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FOREWORD

One aspect of ship design that has a significant inpact on the operationa
ef fectiveness of shipboard weapons systems is the extent to which survivability
factors are included in the design phases, and subsequently considered through-
out the life-cycle of the ship. Conbat survivability must be treated as a
design issue no different from other performance characteristics (for exanple,
mobi lity, maneuverability, seakeeping, stability and control, structura
integrity, and so forth) which collectively deternmine the configuration of a

Naval conbat ant.

The capability of a Naval ship to survive nuclear and non-nuclear weapon
(damage) effects depends on the accuracy with which the threat is defined and
the deliberateness with which combat survivability, as a design and eval uation
discipline, is inplenmented to neet the threat. Each mission essential space,
system and conponent of a ship nust receive dedicated survivability considerations
to ensure that an integrated combat entity of the highest survivability is
achieved at acceptable levels of cost and performance. Significant advances
in the survivability technol ogi es and eval uati on methodol ogi es have been nade
whi ch provide the potential to efficiently achieve this for existing and
future ships.

Since a particular passive protection concept may be useful in hardening
a system or conponent against one or nore weapon effects, it is necessary
that all threat weapon effects be investigated. Factors which must be
consi dered are possible synergistic couplings where conbi ned weapon effects
may produce significant increases in ship damage. To realize the bal anced
survivability design of a Naval ship, therefore, the need exists for the
systematic categorization of environmental severity levels for both nuclear
and non-nucl ear weapons. Equally crucial is the neaningful characterization
of controlling design-threat paraneters (for exanple, blast overpressure
fragment kinetic energy, shock velocity, thermal fluence, EMP flux, and so forth)
whi ch enter the design equations as additional |oad factors.
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1. SCOPE .

1.1 Scope. This handbook has been prepared to provide a tutorial on
the basic concepts of explosion phenonena and damage effects from nuclear
and non-nucl ear weapons. It is recommended reading for engineers desiring
an introduction to these subjects as they relate to the vulnerability or
survivability of ships and nmission essential weapons systens, and to pas-
sive protection design.

1.2 Introduction. Naval ships must be capable of carrying our their
assigned missions and conbat roles in nman-nade threat environnents and survive
t he possible consequences which may result from engaging hostile forces. Viewed
in totality, the combat survivability of a warship depends on two distinct
but interrelated factors; namely, susceptibility and vulnerability.

|.2.1 The first factor, susceptibility, is defined as “the conbined

characteristics of all the factors that determne the probability of hit of

a conponent, subsystem or system by a given threat mechanism” Suscepti-
bility may be characterized as the propensity of a ship’s emissions (inten-
tional and unintentional) to exploitation by threat surveillance sensors,
weapon homi ng seekers, and warhead fuze mechanisms in performng their in-
tended functions of detection attack (weapon |aunch) targeting, acquisition,
and detonation against a ship. Intentional emissions, many of which are
unique and readily classifiable, include electromagnetic radiations from on
board communi cations, navigation, and command or control radars, and electro-
acoustic radiations from on board sonars. Unintentional emnissions (signatures)
include radiations and reflections which are inherent to a ship’s configuration
and design features, and include: acoustic (radiated noise), radar cross-
section, infrared radiance, magnetic, pressure, seismic, and other signatures

1.2.2 The second factor, vulnerability, is defined as “the characteristics
of a systemthat cause it to suffer a finite |evel of degradation in performng
its mission as a result of having been subjected to a certain |evel of threat
mechanisms in a man-nmade hostile environnment.” Vulnerability may be characterized
as the propensity of a ship’s structure (hull, deckhouse, superstructure, hangars)
and vital equipments or conponents to operational inpairnent as a result of the
damage effects from weapon detonations. The level of damage, and degree of im
pairnment, are a function of the follow ng: type of warhead, size of explosive
charge, location of the detonation, and a ship's inherent structural hardness to
resi st the weapon effects. The first two are directly related to the threat
weapon, whereas the last one is directly related to the ship's design. The weapon
hit location or detonation points resulting from “smart” weapons homing-in and
exploding on a ship target are related to both the threat weapon; that is, its
seeker and homing logic, and also the ship’s signature profile and highlights
whi ch are design controllable.

1.2.3 It is seen that ship susceptibility conprises a sequence of
signature-influenced engagenent events (detection, targeting, attack, seeker
| ock-on, and warhead detonation), the outcone of which influences the vul-
nerability of a ship to damage from weapons effects. The interrelations between
signature susceptibility and danmge vulnerability are, however, conplex since the
degree of operational inpairnment to a ship and its nission-essential systems or
equi prents depends on where weapons hit and explode on the ship and its inherent
hardness at such |ocations.
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1.2.4 Survivability design of a Naval ship requires data in the form
of design threat paranmeters, and other quantitative descriptors, which charac-
terize the sensors, seekers or fuzes and the weapons, warheads, or explosives
of antiship threat systems. These parameters constitute some of the key inputs
to ship design criteria and fornulas for determning the type, location, and
distribution of passive survivability features. The logic diagram as shown
on figure 1 identifies the relationship between “threat” and “ship surviv-
ability design”, traces the key steps of the process, and relates to the
supporting publications in the NAVSEA docunentation hierarchy at each node
of the process. This handbook addresses only the weapons effects part of
the threat environnent severity levels (see figure 1).

2. REFERENCED DOCUMENTS
Not applicable.
3. DEFINITIONS
3.1 Definitions. The definitions herein are commonly used terms in ship
vul nerability or survivability and in the weapons effects and passive pro-

tection disciplines.

3.1.1 Active defense. Active defense is defense provided by a ship’s
armanent systemto avoid the effects of a combat environnent,

3.1.2 Airblast, Airblast is the shock wave and associ ated phenonena
produced by an explosion in air, resulting in the propagation outward of a sharp
pressure front acconpanied by subsequent air notion.

3.1.3 Air burst. Air burst is the detonation of a nuclear weapon at such
a height that the expanding fireball does not touch the earth's surface when
the lumnosity is a maximum (in the second thermal pulse).

3.1.4 Angle of inpact, Angle of inmpact is the acute angle between the
tangent to the trajectory path and the plane tangent to the surface of the
ground or target at point of inpact.

3.1,5 Angle of obliquity. Angle of obliquity is an angle, measured in
degrees, between the perpendicular to the plate surface and the trajectory
of the projectile at the point of inpact. This termis generally used when
referring to the arnor itself.

3.1.6 Arnor-piercing (AP) nmunitions. AP nunitions are q unitions such
as projectiles and bonbs designed to penetrate armor and other resistant
targets by neans of kinetic energy and the physical characteristics of the
war head.

3.1.7 Areal density. Areal density is defined as the weight of an arnor
configuration expressed in pounds per square foot (lb/ft? of surface area
For exanple, the areal density of I|-inch thick steel arnor is 40.8 Ib/ft”

3.1.8 Back span. Back span is fragments of netal displaced from the
back of steel arnmor as a result of ballistic attack, normally from an area of
greater size than the projectile caliber,

2
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3.1.9 Ballistic limt. Bal listic limt, as related to armor, is a neasure
of the arnor’s resistance to penetration. Cenerally, it can be defined as
the striking velocity of a kinetic energy fragnment or projectile bel ow which
partial (rather than conplete) penetrations of the armor will predom nate

3.1.10 Ballistic protection system A ballistic protection system rep-
resents some conbination of one or nore elenents made of basic arnor naterials
or conposites (in sone cases supplemented by nonarmor nmaterials) to form an
effective ballistic protection device. This includes installation equipment
and hardware.

3.1.11 Basic arnor material, A basic arnor material is a single material
havi ng those properties required to provide a neasure of protection against
ballistic attack

3.1.12 Blast-induced pressure. Blast-induced pressure is the force
on an object or structure caused by the air blast from an explosion striking
and flowing around the object. It is a conbination of overpressure (or dif-
fraction) and dynam c pressure (or drag) |oadings

3.1.13 Blast-induced shock. Blast-induced shock is the sudden athwart-
ships notions inparted to an object or structure due to the inpulsive nature
of a blast (shock) wave striking the object.

3.1.14 Blast wave. Blast wave is a continuously propagated pressure
pulse of air in which the pressure increases sharply at the wave front
acconpani ed by strong, but transient winds, resulting froman explosion in
air.

3.1.15 Booster (explosive). Booster (explosive) is a quantity of high
expl osives in which detonation can be nore readily initiated (by means of
primers) than can the main high-explosive filling. Boosters are used to
initiate the main, relatively insensitive high-explosive fillings

3.1.16 Conpact fragnents. Compact fragments are fragnents produced
by the break-up of the casing of specially designed (controlled) fragnentation
war heads. Compact fragnents are of more uniform size and shape than random
fragnents.

3.1.17 Conplete penetration (Navy criterion) . Conplete penetration
(Navy criterion) is the condition obtained by projectile inpact where the
projectile or major portion of the projectile passes conpletely through
the arnor.

3.1.18 Conposite arnor. Conposite armor is an arnor configuration
consisting of two or nore different armor materials bonded together to form
a protective unit.

3.1.19 Contact burst, Contact burst is a burst occurring when contact-
fuzed high-explosive (H E. ) warheads detonate against a ship's structure resulting
in very high localized pressure loading over relatively small areas of structure.
Effects other than blast pressure nmay be present; that is, fragnentation, shaped-
charge jet, and so forth.
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3.1.20 Cube-root law. Cube-root law is a scaling law applicable to many
bl ast phenomena. It relates the tine and distance at which a given blast
effect is observed to the cube root of the energy yield of the explosion.

3.1.21 Detonation. Detonation is the extrenely rapid chemical reaction
that occurs in the explosion of high explosives. Detonation is characterized
by its propagation through the mass of explosives as a wave, by its great
velocity, by the fact that it can be initiated by a shock or blow, and by the

extrenmely high pressures devel oped,

3.1.22 Diffraction loading. Diffraction loading is the force on an
object or structure due to the passage (bending) around and envel opment by a
bl ast wave.

3.1.23 Drag loading. Drag loading is the force on an object or structure
due to the transient w nds acconpanying the passage of a blast wave. The drag
pressure is the product of the dynamic pressure and the drag coefficient which
i s dependent upon the shape (geonetry) of the structure or object.

3.1.24 Dynamic pressure. Dynanic pressure is the air pressure which
results fromthe nass air flow (or wind) behind the shock front of a blast
wave. It is equal to the product of half the density of the air through which
the blast wave passes and the square of the particle (or wind) velocity behind
the shock front as it inpinges on the object or structure.

3.1.25 Electromagnetic pulse (EMP). Electromagnetic pulse is a sharp pul se
of radio-frequency (long wavel ength) electronagnetic radiation produced when a
nucl ear explosion occurs in an unsymetrical environnent, especially at or near
the earth’s surface or at high altitude. The EMP results fromthe interaction
of the gamma rays and neutrons fromthe initial nuclear radiation with air
particles and atons. The intense electric and magnetic fields of EMP can
damage unprotected electrical and electronic equipment.

