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preperWoQ of operatiooa1 aDd empJoymc:at maouals by the MfIitasy Serric:a. 
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1971 in order to aIIiIl the ADDed Forces III meetiftI their particu1u req!.1imDems (or operatiollill aocl Wlet 
amJyIis PurpoRS. 

Director 
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PART II 

DAMAGE CR'ITERIA. 

Chapt'er 9 

INTRODUCTION TO DAMAGE CRITERIA. 

_ Part I of this manual describes the basic 
phenomena associated with a nuclear explosion 
for various burst conditions. These phenomena 
include: blast and shock. thermal radiation. 
X-ray radiation. nuclear radiation. transient radi
ation effects on electronics (TREE). electromag
netic pulse (E~lP) phenomena, and phenomena 
<,ffecting electromagnetic wave propagation. Part 
11 treats the mechanisms of casualty production 
and damage to military targets, and describes the 
response of these targets by correlating the basic 
physical phenomena with various defined 
degrees of damage. 

SECTION I 

• CONTENT AND LIMITATIONS 
OF PART II III 

9-' Introduction to Chapter 9 II 
tI The information in Part I is divided ac

cording to the phenomenology, with one chap
ter being devoted to each of the seven phenom
ena listed above. This chapter provid,es a,general 
discussion of the physical damage mechanisms 
associated with each of the first six phenomena 
listed above (the last phenomenon does not pro
duce physical damage: the degradation of signals 
from radio and radar systems is discussed in 
Chapter 17). Separate sections describe the dam
age mechanisms associated with each of the six 
phenomena_ In addition, Section IV of this 
chapter discusses the degradation of equipment 

by thermal radiation that might affect its re
sponse to the blast wave. 

9-2 Organization of Part II • 

II Part II of this manual is divided into 
chapters according to types of targets that ex
hibit similar response characteristics. Further 
subdivisions within the chapters separate the 
types of targets into subtypes, and for each sub
type there are frequently further subdivisions 
according to the phenomena that cause the 

The data presented here are interpreta-
diana e. 

ti s of complex results of the nuclear weapons 
effects research and test programs of th~ Depart
ment of Defense,. A constant effort if made to 
deduce theoretical models and scali~g laws for 
the various weapons effects that permit a quanti
tative prediction of the extent of a given effect 
from a weapon of one yield related to weapons 
of other yields. Since the initiation of the 
limited nuclear test ban treaty, a large amount 
of effort has been devoted Jo the development 
of complex computer codes to predict the en
vironments created by the various phenomena 
resulting from nuclear explosions and the inter
actions of these environments with personnel 
and military systems. A large number of scaling 
laws presented in Part I that are useful in pre
dicting the environment .from a given explosion 
were derived from the calculations performed 
with these codes. Many additional scaling laws, 
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• derived from field and laboratory experiments, 
and theoretical studies, as well as the codes, are 
presented in the chapters of Part II to aid in the 
predictions of the response of personnel and 
systems to the environment. Graphical presenta
tion is used in preference to tabular or purely 
computational presentations wherever possible. 
The damage curves are drawn for a probability 
of 50 percent of producing the indicated dam
age. Curves of 90 and 10 percent probability are 
included when the quantity and quality of the 
data permit. In addition, Appendix C provides 
the methodology for estimating any probability 
of damage, provided that the median values of 
the response of a given system are known. Esti
mates of such median values for the equipment 
discussed in Sections I through III of Chapter 11 
are provided in Appendix C. Effort has been 
madt: iO provide a comprehensive set of data in a 
readi(. usable form; however, certain cdtegories 
of damage are not amenable to generalization. 
Some limitations in the content of Part II are 
discussed in paragraph 9-3. II An estimate of the degree of reliability 
accompanies most of the data presented herein. 
Statements of the reliability of damage data 
only pertain to the basic response data, which, 
for the target analyst represent the "radius of 
effect." They should not be confused with the 
terms variability and probability of damage, 
which pertain to target response; nor do these 
est i mates include operational considerations 
such as linear, circular, or spherical aiming and 
fuzing errors, yield variations, and target intellk 
gence. 

9-3 Limitations in Part II • 

• As mentioned in paragraph 9·2, the re
mammg chapters of Part II each contain descrip
tions of damage to a category of targets that 
exhibit similar response characteristics. Unfor
tunately, the response to certain of the phenom
ena depends so strongly on a specific system 
design that it is impossible to present response 
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data for a "category" of targets (e.g., communi
cations equipment, aircraft, missiles). These phe
nomena' include X-ray radiation and EMP. 
Therefore, general discussions of the types of 
systems that are likely to be affected by these 
phenomena and the general nature of the 
responses are given in Sections V and VIII of 
this chapter. No response criteria are provided in 
subsequent chapters; however, the potential 
importance of these phenomena are mentioned 
where appropriate. TREE response is also very 
dependent on specific system design. The re
sponse of electronic components and circuits is 
described in Section VII of this chapter. Section 
IV of Chapter 14 contains a brief review of com
ponent and circuit response supplemented with 
discussions of general electrical responses of 
classes of systems. This latter discussion is 
intended to include a cross section of systems 
that should provide some basis for estimating 
the radiation damage threshold of other similar 
equipment. 

SECTION II 

II BLAST AND SHOCK 
DAMAGE II 

• When a blast or shock wave strikes a tar
get, the target may be damaged (distorted suffi
ciently to impair usefulness) by the blast or 

. shock wave itself, by being translated by the 
blast wave and striking another object or the 
ground, or by being struck by another object 
translated by the blast wave. For example, the 
air blast wave can shatter windows, dish in walls, 
collapse roofs, deflect structural frames of build
ings, and bend or rupture aircraft panels and 

) 

) 

frames. Vehicles, tanks, artillery pieces, and per- ~-,s-:l~o-n""'·-F-or--

sonnet Can strike other objects on the groundClRA&I-
while being hurled through the air or tumbled TAB 
along the ground by the blast wave. Ship hulls 'ounoed 
may be split or crushed by the water shock ~atlon:-! 
wave. Buried structures or structural founda-@4.c:. lIfiII!!k 
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• 1iom can be displJced. collapsed, or ruptured by 
tl1l' ground shock W3VC. Usually. the degree of 
damage sustained b) a particular target cannot 
be correlated specifically to a single blast or 
shock parameter. The total damage received by 
the target may depend on a combination of air 
blast and ground or water shock parameters. The 
orientation of the target witl1 respect to the 
blast wave, and the type of surface (the topog
raphy or the type of soil) associated with the 
target also determine damage. 

II LOADING. 

II The blast loading on an object is a func
Tion not only of the biJst characteristics of the 
incident wave (rise time, peak overpressure. peak 
dynamic pres"urc. decay. and duration). but also 
of the size, shape, orientation, and response of 
th(;' object. The inDuence of the target character
istic> on the loading is discussed bela\\" , with 
emphasis on air blast loading. 

9·4 Air Blast Loading in the Mach 
Reflection Region II 

II The loading on an obj(;'ct exposed to air 
blast is a combination of the forces exerted by 
the owrpressure and the dynamic pressure of 
the inl.'ident blast wa\'e. The loading at any point 
on a surface of an object can be described as the 
sum of the dynamic pressure, multiplied by a 
local drag coefficient. and the overpressure after 
any initial reflectIons have cleared the structure. 
Since the loading changes rapidly while the blast 
wave is renecting from the front surfaces and 
diffracting around the object. loading generally 
comprises two distinct phases: the initial diffrac
tion phase; and the phase following diffraction 
when the object is completely engulfed by the 
blast wave. This latter phase approaches a steady 
state and usually is referred to as the drag phase. 
because during this phase the drag forces (i.e., 
the forces resulting from the dynamic pressures) 
are the predominant factors in the production of 

a net translational force on the object. The fol
lowing discussion of the loading process is based 
on an ideal blast wave as described in Section 1 
(Figure ~-l), Chapter 2. Where nonideal blast 
waves. with slow rise time, irregular shapes, and 
high dynamic pressures (paragraphs 2-21 
through 2-31. Chapter 2) introduce complica
tions into the loading process, further explanJ' 
tion is provided. The loading on an object can be 
described conveniently in three parts: diffT<:lc
tion loading. drag loading:. and net loading. 
These are discussed separately below. 
• D((fractioll Loading. The side of an 

object facing the shock front of an air blast waye 
bears overpressures several times that of the in ri
dent overpressure because it both receives and 
reflects the shock. In the Mach renection region 
the overpressure incident on the object is actual
ly that of the original free air blast wave which 
has been reflected from the ground surface to a 
higher value. The reflection off the object there
fore constitutes a second reflection process. In 
the regular reflection region. the inci den t over
pressure is that of the free air blast wave (see 
paragraph 9-6). The magnitude of the reflected 
overpressure depends on the angle between the 
shock front and the face of the object, the rise 
time of the incident blast wave. and the initial 
incident shock strength. The greatest reflected 
overpressures occur when the direction of propa
gation of the shock front is normal to the face 
of the object. when the rise to the peak over
pressure is essentially instantaneous. and when 
the incident shock strength is high. As the blast 
wave progresses it bends or diffracts around the 
object, eventually exerting overpressures on all 
sides. Before the object is entirely engulfed in 
the pressure region. however, overpressure .is 
exerted on the front side of the object, whereas 
only ambient air pressure exists on the back 
side. During the diffraction phase this pressure 
differential produces a translational force on the 
object in the direction of blast wave propaga-
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• tion. When the blast wave has completely sur-
rounded a small object, the translational force 
that results from diffraction loading is reduced 
essentially to zero, because the pressures on the 
front and on the back are almost equal. In the 
cases of long objects or short duration blast 
waves, the net force may actually reverse, be
cause the overpressure on the front face may 
decay to a value lower than that on the rear 
face. The importance of this translational load
ing in the production of damage to the target 
depends on the dUration of the loading or on the 
time required for the shock front to traverse the 
target and, therefore, on the size of the target. 
The effects of the translational load decrease as 
the duration of the load is decreased until, in 
some instances, translational load effects can be 
ignored. The overpressures continue on aU sides 
of the object until the positive phase of the blast 
waVt has passed. These pressures may be suffi
cient to crush an object (a 55-gallon drum may 
be damaged in this manner in addition to dam
age that might be incurred by translation). Thus, 
the diffraction phase translational loading de
pends primarily on the object size, pressure 
pulse duration, and on increases in differential 
overpressures resulting from reflection on the 
front face . 

• 
Drag Loading. During the time of dif

fr iOn and until the blast wave has passed. the 
wind behind the shock front causes dynamic 
pressures to be exerted on the object as drag 
loading. Except in the case where shock 
strengths are high, these pressures are much low
er than the reflected overpressures; however, 
they produce a translational force that the target 
component receives for the entire positive phase 
duration of the blast wave. For a given blast 
wave, the loading that results from dynamic 
pressure depends principally on the shape and 
orientation of the object, ranging from less than 
four-tenths of the dynamic pressures in the case 
of a cylinder (when nonnal to the cylindrical 
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axis), to over twice the dynamic pressures for an 
irrllar, sharp-edged object. 

Net Loading. Net loading is the com
bme load on the element that tends to translate 
it in the direction of propagation of the blast 
wave. Thus, it is the difference between the load 
on the front face and the load on the back face; 
the . loads on the sides are of no effect in produc
ing translation. 

9-5 Qualitative EX8m les of 
Net Loading . 

.. The net load on a target can be develop
e~t simply by considering the idealized case 
shown in Figure 9-1, in which a classical, sharp 
fronted blast wave moving along the surface of 
the ground encounters a simple, rigid, fixed 
cube. When the blast wave arrives at the front 
face of the target, this face experiences a sudden 
rise in overpressure to a value Pr that is greater 
than the peak overpressure t1p of the incident 
blast wave (also frequently called "side on" 
overpressure). As the shock wave moves over the 
cube, subjecting its top and side faces to side on 
overpressure, the pressure on the front face of 
the cube begins to drop as the result of rarefac
tion waves that are generated at the edges of the 
front face, and which move across that face. 
When the wave encounters the back face of the 
cube, that face experiences a gradual pressure 
increase. The air behind the front of the incident 
shock wave is in motion, and as the wave en
velopes the cube this air motion also affects the 
pressures experienced by the various faces of the 
cube . 

• 
After a time that is related to the cube 

dIme sions and to the velocity of the incident 
shock wave, the pressure on the front face be-
comes 

where 
Apr!)::; the overpressure in the incident 

shock wave as a function of time, t, 

) 

.-
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AIR SHOCK --+-- TARGET x 

Figure 9-1. II Initial Conditions for Loading 
of a Rigid, Fixed CUbe • 

• Cdf = the drag coefficient of the front 
face of the cube, 

q(t); the dynamic pressure in the incident 
shock wave as a function of time, !. 

After the shock wave has passed over the cube 
and has reached the back face, the pressure on 
that face begins to rise and, at a later time also 
related to the cube dimensions and the velocity 
of the incident shock wave, the pressure 
becomes 

where 
Cdb = the drag coefficient of the back face 

of the cube. 

Note that both expressions contain overpressure 
and dynamic pressure components. As far as the 
net horizontal (translational) loading on the 

cube is concerned (i.e" the pressures tending to 
move the cube to the right in Figure 9-1), the 
overpressure contributions must be subtracted 
from one another (pressure on the back face 
tends to move the cube to the left) while the 
dynamic pressure contributions must be added 
to each other. II It is convenient to consider the two con
tributions separately. Figure 9-2 illustrates the 
overpressure loadings only (dynamic pressure 
contributions are not included) experienced by 
the front and back faces of the cube both during 
the early (diffraction) phases - up to time t 1 on 
the front face and time t 3 on the back face of 
the cube - and after the times that the equa
tions given above apply. 

... The incident shock wave is of the clas
si~peaked) form with peak overpressure and 
overpressure duration of !J..p and t; respectively; 
t 1 is the time after which the total front face 
loading is represented by the equation for Pf 
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Q) INCIDENT PRESSURE 

b) LOADING ON FRONT 

t· p 

e) LOADING ON BACK 

d) NET LOADING 

• 

FigUre 9-2. II Target Loading by overpressure. 
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• abo\'~: r, is tll(, time for the shock wave to reach 
the bock -face, and r, is the time after which thl! 
towl back face lo~d ing is represented by the 

elJtion for Pb above. 
From Figure 9-2b. the total impulse on 

the ront face. Ir (i.e .. the area under the curve 
multiplied by the area of the cube face. A) is 
equal to the slim of the areas a, b, and C, 

If = (a + b + c)A 

The total impulse on the back face. 1 B' is (Fig
ure 9-2c I 

Th" Mt oyerpreSsUTe impulse is IF - lB' If the 
cube is not too brg.: compared to the duration 
of tIle bl ast W3W. the following approximations 
hold among the areas: 

c = c, 

Thus. the net overpressure impuls(' is 

J~ = (a + flA. 

If the initial drop of pressure on the front face 
and the build up of pressure on the rear face are 
assumed to be line aT. the net impulse is 

in which the term containing t 1 is area "a," and 
the term containing t 2 and 13 is area "/" of 
Figure 9-2. Kote in particular that the only 
times are t I' t 2' and t 3' i.e .. those times related 
to the initial envelopment of the cube by the 
blast wave. I~. does not, in this simple analysis, 

" + 
depend on overpressure duration tp' 

.. 
Substitution of commonly accepted 

va ues of t I' t 2' and t 3 for a curve leads to the 
following expression for the net impulse from 
oi'erpressure diffraction around the target: 

where 
X = one-half the width or the height. which

ever is smaller, 
U ;:;; velocity of the shock wave. 

These values of t I' t 2 and t 3 originally were 
derived from early shock tube experiments and 
full scale nuclear tests on structures at low pres
sure levels. Consequently. they are used for illus
trative purposes only in this simple analysis. 
More recent work· with two and three dimen
sional models in the shock tube has shown that 
the exact values for these times depend strongly 
on model shape and pressure level as well as 
sound velocity in the reOected pressure region 
on the face of the model rather than shock front 
velocity. 
• The impulse on the cube due to dynamic 

pressure Iq is 

where 
lq = drag impulse. 
q = dynamic pressure. 

Cd = drag coefficient of the entire object. a 
combination of Cdf and Cdb . 

II By expressing P r in terms of !J.p and 
shock strength ~, and U in terms of the sound 
velocity. c and the shock strength ~. the drag 
impulse equation may be solved in terms of t>.p, 
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• t Cd' and shock wave duration * t+ . The com· 
bined impulse is 

The first expression in brackets, which is inde
pendent of duration, is the overpressure con
tribution. The second expression is the contribu· 
tion of dynamic pressure. 

II If height of burst and ground distance 
a aled as the cube root of the yield W for 
weapons of different yields, Ap remains con
stant, but the shock wave duration t+ varies as 
the . 'Jbe root of the yield. Thus, the yield de
penotnce is 

where B, the overpressure contribution (IN for a 
I kt yield), and C, the dynamic pressure contri
bution (1 for a 1 kt yield), are both constants. 
Thus, th~ contribution to total impulse from 
overpressure remains constant, while that from 
dynamic pressure increases as the cube root of 
the yield. For very low fractional kiloton yields, 
the loading is highly impulsive with most of the 
load coming from the overpressure contribution. 
As the yield increases, at a constant scaled 
height of burst and ground distance, the total 
impulse also increases, with an increasing frac
tion resulting from dynamic pressure. 

• 
Figures 9-3a and b show representative 

n . adings for two classes of weapon yield and 
two classes of structures, one small and one 
large. A small element would be about the size 
of a telephone pole or a jeep; a large element 
would be the size of a house or larger. Since the 
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reflected overpressure is more than twice the 
incident pressure on the front face of the ele
ment, the loading displays an initial peak value. 
The reflected pressure decays or clears the front 
face at a time that depends on the size of the 
element. The rapid decay for the small element 
may make the reflected pressure spike of no sig
nificance, whereas the slow decay for the large 
element creates a load that may govern the re
sponse of the target entirely. For the representa
tive cases shown, the diffraction phase 
terminates at time tdirr> the time at which the 
reflected pressure has decayed to the incident 
pressure. At this time the drag phase begins. It 
continues until the end of the positive phase of 
the incident blast wave. The load during the drag 
phase is shown to be equal to the dynamic pres
sure, i.e., the drag coefficients of the elements 
are equal to 1.0. The characteristics of the target 
element detennine whether the response of the 
element is governed primarily by the diffraction 
phase or the drag phase. Figures 9-3a and b show 
that for medium and high· yield weapons and 
small elements, a much greater impulse (the area 
under the loading curve) occurs during the drag 
phase than during the diffraction phase. As the 
yield increases the drag phase impulse increases 
in importance. For large elements and large yield 
weapons, the diffraction phase and drag phase 
impulses are about equal. In this latter case the 
drag phase impulse may still be of no impor
tance, because the significant target response 
may occur during the diffraction phase. The dif
fraction phase impulses are not changed by the 
yield of the weapon (this is true for aH but very 
large structures exposed to low yield weapons), 
whereas the drag phase impulses are directly re
lated to the weapon yield (for the same peak 
dynamic pressures). 

~ solution it is assumed that the difference between t'p 
a~~'~~~'be neglected, and 1; = ,; .. t+. 

} 
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9-6 Regular and Mach Reflection. 

• Specific aspects of the blast wave propa
gation must be considered when computing the 
load on a target. The loading of a surface target 
in the regular reflection region (pargraph 2-18, 
Chapter 2) is complicated by the vertical compo
nent of the incident blast wave, which causes 
multiple reflections between the ground and the 
target and additional reflected pressures on hori
zontal surfaces. In the Mach reflection region 
(paragraph 2-] 8), the loading is simplified be
cause the blast wave propagation is horizontal. 
Near the surface of the ground, the vertical com
ponent of .the drag forces in the regular reflec
tion region is. cancelled by the reflected wave 
rapidly; therefore. the brief vertical drag loading 
is ignored. except when the target is near the 
ground zero of an air burst. For aircraft in flight, 
the 1< :ding may be a single horizontal shock 
from iJ. Mach .stem or two separate shocks; the 
first from the free air wave and the second from 
the ground reflected wave. In establishing the 
damage curves for surface targets, the loadings 
on targets in the regular reflection region during 
the diffraction phase are considered separately 
from the loadings on similar targets in the Mach 
reflection region. The surface conditions are as
sumed to be average unless otherwise indicated 
in the figures that provide the damage curves. 
Objects that are primarily susceptible to hori- -
zontal drag loading in the Mach reflection region 
may become primarily susceptible to crushing 
action if they are in the early regular reflection 
region. 

9-7 Target Motion. 

• When air blast loading is consid:red, the 
movement of the target component dunng load
ing is assumed to have negligible effect on the 
loading itself. Aircraft and missiles in flight are 
exceptions. Their speed, orientation, and move
ment during loading assume increased impor
tance (see Chapters 13 and 16). 
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9-S Nonideal Waveforms • 

• As discussed in paragraphs 2-31 and 
2-32, ideal waveforms are seldom found along 
the surface for overpressure levels above 6 psi. 
The description of the diffraction and drag 
phases given in preceding paragraphs is not true 
in regions of nonideal waveforms. If the over
pressure wave has a long rise time (30 to 40 
msec) to a peak value, full reflection of the wave 
from the surface of a structure will not occur. 
At the same time, the relationship between 
dynamic pressure and overpressure is different 
from that described for the idea1 blast wave. 
During the diffraction phase, the drag forces 
caused by high dynamic pressures may be. the 
predominant damage-producing criteria. Since 
many conventional surface structures sustain 
severe damage at low peak overpressure levels, 
and nonideal waveforms occur only in the higher 
overpressure regions, such waveforms were not 
considered in detennining damage criteria for 
such structures. Careful consideration must be 
given to nonideal waveforms when assessing the 
vulnerability of protective structures that were 
designed to withstand high overpressures. The 
dynamic pressures for such waveforms generally 
will be higher than would be expected if the 
blast wave were ideal. There are few data on 
blast loading in the high pressure regions. 

9-9 Underwater Shock Wave 
LOading. 

II The air blast wave operates in a com
pressible fluid, while the water shock wave oper
ates in a noncompressible fluid. This difference 
in medium accounts for the differences in detail 
betweeen air blast and water shock loading. The 
peak values in water are higher than they would 
be at the same distance from an explosion of the 
same yield in air. However, the duration of the 
shock wave in water is shorter than in air. When 
the shock wave strikes a rigid, submerged sur
face, such as the sea bottom, it is reflected. 
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• \\'ht'n th,: shock waw re81'hes the air-water sur-
f:J~\: (~l le~" rigid medium). howe\'er. a refraction 
(or negative pressure) wave occurs. The com
bination of the surface reflected shock wave and 
the dir~ct shock wave produces a sharp decrease 
or "cutoff' in the water shock overpressure. as 
shown in Figure 9·4. Incidence of a shock wave 
on a ship or structure produces damage through 
the direct mechanism of overpressure (or excess 
impulse) and by imparting a transitional velocity 
to the target structure, 

9·10 Ground Shock LOading. 

• The loading of buried structures by 
ground sho-::k is conneC'ted intimately to the re
spom<: of tile structurc-5, Fm certain under
ground structure:-. serious damage will only 
occur ii tht' ground shock is so intense that the 
dam:lg.: are:.! for those structures is confined 
closely to the crater !'lrea of a surface or under
ground explosion. For structures near the sur
face. air blast induced ground shock may cause 
significant damage. The damage to these struc
tures is mort closely related to air blast pressures 
than it is to crater dimensions. Loading pressures 
ar~ numerically eq lIal to the ground stress nor
mal to th:: structure. Such pressures do not pro
duce detectable reflected pr.essures. Internal 
equipment of a structure may be subjected to 
ground shock accekratiolls that will severely 
damag~ the equipment without damaging the 
structure. For a discussion of accelerations re
sulting from ground shock see Section III. Chap
ter ~. and Sections II and Ill. Chapter 11, 

• RESPONSE AND DAMAGE. 

.. Damage to a tar~et is dosel\' related to. 
a~ a direct derivative of. its response. For 
targets anchored to the ground. damage is usual
ly the result of displacement of one part of the 
target with respect to another part, resulting in 
permanent distortion, collapse. or toppling. For 
movable targets, however, the target may be 

mo\'ed by the loading with or without a result
ing damage. In the latter case. the damage to the 
target is governed primarily by the manner in 
which the moving target comes to rest. Whether 
drag phase loading or diffraction phase loading 
causes the greater damage will depend upon th~ 
weapon yield, target characteristics, and tl1.: 

. damage level considered. 

9-11 Surface Structures • 
• The predominant cause of failure to 

large targets. such as buildings that have small 
window areas compared to wall areas that either 
support the structure or are as strong as the 
structural frames. is the pressure differenti:l] 
beTween the front and rear faces that exists for a 
relatively long period of time. If the windo\\ 
area is large. the pressure on each wall is equal
ized quickly by the entry of the blast Wah' 

through the windows. The pressures exerted on 
the inside of the wall reduce the translational 
force on the wall. This translational force also is 
reduced because of a smaller wall area on which 
the pressures can act: however, the force exerted 
on interior partitions and rear walls tends to off
set the reduction in front face loading in the 
production of total damag.e. When the overpres
sures causing translational force on the struc
tural component are equalized quickly as a 
result of the geometry or construction of the 
building. the primary damaging forces are those 
that are significant in damaging structural COI11-

ponelus that have fairly small cross sections. 
such as columns and beams. Structures that are 
normally damaged by drag forces include smoke 
stacks. telephone poles, truss bridges, and steel 
or reinforced concrete frame buildings with light 
walls. These buildings are drag sensitive, because 
the Jight walls of corrugated steel. asbestos, or 
cinder block fail at low reflected pressures. and 
they do not transmit a significant load to the 
structure frame. Only the frame is exposed to 
the blast, and. being composed of small cross 
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• se.:tion structural elernt?nts. it is distorted pri
marily by drag: forces, These buildings are not 

considered severely damaged unless the strue
tur:.tl frame has collapsed or is near the point of 
collaps.:.', A tree is a good example of a drag 
sensitive target. because the duration of 'the dif
fraction phase is extremely short and there is 
considerabk force applied by the high wind 
velocity drag loading, Most military field equip
ment is drag sensitive. because damage generally 
results from the tumbling or overturning caused 
by the drag forces. 

9·12 Shielded Structures. 

• If ,t_he ~arge~ is s~ielded. ~rom the drag 
force~. or 1\ It hes wlth111 t11c' early regular reflec
tion r.:.'gion. high overpressures may become tIle' 
damagl." producing criteria. For blast resistant 
aboveground structures designed to resist more 
than 5 to J 0 psi overpressure. the distinction 
betweell diffraction and drag sensitivity cannot 
be defined well. because full reflection from tile 
surface of the structure does not occur. and 
dynamic pressures exceed those expected in the 
case of the incident waveform. As a result. drag 
forces may be predominant in producing dam
age. even during the diffraction phase, 

9·13 Aircraft. 

• Aircraft rna\' be dama!:!ed b\' the forces 
d:ped in the diffraction phase. ll1 the drag 
loading phase. or jn both. Parked aircraft can 
receive light. crushing forces corresponding to 
low overpressures, For example. Iigh t skins and 
frames are easily dished and buckled at re'latively 
low overpressures. At higher overpressure levels, 
drag loading (referred to as "gu!\t loading" with 
respect to aircraft) adds to the damage. A t these 
levels, much of the damage may result from 
translation and overturning of the aircraft. For 
aircraft in flight, the diffraction and drag forces 
combine with the existing aerodynamic forces to 
develop destructive loads on airfoils at low over-

pressure levels. The diffraction or crushing over
pressure effects on the fuselage and other thin 
skinned components, however, are usually of 
secondary importance for most in-flight aircraft. 
Responses of aircraft are discussed in more de
tail in Chapter) 3. 

• SECTlON III 
THERMAL RADIATION 

DAMAGE. 

_ INTRODUCT~q~_. 

--. Two important effects of thermal radia
tion are injuries to personnel (burns) and fires 
that might be ignited in the target area. Burns to 

personnel are treated in Section II of Chapter 
10. Section VII of Chapter 1] discusses fires in 
urban areas. Section III of Chapter 15 discusses 
fires in forest stands. The effects of thermal radi
ation on various classes of equipment are de
scribed in other chapters of Part II. This section 
contains a description of, the properties of ma
terials that might result in ignition or degrada
tion of their physical properties. A brief discus
sion of survival in fire areas is also provided. 
Section IV describes the degradation of struc
tural resistance to air blast of materials, primari-
1. metals., as a result of thermal radiation. 

Chapter 3 provides the data necessary to 
est! ate the thermal environment. In general, 
thermal damage is likely to be more important 
than blast damage for surface targets for high 
yield weapons that are air bursts rather than sui
face bursts. As discussed in Chapter 3, the influ
ence of weather makes thermal effects much less 
predictable than blast effects. Clouds or haze 
can provide a protective screen, and moisture 
from an earlier rain can reduce the number of 
fires in outdoor targets. In some cases, cloud 
cover can enhance thennal effects on the 
ground, The criteria for thermal damage given in 
succeeding paragraphs are representative values 
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• for dry materials directly exposed to the thermal 
source. These values should be applied with the 
understanding that they can be modified by a 
variety of factors discussed briefly in the follow
ing paragraphs. 

9-14 Radiant Exposure tI 
• The thermal damage inflicted on a target 
depends upon the incident energy per unit area. 
This quantity is caned radiant exposure and, as 
described in Chapter 3, it usually is expressed in 
calories per square centimeter (cal/cm2 ). Radi
ant exposures below 2 cal/cm2 will produce 
little damage other than possible eye injury (Sec
tion II, Chapter 10). Radiant exposures above 
10 cal/cm2 usually produce significant damage 
in unprotected target areas. 

9-15 Thermal Pulse Duration. 

• The radiant exposure required to dam
age a particular target varies with the duration of 
the thermal pulse. The reason is readily seen 
from the following example: about 3 to 5 
cal/cm2 from a short thermal pulse, e.g., from a 
I kt detonation, will produce a second degree 
burn on bare skin, but direct sunlight delivers 
the same radiant exposure in a little over 2 min
U-"th no serious effects. 

The time scale of the thermal pulse from 
Iowa tltude nuclear weapon bursts may be char
acterized by the parameter fm ax' the time dur
ing the final pulse at which the fireball is radiat
ing maximum power. This time increases with 
increasing yield and decreases with increasing ah 
titude. The relation of 1m ax to pulse duration 
and the method for calculating 1m ax are given in 
Chapter 3. As described in Chapter 3, the time 
scale of the thermal pulse may be specified indi
rectly in terms of yield for low altitude bursts. 
The thermal pulse for high altitude bursts (up to 
about 100,000 feet) may be described in terms 
of an equivalent sea level burst. Specifying the 
thermal pulse duration in te1,1l1s of yield is con
venient since it eliminates the necessity to calcu-
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late tm a x; therefore, many damage criteria are 
given in terms of radiant exposure and yield 
rather than radiant exposure and time to final 
maximum. 

9-16 Target Response. 

• For most materials, the heat absorbed 
from the thermal pulse initially is confmed to a 
thin surface layer. Damage usually results from 
high surface temperatures. The nature and the 
degree of the damage depend not only on the 
intensity and duration of the thermal pulse, but 
also on several properties of the material that are 
d.ed below. 

Thickness. Thick organic materials such 
as wood, plastics, and heavy fabrics char and 
may burst into flame while exposed to the 
thermal pulse; however, this flaming is only a 
transient effect. As the radiant pulse decays, the 
absorbed thermal energy continues to penetrate 
the material. This flow of heat allows the surface 
to cool to a temperature too low to support 
cowustion. 

Thin materials, such as light fabrics, 
newspaper, dry leaves, and dry grass tend to be
come hotter than the surfaces of thicker ma
terials since the absorbed thermal energy is con
fined to a relatively small volume of material. 
Also, since these materials are heated through
out, they usually continue to burn once they are 
ignited. Moreover, subsequent arrival of the blast 
wave frequently will' fail to extinguish the fire. 
• Thermal Conductivity, Most metals 
allow rapid penetration of thermal energy to 
depths below the surface as a result of their high 
values of thenna] conductivity. Consequently, 
the peak surface temperatures induced in thick 
pieces of metal are considerably less than the 
peak surface temperatures induced in most non
metallic materials. Thin pieces of metal may fail 
as a result of the combined effects of the ther
mal pulse, which reduces the strength of the 
meta) by heating it, and the blast wave, which 
causes it to bend or collapse. This effect is dis-
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• CWised in mOTe detail in Section JV. Dry rotted 
wood (or punk) has a lower thermal conductiv
ity lhJn sound wood as a result of its porous 
structmt.>. When the surface of punk is ignited by 
a tllerJ1iJ] pulse. condu ction of heat to the in
tc'rior is too slow to allow significant cooling of 

JIIlrface. and burning continues. 
. Color. Light colored objects of a given 

tlilC'ness are more resistant to thermal radiation 
than dark colored objects. because they reflect 
more of the incident energy. Color has little ef
fect on the response of materials that blacken 
(char) early in the thermal pulse. because the 
energy delivered during the remainder of the 
pulse is absorbed efficiently by the charred sur-

f~ 
_ li"onsparcllc.1. Transparent materials are 

relal1\\;'Jy resistant to thermal damage (even 
though transpJrency in the visible region does 
not a~sufl: thaI the materi;)1 is transparent to 
infrared) because the radiant energy that passes 
through them usually does not contribute to 
heating. Partially transparent materials are ther
mally resistan tbecause the incident thermal 
energy is deposited over a range of depths rather 
than being confined to a thin surface layer. Peak 
temperatures induced in partially transparent 
materials therdore are likely to be lower than 
the peak temperatures produced at the smfaces 

0io aque materials. 
JJOisll/l'(; Comem. Thermal damage to 

m3 enais th31 absorb moisture depends on tht! 
percentage of water in such materials. Usually, 
the moisture content varies with the prevailing 
relatiVe humidity. Exposure to recent rain. how
ever. may alter the moisture content significant
ly. Scorching or charring of an organic surface 
by radiant energy is preceded by vaporization of 
the water. Consequently. more energy is requir
ed to produce a given damage effect on wet sur
faces or on targets in highly humid atmospheres. 
Materials located indoors and exposed to ther
mal radiation through windows are damaged 
more readily during the Jatter part of the heating 

season (late winter and early spring), largely be
cause of decreased interior humidities. 

9·17 Target Orientation. 

_ In clear atmospheres and in the absence 
of reflecting surfaces, the amount of energy inci
dent on a unit area of a target surface is greatest 
when the surface is directly facing the burst. If 
the target surface is not facing the burst. the 
energy per unit area depends on the angle be
tween the perpendicular to the surface and the 
direction of the incoming radiation. II When the atmosphere is hazy, much of 
the energy received at the target is scattered by 
atmospheric particles, arrives from all directions. 
and reaches portions of the target that are not 
exposed to direct radiation. Scattered energy is 
likely to be a large fraction of the total energy 
received when the slant range from the burst to 
the target exceeds about half the visuaJ range. 
Reflection from douds and from the ground can 
produce similar effects. 

9-18 Shielding. 

• Any object that casts a shadow is capa
ble of shielding objects behind it from the direct 
component of thermal radiation. Trees, build
ings. foxholes, hills, etc. offer effective protec
tion except when the scattered component of 
thermal radiation is large. After leaves have been 
stripped by the dynamic: pressure (wind) of a 
nuclear burst. the trees offer little shielding from 
the thermal radiation produced by a second 
burst. Reflection of thermal radiation from ex
posed walls of foxholes is about 5 percent. 

• THERMAL RESPONSE OF 
MATERIALS. 

• The amount of thermal radiation that a 
material will absorb depends on the properties 
of the material discussed in paragraph 9-16. The 
amount of energy absorbed usually is deter
mined by multiplying the incident energy by an 
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• absorption coefficient. The absorption coeffi-
cient cannot be measured directly, but a good 
estimate can be made by performing spectral 
measurements of reflectance (the fraction of 
incident energy reflected from the surface) over 
the range of wave lengths of the nuclear spectral 
distribution and by finding an average value of 
reflectance. The coefficient of absorptance is 
equal to one minus the ave~age value of the re
flectance. The absorptance determined in this 
manner is valid only as long as the surface does 
not change as a result of the absorbed thermal 
energy. Another approach is to divide the quan
tity of energy absorbed by the inciden t energy. 
The absorbed energy is determine.d from experi
mentally determined temperature vs time rela
tionships and appropriate theoretical energy 
balance relationships. Absorptance is a function 
of time and temperature although an average 
value is usually employed. This function when 
known may be found as an input specification 
for certain computer programs. In the absence 
of more definitive data for a specific systems, an 
absorption coefficient of 0.5 is a reasonable 
value to assume for many materials, particularly 
metals. For a conservative defensive assumption, 
the absorption coefficient may be taken to be 
1.0 (Le., total absorption), particularly for dark 
porous materials. 

_ In many cases, it is appropriate to con
sironly one or two fuel types, assuming that 
these fuels are the critical items that wilJ deter
mine whether fires are started in a particular 
area. In other cases, more detail is required. Fot' 
example, an estimate of the thermal energy that 
will ignite a particular type of material used in 
military uniforms may be desired. The data con
tained in the succeeding paragraphs is intended 
as a guide in the solution of more specific 
problems. 

9-19 Thickness Effects • 

• The time required for thermal energy to 
penetrate very thin materials is short compared 
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to the duration of the thermal pulse. At the end 
of the p~lse, the absorbed thermal energy is dis~ 
tributed more or less uniformly throughout the 
material. In very thick materials, the end of the 
pulse finds most of the absorbed thennal energy 
in a surface layer, with the bulk of the material 
a. unaffected. 

If the terms thermally "thin" and ther
mally "thick" are used to distinguish between 
materials that are heated throughout from those 
that are initially heated only at the surface, it is 
apparent that physical thickness is not the only 
parameter involved. For example, as a result of 

the rapid penetration of heat into metals. a sheet 
of metal is more likely to be thermally thin than 
is a sheet of insulating material of the same 
Paica1 thickness. 

. The ability of a short pulse of energy to 
penetrate a target material is most readily mea
sured in the laboratory and most readily treated 
analytically if the thermalpu!se is ~iven a rec
tangular waveform rather than the more com
plex waveform produced by a nuclear weapon. 
A parameter that is useful for calculating ther
mal response of materials is the characteristic 
thermal response time To' given by the equation 

where k is thermal conductivity (cal-sec' 1 

em'} °cI ), pC is heat capacity per unit volume 
(p = density it g-cm'] and C = specific heat at 
constant pressure in caJ-g-1 oPel ). and L is the 
t hie kness, in centimeters, of the layer of 
material. 

• The quantity 

is caned thermal diffusivity (cm 2 /sec). Use of 
this quantity simplies the previous equation to 



• L'2 
r:-sec.* (\ a: 

Therma1 diffusiyity and other properties of a 
n.r of materials are sho\\'n in Table 9-1. 

Characteristic time may be related in 
several ways to the thermal response of a target. 
Most important is that the ignition of thin fuel> 
by a rectangular thernlal pulse requires the least 
radiant exposure when pulse duration is about 
eM!al to 70 , 

T\\'o other relations apply to a thick slab 
o material. For any particular material exposed 
to a rectangular pulse of length T .. the previous 
equation can be transformed ·to give a character
istic thickness 

" = \:10:7 en1. 

for 'which the characteristic time is equal to the 
pulse- duration. If a thick slab of this material is 
exposed to a pulse of length 'T. the temperature 
rise at the surface is the same as \\'ould be pro
duced by uniform]y distributing the absorbed 
thermal energy in a slab of thickness O. and the 
peak ten1perature rise at depth [) in the thick 
slab is about half as great as the peak telnpera
tW·se at the surface. 

For example, consider a block of red 
pine that is exposed to 1 5 cal! cn12 from a rec
tangular pulse of 3 seconds duration. From 
Table 9-1. the properties of red pine are 

p = 0.5 1 g I em 3 • 

Cp = 0.4 cal/g • °C, 

ex = 24 x 10-4 cm 2 /sec. 

The characteristic depth is 

b = y'Cii = V(24 x 10- 3 )(3) = 0.085 em. 

The mass of wood per unit area in a slab of this 
thickness is 

po : (0.51)(0.085) = 0.043 g/cm2 . 

The heat absorbed by' the wood before it begins 
to scorch is equal to the product of the incident 
radiant energy~ Q, and the absorption coeffi
cient, 44. If the absorption coefficient is assuil1ed 
to be 0.5. 

QA = (15)(0.5) = 7.5 cal/cm 2 • 

Absorption of this amount of energy in a layer 
of t1)ickness 0 would resuJt in an energy density 
of 

;.; :: O:O~3 = 174 cat/g. 

I f the energy we~e evenly distributed through 
this layer, the resulting temperature rise would 
be 

174 
:--= 

0.4 

and the peak temperature rise at the surface of 
thl'OOd would be about the same. 

The result obtained above may be gen
era lzed as fo11o\\'s: 

This equation is useful, but it is .by no means exact. The 
ied heat~flow analysis from which this equation is derived 

neglects the effects of radiation and convection heat losses from 
the surfaces of the exposed sample. It also assumes an isotropic 
medium. i.e .. a medium whose structure and properties in the 
neighborhood of any point are the same relative to all directions 
through the point. It also neglects the changes in thermal prop. 
erties that OCC1:Jf as the exposed material heats. volatilizes, chars. 
and bursts into flame. 

9-17 



• ~ .. _,: .. _" •• ' ~_ • .: ..... "_ •• ," e •• 

Table 9-1. til Thermal Properties of Materials. 

.) 

Specific 
Density, p Heat. Cv, Conductivity, k Diffusivity, a 

Materials (gm/cm3 ) (cal/gm' C) (callsec • ern • 0c) (cm2 /sec) 

Insulating Materials 
-----------."~".-

Air 9.46 x 10-4 0.24 0.55 x 10-4 0.21 
Asbestos 0.58 0.20 4.6 x ]0-4 40. x 10-4 

Balsa 0.12 0.4 1.2 x ]0-4 25. x 10-4 

Brick (common red) 1.8 0.2 16. x 10-4 18. x 10-4 

Celluloid 1.4 0.35 5.0 x 10-4 10. x 10-4 

Cotton, sateen, green 0.70 0.35 I.S x 10-4 2.5 x 10-4 

Fir, Douglas-
spring growth 0.19 0.4 2. x 10-4 17. x 10-4 

summer growth 1.00 0.4 S. x 10-4 12. x 10-4 

Fir. white 0.45 0.4 2.6 x 10-4 14. x 10-4 

Glass, window 2.2 0.2 19. x 10-4 43. X 10-4 

Granite 2.5 0.19 66. x 10-4 140. x 10-4 

Leather sole 1.0 0.36 3.8 x 10-4 II. x 10-4 

Mahogany 0.53 0.36 3.1 x 10-4 16. x 10-4 

Maple 0.72 0.4 4.5 x 10-4 16. x 10-4 

Oak 0.82 0.4 S.O x 10-4 15. x 10-4 

Pine, white 0.54 0.33 3.6 x lO~ 18. x 10-4 

Pine, red 0.51 0.4 5. x 10-4 24. x 10-4 .) 
Rubber, hard 1.2 0.5 3.6 x 10-4 60. x 10-4 

Teak 0.64 0.4 4.1 x 10-4 16. x 10-4 

Metals (lOOcC) 

Aluminum 2.7 0.22 0.49 1.0 
Cadmium 8.65 0.057 0.20 0.45 

Copper 8.92 0.094 0.92 l.l 
Gold 19.3 0.031 0.75 1.2 
Lead 11.34 0.031 0.081 0.23 
Magnesium 1.74 0.25 0.38 0.87 

Platinum 21.45 0.027 0.17 0.29 

Silver 10.5 0.056 0.96 1.6 
Steel, mild 7.8 0.11 0.107 1.2 

Tin 6.55 0.0$6 0.14 0.38 

Miscellaneous Materials 

lee (O°C) 0.92 0.492 54. x 10-4 120. x 10-4 

Water 1.00 1.00 14. x 10-4 14. x 10-4 

Skin (porcine, dermis, dead) 1.06 0.77 9. x 10-4 II. x 10-4 

Skin (human, living, averaged 1.06 0.75 8. x 10-4 30. x 10-4 

for upper 0.1 em) 
x 10-4 x 10-4 Polyethylene (black) 0.92 0.55 8. 11. 
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• where j, T, is til\:' peak temperature risC' at the 
sur fa (.c' . Th" parameters that define the thermal 
puls.e may be separated from those that define 
the m:lTeri31 properties. and 

,0,.T = (~)( A ) 
, .\'1 v'kpCp ' 

For a fixed rectangular pulse. Q\/ris a con
stant. and the equ3tion m3Y be written 

~T, = (EI ( v1Pc;) 
_ In praclic('. tl1>.' surface temperature rise 

produced in a thick material is approximately 
proport ion:.l1 to A ,\IfP2'p over a wide range of 
pulse' shap"" and pulse times. Thus. this param
ekr may be used as a measure of the relati\'c 
susceptjbjlit~ of various materials to surface 

Direct me3surements of the Igl1ltJOl1 
hWinc. 

properties of a representative cellulosic fuel have 
been reported. The m3terial is a-cellulose. black
ened by the ~ddition of carbon. and made' into 
sheets of various thicknesses. This m3terial has 
the uniformity required 10 obtain repeatable test 
results. and its thermal properties are similar to 
those of common cellulosic fuels. such as paper alidn leaws. 

Figure 9-5 shows the results of exposing 
thiS material to tht:' idealized rectangular thermal 
pulse. Figure 9-6 shows the results obtained in 
the more practical case of a simulated, weapon 
pulse. These curves show data for black a
cellulose sheets of a variety of thicknesses by 
using normalized coordinates. The ordinate is 
normalized radiant exposure. One unit on this 
scale corresponds to the energy per unit area 
that will raise the temperature of the entire 
sheet lee. Thus. a given value of the ordinate 
represents a higher radiant exposure for a thick
er sheet of cellulose. The abscissa of Figure 9-5 

is normalized pulse duration. the duration of th(' 
rectangular pulse divided by T , the character-

o 
i.stie thermal response time of the sheet of ma-
terial. The abscissa of Figure 9-6 is a similar nor
malized time, t m a x /70 , Nonnalization fails in 
the case of long pulses, and the curves break into 
families of curves for different thicknesses of 
material. 

• If the pulse has such a short duration 
that the exposed surface reaches the ignition 
temperature while the back surface remaim 
cooL two distinct ignition thresholds appear. 
Low values of radiant exposure produce high 
surface temperatures and flames, but the flames 
do not persist after the end of the thermal pulse. 
This region is labeled transient ignition in F ig
ures 9-5 and 9-6. Sustained ignition only occurs 
when higher radiant exposures raise the temperu
ture throughout the thickness of the cellulose to 
a level that is sufficiently high to sustain the 
flow of combustible gases from breakdown of 
the fuel. It is difficult to supply sufficient 
energy with short pulses, since a large amount of 
the energy that is deposited is carried away by 
the rapid ablation of the thin surface layer. This 
transient flaming phenomenon is typical of the 
response of sound wooden boards to a thermal 
pulse. 

II If the pulse is of long duration. the igni
tion threshold rises because the- exposed material 
can dissipate an appreciabk fraction of the 
energy while it is being received. For very long 
re~'tangu13r pulses an irradi:lJl.;e of about 0.5 cal' 
cm-2 sec- l is required to ignite the ce Uulose. 
Heat supplied to the material at a slow rate is 
just sufficient to offset radiative and convective 
heat losses, while maintaining the cellulose at 
the ignition temperature of about 300°e. 
.. Materials respond to the thermal pulse 
fr.a nuclear weapon in much the same way 
that they respond to a rectangular thermal pulse: 
however. a number of practical effects make a 
thorough analysis of ordinary fuels ignited by 
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• weapon pulses difficult. While the fuel absorbs 
heat and its surface chars, its absorption coeffi· 
dent changes. As a result, the shape of the 
energy pulse actually absorbed by the material 
differs from that of the incident energy pulse 
(this effect is avoided in the a-cellulose by mak
ing the material black initially). A weapon pulse 
has no single rectangular wave equivalent, since 
the nature of material response to a thennal 
pulse varies with pulse shape as well as pulse 
length. However, for many calculations a rough 
equivalence may be obtained by assigning be
tween 2.5 and 3 times the irradiance of the rec· 
tangular pulse to the weapon pulse. 

• 
Both rectangular and weapon pulse data 

s an optimum pulse length for igniting ma
terials. For the rectangular pulse, this optimum 
occurs with a pulse length slightly shorter than 
the characteristic thennal response time of the 
material. A pulse of this optimum duration lasts 
long enough to allow an appreciable amount of 
heat to penetrate to the back face, but it is short 
enough that only a small heat loss occurs during 

thllu!se. 
For example, consider newsprint that is 

O. em thick, which has a thennal diffusivity, 
~, of 10.3 cm2 /sec. From the equation given pre
viously 

L2 
T =-. 

o Ct' 

From Figure 9-6, the threshold for sustained 
ignition of black a·cellulose is a minimum when 

t Ct' 
max = 0.045. 
L2 

The properties of newspaper are similar to those 
of a-cellulose, so the same relation may be 
assumed to hold for the newsprint. Thus, 

9-22 

= 0.045.!:!... 
a 

(0.045)(0.008 )2 
= -=---. -0-':-.0.;....0-1 -'--

tmax = 2.9 X 10.3 sec. 

From the equation given in Chapter 3 

t = 0.043 WOA3 (PI Po )0.42 sec. max. 

At sea level p = Po' and 

W = (tmax 10.043)2.3 

W = (2.9 x 10.3 )2.3 = 
0.002 kt. 

4.3 x 10-2 

This yield is so small that little confidence may 
be placed in the result; however, this example 
demonstrates the general rule that short thennal 
pulses are more likely to ignite newsprint than 
) ong pulses over the range of yields that 
probably will be of practical importance. 

9-20 Color II 
II Although thermal damage depends on 

the radiant exposure to which a target is subject
ed, it depends in a much more direct manner on 
the amount of thermal energy absorbed. Thus 
color, which indicates the amount and spectral 
distribution of the visible energy reflected, is 
one indication of the resistance of a material to 
th8r al damage. 

White materials reflect most of the 
energy in the visible portion of the spectrum 
that is incident on them, but all cellulosic fuels 
(which constitute the commonest potential igni
tion sites) absorb energy in the near infrared 
region. Cellulosic materials also char in response 
to high radiant exposures, and once the surface 
begins to blacken they absorb strongly. The 
total amount of energy absorbed depends on the 
absorption coefficient averaged not only over 
the spectrum of energies contained in the ther
mal pulse, but also over the interval of time dur
ing which the pulse is received. For a thin cellu
losic material exposed to a moderately high level 
of radiant energy (just enough to ignite the ma-



• teriiJl, blJckening will not oc-:ur immediately, 
and th:: follo\\,ll1~ rules give an effective average 
for th;; absorption coefficient that is roughly 
correct. 

• If the material is white or nearly white, the 
effective absorption coefficient for the 
thermal pulse is about the square root of 
the absorption coefficient for visible light. 
Example: If the visible absorption coeffi
cient is 0.1. the effective absorption coeffi
cient for the thermal pulse is about 0.3. 

• If the material has a color that is as dark as 
or darker than dove gray (a fairly light 
shade of gray). the effective absorption co
efficie111 tor thermal radiation is about 
equ:.ll to the visible absorption coefficient. 

• The response of most of the nonwhite 
materials that provide potential ignition 
sites may be approximated by assigning an 
effectiw absorption coefficient of 0.5. 

9-21 Transparency • 

• The energy that passes through a partial
ly transparent material cannot heat it. Thus. the 
energy deposited in the material is the incident 
energy minus the retlected energy minus the 
transmitted ener!!"'. 

• The de;;h of penetration of thermal 
energy into a partially transparent material is 
determined by two mechanisms: heat absorbed 
at or near the surface penetrates by diffusion: 
and heat penetrates as radiant energy before it is 
absorbt:'d. As shown in paragraph 9-19, the diffu
sion of heat may be associated with a transient 
thickness {,. Similarly, the penetration of ther
mal energy due to diathermancy (partial trans
parency) may be associated with a characteristic 
depth of I If), where () is the extinction coeffi
cient. In a practical situation. both of these 
mechanisms work simultaneously. and the heat 
penetrates deeper than it would if only one 
mechanism were effective. 

II Usually. one or the other of the two 
mechanisms is dominant. If the product {)8 
exceeds 3 or 4. penetration will occur princi
pally by diffusion. If the product is less than 
about 1/4, penetration will be prinCipally by 
transmission of radiant energy. Temperature 

. profiles in a semi-infinite solid ate shown in Fig
ure 9·7 in terms of dimensionless parameters, 
where AT is temperature rise. k is thermal con· 
ductivity, p is density, Cp is specific heat. H is 
energy absorbed (not the incident energy) per 
unit area. T is rectangular pulse duration. and [; 
is characteristic depth defined in paragraph 9-19. 

9-22 Effect of Humidity • 

.. The water content of thin fuels responds r=' to changes in humidity. The radiant 
exposure that is required to ignite a thin cellu
losic fuel is approximately 

Q ::;;; Qo (1 + h/'2). 

where II is relative humidity and Q 0 is the radi* 
ant exposure that will ignjte the fuel when it is 

c.etelY dry. 
In general, ignition data give radiant 

exposure thresholds for average rather than ex
tremely dry conditions. If the tabulated value of 
radiant exposure Q 1 applies to a relative hu
midity of hI' the equation given above becomes 

I + II /"2 
Q = Q1 1 + Ii }/2 . 

• For example, if the radiant exposure 
from a I Mt explosion that is required to ignite 
new white bond paper is 30 cal/cm2 when the 
relative humidity is 65 percent, the ignition 
threshold for the same explosion when the rela
tive humidity is 15 percent is 

Q = (30) (1 + 0. 15 /2 )::;;; 24 ca1/cI112 . 
1 + 0.651'2 
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9-23 Response of Metal Sheets. 

II Both the tensile strength and the elastic 
modulus of metals tend to decrease with increas
ing temperature. Thus, thermal energy has the 
potential to weaken metallic structural mem
bers. If exposed metal parts are essential to the 
strength of a structure or a piece of equipment. 
weakening the metal by heating it may m~ke the 
unit more susceptible to damage by the blast 
wave 

• \1ost structural metal is relatively im
mune to this form of damage in the loading 
levels of interest. ]f a heavy part such as a steel 
I-beam is subjected to a thermal pulse that is 
suffiCiently intense to weaken it appreciably. it 
is probably so close to the burst that the blast 
waw could demolish the stmcture without assis
tance from the thermal pulse. Walls or roofs 
usu311y shield heavy structural members from 

thlermal pulse. 
Light weight units are more likely to be 

v nerabk to this synergistic damage. The outer 
covering and the materials that give these units 
mechanical strength are frequently one and the 
same. The material is likely to be an aluminum 
alloy. which loses strength at a much lower tem
perature than steel. 

(U) The degradation of the response of 
metals to the blast wave as a result of thermal 
exposure is di"cussed in more detail in Section 
IV of this chapter. 

9·24 Thermal Diim8 to Various 
Materials 

.. The genetal.trends discussed in"the pre
c:g paragraphs are illustrated by a number of 
specific examples in Tables 9-2 and 9-3. These 
tables show the critical radiant exposures for 
specified damage to fabrics and to various other 
materials, respectively. The radiant exposures 
are shown for three weapon pulse durations. The 
corresponding yields are shown in the footnote 
for low air bursts (note that altitude scaling is 

required for a 24 Mt burst to be considered an 
air burst (see Chapter 3)). Various yield/altitude 
combinations that will give the same values of 
I m a x may be obtained by the methods described 
in Chapter 3. 

• The values presented in Table 9-2 for 
fabrics apply for an ambient relative humidity of 
65 percent and an ambient temperature of 20o e. 
For extremely dry conditions, the values shown 
for fabrics shouJd be reduced by 25 percent. For 
extremely high re lative humidities, near 100 per
cent (at 20°C), the values for fabrics should be 
increased by 25 percent. If the fabrics are water
soaked. the critical radiant exposures should be 
increased by 300 percent. The values for uni
forms in Table 9-2 refer to damage to the ma
terial itself. They are not applica,ble for predict
ing skin burns under uniforms. However, when 
the outer garment ignites. the probability of skin 
burns should be considered. 

• The effect, "tears on flexing," indicates 
the radiant exposure level at which the outer 
garment ceases to serve as a reliable barrier to 
the environment. Under certain environmental 
conditions the garment would require immediate 
replacement. 

• Cotton or rayon fabrics generally can be 
ignited by exposure to thermal radiation. 
Nylons, dacrons, and similar synthetics generally 
are not ignited but melt at relatively low radiant 
exposures. Woolens do not ignite, but the fibers 
scorch and coalesce. When a sufficient thickness 
of the woolen fabric is scorched it becomes 
brittle and can be torn or crumbled readily. 

II Most thick, dense materials that ordinar
ily are considered inflammable do not ignite to 
persistent flaming ignition when exposed to 
transient thermal radiation pulses. Wood, in the 
form of siding or beams, may flame during the 
exposure but the flame is extinguished when the 
exposure ceases. 
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Table 9-2. II Approximate Radiant Exposures for Ignition of Fabrics II 

Material 

Cotton 

C\\{tOJi 

(otlon denim, ne\\' 
CottO" shining 
Co1ton.n~·lon mt\1urC 

WUD) 

R:llnwear (double-ne()prene
coated Ii:lvn t""'l!i) 

!J"':'~P~':'.L Fabn~s 

RJ~ 01\ gabardmc 
RJ~ on-acetale draper: 
Ra~ on gabJrdlne 
RJ~ t'll t v,,'i\i ill1lllg 

RJ~\)1l twill tilling 
A.:etate-~h;,s1H ung. 
(\)th)n heJ\'~ drJP(,rle~ 

Tent Fabric!' 

Canvas {~QttLlnJ 

Canvas 

Other Fabrks 

(OHon chenille bedspread 
Cotton venetlan bltnd tape. 

dirty 
Cotton venetian blind tape 
Cotton mushn wmdow shade 

Weight 
(oziyd 2 ) 

8 

8 
10 
3 
5 
5 
8 

20 
"9 
9 

6 
5 
"'! , 

1:: 
12 

8 

Color 

White 

Khaki 
Khaki 
Olive 
Ohve 
Dark blue 
Dark blue 
Brown 
Blue 
KhakI 
Oii\'e 
Olive 
White 
Khaki 
Olive 
Dark blue 
DarK blue 
Oll\'e 
Ohve 

Black 
Wine 
G\.)ld 

Bl.h:k 
BJege 
Bb.:k 
Dark .:okns 

White 
Olive drab 

Light blue 
White 

WhHe 
Green 

EffeCl 
on, Matenal 

Ignites 
Tears on flexing 
Ignites 
Tears on flexing 
Ignites 
Tears on flexing 
'Ignites 
Ignites 
19n1tes 
Ignites 
Tears on flexing 
Jgnites 
Tears on flexing 
Tears on flexing 
T ears on flexing 
T ears on flexing 
Tears on flexing 
Begins to melt 
Tears on flexing 

igmtes 
IgnItes 
ignites 
Ignlte5. 
Igni1es 
Ignite.c. 
Igni1es 

Igmtes. 
Ignites 

Ignites 
ignites 

Ignites 
Ignites 

Radiant Exposure· 
(cal/cm2) 

lmax 
0.2 sec 

32 
17 
20 

9 
14 
11 
14 
II 
1: 
14 

8 
lZ 
14 
14 
9 
8 

14 
5 
8 

9 
9 

•• 
7 

13 
10+ 
15 

13 
12 

•• 
)0 

13t 
7 

48 
27 
30 
14 
19 
14 
19 
16 

21 
15 
~8 

25 
24 
13 
I~ 

20 
9 

14 

18 

18 
18 

11+ 
18 

27t 
13 

'max 
3.2 sec 

85 
34 
39 
21 
2l 
17 
21 
2~ 

44 
28 
17 
53 
38 
~4 

19 
18 
26 
13 

~6 

18 
28+ 
~5 

::!8 
35t 
34 

51 
28 

1St 
22 

31t 
19 

---
RadIant exposures for the lftdacated rr~ponse, .e\C'C!'pt "-here marked t 1 are esumated to be valid to ±lS% under 

d.ud labora1oT~ conditIon!.. Under Iypical fielcl condiuons the nlues are estimated to be valid within 1:50% with a 
greater likelihood of higher rather than lower value!;. For matenals marked t. ignition levels art estimated to be valid 
within ±:.sOld u nder I~Ofatof} conditions an~ within ±1 00t;;, under field c-onditions. for lov.' air bursts. values of tmax of 
0.2, 1,0. and 3.2 sec correspond rou,hly to Y1elds of 40 kl. 2 Ml. and 24 hit. respectlyel)', 

Data are not av.ailable Of appropriate sc:aling not known. 
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Table 9-3. II Approximate Radiant Exposures for Ignition of Various Materials. 

Rad,ant Expos",.' 
(cal cm~ I 

\\,,'~t.~ EflC~: tma\ tml\ lma\ 
Ill? \. C· I C!,l(~r of Malen.' 0: St.; 1.0 sel: 3.~ se.: 

' .. v.:--p""r~·;. ,.,))h'Jj,': 

'";;'\'S.r"l~r;i d..!:j, pl .. l~.:,: Jf\.~.1 

'-e\'-."t'".j!,., P:lj,tt.'~ 11:\1 o::Ir~', 

( ll~i. p..::).' 

h"J" p"r. 
b!b!' !)~'Jrd pl. 

~I.I' P..tP::' .. '.. .. :L,· IJ:--~'J 

f ( .; ~ "IJ,' 

.......... " ["I·qL: :\ j1: 

( ,-: I "'0-

R_ ;"0' 

t· . ""', <·_~r.,·; :'1"j' le,-'" I 

("l ::-I'][~' :-_:.Ib~l'.~ 11k;' 

~~ \ r 
l-"\. '!", j;I,:-. PI: 

D:: r, tt~· .. Vo,1 ..; rJtl~ Ill: ~ 

Dc ... ~d .. ' .. - lc.;'l.eo:. tb~eLhl 

rll _ ~r~,~ (.·h:"Ji I 

( .... 'C P oJ" I ~:-:lfc'l 
Pine need:",. br,m'n (p"nj~r,);; I 

Guer: 
; r.,. 

1(' D"r;, 
II' BI,'\\, 

Whll: 
J),":}, 

Il,". " 
LrJ, 
[re,.::!"' 

, 
Ib LI~h' 

IgnJle, 4 r II 
IgnJlt'~ I: 
19.nJ!t:'~ t' ~ 15 
IgnltC< t- 4 't' 
Ignltn 10 ].; :0 
Igl1lll:l III :0 .. () 
Igmt'" 16 20 .. (I 

Iglllt,-, ~4-: ~(r';" S()" 

Ip':lte<; 10 I' :0 
l;f:rlHt.' c) I~ 

1~1lJ!:- 10-· I'; ~ 1-
I~nil":~ 10- I'" "::t·-

Iglll!c\.. 11- 1 .. - 2LI-

\(']j HI. 1.111',·, _. ~.~-

Iplli'> .::- (,- ~-

Igi1lie-- ! I: ~ 

IgnHt:'':- ~ 10 
1p:111l~" (, q II 
JgnnE; 10 16 ::1 

RI...,i: r--h .. ·:.ng, DU:le:".!: S1Jr~J.I..· 

R..:!: f{:,,~}: ~ ~!T]~'L\trl ~ur(;:l..,L 

P._~ \\0\'': ddug!.!" in: 

19l1ne~ >,'" >11(, 

Rubher. pal, J,~" 
Rub!:",. b: __ " 

O,be' \Lte:,,', 

AIUI11Jl:um alr:r"tr ;~J1'o 10.0:0 iIi. 
tlH,'i,} ,,',IJiC~ \\itL 0.00: 11.. ,"q 

s!JndJ!Q whlte 3H.:raft pJ::,: 

COll!I'" ..... dl1\..J:-. S2lidb...lg:.. d'~ tlll ... ·c 
Ct\t.:t l 5.;Jn~ 

Ignlle c 

F ;amwB dLH1!'1~ 

e:'\p,\~Jrt> 

Igc;lc' 
IgilllC!! 

BII${ef~ 

fJilu,,, 
E'pJc>de; 

(popcorning I 

Expludes 
(popcormng I 

.<U 
<J I" 

5u ~(, 

1(' :u 

15 ;0 

J(I I~ 

15 ,-

II 1'1 

--a '-:. .. dIJnt e'\pm,urc~ (or the Indicated rei.ponses. (except .... ·here marked t I are utimated to be "'ali;:! to ~S"";. under 
Wo'Hd Ijbotator~ ~ood.m(ln!l Under !yplC.at field COndltlOn\ the \3JUe-S 3re esttmatrd ,(\ be v3hd ",·lthm ~O: \oI,·tth a 

gT('ater Ilkellhood of higher rather t)1Jn I~"".er 'l.afue!l For mareflJI!- marked"':', I@nlllt)n le\'ds aJ(, e~tlmat~d to be .. altd 
M'irhm ±.sO"'; under laborator) condlllon.\. and ~'lthzn %IO();: under field condUJDm .. For 'ow'.ir burst .·aJut:'~ of 'ma\ 
of O.~. J.O. and 3.~ sec C'orrespond rolJghl~ 10 ~'ietdi of 40 1..1, .1 ~h. and 24 Me respecu"'eh 

1)0113 it!! n()t available or a~pr(,)pfl3tf \cahng not "=no\\r, 
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• SURVIVAL IN FIRE AREAS II 
• The best documented fire storm in his

tory (but not the one causing the greatest loss of 
life) occurred in Hamburg, Germany during the 
night of July 27-28, 1943, as a result of an 
incendiary raid by A11ied forces. Factors that 
contributed to the fire included the high fuel 
loading of the area and the large number of 
b8' . gs ignited within a short period of time. 

The main raid lasted about 30 minutes. 
Smce the air raid warning and the first high ex
plosive bombs caused most people to seek shel
ter, few fires were extinguished during the at
tack. By the time the raid ended, roughly half 
the buildings in the 5 square-mile fire storm area 
were burning. many of them intensely. The fire 
storm developed rapidly and reached its peak in 
tllo r three hours. 

Many people were driven from their 
slie ters and then found that nearly everything 
was burning, Some people escaped through the 
streets; others died in the attempt; others ~eturn
ed to their shelters and succumbed to carbon 

WXide poisoning. 
Estimates of the number that were killed 

range frotn about 40,000 to 55,000. Most of the 
deaths resulted from the fire storm. Two equally 
heavy raids on the same city (one occurred two 
nights earlier; the other, one night later) did not 
produce fire storms, and they resulted in death 
rates that have been estimated to be nearly an 
order of magnitude lower. 
... More surprising than the number killed 

is -re number of surviVors. The, population of 
., the fire storm area was roughly 280,000. Esti· 

mates have been made that about 45,000 were 
rescued, 53,000 survived in non·basement shel
ters, and 140,000 either survived in basement 
shelters or escaped by their own initiative. 

9-25 Causes of Death. 
• The evidence that can be reconstructed 

from such catastrophes as the Hamburg fire 
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storm indicates that carbon monoxide and ex
cessive heat are the most frequent causes of 
death in mass fITes. Since the conditions that 
offer protection from these two hazards gener
ally provide protection from other hazards as 
well, the following discussion is limited to these 
two causes of death. 
• Carbon Monoxide. Burning consists of a 

series of physical and chemical reactions. For 
most common fuels, one of the last of the reac
tions is the burning of carbon monoxide to form 
carbon dioxide near the tips of the fla~es. If the 
supply _ of air is limited, as it is likely to be if the 
fire is in a closed room or at the bottom of a pile 
of debris from a collapsed building, the carbon 
monoxide will not burn completely. Fumes from 
the fire will contain a large amount of this taste
lewdorless, toxic gas. 

_ During the Hamburg fire, many base
ment shelters were exposed to fumes. Imperfect
ly fitting doors and cracks produced by explod
ing bombs allowed carbon monoxide to pene
trate these shelters. The natural positions of 
many of the bodies recovered after the raid indi
cated that death had often come without warn
ing, as is frequently the case for carbon. mon
oxide poisoning. II Carbon monoxide kills by forming a 
more stable compound with hemoglobin than 
either oxygen or carbon dioxide will form. 
These latter are the two substances that hemo
globin otdinarily carries through the blood 
stream. Carbon monoxide that is absorbed by 
the blood reduces the oxygen carrying capacity 
of the blood, and the victim dies from oxygen 
deficiency. 
II As a result of the manner that carbon 

monoxide acts, it can contribute to the death of 
a person who leaves a contaminated shelter to 
attempt escape through the streets of a burning 
city. A person recovering from a moderate case 
of carbon monoxide poisoning may feel well 
while he is resting, but his blood may be unable 
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--to supp)y the oxygen his body needs \vhen he 
exert~ himself. After the air raid at Hamburg. 
victims of carbo1) monoxide' poisoning. appar
ently in good health. collapsed and died from 
the strain of \\Jalking a\\'ay fronl a shelter. It is 
suspected that many of the people who died in 
the streets of Ham burg were suffering fronl 
i=ent carbon monoxide poisoning. 
_ Heat. The body cools itse1f by perspira

tion, When the environment is so hot that this 
method fails. body temperature rises. Shortly 
thereafter. the rate of perspiration decreases 
rapidly. and. unless the victim finds immediate 
reJief from the heat, he dies of heat exhaustion. 
Death from excessive heat may occur in an in
adequately insulated shelter: it also may occur in 
the streets if a safe area cannot be located in a 
short time. 

9·26 Shelters. 

_ The results of the Hamburg fire storm 
illustrate the value of shelters during an intense 
mass fire. The public air raid shelters in Ham
burg had very heavy walls to resist large bon1bs. 
Reinforce'd concrete three feet thick represented 
typical walls. Some of these shelters were fitted 
with gas proof doors to provide protection from 
poison gas. These t\\'O features offered good prq
tection from the heat and toxic gases generated 
by the fire storm. 

• The public shelters were of three types: 

lJIIEunkers. These were large buildings of 
several shapes' and sizes, des,igned to with
stand direct hits by large bombs. The fire 
storm area included I 9 bunkers designed to 
hold a total of about 15,000 people. Prob
a b 1 y twice this num ber occupied the 
bunkers during the fire storm, and all of 
these people survived. 

• Splin terproo! Shelters. These were long 
single story shelters standing free of other 
buildings and protected by walls of rein
forced concrete at least 2-1/2 feet thick. 

No deaths. resulting from the fire storm 
were reporte·d ,among occupants of these 
shelters. These structures were not gas
proof. Distance fro'm burning structures 
and 10\\' height of the shelters probably 
provided protection from carbon mon· 
oxide. 

• Basenlent Shelters. The public shelters that 
\\'ere constructed in large basements had 
ceilings of reinforced concrete 2 to 5 feet 
thick. Although rep~rts indicate that some. 
of the occupants of these shelters survived 
and some did not, statistics to indicate the 
chance of survival in such structures are not 
available. 

• Private BaselneHf Shelters. Private base
ments were constructed solid~y ~ but most 
of them lacked the insulating value of very 
thick walls and the protection of gas-tight 
construction. Emergency exits (usually 
leading to another shelter in an adjacent 
building) could be broken if collapse of the 
building caused the normal exit to be 
blocked. As a result of the total destruction 
in the fire storm area, this precaution was 
of limited value. Many deaths occurred in 
these she1ters as a result of carbon mon .. 
oxide poisoning, and the condition of the 
bodies indicated that intolerable heat fol
Jowed the carbon monoxide frequently. In 
some cases~ the heat preceded the poison
ous gas and was the cause of death. Gen
erally, these shelters offered such a small 
amount of protection that the occupants 
were forced out within ] 0 to 30 minutes. 
Most of these people were able to move 
through the streets and escape. Others \\Jere 
fOTced out later when the fire storm wa$ 
nearer its peak intensity, and few of these 
escaped. A few people survived in private 
basement shelters. . II Experience in Hamburg and other mass 

fire areas suggests the following requirements for 
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• shelters for fire protection: 

• Location. Shelters should be located as far 
away from combustible structures as pos
sible. The bottom of a mass of burning 
debris is very hot and can remain so for 
days. An open area also may be exposed to 
considerable heat, but not so much as the 
basement of a burned-out building. Three 
feet of earth will provide sufficient insula
tion for a shelter if no heavy fuels are near
by. However, material scattered by the 
blast wave could fall on a shelter and 
render it less safe. The choice of a suitable 
location for a shelter is most difficult in 
heavily built-up areas, where mass fires are 
most likely to occur. Shelters in such areas 
would have to be designed to withstand the 
severe environment to which they would be 
subjected in case of a mass fire. When the 
shelters in Hamburg were built, the prob
lems of mass fires were not anticipated. 

• Ventilation. Any shelter that is large 
enough to house its occupants in reason
able comfort contains sufficient air to sus
tain life for the duration of a mass fire. The 
shelter should be constructed so that it can 
be sealed from the entry of gases from the 
outside during the period of active burning. 
After the fire subsides, air will be available 
inside the shelter if buming debris has not 
fallen on or near the air intake. 

• Provisions. If escape from a shelter is nec
essary, wet coats or blankets would im, 
prove the chance of survival in the open. 
Since any shelter built for protection 
against a mass fire would logically serve 
also as a fallout shelter, such items as 
blankets and water normally would be 
available. 

9·27 Escape from the Fire Areas • 

• A large number of people, chiefly the 
occupants of basement shelters, escaped from 
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the Hamburg fire simply by leaving while the 
streets were still passable. In areas where damage 
is sufficiently light that people can attempt 
escape, the rate at which the fire builds up is 
expected to be slow enough to allow 30 minutes 
or more before movement through the streets 
wiUilicome dangerous. 

_ Escape from the Hamburg fire storm 
area was simplified by the limited size of the 
fire. In the event of a mass fire caused by a 
nuclear attack, the· fire area probably wi1l be 
much larger. Although escape to the edge of the 
fire may be impossible, parks, bodies of water, 
or even areas that are not heavily built up may 
offer relative safety from the fire. 

_ As the fire grows in intensity, selection 
ol"r suitable escape route becomes important. 
Moving through a narrow street, with tall build
ings burning intensely on both sides, will subject Pz: to an excessive amount of heat. 
... Preplanned escape routes are desirable. 

The safest routes are those that minimize ex
posure to thermal radiation from burning struc
tures. A safe street would be wide compared to 
the heights of the buildings faCing it. Masonry 
buildings with few windows would be a lesser 
threat than buildings with many windows. The 
solid wall blocks radiant exposure from fires 
burning inside the building, and it also protects 
the contents of the building from direct ignition 
by the thermal pulse from the nuclear weapon. 
~ Simple rules for distinguishing safe from 
u~ streets are not available; however, calcula
tions of the street width for which the thermal 
radiation would be intense enough to ignite 
clothing in a short time have been made, assum
ing that buildings on both sides of the street 
were burning. The results of these calculations 
are shown in Table 9-4. 
• Whether or not such streets are safe will 

depend on many factors, such as fire intensity, 
percentage of the building fronts occupied by 
windows, wind speed and direction, protective 
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-clothing. and exposure time, In general, the 
Slreeb of Ham burg weft.: 45 to 60 feet wide. and 
the buildings were 3 to 5 stories high. Table 
9-4 predicts that slich streets would be danger
ou:" and experience shows that they were. How
ever. even the:"l" str('ets provided escape for 
:.,om~. 

Table 9-4 .• Minimum Structure Separation 
for Escape Route • 

BUlldllJg Helgh1 Distance Between BuildJl1g~ 

(feet I cfeet\ 

20 40 
30 5"' 
40 67 
~O 83 
bO 96 

9-28 Safe Areas Within the Fire • 

• Experit'Il( . .'t' indicaks that larg~ open 
area~ within a fire storm area probably are safe. 
A park 1.000 feet in diameter provided adeq uate 
protection from [he Hamburg fire storm: a simi
lar area of 400 x 400 feet did not. 

_ In Tokyo. during the Kanto earthquake 
an~re of 19~3. fire whirlwirids sweeping across 
some large open areas killed many who would 
otherwise have sUf\'hed. Thus. safe1Y in a partic
ular location depend:o. to some extent on unprc
dicta ble aspects of the fire. 

SECTIO;-'; IV 

~ TH£R\iAL RADlA TION 
DE~~DATIO~ OF STRUCTURAL 
RESISTANCE TO AIR BLAST • 

• Section III of this chapter contains a 
description of the properties of materials that 
might result in ignition or degradation of their 
physical properties. The emphasis of the discus-

sion in Section III concerns the ignition of C0111-

bustible materials. This section provides a some
what expanded treatment of the degradation of 
structural resistance to air blast that is brought alt by exposure to thermal radiation. 

TIle problem of integrated thermal/blaSt 
ef ec s can be divided into several elements. ant' 
element is the free field thermal and air blast 
en\'ironments to which a system element i~ 

exposed. Methods of predicting these environ
ments are presented. in Chapters ~ and 3. As 
pointed out in Chapter 3. prediction of the ther
mal environment is difficult because of the 
importance of climatic conditions. A statistical 
or probabilistic description of weather condi
tions frequently will have to be used to form 
some estimate of the validity of the results. 
.. The first element of the overall problem 
tr~ in this section is the coupling of thermal 
energy into the structure or system element of 
interest. The condition of the target surface. its 
orientation to the detonation. and coating~ 

employed all can affect the amount of thermal 
enercry that is absorbed by the target. 
• The second element is the mechanisms 
for t11t' loss of energy from the structure through 
convective heat losses or reradiation. The third 
element is the effect of absorbed energy on the 
state of the target material. The primary effect 
of this change of state i~ the fourth element. 
which j<. the change in material properties. 
• The final and fifth element of the prob

lem IS the effect of changes in material 
properties on the structural resistance to air 
blast loading. 

_ Insufficient data are available concernin2 
th~ermophysical properties of nonmetalli~ 
materials to pro\'id~ a realistic discussion of the 
combined blast/thermal effects on such ma
terials. Any current prediction would be highly 
uncertain, both with reg~rd to the occurrence of 
any specific ph)'sical phenomena and to the 
quantitative evaluation of the phenomena. Con-
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• sequentl)' the discussion in this section will be 
limited to metallic materials. 

• THERMAL ENERGY ABSORBED • 

9-29 Absorption. 

I The amount of thermal radiation that a 
meta lie element will absorb depends on the 
properties of the metal, color, surface condition, 
orientation to the burst, the absence or presence 
of some type of coating (either accidental such 
as dirt or grease or intentional such as a paint 
system). * The amount of thermal energy ab
sorbed by a target usually is determined by 
multiplying the incident energy by an absorp
tion coefficient. The absorption coefficient can
not be directly measured; however, a good esti
mate can be made by performing spectral mea
surements of reflectance over the range of wave
lengths representative of the nuclear radiation 
spectral distribution, and finding an average 
value of reflectance. The coefficient of absorp
tance then equals one minus this average value 
of reflectance. The absorptance determined in 
this manner is valid only as long as the surface 
does not change as a result of the absorbed ther
mal energy. Another approach is to divide the 
quantity of energy absorbed by the incident 
energy. The absorbed energy is determined from 
experimentally determined temperature vs time 
relationships and appropriate theoretical energy 
balance relationships.t Some typical values for 
a bsorption coefficients for bare metals are 
shown in Table 9-5. A value of 0.5 would be a 
good value to assume for the absorption coef-
ficient in the absence of more definitive data for 
a specific system under investigation . 
.. A coating or surface treatment on a 

m","ubstrate can alter the effective absorption 
coefficient significantly, and thereby can alter 
the amount of energy absorbed by the metal 
structure. The amount of energy absorbed 
depends on color, thickness, adhesiveness, and 
heat transfer characteristics of the coating. The 
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Table 9-5.. Absorption Coefficients for 

. 'are MetalS • 

Material 

Polished metals 

Especially clean aluminum 

Clean aluminum 

Unpolished metals 

Average over aircraft 

Absorption 
Coefficient 

0.25-0.5 

0.2-0.4 

0.5 

0.45-0.55 

0.5 

most common type of coating is, of course. 
paint. The importance of paint in altering th~ 
amount of thermal radiation absorbed was noted 
in early :nvestigations where it was found that 
the thin aircraft skin under painted insignia had 
melted, whereas the skin of adjacent areas was 
not affected. It should not be assumed, however, 
that paint or other coating is necessarily a detri
ment. In some instances. the smoke that results 
from the breakdown of the paint can reduce the 
amount of energy absorbed and thereby reduce 
the maximum temperature reached by the sub
strate. Figure 9-8 illustrates this factor. The only 
true general statement that can be made about 
coatings is that they can alter the amount of 
thermal energy absorbed by the substrate. In 
fact some coatings, even paint systems, can be 
designed to reduce the amount of energy absorb
ed. As a general rule, however, most coating 
systems on present tactical military equipment 

.~ Implicit in this statement and throughout this discussion is 
th act that energy coupling depends on the wavelength of the 
incident radialion. 

I Absorptance is. a function of time and temperature, ai
tti ugh an average value usually is employed. This (unction when 
known may be found as an input specification for certain com-
puter programs. . 
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Figure 9-8. _ Exposed Facing Temperature-Time 

Histories of Aluminum Honeycomb. Facing. O.016-in. 

Grav Painted Skin; Core 1/B·in., Cell Size 112·in. 

• Thick. 21-24.2 cat/em 2, 3.8 Mt tI 
will cause an increase in the amount of energy 
absorbed. 111 e mechanisms of the response of 
coatings and the transfer of energy to the sub
strate are so complex that theoretical descrip
tions have not been successful. The response of 
coatings depends upon both the rate at which 
thermal radiation is received and the total inci
dent energy. A gin'n amount of radiation re
ceived at a slow rate may only cause discolora
tion or slight scorching. whereas if it were 
received at a very rapid rate it would cause 
charring or blistering.. The latter response is 
more typiCal in a nuclear environment. The 
change in state of the coating reduces the 
amount of energy available to be transferred to 
the substrate. because these processes:;are irre
versible. However, the change in state usually 
increases the absorption coefficient of the coat
ing, and the net result usually is an increase on 
the amount of energy absorbed by the substrate. 
An exception occurs if the absorption coef
ficient was initially high, and energy was 
absorbed by the smoke layer generated by the 
decomposing paint. Coatings that respond by 

physically separating from the surface, i.e .. 
blister. potentially can reduce the amounts of 
energy transferred to the substrate. Since the re-

. sponse of the coating-substrate system to nu
clear weapon thermal radiation is so complex. 
effective absorption coefficients usually are 
determined experimentally. 
~ The average value of the absorption co
e~1t. A, depends on the properties of the 
substrate as the flow of thermal energy from the 
coating influences the response of the coating. A 
series of experiments with laser heating provides 
data to illustrate this point. Various metallic 
samples were prepared with a Silicon-carbide
synar binder coating (spectrophotometric mea
surements gave an average absorption coefficient 
of 0.85 for the coated aluminum sample for 
equilibrium temperatures of 70 and 600°F for a 
10.6 micron wavelength). The average values of 
the absorption coefficients for a range of irrad
iances based on temperature \'5 time data are 
shown in Table 9-6. TIle effect of substrate 
properties is significant. 

II Values of absorption coefficients are 
shown in Table 9-7. Generally, values range from 
0.3 to 0.6 for light or reflecti\'e paints, and from 

Table .9-6.11 Average Absorption Coefficients 
for Laser Heated Coated SUbstrates. 

Substrate 

2024- I81 clad aluminum alloy 

6AL-4V annealed titanium 

301 full hard stainless steel 

Average 
Absorption 
Coe ffjcjen t 

0.7 ± 0.1 

0.35 ± 0.1* 

0.80 ± 0.05 

- Evaluation of titanium specimens showed con
si_ble scatter. Erratic behavior probably resulted 
from improper bonding of the coating and cracking or 
flaking of the coating during straining. 
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Substrate 

Metallic skins 

Painted metals 
(aircraft skim) 

SOJ2-H32AL 

A1uminums 

6061 Al-Mg alloy 

2024-13 

-

Table 9-7.. Representative Value) of Absorption Coefficients for 
Metals with Various Coatings or Surface Treatments • 

Coating or 
Surface Treatment 

Aluminum paint 

White paint 
White paint (clean) 
White paint w/oil film 
Yellow paint 
Olive paint 
Gray paint (clean) 
Black paint 

Insignia blue 

Black paint 

Reflecting white paint 
Camouflage paint 

Haze gray Navy paint 
Volcanol 

Anodized black 

Absorption 
Coefficient 

O.S 

0.3 - 0.5 
0.25 
0.30 

0.4 - 0.55 
0.6 - 0.7 

0.6 
0.65 - 0.95 

0.9 

0.7 - 1.0 

0.32 
1.00 

0.78 ± 0.04 
0.99 ± 0.05 

0.67 

0.6 to 1.0 for dark paints or treated surfaces. 

• 
It is apparent that the selection of an 

abso ption coefficient based on the information 
in Table 9-7 for use in analyzing the response of 
a military system could be in error by as much 
as ±50 percent. Currently, the best solution is to 
perform upper and lower bound calculations. 
The upper and lower bound calculations should 
be based on the best estimate of the condition 
of the surface at the time of exposure, i.e., dirty, 
corroded, prior exposures, etc. 

surface receives all of the radiation if it is 
oriented normal to the rays. If the surface is 
rotated about an axis normal to the rays, it cuts 
fewer of the rays, and the amount of thermal 
energy received is reduced. The energy received 
by a differential area on a curved surface also 
can be treated in this manner. With such assump
tions, the absorbed energy function takes the 
following form: 

_ One additional factor affects the amount 
o~rgy absorbed. This factor is the orienta
tion of the surface to the thermal pulse. Ideally, 
if incident parallel rays are assumed, with no 
scattering, reflection or refraction, the target 
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where 

Q = 

Qa 
::; 

Qa = QAe cos 8 

incident energy, usually expressed in 
cal/cm2 

absorbed energy, usually expressed in 
cal/cm2 

) 



• .1 = efJ'cctiw ab:;orption coefficient 
c 

(-! = in-:-idcllt angle. angle between a line from 
tjlL' source to the surface and a line nor
Illal to the plane of the surface. 

Linder those ideal conditions. the amount of 
absorbed energy follows the cosine law; ho\\,
eYer. there will be conditions where scattering. 
reflection. and refraction. will in~\'alidate the 
parallel ray assumption in addition to altering Q. 
This \",Quld principally occur at large angles of 
incidence such as shown schematically in Figure 
Q-9. A com puter program called TRAP has re
antly been de\'eloped to handle these 
C.11 l'Tions, 

figure 0-'1 aho illl1~trat('~ the Jlllount of 

enl:'rgy recei\'c'd b~' the surface of 3 cylinder with 
ib 3:\lS orielHc'd norlll:J1 to the ray paths. The 
quantity (j tl1(']) becomes the distance. in ra-

dians. along the circumference. from the point 
ne.iiiit the source. 

• ~oth th~ absorpti~n coefficient and 
onentatlOll are lmportant m determining the 
amount of energy absorbed into the target. 
Errors in orientation are of greater significance 
at large angles on incidence; however, orienta
tion usually can be inferred, at least for worst 
cases, whereas the absorption coefficient usually 
is not well known unless it has been determined 
experimentally. 

9·30 Energy Losses II 
• The absorption of thermal radiation 

energy into a material has been discussed i11 the 
pre\ious paragraph, Befort' discussing tllt' effect 
of this absorbed energy on material properties or 
change- in struct ural resistance. tll e form al1d sig
nificance of energy losse~ from the material 
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9-35 



• must be discussed. The three ways in which ther-
mal energy can be dissipated are conduction, 
radiation, and convection. For purposes of this 
discussion, conductive dissipation is not really a 
loss, in that energy is redistributed throughout 
the material system rather than ]ost. from the 
system. This form of heat dissipation is consid
ered in more detail in the following subsection 
that discusses the change in material state, and 
till . cussion of temperature profiles. 

Radiation losses nor-many are considered 
n g igible, because the temperature rises in a ma
terial are relatively small, even though the radia
tion heat loss is a function of the fourth power 
of absolute temperatures. TIle heat loss through 
radiation is expressed by: 

where 

Q = radiative heat loss, cal/cm2-sec, 
I 

a :;; Stephan Bolzman Coefficient = 1.36 x 
10-12 calJcm2 sec 0K"4 , 

£ = emissivity, nondimensionaJ, 

T = absolute temperature. oK, of radiator 
(may be time dependent), 

To = absolute temperature, oK, of surround-
109 alT. 

H a 2000 e temperature difference is assumed, 
and an emissivity of 0.2 (for oxidized aluminum 
at temperatures of a few hundred °C), and the 
ambient air temperature is 300e K, the radiative, 
heat loss becomes: 

Q = (1.36 X 10-12 )(0.2)(5004 - 3004 ) 
I 

= 1.48 X 10-2 cal/cm2 • sec 

If the temperature rise is 4000 e then Qr be
comes equal to 6.3 x to- 2 cal/cm2 sec_ Thus, it 
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can be seen that even at high elevated tempera
tures, the heat loss through radiative processes is Sll. ' 

Convective heat losses occur when there 
is a ow of air over the heated surface. This type 
of heat Joss is most important for aircraft in 
flight and is a weak function of position on the 
airfoil, and the speed and altitude of the aircraft. 
The rate of convective heat loss also depends 011 

whether the boundary layer flow is laminar or 
turbulent. These processes are generally under
stood, and a number of formulas that are avail
able are given below: 

where 

hCY = convective heat loss coefficient for tur-
bulent flow, 

T = air temperature, 0 R, 

V = flight speed, ft/sec, 

p = density of air, Ib/ft 3 , 

x = distance from leading edge of airfoil, ft. 

II = 0 ) 76- pVC (log Re)-2.45 
cv· P 10 ' , 

hcv = 0.01445 k/x (Re)O.8 (Pr)OJ3, 

hcv 0.0282 k/x (Re)O,8 (Pr)0.33, 

h~v = 0.318 k/x (Pr)1/3 (Re)I/2, 

where 

= convective heat loss coefficient for tur
bulent flow, cal/cm2 • sec' °c 

,'.7)' ., , 

-...... 

-.,-....... . 
, . , 



• hi = 
(.'\. COJlvecti\'(' heat loss coefficient for 

laminar tlow, cal! cm 2 • sec' 0 C 

P = density of air, gm/cm 3 

l' = flight speed, cm/sec 

Cp specific heat of air, cal/gm . °c 
Rc = Reynolds number, p T'x/p, dimensionless 

k ;;;; thermal conductivity of air, cal1cm • sec 
. °C 

x = distance from leading edge of airfoiL em 

PI' = Prandtl number. CpfJ./ k, dimensionless 

Ii = viscosity of air, gm/sec • cm 

TIlese formulas are based on the assumption that 
a reasonable approximation may be obtained by' 
analysis of airflow over a heated l1at plate. 
Experimental data indicate that the average 
error in using this approximation may be as 
much as 30 percent with a mean error of from 
10 to 15 percent. The value for h CI ranges from 
zero to 0.03 cal/cm 2 • sec' °C for a range of 
reasonable air properties and velocities. General
ly, convective heat losses are marginally impor
tant for relatively low yield weapons; however, 
for long duration thermal pulses and under con
ditions when the temperature difference 
between the aircraft skin and the air boundary 
layer is large, the convective heat loss can be 
significant for high speed aircraft. 
.. Values of he\' have been calculated (see 
T~-8) for purposes of comparing the results 
of the equations given above, under the follow
ing assumed conditions. 

Aircraft type = fixed wing 

Aircraft speed = 100 mph (4.47 x 103 em/sec) 

Aircraft altitude:;; 1.000 ft 

Air temperature = 70°F, 200 e 

x = 4 ft, 121.92 em 

P .. 7 .S( I Or2 lb/ft3 

Table 9-8. 8 Values of hev Obtained from 
Various Functions in the Order in Which the 

Equations are Given Above 11 

Flow 

Condition 

Turbulent 

Laminar 

( 2 cal . toe) 
em • sec 

= 1.2(lOr3 gm/em3 

2.27(IOr3 

2.27(10)"3 

1.14(10r3 

2.23( J Or3 

~.15(1 Or4 

:.82( 1 0)"4 

k = 6.0874(1Or5 cal/em • sec· DC 

C = 0.2404 cal/gm • or 
p 

/J. = 1. 798( I 0)'4 gm/crn • em 

• The use of th~ convective heat loss coef
ficient. h . is shown below: , cv· 

Q = h (T - T) 
C\· CY ~ 

where 

Qcv = convective heat loss, call em 2 • sec 

Ts = surface temperature, °c (may be time 
dependent) 

T = surrounding air temperature, °c 
For high speed aircraft, it may not be appro
priate to assume that the temperature of the sur
rounding air is the temperature of the air 
boundary layer next to the heated surface. This 
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• is particularly true if aerodynamic heating 
occurs. For this situation, the recovery tempera
ture Tr should replace T in the equation given 
above. 

• 
For tactical systems of interest to this 

sec JOn, radiative and convective heat losses gen
erally can be neglected. However, these are and 
normally should be included in detailed analyses 
and computer calculations for completeness, 
particularly for high speed aircraft and large 
yield weapons. 

• CHANGES IN MATERIAL STATE 
AND MATERIALS PROPERTIES' 

9-31 Changes in Material State 

• The change in material state of primary 
interest is the change in temperature caused by 
absorbed thermal radiation. The temperature 
changes are controlled by the energy absorbed in 
the material as a function of time and position 
and by the geometry of the member being ana
lyzed. Geometry can have a significant impact 
on heat flow through the member as well as heat 
absorption and losses. There are a number of 
techniques available for determining tempera
ture changes. These techniques vary from simple 
formulas to large computer programs depending 
on the simplifying assumptions that are made 
and the complexity of the system geometry. The 
greatest amount of effort has been devoted to 
the study of temperature changes in flat plates, 
primarily because of the interest in aircraft 
safety/survivability problems. Therefore, the fol
lowing discussion is dominated by analysis d[ 
flat plates, although most of what can be learned 
about the processes affecting plate temperature 
applies to other geometries because th.e basic 
equations describing the processes are the same. 
_ Plates can be divided into several types 
according to the temperature proflle through the 
plate. A thermally "thin" plate usually is defin
ed as. a plate where the temperature gradient 
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between the front and back of the plate is small. 
Thermally thin plates simplify the analysis prob
lem, be~ause, if a significant thermal gradient 
exists, the thermal stresses become more com
plex. Plates usually are assumed to be one 
dimensional, with no heat flow to a supporting 
structure, so heat sink effects can be neglected, 
unless the plate is part of a fuel tank. 

_ Whether a plate is thermally thin de
pe':rr not only on the thermophysical properties 
of the material, but also on the thermal pulse 
characteristics and the time during the pulse that 
the criterion is applied. Some materials conduct 
heat more quickly than others, and the tempera
ture on the back face of these materials will not 
lag behind the temperature on the front as much 
as for materials with lower conductivities. For 
example, the thermal conductivity of aluminum 
is about 0.4 cal/sec . em • °e, and that of 
titanium is about 0.04 cal/sec . cm • 0c. There
fore, aluminum conducts 10 times as much heat 
as titanium in a given amount of time. Other 
material factors that control the ratio of front to 
back temperature are specific heat, density, and 
thickness. 
_ The temperature difference also depends 
~lse characteristics. For a pulse that is 
delivered slowly, there may be sufficient time 
for energy to be conducted to the back face, so 
the thermal gradient at the time of interest is 
minimized. Conversely. a pulse that is delivered 
rapidly may cause a steep thertnal gradient. For 
a given pulse~ material, and thickness, the time 
at which the temperature response is of interest 
determines whether the thermal gradient is 

A number of techniques have been 
to determine whether a plate can be 

considered to be thermally thin. One technique 
that gives a good approximation is illustrated in 
Figure 9-10. The values of 11 = tllm ax and 
ext max /b 2 must be evaluated to use the curves in 
Figure 9-10. From Chapter 3 

;:.:). 
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\\'he'fe I is the tinle to the principle thermal 
Jr. (] \. • 

tllJ\inlUJ11. I~r is the \veapon yie1d in kIlotons .. 
and p 'p () is the ratio of the air densit~/ at the 
burst altitude to the air density at sea leveL The 
par3111eter a is defined as 

0: = f.':p C cn11/sec \. m r 

\\'here 

k thenna] conductivity of air. cal/ern • sec 
. cc. 

Pr:-, = n13tedal density~ gnl·cm 3
. 

C" = specific heat of air. cal"gm • Cc r 
and b js the thh:kness of the phite in centi-
111t'lers. The point \vhere the values of 1/ and 
0.1 1/1 2 ll1t:ct detennines \\'hether the plate is 

III J\ 

thin ~ finite. or thick. A thin plate is one in \\'hieh 
the difference bet\\'een back and front tempera
tures is less than 10 percent. A thick plate is one 
in which there is no temperature rise on the 
back face. A finite plate falls between the other 
two criteria. 

_ A technique for predicting the temper3-
~f thermally thin plates uses the relation
ships shown in Figure 9-11. This technique is 
believed to provide good results over a fairly 
wide range of problems of jnterest. The tech
nique assumes that thermophysical properties 
and the rate of convective heat loss are constant. 
tha t rad iation losses are negl.igi ble. and tha t 
there is no heat loss front the back of the plate. 

~amples provided in thi~ section wit) all be concerne~ 
""~i~·b~·;~t .. th:u arC' ~uffici~ntly low that the term (p,'Po)OA
is near enough to 1.0 10 be neglected (e.g .• at 4 t OOO feel 
(ptpo )0.41 ~ 0.99>. Therefore, the appro:\imation 'rna, ::::: 0.043 
WOA3 will be used throughout the remainder ~f thh section. 
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Problem 9-1. Calculation of Thermal Thickness of a Metal Plate 

• Figure 9-1 a c~ntains curves that define 
regions where metal plates may be considered 
thermal1y thin, finite, and thick, respectively. 
The curves are plotted as a function of the 
parameters 'I'j and OIl m a x (b 2 , which are defined 
in paragraph 9-31. Their use is demonstrated in 

the following exale. : 
• Example 

Gil'en: A 50 Aluminum alloy plate is an 
important part of a structure under analysis. The 
plate IS 0.875 em thick and the range of air blast 
exposures for the system of which it is a part are 
expected to be from 8 to 15 psi from a 100 kt 
explosion at a height of burst of 1,000 feet. 

Find: Whether the plate can be considered 
thermally thin. 

Solution: The corresponding height of 
burst for a 1 kt explosion is 

h = h 
1(»,1/3 ) 

= 1,000 = 
(100)1/3 

215 feet. 

From Figures 2-18 and 2-19, Chapter 2, the 
ground distances from a I kt explosion at a 
height of burst of 215 feet that correspond to 
15 and 8 psi overpressure are 895 and 1,250 feet 
respectively. From Figure 2-28, Chapter 2, the 
times of arrival of the blast wave from a I kt 
explosion to these distances are 0.37 seconds 
and 0.61 seconds, respectively. The correspond-
ing times for a 100 kt explosion are . 

t = t wl/3 
1 

t = (0.37)(100)1/3 = 1.72 sec for 15 psi, 

and 

t = (0.61)( 1 00)1/3 = 2.83 _ sec for 8 psi. 

The time to final maximum for a 100 kt low air 
burst is 
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tm ax ~ 0.043 W0.43 

= (0.043)(100)°·43 = 0.3] sec. 

Therefore, 

and 

'f} = t/tmax 

1.72 f > 
'f'1 = -= 5.5 or 15 PSI, 

0.31 

2.83 . 
'I'j =--= 

0.31 
9.1 for 8 psi. 

The properties of the alloy are 

Since 

k = 0.28 cal/sec °c, 

Cp = 0.22 cal/gm °e, 

p = 2.66 gram/cm3 . 

k 
O! =--

pC ' p 

OIl max kt max 

(0.28)(0.31 ) =--------
(2.66)(0.22)(0.875)2 

= 0.19. 

Answer: From Figure 9-10, at the 15 psi 
overpressure level where 'f'1 = 5.5, the plate 
should be considered finite; at the 8 psi over
pressure level, where 'f'1 = 9.1, the plate can be 
considered thermally thin. 
• Related Material: See paragraph 9-31. 
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• The variables used in this technique have 
units in the cgs system and have been defined 
previously; however, they are listed below for 
convenience. 

To ;::: temperature of the plate prior to ex
posure, 

tlT ;::: temperature rise, °C, 

A = absorption coefficient 

Q = thennal exposure, cal/cm2 (effective 
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Pm 
Cp 

b 

"" 
= 
;::: 

thermal exposure may be used where Q 
= Q cos 0), 

s'pecific gravity of material, gm/cm3 , 

specific heat, cal/gm • °C, 

plate thickness, em, 

convective heat loss, cal/cm2 • sec • °C, 

11 = tllmax ' 

hev = 

Use of the technique is illustrated in Problem 
9-2.-

- __ - ..... -- -,0.-" _.~ 

) 



Problem 9-2. Calculation of Temperature Rise in a Thermally Thin Plate 

_ Figure 9-11 contaim a family of curves 
that relate thermophysical properties of a thin 
metal plate to thermal pulse parameters in a 
manner that aJlows calculation of the tempera
ture rise in the plate. The procedures for the 
calculation are made clear in the following 
examples. Symbols for the various parameters 
are listed in paragraph 9-31. 
• Examplel_ 

Gil'en: A 6061~A1uminum alloy plate is 
exposed to the thermal pulse from a 100 kt low 
air burst at a location where the incident radiant 
enngy is 76 cal. cm 2 and arrives at an angle of 
incidence of 30°. Properties of the plate are 

To = 30°(, 

A = O.S. 

Pm = 2.7 gm)cm 3 , 

Cp = 0.216 cal!gm . °e, 

b = 0.15875 cm. 

11 = O. 
C\ 

Find. The temperature of the plate when 1/ 

= 2,4, and 6. 
Solufion: The effective radiant exposure is 

Q = Q cos e = 76 cos 30° = 65.8 cal/cm 2 . e 

From Figure 9-11, with 

he\'! rna\ 
== 0, 

when 

~T 

1/ = 2'A --Q-j-pC-p-b- = 0.47, 

when 

and when 

0.67, 

l:!T 
1/ = 6 --==--= 0.74. 

, AQjpCpb 

The value of AQ/pCpb is 

AQe (0.8)(65.8) --=---'-----'-----
C.7)(0.216)(O.158751 

The temperature rises are 

~T = (0.47)(569) = 267°C for 1/ = "'I 

l:!T = (0.67)(569) = 381°C for 1/ = 4, 

and 

~T = (0.74)(569) = 4~1 DC for '7 = 6. 

Answer: The plate temperatures are 

Therefore, 

'" 30 + 381 

T~=6 = 30 + 421 = 451°C. 

_Example2. 
Gil'en: The same conditions as Example 1, 
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• " except that he\' = 3.0 x 10. 2 cal/cm2 .0c.* 
Find: The temperature of the plate when 1] 

= 2,4, and 6. 
Solution: 

tmax- = 0.043 W°.43 = (0.043)(100)°·43 

'" 0.31 sec. 

hc"lmax (3.0 x 10.2 )(0.31 ) 
= = 

pCpb (2.7)(0.216)(0.15875) 

From Figure 9-1 ) , when 

when 

and when 

~T 
1/ = 2. ---- = 0.44. 

AQ/pC b 
p 

0.53, 

IlT 
1] ::: 6, AQ/pCpb == 

From Example 1, 

0.51. 

AQ ---

9-44 

0.1. 

•• _,' ....... '~._-= 'R ...... _., ____ -__ .... -~"'. __ O_.Y'_:;._,. - •• ,,~~ .•. -. , 

The temperature rises are 

~T = (0.44)(569) = 250°C for 1] = 2, 

~T = (0.53)(569) = 302°C for 11 =-4, 

and 

t:.T = (0.51)(569) = 290°C for 11 = 6. 

Answer: The plate temperatures are 

Therefore, 

T7i= 2 ::: 30 + 250 ::: 280°C, 

= 30 + 302 = 332°(, 

and 

• Related Material: See paragraph 9-31. 

Thi~ value corresponds roughly to an 3irplane speed of 
mi/hr. 

) 
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_ Thermally thick plates are those that do 
not have a temperature rise on the back surface 
at the time of interest. Finite plates have a tem
perature gradient between the front .and back 
Silrf es and a temperature rise at both surfaces. 

Computer codes generally are required 
to ca culate tJ'le temperature history of ther
mally thick and thermally finite plates. Simple 
graphical techniques have been developed to 
determine the temperature ·rise on the front face 
of a thermally thick plate and on the front face, 
mid place, and back face of thermally fini te 
plates. These are not included herein because the 
techniques depend upon thermal source charac
teristics that are very different from the source 
characteristics described in Chapter 3. * If graph
ical techniques that are compatible with the ther
mal source data of Chapter 3 become available, 
they will be included in revisions to this manual. 
In the meantjme, users who are interested in the 
techniques should consult "Thermal Degrada· 
tion of Structural Resistance to Air Blast" (see 

•

.. grapby). 
Requirements to analyze geometries that 

are more complex than single layer plates (even 
if they are layered thin plates) or to examine 
plates with temperature dependent thermo
physical properties or heat losses require the use 
of a computer code. Codes for more complex 
geometries, such as, cylinders and tee beams, 
have bee}:} developed specifically for the types of 
analysis of concern to this section. As noted 
previously, the TRAP computer program can 
calculate temperatures and stresses for tw.o 
dimensional structures. 

• 
Honeycomb structures or sandwich con

s rue lon must be considered as a multi .. layered 
system. A five layer system was used to examine 
thin sandwich construction. 'The five layers con
sisted of the core, the two skins, and the two 
bonding layers between the skins and core. Most 
sandwich construction has been found to fail at 
the bonding layer. Consequently, the tempera-
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ture of the bond and the thermal stresses in the 
face sheets (or skins)· can be of equal impor'" 
tance. Studies and experiments show that a cal
culational procedure that includes five layers 
was required to duplicate experimental results 
accurately.. A code developed for dual layer 
plates ~as been used to calculate thick single 
layer plates by considering bot~ layers to be the 
same material. 

9·32 Change in Materials Properties • 

• The rise in temperature that occurs 
when thermal radiation is absorbed can be 
expected to cause changes in materials prop-

• The important differences in source characteristics are the 
time to final maximu m. where 

I .: 0 032 Wl/2 sec max ' 

was used in developing the graphical techniques, while a more 
recent 'value 

t = 0043 Uj).43 (PIp )0.42 sec 
max' 0 

is given in Chapter 3, and the power at thermal maximum, where 

P == 4 Wl/2 kt/sec max 

was used in developing the graphical techniques while a more 
recent value of 

43 wO· 6 
P max:= • 044 kt/sec 

<P/po) • 

is given in Chapter 3. The latter determines the maximum madi
ance (thermal energy per unit area per unit time) incident on the 
target. Actually. the procedures described in Problems 9-1 and 
9.2 were developed for use with the older expression for (max; 
however, since the two expressions agree within a few percent 
for low air bursts and for yields f,om a few it to a few M t, the 
use of the techniques with the value of 'max from Chapter 3 was 
illustrated. The values of P max" on the other hand, differ widely 
at all yields, Since the temperature histories presented in the 
papbieal techniques for fmite and thick plates depend strongly 
on irtadiancc, it is not possible to use the thermal source data 
with the curves derived (or use with the older expression for 

Pmax' 

-- ... - ......... ..-.. .... 
'# 
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• ertil."s, Propertie:-; of mechanical strength are of 
greatest concem. since these properties influence 
structural resistance. 
• Thermal stresses may be present in 
eIther unrestrained or restrained structures or 
elements thereof if thermal gradients, which 
usually are caused by increased temperatures, 
are present. The magnitude of the stresses 
depends upon the amount of expansion the 
structure experiences. which depends on the 
value of the coefficient of thermal expansion. 
Cl:e ' for the material. The dimensions of this co
efficient are length per length per temperature 
unit, often expressed as in. 'in,oF or cm/cm/°C, 
Tilt' \'alue of 0.<, depeno5 on the temperature. as 
sl1O\m i,n figures 9-1 2 through 9-1 5 for a num
ber of materials. Usc of an improper value of 0: 

. . t 
can cause seriou~ errors in the estimation of the 
thermal stress level in some materials. For 
example. the llse of the room temperature value 
of Q e for A lSI 30 J stainless stee J when the 
value of 1 ~OO(T (~650oe) should have been 
tls<'d. would result in a \'alll": of thermal stress 
tha1 i~ ::!O percent too low. For 2024 Aluminum 
Alloy. the error would be about 18 percent. 
whereas for Ti-8\1n Titanium Alloy. the error 
would be 45 percent. Thus. for large tempera
turl! risl!s, the assumption of a constant value for 
the coefficient of thermal expansion could lead 
to significant errors. However. for small tem
perature rises. on the order of 200" F (} lODe). 
the error would not be significant, For most 
metallic materials, the error in thermal stress is 
about :2 percent per JOO°F or 3 percent per 
1000 e temperature rise above room tenlperature 
values of o.e' Additional data may be obtained 
from "Metallic Materials and Elements for Aero-
~ Vehicle Structures" (see bibliography). 
_ Changes in mechanical strength are the 

pfll11e reason for concern about the effects of 
absorbed thermal radiation, Data from several 
sources are incorporated into Figures 9-16 
through 9-18 to provide some indication of the 

effects of elevated temperature on the tensile 
strength properties of 2014-T6 Aluminum 
Alloy, Titanium Alloy 6AL-4V, and 30] fulL 
-hard stainless steeL The various curves in these 
figures provide some indication of the effect of 
elevated temperature and also the effects of the 
speed at which the sample was heated and the 

IIi it remained at a given temperature. 
TIle data that will be discussed comes 

rom several sources. Since the techniques for 
testing that were used in these sources differ 
considerably, it will be of value to discuss the 
various techniques employed. 
_ The four basic types of loading tests that 
~een used to determine mechanical prop
erties at ele\'ated temperatures are illustrated in 
Figure 9-19 and 9-20, Figures 9-19a and b illus
trate an adaptation of the conventional tensile 
test for elevated temperature. The sample is 
heated rapidly to an equilibrium temperature. 
At some finite time after thermal equilibrium. 
called the soak time. a conventional tensile load
ing test is conducted with a constant strain rate 
loading mechanism. Two loading rates are shown 
in Figure 9- I 9a. Figure 9-J9b illustrates the type 
of restilts that are obtained from the type of test 
illustrated in Figure 9-) 9a, 

_ Figures 9-19c and d illustrate another 
~of tensile test where the sample is loaded 

with a constant load, then heated at some rate 
until rupture occurs. Figme 9-19d illustrates the 
type of results that are obtained from the type 
of test illustrated in Figure 9·19c. Figure 9-~0 
illustrates two types of short time creep tests 
and their results, 

• 
Results from these types of tests are 

S 10W11 for three aluminum alloys in Figures 9-:21 
through 9-23. Some data shown in Figure 9-~ I 
were obtained by the type of the test illustrated 
in Figure 9-19a. The soak time of the sample 
was one-half hour before a standard constant 
strain rate of 0.00033 in./in./sec tensile test was 
performed. Other data in Figure 9-21 also were 
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• obtained in the manner illustrated in Figure 
9-19a, but with the equilibrium temperature 
being reached in 10 sec and with a 10 sec soak 
time, and with three different strain rates used 
in the tensile tests. Other data were obtained in 
the manner illustrated in Figure 9-19c with a 
heating rate of 60°F/sec. The fmal data in Fig
ure 9-21 also were obtained in a manner similar 
to that illustrated in Figure 9-19c with a heating 
time and time of rupture each approximately 10 

The ultimate strength data in Figure se" 

9-_ tend to show the importance ·of tempera
ture and strain rate, but the data from the differ
ent sources are not consistent and are, therefore, 
difficult to evaluate. For example, the 0.00005 
in.lin./sec strain rate curve for 10 sec soak times 
from one source lies close to the 0.00033 
in./in./sec strain rate curve for one-half haUl 
soak times from a different source. Interpolation 
between the strain rate data for 10 sec soak 
times would indicate that a 0.00033 in.fin./sec 
strain rate curve for a 10 sec soak time would lie 
slightly to the right of the 0.00005 in./in./sec 
curve and, therefore, slightly to the right of the 
one-half hour soak time curve. However, there 
are ample data, as shown in Figutes 9-) 6 
through 9-18, to justify the expectation that the 
10 second curve should fall significantly to the 
right of the one-half hour curve; that is, for a 
given temperature and strain rate, the shorter 
the soak time, the smaller the decrease in tensile 
strength. It should also be noted that constant.· 
load curves should agree more closely. 
~ The ultimate strength data in Figure 
9~uggest a similar inconsistency although the 
data were taken from two different types of 
loading tests. The one-half hour data is from 
loading tests similar to that shown in Figure 
9-19a, and "constant load, heating time as indi
cated" data is from loading tests similar to that 
shown in Figure 9-19c. The latter data clearly 
shows the influence of heating times or heating 

9-60 

rates on rapid heating, constant load tensile test 
results .. 

. ... The yield strength data shown in Figure 
9-~r 2014-T6 Aluminum Alloy is somewhat 
more consistent. The instantaneous heating data 
were obtained in a manner similar to that illus
trated in Figure 9-19a, although times are very 
short. Specimens were heated instantaneously 
by an ·electron beam, then a stress wave was sent 
up the specimen. An analysis of the stress wave 
characteristics' on either side of the heated 
region provided yield and ultimate strength data 
as well as elastic modulus data. The times indi
cated for these data are the delay times between 
time of heating· and the arrival of the stress 
wave. Thus, the data are for instantaneous heat
ing, very· short soak times, and extremely high 
strain rates (-10-9 sec- l ). The comparable strain 
rate data for 1/2 hour and 10 sec soak times are 
in the relative positions that would be expected. 
The one factor that may explain why the com
parable strain rate data of Figures 9-21 and 9-23 
are relatively close together despite the different 
soak times is the heating rate. 

II Similar data from a single source are 
shown in Figures 9-24 and 9-25 for 6AL-4V 
Titanium Alloy and full, hard 301 stainless steel. 
The data in these figures also illustrates the 
inconsistencies in data discussed for Figures 9-21 
through 9-23. 

.. One other mechanical strength property 
o~rest is the elastic or Young's modulus of 
the material. One source indicates that for soak 
times of from 1/2 to 10,000 hours, the elastic 
modulus depends only on temperature and not 
on soak time for a number of different ma
terials. A separate. source indicates that this is 
true for 6061-T6 and 2014-T6 Aluminum Alloys 
with soak times of 0.2, 1, and 10 msec. Al
though this conclusion has not been validated 
for other materiaJs at small soak times, it ap
pears reasonable to assume that the elastic 
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• mod LIlliS only depends on temperature for 
metallic materials. 
~ In evaluating the information available 
~nges ill mechanical strength properties of 
materials. it should be reemphasized that a 
variety of testing techniques have· been used to 
obtain the data presented in this section. Con
stant strain rate and constant load techniques 
have both been used, A variety of heating tech
niques have been used, including ovens. resis
tance heating. inductive heating, hot-fluid bath 
heating. radiant heating. lasers, and electron 
beams. A considerable amount of data have been 

•
. ed on a number of different materials. 

The data indicate that there are five 
basl';" variables that inDuence the degradation of 
mechanical strength properties at elevated tem-
perature for particular materials: initial tempera
ture. heating rate. final temperature, soak time. 
and strain rate. Not much is known about the 
effect of initial temperature since most data 
rel'ort "room temperature" as the reference 
temperature. Increases in heating rate. final tem
perature. or soak times cause a decrease in ulti· 
mate and yield strengths, An increase in strain 
rate at a particul3r final temperature apparently 
increases the strength. Because of the different 
resting techniques employed, the relative impor
tance of these variables in determining material 
strengths is difficult to determine: however. it 
appears that soak time and final temperature are 
most important. followed closely by strain rate, 
and finally heating rate as long as final tempera
ture is reached in less than one minute. 

_ Although there 3re considerable data 
~le all rapid heating effects, it is difficult 
to extrapolate to other than test conditions with 
any confidence. In any event, in estimating 
strength, data available on rapid heating and 
short times appear to be more appropriate than 
those for slow heating. long soak times for the 
general class of problems of interest in this 
manual. 

• RESISTANCE TO LOAD II 
_ The ultimate concern of combined 
.thermal/blast effects is the change, if any, in the 
vulnerability/survivability of tactical systems 
compared to vulnerability/survivability to ther-

IIblast effects separately. 
, Figure 9-26 illustrates typical experi
menta stress-strain curves for 2014-T6 Alumi
num Alloy with two approximations to this 
curve: the more or less classical straight line: and 
the so-called Bell's stress-strain Jaw for dynamic 
deformation: 

a = t3 (1 - :) e! ':! 
m 

where 

o = stress, psi, 

e ;:: strain, in./in .. 

T = temperature of interest. OK. 

T m = melting temperature, C K, 

t3 = parabolic coefficient. 

The area under each of these curves is equal to 
the strain energy absorbed by the material. For 
the straignt line approximation the- area under 
the room temperature curve equals about 433 
in .• Ib/in. 3 to a strain (t) of 0.0] in.jin. 111is 
compares well with the area of 43:2 in .• Ib/in. 
under the typical curve to the same E. The Bell 
st rain law gives an area of 441 in .. Ib/in.3 • 

The change in allowable uniform equiva~ 
ic load that will give the same maximum 

deflection as a uniform dynamic load has been 
determined for degraded 2014·T6 Aluminum 
alloy properties using elastic theory for large 
deflections of simply supported square plates. * 
The allowable load was defined as the maximum 

~ blast loadini of lon! duration, or a flat top \I\'ave, 
.~~m:d. 
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-static load the plate could carry without exceed-
ing the yield stress, One-half hour soak time data 
",'ere used to determine the strength properties, 
and a 20-in. square plate. 1/4-in. thick was 
assumed, The results are shown in Table 9·9. As 
can be seen, the maximum allowable load is 
almost a linear function of allowable stress. The 
explanation of this can be seen in the following 
equation, which is the elastic stress equation for 
the plate under study. 

a = 7,356.8p + 4.632£113 p2!3 . 

TIle second term of the equation is for mem
brane stresses and is the only term that contains 
the temperature dependent Young's modulus. 
As the tern perature increases. the value. of E de
creases. so the contribution from the second 
term is further decreased, and a fairly linear 
~dence on the pressure, p, remains. 
_ Th e allowable stress in the above 
example was taken from 1/2 hour soak time 
data. This provides a lower bound for the allow
able load. Examination of Figure 9-21 through 
9-25 indicates that the rapid heating. short soak 
time data generally fall above the 1/2 hour soak 
time curves. More reliable estimation of allow
able loads will depend on the availability and 
appropriateness of the material data' that is re
quired for the type of analysis and calculation 

•
h . ques being employed by an investigator. 

The truly dynamic case may be analyzed 
similarly. In both cases, however, the basic fac
tor that influences structural degradation is 
allowable stress as long as the elastic analysis 

_ roach is used. 
Where deformation or plastic response is 

responsible for failure, allowable stress no longer 
can be used to determine allowable load; either 
total deformation or total energy absorbed must 

Me sed. 
The energy approach consists of stating 

at the energy absorbed by a structure as it 
deforms is proportional to the product of the 
overpressure and the impulse values, ApI, of the 
blast wave that causes the deformation. Thus, 
for a constant value of absorbed energy used as a 
measure of damage, any combination of over
pressure and impulse that yields the same prod-

lit will cause the same amount.of "damage." 
The effect of elevated temperature on 

the damage values has been investigated. One 
source indicates that for face-centered cubic ma
terials, such as aluminum. the value of the para
bolic coefficient of Bell's stress-strain law varies 
linearly with the temperature. For 2014-T6 
Aluminum, the equation would be 

Table 9-9.11 Allowable Uniform Static Load for Aluminum 

Plate at Three Temperatures. 

Temperature 
("F) 

70 

350 

500 

oy 
(103 psi) 

57 

43 

17 

Young's 
Modulus, E 
(106 psi) 

10.5 

9.77 

8.4 

Allowable 
Deflection Load 

(in.) (psi) 

0.323 7.25 

0.261 5.45 

0.117 2.10 
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-where the value of~ was obtained by fitting the 
curve to pass through the room temperature 
yield stress for the material. The Bell's law equa
tion indicates that the energy under the stress
strain curve is a linear function of temperature 
by varying values of 13 linearly. This infers that 
the damage value, llpJ, should depend on a 
linear function of temperature, i.e., 

where 

(Ap!)r = damage value at temperature Tl 
1 

and 

(ApI)T = damage value at temperature T 2' 
2 

If this relation were true, it would be a simple 
matter to evaluate the vulnerability of a struc
ture. Once the value of ApI had been deter
mined for ambient temperatures, the ApJ value 
at elevated temperatures could be determined 
easily. 
_ The Bell's law equation also indicates 
~Yield strength, ultimate strength, and 
Young's modulus are linear functions of tern- .," 
perature for dynamic deformation. The data 
that were used to develop the equation were 
obtained from impact tests of oven heated 
samples. No information was provided as to 
what the heating rates or soak times were. The 
only other comparable data, at least in the dy
namic sense, were shown in Figure 9-24, which 
indicate that data from dynamic tests do seem 
to approximate a straight line to some degree. 
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Thus, with further· testing and research, it may 
be that a relatively simple approach to assessing 
structural vulnerability to combined thermal! 
blast effects will be possible for dynamic 

lie ormation damage criteria. 
The previous discussion has been con

cerne primarily with unstressed, unrestrained 
structural elements. There are three main struc
tural conditions that are encountered in the 
analysis of structural response to combined 
thermal/blast effects. These are: unstressed 
members with no edge or end restraints; un
stressed members with restraints; and prestressed 
members with restraints. These conditions refer 
to the status of a structure before either thermal 
or blast loading. The fIrst condition is the easiest 
to analyze since there are no restraints to dimen
sional changes during or after heating so the 
thermal degradation of mechanical strength 
properties is the main concern. The second con
dition is more complex since dimension changes 
are prevented in varying degrees and appreciable 
thermal stresses may exist at the time of blast 
loading. The inclusion of these thermal stresses 
is not uncommon in structural elastic analysis. 
Thermal stresses caused by thermal gradients in 
the structural member also are included under 
this condition. The inclusion of stresses induced 
by the thermal gradient in an elastic structural 
analysis generaHy will require the use of a finite 
element structural analysis computer code. 
Unfortunately. it cannot be assumed that either 
form of thermal stress will be inconsequential, 
and they should both be addressed specifically 
in the solution of a particular problem. The final 
condition is the most difficult to analyze be
cause a member may be stressed prior to thermal 

•
blast loading. 

The final factor to consider in determin
mg structural response is the possibility of 
changes in failure modes, particularly materials 
rupture. Visual examination of a l/4-in. by 
0.040-in. 2024-T3 Aluminum specimen that fail-

J 
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-ed indicated little necking down at the failure anisms that result from the interaction. The 
point. This may be due to the small area (about damage mechanisms depend on the fluence and 
17 mm diamekr) exposed to thermal radiation. energy. or temperature, of the X-rays and on the' 
Failure occurred on a 45° plane. with no cup- p'rotective and structural materials involved in 
ping. Post:;hot photos of cylindrical/aluminum the interaction. For purposes of discussion the 
shells, exposed to HE air blast after rapid heat- damage mechanisms can be, divided conveniently 
ing. indicated an almost brittle-like fracture into the effects caused by hot X-rays and those 
mode of failure. Failure of similar shells at nor- caused by cold X-rays. Some familiarity with the 
mal temperat me under the same type of loading material discussed in Chapter 4 is assumed in the 

was of a ductile deformation type. The POSSi-"oIloWin discussion. 
biliry of a change in failure mode under dynamic Cold X-rays (typically 1 to 3 ke\' 
loading at elevated temperatures has not been ac' 0 y temperatures) are absorbed in a t11in 
investigated. but is of concern since residual load surface layer. At sufficiently high fluence. a 
carrying capabilities of deformed structures are short pulse of X-rays can heat the surface rapid· 
sometimes used in determining vulnerabilit\', Iy and may cause it to vaporize and blow off. 

•
111 summan, if elastic-criteria are u~ed to This results in: (1) an impulse imparted to the 

e erm)l1t survivability/vulnerability, and if the total structure; and (2) generation of a strong 
necessar:- materiab strength properties are shock wave that propagates into the structure, 
kno\\l1, a fair1\- straight forward but not neces- and which may cause spallation of material at 

sarily simple st~ess an;lysis may be performed. If free boundaries and internal fracture of rna-
dynamic or deformation criteria are necessary, terials and bonds. These latter effects are pro-
the problem becomes very difficult. if not im- duced by shock wave propagation through the 
possible. because of the lack of validated anal- thickness of a surface structure such as the ther-
ysis techniques. A third criterioll. material melt- mal protection shell of a reentry vehicle. The 
ing. may be used to bound the problem. A tem- former effects may produce damage by whole 
perature criterion may be chosen that is o_le modes of response to the net impUlse. 
nearly equal to the melting point of the materia The hot X-rays are more penetrat-
with the inference that. at that temperature. the ing. They can cause: (l) thermally generated 
material has no strength. and therefore. no resis- shock waves in the vehicle structural materials 
tance to load. 111is latter criterion has been used. and internal components; (2) melting and vapor-
for example, to establish kill criteria for Aml), ization of the substructure: (3) internal deposj· 
aircraft. tion of energy in eleCTronic components produc

ing transient or permanent damage (see Chapter 
6 and Section 7 of this chapta): or (4) produce 

SECTIOr\ V ., internal El\1P signals (see Chapter 7i. 

_ X-RAY DA\1AGE EFFECTS'II- While some nuclear weapons emit 
~-rays, all hot X-ray weapons have a 

INTRODUCTION • cold component. Hence, for exoatmospheric 
events the hot X-ray effects are accompanied by 
cold X-ray effects. On the other hand, for endo
atmospheric explosions. the cold X·rays have 
short mean free paths, and the X-ray effects be
yond distances of a few tens of meters are pro
duced by hot X-rays alone. 

Nuclear weapons as X-ray sources 
lc' environments they produce are de

scribed in Chapter 4. This section discusses the 
interaction of the X-ray environment with aero
space systems and some typical damage mech-



_ Damage to a particular system depends 
. on the structural details of the system as well as 

the X-ray spectrum. Accurate damage prediction 
even for the simplest geometries, generally re
quire elaborate computer programs to calculate 
the energy deposition and the response of the 
system. All vulnerability analyses follow similar 
computational steps: 

1. The X-ray energy deposition is computed 
using known processes for the materials and 
structure. This energy is assumed most often to 
be deposited instantaneously. 

2. From the calculated energy deposition and 
the equation of state for the materials in the 
structure (if known) for the liquid, solid, and 
vapor phases of the material, a stress wave, 
which propagates through the surface structure, 
is calculated. 

3. Damage to the surface structure that re
sults from the stress wave (spallation, internal 
fracturing, delamination and debonding), is 
determined. These calculations generally are 
based on experimentally derived damage re
sponse curves. A good deal of progress has been 
made in the last few years in understanding and 
predicting fractures in most homogeneous and 
some composite materia,ls. Even a small amount 
of fracturing may cause a significant loss in 
strength of material. One of the most complicat
ing factors involved in making reliable damage 
predictions is that of in-depth heating prior to 
stress wave propagation through the material. 

4. The response of the whole structure that 
results from the impulse imparted to it is deter· 
mined. This response also is generally based on 
experimentally detennined damage or properties 
degradation measurements. In these computa
tions, the effects of the loss of strength of the 
structural material as a result of fracturing 
caused by the immediately preceding stress wave 
or by in-depth heating must be included. The 
structure may be broken by the impulse loading, 
or it may be weakened (buckled) so that it will 

fail under subsequent stresses, for example, re
entry into the atmosphere. 

_ 'X-RAY ENERGY DEPOSITION 
CALCULATIONS II 

_ The starting point of all X-ray vulner
ability· analysis is a calculation of the X-ray 
energy deposition. The determination of the 
transmitted X-ray fluence, or shine through, into 
the interior of the aerospace system, is implicit 
in these calculations. Calculation of X-ray 
energy deposition involves the use of energy 
dependent photon absorption cross sections and 
energy and angle dependent scattering cross sec
tions. Corrections for fluorescence, i.e., reradia
tion of X-rays, may be significant for high 
energy photons in certain materials. Sophisti
cated energy deposition and transport calcula
tions, using detailed energy dependent cross 
sections and their angular dependence can be 
made by computers using Monte Carlo tech
niques. The results serve as an accuracy check 
and provide "effective" cross section data for 
simpler techniques. Approximation techniques 
greatly reduce the amount of effort and time 
involved in system analysis. Fairly accurate 
approximate values sometimes can be obtained 
even by hand calculations, as will be shown with 
examples. 

j!£ X-ray Cross Sections _ 
_ The probability of a photon of energy 

hv traversing a distance of absorbing material x 
is e-l..Ix, where Il is the linear attenuation coef
ficient. This probability also can be written as 
e·(I..I/P)PX, where IJ/p is the mass attenuation 
coefficient for the material (see paragraph 4-3). 
In this representation, III p is in cm2/gm and px 
is the thickness in gm/cm2, i.e., the mass of ma
terial in the column of 1 square centimeter cross 

tlction and x centimeters long. 
If the monoenergie X-ray flue nee ind

ent normal (perpendicular) to the material sur· 

) 



-face is ..; (>' the direct fluen ce after traversing a 
thickness px of absorbing material is 

• The total mass attenuation coefficient 
Iii p is the sum of several components that repre
sent the various mechanisms that can remove a 
primary photon from the direct flux, while it 
traverses a material. TIlese mechanisms are de
scribed in paragraph 4-3. Chapter 4, and are: the 
photoelectric process. Compton inelastic scatter
ing. Compton elastic scattering (incoherent elas
tic scattering) and Rayleigh elastic scattering 
(coherent elastic scatteringr The first two pro
cesses resulT in photon energy being absorbed 
and the production of sec'ondary electrons, the 
photoelectrons and Compton recoil electrons. 
respectively. The kinetic energy of these elec

trons is dissipated in the material and heats it. 
Energy deposition usually is .:..alculated to have 
occurred at the depth at which the electrons are 
produced. However. in the case of very thin 
samples, the range of the freed electrons can 
exceed the material thickness, and energy de
position cannot be considered to be local. The 
energy removed from the primary photon beam 
in the Compton elastic process or the Rayleigh 
elastic process is not locally absorbed. A clear 
distinction must be made between attenuation 
of the primary flux and absorption of energy 
from the primary flux. For tlus reason the total 
linear attenuation coefficient usually is written 
as P = Pa + J.l. s ' Here, lia is an absorption coef
ficient. It represents the first two processes men
tioned above, which result in energy absorption. 
The second term, J.l. s ' is an elastic scattering coef
ficient, which contributes to the attenuation of 
the primary flux but not to local energy absorp
tion. It is sometimes convenient to ignore the 
Rayleigh coherent scattering coefficient in the 
total attenuation coefficient. The coherent ra
diation has the same energy, and nearly the same 

direction, as the primary photon and cannot be 
distinguished from it in the "bad" geometry 
situations that usually occur in nuclear effects 

allications. * 
Mass attenuation coefficients for the ele

men s beryllium, aluminum, iron, copper, tung
sten, and uranium are given in Tables 9-] 0 
through 9-15, and Figures 9-27 through 9-3~, 
respectively. These are representative of metallic 
materials used in aerospace systems. Mass atten
uation coefficients for ablator materials, carbon 
phenolic and tape-wound silicon phenolic are 
shown in Figures 9-33 and 9-34, respectively. In 
these tables and figures. Z is the atomic number, 
IJ.ce / P is the coherent elastic scattering coef
ficient, Pie / p is the incoherent Compton elasti c 
coefficient, Iii) p is the inelastic Compton coef
ficient, and lip I p is the photoelectric coefficient. 
As designated previously, JJ.) p and p/ p are the 
energy absorption coefficient and the total 
attenuation coefficient.t 

9-34 X-ray Energy Deposition and 
Shine Through Fluences • 

• X-ray energy deposition in a thickness li 
at a depth x due to direct fluence photons is 
gi\'en by 

[ _(Pa)pol -Cl)px 
A~ir = 'fo 1 e P J e P 

If lia6 « 1, and if'fc is in cal.'cm 2 • this expres
sion can be written as 

Pa - - px (P-) 
A~ir = \{Io (p) p6 e p . cal/cm2 • 

.. I .... "good" geometry is one in which the distinction between 
primary and scattered photons can be made accuratel>'. 

'

The symbols K, L 1• L 2• etc., in the tables and figures indi
ca e the binding energies of the various electron shells (see para· 
graph 4-3, Chapter 4). 
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-Frequently, the absorption is written in terms of 
cal/gm by dividing out the thickness po, 

f.J.a - -I px (
'/J. \ 

Adir = I{)o (p) e PI cal/gm. 

This expression for the absorption is in terms of 
a dose; however, this assumes that very little of 
the flux is absorbed in the deposition region at 
depth x, i.e., the deposition region considered is 
very thin. Clearly, more energy than is in the 
incident flux cannot be absorbed. 

_ The equation for direct fluence ('Pdir ) 

gIven in paragraph 9-31 can be used to represent 
a small energy band of photons in X~ray energy 
spectra such as those tabulated in Table 4~3, 

Chapter 4, for various black body spectra. The 
total energy in the direct X-ray fluence after 
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traversing thickness x is obtained by summing 
over the energy bands. 

In a like manner, the total direct flue nee X~ray 
energy absorption at depth px is obtained by 
summing for each energy band. 

(
Ji ) -(1:.) px 

A :;; l:: ;. 'Poi e P i cal/cm2 • 
, I 
I 

_ Problems 9~3 and 9-4 illustrate how 
these equations can be used to calculate approxi
mate values for energy deposition and shine 
through. 

) 

"'".- .. 



Problem 9·3. Calculation of X-ray Energy Deposition at the Surface 

_ 1l1e information contained in Tables 
.9-10 through 9-15 and Figures 9-27 through 
9-34 together with the equation for energy 
absorption given in paragraph 9-34 provide the 
means to obtain the approximate X-ray energy 
absorbed for various spectra and several ma
terials. If the energy deposition at the surface on 
which the X-rays are incident is desired, the 
thickness. x, reduces to zero, and the energy 
deposition equation becomes 

A = L (Pal P)i .poi cal/gm. 



Related paragraphs 9-33 
and 9·34. See also Tables 9·10 through 9-15 and 
Figures 9-27 through 9-34. See also paragraphs 
4-1 through 4-3 and Tables 4-3 and 4-4, Chapter 
4. 
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Problem 9-4. Calculation of X-ray Energy Deposition at a Depth . 
in a Material and the Shine Through Fluence 

_ The information contained in Tables 
9-\ 0 through 9-1 5 and Figures 9-27 through 
9-34 together with the equation for energy 
absorption given in paragraph 9-34 provide the 
means to obtain the approximate X-ray energy 
absorbed for various spectra and several ma
terials at a depth x in the materials, as well as 
the fluence at that depth or the fluence emerg
ing from the back face of the material -(shine 
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~ 4-1, Chapter 4, describes the method to obtain 
energy distribu tions for various source temperatures from the 
normalized Planck distributions given in Table 4-1, Chapter 4. 
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Reliability: The reliability of the pro
cedures described above depends on the X-ray 
spectrum and the absorbing material. The ac· 
curacy depends primarily on the relative impor
tance of the scattering cross sections, and, for 

materials, fluorescence. No definite reU
estimate can be made. 

Related Material: See paragraphs 9-33 
34. See also Tables 9-10 through 9·15 and 

Figures 9-27 through 9-34. See also paragraphs 
4-1 through 4-3 and Tables 4-3 and 4-4, Chapter 
4. 



Table 9·10. • X·ray Cross Sections, Beryllium Z "" 4 (cm2 igm] II 
PI "ll on 

En.:rg:. 
ke\' P,e'p P1e!p iJ-i,ip ilpip i1a 10 J.l:p 

0./ 7.097./* 1.154·3 :'.77Q. 7 1507+4 1.507+4i 1.5071'4 
(j /1 JA 7.09 .. ·1 1.33]·3 3560· 7 1.109+4 1.109+4 l.l 09+4 
0.111 7.094·1 1.331·3 356Q. 7 :2.323+5 ~.323+5 2.323+5 
0.15 7.079·1 2.007 •• , 7.257· 7 1.105+5 1.105+5 1.105+5 
O.~ 7.05 .. ·1 ~.97~·3 1.42J·6 5.302+4 5.302+.+ S.30~+4 

0.3 0.984·1 5.171·3 3.685·6 1.816+4 1.816+4 1.817+4 
0.4 6.889·1 7.660·3 7.2:23·6 8.29~+3 8.292+ 3 8.292+3 
0.5 6.770-1 (03C/·::' 1218·5 4.456+ 3 4.456+3 4.456+ .3 
0.6 6.631· 1 1.332·2 1.866·5 2.662+3 2.662+3 ~.66>.3 

0.1' td06·1 1.972·2 3.65Q.5 1. 165+3 1.165+3 1.165+3 

10 5.939·1 2.674·2 6.137·5 6.072+2 6.07>: 6.078+2 
1.5 4.%(" I 4.64&·: 1.59J·4 1.820+: 1.820+ ::. 1.825+ 2 
2.0 ·US.'>·I 6.151·2 2.771·4 7.626+ I 7.626+ I 7.674+ I 
.3.0 3.0)C)·1 7.946·: 5.309·4 2.199+1 2.1991' I ':: . .':37+1 
4.0 2.3 71· 1 9.009·2 7.9J 1·4 9.004 9.004 9.332 

5.0 1.468·1 9.8312 1.066·3 4.481 4.48::' 4.:n 
6.0 1.685·1 1.05.'·1 1.356·3 2.5~7 2.528 :UW:! 
8.0 1.185·] 1.170-] 1.97 J·3 1.0]9 L02] 1.267 

10.0 1.003·] 1.261·1 2.613·3 5.024·1 5.050.1 7.314· J 
) 5.0 5. 78o.~ 1.386·1 4.173·3 1.384·1 ].426·1 3.39(). J 

~o.o 3.677-2 1.432·' 5.589·3 5 .539·~ 6.098·2 2.4JO-J 
30.0 1.844.::; 1.433·1 8.064·3 1.5::;5·~ 1.331-: 1.85]·1 

40.0 I.O%·~ 1.395·1 1.017·2 6.126·3 1.630·::; 1.668·1 
50.0 7.::;51·::; 1348·1 I. ]99·::; 3.0~7·3 1.502·: 1.5 70-1 

60.0 5.132·::; 1.29()· J 1.357.::; 1.705·3 1.528·,2 1.503·1 

80.0 ~.947.3 1.~07·1 1.6)7·2 6.930·4 1.686·::; 1.400·] 

100.0 1.898·3 I.l 26·1 1.819·:; 3.464-4 1.854·:; 1.33 J.J 
150.0 8.554.4 9.646·:: ::.164·2 9.953-5 1.174·2 1.191.) 

200.0 4.81104 8.4 70':; 2.364·:; 4.159·5 2.368·~ 1.089· J 
300.0 2.138·4 6.877·2 2.559·2 1.241·5 2560·:; 9.458·J 

400.0 ].203·4 5.830·:; 2.63().~ 5.346·6 2.631·2 8.4 73·~ 
500.0 8.019·5 5.080·2 2.645·2 2.811·6 2.645·:; 7.733·::; 

600.0 5.346·5 4.516·:; 2.634·2 1.675·6 2.634.:; 7.156·2 

800.0 ~.807·5 3.708·2 2.571·2 7.501·7 2.571·2 6.282·:; 

1000.0 1.737.5 3.157·2 2.487·2 4.074·7 2.487·2 5.646·2 

• 7.097 - I = 7.097 x 10-1. 
, l.507 + 4 = 1.507 x 104 . 
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Table 9·11. III. X·ray Cross Sections, Aluminum Z 13 (Cm2/gml. 

Photon 
Energy 

keV Jlcrip Pie I P f.l1/p pp/p f.la 1p J.I/p 

0.1 2.504 5.614·4* 1.348· 7 4,462+5t 4.462+5 4.462+5 
0.118L 1 2.503 7.044·4 1.!}98·7 2.849+5 2.849+5 2.849+5 
0.1 If: :2.50:- 7.044·4 1.998·7 4.273+5 4.273+5 4.273+5 
0.15 2.501 9.871-4 3.568·7 2.192+5 :2.192+5 2.192+5 
0.::: 2.496 1.473·3 7.102·7 9.926+4 9.926+4 9.926+4 

0.3 2.48:: 2.59).,3 ).874·6 3.250+4 3.250+4 3.250+4 
0.4 ~"'63 3.867·,3 3.706·6 1.472+4 1.4n+4 1.4 72+4 
0.:' 2.43Q 5.~76·3 6.286·6 7.962+3 7.962+3 7.964+3 
0.6 2.411 6.799·3 9.696·6 4.819+3 4.819+3 4.822+3 
O.S ~.345 1.015·2 1.917·5 2.183+3 2.183+3 2.185+3 

1.0 2.269 1.384·2 3.251.$ 1.18J+3 1.181+3 1.183+3 
1.5 2.063 2.43)·2 8.474·5 3.866+2 3.866+2 3.887+2 
5.560/\ 2.036 2.533·2 9.169·5 3.473+2 3.473+2 3.493+:! 
1.560 2.036 2.533·2 9.169.5 '4.403+3 4.403+3 4.405+3 
2.0 1.869 3.295·2 1.5144 2.352+3 2.352+3 2.354+3 

3.0 1.557 4.629·2 3.164·4 8.087+ 2 8.087+2 8.103+2 
4.0 1.326 5.732·2 5.166·4 3.674+2 3.674+2 3.688+2 
5.0 1.143 6.618·2 7.3814 1.960+2 1.960+2 1.972+2 ) 
60 9.910·1 7.543·2 1.004·3 1.162+2 1.162+2 1.172+2 
8.0 7.482· I 9.132·2 1.59&·3 5.004+ 1 . 5004+1 5.088+1 

10.0 5.730·1 1.045·1 2.258·3 2.571+ 1 2.571+] 2.639+1 
15.0 3.272·1 1.228·] 3.861·3 7.471 7.475 7.925 
:20.0 2.133·1 1.319·1 5.390·3 3.057 3.062 3407 
30.0 1.148·1 1.388·1 8.161·3 M05·1 8.587·1 1.11 ~ 
40.0 7.319·2 1.394·1 !'05~':~ 3394·] . 3.499·] 5.625·] 

50.0 5.116·2 1.374·1 1.256·2 1.657·1 1.783·] 3.668·1 
60.0 3.792·2 1.343·1 1.432·2 9.199·2 1.()63·1 2.785·1 
80.0 2.209·2 1.268·1 1.719·:; 3.625·2 5.344·:; 2.024·1 

100.0 1.466·2 1.194·] 1.943·2 1.759·2 ].702·2 1.711·1 
150.0 6.855·] 1.03$·1 2.324·2 4.728·3 2.797·2 1.383·1 

200.0 3.935·2 9.131·;2 2.549.:; 1.868-3 2.736·2 1.226·' 
300.0 1.775·3 7.425·;2 2.775·2 5.09:;·4 2.826·2 1.043·] 
400.0 1.000-3 6.297·2 2.86)·2 2.044·4 2.881-2 9.279·2 
500.0 6.384·4 5.490-2 2.880-:; 1.014-4 2.890·2 8.444·2 
600.0 4.397·4 4.88()'2 2.868·2 5.749·5 2.874-2 7.797·2 

800.0 2.455-4 4.012·2 2.798·2 2.374-5 2.800·2 6.837·2 
1000.0 1.540-4 3.417·2 2.706-2 1.208·5 2.707·2 . 6.139·2 

• 5.6 I 4 - 4 = 5.614 x 10-4, 
t 4.462 + 5 '" 4.462 x 105. 
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Table 9·12. tI X·ray Cross Sections, Iron Z = 26 (cm 2/gm) _ 

P', ;",. 
EIl,'r~\ 

~,,\ 

0.5 

0.1' 
O. 7 (J/'J. , 

Cr iu~ 
G.-2iL 
O~cl 

o~ 

O. '~t-; 
0., .... ...+1, 

; .[, 

2.0 
3.ll 
~(i 

5.0 
b.O 

bAWL,}; 
7.1 I;'''' 
7.11 ~ 
8.0 

10.u 

15.0 
20.0 
30.0 
40.0 
50.LI 

60.0 
&0.0 

100.0 
150.0 
~OO.O 

300.0 
400.0 
500.0 
60Q.0 
800.0 

1000.0 

4)"-+~ 

.pi.;" 
4.1'.,.; 
4.SI ~ 
4.7LJ(, 

4.76'1 

·n31 
-t,(l9() 

4.(>'J(, 
4.r/1 J 

..l (-..q 1 

-+ (;3;", 

4.{;.~;-· 

-1'.:.(,-+ 

3.i,.)~O 

~.~ } '-I, 

~.4l '7 
::.46~ 

2. I 2r. 

Lql)4 

J,796 
!,7Qt; 

1.544 
1.::41 

7.61<4·' 
53~Q..! 

