16 It is because of the compensation due to multiple scattering, 
therefore, that. the total amount of energy from a nuclear explosion 
falling upon unit area at. a given distance may not be greatly depend- 
ent upon the visibility range, within certain limits. It should be 

noted that this general conclusion will apply only if the atmosphere is 
reasonably clear, that is, in the absence of rain, fog, or dense industrial 
haze. If these special condit,ions exist, however, only a small propor- 
tion of the thermal radiation escapes scattering. The considerable 
loss in the directly transmitted radiation cannot now be compensated 
by multiple scattering. There is consequently a definite decrease in 
t,he radiant energy received at a specified distance from the explosion. 
Another exceptional case, considered below, is when the explosion oc- 
curs below a cloud layer. 

7.17 Attention should also be drawn to the limitation concerning 
distance mentioned at the end of $7.13, namely, that the thermal radi- 
ntion attenuation is somewhat independent of the atmospheric condi- 
tions only at distances from the explosion less than half the visibility 
range. At greater distances, more of the radiant energy is lost as the 
ntmospheric visibility becomes less. In these circumstances, therefore, 
the supposition that the energy attenuation is independent of the visi- 
bility leads to estimates of the thermal energy that are too high. 
From the standpoint of protection, such estimates are preferable to 
those which err in being too low. 

7.14 The reason for this-at first sight. unexpected-effect is that 
the thermal radiation received at. a given point at a distance from 
a nuclear explosion is made up of both directly transmitted (unscat- 
tered) and scattered radiations. If t.he air is clear, and there are 

very few suspended particles, the extent of scattering is small, and 
only a minor proportion of the scattered radiation reaches the obser- 
vation point,. In this case, the radiation received is essentially only 
that which has been transmitted directly from the exploding bomb 
without scattering. 

7.15 If the air contains a moderately large number of particles, 
the amount of radiat.ion transmitted directly will be less t,han in a 
clear atmosphere. However, this decrease is largely compensated 
by an increase in the scattered radiation reaching the point under 
considerat.ion. Multiple scnttering, i. e., subsequeirt sattering ofr 

nlready scnttered radintion, which is very probable when the con- 
centration of pnrt,icles is high, will frequently result in the return of 
the radiation to its original direction. 

,EFFECT OF %fOHE AND Foe 

7.18 In the event of an air burst occurring above a layer of dense 
cloud, smoke, or fog, an appreciable portion of the thermal radiation 
will be scattered upward from the top of the layer. This scattered 
radiation may be regarded as lost, as far as a point on the ground is 
concerned. In addition, most of the radiation which penetrates the 
layer will be scattered, and very little will reach the given point by . 
direct transmission. These two effects will result in a substantial de- 
crease in the amount of thermal energy reaching a ground target cov- 
ered by fog or smoke, from a nuclear explosion above the layer. 

7.19 Artificial white (chemical) smoke acts just like fog in attenu- 
ating thermal radiation. A dense smoke screen between the point of 
burst and a given target. can reduce the thermal radiation energy to 
as little as one-tenth of the amount which would otherwise bereceived 
at the target. Smoke screens would thus appear to provide the possi- 
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hility of protection agxinst, thermal mdi:ition from a nucleat ex- 
ploslon. 

7.20 It. is import,ant to understand that the decrease in thermal 
radiation by fog and smoke, n-ill be realized only if the burst point 
is above or, t,o a lesser extent, within the fog (or similar) layer. If 
the explosion should occur in moderately clear air beneath a layer of 
cloud, or fog, some of the radiation which would normally proceed 
outward into space will be scattered back t,o earth. As a result, the 
thermal energy received will act,ually be greater than for the same 
atmospheric transmission conditions without a cloud or fog cover. 

EFFECT 0F SHIELDING 

7.21 ‘CJnless scattered, thermal radiation from a nuclear explosion, 
like ordinary light. in general, travels in straight lines from its source, 
the ball of fire. Any solid, opaque material, such as ‘a wall, a hill, or 
a tree, between a given object and the fireball will thus act as a shield 
and provide protection from thermal radiation. Some instances of 
such shiehling, many of which were observed after the nuclear ex- 
plosions in Japan, will be described later. Transparent materials, on 
the other hand, such as glass or plastics, allow thermal radiation to 
pass through only slightly attenuated. 

7.22 A shield which merely intervenes between a given target and 
the ball of fire, but does not surround the target, may not be entirely 
effective under hazy atmospheric conditions. A large proportion of 
t,he thermal radiation received, especially at considerable distances 
from the explosion, has undergone scattering and will arrive from all 
directions, not merely that from the point, of burst. This situation 
should be borne in mind in connection with the problem of thermal 
radiation shielding. 

TYPF, OF BURST 

‘7.23 The foregoing discussion has referred in particular t,o thermal 
radiation from a nuclear air burst. For other t.ypes of burst the 
general effects are the same, although they differ in degree. For a 
surface burst, when the ball of fire actnally touches the earth or 
water, the proport,ion of the explosion energy appearing as thermal 
radiation. will be less than for an air burst. This is due partly to 
the fact that a portion of the thermal radiation is absorbed by the 
earth (or water). Less of the thermal energy is lost in this manner 
as the height of burst is increased. 
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7.24 Another significant fact is that. iu the event of a surface 
burst, most of t,he thermal radiat,ion reaching a given target on the 
ground will have traveled through the air near the earth’s surface. 
In this part, of the atmosphere there is considerable absorption by 
molecules of water vapor and of carbon dioxide and the extent of 
scattering by dust particles is greater than at. higher altitudes. Con- 
sequently, in addition to the smaller fraction of the total energy 
emitted as thermal energy in the case of a surface burst, a smaller 
proportion of this energy reaches the target at a specified distance 
from the explosion. The thermal effects of a surface burst will thus 
be significantly less.thnn for an air burst of the same total energy 
yield. 

7.25 In subsurface bursts, either in the eart,h or under water, nearly 
all the thermal radiation is absorbed, provided there is no appreciable 
penetration of the surface by the ball of fire. The thermal (heat.) 
energy is then used up in vaporizing the soil or water, as the case 
may be. Normal thermal radiation effects, such as accompany an air 
burst, are thus absent. 

THERMAL RADIATION EFFECTS 

ABSORPTION OF THERMAL RADIATION 

7.26 As already stated, because of the high temperatures attained 
in a nuclear explosion, the ball of fire resembies the sun in the respect 
that a large amount of energy is emitted as thermal radiat.ion. With 
conventional high explosive bombs, not only is the total energy yield 
much smaller, but the temperatures are much lower so that the pro- 
portion of energy that appears as thermal radiation is very much 
less than for a nuclear bomb. Consequently, the thermal radiation 
effect,s of a conventional bomb are insignificant, except perhaps quite 
close to the explosion. On the other hand, for a nuclear air burst, 
in particular, the thermal energy can be appreciable even at consider- 
able distances. The phenomena associated with thermal radiation, 
particularly skin burns and incendiary effects on a large scale, are 
therefore novel as far as bomb explosions are concerned. 

7.27 The amount of thermal energy falling upon a unit area 
exposed to a nuclear explosion depends upon the total energy yield, 
the distance from the explosion, and, to some extent, upon the state 
of the atmosphere. Although the thermal radiation leaving the ball 
of fire covers a wide range of wave lengths, from the short ultraviolet, 
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tl~ronpl~ the visible, to the infrared region of the spect,rrnn, mnch of 
the ultraviolet radiation is absorbed or scattered in its pnssage throngh 
the atmosphere. 

7.28 Of the two thermal radiation pulses emjtted by the ball of fire, 
as described in (‘Ihnpter II, the first contains a larger proJ)ortion of 
ultraviolet rnys, because of the very high temperatures existing during 
this period.* However, the f&t pulse lasts only a. fraction of a second, 
even for Pxplosions in the megaton energy range, and the amount, of 
thermal energy emitted is a negligible proportion of the t,ot.al. At dis- 
tances from the detonation at which thermal radiation effects are im- 
portant,, the ultraviolet portion of the radiation is small because of 
the short time that the fireball surface temperature is very high and 
the strong atmospheric absorption of the ult.raviolet rays. Neverthe- 
less, since these radiations have a greater capability for causing bio- 
logical damage than visible or infra.red rays, they may contribute to 
thermal injury in some circumstances. 

7.29 When thermal radiation falls upon any material or object, 
part may be reflected, part. will be absorbed, and tJle remainder, if any, 
will pass through and ultimately fall upon other materials. It is the 
radiation a.bsorbed by a particular material that produces heat and 
so determines the damage suffered by that material. The extent or 
fraction of the incident radiat.ion that is absorbed depends upon the 
nature and color of the material or object. Highly reflecting and 
transparent substances do not absorb much of the thermal radiation 
and so they are relatively resistant to it,s effects. A thin material will 
oft.en transmit. a large proportion of the radiation falling upon it and 
thus escape serious damage. 

7.30 -A black fabric will absorb a much larger proportion of the 
incident thermal radiat,ion than will the same fabric when white in 
color. The former will thus be more affected than the lat.ter. A light- 
colored material will then not char as readily as a dark Jjiece of the 
s:me material. However, a material which blackens (or chars) readily 
in the early stages of exposllre t,o thermal radiat.ion behaves essentially 
ati black, i. e., as a st,rong absorber irrespective of its original color. On 
the other hand, if smoke is formed it will partially shield the under- 
lying material from the snbsequent radiation. 

7.31 Essent.ially all of the thermal radiation absorbed is immedi- 
ately converted into heat. In other words, t,he temperature of the ab- 

3 It Is known, from thenretlcal stmilw ond exprrlmentnl measurementa, that the wave 
length corre~tmnding to thr maxhnum rnergy density of radtatinn from an Iden (or “black 
body”) redlator. to nhtch the nt~rhr flrrhall IS a good apnroximntion. drrrrasen with 
lnrrea~lng trmpcratnre of the radlatlon. At trmperaturca ahove 7,6000* K. tl3.700” 
F.)., thla msxlmum lies in the ultra&let region of the npwtrum (see I 7.106). 
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sorbing material rises and it is the high tempera.ture which can cause 
injury or damage, or even ignit,ion of combustible mat.erials. An im- 
portant, J)oint about the thermal radiation from a nuclear explosion 
is not only that the amount of energy is considerable, but also that it is 
emitted in a very short time. This means that the intensity of the 
radiation, i. e., the rate at which it falls upon a particular surface, 
is very high. Because of this high intensity, t,he heat accompanying 
tile absorption of the thermal radiation is produced with great 
rapidity. 

7.32 Since only a small proportion of the heat is dissipated by con- 
duction in the short time during which the radiation falls upon the 
material--except perhaps in good heat conductors such as metals- 
the absorbed energy is largely confined to a shallow depth of the 
material. Consequently, very high temperatures are attained at the 
surface. It has been estimated, for example, that in the nuclear ex- 
plosions in *Japan, which took place at a height of some 1,850 feet, the 
temperature on the ground immediately below the burst, was probably 
from 3,000 to 4,000” C (5,400 to 7,200° F.). It is true that the t,em- 
perature fell off rapidly with increasing distance from the explosion, 
but there is some evidence that it exceeded 1,600” C. (2,900’ F.) even 
4,000 feet away (see $7.83). 

7.33 The most important physical effects of the high temperat,ures 
resulting from the absorption of thermal radiation are burning of the 
ekin, and scorching, charring, and possibly ignition of combustible 
organic substances, e. g., wood, fabrics, and paper (Fig, 7.33). Thin 
or porous materials, such as lightweight fabrics, newspaper, dried 
grass and leaves, and dry rotted wood, may flame whew exposed to 
thermal radiation. On the other hand, thick organic materials, for 
example, wood (more than $$ inch thick), plastics, and heavy fabrics, 
char but do not.burn. Dense smoke, and even jets of flame, may be 
emitted, but the material does not sustain ignition. 

7.34 This behavior is illustrated in the photographs taken of one 
of the wood-frame houses exposed in the 1953 Nevada tests. AS 
mentioned earlier (8 4.12), the houses were given a white exterior 
finish in order to reflect the thermal radiation and minimize the 
chances of fire. Virtually at the instant of the burst, the house front 
became covered with a thick black smoke, as shown in Fig. 7.34a. 
There was, however, no sign of flame. Very shortly thereafter, but 
before the arrival of the blast wave, i. e., within less than 2 seconds 
from the explosion, the smoke ceased, as is apparent from Fig. 7.34b. 
Presumably, because the heat was partially conducted away from the 
surface, the temperature was not high enough, during the short ef- 

424278 O-57-20 
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Figure 7.33. Thermal mdintiou from n nuclear explosion ignited the upholstery 
nnd caused tire to spread in nn nutomohile, Nevndn Test Site. 

fect’ive period of t,he radiation pnlse, for ignition of t,he wood t,o occur. 
As will be seen later (8 ‘7X5), thin combustible material would prob- 
ably have burst into flame at. the same location. 

7.35 The ignition of materials by thermal mdiat.ion depends upon 
a nnmher of factors, the two most important, apart from the nature 
of the material itself, being the thickness and the moisture content,. A 
thin piece of a given material, for example, will ignite more easily 
than a thick one, and n. dry sample will be more readily damaged than 
one that. is damp. The temperatnre may also be important., since igni- 

tion will be more dificnlt if the material is cold than if it werehot. 
‘7.86 An important consideration in connection with charring and 

ignit.ion of various materials and with the production of skin burns 
by t,herm:ll radiation is the rate at which the thermal energy is deliv- 
ered. For a given total amonnt of thermal energy received by each 
unit area of exposed material, the damage will be greater if the energy 
is delivered rapidly than if it were delivered slowly. This means that, 
in order to prodnce the same thermal effect in a given material, t,he 
total amount. of thermal energy (per unit area) received mnst be 
larger for a nnclear explosion of high yield than for one of lower 
yield, becnnse the energy is delivered over a longer period of time, i. e., 
more slowly, in the former case. 

\ 
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Figure ‘7.34~. Thermal effects on wood frame house almost immediately after 
explosion (about 25 ral/sq cm). 

, Figure 7.34b. Thermal effects on wood frame house 2 seconds later. 
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SKIN BURNS DUE TO THERMAL RADIATION 

CIASSIFTCATI~N OF BURNS 

7.37 Thermal radiation can cause burn injuries either directly, i. e., 
by absorption of t,?le radiant energy by the skin, or indirectly, as a re- 
sult of fires started by the radiation. The c?i.rect burns are often called 
“flash burns,” since they are produced by the flash of thermal radin- 
tion from the ball of fire. The indirect (or secondary) burns are re- 
ferred to as “flame burns”: they are identical with skin burns that 
would accompany (or are caused by) any large fire no matter what it,s 
origin. 

7.38 A highly signjficant aspect of a nuclear explosion is the very 
large number of flash burns (see 8 7.69), as a consequence of the con- 
siderable emission of thermal radiation enerm. Due to the very rapid 
heating of the skin, flash burns differ to some extent, in their physical 
and physiological aspects, from the more familiar flame burns. How- 
ever, from the view point of t,hei,r over-all effects on t,he body and 
their treatment, both types of burns appear to be simi1a.r. They also 
resemble burns produced in other ways, e. g., by contact with hot 
metal. 

7.39 Burns, irrespective of their cause, are generally classified ac- 
cording to tlleir severity, in terms of the degree (or depth) of the in- 
jury. In first-degree burns, of which moderate sunburn is an exam- 
ple, there is only redness of the skin. Heating should occur without 
special treatment and there will be no scar formation. Second-degree 
burns are deeper and more severe, and are cFaracterized by the for- 
mat+ of blisters. 
second-degree burn. 

Severe sunburn with blistering is an example of a 
In third-degree burns, the full thickness of the 

skin is destroyed. Ilnless skin grafting techniques are employed, there 
will be scar formation at the site of the injury. 

7.40 The distribution of burns into three groups obviously has 
certain limitations since it is not possible to draw a sharp line of 
demarcation between first- and second-degree, or between second- and 
third-degree burns. Within each class the burn may be mild, mod- 
erate, or severe, so t.hat upon preliminary examination it, may be diffi- 
cult. to dist,inguish between a severe burn of the second degree and 
a mild third-degree burn. Subsequent pathology of the injury, how- 
ever, will usually make a distinction possible. In the following dis- 
cussion, reference to a particular degree of burn should be taken 
to imply a moderate burn of that type. 

7.41 The depth of t,he burn is not the only factor in determining 
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its effect. on the indivitlual. The extent of the area of the skin which 
has been affected is also important. Thus, a first-degree burn ovel 
the entire body may be more serious than a third-degree burn at one 
spot. The larger the area burned, the more likely is the appearance 
of symptoms involving the whole body. Further, there are certain 
critical, local regions, such as the hands, where almost any degree of 
burn will incapncitate the individual. 

BURN INJURY ENERGIES AND RANGES 

7.42 A first-degree burn over a large area’of the body may produce 
a casualty, and nn extensive second-degree burn will usually incapaci- 
tate the victim. In other words, all persons exposed to thermal radi- 
ation from a nuclear explosion within a range in which the energy 
received is sufficient to cause second-degree flash burns (at least) will 
be potential casualties. Not all will be incapacitated, since many 
individuals will be protected to some extent from the thermal radia- 
tion, but, within the specified area, there will be the possibility of 
serious burn injury. 

7.43 In order to estimate the potential casualty range due to 
thermal burns from a nuclear explosion, two kinds of data are needed. 
First? it is required to know t,he amount of thermal radiation energy 
received from an explosion of given yield at various distances from 
the point of burst (or from ground zero). This depends upon a 
number of atmospheric and environmental conditions. 

7.44 Second, information must be available concerning t,he thermal 
energy necessary to cause burns of various types at different rates of 
delivery of the energy, i. e., for eqplosions of different yields and 

ditferent effective emission times. These aspects of the problem will 

be considered more fully in the final part of this chapter, but for 
the present it may be stated that the necessary data for air and surface 
bursts have been obtained by combining theoretical calculations with 
experimental observations made in t,he laboratory and at various 
nuclear test explosions. 

7.45, The approximate thermal radiation energy required to pro- 
duce moderate first,-, second-, or third-degree burns as a result of 
exposure to nuclear explosions (in the air or at the surface) with 
total energy yields of 1 kiloton, 100 kilotons, and 10,000 kilotons (10 
megatons) are given in Ta.ble 7.453 Tllis energy is expressed in 

8 For lurther inlnrmatlon on the dependence of the thermal energy reclutremmts on the 
energy ~leld of the cxploslon, me Fig. 7.120. 
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TARLB 7.45 

APPROXIMATE THERMAL ENERGIES REQUIRED TO 
BURNS IN AIR OR SURFACE BURST 

ITS EFFECTS SKIN RIJRNS DUE TO THERMAL RADIATION 299 

CAIJRF: SKIN 

_.____~__ - _ -.-. . . ..__. ____ 

Total energy yield 
Thermal encrp;y W/sq cm) 

-__ _________ -______ 

First dwree Rvxmd dcy!rre Third dearer 
----- _-_-__-_---_-_-____ --____ .--_-_ ______. 

1 kiloton__..____.~_... ._ . . . _. _.___ 2 4 6 
lOOkilotons.._._____ _._. __.__ _.____.__. 2% 5% 8 
10megatons__._.__._.__._._...______.___ 3% 7 11 

calories, and the unit. area is taken as 1 square centimeter, so that the 
energies are given in calories per square cent,imeter (cal/sq cm) of 
skin area. There are some variations from the quoted energy values 
because of differences in skin sensitivity, pignnentat.ion, and ot,her 
factors affecting the severity of the burn. 

7.46 It will be seen from Table 7.45 that. t,he amount of thermal 
radiation energy required to produce a bnrn of any particular degrw 
of severity increases with the total energy yield of the explosion. 
Thus, 4 calories per square centimeter will cause a second-degree burn 
in the case of a l-kiloton explosion, but for a IO-me&on burst,, 7 
calories per square cenlimeter would be necess:try. The reason for 
this difference lies in the fact that in the former case the thermal 
energy is received in a very short. t.ime, e. g.. not. more than a few 
tenths of a second, but in the latter case, the effective delivery time 
may extend to several seconds. As explained earlier ($7.35), the 
greater the exposure t,ime, the larger, in general, is the amount of 
thermal energy required to produce a particular effect. 

7.47 Taking into consideration the variation of the heat energy 
requirement with the energy yield of the explosion, Fig. 7.47 has been 
prepared to show the ranges for moderate first-, second-, and third-de- 
gree burns for nuclear explosions from 1 kiloton to 20 megatons energy 
yield. III deriving t.he curves, two particu1a.r assumptions have been 
made. First, it is supposed that the explosion occurs in the air at the 
same height. as that to whi& the results on blast phenomena in Chap- 
ter III are applicable. For a surface burst, the distances would be 
scaled down to about 60 percent of those in the figure. Second, it is 
assumed that, reasonably clear atmospheric conditions prevail, so that 
t,he attenuation is essentially independent of the visibility range as 
far out, as 10 miles or more from ground zern. If the atmosphere is SLANT RANGE FROM EXPUBIOh’ (h!lm) 

Figure 7.47. DiRtawe at which hurne occw on hare skin. 

_ 
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hazy, the distances predicted in Fig. 7.47, especially for t,he higher 
energy yields, may be somewhat in excess of the actual distances. 
They will certainly be too large if there is a substantial layer of cloud 
or smoke below the point of burst ($7.19, et seq.). 

7.48 The application of Fig. 7.47 may be illustrated by using it, 
to estimate the approximate limiting range for burns of the second 
degree in the event of an air burst of 100 kilotons energy. The figure 
is entered at. t.he point where the vertical scale indicates 100 kilotons; 
the horizontal line is followed until it. encounters the seconci curve, 
represent.ing second-degree burn formation. The value on the hori- 
zontal (distance) scale corresponding to this point is seen to be 3.4 
miles. Hence, it may be expected t,hat, for a 100 kiloton explosion, 
moderate second-degree (or more severe) burns will be experienced as 
far out as 8.4 miles from the burst, under average a.tmospheric 
conditions. 

EFFECTIVENFXS OF SECOND RADIATION PXJL~E 

7.49 An import,ant point. to consider, especially from the stand- 
point of protection from thermal radiation, is the period during which 
the radiation is most effective in causing skin burns. It has been 
established, as already mentioned, that the proportion of the total 
thermal energy contained in the first radiation pulse, emitted while 
the surface temperature of the fireball is dropping toward the first 
minimum (Fig. 2.92), is small. However, it is still desirable to know 
whether the radiation emitted during the whole of the second pulse, 
from the minimum through the maximum and down to the second 
minimum, is significant. 

7.50 Due to the decrease in t,hermal energy received per unit area 
at, increasing distances from the fireball, more distant objects will re- 
ceive less energy than those closer in. As objects are located farther 
and farther away from the explosion, the thermal energy received 
from all portions of the pulse is proport.ionately reduced, so t,hat when 
the separation is great enough, no damage will be sustained. The 
part, of the thermal pulse which can be most easily decreased to in- 
significance is toward the end, when the intensity of the ball of fire 
has become relatively low. Hence, at, some distance from the explosion, 
t,he tail end of the thermal pulse may be ineffective in causing damage, 
although the high-int,ensity part, especially that. around t,he tempera- 
ture maximum, is still capable of inflicting injury. Closer to the fire- 
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ball, the tail of the pulse will also be dangerous and the high-intensity 
region will be even more so. 

7.51 At. all distances from the explosion, the most dangerous part 
of t.he thermal pulse is t,hat around the time of the second temperat,urc 
maximum of the fireball. It is here that the thermal radiat,ion in- 
tensity of (or the rate of energy emission from) the ball of fire is 
greatest. Consequently, the rate at which energy is delivered t,o ob- 
jects at any distance from the explosion is also greatest. In other 
words, from a given explosion, more thermal energy will be received 
in a certain period of time around the temperat,ure maximum thnn at 
any other equal period during the thermal pulse. 

7.52 These facts are important in relation to the efficacy of evasive 
action that! might. be taken by individuals to reduce injuries due to 
thermal radiation. From what hns been st,ated nbove, it is apparent 
that it, is desirable to take such action before the temperature maxi- 
mum in the second thermal pulse is reached. 

7.58 In the case of an explosion in the kiloton range, it would 
be necessary to take shelter within a small fraction of a second if an 
n,ppreciable decrease in thermal injury is to be realized. The time ap- 
pears to be too short for evasive action to be possible. On the other 
hand, for explosions in the megaton range, shelter taken within a 
second or two of the appearance of the ball of fire could reduce the 
severity of injury dne to thermal radiation in mnny cases and may 
even prevent injury in others. The problem of evasive nction will 
be considered more fully in Chapter XII. 

PROTECTION AGAINST FLARH RURN~ 

7.54 As indicated in 57.21, the intervention of any shadow-produc- 
ing object, will decrease the extent of injury from thermal radiation. 
In. a building, emergency shelter may be taken anywhere, away from 
windows, of course. Outdoors, some protection may be obtained in 
a ditch or behind a tree or utility pole. Probably the best instinctive 

action in any emergency situation is to drop to the ground in a prone 
position, behind the best. available shelter, using the clothed parts of 
the body to protect the hands, face, and neck (see 812.60, et ~eq.). 

7.55 Clot,hing cm also provide prot,ection against flash burns. 
Most, common, light-colored clothing reflects a large fract.ion of the 
incident thermal radiation, so that appreciable protection is usually 
afforded. For example, two layers of cotton clothing--one a light- 
green oxford outer garment and the other a knitted undergarment- 
in contact were fomld to increase t,he energy required to cnuse a set- 
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ond-degree hum front 4 to 7.5 calories per square cent.imet.ar. If the 
layers of clothing are spaced from one another and from the skin, 
the required energy is even higher. However, since a moderat.ely 
hirge amount of t,hermal energy may cause clothing to ignite (see 
Table 7.61)) flame burns may occur even though t.here is no flash burn. 

7.56 Ilark fabrics are more effective in absorbingradiation than are 
those of light color. I3nt as a result of absorbing the thermal radia- 
t.ion the material may become very hot. Heat will then be transferred, 
either by conduction or by radiation, to t,he skin. Conduction is the 
more likely mechanism and this will be particularly significant when 
the fabric is in contact with the skin. Thus, contact, burns, which are 
neither flash burns nor flame burns, can result from dark colored 
clothing which a&ally touches the body. Flame burns will, of 
course, occur if the fabric gets hot enough to ignite. 

’ 

7.5’7 White clothing materials of substant,ial weight reflect much 
of the thermal radiation, so that a relatively small amount is trans- 
mitted to the skin. However, white fabrics that are not very heavy 
may allow enough radiant energy to pass through to cause skin burns 
without being affected themselves. 

7.58 As a general rule, at least. two layers of clothing are desirable 
t,o provide reasonable protection against t,hermal injury. The outer 
garment should preferably be of a light color and the clot,hing should 
be loosely draped, to provide adequate air spaces between the layers 
and bet.ween the undergarment and the skin. Suit,able treatment of 
fabrics, especially dark-colored materials, to render t,hem flame re- 
tardant. would be very advantageous. 

THERMAI, RADIATION I)AMAGE TO MATERTATS 

FABRICS, WOOD. ANI) PLASTICS 

7.59 Mention has been made earlier in this chapter of the specific 
damage wowed to fabrics by the high surface temperatures accompany- 
ing the ahsorption of thermal radiation. Natural fibers, e. g., cotton 
and wool, nnd some synthetic materials, e. g., rayon, will scorch, char, 
and perha1ls lmru ; 11y1m, on the other hand, melts when heated to a 

sufficient extent. The heat, energy required to produce a particular 
change iu R fabric depends on a variety of circumstances, as indicated 
in 57.35. The following generalizations, however, appear to hold in 
most instances. 

7.60 Dark-colored fabrics absorb the radiation, and hence suffer 
damage more readily than do the same fabrics if light in color. Even 
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in this connection there are variations according t,o the method of 
dyeing n11d the particular fiber involved. Wool is more resistant, to 
radiant energy thau cotton or rayon, and these are less easily atfect,ed 
than nylon. Orlon appears to be appreciably more resistant than 
nylon. Materials of light weight require less thermal energy to cause 
specific damage than do those of heavy weight. The energy required, 
for the same exposure t.ime, is roughly proportional to the fabric 
weight per unit area. The moisture content is also an important 
fact.or; t,he larger the amount of moisture in the fabric, the greater 
is the energy required to clnmnge it. 

7.61 Although extensive studies have been made of the effects of 
thermal radiatiou on a large number of individual fabrics, it is ditli- 
cult to summarize the results because of the many variables that have a 
significant influence. Some attempt is nevertheless made in Table 
7.61 to give an indication of the magnitude of the energy needed to 
ignite various fabric materials due to the absorption of thermal radia- 
tion. The results are presented for total explosion (air or surface 
burst) energies of 20 kilotons and 10,000 kilotons (10 megatons), 
respectively. As in the case of skin burns, and for the same reason 
(5 7.X5), the thermal energy required is greater for explosions of 
higher yield. 

7.62 Wood is charred by exposure to thermal radiation, the depth 
of the char being closely proportional to the energy received. For 
sufficiently large amounts of energy, wood in scme massive forms 
may exhibit, transient, flaming but persistent ignition is improba.ble 
uuder the condit,ions of a nuclear explosion. However, t,he transit,ory 

flame may ignite adjacent combustible material which is not directly 
exposed to the radiat,ion. In a more-or-less finely divided form, such 
as sawdust, shavings, or excelsior, or in a decayed, spongy (punk) 
state, wood can be ignited fairly readily by the thermal radiation 
from a nuclear explosion, as will be seen below. 

7.68 Roughly speaking, something like 10 to 1.5 calories per square 
centimeter of thermal energy are required to produce visible charring 
of unpainted and unstained pine, douglas fir, redwood, and maple. 
Dark staining increases the tendency of the wood to char, but light- 
colored paint.s and hard va.rnishes provide protection.’ 

7.64 Glass is highly resistant to heat, but as it is very brittle it 
is somet.imes replaced by transparent. or translucent plast,ic materials 
or combined with layers of plastic, as in automobile windshields, t,o 

‘The thermal radlatlon energy lncldent on the front of the houne referred to In I 7.84 
WBR about 25 cnlorlea prr square centimeter. 
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TABLE 7.61 

APPROXIMATE THERMAL ENERGIES FOR IGNITION OF FABRICS 

Material 

Rayon-acetate taffeta (wine)____-_-- 
Cotton chenille bedspread (light 

blue)____.__________--_-______. 
Doped fabric, aluminized cellulose 

acetate___.___________--________ 

Cotton muslin, oiled window shade 
(green)___.______________-__.___ 

Cotton awning canvas (green) _ _ _ _ _ 
Cotton corduroy (brown)___________ 
Rayon twill lining (black) _ _ _ _ _ _ _ _ _ _ 
Cotton Venetian blind tape, dirty 

(white)__..____________________ 
Cotton sheeting, unbleached, washed 

(cream)__.____________.__._.___ 
Rayon twill lining (beige)_____-____ 
Rayon gabardine (black)___;:______ 
Cotton shirting (tan)______._______ 
Cotton denim, used (blue)__________ 
Cotton and rayon auto seat cover 

(dark blue)_____________________ 
Acetate shantung (black)___________ 
Rayon-acetate drapery (wine). _ _ _ _ _ 
Rayon marquisette curtain (ivory) _ _ 

Cotton denim, new, washed (blue) _ _ _ 
Cotton auto seat upholstery (green, 

brown, white)___________________ 

Rayon gabardine (gold)_______.____ 
Cotton Venetian blind strap (white) _ 
Wool flannel, new, washed (black) ___ 
Cotton tape&y, tight weave (brown 

shades)__._______._____________ 

Wool surface, cotton base, auto seat 
upholstery (gray). . _ . _ _ 

Wool, broadloom rug (gray). _ _ _ _ _ 
Wool pile chair upholstery (wine) 

Wool pile frieze chair upholstery (lighl 

brown--_... 

Nylon hosiery (t,an) 

(‘ot.ion mattrcbss slufliil~g (Era?) 

Ilurlnp, h(lavy, wov(~n (I)rowlll 

llul~bc~rixt~tl ranvna nIli lop (gray) 

- 

-- 

Weight 
(oslsq yd) 

- 

I Ignition energy (cal/sq cm) 

20 kilotous 
- 

3 

- 

- 

8 
12 

8 

3 

- 

3 

3 

0 

5 

10 

Q- 
3 

5 
2 

10 

10 

7 
- 

7 

2 3 

4 8 

18 35 

5 11 

5 9 
6 11 
1 2 

7 12 

15 30 
8 16 
3 6 
7 13 
8 13 

8 13 
9 15 
9 16 
9 14 
9 14 

9 
9 

16 
8 

12 16 

13 *16 
7 *I6 

16 *16 

11 
- 

I8 

20 

*I6 
‘5 

8 
8 

* I ti 

LO megatons 
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make it shatterproof. These plnstics are organic compounds and ~0 
are subject to decomposition by heat. Nevertheless, many plastic mn- 
terials, such as Rakelite, cellulose acetate, Lucit.e, Plexiglass, poly- 
ethylene, and Teflon, have been found to withstand thermal radiation 
remarkably well. At least 60 to ‘70 calories per square centimeter of 
thermal energy are required to produce surface melting or darkening. 

THERMAL ENERGIES FOR IGNITION OF VARIOUS MATERIALS 

‘7.65 In connection with the initiation of fires, the thermal energies 
required for the ignition of various common household and other 
materials are of great interest. Studies have been made both in the 
laboratory and at nuclear tests, and although the results are by no 
means definitive, they do provide a general indication of the amount 
of thermal energy that would be needed to cause a particular material 
to ignite. The data in Table 7.65 hRve been divided into two sections : 
one contains household materials and the other combustible substances 
which might start forest fires. It is evident that there are combustible 
materials around many homes which could be ignited by an exposure 
to 3 calories per square centimeter of thermal rrtdiation. Almost. any 
thin, flammable household fabric would ignite if exposed to 10 calories ’ 
per square centimeter. 

7.66 As far as the forest fuels are concerned, in particular, the 
ignition energies nre greatly dependent upon the amount of moisture 
they contain. For the present purpose, iti has been assumed that the 
leaves and grass were fairly dry, so that the energies are essentially 
minimum values. In the presence of some dry fuel, thermal radiation 
may start a fire; it, will then spread among combustible materials of 
higher moisture content which could not be directly ignited by the 
radiation. 

THERMAL ENERGY-DISTANCE Rc~sc~oks~i~s 

7.67 In order to utilize the data in Tables 7.61 and 7.65 to deter- 
mine how far from the burst point, for an explosion of given energy 
yield, ignition of a particular material would be observed, it is re- 
quired to know how the thermal energy varies with distance for the 
particuhir yield. ,\ convenient way of representing this informntion 
is shown in Fig. 7.67, nssiinling :I rr:ison:il~ly cle:lr sttlte of the atnios- 

ldiwe. 

7.f24 Su~qww it is wclliitwl to dt+wrnirir the range over wliidi fires 

111;iy he f~xyIw~4wl to 1)~ initi:ltetl Iby tlwrnial r:idi:ition :I$ it result of :I 

I,000 kiloton (1 ~~rrg,r:~tor~) :lir t)nrst,. The tlwrnial wergy required for 
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SLANT RANGE FROM EXPL4SION hflLE.S) 

Fiarlre 7.67. Themal energy received at rnriow slant ranges. 

L 
100 
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TABI,E 7.65 

THERMAL ENERGIES FOR IGNITION OF HOUSEHOLD MATERIALS 

Material Weight 
(oslsq yd) 

I I gnition energy (cal/eq cm) 

- 
r 

20 kilotons 0 megatons 
-- 

Dust mop (oily gray)___________.._. 
Newspaper, shredded _ _ _ _ _ _ _ _ _ _ _ _ . _ 

Paper, crepe (green)_______________. 

Newspaper, single sheet____________. 
Newspapers piled flat, surface exposed. 
Newspapers, weathered, crumpled_ _ _ 

Newspaper, crumplecl__________.___. 
Cotton waste (oily gray)____________. 

1 Paper, bond typing, new (white) _ _ _ _ 

Paper, Kraft, single sheet (tan) _ _ _ _ _ 
1 Matches, paper book, blue heads 

exposed________.._________..__--_ 
Cotton string scrubbing mop, used 

(gray)_______________________.._ 

Cellulose sponge, new (pink) ____ _ - -_ 
Cotton string mop, weathered (cream) 
Paper bristol board, 3 ply (dark) __ _ . 

Paper bristol board, 3 ply (white) _ _ _ 
Kraft paper carton, flat side, used 

(brown)_______L___-____________ 
Kraft paper carton, corrugated edges 

exposed, used (brown)____-___..__ 
Straw broom (yellow)___________-__ 
Excelsior, Ponderosa pine (light yel- 

low)___________________________ 
Tampico fiber scrub brush, used (dirty 

yelow)________________________ 
Palmetto fiber scrub brush, used (rust] 
Twisted paper, auto seat cover, used 

(multicolor)____________________ 
Leather, thin (brown)___________.._. 
Viny1 plastic auto seat cover_____-__ 
Woven straw, old (yellow)____._..__- 

- 3 5 
2 2 4 
1 4 8 
2 3 6 

- 3 6 
1 3 6 
2 4 8 

- 5 8 
2 15 30 
2 7 14 

- 5 9 

- 6 10 
39 6 10 
- 7 13 

10 3 15 

10 12 25 

16 8 15 

- 12 25 
- 8 17 

2 lb/cu ft 5 12 

- 10 20 
- 12 25 

13 12 25 

6 *15 *30 

10 *16 *27 

13 *I6 +33 

*Indicates material WRBR not ignited to sustalncd burning by the lnctdrnt thrrmal 
energy Indleated. 

ignition to occur, under average condit.ions, may be estimated from the 

results in Table 7.65 to be about 5 calories per square centimeter. En- 
tering Fig. 7.6’7 at the point on the vertical axis corresponding to 1,000 
kilotons, the ho.rizontnl line is followed across until it intersects the 
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Figure 7.738, Flash hums on upho1nter.v of chrks exposed to bomb flash at 

window (1 mile from ground zero at Hiroshima). 

to the absorption of thermal radiation. Fabrics (Fig. ‘7.73a), utility 
poles (Fig. 7.73b), trees, and wooden posts, up to a radius of 11,000 
feet (2.1 miles) from ground zero at Nagasaki, and 9,000 feet (1.7 
miles) at Hiroshima (3 to 4 calories per square centimeter), if not 
destroyed in the genera1 conflagration, were charred and blackened, 
but only on the side facing the point of burst. Where there was pro- 
tection by buildings, walls, hills, and other objects there was no evi- 
dence of thermal radiation effects. 

7.74 An interesting case of shadowing of this kind was recorded 
at Nagasaki. The tops and upper parts of a row of wooden posts were 
heavily Aarrrtl, but the charred area was sharply limited by the 
SII:ICIO~ of :I ~111. ‘1’1~ ~111 WIS, however, coml)letely ckwolished by 

tlw hl:~st w:iw whit-ll :Iwiwtl :tftvr tlw tlwrm:il r:icli:itioil. .\s st.:ited 

113 1.1 iw. lhis I*:itli:itioii trawls with the speetl of light, wli(~rt~:is thcl 
lll:lhl \\.:I\.~‘:l~l\.:\ll~‘l~s 1l11l~‘ll 11101’~’ slo\vlg (gj 3.14). 

EFFECTS OF THERMAL RADIATION IN JAPAN 
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fence, were exposed to 12 calories per square centimeter of thermal 
radiation. One house, at the left of Fig. 7.82, lrad weathered siding 
showing considerable decay, but the yard was free from trash. The 
next house also had a clean yard and, further, the exterior siding was 
well maintained and painted. In the third house, at the right of 
the photograph, the siding, which was poorly maintained, was 
weathered, and the yard was littered with trash. 

7.83. The state of the three houses after the explosion isseen in 
Fig. 7.83. The third house, at the right, soon burst into flame and 
was burned to the ground. The first house, on the left, did ignite 
but it did not burst into flame for 15 minutes. The well maintained 
house in the center with the clean yard suffered scorching only. It 
is of interest to recall that the wood of a newly erected white-painted 
house exposed to about 25 calories per square centimeter was badly 
charred but did not ignite (Fig. 7.34b). 

7.84 The value of fire-resistive furnishing in decreasing the num- 
ber of ignition points was also demonstrated in the 1953 tests. Two 
identical, sturdily constructed houses, each having a window 4 feet 
by 6 feet facing the point of burst, were erected where the thermal 
radiation exposure was 17 calories per square centimeter. One of 
the houses contained rayon drapery, cotton rugs, and clothing, and, 
as was expected, it burst into flame immediately after the explosion 
and burned completely. In the other house, the draperies were of 
vinyl plastic, and rugs and clothing were made of wool. Although 
more ignition occurred, the recovery party, entering an hour’ after 
the explosion, was able to extinguish fires. 

7.85 There is another point in connection with the initiation of 
fires by thermal radiation that needs consideration. This is the 
possibility that the flame resulting from the ignition of a combustible 
material may be subsequently extinguished by the blast wind. It was 
thought that there was evidence for such an effect from an observation 
made in Japan ($7.92), but this may have been an exceptional case. 
The matter has been studied, both in connection with the effects in 
Japan and at various nuclear tests, and the general conclusion is that 
the blast wind has no significant effect in extinguishing fires (SW 

=g 7.93). 

SPREAD OF FIRES 
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F 1 
1 

1” 

Figure 7.80. Frequency of exterior lgnitlon points for various areas in a citS’. 

number of large cities in the United States. It is seen that the density 
of ignit,ion points is greatest in wholesale distribution and slum resi- 
denCal areas, aud is least in good residential and large manufacturing 
areas.” Paper was the commonest ignitable material found every- 
where except in downtown retail areas where awnings represented 
the major source of fire. 

‘7.81 The density of ignition points provides some indication of 
the chance of fires being st,arted under ideal weather conditions. But 
the results in Fig. 7.80 are by themselves not sufficient to permit an 
est,imate to be made of the number of significant tires that will actually 
result. In t,he first place, at locations closer to ground zero, where 
the thermal energy exceeds. about 12 calories per square centimeter, 
almost all the ignitable materials will actually flame (Table 7.65). 
On t,he other hand, at, greater distances, only those most easily ignit- 
able will catch fire. Further, the formation of a significant fire, cap- 
able of spreading, will require appreciable quantities of combustible 
material close by, and t,his may not always be available. 

7.82 The fact that accumulations of ignitable trash close to a 
wooden structure represent a real fire hazard was demonstrated at the 
nuclear tests carried out in Nevada, in 1953. In these tests, three 
miniature wooden houses, each having a yard enrlosed with a wooden 

7.86 The spread of fires in a city, depends upon a variety of con- 
ditions, e. g., weather, terrain, and closeness and combustibility of 
the buildings. A detailed review of large-scale fires has shown, how- 

ever, that if other circumstances are more-or-less the same, the most 

“The RWII types mre In accordance with the elasaitlcatlon ueed by the U. S. JJUrenu Of 
CrnSllS. 
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t,opography, and meteorological renditions. J,ow atmospheric hu- 
midit,y, strong winds, and steep terrain favor thr tlrvt4opnient of 
forest fires. In general, a deciduous forest, particularly when in leaf, 
may he expected t-0 hum less rapidly and with less intensity than a 
forest of coniferous t,rees. Green leaves and the trunks of trees would 
act, as shields against, thermal radiation, so that. the number of p0int.s 
at which ignition occurs in a forest may well be less than would appear 
at, first. sight.. 

INCENDIARY EFFECTS IN JAPAN 

TIIE NVCIXAR J~OMR AS AN INCENDIARY WEAPON 

7.89 The incendiary effects of a nuclear explosion do not. present, 
any especially characteristic features. In principle, the same over-all 
result,, as regards destruction hy fire and blast, might be achieved by 
t,he use of conventional incendiary and high-explosive bombs. It, has 
been estimrtad, for example, that t,he firt! damage to buildings and 
ot,her structures suffered at, Hiroshima could have been produced hy 
about 1,000 tons of incendiary bombs distributed over the city. It can 
be seen, however, that since t,his damage was caused by a single nuclear 
homb of only 20 kilotons energy yield, nuclear weapons are capable of 
(*ausing tremendous destruction by fire, as well as by blast. 

7.90 Evidence WRS obtained from the nuclear explosions over 
,Jnpw that. the damage by fire is much more dependent upon local 
terrain and meteorolopiral conditions than are blast effect,s. At both 
Hiroshima and Nagasaki the distances from ground zero at. which 
particular types of Mast, damage were experienced were much the 
same. nut. the range of incendiary effects was quite different. In 
Hiroshima, for example, the total area severely damaged by fire, about, 
1.4 square miles, was roughly four times as great, as in Nagasaki. one 
cont,rihutory cause was the irregular layout of Nagasaki as compared 
with Hiroshima ; also greater dest,ruction could probably have been 
achieved hy a c*hnnge in the point of burst. Nevertheless, an important, 
factor was the difference in terrain, with its associated building den- 
sity. Hiroshima was relatively flat, and highly built up, whereas 
Nagasaki had hilly portions near ground zero that, were bare of 
structures. 

ORIGIN AND SPRKAD OF FIRES IN *JAPAN 

7.91 Detinite evidence was obtained from Japanese observers that 
t.l~e thrrtnal radiation c~~nsed thin, dark cotton cloth, such as the 
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Mtck-out curt:lirls that were in cou~mon use tluriug thch war, thitl 
I):t])el’, alit1 clry, rottetl wood to c:ttcl1 fire At llistilllces up to :I,500 feet 

(0.W niilt~) from pvlulcl zero (:htmlt 35 c-nlories per squnw witi- 

iiwtar). It. W:IS rqwrtetl tll:\t :1 cts(l:tr Ibi1l.k roof fart her orlt WRS seen 

to burst, into Ha me, apparently spontaneously, but tllis was not. 
tlcfiiiitely roiifirmt~~l. Abnormal enhanced amounts of radiation, due 
to retlect ioii, sc:itt pring, and focusing effects, might have caused fires 
t,o originate at, isolated points (Fig. 7.91)‘. 

7.9~ Interesting evidence of’ the ignition of sound wood was found 
about, a mile from ground zero :\t Nagasaki, where the thermal energy 
was approximately 15 calories per square centimeter. A light piece 
of wood, similar to the flat side of an orange crat,e, had its front 
surface charred. I II addition, however, blackening was observed 
through cracks mtl nail holes, I\-here the thermal radiation would not, 
ha,ve penetrated, and ;ilso around the edges adjoining the charred 
surface. A possible explanation is that, the exposed surface of the 
wood had actually ignited, due to the heat from the thermal radiation, 
and the flames had spread through the cracks and holes around the 
edges for several seconds, before they were extinguished by the blast. 
wind. 

7.93 From the evidence of charred wood found at both Hiroshima 
and Nagasaki, it was originally concluded that such wood had ac.t.ua1l.v 
been ignited by thermal radiation and that. the flames were subse- 
quently extinguished by the blast. But it ROW seems more probable 
that, apart from some exceptional instances, such as that just de- 
scribed, there was no actual ignition of the wood. The absorption 
of the thermal radiation caused charring in sound wood but the 
temperatures were generally not high enough for ignition to occur 
($7.34). Rotted and checked wood and excelsior, however, have been 
known to burn completely, an:1 the flame is not greatly affected by 
the blast wave. 

7.94 It, is uot known to what extent thermal radiation contributed 
to the initiation of fires in the nuclear bombings in *Japan. It is 
possible that, up to a mile 01 so from ground zero, some fire.5 may 
have originated from secondary causes, such as upsetting of stoves, 
elect.riral short-circuits. broken gas lines, and so 011, which were a 
direct effect of the blast wave. A uumber of fires in industrial plants 
were initiated by furnaces and boilers being overturned, and by the 
collapse of buildings on them. 

7.95 Once the fires had started, there were several factor’s, directly 
related to the destruction caused by the nuclear explosion, that in- 
fluenced their spreading. By breaking windo\\ s and blowing in (11 
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anese cities, they were not. very effective in prcvent,ing the fires from 
spreading. The reason was that fires often started simultaneously on 
both sides of the firebreaks, so that they conltl not. serve their intended 
purpose. In fwlclition, combtistihle materials were frequently strewn 
across the firebreaks and olwn S~XKW, st1c1J RS yards and street, areas, 

by the blast, so that. they could not prevent the spread of fires. Never- 

theless, there were a few instances where firebreaks assistsed in pre- 
venting the burn-out of some fire-resist,ive buildings. 

7.98 One of the important aspects of the nuclear bomb attacks 
on .Japnn was that. in the large area that suffered simultaneous blast 
darnyg?, the fire tlepa~tmen~s were completely overwhelmed. It! is 
trite that, the fire-fighting services and equipment were poor by 
i\meric:ln standards, but it is doubtful if ~rluch could have been 
achieved, nntler the virwJJJst:Jnrrs. by more efficient. fire departments. 

,It llirosltima, for es:t111~~1~. $0 ~w~cJtt of the fir+fightiJJg eqtJil)meJJt, 

was wJJslJf4 iJJ 111~ cdl:~~w of fire hoiws, , ~11ic1 80 percent of the per- 
sollllel \ve1*e 1111:l1~1e to I’wpolld. 15~1 if IIWIJ and m:wl~ines had sur- 
rid the hlnst, iwiny tirw woiild hare hecJJ iJi:iwessihla kwJJJse of 
the struts l)eiJig lJlodtrt1 with tlelwis. For this rwson, :iJitl :llsO be- 

rnitse of flip fcwr of Iwing tr:ippd. :I fire ~~J~~~JJJII~ from nil flren dJiclJ 

hnd escn~wd destructiorl WIS ntmlde to :lpproach doser* thRJJ 6.60 
frc%t ( 1.~3 milcas) frwll proltnd zero ;Jt Nagasaki. It was almost in- 

t~rit:l\)le, therefore, th:Jt :111 buildings witlJin this rJJJJgt% wonld he de- 

st royetl. 
7.99 iinother contributory factor to the destruction by fire ww 

the f:lilJJra of the n:Jtc*J* SIIO~‘~~ iJJ IJatlJ TTiroshinJ:t nntl Nagasaki. 
Thr punq~ing statiorls were not l;lrgely affected, but serious damage 
was sllst:liwtl by (listril)lltioll pipes and mains, with I\ resultinp leak- 
age ;11i(1 cli~q~ ill :lV:lilill)lP water prpssitre. Most of the lines above 

gt~)tt11(1 wy*e. broken Iy wll:JI)siJJp 1mildiJJps ntltl by heat from the fires 
\vhich 1wllf11 the pips. ,SOIIW hiiriwl wafer mains were fractured 
:I JJC~ ~~tlJers W~JY’ I)JdwJJ due to the ~:I~w or distortion of hJ*idges JJ~OIJ 

wlJi(dJ tlwy wrc sii~q~ortecl (84.113). 

7.100 .\lwi~l 2.0 minrltes :Iftw the clefomitiw of the nnclcar homh 

at 11 irosllir~l:t, thw tlrwlo~wl file ~~IWI~JII~JI~JJ knowtt as “tire storm.” 
‘I’his wnsislcvl of :I wiiltl wllic+ blew towartl the hurninp area of the 
(*it-v froni aI1 tlirfvt iotis. rewliii~g :I ni:iximiim rrlwity of 30 to 40 

niilrs \wr IrorJr :lholtt 9 lo 3 IioiJrs :iftrJ* tlic exl~losion. tlecrensing to 

lip-It or 11~0tler:tl~~ :Jwl v:iJ~i:il)lr iii tliredion :JlwlJt R hoitrs after. ‘I’lw 
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wind was accompanied by intermittent rain, light over the cent.er of 
the city and heavier about 3,500 to 5,000 feet (0.67 to 0.95 mile) to the 
north and west,. Because of the strong inward draft at ground level, 
the fire storm was a decisive factor in limiting the spread of the fire 
beyond t,he initial ignited area. It accounts for the fact that the radius 
of the burned-out area was SO uniform in Hiroshima and was not much 
greater than the range in which fires started SOOJJ after the explosion. 
However, virtually everything combustible wit,hin this region was 
destroyed. 

7.101 It should be noted that the fire st,orm is by no means a special 
characteristic of the nuclear bomb. Similar fire storms have been 
reported as accompanying large forest fires in the United States, and 
q~ecially after incendiary bomb attacks in both Germany and eJapan 
clJtriJJg World W:Jr IT. The lJig]J winds are procluced largely by the 
updraft of the heat,ed air over nn extensive burning area. They are 
thus the equivalent, on a very large scale, of the draft of a chimney 
under which A tire is burning. The rain associat,ed with a fire storm 
is apparently due to the condensation of moistnre on particles from the 
fire wha~i they reach ii cooler area. 

7.102 The incidence of fire st,orms is depen_dent on the conditions 
existing at the time of the fire. Thus, there was no such definite storm 
over Nagasaki, although the ve1ocit.y of the southwest! wind, blowing 
between the hills, increased to 35 miles an hour when t.he conflagrat,ion 
had become well est,ablished, perhaps about 2 hours after the explosion. 
This wind tended to carry t,he fire op the valley in a direction where 
there WRS nothing to burn. Some 7 hours ltlter, the wind had shifted 
to t.he east, and its velocity had dropped to 10 to 15 miles per hour. 

-These winds undoubtedly restricted the spread of tire in the respect,ive 
dire&ions from which they were blowing. The small number of 
dwellings exposed in the long narrow valley running through Naga- 
saki yrobitbly did not. furnish sttficient, fttel for the development of a 
fire storJn AS compared to t.he many lmildings on the flat. terrain at, 
Hiroshima. 

TECHNICAL ASPECTS OF THERMAL RADIATION6 

SPECTRAI, ~JSTRIRUTJON OF ENERGY FROM BALL OF FIRE 

‘7.103 If it. CXII be assumed that the ba11 of fire in a nwlesr ex- 

ldosion, like the sJIJJ, MMWS J’iJtller like a Mwk body, i. e., as :I perfecf 

rwlistor, the tlistrililltion of the fliermsl ratliiition energy over the 
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spectrum can be related to the surface temperatare by I’lanck’s radia- 
t ion eclnation. If /<,A tlenot.es the energy density, i. e.. energy pet 
unit, volume, in the wave length interval h to A+& then, 

(7.103.1) 

where c is the velocity of light, h is Planck’s quantum of action, k: is 
Uoltzmann’s constant, i. e., the gas constant per molecule, and T is the 
absolute temperature. 

7.104 From the Planck equation it is possible to calculate the 
energy density of the thermal radiation from a nuclear explosion over 
a range of wave lengths for any specified temperature. The results 
obtained for several temperatures are shown by the curves in Fig. 
7.104. It will be apparent that at temperatures exceeding about 9,000” 
K., such as is the case during most, of the first. radiation pulse from. 
the ball. of fire, i. P., prior to the first temperature minimum, much of 
t be thermal energy emitted lies in the short wave length (nltravioletj 
region of t.he spectrum. 

7.106 As the temperature of the black-body radiator decreases. 

the wave length at which the energy density is a maximrim is seen to 
move to the right, i. e., to regions of higher wave length. An ex- 
pression for the wave length for maximum energy densit,y, An, can be 
obtained by differentiating eqnation (7.108.1) with respect to wave 
hgth niitl eqnating the resiilt to zero. Tt is then fonnd that, 

A,=$ (7.1051) 

where A is a constant, eqnal to 6.2W angstrom-degree K. Hence, the 
\vave length for maximum energy density is inversely related to the 

:tbsolute temperatare. 
7.106 From the known ralne of 11, it can be calculated thst. tlm 

maximum energy density of thcrnial radiation jrist falls into the visi- 

hle region of the sl)&riim at a trinperatnrt~ of abont 7$00° K. This 
lial~l>etis to be very close to the maximum snrfnre temperatnre of the 
hall of tire aftrr tlic niininll11n, i. e., diiriiig the se~inl radiation pulse 
( Fig. 2.92). Siiwr the t~wipw:it iirtl tloesliot cxceetl f,tW” IL and the 

:~ver:ip is wirsidcwil~ly iws, it is c*viclent tInit most of the .ratlinnt ell- 

fqy twittd iii tlw sw01~1~1 l)iilst~ cwnsists of risil)lr :tnd inf1xlvtl rays, 
with wry little in tlw iiltl’:tviolf4 1xyioti of 111~~ slwtrlll~l. 

7.107. For tlw ptwnt pi~qwsf’, tlifa tot:fl r:ftt~ of rniission of tlmr- 
n1:11 r:itli:ition t~ncrgy from the ball of tire is more significant than tllr 
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dist.ribut.ion of radiation density. According to the Stefall-Boltz- 

mann law for black-body radiation, the flux (0.r intens.ity) of radiant 
energy, 4, i. e., the amount of energy passing through 1 square centi- 
meter of surface of a black body per second, is relat.ed to the absolute 
temperature, T, by the equation, 

+=oT', (7.107.1) 

rrhere u is a constant. The value of + can also be obtained by integra- 
tion of the Planck equation (‘7.103.1), at constant temperature, over 
the whole range of wave lengths, from zero to infinity. It is then 
found that 

a=2&‘/15h3c2 
=1.38X10-‘*cal/(cmz) (set) (deg’). 

With o known, the total radiant energy intensity from the ball of fire 
behaving as a black body can be readily calculated for any required 
temperature. 

7.108 According to equat,ion (?.107.1), the intensity of the sadia- 
tion emitted from the ball of fire at any temperature is proportional 
t,o the fourth power of t,hat, temperature on the absolute scale. Since 

the surface temperat.ures are very high during the first radiation pulse, 
the rate of energy emission (per nnit area), mainly in the ultraviolet, 
region, will also be high. Ilowever, hecause of t,he short duration of 
the initial pulse, the total qlta?~tity of energy emitted is relatively 
small. 111 any case, most Of wl1at is emitted is absorbed and scattered 
by the atmosphere before it. travels any appreciable distanre from the 
lireball. 

‘i.1~ III acrortlance with the definition of radiation flux, 4, given 
in fi 7.107, .it. follows that thr total rate of emission of radiant. energy 
from the 1x111 of fire can be obtained U~OII multiplying the expression 
iii rqnntioii (7.107.1) by the area. If II’ is the radius of the fire- 

ball, its area is 4rlr”, so that the rate of thermal energy emission is 

aT4X4rR2. This is the samp [IS the thermal power, since power is de- 
finrtl as the rate of production (or expenditure) of ene.rgy. Repre- 
spntinp 1 Iris (pant ity by the Symhl I’, it folhvs thnt. 

I’= 4mT4R2 
= 1.71 X lWi17’~‘R2 calories per second, 

wl~ere T is in tlegrc+~ Kelvin and Zr’ ,is ii1 certtimefrrs. Alternatively, 

if the ratlitln, R. isespwssrcl iii feet, thrtt, 

I’= 1.59 X IWT4R” ralories Iher Fecontl. (i.lO9.1) 

7.1 IO The results of numerous tests have SIIOWI that the ball of fire 
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does not, in fact, bel\ave as a perfect radiator. This is due to a num- 
ber of factors. The surface temperature during the first radiation 
pulse is modified by the disturbed air immecliately around the fire- 
ball and, at later times, the temperature is not that of the surface but 
fhe result of radiation some distance inside the fireball. The radius 
of the ball of fire during the second thermal pulse is very difficult to 
determine because the surface of the luminous ball of fire becomes 
very diffuse. Since the radii and surface temperatures will depend on 
the energy yield of t~he explosion, a different curve will be obtained for 
every value of the yield. However, it is possible to generalize the re- 
sults, by means of scaling laws, so that a curve applicable to the second 
pulse for all energy yields can be obtained from a single set of calcu- 
lations. 

7.111 Actually the power, P, is measured direct,ly as a function of 
time, t, for each explosion. However, instead of plotting P versus t, 
a curve is drawn of the scaled power, i. e., P/P,,,, versus the scaled 
time, i. e., titmax, where I’,,,,. is t.he maximum value of the thermal 
power, corresponding to the temperature maximum in the second 
pulse, and t,,., is the time at. which this maximum is at,tained. There- ’ 
suiting (left scale) curve, shown in Fig. 7.111 is then of general ap- 
plicability, irresl!ective of the yield of the explosion. 

7.112 In ortler fo make the power-time curve specific for any par- 
ticular explosion energy yield, it. is necessary to know the appropriate 

values of I’,,, and tn,ax. ‘l’hese are related to the yieh?, IV kilotons, in 
the follo\vi~~~)iinilIler: 

/‘Inax = 4 WI/* kilotons per second, 

:I nd 

t ,,,RI =0.0X2 W’/2 secctnds. 

‘I’lie applicatiw Of tlrrsc equations is illustrated in the example fac- 

ingFig.7.111. 

7.1 I8 ‘1‘111~ iltll()lltlf Of tl1wmal energy, E, emitted by the ball of fire 
III’ to any sl)eGfietl (ima WII 1~ obtained from the area under the curve 
of Y versus t up Lo that t,ime. The result, expressed in percent its 
E/E,,, versus t/tmax, is shown by the second curve (right, scale) in 
Fig. 7.111. The quantity KIo, is the total thermal energy emitted by 
the Ml of tire; this is Wliltetl to the total energy yield of the explo- 

sion, JC’ kilotons, by the esprtwiou, 

B,,,, (kilofons) = l/i W, (7.113.1) 

tlerived from IIIPilSl1Pel1l~lltS made at a nrlmber of test. explosions. 

This equatiot1 gives the thermal energy in terms of kilotons of TNT 

(‘I’Pxt cYltltinIlrv1 011 pnpr 3x4.) 
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The curves show the variation with the waled time. t/t,,,,, of the 
scaled fireball power, P/Z’,,,, (left ordinate) and of the perceut. of 
the total thermal energy emitted, IC/Elnt (riglit ordinate). 

I 

fknling. 111 order to apply the data in Fig. 7.1 I1 to an explosion of I 
any energy, IV kilotons, the following expressions are used: 

I 

where 

I’,,,=J TV’/* kilotom per second 

t ma* =0.032 tV’/’ seconds. 

Etnt =I/5 W kilotons, 

t mllx = time after explosion for teniperatnre rmximwn in secolld 
them al pulse, 

I’,,, = m~xinnnn r:lte (at. t,,,,,) f 0 emission of thernml energy fro111 

fireball, 
find 

b-,0, = total thermal energy emitted by fireball. 

E.ranl.ple 
Ghm: ,2 500 KT burst. 
Fi&: (a) The rnf-e of emission of thermal energy, (7)) the amounl 

of thrrm:il rtwrgy wlittrtl. at B swmtls :iftrr tlicl csplosion. 
Solfrtio~: Sillw Ilr is 500 KT, the Vnllle of I!“” is 22.4, So th:It 

SCALED TIME C’& 1 
nmx 



334 THERMAL RADIATION AND ITS EFFECTS 

TECHNICAL ASPECTS OF THERMAL RADIATION * 335 

equivalent, hut if it is required in calories the result. is mult~iplird 
by lo’:. 

7.114 The curves in Fig. 7.111 present some features of special in- 
terest. As is to he expected, the thermal power (or rate of emission 
of radiant energy) of the fireball rises to a maximum, just. as does the 
temperature in the second radiation pulse. However, since the ther- 
ma1 power is roughly proportional to Z’*, it increases and decreases 
much more rapidly than does the temperature. This accounts for the 
sharp rise to the maximum in the P/P,., curve, followed by a some- 
what less sharp drop which tapers off ‘as the ball of fire approaches its 
final stages. 

7.115 From the standpoint of protect,ion against skin burns, by 
taking evasive action, the important quantity is t,.., since the rate of 
emission of thermal radiation from the ball of fire is then a maximum. 
It? is seen from the relat,ionship in 8 7.112 that this time increases in 
proportion to the square root of the energy yield of the explosion. 
Thus, t,,, is about 0.1 second for a lo-kiloton explosion, but. it is over 
3 seconds for a burst, wit,11 10 megatons energy yield. At, such respec- 
tive distances where severe lmrns might be experienced, evasive act,ion 
would thus be expected to achieve greater relative success for 
explosions of high energy yield. 

THERMAL F:NERGY-I~ISTANCE RELATIONRIIIP 

7.116 The nest mattrr to ronsitlpr is the variation with distance 
from the esplosion of the MaI thrr1m11 energy (in calories) received 

per SC~II:I~ wntimrter of :I target, nwterhl. As seen earlier in this 

rlinl~ter, swli iiiforiliation, cwiihintd with the data in l’:il~les 7.45, 7.01, 

;incl 7.65, permits estiimites to he mntlr of the pddde ranges fol 

wrious tliermnl r:lcli:~tion effecats. 
7.117 If there is ii0 atnlospheric~ tit,tenn:ition, the thermal energy, 

I*’ , ,,),, :lt ii clist:lnw I) froiri the esplosion, iwiy 1)~ regnrtletl as heinp 

s~~read iiriiformly over the wrfaw of :I spliwe of area 4*/P. If nttenu- 

at ion wf’r(’ clric: wily to :ibsoi.l)tion, this quantity wor~ltl he mult iplit~tl 
hy the f:1dw r-k’), w1iw*~~ X* is 311 :ilwrption weffic~irnt :irer:igeecl ovei 
1 lie wliolr sprat runi of W:I~R lengt IIs. Hewe, in these cireumstnnce9, 

using the syml~ol (3 to rrprt+rnt the tll~l’lllill energy rtwivetl per unit, 

nrea a.t a. tlist:lll(ae I) from thr esplosion, it follows tlwt 

Since, according to t,he results given in 9 7.112, Etot is equal to 
$$WX lOI* calories, where W is t,he explosion yield in kilotons, t.he 
appropriate expression would be 

Q (csl/sq cm) = 
1 012We-XD 

12rrD2 ’ 

where the distance D is in centimeters. 
7.118 When scattering of the radiation occurs, in addition to 

absorption, the coefficient k is no longer a constant but is a function 
of distance, and it is then not convenient to express the attenuation by 
means of an exponential factor. A more useful formulation which has 
been developed is represented by 

Q(cal/sq cm) = $$$ (7.118.1) 

where the transmittance, T, that is, the fraction of the radiation trans- 
mitted, is a complex function of the visibility (scattering), absorption, 
and distance. The variation of T with distance from the explosion is 
shown by the curve in Fig. 7.118. This curve was actually computed 
for the case of a visibility of 10 miles and for air having a water vapor 
concentration, which determines the absorption, of 10 grams per cubic 
meter. Calculations for other reasonable atmospheric conditions haire 
given results which do not differ very great,ly from those in Fig. 7.118, 
and it appears that the same transmittance curve may be used in all 
cases without serious error, provided the distances are not greater than 
half the visibility. 

7.119 In order to simplify the use of equation (7.118.1)) the values 
of & for various dist,ances, I), from the explosion, are plotted fol 
U/=1 kiloton in Fig. 7.119. The thermal energy received at any 
distance from an explosion of TV kilotons is then obtained upon 
multiplying the t.hermal energy for the same distance in Fig. 7.119 
hy w. 

iil,AsH ~%IWN SYNERGY AND ‘rOTAl, ENKIiGY YIELD 

7.120 Since t,., increases with the tot,al energy yield, it is evident 
tllat. a given quantit.y of thermal radiation energy will be received in 
a short,er time from ail exptosh of low yield (litin from one of higher 
yield. Hence, it is to be expected that the thermal energy required 
to produce flasl~ burns of iljly given kind will in::rease with the energy 
yield of the explosion, as pointed out earlier. On the basis of labora- 
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The plot, which is in two parts for convenience of representation, 
shows the amount of thermal energy (in calories per square centi- 
meter) received at various distances from a 1 KT air burst for at- 
mospheric visibility in the range of 2 to 50 miles. 