3.1.26 Enhanced blast. Enhanced blast is the airblast resulting from
the detonation of a chemical high-explosive conposition containing powdered
al um num for added oxygen to ensure conplete burning of the explosive, thereby
yielding a higher peak overpressure and a higher positive inpulse for the sane
wei ght of explosive. Fuel-air explosive (FAE) nmixtures or reactive materials
that surround the main explosive may also be used to enhance the blast output
of an H E. warhead.

3.1.27 Explosion. Explosion is defined as nultiple, partially confined
and unconfined. The follow ng describes each type:

(a) Multiple. Miltiple explosion is two or nore expl osions whose
initiation time is such as to cause the blast effects of the
various explosions to be cunulative on the response of a structure.

(b) Partially confined. Partially confined explosion is an expl osion
occurring within or inmmediately adjacent to a structure. In
addition, partially confined explosions may be subdivided into
fully-vented expl osions where the pressures produced by the
accunul ation of gases from the explosion are quickly released,
and partially-vented explosions where the gas accunul ation
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will exert pressures in addition to those produced by the shock
pressur es.

(c) Unconfined. Unconfined explosion is an explosion occurring
exterior to a structure such that the blast l[oads acting on the
structure may be classified as: free-air burst, air burst, or
surface burst.

3.1.28 Expl osive (high-explosive). Explosive (high-explosive) is a
chem cal conpound or mechanical mxture which, when subjected to heat, friction,
detonation, or other suitable initiation, undergoes a very rapid chemcal
change with the evolution of large volunes of highly heated gases which exert
pressures in the surroundi ng nedi um

3.1.29 Fallout. Fallout is the process or phenonenon of the descent to
the earth’s surface of particles contaminated with radioactive nmaterial from

the radioactive cloud of a nuclear explosion in air.

3.1.30 Fission. Fission is the process whereby the nucleus of a parti-
cul ar heavy elenent such as uranium235 or plutonium239 splits into (generally)
two nuclei of lighter elements, with the release of substantial anounts of
energy .

3.1.31 Fluence (integrated flux). Fluence (integrated flux) is the
product (integral) of neutron or photon particle flux and time, expressed in
units of particles per square centinmeter (cmy. The absorbed dose of radiation
(inrads) is related to the fluence,

3.1.32 Flux (flux density). Flux (flux density) is the product of
neutron or photon particle density (that is, nunber per cubic cnm) and the
particle velocity. The flux is expressed as particles per square cntinme and
is related to the absorbed dose rate.

3.1.33 Fragnent-sinulating projectile (FSP). An FSP is a projectile
of special shape and size designed for ballistic test firings intended to
simulate the effect on arnor samples of typical fragments from high-explosive
shells , usually of larger caliber than the FSP.

3.1.34 Fragnentation, Fragmentation is the shattering of an H E bonb
or projectile casing into many irregular pieces by the detonation of the
expl osive payload. Fragnentation also denotes break-up of a hardened AP
projectile core into two or nore pieces upon inpact with a target.

3.1.35 Fusion. Fusion is the process whereby the nuclei of |ight
el ements, especially those of the isotopes of hydrogen (deuterium and tritiuny,
conbine to formthe nucleus of a heavier element with the release of substanti al
amounts of energy.

3.1.36 Fuze. Fuze is a device designed to initiate detonation in a
weapon warhead by an action such as hydrostatic pressure, electrical energy,
chem cal action, inpact, mechanical tine, or a conbination of these.
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3.1.37 Fuze proximity. Fuze proximty is a fuze wherein prinary initia-
tion occurs by sensing the presence, distance, or direction of the target
through the characteristics of the target itself or its environnent.

3.1.38 HE projectile, HE projectile is a projectile consisting
of a shell, high-explosive filler, and detonating device that is designed
to cause dammge prinmarily by fragnents generated at shell burst.

3.1.39 Honogeneous arnor. Honpbgeneous armor is an arnor nade from a
single material that is consistent throughout in terms of chemcal conposition,
physi cal properties, and degree of hardness.

3.1.40 I|npul se. I mpul se is the product of the force (pressure) fromthe
bl ast wave of an explosion and the time during which it acts on an objective or
structure. It is the integral with respect to tine of the force, the
integration being between the tine of arrival of the blast wave and the tinme
at which the force on the elenent returns to zero

3.1.41 Initial nuclear radiation. Initial nuclear radiation is the
nucl ear radiation conprised of highly-penetrating and invisible gamma rays and
neutrons enmitted within the first minute fromthe fireball and cloud colum of
a nuclear explosion in the atnosphere. The transient radiation effects on
el ectronics (TREE) results fromthe initial nuclear radiation.

3.1.42 Internal burst. Internal burst is a burst occurring when weapons
equi pped with arnor piercing (AP) or semi-arnor piercing (SAP) warheads
penetrate a ship’'s outer structure and detonate, by delay-fuze, a large HE
charge within the confines of the superstructure or hull.

3.1.43 Jet. The definition of jet as it pertains to shaped-charge warheads
is as foll ows:

(a) From a lined charge: The slender, generally fast moving
part of a liner after collapse.

(b) From an unlined charge: The central stream of high-velocity
gases produced upon detonation.

3.1.44 Jet penetration. Jet penetration is the penetration in arnor
achieved by a high pressure flow process associated with the functioning of
shaped- char ge war heads.

3.1.45 Keel shock factor (KSF). KSF is a dinmensional index which
measures the severity of an underwater shock wave at the keel of a ship from
an H E. weapon detonati on.

3.1.46 Kinetic energy projectile. Kinetic energy projectile is a
type of projectile that causes damage by the conbined effects of projectile
characteristics and Kkinetic energy,

3.1.47 Lethal damage. Lethal damage is the damage to a ship sufficient
to sink it or put it out of action (also referred to as ship “kill").

3.1.48 Lethality. Lethality is a measure of the destructive effect of
a particular weapon type on a given target under specified attack conditions.
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3.1.72 Reflected pressure. Reflected pressure is the total pressure which
results instantaneously at the surface when a shock (blast) wave traveling in one
medi um strikes another medium for exanple, at the instant when the front of a
blast wave in air strikes the ground or a structure.

3.1.73 Residual nuclear radiation. Residual nuclear radiation is the nuclear
radiation, chiefly beta particles and ganma rays, which persists for some time
following a nuclear explosion, The radiation is enmtted mainly by the fission
products and other bomb residues in the fallout, and other materials in which
radi oactivity has been induced by the capture of neutrons.

3.1.74 Residual primary fragment. Residual primary fragnent is a prinary
fragment possessing residual velocity after penetrating a target material.

3.1.75 Secondary fragnentation. Secondary fragnentation is the fragnents
produced by spalling froma target material when inpacted by primary fragments
froma warhead or projectile.

3.1.76 Secondary nuclear radiation. Secondary nuclear radiation is the
i nduced radioactivity in materials irradiated by a prinary source of nuclear rad-

i ation.

3.1.77 Shaped charge. Shaped charge is an explosive charge with a
shaped cavity or liner, wusually in the formof a cone or hem sphere; some-
times called a cavity charge or hollow charge. Shaped-charge warheads are
designed to penetrate heavy arnor.

3.1.78 Shaped-charge effect. Shaped-charge effect is the focusing of a
metallic jet or stream of liner fragments from a shaped charge in a specific
direction as a neans of enhancing penetration capability.

3.1.79 Shock front (pressure front). Shock front (pressure front) is the
fairly sharp boundary between the pressure disturbance created by an explosion
(in air, water, or earth) and the anbient environnent; it constitutes the front
of the shock (or blast) wave.

3.1.80 Shock wave. Shock wave is a continuously propagated pressure pul se
(or wave) in the surrounding nmedium which may be air, water, or earth, initiated
by the expansion of the hot gases produced by an explosion. A shock wave in air
is referred to as a blast wave, because it resenbles and is acconpanied by strong
but transient, winds, The strong pressure discontinuity of a shock wave is prop-
agated at a velocity equal to or greater than the velocity of sound.

3.1.81 Solid arnor. Solid armor is all basic arnor nmaterials, composites
and stacked arrangenents having no air space between plate el enents.

3.1.82 Spaced arnmor. Spaced arnor is an armor arrangenent consisting of
two or nore individual plate elements where each plate is spaced from the adjoining

one. Spaced arnor is especially effective as a protection system agai nst shaped-
charge effects.
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3.1.83 Spalling. Spalling results when a layer of plating (or arnmor) mater-
ial in the area surrounding a warhead inpact location is detached or del ami nated
fromthe rear face of the plating.

3.1.84 Stagnati on pressure. Stagnation pressure is the total pressure,
sum of the incident overpressure and dynamic wind pressure of a blast wave, in the
moving air when the air is brought to rest upon inpacting an object or structure.

3.1.85 Standoff burst. Standoff burst is an explosion occurring when an
H E. warhead is detonated at distances greater than 300 feet froma ship' s super-
structure resulting in fragments of various sizes as well as missile debris inpact-
ing with ship structure

3,1.86 Surface burst. Surface burst is the detonation of a nuclear weapon
at the surface of land or water and a height above the surface |ess than the radius
of the fireball at maxinum luminosity. An explosion in which the weapon is deto-
nated actually on the surface (or within SW. feet of the surface, where Wis the
yield in kilotons) is called a contact or true surface burst.

3.1.87 Survivability. Survivability is the capability of a ship and its ship-
board systens to avoid and withstand a weapons effects environnent w thout sustaining
impairment of their ability to acconplish designated nissions

3.1.88 Thernal radiation. Thermal radiation is the electromagnetic radiat-
ion emtted froma nuclear fireball as a consequence of its very high tenperature;
it consists essentially of ultraviolet, visible, and infrared radiations.

3.1.89 TREE. TREE is the dammgi ng effects occurring to individual electronic _

and el ectro-nechani cal conponents of electronics systens as a result of exposure
to the transient (less than 1 minute) initial nuclear radiation froma nuclear
explosion in air.

3.1.90 Trigger shield. Trigger shield is a thin plate spaced in front of
the main armor for the purpose of reducing shaped-charge lethality by increasing
standof f di stance.

3.1.91 Triple point. Triple point is the intersection of the incident,
reflected, and nerged (or Mach) shock fronts acconpanying a nuclear air burst.

3.1.92 TNT equivalent. TNT-equivalent is a neasure of the energy rel eased
by the detonation of a nuclear weapon, or in the explosion of a given quantity of
fissionable material, expressed in terns of the mass of TNT (kilotons or megatons)
which would release the same amount of energy. TNT equivalent is also used to
relate the explosion energy of different high explosives to equival ent pounds TNT.