~.q:; I· J 

J .S~~· I 
) .,: .. c·1 

8.974·2 
5.29c.~ 

3.479·2 
1.59;·2 
9.05~·J 

4.05.3·3 
~.~81·3 

IA57·3 
1.008·3 
5.618·4 
3.548-4 

"~.910-4 = ~.910 x 10-4. t. 1.036 + 6 = 1.036)( 106 . 

2-'lJO·'" 
5.217· .. 
7,8'1.;.4 

1.41'<; 
:::.1 .. 0·.; 

3.035·::' 
4.1',(,7·3 

4.f-.~7-.; 

4.9"'·.' 
4.Q95·3 

5.~0(1·.; 

(,.~N'·.~ 

t-,,~':".n,.:: 

""'t.<JI.,i."" •. ; 

1.·13!·: 

::.O:~·: 

3.) 1 ::-2 
-.l.12/ .. 2 
5.0.~5·2 

H:5·2 

0.14 7 .: 

6.04Q·::: 

t>.64Q·:; 

1.01.'·1 
1.11 X·I 
I.::: I 1·1 
1.24:·1 
l.c40·1 

1.~~3·1 

1.172·1 
1.114·1 
9.800·::: 
8.699·2 

7.1 :::4·: 
6.057.::: 
5.~84·~ 

4.69S·~ 

3.863·~ 

3.~91·:; 

(;.')~t,·~ 

1.~7<i·7 

1.0::.<·6 
:.003·(· 

3.557~6 

552:~6 

8.::4·6 
S.~~.t~h 

o~5 (f''7 ~(, 

~.5q7·(J 

l. 105·5 
1.~(l~·5 

1.21.\S~~ 

1.f-,"7.' 
5.W~·5 

9.432·5 
2.j4~~ 

_~.;)-·4 

571.~·4 

J .91 () ... 

oX'o· .. 
I.O~5·~ 

1.055·3 
1.281'·3 
l.b~~·J 

4.I>S;';·3 
:.3! I·] 
9.651·3 
1.161;·: 

L3 .. 1·': 
1.b~.3·~ 

i ,843<~ 

~.441·: 

~.o65·~ 

~.75~·~ 

~.77~·~ 

2.770·~ 

~. 707·~ 

2.619·: 

I.OJt'l+{\"t 

3A 13+5 
1.55~+5 

5 ) 15+ .. 
:.~~7+4 

l.~b3+ .. 
7.06$+3 
.. .8 70+ 3 
1.741+4 
1.65~+4 

~.4 7'1+4 

1.83b+-1 
I.SH+-1 

~.3"6+4 

J ..t44+ .. 

4.505T~ 

1.%6+3 
6.112+2 
~,bt,~+ ~ 

IAO::+2 
h.:Q3+ i 

6 .. h7.~+ 1 
5.01>1") 
4.197+~ 

.<.09"+ :: 
1.714"'~ 

5.6~~+ : 
~.483+ I 
i.63~ 

3.~58 

1.675 

9.709·1 
4. I ().l. I 
;;.IO~·l 

6.353.~ 

~.751·~ 

1i.699·3 
3.945·3 
2.175·3 
1.354·3 
6.590-4 
3.863·4 

I.036-t-t' 

3.413+5 
1.552+5 
5.114+4 
~.3~i+4 

1.263-+4 

7 .ob5+] 
... 870+; 
1.741+-1 

1.65~+" 

:.-1N+~ 

1831'.+ .. 
1.5(,4+-1 
2.34(;+-1 

IA-1'J+J 
4.505+3 

I. 4(>(i+ 3 
6.112+: 
2 (lob'" ~ 
1.402+ 2 
8.2';:\+ 2 

6.1'7:\+ 1 
5.081+1 
4.197+~ 

3.0q5+~ 

1.71"+~ 

562~+J 

~.483+ I 
76:<'! 
3.~6!5 

i.tiP 

9.8·B·1 
42(,('· i 
:;.~l)::·1 

8.5i'3·~ 

5.192·:: 

3.146·2 
2.996·~ 

2.905·2 
2.77J.~ 

2.6S8·~ 

PfJ 

1.036+6 
3.413+5 

5.115+ .. 
:!.~~7+4 

1.~63+~ 

7.670+3 
4.87 .. + 3 
1742+-1 

1.653+4 
~.4 7".,. .. 

lY3~"''' 

1~(14q 

:,3""6+4 
I.-lSC!-4 
4.50'h.~ 

1.'l7C!-3 

6.146·~ 

2.b'!7~ : 
14~h+ 2 

8.511~ J 

7.079+ J 

5.~67+ I 
4.215+~ 

3.112+2 
1.727·2 

5.704+ i 
:.54t:+ 1 
1<.05-1 
:'.575 
1.935 

1.196 
5.<;1(,7·1 
3.754·1 
I.Q<i7·i 
1.480-1 

1.106·1 
9.43:::·:! 
8.4::5·:: 
7. 704·~ 
6.o9:!·:! 
5.984·~ 
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Table 9·13. til X-ray Cross Sections, Copper Z 29 (cm2 /gm) II 
Photon 
Energy 

keY Jl.cclp Jl.;e 1p Jl.,,/p Jl.plp "alp Jl.!p 

0.1 S.l'lS 1.655-4" 3.975·8 3..001+5+ ).001+5 3.001+5 
0.12Q\l1 5.294 2.185·4 6.~91·8 1.976+5 1.976+5 1.9761-5 
0.120 5.294 2.185.4 6.29J·8 2.1741-5 2.174+5 2.174+5 
0.15 5.29~ 3.090-4 1.11 :!·7 1.293+5 1.293+5 1.293+5 
o.~ 5.288 4.8144 2.315·7 6.645+4 6.645+4 6.646+4 

0.3 5.~76 8.9924 6.502.7 2.602+4 2.602+4 2.60~+4 

0.4 5.:59 IAOI·3 1.350-ii 1.338+4 1.338+4 1.338+4 
O.S 5.238 1.975·3 2.380-6 7.984+3 7.984+3 7.99Gt3 
0.6 5.213 2.615·) 3.774-6 5.238+3 5.238+3 5.243+3 
O.S 5. 151 4.072-3 7.768-6 2.693+3 2.693+3 2.698+3 

0.93 IL J 5. )0:; 5. J45.3 l.).38.5 1.896+3 /.896+) 1.901+J 
0.931 5.102 5.145·,3 1.138·5 8.043+3 8.043+ 3 8.048+3 
095JL 2 5.094 53J4·3 1.201·5 7.593+3 7.593+3 7.598+3 
0.95J 5.094 5314·3 UOI·5 1.139+4 1.139+4 I. 139+4 
1.0 5.074 5741·3 1364·5 9.932+3 9.932+3 9.937+3 

1.097L 1 5.010 6.617·3 1.7~1·5 7.725+3 7.725+3 7.73Gt , 
;.097 5.0~O 6.617·3 L7~2·5 1.I59+4 1.159+4 1.15''1+4 
1.5 4.840 1.071·2 3.781·5 4.935+3 4.935+3 4.'l4Gt3 
~.O 4.569 l.578':! 7.372·5 1.154+3 2.154+3 2.158+3 
3.0 4.006 2.566·2 1.775·4 7.465+~ 7.465+~ 7.505+2 

4.0 3.470 3.499·2 3191-4 3.409+2 3.40'l+1 3.444+2 ) 5.0 2.987 4.352·2 4.9384 1.856+2 1.856+2 1.886+2 
60 2.571 5. ]30·2 6.95]·4 1.129+~ 1.129+2 1.I55~ ; 
8.0 1.934 6.4S9·:! 1.155·3 5.156+1 5.156+1 5.356+1 

a. 048L 3K 1.92) 6.5 "·2 1.)66·3 5.073+) 5.073+1 5.272+1 

8.97910: 1.697 7.046·2 1.399·) 3.765+ J 3.765+1 3.941"1 
8.979 1.697 7.046·1 1.399·3 2.97&+l 2.978+2 2.995+2 

10.0 1.499 7.607.1 1.676.3 2.234+~ 2.!34+~ :t~50+~ 

15.0 9.085·, 9.494·2 3.065·3 7.373+ J 7.373+ 1 7.473+1 
20.0 6.24$· J 1.059·1 4.458·3 3.285+ 1 3.285+ 1 3 . .358+1 

30.0 3.479·1 LlM·1 7.071·3 1.026+ 1 1.026+ I 1.073+1 
40.0 2.195.-1 1.;:01·) 9.378·3 4.434 4.443 4.783 
50.0 1.502·1 L203·1 1.137·2 2.301 2.31; 2.583 
60.0 J.()9~ I 1.187·1 1.3()9·:: 1.344 1.357 1.585. 
80.0 6.473·2 I. I 4(). I 1.587·2 5.136·1 5.895·] 7.678-1 

100.0 4.256·2 1.085·, 1.803·2 2.963·1 3.143·1 4.654·1 
150.0 1.958·2 9.568·2 2.ln~ 8.966·2 1.114· J 2.267.1 
200.0 1.117·2 8.510-1 2.390-2 3.869·2 6.259·2 1.589.1 

300.0 5.014-3 6.974·2 2.609·2 1.204·2 2.81J.~ 1.129·1 
400.0 2.8~1·3 5.933·2 2.696·2 5.346·2 3.2)'·~ 9.466·1 

500.0 1.804·) 5.177-2 2.721·2 2.8132·3 3.00'1·1 8.367·1 
600.0 1.249·3 4.603·2 .1.7 J 5·2 1.754.3 2.890·c 7.619·c 
800.0 6.967-4 3.785·2 2.654·2 8.161-4 2.736·1 6.59~: 

1000.0 4.407·4 3.224·2 2.568·2 4.584-4 Z.614.~ 5.882·1 

11.6S5 -4 = 1.655 X 10-4. 
t 3.001 + 5 '" 3.001" lOS. 
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Table 9.14.' X·ray Cross Sections, Tungsten Z '" 74 (cm2/gm) • 

1. JO 1"'1" 
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I.IW+ 1 
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1.1a.;·1 
! O-ll- f 

1.O-~'" ! 
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i.O< .-
J O~>I 

J (I: (-- ~ 

1.0 I ('" 1 

9.!,--1.l 

o.t'·I.; 
q (, 1 ~ 
q.-l~-

5.50u 
4 ~: 1 

3.M'-l 
3(''l-1 

3.t-G-1 

~.q3t> 

2.0-' 
1.::'7 
S.196·j 

5.b54.] 

1.67e;·4-:-
2.95i·4 
4.4::1·4 
7.74J." 
1.165·~ 

r.~ 53-3 
1.553·:; 
1.590·'; 

:.0>·: 
:.02~·.3 

:O~:·,~ 

:.0",,·:: 
-I. I ~t-.: 
~,,'~O"; 

o.:l<)·.~ 

q.: IO.~ 
9.549·:: 
'l.~ '1':1. ~ 

) .O~Q·: 
1.I y.,.: 
1. 14c-.: 

1 .. ~,,~.:: 

1..'l'~·2 

i} Iv: 
J.') (~: 
I.("'h.·~ 

: 10"': 
:.0t.1·~ 

::.104·2 
4.01 :.: 

.U."9·~ 

4~40.~ 

~<:3f..·: 

5.~3~·: 

5.39:;·:; 
5.392·:; 

116:'·: 
7.1 I:::·::: 
6.~-1t>· ::: 

B.S~~·~ 

9.076·::: 

4.041·8 
1.07 0.7 

5.60Q·7 
1.1 ~O:~ 

1.&4 )·6 
1.841·6 
1.91 S·(, 
~.906·t> 

:::.QOl)·t' 

:::.Qo5·(; 
'.'lo-·(' 

\.oo'·~· 

4_~t1~-5 

4.~t':>~ 

4.°:(,.5 
6.4~q·:, 

(; 4~4·5 

1-.:'><4.) 
O.:::bQ·;' 

9.49<}·5 
Q.Q9(1.:: 

:.013·-\ 
3.00>-1 
4.34~·-I 

J.I l"·~ 
1.114·3 
1.35\·:'; 
1.35\·,3 
1.45.~·3 

1.453·3 

~.0.3().3 

3.079·:; 
5.173·3 
7.145·3 
8.918·3 

3.::!3(}o-6 
1.089+6 
5.0n+5 
1.699+5 
7.857+4 

4.5~(}o-4 

4.97~+4 

4.7S~+4 

1.98\+4 
3.:79+4 

.3. :;(It,+-l 

1.-1~ .. ~~~ 
b.J:~>~ 

~."744-.~ 

) .064+.~ 

4.15""'3 

3 7%"~ 
5.t O,,-3 
4.768"~ 

3.3~:;+3 

4.0:~~3 

~.90'"+ .3 
3.197-3 
:::.50~t :; 

I Oh()+:' 
5.937-: 
.3.~4::-+ ~ 

1.6~";-: 

9.:60+ I 

b./Db--) 

1.8:4+: 
1.300.: 
1.950+ .: 
I. 7 J:lt ~ 

::!.57o+::! 

1.4:::3+: 
6.448+1 

2.113+1 
9.575 
S.18::! 

3.~30+6 

1.089+1l 
5.037+5 
1.6QQ+5 
7.85;+4 

4.5~0+4 

4.97:::+4 
4. 75~+4 
~.9Bl+4 

3.::!7Q+-I 

3.:0..'''4 
1.4~:;+4 

~.15::".~ 

:. i4qT_; 

l.(;t>.1+ 3 
4.154 -.' 

3. 791--.~ 
5.6'1[>"3 
4. ibti+ 3 
3.~S;-+:' 

4.0:>.; 

2.90;+3 
3.19 7 .. 3 
:.50"1+ .~ 
:.75;+ 5· 
~.3~5+3 

1.080".~ 

5.Cl37+::: 
3.o4~+~ 

1.6~< 

1.::60'" 

8.766+J 
1.8:4+::: 
U00+2 
1.9SO+~ 

1.7\3+::! 
::!.51(}-!-: 

1.4::.3+: 
6.448+1 

2.113+\ 
9.S8:! . 
5.191 

/J p 

3.::!3Q+1' 
l.08'ltt> 
5.037+' 
1.69Q+5 
7.858+4 

4.5::>4 
4.974+4 
4.753+ .. 
2.982+4 
3.280+4 

3.:0.., .. ..; 
1.4~4+..: 

h. I 6-1·.~ 

:. 't-a-.~ 
1.6 74+.~ 
4.170-':; 

~.~o,~· 3 
5.iO~"'~; 

4. 77Q+.' 

4.0:;3-.3 

~.91b+.; 

3.207 + .3 
:.510"3 
:. i6 i "'3 
~.34~-t ; 

1.08~+3 

6.0l3+~ 

3. 7 10+: 
1.74(1- : 

9.717+ 1 

9.: 1 ~+ 1 
1.869+ ~ 
1.339+: 
\.98Q+: 
1.751+:; 
2.60E.+: 

1.453+~ 

6.663+1 
2.245+1 
1.049+1 
5.867 
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Table 9-14. (Concludedl 

PhOh)ll 

Energ} 
~e\' 11,., p 1-',. P I-',-,'p I'r 'p fl. P iJ..p 

5Y.31~L,J: 4.45 ... 1 9.151·: 1.039·:- 3.~38 3.:24~ 3.785 
MJO 4 "," ~ 1 9.15(\·: l.050·: 3.138 3.14~ 3.67-: 
69.~:~f: 3 .. ~ c7·1 9.100.: 1.150·: 2,09: '2.104 :.533 
69.S:5 3.377·1 9.100.: 1.lfso.: I .O~a-. 1 1.0::! 1+ 1 1.064+ 1 
800 :.~9:·1 9.0:' 7.: 1.313·: 7.367 7.380 7.730 

100.0 ·1.741·1 8.76~·: 1.S~2·~ 4.265 4.280 4.542 
150,0 S.: 16·: b.0:2·: 1.8S.!.: 1.471 1.490 1.65: ) 200.0 4. 7~3· 2 7.:.'7."2 ~.O86·: 6.666·1 6.875·1 B.07!'.) 
300.0 ::!.14 I·~ 6.024.: ::!.~87.: 2.144·1 ::!,n3·1 3.189·1 
400.CI J .209.: 5.160·: :.365·: 9.661-::! I.~03·1 1.839· 1 

500.0 i 750.3 4.5::·~ ~.387·: 5.287·2 7.674·: 1.~97· ) 
600.0 5.3(-1/->·., 4.0.'1·2 2.3113·: 3.:::8 I·:; 5.664·::: 1.0:3·1 
800.0 3.014; ...... ~.., ..... 

-'._'_w"-_ ~.334·::: 1.606·2 3.940-2 7.565·:2 
1000.0 1.9il .. 3 :.831·::: 2.26~·~ 9.610-3 3.:2~4·2 6.246·:-

• !.I<l1 + I ~ 11.91. 
1.I:>b4 - 4 = 1.684 x 10-4. 
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Tab'!: 9·15. • X·ray Cross Sections, Uranium Z 92 (cm 2 /gm) • 
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Table 9·15. (Concluded) 

Pth'1dJ' 

Enerf' 
~~\' P,'" (J Pit P 1<" 'P /Jrip p/p p:p 

60Q 5,33(),1 8.3:5·~ 9690-3 6.261 6,~71 6.88b 
80,0 ;::·,I'lE,.! 8.:;53~ 1 .:~b·~ ~.93b 2.948 3.34Y 

9?- 4401./,' 2.1 it", h. 1 8C) ~ 1.4 16·~ ).700 1.714 2.014 
100.0 :;.114·1 8. 166·~ 1.431·~ 1.63: 1.646 1.939 
IIS.60t,!; 1.046·1 7.956; IS60·~ 1.114 1.130 Jj74 

115.6Ot, ).041' 1 7,956·:- 1.560-2 5.035 5.~6 5.295 

150 (\ 9.83:·~ 7.573-~ 1.799·~ 2.166 2184 2.358 ) 
200 G 5.6:'i·~ 6_h~~·; 1.999·~ C).C)4(}.1 1.013 1.139 

300.0 ~.53~·: 5_6~5·~ :;.15(}'~ 3.873·1 4.088·) 4.9()J·) 

400.0 1.429·: 4.935·~ 2.:'73·~ 2.034·1 2.261 2.898·1 
500.0 9,149·3 4,34(}.: 2.299-2 1.196·1 1.426 1.952·' 

6000 6.343-3 3.869·~ 2.~9:~~ 7.4:!8·~ 9.720·;- 1.4:!:'·1 
800.0 3,5Si·3 3.12/,·:; 2.:1()()'~ 3.107·: S.307·;! 8.79:;·:; 

1000.0 ~.:!64·:; 2.7:!S·:; :!.17!i·~ 1.381·2 3.5S9·~ 6.511·:' 

11.4:3 + 1=14,:3. 
... ....... <. - ..,... .~ 
.·_II,-.-3.).J~IO . 
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9·35 X·ray En ition 
Summary 

The me described in paragraphs 
9-33 and 9-34 and illustrated in Problems 9-3 
and 9-4 allow the calculation of curves that 
show approximations of energy deposition. as a 
function of depth for black body spectra inci
dent on any material, 
known for the rna 

INITIAL PRESSURIZATION OF 
IALS DUE TO 

X·RAY DEPOSITION. 

An immediate conse.quence of the 
of X-ray energy is the rapid heating 

material. This heating causes an initial 
pressure distribution as a function of depth in 
the structure. The initial pressurization generates 
shock waves that propagate through the thick
ness of the shell of the structure. The heating 
can result in a solid material changing phase. 
that is, melting or vaporizing. The melting and 
vaporization cause bJowoff, which imparts an 
impulse to the structure and excites whole struc
ture modes of response. 

9·36 Phase Changes Induced· 
by X-ray Heating • 

_ 1n most nuclear weapoll X-ray environ
ments, the X-ray energy is deposited in a very 
short time, a few nanoseconds to a few hundred 
nanoseconds. The material cannot expand 
appreciably during this time, so the energy 
deposition process can be considered to occur at 
a constant volume or at normal material density, 
Po' Rapid meltj~ and vaporization are accom· 
panied by enormous pressure increases. Values 
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Figure 9·37. Energy Depos ited by Black BodV 
X-ray Spectra in Carbon Phenolic (CP). 
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• for enthalpy changes for melting and vaporiza-
tion for the metals discussed in the previous sub
section are given in Table 9- 17. These values are 
for one atmosphere pressure. In most X-ray 
problems of interest the material is initially at 
very high pressure. so these values can be con
sidered to be only approximate. This approach is 
not correct for ablators as a class although it 
might apply to carbon phenolic in a cold en
vironment. Con fining the discussion to metals 
will not restrict the transfer of principles. * 
• The rising pressure that results from 

neatmg at constant density is illustrated in Fig
ures 9-39 and 9-40 where isoenergy lines of 
aluminum are shown in pressure-density plots. If 
the internal energy is above tne critical energy, 
3,016 cal/gm for aluminum, the material can be 
considered as a vapor. Figure 9-40 shows the 
high pressure, high energy intercepts with the 
normal density abscissa (Po:::: '2.7 gm/cm 3 ). The 
release adiabats for expansion from density Po 

to low density and pressure also. are shown in 
this figure. Expansion along the adiabat results 
in decreasing internal or potential energy as the 
material develops kinetic energy during "blow
off." For example. a 6,000 cal!gm energy depo-

sition in aluminum at Po = 2.7 gm/cm3 results in 
a pressure of about 1.5 megabars (Mb). The 
aluminum would expand from that state to low 
pressure and density, with ftnal internal energy 
of about 3,000 cal/gm and about 3,000 cal/gm 
of kinetic energy. The 3,000 cal/gm of internal 
or pOtential energy is used to overcome the 
physical and chemical forces that bind the atoms 
together in the solid. This leads to the concept 
of heat of sublimation. The heat of sublimation 
at absolute zero, E,o' is the energy required to 
form the saturated vapor from the solid at a 
temperature of absolute zero. Thus, Eso does 
not include any energy of kinetic motion. The 
energy of sublimation generally is a function of 
temperature becomu1g larger for larger deposi
tion energies (temperatures). 

·lThe problem of phase changes in a composite heal shield 
ablator is more .:omplicated sin~ different deposition profiles, 
material enthalp~', and thermal conductivities are involved in the 
calculations. Whilt' some materials, e.g., tape-wrapped carbon 
phenolic, may behave like metals in a cold environment, the 
techniques described here generaU~' are not applicable to the 
description of the blowoff process in the broad category of com· 
posite materials that use three dimension (3·D) \\.eaves for heal . 
shields or for X-ray shields thaI use dispersed hi!!h Z materials 
for loading, 

Table 9-17.. Enthalpy Change for Selected MetalS. 
(cal/gm) 

Metal· 
Atomic To Through To Through Sublimation 
Weight Melt Melt Vapor Vapor Energy 

Be 9.013 876.0 1,187.0 2,147.0 10,040.0 8,682.0 

AI 26.98 160.4 255.3 771.1 3,347.0 2,891.0 

Fe 55.85 250,8 3J5.8 573.0 2,071.0 1,782.0 

eu 63.54 llO.O 160.0 336.0 1,481.0 1,275.0 

W 183.85 153.9 200.0 304.0 1,353.0 1,110.0 

U 238.00 49.0 64.S ]7J.9 596.1 492.1 
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Figure 9·39. • Aluminum lsoenergy Lines. 
Parameter is Energy in cal/gm • 
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9 .. 37 The Griineisen Parameter and 
. the Equation of State II 

- As a fi~t approximation to the equation
o~te of material, it is assumed that the pres .. 
sure in the material increases linearly with the 
deposited internal energy per unit ~olume·, 

P = GllE, 

where G is the Griineisen ratio for the material" 
e is the internal eneigy per unit volume, and 71 ~ 



• pI Po' the ratio of the density to a n.ormalized 
density of the material~ usually the ambient 
density. In codes used to· calculate shock wave 
propagation~ for example the PUFF type codes, 
more elaborate equations of state are used to fit 
the experimentally determined behavior of the 
solid and vapor phases. The equations used in 
the PUFF codes reduce to the equation given 
above when '11 = 1, and generally only one value 
of G is used to specify a materiaL 

• 
Although there may be small errors in 

ca cu atil1g the X-ray energy deposition as a 
functjon of depth~ the significant sources of 
errors in pressure predictions are the accuracy 
and validity of the Gruneisen parameter for solid 
and vapor equations of state. Experimental 
values of G obtained by different methods result 
in factors of about t\\'O uncertainty even for 
some of the comnlon nlaterials such as alumi
num, beryllium: and tungsten. Even though indi
cations are that G is not well known as a func
tion of deposited energy, some very good corre .. 
Jatiorys have been obtained for computed and 
measured values of pressure Vt'aves in X-ray tests. 
when careful calculations are made employing 
elastic plastic properties of the materials. 

~ Initial pressurization in distended ma
~such as porous metaJs and foams presen1 a 
particularly difficult and uncertain condition for 
current analytical techniques. 

Table 9·'9. - Enthalpy 

Po To Through 

Metal (gm/cm 3 ) Melt Melt 

Be 1.85 0.068 0.0918 

AI 2.70 0.0181 0.O~88 

Fe 7.86 0.0824 0.]036 

eu 8.9: 0.04]0 0.0596 

W 19.3 0.124 0.161 

U J8.7 0.0383 0.0504 

9-102 

for e in the equation given 
above ¥e energy per unit volume, which have 
the same dimensions as pressure. Therefore, the 
energy required in cal/gm for a phase change can 
be expressed in units of pressure, if the density 
of the material is specified. If the internal 
energy, E, is given per unit mass, the relation to 
E is 

f (cal/em3') = E (cal/gm) Po (gm/cm3 ). 

The value of E in rnegabars may then be ob .. 
tained by the relation 

E (M,b) = e (cal/cm3
) x 4.18 x 10' (~:n 

x 1 (dynee;g em) x 1 (1012 ::e/cm2) 

e (Mb) = 4.$ x 10.5 e (cal) 
cm3 

= 4.18 X to·5 PoE(;~). 

Thus, the previous equation for pressure may be 
written 

p 
P (Mb) = G - € (Mb), 

or Po 

P (f\1b) = 4.18 x 10-5 Gp E (cal/gm). 

The enthalpy changes of the metals shown in 
Table 9 .. 17 in cal/gm are given in Table 9 .. 19. 

Changes € (Mb) II 
To Through Sublimation 

Vapor Vapor Energy, £$ 

0.166 0.776 0.671 

0.087 0.378 0.326 

0.188 0.680 0.585 

0.]25 0.552 0.475 

0.245 1.092 0.895 

0.]34 0.466 0.385 

) 
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Tabie 9.20 .• Pressure 
(p = Po' 

T,\ Througi: 
~!t: l.l: (, ~l~h Melt 

lL- i . .1 ~ 0. OWl) 0.J33 

X ~ L:' O_03hz> 0.0613 -
f-~ I J)() (Ll39 0.175 

C:; :::.Oil O_OS.:: 0.1 ]f) 

\\ I ·L' 0.1'";7 0.230 

l ...... ... ~ -:: _.V . O.Oi~ 0.102 

• In;; pr"'~~l:r~" j:--~~)~I,l1c,! wi!!1 tiles:; ch;m~e~ a1 

ambi"'!ll J"n~it\. i.e .. Wh.:'l1 p = P . and P (~Ib) = 
Gf 1.\11\). art"' 5);0W~) in Tabk 9.~0'~ 

• 
Frolil Tah,' 9·20. aluminum has J su 

ma Ion prc's~urc' of about O. '7 .\lb 31 ambient 
densj:y. corresponJing to subhmation energy of 
about ':.900 ':J] pi (T JbJe q.] "7), Thi~ point is 
5110\\:: in Figure q··W_ bl-'c'leJ E, at about 3.000 
caJ gl1l. TJbk 9-20 Jl1JJ':Jl~'~ (kn tile pressures 
a~~()~'iJtc'd \,,'i(-, \Jl'orizati,Yl of mC'tal~ al 

ambie'!!! lkJ1~it) ;m,' \\ itll ~om.:- neC'prion:; about 
1 \Ib. -\ ~UT\c'~ of marC' t]):1:, 30 common metal 
el':-l11tl11, indieJlc's thaI an awr<lgc' of 1 ?\lb for 
"Jporiz:.!lion is J ~00d Jpproximation. especiJlly 
jf tili.' Grli;;\.'is~·n \.lid" lor thi.' 111:.lleria! is un..:-cr
IJil~. Sin.:e' ;l bJ] ":(1frc'~ronds to l-k"j psi a .\Ib i~ 
tlll.' c'nOrl11,-)~15 pre'~~urc' of ahom 1.45 x I O~ psi. 
TIllis. trt'm;;,ndou~ for.:es arC' J1wol\'c'd in the 
pre5~me' gradients associakd withmetal-·\,apori. 
zation at ambient density. Table 9·17 shows that 
vaporiz:ltion usually im'ohes several thousand 
calories per gram of energy. High explosi,'e rna' 
terials n:,\T. etc.) release about J ,000 cal!gm. 
ThereforC'. on a mass basis there is more energy 
associated with metal vaporization than with 
hil!h explosi\·C's. Generally. the thicknesses of 
material e\,aporated by X-ray absorption is 

T) 

Change, P IMbl. 
= 1 J 

To Through SUbli1113ti ("~ 
Vap(:H Vapor Energy.L 

0.24 J O.l~ 0.9:3 

0_185 0.805 0.69-1. 

0.318 1.]5 0.%9 

0.250 LIO 0.950 

0.350 1.56 1..> 
0_:73 0.946 0.76:: 

smalL and. the total mass of material that i~ 

\'aporized generally is small. 

SHOCK WAVE PROPA~ON 
LI ........... GE PREDICTIONS" 

The sequen~e of events for the gen
eration an propagation of a stress wave through 
the tJlickness of an aerospace shell and the dam
age produced is illustrated in Figure 9-41. Cold 
X-rays are deposited primarily in a relatiVe}) 
thin sheet of material at the front surface (Fig· 
ure 9-4 J a t. After the energy is deposited a com
pression wave propagates inward from the front 
surfa I.'e, followed by a rarefa~'tjon that calise::. 
the vapor and liquid to blow off (Figure 9-41 b). 
This rarefaction also may cause a spall of solid 
material from the front surface (Figure 9-41 cI. 
Later thC' compression wave reflects from the 
back surface and returns as a rarefaction wave. 
This rarefaction wave. or the coincidence of this 
wave with the rearward moving rarefaction rna" 
cause the rear surface to spall {Figure 9-4-1 d l. ~r 
may cause fracturing or debonding, This process 
occurs within the order of a microsecond and 
generally is complete before the overall stnlc
tural motion occurs. The shock effects are 
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-extremely local. depending on the sheet thick-
nes:-- and not on the o\'erall geometry of the 
structure. so spall damage. including fracturing 
and debonding. usually cannot be scaled accord
ing to the laws that gO\'ern structural behayior. 
Sin.:\:, the spall damage occurs early, possibly 
wt'akening the structure. it can have a strong 
t'ffect on the subseqllent response to the struc-
~ the impulse that has been imparted. 
_ Propagation of stress waves and the dam

age prediL'lions are not amenable to hand calcu
lations. Most stress wave propagation calcula
tion~ are performed on computers using one 
dimensional (J-D I models 10 represent a cross 
section of an aerospace vehicle shell. TIlese stress 
ware propagation cakulations are ust'd routinely 
in design analy~i5 and are the direct outputs of 
PCFF-Jike codc.'~ or their variations. TIle stress 
waye propagation predictions are used to: 

I. ObtaiJ~ a calculated pressure time history 
at the rear surf:,ce of a J-D sample for direct 
comparison to experimental values that are ob
tained by laboratory simulation or by under
ground nuclear tests. The agreement or lack of 
correlation serve as an important criteria for 
judging the adequacy of analytical teclllliq ues. 
111e condusion:>. are almost universal that the 
largest sources of error in stres~ waw propaga
tion codes are associated with the mechanical 
aspects of the material beha\"ior. such as failure 
criteria. and the elastic-plastic models. which 
should include strain rate and temperature 
dependence. 

2. Obtain maximum tension as a function of 
depth in the materials to indicate regions of po
tential material failure. debonding. and spalling. 
Definitions that are required for the" materials 
failure level under these dynamic tensile loads 
are obtained experimentally. 

3, Obtain input data for structural response 
analysis. 
~ TIlere also are some 2-D shock propaga
~odes being used for specific calculations 

involving cylinders, nose tips. etc. Peak pressure 
predictions using pure hydrodynamic representa
tions of the material in code calculations arl? 

,generally high by a faaor of 2 to 4. If a dynami-: 
, elastic-plastic constitutive relationship is inclUd

ed. the predictions are improved significantly. 

9-38 Through-the·Thickness Elas.' -
Plastic Shock Propagation 

_ Considerable progress has been made in 
correlating measured and calculated through-th.:
thickness shock propagation in one dimen~ion 
by using the elastic-plastic materials descripti~n 
in PUFF-type codes. The stress strain diagram 
shown in Figure 9-4:::! illustrates a two-wan' 
nature of the elastic-plastic shock wave propaga
tion. TIle total stress. a, is the sum of the hydro
static pressure. P, and an elastic stress offset of 
2,13 )" . where Y is the \'ield strene:th of the o 0 - ~ 

material (it~ compressive yield strength if that i~ 

different from its yield strength in simple ten
sion), TI1e effect of the yield stress path OAB i~ 
to propagate two stress waves having different 
velocities in to the un disturbed material. The 
slope of the elastic portion. OA. is larger than 
the plastic portion. A B. The propagation speed 
is larger if the slope of the stress strain curve is 
larger. Hence. an elastic precursor shock travel
ing with the elastic velocity, c[. runs in front of 
the slower total stress waw which propagates 
with a bulk sound speed, c o 

where K is the bulk modulus and Silo is the shear 
modulus. 

_ An elastic rarefaction stress (4/3 Y or 
~he stress offset) propagates from the ~ear 
of the shock wave at velocity cE and overtakes 



STRESS,(T 

ELASTIC 
LOADING 

A 

SLOPE 
PLASTIC UNLOADING 

·- -: .... -~ ...... 

HYDROSTATIC 
PRESSURE,P 

STRAIN 

Figure 9.42 .• Equation of Stayr Elastic-Plastic 
Material Description _ 

• the slower plastic wave (path Be). This rarefac-
tion wave causes a greater attenuation of the 
main stress pressure wave than is obtained in 
pure hydrodynamic calculations (up and down 
the Hugonio[ I. This greater attenuation of the 
elastic plastic wave propagation compared to 
purely hydrodynamic ca1culations results in 
better correlation with measured values of stress. 
The plastic unloading to a stress-free condition. 
path CD in Figure 9-42, also propagates with 
velocity Co and completes the cycle. 

.. 
Although the elastic-plastic code ca1cula

tOns Improved the correlation of measured and 
compu ted through-the-thickness' stresses for 
some materials, if a material has strong strain 
rate or temperature dependen ce these features 
also must be incorporated into the calculations. 
Stress wave propagation through materials such 
as foams require an entirely different constitu-

tive expression. and anisotropic materials such as 
three-dimensional quartz phenolic, can have 
quite different material properties in different 
directions. Similarly, propagation characteristics 
of inhomogeneous materials or materials that 
con tain small radiation absorbers lead to compli
cated propagation analysis. Propagation in these 
materials has not been treated in an analytically 
satisfactory manner. Most of the current ana
lytical techniques used in the solution of stress 
wave propagation in the materials are deficient 
in varying degrees in the following ways. 

I. There is incOmplete understanding of the 
material behavior under the types of conditions 
that result from X-ray energy deposition, so the 
materia! representations are inadequate in most 
cases. 

2. Experimental data for verification and 
modification of the equations of state and con-

) 

J 



• slit ~:l:\ (' rdal i()n~ il~ thl' analytl..:a] techniques 
l1J\'" bl'\.'11 limil.:J :.md oj' poor quality. 

9·39 Through·the-Thickness 
Material Response. 

_ Sim ulation tests and underground nu
clear weapons tests can identify failure and dam
age modes that result from shock wave propaga
tiOl~ and through-the-thickness material response 
on sampie5. that are meaningful in terms of the 
expecled response of reentry \'ehicles or aero
spa.:C' shells. TIle experimental results are most 
meaningful when appropriate analytical tech
niq ll,->~ are used to ("orre 13 t I.:' the experimental 
re;;ult, \\itj, the SHeS ... wave characteristics pro
du.:-in~ tilt.' rc':;pon:-, mode:,. Hundreds of COI11-

P""\ aerospace structure composites as well as 
s:.!Inple~ of llletals and plastics haye been ex
posed during underground nuclear weapons tests 

X-ray fiuence levels with different 

IMPULSE AND STRUCTURAL 
SE ANAL VSI.S II 

_ The vapor and/or liquid blow off follO\\» 
~ray deposition imparts a reactive impulSe 

to the aerospace structure. The structural re
sponse takes place for the most part after the 
shock wave discussed in the last section has dissi
pated. This shock wave may have damaged or 
weakened the structure by spallation, debond
ing. or fracture. The damage to the structure 
should be considered in the structural response 
analysis if an accurate prediction is to be made. 
Obviously. this is a complicated problem and i~ 

n0t amenable to hand calculation. However. 
some rough estimates of impulse can be made 
and serve to illuminate the processes that take 
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Problem 9-5. Calculation of Vapor Blowoff Impulse 

_ The information presented in the pre
ceding paragraphs provides a means to obtain an 
approximation of blow off impulse for certain 
materials. The following example is presented to 
illustrate the procedures. In practice, "these cal-

" cula 

through 9-37, and .. also Figures 9-35 
through 9-38, 9-43 and 9-44, and Table 9-] 7. 
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Problem 9·6. Calculation of the Location of Phase Change Boundaries 

_ The preceding paragraphs provide the 
information necessary to calculate the location 
of the various phase change boundary layers. 
The procedure is illustrated in the following 

9-114 

through 9·37. and 9-40. 
-Fiaure 9-35. 
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ost of the structure response 
o reentry vehides have been deveJoped for sur
vivabili ty. Since low level failure criteria re
~ponses have been selected. only elastic defonna-

;, lion has been considered. Such survivability 
analyses are probably inadequ,ate for the deter
mination of inelastic deformation failure modes 
and the levels required to define lethality. Essen
tially all structural response calculations require 
data on: (I) structural material properties such 
as stress and strain relations as a function of 
strain rate and temperature. for yield, s!!ess and 
strain, fracture points, elastic moduli; and so 
forth; (2) structural response forcing functions, 
including asymmetric impulse loads, and in
deptlt. heating and thermal loads applied as dis
tributed and point loads; and (3) structural 
variation in shell wall thickness and material 

ies in 

REEN~VEHIClE 

HARDENING_ 

X-ray hardening refers to techniques 

. ...,1& 



scope 
nrr\VUlp. a complete discussion of reentry vehicle· 
hardening techniques. Therefore, a brief geneial'" 
discussion of the techniques, with a few specific' 
examples, is presented in the following para
graphs. 

9-42 Balanced Hardening with 
to Neutrons and X-rays 
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SECTION VI 

• NUCLEAR RADIA lION 
. SHIELDING • 

• Any mass of materia) between a nuclear 
radiation source and personnel or sensitive 
equipment wiD reduce the dose to the personnel 
or equipment compared to the free field dose at 
the same location relative to the source. The 
dose received by a peJSOD",d a building, in a 
building, in a field fortification. in a tank, or in a 

.~ 
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• ship \\i11 b.:- kss than that which would be re-
~C'i\ "d i:l (In C'\.PQsC'd frte field position. 

_ b PrJ n.:-ipk. it would be possible to caI
c:~ thc do:;e behind a shield by Ilsing simpii
fl~d l1e-utron and gamma ray transport equa~ions 
simibr to those given in Chapter 5: however. 
several considerations make hand calculations 
impractical. 

• The neutrons and gamma rays will arrive at 
the- shield from many directions after hav
ing be-en scatle-red during their transport 
through the atmosphere. 

• C3klll;llj~ln of radiation transport from a 
pomt source through single geometries can 
lit' Jone \\·it11 re,honable accuracy by using 
J:i "\j.iollc'ntiJI faC10f and J buildup factor 
SI1111iJ, tc' thost' described in Section I. 
Chapter 5 for transport through homo
geneous air. but tIlt' geometries of shielding 
enclosureS arc seldom simple. and. as men
tioned abo\e. the radiation incident on the 
shield is not unidirectional. This. has the 
effect of making the problem similar to a 
lllulti·SOUT(."e problem. 

• Tilt' attenuation oi neutrons by inelastic 
SCJtter or radiatiVe capture results ill the 

emission of one or more gamma rays, 
which can contributc to the dose within 
the shidded area even though the neutrons 
are remoyed from the penetrating radiation 
beam, 

• 1l1e specific location of the burst and the 
receiver can affect the degree of attenua
tion, e,g .. different members of a tank crew 
witl have different degrees of ~rotection 
from the same explosion, and any par

ticular member of the crew will have a dif
ferent degree of protection from initial 
radiation from bursts at different locations 
relati\'e to the tank. In other words, each lo
cation within each shielded structure must 
be evaluated separately. or at least a suf
ficient number of locations must be evalu-

ated to determine the overall shielding ef· 
ficiency of the structure or piece of equip
ruetH, 

.. These complexities. and others, make it neee!;
sary to use computer codes 10 determine th.; 

shielding efficiency of any structure or piece of 
equipment. Even when using the codes. some 
Simplification in the description of the shield 
geometry usually is necessary. Howe\·er. 
satisfactory methods for treating fairly complex 
geometries ha\'e been developed. These are de
scribed in DASA 1892, "Weapons Radiation 
Shielding Handbook" (see bibliography). Result5 
of some sample calcUlations are also provided. 
llnfortunately, sufficient calculations have not 
been performed to permit the development of a 
generalized simple method for shielding calcula
tions that would be suitable for inclusion in this 
manual. 

• Table 9-22 provides some estimates of 
the shielding afforded by various structures and 
t~'pes of military material. These estimates are 
given in terms of a "dose transmission factor." 
which is defined as the ratio of the dose mea
sured behind the shield to the dose that would 
be measured in the absence of the shield. Some 
of the transmission factors shown in Table 9-22 
were obtained by measurements at weapon tests 
or are extrapolations from such measurements. 
Other transmission factors were obtained by 
relatively detailed calculation5. while still others 
are mere estimates, Ranges of values are given 
for the dose transmission factors for most struc
tures. These ranges result from two causes: un
certainty in the estimates themselves, and varia
tions in the degree of shielding that may be ob
tained at different locations within a structure. 
Separate transmission factors are given for initial 
gamma rays and residual (fallout) gamma rays 
for two reasons: the average energy of the initial 
gamma rays is higher than the average energy of 
the residual gamma rays, and there are different 
source geolJ1etries. 
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Table 9·22. II Estimated Dose Transmission Factor~ (Interior Dose/Exterior Dosel. 
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.. :\0 specific reliability can be attached to 
the dose transmission factors sho"'11 in Table 
9-::. TIley are felt to be reasonable values for 
generalized applications: however. specific 
shieldillf. problems should be addressed by 
methods such as those described in DASA 1892. 

SECTIO~ VB 

_ TREE - COMPONENT PART 
~ CIRCUIT RESPONSE _ 

- TIllS section contains a discussion of the 
~s of nuclear radiation on electronic compo
nent parts and circuits. The intent is to provide 
an introduction to the failure modes and re
spons~~ that result from ionization. displace
ment. and thermomechanical shock. A more 
detailed description of the effects is contained in 
the TREE Handbook (see bibliography). 
.. Sin~e semiconductor devices generally 
~nsidered to be the most sensitive devices in 
an electronic circuit. emphasis is placed on 
them. However, the discussion does include 
other electronic component parts. 
.. Within the scope of tlus manual.. this sec
~an only aid in establishing levels where 
electronic equipment might experience failures 
as a result of the radiation environment and indi
cate the extent of the problems. The numbers 
presented are only estimates for a generic group
ing or subgroupinfC_ It must be understood that 
it is very difficult to gi Ve accurate radiation 
effects data for generic types of electronics. For 
example. transistors can show sufficient amplifi
cation loss to be useless after receiving. 1 OJ 0 to 
1 OJ 5 n/cm 2 (E > 10 keV, fission)_ That is 5 
orders of magnitude difference and is relatively 
useless information. Fortunatel);, transistors can 
be subgrouped to improve their characterization. 
The problem of accurate prediction, however, is 
not completely solved. Even if one particular 
type of transistor is considered. the neutron 
fluence required to reduce the amplification to a 

particular value can vary more than an order of 
magnitude. Additionally, the failure threshold 
for a transistor in one circuit JTlay be greatly 

.. different from the failure threshold for that 
same transistor in a diff~rent circuit. i.e .. the 
response of each component part and the circuit 
configuration must be known to make a reason
able estimate of circuit response. 
_ The transient radiation effects are 
classified into three groups: transient. perma
nen t. and thennomechanical. The transient 
effects result from nonequilibrium free-charge 
conditions introduced through the ionization 
phenomena (see Chapter 6). The pennanent ef
fects are attributed to physical property changes 
of the irradiated materials caused by energetic 
particles (neutrons and secondary electrons). 

The thermomechan'ical effects result primarily 

IiIr the absorption of low energy photons. 
The class of efft'ct is defined by the 

primary effect induced by the radiation. For 
example, the short term currents that result 
from ionization may trigger a digital state 
change or may permanently damage a device in 
some other m;mner. This phenomenon is treated 
as a transient effect. because the permanent con
sequences result from circuit action and/or de
vice construction rather than from direct radia
~duced material property change. 

_ The terms "radiation hardened" or 
"radiation resistance" frequently are connotated 
incorrectly. These terms mean that someone Or 

some group has examined the component part, 
circuit. or system, made some modification 
and/or used part selection criteria and has deter
mined that the electronics will withstand certain 
levels of certain types of radiation. The' 
experience of the person making the examina
tion as well as the resulting modifications can 
both vary wideJy. Consequently, when these 
terms are used they should be accompanied by 
the answers to the following questions. 

• Hardened to what type of radiation? 
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• • Hardened to what levels. of radiation? 
• What procedure was used for hardening? 
• How has the hardening been verified? 

Based on the answers to these questions. the 
applicability of that "hardened" component 
part, circuit, or system for his intended use can 
be judged. 

_ SEMICONDUCTOR COMPONENT 
PARTS. . 

9-44 Transient Effects. 
_ TIle transient effects observed in: semi
conductor devices exposed to nuclear radiation 
result from the creation of excess charge carriers 
(ionization) that cause current and voltage 
changes. These changes do not cause permanent 
damage directly to the semiconductor material. 
However, their presence may produce perma
nent changes as a result of current overloads to 
some components, loss of information stored in 
memory units, or by the creation of premature 
signals. Furthermore, such transients can cause 
saturation of some circuits for times that are 
long compared to the duration of the ionizing 
radiation pulse, and may thus cause system fail
ure during a significant and possibly critical 
~. . 
_ Most of the ionization produced in a 
nuclear weapon environment is due to the 
photons and 14-MeV-neutrons, although all nu
clear radiation can contribute. Because of this 
predominance of photon excitation of carriers, 
the observed currents and voltages are often· 
referred to as photo currents and photovoltages~' 
even though the prefix may not always be 
proper. The mechanisms whereby this ionization 
occurs are described in Chapter 6. 
_ Before discussing the transient effects in 
particular semiconductor devices, it is desirable 
to review briefly the important basic physical 
processes responsible for device behavior. These 
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processes are common to an semiconductor de
vices and must be reasonably well understood 
before the description of the device response can 
~owed intelligently. 
,... Current is the manifestation of charge 

camer movement within a material. As de
scribed in paragraph 6-4, the movement may be 
random, random with a diffusion from regions 
of hiill conGentration to regions of low concen
tration, or, if an electric field is present, the 
movement may be a drift in the field super
imposed on the normal random scattering. 
Carriers may be trapped by impurities, which are 
always present in solid state devices. Eventually, 
the trapped carriers may be annihilated by their 
mates (oppositely charged carriers) in a process 
called recombination. The net result of these 
processes is that the free carriers diffuse and/or 
drift until they are trapped and are then prompt
ly recombined. Therefore, any electrical currents 
in the materials are considered to have two com
ponents - the drift component and the diffu
sion component. The time dUring which a charge 
carrier is free to move by drift and/or diffusion 
is caned the lifetime of the charge carrier. 

~ The si.mple~t semiconductor device is the 
~ The dlOde IS made up of pure semicon

ductor material doped with impurities so as to 
be considered to have two regions. Using pure 
silicon as the example, its atomic structure is 
considered to have four electrons in the outer 
orbit. In its crystal form, these outer orbiting 
electrons are considered to be shared with 
neighboring silicon atoms (see Figure 9-45). 
When the pure silicon is doped with an impurity, 
the impurity atom replaces one of the silicon 
atoms in the crystal lattice. The impurities are 
selected to have either three or five outer orbit
ing electrons. Silicon doped with an impurity 
having five outer orbiting electrons will have 
extra electrons that are more or less free to 
move around, and hence are available for con
duction. Silicon doped with impurities with only 



b SilIcon with Acceptor ImpUfI'Y Atom C. SIlicon with Donor Impurlt~ Atom 

Figure 9·45 .• Two-Dimensional Lattice Structure of Silicon. 
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• three orbiting electrons does not have sufficient 
electrons to share with its neighboring silicon 
atoms. 111i5 lack of an electron is called a hole. 
For conceptual purposes, the hole can be treated 
like an electron with a positive charge. Conse
quently, in semiconductor discussion the term 
charge carriers refers to the electrons and holes 
made avaiJable for the conduction process by 
the impurity doping. 
.. Figure 9-46 illustrates a semiconductor 
j-='on (diode), with the two impurity regions 
shown separated by a solid line. This represents 
what conceptually would be the junction of the 
two materials. However: in reality the silicon is 
all one crystal. and there is really no physical 
junction. Ther~ are. as illustrated. regions at 
both ends of the crystal which are predominant~ 
ly either P type (excess of free holes) or ~type 
(excess of free electrons). A transition region, 
called the depletion region. exists in the center. 
Within this region, holes from the P region com
bine with equaJ numbers of electrons from the 1\ 
region. As a result. only a few free charge car
riers remain in the region when equilibrium has 
been reached. Dependi11g on the number of 
charges removed from each region, a voltage 
(electric field) will be developed across the 
depletion region. TI1e voltage across the deple
tion region under equilibrium is such that any 

holes' (positive charge carriers) introduced into 
the region would migrate by the drift process to 
the P region, and a negative charge carrier (elec~ 
1 ron) introduced into the depletion region 
would . migrate by the drift process to the N 
region. Under normal conditions conventional 
current flow* would allow current to flow for 
ideal diodes only from the P side to the N side. 
If, however, free carriers were generated in the 
depletion region, conventional current flow 
would dictate that a current, proportional to the 
number of free charge carriers generated, would 
flow from the N region to the P region. This is in 
the reverse direction from the normal conven
tional current flow through an ideal diode. This 
reverse current, if generated in the depletion 
region by ionizing radiation, is called the drift 
component of the photocurrent in a PN junc
tion. The diffusion component of the pholocur
rent is the result of free carrier generation by the 
ionizing radiation in the P and 1\ regions near 
the depletion region. Those hole-electron pairs 
generated far from the depletion region will be 
trapped and recombined before they can be
come effective. The effect of the radiation is to 

~ chapter, normal current flow is considered to be 
c.~~·ti~~~1 current flow. This is opposite 10 actual electron 
flow. 

Where junction would be 
if it were a line 
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Excess of free 
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~ Actually this region consti tutes the junction 
ond is called the depletion region. 

Figure 9-46. _ Illustration of a Semiconductor Junction • 
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• generate a current in the reverse direction 
through the diode junction, which tends to for
ward bias the diode, An expression that general
ly will predict the photocurrent for many cases 
of interest is: 

where 

rna\ = the maximum* pri
mary photocurrent for 
a PI\ junction 

q = electronic charge 1 ,60 
x 10-1 9 coulomb~,_ 

};f = t he energy-dependent 
f r e e-eh a rge-carrier
generation constant 
( e 1 e c t ro n-hok pairs' 
cm3 • roentgen') 

= 4.: x 101 -' electron
hole pairs/cm:' . R 

k (for germanium) 
f 

;;: I x 1014 electron-hole 
paiw'cm 3 • R 

D = the gamma exposure 
rate, Rlsec (The gam
ma ray photons have 
energies which would 
give best results with 
the kg constants given 
above. ) 
.' . "\. A = jUnctlOl1 area In cm-
(A can typically vary 
from 0.3 x 10.4 to O.::! 
x 10- 1 em 2 ) " 

h' = depletion layer width 
in cm (w varies, with 
applied voltage. and is 
best expressed as w = 
w 1 (V - Vrb where 

o J'I" V is the bU1 tom Junc-
o 

tion potential (-0.35 
volts for germanium 
and -0.71 volts for 
silicon) w J typically 
varies from 0.5 x ] 0.4 

cm to 1 x 10,3 cm, J'j 

is the junction voltage. 
and b typically varies 
from 0.05 to 0.5. 

L = diffusion length for 
min ority carriers on 
the side of the junc
tion with the longer 
diffusion length in em 
(L can vary typically 
from 0.] 5 X 10- 1 em 
to O,~ x 10-4 em). 

• The duration of the photocurrent de· 
pends on the time required for free holes and 
free ekctrons to be trapped and to recombine. 
Since these times are short. the photocurrent is a 
pulse of current of relatively short duration. 
Typical pulse shapes are shown in Figure 947. 

• Tunnel diodes are at least an order of 
magnitude more radiation resistant than diodes 
in generaL since they are characterized by small 
geometry, heavily doped P:\ regions, and narrow 
junctions. The short-circuit photo current can be 
estimated from the equations applicable to 
general diodes. Since the lifetime of minority 
carriers in tunnel diodes is very short, the re
sponse of a tunnel diode to a pulse of radiation 
is expected to follow the radiation pulse. Nor
maIly. the width of the depletion region for 
tunnel diodes is so narrow that the photocurrent 
will consist primarily of the diffusion compo
nent. The maximum photocurrent under short 

.1:01 those more tbeoreticaJly inclined this equation applies 
in case where l' < tpl. and is ~ stea4y-sta Ie value. A more 
detailed equation IUId development is the TREE Handbook. 
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Figure 9.47.. Relative Shapes of Diffusion Component 
of Pri mary Photocurrent • 

--circuit conditions ca,n thus be estimated as 
fol1ows: 

max 

where 

q K b and A are defined as in the diode , g' 
expression, and In and L are the diffusion 
leng.ths in the Nand P re~ ons. respectively. 
Diffusion lengths are comparable on each side 
of the junction. :--

• The radiation induced offset voltage in 
an open circuited tunnel diode is influenced by 
the tunneling current at low dose rates~ but at 
higher dose rates a tunnel diode behaves 1ike a 
conventional- diode. This behavior occurs be ... 
cause very litt1e induced voltage is required to 
set up a tunneling current equal to the diffusion 
current of excess carriers. When the tunneling 
current reaches a maximum, the induced voltage 
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rises sharply to the value for a conventional 
~ . 

.. A transistor is a more complicated de .. 
vice than a diode t both structura1ly and func
tionally. The main functional advantage of the 
transistor is the fact the transistor bas the ability 
to amplify its input signal. The transistor has 
three impurity regions that alternate, i.e., NPN 
or PNP. When an operating transistor* is ex
posed to transient ionizing radiation, a current 
pu] se is observed in the external circui t. This 
current pulse, which may be orders of magni
tude larger than that of a diode with comparable 
dimensions, can reach a peak -value at a time 
later than the radiation peak, and can, in some 
cases, continue for minise~nds. 

-I The following ~~phs ue concerned Mth bipo~ tun
liston; not to MOS, JUnction rlOld-elfect tranSIstors, or dun·f1im 
transistolS. 
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_ Thi~ characteristic behavior of transis
tor~ is the result of the amplifying properties 
acting on the primary radiation induced photo
currents. The electrical action of the transistor 
creates a secondary photocurrent that is typi
cally greater than the primary' photocurrent by a 
factor equal to the gain (a measure of ability of 
the transistor to amplify, of the transistor. Anal
ysis of the radiatjon response of a transistor 
in\' olve~ tho:' detamination of the primary 
pholocurrent. followed by a calculation of the 
magnitllde and duration of secondary photocur
~l1der the given circuit conditions. 
_ in transistors. the primary photocurrent 
is generated in fi\'e regions: in the collector- and 
emittn-ji.ll1("tiol1 depletion regions. in the base. 
and in the emitter and collector bodies lying 

within a diffusion length of the junctions. In 
most cases. the generation of primary photocur
rent in the emitter body and within the june-

_' tions can be neglected since the emitter body 
and the junction volumes are a relatively small 
part of the total generating volume (see Figllr~ 

il
8)~ 

The secondary photocurrent is prodll~cd 
y e accumulation of excess majority carrier~ 

in the base region as a result of the flo\\ of 
primary photocurrents across the PI' junction~ 
of the device. 111is excess charge, which is con
fined in the base by the built-in junction fields. 
is the correct polarity to forward bias the emil
ter base junction and to cause normal current to 
flow. The collector current that is prod ueed is 
called secondary photocurrent. ll1is collector 

".----~ Depletion regions 

-c: 
~ ... 
::l 
U o -o 

..r:::. 
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.~ 

0... 

Collector 
Emitter 

I Emitter -. _: 

lpPi~ t-n~ ¢:IPP1 ---r- Bose, 
I · A ,t ------ 11------

IpPI 

Collec1or 

The larger junction area results in a 
larger photocurrent 

Time 

Figure 9-48. II NPN Transistor Illustrating the 
Primary Photocurrent • 
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• current continues to flow until the excess charge 
stored in the base can either recombine with 
minority carriers or flow out through the external 
t:JiWead. 
~ The magnitude of the collector current 
pulse will depend on the dose rate if the radia-
tion pulse is long compared to the lifetimes of 
the transistor base and collector, but it will 
depend on the total dose if the pulse is shorter 
than those lifetimes. This results from the charge 
transferred from the collector by the primary 
photocurrent being stored in the base region. 
Since many transistors have lifetimes that are as 
long as or longer than typical nuclear weapon 
radiation pulses. the prompt dose is quite often 

•
he ost important factor. 

A simplified linear approximation of the 
primary photocurrent in a transistor can be esti
mated with the following equation: 

• 
Ipp = C~'ST [Is + O.03J, 

where 

D = the gamma ray exposure rate, R/s 

CO.\'ST. = 0.83 x 108 for NPl\ devlces and 
0.41 x 108 for PNP devices'" 

t~ = charge storage time (in J..!s) for the 
device of interest (t 5 typically can 
vary from a few nanoseconds to 
hundreds of microseconds). 

• The duration of the photocurrent re
sponse depends on the radiation pulse width, the 
radiation storage time (which is different th.;i.n 
the charge storage time (ts))' and the time for 
holes and electrons to recombine. The radiation 
pulse width is determined by the weapon. The 
time for holes and electrons to recombine is 
illustrated for a diode in Figure 9-47, which 
applies generally for transistors. The radiation 
storage time, tn' is defined by Figure 9-49a. '[be 
radiation storage times for several dose rates are 
shown in Figure 9-49b. These latter curves are 
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·Fese equations only apply em the steady-state estimate of 
the primll)' pbotocurrent for lilicon plan» and mesa transiJtors 
with rated maximum continuou5 ooIlector dissipation below 0.8 
watt at 25OC. More dc:tailed information about pre4iction is 
available in the TREE HandboOk (ICC "'bIiopaphy). 
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• for :3 parti('ular bias and radiation condition dur-
ing storage'. They are presented as being illus
traTIYe'. and no attempt should b(' made to gen
eralize from the cun·es. 1t is necessary to analyze 
a transist or or diode in the part icular circuit con
figuration in \ .... hich it is used to determine the 
threshold for circuit malfunction. As a result of 
the many different circuit configurations and 
bias conditions that can occur for transistors and 
diodes. failure thresholds that would be of value 
can not be specified generally for the TREE 
environment. 

• A silicon controlled rectifier (SCR) is a 
SOlld state semiconductor device composed of 
four layers of alternate-impurity semiconductor 
materi3! comaining three P:'; junctions. The SCR 
i:; an a.;t1\,e switching element that will remall1 in 
a nonconducting or "orc' state ulHil turned on 
or "firt'd" by a low-lev;;;! control signal on the' 
gatc'. It will then remain "on" without need for 
a stlstaining control signal. TI1e SCR is turned 
"off' by reducing it:. output (anode) current 
bel"ow the "dropout" level. Radiation induced 
currents. like those discussed for diodes and 
transistors. are a direcl function of the junction 
areas. diffusion length:;,. etc .. and thus are diffi
cult to predict since value:;, for the parameter~ 

usually are not ayailabJe. Since these currents. 
aboy.: a threshold. can induce changes in the 
state of an' SCR some method is required to 
predict the magnitude of the radiation induced 
currents. or. more specifically. the radiation 
threshold abo\'e which switching occurs, 

.. It has been found that the transient 
r:ion switching: thresholds (critical radiation 
exposure rate) for SCR's are functions of the 
radiation pulse width. The exposure rate re
quired to trigger an SCR becomes constant for 
pulse widths longer than a critical value. ll1is 
critical value is a function of the device minority 
carrier lifetime and the device delay "turn on" 
time. For pulse widths less than the critical 
value. the exposure rate required to trigger an 

SCR increases rapidly as the pulse width ap
proaches zero. The dependence of the switching 
threshold of a 3A60A SCR on pulse widths and 
gamma ray exposure rate is shown in Figurt' 

.' 9-50. TIle critical pulse width for this device is. 

•
XimatelY :! microseconds. 

Typically the SCR type of device would 
not be expected to fire below 106 rads (Si )!se~'. 
For most cases. however. the pulse width is suf
ficiently short that the devices are dose de
pendent. Failures occur typically at prompt 
doses between 0.1 and 1 rad (Si). 
.. Field-effect transistors (FEr) are a 
f~ of unipolar devices that have pentode-like 
characteristics. TIle three major categories with
in this famiiy are the jUl1ction FET, the metal
oxide insulated-gate FET (~10SFET). and the 
thin-film insu)ated..gate FET (TFT). The geom
etry and construction features of typical fieJd
effect transistors are shown in Figure 9·51. TIle 
basiL srru.:rure of the FET devlces invoh es a 
source. a gate, and a drain in rough functional 
correspondel1ce to the familiar cathode, grid. 

Win late of vacuum tube technology. 
TIle mechanisms by which radiation gen

er photocurrents in all FET are not substan
tially different from those for bipolar transistors 
and diodes. TIle important radiation parameters 
in an FET are the transient gate and drain-to
source currents. Possible sources of transient 
currents in FET's can be grouped into the fol
lowing: categories: 

• Leakage currents across P};" junctions that 
behave like PT'\ junction photocurrents dis
cussed previously. 

• Direct modulation of the channel conduc
tivity and mobility (usually applicable at 
high (> 108 rads (SO/s) dose rates). 

• Leakage currents through the gate oxide 
layer (applicable to the metal oxide and 
thin-film FET's) .. 

• Secondary emission (see Chapter 6) and 
atmosphere ionization currents. 
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• Significant problems generally are not 
caused in field-effect transistors at dose rates be
low 106 rads (SO/sec. 

9·45 Permanent Effects. 

• Permanent effects in semiconductor de
vices are those that can be attributed to physical 
property changes that result from the direct 
interaction of the radiation with the material of 
interest. These property changes typically last 
for periods that are long with respect to the re
covery times of the components. These property 
changes occur in a very short time period and 
result in a rapid change in the operating charac
teristics of the device. A closely related effect is 
called rapid annealing. which is the process by 
which an initially large change in device param
eters recovers very rapidly, approaching the 
smaller change observed several minutes after 
tl~iatjon exposure. 
111 Most permanent effects in se~ic~n

ductor devices subjected to a nuclear radlstlOn 
pulse result from damage to the semiconductor 
material by energetic neutrons (E> 10 keV); 
however, the effects of gamma rays and sec
ondary electrons must not be underestimated. In 
certain devices such as MOS fieJd-effect transis
tors the effects of ionizing radiation can be the 

•
. 'pal causes of permanent failure. 

Permanent effects can be grouped into 
two categories - bulk, and surface effects. Bulk 
effects are changes in the device characteristics 
that can result from damage to the bulk ma~ 
teria!. Surface effects are changes that are gen
erally caused by radiation induced ionization 
near the surface of the device. Bulk damage ef
fects from neutron radiation usually can be 
predicted within a factor of 2, while surface 
effects are generally unpredictable. 
• Bulk effects result from electron, gamma 
ray, and neutron induced lattice displacements 
in the bulk of the material (see Chapter 6). Fast 
neutrons lose energy primarily by elastic colli-
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sions with the semiconductor atoms and cause 
large disordered clusters to be formed within the 
material. Gamma radiation loses energy by creat
ing Compton electrons (see Section I; Chapter 
5), which may cause lattice displacements. Since 
electrons have such a small mass, they primarily 
cause vacancy-interstitial pairs rather than clus* 
ters of defects that are typical of neutron darn* 
age. Lattice damage that results from gamma 
. radiation usually is of secondary irriportance, 
unless a large gamma dose (>105 rads) is 
absorbed by the material. 
• Lattice damage· degrades the electrical 

characteristics of semiconductor devices by in
creasing the number of trapping, scattering, and 
recombination centers. 

• The trapping centers remove carriers from 
the conduction process. 

• The additional scattering centers reduce the 
mean free path of the free carriers. Since 
the mobility is directly proportional to the 
mean free path, radiation exposure reduces 
the mobility of charge carriers. 

• The recombination centers decrease the 
minority carrier lifetime according to the 
relationship (see Chapter 6). 

] 
- - - + KIP .. 
'rop To 

where 

Tip :::;: minority-carrier lifetime at fluence cp 
in seconds, 

'r = o initial rninority-carrier lifetime (bulk 
lifetime), in seconds, 

K = lifetime damage constant, cmll 
(neutron-seconds), 

'" = fast neutron tluence, neutrons/cm2 • 

• Permanent effects also can be caused by 
radiation induced changes in the semiconductor 
surface. The changes in the surface conditions 

. ) 
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• attributed to radiation that can cause permanent 
effecls are surfact charging mechanisms and 
changes in the surface recombination velocity. 
The most likely charging mechanisms are the 
colle.:tion of ions from a gas in the atmosphere 
surrounding the semiconductor device and the 
ejection of electrons from dielectric materials 
which are either deposited on the semiconductor 
surface or in which the device is encapsulated. 
1l1ese ions migrate under the influence of elec
tric fields. As a result of the collection of these 
charges. inversion layers can form near the sur
face. causing large increases in leakage currents. 
In silicon devices these leakage currents result 
from recombination-generation in the enlarged 
~ion re£:lo;1. 
.. lonizmg radiation can cause changes in 
recombination velocity. which has deleterious 
effects on the effe ct in;' lifetime according to the 
relation 

Forward voltage 
for constant current 

Reverse breakdown 
voltage 

I 1 
--=-+ 
Teff 1~ "surf 

where 

Teff = effective lifetime, 

T If = bulk lifetime, 

r - surface lifetime (an inverse function surf -
of recombination velocity). 

Surface effects usually are negligible compared 
to bulk lifetime damage for most conventional 
devices in a transient radiation environment. 
Field-effect devices, where radiation induced 
surface changes are the primary damage 
mechanisms, represent an important exception. 
_ The general effects of nuclear radiation 
on semiconductor diodes are summarized below 
and are illustrated in Figure 9-52 and 9~53. 

• The forward voltage of the diode at con
stant current normally " ... ilI increase as a 

Preirrad iation 

Postirradiafion 

/::.V 
Slope of curve TI 
is forward reSistance 

Voltage V 
II' 

Figure 9·52. • An Illustrative Diode CharwriltiC for 
Pre- an""ost-irradiation by Neutrons 
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Storage time - time between 
90 percent of input-pulse 
height and 90 percent 
output-pulse height. 

Rise time - time between 10 and 
90 percent of output-pulse height. 

Figure 9.53 .• An lilustration of Rise Time and Storage Time .. 

- result of changes in resistivity and mobility 
in the bulk materiaL 

• The dynamic forward resistance will in· 
crease as: a result of changes in resistivity 
and conductivity modulation. 

• The surface effects and increases in carrier 
ge.neration in the space-charge region will 
cause the reverse current to increase. 

• The reverse breakdown voltage normally 
will increase because of an increase in re
sistivity. 

• The switching characteristic of 'th~ diode 
genera1ly will be changed. The rise time win 
increase, and the storage time will decrease 
as a result of lifetime damage. 

_ Diodes generally are an order or'magni· 
tude more resistan t to radiation than transistors 
of similar type. For this reason, theoretical an!f 
experimental studies have concentrated on tran .. 
sistors rather than diodes. Prediction techniques 
for diodes are complicated by the fact that the 
various bulk and surface damage mechanisms 
interact in an intricate manner. The wide variety 
of diode types, i.e., material, doping level and 
profi1e, geometry, etc., a11 tend to make compTe ... 
hensive prediction schemes difficult and inaccur
ate. However, some quantitative trends in the 
changes in diode parameters can he given. The 
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more important changes in diode characteristics .. 
from a circuits point of view, are the increase in 
forward voltage at constant current and the in
crease of reverse leakage current. Changes in the 
dynamic ,forward resistance, breakdown voltage! 
and switching characteristics usually are of 
secondary importance. 

.... The forward voltage at constant current 
generally starts to increase at a fluence of 101 3 

to 101 4 n/ em 2 (E > 10 ke V, fission), though 
some diodes exhibit changes at fluences as low 
as 101 2 n/cm2 (E > 10 ke V, fission) while 
others show no change up to fluences as large as 
101 5 n/cm2 (E > 10 keV, fission). Usually:, fl~u-
ences of about an order of magnitude greater 
than the fluences required to cause the initial 
change will dou ble the forward voltage. 

• The reverse leakage current usually in
creases with exposure, but decreases also have 
been observed. Nominally t changes begin at flu .. 
ences from 1013 to 1014 n!cm" (E> lOkeV, 

w fission). Gamma ray doses as low as S x 104 rads 
(Si) have caused significant leakage currents. 
Germanium devices generally have larger changes 
in leakage cunent than silicon devices. 

• The changes in ~reakdown voltage are 
typlcally the largest for diodes with high break
down voltage. Reference voltage diodes (zener 

. ) 



• dlOdt's) art' relatin'ly resistant to radiation with 
reference \"ohage changes less than 5 percent at 
10i.' n ':Jl1~ IE> 10 keY. fission). 
.. The st0fage time is directly proportional 
t0~llme. Hence. the l1uence' at which the star
a~e tillie will be reduced to one-half the preir' 
radiation value will be 

whae 

" is the minori!\' carrier lifetime. o . 

J..' is the damage constant (See Chapter 6). 

•. Otlln ,~,ioJe tYrt'~ are specific.ally de
signed lor rectifier applicatlon where J:llgll break
down \'oltage and a low \'oltage drop are re
quired e\'en at high current. These diodes usually 
are designed with J Pl~ junctIon. which results 
in a de\i ce that is less sensit ire to radiation than 
the standard type diodes. 
~ Selenium rectifiers and hot c3rrier 
~ (metal semiconductor junction] appear to 
be more radiation resistant than either ger
manium or silicon diodes because of theil' ma
terial and structural differences, Reactor tests 
condu.:ted 011 the HP A-2300 series hot carrier 
diodes confirm the relatiw Hldiation hardness of 
these' de\'ice~, ~1ost units tested remained within 
manufacturer's specifications at fluences of .3 x 
101 5- n:cm~ (E>O.1 MeV.fission)and9x 105 

rads (Si), 

•. Diodes classified as "tunnel diodes" are 
easily recognized by their forward current char· 
acteristic, which shows a region of negative resis
tance. TIlt' effect of radiation 011 tunnel diodes is 
observable on the current-voltage ()-V) charac
teristic at l1uences between 10 15 and 1016 

n/cm2 (E > 10 ke \'. fission). and can be sum
marized as follows: 

• The slope of the primary tunneling current 
is not changed; however. the peak current 

is slightly reduced as a result of the redis
tribution of the electrons in the defect 
states. 

• TIle valley current at a given voltage in
creases due to the additional tunneling via 
defect states. 

• For voltages larger than valley voltage, 
there is an increased current for a given 
voltage due to the excess current. which 
predominates over the diminishing normal 
diode current. 

• Figures 9·54 and 9·55 show representa
tive germanium and silicon tunnel diodes under 
neutron irradiation. The figures show that tun
nel diodes are still operational at :; x 101 ;' 

nicm 2 (E> JOkeV, fission), which indicates the 
relative radiation hardnes!'. of these devices. 
Ja The gelieral effects of nuclear radiation 
~oJar transistors can be summarized as fol
lows: 

'" E 

~ z 
w 
a:: 
a: 
a 

• 1l1e current gain (amplification I of the 
transistor will be degraded as a result of 
lifetime damage to the bulk material. 
Degradation of gain will be greatest immed-

o~----~----~----~--~ o 0.1 0.2 

VOLTAGE (VI 

0.3 0.4 

Figure 9·54. _ Fast Neutron Bombardment Effect 
on Voltage-Current Characteristic 

of a Germanium Tunnel Diode. 
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Figure 9·55. 11 .Fast fJ,I,eutron Bombardment Effect on 
Voltage-Current Characteristic of a 

Silioon Tunnel Diode • 
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• lately following a burst of nuclear radia-
tio:1. and the gain will recover rapidly to a 
quasi steady-sta tevalue. The annealing can 
go on for weeks. but usually the current 
gain recovery is sma)) or negligible after the 
mitial recowry. 

• 1l1e reverse leakage current will increase as 
a result of surface effects and carrier gen
eration in the space-charge region. 

• Changes occur in the punch-through 
Voltage. and the base-to-emitter and 
collector-to-base breakdown voltage as a 
result of changes in resistivity. 

• Increases in base-spreading resistance. col
le('tor bod~' resistance, and saturation \"olt
age result from changes in resistivity and 
conductivity modulation. 

• Til e switching characteristics also are 
changed slightly - exemplified by de
creased storage time and increased turn-on 
time as a result of changes in lifetime and 
resisrh·ity. 

.. Since transistors usually are the most 
~able devices used in corlVentlonal CIrCUits. 
predictions of circuit response under radiation 
conditions will be limited by the accura-:y with 
which transistor beha\ior can be predicted. The 
reduction of current gain generally will limit the 
usefulness of the component before the other 
factors listed above become a serious problem. 
Therefore, emphasis is placed on the prediction 
of current gain degradation. However. in some 
applications saturation voltages and/or leakage 
currents across reverse biased junctions may be 
the limiting factors. " 

.... TIle structure of a device is an important 
~ in determining its radiation resistance. A 
general rule is that the thinner base, higher fre· 
quency, and smaller junction area devices 
usually have better radiation resistance. For 
example. the diffused·junction devices usually 
offer a resistance to radiation about one order of 

magnitude better than thin offered by the alloy
junction devices. 
_ Experimental data for conventional tran
sistors in the form of generalized gain degrada
'tion curves are shown in Figure 9-56 for some 
common transistor types. The ratio f3Jf3o repr~

sents the ratio of gain at some fast neutron Ou
ence to the gain prior to irradiation. Figure 9-56 
is re presentative of preliminary data from 
steady-state reactor experiments. The transistor 
types have been placed in their respecti\'e 
regions on the basis of where a majority of 
samples of a given type fell on the graph. Cau~ 
tion should be exercised in using and interpret
ing the information in the figure, sinte irradia
tion temperature, irradiation source. measure
ment conditions. etc. are not specified. 

_ A further word of caution should be 
Injected concerning the interpretation of gain 
degradation data. A sharp decrease in ~ occurs 
during exposure and then rapidly anneals to a 
final value .that is commonly measured. The time 
dependence of gain degradation can best be 
interpreted with the use of the annealing factoL 
F defined as follows: 

1 
15 ,.(I ) Po F( ) Ht) = -,-If :--_---:-= _1\._' I_ 

I 1 K(oo) , 

where 
~ip(lL A"UI are gain and damage constants as a 
function of time after a fast burst of nuclear 
radiation. 

~1P(oo), K(oo) are the steady-state values of gain 
and damage constants. 
.. The magnitude and form of F varies 
w~emperature, injection level, doping level, 
and impurity content. Typical values for the 
annealing factor at 1 msec range from approxi
mately two to three for NPN transistors and 
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FAST NEUTRON FL.UENCE In/cm2 ) 
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:;!\l,q- :;:--'3:;44 2MO-l 21'2708 S-7241 
2\708 2\325 J 21'585 21\2784 S-7:!42 
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• Current Gain Degradation CharacteristiCi for 
Some Common Transistor Types • 

2S700 
2l\706B 
2N70" 
21'\797 
2MIS 
2N955A 
2N964 
2]\'1195 

:!N 1709 
21\2537 
21'02016 
21\2808 
2N3014 
2N3::il3 
21\3287 
21\3309 
S-678 1 



• slir:!1tl\· smaller for P:\P transistors. The anneal-
in; fa~tor can be as high as i for lo\\' injection 
situation~ and immediatdy after turning all a 
device that was ofi during the neutron pulse. 
~ Other transistor parameters also can be 
~ed. Permanent increases occur in leakage 

currents a.:ross reverse-biased junctions. In gen
eral. the discussion of diode leakage is applicable 
to transistor leakage . 

• 
Change~ in breakdown voltages. punch

t lroU!.!i1 \'oltar:e. and collector and emitter body 
resist;nces ar; neg.ligible at f1uences where the 
gain is still usable. The effects of nuclear radia
tion all these parameters can be analyzed from 
COml~ient~ made about diodes. 
~ 111e chanQ:e~ ir; saturatJO;l voltag.e and in 
~ itchin~ time as a result of nuclear radla

tion are of lJ~terest for switching applications. In 
mam' ..:ases the saturation voltage may appear to 
in.:r~a~c 3t relatively low ]e\·eb of radiation. but 
a.:tlIall\· tlle transistor i~ losing base drive and i~ 
comiJj~ alIt of saturation. The only significant 
in-:r~a;~~ in saturation \'oltage are seen at high. 
colle ct or curren ts. nie~~ increase". however. 
occm at high neutron fluences. 
~ TIH' s\\it('hjn~ time of a transistor is re
l'=' to as the tlln~-on lime and the turn-off 
time. which consi:;1 of the delay time. rd' the 
ri:.e time. 'r' the storage time, t~. and the ~ali 

time. If' First-order theory indicateS that. WIth 
the e:\ception of the rise time. these parameters 
either remain relatively constant or decrease 
with radiation. 1\ormally. the decreases are 
larger than the increases in these parameters: 
thus a net reduction of transistor switching time 
occurs with radiation, which usually is desIrable. 
TIle largest changes occur in the storage time. 
which is proportional to the lifetime. Thus, 

I 
~ ::: K'fo 

is the fluence at whkh the storage time is re
duced by one half. 

II The general effects of nuclear radiation 
on field-effect transistors Can be summarized a:> 
follows: 

-.• Changes occur in the threshold voltage. 1'1 . 
These changes in threshold voltage affect 
most of the field-effect transistor 
parameters. 

• Increases in leakage current OLCur . 

• Changes in channel resisti\'ity and carri-:-r 
mobility occur. 

_ Damage in MOS field-effecr transistors is 
d:"Primarily to ionizing radiation. For thi~ 
reason damage is reported in terms of dose I in 
rads) or exposure (in Roentgens) rather than flu
ence (in J1' em 2). The most sensith'e parameter 
to radiation in field-effect transistors is the 
threshol d voltage. J'T' In general. degradation in 
l'T proceeds rapidlY in the range of ]0: and 1 O~ 
rads (Si). but becomes more gradual abow thIS 
dose. Complete failures. i.e .. complete degrada
tion in transconductailce. haw been observed at 
doses of 106 to 107 rads (Si l. 
~ Considerable interest has_ been sho~'n in 
~ use of junction field-eftect transIstors 
(JFETS.1 in a radiation environment. S1J1ce these 
are unipolar devices and do not depend on 
minority-carrier lifetime for operation. TI1e 
primary' effect of radiation on J FETs is the 
removal of carriers in the channel region. Radia
tion induced carrier removal is a strong function 
of resistivity. Thus. in.:-reased radiati 011 t OleT

ances is exp~cted from JFETs with a high 1nitia1 
carrier concentration. nle planar process has 
allowed heavily doped JFETs to be manufac
tured with the necessary control to make them 
commercially available. TI1ese heavily doped 
JFET's have demonstrated a very Significant 
improvement in radiation hardness. e.g .. approx
imatel\, ) 5 percent degradation in transconduc
tance ~fter a neutron fluence of 7 x 1014 nfem:! 
(E> 10 keV. fission). 
_ Thin-film field-effect transistor (TFT) 
devices have been found to be more radiation 
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-resistant than conventional field-effect transis-
toTS. Tests indicate that both the cadmium sele
nide and the silicon on sapphire type TFT's are 
operational at 106 rads (5i) or 1015 n/cm2 (E> 
~V, fission). . . 
.. The negative resistance characteristic of 

the unijunction transistor dep~nds upon the con
ductivity modulation of a moderately high resis
tivity silicon bar. by means of injected minority 
carriers from the rectifying emitter contact. This 
transistor is highly sensitive to radiation induced 
changes in minority-carrier lifetime· and resis
tivity. Typical failure thresholds for unijunction 

Hence, increases in surface and bulk leakage cur
rents induced by radiation may cause the device 
to conduct continuously. This effect win depend 
~he bias level applied in the application. 
~ Since PNPN devices are used in medium
to high-power applications, they cannot be com
pared to high-frequency transistors in radiation 
resistance. Typical failure thresholds for PNPN 
devices range between ]012 and 5 x 1014 n/cm2 

(E> 10 keY, fiSSion). Some narrow base PNPN 
devices haVe performed well at 1015 n/cm2 (E> 
10 keV, fission). 

transistors are of the order of 5 x lOll to 5 x 9-46 Heating a.,gi.Thermomechanicat 
1012 n/c~2 (E> 10 keY, fission). The degrada- Damage ~ 
tion is manifested by an increase in valley volt- • Any electronic component parts in 
age. a decrease in valley current, and increases in which sufficient energy has been deposited by 
the jnterbase an d emitter-base resistances. the electronic system environment will experi-

_ 111e three basic types of silicon PNPN ence a transient rise in its temperature. The per-
devIces are: the silicon-controlled rectifier, SCR; form~'1ce characteristics of most component 
the silicon-controlled switch, SCS, and the parts are sensitive to temperature. Therefore, a 
Shockley diode. All of these devices may be con- temporary perturbation in the response of elee-
sidered to cOnsist of overlapping NPN and PNP tronic component parts can be expected. The 
transistors. the primary difference being the severity of the perturbation is a function of the 
external accessibility of the various layers; that deposited energy and the manner in which com-
is, the Shockley diode provides external access ponents are interconnected and mounted. Semi-' 
to only the outer P- and N-Iayers, the SCR has conductor devices are particularly vulnerable to 
leads to all but the central N-region, and the SCS ~rature transients. 
has leads to all four regions. The "two transis- ~ Fortunately, most of the common cir-
tors" of the PNPN structure operate in a cuit design techniques for compensation for 
positive-feedback configuration, and the temperature rises are directly applicable to the 
current-transfer ratios of the two sections add circumvention of heating effects caused by the 

tl0 ther for the composite device. . TREE environment. Consequently, heating ef-
As previously discussed for transistots, feets seldom are emphasized, and other effects 

ra lation induced defects reduce the current predominate. However. in some particularly 
gain for both "transistors" so that the required sensitive components such as inertial-guidance 
gate current, holding current, and breakover devices, heating effects remain a serious 
voltage should increase with radiation at flu-tM0blem. 
ences comparable to the bulk damage fluence The thennomechanical-shock effects 
levels in silicon transistors. Theoretical consider- anse rom the deposition of short pulses of high 
ations of the mechanisms of PNPN device opera- intensity X-ray energy. The component part 
tion also indicate that excessive leakage currents response differs from the effects discussed so far 
will cause premature triggering of the devices. in that the primary manifestation is the loss of 
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.. 
mechanical integrity. TI1e processes of spalla-
tion. blowofL and delamination combine to pro
duce mechanical damage. In most cases. this 
mechanical damage results in a permanent, cata-

•

tTO hie electrical failure of the component parts. 
A.l1 electronic components are poten

a. vulnerable to thermomechanical shock. 
but semiconductor devices are among the most 
vulnerable components. The failure modes for 
transistors exposed to X-rays depend on the ma
terials and geometries employed in their COI1-

stTllction. It is. therefore. worthwhile to con
sider device fabrication in some detail. 
~ Transistors are composed of a combina
~ materials. an,d the relationship of these 

materials to each is best illustrated in terms of 
the processes by which these de\'ices are fabri
cated, Transistors are produced from single 
crystal semiconducting materiaL which is pro
cessed into reg.ions of desired type and resistivity 
to form the junctJol1s ne('essary for transistor 
a ction. The many techniques:. employrd to 
achie\e the required junction configurations in
clude growing the desired material from suitably 
doped melts and alloying-in the dopant impur
ities from appropriately metallized surfaces. 
Howe\·er. the most prevalent technology being 
used to fabricate silicon tral1sistor~ is the 50-

called "planar" process in which the required 
dopants are allowed to diffuse thro'ugh area
defining masks formed on the surface of the 
silicon. TIle-se masks are made of silicon dioxide, 
which /1 ) is thermally grown on the surface of 
the silicon. C) may be etched to form windows 
for diffusion. and (3) is a natural barrier to the 
diffusion of phosphorous and boron {l,he most 
commonly employed dopants for producing i\
and P-type silicon, respectively). The windows in 
the silicon dioxide are defined by photoetching 
techniques initially developed and employed in 
the fabrication of etched wiring boards and 
subsequently refined in resolution to permit 
application in the fabrication of semiconductor 
de\·ices. 

Figure 9-57 shows the steps employed in 
cation of a typical transistor by the 

planar process. The oxide layer grown in Step 
(a) is removed in a selected area by photoetclting 

.. (Step b), and a P-type dopant is allowed to dif
fuse into the starting N-type silicon to form 
what will be the base region of the transistor 
(Step c). A new oxide is grown next (Step d) and 
is photoetched to form a window over a smaller 
area. and an N-type dopant in high concentration 
is allowed to diffuse into this portion of the P
type region <Step e), converting it to (N+ )-tYPf 
silicon. This forms the emitter region of the tran
sistor. Depth of penetration of the dopant ma
terials is. controlled by the times and tempera
tures at whieh the diffusion operations are 
conducted. A final oxide growth (Step f) and 
selective photoetching (Step g) expose the emit
ter and base contact points. The whole surface is 
subsequently coated with aluminum (Step hi 
and selectiwly etched to produce the desired 
current paths and land areas (tabs) for connec
tion (Step i). 

~ Since transistors fabricated in the above 
manner usually are prepared in mUltiple arrays 
containing hundreds of identical devices, the 
next steps are the separation of the individual 
devices by some technique such as diamond 
scribing and the mounting of each of the re
sultant chips (or dice) into a separate package. 
Typical chips for high-frequency transistors are ass than 0.025 x 0.0~5 in. in area. 

The transistor package can take many 
forms (see Figure 9-58a), but in each form there 
is usually a section of the package that contains 
the lead wires to which the eJ1)itter. base, and 
collector portions of the device must be con
nected. This section is called the header. In a 
typical package this is the bottom section of the 
can, which con tains the three lead wires. A cap 
is attached to complete the package. The header 
usually is made of Kovar, a nickel-iron alloy fre
quently used for ...... to-metal seals because of 
their comparable,thermal~xpansion coefficients. 
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Figure 9-57 •• Steps in the Fabrication of an NPN 
Silicon Planar Transistor • 
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Transistor. 

Figure 9·58 .• Transistor Cross Section and PaCkage_ 
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-The three Kovar leadout wires are electrically 
insulated from each other by glass feed-throughs 
in the Kovar header. Since Kovar oxidizes easily, 
the extemal leads, and often the internal leads, 
on the transistor usually are p]ated to facilitate 

f!lu uent soldering or welding. 
The processed semiconductor chip is 

attac ed to the header 1:?y a fabrication step 
known as die bonding. Die bonding involves 
soldering, brazing. or glazing the die to the 
header. This attachment serves as a mechanical 
contact. a thermal path. and in some cases (such 
as the example being employed) an electrical 
contact. When the connection is to a metal por
tion of the header, the attachment usually is 
accomplished by brazing using a eutectic brazing 
alloy (generally containing gold). This is superior 
to a soft solder because the high melting point 
of the eutectic pennits use of higher tempera
tures in sealing the top on the header and in 
preconditioning the devices if desired. Some dis
advantages in the use of eutectic alloys for die 
bonding are that they generally are expensive, 
quite brittle, difficult to form into unusual 
shapes, an d they cannot be vacuum evaporated 
to form thin films. A preform of tbe eutectic 
alloy is placed on the header on a platform di
rectly connected to the collector leadout wire. 
In many applications, a simple gold plating on 
the Kovar platform suffices as the preform, since 
on heating in contact with the silicon chip, a 
gold-silicon eutectic will form. Heat is appli!!~ 
(390° -40QoC), the transistor chip is placed on 
the preform, and the eutectic is chilled with a jet 
of nitrogen. This operation attaches the Chip to 
header and forms the chip-to-header bond (Step 
j, Fil!ure 9-57) . 

......... Wire bonding makes electrical contact to 
~itter and base regions. In some devices 

this connection is made by i,ittaching the bridg
ing wires directly to suitably metallized etched
open areas on the silicon chip. In many devices, 
however, these areas are much too small to per-
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mit for.ming quality connections, so the connec
tions are made to e.xtended tabs formed in the 
aluminum metallization on top of the silicon 
oxide. This latter .configuration is illustrated in 
Figure 9-S8b. The bridging wires, 1/2 to 3 mils 
in diameter, may be composed of any of a num
ber of materials, but generally they are either 
gold or aluminum. Gold is used because it forms 
ohmic contact when alloyed with silicon, is 
available as extremely fine wire with reasonable 
strength, and may be bonded by thermocom
pression. Aluminum wire is used because it pro
vides a one metal system wJ:tenaluminum metal
lization is employed for extended tabs and 
avoids the formation of gold/aluminum alloys 
("purple" and "white" plagues), it is available as 
fine wire, and it makes ohmic contact to both 

•

-t' eand (N+ )-type silicon. 
In thermocompression bonding, the two 

me a s (such as the wire and the bonding pad) 
are made to seize without a third intermediate 
phase (such as solder) and without melting. 1l1is 
is accomplished with high pressures and tem
peratures. The high temperature keeps the 
metalS in the annealing range as they flow into 
atomic intimacy under the bond. One form of 
thermocompression bonding (called ball bonding 
or nail-head bonding) employs gold wire that is 
heated at the tip with a hydrogen flame to form 
a ball, which is subsequently driven against the 
heated chip under pressure to form the bond 
and concurrently is flattened into a nailhead 
configuration. In stitch bonding (another form 
of thermocompression bonding), the wire is bent 
under pressure from the tool head and forced 
into the heated pad in such a way that the wire 
is wedged flat at the point of contact. Either 
gold or aluminum may be employed in stitch 
bonding. In ultrasonic bonding, ultrasonic 
energy is employed to force the two metals into 
atomic intimacy. The resultant bond resembles a 
stitch bond. These three bonding techniques are 
illustrated in Figures 9·59a, b, and c, respectively. 
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Forming tool 

Aluminum metolizotion 

o. b. 

Figure 9·59. • Ball Stitch and Ultrasonic Bonding • 

ral general modes of failure 
are apparent: (a) the wires may 

break: (b) the emitter or base bonds may 
separate from the chip; (c) the silicon chip might 
fracture: (d) the chip may separate from the 
header: (e) the aluminum metallization consti
tuting the extended tabs might become discon
tinuous: and ([) the wire bonds at the post may 

c. 
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c. Chip Fracture f. Bond - Binding Post Separation 

Figure 9·60. _ Semiconductor Failure Modes • 
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OTHER ELECTRONIC 
COMPONENT PARTS I 
9-47 Electron Tubes 

.. The electron tubes discussed in this sub
section are divided into three categories::Nacuum 
tubes, gas-filled tubes. and phototubes. These 
categories include nearly all types of conven
tional electron tubes with the exception of 
microwave tubes. Because of the known dif
ferences in interaction of nuclear radiation with 
metals, gases, and photoemissive materials, as 
well as with glasses and other ceramics, the ob
servable effects of these interactions might be 

liected to differ for each category of tube. 
Permanent damage to vacuum tubes h 

assocIated with. thermal and fast neutron expo
s.ure. No significant permanent damage has been 
observed in conventional vacuum tubes or 
Nuvistors exposed to test radiation pulses or to a 
thermal neutron fluence of less than 101 3 

n/cm2 (fission). Moderate damage may occur in 
standard size glass or metal tubes at thermal neu
tron fluences from 1013 to 1016 n/cm 2 (fis
sion), and severe damage may OCCUr at fluences 
greater than 101 6 n/ cm 2 (fission). "Severe dam
age" is often the failure of the glass envelope, 
usually at a glass-to-metal seal; "moderate dam
age" is generally a permanent change in tube 
operating characteristics. Miniature, sub
miniature, and ceramic-type tubes are less sub
ject to both moderate and permanent damage 
than standard size tubes, largely because of the 
smaller area· and. mass of the tube parts. How
ever, thermal-neutron fluences sufficient to 
cause permanent damage to high-vacuum tubes 
are greater than neutron tluences expected to be 
encountered in the nuclear weapon environ
ment. e.g., >1016 n/cm2 (fission). 

_ The principal transient effect that results 
from exposure of vacuum tubes. inCluding the 
Nuvistor, to nuclear radiation is produced by 
Compton scattering of electrons from structural 

_ members by gamma rays. Leakage currents 
caused by ionization of air between external 
electrodes, or reduction of resistance of insulat
ing materials such as glass, ceramics, and mica, 
caused by electron excitation within the ma
terial, may have minor effects on tube perfor
mance. There is no appreciable radiation in
duced liberation of gas from tube parts, or ioni-

Itatio of residual gases within the tube. 
Most of the Compton electrons pro

uced in the structural parts of the tube and 
ejected into the evacuated region are too ener-
getic to be influenced significantly by the elec
tronic fields in the tube. However, the impact of 
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high energy electrons on the interior surfaces of 
the tube assembly produces low energy secon
dary electrons that can be influenced by the 
existing electric fields, and thus can alter the 
normal operating characteristics of the tube. The 
ejected electrons can be collected by one or 
more electrodes, depending upon the electrode 
potential and position. The magnitudes of the 
resulting transient voltages that appear at the 
respective electrodes depend on the magnitudes 
of the transient current and the circuit resis
tance. The grid circuit is particularly affected by 
this phenomenon, since it usually suffers a net 
loss of electrons and therefore may assume a 
positive charge. The resulting increase in plate 
current is determined largely by the grid resis
tance and the gain of the tube. 

_ Gas filled tubes (thyratrons), under 
extensive neutron bombardment, most likely 
will fail by breaking of the glass envelope or 
g].ass-t0-metal seals. Such damage occurs at ther
mal neutron fluences exceeding 1016 n/cm 2 

(fission). 
... The principal transient effect in a thyra
~ubjected to a nuclear. radiation pulse is 
spurious firing caused by ionization of the filling 
gas. The filling gas, in these cases xenon, be
comes partially ionized, primarily by gamma 
rays. Additional ions are created by ion-neutral 
molecule collisions in the electric field between 
the plate and the grid. A positive ion sheath can 
form around the negatively-biased control grid, 
which will neutralize the grid charge and will 
permit electrons to be accelerated from the 
cathode space charge toward the plate. As ion. 
density increases, a sustaining discharge ensues, 
which can be shut off only by removing the 
plate ~oltage. . 
..-Phototubes are designed to exhibit peak 
~ities to electromagnetic radiation in the 

visible and near-infrared regions by choosing 
photosensitive cathodes with low work func
tions. The presence of photosensitive material in 

9-148 

a vacuum tube introduces effects other than 
those found in receiving type electron tubes in a 

•
' tion field. . . 

Severe permanent damage to. photo
tubes, as with other vacuum tubes, is attribut-
able to large thermal neutron fluences. Severe 
damage starts in phototubes at about 101 5 

n/cm2 (fission). However, moderate permanent 
damage may occur at thermal neutron fluences 
two orders of magnitude lower. Moderate dam
age in some cases is an increase in dark current, 
or a decrease in anode luminous sensitivity, but 
in most cases it is a darkening of the glass 
envelope. This darkening effectively reduces 
tube sensitivity. The glass dis.coloration has been 
observed at fast neutron fluences of 5.5 x 101''2 
(E> 10 keY, fission), and gamma ray" doses' of 
6.3 x 106 rads (C). Thus, both gamma and neu
tron components of mixed radiation contribute 
to permanent damage. 
_ The principal transient effect in photo
multiplier exposed to pulsed X-ray radiation 
(and presumably to gamma radiation) is an in
crease in anode current. The increase can be as 
much as the space-charge-limiting value for a 
given tube. Furthermore, the duration of the 
current increase is much greater than that of the 
radiation pulse. At first, the current increases as 
a result of currents initiated by luminescence of 
those areas of the glass envelope that are opti
cally coupled to the cathode of the photomulti
plier. This current mcrease also has been demon
strated in steady-state gamma fields. Glass 
luminesces at wavel~ngths and intensities deter· 
mined by the glass composition and by the dose 
rate. Since a great deal of the radiant energy is in 
the visible portion of the light spectrum, where 
common photomultipliers are sensitive, it would 
be expected that the degree of photomultiplier 
response to X-ray and gamma radiation would 
depend upon both the type of glass used for the 
envelope and the spectral sensitivity of the 
cathode material. 
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.. A second mechanism is required to ex· 
plain the relatively slow decay of anode current 
after the radiation field is removed, since glass 
luminescence decays rapidly. It is believed that 
decay of anode current may be retarded by 
electric-field changes in the tube when electrical 
insulators become charged as a result of large 

9-48 Capacitors 

_ Nuclear radiation affects most of the 
electronic properties of capacitors to some ex
tent. Changes in the capacitance value, dissipa
tion factor, and leakage resistance have been 
o bserved during steady-state reactor experi
ments. These effects generally are not consid
ered severe for fast neutron fluences less than 
1015 nJcm 2 (E> 10 keV, fission), and for most 
capacitors this limit is about 1017 n/ cm 2 (E > 
J 0 keV. fission). 
.- During a high-intensity pulse of nuclear 
~on. the most pronounced effect in a 

capacitor is a transient change in the conductiv
ity of the dielectric material with a correspond
ing increase in the leakage currents through the 
capacitor. TIle most recent concept of iorization 
effects in insulating and dielectric materials indi
cates that the ionizing particles create ionizing 
tracks in the irradiated material. This means 
that, microscopically, the material is not uni
formly ionized (an exception to this occurs at 
very high dose rates. ~ 1012 rads (Si)/sec, where 
there should be sufficient overlap of the ionized 
tracks for the material to be considered uniform
ly ioniZed). 

The excess conductivity induced in a 
a1 irradiated with a short pulse of ionizing 

radiation is generally classified in two compo
nents: the prompt component, and the delayed 
component. The prompt component is primarily 
the result of excess carrier concentration from 
direct ionization by the radiation and the con
current recombination and trapping of these car
riers. The delayed component is that component 
of conductivity that remains after the termina
tion 'of the ionizing pulse. TIlis does not mean to 
imply that it does not make a small contribution 
during the radiation pulse. The delayed compo
nent is the result of thermal generation of excess 
carriers from shallow traps, in which they are 
caught during the' prompt pulse. and their con
current loss to recombination alld retrapping. 
The rate at which these carriers are thennally 
regenerated depends on the energy level of the 
trap site, the concentration of filled traps, and 
the temperature: As there is usually more than 
one energy level trap in a material, more than 
one regeneration rate usually is observed in the 
delayed component. 

_ TIle excess conductivity is proportional 
to the number of carriers available to drift under 
the influence of the applied electric field. 
However, the microscopic nonuniformity of the 
carrier concentration must be considered for the 
pulsed irradiation case. For irradiation with 
ionizing particles with a low specific ionization 
(the ratio of the number of ion pairs produced 
per unit path length to the number produced per 
unit path length by a minimum ionizing par
ticle), the excess prompt conductivity will be 
the same as if these carriers were generated uni
formly throughout the materia1. However, if the 
specific ionization is increased (by bombard
ment with more heavily ionizing particles), a 
point will be approached where the separation 
of ionization sites is less than the distance travel
ed by the electron before it has become thermal
ized and is able to drift under the influence of 
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-the applied 
approached. the probability that the electron 
will be captured in the field of a neighboring ion 
increases, and the contribution to excess con
ductivity will be reduced. Thus, a plot of 
prompt conductivity as a function of specific 
ionization would show the prompt conductivity 
constant at low specific ionization and decreas
ing slowly after some threshold values of specific 
ionization is reached. 

_ The rate at which carriers are lost con
current with their generation by the ionizing 
radiation is proportional to the concentration of 
recombination centers and unfilled trapping 
centers. While an insignificant number of the 
total traps in the material might be filled at low 
doses, the concentration of filled traps within a 
track depends only on the specific ionization. 
Thus. the trapping rate is affected by the 
specific ionization. The result of this effect is to 
cause an increase in prompt conductivity with 
specific ionization, which would serve in part to 
compensate for the decreasing effect mentioned 
above. However, this effect on the carrier loss 
rate should be slight, since most of the carriers 
are lost to recombination rather than trapping. 
... When the radiation is delivered in a time 
~ compared with the regeneration time of 
carriers from the traps, and the dose delivered in 
the pulse is large enough that significant num
bers of tracks near the end of the pulse overlap 
tracks generated earlier, the concentration of 
filled traps in a track late in the pulse is different 
from that in a track created earlier in the pulse. 
When this occurs, the observed prompt conduc
tivity becomes a function of the total dose de
livered in the pulse, as well as of the specific 
ionization of the irradiating particle. It should 
be noted that a sufficient fraction of traps' in a 
track must be filled to significantly affect the 
response. Hence, it is quite possible that trap 
densities in many insulators are high enough so 
that this condition is not realized in most pulse 
experinients. 

The delayed conductivity component 
on the rates of carrier regeneration and 

retrapping from trap sites, which depend on the 
concentration of filled traps and the energy 
levels of the traps. The concentration of filled 
traps is a function of the specific ionization of 
the irradiating particle and, in the case of over
lapping tracks, the total dose. As the initial con
centration of filled traps within a track is usually 
a significant fraction of the total concentration 
of traps, the retrapping probability changes dur
ing the time the traps are emptying, thus altering 
the characteristic time for emptying the remain
der of the filled traps. As a result, the decay of 
the delayed component does not usually follow 
a simple law. Only in certain cases, where the 
trapping probability is negligibly perturbed by 
the radiation, will simple exponential decays be 
observed. 
... Neutrons produce ionization by a num
~collision processes that give rise to ioniz
ing secondary particles. These processes include: 

• Elastic scattering when the recoil atom 
receives sufficient energy to produce ioni
zation. 

• Inelastic scattering. producing a recoil atom 
that mayor may not ionize but that emits 
a gamma photon that can produce a 
secondary ionization. 

• Capture, resulting in the emission of a 
photon and/or an ionizing secondary par
ticle (primarily thermal neutrons). 

• Reactions resulting in an ionizing particle, 
e.g., (n,p), or (n,a) reactions (high~nergy 
neutrons). 

There are, therefore, many possible different 
specific ionizations associated with ionized 
tracks in neutron bombarded materials. 
_ In hydrogenous materials, the principal 
iOnlzation is caused by recoil protons, which 
have a high specific ionization. For this reason, 
neutron induced conductivity in hydrogenous 
dielectrics has been found to be approximately 
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- . one-fifth to one-half that of gamma ray mduced 
conducti\'ity for equal ionization energy deposi
tion rat~s. For nonhydrogenous dielectrics. the 
most important contribution to neutron induced 
ionization is by the imeractions of very high
ener"\' neutrons (£ > ~ MeV). 

IIIIIIIiiiiiIi A "polarization effect" that is attributed 
~ce charge buildup within the dielectric 

material due to nonuniform trapping has been 
observed with some capacitors, particularly with 
Mylar. mica. polycarbonate, tantalum oxide and 
Vitamin Q devices, This effect is manifested in 
several ways. One is an apparent decrease in the 
induced conductance with sequential radiation 
pulsing. Charge transfer across the dielectric dur
ing a radiation pulse builds up a space charge 
field opposing the applied electric field. If the 
applied electric field is then removed, subse
quent radiation pulses result in a current in the 
extemal circuit opposite in direction to that 
obsened with the field applied. This is caused 
bv the discharge of the space charge field. 
Similarly. if the electric field is reversed rather 
than removed after the space charge has been 
built up. the space charge field enhances the 
applied field. and a larger current results than 
would be' observed normally. 
~ Saturation of the polarization effect. 
~no further decrease in the charge transfer 
is observed with subsequent radiation pulses, 
occurs after one or more pulses, depending on 
the capacitor and 011 the dose delivered in each 
pulse. Decreases of 50 to 70 percent for mica, 
IOta ::::0 percent for tantalum oxide, and 30 
percent for Mylar have been observed due to this 

radiation . 

9-49 Resistors. 

_ Radiation effects in resistors are gen-= small compared with effects in semicon
ductors and capacitors and are usually neglected. 
However, in circuits requiring high precision 
resistors transient effects may be significant at 
dose rates of as low as ] 07 rads (C}/sec and at 
neutronfluences of 1014 n/cm2 (E::> 10 keV, 
fi . ). 

• The transient' effects. are gener~lly at
tributed to gamma rays that mteract WIth ma
terials to produce electrons, primarily by the 
Com pton process; however, energetic neutrons 
can also prod lice significant ionization. 
Transient effects include (I) a change in the ef
fective resistance due to radiation induced leak
age in the insulating material and the surround
ing medium, (2) induced current that is the 
result of the difference between the emission 
and absorption' of secondary electrons by the 
resistor materials. and (3) change in the con
ductivity in the bulk material of the resistor. 
There is no substantial evidence, however, that 
~ird effect is a first-order transient effect. 

_ The permanent effects are generally 
caused by the displacement of atoms by neu
trons, causing a change in the resistivity of the 

9-50 Batteries and Cables 

• Batteries are affected much less by radia
tion than other component parts. The effects of 
radiation on nickel-cadmium batteries appear to 
be insignificant at dose rates up to 10' rads 
(air)/sec. No radiation damage was apparent in a 
number of batteries and standard cells that were 
subjected to 1013 n/cm 2 (£ > 10 keY, fission). 
Transient radiation effects on an ammonia fuze 
indicated that pulsed ,gamma ray irradiation of 
108 rads (air)/sec had no effect on the operation 
of the battery. 
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--It has been recognized for some time 
~tense pulses of radiation produce signifi

cant perturbations in electrical cables and wir
ing, including coaxial and triaxial signal cables. 
Even with no voltage applied to a cable, a signal 
is seen when the cable is exposed to a pulsed 
radiation environment. The current associated 
with this signal is defined as a replacement cur
rent, since it is most likely a current in an 
extemal circuit that is necessary to replace elec
trons or other charged particles that are knocked 
out of their usual positions by the radiation. The 
replacement current definition also applies to 
the effect of charged carriers associated with the 
incident radiation embedded in a test sample. 
.-The magnitude of the radiation induced 
~ varies with the voltage applied to the 
cable. This voltage-dependent portion of the 
signal, i.e., the total signal exclusive of there
placement current, is called conduction current, 
thus it is ascribed to the conductivity induced in 
the insulating dielectric by the radiation. How
ever, it may also contain major contributions 
from polarization or depolarization processes in 
the dielectric. These can usually be identified by 
their gradual disappearan ce (saturation) after 
repetitive exposures and by their reappearance 
in additional "shots" in which the ap-plied volt
age is changed greatly, e.g. \ removed or reversed . 

...... IoniZing radiation of any type produces 
~ectrons that contribute to the conductiv
ity of the materiaL Hence, insulators are ex
pected to have a transient enhanced conductiv
ity in an ionizing radiation environment-. 
Conduction in the insulator is frequently charac
terized by two components: for very short radia
tion pulses, a prompt component whose magni
tude is a function of only the instantaneous 
exposure rate, and frequently at the end of the 
short radiation exposure, a delayed component 
having approximately exponential decay. 
-. Although the replacement, conduction, 
~larization currents are fairly well under-

stood in tenns of the interactions between the 
ionizing radiation and the. metal-dielectric target 
system;it is not yet possible to predict quantita
tively the response for a given cable in a speci
fied environment. In a mixed neutron~gamma 
environment, the induced replacement current 
usually contains positive and negative compo
nents, and may therefore assume either polarity. 
The conduction current sometimes exhibits a 
rather complicated time dependence consisting 
of prompt- and delayed-conductivity contribu
tions. The polarization curren t appears to be 
greatly affected by the properties of the metal-

•
·ele ric interface. 

Permanent damage effects in cables and 
wmng are manifested as changes in the physical 
and electrical properties of the insulating ma
terials. When such damage becomes appreciable, 
e.g., when the insulation resistance is reduced 
severely, ,electrical \:haracteristics may be af
fected. The extent of the damage to insulating 
materials is an increasing function of neutron 
fluence, exposure or dose, humidity, and irradia
tion temperature. Certain types of wire insula
tion are quite susceptible to permanent damage. 
For example, silicon rubber becomes severely 
cracked and powdered after approximately 2 x 
1015 n/cm2 (E> 10 keY, fission). The approxi
mate damage thresholds for three common types 
of cable insulation are: polyethylene, 1 x 107 

rads (C); Teflon TFE, I x 104 rads (C); and 
Teflon FEP, 2 x 106 rads (C). On the other 
hand, some irradiated poly ole fins are capable of 
withstanding up to 5 x 109 rads (C). A consider
able degree of annealing has been observed with 
respect to insulation resistance, which implies 
the possibility of adequate electrical service
ability after moderate physical damage. 
• It is not expected that radiation effects 
on wrring with thin insulation will exhibit the 
strange behavior observed in coaxial cables. In 
particular, the very limited measurements that 
have been performed indicate that the replace-

J 



-men! current is primarily a function of the 
gamma environment. To a good approximation, 
il can be assumed that the replacement current 
for a wire ur most other objects placed in the 
radiation enyironment will amount to the emis
sion of a number of electrons between 1 and 5 x 
10' 3 times the number of gamma photons 
traversing the object. 

_ The conduction current is a verv sensi
~nction of the amount of insulation around 

the wire and its immediate environment. For a 
b3re wire in air with a ground plane nearby, con
duction is due predominantly to the ionization 
produced in the air. Placing insulation around 
the wire reduces this conduction. but at the 
price of increasing the area of the wire and 
hence the erfective replacement current. 

9·51 Quartz Crystals. 

_ The radiation response or a quartz 
crystal oscillator is primarily a function of radia
tion dose. TIle type of material from which the 
oscillator is fabricated, e.g., natural quartz, 
Z-growth synthetic. Z-growth swept synthetic, 
etc., and to a lesser extent the type of cut, e.g .. 
AT. BT. etc .. and the frequency and mode of 
operation determine the sensitivity of the oscil
lator to the radiation. The primary effect of the 
radiation is a shift in the frequency of the oscil
lator. Both transient and steady-state shifts have 
been observed . 

• 
TI1e steady-state frequency offsets are a 

re of changes in the elastic stiffness constants 
of the crystal. For example, perturbations in the 
crystal bonds due to charge trapping at defects 
or to formation of new defect complexes will 
result in steady-state frequency offsets. Of ma
terials tested to date, Z-growth swept-s~'nthetic 
quartz has been the most radiation tolerant to 
steady-state frequency offsets. Swept natural 
quartz is slightly mare sensitive and unswept 
natural quartz and unswept synthetic quartz, 
respectively, are even more sensitive. The 

response of a particular crystal also varies with 
the manner in which the crystal is mounted, the 
material used for the electrodes, and to a Jesser 
extent differs for each quartz bar grown, even 
among bars grown under similar conditions. 
Both swept synthetic and natural quartz crystal~ 
can recover 80 percent to 90 percent of their 
original frequency change after annealing at 
500°C for times on the order of 100 to 160 
hours . 
... Transient shifts in the frequency of an 
~or and reduction or cessation of the out· 
put result from energy deposition and any subse
quent temperature rise in the crystal. Tempera
ture gradients in the crystal due to faster 
removal of heat near the support wires and due 
to the electrodes absorbing more energy than 
the crystal, can give rise to frequency shifts 
induced by the reSUlting strain. 

• Irradiation of general purpose c.rys.tal 
umts has shown that they do not suffer SlglUfi
cant permanent effects, within the limits of their 
stability, at a neutron fluence of 1013 n/ cm2 (E 
> 10 keY, fission) and a gamma dose of 4.4 x 
103 rads (air). Transient phase and amplitude 
changes resulting from this environment are not 
of sufficient magnitude to cause concern about 
~peration under such conditions. 
.... Moderate precision crystal units display 

negligIble frequency and amplitude changes 
when subjected to a reactor pulse. Weapon tests . 
as well as steady-state gamma .source tests indi
cate that a gamma dose greater than 104 rads 
(air) is required to induce significant permanent 
frequency changes in these devices. Frequency 
changes up to almost one part in 105 were ob
served after exposure to 7.5 x 104 rads (air) and 
101 2 n/ cm2 at a weapon test. The possibility 
that causes other than radiation contributed to 
the changes observed at this test cannot be 
excluded. 

_ High precision natural quartz-crystal 
umts either stop oscillating or exhibit appreci-
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-able decreases in the amplitude of the output 
signal during nuclear pulses of approximately 
1012 n/cm2 (E> 3 MeV, fission), and 3 x 103 

rads (H20). If oscillation stops, its cessation per
sists for minutes. The cessation of oscillatiOn is 
apparently independent of the voltage, current, 
or power at which the units are being driven. 
Resumption of oscillation occurs at a reduced 
drive current and lower frequency. The drive 
current is tens of microamperes below the speci
fied rated drive when osci1lation resumes. Fre
quency changes as high as 1 part in 107 have 
been observed when this type of crystal was 
exposed to 7.9 x 1011 n/cm2 (E> 3 MeV, fis
sion), and 2.9 x 103 

9-53 Infrared Detectors 

_ The infrared detectors that exhibit the 
greatest sensitivity to infrared radiation are also 
the most sensitive to nuclear radiation. For 
radiation pulses that are short compared to the 
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relaxation time, the response of a photoconduc
tive . typ~ of infrared detector cell is an excess 
conductance that is proportional to the radia
tion exposure. For long pulses the excess con
ductance is proportional to the radiation 
intensity and the carrier recombination time. 
Neutron bombardment causes permanent 
degradation of output-signal level and signal-to
noise ratio. 
_ Irradiation of a lead sulfide device to 1.3 
~4 n/cm2 (E > 0.48 eV, fission) at 134°F 
revealed a 67 percent reduction of output signal 
level and greater than 40 percent reduction in 
the signal-to-noise ratio. Damage was essentially 
catastrophic after 6.9 x 1015 n/cm 2 (E> 0.48 

on). 
Lead selenide devices appear to be some

more tolerant to neutron irradiation than 
lead sulfide detectors. After a neutron fluence of 
1.2 x lO14 ri/cm2 (E > 0.48 eV, fission) at 
135°F, the output signal level of a lead selenide 
cell was reduced by 36 percent, and the signal
to-noise ratio was down more than 46 percent. 
The output level was down by 96 percent after 
1.8 x lO16 n/cm2 (E> 0.48 eV, fission). Lead 
selenide cells that are designed to operate at low 
temperatures are more sensitive to radiation 
than those that are not designed for low 
te=ratures. 

_ Indium antimode photovoltaic cells that 
operate at liquid nitrogen temperature showed 
significant voltage signals at doses less than 0.88 
rads (air). The cens exhibited radiation induced 
voltages· roughly proportional to the logarithm 
of the dose when the radiation was delivered in 
short pulses. Recovery to within 2 percent of 
the maximum voltage occurred within 175 psec 
after the highest intensity radiation pUlses. A 
complete loss of output from these cells has 
been observed after a neutron fluence of 2 x 
1016 n/cm2 (E> 0.48 eV, fission). 

_ Thennistor-bolometer infrared detectors 
~e most neutron tolerant of the devices that 

have been tested. After 9.6 x 1013 n/cm2 (E> 

} 
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1Ia 
OA1' e\'. fission i. the output signal level was 
do\\ n by 2b perCent. and the signal-to-noise 
ratio wa~ down about 1 I percent. After 1.6 x 
] 01 {, l1/cm': (1. > 0.48 eV, fi!:.sion) , the output 
lewl was down 57 percent. and the signal-to
noise ratio was down 66 percent. The detector 
may be usable for some applications under these 

1IIII1dilions. 
Th e rmomechanical shock effects in 

in rarea detectors will be similar to those dis
cussed for semiconductor devices. and will occur 
at about the same kveb. 

ELECTRONIC CIRCUITS .. 

9·54 Radiation Response of D~ 
Component-Part Circuits _ 

--'Determination of the response of a cir
cuit is complex because of the large variations in 
circuir configuratiol1 and in t11e component parts 
that can be used within a circuit configuration. 
Therefore. determining circuit response becomes 
a problem of detailed circuit analysis and/or 
testing. TI1e radiation effects material necessary 
for this kind of analysis and testing are beyond 
the SCOpe of this manual. Guidance may be ob
tained from the TREE Halldbook and the TREE 
Preferred Procedures (see bibliography). General 
circuit effects and typical analysis techniques are 
~ed in this manual. 
..... The transiem effects that can cause a 

system to malfunction can result in circuit 
responses that. like component-part responses, 
can be both dose and dose rate dependent. If the 
ra diatioll pul,>cs are short with respect to 
component-part recovery times the circuit time 

constants, the circuits will integrate the effects 
and will be sensitive to the total dose rather than 
the dose rate. However, when the pulse widths 
are wide. the circuits are dose rate sensitive. This 
can be illustrated by reference to Figure 9-61. 
Assume that for the circuit response pi otted, the 
malfunction threshold is I.S volts. Therefore, a 

0.15 IlS pulse at I x 109 rad (SO/sec will causr;' a 
malfunction. It is obvious from the curve that 
the malfunction dose rate is much lower for 

·~ulses. 

1IIIIIIJ Discrete digital circuits and circuits that 
contam silicon controlled rectifiers (SCR's) haw 
displayed failure at doses as low as 0.1 to 1.0 rad 
(51) for short pulse widths. It is difficult to 

design a circuit specially that will not malfunc-
~ove a prompt dose of 100 rads (Si). 
... Another effect that can result from the 

lomzmg radiation is the initiation of a cata
strophic action or catastrophic failure. An 
example would be the firing of a pyrotechnic 
device or the premature initiation of a firing 
signal. A second type of catastrophic action 
occurs if a circuit destroys it;elf as a result of 
the effects caused by ionization (burnout). Fig
ure 9-62 shows an output stage of a power 
supply inverter. In normal operation. Q 1 and Q2 
are turned on alternately. The output at the 
transformer secondary is a square wave. Ionizing 
radiation may cause QI and Q2 to tum on 
simultaneously. After the radiation pulse, the 
transistors will recover to normal operation, and 
one of the transistors will attempt to tum off. 
At this time a large voltage will be induced 
across the transistor that is attempting to turn 
off. If this voltage exceeds the breakdown volt-
~e transistor may be damaged. 
~ General statements applicable to both 

permanent and transient effects include: 

• Circuits that use low frequency, thick base 
semiconductors usually are more suscepti
ble to radiation effects than those circuits 
that contain high frequency, thin base 
devices 

• Germanium devices generally will show 
]arger photocurrents and leakage currents 
than comparable silicon devices 

• High impedance circuitry generaJIy wi1l be 
more susceptibJe to radiation effects than 
low impedance circuitry 
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Figure 9-61. It Circuit Response as a Function of 
Radiation-Pulse Width 11 

-• Magnetic memory devices will not be sensi-
tive to the neutron and gamma environments 
typically specified as the environment in 
which an electronic system must survive. 

_ The primary pennanent effects on cir* 
cuits will be the degradation of semiconductor 
devices. The solid*State power supplies and 
regulators with their low frequency transistors 
will fail to perform their required function when 
exposed to fluence between 1011 and 101 3 

n/cm2 (E > 10 keY, fission) depending on the 
circuit configuration, component parts, and 
design margins in the system. Circuits that use 
MOSFET can fail at gamma doses between 103 

105 rads (Si). 
The failure threshold for thermo-
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mechanical shock will be established by the 

_ old of the component parts. 
I! is desirable to have a method of anal

ysis that can be used to predict the response of 
components, circuits, and systems. The analysis 
methods that are used consist of established 
teclmiques to calculate circuit and system 
responses by replacing radiation effects by their 
corresponding electrical effects. Thus, the prob
lem that is solved eventually is wholly electrical 
in character. A major advantage of analysis as a 
simulation tool is that it is not necessary for a 
circuit or system to exist in a physical state 
before it can be analyzed. In addition, the 
analyst has control over the ""environment," and 
it is theoretically possible to simulate the total 

) 
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Figure 9·62. 11 Circuit in Which Burnout Could occur • ... 
environment during a single (but complicated) 
analysis. Perhaps the major disadvantage of anal
ysis (for TREE) is the relatively low confidence 
in the results. This low confidence Jevel usually 
arises from the simplifying assumptions that are 
often made to expedite the analysis and which, 
themselves, are subject to verification. typically 
~ironmental testing. 
... Certain requirements or inputs are 
needed for any circuit or system analysis. First, 
an accurate mathematical description of the 
electrical characteristics must be obtained. Such 
a description usually is checked by comparing 
the computed electrical response to the mea
sured electrical response of a circuit or system. 
Second, the radiation effects on electronic ma
terials aJid de\'ices must be represented, or 
modeled, by electrical effects. For example., dis
placement effects may be modeled by making 
transistor current gain a function of time. This 
step generally requires environmental testing 
and/or sound analytical procedures to obtain the 
required radiation effects data. Third, an anal
ysis method must be employed to make an 
accurate calculation of the steady-state and 
transient responses of the electronic network of 

interest. This may be done by hand or with the 
aid of a computer. * 
~ Hand analysis techniques are useful for a 

quick qualitative and, to a Hmited degree, 
quantitative appraisal of the sensitivity of linear 
circuits and logic circuits to radiation environ
ments. Manual techniques are valuable in the 
prediction of permanent effects of transient 
radiation, particularly when the relevant elec
trical parameters assume constant, degraded 
values after irradiation. The hand analysis tech
niques are often quite adequate to establish the 
initial estimate of radiation induced voltage and 
current transients and of the steady-state perfor
mance degradation. This type of analysis is suit
able for a rough estimate of the peak-amplitude 
radiation response. In practice, only small, 

circuits can be handled. 
In doing analysis, there is an inevitable 

between time (man-hours) and accuracy. 
If great confidence in the results ·is not required 
(e.g., when the analysis results are to be used to 

*1.'\ more detailed discussion of hand and computer anal~'sis 
te niques is contained in the "TREE Handbook" (see bibtiog
raphy). 
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• plan further environmental tests), a large num-
ber of simplifying assumptions can be made, and 
the analysis can be carried out quickly by hand. 

_ If the results of an analysis are to be 
~directly in a survivability assessment, high 

accuracy is desirable. This implies that few 
simplifying assumptions may be made. If a cir
cuit contains more than one or two active de
vices (e.g., transistors), the 'circuit model will be 
complex, and the speed and accuracy of a digital 
computer should be used. Both hand analysis 
and computer aided analysis require an 
equivalent-circuit model that represents elec
trical and radiation induced phenomena. A 
notable difference is that the computer can 

'handle an equivalent circuit model in its entirety 
and can generate the desired response function 

~
ith ut making engineering approximations. 

Both analog and digital computers have 
en used for response predictions, and each has 

advantages and disadvantages; however, recently 
developed mathematical ·techniques and pro
gramming capabilities make the digital computer 
preferable for· most problems. Several digital 
programs are available for circuit analysis. These 
are described in some detail in the "TREE Hand
book" (see bibliography). These codes do not do 
the analysis. They do perform the tedious, errOT
prone calculations. The individual who uses 
them must provide the accurate description of 
the equivalent circuit model and must interpret 
the results . 

• 
Two factors contro) the accuracy of the' 

s of any TREE analysis method. The first 
factor is the accuracy and completeness of the 
description of the response of individual compo
nents to a particular radiation environment. This 
information is basic to the success of any anal
ysis technique and frequently has been the 
~tumb1ing block for analysis attempts. 
~ The second factor that affects the accu

racy of the analysis results is the assumptions 
that are made to simplify the analysis problem. 
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Certain aspects of the radiation response of 
individual components generally are neglected 
by assuming that they will contribute only a 
small or negligible portion to the radiation 
response of the circuit. These assumptions are 
made on the basis of general experience with the 
radiation response of circuits and with knowl
edge of the limits over which they might be 
valid. Although these assumptions are generally 
correct,. there are specific instances and specific 
circuit configurations for which they may not 
hold, and care must be taken in making such 

_
sum tions. 

In practice most of the analysis ap
proac es result in a fairly reasonable correlation 
with experimental results. However, it is com-

.. ~ .~, " 

mon knowledge that any experimental result can 
be explained by a theory, but the theory will. 
not always predict the correct result in a new 
situation. Therefore, caution should be exercised 
when accepting a component representation or 
an analysis technique that predicts the results 
for a pulsed reactor environment reasonably 
accurately, if these results are to be applied to a 
nuclear weapon environment. 1t is also possible 
that techniques applicable to switching circuits 
or nonlinear circuits will not apply to all linear 
circuit analysis. 

9-55 Radiatio~onse of Integrated 
Circuits ~ 

_ Integrated circuits include many circuit 
types differing in construction materials and 
methods. The four construction types are the 
monolithic semiconductor, thin film, mUlti chip , 
and hybrid integrated circuits. The scope of this 
section will be limited to monolithic and thin 
mm circuits since the radiation response of 
both multichip and hybrid circuits can be in
ferred from the discussion of monolithic and 
film circuits or discrete devices. The discussion 
includes junction isolated, dielectrically isolated, 
and air isolated integrated circuits. 

" 
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_ In junction isolated circuits, the com
ponents are defined within a single crystalline 
substrate by regions of alternate doping that are 
e Ie ct rically isolated by reverse biased PN
junction boundaries. The doped regions are 
formed by the geometrically controlled diffu
sion of appropriate impurities into the substrate. 
One or more uniformly doped, epitaxial layers 
may be grown upon the substrate prior to diffu
sion (planar epitaxial). The dielectric-isolated 
circuit is distinguished by the Use of a dielectric 
(silicon dioxide or ceramic) instead of a PN
junction isolation between critical components. 
A singJe component or a small number of com
ponents are formed within individual single 
crystalline islands (called tubs) that are im
bedded in a polycrystalline substrate. TIle active 
elements in both the junction and dielectric iso
lated circuits can be bipolar transistors, junction 
FET's. or insulated gate (MOS) FET's. The air 
isolated circuit usually employs aggregates of 
unipolar (i.e., field effect) transistors of metal
oxide-silicon construction. * Since this type of 
transistor may be used as a bias-dependent resis
taL complete designs usually are constructed 
without the use of other circuit elements. Air 
isolated MOS integrated circuits are fabricated 
by growing silicon on sapphire (SOS). Portions 
of the silicon are etched away, leaving isolated 
islands of silicon upon which transistors are 
fabricated . 

• Thin-film integrated circuits employ 
geometrically controlled surface films of con
ductive and dielectric materials upon a glass or 
ceramic substrate to define passive circuit ele
ments and interconnections. The active .. :elements 
may be formed as an integral part of the process 
(thin film, insulated gate, field effect transistors) 
or welded to the circuit (conventional, discrete 
transistors), Circuits of the latter type are re
ferred to as hybrid thin film circuits . 
..... The categorization of circuit tYpes given 
~ is somewhat arbitrary. It is based on the 

present developments in the integrated circuit 
industry, ratber than on strict lines of variance 
between the types. The categorization is used 
for convenience of discussion with respect to the 

. effects of transient radiation, where distinctly 
different effects may occur. For example, the 
PN junction used for isolation is a source of 
photocurrents during an ionizing radiation pulse. 
and may result in large substrate (and hence. 
power-supply) currents in junction Isolated. 
monolithic circuits.' This effect is absent in 
either the air or dielectric-isolated monolithic 

•
ircu· or the thin film, hybrid circuit. 

Transient radiation may cause both 
transIent, permanent and thermomechanical 
shock effects. On a qualitative basis. the primary 
electrical effects introduced in integrated cir-
cuits by transient radiation are similar to the 
effects described for conventional solid-state cir
cuitry. TI1e magnitude, duration, and electrical 
consequences of these effects, however, do not 
follow directly from conventional circuit experi-

~ 
_ The effects of radiation on an integrated 

circuit are more closely related to its geometrical 
and physical characteristics than to its electrical 
function or circuit configuration. TIle proximity 
of circuit elements within the device, and in 
some cases its integral structure, make severa) 
modes of secondary interaction possible. This is 
especially important in the case of junction iso-
~ntegrated circuits. 
_ TIle transient effects observed in inte
grated circuits result from the generation of ex
cess charge carriers that cause photocurrents and 
voltage changes. As previously described for 
transistors, the motion of excess carriers is 
governed by the response of carriers to electric 
fields and concentration gradients. The charge 
carriers will cause currents to occur until they 

lAir-iSOlated bipolar integrated circuits have also been con
ted. 



-are swept out by external Helds and electron-
hole recombination. The peak photo currents can 
be a function of either dose rate or dose depend
ing on the duration of the radiation pulse. As a 
result, if the radiation pulse is long compared to 
the circuit radiation response time, the microcir
cuit response is dose rate dependent. However, 
for radiation pulses that are short compared to 
the circuit radiation response time, microcircuit 
response will be dose dependent. Thus, the 
width of the radiation pulse can be of consider
able significance, since the peak photocurrent 
generated can be a function of the duration of 

ilheU!se as well as its amplitude. 
In a transient-radiation environment, the 

se lconductor integrated circuit reacts to sev
eral mechanisms that have been discussed in con-
nection with conventional circuitry. One point 
of departure that is made necessary by the 
monolithic nature of the circuit, is the signifi
cant and often predominant interelement effects 
that occur in addition to the intraelement ef
fects. It is important to consider current paths 
between as well as within component parts Of 
the microcircuit. 

_ Quite generally, the transient effects in 
any mtegrated electronic· device are a conse
quence of a sequence of events that may be 
described as follows: 

• The radiation interacts with the circuit 
material and surrounding encapsulant to 
introduce charge carriers and to establish a 
nonequilibrium charge distribution. 

• Acting under nonequilibrium electric fields 
and concentration gradients, mobile car
riers flow in the direction that restores 
eqUilibrium and thereby produce primary 
electrical currents. These electrical currents 
may be semiconductor-junction photocur
rents, replacement currents, dielectric
leakage currents, gas-ionization currents, 
etc. 

• The nonequilibrium charge distribution and 
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the primary electrical currents may interact 
with the electrical circuit to produce 
secondary effects, e.g., secondary photo
currents. Under certain circumstances, the 
secondary effects may be sufflCiently re
~enerative to be self-sustaining, and a new 
stable circuit state will result. In addition, 
localized electrical stresses may introduce 
permanent damage. 

• The cumulative effects of the radiation 
induced currents and circuit action are volt
age, current, and impedance changes of 
variable duration at the terminals of the 
integrated circuit. 

_ In junction isolated circuits, the pre
dominant effect is PN~junction photocurrents 
resulting from ionization in the semiconductor 
material. Important secondary effects include 
secondary photocurrents produced by transistor 
action in any three adjacent doped regions, po
tentially large substrate currents, and "iatchup." 

__ The predominant effect in dielectric iso
~ircuits is also PN-junction photocurrents. 

The major difference from other monolithic 
structures is the absence of the extra PN
junction between the components and the sub
strate and its associated photocurrent. Also, 

•
t paths are more restrictive. 

In air isolated integrated circuits, the 
important primary transient effects are PN· 
junction photocurrents, replacement currertts 
resulting from charge scattered from device lead 
wires and the case, and ionization currents 
through the surrounding encapSUlant. The pre~ 
dominant secondary effect is a seC<'ndary photo
current resulting from the radiation induced gate 
current and transistor action. In addition, photo
current is generated in the Zener diode employ
ed for protection in the gate lead of MOS 
circuits. 

_ In MOS integrated circuits: the impor· 
tant primary transient effects are drain-substrate 
and source-substrate PN-;junction photo currents, 



-replacement currents resulting from charge scat-
tered from device lead wires and the case, and 
ionization currents through the surrounding 
encapsulant. The predominant secondary effect 
is a secondary drain current resulting from the 
radiation induced gate current. In addition, 
photocurrent is generated in the Zener diode 

lim Joyed for protection in the gate load. 
For the most part. thin film circuits may 

reated as conventional circuits with extreme
ly small geometries. Ionization currents within 
and between elements have specific importance, 
especially in the high-impedance circuitry asso
ciated with thin film circuits that employ field 
effect transistors. Nevertheless. in most cases of 
interest, the transistor is the predominant ele
ment that determines the tr41J1sient radiation 
~se of the cireui t. 
..., Semiconductor integrated circuits of the 
planar-diffused (or planar-epitaxial) type ex
perience transient effects tllat may be attributed 
to the interaction of the circuit elements 
through the active substrate. Two predominant 
interelement effects thilt must be considered are 
the presence of large substrafe currents and the 
occurrence of latchup. 

_ 1n practice. the hig.h packing density of 
elements on a substrate chip results in the 
presence of isolation diodes over most of the 
area of the chip. Thus. a chip 40 x 40-mils may 
have 1,500 mils2 of effective isolation-diode 
area. The total substrate photocurrent may be 
100 times that of a typical diode in the circuit. 
Since the substrate is connected to the power 
supply system, the substrate currents will be re
flected in large currents appearing in the power 
supply leads. Radiation induced power supply 
currents of the order of 1 ampere, with dura
tions of a few microseconds have been observed 
at prompt doses of approximately ] 0 rads (Si). 
The potential hazards to the power supply sys
tem, which must supply many such circuits, are 
evident. 

_ Present evidence indicates that the very 
large power supply currents occur primarily in 
those circuits where transistor action through 

. the substrate is possible. In circuits of this type, 
radiation thresholds above which the current 
increases suddenly have been observed. The 

thresholds have been attributed to the turning 
on of an equivalent four layer device. Other pos
sibilities include second breakdown and sustain-
~tage breakdown. 
~ Transients induced in integrated circuits 
by pulsed ionizing radiation last from Jess than a 
microsecond in high speed digital circuits to 
several tens of microseconds in slower circuits. 
Occasionally, pulsed-radiation effects with con
siderably longer recovery times can be explained 
by circuit time constants. In the extreme case, 
the abnormal state persists until the de power is 
interrupted. When this occurs, normal circuit 
operation is inhibited and Jatchup has occurred. 
In some cases, which are referred to as incipient 
latchup, the condition lasts only for periods that 
are long with respect to normal recovery times 
of the circuits. Latchup can be induced in three 
ways: by exposure to ionizing. radiation; by par
ticular sequences of applying voltage to circuits 
employing more than one power supply; and 
other electrical stimulations such as high voltage 
pulses. Only radiation induced latchup is consid· 
ered here. Radiation induced latchup has been 
observed in only a small percentage of the device 
types that have been irradiated with pulsed 
ionizing radiation, and of these device types 
usually only a small percentage of the samples 
exhibit latchup. In a few cases, a majority of the 
samples of a certain part from a manufacturer of 
integrated circuit part types have exhibited 

!iatchu. 
Integrated circuit latchup is always 

cause by oneOT more normally reverse biased 
PN junctions becoming conductive, either by the 
initiation of a breakdown mechanism or by be
coming forward biased. In either case, a sustain· 
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• ing mechanism must act to maintain the break-
down or forward bias condition, once it has 
been initiated. TIuee latchup mechanisms have 
been postulated and observed in junction iso
lated integrated circuits. These are: PNPN 
action, second breakdown, and transistor sus
taining voltage breakdown. No other mechan
isms for sustaining iatchup are known, although 
~ others have been postulated. 
~ Latchup is normally associated with 
junction isolation since it usually involves some 
type of interaction with the silicon substrate 
through an isolating PI" junction. Dielectric iso
lation is effective in isolating elements from one 
a.nother and from the silicon substrate and, thus, 
is an important step in reducing the latchup vul
nerability of integrated circuits. However, anal
yses of the structural characteristics of· certain 
dielectric-isolated circuit types have indicated 
that the possibility of latchup cannot be ruled 
out in dielectric-isolated circuits. It is possible 
that some of the same mechanisms that are re
sponsible for latchup in junction-isolated circuits 
also can exist in a dielectric-isolated circuit. 
These mechanisms include second breakdown, 
sustaining voltage breakdown of transistors and 
PNPN action if 4 layer structures are included 
within a dielectrically-isolated region . 
... No latchup mechanisms have been found 
~re peculiar to dielectric isolation. While 
photocurrents can be generated in dielectric iso
lation, there are no sustaining mechanisms for 
these currents unless the isolation is defective o.r 

ii·s sub'ected to destructively high voltages. .. 
Hybrid thin film circuits may be ex

e to be as tolerant of radiation as their 
conventional circuit counterparts. The radiation 
response is determined primarily by the active 

•
e nts in the circuits. 

Undoubtedly, dielectric isolated circuits 
are much less vulnerable to latchup than are 
their junction isolated counterparts. However, 
dielectric isolated circuits probably are more 
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latchup-prone than discrete component circuits 
because: dielectric isolated process Hmitations 
occasionally permit four layer structures; dif
fused resistors are present .in some dielectric iso
lated circuits; and protective surface coatings 
occasionally are used in special purpose potting 
compounds or· encapsulants, which might com
promise the isolation. Component isolation in a 
dielectric isolated circuit, while much superior 
to that in a junction-isolated circuit, is still 
somewhat less complete than that in a discrete 
component circuit because of photocurrents 
~ the dielectric. 
_ A large number of integrated circuits 
have been irradiated, but the testing has been 
concentrated on specific microcircuit types, and 
a broad base of experimental data on the re
sponse of microcircuits to radiation is not avail
able. This lack of data is especially true for 
linear circuits. Representative radiation failure 
levels for some common digital junction-isolated 
types are shown in Table 9-23. The levels are 
listed either in terms of gamma dose or of dose 
rate, depending upon whether the circuit is nor
mally dose or dose rate dependent. Design and 
production changes in integrated circuits are 
common in the industry. The broad ranges given 
reflect highly variable experimental results and 
indicate the necessity of considering each circuit 
as a separate problem. 

• 
The proximity and intercoupling of ele

me s do not assume importance in the produc
tion of permanent effects by nuclear radiation. 
Integrated circuits may be treated as conven
tional circuits of small dimensions. The primary 
factor that determines the tolerance of the cir
cuits to radiation induced permanent effects is 
the degradation of the active elements with 

MUlated radiation exposure. 
Changes in the electrical parameters of 

10 es and transistors that result from radiation 
have been discussed. Experiments have shown 
that the circuits will experience failure when the 

) 



Table 9-23.. Representative Radiation-Failure 

Levels for Digital Junction-Isolated 
Semiconductor Integrated Circuits. 

Typet 

Large area. slow 
speed 

Large area, moderate 
speed 

Small area, moderate 
or high speed 

Radiation
Failure Level 

5 -20 rads (Si) 

106_107 fads (Si)/sec 
20 -60 fads (Si) 

107 _109 rads (Si)/sec 

__ Here, the "failure" level corresponds to exceedlng 
tlcirCUifS noise margin. 
t Type designations defined as follows: Large area -
ct! area> 5.000 mil2 . Small area - chip area < 5,000 
mil 2• Slow speed - propagation delay> 100 nsec, Moder
ate speed - propagation delay between 25 and 100 nsec, 
High speed - propagation delay < 25 nsec. 

• gain of the transistors has dropped to. the point 
that they will no longer support proper circuit 
action. The radiation resistance of the circuits is 
determined by the stability of the gain of the 
transistor elements with respect to radiation 
exposure and the tolerance of the circuit design 
with respect to gain degradation. Although no 
class of integrated circuits has been shown to be 
inherently superior to another, those ,circuits 
employing faster transistors usually can with
stand a greater neutron fluence. Epitaxial tran
sistors usually, but not exclusively, represent the 
faster transistor types. Radiation failure levels 
have been shown to vary from 10] 2 to 101 S 

n/cm2 (E > 10 keY, fission), with the faster 
circuit types at the high end. The normally Con
servative design and digital function of most 
in tegrated circuits accounts for the circuit 

longevity beyond what would be considered the 

iI· 'mum useful transistor gain point, 
The radiation induced circuit response 

o microcircuits is manifested by changes in 
both the de and SWitching characteristics. The 
effect on the integrated circuit parameters of 
changes in components after irradiation will, of 
course, depend on the specific circuit configura
tion involved. Frequently, the radiation sensitiv
ity of the circuit is determined by the tolerance 
of the circuit design with respect to gain 
degradation. 

_ The most. radiation sensitive circuit 
parameter of digital gates and flip-flop circuits is 
the output low voltage. Circuit failures result 
when normally ON transistors leave saturation, 
The amount of current that an output transistor 
can sink is directly proportional to the current 
gain. The changes in the output transistor cur
rent gain are reflected directly in the current
drive capability (fan-out) of both digital gates 
and flip-flops, 

_ Changes resulting from radiation are 
observed for other digital-circuit parameters . 
The saturation voltage of transistors, Vs T' 
increases with neufron fluence, even though ~uf
ficient base drive is supplied to maintain the 
transistor in saturation, as a result of an increase 
in the saturation resistance. These changes in 
saturation resistance usually are negligible at 
threshold fluences applicable for maximum fan
out. The input threshold voltage of gate circuits 
normally will increase with radiation exposure as 
a result of changes in the base-emitter voltage of 
the output transistor and increased diode for
ward voltage. Changes in this parameter, how
ever, are not considered significant. Increases in 
leakage currents also have been observed with 
radiation exposure, but the changes in this 
parameter usually will not affect circuit 
performance. 

• 
The switching characteristics of typical 

19lta circuits also are affected by radiation. 
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• The rise and fall times of the transistor elemen ts 
of the microcircuit are increased and its storage 
time is decreased after neutron exposure. These 
effects combine. and usually a small net increase 
of switching time is observed. 