ScaJi~. The thermal energy received at any specified dishnce 
from a W KT explosion is u’ times the value for the same distance 
from a 1 KT burst. 

Example 
G&en: A 100 KT air burst and a visibility of 10 miles. 
Find: The amount of thermal energy received at a distance of 3 

miles from the explosion. 
So.&.&&: From Fig. 7.119 the amount of thermal energy received 

at 3 miles from a 1 KT air burst is 0.08 calorie per square centimeter. 
Consequently, the thermal energy received at 3 miles from a 100 KT 
air burst is 

lDOXO.O8--8 calories per square centimeter. Answer 
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penetrate considerable distances through the air. Further, both 
~:IIIII~:I rays and neutrons can produce harmful effects in living organ- 

~~~-~~~~~~.~~-~t~~~~~~~.~I~o~~~~atllre of t ilese ~_ ~~~~___ 
uucle;1r radiations, combined with their long range, that, makes them 
such a significant aspect of nuclear explosions. 

8.4 Most of the gamma rays accompanyiug the actual fissiou process 
are absorbed by the bomb materials and are thereby converted into 
other forms of energy. Thus, only a small proportion (about 1 per- 
cent) of this gamma radiation succeeds in penetrating any great 
distance from the exploding bomb, but,, as will be seen shortly, there 
are several other sources of gamma radiation that contribute to the 
initial nuclear radiation. Similarly, the neut,rons produced in fission 
are to a great extent, slowed down and captured by the bomb residues 
or by the air engulfed by the shock front. Nevertheless, a sufficient 
number of fast (fission) neutrons escape from the explosion region 
to represent. a significant hazard at considerable distances away. 
Although the energy of the initial gamma rays and neutrons is only 
about 3 percent of the total explosion energy, compared with some 
3~ percent appearing as thermal radiation, the nuclear radiations can, 
cause a considerable proportion of the bomb cesualties. 

CHAPTER YIII 

INITIAL NUCLEAR RADIATION 

NATURE OF NUCLEAR RADIATIONS 

8.1 It was st,ated in (‘hapter I that one of the unique features of :I 
nuclear explosion is the fact that, it is accompanied by the emission 
of nuclear radiation. These radiations, which are quite differeut from 
the thermal radiation discus!d in the preceding chapter, consist of 
gamma rays, neutrons, bet,rl particles, and II small proportion of alpha 
particles. Most of the neutrons and some of the gamma rays are 
emitt,ed in t,he act,unl fission process, t,hat is to say, simultaueously with 
the explosion, whereas the beta particles and the remainder of the 
gamma rays are liberated as the tission products decay. .Some of the 
alpha particles result, from the normal radioactive decay of the 
uranium or plutonium that, has escaped fission in the bomb, and others 
(helium nuclei) are formed in hydrogen fusion ‘reactions ($ 1.55). 

8.2 Recause of the nature of the phenomena associated with a 
nuclear explosion, either in the air or near the surface, it is con- 
venient., for practical pI~rpo,ses, to consider the nuclear radiations RS 
being divided into two categories, namely, init,iaI and residual (0 1.2). 
The line of demarcation is somewhat :~rbit.rary, but it IIIRY be taken 
as about 1 minute after the explosion, for the rwsons given in a 2.8!). 

The initial ii1wle;Ir rntliation. with which the prweI1t I+:IptPr will he 

COIMT~Y~, ~oiiseqiiently refers to the i7idi:itiou einittecl within 1 iniiiutv 
of t IW tl~~tor~;~tioii. 1’0~ II1iclt~rpr0Imc1 or I1I~Oe1wxtt~r esl~losioiis, it is 

1~s mwniiigful to sq):nixtc tlw initial from the rwitlil:il iiwltvtr radia- 

tioii (Rs ‘L.64, 2.74)) i1ltl1011~11 the dist iwtion 111:iy 1~ m:i& if tlesiwcl. 

X.3 ‘l’lie r:inps of :I 11)lt:i :Iritl I~t:i pi14 ic*lw :11x’ Iwmp:11~:1 t i vP1.v sllorl 

:Iml tlq- wniiot rw1~~11 the surfiic~~ of tlio e:irt 11 frcmi :III :Iir ln1rht. 

)<ve11 wllcil t.lie 1x111 of liw tow+~~~ tlw g~~m~~d, the ;ill~h:i :111tl lwt:I 

part icales :11x’ 11ot wry iiiilwt:int. ‘1’11~~ iiiiti:il iriicle:ii~ r:itli:\tiw ni:iJ 
thus lw i~~g:~rd~~~l as cwiisistiiig oiily of 1114 ’ pll1Illl:l r:\_vs ;lllcl 111’1111’011s 

lw~lr~wtl OIIri11~ . :I ~w1~100 of 1 IiiiilIitv :I ftcbt. tll~~ ~IIIVIIYI r t~splosion. 

Ihtli of these 1111(‘1I’i11’ r:Idi:it ions, :lIt lwllgll clilfr~iviit iti c811:lr:lc*tI~l~, (‘:I11 
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COMPARISON OF NUCLEAR BOMI~ RADIATIONS 

8.5 As seen in Chapter VII, shielding from thermal radiation, 
at distances not too close to the point of the explosion of the bomb, 
is a fairly simple matter, but this is not true for gamma rays and 
neutrons. For example, at a distance of 1 mile from the explosion 
of a l-megaton bomb, the initial nuclear radiation would probably 
prove fatal to about 50 percent of human beings even if sheltered by 
24 inches of concrete, although a much lighter shield would provide 
complete protection from thermal radiation at t,he same Iocation. The 
problems of shielding from thermal and nuclear radiations are thus 
qiiite distinct.. 

88 The rtl’wt ire injIIry ranges of these t.wo kinds of nuclt?;lr bomb 
ratliatims III:I~ tlitl’w widely. For explosions of moderate and largl? 
energy yields, tll~~l*lllaI radiation can have hnrmful consequencres at. 
:Ipl)re~i:ll)ly grwtw dist,ances than can tlw init,ia.l nuclear radiatjotl. 
Ikyontl :1l1out 1 I/ miles, the initial nuclear 1xtli:1t~ion from :I %I-kilotou 
explosion, for inst:lnce, would not, cause observable injury even wit,h- 

orit, ljrotect ire shielding. However, exposurr to thermal radiation at 
this tlistaucc cw111tl produce serious skin Imrns. On the ot,lwr hnnd, 
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when the energy of the nuclear explosion is relatively small, e. g., 

R kiloton or less, t.be initial nuclear rncliation has the greater et?ective 
range. 
XT TKtli~Ss%Z 3TdE F&i rS@i%t i~~~~f~ttie-~~~~iii~~l~~~~ -~~ ~- ~~ 

radiatiou, it is desirable to consider the neutrons and the gamma rays 
separately. Althougb their ultimate effects on living o~*gn~~is~ns me 

much the same, the two kinds of mlclenr radiations differ in many 
respects. The subject of ganlnln rays will be considered in the section 

whirh follows, and neutrons :vill be discussed later in this chapter. 

GAMMA RAYS 

SOCIRCRR OF GAMMA RAYS 

8.8 In addition to the gamma rays which actually accompany 
t.he fission process, contributions to the initial nuclear radiations are 
made by gamma rays from other sources. Of the neutrons produced 
in fission, some serve to sustain the fission chain reaction and others 
escape, but a large proport,ion of the fission neutrons are inevitably 
captured by nonfissionable nuclei. As a result of neutron capturti, 
the nucleus is converted into :I new species knowu as a “compound 
nucleus,” which is in a high energy (or excited) state. The excess 
energy may then be emitted, almost instantaneously, as gamma radid- 
tions. These are called “capture gamma rays,” because they are the 
result of the capture of a neutron by a nucleus. The process is, cor- 
respondingly, referred to as “radiative capture.” 

8.9 Neutrons produced in fission can undergo radiative capture 
reactions with the nuclei of various materials present in the bomb, as 
well as with those of nitrogen in the surrounding atmosphere. These 
reactions are accompanied by gamma rays which form part of the 
initial nuclear ra,diat,ion. The interacction with nitrogen nuclei is of 
particular importance, since some of the gamma rays t,hereby pro- 
duced have very high energies :IIHI are, consequently, JJIJ~C~ less easily 

:~ttaniir~tetl 11~11 the other components of die initid piuiu2~ radiation. I 

8.10 ‘1‘he interadion of fission neutrons with atoiuic nuclei plw- 

vides :iwbt hc~ source of gamma rays. WIIPJI :I fast wwtron, i. e.. one 

h:iving :I large nmor~nt. of kind iv RIICJ’~~, collides with :I nucleus, the 

iieutroil tluty transfer Sollie of its energy to the nucleiis, IeRving it. iii 

an excited (high-enwgy) state. ‘I’he excited nucleus can then retnril 

to its norin:il etwrgy (or groliiid) state by the einission of gainnl:k 

rays. 
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8.11 The gamma rays produced in fission and as a result of other 
neutron reactions and nuclear excitation of the bomb materials all 
appear within a second (or less) after the nuclear explosion. For 

ti%r75ason~the-radi&ms~~nowi~~&h+~~ 
“prompt” or “instantaneous” gamma rays. 

8.12 The fission fragments and many of their decay products are 
radioactive isotopes which emit gamma radiations (see Chapter I). 
The half lives of these radioactive species range from a millionth of a 
second (or less) to many years. Nevertheless, since the decay of the 
fission fragments commences at the instant of fission and since, in fact, 
their rate of decay is greatest at the beginning, there will be an ap- 
preciable liberation of gamma radiation from these radioisotopes dur- 
ing the first minute after the explosion. In other words, the gamma 
rays emitted by the fission products make a significant contribution to 
the initial nuclear radiation. However, sin& the radioactive decay 
process is a continuing (or gradual) one, spread over a period of time 
which is long compared to that in which the instantaneous radiation 
is produced, the resultipg gamma radiations are referred to as the 
“delayed” gamma rays. 

8.13 The instantaneous gamma rays and the portion of the delayed 
gamma rays, which are included in the initigl radiation, are nearly 
equal in amount, but they are by no means equal fractions of the initial 
nuclear radiation transmitted from the exploding bomb. The in- 
stantaneous gamma rays are produced almost entirely before the bomb 
has completely blown apart. They are, therefore, strongly absorbed 
by the dense bomb materials, and only a small proportion actually 
emerges. The delayed gamma rays, on the other hand, are mostly 
emitted at a later stage in the explosion, after the bomb materials have 
vaporized and expanded to form a tenuous gas. These radiations thus 
suffer little or no absorption before emerging into the air. The net, 
result is that the delayed gamma rays, together with those produced 
hy the radiative capture of neutrons by the nitrogen in the atmosphere, 
contribute about a hundred times as much as do the prompt gamma 
rays to the total nuclear radiation received at a distance from a,11 ail 
(or surface) burst during the first, minute after detonation. 

8.14 There is another possible source of gamma, rays which may 
he ment,ioned. If :I nuclear explosion occurs near t,he earth’s surface, 
the emitted neutrons can cause what. is called “induced radioactivity” 
in the mat,erials present. in the ground. This may be accompanied b? 
radint,ions which will be part. of t.he delayed gamma rays. Since in- 
duced radioactivity is an aspect. of the residual nuclear radiat.ion, it, 
will be treated more fully in the next cha.pt.er. 



344 INITIAL NUCLEAR RADIATION I 

~~EASUREJIENT OF (:AMBtA ~~AI)TA’l.lONN 

8.15 Thermal ratli:ttiott front :I nudear explosion MI) be felt. (as 
heat.), and the portion in the visible region of t.he spertrttttt c:tu he 
seen. The human senses, however, do not respond to nuclear radia- 
tions except at, very high intensities (or dose rates), when itching and 
Cngling of the skin are experienced. Special instrutuent,al methods, 
based on the interaction of these radiat,ions wit,h matter, have there- / 

fore been developed for the detection and measurement of various 
I 

nuclear radiations. 
I 

8.16 When gamma rays pass t.hrough any material, either solid, I 

liquid, or gas, they interact. with the atoms in a number of different 
ways. From the viewpoint, of gamma-ray dose measurement, two 
ultimate consequences of t.hrse interactions are itnport.ant,. One result I 

is that from many at,otus an elect.ron is expelled. Since t,he electron 
carries a negative electrical charge, the residual part of the atom is I 

positively charged, i. e., it is a positive ion. This process is referred 
t.0 ‘as “ionization,” and the separated electrons and posit,ive ions are 
called “ion pairs.‘: 

8.17 The second consequence of gamma ray interaction occurs 
readily in certain solids and liquids, as well as in gases. Instead of 
t,he electron being removed completely from the atom, as is the case in 
ionization, it acquires an addit,ional amount of energy. As a result, 
the atom is converted into a high energy (or excited) electronic state. 
This phenomenon is called “excitation.” 

8.18 Both ionizat.ion and excitation have been used for t.he det,ec- ! 

tion or t,he measurement of gamma rays, as well as of ot,her nuclear 
radiations. Normally a gas will not conduct. electricity to any appre- 
ciable extent,, but, as :I result of the fortnation of ion pairs, by the 
passage of tiuclear radiations, the gas becomes a reasonably good con- 
ductor. Several types of inst.run~etits, e. g., the Geiger counter and 
the pocket. chamber (or dositueter), for t,ha tueasuremenf. of gttntt~t~ 

(and othrr) rntliatious, ill’e based oil the formation of rlertricallg 
&irgpd iotl pairs it) :t gas illlll its c~otlseq1l~~t~t ability to c~oticlu~t 
electricity. I 

8.19 ‘I’h o~wtx1 ion of sc*intiII:itiou cementers, 011 tlw othtv hantl, 
tlel~c~iicls U~)OII wcit:t1 ion. \Vliw :III :i1oni or 1110lw~11e twottw cw*itcd, 
it will fcwr:illy gin& elf 111~ t~sw~s (or~c~sc~it:ttiott) c~ttr*rgy wifllitt ;~lw~tf 

0110 tttilliotttli of :I stw~t111. (‘vt4:titi ttt:ttwinls, ustt:illy itt the solitl or 

liqttitl s(:tttB, itw :ll~lv to low tlwir elwt wriic* cxS(‘itil( ioii cwrrg.r\’ itt the 

forttt of visible flilSllPS of liglit or sciiitill2itioiis. ‘I’lwse sc*itlt’illilti0l~s 
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can be counted by means of a l~l~ot,on~r~Itiplier tube and associated 
electronic devices. 

8.20 In addition to the tlirert. effects of ionization and exrit,at,ion, 
as just, described, t.here are some indirect consequences, notably chem- 
ical changes. One example is the blackening or fogging of photo- 
graphic film whirh appears after it. is developed. Film badges, for 
t,he measurement, of nuclear radiations, generally contain two or three 
pieces of film, sitnilar t,o those used by dentists for taking X-rays. 
They are wrapped in paper (or other thin material) which .is opaque 
to light but is readily penetrated by gamma rays. The films are 
developed and t,he degree of fogging observed is a measure of the 
gamma ray exposure. In addition, self -indicating chemical dosimeters 
are in an advanced state of development,. With these devices the 
nuclear radiation exposure can be determined directly by observation 
of the color changes accompanying certain chetnical reacbions induced 
by radiation. 

HADI~TION UNITR:'~HE ROENTGEN 

8.21 In order to express the exposure to gamma radiation at any 
particular point, it, is necessary to have a suitable unit of measure- 
ment. The unit which i’s used ii this connection is called the 
“roentgen.” Its merit lies in the fact that the magnitude of the ex- 
posure dose in roentgens can be related to the expected biological effect 
(or injury) resulting from radiation. ‘8 

8.22 It is generally believed that t.he harmful consequences of 
uuclear radiations to the living organism are largely due to the chemi- 
cal decomposition of the molecules present. in animal (or vegetable) 
cells. Fundamentally, it is the ionization (and excitation) caused by 
tmclear radiations that, is responsible for this chemical action. The 
amount .of ionization or number of ion \)airs produced by the radia- 
tion would thus appear to provide a basis for its measurement. Al- 
though the actual defiuition is somewhat more involved, the roentgen 
is the (lttittttity of gamma raditttiotts (or X-rays) which will form 
1.61 X l(P iou pairs when absorbed in 1 gram of air. The absorption 
of 1 roentxett rwtllts it) the reltvasr of about 8’7 ergs of energy per gram 
of air. 

X.%! Racliatiotl nle:tsuritlg instrume!!s do not record the number of 
t~oetitprns directly. Ilowever, hv suitable design, the quantities ob- 
scnrvetl, e. p., electrical pulses, siintillatious, or fogging of a photo- 
pr:ll)hic~ filiil, cati be ttttttle to juwvicle R lwttrtical measuretnent of the 
rsposttre in roetitgws. ‘I’he wtriotts ratlistiott tneasuring devices are 
thus wlibr:ttd with :t st:ttttlartl gamma-ray source. For this purpose, 
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a known quantity of radioactive cobalt or radium is generally used. 
The gamma-radiation exposure in roentgens at a specified distance 
in air from such a source is known from measurements with special 
laboratory instruments which are not suitable for general field 
application. 

8.24 Two types of measurements, both of which have important 
uses, are made by radiation instruments. Some record the total radi- 
ation dose (or amount) in roentgens received during an exposure 
period. Others indicate the dose rate, expressed in roentgens per 
hour or, for smaller dose rates, in milliroentgens per hour, where a 
milliroentgen is a one-thousandth part of a roentgen. The total dose 
is equal to the properly averaged dose rate multiplied by the exposure 
time. 

8.25 Although some special instruments will record both the total 
radiation dose and the dose rate, most racliat,ion measuring devices are 
designed to indicate one or the other. As far as the initial nuclear 
radiation is concerned, it is the total dose that is the important quan- 
tity, but in connection with the delayed radiation, to be considered in 
Chapter IX, both the dose rate and the total doss are significant. 

8.26 The biological effects of various gamma-radiation doses will 
be considered more fully in Chapter XI. However, in order to provide 
some indication of the significance of the numbers given below, it may 
be stated thst a single exposure dose of less than 25 roentgens will pro- 
duce no detectable clinical effects. Larger doses have increasingly 
more serious consequences and an exposure of 450 roentgens over the 
whole body is expected, within a period of a month or so, to prove fatal 
to about 50 percent of the exposed individuals. A whole-body ex- 
posure of 700 or more roentgens would probably be fatal in nearly all 
cases. 

8.27 Attention should be called to the stipulation of whole-body 
exposure made in the preceding paragraph. In this respect, nuclear 
radiations and thermal radiations have something in common. A 
third-degree burn on a limited region might not be very serious, but a 
second-d(~~~ea burn over a large part of the body might prove fatal. 
.Similarly, a dose of :I thousand or mor& roentgens of nuclear radia- 
t ions on :I slllilll RW:I \~o111tl WIISC local damage, but, would probably 
have litlh over-all const~cluenres. If the whole or most of the body 
were exposed to the same number of roentgans, deat,h would andoubt,- 

rdly result.. 

8.28 The roentgen, as a unit of radiation (losage, is defined with 
respect, to gamma (or X) rays, and applies, strictly, only to these 
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radiations. Fm-ther, it is. in any event, a measure of the strength of 
the radiation field Ht a given location, rather than of the radiation ab- 
korbed by an individual at that location. The radiation dose in 
roentgens is thus referred to as an “exposure dose.” In order to dis- 
tinguish this from the “absorbed dose” another unit is required. One 
such unit is the “rep,” the name being composed of the three initial 
letters of the ex?>ression “roentgen equivalent physical.” 

8.29 It was indicated in $8.22 that a’gamma-ray (exposure) dose 
of 1 roentgen is equivalent, to the absorption of approximately 87 ergs 
of energy per gram of air. On this ba.&, a rep was originally defined 
as the dose of an.y nuclear radiation (gamma rays, beta particles, neu- 
t,rons, etc.) that results in the absorption of this amount of energy, 
i. e., 81 ergs, per gram of animal tissue. However, it. was found that 
exposure to a dose of 1 roent.gen of gamma radintion was accompanied 

! 

by the absorption of more like 97 ergs in a gram of soft tissue. The 
rep has therefore been used to denote a dose of 97 ergs of any nnclear 
radiation absorbed per gram of tissue. 

8.30 The foregoing definition of the rep, based on the roentgen, is 
somewhat unsatisfactory because the number of ergs is determined, ul- 
timately, by the vahle of the energy required t.o produce an ion pail 
in air. This quantity is not known with certainty, and as new experi- 
mental data have become available, the number of ergs in the defini- 
tion of the rep has been changed. In order to avoid this difficulty, a 
new unit of radiation absorption, called the “rad,” has been intro- 
duced which does not suffer from such a drawback. The rad is defined 
as the absorbed dose of any nuclear radiation which is accompanied 
by the liberation of 100 ergs of energy per gram of absorbing mate- 
rial. For soft tissue, the difference between the rep and the rad is in- 
significant, and numerical values of absorbed dose formerly expressed 
in reps are essentially unchanged when converted to rads. 

8.31 Although all ionizing radiations are capable of producing 
similar biological effects, the absorbed dose, measured in rds, which 
will produce a certain effect may vary appreciably from one t.ype of 
radiation to another. The tli fference in behavior, in t,his connection, 
is expressed hy mpans of :I quantity rtrlled the “relative biological ef- 

fc&veness” (or R 1% E) of t Ilrb ~):l~tirlll;l~ 1111c*1a:w radint ion. The RHE: 
of a given ratli:lt:ion is clefilwd as tlw ratio of the i\tWOlhd dWe in I&S 

of ganma radiation (of :I slwcified rwrgy) to that of r&s of the giVW 
radiation having the silllle biological effect. 

8.32 The v:ilue of tlw 1ZlIE for a part icw1a.r type of nuclear radia- 

tion depends ~rpon sevw:~? factors, swh as the energy of the rmliat,ion. 

the kind and degree of the t)iologicwl tlam:~ge, :Illd the ~liltlllF Of t.llt? 
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organism or tissue under collsit~er:~t.io~~. As far as weapms are con- 
cerned. the important criteria are disabling sickness and cleath, and 
the RI3E’s are estimated in terms of these consequences of the radia- 
tions from a nuclear explosion. 

8.33 With the concept of the ILRE in mjnd, it is now rlseful to in- 
t.roduce another unit, known as t’he “rem,” an abbreviation of “roent- 
gen equivalent mammal (or man) .” The rad is a convenient unit, fat 
expressing energy absorption, but it. does not take into account the bio- 
logical effect of the particular nuclear radiation absorbed. The rem, 
however, which is defined by 

Dose in rems = RRE X Dose in ,rads, 

provides an indication of the extent of biological injury (of a given 
type) that would result from the absorption of nuclear radiation. 
Thus, the rem is a unit, of biological dose, whereas the rad is n unit of 
absorbed dose and the roentgen one of exposure dose. According to 
the definition in 8 8.31, the RBE for ~JIJJJJJM rays is approximately 
unity, although it varies somewhat with the energy of the radiation. 
Hence, for gamma radiation, the biological dose in rems is numeri- 
cally equal to the absorbed dose in rads, and in view of the similarity 
between the rad and the rep for soft tissue, it is also roughly equal to 
the exposure dose in roentgens. This equality does not necessarily 
apply, of course, to other nuclear radiations. 

GAMMA-RAY I)ORE-L)ISTANCE RELATKONSHIP 

8.34 As is to be expected, the gamma-ray exposure dose at a par- 
ticular location, resulting from a nuclear explosion, is less the farther 
that location is from the point of burst. The relationship of the ra- 
diation dose to t.he distance is dependent upon two factors, analogour: 
to those which apply to thermal radiation. There is, first, the gen- 
eral decrease, due to the spread of the radiation over larger and larger 
areas as it travels away from the bomb. This makes the dose received 
inversely proportional to the square of the distance from the explo- 
sion. 11, addition, there .is an nt.tennation factor to allow for the de- 
crease in intensity ctut~ to absorption and scattering of gamma rays by 
the interveni~ig at~mosphere. 

8.36 The ~:IJIIIJW radiation exposure doses at known distances from 

! 
. . 

GAMMA RAYS 349 

100.000 

70,OOO __-- 

4O.O@J 

NJOO 

lO.OOO 

7PJO 

4.OOO 

2.MM 

g 1,OOO \ 

100 
\ 

, 

UJO 

200 

100 

70 

0 

20 

10 

.I 

- 0. 

-0 

-0 

-0 

-0 

-. 0 

-a 

-c 
-a 

-C 

-_( 

71 

-- I 

, 

, 

, 

_. 

4 

7 

.b 

.2 

.l 

.07 

‘LO4 

I.02 

I.01 ^ 
_a 

I.OO7 0 

~.OO4 8 

E 

mO2 
3 
9 
a 

J.001 1 
0 

kOOO7 

MOO4 

o.Otm2 

MOO1 

O.OOOO7 

O.OOOO4 

o.ocm2 

O.OOOOl 

SLANT RANGE FROM EXPLOSION MJLFSS) 



350 

7L 

4 

SCALWC FACWR 

Figure 8.35b. Scaling factor for initial gamnia radiation dosage. 
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dose on the distance (or slant range) from R 1-kiIot.on explosion ; the 
second (Fig. 8.35b) gives the swling factor to be used to determine the 
dose at the same shunt, tlist:ln~e from an explosion of auy specific energy 
ykltl up to ‘LO nif?gtltons. 
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8.M The method of using t,he curves in Figs. 8.35~1 and 8.35b may 
be illustrated by determining from them the initial gamma-radiation 
dose received at a distance of 1 mile from a 100-kiloton air burst. 
From Fig. 8.35a, the exposure dose at this distance from a l-kiloton 
air burst, is 2.5 roentgens. The scaling factor for 100 kilotons is found 
from Fig. 8.35b to be 150. Hence, t.he gamma ray dose in the cab 
specified is 2.5X 150=375 roentgens. 

8.37 The values in Fig. 8.35a are somewhat dependent upon the 
density of the air between the center of the explosion and the point on 
the ground at which the radiation is received. This is so because the 
air absorbs some of the gamma radiation in the course of its trans- 
mission, the dense air near the earth’s surface absorbing more than 
t.he less dense air at higher altitudes. The results in the figure are 
based upon the normal density of air at sea level. 

8.38 It will be noted from Fig. 8.3513 that, in the higher energj 
range, the scaling factor increases more rapidly than does the energy 
of the explosion. For example, for a 100 kiloton explosion the scal- 
ing factor is 150, and for a 1,000 kiloton (1 megaton) yield it is a 
little more than 5,000. The reason for this increase is the sustained 
low air density, following the passage of the positive phase of the 
blast .wave (.$ w), especially for explosions of high energy yield. As 
a result, there is less attentuation of the (delayed) gimma rays from 
the fission products. For explosions of lower energy, e. g., about 100 
kilotons or less, both the fission product radiation and the high-energy 
gamma rays emitted in the radiative capture of neutrons by nitrogen 
in the air contribute to the increase in the scaling factor. 

8.39 The gamma ray doses to be expected from explosions of vari- 
ous energies can be expressed in another form, as in Fig. 8.39. The 
slant ranges, i. e., the distances from the point of the explosion, at 

which certain specified doses of initial gamma radiation would be re- 
ceived, from air bursts in the energy range from 1 kiloton to 20 mega- 
tons, can be read off directly. For intermediate doses, the corm- 
sponding slant distances can be estimated by interpolation. 

8.40 The foregoing results have applied, in particular, to an air 
burst. For a surface burst there is some reduction in the exposure 
dose at a certain distance because of absorption by the dust and debris 
raised by the explosion. However, the decrease is not very large and, 
as a result, the distance from the point of burst (or slant range) 8t 

which a specified dose, e. g., 300 roentgens, is received is not greatly 
affected. In view of the uncertainties associated with a surface burst, 
it is probably hest to assume that Figs. 8.35a, 8.35b, and 8.39 apply to 
this t.ype of explosion as well RS to an air burst. 
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SHIELDING ,\GAINST GAMMA RAYS 

8.41 Ganma rays RI-~? absorbed (or at,tenuated) to some extent in 
the course of their passage through any material. As a rough rule, 
it may be said that the decrease in the radiation intensit.y is dependent 
npon the mass of material that intervenes between the source of the 
rays and the point of observation. This means that it would require 
a greater thickness of a substance of low density, e. g., water, than one 
of high density, e. g., iron, to attenuate the radiations by a specified 
amount. Strictly speaking, it is not possible to absorb gamma rays 
c*ompletely. Nevertheless, if a sufficient thickness of matter is inter- 
posed between the radiat.ion source, such as an exploding nuclear 
bomb, and an individual, the exposure dose can be reduced to negli- 
gible proportions. 

8.42 The effectiveness of a given material in decreasing the radia- 
tion intensity can be conveniently represented by a quantity called 
the “half-value layer thickness.” This is the thickness of the particu- 
lar material which absorbs half the gamma radiation falling upon it. 
Thus, if a person were in a position where the exposure dose is 400 
roentgens, e. g., of initial gamma radiations, ‘with no shielding, the 
introduction of a half-value lager of any material would decrease the 
dose to (approximately) 200 roentgens. The addition of another 
half-value layer would again halve the dose, i. e., to (approximately) 
100 roentgens. Each succeeding half-value layer thickness decreases 
the radiation dose by half, as shown in Fig. 8.42. One half-value layer 
decreases the radiation dose to half of its original value; two half- 
value layers reduce it to one-quarter; three half-,value layers to one- 
eighth ; four half-value layers to one-sixteenth, and so on.* 

8.43 Strictly speaking, the half-value thickness concept should be 
applied only to monoenergetic gamma radiation, i. e., radiation having 
a single energy, in a narrow beam or when the shielding (or absorb- 
ing) material is relatively thin. Actually, none of these conditions 
will apply in shielding against gamma rays from a nuclear explosion. 
The gamma radiation energies cover a wide range, the rays are 
spread out over a large area, and thick shields are necessary in regions 
of interest. Nevertheless, approximate (adjusted) -half-value layer 
thicknesses, such as those quoted below, can serve a useful practical 
purpose in providing A rough indication of the degree of attenuatiolt 
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Figure 8.42. Representation of the half-value layer thickness. 

of the initial gamma radiation that can be achieved by means of a 
given amount of shielding. 

8.44 The chief materials likely to be available for shielding against 
the initial nuclear radiation from a nuclear explosion are steel, con- 
crete, earth, and wood. The approximate half-value layer thicknesses 
of these substances for the gamma-radiation component are given in 
Table 8.44. The value for water is included since it may be of interest 
in connection with an air burst over water. The data in the table 
are applicable, with fair accuracy, to thick shields and to the energy 
that is most significant in the initial nuclear radiations. 

8.45 It is apparent from Table 8.44 that steal of lq/z inches thick- 
ness is equivalent to 6 inches of concrete, to 7+$ inches of earth, or to 
$23 inches of wood (Fig. 8.45). Consequently, a certain thickness of 
steel would provide more effective shielding than the same thickness 
of concrete, and this would be more effective than earth or wood. In 
general, as stated in 9 8.41? the more dense the material, the smaller the 
thickness required to decrease the gamma radiation to a certain frac- 
tion of its original intensity. As indicated by the results in the last 
column of Table 8.44, the product of the density and the half-value 
thickness is roughly the same for the five materials. Consequently, 
if the half-value thickness of a substance is not known, bnt t.he density 
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is, a fair est,imat,e can be made by assuming that the product of the 
half-value layer in inches and the demity in pounds per cubic foot 
is about 800. 

TABLE 8.44 

APPROXIMATE HALF-VALUE LAYER THICKNESSES OF MATERIALS 
FOR INITIAL GAMMA RADIATION 

Material 

Steel_____________.._______._._____ 490 ’ 1. 5 736 
Concrete____________-_________-__- 144 6. 0 864 
Earth_____--________-_----________ 109 7. 5 759 
Water______.___________._._______ 62 4 13 811 
wood_______..._._________..______ 34 23 782 

8.46 The att,enuation factor of a given shield, that is, the ratio 
of the dose falling upon the shield to that. which would be received 
behind the shield, can be readily calculated from the number of half- 
value thicknesses, together with the data in Table 8.44. For example, 
a 30-inch thick shield of earth will contain 30/71/2=4.0 half-value 
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thicknesses. The at,tenuation fact,or is then (2)‘, i. e., 16, so that, 
t,he gamma radiation dose will be decreased t,o roughly 1/16th of that, 
which would have been received without the shield. Thus, in the 
case considered in 5 8.36 the radiation dose would be decreased to 
375/16, i. e., 23.4 roentgens. 

8.47 The calculat,ions may be simplified by the use of Fig. 8.47, in 
which t,he attenuation factors are plotted for various thicknesses of 
iron, concrete, earth, and wood. Suppose t,hat,, at a cert,ain location, I 

the gamma ray exposure dose without shielding, i. e., as given by 
Figs. 8.35a and b, would be 500 roentgens. What thickness of concrete 
would be needed to reduce the dose to 10 roentgens? The required 
attenuation factor is 500/10=50, and from Fiq. 8.47, it is seen t,hat 
this would be obtained with 29 inches of concrete. 

8.48 In a vacuum, gamma rays travel in straight lines with t,he 
speed of light. However, in its passage through the atmosphere, 1 
gamma radiation, like thermal radiation, is scattered, particularly by 
the oxygen and nitrogen in the air. As a result, gamma rays will 
reach a particular target. on the ground from all directions. Most. 
of t.he dose received will come from the direction of the explosion but 
a considerable amount of scattered radiation will arrive from other 

This fact has an important, bearing on the problem of directions. 
shielding from nuclear radiations. 

8.49 A person taking shelter behind a single wall, an embankment, 
or a hill, will be (partially) shielded from the direct gamma rays, i 
but will still be exposed to the scattered radiation, as shown by the 
broken lines in Fig. 8.49a. Adequate protection from gamma rays 
can be secured only if t,he shelter is one that surrounds the individual, 
so that he is shielded from all directions (Fig. 8.49b). In this case, 
both direct and scattered radiations can be attenuated. However, 
since the intensity of the scattered radiation is less than that of the 
incident radiation, the shielding in directions other than t,hat of the 
(expected) detonation need not be so pt in order to achieve the 
same degree of protection. 

RATE OF DELIVERY OF INITIAL GAMMA RAYS / 
2 

8.50 Radiation dose calculations based on Fig. 8.35a involve the 
//‘/‘A 

assumption that, the exposure lasts for t,he whole minute which was I-*“” 3 
/ 

# III1 I II 14 

somewhat arbitrarily set as the period in which t,he initial nuclear 
I 2 4 7 10 20 40 70100 m0 400 700 1,OQo 

radiation is etnitt.ed. It. is important to know, however, something 
TIIICKNFSS (INCHES) 

:~l)out. the rate at which the radiation is delivered from the exploding Figure 8.4i. At tmrlntion of initinl gamma rdhtion. 

l)otnb. If this infortnat ion is available, it is possible to obtain sonl+1 ,L4L7* 0 -57 ->I 



358 INITIAL NUCLEAR RADIATION 

idea of the dose that would be received if part of the radiation could 
. 

be avouled, e. g., by taking shelter within a second or two of observing 
the luminous flash of the explosion. 

b 

Figure 8.4911. Target exposed to scattered gamma radiation. 
Figure 8.491). Target shielded from scattered gamma radiation. 

8.51 The rate of delivery of the initial gamma rays actually de- 
pends upon a number of circumstances, the most significant of which 
are the energy yield of the explosion and the distance from the point 
of burst. The percentage of the total dose received up to various 
times for two different cases are shown in Fig. 8.51. One curve repre- 
sents the rate of delivery at a distance of l/z mile from a 20-kiloton air 
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burst and the other at 11, miles from a 5-megaton explosion. It is 
seen that in the former case about 65 percent and in the latter case 
about 4 percent of the total initial gamma radiation dose is received 
during the first second after the detonation. 

PERCENTACE OF TOTAL DOSE RECEIVE0 

I 
Flgure 8.61. Percentage of total dosage of inltial gamma radiation received 

at various times after exploclion. 

, 
8.52 It would appear, therefore, that if some shelter could be ob- 

tained, e. g., by falling prone, as recommended in 8 7.54, preferably 
behind a substantial’obj&t, within a second of seeing the bomb flash, 
in certain circumstances it might make the difference between life and 
death. The curves in Fig. 8.51 show that for a bomb of high energy 
the gamma radiation may be emitted more slowly, especially in the 
early stages immediately following the explosion, than for one of 
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lower energy. Avoidance of part, of t.he initial gamma ray dose woald 
appear to be more prac.ticable for explosions of higher enerM yields. 

NEUTRONS 

SOURUIW OF NEUTRONS 

8.53 Although neutrons are nuclear particles of appreciable mass, 
whereas gamma rays are electromagnetic waves, analogous to X-rays, 
their harmful effects on the body are similar in character. Like 
gamma rays, only very large doses of neutrons may possibly be de- 
tected by the human senses. Neut,rons can penetrate a considerable 
distance through the air and constitute a hazard that. is greater than 
might be expected from t.he small fraction (about 0.025 percent) of 
the explosion energy which they carry. 

8.54 Essentially all the neutrons accompanying a nuclear explo- 
sion are relensed either in the fission or fusion process (65 l.%, 1.57). 
All of the neutrons from the latter source and over 99 percent of the 
fission neutrons are produced almost immediatelf, probably within 
less than a millionth of a second of t,he init,iation of the explosion. 
These are referred to as the “prompt” neutrons. 

8.55 In addition, somewhat, less t,han 1 percent of t.he fission neu- 
trons, called the “dela,yed” neutrons, are emitted subsequently. Since 
the majority of these delayed neutrons are emitted within the first 
minute, however, they constitute part of the initial nuclear radiation. 
Some neutrons are also produced by the action of the gamma rays of 
high energy on the nuclear bomb materials. But these make a very 
minor contribution and so can be ignored: 

8.56 Although t,he prompt fission neutrons are all actually released 
within less than a millionth of a second of the explosion, as noted 
above, they are somewhat delayed in escaping from the environment 
of the exploding bomb. This delay arises from t.he numerous scatter- 
ing collisions suffered by the neutrons with the nuclei present in the 
bomb residues. As a result, the neutrons traverse a complex zigzag 
path before they finally emerge. They have fairly high speeds, but 
the actual (average) distance the neutrons travel is relatively large, 
nnd so some time elapses before they reach the outside of t,he ball of 
fire. -However, the delay in the escape of the prompt neutrons is no 
more than about .a one-hundredth part of a second. 

8.57 It is true that neutrons t,ravel with speeds less than that of 
light. Nevertheless, at. such distances from the explosion that they 
represent, a hazard, nearly all of the neutrons are received within a 
second of the explosion. Th e evasive action described in 5 8.52 thus 
has litt,le ell’ect 011 t.he neutron dose received. 
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I~WHIRIITION OF NEUTRON ENERQIKS 

8.58 The neutrons prodnred in t.he fission process have a range of 
energies, but they are virtually all in the region of high energy. Such 

high-energy neutrons are called “fast neutrons,” their energy being 
kinetic in nature. In the course of the scattering collisions between 
the fast neutrons and atomic nuclei, t.here is an exchange of kinetic 
energy between the neutrons and nuclei. The net result is that the 
neutrons lose some of their energy and are, consequently, slowed down. 
The neutrons leaving the exploding bomb thus have speeds (or ener- 
pies) covering a wide range, from fast, through intermediate, to slow. 

The neutrons of slowest speed are often called “thermal neutrons” be- 
cause they are in thermal (or temperature) equilibrium with their sur- 
roundings. 

8.59 After the neutrons leave the environment of the bomb, they 
undergo more scattering collisions with the nuclei of nitrogen, oxygen, 
and other elements present in the atmosphere. These collisions are 
less frequent, t,han in the btimb, because of the lower pressure and 
smaller concentration of nuclei in the air. Nevertheless, the results 
of the collisions are important.. In the first place, the fractional de- 

crease in neutron energy per collision is, on the average, greatest for 
light nuclei. The nuclei of oxygen and nitrogen are relatively light, 
so that t,he neutrons are appreciably slowed down as a result of scat- 
tering collisions in the air. 

8.60 Further, in some collisions, particularly with nitrogen nuclei, 
the neutrons can be captured, as described in g 8;9, so that they are 
complet,ely removed. The probability of capture is greatest with the 
slow neutrons. Consequently, in their passage through the air, from 
the bomb to a location on the ground, for example, there are many 
interactions involving the neutrons. There is a tendency for the fast 

(high energy) neutrons to lose some of their energy and to be slowed 
down. At the same time, the slower neutrons have a greater chance 
of being capt,ured and eliminated, as such, from the nuclear radiation, 
although the capture usually leads to the emission of gamma rays. 

8.61 It is important in connection with the measurement of nuclear 
bomb neutrons and t,he study of their biological effects to know some- 
thing of the manner in which the distribut,ion of neutron energies (or 
the “neutron spectrum”) varies with distance from the explosion. 
From a series of measurements made at the nuclear test explosions in 
Nevada in 1955, it seems that, at least for the devices tested, the energy 
spectrum remains the same for a given device over the range of dis- 
(antes whic*h are of biological interest. This condition is referred to 

as an “equilibrium spectrum.” 
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8.62 The probable explanation of this important ,result is that, 
due to a combination of circumstances, the loss of the slower neutrons 
by capture, e. g., by nitrogen nuclei, is just compensated by the slow- 
ing down of fast neutrons. The tot,al number of neutrons received 
per unit area at a given location is less the farther that point is from 
the explosion, because, in addition to being spread over a large area 
(0 &X34), some of the faster neutrons are slowed down and the slower 
ones are removed by capture. But the proportion (or fraction) of 
neutrons in any particular energy range appears to be essentially the 
same at all distances of interest. 

MEASUREMENT OF NEUTRONR 

8.63 Neutrons, being electrically neutral particles, do not produce 
ionization or excitation directly in their passage through matter. 
They can, howe.ver, cause ionization to occur indirectly as a result of 
their interaction with certain light nuclei. When a fast neutron 
collides with t.he nucleus of a hydrogen atom, for example, the neutron 
may transfer a large part of its energy to that nucleus. As a result, 
the hydrogen nucleus is freed from its associated electron and moves 
off as a high-energy proton (8 8.16). Such a proton is capable of 
producing a considerable number of ion pairs in its passage through a 
gas. Thus, the interaction of a fast neutron with hydrogen (or with 
any substance containing hydrogen) can cause ionization to occur 
indirectly. By a similar mechanism, indirect ionization, although 
to a smaller extent, results from collisions of fast neutrons with other 
light nuclei, e. g., carbon, oxygen, and nitrogen2 

8.64 Neutrons in the slow and modcrate speed ranges can produce 
ionization indirectly in other ways. When such neutrons are captured 
by the lighter isotope of boron (boron-lo), two electrically charged 
particles-a helium nucleus (alpha particle) and a lithium nucleus- 
of high energy are formed. Both of these particles can produce ion 
pairs. Indirect ionization by neutrons can also result from fission 
of plutonium or uranium isotopes. The fission fragments are elec- 
trically charged particles (nuclei) of high energy which leave con- 
siderable ionization in their paths. 

8.65 All of the foregoing indirect ionization processes can be used 
to detect and measure neutron intensities. The instruments employed 
for the purpose, such as boron counters and fission chambers, are some- 

*The Ionlz.atlon resultlag from the InteractIon of fast neutrons 4th bydrown end 
nltrogrn in tlsaue la the main mwe of blologlcnl injury by neutrons. 
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what similar, in general principle, to the Geiger counters commonly 
used for gamma radiat,ions. “Tissue equivalent” chambers have 
been developed in which the ionization produced indirectly by neu- 
trons is related to the energy which would be taken up from these 
neutrons by animal tissue. 

j 

8.66 In addition to the methods described above, “foil activation” 
methods have been extensively applied to the detection and measure- 
ment of neutrons in various velocity ranges. Certain elements are 
converted into radioactive isotopes as a result of the capture of neu- 
trons (0 8.8). The amount of induced radioactivity, as determined 
from the ionization produced by the emitted betsa particles or gamma 
rays, is the basis of the “activation’? procedures. The detector is 
generally used in the form of a thin sheet (or foil), so that its effect 
on the neutron field is not significant. 

1 8.67 , The “fission foil” method, as its name implies, makes use of 

I fission reactions. A thin layer of a fissionable material, such as an 
: isotope of uranium or plutonium, is exposed to neutrons. The fission 

products formed are highly radioactive, emitting beta particles and 
gamma rays. By measuring the radioactivity produced in this man- 
ner, the amount of fission and, hence, the neutron flux can be 
determined. 

8.68 The neutron dose in rads, absorbed at a particular location, 
can be determined by applying certain ca.lculations to the measure- 

j ments of foil activation. Instruments based on ionization measure- 
ments are usually calibrated by means of foil activation data, and so 
they can also be used to indicate the dose in rads of neutrons of specific 
energies (or energy ranges). It is seen, therefore, that methods are 
available for determining neutron absorption doses in rads. 

8.69 To determine the biological dose in rems, if the absorbed dose 
in rads has been measured, the RBE for neutrons must be known. 
The value of this quantity for neutrons associated with a nuclear 
explosion has long been in doubt. Observations made on mice suggest 
that the RBE of bomb neutrons, at distances where casualties due 
to neutron absorption may be expected, is about 1.7. Some confirma- 
tion of the applicability of a similar value to man has been obtained 
from an analysis of the data on radiation injury and death collected 
after the nuclear explosions in .Japan.3 

*The figure of 1.7 for the RUE of bomb neutrons may perhaps he too high, but it ts 
probably the best value to u%e at tbe preeent time. The RRFl values of 10 for fast neutrons 
and 3 to 4 for slow (thermal) neutrons are to be tormd In the llternture, but they apply, 
In partleular. to (non-vlslon dfaturbing) cataract formatloo. 
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NEWR~N l)os~-DISTANCE RELATIONSIIIP 

RADIATION NEUTRONS 365 

8.70 Whereas the magnitude of the initial gamma-radiation dose 
from a nuclear explosion C:III be expressed in a simple manner that is 

consistent with the observations made at a number of t.ests (sj 8.35), 
such is not the case for the neutron dose. This seems to vary quite 
markedly with changes in the characteristics of the nuclear device. 
The bomb materials, for example, have a considerable influence on I 

the extent of neutron capture and, conseqnently, on the number and 

energy distribution of the fission neutrons that succeed in escaping 
into the air. Further, as stated in g 1.15, the thermonuclear react.ion 
between deuterium and tritium is accompanied by the liberation of 
neutrons of high energy. Hence, it is to be expected that, for an 
explosion in which part of the energy yield arises from thermonuclear 
(fusion) processes, there will be a larger proportion of high-energy 
(fast) neutrons than from a purely fission sysbm. 

8.71 It, is ohvious, therefore, that both the number of neutrons per 
kiloton of energy and t,heir energy spectrum may vary from one 
weapon to another. Hence, a single curve for neutron dose versus 
distance, s~lch as was given for the initial gamma-radiation dose (Fig. 
8.35a), from which the results for a weapon of any specified yield cnn 
be est.imated, must represent a compromise. It is with this limitation 
in mind that the neut,ron dose curve in Fig. 8.71, for a l-kiloton air 
burst, is presented. The dose is given in rems so that, it is a measure 
of the biological effectiveness. In order to determine the dose received 
at a specified distance from an explosion of energy W kilotons, the 
value for that distance as obtained from Fig. 8.71 is multiplied by W. 
This scaling procedure is by no means exact, but it is probably ade- 
quate. As with ot.her types cf radiation, the dose becomes less at 
greater distances from the explosion center, partly because the neu- 
t.rons are spread over a larger area (invem square law), and partly 
because of absorption and scattering. 

8.72 The data in Fig. 8.71 may be represented in an alternative 
manner, as in Fig. 8.72. This shows the distances from the explosion I 

center (or slant ranges) at which various neutron (biological) doses 
would be received from air bursts with energies in the range of 1 , 

kiloton to 20 megatons. Using either Fig. 8.71 and the simple pro- 
portional scaling law or Fig. 8.72, with interpolation between the 
curves, it is found that at 1 mile from the explosion center t,he neutron 
dose’ received from a lOO-kiloton air burst would be about 200 rems. 
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SIANT RANGE F’ROM EXPIJJSION (MILES) 

Figure 8.72. Ranges for specified neutron biological dosages. 
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SHIELDING AGAINST NEDTR~NR 

8.73 Neutron shielding is a different, and more difficult, problem 
than shielding against gamma rays. As far as the latter are con- 
cerned, it is merely a matter of interposing a sufficient mass of ma- 
terial between the source of gamma radiations and the recipient. 
Heavy metals, such as iron and lead, are good gamma ray shields be- 
cause of their high density. Such elements alone, however, are not 
quite as satisfactory for neutron shielding. An iron shield will at- 
tenuate bomb neutrons to some extent, but it is less effective than one 
of the type described below. 

8.74 The attenuation of neutrons from a nuclear explosion involves 
several different phenomena. First, the very fast neutrons must be 
plowed down into the moderately fast range ; this requires a suitable 
(inelastic) scattering mateiial, such as one cont,aining barium or iron. 
Then, the moderately fast neutrons have to be decelerated into the 
slow range by means of an element of low atomic weight. Water is 
very satisfactory in t,his respect, since its two constituent elements, 
i. e., hydrogen and oxygen, both have low atomic weights. The slow 
(thermal) neutrons must then be absorbed. This is not a difficult 
matter, since the hydrogen in water will serve the purpose. Unfortu- 
nately, however, most neutron capture reactions are accompanied by 
the emission of gamma rays (9 8.8). Consequently, sufficient gamma- 
attenuating material must be included to minimize the escape of the 
capture gamma rays from the shield. 

8.75 In general, concrete or damp earth would represent a fair 
compromise for neutron, as well as for gamma-ray, shielding. Al- 
though these materials do not normally contain elements of high 
atomic weight, they do have a fairly large proportion of hydrogen to 
slow down and capture netitrons, as well as calcium, silicon, and 
oxygen to absorb the gamma radiat,ions. A thickness of 10 inches of 
concrete, for example, will decrease the neutron dose by a factor of 
about 10, and 20 inches by a factor of roughly 100. The initial gamma 
radiation would be decreased to a somewhat lesser extent, but, in 
sufficient thickness, concrete could be used to provide shielding against 
both neutrons and gamma rays from a nuclear explosion. Damp 
earth may be expected to act in a similar manner. 

8.76 An increase in the absorption of the nuclear radiations can be 
achieved by using a modified (“heavy”) concrete made by adding a 
considerable proportion of an iron (oxide) ore, e. g., limonite, to the 
mix and incorporating small pieces of iron, such as steel punchings. 
The presence of a heavy element improves both the neutron and 
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gamma ray shielding properties of a given thickness (or volume) of 
the material. Attenuation of the neutron dose by a factor of 10 re- 
quires about 7 inches of this heavy concrete. 

8.77 The presence of boron or a boron compound in neut,ron 
shields has certain advantages. The lighter (boron-lo) isotope of the 
element captures slow neut,rons very readily (5 8.64)) t,he process being 
accompanied by the emission of gamma rays of moderate energy 
(0.48 Mev) that, are not difficult to att,enuate. Thus, the mineral 
colemanite, which contains a large proportion of boron, can be in- 
corporated into concrete in order to improve its ability to absorb 
neutrons. 

.8.78 It was pointed out in 8 8.40 that, because of the scattering suf- 
fered by gamma rays, an adequate shield must provide protection 
from all directions. Somewhat the same sit.uation applies to neutrons. 
As seen earlier, neutrons undergo extensive scattering in the air, so 
that, by the time they reach the ground, even at a moderate distance 
from the explosion, their directions of motion are almost randomly 
distributed. At considerable ranges, however, many of the scattered 
neutrons have relatively low energies and do not make a large con- 
tribution to the total biological dose. Partial protection from injury 
by neutrons may then be obtained by means of an object, or structure 
that provides shielding onl? from the direction of the explosion, al- 
though better protection, as In the case of gamma rays, would be given 
by a shelter which shielded in all directions. 

INITIAL GAMMA RAYS AND NEUTRONS 

COMPARISON OF DOSER 

6.79 In t,he preceding sections of this chapter, the gamma rays and 
neutrons consWIting the initial nuclear radiation from a nuclear ex- 
plosion have been described separately. It is of interest to compare 
t.he dosages received from these two types of radiation and to consider 
their combined effect, since they both cause similar injury to human 
beings. Although the nuclear radiation doses are not strictly propor- 
tional to the energy yield of t.he explosion, the general conclusions 
are not basically affected if such proportionality is assumed. 

8.80 In Fig. 8.80, the curves from Figs. 8.35a and 8.71 ‘for the 
gamma-ray and neutron doses, respectively, from a l-kiloton air burst, 
are superimposed for purposes of comparison. There is also included 
a curve giving the total biological dose in rems at various distances 
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from the l-kiloton explosion. An examination of t,he gamma-ray and 
neutron dose curves shows that near the explosion center the neutron 
dose is the greater of the two. However, with increasing distance, the 
neutron dose falls off more rapidly than does that of gamma radi- 
ation, so that beyond a certain point the gamma rays predominate. 
Ultimately, the neutrons become insignificant, in comparison with the 
gamma radiations. 

L)EPENDENCE~PON ENERGY YIEID 

8.81 Another interesting point, related to t.hat just considered, can 
be brought out by means of Fig. 8.81. Asuming total initial nuclear 
radiation (biological) do&s of 600 and 200 rems, respectively, the 
curves show the proportions contributed by gamma rays and by neu- 
trons for a range of explosion energy yields. The particular values 
of the total dose were selected because they are in the region where 
effective protection by the use of a shield of reasonable thickness, e. g., 
3 feet of earth, is feasible. It is seen from Fig. 8.81 that, in these par- 
ticular circumstances, the neutron contribution to the total radiation 
dose is significant, only for weapons of low energy yield. For ex- 
plosions of moderate and high energy yields, the gamma rays become 
relat,ively more important. 

8.82 It, should be emphasized that the foregoing conclusions apply 
to the specified total radiation doses. The slant distances from the ex- 
plosion tit which these doses would be received can be obtained by in- 
terpolation from the curves in Fig. 8.82 which indicates the relation 
between total initial nuclear radiation dose, yield, and distance. For 
higher doses, i. e., at shorter respective distances from ground zero, 
neutrons make an increasingly greater contribution. The character 
of the initial nuclear radiation at a given location will thus be de- 
termined by the energy yield of the postulated explosion and by the 
total dose received. For high doses or low energy yields, neutrons 
make a relatively larger contribution than do gamma rays; for moder- 
ate doses or high energy yields, the reverse will be true. 

TECHNICAL ASPECTS OF NUCLEAR RADIATION 

TRANSMISSION AND ABSORPTION’ 

INTERACTION OF GAMMA RAYS WITH MATTER 

8.83 There are three important types of interaction of gamma rays 
with matter, as a result of which they are scattered and absorbed. The 

( The remaining aeetlons of thls chapter may be omltted without lose of continuity. 
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Figure 8.81. Relative contribution of neutron and initial gamma radiation to 
total biological dose. 

first of these is called the “Compton effect.” In this interaction, the 
gamma ray photon collides with one of the atomic electrons, and as a 
result some of the energy of the photon is transferred to the eIectron. 
The photon, with its energy decreased, then usually moves off in a 
direction at an angle to its original direction of motion. That is to 

say, the gamma ray suffers scattering and loss of energy as a result of 
the Compton interaction with matter. 

8.84 The total extent of Compton scattering per atom of the 
material with which the radiation interacts is proportional to the 

_ 

_ 
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number of electrons in the atom, i. e., to t.he atomic number (5 1.8). 
It is, consequently, greater per atom for an element of high atomic 
number than for one of low atomic number. The Compton scattering 
decreases rapidly with increasing energy of the gamma radiation for 
all materials, irrespective of their atomic weight. 

8.85 The second type of interaction of gamma rays and matt.er is 
by the “photoelectric effect. “’ A photon, with energy somewhat greater 
than the binding energy of an electron in an atom, transfers all ite 
energy to the electron which iq consequently ejected from the atom. 
Since the photon involved in the photoelectric effect loses all of its 
energy, it ceases to exist. In this respect, it differs from the Compton 
effect, in which the photon still remains after the interaction, although 
with decreased energy. The magnitude of the photoelectric effect 
per atom, like that of the Compton effect, increases with the atomic 
number of the material through which the gamma rays pass, and do- 
careases very rapidly with increasing energy of the photon. 

8.86 Gamma radiation can interact with matter in a third manner, 
oar&y, that of “pair production.” When a gamma-ray photon with 
energy in excess of 1.02 Mev passes near the nucleus of an atom, the 
photon may be converted into matter with the format.ion of a pair 
of particles, namely, a positive and a negative electron. As in the 
ease of the photoelectric effect, pair product.ion results in the disap- 
pearance of the gamma ray photon concerned. However, the positive 
electron soon interacts with a negative electron with the formation 
of two photons of lesser energy than the original one. The occurrence 
of pair production per atom, as with the other interactions, increases 
with the atomic number of the material, but it also increases with t.he 
energy ol” the photon in excess of 1.02 Mev. 

8.87 In reviewing the three types of interaction described above, 
it. is seen that, in all cases, the magnitude per atom increases with 
increasing atomic number (or atomic weight) of the. material through 
which the gamma rays pass. Each effect, t,oo, is accompanied by 
either the complete removal of photons or a decrease in their energy. 
The net result is some attenuation of the gamma-ray intensity or dose 
rate. Since there is an approximate parallelism between atomic weight 
and density, the number of atoms per unit volume does not vary 
greatly from one substance to another. Hence, a given volume (or 
thickness) of a material containing elements of high atomic weight 
(“heavy elements”) will be more effective as a gamma ray shielrl 
than the same volume (or thickness) of one consisting only of elements 
of low atomic weight (“light elements”). An illustration of this 
difference in behavior will be given below. 
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8.88 Another important point is that the probabilities of the 
Compton and photoelectric effects (per atom) bot#h decrease with in- 
creasing energy of the gamma-ray photon. However, pair produc- 
tion, which starts at 1.02 Mev, increases with the energy beyond this 
value. Combination of the various attenuating effects, two of which 
decrease whereas one increases wi-ith increasing photon energy, means 
that, at some energy in excess of 1.02 Mev, the absorption of gamma 
radiation by a particular material should be a minimum. That such 
minima do exist will be seen shortly. 

GAMMA-RAY AWORPTION COEFFICIENTS 

8.89 If a narrow (or collimated) beam of gamma rays of a specific 
energy, having an intensit,y of Z,,h falls upon a thickness o of a given 
material, the intensit,y, I, of the rays which emerge can be represented 
by the equation . 

Z = ZOe-p, (8.89.1) 

where c is called the “linear absorption coefficient.” The distance x 
is usually expressed in centimeters, so that the corresponding units 
for p are reciprocal centimeters (cm-‘). The value of CL, for any 
material and for gamma rays of a specific energy, is proportional to 
the sum of the Compton, photoelect,ric, and pair production effects. 
It can be seen from equation (8.89.1) that,, for a given thickness o 
of material, the intensity or dose, I, of the emerging gamma rays will 
be less the larger the vahle of p. In other words, the linear absorp- 
tion coefficient is a measure of the shielding ability of a definite thick- 
ness, e. g., 1 cm, 1 foot, or other thickness, of any material. 

8.90 The value of cc, under any given conditions, can be obtained 
with the aid of equation (8.89.1) by determining the gamma-ray in- 
tensity (or dose) before (lo) and after (I) passage through a known 
thickness, o, of material. Some of the data obtained in this manner, 
for gamma rays with energies ranging from 0.5 Mev to 10 Mev, are 
recorded in Table 8.90. The values given for concrete apply to the 
common form having a density of 2.3 grams per cubic centimeter 
(144 pounds per cubic foot). For special heavy concretes, containing 
iron, ition oxide, or barytes, the coefficients are increased roughly in 
proportion to the density. 

sl’%e radiation iatenslty Is defined as the rate at which the energy (from mono- 
energettc radlatloa) down past unit area at a given locatton. It Is eesentlally propor- 
ttonal to the exposure dose rate. However, an expresston ot the term of equation (8.89.1) 
may be used to determine the attcnuatlon ot the total (accumulated) dose recelved at 8 
given locatlon, due either to a shield or to Intervening air. 
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TABLE 8.90 

LINEAR ABSORPTION COEFFICIENTS FOR GAMMA RAYS 

0.5_____________. 
l.O_____________. 
2.0_____________. 
3.0 ---_ _________. 
4.0_--__________. 
5.0_____________. 
lO______________. 

Linear absorption coefficient (p) in cm-1 

Air. 

1.11X10-’ 
0. 81 x lo-’ 
0.57x lo-’ 
0.46X lo-’ 
0.41X10-’ 
0.35x lo-’ 
0.26X lo-’ 

- 

_- 

- 

Water Concrete Iron Lead 

0.097 0. 22 
0.071 0. 15 
0.049 0. 11 
0.040 0.088 
0.034 0.078 
0.030 0.071 
0.022 0. 060 

0. 66 1. 7 
0. 47 0. 80 
0. 33 0. 52 
0. 28 0. 47 
0. 26 0. 47 
0. 25 0. 50 
0. 23 0. 61 

8.91 By suitable measurements and theoretical calculations, it is 
possible to determine the separate contributions of the Compton effect 
(h), of the photoelectric effect (clp.), and of pair production 
&,,) to the total linear absorption coefficient. The results for lead,. a 
typical heavy element (high atomic weight) with a large absorption 
coefficient, are given in Fig. 8.91a and those for air, a mixture of light 
elements (low atomic weight) with a small absorption coefficient, in 
Fig. 8.91b. It is seen that, at low gamma ray energies, the linear 
absorption coefficient decreases in each case with increasing energy. 
This is obviously due to the Compton and photoelectric effects, as 
stated above. At energies in excess of 1.02 Mev, pair production begins 
to make an increasingly significant contribution. Therefore, at suf- 
ficiently high energies the absorption coefficient begins to increase 
after passing through a minimum. This is apparent in Fig. 8.91a, as 
well as in the last column of Table 8.90, for lead. For elements of 
lower atomic weight, the increase does not set in until very high 
gamma-ray energies are attained, e. g., about 1’7 Mev for concrete and 
50 Mev for water. 

8.92 The fact that the absorption coefficient decreases as the 
gamma-ray energy increases, and may pass through a minimum, has 
an important bearing on the problem of shielding. For example, a 
shield intended to attenuats gamma rays of 1 Mev energy will be 
much less effective for radiations of 10 Mev energy because of the 
lower value of the absorption coefficient, irrespective of the material 
of which the shield is composed. The initial gamma rays from a 
nuclear explosion cover a wide range of energies, up to 10 Mev or 
more. But, for the purpose of making approximate shielding esti- 
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Figure 8.91a. Ahsorption cw4ic4ent of lewd for ganunr radiations. 
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Figure 8.91b. Abwrption coeflkient of alr for gamma radiations: 

mates, an empirical (or effective) value of 4.5 Mev appears to give 
satisfactory results. (This 6g ure does not apply to the residual nu- 
clear radiation, as will be seen in Chapter IX.) 
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8.93 An examination of Table 8.90 shows that, for any 
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particular 
energy value, the linear absorption coefficients increase from left to 
right, that is, with increasing density of the material. Thus, a given 
thickness of a dense substance will attenuate the gamma radiation 
more than the same t,hickness of a less dense material. This is in 
agreement with the statement in 8 8.41, that a small thickness of a 
substance of high density will make as effective a gamma ray shield as 
a greater thickness of one of lower density. 

MASS ABSORPTION COEFFICIENT 

8.94 As a very rough approximation, it has been found that the 
linear absorption coefficient for gamma rays of a particular energy 
is proportional to the density of the absorbing (shield) material. 
That is to say, the linear absorption coefficient divided by the density, 
giving what is called the “mass absorption coefficient,” is approxi- 
mately the same for all substances for a specified gamma-ray energy. 
This is especially true for elements of low and medium atomic weight, 
up to that of iron (about 56), where the Compton effect makes the 
major contribution to the absorption .coefficient for energies up to a 
few million electron volts (Fig. 8.91b). For the initial gamma rays, 
the effective mass absorption coefficient has a value close to 0.021 for 
water, concrete, earth, and iron, the densities being expressed in 
grams per cubic centimeter.e 

8.95 If the symbol p is used for the density of the shield material, 
t,hen equation (8.89.1) can be rewritten in the form 

~O/~=eP=eWP)(P*), (8.95.1) 

where lo/l is the attenuation factor (as defined in 9 8.46) of the shield 
of thickness 3 cm, and p/p is, by definition, the mass absorption co- 
e5icient. Taking JL/,I to be 0.021 for initial gamma rays, it follows, 
from equation (8.95.1), that 

Attenuation factor = eO.oOIF, 

so that the attenuation factor of a thickness x centimeters of any ma- 
terial of known density, provided it consists of elements of low or 
,moderate atomic weight, can be calculated to a good approximation. 

0111 taking the effective mass absorption coefllclent a@- 0.021, .sn attempt 1s made to 
all& for the condltlons applying to tblet eblelda or broad rrdfatlon beams (see ) 8.8@, 
et Seq.). 
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HALF- AND TENTH-VALIJE LAYERS TI~ICK SHIELDR : BUILD-UP FACTOR 

8.96 A half-value layer, RS defined in $8.42, is the thickness of 