3.1.93 Vulnerability. Vulnerability is the characteristics of a ship (or
shi pboard system) that cause it to suffer a finite level of degradation in perforning
its mission as a result of having been subjected to a certain level of threat weapon
effects in a man-made hostile environnent.
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4. GENERAL REQUI REMENTS

4.1 Weapons effects and danage environnents.

4.1,1 Ceneral. Ships and m ssion-essential conmbat systems of the U S
Navy, including the personnel required to operate them nmust have capabilities
(by deliberate design) to survive and fight during and after exposure to a
broad spectrum of weapon damage environments which result from a tactica
nucl ear or conventional weapon exchange at sea. The variety of generic
weapons and war heads which can be enployed to damage a ship and its vita
spaces, systens, equipnments, and personnel |eading to operational inpairnment
or incapacitation of mssion capability and conbat readiness, is shown on
figure 2. Antiship weapons with explosive-charge warheads, and this includes
both nuclear and non-nuclear (chemcal high explosive) types, may be in the
form of a bomb, nissile, projectile, torpedo, or mine. A special category of
antiship weapons enconpasses those which do not involve explosives as the neans
of causing damage to a ship and its nission-essential conponents and are here
termed “non-explosive” type. This includes chenical and biological agents

4.1.2 The next level of breakdown as shown on figure 2 is in terns of
above water and underwater detonations for nuclear warheads; instantaneous-
fuzed and del ayed-fuzed detonations for conventional warheads; and associated
burst types and conditions depending on where the detonation occurs relative
to a target. The categorization as shown on figure 2 will facilitate identi-
fying the principal weapons effects and the (direct and indirect) damage
environments which result in each case, including possible synergistic coupling
bet ween individual effects, The detonation of a nuclear or non-nuclear (chemcal)
weapon |eads to the generation of explosive phenomena. Depending on the
medi um in which the detonation takes place, the explosion phenonena are man-

i fest as weapons effects. Following the explosion process, there occurs a
transition from weapons effects to damage environments which result from the
interaction of the weapons effects with the target, and then to inpairnent
or incapacitation which reflects system response to the damage environnents.
This sequence of occurrences, essentially, represents a transfer of energy
fromone state to another. The process is shown on figure 3.

4.1.3 It is seen that the weapons effects are inherent to the explosion
process as such (air or water) and do not involve interaction with the ship
target. The damage environments are obtained as a result of the target being
in close proximty or along the path of the propagating or penetrating weapons
effects. Operational inpairnment of a ship’s nission capabilities is a conse-
quence of system response due to the ship's presence in the damage environments-
damage nechanisns cone into play as a result of the interactions

4.1.4 For the generic categories of weapons, burst conditions, and
war head types shown on figure 2, the weapons effects and damage environments
crucial to ship vulnerability or survivability are discussed in the sections
which follow.  Synergistic coupling between individual weapons effects nust
be considered since the conmbined effects may be significantly different, even
to the extent that an individual effect is enhanced and could prove nore
damagi ng than otherwise. The response, and hence damage potential, in terns
of inpairnent or incapacitation of a ship's structure, materials, systens,
equi pment, and personnel to weapons effects are also identified and briefly
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di scussed. The narratives on weapons effects, damage environnents, and
possi bl e synergisms presented in 4.2 through 4.7 are organized in accordance
with the breakdown shown on figure 2

4.2 Principal phenonena of explosions. Before proceeding with the
tutorial discussions on nuclear and non-nucl ear weapons effects, a short
introduction will first be given on the principal phenormena of explosions,
in general, highlighting sone of the basic differences between nuclear and
non-nucl ear or conventional (chemical) explosion phenonena.

4.2.1 An explosion involves a change in the state of matter which
results in the rapid and violent release of a large ambunt of energy within
a limted space. This is true for a chemcal “high explosive” such as TNT,
as well as for nuclear explosives, although the energy is produced in quite
different ways. In the case of a chenmical explosion, the energy released
arises from chenical reactions which involve a rearrangement anong the atomns
(for exanple, of hydrogen, carbon, oxygen, and nitrogen) present in the high
explosive material. In a nuclear explosion, on the other hand, the energy
is produced as a result of the formation of different atomic nuclei by the
redi stribution of the protons and neutrons within the interacting nuclei.
The forces between the protons and neutrons within atomc nuclei are tremen-
dously greater than those between the atons. Consequently, nuclear energy
is of a much higher order of intensity than chenical energy when equal masses
of explosive are considered. The energy of a weapon explosion may be divided
into three categories: (1) kinetic (or external) energy; that is, energy of
motion of electrons, atoms, and nolecules as a whole; (2) internal energy of
these particles; and (3) thermal radiation energy. The first type of explosion
energy is manifest as a mechanical weapon effect, the second as a nuclear
radiation effect, and the third as a thernmal radiation effect. The sudden
l'iberation of energy from an explosion causes a considerable increase of
tenperature and pressure so that all the materials present are converted into
hot, conpressed gases. Since these gases are at very high tenperatures and
pressures, they expand rapidly and thus initiate a pressure wave called a “shock
wave” in the surrounding medium-- air, water, or ground. The characteristic
of a shock wave is that there is (ideally) a sudden increase of pressure at the
wave front, with a gradual decrease behind it. A shock wave in air is generally
referred to as a “blast wave” because it resenbles and is acconpanied by a very
strong wind. In water or in the ground, however, the term “shock” is used
because the effect is like that of a sudden inmpact. The difference in the
under |l yi ng expl osion phenonena is due to the fact that the densities of the
propagation nedia are significantly different in each of the two cases, that of
air versus that of water (or earth). Ar is significantly nore conpressible
than either water or earth.

4.2.2 Nuclear weapons are simlar in some ways to conventional (chenical)
hi gh- expl osi ve types insofar as their destructive action is due mainly to
bl ast or shock. Several basic differences between nuclear and cheni cal
expl osions which are reflected in the primary weapons effects and their res-
pective intensities follows:

(a) Nucl ear explosions can be many thousands (or nillions) of
times nore powerful than the |argest non-nuclear explosions.
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(b) For the release of a given amount of energy, the mass of a
nucl ear explosive would be nuch less than that of a chenmcal
expl osi ve.

(c) Since there is a much smaller anount of explosive naterial
available in a nuclear weapon that is converted into the hot,
conpressed gases of detonation, somewhat different mechanisns
underly the initiation of the blast wave.

(d) The tenperatures reached in a nuclear explosion are orders of
magni t ude higher than in a chemcal explosion so that a fairly
| arge proportion of the energy is enmtted in the formof I|ight
and heat, generally referred to as “thermal radiation.”

(e) At the npoderate tenperatures attained in a chemcal explo-
sion, the amount of thermal radiation is conparatively small.
Essentially all the energy released at detonation appears as
kinetic and internal energy which is alnobst entirely converted
into blast and shock.

(f) A nuclear detonation is acconpanied by highly penetrating and
harnful invisible gamma rays and neutrons called “initial
nucl ear radiation,” with the ability to propagate over |ong
distances in air. There are no nuclear radiations froma
conventional explosion since the nuclei are unaffected in the
chem cal reactions which take place,

(g) A secondary weapon effect known as “electromagnetic pul se”
(EMP) results fromthe initial nuclear radiation. The
detonation of a chenical high explosive can also produce
el ectromagnetic signals, but in conparison provides little
consequence to shipboard electronics, The process by which
EMP is generated as a result of a nuclear detonation is
specified in 4 3.1.1.

(h) The debris and ejects remaining after a nuclear detonation
are radioactive, emtting “residual nuclear radiation” OVer
a long period of tine.

(i) In the course of their radioactive decay, the fission products
from a nuclear detonation emt gamma rays and another type
of nuclear radiation called beta particles which give rise to
“del ayed nuclear radiation. " Beta particles, which are also
invisible, are nuch less penetrating than gamm rays, but |ike
the latter they represent a potential hazard.

4.3 Nucl ear weapons effects and damage environments. A distinction is
sonmetimes nmade between atomic weapons in which the explosion energy arises
from fission, and hydrogen (thermo-nuclear) weapons in which the explosion
energy arises fromfusion. In either case, however, the explosion energy
results from nuclear reactions so that both are correctly described as nuclear
weapons. The “yield” of a nuclear weapon is a neasure of the amount of
expl osive energy it can produce. It is usual practice to express the yield in
terms of the quantity of TNT that would generate the sanme ampunt of energy upon
detonation. Thus, a |-kiloton nuclear weapon produces the same ampunt of
energy as does 1 kiloton (1,000 tons) of TNT. Simlarly, a |-megaton weapon
woul d have the energy equivalent of 1 nmillion tons of TNT. The fission of
uranium (or plutoniunm or the fusion of the isotopes of hydrogen in a nuclear
detonation leads to the liberation of a large amount of energy in a very snal
period of tinme. As aresult, the fission products, bonb casing, and other
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weapon parts are raised to extremely high tenperatures, simlar to those in the
center of the sun. The maxinum tenperature attained in a nuclear detonation is
several tens of millions degrees, conpared with a nmaximum of 9,000°F in a
conventional (chenmical) detonation. Because of the great heat produced by a
nucl ear detonation, all the materials are converted into gaseous form Si nce
the gases, at the instant of detonation, are restricted to the region occupied
by the original constituents in the weapon, tremendous pressures will be
produced. These pressures are probably of the order of many millions of
pounds per square inch. Wthin less than a nmillionth of a second after
detonation, the extremely hot weapon residues radiate |large amunts of energy,
mainly as highly penetrating and invisible X-rays. The partition of the
energy for the explosion phenomena from a nuclear detonation is shown on
figure 4. Mst of the energy appears in the X-ray portion of the spectrum
with the second largest appearing in the form of kinetic energy of the weapon
debris and ejects. Some smaller portion, probably |ess than 5 percent total
appears in the formof neutrons and gamma radiation. The X-rays are very

qui ckly absorbed in the surrounding atnosphere heating the air to an extrenely
high tenmperature in a very short time. This results in the formation of an
extrenely hot and highly l[uminous (incandescent) nass of air and gaseous
weapon residues referred to as the “fireball” which causes the thernal

radi ati on and shock front effects. The thernal radiation consists of two
conponents : one in the visible region of the spectrumas a high-intensity
light environment, and the other in the infrared region as a high-intensity
heat environnment. The shock front results in a blast (and blast-induced
shock) environment for a nuclear detonation in air, and an underwater shock
environment for a detonation in water. The weapon and casing particles |ose
their monentum very quickly and burn out in very short distances in the air,
so there is no weapon effect environnment as such fromthe debris and ejects
except as they may be contaminated with nuclear radiation. The neutrons and
gamma radi ati on have the highest intrinsic energy of any portion of the energy
partition, wusually on the order of 1 million electron volts (Mev) level. The
neutrons are particle in nature, whereas the gamma radiation is a true radiant
energy (photon radiation). Being of high intrinsic energy the neutrons and
gamma rays give rise to the highly penetrating and harnful “initial nuclear
radiation.“ The long-term weapon effects of a nuclear detonation is the
persistent radioactivity due to the “residual nuclear radiation” and “delayed
nucl ear radiation”. Using terns and definitions from several references on
nucl ear weapons effects, which in thenselves were found not totally consis-
tent, an attenpt was made to synthesize the relevant information into a
standardi zed termnology for this handbook. A summary of the principal

expl osi on phenomena from a nuclear detonation and the associated weapons
effects and resulting damage environments which are of critical inportance

to the vulnerability or survivability of Naval ships is shown on figure 5.
From the viewpoint of ship and system survivability design, the damage
environments (direct and indirect) which result fromthe interaction of

the weapons effects with the ship target introduce considerations which can

be designed against to reduce vulnerability to weapon danmage. The controlling
parameters which determne the severity, and relative inportance, of the
damage environnents as shown on figure 5 are identified. The fraction of

expl osion energy received at a distance from a nucl ear detonation which
determines the severity of the different weapons effects and danage environnments
depends on the nature and yield of the weapon and the expl osion conditions.