_ A good estimate of the radiation toler
~at different fan-out conditions) of digital 
circui ts can be made by measuring the output 
current-voltage characteristics. The gain degrada
tion can be calculated, and the degraded charac
teristics can be plotted with the measured char
acteristic. An example prediction with experi
mental results is shown in Figure 9-63 for the 
RD 308 flip-flop.* 

_ Failure in 1\lOS logic circuits results 
~ change::. in the threshold voltage of the 

transistors caused by ionizing radiation. Since a 
large. negative supply voltage permits greater 
degradation in threshold voltage before circuit 
failure occurs. the radiation failure threshold of 
MOS circuits depends on the maximum supply 
voltage rating. Experiments indicate that MOS 
digital microcircuits fail at radiation levels from 
105 to 6 x 107 rads (Si) at manufacturer's rated 
supply voltageS. Such an exposure can be associ
ated with a neutron fluence of 1 to ~ x 10 14 

n/cm 2 (E > 10 keY, fission) for the mixed 
neutron-gamma flux of a typical fast-burst re
actor. The characteristics of a particular MOS 
integrated circuit must be established with rea
sonabk confidence before meaningfulpredic-
~can be made. 
_ As with digital circuits. the primary 

cause of linear-microcircuit failure is transistor 
gain degradation. The degradation of perfor~ 

mance of a linear circuit is characterized by 
radiation induced changes in the transfer charac
teristics. In linear circuits. the functional 
dependence of the overall circuit performance 
on individual transistor elements can be deter
mined only by a detailed circuit analysis. This 
analysis usually is frustrated by circuit complex
ity and the inability to measure individual 
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microcircuit elements as a result of the lack of 
accessible terminals. Therefore, prediction of 
the performance of linear circuits under irradia
tion is difficult. The large variety of linear cir
cuits precludes a discussion of each type; how
ever, some general comments can be made con-

We niiw: the performance of some devices. 
111e radiation responses of both differ

entIa and operational amplifiers have been 
studied. A typical transfer characteristic of a dif-
ferential amplifier is shown in Figure 9-64. The 
gain of the circuit began to decrease at a fluence 
of 3 x 1013 n/cm2 (E > lOkeY, fission) and 
was degraded to roughly 50 percent of its initial 
value after an order-of-magnitude-Iarger f1uence. 
These amplifiers were found to maintain their 
balance during irradiation significantly better 

"'

h mplifiers made from discrete devices. 
111e largest changes in operational ampli

lers induced by radiation were observed in the 
open loop voltage gain and input bias current. 
111e reduction in the open loop gain is a direct 
consequence of degradation of transistor gain. 
The use of lateral and substrate PNP transistors 
results in a relatively low radiation tolerance of 
these amplifiers compared to logic circuits. 
These PNP transistors are widebase units that are 
degraded at lower f1uences than vertical r-.;p;-..: 
transistors. Changes in voltage gain begin to be 
observed (5 percent changes) at fluence levels 
near 103 n/cm 2 (E > 0.1 MeV, fission) for 
709-type operational amplifiers. The neutron 
fluence where the voltage gain has decreased by 
50 percent is about 8 x 1013 n/cm2 (E > 10 
ke V, fission) for units with lateral and substrate 
transistors. Amplifiers that have eliminated 
lateral and substrate transistors show improved 
performance in the presence of radiation. The 
degradation in gain that is induced by radiation 
in operational amplifiers depends on the eJec-

\tore details are given in the "TREE Handbook" (see 
IOgraphy). 
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-tri'::Ji dt'si~11. For example. it is important to 
det~'rll1il1c' whether the open-loop gain is deter
mineJ by resistor ratios or by transistor gams. 
llle changes in the input bias current can be 

corrdatt'd directly with changes in the common 
base current gain of the input transistors. It 
should be noted that the input transistors of 
operational amplifiers operate at very low CUT
rents (high input impedance). thus degradation 
of the base-transport factor is accompanied by 
degradation of the emitter efficiency as well. 
Factor-of-two increases in bias current have been 
obsen'ed for 709 amplifiers after 3 x 1013 

n!cm:; (E> 10 keV, fission). Offset voltage and 
offset CUTrent wc;>re fOllnd to increase after ir
radi:.nioll. Tll('~~ changes result from emitter
basC>-\'o!tage and current-gain mismatches after 
irradiation. TIle changes in both current and 
voltage offsets were small at tl uences where the 
gain and the bias current were degraded appreci-

ably. which indicates the uniformity of active 
elements on the same chip, 
~ Even though a large number of inte
~ microcircuits have been tested, data on 
the effects of neutron irradiation on microcir
cuits are still sparse. This is especially true for 
the linear types of integrated circuits. Radiation 
experiments indicate that the failure threshold 
of digital microcircuits is fairly independent of 
the construction tedmique. For buffered cir
cuits the failure threshold, at Wlity fan-ouL is 
near 1015 n/cm 2 (E> IOkeV,fission),whileit 
is somewhat lower for the nonbuffered circuit 
types; however, the failure level at rated fan-out 
( ..... 1 Q) usually occurs Over:m order of magnitude 
lower in fluence. than the failure level at uni ty 
fan-ouI. Representative radiation failure levels 
for some common digital microcircuits are 
shown in Table 9-24. TIle failure level is speci
fied when the output voltage of the test circuit 

Table 9-24. II Failure Thresholds for Typical Digital Microcircuits • 

Failure Level. 
Designation Function Construction (n/cm:! ) 

!\Ie ~Ol OTL Gate Junction lsolation J.5x 1015 • 1.2 x 1014 , 

OT pL 93~ OTL Gate Junction Isolation 3.0 x 1015 Ux 1014 

RO 209 OTL Gate Oxide Isolation 3.0 x 1015 1.5 x 1014 

Me 507 TTL Gale Junction Isolation 0.8 x J01S 0.8 x 1014 

S:\ 54932 TTL Gate junction Isolation J.5x 1015 1.2 x 1014 

DT ).IL 945 OTl Flip-Flop Junction Isolation 1.5 x IOlS 1.2 x lO14 
;,:-!, .... , 

Sf 124 OTL Flip-Flop Junction Isolation 0.85 x 101.5 0.8 x ]014 _ I 
1015 

. ·t 
f014 ~ " I RD 208 DTL Flip-Flop Oxide Isolation 0.85 x 

•• Failure Jevel at fan-out of 1; neu! ron fluence specified as (E > 10 keV. fission) .. 
t Failure level at fan-out of 10: neutron fluence specified as (E > 10 keY, f'tssion). 

0.8 x 
.........-"""'\:. ... 

. , 
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-exceeds the noise margin of the following cir- should be treated with appropriate caution. It 
cuit. Typical radiation failure levels for !;ome should be borne in mind that design and produc-
linear circuits are shown in Table 9-25. Table tion changes in integrated circuits are common 
9-26 contains irradiation test results for some in industry. For this reason, each circuit shou1d 
representative MOS integrated circuits. The fail- ~dered a separate problem. 
ure level is specified as the point when the cir-~The thermomechanical shock effects for 
cuit would not operate or when the threshold all mtegrated circuit types are the same as those 
voltage exceeded the supply voltage. effects on discrete semiconductor parts. The 
.- The test results presented are only in- only difference to consider is the increased num--re= to provide a broad. range of failure levels ber of bonds used in each device package, which 

for order-of-magnitude reference purposes and increases the change of bond failure. 

Table 9-25. II Fail~re Thresholds for Typical Linear Microcircuits 

Failure Level'" 
Designation Function Construction (n/cm2 )t 

I1A 709 Operational Amplifier Junction Isolation 0.8 x 1014 

RA 909 Operational Amplifier Oxide Isolation 0.8 x 1014 

Ph 709 Operational Amplifier Oxide Isolation 3.0 x 1014 ) 
Me ]709 Operational Amplifier Oxide isolation 3.0 x 1014 

Me 1525 Differential Amplifier Junction Isolation 3.0 x 1014 

N"M ]024 Differential Amplifier Oxide isolation 3.0 x 1014 

NM 1006 Differential Amplifier Junction Isolation 4.0 x 1014 

RA 138 Amplifier Oxide isolation 1.5 x 1014 

•
Failure level - gain degradation SO percent. 

t Neutron f1uence specified as (E > 10 keV, fission). 
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Table 9-26. til Failure Thresholds for .Typical MOS Digital Microcircuits II 

Sf 1]1 I 

MEM 529 

Sf J)7] 

ME\! 501 

MD! 590 

SC I J49 

Me J 155 

3300 

300':; 

140b 

J 101 

Function 

l\:\!\D gate 

Binary element 

Binary clemen t 

Shift register 

Chopper 

Flip-Flop 

25-bir static shjft 

register 

lOO-bit shift register 

lOO-bit shift register 

2S6-random access memory 

~e'JtJon fluencespecified as (E > 10 keV, fission). 
Supply voltage - 20 volts. 
Supply voltage - 15 volts. 

Clocl; voltage - J 0 volts. 
Supply voltage - 10 volts. 
Type of facility in which test was performed. 
)\'0 failures at these levels. 

1.' 

Gamma, 
(rads (Si) 

/l;ot measured"'''' 

Not measured** 

Failure Level 

2 x 105 I.Cobalt-60)++ 

>5 x ]03 {FXR):j::t 
>8 x 104 (TRIGA )t:t 

>2 x 104 (FXR):t:t 
>5 x 104 (TRIGA)~t 

>]05 (FXR)H 
<2.5 x 104 (TRIGA) 

4 x 104 (FXR) 
2 x 104 iTRIGA) 

l'eutron.'" 
1 

(n/cm- i 

3 x J 014 

8 x 1014 

3 x 1011 
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SECTION V1l1 

• ELECTROMAGNETIC PULSE (EMP) 
DAMAGE MECHANISMS • 

• As described in Chapter 7, the nuclear 
electromagnetic pulse (EMP) is part of a com
plex environment produced by a nuclear envi
ronment. TIle EMP contains only a very small 
part of the total energy produc.ed by a nuclear 
explosion; however, under the proper circum
stances, EMP is capable of causing severe dis
ruption and sometimes damage to electrical and 
electronic systems at distances where all other 
effects are absent. 
,.. As with the EMP generation described in 
~er 7, the complexity of the calculation of 
EMP damage mechanisms requires that heavy 
reliance be placed on computer code calcula
tions for specific problems, and even these calcu
lations must be supplemented by testing in most 
cases. Consequently, the information presented 
herein is largely qualitative and will only serve as 
an introduction to the subject. More complete 
treatments of EMP damage mechanisms may be 
found in the "DNA EMP (Electromagnetic 
Pulse) Handbook" (see bibliography). 
,. Figure 7-18, Chapter 7, provides a 

ma nx that provides some indication of whether 
EMP constitutes a threat in a given situation 
relative to the hardness of a system to blast over
pressure. This section provides a brief descrip
tion of EMP energy coupling, component dam
age, EMP hardening, and testing. 

• ENERGY COUPLING. 

9-56 Basic Coupling Modes • 

• There are three basic modes of coupling 
the energy contained in an electromagnetic wave 
into the conductors that make up an electric or 
electronic system: electric induction, magnetic 
induction, and resistive coupling. . 

• Electric induction arises as the charges in 
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a conductor move under the influence of the 
tangential component of an impinging electric 
field. The overall resul! is that of a voltage 
source distribution along the conductor. One 
such point-voltage source is shown in Figure 
9-65 for a simple conducting wire, where the 
current I is produced as a result of the tangential 
component E. t of the incident electric field _ J an 

Ei · 

COPPER WIRE 

CHARGE SEPARATION 

Figure 9.65.. Electric Induction in a 
Copper Wire • 

.. Magnetic induction occurs in conductors 
shaped to form a closed loop when the compo
nent of the impinging magnetic field perpen
dicular to the plane of the loop varies in time, 
causing charges to flow in the loop. This effect is 
illustrated in Figure 9-66 for a simple wire loop. 
Here the magnetic field is shown coming out of 
the plane of the loop. The loop need not be 
circular, and magnetic induction may occur with 
any set of conducting components assembled so 
as to form a loop. . 

• 
Resistive coupling comes about indi

rec y as a conductor that is immersed in a con
ducting medium, such as ionized air or the 
ground, is influenced by the currents induced in 
the medium by the other coupling modes. In 
effect the conductor shares part of the current 

. as an alternate conducting path. This effect is 
illustrated in Figure 9-67 for the simple case of a 

) 

J 
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Figure 9·66. tI Magnetic Induction In a 
Simple LOOP. 

conductor immersed in the ground. The tangen-
tial component of the incident electric field ~ 
induces a current density J in the ground. A 
distributed voltage drop appears along the wire 
as a result of the current flow in the ground. and 
this incremental voltage causes current flow I in 
the wire. Current also may be induced in the 
wire directly by the tangential componeDt of the 
refracted elect.::!c '~eld, shown as Eg • The re
flected EMP, E . H , is also shown in Figure r r 
9-67. The potential importance of thesere-
fleeted fields is discussed below. 

9-57 Resonant Configurations. 

_ TIle coupling of energy to a. cOI1~uctor is 
particularly efficient when the maXlmum dimen
sion of the conductor configuration is about the 
same size as the wavelength of the radiation. In 
this event the voltages that are induced along the 
conductor at various points are all approximate
ly in phase, so the total voltage induced on the 
conductor is a maximum. The conductor is said 
to be resonant, or to behave as an antenna, for 

Er 

GROUND 

J--

Figure 9·67. _ Resistive Coupling as a Result 
of Currents in the Ground II 

frequencies corresponding to near this wave
length. Since EMP has a broad spectrum of fre
quencies (see Chapter 7), only a portion of this 
spectrum will couple most efficiently into a 
specific conductor configuration. Thus, a par
ticular system of interest must be examined with 
regard to its overall configuration as well as its 
component configuration. Eash aspect will have 
characteristic dimensions that determine what 
part of the pulse (strength and frequencies) con
stitutes the principal threat. 

• 
Gross system features that are not nor

ma considered antennas, such as structural 
features, beams, girders, buried cable, overhead 
conduit or ducting, wings, fuselage, missile skins, 
and any wall apertures, must be considered to be 
potential collectors and conductors of energy 
into the system. 1n particular, radiation that 
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" . I d' enters through an aperture IS ana ogous to ra 1a-
tion that originates from a plate of the same size 
and shape as the ape'rture. Thus, it is resonant, 
and the aperture is resonant, and it admits a 
maximum of energy from the pulse for those 

.!!=ncies near its resonance . 

.. When the EMP strikes the ground, a por
tion of the pulse will be transmitted through the 
interface, inducing currents in the ground or any 
system components buried there, and a portion 
normally will be reflected as shown in Figure 
9-68, Thus,! a system that is above the ground 
will receive the reflected pulse as wen as the 
direct pulse. These may cancel one another par
tially, but in the worst case they may' reinfors:e 
and may constitute a greater threat level. 

_ It can be seen that most practical sys
~in their operational environment present 

exceedingly complex coupling problems for an 
arbitrary explosion. TIle solution for any com
bination of system and environment is probably 
unique and will be very sensitive to even minor 

Ei Er 

GROUND 

'.',' .",'. :'\" ',' 

\ 
\ -
_\~E9 
H · g 

\ 
\ 

\ 

... .1".:. 

Figure 9-68.11 Reflected and Refracted Waves 
8t the A.ir-Ground Interlace III 
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changes in the parameters. Two approximate 
approac.hes have been tried: computer studies as 
lnentioned in Chapter 7, and threat simulation, 
which will be discussed in succee~ing 

par~graphs. 

• COMPONENT DAMAGE WI 
9·58 Types of Damagetl 

_ Degradation of system performance may 
occur as a result of functional damage or opera
tional upset. A system will suffer damage if it is 
damaged permanently as a result of a large elec .. 
trical transient. For example, a catastrophic fail
ure of a device or component will render ~ts 

operation unsatisfactory in any circuit. A para
metric failure of a device occurs when degrada
tion of some param~ter has procee~ed to a point 
where the circuit will continue to operate but at 
reduced efficienc~r. These latter failures are 
classed as functional damage. On the other hand, 
a, system suffering operational upset is only im.: 
paired temporarily. 
~ Electronic components that are sensitive 
~nctional damage or burnout are listed 
below in the order of decreasing sensitivity to 
damage effects: 

microwave semiconductor diodes~ 

field-effect transistors, 

radio-frequency transistors .. 

audio transistors, 

silicon-con trolled rectifiers, 

power rectifier semiconductor diodes, 

vacuum tubes. 

Thus, on the basis of components alone, vacuum 
tubes are Jess susceptible to EMP damage effects 
~ransistors. 

__ Electronic or electrical systems that are 
suBject to malfunction include: 

Most susceptible: 

• Low power, high speed digital computer 

-..- ••••••• ~ .01 .. --..... ~. 



- (upset) either transistorized or vacuum 
tube 

• Systems employing transistors or semicon
ductor rectifiers (eitner silicon or selen
ium), such as 

computers 

computer power supplies 

transistorized components terminating long 
cable runs, especially between sites 

alarm systems 

intercom systems 

life-support system controls 

some telephone equipment which is par
tially transistorize,d 

transistorized receivers 

transistorized transmitters 

transistorized 60 to 400 cps converters 

transistorized process control systems 

power system controls; communication 
links 

Less susceptible. 

• Vacuum tube equipment (does not include 
high speed digital equipment and equip
ment with semiconductor or selenium recti
fiers) 

transmitters 

recei"ers 

alarm systems 

intercoms 

teletype-telephone 

power supplies 

• Equipment employing low current 
switches. relays. meters 

alarms 

life-support systems 

power system control 
panels 

panel indicators, 
status boards 

process controls 

• Hazardous equipment containing 

detonators explosive mixtures 

squibs rocket fuels 

pyrotechnical 
devices 

• Other 

Long power cable runs employing dielectrk 
insulation, equipment associated with high 
energy storage capacitors or inductors 

Least susceptible: 

• High-voltage 60 cps equipment 

transformers. 
motors 

lamps, filament 

heaters 

rotary converters 

heavy duty relays, 
circuit breakers 

air-insulated power 
cable rUl1$ 

• The less susceptible equipment or C0m
ponents would be made more susceptibJeif they 
are connected to long exposed cable runs, such 
as intersite wiring or overhead exposed power or 
telephone cables. 111eequipment can be made 
less vulnerable ifit is protected. 

9-59 Damage Levels III 
... The nature of a circuit has a strong bear~ 
~1 the transients that cause damage; how
ever, in general pulse lengths of microsecond and 
submicrosecond duration are required to cause 
problems. Table 9-27 shows a list of common 
active devices and the approximate energy re
quired to cause functional damage. The wide 
~f energies should be noted. 
'- The minimum energy required to 
damage meters or to ignite fuel vapors is about 
the same as that required to damage semicon
ductors as shown in Table 9-28. Good composi
tion resistors can withstand pulse powers more 
than 10,000 times their power rating for micro-
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Table 9,27. _ Minimum Observed Joule Energy to Cause Burnout • 

Minimum 
Joule 

Type Energy Material Other Data 

2N36 4.0 x ]0.2 Ge PNP Audio Transistor 
2~3nA 1.6 x 10,2 Si PNP Audio Transistor 
2NJ041 2,0 x ]0"2 Ge PNP Audio Transistor 

2NJ30S 5.0 x JO·5 Ge NPN Switching Transistors 
2N706 6.0 x 10,5 Si NPN Switching Transistors 
2N594 6.0 x JO.3 Ge NPN Switching Transistors 

2N398 8.0 x 10,4 Ge PNP Switching Transistors 
2N240 1.0 x 10,2 Ge PNP SWitching Transistors 

MC7JS 8.0 x 10,5 Si Data Input Gate Integrated Circuit 

2N4220 l.0 x 10.5 Si RF General Purpose FET ) 
2N4224 3.0 x 10,5 Si VHF Amp and Mixer FET 

IN3659 8,0 x ]0,3 Si Automotive Rectifier Diode 

lN277 2.0 x 1O'S Ge High Speed Switching Diode 

lN3720 5.0 x 10,4 Tunnel Diode 
IN238 1.0 x 10-7 Si Microwave Diode 

2N3528 3.0 x ]0-3 Si Silicon Controlled Rectifier 

670,5010 1.0 x 10,4 G.E. Varistar (30-joule Rating) 

6AF4 1.0 x 10° UHF Oscillator Vacuum Tube 
66N8 2,0 x 10° General Purpose Triode Vacuum Tube 

• 
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Table 9-28. II Minimum Joule Energy to Cause Permanent 
Degradation Indicated. 

Minimum 
joule 

Designation Energy Malfunction Other Data 

Reby "I x 10-3 Welded Contact Potter-Brumfield (539) -
low-current relay 

Relay I x 10-1 Welded Contact Sigma (lIF) one-ampere 
relay 

Microammeter 3 x 10-3 Slammed Meter Simpson Microammetel 

Expio,j\e 6 x 10-4 Igniti all 

Bolt 

Squib .., 
x 10-5 Ignition -

Fuel Vapors 3 x 10-3 Ignition 

w'ld pulses. Capacitors are also fairly hard 
components, The approximate energies required 
for degradation of several common components 

ilre sl own in Table 9-28. 
The minimum energy necessary for oper

atl n31 upset is a factor of 10 to 100 less than 
that which is required to damage the most sensi
ti ve semiconductor component, Table 9-29 
shows the levels required to cause operational 
upset to some common components to illustrate 
this factor.' 

(Model 1212C) 

EBW 8 amp for J 0 ~se~ 
detonator, 1\.11-: I 

Electric Squib.l'8 
3.5 watts for 5 I.I.sec detonator 

Propane-air mtx tur.;' 
1.75 mm ignition gap 

susceptible. It is also important to realize that 
energy collected in one part of a system may be 
transmitted to other parts of the system as a 
result of the currents that are induced, Thus, it 
is not necessary that the EMP couple directly to 
a sensitive component: energy coupled to vari
ous parts of a system may ultimately reach a 
particular component in sufficient quantity to 
cause malfunction. With the current state of the 
art in EMP vulnerability evaluation, the design 
and hardening of complicated systems requires 
the joint efforts of systems engineers and profes
sional EMP effects personnel. 

.... A gross comparison of the energy re
~ to damage several classes of electrical 
~ment is provided in Figure 9-69. 
_ The large range of damage levels empha

sIzes the fact that it is important to consider 
EMP damage criteria early during the design 
stage of any piece of equipment that might be 

• EMP HARDENING __ 

9-60 System Analysis • 

_ A general approach to the examination 
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Designation 

Logic Card 

Logic Card 

Integrated 
CirCUIt 

Memory Core 

Memory Core 

Memory Core 

Memory Core 

Amplifier 

Table 9-29 .• Minimum joule Energy to Cause Circuit 
Upset Or Interference _ 

Minimum 
Joule 

Energy 

3 x- 10-9 

] x 10-9 

4 x 10. 10 

2 x lO'9 

5 x 10-8 

3 x 10-9 

2 x ]0"8 

4 x ]0-21 

Malfunction 

Circuit 
Upset 

Circuit 
Upset 

Circuit 
Upset 

Core Erasure 
Via Wiring 

Core Erasure 
Via Wiring 

Core Erasure 
Via Wiring 

Interference 

Other Data 

Typical logic transistor 
inveTter gate 

Typical flip-flop transistor 
assembly 

Sylvania J-K flip·flopmonolithic 
integrated circuit (SF 50) 

Burroughs fast computer core 
memory (FC200)) 

Burroughs medium speed computer 
core memory (FC800 I) 

RCA medium speed, core memory 
(269M)) 

Minimum observable energy in a 
typical high-gain subsystem 

Minimum observable energy in a 
typical high-gain amplifier 

-of a system with regard to its EMP vulnerability 
could include the following steps. First informa
tion concerning the system components and de~ 
vices is collected. The information is categorized 
methodically into physical zones based on the 
susceptibility and worst case exposure for these 
items. Using objective criteria, problem areas are 
identified, analyzed, and tested. Suitable 
changes are made as necessary to correct de
ficiencies, and the modified system is examined 
and tested. The approach may be followed on 
proposed systems or those already in place, al-
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though experience indicates that the cost of 
retrofitting EMP protection is usually over
whelming. 

9·61 Recomrn~nded Practices. 

_ Within the scope of this manual it is 
only possible to mention a few of the practices 
that may be employed in hardening a system to 
EMP. The following discussion is intended to 
convey some impression of the extra effort 
involved in hardening a system to the EMP 
rather than to provide a c:omprehensive treat-

) 
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Figure 9-69. II Energy Required to Damage Various 

Classes of EqUiPment • 

ment of what is a highly technical and special-
ized field . 

• 
Some general methods for reduction of 

t e ,IP environment include geometric arrange
ment of the equipment, shielding, geographic 

"

elo tion, and proper grounding. 
Circuit la\,out recommendations include 

le use of common ground pomts. tWIsted cable 
pairs. system and intrasystem wiring in "tree" 
format (radia~ spikes) ~voiding loop layouts an d 
circuit routes coupling to other circuits, use of 
conduit or cope trays, and shielded :.isolated 
transformers. Avoiding ground return in cable 
shields is also recommended. Many specific prac
tices carry over from communications and 
power engineering while many do not. Each 

tfllL be examined carefully. 
Good shielding practices include the use 

o 111 ependenr zone shields, several thin shields 

to rep1ace a thick one, continuous shield joints, 
and keeping sensitive equipment away from 
shield corners. Avoiding shield apertures, and 
avoiding the use of the shield as a ground or 
return conductor is also recommended. The 
shielding effectiveness of many enclosures fre
quently is defe·ated by energy carried by cables 
or pipes (including water pipes, sewage lines. 
~to the enclosure. 
.... Cabling recommendations include the 
use ot deeply buried intersystem cables (more 
than 3 feet), shield layer continuity at splices, 
and good junction box contact. Ordinary braid 
shielding should be avoided. Cable design repre
sents an extension of shielding and circuit prac
tices from the viewpoint of EMP protection. It is 
an area where compromises frequently are made 
in the interests of economy, and thus is an area 
where professional EMP effects personnel can be 
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.f . b . o consldera Ie assistance. 
.. Good grounding practices must be em
~. In general. a "ground" is thought of as a 
part of a circuit that has a relatively low im
pedance to the local earth surface. A particular 
ground arrangement that satisfies such a defini
tion may not be optimum, and may be worse 
than no ground from the EMP viewpoint. A 
ground can be identified as: the chassis of an 
electronic circuit, the "low" side of an antenna 
system, a common bus, or a metal rod driven 
into the earth. The last depends critically on 
local soil conditions, and it may result in resis
tive induced currents in the ground circuit. A 
good starting point is to provide a single point 
ground for a circuit cluster, usually at the lowest· 
impedance element - the biggest piece of the 
system that is electrically immersed in the earth, 
e.g., the water supply system. It is beyond the 
scope of this manual even to list all of the 
grounding recommendations. Once again, this is 
an area where professional EMP effects per

can be of considerable assistance. 
Finally, various protective devices repre

a means to counter other protective short
comings indirectly. Filters, absorbers, limiters, 
decouplers, switching devices, arc arresters, 
fuses, etc., are part of this class of components. 
When other design practices cannot be used or 
are not adequate, such devices must be added. 
Typically they are found in an "EMP room" at 
the cable entrance to underground installations, 
in aircraft antenna feeds, in telephone lines, at. 
power entry panels to shielded rooms, etc. On a 
smaller scale, diodes, nonlinear resistors, SCR 
clamps, and other such items are built into cir
cuit boards or cabinet entry panels. Few of these 
devices by themselves are sufficient as a com
plete solution to a specific problem area, be
cause each has some limitation in speed of 
response, voltage rating, power dissipation 
capacity or reset time. Thus, most protective 
devices are hybrids. A few prepackaged hybrids 
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are available for the protection of audio and 
power l!nes from lightning strokes and power 
surges and, if modified, may be used for EMP 
protection. No such packages are readily avail
able for high frequency lines, multiple wire 
cables, antennas, etc., and usually must be 
custom designed for each application. 

• TESTING. 

9-62 I mportance of Testing • 

_ Even with present day sophistication in 
analytic techniques, it is clear from the complex
ities described above that sole reliance cannot be 
placed in analysis and prediction alone. Testing 
has a number of important fUnctions. 

• Testing is essential to verify prior anal
YSIS of devices, components, and complete sys
tems early in the design stage. Testing also is the 
only known method that can be used to identify 
surprises. Surprises can be unexpected coupling 
or interaction modes or weaknesses that were 
overlooked during the design. Nonlinear effects 
in interaction are a form of surprise that only 
can be found by testing. After the test, many of 
the original approximations made in analysis can 
be refined and improvedJor future analysis, and 
the data can improve the analytic capability for 

tl0mPlex problems. 
Testing quickly locates weak or sus

cep 1 Ie points in cOmponents or systems early 
enough for economic improvement. After the 
improvements, testing quickly verifies that the 
improvements bring the performance up to 

Testing provides assurance and oon
that the complete system is actually 

hardened to EMP to the specified threat level. 
Actual certification can only be obtained by 
providing the actual nuclear threat environment. 
Further, periodic testing insures that system 
hardness is not degraded as a result of environ
mental or human factors. 



9·63 Simulation FaCilities. 

_ As a r('sult of the limited test ban treaty. 
he:l\Y relian~e mLlst be placed on simulation to 
test the EMP hardness of systems. A brief de
scription of generic simulation techniques is 
given below. A more thorough description of 
these techniques is contained in the "DNA EMP 
(Electromagnetic Pulse) Handbook, Volume 1, 
._VSiS and Testing" (see bibliography). 

The classes of EMP tests are: 

• LO\,i level current mapping, 

• High level current mapping. 

• High IeYe1 field:". 
Low level current mapping is a good test for the 
beginning or any program. With the system 
power turned off and 3 low-level field. the mag
nitudes and signatures. on internal cables are 
determined. 111i5 provides an insight on the 
work that must follow. After this test and the 
indica ted impro\'ements are made. a high-level 
current can be injected directly into Ihe system 
with the system power on to explore for non
linearities. and to uncover initial indications of 
system effects. If subsystems malfunction. it 
may be desirable to conduct extensive subsys
tem tests in the laboratory. Finally, a high level 

III est is essential. 
The type of excitation must be defined 

in any type of test. 111e two principle choices 
are: 

• Waveform simulations (time-domain data), 

• Continuous wave signals (frequency-
domain data l. 

If the intent is to match a system analysis in the 
frequency domain to measured system response, 
continuous wave (CW) signals may be more suit
able. If the desire is to compare the test results 
to known electronic thresholds, it is frequently 
necessary to test in the time domain. For a com-
plete analysis, it is advisable to consider both 

s of tests. 
Large-scale simulators are required for 

the final test of large systems. The two principal 
kinds of large simulators are: 

• Metallic structures that guide an EM waw 
past a test object, 

• Antennas that radiate an EM field to a test 
object. 

Guided wave simulators use pulse generators 
that simulate EMP waveforms and operate in the 
time domain, Radiating antennas use either 
pulse generators (time domain) or continuous 
wave (CW) signal generators (frequency do
main). Pulse generators themselves can be either 
hig.h level single shot or low level repetitive. 

(U) The essential elements of a guided wave 
or transmission line simulator include: 

• Pulser 
• Transition section 

• Working volume 

• Termination. 

An electromagnetic wave of suitable amplitude 
and waveshape is generated by the pulser. 111is 
wave is guided by a tapered section of transmis
sion line (the transition section) from the small 
cross sectional dimension of the pulser otuput to 
the working volume. The working volume, 
where the test object is located, should be large 
enough to provide a certain degree of field uni
formity over the test object. A test object di
mension one-fifth that of the working volume 
satisfies this condition. The termination region 
prevents the reflection of the guided wave back 
into the test volume, and consists of a transition 
section that guides the incident wave to a geo
metrically small resistive load whose impedance 
is equal to the characteristic impedance of the 
transmission line structure. 

• The basic types of radiating simulators 
are: 

• Long wire 
• Biconic dipole or conical monopole. 

The long wire is usually a long dipole oriented 
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-parallel to the earth's surface. It is supported 
above the ground by nonconducting poles with 
high-voltage insula tors. The two arms of the di
pole are symmetric about the center and con
structed from sections of light weight cylindrical 
conductor, such as irrigation pipe. Pipe sections 
decrease in diameter with increasing distance 
from the center, and resistors are placed be
tween the pipe sections to shape the current 
wave and reduce resonances. The two arms of 
the dipole are oppositely charged, and when the 
voltage across the spark gap at the dipole center 
reaches the breakdown voltage, the gap begins 
conducting and a current wave front propagates 
awa\' from the gap. 
_ Conical and biconical antennas use 
~ such as Marx generators, or CW trans
mitters instead of relying on the discharge of 
static surface charges. The antennas are fabri
cated out of lightweight conducting surfaces or 

•

. re rids. 
Differences between guided wave and 

ra latmg simulators are listed in Table 9-30. 

• 
Electromagnetic scale modeling is an im

por ant alternative to full scale testing under the 
following conditions: 

• Test facilities or available equipment are at 
a premium, 

• TIle system to be tested is very large, 

• The system dedication cost for full scale 
testing is high. 

In addition to the advantages of modeling under 
these conditions, benefits can be derived as fol
lows: 

• Perhaps sensors can be placed better during 
fun scale testing as a result of model 
experiments, 

• Design modifications or cable reroutes can 
be made prior to full scale testing, 

• EM angles-of-arrival can be determined for 
worst- and best-case conditions, 

• Effects of changes in the conductivity of 

9-180 

the surrounding media can be explored to 
an extent, 

• Estimates can be made of some of the 
responses of a complex system prior to full 
scale testing, 

• Design confirmation of costly systems can 
be made prior to system fabrication and 
costs can be reduced, 

• Quantitative data can be obtained to vali-
date analysis . 

.. It should be pointed out that because of 
t~ficulty in introducing minute openings or 
poor bonds into models, and since these often 
control interior fields, the usefulness of model
ing ordinarily is limited to the measurement of 
external fields, voltages; and currents. Once the 
exterior fields, VOltages, and currents are known 
for a complex structure, perhaps having cable 
runs, analysis can often provide internal field 

lial1titieS of interest. 
In actually setting up a scale model test, 

the olio wing should be kept in mind: 

• Broadband pulse response determination 
involves much more than a steady-state, 
single-frequency response test does. 

• Special EM illumination sources that are 
coherent, have uniform time delay, and use 
antennas with constant effective height are 
required. 

• Special modeling techniques are required to 
study exposed conductors that pass over or 
within a lossy dielectric, such as earth. 

A pulse-type wavefonn theoretically can be re
placed by a continuous wave (CW) source with a 
sensing system which references the sensed CW 
signal to a reference phase from the source. 
Complex Fourier transfer functions can be de
veloped by processing the recorded data on a 
computer. However, long sweep times are re
quired to ensure that all narrow band responses 
are explored adequately, and the actual physical 
implementation of such an approach in the 

) 

) 



Table 9.30 .• Comparison of Guided Wave and Radiating Simulators. 

Energy usc 

Test volume 

Poiarization 

AnglO' of incidence 

Earth reflection e [fens 

Geometric attenuation 
of EM wave amplitude 

Planar wave capability 

Interference with nearby 
electIonic::. 

Guided Wave 

Efficient - mostly 
directed toward 
test object 

Limited by size of 
simulator - difficult 
to construct large 
enough for sizable 
test objects 

Fixed (or bipolar, 
e.g., ARES) 

Fixed+ 

No 

No - relatively 
uniform wi thill 
test volume 

Yes 

Limited 

Radiating 

Energy radiated 
symmetrically ahou 1 

axis - only fraction 
directed toward 
test object 

Limited by desired 
field intensity 

Variable'" 

Variable" 

Yes 

Yes (I/R) 

Only at distance 

Yes 

*1 hese are. however, limited by the height of the antenna unless it is airborne. 
t Polanzation is fixed relative to earth coo;dinates; however, a range of polarizations and angles of incidence can be 
pro ded in some facilities by changing the position and orientation of the object that is being tested. For example, a 
missile can be rotated on several axes in ARES to change these to items relative to the missile. 
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-microwave band poses additional difficulties. On 
the other hand, the use of scaled real time wave
forms allows quick development of actual re
sponses, from which complex Fourier transfer 
functions also can be developed with the aid of 
c~ters. 

_ Several variations of each type of simula
tIOn technique described above are currently 
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operational. Each has some advantages and dis
advantages when compared to others. As men
tioned previously, it is beyond the scope of this 
manual to describe individual facilities. The 
interested user should consult the "DNA EMP 
(Electromagnetic Pulse) Handbook, Volume 2, 
Analysis and Testing," (see bibliography), and 
the references listed therein. 
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Chapter 10 

PERSONNEL CASUALTIES1 

• INTRODUCTION. 

_ The three principal phenomena associ
ated with nuclear explosions that result in casu
alties to personnel are blast and shock, thermal 
-~ :!;:,!ir'l!1; and nuclear radiation. Blast injuries 
may be direct or indirect; the former are caused 
by the high air pressure (overpressure), while 
the latter may be caused by missiles or by dis
placement of the body. 
• The frequency of burn injuries resulting 

from a nuclear explosion is exceptionally high. 
Most of these are flash burns caused by direct 
exposure to the thermal radiation) although per
sonnel trapped by spreading fires may be sub
jected to flame burns. In addition, personnel in 
buildings or tunnels close to ground zero may 
be burned by hot gases and dust ente~ing the 
structure even though they are shielded ade
~v from direct or scattered radiation. 
.. The harmful effects of the nuclear radi

atIOns appear to be caused by ionization and 
excitation (see paragraph 6-4, Chapter 6) pro
duced in the cells composing living tissue. As a 
result of ionization, some of the constituents, 
which are essential to the normal functioning of 
Ull;; ~cUS) are altered or destroyed. As described 
in Section III, these changes may result in sick
n~at may terminate with death in some cases. 
__ The effects of these three phenomena on 

personnel are described in the succeeding three 
sections. A brief disc~ssion of the effects of 
com binations of the ph~omena is provided in 
Section IV. 

SECTION I 

.. AIR BLAST. 

.- MECHANISMS AND CRITERIA 
FOR INJURY. 

"InjUry that results from exposure of per-

, ..... 

sonnel to air blast may occur from sudden changes 
in environmental pressure acting directly on the 
exposed subject, from displacement of personnel 
involving decelerative tumbling or impact against 
a rigid object, from blast-energized debris strik
ing the individual, and from a variety of miscel
laneous changes in the jmmediate environment. 
Individuals who are injured to such an extent 
that they are unable to perform assigned tasks 
are designated casualties. Such a condition typi
cally starts almost immediately following air
blast trauma and it can be expected to last from 
hours to several days, depending on the nature 
and severity of the injury. The biological effects 
which may result from exposure to a blast wave 
are divided into four categories: (I) direct over
pressure effects, (2) effects from tram:lational 
forces and impact, (3) effects of blast energized 
debris, and (4) miscellaneous effects. These ef
fects are discussed separately in the following 
paragraphs. 

10-1 Direct Overpressure Effects. 

• Casualties that result from direct over
pressure effects are those that result from man's 
inability to withstand rapid changes in his en
vironmental pressure. The body is relatively re
sistant to the crushing forces from air blast load
ing; however, large sudden pressure differences 
resulting from blast wave overpressure may cause 
serious injury. Anatomic localization of such in
jury occurs predominantly in air-bearing organ 
systems such a.s the lungs, gastroenteric tract, 
ears and perinasal sinuses. At high overpressures 
both early (less than 30 minutes) and delayed 
(30 minutes to several days) lethality will occur 
as a result of disruption of lung tissue. Early 
lethality is generally caused by interruption in 
the blood supply to the heart or brain as a result 
of air emboli entering the circulatory system 
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• -from the damaged IUfl:g. Delayed lethality occurs 
as a result of suffocation caused by continuing 
hemorrhage within the lung or the development 
of pulm~mary edema. Delayed appearance of 
casualties also may occur at high overpressures 
as a result of internal hemorrhage from ruptured 
organs or as a result of infection due to perfora
tion af the- intestine. 
_ FYI1E'riments conducted with animals in
d~that direct overpressure effects depend 
upon the peak overpressure, duration and shape 
of th2 incident blast wave, and the orientation of 
the subject. Both the peak overpressure and tfie 
duration appear to be important for fast-rising 
blast waves that have durations less than 50 msec, 
whereas peak overpressure predominates for posi
tive phase air-blast durations greater than 50 
msec. If the time to peak overpressure is greater 
than a few milliseconds, there is a lower prob
ability of injury because the anatomic structures 
will be subjected to pressure differences that 
occur Jess rapidly. This effect can take place in a 
structure where the pressure rises gradually due 
to a long fill time or it may occur near a reflect
ing surface where the pressure rises in Hsteps" as 
a result of a separation in the arrival times of the 
incident and reflected waves. In general, person
nel who are oriented with the feet or head to
ward the oncoming blast wave will be injured 
le::,~ UlaH lW_ht: who are oriented with the long 
axis perpendicular to the blast wave. This is 
apparently caused by the action of the dynamic 

pressure to increase the-load on the thorax in the 
latter case. A potentially more hazardous expo
sure condition occurs when personnel are situated 
against a flat surface, since normal. reflection of a 
blast wave results in pressures two or more times 
the magnitude of the incident wave . 
.:l Current criteria for direct overpressure 
e~, based on extrapolations from animal 
data, predict 50-percent casualties and one per
cent mortality for randomly oriented, prone 
personnel exposed to a long-duration fast-rising 

10-2 

- i 

blast wave of 41 psi and one percent casualties 
for those exposed to 12 psi. Animal experiments 
and human accident cases have shown that a 
50-percent incidence of eardrum rupture may be 
expected to occur at 16 psi, whereas one percent 
might be anticipated at 3.4 psi. Although in cer
tain situations auditory acuity is imperative, ear
drum rupture currently is not considered to be 
a disabling injury in terms of overall effectiveness 
to individuals in military units. 

10-2 Translational Forces and Impact. 

• Injuries caused by translational impact 
occur as a result of whole body displacement of 
personnel by blast winds. Anatomic localization 
of such injuries is not as readily definable as the 
case for direct overpressure effects. In instances 
where head impact occurs, concussion, skull frac
tures, and intracranial hemorrhage may result in 
rapid loss of consciousness and, in many cases, 
early lethality. By contrast, impact in which the 

. head is not involved results in a variety of trau
matic injuries such as skeletal fractures, ruptured 
internal organs, blood loss and, in more serious 
cases, the development of shock. Recovery fol
lowing such injuries may be more delayed than 
recovery from direct overpressure effects. 
"-The translational and rotational velocities 
th~ attained by personnel during the accel
erative phase of blast-induced displacement de
pend upon the geometry of exposure and the 
shape and magnitude of the dynamic-pressure 
wave. In general, a longer duration of the positive 
phase of the blast wave will result in a lower 
peak overpressure being required to produce a 
gi v e n translational velocity. Therefore, larger 
yields will produce injuries at lower pressures 
(see Section I, Chapter 2). The severity of the 
injuries caused by displacement depends to a 
large extent on the nature of the decelerative -
phase of the motion. If deceleration occurs by 
an "impact" with a rigid object, resulting in a 
stopping distance of less than a few inches, the 



• probabi!ity of a serious injury is much greater 
than if deceleration occurs by "tumblingH over 
open terrain, which will result in much longer 
stopping distances. 
.- Because of the limited data available, cas
~riteria for translational impact are far Jess 
certain than those for direct overpressure effects. 
In addition, there are marked differences in im
pact velocities that are associated with serious 
injury following head trauma compared with 
those for noncranial impact. Human cadaver 
studies indicate that 50 percent mortaUty may 
occur following head impact at velocities of 
18 ft/sec, whereas large animal studies and human 
free-fall experience suggest th~t 54 ftlsec is re
quired for 50 percent mortality when head im
pact is minimized. Decelerative tumbling experi
ments involving a Jimited number of animals 
suggest that significant mortality does not occur 
at translational velocities below 88 ft/sec. 
tIIIIIl Although tentative in nature, estimates 
b=-on human accidents and animal experi
ments predict that a peak translational velocity 
of 70 ft/sec will result in 50 percent casualties 
for personnel when deceleration occurs by tum-

bling over open terrain. If translation occurs 
where 50 percent- of the personnel impact against 
structures (buildings, vehicles, trees or other rigid 
objects) the peak translational velocity for 50 
percent casualties is expected to be near 35 ft/sec. 
Similar figures for one percent casualties are 
13 ft/sec for decelerative tumbling and 8.5 ft/sec 
for translation near structures. 

10-3 Blast-Energized De~ris • 

_ The effects of blast-energized debris in
c=- injuries that result from the impact of 
penetrating or nonpenetrating missiles energized 
by winds, blast overpressures, ground shock, and, 
in some cases, gravity. The wounding potential 
of blast-energized debris depends upon the nature 
and velocity of the moving object and the ponion 
of the body where impact occurs. The types of 

injuries range from simple contusions and lacera
tions to more serious penetrations, fractures, 
crushing injuries, and critical damage to vital 
organs. The physical factors that determine the 
velocity attained by debris and thereby determine 
the severity of potential injury, are similar to 
those described for translation of personnel. 
When small light objects are displaced by a blast 
wave, they reach their maximum velocity quite 
rapidly, often after only a small portion of the 
wave has passed; therefore, the maximum velocity 
is not as dependent on duration as it is for large 
heavy objects. There are too many variables to 
esta blish definitive criteria for injury from debris. 

_ I n the specific instance of personnel in 
fo-. tentative casualty criteria are available 
based on the probability of being struck by fall
ing trees. These criteria are related to the amount 
of forest damage. Fifty percent casualties are 
predicted at ranges where the forest damage is 
moderate to severe, and one percent casualties 
are anticipated where the damage is light (see 
Forest Damage Data, Chapter 15). 

10-4 Miscellaneous Effects. 

- Miscellaneous blast injuries are those that 
re~from non-line-of-sight thermal phenom
ena, ground shock, blast-induced fires and high 
concentrations of dust, 

• Non-line-of-sight thermal burns have been 
observed on animals located in open under
ground shelters in close proximity to nu
clear explosions. Although this phenomenon 
is not well understood, it has been sugge~led 
that the burns resulted from contact with 
hot dust-laden air that was carried into the 
structures by the blast wave. 

• Ground shock may be a serious problem for 
personnel in blast-hardened underground 
structures at close ranges. The magnitude of 
this hazard may be estimated from the 
horizontal and vertical motions of the struc
ture, which in turn may be estimated from 
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• the predicted ground motions discussed in 
Chapter 2. 

• Blast-induced fires are primarily a problem 
for urban areas. The likelihood of such fires 
depends on the amount of burning and 
combustible materials in the vicinity of an 
explosion. 

• The evidence indicates that a high concen
tration of dust represents more of a discom-

•

fort than a serious hazard to personnel. 

With the possible exception of ground 
shock, currently there is inadequate information 
to predict the hazards associated with these mis
cellaneous effects reliably. 

• CASUAL TV PREDICTION 

10-5 Personnel in the Open 

• For most burst conditions casualties from 
whole body translation of personnel in the open 
will extend farther than those from direct over
pressure hazards, excluding eardrum rupture. This 
is especially true for larger yield weapons be
cause of the increased duration of the blast wave. 
The translation hazard will be less for personnel 
located in relatively open terrain than for per
sonnel located where they may be blown against 
buildings) vehicles, t r e e s Or other structures. 
Warned personnel can reduce the translation 
risks by assuming a prone position, and in the 
case of larger yields there will be sufficient time 
for the firebaH flash to serve as a warning. It 
should be noted, however, that for overhead 
bursts, the direct overpressure effects would be 
less severe for a standing' man ~han for a prone 
man because of the "step" loadin~ of the thorax 
in the former case. 

_ Unless the target area is cluttered with 
m~als subject to fragmentation with displace
ment, blast-energized debris is not expected to 
be an overriding hazard for personnel in the open. 
F0r small yield surface bursts, however, crater 
ejecta may extend beyond the other blast effects, 
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although nuclear or thermal radiation may pro
duce casualties at greater distance. In general, 
the probability of being struck by flying missiles 
can be reduced by lying down; however crater 
ejecta, which is likely to be falling nearly verti
cally at the greater distances may strike more 
prone personnel than those who are standing. As 
in the case of blast-energized debris, the mis
cellaneous air blast effects are not generally ex
pected to represent major hazards for personnel 
in the open. 
_ If a precursor form of blast wave should 
d=p, personnel located in its proximity would 
probably be subjected to greater translation and 
debris hazards than would be expected otherwise 
because of the increased dynamic pressures. Burst 
conditions associated with precursor develop-

li
e are discussed in Section 1 of Chapter 2 . 

Figures 10-1 and 10-2 show the ground 
lstances for 50 percent and one percent casual

ties, respectively, from the indicated air blast ef
fects as a function of height of burst for random
ly oriented, prone personnel exposed in the open 
to a one kt burst. These fjgures were derived on 
the basis of the criteria and assumptions dis
cussed earlier in this section, with the added 
conditions that crater ejecta was not present 
and no precursor formed. Since a man with a 
ruptured eardrum mayor may not be considered 
a casualty depending on the tasks he is expected 
to perform) this effect has been removed from 
the other direct overpressure effects, and separate 
curves are provided. Two translation curves are 
shown in each figure and the one that is more 
appropriate to the existing conditions should be 
used. The figures show the effects for one kt, but 
they may be scaled to other yields by the scaling 
rules provided in Problem 10-1. 

10-6 Personnel in a Forest • 
_ For personnel in a relatively dense forest, 

th~zard of being struck by falling and trans
lating trees generally will override that resulting 
from any other air-blast effect. In addition t for 



-most burst conditions a forest will provide sig-
nificant protection from thermal radiation and 
wj}} provide some shielding from nuclear radia
tion. Therefore, casualties resulting from forest 
blowdown generally will extend to greater ranges 
than those from any other weapon effect (direct 
overpressure, translation, thermal radiation, nu
ckar radiation, etc.). Exceptions to this general 
Ttlle are casualties resulting from initial nuclear 
radiation associated with low yield weapons, and 
casualties resulting from forest fires ignited by 
the thermal radiation pulse. 

_ Casualty prediction curves for forest 
bl=own are given in Figures 10-1 and 10-2 as 
a function of height of burst and ground range 
for randomly oriented, prone personnel exposed 
to a one kt burst. These curves may be scaled to 
other yields by multiplying both the burst heights 
and the ground ranges by the four-tenths power 
of the yield. In general, a forest does not greatly 
reduce or otherwise modify a blast wave. For this 
reason the other curves in Figures 10-1 and 10-2, 
which were developed to predict air-blast casual
ties for personnel in the open, also may be used 
for personnel in a forest. A description of the 
particulars concerning these curves has been given 
in the above discussion for personnel in the open. 

10-7 Personnel in Structures. _1 n addition to providing shielding against 
t=:i and nucJear radiations, blast-resistant 
structures such as bomb shelters, permanent gun 
emplacements and, to a certain extent, foxholes 
usually reduce the blast hazards unless personnel 
are located directly in the entryway of the struc
ture. The design of these' structures may, how
ever, permit the buildup of blast overpressures 
to a value in excess of the overpressures outside 
the structure as a result of multiple reflections. 
Nevertheless, there is general1y a lower probabil
ity of injury from direct overpressure effects in
side a structure than at equivalent distances on 
tl-t<> ()l1t~ide, particularly if personnel do not lean 
against the walls of the structure or sit or lie on 

the floor. This results from alterations in the 
pattern of the overpressure wave upon entering 
tyucture. 

_ Structural collapse and damage are the 
major causes of casualties for personnel located 
in buildings subjected to air blast; for this reason, 
the number of such casualties can be estimated 
from the extent of the structural damage. Table 
10-1 shows estimates of casualties in two types 
of buildings for three damage levels. Data from 
Chapter 11 may be used to predict the ground 
distances at which specified structural damage 
will occur for various yields. Collapse of a brick 
house is expected to result in approximately 25 
percent mortality, 20 percent serious injury and 

10 percent light injury to the occupants. Rein
forced concrete structures, though much more 
resistant to blast forces, will produce almost 
100 percent mortality on collapse. Casualty per
centages in Table 10-1 for brick homes are based 
on data from British World War 11 experience. 
They may be assumed to be reasonably reliable 
for cases where the population expects bombing 
and most personnel have selected the safest places 
in the buildings. If there were no warning or 
preparation, the number of casualties would be 
expected to be considerably higher. To estimate 
casualties in structures other than those listed 
in Table 10-1, the type of structural damage that 
occurs, and the characteristics of the resuHant 
flying objects must be considered. Broken glass 
may produce large numbers of casualties, par
ticularly to an unwarned population, at over
pressures where personnel would be rela tively 
safe from other effects. Overpressures as low as 
one or two psi may result in penetrating wounds 
to bare skin. 

10-8 Personnel in Vehicles. 

- Personnel in vehicles may be injured as a 
re~ of the response of the vehicle to blast 
forces. Padding, where applicable, and the use of 
safety belts, helmets and harnesses can reduce· 
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Table 10-1. Estimated Casualty Production in Buildings 
for Three Degrees of Structural Damage. 

Percent of Personnel-

Structural Damage Killed Outright 
Serious Injury 

(hospi taliza tian) 
Light Injury 

(no hospitalization) 

! : ~:V-J t~:~l," :t.O:-,lCS (high-explosive 
data from England): 

Severe damage 

Moderate damage 

Ught damage 

Reinforced-concrete buildings (nuclear 
data from Japan): 

Severe damage 

Moderate damage 

Light damage 

25 

<5 

100 

)0 

<5 

20 

10 

<5 

15 

<5 

10 

5 

<5 

20 

15 

*These percentages do not include the casualties that may result from fires, asphyxiation, and other causes 
from failure to extricate trapped personnel. The numbers represent the estimated percentages of casualties 
ex oected at the maximum range where a specified structural damage occurs. See Chapter 11 for the distances 
at which these degrees of damage occur for various yields. 

" source of casualties significantly, at least 
within armored vehicles tha t are strong enough 
t"n. rPl:i.:t f"nlhn,f" St:rious injury may result to 
personnel in ordinary wheeled vehicles from fly-
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ing glass as well as from impact with the vehicle·s 
interior. Comparative numbers of casualties are 
almost impossible to assess because of the many 
variables involved. 
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Problem 10-1 Calculation of Casualties for Personnel 
in the Open or in a Forest 

• Figures 10-1 and 10-2 are families of 
curves that show 50 percent and 1 percent cas
ualties, respectively, from the indicated air-blast 
effects, as a function of height of burst and dis
tance from ground zero. The curves apply to 
randomly oriented, prone personnel exposed in 

tM-e 0 en to a 1 kt burst. 
Scaling. For yields other than 1 kt, scale 

as 0 ows: 
1. For the direct overpressure and ear-

drum rupture curves 

where d 1 and h} are the distance from ground 
zero and height of burst respectively, for I kt; 
and d and h are the corresponding distance and 
height of burst for a yield of W kt. 

2. For the translation and forest blow-
down curves 

where d, and hI are the distance from ground 
zero and height of burst, respectively, for I kt; 
and d and h are the corresponding distance and 
height of burst for a yield of W kt. 

• Example • 
Given: A 50 kt weapon burst at an altitude 

of 860 feet over open terrain. 
Find: The distance from ground zero at 

which translational effects would produce 50 
percent casualties among prone personnel. 

. Solution: The corresponding height of burst 
for 1 kt is 

h =..2:L = 860 = 180 ft. 
I WO.4 (50 )OA 

From Figure 10-1, at a height of burst of 180 
feet, the distance from ground zero at which 
50 percent casualties among personnel in the 
open will occur for a 1 kt burst is 660 feet. 

Answer: The corresponding distance for a 
50 kt weapon is 

d = d1 X WO·4 = 660 x (50)°14 = 3150 ft. 

Reliability: The distances obtained from 
Figures 10-1 and 10-2 are estimated to be reli
able to within ± 15 percent for the indicated ef
fects; however, in view of the uncertainties dis
cussed in paragraphs 10-5 and 10-6 (e.g., the 
presence of debris, crater ejecta, etc.) no precise 
estimate of the reliability can be made for a 
specific situation. 

Related Material: See paragraphs 10-1 
through 10-6. 
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SECTION II 

• THERMAL RADIATION. 

.--SKIN BURNS. 

.. When a nuclear weapon detonates, per
sonnel will sustain skin burns at distances that 
may be larger than those distances at which in
jury occurs as d. result of blast or nuclear radia
t:C,L Thes: b~r!i:; may be produced directly by 
the absorption of radiant energy by the skin, or 
indirectly by heat transference through clothing 
or by ignition of the clothing. Thermal radiation 
is composed of light in the ultraviolet, visible and 
infrared regions of the spectrum and travels in a 
straight line at the speed of light. It is emitted 
within periods of a few milliseconds to several 

_ <: f seconds. 
I f there is substantial material between 

the individual and the nuclear burst> the thermal 
radiation will be absorbed and no burns will be 
produced. Thus, persons in or behind buildings, 
vehicles, etc., will be shielded from the thermal 
pulse either partiaIly or completely. In some 
instances, burns may be avoided or reduced if 
evasive action is taken during the delivery of the 
thermal pulse, since heating takes place only dur
ing direct exposure. These and other protective 
measures will be discussed 1ater. 

:~~:::;-4CATION OF BURNS. 

Burn severity is related to the degree of 
atJon of skin temperature and the length of 

time of this elevation. Pain, a familiar warning 
sensation, occurs when the temperature of certain 
nerve cells near the surface of the skin is raised 
to 43°C (109°F) or more. If the temperature is 
not elevated to a high enough degree or for a 
sufficient period of time, pain will cease and no 
injury will occur. The amount of pain is not re
lated to burn severity as is the classification of 
first degree () 0), second degree (2°) or third 
r1p~rpp (3° \ hurns but it is a useful tool in warn
ing an individual to evade the thermal pulse. 
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10-9 First Degree Burns. 

• A skin burn is an injury to skin caused 
by temperature elevation following application 
of heat by absorption of direct thermal radiation 
or by transference through cloth. First degree 
burns are characterized by immediate pain which 
continues after exposure and by ensuing redness 
of the ex posed area. The first degree burn is a 
reversible tissue injury; the classic example is 
sunburn. 

10-10 Second Degree Burns. 

• Second degree burns are caused by tem
peratures that are higher and/or of longer dura
tion than those necessary for first degree skin 
burns. The injury is characterized by pain and 
may be accompanied by either no immediate 
visible effect or by a variety of skin changes in
cluding blanching, redness, loss of e]asticity, 
swelling and blisters. After 6 to 24 hours, a 
scab will form over the injured area. The scab 
may be flexible, tan or brown, if the injury is 
moderate, or it may be thick, stiff and dark, if 
the injury is more severe. Second degree burn 
wounds will heal within one to two weeks unless 
they are complicated by infection. Second degree 
burns do not involve the full thickness of the skin, 
and the remaining uninjured cells may be able to 
regenerate norma] skin without scar formation. 

10-11 Third Degree Burns. 

• Third degree burns are caused by tem
peratures of a higher magnitude and/or longer 
duration than second degree burns. The injury 
is characterized by pain at the peripheral, less 
injured areas only, since the nerve endings in the 
centrally burned areas are damaged to the ex
tent that they are unable to transmit pain im
pulses. Immediately after exposure, the skin may 
appear normal, scalded, or charred, and it may 
lose its elasticity. The healing of third degree 
burns takes several weeks and always results in 
scar formation unless new skin is grafted over the 
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• burned area. The scar resu1ts from the fact that 
the full thickness of the skin is injured, and the 
skin cells are unable to regenerate normal tissue. 

1 0-12 Reduction.ia.f ffectiveness 
by Burns _ 

• The distribution of burns into three 
groups obviously has certain limitations since it 
iC' "",....~ :,"s~~~k to draw a sharp line of demarca
tion hetween first- and second-degree, or be
tween second- and third-degree burns. Within 
each class the burn may be mild, moderate, or 
severe, so that upon preliminary examination it 
may be difficult to distinguish between a severe 
burn of the second degree and a mild third
degree burn. Subsequent pathology of the in
jury, however, will usually make a distinction 
possible. In the following discussion, reference 
to a particular degree of burn should be taken 
to imply a moderate burn of that type. 

_The depth of the burn is not the only 
fa~n determining its effect on the individual. 
The extent of the area of the skin which has been 
['ffected is also important. Thus, a first-degree 
burn over 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
mCJre: there are certain critical, local regions, 
such as the hands, where almost any degree of 
burn will incapacitate the individual. ..a Persons exposed to a low or intermediate 
y~nuclear weapon burst may sustain very 
severe burns on their faces and hands or other 
exposed areas of the body as a result of the short 
pulse of directly absorbed thermal radiation. 
These burns may cause severe superficial damage 
similar to a third degree burn, but the deeper 
layers of the skin may be uninjured. This would 
result in rapid healing similar to a mild second 
degree burn. Thermal radiation burns occurring 
under clothing or from ignited clothing or other 
tinder will be similar to those ordinarily seen in 

burn injuries of nonnuclear origin. Because of the 
longer duration of the thermal pulse, the dif
ferences between flash burns on exposed skin 
from air burst high yield weapons and burns of 
nonnuclear origin may be Jess apparent. 

- BURN INJURY ENERGIES 
~ RANGES. 

• The critical radiant exposure for a skin 
burn changes as the thermal radiation pulse dura
tion and spectrum change; therefore, the critical 
distance cannot be determined simply from the 
calculated radiant exposure. The effective spec
trum shifts with yield and altitude; the thermal 
.radiation pulse is shorter for smaller yi~lds or 
higher burst altitudes (see Chapter 3). 

10-13 Personnel Parameters • 

• The probability and severity of an indi
vidual being burned will depend upon many fac
tors induding: pigmentation, absorptive proper
ties, thickness, conductivity and initial tempera
ture of the skin; distance from the detonation 
and the amount of shielding; clothing, orienta
tion with respect to the burst, and voluntary 
evasive action. 
_ Severity of the burn cannot be deter
~ by temperature elevation and pulse dura
tion alone. The energy absorbed by the skin in a 
normal population may vary by as much as 50 
percent because of the variance in skin pigmenta
tion. It is known that depths in skin of 0.001 to 
0.002 centimeter are the sites of the initial dam
age that results in a burn from thermal radiation 
pulses and that skin temperatures of 70°C (1 58°F) 
for a fraction of a second or temperatures of 
48°C (l18°F) for minutes can result in burns. 
Skin temperatures for first degree and third 
degree burns are roughly 25 percent lower and 
higher, respectively, than those for second degree 
burns. 

_ For pulses of 0.5 second duration and 
lo~ the amount of energy absorbed is an im-
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.' portant factor. Figure 10-3 shows the effect of 
absorptive differences of human skin as calcu
Ia ted from measurements of the spectral absorp
tance and the spectral distribution of the peak 
power of nuclear weapons bursts in the lower 
atmosphere. As shown in Figure 10-3, very dark 
skinned people will receive bu.rns from approxi
mately two-thirds the energy required to pro
duce the same degree of burns on very light 
skinned people. 

10-14 Burn ~osures for Unprotected 
Skin. 

• Figure 10-4 shows ranges of radiant ex
posures for the probabilities of burn occurrence. 
The solid lines represent 50 percent probability 
for an average population taking no evasive action 
to receive the indicated type of burns. The dotted 
lines divide the burn probability distributions 
into ranges for the three burn levels with average 
burn probabilities of 18 percent and 82 percent 
assioned within these exposure ranges. 

_ For examp1e, from Figure 10-4, it can 
b~icted that, if a normal population is ex
posed to the thermal pulse at distances producing 
between 4.5 and 6,0 calories per square centi
meter from a 1 megaton weapon, 18 percent of 
the population will receive second degree burns 
and 81 percent will receive first degree burns . 

• A radius from ground zero that produces 
areas of equal burn probability may be obtained 
by employing the radiant exposures for skin burn 
probability from Figure 10-5 and the weapon 
yield-distance relationship .for radiant exposures 
from Chapter 3. 

10-15 Burns Under Clothing _ 

• Skin burns under clothing are pr~duced 
several ways: by direct transmittance through 
the cloth if the cloth is thin and merely acts as 
an attenuating screen; by heating the cloth and 
causing steam or volatile products to impinge on 
the skin; by conduction from the hot fabric to 
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the skin; or the fabric may ignite, and conse
quent volatiles and flames wilJ cause burns where 
t.'mPinge on the skin. 

Heat transfer mechanisms cause burns 
benea h clothing as a result of heat transfer for 
some time after the thermal pulse ends. These 
burns generally involve deeper tissues than those 
that result fro~ the direct thermal pulse on bare 
skin. Burns caused by ignited clothing also result 
from longer heat application, and thus will be 
more like burns occurring in nonnuclear weapon 
situations, 

10-16 Body Areas InVOlved. . 

• The pattern of body area involved in 
thermal radiation burns from nuclear weapons 
will differ from the areas injured from conven
tional means. For weapons of 100 kt Or less, 
where effective evasive action cannot be taken, 
burns would occur primarily on the directly ex
posed parts of the body unless the clothing ig
nites. First and second degree burns of the un
covered skin, and burns through thin clothing 
occur at lower radiant exposures than those 
which ignite clothing, Because of these factors, 
first and second degree burns for this low yield 
range would involve limited body area and would 
occur only on one side of the body. For closer 
distances where the direct thermal pulse pro
duces burns and clothing ignition takes place, 
persons wearing thin clothing would have third 
degree burns over that area of the body facing 
the burst. This phenomenon is typically seen in 
persons whose clothing catches fire by conven
tional means. 

• For the yield range 100 kt and less, per
sons wearing heavy clothing (in the third degree 
bare skin burn and clothing ignition zone) will 
have third degree burns on one exposed body 
surface and third degree burns on other areas 
resulting from the burning clothes prior to its 
removal, or full body third degree burns if the 
clothing cannot be removed. 
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10-17 Incapacitation from Burns. 

.. Burns to certain anatomical sites of the 
body, even if only first degree, will frequently 
cause ineffectiveness because of their critical 10-
cation. Any burn surrounding the eyes that causes 
occluded vision because of the resultant swelling 
of the eyelids, will be incapacitating. Burns of 
the elbows, knees, hands and feet produce im
lllu0i1ity or limitation of motion as the result of 
swelling, pain or scab formation, and will cause 
ineffectiveness in most cases. Burns of the face 
and upper extremity areas are most likely to occur 
because these areas will more frequently be un
protected. Second or third degree burns in excess 
of 20 percent of the surface area of the body 
should be considered a major burn and will re-

_... special medical care in a hospital. 
, Shock is a term denoting a generalized 

~ ate 0 f severe circulatory inadequacy. It will re
sult in ineffectiveness and if untreated may cause 
death. Third degree burns of 25 percent ~f the 
body and second degree burns of 30 percent of 
the body will generally produce shock within 30 
minutes to 12 hours and require prompt medical 
treatment. Such medical treatment is complicated 
and causes a heavy drain on medical personnel 
and supply resources. 

10-18 Modification of InjU~ 
_Iimely evasion can be effective in reduc-
i~ns with weapons yields of 100 kt and 
greater. The length of time between the burst 
and the point at which critical radiant exposure 
occurs increases with increasing yields, permitting 
personnel to react prior tQ receiving severe burns. 
With yields of less than aboht 100 kt, or for high 
altitude bursts of larger yields, the thermal pulse 
is too short for personnel to react and take cover. 
Since pain occurs at low radiant exposures and 
at lower temperatures than those that cause first 
degree burns, it is the initial sensation that occurs, 
and involuntary action due to pain can be ex
pected instinctively. More effective action can 

be expected with proper training. Figure 10-5 
illustrates the effect of evasion on the produc
tion of burns. 

_ Personnel in the shadow of buildings, 
veBs, or other objects at the time of detona
tion will be shielded from the pulse and will not 
be burned. 

• EFFECTS OF THERMAL RADIATION 
ON .THE EYES. 

• Exposure of the eye to a bright flash of 
a =ear detonation produces two possible ef
fects; flashblindness and/or retinal burns. 

10-19 FlaShblindness. 

• Flashblindness (dazzle) is a temporary 
impaIrment of vision caused by the saturation 
of the light sensitive elements (rods and cones) 
in the retina of the eye. It is an entirely reversible 
phenomena which will normally blank out the 
entire visual field of view with a bright after
image. Flashblindness normally will be brief, and 
recovery is complete. 
_ During the period of flashblindness (sev
e~conds to minutes) useful vision is lost. 
This loss of vision may preclude effective per
formance of activities requiring constant, precise 
visual function. The severity and time required 
for recovery of vision are determined by the 
intensity and duration of the flash, the viewing 
angle from the burst, the pupil size, brightness 
necessary to perform a task and the background, 
and the visual complexity of the task. Flash
blindness wiU be more severe at night since the 
pupil is larger and the object being viewed and 
the background ar.e usually dimly illuminated. 

_ Flashblindness may be produced by scat
te~light and does not necessarily require eye 
focusing on the fire ball. 

10-20 Retinal Burns. 
_ A retinal burn is a permanent eye injury 

thPoccurs whenever the retinal tissue is heated. 

10-15 
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.-excessjyely by the focused image of the firebal1 
within the eye. The underlying pigmented cells 
absorb much of the Jight and raise the tempera
ture in that area. A temperature elevation of 
12-20°C (22-36°F) in the eye produces a thermal 
injury which involves both the pigmented layer 
and the adjacent rods and cones, so the visual 
capacity is permanently lost in the burned area. 
The natural tendency of personnel to look di
rectly at the fjrebal1 tends to jncrease the in
cidence of retinal burns. 
_ Retinal burns can be produced at great 
~es from nuclear detonations, because the 
probability of eye burns does not decrease as the 
square of the distance from the detonation as is 
true of many other nuclear weapons effects. 
Theoretically, the optical process of image for
mation within the eye negates the inverse square 
law and keeps the jntensHy per unit area on the 
retina a constant, regardless of the distance. How
ever, meteorological conditions and the fact that 

the human eye is not a perfect lens, all contribute 
toward reducing the retinal burn hazard as the 
distance is increased between the observer and 
the detonation. 
_ Explosion yields greater than one mega
t~nd at heights of burst greater than about 
J 30 kilofeet may produce retinal burns as far 
out as the horizon on clear nights. Bursts above 
4~O kilofeet probably will not produce any 
retinal burns in personnel on the ground unless 
the weapon yield is greater than 10 Mt. 

(U) A retinal burn normally win not be no
ticed by the indivi~ual concerned if it is off the 
central axis of vision; however, very small burned 
areas may be noticeable lf they are centrally 
located. Personnel generaJly wlIl b~ able to com
pensate for a small retinal burn by learning to 
scan -around the burned area. 

10-21 Modification of Thermal Effects 
on the Eye. 

_ The thermal pulse from a nuclear weapon 
is emltted at such a rapid rate that any device de-

signed to protect the eye must close extremely 
fast «100 JLsec) to afford a sure degree of pro
tection for all situations. During the daytime, 
when the pupil is smaller and objects are illumi
nated brightly, the 2 percent transmission gold 
goggle/visor will reduce flashblindness recovery 
times to acceptable levels. At present, this goggle 
is unsatisfactory for use at night, and there is no 
protective device that is adequate for night use. 
_ The blink reflexes of the eye are suffi
c~ fast (-0.2 second) to provide some pro
tection against weapons greater than 100 kt det
onated below about 130 kilofee.t. The blink time 
is too slow to provide any appreciable protection 
for smaller weapon yields or higher burst alti-

jlu s. 
When personnel have adequate warning 

an impending nuclear burst, evasive action in
cluding closing or shielding the eyes will prevent 
flashblindness and retinal burns. 

10-22 Safe Separation Distance Curves. 

• Figures 10-6 through 10-10 presen t flash
blindness and retinal burn curves for a number of 
burst heights as a function of weapon yields and 
safe separation distance, e.g., that distance where 
personnel will not receive incapacitating eye in
juries. The retinal burn curves show distances 
that current data show to be safe. The Curves for 
flashblindness were specifically designed for pi
Jots of strategic bombers, where a pilot can effec
tively read his instruments and complete his mis
sion after a temporary 10 second complete loss 

of vision. These curves are also applicable to any 
task where the same criteria of dim task lighting, 
visual demands, and the 10 second visual loss 

: can be applied. Data are not available for specific 
distances at which flashblindness will not occur. 

_ It should be noted that the flashblindness 
an"e retinal burn safe separation distances do 
not bear the same relationship to one another as 
the yield changes. In circumstances that require 
determination of complete eye safety (realizing 

10-17 
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• the 10 second loss of vision criterion in the flash-
hlindness curves), the retinal burn or flashblind
ness curve that shows the effect that occurs at the 
grca test distance from the burst should be used. 
For example, using Figure 10-8 and a 50 kilofeet 
height of burst, to determine the distance from a 
nuclear detonation where there will be no inca
pacitating eye effects, the flashblindness curve is 
the limiting factor up to about 3 megatons, then 
the retinal burn curve becomes the limiting factor. 

• In instances where only permanent eye 
damage is of interest, and the temporary loss of 
vision from flashblindness is not of concern, only 

M
E' retinal burn curves should be used. 

The retinal burn curves show distances at 
WhlC a nuclear burst will not produce retinal 
burns provided the eye can blink within 250 milli
seconds. A faster blink time would not change 
the distances appreciably. The curves are based 
on a very clear day (60 mile visual range). For a 
cloudy day with a 5 mile visual range, the safe 
separation distances would be reduced by about 
50 percent. 

SECfION III 

• NUCLEAR RADIATION. 

• The injurious effects of nuclear radia
tions (gamma rays, neu trons, beta particles and 
alpha particles) on the human target represent a 
phenomenon that is completely absent from con
ventional explosives. Since there has not been 
sufficient experience with humans in the ex
posure ranges of military interest, the material 
presented below is based largely on animal ex
perimentation that 'has b~en extrapolated to the 
area of human response. Even if sufficient human 
data were available, they would be expected to 
show similar responses and the same wide range 
of biological variability within species as is seen 
in animals. Data are presented in terms of ab
sorbed dose at or near the body surface in order 
to relate to source and transport factors given in 
Chapter 5. Current radiobiological research re-

su1ts are frequently reported as midline tissue 
dose in rad, a dose significantly lower than doses 
measured by radiac instruments and absorbed 
within those volumes near the surface of the body 
that faces toward the source. For nuclear weapon 
radiation .... , the midline tissue doses would be 
approximately 70 percent of the body surface 
doses presented in the following paragraphs. 

_INITIAL RADIATION. 

• Neutrons and gamma rays in various pro
portIons are responsible for biological injury 
from initial radiation. For military purposes~ and 
until further animal experimentation provides 
evidence to the contrary, it must be assumed that 
damage to tissue is directly proportional to the 
absorbed dose regardless of whether it is deliv
ered by neutrons or gamma rays. For effects of 
military in terest, it is assumed that injury from 
a neutron rad is equal to that from a gamma rad, 
and that one rad absorbed dose results from ex
posure to one roentgen. 

10-23 Radiation SiCkness. 

• Individuals exposed to whole body ioniz
ing raaiation may show certain signs and symp
toms of illness. The time interval to onset of 
these symptoms, their severity, and their dura
tion generally depend on the amount of radiation 
absorbed, although there will be significant varia
tions among individuals. Within any given dose 
range, the effects that are manifested can be di
vided conveniently into three time phases: ini
tial latent, and final. 
.. - During the initial phase, individuals may 

el!Prlnce nausea, vomiting, headache, dizziness 
and a generalized feeling of illness. The onset 
time decreases and the severity of these symp
toms increases with increasing doses. During the 
latent phase, exposed individuals will experience 
few, if any, symptoms and most likely will be 
able to perform operational duties. The final 
phase is characterized by frank illness that re-
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ta j '}' ' f 'h qlllr~~ 10splta lzatlon a ter exposure to the hlg er 
doses. In addition to the recurrence of the symp
toms noted during the initial phase, skin hemor
rhages, diarrhea and loss of hair may appear, and, 
at high doses, seizures and prostration may occur. 
The final phase is consummated by recovery or 
death. At doses above 1000 fad, death may be 
expected in all cases. Maximum recovery of sur
vivors exposed to lower doses may require as 
much as three to six months time. With the fore
going in mind, Table 10-2 is presented as the 
best available summary of the effects of various 
whole-body dose ranges of ionizing radiation in 
human beings. 

10-24 Incapacitation. 

_ Direct effects of high doses of external 
~on administered over a short time period 

may result in loss of ability to perform purpose
ful actions. At doses greater than 2,000 rads, an 
acute collapse may occur in a short time. The 
c01lapse may persist from several minutes to a 
few hours. A period of relatively normal per
formance capability will then occur; however, 
after some time permanent incapacitation and 
death will result. This early incapacitation, fol
lowed by a temporary period of recovery, is de
fined as early transient incapacitation (ETI). Fol
lowing this transient incapacitation, exposed per
sonnel may be reasonably well oriented, lucid, 
and able to perform tasks requiring coordination 
of visual and auditory sensory input. The ~ura
tion of early transient incapacitation is believed 
to be dose dependent, i.e., the greater the dose, 
the longer the transient incapacitation phase. 
The duration of the temporary period of effec-

Table 10-2 • Response to Single Whole-Body Exposures. 

100-200 Rad 200-400 Rad 400-600 Rad 600-1000 Rad 1000-2500 Rad 

Initial Phase 

1. Onset of symptoms after 
irradiation 

2. Duration of phase 

Latent Phase 

1. Onset after irradiation 

2, Duration of phase 

Final Phase 

1. Onset of symptoms after 
irradiation 

2. Duration of phase 

3. Time from irradiation 
to death 

4. Deaths (% of those 
exposed) 

3-6 hrs 

~l day 

~l day 

~2 weeks 

10-)4 ~ays 

4 weeks 

No deaths 

]-6 hrs 

1-2 days 

1-2 days 

2-4 weeks 

2-4 weeks 

2-8 weeks 

4-]2 weeks 

0-30% 

1/2 to 6 hrs 

1-2 days 

1-2 days 

1-2 weeks 

7-14 days 

1-8 weeks 

2-]0 weeks 

30-90% 

• At the hi~her doses within this range there may be no latent period. 
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1/4 to 4 hrs 

~2 days 

Q days 

5-10 days 

5-]0 days 

1-4 weeks 

1-6 weeks 

90-100% 

5-30 min 

~1 day 

~J day 

0-7 days* 

4-8 days 

2-10 days 

4-14 days 

]00% 
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-tiveness is inversely related to the dose. At doses 
in excess of 15,000 rads, most individuals will 
experience permanent complete incapacitation 
within a few minutes post-irradiation, followed 
b~ death within 2 to 24 hours. 

_ Figures 10-11 through 10-1 5 list esti
m~ personnel effectiveness at various times 
following acute radiation doses of 1,400 rads and 
greater. It should be noted that incapacitation, 
or performance, decrement, and not death, is 
the endpoint of interest in these figures. 

10-25 Modification of Injury. 

.-Vhen only a portion of the body is ex
~ radiation, the effects are significantly 
less than those described in the preceding two 
sections. The reduction of the effects depends on 
the magnitude of exposure and the particular 
portion of the body that is exposed. Thus, partial 
shielding afforded by natural or man-made struc
tures can be expected to decrease the severity of 
radiation injury. . 
• Considerable effort has been expended 
in searching for compounds that will reduce the 
extent and seriousness of radiation injury when 
they are administered prior to exposure. At pres
ent, there is no satisfactory compound available 
for issue, although research continues in this area. 

_Treatment of radiation injury is support
;_l,. iii nature. The treatment is based primarily 
on symptomology rather than measured or esti
mated dose received by the individual. 

10-26 Military Assumptions. 

.. In order to' apply the material above to 
o~han single exposu~es, it may be assumed 
that multiple exposures within any 24-hour pe
riod are arithmetically additive. This assumption 
is necessary because the information concerning 
the results of multiple exposures is limited . 
.... Although there is reason to believe that 
r.rry from radiation exposure(s) is never 
really complete (Le., some residual injury not 

necessarily affecting effectiveness remains), it 
may be assumed for military planning purposes 

. that recovery js complete jn approximately 30 
days following a single sublethal exposure. Table 
10-2 lists more specific information regarding 
durations of ineffectiveness under varying expo
sure conditions. 

__ RESIDUAL RADIATION. 

__ The importance of residual radiation as 
a source of injury to personnel depends upon 
the necessity for military operations in or near 
areas of local fallout. Time of arrival, weathering, 
and decay of the deposited fallout all result in a 
constantly changing rate of external protracted 
exposure to personnel in contrast to the almost 
instantaneous exposure to initial radiation. An 
added hazard results from the presence of small, 
finely divided, radioactive particulate sources 
that can contribute to injury by both external 
and internal irradiation. 

10-27 External HazardS. 

• Gamma rays present the major militarily 
sigOllIcant external hazard from residual radia
tion. Effects on personnel will range from those 
described previously for initial radiation expo
sures (in new, high dose-rate, fallout fields) to 
lesser effects for the same total exposure in low 
dose-rate fields. 
_Seta burns can occur if fallout particles 
remalll on the skin for periods of hours or more. 
They will occur most frequently when the fallout 
particles are deposited on moist skin areas, body 
crevices, in the hair, or when the particles are 
held in contact by clothing. While minor skin 
symptoms may occur during the first 48 hours 
following exposure, the appearance of burns will 
be delayed two weeks or more after exposure. 
Severity of the burns is a function of the radio
activity of the fallout particles and the time 
period during which they adhere to the body. 
Personnel ineffectiveness will depend on the 
severity of the burn and its location on the body. 
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10-28 Internal Hazards • 

• Radioactive materials entering the body 
by inhalation, eating, or through wounds or 
breaks in the skin may be deposited in the body 
where alpha particles, beta particles or gamma 
rays continue to bombard adjacent tissues. Once 
fixed within the body, removal is almost im
possible, t!xcept through natural processes. Ef
:.:.:::,): i.:::::-nal emitters usually become apparent 
after a period of years, so, while of not immedia te 
concern insofar as personnel effectiveness is con
cerned, this deposHion may eventually be of great 
concern to the individual. 
_ Inhalation as a route of entry can be 
e~t!d as the result of resuspension of radio
active materials from dust-producing activities, 
such as the operations of helicopter and fast
moving vehicles. Handling of contaminated 
equipment, supplies, and clothing may result in 
the hands becoming contaminated. The contam
ination then may enter the body while ~ating. 
Ingestion of contaminated foodstuffs and water 
supplies is another source of internal emitters. 

10-29 Modification of Injury • 

- External residual radiation can be re
d: by shielding, Le., interposition of dense 
material between personnel and the source of 
radiation. as described previously for initial radia
tion. I:"fotection is afforded to varying degrees by 
armored vehicles, foxholes, buildings and under
ground shelters. However, in a residual radiation 
environment, it is probable that radioactive ma
terials will be brought into the protected areas as 
a resuJt of their adherence to cJothing, skin, 
hair, and equipment. Thus', to reduce exposure, 
it is necessary to decontaminate both the indi
vidual and his equipment. Additionally, as much 
time as is militarily feasible should be spent in 
protected environments while the residual radia
tion is decaying to lower levels. Decontamination 
of the outer surfaces of structures also will re
duce the total dose to personnel. 

• If the outer packaging of foodstuffs is 
undamaged, they may be consumed without 
hazard, provided care is taken to insure that the 
food is not contaminated during removal of the 
protective covering. Cans should be washed be
fore opening. Normal water filtration procedures 
wiI1 remove a majority of the fallout radioactive 
materials. 

.• Treatment of individuals showing radia
tIOn sIckness symptoms from exposure to resid
ual radiation is similar to the treatment of sick
ness caused by initial radiation. Burns caused by 
prolonged contact of beta emitters with the skin 
can be reduced in severity. or prevented, by earl) 
removal of the fallout material. Burns which do 
occur respond to conventional methods of treat-

)lfor similar burn'S resulting from other causes. 
Medical management of conditions arh

ing a later times as a result of fixed internal 
emitters depends on the organ(s) in whil:h the 
material is fixed, the number of demonstrated 
lesions, and the threat of this damage to life. 

SECTION IV 

__ COMBINED INJURY. 

• Th-us far in this chapter little has been 
said about the possibility of personnel receiving 
multiple types of injury; however, such injuries 
probably would be a common occurrence in the 
advent of a nuclear war. Multiple injuries might 
be received nearly simultaneously (e.g., from ex
posure to a single detonation without fanout 
radiation) or separated in time by minutes to 
days (e.g., from exposure to a single detonation 
followed by fan~ut radiation, Of exposure to 
multiple detonations). These injuries may con
sist of any combination of radiation, blast and 
thermal injuries from nuclear weapons as well as 
wounds from conventional weapons. Further
more, such injuries may be influenced by other 
conditions that might be expected during or after 
a nuclear attack, such as malnutrition, poor 
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•. f' d' h . sanItation. atlgue, an vanous ot er enVIron-
mentaJ factors. Since there are insufficient quan
titative data to indicate the manner in which 
casualty production might be influenced by these 
latter factors, only combinations of pairs of the 
following three categories will be discussed in 
this section: (1) ionizing radiation injuries, (2) 
thermal injuries, and (3) mechanical injuries (e.g., 
iniuries that result from blast effects). 
• Most of our current "knowledge concern
ing \;ombined injuries is derived from studies of 
Japanese bomb victims in Hiroshima and Nagasaki 
and from laboratory and field test experiments 
involving a variety of animals. In Hiroshima and 
Nagasaki, 50 percent of the injured 20-day sur
vivors within about 2~200 yards of ground zero 
recejved combjned jnjurjes whereas an incidence 
of 25 percent was observed in those located be
tween 2,200 and 5,500 yards. The contribution 
of such injuries to overall mortality and morbidity 

has never been determined adequately, but two 
general impressions have emerged: the combina
tion of mechanical and thermal injury was re
sponsible for the majority of deaths that occurred 
within the first 48 hours: delayed mortality was 
higher and complications were more numerous 
among burned people who had received radiation 
than what would be anticipated in a burned popu
lation where no radiation exposure had occurred. 
Jt c:hf"\111(1 be recognized that the stated incidences 
of com bined injuries apply only to the conditions 
existing in the two Japanese cities at the time of 
attack and' that the number and types of com
bined injuries are sensitive to yield, burst height, 
and conditions of exposure. Yields smaller than 
10 kilotons probably would result in a significant 
number of casualties with co~binations of 
prompt-radiation, thermal, and mechanical in
juries. On the other handt larger yields wouJd be 
expected to result in a marked increase in the 
number of people with burns associated with 
mechanical injuries, and prompt-radiation in
juries would be relatively insignificant in the 
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surviving population. A weapon detonated at a 
burst height where fa.llout is minimized would 
result in a large number of thermal and me
chanical injuries, and, depending upon yield, 
might also produce a significant number of 
prompt-radiation injuries. A weapon detonated 
near (above or below) the surface would maxi
mize the number of injuries due to fallout and 
would produce a large number of casualties 
where such injuries would be com bined with 
mechanical and thermal trauma. Personnel out
side and unshielded would have a greater likeli
hood of sustaining prompt and/or fallout radia
tion in combination with thermal burns than 
would be the case for personnel inside of any 
form of structure. In the latter case, thermal 
burns would be minimized, whereas combina
tions of mechanical and radiation injury might 
_ate. 
~ Combined injuries may result in syner

gisttc effects, additive effects, or antienergistic 
effects. That is, the resultant response, whether 
measured as percent combat ineffectiveness (Cl) 
or mortality} may be greater than, equaJ to, or 
less than what would be predicted based on the 
assumption that the various injuries act inde
pendently of one another in producing casualties. 
Quantitative data from laboratory experiments 
suggests that, in situations where a combined 
effect has been observed, the interaction of the 
various forms of trauma has resulted in enhanced 
delayed mortality. with little apparent effect on 
early mortality. 

10-30 Radiation and Thermal Injuries • 

• Depending upon the radiation dose and 
the severity of burn, mortality has been found 
to increase by as much as a factor of six above 
that which might be expected from the two 
injuries administered singly. Thus, burns which 
serve as a portal of entry for infection may be 
considerably more hazardous to a person whose 
resistance to infection has been lowered by ioniz-



-ing qldiation. However, enhanced mortality has 
not been observed when low radiation doses have 
been administered in combination with minimal 
burn jnjuries. Very jittJe information is availabJe 
on fallout radiation in combination with thermal 
or any other form pf injury. 

10-31 Mechanical and Radiation 
InjUries. 

• Mechanical and radiation injuries can be 
expected to be frequent, particularly if fallout 
is present. Studies indicate that a delay in wound 
healing is observed with doses in excess of 300 
rads, and that wounds in irradiated subjects are 
considerably more serious if treatment is delayed 
for more than 24 hours. In addition, missile and 
impact. injuries that result in disruption of the 
skin and damage to the soft tissues would pro
vide a portal of entry for infection, and thus may 
be extremely hazardous to irradiated people. In
juries that aTe associated with significant blood 
loss would be more serious in personnel who 
have received a radiation dose large enough to 
interfere with normal blood clotting mechanisms. 

10-32 Thermal and Mechanical 
Injuri.es. 

• Burns and mechanical injuries in com
bination are often encountered in victims of 
conventional explosions and increased delayed 
complications, shorter times-to-death and en
hanced mortality are frequent occurrences. How
ever, little quantitatjve data are avaHable on this 
form of combined injury_ 

.. CASUAL TV CRITERIA. 

_ No reliable criteria for combat ineffec
bves are known for personnel receiving combined 
injuries. The available data do indicate, however, 
that individuals receiving combined injuries that 
occur nearly simultaneously are unlikely to be
come casualties within a few hours, provided the 
individual injuries would not produce casualties 

if administered separately. Consequently. it is 
not unreasonable to make early casualty predic
tions for a single nuclear detonation on the basis 

of the most far-reaching effect. In regard to 
troop-casualty predictions, combined effects can 
be considered as a bonus, helping to aSSure the 
attainment of predicted CI levels, especially since 
there is a reasonable amount of uncertainty in 
the predictions for individual effects. ]f expo
sure exceeds any "minimal" risk level, that effect 
could contribute to combined injury and could 
result in increased casualties at later times. This 
becomes an important factor in terms of troop 
safety. 

I'-ERSONNEL IN THE OPEN. 

Figure 10-16 indicates expected burn 
leve s, prompt ionizing-radiation doses, and peak 
translational velocities as functions of yield and 
ground distance for randomJy-oriented) prone 
personnel exposed in the open. The curves were 
derived, assuming a visual range of 16 miles and a 
burst height such that the fireball would just 
touch the surface. This is the minimum height 
of burst which would result in negligible early, 
or local, fallout. The curves, which are presented 
for illustrative purposes only) form the limits of 
a band for each effect. These limits correspond 
to 50 percent early casualties and "minimal" 
early risk. The ionizing-radiation dose required 
to produce 50 percent CI within one hour, e.g., 
approximately 5,000 rads, is so large that it will 
result in 100 percent mortality within several 
days. For this reason, a SOO-rad curve, which 
would correspond to approximately 50 percent 
mortality within 60 days, is included in Figure 
10-16. Direct overpressure effects are not in
cluded in the figure since, except for eardrum 
rupture, which is not normally considered to 
produce CI, translational effects extend to greater 

.. 

an es for all of the yields considered. 
In the case of troop-casualty predictions, 

promp -radiation predominates for yields less 
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-than :2 kt whereas thermal radiation is the most 
far-reaching hazard for yieJds greater than 2 kt. 
In situations where thermal exposure is neglected 
as a casualty-producing factor, ionizing radiation 
is the major effect in producing a 50 percent CI 
level for yields below 100 kt, while for larger 
yields. blast effects (translation) predominate. 
.• With regard to troop safety, ionizing radi
JtlOn IS the major hazard below 1 kt, while ther
mal radiation predominates for larger yields. If 
the troops can be shielded adequately from the 
thermal pulse, ionizing radiation is the major 
hazard for yields up to ] 00 kt, above·which blast 
effects are the most far-reaching hazard. 

• PERSONNEL IN STRUCTURES. 

• In order to predict casualty levels for 
troops in situations other than open terrain, for 
example, inside armoured vehicles or field forti
fications, the amount of nuclear radiation, ther
mal radiation, and blast shielding, as well .as the 
degree of blast hardness of the surrounding ma
terials must be taken into account for each ge
ometry of exposure. As was the case for per
sonnel in the open, casualty predictions must be 
made on the basis of the most far-reaching single 
effect rather than on the basis of combined ef
fects. In general, for troops in structures, the 
m:linr efft'rt producing early casuaJties is likely 
to be ionizing radiation for small yields and blast 
effects for larger yields, with the cross-over point 
depending on the degree of hardness of the struc
ture. While the hazards from thermal and ioniz
ing radiation levels i:lre reduced in a structure, the 
hazards from air blast may be magnified as a re
sult of structural collapse; whole-body impact, 
and falling debris. This is particularly true for 
relatively soft structures at greater distances. 

IIln the case of 'Personnel in field fortifi-
c s, severt damage to the structure (Section V, ~, Chapter !g.) should be taken as representative 
('\f "n !"ercent early Cl from blast. Shielding fac-

'" tors (Section W, Chapter 9) must be considered 
when estimating nuclear radiation responses of 
personnel in such structures. 

• TREATMENT. ' 

.• The triage a~d treatment of combined 
lflJunes present spec1al problems, particularly if 
significant radiation exposure has occurred. Cer
tain modifications in accepted medical and sur
gical practices must be considered since radiation 
exposure, depending upon dose, is known to in
crease susceptibility to infection, to decrease the 
efficiency of wound and fracture healing, to in
crease the likelihood of hemorrhage, to decrease 
tolerance to anesthetic agents, and to decrease 
th.· mune response . 

It is imperative that primary closure of 
woun s be accomplished at the earliest possible 
time and that patients be treated with a broad 
spectrum antibiotic throughout the period of 
maximum bone marrow depression. Secondary 
closure of small soft-tissue wounds should be 
accomplished by the second or third day. Repar
ative surgery of an extensive nature should not be 
performed later than four to five days after in
jury since skin and soft-tissue healing should have 
occurred before the effects of ionizing radiation 

occur. If reparative surgery is not performed 
within this limited period of time, it must be 
postponed until the bone marrow has recovered 
(one to two months post-exposure). Wounds of 
injuries that require longer than three weeks for 

. healing, such as severe burns and most fractures, 
should not be definitively treated until radiation 
recovery is evident. Although reconstructive sur
gery in the abse~ce of radiation exposure might 
be performed within the second month or earlier 
after conventional trauma l it must be postponed 
for at least three months in instances where radi
ation exposure is a significant contributory fac
tor. ]n all instances, extra precaution must be 
taken to avoid infection and blood loss. 
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CHAPTER V 

STRUCTURAL DAMAGE FROM AIR BLAST 

INTRODUCTION 

GENERAL OBSERVATIONS 

5.01 The two preceding chapters 
have dealt with general principles of air 
blast and the loads on structures pro
duced by the action of the air blast 
wave. In the present chapter, the actual 
damage to buildings of various types, 
bridges, utilities, and vehicles caused by 
nuclear explosions will be considered. 
In addition, criteria of damage to 
various targets will be discussed and 
quantitative relationships will be given 
between the damage and the distances 
over which such damage may be ex
pected from nuclear weapons of dif
ferent yields. 

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

5.03 Attention may be called to an 
important difference between the blast 
effects of a nuclear weapon and those 
due to a conventional high-explosive 
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bomb. In the former case, the combina
tion of high peak overpressure, high 
wind (or dynamic) pressure, and longer 
duration of the positive (compression) 
phase of the blast wave results in "mass 
distortion" of buildings, similar to that 
produced by earthquakes and hurri
canes. An ordinary explosion will 
usually damage only part of a large 
structure, but the blast from a nuclear 
weapon can surround and destroy whole 
buildings in addition to causing loca
lized structural damage. 

5.04 An examination of the areas in 
Japan affected by nuclear explosions (§ 
2.24) shows that small masonry build
ings were engulfed by the oncoming 
pressure wave and collapsed com
pletely. Light structures and residences 
were totally demolished by blast and 
subsequently destroyed by fire. Indus
trial buildings of steel construction were 
denuded of roofing and siding, and only 
twisted frames remained. Nearly every
thing at close range, except structures 
and smokestacks of strong reinforced 
concrete, was destroyed. Some build
ings leaned away from ground zero as 
though struck by a wind of stupendous 
proportions. Telephone poles were 
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snapped off at ground level, as in a 
hurricane, carrying the wires down with 
them. Large gas holders were ruptured 
and collapsed by the crushing action of 
the blast wave. 

5.05 Many buildings, which at a 
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 ini
tiation of fires, but in many other cases 
fires were started by overturned stoves 
and furnaces and by the rupture of gas 
lines. The loss of water pressure by the 
breaking of pipes, mainly due to the 
collapse of buildings, and other circum
stances arising from the explosions, 
contributed greatly to the additional de
struction by fire (Chapter VII). 

5.06 A highly important conse
quence of the tremendous power of the 
nuclear explosions was the formation of 
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enormous numbers of ftying missiles 
consisting of bricks (and other ma
sonry), glass, pieces of wood and metal, 
etc. These caused considerable amounts 
of secondary damage to structures and 
utilities, and numerous casualties even 
in the lightly damaged areas. In addi
tion, the large quantities of debris re
sulted in the blockage of streets. thus 
making rescue and fire-fighting opera
tions extremely difficult (Fig. 5.06). 

5.07 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 bomb damage, that the re
sistance to blast of American residences 

Figure 5.06. Debris after the nuclear explosion at Hiroshima. 
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in general would not be markedly dif
ferent from that of the houses in Hiro
shima and Nagasaki. This has been 

borne out by the observations on exper
imental structures exposed to air blast at 
nuclear weapons tests in Nevada. 

FACTORS AFFECTING RESPONSE 

STRENGTH AND MASS 
5.08 There are numerous factors 

associated with the characteristics of a 
structure which influence the response to 
the blast wave accompanying a nuclear 
explosion. Those considered below in
clude various aspects of the strength and 
mass of the structure, general structural 
design, and ductility (§ 5.14) of the 
component materials and members. 

5.09 The basic criterion for deter
mining the 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 are obvious 
and others are not. The most obvious 
indication of 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 column con
nections, the redundancy of supports, 
and the amount of diagonal bracing in 
the structure. Some of these factors wiIJ 
be examined subsequently. If the build
ing does not have the same strength 
along both axes, then orientation with 
respect to the burst should also be con
sidered. 

5.10 The strongest structures are 
heavily framed steel and reinforced
concrete buildings, particularly those 
designed to be earthquake resistant, 
whereas the weakest are probably cer
tain shed-type industrial structures hav-

ing light frames and long beam spans. 
Some kinds of lightly built and open 
frame construction also fall into the lat
ter category, but well-constructed frame 
houses have greater strength than these 
sheds. 

5.11 The resistance to blast of 
structures having load-bearing, masonry 
walls (brick or concrete block), without 
reinforcement, 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 in
creases their strength. 

STRUCTURAL DESIGN 

5.12 Except for those regions in 
which fairly strong earthquake shocks 
may be expected, most structures in the 
United States are designed to withstand 
only the lateral (sideways) loadings 
produced by 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 explo
sion, however, causes a lateral dynamic 
(rather than static) loading; the load is 
applied extremely rapidly and it lasts for 
a second or more with continuously de
creasing st~ength. The inertia, as mea
sured by the mass of the structure or 
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member, is an important factor in de
termining response to a dynamic lateral 
load, although it is not significant for 
static loading. 

5.13 Of existing structures, those 
intended to be earthquake resistant and 
capable of withstanding a lateral load 
equal to about to percent of the weight, 
will probably be damaged least by blast. 
Such structures, often stiffened by dia
phragm walls and having continuity of 
joints to provide additional rigidity, may 
be expected to withstand appreciable 
lateral forces without serious damage. 

DUCTILITY 

5.14 The term ductility refers to the 
ability of a material or structure to ab
sorb energy inelastically without failure; 
in other words, the greater the ductility, 
the greater the resistance to failure. 
Materials which are brittle have poor 
ductility and fail suddenly after passing 
their elastic (yield) loading. 

5.15 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 de
formation is said to be "elastic." Pro
vided it is still in the elastic range, the 
material will recover its original form 
when the loading is removed. However, 
if the "stress" (or internal force) pro
duced 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 
load; that is to say, some deformation is 
permanent, but there is no failure. Only 
when the stress reaches the "ultimate 
strength" does failure occur. 

5.16 Ideally, a structure which is to 
suffer little damage from blast should 
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have as much ductility as possible. Un
fortunately, structural materials are 
generally not able to absorb much en
ergy in the elastic range, although many 
common materials can take up large 
amounts of energy in the plastic range 
before they fail. One of the problems in 
blast-resistant design, therefore, is to 
decide how much permanent (plastic) 
deformation can be accepted before a 
particular structure is rendered useless. 
This will, of course, vary with the na
ture and purpose of the structure. Al
though deformation to the point of col
lapse is definitely undesirable, some 
lesser deformation may not seriously 
interfere with the continued use of the 
structure. 

5.17 It is evident that ductility is a 
desirable property of structural materials 
required to resist blast. Structural steel 
and steel reinforcement have this prop
erty to a considerable extent. They are 
able to absorb large amounts of energy, 
e.g., from a blast wave, without failure 
and thus reduce the chances of collapse 
of the structure in which they are used. 
Structural steel has the further advan
tage of a higher yield point (or elastic 
limit) under dynamic than under static 
loading; the increase is quite large for 
some steels. 

5.18 Although concrete alone is not 
ductile, when steel and concrete are 
used together properly, as in rein
forced-concrete structures, the ductile 
behavior of the steel will usually pre
dominate. The structure will then have 
considerable ductility and, conse
quently, the ability to absorb energy. 
Without reinforcement, masonry walls 
are completely lacking in ductility and 
readily sutTer brittle failure, as stated 
above. 
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COMMERCIAL AND ADMINISTRATIVE STRUCTURES 

INTRODUCTION 
5.19 In this and several subsequent 

sections, the actual damage to various 
types of structures caused by the air 
blast from nuclear explosions will be 
described. First, commercial, adminis
trative, and similar buildings will be 
considered. These buildings are of sub
stantial construction and include banks, 
offices, hospitals, hotels, and large 
apartment houses. Essentially all the 
empirical information concerning the 
effects of air blast on such multistory 
structures has been obtained from ob
servations made at Hiroshima and Na
gasaki. The descriptions given below 
are for three general types, namely, 
reinforced-concrete frame buildings, 
steel-frame buildings, and buildings 
with load-bearing walls. As is to be 
expected from the preceding discussion, 
buildings of the first two types are more 
blast resistant than those of the third 
type; however, even light to moderate 
damage (see Table 5.139a) to frame
supported buildings can result in ca
sualties to people in these buildings. 

MULTISTORY, 
REINFORCED-CONCRETE FRAME 
BUILDINGS 

5.20 There were many multistory. 
reinforced-concrete frame 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 
suffered remarkedly little damage exter
nally. Close to ground zero, however, 
there was considerable destruction of 

the interior and contents 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, lo
cated some 640 feet from ground zero in 
Hiroshima, is seen in Fig. 5.20a. Al
though the exterior walls were hardly 
damaged, the roof was depressed and 
the interior was destroyed. More typical 
of reinforced-concrete frame construc
tion in the United States was the build
ing shown in Fig. 5.20b at about the 
same distance from ground zero. This 
suffered more severely than the one of 
aseismic design. 

S.21 A factor contributing to the 
blast resistance of many reinforced
concrete buildings in Japan was the 
construction code established after the 
severe earthquake of 1923. The height 
of new buildings was limited to 100 feet 
and they were designed to withstand a 
lateral force equal to to percent of the 
vertical load. In addition, the recog
nized principles of stiffening by dia
phragms and improved framing to pro
vide continuity were specified. The 
more important buildings were well de
signed and constructed according to the 
code. However, some were built with
out regard to the earthquake-resistant 
requirements and these were less able to 
withstand the blast wave from the nu
clear explosion. 

5.22 Close to ground zero the ver
tical component of the blast was more 
significant and so greater damage to the 
roof resulted from the downward force 
(Fig. 5.22a) than appeared farther away. 
Depending upon its strength, the roof 
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Figure 5.20a. Upper photo: Reinforced-concrete, aseimic structure; window fire shutters 
were blown in by blast and the interior gutted by fire (0.12 mile from ground 
zero at Hiroshima). Lower photo: Burned out interior of similar structure. 
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Figure 5.20b. Three-story, reinforced-concrete frame building; walls were 13-inch thick 
brick panel with large window openings (0.13 mile from ground zero at 

Hiroshima). 

was pushed down and left sagging or it 
failed completely. The remainder of the 
structure was less damaged than similar 
buildings farther from the explosion be
cause of the smaller horizontal (lateral) 
forces. At greater distances, from 
ground zero, especially in the region of 
Mach reflection, the consequences of 
horizontal loading were apparent (Fig. 
5.22b). 

5.23 In addition to the failure of 
roof slabs and the lateral displacement 
of walls, numerous other blast effects 
were observed. These included bending 
and fracture of beams, failure of col
umns, crushing of exterior wall panels, 
and failure of floor slabs (Fig. 5.23). 
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 bro-

ken out to a distance of 3* miles and in 
a few instances out to 8 miles. 

5.24 The various effects just de
scribed have referred especially to rein
forced-concrete structures. This is be
cause the buildings as a whole did not 
collapse, so that other consequences of 
the blast loading could be observed. It 
should be pointed out, however, that 
damage of a similar nature also occurred 
in structures of the other types described 
below. 

MULTISTORY, STEEL-FRAME 
BUILDINGS 

5.25 There was apparently only one 
steel-frame structure having more than 
two stories in the Japanese cities ex
posed to nuclear explosions. This was a 
five-story structure in Nagasaki at a dis
tance of 4,500 feet (0.85 mile) from 
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Figure 5.22a. Depressed roof of reinforced-concrete building (0.10 mile from ground zero 
at Hiroshima). 

Figure 5.22b. Effects of horizontal loading on wall facing explosion (0.4 mile from ground 
zero at Nagasaki). 
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Figure 5.23. Reinforced-concrete building showing collapsed roof and floor slabs (0. JO 
mile from ground zero al Nagasaki). 

ground zero (Fig. 5.25). The only part 
of the building that was not regarded as 
being of heavy construction was the 
roof, which was of 4-inch thick rein
forced concrete supported by unusually 
light steel trusses. The downward fail
ure of the roof, which was dished 3 feet, 
was the only important structural dam
age suffered. 

5.26 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. 5.26. The heavy walls of 
the structure transmitted their loads to 
the steel frame, the columns of which 
collapsed. Weakening of unprotected 
steel by fire could have contributed sig
nificantly to the damage to steel-frame 
structures (§ 5.31). 

BUILDING WITH LOAD-BEARING 
WALLS 

5.27 Small structures with light 
load-bearing walls offered little resis
tance to the nuclear blast and, in gen
eral, collapsed completely. Large 
buildings of the same type, but with 
cross walls and of somewhat heavier 
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Figure 5.25. At left and back of center is a multistory. steel-frame building (0.85 mile from 
gound zero at Nagasaki). 
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Figure 5.26. Two-story, steel-frame building with 7-inch reinforced-concrete wall panels 
(0.40 mile from ground zero at Hiroshima). The first story columns buckled 

away from ground zero dropping the second story to the ground. 

construction, were more resistant but 
failed at distances up to 6,300 feet (1.2 
miles) from ground zero. Cracks were 
observed at the junctions of cross walls 
and sidewalls when the building re-

mained standing. It is apparent that 
structures with load-bearing walls pos
sess few of the characteristics that 
would make them resistant to collapse 
when subjected to large lateral loads. 
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INDUSTRIAL STRUCTURES 

JAPANESE EXPERIENCE 
5.28 In Nagasaki there were many 

buildings of the familiar type used for 
industrial purposes, consisting of a steel 
frame with roof and siding of corrugated 
sheet metal or of asbestos cement. In 
some cases, there were rails for gantry 
cranes, but the cranes were usually of 
low capacity. In general, construction of 
industrial-type buildings was compara
ble to that in the United States. 

5.29 Severe damage of these struc
tures occurred up to a distance of about 
6,000 feet (1.14 miles) from ground 
zero. Moderately close to ground zero, 
the buildings were pushed over bodily, 
and at greater distances they were gen
erally left leaning away from the source 
of the blast (Fig. 5.29). The columns 
being long and slender offered little re
sistance to the lateral loading. Some
times columns failed due to a lateral 

force causing flexure, combined with a 
simultaneous small increase in the 
downward load coming from the impact 
of the blast on the roof. This caused 
buckling and, in some instances, com
plete collapse. Roof trusses were buck
led by compression resulting from lat
eral blast loading on the side of the 
building facing the explosion. 

5.30 A difference was noted in the 
effect on the frame depending upon 
whether a frangible material, like as
bestos cement, or a material 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 struc
tural damage to the frame. 

5.31 Fire caused heavy damage to 
unprotected steel members, so that it 
was impossible to tell exactly what the 

Figure 5.29. Single-story, light steel-frame building (0.80 mile from ground zero at 
Hiroshima); partially damaged by blast and further collapsed by subsequent 

fire. 
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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. 

5.32 In some industrial buildings 
wood trusses were used to support the 
roof. These were more vulnerable to 
blast because of poor framing and con
nections. and were readily burned out 
by fire. Concrete columns were em
ployed in some cases with steel roof 
trusses; such columns appeared to be 
more resistant to buckling than steel. 
possibly because the strength of con
crete is decreased to a lesser extent by 
fire than is that of steel. 

5.33 Damage to machine tools was 
caused by debris. resulting from the 
collapse of roof and siding. by fire in 
wood-frame structures. and by disloca
tion and overturning as a result of dam
age to the building. In many instances 
the machine tools were belt~driven. so 
that the distortion of the building pulled 
the machine tool off its base. damaging 
or overturning it. 

5.34 Smokestacks, especially those 
of reinforced concrete, proved to have 
considerable blast resistance (Fig. 
5.34a). Because of their shape. they are 
subjected essentially to drag loading 
only and. if sufficiently strong, their 
long period of vibration makes them less 
sensitive to blast than many other struc
tures. An example of extreme damage to 
a reinforced-concrete stack is shown in 
Fig. 5.34b. Steel smokestacks per
formed reasonably well. but being 
lighter in weight and subject to crushing 
were not comparable to reinforced con
crete. On the whole. well-constructed 
masonry stacks withstood the blast 

somewhat better than did those made of 
steel. 

NEV ADA TESTS 
5.35 A considerable amount of in

formation on the blast response of 
structures of several different kinds was 
obtained in the studies made at the Ne
vada Test Site in 1953 and 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 16 kilotons. In the test of 
May 5. 1955, the explosion took place 
on a 500-foot tower and the yield was 
close to 29 kilotons. In each case, air 
pressure measurements made possible a 
correlation. where it was justified, be
tween the blast damage and the peak 
overpressure. 

5.36 Three types of metal buildings 
of standard construction, such as are 
used for various commercial and indus
trial purposes, were exposed at peak 
overpressures of 3. I and 1.3 pounds per 
square inch. The main objectives of the 
tests, made in 1955, were to determine 
the blast pressures at which such struc
tures 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 
PANELS 

5.37 The first industrial type build
ing had a conventional rigid steel frame. 
which is familiar to structural engineers. 
with aluminum-sheet panels for roofing 
and siding (Fig. 5.37a). At a blast 
overpressure of 3.1 pounds per square 
inch this building was severely dam
aged. The welded and bolted steel frame 
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Figure 5.34a. Destroyed industrial area showing smokestacks still standing (0.51 mile from 
ground zero at Nagasaki). 

remained standing. but was badly dis
torted and pulled away from the con
crete footings. On the side facing the 
explosion the deflection was about I 
foot at the eaves (Fig. 5.37b). 

5.38 At a peak overpressure of 1.3 
pounds per square inch the main steel 
frame suffered only slight distortion. 
The aluminum roofing and siding were 
not blown off. although the panels were 
disengaged from the bolt fasteners on 
the front face of the steel columns and 
girts (horizontal connecting members). 
Wall and roof panels facing the explo
sion were dished inward. The center 
girts were torn loose from their attach
ments to the 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 undis
turbed. 

5.39 As presently designed. struc
tures of this type may be regarded as 
being repairable. provided they are not 
exposed to blast pressures exceeding I 
pound per square inch. Increased blast 
resistance would probably result from 
improvement in the design of girts and 
purlins (horizontal members supporting 
rafters), in particular. Better fastening 
between sill and wall footing and in
creased resistance to transverse loading 
would also be beneficial. 
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Figure 5.34b. A circular. 60 feet high. reinforced-concrete stack (0.34 mile from ground 
zero at Hiroshima). The failure caused by the blast wave occurred 15 feet 

above the base. 
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Figure 5.37a. Rigid steel-frame building before a nuclear explosion, Nevada Test Site . 
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Figure 5.37b. Rigid steel-frame building after a nuclear explosion (3.1 psi peak 
overpressure) . 

SELF-FRAMING WITH STEEL PANELS 

S.40 A frameless structure 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. 5.40a). The one subjected 
to 3. I pounds per square inch peak 
overpressure (and a dynamic pressure of 

0.2 pound per square inch) was com
pletely demolished (Fig. 5.40b). One or 
two segments of wall were blown as far 
as 50 feet away, 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 foundation 
bolts on the side and rear walls of the 
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Figure 5.40a. Exterior of self-framing steel panel building before a nuclear explosion. 
Nevada Test Site. 

Figure 5.40b. Self-framing steel panel building after a nuclear explosion (3.1 psi peak 
overpressure) . 
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bUilding. The roof had collapsed com
pletely and was resting on the ma
chinery in the interior. 

5.41 Although damage at 1.3 
pounds per square inch peak overpres
sure was much less, it was still consid
erable in parts of the structure. The front 
waJl panels were buckled inward from ] 
to 2 feet at the center, but the rear waH 
and rear slope of the roof were undam
aged. In general, the roof structure re
mained intact, except for some deflec
tion near the center. 

5.42 It appears that the steel panel 
type of structure is repairable if exposed 
to overpressures of not more than about 
* to I pound per square inch. The 
buildings are simple to construct but 
they do not hold together well under 
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blast. Blast-resistant improvements 
would seem to be difficult to incorporate 
while maintaining the essential simplic
ity of design. 

SELF-FRAMING WITH CORRUGATED 
STEEL PANELS 

5.43 The third type of industrial 
building was a completely frame less 
structure made of strong. deeply-corru
gated 43-inch wide panels of 16-gauge 
steel sheet. The panels were held to
gether with large bolt fasteners at the 
sides and at the eaves and roof ridge. 
The waH panels were bolted to the con
crete foundation. The entire structure 
was self-supporting, without frames. 
girts. or purlins (Fig. 5.43). 

Figure 5.43. Self-framing corrugated steel panel building before a nuclear explosion. 
Nevada Test Site. 
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Figure 5.44. Self-framing corrugated steel panel building after a nuclear explosion (3. t psi 
peak overpressure). 

5.44 At a peak overpressure of 3.1 
and a dynamic pressure of 0.2 pound per 
square inch a structure of this type was 
badly damaged, but all the pieces re
mained bolted together, so that the 
structure still provided good protection 
from the elements for its contents. The 
front slope of the roof was crushed 
downward, from 1 to 2 feet, at midsec
tion, and the ridge line suffered moder
ate deflection. The rear slope of the roof 
appeared to be essentially undamaged 
(Fig. 5.44). 

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

5.46 Another building of this type, 
exposed to 1.3 pounds per square inch 
peak overpressure, experienced little 
structural damage. The roof along the 
ridge line showed indications of down
ward deflections of only I or 2 inches, 
and there was no apparent buckling of 
roof or wall panels. Most of the win-

dows were broken, cracked, or chipped. 
Replacement of the glass where neces
sary and some minor repairs would have 
rendered the building completely ser
viceable. 

5.47 The corrugated steel, frame
less structure proved to be the most 
blast-resistant of those tested. It is be
lieved that, provided the overpressure 
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 broken glass, 
would be advantageous. 

POSITIVE PHASE DURATION TESTS 

5.48 Tests were carried out at Ne
vada in 1955 and at Eniwetok Atoll in 
the Pacific in 1956 to investigate the 
effect of the duration of the positive 
overpressure phase of a blast wave on 
damage. Typical drag-type structures 
were exposed, at approximately the 
same overpressure, to nuclear detona-
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Figure 5.48a. Steel-frame building with siding and roof of frangible material. 

Figure 5.48b. Steel-frame building with concrete siding and window openings of 30 
percent of the wall area. 
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tions in the kiloton and megaton ranges. 
Two representative types of small in
dustrial buildings were chosen for these 
tests. One had a steel frame covered 
with siding and roofing of a frangible 
material and was considered to be a 
drag-type structure (Fig. 5.48a). The 
other had the same steel frame and 
roofing, but it had concrete siding with a 
window opening of about 30 percent of 
the wall area; this was regarded as a 
semidrag structure (Fig. 5.48b). 

5.49 In the Nevada tests, with kilo
ton yield weapons, the first structure 
was subjected to a peak overpressure of 
about 6.5 and a dynamic pressure of 1.1 
pounds per square inch; the positive 
phase duration of the blast wave was 0.9 
second. A permanent horizontal deflec
tion of about 15 inches occurred at the 
top of the columns. The column anchor 

bolts failed, and yielding was found 
between the lower chord (horizontal 
member of the roof truss) and column 
connections. The girts on the windward 
side were severely damaged and all of 
the siding was completely blown off 
(Fig. 5.49). 

5.50 The second building, with the 
stronger siding, was eXPQsed in Nevada 
to a peak overpressure loading of about 
3.5 and a dynamic pressure of 0.3 
pounds per square inch, with a positive 
phase duration of I second. Damage to 
this structure was small (Fig. 5.50). 
Although almost the whole of the fran
gible roof was blown off, the only other 
damage observed was a small yielding 
at some connections and column bases. 

5.51 Structures of the same type 
were subjected to similar pressures in 
the blast wave from a megaton range 

Figure 5.49. Structure in Figure 5.48a after exposure to 6.5 psi peak overpressure and 1.1 
psi dynamic pressure; positive phase duration 0.9 second. 
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Figure 5.50. Structure in Figure 5.4gb after exposure to 3.5 psi peak overpressure and 0.3 
psi dynamic pressure; positive phase duration I second. 

explosion at Eniwetok; namely, a peak 
overpressure of 6.1 and a dynamic 
pressure of 0.6 pounds per square inch 
for the drag-type building, and 5 and 0.5 
pounds per square inch, respectively, 
for the semidrag structure. However, 
the positive phase now lasted several 
seconds as compared with about I sec
ond in the Nevada tests. Both structures 

suffered complete collapse (Figs. 5.51a 
and b). Distortion and breakup occurred 
throughout, particularly of columns and 
connections. It was concluded, there
fore, that damage to drag-sensitive 
structures can be enhanced, for a given 
peak overpressure value, if the duration 
of the positive phase of the blast wave is 
increased (ct. § 4.13). 

RESIDENTIAL STRUCTURES 

JAPANESE EXPERIENCE 

5.52 There were many wood
framed residential structures with adobe 
walls in the Japanese cities which were 
subjected to nuclear attack, but such a 
large proportion were destroyed by fire 
that very little detailed information con
cerning 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 principles. On the whole, 
therefore, the construction was not well 
adapted to resist wracking action (dis
tortion). For example, mortise and 
tenon joints were weak points in the 
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Figure 551a. Structure similar to Figure 5.48a after exposure to 6.1 psi peak overpressure 
and 0.6 psi dynamic pressure; positive phase duration several seconds. 
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Figure 551b. Structure similar to Figure 5.48b after exposure to 5 psi peak overpressu 
and 05 psi dynamic pressure; positive phase duration several seconds. 
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Figure 5.52. Upper photo; Wood-frame building; 1.0 mile from ground zero at Hiroshima. 
Lower photo: Frame of residence under construction, showing small tenons. 

structure and connections were in gen
eral poor. Timbers were often dapped 

(cut into) more than was necessary or 
slices put in improper locations, result-



178 STRUCTURAL DAMAGE FROM AIR BLAST 

ing in an overall weakening (Fig. 5.52). 
5.53 In Kagasaki, dwellings col

lapsed at dist:-.nces up to 7,500 feet (I .4 
miles) from ground zero, where the 
peak overpressure was estimated to be 
about 3 pounds per square inch, and 
there was severe structural damage up to 
8,500 feet 0.6 miles). Roofs, wall 
panels, and partitions were damaged out 
to 9,000 feet (1.7 miles), where the 
overpressure was approximately 2 
pounds per square inch, but the build
ings would probably have been habit
able with moderate repairs. 

NEV ADA TESTS 

5.54 The main objectives of the 
tests made in Nevada in 1953 and 1955 
(§ 5.35) on residential structures were as 
follows: (I) to determine the elements 
most susceptible to blast damage and 
consequently to devise methods for 
strengthening structures of various 
types; (2) to provide information con
cerning the amount of damage to resi
dences that might be expected as a result 
of a nuclear explosion and to what ex
tent these structures would be subse
quently rendered habitable without 
major repairs; and (3) to determine 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 pres
ent chapter deals primarily with blast 
effects. 

TWO-STORY, WOOD-FRAME HOUSE: 
1953 TEST 

5.55 In the 1953 test, two essen
tially identical houses, of a type com
mon in the United States, were placed at 

different locations. They were of typical 
wood-frame construction, with two 
stories, basement, and brick chimney 
(Fig. 5.55). 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 (ex
cept for the shutters), to reflect the ther
mal 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 chances of fire were greater, 
whereas asphalt shingles were used for 
the other house. There were no utilities 
of any kind. 

5.56 One of the two houses was 
located in the region of Mach reflection 
where the peak incident overpressure 
was close to 5 pounds per square inch. It 
was expected, from the effects in Japan, 
that this house would be almost com
pletely destroyed-as indeed it was
but the chief purpose was to see what 
protection might be obtained by persons 
in the basement. 

5.57 Some indication of the blast 
damage suffered by this dwelling can be 
obtained from Fig. 5.57. It is apparent 
that the house was ruined beyond repair. 
The first story was completely demol
ished 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 the house. The 
gable end walls were blown apart and 
outward, and the brick chimney was 
broken into several pieces. 
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Figure 5.55. Wood-frame house before a nuclear explosion, Nevada Test Site. 
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Figure 5.57. Wood-frame house after a nuclear explosion (5 psi peak overpressure). 
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Figure 5.59. Wood-frame house after a nuclear explosion (1.7 psi peak overpressure). 

5.58 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 
floor were forced downward probably 
because 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 base
ment was comparatively clear and the 
shelters located there were unaffected. 

5.59 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. 5.59). 

People in the main and upper floors 
would have suffered injuries ranging 
from minor cuts from glass fragments to 
possible fatal injuries from flying debris 
or as a result of translational displace
ment of the body as a whole. Some 
damage would also result to the fur
nishings and other contents of the 
house. Although complete restoration 
would have been very costly, it is be
lieved that, with the window and door 
openings covered, and shoring in the 
basement, the house would have been 
habitable under emergency conditions. 

5.60 The most obvious damage was 
suffered by doors and windows, includ
ing sash and frames. The front door was 
broken into pieces and the kitchen and 
basement entrance doors were torn off 
their hinges. Damage to interior doors 
varied; those which were open before 
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Figure 5.64. Strengthened wood-frame house after a nuclear explosion (4 psi peak 
overpressure) . 

the explosion suffered least. Window 
glass throughout the house was broken 
into fragments, and the force on the 
sash, especially in the front of the 
house, dislodged the frames. 

5.61 Principal damage to the first
floor system consisted of broken joists. 
The second-story system suffered rela
tively little in structural respects, al
though windows were broken and pIas
ter cracked. Damage to the roof 
consisted mainly of broken rafters (2 x 
6 inches with 16-inch spacing). 

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

TWO-STORY, WOOD-FRAME HOUSE: 
1955 TEST 

5.63 Based upon the results de
scribed above, certain improvements in 
design were incorporated in two similar 
wood-frame houses used in the 1955 
test. The following changes, which in
creased the estimated cost of the houses 

some 10 percent above that for normal 
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 rafters (to 2 x 8 inches) and wall 
studs; and (6) stronger nailing of win
dow frames in wall openings. 

5.64 Even with these improve
ments, it was expected that almost 
complete destruction would occur at 5 
pounds per square inch peak overpres
sure, and so one of the houses was 
located where the overpressure at the 
Mach front would be 4 pounds per 

square inch. Partly because of the in
creased strength and partly because of 
the lower air blast pressure the house did 
not collapse (Fig. 5.64). But the super
structure 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 5.65. Strengthened wood-frame house after a nuclear explosion (2.6 psi peak 
overpressure) . 

5.65 The other strengthened two
story frame house was in a location 
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 experi
enced, 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. 5.65). 
Although there were differences in de
tail, the overall damage was much the 
same degree as that suffered by the cor
responding house without the improved 
features at an overpressure of 1.7 
pounds per square inch. 

TWO-STORY, BRICK-WALL-BEARING 
HOUSE: 1955 TEST 

5.66 For comparison with the tests 
on the two-story, wood-frame structures 
made in Nevada in 1953, two brick
wall-bearing houses of conventional 
construction, similar in size and layout, 
were exposed to 5 and 1.7 pounds per 
square inch peak overpressure, respec
tively, in the 1955 tests (Fig. 5.66). The 
exterior walls were of brick veneer and 
cinder block and the foundation walls of 
cinder block; the floors, partitions, and 
roof were wood-framed. 

5.67 At an incident peak overpres
sure of 5 pounds per square inch, the 
brick-wall house was damaged beyond 
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Figure 5.66. Unreinforced brick house before a nuclear explosion, Nevada Test Site. 

Figure 5.67. Unreinforced brick house after a nuclear explosion (5 psi peak overpressure). 
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repair (Fig. 5.67). The side and back 
walls failed outward. The front wall 
failed initially inward, but its subse
quent behavior was obscured by dust. 
The final location of the debris from the 
front wall is therefore uncertain, but 
very little 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 partially col
lapsed 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. 

5.68 Farther from the explosion, 
where the peak overpressure was 1.7 
pounds per square inch, the corre
sponding structure was damaged to a 

considerable extent. Nevertheless, its 
condition was such that it could be made 
available for habitation by shoring and 
some fairly inexpensive repairs (Fig. 
5.68). 

ONE-STORY, WOOD-FRAME 
(RAMBLER TYPE) HOUSE: 1955 TEST 

5.69 A pair of the so-called 
"rambler" type, single-story, wood
frame houses were erected at the Ne
vada Test Site on concrete slabs poured 
in place at grade. They were of conven
tional 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. 5.69). 

Figure 5.68. Unreinforced brick house after a nuclear explosion (\. 7 psi peak overpres
sure). 
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Figure 5.69. Rambler-type house before a nuclear explosion, Nevada Test Sile. (Note blast 
door over bathroom window at right.) 

5.70 When exposed to an incident 
peak 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 
unfastened, the window was 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, although it was 
leaning away from the direction of the 
explosion (Fig. 5.70). 

S.71 The other house of the same 
type, subjected to a peak overpressure 
of 1.7 pounds per square inch, did not 
suffer too badly and it could easily have 
been made habitable. Windows were 
broken, doors blown off their hinges, 
and plaster-board walls and ceilings 
were badly damaged. The main struc-

tural damage was a broken midspan 
rafter beam and distortion of the frame. 
In addition, the porch roof was lifted 6 
inches off its supports. 

ONE-STORY. PRECAST CONCRETE 
HOUSE: 1955 TEST 

5.72 Another residential type of 
construction tested in Nevada in 1955 
was a single-story house made of pre
cast, lightweight (expanded shale ag
gregate) 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 
supported on concrete piers and a con
crete floor 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 
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Figure 5.70. Rambler-type house after a nuclear explosion (5 psi peak overpressure). 

Figure 5.72. Reinforced precast concrete house before a nuclear explosion. Nevada Test 
Sile. 

inserts in the wall panels. The overall 
design was such as to comply with the 
California code for earthquake-resistant 
construction (Fig. 5.72). 

5.73 This house stood up well. even 
at a peak overpressure of 5 pounds per 
square inch. By replacement of demol
ished or badly damaged doors and win
dows. it could have been made available 
for occupancy (Fig. 5.73). 

5.74 There was some indication 
that the roof slabs al the front of the 
house were lifted slightly from their 
supports. 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 
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Figure 5.73. Reinforced precast concrete house after a nuclear explosion (5 psi peak 
overpressure). The LP-gas tank. sheltered by the house. is essentially 

undamaged. 

window-sash was somewhat distorted. levels. and openings were spanned by 

but it remained in place. 
5.75 At a peak overpressure of t.7 

pounds per square inch, the precast 
concrete-slab house suffered relatively 
minor damage. Glass was broken ex
tensively, and doors were blown off 
their hinges and demolished, as in other 
houses exposed to the 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, i.e., where the sash 
projected into the concrete. 

ONE-STORY, REINFORCED-MASONRY 
HOUSE: 1955 TEST 

5.76 The last type of house sub
jected to test in 1955 was also of earth
quake-resistant design. The floor was a 
concrete slab, poured in place at grade. 
The walls and partitions were built of 
lightweight (expanded shale aggregate) 
8-inch masonry blocks, reinforced with 
vertical steel rods anchored into the 
floor slab. The walls were also rein-
forced with horizontal steel rods at two 

reinforced lintel courses. The roof was 
made of precast, lightweight concrete 

slabs. similar to those used in the pre
cast concrete houses described above 
(Fig. 5.76). 

5.77 At a peak overpressure of 
about 5 pounds per square inch, win
dows were destroyed and doors blown 
in the demolished. The steel window
sash was distorted. but nearly all re
mained in place. The house suffered 
only minor structural damage and could 
have been made habitable at relatively 
small cost (Fig. 5.77). 

5.78 There was some evidence that 
the roof slabs had been moved, but not 
sufficiently to break any connections. 
The masonry wall under the large win
dow (see Fig. 5.77) 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 im
proper installation of the reinforced lin
tel course and the substitution of a pipe 
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Figure 5.76. Reinforced masonry-block house before a nuclear explosion, Nevada Test 
Site. 

Figure 5.77. Reinforced masonry-block house after a nuclear explosion (5 psi peak 
overpressure ). 

column in the center span of the win
dow. 

S.79 A house of the same type ex
posed to the blast at a peak overpressure 
of 1.7 pounds per square inch suffered 
little more than the usual destruction of 
doors and windows. The steel window-

sash remained in place but was dis
torted, 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 readily 
have been repaired. 
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TRAILER-COACH MOBILE HOMES: 
1955 TEST 

5.80 Sixteen trailer-coaches of 
various makes, intended for use as mo
bile homes, were subjected to blast in 
the 1955 test in Nevada. Nine were 
located where the peak blast overpres
sure was 1.7 pounds per square inch, 
and the other seven where the peak 
overpressure was about I pound per 
square inch. They were parked at 
various angles with respect to the direc
tion of travel of the blast wave. 

5.81 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 
450 • was of much lighter weight. All the 
others at both locations remained stand
ing. On the whole, the damage sus
tained was not of a serious character. 

5.82 From the exterior, many of the 
mobile homes showed some dents in 
walls or roof, and a certain amount of 
distortion. There were, however, rela
tively few ruptures. Most windows were 
broken, but there was little or no glass in 
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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. 

5.83 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, re
pairing cabinets, improvising window 
coverings, and cleaning up the debris, 
all trailer-coaches could have been made 
habitable for emergency use. 

5.84 At the I 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 
occupancy would be window replace
ment or improvised window covering. 

TRANSPORT A TION 

LIGHT LAND TRANSPORTATION 
EQUIPMENT 

5.85 In Japan, trolley-car equip
ment was heavily damaged by both blast 
and fire, although the poles were fre
quently left standing. Buses and auto
mobiles generally were rendered inop
erable by blast and fire as well as by 
damage caused by flying debris. How
ever, the damage decreased rapidly with 

distance. An American made automo
bile was badly damaged and burned at 
3,000 feet (0.57 mile) from ground 
zero, but a similar vehicle at 6,000 feet 
(1.14 miles) suffered only minor dam
age. 

5.86 Automobiles and buses have 
been exposed to several of the nuclear 
test explosions in Nevada, where the 
conditions, especially as regards dam-
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Figure 5.87a. Damage to automobile originally located behind wood-frame house (5 psi 
peak overpressure); the front of this car can be seen in Figure 5.57. Although 

badly damaged, the car could stiH be driven after the explosion. 

Figure 5.87b. Typical public bus damaged by a nuclear explosion, Nevada Test Site; this 
bus, like the one in the left background, was overturned, coming to rest as 

shown after a displacement of 50 feel. 
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age by fire and missiles, were somewhat 
different from those in Japan. In the 
descriptions that follow, distance is re
lated to peak overpressure. In most 
cases, however, it was not primarily 
overpressure, but drag forces, which 
produced the damage. In addition, al
lowance must be made for the effect of 
the blast wave precursor (§ 3.79 et 
seq.). Hence, the damage radii cannot 
be determined from overpressure alone. 

5.87 Some illustrations of the ef
fects of a nuclear explosion on mo
torized vehicles are shown in Figs. 
5.87a and b. 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. But the engines were 
still operable and the vehicles could be 
driven away after the explosion. Even at 
higher blast pressures. when the overall 
damage was greater. the motors ap
peared to be intact. 

5.88 During the 1955 tests in Ne
vada. studies 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 included a 
rescue truck, gas and electric utility 
service or repair trucks. telephone ser
vice trucks, and fire pumpers and ladder 
trucks. One vehicle was exposed to a 
peak overpressure 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 I pound 
per square inch. It should be empha
sized. however, that, for vehicles in 
general. overpressure is not usually the. 
sole or even the primary damage mech
anism. 

5.89 The rescue truck at the 30 
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pounds 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 peak overpressure a truck, with an 
earth-boring machine bolted to the bed, 
was broadside to the blast. This truck 
was overturned and somewhat dam
aged, but still operable (Fig. 5.89). The 
earth-boring machine was knocked 
loose and was on its side leaking gaso
line and water. At the same location, 
shown to tlie left of the overturned truck 
in Fig. 5.89, was a heavy-duty electric 
utility truck. facing head-on to the blast. 
It had the windshield shattered, both 
doors and cab dished in. the hood partly 
blown off, and one tool-compartment 
door dished. There was. however. no 
damage to tools or equipment and the 
truck was driven away without any re
pairs being required. 

5.90 At the 1.7 pounds per square 
inch location, a light-duty electric utility 
truck and a fire department 75-foot 
aerial ladder truck sustained minor ex
terior damage. such as broken windows 
and dished-in panels. There was no 
damage to equipment in either case, and 
both vehicles would have been available 
for immediate use after an attack. Two 
telephone trucks. two gas utility trucks, 
a fire department pumper, and a Jeep 
firetruck. exposed to a peak overpres
sure of I pound per square inch, were 
largely unharmed. 

5.91 It may be concluded that vehi
cles designed for disaster and emer
gency operation are substantially con
structed, so that they can withstand a 
peak overpressure of about 5 pounds per 
square inch and the associated dynamic 
pressure and still be capable of opera
tion. Tools and equipment are protected 
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Figure 5.89. Truck broadside to the blast wave (5 psi peak overpressure) overturned; 
electric utility truck in background head-on to blast was damaged but 

remained standing. 

from the blast by the design of the truck 
body or when housed in compartments 
with strong doors. 

RAILROAD EQUIPMENT 

5.92 Railroad equipment suffered 
blast damage in Japan and also in tests 
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 from a kilo
ton-range weapon, an empty wooden 
boxcar may be expected to receive rela
tively minor damage. At 4 pounds per 
square inch overpressure, the damage to 
a loaded wooden boxcar would be more 
severe (Fig. 5.92a). At a peak over
pressure of 6 pounds per square inch the 

body of an empty wooden boxcar, 
weighing about 20 tons, was lifted off 
the trucks, i.e., the wheels, axles, etc., 
carrying the body, and landed about 6 
feet away. The trucks themselves were 
pulled off the rails, apparently by the 
brake rods connecting them to the car 
body. A similar boxcar, at the same 
location, loaded with 30 tons of sand
bags remained upright (Fig. 5.92b). Al
though 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 
peak overpressure, a loaded boxcar of 
the same type was overturned, and at 9 
pounds per square inch it was com
pletely demolished. 

5.93 A Diesel locomotive weighing 
46 tons was exposed to a peak over-
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Figure 5.92a. Loaded wooden boxcar after a nuclear explosion (4 psi peak overpressure). 

-.------ ti--iI 

Figure 5.92b. Loaded wooden boxcar after a nuclear explosion (6 psi peak overpressure). 

pressure of 6 pounds per square inch 
while the engine was running. It con
tinued to operate normally after the 
blast, in spite of damage to windows 

and compartment doors and panels. 
There was no damage to the railroad 
track at this point. 
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AIRCRAFT 

5.94 Aircraft are damaged by blast 
effects at levels of peak overpressure as 
low as I to 2 pounds per square inch. 
Complete destruction or damage beyond 
economical repair may be expected at 
peak overpressures of 4 to 10 pounds 
per square inch. Within this range, the 
peak overpressure appears to be the 
main criterion of damage. However, 
tests indicate that, at a given overpres
sure, damage to an aircraft oriented with 
the nose toward the burst will be less 
than damage to one with the tailor a 
side directed toward the explosion. 

5.95 Damage to an aircraft exposed 
with its left side to the blast at a peak 
overpressure of 3.6 pounds per square 
inch is shown in Fig. 5.95a. The fu
selage of this aircraft failed completely 
just aft of the wing. The skin of the 
fuselage, stabilizers, and engine cowl
ing was severely buckled. Figure 5.95b 
shows damage to an aircraft oriented 
with its tail toward the burst and ex
posed to 2.4 pounds per square inch 
peak overpressure. Skin was dished in 
on the vertical stabilizer, horizontal sta
bilizers, wing surface above the flaps, 
and outboard wing sections. Vertical 
stabilizer bulkheads and the fuselage 
frame near the cockpit were buckled. 

• 

SHIPPING 

5.96 Damage to ships from an air or 
surface burst is due primarily to the air 
b\as\, since little pressure is transmitted 
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through the water. At closer ranges. air 

blast can cause hull rupture resulting in 
flooding and sinking. Such rupture ap
pears likely to begin near the waterline 
on the side facing the burst. Since the 
main hull generally is stronger than the 
superstructure, structures and equip
ment exposed above the waterline may 
be damaged at ranges well beyond that 
at which hull rupture might occur. 
Masts, spars, radar antennas, stacks, 
electrical equipment, and other light 
objects are especially sensitive to air 
blast. Damage to masts and stacks is 
apparent in Fig. 5.96; the ship was ap
proximately 0.47 mile from surface zero 
at the ABLE test (about 20-kiloton air 
burst) at Bikini in 1946. Air blast may 
also roll and possibly capsize the ship; 
this effect would be most pronounced 
for the air blast wave from a large 
weapon striking the ship broadside. 

5.97 Blast pressures penetrating 
through openings of ventilation systems 
and stack-uptake systems can cause 
damage to interior equipment and com
partments, and also to boilers. Damage 
to the latter may result in immobiliza
tion of the ship. The distortion of 
weather bulkheads may render useless 
interior equipment mounted on or near 
them. Similarly, the suddenly applied 
blast loading induces rapid motion of 
the structures which may cause shock 
damage to interior equipment. Equip
ment in the superstructure is most su
sceptible to this type of damage, al
though shock motions may be felt 
throughout the ship. 
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Figure 5.95a. Aircraft after side exposed to a nuclear explosion (3.6 psi peak overpressure). 

Figure 5.95b. Aircraft after tail exposed 10 a nuclear explosion (2.4 psi peak overpressure). 

lITILITIES 

ELECTRICAL DISTRIBUTION 
SYSTEMS 

5.98 Because of the extensive dam
age caused by the nuclear explosions to 
the cities in Japan, the electrical distri-

but ion systems suffered severely. Utility 
poles were destroyed by blast or fire, 
and overhead lines were heavily dam
aged at distances up to 9,000 feet (1.7 
miles) from ground zero (Fig. 5.98). 
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Figure 5.96. The U.S.S. Crittenden after ABLE test; damage resulting was generally 
serious (0.47 mile from surface zero). 

Underground electrical circuits were, 
however, little affected. Switchgear and 
transformers were nol damaged so much 
directly by blast as by secondary effects, 
such as collapse of the structure in 
which they were located or by debris. 

Motors and generators were damaged by 
fire. 

5.99 A fairly extensive study of the 
effects of a nuclear explosion on electric 
utilities was made in the Nevada tests in 
1955. Among the purposes of these tests 
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Figure 5.98. Damage to utility pole (0.80 mile from ground zero at Hiroshima). 

were the following: (1) to determine the 
blast pressure at which standard electri
cal equipment might be expected to 

suffer little or no damage; (2) to study 
the extent and character of the damage 
that might be sustained in a nuclear 
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attack; and (3) to determine the nature 
of the repairs that would be needed to 
restore electrical service in those areas 
where homes and factories would sur
vive 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 peak 
overpressure of about 5 and a dynamic 
pressure of 0.6 pounds per square inch 
and the other to 1.7 and 0.1 pounds per 
square inch, respectively. It will be re
called that, at the lower overpressure, 
typical American residences would not 
be damaged beyond the possibility of 
further use. 

5.100 Each power system consisted 
of a high-voltage (69-kV) transmission 
line on steel towers connected to a con
ventional, outdoor transformer substa
tion. From this proceeded typical over
head distribution lines on 15 wood 
poles; the latter were each 45 feet long 
and were set 6 feet in the ground. Ser
vice drops from the overhead lines sup
plied electricity to equipment placed in 
some of the houses used in the tests 
described earlier. These installations 
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 power 
transformer represented equipment of 
the kind that might supply electricity to 
large industrial plants. 

5.101 At a peak overpressure of 5 
and a dynamic pressure of 0.6 pounds 
per square inch the power system suf
fered 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 destruction was due to missiles. 

5.102 The only damage suffered by 
the high-voltage transmission line was 
the collapse of the suspension tower, 
bringing down the distribution line with 
it (Fig. 5.102a). It may be noted that the 
dead-end tower, which was much 
stronger and heavier, and another sus
pension tower of somewhat stronger 
design were only slightly affected (Fig. 
5.102b). In some parts of the United 
States, the suspension towers are of 
similar heavy construction. Structures 
of this type are sensitive to drag forces 
which are related to dynamic pressure 
and positive phase duration, so that the 
overpressure is not the important crite
rion of damage. 

5.103 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 substation and its con
tents were not essential to the emer
gency operation of the power system. 
The 4-kV regulators had been shifted on 
the 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. But relays, meters, and 
other instruments were undamaged, ex
cept for broken glass. The substation as 
a whole was in sufficiently sound con
dition to permit operation on a nonau
tomatic (manual) basis. By replacing the 
batteries, automatic operation could 
have been restored. 

5.104 Of the 15 wood poles used to 
carry the lines from the substation to the 
houses, four were blown down com
pletelyand broken, and two others were 
extensively damaged. The collapse of 
the poles was attributed partly to the 
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Figure 5.102a. Collapsed suspension tower (5 psi peak overpressure, 0.6 psi dynamic 
pressure from 30-kiloton explosion), Nevada Test Site. 

Figure 5.102b. Dead-end tower, suspensIOn tower, and transformers (5 psi peak overpres
sure, 0.6 psi dynamic pressure from 30-kiloton explosion), Nevada Test 

Site. The trucks at the left of the photograph are those in Figure 5.89. 

weight and resistance of the aerial cable 
(Fig. 5.104). Other damage was be
lieved to be caused by missiles. 

5.105 Several distributor trans
formers had fallen from the poles and 

secondary wires and service drops were 
down (Fig. 5.105). Nevertheless the 
transformers, pot heads, arresters, cut
outs, primary conductors of both alumi
num and copper, and the aerial cables 
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Figure 5.104. Collapse of utility poles on line (5 psi peak overpressure, 0.6 psi dynamic 
pressure from 30-kiloton explosion), Nevada Test Sile. 

were unharmed. Although the pole line 
would have required some rebuilding, 
the general damage was such that it 
could have been repaired within a day or 
so with materials normally carried in 

stock by electric utility companies. 

GAS, WATER, AND SEWERAGE 
SYSTEMS 

5.106 The public utility system in 
Nagasaki was similar to that of a some
what smaller town in the United States, 
except that open sewers were used. The 
most significant damage was suffered by 
the water supply system, so that it be
came almost impossible to extinguish 
fires. Except for a special case, de
scribed below, loss of water pressure 

resulted from breakage of pipes inside 
and at entrances to buildings or on 
structures, rather than from the disrup
tion of underground mains (Figs. 5.106a 
and b). The exceptional case was one in 
which the 12-inch cast iron water pipes 
were 3 feet below grade in a filled-in 
area. A number of depressions, up to 1 
foot in depth, were produced in the fill, 
and these caused failure of the under
ground pipes, presumably due to un
equal displacements. 

5.107 There was no appreciable 
damage to reservoirs and water-treat
ment plants in Japan. As is generally the 
case, these were located outside the 
cities, and so were at too great a dis
tance from the explosions to be dam
aged in any way. 
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Figure 5. \05. Transformer fallen from collapsed utility pole (5 psi peak overpressure), 
Nevada Test Site. 

5.108 Gas holders suffered heavily 
from blast up to 6,000 feet (I. t miles) 
from ground zero and the escaping gas 
was ignited, but there was no explosion. 
Underground gas mains appear to have 
been little affected by the blast. 
NATURAL AND MANUFACfURED 
GAS INSTALLATIONS 

5.109 One of the objectives of the 

tests made in Nevada In 1955 was to 
determine the extent to which natural 
and manufactured gas utility installa
tions might be disrupted by a nuclear 
explosion. The test was intended, in 
particular, to provide information con
cerning the effect of blast on critical 
underground units of a typical gas dis
tribution system. 
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Figure 5.I06a. Four-inch gate valve in water main broken by debris from brick wall (0.23 
mile from ground zero at Hiroshima). 

Figure 5.I06b. Broken portion of 16-inch water main carried on bridge (0.23 mile from 
ground zero al Hiroshima). 

5.110 The installations tested were 
of two kinds, each in duplicate. The first 
represented a typical underground gas-

transmission and distribution main of 
6-inch steel and cast iron pipe, at a 
depth of 3 feet, with its associated ser-
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vice pipes and attachments. Valve pits 
of either brick or concrete blocks con
tained 6-inch valves with piping and 
protective casings. A street regulator
vault held a 6-inch, low-pressure, pilot~ 
loaded regulator, attached to steel pip
ing 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. No domes
tic or ordinary industrial structures at the 
surface would have survived the higher 
of these pressures. 

S.lll The second type of installa
tion consisted of typical service lines of 
steel, copper, and plastic materials con
nected to 20-foot lengths of 6-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 line 
similarly terminated inside the wall, but 
it was also attached outside to piping 
that ran around the back of the house at 
ground level to connect to the house 
piping. This latter connection was made 
with flexible seamless bronze tubing, 
passing through a sleeve in the wall of 
the bUilding. Typical domestic gas ap
pliances, some attached to the interior 
piping, were located in several houses. 
Duplicate installations were located at 
peak overpressures of 5 and 1.7 pounds 
per square inch, respectively. 

S.112 Neither of the underground 
installations was greatly affected by the 
blast. At the 30 pounds per square inch 
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peak overpressure location a I 'h-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 ventilating pipes of the street 
regulator-vaults were sheared off just 
below ground 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. Oth
erwise the blast effects were negligible. 

S.1I3 At the peak overpressure of 
1 .7 pounds per square inch, where the 
houses did not suffer severe damage, 
(§ 5.59), the service piping both inside 
and outside the houses was unharmed, 
as also were pressure regulators and 
meters. In the two-story, brick house at 
5 pounds per square inch peak over
pressure, which was demolished beyond 
repair (§ 5.57), the piping in the base
ment was displaced and bent as a result 
of 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 un
damaged and still operable. All other 
service piping and equipment were es
sentially intact. 

S.1I4 Domestic gas appliances, 
such as refrigerators, ranges, room 
heaters, clothes dryers, and water heat
ers suffered to a moderate extent only. 
There was some displacement of the 
appliances and connections which was 
related to the damage suffered by the 
house. However, even in the collapsed 
two-story, brick house (§ 5.67), the 
upset refrigerator and range were prob
ably still usable, although largely buried 
in debris. The general conclusion is, 
therefore, that domestic gas (and also 
electric) appliances would be operable 
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in all houses that did not suffer major 
structural damage. 