any material which will attenuate a specified (monoenergetic) gamma 
radiation by a factor of two. Thus, setting Z/Z, in equation (8.89.1) 
equal to l/z, it follows flat 

e-p% = f/& (8.96.1) 

where a+ is the half -value layer thickness in centimeters. From equa- 
tion (8.96.1), it is readily shown t,hat 

0.693 
OH=--. 

P 
(8.96.2) 

The half-value thickness is consequently inversely proportional to the 
linear absorption coefficient of the given material for the specified 
gamma rays. It is seen to be independent of the radiation intensity 
(or dose). 

8.97 If the mass absorption coefficient, p/p, may be taken to be 
constant, i. e., 0.021 for gamma rays in the initial huclear radiation, 
then it is found from equation (8.96.2) that 

0.693 33 
x~=~=~ cm, 

where xw is in centimeters and the density, p, is expressed in grams 
per cubic centimeter. For ordinary concrete, for example, the density 
is 2.3. grams per cubic centimeter, so that 2% is about 14 cm or approxi- 
mately 6 inches, as given in Table 8.44. 

8.98 For a tenth-layer value, Z/Z, is 0.1; the thickness, x0:0.1 is thus 
obtained from equation (8.89.1) as 

2.30 
z~.~=- cm, 

c 

and for initial gamma rays from a nuclear explosion, a good approxi- 
mation is 

110 
q.,=--- cm. 

P 

For concrete, the tenth-value thickness is thus about 48 cm or 19 
inches. 

8.99 Equation (8.89.1) is strict,ly applicable only to cases m wmcn 
the photons scattered in Compton interactions may be regarded as 
essentially removed from the gamma ray beam. This situation holds 
reasonably well for narrow beams or for shields of moderate thick- 
ness, but it fails for broad beams or thick shields. In the latter cir- 
cum&ances, the photon may be scattered several times before emerging 
from the shield. For broad radiation beams and thick shields, such 
as are of interest in shielding from nuclear explosions, the value of 
Z, the intensit,y (or dose) of the emerging radiation, is larger than that 
given by equation (8.89.1). Allowance for the multiple scattering of 
the radiation is made by including a “build-up factor,” represented 
by B(z) , the value of which depends upon the thickness of the shield ; 
thus, equation (8.89.1) is now written as 

Z=Z,B(z)e-“. 

8.100 The magnitude of the build-up factor has been calculated 
for a number of elements from theoretical considerations of the scatter- 
ing of photons by electrons. The build-up factors for monoenerg.etic 
gamma rays having energies of 4 Mev and 1 Mev, respectively, are 
given in Figs. 8.lOOa and b as a function of the atomic number of the 
absorbing material, for shields of various thicknesses expressed in 
terms of v, i. e., in terms of the number of relaxation lengths (see 
3 8.104). The build-up factors in Fig. 8.1OOa can be applied to the 
absorption of the initial gamma radiation, to a good approximation, 
and those in Fig. 8.lOOb can be used for shielding calculations involv- 
ing the residual nuclear radiation (see Chapter IX). 

8.101 It will be apparent from the foregoing discussion that the 
concept of half-value (and tenth-value) layers will apply only to 
monoenergetic radiations and thin shields, for which the build-up 
factor is unity. However, by taking the mass absorption coefficient 
for the initial gamma radiation to be 0.021, as given in 3 8.94, an 
approximate (empirical) allowance or adjustment has been made both 
for the polyenergeGc nature of the gamma radiations from a nuclear 
explosion and the build-up factors due to multiple scattering of the 
photons. Consequently, the expressions given in 8 8.96 and 5 8.98, 
for ~$4 and ~0.1, hold reasonably well for the attenuation of the initial 
gamma radiations by thick shields. It may be noted, too, that the 
attenuation factors in Fig. 8.47 also include allowances for multiple 
scattering in thick shields. 
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TRAN~MIRSION OF ~mbrnct RAYS FROM SOURCE 

8.102 In the foregoing treat.ment, no account. has been taken of 
the source of the gamma rays, e. g., a nuclear explosion, or of its 
distance away. All that has been considered is the relationship be- 
tween the intensit,y of the radiation incident upon a thickness of 
material, which acts as a shield by attenuating the radiation, and the 
intensity (or dose) emerging from the shield. The connection be- 
tween the incident dose, which is related to Z,, and the properties 
of the source, i. e., the nuclear explosion, require two fact,ors to be 
taken into account. These are, first, the inverse square law for the 
decrease of dose with increasing distance, due to spread of the radia- 
tion over a larger area; and, second, the attenuation due to scattering 
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Figure 8.1OOa. Ruild-up fwt0r a~ e fmwtion of ntomie number for gclmmn rays 
in initisl nuchr radiation (4.0 Mev). 

nnd absorption in the atmosphere. The latter aspect of the problem, 
however, is not essentially different from that considered above in 
connect,ion with shielding. 

8.103 Because the distances of interest -are large in comparison, 
the exploding bomb may be treated as a point source, emitting R 
total R, of initial gamma radiation, expressed in appropriate units. 
Hence, at a distance, D, from the explosion, there will be received 
RJ4wDzper unit area, apart from losses due to at(tenuation by means of 
intervening air. Allowance for t,his should be made by means of 
equation (8.99.1), since for the distances of interest the build-up 
factor is appreciably greater than unity. However, it is simpler to 
use equation (8.89.1) and to adjust the absorption coefficient to fit 
the results. It follows, therefore, that I,,, expressed as a radiation 
dose, can be represented (approximately) by 

~ 2ot/l_J~__.____t ____$ 

I I I I I I 
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Figure R.1OOb. Build-up factor a8 a function of atomic number for gamma rays 
fn residual nuclear radiation (1.0 Mev). 

IO = g&b e-4 (8.103.1) 

where c does not apply to any particular energy but is rather an 
empirical mean value for the range of photon energies present in 
the initial nuclear radiation. 

. 8.191 For various reasons, it is convenient to replllce p by l/h, 
where A is called the “relaxation length” of the radiation. It is, for 
practical purposes, the thickness of material, e. g., air, required to 
attenuate the radiation by a factor of c, the base of natural logarithms. 
Thus, equation (8.193.1) is generally written as 

I = Rr -Dfl 0 Fpe f 

where I, is the gamma radiation dose received at a distance D from 
the explosion without shielding. It is, in fact, the values of ZO, 
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expressed in roentgens, for various distances from a l-kiloton ex- 
plosion, that are plotted in Fig. 8.35a. 

8.105 By rearranging equation (8.104.1), so that the left side 
becomes ZOO’, and taking logarithms, it is found that 

log ZoD2 = Constant -0.4343 F. 

This means that if Z,ZP is plotted on a logarithmic scale against D 
on a linear scale, the result should be a straight line. From the slope 
of this line, which is equal to =0.4343/h, the relaxation length of the 
gamma rays can be calculated. An example of such a plot, based 
on the data in Fig. 8.35a for an explosion of l-kiloton yield, is shown 
in Fig. 8.105. The value of A is found to be <338 yards, and from the 
intercept R,/4r is 1.4X lo9 roentgens-yards?. The expression, of the 
form of equation (8.104.1), representing the variation of the dose in 
roentgens (or rems) with distance, D, in yards, then becomes 

1.4x10’ _ - 
ZO =1---p---e D~ntgens/kilot6n, 

that is, for a l-kiloton explosion. 
8.106 If the total initial gamma radiation is proportional to the 

energy yield of the explosion and the relaxation length of the photons 
in air is assumed to be constant, t#e dose received from a W-kiloton 
burst would be obtained upon multiplying the above expression by W. 
However, because of the sustained decrease in air pressure during the 
transmission of the delayed contribution of the initial gamma rays, 
and for other reasons, as mentioned in $8.38, the value of A, for 
yields higher than about 20 kilotons, is actually gre@&han 338 
yards and varies with the energy yield. Instead of adjusting this, 
however, it is simpler to use a scaling factor, W’, obtained from Fig. 
8.35b, in place of W, the actual energy yield. The general equation 
for the dose of initial gamma radiation at a distance D yards from an 
explosion of W kilotons is then 

Z 0 _ l.4X10”~~‘e--D,SSR 
ZY 

rocnt,g(*ns. 
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down t,o a fract.ion of an ele&ron volt.. The detirmination of the 
complete energy spect.rum, either by calculation, which could he done 
in principle, or by experiment., is vi&ally impossible. Recourse must, 
therefore, be had to measurements of t,he neutron intensities within a 
few specified ranges, from the resu1t.s of which a general idea of the 
spectrum can he obtained. 

8.108 Measurements of this kind are made by the use of “threshold” 
detectors of the activated foil or fission foil type (98 8.66, 8.67). For 
example, the element, sulfur acquires induced radioactivity as the 
result of the capture of neutrons having energies greater than 2.5 Mev 
but. not if the neutrons have lower energies. Hence, the extent of 
activation of a sulfur foil is a measure of the intensity of neutrons 
with energies in excess of 2.5 Mev. Similarly, the appreciable fission 
of uranium-238 requires neutrons having an energy of 1.5 Mev or 
more, so that from the fission product activity there can be determined 
the intensity of neutrons having energies above 1.5 Mev. The dif- 
ference between the t,wo results obtained as just described gives the 
neutron intensity in t,he energy range’from 1.5 to 2.5 Mev. Other foil 
materials, which are used in the same manner, are neptunium-237, 
fission threshold 0.7 Mev; plutonium-239 (shielded with boron), fission 
t,hreshold 100 ev; and gold, which is activated by slow neutrons. 

8.109 The results of a series of measurements, made at various dis- 
tances from a nuclear test explosion, are shown in Fig. 8.109, in which 
NW on a logarithmic (vertical) scale, is plotted against 11 on e, linear 
(horizontal) scale. In t,his case, N represents the number of neutrons 
per square centimeter which produce fission or activation of foils of 
the indicated materials at a distance 1) from the explosion. Since 
t,he actual values of NZP are not necessary for the present purpose, 
relative values are given in the figure. 

8.110 It. will be observed from Fig. 8.109 that, as is to be expected, 
the various lines slope downward to the right, indicating a steady 
decrease in the intensities of the neutrons at all e’nergies with increas- 
ing dist,ance from the explosion. However, the really significant fact 
ia that t,he lines are all parallel. Hence, alt,hough the total number of 
neutrons received per square centimeter decreases with increasing 
distance, the proportions in the various energy ranges remain essen- 
tially the same throughout. In other words, over a considerable range 
of distances there is an equilibrium spectrum in which the energy 
distribution of the neutrons in the initial nuclear radiation is inde- 
pendent of distance from the explosion. 

8.111 One consequence of this conclusion is that, if the results are 
of general applicability, it should be possible, to treat the neutrons 
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Figure 8.109. Typiral threshold detector results for fast neutrons in air. 
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a9 R single group, with a definke energy distribution beyond f~ certain 
dist.nnce. Thus, assuming an equilibrium spec~~rum, one foil measure- 
ment would be sufficient. to jndicate the total neutron dose at, any given 
location. Further, the analytical expression of the variation of neu- 
tron dose with distance would be simplified. 

8.112 In relation to the neutron energy spectrum, the slow neu- 
trons, with energies less than,about 1 ev, contribute no more than 2 
percent of the total neutron dose received at distances of biological 
interest. In the majority of significant situations it appears, there- 
fore, that the thermal neutrons can be neglected as a nuclear radiation 
hazard. About 75 percent of the dose is received from fast neutrons, 
with energies above 0.75 Mev.’ 

TRANRMISSION OF NEUTRONS FROM SOURCE 

8.113 The transmission of neutrons through the air from the ex- 
ploding bomb, treated as a point source, to a location an appreciable 
distance away, can be represented in a manner quite similar to that 
described earlier for gamma rays. If No represents the total neutron 
dose received at a distance U from the point of burst, then, by analogy 
with equation (8.104.1)) 

(8.113.1) 

where R, is a neutron dose related to the explosion yield and A,, is 
here the relaxation length for neutrons in air. Since the bomb neu- 
tron spectrum is essentially independent of distance, A, has a single 
value which is a weighted mean for all energies. It is equivalent to 
the distance traveled by the radiation in air for a decrease by a factor 
of e in the total effective neutron dose. 

8.114 Upon rearranging equation (8.113.1) and taking logarithms, 
as in 5 8.105, the result is 

log N,,LP = Constant-0.4343:, 
I 

so that a semilogarithmic plot of iV$’ versus D should be a straight 
line. The data in Fig. 8.71, which gives N, in rems as a function of D 
in yards for a l-kiloton explosion, have been used to obtain Fig. 

7 Mont of the neutrons pwdueed in dnslon have energleee of from 1 tu 3 Mev before being 
slowed down. Neutrons produced by the fuelon reactfon between deuterium and trltlum 
have ll-Mer energy. 

NUCLEAR RADIATION TRANSMISSION AND ABSORPTION 387 

fi.114. From the slope of the straight line, h, is calculated as 242 
yards, and from the intercept the value of R,/~w for the l-kiloton 
explosion is found to be 8.4X10D rems-yards2. Consequently, assum- 
ing that the neutron dose is directly proportional to the energy yield 
of the explosion, although this is not a good approximation (see 
0 8.71)) it follows that 

N 
0 

= 8*4X100We-d,2~ rems 

03 , 

where W kilotons is the explosion yield; the distance from the ex- 
plosion, D, in this expression is in yards. 

8.215 Since the relaxation length for the initial gamma radiation is 
338 yards, whereas that for the neutrons is 242 yards, it is evident that 
bomb neutrons travel, on the average, a shorter distance through the 
air than do the initial gamma rays before they are attenuated by the 
same factor. This is the physical basis of the fact, discussed in 8 8.80, 
t.hat the neutron dose decreases more rapidly than the gamma-ray 
dose with increasing distance from the explosion. 

NEUTRON SHW,DXNQ 

8.116 The attenuation of a narrow beam of neutrons by a shield 
can be represented by an equation similar to that used for gamma 
rays, namely, 

N= NOe+Jz, 

where iVo is the dose that would be received without the shield, and N 
is the dose penetrating the shield of thickness o centimeters. The 
symbol E stands for the macroscopic cross section, which is equivalent 
to the linear absorption coefficient of gamma rays. Actually, there is 
a specific value of E for every neutron energy and for each type of re- 
action the neutron can undergo. However, for shielding calculations, 
an empirical 8, based on actual measurements, is used. It is a com- 
plex average for all the possible neutron interactions over the range of 
energies involved. ‘Some rough values of E for fast neutrons are con- 
tained in Table 8.116; these include an allowance for broad neutron 
beams and thick shields. 

TABLE 8.116 

EMPIRICAL MACROSCOPIC CROSS SECTIONS FOR ATTENUATION 
OF FAST NEUTRONS 

Afaterw Z(CmIn-1) 
Water_-____________________-___-_____-___ 0.1 
Concrete___________________-______________ O.OQ 
Iron coneret.e________--_________-__________ 0.16 
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8.11’7 A relatively large macroscopic cross section means that a 
smaller thickness of the material will be as effective as a greater thick- 
ness of a substance with a smaller cross section. Thus, concrete con- 
taining iron is more effective than ordinary concrete (9 8.76). How- 
ever, there is no simple correlation between attenuation of neutrons 
and the density of the material, as is the case, to a good approxima- 
tion, with gamma rays. It should be emphasized, in conclusion, that, 
as explained in § 8.74, an adequate neutron shield must do more than 
attenuate fast neutrons. It must be able to capture t,he slowed down 
neutrons and to absorb any gamma radiation accompanying th6 cap- 
ture process. 

Figure $114. Relatlve neutron dnfw tlmea distance squared versus distance for 
a 1-klloton explosion. 



SOURCES OF RESIDUAL RADIATION 391 

CHAPTER IX 

RESIDUAL NUCLEAR RADIATION 
AND FALLOUT 

SOIJRCES OF RESIDUAL RADIATION 

9.1 The residual nuclear radiation is defined, for reasons given 
earlier, as that emitted after 1 minute from the instant of a nuclear 
explosion. This radiation arises mainly from the bomb residues, that 
is, from the fission products and, to a lesser extent, from the uranium 
and plutonium which have escaped fission. In addition, the residues 
will usually contain some radioactive isotopes formed as a result of 
neutron capt,ure by the bomb matqrials (8 8.8). Another source of 
residual nuclear radiation is the activity induced by neutrons c:lpt.ured 
in various elements present in the earth, in the sea, or in substances 
which may be in the explosion environment. It may be mentioned, 
in passing, that radioactivity induced by the gamma rays from a 
nuclear explosion is e&her insignificant or completely absent. 

9.2 In the case of an air burst, particularly when the ball of fire is 
well above the eart.h’s surface, a fairly sharp distinction can be made 
between the init.ial nuclear radiation, considered in the preceding 
chapter, and the residual radiation. The reason is that, by the end of 
a minute, essentially all of the bomb residues, in the form of very small 
particles, will have risen to such a height that the nuclear radiations 
no longer reach the ground in significant amounts. Subsequently, the 
fine part.icles are widely dispersed in the atmosphere and descend to 
earth very slowly. 

9.3 With surface and, especially, subsurface explosions, the de- 
marcation between initial and residual nuclear radiat.ions is not as 
definite. Some of the radiations from the bomb residues will be with- 
in range of the earth’s surface at all times, so that the initial and 
residual categories merge continuously into one another. For very 
deep underground and underwater bursts the initial gamma rays and 
neutrons produced in the fission process may be ignored. Essentially 
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the only nuclear radiation of importance is that arising from the bomb 
residues. It can, consequently, be t,reat,ed as consisting.exclusively of 
the residual radiation. In a surface burst, however, both initial and 
residual nuclear radiations must be taken into consideration. 

FISSION PRODUCTS 

9.4 As stated in Chapter 1: the fission productsconstituts a very 
complex mixture of some 200 different forms (isotopes) *of 35 ele- 
ments. Most of these isotopes are radioactive, decaying by the emis- 
sion of beta particles, frequently accompanied by gamma radiation. 
About 13/4 ounces (0.11 pound) of fission products are formed for 
each kiloton (or 110 pounds per megaton) of fission energy yield. 
The total radioactivity of the fission products initially is extremely 
large, but it falls -off at a fairly rapid rate as the result of de- 
cay (8 1.23). 

9.5 At 1 minute after a nuclear explosion, when the residual nu- 
clear radiation has been postulated as beginning, the radioactivity 
from the ls/, ounces of fission products, from a l-kiloton explosion, 
is comparable with that of a hundred thousand tons of radium. 
It is seen, therefore, that for explosions in the megaton energy range 
the amount of radioactivity produced is enormous. Even though 
there is a decrease from the l-minute value by a factor of over 6,000 
by the end of a day, the radiation intensity will still be large. 

9.6 It has been calculated that if the products from an explosion 
with a fission yield of 1 megaton could be spread uniformly over an 
area of 10,000 square miles: the radiation intensity after 24 hours 
would be 2.7 roentgens per hour at a level of 3 feet above the ground. 
In actual practice, a uniform distribution would be improbable, since 
a larger proportion of the fission products would be deposited near 
ground zero than at farther distances. Hence, the radiation intensity 
will greatly exceed the average at points near to the explosion center, 
whereas at much greater distauces it will be less. 

9.7 Some indication of the rate at which the tisssion product radio- 
activity decreases with time may be obtained from the followipg ap- 
proximate rule : for every seven-fold increase in time after the explo- 
sion, the activity decreases by a factor of ten. For example, if the 
radiation intensity at 1 hour after the explosion is taken as a xeference 
point, then at 7 hours after the explosion the intensity will have de- 
creased to one-tenth ; at 7 X7=49 hours (or roughly 2 days) it will be 
one-hundredth ; and at 7 X7 X7=343 hours (or roughly 2 weeks) the 
activity will be one-thousandth of that at 1 hour after the burst. An- 
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other aspect, of the rule is that at the end of 1 week (7 days), the 
radiation will be one-tenth of the value after 1 day. This rule is 
roughly applicable for about. 200 days, after which time the radia- 
tion int,ens,it.y decreases at, a more rapid rate. 

9.8 Infarmat.ion concerning the decrease of activity of the fission 
products can be obtained from Fig. 9.8, in which the ratio of the ap- 
proximate exposure dose rate (in r/hr, i. e., in roentgens per hour) at 
any time a.fter the explos,ion to the dose rate at 1 hour is plotted 
against the time. It will be noted t,hat the dose rate at 1 hour after 
the burst is used here as a reference value. This is done purely for the 
purpose of simplifyin, (I the calculation and representation of t.he re- 
sults. At great distances from explosions of high energy yield the 
fission products may not arrive until several hours have elapsed. Nev- 
ertheless, t,he hypot.hetical (reference) dose rate at 1 hour after the 
explosion is still used in making calculations. It is, in principle, the 
dose rate referred back to what it would have been at 1 hour after 
the explosion, if the fallout had been complete at that time. 

9.9 Suppose, for example, that at a given location, the fallout com- 
mences at 5 hours after the explosion, and that at 15 hours, when 
the fallout has ceased to descend, the observed dose rate is 3.9 roent- 
gens per hour. From the curve in Fig. 9.8 (or the results in Table 
9.11)) it is readily found that the hypotheCca1 (reference) dose rate aLf 
1 hour after the explosion is 100 roentgens per hour. 13~ means of this 
xeference value and the decay curve in Fig. 9.8, it is possible to deter- 
mine the actual dose rate at t,he place under consideration at any time 
afbr fallout is complete. Thus, if the value is required at 24 hours 
after the explosion, Fig. 9.8 is entered at the, point representing 24 
honrs on t,he horizontal axis. Moving upward vertically until the 
plotted line is reached, it is seen that the required dose rate is 0.02 
times the l-hour reference value, i. e.. 0.02X 100=2 roentgens per hour. 

9.10 If the dose rate at any time &known, by actual measurement, 
that at any other time can be estimated. All that is necessary is to 
compare the m.tios (to the l-hour reference value) for the two given 
times as obtained from Fig. 9.8. For example, suppose the dose rate 
at 3 hours after the explosion is found to be 50 roentgens per hour; 
what would be the value at 18 hours? The respective ratios, as given 
by the line in Fig. 9.8, are 0.27 and 0.031, with respect to the l-hour 
reference dose rate. Hence, the dose rate at 18 hours after the explo- 
sion is 50X 0.031/0.2’i=5.7 xoentgens per hour. 

9.11 The results in Fig. 9.8 may be represented in an alternative 
form, as in Table 9.11, that is more convenient, although somewhat 
less complete. The l-hour reference dose rate is taken as 1,000, in any 
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TIME AFTER EXPWMON (HOURS) 

Figure 9.8. Decrease of dose rate from fission products with time. 
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desired units. The dose rates at a number of subsequent times, in the 
same units, are given in the table. If the actual dose rate at 1 hour 
(or any other time) aft,er the explosion is known, the valae at any 
specified time, up to 1,000 hours, can be obt.ained by simple propor- 
tion.’ 

TABLE 9.11 

RELATIVE DOSE RATES AT VARIOUS TIMES AFTER A NUCLEAR 
EXPLOSION 

Time (hours) Relative 
dose rate 

l,Qoo 30_______.._____________ 17 
610 40________..____________ 12 
440 60_________.____________ 7. 3 
270 lClQ______________._____. 4. 0 
150 200______________._____. 1. 7 
97 4Qo________._______.__-_ 0. 75 
63 600______________.______ 0. 46 
39 800_____________________ 0.33 
27 1,6QO______._____.______ 0. 25 

Time (hours) Relative 
dose rate 

-- 

9.12 It should be noted that Fig. 9.8 and TabIe 9.11 are used for 
calculations of dose rute,~. In order to determine the actual or total 
radiation dose received it is necessary to multiply the average dose 
rate by the exposure time (5 8.24). However, since the dose rate is 
steadily decreasing during the exposure, appropriate allowance must 
be made. This is best, achieved by the mathematical process of integra- 
tion, using a simple formula which represents the change in the dose 
rate with time ($9.112). The results of the calculations are ex- 
pressed by t,he curve in Fig. 9.12. It gives the tot,al dose received from 
fission products, between 1 minute and any other specified time after 
the explosion, in terms of the l-hour reference dose rate. 

9.13 To illustrate the application of Fig. 9.12, suppose that an 
individual becomes exposed to a certain quantity of fission products 2 
hours after a nuclear explosion and the dose rate, measured at that, 
time, is found to be 1.5 roentgens per hour. What will be the totai 
dose received during the subsequent 12 hours, i. e., by 14 hours after 
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the explosion? The first. step is to determine the (hypothetical) l- 
hour reference dose rate. From Fig. 9.8 it. is seen that, 

Ijose rate at, 2 hours after explosion 
~- 

l-hour reference dose rate 
-__ = 0.43 

and, since the dose rate at. 2 hours is known to be 1.5 roentgens per hour, 
the reference value at, 1 hour is 1.5/0.43=3.5 roent,gens per hour. 
Next, from Fig. 9.12, it is found that for 2 hours and 14 hours, re- 
spectively, after the explosion, 

Total dose at 2 hours after explosion 

l-hour reference dose rate 
=7.0 

nnd 

Tot.al dose at, 14 hours after explosion 
-- 

l-hour reference dose rate 
=8.4. 

Hence, by subtract,ion 

I)ose received between 2 and 14 hours aft,er explosion 

l-hour reference dose rate 
= 1.4. 

The reference dose rate at, 1 hour is 3.5 roentgens per hour, and so tho 
total dose received in the 12 hours, between 2 and 14 hours after the 
oxplosion, is 3.5X1.4=4.9 roentgens. 

9.14 The percentage of the “infinit.y (residual radiat.ion) dose” 
that. wonld be received from a given quantity of fission products, up 
to varions times after a nuclear explosion, is given in’ Table 9.14. 
The infinity dose is essentially that which would be received as a 
result of continued exposure to a certain quantity of fission products 
for many years. These data C:~II be used to determine the proportion 
of the infinity dose received during any specified period following 
t,he complete deposition of the fission product,s from a nuclear 
explosion. 

9.15 For example. if an individual is exposed to a certain amount 
of fission products, e. p., from fallout, during the interval from 2 
honrs to 14 honrs after the explosion, the percentage of the infinity 
dose received may be obt,aine,d by subtracting the respective values 
in Table !).14, i. e., 74 (for 14 hours) minus 62 (for 2 hours), giving 
12 percent, of the infinity dose. The actual value of the infinity dose 
computed from 1 minute after detonation, is 11.3 times the l-hour 
reference dose Me (in roent,gens per hour), as shown in Fig. 9.12. 
Hence, if this reference dose rat,e is known (or can be evaluated), 
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t.he dose received dnring any period of t,ime can be calculated from 
Table 9.14, instead of using Fig. 9.12. 

9.16 With the aid of Figs. 9.8 and 9.12 (or the equivalent Tables 
9.11 and 9.14) many different t,ypes of calculations relating to radia- 
tion dose rates and total doses received from fission products can be 
made. The prdcedures can be simplified, however, by means of spe- 
cial charts based on these figures, as will be shown later (Figs. 12.107 
nnd 12.108). 

TABLE 9.14 

PERCENTAGES OF INFINITY RESIDUAL RADIATION DOSE 
RECEIVED UP TO VARIOUS TIMES AFTER EXPLOSION 

Percent of Percent of 
Time infinity Time infinity 

(hours) dose (hours) dose 
- .- ..p- 

l________.______.__-____ 56 
2________.______-____--_ 62 
4____________ .._..__ _ ..__ 67 
6___-___-____.___--__--_ 69 
12_______________.___.__ 73 
24_____________.____-___ 77 
36_____________.____-___ 79 

48__-____..___.__-____._ 80 
72____________.__--__.._ 81 
1oo___._______...--__.__ 82 
2oo___._______..-_..__..- 85 
500_____.__--__.-__-_._- a7 
l,ooo_____________f .____ 89 
2,ocK__.____._.._ ___.. 90 

I II I 

9.17 It. is essential to underst,and that t,he tables and figures given 
above, and the calculations of radiation dose rates and doses in which 
they are used, are based on the assumption that an individual is ex- 
posed to a certain quantity of fission products and remains exposed 
continuously (without protection) to this same quantity for a period 
of time. In an actual fallout situation, however, these conditions 
would probably not exist. For one thing, any shelter which attenu- 
ates the radiat,ion will reduce the exposure dose rate (and dose) as 
given by the calculations. Further, the action of wind and weather 
will generally tend to disperse the fallout particles. As a result, there 
may be a decrease in the quantity of fission products at a given loca- 
tion, thus decreasing t,he radiation dose rate (and dose). 

NEUTRON-INDUCED ACTIVITY 

9.18 The neutrons liberated in the fission process, but which are 
not involved in the propagation of the fission chain, are ultimately 
captured by the bomb materials through which they must pass before 
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tlleg Ron escape, by nitrogen (especklly) nncl oxygen in the atmos- 
J&=re, RIIIJ by various ekments Jn-fselit in the e:wtJl’s snrfnce. As a 
result of capturing neutrons nxlny substances become radioactive. 
They, consequently, emit beta particles, frequently accompanied by 
gamma ratlintion, over an extended period of time following the ex- 
plosion. Such nerltron-irtd~~cetl activity, therefore, is part of the 
residual nuclear )*adiation. 

9.19 The activity induced in the bomb materia.ls is highly variable, 
since it is greatly dependent upon the design or structural character- 
istics of the weapon. Any radioactive isotopes produced by neutron 
capture in the bomb residues will remain associated with the fission 
products. Although they will have some effect on the over-all ob- 
served rate of decay, so that the radiation dose rates and doses will 
not be in agreement with Figs. 9.8 and 9.12, the deviations from the 
basic fission decay curve are not likely to be significant, except pos- 
sibly soon after an explosion. 

9.20 When neutrons are captured by oxygen and nitrogen nuclei 
present in the atmosphere, the resulting activit,y is of little or no 
significcmce, as far as the residual radiation is concerned. Oxygen, 
for example, interacts to a slight extent with fast neutrons, but the 
product, an isotope of nitrogen, has a half life of only ‘7 seconds. It 
will t.hus undergo almost complete decay within a minute or two. The 
radioactive product of neutron capture by nitrogen is carbon-14; this 
emits beta particles of relatively low energy but no gamma rays. 
Nuclear explosions cannot. add appreciably to the fairly large amount 
of this isotope already present in nature, and so the radiations from 
carbon-14 are a negligible hazard. 

9.21 An important, contribution to the residual nuclear radiation 
can arise from t.he activity induced by neutron capture in certain ele- 
melIts in the soil. The one which probably deserves most attention is 
sodium. Although t.his is present only to a small extent in average 
soils, the amount of radioactive sodium-24 formed by neutron capture 
ran be quite appreciable. This isot.ope has a half life of 14.8 hours and 
emits both beta particles, and, more important, gamma rays of rela- 
tively high energy.* 

9.22 Another source of induced activity is manganese which, be- 
ing nn element that is essential for plant growth, is found in most 
soils, even though in small proportions. As a result of neutron cap- 
ture, the radioisotope manganese-56, with a half life of 2.6 hours, is 

8111 each net ol decay of aodltnn-24. there are produced two gamma ray photons, alth 
energlee of 1.4 nnd 23 Mev. renpectlvcly. The mean energy per photon from Ession 
products 1s 0.7 Mev, although gamma rays of blghcr energy ace emitted In the early stages. 

. 

. 
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formed. It gives off several gamma rays of high energy, in addition 
to beta particles, upon decay. Because ita half life is less than that of 
sodium-24, the manganese-56 loses its activity more rapidly. But, 
within the first few hours after an explosion, the manganese may con- 
stitute a serious hazard, greater than that of sodium. 

9.23 A major constituent of soil is silicon, and neutron capture 
leads to the formation of radioactive silicon-31. This isotope, with 
a half life of 2.6 hours, gives off beta particles, but gamma rays are 
emitted in not more than about 0.0’7 percent of the disintegrations. It 
will be seen later that only in certain circumstances do beta particles 
themselves constitute a serious radiation hazard. Aluminum, another 
common constituent of soil, can form the radioisotope aluminum-2B, 
with a half life of only 2.3 minutes. Although isotopes such as this, 
with short half lives, contribute greatly to the high initial activity, 
very little remains within an hour after the nuclear explosion. 

9.24 When neutrons are captured by the hydrogen nuclei in water, 
the product is the nonradioactive (stable) isotope, deuterium, so that 
there is no resulting activity. As seen above, the activity induced in 
oxygen can be ignored because of the very short half life of the prod- 
uct. .However, substances dissolved in the water, especially the salt 
(sodium chloride) in sea wafer, can be sources of considerable induced 
activity. The sodium produces sodium-24, as already mentioned, and 
the chlorine yields chloiine-38 whiEh emits both beta particles and 
high-energy gamma rays. However, the half life of chlorine-38 is _ 
only 37 minutes, so that within 4 to 5 hours its activity will have de- 
cayed to about 1 percent of its initial value. 

9.25 Apart from the interaction of neutrons with elements present _ 

in soil and water, the neutrons from a nuclear explosion may be cup- 
tured by other nuclei, such as those contained in structural and other 
materials. Among the metals, the chief sources of induced radio- 
activity are probably zinc, copper, and manganese, the latter being a 
constituent of many steels, and, to a lesser extent, iron. Wood and 
clothing are unlikely to develop appreciable activity as a result of neu- 
tron capture, but glass could become radioactive because of the large 
proportions of sodium and silicon. Foodstuffs can acquire induced 
activity, mainly as a result of neutron capture by sodium. However, 
at such distances from a nuclear explosion and under such conditiona 
that this activity would be significant, the food would probably not. be 
fit for consumption for other reasons, e. g., blast and fire damage. 
Some elements, e. g., boron, absorb neutrons without becoming radio- 
active, and their presence will tend to decrease the induced activity. 
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IJRANIUM ANY PMJUMNIUM 

9.26 The uranium and plutonium which may have escaped fission 
in the nuclear bomb represent a further possible sour(‘e of residu:ll 
nuclear radiation. The fissionable isotopes of these elements emit 
alpha particles and also some gamma rays of low energy. However, 
because of their very long half-lives, the activity is very snmll com- 
pared with that of the fission products. 

9.27 It, will be seen below (5 9.30) that the alpha particles from 
uranium and plutonium, or from radioactive sources in general, are 
completely absorbed in an inch or two of air. This, together with the 
fact that the part,icles cannot penetrate ordinary clothing, indicates 
that, uranium and plrlConium deposited on t.he earth do not, represent 
a serious extertml h:tzHrd. F:ven if they actually come in contact with 
the body, the alpha particles emitted are unable to penet.rate the un- 
broken skin. 

9.28 Although there is negligible danger from uranium and plu- 
tonium outside the body, the situation might. be different if either of 
these elements entered the body through the lungs, the digestive sys- 
tem, or breaks in the skin. Plutonium, for example, tends to concen- 
trate in bone, where the prolonged action of the alpha particles may 
cause serious harm. 

8.29 At one time it. was suggested that the explosion of a sufficiently 
large number of plutonium bombs might result in such an extensive 
distribution of the lethal material as to represent a world-wide hazard. 
Calculations have shown that it tvould require the very large amount 
of over a million pounds of plutonium to produce this situation. It i;i 
now realized that, the fission products-the radioisotope strontium-90 
in particular-are a more serious hazard than plutonium is likely to 
be. Further, any steps iaken to minimize the danger from fission 
products, which are incidentally much easier to detect, will a.ut.o- 
mat.icnlIy take care of the plutonium. Some reference to the behavior 
of this element. in the body will be made in Chapter XT. 

ATTENUATION OF RESIDUAL NUCLEAR RADIATION 

i\~,~v~~ Am &TA PARTICLES 
. 

9.30 III their passage through matter, alpha particles produce con- 
siderable direct ionization and thereby rapidly lose their energy. 
After traveling a certain distance, called the “range,” an alpha par- 

ATTENUATION OF RESIDUAL NUCLEAR RADIATION 401 

title ceases to exist as such. s The range of an 11Ipha particle depends 
upon its init.ial energy, but even t,hose from plutonium, which have 3 
fairly high energy, have an average range of just over ll/, inches in 
air. In more dense media, such as water or body tissue, the range is 
even less, being about a one-thousandt.1~ part of t,he range in air. 
Consequent.ly, alpha particles from radioactive sources are unable to 
penetrate even the outer layer of the skin (epidermis). It is seen, 
t,herefore, that as far as alpha particles arising from sources outside 
t,he body are concerned, attenuation is no problem. 

9.31 neta particles, like alpha particles, are able to cause direct 
ionization in their passage t,hrough matter. Hut the beta particles 
dissipate their energy less rapidly and so have a greater range in air 
and in other materials. Many of the beta particles emitted by the fis- 

sion products traverse a total distance of 10 feet (or more) in the air 
before they are absorbed. However, because the particles are con- 
tinually deflected by electrons and nuclei of the medium, t,hey follow 
a tortuous path, and so their effective (or net) range is somewhat less. 

9.32 The range of a. beta particle is shorter in more dense media, 
and the average net distance a particle of given energy can travel in 
water, wood, or body tissue is roughly one-thousandth of that in air. 
Persons in the interior of a house would thus be protected from beta 
radiat,ion arising from fission products on the outside. It appears that 
even moderate clothing provides substant,inl attenuation of beta radia- 
tion, the exact amount, varying? for example, wit,h the weight and 
number of layers. 

GAMMA RAnrATION 

9.33 The residual gamma radiations present a different situation. 
These gamma rays, like those which form part of the initial nuclear 
radiation, can penet,rate considerable distances through air and into 
the body. If injury is to be minimized, definite action of some kind 
must be taken to attenuate the gamma rays from external sources. 
Incidentally, any method used to decrease the gamma radiation will . 
also result in a much greater attenuation of both alpha and beta 
particles. 

9.34 The absorption of the residual gamma radiation from fission 
products and from radioisotopes produced by neutron capture, e. p.. 
in sodium and manganese, is based upon exactly the same principles 
as were described in Chapter VIII in connection with the initial 

a An alphn partlclr ts ldcntfcnl alth R nsclru~ nf thr element helium (I 1.51). When it 
ha8 lost most of itn (klnetlc) merpy, It raptures two electrons nncl become8 B hnrmless 
(neutral) hellum atom. 
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gamma radiation. Except. for the earliest stages of decay, however, 
the gamma rays from fission products have mm+ less eiiwgy, on t,he 

average, than do those emitted in the first minute after :I nuclear 
explosion.’ This means that. the resitlual gamma rays are more easily 
attenuated; t,hat. is to say, compared wit,h the initial gamma mdin- 
tion, a smaller thickness of a given material will produce the same de- 
gree of attenuation. 

9.85 ISerring in mind the limitations stated in 5 8.48, the approxi- 
mate half-value thicknesses of some common materials for the gam- 
ma radiations from fission products are given in Table 9.35. Upon 
comparing these thicknesses with those in Table 8.44 for the initial 
gamma radiation, it is seen that the residual radiation is more cnsily 
attenuated. The order of effectiveness of different materials is, how- 
ever, the satlie in both cases, since it is largely (although not entirely) 
determined by the density. The figures in the last column of Table 
9.85 show that the product, of the half-value thickness and the density 
of the material is ronghly the same in all the cases mentioned ($8.45). 

TARLE 9.35 

APPROXIMATE HALF-VALUE LiiYER THICKNESSES OF MATERIALS 
FOR GAMMA RAYS FROM FISSION PRODUCTS 

Material 

Steel._____.._.__._____..---.__.._. 490 0. 7 343 
Concret~e_._._.___--_-- . . . . ~___... 144 2. 2 317 
Eert,h______._____.._.-..._--_ ___ _ 100 3. 3 330 
Wsk?..._..-_.... _-._____ ___ 62. 4 4. 8 300 
W00d___~_.._...~. _. _._.___._ 34 8. 8 300 

___...___ .-- _... ._. --__-__ L__.._ .._-_.I__.___ -.L.__--.- 

9.36 The attenuation f:l&rs;, as tlefiiwti iii 5 8.46, for steel, con- 
crpte, soil, and wood, for a range of thicknesses of these materials, 
are represented praphicnlly in Fig. 9.36, which is a~~dopom to Fig. 
8.47 for the initial gamma r;idi:ition. It is seeu that. attenuation 
of the residual radiat-ion by a factor of 50 requires 15 inches of con- 
crete. This is cotnptlretl with 29 inches needed to produce the same 
degree of attenuation of t.he initial gamma radiation, as given in 

Q 8.47. 
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9.37 From the practical standpoint. it is of intw-tst to r~rord the 

nt,tenuation factors that might. be expected insitle various structures. 
Two factors are responsible for this attenuation. First, there is t.he 

effect. of distance, hecnuse the source of the radiation will he mostly 
outside, e. g., on the roof or in the street ; and second, there is partial 
absorption of the radint.ion by the roof and walls. The approximate 
values given in Table 9.37 have been estimated partly from calcula- 
tions and partly on the basis of field measurements. It. will be noted 
that. in the. basement, of a frame house the fesidual gamma radiation 
is reduced t,o about one-tenth of its value outside the house. A a-foot 
layer of errt,h attenuates the radiations to one-thousandth (or less) 
of the int,ensity it would otherwise have at the same locat,ion. 

somewhat arbit,rarily t.aken to be a dose received during a 24-hour 
period. The delayed radiations from the fission products persist over 
a longer period of time, however, and the exposure may t,hen be of 
the chronic type. 

9.39 The importance of making a distinction between acute and 
chronic exposures lies in the fact that, if the dose rate is not too 
large, the body can achieve partial recovery from some of the conse- 
quences of nuclear radiations while still exposed. Thus, apart from 
certain effects mentioned below, a greater total gamma-radiation dose 
would be required to produce a certain degree of injury if the dose 
were spread over a period of several days than if the same dose were 
received within a minute or so. 

9.40 It was stated in 8 8.26 that an acute gamma-radiation ex- 
posure dose of 450 roentgens, over the whole body, would be expected 
to prove fatal to about 50 percent of the individuals so exposed. 
If the same number of roentgens were received over a period of a 
few weeks, the probability of death would be less. &cause of the 
many factors involved, it is not possible to st,ate, at the present time, 
t,he exact degree of recovery that might be expected during the 
course of chronic radiation exposure. From some effects, e. g., genetic 
changes, there is apparently no recovery (see 9 11.124), but, as far 
as the more obvious injuries are concerhed, all that can be said 
definitely is that a given radiation dose spread over a period of time, 
e. g., two weeks or more, is less harmful than an acute dose of the 
same number of roentgens (or rems) received in 24 hours. 

TARLE 9.37 

ESTIMATED ATTENUATION FACTORS IN STRUCTURES FOR 
RESIDUAL GAMMA RADIATION 

__._. --.. .-._.. ____ . .--.___.- 

Type of Struct,nre 
Approximate 
stt~enuation 

factor 
- 

Frame hounr: 
I”irst~Roor._.___.__.-. ..___..____. 
lkern~nt~. . ___.__ .._. . . . 

Mnkistory, r&forced concrek: 
I,owcr floors (away from windows). . 
Ilasrmrnt. (surroundrd by earth). _ . 

Shrltrr brlow grade: 
3frrt,ofmrt~h.._ .._._ _ .______..__ 

_.________...-.___ 

___________._..__. 

.__. 

*Or more. 
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2 
10 

10 

*1.000 

*1, ooo 

!KV+ 111 considering the injurious effects on the body of gamma 
rndiat.ions from external sources, it is necessary to dist.inguish between 

nn “acute” (01 “one-shof”) exposure and I “clwonic” exposure. III 

an acute exposure the whole ratliation dose is received in n relatively 

short. iIltWVill of time. ‘I’liis ic the case, for example, in connection 

with the initial nuclwr rsdisfbn considered in the preceding chapter. 
It is not possible to define an acute dose precisely, but it may be 

i 
1 

NATIJHAL BACKQROIJND RADIATION 

9.41 In connection with t,he ma,tter of chronic radiation doses, it 
may be noted that human !ife has become adapted to a certain amount 
of radiation, received continuously over a long period of time. This 
statement is based on the fact that all living creatures are always 
exposed to radiations from various natural sources, both inside and 
outside the body. The chief internal source is the radioisotope 
potassium-40, which is a normal constituent of the element potassium 
as it exists in nature. Carbon-14 in the body is also radioactive, but 
it is only a minor source of internal radiation. There is also some 
potassium-40, as well as radio active uranium, thorium, and. radium, 
in varying amounts, present in soil and rocks. Finally, an important 
source of nuclear radiat,ion in nature is the so-called “cosmic rays,” 
originating in outer space. The radiation dose received from those 
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rays incremes with altitude; 3t 15,000 feet, it is more than fire times 

as large as at. sea level. 
9.42 An estimate of the total radiation dose, clue to ljnrely natnral 

scurces, received per anmnn hy hnman beings, over the whole body, 
is given in Table 9.42. It is assumed fhaf, the underlying rock is 

granite, and data are given for sea level and an elevation of 5,000 feet. 
In some lmations the hac*kpround radiation dose from soil and rocks 
is less t.han from granite, but it appears that., in most, parts of the 
ITnited States, the natural radiat.ion exposure dose is about. 0.14 to 
0.16 roentgen per year. 

TABLE 9.42 

ESTIMATED DOSE PER ANNUM FROM NATURAL BACKGROUND 
RADIATION 

Roentgena per year 

Radiation aourcc 
Sea level 5,600 feet 

altitude I 
- / 

Potaaisium in body.. _ _. ..__.__..__.______. 
Thorium, uranium, aud radium iu grauitc_ . _ _ . _ 
PotassiumingranitP .._._. _..___..._.._____.__ 
Cosmicraya___.-______ __.._.___._.__..____... 

Totnl..__..__....-_--_.---------_____. 

0.020 0.020 
0.055 0. 055 
0. 035 0.035 
0. 035 0.050 

-- - 
0. 145 0. 16 

___ ’ I ________ 

9.43 It, follows, therefore, t,hat during the average lifetime every 
human being receives a total of 10 to 12 roentgens of nuclear mdia- 
tion over the whole body from natnral sources. In addition, there 
may be localized exposnres associated with dental and chest X-rays, 
and SiJllilar treatments, and even from the hmlinous dials of wrist 
watches :II~ instruments. The exposure to radiation from natural 

sources has undoubtedly continued during the whole period of man’s 
existence. 

Maxrnrrrnr I’ERMISSIJJJ,E RADJATION EXPOSURE 

9.44 It is evident that lnnnan beings have been (and are being) 
continually exposed to nuclear radiations, from sources both inside 
and outside the body. As a result, a steady (or equilibrium) biologi- 
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cal state has been attained. This fact suggests that, apart from genetic 
effects, there is a certain chronic radiat.ion dose over which the body 
has partial power of recovery. As t,o what this chronic dose is, there 
is no definite knowledge. In any event, it. probably varies from one 
individual to another. 

9.45 In spite of the uncertainty concerning what might be called 
the “permissible” dose, some general conclusions have been reached 
on the basis of information obtained from radiologists and X-ray 
technicians, from observations on biological damage caused by radium, 
and from animal experiments. These conclusions may be revised 
from time to time as further data on t,he effects of various nuclear 
fadiations on living organisms become available. 

9.46 With the development of peaceful, as well as military, appli- 
cations of nuclear energy, many people are now exposed t,o additional 
amounts of nuclear radiations during working hours, over and above 
t.hat of the background. In order to safeguard the health of occupa- 
tionally exposed adults, a “maximum permissible exposure” of 0.3 
roentgen per week has been established in the United Stat,es. It is 
considered at present, therefore, that such persons, occupied in atomic 
industries, may be exposed to 0.3 roentgen per week, i. e., 16 roentgens 
per year, of nuclear radiation over the whole body for a period of 
many years without undue risk.5 

9.47 The purpose of the foregoing discussion is to point out that 
exposure to nuclear radiatioi~ is by no means a new experience for the 
human race. Further, it appears to be established t,hat tile body has 
the power of partial recovery from certain effects due to moderate 
chronic doses of radiation. The maximum permissible chronic dose 
recommended for workers in nuclear energy projects is felt t,o include 
a factor of safety. There is evidence, in fact, of individuals who have 
received much larger doses of nuclear radiation, and have no dis- 
cernible evidence of permanent damage. Nevertheless, it must not 
be forgotten that exposure to snfficiently large doses of radiation, 
either chronic or acute, can cause serious injury and even death (see 
Chapter XI). 

6Recommendationn of thr Natlnnnl CommIttee 011 Radlatlon ProtectIon nnd n#CnRIIre- 
ment aDpearInE In a lmper on “Maxlmom J’ermlnstble Radlatlon Expom~ren to Man” 
Radioloau, 88. 260 (1957) state that “The mnrlmum pwmimdble nwwm~~lntrcl done, In 
rw’w at any alar. IR equal to 5 tImea the number of yfwn brpond age lS, provided no 
annual Increment exceed 15 rema”. ond that “The nmxtmum prrmlwdble done to the gonads 
for the population of the United Staten an R whole from all BO~~FPB of raclfatlon. IncJudlnR 
medIcal and other men-made ~ourcw. and background, nball not exceed 14 mllllon rws 
per mRlIon of DopuJatlon over the perlocl from eonceptlon up to age 10, and one-tblrd 
that amount In each decade thereafter.” 
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RADIOACCIVE CONTAMINATION IN NUCLEAR EXPLOSIONS 

CONTAMINATION IN AN AIR I~IJRST 

9.48 There are two main ways in which the earth’s surface can 
become cont,aminated with radioactive material as a result. of a nuclear 

explosion. One is by the induced activity following the capture of 

neutrons by various elements present in the soil (or w), and the 
other is by the fallout, that is, by t,he subsidence of radioactive pa.rt.i- 
cles from t,he column and cloud formed in the explosion (5 2.21). 
Roth t.he relative and act,ual impo.rtance of these two sources of con- 
tamination depend very greatly upon the location of the point of 
burst with regard to the surface of the earth, and also upon the energy 
vield of the explosion. Other factors which may affect the contamina- 
iion are the nature of the terrain and meteorological conditions. 

9.49 In an air burst the radioactive bomb residues, consisting 
largelv of the fission products, condense into very small solid particles. 
In th& finely divided state a portion of the radioactive particles enter 
t.he stratosphere and will temain suspended for many years, even cir- 
cling the earth several times, before descending to the surface. Dur- 

ing this period they undergo decay and loss of activity. Hence, when 

the particles do reach the earth’s surface, they will be widely dis- 
persed and their radioactivity will be very greatly reduced. In fact 

the external radiation produced by the fallout from a weapon with a 
fission yield in the megaton range would be extremely small in com- 
parison with the natural background radiation (see, however, 
Chapter X) . 

9.~0 Under cert,ain meteorological conditions, e. g., abnormal winds 
or a rainfall situation, there might be appreciable fallout,, probably 
of a localized character. For example, in a moist atmosphere the fine 

particles of bomb residue could attach themselves to water droplets 
which might subsequently fall as radioactive rain. Such was appar- 

ently the case in the moderately low air burst over Bikini Lagoon 
(Test ARLE) in 1946, as stated in 3 2.98. The extent of the activity 

was, however, small, since most of the fission products were probably 
above the rain clouds at the time. 

9.51 A special case of interest is that of a warm front rainfall situ- 
ation, such as frequently occurs in temperate lat,itudes. The rain- 
bearing clouds may have a thickness of 20,000 feet and can extend over 
many hundreds of square miles. The rain is usually gentle, but con- 

tinues to fall steadily for some time. If the situation existed at the 

time of the explosion, the radioactive part’icles formed in the air burst 
might ascend into the rain-bearing clouds. In a short, time, the atomic 

cloud if it did not rise above the rain-bearing cloud, would become 
so mixed with the latter as to become an integral part of the rain- 
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producing system. The radioactive material might then be expect,ed 
to deposit with the rain over a large area, in a surface pat,teru de- 
pendent upon the winds at the cloud level. 

9.52 An air burst, of a small yield weapon would not be accompanied 
by serious local fallout except possibly in unusual circumstances, as is 
borne out by the fact that there were no casualties in the nuclear bomb- 
ings of Japan that could be attributed to residual radiation. At 
Nagasaki, about 0.02 percent of the fission products was deposited on 
the surface within a radius of 2,000 feet (0.4 mile) of ground zero. 
However, at no time did this represent a significant radiation hazard 

! 
Observations made at test6 indicate that the local fallout from air 
bursts is also small for large yield weapons. 

I 
9.53 An important source of contamination due to residual nuclear 

radiation f.rom an a.ir burst can be the activity induced by neutrons . 
captured by elements, notably sodium and manganese, on the earth’s 

I surface (8 9.21, et seq.) The amount. of the contamination, which will 
be appreciable only in a limited area. about ground, zero, will depend 

I upon the height of burst, the energy yield, and the time elapsed since 
I the explosion. At Hiroshima and Nagasaki, for example, the induced 

radi0activit.y on the surface was believed to be negligible. In the 
ABLE test at Bikini, however, where the height of burst was less than 
in the Japanese explosions, an appreciable amount of radioactive so- 
dium-24 was formed in the water. 

I 

The gamma rays from this isotope 
gave a dose rate of about 1 roentgen per hour just above the surface 

I of the lagoon at 2 hours after the burst. 
9.54 A low air burst of a nuclear weapon of high energy could 

! 
result in extensive contamination due to induced activity in the vi- 
cinity of ground zero. In this region, destruction by blast and fire, 
except for strong underground structures, would be virtually com- 
plete. 

CONTAMINATION IN A SURFACE BURST 

9.55 In an air burst, the neutron-induced activit,y may be signifi- 
cant, but the local fallout, soon after the explosicin, will generally be 
unimportant. The fission products will, however, contribute to the 
activity of the gradual fallout extending over large areas. With a 
surface (or subsurface) burst, on the other hand, the local fall&t 
will assume major significance. Although there will undoubtedly be 
a considerable amount of induced radioactivity :Iear ground zero, the 
activity of the fission product fallout will be so much greater in a sur- 
face burst that the induced activity can be neglected in comparison. 
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Consequently, the suhsecluw~t clisrussion of the residual radiat,ion fol- 

lowing a surface burst will deal mniuly with the (loc:~l) fallout of 
fission products. 

9.56 The fraction of the total radioactivity cf the bomb r&dues 
t,hat. appears in the fallout depends upcn the extent. to which the ball 
of fire touches the surface. Thus, the proport ion of the available 
activity increases as the height of burst, decreases and more of the fire- 
ball comes int,o contact with the earth. In the case of a contact burst,, 
i. e., one in which the homb id act,unlly on the surface when it explodes, 
some 50 percent of the total residual radioactivity will be deposited on 
the ground within a fe\r hundred miles of thz explosion. The re- 
mainder of the activity will stay suspended for a long t.ime and will 
eventually rench the earth many hundreds or thousands of miles away, 
as in the case of an air burst (a 9.49). 

9.57 In a surface burst. large amounts of earth, dust,, and dehris 
are taken up into the firehall in its early stages. ITere they are fused 
or are vaporized and become intimately mixed nith the fission prod- 
ucts and ot,her bomb residues, as described iJ1 5 2.21. As a result, there 
is formed upon cooling a tremendous number of small particles con- 
taminated to some distance below their surfaces with radioactive 
matter. In addition, there are considerable quarltities of pieces and 
particles, covering a range of sizes from large lumps to fine dust, to 
the surfaces of which fission producbts sre more or less firmly at,tached. 

9.58 The larger (heavier) pieces, which will include a great, deal of 
contaminated material scoured and thrown out of the crater (fi 5.4), 
will not be carrried up into t.he mushroom cloud, but will descend 
from the column. Provided the wind is not excessive, this large par- 
ticulatd material, as it falls, will form a roughly circular pattern 
around ground zero. Actually, t,he center of this circular pattern, 
called the “ground zero circle,’ will usually be displaced somewhat 
from ground zero by the wind. 

9.59 Most. of the cont,aminwted material referred to above, forming 
the ground zero circle, descends within a short time, not more than an 
hour or so. The smaller particles present in the at,omic column are, 
however, carried upward to a height. of severa! miles (5 2.16) and 
may spread out. some distance in the mushroom cloud before they begin 
to descend. The time t.aken to reach the earth and the horizontal 
distance traveled will .depend upon the height reached before they 
begin to fall, the size of the particles, and upon the wind pattern in 
the upper atmosphere. The smallest (and lightest) particles, like 
tho.se formed in an air burst, will enter the stratosphere and remain 
suspended for long periods and may travel many thousands of miles 
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before descending (8 9.49). Most, of the larger particulate matter, 
however, will probably reach the earth as local fallout within a few 
hundred miles from proimcl zero. 

9.60 As a general rule, it is to be expected that, except for the very 
smallest particIes which descend over a wide area, the fallout of parti- 
cles of moderate and small size will form, in the course of time, a 
kind of elongated (or cigar-shaped) pattern of contamination. The 
shape and dimensions will be determined by the wind velocities and 
directions at all altitudes betwe& the ground and the atomic cloud. 
For simplicity of representation, the actual complex wind pattern may 
be replaced by an approximately equivalent “effective wind.” The 
direction and velocity of this wind are intended to represent weighted 
overages over the whole wind system to which the particles of the 
fallout a.re subjected as they descend to earth as local fallout from 
the atomic cloud (see $9.140). 

9.61 In Fig. 9.61 an attempt is made to generalize the pattern of 
contamination due t.o the residual nuclear radioactivity from a nuclear 

DDWNWND D~SPLACEWNT OF 

CENTER OF c. 1.. ClRCLE 

GROUND ZERO 

CROSSWIND DISTANCE 

DOWMIND DBTANCE 

UPWIND DISTANCE 

Figure 9.131. Gmeralized fallout pattern. 

I explosion near the earth’s surface. The figure shows the ground zero 

, ((22) circle, corresponding to a particular dose rate (or total dose) of 

I nuclear radiation at a specilied time. Its center is somewhat dis- 
placed from actual ground zero by the wind in the vicinity of the 
explosion. The direction of this wind is assumed to be the same as 
that of the effective wind for the fallout, but this will not necessarily 
always be the case. The complete ground zero contamination pattern 
will consist of a series of circles, each representing a dose-rate (or 
dose) contour, for a specified dose-rate (or dose) of residual radiation. 
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9.62 The ellipse, with it,s long axis in the dir&ion of the effec- 
t.ive wind, is a simplified dose-rate (or dose) contour for the fallout.. 
Here again, the complete fallout. contamination Jlattern can he rep- 
resent,ed by a series of such ellipses. At a pnrtirlilar time after the 
explosion, t,he do.se rate (or dose) is apt to be less, tJle greater the 
distance from ground zero, because the amount, of fallout per unit 
area is also likely to he less. In some cases (see Fig. 9.6Zb) the con- 
tours represent, the total dose received from fallout up to a certain 
t.ime. An additional factor then contributes to t,he decrease with 
increasing dist,ance from the explosion. The later times of arrival 
of the fallout. at, these greater dist,ances mean that the fission products 
have decayed to some extent while the particJes were still suspnded 
in the air. At the time the fallout, reaches the ground, tile activity 
of a certain mass at a considerable dist,ance from t,he point. of detona- 
tion will thus he less than that. of an equal masq which Jlas descended 
closer to ground zero. 

9.6:% Some indication of the manner in which the fallout pattern 
develops over a large area during a period of several hours following 
a nuclear surface burst. of high yield may be illustrated by the dia- 
grams in Figs. 9.6Ra and h. The effect,ive wind veJ0cit.y was taken as 
Ifi miles per hour. Fig. !t.fiRa shows a number of contours for certain 
(arhit,rary ) round-number values of the dose rate, as would actually 
be observed 011 the ground, at, 1, 6, and 18 hours, respectively, after 
the explosion. A series of tot,al (or accumulated) dose contours for 
the same times are given in Fig. 9.6Sb. It will be understood, of 
course, that the various dose rates and doses change gradually from 
one contour line to t.he next. Similarly, the last. contour line shown 

does not, reJ>resent, the limit, of the contamination, since the dose rate 
(and dose) will fall off steadily over a great,er distance. 

9.64 Consider. first, a location 32 miles downwind from ground 

zero. At 1 hour after the detonation, t,Jle okserved dose rate is seen 

to t)e abont 30 roentgens per hour; at 6 hours the dose rate, whicil 
lies between the contours for 1,OOO and 800 roent,gens per hour, has 
increased to about 800 roentgens per hour; but at 18 hours it is down 
to roughly 200 roentpens per Jlonr. The increase in dose rate from 
1 to 6 hours means t,hat at the specified location the fallout was not 
comJAete at 1 hour after the det.onat,ion. The decrease from 6 to 18 
hours is then due to the natural decay of the fission products. Turn- 
ing to Fig. 9.6Sb, it iS seen that, the total radiation dose received at 
the given location by 1 hour after the explosion is quite small, because 
the fallout has only just started to arrive. Hy 6 hours, the total 
dose has reached over a,000 roentgens (probably around 4,000) and 

RADIOACTIVE CONTAMINATION 

ZOO-- 

190 - 

130 - 

170 - 

160 - 

160- 

140 t 

60 

t 
40 

t 30 R/HR 

30 
100 

26 300 

1000 

10 

0 D 0 

10 

201 
20 10 0 10 20 

I HOUR 

413 

10 R/ml 

7 
30 

I’ 

la, 

~ 

300 

0 

L 1 ‘_ ’ J I 1 * a I 

20 10 0 10 20 20 10 0 10 20 

DlSTANCE FROM G. 2. &tILES~ 

6 HOURS 18 HOURS 

Figure 9.6311. Dose rate mntourn frou~ fallout at 1, 6, and 18 hours after a 
surface burst with fission yield in the megaton range (15 mph effective wind). 



414 RESIDUAL NUCLEAR RADIATION AND FALLOUT 

2007 

190 - 

180 - 

I70 - 

160 - 

150 - 

140 - 

100 - 

2 120 - 

!2 I IlO- 

h: 

ti ,M)- 

5 

E 90- 

w 

ii 

i 

80 - 

Q 70 - 

60 - 

50 - 

40 - 

30 - 100 N0~:N’I’GF;N.S 

20 - 
300 

10 - 1,om 

3.000 

O- 

1 HOUR 

100 ROKNTCENS 

n 300 

Figure !t.(Ob. Total (aw1IInIIIatCd) cWw crmttrurs from falhmt at 1, 6, and 18 

hours after a snrtac*e burst with flswlon yield in the megaton range (15 mph 
effective wind). 

RADIOACTIVE CONTAMINATION 415 

by 18 hours a total dose of some 5,000 roentgens will have been accumu- 
Med. Subsequently, the total dose will continue to increase, toward 
the infinity value, but at a slower rate (5 9.14). 

9.65 Next, consider a point 100 miles downwind from ground zero. 
At 1 hour after the explosion the dose rate, as indicated in Fig. 9.&Va, 
is very small, probably zero, since the fallout will not have reached the 
specified locat,ion. At 6 hours, the dose rate is 10 roentgens per hour 
and at 18 hours about 50 roentgens per hour. The fallout commences 
at somewhat less t.han 6 hours after the detonation and it is essentially 
complete at 18 hours, although this cannot be determined directly 
from the contours given. The total accumulated dose, from Fig. 9.63b, 
is seen to be zero at 1 hour after the explosion, about 30 roentgens at 
6 hours, and nearly 1,000 roentgens at 18 hours. The total (infinity) 
dose will not be as great as at locations closer to ground zero because 
the quantity of fission products reaching the ground decreases at in- 
creasing distances from the explosion. 

9.66 In general, therefore, at anjr given location, at a distance from 
a surface burst,, some t,ime will elapse until the fallout arrives. This 
time will depend on the distance from ground zero, the time taken for 
the particles to descend to earth, and the effective wind velocity. 
When the fallout first, arrives, the exposure dose rate is small, but it 
increases steadily as more and more fallout descends. In a few hours 
the fallout will be essentially (although not absolutely) complete, and 
then the radioactive decay of the fission products will be accompanied 
by a steady decrease in the dose rate. Until the fallout commences, the 
t.otal dose will, of course, be zero, but after its arrival the total (ac- 
cumulated) radiation dose will increase continuously, at first rapidly 
and then somewhat more slowly, over a long period of time, extending 
for many months and even years (see Table 9.90). 

Low YIELD EXPLOSIONR 

9.67 The basic fallout phenomena associated wit,h a surface burst 
of low .&&on yield are essentially the same as those for a high fission 
yield. Such differences as may exist are ones of degree rather than of 
kind. The proportionately larger quantity of fission products result- 
ing from a high-energy fission explosion will mean that a larger area 
will be contaminated to a serious extent than would be the case if the 
fission yield were low. However, in order to provide a more com- 
plete representation of t,he fallout pattern for a range of fission ener- 
gies, the results will be given here for a surface burst in the kiloton 
range and in a later section for one in the megaton range. 
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9.88 In the program of nrwlenr test explosions in Nevada, the con- 
t.:lmination in the vicinit.y of the burst has been given detailed study. 
The majority of these tests prodnced contamination patterns of the 
general form shown in Fig. 9.61. Hence, idealized contours of the 