A typical energy distribution for the weapons damage effects resulting from
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a nuclear air burst is shown on figure 6. Therefore, when assessing the
vul nerability of survivability of Naval ships and shipboard equipnments to
the damaging effects of nuclear air bursts, the following “effective weapon
yi el ds” as percentages of the actual yield Wnust be used

(a) Airblast (and blast-induced shock): 0.50W
(b) Thermal radiation: 0.35W

(c) Residual nuclear radiation: 0.10W

(d) Initial nuclear radiation: 0.05W

In planning for ship and system hardening against nuclear weapons effects

a nunber of uncertainties exist. For example, it is unlikely that it wll

be known in advance where or when a weapon will be detonated and the energy
yield and type of burst. Naval ships may be attacked by tactical nuclear
weapons which are configured and fuzed to detonate either above water (for
exanple, bonbs, nissiles) at different altitudes, or underwater (for exanple,
depth bonbs, mines, torpedoes) at shallow or deep depth. The principal burst
types of concern and the dom nant weapons effects and damage environments
which obtain in each case are briefly discussed, together wth associated
damage mechani sms and controlling paraneters

4 3.1 Above water detonations. One mmjor type of nuclear weapon burst
of interest to ship vulnerability or survivability enconpasses above water
detonations . These may occur either in the exe-atnmosphere at very high
altitudes (in excess of 100,000 feet), or in the endo-atnosphere at noderate
altitudes (nuch less than 100,000 feet), or close to the water surface.

4.3,1.1 Hgh altitude (exe-atnospheric) nuclear burst. Above 100,000
feet altitude, the air density is so low that the interaction of the nuclear
expl osive energy with the surroundings is markedly different from that at
lower altitude “air bursts” and, nmoreover, varies with the altitude. The
absence of relatively dense air causes the fireball characteristics in a
high altitude detonation to differ fromthose of an air burst. For exanple
the fraction of the energy converted into blast and shock is |ess and decreases
with increasing altitude. Two factors affect the thernmal energy radiated at
high altitude. First, since a shock wave does not formso readily in the
| ess dense air, the fireball is able to radiate thermal energy that would, at
| ower altitudes, have been used in the production of airblast. Second, the
| ess dense air allows energy froma nuclear explosion to travel nuch farther
than at lower altitudes. Sonme of this energy sinply warns the air at a distance
fromthe fireball and does not contribute to the energy that can be radiated
within a short time. In general, the first of these factors is effective
bet ween 100, 000 and 140,000 feet altitudes, and a larger proportion of the
expl osion energy is released in the formof thermal radiation than at |ower
al titudes. For detonations above about 140,000 feet, the second factor
becomes the nore inportant, and the fraction of the energy that appears as
thermal radiation at the time of the detonation becones smaller. Al though
the total energy portion of 85 percent conprising airblast and thermal rad-
iation (see figure 6) remmins essentially constant, the partitioning between
the two effects differs fromthe typical 50 percent - 35 percent, depending on
the altitude or height of burst. The tenperature and pressure in the air at
which the detonation takes place influence the distribution. At altitudes above
45,000 feet, part of the energy that would have contributed to the blast wave at

15



M L- HDBK- 297( SH)
28 Decenber 1987

lower altitudes is emtted as thermal radiation. The thermal partition of the
energy as a function of weapon yield and burst altitude is shown by the contour
lines on figure 7. It is seen that the 35 percent line obtains for yields less
than about 20 kilotons and burst altitudes |ess than 45,000 feet. The dashed
portions for yields above 500 kilotons and altitudes above 40,000 feet indicate

a region where the data may be applied with somewhat |ess confidence. Although
the total energy enitted as thermal radiation fromhigh altitude bursts is greater
than for an air burst closer to sea level (approxinately 40,000 feet altitude),
about half is re-radiated so slowy by the heated air that it is of no great
significance as a cause of damage. The fraction of the explosion energy enmtted

as nuclear radiation is independent of the height of burst. However, the partition
of energy between gamma rays and neutrons received at a distance will vary since

a significant fraction of the gamma rays result frominteractions of neutrons wth
nitrogen atoms in the air at low altitudes. Furthernore, the attenuation of the
initial nuclear radiation with increasing distance from the explosion is determ ned
by the total anount of air through which the radiation travels. This means that
for a given explosion energy yield nmore initial nuclear radiation will be received
at the sanme slant range on the earth’s surface froma high altitude detonation than
froma noderately high air burst. In both cases the residual radiation fromthe
fission products and other weapon residues will not be significant at surface |evel
Both the initial and the residual nuclear radiations fromhigh altitude bursts will
interact with the constituents of the atnosphere to expel electrons fromthe

atons and nolecules. Since the electron carries a negative electrical charge,

the residual part of the atom (or nolecule) is positively charged; that is,

it is apositive ion. This process is referred to as “ionization”, and the
separated electrons and positive ions are called “ion pairs”. The existence

of large nunbers of electrons and ions at high altitudes nay seriously degrade

the propagation of radio and radar signals. The free electrons resulting from
gamma ray ionization of the air in a high altitude burst may also interact with
the earth’s magnetic field to generate strong el ectromagnetic fields capable of
causi ng damage to unprotected electrical or electronic equipnment over an exten-
sive geographic area below the burst. This phenonena is known as the “electro-
magnetic pul se” or EMP. The EMP can al so be produced in surface and | ow

altitude air bursts but by a different nechanism and smaller areas beneath

the burst point are affected. However, the strongest EMP fields are produced

near the burst point by detonation at (or near) the earth's surface, although

for bursts at high altitudes, the fields at the surface are strong enough to

be of concern. The basic mechanism for EMP is shown on figure 8. The instan-
taneous (or pronpt) gamma rays emtted in a nuclear reaction, and those produced
by neutron interactions with weapon residues or the surrounding nedium are
basically responsible for the processes that give rise to EMP. The Conpton
process describes the ionization of air by the ganm radiation. VWen gamm

rays strike air nolecules they scatter electrons off in the direction of the

ganma radiation |eaving the heavier positive-charged nuclei behind. Thus ,

there is a charge separation in the ionizing region and the electron flow
represents a current flow referred to as “Conpton currents”. If this process
occurred with no asymetries it would be a Focalized. phenomenon and in itself
woul d not radiate any energy. However, in the case of an exe-atnospheric burst,

as shown on figure 9, the gamma radiation goes radically outwards fromthe

burst point and can spread over a large distance with no attenuation, except for
spherical dispersion. The gamma radiation which is directed upwards, of

course, is lost as far as weapon damage effects on the earth’'s surface are
concerned. The gamm radiation which is directed downwards strikes the upper
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earth’s atnosphere out to the line-of-sight tangent. This radiation interacts
with the air in the absorption layer (altitude of 60,000 to 130,000 feet) and
in the absorption process, Conpton electrons are produced, Thus, there results
an ionized region from horizon-to-horizon depending on the height of burst,

and at an altitude of 60,000 to 130,000 feet there is saturation ionization
from weapon yields on the order of 1 to 2 megatons. The asymmetry associ ated
with the Conpton phenonmenon is caused by the earth’s nagnetic field, which is -
relatively strong in the absorption layer. \Wen the Conpton currents interact
with the earth’s magnetic field lines, they tend to spiral or rotate about.
This continuous rotation of a vector produces an el ectromagnetic radiation
source. The exe-atnospherically generated EMP shines directly down from the
absorption layer onto the surface of the earth from horizon to horizon as
determined by the height-of-burst (HOB) altitude. Sone idea of the extent of
coverage on the earth’'s surface of high-altitude EMP is shown on figure 10.

It shows circles within which the full severity of critical EMP threats will
result for bursts over the central part of the US. at heights of 60 and 300
nles . Critical EMP levels from exe-atnospheric nuclear bursts are of the
order of several tens of thousands of volts per feet, corresponding to intense
electric field severities, although of very short duration. There also exist
magnetic fields as well. To provide sone insight into the operational signifi-
cance of EMP field strengths of these magnitudes, consider the fact that some
Naval FM receivers are disrupted by electric signal strengths of the order of a
few microvolt (volts x 10-3). The nuclear EMP is a tine-varying el ectromag-
netic radiation which increases very rapidly to a peak and then decays grad-
vally. The time waveform of the EMP signal as a monopul se characterized by
rise tinmes of several hundred or a thousand times faster than lightening is
shown on figure 11. After reaching its maxinum the strength of the electric
field falls off and beconmes quite small in a few tens of nicroseconds. The
EMP radiation is by nature a very wi de spectrum pul se, distributing energy

t hroughout the frequency regime froma few kilohertz (kHz) to several hun-
dred negahertz (nmHz), but principally in the radio frequency (long wave-
length) region (see figure 11). The broadband nature of the EMP covers many
of the electromagnetic frequency bands of Naval shipboard electrical and

el ectronic systens. In spite of its short duration, the EMP pul se carries

a consi derabl e amount of energy, especially if the detonating weapon has

a yield in the negaton range. The fleet EMP problems can be summarized as
follows. The extensive geographic coverage associated with an exe-atnospheric
burst nmeans that EMP energy can spread over thousands of miles on the earth’s
surface so that a fleet of ships at sea does not have to be targeted as

such to have its operational capabilities severely inpaired. In fact, one
probably woul d not be able to sense any of the other weapons effects and may
not even know that a nuclear detonation has occurred. The second essential
point is that the EMP transient can cause serious danmage to shipboard sen-
sitive systens by either direct field penetration or by coupling of the energy.
As the transient electric field of EMP travels away from the weapon detonation
point at the speed of light the radiation can be collected by netallic and
other electrically conductive conponents at a distance just as radio waves

are picked up by antennas. The energy can then be converted into |arge mag-
nitude, short duration currents on the surface of structures. These skin
currents do not cause damage as such, but recouping of the strong currents
(and high voltages) into interconnecting cables, wave-guides, electrical cir-
cuits , and so forth, result in damage to sensitive electrical and electronic
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conponents linked to them The magnitudes and frequencies of the coupled currents
and voltages depend on the shielding (inherent or deliberate) of the wiring and
circuitry. This shielding is degraded by the existence of apertures and gaps;

for exanple, openings, structural joints, and so forth, typically found in Nava
ship design and construction. The man-machine nix of nodern Naval conbat systens
shows increasing dependence on sophisticated electronics to perform highly conplex,
near|y instantaneous operations. The increased dependency on shipboard electronics
demands miniaturization and denser packaging of conponents. This neans that |ess
energy can be dissipated within the smaller conponents, and that any unwanted energy
pi cked up and transmitted to themwll increase their vulnerability to EMP damage