LIQUID PETROLEUM (LP) GAS 
INSTALLATIONS 

5.115 Various LP-gas installations 
have been exposed to air blast from 
nuclear tests in Nevada to determine the 
effects of typical gas containers and 
supply systems such as are found at 
suburban and farm homes and at 
storage, industrial, and utility plants. In 
addition, it was of interest to see what 
reliance might be placed upon LP-gas as 
an emergency fuel after a nuclear attack. 

5.116 Two bnds of typical home 
(or small commercial) LP-gas installa
tions were tested: (1) a system consist
ing of two replaceable ICC-approved 
cylinders each of l()()-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 man
ner, by means of either copper tubing or 
steel pipe service line, to the houses 
exposed to peak overpressures of 5 and 
1.7 pounds per square inch. Others were 
located where the peak 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. 

5.117 In addition to the foregoing, 
a complete bulk storage plant was 
erected at a point where the peak over
pressure was 5 pounds per square inch. 
This consisted of an 18, OOO-gallon tank 
(containing 15,400 gallons of propane), 
pump compressor, cylinder-filling 
building, cylinder dock, and all neces
sary valves, fittings, hose, accessories, 
and interconnecting piping. 

5.118 The dual-cylinder installa
tion, exposed to 25 pounds per square 
inch peak overpressure, suffered most; 
the regulators were torn 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 
peak overpressure the components, al
though often separated, could generally 
be salvaged and used again. The cylin
der installations at 5 pounds per square 
inch peak overpressure were mostly 
damaged by missiles 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 neither damage to nor 
dislocation of LP-gas cylinders. Of 
those tested, only one cylinder devel
oped a leak, and this was a small punc
ture resulting from impact with a sharp 
object. 

5.119 The 500-gallon bulk gas 
tanks also proved very durable and ex
perienced little damage. The tank clo
sest to the explosion was bounced end
over-end for a distance of some 700 
feet; nevertheless, it suffered only su
perficially and its strength and servicea
bility were not impaired. The filler valve 
was damaged, but the internal check 
valve prevented escape of the contents. 
The tank exposed at 10 pounds per 
square inch peak overpressure was 
moved about 5 feet, but it sustained 
little or no damage. All the other tanks, 
at 5 or 1.7 pounds per square inch, 
including those at houses piped for ser
vice, were unmoved and undamaged 
(Fig. 5.73). 

5.120 The equipment of the 
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Figure 5.120. Upper photo: LP-gas bulk storage and filling plant before a nuclear explo
sion. Lower photo: The plant after the explosion (5 psi peak overpressure). 

18,000-gallon bulk storage and filling 
plant received only superficial damage 
from the blast at 5 pounds per square 
inch peak overpressure. The cylinder
filling building was completely demol
ished; the scale used for weighing the 
cylinders was wrecked, and a filling line 
was broken at the point where it entered 
the building (Fig. 5.120). The major 
operating services of the plant would, 
however, not be affected because the 
transfer facilities were outside and un
damaged. All valves and nearly all pip
ing in the plant were intact and there 

was no leakage of gas. The plant could 
have been readily put back into opera
tion if power, from electricity or a gas
oline engine, were restored. If not, liq
uid propane in the storage tank could 
have been made available by taking ad
vantage of gravity flow in conjunction 
with the inherent pressure of the gas in 
the tank. 

S.121 The general conclusion to be 
drawn from the tests is that standard 
LP-gas equipment is very rugged, ex
cept for copper tubing connections. 
Disruption of the service as a result of a 
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nuclear attack would probably be local
ized and perhaps negligible, so that LP
gas might prove to be a very useful 
emergency fuel. Where LP-gas is used 

mainly for domestic purposes, it appears 
that the gas supply would not be af
fected under such conditions that the 
house remains habitable. 

MISCELLANEOUS TARGETS 

COMMUNICATIONS EQUIPMENT 
5.122 The importance of having 

communications equipment in operating 
condition after a nuclear attack is evi
dent and so a variety of such equipment 
has been tested in Nevada. Among the 
items exposed to air blast were mobile 
radio-communication systems and units, 
a standard broadcasting transmitter, an
tenna towers, home radio and television 
receivers, telephone equipment (includ
ing a small telephone exchange), public 
address sound systems, and sirens. 
Some of these were located where the 
peak overpressure was 5 pounds per 
square inch, and in most cases there 
were duplicates at 1 .7 pounds per square 
inch. The damage at the latter location 
was of such a minor character that it 
need not be considered here. 

5.123 At the higher overpressure 
region, where typical houses were dam
aged beyond repair, the communica
tions equipment proved to be very re
sistant to blast. This equipment is drag 
sensitive and so the peak overpressure 
does not determine the extent of dam
age. Standard broadcast and television 
receivers, and mobile radio base stations 
were found to be in working condition, 
even though they were covered with 
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 auto
mobile which was completely crushed 
by a falling chimney. 

5.124 A guyed I 50-foot antenna 
tower was unharmed, but an unguyed 
120-foot tower, of lighter construction, 
close by, broke off at a height of about 
40 feet and fell to the ground (Fig. 
5.124). This represented the only 
serious damage to any of the equipment 
tested. 

5.125 The base station antennas, 
which were on the towers, appeared to 
withstand blast reasonably well, al
though those attached to the un guyed 
tower, referred to above, suffered when 
the tower collapsed. As would have 
been expected from their lighter con
struction, 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 a peak overpressure of 5 pounds per 
square inch, the failure of the television 
antennas is not of great significance. 

5.126 Some items, such as power 
lines and telephone service equipment, 
were frequently attached to utility-line 
poles. When the poles failed, as they did 
in some cases (§ 5.104), the communi-
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Figure 5.124. Unguyed lightweight 120-foot antenna tower (5 psi peak overpressure, 0.6 
psi dynamic pressure from 30-kiloton explosion), Nevada Test Site. 

cations systems suffered accordingly. 
Although the equipment operated satis
factorily after repairs were made to the 
wire line, it appears that the power sup
ply represents a weak link in the com
munications chain. 

BRIDGES 

5.127 There were a number of dif
ferent kinds of bridges exposed to the 
nuclear explosions in Hiroshima and 

Nagasaki. Those of wood were burned 
in most cases, but steel-girder bridges 
suffered relatively little destruction 
(Figs. 5.127a and b). One bridge, only 
270 feet from ground zero, i.e., about 
2.100 feet from the burst point, 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. Other bridges, 
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Figure 5.127a. 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 traffic 

continued. 

at greater distances from ground zero, 
suffered more lateral shifting. A rein
forced-concrete deck was lifted from the 
supporting steel girder of one bridge, 
apparently as a result of reflection of the 
blast wave from the surface of the water 
below. 

HEAVY-DillY MACHINE TOOLS 

5.128 The vulnerability of heavy
duty machine tools and their compo
nents to air blast from a nuclear explo
sion was studied at the Nevada Test Site 
to supplement the information from Na
gasaki (§ 5.33). A number of machine 
tools were anchored on a reinforced-

concrete slab in such a manner as to 
duplicate good industrial practice. Two 
engine lathes (weighing approximately 
7,000 and 12,000 pounds, respec
tively), and two horizontal milling ma
chines (7,000 and 10,000 pounds, re
spectively) were exposed to a peak 
overpressure of 10 pounds per square 
inch. A concrete-block wall, 8 inches 
thick and 64 inches high, was con
structed immediately in front of the ma
chines, i.e., between the machines and 
ground zero (Fig. 5.128). The purpose 
of this wall was to simulate the exterior 
wall of the average industrial plant and 
to provide debris and missiles. 
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Figure S.127b. A steel-plate girder, double-track railway bridge (0.16 mile from ground 
zero at Nagasaki). The plate girders were moved about 3 feet by the blast; 
the railroad track was bent out of shape and trolley cars were demolished, 

but the poles were left standing. 

5.129 Of the four machines, the much of which resulted from the ex-
three lighter ones were moved from 
their foundations and damaged quite 
badly (Fig. 5.129a). The fourth, weigh
ing 12,000 pounds, which was consid
ered as the only one to be actually of the 
heavy-duty type, survived (Fig. 
5. 129b). From the observations it was 
concluded that a properly anchored ma
chine tool of the true heavy-duty type 
would be able to withstand peak over
pressures of 10 pounds per square inch 
or more without substantial damage. 

5.130 In addition to the direct ef
fects of blast. considerable destruction 
was caused by debris and missiles. 

pected complete demolition of the con
crete-block wall. Delicate mechanisms 
and appendages, which are usually on 
the exterior and unprotected. suffered 
especially severely. Gears and gear 
cases were 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 replace
ment parts were available, since major 
dismantling would not be required. 

5.131 Behind the two-story brick 
house in the peak overpressure region of 
5 pounds per square inch (§ 5.67), a 
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Figure 5.128. Machine tools behind masonry wall before a nuclear explosion. Nevada Test 
Site. 

200-ton capacity hydraulic press weigh
ing some 49,000 pounds was erected. 
The location was chosen as being the 
best to simulate actual factory condi
tions. 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 was probable that the house provided 
some shielding from the blast wave. 
Moreover, at the existing blast pressure, 
missiles did not have high velocities. 
Such minor damage as was suffered by 
the machine was probably due to debris 
falling from the house. 

5.132 At the 3-pounds per square 
inch peak overpressure location, there 
were two light, industrial buildings of 
standard type. In each of these was 
placed a vertical milling machine 
weighing about 3,000 pounds, a 50-
gallon capacity, stainless-steel, pressure 

vessel weighing roughly 4, 100 pounds, 
and a steel steam oven approximately 
21h feet wide,S feet high, and 9 feet 
long. Both buildings suffered ex
tensively from blast, but the equipment 
experienced little or no operational 
damage. In one case, the collapsing 
structure fell on and broke off an ex
posed part of the milling machine. 

5.133 The damage sustained by 
machine tools in the Nevada tests was 
probably less than that suffered in Japan 
at the same blast pressures (§ 5.33). 
Certain destructive factors, present in 
the latter case, were absent in the tests. 
First, the conditions were such that there 
was no damage by fire; and, second, 
there was no exposure to the elements 
after the explosion. In addition, the total 
amount of debris and missiles produced 
in the tests was probably less than in the 
industrial buildings in Japan. 
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Figure 5. 129a. Machine tools after a nuclear explosion (10 psi peak overpressure). 

Figure 5. I 29b. Heavy-duty lathe after a nuclear explosion (10 psi peak overpressure). 
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ANALYSIS OF DAMAGE FROM AIR BLAST 

INTRODUCTION 

5.134 The remainder of this chapter 
is concerned with descriptions of air
blast damage criteria for various types 
of targets and with the development of 
damage-distance relationships for pre
dicting the distances at which damage 
may be expected from nuclear explo
sions of different energy yields. The 
nature of any target complex, such as a 
city, is such, however, that exact pre
dictions are not possible. Nevertheless, 
by application of proper judgment to the 
available information, results of practi
cal value can be obtained. The conclu
sions given here are considered to be 
applicable to average situations that 
might be encountered in an actual target 
complex. 

5.135 Damage to structures and 
objects is generally classified in three 
categories: severe, moderate, and light. 
In several of the cases discussed below, 
the specific nature of each type of dam
age is described, but the following 
broad definitions are a useful guide. 

Severe Damage 

A degree of damage that precludes 
further use of the structure or ob
ject for its intended purpose with
out essentially complete recon
struction. For a structure or 
building, collapse is generally im
plied. 

Moderate Damage 

A degree of damage to principal 
members that precludes effective 

use of the structure or object for its 
intended purpose unless major re
pairs are made. 

Light Damage 

A degree of damage to buildings 
resulting in broken windows, slight 
damage to roofing and siding, 
blowing down of light interior par
titions, and slight cracking of cur
tain walls in buildings. Minor re
pairs are sufficient to permit use of 
the structure or object for its in
tended purpose. 

5.136 For a number of types of tar
gets, the distances out to which different 
degrees of damage may be expected 
from nuclear explosions of various 
yields have been represented by dia
grams, such as Figs. 5.140 and 5.146. 
These are based on observations made 
in Japan and at various nuclear tests, on 
experiments conducted in shock tubes in 
laboratories and with high-explosives in 
field tests, and on theoretical analyses of 
the loading and response of structures 
(see Chapter IV). As a result of these 
studies, it is possible to make reason
ably accurate predictions of the response 
of interior as well as exterior wall panels 
and complete structures to the air-blast 
wave. These predictions, however, 
must take into account constructional 
details of each individual structure. 
Moreover, observations made during 
laboratory tests have indicated a large 
scatter in failure loadings as a result of 
statistical variations among wall and 
material properties. The data in Figs. 
5.140 and 5.146 are intended, however, 
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to provide only gross estimates for the 
categories of structures given in Tables 
5.139a and b. The response of a partic
ular structure may thus deviate from that 
shown for its class in the figures. 

5.137 For structures that are dam
aged primarily by diffraction loading 
(§ 4.03), the peak overpressure is the 
important factor in determining the re
sponse to blast. In some instances, 
where detailed analyses have not been 
performed, peak overpressures are 
given for various kinds of damage. Ap
proximate damage-distance relation
ships can then be derived by using peak 
overpressure-distance curves and scal
ing laws from Chapter III. For equal 
scaled heights of burst, as defined in 
§ 3.62, the range for a specified damage 
to a diffraction-sensitive structure in
creases in proportion 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 en
ergy will increase the range for a par
ticular kind of diffraction-type damage 
by a factor of roughly ten; the area over 
which the damage occurs will be in
creased by a factor of about a hundred, 
for a given scaled burst height. 

5.138 Where the response depends 
mainly on drag (or wind) loading, the 
peak overpressure is no longer a useful 
criterion of damage. The response of a 
drag-sensitive structure is determined by 
the length of the blast wave positive 
phase as well as by the peak dynamic 
pressure (§ 4.12 et seq.). The greater 
the energy of the weapon, the farther 
will be the distance from the explosion 
at which the peak dynamic pressure has 
a specific value and the longer will be 
the duration of the positive phase. Since 

there is increased drag damage with in
creased duration at a given pressure, the 
same damage will extend to lower dy
namic pressure levels. Structures which 
are sensitive to drag loading will there
fore be damaged over a range that is 
larger than is given by the cube root rule 
for diffraction-type structures. In other 
words, as the result of a thousand-fold 
increase in the energy of the explosion, 
the range for a specified damage to a 
drag-sensitive structure will be in
creased by a factor of more than ten, and 
the area by more than a hundred. 

ABOVE-GROUND BUILDINGS 
AND BRIDGES 

5.139 The detailed nature of the 
damage in the severe, moderate, and 
light categories to above-ground struc
tures of various types are given in 
Tables 5.139a and b. For convenience, 
the information is divided into two 
groups. Table 5.139a is concerned with 
structures of the type that are primarily 
affected by the blast wave during the 
diffraction phase, whereas the structures 
in Table 5. 139b are drag sensitive. 

5.140 The ranges for severe and 
moderate damage to the structures in 
Tables 5.139a and b are presented in 
Fig. 5.140, based on actual observations 
and theoretical analysis. The numbers (1 
to 21) in the figure identify the target 
types as given in the first column of the 
tables. The data refer to air bursts with 
the height of burst chosen so as to max
imize the radius of damage for the par
ticular target being considered and is not 
necessarily the same for different tar
gets. For a surface burst, the respective 
ranges are to be multiplied by three
fourths. An example illustrating the use 
of the diagram is given. 

(Text continued on page 220.) 



214 STRUCTURAL DAMAGE FROM AIR BLAST 

Table 5.139a 

DAMAGE CRITERIA FOR STRUCTURES PRIMARILY AFFECTED BY DIFFRACTION 
LOADING 

Description of Damage 
Structural Description of 

Type Structure Severe Moderate Light 

Multistory reinforced Walls shattered, se- Walls breached or Some cracking of 
concrete building vere frame distor- on the point of concrete walls and 
with reinforced con- tion, incipient col- being so, frame frame. 
crete walls, blast re- lapse. distorted. entrance-

sistant design for ways damaged, 
30 psi Mach region doors blown in or 
pressure from I MT, jammed. extensive 
no windows. spalling of con-

crete. 

2 Multistory reinforced Walls shattered, se- Exterior walls se- Windows and doors 
concrete building vere frame distor- verely cracked. (n- blown in. interior 
with concrete walls, tion, incipient col- terior partitions se- partitions cracked. 
small window area, lapse. verely cracked or 
three to eight stories. blown down. Struc-

tural frame perma-

nently distorted. 
extensive spalling 
of concrete. 

3 Multistory wall-bear- Collapse of bearing Exterior walls se- Windows and doors 
ing building. brick walls, resulting in verely cracked, in- blown in, interior 
apartment house total collapse of terior partitions se- partitions cracked. 

type, up to three struclUre. verely cracked or 
stories. blown down. 

4 Multistory wall-bear- Collapse of bearing Exterior walls fac- Windows and doors 
ing building, monu- walls. resulting in ing blast severely blown in. interior 
mental type, up to collapse of struc- cracked, interior partitions cracked. 
four stories. ture supported by partitions severely 

these walls. Some cracked with dam-
bearing walls may age toward far end 
he shielded by in- of building possihly 
tervening walls so less intense. 
that part of the 
structure may re-
ceive only moder-
ate damage. 

Wood frame build- Frame shattered re- Wall framing Windows and doors 
ing. house type, one suiting in almost cracked. Roof se- blown in. interior 
or two stories. complete collapse. verely damaged. in- partitions cracked. 

terior partitions 
blown down. 
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Table S.139b 

DAMAGE CRITERIA FOR STRUCTURES PRIMARILY AFFECTED BY DRAG LOADING 

Description of Damage 
Structural Description of 

Type Structure Severe Moderate Light 

6 Light steel frame in- Severe distortion or Minor to major dis- Windows and doors 
dustrial building, sin- collapse of frame. tortion of frame; blown in, light sid-
gle story, with up to cranes, if any, not ing ripped off. 
5-ton crane capacity; operable until re-
low strength walls pairs made. 
which fail quickly. 

7 Heavy steel-frame in- Severe distortion or Some distortion to Windows and doors 
dustrial building, sin- collapse of frame. frame; cranes not blown in, light sid-
gle story, with 25 to operable until re- ing ripped off. 
50-ton crane capac- pairs made. 
ity; lightweight, low 
strength walls which 
fail quickly. 

8 Heavy steel frame in- Severe distortion or Some distortion or Windows and doors 
dustrial building, sin- collapse of frame. frame; cranes not blown in, light sid-
gle story, with 60 to operable until re- ing ripped off. 
100-ton crane capac- pairs made. 
ity; lightweight low 
strength walls which 
fail quickly. 

9 Multistory steel- Severe frame dis- Frame distorted Windows and doors 
frame office-type tortion, incipient moderately, interior blown in, light sid-
building, 3 to 10 collapse. partitions blown ing ripped off, inte-
stories. Lightweight down. rior partitions 
low strength walls cracked. 
which fail quickly, 
earthquake resistant 
construction. 

IO Multistory steel- Severe frame dis- Frame distorted Windows and doors 
frame office-type tortion, incipient moderately, interior blown in, light sid-
building, 3 to 10 collapse. partitions blown ing ripped off, inte-
stories. Lightweight down. rior partitions 
low strength walls cracked. 
which fail quickly, 
non-earthquake resis-
tant construction. 
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Table 5.139b (continued) 
Description of Damage 

Structural Description of 
Type Structure Severe Moderate Light 

II Multistory reint orced Severe frame dis- Frame distorted Windows and doors 
concrete frame of- tortion, incipient moderately. interior blown in, light sid-
lice-type building. 3 collapse. partitions blown ing ripped off, inte-
to 10 stories; light- down. some spall- rior partitions 
weight low strength ing of concrete. cracked. 
walls which fail 
quickly. earthquake 
resistant construction. 

12 Multistory reinforced Severe frame dis- Frame distorted Windows and doors 
concrete frame office tortion, incipient moderately, interior blown in, light sid-
type building. 3 to 10 collapse. partitions blown ing ripped off. inte-
stories; lightweight down. some spall- rior partitions 
low strength walls ing of concrete. cracked. 
which fail quickly. 
non-earthquake re-
sistant construction. 

13 Highway truss Total failure of lat- Substantial distor- Capacity of bridge 
bridges, 4-lane, spans eral bracing or an- tion of lateral brac- not significantly re-
200 to 400 ft; chorage, collapse ing or slippage on duced, slight distor-
railroad truss bridges, of bridge. supports. signifi- tion of some bridge 
double track ballast cant reduction in components. 
floor. spans 200 to capacity of bridge. 
400 fl. 

14 Highway truss (Ditto) (Dillo) (Ditto) 
bridges, 2-lane. spans 
200 to 400 ft; 
railroad truss bridges, 
single track ballast or 
double track open 
floors, spans 200 to 
400 ft; railroad truss 
bridges, single track 
open floor, span 400 
ft. 

15 Railroad truss (Dillo) (Ditto) (Ditto) 
bridges, single track 
open floor, span 200 
fl. 

16 Higbway girder (Ditto) (Ditto) (Ditto) 
bridges. 4-lane 
through. span 75 ft. 
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Table S.139b (concluded) 
Description of Damage 

Slructural Description of 
Type Structure Severe Moderate Light 

17 Highway girder (Ditto) (Ditto) (Ditto) 
bridges, 2-lane deck, 
2-1ane through, 4-
lane deck, span 75 ft; 
railroad girder 
bridges, double-track 
deck, open or ballast 
floor, span 75 ft; 
railroad girder 
bridges, single or 
double track through, 
ballast floors, span 75 
ft. 

18 Railroad girder (Ditto) (Ditto) (Ditto) 
bridges, single track 
deck, open or ballast 
floors, span 75 ft; 
railroad girder 
bridges, single or 
double track through, 
open floors, span 75 
ft. 

19 Highway girder (Ditto) (Ditto) (Ditto) 
bridges, 2-lane 
through, 4-lane deck 
or through. span 200 
ft; railroad girder 
bridges, double track 
deck or through, bal-
last floor, span 200 
ft. 

20 Highway girder (Ditto) (Ditto) (Ditto) 
bridges, 2-lane deck. 
span 200 ft; railroad 
girder bridges, single 
track deck or 
through, ballast 
floors, span 200 ft; 
railroad girder 
bridges, double track 
deck or through, 
open floors, span 200 
ft. 

21 Railroad girder (Ditto) (Ditto) (Di~ 

bridges, single track 
deck or through, 
open floors. span 200 
ft. 
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The various above-ground structures 
in Fig. 5.140 are identified (Items I 
through 21) and the different types of 
damage are described in Tables 5.139a 
and b. The "fan" from each point indi
cates the range of yields for which the 
diagram may be used. For a surface 
burst multiply the damage distances ob
tained from the diagram by three
fourths. The results are estimated to be 
accurate within ±20 percent for the 
average target conditions specified in 
§5.141. 

Example 

Given: Wood-frame building (Type 
5). A I MT weapon is burst (a) at 
optimum height, (b) at the surface. 

Find: The distances from ground 
zero to which severe and moderate 
damage extend. 

Solution: (a) From the point 5 (at 
the right) draw a straight line to I MT 
(1000 KT) on the severe damage scale 
and another to 1 MT (1000 KT) on the 
moderate damage scale. The intersec
tions of these lines with the distance 
scale give the required solutions for the 
optimum burst height; thus, 

Distance for severe damage = 

29,000 feet. Answer. 
Distance for moderate damage = 

33,000 feet. Answer. 
(b) For a surface burst the respective 

distances are three-fourths those ob
tained above; hence, 

Distance for severe damage = 
22,000 feet. Answer. 

Distance for moderate damage = 
25,000 feet. Answer. 

(The values have been rounded off to 
two significant figures, since greater 
precision is not warranted.) 
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5.141 The data in Fig. 5.140 are for pound per square inch dynamic pressure 
certain average target conditions. These 
are that (I) the target is at sea level (no 
correction is necessary if the target alti
tude is less than 5,000 feet); (2) the 
terrain is fairly flat (rugged terrain 
would provide some local shielding and 
protection in certain areas and local en
hancement of damage in others); and (3) 
the structures have average characteris
tics (that is, they are of average size and 
strength and that orientation of the target 
with respect to the burst is no problem, 
i.e., that the ratio of loading to resis
tance is relatively the same in all direc
tions from the target). 

5.142 The "fan" from each point 
in the figure designating a target type 
delineates the range of yields over 
which theoretical analyses have been 
made. For yields falling within this 
range, the diagram is estimated to be 
accurate within ± 20 percent for the 
average conditions discussed above. 
The significance of results obtained by 
applying the diagram to conditions that 
depart appreciably from the average or 
to yields outside the limits of the fans 
must be left to the judgment of the 
analyst. 

5.143 Figure 5.140 gives the dis
tances from ground zero for severe and 
moderate damage. Light damage to all 
targets except blast-resistant structures 
and bridges can be expected at the range 
at which the overpressure is I pound per 
square inch. For the blast-resistant 
structure (Type I) described in Table 
5.139a, a peak overpressure of \0 
pounds per square inch should be used 
to estimate the distance for light dam
age. Light damage to bridges can be 
expected at the range at which 0.6 

occurs. 
5.144 The foregoing results do not 

take into consideration the possibility of 
fire. Generally speaking, the direct ef
fects of thermal radiation on the struc
tures and other targets under considera
tion are inconsequential. However, 
thermal radiation may initiate fires, and 
in structures with severe or moderate 
damage fires may start because of 
disrupted gas and electric utilities. In 
some cases, as in Hiroshima (§ 7.71), 
the individual fires may develop into a 
mass fire which may exist throughout a 
city, even beyond the range of signifi
cant blast damage. The spread of such a 
fire depends to a great extent on local 
weather and other conditions and is 
therefore difficult to predict. This limi
tation must be kept in mind when Fig. 
5. 140 is used to estimate the damage to 
a particular city or target area. 

STRUcrURAL ELEMENTS 

5.145 For certain structural ele
ments, with short periods of vibration 
(up to about 0.05 second) and small 
plastic deformation at failure, the con
ditions for failure can be expressed as a 
peak overpressure without considering 
the duration of the blast wave. The fail
ure conditions for elements of this type 
are given in Table 5.145. Some of these 
elements fail in a brittle fashion, and 
thus there is only a small difference 
between the pressures that cause no 
damage and those that produce complete 
failure. Other elements may fail in a 
moderate I y ductile manner, but still 
with little difference between the pres
sures for light damage and complete 
failure. The pressures are side-on blast 
overpressures for panels that face 
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Table 5.145 

CONDITIONS OF FAILURE OF OVERPRESSURE-SENSITIVE ELEMENTS 

Structural element Failure 

Approximate 
side-on 

peak 
overpressure 

(psi) 

Glass windows, large and 
small. 

Shattering usually, occa
sional frame failure. 

0.5- 1.0 

Shattering. Corrugated asbestos siding. 
Corrugated steel or 

aluminum paneling. 
Connection failure fol

lowed by buckling. 

1.0- 2.0 
1.0- 2.0 

Brick wall panel, 8 in. 
or 12 in. thick (not 

reinforced) 

Shearing and flexure 
failures. 

3.0-10.0 

Wood siding panels, stand
ard house construction. 

Usually failure occurs at 
the main connections 
allowing a whole panel 
to be blown in. 

1.0- 2.0 

Concrete or cinder-block 
wall panels, 8 in. or 
12 in. thick (not 
reinforced) . 

Shattering of the wall. 1.5- 5.5 

ground zero. For panels that are oriented 
so that there are no reflected pressures 
thereon, the side-on pressures must be 
doubled. The fraction of the area of a 
panel wall that contains windows will 
influence the overpressure required to 
damage the panel. Such damage is a 
function of the net load, which may be 
reduced considerably if the windows fail 
early. This allows the pressure to be
come equalized on the two sides of the 
wall·before panel failure occurs. 

DRAG-SENSITIVE TARGETS 

5.146 A diagram of damage-dis
tance relationships for various targets 
which are largely affected by drag forces 
is given in Fig. 5.146. The conditions 
under which it is applicable and the 

limits of accuracy are similar to those in 
§ 5.141 and § 5.142, respectively; the 
possibility of fire mentioned in § 5.144 
must also be kept in mind. The targets 
(Items I to 13) in the figure are enu
merated on the page facing Fig. 5.146 
and the different types of damage are 
described in the following paragraphs. 

Transportation Equipment 

5.147 The damage criteria for 
various types of land transportation 
equipment, including civilian motor
driven vehicles and earth-moving 
equipment, and railroad rolling stock 
are given in Table 5.147a. The various 
types of damage to merchant shipping 
from air blast are described in Table 
5.147b. 

(Text continued on page 225.) 
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The drag-sensitive targets in Fig. 
5.146 are identified as follows: 

1. Truck mounted engineering equip
ment (unprotected). 

2. Earth moving engineering equip-
ment (unprotected). 

3. Transportation vehicles. 
4. Unloaded railroad cars. 
5. Loaded boxcars, flatcars, full tank 

cars, and gondola cars (side-on 
orientation). 

6. Locomotives (side-on orientation). 
7. Telephone lines (radial). 
8. Telephone lines (transverse). 
9. Unimproved coniferous forest 

stand. 
10. Average deciduous forest stand. 
II. Loaded boxcars, flatcars, full tank 

cars, and gondola cars (end-on ori
entation). 

12. Locomotives (end-on orientation). 
13. Merchant shipping. 

Subscript Urn" refers to moderate 
damage and subscript "s" refers to se
vere damage. 

For a surface burst multiply the dis
tance by three-fourths for Items 1 
through 8 and by one-half for Items 9 
and 10. For Items 11 through 13, the 
distances are the same for a surface 
burst as for the optimum burst height. 
Estimated accuracy ± 20 percent for 
average targets. 

Example 

Given: A transportation type vehi
cle (Item 3). A 10 KT weapon is burst at 
(a) the optimum height, (b) at the sur
face. 

Find: The distances from ground 
zero to which severe and moderate 
damage extend. 

Solution: (a) Draw straight lines 
from the points 3, and 3m , at the right, to 
10 KT on the yield scale at the left. The 
intersections of these lines with the dis
tance scale give the solutions for severe 
and moderate damage, respectively, for 
the optimum burst height; thus, 

Distance for severe damage = 
1,400 feet. Answer. 

Distance for moderate damage = 
1,600 feet. Answer. 

(b) For a surface burst the distances in 
this case are three-fourths those ob
tained above; thus, 

Distance for severe damage = 
1,000 feet. Answer. 

Distance for moderate damage = 

1,200 feet. Answer. 
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Table 5.147a 

DAMAGE CRITERIA FOR LAND TRANSPORTATION EQUIPMENT 

Description of equipment 

Motor equipment (cars and trucks). 

Railroad rolling stock (box. flat. tank. and 
gondola cars). 

Railroad locomotives (Diesel or steam). 

Construction equipment (bulldozers and 
graders). 

Damage Nature of damage 

Severe Gross distortion of frame. large displace-
ments. outside appurtenances (doors 
and hoods) torn off, need rebuilding 
before use. 

Moderate Turned over and displaced, badly dented. 
frames sprung, need major repairs. 

Light Glass broken, dents in body, possibly 
turned over, immediately usable. 

Severe Car blown from track and badly smashed. 
extensive distortion, some parts usable. 

Moderate Doors demolished, body damaged. frame 
distorted, could possibly roll to repair 
shop. 

Light Some door and body damage. car can con-
tinue in use. 

Severe Overturned, parts blown off. sprung and 
twisted, major overhaul required. 

Moderate Probably overturned, can be towed to re
pair shop after being righted, need major 
repairs. 

Light Glass breakage and minor damage to parts. 
immediately usable. 

Severe Extensive distortion of frame and crushing 
of sheet metal. extensive damage to cat
erpillar tracks and wheels. 

Moderate Some frame distortion, overturning. track 
and wheel damage. 

Light Slight damage to cabs and housing, glass 
breakage. 

Table 5.147b 

DAMAGE CRITERIA FOR SHIPPING FROM AIR BLAST 

Damage type Nature of damage 

Severe The ship is either sunk, capsized, or damaged to the extent of requiring rebuilding. 

Moderate The ship is immobilized and requires extensive repairs. especially to shock-sensitive 
components or their foundations. e.g., propulsive machinery, boilers, and interior 
equipment. 

Light The ship may still be able to operate, although there will be damage to electronic. 
electrical. and mechanical equipment. 
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Communication and Power Lines 

5.148 Damage to telephone, tele
graph, and utility power lines is gener
ally either severe or light. Such damage 
depends on whether the poles support
ing the lines are damaged or not. If the 
poles are blown down, damage to the 
Jines will be severe and extensive re
pairs will be required. On the other 
hand, if the poles remain standing, the 
lines will suffer only light damage and 
will need little repair. In general, lines 
extending radially from ground zero are 
less susceptible to damage than are 
those running at right angles to this 
direction. 

Forests 

5.149 The detailed characteristics 
of the damage to forest stands resulting 
from a nuclear explosion will depend on 
a variety of conditions, e.g., deciduous 
or coniferous trees, degree of foliation 
of the trees, natural or planted stands, 
and favorable or unfavorable growing 

conditions. A general classification of 
forest damage, applicable in most cases, 
is given in Table 5.149. Trees are pri
marily sensitive to the drag forces from 
a blast wave and so it is of interest that 
the damage in an explosion is similar to 
that resulting from a strong, steady 
wind; the velocities of such winds that 
would produce comparable damage are 
included in the table. 

S.ISO The damage-distance results 
derived from Fig. 5.146 apply in par
ticular to unimproved coniferous forests 
which have developed under unfavor
able growing conditions and to most 
deciduous forests in the temperate zone 
when foliation is present. Improved co
niferous forests, with trees of uniform 
height and a smaller average tree density 
per acre, are more resistant to blast than 
are unimproved forests which have 
grown under unfavorable conditions. A 
forest of defoliated deciduous trees is 
also somewhat more blast resistant than 
is implied by the data in Fig. 5.146. 

Table 5.149 

DAMAGE CRITERIA FOR FORESTS 

Equivalent 
steady 

wind velocity 
Damage type Nature of damage (miles per hour) 

Severe Up to 90 percent of trees blown down; remainder denuded of branches I JO-I40 
and leaves. (Area impassable to vehicles and very difficult on 
fool.) 

Moderate About 30 percent of trees blown down; remainder have some 90-100 
branches and leaves blown off. (Area passable to vehicles only after 
extensive clearing.) 

Light Only applies to deciduous forest stands. Very few trees blown down; 60-80 
some leaves and branches blown off. (Area passable to vehicles.) 
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PARKED AIRCRAFT 

5.151 Aircraft are relatively vul
nerable to air blast effects associated 
with nuclear detonations. The forces 
developed by peak overpressures of I to 
2 pounds per square inch are sufficient to 
dish in panels and buckle stiffeners and 
stringers. At higher overpressures, the 
drag forces due to wind (dynamic) 
pressure tend to rotate, translate, over
turn, or lift a parked aircraft, so that 
damage may then result from collision 
with other aircraft, structures, or the 
ground. Aircraft are also very suscept
ible to damage from flying debris carried 
by the blast wave. 

5.152 Several factors influence the 
degree of damage that may be expected 
for an aircraft of a given type at a 
specified range from a nuclear detona
tion. Aircraft that are parked with the 

nose pointed toward the burst will suffer 
less damage than those with the tailor 
either side directed toward the oncom
ing blast wave (§ 5.94). Shielding of 
one aircraft by another or by structures 
or terrain features may reduce damage, 
especially that caused by flying debris. 
Standard tiedown of aircraft, as used 
when high winds are expected, will also 
minimize the extent of damage at ranges 
where destruction might otherwise 
occur. 

5.153 The various damage catego
ries for parked transport airplanes, light 
liaison airplanes, and helicopters are 
outlined in Table 5.153 together with 
the approximate peak overpressures at 
which the damage may be expected to 
occur. The aircraft are considered to be 
parked in the open at random orientation 
with respect to the point of burst. The 

Table 5.153 

DAMAGE CRITERIA FOR PARKED AIRCRAFf 

Overpressure 
Damage type Nature of damage (psi) 

Severe Major (or depot level) mainte- Transport airplanes 3 
nance required to restore air- Light liaison craft 2 
craft to operational status. Helicopters 3 

Moderate Field maintenance required to Transport airplanes 2 
restore aircraft to opera- Light liaison craft 
tional status. Hel icopters 1.5 

Light Flight of the aircraft not pre- Transport airplanes 1.0 
vented. although performance Light liaison craft 0.75 
may be restricted. Helicopters 1.0 
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data in the table are based on tests in 
which aircraft were exposed to detona
tions with yields in the kiloton range. 
For megaton yields, the longer duration 
of the positive phase of the blast wave 
may result in some increase in damage 
over that estimated from small-yield 
explosions at the same overpressure 
level. This increase is likely to be sig
nificant at pressures producing severe 
damage, but will probably be less im
portant for moderate and light damage 
conditions. 

5.154 Aircraft with exposed ignit
able materials may, under certain con
ditions, be damaged by thermal radia
tion at distances beyond those at which 
equivalent damage would result from 
blast effects. The vulnerability to ther
mal radiation may be decreased by pro
tecting ignitable materials from expo
sure to direct radiation or by painting 
them with protective (light colored) 
coatings which reflect, rather than ab
sorb, most of the thermal radiation (see 
Chapter VII). 

POL STORAGE TANKS 

5.155 The chief cause of failure of 
POL (petroleum, oil, lubricant) storage 
tanks exposed to the blast wave appears 
to be the lifting of the tank from its 
foundation. This results in plastic de
formation and yielding of the joint be
tween the side and bottom so that leak
age can occur. Severe damage is 
regarded as that damage which is asso
ciated with loss of the contents of the 
tank by leakage. Furthermore, the leak
age can lead to secondary effects, such 
as the development of fires. If failure by 
lifting does not occur, it is expected that 
there will be little, if any, loss of liquid 

from the tank as a consequence of 
sloshing. There is apparently no c1ear
cut overall structural collapse which in
itially limits the usefulness of the tank. 
Peak overpressures required for severe 
damage to POL tanks of diameter D 
may be obtained from Figs. 5.155a and 
b. Figure 5 .155a is applicable to nuclear 
explosions with energy yields from 1 to 
500 kilotons and Fig. 5. 155b to yields 
over 500 kilotons. For yields less than 1 
kiloton, the peak overpressure for se
vere damage may be taken to be 1 pound 
per square inch. 

LIGHTWEIGHT, EARTH COVERED 
AND BURIED STRUCTURES 

5.156 Air blast is the controlling 
factor for damage to lightweight earth 
covered structures and shallow buried 
underground structures. The earth cover 
provides surface structures with sub
stantial protection against air blast and 
also some protection against flying 
debris. The depth of earth cover above 
the structure would usually be deter
mined by the degree of protection from 
nuclear radiation required at the design 
overpressure or dynamic pressure (see 
Chapter VIII). 

5.157 The usual method of provid
ing earth cover for surface or "cut-and
cover" semiburied structures is to build 
an earth mound over the portion of the 
structure that is above the normal 
ground level. If the slope of the earth 
cover is chosen properly, the blast re
flection factor is reduced and the aero
dynamic shape of the structure is im
proved. This results in a considerable 
reduction in the applied translational 
forces. An additional benefit of the earth 
cover is the stiffening or resistance to 
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deformation that the earth provides to 
flexible structures by the buttressing ac
tion of the soil. 

5.158 For lightweight, shallow 
buried underground structures the top of 
the earth cover is at least flush with the 
original grade but the depth of cover is 
not more than 6 percent of the span. 
Such structures are not sufficiently deep 
for the ratio of the depth of burial to the 
span to be large enough to obtain the 
benefits described in § 5.161. The soil 
provides little attenuation of the air blast 
pressure applied to the top surface of a 
shallow buried underground structure. 
Observations made at full-scale nuclear 
tests indicate that there is apparently no 
increase in pressure on the structure as a 
result of ground shock reflection at the 

interface between the earth and the top 
of the structure. 

5.159 The lateral blast pressures 
exerted on the vertical faces of a shallow 
buried structure have been found to be 
as low as 15 percent of the blast pressure 
on the roof in dry, well-compacted, silty 
soils. For most soils, however, this lat
eral blast pressure is likely to be some
what higher and may approach 100 per
cent of the roof blast pressure in porous 
saturated soil. The pressures on the bot
tom of a buried structure, in which the 
bottom slab is a structural unit integral 
with the walls, may range from 75 to 
100 percent of the pressure exerted on 
the roof. 

5.160 The damage that might be 
suffered by a shallow buried structure 

Table 5.160 

DAMAGE CRITERIA FOR SHALLOW BURIED STRUCTURES 

Type of structure 

Light, corrugated steel 
arch. surface structure 
(1O-gage corrugated 
steel with a span of 
20-25 ft), central angle 
of 180"; 5 ft of 
earth cover at the 
crown. * 

Buried concrete arch 
8-in. thick with a 
16 ft span and central 
angle of 180·; 4 ft of 
earth cover at the 
crown. 

Damage 
type 

Severe 
Moderate 

Light 

Severe 
Moderate 

Light 

Peak over
pressure 

(psi) 

45- 60 
SO- 50 

30- 40 

220-280 
100-220 

120-160 

Nature of damage 

Collapse 
Large deformations of 

end walls and arch. 
also major entrance 
door damage. 

Damage to ventilation 
and entrance door. 

Collapse 
Large deformations 

with considerable 
cracking and spalling. 

Cracking of panels, 
possible entrance 
door damage. 

*For arched structures reinforced with ribs, the collapse pressure is higher depending on the number of 
ribs. 
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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 and direction of 
the blast wave. In Table 5.160 are given 
the limiting values of the peak over
pressure required to cause various de
grees of damage to two types of shallow 
buried structures. The range of pres
sures is intended to allow for differences 
in structural design, soil conditions, 
shape of earth mound, and orientation 

with respect to the blast wave. 
5.161 Underground structures, 

buried at such a depth that the ratio of 
the burial depth to the span approaches 
(or exceeds) a value of 3.0, will obtain 
some benefit from the attenuation with 
depth of the pressure induced by air 
blast, and from the arching of the load 
from more deformable areas to less de
formable ones. Limited experience at 
nuclear tests suggests that the arching 
action of the soil effectively reduces the 
loading on flexible structures. 
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Chapter 12 

MECHANICAL DAMAGE DISTANCES FOR SURFACE SHIPS 
AND SUBMARINES SUBJECTED TO NUCl,EAR EXPLOSIONS. 

II INTRODUCTION til 
1?-1 n~,"~~ Mp.chanisms ._ 

_ An air burst nuclear weapon may cause 
m:nical damage to surface ships by air burst, 
thermai radiation, ionizing radiation, and the 
electromagnetic pulse. Ship operations may also 
be affected by personnel casualties; however, only 
mechanical damage is considered in this chapter. 
• An underwater burst may cause damage 

to surface ships by the shock wave in the water, 
by the ",!ater column or plumes thrown up by 
the burst, by the surface gravity waves produced, 
or by the ionizing radiation from the base surge, 
fallout, or contaminatt!d water pool. As for an 
air burst, the ship status may be affected by per
sonnel casualties; however, only mechanical dam
age is considered in this chapter. 

_ An underwater burst may cause damage 
to 1f!merged submarines by the shock wave in 
the water, and, in special shallow water cases, by 
collision with the oc~an bottom induced by the 
W2'!e~_ 

12-2 Damage Classification 11 
_ Damage to surface s)11ps and submarines 

is "Zribed by the degree of impairment of three 
major ship capabilities: seaworthiness, mobility, 
and weapon delivery. Complete loss of a capa
bility is characterized as 100-percent impairment; 
no impairment is considered 0 percent. Levels of 
impairment of 90 percent and 10 percent are in
tended to signify nearly complete and slight im
pairment, respectiveiy. These degrees of impair
ment should be interpreted as being the midpoints 
of a band of J)ercent impairments . 
• The concept of degree of capability im-

., 

pairment is closely related to the fact that, for 
any given burst condition, a continuous spectrum 
of degrees of damage wuuld be illlltcted or: shIps 
of the same type located over a continuolls spread 
of ranges from the burst. A ship is so complex a 
system that it is not possible to predict damage 
precisely for any given attack situation. Another 
consideration is that the creVl' of a damaged ship 
will attempt to repair damage; i.e., to decrease 
the degree of impairment of capability as quickly 
as possible. The time consumed by such ·repair 
is a vital aspect of the total damage assessment, 
but available knowledge does nol: justify an at
tempt to consider it in detail. 

fI Damage ranges are given in this chapter 
in terms of zones within which varying degrees 
of impairment of each capability are to be ex
pected. The outer boundary of a givl"n zone 
corresponds to slight, and possibly temporary, 
impairment of thc indicated capability; the inner 
bOlmdary con·esponds to near~y complete impair
ment that would require shipyard facilities for 
repair. The locations of tne boundanes are deter
mined by damage criteria derived from experi
mental data, There are, however, uncertainties 
involved as a re!:lllt of a lack of sufficient experi
mental data. !t is estimated that uncertainties 
concerning damage criteria cause uncertainties 
in the boundary locations on the order of 15 to 
~O percent. 

12-3 Seaworthiness Impairment 11 
• The degrees of seaworthiness impairment 

areTefined as fonows: 
• 100 percent: The ship or submarine is sunk. 

• 90 percent: The ship is in danger of sinking, 

12-1 
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111 
capsizing, or breaking up as a result of wide-
spread, uncontrollable flooding or the loss 
of girder strength. Danger is present even in 
normal weather, but there is some chance 
of saving the ship. As a re:;ult of damage to 
its structure or to its buoyancy-control gear, 
a submarine will be in danger of settling to 
the bottom. 

• 10 percent: Slight plastic deformation of 
the structure that may cause minor leakage. 
Hogging or sagging, or topside structural 
damage can occur, but not to an extent 
sufficient to endanger the ship' in stormy 
weather. For submarines, this degree of 
impairment includes that damage that can 
at worst reduce the maximum safe diving 
.j';1-'~1. sli6htly. but 0thciwisi! allows the sub
marine to submerge in a controlled manner. 

• n percent: No plastic deformation of struc
ture and no leakage. 

12-4 Mobility Impairment" 

111 The degrees of mobility impairment are 
defined as follows: 

• 100 percent: The ship or submarine lacks 
any ability to operate its propulsion devices. 

• 90 percent: The ship can at best just barely 
m8intain steerageway in a desired direction, 
either as a result of damage to main pro
pulsion machinery and control gear, or as a 
result of personnel casualties. 

• 10 percent: Slight loss of ability to achieve 
top spe~d and/or to maneuver normally, as 
a result of damage or personnel casualties. 

• 0 percent: No impairment of mobility. 

12-5 Weapon Delivery impairment til 
_ The degrees of weapon delivery impair

ment are defined as follows: 

• !OO percent: The ship or submarine cannot 
release its weapons. 

• 90 percent: Weapons can be released, but it 

12-2 

is almost impossible to deliver them effec
tively because the ship's target-acquisition 
and communication equipment are inopt:r
ative, either as a result of damflgl' t('\ l't'!l1i!,

ment or to topside structure, or as a result 
of personnel casualties. 

• 10 percent: Slight reduction in weapoJl
delivery efficiency as a result of damage co 
equipment or topside-structure or as a re
sult of personnel casualties. 

• 0 ~crcerit: No loss. 

SECTION I 

_ DAMAGE TO SURf ACE SHIPS 
FROM AIR BURSTS ... ~ 

11 BLAST DAMAGE II 
12-6 General _ 

111 Air blast damage may be significant for 
surface ships when the burst is at or above the 
water surface. The following general description 
of air blast effects on ships is applicable to exist

inlavy ships. 
At close ranges, air blast can cause hull 

('up ure that can result in flooding and sinking. 
Hull rupture appears likely to begin near the 
waterline on the side facing the blast. The main 
hull of existing Navy ships is, however, stronger 
than the superstructure and equipment. At ranges 
beyond those at which hull rupture is likely to 
occur the main effect of air blast is to distort, 
rupture, or carry away light structures and equip
ment vulnerably exposed above the waterline, 
and to cause casualties among topside personnel. 
Such damage can cause complete impairment of 
the weapon delivery capability. B!a:;t i=:-;::;;:;;':-::; 

penetrating tluough weather openings of ventila
tion systems and stack-uptake systems can cause 
damage to interior equipment and compartments, 
and also to boilers; the latter may re'iult in im
mobilization. The distortion of weather bulk
heads may cause fracture or render interior equip-

., 1\ ; '\.. • . 
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• ment mounted on or near them useless. Similarly, 
the suddenly applied blast loading induces rapid 
motion of the structures that in turn may cause 
shock damage to interior equipment. Equipment 
in the superstructure is most vulnerable .to these' 
types of ·damage, although shock motion's may be 
felt throughout the ship. Air blast also may cause 
the ship to roU and possibly capsize; this effect . 
is niost pronounced for broadside attack b~e 
weapons (multimegaton). . 

" 

12-1 C"i.~ Criteria • " ;." 

• P~ak overpressure is used as the' soi~ 
paramete.r to describe attack severity._excep~ fQr 
the -capsizing effect. TIllS criterion is accepta~le' 
for most "existing surface. ship ··struct~~ spl~:. 
the effects of the blast wave are practically 'in de-: • 
pendent (within predictive accuracies) of tn.;} 
blast wave duration, i.e., weapon yield, for weap
ons larger than a certain size. Mechanical damage 
criteria in terms of peak overpressure for some 
existing Navy ships are given in Table 12-1. The 
estimates shown in Table 12-1 are derived from 
CROSSROADS ABLE and SAILOR HAT data, 
as well as from some stru~lural analyses. 

12-8 Damage Distances 

Distances at which damage is expected to 
a I-Mt ail burst are shoWAl in Figure 

] 2-1. The curves define zones in which impair
ment of a stated capability 'Occurs. The outer 
boundary of the zone indicates slight (10 percent) 
impainnent; the inner boundary indicates almost 
compI~te (90 ~r~nt) impairment. At distull(;es 
beyond the outer boundary of a ;::one there is 
essentially no impairment of the stated capa
bility. At ranges within the inner bowlaary of a 
zone the .,.,.,'" ",...,., 
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Problem 12-1 Calculation of Air Blast DEmaga Distances 
to Surfate Ships lIS & Result of Air Bursts 

• figure 11.-1 shows families of curves that 
define zones within which a stated degree of im
pairment is expected to occur to representative 

from a 1 Mt air burst. 
Scaling. Air blast damage dlstances for 

other than 1 Mt as follows: 

d 1 hi Wl
1/3 --=---

d2 h2 W2
1/3 

where d. (yd) is the distance from surface zero 
(SZ) for a given degree of damage 'for yield' WI 
(len at !l hf'i~ht h. mi, afid d., (ydl j'l; the range 
for a given 'degree' of damage (or a yield Wz (kt) 
at height h2 (ft). This ,scaling law is applicable 
within predictive accuracies, provided ele weal'

about I kt. 
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It.elUllIUlIY: The distance to which a given 
of damage will vc;cur should fall within 

the bands indicated in Figure 12-1 for the classes 
of ships listed in Table 12-1. The damage-distance 
bands provide a rough estimate for ships of 

•

' types. 
Related Material: See paragraphs 12-6 

through 12-8 and Section I. Chapter 2. 
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12-S Capsizing from Blast .. 

• Figure ) 2-2 shows estimates of ranges 
for capsizing variolls types of ships as a result of 
air blast from surface bursts. The distances ate 
sh0wn as functions of weapon yield, since cube
root scaling does not apply. The estimates are 
based on theoretical calculations alone, since_ 
experimental data are not availabk on capsizing. 
The width of the bands in Figure ! 2-2 corre
sponds to the difference between two sets of 
theoretical calculations. The ranges are valid for 
broadside attack only. Air blast will not capsize 
a spjp in a fore-and-aft attack direction. For an 
attack direction of 45 degrees off the bow or 

are 5 to 10 percent smaller. The capsizing dis
tances from an air burst may be greater than 
those shown for a surface burst in Figure 12-2. 
For a given yield the increase in range can be 
determined approximately by assuming that the 
capsizing overpressure is independent of b'lCst 
height (within the Mach region), and then by 
referring to curves of range versus height of 
bllr,;;t for constant overpressures (see Section I, 
Chapter 2). 

.- DAMAGE FROM£llIER AIR 
~~ST Pr,-t.EI\IOMENA • 

12-10 Thermal Radiation 11 
• Material exposed to thermal radiation 

may be charreo, s::orched, ignited, melted, or 
otherwise changed. In addition, the heat may 
affect the mechanical properties of structural 
metals b~1 annealing (reduction of strength). The 
raplo raL~ oi cieiivr:ry of lnermdi energy may in
duce large temperature gradients, and the result
ing thermal stresses may produce effects such as 
surface spalling or cracking, and/or permanent 
di.:.!ortions or stru~tures or structural elements. 
Weakening of structural elements may cause 
weapon system and supcrs~ructure components 
to b'.;. more vulnerable IO the air blast, which 

12-6 

Zlnives after most of the thermal exposur~ has 
been received. Distortion of radar antennas and 
other superstructure components may cause 
functional impairment. 

111 Thermal radiation can affl!ct only the 
exposed topside personnel and material of a SUl'

face ship. Any opaque object along the flIeball
to-target line of sight will furnish protection 
from thermal radiation. Topside personnel or 
material in the shadow or the ship's structural or 
topside gear would be shielded from thermal 

ralon. 
Fires are not likely to originate except 

per aps when severe, and probably overriding, 
blast damage is also sustained. 1\1 .... ,..,.,,,11:, tI .. " ..... ;< 

insufficient combustible material topside 0\1 

combatant ships to sustain fire. Possible excep
tions may be vessels carrying inflammable liquids, 
which may spill as a result of the blast (aircraft 
carriers), and vessels carrying combustible deck 
loads (cargo ships). Water washdown sYl;tems, 
installed primarily for protection against de
posited radioactive debris, should reduce flIe 
hazards and thermal radiation damage, ~rovided 
thlre turned on prior to the burst. 

The main steel hulls of naval ships are 
not I ely to be weakened by therm!'.1 radiz.tion. 
except when severe, and probably overriding, 
blast damage is also sustained. Of the metallic 
components in use on present ships, those made 
of aluminum may be most susceptible to thermal 
radiation effects (annealing, melting). The effect 
will ~ greatest on thin aluminum components. 
Aluminum plates of alloy S4S6-H321 less than 
5/16 inch in thicknesses may suffer more than 
50-percent loss of strength pnor ~o lilt: curivai ui 
the blast at the Io-psi range from a I-Mt burst. 
Lightweight aluminum-alloy components, which 
have been used extensively in raGar antennas as 
support members, reflector elements, and wave 
guides, appear to be susceptible to melting, sag
ging, and buckling when exposed to free-fieid 
thermal radiation at the 10 psi overpressure 
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ttl. Thicker aluminum-alloy materi'ils, which 
have been used for main supe.su'uctures, could 

12-11 Dama"" '~rom Nuclear Radiation 
and ElectromagoC>\tic Pulse • : 

_ F.lectronic sY'ltem components are the' 
~ieces of equipment subject to damage 

from nuclear radiation or the electromagnetic 
pulse (EMP). General effects of these phenomena 
on electronlc systems are discussed in Sections VI, 
and VlR>f Chapter 9. References to more specific 
treatments oBhe effects of these phenomena are 
provided in the same sections of Chapter 9. 

12-8 

SECflON II 

SURFACE SHIP un.,('J,.M,U'.c 

UNDERWATER BURSTS 

K 

The shock wave can affect surface ships 
by hulls plastically, by inducing dam
aging shock motions in equipment, and by sub
jecting personnel to injurious shock motiens. 
The degree of hull deformation determines the 
degree of impairment of seaworthiness, whereas 
equipment failures' determine the degree of im
pairment of the mobility and weapon delivery 
capabilities. The principal shock motions induced 
in surface ships are in the verti ... d~ ...:;,. ....... ~vn. ;: ". 

current surface ships, personnel injuries caused 
by shock motions probably are not a significant 
feature in the overall impairment, and no attempt 
is made herein to estimate the number of per
sonnel casualties or the effect of these casualties 
on the impairment of capability. 
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12-15 Effer.t of O!lean Environment 
on Uamage Ranges. 

The 5hock wave propagating along the 
"line-of-sight" path between the burst 

point and the surface ship target may not be the 
governing damage phenomenon in all cases. When 
the water depth is greater than the burst depth, 
it is possible, in some cases, for the shock wave 
reflected from the bottom to produce mote 
severe damage 10 equipment than the direct shock 
wave. Althoubu the peak pressure of the reflected 
shock wave is less than that of the direct shock 
wave, it propagates in a more nearly vertical 
direction and, hence, is more effective in pro
ducing the vertical shock motions that control 
the degree of damage to equipment. The reflected 
wave is most likely to control damage distallces 
for .w~pofl.:delivery and mobility capabilities 

12-14 Damage Distances .'. '. ". :when .the burst occurs fortuitously at a certain 
_ The damage distances resultin~ from the depth. The bottom reflected wave is not likely 
use of the above criteria are shown in Figures to control ranges for impairment of seaworthi-

underwater bursts respectively. The distances are . It is not ~ossibIe to predict the effects 
12-3 through 12-5 for I kt; lO· kt, and 1 Mt .5" '.-
given by bands defining zones in which impair- 0 e reflected shock wave without extensive 
ment of, a stated capability occurs. The outer . knowledge of t~.e. cO!lf1gur~tjon and structure of 
bouqdary of the zone indi~ates sli):ht (l 0 percent) the bottom in the, vicinity of the detonation. 
impmment; the inner bound~iy of the zone However, certain general statements can be made. 
indi~t~~ ·almost complete (90yercent) impair-. Ifth~'*a bottom pr;,file:js co;';'cave .. .the reflected 
ment~. At d~stance5 beyond th~::puter boundary shock wave ytill .be focu~ed,)nd 'ships in certain 
of ~"';~IP there is essentially·iii? impairment of ~ocal areas may 'sUstain amiilierdegree of dama~e 
the .stated capability. At 'dist~ces within the. than would ·otherNise ·be expected. Since this 
inner' oo;'mdary of a zone;~d~: impairment is .. win be tnie only {or local areas of the water sur-
essenfialfy complete. ".j: - .face,. ~md since. the '~ffec~ "aepends on the exact 

• 
Tbe damage distance~ were computed for . "llOttom configuration, such an evept is regarded 

Jsovelocity water, i.e .. , no v,ariation of tem- as a .Jr~ .oScurilmce.:The sea bottom may be 
peratfu;~·;(,..ith depth. AUQ'wancf 'was made for· . piane,"with no appreciable curvature, but never
anomalous surface reflection (nonlinear refiec- theless may slope. If a surface ship is down-slope 
lion occurring when .th~:~ho(lk~w~.ve ~mpagate~ ._ .... frc;un.!\lJ!f~~.zero~ damage will tend to be less than 
nearly parallel to the surfa~e). The possible effect <.' for:a flat<;twttom at a depth eQual to the water 
of ship orientation with respect .to the ,direction..t;~ ~C?P;:h . below' the ship. If a surface ship is up
of shock wav~ prop~Htion.was ~ot conside~d, : .. sIope.fr9m sUrface ;tero, damage will tend to be 
nor was tne posSible-':-effect 'of diff;;rentdiafts of ... , gre'ater than fora flat bottont at a depth equal 
vf'<l~f!lS f'l~ly considered. to the water depth below the ship. 
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- Even if the sea bottom is essentially flat, 
1:Trength of the reflected shock wave will de-· 
pend on the composition of the bottom. The 
shock may be less for mud than for sand, but it 
may be greater for rock than for sand. Figures 
12-3 through 12-5 provide means for estimating 
distances at whichimpairrnent of weapon delivery 
and mobility may occur as a result of the bottom 
reflected wave. The estimates an: based on the 
assumption of a flat sea bottom with a reflection 
coefficient and a relation between reflection co
efficient and incident angle similar to that ob
served at the site of the WAHOO test of Operation 
HARDTACK. In Figures 12":"3 through 12-5. the 
reflected wave damage distances are shown as 
functions of the image burst depth. As illustrated 

in Figure 12-3, tile image burst depth is~btained 
by adding the depth of the bottom to the height 
of the burst above' the bottom, or, equivalently, 
do~bling the.d~pth of the bottom and sutitract
ing the depth of the burst. When detennining 
the distances for impairment of weapon delivery 
an4 m9bility when the burst and water depths 
are Within the Jimits giv~n in Table 12-3, the 
ranges shouJd bill fQund for both the direct shock 
wave and the bottom reflected shock wave, and 
the . be 

..... 'I"· '. '. , '. "1' 
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_The ambient sea waves existing just prior 
~burst may decrease the damage caused by 
the shock wave, Although evidence of this effect 
is too inconclusive to allow quantitative esti
mates, it appears likely that for otherwise identi
cal conditions, ship damage caused by the shock 
wave will decrease somewhat as the height of the 
ambient sea wave increases. 
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·Problem 12-2 Calculation of Shock Wave Damage Distances to 
-Surface Ships as a Result ·of Underwatet" Bu~ -. ,~ 

' ... ' .; ...... -.. -".,:.". 

• Figures 12-3 through 12-5 show families 
of curves that define zones within which a stated 
degree of impairment 'is expected to occur to 
representative Naval ships from the indicated 
weapon yields burst underwater. Each figure has 
an "a" portion that shows the damage distance 
relations for the direct shock wave 'and a "b" 
portion that shows the relations for the bottom
reflected shock wave. 
_ Scaling. Water shock damage distances 
~elds other than those indicated in Figures 
12-3 through 12-5 scale as follows (note that 
the range of yield applicability is shown on each 
figure): 

d l hI WI 1/3 
-=-=--

W 1/3 
2 

where d I (yd) is the distance from surface zero 
(SZ) for a given degree of damage for yield WI 
(kt) at a depth of hI (ft), and d2 (yd) is the dis
tance for the same degree of damage for yield 
Wz (kt) at depth h2 (ft). Image-burst depths 
and sea bottom depths should be scaled in the 
same manner as burst 
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- DAMAGE FROM OTHER " 
.......".-~eRW~TE~ ~URST ,~HEN.oM~NA .• 
_wa~er w~ves (gravity ~av~s prO~~d by 

a U[st) ,can coriceivably be a contribuiin; factor 
in causing mechanical damage to surface ships, 
especiaUy to a ship aire:ldy weakene(U~y air and 
water shock. Waves might cause flexural {bend
ing of.the strip's longitudinal girde~):damage to 
ch;"~ ('l .. ! .. ~,! .. ~ -:,!"rJ-on to the burst; or capsizing 
of "lIb~PS oriented beam-on to the burst. Wave 
~mage .hits not been observed experimentally 
in·cO'r:nection with bursts in deep water, but 
some wave damage appears to have'decurred in 
the'·~lI::iw;water CROSSRf'lADS B/I.~R test. 
A 'complete theoretical inves igatio~:i;f'Ship1e
sponse to' explosively generated waves' ~as not 
been ClilTied out, Ship response will depend ~n 
the wave peric.·d,; and heights as well as ship 
charat..teristics, hear.1ing, and speed. Present indi
cations are that the significance of waves in deep 
water will be minor relative to other damage 
phenomena (water shock wave for underwater 
bursts. air blast for ~urface bursts.) Waves in 
shallo~ water may be more significant in pI:oduc
iog damage, since such waves may be steeper, 
p;rticularly if the water depth is shoaling in the 

•

ire tion of wave propagation. 
The water column or plumes thrown up 

y an underwater burst are not likely to cause 
l>l~llUWJH IIll:l,;llallical damage to surface ships, 
since, for present ships, the water shock wave 
damage distances are greater. The highly radio
active base surge associated with the column or 
plume may be a hazard to personnel in some cases. 

SECTION m 
_ SUBMARINE DAMAGE FROM 

UNDERWATER BURSTS_ 

• DAMAGE FROM THE SHOCK 
WAVE IN THE WATER • . .':~ . 

• 'L!~~ 'Y vt;~of ~am»ge' cati~ed~" 

rines by the shock Wf1~l~ are generally similar to 
. ~ ~ (I ...... c~·.... '. . .... ' .. 

those caused"'to' surface ships, i.e., they can be 
classified as hull damage and as shock damage, 
The hull damage can range from slight plastic 
def~~~t>f hull ptatir.g to, rupture of the 
pr~~ur~: iiuJ( ,y.ith subsequent sinking \)f the 
submannc';;iShock damage to interior equipment, 
caused by 'the· sudden rnotion;'may result in im
pairmerit of tbe"'rnobility and 'wea,pon tl,elivery 
capabilities. -Best a~ailable evidence indicates that 
preseht opern.ti~ua submari~s (subll'!e.rged) wi!! 
he IQst or.seyer:ely impaired':rilechanically before 
significiiirt' iev~ls ,of persqnriel casualt~e's'aftl, pro
duced p.1non8":fh?~w:,~'~:·~:::,', ;:.~":ii;:: ;:5:'.'~~-:"1~:, .. '. 

12-17 



12-18 

dalna~:e ranges were COIDPute:d 
iSO'velc)cl1ty water, i.e., no variations of tem

perature. Allowance WM made for anomalous 
surface reflection (nonlinear reflection occur
::ing when the shock wave propagates nearly 
parallel to the surface). The possible effect of 
submarine orientation with respect to the di
rection of shock wave propagation wall not con
sidered. 

12-18 Effect of Ocean Environment 
on Damage Rang8$ • 

_ The shock wave reflected from 'th,~ liCa 
~ is less significant for submarines thaa for 
surface ships. In most cases, submm-.ne damage 
ranges are not affected by the reflected wave. 
This is because the reflected wave will always be 
of lower pressure than the direct wave since it 
has te travel over a longer distance and suffer 
reflection losses. The fact that it impinges.OD the 
submarine at a different ansle is in itself irrele
vant (unlike the situation for surface ships), b<:
cause the damaging effect is essentially inde-
pendent of the angle of attack. • ., . . 

, r .. ¥ 

• -- -.. • 11 ~ 

. '. , . . , , - ,: .' ,- ' 

. ,. -=N' 
,.' / • ~ "' ..... I • 



wave 
water when a-sharp change in water tem

perature with depth exists (thennocline). Re
fraction may affect damage ranges for submerged 
submarines more significantly than it wiD for 
surface ships, since, under certain conditions, 
damage ranges can be increased appreciably. AI-' 
thougl11nforrriation on the' effects of refracti!on 
is limited, certain gener3l.iiation~ .aft;.be malie, 
which 'are believed to hold,true under most con
dition~. If the submarine is above the thenriqcline. 
the ~ttiaiiori is 'similar to ttiat of a sUrface ship, 
i.e., the range at which a certain level of damage 
is 'produced is likely to be reduced (see Sectiqn 
U}. Ii omn tnt: submanne ibid the burst ar(:; be
low the thermocline,'-damage r:ange$ may be iii: 

... ', 

............ . ' . 

... " '!:!,. ~', 

;.;' 
" 

~~':..; 
~:~z- ~. 

'.t:~~ 

creased appreciably under some conditions. The 
effect of refraction is most significant in local 
areas where focusing occurs. Outside these areas, 
the effect is generally small and can be ig;. )red 
in many ca,se~.",ln ,general, .,..qty effe~ts of 1efic
tion wiD increase with rctnge ffom the burst 'and 
thus'willl weapon yield... '-, ", .: - '. - ': ~ 

~ .. ' . ''''":~,''~ .-...... -" ;-- . - ' . 
.... .. ~ 

DAMAGE FRilW! GTiiEri' . ' ' 
BURST PHENOMENA 

_ 'J!le',s~ock ~ave'u~ri~iif\\'ill'b,e' th}; ~~-, 
trolling -damage phenomena for submarines. 
How~'Ver, 'gravity waves gene@ted by th~ und~~
water burst"in ',some" cases :;;cQnceivably ccUid 
cause ,damage. in deep water a submarine shouhl 
m~te ~r less ,follow the wave motion .. and ,~e 
re)ai'ively,small acceleratiolls are.involveLl in tIPs 
caSe, no.,~ainage should result in addition to t~at 
cau~,,~¥~he,shock,)va!e. In_sha)~ow watet,~a 
s~ l?ri)~i~e clo~ to. tbe -boitQm could be ~rrietl 
by;~the wave motioJi"into collision with boulders 
at ':pfotrusloniiTom the sea bed~ The worst dan
ger from gravity waveS'S~ch as those that could 
be p~l.?duced if the wa~er_ depth ~ shoaling in the 
diCec,fion_ of wave propagation. The turbulent 
water!:ihvolv~ in 'this case could cause the sub
rnarii'i~ ~to, impa~ ,against the bottom. Quanti
tative information is not presentlyavaillible con
cerning the damage potentIal 01 gravity waves 
against submarines . 
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Problem. 12-3 Calculation of Damage Distanc:es for 
Suomarines from Underwater. Bursts"': ' 

aaJnal~e to submarines can be obtained for yields 
intermediate between those shown in Figures 
12-6 through 12-13 by employing the foJ]owing 
approximate scaling laws. Ranges for weapon 
delivery and mobility impairment can, within 
the range of yield indicated in each figure, be 
obtained from 

d1 =!i = Wllf3 

d2 h2 W2
1i3 

where d1 (yd) is the damage distance for yield, 
WI (kt) burst at a depth hi (ft) and d2 (yd) is 
the corresponding damage distance for yield W 2 

12-20 

. .:.' 

(kt) .~! a.1'?~r depth of hi (ft). During this scal
ing procesS'. the s1J~rgence depth of the .sub-
mariIie"'iJ"kept constant. ' ..• ' 

(U)Th'~'-~b"ove inqica~ed cube' root ~c~ling 
law applies':':tc;,'dl~iance~ for impairment of sea
woithlnes~' also,. provided the yield is greater 
than 100' kt. For yields smaller than 100 kt in 
tbeindicated rangeS, it is more acc~rate to 'use a 
sqria:r~ roo.t scaling law lcir seaworthiness im-

pa~l1t . ?~:~ ~-l" h'l~ W
t

1l2 ........ :): .. 

- ;: - = -- ... ,,, .. ,.:.... 
W If2, 

2 

where the nomenclature is the same a~; that used 
rreviously. Again, the depth of submergence of 
the submarine is kept constant during the scaling 

. '. ': . 
, '. .' (., 

. . 



through 12-13 
provide reasonable estimates for submarine dam
age criteria described in paragraph 12-16 for the 
specific submergence depths and yields for which 
the figures are provided. In view of the approxi
mate nature of the scaling elf damage distance 
with both yield and submergence depth, no fll11l 

•

. te of overall reliability can be made. 
Related Material: See paragraphs 12-16 

ou,gh ]2-18 and Section IV, Chapter 2. 
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Chapter 13 

DAMAGE TO AIRCRAFl 

II INTRODUCTION • 

• 'fhis chapter treats the damage to air
craft that results from the environment pro
duced by the air blast wave and the thermal radi
ation from a nuclear explosion. The effects of 
nuclear radiation on electronic components and 
circuits are discussed in Section VII, Chapter 9, 
and some general vulnerability estimates for 
electronic systems in aircraft are given in Section 
JVjapter 14. 

Section I of this chapter describes the 
bIas and thermal effects on aircraft in general 
terms. Section II describes the response of the 
aircraft to the various categories of effects, large
ly in the form of illustrative problems, most of 
which contain numerical examples. Both in-
fl,.· ht and parked aircraft are considered. . 

A wide range of test data and a vanety 
o analytical methods have been accumulated 
over the years to predict both the safe delivery 
of nuclear weapons and aircraft kill. Criteria for 
<l~fptv ;:m~ for kill also have been developed; 
however, aU of the aspects of the problems have 
not been treated in equal depth. The range of 
available methods that have been developed vary 
from relatively simple techniques to complex 
analyses requiring large, high-speed digital com
puters to obtain the solution. Unfortunately, 
there is very little information available concern
ing the relative accuracy and reliability of the 
v.· ous methods. 

The discu5Sion provided herein attempts 
to provide a clear description of the overall 
problem of aircraft exposed to blast and thennal 
eff~ .. t~ of nudear explosions. This description 
provides a means for those who are concerned 

with, but who do not have an extensive tech
nical background in this area, to obtain an 
appreciation of the effects and to obtain first 
order approximations for the problems of air
craft safety and kill. A comprehensive review of 
a large body of data pertinent to vulnerability 
and safety analyses of aircraft subjected to the 
effect~ of nuclear explosions is contained in 
"Handbook for Analysis of Nuclear Effects on 
Aircraft (U)," DASA 2048 (see bibliography). 
As shown in DASA 2048, assessment of damage 
to aircraft is a strong function of the detailed 
characteristics of the specific aircraft of interest. 
Thus, it is impossible to provide a simple, short 
method to determine vulnerabi1ity in a general 
manner. DASA 2048 provides several methods 
for analyzing various classes of aircraft, arranged 
in order of increasing complexity. The simplest 
method described in DASA 2048 for each cJass 
of aircraft was selected to illustrate the analysis 
of that class of aircraft in Section II of this chap
ter. A brief abstract of DASA 2048, including a 
methodology matrix, is cun1ailled~n AlJflt:ndi;.,. 
D~smanual. 

.. The term aircr~ft, as used in t~is chap
ter, applies to both arrplanes and helicopters. 
Where differentiation between the two types of 
aircraft is intentional, the tenns airplane and 
helicopter are used. 

SECTION I 
• BLAST AND 

ON AIRCRAFT 

.. The probJem of determining the effects 
o~clear weapon explosions on aircraft has 
been recognized since the development of the 
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• ftrst nuclear weapons during the mid 19408. For 
many years, aircraft represented the only means 
of delivering nuclear weapons to their targets; 
hence, it was natural to investigate the capabil
ities of aircraft with respect to delivering nuclear 
weapons. Nuclear weapons posed new and vital 
questions to military planners. Previously, when 
considering the delivery of conventional bombs 
by aircraft, the limitations on the capabilities of 
the aircraft were imposed by factors such as the 
range and payload of the aircraft and enemy de
fensive actions. With the emergence of nuclear 
weapons, a new factor was imposed. The energy 
output of these new weapons was so great that 
the delivery aircraft was in danger of being dam
aged by the explosion of the weapon it had 
delivered. II Subsequently. military planners became 
interested in the effects of a nuclear explosion 
on parked aircraft. Early efforts to understand 
thl'S oblem were largely experimental. 

Finally, the possibility of nuclear anti
air era t weapons prompted analysis of the condi
tions under which an aircraft could be killed by 
the effects of nuclear weapons. Thus, the com
plete gamut of nuclear weapon effects on air
craft 'is of interest, from sure-safe conditions to 
sure-kill conditions, for both in-flight and park
ed aircraft. 

• This section provides background con
cernmg nuclear weapon blast and thennal effects 
on aircraft, discusses the type, scope and format 
of the methods of weapon effects analysis pre
sented in Section II. and expJains how the re
sults of the analyses may be used together with 
prescribed criteria to obtain either sure-safe or 
:;;..:rc·,!dll rebions fer circf<lft exposed to blast and 
thermal effects. 

13-1 Sura-Safe and Sure-Kilt Envelopes II 
• The terms "sure-safe" and "sure-kill" are 

sel~xplanatory with respect to their general 
meaning; however, the terms must be examined 
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more explicitly to provide a basis for under
standing the analyses that are described in suc
ceeding paragraphs. If the response of an aircraft 
to one of the effects of nucl~a.t, we"poll;oo is 
known, this response must be compared to some 
criterion to determine whether the aircraft is 
"safe" or "killed:' For example, th.e aircraft 
may be termed safe with respect to that weapon 
effect as long as the particular weapon effect 
does not degrade the performance of the aircraft 
or crew in any way. The specification of a sure
kill. or lethal. criterion is more complex, because 
it is difftcult to define the amount of response 
that will result in a sure-kill. The response must 
be sufficient to produce some kind of damage to 
the aircraft or crew. It could be stated that a 
sure-kill manifests itself by virtuaUy "unmeolale 
loss" of the aircraft, but the relation of imme
diate loss to an amount of damage is difficult. 
Although some effort has been devoted to this 
problem, it still remains a major source of error 
in detennining sure-kill conditions. The best 
available lethal criteria, with the sample response 
prediction methods, are presented in Section 11 . 

• If both response prediction methods and 
cntena that relate response to sure-safe and sure
kill conditions are available, the particular geom
etry that defines the relative positions of the 
nuclear explosion and the aircraft must be de
fined, The direction and flight path of the air
craft is an important part of the geometry. Two 
terms, "orientation" and "range," must be de
fmed. For example. if the aircraft were directly 
above the burst and in straight and level flight, 
the orientation would be completely defined; 
however. the distance between the burst and the 
aircraft, which is range, would not be defined. 
The complete geometry of the problem, at the 
time of burst, is described by giving the :ange 
and the orientation . II For a specified orientation and range. 
the atrcraft response to some nuclear effect can 
be determine~. This response can be compared 



• to the maximum response to that effect that can 
be tolerated without degradation of the per
formance of the aircraft or crew, i.e., the cri
terion for sure-safe response. If the calculated 
response is less than the sure-safe criterion, the 
aircraft is safe for that range and orientation. 
Since weapon effects, and hence aircraft re
sponse to weapon effects, decrease with increas
ir . .;; :-::::';;;!, a shorter range at the same orientation 
must be considered to find the range at which 
the calculated response matches the sure-safe cri
terion. When this range, which is called the Sure
safe range, is detennined, this range and the 
orientation assumed define a point on a sure-safe 
envelope. 11 If the sure-safe range is detennined for 
all onentations, a surface in space is defined. If 
the aircraft is placed at the origin of that sur
face, any nuclear burst, of the specified yield, 
which takes place on that surface will produce 
an aircraft response that matches the sure-safe 
criterion. Any burst outside of that surface will 
produce a lesser response; the aircraft will be 
safe for any burst outside of the surface. Con
versely, the aircraft may be unsafe for any burst 
in&the surface. 

_ The surface described above is some
times referred to as the "sure-safe volume," 
since it describes the volume in space outside of 
wrucn a nuclear burst will produce a level of 
response that is safe for the aircraft and crew. If 
a plane is passed through this surface, the inter
section of the plane and the surface defmes a 
closed line called an "envelope." A sure-safe 
envelope is simply a plane section of a sure-safe 

The sure-kill surface or volume may be 
vloU e. 
de med in a similar manner. The sure-kill vol
ume, often called the lethal volume, defines the 
volume in space inside of which a nuclear burst 
will produce a level of response that wil1 result 
in an aircraft kill. A sure-kill envelope is a plane 
section of a sure-kill volume. 

• 

• For in-flight aircraft, the range and 
orientation with respect to a given burst point 
are functions of time as a result of the motion of 
the aircraft. The time must be specified to spe
cify the geometry completely. In defining the 
time, it is important to distinguish between 
types of weapon effects: those effects that take 
place or at least begin to take place immediately 
after the burst; and those that do not take place 
until some time after the burst. Nuclear and 
thermal radiation, whose effects begin to be felt 
virtually immediately fall into the first category. 
Gust and overpressure effects, which are not felt 
by the aircraft until the arrival of the blast wave 
are in the second category. Two times of sig
nificance are associated with the problem. The 
first is the burst time and the second is the inter
cept time, or the time at which the blast wave 
reaches. or intercepts, the aircraft. For effects in 
the fIrst category. only the burst time is signifi
cant; hence. the orientations and ranges are 
those corresponding to the burst-time position 
of the aircraft. For effects in the second cate
gory, both the burst time and the intercept time 
ariii,nificant. 

• In calculating response, it is convenient 
to use the intercept time, because it is at inter
cept time that the response begins. Hence, appli
cation of the response methods results directly 
in intercept-time volumes and envelopes. The 
military planner, however, is generally interested 
in burst-time envelopes, since he wants to know 
what the effects of a nuclear burst occurring at 
some point relative to the aircraft will be on an 
aircraft. He generally is not interested in where 
the aircraft will be when it is intercepted by the 
blast wave, but only that some given response 
will be achieved when it is intercepted. Thus, it 
becomes necessary to transform intercept-time 
envelopes into burst-time envelopes. This trans
formation can be accomplished rather easily. 
Each range on an intercept-time envelope repre
sents the distance which the blast wave must 
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• travel in order to reach the aircraft. For a given 
yield and altitude, a time of arrival of the blast 
wave may be associated with any distance trav
eled. Hence, the time, measured from burst 
tim e , corresponding to any point on the 
intercept-time envelope may be calculated from 
weapon characteristics. Using this time, and 
knowing the aircraft velocity and maneuver con
dition, a position occupied by the aircraft at 
burst time may be calculated for each point on 
an intercept-time envelope. These positions de
fine the burst-time envelopes. 

11 In determining the burst-time envelopes, 
the assumption is made implicitly that the air
craft maintains a constant speed and maneuver 
b("tween the time of burst and the time of inter
ception by the blast wave. Within the scope of 
this manual, the assumption has been made that 
the airplane velocity does not exceed Mach 2. 
For an airplane velocity exceeding Mach 2, cer
tain effects that have been ignored in transform
ing intercepHime envelopes into burst-time 
envelopes become important. This assumption is 
valid for low yield weapons, because of the small 
distances and times involved. For large yield 
weapons, however, when the blast wave arrival 
time "may be on the order of several seconds, 
there is time for a pilot to change his course. It 
would be impossible to guess the course changes; 
hence, assumption of an unaltered flight path 
cannot be avoided reasonably. At the same time, 
this assumption must be considered as a source 
of error in the case of large yield weapons. 

111 NUCLEAR WEAPON EFFECTS 
ANALYSIS. 

II A basic description of nuclear weapon 
blast and thennal phenomena is contained in 
Chapters 2 and 3 of this manual. The effects of 
these weapon phenomena on an aircraft are de· 
scribed in the following paragraphs. These 
effects include material velocity (gust) effects, 
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overpressure effects, thermal radiation effet.:ts, 
and combinations of these effects. 

13-2 Gust Effects II 
_ The blast wave and the associated ma

terial velocity and overdensity are described in 
Section I of Chapter 2. As the blast wave engulfs 
an aircraft, the angle of attack of the aircraft is 
changed by the material velocity. The effect is 
similar to that produced by atmospheric gusts, 
and the tenn gust has become associated with 
this effect . 
... Another parameter that is important in 

de=ining aerodynamic loads is the dynamic 
pressure. The dynamic pressure is the product of 
the air density and the square of the velocit:r of 
the aircraft relative to the surrounamg au. ~Ull.~ 
both the density and the relative velocity are 
changed by the blast wave, the dynamic pressure 

is.ged. 
The changes in angle of attack and dy-

naImc pressure produce changes in the aerody
namic loads on the aircraft. Several methods 
may be used to predict the resulting aerody
namic loads. The simplest is the so"Ca11ed quasi
steady state method. In this method, the angle 
of attack and dynamic pressure existing at each 
instant of time are considered to have existed 
for a time that is sufficiently long that a steady
state condition has been attained. The aerody
namic forces are then the steady-state forces 
corresponding to the instantaneously-existing 
conditions. Since the instantaneously-existing 
conditions actually are changing rapidly as the 
blast wave engulfs the aircraft and subsequently 
decays, the method is called quasi-steady, More 
sophisticated methods account for the trulv 
transient nature of the 'response to the aerody
namic loads under the rapidly changing condi
tions. Such methods are called unsteady aerody
namic methods. 11 One more complication arises in predict
ing aerodynamic loads. Aerodynamic .loads gen-
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• erally are assumed to be proportional to the 
angle of attack, i.e., the loads are assumed to.be 
linear with angle of attack. In the sure-kill case, 
however, severe loadings are required to produce 
damage corresponding to a sure-kill condition. 
These severe loadings generally can occur only if 
the gust induced angle of attack is large, often 
well beyond the angle of attack range for which 
E::e.::it~' c:!:! be assumed reasonably, and non
linear aerodynamics are of interest. The coupling 
of unsteady and nonlinear aerodynamics is an 
extremely complex problem that has been 
solved only semi-empirically. 

_ The aerodynamic loads described above 
prruce rigid-body accelerations of the aircraft, 
both in translation and rotation. These accelera
tions result in translational and rotational veloc
ities and displacements. The translational veloc
ity and the rotational displacement are particu
larly important in the production of additional 
aerodynamic loads. If an aircraft is intercepted 
by a blast wave from directly below, the ma
terial velocity is upward. This increases the angle 
of attack of the aircraft and causes an upward 
translational velocity, so the aircraft tends to 
"ride" with the gust. The tendency to ride with 
the gust causes a reduction in the angle of attack 
of the aircraft and alleviates the aerodynamic 
loads. The aIJeviation that results from riding 
with the gust is a function of the wing loading 
for an airplane. The wing loading is the ratio of 
the airplane weight to the airplane wing area. An 
airplane with a high wing loading is heavy with 
respect to its aerodynamic loading~ it rides very 
little with the gust and produces very little load 
alleviation. Conversely. an airplane with a low 
wing loading will produce considerable load al
leviation by riding with the gust . 

• The rotational displacement that results 
from rotational acceleration also alleviates the 
loading, although the effect is more complex. 
Roughlv. a stable aircraft will rotate into the 
gust, which reduces the angle of attack and alle-

• 

viates the loads. Generally> the translational load 
alleviation is more important than the rotational 
load alleviation during the time period of 

inlest. 
The aerodynamic loads also produce ac-

celera Ions and displacements in the elastic 
modes of the aircraft, e.g., the fuselage bends. 
The elastic displacements and velocities aho 
change the angle of attack and hence the aero
dynamic loads. There is thus an interaction 
between the elastic motion and the aerodynamic 
loads; this interaction is called the aeroe1astic 
effect. The aeroelastic effect is generally of sec
ondary importance, but there are cases in which 
it can be of considerable importance . 

• One more type of motion interacts with 
the aerodynamic loading. If the sure-kill prob
lem for an in-flight aircraft is considered, the 
inelastic response often must be considered. A 
major component, such as the fuselage, ordinari
ly will fall in an instability, or buckling, type of 
mode; however, a buckling failure does not nec
essarily produce a catastrophic failure of the air
craft. i.e., a sure-kill condition. A structure that 
has undergone a major buckling failure will be 
weaker than it was prior to the failure; however, 
it may maintain the capability of carrying a sub
stantial load. The load carrying capability may 
be sufficient to pennit the aircraft to complete 
its mission. This situation has been demonstrat
ed analytically. in simulation experiments, and 
in a full-scale test during Operation TEAPOT, a 
nuclear test in Nevada in 1955. 

• 
As the inelastic deformation of the 

struc ure increases, its load carrying capability 
decreases. At some point, the load carrying capa
bility becomes sufficiently low that a sure-kill 
condition exists. Inelastic deformations required 
to produce a sure-kill condition may be very 
large when compared to elastic deformations; 
the aerodynamic roads induced by ineJastic mo
tions may be much larger than the aero elastic 
effect described previously. 
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• The final influence on the aerodynamic 
loadings for in-flight aircraft is pilot or autopilot 
action upon interception of the aircraft by the 
blast wave. Pilot action would be too slow to 
influence the situation substantially during the 
time period of interest. Autopilot response has 
been ignored in .all known approaches to the 
problem, presumably because of the low prob
ability that the aircraft would be on autopilot 
for realistic engagement conditions. It might be 
noted, however, that an autopilot that is main
taining constant barometric altitude could react 
violently to the change in pressure accompany
inlh blast wave. 

The concepts of rigid-body. elastic, and 
ine ashc motion have been introduced in outlin
ing the various influences on the aerodynamic 
loads. Each of these types of motion is impor
tant for some type of sure-safe or sure-kill en
velope. For example, parked aircraft may be lift
ed from the ground. This is a rigid-body mode, 
which must be considered for both sure-safe and 
sure-kill conditions for parked aircraft. 
.. Parked aircraft also may be damaged by 

be=g of the fuselage or vertical tail as a result 
of aerodynamic loading of the vertical tai1. For 
sure-safe conditions, this bending will be elastic; 
for sure-kill conditions, inelastic response also 
mle important. 

Rigid·body motions generally are not 
important for in-flight aircraft. These motions 
enter the problem in two ways: (1) their influ
ence on the aerodynamic loads is significant; (2) 
rigid-body translational accelerations are rough 
indices of the amount of elastic or inelastic de
formation of the major aircraft components, and 
!h~y m:lY be used in crude methods instead of 
such defonnations, which are the quantities of 
real interest. More realistic analyses should con
sider elastic response for sure-safe conditions 
and inelastic response for sure-kill conditions. 

_ Most of the preceding remarks apply 
bom-ro airplanes and to helicopters. The only 
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new facets added by helicopters are the rotors. 
There are three types of helicopter main rotor 
blades: hinged, rigid (hinge less), and teetering. 
Each type must be considered separately, be
cause each has its own characteristics. 
111 The important characteristic of a hinged 

rotor is the hinge, which is offset somewhat 
from the center of rotation. This permits free 
rotation of the blade outboard of the hinge in an 
up·and-down. or flapping, direction. Analysis of 
this type of blade has shown that bending of the 
blade is not an important mechanism for either 
sure·safe or sure-kill conditions. Flapping of the 
blade about the hinge seems to be more impor
tant. Extreme flapping could result in a collision 

- between the blade and the fuselage and/or the 
flapping stops. Even blade flapping appears to be 
less important than overpressure damage to the 
overall system, so gust effects are not considered 
for hinged blade helicopters in this chapter. 11 Rigid, or runge]ess blades, do not usc a 
flappmg hinge. Bending may be important for 
th&blades, and it is considered in this chapter . 

• Fina])y, a teetering blade roughly com
bines the characteristics of the hinged and hingeM 

less blades. A teetering blade is essentially a see· 
saw about a hinge at the center of rotation. The 
two blades on the two sides of the hinge are 
connected rigidly. If there is a loading on the 
two blades, this loading can always be divided 
into a symmetrical and an anti-symmetrical com
ponent. The loadings on the two blades are 
identical for the symmetrica1 component; the 
loadings on the two blades are exactly opposite 
for the anti-symmetrical component. The re
sponse to the anti-symmetrical component is 
exactly the same as if each blade were sep:lr~tel}' 
hinged at the center of rotation, rather than be
ing connected rigidly. The anti-symmetrical gUst 
loading component. on teetering blades can 

··.thererore be ignored for the same reasons that 
gust loading on hinged blades was ignored . 

• The teetering blade responds to syrn-

~), 
< . ... 



• metric loading as if there were no hinge at the 
center of rotation, i.e., the teetering blade re
sponds to a symmetric loading as if it were a 
hingeless blade, and the symmetric component 
of the gust loading must be considered. 11 In general, gust effects are only of minor 
importance for parked aircraft, but they are of 
primary importance for in-flight aircraft. 

'3-3 Overpressure Effec1S • 

• The gust effects influence the major 
components of the aircraft, such as the wings 
and/or the blades, the fuselage, the horizontal 
tail, and the vertical tail. The overpressure, on 
the other hand, influences smaller elements of 
the stru~ture, Le., the skin, the stringers, and the 
frames, particularly on the fuselage. 111 When an aircraft is struck by a blast 
wave, the pressure on the side of the fuselage 
facing the burst point is increased above the in
cident value by reflection, and a local loading of 
short duration is generated (see Figure 9-3). As 
the blast wave continues to engulf the aircraft, 
the pressure on the side of the fuselage facing 
the burst point decays to the pressure behind the 
blast wave. The characteristic loading is a high 
reflected pressure (from two to eight times the 
overpressure associated with the blast wave), 
which decays very rapidly) in a few milliseconds, 
to the value of pressure behind the blast wave. 
This high pressure, short duration pulse" is fol
lowed by the much longer duration, but lower 
pressure, pulse that is characteristic of the blast 
wave 
iIIl It is primarily the high reflected pres

su"ort duration pulse that is responsible for 
damage to skin panels, stringers, and frames. 
These structural elements are vulnerable to such 
short duration loadings because of their high fre
quencies. For the converse reason, the much 
lower frequency major components are not 
influenced to a great extent by the short dura
tion loading. 

• 

• The short duration pulse produces 
~ishing-in of skin panels and buckling of string
ers and frames or portions of stringers and 
frames. As in the case of analysis of response to 
gust effects, analysis of overpressure response 
only requires consideration of the elastic re
sponse for the sure-safe case, but inelastic re
sponse should be included for sure-kill con·· 
ditions. 
• Early efforts to determine overpressure 

damage relied virtually entirely on experimental 
resuIti. Simple approaches were advanced later, 
which analyze the response of skin panels, 
stringers, and frames to static loadings, and then 
modify the results by some dynamic factor to 
account for the true dynamic character of the 
loading. 

_ With regard to overpressure damage, air
planes and helicopters may be analyzed in the 
same way_ The distinguishing feature of the heli
copter, the rotor blade. is virtually invulnerable 
to overpressure effects, so the helicopter is no 
different from an airplane- in this regard. 
.. Overpressure damage is generally the 
pr~minant effect for parked aircraft; however, 
overpressure damage is usually of minor impor
tance in comparison with gust effects for in
flight aircraft. Overpressure only becomes 
important for in-flight aircraft in those regions 
where gust effects are small, i.e., for bursts al
most directly -in front of or directly behind the 
aircraft. 

13-4 Thermal Radiation Effects • 

.. In considering the effects of the thermal 
raCon from a nuclear explosion, two distinct 
problems must be addressed: (1) the portion of 
the thermal radiation emitted by the explosion 
that reaches the aircraft; and (2) the effect on 
the aircraft that is produced by the incident 
ra_on. 

_ The radiant exposure of an aircraft in 
flight varies widely with atmospheric conditions. 
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• orientation of the aircraft with respect to the 
burst, aircraft velocity, the ground reflecting sur
faces, and the location of clouds (see Chapter 3). 
Scatter and reflection add to the direct radia
tion, and, under some circumstances, the ther
mal energy incident on an aircraft in space may 
be two to three times as great as would be com
puted at a given slant range for direct radiation 
only. Conversely, when a heavy cloud layer is 
between the burst and the aircraft, the radiant 
exposure may be only a fraction of the pre
dicted value of direct radiation for a given range. 
In other situations, reflected radiation from 
clouds may contribute significant thermal 
energy to areas of the aircraft shaded from di
rect radiation. During weapon effects tests of an 
aircraft Hying in a cloud above the burst, the 
radiant exposure at the top of the aircraft and 
its cockpit area was observed to be as much as 
one-fourth of the direct radiation on the lower 
surfaces. This experiment demonstrated the 
need for protection of weapon delivery aircraft 
from radiant exposure from any direction. II The motion of the aircraft during the 
time In which significant thennal radiation is 
being emitted by the fire ball can exert an impor
tant influence on the thermal radiation incident 
upon the aircraft. Obviously, this is particularly 
true for high-speed aircraft. "Fly-away factors" 
have been devised which are first order conec
ti~iilor aircraft motion. 

_ The absorptivity of the aircraft skin and 
the angle of incidence of the thennal radiation 
affect the amount of energy that will be absorb
ed by the structure; the boundary layer in the 
air flow adjacent to the structure leads to con ... 
vective cooling. Very thin skins are heated to 
damaging temperatures rapidly, because the 
energy is absorbed by the skin much more 
rapidly that it can be dissipated by conduction 
and convective cooling. In recent years, de
signers of military aircraft have reduced aircraft 
vulnerability to thennal effects by coating rna-
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terials with low absorptivity paints, by eliminat
ing ignitable materials from exposed 5urfac.'es, 
and by substitution of thicker skins for very thin a An aircraft thin skin panel, supported by 
internal structure, which is usually much cooler, 
can be heated sufficiently that it nlay be buck
led by thennal stresses in the sure-safe case, or it 
may melt in the case of sure-kill. In either case, 
there will be essentially no change in tempera
ture through the thickness of a thin skin. The 
thick skin case is a step higher in complexity. 
The temperature distribution across the thick
ness of the skin must be considered in detennin
ing thermal stresses. A still more complex tern .. 
perature distribution occurs in built .. up struc
tures, with air gaps acting as insulators oetween 
spars, stringers, and skin. For all but the Simplest 
configurations, computer programs are necessary 
to define these temperature distributions 
accurately. 
_ Analyses of thermal radiation effects on 
~t generally only concern themselves with 
temperature rather than with stresses, since 
buckling of thin skin is generally of little or no 
consequence. Sure ... safe envelopes usually are 
based upon a rather arbitrary temperature, or 
temperature rise, in the thinnest skin. The tern· 
perature chosen is based roughly upon some per
centage reduction in strength or stiffness that 
results from the increased temperature. Sure-kilt 

anv opes are based upon melting of the skin. 
Biological injury to the crew from 

in ense thermal radiation, and damage to non
structural elements that wou1d affect mission 
performance adversely also must be considered 
when dealing with thennal criteria. Tn many 
cases, these problems can be minimized by ade
quate protective measures such as cockpit 

•

s. 
A military weapon delivery aircraft 

properly prepared for its delivery mission with 
reflective paint and with the crew and all vulner-

./) 
t. 



• able materials shielded from direct thennaJ 
radiation will not be damaged by thermal radia
tion at distances where damage from air blast 
would be severe. Other aircraft not so prepared 
may sustain serious damage at very low thermal" 
levels as a result of ignition of items such as 
rubber and/or fabric seals, fixed landing gear 
tires, cushions, and headrest covers. Aircraft 
pam ted with dark paint are especially vulnerable 
to thermal radiation damage, because the dark 
painted surfaces absorb three to four times the 
thermal energy that is absorbed by polished 
aluminum surfaces or surfaces protected with 
reflective paint. 

_ As in the case of overpressure effects, 
threis no difference between helicopters and 
airplanes with regard to the analysis of thermal 
radiation effects. The importance of thermal 
radiation effects relative to the other effects 
depends upon the yield of the weapon being 
considered. Relative to other effects, the impor
tance of thermal radiation increase with increas
ing yield. For small yields, thermal radiation is 
generally of secondary importance for both 
parked and in-flight aircraft; thermal radiation 
from high yield weapons may be dominant for 
both. 

13-5 Combined Effects • 

_ The effects of combinations of various 
weapon phenomena have been examined, but 
relatively little has been accomplished in the 
generation of methods for analyzing combined 
effects. One reason for this is the difficulty in 
analyzing each effect individually with adequate 
accuracy. In general, only qualitative comments 
~ made concerning combined effects. 
.. The fIrSt possibility is the interaction 

between gust and overpressure effects. For in
flight aircraft, the "levels of overpressure required 
to produce a given response are well above the 
lev .. l~ 1l"s0ci?ted with significant response to gust 
effects, and little coupling is expected. For 

.. 

parked aircraft, the gust effects of most impor
tance are lift-off and crushing of the landing 
gear; overpressure damage will not influence 
these phenomena significantly. Thus, gust
overpressure coupling appears to be of sec
oni(a importance. 

In considering the thermal interactions 
wi either overptessure or gust, it should be 
recalled that the usual thermal analyses are con
cerned with temperatures and not with stresses. 
To examine the interaction between thermal 
stresses and gust or overpressure effects would 
require a combined analysis of a higher level of 
sophistication than is usually employed for the 
individual effect. Moreover, the few exploratory 
investigations indicate that transient thermal 
stresses seem to be less important as a coupling 
factor than degradation in material properties 
that result from elevated temperature. Degrada
tion of material properties generally will be of 
minor importance at ranges associated with sig
nificant gust effects for in-flight aircraft, except 
in the case of high yield weapons. For high yield 
weapons, the time period between heating of the 
structure and interception of the aircraft by the 
blast wave may permit considerable cooling to 
take place, and thus minimize interaction effects 
e.in this case. 

For parked ~jrcraft, the inter:lC'tk'n bt'
tween thennal and overpressure effects could be 
significant. The state of the art in overpressure 
effects analysis, however, is such that inclusion 
of anything more than the effect of degraded 
material properties (see Section IV, Chapter 9) 
wnuld be unreasonable. 

• 
In summary. the only interactions be

tw effects that seem to be of much impor
tance are those between thermal effects and gust 
or overpressure effects. In those cases, any con
sideration of interactions should be restricted to 
use of material properties in the gust or over
pressure analyses corresponding to the elevated 
temperatures produced by the thermal radiation.' 
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• Furthennore, consideration of even this interac-
tion should be restricted to the most sophisti
cated methods of gust and overpressure analysis, 
and is not recommended for users of this 
manua1. 

SECfION D 
_ AIRCRAFT RESPONSE TO BLAST 

AND THERMAL EFFECTS • 

• AiRCRAFT RESPONSE TO GUST 
EFFECTS 11 
13-6 Aerodynamic Coefficients 

for Aircraft 11 
• When the blast wave arrives and com

mences to envelop the aircraft, a complicated 
pattern of shocks passes over the surfaces of the 
aircraft very quickly. During this period, fre
quently called the "diffraction period" (see Sec
tion II, Chapter 9), the transient airloads are 
difficult to predict, and sophisticated methods 
are required even for the simplest combination 
of aircraft configuration and blast orientation. 
However, for many cases of blast loading, such 
as a supersonic airplane enveloped by a blast 
from below, the lift and nonnal force during the 
diffraction period are nearly the same as during 
the early post-diffraction period. In other cases, 
the duration of the diffraction loading is so 
short that the influence on the response of 
major aircraft components is very small. Hence, 
it is reasonable to make fll'St estimates of the 
transient airloads on a quasi-steady basis by us
ing instantaneous quantities (angle of attack, 
density, etc.) and steady--state coefficients to 
compute steady state forces. This simplification 
is adopted in the aerodynamics methods pre
sented in this chapter. 

_ Methods for calculating gust loadings are 
presen ed for two orientations: symmetric load
ing, with the gust velocity from directly above 
or below the aircraft; and lateral loading, with 
the gust velocity directly from the side. 
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• When a wing (tail) is added to a fuselage, 
certain mutual interference effects may arise 
between the components. For example, a bod v 
induces high upwash velocities near the wing
body (tail-body) juncture, which is commonly 
termed body-induced wing (tail) interference. 
The local body flow properties such as Mach 
number and dynamic pressure also affect the 
wing (tail) loading. The wing (tail) in tum af
felt the loads on the body. 

Another interference effect, normally 
const ered in stability and control, is that on the 
tail that results from a wing set at an angle of 
attack. The downwash that is caused by the 

trailing vortices from the wing generally reduces 
the lift on the horizontal tail .:;u.~ ... "'~ ... ': ... : .. ., 
straight and level flight. The magnitude of the 
reduction depends on the span of the wing rela
tive to the span of the tail, the lift distribution 
on the wing, and a number of other factors. A 
blast wave changes the loading in the wing, 
which alters the strength of the vortex sheet 
behind the wing, but the change in the strength 
of the vortex sheet that results from the blast 
wave does not affect the lift on the tail at early 
times after blast amval to any great extent. The 
blast wave also deflects the vortex sheet away 
from the plane of the wing. The effect of the 
vortex sheet on the lift on the tail depends 
strongly upon the position of the sheet relative 
to the tail surface. Methods to predict the tran
sient location of the vortex sheet have not been 
demonstrated for strong blasts; therefore, the 
interference of the wing on the tail is not in
cluded in transient load estimates. 

• The airloads on the vert;caJ tail pro
duced by lateral blasts are more difficult to pre
dict than the airloads on the wing, because, in 
addition to the body and the wing. the hori
zontal tail influences the flow field at the verti
cal tail. At an angle of attack, the downwash 
from the wing could influence the vertical tail. 
The lateral flow over the body has a maximum 



-velocity at the top where the vertical tail is 
1ocated. Also, at large angles of attack or side
slip, there are vortices shed from the body that 
could affect the loads on the vertical tail; pre
sum& b!y the effect of the vortices would be 
most severe at combined angles of attack and 
sideslip, a combination which is outside the 
cases considered here. The horizontal tail inter
acts with the flow field about the vertical tail, 

serving to some extent as a reflection p]ane, so 
that aerodynamically the vertical tail appears to 

have an aspect ratio that is larger than the geo

metric aspect ratio (this is the so-called "end
plating" effect). At supersonic speeds, shocks 

emanate from the wing and horizontal tail and 
provide further influence on the vertical tail 
loads. 
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Problem 13-1. Calculation of the Aerodynamic Coefficient 
for Wing and Horizontal Tail 

• The transient airloads may be obtained 
on a quasi-steady basis using the instantaneous 
quantities (angle of attack, density, etc.) and 
steady-state coefficients. Typically, the theoret
ical methods predict a lift for a swept wing-body 
combination which is about to percent greater 
than for an isolated wing without a body, pro
vided that the wing and body are at the same 
incidence. In wind tunnel tests, however, the lift 
on a swept wing-body combination was found to 
be the same as on an isolated wing. In these 
~.:ses, the area of the isolated wing includes the 
area submerged within the body. Other methods 
indicate that the lift on a delta wing-body com
bination with a typical ratio of body diameter to 
wing span and traveling at supersonic speeds is 
within 2 percent of the lift for the same delta 
wing alone. In view of these results, the lift on 
the wing (tail}-body combinations is computed 
for an isolated wing (tail) having the same wing 
area, including the wing (tail) area submerged 
within the fuselage. 

_ The calculation of the aerodynamic 
co~cient for wings and/or horizontal tails, 
CL~' is presented in the following series of steps. 

1. Using the silhouette profile of the aircraft 
(for example, see Figures 13-1 and 13-2), from 
which lengths and surfaces may be found, deter
mine the following: 

S = wing/horizontal tail area (sq ft), de
fined as the extension of the leading 
and trailing edges of both wings/ 
horizontal tail to the aircraft center
line. 

er = wing/horizontal tail root chord, Le., 
the length along the fuselage center
line (ft) subtended by extensions of 
the leading and trailing edges. 

13-12 

• 

Ct = wing/horizontal tail tip chord (ft), 
defmed as the length along the fuse
lage centerline subtended by the wing 
tip. 

b = wing/hOrizontal tail span, tip to tip 
(ft). 

ALE = sweepback angle at wing/horizontal 
tail leading edge, measured from a line 
perpendicular to the fuselage center· 
line (deg). 

M = Mach Number = Vic, where V is the 
aircraft velocity and C is the ambient 
speed of sound. 

2. Calculate the taper ratio A: 

and the aspect ratio AR: 

3. Calculation of the slope of the lift coef
ficient depends on the value of the Mach num
ber, M. Three regions are defined as follows: 

Region 1: M <: 0.85, 

Region 2: M ~ 1.2, 

Region 3: 0.85 < M < 1.2. 

Region 1. Steps a through d present the calcu
lation of the slope CL~ for M"';; 0.8S. 

a. Calculate the value of ~2 : 

{j2 == I _ M2. 

• 



r' :, , . 
( 

• b. Determine the tangent of the sweep 
angle of the mid-chord line, tan Ac12 : 

2 
tan Ac/2 = tan ALE - AR 

c. Compute the parameter, 

[ 1 - A] 
1 + A . 

[ 
2 2 J 1/2 AR 13 + tan AC/2 ' 

and enter Figure 13-3, with the value of the 
parameter to obtain the corresponding value of 
CLexIAR. 

d. Calculate the slope of the lift coefficient 
curve as follows: 

Region 2. Calculation of CLa for M ~ 1.2 is 
performed by the following steps. 

a. Calculate the value of 13: 

b. Calculate the values of the parameters: 

t3 
tan ALE' 

and 

(AR) tan ALE' 

c. Enter Figure 13-4 and select the figure 
corresponding to the taper ratio A. Select the 
curve corresponding to the value of the param
eter (AR) tan ALE' If 

• 

use the left side of the figure to obtain the value 
of tan ALECNo:' Calculate CLa as follows: 

where the normal force coefficient CN a and 
CLa are taken to be equal within the scope of 
this method. 

If 

determine its reciprocal, 

tan ALE 

t3 

and use the right side of the figure to obtain the 
value of ~CNa' 

The slope is calculated by: 

where CN is repre~ented a!' C L w!thin tl-t~ ~'.'''''r'e

of this method. 
Region 3. The fol1owing steps a through c, are 

used to calculate CLa for 0.85 <M < 1.2. 
a. Calculate eLa: at M = 0.85 following the 

method in Region 1. 
b. Calculate eLa: at M = 1.2 following the 

method in Region "2. 
c. Interpolate linearly for the slope at the 

actual Mach number: 

CLa = CLa (at M '" 0.85) 

M - 0.85 r. l 
+ 0.35 LCLa (at M::: 1.2) - CLa: (at M = O.~s~. 
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Reliability: The aircraft is assumed to be 
in a symmetric maneuver prior to blast inter
ception. Blast origin is in the aircraft plane of 
symmetry. Interference effects of wing on tail, 
body on wing, and body on tail are neglected. A 
quasi-steady approach is assumed to be adequate 

line blast-induced loads. 
Related Material; See paragraphs 13-1 

an -2. See also Table 13-1. 



Table 13-1. • Selected Data Based on U.S. Standard Atmosphere, 
1962 Engl\sh Units _ 

Density Temperature Sound 
Altitude Temperature Pressure Ratio· Ratio Speed 

feet OF psi plPo T/To ft/sec 

0 59.0 14.696 1.0000 1.000 1116 
1 000 55.4 14.17 .9711 .993 1113 
2 000 51.9 13.66 .9428 .986 1109 
3 000 48.3 13.17 .9151 .979 1105 
4000 44.7 12.69 .8881 .973 1101 

5 000 41.2 12.23 .8617 .966 1097 
10000 23.4 10.1 1 .7386 .931 1077 
15 000 5.5 8.297 .6295 .897 1057 
20 000 -12.3 6.759 ,5332 .863 1037 
25 000 -30.0 5.461 .4486 .828 1016 

30 000 -47.8 4.373 .3747 .794 995 
35 000 -65.6 3.468 .3 \ 1)6 .760 973 
40000 -69.7 2.730 .247\ .752 968 
45 000 -69.7 2.149 .1945 .752 968 
50000 -69.7 1.692 .1531 .752 968 

C'" 55 000 -69.7 1.332 .1206 .752 968 
60 000 -69.7 1.049 .09492 .752 968 
65 000 -69.7 .826 .07475 .752 968 
70 000 -67.4 .651 .05857 .756 971 
75 000 -64.7 .514 .04591 .762 974 

80 000 -62.0 .406 .03606 .767 978 
85 000 -59.3 .322 .02837 .772 981 
90 000 -56.5 .255 .02236 .777 984 
95 000 -53.8 .203 .01765 .782 988 

100 000 -51.1 .162 .01396 .788 991 

110 000 -41.3 .103 8.692-3 .807 1003 
120 000 -26.1 .0667 5.428 .836 1021 
130 000 -10.9 .0438 3.446 .865 1038 
140 000 4.3 .0292 2.222 .894 1056 
ISO 000 19.4 .0197 1.454 .924 1073 

160 000 27,S .0135 9.770-4 ,939 1082 
170000 27.S 9.23-3 6.690 .939 1082 
180 000 18.9 6.31 4.652 .923 1072 
190 000 8.1 4.27 3,225 .902 1060 

, 200 000 -2.7 2.87 2.217 .881 1048 

NOTE: 7.011-3 means 7.011 l( 10-3 

• P .. 2.38 x 10-3 du,s/rt3 
o • 7.65 x Hr2 Ibslft3 
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SCALE: I" = 30' 

Figure 13-1. _ Example Airplane (American) W 
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Figure 13-2. 11 Example Helicopter 11 
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Problem 13-2. Calculation of the Aerodynamic 
Coefficient for the Vertical Tail 

• An effective aspect ratio is derived to 
account for interference effects from the body 
and the horizontal tail to predict the lateral 
force on the vertical tail at subsonic speed: 

where AR is the aspect ratio of the isolated ver
tical tail, with the span and area of the vertical 
tail measured to the fuselage centerline; the fac
tor (AR)B fAR is the ratio of the aspect ratio of 
the vertical tail in the presence of the fuselage to 
the aspect ratio of the isolated tail (this ratio is 
shown in Figure 13-5); the factor KH accounts 
for the relative size of the horizontal and vertical 
tails, and it varies from 0 to about 1.1; and the 
factor (AR)H B I(AR)B is the ratio of the vertical 
tail aspect ratio in the presence of both the hori
zontal tail and body to that of the vertical tail in 
the presence of the body alone, which varies 
from 0.9 to 1.2 for typical configurations. With
in the accuracy goals of the present calculations, 
it is rf"asonable to take this ratio as unity, which 
gives 

I (AR)s) 
(AR >erf = \ AR AR. 

A flrst approximation for the lift coefficient for 
the vertical tail, CLa, is determined from the 
w;n.g lift curye slopes shown in Figures 13-3 and 
13·4, using the effective aspect ratio (AR)eff' 
The value of CLa should be corrected by an 
empirical factor k, which is a function of the 
vertical tail span and the body diameter: 
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The diameter k may be obtained from Figure 
13-6. All coefficients are based on the dynamic 
pressure and the elevation area of the isolated 
vertical tail. 111 For direct side-on blast orientation cases 
for parked aircraft, the normal force coefficient 
is obtained from drag data for flat plates in 
streams normal to the plates.· Data indicate that 
a drag coefficient of 1.2 would apply to plates 
having an aspect ratio from unity to about 10, 
which essentially encompasses the range of 
aspect ratios for vertical tails of current aircraft. 
Therefore, for analysis of effects on side-on 
gusts on parked aircraft, a coefficient of 1.2 has 
been used. 

• The drag force on the fuselage also be
comes important for parked aircraft subjected to 
side-on gusts. Values of the steady-state drag 
coefficient vary from about 0.35 to 1.2, depend
ing upon the Reynolbnumber, which dictates 
whether the flow is laminar or turbulent. In the 
case of unsteady drag, a drag coefficient slightly 
below the laminar value of 1.2 appears to be 
applicable at early times. Therefore, a drag coef
ficient of 1.2 has been used for the fuselage for 
the analysis of the effects of side-on gusts on 
parked aircrafts. 

_ For supersonic speeds, the slope of the 
lift coefficient curve CLQ is estimated by the 
nonnal force slope for similar wings. In this cal
culation, CLa is computed for a wing having a 
planfonn of the isolated vertical tail plus its 
image about the fuselage centerlir..:, · ..... ir.; !hc 
method given in Problem 13-1, e.g., CLa is com
puted for the isolated vertrcal tail with its image 
as if it were a wing. The isolated vertical tail 
which extends from the tip to the fuselage 
centerline is considered; its area includes, in 
addition to the exposed part, that area within 



• the fU':.dage bounded by the extensions of the 
leading and trailing edges and the fuselage 

C211ine. 
The calculation of the aerodynamic 

coe Icient for vertical tails is presented in the 
following steps. Several of the lengths and areas 
that are required already will have been deter
mined in the particular response method being 
followed, which requires the calculation of CLQ 
(see Problem 13-1). 

1. Using the silhouette proftle of the aircraft 
(for example, see Figures 13-1 and 13-2), from 
which lengths and surfaces may be found, deter
mine the following: 

S = vertical tail area (sq ft), defined by the 
extensions of the leading and trailing 
edges to the fuselage centerline. 

Cr = vertical tail root chord (ft), i.e., the 
length along the fuselage centerline 
subtended by the leading and trailing 
edges. 

ct -= vertical iail tip chord (ft), defined as 
the length along the fuselage center
line subtended by the vertical tail tip. 

b = vertical tail span, fuselage centerline 
to tip (ft). 

= ,",,,oo:,hack angle of vertical tail lead
ing edge, measured from the vertical 
(deg). 

d = fuselage depth at the intersection of 
the vertical tail leading edge and the 
fuselage (ft). 

M .. Mach Number = Vjc, where V is the 
velocity of the aircraft, .and c is the 
ambient speed of sound. 

2. Calculate the taper ratio A: 

• 

and the aspect ratio AR: 

3. Calculation of the aerodynamic coefficient 
for the vertical tail depends on the value of the 
Mach number, M. Three regions are defined as 
follows: 

Region 1: M ~ 0.85, 

Region 2: M ~ 1.2, 

Region 3: 0.85 < M < 1.2. 

Region 1. Steps a through g present the calcu
lation of the aerodynamic coefficient for the 
vertical tail eLI) for M ~ 0.85. 

a. Calculate the value of ~2 : 

b. Determine the. tangent of the sweep 
angle of the mid-chord line, tan Ac / 2 : 

2 fl - A 1 
tan Ac/2 = tan ALE - AR l) + AJ 
c. Calculate the parameter bId. With the 

value of this parameter and the value of A from 
step 2, enter Figure 13·5 to obtain the value of 
ARB/AR. 

d. Calculate the effective aspect ratio 

( AR)B) 
(AR )eff = AR AR. 

e. Compute the parameter 

[ 2 :2 J 1/2 (AR )err ~ + tan Ac/2 ' 
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• and enter Figure 13-3 with this parameter to 
obtain the value of CL(X.IAR. 

f. With the value of bid from step c, enter 
Figure 13-6 to obtain the value of k. an empiri
cal factor, which is a function of the vertical tail 
span and the body diameter. 

g. Calculate the aerodynamic coefficient 
for the vertical tail CL(X.: 

Region 2. The calculation of CL (X. is the same 
as that given for Region 2, in Problem 13-1, ex
cept that AR is twice that calculated in step two 
f)fproblem 13-t,Le., 

The remaining steps are described once again be
low. 

a. Calculate the value of {3: 

1/2 
{3 ;; (Al2 - }) . 

b. Calculate the values of the parameters: 

(AR) tan ALE' 

c. Enter Figure ] 3-4 and select the figure 
corresponding to the taper ratio A. Select the 
curve corresponding to the value of the param
eter (AR) tan ALE' If 

(3 --;..,.- < 1, 
tan ALE 

use the left side of the figure to obtain the value 
oftan ALECN(X.. Calculate CL(X. as follows: 
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where the nonnal force coefficient CN (X. and 
CLa are taken to be equal within the scope of 
this method. 

If 

> 1, 

determine its reciprocal, 

and use the right side of the figure ~C' ~~.+:-:;~ +t..~ 

value of /JCNa' The slope is calculated by: 

j3CN a 
CLa =-13-

where CN is represented as CL within the scope 
of this method. 

Region 3. The following steps, a through c, 
are used to calculate CL(X. for 0.85 <M < 1.2. 

a. Calculate CLa at M = 0.85 following the 
method in Region 1. 

b. Calculate CLa at M = 1.2 following the 
method in Region 2. 

c. Interpolate linearly for the slope at the 
actual Mach number: 

CL(X. :; CL(X. (3tM:; 0.85) 

+ M - 0.85 rCLa (at M;:; 1.2) - CLa (at M '" 0.85~. 
0.35 [ j 

II No numerical example is providea With 

this problem since the procedures are so similar 
to those of Problem 13-1, and since the calcula
tion of the aerodynamic coefficient for the verti
cal tail is not required for the calculation of the. 
simplified gust loading sure-safe and sure-kill 
envelopes described in succeeding problems. 
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13-7 Gust Effects on In-Flight 
Aircraft 11 

_ A nuclear explosion produces a blast 
w&ve that travels outward from the explosion, 
decaying in strength as it travels. The· blast wave 
induces a flow velocity in the material (in this 
case, air), through which it passes. This material 
veiocity, or gust, produces changes in the dy
lJa!lIi<.; pressure and the angle of attack of an 
airpl<tne that is intercepted by the blast wave. 
An increase in air density also is associated with 
the blast wave, and this increase in density also 
contributes to changing the dynamic pressure. 
The changes in angle of attack and dynamic 
pressure result in changes in the aerodynamic 
forces acting on the airplane. These changes in 
aerodynamic forces produce rigid-body and 
elastic motions of the airplane. In the sure-kill 
case, inelastic motions also are important. These 
motions produce additional aerodynamic forces. 
The aerodynamic forces and inertia forces may 
be summed to determine structural loads (such as 
bending moments) acting on the structure. Com
parison of these structural loads with the a11ow
abJe loads determines the safety of the airplane . 
.. Gust effects on helicopters must be con

sid= in two categories; first, the effects on the 
main rotor blades, and second, the effects on 
maior components other than the main rotor 
blades. The second category of effects is very 
similar to the gust effects on airplanes. The only 
difference lies in the introduction Of rotors as 
lift-producing devices. Helicopters have fuse
lages, horizontal tails, vertical tails, and, in some 
cases, even wings. These components may be 
analyzed in substantially the same way that the 
corresponding airplane components are 
"ed 

The main rotor blades on the other 
han , are unique to helicopters, and thus require 
SPecial techniques. Three different types of 
hll'ltie<: Tl't1~t be considered: hinged, rigid (hinge
less), and teetering. In the hinged version,' a 

• 

hinge somewhat offset from the center of rota
tion permits free rotation of the blade outboard 
of the hinge in an up-and-down, or flapping, di
rection. The rigid, or hinge less , blade does not 
use a flapping hinge. The teetering blade roughly 
combines the characteristics of the hinged and 
hingeless blades. A teetering blade is essentially a 
seesaw about a hinge at the center of rotation. 
The blades on each side of the hinge are rigidly 
connected. 
11 Problems 13-3 and 13-4 describe the cal

culation of intercepHime envelopes for sure-safe 
and sure-kil1 regions for airplanes and helieop
ters, respectively. 

13-8 Gust Effects on Parked 
Aircraft _ 

• The material velocity and the increased 
density behind the blast wave give rise to a dy
namic pressure that may be sufficiently high to 
impose large aerodynamic forces on a parked 
vehicle. For purposes of damage analysis, dy
namic pressure effects are classified in two 
categories: 

1. Direct damage to structural components 
that result from aerodynamic loading. 

2. Gross aircraft motions that might pro
duce indirect damage to structural components 
as a result of lifting the aircraft from the ground 
and the subsequent impact, or as a result of 
overturning the aircraft or crushing the Janding 
gear. 

II The possibility of lifting the aircraft 
exists whenever the vehicle is subjected to lift 
fc 'ces that are comparable to the vehicle weight, 
even if tie-downs are employed. An aircraft with 
a low wing loading (gross weight divided by the 
wing area, GW IS) is particularly susceptible to 
this type of damage since, in the parked posi
tion, the wing is set at a large angle of attack 
relative to the ground. Head-on encounter pre
sents the most severe loading condition for this 
case. 
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11 Skidding is possible whenever the drag, 
coupled with the lift, can overcome the friction
al forces between the ground and the vehicle 
tires. With a large lift force, the normal force 
between ground and tire is reduced. The side 
force required to cause the vehicle to skid may 
thus be quite small compared with the weight of 
the vehicle. Vehicle orientations somewhere be
tween head-on and side-on to the gust are ex
pected to present the worst situation for this 
type of motion. No definitive criteria can be 
given for damage from skidding, because the 
damage criteria depend upon the distance of the 
aile t from other objects. 

In some cases, the vehicle will overturn 
be ore skidding. Overturning will occur when
ever the aerodynamic moments (about an axis 
joining appropriate wheel contact points) are of 
sufficient magnitude to overcome the stabilizing 
gravity moment and the frictional forces are suf
ficiently large to prevent skidding. A gust orien
tation somewhere between head-on and side-on 
is expected to provide the most severe condi
tion. Other effects will almost always be pre
dominant compared to overturning, and it is 
exceedingly difficult to devise a meaningful 
overturning solution that does not involve a sub-
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stantiaJ computer program. 

_ Negative lift results from tail-ar.. en
counters (blast approaching from the rear). The 
negative lift produces downward forces on the 
wheels, which, if sufficiently large, will damage 
the landing gear and perhaps the main support
ing structure. 

... Tie-dQwns would be expected to reduce 
th~elihood of lift-off, skidding, and overturn
ing; however, tests have indicated that tie-downs 
are not very effective in reducing damage in
duced by motion when aircraft encounter high 
strength blast waves. 

• Since helicopters do not have the large 
liftmg surfaces that are present on airplanes, the 
problems of lift-off and crushino u: .~ .... ;""":'''0 
gear are much less severe for helicopters than for 
~es. 

• Overpressure usual1y dictates the largest 
envelopes among all of the damage modes for 
parked aircraft. No calculation methodology is 
presented for gust effects on parked aircraft. 
The sure-safe and sure-kill overpressure en
velopes may be accepted as the complete 
envelopes (see paragraph 13-9 and Problem 
13-5). 



C" 

Problem 13-3. Calculation of Intercept-Time Envelopes that Determine 
Sure-Safe and Sure-Kill Regions with Respect to Material 

Velocity on Airplanes in Flight 

'

The analysis of gust effects on airplanes 
in ight is based upon determining the load fac
tor produced on the airplane during the blast 
encounter, accounting roughly for the fact that 
this load factor is dynamically applied, and com
paring the resultant effective load factor with 
the critical load factor. For sure-safe conditions, 
the critical load factor is based upon design limit 
conditions. For sure-kill conditions, the critical 
load factor is based upon design ultimate condi
tions and a lethal ratio factor. The lethal ratio 
factor is determined from a simple representa
tion of post-failure response by a single degree 
of freedom system . 

• Standard shapes for the gu.st envelopes 
at intercept time are assumed appbcable for all 
airplanes, weapon' yields, and altitudes. Each 
point on the envelope shows the critical position 
of the airplane relative to the burst point at the 
time when the airplane is intercepted by the 
blast wave. The size of the envelopes is deter
mined by evaluating the critical slant ranges, or 
distances from the burst point, associated with 
~- .. "-,..,..~+: ~f ~he airplane from directly above, b= and to the side. 
Wi The three slant ranges Raj R b , and Rs 

that represent critical distances from above, 
below and to the side of the airplane, respective
ly, from which intercept-time envelopes are 
determined, must be calculated. The data re
quired for the calculations include: 

h = airplane altitude (ft), 

W = weapon-yield (kt)~ 

GW = airplane gross weight at time of inter
est (lbs), 

V = preblast airplane velocity (ft/sec), 

• 

n = airplane preblast load factor (for a 
level flight, n = 1) (dimensionless), 

ftt = up-loading airplane limit load fac~ JT 

corresponding to gross weight condi .. 
tion being considered (dimensionless), 

N" = down-loading airplane limit load fac
tor corresponding to gross weight con
dition being considered (N· should be 
used as a negative number) (dimen
sionless), 

Wing planfonn (see Figure 13-1). 

Calculation of the three s1ant ranges for sure-safe 
conditions is performed by the following series 
of steps. 

]. Enter Table 13-} with the airplane altitude, 
h, to obtain P, the ambient pressure (psi). p, the 
ambient density (slugs/ft3 ), and C, the ambient 
speed of sound (ft/sec). 

2. Calculate the Mach number,M: 

M = 2::. 
c 

With M, and data defming wing planfonn, calcu
late the slope of the lift coefficient curve for the 
wing, CLot using the method described in Prob
lem 13 .. 1. 

3. Enter Figure 13 ... 7 and select the curve cor
responding to GW, airplane gross weight. Obtain 
the value of DF, the dynamic factor correspond
ing to the weapon yield, W. 

4. To determine the slant range, Ra' for a 
burst from above 

where N is the critical load factor. 
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• 5. If 

n < 0 and N < 0, 

or 

n < ° and N > 0, 

reverse the signs of both nand N. Otherwise, 
leave the signs as they were calculated. If 

n < 0.01, 

set 

n = 0.01. 

Thl!S, n will become positive in this step, regard
less of its original sign. 

6. Calculate ilL/L, ratio of the incremental 
lift due to blast to the pre blast value of lift as 
follows: 

7. Calculate w/c, the ratio of the component 
of the airplane velocity Bonnal to the wing (w) 
to the speed of sound: 

_w __ 2n (GW) 

p VSCLgC' C 

where S is the airplane wing area, and the other 
symbols have been defmed. 

~. Calcuhttt'! the product of l1L/L and w/c. 
9. Select the curve in Figure 13-8 correspond

ing to the value of wlc obtained in step 7. Enter 
the graph with the value of (w/c) (IlL/L) obtain
ed in step 8, and read the corresponding value of 
the range parameter R. If N is positive, use 
Figure 13-8a. If N is negative, use Figure 13-8b. 
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10. Compute Ra , the range (ft), which defines 
the distance at which a nuclear explosion would 
produce critical effects, as follows: 

_ - f14.7 Wl l/3 

Ra - R l P J . 

11. Repeat steps 4 through 10 to calculate Rb • 

In step 4, set 

N=W 

for bursts from below, and replace Ra with Rb 
in the equation of step lO. 

12. Set 

N=W, 

and n = 1 (corresponding to straight on level 
flight). Repeat steps 6 through 10 to calculate 
Rs (Rs replaces Ra in the equation of step 10). 
A burst from the side is taken to be equivalent 
to a burst from below with the airplane in 
straight and level flight. 

13. The ranges R a , R b , and Rs define the size 
of the standard sure-safe envelopes as illustrated 
in Figure 13-9. Ra represents the diameter of a 
sphere above the airplane; Rb is the diameter of 
a sphere below; and Rs is the diameter of a 
sphere to the side of the airplane. The X-V plane 
is the plane of symmetry of the airplane, with 
the preblast velocity vector pointing in the direc
tion of the positive X-axis; the V-axis points in 
the direction of the right wing; the Z-axis is di
rected upward, thus detennining an orthogonal, 
left-handed system. The envelopes are sym
metric with respect to the X·Z plane. 

• Calculation of the slant ranges Ra' Ro ' 

an~s' that define the size of the standard 
envelopes at intercept time for sure-kill condi· 
tions is performed by the following series of 

_~tepS:"· 

I. Follow steps I through 3 in the calculation 
of the ranges for sure~fe conditions. 

r)". 
... 



c:' 

II 
2. Enter Figure 13 .. 10 and select the curve 

corresponding to GW, airplane gross weight. 
With weapon yield, W, obtain the value of LR, 
the lethal ratio. 

3. To determine Ra , the slant range for burst 
from above, calculate N, the critical load factor: 

N = (1.5)(fr)(LR), 

where the factor 1.5 is the usual factor between 
limit load and ultimate load. Follow steps 5 
through lOin the calculation for sure-safe 
conditions. 

4. To detennine Rb for burst from below, 
calculate N: 

N = (1.5)(iV'" )(LR), 

and follow steps 5 through lOin the ca1culation 
for sure-safe conditions. 

5. To detennine Rs' the slant range for burst 
from the side, calculate N: 

N = (1.5)(~)(LR) 

and let n = 1 since burst from the side is taken as 
burst from below corresponding to a straight 
and level flight. Repeat steps 6 through lOin the 
calculation for sure-safe conditions. 

6. Construct the sure-kill envelopes as de
scribed in step 13 in the calculation for sure-safe 

ditions 

.. 
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The resulting intercept time envelopes are iUus
in Figure 13-9. 
Reliabiliry: A typical airplane is used to 

sent each airplane class for purposes of de
fining a dynamic factor and a lethal ratio factor. 

• 

The airplane is in a symmetric flight prior to 
blast intercept. This definition includes a 
straight and level flight. All degrees of freedom 
are ignored except for the two previously men
tioned. The atmosphere is assumed homo
geneous, having characteristics associated with 
the altitude at which the airplane is flying. The 
standard shapes for the gust envelopes at inter
cept tiJTle are as:mmed to be applicable for all 
airplanes, weapon yields, and altitudes. The 
maximum error in the calculation is estimated to 

Itctorof2. 
elated Material: See paragraph~ 13-1, 

1 -, -6, and 13-7. See also Table 13-1. 
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Figure 13-9 .• Standard Shapes for Gust Envelopes at Intercept Time 1;1 
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Problem 13-4. Calculation of Intercept-Time Envelopes Determining Sure-Safe and Sure-Kill 
Regions with Respect to Gust Effects of the Material Velocity Behind 

the Blast Wave on Helicopters in Flight 

'" The analysis of gust effects on heHcop
tl'1"c; ;" h~sed upon detennining the load factor 
produced during the blast encounter, accounting 
roughly the fact that this incremental load fac
tor is dym:mically applied, and comparing the 
resultant effective load factor with the critical 
load factor. For sure-safe conditions, the critical 
load factor is based upon design limit condi
tions. For sure-kill conditions, the critical load 
factor is based upon design ultimate conditions 
and a lethal ratio factor. 

_ Gust effects on helicopters must be con
sid= in two categories: first, the effects on 
the main rotor blades (hinged, rigid and teeter
ing); and second, the effects on major compo
nents other than the main rotor blades, which 
ar_ery similar to the gust effects on airplanes. 

. The constraints in the calculation are as 
folows: 

• Representative values of helicopter param
eters can be used in defining a dynamic fac
tor and a lethal ratio factor. All other cal
I,; U 1 ,UlOll::' involve the actual helicopter 
characteristics. 

• The helicopter is in a symmetric maneuver 
prior to blast intercept. This definition in
cludes straight and level forward or hover
ingflight. 

• For a hinged blade, blade response to gust 
is not considered in this problem; the flap
ping of a teetering rotor is not considered 
in the calculation. 

• The lift distribution along the blade is 
linear, starting at zero at the hub and fitted 
t .... the actual running lift at the 3/4 blade 
span position. ' 

• 

• Rigid-body motions of the helicopter are 
neglected, and the rotor tilt angle is ig
nored. 

• Inflow resulting from the gust is considered 
to occur too late to influence the response. 
The effect of the preblast inflow on dy
namic pressure is jgnored. 

• The preblast atmosphere is homogeneous, 
having characteristics associated with the 
altitude at which the helicopter is flying. 

• Standard shapes for the gust envelopes at 
intercept time are applicable for all helicop
ters. weapon yields, and altitudes. 

• The envelopes calculated in this problem 
are intercept-time envelopes. The size of the 
envelopes is determined by evaluating the-criti
cal slant ranges, or distances from the burst 
point, associated with intercepts of the helicop
te~om directly above, below and to the side. 

• The three slant ranges Ra' R b , and Rs 
representing the critical distances from above, 
below and to the side. respectively, are calcu
lated first for sure-safe conditions in the follow
ing series of steps. The data that are required for 
the calculations include: 

h = helicopter altitude (ft) 

W = weapon yield (kt) 

GW = helicopter gross weight at time of 
interest (lbs) 

V = pre blast helicopter velocity (ft/sec) 

!lMR = main rotor angular velocity (rad/sec) 

RMR = main rotor blade radius (ft) 

cMR = main rotor blade chord (ft) 
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• bMR = number of blades in main rotor (di-
mensionless) 

n = helicopter pre blast load factor; for 
straight and level flight, n = 1 (dimen
sionless) 

~ = up-loading helicopter limit load factor 
corresponding to gross weight condi
tion being considered (dimensionless) 

N- = d own-loading helicopter limit load 
factor corresponding to gross weight 
condition being considered. Note: N 
should be used as a negative number 
(dimensionless) 

Wing pLanform (if helicopter has wings). 

1. Determine the ambient atmospheric condi
tions at helicopter altitude h from Table 13-1; 
P, the ambient pressure (psi); p, the ambient 
density (slugs/ft3 ); and C, ambient speed of 
sound (ft/sec). 

2. If the helicopter has no wings, or if a heli
copter having wings is hovering, i.e., V = 0, go to 
step 4. Otherwise, calculate the total wing area, 
Sw' which is defined as the extension of the 
leadiJ?g and trailing edges of both wings to the 
helicopter centerline (ft2 ). 

3. Using the wing plan form (Figure 13-2), 
with the Mach Number, M, equal to zero, calcu
late the slope of the lift coefficient curve for the 
wing, C'ta.. using the method described in Prob
lem 13-1. Let cr~ = 5.7, where ctt: is the lift 
curve slope for the main rotor. 

4. Enter Figure 13-11 with the weapon yield, 
W, and obtain the corresponding value of DF, 
the dynamic coefficient. 

5. To detennine the slant range, Ra' for a 
burst from above 

LV = N-, 

where N is the critical load factor. 
6. If 

n < ° and N < 0, 
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or 

n < ° and N > 0, 

reverse the signs of both nand N. Otherwise, 
leave the signs as they were calculated. rf 

n < 0.01, 
set 

n = 0.01. 

Thus, n will become positive in this step, regard
less of its original sign. 

7. Calculate 1lL/ L, the ratio of the incre· 
mental lift due to blast to the pre blast valu~ of 
lift as follows: 

AL = fN _ 11 [_I ] 
L l: n lJ (DF)· 

8. Calculate the parameter '7: 
a. If the helicopter has wings, 

2n (GW) 
~= -

pc ~cr: (bMRRMRCMR) nMRRMR + C~CtVSwJ 

b. If the helicopter has no wings, 2nGW 

") I ' 
', .... 

~ = peg C :~bMRRMRcMJnMRRMR] 
9. Obtain the product 

[~J ~. 
10. Enter Figure 13-12a if N > 0 or 13-12b if 

N < 0, and select the curve COITt'spollumg W [ile 
value of f1 from step 8. With the value of 

from step 9, obtain the range parameter Ii. 



• II. Compute R a , the range (ft), which defines 
the distance at which a nuclear explosion would 
produce critical effects, as follows: 

_ - r14.7 WJ l /3 
Ra - R L P . 

12. Repeat steps 5 through 11 to calculate R b • 

In step 5, set 

N=~ 

for bursts from below, and replace Ra with Rb 
in the equation of step 10. 

13. Set 

and n = 1 (corresponding to straight on level 
flight). Repeat steps 7 through 11 to calculate 
Rs (R s replaces Ra in the equation of step 10). 
A burst from the side is taken to be equivalent 
to a burst from below with the helicopter in 
~traight and level flight. 

14. The ranges Ra' Rb , and Rs define the size 
of the standard sure-safe envelopes as illustrated 
in Figure 13-13. Ra represents the diameter of a 
sphere above the helicopter; Rb is the diameter 
of a sphere below; and Rs is the diameter of a 
sphere to the side of the helicopter. The X-V 
plane is the plane of symmetry of the helicopter 
with the pre blast velocity vector pointing in the 
direction of the positive X-axis; the Y-axis 
points to the right side of the helicopter; the 
I-axis is directed upward, thus determining an 
orthogonal, left-handed system. The envelopes 
are symmetric with respect to the X-Z plane. 

(U) Calculation of the slant ranges Ra' R b , 

and Rs ' that define the size of the standard 
envelopes at intercept time for sure-kill condi· 
tions is perfonned by the following series of 
ste!l~. 

L Follow steps I through 4 in the calculation 
of the ranges for sure-safe conditions. 

• 

2. Enter Figure 13-14 with weapon yield, W, 
and obtain the value of LR. the lethal ratio. 

3. To determine Ra' the slant range for burst 
from above, calculate N, the critical load factor: 

N :: (l.5)(N-)(LR), 

where the factor 1.5 is the usual factor betw~en 
limit load and ultimate load. Follow steps 6 
through 11 in the calculation for sure-safe 
conditions. 

4, To determine Rb for burst from below, 
calculate N: 

N = (l.5}(N")(LR), 

and follow steps 6 through 11 in the calculation 
for sure-safe conditions. . 

S. To determine Rs' the slant range far burst 
from the side, calculate N: 

N = (l.5)(N" )(LR) 

and let n = 1 since burst from the side is taken as 
burst from below corresponding to a straight 
and level flight. Repeat steps 7 through 11 in the 
calculation for sure-safe conditions. 

6. Construct the sure-kill envelopes as de
scribed in step 14 in the calculation for sure-safe 
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consiraints on this 
calculation were described in the 

introductory paragraphs of this problem. The 
error is a factor of 2.5. 

Related Material: See paragraphs 13-6 
7, and Problem 13-1. See also Table 13-1. 
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Figure 13-13. 111 Standard Shapes for Gust Envelopes 
at Intercept Time II 
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til AIRCRAFT RESPONSE TO 
OVERPRESSURE EFFECTS II 
13-9 Overpressure Effects on In-Flight 

and Parked Aircraft 11 
11 If an aircraft is located in the vicinity of 

the nuclear explosion, the expanding blast wave 
eventually engulfs the aircraft. Depending on the 
distance of the aircraft from the burst, the pres
sure rise, or overpressure, experienced by an air
craft can be of a sufficient magnitude to damage 
the structural components. 
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III An aircraft subjected to an overpressure 
loading can experience structural damage in 
several ways. Skin panels may yield or rupture; 
longerans, stringers, and frames may fail by 
compressive yielding or local buckling. The fuse
lage generally is the most susceptible to these 
types of damage; hence, only the fuselage is 
examined for overpressure effects. The method 
presented in this section for analyzing overpres
sure damage is applicable to all types of aircraft 
and helicopters both in-flight and parked. 
Methods for performing the analysis are given in 
Problem 13-5. 

~) 



Problem 13·5. Calculation of the Boundaries in Space that Define the Sure-Safe 
and Sure-Kill Regions· with Respect to the Effects of Overpressure Behind 

the Blast Wave on Aircraft In-Flight or Parked 

_ As discussed in paragraph 13-9, overpres
sure loading can produce structural damage in 
several ways: however, since the fuselage general
ly is the most susceptible item, only fuselage 

• 

...,e is considered in the following analysis. 
. The major constraints in the analysis 

are: 

• Overpre ssure damage to an aircraft is the 
same for all aircraft in a given class. 

• The preblast atmosphere is homogeneous, 
having characteristics associated with the 

~rcraft altitude. 
_ The data ,equired for the ana1ysis are 
aircraft altitude (ft), weapon yield, and aircraft 
class. Table 13-2 lists various aircraft classes and 
corresponding overpressure limits for sure-safe 
and sure-kill conditions. 

• The overpressure analysis is perfo~ed 
in a series of steps as described below. 

1. Detennine the ambient pressure P at the 
aircraft altitude, h t from Table 13 .. 1 .. 

• 

2. Knowing the class of aircraft being consid
ered, obtain the critical overpressure level, Ap, 
for either sure-safe or sure-kill conditions frc rn 
Table 13 ... 2 . 

3. Using the value of the critical overpressure, 
determine the corresponding value of sea level 
overpressure by the scaling law given in para
graph 2-14, i.e .. , 

Podp 14.7 IIp 
t¥Jo = --p = p 

where the subscript zero indicates sea level 
values of overpressure and ambient pressure, and 
the absence of a subscript indicates the corre
sponding values at altitude h. 

4. Enter Figure 13-15* with t::,.Po' and deter
mine the corresponding slant range, R 1 ' from a 
1 kt explosion in a sea level atmosphere .. 

5. Calculate the corresponding slant range, R, 
for a yield of W kt, 

_ [14.7 WJl/3 
R - Rl P 

6. The critical volume is defined by a sphere 
of radius R centered on the aircraft. For in-flight 
aircraft, continue to step 7; for parked aircraft, 
go to step 8. 

7. The volume defmed in step 6 is an 
intercept-time volume; that is, each point on the 
surface shows the critical position of the aircraft 
relative to the burst point at the time when the 
aircraft is intercepted by the blast wave. Ordi-

.'Figure 13-15 is identical to Filure 2-2, Chapter 2. It is 
reproduced here for convenience of the Ulel. 
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• narily, burst-time volumes are desired for in-
flight aircraft, rather than intercept-time 
volumes. A point on a burst~time volume defines 
the critical position of the aircraft relative to the 
burst point at the time of burst. Thus, a sure-kill 
burst-time volume shows the regions in space, 
relative to the airplane, in which the explosion 
of a given size nuclear weapon will result in the 
destruction of the aircraft. This is the informa
tion that ordinarily is desired. To obtain the 
burst-time volume, it is necessary to transform 
the intercept-time volume obtained in step 6 
into a burst-time volume. This transformation is 
demonstrated in Problem 13-7. This concludes 
the analysis for in-flight aircraft. 

8. * For parked aircraft only, the sphere 
found in step 6 (more properly, the hemisphere) 
must be modified for ground reflection effects. 
Enter Figure 13-16 with sea level overpressure 
determined in step 3, and read three horizontal 
range parameters, HRi (i = 1, 2, 3)_, _ 

9. Enter Figure 13-17 with HR j and read 
three corresponding burst height parameters, 
RHi (i = 1, 2, 3), (Note BHl is always zero.) 

10. Calculate the burst heights and horizontal 
ranges, in feet. 

[
14

p
.7 w] 1/3 

BHi = BBi 

HRi = HRi [1~7 W T/3. 

11. Plot the burst height versus horizontal 
range, by connecting the three points deter
mined in step 10. Draw a radial line from the 
crigin to point 3. The volume defined by rotat
ing this envelope about a vertical axis through 
the aircraft is the ground-effects volume, which 
is to be combined with the hemisphere already 
found. Ground reflection effects are seen to add 
a "collar" around the base bf the hemisphere. 
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~velOpe .enerated by (onowing steps 8 through 11 
~.1: o~~ed by using the air blast height of burst curves in 
Chapter 2; however, theae stepl (and the accompanYinJ fll1UeS) 
preaent the information in a more convenient form that is suit
able to the accuracy of this analysil. 



• 

• 

Answer: The resulting envelope is shown in 

_
UTe 13-18. 

Reliability: Overpressure damage to an 
arrcra is assumed to be the same for all aircraft 
in a given class. The pre blast atmosphere is as-
sumed to be homogeneous, having character
istics associated with the aircraft altitude. The 
maximum error in the ca1culation is estimated to 
be a factor of 1.8. 
~elated Material: See paragraph 13-9. 
~ Table 13-1, and paragraph 2-14, Chap
ter 2. 
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_ AIRCRAFT RESPOm TO THERMAL 
RADIATION EFFECTS • 

13-10 Thermal Effects on In-Flight 
and Parked Aircraft _ 

_ The response of an aircraft to thermal 
energy is exhibited as a temperature rise in the 
aircraft skin. Several parameters influence the 
"1"2~itude of the temperature rise. The most 
important parameters are skin thickness, skin 
material, surface condition, cooling effect of the 
air flowing over the outer surface of the aircraft, 

.. 

reradiation of thermal energy to the atmosphere, 
and conduction of the incident energy to the 
inner layers of the skin and substructure. 