same t,ype are useful to indicate average, representative values for 
planning purposes. The contour dimensions for various l-hour (ref- 
erence) dose rates from the fallout from a 20-kiloton surface explo- 
pion, assuming a Xi-mile per hour effective wind, are recorded in Table 
9.68. These reference values were calculated from the dose-rate meas- 
urements made after fallout was complete, as indicated in $9.9. 

TABLE 9.68 

APPROXIMATE RESIDUAL RADIATION l-HOUR (REFERENCE) DOSE- 
RATE CONTOURS ON GROUND FOR PO-KILOTON SURFACE BURST 

Dose rate 
Wr) 

Radius of Displacement. Downwind C;c;vvic;d 
GZ circle of center of distance 

(miles) GZ circle (miles) (miles) 
(miles) 

0. 08 
0. 14 
0. 22 
0. 28 
0. 36 
0. 42 

1. 0 

2. 3 
5. 3 

11. 5 
22 
50 

9.69 It is apparent that the dose rate close to ground zero, espe- 
cially in the crater region, is very high, so that the area would be unin- 
habitable because of the radiation hazard. However, t,his area would 

be uninhabitable, in any event; because of the complete destruction 
due to blast, and shock, and cratering of the ground. 

9.70 In addit,ion to the contamination in the vicinity of ground 
zero, which is equivalent to the ground zero circle representation in 
Fig. 9.61, regions of somewhat higher radioactivity than the surround- 
ings, called “hot spots, ” have been detected on the surface several miles 
from the explosion center, both at Alamogordo and at the Nevada 
Test Site. This fallout of fission products is probably due to a special 
combination of meteorological, atmospheric, and ground conditions 
leading to increased deposition in a particular region. 
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HIW FIWION-YIELD F:XFU)SIONR~ 

!I.71 The contour dimensions for a number of hypothetical (ref- 
erence) l-hour dose rates, relating to a l-megaton fission yield surface 
burst, are given in Table 9.71, based on an effective wind velocity of 
15 miles per hour. The data are obtained, as before, by using the 
fission product decay curve (Fig. 9.8), or an equivalent mathematical 
expression, to determine what the dose rate would have been at 1 hour 
after the explosion, if the fallout at each location had been complete 
at that time. The upwind extent of any particular dose rate contour 
given in the table is obtained by subtracting the ground zero (GZ) 
circle displacement from the ground zero circle radius. For example, 
the 10 roentgens per hour reference contour extends 11.0-1.65-9.35 
miles upwind. 

TABLE .9.71 

APPROXIMATE RESIDUAL RADIATION l-HOUR (REFERENCE) DOSE- 
RATE CONTOURS ON GROUND FOR l-MEGATON SURFACE BURST 

Dose rate 
(r/l=) 

Radius of 
G(;ZC&)l 

3,000_________________ 0. 43 
1,ooo_____-___________ . 1.4 
300_______-__________ 2. 8 
loo______________.___ 4. 7 

30___________________ 7. 5 
lo______-____________ 11. 0 

- 

II 
, 

_- 

- 

kplacemenl 
3f center of 

“(“,;:$l 

0. 60 
0. 80 
1. 02 
1. 24 
1. 46 
1. 65 

7-- 

_- 

- 

Downwind 
distance 
(miles) 

22 3. 1 
40 6. 8 
70 11. 8 

114 16. 7 
183 22. 8 

317 34. 1 

c;ig;a$zd 
(miles) 

-- 

9.72 A more complete (idealized) representation of the contour 
pattern of the l-hour (reference) dose rates, for the conditions stated 
above, is given in Fig. 9.72. Because of the lack of symmetry in the 

terrain and the effects of winds, the elliptical fallout contours for the 
residual radiation will not look exactly like those in Fig. 9.72. How- 

ever, for representation purposes the contours are idealized in ac- 
cordance with the form shown in Fig. 9.61. 

9.73 It is of the utmost importance &hat the significance of the 
contours in Fig. 9.72 should not be misunderstood. The fact that the 

l-hour (reference) dose rates extend t.o great distances from ground 
7aro must not be taken to imply that such dose rates exist at 1 hour 

(Text eonthued on page 420) 
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The figure shows the contours for various values of the l-hour refer- 
ence dose rate for the surface detonxtion of a weapon with a fission 
energy yield of 1 MT. The effective wind velocity is 15 miles per 
hour. 

Scaling. For fission yields other than 1 MT, usa may be made of 
the following approximate scaling law : 

where, 
R=RoX W1fs at d=dox W’j3 7 

R, is the l-hour (reference) dose rate for 1 MT at a distance do, 
and 

R is the l-hour (reference) dose rate for W MT at a distance d. 

Ez&&? 

Given: A weapon of 10 MT fission yield is exploded at the surface. 
Find: The value of the dose rate from fallout at a location 215 

miles downwind from ground zero at the time of arrival of the falI- 
out ;Rt that point, assuming an effective wind of 15 miles per hour. 

S&z&on: Since W is 10, the value of W1j3 is 101’3=2.151 The dis- 

tnqe d is 215 miles, so that d,=d/W1’S=215/2.15=100 miles. From 

Fig. 9.72, it, is seen that for a 1 MT surface burst, the value of R, at a 
distance of 100 miles downwind from ground zero, is roughly 150 
roentgens per hour. Hence the l-hour reference dose rate at 215 miles 
downwind from the 10 MT explosion is given by 

150 X 2.15= 822 roent,gens per hour. 

The time of arrival of t,he fallout, at this point is approximately 
215/15=14.3 hours after the burst. From Fig. 9.8, the decay factor 
for 14.3 hours is 0.04. The required dose rate at a point 215 miles 
downwind from ground zero of a 10 MT surface burst at the time of 
arrival of the fallout is therefore 

0.04 X 822= 12.9 roentgens per hour. Answer 

Jo 

i\ 

Figure 9.72. Idealized l-hour reference dose rate contours for fallout after a 
l-megaton surface burst (15 mph effective wind). 
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(Text rontinurd from ,,nm’ 417) 

after t.he explosion. In actual fact,, of course, very little of the area 
shown will have received any fallout at this time. In most regions, 
as explained in sj 9.64, rl RC(I., several hours will elxpse before the fali- 
out arrives. The hypothet.ical l-hour (reference) dose rate is, never- 
theless, very useful for calculations, as shown in the example facing 
Fig. 9.72. 

SCALINCI 

9.74 The residual radiation contours near ground zero for a sur- 
face explosion of any specified energy yield can be derived from Tables 
9.68 and 9.71 or Fig. 9.72 by the use of approximate scaling laws. For 
simplicity, it will he assumed that, the effective wind is the same in all 
instances. If the l-hour (reference) dose rat,e is R roentgens per IWUI 
at, a distance d from ground zero for a surface explosion of W mega- 
tons fission yield, then according to the approximate scaling law, 

R=R,X W’/” at a distance d=d,X W113, 

where R, is the l-hour (reference) dose rate at a distance do from 
ground zero in a surface explosion of 1 megaton fission yield. Instead 
of d (and d,) representing a distance from ground zero, the same 
scaling rule will apply to any of the contour dimensions, e. g., radius 
and displacement of ground zero circles, hnd downwind and crosswind 
distances. 

9.75 In other words, the contours for a fission yield of W megatons 
ca.n be obtained by multiplying the data in Table 9.71, inclnding 
distances and dose rates, by the factor W1j3. This simple cube root 
scaling law has been formd to give reasonably good results for fission 
energy yields between about 0.1 megaton (100 kilotons) and 10 mega- 
tons. For yields less t,han 100 kilotons it may,be preferable to scale, 
in a similar manner from data given in Table 9.68 for a 2O-kiloton 
surface burst.. In this case, the contours for a fission yield of W 
kilotons can be ohtained by multiplying the data in Table 9.68, includ- 
ing the dose rates, by the factor (W/20)‘/“. In general, if the atomic 
cloud does not reach the tropopause or is not significantly flattened 
by it,, scaling should be done from the 20-kiloton surface burst data in 
Table 9.63 ;’ however, if t,he cloud does reach the tropopause, scaling 
from the l-megaton values in Table 9.71 (or Fig. 9.72) will give better 
results. 

9.76 The scaling procedures described above will apply (approxi- 
mately) provided the effective wind velocity is always 15 miles per 
hour. If the actual effective wind ve1ocit.y is different from this 
value, an approximate correct,ion can be made in the following manner, 
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especially at. fairly great distances from ground zero. suppose 
that with the 15mile per hour effective wind, the contour for a 
certaiu refereure dose rate extends 120 miles downwind. Then, 
for an effective wind of LLO miles per hour, the corresponding dis- 
tance for t.he same value of the reference dose rate will be roughly 
(20/15) X 120= 160 miles. 

9.77 The results described above (8 9.71, et q.) are based on the 
supposition t,hat, the fission yield and the total energy yield are equal, 
such as would be the case if all t.he energy of the explosion were 
derived from fission. In some high-yield weapons, however, part 
of the energy is produced by thermonuclear (fusion) reactions which 
do not contribute to t,he radioactivity of the fallout (88 1.13, 1.53). 
Allowance for t.his fact can be made in the following manner. Sup- 
pose the total energy yield of the explosion is W megatons, and let f 
represent the fraction of this energy due to fissiort. The calculations 
are first made, as described in the preceding paragraphs, for a @&on 
yield of W megatons; the reference dose rate, for any specified dis- 
tance, is then mult,iplied by f to give the required reference dose rate 
at that distance. 

FACTORR INFLUENCINQ FALLOUTCONTOURPA~RN 

9.78 The contamination contour pattern near ground zero can be 
predicted with moderate reliability, but it is almost impossible to fore- 
cast an accurate pattern of the fallout of the small radioactive parti- 
cles present in the atomic cloud. In addition to such obvious variables 
as the fission energy yield and the height of burst, the meteorological 
conditions and the complex wind pattern at altitudes from perhaps 
80,000 or 100,000 feet down to ground level will have important effects. 
It will be shown later (0 9.133) that it is possible to estimate, to some 
extent, the influence of the wind on the general direction in which the 
fallout will travel, and the contours in Fig. 9.72 include an idealized 
estimate of this influence. However, there is always a possibility of a 
sudden and unexpected change in the prevailing winds at higher 
altitudes, such as have occurred occasionally in nuclear weapons tests. 

9.79 One factor a.bout which there is considerable uncertainty, 
but which plays an important part in the distribution of fallout con- 
t.amination, is the size of the particles in the atomic cloud. Many of 
the particles ‘are a few thousandths part of an inch (or less). in diam- 
eter and these may take a day or more to fall to earth. During this 
time they will have traveled some hundreds of miles from the point of 
burst. The radioactive fallout can thus produce serious contamination 

121178 0 -57 -LB 
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of the ground at SW,+ distances from the nucle:ir explosion that all 
other effects-thst, shock, tl~ermtd radiation, and initial nuclear radia- 
tion-are undetectable. 

9.80 It is true that, t.he longer the cloud particles remain suspended 
in t,he air, the less will be their activit,y when they reach t.he ground. 
I3ut the total quant,it.y of contaminated material produced by the sur- 
face burst of a high-fission-yield (megaton range) weapon is so large, 
that the activity may still be great, even after it has decreased due 
to the lapse of time. It is for this reason, as well as because of the 
vast areas affected, that the residual nuclear (fallout,) radiation from 
such an explosion must now be regarded as one of the major effects 
of nuclear weapons. 

9.81 If other conditions, such as fission yield, height of burst, and 
wind pattern, were the same, an atomic cloud consisting mainly of 
fairly large particles would lead to a relatively small area of high 
cont.amination. On the other hand, if most of the particles are very 
small, the contaminated area would be much greater, although the 
radiation intensities, especially farther from ground zero, would not 
be so large. They might-, nevertheless, be large enough to represent a 
hazard. 

9.82 It is evident, therefore, that the fallout contour pattern will 
be greatly dependent upon the size distribution of the particles in 
the at,omic cloud. And this, in turn, will depend, in a manner that 
is not yet understood, on the nature of the terrain. There is little 
doubt that a surface burst in a city will result in a particle size distribu- 
tion, and consequently a fallout, quite different from that which would 
follow an exactly equivalent explosion in the open country. In any 
case, the nature of t.he underlying ground, both in a city and in the 
comltry, would probably influence the particle size characteristics of 
the atomic cloud. 

9.88 Ideally, t,he fallout contours will be elliptical (or cigar- 
shaped), as shown in Fig. 9.72, extending downwind from the point 
of burst, wit,11 the long axis in the direction of the average wind. If 
there is a change in the wind pattern as the particles travel away from 
ground zero, t,he contours may be bent to the shape of a banana or like 
that of a boomerang. However, even in the ideal case of elliptical 
contours, the dose rates at various distances will depend upon the 
effects of all the factors mentioned above and may vary according to 
the existing conditions. 

9.84 It was mentioned earlier (8 9.70) that a combination of cir- 
cumstances, e. g., atmospheric conditions and terrain, can often lead 
to somewhat higher deposition of fallout at certain localities (hot 
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spots). Thus, the radiation intensity within a region of heavy fallout 
may be expected to vary from point to point, so that the contours in 
Fig. 9.72, which imply a steady decrease in the dose rate as the dis- 
tance from the explosion center becomes greater, are idealized. They 
represent a general average behavior from which variations may occur 
due to such factors as air current,s, rain, snow, and other meteorologi- 
cal conditions. By dispersing the fallout, strong winds near the sur- 
face would decrease the amount of contamination in certain areas, but 
the effect might well be to transfer the radioactive particles to a 
previously uncont,aminated (or slightly contaminated) region. The 
possible effect of a rainfall situation in the case of an air burst was 
discussed in 8 9.50. Somewhat similar circumstances could affect the 
distribution of the contamination after a surface burst. 

9.85 Another aspect of fallout which is not shown in Fig. 9.72 is the 
harmful action of beta-particle emitters in contact with the skin. The 
doses to which the contours refer are essentially due to gamma radi- 
ation from the fission products and other bomb residues. If the fallout 
dust is allowed to remain on the skin for any appreciable time, the 
beta particles can cause serious burns, in additioh to the other conse- 
quences of radiation exposure (see Chapter XI). 

C~ONTAMINATION FROM THE HIGH-YIELD EXPLOSION OF MARCZF 1,1954 

9.86 The foregoing remarks may be supplemented by a description 
of the observations on bhe fallout contamination of the Marshall 
Islands made in connection with the high-yield test explosion at Bikini 
Atoll on March 1,1954.“ The device was detonated on a coral island 
and the resulting fallout, consisting of radioactive particles ranging 
from about one-thousandth to one-fiftieth of an inch in diameter, 
seriously contaminated an elongated, cigar-shaped area extending ap- 
proximately 220 (statute) miles downwind and varying in width up 
to 40 miles. In addition, there was a severely contaminated region up- 
wind extending some 20 miles from the point of detonation. A total 
area of over ?‘,OOO square miles was contaminated to such an extent 
t,hat survival might have depended upon evacuation of the area or 
taking protective measures. 

9.8? From radiation dose measurements made at a number of 
stations, and from calculations based on known physical data and 
previous experience, reasonably good estimates could be made of 
several fallout contours. These are shown in somewhat idealized 

l “The Effects of Rlgh-Yield Nuclear Exploslone.” A report by the U. 8. Atomic PJnergr 
Commiwlon. Government Prlntlng Otllee, February, 1956. 
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form in Fig. 9.87, for the total gamma radiation exposure (or accumu- 
lated dose) in roentgens that. would be received in a period of 36 hours 
following the explosion. It should ‘be noted that t,he doses, to which 
the contours in Fig. 9.87 refer, are values calculated from iustrument 
records. They represent t.he maximum possible exposure and would 
be received only by those individuals who remained in the open, with 
no protection against. the radiation, for the whole time. Any kind 
of shelter, e. g., within a building, or evacuation of the area would 
have reduced the dose received. On the other hand, persons remain- 
ing in the area for a longer period than 36 hours after the explosion 
would have received larger doses of the residual radiation. 

9.88 A radiation dose of 700 roentgens spread over a period of 36 
hours would probably prove fatal in nearly all cases. It.would ap- 
pear, therefore, that following the test explosion of March 1, 1954, 
there was sufficient radioactivity from the fallout in a downwind belt 
about 140 miles long and up to 20 miles wide to have seriously threat- 
ened the lives of nearly all persons who remained in the area for at least 

. 36 hours following the dctonat,ion without taking protective measures 
of any kind. At distances of 220 miles or more downwind, the number 
of deaths due to radiation would have been negligible, although there 
would probably have been many cases of sickness resulting in tem- 
porary incapacity. 

9.89 The period of 36 hours after the explosion, for which Fig. 
9.87 gives the accumulated radiation exposure.s, was chosen somewhat 
arbitrarily as a time when essentially all the fallout remaining in t.he 
general vicinity w,ill have descended to earth. It should be under- 
stood, however, as has been frequently stalted earlier in this chapter, 
that the sadiations from fission products will continue to be emit&d 
for a long time, although at a. steadily decreasing rate. The persist- 
ence of the external gamma radiation may be illustrated in connec- 
tion wit,h the March 1, 1954, test by considering the situation at two 
different locat.ions in Rongelap Atoll in the Marshall Islands. Fall- 
out bega about 4 to 6 hours after the explosion and continued for 
several hours. 

9.90 The northwestern tip of the atoll, 100 miles from the point 
of d,etonation, received 2,300 roentgens during the first 36 hours after 
the fallout start,ed. This was the heaviest falloub recorded at the same 
distance from the explosion. About 25 miles south, and 115 miles from 
ground zero, the indicated dose over the same period was only 1.50 
roentgens. The inhabitants of Rongelap Atoll were in this area, and 
were exposed to radiation dosages up to 175 roentgens before they were 
evacuated some 44 hours after the fallout began (see 5 11.47). The 
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maximum theoret.ical exposures in these two areas of the atoll for 
various time intervals :lfter the explosion, cnhlntetl nccordinp to the 
generally ncceptecl decay rule ($5 9.7, 9.112), nre recorded in Table 
9.90. 

TARLE 9.90 

CALCULATED RADIATION DOSES AT TWO LOCATIONS IN RON,GE- 
LAP ATOLL FROM FALLOUT FOLLOWING THE MARCH 1, 1954 
TEST AT BIKINI 

shall Islnnds was the result of a combination of circumstances involv- 
ing the energy yield of the explosion, the height of burst, the nnture of 
the surface below the point of burst, the wind system over a large 
area and to a great height, and other meteorological conditions. A 
change in any one of these factors could have affected considernbly 
the details of the fallout pnttern. 

Exposure period after the explosion 

Accumulated dose in this 
period (roentgens) 

Inhabited Uninhabited 
location location 

9.93 In other words, it should be understood that the fallout situa- 
tion described above is one that can happen, but is not necessarily 
one t.1ln.t will happen, following the surface burst of & high-fission- 
yield weapon. The general direction in Rhich the fnllout will move 
can be estimated fairly well if the wind pattern is known. However, 
the fission yield of the explosion or t,he height. of burst, in the event 
of a nuclear attack, are unpredictable. Consequently, it is impossible 
to determine in advance how far the seriously contaminated area 
will extend, although the time at which the fallout will commence 
at any point could -be cnlculated if the effective wind velocity and 
direction were known. 

First 36 hours__________-_-___----__--_________ 
36hor~rstolweek______.___ __.._ ____.__ ..__._. 
1 week to 1 month______.___.___________.___.__ 
1 month to 1 ye5r__________..__-__-___-_______ 

Total to 1 year_______--.-__.._____-____. 
1 yenr toinfinity_____-_._._.._____-__________. 

140 2, 150 
101 1,310 
73 950 
83 1,080 

--..-..- - 
397 5,490 

Abont 129 About 1,680 

9.91 It must be emphasized thnt the cnlculated values given in 
Table 9.90 represent, the mnximum doses at the given locations, since 
they are based on the nssumption that exposed persons remain out-of- 
doors for 24 hours each day and t.hat, no mensures nre taken to remove 
radioactive contnminntion (see 8 12.81, et seq.). Further, no alloy- 
nnce is made for weathering, i. e., washing of fnllout particles intc- 
the soil by rninfall, or the possible dispersnl of the particles by winds. 
For exnmple, the dose rates measured on parts of t,he Marshall Islands 
on the 25th day following the explosion were found to be about. 40 
percent less‘thnn the computed values. Rains were known to have 
occurred, after the second week, and these were probably responsible 
for the mnjor decrease in the contnm,itn~tion. 

9.92 In concluding the present discussion of fallout contaminn- 
tion, it may be noted that the 36-hour dose contours shown in Fig. 
9.87, representing the fallout pattern in t,he vicinity of Bikini At,oll 
after the high-yield explosion of March 1, 1954, as well as the l-hour 
(reference) dose-rate contours in Fig. 9.72, can be regarded as tnore 
or less typical, so that they may be used for planning purposes. 
Nevertheless, it should be realized that they cannot be taken as an 
absolute guide. The particular situation which developed in the Mar- 

9.94 In spite of the uncertainties concerning the exact fallout. 
pattern, there are highly important, conclusions to be drawn from 
the results described above. One is that the residual nuclear rndiation 
can, under some conditions, represent a serious hnzard at great, dis- 
tances from a nuclear explosion, well beyond the range of blast, shock, 
t,hermal radiation, nnd the initial nuclear radiation. Another is that, 
plans can be made to minimize the hnznrd, but such plans must be 
flexible, so that they can be adapted to the particular situation which 
develops after the attack. 

RADIOJAXICAL WARFARE 

9.95 For some time, consideration has been given to the possibility 
of using radioactive material deliberately ns an offensive weapon in 
what is called “radiological warfare.” The basic idea is that radio- 
active contatninntion o$ areas, factories, or equipment would make 
t.heir use either impossible or very hazardous without any accompnny- 
ing material destruction. To be effective, a radiological warfare agent 
should etnit gamma radiations and it should have a half life of a few 
weeks or months. Radioisotopes of long half life give off their radia- 
tions too slowly to be effective unless large quantities are used, and 
those of short half life decay too rapidly to provide an extended 
hazard. 

9.96 Even if a radioisotope with suitable properties and which 
could be readily manufact,ured were selected as a radiological war- 
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fare agent. the problems of production, handling, and de1iver.v of 1-he 

weapon emitting int,ense gamma radiation would not. lw wsilp solved. 
111 addition, stockpiling t,he radioactive material wollld presellt, R 

difficulty. Other weapons can he preprud in advance, ready for an 
emergency. They can be kept for a long time without, suffering de- 

terioration. This is not true for radiological warfare agents, fol 
natural decay would result in a continuous loss of act,ive mat,erial. 
The production of a specific radioisotope is a slow process, at, best, 
and ~0 the continual and unavoidable loss would be a serious 
drawback. 

9.97 The situation has undergone a change with the development 
of bombs having high fission energy yields. The explosion of such 
bombs at low altitudes can cause radionct,ive contamination over large 
areas that are beyond the range of physical damage. Consequently, 

they are, in effect, weapons of radiological warfare. Instead of 

preparing and stockpiling the conta.minating agent in advance? with 
its attendant difficulties, the rndi+ctive substances are produced by 
fission at the time of t,he explosion. Radiological warfare has t,hus 

become an automatic extension of the oflensive use of nuclear weapons 
of high yield. 

CONTAMINATION OF AI~EAS 

9.98 It was suggested in $9.95 that, radioactive cont.aminatjon 
could deny t,he use of c~onsiderable areas for an appreciable period 
of time. *There are t.wo aspect,s of this situation which merit con- 
sideration. First, the direct effect, of t.he radiat,ion exposure on human 
beings who might. have t,o live or work in a contaminat,ed region, 

and second, the indirect effect due to the consurnpt,ion of food grown 
(and animals raised) in such an area. The met.hods for calculating 

exposure doses from fission products, assuming no prot,ection, have 

been given in tdlis chapt,er (see also Figs. 12.107 and 12.108). *The 
time that may be speut, at, a given location can thus be determmed, 
provided some limit, has been set, concerning the t.ot,al exposure dose. 
The value of such an emergency dose cannot be prescribed in advance, 
since it will depend entirely on the conditions existing in the 

particular circumstances. 
9.99 In contaminated agricult.ural areas, t,he hazard to workers 

could be reduced by t,urning over the earth, SO as to bury the fallout 
particles. Rut there still remains the matter of t’he absorption of 
fission products from the soil by plants and their ultimate entry into 
the human system in food. It is known that some elements are taken 
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up more easily than others, but t.he actual behavior depends on the 
nature of the soil and ot,her factors. This highly complex problem is 
being studied to determine the extent of the hazard which would 
result from bhe absorption of fission products by plants in various 
circumstances and how it might be minimized. 

CONTAMINATION IN SURSURFACE RURWIY 

9.100 The extent of the contamination due to residual nuclear 
radiation following a subsurface explosion will depend primarily on 
the depth of the burst. If the explosion occurs at a sufficient depth 
below the surface, essentially none of the bomb residues and neutron- 
induced radioactive materials will escape into the atmosphere. There 
will then be no appreciable fallout. On the other hand, if the burst 
is near the surface, so that t,he ball of fire actually breaks through, 
the consequences, as regards fallout,, will not be very greatly different 
from those following a surface burst. 

9.101 There will, in fact, be a gradual transition in behavior from 
a high air burst, at one extreme,-,where all t-he radioactive bomb resi- 
dues are dissipated in the atmosphere, to a deep subsurface burst, at 
the other ext,reme, where the radioactive materials remain below the 
surf ace. In neither case will there be any significant local fallout. 
Between these two extremes are surface bursts or low air bursts which 
will be accompanied by extensive contamination due to fallout. These 
merge into shallow subsurface bursts, for which the behavior is similar. 
With increasing depth of explosion, more of the radioactive bomb 
residues remain in the vicinity of the burst point, i. e., in and around 
the crater, and proportionately less goes into the upper atmosphere 
t.0 descend at a distance as fallout. 

9.102 Since a shallow burst, in which the fireball emerges from 
the ground, is- essentially similar to a low surface burst, in which a 
large part of the fireball touches the earth, this type of nuclear 
explosion need not be discussed further. The case of interest, how- 
ever, is that of a subsurface burst at such a depth that the ball of fire 
does not emerge, yet a considerable amount of dirt (or water) is 
thrown up as a column into the air (5 2.67). 

9.103 It may be noted that some contribution to the residual 
nuclear radiations following a subsurface detonation is made by the 
radioisotopes, e. g., sodium-24 (5 9.21), formed by neutron capture. 
However, as with a surface burst, this is so small in comparison with 
the radiations from the fission products that it may be ignored. 
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9.104 In the case of an underground explosion at, a moderat.e depth 
t,here will he ronsiderahle crater formation. Much of the radioactive 
material will remain in the rrat.er area, partly because it. does not. 
escape and partly because the larger pieces of contaminated rock, 
soil, and debris t.hrown up into the air will descend in the vicinity of 
the explosion. The finer particles produced direct,ly or in the form 

of R base surge ((s 2.71) will remain suspended in the air and will 
descend as a fallout at some distance from ground zero. 

9.105 The fallout contour pat,tern will be dependent upon the 
fission energy yield, the depth of burst, the nature of the soil, and 
also upon wind and weather conditions. Other circumstances being 
more or less equal, the contamination in the crater area following a 
subsurface burst will be about the same as for a surface explosion of 
equal fission yield. However, the tot,al contaminated area will be 
greater for the (shallow) subsurface burst because a larger amount 
of fission products is present in the fallout. 

9.106 The fallout following a shallow underwater burst, of the type 
used in the Bikini BAKER test in July 1946 (52.49), will be very 
much like that of an underground explosion, as just described. In 
this particular test, the cloud did not. ascend as high as in an air burst 
of the same energy yield. As a result, the fallout, which was in effect 
a radioact.ive rain, commenced to descend very soon after the explo- 
sion. In fact, the first fallout (or rain-out) reachecl the surface of 
the lagoon witbin about a minute of the detonation. A large propor- 
tion of the fission product (and other) activity was thus precipitated 
in a short time within a radius of a few thousand yards of the approxi- 
mately %)-kiloton burst. 

9.107 In the Hikini BAKER test. the base surge, consisting-of a 
contamin:ttecl cloud or mist of small water droplets, formed 10 to 12 

seconds after the explosion and moved rapidly outward (5 2.57). This 
undoubt~edly contributed to the radioactivity deposited on the ships in 
the lagoon, but the base serge is now thought to-be less significant RS 
a source of cont.amiuation than the water (rain-out) which descended 
from the cloud system. 

9.108 An important difference between an underwater burst and 
one occurring under the gromld, is that the radioactivity remaining 
in the water is gradually dispersed, whereas that in ground is not. 
As a result of diffusion of the various bomb residues, mixing with 
large volumes of water outside the contaminated area, and natural 
decay, the radiation intensity of the water in which a nuclear explo- 
sion has occurred will decrease fairly rapidly. Some indication of 
the rate of decrease and of the spread of the active material is pro- 
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vided by the data in Table 9.108, obtained after the Bikini BAKER 
t,est. Thus, within 2 or 3 days the radioactivit,y had spread over an 
area of about, 50 square miles, but t,he maximum radiation dose rate 
was then so low that the area could be traversed without danger. 

TABLE 9.108 

DIMENSIONS AND DOSE RATE OF CONTAMINATED WATER AFTER 
THE 20-KILOTON UNDERWATER EXPLOSION AT BIKINI 

Time after explosion 
(hours) 

Contami- 
nated area 

($Ig; 

Maximum 
dose rate 

(roentgens 
per hour) 

4____________..____________________ 16. 6 4. 6 3. 1 
38________________________________ 13.4 4. 8 0. 42 

62________________________________ 48. 6 7. 9 0. 21 

86__________________________..____ 61. 8 a. 9 0.042 

lOO_____________________ _________. 70. 6 9. 5 0.025 

130______________________________. 107 11. 7 0. 008 

260_______________________________ 160 14. 3 0. 0004 

9.109 In addition to t,he factors mentioned above, the settling of 
fission products to the bottom of the lagoon cont.ributed to the de- 
crease in activity after the BAKER test. From an examination of 
bottom material made a few days after the explosion, it appeared 
that a considerable proportion of the bomb residues must have been 
removed from the water in this manner. The results indicated that 
the major deposition had taken place within a week of the underwater 
explosion, and that the area covered was then about 60 square miles. 
Although the total amount of radioactivity on the bottom of the 
lagoon was very high, it was so widely distributed that it did not 
represent a hazard to marine life. Observations made several months 
later indicated that there was little or no tendency for the contami- 
nat,ed material to spread. But this may be attributed, in part at least, 
to the landlocked nature of Bikini Lagoon. 

TECHNICAL ASPECTS OF RESIDUAL NUCLEAR RADIATION ‘I 

DECAY OF FISSION PRODUCTS . 

9.110 The mixture of radioisotopes constituting the fission IGod- 
ucts is so complex that a mathematical representation of the rata of 

7 The remalnlng se&lone of this chapter may be omitted without loss of Eontlnulty. 
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rlecwy in terms of the individual half lives is Impractical. However, 
it has been found experimentally tllaLt for t,be period from several 
minlrtes to 2 or 3 years after detonation the ~~ar-alH rate of radioactive 
disintegration (or rate of emission of radiations) by the fission prod- 
ucts can be represented, to a fair degree of accuracy, by the relatively 
simple expression 

Rate of disintegration = A$‘.‘, (9.110.1) 

where t is the time after formation of the fission products, i. e., the 
time after the explosion, and A, is a consta.nt factor, defined as the 
rate of disintegration at unit time, that is dependent upon the quantity 
of fission products. This equation can also be used, with appropriate 
values for A,, to give the rate of emission either of gamma rays or of 
beta particles. A beta particle is liberated in each act of disintegra- 
tion, but gamma ray photons are produced in about one-half only of 
the .fission product disintegrations, the fraction varying with the time 
after the explosion. 

9.111 In considering the radiation dose (or dose rate) due to fission 
products, e. g., in fallout, the gamma rays, because of their long range 
and penetrating power, are of greater significance than the beta parti- 
cles, provided the radioactive material is not actually on the skin OP 

within the body. Consequently, the beta radiation can he neglected 
in estimating the variation with time of the dose rat,e from the residual 
nuclear radiation. If the fraction of fission product disintegrations 
~accompanied by gamma ray emission and the energy of the gamma 
ray photons remained essentially constant with time, the dose rate, 
e. g., in roentgens per hour, would be directly related to the rate of 
emission of gamma rays. As mentioned in 5 9.34, this is not the case. 
The ganuna rays in the early stages of fission product decay have, on 
the average, higher energies than in the later &ages. However, for the 
periods of practical interest, commencing a few hours after the ex- 
plosion, the mean energy of the gamma ray photons may be taken as 
essentially constant, at about 0.7 Mev. 

9.112 Although the fraction of gamma emitters varies with time, 
a fair approximation based on equation (9.110.1) is that, at any time t 
after the explosion, 

Gamma radiation dose rate=R1t-1.2, (9.112.1) 

where R, is a constant. Physically, R, is equivalent to the (reference) 
dose rate at unit time. As a general rule, the time t is expressed in 
hours, and then R, is the reference dose rate at 1 hour after the ex- 
plosion. If Rr represents t,he dose rate from a certain quantity of 
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fission products at t liours after the explosion, then, from equation 
(9.112.1), 

g = t-1.2, 

I 

(9.112.2) 

or, upon taking logarithims, 

log s = -1.2 log t. (9.112.3) 
1 

9.113 It follows from equation (9.112.3) that a log-log plot of 
RJR, against t should give a straight line with a slope of -1.2. 
When t=l, i. e., at 1 hour after the explosion, Rt =RI, SO tha.t 
RJR,=1 ; this is the basic reference point through which the line 
of slope - 1.2 is drawn in Fig. 9.8. 

9.114 If the time, t, is in hours, the radiation exposure dose rates Rt 
and RI are expressed in roentgens per hour. Then, the total dose in 
roentgens received from a given quantity of fission products during 
any specified period after the explosion can be readily obtained by 
direct integration of equation (9.112.2). For example, for the inter- 
val from t, to tb hours after the detonation, 

Lb 
Total dose = RI S t-‘+lJ! 

1. 

=g-+-j&j 
Hence, if the reference dose rate, R, roentgens per hour, at 1 hour 
after the explosion, is known t,he total dose (in roentgens) for any 
required period can be calculated. 

9.115 The curve in Fig. 9.12 is derived from equation (9.114.1) 
with t. being taken as 0.0167 hour, i. e., 1 minute, which is the time 
when the residual nuclear radiation is postulated as beginning. Hence, 
Fig. 9.12 gives the total radiation dose received up to any specified 
time after the detonation, assuming exposure during the whole period. 

(9.114.1) 

9.116 Another application of equation (9.114.1) is to determine 
the time which an individual can stay in a location contaminated by 
fission products without receiving more than a specified dose of 
radiation. In this case, the total dose is specified ; to is the known 
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time of entry into the contaminated area and fb is the required time 
at (or before) which the exposed individual must leave. In order to 
solve this problem wit,11 the aid of equation (9.114.1), it is necessary 
to know the reference dose rata, II’,. This can be obtained. from 
equation (9.112.2) if the dose rate, Et, is measured at any time, t, 
after the explosion, e. g., at the time of entry. The results can be 
expressed graphically as in Figs. 12.107 and 12.108. 

9.117 In principle, equation (9.114.1) could be used to estimate 
the total dose received from fallout in a contaminated area, provided 
the whole of the fallout arrives in a very short time. Actually, the 
contaminated part.icles ma.y descend for several hours, and without 
knowing the rate at which the fission products reach the ground, it 
is not possible to make a useful calculation. When the fallout has 
ceased, however, equat,ions (9.112.2) and (9.114.1) may be employed 
to make various estimates of radiation doses, provided one measure- 
ment of the dose rate is available. 

Frsslo~ PRODWX ACTIVITIER IN CURRIES 

9.118 The rate at, which a radioactive material disintegrates (or 
decays), nnd hence the rate at which it, emits beta particles or gamma 
rays, is generally stated in terms of a unit called the “curie.” It is 
defined as the quantity of radioactive material undergoing 3.7X10”’ 
disintegrtitions per second. T!lis particular rate was chosen because 
it is (approximately) the rate of disintepation of 1 gram of radium. 
Since the activities of fission products from a nuclear explosion are 
very high, it is more convenicut to use the “megacurie” ymit. This is 
equal to 1 milliotl curies and corresponds to disintegrations at a rate 
of 3.7X 10’” per second. 

9.119 As stated nbovc, the gamma rays are, in general, more sig- 
nificant, bioIopic:llIy thau the bet.a part.icles from fission products. 
Consequently, the fission product activity as expressed in (gamma) 
curies is a measure of the rate of emission of gamma ray photons, 
rat.her than of the ra.te of disintegration. ITsing equat.ion (9.110.1) 
as the bnsis, the total gamma activities of all the fission produc.ts from 
a l-mepRton explosion have been calculat,ed for various times after the 
cletonat,ion. The results a.re given in Table 9.119. 

RADIATION 110s~ RAY-WY OVER CONTAMINATED SLIRFACE~ 

9.120 If an area is uniformly contaminated with any radioactive 
material of known activity (in curies), it, is possible to calculatR the 
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TABI.~ 9.119 

TOTAL CAMMA RADIATION ACTIVITY OF FISSION PRODUCTS 

FROM A l-MEGATON EXPLOSION 

Time nftrr ActivW 
czgloaion ( mogactbrlea ) 

/ lhour____-__________-_____-_______-- 300,000 

lday___________-__-_-____--__‘-_-__-_ 6,600 

l week_________-_-___--__._--______-_ 640 
1 month__-________-_-____.-__________ 110 
1 year_____________-_-_-_____________ 6.6 

gamma-radiation dose rate at various heights above the surface, pro- 
vided the average energy of the gamma-ray photons is known. The 
results of such calculations, assuming a contamination density of 1 
(gamma) megacurie per square mile, for gamma rays having energies 
of 0.7 Mev, 1.5 Mev, and 3.0 Mev, respectively, are represented in 
Fig: 9.120. The curve for 0.7 Mev is approximately applicable to a 

4 surface contaminated wit,h fission products. If the actual contamina- 
tion densit,y differs from 1 mepacurie per square mile, the ordinates 

I 

! 

in the figure would be multiplied in proportion. 
9.121 It may be not.ed that in the calculations upon which the 

/ 
c.urves in Fig. 9.120 are based, the scattering of gamma radiatiqn 

I 
back t,o the ground by interaction with the oxygen tind nitrogen m 
t.he air wasneglected. This would tend to make the observed dose 

On the other hand, it was assumed 

; 

rates larger than t.hose given. 
that the surface over which the contamination is distributed is per- 
fectly flat. For moderately rough terrain, the dose rate at a sp.eci.fied 

i 
height is less than for a flat, surface. In practice the two devlatlons 
largely compensat,e one another, . $0 that Fig. 9.120 gives a relatively 
good value for the dose rate in air above an uneven surface. 

9.122 The dose rate at greater heights above the ground, such as 
mi*ht be observed in an aircraft, can be estimated with the aid of 
Fii. 9.122. The curve gives the attenuation factor for fission product 
radiation as a function of altitude. It applies in particular to a um- 
formly contaminated area that is large compared to the altitude of 
the aircraft. If the dose rate near the ground is known, then the 
value at any specified altitude can be obtained upon dividing by the 
attenuation factor for t,hat altitude. On the other hand, if the dpse 

i 

rate is measured at a known altitude, multiplication by the attenuatton 
factor gives the dose rate near the ground. 

9.123 A possible use of the curve in Fig. 9.122 is to determine the 

\ dose rate and contamination density of the ground from data obtained _ 
5 
i by means of an aerial survey (see zj 12.77). For example, suppose 8 

t 

radiation measuring instrument suspended from an aircraft at a 
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16 

6 

II 24 

\ 

- 

I 

30 

Figure 9.120. Wme rate of gamma radiation near gronnd with uniform con- 
tamination density of 1 megacarie per square mile. 

height of 1,000 feet &owed a.radintion dose rate of 0.24 roentgen per 
hour. The attenuation factor for this altitude is 30 and so the dose 
rate on the ground is Rpproximately 0.24 X 30 = 7.2 roent,gens per hour. 
It is seen from Fig. 0.120 that for a, contamination density of 1 mega- 
curie per quare mile the dose rate near the ground is about 4 roentgens 
per hour. Hence, in the present case, the contamination density is 
approxitiately 7.2/4= 1.8 megacuries per square mile. 
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Figure 9.122. Altitude atknuation factor for fission product radiation from 

the ground. 
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9.124 The close mk from pmma raclint.ions of variorls energies 

above the surface of \\-inter uniformly c*ontanlina.ted with a densit,y 
of 1 (gamma) curie per cubic YiltYl (1 megacurie per million cubic 
yards) are shown jn Fig. B.l’Lpa. The curve for O.7-Mev energy may 
be regarded as applicable to contamination by fission products. The 
dose rates at various altitudes can be estimated by t.he use of the at- 
tenuation factors in Fig. 9.122. Within the water itself, in which the 
contamination is assumed to be uniformly distributed, the dose rates 
are given by Fig. 9.124h, as a function of gamma-ray energy. From 
the measurement, of dose rate made in a,n aircraft at a known altit.ude, 
it is possible to calculate the contamination densit,y of the water, using 
Figs. 9.122 and 9.124n. Then, from Fig. 9.124b, the dose rate ,in the 
water can be evaluated. 

RATE OF FALL OF PARTICLES 

9.125 An impo&ant, aspect. of the fallout problem is a theoretical 
study of the distribution of part,icle size as a fun&ion of distance from 
t,he region of the explosion. A simple treatment. will be given here, 
which, although approx.imate, provides a picture tllat. is believed to 
be qualitat,ively correct. Fsr purposes of illustration, it will be sup- 
posed that a weapon of high-energy yield is exploded near the sur- 
face of the ground. Although t.he particles will descend from the 
atomic cloud at, all heights between 60,OOO and lOO,OOO feet, at least, 
it will be postulated, in order to simplify the calculations, that they 
a.11 commence to fall when they reach the averCage height of 80,OOO feet. 

9.126 The rate of fall of small particles in air from great heig1:llt.s 
under the influence of gravity can be determined approximately by 
means of Stokes’s law, in the form, 

Rat.e of fall =0.35#~ feet per hour, (9.126.1) 

where p is t,he density of the particle in grams per cubic centimeter 
and d is it.s diameter in microns. * This expression applies moderately 
well for partic.les from 5 to 300 microns, i. e., 5 X lo-’ to 3 X lo-* cent i- 
meters, in diameter. For larger part,icles, the rates of fall are actually 
slower than are given by t,he simple Stokes’s law. Assuming that the 
fallout, particles have t,he same density as sand, i. e., 2.6 grams per 

. cubic centimeter, the approximate times required for part,icles of 
various diameters t,o descend to earth from a height of 80,000 feet,, as 
calculated from equation (9.126.1)) are given in Table 9.126. Particles 

~1 micron is B one-millionth pa* (10-y of B meter 01‘ one ten-thousandth (1W) of a 
centimeter. 
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0.6 

HEIGHT ABOVE SURFACE WEET) 

Figure 9.124a. Dose rate of gamma radiation near surface of water wlth uni- 

form contamination density of 1 curie per cubic yard. 
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rate of fall of even larger particles is affect.4 by turbulence of the air. 
9.127 If all the particles descended from t,he same level, t,he data 

jn Table 9.126 (or calculated from equat,ion (9.1261) ) could be used 
to estimate the variation of particle size in t.he fallout as a function 
of the distance from ground zero. The actual distance would depend 
upon the height of the cJoud from which the particles fell, since this 
determines the time of fall, and upon the effective wind velocity. It 
is, nevertheless, possible to plot a generalized curve, such as tha.t in 
Fig. 9.127; the distance from ground zero is equal to the time of 
fall from 80,000 feet multiplied by the average (effective) wind ve- 
locity, taken as 15 miles per hour. It is evident that particles having 
diameters in excess of about 250 microns (0.01 inch) or so, may he 
expected to fall within a relatively short distance of ground zero. 
Smaller particles, however, can travel much greater distances bfore 
descending to earth as fallout. 

350 

_ 
- 
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9.128 In practice, the ideal conditions, upon which Fig. 9.127 is 
based, do not prevail. For example, Stokes’s law is not obeyed, the 
particles do not all rise to the same height in the cloud before they 
begin to fall, and the wind velocity is variable. Further, irrewlarities 
in shape and the mutual adhesion of smaller particles, as well as tur- 
bulence of the air, will- affect the .rate of fall. Consequently, after a 
nuclear explosion the variation of particle size with distance is not 
as uniform as is implied by the foregoing discussion. It is probable, 
however, t.hhnt the curve in Fig. 9.127 gives a good general idea of 
the distribution of particle size with distance from ground zero. 

9.129 Disregarding the approximations made in deriving the curve 
in Fig. 9.127, the dist,ances at. which particles of various sizes are found 
depend on the postulated effect,ive wind velocity (I5 miles per hour) 
and the average height from which the particles are assumed to fall 
(80,000 feet). For an explosion of lower rnrrgy yield, the cloud will 
not. rise so high ant1 so particles of any givrn size witI rf~:lclt the earth 

sooner. The respective distances from gr01111d m-0 wilt t-hell be less 

t.han ,in Pig. 9.127, for thr same wind velocity. OII the other 11:11I~l, 

a 1Iighe.r dwtirc wind wltwity will rwult iii :iiI increasr itI the dis- 

t,ance trarthd by part ic*lcs of any specified size brforc reaching the 
ground. 

!).130 From the st:~i~~ll~oint of radioact.iva contamination, the sur- 
face area of the ~~arficfes is of sonic significance, ii1 :Iclclit,iotI to tlieir 

rate of fall. Many fallout partic*les collected after test explosions have 
shown fairly uuiform disfriblltiou of the radioactivity, hut in others 
lhe activity has heen f0llllcl only 1ie:ir the surfam ($ 2.21 ). HowevPi; 
with thr object of simplifying the subsequent treat.ment, it. will be 
assumed that. t hr co11t:IrItin:ItiotI is Of the latter type :Incl that, the thick- 

ness of t.lbfj r:idio:l(-tive layer is always the same. The total radio- 
artivity carried h_v p:Irticle.s of :I give11 size will then depend on 

the proportion of the total are:1 awociated with that. size group. In 
order to maktb thr c:tIcu1atious, it is necesary to know the size distri- 
hution atn011g the f:IlloIIt particles, i. e., fhe proportion in each size 

group. ,\s :I rough guide, itI default of more definite informatiou, 
the distribiit.ion is t:&Pii to he the s:iine Its iii the soil over which t.he 
tletori:itiori occm‘s. 

9.131 OII the hasis of the forf,going :IssrInIptio1Is, the rcs111t8s in 
Ta.hle 9.131 have hc>en ohfainecl. The four p:irtic*le size groups are 
based on the diauleters ill the first colutnn of Table 9.126, and the 
fallout. periods thea rorrcspoud to the times of fat1 from :i heipht 
of 80,000 feet, as given in the soc*oirtl ~olmun of this t:ihle. The tlatil 

in Table 9.131 show that, hy the end of 16 hours after the explosion 
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about 50 percent, of the t,otal fission product activity will have been 
deposited on the ground. During this t,ime t.he part,icles will have 
traveled some 240 miles downwind, if the effective wind velocity is 
15 miles per hour. 

I 

TABLE 9.131 

PROPORTION OF ACTIVE MATERIAL DEPOSITED FROM ATOMIC 

I 

CLOUD FROM 80,000 FEET ALTITUDE 
- 

I Period of Percentage of 
Diameter of particles (microns) 

I 
arrival 

I 

activity 
(hours) deposited 

I I 1 

340__-______-___________--__--__-__.._____ Upt,o0.75_.__ 3. 8 

340-250___________-_____.___-___-___-.___. 0.75to1.4___. 12. 6 

250-150.._____-___..__-...__-___----_-_. 1.4to3.!)._... 1.1. 5 

150-75._ ____ ~___.________________.__..___. 3.9to16..-.. 18. 1 

I __‘..___ 
/ 

1 9.132 The results iu the last column of Table 9.131 give the per- 
centage of the. irrifinl fiwioll lnwIiic*t~ wtivity in the various partic*la 
size groups. In other words, no IlllOWiIll~~c ‘is IIIatle for the Il:ltl1l.:ll 

ra.dio:lct.ive dewy tlllring t,heir ascents with t.he atomic cloud and their 
descent. with the fallout. However, because of this decay, the IWI- 

ferial depositetl on the ground at iiic*re:ising ti11rcs itfter the burst. 

will be less :III(~ less active. Thus, Table 9.131 indicates that. in the 
period from 3.0 hours to 16 hours aft,er the explosion ahout 1X I)erceut, 
of the fission product,s will reach the earth’s surface. Rut., if allow- 
ance is niatle for nat,ural decay, it is probilble that, t,his would repre- 
sent less than 9.1 percent of the original radioact,ivity of t.he atoulic 
cloud. 

PREDICTION OF F,\IJ,OUT PATH 

9.133 Several methods of various degrees of accuracy (and corre- 
sponding complexity) have beau proposed for plotting the expected 
path Of t,he filllOllt 011 tile grouutl iIfter a llllcleilr explosion. One of 

the simplest will 1)e clescrihetl IA)w.” ~~thl1~h the rf?Sll~fS IJl:ly Jld 

be as precise as couhl be obtained in other ways, the procedure has the 
criBat, merit, of rapidity illlC1 is C:lpill)le of being carried Ollt. even llllde~* h 
emergency conditions.“’ The basic. iuformatiou required is a knowl- 
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edge (or I)ropiosis) of the tiiwn wind clircc*tio11 antI spW(l iii :I series 
of 6,000-foot tl1ick layers of the at111ospl1c1.e frou1 tl1e e:1rtl1’s SIII~‘:IW 
to tl1e top of tlie atoiiiic cloud. 

9.134 Starting at, a poi11t 0, represent,ing ground zero, in Fig. 
9.134, a vector OA is drawn, indicating tlie direction and velocity (in 
miles per hour) of the wind in tire first 5,000-foot level from tlie 
ground. This is followed by vectors ,4B, BC, . . ., 011, for successive 
levels up t,o the limit of observation, e. g., the top of the cloucl, in this 
case, 8X5,000=40,000 feet. The line OIir then represents t,l1e locus 

of pwticles wI1ich fall from a height, of 40,000 feet at various times. 
The larger par&Aes \yiIl be found close to ground zero, soon aft,er the 
explosion, whereas tI1e smaller pnrt~icles fall at greater distances, at 
later times. TI1e line OG is the locus of part,icles falling from a heigl1t 
of 35,000 feet, since these are not, subjected to the wind represented by 
the vector GH. Similarly, OF is the locus for particles which begin 
t.o fall at 30,090 feet, and so on. The average wind for levels up to 
40,000 feet is equal t,o the IengtI1 of OZZ divided by the number of 
5,000-foot levels, i. e., 8 in this case. 

0 

A 

D Ii 

Figure 9.184. I’rediction of approximnte pnth of fnllont honed on wind pnttern. 

9.135 The region enclosed by t.he line OU and the vario11s rectors 
III:I~ thus be regarded as provitli11g :I rougl~ indication of tl1e general 
cIirect,ion of the f:illou~. wit11 respect to ground zero. There is7 in ntl- 
(lition to the effect. of wind, SOIII~ diffosion of the particles in the at- 
111osph~re, wl1icl1 will result i11 a11 extension in a.11 directio11s about the 
itlealize’d region derived from the wind vector. 

9.136 i\ltlrougli Fig. !I.134 gives R general idea of the shape of the 
falloiit area, it. does 11ot i11tlic~:ita its over-all extrnt. If, as is the 
case considered :il)ow. 1-h wiml vectors, exlwwscd in miles per 11our, 
are draw11 at. rt,OOO-foot. Iwrls. OII is ilie tlist:lnce tr:lveled by Iwticles 
tlesceiitlilig from the heighf of 40,000 feet in 8 ho11rs. SimiI:irly, CM; 
is the clist:inw tr:irrld by prticlw cltwriidiiip from 35,000 feet, in 7 
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11ours. Thus, OAR . . . HO is dimensionally tlie approximate area in 
which particles lraving diameters of 75 microns (or more) will descend. 
Such particles fall at tI1e rate of 5,000 feet per hour (or more). 
Smaller particles fall more slowly and will be found outside the area 
shown. The loci on t.he ground of particles descending from various 
heights will, however, have the same directions as before. Thus, 
particles wit,11 diameters less than 75 microns falling from 40.000 feet 
will appear along an extension of ON, those from 35,000 feet along an 
extension of OGI Hence the general shape of the fallout pattern is 
related to that in Fig. 9.134, alt.hough it covers a larger area. 

9.137 It will be apparent that the procedure just described can pro- 
vide only a rough guide concerning the probable fallout area. In 
actuality, the particle size distribution will not be known, and the 
height of the atomic cloud from which the particles descend will not 
be very certain. In addition, the wind directions and velocities may 
change with time, and the effect of sharp wind shears in thin layers has 
been neglected. Finally, there is the fundamental assumption that the 
wind pattern used in drawing Fig. 9.134 applies to the whole area 
of significant contamination which may extend as far as 200 miles 
from ground zero. Rain or snow falling at the time of (or soon after) 
t.he detonation will also change the fallout situaticn, since many radio- 
active particles will become attached to the drops and descend from 
various heights at rates which are characteristic of the rain or snow. 

9.138 In the event that no upper wind information at (or near) 
the time of the explosion is available, use may be made of the general 
pattern to be expected in the given location at the particular time of 
year. This information, based on observations made at weather sta- 
tions over long periods, may perhaps be supplemented by visual esti- 
mates of the direction of cloud movements at various heights. It is 
important to emphasize that fallout patterris based on surface winds 
alone may be completely misleading. 
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10.3 An overexposure to radiation from the local fallout could lead 
to harmful consequences that are experienced within a few days (or 
weeks) of the explosion; these are called “short-term” effects. In 

I addition, there will be certain “long term” (or delayed) effects which 
! may never become apparent or may become apparent years after the 
I explosion. Nuclear radiation from early (or local) fallout as well 

/ 
ns that received at much lower dose rates over succeeding months 
or years, from both local and world-wide fallout, could contribute 
to the probability of these delayed effects. Such radiation may orig- 
inate in material both inside and outside the body. 

10.4 One of the long-term effects may be that of genetic changea 
brought about by exposure to nuclear radiation of the cells which 
transmit inherited characteristics from one generation to the next. 
This aspect of the action of residual (and other) radiations will be 
examined in more detail in Chapter XI. The long term effects to be 
considered here are those which could result from exposure of body 
tissues to radiation from materials which may have accumulated with- 
in the body over long periods of time. It is in this connection that 
the world-wide fallout, is of interest. 

CHAPTER X 

WORLD-WIDE FALLOUT AND LONG- 

TERM RESIDUAL RADIATION 

LOCAL AND WORLD-WIDE FALLOUT 

INTRODUCTION 

10.1 The fallout of nuclear bomb debris considered in the preced- 
ing chapter may be described as being “local” in character. It con- 
sists chiefly of the I:trgchr particles which desrend to ewrt.h, under the 
influence of gravity, in a 1n:rtter of hnrs. The distances traveled are 

conlparativrlp short. and :IW not. more than a few l~unflr~efl 1nilw 

~‘I-OI~I gror111t1 zwo, itI 21 downwind direction, even for the largest. ex- 
plosions. ‘1‘1~ e:ri~lg flange from the lwal f:lllout is due primwily 

f o nllcalear racliat ions from r:l(linacf ive matrrinls outside the body. 
l)nring the first frw days or w\xeks nftar the detonat,ion, the radiation 
levels may be high eimgli to fqresent a danger to exposed persons. 
The radiation intensity decreases rapidly with time and, except for 
areas of very high initial ~ont:lniinatioll, it ceases to be a serious 
b:~zard witbin a few weeks. Ilowever, as seen earlier, the rzulioac- 

tivity clhinislws 1n0rf~ slowly 2s time passes, so that, even aftfir sev- 
er:11 years, smw will still persist,. 

10.2 I’bcir~ is :~twtlw form of fallout, that is murh more wide- 
sl)read fhau the IOCYI I t.ype. It is that, portion of the bomb residues 
wllif*h consists of wry fine materin that 1WnilillS suspended in the air 
for times I’i\11gillg fl*otn fl:lys to yf?:lrS. These fiiw particles can be car- 
rirtl ovpr l:trgv arww by the wind and mi\y, nltim:&ely, be deposited in 
prts of fllr earth rrrnote front the point of burst. The fallout of this 

filw drbris is rc~fcrrt~tl to as “worltl-wide fallout”. It should not be 
inferred from this term, bowever, that none of the fine material is 
flq~ositccl iu :lrfws ncwr the esplosions, nor t.llat site+ niater-ial is de- 

posited nniffwinly over the enrtb. The nature of the dist,ribution will 
be consitlered bolon-; for tlrc present, the main point is that, the fall- 
out under c*onsitlrration is very much more widespread t,han the local 
type. 

446 

TROPOSPIIERIC FALLGUT 

10.5 It has already been seen in earlier chapters of this book that 
local fallout, is important only when the nnclear burst occnrs at or 
near (above or below) the earth’s surface, so that a large amount of 
debris is carried up into the nt,omic cloud. On the other hand, con- 
t,ributions to world-wide fallout can come from nuclear explosions of 
all types, except those so far beneath the surface that t,he ball of fire 
does not break through and t,here is no atomic cloud. However, with 
regard to the mechanism of the world-wide fallout, a distinction must 
be drawn between the behavior of explosions of low energy yield and 
those of high energy yield. It will be assumed that the burst occurs 
in the lower part of the troposphere. (The troposphere is that, part 
of the atmosphere which extends to a height, of some 30,000 to 50,000 
feet, depending on the existing climatic conditions.) Then, from 
nuclear detonations in t,he kiloton range, t,he atomic cloud will not gen- 
erally rise above the top of t,he troposphere ($5 2.14, 2.15). Conse- 
quent,ly, nearly all the fine particles present in the bomb debris from 
such explosions will remain in the troposphere until they are eventu- 
ally deposited. 

10.6 The mechanism of deposit,ion of the fine fallout particles 
from t.he troposphere is complex, since various processes, in addition 



448 WORLD-WIDE FALLOUT AND RESIDUAL RADIATION 

to simple gravitations1 settling, are involved. The most. impor~tnnt of 

these processes appears to he thr srnvcnpinp rffect of rain or of-he‘! 
form of moisture precipitation. The rate of removal of m:ltcG:ll from 
the troposphere at, any time is apparently proportional to the amomtt 
present at, that, time. Hence, the time for one half of the matrrial to 
he deposited, called the “residence half-time,” is a characteristic 
qi1antit.y. For the tropospheric fallout, this half-time is of the order 
of a few weeks, so that bomb debris does not, remain for ve?y long in 
the troposphere. 

10.7 While t.he fine dehris is suspended in the troposphere, the 
major part, of t.he material is moved hy the wind at, high altitndes. 
In general, the wind pattern is such that the debris is carried rapidly 
in an ensterlv direct ion, making a complete circuit of the globe in 
some 4 t,n 7 weeks. Diffusion of the cloud to the north and south is 
relat,ively slow, with the resnlt, that, most of the fine tropospheric 
fallout is deposited, in a short, period of weeks, in a fairly narrow 
band encircling t,he world at, the latitude of the nuclear detonation. 

STRATOSPIIICRIC FALI,~UT 

10.8 For explosions of high energy yield, in t,he megaton range, 
nearly a11 of the bomb debris will pass up t,hrough the troposphere and 
enter the stratosphere. The larger particles will be deposited locally 
for a surface or subsurface burst. The very fine particles, from bursts 
of all types, can then be assumed to remain in t.he st,rat,ospheric debris, 
which spreads worldwide. Due t,o their fineness, and t,he absence of 
clouds and rainfall at such high altit,udes, the particles will settle 
earthward very sIowly. Estimates based on the limited information 
at present available indicate that about. 10 percent of t.he debris st.ored 
in t,he stratosphere descends t,o eart.h annually; the corresponding 
residence half-time is thus about 7 years. During its long residence 
in the stratosphere, t,he bomb residues diffuse slowly but, widely, SO 

that t.hey can enter the troposphere above any point, of the globe. 
Once in t,he troposphere, the fine mat.erial probably behaves like t,hat 
which remained initially in that part of the at,mosphere from a low 
energy explosion, and so is brought to earth fairly rapidly by rain 
or snow. 

10.9 An important. feature of t?lis stratospheric wor?t?-wide fall- 
out, is the fact. thilt the radioactive psrtirles are, in effect, stored in the 

stratosphere, with :I. s111a1l fraction continuody clrihblinp ~OWII to 
the earth’s slirf:lc*(b. Whik in str:ltospheric* storage, the tldn% tlors 

not rrprWrnt a direct ixdioac*tirt~ h:lx:lrtl. Ill filc’t, during this tintr 
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most of the short-lived act,ivit,y decays away, and some of the longer- 
lived artivit.ies are appreciably rethlced. Thus, st,ratospheric world- 
wide fallout is a slow, contimlous deposit.ion of radioact.ive mat.erial 
over t,he entire surface of the earth, the rat,e of deposition depending 
on t,he tot,al amount, of bomb debris still present in the strat,osphere. 

LONG-TERM RESIDIJAI, RATHATION HAZARD 

10.10 Of the fission products which present a potential long-term 
hazard, from either the testing of nuclear weapons in peacetime or 
their use in warfare, the most important are probably the radioactive 
isotopes cesium-187 and strontium-90. Since both of these isotopes 
are fairly abundant among the fission products and have relatively 
long half-lives, they will constitute a large percentage of any world- 
wide fallout.. Of course, the activity level due to these isotopes at 
late t,imes in the local fallout pattern from a surf,ace or subsurface 
burst, will be considerably larger than in the world-wide fallout from 
a given nuclear burst. 

CEsIUX-137 

10.11 Gsium has a radioa&ve half-life of 30 years and is of par- 
ticular interest in fallout that is more than a year old because it 
is the principal constituent whose radioactive decay is accompanied 
by the emission of gamma rays.* The chemical properties of cesium 
resemble those of potassium. The compounds of these elements are 
generally more soluble than the corresponding compounds of stronti- 
um and calcium (see $10.17) ; and the details of the transfer of 
these tw6 pairs of Blements from the soil to the human body are quite 
different. 

10.12 Cesium is a rela.tively rare element in nature and the body 
normally contains only small traces. Consequently, the biochemistry 
of cesium has not been studied as extensively as that of some of the 
more common elements. It hns been determined, however, that 
cesium-137 distributes itself within living cells in the same way as 
potassium, so that it is found mostly in muscle. Based on one experi- 
ment with several human subject,s, the current. estimate of the time 
required for normal biologic:11 processes to reduce the amount. of cc- 
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sium iii (-he body by one-half, i. e., (_he hiologic:ll half-lifn (see 3 11.110). 
is 140 days. Because of the penetrating properties of the gamma 
rays from the decay of ccsinm-137, the radiation is distrihufed more 
or less un’iformly to all parts of the hody. Al~lmlpll the raclionct~ive 
decay of’rtisiam-1x7 is ncrompnnird hy gamma-ray emission, the rela- 
tively short. time of stay, together with most. of the resium heinp in a 
less sensit,ive lo&ion in the body, indicates that, for the same amount 
of stratospheric fallout, the residual c&urn-187 will he less of a 
general pathological hazard than t,he iesidual strontium-90. 

10.13 Attention will now he given to what is probably the more 
serious long-term hazard. 13ecnuse of its relatively long radioactive 
half-life of 28 years and its nppreciahle yield in the fission process, 
strontium-90 accounts for a considerable fraction of the total activity 
of fission products which are several years old. Thus, even such mate- 
rial as has been st,orad in the stratosphere for several years will be 
found to cont.ain a large percentage of this radioactive species. 

10.14 Wontium is chemically similar t,o calcium, an element essen- 
tial to hoth plant, and animal life; a grown human being, for ex- 
ample, contains over 2 ponnds of calcium, mainly in bone. As a conse- 
quence of the chemical simil%rity, strontium entering the body follows 
a path similar to calcium and therefore is found almost entirely in 
the skeleton, from which it is eliminated very slowly. Thus, the 
half-life of st.rontium in human bone is estimated to be about 10 years. 

10.15 The probability of serious pathological change in the body 
of a particular individual, due to the effects of internal radioactive 
material, depends upon the intensity and energy of the radioactivity 
and upon the length of time the source remains in the body (see 
8 11.102, et saq.). Although st,rontium-90 emits only beta particles (no 
gamma rays), a sufficient amount of this isotope can produce damage 
because once it gets into the skeleton it will stay there for a long time. 
As a result of animal experimentation, it is believed that the patho- 
logical effe&s which may result, from damaging quantities of stron- 
tium-90 are anemia, hone necrosis, cancer, and possibly leukemia. It is 
the combination of physical and chemical properties of strontium-90, 
namely, its long mdinnrt,ire half-life and its similarity t.0 calcium, 
with the nature of the pathnlo~icnl changes which can result. from 
concentnttions of r~;ttlio:wtir~ m:lterial in the skclctotl, that make stron- 