M ssion degradation due to EMP damage can be either permanent or of a short-term
nature depending on the type of electronics systemand its design. There is another
damage effect from nuclear weapon explosions critical to shipboard el ectronics
systems . The initial nuclear radiation, specifically gamma rays and neutrons, can
affect materials such as those used in radio and radar sets, gyroscopes, inertia

gui dance devices, conputers, and so forth. The nature commonly applied to these
radi ation effects is TREE, and includes those effects occurring in electronics
systens as a result of exposure to the transient initial radiation froma nuclear
weapon expl osion. The TREE effect persists for a short tine; that is, less than 1
mnute; however, the response is not necessarily transient. The response (damage)
of electronics systems to TREE depends on the nature of the radiation absorbed and
al so on the specific conponent affected, and often on the operating state of the
system  The actual damage effects are deternined by the characteristics of the
circuits contained in the electronics package, the exact conponents (sem conductors,
capacitors, cables, wiring, and so forth) present in the circuits, and the specific
construction techniques and materials used in making the conponents. The TREE
phenonenon is not restricted to only exe-atnospheric bursts, but is critical to
any above water nuclear burst where the initial nuclear radiation is significant.

4.3.1.2 Air (endo-atnospheric) nuclear burst. If a nuclear detonation
takes place at an altitude where there is still an appreciable atnosphere, the
weapon residues alnmost immediately incorporate material from the surrounding
medi um and form an intensely hot and |um nous mass, roughly spherical in shape,
called the “fireball.” An air or endo-atnospheric burst is defined as one in
whi ch the weapon is detonated at an altitude below 100,000 feet, but at such
a height that the fireball (at roughly maximum brilliance in its later stages)
does not touch the earth’s surface. For exanple, in the detonation of a 1-
megat on weapon the fireball may grow until it is nearly 5,700 feet (1.1 nile)
across at maxinum brilliance. This means that the detonation nust occur at
| east 2,850 feet above the earth’s surface if it is to be called an air burst.
The quantitative aspects of an air burst depend on its energy yield, but the
general expl osion phenonena are nuch the same in all cases. For a nuclear
detonation below an altitude of about 100,000 feet, from 35 to 45 percent of
the explosion energy is received as thermal energy in the visible and infrared
regions of the spectrum The thernal radiation will travel [ong distances
through the air and may be of sufficient intensity to cause noderately severe
burns of exposed skin. In addition, below an altitude of about 40,000 feet,
about 50 percent of the explosive energy is used in the production of air
shock . At somewhat higher altitudes where there is less air with which the
expl osion energy can interact, the proportion of energy converted into shock
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is decreased whereas that enitted as thermal radiation is correspondingly
increased. The exact distribution of energy between air shock and thernmnal
radiation is related in a conplex manner to the explosive energy yield, burst
altitude, and, to some extent, the weapon design. However, an approximate
rule of thumb for a fission weapon exploded at an altitude of |ess than about
40,000 feet is that 35 percent of the explosion energy is in the form of
thermal radiation and 50 percent produces air shock. Thus , for a burst at
moderately low altitudes, the air shock energy froma fission weapon wll

be about half of that from a conventional (chenical) high explosive with the
same total energy release; in the latter case, essentially all of the explo-
sive energy is in the formof airblast. This means that if a 20-kiloton
fission weapon is detonated bel ow 40,000 feet altitude, the energy used in the
production of blast would be roughly equivalent to that from 10 kil otons of

TNT. Regardless of the height of burst, approximately 85 percent of the

expl osion energy from a nuclear fission weapon produces airblast (and shock)
and thermal radiation (and heat). The remaining 15 percent is released as
various nucl ear radiations, O this, 5 percent constitutes the initial nuclear
radiation, defined as that produced within a mnute or so of the detonation

The renmaining 10 percent of the total fission energy represents that of the
residual (or delayed) nuclear radiation which is enitted over a period of tine.
The residual radiation is largely due to the radioactivity of the fission
products present in the weapon residues (or debris) after the detonation. In a
t her monucl ear weapon, in which only about half of the total energy arises from
fission, the residual nuclear radiation carries only 5 percent of the energy
rel eased. Because about 10 percent of the total fission energy is released as
residual nuclear radiation, this is not included when energy yield is stated in
terms of TNT equivalent. Hence, in a pure fission weapon the expl osion energy
is about 90 percent of the total fission energy, and in a thernonuclear weapon
it is, on the average, about 95 percent of the total energy of the fission and
fusion reactions. Just as for the thermal radiation, the initial nuclear
radiation froman air burst also penetrates a long distance although the in-
tensity falls off rapidly with increasing distance from the detonation point.
The interactions with matter that result in the absorption of energy from
gamma rays and neutrons are quite different. Different naterials are thus
required for the nost efficient renoval of these radiations. In the event

of a noderately high-altitude air burst (above 40,000 feet), the fission
products remaining after the nuclear detonation will be dispersed in the at-
mosphere. The residual nuclear radiation arising from these products wll

be of minor consequence at the earth's surface. [f an air burst occurs nearer
the earth’s surface, the fission products may fuse with particles of |and

(or water) resulting in radioactive contam nation which can pose a danger to
exposed personnel

4.3.1.3 Surface nuclear burst. A surface nuclear burst is regarded as
one which occurs either at or slightly above the actual surface of the earth
(land or water). Provided the distance above the surface is not great, the
phenonena are essentially the same as for a surface burst. As the height of
burst increases to a point where the fireball (at maximm brilliance) no |onger
touches the earth’s surface, there is a transition zone in which the be-
havior is internediate between that of a true surface burst and an air burst.
In surface bursts, airblast and water shock are produced in varying propor-
tions depending on the energy of the explosion and the height of burst. Most
of the material damage caused by a nuclear explosion at the surface or at |ow
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or noderate altitudes in air is due -- directly or indirectly -- to the blast
wave which acconpanies the explosion. The main characteristic of the bl ast
wave, noving outward at high velocity fromthe center of the fireball, is

that the overpressure (pressure above anbient) rises very sharply at the moving
front and falls off toward the interior region of the explosion. In the

very early stages, the variation of pressure with distance from the expl osion
center at a given instant of tine is shown on figure 12 for an ideal (instan-
taneously rising) shock front. Essentially, the pressures at the shock (bl ast)
front are two to three tines the already very high pressures in the firebal
interior. As the blast wave travels away fromits source, the overpressure

at the front steadily decreases, and the pressure behind the front falls off

in a regular manner. After a short time, when the blast front has traveled

a certain distance fromthe fireball, the pressure behind the front drops

bel ow that of the surrounding atnosphere and a so-called “negative phase”
develops. This is seen on figure 12 which shows the overpressures at six
successive tines. For the curves labeled t,through t ,the pressure in the

bl ast wave has not fallen bel ow atnospheric, but for curve t,the over-
pressure at some di stance behind the front has a negative value. Inthis
region the air pressure is bel ow anbient, so that an underpressure, rather

than overpressure, exists. During the negative (rarefaction) phase, a partial
vacuum i s produced and the air is sucked in rather than pushed away fromthe
explosion as it is when the overpressure is positive. At the end of the
negative phase, which is somewhat |arger than the positive phase, the pressure
has returned to anbient. The peak values of the underpressure are usually
smal | conpared with the peak positive overpressures. Wth increasing distance
from the detonation point both peak values decrease, the positive nore rapidly
than the negative, and both approach anbient when the peak pressures have
decayed to a very low level. The time history of the free-field overpressure
at some fixed |ocation (observation point) is traced in the curve as shown

on figure 13(a), where p,, is the peak overpressure pounds per square inch
(I'b/in* absolute and tE "is the tine duration for the positive phase. The
arrival time of the shock front depends upon the energy yield of the detonation
and the slant range to the point in question, The overpressure increases sharply
fromzero to its peak value and subsequently decreases to zero in a short tine.
This marks the end of the positive (or conpression) phase. The duration of the
positive phase increases with the energy yield and distance fromthe detonation
Provided the observation point is at a sufficient distance from the expl osion,
the overpressure will continue to decrease after it falls to zero so that it
beconmes negative; that is, less than ambient. After decreasing gradually to

a mninum val ue, the pressure increases until it becomes equal to the nornmm
atnospheric condition and the overpressure is zero again. \en the negative
phase is ended, the blast wave will have passed the given observation point,
Wth the arrival of the shock front at a given location, a strong w nd comm
ences, blowi ng away from the detonation point. This blast wind is often
referred to as a “transient w nd” because its high nmaxi mum velocity decreases
rapidly with time, The wind velocity decreases as the overpressure decreases.
The destructive effects of a nuclear blast wave are frequently related to the
peak incident (free-field) overpressure which gives rise to a diffraction-

type | oading upon inpacting a flat or curved surface, but there is another
inportant quantity called the “dynamc pressure” which gives rise to a drag-
type loading. For a variety of ship structures, the degree of blast damage
depends largely on the drag force associated with the strong w nds acconpanying
the passage of a nuclear blast wave. The drag force is influenced by certain
characteristics of the structure, prinmarily size and shape, but also depends
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on the peak dynamic pressure and its time duration. The dynamic pressure is
related to the square of the wind velocity so that changes in the latter wll
affect the pressure. The dynamc pressure increases suddenly just as the
overpressure, when an (ideal) shock front arrives at sonme point of interest.
Then it decreases, but drops to zero some time later than the overpressure,

as shown by the curve on figure 13(b), where q,is the peak dynanic pressure
and t+ is the time duration for the positive phase. The dynanic pressure
positﬁve phase is thus longer than that of the overpressure. The ratio of the
respective positive phase durations depends on the pressure levels involved

so that if the peak pressures are high, the positive phase of the dynamc
pressure may be nore than twice as long as that for the overpressure. At

| ow peak pressures, on the other hand, the difference is only a few percent.