_ Sure-safe conditions are based o:~ an 
all~le temperature ris~ of the aircraft skin; 
however, melting of the skin is required for sure
kill. To produce kill, the temperature must 
increase to the melt temperature, and furiher 
heat must be applied to Cdllse m..:ltillg. T:,.:. 
method for analysis of thermal effects on air
craft that is described in Problem 13-6 applies to 
both airplanes and helicopters. 
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Problem 13-6. Calculation of Boundaries in Space (Envelopes) that Define the Sure-Safe 
and Sure-Kill Regions with Respect to Thermal Radiation 

on Aircraft tn-Flight or Parked 

II The analysis is based on calculating the 
amount or heat required to produce some spec
ified effect. For sure-safe, this effect is raising 
the temperature of a skin panel to a value which 
produces a 20 percent reduction in the modulus 
of elasticity. This criterion is applied to the 
thinnest structural skin on the fuselage. For 
sure-kill, the specified effect is melting of the 
thickest skin on the fuselage. Dle critical 
amount of heat, Qc' which is the heat required 
to produce the specified effect is assumed to be 
equal to the thermal energy absorbed by the 
skin, Qa • The critical heat, Qc' is 

where Pm is the weight density of the material, 
Cp is the specific heat of the material, t is the 
sKin thickness, and J1.T is the effective critical 
temperature rise. 

(U') The constraints in the calculation are: 

• The aircraft skin is thermally thin, i.e., the 
incident thermal energy heats the skin uni
formly throughout its depth. 

• The equilibrium temperature is based on an 
average set of conditions for turbulent 
flow. 

• At the equilibrium temperature, all degra
dations of material properties from room 
temperature values are negligible . 

.. Cooling effects resulting f:oom airflow over 
the aircraft are negligible. 

• Reradiation is negligible. 

• Aircraft motion is neglected. 
• Attenuation of the thennal energy by the 

atmosphere is negligible. 

13410 

• 

• Reflected radiation from the ground is 
negligible. 

• The fIreball is a point source. 

(U) Under the constraints 

where Q is the radiant exposure, Le., the energy 
received per unit area (normal to the direction 
of propagation under the assumed constraints), 
and a is the absorptivity coefficient f01" tn". ~ir_ 

craft surface being considered. 
(U) From Chapter 3, 

where 

W = weapon yield (kt), 

I = thermal partition of energy (dimension
less), 

R = distance (em), 

Since 39 cal/cm 2 = 1 Btu/in.2 , and 929 cm2 = 1 
ft2 , 

Q= 1012 WI Bt /. 2 u tn. 
411'R2 (39)(929) 

or 

Q 2.19 x 106 WI B I' 2 = tu m. 
R2 

where R is now expressed in feet. Since 



, 
~ .. , 

• 
and 

= [2. J 9 x 106 Wf~Jl/2 
R Q . 

a 

or 

R = 1 480 J Wfex , Q • 
a 

which can be solved directly for the critical 
range R. If Qc is taken to be equal to Qa' 

R = 1480 JWf~ , Q 
c 

= 1,480 

The data required for solution include: 

h = aircraft altitude (ft), 

W = weapon yield (kt), 

V = preblast aircraft velocity (ft/sec), 

Ul;;lalleU Jayout drawings of the fuselage, 
showing skin thickness, 

Material of the skin, and 

Surface condition of the skin. 

• The analysis is performed in a series of 
steps. 

1. Select the critical skin panels on the fuse
lage. Three panels should be selected, one each 
for bursts occurring directly below, directly 
abo\'e, and directly to the side of the aircraft. 
For each burst orientation, skin panels located 
in the following regions should be considered: 

a. For a burst directly below the aircraft. 
the lower surface of the fuselage, within 45° of 
the normal to the bottom of the fuselage. 

b. For a burst directly above thfl aircraft, 
the upper surface of the fuselage, within 45° of 
the normal to the top of the fuselage. 

c. For a burst directly to the side of the 
aircraft, the side surface of the fuselage not 
covered by a and b above. 

The selection of the critical skin panel from the 
locations defined above is based primarily on the 
thickness of the skin and depends upon whether 
sure-safe or sure-kill envelopes are sought. 

• For sure-safe, select the thinnest structural 
skin. Nonstructural skin, such as access 
panels, should not be selected. If more than 
one material is used for the fuselage, inves
tigate the thinnest. skin for each material 
and base the envelopes on the most vulner
able. 

• For sure-kill, select the thickest skin at a 
fuselage station near the forward end of the 
tail cone. If more than one material is used 
for the fuselage, investigate the thickest 
skin for each material and base the 
envelopes on the least vulnerable. 

For a parked aircraft, skip steps 2 and 3 and 
proceed to step 4. For an in-flight aircraft, pro· 
ceed to step 2. 

2. Determine the ambient speed of s(lllnd (' 
(ft/sec) at altitude h from Table 13-1. 

3. Calculate the Mach Number, 

V 
M=-. 

c 

4. Determine the equilibrium temperature, 
Te , of the skin. 

a. For in·t1ight aircraft, enter Figure 13-19 
with the Mach number, M, and the altitude, h, 
and read Te' 

h. For parked aircraft, use Til = 60°F. 
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II 
5. Determine the material properties for each 

of the skin panels selected from Table 13-3. 

Tc = critical temperature \F) 
Cp = specific heat (Btu/lbOF) 

Pm = weight density (lb/in.3 ) 

For sure-kill only, dctcnnine 

H = heat of fusion (Btu/lb) 

6. Calculate the effective critical temperature 
rise, aT: 

a. For sure-safe, 

tlT = Tc - Te' 

b. For sure-kill, 

H 
tlT = Tc - Te + C' 

p 

7. Determine the effective absorptivity coef
ficient, a, from Table 13-4. 

8. Determine f from Figure 13-20·, and 
calculate the critical range in feet, 

R = 1,480 

When steps 5 through 8 have been completed for 
a burst directly below the aircraft, they should 
be repeated for bursts directly above and direct
ly to the side of the aircraft. Three ranges will 
have been determined, Rb • Ra , and R

" 
where 

subscripts (lb," 'a," and "s" designate below, 
above, and side, respectively. Note that, if the 
critical skin panels for Ra and Rs are of the same 
material and have the same surface conditions as 
the skin panel analyzed for Rb , only step 8 
need be repeated, introducing the proper value 
of skin thickness, t. 

9. Calculate the average of the three ranges, 
Rb • Ra , andRs ' 

RIfV = ~ (Rb + Ra + Rs)· 
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10. The critical volume is defmed by a sphere 
the aircraft. 

Note that Figure 13-20 is identical to Fisure 3-1. It is 
p.U\~U"<'U here for convenience. 
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Material 

Steel 

Inconel X 

Aluminum 

Magnesium 

Titanium 

nstraints on this 
s are described in the introductory para

graphs of this problem. The maximum error is 

•
en a factor of 1.S and 3. 

Related Material: See paragraphs 13·1, 
13-4, and 13-10. See also Table 13-1. 

Table 13-3 .• Average Properties of Selected Engineering Materials. 

Critical Temperature, Specific Heat, C 
Weight Tc (,F) (Btu/lbOp) P 
Density 

Sure-Safe Sure-Kill Sure-Safe Sure-Kill Pm (lb/in.3) H (Btu/lb) 

800 2,550 0.13 0.15 0.28 117 

1,000 2,550 0.12 0.13 0.30 117 

400 1,076 0.22 0.24 0.10 170 

200 1,120 0.25 0.26 0.064 160 

500 2.850 0.13 0.24 0.17 187 
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Table 13-4. II Average Values of 
Absorptivities, a • 

Sure-Safe Sure-Kill 

Polished Metals 0.25 0.50 

Unpolished metals 0.45 0.55 

Painted metals 

Paint color 

White 0.30 0.50 

Yellow 0.40 0.55 

Olive 0.70 0.60 

Black 0.90 0,65 

• 
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• BURST·TIME ENVELOPES • 

13-11 Requirement for Burst-Time 
Envelopes II 

8l TIle envelopes that are obtainedtly the
m~ds described in Problems 13·3 thiough 
13·6 define the locus of the center of burst rela
tive to the position of the aircraft at intercept, 
for J s;e::ified criterion. It usually is preferable 
to define the corresponding envelope relative to 
the position of the aircraft at burst time. For 
parked aircraft and for those envelQpes corre
sponding to thermal radiation, which reaches the 
aircraft almost instantaneously, the two en
velopes are the same, i.e., the methodology pre
sented in Problem 13·5 for overpressure effects 

'" 

on parked aircraft and that presented in Problem 
13-6 for thermal effects on in-flight or parked 
aircraft apply equally well to intercept-time and 
to burst-time envelopes. When considering the 
response of in-flight aircraft to gust or overpres
sure, however, the relative positions of the air
craft and the burst center are different at the 
time of burst than at the time of intercept as a 
result of the dlstall(;'c travdcd by tht ah' ... <if~ 
during the fmite time required for the blast wave 
to propagate to the intercept point. Methods for 
transforming the intercept-time envelopes 
obtained by the methods described in Problems 
13-3 through 13-5 for in-flight aircraft into 
burst-time enveJopes for the same aircraft are 
described in Problem 13-7. 
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Problem 13-7. Calculation of Burst-Time Envelopes for Gust or Overpressure 
Effects from Intercept-Time Envelopes 

• As discussed in paragraph 13-1, the as
sumption must be made that the aircraft is fal
lowing an unaltered flight path when transform
ing intercept-time envelopes into burst-time 
enveiopes. This assumption is necessary. since it 
would be impossible to guess the course changes. 
The assumption is valid for low yield weapans 
because af the small distances and times be
tween burst and intercept. In the case af high 
yield weapons, the blast wave arrival time may 
be of the order of seconds, and the pilot may 
have ~imc L0 o.:haflgc his ~vursc, ';0, for these 
weapons, the assumption must be considered as 
a source of error . 
• Two major assumptions, arising from the 

limItations discussed above, are included in the 
simplified calculation method described below. 

• The aircraft is represented by a point mass 
traveling at a constant velocity. 

• The aircraft is performing a canstant 
symmetric maneuver. As a result of this as
sumption, the flight path of the aircraft is 
circular (or straight, for the special case of 
no maneuver) . 

• Two left-handed, body-centered coordi
nate systems employed in the analysis are shown 
in Figure 13-21. 

• The intercept reference frame (Xl' Yl' ZI)' 
the origin of which is located at the air
craft's center of mass at intercept, with the 
XI axis collinear with the velocity vector, 
positive forward, and the ZI axis in the air
craft plane of symmetry, positive upward. 

• The burst reference frame (X B' Y B' ZB)' 
the origin of which is located at the air-
craft's center of mass at burst time, with 
the X B axis collinear with the velocity vec
tor, positive forward, and the ZB axis in 
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the aircraft plane of symmetry, positive 
_pward. 
_ The XI - ZI and X B - ZB planes coincide, 

hence the YI and Y B coordinates of any point 
a~same. 

.. If the center of burst has coordinates 
(XI' YI' Zl) in the intercept frame, its position 
in the burst frame is given by the coordinates 
(XB • Y B' ZB)' where 

X B = XI cos ~ + (r - Z,) sin ~ 

YB :::: YI • 

ZB :::: XI sin ~ - (r - ZI) cos ~ + r. 

and 

r = radius of turn, 

41 = angular change in flight path between 
burst and intercept times. 

The parameters r and ~ are obtained from the 
relations 

V2 
r =-

Ng' 

• V 
4> - T' 

where 

V = pre blast aircraft velocity, 

N = maneuver nonnalload factor, 

g = acceleration of gravity, 

and a dot indicates differentiation with respect 
to time. It should be noted that N is tht" man
euver normal load, and not the load factor, tI, 
used to calculate the intercept envelopes. N is 
related to the load factor n by 

N = n -1. 



II 
• 

If the equation for <P is integrated from burst 
hme to intercept time, the result is, 

4>= 
VIa 

r 
where 

t a = time of arrival of the blast wave at the 
intercept point; i.e., the time required 
:Ul Lile blast front to propagate to the 
intercept point. 

For the special case when the aircraft is not per
forming a maneuver (N = 0), the equations for 
the position of the burst point in the burst 
frame simplify to 

By means of the above equations, the burst 
frame coordinates (X B' Y B' ZB) may be found 
for any point on an intercept-time envelope (XI' 
Yt , Zt). Unfortunately, a general planar burst
time envelope cannot be obtained by merely 
tJansfonning an intercept envelope point by 
point. For maneuvering aircraft, only those 
.. ", .. "I'"'!' .... ;n tl,e XI - ZI plane (side view) or 
parallel to the XI - Z[ plane, may be resolved 
directly into corresponding planar envelopes in 
the X B - ZB plane or paraJlel to it. All other 
intercept-time envelopes will transform into 
three-dimensional surfaces in the burst frame. In 
the case of no maneuver, any intercept-time 
envelope parallel to the X J axis may be resolved 
directly into a burst-time envelope in the same 
plane. This includes envelopes in both the XI -
Zl plane (side view), and the XI - Y1 plane (top. 
view). However, in neither case can the Y B - ZB 
plane (front view) envelope be obtained directly. 
~;: .j~·.!;"l te· fmd the burst envelopes for side, 
front, and top views (or in any arbitrary plane), 

• 

it is necessary to adopt an indirect procedure. 
Since the intercept-time envelopes derme a vol
ume in space, this entire volume may be trans
formed into an equivalent volume in the burst 
frame. The burst-time envelopes then may be 
determined as the intersection of this volume 
with the planes in which burst-time envelopes 

arMiired. 
The most convenient way of performing 

this volume transformation is to take "slices" 
through the intercept-time volume parallel to 
the XI - Z[ plane, for selected values of Yl' Each 
of these slices may be resolved directly into a 
slice of the burst-time volume in a plane corre
sponding to the same value of Y B • Defmition of 
the burst-time envelopes in several Y B planes is 
equivalent to defming the burst-time volume. 

II The data required to perform the anal-
ysis include: 

V = preblast aircraft velocity (ft/sec) 

h = aircraft altitude (ft) 

W = weapon yield (kt) 

n = aircraft preblast load factor; for 
straight and level flight, n = 1 
(dimensionless) 

XI' Y1• Zl = coordinates of points on 
intercept-time envelopes, as de
fmed in Figure 13-21 (ft). 

II The analysis is perfonned in a series of 
steps, as follows. 

1. Determine the ambient atmospheric 
conditions at altitude h from Table 13-1. 

2. Calculate the maneuver normal load fae
-tor, N. 

N=n-l. 

3. Calculate the radius of turn, r (not re
quired if N = O.). 

V2 
r = 32.2N' 
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• 4. '" Select a point on the X, - ZJ plane (side 
view) intercept-time envelope. Its coordinates 
are (Xl' Y,. Z,), witH' Yr = O. 

S. Determine the slant range, R, from the 
center of burst to the selected intercept point. 

6. Calculate the equivalent range for a 1 kt 
burst in a sea level atmosphere by the scaling 
procedures described in paragraph 2-14, Chapter 
2, 

( P ~/3 (P )113 
Rl = R P

u 
W J = R 14.7W . 

1. Enter Figure 13-22 with R l' and read 
the time of arrival, t l' for a 1 kt burst in a sea 
level atmosphere.t Calculate the time of arrival 
of the blast wave at a range R from a yield W at 
altitude h by the scaling procedures given in 
paragraph 2-14, 

t a = t 1 (w: 0 y/
3 (~o y/2 

A satisfactory expression for the time of arrival 
within the accuracy of the methodology pre
sented herein is 

8. Calculate the turn angle, t), in degrees 
(not required if N = 0), 
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• 

9. Calculate the coordinates of the point in 
the burst frame (Xs' YB , 2 B ). 

a. If N = 0, 

b. If N =1= 0, 

Xs = XI cos IfJ + (r - ZI) sin <P, 

YB = Y1, 

10. Repeat steps 5 through 9 for other 
points on the intercept-time envelope, until the 
burst-time envelope has been defined satis
factorily. 

11. Determine the intercept-time envelope 
for a "slice" parallel to the Xl - Z, plane, with 
YI =1= O. Repeat steps 5 through 10 for points on 
this envelope. 

12. Repeat step 11 for as many "slices" as 
necessary to define the burst-time volume ade- . 
quately. Note that only positive values of Y1 
need be used since the envelopes are symmetric 
about the Xl - Zt or X 8 - Z8 plane . 

• At this point, the problem is essentially 
solved, since the bursHime volume effectively 
has been defined. The bursHime envelope in 
any desired plane may be determined from the 
burst-time volume. The calculation of the burst-

*Ifn certain special cues. dmpler. procedures may be used. 
al ough the proced\Jft!s pYen aboYe are general and will work ill 
all cues. A description of the special caJeS is given at Ule ~nd of 
tM Stepwile Calculation PJoce4ure. 

t-Note that Figut'e 13-22 is identical to Figure 2·5. ChllPter 
2~is reproduced here fot convenience. 



C" 
I, 

• time envelopes in three planes, The X B - ZB 

plane (side view), the Y B - ZB . plane (front 
view), and the XB - Y B plane (top view) is de
scribed for illustration. 

13. The side-view burst-time envelope is the 
intersection of the XB - ZB plane with the burst
time ;,olume. This is just the transformed side
view intercepHime envelope (Y1 = 0), which 
was the [lIst bursHime envelope defined in the 
steps given above. 

] 4. The front-view burst-time envelope is 
the intersection of the Y B - ZB plane with the 
burst-time volume. For each of the burst-time 
volume "slices," determine the values of ZB cor
responding to X B == 0, and plot these using the 
value of Y B for the slice being considered. 

15. The top-view burst-time envelope is the 
intersection of the XB - Y B plane with the burst
time volume. For each of the burst-time volume 
"slices," determine the values of XB correspond
ing to ZB = 0, and plot these using the value of 
Y B for the slice being considered. 

16. Special Cases. In certain cases, simpler 
procedures may be used. The methodology of 
Problem 13-5 results in a spherical intercept
time volume for overpressure effects on in-flight 
aircraft. The sphere is centered at the origin of 
the intercept frame (Xl' Yl' Zl)' Hence, R, R 1 • 

f . ann 4> (stens 5-8', are the same for all points 
on the intercept-time volume, and the sphere 
transforms into a sphere of the same radius in 
the burst frame. The coordinates of the center 
of the sphere are 

a. IfN= 0, 

b. If N* 0, 

XB ;:; T sin <JI, 

YB == 0, 

ZB =r(1-cos«l», 

Another special case occurs for the gust effects 
on in-flight aircraft (see Problems 13-3 and 
13-4). The complete intercept-time volumes are 
made up of four spheres. The intersection of any 
plane with a sphere is a circle. Consider the in
tersection of a plane parallel to the Xl - Z, plane 
and defined by constant Y, with the sphere at 
the side of the aircraft: The intersection is a 
circle on the Y1 axis. All points on this circle are 
equidistant from the origin~ hence, the circle 
transforms into a circle of the same radius in the 
burst frame. The coordinates of the center of 
the circle are 

a. If N= 0, 

b. If N =1= 0, 

YB :::: Yr. 

ZB :::: rO - cos cI». 

For the case of N = a only, the intersection of a 
plane parallel to the XI - Y1 plane and defined 
by constant ZI with the sphere above or below 
the aircraft transforms into a circle of the same 
radius in the burst frame. The coordinates of the 
center of the circle are 
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• 
In all of the above transfonnations, it should be 
emphasized that fa corresponds to a point on 
the intercept-time envelope being considered, 
not to the center of the circle, 
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II Reliability: The aircraft is assumed to be 
represen ted by a point mass traveling at a con ... 
stant velocity and performing a constant sym
metric maneuver. As a result of this assumption, 
the flight path of the aircraft is circular (or 
straigh t for the special case of no maneuver). 

• 

The maximum error is estimated to be a factor 

of ] .1. 

II Related Material: See paragraphs 13-1. 

13-2, 13-6, 13·7, and 13-11. See also Problems 

13 .. 3 and 13-4, and Table 13-1. 

13-75 



CENTER OF 
MANEUVER 

VE HICLE POS ITION _""'"" .. 
AT BURST 

e 

13-76 

VI 

---"'-::::::::::=::"''''''-------1'''' Xl 
V 

VEHICLE POSITION 
AT INTERCEPT 

Figure 13-21.11 Geometrv of Burst and Intercept 
Reference Frames III 

• 

.) 



C· 

RANGE lmetenl 

10 100 1000 

1",1"1,,,1,1,1,11,',111111111, I!"I""'IIIIL"ldrldll, 11'111"1'11,,,,,,111'11111,111111,,,,1111"'1 IIIII!!!] l'III!!!!ll!!lfltr,' 

.~-

0 
UJ 
l/: 
a: , _ .. 
<C 
':E 
UJ 
...! 
<C 
f,,) 

~ 

~ 
~ 

'0 

• 
UJ ,-

~ . 
i= 

• 10 • • • 7 • 1'00 
• • • • • III ao • • • • , 10.000 

RANGE Ifeetl 

Figure 13-22. II Time of Arrival of the Shock Front from 8 1 kt Free Air Burst 
in a Standard Sea level Atmosphere • 

• 

13-77 



, 

.5000 

Figure 13-23. II Intercept-Time Envelope (Front View) II 
13-78 

• 



• 

... 
Co) 
I ..., 

CD 

o 

If ~. ZI (ft) Il1lfm tt I n . mmmm . ZI (ft) U In ,t! m 
illUlU!HJ I! 11m qillilllll1H Ilf III 'II t 

I t ri- 'It t I! f II i : ~i I 

1m ili'~ 11 l~J j i ~ II! I if 
t ill 1:111 il to.OO~t! It!' fi 
11 t W I II.j· II 

11 mtmmlt H llillllil liTttmlI! II! 1 j. I H • 

In ii' d . !i\ t! t II t . Ii Ii ! I ~il! t It 
i;i I!! l!l tilTmiihUalfUHWIi I !HHHI! n; II H~ 1 IIHtll! /Ill U W llH~tJ!! L :1: t !iH !II. i il: I t' II r ~HI1t· llW rl 

,HiHl II! i llHilJI 11 tit! liH!H nw I i H 1tl!i ntn ill! IlfI1 mm IHil ,)!, 'q lr :;, !!i; j i !J I II! 11111 I !II· u! H! iiI 
:U I ,II HI!:t ~ .. ft~1 :1 .. •·• .f,.n 
II 1 tt li-i t !ii di itl 'P' tli; ;ii Ii t hili! 

:)' 1 t ,til II : 5000 11\1 th, 'I :1 ' II: !il, 

J; til! :/1" i Hi' !' [tim f} iii: iii!! 
1 

ill I~I t' Ii t I '1 1 t ljil'nl It ql!!t 
1 , ~ \lit t ' :i: !H I 

ilHHtn lHHiltntiH}Hi Hllllttlll Ii ,IOOjl tnt IHi 1!l1!l1! I 
HII ,mm H!!tiUtlUlHtlffiIlliilfillffiillll tHIn! IHI HI; H llU lin 

'fHmllHltUiHtlHHI!M1I !mmJllIHIIllHlll11IHIIUlU II'" .. 1[: f j ~:ti i • fit iii! 
11 i. - 5000 : i : ! . t . i; , , ! 1'1 !1,! f' :; 15000 Hi" )I 

'tmt't'llJ~"r:-r.· tt.. X (ft) 

1I11! !l11i1ti1!1~! I!HlIIlfll!llllHllIflllltli !liili r,nllli I I' '" \I I 

.HHHli1mft!l', 1'5000- 1 t 'll!ilfFIUilHt 

f:'f il lr~~!~mb1HtiI'W!!J!!llt!UN::''Ii!!nlflmll!FltflllfllU'HIII '1" 
-5000'" 

~tltHlUitltfUUJ""im HUUilUUtllUUltlt1utL 1 t ~.~~Yfun 

t!iluhw 
j ~j1ffimWtl!ttffiHU ~1l1 wil W II it 

'fJiH1 

ltlUlrnUJUIl ,HttlHHHmffilmrl~; I ~~ IJillm; 

Figure 13-24a. II Intercept-Time Envelope 
(Side View) • 

:1 

Ill. tlj 

,"'" II, Ii\\" i:1 i\ltllilllt!· U ll'tIIHl!' 'ill!lili UII!, '1' II! 'Ill U:\ ~I;: 11 till I, , till hlm.1 mutt t I tOT·.id d,." ' ,I 
Hj'llllljl !l4HII!j ft, HH!lff~ j I W, 'JH!!IIHI1~t! !'lll tJ l!llilp,li'tlHil !l!; r!l1i I " ,I"I:! , " ".1 tit! tl1 II Ir, ttlt,tt1 .It· .. I. 

I' i" ,',' 
,! 'll Hfi 
: l : ~: : I': 
•• ,j... "f,. 
:-t! :":1 n:J 

Figure 13-24b .• Slice Thrl)ugh Intercept-Time 
Volume at VI = 2,000 Feet • 



..... 

~ 

• 

figure 13-24c. II Slice Through Intercept-Time 
Volume at VI = 4,000 Feet II 

Lj 

l'!'tl!':TII'IIIlI'::!lililI XI (ft) 

Figure 13-14d. II Slice Through Intercept-Time 
Vllume at VI '" 6,000 Feet. 



• 

... 
~ ... 

Figure 13-24e. II Slice Through Intl?fcept-Time 
Volume at VI .. 8,000 Feet till 

,~ 
.~ 

!II HliIHil11 :! illH1I!TU.;:! !iii !lIlIitli !1H'!IH!U:ll !Hl!:"!'l till:!II!: !l1ml XI (ftl 

*I ~WI ~ , If"'t:H'tp:;;; , •.•••• , .. I· ", •. ,.... to coo· . 

~LL'Y! =In>"'!'! • .. 11;: :;:: VI - 10,000 ft Itt " . .s' 

Figure 13-24f. II Slice Through Intercept-Time 
Volume at VI = 10,000 Feet III 



• 

... 
't' :a 

lmlimfrnHnmmnt Z. lid f ; It : II Z. 1ft I If 
, II! Will It ! I i! :1 

"mifHHmWrWrltiflmtHWIHi#1iWI 'ITiii:ttt 'ffi' ruUt J i . I I, I :\ 
III \ ! ! ItlilHH flU t! ii' ! I! • 1 
HfftlmfttitfttttfttjfIttE·jjj' 'rttto,OOO:, '.1 " 11.' l1iH 10,000'1 I II' f m 'it;:'ftTr [rl', ~il' It:.. ./ I '" ; Iii II It Ii !"11 ' !. :;.:rn:m IH itt t.ll r.t rH • 1 , I, 'r: !f; I t I I 

. lirnl! :UlrltH fm ,Pi . !fH :rllIFIT .!f i 1 ~ I [Hi 'il ,ii'1!il ill, ! fr 
~ t ;U'j;IHl" !f~ i!ll'!! :! : :jj ~r i:lli I r ~. . , PL i~ dl H l !i I I: 1 !i! 1m, ill ! 

1 ~i+' [4 .I~l .. '~ I' . :1' 1 'I 1 ' .. ' -\ ~i q . 1 l' '1;!1l' I III I Un !in II !lfl r:j; Ii I 1/ i ,I i, ' ! 'T I t! II it I ! It I I;p :iii I Ii! ' 

liii w;t .f!!g1' \ h iii i tl 1 4 ~fP '.it n!\:\lH I" '11'1 II: :i!! ; i j • 
H+H++f+I-HtH+++Hi++c!"'+"ti Hi, li .... ·tl ..... 5~,ti lil. IJ. I lit. • ~~~01;1 in:, 1 ~!! ,,' :nll l' I 

I~ Ejl ~ * 'fIt' • Il"',tl\;lltl 1, ,\ 11; ", ., 
i ifi t ~I, i Hit f ,fI i' I!I !i I it ! 

nu . t ~ t I nu. Ii Ill' II 
L ttl II 1/ 1+ 'a 'I [ f 'P' • .• 

: , , ~l; H ~I Il I' ~p: I" II lif ! 

5000 1 5000 10,000 fl t I • I , ! r .! 5000~! Ii! ! 10:0~ 
• [ X (tt) 't : Iii X 1ft) ; 'I· ; I. ~i .111 •. , 

. 't -,' . II , t I· . I it ! 1 

• it • • d I • I t. ~ I 

t 1,1, ! I.! 

5000 Jooo :11 i I If I I I ~ 
I' ~t lUI' : . I 1 H ~! IJn 1Il! ~ 

I I W lit i~JU J , t . 1\1 i! 1t! ll! 1\ I 1 

! I . it :1: Hi: I ,t • A .t 11 t H .~ ; , !;d ~: i '11 i ; 1 
• • t! tr ;,tl r.:.r~frt ,~: .. I • :1 .~~ • '~'L' .~t'l. :,; 

41 IH ll' ;~t t! ! ,It i fl ;id i' ,11 i!:1 iHi ;i! 1::; !:~i 1.I'f);il! :-h -t '-: ." ~ f I ,." • )i,' ~~1t· _ .. .q.{.. ._.t tl·~~Jll!.~ 
f f'l )ft,ti .!t. ~ t I u' ; I i,1 ~$!!IP ~Jf; Y :;;: :U;K ::j. :;H 
>' !: I ;i,!::; itj~~J~-'oo!+ + • "(I:) . t i ::t:'~I?f~I~I' t;; itt! 1m' ;f~; ;I~~ j~~;; .::: +~; ;:!; ill, 

... f • 'j~ trnt.rttlf~ . T. rH.rtll .... rtf.; 'tr:- j •• dll '1"' :ir~ ... J-•• t" • 

• t t. Hi!! Y - Ollt), • f. ! t • Y "'" 2000 (ft) ;:; I!' :ttttj'ljfiil ',)i Hil \:t! .. +t ! t .. : ;·t R r + rt ~ • B {It: ,.'Jl t ·ti ".I.] '.~ ;·rtI 

Figure 13-25a. _ Burst-Time Envelope 

(Side View) II 

L) 

Fir ure 13-2Sb, _ Slice Through Bur+Tirr.e 
Volume at Y B '" 2,000 Feet _ 



• 

..,6 

~ 

Figure 13-25c. II Slice Through 81 rst-Time 
Volume at Y B = 4.000 Feet II 

I) 

Figure 13-25d •• Slice Through Burst-Time 
Volume at Y B = 6,00') Feet • 

1ft) 



--If 
~ 

• 

5000 

jj 

Z 1ft I • 
I +ttHH • 
, 10,000 

1 

. 
5 

5000 10,000 . 
)( 

5000 

:~ 

n to , 000 
£ hi;, '. ~ainf.!II 

l 11 V:l y l,iilr • 8000 1ft) 

Figure 13-25e. _ Slice Through Burst-Time 
Volume at Y B = 8,000 Feet II 

• 
5000 

Iftl 

t 

rt . 

t , 

\..J 

~Z Ihl 
• ,HI 

tO,OOO 

.t 
,I 

5000 

5000 10,000 
X • 

5000 

1 
r +! 

1 ~ ~ I If t T 
tO,oo . 1 ;1 •• 

'Ilf ., r 'r 
P,:: t ffLtf'lf-m1 ; tl LJ~:f: 

11 [ 'IT y 10,000 1ft) iU l~~ t! l~H 4t . J ~..; B 

Fi!ure 13-25f. II Slice Through Burst-Time 
Volume at Y B ::; 10,000 Feet. 

(ttl 



• 

f 
UI 

.. 

Figure 13-268. II Burst-Time Envelope 
(Front View) II 

() 

Figure 13-26b. II Burst-Time Envelope 
(Top View) II 

(ft) 



• BIBLIOGRAPHY • 

Atkinson, G. W., and. H. G. Laursen, Nomographs for Determining the Relationships Between pressMure 
Range, Altitude, and Yield in the Shock Front Resulting from a Nuclear Dt:wtU.wu" 
NAVWEPS Re 8295 Naval Weapons Evaluation Facility, Albuquerque, New M~xlco, 
January 1965 

Ayvazian, M., E. S. Criscione, and N. P. Hobbs, Comparison Between Predicted and Measured Struc-
tural Responses of a Supersonic Delta to Blast Loads, AFFDL-TR-65-2l2, Kaman AviDyne, 
Burlington, Massachusetts, March 1966 

Criscione, E., and J. Putukian, Preliminary Estimates of the Effect of Blast-ThermallnteraClion on the 
Vulnerability of High-Speed Aircraft in the Vicinity of a Nuclear Deto ASD-TR-61-135, 

Inc., Burlington, Massachusetts, January 1962 

Davis, H. T., W. C. Kaufman, An Experimental Determination of the Maximum Safe Thermal Radia
tion Loads for a Fighter-Bomber Cockpit, ASRMDS-TM-63-4, Flight Dynamics LabUIiHuiY, HHt;.iH" 

Patterson, Ohio, January 1963 

De Hart, R. C., N. L. Basdekas, Response of Aircraft Fuselages and Missile Bodies to Blast Loading, 
ASD TDR-62-458, Southwest Research Institute, San Antonio, Texas, January 196~ ---Donovan, A. F., and H. R. Lawrence, eds., Aerodynamic Components of Aircraft at Speeds, 
Volume VII of High Speed Aerodynamics and Jet Propulsion, Princeton University Pre --Friedman, M. D., and J. R. Ruetenik, An Analysis of Measured Blast Loads on Swept Wings at High 
Subsonic Speeds, AFFDL-TR-65-170, MIT/A TR-I02- assachusetts Institute of Tech-
nology, Cambridge, Massachusetts, March 1 

Handbook for Analysis of Nuclear Weapon Effects on Aircraft DASA 2048, KA-TR-50A; Kaman 
AviDyne, Burlington, Massachusetts, Aprill 

Hobbs, N. P., and K. R: Wetmore, Lethality Criteria for Aircraft Exposed to Nuclear Blasts. 
AFFDL-TR-66-22 1 , Kaman AviDyne, Burlington, Massachusetts, APril196~ 

Hobbs, N. P., G. J. and E. S. Criscione, Effects 01 Variations in Aircraft Parameters on 
Blast Lethality Envelopes Inc., Burlington, Massa-
chusetts, February 1964 

Nuctear Weapons BIllsI Phenomena, 
DASA 1200-1, DASIAC, Santa Barbara, .. 

Nuclear Weapons Blast Phenomena, Volume II. Blast Wave Int~ .. n,.tl" 

Santa Barbara, California, 1 December 1 

13-86 

• 

.. ) -. 
Ill. . 



• Nuclear Weapons Blast Phenomena, Volume III, Air and Subsu 
1200-1II D Santa Barbara, California, 1 March 1970 

Pugh, E. J., and G. B. Bennett, Vulnerability of Aeronautical Systems to 
Methods of Structural Analysis. RTD-TDR-64-1, January 1 

E. J., and D. H. Whitford, The Vulnerability of Parked Army Aircraft to Nuclear De 
WADC-TR-56-3S4, University of Dayton, Dayton, Ohio, June 1956 

Sears, W. R., ed., General Theory of High Speed 
namics and Jet Propulsion, Princeton University 

Witmer, E. A., J. F. Duvivier, and M. Ayvazian, The Effects of Atomic Explosions on the Main Rotor 
of Helicopters in Flight.WADC-TR-58-301, MIT/ASRL, November 1958 

Whitaker, W. A,and R. A. Deliberis, Jr., Aircraft Thermal Vulnerability to Large High-Altitude 
Detonations . AFWL-TR-67-85, Air Force Weapons Laboratory, Kirtland Air Force Base, New 
Mexico, Augu 1967 

• 

PAGE 13-" INTENTIONALLY 
LEFT BLANK 

13-87 



Chapter 14 1 _ 

DAMAGE TO MILITARY FIELD EQlJlPM~T _ 

II INTRODUCTION II 
II One of the primary uses of nuclear 

weapons would be for the destruction of mili
tary field equipment. This chapter describes how 
a nuclear explosion can damage military field 
equipment and provides techniques for estimat
ing certain types and categories of damage. Sec
tion I provides a description of the mechanisms 
of air blast damage to military field equipment, 
and some examples of variations in damage with 
weapon yield and exposure conditions. Section 
II provides the techniques for estimating the 
various categories of air blast damage to military 
material. Section III provides a brief description 
of damage that might be caused by missile (01). 

jects translated by the blast wave). fire, and 
other secondary effects. Section- IV discusses 
transient radiation effects on electronic systems 
(TREES). 

SECTION I 

II AIR BLAST DAMAGE • 

• 
The military equipment that is included 

in s section generally can be described as that 
material that is used by ground forces in the 
fie1d. The major types include vehicles (wheeled 
and tracked). artillery, small arms, communica
tions, field radars, mines~ railroad rolling stock, 
generators, and other rniscel1aneous items. Types 
of equipment that are specifically excluded are 
stationary structures, aircraft, and missile sys
tems. The blast and thennal effects on these 
three types are discussed in Chapters 11. 13, and 
1 6, respectively. This section discusses the 
causes and categories of blast-induced damage to 

the types of equipment listed above. while tech
niques for predicting the damage are given in 
Section II. 

14-1 Damage Mechanisms II 
• 

Most damage to military equipment is 
cau by the deforming action of blast over
pressure or by target movement associated with 

- the air in motion within a blast wave, i.e., the 
dynamic pressure. The sudden application of 
high pressure to the surface of a target as a blast 
wave envelops it can cause crushing, distortion. 
or buckling of components and subsystems. 
These may be either closed components and sub
systems whose strengths are less than the forces 
imposed by the differenti.al pressure between the 
outside and the inside of the element (e.g., fuel 
tanks), or open elements on which differential 
forces occurring during the time taken for the 
blast wave to envelop the element are large 
enough to cause failure. This type of damage 
predominates for very low yield weapons or for 
short duration pulses. II If the weapon yield is greater than 
severil hundred tons, however, the predominant 
type of damage to targets in the open results 
from the drag force caused by dynamic pres
sures. These drag forces may be large enough to 
move properly oriented, unshielded targets great 
distances. They may slide, roll, or bounce along 
the ground surface and may be damaged serious
ly by the violent motions. There have been in
stances in which heavy equipment has been 
picked up and thrown dozens of feet, and then 
has hit the ground with sufficient force to be 
dismembered. Stresses induced by dynamic pres
sure on other types of equipment, e.g., radar or 
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-radio antennas, can be large enough to cause fail· 
ure even though the target is not crushed and no 
grilamovernent occurs prior to failure. 

• The preceding discussion shows that the 
thiee most important parameters involved in 
damage to equipment from air blast are the 3:i.r 
blast environment, the characteristics of the 
target, i.e., those factors that influence its reac
tions to blast loadings, and the target exposure, 
Le., those factors, principally target orientation 
and shielding, that influence the target loading 
and the reaction of a target to a particular blast 
loading. 

14-2 Air Blast Environment II 
II The various means by which air blast can 

damage a target can be developed most simply 
by considenng the idealized case in which a clas
~ical, sharp fronted blast wave moving over the 
ground encounters a rigid, fixed cube, as pre
viously described in Section 11 of Chapter 9. If 
the height of burst (HOB) and ground distance 
are scaled as the cube root of the yield. the over
pressure Ap remains constant. but the shock 
wave duration t+ (as in Chapter 9, the positive 
phase overpressure duration t; and the positive 
phase dynamic pressure duration t; are assumed 
to be equal and are designated t+) varies as the 
cube root of the yield. Thus. as shown in Chap
ter 9, the total impulse is represented by 

IT = A _ [.0 + C (WI13 »). 
, 

where A is the area of the face of the cube nOf

mal to the blast wave, B is the overpressure con
tribution to the impu1se~ and C is the dynamic 
pressure contribution to the impulSe. Thus, the 
contribution to total impulse from overpressure 
remains constant, while that from dynamic pres-
sure increases as the cube root of the yield. For 
very tow fractional kiloton yields, the loading is 
highly impulsive with most of the load coming 
from the overpressure contribution. As the yield 
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increases. at a constant scaled HOB and ground 
distance, the total impulse also increases, with 
an increasing portion resulting from the dynamic 
pressure contribution . 

• 
To maintain the same loading on a target 

as yield increases (with a constant Will 
scaled HOB). the actual ground distance must 
increase at a faster rate than would be necessary 
to maintain peak overpressure constant, that is, 
faster than the cube root of the yield. In other 
words, if HOB is scaled as Wl/3 , ground distance 
must be scaled as wn. where n > 1/3) to main· 
tain the same loading on the target . 

• This fact has been demonstrated by 
theoretical calculations of the relationships be
tween yield and ground distance fof. a particular 
target, and a particular total impulse. Typical of 
such calculations is that perfonned for the blast 
wave from surface burst incident on a 20 foot 
fixed cube at distances such that the total im
pulse would be O.S psi-sec. The results of the 
calculation are shown in Figure 1 + 1. II An excellent fit to the curve shown in 
Figure 14-1 was achieved with an equation of 
the fonn 

Ground Distance = (constant)(yieldf, 

where n = 0.4138. 
.. For many years, it has been observed 

tha"-:xperirnental data concerning damage to 
military equipment required ground distance 
scaling of about WO··. The closeness of this ex
ponent to that derived above suggests strongly 
that the reason for the observed scaling is that 
the damage was related closely to total impulse. 
This hypothesis was confmned by curve-fitting 
analyses of the relationships between damage to 
various types of equipment and various air blast 
parameters. Typical of the results of these anal
yses is one for damage to 1/4-ton trucks whose 
sides were exposed to blast waves from weapons 
ranging in yield from 0.01 kt to 10M t. Damage 
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• -correlation was best with total impulse (with an 
index of determination, 1.0., of 0.77),· but the 
correlation was almost as good with dynamic 
pressure impulse (1.0.: 0.74). Much poorer cor
relation was achieved with dynamic pressure, 
diffraction impulse. and overpressure (with 
I.D.'s of 0.26,0.24 and 0.22 respectively). 

•
. Most of the foregoing discussion is con

ce with air blast phenomena in the Mach 
reflection region, where the majority of targets 
usually are found. In the regular reflection re
gion, the overpressure portion of the total im
pulse usually dominates. This is because the tar
get is exposed to both the incident and reflected 
air shock. and the horizontal components of 
dynamic pressure for the two shocks are small, 
largely because the horizontal component of 
dynamic pressure is proportional to the square 
of the sine of the angle (1 that the shock front 
makes with the surface. For example, if () is 
4S-deg, the horizontal component of dynamic 
pressure would be about one-half as much as the 
dynamic pressure for a shock making an angle of 
9O-deg with the surface (which is essentially the 
case in the Mach region). For 3o-deg, the hori
zontal component would be only about one
fourth as much. 

• 
In this review of the discussion of the 

res nse of a simple cube to air blast a classical, 
sharp fronted shock wave was assumed to be 
incident on the cube. The influence 'of disturbed 
or non-classical wave shapes on the impulse de
livered to a target can be extensive. If the wave 
form is not sharp-fronted, a considerable rise 
time may occur before the peak pressure is ob
served (see the wave sha~s in Figures 2 .. 40 and 
2-41 of Chapter 2). If the peak-.overpressure is 
not at the front of the wave, the '"relationships 
be tween reflected pressure~ shock velocity. 
sound speed, and overpressure are not valid. 
Furthermore, such nonideal shock waves usually 
are associated with precursors, within which 
peak dynamic pressure is not related to peak 
overpressure as it is with sharp fronted waves, 

,"-' 

and the dynamic pressure impulse contribution 
to total impulse given in Section II of Chapter 9 
for a simple cube is not valid. Damage still can 
be related to observed air blast parameters 
(observed overpressures and dynamic pressures) 
for such wave shapes, but these parameters are 
not interrelated as they are for ideal waves . 

14-3 Target Characteristics __ ._ . 

_ Two types of target charailristics gen
era~ of importance: the overaliieometry Of 
the target, on which blast loadings depend; and 
the distribution of mass in the target. which· 
determines the kind of motions induced by the 
blast loading. (These can be interrelated in cases 
when the response of a target during loading 
Chin es its geometry and therefore its loading.) 

The influence of geometry can be illus
tra by considering two targets with the same 
cross-sectional area, one of which is composed 
of flat surfaces and sharp edges while the other 
has curved - surfaces and a more streamlined 
shape. The target with flat surfaces a.nd,~ 
edges wiH have a higher load because its shape 
will result in higher reflected pressures and drag 
coefficients than will occur on the smoother tar
get. Consequently, the level of air blast required 
to induce motion in the non-streamlined target 
will be less than for the streamlined target. 

I The influence of mass distribution in a 
targe can be' seen by noting that for two targets 
of the same shape, mass, and area, but with dif
ferent centers of gravity. the one with the higher 
center of gravity is more likely to sustain damag
ing motions than the one with the lower center 
of gravity. Furthermore, a target with a low 
mass will undergo greater motions than one with 
a high mass, if the two. have the same area, 
shape, and location of the center of gravity. Fig
ure 14-2 illustrates some of the types of blast
induced motion that may occur, depending 

.~e index of determination (ID) is used as a measure of 
g neu of fit of a cuneo The closer the lD is to the number 
one, the better the fit of the curw. 
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upon geometry and mass distribution. 

I A detailed assessment of the influences 
of metry and maSs distribution for each piece 
of equipment is not presented in this chapter. 
The damage assessment techniques that are pre· 
scnted in Section n for a variety of equipment 
types (e.g., wheeled vehlclest artillery pieces, 
tanks) and for a number of items of equipment 
within each type, are all b;tsed on experimental 
observations. One purpose of this paragraph is to 
emphasize the fact that different items of equip
ment within a single type, and even different 
production runs of the same item of equipment, 
can exhibit significant differences in damage 
from the same blast loadings, but they .also can 
exhibit similarities. These differences and simi· 
larities are iJJustrated by several curves that show 
damage as a function of distance in a manner 
similar to Figure 14-3, in which damage on an 
increasing scale from none to severe is the ver
tical coordinate (the meanings of the damage 
categories shown in Figure 14-3 are described in 
Section II), and distance from a 1 kt surface 
burst at which the various categories of damage 
have been observed is the horizontal coordi
nate.· Increasing distance implies decreasing 
values of blast parameters, so the curve indicates 
that damage decreases with an increase in dis
tance from the burst point. There are infrequent 
exceptions to this rule, which generally occur in 
the regular reflection region for large heights of 
burst. 

• 
Figure 14-4 shows a comparison of the 

da ge-<iistance curves for two types of wheeled 
vehicles. Although the two vehicles differ mark
edly in their characteristics~ the ~und distances 
at which they sustain- moderate 8nd severe dam
age are not very different; however, the dif
ference in the distances for liIht damage is latJe. 
Figure 14-5 shows tatJer differences in the 
damage-distance curves for the similar artillery 
pieces. Finally, Figure 14-6 shows fairly sub
stantial differences in the distances at which 

severe and light damage occurs for two different 
production. runs of the same vehicle .. 

• 
These comparisons illustrate the diffi

cu that can be expected to be encountered 
in making damage predictions for new items of 
equipment for which little or no infonnation is 
available. 

14-4 Target Exposure II 
_ The orientation of the target with re

spe~o the direction 9f travel of the blast wave, 
and shielding afforded by nearby terrain features 
can affect the response of the target significant
ly. The effects that differences in target expo
sure can have on damage may be illustrated by 
curves similar to the schematic presentation in 
Fi.14-3. 

The terminology that is usually used 
when discussing. target orientation describes 
which side faces the oncoming blast wave. Le.y 

side-on, t front-on, or rear-on to the blast. A flat 
surface oriented obliquely or normal to the blast 
will receive substantially different loads than it 
would if it were parallel to the blast wave. Little 
difference in damage is observed for front-on 
and rear-on orientations for many targets; in this 
chapter the two orientations are grouped into a 
single category, end-on orientation. Figure 14-7 
illustrates the importance of target orientation 
to the extent of damage. 

II A target may be shielded from some of 
the au blast and thermal radiation effects when 
some substantial object or terrain feature 
(natural or man·made) is in the vicinity of the 

leunes were drawn by findln. the liorizonUi scaled 4. 
• (d I, d2, etc.) at which chanpoftr from each catelory or 

dam. to the next hiaber catqory occuned. The points so 
cleriwd were connected by smooth cunes. 

-The term "side-oft" is abo ulld iJl 1ft alternate clesilnation 
iReident preaure iJl • blast WI", i.e., "side-on o~rpreuure" 
is the overpressure iJl 1ft incident blast waft beCore it interacts 
with I tarptor object. 

1 
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II 
target. Shielding is most effective when the ob-
stacle is between the target and ground zero. 

• 
Obstacles that are considered in the as

ses nt of the effects of shielding from air 
blast are local obstacles. such as ravines, con· 
structed slots, or revetments (the effects of large 
terrain features on blast waves are discussed in 
paragraphs 2·38 through 2-41 of Chapter 2). The 
importance of shielding is well documented. 
Comparisons of damage between shielded and· 
unshielded vehicles exposed to blast from both 
nuclear and chemical explosions are available. 
The effectiveness of an obstacle in shielding a 
target generally results as much from its capa· 
bility to reduce the target movement as from its 
ability to modify the blast environment. Figure 
14-8 illustrates this point. When the obstacle is 
between the blast wave and the target most of 
the impulse or translational force that induces 
motion (drag loading) does not act on the target. 
When the obstacle is "behind" the target, the 
translational force initially applied to the target. 
is the same as it would have been without an 
obstacle, but the obstacle not only can modify 
later translational forces (as a result of shock 
wave reflection), but it can restrict movement, 
the major cause of damage. The overpressure 
effects of crushing and fracturing still occur in 
both cases. and these effects provide lower limits 
for damage ground distances. 

~ Tranllational Blast I Fore.· 

(01 No trontloti. btcouM Tron.lotlonal 
Fore. is not appli.d 

_ Most damage resulting from low yield 
weapons is caused by overpressure impulse 
rather than translation, even for unshielded tar
gets, and, since overpressure impulse is not alter· 
ed drastically by Shielding, the effects· of shield· 
ing are relatively minor for such weapons. How
ever. most damage caused to non-shielded 
targets by higher yield weapons results from the 
translational effects of dynamic pressure. Since . 
shielding can reduce translational effects sub
stantially, it can be quite effective as a protec· 
tion from large yield weapons. Damage to 
shielded targets results largely from overpressure 
effects, for which damage distances scale as the 
cube root of the yield (W 1/3), while damage to 
unshielded targets results largely from total im
pulse effects (including those of dynamic pres
sure), for which damase distances generally scale 
as WO· 4 • The effects of shielding are illustrated 
in Figure 14-9, in which damage distances for 
shielded targets have been scaled as Wl/ 3 , and 
those for unshielded targets by WO· 4 . 

14-5 Effects of Ground Surface 
Conditions II 

II Ground surface conditions affect dam· 
age m two ways: by modification of the blast 
parameters; and by modification of target re
sponse. The fonner is discussed in paragraphs 
2-20 through 2-22 and 2·37 through 2-41 of 

fbI No or littl. trOntlotian btcou .. 
e",banll"'ltt' r.stliett ",O.I",.n' 

Figure 14-8. I The Effect of Shielding _ 
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-Chapter 2. The latter is discussed here. Informa-
tion on the effects of ground condition comes 
from available test data on vehicles exposed on 
test surfaces constructed to investigate precursor 
phenomena. These surfaces were desert, asphalt, 
and desert covered with water. An analYSis of 
these data concluded that there was a significant 
difference in damage to vehicles on "hard" (non
yielding, non..:ieforming) and "soft" (yielding. 
deforming) surfaces. This is illustrated by the 
curves in Figure 14-10. Blast wave characteristics 
were different at comparable scaled distances 
over the two surfaces. Therefore, a scale showing 
comparable blast wave conditions, dynamic pres.
sure impulse, was substituted for the distance 
scale shown in previous figures in order to re
move the influence of surface conditions on the 
~ave from the comparison. 

. _ Figure 14-10 shows that surface condi
tIOns can influence damage substantially, par
ticularly in the moderate-to-severe categories. 
This is believed to result from the difference in 
the target response caused by the difference be
tween the two surfaces shown in Figure 14-10. 
A soft surface will yield and can be deformed. 
These surface reactions produce resistive forces 
against the wheels, which. tend to cause the 
vehicle to tip over. The same vehicle would tend 
to slide on a hard surface and would not neces
sarily overturn. The response of a vehicle on a 
soft surface is likely to resemble the response 
modes illustrated in Figure 14-2a, C, or e, where
as the same vehicle exposed on a hard surface 
would be more likely to exhibit the response 
modes illustrated in Fi.gur& 14-2b and d. 
_ Data, such as shown in Fi&\U'C 14-10, are 
i='lcient to incorporate the effects of surface 
conditions in the damage prediction tech.niques 
given in Section II, except as a source of error 
that degrades the reliability. 
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14-6 Vehicle Status. 

_ The response of a vehicle to the air blast 
:'can be influenced by whether or not the 
brakes are on and/or the transmission is in gear 
at the time of exposure. "U·V • ..!!~~ 

Differences in the resulting damage 
occur primarily for end-on orientation of vehi
cles. Figure 14-11 illustrates the differences 
betwee~categories for two com
parable __ vehicles. A similar com
parison for side-on orientation showed very_ 
good agreement, thus the difference shown in.-: 
Figure 14-11 can be attributed chiefly to dif
ferences in' vehicle status 
of configuration between 
l/4-ton trucks. 

_ When a vehicle is exposed end-on with 
the brakes off and the transmission out of gear. 
the primary response is rolling on its wheels 
rather than sliding or overturning. As shown in 
Figure 14-11, there appears to be. an upper limit 
on the blast forcing function, above which the 
vehicle will overturn because the forces are too 
great to be absorbed by rolling or sliding. or 
because the probability of encountering an ob
stacle to substantial movement is high. The 
status of the vehicle at the time of exposure may 
be as significant in determining the resulting 
damage as the orientation or even shielding; 
however~ there are insufficient data to include 
this factor in the damage prediction techniques 
with any degree of confidence. 

.t; J .1/-._/ /.) .r IAf -J) ". *"~ p~.., s 
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SECTION II 

II DAMAGE PREDICfIONS II 
14-7 Definitions of Damage· 

Categories II 
II The causes of damage to military field 

equIpment by the air blast wave were described 
in Section I. The description of the various levels 
of damage (ranging from none to total) must be 
defmed before damage predictions can be made. 
Various descriptors have been employed over 
the years by infonned and experienced apprais
ers of damage to describe what they considered 
to be the degradation of the military effective
ness- of various items of equipment. These de
scriptors, while useful, tend to be somewhat sub
jective, and they could result in different ap
praisals of the importance of damage to various 
items of equipment by different people. 

• An attempt has been made throughout 
thi~anua1 to describe the damage categories 
in sufficient detail to indicate the specific dam
age that applies, to a given deScriptor (e.g., 
Tables 11-1 and 11-2, Chapter 11, and Table 
12-1, Chapter 12). In this chapter, an attempt 
has also been made to make the definitions of 
the damage descriptors less subjective in terms 
of the availability of a target to perform its in
tended military functions than descriptor defini
tions that have been used previously. The defini
tions that will be presented below include de
scriptions of the type and level of effort that 
would be required to restore a target to a condi
tion in which it could perform its intended func
tion, i.e., the defmitions provide some insight 
into the time that would be required to perfonn 
essential repairs, although they do not include a 
measure of any effects that might arise as a 
result of a time lag before repair (see paragraph 
14-13). 

_ To arrive at less subjective defmitions, 
th~ous items of equipment, which have been 
examined subsequent to exposure to nuclear and 

H.E. tests, were divided into functional subsys
tems. 'This was done for two reasons: (1) more 
precise descriptions of damage could be ob
tained by considering subsystems than could be 
obtained by considering the item as a whole; (2) 
different subsystems can have different degrees 
of impact on the ability of a particular item of 
equipment to perform its basic function. Four 
damage levels were dermed for each subsystem: 
no damage; damaged, but functional; damaged, 
nonfunctional, but repairable; damaged, non
fUltional. and not repairable. 

Damage categories for the entire piece of 
equIpment were then dermed in terms of dam
age sustained by the subsystem. The damage 
categories that were adopted are defmed in 
Table 14-1. 

! The subsystems that were identified for 
whee ed vehicles are shown in Table 14-2 to 
illustrate the type of system divisions that were 

emiiOyed. 
Of the subsystems listed in Table 14-2, 

the engine, power train, wheels, and chassis were 
designated critical subsystems which, if they sus
tain any damage - even easily repairable damage 
- so as to render them nonfunctional, would 
render the entire piece of equipment nonfunc
tional. Operator appliances and parts of the" 
body generally can sustain some degree of dam
age that might make the individual element non
functional (a windshield may be broken, for 
example, or the hood could be torn off) but 
would not prevent the vehicle from perfonning 
its.iPc function. 

• Although the system for identifying 
damage categories described above reduces the 
chances of differences in making damage aiJ
praisals, some subjectivity is unavoidable, espe
cially in the determination of whether an ele
ment of a subsy~e~ can be repaired. A bent 
steering column. for example, (part of a non~ 
critical subsy-stem - operator appliances) is 
deemed to be non-repairable, i.e., normal prac-
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Table 14-1. _ Definitions of Damage Categ~ries II 
Damage 
Category Explanation 

Light Damaged. functional (no critical subsystems - and tess than half of all subsystems - are 
nonfunctional) 

Moderate 
Type I 

Damaged, nonfunctional. repairable with little or no special tools, parts or skills (at least 
one critical subsystem is nonfunctional, but repaiiable) 

Moderate 
Type II 

Damaged, nonfunctional, repairable with special tools, skills. and parts (at least half of 
aU subsystems are nonfunctional hut repairable) 

Severe Damaged, nonfunctional. very difficult to repair (at least one subsystem is nonfunctional 
and not repairable)· 

-I An exception to this rule could occur if an otherwise not repairable subsystem could be made functional by replac.
ing It with an immediately available spare . 

• tice would be to replace it although with diffi-
culty, and with appropriate tools, it could be 

fe_ired. 
Some typical descriptions of damage to 

vanous subsystems of a variety of items of 
equipment that have been aSSigned to the four 
damage categories are shown in Table- 14.3. For 
obvious reasons this table is by no means com
plete (many equipment items have five or more 
subsystems). [t is included to make the meanings 
of the damage categories clearer. 

14-8 Prediction TechniqU81 II 
II Two types of prediction techniques are 

presented in this section. For incti~dual pieces 
of equipment, tables are used to relate (directly 
or indirectly) the damage catelories described in 
the previous paragraphs to the air blast param
etlfeat results in a particular level of damage. 

To determine ground distance for a par
tieu ar level of damage. the tables are consulted 
fU'St, th~n air blast height of burst curves in 
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Chapter 2 are used to fmd the scaled (l kt) 
ground distance associated with the particular 
air blast parameter. Finally, appropriate scaling 

Table 14-2. I WhHled Vehicle Subsystems II 
Subsystem Name and Description 

A Operator Appliances - such as instru· 
ments, driving controls, windshield 

B Body - sheet metal work such as fenders, 
hood, etc. 

C Engine - including fuel, electrical, and 
cooling systems 

o Power Train - transmission, drive shaft, 
axles 

E Wheels - tires, suspension. brakes 

F Chassis - basic frame of vehicle 



Table 14-3.11 Typical Su~em Damage for Various Damage Categories II 
Damage Category 

Type of IJsht Moderate Type I Moderate Type n Severe 
EqUipment 

Subsystem 
Damage 

Subsystem 
Damage 

Subsystem Damale Subsystem 
Damage 

Description Description Description Description 

Wheeled Body Glass Engine Air cleaner Power Transmission Chassis Gross frame 
vehicles breakage. blown off. train broken. distortion. 

bent 
fenders. 

Artillery Si&htina Glass Aiming Traversing Tube Recon Aiming Elevating 
breabae mechanism mechanism mechanism 
in optics. jammed. inoperable. destroyed. 

Tanks External Bent Aiming Elevating Tracks Idlers Hun Turret torn 
fittings fenders. mechanism broken. off. 
Gun tube Some dirt jammed. tracks bent 

in tube~ and twisted. ~ .. 

Sman Stock/Crip Cracked Stock/Grip Broken Receiver/- ~ ~mbeted'~' 

arms stock. stock. barrel 

Supply Packagina Packaains Pa~ 
=~. dump'- not rup- -·.P - d -. '-'.~ 
. .~-. ~ 

tuted, items " 

may be f:;;'".-.:-r:-~-'"' ..;. 
.~:.:~ .. ......... ",'. -..,., 

' . .;;~" 
scattered. 

·POL in 5 a.nd 55 ,al. drums; ammunition and rations in standard packages; other items in smaU containers. 

-factors are applied to the scaled ground distance 
to fmd the actual ground distance .. For broader 
classes of equipment, "Damage·HOB'~ curves are 
presented .. These are curves that give scaled dis
tances for parti~ar damage catelories as a func
tion of scaled height of burst. 

• The rlllt technique. though it in corp 0-

raPone additional step~ to rmd damage ranges, 
provides the user with some knowledge of the 
air blast parameters that cause damage and~ by 
inference for certain pieces of equipment, some 
insight into how the equipment is damaged .. For 
shielded equipment, for example, where, as has 
been discussed, the principle agents of damage 
are overpressure effects, the tables show this 

dependence as well as the need for WI/3 scaling_ 
Similarly, some items- -of equipment (antenna 
masts, wire entanglements subjected to bursts 
from medium or large weapons) are p~icularly 
susceptible to wind loading (dynamic pressure) 
damage, with little or no damage due to over ... 
pressure effects. Again the tables show this as 
weU as the required Wl/3 scalina which is ap
pc.-ate for dynamic pressures. 

The largest variety of equipment should 
be sensitive (for ~asons given in Sec~~,?n I) to 
total impulse delivered to the target. t1nfortun .. 
a te1y, actual total impulse is. very difficult to 
determine. The overpressures. portion of total 
impulse is. sensitive to the particular geometry of 
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II 
the item of equipment being examined. It was 
demonstrated in paragraph 14-2 that, at least for 
l/4-ton trucks oriented side-on to the blast, 
dynamic pressure impulse ranked second only to 
total impulse as an air blast parameter to which 
damage could be related. Thus, with a relatively 
small loss in accuracy (which would be largest 
for ,loW yield weapons, for which overpressure 
effects tend to dominate), dynamic pressure im
pulse could be employed as an air blast param
eter to correlate damage levels. 

• Unfortunately, height of burst curves are 
no~adily available for dynamic pressure im-· 
pulse (which would be employed in the second 
step in the analysis). Therefore. the tables give 
values of "equivalent overpressure" (~eq) or 
"equivalent dynamic pressure" (qeq)' defined as 
that overpressure under near-ideal conditions, Of

that dynamic pressure under nonidealcconditions 
(see paragraph 2-20 for a discussion of near-ideal 
and nonideal surfaces) for a p~uJar yielcfand 
height of bursr at which the dYftamie pressure ' 
impulse that would cause a particular leveL~f 
damage \".ht-~M". ;'Mi'hfApeq~'1jr 
qeq are liste~ »-daM.·c:aUsin~ters, 

ground distance scaling of WO·~ should be- used. 

I The damage prediction technique for 
in Ividual items of equipment uses-three tabJes 
and a single graph. Table 14-4 lists the equip
ment and identifies the appropriate table (14-5, 
14-6, or 14-7) from which damage infonnation 
may be obtained. Table 14-5 is for equipment 
that is damaged principally by total impulse (as 
measured by Apeq or qe ),.with which wl.4 scal
ing should be used; Tab~ 14-6 i.s for equipment 
that is sensitive to overpressure (DII), with which 
W 1 J 3 scaling should be used; and Table 14-7 is 
for equipment that is sensitive to dynamic pres
sure (q), with which Wl13 scaling should be 
used. Tables 14-5 and 14-6 are for use in the 
Mach shock region only. Table 14-7 can be used 
in both the Mach and regular reflection region 
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(see paragraph 2-18 for a discussion of Mach and 
reW reflection regions). 

The graph used in the prediction tech
nique, Figure 14-12. relates peak dynamic pres
sure q to peak overpressure tlp for sharp fronted 
shock waves. It is useful for detennining ground 
distances for damage to equipment that is sensi
tive to either equivalent dynamic pressure (qeq) 
or actual dynamic pressure (q) for values of q 
below those shown in the dynamic pressure 
height of burst curves in Chapter 2 (distances 
beyond about 1,200 to 1,400 feet for a 1 kt 
burst). Beyond these distances, the shock waves 
generally are of classical fonn, and dynamic 
pressure at the wave front can be related to peak 
overpressure (see paragraph 2-17). The peak 
overpressure height of burst curves of Chapter 2 
extend to about 12,000 ft from a 1 kt surface 
burst, and to abou,t 25,000 feet for a I kt air 
burst (where overpressure is as low as 0.25 pSi 
an~namic pressure as low as 0.0015 psi). 

• Tables 14-5 through 14-7 generally show 
the value of the air blast parameter at which 
there is a 50 percent probability that the item of 
equipment will experience the indicated damage 
or greater. In those cases where sufficient infor
mation is available to determine the effect of 
orientation, values are shown for side-on (SO), 
end-on (EO), and random orientation. If suffi
cient information is not available, values are 
on~hown for random orientation. 

• Figures 14-13 through 14-27 show iso
damage - height of burst curves for broad 
classes of equipment as listed below: 

~ 

14-13 
14-14 
14-15 

14-16 
14-17 

Equipment 

Wheeled Vehicles~ 

Artillery, 
Tracked Vehicles (Except Tanks and 

Engineer Heavy Equipment), 
Tanks (Light and Heavy), 
Small Arms, 



II 
14-18 
14-19 
14-20 
14-21 
14-22 
14-23 
14-24 
14-25 
14-26 

14-27 

Generators, 
Locomotives, 
Box Cars, 
Supply Dumps, 
Telephone' Poles, 
Water Storage Equipment, 
Shielded Wheeled Vehicles, 
Shie1ded Engineer Heavy Equipment, 
Signal, Electronic Fire Control 

Equipment, Antennas, and Rigid 
Radomes 

Wire Entanglements. 

A discussion of damage to untested equipment 
that is not included in Tables 14-5 through 14-7 
or in Figures 14-13 through 14-27 is provided in 

paragraph 14-9 together with estimates of some 

dJelevelSa 
Scaling procedures for use with Figures 

] 4= through 14-27 are described in Problems 
144 and 14-5 as well as on each figure. Strictly 
speaking, the damage-<iistance relationship does 
not scale as a simple power of yield for the 
classes of equipment included in this family or' 
figures. The yield dependence of the scaling 
should be reflected by the curves in a manner 
similar to the presentations of damage to struc
tures in Figures 11-2 through 11·23. Such a 
family of curves is in preparation; however, they 
are not available for inclusion in this manual. It 
is anticipated that such curves will be incorpo
rated in a future change. 

• .1 ._-

~.:: .... - ' . 
. :~-"'".:" 

... ....:: ,. ~ . 

14-21 



Table 14-4. I List of Equipment and Corresponding Prediction Tables tI, 

Equipment Item 

Wheeled Vehicles 
U.S. WW II 1/4-ton truck 
U.s. M-38 ] /4-ton truck 
U.S. 2-1/2-ton truck 
U.K. scout car 
U.K. 1/4-ton truck 

Artillery 
Towed U.S. S7-mm anti-tank gun 
Towed UK. 25-pounder gun 
Self-propelled guns 

Landing Vehicle, Tracked 

Armored Personnel Carner, M-S9 

Construction Equipment 
Crawler tractor 
Road grader 

Tanks 

Generators 

Railroad Cars 

Radio Sets 

Radio Aerials 
Antenna masts 
Whip antennas 

Wire Entanglements 
Yields < 1 kt 
Yields> 1 kt 

Small Arms 

Water Storage Equipment 
Lyster bag. 36 pi 
Tank. cylindrical, open top 

1/4-ton Trucks 

Crawler Tractors 

Road Graders 

Lightweight Radios 
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Problem 14-1. Calculation of Damage to Wheeled Vahi_ 

• Tables 14-5 through 14-7 show values of 
equivalent overpressure (4fJe ) and dynamic 
pressure (qcq) necessary to produce a so percerit 
probability of at least the damage category in
dicated to items of equipment listed in Table 
14-4. Ground distances must be obtained from 
Figures 2-18 or 2-19 for 4fJeq , and from Figure 
2-25 for qeq' In those cases where qeq is lower 
than shown in Figure 2-25, the corresponding 
overpressure may be obtained from Figure 
14-12. The ground distance corresponding to 
this overpressure may then be obtained from 
F.' ure 2-19 or Figure 2-20. 

Scaling. The height of burst curves of 
Chapter 2 must be entered with the height of 
burst. or ground distance for a 1 kt explosion. 
For yields other than I kt, the height of burst 
and ground distance scale as follows: 

For equipment listed in Table ]4-5, 

h = WIll 
ii; · 

For equipment listed in Tables 14-6 and 
14-7, 

where d 1 and hI are the distance from ground 
zero and height of burst, respectively. for I kt, 
and d and h are the corresponding distance and 
hl:i t of b~t forMield of W kt. 

Example . 
iven: A 10 explosion at a heIght of 

burst of 200 feet. 

Find.: The ground distances for each dam
age category for randomly oriented 2-1/2 ton 
trucks for both near-ideal and nonideal (light 
dust) surface conditions. . 

Solution: From Table 14-4, the equipment 
is sensitive to total impulse and Table 14-5 is the 
appropriate table from which to obtain the dam
age category blast parameters. From Table 14-5. 
the equivalent overpressures and dynamic pres
sures for a 1 kt explosion over near-ideal and 
nonideal surfaces are: 
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_ Reliability: Two factors affect the reli
ability of damage predictions: the accuracy with 
which the air blast environment can be predict-
ed; and the accuracy of the damage values or 
comparable data. The accuracy of the predic
tions of the overpressure and dynamic pressure 
environments is discussed in Chapter 2. The 
values shown in Tables 14-5 through 14-7 are for 

50 percent probability with an accuracy of ±25 
percent, i.e., the value for a change in damage 
level is for a 50 percent probability that the 
greater damage will occur, and the value shown 
in the table is accurate to within ±2S percent. 
These reliability and accuracy values are esti
mates because there are rarely sufficient data to 
justify a statistical analysis. The damage values 
with asterisks, Signifying limited data, are esti
mated to be accurate to within ±50 percent. The

loss in accuracy resulting from ~odi~cati.~f~~. 
random orientation and shielding are belieyed tc:r:
be small and would have nttle efiect o~~the·over.: -'--

all reliability of.the d~age p.reqiction .. _.-. . 

• Related M:;~;W;- :~ p~~p~- 14-7 
and 14-8, Tables 144 through 14-7, and Figure 
14-12. See also paragraphs 2·20 through 2-22. 
Figures 2·18 through 2-20, and Figure 2-25. 
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Problem 14-2. Calculation of Damage to Shielded 
Wheeled Vehicles 

• Tables 14-5 through 14-7 show values of 
equivalent overpressure (~e ) and dynamic 
pressure (qeq) necessary to pro~uce a 50 percent 
probability of at least the damage category indi
cated to items of equipment listed in Table 144. 
Ground distances must be obtained from Figures 
2-18 or 2-19 for ~eq' and from Figure 2-25 for 
qeq' In those cases where qeq is lower than 
shown in. Figure 2-25, the corresponding over
pressure may be obtained from Figure 14-12. 
The ground distance corresponding to this over
pressure may then be obtained from Figure 2-19 
o~re 2-20. 

_ Scaling. The height of burst curves of 
Chapter 2 must be entered with the height of 
burst or ground distance for a 1 kt explosion. 
For yields other than 1 kt. the height of burst 
and ground distance scale as' follows: 

For eqUipment listed in Table 14-5, . 

d -= WO·4 , 

For equipment listed in Tables 14-6 and 
14-7, 

where d 1 and hi are the", distance from ground 
zero and height of burst. respectively, for 1 kt, 
and d and h are the corresponding distance and 
helt of burst fOJia ield of W kt. 

Example • 
iven: A 2 explosion at a height of 

burst of 500 feet. 

Find: The ground distances for each dam
age category for 1/4-ton trucks within revet
ments) i.e., shielded on two sides. 

Solution: From Table 144, shielded vehi
cles are overpressure sensitive and Table 14-6 is 
the appropriate ta~le .from which to obtain the 
damage category ~13st parameters. Since no par
tic.uJar orientation was ~pecifIed, random orien
tation is assumed,. ,From Table 14-6, overpres
sures for a 1 kt burst pyer a near-ideal surface 

. ... -.. .:.~. " ' 

are: 

-



II Reliability: Two factors affect the reli
ability of damage predictions: the accuracy with 
which the air blast environment can be predict
ed; and the accuracy of the damage values or 

-

comparable data. The accuracy of the predic
tions of the overpressure and dynamic pressure 
environments is discussed in Chapter 2. The 
values shown in Table 14-5 through 14-7 are for 
SO percent probability with an accuracy of ±25 
percent. i.e., the value for a change in damage 
level is for a SO percent probability that the 
greater damage will occur, and the value shown 
in the table is accurate to within ±2S percent. 
These reliability and accuracy values are esti
mates because there are rarely sufficient data to 
justify a statistical analysis. The damage values 
with asterisks, signifying limited data, are esti· 
mated to be accurate to within ±50 percent. The 
loss in accuracy resulting from modifications for 
random orientation and shielding are believed to 
be small and would have little effect on the ovel'aiM ability of the damage prediction. 

Related Material: See paragraphs 14-7 
an 4-8, Tables 144 through 14-.7. and Figure 
14-12. See also paragraphs 2·20 through 2-22, 
Figures 2·18 through 2-20, and Figure 2·2S. 
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Problem 14-3. Calculation of Damage to 
Wire Entanglement 

- Tables 14-5 through 14-7 show values of 
e=ent overpressure (~e ) and dynamic 
pressure (qeq) necessary to produce a 50 percent 
probability of at least the damage category indi
cated to items of equipment listed in Table 14-4. 
Ground distances must be obtained from Figures 
2-18 or 2-19 for ~eq , and from Figure 2-25 for 
qe . In those cases where qeq is lower than 
sh6wn in Figure 2-25, the corresponding over
pressure may be obtained from Figure 14-12. 
The ground distance corresponding to this over
pressure may then be obt~ f~ Figure 2-19 
~2-20. -.. 
_ Scaling. The height· of burst curves of 
Chapter 2 must be entered with the height of 
burst or ground distance for a 1 kt explosion. 
For yields other than I kt, the height of burst 
and ground distance scale as follows: 

For equipment listed in Table 14-5, . 

WO··, 

For equipment listed in Tables 14-6 and 
14-7, 

..!!. = !!.. = Wl/3 
hI d l ' 

where d1 and hI are the ,distance from ground 
zero and height of burst, respectively, for I kt, 
and d and h are the corresponding distance and 
hili t of burst fo~ield of W kt. 

Example _ 
Given: A 15 kt explosion at a height of 

burst of 400 feet. 

Find: The damage-distance relations for a 
concertina wire entanglement. 

Solution: Table 14-4 indicates that wire 
entanglements are sensitive to dynamic pressure 
for yields greater than 1 kt, and that Table 14-7 
is the appropriate table from which to obtain 

blast 

400 
(15)1/3 

= 162 ft. 

Reliability: Two factors affect the reli
of damage predictions: the accuracy with 

which the air blast environment can be predict
ed; and the accuracy of the damage values or 
comparable data. The accuracy of the predic-
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II 
tions of the overpressure and dynamic pressure 
environments is discussed in Chapter 2. The 
values shown in Tables 14-5 through 14-7 are for 
50 percent probability with an accuracy of ±25 
percent, Le., the value for a change in damage 
level is for a 50 percent probability. that the 
greater damage will occur, and the value shown 
in tl;le table is accurate to within ±25 percent. 
These reliability and accuracy va1ues are esti
mates because there are rarely sufficient data to 
justify a statistical analysis. The damage values 

.. 
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with asterisks, signifying limited data, are esti
mated to be accurate to within ±50 percent. The 
loss in accuracy resulting from modifications for 
random orientation and shielding are believed to 
be small and would have little effect on the over
all reliability of the damage prediction. 

. _ Related Material: See paragraphs 14-7 

and 14-8, Tables 14-4 through 14-7, and Figure 

14-12. See also paragraphs 2-20 through 2-22, 

Figures 2-18 through 2-20, and Figure 2-25 . 
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Problem 14-4. Calculation of Damage to Artillery 

_ Figures 14-13 through 14-27 show fami
Ii~ curves that define the damage categories 
as functions of height of burst and ground dis
tance from a I kt explosion for the several 
classes of equipment listed in paragraph 14-8. 
Separate curves are shown for near-ideal and 

110 • eal surface conditions. 
Scaling. For yields other than ] kt the 

hel t of burst and ground distance scale as fol
lows: 

For Figures 14-13 through 14-21, 

h -= Wl/3 , 

WO·· , 

For Figures 14-22 through 14-25, and 
14-27, 

For Figure 14-26. 

h Wl/3 , 

d 
-= WO:4 • except Radomes, for 

which distance sca1es as, 

.!!. = WIll 
d ' 1 

where hI and d 1 are the height of burst and 
ground distance for 1 kt, and h and d are the 

" 

, 

corresponding height and distance for a yield of 
W kt. For convenience, the proper ~caling is indi-
cated on each figure. .@-
~ Example.: 
~iven: A 2SO'kt explosion at a height of 

burst of 1,250 feet. 
Find: The distance to which severe damage 

occurs to artillery located on a nonideal surface. 
- Solution: The corresponding height of 

burst for 1 kt is 

h = ~ = 1,250 = 
1 Wl/3 (250)1/3 

198 ft. 

The listing given in paragraph 14-8 shows that 
Figure 14-14 is the appropriate fIgUre to 

for 

• Reliability: The ground distances for the 
various damage categories shown in Figures 
14-13 through 14-18 and 14-22 through 14-27 
are estimated to be accurate generally within 
±25 percent. although wide variations might 
occur for individual items within a class (see 
paragraph 14-3). These reliability values are esti
mates because the~ are rarely sufficient data to 
justify a statistical analysis. The ground dis
tances obtained from Figure 14-19 through 
14-21 are estimated to be accurate within ±50 
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percent because of the even more limited data 
and because of the difficulty in aggregating all 
supply dumps into one class. As described in 
paragraph 14-8, curves that reflect the yield 
dependence of the scaling might be expected to 
provide somewhat more reliable predictions; 

,"' ..... 

14-34 

however, such curves are not available at 
present. 

II Related Material: See paragraphs 14-3, 

14-7, and 14-8. See also paragraphs 2-20 through 

2-22. 

. ... ,~ 

..,~;.?:;;; ,. '-' '~-

...£;.. 
-:'III'"" 
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Problem 14-5. Calculation of 1M AdvanUgl 'in Shiekli~g,;;:. 
Engineer Heavy Equipment 

_ Figures 14-13 through 14-27 show fami· 
I~ curves that define the damage categories 
as functions of height of burst and gro~d dis· 
tanee from a I kt explosion for the several 
classes of equipment listed in paragraph 14-8. 
Separate curves are shown for near-ideal and 
nnf'III1.·,U surface conditions. .. ' 

Scaling. For yields other than 1 kt the 
of burst _ and ground distance scale as 

follows: 
For Figures 14-13 through 14-21, 

h wl/3 , -= 

d 
- = WO·4 
d ' 1 

For Figures 14-22 through 14-25, and 
14-27, 

h d 
W1l3 7i; = d t = , 

For Figure 14-26, 

~" h -.'. _:: wlJ7"--
h rr;, • 

1-- :..,. ' WO''', ex~-Riidomes. for 

- , 
which distancescaJes aJf' -

- .,."~-' 

--~~~._ '~~'.~3~ 

where hi and-d1 ' are' the height of burst and 
ground distance for 1 kt, and h and d are the 

corresponding height and -distance for a yield of 
W kt. For convenience. the proper scaling is indi-

Example . _ n each fJlqll, " 
iven:·A 2S t exp109io,\ at a height of 

burst of 1,000 feet'over a nonideal surface. 
Find:. The advantage in shielding engineer 

heavy equipment at a distance of one mile from 
the expected ground zero. 

Solution: The Corresponding height 'of 
burst for 1 kt is 

h = ~ = 1,000 = 159 ft. 
i W1l3 (250)1/3 

The listing given in paragraph 14-8 shows that 
Figure 14-15 is the appropriate figure to deter
mine damage relationships for unshielded engi
neer heavy equipment, and Figure 14-25 is 
appropriate for shielded engineer heavy equip· 
ment. The corresponding ground distance from a 
1 kt explosion for use with Figure 14-15 is (see 
Scaling above) 

d l = 5,280 = 580 ft. 
(250)°·4 

The corresponding ground distance from a 1 kt 
explosion for use with Figure 14-25 is (see Scal
ing above) 

d 
dt --

Wl/3 

d t = 5,280 = 838 ft. 
(250)1/3 
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.n.t'IIU(lImry: The ground distances for the 
damage categories shown in Figures 

14-13 through 14-18 and 14-22 through 14-27 

.. 
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are estimated to be accurate generally within 
±'2S percent, although wide variations might 
occur for individual items within a class (see 
paragraph 14-3). These reliability values are esti
mates because there are rarely sufficient data to 
justify a statistical analysis. The ground dis
tances obtained from Figure 14-19 through 
14-21 are estimated to be accurate within ±50 
percent because of the even more limited data 
and because of the difficulty in aggregating all 
supply dumps into one class. As described in 
paragraph 14-8, curves that reflect the yield de
pendence of the scaling might be expected to 
provide somewhat more reliable predictions; 
however, such curves are not available at 

Wt. 
Related ,Materllll: See paragraphs 14-3 • 

1 ,and 14-8. See also paragraphs 2-20 through 
2-22 . 

1i9;~J J I./-P.;J ~~), 1¥-27 a~ 

ft,tfll!~ 1~-~7 ~~}, I~-s-J 
.t?/~ C/.Il / t!.+ <il. 

JI ~ .Q.J..J~A-, ) 
> '-t-. {f)(1 



14-9 Untested Equipment • 

_ Although a wide variety of equipment is 
i~ed in Tables f4-5 through 14-7. many 
items are not listed. principally because they 
were never subjected to the air blast environ
ment of nuclear or large HE tests. In some cases 
it is possible to deduce an approximate set of 
damage criteria, either because the untested 
equipment is comparable in some degree to 
some item that was tested, or because subsys
tems of the new equipment are similar to subsys
tems on tested equipment. The principles and 
the damage agents described in paragraphs 14-1 
through 14-6 should aid in predicting damage to 
untested equipment, although familiarity with 
subsystem response (a subject beyond the scope 

•
thiS chapter) would be more satisfactory.'" 

Table 14-8 Usts a number of items of 
equipment for which approximate levels of dam
age were deduced from the principles outlined 
previously. The response infonnation shown in 
Table 14-8 is generally considered to be accurate . 
to within ±50 percent. unless otherwise stated. 
This is caused by the inherent inaccuracies asso
ciated with the use of the comparability princi
ple, which is primarily useful for obtaining esti
mates. The remainder of this section describes 
how the damage levels were detennined. 
_ Bridges, Mobile ASSQult; A specific 
example of this equipment is the "Bridle. Float
ing: Mobile Assault, 36-ft." This item should be 
examined for its response when on the road, and 
when in the water. Unfortunately no informa
tion about its response in the water exists. 
_ When on the road and side-on, the crit
~g1e t for overturning is about 4S degrees, 
which is comparable with a 2-1/2-ton truck. The 
area of the side-on vehicle is at least twice that 
of a 2-1/2-ton truck, and the weight is about 
four times as much. Because the moment of 
inertia·about an overturning axis would be large, 
the primary response mode is expected to be 
sliding. kowe'ver, because of the box-like conn,-
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uration and the large, flat-topped surface, a large 
lifting force is quite possible. In addition, the 
large weight force on each of four wheels is like
ly to cause a buildup of resistive force during 
sliding. It therefore appears reasonable to as
sume that overturning occurs shortly after slid
ing begins. 

_ In the end-on configuration, the sloping 
~ of the vehicle will cause a significant 
vertical force. However. the extremely large 
moment of inertia in this orientation should pro
vide resistance to overturning. The construction 
of the item, in addition to the flotation gear, 
may make it vulnerable to low overpressures. A 
rupture of the hull or Ootation gear would make 
the item useless until repairs are made. In this 
instance, whether the item was made of steel or 
aluminum, the thickness of hull, and whethe~ of 
riveted or welded construction, would' be-sig
nificant. Thermal effects!W, t1o~at!on ·ge~., ..... , 
not expected to cause rupture or burninl~ex1ip1 
at high yields, although the flotatiOrigeu'may 

• 
loose in the end-on conrlgUratiO~- -
Additional informatiorr coricefuing this 

ltem would increase the reliability of damage 
predictions. Until such time as more infonnation 
becomes available. the following values are rec
ommended. 

P. l. MorriJ, Study 01 Mill'., Fwld EquipIMnr Rerponle 
Blat lIItd P1et:lktlDft of ~ (U) detcribes predictions 

blUed on subsystem respon. <aee blbllosrapby). 

tI.AnaIe tluouah wbicb ~ item mldt rotate for the center of 
mau to be placed owr the center of rotation. 

+1 u. JJ>.4 scaliq for poUlld ruae· 

t;1J1e!.... 1# -? JJAt ~ 
)JI-~-3 ,'1 dc/e..f.d. 

t/jAAJC~ ~)()) 

) 



_ Camouflage-Nets. These items are rarely 
considered in damage predictions. They are in
cluded in Table 14-8 primarily as a possible 
source of fIfes. Very low dynamic pressures, on 
the order of 2 psi, are sufficient to destroy their 
effectiveness for concealment. Cloth netting 
generally is destroyed by a thennal exposure of 
15 cal! cm2 .. Cloth nets can be a considerable fire 
hazard if this amount of thennal energy is re
ceived prior to the arrival of a low overpressure 
blast of about S psi, which may be insufficient 
to extinguish pre-blast flames. Plastic netting is 
not as susceptible to burning, but it will melt 
and char at a thermal exposure of approximately 

iiOCalcm2. 
Carriers. Full Tracked.. Some data are 

avSl a Ie on equipment that predates present 
equipment, e.g., the Annored Infantry Vehicle t 

MS9. So few data are available on similar current 
equipment, however, that any attempt to apply 
MS9 information to current equipment could be 
misleading. Present vehicles are significantly dif .... 
ferent from the M59 since they are constructed 
of aluminum. whereas the M59 was constructed 
of steel. The response of carriers is believed to. 
be ,similar to that of wheeled vehicles in that a 
boxlike construction and large areas make it sus
ceptible to overturning. It appears that the dam
age values for l/4-ton trucks may be appropriate 
until actual response information becomes 

lIai Ie. 
Engineer Construction Equipment. Tab

u a e values for road grader and tracked trac
tors are probably appropriate for the present 
equipment; however, theSe response tables are 
based on very few data points., which undoubt
edly affects their reliability. The characteristics 
of the equipment exposed in nuclear tests are 
not known, and comparisons with present items 
cannot be made. It is believed, however, that 

•

nees will be relatively small. 
No test information is available for 

w ee ed scoop loader type equipment. Since it is 

Howitzers, ,Self-Propelled. 
~.J-..I.1I.lI"_ MI09 ISS-mm, and MilO 8-in. self

propelled howitzers are examples of this equip
ment type~ The MIOS and MI09 howitzers are 
more similar in mass distribution and geometry 
to tanks than to the howitzers exposed during 
nuclear tests. Their somewhat higher prof11e and 
more "bulky" construction of the turret indi
cate they would be more susceptible to over
turning than tanks. Nevertheless, the damage 
values for tanks shOUld provide a good estimate 
until a closer examination of these items is 
made. The 8-in. howitzer on the other hand has 
a configuration similar to howitzers that were 
exposed at tests; thus, the damage values for the 
T97 self .. propelled howitzer shouJd provide a 

_
ad estimate. 

Damage values for self-propelled howitz .. 
e e based on very little data, and care should 
be exercised in using the tank damage values for 
the MI08 and MI09. One major consideration 
not previously mentioned with regard to these 
items is the lack of data or analysis for howitzers 
exposed with their gun tubes in a fIring position. 
Such a configuration could change the response 
of these items materially as a result of a change 
in the dispositions of blast forces and resisting 

•

ts. 
Howitzer. Towed. Three examples of 

this category of equipment are the M lOlA 1 
IOS ... mm light howitzer, Ml14Al ISS-mm 
medium howitzer t and M} 1 S S-in. heavy howitz
er. Damage values are available for the 57-mm 
antitank gun and the U.K. 2S pounder. The 
damage values for the 57-mm AT gun probably 
can be used for the MIOIAI lOS-mm light how .. 

--. 
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I!., but insufficient infonnation is available for 
the M1l4AI ISS-mm medium howitzer, and 
MIlS 8-in. heavy howitzer. 
_ Radm Sets. The ANIMPQ4A radar set is 
::r'primarily to locate hostile mortars and to 
adjust low-velocity artillery nre. When this 
equipment is in transit, the antenna group and 
power supply are each mounted on two-wheeled 
trailers. The antenna trailer has outriggers for 
stability. The control unit for the radar and 
power supply can be removed for remote opera
tion from the power supply trailer, which con
tains a gasoline generator. When in remote 
operation the control unit is -mounted on a 
tripod-type stand and weighs about 575 pounds. 
The only response tables which deal with items 
that resemble any of this equipment are the ones 
for skid- and trailer-mounted generating sets. 
The vulnerability of the power supply trailer 
might be correlated with a trailer-mounted gen
era tor, and the antenna group with a skid
mounted generator. The antenna group is diffi
cult to analyze because of its uniqueness, plus 
the fact that the trailer outriggers should signif
icantly reduce its vulnerability to overturning. 
The antenna reflector should be the most vulner
able subsystem of this group, and damage to it 
would probably detennine the overall damage 
category of the radar system. Thus the damage 
values for generators may be used as an estimate 
if the antenna reflector is added as another sub
system, which results in the following approxi
mate damage values for both near-ideal and non
ideal blast conditions. 

_ Another radar set that may be used as an 
example is the AN/TPS-2S. This is a combat sur
veillance, night vision, target acquisition radar. 
There are three major groupings of components 
in the system. The antenna, antenna mast, radar 
modulator, and receiver-transmitter are grouped 
together and connected by cable to the shelter 
that contains the radar controls and plot board, 
and houses operating personnel. The system is 
powered by a remotely located gasoline gener
ator. The shelter may be located either on the 
ground or on its transporting vehicle, a 2·1/2-ton 
cargo truck or 3/4-ton or }-1/2-ton two-wheeled 
trailer. AU components are packed in the shelter 
during transit or when not in use. The antenna 
mast comes in three 6-1/2 foot tubular sections, 
one, two, or three of which may be used. The 
antenna mounted on the mast weighs about t 50 
pounds. The on the DT'r'''Tlln 

to the antenna mast. 

r:rrn<nLI.I. Telegraph. The 
ra sets AN/GRC-26D, AN/GRC·SO, 
AN/MRC-BO, and tenninal telegraph-telephone 
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AN/MCC-6 are normally located in electrical 
shelters mounted on a 2-1/2-ton cargo truck. 
These shelters have sheet metal walls, m~tal 

The last example of radio sets is the 
12. This is the basic means of com

munication for vehicles and crew-served weap
ons upon or within which it is mounted. Its 
power comes from the vehicle or weapon elec
trical system. These radios use a whip antenna; 
they are transistorized except for two tubes in 
the transmitter driver and power-output stages. 
The VRC-12 is constructed with printed circuit ' 
boards. Therefore, vulnerability should differ 
considerably from the damage values given for 
lightweight radios,in Table 14-5. Printed circuit 
boards generally are more vulnerable to shock 
and vibration than wifed circuits. Since these 
radios are located on or in vehicles and 'crew
served weapons, the response of the carrier con
trols the response of the radios to some 

the 
values apply for damage to radios from over
pressure. 
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_ Wh'eeled Vehicles. An example of how 
untested wheeled vehicJes might be analyzed is 
given by this analysis of the M51A2 5:'ton dump 
truck. Few data exist for a 5·ton dump truck 
(no vehicles exposed at nuclear tests were 
loaded). The response of a loaded vehicle could 
be significantly different because the overturn
ing forces would have to be increased. In fact, 
the possibility of a sliding response would have 
to be closely examined,' The gross unloaded 
weight of this vehicle is quite large, about 
23,000 Ib with a center of gravity that is un
doubtedly below the center of pressure, so the 
vehicle probably would overturn were it not for 
the high overturning moment and angle re
quired. It is not possible to state categorically 
how this vehicle will respond. Test data do indi
cate that when it does overturn, the dump body 
is separated from the chassis, resulting in serious 
damage. Therefore. the application of the Table 
14-5 damage values for 2-1/2-too trucks will 
quite likely result in an overestimation of the 
low-damage-category ground ranges and ao 
underestimation of the high-damage-category 

_ ranges. 
A truck·mounted water purificatipn set 

1S an example - of a special-purpose Wheeled 
vehicle. This item is quite likely to have differ
ent responses. depending- on whether the water 
purification set is in'operation or the equipment 
is closed down for transport. In operation, side 



• panels of the truck body are opened, exposing 
the purificatIon equipment directly to blast. In 
addiiion, the open compartment would increase 
the clearing times for the reflected pressure and 
increase the drag coeffjcient for dynamic pres
sure. The weight of this item is not known. but 
it is obvious that the center of gravity would be 
relatively high. Coupled with the high surface 
areas, this virtually assures overturning at rela
tively low blast values. The response of the puri
fication equipment mounted on the truck 
chassis cannot be estimated without detailed 
analysis. However. the response of the item as a 
whole is believed to be quite similar to a 1/4-ton 
truck. 

• Supply Dumps. Damage to supply 
dumps should be considered in a functional 
sense. The purpose of a supply dump is to serve 
as a collection, storage, and dispensing point for 
materiel. Available information indicates the ef
fect of a blast wave is to scatter containers, at 
times rupturing the containers and spilling the 
contents. If the contents are not in bulk fonn. 
such as fuel. the contents generally are not dam
aged. Thus the collection and storage of materiel 
is not significantly affected. However. the scat
tering of supplies and blocking of access aisles 
can degrade ~he effectiveness of the dump in 
issuing supplies. The size of the stacks of sup-
plies appears to influence the amount of scat
tering through some type of volume-vs-area 
ratio. The blast winds remove boxes. etc., from 
outer layers in an unravelling process. Since. for 
a given volume~ the area exposed to blast winds 
depends upon the number of stacks, shielding of 
supply dumps, such as placing them below 
ground level, is quite effective in that dynamic 
pressures have much less area to act on. Over
pressure then becomes the dominant factor caus
ing damage; Since contents of supply dumps 
generally are resistant to crushing forces. an 
overpressure level of 30 psi is recommended for 
shielded supply dumps. A dynamic pressure of 5 

psi is recommended for unshielded supply 
dumps. These values are expected to cause major 
disruption of the supply dump either through 
damage to or loss of contents or scattering and 
mixing of containers. 

SECTION In 

II DAMAGE FROM CAUSES OTHER 
THAN BLAST AND NUCLEAR 

RADIATION. 

1~10 Fi~",_~amage. 
• Damage to equipment by ftre is referred 

to in some damage reports. Although some 20 
occurrences.have .. ~en noted, they involved only 
a very small percentage of the equipment ex
posed. Most fl1'es appeared to be secondary in 
nature, that is, they w·eR not started by direct 
thermal radiation ignition. Two equipment items 
were burned during nuclear tests under exposure 
conditions in which they could have receiv~d 
virtuaJ1y no thermal radiation. In ildition, a 
t !4-ton trileTe 'exPoi!'d at a 100-ton hIgh explo
sive test (in which thermal radiation was neg
lilble also burned. 

The damage to a 6-kV A generator ex
pose on a U.K. test is particularly interesting. 
In the damag",~report the notation is made, "Fire 
may have st~ from. fuel from broken car
buretor spilling on hot muffler." U.K. practice 
at nuclear tests was to expose running equip
ment, that is, the engines were running at the 
time of the explosion. The six recorded occur
rences of fiJes,on, U.K. tests represents a consid
erably larger percentage (about 10 percent) of 
alJ U.K. equipment exposed than does the num
ber of fU'es recorded on U.S. tests. Since this 
may be due to the U.K. practice of running 
engines during a test, the incidence of secondary 
fU'es in an operationaJ situation may be higher 
than the U.S. tesfdata indicate. 

• Although it is believed that most fires in 
th:-!i.S. tests were from secondary rather than 
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-primary thermal ignitions, the source of some of 
these secondary ignitions is not clear. The two 
l/4-ton trucks that bu.med on one U.S. test were 
believed to have been ignited by burning asphalt. 
In one case of a tank exposed to a very low yield 
burst, personnel reentered the area of the burst 
shortly after detonation, approaching within 
2,000 ft of ground zero at H + I hour. No 
smoke or open flames were observed. However, 
approximately 1/2 hour later some smoke was 
observed, although its cause is not known. 
• Shielding from direct thermal radiation 
occurs when the target is below a line from the 
burst point to the top of any obstacle, that is 
when the target is in the. shadow cast by the 
obstacle. The obstacle bl.s essentially all ther
mal radiation. Some thermal radiation wiJI still 
reach the target via the scattering of radiation by 
the atmosphere. This scattered radiation can be 
substantial for large yiel~becllUa1-the long diJ..-
tances traveled - by the radiation incre~ the :-, 
opportunities for scatteriDl. Considerable radia
tion can aI§i I be, backscattered from clouds. 
There is not, however, enough information on 
scattering to be able to predict damage resulting 
from thermal radiation to shielded targets. 
_ Because the incidence of fires was so low 
~ U.S. tests (though limited British experi
ence suggests that fires could more frequently 
occur in operational situations), rue damage is 
not normally considered in assessing damage to 

military equipment. .-'-:,' -

14-11 Obscuration of OPtical_oiv~ • 
• Obscuration of optical devf~-fm be an 
Important type of damage. Evidently, the ther
mal radiation impinging on cQated- or painted 
surfaces near an~ 'mTfa49~'ther'with 
blast winds, results in the deposit. o~ sufficient 
sooty material that the optical surface would 
have to be cleaned prior to use., Molt oE the
information on this phenomenon .,obtained 
from U.S. and U.K. damage reports on exposed 
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tanks, and some scattered data are available on 
the artillery optics. Although there is no physi
cal damage to the optics, the obscuration is suf
ficient to preclude their use, and some remedial 

them useful. 

is discernible in the data about the 
that, orientation has on which surfaces 

become sooted, but it seems wise to develop 
criteria for sooting of all surfaces. Since most 
nuclear tests were conducted under neady id'eal 
atmospheric conditions, and there probably 
was little scattering of thermal radiation, soot
ing was probably 

the exposure of tanks at 
........ "'.,,& tests are sufficiently extensive that ob
scuration of optics is included in damage esti
mates for tanks; however, there is insufficient 
information to apply this process to other 
optical systems with any reliability. 

14-12 Damaga by Missiles _ 

_ Missiles are objects that are picked up 
~anslated by the blast wave with sufficient 
velocity that, upon impact with an item of 
equipment, the stem may be damaged. Examples 
of such objects are rocks, gravel, sticks, struc
tural debris. battlefield debris, etc. Instances of 
missile damage are scattered throughout the dam
age reports of nuc]ear tests. Some examples are 
the puncturing of a tire, fuel tank, or radiator 
~tick or stone. 
_ Missile damage usually has not been in-
cluded in damage analysis and prediction tech-
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• niques because its frequency of occurrence is 
quit~ low, and it is rarely possible to predict 
when an item of equipment would be damaged 
by a missile. Missile damage, therefore, generally 
is not considered in damage analysis. (An ex
ception for sand ·and gravel missiles is the chip
ping and cracking of glass surfaces by blast-wind
transported material. This phenomenon is men
tioned in damage reports with sufficien t regular- . 
ity to include it as' a damage mechanism even 
though it rarely makes optical systems complete-

•
ino erable.) 

Another possible agent of damage that 
fal s under the general category of missile dam
age is the deposit of dirt. sand, and gravel in gun 
tubes and in some cases machine-gun barrels. 
Although there are several specific references to 
this problem in the test reports; there are no 
references for dynamic pressures above 10 psi. 
The more spectacular physical damage that 
occurred at high dynamic pressures· may have 
caused this effect to be ne8Iected"iri the exami
nation.. of the equipment. There are rare ref
erences to sand and dirt getting into the breech 
mechanism. making it difficult to operate. 
_ Deposition of foreign matter in gun 
~does not seem to depend upon orientation 
of the tubes, which may be explaiftied by the 
fact that material is transported by both the 
positive and negative phase of dynamili:. pressure. 
In actual combat, there. mi&ht not be as much 
sand and gravel as on tlWdesert where nuclear 
tests were conducted. but there could be other 
sources of particulate matter available. A little 
d41 in a gun tube may only mean an increased 
rate of wear if the gun is f:ared before cleaning, 
but it could also lead to ~ catastrophic d~ 
age. Consequently. the_ poSsible effects of ma
terial depositioR. within gun tubes should be con
sidered in assessing damage to equipment with 
such tubes. -- ': -_. . ... .. -.' 

14-13 The E~'Qf r.~.. .~ 
•.. Tun~ itSelf i~ n~t a- d~age- m~hanism. 

However, the· time lag between occurrence of 
damage and efforts to repair the damage may 
alter the damage level of ·one or more subsys
tems of military equipment significantly. For 
example. hydrostatic lock may develop in over
turned engines; fuel. water; and oil may leak, 
and require replacement before the equipment is 
fun ctionaJ; the corrosive action of spilled 
battery acid ·or solvents can render subsystems 
inoperable; soft systems; such as electronics, 
may be exposed to weather. making them in
operable. Such events cannot only increase 
damage levels but also can increase the amount 
and nature of effort necessary to repair the 

flam e. 
The damage reported on nuclear tests 

requentJy included some effects of time, al
though damage reports attempted to compen-
sate for time delays. Test areas often were not 
reentered nor damage assessments made until 
many days after the explosion. In an operational 
situation, particularly if personnel are in a 
warned protected status at detonation time, re
covery efforts would probably start in a matter 
of hours rather than days. Since the significance 
of time after damage is extremely difficult to 
assess quantitatively (because of unknowns in 
the disposition and capability of repair or re
covery efforts soon after detonation) damage 
assessments included herein do not include the 
effects of time before repairs can be made. 

SEcrION IV 

TREE DAMAGE CRITERIA • 
The phenomena associated with tran

radiation effects on electronics (TREE) are 
discussed in Chapter 6. Section VII of Chapter 9 
discusses component part and circuit response to 
nuclear radiation. This section provides esti
mates of nuclear radiation levels sufficient to 
cause moderate to severe effects in military 
equipment. The discussion in this section is 
limited to electronics. without regard to the 
system structure or the operator. 
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II SYSTEMS ANALYSIS II 
14-14 Types of systems Analysis 

Used in TREE II 
_ Two approaches may be used in systems 

an=s with respect to TREE, and each leads to 
a different result. The flI'St approach to surviv
ability analysis addresses the question of 
whether the system will malfunction during or 
after exposure to a specifically defmed threat or 
a given set of radiation hardness criteria. The 
end result is that a system can be classified as 
vulnerable, questionable, or hard to that spec
ified radiation threat. The survivability of the 
system can then be improved by redesign of the 
more vulnerable circuits or subsystems. Al
though the system may be classified as hard to 
the specified radiation threat. there is no cer
tainty that the vulnerability levels of the system 
will have been identified. This approach to sur
vivability analysis may be adequate in some in
stances, but changes in threat environment. 
system mission or tactics will require another 
COlete analysis. 

The second approach to survivability 
an ysis differs from the analysis described 
above in two major respects. First, it includes a 
detailed vulnerability assessment which dermes 
the susceptibility level of each circuit or subsys
tem to all types of radiation threats, not just a 
particular one. Second, it is concerned with the 
statistics of failure for any component or subsys
tem variations in failure o level foi all· radiatiolt . 
threats. With these data, the system may be eval
uated for a specifically dermed threat and any 
variations in the threat resulting f~m changes in 
system employment or tactiCs. In this section 
interest centers on the expanded survivability 
analysis approach. . .... 

= 
14-15 The Complexity of P.-fom1i.· ~ ~. 

System Analysis for _~ ~._ 

- The complexity of cilllr'and, sy~terif' 
an='s is increased when it becomes necessary 
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to understand the system response during and 
after exposure to nuclear radiation. This envi
ronmental constraint can change or modify the 
characteristics of the electronics in a very time 
dependent manner. The level of understanding 
and the accuracy in prediction of individual 
component part response often is not sufficient 
to allow accurate analysis. Therefore testing (in 
many cases extensive testing) is necessary to 
establish component part response and to verify 
circuit analYsis. This, however, is not the com
plete answer to the additional complexity. The 
radiation response of component parts can vary 
widely. For example, samples of a certain tran
sistor type can sustain significant variations in 
percentage of gain degradation for a given neu
tron exposure. Component part response can 
also depend on the particular bias conditions 
under which the part is being operated. That is, 
the component part could be most vulnerable to 
a particular' radiation component (e.g .• gamma 
rays) in one bias condition while in another bias 
condition it may be most vulnerable to a dif
ferent radiation component (e.g., neutrons). The 
degree of susceptibility can change with bias 
conditions. As stated in Section VII of Chapter 
9, the response of component parts can depend 
on prompt dose or dose rate. In survivability 
analysis, both cases must be considered. This 
possibility of double dependence also applies at 
the circuit and subsystem levelS of response. 

• The circuit and subsystem design also 
are critical with respect to radiation suscepti
bility. The fact that a component has a sigoif
icant response to a certain level of radiation does 
not mean that the circuit. that uses that compo
nent will be susceptible to t~e level of 
radiation. The radiation susceptibility level of 
the circuit could be hiIIIIr or lowerlhan the 
levels of any of the com~ent parts used in the 

~. circuit. The tolerances within which each com
ponent part and circuit has to perform in order 
for the system to achieve its function is a factor 
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II 
in establishing the susceptibility of the circuit. 
Information of this nature, however, usually is 
only available during the design phase and fre
quently must be obtained through a detailed 
circuit analysis. The tolerances of the critical 
component parts and circuits, once obtained, are 
typically so narrow that another complete 
analysis of the component response and circuit 
interactions is required to establish the surviva· 
biJity of the system. 

II For similar reasons a problem occurs in 
the analysis of generic- functions, such as an 
amplifier, flip.i1op, or clock circuit. Circuit func
tions can be performed by a large number of 
circuit configurations using a very large variety 
of component part types. Thus, it would be 
necessary to review all pertinent configU(ations 
and component part types that would accom
plish the desired funetiolt' in order to determine
the survivability of the generic function. Also, 
the level of confidence associated with a specific 
vulnerability level for a generic function would 
be much lower than that for a specific circuit. 
with~cific comPonertr.,arrs."'~':~=:-~ -.~-"'. 

~~o'-- ---, - -,",-~-"-~~~-.-'~.---' -- - '-:;:""_":" ~. 

II-The last f~cto~: that affects. the accuracy-~ 
of the system anaJysii~is t.he -~defermination of 
the environment. That:is, the.envitenment that 
is used to generate the TREe: response data (for 
use in the analysa). bas· to be correlated to the 
actual use environment; nus cone]ation may be ' 
in error by as much as· an order of magnitude· 
unless care is taken to include an facton ·that 
may affect the correlation. 

• All these influences are in addition to 
the normal circuit and'systems analysis prob
lems. The resultant analysis becomes a complex 
manipulation of many interactions. Hence this 
type of analysis requires skill and understanding 
in order to approach a reasonably good charac
terization of the system response to a nuclear
weapon threat. 

1 .... 16 Clwactaristlcs of the Analysis Used 
in This Section -II 

II A primary concern of this section is to 
provide an appreciation for the survivability 
levels of military electronic equipment exposed 
to radiation from nuclear weapons. For the pur
poses of this section, only two levels of survival 
are used - a "sure safe" level and a "sure kill" 
level. The term "sure safe" implies a zero per
cent probability of failure while the "sure kill" 
implies a 100 percent probability of failure. A 
great deal of generalizing has taken place in this 
section (Le., the discussion is by generic term, 
and each generic term, such as radio, has 
hundreds of variations). As a result very low 
confidence levels are necessarily placed on the 
"sure safe" and "sure kill" terms. Even with a 
particular system it is difficult to establish a par
ticular probability of failure with a high· degree 
of confidence because of the problems involved 
in evaluation of circuit and system responses • 
.• These lev~Js of ~'~ure safe" and "sure 

kiD were established WIthout regard as to 
whether the system was operating or not operat
ing at the time of the explosion. The levels were 
established on the basis of system analyses that 
have been perfonned on systems in each of the 
categories. Where analysis information was lack
ing, estimates were made on the basis of the 
component parts typically used in that particu
lar generic class and worst-case circuit conditions 
were assumed. No consideration was given to the 
a~f the equipment. 

_ Utilization of the estimates presented in 
the latter portion of this section requires that 
the system be considered to be divided into sub
systems according to function. The relative vul
nerability of each subsystem can then be esti
mated on the basis of the subsystem levels pre
sented in the text of this section. If by chance a 
subsystem does not fit the generic functions list
ed, the best estimate would have to be based on 



II 
the susceptibility or the component parts used 
in that system. Component part susceptibility is 
reviewed in the following subsection and is 
discussed in more detail in Section VII of 

IIr9. 
THE SURVIVABILITY LEVELS PRO
IN LATER PARTS OF THIS SECTION 

AR.E· MEANT TO BE USED ONLY AS 
GUIDES. THEY SHOULD NOT BE USED TO 
FULFILL A REQUIREMENT OR TO ESTAB
LISH THE VULNERABILITY OR SURVIV
ABILITY OF A PARTICULAR SYSTEM. More 
detailed information may be obtained from the 
TREE (Transient-Radiation Effects on Elec
tronics) Handbook (see bibliography) as well as 
other references listed in the bibliography. 

~ REVIEW OF ·ELECTRONIC 
~IBILITY TO 
NUCLEAR RADIATION • 

14-17 Component Part Vulnerability • 

• 
Any discussion of vulnerability or surviv

a i ty is ultimately based on some definition of 
failure. 1!1 keeping with the scope of this man-
ual, two cases of failure are considered. First, 
any condition which renders the electronic 
equipment inoperable foUowing exposure to a 
nuclear burst constitutes a system failure. The 
second defmition of failure. involveg:fI<)se caa. 
where it is critical that the equipment fune&ion-; 
during the'radiation exposUre~in.order ta Como' 
plete a critical mission. In the latter case, a sys
tem malfunction initiated during the exposure 
that causes loss of the m~on objective is clas-

IIi as a failure. '. 
Under the fU'St defmition of failure, con

St eration is given primarily to permanent darn· 
age in the electronics. The loss of one or more 
bits of information within a computer as a result 
of transient effects would not constitute a fail
ure by this defmition. if, after reinitiaJization, 
the computer functioned satisfactorily, and if 

the system operation was not critical during the 
time of the weapon burst. 

_ Permanent damage to electronics can re
~m (see Section VII. Chapter 9): 

tIons may occur gate 
transistors, or in poorly designed circuitry. Since 
gamma rays are not attenuated appreciably in 

• ~ •• I •• "' • - '1 • ~ 

. .fi, .' y 
fer considerably, depending on packaging, and 
other shielding, and 

percent attenu
of X-rays in transit through packaging, 

which implies a relatively cold source or effec
tive shielding. 

• Neutrons nonnally .affect semiconductor 
component parts long before they affect other 
component parts such as capacitors, resistors, 
and transformers. Among the semiconductor 
types, unijunction transistors, silicon-controUed 
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• rectifiers, low-frequency and power-type tran-
sistors are notably poor perfonners. The maxi
mum tolerable neutron fluence (qr range of 
fluences) for various semiconductor types are 
listed below. ,-

Thus, in analyzing 1I'lI"'~"'" 

the subsystems containing sensitive semicon
are likely to be the most vulnerable. 

The third type of permanent damage, 
to occur during a nuclear burst is X-ray 

induced thermomechanical shock. 
Thermomechanica1-shock effects are such that, 
for a specific device type, there is no unique 

These levels are the values at the component 
part. Because of the variation in X-ray spectra 
for various conditions, it is not possible to sug
gest general X-ray levels external to the systems 

second type of failures (failures dur
exposu~) typicalJy are caused by the ioniza

tion (gamma and X-ray) dose rate. In compo
nent parts, the typical effect is the introduction 
of potentially large photocurrents that result in 
a temponirJ' .malfunction of the ~ ~mponent. 
This effect mUld result in a syste~ii malfunction 
if, for example, the extraneous current pulse 
fired a pyrotechnic device prematurely, or 
changed a bit of ~ta in a logic circuit required 
for critical gUictani:e functions. Devices partic
ularly susceptible to large photocurrents are 
large-area, and/or h.igh-gain d"vices. Typically 
the photocwrents aenerated below 1 if' rads 
(Si)/s are qot sUJftcient to cause malfunction. 
Failures reiultiog;from prompt doao..,effects are 
closely associated' with -the dose rate effects. 
Prompt dose is that dose accumulated during the 
initial gamma pulse (-0.1 microseconds, see 
Chapter 5) whereas the total dose is that ac
cumulated over seconds or up to a minute (or 
longer, if the eq~pment is in a resid~ radiation 
·neia). prompt doses as low as oJ tad (Si) can 

110 . lint 'appIOxfmation; 1l/t:lD2 (E> 10 keY. fission) !3< 

em (1 MeV IiIiooIl du:IaII equivalent). 

til ~ quartz nlOutor cryltill aD4 YOS f1eJd~ffect tran
&; am wry IIIlIitM to pmma ndiadoa.. 
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.se silicon control rectifiers to malfunction, 
and. normally. prompt doses over 100 rads (Si) 
will perturb most component parts sufficiently 
to cause all unhardened circuits to malfunction. 

14-18 Subsystem Vul~bility _ 

_ Generally it is those subsystems that' use 
~re vulnerable semiconductor component 
parts that will limit the hardness of a system to 
radiation. The relative sensitivity of semicon
ductor devices to radiation w.as outlined in para
graph 14-3. Some of the more common circuits 
that are likely to use these component parts, and 
the attendant approximate hardness levels will 
now be described.· 

_ Unijunction transistors commonly are 
employed in time-delay circuits, pulse gener
ators, clocks, pul[se-:Sha.pm 

device rtri"";.,, ... 

Power transistors generally are of two 
low-frequency types, -such as those used 

in power supply dc;:ic convertors or series regu-

circuits (amplifiers, 
etc. are more susceptible to permanent damage 
than digital types, but the 
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_ Possibly the most critical part of a sys-
tem 1S its power source. Power supplied from a 
motor-generator, dynamotor or battery 

to fail in a 115;tJ 

~)';~ 

for power transistors. 
Circuits that must retain information are 

,to transient damage. That is, tran
sient photocurrents can introduce erroneous 
information mto the memory system or even 

•
han e~the information in the memory system. 

Integrated circuits can be triggered into 
aj" ' fUnction caU~ "latchup" by the, prompt 
ioniiing dose at levels from 10 to 100 rads (Si). 
Latchup can be important because' thiSpartic
ular condition may bum out the circuit or just 
simply not allow recovery~ t9 prope.:, o9!!llyPn 
for periods long compared'to the noimal circuit-

li
overlt~., ... 

Section VII; Chapter 9 provides more ) 
e ed infonnation concerning circuit response 

to radiation. 

_ TREE-DAMAGE ESTIMATES II 
_ Estimates of system damage from 
~-burst radiation are based on two factors. 
First is the likelihood that a given system type 
contains a susceptible circuit or subsystem as 

described in paragraph 14-18. Second is the 
probable environment in which the equipment 
will be used. Differences in shielding afforded by 
aircraft, missile, ship, or jeep installations could 
be significant for some components of nuclear 
burst radiations. 
_ The estimates that are given in succeed
ing paragraphs are not all inclusive in the types 

*,_E EaltimaUlI lie bated 00 *:be auwnpdoo that the equipment 
~ ....... wbh aIIltIdaft' ...... as a puameter. i .... 
they lie WIhardeDed. 
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II 
of systems or installations covered. The cross 
section of systems should provide some basis for 
estimating the radiation damage threshold of 
other similar equipment. 

_ Radiation levels given in the follow
mg paragraphs are considered to be external 
ambient levels. The gamma environment assumes 
monoenergetic photons having an energy of 
approximately J to 1.S MeV. A slightly 
degraded fission spectrum is assumed for neu
trons. The X-ray sources 
.. are blackbody 

14-19 Ground Equipment • 

_ Estimates of radiation levels suffi
cIent to cause failures as previously discussed are 

under unusual circumstances, X-rays probably 
do not pose a significant threat for ground 
equipment. 

14-20 An Example of Ground ~pment 
SUrvivability Estimation _ 

- The Lance support system provides an 
~tion of the use of Table 14-9. The missile 
itself is ",ound under the heading "Ground and 
Sea Support Equipment"; however. the levels 
listed for the Lance are associated only with the 
missile and not with the launch support equip
ment or the communications equipment neces
sary to direct the launch. The associated critical 
electronic equipment for launch cit be listed as 
follows: 

1. Radio receiver and transmitter, or trans-
shown in Table 1~9 for typical ground installa- ceiver 
tions or ground support equipment under the 2, Batteries to frre the missile and to operate 
heading "sure kill:' A lower threshold for fail- the launch vehicle 
ure, below which the equipment in question 3., Fire control system for the missile. 
may be c~~sidered ~p~rable is referred to as...".o: _ .T1}e . .survivability levels for most of these 
"sure safe. All radIatIon levels. are external subsystems"'can also be found in Table 14-9 and 
ambient values that have meamng only for are listed on page 14-67. The firing system, not 
unhardened systems. For hardened systems, the being listed in the table, must be estimated. A 
hardening specifications should be. consulted. It basic description of this system impJies that it is 
should be bome in mind that the fact that a a box of electrical toggle switches and lights; 
system has been hardened does not mean that it· which apply power and indicate operation. These 
will survive all radiation environments. It should, component parts are not particularly susceptible 
however, survive at"{east those to which it was to radiation. Therefore, they should be at least 
hardened. It is further assumed that . most as hard as the systems with semiconductor de

vices. Therefore, they will be considered as part 
of the communication electronics without affect-

caul',""".n exposures are for 
). since these depend strongly on the 

X-ray spectrum., which·iA tum. is extremely 
dependent on the weapon type and the degrada-
tion the the' 

W'n the analysis. 
With this summarized information any of 

t possible situations can be visualized for 
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case gamma rate would 
critical, since the missile is not in operation 

and the other 

neutrons or gamma rays or 
the sureakill level could cause significant prob-
lems, and both should be considerecf.. . 

The sureaSafe and sure-kill levels for this 
appear t9 be the same as the previous 

case. However. the gamma dose rate could cause 
problems and should be COnsidered in the sure
safe level. 

- For the· third case the missile is depen-
-=-wlely on itself for control and the levels of 
survivability are the same as those shown for the 
missile alone. 

14-21 Aircraft Systems II 
_ Estimates of sure safe and sure kill radia
~evels in aircraft systems are shown in Table 
14-10. These levels are considered to represent 
external ambient conditions. As was the case for 
ground equipment, the total dose is not consid
ered to be a problem, and thennomechanical 
shock from X-rays is not considered important. 
However. the ionization rate includes both the 
~nd gamma-ray rates. 
_ The functional breakdown for aircraft 

systems is more complex than that for ground 
systems, since many mission functions require 
severa] generic functions within the subsystems. 
As an example, penetration aids, such as terrain 
clearance radars, include power sources, radars, 

- computers, flight control links and crew station 
data display consoles. A brief listing of subsys
tems that are considered to be part of a mission 
function are shown in the table. Depending on 
the type and mission of the aircraft of interest, 
some of these functions may not be critical or 
may not even be present in the system. For spe
cific equipment it may be necessary to refer to 
the levels presented in the previous Table 14-9. 

14-22 An Example of Aircraft 
Survivability. Estimation _ 

• To· c1arify the process of analysis, two 
cases are considered. The flfSt case is a single
engine spotter plane and the second is a jet 

• 
similar to the F-l11 A. 
Considering fmt, the spotter aircraft, the 

generic functions are: 
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-I. Flight cpntrol. 
2. Crew station . 
3. Propulsion system 
4. Mission and traffic control. 

., 

" 

Of these, one function that might be critical to 
the mission is the Mission and Traffic Control. 
The· crew may not be able to communicate their 
observations at a critical time, even though they 

Ie to if 

fighter aircraft, 
it would appear that all generic functions listed 
in Table 14-10 might be associated with the air
craft. Depending on the mission of the plane, 
various combinations of these generic· functions 
might be critical. For example, if the fighter was 
used for battlefield support, penetration aids 
would not be critical. The worst-case surviv
ability levels would occur if both penetration 
aids and either the ilir-to-air or air-to-surface 

14-23 Miai" Systems' _ 

_ The missile systems included in Table 
14-11 are categorized acoording tp mission and 
guidance type. Thus, the damage criteria. in gen
eral, are not representative of a specific system, 
but reflect the mean susceptibility of systems 
within each category. Furthermore, unless other
wise specified, all systems are assumed to be 
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unhardened. The categories are not all
encompassing. Where no information was avail
able, estimates were made as noted. Sure-safe 
and sure-kill levels are given in terms of radiation 
levels external to the system. Although not a 
great problem for ground or aircraft systems, 
X-rays represent a much more formidable threat 
to missile systems operating at altitudes above 
20 kilometers, hence, this information is includ
ed. The sources of X-rays postulated for these 
estimates are blackbody spectr~ -YAJ1,. ) 

_ No problems are antic~ (~)(3 
~ma dose effects unless the dose exceeds • 

1 as rads (Si). The prompt dose effects are taken 
into consideration in the dose rate terms. The 
dose rate estimates include both the X-ray and 
gamma ray rates. The dose-rate estimates are 
based on the damage caused by ionization 
effects, whereas the column head the "X-ray 
Exposure" includes estimates based on the dam-
age caused by the thermomechanical effects. No. 
example is provided since it is only necessary to 
select the correct classification for the missile to 
establish its survivability levels. There are 
basicaJly three phases critical to the flight of 
missiles! 

1. Storage 
2. Powered flight 
3. Reentry. 

A prime factor that would influence the surviv
ability of a missile in storage is not necessarily 
the electronics vulnerability associated with the 
missile but. rather, the shielding effectiveness 
provided by the storage area (e.g., missile silo). 
The activation and ground-control electroniCs 
would be evaluated by using Table 14-9. The 
powered flight would be concerned with both 
the missile and the reentry vehicle. And. last, the 
reentry would be concerned only with the re
entry vehicles. 
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Chapter 15 ,', 2. .s' .,Yo Eo\... 9S~ 

DAMAGE }OFOREST STANDS 4I.!'E. 
.. 

II INTRODUCTIO~ II 
• Forest stands may protect personnel from 
some effects of nuclear weapon explosions, for 
example, the direct effects of thermal radiation; 
however, the trees themselves are quite vulner
able to breaking, uprooting, and ignition. Falling 
Umbs and trees may be a hazard, and the debris 
on the forest floor may impede troop and vehicle 
movement. In dry. windy weather a nuclear ex
plosion may ignite forest fires, and the smoke 
and flame may extend the range of hazardous 
effects many times. The vulnerability of forests 
depends upon recent local weather histori. and Itthe type of tree stand involved. 

This chapter is divided into three sections. 
ec Jon I provides data concerning air blast dam

age to various types of forest stands. Section II 
contains a discussion of the effects of tree blow
down on troop and vehicle movement and pro
vides methods to predict the degree to which 
movement might be impaired as a result of tree 
blowdown. Section Lll provides information con
cerning l·he effects ofthermalradiation on forests 
and the fire hazards that might arise therefrom. 

SECTION I 

• ·AlR BU~ST II 
15-1 Forest Stand Types II 
_Forest stands may be divided into four 
general types for the purpose of discussing air 
blast effects. Types 1 through IV as well a!o the 
subtypes of Type IV are described in the fol
lowing, dhcussion. 

TYPE 1: I MPROVED NATURAL OR 
PLANTED CONIFER FORESTS OF EURO
PEAN TYPE. Stands of this type gemmilly 

occur in Western Europe. They either have 
been planted or are natural stands that have 
been cultivated. Characteristics of this type of 
forest include uniform tree spacing, uniform 
height and diameter, and a dense crown can
opy. Low stumps usually wi\l be found within 
the stand as a result of thinning. Lower limbs 
will be clear as a result of pruning, and there 
will be little or no underbrush. All of these 
characteristics combine to provide good visi
bility and easy passage through the forest. 
Damag,e to these stands. generally is caused by 
breaking the trunks rather than by uprooting. 

TYPE II. UNIMPROVED NATURAL CO
NIFER FORESTS THAT HAVE DEVELOP
ED UNDER UNFAVORABLE GROWING 
CONDITIONS. This type of forest is found 
in Western Europe and Southeast Asia. Ran
dom tree spacing, height, and diameter to
gether with irregular crown canopy charac
terize this type of stand. The forest floor is 
partially covered with dead fallen trees, and 
where clearings occur there is usually heavy 
underbrush. Visibility is generally poor and 
passage through the forest is difficult. Damage 
usually results from uprooting rather than 
breaking . 

TYPE Ill. UNIMPROVED NATURAL CO
NIFER FORESTS THAT HAVE DEVELOP
ED UNDER FAVORABLE GROW[NG CON
DITIONS. This type of forest occurs in West
ern Europe and Southeast Asia. These forests 
are characterized by random tree spacing and 
diameter, uneven crown canopy, and irregu
lar clearings. Visibility and passage through 
these .a-ands are difficult in Western Europe, 
althoug' the underbrush lenerally is light. 
since dead fallen trees clutter the forest floor. 
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III 
In Southeast Asia, dense shrub undergrowths 
usuaUy cover the forest 1:1oor. Damage to this 
type of forest usuaUy results from uprooting. 

TYPE IV. ALL TYPES OF DECIDUOUS 
FORESTS. The trees in these stands are similar 
to the deciduous trees of Western Europe and 
Southeast Asia. Since damage to these trees 
depends on the condition of tbe fOliage, two 
categories must be considered: IV (f) is cate
gory type IV with foliation. and IV (d) is type 
IV without foliation. In both cases extensive 
crown damage and breakage of limbs will occur. 
In most ground, trunk damage will be caused 
mainly by uprooting. This class of forests is 
broken down into four subtypes: 

TYPE IVa. This subtype includes two 
further subtypes that have different charac
teristics but produce similar blowdown ob
stacles e.}uidistant from a particular nuclear 
burst. Two categories are required as a re
sult of the dirference in time required to 
clear ILway blowdown obstacles. 

TYPE IVa-I. This subtype occurs in 
Western Europe and Southeast Asia. It 
includes most temperate zone deciduous 
forests, such as the shorter, more open 
parts of the dry season deciduous forests 
of Nonhem Southeast Asia and the ever
green oak forests at elevat!ons of 3,000 
to 7,000 feet in Southeast Asia. The tre~s 

Table 15-1 II Average Height of Trees, Diameter, Tree Density. and Length of Tree Stem II 
Average Average Average' 

Forest Height Tree Tutal 
Stand Tree of Trees' Density Tree Stern-feet 
Type Diameter (feet) per Acre· per Acre· 

I up to 14 in. 130 7S 9.750 

11 up to 20 in. 50 260 13,000 

1ll up to 40 in. 80 200 16.000 

IVat up to 40 in. 80 200 16,000 

IVai 24-in. average 100 ]40 14,000 

tVbt 4G-in. average 100 850 85,000 
-ivc§ up to 18 in. 35 -, 40 " 1,400 

IVd up to 18 in. 40 100 4,000 

t Considers only trees 6 in. or Jaraer in cliameter. . I Stem-feet per acre is determined by multiplying average tree bejzht by tree density. 

t HeiBht varies up tD 200 ft in Jllin forest and up to 150 ft in dry season deciduous forest (or about 10 
percent of trees. DiametCT varies up to SO in. for 10 percent of rain forest trees Ind up to 60 in. for 10 per
cent of dry season deciduous forests. §_ Height varies from 10-50 ft. 
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II 
of this subtype are defoliated in the win
ter in the temperate zone with the ex
ceptions of the evergreen oak (not de
foliated) and the dry season forests of 
Northern Southeast Asia, which are de
foliated in the summer. 

TYPE IVa-2. Teak plantations and the 
denser, taller cloud forests that occur at 
lower elevations are included in this type. 
The teak plantation trees are planted 15 
to 20 feet apart and produce a continuous 
canopy when foUated. No foliation is 
present during the dry season. The cloud 
forests start at an elevation of about 3,500 
feet on the mountain slopes of Southeast 
Asia. The canopy of these forests gives a 
matted appearance from 1he air. 

TYPE IVb. This subtype includes rain 
forests of Southeast Asia and the majority 
of the dry season deciduous forests of 
Northern Southeast Asia. Although no data 
are available concerning attenuation of the 
air blast wave. it is probable that these for
ests are sufficiently dense to decrease the 
radius of blast effect, thereby reducing the 
damage distance of a nuclear explosion. 

TYPE 1 V c. This type includes cloud for
ests at high elevations. savannas, lind low 
open forests that are made up of small 
scattered trees. This type of forest, when 

• defoliated, is a good approximation for 
open deciduous wooded areas, such as or
chards, in temperate zones. 

TYPE IVd. This type consists of rubber 
plantation trees that occur mainly in South
east Asia. The characteristics jnclude little 
underbrush and dense, overlapping crowns . 

• Table 15-1 shows the characterh.tic di
mensions. tree densities, and tree stem-feet per 
acre for the forest stand types described above. 

Table 15-211 Index of lsodamage Curves 
Showing Forest Stand Type and Applicable Figure 

Number for Indicated Degree of Damage II 
Forest 
Stand Light Moderate Severe Total 
Type Damage Damage Damase Damage 

I NA IS· 2- 15- 3 15- 4 

II NA JS- 5 lS- 6 15- 1 

III NA 15- 8 IS- 9 15-10 

JVa·l(l) .. IS·lt 15-12 ]S-13 

IVa-l(d) 15-1 15-14 IS-IS 15-16 

IVa·2(1) • 15-17 IS-18 15-19 

IVa-2(d) 15-1 15-20 15-21 15-22 
1Vb(1) .. 15-23 15-24 15-25 

lVb(d) .. 15-26 15-27 15-28 

IVc(1) .. 15-29 t 15-30 

IVc(d) IS-I ]5-31 t 15-32 

IVd .. IS-33 t 15-34 

_ The ground range fOT Liaht Dlimaae, 50% branch 
breakage, is less than the around range for Moderate lage, 7SD stem-feci down per acre. 

Forest is of ill5uffi.;ient density and/or height to 
proauce 7,SOO stem-feet down per acre. 

15-2 Damage-Distance Relations. 

• 
Isodamage curves that are functions of 

eapon yield, distance. and height-of-burst are 
shown in Figures ] 5-1 thrOllgh 15-34 for the 
forest stand types described in paragraph 15-1. 
Table 15-2 provides an index bf the figures as a 
function of forest stand type and degree of dam
age. The degrees of damage shown in Table 15-2 
are defined as follows: 

TOTAL DAMAGE: 90 percent or more of 
trees are uprooted. 
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II 
SEVERE DAMAGE: 9,000 feet of tree stem 

down per acre for coniferous forests and 

7,000 feet of tree stem down per acre for 

deciduous forests. 

MODERATE DAMAGE: 1,500 feet of tree 
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stem down per acre f~I C<'rdfero\.ls forests 
and 750 feet of tree stem down per acre 
for deciduous forests. 

LlGHT DAMAGE: SO percent ~reakage of 
crowns and branches for deciduous for
ests. Does not exist for coniferous forests. 
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Problem 15-1 Calculation of Air Blast Damage to Forest Stands 

_ Figures 15-1 through 15-34 show t?tal, . 
severe, moderate, and light isodamage curves for 
different types of forest stands. Definitions of 
the degrees of damage are provided in paragraph 
15-2. Decreases in the damage distances for 
shallow subsurface bursts may be estimated from 
Figure-l 1-24 by the methods described in Prob-

We 1-2. 
Scaling. For yields between those for 

w IC isodamage curves are provided, scale as 
follows: 

d _ h _ ( W)1/3 cr:- r- w. 
I j J 

where d j and hi are the distance from ground 
zeI'D and the height of burst, respectively, for 
yield Wj' wtuch is the nearest yield to the desired 
yield for which a curve is provided; and d and h 
are the corresponding distance and height of 
burst for a (desired) yield of W kt or Mt (IV and 
Wi must be in the same units). 

For yields greater than 10 Mt this scaling 
becomes 

d· h fW(Mt))1I3 _ !W(Mt)JI!3 
dJa = hJO - -, (l0)1/3 - 2.15 

where dlO an'd hJO are the distance from ground 
zero and height of burst, respectively, for to Mt; 
IJnd d and h are the corresponding distance and 

•
ei t of burst for a yield of W Mt. 

Example. 
Given: 
a. A 5 kt weapon burst at a height of 400 

feet above a Type IVa-I(O forest stand. 
b. A 20 Mt weapon burst at a height of 

1,000 feet above a Type I forest stand. 
Find: 
3. The distance to which severe damage 

extends for the Type IVa-] (0 forest stand. 

b. The distance to which moderate damage 
extends for the Type] forest stand. 

Solution: 
a. Table 15-2 shows that Figure 15-12 con

tains the isodamage curves appropriate for a Type 
IVa-l(i) forest stand. Examination or Figure 
15-12 shows that the yield nearest 5 kt for 
which an isodamage curve ~s provided is 3 kt. 
The corresponding height of burst for a 3 kt 
weapon is 

(3)113 (3)l/3 
h 3 = h W = tWO x"5 .:: 340 ft. 

Froul Figure 15-12, at a height of burst of 
340 feet, the distance from ground zero to which 
severe damage will occur to a Type IVa-l (f) forest 
stand is 3,000 feet. 

b. Table 15-2 shows that Figure 15-2 con
tains isodamage curves appropriate for moderate 
damage to a Type I forest stand. The correspond
ing height of burst for a 10 Mt weapon is 

h = 2.15 h = 2.15 x 1,000 .:: 790 ft. 
10 (WjI13 (20)1/3 

From Figure 15-2, at a height of burst of 790 
feet, the distance from ground zero to which 
moderate damage to a Type 1 forest stand occurs 
from a 10 Mt weapon is 42,000 feet. 

Answer: 
a. The corresponding distance for severe 

damage to a Type IVa-l(f) forest stand from a 
5 kt weapon burst at a height of 400 feet is 

( W)1/3 (5 )113 d = dj "3 ;= '3,000 x 3" = 3,560 ft. 

b. The corresponding distance for moderate 
damage to a Type I forest stand from a 20 Mt 
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--weapon at a height of 1,000 feet is 

. dJOIW(Mt)j1/3.::: 42,000 X (20)1/3 
d = 2.15 2.15 

= 53,000 ft. 

Reliability: The curves of Figures 15-1 

16-6 

through 15-34 are based on observed results of 
l;mited full scale tests, limited high explosive 
field tests, and extensive laboratory experiments. 
No definite estimate of the reliability of the scal
ing for yields above about 30 Mt can be made. 

Related Material: See paragraphs] 5-1 and 
15-2. See also Figure 11-24 and Problem 11-2. 
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SECTION 11 

.. TROOP AND VEHICLE 
MOVEMENT II 

III The effects of a nuclear explosion 011 a 
forcst may have a significant influence on military 
operations withil1 the region of the forest that is 
affected by the burst. 
__ Two H.E. tests have provided information 

concerning the character of the region that is 
damaged and the effect on vehicular and 
movement that the will ca 

An important difference between the ef-

*,. The informatioa in the}" tabl", may be u.ed for yields 
~O kt by determining Ihe gIOllnd ranges for equivalent dy
namic pressure impulses. 

Table 15-3 , Effects of a 1 kt Weapon Burst at a Height of 270 Feet Oller a Rain Forest •• 
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broad leaf and coniferous forests is the ber and diameter of stems in the path of the 
vehicles or troops. The variation in these param
eters throughout various regions of damage are 
discussed in the following paragraphs. 

Debris Characteristics 

_ Data from the two TNT detonations that 
wrmentioned previously are presented jn Fig
ures ! 5-35 and [5-36. Figure 15-35 shows the 
relation between stern-feet per acre* and grou!ld 

a rain forest and for a conif forest. 
The 
be-

tween the two forests results from the difference 
in average tree density and tree height of the 

• Th.: impact of the damage": region 0: a 
forest on movement is determined by the num- ,see footnote to Table 15-1. 

Table 15-4 _ Effects of a 1 kt Surface Burst on a Coniferous Forest _ 

----------~-----------

~==~ ____________________ IIIIIt ____________ __ 
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tit 

Figure 15-35. ~ Stem-ft per Acre Compari50n Between a Rain Forest 
and a Coniferous Forest e 

forests. The curve for the rain forest is based on 
data gathered by observation, while the curve for 
the coniferous forest is based on calculations, 
using preshot and postshot tree surveys. Figure 
15-36 shows the relation between ground 
and 

'.: 16-43 



Figure 15-36. • Average Diameter of Stems Down, CO'!ifison Between 
a Rain Forest and a Coniferous Forest, 1 kt • 

from p reconnaissance, as are the 
zones described in Tables 15-3 and 15-4. 

15-4 Vehicle Movement .. 

_ The movement rates of various wheeled 
anTt;;cked vehicles have been measured for both 
radial and circumferential traverses of various 
debris zones. Although quantitative data were ob
tained and can be used, correlations between 
vehicle movement and debris characteristics are 
incomplete and are not refined to the point of 
high reliability. Nevertheless, curves have been 
constructed that indicate in terms of the debris 
parameters (number of stem-feet per acre and 
diameter of debris) when a vehicle will not be 
able to move. These curves are presented in Fig-

15-44 

ure \5-37 and 15-38 for radial movement from 
ground zero and circumferential movement. re
spectively. The general radial orientation of t.ree 
stems is significant in terms of movement, be
cause selection of easier routes between stems is 
possible in some cases of radial movement, while 
all stems must be crossed in circumferential 
movement. The shaded areas on the graphs indi
cate debris characteristics where movement is 
difficult. The solid line indicates that movement 
is not possible. For example, from Figure 15-37, 

-for debris .characteristics of 10,000 stem-feet 
per acre with average diameters of 4, 6, and 8 
inches, radial movement of wheeled vehicles 
would be possible, difficult, and not possible, 
respectively. Curves for wheeled vehicles are 
fairly well documented with data; however, the 
curves for the M 113 and tank are not, because 



Figure 15-37. • Debris Characteristics Preventing Radial 
~vement of Vehicles e 

.~~ 15-45 



D (; i 0 i 12- (;] 

Figure 15-38. • Debris Characteristics Preventing Circumferential MO\lement of Vehicles • 

"ehicles wt:re slowed but not stopped by the movement. Branch debris in a broadleaf forest 
debris z.Ones in which they were tested. Tracked blowdown area adds difficulties, particularly in 
vehicles Citn climb onto the debris and mat it visibility, that are not as severe in coniferous 
down after a number of passes, with the result forest debris. Troop trials were conducted on 
that wheeled vehicles might pass, although this both TNT detonations previously described. 

technique was not tested. III The troop tests conducted in conjunc-
15-5 Troop Movement It Han with the rain forest detonation involved 
III The effect of blowdown debris on the comparisons between preshot and posts hot tests 

movement of troops is difficult to present quan- of day and night patrols, platoon exercises with 
titatively. Many factors other than the physical a mortar squad, and tests with stretcher parties. 
obstacle itself, such as visibility, leadership, size 
of force, mission, and what the troops are carry-
ing are also influenced by the debris and indi-
rectly affect movement. Movement of troops 
through a debris zone can be compared with D (l i C l (-J d 
moving through a thick jungle, although radial 
movement is generally easier than circumferential 
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• 
Delei£d 

• The night and day patrols were conducted 
over a route that was about 700 yards long, with 
one 'leg from virgin forest to the vicinity of 
ground zero, then back to the virgin forest on a 
different bearing. 

Del(;icc.i 

• In the platoon attack trials, controlprob
lerns were considerably eased in the blowdown 
area compared to the virgin forest. as a result of 
increased visibility. 

Deleted 

Deleted 

• Tests with a loaded two-man stretcher 
indicated that passage through blowdown debris 
was very difficult. The stretcher bearers' atten
tion was diverted from the patient as a result of 
the need to concentrate on locating suitable foot
ing. Consequently, the simulated casualty had a 
very rough trip and was frequently struck by 
debris. The conclusion drawn from this trial was 
that the probahility for survival of a casualty 
with a severe wound would be significantly re
duced by transit through blowdown debris. If 
the casualty survived the carriage, it is almost 
certain that he would experience a marked degree 
of secondary shock . 

• Troop trials conducted in the coniferous 
forest blowdow.n consisted of radial and citcuni
ferential platoon exercises, including a mortar 
squad, and a simulated casualty-moving test. 
Some movement rate data that were obtained 
are shown in Table 15-6. 

Deleted 
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Table 15-5 __ Comparison of Radial and Circumferential Movement Rates for Troops in a Rain 
Forest Blowdown A.-ea, Scaled to a 1 kt Nuclear Explosion II 

ducted over a radial-circumferential-radial route. 
Tpe was in the area of 

ntial trial described but in the opposite 
direction was performed. The piiitaon was or
ganized as three attacking sqw.ld columns in line, 
except for the last 100 yards. where th.ey de-

15-48 

ployed as a skirmish line. The 2-to-l ratio in 
time was observed once again . 

• The moving of a simulated casualty by 
two- and [om-man stretcher bearer teams trav-

Table 15-6 • Comparison of Circumferential 
Movement Rate~ for Troops in a Coniferous Forest 

Blowdown Area. Scaled to a 1 kt 
Nuclear Explosion • 



• eling circumferentially also was tested. Results 
were essentially the same as those from the rain 
forest trials. 

15-6 Predicting Effects on Movement ~ 

• The results of the tests conducted after 
the two TNT detonations, together with the 
forest descriptions in Section I and Table 15-1, 
and the forest damage definitions in paragraph 
15-2, have been combined in Table 15-7 for use 

with Table 15-2 and Figures 15-1 through 15-34 
to predict the ground distances at which move
ment will be affected to various degrees. The 
forest damage levels in Table 15-7 are restricted 
to Severe and Total, because Light and Moderate 
damage to forests have little influence on move
ment, except as a result of changes in visibility. 
Example problems will illustrate the use of Table 
15-7 and will outline the limitations of the in
formation presented. 

Table 15-7 Illnfluence.oof Forest Damage on the Movement of Troops and Vehicles. 

Dcreied 
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"' Problem 15-2 Calculation of the Distance at Which Movement Will Be Impaired 

II Table 15-7 together with Table 15-2 and 
Figures 15-1 through 15-34 provide the infor
mation necessary to estimate the area within 
which movement will be affected to various de
grees as a result of tree blowdown. The infor
mation contained in these tables and figures 
allows determination of the affected area for 
movement of troops or vehicles as a function of 
wi"n yield and forest stand type. 

Exampl~ 
'Given: A 2.!1t'burst at 1,640 feet above a 

Type III forest stand. 
Find: Will wheeled vehicles be stopped by 

15-50 



Problem 15-3 Estimation of MOYement Difficulty 

possible to perform some of a forest 
using Figures 15-37 and 15-38 together with the 
forest characteristics. The forest charac~ristics 
required are tree denshy in trees per acre, average 
forest height in feet, average girth at breast height 
of the forest trees in either inches or centimeters, 
and tree type. The following parameters can then 
be determined: 

Maximum Debris = (Forest density) 
(average height) 

Average Debris Diameter in inches; girth, g, 
given in cent' t • 

f\~)l;'\ 
l\? 

, .. ' " 

. . 

Average Debris 
girth, g, in in 

~ . 
". . 

I 

. . . , 

With these two parameters. the potential ob
st., of a forest can be estimated . 

• Exampl. 
Given: A C",oniferous forest with a density 

of 200 trees per acre and average height of 50 
feet. Girth at breast height averages 33 inches. 

Find: What obstacle could be fonned if 

16-51 



SECTION m 
• THERMAL RADJATION • 

• 
Under certain conditions. a nuclear weap

on at is exploded over a forest or wildland area 
may cause fires. During the fire season, even when 
the burning potential (a measure of probable fire 
aggressiveness) is low, fires may spread. If fires 
are started in regions of sufficient fuel density 
when the burning potential is dangerously high, 
complete evacuation of personnel and equipment 
may be necessary. Organized control of the spread 
of the fire is virtually impossible until changes 
in weather or fuel availability reduce the burning 
potential. 