tium-90 the most impmbnf isotope, so far :IS is known, as a possible 
cansc of harmful loiif-frun dTrrts of f:lllnnt. 
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10.16 Genetic e&&s due t,o stront,ium-90 are relatively insignifi- 
cant. In the first. place, owing to their very short range in the body, 
the het.a part.icles from this isotope in the skeleton do not penetrate to 
the reproduct.ive organs. Further, the intensity of t,he secondary radi- 
ation (bremsstrahlung) produced by the beta particles is low. Fi- 
nally, the amount of strontium-90 in soft tissue, from which the beta 
particles might reach the reproductive organs, is small and may be 
neglect,ed in this regard. 

TRANSFER OF STRONTIUM-90 FROM SOILTO THE HUMAN BODY 

10.17 Since most of the strontium-90 is ultimately brought to earth 
by rain or snow, it, w,jll make its way into the soil and eventually into 
t,he human body through plants. At first thought,, it might appear 
that the rat.io of strontium to calcium in man would become similar 
to t,hat in the soil from which he obtains his food. Fortunately, how- 
ever, several processes in the chain of biological transfer of these ele- 
ments from soil to the human body operate collectively to decrease the 
quantity of strontium-90 that is stored in man. These transfer proc- 
esses include the following stages: (1) soil to plant, (2) plarit to ani- 
mal, and (3) animal to man. -A certain proportion of calcium (and 
strontium) js obtained directly from plants, e. g., fruits and Veg- 
etables, but t.his is not very large, as will be seen shortly. Experiments 
show that in each of the three stages mentioned there is a natural dis- 
crimination in favor of calcium and against strontium, so that the 

, ratio of strontium-90 to calcium in the human body is less than that 
in the top few inches of the soil. 

10.18 Several factors make it difficult to generalize concerning the 
/ 
I ratio of strontium-90 to calcium in the plant compared to that in the 
! 
I 

soil in which it grows. First, plants obtain most of their minerals 
through their root systems, but such systems vary from plant to plant, 
some having deep roots and others shallow roots. Most of the stron- 

, tium-90 in undisturbed soil has been found close to the surface, so that 
the uptake of this isotope may be expected to vary with the growth 

, habit of the plant. Second, although strontium and calcium, because 
of their chemical similarity, may be thought of as competing fo.r entry 
into the root system of plants, not all of t.he calcium in soil is always 
available for assimilation. There are natural calcium compounds in 
soil which a,re insolllble and are not available as plant food until they 
have been converted to other compounds by ageuc.ies such as humic 
acid. Most, of the strontium-90 in t.he present, world-wide fallout, 
however, is in a water-soluble form. Third, alt.hnugh plants can sub- 
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stit.nta strontium for cftkitm, to some extent, if 
I _ . 

preter calcinm. Fourth, in addition to the strontium-90 wljirll pl:lnts 
oht.nin from the soil, growing plants will also gather ;I certain amollt,f 
of sfront,iam-90 from fallolif deposited dir&Iv 011 the siirface of the 
plant. The experimental data at present avaiiible, however, indicate 
that, the strontium-DO/caIciIlm rnfio in plants is generally somelvhat 
less thaa in the soil from which they were grov~n. 

IO.19 As the next, link in the chain, animals consume plants as food, 
t,herehy int,rotluring st~rontium-!I0 int,o their hodies. Once again, the 
evidence indicates that. natural tlisrriminat,ion factors restllt in a 
strol~tirlm-~0/ca1~~i~~f~~ ratio in the edible animal prodocts that is less 
than in the animal’s feed. Very little strontium is retained in the 
soft tissue., so that the amount of strontium-00 in f.he edible parts of 
the animal is nepligihle. It. is of particular interest, too, that the 
stronfiIiln-nO/~alc,illrn ratio in cow’s milk is also much lower than 
that in the cow’s feed, sinre this is an important barrier to the 
consumption of sfront~im~l-90 by man. This barrier does not operate, 
of course, when plant food is consumed directly b-y hnman beings. 
However, it. appears that about. t,hree-fourths of t,he ca.lcium, and 
hence a large fraction of the strontium-90, in (he average diet in the 
United States is of)fztinetl from milk and milk products. The sit,aation 
may be different. in areas where a grmfer or lesser dependence is 
placed 11pot1 milk ,@I milk products in the diet, 

lo.20 Not. a11 of t.he strontium-90 that ennters the body in food is 
deposited in the hnnmn skelet.on. An appreciable fract,ion of the 
strontium-90 is eliminated, just. as is most of the daily intake of cal- 
ciu6. However, there is always some fresh deposition of calcium 
taking phice in the skeletal struct,ure of healt,hy individuals, so that 
st,ront,ium-90 is incorporated at, the same t,itne. The rate of deposition 
of both calcium and st.rontiunt-90 is, of course, greater in growing 
children than in adults. 

10.21 In addition to the fact that the human metabolism discrimi- 
nates against st,rontium, it will be not.ed that, in each link in the food 
chain, the amount of strontium-90 r&ained is somewhat less than in 
the previous link. Thus, a series of safeguards reduce deposition of 
strontium in human bone. A comparison, made in 1955, of the 
strontium-90/calcium ratio in the bones of children compared with 
the rat,io in the soil gave a discrimination factor of about one-t,welfth 
that is to say, the strontiunl-90/calcium rat,io in children’s bones was) 
found to he one-twelfth of the rat.io in soil. Later measurements indi- 
cate fhaf, the proportion of strontium-90 getting into the bones may be 
considerably smaller that) this. 
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%llONTlUM-90 &TtVITY ~,EVELfi 

10.%? As there ltas been no experience wit.h appreciable quantities 
of strontium-90 in tlte human body, t.he relatiottship between the 
probability of serious biological effect and the body burden of this 
isotope is not known with certainty, since it must be estimated indi- 

rectly. Such tentative estimates have been based on a comparison of 
tlte effects of strottt.ium-90 with radium on experimental animals, and 
on t,lte known etfects of radium on human beings. From these com- 

parisons it has be,en estimat,ed that a body content of 10 microcuries (1 
microcurie is a one-millionth part of a curie, as defined in 5 9.118) 
of strontium-90 in a large proportion of the population would pro- 
duce a noticeable increase in the occurrence of bone cancer. On this 

basis tlte National Committee on Radiation Protection and the In- 
ter&ional Commission on Radiological Protection have suggested 
that, for individuals exposed to strontium-90 due to their occupation, 
the maximum permissible (or safe) amount of strontium-90 in the 
body should be 1 microcurie. Since the average amount of calcium in 

the skeleton of an adult human is about, 1 kilogram, this corresponds 
to a concent.rat.ion in the skelet,on of 1 microcurie of stront,ium-90 per 
kilogram of calcium, i. e., one-tenth of the concentration which might 

be expected, on the average, to produce an observable effect above 

normal. For the population as a whole, the limit generally considered 
to be acceptable is 0.1 microcurie of strontium-90 per kilogram of 
calcium. This limit is in accord with the recommendations made 
in 1956 by the IT. S. National Academy of Sciences. 

10.23 As a result of nuclear test explosions in various countries 

during the past, several years, there has been a small but steady gain 
in the strontium-90 content of the soil, plants, and the bones of 
animals. This increase is world-wide and is not restricted to areas in 
the vicinity of the test, sites, although it is naturally somewhat higher 
in these regions because of the more localized fallout.* As the fine 

particles descend from the stratosphere, over a period of years, the 
gradual increase in the amount of strontium-90 may be expected to 
continue for some time, although there will be a cert.ain amount of 
compensation due to natural decay. 

* As stated in fi 10.10 in the CRB~ of a surface or near-surface burst, an aP 
reelable Pro- 

lwrtlon of the &on&n-90 formed xv!11 be found in the local fallout. It 
P 

experted that awu near the explosion will be more highly contamidated In 

a,,t&ett&bf 

Rt 
than RW more dletant rrglona, to sn extent dePendcnt upon such factors es the helR 
(or depth) of burnt, the total and Bsalon ylrlds of the ex F 

IoEdon. and the 
P 

WVailhW at- 

mnspherlc conditions. There 18 evldenee that In the local allout the stront um-90 C.0~~~; 
tuten a Rmnller percentage of the total Bsslon products than It does farther away. 
Slay be wxmnted for by the fact that the strontium-90 ie not 8 direct f%dOn Product and 
90 tt ia not fwmcd st the inntnnt of the rxplo~lon. It.18 produced gradunlly OVCr a 
prr~l vf nome minutea, 118 R rewlt of two Rtat?es of rndioactlve decay Rtartlnx with the 
K:IIR krypton.!M whlcl~ in formwt In the fixdon procm~ (WC I 11.121). 
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10.24 The quantities of strontium-90 that have accumulated so 
far in human beings are well below lim.its regarded as acceptable 
for the general population, and much less than those which might be 
expected TV cause an observable increase in the frequency of bone 
tumors. Recause the skeletons of very young children have developed 
under current fallout conditions, their content of strontium-90 pro- 
vides the best iuclicntion of the. maximum levels which might be ex- 
pected to exist. .\s of .J:tnu:try I!Bi, this was somewhat, below one- 
thousnn~lth (0.001) microcurie of st routium-90 per kilogram of cal- 
cium. .\lthough there will be some increase toward a higher level, it is 
fairly certain, that if nu[*ltqr tests are carried out, in the future at about 
the same rate as iu the past, t,he long-term biologic*:~l effects of 
strontium-!)0 will uot be tletectable. In the event that. nuclear weap- 
oils with high tissiou yields were used extensively in warfare, crl- 
c~ulatious, based on somewhat uncertain premises, suggest. t1in.t bomb 
tlebris from III:III~ thousantls of megatons of fission would have to 
he ;~lded to the str:\tospherc before the worldwide fallout. from these 
we:ipons \vould lead to :I concentration of 1 microcurie of strontium-90 
per kilogram of calciunl in human beings.* 

CHAPTER XI 

EFFECTS ON PERSONNEL 

INTRODUCTION 

CASUALTIER IN NUCLEAR EXPLORI~N~ 

11.1 A nuclear explosion is accompanied by damage and destruc- 
tion of buildings, by blast and fire, over a considerable area. Conse- 

quently, a correspondingly large number of casualties among person- 
nel is to be expected. The data in Table 11.1 are the best available 
estimates for the civilian casualt,ies resulting from all effects of t,he 
air bursts, over TTiroshima and Nagasaki in #Japan, of nuclear bombs 
having approximately 20 kilotons energy yield. The standardized 
casualty rates are values calculated on the basis of a population den- 
sity of i per 1,000 square feet. For comparat.ive purposes, the stand- 
ardized casualty rate in a city for a l-ton high-explosive (TNT) bomb 
is about 40. 

TABLE 11.1 

ESTIMATED CASUALTIES AT HIROSHIMA AND NAGA- 
SAKI FROM OO-KILOTON NUCLEAR EXPLOSIONS 

-- 
Hiroshima Nagasaki 

Total population____________-__ 255,000 105, ooo 

Square miles destroyed__________ 4. 7 1. 8 

Killed and missing______________ 70, ooo 36,000 

Injured________________________ 70, ooo m,ooo 
Standardized casualty rate_______ 260, ooo 130, ooo 

11.2 The injuries to personnel associated with a nuclear explosion 
fall into three main categories: blast injuries, burns, and nuclear ra- 
diation injuries. The effects of blast from a nuclear bomb are, 011 the 
whole, similar to those due to conventional bombs. However, an 
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importa.nt, difference is the 1r~11c1~ greater nnmb~r and variety of in- 
juries suffered in a short. interval of time in the cnsr of a nuclear es- 
plosion. Most, of thr hums following a11 air: burst are flash bnrns. 
although individnals trapped by spreading fires may br subjected to 
flame burns. The la&r ‘cirrlltllstal~res-are not, unlike those espcri- 
enced as the result. of an extensive attack with inccntlinry bombs. 
Nuclear radiation injuries, of course, represent an entirely new source 
of casualties in warfare. 

11.3 The only information concerning casnalties to he expectefl 
from the use of nuclear wapms is that obtained in connection with 
the air bursts over Japan, and so these will be used largely as t,he 
basis for the subsequent discussion. However, it is probable that both 
t.he t.otal number of casualties and the. distribution of the various t.ypes 
of injuries will be greatly affected by cirrumstances, even for an ex- 
plosion of the same energy yield. Some of the factors, apart, from 
yield, which may be mentioned are the height and type of burst,, the 
nature of t.he terrain, the strnrtnral characteristic*s of the buildings 
in a city, the disposition of the populace (gse of shelters, evacuafiont 
etc.), and the state of the weather. 

11.4 As pointed out. in 5 7X!). the high incidence of flash burns in 
Japan was undoubtedly connected with the warm and clear summer 
wea.ther preva.iling at the time of the attacks. Had there been a low 
clond cover or appreciable haze and had the weather been cold, so that 
fewer people were outdoors and more layers of clothing worn. the 
number of flash burns would have been much less. Further, the fairly 
high air burst meant. that there were no casualties due to the resid- 
ual nuclear radiation, although many resnlted from the initial nrdia- 
tion. The data given below thus refer to the part.icular circumstances 
existing in *Japan and would not, necessarily be typical. In Japan, 
loo, lack of facilities for dealing with a disaster of such magnitude 
as that following the nuclear attacks contributed to the number of 
fatal cases. 

~AVSES OF FATALITIES 

11.5 There is no exact information available concerning the rela- 
tive significance of blast, burn, and nuclear radiation injuries as a 
source of fatalities in the nuclear bombings of Japan. It. has been 
stated that, some .50 percent of the deaths were caused by burns of one 
kind or anot.her, although this figure is only a rough estimate. It has 
also been reported that. close t,o two-thirds of those who died at Hiro- 
shima during the first day after the explosion were badly burned. III 
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addition, there were more deaths from flash burns during the. first 
week t,han from other injuries. 

11.6 One of the difficulties in assessing the importance of injuries 
of various types lies in the fact, that many people who were injured 
by blast. were also burned, and this was undoubtedly also the fate of 
others who would ha.ve ultimately succumbed t,o t,he effects of nuclear 
radiation. Within about half a mile of ‘ground zero in the Japanese 
explosions, it is probable that blast, burns, and radiation could sepa- 
rately have been lethal in numerous instances. 

11.7 It should be pointed out, however, that, owing to various cir- 
cumstances, not everyone within a radius of half a mile was killed. 
Among those who survived the immediate consequences of the explo- 
sions at Hiroshima and Nagasaki, a number died two or more weeks 
later wit,11 symptoms that were ascribed to nuclear radiation injuries 
(see 5 11.43, et seq.). These were believed to represent from 5 to 15 
percent of the total fatal casualties. A rough estimate indicates that 
about 30 percent of those who died at Hiroshima had received lethal 
doses of nuclear radiation, although this was not always the imme- 
diate cause of death. 

CAUSES OF INJURIES 

11.8 From surveys made among a large number of Japanese, a 
fairly good idea has been obtained of the distribution of the three 
t,ypes of injuries among those who became casualties but nevertheless 
survived the nuclear at,tacks. The results are quot,ed in Table 11.8. 

It will be observed that the tot.als add up to more than 100 percent, 
so that many individuals suffered multiple injuries. 

TARLE 11.8 

DISTRIBUTION OF TYPES OF INJURY AMONG 
SURVIVORS 

Zn.fury ZWcent of Rurvtvors 

Merhankal_______-_--_--__--____--_______ 70 

Bums_________-___--__--__-______________ 65435 

Nwlear Radiation_---__-___-____-___-____ 30 

11.9 The over-all mortalit,y rate in Japan was greatist among 
those who were in the open at the time of the explosions. It was less 

for persons in residential (adobe and wood frame) structures and 
least for those who were in concrete buildings. However, among the 

survivors the proportion of mechanical injuries, e. g., due to flying 
missiles, was smallest in the open and largest in concrete structures. 
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AS may he expected, the situation WIS reversed with regard to tlprmal 
and nuclear rdiafion efrerts, since buildings, especially f,Jlose of Ile:lvy 
construction, provided some sl~ielding. 

TWE OF IkRST 

11.10 Although an air hurst is the only type of nuclear explosion 
for which there is any information available concerning casualties, it 
is possible to make certain inferences with regard to other kinds of 
hurst,s. In a subsurface explosion the number of casualties caused by 
thermal radiation (flash burns) and by the initial nuclear radiation 
will be much less because only a small proportion of these radiations 
escape into the air. Injuries due to blast will probably be less than for 
an air burst, of the same energy yield, because of the lower air pres- 
sures. However, in the region of the crater formed in a shallow under- 
ground burst, there will probably be few survivors, as a consequence of 
mechanical injuries. Surface and subsurface explosions will be accom- 
panied by casualties of another kind, namely, those resulting from ex- 
posure to &e residual nuclear radiation from the fallout. Deaths 
from this cause, however, may not occur for some days or even weeks 
after t,lie explosion. 

11.11 The casuahies following the surface burst of a nuclear bomb 
will he dlle to mechanical injuries resulting from air blast and crater- 
ing of t,he ground, to flash burns, to the initial nuclear radiation, and 
~1~0 to t,he residual nuclear radiation. The flash burns and initial 
nuclear radiation injuries may he somewhat less than for an air burst 
of t,he same energy yield, hut, t,he residual nuclear radiation effects may 
be serious, due to the extensive fallout. 

TYPES OF INJURIES 

BLAST INJURIES : DIRECT 

11.12 Two types of blast injuries, namely, direct and indirect, may 
be considered. Direct blast injuries result from the positive phase of 
the air shock wave (see 0 3.5) acting on the body so as to cause damage 
to the lungs, stomach, intestines, and eardrums, and also internal 
hemorrhage. Such injuries have been reported after large-scale air 
attacks w&h conventional high-explosive bombs. In Japan, however, 
the direct blast effect was not a significant primary cause of fatalities, 
since those near enough to suffer serious injury due to this cause were 
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burned or crushed to death. There were no cases of direct. damage to 

internal organs by the blast among the survivors although there were 
some ruptured eardrums. Tl le number was not large and was re- 
strict,ed almost entirely to persons who were within about 3,000 feet 
(0.6 mile) of ground zero.’ 

i 
11.13 Many persons, who suffered no serious injury, reported 

temporary loss of consciousness. It was thought that this might be 
1 due to the direct a&on of blast, hut it is possible that the effect resulted 

from violent displacement of the individuals by the air pressure wave. 
11.14 From observations made with convent,ional high-explosive 

I bombs, it appeared that peak overpressures of about 200 to 300 pounds 
per square inch would be necessary to cause death in hums.n beings due 

I to the direct effect of the blast and that perhaps 80 pounds per square 
inch would produce injury. However, these conclusions do not 

) necessarily apply to the situation accompanying a nuclear explosion. 
In addition to the peak blast overpressure, the rate of rise of the 

, pressure and the duration of the positive phase have an important 
influence. 

11.15 When t,he pressure at the shark front increases rapidly or the 
positive phase lasts for an appreciable time (or both), serious blast 
injury (or death) can result at much lower peak pressures than would 
be the case for a slow rise or short duration of t,he overpressure. For 

example, test.s indicate that a seven-fold increase in the duration of 
the blast. wave results in a t.hree-fold decrease in the overpressure 

/ associated with fatality in dogs. Since t,he duration of the positive 

3 phase of a nuclear blast wave is considerably longer than that for a 
conventional bomb explosion, it is to be expected that peak over- 
pressures much less than 200 or 80 pounds per square inch will cause 
death or injury, respectively. 

11.16 The general interaction of a human body with a blast wave 
is somewhat similar to that of a structure, as described in Chapter III. 

.Because of the small size of the body, the diffraction process is quickly 
over and the body is rapidly engulfed and subjected to severe com- 
pression by the blast wave. This continues, with decreasing intensity, 
for the duration of the positive phase. At the same time the blast wind 

exerts a drag force of considerable magnitude. 

! 11.17 Due to the compression and subsequent decompression, 

I damage to the body occurs mainly at junctions between tissue and air- 

1 The air blnst mwpwesore requtred to cause rupture of eardruma appear8 to be blgbly 
dependent “poo clreumstance% several observation8 indicate that the mlnlmum over- 
pressure is in the range from 10 to 16 pounds per nqaare inch, but both tower and higher 

t 
values have been reported. 
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wntaiiIitig organs, and at areas of illlion wlwre 1mi1c :III~ c:irtil:lgiuous 
tissue joiu soft. tissue. ‘II 11 ( IIP (‘01is1’(ll1e1l(‘t’s arc as follows : (I:IIII:I~P a *I ’ f 
to the ventral nervous system ; 11e:irt failiirc clrie to direct disturbance 
of the heart.; and sutFoc3tion CilllWtl Iy lung Iien1orrh:1~~~ or liquitl 

cstrusion into the lunp tissue. Their may :ilso be internal ht~n1orrhage 
of the gastro-intestinal tract.. 

11.18 The drag (or wind) pressure C:III cause translational dis- 
plxcement~ of the body as :I v:!iole. The resulting injury (if any) 
will depend Iilmi many cirruir1st:1nces ; tire most obvious of these are 
the speed at whicl1 the body moves, its acceleration Rid deceleration, 
the object. it, strikes, and the part of the body receiving the impact. 
Tlie translational force, which determines the rate of movement, will 
be greatly influenced by tl1e frontal s11rface of the body exposed to 
the blast wind. A person lying in :I prone position, will, for example, 
be much less affected tli:in one st:mding up. 

hA.\ST IN.JI~RIES: INIJIRM'T 

1 l.l!) More iml~ort:1nt than tl1tb primary blast injuries in the nucle:1r 
attacks OII ,~:I~:III wtw t11e in(lirrct or srcontb1ry effects due to col- 
lapsing hiildiiigs :iiicl to t.lIt 3 eJ*e:!t qmintity RrlCl wriety of the clelwis 

flung tihrit by the air lhist. .\ltlIOllg1l il ft>\v persons \WJ'e 111!rt by 
being 1111rled forcibly :lgilillSt solid objects, very m:iny more were 
inj11red by flying objects tend cnrnshed or buried under l,uildinp. 

(ilass flX~lllelltS in lJ:irticIlliir :ilid, to ti lesser extent, woocI splinter3 

:IJI~ pieces of tIIet:11, lwnetratetl ulI to RII inch beneath the skin, occa- 
siomilly fhroiigh several IilyeW of clot.hing. When the fra~rments e 
were small, clothinp provided Some protection. 

11.20 1)urinp the course of 111e Nevada tests in 1955, studies were 
n1:1de of the missilt~s produced inside houses and in the open behind 
the houses described ii1 (“hapt,t~r I \‘. Some of the results obtained, 
with special reference to the ni:1xim1m~ density and velocity of the 
missiles, iIN? given in Table 11.20. A fairly sharp missile, e. g., glass, 
with a velocity in the ranges qnoted, CRIJ penetrate the abdominal wall 
of experimental animt1ls. Most of the missiles collected inside the 
houst~s consisted of pieces of glass, while those outside were glass, 
pieces of masonry, rocks 1111cl sticks of wood. In locat,ions shielded 
by houses or large pieces of machinery, the number of missiles ~11s 

greatly reduced. 
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Taism 11.20 

DISNSITY AND VI5IAKXTY OF MISSII>F:S 

Maximum Missile 
Peak missile density velority 

overpressure (number per (feel per 
(pounds per sgunre inch) spunre foot) second) 

5 66207 60-340 
3.8 17-66 60-280 
1.9 0. l-4 5C160 

11.21 The nature of the indirect blast (or mechanical) injuries 
among the Japant‘se ranged from complete crushing, severe fractures, 
and serious lacerations with hemorrlnqe, to minor scr:ltches, bruises, 
and contusions. Patients were treated for lacerations received out 
to 10,500 feet. (2 miles) from growd zero in IIiroshimn, and out to 
12,000 feet (2.2 miles) in Nagasaki. These distances correspond 
rougl1ly to those for significant. damage to windows. 

11.22 An interesting observation made among the Japanese sur- 
vivors was the relatively low incidence of serious mechanical injuries. 
For example, among 075 patients there were no cases of fractures of 
the skull or back and only one fract11red femur, although many such 
injuries must. have undoubtedly occured. This M IIS attributed to the 
f:ict. that persons who suffered severe coiicussioii or fracture or were 
rendered helpless by leg injuries, as wdl as those w110 were pinned 
beneath the wreckage, were trapped by the fhncs. Such individuals, 
of course, did not survive. 

11.23 The type and degree of mechanical injuries, as well as their 
distribution among the types mentioned earlier, was found to depend 
very much on whether the persons were in the open or in a building 
at, the time of t,lie explosion. In general, niec!::mical inj11ries were 
less severe and less frequent among sur\-ivors in the open, where many 
died from other causes, as seen above. In buildings, the mechanical 
injuries were more serious, the extent of the injnries being dependent 
on the construct,ion of t,he building, and, in particular, on the amount 
of glass. 

11.24 Some reliable information concerning! different types of me- 
chanical injuries has been obtained from the study of a group of sur- 
vivors at a military hospital in Hiroshima; the results are summarized 
in Table 11.24. In these cases, as in ot!lers, the incidence of fractures 
is low. In general, they may have represented only about 5 percent 
of the indirect blast injuries among survivors. 
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TARIX 11.21 

TYPES OF I\lE(‘IKANI(:AT~ IS.TI:RIES AT IIIROSIIIAIA 

In~jwft Pcrccnfngc 
Frartiiw ____________________-_____--___-- 11 

1,nwrntion ______________________-________ 35 

Contusion ____ _____________________---__-_ 54 

11.25 The healing of wounds was often slow? and accompanied by 
infection. There were several reasons for this situation. One tvns 

that mechanical injnrg was frequently accompanied by radiation in- 
jury which increased the susceptibility of t,he body t,o infection (see 
8 11.67). Another reason was the lack of proper t,reatment facilities, 
dne t.o the large number of cnsnalt.ies and general disorganization fol- 
lowing the nuclear explosions. 

FLAME AND FLMII BTJRNN 

11.26 As stated in Chapter VII, two general types of burns were 
experienced at Hiroshima and Nagasaki ; these were (1) fire or flame 
hums, and (2) flash burns due to thermal radiation. The two types 
could usrlally be distinguished by the characterist.ic “profile” nature 
of flash hums, due to partial shieldingY e. g., by clothing (5 7.71). 
Flame barns, 011 Mle otller hand, covered large parts of the body since 
the clothing iisually caught fire. Where large parts of the body were 
exposed to thermal radiat.ion, the flash burns were also of considerable 
area. 

Il.27 Among the survivors, the incidence of flame burns appeared 
to he very small. They constituted probably not more than 5 percent 
of the t.ot,al burn injuries. This was the case because most of those 
w110 suffered flnme barns did not survive, since they were caught in 
burning buildings md could not escape. The character of t.he flame 
hums after the nuclear bombings of Japan was similar to that of 
burns cansed by other conflagrations, and so the subject need not be 
considered further here. 

11.28 Flash burns, as indicated earlier, were very common at both 
Hiroshiala and Nagasaki. In the former city, for example, some 
40,000 fairly serious burn cases were reported. Apart from other in- 
juries, the flash burns would have been fatal to nearly all persons in 
the open, without, appreciable protection, at distances up to 6,000 feet 
(1.1 miles) or more from ground zero. Even as far out as 12,000 to 
14,000 feet (2.2 to 2.6 miles), there were instances of thermal radiation 
burns which were bad enough to require treatment. 
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11.20 The frequency of flash burns was, of course, greatest among 
persons who were ‘in the open. Nevertheless, there was a surprising 
number of such bnrns among individuals who were indoors. This was 
largely due to the fact that many windows, especially in commercial 

I structures, were uncurtained or were wide open because of the summer 

I 
we&her. Hence, many persons inside buildings were directly ex- 

I 
posed to thermal radiation. In addition to the protection afforded by 
clothing, particularly if l?ght in color, as mentioned in Chapter VII 
(see Figs. ‘7.?2 and 7.‘78), some shielding was provided by the natural 
promontories of the body, e. g., the nose, supraorbital (eye socket) 
ridges, and the chin. 

11.30 In spite of the thousands of flash burns experienced after 
the nuclear attacks on Japan, only their general features were re- 
ported. However, this information has now been supplemented by 

i 

observations made, especially on anesthetized pigs, both in the labo- 
ratory and at, nuclear test explosions. The skin of white pigs has been 
found to respond to thermal radiation in a manner which is in many 

I respects similar to, and can be correlated with, the response of human 
I skin. 
I 

11.81 In addition to being chiefly restrict,ed in area to exposed 
par& of the body, the majority of flash burns s11ow a much smaller 
depth of penetration of the skin than do flame burns. This is to be 
expected if t,he thermal radiation effective in causing burns is emitted 

/ 
during a very short time. In the 2C)-kiloton explosions over Japan, 

I 
for example, this was about 1 second. A very high temperat,ure is 
thus produced near the surface of the skin in a small interval of time. 
As a result,, some of the characteristics of flash burns, in addition to 
depth, differ from those of other, more familiar, burns. These differ- 
ences may be less apparent, if the thermal radiation is effective over 
a longer period of time, e. g., from an explosion of high energy yield. 

11.32 The severity of the flash burns in Japan ranged from mild 
erythema (reddening) to charring of t.he outermost layers of the skin. 

\ Unlike low-temperature contact burns, there was no accompanying 
edema (accumulation of fluid) of the underlying tissue. Among those 

I who were wit,hin about 6,000 feet (1.1 miles) irom ground zero, the 
burn injuries were depigmented lesions (light in color), but at greater 
distances, from 6,000 to 12,000 feet (1.1 to 2.2 miles), the initial 
erythema was followed by the development of a walnut coloration 

, of the skin, sometimes called the “mask of Hiroshima.” 

11.33 Burns of moderate second degree (and milder) usually 
healed within four weeks, but more severe burns frequently became 
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infecte(l so that the lwlling pwwss was iiiii~~l~ 1110re p~~~lot~ptl. Kern 
11ntler the best contlitions, it is tlific~ult to prevenf IHIIYIS fro111 hrc~m- 
i11g iilfectecl, am1 after the ~rrwlwr boml)inps of ,I:I~):III the sitlInt ion 
ww :iggr:rratetl hy iwitleqw~te wre, poor sanikil-ion, :11ic1 pner:il l:idr 
of p~*opw f:lcilities. N11ch~ar r:ltliatioll injury may lwve been tt con- 
tributory fwtor in SOJIIC UIS~S due to the dwrewe in resistance of 
the body to infection. 

11.3-i Expwimental fl:l+ burns have been obtained hoth in the 
hihoratory aiicl in iiiicle:1r ksts which were apparently quite similar 
to those reported from 11 iroshinla :tnd Nagasaki. In the more severe 
cases there was :I crntr:il charred region with a white outer ring sur- 
rounded hy an area of erythema. h definite demarcnt.ion both in 
extent, n1tt1 depth of the I)IIJ*J~S was noted. so that, they were nnlike 
contact burns which are penet~lly variable in tlcI)Ul. The surface of 
the flash burns became dry without. moth edema or wee?>ing of serum. 

11.35 Another phe~~on~enou which qqwnrctl in Japan after tl1e 
healing of some of the more severe brlrns, was the formation of 
k&ids, that is, thick overgrowfhs of scar tiss11e. It. was s1;pgested, 
at, 011e time, t.hat, this migl1t I1avc beet1 due to 1111clear ratlialio11, but 
such a view is 110 longer accepte(l. The degree of keloitl formaGo 
was 1111do11btedly influenced by infections, that, complicated healing 
of tlie b11rns, and by 111al1n1trition. A seco11dary factor is the known 
disposi Gon for keloid form:tl km to OWIJ~ amoii,~~ the Jwpinese, as a 
r:ld:ll rB:1J~:lct,eristic. itlatly s!wctacular k&ids, for exam?>le, were 
formed 11fter the heali11p of b1rrns prodaced in the incendiary bomb 
attacks on Tokyo. It is of intc.wst to note that a tendency has bee11 
ohserved for the keloids to disappear gradually in the co11rse of timI?. 

11.36 The effects of thermal radiation on the eyes fall into tw.) 
categories: these are (1) retinal burns, and (2) flash blindness. 
IWina? burns C:IJ~ result. from the concentration of s11fficient direct 
(_hermal energy on the retiiia of the eye. Hecause of the focusing 
a&on of tl1e lens, eno11gh energy ~*RJI be collected to produce a burn 
on the retina at siicli H distance from the explosion that the thermal 
radiatioo intensity is too smnll to produce a skin burn. As a resull 
of accidental ex?)os11res at 1111clenr tests, a few retina1 b11rns 11ave been 
experienced at a distance of 10 miles from an explosion of approxi- 
mately 20 kilotons energy yield. It, is believed that under suitable 
conditions, such burns might result even farther away. 
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11.37 Much of the (_hrrmal radiation responsible for flash burns 
arrives so soon after the explosion that refiex nrtions, such ns blinking 
and contrwtioll of the eye pii?>il, _ <rive only limited protect,ion. At 
night, when the eye is (lark-:~d:lpted and the pupil is large, retinal 
burns coiild occiir at, greaM (list antes from the nuclear explosion 
than in daylight. In all instances, there will be t.emporary loss of 
visual acuity, at least, but the ultimate effect will depend upon fhe 
severity of the bnrn and, to a greater extent, upon its location. If 
the b11rn is mild, or 011 the periphery of the visual field, the acuity 
may hardly be effected, but in more serio11s cases there may be con- 
siderable loss of vision. 

11.38 There is a possibility that small permanent blind spots may 
be produced on the retinas of persons who focus their eyes directly 
on the fireball, so that tl1e image of the fireball is formed in the region 
of central vision. The chance that an individual will be looking 
directly at tl1e ball of fire is small, particularly for low-yield nuclear 
weapons which 11ave a short period in which the rate of thermal radin- 
tion emission is 11ipb. Temporary “flash blindness” or “dazzle,” due 
to the flooding of the eye with the brilliant. light scattered from the 
sky, ground, and other surroundings, is much more probable. This is 

a tem?Wrary en1barrassment, however, a11d vision is usrially regained 
within a short time. 

11.30 It is an interesting fart. that among the survivors in Iliro- 
shima and Nagasaki, eye injuries clirectly attributable to thermt/l 
radiation appeared to be relatively unimport:mt. There were maqy 
cases of temporary, blindness, occasionally lasting up to 2 or 3 hours, 
but more severe eye injuries :vere not common. 

11.40 The eye injury known as keratitis (an inflammation of the 
cornea) occurred in some instances. The symptoms, including pain 
caused by light, foreign-body sensation, lachrymation, and redness, 
lasted for periods rangi11g from a few hours to several days. Among 
1,000 cases, chosen at random, of individuals who were in the open, 
within some 6,600 feet (1.25 miles) of ground zero at the time of t?le 
explosions, only 42 gave a history of keratitis coming on within the 
Hrst day. Delayed kerat-itis was reported in 14 additional cases, with 
symptoms appearing at various times up to a month or more after 
tl1e explosion. It is possible that nuclear radiation injury, which is 
associated with delayed symptoms, as will be seen below, may have 
been a factor in these patients. 

11.41 Investigators have reported that in no case, among the 1,000 

examined, was the thermal radiation exposure of the eyes apparently 
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sufficient to produce permanent, opacity of the COI'I~CR. This observa- 
tion is surprising in vie\\, of the severe burns of the face s~~ffwed by 
many of the patients. Thns, in approximately one-quarter of the 
cases st.wdied there had been facial skin burns and often burning of the 
eyebrows and eyelashes. Nevertheless, some three years later the 
corneas were normal. No persons in t,he survey group developed per- 
manent central scotomata (blind spots), although several stated that 
they were looking in the direction of the bomb at Ihe time of the 
explosion. 

11.42 Several reasons have been suggested for the scarcity of severe 
eye injuries in Japan. For example, it seems probable that the blink 
reflex was rapid enough to provide significant protection. Another 
possible explanation is that the recessed position of the eyes and, in 
particular, the overhanging upper lids served to decrease the direct, 
exposure to thermal radiation. On the basis of probability, only a 
small proportion of individuals would actually be facing the explo- 
sion and owing to the bright. sunlight the pupils of the eyes would be 
small, thus decreasing the exposed area. 

NUCLEAR RADIATION INJURY 

11.43 The injurious effects of nuclear radiation from a nuclear 
bomb represent a phenomenon which is completely &sent from cow 
ventional explosions. For this reason the subject of radiation injury 
(or sickness) will be described at some length here. It should be 
understood, however, that the extended discussion is not necessarily 
meant to imply that nuclear radiat,ion would be the most jmpo.rtant. 
source of casualties in a nuclear explosion. This was certainly not 
the case in *Japan, as indicated earlier, where the bombs were detonated 
at a height of approximately 1,850 feet above the ground. Such in- 

-juries as were caused by nuclear .radiat.ion were due to the initial radi- 
ation. The effect of the residua,l nuclear radiation, in the form of fall- 
out, was negligible. However, as was seen in Chapter IX, the situa- 
tion could be very different in the event of a surface burst of a fission 
weapon. 

11.44 It has long been known t,hat, excessive exposure to nuclear 
(or similar) radiations, such as X-rays, alpha and beta particles, 
gamma rays, and neutrons, which are capable of producing ionization, 
either directly or indirectly (5 8.22)) can cause injury to living organ- 
isms. After the discovery of X-rays and radioactivity, t,oward the end 
of the nineteenth century, serious and sometimes fatal exposure to 
radiation was sustained by radiologists before the dangers were 
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realized. In the course of time, however, recommendations for pre- 
venting overexposures were adopted and radiation injuries became 
less frequent,. Nevertheless, occasional overexposures have occurred 
among personnel operating radiographic equipment, powerful X-ray 
mach.ines in industrial laboratories, cyclotrons, and nuclear reactors, 
or working with radioactive or fissionable materials. 

11.45 The harmful effects of radiation appear t,o be due to the 
ionizat,ion (and excitation) prodnced in the cells composing living 
tissue. As a result of ionizat,ion, some of the constit,uents, which are 
essential to their normal functioning, are damaged or destroyed. In 
addition, the products formed may act as cell poisons. Among the 
observed consequences of the a&ion of nuclear (or ionizing) radiations 
on cells is breaking of t,he chromosomes, swelling of the nucleus and 
of the entire cell, destruction of cells, increase in viscosity of the cell 
fluid, and increased permeability of the cell membrane. In addition,- 
the process of cell division (or “mit.osis”) is delayed by exposure to 
radiation. Frequently, the cells are unable to undergo mitosis, so 
that the normal cell r&placement Occurring in the living organism is 
inhibited. 

11.46 Before t,he bombings of Hiroshima and Nagasaki, radiation 
injury was a rare occurrence and relatively little was known of the 
phenomena a.ssociat.ed with radiation sickness. In *Japan, however, a 
large number of individuals were exposed to doses of radiat,ion rang- 
ing from insignificant quantities to amounts which proved fat,al. 
The effects were often complicated by other injuries and shock, SO 
that t,he symptoms of radiation sickness could not always be isolated. 
Further, the great number of patients and the lack of facilities after 
the explosions made it impossible to make detailed observations and 
keep accura& records. Nevertheless, cert,ain important conclusions 
have been drawn from Japanese experience with regard to the effects 
of nuclear radiation on the human organism. 

11.47 Since 1945, further information on this subject has been 
gathered from ot,her sources. These include animal experiments and 
a few laboratory accidents, involving about a dozen or so human 
beings. The most det.niled knowledge, however, was obtained from 
a careful study of over 250 persons in the Marshall Islands, who were 
accidentally exposed t.o nuclear radiation from fallout following the 
test explosion on .March 1, 1954 (§ 9.86). The exposed individuals 
included both Marshallese and a small group of American service- 
men. The whole-body radiation doses ranged from relatively small 
values (14 roentgens) , which produced no symptoms, to amounts (1’75 
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roenlgens) somewhat, less than would be rxpec$etl to reslllt, in f;ltnlity 
to R few percent of those csl~ost~l. 

11.43 It, has been cst:lblishrtl that, all radiations ~:ip:~l~l~ of pro- 
dnrinp ionization (or excitation) tlirectly, e. g., alpha and beta par- 
ticles, or indirectly, e.g., S-rays , gamma ra.vs, and neutrons, can 
CRIW radiation injury of the same general t.vpc. However, although 
the effects are clu:ilit:ttirely similar, the various ratliations differ in 
the dent11 to which they penetrate the hodp and in the degree of injury 
corresponding to a sprcified aniount, of energy absorption. As stat,et] 
in $ K.71, this tliffrrcnw is (partly) espressecl by means of the relative 
biolopiral effectiveness (or RRE). 

Il.49 For beta part ides. the RTiE is close to unity ; this me:lns thnt, 
for the same amount of energy absorbed in living tissiie, beta particles 
produce about, the same extent of injury within the hotly as do X-rays 
or gamma ra.vs.’ The RRE for alpha particles from radioactive 
sources has been variously reported to be from 10 to 20, bnt, this is be- 
lieved to be too large in most cases of interest. For nuclear bomb 
neutrons, the RRE for acute radiation injury has heen taken as 1.7 
(8 8.tD), hilt. it. is :ilrpreci:tb],v larger where the formation of opacities 
of the lens of the eye (cataracts) are concerned. TII other words, 
neutrons are much more effective than other nuclear radiations in 
causing cataracts. 

GENERAL RADTATION EFFECTS 

11.50 The effects of nuclear radiations on living organisms depend 
not. only on the total dose, that. is, on the amount. absorbed, hut also 
on the rate of absorption, i. e., on whether it is acute or chronic. and 
on the region ant1 estcnt, of the tmdy exposed (a 9.38). A few radia- 
tion phenomena, such as genetic effects (see Ef 11.124, et wg.), ap- 
parentlp depend only upon the total dose received and are independ- 
ent of the rate of delivery. III other words, the injury caused by radin- 
tion to the germ cells is cumulative. In the majority of instances, 
however, the lhlogicwl effect of a given total dose of radiation de: 
creases as the rate of exposure decreases. Thus, to cit.e an extreme 
case, 700 roentgens in a single dose would be fatal, if the whole hndy 
were exposed, but. it woultl not, cause death or have any noticeable 
external effects if supplied more or less evenly over a period of 30 
years. 

11.51 A skin exposure dose of ‘700 roentgens of X-rays will cause 
a certain degree of erythema (reddening) if administered locally to 

1 Betrr Qnrtlcles from source* on or near the body can also cause skin burns (see g 11.94). 
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a small area over a period of 1 hour. However, to produce the same 

a.pparent, effect. with two shorter treatments separated by an interval 
of 24 hours, each dose must be about. 535 roentgens, so that a total of 
1,070 roentgens is required. If the exposure is spread over a period 

of 1 month, the total dose may approach 2,000 roentpens in order to 
cause the same degree of erythema. The explanation of these results 

is that in the skin new cells are continually being produced at a rspid 
r&e in order to t,ake care of normal wear and tear. Hence, the ma- 

jority of cells damaged (or killed) by radiation are replaced by new 
cells and there is a certain amount of nat,ural recovery between suc- 
cessive doses. 

11.52 Although in most cases the rate of formation of new cells is 
not as great, as it is in the skin, the ability to recover, to some extent, 
from the effects of radiation appears to be possessed by many body 
tissues. The rate of replacement of mature cells of blood-forming 

tissues and of the lining of the gastro-intestinal tract,, as well as of 
sperm cells, is also very great. 

11.53 It was seen in Chapter IX that, the human body is able to 
wit.lmt.and cont.inual exposure to small doses of radiation from natural 

’ sources without any obviously harmful consequences. The probable 
reason, as implied above, is that most. of the cells damaged by the ra- 
diation are replaced by new ones. Rut if the rate of delivery of t,he 

radiat.ion is high or the tot,al dose received in a relatively short time 
is large, recovery cannot keep pace with the damage, and injury 
results. 

11.54 Whether t,he injury due to nuclear radiation is reparable or 
not, appe;lrs to depend to a large extent on the natural capabilit,y of 
the affected organ (or organ system) to repair itself as a result of 
dmnnge of any kind. Thus, radiation injury to brain and kidney is 

largely irreparable, but damage to bone marrow, the gastro-intestmal 
tract, and skin, on the other hand, is to a great extent reparable. 

11.55 It, has already been indicated that the injury caused by a 
certain dose of radiation will depend upon the extent, and part. of t,he 
body that. is exposed. For example, an acut,e exposure dose of ‘700 

roentgens applied to a small region may result in considerable biologi- 
cal damage to tire irradiated area, but the over-all health of the indi- 
vidual may be apparently unaffected. If the whole body receives the 

close of 700 roent,gens, however, death will probably result. One 

reason for this difference is that when the exposure is rest,ricted, the 
unexposed regions can contribute to the recovery of the injured area. 
13ut if the whole body is exposed, many organs are affected and re- 
covery is much more difficult. 

4LIL78 0 -57 -I, 
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11.56 Different, portions of the body show different sensitivities tr, 
radiation, although there are undoubtedly variations of degree anl01lg 
individuals, as will be seen below. In general, the most radiosensitive 
parts include the lymphoid tissue, bone marrow, spleen, organs of re- 
production, and g&ro-intestinal tract. Of intermedia~te sensitivity 
are the skin, lungs, kidney, md liver, whereas muscle and full-grown 
bones are the least sensit.ive. 

KFFECTR OF ACUTE RADIATION DOSES 

11.57 In the present section there will be described some of the 
nlore obvious effects of an acut,e dose of radiation received over the 
whole body. Such a situation could result from exposure of persons 
to the initial nuclear radiation from a nuclear explosion. The results 
given iu- Table 11.57, which apply to man, are based upon experiments 
with animals, as well RS upon the conclusions drawn from observations 
made in *Japan and of the individuals exposed on the Marshall Islands. 
The percent.age of fat,alities corresponding to any particular dose may 
be decreased to some ext.ent. b? treatment without delay. The data 
in Table 11.57 are also plotf,ed III Fig. 11.57; the two curves show thrj 

mm RADIATION DOSE (R~IWCENS) 

Figure 11.57. Incidence of sickness and death due to acute exposure to various 
doses of nuclear radiation. 
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expected percent,age incidence of radiation sickness and of subsequent 
deaths within 30 days (or so), respectively, for various acute radiation 
doses over the whole body. 

TARLE 11.57 

ESI’E(‘TEI) EFFEC’TS OF A(‘liTK WIIOI,E-R0I)Y RADIATION DOSES 

Arrcte dose 

( rocntgcwa) 

0 to 50 
80 to 120 

130 to I70 

180 to 220 

270 to 330 

400 to Ml0 

BfXl to 7%) 

1000 

5000 

Probahls effrct 

No ohvims effort, except possibly minor blood changes. 
Vomiting nntl rmusen for nbont 1 day In 5 tc, 10 percent of exposed 
personnel. Fntlbue but no serious dinnbility. 
Vomiting nnd nnusen for nhout 1 dry, followed by other symptoms 
of radintion sickness in nhout 25 percent of personnel. No deaths 
nnticipnted. 
Vomit.ing and nnusen for nhout 1 dny. followed hy other symptoms 
of rndintion sickness in about 50 percent of personnel. No deaths 
anticipated. 
Vomiting and nnusen in nearly nil personnel on tlrst day, followed 
by other s.vmptoms of rndintion sickness. About 20 perrent denths 
within 2 to 0 weeks after exposure ; survivors conrnlescent for about 
3 months. 
Vomiting nnd nnnsea in nll personnel on first dry, fnllowed hy other 
symptoms of rndintion sickness. Ahont 50 percent dcnths within 
1 month ; survivors convnlesc~ent for ahont CI months. 
Vomiting nnd nnusen in nil personnel within 4 hours from expoanre, 
followed by other symptoms of radintlon sickness. Up to 100 per- 
cent deaths : few survivors convnlescent fr#r about B months. 
Vomiting nnd nnusea in rll personnel within 1 to 2 hours. Probably 
no survivors from radiation sickness. 
Inrapnritatinn almost immediately. All wrsonnel will he fntalities 

within 1 week. 

11.58 It will be noted that, both in Table 11.57 and in Fix. 11.57, 
a p.articular effect (or incidence) is associated with a range of exposure 
doses in rpentgens. The reason for this uncertainty is that there are 
many factors, some known and some unknown, which determine the 
effect on the body of a specified radiat,ion exposure dose. In addition 
to biological variations among individuals, which will be referred to 
shortly, there are such considerations as the ages of the exposed per- 
sons and their state of health, depth of penetratron into the body and 
the organs absorbing the radiation, and the orientation of the body 
with reference to the source of t,he radiation, leading to possible shield- 
ing of one part of the body by another. These and other factors will 
influence the consequence of exposure to a specified dose in roentgens. 

11.59 The differences in response to radiation by individuals is 
brought out by the fact that not all members of a group of human 
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I)ein,?s. a~s11nwc1 lo ha irradiated with the S:IIIIC dose m&r the s:lma 

coiitlit ions, react in the s:Imc nianncr. For es:lml)le. only 20 prrcent, 
of tl1OSe exposCd woill~l he expected to siiccmnh to a11 acute dose in 

the vicinity of 300 rorntpns. ?‘ht? other 80 pwwnt will suffer from 
radiation sickness but will l)roh~bl y recover. The difference in the 
effect. of the rdi:ltion 011 tliffrrent. ~iiidiviclm~ls is nttrihiited to what, 

is called “l~iologic:~l variahilit-y.” It. is not R imiqne characteristic of 
niic*lenr rndiat.ion effects, since it. occurs when other physiological 
stimuli are involved. Tlw existence of this natural variability factor 

thus makesit necrssary to deal witll the average behavior of R large 
nnmber of persons. Tt is impossible to predicf. how a given individual 

will respond to n specified dose of radiation, although the exp&ed 
average effect, 011 n large .prmp may he known, provided the condi- 
tions are precisely defined. 

ll.fW As a point of raferwce. in considering the biological effects 

of acute rwliat ion dosrs over the whole body, a quantity called t.lie 

“median lethal (lose” is commonly iised.a It. is the whole-body dose 
wl1ich is expected to result in the death within about. :I month (or so) 
of 50 percent of exposed incliridnals among a large group. The otl1er 
50 percetlt will he sick ht will probably recover within 6 months. 

Jh3lrillf in mind tl1e iii1cwt:~inties, referred to above7 it1 stating a pre- 

coise v:iliic, it, is gener:~lly awrptrd at the present time that, tile median 

lethal dose is a11 ~~SIIIP of 450 roentgens. This may, however, be 
subject. to change as more informaCion on the effect,s of acute radiation 
on iibn~~ becomes available. 

11.61 It aplwflrs from recent studies, both in the laboratory and 

in the field, that there is lwoh:1hly 110 single vnlae for the median 

1etli:il doqe that, applies under all conditions. For example, it was 

co11cl11tlt~~1, from observations on thr blood changw among the indi- 

vitl1~:11s :1~c~itlrt1t:1lly exposed to fallout. radiation on the Marshall 

Isln~lds (see a 1 I .W). tllat the median lethal dose would have been 

somewli:it~ less than 450 roentgens. 011 the other hand, an examina- 
tion of the d:tta obtained from .Japan indicates a higher value for 

the n1cdinn lethal dose for exposure to H1e initial nuclear radiation. 

f2lthoii~li both valries are subject. to considerable errors, it is possible 

that tlie tlifitwnce arises from the fact that the fallout, material was 
spread over a large area, so that the radialtion reached the exposed 
individuals from many dire&ions. With the initial radiation, how- 
ever, the exposure was essentially from one direction only, so that 
some parts of the body were shielded by others. A given radiation 

*The mrdlaa lethal dose la frequently abbreviated RB MLD. LD/SO. or LDm. 
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exposure in rocwtg6Ws would then cause more damage in the former 
case. lending to :I lower valne for the median lethal dose. For the 
present purpose, the value of 360 roentgens will be adopted as a rea- 
sonable average. 

CHARACTERISTICS OF ACUTE RADIATION IN JURY 

LARUE DOSE (OVER 700 ROENTGENR) : SURVIVAL IMPROBABLE 

11.62 Very large doses of whole-body radiation, e. g., 5,000 roent- 
gens or more, result in very rapid injury to the central nervous sys- 
tern. The symptoms are hyperexcitability, ataxia (lack of muscular 
coordination), respiratory distress, and intermittent stupor. There is 

almost immediate incapacitation, and death is cettain in a few hours 
to a week or so after the acute exposure. If the dose is in the range 

of about, 700 to 1,000 roentgens, roughly, it, is the gastro-intestinal sys- 
tem which exhibits the earliest severe clinical effects in the form of 
nausea and vomiting within the first 3 or 4 hours. The larger the 
dose the sooner are these symptoms experienced. They are then fol- 

lowed, in more or less rapid succession, by prostration, diarrhea, 
anorexia (litck of appetite ant1 tlislike for food), and fever. AS ob- 
served after the nuclear attacks on .Japan, the diarrhea was frequent 

and severe in chararter, being watery at first and tending to become 
bloody IaLter. 

11.68 The sooner the foregoing symptoms of radiation injury de- 
velop, the sooner is death likely to result,. hlthongh t,here is no pain 

during the first few days, patients experienre feelings of discomfort 
or uneasiness (malaise), accompanied by marked depression and 
bodily fatigue. III some of the cases receiving a lower dose, the early 
stages of the severe radiation sickness are followed by a so-called 
‘Went” period of 2 or 3 days (or more), during which the patient ap- 
pears to be free from symptoms, although profound changes are t,ak- 
ing place in the body, especially in the blood-forming tissues. This 
period, when it o(‘curs, is followed by a recurrence of the early symp- 

foms, often accompanied by delirium or coma, terminating in death 
usually within 2 weeks. 

11.64 Other sympt,oms which have been observed are secondary in- 
fection and a tendency to spontaneous internal bleeding toward the 
end of the first week. At the same time, swelling and inflammation 

of the throat is not uncommon. Loss of hair (epilation), mainly from 

the head, will usually occur by the end of the second week. The de- 
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velopme~~t of SCVPIP radial iota R~~~~~~Pss nmong thr Japanese was arcom- 

j):\nied lay an irwrwse itI the body tempernt.tlrr. Grnernlly there was 

:I step-like rise betnrtw thr fifth ant1 seventh d:1.ys;, sometimw as early 

as the 1 hirtl (lay, aftcar rspos~~re, usually continuing u&i1 the day of 
death. There were also striking changes in the blood of the patient, 
lo whit+ reference will be made shortly (8 11.73). Examina.t.ion after 
(lcath reve:~led a. clwrense in size and degenerat.ive changes in t,estes 
and ovaries. IJlwrntion of the tonsils and of the mucous membrane 
of the large iiitestine was also noted in some cases. 

DOSE OF 300 TO ,500 ROENTGENS: Srmvrv~r, POSSIRLE 

11.65 In t,he dose rt~npe from about 300 to 500 roentgens, from 
which survival is possible hut by no means certain, the init,ial symp- 
toms are similar to those follo\iinp a somewhat. larger dose, namely, 
nausea, vomiting, diarrhea, loss of appet.ite, and malaise. However, 
these symptoms will develop later, although generally during the day 
of the exposure, and he less severe. After the first day or two the 
symptoms disappear SIII~ there may he a latent period of several days 
up to two weeks dnring which the patient. feels relatively well, al- 
though important. c11n1~ges are owurring in t,he blood. Subsequently, 
there is a return of the symptoms, including fever, diarrhea, and 
the step-like rise in temperature referred to Above. 

11.66 Commencing about 2 or 3 weeks after exposure, there is a 
marked trntlency to bleed (hemorrhage) into various organs, and 
hemorrhages under the skin (petec,hiae) are observed. Part,icularly 
common are sponkneous bleeding in the mout.h and from the lining 
of the intestinal tract,. There may he. Wml in the urine from bleeding 
into the, kidney or into the urinary tract, leading from the kidney. 
The hemorrl~:tgir tpnclency depends mainly upon depletion of certain 
component,s of tlw Ihod, resulting in defects in the complex blond- 
clot.t.ing mechanism (see fi 11.79). Loss of hair, which is very char- 
acterist,ic of r:itliat,ion esposure, also star& after ahnut, 2 weeks, t,hat 
is, immediat,ely following the latent, period. 

11.67 Susceptibility to infection of wounds, burns, and other 
lesions, is a serious complicating fact.or. This results to a large degree 
from the loss of white blood cells, and a marked depression in the 
body’s normal immunolngic~al mechanism. For example, ulceration 
about the lips commences after the latent period and spreads from 
the mouth through t.he entire gastro-intestinal t,ract in the terminal 
stage of the sickness. The multiplication of bacteria, made possible 
by the decrease of t.he white cells of the blood, t,hus allows an over- 
whelming infection t,o develop. 
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11.68 In t.he more serious cases in Japan, who had received a 
fairly large dose of radiation, there was severe emacia.tinn with fever 

j a,nd delirium, followed by death within 2 to 12 weeks after exlmsure. 
Those patients w110 survived for 3 to 4 mont,hs, and did not. succumb 

I to tuberculosis, lung diseases, or other complications, gradually re- 

1 

covered. There was no evidence of permanent loss of hair, and 
examination of 824 survivors some 3 to 4 years lat,er showed that 
their blood composition was not significantly different from that of a 
control group in a city not subjected to nuclear attack. The incidence 

I of long-term effects, such as cataracts and leukemia, will be considered 
/ / below. 

DOSES~ OF 100 TO 250 ROENTGENS : SURVIVAL PRORARLE 

I 

11.69 Exposure of t.he whole body t,o a radiation dose in the range 
of approximately 109 to 250 roentgens will result in a certain amount 
of sickness, but it will probably not prove fatal. Doses of t,his mag- 
nitude were common in Hiroshima and Nagasaki, particularly among 
persons who were at some distance from the nuclear explosion. Of 
t.he 250 individuals ac,cident,ally exposed to fallout in the Marshall 
Islands following t,he test explosion of March 1, 1954, a group of 64 
received radiation doses in this range. It should be pointed out 
that the exposure of the Marshallese was not strictly of t,he acut,e t,ype, 
as arbitrarily defined in $9.38, since it extended nver a period of snme 
45 hours. More t.han half t,he dose, however, was received within 24 

i llours and the observed effects were undoubtedly similar to those to 
be expected from an a&e exposure of the same amount. 

11.70 The sickness resulting from radiation doses in the range 
from 100 to 250 roentgens presents much the same general picture as 
in the case of more severe exposure, except that the onset is less abrupt 
and the syrnpt,oms are less marked. There is usually some nausea, 
vomiting, and diarrhea on thz first day or so following irradiation, 
but subsequently t,here is a latent, period, up to 2 weeks or more, 
duting which the patient has no disabling illness and can proceed 
with his regular occupation. The usual symptoms, such as loss of 
appetite, malaise, loss of hair, diarrhea, and tendency to bleed t,hen 
appear, but they are not very severe (Fig. 11.70). The changes in 
the character of the blood, which accompany radiation injury, become 
significant during the latent period and persist for some time. If 
there are no complications, due to other injilries or to infections, there 
will be recovery in nearly all cases, with hair growth recommencing 
after about 2 months. In general, the more severe the early stages 
of the radiation sickness, the longer and more difficult will be the 
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of cxpoSure antI an iiirers~~ rel:tt iollshil) to the prob:~bility of recovery. 
‘I‘be occw~~ce :tncl length of tile latent period which follows the 
initial symptoms, antI the subseclilent afrects, are also relat,ed to these 
factors. A simplifed summary of the cliuicnl symptoms (or syll- 
drome) of radiation sickness of three degrees of severity are given in 
Table 11.72. It should be understood that, the time scale is approxi- 
mate and tllnt, the order of appearance of the various symptoms aftcr 
tlie Went, period, as well as the symptoms themselves, may vary from 
one individual to another. 

TABLE 11.72 

SUMMARY OF CLINICAL SYMPTOMS OF RADIATION SICKNESS 
-- 

Time alter 
W.pos”m 

----- 

1st wee.... 

Fignre 11.70. IAM of hnir in (*hiId exposed to nlq)roxiuntely 175 roentgens of 

Rnmmn radiation. 
hdwwk.... 

process of recovery. Adeclllate care and the use of antibiotics, as may 
be intlicatecl clinically, can greatly expedite complete recovery of the 

I 

more serious casw L. 

QMAIA I)oses : MINOR INJURY 

11.71 Single exposures of from 25 to 100 roentgens over the whole 
body may produce mild and somewhat, indefinite symptoms, or there 
may be nothing other than the blood changes which have been observed, 

I 

to a minor extent, following doses as small as 14 roentgens. Disabling 
sickness is not common, and exposed individuals should be able to 

! 

proceed with their usual dnt.ies. 

SUMMART OF CLINICAL SYMPTOMS OF RADIATION :SICKNEM 

11.72 The most obvious and earliest symptoms of radiation sick- 
ness are nausea, vomiting, and diarrhea. The appearance, severity, 
and duration of these symptoms bear a direct relationship to the degree 

3rd week..... 

4th week.._.. 

Survlvnl lmprobnblo 
(700 r or Inor@) 

Nausm. vontilitx. nnd dial 
rhea in first Icw hours. 

No dnllnlto symptoms in 
sornc ears (Intmt pdod: 

Dinrrbca 
Iirmorrhsge 
PUrpUrS 
laflammation of mouth and 

throat. 
FeWY 

Rapid rmaclatlon 
Death (MortoJlty probabll 

loo percent). 

Survival possible 
(550 r to 3lm r) 

Gusea. vomitin& and dlw- 
rho8 in first few hours. 

Vo d&udte symptoms (Is- 
tent. porlod). 

Epllatlon 
I& 01 appetite and wwal 

malslse. 
Fevei 

Remorrhwe 
Purpurs 
Pntcehlae 
Nosebleeds 
PsllW 
Inilammation of mouth and 

throat. 
Dlarrhen 
Emsclatlon 

Death In most 8erlol1s CD%.% 
(Mortality 5n percent r0r 
450 rocntwls.) 

Survival probable 
(XXI r to loo r) 

___-WY_-- 

Possibly nauma, vomlthv?. 
and dlarrhce on Arst day. 

_--- - 

NO dcnnitc symptoms (la- 
tent porlod). 

Epllalion 
LOSS 01 npprtite and malaise 
Sow lhront 
Remorrhqe 
Purpura 
PetechIne 
Pallor 
Dhwrhea 
Modorate emwlatlon. 

Recovwy likely In about 3 
months unkx. complicated 
by poor prwlow health or 
suporlmposed lnjurlen or 
Inleet.lon% 
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EFFECI-s OF RADIATION ON Br,oon (YONSITTUEN+I'S 

11.73 Among the biological consequences of exposure of t,he whole 

body to a single dose of nuclear radiation, perhaps the most st,riking 
tend characteristic are the changes which take place in the blood. 
These changes have been observed, to a small extent, among a group 
of individuals with doses as low as 14 roentgens, but they become more 
marked with increasing dosage. Much information on the hematologi- 
cal response of human beings to nuclear radiation was obtained after 
the nuclear explosions in Japan and also from observations on victims 
of laboratory accidents. The situation which developed in the Mar- 
shall Islands in March 1954, however, provided t.he opportunity for a 
very thorough study of the effects of small and moderately large doses 
of radiation, up to 175 roentgens, on the blood of human beings. The 
descriptions given below, which are in general agreement with the 
results observed in *Japan, are based larg.ely on this study. 

11.74 One of the most striking hematological (blood) changes as- 
sociated with radiation injury is that in the leukocyte (white blood 
cell) content. The leukocytes are those cells concerned with resisting 
bacterial invasion of the body. Their numbers in the blood are ob- 
served to increase rapidly during the course of an infect,ion, as they 
are required to combat t,he invading organisms. The loss of this 
ability to meet the bacterial invasion, whether due to radiation or any 
other injury, is a very grave matter, and bacteria which are normally 
held in check by the leukocytes can then m&ply rapidly, causing 
serious consequences. There are several types of leukocytes with dif- 
ferent specialized functions, but. which have in common the general 
property of resisting infection or removing toxic products from the 
body, or both. Leukocytes a.re named according to their appear- 
ance, e. g., granulocytes, to their origin, e. g., lymphocytes, or to t.heir 
acid-base affinities, e. g., acidophiles, neutrophiles, and basophiles. 

11.75 After the body has been exposed to radiation in the sublethal 
range, i. e., about 250 roentgens or less, the total number of leukocytes 
increases’sharply during the first two days or so, and then decreases 
below normal levels. The white blood cell count fluctuates over the 
next, 5 or 6 weeks, with no definite minimum. In the course of this 
fluctuation the count may possibly rise above normal on occasions. 
During the seventh or eight,h weeks the white count becomes stabilized 
at low levels, and a minimum probahly occurs at about this time. An 
upward trend is observed in succeeding weeks, but complete recovery 
may require several months or more. 
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11.76 The neutrophiles, which defend the body against, invading 
bacteria, are chiefly formed in the bone marrow. The neutrophile 
cormt parallels the total white blood cell count,, so that the initial 
increase observed in the latter is apparently due to the increase in the 
mobilization of neutrophiles. Complete return of the number of 
neutrophiles to normal does not occur for several months. 

11.77 In contrast to t,he behavior of the neutrophiles, the number 
of lymphocytes, produced in parts of the lymphatic tissues of the body, 
e. g., lymph nodes and spleen, shows a sharp drop soon after exposure 
to radiation. It continues to remain considerably below the normal 
value for several months and recovery may require many months 01’ 

even years. However, to judge from the observations made in Japan, 
the lymphocyte count of exposed individuals 3 or 4 years after ex- 
posure was not significantly different from that of unexposed persons. 

11.78 As seen above, the function of the white blood cells is to de- 
fend the body against infection and to remove toxic products. The 
failure of the bone marrow and of the lymphoid tissues to produce 
granulocytes and lymphocytes, respectively, as a result of the action 
of radiation, means that an import.ant defense mechanism of the body 
is rendered largely inoperat,ive. This accounts in part for the in- 
creased susceptibility to infection, mentioned cerlier, which accom- 