By the time the transient wind ceases blowing away from the detonation point
the overpressure is definitely negative (see figure 13); that is, the pressure
in the blast wave is less than atnmospheric. Hence, air is drawn in and, as a
result, the wind starts to blow in the opposite direction (wind reversal), that
is, toward the detonation point, but with relatively low velocity. A short
time after the overpressure mninum the wnd again reverses direction once
more away from the detonation point. The changes in the dynamic pressure
corresponding to these wind reversals are indicated on figure 13. The dynanic
pressure finally decreases to zero when the blast wave has passed and the

ambi ent atnospheric pressure is restored. Nearly all the direct damage caused
by both overpressure and dynami c pressure occurs during the positive overpres-
sure phase of the blast wave. Al though the dynamic pressure persists for a
longer time, its magnitude is usually so low that the damage effects are

i nsignificant. The direct damage effects willl be largely termnated by the
end of the ovexpressure positive phase, but the redirect effects, for exanple,
due to fire and flooding, may continue long after the blast wave has passed.

4,3.2 Reflection of blast wave at a surface, So far the discussion has
addressed nucl ear weapons effects in free space. Nothing has been said about
the interaction of a blast wave with either the earth’s surface, or on a smaller
scale, with a ship's structural envelope (for exanple, hull plating, deckhouse
weat her bul kheads, and so forth). \Wen the incident blast wave from a detona-
tion in air strikes a nore dense medium it is reflected off the intervening
surface. For a smooth surface, the total reflected overpressure at the surface
will be nore than twice the peak overpressure of the incident blast wave. The
values for the peak reflected pressure will depend on two factors, that is, the
strength of the incident wave and the angle at which it strikes the surface.

The nature of the surface also has an inportant effect, but for present pur-
poses the surface is assumed to be snooth so that it acts as an ideal reflector.
When the incident blast wave from a nucl ear detonation strikes the earth’s sur-
face (either land or water) the formation of the reflected wave occurs as shown
on figure 14. This shows four stages, corresponding to the successive tines
t,tot, in the outward notion of the spherical blast wave originating froman
air burst. In the first two stages (t,and t,) the wave front has not reached
the ground. In stages three (t,) and four (t,), a reflected wave has been pro-
duced which is now noving away fromthe earth’s surface as indicated by the
respective dashed curves. \Wen such a reflection occurs, an object precisely
at the surface not too far from ground zero such as point A (see figure 14),
which may be considered as lying within the region of “regular” reflection
where the incident and reflected waves do not nerge except on the surface, wll
experience a single pressure increase since the reflected wave is formed

i nst ant aneousl y. Consequently, the overpressure at the surface is generally
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considered to be entirely a reflected pressure. The variation of total over-
pressure with time in this case is shown on figure 15 for an ideal shock front.
This is the loading which obtains for ship structural plating which has been

i mpacted by the incident overpressure p froman air burst, but experiences the
total Overpressure p after reflection of the blast wave. At any location sone-
what above the surface (point B, for exanple), but still in the “regular” re-
flection region, two separate shocks will be experienced; the first due to the
i nci dent bl ast wave and the second to the reflected wave, which arrives a short
time later (see figure 16). Wen the incident wave reaches point B, at tine

t, the reflected wave is still sone distance away. There will, consequently
be a short interval before the reflected wave reaches point B at tine t,.
Between tines t,and t,, the reflected wave has spread out to sone extent,

so that its peak overpressure will be less than the value obtained at surface

|l evel (see figure 15). In determning the damage effects of airblast on
structures in the "regular” reflection region, it may be necessary to consider
the magnitude and also the directions of notion of both the incident and
reflected waves. After passage of the reflected wave, the transient w nd
direction near the surface becomes essentially horizontal. The reflected wave
travel s through air that has been heated and conpressed by the passage of the
incident wave and as a result, the reflected wave noves faster than the incident
wave. Under certain conditions, the reflected wave overtakes the incident wave
so that the two wave fronts merge to produce a single front. This process of
wave interaction is called Mach or “irregular” reflection. The region in which
the two waves have nmerged is called the Mach or irregular region in contrast to
the regular region where they have not merged. The nerging of the incident and
reflected wave is shown on figure 17. The situation at a point fairly close

to ground zero, such as point A on figure 14, is represented on figure 17a. At
a later stage farther fromground zero, as on figure 17b, the steeper front of
the reflected wave shows that it is traveling faster than the incident wave and
is overtaking it. At the stage represented on figure 17c, the reflected wave
near the ground has overtaken and nerged with the incident wave to forma
single front called the Mach stem  The point at which the incident wave,
reflected wave, and Mach fronts neet is referred to as the “triple point.” The
configuration of the three shock fronts has been called the Mach Y. As the
refl ected wave continues to overtake the incident wave, the triple point rises
and the height of the Mach stem increases (see figure 18). Any object |ocated
within the Mach region and below the triple point path will experience a

single shock. The behavior of this merged (or Mach) wave is the sane as for

bl ast waves in general (see figure 13). At points in the air above the triple
point path, two pressure increases will be experienced. The first will be due
to the incident wave and the second, a short time later, to the reflected wave
As far as the destructive action of the airblast is concerned, there are two
inportant points to note. First, only a single pressure increase is experienced
in the Mach region below the triple point as conpared to the separate incident
and reflected waves in the region of regular reflection. Second, since the
Mach stemis nearly vertical, the acconpanying blast wave is traveling in a
hori zontal direction at the surface; and the transient winds are approxi mately
parallel to the surface. Thus in the Mach region, the blast forces on ship
structures and exposed systens are directed nearly horizontal so that vertica
surfaces (for exanple, weather bul kheads) are |oaded nore intensely than deck
structures. The distance from ground zero at which the Mach stem begins to form
depends prinmarily upon the yield of the detonation and the height of burst
(HOB) above the ground. These two paraneters are inportant in determning the
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extent of blast danmge at the surface since they generally define the variation
of pressure with distance from ground zero and other critical blast wave
characteristics . The variations for air bursts occurring at different heights
are nost conveniently represented by what are called HOB curves. Such curves
have been prepared for various blast wave properties, for example, peak over-
pressure, peak dynamic pressure, time of arrival, and positive phase duration
Shown on figures 19, 20, 21 and 22 are curves for the case of a |-kiloton

nucl ear air burst. Values for these and other airblast properties can be
determined from the curves for any given weapon yield and height-of-burst by
application of appropriate scaling laws; that is, the cube-root Hopkinson |aws.
In order to calculate the characteristic parameters of an air-blast wave from
a nucl ear explosion of any given energy if those for another energy are known,
appropriate scaling laws are applied. Full-scale tests have shown that cube-
root scaling is valid for yields up to, and including, the megaton range.
According to this law, if d is the distance from a reference nuclear explosion
of WKkilotons at which a certain free-field overpressure or dynamc pressure
is attained, then for any explosion of WKkilotons energy these same pressures
will occur at a distance d given by

1/3

This is known as the cube-root or Hopkinson scaling |aw

In accordance with the curves shown on figures 19, 20, 21, and 22 the reference
expl osi on has been conveniently chosen as having an energy yield of 1 kiloton,
so that W= 1. It follows fromthe above equation that

d=dlw1/3

where d refers to a distance (height-of-burst, horizontal distance from ground
zero, or slant range) fromthe point of a nuclear detonation. Thus, for a
weapon yield of WKkilotons, the peak overpressure p,is found by first
calculating a scaled height-of-burst and scal ed horizontal distance from
ground zero and then interpolating between the appropriate iso-pressure contours
shown on figure 19 or 20. In a simlar fashion, the horizontal conponent. of the

. . - . -+ +
peak dynanmic pressure gand the corresponding positive phase duration tp and tg
can be determned using the curves shown on figures 21 and 22, respectivély. The
cube-root scaling law applies to all the pertinent |oading paraneters which
characterize the severity of a nuclear weapon detonation. The general airblest
phenomena resulting from a contact surface burst are somewhat different from those
froman air burst described above. In a surface detonation, the incident and
refl ected shock waves merge instantly and there is no region of regular reflection.
Al objects and structures on the surface, even close to ground zero, are thus
subjected to airblast simlar to that in the Mach region below the triple point
for an air burst. The free-field overpressure ahead of a noving blast wave result-
ing from a near-surface nuclear (or chemcal H E ) weapon detonation gives rise to
two distinct types of |oading environments when it comes in contact with a ship
target. One is an airblast-induced pressure |oading on ship bul khead or deck struc-
tural plating and ancillary support structures. The other is an airblast-induced
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shock | oading on shipboard systens and equi pnents nounted on bul kheads and
decks .  These two airblast |oading environnents are discussed separately.

4.3.3 Airblast pressure loads. The phenonena associated with a nucl ear
(or chenical HE) blast wave in air were briefly treated in the preceding
sections. The behavior of an object or structure due to the interaction with
such a wave is considered in two parts. The first is the forces or “|oading”
which result fromthe action of the free-field pressure effects on the struc-
ture; the second is the distortion or “response” of the structure to the |oad-
ing. For an airburst, the direction of propagation of the incident blast wave
will be toward the ground at ground zero. In the “regular reflection” region
(see figure 17), where the direction of wave propagation is not horizontal, the
forces exerted upon structures will also have a considerabl e downward conponent.
Consequently, in addition to the horizontal |oading as for the Mach region,
there will also be an appreciable downward force initially. This will cause
crushing, for exanple, dished-in decks on ships, in addition to distortion
of vertical bulkheads and hull plating. Details of the interaction of a
blast wave with a structure are quite conplex and depend on several factors
such as geometry of the structure, height of the air burst, and so forth.