15-7 Ignitions III 
_ Wildland fuels are typically a mixture of 
thill and heavy fuel components. Often, the 
thinner fuels will establish the limiting radiant 
exposure that will be required to start fires in the 

•
·.t reo 

When fuels are dry, ignitions that have a 
reasonable chanCe of surviving (he subsequent 
blast effects and of initiating fires that can repre
sent a hazard to military personnel in the forest 
can be expected at quite low levels of radiant 
exposure. For example. broadleaf and coniferous 
litter <mixtures of fine grass, broken leaves and 
duff, and thin translucent broadleaf leaves) can 
be ignited by exposures of 2 to 3 cal/cm2 From 
I kt low-altitude air burst, and heavier leaves 
(dead grass, conirer needles, and fallen, nearly 
opaque broad leaf leaves) can be ignited by ex
posures between 3 and 4 cal/cm 2 , which cor
respond to distances at which 2 to 3 psi peak 
overpressures might occur, provided the full free
field radiant exposure falls on these fuels. As will 
be discussed subsequently, the likelihood of the 
full free-field exposure reaching these fuels in a 
forest area is quite low. Radiant exposure values 
required to ignite materials increase with moisture 
content and will be larger for the longer dura-

16-52 

tion pulses of larger-yield weapons. The increase 
caused by moisture being absorbed from the air 
at high relative humidities ordinarily will not be 
more than a factor of 2 to 3. Wet or green leaves, 
however, may be impossible to ignite and, if 
ignited, they will not participate in the develop
ment of a persistent fire. The live foliage of coni
fers and many ~hrubs jgnited by fire in associated 
dead fuel, however, burn vigorously and would 
add significantly to the intensity of spreading 
fire. This foliage is often the significant factor 
determining whether or not a crown fire develops. 

15-8 Kindling FuelS. 
_ The majority of thin wildland fuels that 
serve as kindling material are typed into four 
classes as shown in Table 15-8. These classes 
correspond to different minimum exposures re
quired for ignition. Since ignitiOn generally occurs 
on surfaces that are most exposed to the atmo
sphere, ignition exposures are a function of rela
tive humidity as shown in Figure 15-39. Fires 
n13Y be blown out by the blast wave, depending 
on the time inter.':1! between ignition and arrival 
of the shock. Blowout is not expected to occur 

Table 15-8 II Classes of Thin Wildland Kindling 
Fuels (Arranged in Order of 

Class 

Decreasing Flammability) II 

Description 

Broadleaf and coniferous Iitter-mixtur~ of 
fine grass, broken leaves and duff, and thin 
translucent broadleaf leaves. 

II Hardwood and softwood punk in various 
stages of decay. 

111 Cured or dead grass. 

IV Conifer needles and thick, nearly opaque 
broadleaf leaves. 



• in overpressure regions below 5 psi or when the 
fuels are fully exposed. When fires are not blown 

, 

out, they generally increase in intensity as a re
sult of the blast wind. 
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Problem 15-4 Calculation 01 the Requirements for Wildland Kindling Fuel Ignition 

• The curves of Figure 15-39 show the 
maximum radiunt exposure as C.1 function of rela
tive humidity for ignition of wildland kindling 
fuels described in Table l-5-8. The radiant ex
posures shown in Figure 15-39 apply to a 1 kilo
tOjjllclear explosion . 
.. Scaling. For yields other than I kt, scale 

as tollows: 

Q 
Q) 

where Q] is the radiant exposure for ignition of 
a particular ciass of wildland kindling fuel for 
1 kt. and Q is the corresponding exposure for a 
yield of 11.,/ kt. • 
_ ExaJ1zple 
~il'en: A 40 kt weapon burst over a Class III 

wildland fuel When the relative hun1idity is 75 
percent. 

15-54 

Find: The minimum radiant exposure re
quired to ignite the fuel. 

Su/ulioll: From Figure 15-39. the minin1Utn 
radiant exposure for ignition of a Class 111 wild
land fuel by a I kl explosion when th~ relative 
humidity is 75 percent is 4 cat/em::! . 

Answer: The corresponding exposure for 
40 kt is 

Q 

Reliability: Based upon observed results of 
lintited full-scale tests and extensive laboratory 
experiments. The results are not considered reli
able in the megaton range. 

Related ftfateriaI: See paragraphs 15-7~ 15-8. 
For forest areas, see paragraphs 15-9 through 
15-10. For determination of distances corre
sponding to a particular ri;idiant exposure;:, see 
Chapler 3. 
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15-9 Thermal Radiation on Forests • 

_ Probably the largest uncertainty associ
at~with thermal radiation on forested areas 
arises from a lack of information about the trans
mission of the radiation through the foliage and 
other obscuring features of forest stands for 
high-yield air bursts. 

_ :Methods for approximating the fraction 
of~ free-field thermal radiation exposure that 
is transmitted by the forest environment will be 
considered here. The methods for calculating 
the free-field exposure are discussed in Chapter 3. 

• Both from the point of view of causing 
injury to exposed personnel and of starting fires, 
the primary interest is in assessing the exposure 
of the forest floor to thermal radiation from the 
nuclear fireball. The foliage making up the crowns 
of the trees, while it has a high probability of 
being exposed to the full free-field radiation 
environment from air bursts and may be severely 
dessicated, thermally (even explosively) decom
posed. and, at high enough flux levels, flash 
ignited t is not likely to contribute to subsequent 
sustained fires. Jt may) however, materially re
duce the exposure of the forest floor by generat
ing quantities of smoke and steam as well as by 
direct shading. 

_ Neglecting these thermall~l-induced, self
pr6rective screening effects (noting that ·~scatter
ing hi" may effectively offset "scattering out"), 
an approximation to attenuation by trees and 
associated vegetation may be obtained by assum
ing that the attenuation is proportional to the 
extent of coverage of the field of view of the 
fireball by the elements of the forest canopy, i.e., 
that the exposure of any spot on the ground is 
roughly proportional to the apparent area of the 
fireball seen by that spot. Hence, height of burst 
and yield are important eec)mletrllcal 

t must be co ·dered. 

15-56 

tree are 0 

important determinants of the susceptibility of 
a forest to ignition from an air burst. This indi
cates the need for on-the-ground or from-the
air appraisal of forests and presumed explosion 
situations. This can be done with reasonable 
accuracy and much laore rapidly from aerial 
observation or photographs than from surface 

• Note that this assum~s the source of thermal radiation to 
be above the uee tops. It will be seen in the subsequent discu&sian 
that thermal transmission is negligibl}' small for the low line-of
sipt angles corre$ponding to burst beight~ less than tree height$, 
except perhaps for the short transmission paths that accompany 
bursts in the extreme low.-.end of the range of yields. Significant 
thermal exposures will never occur from these weapons, even in 
3 sparsely vegetated forest environment. al distances correspond
ing to peak overpressures of 10 psi and less, because free-field 
exposure at these distances are onl~' about 4 cal/cm2 and less. 
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Table Northern European 

Sites were chosen on nat terrain in Northern 

• The "standard NOfthern European forest" represents a 
composile of the characteristics of the forests of northern EUlOpe 
obtained by averaging the features of 10 difrerent forest stands 
chosen as representative of Iype (pine woods, spruce and decid
uous forest!;, and mixtures of these) and tree density (range of 
about 200 to 1.000 trees/acre). 

urope haYing uniform density distributions and generally 
uniform tree height (not more than 15% variation for 
not less than 90% of the trees in the stand). This uni
formity is typical of the managed forests of Europe 
along with a general absence of undergrowth. These 
characteristics are not common to unmanaged (natural) 
forests. There is no reason to expect that information 
derived from these studies are in any way applicable to 
tropical hardwood forests. 
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• Obviously Pete) functions, as illustrated 
by the "standard Northern European forest" in 
Figure 15-40, must depend on forest character
istics, notably tree density, with increased dis
persion expected toward the larger angles of ele
vation. The data presently available do not reOect 
the degree of dispersion nor its dependence 011 

forest characteristics adequately. Some idea of 
dispersion with tree density can be obtained 
from Figure 15-41. which displays the range of 
available results . 

• Although the current data base is quite 
poor, particularly as it applies to unm:maged 
forests and tropical or temperate-broad-leaf for
ests, it can be inferred that direct thermal effects 
in the forest environmeliI do not contribute sub
stantially to d:.Jmage and casualties at distances 
where blast effects are not extreme, except. per
haps, in the least dellsel~1 populated stands (less 
than 50 to 100 trees per acre). For most tactical 
situations where survival of blast effecls can be 
expected, radi:.Jnt exposures would be much less 
thun half the free field over most of the noor of 
forests having densities of a few hundred or more 
trees per acre, and probabilities of exposure to 
the full free-field level would be negligibly small. 

15-10 Forest Fire Ignition and Spread .-

• Under certain conditions. the explosion 
of a nuclellr weapon over a forest or wildland 
urea may cause fires. During the fire season, even 
when the burning potenti:Jl is low, fires m:.JY 
spread. If fires are started in regions of high-fuel 
density when the fire potential is high, complete 
evacuation of personnel and equipment may be 
necessary. Organized control may be impossible 
until changes occur in the weather or the fire 
runs out of fuel. 

• An important exception to kindling fuel 
exposure 10 the full free-field radiant environ
ment occurs in unmanaged forests of the temper
ate and cold regions. Many of these forests con
tain an abundance of dead and frequently punky 
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15-41. II Probability of Exposure of Forest Floor for Different 

Levels of Tree Density II 
wood exposed at or above the general canopy 
level. Of the common forest fuels, wood punk is 
probably the most susceptible to ignition by the 
thermal pulse. Moreover, since ignition is by 
charring or glowing combustion, these fuels are 
less susceptible to extinction by the blast wave 
than those that ignite with flame. These punky 
fuels, often easily detached from ~he parent tree, 
may be carried downwind for considerable dis
tances and dropped to the forest floor as live 
embers. More rapid decomposition of dead wood 
makes tIDS a less likely phenomenon in the moist 

•
ro ics. 

As mentioned previously, the blast wave 
may extinguish fires at substantial overpressures, 
but the current state of the art does not permit 
quantitative evaluation of this phenomenon. On 
the other hand, at close-in distances where the 
blast wave arrives early during the thermal pulse 
(at times less than about 8 t max ) sufficient radiant 
expOSUIe~ay follow the blast wave to re-ignite 

~ 

IInd/or to ignite blast-created tinder. 
Current interpretations of the qualitative 

e ects of blast on the persistence of incipient 
fires are based largely on experiments where 
kindling fuels were anchored in place. Had these 
fuels been free to move with the blast, many of 
them would have been translated for considerable 
distances as effective firebrands. Fire spread fol
lowing ignitions by these brands would be in-. 
fluenced significantly by the return flow through 

Illative blast phase of the blast wave. 
The high degree of shading by tree crowns 

an stems for detonations at Or below the canopy 
level often may be offset by scattering of burn
jng debris ignited within the fireball. Many forest 
types contain large quantities of dead and rotten 
wood on and above the ground surface. If these 
materials are in flammable condition they may 
be expected to travel outward to the approximate 
limits of tree blowdown and provide p1entiful 
ignition sources. Initial spread of fire from these 

15-59 



Table 15-10 III Condition of Wildland Fuels During Fire Season III 
Amount and Density of Fuel 

Required to Constitute Condition During 
Fire Season Fuel Type a Fire Hazard 

Grass or heath: Grassland; dry 
bracken f ems and othe r seasonal 
plants; dry regrowth in previously 
burned areas. 

Uniform grass cover one-half ton 
or more per acre. 

Vegetation nearly cured or dead. 

Evergreen brush: PeT~nnial ever
green shrubs and brush; chapparal; 
young evergreen :;rowlh. 

75 percent or more covered. 15-:!S percent by weight of leaves 
and associated twigs dead. 

Deciduous broadleaf forest: Forest 
predominantly of trees such as oak. 
birch, maple. leaves of which die 
and fall every year. 

Ground covered with more or 
less continuous layer of dead 
leaves. 

Leaves off trees; ground vegetation 
dead or nonexistent. 

Coniferous forest: Forest of 
evergreen pines, firs. spruces. etc.; 
generall~' the famlly of needle 
bearing trees. 

Ground covered with more or 
less continuous layer of dead 
needles and twigs. 

Needles and twigs dry enough to 
b,eak easily when bent. Grass 
and other ground vegetation. if 
present, curing or dead. 

-sources would also respond to the inflow during 
the negative phase of the blast wave. Later behav
ior would depend on the degree of involvement 
of blowdown debris and the ambient weather. 

_ Times of the year during which the fire 
~ is apt to be high are referred to as fire 

seasons. These are determined principally by the 
annual rainfall-temperature pattern and the a
mount and kinds of vegetation associated with it. 
Fire seasons vary widely from place to place 
throughout the world. Conditions associated with 
fire seasons in some typical wildland fuels arl' 
shown in Table 15-10. The more difficult prob
lem is that of obtaining and systematically ap
praiSing local forest flammability data within a 
fire season on a day-ta-day basis for fire spread 
predictions. No one formula will fit all situations. 
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_ The main factors, aside from the fuels, 
that determine the fire huard are; the nature of 
the terrain; the wind speed close to the ground; 
the relative humidity; and the precipitation his
tory. Fuels seldom burn vigorously, regardless of 
wind conditions, when fuel moisture content ex
ceeds about 16 percent. This corresponds to an 
equilibrium moisture content for a condition of 
80 percent relative humidity. Rainfall of only a 
fraction of an inch will render most fuels tem
porarily nonflammable and may extinguish fires 
in thin fuels. The time required to restore the 
fire-danger condition may vary from hours to 
days depending on weather and soil conditions. 
Surface fuels in the interior of timber stands are 
exposed to reduced wind velocities; generally, 
these fuels retain their moisture as a result of 



Fuel Type 

All forest fuels 

Grass 

Brush or hardwoods 

Conifer timber 

• 

Table. 15-11. Criteria of "No-Spread" of Fires. 

Criteria 

Over I inch of snow on the ground at the nearest weather stations. 

Relative humidity above 80 percent. 

0.1 inch of precipitation or more within the past 7 days and; 

Wind 0-3 mph; relative humidity 60 percent or higher, or 

Wind 4-10 mph; relative humidity 75 percent or higher, or 

Wind 11-25 mph; relative humidity 85 percent or higher. 

J. One day or less since at least 0.25 inch of precipitation and: 

Wind 0-, mph; relative humidity 50 percent higher, or 

Wind 4-10 mph; relative humidity 75 percent higher, or 

Wind 11-25 mph; relative humidity 85 percent or higher. 

2. Two to tluee days since at least 0.25 inch or precipitation and: 

Wind 0-3 mph; relative humidity 60 percent or higher, or 

Wind 4-10 mph; relative humidity 80 percent or higher, or 

Wind 11-25 mph; relative humidity 90 percent or higher. 

3. Four to five days since at least 0.25 inch of precipitation and wind 0-3 mph; relative 
humidity 80 percent or higher. 

4. Six to seven days since at least 0.25 inch of precipitation and wind 0-3 mph; relative 
humidity 90 percent or higher . 

shielding from the wind and shading from sun- faster). This failure to spread often may be at
tributable to lack of fuel continuity around the light by the canopy. The spread or no-spread 

criteria are summarized in Table 15-11. This 
table lists the conditions under which fire would 
JIM expected to spread. 
_ The criteria of Table 15-11 have been 
compared to the records of 4,378 wildland fires. 
Of the fires for which uno spread" would be pre
dicted, 97.8 percent did not spread; only 40 per
cent of the fires that were predicted to spread 
actually did spread (at a rate of 0.005 mph or 

II· of origin. 
The criteria of Table IS-II are considered 

to e reliable for American forests and suitably 
conservative to assure a low level of hazard to 
friendly forces. On the other hand, the criteria 
are probably not overly conservative to predict 
conditions for which enemy forces may be denied 
forested areas because of fire whenever the local 
weather history and conditions at the time of 
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Table 15-12111 Fire-Out Criteria • 

Fuel Type Criteria 

Grass "No-spread" conditions, Or measurable precipitation. 

Brush or hardwoods 0.1 inch of precipitation or more. or "no-spread" conditions for the next 12-hour 
period. 

Conifer timber I. 0.5 inch of precipitation or more; 

2. 0.25 to 0.5 inch of precipitation and "no-spread" conditions for the following 
two J 2-hour periods: 

3. "No-spread" conditions for eight consecutive 12-hour periods and measurable 
precipitation dudng any two J 2-hour ,ieriods: 

4. "NQ-splead" conditions fOf 14 consecutive l2-hour periods. 

-detonation are known reliably, or whenever the 

•
·nit'2.1 fire lS expected to b~ of substantial size. 

Weather conditions ilfe subject to change, 
som Jmes unpredictably. and fires that have been 
spreading may stop or go out. Conversely, fires 
that have not been spreading (other than on the 
microscale necessary to keep them dormantly 
alive) may Ilare up quite suddenly and spread 
rapidlY as a result of a change in the weather. 
Whenever this threat of weather change cannot 
he tolerated, it is necessary to choose conditions 
for the employment of nuclear weapons so that 
dormant fires will not persist for times that are 
long compared to reliable Weather-forecast peri
ods. The "fire-out" criteria in Table 15-12 pro
vide guidelines for this purpose. These criteria are 
derived from opinions of experienced fire per
sonnel and should not, therefore, be considered 
~s reliable as the "no-spread" criteria. 
_ Under identical weather conditions, con
centrations of heavy fuels are more hazardous 
than thin fuels, even though they tend to reduce 
wind speeds locally and do not respond as rapidly 
to changes in relative humidity. This results from 
the fact that trees and heavy limbs on the forest 
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floor may be ignited by an otherwise non
hazardous surface fire, and when heavy fuels are 
prescnt near the borders of standing timber. the 
fire may travel into the tree crowns and spread 
from top to top even though ground fuel con
centrations are low. Coniferous trees are most 
susceptible to crown fires. Hardwoods (deciduous 
trees) rarely, if ever, exhibit a true crown fire . 
• Considerable informution exists concern
mg ra[es of fire spread in American forests from 
historical records of major forest fires. Rates of 
spread rarely exceed 1 mile per hom ex.cept for 
brief perlOds of time during extreme burning 
conditions. Crown fires are capable ;:;f spreading 
at rapid rates, exceeding the rates of progress by 
men on foot attempting to out-run them. The 
high rate of progress of fire through crowns of 
trees probably results froUl the unimpeded wind
now velocities above the forest canopy. 
_ Because of their potentially rapid mtes of 
~, crown fires represent a much higher level 
of hazard to personnel in forest~ than surface 
fires. Accordingly, it is desirable i.O be able to 
predict the occurrence of crown fires. Unfor
tunately, only qualitative criteria are available. 



Table 15-13111 Burning Durations by Fuel TYpe. 

Violent Burning 

Energy 
Time Release 

Fuel Type (min) (percent) 

Grass I.S 90 

Ught Brush 
(12 tons/acre) 2. 60 

Medium Brush 
(25 tons/acre) 6. SO 

Heavy Brush 
(40 tons/acre) 10. 40 

Timber 24. 17 

_ Surface fires exhibit brief "runs" at high 
speeds (a few miles per hour for several minutes, 
and a large fraction of a mile per hour for up to 
an hour or more), but average speeds over long 
periods of time range generally from 0.0 I mile 
per hour to 0.5 mile per hour, with the most fre
quently noted values in the range of 0.1 to 0.5 
mile per hour for 6- to II-hour periods and in 
the range of 0.0 I to 0.1 mile per hour for dura
tions of 12 hours and more. These values are for 
American forests and should not be expected for 
managed forests (such as those of Europe) or 
tropical hardwood forests (such as those of some 

IIf Southeast Asia). 
An additional factor t ha t affects the 

!lazar of fire to military personnel and equip-

Residual Burning 

Energy 
Time Release Total Burning 
(min) (percent) Time 

O.S 10 30 min 

6. 40 16 hr 

24. SO 36 hr 

70. 60 72 hr 

157. 83 7 days 

ment is the burning duration of forest fuels. 
Examples of burning durations for fuels that are 
typical of American wildlands are summarized 

•
ble 15-13. 

Table 15-13 refers to natural fuels in 
t eu undisturbed states. Experience shows that 
the highest fITe intensities and fuel consumptions 
occur in the areas of greatest fuel accumulation. 
This fact has two implications with respect to 
nuclear detonations: if burning conditions are 
favorable. incipient fires from the thermal pulse 
falling on areas covered with a large amount of 
blast debris may build up rapidly; the blast debris 
accumulation may subsequently desiccate suffi
ciently to be a prime target for ignition by any 
means, either friendly or enemy. 
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Chc'pler 16 

DAMAGE TO MISSILES. 

_ Missile systems are subject to damage by 
essentially all of the phenomena described sepa
rately in Chapters 2 through 8. Part I. of this 
manual. i.e., all or part of the system may be 
damaged by blast and shock (Chapter 2). by 
thermal radiation (Chapter 3), by X-ray radia
tion (Chapter 4), by nuclear radiation (Chapter 
5) mainly in the form of transient radiation 
effects on electronics (TREE) pilenomena 
(Chapter 6), or by the electromagnetic pulse 
(EMP (Chapter 7». Communications and/or 
radar subsystems are also subject to degradation 
of their propagation characteristics as described 
in Chapter 8. 

• 
The damage that might result· from 

s , of the phenomena listed above is so 
dependent on specific system design that general 
methods for predicting specific missile system 
response cannot be provided. These phenomena 
include X-ray radiation. TREE, and EMP, Conse
quently, general descriptions or the damage 
mechanisms associated with these phenomena, 
applicable to missiles as well as other systems, 
an: provided in Sections V, VII, and VIII, 
respectively, of Chapter 9. Additionally, some 
ambient nuclear radiation levels for "sure safe" 
and "sure kill" of missiles are given in Table 
14-11, Chapter 14.. Chapter 17 discusses the 
signal degradation of comttluniations and radar 
systems. No further discussion of the damage or 
degradation ftom these phenomena is included 
herdn. 

II1I8I This chapter is divided into two sections. 
~n I describes blast damage to tactical mis

siles. Sectia '. II describes the response of stra
tegic systerr, to blast and thermal phenomena. 
Where appropriate, separate discussions are pro-

89 

.. ided in Section II for antimissile systems (com- . 
monly called ABM) and reentry vehicles (RVs). 

SECTION I 

- BLAST DAMAGE TO 
T~ MISSILE SYSTEMS_ 

• The effects of air blast on three specific 
sample sys.tems. the SERGEANT, the LANCE, 
and the HAWK, are described in this section. 
The vulnerability analysis of these missiles and 
their support eqUipment is intended to provide 
information from which the probable effects of 
air blast on other tactical missile systems may be 
estima.ted. An example of such an estimation for 
the HONEST JOHN missile is also provided, 
Outline drawings of the sample systems are 
shown in Figure 16-1 for comparison purposes. 
• In the case of each system, it is assumed 

that the system may be attacked from the time 
that the missiles are in stockpile until the missile 
warhead is detonated over the target. DUring any 
phase of this stockpile-to-target sequence, the 
system vulnerability is determined by the most 
susceptible component that is essential to com
pletion of the mission. The vulnerability cf all 
critical components is tabulated for each system. 
Vulnerability is. expressed in terms of peak over
pressure, assuming that the blast wave is from a 
contact surface burst with a yield between I kt 
and 300 kr. A range of values is given for (hI:! 
overpre~ure vulnerabilities, e.g.. I::! to 19 psi. 
These numbers mean that either 11 psi from a 
300 kt burst or 19 psi from a 1 kt burst is esti
mated to be sufficient to render the system com
ponent incapable of performing its necessary 
functions to complete the mission. Each vulnera-
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Missile 
Length - Ft. 
Diameter - la. 
Weight .... Lba-,..
Applica.t10D:_;-

Ra.nge 

Wa.rhea.d 
Section 

, • •• Ii, ~., ,:: ~ .. " •••• ' 

'. • ... • .. w ~ •• 

Accession For 
NTIS GR'-A:-:-&=-r -----'(,---
DTIC T,\B 

ONAN-NDUNCEr 
, SEIDBAln' LANCE HAWK 

~1' . 20 16 
14 

1300 
Surface to 

10,000 
Surfa.ce to 

Surface 
46 to 137 NM. 

1500 Lbs 
Nuclear 

22 
3100 

Surface to 
Surface 

5 to 15 NY. 

1000 lobs 
Nuclear 

~~Altitude wj ~h 
.-ro;;:izontal Range 
73 Lbs. H.E. 

Figure 16-1 •• Mi$$ile Configuratiom. SERGEANT, 
~CE, and HAWK II 
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II 
bility .level i1aIsQ shown in the form of lil nUlll" 
ber curve, which aUows critical values of range 
and overpressure to be determined as a function 
o~nyield . 
.. Many circumstances alter the vulnera

bility threshold of specific.: system components. 
For example, a truck that is carrying a missile to 
the launch site is less likely to be overturned by 
a blast wave if it is facing the burst than if it is 
hit from the side (see Table 14-5. Chapter 14). 
The velocity and orientation of a missile in flight 
both ne important. If the terrain is conducive to 
the formation of a precursor. the truck may be 
subjected to a greatly enhanced dynamic pres
sure impulse, capable of overturning it much 
more'easily than if it were ex~osed to the same 
bwst at the same range under near-ideal condi
tions (!'aragraph 14-2, Chapter 14). The over
pressure and dynamic pressure at the target 
depend on height of burst as well as distance. In 
order to reduce vulnerability data to a m~age
able set of numbers. the following conditions are 
assumed for the analysis in this section. 

• The orientation of the system component 
with respect to the blast wave is such that 
the proBability of serious damage is a maxi
mum. 

• Near-ideal surface conditions exist (no 
precursor). 

• The blast wave is produced by a contact 
surface burst. 

If radically different conditions are expected, 
appropriate changes in vulnerability levels must 
be made. In the caSe of a burst that produces a 
precursor, the dynamic prtssure would be en
hanced, and drag sensitive targets, i.e., those sus
ceptible to toppling or overturning, probably 
would be damiaed at an overpressure lower than 
predicted. Also, an air burst could produce a 
double shock on a target located in the regular 
reflection region; again this could lead to signifi
cant target damage at an overpressure lower than 

predicted. Thus. the numbers given should only 
be used as guides to the assessment of system 
blast damage . 
• Damage to targets that are primarily 

drag sensitive is determined by the dynamic 
pressure level. However, for near-ideal surface 
conditions, there is a known correspondence 
between peak overpressure and peak dynamic 
pressure (although the pulse durations can be 
somewhat different). Therefore, for the purpose 
of this chapter, all damage levels are expressed as 
overpressure levels, including the damage levels 
that apply to drag sensitive targets. 

WSiiEANT WEAPON 

16-1 Description of the SERGEANT 
Weapon System • 

• The SERGEANT weapon system is a 
second generation surface-to-surface missile 
system capable of being used under all terrain 
and weather conditions. Major items of the 
system are: 

• SERGEANT missile M15 and containers. 
The SERGEANT missile body consists of 
four major assemblies: 
(I) rocket motor M53; (2) guidance section 
M38; (3) warhead section M65; and (4) 
control surface assemblies M58. Figure 
16-1 shows a drawing of the missile. Figure 
16-2 shows the missile parts in containers 
and ready for transport. 

• Four-wheel. semitrailer mounted guided 
missile launching station M504, Figure 16-3 
shows this unit in firing position. One com
ponent, the launclting station firing set, is 
shown in more detail in Figure 16-4. 

• Four-wheel. 6 ton, low-bed semitrailer 
M527. 

• Organizational Maintenance Test Station 
(OMTS) ANIMSM-35, This trailer hOllsed 
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ROCKET MOTOR CONTAIN [lit 

GUICANC£ SEC1"ION CONTAINER 

CONTROL.- SUR~ACE -ASSEMBLY SHIPPJ~ G 
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Figure 16-2. • SERGEANT System, Semitrailer Transporter 

with Missile Section Containers • 
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~nit, sbown in Figure 16-5, is used for pre
launch testing and replacement of defective 
assemblies. 

• Field Maintenance Test Station (FMTS) 
ANI MSM-36. This unit is similar to the 
OMTS. It can be used to perform many of 
the functions of the OMTS t and it is also 
used in situations that require more exten
sive testing and repair work than' normally 
is done by the OMT5. 

• Warhead Section Container 

• Truck, M35 
In addition to the equipment listed above., an 
M55 cargo truck is used to transport the rocket 
motor when the M527 is not available. 

16-2 Vulnerability Levell of the _ 
SERGEANT Missile Sy.\Qm ~ 

• The vulnerability levels of tb; variOti~ 
components of the SERGEANT missile system are.-n Table 16--1. ", 

The estimated vulnerability letels of 
the system in its various operationaJ phases are 
described below. The most likely damage modes 
are also described . 

• Missiles in Containers at Storage Site 
(SERGEANT). Figure 16-2 shows the type 
of containers used to store missile parts. 
The warhead section container, which is 
slightly longer than the 
container, is not shown. 

tainers in Transit (SER
GEANT). Since the transport vehicles 
afford partial protection for the containers, 
the vulnerability estimates were based on 
the pressure levels re . 
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Figure 18-6. 
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Table 16-1. _ SERGEANT, Characteristics and Damage LeYels for System Components. 
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_ The blast vulnerability of the principal 
components of the SERGEANT missile system 
can be determined by reference to Table 16-1 
and Figure 16-6; the figure provides cUlY'es that 
allow the determination of pressure levels and 
distances for damage corresponding to various 
weapon yields. Table 16-2 shows a summary of 
the blast vulnerability of the susceptible subsys
tems in the various configurations of the SE R
GEANT missile system. 

16-3 Reliability of SERGEANT 
Vulnerability Estimates 

Table 16-2. _ 81<1&( Vulnerability Summary, SERGEANT ·Missile System II 
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_ LANCE WEAPON SVSTEM_ 

16-4 Description of the LANCE 
Weapon System lit 

• The LANCE is a surface-to-surface mis
sile for general field artillery fire support of 
Army Divisions. The five major items 'of the 
LANCE system are: 

• LANCE Missile Body, shown in Figure 
16-1. 

• Self-pmpeiled Launcher (SPL), shown in 
Figure I 6-7. 

• Transporter Loader (TL), shown in Figure 
16-7. 

• Lightweight Launcher (LWL), shown in 
Figure 16-7. 

• Other Ground Support Equipment, shown 
in Figure 16-8 (contact Support Test Set is 
not shown). 

16-5 Vulnet'8bility Ll\ftIls for the 
LANCE Missile System _ 

_ Blast vulnerability levels for the 
componen of thll LANCE missile system are 
shown in Table 16-3. Based on these values. the 

,I 
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TRANSPORTER 
LOADER 
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Figure 16-7. - LANCE System, Primarv Units of 
~ Missile S.,stem • 
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Figure 16-8. II LANCE System, Prefire Tester and Fire Pat:c; • 



Table 1&-3. _ LANCE, Characteristics and Damage Levels for System Components III 
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-susceptibility levels of the LANCE missile sys-
te:.n during its various operational phases are 
estimated to be as CoUows: 
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be obtained from Table 16-3 and Figure 16-9 ~ 
the figure includes curves from which the pres
sure levels for damage corresponding to varia us 
weapon yields and ranges may be obtained. 
Table 164 shows a summary of the blast vulner
ability of the susceptible subsystems in the 
various configurations of the LANCE missile 
system. 

16-8 Reliability of LANCE • 
Vulnerability Estimates 

• The source of the LANCE system dam
age data for the major items considered are: 

The blast vulnerability of the principal 
configurations of the LANCE missile system can 
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Table 16-4. _ Bla~t Vulnera~ljty S1~m:::~iY, LANCE Missile System II 

Deleted 

II HAWK WEAPON SYSTEM __ 

16-; o.cr.1ion of the HAWK 
W.pen srnam II . 

III The HAWK isa surface-to-air, supersonic 
air defense system, designed to detect and iden
tify airborne targets by means of radar, and to 
intercept and destroy those designated as hostile 

are: 
• HAWK Missile Body, shown in Figure 16·1. 
• Missile Loader, shown in Figure 16-10. 
• Missile Launcher, shown in Figure 16-10. 
• Assault Fire Conunand Console (AFCC) or 

Battery Control Central (BCC). shown in 
Figure 16-10. 

• Radar Units, including 
(l) Range-<)nly Radar (ROR), shown in 

Figure 16-11. 
(2) Pulse Acquisition Radar (PAR), shown 

in Figure 16-11. 
(3) CW Acquisition Radar (CWAR). shown 

in Figure 16-11. 
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Figure 16-10. - HAWK System, Basic Assault 
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• (4) CW IIIwnins.tion Radar (CWIR). shown 
in Fipre 16-10. ' 

_ Structurally, the missile body consists of 
four major sections: the warhead section; guid
ance components; rocket motor; and surface 
controls. 

16-8 Vulnerability Levels for the 
HAWK Missile Synam •. 

'. Blast vulnerability levels for the compo
nents of the HAWK missile system are shown in 
Table 16-5. Based on these values, the sUscepti
bility levels of the HAWK missile system'during 
its various operational phases are estimated to be 
as follows: 

." • Missile Parts in Collwne1s at SIOI'a,e Site 
(HAWK). 

, •• .. '1' ~ 

,,'"' '. 
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vulnerability of the principal 
COr1ltigURtions of the HAWK 'missile system can 
be obtained from Table 16-5 and Fisure 16-12; 
the figure includes curves from which pressure 
levels for damage corresponding to various weap
on yields and ranges may be obtained. Table 
16-6 shows a summary of the blast vulnerability 

of the susceptible subsystems in the various con
figurations of the HAWK missile system. 

16-9 Reliability of HAWK 
Vulnerability EstimdtSs • 

• The sources of the HAWK system dam
age data for the major items considered are: 

Tab~e 16-Ei. • Bla~ Vulnerability Summarv. HAWK Missile System • 
. ,-.. ., 
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_ SAMPLE PROBLEM: AIR BLAST 
DAMAGE TO A TACTICAL 
MISSILE SYSTEM II 

• The material presenteci above concerning 
the SERGEANT, LANCE, and HAWK weapon 
systems is used io estimate the blast vulner
ability of the HlltNEST JOHN weapon system as 
an ilh':i;tration of the methods by which the vul
nerability data may be applied. 

16-10 Description of the • 
HONEST JOHN System 

_ The HONEST JOHN is a 762 nm, 
s:ra:-to-surface. field artillery rocket designed 
to deliver warheads, weighing between I ,000 

PEDESTAL 

and 1,500 pounds. at horizontal ranges up to 
al>out 26 miles. It uses solid propellant, and it 
fonows a ballistic tl3jectory after fuing (no guid
ance). 

_ The HONEST JOHN system is mobile by 
both groWld and air transport. The principal 
units of the system are the following: 

• Complete rocket. The rocket includes a 
warhead section, motor assembly, and fins. 
for which containers are provided (see Fig
ure 1&'13). 

• Launcher, truck-<Jr trailer-mounted. Th~ 

launcher includes the launching beam 
assembly, eieVliting and traverse mechan
isms, and electrical controls (see Figures 
16-14 and 16-,15). 

• Other ground support equipment. A 
wrecker, transporter trailer, generator, 
motor and warhead cradles, and handling~ 
beam make up the ground support equip-
ment (see Figure] 6-16). ~ 

II Table 16-7 lists the weight and size of 
the various HONEST JOHN components. The 
principal operational phases can be listed as 
follows: 

• Storage at Storage Site, 

FORWARO MOTOA 
FAIRING 

HINGED NOSE SHEL.L 
ASSEMBLY 

Figure 16-13. til HONEST JOHN, Major Components of Rocket til 
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REAR ~IT TRAVELING CLAMP 
ASSEll8LY 

CENTER ROCKET TRAVELING CLAMP ASSEMBLY 

FRONT ROCICET TRAVELING CLAMP 
ASSEMBLY 

REAR LEVELING JACK IN --- ,,=:1.. --" 
TRAVELING POSITION -

Figure 16-14 .• HONEST JOHN, Truck·Mounted Rocket Launcher 
in Traveling Position _ 
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EQUILIBRATOR ASSEMBLIES 

GASOLINE ENGINE 
GENERATOR SET 

TRAVELING LOCK 
BOOY LOCK ASSEMBLY 

~~ rTWO POSITION 
~ 44 TFrAVELING LOCK ASSEMBLY 

RIGHT SIDE LEVELING J~CK 

(EMPLACEMENT POSITION) 

SIGHTING a fiRE CONTROL EQUIPMENT 

LEVELING JACK 
ASSEMBLIES 
(EMPLACEMENT POSITiON) 

Figure 16-15. II HONEST JOHN Rocket Launcher in Firing Position II 



WRECKER 
",62 OR M543 

TRANSPORT CART 
ASSEMBLY 

lCM465 
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SET 

EQUIPMENT DF.LIVERY ELECTRIC BL.ANKET 
BASKET ~2 M2E2 

HANDLING BEAM 
lC""'E2 

HANDLING liNIT 
M40S[1 

HOISTIt~G UNIT TRIPOD 
)(M~6 

TRANSPORTER TRAILER 
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GENERATO" SET 
M25C 
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MS M4 

WARHEAD I'tANOLING SLING ." 
Figure 16-16. II HONEST JOHN, Auxiliarv Equipment II 
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Teble 16-7. II Missile System Components - HONEST JOHN II 
Refer to Dimensions (in.) 

Item Figure (Weight (Ibs» Remarks 

L Missile Components (in containers) 

(3) Warhead sections 144 x 50 x 45 Plywood containers 
(~.500) 

(b) GUidance sections None 

(c) Rocket motor sections l 235 x 44 x 38 Plywood containers 

(d) Fms , (3,500) 

2. Missile Body (assembled) 

(a) Ready for launch 13 327 )( 28 
{3,750) 

(ll) In-flight (near target) 13 327 x 28 Propellant bUrtIed 
(2.000) 

3. Transport Equipment 

(a) Semitrailers 16 315 " 97 x 48 w/o missile 
(3,500) 

(b) Trucks (M543 or M62) 16 310 x 97 x 103 
(34;000) 

4. Launch Equipment 

(3) Lightweight launchers 346 x 83 x 61 w/o missile 
(4.375) 

(b) Self-propelled launchers ]4, lS S08 x 121 x lSI wlo missile 
(42,000) 

(c) Loaders (handling unit on 16 310 x 97 x 210 w/o missile 
M62 truck) (40,000) 

5. Auxiliary Ground Equipment 

(a) Firing unit awmbly 36 x 24 x 24 
(300) 

(b) Sighting equipMlmt 36 x 20 
(175) 

(c) Generator e~ 16 60 x 30 x 30 On truck chassis 
(1,800) 

'. '. 
, ' ,', , ' ' 

: I, ~', ~. • t~ ~." '. . 



II 
• Battalion Area Test and Repair, 
«I Transportation co Firing Site, 
• Emplacement and PrefU'c Preparations, 

• Flight. 

16-11 Vulnerability Levels fer HONEST . 
JOHN Missile System II 

_ Blast vulnerability levels for the 
~stem confIgurations of the HONEST 
JOHN missile in Table 16-8. 

T.ble 16-8. _ Summary - HONEST JOHN II 

De r eted 
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The blast vulnerability of the principal 
IJ!jU","..,. VU:> of tbe sample missile system 

(HONEST JOHN) are described in Table 16-8 
and Figure 16-17; the figure includes curves that 
allow the determination of pressure levels for 
damage corresponding to other weapon yields. 
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Figure 16-17. HONEST JOHN, Major Item Blast Vulnerability II 
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SECTION II 

_ BLAST AND THERJ.\lAL 
VULNERABILITY OF IN-FLIGHT 

STRATEGIC SYSTEMS ,. 

_ INTRODUCTION • 

III ThO! blast and thermal damage to stra
tegic systems are considered together since blast 
and thermal effects are closely associated in the 
physics of a nuclear explosion and also because 
the dam:.1ge m<'.chanisms of these two efff!cts 
tend to interact and. at times, complement each 
other. It should be noted that this section only 
treats damage to in-flight aerQspacl! systems; 
blast and thermal damage to surface and under
ground installations characteristic of the ground 
support portions of a strategic systel" are 

1IIIIIr d se arately in Chapter 11. 
Blast effects are important to in-flight 

stra eglL systems from sea level to altitudes of '. 
approximately 100,000 feet (about 30 kilo-
meters), When a nuclear explosion occurs in this 
altitude region. the blast wave is formed by con
ventional hydrodynamic processes as the fireball 
expands. The details of these proce5st:s depend 
on the yield of the weapon. the altitude of 
burst, and the weapon design (see Chapter 2). 
The latter consideration (weapon desi~) is 

.• 'JI,. becoming increasi 
II>::', '7) tailored [0 

Il- ~ enhance -r-'-"'

mechanisms uf blast wave formation are reaS:>n
ably well understood fro'm a theoretical view
point for nuclear bursts up to altib.ldes as high as 
50 kilometers but experimental verification is 
iacking (see paragraphs 2-42 through. 2-44). 

IV) Blast is important to in-flight strategic 
systems operating below about 100,000 feet, in 
terms of the fonowing effects: 

• Overpressure (static or dynamic) crushing 
or bending of the primary structure, 

16-34 

• Gust (or deceleration) loading on primary 
and/or ~econdary (internal) structures. 

• Trajectory deviation (CEP degradation), 
• Alteration of aerodynamic stability. 

_The thernlal radiation (excluding X-ray 
effects"') associated with a nuclear burst must be 
considered from two main aspects: 

• "Early" time thermal radiation emitted 
from, a distant SQurce that is incident on 
the missile surface; this radiation comes 
from the firetall and from the high
pressure shock front. 

• Missile "fly·through" of the fireball region 
at '"later" times, with the associated ther
mal radiation imposed on the body surface 
while it is inside the fireball region. 

• III addition to considering the effects of' 
blast and thermal radiation on in-flight strategic 
systems separately, the possible coupling of 
these two effects in producing damage to the 
system should he considered. The magnitude of 
possible coupling effects probably will depend 
on the details of the system design; general sta te
.re not valid. 

The two major strategic systems of con
cern are defensive antimissile missiles (AMM), 
more commonly known as ABM, and offensive 
reentry vehicles (RV). Both systems respond to 
exposures to the environment produced by nu
clear explosions in similar manners, despite sig
nificant differences in their configurations (Fig
ure 16-18). The degree ro which any system will 
respond depends on the flight characteristics of 
the specific vehicle involved, but, in general. 
there is considerable cverJap between RV's and 
ABM's with respect to their velocity at different 
altitudes within the atmosphere. A comparison 
of operational regimes is showl1 in Figure 16-19. 

• See Section V, Chapter 9 for a clisclIs&ion of X·ray effects 
on aerospace vehicles. 
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Figure 16-18 •• ABM and RV Configuration 

Comparison • . 

• The tirst two categories of blast effects 
listed above, static and dynamic ov~rpressure 
crushing (or bending) and gust (acceleration) 
loading can damage the system physically l Le., 
the blast wave from a nuclear explosion at al ti
tudes up to 100,000 feet can cause permanent 
structural deformation to reentry vehicles, inter
ceptor missiles, boosters, and aircraft. As the 
structure crosses the shock front, it is suddenly 
immersed in a "new," transient pressure field, 
hence, the term 1t~pressure crushing.u There is, of 
cou~e, a compiica,ed shock interaction when 
the bo'w shock surrounding a supersonic vehicle 
intersects the shock front or the blast wave. This 
interact!on mults in a high. pressure transient 
('""shock-orH4lDck'~ load) tJ"1at decays quickly to 
a quasi-steaq loading behind the front. The 
duration of this transient or "'spikeH can be 
quite short (tens of microseconds) compared to 
the response time of the vehicle. At the same 
time, the vehicle structure is suddenly subjected 

70 

60 

~ 50 

i 
B. 40 
UJ 
o 
~ 30 
.~ 

< 20 

o 1Q.000 20.000 
V ELOCITV (ft/sec) 

Figure 16-19. • ABM and RV Operating 
Enwelope CClmparison 1111' 

~o a gust loading or an additional aerodynamic 
loading that results from the pa!'ticie velocity 
and the over-density behind the shock front that 
causes a jump in th.e dynamic pressure~ wh.ich 
causes an abrupt deceleration of the whole 
vehicle body. 

~ The extent of physical damage c-r struc·· 
t~esponse frorn either pressure crushing or 
gust loading depends on the distance from the 
target to the burst point, tb.e orientation of the 
target, the strength and duration of the blast 
wave, and the pre blast flight loads imposed on 
the vehicle. These last loads depend on the 
speed. trajectory, and physical design character
istics of the vehicle. For an incoming reentry 
vehicle, the altitude of max.imum deceleration 
from atmospheric drag depends on the ballistic 
coefficient, ~. The ballistic coefficient is defined 
as ,3 = WICdA. where W is the vehicle mass, Cd is 
the drag coefficient, and A is the body reference 
area. As the ballistic coefficient is increased. the 
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-altitude at which the vehicle experiences maxi-
mum deceleration is decrea3ed. The high per
fonnance. thin, cone-shaped vehicles have very 
high ballistic coefficients. Figure 16-20 shows 
the various _response regimes for an interceptor 
missile inclu ding structural, e.g., shell buckling 
and beam bending, rigid body, and thermal 

Rigid body response describes the gross 
rlis onse. 

woe body motion of an in-flight strategic 
vehicle that results from passing through the 
blast s~here and the fireball interior. It includes 
trajectory deviation (CEP degradation). aero
c~'namic stability changes, and the drag forces 
exerted on the overall vehicle; it should be noted 
that the deceleration forces imposed 011 the 
whole body also are transmitted, in a complex 
manner, to the internal components of the 
missile system. Trajectory deviation occurs when 
the blast wave deflects or displaces an in-flight 
vehicle from its preassigned lor benign environ- .. 

BLAST SPHERE AT 
VEHICLE ENTRANCE ---

ment) trajectory. Since this trajectory alteration 
results f~ m the direction of the blast winds 
behind thc shock front, this type of rigid body 
response depends on the relative geometry of 
the target and the explosion. If the system 
misses the target by an unacceptably wide mar-

•

-n. it will not be effective. 
Passing through the hot fireball results in 

a al load on the system in addition to the 
thermal loads caused by the benign reentry heat
ing or the supersonic flight of an ABM, Conse
que!'!!!y, the impact of the rotal environment of 
a high altitude nuclear burst must be examined. 
Figure 16-21 shows the nuclear encounter se
quence fo!, RV and ABM systems. The loading 
and response of the vehicle at each point from 1 
through 6 is a function of the local environment. 
the physical characteristics of the vehicle. and its. 

fl&Orofile. 
After the vehicle enters the blast sphere, 

it may traverse a region of density lower than 

~ BLAST SPHERE AT 
yVEHICLE EXIT 

RIGID-BODY 
RESPONSE 
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STRUCTURAL. 
RESPONSE 

THERMAL 
RESPONSE 

STRUCTURAL 
RESPONSE 

Figure 16-20 .• Response Regimes for Interceptor Missile. 
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Figure 16-21. III Nuclear Encounter and Event 

Sequence for RV and ABM _ 

ambient before it exits the blast sphere. This 
may affect its flight stability, depending on the 
design characteristics, i.e .. static margin and rate 
of damping. Under some conditions, a reentry 
vehicle on a ballistic trajectory may tumble in 
this region and/or subsequently emerge from. the 
blast sphere with a large flight angle of attack, 
which may cause severe structural loading and 
may result in serious damage. Even if tumbling 
does not occur, exit loads imposed on a vehicle 
at a large angle of attack sometimes could be 
greater than initial entrance loads. Also, since 
the R V may exit the blast sphere at a large angle 
of attack. loss o[ accuracy and increased disper
sion are likely. This is particularly true fo~ 

advanced systems that use,slender body config
urations whose drag coefficients are very sensi
tive to chanp in angle of attack. 

_ Man~ering reentry vehicles are being 

considered with a view toward avoiding a nu

clear encounter or reducing the exposure time 

by altering the usual ballistic trajectory on re

entry. However, while the maneuverability of 

the reentry vehicle could increase its surviv
ability, it could, under some circumstances. also 
increase its vulnerability to blast. The maneuver
ing vehicle would experience more severe aero
dynamic preioads, to which the air blast induced 
~ould be added. 
~ These maneuver load effects also can bl:! 
Important for ABM systems. Since ABM's are 
required to maneuver within the atmosphere, 
control surfaces, which also are susceptible to 
damage from gust loading, are involved. For 
many situations, assuming a range of yields and 
warhead designs, spacing between interceptors is 
governed by blast fratricide. In a saturation 
attack, the stepdown firing doctrine for defense 
tactics depends directly on the hardness of the 
interceptor to all nuclear effects. Consequently, 
a complete description of the nuclear environ
ment is necessary to predict the effects of a nu
clear burst on in-flight strategic systems. With 
respect to the blast wave, the parameters of 
interest include overpressure, particle velocity, 
density and temperature, as a function of both 
time and distance. 
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_ The propagation of the blast wave from 
the point of burst downward through a non
homogeneous atmosphere must be considered. 
Atmospheric inhomogeneity is not a serious 
problem for small yields at moderate heights, 
although it does distort the blast sphere some
what. Blast wave inhomogeneity becomes more 
severe as the altitude of burst is raised above 
abol.lt 100,QOO feet: however. it is sigllific:ant 
that at these higher altitudes, blast begins to be 
less severe as a damage mechanism than other 
competing effects. 

16·12 Sources of Data II 
• The blast effects on early R V' s were 
expressed in terms of rigid body gust loading or 
"g" levels of deceleration. When these g loads 
were added to the normal "peaceful" reentry 
loads and ~hen compafl~d to design safety f.lC
tors. it was found that the early RV designs were 
rel:Jtivl!\y soft and had larg~ radii of blast vulner
ability that outreaclud over nuclear effects. At 
these "vulll~rab\e" range!s. oVerpressure levels 
were so low that local crushing or beam bending 

IJt a probkm, 
As better theoretical models of the nu

c ear environment have been developed. blast 
loading and structural response! calculations haVe 
become more sophisticated. Progress has been 
made. from the early engineering analysis of 
simple spring-mass modds subjected to idealized 
loading. to I11or~ complex computer codes that 
handle rings and shells subjected to loads more' 
re pr~s . .:: 11 ta tiv\! of the nuclear engagement. 
including local body pressures. Through tlle use 
of 6-degree-of-freedom trajectory eades. the tra
jectory dispersions induced b:y the blast wave 
COlli be computed aa4. the tumbling within tlte 
blast sphere can be predicted using approximate 
values of environment levels. Theoretical anal
yses have be.::n developed to treat the shock-on
shock in teractiO!1 and these analyses have been 
confirmed at normal incidence by experiments, 

16-38 

~est techniques have been d.::veloped to deter-

•
·ne roperties of materials at high strain rates. 

Early programs to determine blast and 
thennal vulnerability of in-flight strategic vehi
cles include HARTS, SPINE, and ABM Vulner
ability and Hardening. These research programs 
were closely coordinated with the research 
requirements of systems designers. This coordi
nation is shown by the follOWing list of thl: 
various coJ:tfigurations of research vehicles that 
have been studied and their cDunterparts in 
terms of military systems. 

Resear~h System 
Program Vehicle Application 

Air Force HARTS A Mark I~ (RV) 

Air Force HARTS B Mark I IA (RV) 

Army AIRS I SPRI:-.iT (ABM) 

Army AIRS II SPARTAN (ABM) 

This correlation permits use of physical data and 
the aerodynamic coefficients obtained during 
the development of the sp~cific systems. 

16·13 Limitations in Application 
of the Data III 

_ Since vulnerabiliry (or damage f ass~ss
ment of an in-flight strategiC vehick is such a 
strong fun.:tion of th~ d~taihed charact~ristics of 
the specific vehicle, it is virtually impossible to 
devis.:: a general Illl!thod of vulnerability deter
mination that could b.:: applied to any vehick. 
Some of the parameters that ,:lller the problem 
are th~ details of the design of the primary struc
ture of the vehicle (including all materials used, 
internal supports. fi~ld jOint fixtures. etc. l, the 
design features of th~ internal components and 
how they are supported on the primary struc
ture, the detailed aerodynamic charackristics of 
the body and how it may fly (including the 
possible requiremt!llts for maneuvers). There
fore. it is obvious that an accurate d~fil1itjon of 



• the blast and thermal v~inf.rability of a particu-
lar in-flight strategic vehicle req aires a great de'at 
of analysiS and the use of specialized computa
tional models as well as experiments. Such anal-

lies are beyond the scope of this manual. 
The fohowing discussion will attempt to 

exp am, in general terms, the technical aspects 
of the problem that appear to have the most 
important influence on the determination of nu
clear weapon blast and thermal damage to in
flight strategic vehicles. The tech.nical discussion 
will be presented under two main sections, one 
devoted to RV bodies and the other to ABM 
vehicles; some of the material appearing under 
the RV section will bc applicable to thl:! ABM 
and, where this is the case, it will be noted. 

- BLAST LOADING ON 
~RY (RV) SYSTEMS. 

.. The general approach used herein to 
~e the important factors related to the 
determination of blast and thermal vulnerability 
of reentry vehicles was generated primarily 
un der the Harden ing Technology Study 
(HARTS). The HARTS vehicles that were 
studied are shown in Figure 16·22. Configura
tion A is a blunted cone and Configuration B is a 
sphere-cone-cylinder-tlare. The dimensions and 
the ballistic coefficients are shown in the figure. 
Table 16-9 lists the range of parameters that 
were used in the HARTS studies. Tht: term 
"hardness level" will be explained below. 

16-14 Environm~nt Scaling. 

~ The nomenclature used to describe 
R~st intercept conditiofls is snown schemat
ically in Figvre 16-23. The conditions pictured 
correspond W those where the RV does not 
traverse the cen.ter of the burst fireball (.p =1= 0°). 
As described in Chapter 2, blast scaling has been 
used extensively to predict air blast environ
ments. Since RV intercept loads and traversal 
phenomena depend on the blast parameters. it is 

Table 1S-a, II Range ot Basic Parameters 
tor HARTS II 111 

Blast yield 

Intercept altJlude 

Intercept angle (.p) 

Trajectory 

Hardness levels 
(axial acceleration 
for head-on intercept) 

Configurations 
(see Figure 16-22) 

30, 200, and 440 kt -
blast environment 
from Hillendahl 
FIREBALL code 

30,000 to 100.000 f[ 

o [0 90 deg 

Minimum energy [ra-
jectories for 1.000, 
5,500, and 7,000 om 
ranges 

200 to I ,000 g 

A: '~ = 2,150 Ib/f~2 
B: ~ = MO 1bift2 

possible to scale RV intercept loads and traversal 
phenomena in a manner similar to the blast 

lirameters, 
Figure 16-23 indicates that there are two 

lmpo ant radii. First, the distance between the 
burst center and the vehicle at the time of 
detonation, denoted by RD, is significant for the 
comparison of prompt effects (e.g., neutrons, 
X-rays, etc.) as well as blast effects. Considera
tion of these RD values for various vehicle paths 
and orientations results in vulnerability enve
lopes referred to as burst time envelopes. 
Second, the distance between the burst center 
and the vehicle when the blast wave intercepts 
the vehicle, denoted by RB. results in envelopes 
referred to as intercept time envelopes. The 
reference time for which the envelope is cOr\

structed must be specified for each envelope. 
.. "Hardness Level" is a useful parameter 
~d constant when studying blast phenom
ena. Hardness level is defined as that axial load 
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Figure 16-22. III HARTS Configuration • 
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acceleration experieoced by a vehide intercept. 
ing n blnst wave head on (.; = 0°) at zero angle· 
of-attack (0( = 0), For a given yield. burst alti· 
tude. and configuration combination. the speci· 
fication of (l blast intercept hardness level del,"r

mines the blast wal'/? radius_ This in tum deter
mines the blast {rollt environment, Blast scaling 
laws indicatt' that these bias, front conditions 
are identical to those at a different yield and 
radius where the new raeius is equal to the old 
radius multiplied by the cube root of tile ratio 
of the yields. For example: 

where RBl and RB[ are the blast intercept radii 
for yields of W 2 and Jt'l' respt!crively, and in 
general. 

RS = RBIWIIJ ([t/kt l ))). 

where RS is known as the scaled intercept radi
us. Values of scale radius. RS. at constant hard· 
ness level for varying altitude are shown in Fig
ure l6-24. A similar pr~selltation of scale lime 
of blast intercept can be made. since time and 
radius are proportional. Thus, in general. 

q:Hlstant hardness levels for varying altitude are 

IIw in Figure 16-25. 
The hardness level, position-time rela

tions ips are defined in a manner that data for 
any Yield can be derived over the gh'en range of 
hardnes5 lev.::ls and burst altitudes. Sy,tem anal-
ysis parameters such as slant range SR.. lead dis
tance LD. and offset distance OD. from the 
blifst at time of explosion also r..:an be derived 
simply. For a given hardness level and burst alti
tude one RS and '. combination exists. For 
specified yield. 

RB = RS Wl/3 (ft) 

Referring to Figure 16-23, rhe folbwing spacing 
relationships are apparent. 

OD '" RB sin <P. 

LD "" RB cos.; + Vt., 

where V is the R V velocity, and the other 

_
defined in Figure 16·23. 
Determination of iead distance is 

illustrate In Problem 16-\. The variation of 
whl:!rl:! t [ is the time after burst to intercept and 
1'[ is the scaled time. Values of scaled time. r., for 

hardness level with altitude and slant range is 
shown in Figure 16-2 : • - '.~' ," •• ~ .'. I." 

.. -., I I. 
M..ljj 

(,{-) ( ~) 
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Probiem 16-1. Calculation of Hardness Level 

_FigUres 16-24 and 16~25 show the scaled 
hhst radius and scaled ti.me of blast intercept, 
respectively, for a Configurat10n A vehicle on a 
5.500 nautical mile flight path as fi function of 
burst altitude for various haroness levels. 
Various system parameters may be determined 
from Figures 16-24 and 16-25 as discussed in 

Example II .. 

a 16-14. 

'en: A HARTS Configuration A vehicle 
(Figure 16-22) is on a 5,500 nm trajectory. The 
RV hardness level is 500 g. 

Find: The slant range at which the RV 
would experience a head on (..p = 0°) load equal 
to its hardness level if it were expose-<! to the 

, . " 
• • J. :' ,..~,:" ~ r " :. . . , 

" ' ....... ':'" • :,.' J ' .. I;." 
w .' • ~ "".' , .'. ':~' .: ~ ': • 
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. '"'. ,I'. ,-' ': ',.,. , " • " , 

,- ,,' "'.= I", • ',. 

, ':~' ... ' '''.~ \' ': l .. :'1: 

• 

U>-., H 

({~(; 1 

AlISwer: If the RV is more than_ 
away from the specified explosion at·~ 
burst, it will not be damaged by blast 
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16-15 GeneRd Intercept Loads : 
and load Duration II 

• 
The aerodynamic loading on hypersonic 

reen ry vehicles can be divided into two general 
categories; steady state loading and transient 
loading, Steady state loading occurs when the 
preSSlire, density, particle velocity, and tempera
ture do not change with time, Transient loading 
occurs when there is a time change in the 

W' oornene sUiTounding the reentry body. 
The vehicle experiences a continuing 

c ange in environment during nonnal r:!entry. 
However, since this change is relatively slow, 
steady state drag loading p;ovides a good 
approximation for normal reentry conditions. 
For any type of !low over a body. ~he local 
pressure at any point on the surface can be 
found from the relation: 

where " 

P b = pressure at some point on the body 
surface. 

Pf free stream ambien t pressure, 

q = free stream dynamic pressure. 

cp local pressure coefficient. 

Classic Newtonian impact theory provides a 
simple closed-form solution for the local pres
smc coefficient, cp ' For steady state, hypersonic 
flow (above Madi 5) this theory provides ade
quate loading predictions. For any body of 
r.:volution the Newtonian theory predicts: 

Cp = l(eos ex sin Ij - sin" O! cos S sin ;3,)2. 

where 
Ci '" angle' between the veQicle longitudinal 

axis and the relative wind vector. 

S = vehicle semivertex angle, 

f3r ::: rotational angle about axis of reentry 
vehicle. 

• 
A vehicle experiences axial and latera! 

ecelerations and loca! pressure loading during. 
nonnal reentry, The amount of deceleration and 
local pressure depends on the vehicle reentr~' 

angle, velocity, shape. weight. and altitude. Fig
ures 16-27 through 16-29 show some nomin31 
reentry trajectories. These: graphs only include 
the combinations of reentry velocity and reentry 
angle that correspond to a ballistic missil~ having 
a nominal range of 5,500 nm. Th.e reemry 
vehicle is characterized by the ballistic coep'i
cient, which is varied over a range of values 
typical for reentry vehicle designs. Calculations 
for the parameters (velocily. altitude. and time) 
of the reentry trajectorie" were begun at an alti
tude of 400,000 feet, since this altitude is well 
above that of appreciable aerodynamic forces 
for the reentry vehides considered, The reentry 
angles measured from the local horh;ontal at 
400,000 feet were chosen atbitrarily as 20 and 
30 degrees. The corresponding reentry velocities 
at 400,000 feet were determined from the basic 
equation for vacuum ballistic trajectories. The 
ballistic coefficients vary from 800 to 2,500 
Ib/ft2 , Below 100.000 feet the angle of attack is 
largely damped out, and the lateral force is very 
small. 
... The hardness level curves in Figure 
~ represent one value on the intercept/load 
matrix of axial rigid body loads, G A' for zero 
bla!;t intercept angle (.p = 00

). It was determined 
that, at constant harrlness level, the blast fron t 
environments for varying yields are es~enrlally 
identical. The last variable to be accounted for 
in intercept loads is blast intercept angle. At 
constant hardness level and altitude, the inter
cept angle is the only factor that can affect 
intercept loads by changing the angle between 
the blast wind vector and the vehicle velocity 
vector, thereby causing a blast induced angle of 
attack at blast intercept. 

(U) Blast yi,ld scaling also can be applied to 
the scaling of intercept load duration, fireball 
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-traversal time; and total traversal time. Time and 
rad.ial distan~. are scaled with the cube root of 
the yield. Interior blast phenomena can be 
assumed to scale with the cube root of the yield 
to obtain reduced radius or time. At any point 
in time the blast can be imagined to have a size 
of unity for I kt. The blast size for larger yields 
is unity times the cube root of yield in kilotons, 
on a r<'lative basis. Since blast loading duration 
depends on the blast size, which can be scaled, 
the loading duration also can be scaled. 

16-16 Intercept Load Duration • 

.. intercept loads are a function of hard
~vel, blast intercept angle. and blast alti
tude. The duration of the load is necessary to 
describe the intercept loading phase adequ~tE:Y. 
Und~r most conditions. the intercept loading 
history can be approximated by a rriangular 
shaped pulse, i.e .. intercept impulse is essenriaily 
one-half the maximum load multiplied by the 
duration time. 

The il1tercept load time constant. ~tILP' is 

where (10<;< is the point at which the intercept 
load decays to 10 percent of its maximum value. 
The scaled intercep~ load duration time, TI L p' is 

- ScaJed intercept load duration times for 
a~le~s level of 500 g are shown in Figure 
16-30 for various intercept angles and altitudes. 
The intercept load duration times and intercept 
loads provide a usable set of data for estimating 

the intercept load impulse. The duration times 
apply to axial, normal, or total resultant loads. 
In general, 

and any load impulse is 

where 11 and G[ represent any intercept load 
impulse and maximum load, respectively. 

16-17 Fireball Traversal Time" 

11 The time at which the intercept load has 
ecayed to 10 percent of its maxim um value 

(end of the intercept load pulse) correspond3 
approximately to the time when the vehicle 
enters the fireball (temperature "" I 0,000 to 
15,000° R). For practical considerations, the end 
of the intercept load pulse and initial fireball 
immersion can be considered as the same time. 
The time of fireball traversal is 

where t E f B is the time of exiting the fireball. 
and the scaled time of fireball traversal is 

T = fit /WlJ] sec/kt l/ ] FB Fa . 

Scaled fireball traversal time for a hardness level 
of 500 g is shown in Figure 16-3 I for various 
intercept ar::gles and altitudes. The time of exit
ing the fireball, t EF B' is that time during the 
exit phase when increasing dynamic pressure 
reaches the ambient level at the blast altitude. 
This time also is approximately when the tem
perature level drops below 10.000 to 15.0000 R. 
It should be noted that the point during entry at 
which the decreasing dynamic pressure reaches 
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Went level is about the same as the point of 
10 percent load. 

16-18 Total Traver-lal Time III 
11 Total blast traversal time is 

~tl = t[ - If sec, 

where t E is the time of exit from the blast wave 
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~hell, and as before, ti is the time of intercept. 
The scaled time of blast traversal is 

Scaled total blast traversal time for a hardness 
level of 500 g is shown in Figure 16·32 for 
various intercept angles and altitudes. 
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Problem 16-2. Calculation-- I)f Load Characteristics, Fire~1I 

Traversal Time and Total Traversal Time 

~igUreS 16·30 through 16-32 provide the 
~tion necessary to calculate the load char· 
acteristics. the fireball traversal time, and the 
total blast traversaJ time for a vehicle similar to 
Configuration A with a hardness level of 500 g 
that enters the blast front at various intercept 

Example .: _
nles. 

ll'en: An R V similar in design to HARTS 
Configuration A (see Figure 16-2:2) with a hard
ness level of 500 g that is traveling on a 5.500 
nm trajectory. 

Find: The intercept load 
and traversal times if the R V is PVt,\nCIIill" 
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16-19 Exi'l;Loads II 
_ Intercept load, inteH:ept load duration, =rl traversal time, and total travt:rsal time 
an:- functions of hardness !eve I, blast intercept 
alll!!iI:. ollld blast altitude (all a scaled basis). Exit 
loads also depend on blast yield as well as the 
functions listed above. This precludes any 
universal scaling of exit loading: however, th~ 

following ilre generally true of exit loading con
ditions: 

• The probability of obtaining higher exit 
than intercept loads is very low for vehicles 
similar to Configuration A . 

• Exit loads decreas.e with decreasing inter-
cept hardness level. 

16-20 Blast Data Generalization II 
_ The data summarized in the preceding 
paragraphs were generated for Configuration A 
with a 5,500 nautical mile range mlllllnum 
et,ergy trajectory. Loading and duration scaling 
procedures applicable to the blast problem were 
demonstrated for this case. These specific data 
are lIul directly applicable to allY configuration
range combination. However, by some simple 
relationships and approx.imations, the data can 
be a pplkd to different configurations and 

.,
n es, or combinations of both, within limi[s. 

C'tJllfigLlfatioll Variations. For other con
Igurations. assume thaI the !ielocity. /light path 

<;--_ .......... 

allgle. alld intercept conditions at the Same blast 
a/titLIde are idemicai With these constraints. the 
intercept loads become a function of ballistic 
coefflciellt and lift characteristics. For axial 
loads, 

)3, 
""--

131 

and ·for 110rmalloads, 

Where 

Gl'H 1 PaJ 

GNI2 "" ilcrl 

The term 130 is defined as the normal force ballis
tic coefficient. 

16-21 Typical RV Aerodynamics • 

_ A body that is moving along a reentry 
trajectory at hypersonic velocities has a flow 
field associated with it. The flow field is com
posed of the following mz.in regions or charac
teristics (see Figure l6-33): stagnation point, 

EXPANSION 

TR"IL.ING 
SHOCK 

VISCOUS~ 
Figure 16-33 .• FIOW Pattern Around an Axisymmetric Blunt·Nosed Bodo; III 
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1\1 
shock layer, boundary layer, expansion shocks. 
pressure and densit;)l con lOurs, wake, etc. The 
details of these flow regions are a strong func
tion of the body shape, its velocity I and the 
properties of the air (i.e., altitude) through 
which the body is moving. ConsequentlY, the 
flow field associated with even a single body is 
constantly changing during the reentry process. 

_ Figure \6-34 shows the pressure distribu
tIOn lin terms of pressure ratio) over the surface 
of a body similar to a HARTS Configuration B 
vt!hicle as a function 0 f vehicle velocity. The 
pressure ra tio is (P b - P)/ P, where P b is the local 
pressurt; at any point along the surface and P is 
the ambient pressure. The overpressure (P b - Po) 
are shown for sea level conditions (Po is th~ 

ambient pressure at sea level) to provide some 
idea of the overpressur~s involved. It is evident 
that the overpressures near the stagnation region 
exceed all other pressures by a wide margin for 
this blunt body. It should be pointed out that 
these pressurtls do not take account of boundary 
layer perturbations. but the calculated pressures 
are indicative of actual flow field conditions: the 
overpressures associated with thl:'! flow field 
shock frO/It are slightly higher than pres..,ures on 
the surface. The curves in Figure 1 (5.34 may be 
used Lo interpret the now fields at altitude. For 
instance, the ambient pressure at 50 kilofed 
is about one-tenth that at sea leveL Thus, J 

vehicle at 50 kilofeet traveling at Mach 10 would 
have an overpressure on the !lare of about I:! 
psi (i.e., 110/ J 0) and stagnation vallie in excess 
of 150 psi. I f the vehicle. were traveling at Mach 
10. the flare overpressure would be about 41 

Wi (4]0/10). • 
Another I,picai reentry flow field, 

w I~ gives the pttiaRue ratio distribution over a 
body similar to _ HARTS Configuration A 
(Le.. cone-sphere shape), is shown in Figure 
16-35. Figures 16-34 and 16-35 emphasize the 
differences caused by body shape. Depending on 
the bluntness of the nose section, there is a very 

16-58 

S:IT1all region over which high stagnation pres
sures exist. The pressures are virtually constant 
over the conical section. Figure 16-36 also shows 
sea level overpressure values for reference: the 
overpressures shown indicate that at altitudeS 
near 50' kilo feet with the body traveling at Ma\!h 
20. the overpressure at the surface of the COI1~ 
s<!ction is about 3:! psi. 

16-22 Initial Interaction of Vehicle 
Flow- Field and Blast Wave 
(ShOCk-Shock) 1l1li 

_ When the reentry vehicle bow wave and 
the blast wave contact each other a region of 
high pressure is generated. This region is charac
terized by a value of pressure that is larger than 
the value of pressure associated with either 
shock wave before the il1teraction. The HARTS _ 
results can be summarized by referring to a 
representative figure. Figure 16·36 shows the 
variation of maximum overpressure ratio (shock~ 
shock maximum overpressure divided by quasi
steady maximum overpressure, a/ler illteractio I! ) 

and duration with the nose surface angle for a 
hemispherical nose at typical intercept condi
tions (Moo:::: IS to 22 and Mil = 5 to 8) ils:;urning 
'Y = 104. The general conclusion to be drawn 
from the upper curve of Figure:; 16-36 is that 
the shock-shock interaction peak overpressure 
will not exceed a factor of two larger than the 
quasi-steady overpressure (after interaction). 
Also, the lower curve on Figure 16-36 indicates 
that the duration of the shock-shock interaction 
is extremely short; as an example, if rVv!R is 
0.2, then r ;;;: I psec (10-6 sec) for Vv = :!O,OOO 
ft/sec and R = 0.1 ft. However. it is evident that 
for the same nose radius (R). the value of r in
creases as the vehicle speed (Vv ) decreases. 

16-23 Damage Envelopes _ 

~ The culmination or end result of loading 
~esponse calculations is the damage 
envelope. The damage envelope defines. a volume 
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• within which a burst of specific yield will cause determine another point on the LOE, pick all-
axial or lateral farces greater than those for other radius of intercept and find a distanc~ 

which the vehicle was designed. This envelope is X' C such that (I' - /' ) = (t' - t ), Determination c x c 0 

required as part of the it~rative processes in of several points. both above and below th~ 

whi ch tradeoffs involving weight penalties. reference trajectory. wiil define the LOE. 
yields. target damage criteria, defense capa- • The next step in defining thl! damage 
bilities, dispersion and booster capabilities must enve pe is to determine locations. with relatiOI1 
be considered. Two basic steps in determining to the burst, at which the rl!.:!ntry vehick wuuld 
the damage envelopes for an R V are: construc- suffer lateral and axial forces equal to th~ design 
tion of the Locus of Escape (LOE); and location loads. Sufficient locations must be select~d and 
of points, relative to burst point, where the R V g loads calculated for each point so that iso-g 

•

'ected to forces equal to design loads. contours can be constructed. Correlation of 
The nomenclature defined by Fig\.ue design loads with these iso-g contours defil1~S 

-... will be used for simplicity and clarity. In the damage envelope. In this case. a g level is 
this blast-intercept configuration, point A is th~ specified as the damage criterion, 
position of the R V at time of detonation; B is (U) Figure 16-38 is a qualitative e){alTIpl~ 

th.e point of intercept of the R V and the blast that shows the LOE and the lateral and axial 
sphere; OD is the distance of closest approach of iso-g contours. This figure is oriented with' 
the R V to the burst cemer. The distance LD is respect to a reference trajectory. Figure 16-3~ 
called the lead distance, and RB is the radius of shows the relation between Figure 16-J8 and a 

II' ept. . ·tII'tuation. 
A reference trajectory is introduced to· it must be realized that the g loadings 

e me a new coordinate system. This trajectory, descn ed in the above examples are those ex-
which is one axis of th~ new coordinate system. perienced by a rigid body vehicle. Since the 
is parallel to the R V trajectory and intersects the forces are applied dynamically, dynamic amplili-
burst point (0) (see Figure \6-23). With the cation factors must be considered, Displace-
center of this coordinate system at 0, tne othet ments that result from dynamic loading can be 
axis is perpendicular to the reference trajectory, greater than those that resulc from static load-
This coordinate system locates the position of ing. Thus, the effective force experienced by the 
the vehicle at tht! time of detonation relative to warhead or oth,~r internal components may be 
the reference trajectory. .0 e han the rigici body g's . 

• 
Thl! following procedure is used to con- It should also be noted that the response 

s rue the locus of escape (LO£). The LOE 0 reentry vehicles depends not only an peak 
defines a volume, outside of which the reentry values of the force, but also on the rate of ap-
vehicle will not intercept'the blast shock wave. plication and the rate of decay of the force. Hal/-
Figure 16·37 iIlustmtes a situation from which ing sustained the peak value of the force. which 
one point on the.. -40£ is defined, During the occurs at the shock front, the reentry vehicle 
tim.:! interval (te - t~1ti::~ shock frollt expands to suffers lesser rorces and pressures as it penetrates 
point C. During t_time interval (Ie - Ix) the the blast sphere. Complete and accurate delini-
vehicle travels from point X to point C where it tion of the damage envelope must include 
intersects the shock front. If (Ie - tx ) = (te - to)' responses during the entire force-pressure time 
X is a point on the LOE. The distance XC is the history. This will be discllssed further in connee-
lead distance. while OC is the cross range. To lion with the structural response analyses of 

16-62 



t.=- T'IME OF DETONATION 

DETONATION 
ALTITUDE 

t, =- TIME SHOCK FRONT AND RV ARE AT POINT C 

t. = TIME RV IS AT POINT )I. 

Figure 16-37. 11 Determination of Locus of Escape. 
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• vehicles (paragraph 16-32). It is evident 
that damage criteria other than rigid body g 
levels can be specified to define the damage 
envelope for a vehicle. 

1l1li RESULTS OF SOME RV 
BLAST AND THERMAL LOAD AND 
VULNERABILITY CALCULATIONS II 

_ As pointed out in paragraph 16-13, it is 
Impossible to condense the determination of 
blast and thermal vulnerability into a generalized 
methodology suitable for hand computation. 
The computations are associated too intimately 
with the design details of the particular R lo' of 
interest. In order to provide the users of this 
manual with some understanding of the proced
UTt!S involved in such computations. some 
typical calculations are described in the follow
ing paragraphs. 

16·24 Blast Loads on the RV II 

incident 
anna lon desired is whether or not the 

R r wit! he vuln~rable to blast and/or thermal 
effel:ts at Jny point along the trajectory. Tht: 
sample \iehicle is assumed to have the following 
parametus. 

• !t is II 6° sphere COHt! configuration. 

• The ballistic coefficient is ~ = 1.000 lb/ft2 . 

• Reentry altitude::: 400,000 feet. 

• Reentry angle = -J5Q
• 

• Reentry velocity = 17.,000 ftisec. 
Two questions are examined sep41fate1y to ob
tJin the desired information. 

• What blast load (axial 3nd lateral accelera
rions) accompanies 200 cal/cm2 incident 
X-ray exposure at the altitudes of interest 
Cram the standpoint of blast? 

• What are the minimum axial and lateral 
rigid body accelerations that will allow 

16-66 

. • " .:.~' , .' .<',' • ::, ~ .., .. :' ~ . 

',' ~ .. ~ I.:..... . , -. . _ r.. ' 

I • -, • -. -" .~ .. 

blast survival through all altitudeS for sepa· 
ration distances equal to the vacuum sepa
ration distance for :200 cal/cm1 incident 
X-ray the minimum separa-
tion d g pheric flight)" 

~ Figure 16·40 shows the results of cal· 
~f the axial and lateral rigid body g 

loads as a function of interc:ept altitude th:.1 t 
WOUld result when the R V is initially separakd 
from"-"burst so as not to receive more 
than ~n2 X-ray energy incident on the 
vehicle. The vacuum separation distance for lhis 
X-ray leyel is about I 1.000 fed (Chapter 4). and 
if the vehicle maimains that separation between 
altitudes of 40 and 100 kilot;:.:t it will attain 
maximum g leads at an altitude of 40 kilofeet. 
The axial load at this altitude is ~30 g's and the 
lateral load is 280 g's. At il1ttlrcl!pt altitud"s less 
than 40 kilofeet. the rigid body lOads will be less 
for the same separation dismnce. 
__ The axial and iat-eral loads that would 

be sustlllned if the separation dist<lIlCe is such 
that energy were deposited 

pon are also shown in 
approximato: distanct!~ iHC 

shown as a function of intercept altitut.h: in 
Fi~ure 16·41-

_ Figure 16·41 shows Ilear H7l1xinwm 

~n distance as a function of intercept 
altitude for the 230 g axial load and the 280 g 
lateral load. The approximate 200 cal/em2 sepa
ration distances also are ~etion of 
intercept altitude for th~lieapon. 

II The maximum separation distances for 
a tal loads were obtained for tht! near head 

on in tercepriol1 of the R V by the blast wavt::. 
The maxirnu m distances for the lateral loads 
were obtained from the near side on intercep
tion. i.e .. 65 to 70e measured from the nose of 
the vehicle . 

... The incident blast overpressures required 
~ce the g loads are shown in Figure 16-42 
for the 230 g axial and '280 g lateral loads of 

'7;JJ~ 

{f-)( ?) 

P"~d )(",-1.1 H,~ "i«h. lL~ b'l 
"1U.UTU!. 
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Figure 16-41. At 40 kilofeet intercept altitllde. a 
minimum overpressure of 22 psi is required to 
attain the 230 g axial load. The overpressure 
required to attain 280 g's laterally is 18.5 psi at 
40 kilofeet, and a minimum of 13.5 psi is 

ired a 90 kilofeet altitudt!. 
Figure 16·43 shows the curves of g 

as a nctiol1 of maximum separation dis-
tance for a 40 titude intercept by a 
blast wave from weapon. It should be 
noted. from t that extremely large 
separation distances are indicated if the lateral 
hardening of an R V is less ~O g's. ~or 
yields less than or greater than_ this sep(I-
~nge changes approl<.lmately as 
..-. The approximatt! nature of this 

ratio results fmm the change in the velocity of 
the vehicle betwet!11 the points of initial separa
tion and interception. 
~ased on this brief examination of 
~-of calculation of blast vulnerability. 
the main conclusion is, that rigid body loads of 
280 g's axially and 230 g's lat~rally arl! com
patible with the :?oOO cal/cm2 X-ray hardening of 
th~ R V \I1oreo'Jer. if the R V rigid body response 
hardnes,s level falls short of these g levels. the 
blast effects may predominate as a damage 
mechanism. ~ore spr:cific trajectorY/blast cases 
must be studied to tle.;-rmine the required g 
loading criteria for balance with a 200 cal/cm 2 

X-ray criterion. 

16-25 Thermal Radiation Loads 
on the RV III . 

_ A sample investigation has been 
~e free field thermal radiation incident 
on the same R V described in paragraph 16-24 as 
it flies through a nuclear burst in the lower 
atmosphere. The basic trajectory considered in 
this study had a reentry velocity 17,000 fl/sec 
and a flight path angle of -35°. In addition, a 
limited study was performed for a 19,200 ft/sec/ 
-75° trajectory. Thermal radiation heat loads 
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~
re computed for head 01\ intercepts o~ 
burst at 40-, 60-, 80-.tln OO-kllofe~t~ 

a titudes. Burst yields 0 an_were 
also considered at the 60 1(1 0 eet a.!t~ 
.. The tnermal radiation h,~at flux pro
~ by a nuclear burst can be obtained as a 
function of distance, direction and time from 
the r adi ation/hydrodynamic calculations of 
Hillendahl that were used to describe the ther
mal sou.rce in Chapter 3 together wi'(h the appro
priate fonn factors. These are free field thermal 
radiation data and do not include any interac
tion between the vehicle and the radiation fidd. 
i.e., the possible attenuation of radiatioli result
ing from an opaque layer of vaporized heat 
shield material ill the flow field surrounding the 
vehicle was not included (see paragraph 16-31 
for a discussion of these "blockh,g" effects). 
The total free field heat load to the stagnation 
point, cone, and base region of the R V was 
deter:l'Iined by integratit1g the heat tlux as a 
fUnction of time after detonalion, assuming a 
straight line, constant velocity trajectory in th~ 
vicinity of the burst. WI The total radiation heat load for this 
example is shown in Figures 16-44 through 
16-c,6 as a function of the initial slant r:.mge of 
th~ vehicle. burst altitude. burst yield. and tra
jectory. For initial slant ranges less than a bout 3 
to 5 kilofeet, the heat load is very large (35.000 
Btu/ft 2 ) and is essentially independent of loca
tion on the vehicle. For a fixed burst yield and 
initial slant range. the heat load decreases with 
increasing altitude: conversely, for a fixed bUrst 
altitude and initial slant range. the heat load 
increases with increasing yield. Finally. a higher 
velocity trajectory increases the heat load for a 

4i1xed ield and altitude. 

The thermal data shown in Figures 
16·4 tough 16-46 could be LJsed in conjunc
tion with the blast data of paragraph 16-24 to 
determine the total radiation heat loading as a 
function of blast loading (rigid body axial load 
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Figure 16-44.W.Thermal Radiation Heat Load on the Cone as 
B Function of Initilll Slant Range for 
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Figure 16-45._ Thermal Radiation Heat Load on the Cone as 
a Function of I nitial Slant Range for 

Several Burst Yields • 
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As a particular example, these data 
show that, for a 350 kt burst at 40 kilofeet and 
the 17,000 fr/secj-3S0 trajectory, the radiation 
he;lt load on the cone associated with a 200 g, 
head on intercept condition is only 530 Btu/ft1 , 

whereas for a 300 g intercept condition it is 
5.400 Btu/h2 . This particular example indicates 
that a 50 perce;,t increase in blast hardness (as 
measured by the l1gi.d body g criteria) produces 
al: order 0 f maglli tude larger thermal 
environment. 

16-26 Description of a Blast/Thermal 
Vulnerability Determination 11 

• This paragraph continues the descnption 
o sample computations that were described 
in pafl:;;raphs 16-24 and 16-25. The determina
don of tlie sample R V to blast and thermal 
effects produced by a nuclear weapon burst is 

•

eSCri ed below. 
The blast vulnerability analysis of the 

1S made under the following assumptiolls: 

• ft sphere cone vehicle with a ballistic 
coefficient of 1,000 lb/ft 2 (assumed con· 
stant for normal reentry). 

• Point mass-zero lift trajectories were used 
in the computations. 

• Reentry altirude = 400,000 ft. 
~he blast model used in the computa
tIOns IS considered to be an upper bound to a 
conventional weapon blast output. Modified 
Sachs' scaling (see paragraph 2-14) was used in 
conjunction with curve fits to radius-time
overpressure data. The other peak blast param
eters, such as density and "Particle velocity. ar~ 
Rankine-Hugoniot values consistent with the 
scaled overpressures. The environment to which 
the vehicle is exposed in the interior of the 
shock front was simulated by assuming constant 
vehicle velocity during fly through and Sach's 
scaling curve fits to the interior profil~s. It 
should be noted that, in actual practice, vehicle 
fly through. loading I:alculations are performed 

on an electronic computer using the results of 
d e ~a iled radiation/hydrodynamic calculations 
corresponding to th~ nuclear device and burst 
altitude of interest. 
_ The vehicle reentry conditions used for 
t 1. eulatian are as follows: 

• Case I 
a. Reentry velocity = 17,000 ft/sec 
b. Reentry angle = -35<1 

s· Case 2 
a. Reentry velocity = 19,200 ftlsec 
b. 'Reentry angle:; -7 5'" 

_ The temperature of the heat shield can 
be an lmportant factor in determining the struc
tural response of the R V to blast induced load
ing because of the possible temperature depen
dence of some of the structural properties. e.g., 
elastic modulus and yield stress, at elevated tern· 
peratures. For the study discussed here. predic" 
t ions of the heat shield bulk temperature 
accounted for ascent heating, norma! reentry 
heating to the hurst altitude, and thermal radia
tion heating from the nuclear burst. The bulk 
temperature is symbolically related to the heat 
loads by 

where it has been assumed that the temperature 
is uniform across the thin ablator skin and that 
heat losses are negligible compared to heat in
puts. In general, considerable caution mU'it be 
exercised in employing the thin skill-bulk tern· 

fjrature method. 
The thermal radiation heat flux pro

uce by the nuclear burst was obtained as 
described in paragraph 16-25. The thermal radia-
tion heat load incident on the vehicle was deter-
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.. " . . " ,. -mint!d by l1umt!rlcally integrating the tlux. as a 

function of timt! aftu detonation. assuming con
stam \lehiclt: velocity at that altitude and no 
vehide spin. It should b~ Iloted that. aside from 
the illh.:rC'nt ul1c<.!'rtail1li~~ in the fre..: fidd Iher
mal radiation dJta. th.:rl.! art! additional uncer
tainties in determining what fraction of tht! 
incident thermal radiation lS ~ ·tuaUy absorbed 
by the ;jbl~ti\'e surface during the fireball tly 
through. This is due to a l:l.ck of knowledge of 
the spectral absorptivity of the vehic!" suriac" 
t.lIlder these conditions ilnd of the possible att':l1-

uation of rJJiation as a result of an opaque layer 
of vaporized heat shidd material in {he now 
field surrounding the vehi.;le. 
_Two basic methods of stmctural analysis 
were cmployeu for thi,; s:.tmpk calculation. Tht:' 
first m~ thod involves the upplic::: tioll of a fi!1lt<! 
length. d;.lsti~ cylinder r~spomc solution to 
Jdermine th~ dynamic sh.e!l str~sscs resulting 
from head on imercept loadings. The second 
method. whleil was applied to the side 011 lllIer
.::cpt. involved the evaluation of the dynaI1li~ 

r<:spol1Sc of u 1L1lnped p:u:.tllleter. free fr"e beam 
modd subjcct.:d to transi.;:nl bla:>t loadings. In 
J.:tual pra~ticl:!. [ile ullalysis of the structural 
response of R r' configurations should employ 
mud1 more sophisticated and ;;omplex methods. 
The des..:ription of these relatively simple meth
ods is induded to indicate to the user the gen-
~Iytkal m~thods that could be used. 
_ The results of these two method~ of 
,tru.:! llf:J1 'lI1alysis depend on assumptions made 
(oncerning the blast an.u thermal environment 
that the RV encounters. In this calculation. the 
transient aerodynamic loading was developed by 
using Newtonian th.eory for pressure magnitudes 
and distributions (see paragraphs 16-21 and 
16-::::) combined with a curve-lit exponentiai 
time decay obtained by tlying all unperturbed 
trajectory through the blast modd. To simplify 
the c:lIculation. instantaneous engulfment was 
assumed and shock-on-shock interaction effects 
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were ignored. In addition. the stru.::tural re
spon~" was only examined for blast enlrance anti 
for normal reentry conditions. Blast traversal 
and exit of the vehicle from the blast region 
were not examined. Thermal loading from nor
mal reentry und nuclear burst th~rlllal radiarion 
were considered for structural response throug.h 
the bulk skin temperature rise. ~o 3rtempt wos 
maue tu evaluate resulting thermal stresses from 
this high temperature environment: howev;;:r. the 
bulk temperature effect was accounted for wilen 
cho osi ng mate ri a I ela s tic propertieS and 
allowables. 
_Three separate baY5 or ring-stiffened sec
~f the R V were investigated for the head 
on intercepts. After a few dynamk response cal
culations were I1llide, it became apparent that 
Bay L-I (Station 37.5 to Station 49) was the 
most vulnerable to head 011 blast loadings; there
fore. tlle results presented are for Bay L-I. The 
cylinder solution used is a dos~d form, elastic 
response code that computes ::til stresses at bOih 
th~ inside and outside shell fibers at any desired 

_ in on the shell. 
The side on intercept conditions were 

.: xamined with a lump-parameter. free-free. 
"Timoshenko" beam model. The bending rigid-
ity was ~upplied completely by the ablator shell. 
whereas the mass distribution was made up of 
both the main shell structure and all internal 
component&. As in the head on studies, the ther
mal effects were included only in the evaluations 
of material elastic properties and allowables. Us
ing this lumped-parameter mode. a normal mode 
solution was employed to determine the com
pl<:te time history of bending stresses that devel
oped at a number of stations along the missile 
length from the transient pressure IOJ.ding that 
resulted from blast intercept. In all cases. the 
peak beam bending stresses occurred in a region 

•

Oll ded by Stations 20 and 25. 
[n addition to these two basic tools of 

structural analysis. i.e., cylinder solution and 
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beam model, a check of shell buckling was made 
by using the senli-empirical results from the 
HARTS Program. This check calculation reveal
ed that. if buckling did occur during blast inter
cept. it probably would be elastic: however. 
since rath¢r thick walled shells were invol\'ed. 
the calculated critical buckling pressures are very 
high compared to pressures nec~ssary to cause 
conditions leading to plastic deformation and 
rupture. 

16-27 Results of the RV 
Vulnerability Determination • 

The results of the structural re
sponse study are shown in Figure 16-47 for head 
on intercept and Figure 16·48 for side on inter
cept. Figures 16-47 and l6-48 show the allow
able stresses and thli! peak stresses developed 
frOln blast entrance loads (characterized by the 
plotted loads) as a function of initial slant rang~ 
frolll a 350 kt burst at an altitude of 40 kilc:?feet. 
For the side on intercept cases (i.e .. interception 
by the blast wave- normal to the longitudinal axis 
of the vehicle). the toads are the total g~s a b
tained by vectorially combining the axial and 
latt!'ral values. For the head on intercept cases. 
the total loads are the same as the axial loads. 
__ The incipient structural damage is indi
~n the figures by the intersection of the 
curve! showing peak stress developed with the 
allowable stress curve. The curve labeled ·"Devel
op~d Stress" indicates the variation with slant 
range of the peak dynamic stresses developed in 
tile vehicle during .blast wave intercept. These 
curves are shown for both the nominal RV and 
th~ 1.2 nOlninaJ vehicle, w)lich is the same vehi
de with the skin thickness increased br 20 per· 
cent. The slant range .. stress. and loads art! tabu
lated for each of the points of incipient ,true
tural damage . 
.. Ir is apparent that the addition of ~O 
p~r.::etlr to the skin thickness reduces th~ vtllner
ability of the RV by decreasing th~ slant range 

. ...... 

for incipient st~uctural da-mage markedly. r t 
should be recognized that these values of sIan t 
range probably are minimum values for the on
set of incipient structural damage as a result of 
the assumptions used in the stress calculations. 

• 
The thermal response data are shown in 

tgure 16-49 in terms of the temperature at the 
aft end of the cone (X1R"N = 19.4) after burst 
exit as a function of the inilial slant range of the 
vehicle from the burst. These data are the telTI

pcra turcs developed during normal reentry 
(including ascent heating) to the burst altitude 
plus the temperature rise caused by the fireball 
thermal radiation. Beyond initial slant ranges of 
16 to t 8 kilofeet. the temperatures shown are 
the normal reentry temperatures at the burst 
altjtude~ since the thermal radiation heat load is 
quite small at these large ranges. 1ne 40-kilofeet 
burst altitude induces higher temperatures than 
the 60-kilofect altitude because of increases in 
both reentry heating and thermal radiation 
heating. 
~. Two specific temperatures. 2.340°F and 
~F, are shown in Figure 16-49. The former 
is rhe ablator melt temperature. while the latter 
is the temperature at which the ablator has low 
structural strength. Since the bulk t~mperature 
generally lies somewhere in between the surface 
and backface tt!mperatures. surface melting win 
commence before the bulk temperature reaches 
:,340°F, but probably only in snlall amounts. 
Of more importance is the fact that if the vehi
cle emerges from the burst with a bulk tempera
ture greater than L750° F at cri tical structural 
locations. it probably will not be able to survive 
the exit blast loads and/or the subsequent re· 
entry loads as it descends through maximum 
dynamiC pressure to impact. i.e .. if the tht:rn1al 
radiation heat loads are sufficiently great to re
sult in temperatures of 1,750° F at burst exit. 
hdelayed" structural damage may occur subse
quent to the blast entrance, even if the entrance 
loads are not sufticient to cause damage. 
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16·28 Summary and Conclusions Concernil1g 
RV Vulnerability Calculations • 

_There are many different ways to sum
manze tile blast!thermal vulnerability of an RV: 
tilis subsection employs a bar graph method. 
wl1ereas th~ damage envelope method is used in 
the succeeding subsection to portray AS:>'I Blast: 
Thermal Vulnerability. Tile minimum initial 
slant ranges for structural and thermal damag~ 
are summarized in Figure 16-50 for tlle 17.000 
ft/sec/-35° tr3jecrory and 40 kilofeet bum alti
tude. These data show that the RV is more vul
nerable to tile side on inrercept!strucrural d<!m
age condition titan any other condition. The :0 
percent increase in ablator thickness reduces the 
initial slant ranges for datnag~ considerably. The 
total "g" loading.:lt the slant range for structural 
damag~ and the total free tield radiation hear 
load at the slant range for thermal damage also 
are shown in the figure. It can be seen that ther~ 
is 110 lIllique mechanical "g'" load or thermal 
"Q" load [hal determines when damage occurs. 
111is points om the requirement for more defini
ti'·e information concerning damage criteria 

with actual RV designs. 
The separation distal1i::e at the burst 

a ween two vehicles that were original-
ly at the 130 and :00 cal!cm 2 X-ray 

tmosp 
;).lso are shown III 

me that if two vehicles 
were spaced for these X-ra}1 loadings from a 350 
kr weapon in the exoatmosphere. and the lead 
vehide encountere-d a direct hii from 350 kt ut 
40 kilofeet. the trailing veJUcle definitely would 
incur damage if it encountered the bli.lst \\,J.\·e. 

(SI The foregoing description of the method 
and results of an RV blast/thermal vulnembility 
sample calculation was presented to giYe th~ lIser 
an indication of the important techni~al aspects 
thaI must be included in this type of ullulysis. 
BJSeci upon the results. a few rather g.eneral c:on· 
c:lllsions Gm be drawn: 

• It is apparent that the blast/thermal Vlliner
ability of an RV ~annot be uniquely ex
pressed in terms of either rigid body "g" 
load levels or thermal radiation heat loads. 
but rather is a function of th~ partieu1 ar 
ree n try trajectory. intercept geometry. 
yield of the attacking weapon. and the 
specific damage mechanism considered. 

• Vulnerability loads or damage criteriJ JS-

. signed to a particular RV corresponding to 
blast or thermal effects may not be com
patible with the loads or criteria assigned 
for other nuclear weapon eifects (e.g .. 
X-rays). 

• Thermal loads on the RV. resulting from a 
combination of reentry heating and radia
tion from the nuclear weapon. can have an 
im portant deleterious effect on tile ma
terial prop':ftit!s (and in turn upon [he 
structural respons<: I of the RV ablalor 
substructure combination. 

• Tile accurate assessment of RV vulner
ability to nuclear weapon effects requires 
detailed anal~'ses using advanced .lnalytic:d 
tools and Iligh-speed electroni.: computer 
iacili ties. 

• ANTIMISSILE (ABMI SYSTEMS II 
~. The assessment of blast and thermal vul
nerability of an antimissile (AB\f) system pre
sen£s many of (he same problems that were dis
cussed for reentry vehicles: however. AB\1 sys
tems have some important I.:haracteristics thilt 
are unique, and these will form the basis for a 

•

a ortion of the following discussion. 
There are fundamental differences be

tween the views of the designers of RV's and 
AB~1 concerning blast and thermal vulnerabili ry. 
The designer of an RV may be willing to 11<1\'e 

his vehicle sustain limited damage if the damage 
would not degrade the probability of mission 
success significantly. This willingness to sustain 
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• some level of damage results from the fact that 
tht: RV designer usually deals with large num
bers of vellicles directed against an array 0 f tar
gets with the objective of insuring that a fraction 
of the RV's pelletrate the defense and reach the 
ta:gets. The defenSe. on the other hand. at
tempts to deny all "leakage" of enemy RV's, 
Therefore. when considering blast and thermal 
fratricide damage. the AB:"1 designer usually will 
not tolerate allY degree of damage to the vehicle 
(i.e .. it is designed to be "sure safe"), When as
sessing the ability of an ABl\l to defend a target 
and to kill all enemy RV. however. the objective 
dictates that the AS!'.I designer achil~\'e a "sure 
kill" miss distance relative to the incoming RV. 

• 
~lost of the following discussion results 

rom a study to determine the probable damage 
modes and damage envelopes for the AI RS I and 
II vehicles (paragraph 16·12) when exposed to 
biast waves and thermal radiation from nuclear 

•
x losions, 

The scope of the discussion can be sum
manzed as foLlow5~ 

• Two vchides are considered, AIRS I and 
AIRS II, These vehicles nominally repre
sent interceptor vehicles of the SPRINT 
and SPARTAN class, respec.tively. Inboard 
profiles of these vehicles ar'~ shown in Fig
ures 16-51 and 16-52. 

• Four response modes are considered: 
(11 Shell breathing response to the blast 

wave. 
(2) Vehicle bending response to the blast 

wave. 
(3) internal componelp. damage due to 

rigid body acceleration produced by 
the blast wave. 

(4) Material damage produced by the ther
mal radiation. 

• Coupling effects among the damage modes 
are neglected, except for the inclusion af 
degradation of material properties that re
sults from heating the material. 

• Control surface damage is not considered, 

• Each vehicle is assumed to be in a steady 
state "n"-g maneuver (where n can be 
zero). 

_ The aerodynamic loads initiated by the 
blast wave must be det1ned to perform a blast 
vulnerability analysis. In the definitioll of lilt' 

aerodynamic loads imposed on a vehicle tra\"e]
ing at hypersonic speeds when subjected to a 
strong blast wave, the initial shock-on-shock 
interactions during the vehicle engulfment by 
the blast wave presenr [he most difl1culty. Re
cent stuclies of the response of missile structureS 
to blast loads indicate that the response to the 
shock-on-shock loads does not contribute signifi
cantly to the total response experien<.:ed by the 

•
' structure. 

The response of the structure to blast is 
separated into shell breathing. vehicle bending, 
and rigid body acceleration responses. The sepa
ration of the total response into uncoupled 
breathing and bending responses is reqllired 
since current methods cannot perform rhe 
coupled problem; however, this separation is 
justified to some extent by consideratiolt of the 
types of damage associated with each respOl15~" 
In shell breathing response. segments of the shell 
between bulkheads are excited. and the damage 
is associated with high frequency local shell de
formation. In vehicle bending, the damage re
sults from relatively low frequency excitations 
of the overall structure. 
• Criteria for the yie1ding and buckling 
response have been generated primarily from 
data generated in tests of simrle cylindrical and 
conical bodies subjected to air blast from HE 
detonations. Studies of damage to the vehicle by 
bending hav~ neglected the short-duration dit"
fractive loading, which is of little consequence in 
exciting the long period oscillations associated 
with bending deformations (except possibly for 
very low yield weapons). The damage criteria for 
bending deformations. and the respon~e analysis 
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II 
techniques .• rely on knowledge developed in 
similar studies performed for aircraft and launch liC!eS in the boost phase. 

Analysis of response to thermal radia
fl 1 effects define the mechanisms by which 
heat is absorbed and distributed throughout the 
structure. both when the vehicle is outside and 
inside tlle fireball. Damage critena from thermal 
radiation effects are selected on the basis of the 
loss of the insulative coverings over the sub-

•
u ure. 

Blast and thermal radiation enect~ dam
age envelopes for both AIRS I and II are pre
:;ented below. The relative sizes af these envel-
opes for the varioLls effects on the two represen
tative vellicles and for the encounter condition 
variations (in yield and altitude) are discussed 
brielly. 

16-29 Shell Breathing Response. 

_ Blast iliduced pressure loading c:auses the 
shdl s~gments of the vehicle between the ring' 
reinforcements to respond in wllat is usually 
termed the "breathing mod.:," Damage OCC'I!S in 
the form of permanenl deformation of the skin 
throLlgh the formation of a dented area in th" 
S1.Irface of the shell. The pri mary damage me
chanism far the shells is an instabiilty (buckling) 
of the shell that can occur either when the shell 
is all elasli~ or afur porcion> of the shell hal'e 
becom~ pla:-;rlc. This damage mechanism can be 
complicated by the presence of the ahlator over 
the structural shell and by other states of stress 
and deformation imposed by bending of the 
vehicle as a result of biast and normal !light 
I03d~, or the thermal condition Of the vehicle at 
blast intercept. These interaction problems are 

tit considered. 
A complete determination of the Dla~t 

amage to ~ shell segment that would be requir
~d to prevent the AIRS vehicles from perform-
ing a specified maneuver requires two separate 
analy>.es, The first analysis pro;>dlcts response 
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levels from threshold to seven:: post bud:ling 
damage. and a second analysis predict> the pO~l 
damage response: the la[[~r is the respons~ (If 
the '"damaged" vehicle to the buds i111 pO~c'd b~ 
maneuver. ThLls. It is not suftlc:ient to calcula[c 
lh~ shell ,'esponse resulting from the blast loall· 
ing. A sure-safe criterion also must be establi,h
ed for tile actLlal in-night conditions ill the frat
ricide mod~, The amount of damage that con
stitutes an "unsafe" le\'el under :l 1\.110\\'11 ~~t of 
enyironme'ntal conditions must be determined 
evo::ntually if vulnerability studies 3rt' to be (011, 

•

ert!d useful to the milit3ry pl:.!nller. 
~ The analyses of the response of criti.:::i1 

s \e ~egmel1ts of th~ AI RS I and I I vehicks t(l 
blast that were selected for this examp\~ can 
only predict tile threslJOld damage le\'el caused 
by elastic buckling or initial material yielding. 
Al1aly~es that cah:ulate elastic-plastic n:~pon5e iII' 
the post buckling region ha\'e only been de\'el
oped recently for shell respons .... to blast. but 
e.\pt'riment~1 data are not sufficiently com pre
hensin:: to apply tile results to various loading 
(onditions and to diffa~nt materials, Thus. 
r~lh<!f arbitr;:try crit~ri<.! mllst be po,tulaku to 
relate computed damage levels to "llllS<lt"e" ~'01l

ditiol1s for the AB~L 

II Th-e ana\yst!s discussed thus f:lr prim3.rily 
.;a -:u at.:: the r<!sponse of th.: shell LIp to thre,h
old damage. i,e,. sure-safe le\'els, TI1est anal) ,es 
are elastic in nature and cannot be used direcrly 
(0 determine response that includes se\'ere dam
age. There are three additional elements required 
befor.: I~thality predictions can be made: 

• Sdection of the applicable analysis: that is. 
i n-:lastic buckling or yielding (or possibly 
fracture I. 

• Definition of damage criteria, t.!! .• defi
r1 ition of the amoun t of damage thlt must 
occur in the selected damage mode to 
negate the intended mission of the vehicle. 

• Sdection of a means to apply the Inelastic 
analysis to the determination of the lQad 
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• level required to produce the amount of 
damage specified. 

16-30 Vehicle Bending Response (U) 

~ Discussions of prediction techniques for 
t~sponse of tile AIRS I and AIRS [I vehicles 
to blast in their rigid body and bending degrees 
of freedom are separared into two parts. First. a 
formulation of damage criteria for these vehicles 
i11 bending is discussed for damage to the pri
mary structure and to the internal components. 
In the second part. analysis that predicts the 
structural response is discussed. The inclusion of 
critical damage criteria in a computer program 
for the response analysis results in the capability 
to determine sure safe envelopes for bend ing re-

Monse to blast. 
A most difticulr. but necessary. part of 

e II1lllg damage contours for interceptor mis
siles in a blast en ... ·ironment is the definition of 
the amount of damage that must be produced in 
the primary structure in bending or to iilternal 
components to constiture a positive failure of 
the mission. The approach adopted is to use a 
simple damage criterion available for interceptor 
vehicles . 

• 
Selection of simple damage criteria for 

an 111 erceptor vehicle undergoing bending defor
mations requires an understanding of the dam
age modes involved. The primary bending dam-
age modes possible to the primary structure of a 
vehicle may be: 

• Damage to the joints resulting from tensile 
stresses in excess of the stresses allowable 
for the joints. 

• Buckling damage to the overall shell struc
tUre resulting from combined axial and 
bending induced normal stresses in the 
shell. 

For this discussion, a damage condition in which 
the vehicle damage cannot support the loads 
associated with a specific "n"-g maneuver after 
buckling was selected tentatively as sufficient. 

.. Damage criteria for internal components 
~d involve detailed investigations of tht' 
acceleration-time his,ory environment that a 
component C2n withstand. In addition. the SlIP

ports of internal components and the load
carrying ability of the supports must be con
sidered in a compreh.ensive vulnerability anal
ysis. It is the usual practice to consider an accd
eration time-history and to assign a certain pea!.; 
Bration value to be critical. 

[n \'i~w of a lack of fragility data for thoe 
111 e la[ components of the AI RS I and II. reprt'" 
sentative allowable peak accelaation values were 
selected from infornlation available for design 
requirements for SPRINT and SPARTA!':. These 
acceleration values are used to demonstrate the 
procedures invoh'ed in determining damage 
envelopes for internal component damage. but 
they are not necess"rily represenrati\'e 0'1' what 
the internal equipment mounted inside the vehi-

III an actually withstand. 
It is necessary to perform a comprehen

Sive analysis of tile blast loading and response of 
the entire missile structure (including primary 
and secondary structures) to determine the dt'" 
tails of the blast loads imposed upon (and the 
response of) specific internal components when 
a missile body is exposed to a nuclear weapon 
environment. nlis analysis includes develo pment 
of a detailed mathematical lumped-mass/spring 
model of the missile to determine the proper 
"transfer functions" between the primary struc" 
ture and the intemal component of interest. Cal
culations that use the mathematical model and 
the definition of the blast loads imposed on the 
missile structure during a real encounter lead to 
the determination of the loads imposed on the 
internal structures. 

16·31 Tharmal Radiation Effects • 
_ The establishment of thermal radiation 
a:ge criteria for AIRS I and AIRS II requir~d 
an examination of the individual structures 
involved. 
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• In general. data concerning thermal radi
ation effects consists of a dl~~crjption of the tem
perntl1r~ distribution through the ablator (and 
sub~(ructttr~ nlateriai) and the mass ablatio:1 
rate. both as a function of time and position on 
th~ 1l1is$ile. This fundaluental int'orn1ation pro
vides the thennal portion of the inputs for a 
realisth: aSStSsnlent of the overall vehicle perfor
Inan.:e during ilnd after an encounter with a nu .. 
dear burst. The tempt:rature distribution data 
can bt: used in a structural analysis to determine 
the magnitude of the allowable stresses (or 
strains), thern1al stresses, etc. Furthermore. 
there are usually internal components ~n the 
guidance section. fuzing. anning and tiring sec
tion (F AF). or warhead section that have a fairly 
low temperatl.lr~ tolerance. The ablation rates 
also affect the mass distribution and can affect 

ablation rates generally are so high that tile 
boundary layer is blown off. and the local now 
field (which may be subsonic) is dominated by 
the ablation vapors. In either case. the heat 
transfe: to the surface causes the ablator to heat. 
pyrolyzc internally. and n1elt and vaporize at the 
surface. 
__ A realistic thermal analysis for a silica =iC coated vehicle should consider the fol
lowing ~ffects: 

• Internal heat conduction in the ablator and 
subst ructure. 

• Pyrolysis of the phenolic resin in the 
ablator. with the attendant endothermic 
chemical reactions and pyrolysis gas flow 
through the char. 

• Convective and radiative heat transfer at 
the aerodynamic characteristics of the nlissile. the ablator outer surface, and the accom-
which can 3ffect its night characteristics; ho\ .... - panying surface recession that resu]ts from 
eVer. rhe- follo\sing disclIssion is limited to an melting and vaporization of the silica cloth. 
examination of rhernlai effects in the ablator • The interaction of the inject~d ablation 
and substructure. No concurrent structural and! vapors with the local vehicle flow field, 

I1
T tra' ectory analys~s were performed. especially the absorption of thermal radia-

The principal type of ablation material rion by the vapors (radiation blocking). 
use on tht! AIRS 1 missile is tape-wrapped silica - The time dependent nature of the fireball 
phenolic. which is a silica cloth impregnated environment. as well as the transient nature 
with phenolic resin. A detailed theoretical pre- of the tempera.ture response of the ablator. 

di(:tion of the thermal response of a charring. • Variation of all of the effects listed above 
melting and vaporizing ablator such as silica with location on the body that result in 
phenolk on a high-speed missile that flies differences in environment, type and! or 
through (or n~ar) a nuclear fireball during son1e thickness of ablator etc. 
portion of its mission involves simultaneous con- • V . t' f 11 f' h t·f . h b . .. . . ana Jon a a 0 tee eets WIt urst 
slderanon at complex plJ.yslcal and chemIca] t drt' . 

I Tl l · t' . All d encoun er con Ions. p lenamena. le genera sltua Ion JS 1 ustrate _ 
in a simplified fashion in Figure 16-53. During ... It is convenient to separate the thermal 
normal night (Le., preburst or post traversal). an~lysis into severa) basic parts, each of which 
the vehicle is heated by forced convection (c; c ) uses somewhat different techniques of analysis 
~aused by friction forces in the boundary layer according to the most impC"'rtant physical pro-
on the vehicJe (aerodynamic heating). During cesses that are treated. This concepl can be 
the firebal.1 traversal phas~. the predominant visualized with the aid of Figure l6-53 and an 
nlode of heating is thermal radiation <qR) from energy balance at the outer surface of the 
the high temperature fireball air. in this case. the ablator (denoted by a subscript w). 
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where q" and t, are the free field convective 

.: R . 
and radiant lie"ting rates. resp.:ctlvely. The term 
"free field" heating rate denotes that the q unn
titv is computed without regard to ablation cf
fe~ts. TIllis. the free field cOllvective hea!ing is 
computed on th~ basis of non blowing boundary 
laver solutions. while the free field radiarh'e 
h~atin!! is computed on the ba~is of the fireball 
now field being unperturbed by the presence of 
tile vehicle. Therefore, by definition. the free 
field thermal environme;ll depend: only on time 
and body :p~sirion for a particular trajectory and. 
encounter condition. lnd not on the type ot 
ablation material used . 
.. The quantities 1/1 and {3 are the conv.:c
~nd I'adiative blocking functions. respec
tivelv. They denote the fraction of the free field 
heatina rate that exi5ts at the ablator surface 

o . 
during the actual ablation process. The blocking 
functions must be obtained from a solution for 
the lo~aJ vehicle flow field that accounts for the 
effects of the injected ablation vapors on the 
now field. In general. their values will depend on 
the level of the free field environment and on 
the particular ablation material. The quantity 
ea~. represr.nts the energy. reradiated from the 
surface. while the term mtlH repre5~nts the 
energy absorbed in surface melting and vaporiza
tl0n. Finally, 

(-K E:.), ax Of{ 

is the heat conduclid into the surface of tIle 
solid ablator, which in general must be ubtained 
from a solution of the temperature profile in the. 

~r. 

~ The equati~n .simply ~tates ·1:at th~ net 
convective and radlattve heatmg at the sur.ace, 

less the energy reradiated and absorbed in m~lf
in" and vaporizarion. equals the energy coo
d:cted into the ablator. When the net heating 
rate is sufficiently high to prod'Llce su!'face melt
ing and vaporiz.ation. the equation relates til.; 
mass ablation rate (nll to the free field environ
ment and tile temperature distribution in rhe 

~. 
.. For the purpose of rhe present dis.;us-
Slon. which is primarily cancer-led with the ther
mal effects 'of a nuclear environment. the overall 
analysis is separated into two basic parts: tire ball 
radiation and ablation. and the internal tempera
ture and ablation response. The former is essen
tiallv multidimensional (around the body) and 
qua~i-steady in nature, since it deals with high 
temperature flow about a high speed missile., 
whereas the tat ter is primarily one dimensional 
(through-the-thickness) and transient in nature 
since it deals with heat conduction. The coupl
ing condition (boundary condition) that relates 
the free tield environment and local flow field to 
the internal response is the energy balance at the 

lIur' e. i.e .. the equation given above. 
When the results of various theoretical 

. met lOds are compared there is about a t50 per
cent uncertainty in the predictions of the total 
silica phenolic mass ablated during a nuclear lire
ball traversal. even among theoretical models 
that assume full vaporization. If only melting is 
assumed. the results are at least a factor of five 

•

1i r. and typically a factor of ten. 
The condition for thermal damage (0 the 

vehicles was taken to be the time at which 
50 percent of the ablalor mass was gone: this 
condition is probably on the conservative side. 
leading to an upper limit in the size of the vul
nerability envelopes. 

16-32 ABM Blase/Thermal Vulnerabiiity 
Envelopes _ 

_ The previous paragraphs described tech
niques of anaiysis that can be employed to de-

~.~ t • • , 
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P'",Ulnerability envelopes for the AIRS I and 
AIRS II vehicles exposed to blast and tllermal 
radiation from nuclear explosions. The vulner
ability envelopes for the AiRS vehicles and for 
two typical encounter conditions are shewn in 
Figures 16-54 through 16-57. [n each figl.lre. the 
vehicle l.lnder attack is at the origin (0, 0) flying 
from left to right. If the attacking weapon is 
burst inside the envelope. the load on the vehicle 
will exceed the critical level. Thus. the largest 
envelope on the graph identifies the "most" 
critical damage mechanism for the vehicle and 
the bllTst condition considered. 
_ Figures 16·54 and 16-55 correspond to 
~IRS I vehicle in a typical fratricide situa
tion; it is obvious that the size of the critical 
damage envelopes are very sensitive to the 
maneuver (or nonmaneuver) condition of tile 
AI RS l. The AI RS II curves in Figures 16-56 and 
16-57, indicate envelopes of somewhat different 
shapes. but the general behavior is similar to 
AlRS!. 

16·33 Conclusions II 
... The AIRS I and AIRS II vulnerabilitv 
~ produced the following main conclusions: 

• The intemal component acceleration en
velopes are the largest for both AIRS I and 
AIRS [l. but this predominance must be 
regard~d cautiously as a result of the arbi
trary nlture by which acceleratJol1 damage 

,~ ... 

levels were selected for the Al RS internal 
components. 

• Thermal radiation effects appear to be 
more important for AIRS I than for AIRS 
1[: however. blast effects produce tilt: laj~er 
envelopes for both vehicles. 

• Thermal radiation effects tend to increase 
in relative importance for the larger yidd" 
and lower intercept alritudes. 

• Shell response and bt:nding response 
damage are of comparable importance for 
the nonmaneuver condition for both vehi

cles. For the maneuver condition. Ilowever. 
the shell damage mode is more important 
than tlle bending damage mode in defining 
vulnerability envelopes for both vehicles. 

• The maneuver condition modifies tile.accel· 
eration, bending and shell damage vulner
ability envelopes appreciably. (n general. 
the overall areas lor volumes) of these 
envelopes increase significantly for Ihe 
maneuver condition. 

• It should be emphasized that the conclu
sions only apply to the AIRS I and Al RS II 
vehicles. The foregoing disclission was presented 
~o indicate tile types of analyses that must be 
performed to assess the vulnerabilil~' of AB\1 
vehicles to blast and thermal effects. The conclu
sions could well be significantly different for 
vehicles of different design. 
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~ BLAST AND THERMAL 
LETHALITY III 

_ Previous subsections of this section have: 
COllcentrated on concerns relative to the blast 
and thermal \·ulnerability of friendty RV's Jnd 
AB\rs. This subsection will discuss the concern 
of the defense in the effecciveness of ABM in 

, "killing" an RV. The emphasis shifts from "sure 
safe" criteria to "sure kill" criteria. 
.. The definition of the threat RV vehicles 
~ details of the free field blast and thermal 
environments of Iii.: AB~I art Ihe two primary 
factors that intluence the determil1iJtion of the 
kill efkctiv~ness of an ABM system. Calcula
tions or blast kill radii have been performed b~' 
varia LIS groups for the SPRI~T ABM against 
some representative RV threats. The results of 
the:le calculations are described in the following 
paragraphs. 

.'. . /. 
, , '.' 

, '. ~ r I • 

..... ~ :,1'., . . . . _ I 

me 0 resu these calculations 
are shown in Figures 16-58 through 16-61 in the 
form of blast wave parameters at one altitudc. 
e.g., temperature and flow field profik data. at 
one typical time. These data are essentially self 
cxpl:matory. The}1 are useful to provide an over
view of the environments; however. for detJiled 
vehicle res::?ol1se studies. the principal output of 
a radiation-llydrodynamics code calculation con
sists of the radiation-hydrodynamic and field 
data as a fu~ction of radius at a large number of 
times after burst. These basic data are stored on 
magnetic tapes (called Usertapes), which allows 
dIssemination of the principal results for use in 
many studies. This is necessary since blast/ 
thermal effects studies often require that the 
vehicle be flown through the environment as a 
fUllction of time, and it is impossible to present 
environmental data at the vehicle position as a 
ftlnction 0 f time graphical\y for aU possible com
binations of vehicles, trajectories. and intercept 
conditions. 

16-36 ABM Blast Loads on Threat 
Vehicles (PDint Mass) • 

_ The study of ABM blast loads Of! thre"t 
~s consisted of computer analyses llsing a 
generalized trajec[Ory code, with capabilities of 
including the free field blast environment pro
vided by the radiation-hydrodynamics User
tapes. A nonrotating spherical earth model with 
a 1962 atmosphere was us~d for this calculation. 
The aerodynamics were computed by New
tonian mechanics. based on the input size and 
shape data defining a sphere-cone for each vehi
ele. The reentry conditions for the RV nominal
trajectories were defined in terms of altitude. 
flight path angle. and reentry velocity. Having 
computed a flight profile with the specified 
reentry conditions. the blast tly through runs 
included trajectory computations that started 

.. . . /. ~ 
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,.... - :. . . ~, 



105 r-----r-----~----------,_----,_----~----_r----_r----~----_, 

r~, 1 
i \ J 

\ ! 

t 
~ 
I 
I· r 

" 
~-----------

~ 
I 
I 

.J 
! 
I 

I 
o 0.2 0.4 0.6 0.8 1.0 1.6 1.8 2.0 

RADIUS (em" 10-4) 

Figure 16·58. 11 Computed Temperature Profile, 
t '" 4.64 msec. 30 kilofeet Altitude • 

16-97 



M 
E 
~ 
E 
~ 

)-
t-
V; 
Z 
W 
0 

16-98 

" . . '-" . 
..' ~ - . 

10-2 

"'. J, 

~ 
.; 

j 

~ 
\ 

10-3 
I 
~ 

l_ 

10-4 

t 

10-5 ~----~----~----~~----~----~----~------~----~----~----~ 
o 2 3 4 5 6 7 

RADIUS I.m x '0-3) 

Figure 16-59. __ Computed DensitY Profile, 

t '" 4.64 msec, 30 kilofeet Altitude III 

.'. . . '" , .' 
• " I ... -'., · 

10 



~ 
.:!. 
~ c ,.. 
:s 
w 
~ 

:l 
III 

'" w 
~ 
~ 

. . , . . - \ ~: .. 
- . . ' . 

lOB 

f j 
I-

~ 
I 
f-

~ 
I ..i .. 

I 

I i 
I 

I 
I 

! • I 
107 L j ~ 

!-

~ 

i 

106 j 
i 
1 

105 ~----~----~------~----~--.--~----~------~----~----~----~ 
0. 0.2 0.4 0.6 0.8 1.0 1.2 1.4 

RACIUS {em x 10~J 

Figure 16·60. __ Computed Static Pressure Profite, 
t '" 4.64 m~ec. 30 kilofeet Altitude III 

1.6 1.6 2.0 

16-99 



5.0~----'-----~----~~-----~-----r----~------r-----~----~-----~ 

4.0 

3.0 

'f-
a 

" 
~ 2.0 
E 
.!:! 
>
I-

~ 
oJ 
III 
::. 1.0 
w 
..J 
(.) 
;:: 
a: « 
a. 

-2.0 L-____ ....I..... ____ --'-__ --''--'--___ ~ ___ __'_ ______ .l._ __ _'_ ___ __'_ _____ '__ _ ____' 

o 1 2 

Figure 

16-100 

3 4 5 6 7 

RADIUS (em ~ 10-3) 

16-61. II Computed Particle Velocity Profile. 
t = 4.64 msec. 30 kilofeet Altitude _ 

, \) . . . . ~ 
" , .~ ... 

B 9 10 



" just prior to shock front intercept and terminat
ed within one second. In the dynamic simulation 
involving interaction between the rapidly chang
ing blast environment and the vehicle trajectory .. 
the environment changes rapidly~ changes are 
measured in microseconds and in inches. The 
computed dynamic response, nevertheless, is 
considered to be a valid model. 
_ Figures 16-62 through 16-65 provide a 
gr.c portrayal of a sample blast intercept 

condition. For this one intercept case. four 
curves are shown: static overpressure, dynamic 
pressure. static overpressure imru]se .. and dy· 
namic pr~ssure impulse. A11 times indicated are 
measured from the time of blast wave intercept. 
Twen.ty-tive milliseconds of data are shown in 
Figure 16-6::! while only the first millisecond is 
shown in Figures 16-63 tltrolt£~l. 16·65. The 
values of dynamic pressure irnpul~e are tile re
sults of continuous summation from prior trajec
tory restart conditions. and the measure'inents 
must be read relative to a baseline value at tinle 
of intercept. 
__ The two impulse curves (FigLi'es l6·64 
a~6-65) show the relative importan('~ of the 
dynan1ic pressure inlpulse compared to overpres
Sure inlpllls~ at early times. The former builds 
LIp and l~vels off extremely quickly while the 
latter continues to increase. This characteristic is 
due to thl! rapid drop in dyn:-lmic pressure, 
whereas the overpressure l tllutt~J. for ::'5 msec, 
illustrates a considera bly slower decay rate. 

16-36 Blast Loads on IRV 
Threat Vehicle 

• The time history of surt"ace loading on a 
threat reentry vehicles were con1pllt~d fronl 
knowledge of the fly through en.vironJn~nts 

(ovcerpressure. dynamic pressure .. relative witi.d 

IWr attack) and local vehicle aerodYl1illnics. 
The tinle history of loading 011 allY part 

of the RV is found to be the SUfll of a very short 

duration dynamic pressure or drag loading. 
superimposed on a longer duration overpressure 
loading. (See Figures 16 .. 61 through 16·65 for 
typical pressure-time histories.) 

-. The spatial distributions of these two 
t~f loads on the vehicle surface generally 
will differ considerably. Blast overpressure re
sults in uniform pressure being applied over the 
COl11plete vehicle surface, whereas dynamic pres
sure loadings vary over the vehicle surface. de
pending on the structural configuration :.ll1d 

intercept geometry. These various rdationshi ps 
can be expressed in the following functional 
form. 

PU) == qU.a.e. 1iI.(3) + ~p(t) 

where 
q ::::: dynamic pressure 

~p =- static overpressure 

Ct == relative wind intercept angle 
~.e ::::: local angles defining structural ge

ometry 

~ = c ircumferentiai angle on !"tructure 
measured from windward ray of int~r
cept. 

Newtonian aerodynan1ir.s were used to deter
mine the peak values of surface pressure result
ing froln the dynamic pressure en\'ironment for 
all rhe reentry vehicles that \vere studied. The 
structural configurations all were nlade up of 
some combination of a sphere nose cap and a 
conical body. ~ost of the early structural l~thal
ity ::;tudies were cOl,centrated on tile aft (or 
weakest) conical shdl bay, Shock .. on-sllock loads 
were nea;ected in the anaivsis. 

• The sllrface pre~sur~ loading on the 
conical shell elemeats is cOlnpu[ed from the 
equation on page 16 .. 106. 
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II 
P(r) = 2q(1) (cos (X sin (J "" sin" cos 6 cos 13)2 

+ L1p(t); 

P(r) ::: L1p(l) 

where 

Pm" oo,-i (I -(::: ! )'j'" 
e = cone half angle 

at the windward ray )3 :;;; O. therefore maximum 
surface pressure is 

P(t) .:::: 2q(t) sin 2 (8 "" Il') -10 ilp(t). 

and the impulse at any time. T. at (3 = 0 on the 
cone is 

where it is ncted that q(t) and l:lp(t) will not, in 
general. have the same time dependency. 

16-37 ABM Blast Kill, Radii II 
_ Structural lethality level~ of the threat 
reentry vehicles are evaluated in terms of the 
blast loadings on the primary structure of the 
vehicle. In the caieulations described here, two 
i:ategor:es of lethal loadings were evaluated: (]) 
Immediate kill, Category 6* and ('~) Delayed 
kill. Category 4. Immediate kill corresponds to 
load levels sufficient to cause some degree of 
stru..:tural breakup of the metallic subshell. This 

16-106 

usually will be accompanied by removal of the 
ablative covering and severe structural deforma
tion of the remaining subshell, Delayed kill 
refers to removal of the ablative covering over 
larg~' portions of the loaded side of the vehicle. 
In general, this load level al~o v:@ be suffk;ient 
to cause considerable plastic deformatio~1 in the 
vehicle subshell. These definitions of damage are 
consi~tent with those recommended by Stanford 
Research Institute follOwing participation in the 
HARTS arid SPINE experimental programs. 

_ One approach used to relate these dam
age levels to the computed applied loading in
volves the establishment of a given damage level 
in terms of the pressure and impulse of the 
applied surface loading. The equation for a given 
damage level in the P'; plane is then defined by 
the following hyperbolic form: 

In this ~quation 10 and P fl are asymptotes corre
sponding to '/alues of impulsive loading and 
static pressure loading necessary to induce the 
specified damage level. Thus, J 0 and Po must be 
determined for each structure to be studied and 
for both damage categories, i.e., immediate kill 
and delayed kill. Although much of the data are 
consistent with the value 1.0 on the right-hand 
side of the equation. some data indicate that a 
wear 3.0 would be more appropriate. 

For a given ~~ructural e!emen t, the 10 
an 0 asymptotes for a given damage level can 
be related to computed values of impulse and 
pressure based on some very simplistic structural 
analysis techniques. For e)(ample. modeling the 

two layered aft bay shell element as a rigid, per
fectly plastic cylinder, the uniform externally 
applied impulse necessary to cause a permanent 

'I Sometim:s referred to ~i "~~la5Irophic damage," 
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II 
strain, E, in the shell wall is found to be: 

J = {2E(PJIs + P II Ha !r + 0 h l}l'] 
~ ..:..: ,·s s yc <: ~ 

where 

mass densities of shell and ablative 
cover materials. 

= yield stress values of shell Rnd abla
tive cover materials, 

shell thickness. 

ablator thickness. 

Under similar assumptions. the value of uni form 
static pressure necessary to cause material yield
ing in the sheJi wall is 

where a = average radius of cylinder. The well
known 105 parameter for impulsively loaded 
shells can be obtained by setting E ~ 0.05. 

_ The next step in lethality evaluation is to 
r~ the ~ 05 and PI' load levels to load levels 
correspondlllg to the Category 6 and Category 4 
damage. For the cylindrical or slightly conical 
shells representative or the aft bay of most 
threat RV's, these relationships are empirically 
established' hased on results obtained from a 
large numba of experimental tests performed 
during the HARTS, SP[NE, and DRIS Programs. 
Based on the results of these correlations, the 
following relations were selected to establish the 
impulsive and quasistatic load level asymptotes 
for damage Categories 6 and 4. 

IMPULSE ASYMPTOTE 

Category 4: 14 = '05 

Category 6: 16 = 2.5 105 

QUASIST A TIC PRESSURE ASYMPTOTE 

Category 4: P4 
a 

0.7 L Pos 

Category 6: Ps 
a 

1.56 T Pos 

It should be noted that, in the definition of the 
quasistatic pressure asymptote, the effect of 
shell len~(h has been included empirically by 

•
. ing the radius-to-Iength ratio (a/l.). 

Based on the structural lethality esti
mates described above and the blast environ
ment loading for the various encounter geom
etries, lethality estimates of the Lnreat RV's can 
be made. A sample plot is shown in Figure 
16-66; the los and Po 5 (Py ) asymptotes have 
been determined, and the curves corresponding 
to the damage asymptotes '5' P6 (immediate 
kill) and '4' P4 (delayed kill) are shown. The 
dashed line shows the damage curve for immedi
ate kill corresponding to the constant in the 
pressure-impulse equation beillg equal to 3.0 
instead of 1.0. 
_ By combining the loads calculated for 
tlftrious encounters, in terms of pressure and 
impulse of peak surface loading, with the dam
age level plot (Figure 16-66), estimates of loads 
(in terms of slant range and intercept angle) 
necessary to incur lethal damage can be made 
for each vehicle. An example of the super
position of the structure load pressures and 

impulses on the damage definition curves is 
shown in Figure 16-67. In the figure, different 
symbols correspond to loads for various inter
cept anglr.s, and the number adjacent to each 
symbol defines the value of slant range at burst 
rime to wi~ch that particular load calculation 
corresponds. 
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_ By noting where the blast loading 
points crOSS the damage level lines in the po' 
plane. estimates of burst time slant range c~n be 
made. for a given intercept angle, that will result 
in Category 6 immediate kill and Category 4 
delayed kill. The following RV kill slant ranges 
(at burst time) are obtained from the example 
(Figure 16-67). 

• [t should not be inferred that the P-I 
plot method described above is the only method 
v1" analysis that is used [0 determine blast lethal· 
ity radii. Some investigators have been successful 
in computing the structural response of RV'sto 
the derived blast load inputs: howe\'cr. hen: 
expalmelltal data must be llsed to relate the 
computed re'pon.<,~ to damage level. e.g .. im
mediate kilL 

16-38 Fireball Thermal Effects on 
Threat RV's II 

• Whenever a vehiclt' intercepts an early 
tllne blast wave. it sllbsequently traverses 
throLlgh (or very near) a high temperature nu
dear tlreball. Therefore. as olle part of a lethal
icy ilwestigation. the thermal effects that would 
be expected on a t,hreat RV flying through an 
ASM nuclear fireball would be examined. The 
calClllations for the following example employed 
the RAD ABLE code. This code llS<!S tb: fre~ 

lidd fireball ·thennal environment data LIS read 
off of a rad-hydro Usertape. The RAD ABLE 
code formalism assumes that the vehicle rlie's 3 

consfant velocity-straight line trajectory in the 
vidnity of tile burst point. A simplified method 
is lIsed that accounts for radiation blo..:\.;illg 

effects in an approximate manner based on de
tailed stagnation point (rad-hydro) flow field 
50lutions. 
__ Figure \6-68 shows a typical 
~he a~lation rate (172) and the amount 
of material ablated 

for a head on traversal of an ABM explosion at 
30 kilo feet altitude. The burst time standoff dis-

Figure summarizes the results 
a nu.nber of fireball traversal calculations 

(similar to those illustrated in Figure 16-67) in 
rile form of total mass ablated at fireball exit as 
a function of initial standoff distance (X,,) and 
burst altitude. All of these results are for head 
011 (Xo > 0) or tail on (Xo < 0) intercepts with 
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Figure 16·67. _ SPRINT Blast Loads, RV Target A. 
30 kilofeet Altitude, Aft Bay • 
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Figure 16-68. __ Ablation Rate and Mass Ablated a~ a Function 
of Time for Target A Threat RV II 
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FiQLwe ''''69, _ Mass Ablated as a Function of Burst Time 
Standoff Distance for Target A Threat RV • 
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Ch(!pter 17 Cc:..E 
RADIO FREQUENCY SIGNAL DEGRADATION RELEVANT 

TO COMMUNICATIONS AND RADAR SYSTEMS 111* 

II INTRODUCTION II 
_ Nuclear detonations can affect the per
=:ance of radio communication, radar, and 
other electronic systems that rely on 
electromagnetic-wave propagation. Usually, the 
effects will be deleterious although perfonnance 
may occasionally be enhanced. Applicable 
nuclear-weapon-induced phenomena are discuss
ed in Chapters 3, 5, and 8. Generally. each sys
tem and environmental situation of interest 
must be examined to detennine whether nuclear 
weapons effects will be important and to what 

•

they will be important. . 
Electromagnetic waves propagating 

a ong paths entirely below 25 kilometers are not 
likely to be affected by nuc]ear-produced dis
turbances. When a detonation occurs below 2S 
kilometers, the major degradation region is the 
fIreball, which is limited in extent. When a deto
nation occurs above 25 kilometers, very little of 
the weapon radiation penetrates below 25 kilo
meters and the effects that are produced are 

... ·ved. 
Electromagnetil: waves propagating 

ong paths above 2S kilometers can be affected 
severely by nuclear detonations. If the detona
tion Occutl below 25 kiJometen, the effect! will 
be mini.maI, .... the weapon yield is so large 
that the Oii.f debria is carried weD above 25 
kilometm. »tbB detonation altitude is raiJled 
above 25 Idiometen, propaption disturbances 
can cover a major portion of a hemisphere; they 
may last for hours, and they may interfere with 
systems \ .. at depend on the natural ionosphere 
to reflect,~ ,r scatter energy. such as HF systems, 

seriously. The size of the region affected and the 
duration of the effects on the system decrease 
with increasing wave frequency for frequencies 
above a few megahertz. Effects on wave frequen
cies above a few gigahertz are limited to the fire
baU region (a few tens to a few hundred kilo

in diameter). 
As a result of the very large number of 
interactions between the effects caused 

by a nuclear burst and the electronic system in 
its operating environment, problems deriving 
from the degradation of signals in a nuclear en
vironment are so complex that techniques for 
calculating signal degradation in nuclear environ
ments are not appropriate for the subject ma
terial of this chapter. Such problems are per
formed most effectively with the aid of com
puters, using codes such as RANe 4 (see biblio
graphy). Methods for computation .of system 
performance by hand have been devised. but. in 
general, they are lengthy. even though many 
simplifications must be included. Some such 
computations for determining absorption are 
described in Chapter 8. Analyses of generic 
systems for seJected burst conditions are useful 
for determining the nature and order of magni
tude of effects; however, generalizations from 
such analyses are not warraRted. 

-II A1!houp tile EnIiisb symm" of units for meuurina d& 
tuICe is &Mn priority throqllout molt chapte"n of this manl12l, 
-1efl&tbJ and otber dimIm.doM de.t.Uq with electromqnetic 
waft proPllltioD ~y ani &iftD In tho metric J)'mm. There· 
C~ In this chapter and in O!apter 8, tOO metric J)'stem Is uled 
Cor disUl1c:1 4I.menIionl. ConYm'liOIl Cru:ton: from the metric 
syltem to the Eat;\llb IYrtem are provide<! in Appendix B. 
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_ As discussed in Chapter 8, considerable 
uncertainty exists in the prediction of the ef
fects of nuclear weapon bursts on electromag
netic propagation, particularly for burst or prop
agation conditions differl!nt from those for 
which [est data have been obtained. While in 
gener!ll the prediction of weapon effects is more 
difficult in a multi~le-burst environment than 
for a single burst, system performance may be 
relatively insensitive to burst parameters; for 
such cases simple models of the disturbed en
vironment can he used for analysis. 

- -~. . ... 
-..... "-. ... ~~ SEC110N- [, .. 

• DEGRADATION MECHANISMS III 
_ Nuclear weapon effects on electromag
netic propagation are grouped into three 
degradaticfn mechanisms in this section: attenua
tion. which defines the change in the amount of 
electromagnetic energy reaching a given loca
tion; interference, which defines the level of 
noise competing with a received 'signal; and dis
tortion, which defines the change in infonnation 
content of a received signal. 

• ATTENUATION. 

_ Attenuation of signals in a nuclear en
vIronment derives principally from the phE:nom
ena of absorption, scattering, and beam spread
ing- (small angle scattering, i.e., differential re
fraction or defocusing). In some instances, gen
erally at times after detonation in excess of a 
few minutes, scatterina.and bum spreading can 
be the more impoJ!il-_pbenomena. For most 
cases, however, a~n caUlCd by absorp
tion is regarded as ... -or the most important 
effect$ caused by nuclear detonations (see 
ELECTROMAGNETIC PROPAGATION IN 
iONIZED REGlONS in Chapter 8), and it is one 
of the best understood and most predictable of 
the effects. There are three principal atmospher-

17-2 

ic absorption regions caused by a nuclear deto
nation: the fltebaJl, a region around the flteball, 
and the D-region of the ionosphere (approxi
mately SO to 80 km altitude). figure 11-1 illus
trates the absorption regions for several burst 
altitudes and times after burst. 

17-1 Fireball Absorption II 
_ The fireball is generally the most in
tensely absorbing regior .. Significant absorption 
within the flreball can last tens of seconds for 
frequencies less than about 10 GHz (see para
graph 8-6). Fireball sizes vary from less than a 
kilom~ter: for small-yield surface bursts to sever- " 
al .. hundred kilometers for laJ!l!"yi~d, high
altitude bursts_ The fireball size and location as a 
function of burst parameters can be determined 
from Table ,8-2 and Figures 8-16 and 8-38. The 
amount of signal attenuation caused by absorp-

. tion of signals propagating through the fireball 
can be determined from Tables 8-3 through 8-7. 
For many cases of interest ill analyzing a system. 
the duration of attenuation due to fireball ab
sorption is determined by the rise rate of the 
rising flteball rather'than the length of time the 
fireball remains absorbing . 

17·2 Absorption in the 
Around the Fireball 

• When the fireball is below the D-region, 
delayed gamma rays emitted from fission debris 
in the fireball cause ionization and thus absorp-
tion in a small region surrounding the fireball 
(see paragraph 8-8). The size of the region de-
pends 01\ the burst and propagation parameters; 
it can extend beyond the flreball for tens of 
kilometers for frequencies below a few giga-
hertl.. Estimates of signal attenuation call be ob· . F~r 
tained from Figures 8-42 through 8-48 (Problem • I"---\~""" 
~ ~ 

_ When the flteball is above the D-region. ed 

most of the absorption outside the fireball oc-· jt~Ote.~I~ 
curs in the D-region as discussed below. .4 
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11-3 O-Region Absorption • 

_ The largest and most persistent absorp
hon region caused by nuclear detonations gener
ally occurs in the D-region. Depending on deto
nation altitude and weapon yield, both prompt 
radiation (X-rays and neutrons) and delayed ra
diation (beta particles and gamma rays) can ion
ize the D-region anc:t cause absorption (see para
graphs 8-2 through 8-8), For frequencies above a 
few megahertz, absorption in the D-region is re
lated inversely to the square of the frequency at 
which the system operates. The extent of D
region ionization caused by prompt radiation de-

. pends on tm detonation altitude. The size of the 
ionized region in~reases from a few tens of kilo
meters for detonations below the J)..region to 
thou:;ands of kilometers for detonations above 
several hundred kilometers. The duration of sig
nificant!' absorption caused by ionization result
ing from prompt radiation varies from less than 
a second for 1 GHz and nighttime conditions to 
tens of minutes for 10 MHz and daytime condi· 

11'0 

Delayed gamma rays are an important 
regIon ion!l8.Zion source when the fission de

b1is is above about 25 kilometers. The extent of 
the ionization increases with debris altitude. 
Large regions (thousands of kilometers in diam· 
eter) are affected when the debris is above sever
al hundred kilometers in altitude. The larger ion
ization regions are primarily of importance for 
frequencies below a few hundred mephertz. 
Some oi the Compton electrons produced in the 
burst region by gaDU1R rays are Jl;dded by the 
geomagnetic field amJ.poduce ioniution in the 
D-region on the o~ side of ttte magnetic 
equator (see pan .... 1-3). Thfl resulting ab
sorption is less inteDli tban that due to gamma 
ray ionization in the burst region, but it can be 
important for frequencies in &."'!d below the HF 
band. 
_ Beta particles ionize the D-region when 
~ion debris is above about 60 kilometers. 

17-4 

As illustrated in Figure 17-1 and discussed in 
paragraph &-3, the size and location of the re
gion ionized by beta-particles depend on the size 
and location of the debris region and the direc
tion of the geomagnetic field. For each debris 
region above 60 kilometen; there are two beta
particle absorption regions; one in the burst lo
cale and one on the opposite side of the geomag
netic equator. At early times after burst when 
the debris region is relatively small (less than a 
few hundred kilometers in radius), beta-particle 
ionization can cause significant absorption for 
frequencies below a few gizahertz. At later 
times, when the debris is dispersed over laJ'gc ' 
regions. the ionization is primarily important in 
causing absorption for frequencies below a few 

_ red megahertz. 
Estimates of D-region absorption caused 

y prompt and delayed radiation can be obtain-
_ ed from Figures 8-40 through 8-51. 

17-4 Absorption of Noi •• 

• Receiving system perfonnance also may 
be affected if noise normally reaching the sys
tem via the ionosphere is absorbed. The noise 
level of some systems is determined by external 
sources (atmospheric noise, cosmic noise, or in
terfering signals from other sources) that propa
gate energy through the atmosphere. Both the 
desired signal and the undesired signal may be 
attenuated. The resultin~ ~aHo-noise ratio de
pends upon the exact location of tenninals. 
noise source, and weapon-produc:cd ionization. 

17·5 Atllnuadon by ScmIrt ..... 
and Boam Sprudlr.g .. 

• Attenuation by absorption results when 
energy from a radio wave is deposited in the 
propagation medium in the Conn of heat. A dif
ferent class of attenuation is that due to scatter
ing of radio encfI)' from the desi!ed direction to 
other (possibly widely different) directions. A 
fundamental requireMent for scattering is that 

," . . ", ", ~ ~'. '\. ..... 
"\ ,.1, '. ...., 



€. 
t, :1, 
'.' . 

-the refractive index of the medium be struc-
tured. ~fbus, n:gions of high. electron-<iensity 
gradient (0.12., fueball boundaries and various re
gions coniaining plasma striations) are of prime 

.Characteristics of the electron-density 
structure that are important are its strength (i.e., 
the magnitude of spatial variation) and its size or 
scale. Generally, the greater the variation (espe~ 
dally in the integral of electron density along 
the line of sight), the greater the portion of ener
gy ~a1tered. and, the smaller the structure, the 
wider the scatter cone. The scale, relative to two· 
parameters of the operating SYtttem, the wave
length and the Fresnel-zone radius, detennine 
the nature of the attenuation effects associated 

)I·s scatt~ring. 
As a practical matter, the environments 

o concern seem to divide naturally, leading to a 
useful separation of effects into attenuation by 
scattering and attenuation by signal reduction 
through beam spreading. The former, loss by 
scattering. implies scattering at angles that are 
substantially larger than the system beam width. 
The latter, beam spreading, implies scattering, 
defocusing, or diffr.1ction at angles comparable IISS than the system bearnwidth. 

The simplest effects to visualize are 
t ose due to structure that is large compared 
with both the wavelength and the Fresnel zone. 
11lese effects are refractive in nature and can ~ 
understood·on the basis orray optics. Simple. 

. ray bending may apparently displaCe a radio' 
source from an antenna beam. resulting in at· 
tenuation, unless ~ beam is made to track the 
source. A patch of enMnc:ed plasma wID cause 
such ray ~ in ita border regt,·Ons. If! the 
mid-relioD cfJUda a ~ the ray bending is 
minimum, .,... radio energy density is actua1~ 
ly decreased by defOCUlin&. even if the source is 
kept in beam center. In dfect, the plasma patch 
acts as a radi<H'requency dfverJing lens.. A region 
of lower-than-average electron density. on the 

other hand. will act as a converging lens. 

_ A region of plasma-<iensity irregularities 
(e.g., fIreball striations) may act as an ensemble 
of diverging and converging lenses, producing 
both attenuation and enhancement of signals. If 
the scale of the irregularities is small enough to 
be comparable with the system Fresnel zone at 
the range of the plasma. then they are too small 
to produce lenslike focuses, and the propagation 
must be treated by diffraction theory. The result. 
regarding signal strength, however, still is to pro
duce positive and negative fluctuations. This dif
fractive scatter can occur even if the irregular
ities are too weak to produce significant focuses 
or defocuses; the situation may be viewed intui
tively as multipath propagation, 

_ As the irregularity scale becomes small
~ scatter cone becomes wider and can llX
teed the system bearnwidth. In this case. not 
only will there be fluctuations in signal strength 
but also a net attenuation on the average. This 
net attenuation will occur whether the antenna 
achieves its directivity by employing a n:flecting 
aperture (e.g., a dish antenna) or from phaseli 
elements distributed on the aperture (Le., a 
phased array). 