panies radiation sickness. Other contributory factors are deficiencies 
in the ability to produce antibodies and defective functioning of the 
remaining lymphocytes. 

11.79 A further significant hematological effect is that in the 
platelets, a constituent of the blood which plays an important part in 
connection with blood clotting. Unlike the fluctuating total white 

count, the number of platelets falls steadily and, for a subleth,al dose, 
reaches a minimum at the end of about a month. For higher radiation 

doses the platelet count falls off more rapidly and attains a lower mini- 
mum in a shorter time. The decrease in the number of platelets is fol- 
lowed by a partial recovery, but a normal count may not be attained 
for several mont,hs or even years after exposure. It is the decrease in 

the platelet content which partly explains the appearance of hemor- 
rhage and purpura as a result of radiation injury. 

11.80 The erythrocyte (red blood cell) count also undergoes a 
decrease as a result of radiation exposure, so that symptoms of anemia, 
e. g., pallor, become apparent. However, the change in the number of 
erythrocytes is much less striking than that in the white blood cells 
and platelets, especially for exposures in the range of 200 to 400 roent- 
gens. Whereas the respouse in these cells is rapid, the red cell count 
shows little or no change for several days. Subsequently, there is a 
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decrease which may continue for 2 or 8 weeks, but this is folknvetl by 
a gradual increase in those who survive. 

11.81 As an int?ex of severity .of r:i(?iation ex~ws~~re’, ?~:irticrllarly 
in the sublethal ranp, the total white call or neutrol~hile counts are 
of limited usefulness because of the wide ff uctuntions :1nt1 :I Is0 bac:~us~ 
several weeks may eln?~ before the maximum tlepression is observed. 
The lymphocyte coruu is of more valne in t.his res?)ect, ?)articular?y 
in t?re low dose range, since clepression occurs within :I fe\v ?murs of 
exposure. However, a marked decrease in the number of lympllocytes 
occurs even w.ith low doses and there is relatively little difference with 
larger doses. Consequently, the \vhite cell count, is not very useful as 
an index of exposure at. the higher dose levels. 

11.82 The platelet count, 011 the ot.her hand, ap?wam to exhibit a 
regular pnttern, with the maximum clepression being attained at ap- 
proximately the same time for various exposures in the sublethal 
range. Further, in this range, t.he degree of depression from the 
normal vahte is roughly proportional to the estimated dose. It has 
been suggested, therefore, that. the platelet count. might serve as a con- 
venient t111d .relatively simple direct method for determining tile sever- 
ity of radiation injury in the sublethal range. The main clisatlvantape 
is that an appreciable decrease in the pl:&elet, count. is not. apparent 
unt~il some time after the exposure. 

LATE EFFECTS OF NUCLEAR RADIATION 

CATARACTS 

11.83 There are a number of consequences of nuclear radiat.ion 
which may not :I~+YW for some years after exposure. Among t,heni, 
apart, from genetic effects, are the formation of cataracts, leukemia, 
and retarded development of children Gr, ?/tare at the time of the ex- 
posure. Information concerning these late effects have been obtainec? 
from continued studies in Japan made chief?y under the direction of 
t.he Momic Homb Casualty Commission.’ 

11.84 An ,examination for the incidence of cataracts nrnonp the 
survivors of t,he bombings of Hiroshima and Nagasaki has revealed 
well over 100 cases of non-vision-disturbing lens opacities in persons 
who were within about 3,000 feet (0.6 mile) from ground zero at the 
times of the respective explosions. In a small proRortion only of the 

‘The Atomic Bomb Casualty Commlsslon of the U. S. National Research Counrll IR 
sponsored by the Atomic Enera~ Commlsslon. 
el?ecte of expoeure to nuclear radlatlon. 

One of its purposes Is to study the long-term 

patients was the opacity serious enough to require :III operation. The 

cntnracts are sin&r to those which have been previously associatec? 
with overexposure to X-rays or gamma rays, and so they are probably 
due to the initial nuclear radiation from the nuclear bomhs. Recause 

of the high biological effect,iveness of fast neut,rons for the formation 
of lens opacities ($11.49), it is probable that this radiat.ion was large- 
ly responsible for the *Japanese cases. 

11.85 Most. persons in the same zone, with respect to the cent.er of 
the explosion, died either from thermal or mechanical injuries or 
from radiation sickness. Consequently, it is probable that al? (01 

nearly all) the survivors who later developec? cataracts must leave 
received at least moderat,e doses of radiation. This view is supported 

by the fact that essentially all these individuals suffered complete (but 
transient) epilat,ion and many exhibited other characteristic clinical 
symptoms of radiation sickness. 

LEUKEMIA 

11.86 A review of mort.ality rates has shown that, as a cause of 
death, leukemia, a disease associated with an overprodurt,ion of whit.e 
blood cells, is much more common among radiologists than among 
other physicians. It has therefore been accepted that chronic ex- 
posure to moderate doses of nuclear radiat,ion is conducive to leu- 
kemia. It now appears from a. st,udy of t,he survivors of the nuclear 
explosions over Japan, t.hat the disease may result. from a large single 
(acute) dose of radiation. The first definite evidence of nn increase 
in the incidence of leukemia among the inhabitants of Hiroshima 
and Nagasaki was obtained in 194’7. At least 2 years elapsed. there- 

fore, between exposure and the development of the symptoms. The 

number of new cases reported has increased fairly regularly in SW- 

ceeding years. 
11.87 Essentially all of the cases of leukemia, which could be at- 

trihuted to radiation because of other symptoms, e. g., epilation, oc- 
curred among individuals who.were within about. 4,600 feet (9.9 mile) 
of ground zero. Jn this region, the minimum radiat,ion dose. prob- 
ably received over an extensive part of the body, must have ap- 
proached the median lethal value of 450 roent,gens. A survey of R 

large number of these patients showed that, the incidence of leukemia 
among the survivors was, on the average, about one in 500 compared 
with one in 50,006 among the general (unexposed) population of 
Japan. 



482 EFFECTS ON PERSONNEL RESIDUAL RADIATION HAZARDS 483 

RESIDUAL RADIATION HAZARDS 

11.88 Among the mothers who were pregnant. at the times of the 
11uc1ear explosions in *Japan, and who received sufficiently large doses 
to show the usual radiation symptoms, there was a marked increase 
over normal in the number of still-births and in the deaths of newly 
born and infant children. A st,udy of the surviving children made 
4 or 5 years later has shown a slightly increased frequency of mental 
retardation. However. nearly all the m&hers of these children, then 
in T~~WO, were so close to ground zero that t,hey must, have been ex- 
posed to at least 450 roentgens of nuclear radiation. Maldevelopment, 
of t,he teeth, at,tributed to injury of the roots, was also noted in many 
of the children. 

11.89 A comparison made about 1952 of exposed children, whose 
ages ranged from less than 1 to about 14 years at t,he time of the ex- 
plosions, with unexposed children of the same age, showed that the 
former had somewhat. lower average body weight, and ware less ad- 
vanced in statnrk aid sexwbl mnturity. On the other hand, IIO signifi- 
cant. differences were observed in various neuromuscular coordination 
and mnscular.tests. 

1130 In connection with the subject, of the de+elopment of chil- 
dren, it should be mentioned that t,hose who were conceived in .Japan 
after the nuclear attacks, even by irradiated Jlarents, aJ)J)ear to be 
quite normal. The fear expressed at. one time that, there would be a 
sharp increase in the frequency of abnormalities has ndt been substan- 
tiated (see, however, 5 11.124). 

%FEc-r OF RADIATION ON OTIIER INJURIES 

1131 The wlperposition of radiation injury upon injuries from 
other CRIISW may be exljected to result in an increase in the number 
of c:~ses of shock. For examJ)la, the combination of sublethal ex- 
posure and moderate thermal burns will J)roduce earlier and more 
severe shock tllan would the comparable burns alone. The healing 
of wounds of all kinds will be retarded because of t,he susceptibility 
to secondary infection accomJ)anyinp radiation injury and for other 
reasons. In fact, infections, which could normally be dealt with by 
the body, may prove fatal in such cases. 

11.S2 The biological effects of the residual nuclear radiation ati, 
in general, similar to t.hose of the initial radiation, but t,here are 
certain aspects, arising from the nature of the fission products and 
fallout, t,hat require special consideration. The topics to be discussed 
here are (1) t,he residual gamma radiation, (2) beta-particle emitters, 
and (3) internal sources of radiation. 

11.03 Although the gamma rays from fission products have a lower 
energy and are somewhat less penetrating than those present in the 
initial nuclear radiat.ion, their biological effects are similar. However, 

as indicated in $ 11.61, a certain number of roentgens of residual 
gamma radiation from fallout may produce greater biological injury 
than that number of roentpens of initial gamma radiation. In the 
latter case, when most of the radiation comes from one direction, 
Ilamely, that, of the exploding bomb, t,here may be partial shielding 
of one portion of the body by another. Radiation from fallout, on 
the other hand, can reach the body from many directions and there 
is very Jit,tle self-shielding. The fact that the residual radiation is 
sljread over a longer period than the initial radiation is not of great 
significance, because most. of the dose from fallout will generally be 
received during the first day or two following the nuclear explosion. 
The normal recovery in this time is not large, so that the dose may be 
treated essentially as acute. 

BETA-PARTICLE EMIITERS 

11.94 Injury to the body from external sources of beta particles 
can arise in two general ways. If the beta-particle emitters, e. g, 
fission products in the fallout, come into actual contact.with the skin 
and remain for an appreciable time, a form of radiation damago, 
sometimes referred to as “beta burn, ” will result. In addition, in an 

area of extensive fallout, the whole surface of the body will be expoered 
to beta particles coming from many directions. It. is true that clothing 
will attenuate t,his radiation to a considerable extent; nevertheless, 
the outer layers of the skin could receive a large dose of beta particles. 
In some circumstances this might cause serious burns. 

11.95 Valuable information concerning the development and he& 
ing of beta burns has been obtained from dbservations of the Marshall 
Islanders who were exposed to fallout in March 1954. Within about 
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5 hours of the burst, radioactive material commenced to fall on some 
of the islands. Although t,be fallout MXS observed as it white powtler, 
c+onsistinp largely of particles of lime (calciunl oxide) resnltinp from 
the decomposition of coral (calcium carb0nat.e) by heat, t,he island 
inhabitants did not realize its significance. Because the weather was 
bot and damp, the Marshallese remained outdoors; their bodies were 
moist and they wore relatively little clothing. As a result,, appreciable 
amounts of fission products fell upon and remained in contact, with 
tbe hair and skin for a considerable time. Further, since the islanders, 
as a rule, did not wear shoes, their bare feet were continually subjected 
to contamination from fission products on the ground. 

11.96 During the first 24 to 48 hours, a number of individuals in 
the more highly contaminnt,ed groups experienced itching and a 
burning sensation of the skin. These symptoms were less marked 
among those,who were less contaminated with fission products. With- 
in a day or two all skin symptoms subsided and disappeared, but, after 
the lapse of about. 2 to 3 weeks, epilation and skin lesions were appa- 
rent on the areas of the body which had been contaminated by fallout 
particles. There was apparently no erythema, either in the early 
sta&ws (primary) or later (secondary), as might have been expected, 
but. this may have been obscured by the natural coloration of the skin. 

11.9’7 The first evidence of skin damage was increased pigmenta- 
t,ion, in tile form of dark colored patches and raised areas (mncules, 

. 

Figure 11.97~~. Reta hurn on neck 1 month after exposnre. 
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Figure 11.87h. Beta burn on feet 1 mont.h after exposure. 

papules, and raised plaques). These lesions developed on t.he exposed 

parts of the body not protected by clothing, and occurred usually in 
the following order: scalp (with epilation), neck, shoulders, de- 
pressions in the forearm, feet, limbs, and trunk. Epilation and lesions 
of the scalp, neck, and foot. were most. frequently observed (Figs. 
t1.97a and b) . 

11.98 In addition, a bluish-brown pigmentation of the fingernails 
was very common among the Marshallese and also among American 
Negroes. The phenomenon appears to be a radiation response peculiar 
to the dark-skinned races, since it was not apparent in any of the 
white Americans who were exposed at the same time. The nail pig- 

mentation occurred in a number of individuals who did not have 
skin lesions. It, is probable that this was csused by gamma rays, 
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rather t.han by beta particles, as t,he same effect has been observed in 
colored patients undergoing X-ray treatment in clinical practice. 

11.99 Most of the lesions were superficial without blistering. 
Microscopic examination at. 3 to 0 weeks showed that the damage was 
most marked in the outer layers of the skin (epidermis), whereas 
damage to the deeper tissue was much less severe. This is consistent 
with the short range of beta particles in animal tissue. After forma- 
tion of dry scab, the lesions healed rapidly leaving a cent,ral depig- 

Figure ll.lWa. Beta burn on neck 1 year after exposure (see Fig. 11.97a). 
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Figure ll.lOOh. Beta burn on feet 0 months after exposure (see Fig. 11.97b). 

mented area, surrowded by an irregular zone of increased pigment+ 
tion. Normal pigmentation gr~dnt~lly spread outward in the course 
of a few weeks. 

11.100 Individuals who had heels more hi&hly contaminat,ed de- 
veloped deeper lesions, 11suaI1y OJJ the feet or neck, accompanied by 
mild burning, itching, and pain. These lesions were wet, weeping, 
and ulcerated, becoming covered by a hard, dry scab; however, the 
majority healed readily with the regular treatment generally employed 
for other skin lesions, not connected with radiation. Abnormal pig- 
mentation effects persisted for some time, and in several cases about 
a year elapsed before the normal (darkish) skin coloration was re- 
stored (Figs. 11.100s and b). 
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11.101 Regrowth of hair, of the usual color (in contrast, to the skin 
pigment,ation) and texture, began about 9 weeks after exposure and 
was complete in 6 months. ny_the same time, nail disc~olorat.ion had 
grown out in all but, a few indlvlduals. 

INTERNAL SOIJRCES OF RADIATION 

I 

11.102 Wherever fallout occurs there is a possibility that radio- 
active material will ent.er the body through the digestive tract (due 
t.o the consumption of food and water cont.aminated with fission 
product,s), through the lungs (by breathing air cont.aining fallout 
particles), or through wounds or abrasions. The genera1 biological 
effect,s of nuclear radiations from internally deposited sources are the 
same as thoke from external sources. However, it. should be noted 
tha.t even a very small quant.ity of radioact,ive material present, in 
the body can produce considerable injury. 

11.103 In the first, place, radiat.ion exposure of various organs and 
tissues from internal sources is cont,inuous, subject only to depletion 
of the quantity of act,ive material in the body as a result of physical 
(radioactive decay) and biological (elimination) processes. Furt,her, 
the body tissues in which injury may occur are nearer the source of 
radiation and not shielded from it, by intervening materials. This is 
of particular importance wit,h alpha and beta part,icles which cannot 
reach sensitive regions, except the out,er layers of the skin, if originat- 
ing outside the body. Rut. if the sources, e. g., plutonium (alpha- 
particle emitter) or fission products (beta-particle emitters) are 
internal, the particles can dissipate their entire energy wit,hin a small, 
possibly sensitive, volmlle of body tissue, t,hus causing considerable 
damage. 

11.104 The situation just, described is sometimes aggravated by 
the fact that, certain chtbmical elements tend to concentrat,e in specific 
cells or &sues, some of which are highly sensit,ive t.o nuclear radia- 
Con. The fate of a given radioisot,ope which has entered the blood 
st,ream will depend upon its chemical nature. Radioisotopes of an 
element, which is a normal const,itnent. of the body will follow the 
same met,abolic processes as the nat,urally occurring, inactive (st.able) 
isot.opes of the same element,. This is the case, for example, with 
iodine which tends t,o concentrate in t,he thyroid gland. 

11.105 An element. not usually found in t.he body, except perhaps 
in minute traces, will behave like one with similar chemical properties 
t.hat is normally present,. Thus, among the fission products, strontium 
and barium, which are similar chemically t.o calcium, are largely 
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Figure 11.105. I)e)msition of elements in growing bone of rodents. 

deposited in the calcifying tissue of bone. The radioisotopes of the 
rare earth elements, e. g., cerium, which constitute a considerable 
proportion of the fission products, and plutonium, which may be 
present to some extent. in t.he fallout, are also “bone-seekers.” Since 
they are not chemical analogues of calcium, however, they are de- 
posited t.o a lesser extent and in other parts of the bone than stront.iunt 
and barium (Fig. 11.105). All hone-seekers, are, nevertheless, poten- 
tially very hazardous because they can injure the sensitive bone mar- 
I*OW where many blood cells are produced. The damage to the blood- 
forming tissue thus results in a reduct,ion in t,he number of Mood 
cells and so adversely affects the entire body. 

11.106 In order to constitute an internal radiat,ion source, the 
active materials must. gain access to t,he circulating blood, from which 
they can be deposited in the bones, liver, etc. While the radioactive 
substances are in the lungs, stomach, and intestines, they are, for a.11 
practical purposes, an ext,ernal, rat,her t.han internal, source of radia- 
tion. The extent to which fallout contamination can get into the blood 
stream will depend upon two main factors: the size of the particles 
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and their soluhilit,y in the body fluids. Whether t.he material is sub- 
sequently deposited in some particular tissue will be det,erminecl by 
t,he chemical properties of the elements present, as indicated above. 
IdJlements which do not tend to concentrate in a partic.ular part of t,he 
body are eliminated fairly rapidly by natural processes. 

11.107 If other things, e. g., particle size and solubilit.y, are equal, 
a greater proportion of the material entering t.he body by breat.hing 
will find its way into the blood than of t.hat entering through the 
digestive system. This may be accounted for by t,he different mecha- 
nisms whereby materials pass through the lungs and the intestinal 
t,ract. The amount of radioactive material absorbed from fallout by 
inhalation, however, appears to be relatively small. 

11.108 The reason is that the nose can filter out almost all particles 
over 10 microns (0.001 centimeter) in diameter, and about 95 percent 
of those exceeding 5 microns (0.0005 centimeter). Most of the par- 
t.icles descending in the fallout during the critical period of highest 
activity, e. g., within 24 hours of the explosion, will be considerably 
more than 10 microns in diameter (5 9.125, et seq.). Consequently, 
only a small proportion of the fallout particles present in the air will 
succeed in reaching the lungs. Further, the optimum size for passage 
from the alveolar (air) space of the lungs to the blood stream is less 
than 5 microns. The probability of entry into the circulating blood 
of fission products and other bomb residues present, in t,he fallout, as 
a result, of inhalation, is t.hus low. 

11.109 The extent, of absorption of fission product.s and other 
radioactive materials through the intestine is largely dependent upon 
the solubility of the particles. In the fallout, the fission products, as 
well as uranium and plutonium, are chiefly present, as oxides, many 
of which do not dissolve to any great extent in body fluids. The 
oxides of strontium and barium, however, are soluble, so that the* 
elements can readily enter the blood stream and find their way into 
bones. The element, iodine is also chiefly present in a soluble form ; it, 
soon enters the blood and is concent,rated in the thyroid gland. 

11.110 In addition to the tendency of a part,icular element to br- 
taken ap by a, radiosensitive organ, the main consideration in de- 
termining the hazard from a given radioactive isotope inside the body 
is the total biological dose delivered while it, is in the body (or critical - 
organ). The most important factors in determining this dose are the 
mass and half-life (8 1.49) of t,he radioisotope, the nature and energy 
of the radiations emitted, and the length of time it stays in the body. 
This time is dependent upon two factors; one is the ordinary radio- 

I 
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active half-life and the other is ca.lled the “biological half-life.” The 
latter is defined as the time taken for the amount of a particular ele- 
ment in the body to decrease to half of its initial value due t.o elimi- 
nation by natural (biological) processes. Combination of the radio- 
active and biological half-lives gives rise to the “effective half-life,” 

/ 

which is the time required for the amount of a specified radioactive 
isotope in the body to fall to half of its original value as a result of 
both radioactive decay and natural elimination. In most cases of 
interest, the effective half-life in the body as a whole is essentially the 
same as that in t,he principal tissue (or organ) in which the element 
tends to concentrate. 

11.111 The isotopes representing the greatest potential internal 
hazard are those with short radioactive half-lives and comparatively 
long biological half-lives. A certain mass of an isotope of short radio- 

I active half-life will emit particles at a greater rate t,han the sanie 

! mass of another isotope, possibly of the same element, having a longer 
I half-life. Furt.her, the long biological half-life means that the active 

material will not be readily eliminated from the body by. natural 
processes. For example, the element iodine has 3 biological half-life 
of about 180 days, because it is quickly taken up by the thyroid gland 
from which it, is eliminated slowly. The radioisotope iodine-131, a 
fairly common fission product, has a radioactive half-life of only 8 
days. Consequently, if a sufficient quantity of this isotope enters the 
blood stream it is capable of causing serious damage to the thyroid 
gland. It should be mentioned that, apart from immediate injury, 
any radioact,ive material t,hat enters the body, even if it has a short 
effective half-life, may contribute to damage which does not become 
apparent for some time. 

11.112 In addition to radioiodine, the,most important potentially 
hazardous fission products, assuming sufficient amounts get into the 
body, fall into two groups. The first, and more significant, contains 
strontium-89, strontium-90, and barium-140, whereas the second con- 
sist,s of a group of rare earth and related elements, particularly 
curium-144 and the chemically similar yttrium-91. As seen earlier, 
these elements are readily deposited and held in various parts of the 
bone where the emitted beta and gamma radiations can injure blood- 
forming tissues and may also cause tumor formation. 

11.113 Anot,her potentially hazardous element, which may be 
present to some extent in the fallout, is p!utonium, in the form of 
the alpha-particle emitting isotope plutonium-239, that has escaped 



492 EFFECTS ON PERfiONNEL 

fission. I’lutoJJirlJn-239 has a long radioactive h:ilf-life (24,000 years) 
as wdl ns :i loiig biological half-life (OWJ. 100 yc~rs). Consecpelltl?;, 
oi1ce it, is deposited in the hotly, mainly cm cwt:lin surfaces of the 
hone (Fig. 1 l.lOR), the amount of plutonium present, anti its act.irit,y, 
decrease at a very slow rate. In spite of their short. rxuge in the body. 
the continued action of alpln~ particles over a period of years CRJI 

cause significant injury. In sufficient RJJlOUntS, radiuni, which is very 
similar to plutonium in these reqiects, is known to cause necrosis and 
tumois of the hone. :~ntl anemia resulting in death. 

11.114 In addition to concentrating in skeletnl tissue, strontium, 
barium, and plutonium are found to accumulate to some extent in both 
liver and spleen. The rare earths also deposit in the liver and to a 
lesser extent, in the spleen. However, many radioisotopes are readily 
eliminat.ed from the liver. It is of interest, to note that despite the 
large amounts of radioactive material that may pass through the 
kidneys, in the process of elimination, these organs ordinarily are 
not greatly affected. Ily contrast, uranium causes damage t,o the kid- 
neys, but as a chemical poison rather than because of it.s radioactivity. 

EXPERIENVE WITIT FAJJAXJT AS AN TNIXRNAL HAZARD 

11.115 The fallout accompanying the nuclear air bursts over *Japan 
was so insignificant that, no information was available concerning the 
potentiali&+ of fission products and other bomb residues as internal 
sources of radiation. Following the incident, in the Marshall Islands 
in March 1954, however, data of considerable interest were obtained. 
Because they were not aware of the significance of the fallout, many 
of t,lte inbnhitants ate contaminated food and drank contaminated 
water from open containers for periods up to 2 days or so. 

11.116 Internal deposition of fission products resulted mainly from 
ingestion rather than inl~alntion for, in addition to the reasons given 
above, t.he radioactive particles in the ai.r set,tled out. fairly rapidly, 
but contaminated food, water, nncl utensils were used all the time. 
The belief that ingestion was the chief source of internal contamina- 
tion was supported by the observations on chickens and $gs made 
soon after the explosion. The gastro-intestjnal tract, its contents, and 
the liver were found to be more radioact.ive than 11l1lg tissue. 

11.117 From radiochemical analvsis of the urine of the Marshallese 
subjected to the fallout, it. was possible to estimate t.be body burden, 
i. e., the amounts deposited in the tissues, of various isotopes. It, was 
fomld that, iodine-131 made the major contribution t,o the activity at. 
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the heginning, lb111 it so011 tliwlqmtwtl lwcJJw(~ of its relatirelg short 
radioactive half-life (S clays). Scmlwvll:lt. t1w s:lJJle \vas t1w? f0J 

h:~riuni-l#) (12.8 days ball-life), hut the activity of the stroiniuni 
isotopes wis more persistent. Not 011ly do they have longer radio- 
active half-lives, hut the biological lialf-life of the element is also 

I 

1 

relatively loiig. 

11.118 No elements other than ,iodine, strontium, barium, and the 
rare earth group were found to he retained in appreciable amounts in 
the body. Essentially all other tission product and homh residue ac- 
tivity is rapidly eliminated, because of either the short effective half- 

I lives of the r:itlioisotol~es, the S])ill’iJl_g solJJl)ility of the oxides, or the 
relat,ively largesize of tlie fallout particles. 

11.119 The body burden of radioactive material a~nong the illore 
highly contaminatecl inhabitants of the Marshall Islands was never 
very large and it! decreased fairly rapidly in the course of 2 or 3 ’ 

1 months. The activity of the stront,ium isotopes fell off somewhat 
more slowly than that of the other radioisotopes, because of the longer 
radioactive (and biological) half-life and greater retention in the 
bone. Nevertheless, even strontiuni could not be regarded as a danger- 
ous source of internal ‘radiation in the cases studjed. At 6 months 
after the explosion, the urine of most individuals contained only 
barely detectable quantities of radioactive material, indicating thal 
t-he body burden was then extremely small. 

Il.120 I In spite of the fact that the Marshallese people lived itnder 

/ conditions where maximum probability of contamination of food and 
1 
f water supplies existed, and tlmt they took no steps to protect, t.hem- 

selves in any way, the degree of internal hazard due to the fallout 
was small. There seems t.o be litt.le doubt,, t.herefore, that, at. least 
as far as short term effects are concerned, the radiation injury hy 
fallout due to internal sources is quite minor in comparisou with that 

due to the external radiation. If reasonable precautions are taken, 
as will be descrihetl in (‘haliter XII? the short term, internal liaxtirtl 

L 
can probahly be greatly reduced. 

I LONG-TERM INTERNAL HAZARD 

11.121 Apart from the possible long-term effects of radioactive 
material that has been inbaled or ingested and subsequently elimi- 
nated, about which little is yet known, there has been some specula- 
tion concerning the relatively long lived strontium-90, to which refer- 
ence was made in (‘bapter X. Perhaps hecause one of the predecessors 
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of &rontium-90, namely krypton-W, is a gas, the initial fission prod- 
ucts, especially those deposited in the region of the more-or-less im- 
,mediate fallout, are somewhat depleted in this isotope of strontium. 
In any event, to judge from the experience with the inhabitants of the 
Marshall Islands, the probability t,hat strontium will be taken up and 
held firmly in the body as a result of inhalation or ingestion of local 
fallout particles is not great. The possibility that strontium-90 may 
be absorbed over the course of time in certain foods is, however, a dif- 
ferent matter. 

11.122 As discussed in Chapter X, the strontium-90 and other 
fission products that have entered the stratosphere as very small parti- 
cles, will eventually settle to the ground. The strontium may then 
find its way, mainly through milk and milk products, into the human 
body. Because it is eliminat,ed slowly by natural processes, the stron- 
tium-90, with a radioactive half-life of about 28 years, will accumu- 
late in the skeletal structure of the body. If sufficient, quantities are 
present, the long-term injuries may be similar to those caused by ex- 
cessive amounts of radium and plutonium, described above (5 11.113). 

GENETIC EFFECTS OF RADIATION 

SPONTANEOUS AND INDUCED MUTATIONS 

11.123 The genetic effects of radiation are effects of a long-term 
character which produce no visible injury in the exposed individual 
but may have notable consequences in future generations. These 
effects differ from most other changes produced by nuclear radiation 
in that they appear to be cumulative and, to a great extent, inde- 
pendent of the doses rate. In other words, the extent of the genetic 
effects depends upon the total radiation dose received and not on 
whether the exposure is of short duration or spread over many years. 
Thus, as far as genetic changes are concerned, it is largely immaterial 
whether the radiation dose is chronic or acute. 

11.124 The mechanism of heredity, which is basically similar in 
all sexually reproducing plants and animals, including man, is some- 
what as follows. The nuclei of all dividing cells contain a definite 
number of thread-like entities called “chromosomes” that are visible 
under the microscope. These chromosomes are believed to be differen- 
tiated along their length into thousands of distinctive units, referred 
to as “genes.” The chromosomes (and genes) exist in every cell of the 
body, but, from t,he point of view of genetics (or heredity), it is only 
those in the germ cells, which exist in the reproductive organs, that 
are importzmt. 

GENETIC EFFECTS 

11.125 Human 
up of two similar 
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body cells normally contain 48 chromosomes, made 
(but not identical) sets of 24 chromosomes ea~h.~ 

One of these sets was inherited from the mother, for the egg cell (pro. 
duced in the ovaries) carries a set of 24 chromosomes, whereas the other 
set came from the father, for the sperm cell (produced in the testes) 
carries a set of 24 similar (but not identical) chromosomes. As the 
individual develops, following upon the fusion of the original egg and 
sperm cells, the chromosomes and genes are, in general, duplicated 
without change. 

11.126 In rare instances, however, a deviation from normal be- 
havior occurs and instead of a chromosome duplicating itself in every 
respect, there is a change in one or more of the genes. This change, 
called a “mutation,” is essentially permanent, for the mutant gene is 
reproduced in its altered form. If this mutation occurs in a body cell, 
there may be some effect on the individual, but the change is not passed 
on. But if the mutation occurs in a germ cell of either parent, a new 
characteristic will appear in a later generation. The mutations which 
occur naturally, without any definitely assignable cause or human in- 
tervention, are called “spontaneous mutations.” 

11.127 The matter of immediate interest is that the frequency with 
which mutations occur can be increased in various ways, one being by 
exposure of the sex glands (or “gonads”), i. e., testes or ovaries, to 
radiation. This effect of radiation has been observed with various 
insects and mammals, and it undoubtedly occurs also in human beings. 
The gene mutations induced by radiation do not differ qualitatively 
from those occurring spontaneously. In practice, it is impossible to 
determine in any particular instance whether the change has occurred 
naturally or whether it was due to radiation. It is only the frequency 
with which the mutations occur that is increased by radiation. 

11.128 All genes have the property of being either “dominant” or 
“recessive.” If a gene is dominant, then the appropriate characteristic 
affected by that gene will appear in the offspring even if it is produced 
by t,he gonads of only one of the parents. On the other hand, a par- 
Gcular recessive gene must occur in the gonads of both parents if the 
characteristic is to be apparent in the next generation. A recessive 
gene may consequently be latent for a number of generations, until the 
occasion arises for the union of sperm and egg cells both of which con- 
tain this particular gene. 

11.129 As a general rule, new mutations, whether spontaneous or 
induced by radiation, are recessive. Nevertheless, it appears that a 
mutant gene is seldom completely recessive, and some effect is ob- 

~&cent evidence Indicates that these numbers may be 46 and 22, reWXttvelY- 
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servable in the next generation even if the particular gene is inheritetl 
from only one parent,. Furt,her, in the great majority of cases, mu- 
t,attions have delet,erious effects of some kind. A very few of the 
changes accompanying mutations are undoubtedly beneficial, but, their 
consequences become apparent only in t,he slow process of biological 
evolution. 

11.130 The harmful effects of a deleterious mutation may be quite 
minor, such as increased susceptibility to disease or a decrease in life 
expectancy by a few months, or they may be more serious, such as 
death in the embryonic stage or the inability to produce children at, 
all. Thus, individuals bearing harmful genes are handicapped rela- 
tive t,o the rest, of the population, particularly in the respects t.hat they 
tend to have fewer children or to die earlier. It is apparent, there- 
fore, that such genes will eventually be eliminated from the popula- 
tion. A gene that does great harm will be eliminated rapidly, since 
few (if any) individuals carrying such genes will survive to the age 

of reproduction. On t,he other hand, a slightly deleterious mutant. 
gene may persist much longer, and thereby do harm, alt,hough of a 
less severe character, t,o a larger number of individuals. 

MUTATIONS AND RADIATION DOSE 

11.131 Experiments with various t.ypes of animals have shown 
that. the increased frequency of the occurrence of gene mutations, as 
a result of exposure to radiation, is approximat.ely proportional t,o 
the total Rmount of radiation absorbed by the gonads of t,he parents 
from the beginning of their development to the time of conception 
of the progeny. There is apparent,ly no amount of radiat,ion, however 
small, that, does not cause some increase in the normal mutation fre- 
quency. The dose rate of the radiation exposure or its duration have 
little influence; it is the total accumulated dose to the gonads that 
is t,he important quantit,y. It, should be point,ed out, however, that 
a large dose of radiation does not. mean that the resulting mutations 
will be more harmful than for a smaller do& With a large dose the 
mutations will be of the same general type as for a small dose, or as 
those which occur spontaneously, but there will be more of them in 
proportion to the dose. 

11.132 In reviewing the possible genetic effect,s resulting from the 
use of nuclear weapons, t.here are two aspects to be considered. First, 
the consequences of exposure to t.he initial and residual radiotions 
soon after the explosion, and second, the results of the slow accumula- 
tion of strontium-90 (and perhaps ot,her fission produ&) in the body. 
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Of these two, the former is undoubtedly more import,ant. It has been 
e&mated t,hat, the amount, of radiation, in addition to that received 
from nxtuml background sources (8 9.41), required to double the 
rate at, which spontaneous mutations are already occurring, is a dose 
t,o the gonads of probably between 30 and 80 roenhgens, prior to con- 
ception, for each member of the population. A proportionately larger 
dose to a smaller fraction of the populace would have a somewhat 
similar effect on t,he frequency of mutations and their ultimate con- 
sequences. 

11.133 The genetic effects of strontium-90, on the other hand, may 
be expected to be very small. This isotope tends to accumulate in 

the skeleton, and since it emits only beta particles, but no gamma rays, 
the radiation dose to the gonads from strontium-90 in bone will be of 
minor significance. The same would be generally true for other fission 
products that might be concentrated in the skeleton or other parts of 
the body. 

PATHOLOGY OF RADIATION IN JURY’ 

CELLULAR SENSITJWTY 

11.134 The discussion presented above has been mostly concerned 
with over-all symptoms and effects of radiation injury; even the 
changes in the blood are, to a great extent, indirectly due to the ac- 
t,ion of nuclear radiation on the bone marrow and lymphatic tissue. It. 

is of interest, therefore, to consider briefly the pat.hological changes 
produced by radiation in some individual organs and tissues. 

11.135 The damage caused by radiation undoubtedly originates in 
the individual cells. As mentioned in g 11.45, a number of observable 
changes in the cells and their contents results from exposure to nuclear 
radiation. Different types of cells show remarkable variations in 
their response. In general, rapidly multiplying or actively reproduc- 
ing cells are more radiosensitive than are tho,se in a more quiescent, 
state. One of the most striking effects of irradiation is the sharp de- 
crease or even complete cessation of cell division (mitosis) in organs 
which are normally in a state of continuous regeneration. 

11.136 Of the more common tissues, the radiosensitivity decreases 
in the following order : lymphoid tissue and bone marrow ; epithelial 
tissue (tests and ovaries, salivary glands, skin, and mucuous mem- 

‘The remnlnlng srctlnns of thin chapter map be omlttrd wlthout 101~ of contlnults. 
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brane) ; endothelial cells of blood vessels and peritoneum ; connective 
tissue cells; bone cells, muscle cells, and differe&ated (or specialized) 
nerve cells. However, some brain and nerve cells, especially those of 
embryos, are fairly sensitive to radiation. The behavior of cert.ain 
of these tissues under t,he influence of ra.diation is outlined below. 

LYMPHOID TISSUE 

11.137 The lymphoid tissue is the tissue characteristic of lymph 
glands, tonsils, adenoids, spleen, and certain areas of the intestinal 
lining. The so-called lymph glands, found in various parts of the 
body, are a network of connect.ive tissue in t,he meshes of which are 
the lymphoid cells. These cells, when mature, are carried off by the 
lymph fluid, flowing through the glands, and become the lymphocyte 
constituents of the white blood cells (8 11.77). As indicated in the 
preceding paragraph, the lymphoid tissue is one of the most radio- 
sensitive of all tissues. 

11.138 Lymphoid cells are injured or killed when the tissue is ex- 
posed to radiation. Microscopic examination shows degenerative 
changes characteristic of cell death. The degeneration of the lymph- 
oid tissue, including the formation of cells of abnormal types, waE 
an outstanding phenomenon among the victims of the nuclear bomb: 
in Japan. Damage to the lymphoid cells accounts for the deereas 
in the number of lymphocytes in the circulating blood; t.he radiatior 
not only damages the lymphocyte-bearing tissue but it may also kill 
or injure the lymphocytes already in t,he blood. It appears that if 
there is no appreciable drop in the lymphocyte count within 72 houn 
of exposure to radiat.ion, the dose has been too small to cause any sig- 
nificant sickness. 

11.139 Lymphoid tissue injured by radiation tends to become 
edematous, that is, to swell due to the accumulation of serous fluid. 
Wasting of the lymph glands, as well as of the tonsils and lymphoid 
patches of the intestines, was common among the radiation casualties 
in Japan. 

BONE MARROW 

11.140 Since most of the constituent cells of the blood, other than 

the lymphocytes, are produced in the bone marrow, the fact that this 
tissue is very radiosensitive is of great importance. Under normal 
circumstances, the mature blood cells leave the marrow and make 

i 
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their way into the blood stream. Here they remain for various periods 
before being destroyed by natural processes. In general, the shorter 
the life of a particular type of blood cell, the more quickly will it 
reveal evidence of radiation injury by a decrease in the number of 
such cells. The red blood cells, which have the longest lives, are the 

I 

last to show a reduction in number after exposure to radiation 
(e; 11.80). 

11.141 Bone marrow exhibits striking changes soon after irradia- 
tion. The tissue forming the blood cells ceases to function and in 
some severe cases in Japan it was observed t.hat tissue which normally 
produces granulocytes was forming plasma-like cells. Extreme 
atrophy of the bone marrow was characteristic of many of those dying 
from radiation injury up to 3 or 4 months aft,er exposure, although 
there was some evidence of attempts of the body at repair and re- 
generation. In some instances a gelatinous deposit, had replaced the 
normal bone marrow. 

REPHODUCTIVE ORGANS 

11.142 Almost every post mortem examination of males dying 
from radiation exposure revealed profound changes in the testes. 
Even as early as the fourteent,h day after exposure, when gross changes 
were not apparent,, microscopic observation showed alterations in the 
layers of epithelium from which the spermat,ozoa develop. Many 
of the cells were degenerated, and evidence of healthy cell division 

1 

was lacking. 
11.143 Although the ovaries were also highly radiosensitive, the 

obvious changes, as observed among females in Japan, appeared to 
be less striking than in the testes in males. Except for hemorrhages, 
as part of the general tendency to bleed, t,here were’ no especially 
significant changes of either a gross or a microscopic character. In 
many cases among survivors, the ova were not developing normally 
after exposure, and this induced alt.erations in t,he menstrual cycle. 
Cessation of menstruation occurred, but it was transient. There was 
an increased incidence of miscarriages and premature births, and a 
greater death rate among expectant mothers. In general, these 
manifestations varied in severity according t.o the proximity of the 
individual to the explosion center. 

11.144 In connection with changes in the reproductive organs, it 
may be noted that the dose required to produce sterility in human 
beings is believed to be from 450 to 600 roentgens, which would be 
lethal in most cases if received over the whole body. Temporary 
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sterility can occur with smaller doses, however, as happened among 
Japanese men and women. The great, majority of these individuals 
have since returned to normal, alt,hough it cannot8 be stated wit,h cer- 
tainty that all have recovered, because many were undoubtedly st,erile 
from other causes, such as disease and malnut.rition. Many who were 
exposed to appreciable doses of radiation have since produced 
apparently normal children, as noted earlier. 

LOBR OF HAIR 

11.145 Epilation (loss of hair), mainly of the scalp, was common 
among those Japanese who survived for more than 2 weeks after 
the explosion. The time of onset of epilation reached a sharp peak, 
for both males and females, between the thirteenth and fourteenth 
days. The hair suddenly began to fall out in bunches upon combing 
or plucking, and much fell out spontaneously : this cont.inued for 1 or 
2 weeks and then ceased. 

11.146 In most instances the distribution of +lat.ion was that of 
ordinary baldness, involving first the front, and then the top and back 
of the head. The hair of t,he eyebrows and particularly the eyelashes 
and beard came out much less easily. In a small group of Japanese, 
which may or may not have been typical, 69 percent had lost, hair from 
the scalp, 12 percent from the armpits, 10 percent from pubic areas, 
6 percent from the eyebrows, and 3 percent from the beard. In severe 
cases, hair began to return within a few months and in uo instance 
was the epilation permanent. 

&WTTRO-INTESTINAL TRACT 

11.147 The mucous linings of the gastro-intestinal tract were 
among the first tissues to show gross changes in the irradiated Japa- 
nese. Even before hemorrhage ‘and associated phenomena were 
noticed, there was swelling, discoloration, and thickening of the 
mucous membranes of the raecum (blind gut) and large intestine. 
Patches of. lymphoid tissue were especially involved. In many pa- 
tients there was first swelling, then ulceration of the most superficial 
layers of the mucous membranes of t,he intestig,al tract, proceeding 
to deeper ulceration, and a membrane-like covering of the ulcer, sug- 
gesting, but not entirely simulating, that seen in bacillary dysentery. 

11.148 In the third and fourth weeks, inflammation of the intes- 
tines, and occasionally of the stomach, was a common post-mortem 
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observation. In the early stages the small intestine was affected but 
Iater, among those who survived, the whole of the large intestine, 
from t.he lower end of the small intestine to the rectum, was involved. 

j 
Thickening of the intestinal wall and a tendency to produce false 
membranes were common features, as in acute bacillary dysentery. 
The effects apparently depended upon the devitalization of tissues as a 
primary result of irradiation, lowered local resistance, and lowered 
efficiency of the defense mechanisms ordinarily supplied by the com- 
ponents of the circulating blood. Under the microscope, notable 
changes were the swelling of cells and the absence of infiltration of 
the white blood cells. 

HEMORRHAGE AND INFWXIOX 

11.149 Certain parts of t,he urinary tract, the muscles, and all the 
soft tissues of the body may show subsurface hemorrhage varying 

I 

in size from a pin-point, to several inches across. These changes are 
significant, for they present clinical evide.nce of the nature and severity 

I 
of radiation injury. If the hemorrhages occur in important centers 
of the body, e. g., the heart, lungs, or brain, the consequences may 
be disastrous. The damage depends upon t,he location of the large 

1 
hemorrhagic lesions in relation to the tissues of the particular vital 
organ involved. Some hemorrhages present external signs, or may 

/ be observed upon examination, such as those into the linings of the 

( 
mouth, nose, and throat., behind t,he retina of the eye, or into the 
urinary tract. Large hemorrhagic lesions n1a.y occur in the drainage 

I 
tracts of the kidney, in the small tubes leading from the kidney to 
the bladder, and in the urinary bladder. 

11.150 Hemorrhages breaking through a surface layer of epi- 
thelium, laden with bacteria, may give rise to other effects. The tissuea 

may become devitalized and so lacking in resistance to infection that. 
they make an ideal place for the multiplication of bacteria that are 
either weakly invasive or rarely dangerous under ordinary circum- 

I 

stances. This bacterial invasion may lead t.o serious local tissue de- 
struction and perhapssystemic infection. Normally harmless bacteria, 

generally formd within the digestive tract and,on the skin, may actu- 
ally gain access to the blood stream and cause blood poisoning and 
fatal infection. Roils and abscesses may form in any part of the body 
through a similar cause, but they are characterized by being more 

localized. 
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11.151 When this form of tissue change occurs in the throat, the 
medical findings may resemble a condition found after certain chemi- 
cal intoxications that injure the bone marrow and the reticulo-endo- 
thelia.1 system. In other instances, t.hey may be similar t,o that. ob- 
served in some blood diseases associated with an absence of granu- 
locytes in the circulating blood (agranulocytosis). In radiation sick- 
ness, ulcers may extend t,o the tongue, the gums, t,he inner lining of 
the mouth, the lips, and even t,he outer part. of the skin of the face. 
These ulcerations may occur independently of any associated local 
hemorrhagic change. Similar effects have been observed throughout 
the entire gastro-intestinal tract. Within the lungs, a form of pneu- 
monia may.develop which differs from most pneumonias in the almost 
complete absence of infilt,rating white blood cells. 

I 

i 

1 

CHAPTER XII 

PROTECTIVE MEASURES 

INTRODUCTION 

TYPES OF hOTJZCI’ION 

12.1 In the preceding chapters of this book the destructive effects 
of nuclear weapons have been described and discussed. These effects 
include damage to structures and injury to personnel caused by air 
blast, ground and water shock, thermal radiations, and initial and 
residual nuclear radiations. In the present chapter an attempt will 
be made to state some of the many considerations involved in planning 
countermeasures against these various effects. The problem of pro- 
tection is a complex one, since it involves not only the effects them- 
selves, but also economic, social, and psychological considerations, in 
addition to the methods and efficacy of the systems for providing 
warning of an impending attack. 

12.2 The descriptions of various effects in this book have been 
given in terms that are reasonably exact. Rut in planning protection, 
so many uncertainties are encountered that precise analysis of a par- 
ticular situation is impossible. Among the more obvious variables are 
the aiming point for a given target, yield of weapon, height and nature 
of burst, bombing errors, topography of the target, and weather 
conditions. 

12.3 In general, there are two categories of‘protection against 
weapons effects; they may be summed up as “distance” and “shield- 
ing.” In other words, it, is necessary either to get beyond the reach of 
the effects, or to provide protection against them within their radii of 
damage. The first principle, that of distance, determines the Civil 
Defense concept of evacunt,ion of populations from potential target 
areas.’ In any discussion of evacuation, this book is of value only as 
an aid to determining what might constitute a safe distance for evac- 

IThe ,=.valnlatlon prohlrm In treated ln the followln~ puhllcatlon# of the Federal Civil 
~rfmw Admlnlntratlnn : “Prorednre for Rraruatlan Trnttlc Movement Studlrs.” TM-27-1 ; 
“Evaetmtlon of Clrll Populations In Clvll Defmsr Emergenclea,” TR-27-1 : “Evacuation 
Cheek List,” T-27-2. 
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w-es, bearing in mind that. the effect, of fallout3 enormously compli- 
cates the evacuation problem by producing a hazard far beyond the 
zone of direct damage. Consequently, t.his chapter will be devoted 
only to some of the considernt,ions involved in the principle of shield- 
ing, which may also be defined as shelter or protective construction. 

12.4 The problem of protection by the provision of suitable shield- 
ing is itself a very complex one. Tt’is not quite as difficult, however, 
as the exist.ence of so mnny factors, as mentioned in 5 12.1, might im- 
ply. In many cases, proper precautions against, blast, shock, and fire 
damage would also decrense t.he hazards to personnel from various 
radiations, both thermal and nuclear. 

12.5 As far ns burning caused by thermal radiation is concerned, 
the essential points are protection from direct exposure for human 
beings, and the nvoidnnce of easily combustible trash and dark-colored 
materinls, especially near windows. The only known defense against 
gnmma rays and neutrons present in the nuclear radiations is the in- 
t,erposition of a sufficient. mass of material between the individual and 
the nuclear bomb, including the rising ball of fire and the subsequent 
fallout,, if any. The use of concrete as a construction material, which 
is desirable for reducing air-blast, and ground-shock damnge, will di- 
minish to a great, extent the nuclear radiation hazard. The addition 
of an earth cover will be helpful in this connection. 

12.6 From the stnndpoint of physical damage, the problems of con- 
struction to resist, t,he artion of blast from nuclear weapons are aome- 
what different from those associated with bombs of the conventional 
type. A TNT bomb will generally blow a building into pieces, but 
a nuclear wenpon causes failure by collapsing or pushing over the 
structare as a whole. The relatively long duration of the blast wave 
from the large energy release of a nuclear explosion, as compared 
with that from an ordinary explosion, results in a significant differ- 
ence in the nature of the effects (see Chapter III). 

12.7 Another important difference between t.he consequences of 
nuclear and conventional explosions is the great increase in the area 
dnmnged in t,he former case. Even bombs of 2O-kiloton energy yield, 
such as were exploded over Japan, can cause devastation over an area 
of several square miles (Fig. 12.7). With weapons in the megaton 
range, the damaged region may cover a hundred or more square miles. 
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12.8 The most effective, but, not necessarily most practical, method 
of minimizing the danger from nuclear weapons would be by dispersal 

Figure 12.7. Area around ground zero at Nagasaki before and after the atomic 
explosion (1,~foot radius circles are shown). 
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and underground construction. These measures are beyond t,he scope 
of the present discussion, but mention will be made of a number of 
other steps which can be taken to reduce bot,h the personnel casualties 
and the physical damage caused by a nuclear explosion. The essen- 
tial purpose of the treatment given here is to provide some of the 
basic information necessary for planning protective and control 
actions. The development of procedures and the dissemination of 
information regarding them is the function af the Federal Civil 
Defense Administration. 

12.9 The design of new construction affords the best opportunity 
for the inclusion of protective measures at minimum cost. But exist- 
ing st,ructures can, in many cases, be modified so as to make them 
more resistant to blast, fire, and radiation, thus increasing the protec- 
tion they would afford both to personnel and equipment. For example, 
blast, damage can be reduced by increasing the strength of a structure, 
particularly against lateral forces. The fire hazard may be diminished 
by avoidrnce of exposed inflammable materials. Finally, some pro- 
tection against gamma radiation and neutrons can be achieved by 
sufficient, thickness of structural material. 

12.10 In later sections of ihis chapter various suggestions will 
be Made in connection with the design of new structures and the 
improvement of those already in existence. These apply in particular, 
however, to multistory buildings to be used for commercial, indus- 
trial, or rdministrative purposes. As far as ordinary dwellings are 
concerned, there is not a great deal that can be done, without unjusti- 
fiable increase in cost, to strengthen the superstructure against the 
effect,s of blast. Basement walls, structural supports for girders, and 
first-floor syst.ems over the basement can be strengthened appreciably 
at reasonmble cost, and shelters can be included in the basement are.t. 

12.11 A blast wave having a peak overpressure of about 2 pounds 
per square inch will cause considerable damage to most dwelling 
and it is doubtful whether it is practical to build a house, at a reason- 
able cost, which will survive more than 5 pounds per square inch 
peak overpressure. Structures of industrial and strategic value cau 
be built to resist overpressures of 25 pounds per square inch or more 
when tbeextra cost is warranted. 

12.12 Before proceeding with a discussion of the design of such 
structures, it is necessary to prescribe the conditions, e. g., blast, over- 
pressure and initial nuclear radiation intensity, against which the 
structure may be expected to offer protection. Of course, in making 
a choice, a definite risk must be accepted, since the conditions actually 
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experienced in a nuclear attack may be more or lees severe than those 
selected for design purposes, depending on the size of the weapon 
and the dista.nce of the explosion from the structure. The alternative 
would seem to be to make the structure extremely strong, so that it 
could withstand high blast overpressures, possibly 100 pounds per 
square inch. Such an alternative imposes extreme requirements, such 
as underground const.ruction. This would involve full dependence 
upon artificial lighting and air conditioning, and provision of an 
independent power supply and other disaster-proof facilities and 
services (see $12.52). 

12.13 In the great majority of structures, the design must repre- 
sent a compromise between its ability to withstitnd various nuclear 
weapon effects, the strategic importance of the building, and the 
complexity and cost of construction. In making a decision concern- 
ing what may be called the practical design conditions, Fig. 12.13 
may be consulted. This shows the limiting distances from ground 
zero, for air bursts of various energy yields, for the production of 
certain effects with respect to the initial nuclear radiation (gamma 
rays and neutrons), thermal radiation, and blast overpressure. It 
may be noted that only the strongest reinforced-concrete structures 
can resist overpressures of 24 pounds per square inch, and most homes 
will be destroyed or severely damaged at 5 pounds per square inch. 
(The dynamic pressures indicated on the curves in Fig. 12.13 are 
the values of the horizontal components for typical air bursts.) A 
dose of 700 rems of nuclear radiation may be expected to be fatal to 
nearly all exposed individuals. 

BLAST-RESISTANT STRUCXURES 

GENERAL DESIGN METHODS 

12.14 The design of blast-resistant structures requires considera- 
tion of the effect of dynamic loading on the structure in question. 
As described in earlier chapters, the dynamic loading to be taken into 
account is applied suddenly and varies with time. The time variation 

is dependent upon the characteristics of the blast wave itself and the 
shape, dimensions, and strength of various parts of the structure. The 

determination of the response of a structure to a dynamic load in- 
volves a technique entirely different from that used in the conven- 
tional study of structural response to a static load (&e Chapter VI). 
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12.15 In general, there are three main aspects in which blast- 
resistant, design differs from the design procedures for static loads. 
First, mass is important, since, as structural displacement. takes place, 
the various masses undergo large accelerations. Other things being 
equal, a heavy structure will usually withstand the action of blast 
better than one that is less massive. Second, many structural mate- 
rials, including steel, concrete, and even wood, exhibit increased 
strength when subjected -to rapid rat,es of strain, such as would occur 
when exposed to a blast wave. For high rates of loading the yield 
point may be increased 50 percent, or more over the value at low rates 
of loading. Third, if ductile materials are used in blast-resistant de- 
sign, it is possible and may be desirable for economic reasons to permit 
strains beyond the elastic limit. 

12.16 Some degree of permanent deformation may be acceptable 
before a struct.ure is rendered useless for its main purpose, and this 
can be taken into consideration in its design. The steel-mill type 
of building is R pod exnmple of a structure in which large permanent 
d&formation may be accepted. On the other hand, office buildings, 
apartment houses, etc., containing elevator shafts, partitions, doors, 
windows and concealed utilities, may have their usefulness impaired 
by much smaller deformations. 

12.17 In designing a particular type of ‘structure to resist blast, 
it is necessary first to postulate the blast wave characteristics, i. e., the 
peak overpressure and dynamic pressure, and their variation with 
time. These factors depend upon the energy yield of the explosion, 
the expected distance of the structure from the point of burst, and the 
height of burst. Since none of these qariables can possibly be known 
in advance, the postulates concerning the blast load which the struc- 
ture is required to withstand inevitably involve considerable uncer- 
tainty. The choice of the blast load for design purposes must be based 
on a balance between the cost and the over-all importance of the par- 
ticular structure. 

12.18 After the loading has been piescribed, a dynamic analysis 
of the proposed structure must be underta.ken to determine the stiff- 
ness and ultimate strength necessary t,o prevent collapse or to limit the 
plastic deformation to some spec.ified amount. This limit will be de- 
termined by the functional requirements of the activities or operations 
for which the structure is to be used. The critical deformatiori may 
be restricted t.o that which will prevent the structu,re from collapsing, 
so that personnel cnn be protected and the contents of the building 
salvaged ; or it, may be required that t,he building shall still be capable 
of use for conventional loads after the blast. The next step in the 

DlSTANCE FROM CROUNO ZERO Wim) 

Figure 12.13. Limiting distances from ground zero at which various effecta are 
produced, in an air burst.. 
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design is then to J)reJ)are sJ)ecitirntions of tile structural members 
ml connections to supply the required strength :uwI stiffness. 

12.19 The detniletl methods and proceclures of dyiiam.ir design are 
probably aece~sary in order to J)redict accurately the behavior of a 
structure exposed to loading from a blast, wave. ZJowever, tllis re- 
quires familiarity with methods not customarily used in conventional 
engiileering design. 
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12.20 In choosing structural mater.ials it should be borne in mind 
that the energy absorbed by a structure undergoing plastic deforma- 
tion can make an important contribution to resistance to dynamic 
loading. brittle materials, e. g., glass, cast iron, and unreinforced 
masonry, cannot tolyrate strains beyond the elastic limit, wjthout suf- 
fering failure by ruJ>ture. lT~,oii failure, these materials can produce 
dangerous missiles and so should be avoided for this reason also (see 
Ej 12.375). On the other hand, ductile materials, e. p., structural steel, 
reinforced concrete, and reinforced masonry, can undergo consider- 
able plastic deformation without. collapse and, in many cases, without. 
appr&iable loss of strength. 

12.21 Reinforced concrete offers many advantages as a structural 
material, since it has characteristics desirable in blast-resistant con- 
struct ion. The large mass and sluggish response of the relatively 
heavy members, and tile continuity which is possible, cont!ribute to 
the ability to withstand lateral forces. Concrete can be used for 
shear walls which Jjrovide resistance to motion end add little to the 
cost of the building..” The bulkiness of the members may be somewhat 
objectionable, although thick concrete walls can help in attenuating 
nuclear radiation. 

TYPES OF I~JAST-RE~JSTANT MULTISTORY STRUCXJRES 

12.22 The type and arrangement. of a structure designed to have 
apprecialble resistance to blast will deJwnd, to some extent, upon the 
intended nse of the structure. In general, tile ability to withstand 
the lateral forces due to blast will increase with tile strength, rigidit.y, 
ductility, and IIMSS of the members enclosing and supporting the 

SKIhear walls RR- walls (or lmrtltlona) denl~ned for horlmntal loads applied In the 

plane of thr nnll. RR dlatlart from loads prrprndirular to the wall. Shear nalln may. 

of courw. be denlpnrcl to tnkr such lateral londn BR well. 

structure. There are, however, certain structural forms which are 
inherently more suited to resist blast loading. 

12.23 If the presence of solid or almost solid exterior walls and 
cross walls can be tolerated in the functional layout of the building, 
a satisfactory and economical design for a multistory structure ap- 
pears to be a reinforced-concrete, shear-wall building. Shear-wall 
struct.ures derive their principal strength from structural walls ca- 
pable of resist.ing large lateral loads. Such wa!ls are usually so stiff 
compared to beams and columns, which may be used in conjunction 
with shear walls, that essentially all the translational load is carried 
by these walls. 

12.24 Where interior walls are required as fire barriers, stairwell 
enclosures, or partitions, these may be designed, with advantage, as 
shear walls. The same walls can then be used to carry vertical loads, 
thus replacing the framing ordinarily employed for this purpose. It 
is desirable, however, in the construction of bearing walls, support- 
ing floor and roof systems, to avoid the use of unreinforced brick, 
stone, or block, since they are vulnerable to relatively low pressures 
acting transversely to the walls. 

12.25 When the operations to be performed in the building are 
such as to rule out solid (or nearly solid) exterior walls, then partially 
solid shear walls at tile ends of the building, in addition to fire walls 
s.nd fixed partitions of shear-wall design, are desirable. This will 
permit the use of light columns designed to carry the vertical loads for 
the rest of the framing. Even if shear walls are limited to stairwells, 
elevator shafts, and to walls &round the plumbing and duct passages, 
an important degree of blast resistance can be achieved at minimum 
cost. 

12.26 The presence of window openings and light curtain walls 
may have some advantages. Windows and light partitions will fail 
rapidly, when exposed to blast, without offering substantial resistance. 
As a result there will be a decrease in the lateral impulsive load, due to 
the reduction in the. effective resisting area, before appreciable de- 
formation occurs. While these openings might be helpful in mini- 
mizing damage to the frame and decreasing t,he danger of overturning, 
they may be expected to increase both the hazard to personnel in the 
building and the destruction of its contents. 

12.27 In the construction of a reinforced-concrete btiilding it is 
essential that there should be good continuity st all joints subject to 
appreciable bending or shearing stresses in order to insure monolithic 
behavior. All intersecting w-alls and floors should be securely doweled 
t,ogether with reinforcement, and construction joints between previ- 
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ously poured and fresh conwcte should be l~rclx~red to provide maxi- 

mum bonding lw.t,ween the old and the new. 

12.28 A reinforced-concrete structure, with sliear ~111s and parti- 

tions having good continuity, will ad as R siu@e cell. The. ~111s of 
the struct.nre will fhen transmit floor and roof reactions to the fomds- 
tions. Heavy beams or support inK columns c~ln thus be eliminwted and 

good resistance to blast, forces retained. 
12.29 For &eel-frame structures with diagoual hrwing there is a 

possibility of complete f:lilnre by locnl rnptnre of t.he bracing material. 