4.3.3.1 Diffraction |loading. Wen an airblast wave strikes a structure
reflection occurs off the incident face. As a result the overpressure builds
up rapidly to at least twice, and generally several times, the free-field value
of the incident wave front. This reflected pressure is controlled by severa
factors such as the peak free-field overpressure of the incident wave, and
the angle between the nornmal to the wave front and that to the incident face.
The pressure increase is due to the conversion of kinetic energy of the air
behind the wave front into internal energy as the rapidly noving air is deceler-
ated at the incident face. The reflected blast front propagates back into the
surrounding air and the high pressure region expands outward towards regions
of anmbient pressure. As the wave front noves forward, the reflected over-
pressure on the incident face of the structure drops rapidly to the free-field
level, plus an added drag force due to the wind (dynamc) pressure. At the
sane tine, the air pressure wave bends or “diffracts” around the structure so
that it eventually beconmes engul fed by the blast wave and approxinmately the sane
pressure is exerted on all sides and the top. The incident face, however, is
still subjected to wind pressure although the back face is shielded. The stages
of the diffraction process described above are shown on figure 23 for the case
of a box-like structure with no openings. Events (a) through (e) show an
incident wave normal to a face, and events (f) through (i) show a wave inci-
dent to a corner of the structure. The pressure differential between the
front (incident) and back faces will have a nmaxi num val ue when the bl ast wave
has not yet conpletely engulfed the structure as shown on (b), (c), and (d)
or (g) and (h). This pressure differential wll produce a net lateral (trans-
lational) force tending to nove the structure bodily. This force is known
as the “diffraction |oading” because it occurs during the tine the blast wave
is being diffracted around the structure. The nature and extent of the response
wi ||l depend upon the size, shape, weight, and rigidity of the structure and
its nmode of attachnent to some contiguous deck. When the blast wave has
engul fed the structure, (see figure 23(e) or (i)), the pressure differential is
small and the loading is due alnost entirely to the drag pressure exerted on
the front face. The actual pressures on all faces of the structure are in
excess of the anbient atnospheric pressure and will renain so, although
decreasing steadily until the positive phase of the blast wave has ended (see
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figure 13). Hence, the diffraction |oading on a structure w thout openings

is eventually replaced by an inwardly directed pressure; that is, a conpression
or squeezing action, conbined with the dynamc pressure of the blast wave. In
a structure with no openings, the loading will cease only when the overpressure
drops to zero. The structural damage caused during the diffraction stage wll.
be deternmined by the nagnitude of the loading and its duration. The loading is
related to the peak (free-field) overpressure in blast wave and is consequently
an inportant factor. If the structure has no openings, the duration of the
diffraction loading will be roughly the time required for the wave front to
move from the incident face to the back of the structure, although the w nd

| oading will continue for a longer period. The size of the structure will thus
affect the diffraction loading. For numerous slender structures, for exanple,
msts , tripods, quadrapods, truss-type supports, and so forth |ocated topside
on Naval ships, the diffraction period is so short that the corresponding

diffraction loading is negligible. If the structure (for exanple, ship deck-
house) exposed to the blast wave has any openings, w ndows, doors, or panels,
which fail in a very short time, there will be a rapid venting and equalization

of the pressure between the inside and outside of the structure. This will
tend to reduce the pressure differential while diffraction is occurring. The
diffraction |oading on the deckhouse as a whole will thus be decreased, although
the loading on interior bulkheads and partitions will be greater than for an
essentially closed structure; that is, one with few openings. This latter
effect will result because of confinenment of the airblast pressure as would
occur in the case of arnor-piercing or shaped-charged warheads which are
designed to first penetrate and then explode inside a ship's deckhouse or

hul I If the structure has many openings, the crushing action due to the
pressure differential between outside and inside, following the diffraction
stage, will not occur.

4.3.3.2 Drag loading. During the overpressure positive phase, and for
a short time thereafter, a structure will be subjected to the dynamc pressure
(drag) loading (the drag pressure is the product of the dynam c pressure and the
effective drag coefficient) caused by the transient w nds behind the blast
front (see figure 13). Under non-ideal conditions, a dynanmic pressure |oading
of varying level nmay exist prior to the maximum overpressure (or diffraction)
| oadi ng, Like the diffraction loading, the drag |oading, especially in the
Mach region, is equivalent to a lateral (translational) force acting upon the
structure exposed to the airblast. Except at high blast overpressures, the
dynami ¢ pressures at the incident face of a structure are nmuch less than the
peak overpressures due to the incident wave and its reflection. However, the
drag loading persists for a longer period of time conpared to the diffraction
| oading, which is effective for only a small fraction of a second even for a
large structure. It is the effect of the duration of the drag |oading on
structures which constitutes an inportant difference between nuclear and high
expl osive detonations. For the sane peak overpressure a nuclear weapon will
prove to be nmore destructive, especially for structures which respond to
drag loading. This is because the positive phase duration for the blast effects
of a conventional H E detonation is much shorter than for a nuclear detonation;
that is, mlliseconds versus seconds. As a consequence of the |onger duration
for the same overpressure, nuclear weapons cause nore danmge to drag sensitive
structures than mght be expected from the peak overpressure alone. However,
when conparing the relative environnent severity levels for nuclear and non-
nucl ear weapons effects, the peak overpressures resulting from conventiona
H E. detonations are significantly higher because of the closer distances and
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the localized nature of the detonations. In anal yzing the structural response
of ship deckhouses, hangars, hulls, and shipboard equi pnents and supporting
elements, it is convenient to consider two categories of structures: diffrac-
tion-type and drag-type. As the nanes inply, the former would be affected
mainly by diffraction (overpressure) loading and the latter by drag (dynamc
pressure) loading. For structures of practical interest in Naval ship design,
the relative inmportance of each type of loading in causing structural damage
wi || depend upon the type of structure as well as on the characteristics of the
bl ast wave.

4.3,4 Airblast-induced shock. The high tenperature, high pressure
expansi on gases generated by the detonation in air of a nuclear (or chemcal)
weapon results in an outwardly nmoving blast wave. A primary |oading environnent
which arises fromthe interaction of the blast wave with a structure, for exanple,
a ship deckhouse, is due to pressure: First, the free-field incident overpressure
which strikes a surface, for exanple, structural bul kheads or decks; the reflected
pressure which results fromdiffraction or the sudden change in kinetic energy of
the air particles in the incident blast wave; and, the dynam c (drag) pressure due
to the high velocity w nds accompanying the detonation. These pressure |oads are
characterized by an amplitude or level, and a time constant referred to as the
positive phase duration. For nuclear bursts the time constant is of the order of a
second, and for conventional H E bursts of the order of mlliseconds. Another
equal 'y inportant airblast |oading has come to be recognized as blast-induced shock
Bl ast-i nduced shock damage was observed in the full-scale ship tests Operations
CROSSRCADS and SAILOR HAT. The interaction of a piece of equipnent (for
exanple, mssile launcher, fire-control director) |ocated topside on a ship
with the inpulsive loading of airblast results in a shock response. The
severity of the shock depends on several factors: blast pressure |oading,
natural vibration characteristics of the system its inherent shock resistance
the mounting and foundation design, and so forth. For the case of lowaltitude
air bursts, the blast wave causes a shock |oading predomnately in the hor-
izontal (athwartship) direction due to the Mach effect (see figure 17). The
resulting shock notions, that is, sudden accelerations and high velocities,
experienced by the shipboard equipnents would, therefore, be horizontal, and
any vertical component of motion would result ‘from mechanical coupling. Thus ,
the bl ast-induced shock environment is different from underwater shock where
the resultant shock motions inparted to the sane equi pnents are predom nantly
vertical, and any horizontal notions are due to coupling. However, for an air
burst occurring alnost directly above a ship, for exanple, a proximty fuzed
m ssile warhead containing a large HE charge, so that it experiences blast
effects in the region of regular reflection (see figure 17), the induced shock
motions would be very nuch like those from underwater shock. There are several
di stingui shing features between the blast-induced shock produced by a nuclear
air burst and a conventional air burst. A nuclear blast wave is planar and
expansive in dinension so that it eventually envel opes the entire ship, where-
as an H E blast wave is nore curvilinear and of nuch smaller dinension so that
the loading environnents it creates are localized. This results in the fact
that nuclear (free-field) overpressures, at practical ranges, are of the order
of one fifth the levels for conventional HE airblast. However, the positive
duration for nuclear airblast is typically 1 or 2 seconds while that for HE
airblast is of the order of mlliseconds, so that the resulting positive
impul se for the former is generally greater by factor of about 400-500. For a
nucl ear detonation the predomi nate blast-induced shock on shipboard equipments
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is that transmitted through their foundations. This is due to the large

el asto-plastic deformations of the bul kheads and decks, on which equipnents are
mounted, caused by the blast wave hitting the side of a ship. For a conven-
tional detonation, the predom nant blast-induced shock loading is caused by ,

the incident overpressure acting directly on the equiprents; little, if any,
shock notion would be transmitted through foundations because of the localized
nature of the airblast. However, for equipments |ocated inside the deckhouse
or hull, lateral defornations of the weather bulkhead plating could inpart

shock notions through equi pment foundations. Depending on how internal equip-
ments are mounted and their orientation to a propagating blast wave will
deternmine the nature of the shock response. It is clear that shock sensitive
equi prents mounted inside a ship's deckhouse or hull would experience no direct
bl ast -i nduced shock loading from H E. airblast, except in the case of a delay-
fuzed, penetrating weapon designed to detonate internally or on contact.

4.3.5 Underwater detonations. The rapid expansion of the hot gas hub-
ble formed by an underwater nuclear detonation results in a shock wave being
propagated in all directions through the water nedium The shock wave is
simlar in general formto a blast wave in air, although it differs in detail
Just as in air, there is a sharp rise in overpressure at the shock front;
however, the peak free-field overpressure does not fall off as rapidly with
distance in the water. Hence, the peak values in water are much higher than
for an explosion of equal intensity in air. For exanple, the peak overpressure
at 3,000 feet froma 100-kiloton burst in deep water is about 2,700 Ib/in’
conpared with a few Ib/in“for an air burst. On the other hand, the duration
of the shock wave in water is shorter than in air; that is, on the order of a
few hundredths of a second conmpared with about a second or nmore for a nuclear
detonation and tens of milliseconds for an H E. detonation. Wen the peak
pressure from an underwater detonation is high, the velocity of the shock front
is greater than the normal speed of sound. The pressure wave thus propagates
as a spherical wave originally at speeds nmuch faster than that of sound. As
the pressure wave propagates away from the point of detonation, the pressure
decays in an exponential fashion so that at lower free-field overpressures the
shock front velocity becomes less, dropping rapidly to the sound velocity just
as in air. In the nmeantime the gas bubble begins to expand in size while the
pressure in the bubble gradually decreases. This expansion overshoots the
equilibrium condition between hydrostatic (local anbient) pressure and gas
pressure. After reaching a maxinum radius with a mninmm pressure considerably
bel ow ambi ent, the pressure differential brings the outward notion (expansion)
to a stop, and the bubble begins to contract at an increasing rate. The inward
motion (contraction) continues until the conpressibility of the gas in the
bubble, which is insignificant in the phase of appreciable expansion, acts
as a powerful check to reverse the notion abruptly. The inertia of the water
together with the elastic properties of the gas and water thus provide the
necessary conditions for an oscillating system and the bubble does in fact
undergo repeated cycles of expansion and contraction. The sequence of under-
wat er expl osi on events described above (see figure 24) shows the time history
of the initial shock wave and two bubble pulses where T and T are the periods
of the first and second pul ses, respectively. At each nininum (each reconpres-
sion), additional pressure pulses are emtted which are not shock waves and
whi ch become weaker with each oscillation. However, they still represent
inportant dynanmic loads for ship structures. The first such bubble pulse can
have a peak pressure of 10-15 percent of the shock wave peak overpressure.
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During the bubble pulsation process, the gas bubble nigrates upward because of
the influence of gravity, with the maximum mgration occurring during the pres-
sure minima. Wen the shock wave in water strikes a relatively rigid, sub-
merged surface such as the hull of a ship, positive (conpression) reflection
occurs as in air. However, when the water shock wave reaches the upper surface
(air interface), an entirely different reflection phenomenon occurs. As a
result of the shock wave neeting a less rigid medium (air), a reflected wave

is sent into the water, but this is a rarefaction of tension wave (that is,
negative pressure) of short duration. At a point below the surface the inter-
action of the negative reflected wave with the direct positive wave produces a
decrease in the water shock pressure. This is referred to as the “surface
Cutoff".  The idealized variation at a given target |ocation of the shock
overpressure with-tine followi ng an underwater detonation, in the absence of
bottomreflections, is as shown on figure 25. This idealized wave shape is
called the “acoustic approximation” where the initial shock wave and the
negative reflected wave are assuned to travel at the sane speed. In actual
practice, however, the acoustic approximation is nodified depending on the
conditions of the detonation. Essentially, passage of the reflected (negative)
wave through water which has been disturbed by the direct (positive) shock wave
results in a less sharp surface cutoff than the ideal shown on figure 25.