_ In the extreme, when the phisma struc
ture becomes comparable in scale to the system 
wavelength, the radio energy is backscattered 
and lost to any receiver on the opposite side of 
the structured p'lasma, regardless of ,.its antenu _ 

.' beamwidth. In this-eaSe. ihe at(eml~tiotl'effect is 
virtually indistinguishable from that due to 'lib
sorption. Usually, the intensity of very small 
scale size fluctuations is slI)aIl so that. although 
backscatter does o«ur - Jeading to radar clutter 
(paragraph 8-)2) - such a.small fraction of the 
energy goes into this phenomenon that the re
sulting attenuation of the primary beam is quite 
small. The presence of radar clutter does not 
nece8.'i3ri.1y imply that targets cannot be seen on 
the other side of the scattering region. 
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17·8 Effect'- of RefIedic.n • 

_In addition to absorption, anot.ner im
portant cause of signal attemlation in th~ HF 
band is loss of reflection from the E- and F
regions of the ionosphere (see TRAVELING 
DISTURBANCE in Chapter 8). Signals that nOf

mally would be retjJmed to the receiver con
tinue on into space. Conversely. burst-induced 
ionization in the E· and F-regions of the iono
sphere may increase" the electron density and al
low reflection of signals at higher frequencies 
than normal. . 

II INTERFERENCE • 

17·7 Noise III 
_ Thermal noise radiated by the hot fm· 
ball can ptoduce receiving-antenna noise temper
atures of several thousand degrees Kelvin for 
tens of seconds to several bundred seconds, de
pending upon the fireball altitude. A system nor
mally will not experience problems from fueball 
noise unless the fIreball is l~ enough that the 
ant!!nna beam is essentially filled by the ftreball 
and. that absorption outside the fuebal] is signifi. 

•
-a the frequency of interest. 

Synchrotron noise may be associatc:d 
WI nuclear bursts that take place at very high. 
altitudes -:>r if the weapon debris MS to very 
high altitudes. The effect is noticeable only if a 
large number of electrons are trapped in the geo
magnetic field outside the atmospbere. Only 
very sensitive HF receivinm systema with upward· 
pointing antennas am likely eteD, to detect 
synchrotron noise. JIlty persist for weeks. 

17·0 ReflectIan, 
and ScattIII" 

_ Reflection and of clectromag· 
netic (EM) waves can cau!:! unwant~ signals to 
reach the receiver. These sisnals can mask and 
distort desired signals. Multipath interference 
occurs when a desired signal travels two or more 
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paths. The result is severe fading and distortion. 
HF and VHF systems operating in a nuclear
burst environment may experience unusual 
multipath conditions due to E· and F-region ion
ization, causing highly anomalous propagation 
modes with consequent signal distortion. Reflec
tion from fireball surfaces may. under certain 
conditions, cause multipath in tIte UHF band. 

• 
Signal scattering can occur as a result of 

irregu anties in electron density. A radar signal 
scattered back to the receiver mav mask desired 
target returns or may produce a false target. Sig
nals from other transmitters may scatter into a 
receiver, increase the noise level, and mask desir
ed signals. In general, scatter in and above the
HF band is caur.ed by fl1eballs and by beta
particle ionization regions. 

IiIGNAI- DISTORTION. 
. Propagation media disturbances may 

c ange the characteristics of a signal. and degrnde 
system perfonnance, Frequency shifts, time de-
lays, angle-of-arrival deflection, and polarization 
rotation are aU possible tffcets (see PHASE 
EFFECTS in Chapter 8). The results may :n
clud~ reduction of effective system bandwidth 
and inctused error rates when the signal is pro
cessed. by the system. 

• 
Range and angular errors may be in

u in radar systems by time delay and bend
ing of the propagation direction. Generally. 
D-region ionization sufficient to produce signal 
distortion also will produce large absorption 
levels. At altitudes above the D-region. signal dis
tortion (particularly range and angular errors) 
may occur at low or moderate absorption !""els. 
Irregularities in electron density in and above 
the upper pm of the D-region can change the 
direction of propaption and cause fluctuations 
in the angle of anival of received signals (scinti!-•-. 

The significance of a change in signal 
c racteristics depends critically on the signal 

, ' 
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Wcessin& empklyed and on the system mission. 
The effects U'O most likely to be lrignificant in 
systems that feature extreme accuracy and sensi
tivity, and depend upon sophisticated wavefonn 
processing. 

SECI10N D 

SYSTEM CHARACl'ERlmCS 
AND EFFECTS • 

.'Nuclear environments related to the vari
ous types of military engagements affect the 
propagation medium and noise production dif
ferently. A detailed analysis of nuclear effects 
depends on specifying aU of the nuclear burst 
and system parameters, and is beyond the scope 
of this chapter. However, the kinds of effects 
and their spatial and temporal extent can be il
lustrated with a limited number of examples. 
These examples suggest the general nature of the 
nuclear effect$ for most practical cases and will 
assist in identifying critical system parameters. 

• VLF AND LF SYSTEMS. 

17-9 VLF and LF Propagation. 
- Propagation at frequencies below about 
~, i.e., in the VLF, LF. and part of the MF 
bands, is controlled by the D-rcgion of the iono
sphere. Under natural conditions, there is a dis
tinct difference between propaption of VLF 
(10 to 30 kHz) and LF (30 to 300 kHz). At 
VLP, the distance ~tween the earth 31ld the 
ionosphere is only a few wavelengths, and it is 
natural to think of these two boundaries as the 
waDs of a wavquide. TIie received field is then 
the sum of tbI DOJmIl model that have propa
gated to tblt~tiorl point._Tbe quantities of 
interest are "'citation factor (the relative en
ergy supplil(j, the mode by the transmitter). 
the attenuatloa lite (10 .. of eneray per unit dis
tance), and the phPt velocity of each mode. If 
the ionosphere is lf~ss than about three wave
lengths from the ground, the modes are almost 

, ~ 

equally excited, and the most important mode is 
always the mode of least attenuation. Lowering 
the ionosphere (which results from weapon
produced ionization) will usually increase the 
attenuation rate, and will increase the energy in 
the propagating modes. The effect on the total 
field streugth depends on the trade off of these 
two effects. The different modes have different 
phase velocities, so if two modes are of almost 
equal strength, their sum will vary as a function 
of distance. The sum will be large where the two 
c~mponents are in phase and small where they 
are out of phase. 
l1\li At frequencies above 30 kHz, tbe dis
~etween the earth and the ionosphere is 
many wavelengths, and it is more convenient to 
think of the total fie1d strength as the sum of 
the direct (or ground) wave, the first-hop sky
wave (energy reflected once from the iono
sphere), the second-hap skywave (energy reflect
ed twice from the ionosphere), etc. 'This is the 
same concept used at HF, but there is an impor
tant additiona) consideration. At LF. the down
coming skywaves diffract significantly around 
the curvature of the earth, so it is necessary to 
inc1ude them at distances that would be consid-

•
red eometrically impossible at HF. • 

In the VLF and LF bands, the noise at 
t e ceiver is assumed to have an atmospheric 
source. It therefore depends upon season, time, 
and geographic: Jocation. 

- . -.. 
17-10 Effem 'of Nuclear Bunii-- . 

on '/LF and LF Sysutmt_ 
... The effects on propagation of VLF and 
~als caused by nuclear detonations result 
from ioni1.ation produced in and below the 0:
region (sec IONIZATION. AND DEIONIZA
TION. Chapter 8). Usually the effects are caused 
by free electrons, but significant absorption also 
may result from ions. Depending on weapon 
type and burst location. prompt radiation (neu
trons and X-rays) can produce D-region ioniza-
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. . -tion in the general vicinity of the burst. Signifi-
cant D-region ionization also can be produced in 
the burst region by delayed gamma rays from 
fission debris if tile debris is above 2S kilometers 
altitude and by beta particles if the debris is 
above 60 kilometers altitude. Beta particles and 
Compton electrons (produced by gamma rays) 
can cause significaJTt ionization in the region 
magnetically conjugate to the debris location. 
Under certain circumstances, ionization at loca
tions very distant from the burst may result 
from neutron-decay betas and the dumping of 
trapped radiation. 

. _Blackout or complete disruption, of 
VlF and LF communication systems usually re
quires burst-produced ionization to affect a large 
portion of the propagation path. Since the prop
agation P'!ths are typically many thousands of 
kilometers long, high-altitude detonations or 
multiple detonations dispersed over the propaga
tion path are required to produce the necessary 
ionizatjon. Degradation can be caused by reduc
tion of signal amplitude and rapid changes in 
signal ph<.'se. The significance of phase changes 
to system performance depends critically upon 
the system characteristics. 

• UsuaHy the greatest change in signal 
amplitude and phase from prebunt conditions 
occurs for nighttime conditions; however, there 
are little day-night differenc::es for large weapon 
yields. Effects are not uniform over the frequen
cy band. When there is sufficient ionization to 
cause low reflection ~tituc:les, propqation near 
the lower end of the lE band .ppears to suffer 
the least ch;gradadOD; When the reflection 
boundary is near i.il.l. heilht but diffuse, 
propagation near the lower end of the VLF band 
appears to be affected least. In some cases the 
ionization distribution along the propagation 
path is such that low reflection altitudes occur 
over part of the path and a diffusereflectioil 
boundary over tile remainder. 
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_ In general, the longer the path length, 
the greater the probabitity of circuit degrada
tion. Although there is a small probability that 
the signal-to-noise ratio may be increased, it will 
generally be reduced. Severe signal reductions 
can persist for hours, depending on the extent 
and kind of weapon-produced ionization. Equal 
reduction of signal and atmospheric noise may 
not influence system performance until the re
duction in noise is so great as to render local 

•
. ver noise a determining factor. 

Phase shifts up to about 1 ,000 degrees 
per unt at rates as high as 1 degree per micro
second may occur for each bunt. The rate.of 
recovery is usually a few degrees per second. 
Systems that cannot foUow these phase shifts 
will lose synchronization. Time to rees1ablish 
synchr-onization is very difficult to estimate, but 

.,
equire tens of minutes or longer. 

The general effects of nuclear bursts on 
and LF systems may be summarized as 

follows: 
1. The most severe signal degradation and 

system outages of longest duration occur 
for widespread debris environments. This 
environment may be caused by a larg~
yield weapon detonated at high altitudes 
or by multiple detonations distributed 
over a large area. 

2. An ionization impulse resulting from a 
very-high-altitude (even though low yield) 
detonation affects a wide area and may 
degrade LF system performance for tens 
of minutes. The propagation effects are 
greater at night than durina the day. 

3. SinsIe detonations at altitudes below sev
eral hundred kilometers produce less se
vere signal degradation, unless the burst is 
close to tile propagation path. Detona
tions near the surface (below ab..~ut )1) 

km) have the least effect on VLF and Lf 
propagation. 

. .. .. ".. . ". " . 
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17·11 Spread-Debris Environment. 

_ Following nuclear bursts, debris can be :=-over a large area if weapons are detonated 
above about SO kilometers at dispersed loca
tions. By assuming the debris to be uniformly 
distributed, a relatively simple model that pro
vides useful estimates of propagation effects re
sulting from several bursts is obtained. The ioni
zation affecting VLF and LF propagation is 
caused by beta and gamma radiation from the 
fission debris. This ionization can be character
ized by the fission yield per unit area and the 
average age of the debris. Assuming the detona
tions occur within a few mmutes of each other, 
a parameter w can be defined by 

where WF fA is megatons of fission yield per 
square Jcjlometer. and t is time after attack in 
seconds. A value for w of 10.7 represents a very 
severe attack environment. Valuesofw between 
10,9 and 10.11 are representative of a wide 
range of attack conditions. and can apply over a 
considerable area even for relatively light at
tacks. 

_ Figure. I 7-2 shows the signal attenuation 
~ km path. For large values of w, the 

- reflection altitude is low and propagation near 
the low end of the LF band is least affected. In 
the range of the more likely w value of 1 ()' II to 
10.9 I the reflection boundary becomes more dif
fuse "and propagation in the VLF band shows 
minimum ~ For daytime conditions the 
LF signal lIIlIn~tions are somewhat smaller 
than for nItIlttbne conditions when w is less 
than about 10"11. Effects similar to those de
scribed for propagation beneath the debris occur 
on the opposite side of the geomagnetic equator 
as a resllit of beta-particle and Compton electron 
ionization (see paragraph 8-3). 

• 

_ While the results shown are for that por-
tion of a path under the debris, it should be 
noted that degradation effects will not be limit· 
ed to this region. Gamma radiation will increase 
the size of the ionization region up to several 
thousand kilometers from the debris boundary. 
Propagation effects outside the debris region, 
while significant. depend on the details of the 
debris-path geome~ry. 

17-12 Effect of 
6300-km 

_ Prompt radiation from at 21 
6300-km altitude (one earth produces an ~ 
impulse of ionization over a 1!ery large region. \.~ 
The extent of is -:: 

17-3 shOWI the IianaI AttenuatiOn 
for ni&httiime conditionl on Ii 4I)()().km patb 
The ionization impulse ~roduces a diffuse reflec
tion bound2.1'Y. and propagation n~ the lower 
end of the than 2>~ 

(~)0 

less in 

•
time than at night. 
The phase advance caused by the ioniza-

tIon unpulse (for times greater than I second 
after burst) is shown in Figure 17-4. At the time 
of the burst, the phase advance is much larger. 
on the order of thousands of degrees occurring 

rew p~ yt 
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17·13 Effect of Detonations Below 
About 300 km • 

_ If a nuclear burst OCCLlrs below 300 kID. 
t~rtion of a propagation path that is affect
ed is generally small unless the burst is close to 
the path. Depending on burst location and deto
nation altitude, there can be two degradation 
periods. The fll'st period occurs at or within few 
minutes of burst time and is caused by prompt 
radiation and gamma radiation from the fission 
debris. The second period occurs when the fis-

sion debris bas spread sufficiently that beta par
ticles produce ionization along the path. In gen
eral, degradation is more seven: in the LF band 
than the VLF band. An exception to this rule 
occurs during the fast few minutes after a large
yield burst. which can produce intense ioniza
tion along the path that will cause low reflection 

lies. 
When a nuclear weapon is hat on the 

sur ace, ioniZation is limited essentially to- the 
fU'ebaU region until the debris reaches altitudes 
above about 25 kilometers, where gamma radia
tion can penetrate the atmosphere. Even then. 
the extent of ionization affecting propagation is 
only a few hundred kilometers. and the effects 
are minimal. A large number of surface bursts, 
such as might occur during a nuclear war, could 
produce widespread ionization. Propa&ation ef
fects similar to those described above for the 
cate where the fission debris has spread to large 
distances would be expected for such con
ditions. 

HF SYSTEMS 

11-14 HF~ 
_ proi_lion at frequencies betw~n 
:=-i and 60 MIh is supported by the F· 
region of the ionotIPhere. Generally speaJ.dng, 
the HF signal is a composite of many signals 
propagated along ray paths with different geom
etries. Figure 11-5 is an example of the ray-path 

\ ' .. ' 

geometry of a 4OO0-km pa.th during the daytime 
at a single frequency. This multiple ray-path 
characteristic of HF is very important in any 
analysis of the susceptibility of a circuit to deg
radation from nuclear effects. Natural variations 
in the ionosphere affect the exact ray-path 

at any specific time. 
Noise at HF comes from a variety of 
Noise power in this frequency range has 

been conventionally calculated as a combination 
of propagated noise from thunderstorm centers 
(concentrated mostly in tropical areas) and man
made local noise. Atmospheric noise tends to be 
dominant at night when ionospheric absorption 
is less, wnereas man-made noise lUay set the day
time level. Very often. however. the noise level 
is determined by otner interfeii.."'Ig signals be
cause of congestion of the HF band. No means 
have been devised for quantitatively treatmg this 
latter and perhaps most important source of 
noise. 

17·15 Effect of Nucfur Bursts 
on HF SymIrm • 

II The most important phenomenon pro
uce by nuclear bursts that affects HF systems 

is absorption resulting from J)..region ionization. 
The ionization of the D-region is produced by 
prompt and delayed radiation. The amount of 
ionization depends on the altitude and the yield 
of the detonation (see IONIZA liON AND DE
IONIZA TION in Chapter 8). Persistent absorp
tion results from delayed gamma radiation when 
the debris is above 25 kilometers, and from beta 
particles when the debris is above 60 kilometers. 
Beta particles and Compton electrons can pro
duce significant absorption in the region magnet
ically conjugate to tbe debtis location. D-region 
absorption can extend over several thousand ki
lometers and can be important for hours after 
burst. For detonations above about 100 kilo
meters, there are often two distinguishable ab
sol.,tion periods: one, which starts at burst time, 
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• results from ionization caused by prompt radia-
tion and delayed gamma rays; a second results 
from ionization caused by beta particles. This 
latter starts when the fission deb;is has spread 
sufficiently that beta particles can ionize the 
D-region at the location of the propagation path. 
The duration of absorption depends on weapon 
yield and design, frequency, and time of day. 
The duration may vary from a few minutes for a 
small-yield weapon burst at night to several 
hours or more for a iarge .. yield weapon. burst 

_
he day, " . ~ , 
Detailed calculations of signal attenua- . 

tIon ue to D"region absorption require the de
termination of the absorption for each ray path 
connecting transmitter and receiver. The proce
dures given in Chapter 8 (see Problems 8-5 
thlough 8 .. 7) can be used to detennine the ab
sorption when the ray path geometries are spec
ific(J.,-' Since D-region ionization does not alter 

. ray:'patb "geometry appreciably. (see paragraph 
8-10, Chapter 8).. the pre-burst ray-pa,h geom
etry can often be used in determining absorp
tion. However, as discussed below. changes pro
duced by the burst in the E- and F-regjon elec
tron density can alter the number and location 
of ray paths, and thus can affect absorption 
calcu1ations. 
_ Ionization produced by a nuclear burst 
=-traveling disturbances in the E- and F .. 

.. regions of the ionosphere can produs.-e.: Signifi
cant changes in the E- arid ,F-region:ele"B.:on den
sities that can lalt for hoUl'S (see TRAVELING 
DISTURBANCES IN E- AND F·REGIONS OF 
THE· ATMOSPHERE in Chapter 8) ... Changes in 
the E .. and ~n electron density can result in 
significant Jllultipatb effects by in~asing the 
available ray Paths 'Illd by introducinj off-great
circle propaption paths. The maximum usable 
frequency (MUF) may be much lower:.than nOi

mal after nighttime detonations :foi ray paths 
that pass within several thousand kilometers of 
the detonation. For certain geometries and burst 

conditions the MUF may be higher 1 perhaps up 
to 60 MHz. Current theoretical models do not 
provide reliable prediction of the MUF as a func
tion of burst and system parameters. Oblique, 
frequency-sweep ionosph.eric sounders may al
low determination of usable frequencies during 

Wd conditions. 
While HF system performance usually 

WI e degraded by nuclear bursts (often result
ing in complete circuit outage for significant pe-
riods of time), there may be factors that tend to 
minimize the degradation. For example, a reduc
tion in noise or interference may accompany a 
reduction in Signal strength, thus tending to pre
serve the preburst signal-to-noise ratio. Higher 
frequency propagation may be possible because 
of increased E- and F-region ionization, and the 
higher frequency will be less susceptible to 

_
tion. 

The general effects of nuclear bursts on 
systems are summarized below: 

1. The higher the altitude of detonation, the 
greater and more widespread are the 
effects. 

2. HF systems can recover from a nuclear 
attack, with nighttime recovery being 
much more rapid than daytime: 

3. Intermittent propagation may occur even 
under severe circumstances, but the fre
quency range is not always predictable . 

4. When ionization produced by weapon .~e
bris is not widespread (less than about 
500 km) and the circuit is longer than a 
few thousand kjJomet~rs, the chances are 
good that continuo~ communication can 
be maintained after recovery from the 
prompt errects. 

S. Multiple bursts occurring at dispersed lo
cations and times can increase the degra
dation gre2.tly and can reduce the sensitiv
ity of the system to burst location. 

The variations in the effects of nuclear bursts on 
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• HF systems are illustrated by the descriptions of 
several specific examples in the foDowing para
graphs. 

17-16 Effect of Surlac::e or. 
Near-SUrfac:a Bursts 

_ Single or closely spaced bursts may oc
cur during attacks against ground targets. Weap
on radiation initially is confmed to a voLume of 
space near the detonation point, and a fireball is 
produced that subsequently rises (see paragraph 
1-12 and 1-20). Ionization produced by the burst 
is essentially~nfined to the,fll"e!;>jU region until 

. 1!le rifebart carries· the-fisSion d'ebris.above abouf 
25 kilometers, where gamma radiation can pene
trate the atmosphere and produce D-regil)!l ioni
zation. The ex.tent of this ionization is a sensi
tive function of debris altitude. Gamma rays 
produce ionization over about 200 km horizon
tal extent for a i -Mt surface burst, and over 
about 400 km for a 1 G-Mt surface bu~t. Because 
the area of high absorption is .small, inultiple 
rays will be affected only if they have a common 
D-region intersection. In any situation where the 
signal propagates over mUltiple ray paths that 
are 'sufficiently separated in the vicinity of the 
absorbing area, there wiU be little ir any effect. 
Calculations for long and intermediate path 
lengths show that it is very difficult to eliminate 
all propagating frequencies. In some cases it 
would be necessary to switch to lower rather 
than higher frequencies to avoid outage. but 

•

0 munications could be maintained. 
Signal attenuation CllUed by surface bur

sts can be severe fCIJ: abort paths since the 0-
region intersections-"Of- the my paths are close 
together (see FigursJ1·,S). Commurucations on 
certain frequencies can be disrupted for a ~riod 
of hours, especially during the day. 

17·17 Efiect of a 

l'~m 
.'k-r-_ A detonated near an 
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altitude of 30 kilometers has potential as a pos
sible penetration aid. The detonatiDn point is 
sufficiently high that gamma rays will produce 
moderately widespread ionization even :tt early 
times. By 5 mt_·nutes after detonation the debris 
will have risen and beta 
particles can escape e e ns reg1On. herefore, '1JIJ.4) 
both gamma rays and are im r- t!-:f...' 
tant ionization soy~~ 

periods of pronounced absorptioa; the . 
fll"St would occur during the initial debris rise, 
and the second would occur when the radiation 
from the D-

'u............. the region of increased ioniza
this example is comparable to the 0-

region spacing between ray paths, the sensitivity 
to exact burst position is less critical than it is 
for surface bursts. The effects are stiD relatively 
limited, however. and the communication degra
dation does depend upon the and 
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17·18 Effects of I 

&CHr.m Bunt 
_ The effects of an extremely large yield 
weapon Millustrated by describing the ef· 
fects of at 50 kilometers. Ionospheric 
effects are Wl espread and severe in both the 
blB¥'and the conjugata regions. TIle debris rises 
to approximately 150 kilometers in less than 10 
minutes, and it spreads to nearly 600 kilometers 
radius within is minutes. Thereafter, th~ debris 
radius continues to increase slowly as a result of 

.. The relatively high r.f such a burst II ..... U'I\;C:; 

enough that nearly 
all rays along a given propagation path will be 
affected simultaneously, causing path orienta
tion and path length within the region to be 
unimportant. Absorption effects of a similar na· 
ture also can be expected in a region on the 
opposite side of. the magnetic equator from the 
burst centered at the conjugate of the burst 

shock wave from a nighttime explo-
be expected to the 

the reflection 

sorption as a result of prompt and delayed 
gamma radiation. This pl.'riod might be followed 
by a period of recovery to near nonnal condi
tions, and then a second period of absorption 
would occur as the debris and beta 
tic1es affect the 

17-19 Effect of Multip-Ia Multimegaton 
15O-krn Bunts • 

- MultipJe multimegaton high altitude 
~represent conditions tbat may result from 
the . empldyment' of' a ballistic misSiie1i~fense 
system. The most significant effects on HF cir
cuits are widespread prompt ionization~ wide
spread and intenSe 'deIayed radiation, and F
region modifiCations. The debris wilf be'distri
buted over 'a 'large altitude region, with same 
debris reaching altitudes above 1000 kilometers. 
The geomagnetic field plays an important role in 
detennining late-time debris location (see Prob
lem 8-7, Chapter 8). 

_ If multiple multimegaton high altitude 
~occur, HF circuits will be interrupted over 
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• which the debris rises. Gamma radiation from 
the debris has a horizon of about 4000 kilo
meters from the burst points. Eventua! expan
sion of the debris results in secondary outages 
when beta-partic!a ionization reaches a given 
path. In t!:e re~on around the conjugate of the 
burSt poinB t)eta~partR:le ionization issimilll.r to 
that produced in "the burst reglon. Comp1Dti· 
electrons cause 'ionizatio"lfwhich is less irite'ftSl: 
thai'! that producet!'bygarnma rays 'in'tfie burst 

•

0 ' sc::e paragraph 8-3). ,", ." .:. . ~ 
The critical 'frequency of the reflectron 

regIon probably Wilt be affected out to about 
" I trao kilometers after many large yield high alti-
tude bursts. Significant electron density en
hancement may occur near the detonation 
points, and electron dens.ity ~)Ietion 
cur at more remote Inl'::1Itit\n"t 

17·20 Effect of a 1-Mt, 
250-km Burst_ 

_ A I-Mt weapon burst at an altitude of 
~ometers will result in significant propaga
tion effetts from prompt radiation. delayed radi
ation, and changes in the F-re8i.on. Debris will be 
distributed over a Was altituctC 'fesfon; the 'geO
magnetic field will ..... the late-time debris lo
cation, with some ~ heml transported 
across the geomagnedc:. :ORator. Very jnltnse 
art~ widespread effects WIn" be" 'produc:ecfnft 'the 

i)nosphere; hence there wiir be degradatiorr'of 
HF communication syst.ems. However; becauSe 
of the lower yield and somewhat shorter debris 
rise than in the case discussed in paragraph 
17·18, the effects are more dependent on the 

17-18 

•
·on and length of the communication pMh. 

IoniZation cau~"CI by the betas emitted 
y t e spreading debris from such a burst win 

result in prolonged outage of HF systems. The 
lowest freque will be out for the 10 

of 

rapid decay of 
ionization results in rapid recovery of 

an HF communication af~ 

feeted beta ionization. 

Circuits within several thousand kilo
meters of the conjugate of the bunt point will 
also experience significant degradation. The ab
sorption caused by beta-particle ionization is 

, similar to that described for the bunt region. 
_ For this type of high-altitude burst. the 
~ F-region electron densities be in
creased in the re&ion near the 

.. ' ..... '. 
,P , ,. ' 
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'Iced below tM MUF at distances beyond 
SOO lcilometen from the bunt. 

17·21 

weapon burst at an altitude of 
n ......... ..., would be primarily an anticom

munication event. In spite of the smz.ll yield, the 
X-ray output is sufficiently large that even from 
an altitude of 1000 kilometers, significant loni· 
'Ution would be produced in the lower iono-

•
ere. 

The radiull of effects from such a burst is 
muc greater than individual mode separation 
distances; thus, the exact ray path positioll, path 
length. and orientation are not important for 
distances less 2000 kilo-

- SATELLITE COMMUNICATtON 
\T'STEMS • 

_ The basic elements of a satellite com
murucation system consist of a ground-tenninal 
transmittt:r, .-.. satellitc-bamc repeater. aner a 

- lP'ound-tenninal receiver. Typically. the satellite- -' 
borne equipment provides only th~ functions of 
frequency translation and amplification; signal 
pfO«Slina ad demodulatloa take p 1ace at th.e 
groun=:dGipbeJ1z frequencies and 
large . an typical of satellite com-
municatiolt:. _ but lOme systems may 
operate in U. VHF til4 lower UHF bands. 

17-22 EHwca of Nuclear Bums 
on SdIIlha SyamI • 

_ The nuclear bursts of primary imPOI-

tance to military satellite communication sys
tems are those that produce an intense ioniza
tion region which is intersected by the propaga
tion paths of the relay circuit. One of the princi
pal effects of this ionization is absorption of the 
propagating signal. The region of significant ray
path absorption for communication satellites 
operating at several gigahertz is usually confIned 
to the fareball; however, other important absorp
tion regions may exist for some combinations of 
yield and burst altitude. (See Chapter 8 for a. 
discussion. of ionizaiion and absorption :regions 

- nuclear detonations.) :, . .;;.,~_ 

.. H:ejllIOn ionization produced by prompt 
tI.~lIaV.!fI radiation (1:eta part" 1 d 

'.:"~~.'~.~ .f.,!.' 
., . .... . .. 

I 

• - ., /. j.-, tion that 
dependin .: I ,'. t • .:. • 

ude. and fission yield. De-

modem low.noise receivers. it is often 
appMJiJ1g at the' tenninals of the reo 

ceiving antenna that will set the limit on the 
overall performance of the system. As a result. 
fireball thermal noise can be significant in de
grading the performance of 53~eUite communica
tion systems (see ELECTROMAGNETIC RADl-
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III 
A nONS in Chapter 8). The amount of electro-
magentic thermal radiation reaching the receiver 
antenna depends on the effective fireball tem
perature at the frequency of interest (a function 
of temperature and emissivity) and on the 
amount of attenuation between the flCeball and 
the antenna. Antenna temperature generally will 
be less than the effective fireball temperature as 
a result of absorption that occurs outside the 
firebaU and the eff.ect of antenna gain in the 
direction of the ftrebal1. 

group, time delay a~l]cilllted 

propagation through a plasma usualJi:,Js 
frequency dependent. This causes phase distor
tion of angle-modulated signals (frequtncy and 
pha~ 'modulation are forms of angie modula
tion), resulting in what is termed intermodula
tion noise. This frequency-depcndent time de
lay. or dispersion, also results in envelope distor
tion for pulse ·tJan~Jl.,;,H~ur;h.a plasma. 
Hence, another effect of burst-Produced ioniza
tion that may be of importance to angle
modulated multichannel satellite systems of 
large channel capacities is, the intcnnodulation 
distortion noise·. ~n.th of ttus intermodu
lation noise is dcteri.u1ed 'larply by the inte
grated electron de. &10111 the ray path and 
the modulation panmetcrs. Typically. it is the 
late-time. high-altitude itteball ionization that 
may give rise to this dispersion effect. Similarly. 
satellite ciigital-communication systems mayen· 
counter pulse distortion when propagating 
through burst-produced ionization, which in 

17-20 

. 

turn may result in large decoding error rates. 
The dispersive medium may affect pulse ampli·· 
tude systems because of envelope distortion. 
The magnitude of the pulse distortion is deter
mined by the integrated electron density along 
the ray path, the carrier frequency, and the 
pulse width. 

_ Time-variant time delays due to the 
structured and filament-like behavior of high
altitude frreball striations may be a possihle 
source of degradation to satellite comll'l1.lnica
tion systems; no estimate has betll made of 
the!;e effecb because of the lack of data from 
which to scale results. The effects of time
variant time delays would be to introduce" 
channel noise of a nature similar to intermodula
tion noise or adjalC~nt-channel interference. 

11~23 ·.Nu~ E~ ~ Typical. 
.: ,-- s.c.tlitll .Syttams _ - : 

-:;T\1fo hyp6thetical but' typical satellite 
~r~~e' ~n select~' to' illustrate many of 
the problem.:(of Satellite c:onffnUnication' ire a 
nuclear warfare environment. System A (see 
Table 17-1) represents a high-volume military 
communication system. The mission requires 
continuous coverage between virtually every pair 
of points on tile earth's surface. The system pro
vides a tactical quality of voice communications. 

_ System D (see Table 17-2) operates in 
the UHF band at 400 MHz. It employs an 8· 
hour circular communications orbit. The power 
requirements, antenna size, channel capacity. 
and grade of service provided represent a tacti
cal, transportable communication syst~m. 

_The systems considered employ Fre-
quency Division Multiplex-FM (fDM.fM) as is 

means of carrier modulation. Voice channels are 
frequency multiplexed onto a single baseband 
using subcarriers. lltis baseband is then applied 
to a linear frequency modulator to modulate the 
transmitter Rf carrier. 

\ .. . . . , . " 
. .' . 



Table 17-1. II Satellite Communications Link 
DeSCription, System A 111 Table 17-2. II Satellite Communications Link 

DeSCription. S),stem B III 
System Parameters 

FTequ~ncl 

Channel capacity 

Baseband 
Modulation format 
RMS frequency deviation 
PM threshold 

Ground antenna 

Ground transmitter power 
Ground rt:l:civer I-F 

bandwidth 
Ground receiver system 

noise temperature 
Satellite receiver noise 

figure 
Sat~lIite antenna 

(tului-la! pattern) 

Satellite Iransrnitter power 

Satellite altitude 
(synchronous) 

Description 

4 GHz 
300 duplex channels 
60 to 1300 kHz 

FDM-FM 
0.9 MHz 
12 dB 

SO-foot dish 

10 kw 

15 MH1. 

lOO"K 

10 dB 

5 dB gain 

25 watts 
35.788 km 

System. Parameter$ 

Frequency 
Channel capacity 

Baseband 
Modulation fonnat 
RMS frequency deviation 

FM threshold 

Ground antenna 

Ground transmitter power 
Ground receiver l-F 

bandwidth 

Desc rip t ion 

400 MHl. 

12 duplex channels 
o to 60 kHz 

FDM-FM 
27.4 kHz 

12 dB 

3O-fOGt dish 

10 kw 
0.672 MHz 

Ground receiver system 2S0oK _ 
noise temperature . 'IIS;:;;~~:. 

Satellite recCi\'er naile figure 10 dB r' .. ~~, 
.' : • t ~ • .'.. "'':IP II. ~. 

Satellite J-F bandwidth -:<.. . 1, MHz .;:~,,"';~~ ~'. 

&~~~i~~{:~:~~~~;::~~_:~£~~;·t .::~i~~.~~~: . 
Satellite tr~~~_ power .~. '2~.:!fl~.~~{;i:< .. -
Satellite" altltude.- (~-hoor - .13 .89b.jUfi· 

• > • .' , ....... ;; ••• ""it-. __ ,I,.~ 

circular orbit) -' -' . .. ~ . 

:. : ." 
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Tabl. 17 .. 3. _stimated Outage Times for Fireball Intersection of the Pr~tion path. 

17-22 

DeJeted 

• TROPOSCATTER COMMUNICATION 
SYSTEMS. 

_ Tropospheric forward-SC2iter communi
cations are used for communications and mili
tary purposes in locations where the nature of 
the terrain makes other means of highly reliable 

•

niC8tion difficult. 
Figure 17-8 shows the geometry for a 

ropo atter link. Propagation from transmitter 
to receiver is via scatter in the common volume 
in ~he ,troposphere. 

17-24 Effects of Nuclear Bursts on 
TroposcatbW SysMms • 

- Three potential sources or degradation 
~poscatter communication systems are sig
nal absorption, fireball thennal noise, and ulti· 

interference via rll'eball sca1tteriinaJ 

ptca a 
few hundred MHz and a few GHz, only the re
gions of intense ionization will produ.ce appreci
able signa] absorption. The ionization resulting 

.... ,...... " .... ' . '. . . ..... 



I 
/ 

/ 

~. i;',.· , . ':'. 
.' ,~ ',' .., ,-: 

• • "" .,.:~',",. , y ;. • '. • 

/ 
I 

I 
/ 

/ 

!oIIGH ALTITUDE 
FIR~8ALL 

l 
/ 

I 
/ 

.'.' ' ....... 

\ PROPAGATION PATH 

\ CAUSING 
MULTIPATH INTERFERENCE 

\ 
\ 

I 
I 

/ 
I 

/ 

FIREBALL RISING 
THROUGH PROPAGATION 
PATH r LOW·,\LTlTUOe 

-
-j~:r- .' Flp1t 11-8. II Illustration of Troposcaner .~metry _ 

':...'" ••.•. -\.0.: ', .. ' " 

, . . , 

JI • , '. • : 

I • 

r ,. . • •..• \' " 

• 

..... -

17-25 



... ~. . , " ~ ~. :'. . 
. . 

• from a IOW"Illtitude nuclear burst is largely con
fined to the immediate vicinity of the flfCbaU; 
consequently. in order to obstruct troposcatter 
communications as a result of ray-path absorp-

receivers, thennal 
degrade the perfonnance of trope

scatter communication systems significantly. 
The amount of electromagnetic thermal radi
ation reaching the receiver antenna depends on 
the effective fireball temperature at the fre
quency of interest (a function of temperature 
and emissivity) and on the amount of 

11-28 

tween day 
systems. 

17·25 Nuclear Effects on Three Typical 
Troposcattar Systems _ 

_ Three typical troposcatter communica
tion systems have been selected to illustrate 
propagation effects for selected weapon environ
ments. System A is representative of a high
quality commercial scatter system; System B is 
representative of a tactical system; and System C 
is representative of a long-distance system. The 
system characteristics are summarized in Table 

• Table ) 7-5 summarizes the effects on 
tlle typical systems for several burst environ
ments. There are essentially no differences be. 
tween day and night effects. The amount of deg
radation depends on the flfCbaU/debris geom
etry, which is variable with regard to size. shape, 
and location. The magnitude of multipath atten
uation also depends on the antenna pattern (in 
the examples, the side-lobe gain was taken to be 
that of an isotropic antenna). 

III IONOSCATTER COMMUNICATION' 
SYSTEMS • 

• Ionoscatter systems provide 
intennediate~istance radio service of 4 to 16 
channels of teleprinter and/or a singJe voice 

. channel. Figure t 7·9 shows the geometry for an 
ionoscatter link. Propagation between transmit
ter and receiver occurs via scattering from a 
c.on volume in the D-region. • 

The ionoscatter system considered here 
transmits at- a continuous 10\' data rate via a 
scatter signa] that is always j)resent, although 
weak: and variable. The ionospheric scatter mode 
is fundamentally most suitable for low-data-rate 
teleprinter operations. High~uality voice com
munications via ionospheric scatter cannot be 

. . . :' . ~;;L : ~. '. ' 
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Tabl. 17-4. III Troposc.anar Communication link Oaa:;Ption. 

System Parameter System A 

Frequency 2GHz 

Path length 300 km average 
per hop, 6 hops 

Channel capacity 120 channels 

Power 10 lew 

Antennas 80-foot dish 

Antenna height 30 meters 

Diversity QC:.Ill. space 

FM threshold 12 dB 

Receiver noise fJ&Ure 9 d8 

Baseblnd 60-552 kHz 

lfhxblation format FDM-PM 

RMS frequency deviation 362 kHz 
I-F bandwidth 6WU 

-t!ld with reasonable transmitter power. 
lonoscatter systems typically operate at 

requencies just above the E· and F·Jayer MUFs 
to eliminate multipath reflections and HF 
interference. :'" 

17·28 EffIc1s of Nucla' Bunts on 
lonoscadlr $ysItIms • 

System B System C 

900 MHz 400 MHz 

150 km. 600 km. 
1 hop 1 hop 

24 dlannels 12 channels 

1 lew 100 k:.w 

18-foot dish 11O-fool dim 

30 meten 30 meters 

Dual, lpace Quad. space 

8dS 12 dB 

91lB 25 dB 
]2-108 kHz 12-60 kHz 

FDM-FM FON-PM 
63.5 kIh 3S.3 kHz 
1.3 MHz 775 kHz 

environment is very difficllit. becauliC the iono
spheric scatter phenomena in the natunl e,Jvi· 

are nat weO' understood.. '.":.:' ~', ",,: ... ,. ~ 
The low frequencies employed bY'Jorici
systems (about 3S to SO MHz) allow 

appreciable absorption, even at low Ievels·-of 
resid~ ionization. Prompt radiation. delayed 

,gammas from fJSSion debris if the debris is above 
. 2S km;md beta particles if the debris is above 
60 km c:aJllW· _Ide .... rK:ant IMegirin 1cnizi.. 
tion. H the debris isabcm: 601cm, the betas will 

.~ 'usuaut· bf thore unportut tJw.t~the ~!f!Ps. 
... and irJoUf:o'ne.-biJfOfthe be'tai;wnfbtrcfe~ea 

_ As a result of tIIeir relianceJ on ))'layer 
scatterina mcdIIQilms, ionoscatter system! are 
very susceptile to Iow-ieYe1 residual ionization 
from a ~ cxplolion. In view of the V~!Y 
small m~ operation above receiver thre!b
old, usuaUy limited by pJactic noi~. such SYlr 
terns are vulnerable to at.normal absorption 
along the scatter path and/or within the scatter6 

ing volume. Prediction of effects in a nuclear 

in the region magnetically conjugate t;) where 1) JIll I 
(b)l 

17-27 

, : ... .' ' :.. ': . ',.. . 



I •••• • 

- ",' ... .' 
~ ."' • .~. tl , ..... ,. , 

Tabl. 11-5. II Approximate Extent and Duration of EffllCtS an Traposcatter 
Communications, Assuming Proper Burst Placement _ 

Deleted 

Increased E- and F-reg.ion ionization 
cau by prompt radiation and traveling distur
bances from a nuclear detonation may result in 
multipath effects., whidl deaeue 
bandwidth of ionOlCamw &;;IIIL',U'03.. 

Electromagnetic thermal radiation from 
fireballs is usually nat important to ionoscatter 

:'sys,lems'.~#!lse of~fi\{.~~·~~~¥rtt~jSe 'enVi-
ronment. . ',' 

• 17-28 

17-27 Nucl6lw Effects on TIi' 
100000000ttll' Systams 

• The ionoscatter system, selected as an 
example uses two-frequency operation: 35 MHz 
for low transmission loss, and 60 MHz to avoid 
muitipath interference at times of high solar ae-

Iill·· . 
The system parameten are summarized 

in a Ie 17-6. For digital communication, the 
encryption and order of diversity are perhaps 
the most important parameters that influence 
system performance. Because of the large varia
tions in system perfonnance with path length, 
results for 1000-. 1500-. and 2QOO-km links are 
considered. The antennas of the system consid-
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Tabl. 17-8. IIlonosc.atter Communications Link DescriPtion. 

System Parameter~ 

frequency 

Path lengths 

Channel capacity 

Power 

Antenna gain 

Antenna 3-dB beamwidtht. 

Polarization 

Receiver nOise temperature 

Receiver noise bandwidth 

Modulation format 

Frequency shift 

Demodulator 

Radiated signal. element length 

Transmission rate 

Coding and syncruoniz.ation 

• ered here are aligned aloflg a great-circle path. 
Each terminal of an ionoscatter link is capable 

•
lex transmi~ion. 

Table 17-7 summarizes the effects of 
severa burst environments on the system de
scribed in Table '1-6. These effects snow a 
strong dependence o~Jbe location of the burst 
with respect to the ..... scatter path and on 

IIh s tter path le~:-
Thermal noitlo:"lf6m the rueball has neg

llgl e effect on this·system because of the high 
cosmic noise levels;' Effects of scattering from 
high-altitude fireballs, field-aligned ionization. or 
enhmced E- and F-region electron densities that 
may ~roduce multipath interference are not in-

17-30 
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Description 

35 or 60 MHz 

1,000. 1.500. 2,000 \em (three systems) 

16 channels, teletype 

60 kw 

19 dB 

4S degre~s vertical, 11 deBiees horiZontal 

Horizontal 

DUal. space· 

4S0'K 

1.2 kHz 

TDM-FSK 

6 kHz mark-space 

Dual mler, optimal wlthout Doppler spreacP. 

1,1 milliseconds 

600 bauds 

Standard S-unit, start-stop neutral code 

eluded in Table 17-7 because the phenomena an: 
not sufficiently understood. 
_ The most serious difficulty in predicting 
ionoscatter propagation characteristics in a nu~ 
clear environment is lack of understanding of 
the mecnanisms involved in nmmal propagation. 

_ RADAR SYSTeMS. 

_Radars are used in a wide variety of mis
siP,fncluding surveillance, target acquisition. 
navigation, tracking, fire control, discrimination 
between true targets and decoys, guidance and 
control, and fuzing. The radars may be ground
based or airborne. Their frequency usually is 
above the HF band with line-of'sight propaga~ 

. '. ~ . 
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Tabl. 17-7. • Appro)(imate Outage Times 1000-. 1500-. and 2000-km lonoscaner 
Links. Assuming Proper Burst Placement _ 

De feted 

•• .. 
tion paths. An exception is over-the-horizon 
ndar (OTH or OHR). whicl, operates in the HF 
band and uses E- and F-reaion refraction to de
tect objects at.. Ions raqeL Nuclear-weapon e f
feets on 0trizon radars correspond to 
effz:cts on __ -., ms. described earlier in this 
section. o'l'li'ilUln may be used for early detec
tion of tarptJ before detonation of nuclear 
weapol1s, and to provide supplementary infor
mation to ballistic missile defense radars at later 
times. 

• 

.- The Ehoic~- of p~ra~e~~Ts'" ~o -be us;; -
~ency. radiated power. antenna beam 
shape, pulse waveforms. etc.) depends on (he 
function intended for the 'System. Acquisition 
radars are designed to maximize the initial detec
tion range and angular coverage. These radars 
generally use lower frequencies than tracking 
systems and have less stringent requirements for 
measurement accuracy. Tracking and discrimina
tion radars require high measurement accuracy. 
and they generally use as high a frequency as 
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• 0'" t' d I possIble. Iscnmma Ion ra an may use comp ex 
waveforms and signal processing to estimate the 
nature of the incoming object. An important 
parameter related to radar susceptibility to 
nuclear-weapon effects is the altitude of tile r~ 
gion of 5pace (sometimes called the battle space) 

IIIro Weh target echoes are to be received. 
In view of the different parameters and 

accuracy requirements for the different types of 
systems, the significance of weapon effects de-
pends on the radar function. For example, fairly 
low levels of D-region ionization can cause suffi
cient absorption to reduce the initial detection 
range of- an acquisition radar without affecting 

. tf'5ck radars. Levels of clutter, scintillation, and 
dispersion effects that are too small to affect 
acquisition radars may degrade discrimination 
radars seriously. . 

_ Radars associated with detection of air· 
~r surface targets usually will :lOt experi
ence signal degradation, since the propagation 
paths are below altitudes where persistent or 
widespread effects are caused by nuclear weap
ons (abollt 25 km). Fireballs from surface or air 
bursts may interdict the propagation path, but 
the .small size of low-altitude fireballs and the 
relative motion between the rising fireball and 
thl! propagation path will usually limit outage to 
a few seconds. Blast, thermal, and nuclear radia
tion dam;Jge generally will be more significant 
for such systems when weapons are detonated 
close enough to interdict the propagation path. 

17·28 Ballistic Miss.ile Oefeme Systems III 
_ Ballistic mi&sip _defense (BMD) systems 
can be categorized ~icntJy according to the 
size of the region de'ililded. Area and regional 
defense systems are daigned to protect a large 
area. 5uch as one or more cities. The functions 
of detection. tracking. and discrimination of in
coming objects are performed at as great a range 
as possibie to allow the area to be defended with 
a minimum number of radars and interceptor 
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missile sites, and to minimize the damage to the 
defended "rea from detonation of inte(cept 
weapons. Initial detection ranges are typically a 
few thousand kilometers (approximately 10 
minutes before impact of the incoming object). 
Intercept of those objects designed as threaten-

•
. usually is above about 50 kilometers. 

Hardsite defensive systems are designed 
to protect a small area, usualty hardened against 
direct damage effects (blast, thermal. etc.). In-
formation concerning threatening objects may 
be transferred to the system from area defense 
radars. Since the defended site is hardened. in
[ereept altitudes usually are below 30. kilometers . 

. and may be as low as a few kilometers. The 
system typically is designed to be able to per
form acquisition, tracking. and discrimination 
functions after incoming objects are below 100 
kilometers. High-performance interceptor mis
siles and data handling systems are used. 

11·29 Nuclear Effects ow: 
Oaten. Systems 

_ Nuclear weapon ef eets on area-defcnse 
radars may be caused by interceptor weapons 
(self·blackout) or by penetration aid weapons 
used by the offense. A.lthough interceptor weap
ons are designed to minimize propagation effects 
on defensive radars, the use of a number of in
terceptor weapons in certain locations can cause 
significant problems. In the cases of area and re
gional defense systems, where interceptor deto
nation altitudes urc high, the degradation mech
anisms include absorption in the fireball and the 
D-region, scattering in the fireball and the E· and 
F-regions, noise. and clutter interference. Scat
tering and beam spreading can produce attenua
tion t:ven in the absence of absorption: these 
propagation effects also produce scintillation of 
variolls kinds (amplitude, phase, angle. erc.). Re
ceiver response to these effects will be similar to 
that associated with multipath. Absorption and 
scattering appear to be the most significant of 
the effects. 
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the radar propagation path depends on the ..,ac-"· 
ins of incoming objects, the interceptor weapon 
yield and detonation altitude, and the geometri
cal relation between the radar and the threat . . , . . , 
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and delayed radiation Can be a significant Cause 
of absorption, because for typical geometries the 
propagation path must traverse the D-region. 
D.region absorption scales inversely with fre
quency squared and is essentially negligible 'for 
frequencies above a few gigahertz. At a few sec
onds after burst, the most intenseD-region ab
sorption is caused by beta particles. As discussed 
in paragraph 8-4.1he beta-particle ionization re
gion is offset norizontally (rom the debris region 

_ by an amount that is determined by the orienta
tion of the geomagnetic field and the height of 
the debris above the D-region. Intercept alti
tudes that pia" the beta-particle ionization 
region alon& tJJo propagation path to successive 
objects can. jIOduc:e sigrtificant signal attenua
tion as a raU&OCabsorption after each intercept 
burst. Both"" loCation o( the ionization region 
and the propqation path are moving, and the 
duration of 'absorption is detennined by the. 
length of time the propagation path remains i~ 
the oeta-p:trticle ionization region. Refraction 
effects from D-region ionization are generally 

negligible, unless the level of ionization is large 

Wh to also cause large signal attenuation. 
Prompt radiation from bursts detonated 

a ave ab~ut 100 kilometers increases the elec
tron density in the E-" and F-regions. The hori-
zontal e~tent of the affected' region depends on 
the burst altitude. weapon yield I and weapon 
design. While absorption resulti~g from E- and 
F-region ionization outside the fireball is small 
for· radar frequencies. refraction or bending "of 
the propagation path will cause angUlar errors. 
Even very small elevation and azimuth errors can 

_ in significantinterceptor miss distances. 
Interference and signal distortion also 

may be caused by noise (fireban thennal radia
tion), ~Mter, djspersion. and scintillation. :WVhile 
noise 'from fireball thermal radiation does. not 
appear to be "a significa~t proble~ for military 
radar· systems, the conclusion should "be review
ed for specific systems, particularly if low-noise 
receivers are used. Clutter returns can be orders 
of magnitude larger than target echoes and may 
mask the desired echo or appear as false targets. 
While it appears that antenna side-lobe rejection 
and doppler discrimination techniques can be 
used to reject clutter returns, these techniques 
may increase the data processing required by a 
substantial amount. Signal distortion caused by 
dispem;Jn appears to be a secolldary effect for 
acquisition and track radars. but it may degrade 
the performance of discrimination radars. Scjn
tillation may cause pulse-to-pu]se flUctuation in 
the apparent direction of the target. Computa
tional models for scintmation are currently in-

IJ.ete .. 
The computationai models given in 

apter 8 can be used to estimate fireball ab
sorption for ray paths traversing the fireball or 
D-region. While effects other than absorption are 
discussed in Chapter 8, computational models 
are not given because of the complexity of the 
scaling. Analysis of radar perfDrmance in a nu
clear environment usually is done with computer 
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• codes to facilitate the Jarse number of computa-

.. 
' s required. 

An example of the results of code cateu
atlons is provided below to illustrate the types 
of effects and the sensitivity of the effects to 
radar and burst parameters. The example is not 
intended to model an actual engagement, but it 
provides representative nuelear environments 
that might be produced by penetration aid or 
interceptor weapons. The geometry chosen for 
the example is shown in figure 17-10, The 
threat trajectory (path of an incoming object) is 
in [he direction of the geomagnetic field. One 
radar is located at ihc defended target and 
another is offset from the the 

b' ct sid 
\. . , 

• I 'II. 

, , 

MAGNETIC 

N°fTH I 

0 750I"'tL 

RADAR 2 

I 
I 
I 
I 
1 

I 

7HREAT 
AZIMUTH 

200-km I NTERCfPT 

-'- IOO-ktn INTERCEPT 

Qb-TARGET 
RADAR 1 

Figure 17-10, (U) Plan View of Rad.r .nd 
Target Geometry lUI 
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taqet a series of nuclear bursts are ~Jmc:a 
at I 

the IW'laH:o-n,oise 
-ratio and the elevation errors c:alcu1ated for the 
radar located at the taqet.ltcsults arc mown for 
bursts oecuninl It two detonation altitudes. 
The propagation path from the radar to the in
com"" traverses ionization 

As previoU1ly lpel1tiope4. re.fl1etiqn,.due _ .... -
to .nd' F-recion ioruzatioii can Quse::8nBumr· 
erron that affect the defense's' abilily to Ilredict 
,the location of incoming objects and perform 
intercepts. Fjpn 17-11 Iho~ (he ilevation -,~ 

. ' -
, ..IIi. _) I '. .~. 
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ratios and elevation elTors calculated for the off
set radar. Because of the offset, the propagation 
path does not traverse beta-particle ionization 
regions or fireball regions. and signal attenuation 
is due to ionization caused radiation 

above example does not show 
dependence of system performance on the type 
of burst. the spacing and number of incoming 
objects, or the location of the threat azimuth 
with respect to the geomagnetic field, all of 
which can be significant. Further, the calcula
tions for the example were based on the -assump
tion that the phenomenology for 

of nr.'vor"", ""''''..,U' ..... ' 

is expected that burst phlencml
enology in a sequential-burst environment .will 
be important. Models for such environment are 
under development (see Appendix E for code 

some field 

'" .'"''',.. •• 5 bar-
ium in the ionosphere (at altitudes between 100 
and 200 km) in order to produce structured 
plasmas. The resultinS plasma does not produce 
significant absorp~ but it does tend to striate 
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re
gIOn the fireball is shown in Figure 
17-13 as a function of detonation altitude 'for a 
typical sight line. The solid <lnsle subtended 
varies as a function of time due to rise and ex.
pansion of the fireball (see Problem 8-1, Chapter 
8). The magnitude of the variation is not great, 
however. and the values of solid angle shown in 
Figure 17-13 are representative of those occur
ring for the flfSt few tens of seconds after 
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Figure 17-13. Solid Angle Obscured by lD-kt Intercept II 

~enetration_ weapons (precursors) 
Idetonated between about 10 and SO kilometers 
can interf~re with detection, track. lOCi diSGrimj.. 

tetua1llJld thermal noise from 
the are pOiifttlal des;radation mech
anisms for area defen. tyltems. The use of nar
rowbeam antennas and .. I prot;essing will 
generally prevent degradation. but detailed 
analyses of system performance for specific 
scenarios and radar geometries are required. 
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nation functions, and can 
aYlllable to the ~erl~nlle 
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APPENDIX A 

SUPPLEMENTARY BLAST OAT 

~ This appendix consists of two sections. 
~ I is a collection of equations and data 
useful in the study .of shock waves. Section 11 
contains a description of certain shock wave 
properties in a way that is intended to convey an 
understanding of these topics. None of the infor
mation in this appendix is required to solve the 
problems in Chapter 2 concerning blast phenom
ena or the blast related problems in the chapters 
of Part II of this manual. This appendix provides 
supplementary information, useful for solving 
special problems or for developing a better 
physical understanding of the phenomena de
scribed in Chapter 2. 
.. The shock wave equations presented in 
t~ppendix are those that are most likely to 
be encountered in the study of air blast phenom
ena, and the concepts that are discussed are 
those that are most likely to be troublesome to 
the person who is studying shock wave theory 
for the first time. 
.. This appendix presupposes a reasonable 
f~rity with the laws of mechanics and some 
understanding of how these laws apply to energy 
and momentum exchange in gases in motion. 

SECTION I 

• MATHEMATICAL DESCRIPTION 
OF THE SHOCK ~RONT • 

• Most mathematical descriptions of shock 
wave phenomena are focused on the shock front 
itself since shock front conditions are fairly easy 
to treat mathematically, but the characteristics 
of the waveforms that follow the front are no..t. 
TItis limitation is not serious for many types of 
calculations, because the strength of the shock 

front is usually the best indicator of the severit)' 
of the entire shock wave. 
• In the absence of direct, simple mathe

matIcal techniques, analysis of the shock wave
form usually depends on empirical data such as 
the predetermined shock waveforms shown in 
paragraph 2-12, Chapter 2. Numerical integra
tion of shock wave problems on a computer pro
vides an alternate method. The computer codes 
for blast waves from nuclear weapons incorpo
rate the details of weapon configuration, radia
tion transport, and hydrodynamics; these codes 
are complex and their characteristics will not be 
discussed here. 

A-l The Rankine-Hugoniot Eq.uations. 

• A set of three equations governing shock 
front behavior may be derived from the laws of 
mechanics. These equations (or any set of three 
independent equations derived from them) are 
called the Rankine-Hugoniot equations. They do 
not completely specify shock front behavior; a 
fourth equation, the equation of state of the 
material, is necessary to specify the complete 
behavior of the shock front. However, these 
equations have the advantage of being val;., for 
all conditions under which a shock front ca.. 
occur. They apply equally well to shock waves 
in solids and in gases. 
• The equations given below outline the 

conventional derivation of the Rankine
Hugoniot equations. The same set of equations 
are derived in Section II in a manner that re
quires less algebra but more physical reasoning. 
The three conservation equations that lead to 
the Rankine-Hugoniot equations involve the so
called jump conditions across a shock front. The 
parameters involved are illustrated in Figure A-t_ 
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SHOCK FRONT 

PROPERTIES OF SHOCKED AIR; 

_-41 ...... PARTICLE (WIND) 
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I NTIS GRA&I------;t 
l DTre TAB -e 
1 Unannounced C 

!nt;,~a~~ 

UNANNOUNCED I ~;stribUtlonl 
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PRESSURE '" P 
MASS DENSITY = p 
SPECIFIC VOLUME (e: 1/p) ::: V 
INTERNAL ENERGY DENSITY::: E 

Figure A-1, (U) Change in Air Properties Across a Shock Front II 
• An equation for the conservation of mass 
states that the mass of air per unit time overtaken 
by a unit area of the shock front is equal to the, 
mass of air per unit area per unit time added be
hind the shock front. 

where p is the ambient air density. U is the 
shock velocity, Ps is the density of the air be
j;';m~ lill; :>l1u..:k front, and u is the peak velocity 
of the air behind the shock front. 
_ ?\ewton's second law states that force is 
~lOthe rate of change of momentum. The 
force per unit area acting to accelerate the air 
entering the shock front is the overpressure,l:J.p 
= P, - P, where PI is the absolute pressure behind 
the shock front and P is the ambient pressure. 
The mass per unit time that enters a unit area of 
the shock front is pD. The change of velocity of 
the air is u. Thus, 

I:J.p = p. - p = pUu. 

_ Conservation of energy requires that the 
work done while the shock front moves through 

A-2 

a unit mass of air, PI (V - Vs)' must equal the 
kinetic energy imparted to the unit mass of air, 
u 2 /2. plus the change in internal energy, Es -E. 
where the various symbols are defined in Figure 
A-I. Thus, 

P/::.. V = (u 2 /2) + (Es - E), 

or 

Using the relations V = IIp and Vs = liPs, a 
simultaneous solution of these three equations 
leads to the Rankine-Hugoniot equations in their 
usual fonn: 

u = (PI - P)(V - v.») 112 , 

(
PI - P)1/2 

U = V V _ V 
• 
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A-2 Equation of State of an 
Ideal Gas II 

.. A gas that is heated at constant volume 
~not do external work; therefore, all of the 
th~nnal energy added to the gas is converted to 
internal energy. This'amount of energy is 

where t:.E is the change in internal energy per 
unit mass, Cy is the specific heat of the gas at 
constant volume, and tJ.T is the temperature 
change. By definition, the specific heats of an 
ideal gas are constant; and the internal energy 
per unit mass is 

where T is absolute temperature. 
_ Using the thermodynamic identities PV 
~ and Cp - Cy = R (where Cp is specific 
heat at constant pressure, and R is the universal 
gas constant) the following equation follows: 

E = = 

Cp 
"'(=

Cv 

PV 
"'( - I 

Eliminating the variables E. and E makes it pos
sible to use the Rankine-Hugoniot equations to 
determine the conditions aCross a shock front in 
an ideal gas uniquely. 

•
The significance of the quantity 'Y as it 

~ars in the shock wave equations deserves 
some explanation. In thennodynamics, 'Y ap
::' .. ~r(' mo!'t frequently in equations that involve 
isentropic compression. For example, "Y appears 

in the equation for sourid speed because sound 
wave pressure fluctuations are isentropic. The 
presence of "'( in shock wave equations is some
times incorrectly interpreted as implying a rela
tionship between shock wave compression and 

" isentropic compression; actually, "'( is a con
venient constant relating energy content of a gas 
to pressure and volume. This fact becomes im
portant in paragraph A-6 where strong shock 
waves are discussed. Variations in the value of "'f 
must then be considered, and the equations 

t:.E = Cv tJ.T. and 

E = C T y 

cannot hold sim ultaneously. Conveniently. "'( is 
redefined, so the equation 

still may be used. The meaning of'Y as a specific 
heat ratio is lost, and 'Y becomes simply a con
stant in the energy equation. 

A·3 Shock Wave Equations for an 
Ideal Gas (U) 

• From the relation for the speed of sound 
in ambient air, 

and the equation for overpressure, 

Ap = P, - P 

the set of shock wave equations shown in Table 
A-I can be derived. The equations in the right 
hand column were obtained by assigning to "'( 
the value lA, the value for air at moderate tem
peratures and pressures. 
• These ideal gas equations apply to shock 

A-3 



Table A-l .• Shock Wave Equations for an Ideaf Gas JII 
Equations in General Form: Equations for "1 = 1.4 

,. = r (, + 
\ 

!in c 
u = -' . ---------:'-::-

)'P (1 + + I . ~p y:2 

p 
2), + (-y + 1)~2+'P 
2"1 + (-y - 1 )~p/P 

Velocity of the Shock Front 

( 
6~p)1I2 

U=c 1+--
7P 

Particle Velocity Behind the Shock Front 

u = 5~p • __ --.;;;.c_~":'::" 
7P (I + 6.;1p/7P)1I2 

Density Ratio Across the Shock Front 

p 
7 + 6~p/p 
i + ~p/p 

Dynamic Pressure Behind the Shock Front 

qs = 52' (~p)2 
7P + ~p 

Temperature Behind the Shock Front 

T :: T (1 ... ~p) 21 ... (1.- ] )4\p/P 
S P 2"1 + h + I)~p/p 

T = T (J + ~p) 7 + .6p/P 
I P 7 + 6t.p/P 

~ 

Peak Reflected Overpressure at Normal Incidence 

.60 = 26" + h + J)q -, 
A ...... A 7 + 4t.p/P 
~Pr ..... p 7 ... iip/P 
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• waves in air proyided the shock strength. ~ = (t:.p 
.,.. p)/P = PJP, is not too large. Usually these 
e qua tions are assu med to hold for shock 
strengths of about lO (132 psi overpressure at 
sea level) or Jess; note that at high altitudes this 
limit corresponds to relatively low overpressures, 
e.g., about 25 psi at 40,000 ft. The equations for 
high pressure shock waves are given in paragraph 
A-6. 
_ As shown in Figure A-I, the subscript s 
denotes conditions behind the shock front; the 
absence of a subscript denotes ambient condi
tions (the sUbscript 0 is reserved for ambient 
conditions at sea level as in Chapter 2). The 
overpressure is t:.p = P~ - P. c is the speed of 
sound in undisturbed air: and "Y is the ratio of 
specific .heats Cp/C\" Other quantities are de
fined by subheadings in the table. 

A-4 Units, Constants, and Conversion 
Factors. 

_ Since the most commonly used shock 
wave equations are written in terms of dimen
sionless ratios, the choice of uni ts is pure Iy a 
matter of convenience: therefore, there is an 
inclination to ignore the fact that certain equa
tions must be handled more carefully. Examples 
of these equations are the Rankine-Hugoniot 
equations and the dynamic pressure equation. 
Three consistent sets of units in common use are 
shown in Table A-2. Conversion factors and sea 
level values of various parameters are given in 
the various units in Appendix B. 

A-5 Equation of State of Air_ 

• As air is heated by the compression of 
strong shock waves~ the specific heat ratio"Y de
creases. Therefore, the equation that gives "y in 
terms of the ratios of the specific heats, which is 
based on the assumption of a constant "Y, is no 
longer valid. The means of avoiding this problem 
has already been stated in paragraph A-2: "Ys cus
tomarily is redefined as that number which gives 
the correct value for internal energy. Since 'Y 

Table A-2.. English and Metric 
Systems of Units • 

Unit mks cgs English 

length meter centimeter foot 
mass kilogram gram pound 
force newton dyne slug 
time second second second 
pressure newtons/m2 dynes/cm 2 poundslft 2 

density kg/m' g/cm3 sJugs/ft 3 

velocity m/sec em/sec ft/sec 
energy joule erg ft-Jb 

appears frequently in shock wave equations to 
replace an energy tenn, the new definition is a 
convenient one. Note, however, that (except in 
undisturbed air, where the new and old defini
tions of "Y agree) l' is no longer the specific heat 
ratio. Therefore, "Y should not be used (for 
example) to calculate sound speed in strongly 
shocked air. 
.. Figure A-2 shows the equation of state 
o~for altitudes up to 240,000 feet. The near
ly vertical curves are the Hugoniot curves for air 
at the indicated altitudes. The Hugoniot curve 
for a given altitude shows the combinations of 
peak pressure and peak density that are possible 
behind a shock front moving into undisturbed 
air, i.e., into air that is initially at the ambient 
pressure and density corresponding to thatalti
tude. Curves that show the value of "Y assigned to 
the air just behind the shock front cross the 
graph as nearly horizontal lines. The curves that 
cut diagonally across the graph show absolut~ 
pressure (not overpressure) just behind the 
shock front. The ordinate of the graph is shock 
strength, which was defined in paragraph A-3. 

Waves in Air 
A·6 Equations for sliron Shock 

• For shock strengths of 10 or more, accu
rate calculations must use the nonideal equation 
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-of state data from Figure A-2. The appropriate 
shock wave equations are derived in the same 
mann~r as those shown in Table A-I. The princi
pal difference is that two values of "Y appear, "Y 
for the air ahead of the shock and "Ys for the air 
just behind the shock front; the values in general 
are not equal. The shock wave equations for 
strong shock waves in air are listed in Table A·3. 
Two approximate velocity equations, accurate 
tv .... ill,in about 5 percent for shock strengths 
greater than 5, are shown on the right. As in 
Table A·I. the subscript s refers to parameters 
behind the shock front, and symbols with no 

subscript refer to ambient conditions. 

• Note that shock strength e is a. direct 
function of the absolute pressure Ps behmd the 
shock front, rather than of tl.p, the overpres·· 
sure.· A shock strength of 1 therefore represents 
a vanishingly weak shock wave: and. at sea leveL 

. a shock strength of 2 represents an overpressure 
of 14.7 psi. Values for"Ys must be obtained from 
the equation of state data in Figure A-2. 

;lThiS def11lition is not universal; shock strength is defined in 
reports as 4JIP. 

Table A-3. _ Equations for Strong Shock waves. 

Complete Equation: 

L' _ c ( (~- 1)(1 + /-lsn )1/2 
- -rIH,us - l) - u. - I)J 

Velocity of the Shock Front 

High-Shock-Strength 
Approximation: 

(
H-r s + 1) )1/2 

U = c 2-r 

Particle Velocity Behind the Shock Front 

Density Ratio Across the Shock Front 

Dynamic Pressure Behind the Shock Front 

where 

'r + J ,u =--, 
'r - 1 
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SECTION II 

.. PHYSICAL DESCRIPTION OF 
~OCK WAVE BEHAVIOR. 

• Newton's second law, which relates 
force to the change in momentJ.lm that it pro
duces, provides straightforward explanations of 
ma!1)' shock wave phenomena.' In particular. it 
explains re-rt~in fe-flection phenomena and the 
way in which these phenomena determine the 
forces produc.:ed by a blast wave when it strikes a 
s.rf e or a small object. 

Acoustic theory also provides explana
tIOns of blast phenomena. These explanations 
are important because they appear frequently in 
discussions of shock wave reflection. The follow
ing discussion relates the acoustic theory explan
atl0:15 with those that are based on Newton's 
second law. 

A·7 Step Function Shock wave_ 

• In most respects, the properties of the 
shock front are independent of the shape of the 
pressure waveform that follows the front. Shock 
wave phenomena, therefore, can be explained in 
terms of the simplest possible waveform: a 
region of completely uniform pressure, density, 
and particle velocity behind a planar shock 
front. In such a wave, the shock front usually is 
considered a mathematical discontinuity. in 
which the pressure, velocity and other param
eters are step functions of position and time. 

II This type of simple shock wave may be 
generated by the mechanism shown in Figure 
A-3. A piston moves at constan t velocity in a 
frictionless cylinder (a piston velocity of 431 
ftlsee, a number that will be used later for pur
poses of illustration, produces a shock wave with 

VELOCITY OF SHOCK FRONT = U 
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CONDITIONS BEHIND. 
SHOCK FRONT: 

PARTICLE (WIND) VELOCITY 
DENSITY 
PRESSURE 
ENERGY PER 
UNIT MASS .. E. 

.. u 

CONDITIONS IN AMBIENT AIR: 

PARTICLE VELOCITY = 0 
DENSITY .. fJ 
PRESSURE .. P 
ENERGY PER 
UNIT MASS .. E 

Figure A-3.11 Idealized Shock wave. 
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-an overpressurt: of 10 psi). The compressed air 
that constitutes the shock wave is uniform in 
densit\'. pressure, and velocity. 
_ The step function shock wave differs 
from the blast wave from a nuclear burst in that 
the 13tter: (I) becomes weaker as it propagates 
away from the burst; (2) produces a decaying 
rather than a constant overpressure after the 
shock front passes a given point; and (3) has a 
spherical rather than a planar shock front. How
ever, these differences are unimportant in the 
development of most of the concepts that apply 
to the shock front. As a result of its long over
pressure duration, the blast wave from a high 
yield nuclear weapon is in many· respects com
parable to the idealized shock wave of Figure 
A·3. 

A·8 Shock·Front Formation. 

• The piston shown in Figure A-3 will re
qUlTe an interval of time to reach its final ve· 
locity. While it is accelerating, the pressure at 
the face of the piston will increase steadily. The 
pressure wave that the piston generates during 
this time lacks the abrupt pressure rise character
istic of a shock: however, differences in the ve
locities of different parts of the pressure wave 
ultimately will cause a shock front to form. 
Small pressure disturbances travel at the local 
';'1"1>'; of sound. In the air compressed by the 
piston, two factors cause this speed to differ 
from the speed of sound in ambient air; (I) com
pression of the air raises the air temperature, 
there by increasing the speed of sound; (2) in 
moving air, pressure disturbances move with a 
velocity that is the vector sum of the air and 
sound velocities. • 

• As the piston starts to move, it creates 
an Initial pressure disturbance that propagates 
ahead of the piston (to the right in Figure A-3) 
with a velocity equal to the velocity of sound in 
ambient air. By the time the piston reaches its 
fl.n:!! velocity, it will have produced a pressure 
wave that can propagate considerably faster than 

the ambient speed of sound. The wave produced 
by the high pressure just ahead of the piston 
soon overtakes the lower pressure wave, and a 
shock front is formed . 
~ After steady-state conditions are reach
~e shock front moves at supersonic velocity 
with respect to the undisturbed air but at sub
sonic velocity with respect to the air behind the 
shock front. Ahead of the shock front, there is 

no early pressure increase to indicate the im
pending arrival of the shock wave. I f such an 
early pressure wave were present. the shock 
front would overtake it. Behind t~e shock front. 
whatever pressure irregularities that may form 
can overtake the front and merge with it. The 
tendency for all pressure gradients to concen
trate at the shock fran t is so strong that moder
ately strong shock waves in air generate shock 
fronts that are only a few atomic mean free 
paths (mfp) thick (at sea level, I mfp is about 
10.5 em). 

A·9 Pressure·Momentum.Jmiaction 
at a Shock Front.r 

• Before applying Newton's second law to 
a reflection problem, it will be examined with 
respect to a step function shock wave shown in 
Figure A-4. This is a simple problem that re
quires little more than a sample calculation. It is. 
however, useful as a preparation for the :reflec
tion problem that is discussed below. Numerical 
values of pressure, density, and velocity, calcu
lated from the equations in Table A-I, appear in 
the figure. 

• To evaluate Newton's second law, it is 
necessary to determine the momentum change 
per unit time and the force that produces the 
change. If a unit area of the shock front is con
sidered, the force is numerically equal to the 
shock wave overpressure Ap. which in this 
example is 10 psi. To obtain a consistent set of 
units, this pressure must be expressed as 1,440 
Ibs/ft2 • 
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CONDITIONS BEHIND 
SHOCK FRONT: 

u = 431 ft/sec 
Cs = 1,205 ft/sec 
Ps = 24.7 psi 
P 5 = .00343 sl ugs/ft3 

VE LOCITY OF SHOCK 
FRONT 

U = 1,405 ft/sec 

//////////// ///////////y///////////// 
~~~ '.::::::.':.':: .:: .. : .... :.:.:.:: ... :::::: .. ::.: .......... '. ' .. 
~ .. ,." ........... ' ... ' II... . .. . . . 
~ ••• :: ••• : •• : •••• ::.: ••• : •••• : •••••• ::: •• :.;.: : ••••• : •••• ::: ••••••• ' 'I •••• ' .' •• 