Sufficient load-carrying cnpayity must. be provided in the bracing 
to prevent this from occurring. In order t.o insure fnll utilization of 

the members of the frame. the strength of the end connections of R 

diagonal brace should always be greater than that of t.he member 

itself. 

12.30 In tier buildings with steel skeleton frames, the strength 
of t,he end connections should be sufficient t,o develop t.he ultimate 
st~rength of the memhws of the frame. If the floor ~1~1~s are keyed 
to the struct,urnl steal framp Iby means of bond or shear developers, 
so as to provide composite behavior, both the steel ant1 the concrete 
contribute strength to the framework. Wall panels should be attached 
t,o t.ha building frames in such a manner t,hat the connections will 
wit.hst,and rebound loads as well as t.he positive and negat.ive loads 
due to t,he blast wave. 

RRDITCINC. BLAST HAZARD IN ESIRTIN~ I~UII,DIN~R 

12.31 Aside from t.he question of the design of new construction 
considered above, there is the possibiIit,y of making changes in axist- 
ing buildings so as to reduce the d:mage to their routent,s m-d injury 
t.r, personnel result iug frotn blasf, action. This is iI more difficult 
prohlem t ban that. of incorporating wppropriat,e measures in new 
design. The most serious danger to,l)ersons and equipment, in a build- 
ing is froui t.otal, or even partial, collapse. It is necessary, therefore, 
t,o analyze thth structure in order to discover the weak points, and 
then to determine thr he.9 methods for stren@hening them. 

12.32 As :I genrml rule, it, will not. be possible to strengthen the 

frame of a reinfor~rcl-~oil~rete building, fmt increased resist,ance to 
collapse WII he achieved hy replacing interior walls, wherever pos- 
sible, by shear walls. The addition of bracing can be effect.ive in 
increasing the strength of a steel-frame building. 

12.33 From an over-all point of view, an import,ant consideration 
is t,he redurt,ion in hazard to persons in a building strong enough not, 
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t.o collapse even t.hough it might be damaged to some extent. Well- 
attached, reinforced-concrete or reinforced-masonry walls, on a frame 
of eit,her structural steel or reinforced concrete, will provide a high 
degree of protection to persons inside the building. This type of 
construction will also contribute a minimum number of missiles. A 
poorly attached wall of unreinforced masonry, on the other hand, 
would provide ahnost no protection inside the building and would 
supply missiles both inside and outside. 

12.34 Existing frames of steel or reinforced concrete may be 
strengthened by filling the areas between the columns and beams with 
shear walls. The effectiveness of such walls will depend upon their 
strength and also upon the strength of the connections between shear 
walls and floors, since in order for such walls to be effective they must 
carry the lateral forces to the foundation. Inclusion of shear walls 
of this type in a frame structure creates a new unit of greatly increased 
strength. 

12.35 In all structures, no matter how blast resistant they may be, 
it is import,ant to minimize the danger from flying glass, displaced 
equipment, falling fixtures, and false ceilings. The great hazard to 
personnel due to glass shoild be considered in design, and glass areas 
should be provided only t.o the extent essential for the use of the 
building. 

12.36 Consideration should be given to the hazard in exist.ing 
structures from fixtures and heavier ornament,aI plaster or other 
interior treatment that might be detached by the blast or by the, 
wracking action of the building. The best procedures would be to 
remove any such hazardous items if possible. If this is not fully 
practicable, such partial safeguards should be provided as may appear 
feasible. Overhanging cornices and finials on the outside of a build- 
ing will be a danger to persons in the vicinity, and their removal 
should be considered. Although the flying missile hazard is not 
peculiar to nuclear weapons, it is, nevertheless, one which is greatly 
magnified by the high pressures and long duration of the blast wave. 

12.37 Blast walis of the type employed to localize destruction 
from ordinary high-explosive bombs will perhaps be helpful, to some 
rxtent, in reducing injuries from flying missiles and in protecting 
essential equipment (Figs. 12.37a and b). Particular care should be 
taken to make such walls resistant to overturning. Both reinforced- 
concrete walls and earth-filled wooden walls (Fig. 12.37~) were used 
in Japan for protection against blast. The former were more effec- 
tive, but the latter, even though badly damaged by the nuclear bomb 
blast, did prevent serious harm to equipment. 
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Fig~lre 12.87n. Precast, reinhrced-concrete blast walls (0.&5 mile from ground 
zero at Nngssaki). 

Figure 12.37~. Earth-Alled, wooden blast walls protecting machinery (0.85 mile 
from ground zero at Nagasaki). 

Figure 12.37b. Reinforced-concrete blast walla protecting transformers (1 mile 
from ground zero at Nagasaki). 

PRCWECTION BY TRENCHER AND EARTH REVETMENTS 

12.38 Although they are not strictly structures, in the sense used 
above, attention should be called to the significant protection that can 
be afforded by trenches and earth revetments, especially to drag-sensi- 
tive targets. A shallow pit provides little shielding, but pits or 
trenches that are deeper than the target have been found to be very 
effective in reducing the magnitude of the drag forces impinging on 
any part of the target. In these circumstances, the lateral loading is 
greatly reduced and the damage caused is restricted mainly to that due 
t,o the crushing action of the blast wave. 

12.39 The only types of shielding against drag forces which have 
been found to be satisfactory so far are those provided by fairly ex- 
tensive earth mounds (or revetments) and deep trenches, since these 
nre themselves relatively invulnerable to blast. Such protective 
trenches are not recommended for use. in cities, however, because of 
f he damage that would result from debris falling into them. Although 
sandbag mounds have proved satisfactory for protection against con- 
ventional high explosives and projectiles, they are inadequate against 
nuclear blast because they may become damaging missiles. 
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Figure 12.4011. Earth-moving w~uiprncnt subjwcbd to nuc9ear blast in open 
terrain (30 psi overpressure). 

Figure 12.40b. Earth-moving equipment subjected to nuclear blast In open 
terrain (30 psi overpressure). 

Figure 12.40~. Earth-moving equipment protected in deep trench at right angles 
to blast wave motion (30 psi overpressnre). 

12.40 The destruction caused by a nuclear explosion to two pieces 
of earth-moving equipment, which are largely drag-sensitive, is shown 
ii1 Figs. 12.4Oa and b. Two similar pieces of equipment Iocated in a 
deep trench, at the same distance from the explosion, are seen in Fig. 
12.40~ to have been essentially unharmed. It is important to mention 

that the main direction of the trench was at right angles to the motion 
of the blast wave. If the wave had been traveling in the same direc- 
tion as the trench, the equipment would probably have been severely 
damaged. Consequently, in order to provide protection from drag 
forces, the orientation of the trench or earth revetment, with respect 
to the expected direction of the explosion, is of great importance. 

FIRE PROTECTION 

12.41 It was noted in Chapter VII that fires following a nuclear 
explosion may be started by thermal radiation and by secondary 
effects, such as overturning stoves and furnaces, rupture of gas pipes, 
and electrical short circuits. Fire-resistive construction and avoid- 
ance of fabrics and other light materials of inflammable character are 
essential in reducing fire damage. As shown by the tests described in 

8 7.82, a well-maintained house, with a yard free from inflammable 
rubbish, was less easily ignited by thermal radiation than a house 
that has not had adequate care. 

424270 O--57-----34 
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12.42 The methods of fire-resist.ive design and of city planning are 
well known and the subject need not be treated here. A special re- 
quirement. is the reduction of the chances of ignition due to thermal 
radiation by the avoidance of trash piles and other finely divided fuel 
as well as combustible, especially dark colored, materials that might 
be exposed at windows or other openings. It has been recommended, 
in this connection, that all such openings be shielded against thermal 
radiation from all directions. The simple device of whitewashing 
windows will greatly reduce the transmission of thermal radiation and 
so decrease the probability of fires starting in the interior of the build- 
ing. Other practical possibilities are the use of metal Venetian blinds, 
reflective coatings on the window glass, and nonflammable interior 
pall curtains. 

12.43 To judge from the experience in Japan, where the distor- 
tion by heat of exposed structural frames was considerable, it would 
appear desirable that. steel columns and other steel members be pro- 
tected from tire, especially where the contents of the building are flam- 
mable or where tile building is located adjacent to flammable struc- 
tures. Further, narrow firebreaks in Japan were found to be of little 
v:llllR. It is vital, therefore, that, SII& firebreaks as may be provided 
in city planning or by demolition must be adequate for a major con- 
flagration. A minimum width of 100 feet has been suggested. 

12.44 One of the most important lessons learned from the nuclear 
bomb attacks on *Japan is the necessity for the provision of an ade- 
quate water snpply for the cont.rol of fires. 111 Nagasaki, the water 
pressure was 30 pounds per square inch at the time of the explosion, 
hut chiefly because of numerous breaks in house service lines it soon 
dropped to 10 po11nc1s per square inch. On the day following the ex- 
plosion the water pressure was almost zero. This drop in the pressure 
conCributec1 greatly to the extensive damage caused by fire. The 
experience in Hiroshima wasquite similar. 

SHELTERS FOR PERSONNEL 

INTRODUCTION 

12.45 Ideally, a shelter for personnel might be required to provide 
protection against air blast, ground shock, thermal radiation, initial 
nuclear radiation (neutrons and gamma rays), and residual nuclear 
radiation from fallout (external and internal sources). Such an ideal 
shelter is, however, virtually impossible to attain, in view of the un- 
cert,ainties mentioned in 8 12.2. Thus, shelter design, like that of 
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other t.ypes of sf,ru&ires, must inevitably represent a compromise in- 
volving an element of risk. For example, structures of special design 
(see 5 12..53), located underground, can withstand blast overpressures 
of 100 pounds per square inch or more and can greatly attenuate nu- 
clear radiation. With suitable ventilation systems they can also pro- 
tect against fallout., as well as against chemical and biological war- 
fare agents. But even these shelters would probably be destroyed if 
they were fairly close to ground zero in the event of either a surface 
burst or a shallow underground burst. 

12.46 A variety of personnel shelters have been designed and mv- 
era1 types have been subjected to nuclear test explosions. These 
shelters range from minor modifications to existing homes, for use by 
a small family, to special blast-resistant construction, for buildings 
housing fairly large groups of individuals. For houses with base- 
ments, simple, inexpensive shelters can provide additional protection 
that could mean survival in a nuclear attack. If there is no hase- 
ment, ot.her worthwhile measures can be taken, although they would 
cost more. 

12.47 In the design of special shelters for the protection of per- 
sonnel, underground (or earth-covered) structures are preferred, 
since they reduce t,he hazards from thermal and nuclear radiations, 
as well as from air blast, at a moderate cost. In the design of such 
shelters there are three fundamental probleins which must always be 
considered ; th.ese are (1) the structural (engineering) design ; (2) 
proper ventilation of t,he occupied areas; and (3) the provision of 
adequately protected entranceways. 

12.48 Past experience from nuclear tests has indicated that stand- 
ard engineering practices are adequate for the design of under- 
ground shelters which will withstand air blast overpressures of 100 
pounds per square inch. If the particular situation is such that a 
smaller design pressure would appear to be adequate then, as a gen- 
eral rule, it will be found more economical to use a shallow under- 
ground or earth-covered shelter of a simpler type. For example, the 
light earth-covered or buried structures referred to in Table 6.12, 
would not be seriously damaged by blast overpressures of 20 to 30 
pounds per square inch. More vulnerable to air blast than the struc- 
tures themselves are the ducts and ventilating equipment, which 
bring in the air supply, and the doors, door frames, and entrance- 
ways, These consequently require special consideration. 

12.49 To insure an adequafe suplily of uncontaminated air during 
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the critical period of occupancy of the shelter, the ventilating equip- 
ment and filters must remain in operating condition. This requires 
that intake and exhaust ducts be provided with some type of blast- 
arresting devices. Such devices should reduce the intensity of the 
blast force to the extent that the mechanical equipment and filt,ers will 
not be harmed, and also that it will not be a hazard to persons in the 
shelter. 

12.50 The entranceways to t!:e sh&er must be at least, large enough 
to allow free access for personnel, and possibly to accommodate 
vehicular traffic. In addition, it is particularly important that. the 
doors be designed to resist. collapse, since the entrance of the blast 
wave through an opening, such as a doorway, might cause a sudden 
pressure rise inside t.he structure to a level that would be harmful 
to the occupants. It is always desirable that each doorway into the 
shelter be associated with an entranceway so placed that it will act 
as a blast-arresting device and also provide protection against flying 
missiles wl-hich might damage the door. 
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FAMILY-TYPE (HOME) SIIELTERS 

12.!?1 It, will be recalled from Chapter IV that, even when the 
houses exposed to the nuclear erplosions were so severely damaged, 
by a blast overpressure of 5 pounds per square inch, as to be rendered 
useless, the basements suffered little damage. Since no appreciable 
amount of thermal radiation would penetrate and the depth of soil 
out,side the house would result in a considerable attenuation of the 
nuclear radiation, it would appear that basements offer possibilities 
as home shelters. Several designs for basement shelters have been 
tested in Nevada. 

12.52 1~1 houses without basements or where the water table makes 
it difficult. to construct a shelter below the ground, the bathroom may 
be designed so fhat, it cali serve as an indoor shelter. This can be 
achieved by making the walls and ceiling of reinforced concrete and 
strengthening the floor slab (see 8 4.34). The window and door 
openings are protect,ed by special blast doors. A shelt,er of this type 
will provide good protection agfiinst blast, up to 5 pounds per square 
inch overpressure, at least, and also against thermal radiation. The 
degree of p&e&on against nuclear radiation depends primarily on 
the thickness of the concrete walls and ceiling; the greater the t.hick- 
ness, the better the protection. 

IJNDRRGROUNI) PRRRONNEI, SHELTER 

12.53 Where essential industrial, civic, or milit,ary activities must 
be maintained before, during, and after a nuclear attack, it might be 
desirable to have a group shelter which could be occupied continuously, 
although not necessarily by the same individuals. A shelter of this 
kind would be of the closed t,ype and would have to be provided with 

1 a suitable ventilating system. As a result of various tests, it has been 
found t,hat in “open” shelters, i. e., in shelters which are open to the 
entry of the blast, the peak overpressure of the blast wave is not very 
different from that out.side. SQme reduction can be achieved by suit- 
able design of the entrance and by the use of baffles, but the general 
impression is that, in strategic locations, where high overpressures 
may be expected, open group Fhelters would not be adequate. 

12.54 The general features of a closed, underground personnel 
shelter, that can accommodate some 30 individuals at a time, but can 
be extended to hold more, are shown in Fig. 12.54. The design is based 
on experience gained at various nuclear tests in which shelters of this 
type have withstood peak overpressures of about 100 pounds per 
square inch. It was also found, as expected, to produce considerable 
attenuation of bot.h gamma rays and neutrons.5 

12.55 The main shelter chamber has reinforced-concrete walls 15 
inches thick; the floor slab has a thickness of 18 inches and that of 
the roof is 21 inches. The chamber is covered with packed earth to 
a. depth of at least 5 feet. The entrance is by concrete steps, in two 
sections at right angles. Instead of extending in the direction shown 
in the figure, the entranceway may be turned through MO”, so as to 
make the whole lay-out more compact. The stairway at the ground 
level is closed by means of an g-inch thick horizontal door made of 
st.ructural steel and reinforced concrete. The door has four wheels 
and is track mounted. It is so designed that as it rolls closed it seats 
itself on steel bed plates on each side of the stairwell, so that the blast 
load is removed from the wheels and axles. A heavy jack is mounted 
on the underside of the ceiling of the stairwell, so that the door can 
be forced open in case there is an accumulation of debris in the well 
behind the door. 

‘The nbclter drserlbed here ww conwIved and planned by the Federal Clrll Defense 
Admlnlstratlon, with the arrslstance of the Army Ralllstlcs Research Laborator), the Army 
Chemleal Center. and the Armed Forces Rpeeiel Weapona Project. The structural drslUn 
‘RI~II by Ammann and Whitney, ConsuItIng EngIneem, under contract to the Federal CM1 
Defense Admlnletratlon. 
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12.M Entrwwe to and exit from the shelter chnber is through a 
doorway fitted with II l/2-inch steel, air tight (Navy bulkhead type) 
door. For emergency exit there is a 8 x %feet, vertical escape hatch 
with a steel t,rap door. Normally the hatch is filled with washed and 
dried sand, but this can be run out and personnel can escape by climb- 
ing a vertical ladder in the wall. 

12.57 The ventilation system for the shelter is contained in tdpo 
compartments shown at the extreme left in Fig. 12.54. Air from 
outside ent,ers the inlet chamber, passes through a filter, to remove 
particulate matter, e. g., fallout, as well as biological and chemical 
warfare agents, and is then blown into the shelter through ducts 
near the ceiling. The return air is expelled through the exhaust 
chamber. Both inlet and exhaust systems are fitted with special “anti- 
blast closures.” These are so construct.ed that a sudden increase in 
the exterior pressure, due to the passage of a blast wave, will cause 
them to close almost instantaneously. Relief of the pressure by the 
r.egative phase of the blast wave will then open them again. The 
closures have been found to operate satisfactorily at peak overpres- 
sures up to at least 100 pounds per square inch. 

12.58 The exhaust chamber also contains a gasoline-driven, elec- 
tric generator for emergency use in the event of failure of the main 
power supply. An underground tank holds enough fuel for 10 days. 
At the other end of the shelter is a buried water tank t,o provide water 
for drinking purposes. 

ENERQFZNCY SHELTERS 

12.59 From experience gained in both nuclear and conventional 
explosions, there is little doubt that it is, as a general rule, more 
hazardous in the open than inside a structure. In an emergency, there- 
fore, the best available shelter should be taken. Many subways would 
provide reasonably good emergency shelter, but they are to be found 
in a limited number of cities, As an alternative, that is more readily 
available, the basement, of a building should be chosen. In this con- 
nection, a fire-resistive, reinforced-concrete or steel-frame structure 
is to be preferred, since there is less likelihood of a large debris load 
on the floor over the basement. Even basements of good buildings 
are not, however, an adequate substitute for a well-designed shelter, 
since the design live loads of floors over basements are usu?lly small 
in comparison with the blast overpressure to which these floors may 
be subjected. 
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12.60 In t,he event. of a surprise zxttack, when there is no oppor- 
tunity to take shaltnr, immetl iate action could IIIWIII bile clifJ’ereuce Jw- 
t,ween life and death. ‘I’11e first indication of an uuexJ>ected nuclear 
explosion would be :I swJtJen irtc~~itse of the g&ner:tl illuminwtiou. It. 
would then be imperative to avoid t,he inst.inrtive tendency to look at. 
the‘source of Jiglit, bal, rathrr to do everything J~ossible to cover all 
exposed parts of tile body. A Jjerson inside a building should imme- 
diately fall prone and crawl behind or beneath a table or desk. This 
will provide a J>artinJ shield against splintered glass aud other flying 

missiles. No at.trmpt. sJmuld be made to get uJ) unt.iJ tile blast, wave 
has passed, as indicated Jjossibly by tile break+ of glass, cracking 
of plaster, a.nd other signs of destruction. The sound of the explosion 
also signifies the arrival of the blast wave. 

12.61 A person caugllt in the oJ)en by the sudden brightness due 
to a nuclear explosion, should drop to the ground while curling up 
$0 shad? the bare arms, hands, neck, and face with the clothed body. 
Alt~hough this action may have Jit.tJe effect against gamma rays and 
neutrons, it migllt. J’ossihly helJ) in reducing flash burns due t,o thermal 
radiation. The degree of protection provided will vary w,ith t,he 
energy yield of the explosion. As stated in sj 7.53, it, is only wit11 
high-yie.Jd weapons that evasive action against thermal radiatiou is 
likely to be feasible. Nevertheless, there is notlling t,o be lost, and 
perhaps much to be gained, by taking SUCJI action. The curled-up po- 
sit.ion should be Jteld until -the blas,st wave has Jmssed. 

12.62 If sllelter of some kind, 110 matter how minor, e. p,, .in a door- 
way, behiud a tree, or in a ditch, or t,rencJl caa be reached within a 
se&ond, it might be J)ossible to avoid a significant Jmrt of the initial 
nuclear rndiatiou, as well as the thermal radiation. Hut, shielding 
from nuclear radiation requires a considerable thickness of material 
and this may not be available in tile open. I3y dropping to the ground, 
some advantage may be secured from tile shielding provided by the 
terrain and surrouuding objects. However,. since the nuclear radia- 
tiou continues to reach the earth from the atomic cloud as it. rises, tile 
protection will be only Jmrtial. Futtller, as a result of scattering, the 
radiat.ions will come from all directions. 

PROTECTION FROM FALLOUT 

I’ASSIVE AND ACTIVE MEASURER 

12.63 Protection against the residual nuclear radiat,ion from fall- 
out presents a number of difficult and involved problems. This is so 
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not. only because the radiations are invisible, and require special in- 

struments for their detectiQn and measurement, but also because of 
the widespread and persistent character of tile fallout. In the event 
of a surface burst. of a high-yield nuclear weapon, for example, the 
area contaminated by the fallout could be expected to extend well 
beyond t,hat in whicll casualties result from blast, thermal radiation, 
and t,he initial nuclear radiat,ion. Further, whereas the other effects 
of a nuclear explosion ire over in a few seconds, the residual radiation 
persists for a considerable time. 

12.64 The protective measures which can be taken against sources 
of residual nuclear radiation fall into two main categories, namely, 
passive and active. Passive protection implies remaining in tile 
contaminated area while taking all possible shelter from the gamma 
rays, in psrt,icuJar, emitted by the fission products in the fallout. As 
seen in Cllapter TX, even tile basement of a frame ilouse can attenuate 
the radiation by a factor of about 10, and greater reduction is possible 
in a large building or in a shelter covered with several feet of earth. 

12.65 TJlere are two aspects of active protection which will be con- 
sidered. One is evacuat.ion, that is, removal of the population from 
a cont,aminated location to one that is either free from contamination 
or, at least, less contaminated. This action is by no means as simple 
as might at first appear, because it will generally involve passage, 
without protection, through contaminated areas. The resulting radi- 
ation exposure may thus be greater than if passive protective measures 
were taken virithout, evacuation. 

12.66 The other possible active procedure is decontamination after 
the fallout has sett.led. In most circumstances steps of one kind or 
another can be taken to decrease the amount of fallout in critical 
regions, e. g., roofs of houses and streets. Some of the more general 
methods of decontamination will be discussed later. It should be 
mentioned, however, that the procedures are inevitably hazardous, 
since they involve exposure of the operating personnel to fairly high 
levels of radiation. 

12.67 The extent to which passive protection, evacuation, and de- 
contamination should be practiced will depend upon the existing con- 
ditions and may vary widely from one case to another. It is im- 
possible, therefore, to make any definite recommendations. The par- 
ticular action taken must depend upon the judgment of responsible 
individuals, based on a knowledge of radiation intensities and various 
other factors, in addition to an appreciation of the characteristics of 
the residual &clear radiation. A general guide to the possibilities 
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may perhnps be provided by the discussion of a number of different 
circumstances in the following sections. 

PROTECTIVE AxroN 

12.68 It was recognized at, t,he beginning of this chapter (8 12.3) 
that the concept of the evacuation of populations from potential tar- 
get areas ~-as greatly complicated by the possible effects of fallout. 
Some aspects of the situation which must be considered before the 
movement, of large masses of individuals can be undertaken will be 
outlined here. Fir&. there is always a possibility of a sudden change 
in the wind pattern, so that the evacuees might be moving unwitting- 
ly into the path of the fallout. A somewhat, similar circumstance 
might develop as the result of further explosions, at other points, 
after evacuation had started. In any case; accurate prediction of the 
fallout pattern is very difficult and requires detailed and continuous 
knowledge of the wind pattern over a large area and t,o great heights. 
Once fhe order for-evaruation has been given, it would be virtually 
impossible to rescind it or even to change t,he ma.in direction of per- 
sonnel movement. 

12.69 It may he that the best initial step is to take pjlssive protec- 
tive measures by seeking shelter in relatively closed structures. The 
earnma radiations from sources external to the body will then be ap- 
preciably attenuated. In order to prevent, contaminated material 
from enteriup the body, a ventilation system wit,h filters for remov- 
ing particalnte ma&r may he a desirable feature. However, in most 
huildinps, sufficient air leaks through cracks or penetrates through 
the walls to permit satisfactory breathing even with the doors and 
windows closed. It is true that some of the fallout may enter at the 
same time, but it is believed, on the basis of the experience of the in- 
habitants of the Marshall Islands in the 1954 nuclear tests (5 11.115, 
ct ~q..), that. inhalation of the contaminated particles will not be a 
serious hazard. 

12.70 Since the shelters may have to be occupied continuously for 
a period of from 2 to 7 days (or more), depending upon the level of 
the contamination outside, supplies of food and water will be neces- 
sary. These should be kept covered to prevent access of fallout parti- 
rles. If water is available the exposed food can be washed free of 
contamination before being eaten (see $12.97). 

12.71 At locations relatively near to ground zero, the fallout will 
nrrive soon after the explosion and the radiation dose rate will initial-’ 
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ly be high. It may then be necessary to wait several days before it is 
possible t.o come out of the shelter without risking a radiation dose of 
sufficient magnitude to cause severe injury. Laving the shelter to 
evacuate the area or to &art. preliminary decontamination operations, 
will represent a calculated risk, which should not be undertaken, ex- 
cept in dire emergency, without the advice of a monitor familiar with 
the radiation situation in the surrounding area. 

12.i2 The farther a point in the path of the fallout is from the ex- 

plosion, in the same general direction, the lower will be the initial 
radiation level and the shorter will be the duration of the passive pro- 
t,ection phase. However, in any area where the contamination is at all 
serious, it will probably be necessary to spend the first day or two after 
the explosion sheltered from the residual gamma radiation. During 
the early stages, the activity of the fission products in the fallout is 
very high, but by the end of 49 hours or roughly 2 days, it will have 
decreased to about 1 percent of the value at 1 hour after the explosion. 

12.73 It is impossible to indicate in advance at what value of the 
external dose rate it may be permissible to leave the shelter. Much 
would depend upon the next stage, e. g., evacuation or decontamina- 
tion (or both), and how long it will take, as well as upon the total 
dose already received during the passive protection phase. The graphs 
given at the end of this chapter should aid in the estimation of the ap- 
proximate doses that might be received under a variety of conditions. 
Such information is necessary before a decision can be made in any 
given situation. 

12.74 At the beginning of this discussion it wa~3 supposed that an 
appreciable time elapses between the explosion Rnd the arrival of the 
fallout. If, for one reason or another, there is no prior warning, the 
steps to be taken are essentially similar to those described above. The 
first action should be to seek optimum shelter, providing the mnximum 
attenuation of the gamma radiation originating from outside sources, 

as quickly as possible. Speed is essential, since the radiation intensity 
from the fallout is extremely high soon after the explosion, but drops 
fairly rapidly in the course of time. After a few days, the shelter may 
be evacuated by a route which will involve a minimum radiation 
exposure. 

12.75 It is appropriate to emphasize here that the presence of 
dangerous fallout may not be visible to the eye, and its detection re- 
quires the use of suitable instruments sensitive to nuclear radiations. 
It is true that some (although not all) of the fallout in the Marshall 
Islands, after the test shot of March 1, 1954, could be seen as a white 
powder or dust. But this may have been due to the light color of 
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the calc.ium oxide (or carbonate) of which the particles were mainly 
composed. Had the material been somewhat. darker in cdlor and the 
particles somewhat smaller in diameter, it, is possible that the fallout 
would not have been seen. c]ont.inuous monitoring, with instruments, 
for radioactive contamination would thus appear to be essential in 
all areas in the vicinity of the burst. 

RAJHOIXMICAL SURVEY 

12.76 Soon after a nuclear explosion, genera1 radiological surveys 
will have to be undertaken for a numbe:r of reasons.. In the first place, 
it may be necessary for emergency crews to enter an area that is 
conbminated, and the level of the radiation intensity of the area must 
be known. The best., i. e., least contaminated, routes into and through 
the area should be determined. Further, persons sheltered within a 

contaminated region need radiological information from outside for 
the purpose of planning evacuation. In addition, highly contami- 
nated areas must be located and marked to prevent accidental entry. 

12.77. The most, rapid method of estimating the extent, of the radia- 
tion hazard in the early stages will probably be by means of an aerial 
survey. The great advantage of such a survey is that it can be carried 
out regardless of the debris, which would make roads impassable, or 
of the degree of contamination. Because of their long range in air, 
gamma rays from fission products on the earth’s surface can be de- 
tected by sensitive instruments at a height of several thousand feet. 
Low-flying airplanes or helicopters carrying survey meters, which 
measure the gamma radiation dose rate, can fly over an affected area 
in accordance wit.h a predetermined pattern. The initial flights might 
be at an alt.itude of 1,500 feet or so, where the radiation intensity is 
reduced by a factor of nearly 100 with respect, to that on t.he surface 
(see Fig. 9.122). This could be followed by flights at lower levels, 
if necessary, for more exact identification of contaminated areas. 

12.78 From the radiation intensities recorded by the survey in- 
struments in the aircraft, at, a known altitude, it is possible to obtain 
a rough &imate of the dose rat.e, e.g., in roentgens per hour, which 
exists at, the surface of t,he ground or water. The exact ratio between 
the reading in t,he air and the dose rate on the surface will depend 
on several factors, including the nature of the terrain and the time 
after the det,onation ab which the survey is made, because of the de- 
crease in the energy of t,he gamma rays from fission products. If 
no more specific information is available, the data in Fig. 9.122 may 
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be used to estimate the attenuation factor at a known altitude wit,h 
reference to that on the ground. 

12.79 The aerial survey is important because it can be made quickly 
and can provide valuable information which might be impossible to 
secure in any other way. Nevertheless, such a survey can serve only 
as a rough guide, and it must be supplemented by observations made 
on the ground. The information obtained from the measurements 
taken in the air will, however, help very greatly in planning the 
ground survey. In the first stages, the general extent of the con- 
taminated area will be delineated, but later a more detailed investiga- 
tion will be undertaken to determine the radiation levels at specific 
strategic points, to establish approximate dose-rate contours, and to 
locate “hot spots” of higher than average contamination. 

12.80 It is important to remember that personnel performing 
monitoring operations will be continuously exposed to radiation, 
sometimes at high levels of intensity. As far as possible, they should 
be transported by vehicles which offer some degree of protection by 
attenuating the gamma radiation, e. g., by suitable shielding or dis- 
tance. In order to avoid dangerous overexposure, the monitors must 
carry instruments which, at any time, indicate the total dose they 
have received. They will then know when they should return to 
headquarters, so that hitherto unexposed individuals may take their 
place and continue with the operation. If the results of a preliminary 
survey are available, some advance planning in this connection may 
be possible by using the graphs given at the end of this chapter. 

DECONTAMINATION PROCEDURES 4 

12.81 Since radioactive material cannot be destroyed, decontamina- 
tion inevitably involves transfer of the source of the radiation, e. g., 
fallout, from a location where it is a hazard to one in which it can 
do little or no harm. All decontamination procedures thus have two 
basic aspects: first, the removal of the contaminant, and second, its 
disposal. Unless proper consiperation is given to the latter aspect, 
the whole process may do little or no ultimate good. Covering the 

contamination without moving it, e. g., with a depth of soil, would 
be effectively combining both operations into one. 

‘An rrtendve treatment of drcontamlnation methods and equipment ~111 be found tn 

the manual (TM-11-B) entitlrd. “Radlologlcal Decontamlnatlon in Clvll Defense,” Prepared 

by the Federal Civil Defense Admlnlstratlon. 
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12.82 Decontamination may he &her gross, i. e., rough, or detailed. 
Gross decontamination is the rapid, partial removal or covering of 
contamination on a large scale. Its purpose is t,o reduce the radiation 
dose rate as quickly as possible t,o a point, where personnel can use 
a piece of equipment or remain within an area for a limited period 
of time, at least. Subsequently, detailed decont,amination, whirh is 
a lengthy and thorough process, may be carried out. As a general 
rule, decontamination cannot (and need not.) he complete. However, 
the procedure should be carried to the point. where the situat,ion no 
longer constitutes a significant. hazard under the particular conditions 
of use or occupation. 

12.8.3 The decision to undertake decont,amination will depend upon 
the circumst,ances, and must involve a calculated risk. Since t,here is 
nlways a certain degree of danger to the operating personnel, the 
procedure should be deferred as long as is reasonably possible, so as 
to take advantage of nat,ural radioact,ive decay. In some cases urgent 
action may be necessary, and decontamination may have to be started 
while the radiat.ion level is still high. Such a situation‘nright be met. 
by replacement. of the workers wit.h fresh, previously unexposed, crews 
af short interva.ls. 

12.84 There are a few useful general principles relating to con- 
taminat,ion and decontamination which should be borne in mind. 
Because of its particulate nature, the fallout will obviously tend to 
collect on horizont.al surfaces. Such surfaces will thus be more highly 
contaminat,ed than vertical surfaces. Hence, in preliminary decon- 
tamination, at, least,, t.he lat,ter can be ignored. Most of the fallout 
part,icles can be readily removed either by washing with a st,ream of 
nat,er or by sweeping, preferably with a VRCIIIIIII cleaner to avoid 
inhalation of dust. 

12.85 Gross decont,aminat.ion can generally be performed in one or 
other of these ways. For smoot.h, e. g., painted and metallic, surfaces, 
wet (washing) methods may be used, but for porous materials, e. g., 
fabrics, brick, concrete, aud stone, dry methods are to be preferred. 
Broadly speaking, water washing can be employed outdoors and on 
the exterior of vehicles, whereas vacuum sweep& is more suit,able 
for ths interiors of buildings and vehicles. Experimental test.s of 
decontamination proc*eclures have shown that, the major portions of 
contaminating mat,erial can be removed 1)~ these simple methods. 
Only a small part of the contamination is strongly held aud requires 
more drastic t,reatment, e. g., wit.h chemicals or abrasives.” 
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12.86 In a city, decontamination could be carried out by hosing 
the roofs of buildings and the streets with strong streams of water. 
The radioactive material would thus be transferred to the storm 
sewers, where it would represent only a minor hazard. As an alterna- 
tive to hosing, the dose rate inside a building could also be reduced 

! by covering the ground surrounding the building with uncontaminated 
I earth or by removing the top layer of the ground to a distance with 
I L bulldozer. 

12.87 It is important to note, in connection with removal of con- 
taminated earth, for the purpose just described or to provide a means 
of transit, that the gamma rays from fission products can travel con- 
siderable distances through air. For example, at 3 feet above the 
ground, roughly 50 percent of t,he dose rate received in the center of 
a large, flat, uniformly contaminated area comes from distances 
greater than 25 feet away, and about 25 percent frqm dist,ances more 
than 50 feet away. Thus, complete removal of the contaminated sur- 

I face from a circle 60 feet in radius would reduce the dose rate in the 
I center to about one-fourth of its original value. However, if the con- 

taminated earth were not completely removed, but just pushed to the 
outside of the circle, the dose rate would be considerably larger than 
cne-fourth the initial value. 

12.88 It is apparent, therefore, that if transit facilities are to be 
provided across open country which is contaminated over a large area, 
bulldozing the top few inches of contaminated soil to the sides will be 
satisfactory only if a wide strip is cleared. Thus, if the strip is 250 

, feet in width, the radiation dose rate in the middle will be reduced to 
one-tenth of the value before clearing. A similar result may 
be achieved by scraping off the top layer of soil and burying it under 
fresh soil. Something like a foot of earth would be required to de- 
crease the dose rate by a factor of ten. 

, 12.89 Badly contaminated clothing, as well as rugs, curtains, and 
upholstered furniture, would have to be discarded and buried or 
stored in an isolated location. Wben the radioactivity has decayed 
to a sufficient extent, or if the initial contamination is not too serious, 
laundering may be effective in reducing the activity of clothing and 
fabrics, to permit their recovery. Thorough vacuum cleaning of 
furniture might be adequate in some cases, but an instrument check 
would be necessary before further use. 

~Contaminatlon due to nrstron-Induced nrtlrlty is dltlieult to wmovc, but nwh eon- 
tamlnatlon Is of lmportnnre only war the explo~lon center (we I 0.18). 
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PROTECTION OF OPERATING CREWS 

12.90 All personnel entering a contaminated area. to perform sur- 
vey monitoring, dccontaminat.ion, or other emergency operations. 
should adapt their clothing to prevent the entry of dust. The main 
purpose of this precaution is to minimize the possibility of “beta 
burns” as a result of direct contact. of the fallout. with the skin (see 
s 11.94). It should be remembered, of co~~rse, that clothing offers 
virtually no prote&on against. gamma radiation, and so this hazard 
will still exist to an undiminished extent. 

12.91 For dry opernt.ions, heavy pant,s and shoes are recommended, 
as well RS cotton or canvas work gloves and a tight-fitting cap. In 
dusty areas it is advisahle that the bottoms of the pants and the ends 
of the sleeves (over the gloves) be tied to prevent the entry of con- 
taminated material. A scarf around the neck would also help in 
this connection. After a nuclear att,ack, the dust may arise from rub- 
ble, disturbance of the ground, et,c., and may not necessarily be mdio- 
act,ive. Precautions to reduce inhalation of the dust in large amounts 
would be desirahle, in any event. Consequently, in operations in 
which considerable quantities of dust may be encountered, goggles and 
a filter mask are advisable. 

12.92 For wet decontamination operations, water-repellent clot,h- 
ing, rubber boots, and rubber gloves will be required (Fig. 12.92). 
They can be cleaned with a st.ream of water and used several times. 
provided there me no breaks or tears. 

12.93 Jn addition to taking steps to prevent radioactive material 
from reaching the skin, workers will need protection from excessive 
exposure to radiation. For this purpose, each operat,or should carry 
a self-indicating meter, somet.imes called RJI “organizational dosim- 
eter,“ to record his total radiation exposure. Various types of dosim- 
eters have lwn devised, a11d simple and reliable instruments, that 
can be produretl cheaply and in large numbers, are availal)le.s 

12.94 Survey met,ers for the determination of radiation intensities 
(dose txtes) will be required in order to detect. regions of high nctivit,y 
and for estimating permissible times of stay in a contaminated area. 
As a general rule, instrunlents which measure the dose rate of gamma 
radiation will be S:lt~isfilrtory. In addiCon, special instrument,s sensi- 
tive to beta radiations are advantageous for siicl~ purposes as detect- 
ing beta-parMe emitte,rs on t.he body. 

‘For II dwxrlption of doslm&ers and other rndlation InntrwwntR derrlnprd br the 
Federal ClviJ Jfefenw Adu~inistration, we “Rodlnlo~ical Instruments for Civil Jk?fenrre.” 
TB-11-20. 
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Figure 12.92 Water-repellent clothing for use in wet decontamination opemtbna. 

12.95 In connection with this aspect of personnel protection, there 
arises the question of t.he amount of nuclear radiation exposure that 
is permissible for those taking part in emergency operations. It is 
difficult,, if not impossible, to supply an exact answer, for a great deal 
will depend JlpoiJ the circumstances and the risks that must inevitably 
be taken. 

12.96 In those phases of emergencies in which immediate action is 
required, it would rarely be possible to predict in advance the radia- 
t,ion dose that might be received as a result of such action. The con- 
sequences to the exposed individuals, would, therefore, be equa3ly 
unpredictable. However, where the hazard could be estimated from 
available dose rate data, it might be possible to establish an approxi- 

424273 O-57-35 
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mate guide concerning permissible radiation exposures under emer- 
gency conditions? 

FOOD AND WATER 

12.97 Foods that, are properly covered or wrapped or are st.ored 
in closed containers should suffer lit,tle or no contaminat,ion. This 
will be true for canned and bottled foods as well as for any articles in 
impervious, dust-proof wrappings. If the contamination is only on 
the outside, all that would be necessary for recovery purposes would 
be the careful removal, e. g., by washing, of any fallout part,icles that 
might, have settled on the exterior of the confainer.s Even veget.ables 
could be satisfact,orily decontaminated by washing.. If this were fol- 
lowed by removal of the outer layers, by peeling, the food should be 
perfectly safe for human consumption. ‘IJnprotected food products 
of an absorbent variety that have become contaminated should be dis- 
posed of by burial. 

12.98 As for food crops grown in contaminated soil, t,here is not 
yet sufficient information available. Some radioactive isotopes may 
be taken up by the plant, but their nat,ure and quantity will vary 
from one species to another and also, probably, with the soil charac- 
teristics (5 9.99). bll t.hnt. can be stated at the present time is that 
plants grown in contaminated soil should be regarded with suspicion 
until their safety can be confirmed by means of radiological in- 
struments. 

12.99 Most sources of public water supplies are located at a con- 
siderable distance from urban centers that might be targets of a 
nuclear attack. Nevertheless, appreciable contamination might result 
if the watershed were in the range of heavy fallout from a surface 
burst. Other possibilities are fallout pnrticles dropping into a river 
or reser\yoir or t,he explosion of a nuclear bomb near a reservoir. In 

most cases it is to be expected that, as a result of the operation of sev- 
eral factors, e. g., dilution by flow, natural decay, and removal (“ad- 
sorpt,iou”) by soil, the water will be fit for consumption, on an emer- 
gency basis, at least, except, perhaps for a limited t.ime immediately 
following the nuclear explosion. In any event, where the water 
from a reservoir is subjected to regular treatment, including coagu- 

* See. for example, “Emrr~nep Exposures to Nuclear Radiation,” Federal Clvll D&Use 
Admlalstratlon Terbnlcal Bolletln (TRlS-1). 

‘Food could become contaminated even lnslde codtainers due to neutron-induced actlrity, 
but thle 16 not llkcly to be lmportant In locatloas where the packaged foodstulla have 
survived the nuclear erploalon &tact (8 9.26). 
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lation, sedimentation, and filtration, it is probabJe that much,of the 
radioact,ive material would be removed. 

12.100 Because soil has the ability to take up and retain certain 
elements by the process of “adsorption,” underground sources of wa- 
ter w.ill generally be free from contamination. For the same reason, 
moderately deep wells, even under contaminated ground, can be used 
as safe sources of drinking wat,er, provided, as is almost invariably 
the case, there is no direct drainage from the surface into t.he well. 

12.101 In some cities, wnter is taken directly from a river and 
merely chlorinated before being supplied for domestic purposes. The 
water may be unfit for consumption for several days, but, as a result 
of dilution and natural decay, the degree of contaminat.ion will de- 
crease with time. It would be necessary, in cases of this kind, to sub- 
ject the water to examination for radioactivity and to withhold the 
supply until it is reasonably safe. Assuming the contamination is 
due to fission products, the acceptable t,otal beta (or gamma) activi- 
ties under emergency conditions, for 10 and 30 day periods, respec- 
t,ively, are given in Table 12.101: Thus, if it is anticipated that the 
water will have to be used ,regularly for a period of 30 days, the maxi- 
mum permissible activity is 3X lop2 microcuries per cubic centimeter 
(see 8 9.125, et “ep.). On the other hand, if it appears that the perio? 
will be shorter, water of proportionately higher activity may be con- 
sumed in an emergency. 

TABLE 12.101 

ACCEPTABLE EMERGENCY BETA (OR GAMMA) ACTIVITIES IN 
DRINKING WATER 

Activity 

Consumption petiod 
@JY8) 

Microcurie per 
Disinfegrcaiions per 

cubic cenhmeter 
second per cubic 

cenhnelet 

10 9 x 10-l 3 x 101 
30 3 x lo-’ 1 x 10’ 

12.102 The emergency limits for alpha particle emitters, such as 
uranium and plutonium, in water are appreciably less than those given 
in Table 12.101. However, it is expected that only in rare cimum- 
stances would these elements represent a contamination hazard in 
drinking water. 

12.103 If the regular water supply is not usually subjected to any 
treadment other than chlorination, and an &ernative source is not 
available, consideration should be given to the provision of ion-ex- 
change columns (or beds) for emergency use in case of contamination. 
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Home water softeners might serve the same purpose oil tl small scale. 
I nc*identally, the water contained in a domestic hot,-water heater could 
serve as an emergency supply, provided it can be removed withouf, ad- 
mitting contaminated water. 

12.104. In hospitals and on ships, sufficient wat.er for emergency 
purposes could be obtained by dist.illation. It was found after the 
nuclear tests at Bikini in 1946, for example, that, contaminated sea 
water when distilled was perfectly safe for drinking purposes; the 
radioactive mateGal remained behind in the residual scale and brine. 
It should be emphasized, however, that mere boiling of water con- 
taminated with faliout is of absolutely no value as regards removal of 
the radioactivity. 

RADIATION DOSES AND TIMER IN CONTAMINATED ARFM 

12.105 For the planning of defensive action, eit,her active or 
passive, or of survey operations in an area contaminated with fission 
prodncts, it is necessary either to make some estimate of the permissible 
time of st,ay for a prescribed dose or to determine the dose that .lvould 
be received in a certain time period. The basic equations and the ra- 
lated graphs (Figs. 9.8 and 9.12) were given in Chapter IX, but the 
same results may be expressed in an alternative form that is more 
convenient for mt\ng purposes.s 

12.106 If the radiation dose rate from fission products is known 
at a certain time in a given location, Fig. 12.106 may be used to de- 
termine the dose rate at any other time at, the same location, assuming 
there has been no change in the fallout other than natural radioactive 
decay. The same nomogram can be utilized, alternatively, to de- 
(ermine the time after the explosion at which t,he dose rate will have 
attained a specified value. If there has been any change in the situa- 
tion, either by further contamination or by decont,amination, in the 
period bet,ween the two times concerned, the results obtained from 
Fig. 12.106 will not be valid. 

j2.107 To determine the total radiation dose received during a 
specitied time of stay in a contaminated area, if the dose rate in that 
area at, any given time is known, use is made of Fig. 12.107, in con- 
junction with Fi g. 12.106. The chart, may also be employed to evaluate 
t,he time when a particular operation may be commenced in order not 
to exceed a certain total radiation dose. 

0 Drvlcea of the slldr-rule type. referred to In the footnote to 5 9.11, are very useful for 
making rapid cRlculntlnns of the kind descrihrd here. 
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12.198 Another t,ype of calculation of radiation dose in a contami- 
nated area is based on a knowledge of the dose rate at. t.he time of 
entry into t,hat, area. The procedure described in the examples facing 
Fig. 12.107, which also require the use of Fig. 12.106, may t,hen be ap- 
plied to determine either the total dose received in a specified time of 
stay or the time required to accumulate a given dose of radiation. The 
calculation may, however, be simplified by means of Fig. 12.108. which 
avoids the necessit,y for evaluating the l-hour reference dose rate, pro- 
vided the dose rate at t,he time of entry into the contaminated area is 
known. 

12.109 If the whole of the fallout reached a given area within a 
short time, Fig. 12.108 could be used to determine how the total radia- 
tion dose received by inhabitants of that area would increase with 
time, assuming no protection. For example, suppose the fallout ar- 
rived at 6 hours after the explosion and the dose rate at that time 
was. R roentgens per hour; the total dose received would be 8R 
roentgens in 1 day, 11R roentgens in 2 days, and 18R roentgens in 
5 days. 

12.110. It is evident that the first day or so after the explosion is 
the most hazardous as far as the exposure to residual nuclear radia- 
tion from fallout is concerned. Although the particular values given 
above apply to the case specified, i. e., complete fallout arrival 6 hours 
after the explosion, the general conclusions t.o be drawn are true in all 
cases. The radiation doses that would be received during the first 
day or two are considerably great,er than on subsequent days. Conse- 
quently, it is in the early stages following the explosion that protection 
from fallout is most important. 
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From the chart, the total radiation dose received from fission prod- 
uct, fallout during any specified st.ay in a contaminated area can be 
determined if t,he dose rate at some definite time after the explosion 
is known. Alt,ernntivaly, the time can be calculated for commencing 
an operation requiring a specified stay and a prescribed total radia- 
tion dose. 

l?.xample 
Given: The dose rate at, 4 hours after a nuclear explosioh is 6 roent- 

gens per hour. 
Find: (n) The total dose received during a period of 2 hours com- 

mencing at 6 hours after the explosion. 
(b) The time after the explosion when an operation requir- 

ing a stay of 5 hours can be started if the tot,al dose is 
to be 4 roentgens. 

S&_&tin: The first step is to determine the l-hour reference dose 
rate (A?,). From Fig. 12.106, a straight line connecting 6 roentgens 
per hour on the left scale with 4 hours on the right scale intersects the 
middle scale at 32 roentgens per hour; this is the value of RI. 

(n) Enter Fig. 12.107 at 6 hours after the explosion (vertical scale) 
and move across to the curve representing a time of stay of 2 hours. 
The corresponding reading on t,he horizontal scale, which gives the 
multiplying factor to convert, R, to the required total dose, is seen to 
be ().I!). Hence, the total dose received is 

0.19X32=6.1 roentgens. Amwer 

(6) Since the t,ot.al dose is given as 4 roentgens and R, is 32 roent- 
gens per hour, the multiplying fact,or is 4/32=0.125. FMering Fig. 
12.107 at. this point on the horizontal scale and moving upward until 
the (int8erpolated) curve for 5 hours stay is reached, the correspond- 
ing reading on the vert,ical scale, giving the time after the explosion, is 
seen t.0 be t!J hours. ~1 n9)/‘fr 
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GLOSSARY 

A BOMB: An abbreviation for atomic bomb. 
ABSORPTION COEFFICIENT : A number characterizing the ability of a given 

material to absorb radiations of a specified energy. The linear abeorptton 
ooe&%cnt expresses this ability per unit thickness and is stated in units of 
reciprocal length (or thickness). The ma88 abeorptton coefieient is equal 
to the linear absorption coeflicient divided by the density of the absorbing 
material: it is a measure of the absorption ability per unit mass. 

AIiTERWINDS: Wind currents set up in the vicinity of a nuclear explosion 
directed toward the burst center, resulting from the updraft accompanying 
the rise of the fireball. 

AIR BURST: The explosion of a nuclear weapon at such a height that the ex- 
panding bail of fire does not touch the earth’s surface when the luminosity 
is a maximum (in the second pulse). A typical nlr burst is one for which the 
height of burst is such as may be expected to cause maximum blast destruc- 
tion in an average city. 

ALPHA PARTICLE : A particle emitted spontaneously from the nuclei of s+e 
radioactive elements. It is identical with a helium nucleus, having a mass of 
four units and an electric charge of two positive units. See Radtoactlvitg. 

ATOM: The smallest (or ultimate) particle of an element that still retains 
the characteristics of that element. Every atom consists of a positively 
charged central nucleus, which carries nearly all the mass of the atom. sur- 
rounded by a number of negatively charged electrons, so that the whole ays- 
tern is electrically neutral. See Element, Electron, Nucleus. 

ATOMIC BOMB (OR WEAPON) : A term sometimes applied to a nuclear weap 
on utilizing flSsiOn energy Only. See Fi88tOn, ~UCZCUr Weapon. 

ATOMIC CLOUD: An ail-inclusive term for the mixture of hot gases, smoke, 
dust, and other particulate matter from the bomb itself and from the environ- 
ment, which is carried aloft in conjunction with the rising bail of tire pro- 
duced by the detonation of a nuclear (or atomic) weapon. 

ATOMIC NIJMBER : See Ntbckus. 
ATOMIC WEIGHT: The relative weight of an atom of the given element. As 

a basis of reference, the atomic weight of oxygen is taken to he exactly 16: 
the atomic weight of hydrogen (the lightest element) is then 1.008. Hence. 
the atomic weight of any element is approsimatcly the weight of an atom of 
that element relative to the weight of a hydrogen atom. 

BACKGROUND RADIATION: Nuriear (or ionizing) radiations arising from 
within the body and from the surroundings to which individuals aye always 
exposed. The main sources of the natural background radiation are potas- 
sium-40 in the body, potassium-40 and thorium, uranium, and their decay 
products (including radium ) present in rocks, and cosmic rays. 

BALL OF 
forms a 
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FIRE (OR FIREBALL) : The luminous sphere of hot gases which 
few millionths of a second after a nuclear (or atomic) explosion 

GLOSSARY 545 

and immediately starts to expand and cool. The exterior of the ball of flre 
is initially sharply defined by the luminous shock front (in air) and later by 
the limits of the hot gases themselves. See Breakaway. 

BASE SURGE: A cloud which rolls outward from the bottom of the column 
produced by a subsurface explosion. For underwater bursta the surge is, in 
effect, a cloud of liquid (water) droplets with the property of flowing almost 
as if it were a homogeneous fluid. For subsurface land bursts the surge is 
made up of small solid particles but it still behaves like a fluid. A soft earth 
medium favors base surge formation in an underground burst. 

BEARING WALL: A wall which supports (or bears) part of the mass of a 
structure such as the floor and roof systems. 

BETA PARTICLE: A charged particle of very small mass emitted spontane- 
ously from the nuclei of certain radioactive elements. Most (if not ail) of 
the flssion fragments emit (negative) beta particles. Physically, the beta par- 
ticle is identical with an electron moving at high velocity. See Bleatron, 
Fiaston fragments, Radtoactivity. 

BIOLOGICAL HALF-LIFE : See Half-Life. 
BLAST LOADING : The loading (or force) on an object caused by the air blast 

from an explosion striking and flowing around the object. It is a combination 
of overpressure (or diffraction) and dynamic pressure (or drag) loading. 
See Diflraotion, Drag, Dynamic Pressccrc, Overprcesure. 

RLAST SCALING LAWS: Formulas which permit the calculation of the prop- 
erties, e. g., overpressure, dynamic pressure, time of arrival. duration. etc., 
of a blast wave at any distance from an explosion of ape&led energy from the 
known variation with distance of these properties for a reference explosion 
of known energy, e. g., of 1 kiloton. See Cube root law. 

BLAST WAVE: A pressure pulse of air, accompanied by winds, propagated 
continuously from an explosion. See #hock wave. 

BOMB DEBRIS: The residue of a nuclear (or atomic) bomb after it has ex- 
ploded. It consista of the materials used for the casing and other components 
of the bomb, together with ‘unexpended tlssionable materials (isotopes of 
uranium and plutonium) and fission products. 

BREAKAWAY : The onset of a condition in which the shock front (in the air) 
moves away from the exterior of the expanding bail of fire produced by the 
explosion of a nuclear (or atomic) weapon. See BUZZ of fire. #hock front. 

BURST : Explosion or detonation. See Air burst, Surface burst. Underground 
burst, Un.derwatcr burst. 

CHEMICAL DOSIMETER: A self-indicating device for determining total (or 
accumulated) radiation exposure dose based on color changes accompanying 
chemical reactions induced by the radiation. 

CLOUD CHAMBER EFFECT: See CondcnsatZon cloud. 
CLOUD COLUMN: The visible column of smoke. extending upward from the 

point of burst of a &clear (or atomic) weapon. The cloud column from an 
air burst may extend to the tropopautie, 1. e., the boundary between the tropo- 
sphere and the stratosphere. See Atomic cloud. 

CLOUD PHENOMENA: See Atomic cloud, BUZZ of fire, Base surge. Cloud 
column, Fallout. 

COLUMN (OR PLUME) : A hollow cylinder of water and spray thrown UP 
from an underwater burst of a nuclear (or atomic) weapon, through which 
the hot, high-pressure gases formed in the explosion are vented to the l?tmos- . 
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phere. A somewhat. similar c~oiumn of dirt is formeti in RII underground 
explosion. 

CONI)EIL’SA’l’IO.N (‘l,OIJl): A mint or fog of minute water droplets which 
temporarily surrounds the bail of fire following a nuc*iear (or ntomic*) cietona- 
tion in a comparatively hn,mid atmosphere. The expamion of the air in the 
negat.iw phnse of the blast. wnvc from the explosion results in a lowering 

of the teml~rature, RO that cBondensntion of water vapor present in the air 
or~urs and a rloud forms. The cloud is soon dirpeielled when the pressure 
returns to normni and the nir wnrms up again. The phenomenon is similar 
to that used by physicists in the Wilson cloud chamber and is sometimes 
called the c*loud chamber effect. 

CONTA<:T SIJRFACE IilJRST : See S~trfncc bur8t. 

COKTAMlNATION: The deposit of radloartive materini on the surfares of 
structures, nreas, objects, or personnel, following n nuriear (or atomic) ex- 
Piusion. This material gencrnfiy consists of fallout in which 5ssion produrts 
and other bomb debris hare become incorporated with particles of dirt, etr. 
Contamination cnn also arise from the radioactivity induced In certain sub- 
stances by the ac*tion of bomb neutrons. See Bomb tirbrirr, Ilccon-tamination, 
Fallorrf, Inrtrtrcvl mdinnrtiritft. 

CRITICAL MASS : The minimutn mnss of a Brsionable materini that will just 
mnintafn a fission c-hnin rcac+ion under precisely sperified conditions, RllC’h 

aR the nature of the material and its Imrit,y, the nnture nnd thickness of the 
tamper (or neutron reflector). the density (or c80mpresnion), nnd the ilhysi(*al 
nhnpe (or geometry). For an explosion to occur, the system must be super- 
critical, 1. e., the mnss of ninteriai must exceed the critlcri mass under the 
existing c~onditions. See Rupwrritic‘nl. 

CUBE ROOT LAW: A nc*ali& law applicable to mnny binst phenomena. It 
relates the time and distance at which a given blast effect is observed to the 
cube root of the energy yield of the explosion. 

CVRIE: A unit of radioartfvily; it f~ the quantity of any radioactive species 
.fn which 3.700X10’” nuclear disintegrntions o(Tur per second. The gamma 
ottric is sometimes defined correspondingly as the quantity of material In 
which this number of disintegrations per second are accompanied by the 
emission of gamma rays. 

DAMAGEi CRITERIA : Standards or measures used in estimating ~pecffic levels 

of damage. 
DECAY (OR RADIOACTIVE DECAY) : The dwrease in activity of any radio- 

active mnterini with the passage of time, due to the spontaneous emission from 
the atomic nuclei of either alpha or betn particles, sometimes accompanied 
by gammn radiation. See Half-life, Radioactivity. 

DEVAY (‘I’HVH: The representation hy means of a graph of the decrease of 
radionrtivity with respect. to time. 

I~ECONTAMISATION : The reduction or removal of c+ontnminating radioac*tive 
matcrfni from a structure. nren, object, or person. I)ec.ontnnlination may be 
accomplished by (1) treating the surface so au to remove or decrease the con- 
tamination ; (2) letting the materinl stnnd so that the radioartivib is decreased 
as a result of natnrai decay; and (3) covering the contamination So as lo 
attenuate the radiation emitted. Radioactive material removed in process (1) 
must be disposed of by burial oa land or at sea, or in other suitable way. 

DEUTERIIJM : An isotope of hydrogen of mass 2 units ; it in sometimes referred 
to as heavy hydrogen. It can be used in thermonuclear fusion reactions for 
the release of energy. See Furia. Thermonuclear. 

DIFFRACTION: The bending of waves around the edges of objects. In con- 
nection with a blast wave impinging on a structure, diffraction refers to the 
passage around and envelopment of the structure by the blast wave. Diflmc- 
tion Zoading is the force (or loading) on the structure during the envelopment 
process. 

DOME: The mound of water sprny thrown up into the air when the shock 
wave from an underwater detonation of a nuclear (or atomic) weapon reaches 
the surface. 

DOSAGE: See Dose. 
DOSE: A (total or accumulated) quantity of ionizing (or nuclear) radiation. 

The term dose is often used in the sense of the exposure dose, expressed in 
roentgens, which is a measure of the total amount of ionization that the 
quantity of radiation could producT in air. This should be distinguished from 
the abawbed dose, given in reps or rads, which represents the energy abRorhed 
from the radiation per gram of speci5ed body tissue. Further, the bMog(oaZ 
dose, in rems, is a measure of the biological effectiveness of the radiation 
exposure. See Rad, RBE, Rem, Rep, Roentgen. 

DOSE RATE : As a general rule, the amount of ionizing (or nuclear) radiation 
to which an individual would be exposed per unit of time. It is usually ex- 
pressed as roentgens per hour or in multiples or submultiplea of these unlts, 
such as mfliiroent.gens per hour. The doRe rate is commonly used to indicate 
the level of radioactivity in a contaminated area. 

DOSIMETER: Au instrument for mensurfng and registering total accuniulated 
exposure to ionizing radiations. See Dosimetry. 

DOSIMETRY: The theory and application of the principles and techniques 
involved in the measurement and recording of radiation doses. Ita practical 
aspect is concerned with the use of various types of radiation instruments 
with which measurements are made. See Chemical doaimeter, Film badge. 
Rrrvey meter. 

‘DRAG LOADING : The force on an object or structure due to the transient winds 
accompanying the passage of a biaRt. wave. The drag pressure is the product 

of the dynamic pressure and a CoefRcient which is dependent upon the shape 
(or geometry) of the structure or object. See Dwuzmfc preruwe. 

DYNAMIC PRESSURE: The air pressure which results from the mass air doW 
(or wind) behind the shock front of a blast wave. It is equal to the -Uti 

of half the density of the air through which the blant wave passes and the 
square of the particle (or wind) velocity in the wave as it ImpIngea on the 
object or structure. 

ELASTIC RANGE : The stress range in which a material will recover iti orig- 
inn1 form when the force (or loading) is removed. JHu8t(c dePmat(on 
refers to dimensional rhanges occurring within the elastic range. See P&&lo 

range. 
ELECTRON : A partfrie of very small masn, carrying a nntt ne@iVe or postttVe 

charge. Negative electrons, surroundhg the nucleus, nre present in all atoms ; 
their number iR equal to the number of positive charges (or protons) in 
the particular nucleus. The term electron, where used alone, commonly 
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refers to these negntire clwtrons. A positive electron is usually (*alied a 
posit.ron, find I nrgatlw dectron is swnrtinw-3 WIIIPII a nrgatron. See I~dfz 
Pwlicle. 