~~~~ .. , ............................. . 
~~~ ::.:' .-:.:::.::: .::'.::: ::.: :'.':: ::::-:.::-:: :-:': ............. . · . . 

,~ •• ••• , •••• ' • II·· ................ . 

~ 
•• : •• ' • I, ... I : ,',' ••••• :: I' •• : : ',.'. II' •• ' I' : •• I, .... • • • • • 

~ 
•• '" " •••• II II I,... •••• .. 

~ 
•••••••• ' ••••••••••••••••••••••• II •••• 

'-~ '. '.' .. ' .' '. .......... .' . . 
" ..' I I •• I .... '." • • I. I. .. • • " I ., • • ..' • • 

· . · . . · . 
//////////////////// 

L:ip = 10 psi 

AMBIENT CONDITIONS: 

P = 14.7 psi 
p = .00238 slugs/ft3 

c = 1,1 16 ft/sec 

, Figure A-4." Parameters of a 10 psi Shock Wave _ 

_ The mass of air that enters one square that has struck the end of the cylinder and has 
foot of shock front area each second is the formed a receding shock wave. Behind the reced-
ambient density, .00238 slugsjft3 , times the ing shock front, the air is stationary. The ve-
shock front velocity of 1,405 ft/sec. This air is locity change at the reflected shock front has 
given a velocity of 431 ,ft/sec as it enters the the same magnitude (but the opposite direction) 
shock wave. Thus, as the velocity change of 431 ft/sec at the inci

tlp = pUu, or 

1,440 = .00238 x 1,405 x 431 

A·10 Normal Reflection at a 
Solid Barrier. 

_ Figure A-S shows a IO-psi shock wave 

dent shock front. However, the pressure jump 
~1 across the reflected shock front is greater 
than I1p because more mass per second is involv
ed (see Figure A-S). The difference results prin
cipally from the higher density of the air enter
ing the shock wave, but also results from the 
greater relative velocity, 1,491 ft/sec, between 
the shock front and the incoming air. 

A-10 



( 
\. 

CONDITIONS IN INCIDENT SHOCK WAVE: 

Ps = 24.7 psi (= P + ·10) 
u = 431ft/sec 

PI = .00343 slugs/ft3 

VELOCITY OF 
REFLECTED 
SHOCK FRONT = 
U, = 1,060 ft/sec 

I 
/////////// ///////////////////////// 
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~p, 15.3 psi 

CONDITIONS IN REFLECTED SHOCK WAVE: 

P, = 40.0 psi (= P + 25.3) 
u, = 0 
P, = .00482 

Figure A-S. _ Reflection of a 10 psi Shock Wave from a Solid Barrier. 

~:i" equation expressing Newton's sec
ond law may be obtained from basic physical 
principles, or it may be obtained from equations 
given in Section I by changing the frame of 
reference to one that is stationary with respect 
to the air ahead of t,he reflected shock front. 

tlp = pUu, 

15.3 x 144 = .00343 0,060 + 431) 431, 

2,220 = .00343 x 1,491 x 431 

_ 7ile reflected overpressure, ~p l' is the 
amount by which the pressure at the reflecting 

surface exceeds ambient pressure. It is the sum 
of the pressure jumps across the incident and the 
reflected shock fronts, or 25.3 psi. 

• 
Acoustic theory often draws on the use

f ncept of images to explain the shock wave 
patterns produced at a reflecting surface. The 
reflecting surface is equivalent to a plane of 
symmetry. In the foregoing example, the image 
created by the reflecting surface would be a sec
ond piston, moving to the left with a velocity of 
431 ftisec, and located as far to the right of the 
reflecting surface as the real piston is to the left 
of it. As the two shock waves of equal strength 
collide, they produce conditions equivalent to 
those shown in Figure A-5. 
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_ Explanation of the strength of the reo 
flected shoct-;. front does not follow as readily 
from acoustic theory as does the basic shock 
wave pattern. Acoustic theory began with the 
study of sound waves, which have such low 
amplitudes that air acts as a linear medium. In 
sueh a medium, pressures are additive, and the 
wan~ reflected by a perfect reflector has the 
~:>,.,,(-" rrnrHtllrle as the incident wave. Shock 
wave ('ffeets are decidedly nonlinear, as is shown 
in the preceding example. 
jill Acoustic theory explains that the pres
~ump of 15'.3 psi instead of 10 psi at the 
reflected shock front is caused by the effect of 
dynamic pressure. Mathematically, this is a con
venient explanation. For shock strengths less 
than about 10, the equations 

and 

t:.pr = 2t-p + 2.4 q 

give correct values for t-p I • the pressure jump at 
the reflected shock front and t-Pr' the reflected 
overpressure. The constant 2.4 is valid for air 
subjected to low shock strengths. In general, the 
constant has the value "'f + 1 . 

• 
Physically, however, the explanation is 

ar 1 ICla!. In the sense that dynamic pressure ef
fects are the effects caused by the momentum of 

air in motion, t-P 1 is produced entirely by dy
namic pressure. The basic acoustic theory fails 
to predict shock wave phenomena. Predictions 
are possible only from a modified theory, tailor
ed to fix experimental facts, and experience in 
using this theory is necessary to use it success
fully. 

A· 11 Pressures on Simple Shape. 
_ Two examples will be used to illustrate 
~enomena that occur when a blast wave 
interacts with a target. 

_The frrst example is the steady-state 
pressure pattern around a sphere placed in the 
path of the shock wave. Figure A-6 shows the 
nature of this pattern after the shock front has 
passed. and eq uilibrium conditions apply . 
.... This problem is more complex than the 
~scussed in paragraph A·IO. The air par
ticles directed exactly toward the center of the 
sphere reach the stagnation point, a point on the 
sphere at which the air is Drought to rest, and 
the momentum that these particles give up may 
be calculated readily. All of the other air par
ticles affected by the sphere behave in a more 
complicated way. They are slowed down and de
flected, but they are not stopped. 
_ An order-of-magnitude equation for 
tm!P'may be obtained by assuming that all of 
the air directed toward the sphere is stopped. 
The momentum per unit area per unit time di-
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Figure A-5 .• Reflection of a Shock Wave by a Small Object • 
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• reered toward the sphere is p u (the mass flow 
5 

per unit area per unit time). Application of 
~ewton's second law shows that the wind pres
sure is about 

PA = p u 2 
Is' 

A detailed analysis would show that the pressure 
produced at the stagnation point of a sphere in a 
moderately strong wind is more closely approxi
mated by dynamic pressure, which has a value 
that is just half of that given by the previous 
equ3ticn 

• Therefore. the wind pressure at the stag
nation point on the sphere is roughly 

1 
q = -:;- x .00343 x (431)2, .. 

= 3J8.58 Jbs/ft:?, 

= 2.2 psi. 

Total pressure at the stagnation point is about 
1 :?,::! psi, the sum of the static overpressure and 
the dvnamic pressure . 
.. The important point in this example is 
~he high pressure region around the object 
is stationary, not moving forward to meet the 
oncoming air as was the receding shock wave 
shown in Figure A-S. Consequently. the rate at 
which air enters the higj1 pressure region is 
lower. The rate at which momentum is extracted 
from incoming air is correspondingly lower. By 
Newton's second law. the pressure developed is 
smaller. 
_Acoustically, no reflection is considered 

to o.;cur in this example. The problem is simply 
one of an object in an airstream. 

• The second illustration is the transient 
interaction between a blast wave and a small 
cube. This type of interaction is largely a com
bination of those already discussed. For simplic
ity, the blast wave is assumed to strike one side 
of the cube head-on. Shortly after the shock 
front strikes the cube, the reflection process is 
much like that produced at the closed end of a 
piston (Figure A-S). A receding shock wave is 
formed, the mass flow rate into this shock wave 
is high, and the front face of the cube is sub
jected to a high reflected overpressure (25.3 psi 
for a 10 psi incident shock wave). 
~ At the edges of the front face of the 
c~the layer of compressed air in the receding 
shock wave is unconfined. It flows outward. 
around the edges of the cube. This outward flow 
relieves the high pressure behind the receding 
shock front. As a result of this pressure relief. 
the receding shock front loses velocity; conse
quently, the incoming air gives up its momen
tum at a decreasing rate. A steady-state flow pat
tern develops, and the pressure at the front 
surface of the cube drops to roughly the inci
dent overpressure plus the incident dynamic 
pressure. The situation is now similar to that 
shown in Figure A-6 . 
• Part of the acoustic explanation is. very 

descriptive. Pressure relief waves form at the 
edge of the front surface of the cube and propa
gate inward. Reflections that occur when these 
relief waves meet increase the rate of flow over 
the front face and around the edges of the cube. 
The time required for the steady-state flow pat
tern to develop is about two or three times that 
required for a shock wave to travel from the 
edge of the cube to the center of the front face. 

• The remainder of the acoustic explana-
tion IS evident only to a person familiar with 
acoustic theory or to a person who has previous
ly encountered this particular explanation. It in
volves understanding: (1) the reflection coef
ficient of an object becomes small as the wave-
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• length of the incident sound wave becomes large 
compared with the dimensions of the object: 
and (2) a pressure waveform has an equivalent 
spectrum of sound waves of different wave
lengths (strictly speaking, the equivalent spec
trum requires a linear medium and is only an 
allimation in strongly shocked air). 

These acoustic concepts, applied to the 
pro lem of reflection from a small cube, predict 
that the cube will reflect the shock front strong
ly, but that the reflection coefficient of the cube 
will decrease rapidly after the shock front 
passes. The reflected wave weakens by spherical 
divergence as it propagates away from the cube. 
and the pressure on the front face of the cube 
decreases to its steady-state value. 

A-12 The Rankine-Hugonio~uations 
(Alternate Analysis) • 

_ In the conventional derivation of the 
R~ne-Hugoniot eq uations (paragraph A-I), 
the algebra tends to obscure the physical picture 
associated with the derivation. The following' 
analysis provides a more intuitive introduction 
to the subject. 
• The interactioll at the shock frollt is 

basically an ille/astic co llisio II, The truth of this 
statement is evident from the definition of an 
inelastic collision It is a collision in which the 
:,-:-11:-:l!:-,[ r.('('iies stick together and move with a 

•

m on velocity after they collide. 
The statement given above provides a 

method to account for the energy exchanges 
that occur at the shock front. It may be applied 
most readily if the collision is considered to 
occur between a very thin'layer of unshocked air 
and the mass of air behind the shock front. The 
following statement may then be confIrmed 

• Tile inelastic collision at the shock front 
is 50 percent efficient in transferring kinetic 
energy to the incoming air. A change to the 
cc:ntt!r-of-rrH1S!) frame of reference is the first step 
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necessary to demonstrate this fact. Since the 
mass of air being picked up at any instant is 
infiniteSimal, this frame of reference moves with 
the air behind the shock front. The initial ki
netic energy per unit area of the shock front is, 
in this frame of reference, that of the thin layer 
of unshocked air approaching the shock front 
with a relative velocity of u. If its mass is dm. its 
initial kinetic energy is * 

I 
d(KE) = 2 u 2dm. 

After a completely inelastic collision, the kinetic 
energy in the center-of-mass frame of reference 
is zero.t In other words, the amount of energy 
that is converted from kinetic energy to internal 
energy in the collision is equal to d(KE). 

• 
In the original frame of reference (sta

ti y with respect to the unshocked air). 
d(KE) is equal to the kinetic energy of the thin 
layer of air after it has become a part of the 
shock wave. Thus, the kinetic energy imparted 
to the air and the kinetic energy converted to 
internal energy by the inelastic collision are 
equal, i.e., this method of transferring kinetic 
enenzv is 50 percent efficient. + 

_ Accounting for all of the work done at 
t~ock front is complicated by an energy ex-

~ous derivation of the equations governing the in
elaslIc collision of two bodies requires the simultaneous solution 
of the energy and momentum equations of the system. If a large 
mass and a very small mass are approaching one another with 
equal and opposite momenta, the kinetic energy of the larger 
mass is negligible compared to the kinetic energy of the smaller 

•
BY defUlition, total momentum in the center-of-mass frame 
ference is zero. Since momentum is conserved in the colli

sion of two bodies, the total momentum remains zero after any 
collision. After a completely inelastic collision. neither of the 
colliding bodies is moving with respect to the center of mass; 
therefore, their fUlal kinetic energ)' in this frame of reference is 

« Although kinetic energy changes with changes in the frame 
eference, the energy loss in an inelastic collision does not. 
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-change that is independent of the exchange pro-
duced by the inelastic collision. The tctal work 
done on a unit mass of incoming air results from 
th~ pre~sure Ps that is behind the shock front 
mO','i:1g through the distance required to com
press this mass of air from its initial volume V to 
its final volume Vs' 

One portion of this work is done by the ambient 
pressure P in displacing the volume V- l's' Since 
the ambient pressure does not produce a force 
that has directional characteristics, it has no 
function in setting the air in motion. This por
tion of t he work only contributes to com
pression, 

If = P(V - r) com p s 

The remainder of the work is done bv the over-. , 

pressure Ap = Ps - P. displacing the volume V· 
V~. At the shock front, the effect of Q\'erpres
sure is completely directional, and overpressure 
creates the force that accelerates the air that is 
overtaken by the shock front. This is the portion 
of thr; work that is required to produce kinetic 
energy by a collision process, 

As already demonstrated, half of this work ap
pears as kinetic energy and half as internal ener
gy of the unit mass- of air added to the shock 
front. Note that the work,converted to internal 
energy by the collision process is closely related 
to Wcom p in that both contribute to compress
ing the gas to the volume Vs and, in this way, 
both increase the internal energy of the air. 

III The energy exchange equations for a 
un ass of air entering the shock front follow 
due~tly from the discussion in the preceding 

paragraph. The kinetic energy added to the unit 
mass of air is 

I 2 _ I I" '2 u - 2 »coU' 

and the particle (wind) velocity is 

The change in internal energy of the unit mass 
of air is 

E - E = W s comp 
I ,. I +-n ,., coil .. 

= P (ll - V) + 1- (P - P)( F - J') s 2 s S 

To obtain the equation for shock front velocity, 
note that while the air in the shock wave moves 
into a volume V - Vs' the shock front has ad
vanced through a volume V. The ratio of shock 
front velocity to particle velocity is therefore 

u v 
- - -=-:---:-:--

V - V s u 

u = (V ~ v.) «P, - P)(V - V,») 'I' 

U
- = V (Ps - P)1/2 

V - V 
5 

The equations for u, (Es - E), and U are the 
Rankine-Hugoniot equations given previously in 
paragraph A·I. 
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... Sore' Although the interaction at the 
s~ frollt j:, completely inelastic, the overall 
reactIOn of a blast wave in free air is partially 
elastic. In such a blast wave, the pressure behind 
the shock front is not constant, but decays with 
time'. The air behind the front expands and re
turns energy that helps to propagate the shock 
wave (see footnote to paragraph 2-33, Chapter 
::;). T:~;~ ~~~; J"",;;:; not alter the validity of the 
argument presented above. It simply points out 
that the inelastic collision at the shock front 
only describes part of the mechanism of blast 
wave propagation. 

A·13 Dynamic Pressure _ 

_ Dynamic pressure is frequently equated 
~ wind force produced on a target by the 
high velocity winds in a blast wave, but the rela
tion between force and dynamic pressure is not 

l1
5;imPle. 

One source of confusion is the name 
w l1e implies a meaning that differs from the. 
correct one. In a compressible fluid, the true 
meaninp of dynamic pressure is limited to the 
mathematical definition 

q = _1 P u 2 
2 s 

where Ps IS mass per unit volume and u is par
ticle velocity behind the shock front. Strictly 
speaking, q is not a pressure. A body moving 
along with moving air will not feel a force that is 
attributable to dynamic pressure. Dynamic pres
sure is kinetic energy per unit volume. Reasons 
for calling it a pressure are: (I) it has the dimen
sions of pressure; and (2) this energy can be used 
to deveiop a pressure. 
t/IIII-\ stationary body exposed to a wind 
~perience pressures that differ at different 
pOints on its surface. The highest pressure on the 
bndy i~ the $ta!!nation pressure, which occurs 
wherever the air is completely stopped by im-
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pact with the body. For example, if the body is 
a sphere, the stagnation pressure occurs at the 
point on the surface that faces directly into the 
wind. For an incompressible fluid, stagnation 
pressure is simply the sum of the free-stream 
static pressure and the free-stream dynamic pres
sure. However, for a compressible fluid. such as 
air, stagnation pressure is the sum of the free
stream static pressure and a quantity called the 
free-stream impact pressure. At low velocities, 
impact pressure and dynamic pressure are essen
tially equal, but at velocities that are appreciable 
compared with sound speed, impact pressure 
rises above dynamic pressure. When wind speed 
is equal to sound speed, impact pressure exceeds 
dynamic pressure by about 28 percent. 
~he forces exerted by strong winds corr=rd more directly to impact pressures than 

to dynamic pressure. This suggests that weapons 
effects calculations should be based on impact 
pressures rather than on dynamic pressures: but, 
both in this field and in aerodynamics, dynamic 
pressures are employed more commonly. The 
choice is based on conventional practice. In 
aerodynamic problems. dynamic pressure is used 
because it may be calculated readily. Wind force 
on an object is calculated from the equation 

where CD is drag coefficient and A is an area 
related to the size of the object. The drag coef
ficient is not constant. It is a function of ve
locity, and its variation absorbs not only the dis
crepancy between dynamic pressure and impact 
pressure, but also accounts for the net effect of 
the complex pressure pattern that forms around 
an object in an airstream. The product qA, al
though it has the dimensions of a force, has no 
direct physical relation to any force exerted by 
th .. d. W In weapons effects calculations, dynamic 
pressure often is as convenient as it is in aerody-



(' 

-n~mlCS: damage criteria for such objects as 
buildiQg.s are established in terms of convention
al shock wave parameters, such as overpressure, 
dynamic pressure. or impulse. Consequently, th:! 
stagnation pressure or other actual pressures 
found at various points on specific structures 
usually are not calculated unless specific blast 
loading information is desired. In some cases; 
tpe choice of dynamic pressure may not be ap
propriate for damage criteria. For example, 

when the air in the blast wave is dust laden (as it 
is for certain combinations of yield. burst 
height, ground range, and surface properties). a 
measurement with a conventional dynamic pres
sure gauge often is ambiguous. The dust is not 
necessarily in velocity equilibrium with the air, 
and the amount of dust is not known. As a re
sult, it is often difficult to calculate the dynamic 
pressure of air alone from such experimental 
measuremen ts. 
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APPENDIX B 

USEFUL RELATIONSHIPS. 

t;. i General Equivalents • 

.. One kiloton (kt) is defined to be 1012 

~s of energy release. * This amount of energy 
"'ill be released by the complete fission of 0.057 
kg (57 grams or 2 ounces) of fissionable ma
terial.+ Equivalents to this amount of energy in 
other units are: 

• 2.61 x 10:25 million electron volts (MeV), 

• 4.18 x 1019 ergs, 
• 1.16 x 106 kilowatt-hours, 
• 3.97 x 109 British thermal units . 

• Some equivalents of the complete con-
versJOI1 of mass to energy arl:: . 

1 gram mass = 5.61 x 1026 MeV 

= 8.99 x 1020 ergs 

= 2.15 x 1013 calories 

• 
The temperature associated with one 

e Ion volt is 11,605.9 degrees Kelvin. 

B-2 constants. 

• Velocity of light: 3 x lOB m/sec = 3 x 
J 0 cm/sec. 

Avagadro's number: 6.023 x 1023 mole
mole (gram molecular weight). 

Planck's constant: 6.625 x 10. 27 erg-sec. 
Boltzmann constant: 1.38 X 10. 16 

+ Mass of electron: 9.1 085 x 10,28 gm. 
~ Mass of proton: 1.672 x 10,24 gm. 
t Mass of neutron: 1.675 x 10'24 gm. 
t Mass of alpha particle: 6.64 x 10'24 gm. 
Loschmidt number: 2.687 x 1019 mole

of ideal gas per eubic centimeter at °e. 

• Electron charge: 
4.803 x 10,10 esu = 1.602 x 10,20 emu 

= 1.602 x 10. 19 coulombs. 

B·3 Standard Sea Level Atmosphere • 

• Pressure = 14.696 psi 

= 2,116.22 Ib/ft 2 

= J ,a 13.25 millibars 

= 101,325. newtons/m 2 

= 1,013,250. dynes/cm2 

• Temperature = 590 F 

= 15°e 

= 288.l5°K 

= 518.4°R 

II Density = 2.38 x 10,3 slug/ft3 

= 7.65 x 10.2 Ib/ft3 

= 1.225 x 10. 3 gm/cm 3 

= 1.225 kg/m 3 

• Speed of sound = 1,116.45 ft/sec 

= 340,29 m/sec 

= 34,029 em/sec 

'

See footnote on paae 1·3 (or the origin of the defl.nition. 
This is the energy released by the lislian of S 7 sram 5 of 

fISSIonable material. 11 is not the energy thaI would be released 
by the conversion of S 7 srams mass to energy. 

• Classical rest mass. 
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• Gravitational acceleration 

= 9.8067 m/sec2 

= 32.1741 ft/sec2 

8·4 Conversions. 

• Len:th: I ft = 0.3048 m 

= 30.48 em 

I m = 3.281 ft 

1 kft = 0.3048 km 

= 0.1894 mi 

=0.1645nm 

I km = 1,000 m 

= ~.281 ft 

= 3.281 kft 

= 0.6214 mi 

= 0.5396. nm 

I mi = 5,280 ft 

= 1,760yds 

= 5.280 kft 

= 1.609 km 

= 0.8684 nm 
• Force: . 

I dyne = 1.0197 x 10. 3 gm (weIght) 

= 2.2481 x 10,6 Jb (weight) 

1 gm (weight) = 980.665 dynes 

I Ib (weight) 

= 2.2046 x 10.3 Ib (weight) 

= 1 x 10,3 kg (weight) 

= 4.4482 x lOS dynes 

= 453.59 sn1 (weight) 

= 0.45359 kg (weight) 
• Pressure: 

I dyne/cm 2 = 1.0197 x 10.3 gm/cm2 

= 1 x 10') newtons/m 2 

= 7.5 x 10.4 mm 
mercury (O°C) 
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= 4.015 X 10.4 in . 
water (4°C) 

= 2.089 x 10. 3 Ib/ft2 

= 1.451 x 10.5 Ib/in.2 (psi) 

= 1.02 x 10. 2 kg/m 2 

= I x 10. 3 millibars 

I gm (wt)/cm 2 = 980.665 dynes/em:! 

= 980.665 x 10· l 

I Ib (wt)/in. 2 (psi) 

1 millibar 

• Density: 

I gm/cm3 

.. 

newtons/m 2 

= 10.0 kg/m 2 

= 2.048 lb/ft2 

= 1.422 x 10. 2 Ib/in. 2 (psi) 

= 7.35 x 10. 1 mm 
mercury (O°C) 

= 0.394 in. water (4c C) 

= 980.665 x 10. 3 millibars 

= 6.895 x 104 dynes/cm 2 

= 6.895 x 103 newtons/m2 

= 703.07 kg/m2 

= 70.307 gm/cm 2 

= 51.7 J 5 mm mercury (O°C) 

= 27.673 in. water (4°C) 

= 68.947 millibars 

= 100 newtons/m 2 

= 1,000 dynes!cm 2 

= 1.45 x 10.2 Jb/in. 2 

= 2.089 Ib/ft2 

= I,OOOkg/m 3 

= 3.613 x 10'2 Jb/in.3 

= 62.43 Ib/ft3 

= 1.94 slugs/ftl 

= 1 x 10.3 8m/cm) 

= 3.613 x 10.5 Jb/in. 3 



= 6.243 x 10. 2 Ib/ft 3 = 3.281 x 10.2 ft/sec 

= 1.94 x 10. 3 s!ugs/ft 3 = 2.237 x 10.2 mi/hr 

1 Ib/ft 3 = 1.6018 x 10'2 gm!em 3 = 1.942 x 10. 2 knots 

= 16.018 kg/m 3 1 mlsee = 100 emlsee 

= 5.787 x 10,4 Ib/in. 3 = 3.281 ft/sec 

= 3.108 x 10,2 slugs/ft3 = 2.237 mi/hr 

I sluglft 3 =·0,5154 gm/em 3 = 1.942 knots 

= 515.4 kg/m3 1. ft/sec = 30.48 cm/sec 

= 1.862 x 10'2 Ib/in. 3 = 3.048 x 10,1 misec 

= 32.1741b/ft 3 =6.818x 10-1 mi/hr • Energy. = 5.921 X 10-1 knots 
1 gm-cal = 4.184 joules 1 mUhr = 44.70 em/sec 

= 4.184 x 10" ergs = 0.4470 m/sec 
= 3.086 ft-Ib = 1.4667 ftisec 
= 3.966 x 10- 3 Btu = 0.8684 knots 

I joule = 1 x 107 ergs I knot = 51.48 em/sec 
= 0.239 gm-cal = 0.5148 m/sec 

( = 0.738 ft-lb = 1.689 ft/sec 
= 9.480 x 10-4 Btu = 1.152 mi/hr 

1 erg = I x 10' 7 joules 

= 2.39 x 10-8 gm-cal • Temperature: 
= 7.38 x 10.8 ft-Ib oK =oC+273.15 

= 9.48 x 10. 11 Btu oR = of + 459.4 

1 ft-lb = 1.356 joules °c = 5/9 rF -32) 

= 1.356 x 107 ergs of = 9/5 °c + 32 
= 3.240 x 10. 1 gm-cal 

== 1.285 x 10- 3 Btu • Wavelength: 

1 Btu = 252 gm-cal 1 A = 10'8 em 

= 1,054 joules = 10.10 m 

= 1.054 x 1010 ergs = 1O.4 1J 

= 778 ft-Ib IIJ = 10,4 em 

• Velocity: = 10-6 m 

1 cmisee = 1 x 10.2 mlsec = 104 A 

B-3 



B·5 Fractional Powers and Dimension 
Scaling' • 

• Figures B-1 and B-2 provide the infonna
tion necessary to perform many of the fractional 
power scaling operations required by equations 
presented in this manual. The use of these figures 
is demonstrated in Problem B-1. Figure B-3 is a 
nomogram that shows the relationships among 
the height of burst. the horizontal distance. and 
the slant range. A straight line through any two 
(known) of these quantities (on the appropriate 
scale) will pass through the third (unknown) 
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CI ",..,.,..; .. f.. . .. 
quantity on its scale. ~ee dimensions must 
of course, be in the .... ftJiIIIJIf. units. The diagram 
accompanying this nomogram should make its 
use obvious, and no example is provided. While 
Figures B-1 through B-3 are plotted accurately, 
visual interpolation on these figures cannot pro
vide accurate results. If tools such as a slide rule, 
logarithm tables, or a calculator that can per
form fractional power operations are available, 
users of this manual are encouraged to make use 
of those tools. Figures B-1 through B-3 are pro
vided for those who desire a reasonable answer 
in the absence of such tools. 



, 
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Problem B-1. Use of Fractional Power Curves and Dimension Scaling Nomogram 

.Figure B-J shows several fractional 
powers of numbers between I and 100,000. The 
fractional powers are those that are necessary to 
apply various scaling procedures presented else-

Ji
er~. 

Figure B-~ is a nomogram from which 
actua dimensions may be obtained from various 
scaled dImensions for yields from 0.1 kt to 100 
Mt The scaling power for which the scaled di
mensions are applicable is indicated at the top of 
the scale in each case. A straight line connecting 
a yieid with any scaled dimension will cross the 
actual dimension scale at the proper value accord
ing to the scaling which is being used. The di
menSiO!1S may be in any units for which scaling 
is given. but the scaled dimension and the actual 
dimension will always be in the same units. 
• Example]. 

Liil'ell. A 500 kI weapon is to be burst at 
the minimum height of burst at which fallout is 
not expected. A conservative height of burst is 
desired. 

Find: The actual height of burst at which 
the weapon is to be detonated. 

Solurion: From paragraph 5-22, the mini
.:' .. :::. :::,s:rvative height of burst for a 500 kt 
weapon at which fallout is not expected is 180 
k'O.4 ft. 

Answer a: From 8-1 

(500)0.4 = 12 

180 x 12 = 2,160 ft. 

Answer b: From Figure B-2, a straight line 
.. connecting 500 on the yield scale with 180 on 

the 0.4 power scaled dimension scale crosses the 
actual dimension scale at 2,160. The desired 
height of burst is thus 2,160 feet. (Note. Con
version from one scaling procedure to another 
is particularly easy with the nomogram. The lin~ 
mentioned above crosses the cube root scaled 
dimension scale at 270. Thus 180 ",0.4 ft cor
r~ds to 270 Wi ~for 500 kt.) 
_ Example 2 .. 

Given: A ground distance of 2,580 yd fro:n 
an 80 kt surface burst. 

Find: The proper distance to determine 
overpressure from the 1 kt curves. 

Solutioll: The applicable scaling is (Prob
lem 2-9) . 

..!!.... = kd 13 . 

d1 

Answer a: From Figure 8-1 

(80)1/3 = 4.3, 

d 2,580 
d 1 = -- = -- = 600 yd 

Wl/3 4.3 

= 1,800 ft. 

Answer b: From Figure B-2, a straight line 
from 80 on the yield scale through 2,580 on the 
actual dimension scale intersects the cube root 
scaled dimensi~n scale at 600. The scaled distance 
is 600 yards. The proper distance to enter thp 
overpressure charts is 1,800 feet. 
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APPENDIX C 

PROBABILITY CONSIDERATIONS. 

_The procedures described in Sections I 
through III of Chapter II permit independent 
('"I~"I"ti"w:: of the .sO percent probability of 
damage to structures. equipment and personnel. 
Section I of this appendix provides a method for 
determining the probability of failure for condi
tions oth~r than those considered in Chapter 11. 
i.e . where the median or 50 percent probability 
level of vulnerability differs from the median or 
50 percent probability level of input motions or 
pressures. Section II provides the derivation of 
some equations used in Section 1. Familiarity 
with Section III. Chapter :2 and Sections I 
through Ill. Chapter II is presupposed. 

• The discussion herein is related to the 
intensity of motion (either displacement. veloc
ity. or acceleration) that is required to produce 
severe damage to equipment or personnel. and 
to the intensity of input pressures produced by 
the air shock that will cause seyere or moderate 
damage to both aboveground and belowground 
structures. The failure of rock openings is also 
treated in terms of slant range. Either free field 
.,-,,~ .. ~. v. ,aiul!~ within the structure at the 
point of support of the equipment, or the re
spollse spectrum values, may be used inter
changeably as input. In general, the response 
spectrum values of motion will be used. Dif
ferent probabilities will be obtained for shock 
effects depending an the, knowledge available 
pertaining to the type and design of the shock 
mount . 
• In all cases, the parameters that are dealt 

Whil are the intensity of motion, the intensity of 
overpressures, or the slant range. For motion 
vulnerability, one of the three elements of mo
~ivJj ~ li;:'iJi.1I..Cment, velocity, or acceleration) can 
be llsed. depending on which region of the spec-

trum is involved, without otherwise distinguish
ing among them. By comIJaring the median value 
of input (motion, pressure, or slant range) with 
the median value of vulnerability, respectively. 
to motion, overpressure, or slant range as appro· 
priate, the probability of failure or survival of 
the particular piece of equipment or structure 
can be obtained directly. When these two levels 
are equal, the probability of failure is. of course. 
50 percent. However, when they are different, 
the tables and figures provided in this appendix 
may be used to obtain the probability of failure 
or of survival. 

c-, Protective Design and Weapon 
Selection. 

• In general, all of the parameters govern
ing the response of a structure, including the 
loading and the structural parameters. are sub· 
ject to variation and uncertainty. In making a 
design of a structure to resist certain overpres
sures. or other inputs, for a particular yield of 
weapon. the designer ordinarily makes assump
tions on the conservative side in all or nearly all 
of the cases where he has a choice of parameter 
values. The designer desires to state, with a high 
degree of confidence, that his structure will 
withstand an overpressure (the "design" over
pressure), or other inputs, specified to him. He 
will, therefore, choose parameter values suffi
ciently conservative to assign a high confidence 
value to his statement, e.g., 90 percent or better. 
.. The weapon analyst who is estimating 

the vulnerability of a structure, on the other 
hand, can work with an overall variation, which 
reflects the variation of the individual param
eters. The weapon analyst is not bound to the 
selection of single values for these parameters, 
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.-
because he is not solely interested in being able 
to stare the probability that a single specified 
inruI will cause the desired damage, or that a 
certain input will cause damage with a high 
degree' of confidence. Instead, he must answer 
the question, given a specified combination of 
weapon yield and height of burst, and consider
ing the possible variations associated with the 
structuraJ and weapon parameters, what is the 
prob3bility that the specified damage will occur. 

SECTJOl\' I 

• DAMAGE PROBABILITIES'. 

• DAMAGE CAUSED BY 
MOTION INPUT • 

C-2 Description of Charts for Damage 
Caused by Motion Input. 

• Valu\:s of th~ standard deviation 0, 

stated in terms of a percentage of the mean 
value m of in tensity of motion, are shown in -
Item I of Table C-1, These values represent the 
combination of variabilities and uncertainties 
relative to the shock motions as well as to the 
vulnerability of structures or equipment and per
sonnel. The values apply equally for input dis
placement in the constant displacement region. 
v. ,,,;v""J ." ,; ... ",vJlstant velocity region and 
acceleration in the constant acceleration region 
(see Figur~s 2-90 and 1]-51) . 
.-. Separate values are given for equipment 
t~ not shock mounted and for equipment 
that is shock mounted. Different values are given 
for shock mounted equipment to distinguish 
between equipment where the' 'design of the 
mount is known, and for two different situa
tions for shock mounted equipment where t.[le 
dt!sign is unknown. In the case where the design 
is unknown, the type of equipment may be 
known and therefore some better measure of the 
vumeraOlllly it!vt;:i can be assessed; alternately, 
the type of equipment also may be unknown, 
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and major uncertainties must be considered to 
exist in the data, The values of aim given in 
I terns ) a through 1 d reflect these degrees of 
uncertain ties . 

• The distributions of the combined vul
nerabilities can be considered to be logarithmic 
normal, and to have the shape corresponding to 
the typical lognormal curve for the particular 
values -of aim listed in Table C-1. The param
eters of the lognormal probability distribution 
and its properties are summarized in Section II 
of this appendix. 
_ Figure Col shows the probability dis

tributions for failure or for survival for the vari
ous combined values of aim stated in Table (-J, 
plotted as a function of the ratio of the median 
value of input motion (or input pressure or slant 
range). b j , to the median value of vulnerability 
level of motion (or of pressure vulnerability or 
of slant range), for the equipment or structure, 
bv ' Figure C-2 is similar to Figure C-I, except 
that the ratio aim is shown as a function of 
bJb v for different probability values. Where hi = 
b 1/' i.e" the ratio is unity, the probability offail
UTe is 50 percent. These curves are used to ob
tain the probability of failure for any other ratio 
of bJbv ; as shown in Section II, these same 
curves give the probability of survival if the 
ordinates are taken as bvlhi in place of b/b\, 
Therefore, the probability of failure or of sur
vival can be detennined by using the appropriate 
curve in Figure C-) or C-2. For example, if a 
situation exists in which velocity governs the re
sponse (in the constant velocity region) and 
where the equipment is shock mounted (design 
known) with the mounting being the item in 
which failure is to be produced, the appropriate 
aim of 100 percent is obtained from Item I b of 
Table Col. With this value, it can be seen that if 
the median value of input velocity is 2.0 times 
the vulnerability velocity level, either Figure Col 
or Figure C-2 shows that the probability of fail
ure is about 79 percent. 
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_! r. however, the acceleration bound 
go\<.:rns. and the shock mounting design is un
known but the type is known, Item I c of Table 
Col shows aim to be 150 percent. With this 
value, if the median input acceleration is 2.0 
limes the vulnerability level of acceleration, the 
probability of failure is only 74 percent. To 
achieve an 85 percent probability of failure for 
this condition would require that the median 
value of acceleration be 3.1 times the vulner
ability level of acceleration. as shown in Figure 
C-~. 

C·3 Instructions for IItion 
Input Analyses 

• ,A step-by-step procedure for motion 
input analysis is given below. Illustrative exam· 
ples for specific analyses are given in paragraph 
C-4. It is assumed that b v is known and b i for 
the particular weapon and conditions is assumed 
for motion inputs and vulnerability. The steps 
are: 

1. Determine the value of aim from Table 
C-I d.:pending on whether or not an element is 
shock mounted and on the knowledge of the 
type and design of the mount. 

2. If information other than that given in 
Table Col is available in the form of coefficients 
of variations of the input motions and of the 
vulnerabilities, the following equation can be 
used to obtain the combined aim: 

If the parameters are different from those tabu
lated, and a value of aim computed from the 
above equation is different from any of those 
shown in Table C-l, enter Figure C-2 with the 
value of aim as abscissa, and read the value of 
h,I" for a chosen probability of failure Pf (sug-

I y 

gest Pf = 90 percent or 95 percent). With this 

value of bJbv ' a line can be plotted on Figure 
Col appropriate to the particular value of aim, 
The value of bJbv is plotted on Figure Col as 
the ordinate at the chosen probability, Pf = 90 

, percent or 95 percent as the case may be. A line 
from the plotted point through the 50 percent 
point (where the other lines intersect) gives the 
entire curve. Alternately, if the com bined value 
of aim is not given in Table C-I or Figure C-I, 
Figure C-2 may be used in place of Figure C-I. 

3'. For the particular value of aim deter
mined, read the probability of failure from Fig
ure Col using the abscissa at the bottom of the 
figure, or the probability of survival using the 
abscissa at the top of the figure for the particu
lar value of bJbv ' 

4. For the given ratios of aim. and for any 
value of b/b", the probabilities of failure or of 
survival are detennined as described above: how
ever, Figures Col and C-2 also can be used with a 
ratio of b)b i to give the same probabilities by 
interchanging Pf' the probability of failure, with 
Ps' the probability of survival. 

5. If a particular probability of failure or sur-
vival is desired, the value of bJbv is obtained 
from Figure Col or C-2 for the particular com
bined value of aim, and the desired value of b i is 
obtained by trial-and-error for the particular 
given value of bv ' 

C-4 Examples for Motion 

Example 1 
• Con er vulnerability of non-shock 
mounted equipment. The value of by is assumed 
to be JOg at approximately 20 cycles per sec
ond. Consider the <;:ase in which the spectrum 
intersection is along a line parallel to a line of 
constant acceleration. 
_ From Table C-I. Item I a indica tes a 
~of aim of 100 percent. 
_ For a particular explosion, the accelera
t~vel is determined to be bi = 7g (by the 

C-3 



.hOdS of Section Ill. Chapter 2). Therefore, 
the ratio of hi to b\ is 7/10 = 0.7. From Figure 
C-1. with bJb\ = 0.7 and aim = 100 percent, the 
probability of failure is 33 percent, or the prob
ability of survival is 67 percent. Alternately, 
bJb

j 
= 1.43. Using this value of b)b j and aim = 

100 percent. the survival probability is read di
rectly from Fi!:!llTe Col or C-2 to be 67 percent. 

Fx:unple 2. 
• 

For the same conditions as example I, 
de ermine the input acceleration that would be 
required to produce a 90 percent probability of 
failure. 
~ From Figure C-l or Co:;, a 90 percent 
.p:'biliry of failure occurs for aim = 100 per
cent if bJh v = ::.9. This means that an accelera
tion of 29g will be required to produce 90 per
cent probability of failure. 

~nple3. 
.. For tne same equipment, consider a con

dition in which the equipment is shock mount
ed, with a velocity vulnerability of 1,000 in./sec 
at approximately 4 cycles. Failure is desired in 
the mounting for a known design of the mount. 

• From Table Col, Item lb, aIm = 100 
percent. 

.. If the velocity level for the explosion 
c~ions is determined to be 1,500 in./sec, the 
probability of failure from Figure Col or C-1 is 
69 percent for bJbv = 1.5 and aim = 100 per
cent. 

• For the same conditions, a 95 percent 
probability of failure requires a value of bJbv of 
4.00, or a value of velocity of approximately 
4.000 in./sec. 

Table C-1.. Standard Deviations for Use in Probability AnalYSes. 

C-4 

Item 

1. Shock effects on personnel and 
equipment· 

a. NOl shock mounted 

b. Shock mounted. desisn 
of mount known 

c. Shock mounted, type of 
moum known. design 
unkno ..... n 

d. Shock mounted. type of 
mount and design unknown 

2. Aboveground structures or 
elements nu~ with ground 
surface 

3. Underground structural elements 
subjected to vertical pressure 

4. Underground structural elements 
subjected to horizontal pressure 

5. Oper.ings in rock 

·o.'m (percent of mean 
of reference parameter) 

100 

100 

150 

200 

35 

65 

80 

so 

Reference 
Parameter 

Shock motion 

Shock motion 

Shock motion 

Shock motion 

Overpressure 

Overpressure 

Overpressure 

Slant range 
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• 
DAMAGE CAUSED BY 

SSURE .. 

c·s Description of Charts for Damage 
to Surface Structures Caused 
by Pressure Input • 

• The probability graphs presented in Fig
ures C-I and C·:2 also apply to failure of surface 
structures that are sensitive to overpressures or 
dynamic pressures. In these cases. b 1 is the 
median of the overpressure or dynam ic pressure, 
and b, is the median vulnerabilIty to overpres
sure o~ dvnamic pressure. Values of b ,as a fune· • I 

tion yield. height of burst. and distance from 
ground zero may be obtained from the overpres
sure and dynamic pressure height of burst curves 
in Section I. Chapter 2. 

• Tables C-2 and C-3 show the median val· 
ues of overpressure and dynamic pressure respec
tively. by. that correspond to severe damage to 
the" types of structures for which isodamage 
curves are presented in Figure 11-2 through 
] 1 The structures and the types of damage 
that are considered severe, moderate, or light for 
each structure are described by number in Table 
] 1-1. Tables C-4 and (-5 show the correspond
ing overpressures and dynamic pressures, respec
Lln.:iy, lhat provide moderate damage to the 
same family of structures. Even though the pres
sure required to produce a stated level of dam
age to a given structure with a given yield varies 
somewhat as shown in the isodamage curves of 
Chapter II, the m.edian values presented in the 
tables are considered to be sufficiently reliable 
for the calculation of damage probabilities. 

• The ratio a·lm. for the input pressure is 
I I 

assumed to be 20 percent for both overpressure 
and dynamiC pressures, and a,/m\l for pressure 
vulnerability is assigned a value of 30 percent. 
The combined value may be obtained from the 
equation given in paragraph C-3: 

aim 

aim = l (0.2)2 + (0.3)2 + (0.2)2 

aim ;:::; 35 percent. 

With this combined value of aim. the probabil
ity of failure of a given structure subjected to a 
specified overpressure or dynamic pressure from 
a known weapon yield can be determined from 
Figure C-I or C-1. For example. consider a dif· 
fraction sensitive structure similar to type 1 1·3 
that is subjected to an overpressure of 20 psi 
from a 3 kt explosion. From Table C-2. the 
median overpressure vulnerability corresponding 
to a 3 kt yield is 15 psi. The ratio b/b, is, 
therefore. 1.333. Using bJbv = 1.333. and aim = 
35 percent, P f = 80 percent as the probability of 
severe structural damage from either Figure C-\ 
or Figure C-2. The corresponding probability of 
failure for light to moderate damage of the same 
structure may be obtained similarly by using the 
appropriate overpressure vulnerability obtained 
from Table (-4. 

_ To design for a given probability of sur
vimrom severe damage from a specified over· 
pressure or dynamic pressure. b i , and weapon 
yield, W, enter Figure C-2 with the given Ps to 
obtain the value of b)b j corresponding to aim = 
35 percent. The structure should have a median 
vulnerability equal to the calculated by. For 
example, if the median overpressure from a 30 
kt weapon is 10 psi, the design of a structure 
corresponding to structure type 11-5 with a 70 
percent probability of survival from severe dam
age is determined from Figure C-2, with- aim = 
35 percent and Ps = 70 percent, to be b)b j = 
1.25. Hence, the structure must have a median 
vulnerability of ] .25 b i = 12.5 psi to achieve a 
70 percent probability of survival. 
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• To inflict severe damage to a surface 
structure of kilown type with a given probability 
of failure. Flgure C-J or C-2 is entered with this 
probabiilty to obtain a ratio b/b y corresponding 
to a 1m = 35 percent. The required median over
pressure or dynamic pressure. b j , is then ob
tained in terms of b, from Table C-2 for diffrac
tiO:1 sensiti"e structures or from Table C-3 for 
rlr~S' ser.,itive 5tTuctures. A yield that wiJl pro
vide the required pressure input is then selected 
with the aid of the heig.ht of burst curves in 
Section I, Chapter 2. 

C-6 Description of Charts for Damage 
to Underground Structures 
Caused by Pressure Input. 

_ Failure due to vertical overpressures or 
~n[al pressures must be distinguished for 
underground structures that are sensitive to soil 
pressures. Again. b. is the median of the applied 

I 

pressure. In this case. the med ian vul nerability. 
b , to vertical or horizontal pressure is obtained· 

v 

by the procedures discussed in Section II and 
Ill. Chapter II. 
~ When using the probability charts, a val
~a/m = 65 percent should be used for struc
tures and structural elements subjected to ver
tical pressures: however. for structures and struc
tural elements subjected to horizontal pressures. 
........ : ...... v; ",'111 = 80 percent should be used with 
appropriate b/bv or b)b j • The procedure for 
the analysis of the probability of failure or of 
survival is the same as for aboveground struc
tures. Therefore, the illustrations presented for 
above2round structures may be followed. 
~ For deep underground oRenings in rocks 
t~e sensitive to slant range, the quantities b j 

and b must be expressed in terms of slant v 
range. Similarly. the value of aim = 50 percent 
given in Table C-l for openings also is expressed 
in the same term. The computation of probabil
ities of failure or of survival is again performed 
";ili Figuit: C-l or Figure C-2. The procedure is 
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the same as described above except that the 
ratio b/b y or b)b j is the ratio of the slant 
ranges, and a value of aim = 50 percent should 
be used (Table C-l). 

C-7 Instructions for Pressure Input 
Analyses. 

• The instructions given in paragraph C-3 
pertaining to the use of Figures C-I and C-2 for 
motion inputs also apply for pressure inputs. 
The only difference is in the determination of 
b/b y and values of aim = 65 percent or 80 per
cent for underground structures sensitiv~ to ver
tical and horizon tal pressures. respective ly or 35 
percent for aboveground structures. In the case 
of pressure inputs. the pressure vulnerabilities of 
a structure are determined from one of the 
Tables C-2 through C-5 for aboveground struc
tures. For underground structures, these vulner
abilities must be computed as described in 
Sections II and III of Chapter I I. 

I. For a given surface structural type sub
jected to a specified weapon yield. determine 
the pressure vulnerability from Table C-2 or C-3 
for severe damage, and from Table C-4 or C-5 
for light to moderate damage. Tables C-2 and 
C-4 give the overpressure vulnerability for dif
fraction sensitive structures, while Tables C-3 
and C-5 give the dynamic pressure vulnerabilities 
for drag sensitive structures. Comparable values 
for underground structures must be computed 
by the methods described in Chapter 11. 

2. Using appropriate values of aim as given in 
Items 2, 3, and 4 of Table C-I for aboveground 
and underground structures, the probabilities of 
failure or survival can be determined from Fig
ure Col or Figure C-2. 

C-S Illustrative Exam=. for 
Pressure Inputs • 

Example 1_ 
~ Consider a 5-story conventional rein
~d concrete office building of the type de-



-scribed as Type 11-3 in Chapter 11. Assume that 
an explosion of 100 kt yield occurs at a height 
of burst of 1,100 ft. If the building is located at 
J distance of 4,200 ft from ground zero, the 
corresponding height of burst and ground dis
tance from a 1 kt explosion would be 

h 1.1 00 
h] == -- = --- = 237 ft, 

h'Ji3 (100)1/3 

4.200 

(100)1/3 
= 905 ft. 

From Figure ~-18. the overpressure is 15 psi. 
from Table C-::, the. median vulnerability is II 
psi. Thus b/bv = lSIJ I = 1.36. With this value 
of b/b\. and aim = 35 percent. the probability 
of severe damage is determined from Figure C-I 
or Figure C-2 to be approximately 80 percent. 
To determine the probability of moderate dam
age. Table C-4 shows the median vulnerability to 
be 7 psi. and. therefore, b/bv = 15/7 = 2.14. 
From Figure Col or Figure C-2, the probability 
of moderate dama!!e is 98 percent. 

Example J. 
.. For the same structure, yield, and height 
o~st that were used in Example 1, the dis
'~"'~" ~N;p<;ponding to 20 percent probability of 
severe damage may be detennined as follows. 
With aim = 35 percent and the probability of 
survival equal to 0-0.2) = 80 percent, Figure C-2 
shows a ratio bJb j = 1.35. Thus bi = I J /1.35 = 
8.15. The median overpressure, therefore, is 
8.15 psi. From Figure 2-19, the distance from 
ground zero corresponding to a height of burst 
of 237 feet for a 1 kt explosion and 8.15 psi is 
1,220 feet. The corresponding distance from a 
100 kt explosion is 5,660 feet. The distance for 
20 percent probability of moderate damage cor
responds to an overpressure of 7/1.35 (Table C-3 
~r.~ i-ig;.;re C-2) = S.18 psi. From Figure 2-19, 
the distance from ground zero corresponding to 

a height of burst of 237 feet for a I kt explosion 
and 5.18 psi is 1,650 feet. The corresponding 
distance from a 100 kt explosion is 7,660 feet. 

. C-9 System Consideration. . 

• 
The calculation of probabilities de

sen ea in the precedu1g paragraphs pertains to 
the failure or survival of a single item or compo
nent. If the survival or proper perfonnance of a 
complete piece of equipment or a system re
quires the survival of every component in the 
system, the components can be considered to be 
in series. An example is that of a shock mounted 
equipment; the satisfactory perfonnance of the 
equipment requires the survival of the shock 
mount as well as of the equipment itself. In 
determining the failure probability or survival 
probability of a system the two points of view. 
the designer's and the weapon analyst's, must be 
distinguished in arriving at conservative esti
mates of the actual survival probabilities. 

11 From the designer's (defensive) point of 
view, a conservative estimate of the system fail
ure probability is obtained if the failure of the 
components are assumed to be statistically inde
pendent. The probability of failure of the sys
tem is: 

where Pfl , Pf2 ••• PCn are the probabilities of 
failure of the individual components, which can 
be determined with the procedure described in 
thireCeding paragraphs. 

For example, in the case of the shock 
mo nted equipment, if the probability of failure 
of the shock mount is 30 percent and that of the 
equipment is 40 percent, the probability of fail
ure of the system is ) - (0.70)(0.60) = 58 
percent. 
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Table C-2. • Median Vulnerability to Overpressures nding to Sellere 
amage of Diffraction Sensitive Structures 

Type of Structure 

Weapon 
Yield ll-~ 11-3 11~ 11-5 11-6 

(Median Vulnerability Overpressure, psi) 

30 mt 28 ]0 5.0 9.0 3.4 

]0 mt 29 10 5.0 9.0 3.4 

3 ml 30 10 5.0 9.0 3.4 

I mt 30 11 5.0 9.0 3.5 

300 kt 30 II 5.0 9.0 3.5 .,' 

100 kt 32 11 5.0 9.5 3.5 

30 kt 34 12 5.0 9.5 3.6 

10 kt 34 13 5.5 ]0.0 3.6 

3 kt 36 ]5 5.5 10.0 3.8 

kt 48 17 5.5 11.0 4.0 

w .. "', 20 6.0 ]2.0 4.4 

0.1 kt 22 6.5 12.0 4.8 

0.03 kl 24 7.0 13.0 5.2 

om kt 28 7.5 14.0 5.8 
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o 
I .. .. 

Weapon 
Yield 

30 ml 

10 1111 

J ml 

I ml 

300 kt 
100 kt 
30 kl 
10 kl 
3 kl 
I kl 

0.3 kl 
0.1 kl 

0.03 kl 
0.01 kt 

11-7 

OR 
O.R 
O.t, 
1.0 
1.2 
1.4 
2.0 
3.2 
54 
9.5 

'Ito 

Table C-3. 

II-R II_I) 11-10 

1.6 2.6 5.n 
1.6 2'(, 6.0 
I.R 2.R 711 
2.0 3.2 K.) 
2.2 3.6 12:0 
2.6 4.4 IK.O 
3.(, 5.Il .14.0 
S.2 7.) 
1.5 12.0 

I J.O 20.0 
26.0 JR.O 

,..-\ 

III Median Vulnerability 10 Dynamic Pressurr.s Corresponding to 

Severe Damage of Drag Sensitive Structures _ 

Type "I Slrudlllc 

II-II 11-12 11-1.1 11-14 11-1 'i II-II> II 17 11-1 H II-I'I 11-20 11-21 11-22 II-V 

(Medial! VIIIIlt'r:llirlily (If "YIl;lIl1ic I're~~lIle. p\ll 

2.4 'i.O 2.r. 2.4 ;>.0 20 '1.(. 'i.n 2H 1.1 20 1.4 0.6 

2.6 <;.0 2H 2.4 HI ~ .0 1011 'iJI 2.R 13 2.0 1.4 0.6 

3.0 (,.0 JIJ 2(, 2() ~.n I.UI <; 2 2.K .U 2.0 14 I.() 
.l.h 70 1 <1 1.0 :'0 ~.n 21l1l 60 2.K J.4 20 1.4 1.6 

4.R <).0 4.2 1.H 2.S 20 4H.n R.O .1.0 40 2.0 14 2.R 
(d) 11.0 5.2 5.0 1.0 2.2 1).0 3:4 5.2 2.2 1.4 4.5 

10.0 16.0 7.0 100 4.0 :' ,(, 20.0 4.0 10.0 2.6 14 7.<; 

16.0 26.0 10.11 240 70 3.5 40 II 5.2 24.0 J.4 1.11 120 

.16.0 IIl.O I HI 5.0 7.0 4.6 2.0 20.11 

60.11 2R.O YiO 12.0 12.0 lUI 22 ."Q .0 

22.0 111.0 .1.0 55.0 
4.0 R5.0 
6.0 
9.0 



Table C-4. III Median Vulnerability to Overpressures Corresponding to Moderate 
Damage, of Diffraction Sensitive Structures _ 

Type of Structure 

Weapon 
Yield 11-2 11-3 11-4 11-5 11-6 

(Median Vulnerability Overpressure. psi) 

30 mt 20 6.5 3.4 6.5 2.2 

10 mt 20 6.5 3.4 6.5 2.2 

3 mt 20 6.5 3.4 6.5 2.2 

ml 20 6.5 3.4 6.5 2.2 I 
I' 

300 kt 20 6.5 3.4 6.5 2.2 

100 kt 20 7.0 3.4 6.5 2.2 

30 kl 20 7.0 3.4 6.5 :!.2 

10 kl 20 7.0 3.6 6.5 2.2 

3 kt 22 7.5 3.6 6.5 2.2 

24 8.0 3.6 6.5 ., ., 
'" w.o. 

0.3 kt 28 9.0 3.8 7.0 2.4 

0.1 kt 10.0 4.0 7.5 2.6 

0.03 kt 11.0 4.2 7.5 2.8 

0.01 kt 12.0 4.4 8.0 3.0 
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n 
I .... 

Col 

Weapon 
Yield 

30 mt 
10 mt 
3 ml 
I ml 

300 kl 
100 kl 
30 kt 
10 kt 
3 kt 
1 kt 

0.3 kl 
0.1 kl 

O.oJ kt 
o.ot kt 

11-7 11-8 11-9 

0.6 1.2 2.0 
0.6 1.2 2.0 
0.6 1.2 2.0 
0.6 1.2 2.0 
0.6 1.2 2.0 
0.6 1.2 2.2 
0.6 1.4 2.4 
0.8 1.4 2.6 
0.8 1.6 3.2 
1.0 2.0 4.0 
1.2 3.0 6.0 
2.2 5.0 10.0 

~, 

Table C-5. I!! Median Vulnerability to Dynamic Pressures Corresponding to 
ode rate Damage of Drag Sensitive Structures _ 

Type of Structure 

11-10 II-II 11-12 11-13 11-14 11-15 11-1 (, 11-11 11-18 11-19 11-20 11-21 11-22 11-2) 

(Median Vulnerahility of Dynamic Pressure. psi) 

3.4 1.6 )(, 2,0 24 20 2,0 1).6 S.O 2,8 3,2 2.0 1.4 0,2 
3.4 1,6 :'-6 2,0 24 20 2.0 10.(, S.O ·2.11 U 2,0 1.4 0,2 
3.4 1.6 ),6 2.0 2.4 2.0 2.0 12.0 5.2 2Il 3,2 2.0 1.4 0,4 
3.6 I,R J.R 2.0 2.6 2.0 2.0 16.0 5 II 2f1 32 2,0 1.4 0.6 
4.0 2.0 4.0 2.2 2.8 2.0 2.0 26.0 7.4 2,.8 3.4 2.0 1.4 1.0 
4.4 2.0 4.4 2.4 3.2 2.2 20 46.0 ClO 3.0 4.0 2.0 1.4 1.0 
5.4 2.4 5.2 2.6 4.0 2.8 2.2 flR.O 140 3.4 5.0 2.2 1.4 3.0 
7.5 3.0 (',0 3.0 6.0 3.6 2.8 22.0 4.0 R.4 2.4 1.4 5,0 

12.0 4.4 9.0 3.6 12.0 t),4 4.2 40.0 5.4 IR.O 3.4 1.6 R,O 

20.0 1.5 12.0 5.0 30.0 12.0 6.2 7.4 36,0 4,6 I.R 13,0 
40.0 13.0 220 9.0 1(',0 10,0 6.4 2,2 22.0 

20.0 16.0 15.0 14.0 2.6 60,0 
]A 100.0 
4.2 



• However. from the weap~n an~lyst's 
(offensi\ c:) standpomt. a conservatIve estImate 
of the system failure probability may be ob
tained if the failure or survival of the compo
nents are a~sumed to be perfectly correlated. In 
this case. the probabjlity of failure of the system 
is equal to the largest value among the failure 
probabilitj~s of the components, or 

Pf = max (Pfl· Pf2. . . . , Pfn ) • 

In the example given above for shock mounted 
equipmt'nt. the s) stem failure probability would 
be 40 percent. 

SECTIO~ II 

• DERIVATION OF EQUATIONS 
USED IN SECTION 1 • 

• The treatment used herein is based on 
the logarithmic normal distribution that was 
used in Section 1. Values were given for the ratio 
of the standard deviation to the mean of a log
normal distribution, obtained by combining the 
corresponding quantities for individual param
eters eoverning the distribution. 
.. Consider a logarithmic nonnal distribu
t~'or vulnerability. characterized by the 
parameter 0. for standard deviation. my for 

.• I. c __ ~. ::-::'::::-:. !\ow consider also a log-, 
arithmic normal distribution for input having 
similar parameters, but with the subscript i 
instead of 1'. Each case is designated by d" and 
~ or d and e . respectively. the mean value and I-'v I I " 

standard deviation of thdogarithm of the corre-
sponding v::J.riate. 

C·'O Properties of lognormal Variates • 

.. For logarithmic normal random vari
~ the relationships between the above 
paramet,=rs are as follows: 

C-14 

Thus, 

Also, 

Q = 211 b 

where b is the median of the lognormal variable. 

C·11 Probability of Failure or Survival If 
• Assume that the input I and vulnerabil

ity V are both logarithmic normal variates with 
mean and standard deviations nl

l
, 01 and mv' 0, ~ 

respectively. and hence corresponding medians 
b. and b . The logarithms of the input and vul-

! ~' 

nerability are therefore individually normal ran-
dom variables . 
.. Failure occurs whenever the vulnerabil· 
it~ess than or equal to the input: or In' ~ 
1.0. If 

1 x =V' 

then failure means X ~ 1.0, or 211 X = (211 1- 211 
V) ~ O. Therefore, 211 X is also normal with 
parameters 

and 

( )
1/2 

~ = ~~ + f3; . 

Therefore, the probability of failure Pf is 

1 (£n x-a)2 
Pc = vk- (00 e -'2 p d(2n X). 

211 f3 )0 



'. Let 

Then 

and 

Pf 

( 
But 

Hence. 

and. 

Therefore, 

ana 

y = 

dy 

= --;;= 
V 2i. 

~n X - ex 
(3 

d(Qn X) = 
J3 

1 
., f: e • 

is 

y 2 

= area of standard normal 
ex 

curve from -(J to 00, 

dy 

This is the equation given in paragraph C -3, 
Therefore. for specified (aim), (3 is a non
negative constant. and 

1 f _..!.. )'2 
Pf = \,I'21r 

e 2 dy 

7: 

1 = v'21T J
oo 1 __ \,2 

e :2' dy, 

_2. Qn(:!) 
~ \' 

which gives a linear plot of b/b\ with Pf on 
lognormal probability paper, as shown in Figure 
Col. II If the ordinates in Figures (-) and (-2 
are expressed in b)bi• it can be shown that the 
probability of failure in these curves becomes 
the probability of survival. From the equations 
given above, 

1 
- ....;1ir 

_2.. )'2 
e 2 dy-

C-1S 



-
(

b' 
-l In _I) 
/' ;J I) I . \ 

= L 

C-1S 

e 

1
~ 20(:;) -1. ,2 

e 2 dy, 

-IX> 

= 

Since the standard normal distribution is 
symmetric about the origin, this integral is equal 
to the integral for Pf' Therefore. the probabil
ities in Figures Col and C-2 become probabilities 
of survival if the ordinates are replaced by b)b

1
, 
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APPENDIX 0 

.-ABSTRACTS OF DNA HANDBOOKS 

.. ~U~-\R WEAPONS BLAST PHE
.U IE1"-\. ' 
.. D.IS.--l J:ln(j (rois. I-I) (Vol. L SRD: 
\'~L CRD: Vol. III. SFRD: Vol. 1\'. to b~ 
publl.;ht.'d: Vol, \'. CFRD l. 

• P!'c/JJ/'('d bl DASIAC. SantJ BafbJra. 
C;Jlllurni;.;, \\J.ior \.'ontril'lILOf5: Dden,,;: Atomi, 
Suppon AgC'lh'Y, l\.a1113n '\u,:I.::u, CRS Rese:m.:ll 
C01l1p:J11~. Boll. BaJnek, :lIld ;\e\\'111:1I1. and 
DiL'\\ood COrpOfJtJOl1 . 
• A I'Ji/Llbiiin Volumes I through III 

lllrod,:;n Dt.'I'ense DocllmenLHion Center 01: re
quest through Defen"e '\lh.:kar Age:h·Y. \\;'!51i

ingtoJ1. D,C. :0305, Volume V. limited dis-
tr'h''1jon. . 

• D.\SA I :00 is a sour.:e book of air blJsl 
dJIJ JJ1J tlieory Jpplk'al':e to l1uc!e3r e\piosiolb 
o\.'curnng in free air. on or near the surf;.!c:.'. JJ1d 
bene:Jtil til.:' surfJ':':. \'olume I begins \\jtll J 
detailed descnption of the nuclear explosion 
energ~ source. and presents the t:leoretkJI back
~ourla 3ssociated with tile formation and propa· 
g:.H10n of the blast wa\e in free air. The long 
range prop3gatiol1 of shock W3\'es IS treated in 
d-etJiI, Volum\: II presents a discussion of blast 
\\a\'c' interaction phenomena. induding ideJI 
rellection and refra.:tion. ideal diffraction, and 
nonideal effects. A 'discussion of topography and 
shock wa\e shielding and.a section on air blast 
measurements in the high pressure region also 
are included. Volume III contains an analysis of 
and methods for the prediction of the blast pile
nomen3 from nuclear weapons burst at moder
ate altitudes. on the surface. underwater. and 
underground. Volume IV contains a discussion 
01 the simu/Jtion of nuclear air blast phenomena 

with high explosives. Volume \' j~ a compilation 
of the measurements of the various blast param
eters associated with nuclear weapons at 'll?t= 
variolls nuclear operations. It is planned for 
limited distribution to scientists and agencie~ 

who are working in the field of llllckar \\ eapon~ 
blast phenomena. 

• H,\~DBOOK OF 
EA R EXPLOSIO 

'pared by DASIAC. Santa Barbara. 
1lOrnia. Major contributors include, ;\OL 

DT'\!B. Waterways Experiment Station. ;\a\'al 
Ci\'il Engineering Laboratory and the ll.S. 1\aval 
Radiolo!2ical Defense Laboratory. 

• --1l'uilabilif,l: Qualified' requestors may 
obtdll; these do..:uments from the Defense Do.:u
mentJtion Center. Each trJnsmittal outside the 
agencies of the U.S. Government must have 
prinr approval of the Defense '\uclear Agency . 
... The Handbook of Underwater ;\uclear 
~~Ions is divided into two parts: Part I. Phe
nomena, consists of I I chapters. and Part I L 
Effe,,:~s. consists of 13 chapters. Individual 
chapters and in some cases sections of chapters 
haw heen pre\'iously published separately. 

• The entire handbook: is undergoing revi
SiO:1 and will be published in three volumes. The 
revised Handbook of Underwater I\uclear Explo
sions will be an authoritative presentation of 
current knowledge and a reliable source of use
ful data concerning the phenomena of under
water nuclear explosions. The presentation will 
include the phenomena of shock Waye propaga-
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-lIon. surlJcC' waves. underwater cratering. and 
TJdioJcti\c debris. The effects of underwater 
explosions on sLlrfl)ce ships. submarint:s. harbors. 
and slructura.1 installations also will be 
descri bed, 

,.. ~CCLEAR GEOPLOSICS IA Sourcebook 
~Clldergroulld Phenomena and Effects of 

N ar EXPloSions. 
rH 4 1_0':: rrolumes 1-1' __ 

by, Stanford Research Insti-

.4 rai/u bili 1,1 : Thb document is not ap
proveu for open publication or distribution to 
the Office of Technical Services. Depanment ,of, 
Commerce. Qualified r~questors may obtain 
copies of this report .(ro111 Defense Documenta-, 
tion Ce!1ter. Foreign announcement \l1d.:..dii;'_ 
semimlion of this report is not authorized. "',.1 
• The l\uclear GeopJosics Handbook con
tams live volumes: Pan 1. Theory of Directly 
Induced Ground Motions: Part II. Mechanical 
Properties of Earth Materials: Part Ill. Test Sites 
and Instrumentation. Part IV. Empirical Anal
ysis of Ground ~lotion and Cratering: and Part 
V, Effects 011 Underground Structures and 
~ment, 

~ ~he theory of directly induced ground 
; .. ~ ~.::: :: pr,;st:l1ted ill Part I. Tne tools and 
elemen t5 required for the study of ground mo
tion efiects are discussed. Two analytical s,?lu
t ions of shock propagations are presented. 
Theoretical predictions (obtained by numerical 
and analytical methods) are compared with field 
measurements. The mecJ\anicaJ properti~s of 
earth materials are described in Fart II. It con
sists of a preparation of a clear and systematic. 
but largely qualitative. description of the resis
tance of earth materials to compression and 
shear. A summary on stress-strain behavior with 
very short load durations is included. The basic 
concepts regarding the mechanical behavior of 

0-2 Change 1 

soil and experimental methods of determining 
the mechanical properties of soil are described. 
The physical characteristics of test sites and 
instrumentation of nuclear and high explosive 
detonations on which ground motion has been 
measured are presented in Part Ill. The discus
sion of air blast induced ground motion in Part 
IV relies primarily on experimental evidence~:A 
knowledge of the effects induced in the free 
field ground motion, the factors intluen,:cing 
these effects. the structure-medium interaction. 
and the factors ii1tluencing interaction is implicit 
in the study of behavior of underground struc
tures. Part V summarizes these various phe
nomena as they apply to understanding S(ru(

tures in general and discusses the behavior of 
e~lent mounted within a structure 

_ The book is meant to be an authorit~ti\'e 
souh.eoook. It is not meallt to be a handbool; of 
de<;i!!~ specifications, 
• Part 11 and Part IV are currently under 
reV15JOn, Publication is expected during calendar 
year 1973. 

II TREE (Transient-Rndiation Effects on Elec
tronics' HANDBOOKII 

_ DT'A 1420 H-I (edition 3)' D'.:A l.+:O 
H-_ leditiol1 31. 
\-l20 H-2. 

tU~'olumbUs. Ohio 
~ -J wi/abiliTY: Qualified requestors may 
~ this document from the Defense Docu, 
mentation Center. Foreig.n announcement and 
dis<:emination is not authorized. 

II The TREE Handbook consists of two 
\'0 umes which present information that will be 
useful to a design engineer who is designing 
electronic systems for survival in a nuclear, 
burst environment. The information that is pre
sented covers those areas directly related to 
electronic parts. circuits, and systems. The 



• nuclear-burst em-ironment that is covered fn-
eludes both transient and steady state. ,It also 
includes all radiation effects except external 
EMP. Major areas covered in D!'A J 420 H-I 
are: the simulated versus burst environment, 
mteraction of transient radiation with matter, 
discrete semiconductor devices. integrated cir
cuits. ca pacitors. resi stors. miscellaneous elec
tronic materials and devices. circuit hardening. 
and network analysis techniques. D!'A J 420 
H-2 discusses the nuclear weapon-burst environ
ment. interaction of transient radiation with 
matIer. system hardening. and internal EMP. 

• The TREE Handbook is updated on a 
conllnuing basis. 

FOR NU-

Prepared by: Lockheed Missiles and 
Space Company, Sunnyvale, California. 

_ The first volume, with parts A and B, 
~es a radiation hydrodynamic code appro
!"ri::>te fOT calculation of nuclear fireball phe
nomenology in the lower atmosphere. Part A 
describes the code, and part B discusses the 
results. The FIREBALL code is a one dimen
sional, spherical, Lagrangian, radiation
hydrodynamics code, which employs a non-grey 
transport equation. to describe the radiation 
field. The code.s used to compute 39 theoret
ical models for bombs of various explosion 
yields at various altitudes. These graphical de
scriptions are the 39 volumes (DASA 1589-) 
through 1589-39). Results are compared to 
experimental measurements made in U.S. field 
tests. 

• WEA PO:'llS RADIATION SHIELDING 

HI'DBOOK" 
DASA~2-J tIT' 1892-6 (DASA 

1 -1, -2. -3 . DASA 
I 

Prepared by: Oak Ridge National 
tory, Oak Ridge, Tennessee. Major contri· 

butors: Radiation Research Associates and the 

•

'versity of Tennessee. 
A vailabilify: Qualified requestors may 

o tam these documents from the, Defense Docu
mentation Center. Requests for DASA 1892-4 
must be on request through Headquarters. 
Defense Nuclear Agency, \Vashington, D.C. 
20305. 
_ DASA 1892-5 (Chapter 2 of the hand
~) describes the basic concepts underlying 
the methods used for weapon radiation shield 
analyses. These concepts include the quantities 
used to describe particle populations and the 
quantities used to describe radiation interactions 
with materials. The characteristics of the par
ticular radiations produced by weapons. neu
trons and gamma rays, are discussed in detail, 
incl uding their physical properties and their 
important interactions. The processes by which 
neutrons and gamma rays are produced also are 
described. The chapter also discusses the various 
response functions that are used to convert a 
r.i3tion field to a biological effect. 

DASA 1892-3 (Chapter 3 of the hand
bookJ surveys the methods used most frequently 
to calculate the attenuation of neutrons and 
gamma rays. Summaries of computer codes 
based on the various methods also are provided. 
AJI of the techniques are either approximate 
solutions to the Boltzmann equation or are 
based on kernels obtained from solutions to the 

w.ation. . 
DASA 1892-2 (Chapter 4 of the hand

boo ) surveys the work performed to date on 
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~ri011S tyPt?~ of nuclear radiJtion albedos. 
parth.:ulJrly as they relate to penetration of air 
filld openings through radiation shields (ducts, 
passage\\ays. etc.). This topic is important in 
that tht' primary increase in the radiation that 
P$'!i1etrates a shield results from such openings 
and enters primarily as a result of the successive 
scattering of the radiation from tIle walls of the 
orenings. Most of the techniques for estimating 
the transmission through such openings depend 
on the use of albedos . 
• DASA l89~-1 (Chapter 5 of the hand

boohJ describes effective methods for designing 
air filled holes in protedi\e structures (access 
ways. ventillation ducts. other utility pipes. dis
tributed voids resulting from the use of non
homogeneous material in the structure. etc.) to 
reduce the amount of radiation that enters the 

S.I,' ure. 
DASA 189~-~ (Chapter 6 of the hand-

bookl describes the various sources of radiation 
produced by a nuclear explosion and presents 
techniques for calculating the transport of th~ 
radiations from the point of burst to the surface 
of a shield. i.e .. it presents methods for deter
mining source terms for shield attenuation c;Jku
lations. The emphasis is on initial radiation, i.e .. 
that produced within the first minute following 
~losion. 

~ 0ASA 189~-6 (Chapter 7 of the hand
bOOhl presenrs a simplified method for designing 
(or evaluating) shield covers on single compart
ment underground structures that will protect 
against the neutrons and initial gamma rays. 
Emphasis is given to neutrons. The method is 
limited to surface or rear surface bursts. to 
weapon yields between I kiloton and 20 mega
tons. and to distances from the burst at, which 
overpressures are between 5 and 100 psi. but no 
clost'r than 500 meters. 

~ !HERMAL RADIATION PHE
~ENA'" 

• D.4!'f'j917 (Voilimes 1-6) (Vols, I-V, 

0-4 Cnange 1 

Prepared by: Lockheed Missiles and 
Space Company, Palo Alto Research Labora
tory, Palo Alto, California. Major contributor: 
The Rand Corporation. 

• A l'ailabiIiT),: Qualified requestors rna) 
obtain these documents from the Defense Docu
mentation Center. Volumes I through V are 
approved for open publication. Volume VI is 
available only by request through Headquarters. 
De fense . Nuclear Agency, Washington, D.C. 
20305. 

• Volume I of the six volume h~ndbook 
describes the equilibrium thermodynamic prop
erties of high temperature air. The report con
tains information on air and a mixture of ideal 
gases in chemical equilibrium: ideal gas prop
erties for monatomic gases, diatomic gases. and 
polyatomic gases. The effects of interparticle 
forces on the thermodynamic properties of air, 
'effects of coulomb forces on the thermody
namic properties of air, and equilibrium calcula
tions and results for air are discussed. Tables and 
graphs of the composition and properties of the 
atmosphere are included. 

• Volume ~I, p,resents ,the theoretical as
pe.:lS of rhe equIlJbnum radiative properties of 
air. The theory of radiation in hot gases (elemen
tary radiative transfer, theory of radiation, 
theory of molecular absorption) is described. 
Spectral and mean absorption coefficients of 
heated air and spectroscopic properties of six 
important band systems that contribute to 
opacity of heated air are included. 

• Tables of the equilibrium radiative prop
erties of air and its constituents are presented in 
Volume JIJ for a wide range of temperatures and 
densities. The information contained in the 
tables is a combination of experimental data and 
theoretical computation. 



(. 

• Voluml:.' J\' describes the excitation and 
110JlC411iilbrium phenomena of air that has been 
subje,,;t<!d to a large amount of radiation, Topic~ 
111l:!ude: absorption and scattering of X-rays and 
ga!1lmJ rays: collisions of ions and electrons with 
air molecules: secondary processes following this 
excitation (including the creation of various 
chemi .. '1l species): X-ray heating and shock heat
ing of air. with special reference to very high 
"".,,::,::': ":';,,31,;e5: the approach to composition 
equillbflul11 in low and high temperature air: 
adiab:1tk. near equilibrium cooling of air and the 
forn:ul:ltion of a criterion for local thermody
n3ml~' equilibrium: 110nequilibrium r~,Jiati\'e 

transport and Ih elYect on the total amount and 
tile Sr::"CirLlm of emitteu radiation: radiation in 
tel111Dll:'. ali at high temperatures. and radiation 
in tenuous air with contamll1anb at low 
lemrerJtures 

• \'olume V provides an introduction to 

r;.tlJ1JII0I1 hydrodynamics 4RH I, It contains a di~
~'us5ioll of the application of RH to firebatls in' 
tile atmosphere. After formul:lting tile. basic 
equ:.Jtiolls of RH. spe..:ial attention is gJ\'cn to the" 
fadl;]t!\ \.' transfer problem, Several methods for 
soh ll~g tile I?quations of transfer are touclled 
tljJon, btlt special emphasis is placed on the t\VO 

stre<l!l1 method with a frequency averaging pro
cedure. \\hich is specifically designed for use 
"it!· fi'lil<" zone sizes. A version of the fireball 
code. which uses this approach. is described. 

• \'olume VI provides data conceming the 
ilHddction or nuclear weapon radiation and 
debris with the atmosphere. The theoretical 
analysis of fireball development uses computa
tions based on the equa tions of radiation hydro
dynamics (RH). Various models for simplifying 
these equations are described, and a summary of 
codes and calculations based on these models is 
illduded. The emphasis of the theoretical discus
sion is on the status of understanding rather 
th.n a detailed quantitative treatment. Yield and 
3ilJLuJe ~\:aling laws are developed. 

DASA REACTlO' RATE H.-\'DBOOK 

D'A 1948H 

Prepared by, General I:b:tri .. : Oll1p;jn~. 

and Space DivislOll. Philadelphia. Penn
sylvania Major contributors. General Electri..: 
TBfrO. University of Pittsburgh. Air For,,' 
Cambridge Laboratory. Geophysics CorporJtioll 
of America. The Rand Corporation. G C 
Dewey Corporation. Univermy of ColoradO. 
General Atomic. West inghouse Rese<lr;.; h L1bor J

tories. l'\ASA Ames Research Centt.'r. ;..tnd Air 
Force Weapons Laboratory. 

• A rat/abiliry: Quahfi::."d requestors mJ~ 
obtaJl1 this handbook from the Defense' DO~'lI

mentation Center. 

... This hundrook contains useful. a":CUfJle. 
~ljable information on u~'per atmospheric 
chemical and physicJI pro..:.:-sses. Slli.:11 ill rormJ
tion is required for the solution of'Jrjou~ prob· 
lems involving militar) radar and coml1111lli..:ation 
blackout. Periodic adJltlons to. and revisions or. 
this handbOOK are planned to accomodate new 
information. revisions of older data. corr~ctlOIl~. 
elc, Tilt' material is prest'nted in 19 ~epJrJlc 

chapti.'rs covering pertinent aspects of rt'udlon 
rate science. Appropriate aprenJi..:e~ <lnd illus· 
trations are included. 

• This handbook wa5 Issued in March 1973 
i:1nu l~ still in process of being completeu ac.;orJ
ing to original plans. Several re\'isions ha\e been 
made to update the original contents. 

.. NUCLEAR EFFECTS ON~AND LF 
~e~1UNICATION SYSTEMS _ 

I. 

Prepared by. Jnstitute for Telecommuni
cations Sciences, Boulder. Colorado. Major con
tributors: General Electric/TEMPO, Illinois 
Institute of Technology Research Institute. 
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• 11,i//.iiJiliIY, QU:.JJified requestors m~y 
oL)tJIJ1 the's,,: documents from the Defense Docu-
111;..'111:, {i0P renter througlJ Headquarters. 
I.kfe'I1Si..' :\'u,:kJr Age'llCY. Washington. D.C. 

• T~II~ J1Jlldbook 15 published III two vol
WIleS thaI describe tile effects of nuclear bursts 
on the proPJ~:;tion of LF and VLF communica
ti0n ,\'stelll, 

• 
Till' e\ampks presented in Volume I 

J d~ IJlt" the approximate duration and extent 
o\'er whic!J typical systems may experience diffi, 
clllty. 111 addition to specific results. a brief 
t utoriJI description of tile effects of nucle'ar 
bursts 011 radio \\a\t;~ propagation and VLF and 
LIIF NO 1agatiol1 in natural environments is given. 

\. oluml:' II presents techniques. for 
!1h,h.k mg ::l relatively wide range of nuclear situa
tiO:1S and for predicting how these situations 
\\0uld degr3de LF and VLF communications 
system performance. This volume is intended to 
be used wil h \' olume 1. Together. they provide a 
basi.:- und,;orslanding of nuclear phenomenology 
and its interrelation with LF and VLF 
propagation. 

_ \lCLEAR EFFECTS 0)'11 HF CO~l~IU!\;I-
CATJO~ SYSTD.IS • . 

/)1 S..:J I v;;;;;; (J ·()/lfllI 

i'rt?pared by: Stanford Research Insti
enlo Park. California. Major contributors: 

General Electric/TEMPO. Illinois Institute of 
Technology Research Institute. 
_ A l'GilabWIY.' Quali(ied requestors may 
~ these documents from the Defense ))ocu
mentation ~Center through Headquaners, 
De fense Nuciear Agency, Washington, 1).(. 
~o~n~ . 
_ This handbook is published in two vol
ume~ that describe propagation effects of nu
rl""''' h .. '"<t< "" !-IF communication systems. 

u-S Cnar,g2 1 

.. The examples presented in Yolunle I 
n='ate the approximate duration and extent 
over which typical systems may experience diffi, 
culty. In addition to specific results. a brief 
tutorial description of the effects of nuclear 
bursts on radio wave propagation and HF propa· 
gl!iOn 

' 1 natural environments is given. 
Volume II presents techniques for 

1110 ehng a relatively wide range of nuclear situa
tions and for predicting how these situations 
would degrade HF communication system per
formance. This volume is intended to be used 
with Volume l. Together they provide a basic 
understanding of nuclear phenomenology and its 
interrelation with HF propagation. 

I NUCLEAR EFFECTS ON SATELLITE 
j D S CAT T E R COM '1 lJ N I CAT] 0 )'II 

SY,MS _ 
; DAS"Yj6-1. ]95fJ-l /'(,! / ]95(i,l 

r{J. 11 

lectromagnetic Systems 
atories, Sunnyvale, California. Major con

tributors: General Electric/TEMPO, Illinois 
Institute of Technology Research Institute . 
.. A I·ai/ability. Qualified requestors may 0= these documents from the Defense Docu

mentation Center through Headquarters. 
Defense. Nuclear Agency. Washington. D.C. 
~0305. 

.. This handbook contains t\ ... ·o parts. Part 
l~cribes the propagation effects of selected 
nuclear bursts all satellite and scatter communi, 
cation systems. The examples presented illus
trate the approximate duration and extent over 
which typical systems may experience difficulty. 
]n addition to specific results. a brief tutorial 
description of the effects of nudear bursts on 
radio wave propagation and satellite and scatter 
prWlion in natural environments is given. 

Part 2. consisting of two volumes, de
scribes the effects of nuclear bursts on the 
propagation of satellite communication systems 

" I, 
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• (\ llL II :JIlJ IropO~\.':ltter :lnd ionoscatter com-
J1lUni~'Ji I(~n sysleln~ (\'01. 1I). Tedmiques to 

l11()J~'J J rel::niwJy wide range of nuclear situa
tions :.lllJ \0 predict how these situatJOns would 
degrade the communication systems perfor
lllan..:e are presented. These volumes are intend
ed to be used with DASA 1956-1. Together. 
they provid", a basic understanding of nuclear 
phenomenology and its interrelation with propa
g:Hion to satellites 

• TREE PREFERRED PROCEDURES 
i Selected Electronic Parts I 

D.\.4 ::!O::S 
Prt'JJcl),(' d He 

10rlc:-.. Columbus. Ohio. 
_ .--II'i.1i1abihr.1' Qualified requestors may 
o~ this docllment from the Defense DoclI
l~ion Cel~ter. 

~ This document provides persons can
dUdJJ)g TREE (transient radiation effects on 
electronicsl experiments with recommended 
proc~dures which experience has shown to be 
efficient for determining transient radiation 
effects on electronic parts. Areas that are cover
ed in detail lI1clude. e:>..perimt!l1tal design. experi
mental do..:umentation, dosimetry and environ
mental correlation, and preferred measurement 
procedures for diodes, transistors. capacitors. 
and microcircuits. 

• HANDBOOK FOR ANALYSIS OF NUCLE
AR WEAPON EFFECTS OI\ Al RCRAFT • 

• D~A :2048 (Revised March 19761 (D:\'A 
20~~ H- DI\A 1048 H-2.-' 

Prepared by: 
assachusetts 

Karrran Avidyne, Burling-
• 

-Irailability: Qualified requestors may 
this handbook from the Defense E>ocu

mt"'ntation Center . 
• This handbook and its supplement are 
de51,;.ncd for use in analyzing com'entionaJ nu-

clear weapon effects on aircraft. D\A 20-+8 
contains a comprehensive reView of a large bod~ 
of a\'ailable literature pertinent to vulnerability 
and safety analysis of aircraft subjected to the 
effects of nuclear explosions. The handbook de
scribes methods for analyzing material velocity. 
overpressure. thermal radiation and nuclear 
radiation effects on airplanes and helicopters. in
cluding tbe crew. Sure-safe and sure-kill criteri~ 
pertinent to the various weapon effects are pre
sented. as well as the methods to be employed in 
const(ucting aircraft sure-safe and sure-kill 
burst-time volumes. The supplement to D:\A 
:;048 is a handbook of computer program!'. de
signed to analyze nuclear weapon effects on air
craft. Detailed methodology for anlyzing maler
ial velocity (gust), overpressure. thermal radi;]
tion and nuclear radiation effects on airplanes 
and helicopters. including crew. are presented. 
Only the computer programs corresponding to 
the methods of analyzil1!,'! of D\A 20~S are in
cluded. and a full understanding of the programs 
will require access to D)\A 2048. 

Prepared by: Batelle Columbus Labora
t,cries. Columbus, Ohio .. 
.. A l'ailabilily: Quafied requestors may 
ob~ this document from the Defense Docu
mentation Center through Headquarters. 
Defense Nuclear Agency. Washington,· D.C 
'20~O~ . 

• This guide is intended primarily for man
agement personnel associated with the develop
ment of electronic systems that must sur .... ive the 
transient radiation environment generated by a 
nuclear explosion. The document is intended to 
be useful to the manager, whether his back
ground and responsibilities are wholly technical. 
technically oriented, or wholly administrati\'e. 
The guide is also a satisfactory primer for engi
neering and scientific personnel. 
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_ SL"]\l.\RY OF CO'IMUNICATlON 
~DIS DEGRA~ON IN A NUCLEAR 
E,\V]RO~'lEI\T .. 

D.-iSA :] 

Prepared by: General Electric/TEMPO, 
SaIl Barbara. California. Major contributor: 
Illinois lnstirllte of Technology Research Insti-

! l;Ji/"bilitl' Qualiried requestors may 
rifllt

'. 

0)\,1111 this document from the Def~nse Docu
mentation Center through Headquarters, 
Defenst' !\uclear Agency. Wash.ington. D.C. 
~0"~05 

• 
This repon summ:.mzes the degradation 

~\Jlnmunjc:Hjon systems 1Il a nuclear environ
n1ellt. It is based on the results of a tllree year 
prograil1 to determine the effects of nuclear 
dt'lonatlons on communicalloll systems. The 
report pro\ides infofllllJilOi, that \1, ill aid in 
determining \\ hetl1..:-r sophisticated analyses are 
required to predict degradation 

., D;\:\ E'IP IELECTRO'tAGNETlC 
~SE I HA:\DBOOK II 
.. D.\.4 :] 114H-l (I'o/umc 1 J. 'D.\A 

:]j'11fj-: (rollimc :]J. D.Y.-l :114H-3 (Votnmc 
D.\A ., (roll/mc 4), (Volume, 1. 2. 

\'olume 3,_ 
'olume 3 wil~ 

_ Prepared by' DASlAC. Santa Barbara. 
Crornia. Major contributors: fliinois Institute 
ofT e eli n ology Research institute. Mission 
Research Corporation, American t\ucleonics 
Corporation. Lawrence Livermor.e Laboratory. 
U.S. Army Harry Diamond Laboratories. Brad
dock. Dunn and McDonald. Incorporated. 
Hugh~s Aircraft Corporation, Procedyne Corpo
ration. Stanford Research Institute. Sandia Cor
poration. Air Force Weapons Laboratory. Massa
chusetts Im-titute of Technology. Defense 
Nucl~ar Ai!ency, General Electric/TEMPO. 

0-8 Change 1 

_ -ll'ailabillty' Qualified requestors may 
o~ this document from the Defense Docu
mentation Center. Volume 3 must be obtained 
on request through Headquarters. Defense !\u
clear Agency, Washington, D.C. 20305. 

.Volume 1 is designed for the practical 
electrical engineer. It contains information con
cerning an overall system evaluation and the 
practices that should be followed in circuit \ay
out. shielding. grounding, and the use of protec
tive devices, for s),stems that are hardened 'Jo 
EMP. Volume::! is designed for the theoretical or 
experimental analyst. It includes an analyt ic 
treatment of EMP problems in shielding, ~ten· 
nas, cables. and filters, experimental and ana
lytic information on component degradation. 
and survey information on test methods and 
hardware. Volume 3 develops E~IP threat cri
teri::l and provides an assessment of real system 
effects. The E\1P environment information is 
presented from a system standpoint. Volume IV 
contains bibliographic and computer code infor
mation. Over 1.000 citations are given for such 
topics as theoretical calculations and nuclear test 
data related to the E~tP environment and detec· 
tion. E\lP vulnerability analysis for systems and 
components, EMP protection, internal DiP, test 
direction and planning. and E~1P simulators. 
sensors, and instrumentation. Current E~IP com
puter codes are described and compared for the 
topics of environment. internal E~lP. and circuit 
analysis. 

• CORRECTIOr-;S FOR DASA COM~lUNI· 
C;::A 11 Or-; HANDBOOK (DASA 1954, 1955. 

1956). " 

DASA231_" 

Prepared by: General Electric/TEMPO. 
a Barbara. California. 

.. A I'ai/ability: Qualified requestors may 0= this document from the Defense Docu
mentation Center. No foreign dissemination is 
allowed without approval of Headquarters, 

. .., 

.j' 



-O"fl:?lls,' >~ucJear Agency, Washington. D.C. 
~0305. 

II This handbook providl:?s a set of com~c
lioll~ I'J tile DASA Communications Handbooks. 
DAS .. \ 195'+. 1955 and 1956 (see abstracts of 
these handbooks above). 

D;\A ~43~H (Edition I) 

r"rc{1arcd by' B:me!le 
t oiumbus. Ohio 

• -i rai/abiliry. Qualified requeslOrs ma} 
ctlJiIl this document from the Defl:?nse Doell
n1i',Hation Center. 

_ThiS handbook characterizes indi\'idua) 
pube reactors. flash x-ray and Li;\AC facilities 
on a teclmical basis for tllose persons working 
in the :ne3 of transient radiutJon effects on elec
Homes I TREE). D:\A :.+3:H is arranged 10 pro
vide the pl:?rsons who perform experi
ments with the inrormation concerning f3cili
tics whi..-h they would require in order .10 per
form a:1 experiment at one of the facilities. 

• X-R -\ Y CROSS SECTlO!' CO",tPILA-
TIO!' II' . 
II D.\".~al/d DSA ::433F 

Slli;lJi('/llcllr_ 

_ Drr''lOi'('(j b,1'.' Kaman Sciences Corpora
tion. Colorado Springs. Colorado. 

• A raj/abiliry' Qualified requestors may 
OD1JII1 tllis document from the Defense Docu
mentation Center. Requests from other than 
U.S. government agencies must be made through 
Headquarters, Defense l'\uclear Agency. 
Washington, D.C. :0305. " 

• The experimental X-ray attenuation 
cros~ sections for 94 elements between 0.1 keV 
and I Me\', which were obtained for the period 
from 19:0 through 1970, together with exact 
photoelectric absorption values for hydrogen. 
ale preSented in this compilation. 

_ Scattering cross sections were caJcul3tec 
b~ti\'istic SCF methods. These were sub
tracted from the total attenuation data. and tile 
resulting phot~electric and measured plJotoele~" 
tric absorption cross sections from I ke\'· to I 
MeV were fit by a least squares procedure to 
obtain best values. Interpolations were made for 
elements and energy ranges for which there were 
no experimental data. From 0.1 keV to bet\\t?cn 
I keV and JO keV nonrelatj\·JstlC. sl:?lf· 
consistent. independent electron theory was 
used to calculate photoelectric absorptiol1 cross 
sections. Scattering values were added to all 
photoelectric cross sections to obtam a best sei 
of attenuation cross sections. 

• l\UCLEAR ENVIRO!'~lE!'T DESCRIP· 
IPioNS II 

DA5.-i ::49] (CO~FIDE\;T1AL l. 

Prepared by: Boeing COl11pan~. Seanit'. 
lIngton. 

• A railahiliry: Qualified requestors may 
ol~'~II:I~l this document from the Ddense Docu
mentation Center. 

II The phrase "l'\ucll:?,H Environment De
scnpllons" includes: (I) nuclear environment 
criteria: C) nuclear effects design specifications: 
and (3) nuclear effects test specifications. This 
volume provides an introductory discussion of 
the three types of nuclear emironmenl descrip
tions. but it is concerned primarily with the first 
of these descriptions. 

• The major considerations and pro
ce~s req uired for the development of nuclear 
el1\ironment criteria within a logical system 
development process are described and illus
trated. A standard. comprehensive, understand
able format for expressing this description is 
specified. The material presen.ted is not predi
cated on the administrative procedures of any 
one military service and is. thererore. or general 
applicability. 
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• '\LJCLEAR WEAPO!\ THER.J,\1AL RADlA
TIO~ PHE!\O'I~N_ 

D:\A 2500H 

/jill cd by. Kaman Sciences Corpora
tion. olorado Springs. Colorado 

• 
A l"ailabili(,. Volumes 2 and 3 were pub

lj~Jl': III L!l:, 197.+ a;-;d February 1974 respect
;'. _ :: .. :'.::' . r \. ~ I,' :~lC I were completed and 
published separately in February 19i4 as DNA 
3220Z. "Nt'w Thermal Scaling Laws for Low 
Alti~ude ]\uclear Bursts (eL'" and D]\A 3223Z. 
"Atmospheri;: Transmission of Nuclear Weapon 
Thermal RaJiatlon (l"l:' In ]\o\ember 1977. 
a draft versIOn of Volume 1 was completed. It 
is exp::cted to be incorporated into one docu
ment and published by mid 1978 under the 
title XCI' Thermal Scaling La\\S for Bursts 
Brloll 30 J..:ilol1lc{C!rs. All pubbshed portions 
are available for qualified users from the Defense 
Documentation Center. 
_ The DNA Thermal Sourcebook is bein!! 
~red as a comprehensive summary of theo
retical anj experimental information on the 
prompt thermal radiarion em-ironment produced 
by atmospheric nuclear weapons. This book is 
designed to provide the latest and most reliable 
inform:Hion on rhermalen\'ironments. including 
bCltr: fin:,",::!!; source characteristics and the trans
port of the llrl.!ball radiatlOn through great dis
tances in the atmosphere. The book does not in
clude the numerous considerations relating to 
target response, altllough a short appendix on 
thermal damage effects will be provided. 
-. Volume 1 of this sourcebook will treat 
t~llowjng subjects: nuclear weapon outputs, 
energy deposition in the atmosphe're, the phy
sics of fireballs. radiation-hydrodynamics codes, 
atmospheric transmission phenomena. weapons 
test data, comparisons of theory and experiment. 
and environment prediction methods, Volume :! 
provides a complete tabulation of all thennal 
environment measurements made at all U.S. 

D-10 Change i 

atmospheric nuclear tests through Operation 
DOM]i\IC in I 96~. Volume 3 is an extensiH' 

ibliography of reports. papers. etc .. on the sub
'''::1 of nuclear weapons thermal radiation 

phenomena. 

• TRAPPED RADIATION HANDBOOK 

I DNA 25:!4H (Unclassified) 
Prepared by: Lockheed Palo Alto Re

se.ell Laboratory 
Availa~i1ity' This document has been 

approved for public release and sale: its distri
bution is unlimited. 
_ The Trapped Radiation Handbook pro
v~useful information and desi!:!n data for 
\cientists and engineers engaged in~ the desi~11 
of spacecraft systems that must operate in the 
trapped radiation environment. It contains a 
compilation of useful charts and grJpi1s and ab
breviated derivations of equations and dnelop
ments of concepts in a wide range of subject 
matter pertinent to the radiation belts. The 
handbook is intended to be helpful to scientists 
who are beginning studies or research in this 
field as well as to scientists who are actively 
engaged in magnetospheric research. The follow
ing subjects are discussed: the magnetosphere: 
features and mathematical models of the earth's 
magnetic field: the motion of charged particles 
in the field; the properties of the panicles in 
the natural radiation belts; source and loss 
mechanisms; the artificial radiation belts that 
have resulted from tests of nuclear devices con
ducted at high altitudes; the phenomenology of 
nuclear detonations and beta injection process
es; the effects of trapped particles (both natural 
and fission betas) on materials and devices; the 
irradiation of circular orbit satellites by trapped 
particles of the natural environment as well as 
the environment produced by weapon tests 
L-valu es, and an estimated wartime environ
ment; the synchrotron radiation emitted by the 
trapped electrons; and the vulnerability of oper-

II' 



.. 
,niol1JI systcn:~ in the emjronments mentioned 

.U~~lis handbook. is updated on a periodic 
basis, As of September 1977, five changes have 
been issued, 

111 ST A TUS OF NEUTRON AND GAMMA 
OUTPUT FRO\l NUCLEAR WEAPONS 

par/..' y. Science Applications In-
carated. La Jolla. California. 

_ A railabilin·. Qualified requestors may 
Obli,ll!l this docume;:t from the Defense Doeu
ment:Eio;i Cellkr on request through Head
quart~rs~ ~erense ~ucJear Agency. WaShingtot 
D.C. _0.,0:1. 
• This report presents a review and evalua

tlO 11 \..il ex isting ex perimems and calcu la tions Qf 

neutron and gamma output spectra and intenSI
ties. Comparisons of calculated and measured re"; 
suits for a number of derices are described t~ 
gether with possible explanations for. some 
deviations between the experiment and 
numerical results. In addition. detailed gamma 
output cakulations were performed for Tam
bourine, using up-to-date neutron and gamma 
production cross section data, 

• 1\1PROVED MODELS fOR PREDlcrI~G 
NUCLEAR WEA . INITIAL RADIATION 
ENY) RON'IEl"TS 

~piJ y: Radiation Research Asso-
CI:1 C', Jnc., Fort Worth, Texas, 

"-'41'ailability: QuaJified requestors may 
~this document from the Defense Docu· 

mentation Center on request through Head
quarters. Defense Nuclear Agency, Washington, 
D,C. ~0305 . 
• DASA 2615 presents a review and evalu
ath.hl of current data and techniques for predict-

ing the initial radiation exposure at or near the' 
ground surface resulting from a nuclear explo· 
sion. State--oft'art models were then developed 
for neutron dose, secondary gamma exposure 
from neutron interactions in the air and ground. 
and fission product gamma ray exposure occur
ring during the first minute following a detona· 
tion. The neutron and secondary gamma model. 
based on Straker's discrete ordinates calculations 
of neutron transport in an air--over-ground geom
etry and French's first-last collision met hod for 
source height effects, yield results for slant 
ranges up to 4.800 meters from each of 8 dif
ferent types of weapons. The results may be 
adjusted for the desired burst height and air 
density. The fission-product gamma ray model is 
based on !-.lonte Carlo air transport calculations 
by Marshall and Wells. It incorporates source 
spectra. source decay rates, cloud rise approxi
mations. and hydrodynamic enhancement treat
ments based on the work of a number of 
previous investigators, The model provides for a 
\\ ide variety of burst heights and air densities 
and provides for slant ranges up to 4.800 meters. 
The models and the incorporated data were vali
dated through extensive comparison with weap
on test results and with other calculated and 
semi-empirical data. 

pared by,' General Research Corpora
ington, VA 

Availability,' This document is available 
to qualified users from the Defense Documenta
tion Center. 1111 This modeling was performed in response 
to the need for a systems program to describe 
the dust particle environment in a nuclear 
cloud from a detonation on or near the surface, 
The flow field during cloud rise was parameter
ized using a spherical vortex model empirically 
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• I'll to dalJ from nu-:kar tests. Thi~ work is sup-
pleJ11::-nta] to DASA-:::304T. Volume 
J. "l\UdeJf Suriace Burst Debn . as is also 
the determination of the lofted mass. The cloud 
dUST loading depends on the height-of-burst in 
a nonlinear manner which is analyzed and mod
eled empirically. The particle size distribution of 
the dust in the cloud is that of the crater ejecta 
and sweep-up modified by the drag forc~s ex
erted t-y the buoyant and convective air flow. 
Borh during me and after stabilization, the 
cloud and dust are translated with the ambient 
wind. The speed and directional shears cause a 
time dependent cloud shape. which is important 
to the systems analyst. for whom the model was 
dew]0ned. 
_ The spherical model ,,-as completed and 
reported in D~A ::;940T'" "Vortex Dust 
1\lodel for Rising ~uclea~' Some modifi
catiom of the post stabili7Zltion model was re
ported in D~A :745~ "i\ew Measure
ments of Visible Cl;u~eter." and Di\A 
3158F-1 _ "Post-Stabilization Nuclear 
Dust Clou~ha\'e been incorporated in the 
programming of the vortex model. 

HA:"DBOOK Of 
S X-RAY SOURCES 

WEAP· 

"i-;'lI'i.. by. Kaman Sciences Corpora
olorado Springs. Colorado. 
A !'aUabilif)': Qualified requestor~ ~ay 

o tam thi'S document from the Defense Docu-

W- tion Center. 
This handbook co~tajns a chronological 

tabulation of most of the X-ray effects tests that 
have been conducted by the ~partment of 
Defense and the Atomic Energy Commission. as 
.... ·ell as a general description of the X-ray spectra 
and the nuence levels available for experiments 
on each event. Six illustrative X-ray tests are dis
cussed in some detail. Their X-ray spectra are 
prest:Jlll!d as curves and tabulations and some 

discussion of their radiation times is given. There 
is some discussion of the outputs from under .. 
ground X-ray tests simulating tactical ABM 

M
"jronments. 

The handbook is not intended to pro
VI e a I the information required by a person 
who is not familiar with X-ray efrects testing. 
nor is it for a person whose full time occupation 
'is analysis of X-ray spectra from nuclear weap
ons. The information is useful to the large 
majority of the community associated with'mili
tary effects. of X-rays from nuclear weapons. 
Whether or not this is a "handbook" depends 
more on the user's definitions than on the 

• INSTRUMENTS FOR MEASURING NEU· 
TRO:" AND GAMMA RADlA TION FROM 
NUCLEAR·WEAPON TESTS 

Prepared by.- Science A pplications I ncar
poraled. La Jolla, California. 

• A l'ailabilit.r.· To be issued during calen
dar \c'ar 1972. 

'. DNA 2888 reviews the methods to ob· 
tain neutron and gamma ray fluence and spectral 
data in a nuclear test environment. Approxi
mately forty instruments of those surveyed dur
ing thiS study are described. A complete outline 
of the experimental techniques employed in 
these types of measurements is provided. with a 
descri ption of device in put and typical radia tion 
environments encountered during a nuclear test. 111 With few exceptions, only those instru
ments that have been used in past tests are con-



-s!-:,'r;;....: in this r~port. Instruments to provide 
nt'utron and gamma ray dose as a function of 
tin';;' dose or nuence as a function of energy. 
al~J i:1tegrated dose were considered. A sum
mar~ of the relative merits of each instrument is 
included. 

• THE EFFECTS OF NUCLEAR 
WEAPO;\S. 

• Prepared alld published by' The U.S. De
partment of Defense and the U.S. Department 
of Ent!rgy. S. Glasstone and P. J. Dolan. ("ditors. 

.. .4 i'aflability This document may be ob
lain~d by contacting tile Superintendent of 
Docum-:!lHs. U.S. Government Printing Office. 
\\·ashington. D.C. 

~~ This booh presents as accurately as pos
sr'\, itliin tile limits of national securit). a 
comprehensive summary of information con
cerning nuclear weapons effects in an unclas
siflC-d form. The phenomena of air blast. gTollnd 
and watc-T shock. thermal radiation. and nuclear 
radiations asso-:-iated with J1uclc-ar e.\p]oslOIlS arc
\ery complex. and descriptions of these phe
nomena and their related effects are somewhat 
te~11l1J-:-al in nature. However. this handbook has 
becoll Jrranged in sllch a manner as to serve the 

... _, r·.:.-~;bl: range of readers. Most of the 
chapters are presented in two parts. the tirs! 
..::onsisting of a general treatment of a particular 
topic in a less technical manner and the second 
discussing some of the more technical aspects. 
The material is so .arranged that the reader will 
experience no loss of continuity by the omission 
of any or all of the more' highly technical sec
tions. but the technical material is available for 
the llse of those who may have need of such 
inform:.tliul1. 

.. The third edition of this book was pub
li~n December 1977. 

Prepared by. Science Applicatiom, In
ted. Arlington, V A 

Qualified users may ob
is document from the Defense Docum~'n

tation Center. 

• 
The transport of soil particles after a nll

c detonation on or near the surface is modekd 
by t'he vortex flowfield which has a simple mJth
ematical form. By including appropriate p;.mick 
drag relations and empiri.;ally fitting the vorte:.. 
parameters to both experimental and hydrocode 
data. a simpJer hydrodynamic model (VORDG\II 
was obtained to predict the soil panicle emi
ronment. The boundary condition of zero verti
cal flow velocity at the surface is obtained b~ 
using an image vortex mo\"ing downward. Thco 
VORDUM results are similar to those obtained 
using the SHELL hydrocode (developed at 
AFWL). The model has been applkd to yields 
from less than I :-.n (0 greater than J 0 \!T. Th~ 
pancake geometry of the post sta 
model. reported in DASA :30.+ T 
Volume I. "l\uclear Surface Burst De 
was superseded by this description. II The post stabilization .:loud geomelrj 
Wa~ lmproved by the modeling of the late time 
cloud reported in Dl\A 3158 F-I _ 
"Post-Stabilization ]\uclear Dust Cloud . 

"~O\t~WNICA TION SATELLITE SYSTBlS 
~NERABILITY TO NUCLEAR EFFECTS-
SELECTED EXAMPLES BY F.REQlJEl\CY 
BAND II 

DKA3185H-l_ 
Prepared by.' ~rporated 
A l'ailability: Qualified requestors may 

o am these documents from the Defense Docu
mentation Center. Each transmittal outside the 
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~ of the LS. Government must have 

_~. "1 ~No\'al of the Defense !\uclear Agency. 
fllis document describes communication 

SJt~;ij(t' system \'u]nerability to propagation di:r 
turl/anc\" induced by nuclear explosions. Ex
~mples of tl1(' effe;:ts of selected nuclear burst 
'JJ1 ~'ommuDlcation satellite system performance 
are given by frequency band. The satellite sys
term analyzed are representative of existing. 
plJl1J1ed. or proposed systems in seven bands 
extendili),: from 150 MHz to 14 GHz. The ex
amiJle, presented illustrate the approximate 
duration and extent over which typical systems 
may experience difficulty. In addition to speci
fic results. the nucle:n effects from the selected 
weapon ennronments have been parameterized 
so th:H these results can be extended to other 

.·-\mong the effects c~nsidered are .radio 
WJ\c' aQSOrptlon. thermal nOIse. SIgnal disper· 
sion. and propal,!3tion time delays. The effect of 
signal dIspersion is considered on systems em
ploying. frequency division multiplex-frequency 
modulation (FD~l-FM). and digital systems em
pIo yi ng phase shift keying (PSK). 'While not 
modeled for the sele-:ted examples. the poten
tial effe~ts of phase scintillations on systems 
employing PSK modulation are shown. Poten
tial effects on systems employing Time Division 
:\lultiple Access nD~1A) and Code Division 
:: .. :",:. :. _____ ~CD~lA) using spread spectrum 
techniq ues are discussed. 

eneral Electric Company 

mentation Center. Each transmittal outside the 

1)-1'; Chang!:! 1 

agencies of the U.S. Government must haw 
prior approval of the Defense Nucle(lT Ag.ency. 

_ This handbook provides SOUTce material 
o~)ear weapon phenomenology, atmospher
ic processes, and effects of disturbed atmospher
ic environments on electromagnetic propagation 
for use in analysis of radar and communicatiom 
systems. This edition of the handbook is a revi
sion of DASA 1580 and DASA 1580-1 (same 
title) and replaces those documents. The hand· 
book is divided into seven chapters plus appen
dices and is published in three volumes. Chapter 
I provides an introduction to nuclear weapon 
effects On electromagnetic propagation and a 
summary of communication and radar syste!~l 

performance in nuclear environments. Chapters 
:. 3, and 4 present detailed descriptions of wea
pon radiations and energy deposition in the 
atmosphere. the phenomenology of heated 
regions. and atmospheri-: processes that affect 
nuclear weapon-induced atmospheric ionization. 
Chapters 5. 6. and 7 describe electromagneti~ 
propagation effects and weapon-produced noise 
sources that can have effect on radar and com
munication systems. The several appendices in· 
clude material on the propenies of the atmos
phere and earth's magnetic field. reference 
material on electromagnetic propagation and 
thermal radiation. and parametric scaling for 
weapon-produced regions and effects. 

• 
ELECTROMAGNETIC PULSE HAND

OOK FOR ELECTRlC PO\\'ER SYSTEMS 
• December 1974 

I DNA 346 
Prepared by. 

tu t:. ; 1enlo Park, California 
_ A I'ailability: Qualified users may ob-
ta~his handbook from the Defense Docu
mentation Center. II This handbook has been prepared pri
maw)' for the power, communications, and sys
tems engineer who must be concerned with the 

( 
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• el>f,'.:ts 0;' til..: nuclear electromagnetic pulse on 
his syst~m. The power engineer should be aware 
of the effects of EMP on his transmission and 
distribution system. and the power users must 
protect their equipment from the pulse con
ducted into their facilities on the power lines. 
The commercial power system can be a major 
path for coupling the EMP into ground-based 
systems. The power distribution system forms 
a \,r} large. completely exposed antenna sys
tem tliat is hard-wired into the customer's 
facili!). Thus. extremely high voltages may be 
Mveloped on the power conductors. and even if 
[he commercial power is not relied on l'Jr sys
tem sur\'I\'al. these voltages may be delivered 
to the system either before commercial power 
is lost. or by the ground or neutral system 
after transferring to auxiliary power . 
.. ConsIderable research has been per
f~ on E:\lP coupling to commercial power 
systems in an effort to characterize the power 
distribution lines as EMP collectors, and to 
determine the effects of major components, 
such as transformers. lightning arresters. and 
low-voltage wiring. on the penetration of the 
received signal into ground-based facilities. 
This research has entailed development and 
experimental verification of the theory of 
coupling to transmission lines. This handbook 
on thf interaction of EMP with commercial 
power systems has been prepared so that de
signers and systems eng.ineers can benefit from 
the results of extensive data already accumulated. 

II A POCKET MANUAL OF THE PHYSlCA>L 
AJ\D CHEMICAL CHAR ]STlCS OF 
THE EARTH'S ATMOSPH 

DNA 3467 
Prepared by' nera. Co., 

Sp Sciences Laboratory, P. O. Box 8555, 
Philadelphia, Pa. based upon information pro
vided by the Bell Telephone Laboratory, the 
Lockheed Palo Alto Research Laboratory, and 
the Santa Barbara Research Center. Information 

was also obtamed from "Aid for the Study of 
Electromagnetic Blackout:' DASA ~499 ( 1970 l. 
the DNA "Reaction Rate Handbook. Second 
Edition," DJ\A 1948H (197~), and "The Trapped 
Radiation Handbook" (1971), DJ\A ::!54::!H, 

• 
A vailabilit,l' " Qualified requestors m3) 

o the handbook from the Defense Docu
mentation Center or from the 1'-:ational Tech
nical Information Service (NTIS). 

• This pocket manual provides a pocket 
size ~ompendium of current available knowledge 
concerning the physical and chemical propertks 
of the earth's ionosphere. It is based principally 
upon data contained in greater detail in D:\A 
Reaction Rate Handbook. Second Edition 
(1972), DNA 1948H, as well as the other sources 
mentioned a bo\'e. A circular slid e ru Ie is nor· 
mally inserted in the nap of the front cO\"er 
for convenient calculational use . 

• 
It is anticipated that as important 

c ~~S occur in relevant information they will 
be issued to reCipients for inclusion in this pock
et manuaL 

_ AID FOR THE STUDY OF ELECTRO
~GNETlC BLACKOUT 

, 
OJ\A 3499..-
Prepared b)~ectric Com

pany - TEMPO 
_ A vailabilit)': Qualified requestors may 
0~1 this document from the Defense Doeu
mllation Center. 

This report is a revision of DASA ::!499 
(same title) and replaces that document. The re
port is a compendium of selected graphs. charts. 
equations, and relations useful in the analysis 
of electromagnetic blackout caused by nuclear 
explosions. Information is provided concerning 
weapon outputs. ionization source functions. 
deionization, absorption, phase effects. and 
noise. The report also contains sections listing 
atmospheric properties, physical constants, defi
nition of symbols, and a glossary of frequently 
used terms. 
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APPENDIX E 

GLOSSARY. 

A bsnrptioll - The irreversible conversion of the energy of an electromagnetic wave into another form 
of energy as a result of its interaction with matter. 

AbsorptiOIl caclYident A number characterizing a given material with respect to its ability IO ab~orb 

radiation. The linear absorption coefficient refers to the ability of a given material to absorb 
radIation per unit thickness. it is expressed in reCiprocal units of thickness. The mass absorption 
coefilcknt refers to the ability of a given material to absorb radiation per unit mass: it is expressed 
in units of area per unit mass. and it is equal to the linear absorption coefficient divided by the 
density of the absorbing material. 

Acceleration - Time rate of change of velocity. The acceleration due to gravity (g)is 3~.~ ft/sec1 . 

Acridry - The rate of decay of radioactive material expressed as the number of nuclear disintegrations 
per second, 

Adlaba/le - Occurring \vithout change in heat content. i,e., without gain or loss of heat by the system 
invohed. 

Air burst See Burst types, 

Albedo - The fraction of the incident radIation renected by a material in any manner. 

Alpha particle A particle ejected spontaneously from the nuclei of some radioactive elements. It is 
identical to the helium nucleus, which has an atomic weight of four and an electric charge of plus 
two atomic mass and charge units. re~pectively, i.e .. two protons and two neutrons. 

A mnrphous Lacking in ordered crystalline structure. 

Ampiitude - The maximum displacement of an oscillating particle or wave from its position of 
equilibrium. 

Angle of incidence The angle between the perpendicular to a surface and the direction of propa-
gation of a wave. 

Annealil1g - The process of displacement damage reduction with time, temperature, electrical con
ditions, etc. . 

Annealing factor - The ratio of the maximum displacement damage to the displacement damage at a 
certain time after irradiation. It is a function of time. 

Apparent crater - The visible crater remaining after a nuclear detonation. See Craler, 

A tmospheric transmissivity - The fraction of the radiant exposure received at a given distance after 
paSSing through the atmosphere relative to that which would have been received at the same 
distance if no atmosphere were present. 

E-1 



~( cluud - An all-inclusive term, identified as the hot gases, liquid and solid panicles. and vapors 
pWc1u<:ed by a nuclear explosion. Clouds resulting from large yield weapons may penetrate the 
tropopause and deposit debris in the stratosphere. The cloud contains radioactive fission products. 
See Fircbali. 

A 101,'IIC \'·('1.11IOIi - See ,\"uclear weapon. 

A [ft'1I1Wfluli - Reduction of the intensity of radiation or a blast or shock wave as a result of passing 
through any medium. 

Ba".' Slirge - A cloud that rolls out from the bottom of the column produced by a subsurface burst of 
J nuclear W(:3pon. For underwater bursts. the surge is a cloud of liquid droplets, which has the 
properTY of !lowing almost as if it were a homogeneous !luid. For subsurface I,md bursts the surge is 
mad~ up of small solid particles, but it still behaves like a lluid 

Beta aurora - Fluorescence caused by deposition of beta particle energy in the atmosphere. See Beru 
panicle. 

Bt'la panicle - A small partlcle ejected spontaneously from a nucleus of either natural or artificially 
radiu3ctive elements, 1I carries a negative charge of one electronic unit and has an atomic weig.ht of 
I! 18-+0, See ElCCTron, 

Bipolur rra!1sisr0r - A transistor that utilIzes both minority and majority carriers, Presently. the most 
common type of transistor. 

Black body - A perfect radiator (emitter) of electromagnetic energy. The radiating characteristics of a 
black body are completely specified by its tel1}perature, 

Bluck body radiation - See Pial/diall radialiol1. 

Blast 1\'01'[ - The shock wave transmitted through the air as the result of an explosion is referred to as 
a blast wave or aIr blast. See Shock ware, 

Blowin - The movement of air into the column of an underwater explosion if the column walls 
rupture when the enclosed explosion bubble contents are below atmospheric pressure. See Bubble 
and ColwlllL. 

B/uwojj - Fragments of material separating from the surface of a material. 

BhJ\I'otir - The escape of underwater explosion bubble contents to the atmosphere at high pressure 
leading to the formation of a cauli!lower cloud conSiderably wider than the column. See Bubble and 
Cauliflower cloud 

Breako.way - The onset ,of a condition in which the shock front moves away from the periphery of the 
expanding fireball. 

, 
Breaking wave - A wave of such steep slope that it is unable to maintain its shape and loses height by 

tumbling or faHing over. 

Breakdown l'olrage - In semiconductor-junction devices, that voltage that causes appreciable conduc
tion in the reverse direction. 

Breakol'er voltage - The voltage in silicon PNPN devices at which the device switches. That is, the 
O';VII.'I! SWlll.'h~s from a high voltage-low current state to a low voltage-high current state. 
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Bubble - The grobe of gas. vapor. and explosion products that forms when an explosion occurs under 

water. 

Blilk COl1dllCfil'il)" A measure of the ability of a material to conduct electric current. 

Burst geometry The locarion of a nuclear detonation with respect to the ground surface, water 
surface, or bottom. 

Bllrs! types: 
Air burst The explosion of a nuclear weapon at such a height that the weapon phenomenon of 
interest is not significantly modified by the earth's surface. For example, these heights an~ such that 
for 

Blust The reflected wave passing through the fireball does not overtake the incident wave abm'e 
the fireball (-160 1t'1!3 ± 15 percent). 

Thcmwl radiJtiul1 The apparent thermal yield viewed from the ground is not affected by heal 
transfer to the earth's surface nor by distortion of the fireball by the reflected shock wave (- J 80 
I!'U.4 ±'::O percent for 10 to 100 kt and ±30 percent for other yields). 

Fal/ollr - Militarily significant local fallout of radioactive material will not occur. This height 
generall) can be taken to be 100 11,0.35; however a more conservative estimate of 180 1\'°. 4 feet 
may be desirable for use under some circumstances. See paragraph 5-12, Chapter 5. 

Sw/act' bursr The explosion of a nuclear (or atomic) weapon at the surface of the land or water 
or at a height above the surface less than the radius of the fireball at maximum luminosity (in the 
second thermal pulse). An explosion in which the weapon is detonated actually on the surface (or 
WIthin 5 11'0.3 feet. where h' is rhe explosion yield in kilotons, above or below the surface) is calJed 
a contact surface burst. 

Subsurface bill'S! - The explosion of a nuclear weapon in which the center of the detonation lies at 
any point beneath the earth's surface (either ground or water surface). 

Calorie The amount of heat required to raise the temperature of I gram of water from ISC( to 16°C 
at i60 mm Hg pressure. 

Camouj7cr The cavity resulting from an underground explosion when no rupture of the surface of 
the earth occurs, See also Crater, !rue Craler, and Apparent Craler. 

Caulif70wer cloud The roughly spherical turbulent cloud which is formed above the column on a 
very shallow nuclear burst. 

Ca rita lioll The separation of the water particles and the forming of cavities. as a result of the 
inabiliti' of water- to withstand the tensional wave retlected from the W<iter surface. 

Charge carrier Any particre possessing a net positive or negative electric charge. 

Charge transfer - The movement of electric charge from one material to another. Charge transfer 
often results in undesirable transient currents, electromagnetic fields, and sready-state voltages. 

Circuit SQIUraliol1 - That process in which a circuit is locked in a stable state that often remains after 
the radiation pulse has subsided (not latchup). 

Circuit upset - A circuit response which causes some electrical subsystem or system to malfunction 
tern porarily. 
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~1II}lCIIII'jJ: A general term applied to techniques that allo .... the circuits in a system to be 
temporarily penurbed by an ionizing-radiation pulse, but that enable the system to recognize the 
C3U~L' of the perturbations and to ignore any spurious signals or misinformation generated by them. 

Cloud chamber effect See Condensation cloud. 

Collector jUllction - One of two junctions in a bipolar transistor. Typically the collector junction is 
the largest junction and generates the most photocurrent. 

Coliision freqllellO - The average number of collisions (involving momentum transfer) per second of 
a parli..::l~ or a given species with particles of another or the same species. 

Co/um11 The \"isible column of particulate matter, which may extend to the tropopause (the 
boundary between the troposphere and the stratosphere) subsequent to the explosion of a nuclear 
\\eapol1. Also. [he hollo\\ cylinder of material thrown up from a subsurface nuclear detonation. 

Cuhlll/l! IdS Plumes that form on an expanding water column. 

CombaT ineffecrire An individual whose injuries are of such nature that he is no longer capable of 
carrying out hi~ assigned tas}.;. 

Compol1cllT part (compol1cnt) - A device that performs a function and is not manufactured from 
other devices (e.g., transistor. integrated -:ircuir. capacitor, resistor), 

Compullent damage' Permanent change in the characteristics of a device due to electromagnetic 
couphng. Coupling. 

COll1pTO/l cU!'rellt Electron current generated as a result of Compton processes. See CompTon effeer. 

ComplUII ejjea Elastic interaction of gamm3 rays or X-rays with matter. resulting in the emission of 
s'2'condary electrons that contain part of the energy of the incident radiation. See Photoelectric 
elIccl 

Comploll electrolls Secondary electrons generated by the gamma rays or X-rays from a nuclear burst 
absorbed throllgh Compton collisions. See Comprol1 e!feer. 

COmpTO/l scattering - Scattering photons through their interaction by means of the Compton efrect. 
::>ee LOlllplcm effecl. 

Condellsatioll cloud - A mist or fog which temporarily surrounds the fireball after a nuclear explosion 
in a comp3ratively humid atmosphere, Since it is similar to the cloud observed by physicists in the 
Wilson cloud chamber, it is also called the "Wilson cloud." Rapid cooling of the previously heated 
air surrounding the fireball during the negative pressure phase of the shock wave causes the moisture 
in the air to condense temporarily, forming a cloud. The cloud is dispelled within a second or so 
upon return of the air pressure,to normal. 

COl/jugate points - Points at the north and south ends of a geomagnetic field line which are either at 
corresponding altitudes or at corresponding field strength. 

COlllamillatiotl - The deposit of radioactive material on the surfaces of structures, areas, objects, or 
personnel, following a nuclear explosion. This material generally consists of fallout in which fission 
products and other weapon debris have become incorporated with particles of dirt, etc, Contamina
tion can also arise from the radioactivity induced in certain substances by the action of neutrons 
fr()rn a nuclear explosion. See Decontamillation, Fallout, Induced radioactil'ity, Weapon debris. 
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• COlllour mer/zod - The representation of the degree of contamination resulting from a nuclear burst 
b}' the use of contour lines to connect points of equal radiation dose or dose rate. See Isodose lines, 

COIll'fmtiollal currellt flow - Electric current assumed to flow from the most positive point of the 
circuit to the most negative point in the circuit relative to ground. 

Counterpoise - An electrically continuous conductive material usually installed around the perimeter 
of a building to reduce the apparent ground resistance. 

Coupling - Interaction of electromagnetic fields with electrical systems whereby part of the energy of 
ell': II~ja is transferred to the system. Also the energy transfer of a shock wave traveling in one 
medium, which produces a shock wave in a second medium at their common interface. Also the 
absorption of radiant energy by a material by conVersion to internal energy resulting in a shock 
wave being developed in the material. 

Cr(lcJ: - A rapidly expanding white disc on the water surface whose leading edge follows close!; 
behind the intersection of the underwater shock wave with the surface. The whiteness is believed to 
be the cavitated region caused by the rarefaction wave. which forms and moves downward when the 
primary shock is reflected from the surface. 

Crater - The pit. depression, or cavity formed in the surface of the earth by an explosion. It may 
range from saucer shaped to conical, depending largely on the depth of burst. See also True craler, 
Apparelll crater, and Camoufler, 

Crater depth - The maximum depth of the crater measured from the deepest point of the pit to the 
original level. 

Crater radius - The average radius of the crater measured at the level corresponding to the original 
surface of the ground. 

CriTical radiant exposure - The thermal radiant exposure required for a particular effect on a material. 
The unit of critical radiant exposure is the caI/cm:!. 

Cross section A measure of the probability that a nuclear reaction will occur. It is the apparenr or 
effectiye area presented by a target (e.g., atomic nucleus or other particle) to an oncoming particle 
or radiation (e.g., X-ray or gamma ray). 

O'.1'5tn!line - Refers to a material (e.g., a semiconductor) possessing an ordered lattice structure. 

Curie - The quantity of any radioactive nuclide in which the number or disintegrations per second is 
3.7 x 1010. 

Dazzle - See Flashblindness. 

Debris radiation - Radialion emitted after the rust few hundred microseconds after the burst. It is 
primarily gamma ray and beta radiation. 

Decolltamination - The process of removing contaminating radioactive material from an object, a 
structure, or an area. See Contamination. 

Delamination - Separation of bulk material (see Figure 6-5). 

n;.(fr(lf'fir)Jl - The bending of waves around the edges of objects. 
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• .. Dljji'actioll loading The forces exerted upon an object or structure by the blast wave overpressures 
as the shock front strikes and engulfs it. 

DljjilSioll That process in which particles (e.g., charge carriers) move from a region of high concen-
tration toward 3 region of lower concentration. 

Direcl shock war£> A shock wave traveling through the medium in which the explosion occurred. 
without having encountered an interface, is referred to as the direct shock wave. 

Dispersio/l Effects on an electromagnetic wave traversing a region in which the propagation charac-
tt'i"lstics are frequency dependent. 

Displacelllent A type of transient and permanent damage in crystalline materials in which atoms are 
moved from their normal lattice positions. . 

Dose See Radialioll dose. 

Dose rale See Radiatioll dose rafC. 

Dosill/eter An instrument for measuring the amount of radiation received. 

Dosimetry - The process of measuring and providing a quantitative description of a radiation environ
ment. preferably in terms relevant to the radiation effect being studied (e.g .. neutron fluence, dose 
etc,). 

Drag loadillg - The forces exerted upon an object or structure by the dynamic pressures from the 
bla~t wave of an explosion. influenced by certain characteristics (primarily the shape I of the object 
or struct lire. 

D-Regi() 'I - The region of the ionosphere between about 40 and 90 kilometers altitude. See 
/61/05pl/(' 1"(', 

Drill - That process in which charge carriers move along the line of action of an electric field. 

DU.:lilir.1· - The Jbility of a material or object to undergo large permanent deformations without 
rupture. 

UYllullli( prn.'Jurc (q) q = l/~ Ps u
2 • where Ps is the density of the medium behind the shock front. 

and u is the particle velocity behind the shock front. The drag force on an object is proportional to 
the dynamic pressure . 

. DYllamicpresslire impulse - See Impulse. 

Early lrall5ieJlt incapacitation - A temporary inability of a person to perform a required task prop
erly. Onset is shortly 'after exposure to insult or stress. The incapacitation will be followed by 
partial or complete recovery otperformance ability, frequently temporary in nature. 

Eddy currellt - Current created on the building shielding by the impinging magnetic and electric 
fields. 

E field - Electric field associated with an electromagnetic wave or created by a charge distribution. 

Eiecla (lhmw-out) - Original material dissociated and ejected t.o the area surrounding a crater. The 
~~;;~, ... "" .. ,,: .. :. lai5sile hazards. 
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• Electric surge arrestor (ESA) Hybrid device which provides protection across the frequency 
spectrum and voltage spectrum. 

Electromagnetic pulse (ElI-IP) The time-varying electromagnetic radiation that results from a nuclear 
detonation. 

Electromagnetic radiatioll - Radiation made up of oscillating electric and magnetic fields and propa· 
gated with the speed of light. It includes gamma radiation, X-rays, ultraviolet, visible and infrared 
radiation, and radar and radio waves. 

Electromagnetic spectrum The frequencies (or wave lengths) present in a given electromagnetic 
radiation. A particular spectrum could include a single frequency or a wide range of frequencies. 

Electro/! Classically, a unit negatively charged particle,usually bound to an atom and orbiting about 
its nucleus. 

Electron rolt - The amount of kinetic energy gained by an electron when accelerated through a 
potential of one volt. (l.6 x 1O·} 2 ergs). 

Electrostatic coupling - Capacitive coupling between two parallel lines. See Coupling. 

Emitter JUIlCtiOIl - One of two junctions in a bipolar transistor. Typically the emitter junction is the 
smaller junction and many times the photocurrent generated in it is neglected. 

E"'IP See Electromagnetic pulse. 

Energy flux density - The energy of any radiation incident upon or flowing through a unit area, 
perpendicular to a radiation beam, in unit time. 

Energy partitiqn - The distribution of the total energy released by a nuclear detonation among the 
various phenomena, e.g., nuclear radiation. thermal radiation, and blast. The exact distribution is a 
function of time, weapon yield, and the medium in which the weapon is detonated. 

Energy spectrum - A description of the relative magnitudes of various energy components or energy 
ranges of electromagnetic radiation or particles. 

Epitaxial The formation of single crystalline material upon a single crystalline substrate by chemical 
r.:::h.l.::tion from the vapor or liquid phase. The grown material assumes the same crystal orientation 
as the substrate. 

E-Regioll - The region of the ionosphere between about 90 to 160 kilometers altitude. See 
Ionosphere. 

Exposure - A measure of the radiation energy available (the dose in air). Exposure generally is 
specified in roentgens. 

Exposure rate - A meaSUle of the radiation energy available per unit time (the dose rate in air). 
Exposure rate generally is specified in roentgens per second or roentgens per hour. 

Factor - A multiplier, frequently used to indicate range of coverage. For example, "correct within a 
factor of two" means correct within a possible range of values between twice and one-half the 
stated value. 

Failure threshold - That exposure which changes one or more material (device) properties to such an 
extent that the material (device) becomes unsuitable for a specified application. 
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-Fallback - Original material dissociated but not completely removed from the true crater. Upon 
impact, the fallback and ejecta assist in the development of the hazardous base surge dust cloud. 

Fallout - The process or phenomenon of the fallback to the surface of the earth of particles con
taminated with radioactive material from the radioactive cloud. The term is also applied in a 
collective sense to the contaminated particulate matter itself. The early (or local) fallout is defined, 
somewhat arbitrarily, as those particles which reach the earth within 24 hours after a nuclear 
explosion. The delayed (or world-wide) fallout consists of the smaller particles which ascend into 
the upper troposphere and into the stratosphere and are carried to all parts of the earth. The 
delayed fallout falls to earth, over extended periods of time ranging from months to years. 

Fast neutron - Typically, a neutron with energy exceeding 10 keV (this energy threshold has not been 
standardized). See Neutrons, fast. . 

Film badge - A photographic film packet in the form of a badge, carried by personnel, for obtaining a 
measure of gamma and also in some cases, beta and neutron dose. See DOSimeter. 

Fireball - The visible luminous sphere of hot gases formed by a nuclear explosion. 

Fission - The splitting of a heavy nucleus into two (or rarely more) nuclei of lighter elements - the 
fission products. Fission is accompanied by the emission of neutrons and the release of energy. It 
can be spontaneous or it can be caused by the impact of a neutron. a fast charged particle, or a 
photon. The most important fissionable materials for weapons are uranium-235 and plutonium-239. 

Fission products - A general term for the complex mixture of substances produced as a result of 
nuclear fission. A distinction should be mad~ between these and the direct fission products or 
fission fragments that are formed by the actual splitting of the heavy element nuclei. The fission 
fragments, being radioactive, immediately begin to decay, forming additional (daughter) products, 
\\' hich are included in the complex mixture of isotopes that is observed at some time after the 
fis!>ion even t. 

Flaslzblilldlless (Dazzle) - Temporary impairment of vision resulting from an intense flash of light. See 
R e tillal burll. 

l'iuellce - The number of particles or photons or the amount of energy that enters an imaginary 
sphere of unit cross-sectional area. It is the time-integrated flux. 

Fluorescellce - The reemission of absorbed energy by molecules and atoms at the same or longer 
wavelengths than those that were absorbed. 

Flux - The flow of photons, particles, or energy per unit time through an imaginary sphere of unit 
cross-sectional area. 

Forward bias - Voltage applied across a PN junction in such a direction as to cause conduction 
through the junction i.e., the most positive potential is connected to the P side of the junction. 

Forward resistance - The value of the ratio of the forward voltage to the current flowing through the 
PN junction when that same forward voltage is applied to it. The value varies with forward voltage. 

Forward voltage - The voltage applied to a PN junction which forward biases the junction. 

FraCflonatioll - The phenomenon which results in a fallout sample being nonrepresentative of the 
total amount of radioactivity produced by a nuclear explosion. For example a bomb may produce x 
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• atoms of one fission product and y atoms of another. Any fallout sample (airborne or on the 
grollnd) for which the ratio of the number of these two products is different from x/y is said to be 
fractionated. 

Free air A region of homogeneous air sufficiently remote from reflecting surfaces or other objects 
that the characteristics of the direct shock are not modified in any way by reflected shocks or other 
disturbances arising from scattering objects. 

Free air ol'erpressure (sometimes called free air pressure) The unreflected pressure in excess of 
~tm(lspheric or ambient pressure created in the air by the incident shock of any explosion. 

Free charge 
atoms). 

The charge carriers that are capable of moving (Le., those which are not bound to 

F-R egion - The region of the ionosphere above about 160 kilometers. 

Fusion The process by which nuclei of light elements, especially the hydrogen isotopes deuterium 
and tritium, combine to form the nucleus of a heavier element with a substantial exot.hermic release 
of energy. 

Gaill With reference to an electronic circuit or device, the ratio of output response to input signal. 
Gain is a measure of amplification. 

Gamma rays Highly penetrating, high-frequency electromagnetic radiation from the nuclei of radio-
active substances. They are of the same nature as X-rays, but of nuclear rather than atomic origin, 
and are emitted with discrete, definite energies. 

Ground zero (GZJ The point on the surface of land or water vertically below or above the center of 
a burst of a nuclear weapon; also called surface zero. 

Hardelling The process of decreasing vulnerability to a nuclear explosion by design. 

Height of burst - The height above the surface of the earth at which a weapon is burst. Altitude, by 
contrast, is the height above mean sea level. 

H field Magnetic field associated with an electromagnetic wave or created by an electric current. 

110le - With reference to electronic valence structure of a semiconductor that acts as a positive 
electronic charge with a positive mass. 

Hot spots Regions in a contaminated area in which the level of radioactive contamination is 
considerably higher than in neighboring regions. 

Impedance - The total opposing force to current flow, a factor of energy dissipation. 

Impulse - The product of the average force and the time during which it acts at a given point, or the 
integral of the curve r~presenting variation of force with time, with integration over the time of 
interest. In considering the effectiveness of a shock wave in producing damage, it is generally more 
convenient to employ the concepts of overpressure impulse and dynamic pressure impulse. The 
overpressure impulse of the positive phase of a blast wave is the integral of the curve representing 
the variation of overpressure with time, the integration being perfonned from t = 0, the time of 
arrival of the shock front at a given location, to t = t;, the end of the positive phase. The dynamic 
pressure impulse is a similar integral of the dynamic pressure-time curve. . 
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incapacitatio/l - The inability to perform a required task as the result of a physical or mental 

disability. See also Permanent Compiet~ Incapacitation and Early Transient Incapacitation. 

Induced radioactivity - Radioactivity that results from certain nuclear reactions in which exposure to 
radiation results in the production of unstable nuclei. Many materials near a nuclear explosion enter 
into this type of reaction, primarily as a result of neutron interactions. 

induced shor:k wave The shock wave that is induced in a medium when a shock wave traveling in 
another medium crosses the interface between the two media. 

blef/t:uilt! - See Combat ineffective. 

Inelastic scattering - Scattering in which the total kinetic energy of a two-particle system is decreased. 
and one or both of the particles is or are left in an excited state. 

infrared - That portion of the electromagnetic spectrum occurring between the wavelengths 0.7 and 
12 microns. 

Initial nuclear radiation - Radiation produced by a nuclear explosion within 1 minute following the 
hurst. It includes neutrol)s and gamma rays given off at the instant of the explosion, gamma rays 
produced by the interaction of neutrons with weapon components and the surrounding medium, 
and the alpha, beta, and gamma rays emitted by the fission products ar.d other weapon debris 
during the first minute following the burst. See Residual radiation. 

Internal EMP - A term commonly applied to the electric and magnetic fields generated within an 
enclosure by the interaction of high energy nuclear radiation (gamma rays, X-rays, neutrons) with 
the walls. 

Interstitial - An atom of a crystalline material located at some point other than a normal lattice 
position. Interstitials are created during the displacement process. See Displacement. 

im'ersion (atmospheric temperature inversion) - A region in the atmosphere in which the temperature 
rises with increasing altitude instead of dropping, as it does in the more general case. 

JOIl An atom with a net electric charge. 

AVI"_",,,vll - 'tilt: separation of a normally electrically neutral atom or molecule into electrically 
charged components. 

Ionizing radiation - Electromagnetic radiation (gamma rays or X-rays) or particle radiation (neutrons, 
electrons, etc.) capable of producing ions, i.e., electrically charged atoms or molecules, during its 
passage through matter. 

ionosphere - That part of the atmosphere where ions and electrons are present in quantities sufficient 
to affect the propagation of raGio waves. 

Ipp - Primary photocurrent. See Primary photocurrent. 

·Irrudiance - The incident thermal energy per unit time per unit area. The unit of irradiance is the 
cal/cm2 jsec. 

Isobaric - Constant pressure condition. 

lsodose lines - A term applied to imaginary contours in a radioactive field on which the total 
accumulated radiation dose is the same. 
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-Jitter effect - Instability of the signal on the radar indicator. 

Kelvin scale - The absolute temperature scale for which the zero is ·273°C. Conversion from 
centigrade to Kelvin is made by adding 273 to the centigrade reading. 

Kilotoll (ktJ - The energy release of one thousand tons of TNT, where I ton equals 2,000 pounds and 
where the energy content of TNT is defined as 1,102 calories per gram. 

Latchup - Regenerative device action in transistors or circuits in which an undesired stable condition 
is attained. 

Lattice - The pattern defined by an orderly crystalline structure in a material. 

Leakuge current An undesirable reverse current across a semiconductor junction. 

Lethal gust em'elope The boundary of the area in any given plane within which the gust loading 
effects from an explosion inflict sufficient structural damage to destroy a given aircraft. 

Linear circuit An electronic circuit in which voltages and currents can be continuously variable. 

Lip height The height above the original surface to which earth is piled around the crater formed by 
an explosion. 

Loading - The forces imposed upon an object. 

Loop - A closed path or circuit over which an electric signai can circulate. 

Lossy del'ices - Devices that convert portions of the input energy into heat, which is lost to the 
surrounding medium. 

Lossy field coupling Coupling of an electromagnetic field into an electrical system so that part of 
the energy is lost due to radiation. See Coupling. 

Mach stem The shock formed by the fusion of the incident and reflected shocks from an explosion. 
The term usually is used with reference to an air-propagated wave reflected from the surface of the 
earth, generally nearly vertical to the reflecting surface. See Shock front. 

Maglletic coupling - Energy departed to (or voltage induced in) a loop of finite area due to a change 
::-: r..'JX linkages within the loop. 

Magnetic conjugate points - Points at the north and south ends of a geomagnetic field line that are 
either at corresponding altitudes or at corresponding magnetic field strengths. 

Majority carrier In semiconductors, the type of carrier that constitutes more than half the total 
number of carriers. The majority carriers are electrons in an N-type semiconductor and holes in a 
P-type semiconductor. 

Mean free path - Average.. distance traveled by particles before interaction or average distance a single 
particle travels between interactions. 

Median lethal dose - The amount of radiation received over the whole body which would be fatal to 
about 50 percent of a specified animal. The median lethal dose for humans is not well established, 
but for the purpose of this manual it is assumed to be 450 rads, if the total dose is delivered within 
a period of 24 hours or less. Sometimes abbreviated as MLD or L0-50. 

Megaton (Mt) - The energy release of a million tons of TNT (1015 calories). See Kiloton. 
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Metal-oxide-semicollductor (MaS) transistor - A field-effect transistor consisting of a silicon chip, a 

siiicon oxide, and a metal contact. 

Micro/l (J.l) - A unit oflength equal to 10-6 meters, 10- 3 meters, 10- 3 millimeter, or 104 Angstrom units. 

Millibar - One thousand dynes per square centimeter, a unit of measure of atmospheric pressure. 

ftfillority carrier - The type of carrier that constitutes less than half the total number of carriers in a 
semiconductor. The minority carriers are holes in an N-type semiconductor and electrons in a 
P-type semiconductor. 

JJii;ority-cllrrier lifetime - The time period starting with the creation of a minority carrier and ending 
with its being recombined. 

Mobility - The ease with which carriers move through a semiconductor either through random motion 
or when they are subjected to electric forces. 

MOllte Carlo method - A method of solution of a group of physical problems by means of a series of 
sta tistical experiments which are performed by applying mathematical operations to random 
numbers. 

MOS - Metal-oxide-semiconductor . 

. i\:egatil'e phase - That portion of the blast wave in which pressures are below ambient atmospheric 
pressure. 

Neutrol1 - An electrically neutral particle which is one of the fundamental particles making up the 
nucleus of all atoms except hydrogen. 11 has nearly the same weight as the hydrogen nucleus 
(atomic weight I). The neutron under appropriate conditions is capable of causing fission of U2 3 5 , 

or Pu2 39 and certain other radionuclides. In the fission process other neutrons are produced, which 
can cause fission in additional U23 5 or Pu 2 39 atoms. This multiplication process, triggered by 
neutrons, gives rise to the chain reaction which makes nuclear explosions possible. 

Neutrol1 capture - A basic interaction of neutrons with matter. Neutron capture can result in the 
generation of gamma rays and/or charged particles. 

Neutroll fluence - The number of neutrons entering an imaginary sphere of unit cross-sectional area. 
11 is equal to the time integrated neutron flux. It is generally expressed as n/cm2 . If expressed as 
Nvt. N is the neutron density (n/cm 3 ) in the beam v is the average speed (cm/sec), and t is the time 
duration. The spectrum should be specified with the fluence, e.g., n/cm2 (fission spectrum). 

Neutron flux - The flow of neutrons into an imaginary sphere or" unit cross-sectional area. It is 
generally expressed as n/cm2 /sec. If expressed as Nv, N is the neutron density in the beam (n/cm3 ), 

and v is the average speed (cm/sec). The spectrum should be specified with the flux, e.g., n/cm 2 /sec 
(fission spectrum)_ 

Neutrons, fast - Neutrons with energies e'xceeding 10 keV, although sometimes different energy limits 
are given. See Fast neutrons. 

Neutrons, thermal - Neutrons in thermal equilibrium with their surroundings. At room temperature 
their mean energy is about 0.025 electron volts (eV). 

l\.rC~7hncar 'Zone - A wedge-shaped zone in water, which increases in depth as the range from the burst 
point increases, and within which anomalous reflections affect the underwater pressure history. 
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-N type This term refers to semiconductor material which has had certain impurities added so that 
there are excess electrons available for conduction. 

Nuclear radiation Any or all of the radiations emitted as a result of the radioactive decay of a 
nucleus. The radiations include gamma radiation (of electromagnetic character) and particle 
radiation (alpha particles, positive and negative beta particles, and neutrons). 

Nuclear Weapon - Means the same as "Atomic Weapon" as that term is defined in Section J 1 d, Public 
Law 703, 83rd Congress, viz: any device utilizing atomic energy, exclusive of the means for trans· 
?:::~in~ or propelling the device (where such means is a separable and div"isible part of the device), 
the principal purpose of which is for use as, or for development of, a weapon, weapon prototype, or 
a weapon test device. 

Nuclide - A general term referring to all nuclear species, both stable and unstable, of the chemical 
elements as distinguished from the two or more nuclear species of a single chemical element, which 
are called isotopes. 

Overpressure The transient pressure, usually expressed in pounds per square inch, exceeding existing 
atmospheric pressure manifested in the blast wave from the explosion. During some period of the 
passage of the wave past a point, the overpressure is negative. 

Overpressure impulse - See Impulse. 

Pair production - A basic interaction of photons with matter (see Figure 6·] c). 

Passil'e elements --' Mainly filter devices and circuits which remove portions of the energy spectrum 
not needed by system operation. 

Performance decrement (personnel) Reduction of efficiency in performance of a required task, such 
as increased reaction time, increased performance time, and/or increased error rate. 

Period of vibration (period) - The time for one complete cycle of oscillation or vibration. 

Perrrumellf complete incapacitation (personnel) - The inability to perform any task as the result of a 
physical or mental disability that will not improve subsequently. 

Jlemumellf effects - Changes in material properties that persist for a time long compared with the 
normal response time of the system of which the material is a part. 

Photocurrenl - A flow of excess charge carriers generated in a material or device by ionizing radiation. 

Photoelectric effect The process whereby a gamma ray or X-ray photo, with energy somewhat 
greater than that. of the binding energy "of an electron in an atom, transfers all of its energy to the 
electron, which is remov~d from the atom. 

PIN junction - This type of diode has intrinsic (undoped) semiconductor material between the P and 
N-doped materials. See N type and P type. 

Plo.nar diffused - A technique for manufacturing semiconductor devices by introducing dopant ele
ments into the semiconductor wafers by selective diffusion from the surface. All junction-surface 
intersections are protected from the ambient atmosphere by a passivation layer, typically silicon 
("\vid~. grown on the device structure. 
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Planckian radiatioll - The energy distribution of the radiation emitted by a black body radiator. The 
spectrum is' determined by the temperature and is given by Planck's radiation law (see paragraph 
4-2. Chapter 4). See Black body. 

Pwstic deformation - That deformation from which a deformed object does not recover upon removal 
of the deforming forces. 

PNP - A three-layer semiconductor structure that constitutes a bipolar transistor. See N type and P 
{Jpe. 

ropcornillg - The ejection of dust particles from certain types of surface upon absorption of the 
thermal radIation emitted by a nuclear detonation. 

Potting - The complete immersion of encapsulation of devices or circuitry in an insulating compound. 
Potting typically is used in TREE work to-reduce the effects of leakage currents caused by radiation 
induced air ionization. 

Positil'e phase - That portion of the blast wave in which pressures are above ambient atmospheric 
pressure. 

Precursor -- A pressure wave which precedes the main blast wave of a nuclear explosion. 

Primary photocurrellt (J ) - Current which nows across a semiconductor junction as a result of pp . 
ionization. 

Prompt conducth'i!y - Conductivity resulting from exposure to prompt gamma radiation. 

Prompt gamma rays - Gamma rays produced in. fission and fusion reactions and as a result of nuclear 
excitation of the weapon materials. 

Prompt neutrolls - Neutrons generated by the fission and fusion reactions of a nuclear weapon burst. 

Proton - A positively charged particle with a mass approximately the same as that of a neutron. In 
nature, protons are pound in the nuclei of atoms. 

P type - Semiconductor material which has had certain impurities added so that there is an excess of 
hnle, ;!v::Iil'lhle for conduction. 

Punch through - Breakdown mechanism in transistors caused by an arc discharge at the junction. 

Rad - A unit of absorbed dose of radiation; it represents the absorption of 100 ergs of nuclear (or 
ionizing) radiation per gram of the absorbing material or tissue. When specifying dose, the absorbing 
material must be indicated, e.g., C, Si, tissue. 

Radiant energy - See Th.ermal radiation. 

Radiant exposure - The incident radiant energy per'unit area, generally expressed in cal/cm 2 . 

Radiant power - Time rate of radiant energy emission. The useful units of radiant power are kt/sec or 
cal/sec. 

Radiation dose - The total amount of radiation absorbed by material or tissue, commonly expressed 
in rads. In the case of materials, the radiation dose may be expressed in cal/gm (material) or ergs/gm 
(m::tterial ), 
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'l!iation dose rate - The time rate of absorbing radiation, commonly expressed in rads/sec or 
rads/hr. In the case of materials the radiation dose rate may be expressed in cal/gm/sec (material) or 
ergs/gm/sec (material). 

Radioactil!ity - The property of certain nuclides of undergoing a spontaneous nuclear transformation 
in which the nucleus emits particles and/or gamma rays, or undergoes spontaneous fission, or in 
which the atom emits X·rays or Auger electrons following orbital electron capture or internal 
conversion. As a result of the emission of particles, the radioactive isotope is converted (or decays) 
into the isotope of a different (daughter) element which mayor may not also be radioactive. 
Ultimately, as a result of one or more stages of radioactive decay, a stable (non·radioactive) end 
product is formed. 

Rarefactiol/ wave - When a shock wave in a medium stFikes the interface between this medium and a 
Jess dense medium, part of the energy of the shock wave induces a shock wave in the less dense 
medium. The remainder of the energy forms a rarefaction or tensile wave which travels back 
through the denser medium. 

Reactioll rate - In chemical kinetics, the time derivative of the concentration of a given species is 
called the reaction rate of that species; it is also called the velocity or speed of the reaction. 

Recombination - A process by which a hole-electron pair is annihilated, usually by direct combina
tion of a free electron with a free hole, by capture of a free electron by an excited center containing 
a hole, or by capture of a free hole by an excited center containing an electron. Recombination 
transistions of these types may be radiative. 

Recombination center - In some electron-hole recombinations the electron (hole) in the conduction 
band does not make a direct transition to the valence band but first occupies an intermediate state 
in the forbidden gap called a recombination center, which is associated with lattice imperfections or 
chemical impurities. 

Reflected pressure - The pressure along a surface at the instant a blast wave strikes the surface. 

Reflected shock wal'e When a shock wave traveling in a medium strikes the interface between this 
medium and a denser medium, part of the energy of the shock wave induces a shock wave in the 
denser medium and the remainder of the energy results in the formation of a reflected shock wave 
which travels back through the less dense medium. 

Refraction - Bending of an electromagnetic wave path when it traverses a region whose propagation 
characteristics are a function of position. 

Relative ajr density - The ratio of air density under a specified condition to the air density of the 
standard atmosphere at sea level (see Tables 2-} and 2-2, Chapter 2). 

Residual nuclear radiation,..... Nuclear radiation, chiefly beta particles and gamma rays, which persists 
for some time following a nuclear explosion. The radiation is emitted mainly by the fission products 
and other bomb residues in the fallout, and to some extent by earth and water constituents, and 
other materials, in wltich radioactivity has been induced by the capture of neutrons. 

Response - The action of an object under the applied loading. 

Retinal burn - A permanent eye injury caused when the retinal tissue of the eye is excessively heated 
by the focused image of the fireball. 

E-15 



.. 
Rise time - The time interval from blast wave arrival to the time of peak overpressure in the blast 

wave. 

Roentgen - A unit of exposure to gamma rays or X-rays. It is defined precisely as the quantity of 
gamma ray or X-ray radiations such that the associated corpuscular emission per 0.001293 gram of 
air produces, in air, ions carrying one electrostatic unit quantity of electricity of either sign. It is 
approximately equivalent to a dose of 87.7 ergs/gm in air [0.877 rads (air)! and 97 ergs/gm in tissue 
[0.97 rads (tissue)]. For the purposes of this manual, an exposure of 1 roentgen is equivalent to a 
f::ldiJtion dose of 1 rad (tissue). 

Rupture zOlle - Zone extending from the earth media-rubble interface in which stresses created by the 
detonation cause fracture and crushing of the material. The rupture zone enhances the use of 
cratering for the demolition of certain hard targets and for quarrying operations. 

Scattering - Change in direction of propagation of radiation caused by collision with particles. 

Scavenging - That process by which fission products are removed from the radioactive cloud by 
becoming a~tached to earth, rain, or other particles. 

Scintillation - Random fluctuations in the magnitude and direction of an electromagnetic wave as it 
traverses an inhomogeneous medium. 

Secondary electron - An electron that is emitted as a result of bombardment of a material by high 
energy radiation. 

Secondary EMP - Same as internal EMP. 

Secondary photocurrent - The primary photocurrent in a transistor can be of sufficient magnitude to 
forward bias the base-emitter junction and hence cause "normal" current to flow. The collector 
currerit thus produced is called the secondary photo current. 

Semiconductor devices - Devices that use material that has a conductivity between that of a good 
conductor and a good insulator. Transistors, diodes, and integrated circuits belong to this class of 
devices. 

Semiconductor junction - Two adjacent semiconductor materials that differ in the polarities of their 
majority carriers. 

Shake - A nonstandard unit of time used in nuclear physics, equal to 10-8 second. 

Shielding J. Material of suitable thickness and physical characteristics used to protect personnel 
from radiation during the manufacture, handling and transportation of fissionable and radioactive 
materials. 
2. Obstructions that protect personnel or materials from the effects of a nuclear explosion. 
3. Electrically continuous housing for a facility. area, or component, used to attenuate impinging 
electric and magnetic fields both by absorption and reflection. 

Shock front - The boundary at which the medium being traversed by a shock or blast wave undergoes 
abrupt changes in velocity, pressure, and temperature. 

Shork strength - The ratio of the peak blast wave overpressure plus the ambient pressure to the 
ambient pressure. 
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-Shock ware - The steep frontal compression or pressure discontinuity that advances through a 
medium rapidly as the consequence of a sudden application of pressure to the medium. Its form 
depends on the magnitude of the pressure and the displacement of the medium as the wave 
progresses. In soil the shock wave is commonly referred to as the ground shock; in water, the water 
shock; and in air, the air blast. 

Slallt range - The direct distance between an explosion and a point. 

Simulation - To produce the effect of a nuclear burst on a particular material or device by means 
nthE'r thil11 il full s~ale explosion. 

Space charge - The electric charge carried by a cloud or stream of electrons or ions in a vacuum or a 
region of low gas pressure, when the charge is sufficient to produce local change in the potential 
distribution. . 

Spallation - The removal of fragments from the back surface of a material (see Figures 6-5 and 9-43. 
Chapters 6 and 9, respectively). 

Spectral distribution - The distribution of energy by wave length over the electromagnetic spectrum. 

Steady Slate - Constant with time. 

Steady sTate primary photocurrent - The constant primary photocurrent that would be observed to 
flow across a semiconductor junction under continuous irradiation. 

Subsurface burst - See,Burst types. 

Sure-kill lel'el - A set of environmental conditions under which it is 100 percent certain that the 
system mission cannot be executed. 

5l1re-safe ICl'el - A set of environmental conditions under which it is 100 percent certain that the 
system mission can be completed. 

Surface burst - See Burst types. 

S\/IclzrO/ltro/l radiatiol1 - Electromagnetic radiation emitted by a high-energy electron moving in a 
magnetic field. 

Tensile lI'are - See Rarefaction wal'e. 

Thermal energy - See Therlllal radiation. 

Therlllal pulse - The radiant power vs time pulse from a nuclear weapon. See Radiallt power. 

Thermal radiation - Electromagnetic radiation from a nuclear weapon, which is emitted in the 
wavelength range from 0.2 micron in the ultraviolet. through the visible, to 12 microns in the 
infrared. Also called Thermal energy and Radiant energy. 

Thermonuc/ear - An adjective referring to the process involving the fusion of light nuclei such }:':. 
those of deuterium and tritium. 

TNT effects cquil'Qlence - The expressing of the effect of a particlliar phenomenon of a nuclear 
detonation in terms of the amount of TNT that would produce the same effect. 

TVT enerflv equil'a/ent - Total energy of a nuclear detonation expressed in terms of the amount of 
TNT required to produce an equivalent energy. 
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• Transicilf CHeelS - Changes in material properties that persist for a time shorter than, or comparable 
rD, the normal response time of the system of which the material is a part. 

7rallsiell[ radiation A pulse or burst of radiation whose pulse width at half-maximum intensity 
generally ranges from nanoseconds to a few milliseconds. 

Transisfor A semiconductor device that uses a small current to control a much larger current. 

Trallsiiioll ::ol/e (regioll) A zone extending above the earth's surface in which the weapon 
phenomenon of interest from a burst in the zone will be modified by the presence of the earth's 
'iurf:I('f' <;;f't' RI(r~1 types: A II' burst. 

Tr~lI1smissirin - See A In/ospheric transmissil'ity. 

Trappil1g That process in which a free charge carrier is captured, and once captured, has a greater 
probability of being reexcited to a free state than of recombining with a carrier of the opposite 
polarity. 

Trapping Cellfel' - A site in a solid at which a free electron or hote may be captured, and in which the 
charge carrier, once captured, has a greater probability of being thermally reexcited to a free state 
than of recombining with a carrier of the opposite sign. See Trapping. 

TREE - Transient-radiation effects on electronics. 

TRLLS - Transient-radiation effects on electronic systems. 

Tri!)'" puillf - The intersection of the incident. reilected and fused shock fronts produced by an 
explosion in the air. Because of the variation of the angle of incidence as the blast wave expands. 
and because the reflected wave, in a heated, denser medium, travels faster than the incident wave, 
the height of the triple point increases with the distance from the explosion. See Mach stem. 

True crarer - The crater excluding fallback material. See Crater, 

Uirral'i()/I.'r - That portion of the electromagnetic spectrum occurring between the wavelengths 0.2 
and 0.4 micron. 

CnJcrgroillld burst - See Burst types. 

L ""''' ""'1I ULII~' - ~ee Bu.rst types. 

Upthrust - Deformation material pushed up around a crater, but not dissociated from the earth media 
by a Iluclear blast. 

Vacancy A!1 empty lattice site in a crystalline material. 

Visible That portion of the electromagnetic spectrum occurring between 0.4 and 0.7 micron. The 
term luminous also is applied to radiation in this region, 

Visibility - The horizontal distance at which a large, dark object can just be seen in daylight near the 
hOI izon, 

~1'(JI'e 1p.lIg'lz - The distance between two similar and successive points on an alternating wave, as 
between maxima. 

Ware train A series of alternating crests and troughs of a wave system resulting from a surface 
OblurOal1ce. 
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-Weapon debris The residue of a nuclear weapon after it has exploded; that is, the materials used for 
the casing and other components of the weapon, plus unexpended plutonium or uranium, together 
with fission products. 

Wilsoll cloud - See Condensation cloud. 

Wind shear - A relatively abrupt change with altitude of wind direction or magnitude. 

X-rays - High frequency electromagnetic radiation produced by any of three processes: radiation 
from a heated mass (e.g., a black body); deceleration of a charged particle: electron transitions 
between atomic energy levels, usually excited by incident beams of high-energy particles. resulting 
in characteristic, discrete energy levels. 

Yield - The energy released in a nuclear explosion, usually measured by the estimated equhalent 
amount of TNT required to produce the same energy release. See TNT energy equivalence. 
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APPENDIX F 

LIST OF SY MBOLS 

This manual covers a wide variety of 
su eet matter. Consequently, it has been neces
sary to use a large number of symbols to repre
sent quantities of interest. In many -cases, one 
symbol has different meanings in different parts 
of the manual. This was done for two reasons: 

• the large quantity of symbols; 
• the desire to use accepted symbols for 

specific quantities; e.g., the symbol a is 
used for the Stefan-Boltzmann constant, 
conductivity, stress, radiation interaction 
cross section, and for the standard devia
tion in probability equations, for each of 
which 0 is the usual symbol. 

If a sym bol has one meaning throughout the 
manual. that meaning is shown without indica
tion of location. If a symbol has one meaning in 
several chapters and other meanings in isolated 
cases, the most frequent meaning is listed with
out indication of location, and other meanings 
... , ~ ;:." ... .: as ~xceptions, with the location of the 
exceptions being indicated by chapter and, in 

Symbol 

some cases by section of a chapter. When a 
symbol has different meanings in several isolated 
locations, each location is indicated by chapter. 

_ Except where specifically indicated in 
t'ftPIPrxt, the subscript I is reserved for burst 
parameters (overpressure, height of burst, dis
tance, etc.) for a I kiloton explosion, and the 
subscript 0 is reserved for standard sea level 
atmospheric properties (pressure, temperature, 
density, etc.). Symbols with these subscripts 
having these meanings are not listed separately 
below. Exceptions are listed. 

• 
One further convention should be noted. 

an logarithmic and semi-logarithmic graphs 
are used in the manual. In most cases, either a 
full logarithmic grid is shown or tick marks are 
provided for each digit within a decade. In a few 
cases, unmarked tick marks are not shown for all 
digits (e.g., Figure 8-7). In aU such cases, the tick 
marks are shown for the digits 2, 4, 6, and 8 
(times the indicated power of ten for that 
decade). 

Designation 

A 

A 

, Area of fission debris from a high altitude explosion (Chapter 8; Chapter 17). 

A 

A 

.1 

Area of an object exposed to the air blast wave of a nuclear explosion (Section II, 
Chapter 9; Chapter 14; Appendix A). 

Thermal absorption coefficient (Section III, Chapter 9). 

Area of transistor PN junction (Section VII, Chapter 9). 

Cross-sectional steel area per inch of width of a' deeply buried horizontal steel 
arch (Chapter 11). 
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A 

A' p 

A' t3 

A' 
l' 

F-2 

Designation 

Reference area for determination of a missile ballistic coefficient (Chapter 16). 

Effective thermal absorption coefficient (Section IV, Chapter 9). 

Energy absorbed in a material as the result of X-ray interactions (Section V, 
Chapter 9). 

Absorption of electromagnetic signals propagating through a fireball (Chapter 8). 

Absorption of a 1,000 MHz signal propagating through a fireball (Chapter 8). 

Maximum radius of the bubble crea ted by an underwater explosion (See An' A l' 
A 2' A 3) (Chapter 2). 

Maximum radius of a migrating and pulsating underwater bubble during its nth 
period. 

One-way absorption due to ionization from prompt. nuclear radiation of an elec
tromagnetic signal propagating on an oblique path outside of the fireball (Chapter 
8). 

One-way absorption due to ionization from prompt nuclear radiation of an elec
tromagnetic signal propagating on a vertical path outside of the fireball (Chapter 
8). 

Radius of the bubble from an underwater nuclear explosion at the first maximum 
expansion (equal to Am ax)' 

Radius of the bubble from an underwater nuclear explosion at the second maxi
mum expansion. 

Radius of the bubble from an underwater nuclear explosion 'at the third maxi
mum expansion. 

One-way absorption of an electromagnetic signal propagating on an oblique path 
outside of the fireball caused by beta particles and their ionization. 

One-way absorption of an electromagnetic signal propagating on a vertical path 
outside of the fireball caused by beta particles and their ionization . . 
One-way absorption of an electromagnetic signal propagating on an oblique path 
outside of the fireball caused by ionization from delayed gamma rays. 

One-way absorption of an electromagnetic signal propagating on a vertical path 
outside of the fireball caused by ionization from delayed gamma rays. 

Maximum acceleration of ground particles from a near surface (air) burst, surface 
burst, or subsurface burst. 

.f' 



( 

Symbol 

B 

B 

B 

B' 

B..p 

BH. 
I 

C 

C 

C 

Cd 

Cdb 

Cdr 

CUr 

Designation 

Aspect ratio'" of aircraft wing or horizontal tail or of an isolated vertical tail. 

Aspect ratio of the vertical tail of an aircraft in the presence of the fuselage. 

Effective aspects ratio of the vertical tail of an aircraft. 

Aspect ratio of the vertical tail of an aircraft in the presence of both the hori
zontal tail and the fuselage. 

Brightness of an object relative to its background. May be positive if the object is 
lighter than the background, or negative if the object is darker than the back
ground (Chapter 3). 

Buildup factor. The increase in flux (or fluence) at a point relative to that that 
would be present without scattered photons or particles (Chapter 4). 

Parameter that describes the overpressure contribution to the total impluse de
livered by the air blast wave to an object (Chapter 14). 

Brightness of the background surrounding an object (Chapter 3). (See paragraph 
3-7 for the relationship between Band B' as used in Chapter 3 to define 
"contrast.") 

Azimuthal magnetic fie'ld of the electromagnetic pulse (EMP). 

Burst height parameters for the calculation of overpressure effects on aircraft 
in-flight or parked (Chapter 13). 

Contrast between brightness of an object and its background (Chapter 3). 

Parameter that describes the dynamic pressure contribution to total impulse 
(Chapter 14). 

Point of intersection of a missile with the shock front (Chapter 16). 

Drag coefficient, which relates the force on an object to the incident dynamic 
pressure or atmospheric pressure in the case of a missile . 

. Drag coefficient for the back side of an object, i.e., the side away from the 
explosion. 

Drag coefficient for the front side of an object, i.e., the side facing the explosion. 

Aerodynamic coefficient for aircraft wings and/or horizontal tails. 

~ratio of an isolated maut component (wing, horizontal tail, or vertical tail) is the ratio of the square of the span (tip to 
_r'~rf~~Lage) or the component to the area of the component. 
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Symbol 

CLO: 

CiR 
1.0: 

W CLa 

eM 

e.G. 

CJ 

D 

D 

F-4 

Designation 

Lift coefficient for a vertical tail on an aircraft. 

Lift curve slope for the main rotor of a helicopter. 

Lift coefficient for a helicopter wing. 

Correction factor for material properties of deeply buried horizontal reinforced 
concrete arches (Chapter I 1). 

Nonnal force coefficient (missiles or aircraft). 

Specific heat at constant pressure. 

Correction factor to obtain an equivalent triangular waveform for overpressure 
(Chapter 2). 

Correction factor to obtain an equivalent triangular wavefonn for dynamic pres
sure (Chapter 2). 

Specific heat at constant volume. 

Aspect ratio correction factor for the strength of two-way slabs (Chapter] ] ). 

Correction factor to obtain ~he gamma ray intensity parameter for high altitude 
weapon debris (Chapter 8). 

Center of gravity. 

Combat ineffectiveness. 

Maximum displacement of a buried structure or piece of equipment that results 
from ground shock (Chapter 2). 

Distance from an explosion or from high altitude debris to the point of interest 
along a path parallel to the surface of the earth (Chapter 8). 

Depth of the apparent crater, which is the distance from the bottom of the visible 
portion of the crater to the original ground surface (see Figure 2·70). 

Height of the crest of a crater lip measured from the bottom of the visible portion 
of the crater {see Figure 2-70). 

Thickness of roof or wall of a buried structure (Chapter 11). 

Maximum offset of the debris from an explosion above 200 kilometers altitude, 
which is the distance between lines through the center of the burst and the center 
of the debris after it travels down the magnetic field lines and stabilizes each line 
being perpendicular to the surface of the earth (see Figure 8-18). 



Symbol 

Dmax 

DF 

DOB 

D-Region 
• 

D 
/ 

I · 
'- Dt 

· D
J 

• 
Dyp 

E 

E 

E 

E 

E 

E 

Designation 

Maximum radius of the water column formed by an underwater explosion. 

The neutron dose from a nuclear explosion at some specified location on or near 
the surface of the earth. 

Depth of the section of a structural member (see Figure 11-33). 

That portion of the initial nuclear radiation dose received at a specified location 
on or near the surface of the earth that results from gamma rays that are pro
duced by fission product decay. 

That portion of the initial nuclear radiation dose received at a specified location 
on or near the surface of the earth that results from gamma rays that are pro
duced by neutron interactions. 

Dynamic factor - a parameter used in the determination of incremental lift of 
aircraft by the air blast wave. 

Depth of burst. 

See Glossary. 

Gamma radiation expQsure rate (Section VI, Chapter 9). 

Residual gamma radiation dose rate at time t after the explosion (Chapter 5). 

Residual radiation dose rate one hour after an explosion. 

Peak gamma ray dose rate. 

Young's modulus of elasticity (Chapter 2 and Chapter 11). 

Water shock energy flux from an underwater explosion (Chapter 2). 

Energy of a photon (Chapter 4). 

Hydrodynamic enhancement factor, which is the factor by which the initial 
gamma dose is increased as a result of the reduced air density behind the shock 
front (Chapter 5). 

~ 

Peak value'lf the electric field of the radiated electromagnetic pulse (EMP) 
(Chapter 7). 

Internal energy per unit mass of material (Section V, Chapter 9; Appendix A). 

Potential energy of a cavity created by an underwater explosion. 

Tangential component of an incident electromagnetic field. 

" ,- ;;. 
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E r 

E8 

EMP 

E(m) 

E-Region 

E 

F 

F-Region 

F(r) 

F(u) 

F-6 

Designation 

Explosive yield of an underwater charge (Section IV, Chapter 2). 

X-ray yield of a weapon (Chapter 4). 

Peak radial electric field of the electromagnetic pulse (EMP). 

Hea t of sublimation of a material (Section V, Chapter 9). 

Energy density of air behind a shock front (Appendix A). 

Heat of sublimation at absolute zero, i.e., the energy required to form the satu
rated vapor from the solid at a temperature of absolute zero. 

Peak transverse electric field of the electromagnetic pulse (EMP). 

Electromagnetic Pulse. The time varying electromagnetic radiation resulting from 
a nuclear explosion. 

The specific energy deposited by X-rays corresponding to a depth for which the 
integrated mass is m. 

See Glossary. 

Restrained modulus of a medium transmitting a shock wave. 

Electric field of an electromagnetic pulse that is refracted into the ground. 

Incident electric field of the electromagnetic pulse (EMP). 

Force (Appendix A). 

Neutron dose function (yards2 rads/kt) (Section I, Chapter 5). 

Force exerted on an object by the winds accompanying a blast wave (Appendix 
A). 

Fission product gamma ray dose function (rads/kt) (Section I, Chapter 5). 

Secondary gamma ray dose function (yards2 rads/kt) (Section I, Chapter 5). 

Fraction of total weapon debris that is deposited in one of three regions subse
quent'to a high altitude nuclear explosion (FFI, FF2, and FF3 are deposited in 
regions I, 2, and 3 respectively, as defined in Chapter 8). 

See Glossary. 

Time dependent gain degradation of a transistor that is exposed to radiation 
(Section VII, Chapter 9). 

Density function of the normalized Planck distribution (Chapter IV). 



Symbol 

G 

GA 

G1 

GN 

GT 

G(u) 

GW 

GZ 

H 

C'" H 

H 

H 

H 

HaQ 

Hav 

H 
c 

Hmax 

HR 

Hw 

Designation 

Griineisen ratio of a material (Section V, Chapter 9). 

One value on the intercept/load matrix of axial rigid body loads on missiles 
(Chapter 16). 

Maximum load on a missile at blast wave intercept (Chapter 16). 

One value on the intercept/load matrix of nonnal rigid body loads on missiles 
(Chapter 16). 

One value on the intercept/load matrix of total rigid body loads on missiles 
(Chapter 16). 

Cumulative distribution function of the nonnalized Planck distribution (Chapter 
4). 

Gross weight of an aircraft (Chapter 13). 

Ground zero. That point on the surface of the earth that is directly below, 
directly above, or at the point of an explosion (see SGZ, SZ). 

Height of the Mach stem (Section I, Chapter 2). 

Depth to which the .air-induced shock wave extends into the earth during the 
effective duration of the shock (Section III, Chapter 2). 

Amplitude of the maximum of the first envelope, trough to crest, of a water wave 
generated by underwater explosions (Section IV, Chapter 2). 

Time of an explosion, i.e., H + I hour indicates a time of one hour after an 
explosion (Chapter 5 and Chapter 14). 

Heat of fusion (Chapter 13). 

Apparent height of a crater lip. 

Average cover over a structure that is buried in soil (Chapter II). 

Depth of cover over the crown of a structure that is buried in soil (Chapter II). 

LimitJng height of a wabr wave that can propagate over deep water in a stable 
manner (Michell limit). 

Range dependent burst height adjustment factor for the fission product gamma 
ray component of the initial nuclear radiation dose. 

Yield dependent burst height adjustment factor for the fission product gamma ray 
component of the initial nuclear radiation dose .. 
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Designation 

Detonation height correction factor for the neutron and secondary gamma ray 
components of the initial nuclear radiation dose (Chapter 5), 

High explosive. 

Height of burst. 

Magnetic field of the electromagnetic pulse (EMP). 

Incident magnetic field of the electromagnetic pulse (EMP). 

Reflected magnetic field of the electromagnetic pulse (EMP). 

Horizontal range parameters for the determination of the vulnerability of aircraft 
to overpressure (i = 1, 2, 3). 

Either overpressure or dynamic pressure impulse. 

Current produced in a conductor as a result of coupling of energy from the 
electromagnetic pulse (EMP) (Section VIII, Chapter 9). 

Air blast impulse on the back face of an object. 

Air blast impulse on the front face of an object. 

Impulse corresponding to categories of lethal loading to reentry vehicles (i = 4, 5, 
6) (Chapter 16). 

Impulse from the blast intercept loading of a reentry vehicle (Chapter 16). 

Net overpressure impulse on an object. 

Positive phase overpressure impulse. 

Primary photo current induced in a PN junction of a transistor by transient 
radiation. 

Dynamic pressure impulse. 

Total impulse. 

Fission debris. radiation intensity parameter for determination of electromagnetic 
signal attenuation caused by gamma rays outside of the fireball. 

Parameter used to determine I., (/'Y = C/''Y' where C'Y is the debris height correc
tion factor) (Chapter 8). 

Same as '1 when there are more than one debris region (i = 1, 2, 3 for bursts 
above 120 kilometers) (Chapter 8). 
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K 

K 

K 

K 

Kg 
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L 

L 

L 

L 

. Designation 

One-half of the plastic moment arm of a structural member. 

Empirical constant that relates the bubble radius of an underwater explosion at its 
first maximum to the weapon yield and the hydrostatic head. f is generally taken 
to be 1,500 when the yield is in kilotons, and the hydrostatic head and the bubble 
radius are in feet. 

Electric current density. 

Water depth and yield dependent parameter that relates the shock wave duration 
of an underwater explosion to the shock wave impulse and the peak shock pres
sure (Section IV, Chapter 2). 

Semiconductor lifetime damage constant (Chapter 6; Section VII, Chapter 9). 

The bulk modulus (modulus of volume elasticity) (Section V, Chapter 9). 

Parameter used in analysis of structural damage to belowground structures (see 
Table 11-10) (Section II, Chapter 11). 

Energy-dependent free-charge-carrier-generation constant for semiconductors 
(Section VII, Chapter 9). 

Factor that accounts for the relative size of horizontal tails in the vulnerability 
analysis of aircraft (Chapter 13). 

Ratio of horizontal to vertical soil pressures (Section II, Chapter 11). 

Kinetic energy. 

Semiconductor time dependent damage constant after a fast burst of nuclear 
radiation (Section VII, Chapter 9). 

Steady-state value of a semiconductor damage constant (Section VIJ, Chapter 9). 

Length of a row crater formed by simultaneous or near simultaneous explosions 
(Section II, Chapter 2). 

Lengt11 of the peak wave formed by an underwater explosion (Section IV, 
Chapter 2). 

Thickness of a layer of material exposed to thermal radiation (Section III, 
Chapter 9). 

Diffusion length for minority carriers on the side of a transistor junction with the 
longer diffusion length (Section VII, Chapter 9). 
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L 

L 

LD 

LOE 

LR 

L' 

L' a 

M 

M 

M 

]V 

F-'O 

Designation 

Span length of a buried structure (Section II, Chapter 11). 

Preblast value of lift of an aircraft in flight (Chapter 13). 

Length of a tube fireball measured from the burst point down the magnetic field 
lines (see Figure 8-16, Chapter 8). 

Diffusion length in the N region of a transistor (Section VII, Chapter 9). 

Diffusion length in the P region of a transistor (Section VII, Chapter 9). 

Length of a tube fireball measured from the burst point up the magnetic field 
lines (see Figure 8-16, Chapter 8). 

Lead distance. The distance, parallel to the line of flight of a reentry vehicle (RV), 
between the RV and a line perpendicular to the line of flight through the burst 
center (see Figure 16-23, Chapter 16). 

Locus of escape. The surface of a volume around a burst outside of which a 
reentry vehicle will not intercept the blast wave (see Figures 16-37 and 16-38, 
Chapter 16). 

Lethal ratio. A parameter dependent on yield and aircraft class that is used in 
determination of the vulnerability of airplanes in flight to the gust effects of the 
air blast wave. 

A parameter that determines Ld ow n for bursts between 85 and 120 kilometers 
under certain circumstances (see Problem 8-2, Chapter 8). 

A parameter used in the detennination of the absorption of electromagnetic 
signals propagating through a fireball at altitudes below 60 kilometers and times 
!!reater than 300 seconds after burst (Chapter 8). 

Mass of a neutron (Chapter 5). 

Mach number. The ratio of the velocity of an object to the ambient speed of 
sound (Chapters 13 and ] 6). 

The dynamic constrained modulus of defonnation of a medium sustaining a stress 
(Chapter II}.. 

Total capacity of a structural member under pure bending (Chapter] I). 

Total number of photons emitted by a source per unit time (Chapter 4). 

Generic symbol for aircraft load factor. Used for critical load factor for failure in 
detennining intercept time sure-safe and sure-kill envelopes and the maneuver 
normal load factor in detennining burst-time gust effect envelopes (Chapter 13). 
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N i3 
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OD 

P 

P 

P 

P 

Pb 

Pf 

Pf 

Pfn 

PGAS 

Pmax 

Pm in 

Designation 

Up-loading aircraft limit load factor (Chapter 13). 

Down-loading aircraft limit load factor (Chapter 13). 

Density of free electrons at a point of interest. 

Total number of neutrons emitted by a source (e.g., total number of neutrons 
emitted during a nuclear explosion). 

Total number of neutrons of energy 1 emitted by a source. 

Beta radiation intensity parameter used in determining the ion-pair production 
rate and electron density caused by fission product beta particles. 

Same as N~; used when there are more than one debris region (i = 1,2,3). 

See Glossary. 

Offset distance. The distance measured perpendicular to the line of flight of a 
reentry vehicle (RV) between the RV and a line parallel to the line of flight that 
passes through the burst center (see Figure 16-23, Chapter 16). 

Ambient air pressure at the altitude of interest, except as noted below. 

Radiant power (Chapter 3). 

Pressure induced in a material by internally deposited energy (Section V, Chapter 
9). 

A parameter used in vulnerability evaluation or design of shaHow buried arches 
(Section II, Chapter 1 I). 

Local pressure at some desired point on a hypersonic reentry vehicle (Chapter 
16). 

Free stream ambient pressure around a hypersonic reentry vehicle (Chapter 16). 

Probability of failure of a system or structure (Appendix C). 

Probaaility of failure of a component of a system (Appendix C). 

Local pressure within a fireball (Chapter 16). 

Radiant power at the time of the final maximum of the thermal pulse. 

Radiant power at the time of the principal minimum of the thermal pulse. 
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Designation 

Asymptote corresponding to the value of static pressure loading necessary to 
produce a specified damage level to a reentry vehicle (Chapter 16; otherwise Po 
represents ambient sea level atmospheric pressure - see introductory paragraphs 
to ~his appendix). 

Absolute pressure behind the shock front in air (Appendix A). 

Probability of survival of a system (Appendix C). 

Total capacity of a buried structure under pure thrust (Section II, Chapter 11). 

Wall pressure induced by mass removal blowoff during transit of a reentry vehicle 
through a fireball (Chapter I 6). 

Uniform static pressure necessary to cause material yielding in a shell wall 
(Chapter 16). 

Probability of exposure of a point on a forest floor by a point source of thermal 
radiation (Chapter 15). 

Prandtl number. A dimensionless quantity which is equal to the specific heat at 
constant pressure times the viscosity divided by the thermal conductivity. Its 
significance is momentum diffusivity (thermal diffusivity) (Section IV, Chapter 
9). 

See Glossary. 

Radiant exposure, i.e., thermal energy incident per unit area (generally expressed 
as cal/cm2 ). 

Thermal energy absorbed per unit area. 

Critical heat; thermal energy per unit area required to produce a specified effect. 

Radiant exposure required to ignite dry fuels. 

Radiative heat loss from a material. 

Heat' load on a reentry vehicle during ascent. 

Total heat load on the cone of a reentry vehicle. 

Thermal radiation heating of a reentry vehicle from a nuclear burst. 

Normal heating of a reentry vehicle during reentry. 

Slant range, except as noted below (generally measured from the burst to the 
point of interest). 
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R 

R 

R a 

R 
OJ 

RaQ 

Rav 

Rb 

Rd 

Re 

Req 

C'" 
Rr 

Rfb 

Rinner 

Rm 

,.... 
mIn 

RMR 

Ro 

Rs 

Rs 

Rtube 

RR 

Designation 

Reentry vehicle nose radius (Chapter 16), 

Universal gas constant (Appendix A). 

Radius of the apparent crater (Chapter 2). 

Critical range that determines the sure-safe or sure-kill distance from a burst above 
an aircraft (Chapter 13), 

Radius of the apparent crater lip crest. 

Radius of a volu.me, centered on an aircraft, that determines the sure-safe or 
sure-kill locations of bursts for thermal radiation damage (Chapter 13). 

Critical range that determines the sure-safe or sure-kill distance from a burst 
below an aircraft (Chapter 13). 

Radius of the debris region from air bursts. 

Radius of the outer boundary of the continuous ejecta from a crater (Chapter 2). 

Magnetic eqUilibrium radius of the fireball for high altitude bursts (Chapter 8). 

Radius of the visible fir.eball (Chapter 3), 

Fireball radius for communications interference calculations (Chapter 8), 

Inner radius of the debris once it becomes a toroid (Chapter 8). 

Maximum range of missiles thrown from a crater of a surface or near-surface burst 
(Chapter 2). 

Radius of the fireball at the time of the prinCipal minimum of thermal radiation. 

Radius of the main rotor blade of a helicopter (Chapter 13), 

Initial fIreball radius (Chapter 8), 

Radius of the base surge from a water surface or subsurface burst (Chapter 2), 

Critical range that determines the sure-safe or sure-kill distance from a burst at the 
side of ~m aircraft (Chapter 13), 

Radius of the fIreball tube, measured perpendicular to the magnetic field lines, 
from a high altitude burst once the frreball (debris) is aligned with the geomag
netic field, 

Radius from the burst center to a reentry vehicle at the time of intercept of the 
vehicle by the blast wave (Chapter 16), 
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RD 

Re 

RS 

S 

S 

S* 

SGZ 

SH 

SZ 

T 

T 

T 

F-14 

Designation 

Slant range from a burst to a reentry vehicle at the time of the explosion (Chapter 
16). 

Reynolds number. A dimensionless quantity equal to the inertia force of an 
object divided by the viscous force on the object. 

Scaled radius from the burst center to a reentry vehicle at the time of intercept of 
the vehicle by the blast wave (RB scaled to I kt). 

Clearing distance; the shortest distance from the stagnation point of a blast wave 
interacting with a structure to a clear edge on the structure (Chapter 11). 

Area of the wing or horizontal tail of an aircraft including the extensions of the 
leading and trailing edges to the aircraft centerline (Chapter 13). 

Altitude scaling factor used to scale distance for various blast parameters to 
different ambient air pressures. 

Altitude scaling factor used to scale overpressure or dynamic pressure to different 
ambient air pressures. 

Altitude scaling factor used to scale the time of arrival of the air blast wave to 
different ambient air pressures. 

Total area of the wings of a helicopter (if there are wings). Measured by the 
extension of the leading and trailing edges of both wings to the aircraft centerline. 

The shear modulus of a material (Section V, Chapter 9). 

Surface ground zero. Used mainly in measuring crater dimensions from surface or 
near surface bursts. That point on the earth which is directly below, directly 
above or at the point of the explosion (see GZ. SZ). 

Semi-height of a pancake shaped fireball. This is the shape that the fireball fonned 
by bursts below 85 kilometers ultimately assumes (Chapter 8). 

Surface zero. Used mainly for water surface or subsurface bursts. That point on 
the earth th~t is directly below, directly above, or at the point of the explosion 
(see GZ, SGZ). 

Transmittance factor. That fraction of thennal energy emitted from a nuclear 
explosion that reaches a target (Chapter 3). 

Absolute temperature (Section I, Chapter 2, Chapter 4, Appendix A). 

Period of vibration of a structure (Chapter I ]). 
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T 

Tr 

(-. 
Ts 

Tw 

U 

V 

V 

V 

V 

V a 

Vo 

VE 

W 

W 

Designation 

Duration of a shock wave in water (Section IV, Chapter 2). 

Critical temperature of aircraft skin panels. For sure-safe conditions, it is the 
temperature at which the modulus of elasticity of the thinnest structural skin on 
the fuselage is reduced by 20 percent. For sure-kill conditions, it is the tempera
ture at which the thickest structural skin on the fuselage will melt. 

Transmission coefficient for the direct nux of thermal energy. 

Effective radiating temperature (Chapter 4). 

Equilibrium temperature of the skin of an aircraft prior to expo.sure to thermal 
radiation (Chapter 13). 

Melting temperature of a material of interest (Section IV, Chapter 9). 

Absolute temperature of the air surrounding an object of interest that is exposed 
to thermal radiation (Section IV, Chapter 9). (Otherwise, To refers to ambient air 
temperature at sea level - see introductory remarks to this appendix). 

Strain or velocity rise time for direct-transmitted ground shock from a buried 
explosion. 

Surface temperature of the radiating volume of a nuclear explosion. 

Absolute temperature at the outer surface of the ablator of a reentry vehicle 
(Chapter 16). 

Velocity of propagation of the shock front. 

Maximum value of ground motion velocity (Chapter 2). 

Visual range (Chapter 3). 

Velocity of an aircraft or missile (Chapters 9, 13, and 16). 

Specific volume of undisturbed air (Appendix A). 

Volume of the apparent crater produced by a nuclear explosion. 

InitiaI'spray velocity from an underwater explosion. 

Reentry velocity (Chapter 16). 

Weapon yield, except as noted below (generally in kilotons, but, where specified, 
may be in megatons). 

Reentry vehicle mass (Chapter 16). 
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F-16 

Designation 

Work performed by the air blast overpressure to produce kinetic energy in the air. 

Work done by the ambient pressure in compressing the air during passage of a 
blast wave. 

Effective blast yield (Chapter 2). 

Effective thermal yield (Chapter 3). 

That portion of the weapon yield that is derived from fission. 

Debris region fission yield (Chapter 8). 

Weight of a high explosive charge (given in equivalent pounds of TNT). 

Thermal energy radiated by a nuclear explosion. 

Total work done on a unit mass of air as it is engulfed by the blast wave. 

The X-ray yield of a weapon. 

The gamma-ray yield of a weapon. 

Fraction of the debris from an explosion above 120 kilometers that goes to debris 
region 3 (the conjugate region) (Chapter 8). 

Arching factor for a roof of a buried structure (Chapter II). 

Length, measured along the center line, from the "nose tip to a point on a reentry 
vehicle body (Chapter 16). 

Closest point of approach of a communication system ray path to the center of 
the debris region. Used in calculation of absorption by the region of space that is 
ionized by gamma rays emitted by the debris. 

Distance (measured head-on or tail-on) between a reentry vehicle and a nuclear 
burst at the time of the explosion (Chapter 16). 

Yield strength of a material (compressive yield strength if that is different from its 
yield strength in simple tension) (Section V, Chapter 9). 

Hydrostatic head for an underwater burst (taken to be equal to the depth of burst 
plus 33 feet) (Chapter 2). 

Atomic number of an element (Chapter 4, Section V, Chapter 9). 

Incremental path absorption of an electromagnetic signal (absorption per unit 
distance traveled) (Chapter 8). 

. 
" 



Symbol 
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a 
r 

as 

an 

a y 

b 

b 

b 

bL 

( 
bs 

c 

c 

Designation 

Acceleration of a buried structure resulting from ground shock (Chapter II). 

Peak acceleration in the radial direction from direct transmitted ground shock 
(Section III, Chapter 2). 

Maximum acceleration of the ground at the surface resulting from air-induced 
ground shock. 

Peak horizontal component of acceleration at a point below the earth's surface 
resulting from ground shock (Section III, Chapter 2). 

Peak vertical component of acceleration at a point below the earth's surface 
resulting from ground shock (Section III, Chapter 2). 

Thickness of a metal plate exposed to thennal radiation and air blast (Section IV, 
Chapter 9). 

Span, tip to tip, of the wing or horizontal tail of an aircraft (Chapter 13). 

Median of a lognormal variable (Appendix C). 

Clear span of the long side of a rectangular buried structure (Section II, Chapter 
II ). 

Clear span of the short side of a rectangular buried structure (Section II, Chapter 
I I). 

Ambient speed of sound in air (Chapter 2, Chapter 13, Appendix A). 

Velocity of light (Chapter 4). 

Seismic velocity of structural material (Chapter 11). 

Elastic velocity of a shock wave traveling through a material (Section V, 
Chapter 9). 

Seismic velocity of a particular structural type (Chapter] I ) . 

. Helicopter main rotor blade chord length (Chapter I). 

Bulk sound speed in a material (Section V, Chapter 9, otherwise ambient speed of 
sound in air at sea level). ' 

Local pressure coefficient for aerodynamic loading on hypersonic reentry vehicles 
(Chapter] 6). 

Seismic velocity of a medium in which a structure is buried (Chapter II). 
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d 

d 

d 

d 

F-18 

Designation 
I 

Wing/horizontal tail root chord, i.e., the length along the fuselage centerline sub-
tended by extensions of the leading and trailing edges (Chapter 13). 

Wing/horizontal tail tip chord, i.e., the length along the fuselage centerline sub
tended by the wing/horizontal tail tip (Chapter] 3). 

Horizontal distance from ground zero, or surface zero for underwater bursts, 
except as noted below. 

Distance at which the case shock arrives at the hydrodynamic shock front, which 
marks the beginning of a. scalable shock wave (Section I, Chapter 2). 

Horizontal distance between two points at different altitudes (Chapter 4), 

Displacement of a buried structure by ground shock (Chapter 11). 

Fuselage depth at the intersection of the leading edge of the vertical tail with the 
fuselage (Chapter] 3). 

Depth of the apparent crater from an underwater burst (Section IV, Chapter 2). 

Depth of burst. 

Maximum radial displacement of the earth caused by ground shock (Chapter 2). 

Damage reduction distance; the amount by which the horizontal distance from 
ground zero at which a specified level of damage to a surface target is less for a 
subsurface burst than for a surface burst (Chapter 11). 

Differential displacement of the earth at the surface caused by ground shock 
(Chapter 2). 

Differential transient elastic displacement of the earth at the surface caused by 
ground shock (Chapter 2). 

Permanent displacement of the earth at the surface caused by ground shock 
(Chapter 2). 

Depth .of the water where an underwater explosion occurs. 

Horizontal displacement of the earth at a point below the surface caused by 
ground shock (Chapter 2). 

Vertical displacement of the earth at a depth "y" caused by ground shock 
(Chapter 2). 

Differential elastic transient vertical displacement of the earth at a depth "y" 
caused by ground shock (Chapter 2). 
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Designation 

Permanent vertical displacement of the earth at a depth "y" caused by ground 
shock (Chapter 2). 

Depth of the bubble from an underwater burst at the second maximum radius 
(Chapter 2). 

Depth of the bubble from an underwater burst at the third maximum radius 
(Chapter 2). 

Compton electron (Chapter 7). 

Hydrodynamic yield, Used primarily for underwater high explosive bursts 
(Chapter 2). 

Natural frequency of an oscillator (Section III, Chapter 2), 

Retardation factor of the spray from an underwater burst (Section IV, Chapter 
2). 

Thermal partition of the total yield (Chapter 3 and Chapter] 3). 

Fraction of total weapon energy emitted as prompt gamma rays (Chapter 5). 

Frequency of an electromagnetic signal in megahertz (Chapter 8), 

Factor to correct the fireball height as a function of time when the maximum 
altitude to wruch the fireball rises is greater than 200 kilometers (Chapter 8). 

Factor to correct the debris offset when the maximum fireball rise exceeds 200 
kilometers (Chapter 8). 

Yield strength of reinforcement in an underground concrete structure (Chapter 
11 ), 

Strength of the ~oncrete in an underground structure (Chapter I I), 

Height of burst, except as noted below. 

Maximum spray dome height from an underwater burst (Section IV, Chapter 2), 

. Planck's constant (6.625 x 10.27 erg-sec) (Chapter 4, Section V, Chapter 9). 

Relative humidity (Section III, Chapter 9). 

Height of a buried arch type structure (Section 11, Chapter 11). 

Aircraft flight altitude (Chapter 13). 

Altitude along a reentry vehicle flight path (Section II, Chapter 16). 
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Designation 

Altitude of the base of the fireball tube once the fireball from a high altitude 
burst forms a tube along the geomagnetic field lines. (Chapter 8 - see Figure 
8-16). 

Height of the visible base surge cloud from an underwater explosion (Section IV, 
Chapter 2), 

Reentry vehicle or defensive missile ablator thickness (Chapter 16). 

Convective heat loss for turbulent flow (Section IV, Chapter 9). 

Altitude of the weapon debris (Chapter 8). 

Same as hd when there are more than one debris region (i = 1,2,3 for bursts above 
120 kilometers) (Chapter 8). 

Altitude of the fireball (Chapter 8), 

Height of the apparent crater lip from an underwater burst (Section IV, Chapter 
2). 

Maximum altitude to which the fireball rises (Chapter 8). 

Maximum altitude to which the weapon debris rises when there are more than one 
debris region (i = 1,2,3 for bursts above 120 kilometers) (Chapter 8). 

Normalizing factor to obtain fireball height at times before the fireball reaches its 
maximum altitude (Chapter 8). 

Detonation altitude - used as the starting altitude to determine the location of 
the fireball at various times after burst (Chapter 8). 

Distance that a fireball will rise above the detonation point (Chapter 8). 

Altitudes of two points of interest in the detennination of the mass integral of air 
between them (Chapters 4 and 5), 

Convective heat loss for laminar flow (Section IV, Chapter 9). 

Linear spring constant (Section JII, Chapter 2). 

Boltzmann constant 0.38 x 10. 1 6 ergt K) (Chapter 4). 

Thermal conductivity (Section III, Chapter 9). 

Factor for the calculation of the aerodynamic coefficient of vertical tails of 
aircraft (function of the vertical tail span, and the fuselage depth) (Chapter 13), 
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mv . 
m 
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(.' 
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Pr 
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PH 

Ph 

Pi 

Pm 

Pc 

Pso 

Designation 

Mass attached to a linear spring (Section III, Chapter 2), 

Mass of a body into which energy has been deposited (Section V, Chapter 9). 

Mean value of the intensity of motion used in the calculation of damage prob
abilities (Appendix C). 

Median value of input motion used in the calculation of damage probabilities 
(Appendix C), 

Rest mass of an electron (Chapter 4) .. 

Median value of the vulnerability level of motion (Appendix C), 

Rate of mass removal from a missile ablator material (Chapter 16), 

Number of explosive charges in a row crater (Section II, Chapter 2), 

Period of an oscillating underwater bubble (Section IV, Chapter 2). 

Preblast load factor on an aircraft (Chapter 13), 

Pressure on the back face (face away from the burst) of an object exposed to an 
air blast wave (Section -II, Chapter 9), 

Peak value of stress applied to a buried structure (Section II, Chapter II), 

Pressure on the front face (face nearest the burst) of an object exposed to an air 
blast wave (Section II, Chapter 9), 

Percentage of reinforcement in a reinforced concrete buried structure (Section II, 
Chapter 1 1). 

Static radial soil pressure on a buried structure (Section II, Chapter 11), 

Horizontal component of stress at a point below the surface in soil (Chapter 11), 

Stress at the interface between two media through which a shock wave is traveling 
(Section III, Chapter 2). 

Peak s'hock pressure in water (Section IV, Chapter 2), 

Reflected stress at the interface between two media through which a shock wave 
is traveling (Section III, Chapter 2), 

Peak side~n overpressure, Generally used to represent the overpressure at the 
surface of the earth in the calculation of air-induced ground shock (Section III, 
Chapter 2, and Section II, Chapter 11). 
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Designation 

Component of overpressure at the surface that produces thrust in a buried arch 
(Section II, Chapter 11). 

Component of overpressure at the surface that produces flexure. 

Transmitted stress at the interface between two media through which a shock 
wave is traveling (Section III, Chapter 2). 

Vertical component of stress at a point below the surface in soil (Chapter II). 

Peak value of the dynamic pressure of -the air blast wave, except as noted below. 

Charge of an electron 0,6 x 10,19 coulombs) (Section VI, Chapter 9), 

~lass integral of air above a point at altitude "h" (Chapter 4), 

Mass integral of air between two points separated by a slant range "R" (Chapter 
4), 

That dynamic pressure under nonideal surface conditions from which the dy
namic pressure impulse would cause a particular level of damage for a particular 
yield and height of burst (Chapter 14). 

Ultimate bearing strength of s,oil (Chapter 11), 

Yield resistance of a buried structure (Chapter 11). 

F arced convection caused by friction forces at the boundary layer around a 
missile that produces aerodynamic heating during flight (Chapter 16), 

Heating rate of a missile during traversal through a fireball (Chapter 16). 

Radius of a high temperature black body source of electromagnetic radiation 
emission (Chapter 4). 

Radius of a buried dome or arch (Chapter II), 

Radius of turn of a maneuvering aircraft (Chapter 13), 

Radiu~ of the apparent crater from an underwater explosion (Section IV, Chapter 
2). 

Radius of gyration of an element of a buried structure (Section II, Chapter I I), 

Parameter that relates the energy of the bubble from an underwater burst to the 
energy of the preceding (n-l) bubble (Section IV, Chapter 2), 

Horizontal extent of the spray dome from an underwater burst (Section IV, 
Chapter 2). 
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Designation 

Space between charges in row of explosive charges emplaced to produce a row 
crater (Section II,Chapter 2). 

Support condition for an element of a buried structure (Section II, Chapter 11, 
see Table 11-10). 

Time after burst that the shock front of an air blast wave reaches a point of 
interest; also, the instantaneous value of time subsequent to shock front arrival 
(Chapter 2). 

Time after burst (Chapter 5 and Chapter 8). 

Aircraft skin thickness (Chapter 13). 

Time of arrival of the blast wave at a point of intercept with an aircraft (Chapter 
13 ). 

Time of breakaway, the time at which the shock front becomes detached from 
the fireball (Chapter 2 and Chapter 3). 

Time of intersection of a reentry vehicle with a blast wave (see Figure 16-37) 
(Chapter 16). 

The time of case-shock arrival at the hydrodynamic shock front (Chapter 2). 

Effective duration of the loading on a buried structure (Chapter II). 

Transistor switching delay time (Section VII, Chapter 9). 

Thickness of the ejecta from a surface or near surface burst (Chapter 2). 

Time of exit of a reentry vehicle from the blast shell (Chapter 16). 

Time of exit of a reentry vehicle from the fireball (Chapter 16). 

The fall time portion of the switching time of a transistor (Section VII, Chapter 
9). 

Effective duration of the air-induced ground shock (Section III, Chapter 2). 

Time ru intercept of a reentry vehicle by a blast wave (Chapter 16). 

Time to final maximum on the fireball power-time curve. 

Time to the principal minimum on the fireball power-time curve. 

Time of detonation (used in determining the locus of escape of a reentry vehicle 
from the air blast - see Figure 16-37) (Chapter 16). 
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Desigllo lion 

Effective velocity pulse rise time for air-induced ground shock (Section III, 
Chapter 2). 

Time for weapon debris to reach its maximum altitude (Chapter 8). 

The storage time portion of a transistor switching time (Section VII, Chapter 9). 

Time after burst for computation of underwater burst phenomena (Section IV, 
Chapter 2). 

Charge storage time for an electronic device of interest (Section VII, Chapter 9). 

Shock formation time (Section I, Chapter 2). 

Reduced time after burst for computation of underwater burst phenomena (Sec
tion IV, Chapter 2). 

Radiation storage time for an electronic device of interest (Section VII, Chapter 
9). 

Time at which the fireball forms a toroid (Chapter 8). 

Time for a reentry vehicle to travel from its location at burst time to intercept 
with the blast wave (see Figure 16-37) (Chapter 16). 

Time to reach the first (traditional first - see paragraph 3-11) maximum of the 
fireball power-time curve. 

Time at which the blast intercept load on a reentry vehicle decays to ten percent 
of its maximum value (Chapter 16). 

Effective duration of the pressure pulse of an air blast wave when it is represented 
as a simple triangular pulse (Section I, Chapter 2). 

Duration of the positive phase of the overpressure of an air blast wave. 

Duration of the positive phase of the dynamic pressure of an air blast wave. 

Time required for the fireball to reach its equilibrium radius (applies to bursts 
between 85 and 120 kilometers) (Chapter 8). 

Particle (wind),velocity behind the shock front, except as noted below. 

Maximum relative displacement of a simple linear oscillator (mass on a spring) 
(Section JII, Chapter 2). 

Normalized photon energy (a dimensionless quantity) (Chapter 4). 

Velocity of a simple linear oscillator (mass on a spring) (Section 1Il, Chapter 2). 
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Designation 

Maximum of U . 

Particle velocity in a particle in a soil medium that is transmitting a ground shock 
(Section III, Chapter 2; Section III, Chapter] 1). 

Velocity of a neutron (Chapter 5). 

Radial velocity of a particle in a soil medium that is transmitting ground shock 
(Section III, Chapter 2). 

Maximum velocity of a particle in a soil medium that is transmitting ground shock 
(Section III, Chapter 2). 

Horizontal velocity of a particle in a soil medium that is transmitting ground 
shock (Section III, Chapter 2). 

Vertical velocity of a particle in a soil medium that is transmitting ground shock 
(Section III, Chapter 2). 

Width of the depletion layer between Nand P sections of a semicond uctor (Sec
tion VII, Chapter 9). 

Component of aircraft velocity normal to the wing (Chapter 13). 

A parameter used in characterizing the ionization caused by beta and gamma 
radiation from several high altitude bursts (Chapter] 7). 

Transient displacement induced by ground shock (used in the representation of 
ground shock induced motion by a simple oscillator) (Section Ill, Chapter 2). 

Penetration distance of a beam of particles or electromagentic radiation into a 
material (Chapters 4 and 5), 

Semithickness of the fireball once it has assumed a pancake shape (see Figure 
8-16) (Chapter 8). 

Spacing between members of a structure (Section III, Chapter 1 J). 

. Deflection of a system mounted in a buried structure when subjected to ground 
shock (Section III, Chapter 11), 

Velocity of the base of a simple oscillator used to represent ground shock induced 
motion (Section III, Chapter 2) . 

Acceleration of the base of a simple oscillator used to represent ground shock 
induced motion (Section III, Chapter 2), 

Depth below the surface of the earth (Section III, Chapter 2). 
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Designation 

Coordinate of motion of the mass of a simple oscillator used to represent ground 
shock induced motion (Section lII, Chapter 2) . 

Velocity of the mass of a simple oscillator used to represent ground shock in
duced motion (Section IU, Chapter 2) . 

Acceleration of the mass of a simple oscillator used to represent ground shock 
induced motion (Section Ill, Chapter 2). 

Depth from the ground surface at which the radial load on a buried vertical 
cylinder is desired (Section II, Chapter 11). 

Parameter used in the analysis of damage to buried structures. The parameter is 
defined by structural type and dimensions in Table 11·10. 

Distance by which the weapon debris is offset from ground zero toward the 
nearest magnetic pole (Chapter 8). 

Distance by which the beta particle absorption region is offset from ground zero 
(or from the conjugate ground zero, see Figure 8-53) toward the nearest magnetic 
pole (Chapter 8). 

Distances by which the beta particle absorption regions are offset from ground 
zero (or from the conjugate ground zero) when there are three debris regions (see 
Figure 8-18) (Chapter 8). 

Energy density deposited by X-rays within a given volume of air (Chapters 2 and 
3). 

Change of internal energy per unit mass of an ideal gas when the gas is heated at 
constant volume (Appendix A). 

Absolute value of the difference in burst altitude and target altitude (targets 
above the surface) (Chapter 3). 

Incremental lift on an aircraft resulting from the air blast wave (Chapter 13). 

Peak overpressure of an air blast wave. 
, 

Instantaneous value of the overpressure as a blast wave passes a point of interest . 

Equivalent overpressure under near-ideal surface conditions at which the dynamic 
pressure impulse for a particular yield and height of burst would cause a particular 
level of damage (Chapter 14). 

Peak reflected overpressure. 
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Designation 

Change in fireball radius at times later than seven minutes after burst (Chapter 8). 

Critical temperature rise of an aircraft skin for sure-safe or sure-kill conditions 
(Chapter 13). 

Traversal time of a missile through a fireball (Chapter 16). 

Missile intercept time load constant (equals the time of intercept by a blast wave 
minus the time at which the blast load decreases to ten percent of the intercept 
value) (Chapter 16). 

Total time for a missile to traverse through a blast wave shell (Chapter 16). 

Distance of upward migration of an underwater bubble during the ith period (i = 
1,2,3) (Section IV, Chapter 2). 

Sweepback angle of the mid-chord line of an aircraft wing or horizontal tail 
(Chapter 13). 

Sweepback angle of the leading edge of an aircraft wing or horizontal tail 
(Chapter 13). 

Angle between the direction of propagation of a shock wave and the line of 
steepest ascent or descent of a slope that the shock wave encounters (Chapter 2). 

Particle, photon, or energy flux (Chapters 4 and 5). 

Angular change in an aircraft's flight path between burst time and blast intercept 
time (Chapter 13). 

X-ray energy flux at the source; the total power emitted per unit area of the 
source per unit time (Chapter 4). 

Prompt gamma output energy rate (Chapter 5). 

Energy density radiated by a black body between wavelengths >- and >- + d>
(Planck spectrum) (Chapter 4), 

Angula~ velocity of the main rotor of a helicopter (Chapter 13). 

Coefficient for determination of attenuation of ground shock with depth (see 
note on page 2-180 for description of differences in attenuation coefficients in 
Section 1Il, Chapter 2 and Section II, Chapter II) (Section Ill, Chapter 2). 

Thermal diffusivity of a material (Section III, Chapter 9). 
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Designation 

Parameter used to determine the reciprocal of the ground shock depth attenua
tion coefficient (see Figure 1 1-29; not equal to depth attenua tion of Chapter 2, 
see note on page 2-180) (Chapter II). 

Thermal absorptivity coefficient of an aircraft surface (Chapter 13). 

Reentry vehicle angle-of-attack; the angle between the longitudinal axis of the 
vehicle and the relative wind vector (wind from either an air blast wave or normal 
atmospheric forces) (Chapter 16). 

Coefficient of thermal expansion of a material (Section IV, Chapter 9). 

Elevation angle of electromagnetic signal propagation (Chapter 8). 

Reciprocal of the ground shock attenuation coefficient (not equivalent to 1/a: of 
Section Ill, Chapter 2; see note on page 2-180) (Section II, Chapter] ]). 

Radiative heat blocking function of the surface of a reentry vehicle (Chapter 16). 

Circumferential angle on the structure of a reentry vehicle measured from the 
windward ray of intercept with a blast wave (Chapter 16). 

Reentry vehicle ballistic coefficient (Chapter 16), 

Standard deviation of the logarithm of a variate in a logarithmic normal distribu
tion (Appendix C), 

Standard deviation of the logarithm of the input function (Appendix C). 

Standard deviation of the logarithm of the vulnerability function (Appendix C). 

Rotational angle about the axis of a reentry vehicle (Chapter 16), 

Gain of a transistor prior to irradiation (Section VII, Chapter 9). 

Gain of a transistor as a function of time after irradiation (Section VII, Chapter 
9), 

Steady state value of the gain of a transistor that is reached after irradiation and 
anneallng (Section VII, Chapter 9). 

, 

Ratio of the specific 'heat of air at constant pressure to the specific heat of air at 
constant volume at moderate temperatures and pressures; for strong shocks, "'f 
simply becomes a constant in the energy equation of an ideal gas (see paragraph 
A-2, Appendix A) (Section. ~, Chapter 2; Chapter 16; and Appendix A), 

•• :;t ~"",., 

Unit weight of a medi~lhir'i~ transmitting ground shock (Section III, Chapter 
2), tt 
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Designation 

Parameter used in determining the effective shock pulse duration on buried struc
tures (Section III, Chapter I 1). 

Terminal flight path angle of a reentry vehicle (Chapter 16). 

Effective shock pulse duration on buried structures (Section III, Chapter 1 I). 

Underwater burst spray dome angle ,(see sketch in Problem 2-32) (Section IV, 
Chapter 2). 

Characteristic thermal thickness of a material. If a thick slab of material is ex
posed to a rectangular thermal pulse, the temperature at the surface would be 
about the same as would be produced by uniformly distributing the absorbed 
thermal energy in a slab of thickness 6, and the peak temperature rise at depth 6 
in the thick slab is about half as great as the peak temperature rise at the surface 
(Section III, Chapter 9). 

Parameter used in analysis of vulnerability of buried structures (defined in Table 
11-10) (Section II, Chapter II). 

Semivertex angle of a reentry vehicle (Chapter 16). 

Strain; the deformation resulting from stress measured by the ratio of the change 
to the total dimension in which the change occurred (Section III, Chapter 2; 
Section IV, Chapter 9; Chapter 16). 

Thermal efficiency; the "fraction of energy absorbed by air that is reradiated 
(Chapter 3). 

Internal energy per unit volume (Section V, Chapter 9). 

Emissivity of a heated system (Section IV, Chapter 9). 

Ratio of the time of arrival of the blast wave to the time to final thermal maxi
mum (Section IV, Chapter 9). 

Ratio of the density of a material at pressures above ambient to the density of the 
same material at ambient pressures (Section V, Chapter 9). 

Parameter used in the calculation of blast intercept time envelopes for helicopters 
(Chapter 13). 

Effective slope angle Tor the interaction of a blast wave with a rising or falling 
slope (8 is equal to the actual sl<?pe ~ngle, 1)5' if the direction of propagation of 
the blast wave is perpendicular to the: foot of the ~lope) (Section I, Chapter 2). 
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Designation 

Time constant of an underwater shock wave (Section IV, Chapter 2). 

Angle that the direction of propagation of a Compton scattered photon makes 
with direction of the original photon (Chapter 4). 

Angle of incidence of an electromagnetic signal ray path with an imaginary shell 
65 kilometers above the surface of the earth (Chapter 8). 

Angle formed by two lines through the burst paint - one line parallel to a reentry 
vehicle's flight path and the other through the reentry vehicle at burst time (see 
Figure 16-23) (Chapter 16). 

Angle from the longitudinal axis of a cone shaped reentry vehicle to the edge of 
the vehicle (Chapter 16). 

Angle between a horizontal plane through the debris center and the geomagnetic 
field lines that pass through the debris (Chapter 8). 

Angle of incidence of a blast wave as it strikes a reflecting surface; the angle that 
the shock fron t (not the direction of propagation of the blast wave) makes with 
the surface (see footnote on page 2-38) (Section II, Chapter 2). 

Actual angle of a rising or falling slope that a blast wave encounters - measured 
perpendicular to the foot of the slope. 

Mass attenuation coefficient (Chapter 4 and 5). 

Photon wavelength (Chapter 4). 

Taper ratio of an aircraft wing, horizontal tail or vertical tail (length along the 
fuselage centerline sub tended by the wing/tail tip divided by the length along the 
fuselage centerline subtended by the leading and trailing edges) (Chapter 13). 

Wavelength of a scattered photon (Chapter 4). 

Linear attenuation coefficient; the probability of interaction per unit distance 
traveled by particulate or electromagnetic radiation, except as noted below. 

Viscosity of air (Section IV. Chapter 9). 

Linear absorption coefficient; the probability, per unit distance traveled, of an 
interaction in which energy is absorbed by the medium being traversed (in this 
manual the symbol is only used for photon (X-ray or gamma ray) interactions) 
(lJa + IJs = IJ). 

Rayleigh scattering (coherent elastic scattering) linear attenuation coefficient (for 
photons IJce + lJie = IJs )' 
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Designation 

Compton elastic (incoherent elastic scattering) linear attenuation coefficient (for 
photons /Jce + /Jie = /Js)' 

Compton inelastic scattering Iin.ear attenuation coefficient (for photons /Jis + /J p = 
J.l a ). 

photoelectric linear attenuation coefficient (for photons /Jp + /J is = /Ja ). 

Linear scattering coefficient; the probability of interaction, per unit distance 
traveled, that removes radiation from the direct beam (in this manual the symbol 
is only used for photon (X-ray or gamma ray) interactions) (J.Ia + J.la = /J). 

Poisson's ratio (Section III, Chapter 2; Section 11, Chapter 11). 

Photon frequency (Chapter 4; Section V, Chapter 9). 

Electron collision frequency (Chapter 8). 

Shock strength (£ = AplP + 1, where Ap is the peak overpressure and P is the 
absolute ambient pressure). 

Mass density. 

Mass density of reent!)' vehicle ablative cover materials (Chapter 16). 

Density of electrons in a medium through which X-rays are penetrating (Chapter 
4). 

Local density within a fireball (Chapter 16). 

Weigh t density of the material of the skin of an aircraft (Chapter 13). 

Nonnal density of a material prior to absorption of energy (Section V, Chapter 
9); otherwise, n:!ass density of air at ambient sea level conditions. 

Mass density of the shell of a reentry vehicle (Chapter 16) otherwise, mass density 
of air behind a shock front. 

,Density of water in which an underwater ex plosion takes place (Section IV. 
Chapte! 2). 

Density of shocked air after reflection from a solid barrier (Appendix A). 

Relative air density ('p = p/po ' where P is the air density at the altitude of interest 
and Po is the air density at sea level). 

Stefan-Boltzmann constant (Chapter 4; Section IV, Chapter 9). 
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Designation 

Cross section for a given nuclear reaction (see Glossary for definition of cross 
section) (Chapters 4 and 5). 

Conductivity «(7air' air conductivity; 0g' ground conductivity) (Chapter 7). 

Stress; the force per unit area tending to produce deformation in a body (Section 
IV, Chapter 9; Section II, Chapter II: Section II, Chapter 16). 

Standard deviation for damage probability calculations (Appendix C). 

Allowable stress on a reentry vehicle (Chapter 16). 

Stress developed on a reentry vehicle for prescribed flight conditions and loads 
(Chapter 16). 

Yield stress of a reentry vehicle ablative cover material (Chapter 16). 

Yield stress of a reentry vehicle shell (Chapter 16). 

Effective optical height of the burst height for specifying thermal transmittance 
(Chapter 3). 

Emission time of prompt gamma rays (Section I, Chapter 5). 

Semiconductor minority-carrier lifetime (Chapter 6). 

Effective semiconductor lifetime (Section VII, Chapter 9). 

Scaled time of fireball traversal by a reentry vehicle (Chapter 16). 

Scaled time of intercept of a reentry vehicle by a blast wave (Chapter 16). 

Scaled duration of the intercept load of a blast wave on a reentry vehicle (Chapter 
16). 

Pre-irradiation semiconductor minority-carrier lifetime (Chapter 6: Section VII, 
Chapter 9). 

Characteristic thermal response time that relates the response of a material to the 
thermal pulse (Section III, Chapter 9). 

Semiconductor surface lifetime (Section VII, Chapter 9). 

Scaled time of blast traversal by a reentry vehicle (Chapter 16), 

Semiconductor minority-carrier lifetime at fluence ;p (Chapter 6; Section VII, 
Chapter 9). 
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Designation 

Total energy, particle, or photon fluence at a point of interest, except as noted 
below. 

Angle formed by the geomagnetic field line and a vertical line through the main 
debris location once a tube fireball has been formed from bursts between 85 and 
120 kilometers. It is the magnetic dip angle at the location of the debris (see 
Figure 8-16) (Chapter 8). 

Angle of internal friction for nongranular soils (Section II, Chapter 11). 

Angle between a line through the burst point and a reentry vehicle at burst time 
and a line between the burst point and the reentry vehicle at blast intercept time 
(see Figure 16-23) (Chapter 16). 

Energy, particle, or photon fluence that arrives in a direct li'1.e from the source to 
a point of interest, i.e., the total fluence minus the scattered fluence. 

Incident X-ray flu~nce that arrives normal (perpendicular) to a surface of interest 
(Section V, Chapter 9). 

Ratio of impedances of two media where a ground shock wave is crossing the 
interface between the media (Section Ill, Chapter 2). . 

Parameter used in analysis of damage to underground structures. 1J! depends on 
structural type, dimensions and seismic velocity. Relations are given in Table 
11-10 (Section II, Chapter 11). 

Convective heat blocking function that helps determine the fraction of free field 
heating rate that exists at an ablator surface (Chapter 16). 

Circular frequency of a simple oscillator (Section I1I, Chapter 2). 

Electromagnetic wave frequency in radians per second (Chapter 8). 

. , 
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