ELEMENT: One of the distinct. basic vnrietiw of mntter owurriup in nature 
whlrh. individually or in combinntion, compose substames of ail kinds. Ap 
proximately ninety different elements nre known to exist in nature nnd several 
others, including plutonium, have been obtnined as a result of nuclear reac- 
tions with these elements. 

ENIWETOK PROVING GROUNDS : An nrea in the Marshall Islands, including 
the Eniwetok and Bikini Atolls, used for nuclear (or atomic) tests. Formerly 
referred to as the Pacrific Proving Grounds. 

FALLOUT: The process or phenomenon of the fail back to the earth’s surface 
of particles contnminated with radioactive material from the atomic cloud. 
The term is alto applied in a collective sense to the contaminated particulate 
matter itself. 

FILM BADGE: A small m&al or plastic frame, in the form of a badge, worn 
by personnel, and containing X-ray (or similar photographic) film for esti- 
mating the total amount of ionizing (or nuclear) radiation to which an 
individual has been exposed. 

FIREBALL: See Ball of fire. 
FIRE STORM: Stationary mass fire, generally in built-up urban nreas, gencr- 

sting strong, inrushing winds from ail sides, whit,h keep the fires from 
spreading while adding fresh oxygen to inrrease their intensity. 

FISSION: The process whereby the nucleus of a particuinr heavy element 
splits into (generally) two nuclei of lighter elements, with the release of 
sahstantiai amounts of energy. The most important, fl8rionablr tnaterial8 
are uranimn-2% nnd plutonium-23% 

FISSION PROI)tJCTS: A general term for the complex mixture of substances 
produced as a result of nuclear fission. A distinction should he made be- 
tween these nnd the dlrrct f?nrion prodttrfr or jimion fragmwttr which are 
formed by the a&ml splitting of the heavy-element nuclei. Something like 
30 different, fission fragments result from roughly 40 different modes of 
fission of a given nuclear species, e. g., uranium-233 or piutonh~m-239. The 
flnsion frrgmcnts, being mdioartive. immediately begin to decay, forming ad- 
ditional (daughter) produets, with the result that the complex mixture of 
fission produrts so formed contains about 200 different isotopes of over 30 
elements. 

FLASH RURN : A burn caused by excessive exposure (of bare skin) to thermal 
radiation. See Thermal mdlation.. 

FREE AIR OVERPREWSTJRF: (OR FREE AIR PRESSURE) : The unreflected 
pressure, in exresx of the ambient atmospheric pressure, created in the air 
by t.he blast wnve from an explosion. 

FUSION: The process whereby the nuclei’ of light elements. especially those 
of the isotopes of hydrogen, namely, deuterium and tritium, combine t.o form 
the nucleus of a henvier element with the release of substnntial amounts of 
energy. See Thermonuclear. 

GAMMA RAYS (OR RADIATIONS) : Eiectromagnetir radiations of high en- 
ergy originating in atomic nuriei and areompanyhg many nuclear reactions, 
e. g., fission, radioactivity, and neutron rapture. Physically, gamma ray8 are 
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identical with X-rays of high energy, the only essential difference being that 
the X-rays do not originate from atomic nuclei, but are produced In other 
ways, e. g.. by slowing down (fast) electrons of high energy. 

GROIJND ZERO: The point on the surface of land or water vertically below 
or nbove the center of a burst of a nuclear (or atomic) weapon: frequently 
abbrevinted to GZ. For a burst over or under water, the term surface zero 
should preferably be used. 

GUN-TYPE WEAPON: A device in which two or more pieces of flsslonabie 
material, each less thnn a critical mass, are brought together very rapidly so 
as to form a supercritical mass which can explode as the result of a rapidly 
expanding fission chain. 

HALF-LIFE: The time required for the activity of a given radioactive species 
to decrease to half of its initial value due to radioactive decay. The half-life 
IS a characteristic property of each radioactive species and is independent of 
its amount or condition. The btologlra.2 half-life is the time required for the 
amount of a specified element which hati entered the body (or a particular 
organ) to be decreased to half of its initial value as a result of natural, 
biological elimination processes. The enectiae half-lije of a given isotope 1s 
the time in which the quantity in the body will decrease to half as a result of 
both radioactive decay and biological elimination. 

HALF-VALUE LAYER THICKNESB: The thickness of a given material which 
will absorb hnlf the gamma radiation incident upon it. This thickness de- 
pends on the nature of the material-it is roughly inversely proportional to 
its density-and also on the energy of the gamma rays. 

H BOMR: An abbreviation for hydrogen bomh. See Hydrogen bomb. 
HEIGHT OF HURST: The height above the earth’s surface at which a bomb 

is detonated in the air. The opttmttm height of buret for a particular target 
(or area) is that at which it is estimated a weapon of a ape&led energy 

yield will produce a certain desired effect over the maximum possible area. 
HOT SPOT: Region in a contaminated area in which the level of radioactive 

contamination is somewhat greater than in neighboring regions in the area. 
See Contamtnation. 

HYDROGEN BOMB (OR WEAPON) : A term sometimes applied tn nuclear 
weapons in which part of the explosive energy is obtained from nuclear fusion 
(or thermonuclear) reactions. See Fu8,ton, Nuclear weapon, Th~ermotwctear. 

HYPOCENTER: A term sometimes used for ground zero. See Ground zero. 
IMPLOSION WEAPON: A device in which a quantity of fissionable material, 

less than a critical mass, has its volume suddenly decreased by compression, 
so that it becomes supercritical and an explosion can take place. The com- 
pression is achieved by means of a spherical arrangement of specially fabri- 
cated shapes of ordinary high explosive which produce an inwardly-directed 
implosion wave, the flssionabie materinl being at the center of the sphere. 
See Bupercrttfcnl. 

IMPULSE: The product of the overpressure (or dynamic pressure) from the 
blast wave of an explosion and the time during which it acts at a ghen @nt. 
More specifically, it is the integral, with respect to time, of the overpressure 
(or dynamic pressure), the integration being between the time of’arrival of 
the blast wave and that at which the overpressure (or dynamic pressure) 
returns to zero at the given point. 

INDUCED RADIOACTIVITY : Radioaet1vit.y produced in certain materials as 
a result of nuclear reactions, particularly the capture of neutrons, which are 
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accompanied by the formation of unstable (radionctivr) nuc%i. The activity 
induced by neutrons from a nuclear (or atomic) explosion in materials ron- 
teining the elements sodium. mengnnese, silicon. or aluminum may be sig- 

niflrant. 
INITIAL NUCLEAR RADIATION : Nuclear radiation (essentially neutrons 

and gamma mys) emitted from the ball of tire and the cloud column during 
the first minute after a nuclear (or atomic) explosion. The time limit of 
one minute is set, somewhat arbitrnrily, as that. required for the source of 
the radiations (fission products in the atomic cloud) to attain such e height 
that only insignifirnnt amounts rearh the eerth’s surface. See Reridual na- 
clear raGzt&m. 

INTENSITY : The energy (of any radiation) incident upon (or flowing through) 
unit area, perpendicular to the radiation beam. in unit time. The intensity 
of thermal radiation is generally expressed in calories per square centimeter 
per second failing on a given mu-fare at any specitled instant. AS applied to 
nuclear radiation, the term intensity is sometimes used, rather loosely, to 
express the exposure dose rate at a given location, e. g., in roentgens (or 
milliroentgens) per hour. 

INTERNAL R.4DIATION: Nuclear radiation (alpha end bete particles end 
gamma radiation) resulting from radioactive substances in the body. Import- 
ant sources are iodine-131 In the thyroid gland, and strontium-90 and pln- 
tonium-239 in the bone. 

IONIZING RADIATION : Elertromngnetic radietion (gemme rays or X-rays) 
or pnrtirulate rrdirtion (alpha particles, beta perticks. neutrons, etc.) ce- 
pebie of producing ions, 1. e.. electrically cherged particles, directly or in- 
directly in its passage through matter. 

ISOTOPES: Forms of the same element having identical chemical properties 
but differing in their atomir messes (due to different numbers of nentrons 
in their respective nuclei) and in their nuclear properties, e. g., radioactivity, 
fission, etc. For example, hydrogen has three isotopes, with messes of 1 
(hydrogen), 2 (deuterium), and 3 (tritium) units. respectively. The first two 
of thexe are stable (nonradioactive). but the third (tritium) is a radioactive 
isotope. Both of the common isotopes of uranium, with masses of 235 end 
238 units, respectively, are radioactive, emitting alpha particles, but their heif- 
lives are different. Further. uranium-235 IR flsrionable hy neutrons of all 
energierr, but uranium-238 will undergo f&ion only with neutrons of bigh 
energy. 

KILOTON BNERGY: The energy of a nuclear (or atomic) explosion which 
is equivalent t0 that prodneed hy the explosion of 1 kiloton (i. a; 1,W tons) 
of TNT. i. e., 10” calories or 4.2X1@’ ergs. See Megaton energy, TNT equiv- 
alent. 

LIMO, Cl>/Ml, or LD, : Ahbreviations for medien lethal dose. See Mediate 
luthat dose. 

LINEAR ARSORPTION COEFFICIENT : See Abrorptiott coeflctent. 
LOADING : The force on an object or structure or element of a structure. The 

loading due to blast in equal to the net pressure in excess of the ambient 
value multlplied by the area of the loaded object, etc. 

MACH FRONT : fk Mach 8t~t. 

MACH REGION: The region on the surface at which the Mach stem has formed 
as the result of a particular explosion in the air. 
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MACH STEM: The shock front formed by the fusion of the incident end re 
liected shork fronts from an explosion. The term is generally used with ref- 
erence to a hlnst wave, propagated in the air, reflec*ted et the surface of the 
earth. The Mach stem is nearly perpendicular to the reflecting surface end 
presents a slightly convex (forward) front. The Mach stem is also ceiled the 
Mach front. See Shock front, Rhack zqave. . 

MASS ABSORPTION COEFFICIENT: See Abeorption coeficient. 
MASS NUMBER : See Nucteur. 
MAXIMUM PERMISSIBLE EXPOSURE (OR MPE) : The total amount of 

radiation exposure which it is believed a normal person may receive dey-by- 
day without any harmful effects becoming evident during his lifetime. 

MEDIAN LETHAL DOSE : The amount of ionizing (or nuclear) radiation ex- 
posure over the whole body which it is expected would be fatal to 60 percent 
of e large group of living creatures or organisms. It is commonly (although 
not universally) accepted, et the present time, that a dose of ahout 460 roent- 
gens, received over the whole body in the course of a few hours or less, is thd 
median lethal dose for human beings. 

MEGATON ElNERGY : The energy of a nuclear (or atomic) explosion which is 
equivalent to l,f3lO,OOO tons (or 1.000 kilotons) of TNT, i. e., 10” calories or 
4.2X10” ergs. See TNT equivalent. 

MEV (OR MILLION ELECTRON VOLTS) : A unit of energy commonly used 
in nuclear pbysks. It is equivalent to 1.6X10- erg. Appruximateiy #w) Mev 
of energy are produced for every nucleus that undergoes fission. 

MILLIROEN’IWEN: A one-thousandth part of e roentgen. See Roentgen. 
MO$ITORING : The procedure or operation of locating (and measuring) radio- 

active contamination by means of survey instruments which can detect and 
measure (es dose rates) ionizing radiations. The individual performing the 
operation is ceiled a monitor. 

NEGATIVE PHASE : See #hock wave. 
NEUTRON : A neutral particle, i. e.. with no eleetricai charge, of approximately 

unit mass, present in all atomic nuclei, except those of ordinary (or light) 
hydrogen. Neutrons are required to initiate the lission process, and large num- 
bers of neutrons are produced by both fission and fusion reactions in nuclear 
(or atomic) explosions. 

NEVADA TEST SITE: An area within the continental United States used for 
nuclear (or etomir) tests. It is located northwest of Las Vegas, Nevada. 
within the boundaries of the Las Vegas Bombing and Gunnery Range. 

NOMINAL ATOMIC BOMB : A term, now becoming obsolete, formerly used to 
describe an atomic weapon with en energy release equivalent to 20 kilotons 
(1. e., 20,000 tons) of TNT. This wee approximately the energy yield of the 
bombs exploded over Japan end in the Bikini tests in 1946. 

NUCLEAR RADIATION: Partkulate and electromagnetic radiation emitted 
from atomic nuclei in various nuclear processes. The important nuclear radi- 
ations, from the weapons &endpoint, are aipha and beta particles, gamma 
rays, and neutrons. All nuclear radiations are ionizing radiations, but the 
reverse is not true; X-rays, for example, ere included among ionizing radia- 
tions, but they are not nuclear radiations since they do not originate from 
atomic nuclei. See lontzhg radiation. 

NUCLEAR (OR ATOMIC) TQSTS: Tests carried out either et the Nevada 
Test Site or at the Eniwetok Proving Grounds to supply information required 
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for the design and improvement of nuclear (or atomic) weapons and to study 
the phenomena and effects associated with nuclear (or atomic) explosions. 
Many of the data presented in this book are based on measurements and ob- 
servations made at, such tests. The code names and some informatlon con- 
cerning all the tests performed through 1956 by the IJ. S. Atomic Energy Com- 
mission we given in the appended table. 

Date 

1945 
1943 

1943 
1851 

1951 
1951 
1951 
1952 
1952 
1952 

1953 
19s 

1954 
1955 
1955 

w53 

SUMMARY OF NUCLEAR TESTS 

Gale name LocatIon TOtsl Air Tow.?r 8urhce Under- Under- 
No. drops mound water 

--- _-- --~-- 

TRINITY_.___... New Mexico. 1 - - . . _ _ _ _ _ _ 1 _ . _ _ _ . _ _ _ _ . _ _ - _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ 
CROSSROADS. _ Pa&k. __ ____ 2 1 _____ .____ _______.__ ______ ____ 1 
BANDSTONE.... PaelUc....... 3 _._ _______ 3 __.---____ _ -----_._ _ ..-_ ______ 
RANOER._ ____ __ Nevada.. _.__ 5 6 ___._- _--- _.__ _ .____ ._ _---____ _.________ 
GREENHOUSE. Pacl6c....... 4 . - - . _ _ _ _ _ 4 _____ _ ____ _._-_-____ ___.______ 
BUBTER.... ____ _ Nevada...... 5 4 1 _ _____ ____ _.____ ____ ____ ______ 
MNOLE._..._._. Nevada...... 2 _-________ ______ ____ 1 1 _--___ ____ 
TUMBLER.__... Nevada...... 4 4 _____ ----- ____. _ ___. _.----____ _-________ 
SNAPPER. ._____ Nevada.. ____ 4 - - - _ _ . _ . _ 4 _____.___. _-_-_-____ ___*______ 
IVY..._.... ..____ _ PaclRC.._.... 2 1 _ _ _ _ _ . _ . _ - 1 ____--____ ._________ 
UPBBOT__.._.._. Nevada...... 9 2 7 .._---_.__ _.----.___ ..-______ _ 
KNOTHOLE..... Nwada...... 2 2 _____- _--- _._---.___ __ ----____ ___ _______ 
CABTLE.._...... Paclflc........................._. __________ __________ ___.______ ___.______ 
TEAPOT......._. Nevada...... 14 3 10 _.___. ___. 1 - - -. _ . _ _ - 
WIOWAM .._____ Atsea..._ ____ 1 ____ _ ____. _._ ._____. __ _____ ___ ______ ____ 1 
REDWINO ______ Paclflc....... ___.______ __________ __________ __________ __________ . . . .._.._. 

NUCLEAR WEAPON (OR BOMR) : A general name given to any weapon in 
which the explosion results from the energy released by reactions involving 
atomic nuclei, either fission or fusion or both. Thus, the A (or atomic) bomb 
and the II (or hydrogen) bomb are both nuclear weapons. It would be equally 
true to call them atomic weapons, since it is the energy of atomic nuclei that 
is involved in each ease. However, it has become more-or-less rustomary, 
althougk it in not strictly accurate, to refer to weapons in which all the energy 
results from fission as A bombs or atomic bombs. In order to make a dis- 
tinetion, those weapons in whirh part, at least, of the energy results from 
thermonuclenr (fusion) reactions among the isotopes of hydrogen have been 
called H bombs or hydrogen bomba. 

NIJCLEIJS (OR ATOMIC NIJCLEIJS) : The small. central, positively charged 
region of an atom which carries essentially all the mass. Except for the 
nucleus of ordinary (light) hydrogen, which is a single proton, all atomic 
nuclei contain both protons and neutrons. The number of protons determines 
the total positive charge, or atotnio nam8sr; this is the same for all the atomic 
nuclei of a given chemical element. The total number of neutrons and protons, 
called the nuzd~ nrsrbcr, is closely related to the mass (or weight) of the 
atom. The nnrlei of kotoper of a given element contain the same number 
of protons, but different numbers of neutrons. They thus have the same 
atomic number, and so are the same element, but they have different mass 
numbers (and masses). The nuclear properties, e. g., radioactivity, fission, 
neutron rapture, etc., of an isotope of a given element are determined by both 
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the number of neutrons and the number of protons. See Atom, Element, 
Isotope. Neutron, Proton. 

OVERPRESSURE: The transient pressure, usually expressed in pounds per 
square inch, exceeding the ambient pressure, manifested in the shock (or 
blast) wave from an explosion. The variation of the overpressure with time 
depends on the energy yield of the explosion, the distance from the point of 
burst, and the medium in which the weapon is detonated. The peak ouer- 
preeeure Is the maximum value of the overpressure at a given location and is 
generally experienced at the instant the shock (or blast) wave reaches that 
location. See #hock wave. 

PACIFIC PROVING GROUNDS: See Entzoetok Pro&g Grounds. 
PLASTIC RANGE: The stress range in which a material will not fall when 

subjected to the action of a force, but will not recover completely, so that 
a permanent deformation results, when the force is removed. PIostfc deformu- 
thin refers to dimensional changes occurring within the plastic range. See 
Elastic range. 

PLUME : See Colutnn. 
PGSITIVE PHASE : See shock wuve. 
PROTON: A particle of mass (approximately) unity carrying a unit positive 

charge: it is identical physically with the nucleus of the ordinary (light) 
hydrogen atom. All atomic nuclei contain protons. See Nucleus. 

RAD : A unit of absorbed dose of radiation; it represents the absorption of 
100 ergs of nuclear (or ioniaing) radiation per gram of the &sorbing material 
or tissue. 

RADIATION : See Nuclear rudiatlon, Thermal t-a&don. 
RADIATION SYNDROME : See gyadrome. 
RADIOACTIVITY : The spontaneous emission of radiation, generally alpha or 

beta particles, often accompanied by gamma rays, from the nuclei of an 
(unstable) isotope. As a result of this emission the radioactlve isotope is 
converted (or decays) into the isotope of a different element which may (or 
may not) also be radioactive. IJltimately, as a result of one or more stages 
of radioactive decay, a stable (nonradioactive) end product is formed. 

RBE (OR RELATIVE BIOLOGICAL EFFECTIVENESS) : The ratio of the 
number of rads of gamma (or X) radiation of a certain energy which will 
produce a specified biological effect to the number of rads of another radiation 
required to produce the same effect is the RBE of this latter radiation. 

REFLECTED PRESSURE : The total pressure which remrIte instantaneously at 
the surface when a shock (or blast) wave travellng in one medium strikes 
another medium, e. g., at the instant when the front of a blast wave In air 
strikes the surface of an object or structure. 

REFLECTION FACTOR: The ratio of the total (reflected) pressure to the 
incident pressure when a shock (or blast) wave traveling in one medium 
strikes another. 

REM: A unit of biological dose of radiation: the name is derived from the 
initial letters of the term “roentgen equivalent man (or mammal) .” The 
number of rems of radiation is equal to the number of rads absorbed multi- 
plied by the RBE of the given radistion (for a specitled effect). See Bad, 
RBE. 

REP : A unit of absorbed dose of radiation ; the name is derived from the initial 
letters of the term “roentgen equivalent physical.‘* Basically, the rep is 
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Intended to express the amount, of energy absorbed per gram of soft tissue 
8~ a result of exposure to 1 roentgen of gamma (or X) radiation. This is 
e&mated to he ahout 97 ergs, although the actual value depends on certain 
experimental data which are not prerisely known. The rep is thus defined, 
In general, as the dose of any ionirlng radiation which results in the absorption 
of 97 ergs of energy per gram of soft tissue. For soft tlssue, the rep and the 
rad are essentially thesame. See Rad, Roentga. 

RESIDUAL NUCLEAR RADIATION : Nuclear radiation, ehleflg beta particles 
and gamma rays, which persists for some time following a nuclear (or atomic) 
explosion. The radiation is emitted mainly by the ilssion products and other 
bomb residues in the fallout, and to some extent by earth and water con- 
stituents. and other materials, in which radioactivity has been induced by 
the capture of neutrona See Fallout, Induced radioactivity, Inttial nuclear 
radiation. 

ROENTdEN : A unit of exposure dose of gamma (or X) radiation. It is dellned 

precisely as the quantity of gamma (or X) radiation such that the assoriated 
corpuscular emission per 0.001293 gram of air produces, In air, ions carry- 
ing one electrostatics unit quantity of electricity of either sign. From the ac- 
cepted value for the energy lost by an electron in producing a positive-nega- 
tive ion pair in air, it is estlmated that 1 roentgen of gamma (or X) radia- 
tion, would result in the ahsorption of 37 ergs of energy per grnm of air. 

SCALING LAW: A mathematical relationship whirh permits the.efferbs of a 
nuclear (or atomic) explosion of given energy yield to be determined as a 
fuirction of distance from the explosion (or from ground zero), provided 
the corresponding effect ia known as a function of distance for a reference 
explosian, e. g., of l-kiloton energ;y yield. See BZast rcaling law, Cube root 
law. 

SCATTERING : The diversion of radiation, either thermal or nuclear, from its 
original path as a result of interactions (or collisions) with atoms, molecules. 
or larger particles in the atmosphere or other medium between the source of 
the radiations, e. g., a nuclear (or atomic) explosion, and a point at some dis- 
tance away. Aa 5 result of scattering, radiations (especinlly gamma rays 
and neutrons) will be received at such a point from many directions instead 
of only from the dlrection of the source. 

SHEAR WALL: A wall (or partition) designed to take a load In the direction 
of the plane of the wall, as distinct from lateral loads perpendicular to the 
wall. Shear walls may be designed to take lateral loads as well. See Rear- 

Eng wnZZ. 
SHIELDING: Any material or obntrurtion which absorbs radiation nnd thus 

tendR to protect personnel or mnterlals from the effects of a nuclear (or 
atomic) explosion. A moderately t.hick layer of any opaque material will 
provide satishctory shielding from thermal mdiatlon, hut a considerable 
thickness of material of high density may be needed for nuclear radiation 
shielding. 

SHOCK FRONT (OR PRESSURE FRONT) : The fairly sharp boundary be- 
tween the pressure disturbance created by an explosion (in alr, water, or 
earth) and the ambient atmonphere, w&et. or earth, respectively. It con- 
stltutes the front of the shock (or blast) wave. 

SHOCK WAVE: A continuously propagated pressure pulse (or wave) in the 
surronnding medium which may be air, water, or earth, initiated by the 
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expansion of the hot gases produced in an explosion. A shock wave in air Is 
generally referred to as a blaat wave, because it is similar to (and is &corn- 
panled by) strong, but transient, wlnds. The duratlon of a shock (or blast) 
wave is distingulshed by two phases. First there is the positive (or cotn- 
preuaion) phase during which the pressure rises very sharply to a value that 
is higher than ambient .and then decreases rapidly to the ambient pressure. 
The duration of the positlve phase increases and the maximum (peak) pres- 
sure decreases with Increasing distance from an explosion of given energy 
yield. In the second phase, the negative (or euctlon) phase, the pressure falls 
below ambient and then returns to the ambient value. The duration of the 
negative phase is approximately constant throughout the blast wave I&tory 
and may be several times the duration of the positive phase. Deviations from 
the ambient pressure during the negative phase are never large and they 
decrease with increasing distance from the explosion. See Overpressure. 

SLANT RANGE: The distance from a given location, usually on the earth’s 
surface, to the point at which the explosion occurred. 

SLICK: The trace of an advancing shock wave seen on the surface of reason- 
ably calm water, as a circle of rapidly increasing slxe apparently tihlter than 
the surrounding water. It 1s observed, in particular. following an under- 
water explosion. 

SPRAY DOME: See Dome. 
SURSURFACE BURST: See Underground burst, Underwater burst. 
SUPERCRITICAL: A term used to describe the state of a given ilsslon system 

when the quantity of flssionable material is greater than the critical mass 
under the exlstlng conditiona. A highly superrtltlcal system is essentlal for 
the production of energy at a very rapid rate so that an explosion may occur. 
See CrtttcaZ maad. 

SURFACE BURST: The explosion of a nuclear (or atomic) weapon at the sur- 
face of the land or water or at a height above the surface less than the 
radius of the Areball at maximum luminosity (In the second thermal pulse). 
An explosion In which the bomb is detonated actually on the surface is called 
a contact surface burst or a true surface burst. See Afr burst. 

SURFACIO ZERO: f3ee Ground zero. 
SURGE (OR SURGE PHENOMENA) : See B&se surge. 
SURVEY METER: A portable Instrument, such as a Geiger counter or lonlsa- 

tion chamber, used to detect nuclear radiation and to measure the dose rate. 
See Yonitaring. 

SYNDROME, RADIATION: The complex of symptoms characterlslng the 
disease known as radiatton sfeknos8, resulting from excessive exposure of 
the whole (or a large part) of the body to ionldng radiation. The earliest 
of these symptoms are nausea, vomiting, and diarrhea. whlrh mny be followed 
by loss of hair (epilatlon), hemorrhage, inflammation of the mouth and throat, 
and general ~ORR of energy. In severe cases, where the radiation exposure has 
been relatively large, death may occur within two to four weeks. Those who 
survive 6 weeks after the receipt of a slngle dose of radlatlon may generally 
be expected to recover. 

TESTS: See Nuclear test& 
THERMAL ENERGY: The energy emitted from the ball of flte as thermal 

radiation. The total amount of thermal energy received per unft area at a 
specified distance from a nuclear (or atomic) explosion is generally expressed 
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in terms of calories per square centimeter. See Thwmul mdintion., Tmnn- 

mittancr. 
THERMAL ENERGY YIELD (OR THERMAL YIELI)) : TOP part of the total 

energy yield of the nuclear (or atomic) explosion which is radiated as thermal 
energy. As a general rule, the thermal energy is onethird of the total energy 
of the explosion. It may be exibressed in calories, ergs, or in terms of the 
TNT eqaivalent. 

THERMAL RADIATION : Electromagnet.ic radiation emitted (in two pulses) 
from the ball of Are as a consequence of its very high temperat.are; It consists 
essentially of ultraviolet, visible, and infrared radiations., In the early stages 
(first pulse), when the temperature of the fireball is extremely high, the nltra- 
violet radiation predominates ; in the serond pulse, the temperatures are lower 
and most of the thermal radiation lies in the visible and infrared regions of 

the spect,rum. 
THERMONUCLEAR: An adjective referring to the process (or processes) in 

which very high temperatures are used to bring about the fusion of light 
nuclei. such as those of the hydrogen isotopes, denterium and tritium. with 
the accompanying liberation of energy. A thermonuclear bomb is a weapon 
in which part of t.he explosion energy results from thermonuclear fusion re- 
actions. The high temperatures required are obtained by means of a flsslon 
explosion. See Fusion. 

THRESHOLD DETECTOR: An element (or isotope) in which radioactivity is 
induced only by the capture of neutrons having energies in excess of a certain 
threshold value rharacterlstic of the element (or isotope). Threshold de- 
tectors nre nxed to determine the neutron spectrum from a nuclear (nr atomic) 
explosion, 1. e.; the numbers of neutrons in various energy ranges. 

TNT EQUIVALENT: A measure of the energy released in the detonation of a 
nuclear (or atomic) weapon, or in the explosion of a given quantity of flssion- 
able material, expressed in terms of the rluantltg of TNT which would release 
the snme amount of energy when exploded. The TNT equivalent is usually 
stated in kilotons or megatons. The basis of the TNT equivaienee is that the 
explosion of 1 ton of TNT releases 1@ calories of energy. See Kiloton, 
Megaton, Yiekd. 

TRANSMITTANCE (ATMOSPAERIC) : The fraction (or percentage) of the 
thermal energy received nt a given lorrtion,after passage through the atmos- 
phere relative to that which would have been received at the same location If 
no atmosphere were present. 

TRIPLE POINT: The intersection of the Incident, reflected, and fused (or 
Mach) shock fronts accompanying an air burst. The height of the triple point 
above the surface, i. e., the height of the Mach stem, increases with increasing 
distance from a given explosion. See Yach atom. 

TRITIITDF: A radioactive isotope of hydrogen, having a mass of 3 units: it is 
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UNDERWATER RURST: The explosion of a nnciear (or atomic) weapon 
with its renter beneath the surface of the water. 

VISIRILITY RANGE (OR VIRIRILITY) : The horizontal distance (in miles) 
at which a large dark object ran just be seen against the horizon sky in day- 
light. The visibility is related to the clarity of the atmosphere, ranging from 
more than 30 miles for an exceptionally clear atmosphere to less than 9 mile 
for dense haze or fog. 

WEAPON, ATOMIC (OR NUCLEAR) : See Nuclear toeapon. 
WILSON CLOUD CHAMBER : See Condenratlon cloud. 
YIELD (OR ENERGY YIELD) : The total effective energy released ia a im- 

clear (or atomic) explosion. It is usually expressed in term& of the equiva- 
lent tonnage of TNT required to produce the s&me energy release in an ex- 
plosion. The total energy yield is manlfested as nuclear radhitlon, thermal 
radiation, and shock (and blast) energy, the actual distributidh being depend- 
ent upon the medium in which the exploslon occurs (prlmariiy) and also upon 
the type of weapon and the time after detonation. 

produced in nuclenr reactors by the action of neutrons on lithium nuclei. 
TRUE SURFACE RIJRST: See Surface burst. 
2W CONCEPT: The eon&t that the exploa!on of a weapon of energy yield 

W on the enrth’s surface prodnces blast phenomena identical to those pro- 
duced by a weapon of twice the yield, 1. e., 2W; burst in free air, i. e., away 
from any reflecting surface. 

UNDERGROUND RIJRST: The explosion of a nuclear (or atomic) weapon 
with its center beneat.h the surface of the ground. 
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permissible levels. 12.101, 12.102 

protection ngainst, 12.63-32.110 

removnl of. 8,‘~ Decontamination 
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:onts mina tion-Continued 
sources nf, WC Fallout: Fission prod- 

ucts ; Neutron, induced activity 
clue to surface burst, 9.3, !).fiTi-!).!LI 
dw to underground burst., 9.3, 9.5.5, 

9.106-9.105 
dne to underwater burst, 2.60, 9.106~ 

9.1Q9 
world-wide, 10.2-10.24 

:opper, Irtduc~tl activity, 9.25 
hmie rays, 9.41, 9.42 
‘rnter, 2.19, 5.4 

apparent, 5.44, 5.46 
damage in, 5.18-5.22, 6.28-6.32 
dimensions, 5.7-5.9, 5.16, 5.44-5.47 
and height (depth) of burst. 5.9, 5.16 
hydranlie till, 5.7 
lip, 5.4 
loss of energy in, 5.2 
1rlastfc zone, 5.5, 5.6, 5.26, 6.28, 6.34 
rupture zone. 5.5. 5.6, 5.45, 6.28, 6.29 
nnd soil chnrarterirti~s, 5.6, 5.7, 5.46, 

5.47 
in surfare burst, 2.19, 5.2, 5.4-5.9, 

5.44-5.46 
true, 5.44 
in underground burst, 5.47 
in nnderwater burst, 5.55 
vnlnme, 5.44 

::urie, 9.118 

damage, toaircraft, 4.99,4.1OQ, 6.16,6.19 
to autnmobiiex, 4.91, 4.92, 6.15 
to colnrrms, 4A.5. 4.58 
rlassiflration, 6.3-6.34, 6.41-6.45 
to c~nmmunications equipment, 8cf 

Utilities 
criteria for blast, 6.HI.25 

for shock, 6.28-6.40 
nncl dintawe. 3.643.66. 4.1.35, 6.41-6.46 
and tluc*tility, 3.73-3.77, 6.92 
to enrth-moving equipment, 6.15, 6.41, 

12.40 
aud energy pipid. we Scaling 
to forests, 6.24, 6.25 
to gas appitances, 4.113, 4.121 

dlstribntion systems, 8~ IJtillt,ies 
holders, 4.3, 4.115 

to hydraniic strucWres. 6.37-6.40 
to nin&lne tools, 4.69, 4.63, 4.66, 4.7% 

4.80 
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Damage--Continued 
mechanism of blast, 3.4rl3.77. 6.88 

6.108. ore alao Blast 
and angle of inc*idenrc, 3.49 
diffraction, 3.4835% 8~ alao 

DifPraction 
loading, 3.46-3.63 

of shock. 5.2Q-5.35, 6.26-6.40 
thermal, 7.59-7.64 

to personnel, 8ee Injuries 
to pipes, 4.113.4.1174.120,4.122,4.128 

5.21, 6.29, 6.31 
to power systems, 4.105-4.112, 6.22 
to railroad equipment, 4.Q7, 4.Q8, 6.15 

6.41 
to roofs, 4.14, 4.23, 4.26, 4.32, 4.36 

4.43 4.55, 4.85, 4.87 
sraling, 8cc Scaling 
to ships, air burst, 4.1014.104, 6.20 

6.21 
underwater burst, 530-5.36, 5.41 

5.42, 6.35-6.40 
to structures, uee atao Strurtures 

from air burst, 3.4rb3.77, 4.14.13r 
brick, (101: Damage to structures 

masonry 
bridges, 3.60. 4.QQ 6.5, 6.41 
burled, 8re Damage to struct.ures 

underground 
and characteristics, 3.67-3.77 
rhlmneya, 3.60, 4.24, 4.28, 430, 4.6 
commercial, 4.81489 
concrete, see Structures, concrete 

reinf’orccd. 3.58, 3.77, 4.60, 4.81. 
4.86,.4.88, 6.5, 6.41 

earth rovered, 6.7-6.14 
earthquake resistant., 4374.44 

4.82486 
gas holder, 4.3, 4.115 
houaen, 4.6, 484.49 
industrinl buildings, 4.3, 4.54-4.5 
in Japan, sre Japanese experienr 
with load bearing wnlls, 4.8Q 
masonry, 4.2, 4.29433. 4.41-4.44 
and mam. 3.88, 6.Q.3, 6.95 
oil stnrage tanks, 4.74. 6.5. 6.41 
reiniorred conrrete. RP(: Strurtnrer 

concrete 
residences, 4.6, 4.8-4.49 
smokestacks. 3.60, 4.24, 4.28, 4.W 

4.60 

INDEX INDEX 

amage_Continued 
to strurtnres-c,orltinned 

steel frame. 3.62, 3.76, 4.54-4.57, 
4.62465, 4.87, 4.88, 6.5, 6.41 

self-framing, 4.6Q-4.73 
towers, 4.1OQ. 4.132. 4.133, 6.23 

subways, 5.21, 6.32 
tunnels, 5.21, 6.32, 6.33 
underground. !l.13. 5.19-5.22, 6.7- 

6.14, 6.26-6.34 

0P vehicles, 12.85 
of water, 12.Q912.104 

Design of structures, see Strnctures 
Detection of contamination, 12.76-12.80, 

see &o Measurement; Monitoring 
Deuterlum, Pusion, 1.13, 1.14, 1.58 1.56, 

1.56 

underwater, 5.32, 6.37-6.40 
wall-bearing, 3.58, 3.70. 4.2Q-4.33. 

6.5, 6.41 
wood frame, 3.58, 4.8-4.28, 4.34- 

4.36, 65. 6.41 
to telephone poles, IPF Utllit1es 
to trailer-c*oarh, mobile homes. 4.45- 

4.49 
to transformers, 4.107-4.112 
to transmission lines, 4.1074.109, 

4.111 
to trucks, 4934.98. 6.15 
to ntllities. dee Utilities 
to veldcles, 4.914.96.6.15,6.41 
to water supply, see Utilities 
aonee, 6.4, 6.42 

&cay, radloactlve, 1.22. 1.23, 1.48, 1.50, 
see also Half-life, radioactive 

Wxmtamlnation, oP brick, 12.85 
oP buildings, see Decontamination, 

structures 
0P cities, 12.86, 12.86 
by chemicals, 12.85 
OP clothing, 12.89 
0P concrete, 12.86 
disposal oP residue, 12.81. 12.87 
emergency measnres, 12.82, 12.83 
of fabrics, 1285, 12.89 
of food, 12.70, 12.97 
gross, 12.82 
hazard during, 12QO-12Q6 
by laundering, 12.89 
by physical removal, 12.84, l2.%q 
procedures, 12.81-12.89 
protective clothing in, 12.90-12.92 
safety of personnel in, 12.93-12.96 
0P streets, 12.86 
of strurturen 12.85. 12.86 
by surface removal, 12.85-12.88 
by sweeping, 12.84 
time Pa&or in, 12.83 

Diarrhea, due to nuclear radiations, 
11.62, 11.66, 11.70, 11.72 

Diesel locomotive, nce Damage, to rail- 
road equipment 

Dltrraction, oP blast wave, 3.48-3.63, 
6498.62 

loading, 3.48-3.53, 3.58, 3.69, 6.48 
6.52, 6.66. 6.64-6.87 

-type structures, 3.58, 3.69, 6.6, 6.41 
Dose (or Dosage), radiation, 8.21-8.33 

absorbed, 8.28 
accumulated, 9.12-9.14, 9.114-9.117, 

12.106-12.110 
acute, 9.38-9.40, 11.59, 11.63, 11.67 
due to background radiation, 9.41- 

9.43 
biological. 8.33 
chronic, 9.38-9.49, 11.60 
comparison oP gamma radiation and 

neutron, 8.79-8.82 
exposure, 8.21, 8.28, 8.33 
and genetic effects, see Genetic ef- 

feeta 
infinity, 9.14 
measurement, see Measurement 
median lethal, 8.26, 9.40, 11.60, 11.61 
“on~shof” 9.38 
permlsaibIe, 9.429.47 
rate, 8.25, 0.8-9.11, 0.112, 12.106 
units, 8.2-8.33 see aleo Bad; Bern; 

Rep ; Roentgen 
whole body, 11.60, 11.67, 11.60 

Dosimeter, 8.18 8.20, 12.97 
Drag, coeffhzclent, 6.K3, 6.60, 6.65-6.67, 

6.78, 6.82, 6.86 
loading of structures, 3.54-3.56, 3.69 

3.63, 6.63, 6.69, 6.65-6.68, 6.84, 6.86 
pressure, 3.10, 6.49, 6.53, see alao 

Pressure, dynamic 
-type structures, 3.67, 3.80-3.63, 6.5, 

6.41 
Ductility oP structures, 8.73-3.77, 6.92 
Dynamic preseure, 8ee Freesure, dy- 

namic 

cover Por protection, 
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Pro- 
tection : Shelters 

-covered structures, 6.7614 
-811ed walls. 12.34-12.37 
in gamma attenuation, 8.37, 894.9.32, 

ace a280 Absorption ; Attenuntlon ; 
Shielding 

as neutron shield, 8.74, bee also Ab- 
sorption ; Attenuatlon ; Shielding 

moving equipment, 12.40 
Earthquake et&-&. ii.11 

-resIstant design, see Strncturea 
Effective half-life, bee Half-life 
Electron, 1.7, see also Beta particles 
Electron volt (ev), 1.55 

mlllion (Mev), 1.66 
Emergency action, 8ee Evaslve action 
Energy release (or yield), 1.17 

in flssion, 1.191.23 
as blast, 1.19 
as gamma radiation, 8.4 
as neutron energy, 8.4 
as nuclear radiation. 1.20-1.23, 8.4 
as thermal radlatlon, 1.19, 7.4, 

7.113 
in fusion. 1.53-1.56 

Epilation. due to radiation, 11.64, 11.66, 
11.70,11.72, 11.85, 11.97, 11.101,11.145, 

11.146 
Eplthelial tissue, radiosensitivity, 

11.136 

Erythrocytes, uee Bed blood cells 

Ev, uee Electron volt 
Evacuation, 12.3, 12.66, 12.67 
Evasive action, 7.64, 8.62, 12.6912.62 

Excitation in cells, 11.46 

by gamma radiation, 8.17 
anti scintillation counters, 8.19 

Exploslon, atomic, 1.2, see abo Nuclear 
bomb ; Nuclear explosion 

chemical, 1.9, 1.19 

Exposure, radiation, uee Dose 
Eye injuries, nuclear radlation, 8.69, 

11.40, 11.84-11.86 

thermal radiations, 11.36-11.42 

- 

Fabrics. aeo also Clothlng 
eiYecta of thermal radiation, 7.35, 

7597.61, 7.78, 7.84 
Ignition, energy required, 7.61 

I 
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c~ontoum, QBZ-Q.R? 
and effective wind, 3.60, Q.76 Q.134 
evarnntion from, 12.tJ5. 12.07 
fnctors nffeeting. Q.50, Q.51, 9.7X-Q.X4 

QQ2, !i.12.%Q.134 
ground xero rirele, Q.58 
and height. of burst. 2.23, 2.8X. !t.2, 9.1 
hot snots, 370, 9.84, 12.79 
1WIll 2.2s. %‘,R. 10.1 
tuirtldr size. !i.R7, !J.l25-9.132 11.101 
pi ttern. !t.?iX-3X-I. !t.113- !).l.?X 
protection from. !Mi, 12.M-12.110 
r:itiioIIc~tivt~ c.oIitIIlrlinntioIl. .9vc Con 

tiinIinntion 
tint1 rIIcliologic~a1 warfnre. Q.!R-tJ.!t’i 
and min.henring c~londs, 2.2Z 9.W !I.!?: 
rate of fall, 9.12Ti9.132 
r1nt1 rwidiinl rntlintion, 2.21. Xl-!b.l:i! 

wnllng, !t.74-Q.77 
strntosi)heric, 10.8, 1tJ.Q 
due to suhsurfnce hnmt. Q.loO-Q.103 
c11w to snrfare burst, 2.21-2.27, Q.3 

3.68-9.97 
time of arrirnl, Q.X. Q.63. 373 
time of fnll of isrrtieles, Q.12.5iQ.131 
troposi~keric, lOB-lQ.7 
in mclwgroIInd hnrst. 2.71, 2.72, Q.102 

9.105 
in underwriter bnrst. 9.103-3103 
world-wide, 2.2!l, 10.1-10.24 

Fi Im hndge, 8.20 
Filters, 12.57 
Fire. diw to nuclear homh. 2.!li. fi.6 

7..5. i.fifi. 7.7!)-7.102. 12.41-12.44 

illl‘l ili:lxt effects, 795, 7.96 

breaks 7.!ti 12.43 . * 
wusw of. i.7!L7.X%. i.!)l. 7.!)1 

tlnmnge in .J~I~~III, .wv .J~~lInnrsc er 

lwrknw 

tlrrlsity of ignition imints, 7.X0, 7.81 

iuoteetion from, 12.41-12.44 

-resist,ivr strurtures, i.!K, 12.41. 12.4 

shutters, 7.95 

spread of, 7.8tii’I.RH. 7.!K-7.102 

JNDEX 

‘ire-_(imtinIIrfi 
rtorin. 2.!17. i.ltst-i.lo” 
itt .l water sni~i~ly. 12.44 

~irebtill. .9c(* Hall c,f Fire 
~‘ission, chain reaction, 1.3%1.-M 

fragments, 1.47, X.12 
inoduc*ts, 1.12, 1.47.-1.50, 2.4, X.1, 8.12. 

!).l, SW 111.w Fnllout 
hetn pnrthlen from, 1.47. Q.31, Q.32, 

Q.X.5, 9.111 
eonil~osition of, 3.4. 9.110 
c~ontnminntion. 8,‘~ Contnminrtiou 

decoy of, 1.22, x.12, Q.4-Q.17, n.!JO, 
!i.llt&Q.l17 

ganunn rndlti tion from. !).-l. Q.33- 
n.xo, n.111 

hllif lives, 1.50, X.12, !).llO 
rlnme hums, MC llurns 
Wsli, blindness. X(‘V Eye inmries 

hums, .9cr Uurns 
rag, effects on thernuil radintion, 7.10, 

7.16. 7.1S7.20 
V’ood. binst clnmnge to. 4.5~1.S 

c~ontaniinrif ion, !).!)X, i).!)!), 10.17-10.21, 
12.!)7-12.1&J 

grown in contaminated soil. Q.QX, QQ!), 
10.17-10.19. 12.!)X 

neiitron inthiced netirity in, !).2.5 
Forest, IIlwt chIIiin,eP to, 6.24, 6.25 

5rPs. 788 
fll&, 7.0.5, 7.M 

Furnishings. household, nnd tires, 7.65, 
7.X4 

FIIS~OII, nnrlear. 1.11, 1.1%1.13, 1.5% 
1 57 

I:nnm~ rndintion. 1.21-1.23, X.7!i-8.103 
ahsorption. ICF Absorption : Attrn- 

,111 tion : Shielcling 
n ttPnIIn tion. WC Ahsorption : Atten- 

uation : Shielding 

i~iologh~:~i effectiveness. I(‘(’ lSiolo$- 

ieal PffP~tivenPss 
II IICI 1~01111~ energy, X.4, X.35-X.:{!) 

initial, XQ2 
residual, Q.34. !).12O 

eni)ture, A.8 
eompn risen with neutrons, X.7+X.X2 

dirtanre reintionailii). 8.34-8.40, 

X.102-8.1Q6 

INDEX 

(:~I~II~UI r:ltiirltic,ll---(‘olltinnc,ti 

dosage. X.21. sw tr Ixo I Pose. ratiirlt ioil 
c*xc*it:l I ion by. .X(. 1 i 
from fission iuotiuets, !).I 12 

ha If -value Iaver. X.-t% X.-lti, X.!K. X.!)7. 
0 ‘33 . . . . 

in initial radiation, 1.21, X.3, X.X-X.14, 

X.7!)-X.X2* 

instnntaneoun (or prompt), X.11, X.13 

interaction with matter, brc Coml)ton 

effect ; Pair production ; I’hotoelee 

trie effect 

ionization hy, H.lti 
measnrement, *Ier Measurement 

range, 2.38, 8.3, 8.34-X.40 
in residual radiation, !J.4, !).33, 11.Q2 

ll.!):i 
shielding, MT Absorption ; Attenua 

tion ; Shielding 

sonrees, 1.47, 2.3i, X.%X.14, !i.34 

tenth-value layer, X.42, X3X 

transmission, X.lO‘&X.lOti 

Gas buhhle, RC(: alxo Hnll of tire 

in surface hursti 5.4 

in underwnter hurst, 5.23, !i.2H 

venting, 3.3X 

holders, .%T IJtilities 

lines, *er Utilities 

Castro-intestinnl tract, eel1 replace 

ment, 11.52 

radiation effects, 11.32, 11.67, 11.14i 

11.148 

radiosensitivity, 11.30 

Geiger counter, X.18 

Cpnetie egeets of rntliation. !i.40, 11.123 

11.133 
of strontinm-!)O, 10.16, 11.133 

(:lass, breakage, 4.135 

hasard from, 4.5. 1 l.l!i, 12.Z 

neutron induced nativity III. 9.25 

thermal effecsts on, 7.64 

t:old, as neutron detertor, X.10X 

t:raders, 8.1.5, sre nlxo Damage to enrtt 

~I~oving rqiiiptnPnt 
GrrInite, ronghening by thPrInnl raclh 

tiotl III Jnlmn, 7.76 

tlrnnnloeytex, 8ce White blood rells 
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nritl surface zero, 5.13 

Jnir, 8cc h:pilntion 
Inlf-life, biological, 10.12, 10.14, ll.llO- 

11.113 
effPvtlre, 11.110, 11.111 
radioac’tive, 1.43, l.rfi, X.12, 11.110 

Ialf-vnlue layer, gamma radiation, 
X.42-X.45, X.!XJ, 837, 9.35 

Iarhor installations, 5.32 
Ieight, of humt and blast dntt~rgr, 

3.1, 3.23-3.28, 3.34 
luessure, 2.23. 3.X7 

and crater formation, 2.19, 5.Q 
and faiiont, 1.28, 2.22, 2.23, 9.2, 9.3, 

Q.48, Q.%J 
and Mach effect, 2.23 2.30, 2.32, 

3.25 
opt.imum, 3.2X 
and overpressure, 3.1. 3.26, 3.X7 
smled, 3.37 

of clond, R~C Cloud 
Hematologirni changes, doe Blood 
Hemorrhage, due to blast, 11.17 

due to nurlear radiation, 11.66, 11.72, 
11.14Q. 11.150 

Hiroshima, .YCC .lrpanese experience 
Hwlses, we Damage to structures, 

houses 
Humidity, effert on blast, 3.34 

on exploston phenomena. 2.1 
Hydrogen, bomb 1.16. 1.531.!?7 

fusion, 1.13-1.13, 1.5.3-l 57 
isotopes, 1.53 

Ignition of materials, 7.5. 7.31, 7.33, 
7.5Q-7.61. 7.35, 7.lu.i, 7.80-7.84. 7.Q3- 
7.M 

Jmidosion weapon, 1.46 

Impulse, #ee Itlast, impulse 

Inrendiary etTect5, see Fire 
fndrpendennoe, l1.8.5., damage to, 4.1Q2 

Indmed radioactivity, 2.43, 2.73, 3.14, 

9.1. 9.13-Q.25, 9.53 Q.54 

Industrial buildings. d(?c Damage: 

gtructures 
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Infrared radiation, 2.34, 2.35, 7.2, 7.3, 
7.11, 7.27 

initial nucleer radiation, der Nuclear, 
radiation 

Injuries, 8m al80 Burns; Rndiation 
sickness 

due to blast, 11.12-11.25 
due to beta particles, 8ce Beta par- 

ticle, burns 
due to hurns, 11.26-11.42, 8~ alro 

Burns 
causes of. 11.8, 11.9 
to eyes, 1X3%11.42 
fetal, 11.5-11.7 
in nuclear explosion, 11.1-11.61 
due to nuclear radiation, 11.4.3-11.61 
due to thermal radiation, 11.26-11.42, 

*RF alno Rurns 
end type of burst, 11.10, 11.11 
type5 of, ii.i2-n.61 

Internal rndiation hazard. 9.28, 9.41, 
9.99, 10.1~10.24, 11.102-11.222 

long term, lO.lO-10.24, 11.121, 11.122 
and particle size, ll.lOti-11.108 

Intestine, RCI! Castro-intestinal tract 

Inversion layer, effect of, 2.14 
Iodine, concentration in thyroid, 11.104, 

11.109, 11.111 

half-life, 11.111 
end Marshaliese, 11.117,11.118 

Ion, exchange in decontamination, 

12.103 
pair, 8.16 

Ionization, due to alpha radiation, 9.39 
due to beta radiation (or electrons), 

9.31 
due to gamma radiation, 8.16, 8.18, 

8.22 
and physiologicsl damege, 8.22, 11.45 

Ionizing radiations, nm Alpha part.icies; 
Beta partlciea ; Gamma rediat.ion : 
Neutrons 

Iron, 8m ml80 Steel 
as gamma shield, 8.44, 8.91, 8.94, 9.35, 

9.36 
as neutron shield, 8.73, 8.116 

oxides in concrete for neutron shield. 

8.76. 8.116 
Isothermal sphere, 2.76, 2.77, 2.81, 2.82 

INDEX 

Isotopes, radioartire, 1.47-1.X), 8.12, 
0 4 9.21-9.2,5, 11.110 . . 9 

decay, 1.47-1.50, 8.12, 9.4, 9.21-9.24 
half-life, 1.49, l.ffl, 8.12, sre also 

Half-life 
in radioiogicei warfnre, 9.9.5-9.97 

Japanese experience, bridges, 4.00 
burns, 11.26-11.35 
casualtles, 11.1-11.9, 11.12, 11.19, 

11.21-11.35,11.89-11.42,11.46,11.57, 
11.61, 11.64-11.70, 11.73, 11.77, 
11.~11.9O 

cataracts, 11.83-11.86 
concrete structures, 4.824.86 
damage to clothing, 7.78 

to structures, 4.8, 4.9, 4.54-4.80, 
4.81492 

earthquake resistant structures, 4.82, 
4.83 

epliation, 11.64, 11.&5, 11.146, 11.146 
eyes, 11.39-11.42 
fallout, 2.22, 9.62 
fire, 4.3,4.4,4.57, 7.85, 7.89-7.102. 11.6. 

12.43, 12.44 
breaks, 7.97, 12.43 
storm, 7.1OO-7.102 

gas holders, 4.115 
gas mains, 4.116 
houses, 4.6, 4.8, 4.9 
injuries due to blast, 11.8,11.12,11.19. 

11.21-11.24 
due to nuclear radiation, 11.8,11.46, 

11.67, 11.61, 11.64-11.70, 11.73, 
11.77, 11.83-11.90, 11.141. 11.143, 
11.146 

due to thermal radiation, 7.69-7.72, 
11.8, 11.26-11.44 

keloid formation, 11.35 

leukemia, 11.86, 11.87 

machine tools, 4.69 

mask of Hiroshima, 11.32 
residences, 4.6, 4.8, 4.9 
retarded development of children, 

11.88-11.9O 
smokestacks, 4.80 
steel frame buildings. 4.54-4.57, 4.87, 

tez:ratures on ground, 7.32, 7.76, 

7.77 

INDEX 571 

Japanese experience-Continued 
thermal radiation effects, 7.69-7.78, 

RCF al80 Japanese experience. burns 
tranwportatlon, 4.91 
utilities, 4.lm. 4.1134.115, 7.99 
water supply, 4.113, 4.114. 7.99, 12.44 

Keloid formation. 11 ‘35 .* < 
Keratitis, 11.40 
Kidney, radiation effects on, 11% 

11.149 
radiosensitivity, 11.56 

Krypton, 11.121 

Latent period in radintion sickness, 8ee 
Radiation, sickness 

Lead absorption roetllrient, 8.90 
attenuation factor, 8.47, 9.36 
shielding, 8.73 

Leukemia due to nuclear radiation, 
11.68, 11.87 

Leukocytes, 84e White blood cells 

I 

Linear absorption roefiicient, 8M Ab- 
sorption 

Liver and internal radiation, 11.108, 
11.114 

radlosensltivity. 11.56 
Loeding, blast, 8ce Blest : Damage 

I 
Locomotive, Diesel, 8ef Damage to rail- 

road equipment 
Lumtnoslty of bell of fire, 2.5-2.7, 2%, 

7.110 
Lungs, and internal radiation, 11.107, 

11.1&!3. 11.116 
rediosensitivity. 1156 

Lymphocytes, bee White hiood cells 
Lymphoid tissue, 11.77, 11.137-11.139 

radiosensitivity, 11.56 

Mach, effect, 2.29-2.32 
distance from ground zero, 3.25 

3.94 
formation, 2.29-2.32. 3.2011.25 
and height of burst, 2.32, 3.25, 3.26, 

8ee also Height of burst 
end loading, 3.24, 4.84 
and Ranklne-Hugoniot conditions, 

3.79 
end triple point, 3.21. 3.22 

stem, 3.21 

height of, 3.94 

Machine tools, 8~0 Damage 
Macroscopic cross section, neutrons, 

8.116, 8.117 
Malaise, due to nuclear radiation, 11.67, 

11.65. 11.70 
Manganese, induced activ1t.y. 9.22, 9.25, 

9.53 
Marshellese (or Marshall Island in- 

habitants), beta burns, 11.94-11.101 
blood dhanges. 11.73-11.82 
body burden, 11.117-11.119 
epilation, 11.97-11.101 
internel hazard, 11.115-11.122 
long term effects, 11.121 
Idgmentation rhanges, 11.97, 11.98 
radiation exposure, 9.86-9.94, 11.69, 

11.73 
Marshall Islands, fallout of March 1954, 

9.86-9.94 
Mask of Hiroshima, 11.32 

protective, 12.91 
Masonry buildings. uee Damage: Struc- 

tures 
Mess, absorption coeflicient, ace Absorp- 

tion 
distortion of buildings, 4.2 
in construction, 3.68, 6.93, 6.95, 12.15 

Materiel veto&y, 8~43 Wind, veloctty 
Measurement, sea abo Monitoring 

of gamma radiation, 8.X-8.20, 8.23 
by chemical do&meter, 8.20 
by film badge, 8.20 
by Geiger counter, 8.18 
by pocket chamber (dosimeter), 

8.18 
by scintillation counter, 8.19 

of neutrons, 8.63-8.69 

hy boron counter, 8.64, 8.85 

by Rssion chamber, 8.64, A.&5 
by fission foil, 8.67 

hy foil activation, 8.66 
hy proton recoil, 8.&Y 

by threshold detectors. 8.108 
in tissue equivalent chamber, 8.65 

of nuclear radiation doRe. 8.24 

dose rate, 8.24 

by organizational dosimeter, 12.93 
by survey meters, 1278.12.94 

Median lethal dose, 8.26,9.4O, ll.aO, 11.61 

Megacurie, bee Cnrie 
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~lf~~f~orl~log1r~ni effwtn, 2.1 
nnd hlnat., 3341.37 
on fntlnnt, 2.22, 2.27, 9.50. 9.84 
on firen. 7.101 
of nurlear explosions. 2.93-2.99 

Million electron volt. (or Mer). 1.6.‘i 
Mltonin, 11.45, 11.1.3.5 
Moistnre, ~CC rlno Meteorologic~nl effects 

effect on hlnst, 3.34 
on ignition, 7.35. 7.66 
on thermnl mdintion. 7.35. 7.60 

hlonitoring, .VP crlnn hleasnrement 
nerial, 9.122-9.124. 12.77-12.79 
of 11rean4, 12.75. 12.77-32.130. 12.!K). 

12.94 
of pemnnnel. 12.93 
of writer ~npplies, 12.101 

Muwle, rndiosensitivity, 11.56. 11.138 
Mushroom I-lo~~tl, WC Clond 
Mutntionn, 11.126, .pcr nlno Genetic ef- 

fects 
tlelrterious, 11.129 
tiominnnt nnci recessive. 11.12X 
due to radiation, 31.127 
spolitnnfwm. Il.126 

Nngnsaki. .~PF .Jnl)nnese experlenre 
Nq~tuniuni ns neutron det.evtor. X.108 
Neutron. &sorption. RPV Ahoorptfon ; 

Attenuation : Ahielding 
nttetnmtion, tee Absorption ; Attenu- 

ration : Rhic~lding 
hiologic~nl effertiveness, X.88. X.69? 

11.4!). 11 .x4 
rnptnre, ARC Cnpt,urr of neutrons 
:Illd cvltal-flcts, 8.69, 11.49, 11.X4 

dclnred X.55 . 1 
detection. 8.ChSX.87, X.10X. .PFF nlro 

blensurement 
dose-distRnc*e rein t ionship, X.79-X.72, 

X.113-X.115 
nlf~rpy. of lm11h, x.4 
energy spec~truin from homh, X.61, X.62. 

X.110, x.112 
fnst, 85X 
ctntl RSR~OII. 1.12. 1.21, l.R3-1.46, 2.37 
nntl fusion 1.15 2.3X 9 I 
nntl guinmn rntlintlon compnriann, 

8.79LX.82 

induced rndionrtivily, 2.i3, 9.1, 9.1X- 
9.25, !LR.?, 9.64 

rnte of delivery, X.56, X.57 
RR0 for, X.6!), 11.49 

sctiling. X.70. 8.71. X.114 
serttering, X,.58, X.59. 8.5X 
shielding, *CC Ahsorption ; Attenun- 

tion : Shielding 
slow, X.58, X.112 
slowing down. H.T,%X.GZ X.74 
sourcefl, 1.15. 1.55. 2.37, 2.3X. X.1, X.53- 

8.57. X.70 
spwtrnm, X.61 
thermnl, X.5X 
from thermonuclenr explnsioii, 1 .15, 

1.55. 4.W 

trnnsmisslon, X.113-X.1 1.5 

Nevnda tests. ComlliiitliC:ltion eqtlip- 

1nent. 4.130. 4.134 
food, 4.50-4.53 
mnchine tools. 4.76-4.X0 
structures. 4.19-4.49. 4.01-4.73 
trnnnpnrtntlon equipment. 4.93-4.100 
utilities, 4.101V4.112. 4.116-4.129 

Nitrogen. nnd neutrons, X.9, X.59 
oxide nnd cloud polar, 2.9 

Nose n* fii,ter for radioartire particles, 

11.108 
NncGnr. bomb, 1.9, 1 .18 

rasunlties, (ICC Injuries, Rndiation 

sic#knens 
rind ronventionril honths, 1.2, 1.17, 

3B6. 4.2, 7.1, 7.26, 11.6, 12.7 
critical znn.ss (or .size), 1.3X-1.46 
ti:imngc, 8w Dnmnge 
dlic4enry, 1.18 
energy reletiRe and dlstrihution, 

1.19-1.23, 7.4, 8.4 
explosion, 1.2, 1.9 
nnd fnilout. 8m Fallout 
fission, 1.11, 1.12, 1.33-1.53 
fnsion, 1.13-1.18, 1.53-1.57 

thermonwlenr, 1.13-1.16, 1.53-1.57 
TNT equivalent, 1.17 
nnd weather, 2.1, 2.27, 2.94-2.101 

expl&on, 1.1-1.3 
energy relense, 1.9-1.16 
energy yield, 1.17, 1.1X 

distribution, I.19123 
types. 1.24-1.32, ICF alno Air, .Sur- 

fnce, I’nclergronnd rlntl Under- 
water humts 

fission. 1.11, l.3%l.Ti7, x,!r also Fission 
fusion, 1.1.3-1 .lS, 1 .5.3-1.57 
rndintion. .PCP nlro Alldin purtic~ies: 

R&a l)nrtirles ; Ganmm rndia- 
tion : Neutrons : Radiation 

clet,ection. *CC Measurement 

induced. SPV Indnc*ed rndionet.irit~ 
initial, 1.21). 1.27, 1.2X, 2.37-2.41, 

2.63-2.65. 2.73, 2.74. 8.1-X.117 
residnnl, 1.20, 2.65, 2.73, 2.74, X.2, 

9.1-!).13K. 10.1-10.24 
wrslwn, NT NucGnr bomh 

Nwl~us. 1 .i’ 
exrited> 8.10 

Ovaries. rndiation effects, 11.143 
radiosensitivity, 11.138 

Orerprensnre, 2% 3.1, .YCC’ ~/NO lllrisl 
wave ; Mach effect 

and nlti~ntle. 33X 
decay of. 3.4, R.tL?.!I, 3.X2 
rind distnnre, 3.94 
duration, 3.14GL16. 3.88, 3.93 
“free air ” 7.94 
impnlse. &4, 3.97 
nieteorologl~ril effects. 3.34-3.37 
ncgntire phase. 3.4. 3.5 
norinnlised, 3.X2 
peak, 3.2 

nnci dnniage, 3.52, 4.135, 6.6. 6.12 
0.18 

positive phnse, 3.4, R.XX 

IIII~ Rnnkine-Hngoniot eqmtion, 3.X( 

srnling, 3.04, 3.86, 3.94 

( )\erl,r~srlrcs-_(:ontinll~i 
tern1 in effect. 3.30 
tend time, 3&3.!), 3.X2 

Oxides of nitrogen. formntion, 2.!) 
Oxygen and nerit.rons, X.6!), 9.20 
Ozonosphere. 3.37 

Pair-produrtion hy gnmnm rndin Hon. 
X.X6, 8.88 

I’nper, as dre hnznrd, 7.80 
ignition of, 7.66 

I’nrCcle relority, *CC Wind vefoc*ity 
I’eritoneum rndiosensitlvity, 11.136 

Personnel injuiies. *ce. Burns : Eyes ; 
Genetic effects ; Injuries; l’rntertlon ; 
Ilndintion sickness 

I’etecMne, 11.08. 11.72 
Photoelectric effect of gnmmn radiation, 

8.85-8.88, 8.91 
Photons, 2.78 

gamma-my, 8.83, 8.35-8.8X 
Planck’s qnnntum of n&ion, 7.103 

rndidtlon theory, 7.103-7.108 
l’lnstic deformation, 3.74.6.97 

ZOIIP, 5.4, 5.6, 5.20, 6.28, 6.34 
Platelets and rndintlon, 11.79, 11.X2 
Iplntoninm, 1.12 

nlphn particles from. 1.51, X.1, 9.27- 
9.29 

biological ht-tlf-lit@, 11.113 
in bone, 11.113 
fission of, 1.12, 1.33 
hnlf-life, 11.113 - 

hamn rd. 0.27-!).29, 11 .I 09. 11.113, 

11.114 
HR neutron detec%or, 8.108 
88 sOnree of residual radiation, 9.1 
world-wide c*ontamlnntion hy, ILftl) 

I’nrke’t chamber, 8.18, rce a&o Dosimeter 

I’nles, See Utilities 
I’ntntwium in the body, 9.41, 9.42 
I’re~snre, 8ce nZ80 Overpresfnire 

drag, 3.10, 6.49, 663, 8bF alao Dr5g 

loading 
dynamic, 3.10-3.13 

I 
and distance, 3.95 
nnd drng forces, 8ee I)rqg 
durntion, Z3.10, 3.16, 3.54. 3.6% 3.99 

~ impnlsa, 3.97 

londlng. see Drag 

normalized, 3.82 
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Red blood ceils. 11.89. see alro Rlood Scaling-Continued 
radiation effects, 11.80, 11.134, 11.140, thermal radiation, 7.47, 7.48,7.67, 7.68, 

11.143 7.112, 7.117-7.119 
Reflection. 8~ Mast; Shock underwater burst, 5.4B-554 
Reinforced-concrete structures, see Con- Scattering of gamma radiation, 8.48, 

rrete ; Damage to atrnrtures 8.49, 8.83, 8.99 
Relative hioiogieal effectiveness, 8~ of neutrons, 8.68, 8.78 

RRE) of thermal radiations, 7.8, 7.10. 7.14, 
Relaxation length, 8.194 7.122 

of gamma rays, 8.104, 8.105, 8.116 multiple, 7.15, 7.16 
of neutrons, 8.113-8.116 Scintillation counter, bee Measurement 

Rem (Roentgen equivalent mammal, or Sea water, air burst over, 8ee “Able” 
man), 8.33 test 

and RBm, 8.33 radioactivity induced in, 9.24 

relationship to rad, 8.33 Shelter, see also Protection ; Shielding; 

Rep (Roentgen equivaienfi physical), Structures 
8.20830 bathroom, 4.34.4.35 

Reproductive organs, 8ee also Genetic basement, 4.13-4.15, 12.51 

effects from blast effects. 8ce Protection 

radiation edtects, 11.142-11.144 earth-covered, 6.12 
Residences, .vee Damage to houses: emergency, 12.59-12.62 

Structures from fallout, 9.37 

Residual nuclear radiation, see Nuclear group, 12.53-12.58 
radiation home, 4.13-4.15, 4.34.4.36, 12.61, 12.62 

Response of targets, 8ee Blast personnel, 12.45-12.62 

Retardation in development of children, from thermal effects, 8e4? Protection 

11.~11.90 trenches, 12.38-12;49 

Retinal burns, uec Rye injuries underground, 12.~12.58 

Roentgen, 8.28-8.30, 8W ako Rad, RBFJ, Shielding, see also Absorption ; Atten- 
Rem, Rep uatfon ; Protection 

and energy absorption, 8.29 from gamma radiations, 8.41-8.49, 
as exposure dose, 8288.33 8.89-8.101, 9.33-9.37 

Roofs, bee Damage : Structures half-value layer, 8.42-8.46, 8.98, 9.35 
Rnpture zone, 5.5, 5.6. 5.45, 6.28, 6.29 from neutrons, 8.73-8.78, 8.116, 8.117 

from residual radiation, 9.s9.37 

Saratoga, U.S.S., damage hy waves, 5.41, tenth-value layer, 8.42, 8.97 
6.42 from thermal radlation. 7.21. 7.22 

Scaling, frail of fire, 2.86-2.88 Ships, damage by alrburst. 4.101-4.104 

blast, 3.64, 3.66, 3.85-3.88, 3.93-397. fn underwater burst, 5.2B-ii.36,6.35, 
12.13 6.36 

in underwater burst, 5.5.. by air Mast, 5.36, 6.20, 6.21 

crater, 5.8, 5.46, 5.47 hy water waves, 5.41, 5.42 

damage, to structures, 3.64366, 6.41, Shock, 1.1. ree aIs0 Blast 

12.13 front, 2.28, 2.90, 3.2, 3.8 

fallout, 9.74-9.77 and ball of flre, 2.77, 2.81 

gamma radiation, 8.358.37.8.81,8.106 breakaway, 2.84, 2.85, 2.92 
height of burst, 3.87 movement, 2.83 
neutrons, 8.7W3.72, 8.114 time of arrival, 3.7, 3.14-3.16, 3.88, 
radiation dose, 12.13 3.96 
shock (water), 6.49 velocity, 2.28, 2.77, 3.14, 3.8% 5.24 

Pressure-Contlnned 
clynarllic~~*ont.in~ie(l 

peak, 3.11 
and Rankine-Hugoniot eqnstionn. 

3.80 
sc*aiing, 386. 3.B5 
and time, 3.12, 3.88 
and shape of structure, 6.59-6.61 
and wimd, 3.11 

incident, 2.29 
reffected, 2.29, 8ee aLv0 Rlast wave, 

Mach 
st@nation, 6.49, 6.69, 6.65 6.70 

Proflie burns, see Burns 
Protection. 12.1-12.110, see al80 Evasive 

action ; Shelters ; Shielding 
in basement, 4.13-4.15. 12.51 
from blast, 4.15, 12.1, 12.14-12.46 
in constrnction, 12.fL12.11,12.14-12.40 
from fallout, 9.37, 12.63-12.110 
from Cire, 12.41-12.44 
measures, 12.8-12.13 
from nuclear radiatlon, 8.41-8.49, 

9.33-9.36. 12.1, 12.54, 12.63-12.110, 
8ee also Shielding 

in residences, 12.51. 12.52, 12.59, 12.66 
by shelters, 8ee Shelters 
from thermal radiation, 7.21. 7.22, 

7.54-7.68. 7.72, 12.1, 12.51 
by trenches, see Shelter 
underground, 12.12, 12.53-12.58 

Proton, 1.7 
Pnine, tberinai, WC Thermal radiation 
Purpura from nuriear radiation, 11.72 

Quantum, of ac*tion, 7.103 
I 

Rad, 8.30, ucc olnn Roentgen; Rem 
Rep; and RRE, 8.33 . 

and rem, 8.33 
Rndiant heat, WV Thermal radiation 
Radiation, xw alno Nucimr radiation : 

Thermal rndiatlon 
ricate, WP rhse 

bnc*kground, 9.41-9.43, 9.46 
chronic, aec Dose 
tiecny, 1.22. 1.23, 1.48. 1.50, 8~ ccl80 

Fission products, decay : Half-life, 
radioactive 

dose (or dosage), 8ee Dose 
front, thermal, 2.81 

Rndiation-Continued 
gl?Iletic~ effwts. 11.143-11.133 
injnry. WV Rndintion slckrws# 

internni, lB.l-10.24. 11.102-11.122. .rcr 
trl~o Internni mdintion hazard 

lnte effects, 11.83ll.B6 
medinn lethal dose, 8.26, 9.40, 11.60, 

11.61 
sickness, 11.43-11.151 

blood changes, WC Rlnod 
rlinirai symptoms, 11.57-11.72 
latent period in. 11.6% 11.65, 11.70, 

11.72 
pathology of, 11.134-11.151 
treatment nnd recovery, 11.76 
syndrome, 11.57-11.72 

Radiative capture reactions, 8.9 
Radioactive contamination, 8ee Con- 

tamination ; Decontamination : FIR- 
afon products ; Induced radioactivity 

Radioartivity, 8tr 11280 Alpha particles; 
Beta particles : Oamma radiation 

tiecny, 8~ Half-life, r?idioWtiVe 

in human body, 9.41 
induced in sen water, 9.24 

in soil. 9.23, 9.53 
Radioisotopes, 8~ Isotopes, rrdiorctive 

Radloiogiral defense, ser Protection 

survey, 32.761280 
warfare, BM-B.97 

Railroad equipment, RCC Damage to rail, 

road -equipment 
Rain and “Ahie” shot, 2.98, 9.56 

due to hase surge, 2.59 
and fallout, are Fallout 
due to Are storm, 2.97, 7.101 

radioartive, 2.27 

Rainout, 2.60, 2.65 
Ranklne-Hugoniot equations. 3.78-381 
Rarefaction wave, *co Overpressure. 

negative phase 
RRE (or Relntive i~ioiogirri effertive- 

nens), 8.31-8..27. 11.48 

of alpha particles, 11.49 

of beta particles, 11.49 
of gamma radiation, 8.31 

of neutrons, 8.69, 11.49 

and rem, 8.33 

and rad, 8.3. 

- 
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Shock--Cnntinwd 
ground. in ntr burst, 3.13, 3.41 

destructive c+ferts, 5.13, 6.2tL6.34 
development, Fi.l(k~.KJ 
earthquake effect. 5.11 
and grnund roll, 5.12 
in surface burst, 5.11-5.13 
in underground burst, 2.69,5.16,5.17 

water, 2.51, 2.53, 5.2+5.28 
dentrurtive efferts, 5.29-5.35, B.V- 

6.40 
duration, 5.27. 5.51 
energy, 5.49 
impulse, 5.49 
pressure, 5.27, 5.27, 5.28, .5.4R-5.52 

time variation, 5.27, 5.50 
reflection, 6.25-5.28 
velocity, 5.24 

Silicon, induced rctivity, 9.23 
Skin, hums. .WY Rums: Reta partirlr. 

burns 
radiation effects on. 11.53.11.52 
radiosensitivity, 11.57. 11.136 

Slick, in underwater bursts, 2.51 
Smoke, effect on thermal radiation, 

7.10, 7.16, 7.1%‘7.20 
stacks, nrr! Damage ; Structures 

Sodium, induced activity, 9.21, 9.24, 
9.103 

Soil, 88~ nZ8o Earth 
arching effect, 6.11 
effec*t. on fr1 Ilollt, 9.10.5 
radioactivity indured, WC Inductied 

radioartivit.y 
Spleen and internal radiation, 11.114 

ratlintion effect on, 11.137 

radiosensitivity. 11.56 

Spray dome. in imderwater bnrst. 2.52, 

2.54 

Stf*rl. .~PP o?8o irrm 

ahsorption (If nu~~iear radiation, RCC 

Ahsorllt ion 

fmme I1111 idin~s. .9cr J)amnpe : Struc- 

tnres 

in Jnpn II. xw .Japnnese enprrien~e 

reinforcing, 8cr Concwte 
towers, nCc I)ainage; Structures. 

Stefaii-J?oitninanri Jaw, 7.167 

Stokes Inn for fallout J)articles, 9.125 

Stratosphcrir fallnut, 10.8, 10.9 

INDEX 

Stnmtinrn. 10.13--10.2-l. 11.117-11.122 
tirt)ctsition in hone. 11.105, 11.109 
internal hazard. 11.112, 11.114 
tong-tcxrnl h:~zarti. 10.13-10.24, 11.121. 

11.122 
and Ilfarsiiailese. 11.117-11.119 
in nnrldwide fallout, 10.10, 10.1% 

10.24 
Structnres. 8~ nlno I>ainag(a : Japanese 

experience ; I’rotertion 
hnsement, 4.15, 4.16, 4.20, 4.27, 12.51 
blast-resistant, 12.14-12.30 
brick, IICY? Strurt ures, masonry 
bridges, 3.60, 4.!W. 6.5, 6.41 
buried. n,‘c Struc~tures. uncierground 
c*hinmeys. ICC Strurt.11res. smnke- 

stacks 
columns, 4.55, 4.5X. 4.R!!, 4.88 
mm1nerc~inl, 4.81-4.X!). 6.5, 6.41 
c*onc*rete, 4.37-4.40 

reinforced. 3.68, 3.77, 4.3, 4.60, 4.81- 
4.x8. 6.5, 6.41. 12.20. 12.27, 12.28. 
12.32-1234. la..55 

c*onatr11ction design, .Wr I’rotertion. in 
conxtruc~tinn 
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Sttllrtur’e~C~,1ltlrl~r~ Testes, radiation effects on, 11.142 
reinforced c~oncrf~te, 8cr Strurtures, rndtosennitivity, 11.136 

crmcarete Texas City disaster, nil tnnkw. 4.74 
residencies, WC Structures, houses Thermal radiation, 1.26, 2342.36, 7.1- 
response to binst, 3.45, 3.67<<.77, G.R% 7.121 

6.198 ahsorption, 8(‘r Absorgtion 
roofs. 4.14, 4.23, 4.26, 4.82, 4.36, 4.43. atmospherir effe& 7.11-7.29, 7.27 

4.55, 4.85. 4.87 attenuation, 7.3, 7.6-7.20. 8~ also At- 
sherr wrlls, 12.21, 12.23-12.25, 12.32 tenuation : Srattering 
smokestacks, 3.60, 4.3. 4.24, 4.28, 4.30, blistering of tile, 7.77 

4.66 and hums, ICR Rums 

steel, nrch, 6.12. 6.13 and distance, 7.6, 7.7, 7.17, 7.27, 7.67, 
frann?, 4.5&4.57, 4.624.65. 4.87, 7.68, 7.116-7.119 

4&H, 6.5, 6.41 12.29, 12.30 and energy of explosion, 7.4. 7.112 
self-frani1nn, 4.6G4.73 energy, 7.1, 7.4, 7.113-7.121 
towers. 4.1O!J reqnired for damage nr ignition, 

snhwnps, 6.29, 632 7.61, 7.65 

telephone ]wles. WC Iltilities for skin burns, 7.4.5, 7.1‘20, 7.121 
tulmrls, 6.29, 6.32. 6.33 and tirebali, 8s~ Ball of fire 

undergrountl, .5.13, 5.1%.G2. 6.7-6.14. and fires. WC Fire 
6.26-6.14 front, 2.X1 

imderwntf*r 6.?7-6.M . * inrendinry effects, RW Fire 
ntllitirq . . XC*C’ Utilities infrared, 2.34, 2.35, 7.2, 7.3. 7.11, 7.27 
wood-frnme. 4%4.‘29. J.:L-4.W. 6.5. intensity, 7.31. 7.1Oi-7.169 

6.41 photons. 2.78, 2.79 

Suhsurfac*e bnrst, 1.‘29, 1.30, .Pw nlno i’ianc*k’x Inw. 7.103-7.106 
~intler~round : I’nderwater power, 7.10!1-7.112, 7.114 

Subwnys, 6.2!), 6.32 protection, 7.2l. 7.22, i.54-7.58. 5.72. 
Suc*tion wnvr, nc*c Overprrssnre, mgfi- 12.1, 12.51 

tire phnse pul.ses, 2.X4, 2.35, 7.28, 7.194 

Sulfrir in neutron detection, H.108 rate of e1nissio11, 7.31, 7.113 
Surfn~e, burst, 1.31. 2.16-2.47. 5.2-5.13, scaling, xf’(’ Rraling 

.?.lN, 7.23, 7.24, !).55-9.99, 11.11 scattering. ICC Srattering 

effects. ww I!last ; Fnliout : Nurlenr shielding. 7.21, 7.22, 8~ nlro Thermni 

radiation radintion, 11rotertinn 

cWoff in urrdrrwa ter burst, 5.26-G.28 skin hrm, we Burns 

wmtnd hwst. W!t. :1.!)4 source, 7.1, 7.21, MW also Bali of fire 
effeVts 011 blast, :wM.:1R Stefnn-Roltrmnnn Inw, 7.107 

zero. 5.1!). .Vc(’ ctlro Ground scro in surfare burst, 7.23, 7.24 

Surrey meters, I(‘,’ Xleu~i1re1nent trnnsport. 2.7%2.X0, 7.2, 7.14-7.17 
ratlioi~~gi~r~i, x~‘o I~atlioiogic~ai nurvey nltraviolet. 2.34. 2.35, 7.2, 7.3, 7.8. 7.9. 

7.11. 7.27, 7.28, 7.194 
Tanks. oil storage. 4.74. ti..;. 6.41 visihie. 7.!1, 7.11, 7.27 
‘I’plfyhoiw. Ides, wf (!tiiities in 11nderground burst, 2.73, 2.74, 7.25 

fyilitmf~lit, *w Utilities in underwater burst. 2.6%2.fL?, 7% 
Temperature, hall of fire, 2.4-2.7. 2.34, ‘I’i1er11lo1111c~lmr reacttons. 1.1.5. 1.54, 

2.76. 2.77. 2.X1. 2.R!L2.92. 7.1, 7.107- WC crlro Fusion 
7.109. 7.11) Thyroid and ictdine. 11.194, 31.111 

on ground in nir burst, 7.32, 7.76, 7.77 Tilt hltstering by thermal radtatton. 

Tenth-mhw layer, N.42, X.97 7.77 

Terrain effects on hlast, 3.36-3.33 Trailerconeh ~nohile homes. 4.45-4.49 

rut and eovcr, 6.8 
dnniage to. 8ee I jamage 
drcwntarnination of, der Demnt.amina- 

tion 

tlesigu of. 12.14-12.19 
diffrnttinn type, 3.58, 3.59. 6.5, 6.41 
distortinn, 4.2 
drag type, 3.57, 3.6WJ.63, 6.5, 6.41 
duc~tilit.v, 3.73-3.77, 6.92 
enrth-mrered, 6.7-6.14 

earthqunke resistant, 4.37-4.44. 4.82- 
4.86 

gns holders, RCC IJtilWew 
ItIles, WC trti1itips 

IlollsPs, 4.6. 4.8-4.43 6.5. 6.41 
industrial, 4.54-4.57, 6.5. 6.41 
with load-herring walls, 4.29, 4.89, 

6.5, 6.41 
Ionding on, SW IHffrnction ; I Wag 
tnnsnnry,.4.2, 4.2%4.7x. 4.41-4.44, 6.!i, 

6.41 

mass in, 3.68, 6.93, 6.95, 12.15 
materials for. 12.20, 12.21 
mriltlstory, 4.82~88, 6.5, 6.41 
nil storage tanks, 4.74, 6.5, 6.41 

J)lastic deformntinn of. 3.74, 6.97 

I 
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Transformers, 4.107-4.112 
Transient wind, ace Wfnd 
Transmission lines, 4.107-4.168, 4.111 
“Trinity” test, 2.32 
Triple point, 3.21, 3.22, ROF nlao Marh 

effect 
Tritinm, 1.53. 1.55-1.57 
Tropospheric fallout. 10.610.7 
Trucks. uee Damage to vehiciecl 
Tumors, bone, eee Ronc 
Tunnels, 6.26, 6.32, 6.33 
Typical air burst, 2.47 

Ultraviolet radiation, 2.34, 2.35, 7.2, 7.3, 
7.8, 7.3, 7.11, 7.27, 7.28, 7.164 

Underground burst, 1.20, 1.36, 2.67-2.75, 
5.1~5.17, 5.10-5.22, 5.47, 6.26-6.34 

air blast, 2.70. 5.14, 5.1R 
bail of fire, 2.67, 5.14 
base surge, 2.68, 2.71. 2.72 
rhronoiogicai development, 2.75 
crater formation, 2.67, 2.68, 5.47. .vee 

al80 Crater 
damage, 8ee Damage ; Structures 
depth of burst. 5.15 
earthquake effect, 5.11 
fallout. doe Fallout 
nuclear radiation, 2.73, 2.74, 0.3, 8oe 

also Nuclear radiation 
radioactive contamination, 6ee Con- 

tamination 
uhock, RR? Shock 
soil characteristics, 2.71 
and structures, 8ee Damage; Strnc- 

tnree 
thermal radiation, 2.73, 2.74, 7.25 

Underwater burst, 1.20, 1.30, 2.40-2.66, 
5236.43, 5.48-5.55, 6.35-6.46, 8ee 
al80 “Baker” test 

air blast, 2.63, 5.36, 5.6.. 
bail of lfre, 2.50 
base surge, 2.67-2.62, see also Base 

surge 
chronological development, 2.66 
column of spray, 262 
damage, see Damage 
depth of burst, 2.62 
nuclear radiation from, 2.63-2.88.0.3, 

see ddo Nuclear radiation 
radioactive contamination, 8ee Con- 

tamination 

INDEX 

Underwater bnrst--Continued 
ShoCk, 8W Shock 
slick, 2.61 
spray dome, 2.62, 2.54 
thermal radiation, 2.63-2.65 
waves. 2.66, 5.37-5.42, 5.64 

Uranium, 1.12 
alpha particles source, 1.61, 8.1, 9.26, 

0.27 
flsSioU. 1.12, 8ee also Fissfon 
haaard, 9.28, 11.163 
neutron detector, 8.168 
radioactive contamination due to, 

1.61, 8.1, 9.26 
Utilities, communications equipment, 

4.136-4.134, 6.22. 6.23 
electrical appliances, 4.121 

dirrtribution clystem8, 4.105-4.112, 
6.22 

gas appliances, 4.118, 4.121 
distribution syatams, 4.116-4.120 
holders, 4.3, 4.116 
Ilnes, 4.4, 4.115. 6.31 

.pipea. 4.113, 4.117-4.126, 4.122, 4.128, 
6.21, 6.31 

power supply, 4.166-4.112, 4.134 
telephone poles, 4.3, 4.105, 4.107, 4.111 
towers, steel, 4.167-4.160, 4.136-4.134, 

6.23 
underground, 4.113, 4.115-4.119. 6.21, 

6.31 
water and sewerage syateme, 4.113- 

4.114, 6.31 

Vehicles, 8ee Damage 
Vlaibilitg, .effect on thermal radiation, 

7.12, 7.13, 7.16, 7.17 
range, 7.12 

Wail-bearing structures, see Damage ; 
Structures 

Water, abaorptfon of gamma radfatfon, 

eee Absorption 

attenuation of gamma radlatlon, 8ee 

Attenuation 
contamination of, 12.00-12.164 

dose rate nbove, 9.124 

sea, induced actlvlty in, 0.24 
shielding by, see Absorption; Atten- 

nation ; Shleiding 

. 
INDEX 

Water--Continued 
waves. 2.%, 5.37-5.42 

damage by, 5.4i, ,542 
description, 5.37, 5.38 
height, 5.39, 5.46, 5.54 

Weather, see also Meteorological 

and nuclear explosions, 2.93-2.60 
and fallout, 8ee Fallout, factors af- 

fecting 
White blood reii~, 11.74-11.78, 11.81, 

11.151 

and leukemia, 11.86 
Wilson cloud, 8ee Cloud, condensation 

Wind, blast, transient, 3.7,3.3,3.10,3.19 
velocity, 3.11, 3.86 

effective, 9.66, 9.76 
and fallout. 2.24, 3.66, 9.61. 9.68, 0.76, 

9.78. 9.133-0.138 
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Wind-Continued 
and Are storm. 7.102 

Wood, ahsorption of gamma radiation, 
8ee Abxorption 

attenuation of gamma radlation, see 

Attenuation 
charring and ignition, 7.33, 7.34, 7.62, 

7.63, 7.65, 7.73, 7.74, 7.82, 7.83, 
7.03-7.06 

induced activity in, 0.26 
structures, 84~7 Damage : StrUChWe~ 

World-wide fallout. 2.25. 10.1-10.24 

X-rays. 8.22, 3.43, 11.44, 11.48, 11.51, 
11.84 

Yttrium, internal hazard, ll.ll.2 

Zinc, fndnced activity, 9.26 

_ 
0 