Typi cal underwater pressure pul ses observed from experiments are shown on
figure 26; their deviation fromthe “acoustic approxinmation” is noted. The
time interval between the arrival of the direct shock wave at a particular
underwater target and that of the cutoff, signaling the arrival of the re-
flected negative wave, depends on the shock velocity, burst depth, target

depth, and the distance from burst point to target, These three distances
determine the lengths of the paths traveled by the direct (positive) and re-
flected (negative) shock waves reaching the target. If the target is close

to the surface, for exanple, a shallow ship bottom then the tine el apsing
between the arrival of the two shock fronts will be small and the cutoff wll
occur soon after arrival of the shock front. A surface ship may then suffer

| ess damage than a deeper submerged target (a submarine) at the same distance
fromthe detonation because of the resultant venting of shock energy. Certain
ef fects connected with the sea bottom may be inportant, particularly in shallow
water. One of these is bottomreflection of the primary shock wave. Unlike
the reflection fromthe air-water interface, the bottomreflection is a com
pressi on wave which increases the pressure in regions it traverses, The total
pressure experienced by a ship’s hull now includes a positive reflected pres-
sure, in addition to the initial shock pressure and the negative reflected pres-
sure. The characteristics of the overall pressure pulse will be dependent on the
magni t udes and signs of the various pressures and the tines of arrival of the
two reflected components. These quantities are determned by the three dis-
tances nentioned in connection with figure 25 and the water depth, as well as
by the explosion yield and the nature of the bottom In deep water, where bottom
(and other positive) reflections are not significant, the initial shock wave
and the negative surface reflection are generally the roost inportant features
of the pressure disturbance from an underwater detonation

4.3.5.1 Burst depth categories. Noclear denmarcation exists in terns
of height-of-burst for the different categories of above water nucl ear detona-
tions (exe-atnospheric, endo-atnospheric, high altitude, and air bursts); so
too here there are no well-defined depths for underwater detonations (see
4.3.1). This is because the primary controlling parameter is weapon yield,
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whi ch can be any reasonable value. Enpirical classifications for the different
underwat er depth categories have been devel oped; these are shown on figure 27.
As expected, the controlling paraneter is the weapon yield Win terns of kilotons
TNT equivalent. The classifications shown have been tested for yields as large
as 30 kilotons, and they are probably valid for yields of up to about 100
kilotons. The depth bounds for the “contained” and “no spray dome” classifi-
cations were derived fromHE tests, but have not been confirmed by nuclear
tests . Therefore, they are to be interpreted as “containnment possible” and
“possible limting depth for spray dome formation”, respectively. The follow
ing explosion phenonena were used to enmpirically establish the bounds for the
depth classifications as shown on figure 27:

(a) Near-surface burst. The layer of water above the burst is
vaporized by the explosion. The surface phenonmena for this
type of burst and the associated hazards (damage environments)
are unknown. The radiol ogical hazard of the base surge is
consi dered to be uninportant conpared with the airblast and
fallout.

(b) Very shallow burst. The gas bubble vents early during the
first expansion cycle (see figure 24); that is, when the bubble
pressure is greater than ambient, and fission products are
bl own out at that tine.

(c) Shallow burst, The gas bubble vents late during the first
expansi on cycle after the bubble pressure has dropped bel ow
ambient, and fission products are blown in.

(d) Deep bursts. The depth of burst is equal to or greater than
the radius of the fully expanded gas bubble, but not as deep
as the very deep burst described bel ow.

(e) Very deep burst. The explosion is at sufficient depth that
the gas bubble breaks up, becomes a vortex ring, or loses its
identity before reaching the surface.

For purposes of highlighting the salient weapons effects of underwater nuclear
detonations and the resulting damage environnents of inportance to ship struc-
ture and shipboard equi pnent vulnerability, attention is focused on two depth
regimes of practical interest. These correspond to shallow and deep bursts

and are chosen to illustrate the principal danage effects or environments which
occur. To fix ideas, for a weapon yield of 20 kilotons “shallow burst” inplies
a depth regine of about 200 to 500 feet, and “deep burst” a depth regine of
about 500 to 1500 feet.

4.3.5.2 Shallow burst. For underwater nuclear detonations of principa
concern to Naval ship vulnerability or survivability, the explosion phenonena
and weapons damage effects or environments apply equally well to conventiona
H E. weapons of equal yield except for the (nuclear) radiation effects. The
initial underwater shock wave is followed by one or nore oscillatory bubble
pul ses enitted during the contraction phase as the explosion bubble approaches
its mninumdianmeter. Alnost coincident with attainment of mininmum dianeter
the bubble will nmigrate upward in nearly a step fashion due to buoyancy forces,
remaining at the shallower depth until the mininum of the second oscillation has
occurred when it will nove upward again (see figure 24). If a rigid surface
such as the underside of a ship’s hull (or ocean bottom) is in the vicinity
of the explosion, the bubble will tend to migrate toward this surface. If
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contact is made with the ship’s underside, a portion of the bubble can collapse
upward striking the hull and producing a spiked |oading condition anal ogous

to a water hammer effect. The resulting damage effects or environments are

of two general types. One is the direct effect of the shock wave on a ship’'s
hull and the other is the indirect effect on equiprments |ocated not only with-
in the hull envelope, but also those nounted on the deck and superstructure

The shock wave inpacting on the hull can cause severe stressing of the franing
and rupture of the hull plating under a severe loading condition. The shock
energy transmtted vertically through the deck levels will inpart sudden notions
to sensitive ship machinery and combat equiprments. The principal shock notions
experienced will be in the vertical direction;, however, due to nmechanica
coupling there could also be some horizontal notion. Depending on the severity
of the shock I|oading and on the inherent shock hardness of system conponents

| ocated topside on the deck and superstructure, these could experience signifi-
cant structural damage and operational inpairment. Another inportant damage
effect can result fromthe direct shock waves inpacting on the underside of a
ship’s hull. Depending on a standoff distance and the location along the keel
at which the detonation occurs, a near-resonance excitation known as *“whi pping”
may be induced in which the main hull girder vibrates in beamlike nodes. The
occurrence of resonance vibrations depends upon the natural frequencies of the
girder structure relative to the bubble pulse frequencies. The resulting vib-
ratory notions can be so extrene as to cause severe danage due to plastic
deformations (“hinging”) of the main hull girder and rupture of the hull plating
and reinforcing structure. This would undoubtedly result in flooding of vita
spaces and loss of ship mobility. For a relatively shallow weapon expl osion
where the gas bubble vents during the first expansion cycle, the action of

the underwater shock wave on the hull of a ship is usually termnated by the
surface cutoff (see figure 25). This occurs when a wave of negative (or zero)
pressure reflected fromthe water surface reaches the hull. |f the cutoff

time, that is, the difference in arrival times between the direct and surface-
refl ected waves, is short conpared to the duration of the shock wave, then

| ess than half of the shock energy will be delivered to the ship bottom before
cutoff.  An underwater nuclear detonation produces a shock wave of duration
which is much greater than the cutoff tine. In that case energy is not the
determ native factor of shock severity. A better neasure of the underwater
shock severity for nuclear attack is “bodily velocity”, which is given by the
ratio of the inmpulse in the free-water pressure pulse at the bottom of the

ship to the mass of the ship, This translates to the follow ng formla:

2p
vy = pc cos 8
wher e:
v, Is the peak bodily velocity (feet per second)
p 1s the peak incident overpressure for the initial shock wave
(I'b/in?%
pc is the acoustic inpedance-of seawater (Ib/in*per feet per second)
0 is the angle of incidence neasured as the ratio of burst depth (D)
to slant range (R
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For the case of a conventional H E, underwater detonation, on the other hand,

the cutoff time is long conpared to the shock wave duration so that the ful

energy in the shock will be delivered to the ship bottom In that case energy

is deterninative of shock severity and “shock factor” is the applicable neasure
for the resulting shock response. Al though the major portion of the shock

energy from a shallow underwater nuclear detonation is propagated through the
water as a shock wave, a considerable anount of energy is transmtted through

the air-water interface as a blast wave in air. The particular mechanism wl|l
depend on weapon yield and depth of burst; however, one or nore blast waves

will generally follow. The shallower the depth of burst for a given yield, or
the greater the yield for a given depth, the nore severe will be the airblast.
Al'though the airblast can cause direct damage to a ship’'s superstructure, it
could also capsize a ship. O the three structural response variables

(di splacenment, velocity, and acceleration) which characterize the notion of the
bodi es subjected to shock |oading, whether from underwater or airblast-induced
shock, velocity has been found to be the npobst meaningful for quantifying the
shock notions of shipboard equipnents and for correlating the notions with
observed damage from at-sea tests; for exanple, operations CROSSROADS, SAILOR HAT,
and so forth. On the other hand, the nore neaningful variable for quantifying the
shock response of ship structure (for example, hull, deck, superstructure plating
and stiffening menbers) subjected to shock loading is displacenent (strain).

Anot her phenonenon of shallow underwater nuclear detonations is the “base surge,” a
doughnut - shaped gi gantic wave (or cloud) which surrounds the hollow explosion colum
near its base. The visible base surge is essentially a dense cloud of small water
droplets nmuch like the spray at the base of high waterfalls, but having the
property of flowing almst |ike a honbgeneous fluid. Fromthe weapons (damage)
effects standpoint, the inportance of the base surge lies in the fact that it

is likely to be highly radioactive because of the fission (and other) residues
present either at its inception or dropped into it fromthe radioactive cloud
Because of its radioactivity, the radioactive base surge may represent a hazard
for a distance of several miles, especially in the downward direction. The
necessary conditions for the formation of a base surge have not been definitely
established, although it is reasonably certain that no base surge would accom
pany bursts at great depths. In an underwater nuclear explosion, much of the
thermal radiation and initial nuclear radiation are absorbed within a short
distance from the point of detonation. The energy of the absorbed radiations

will merely contribute to heating of the surrounding water. Depending on the
depth of burst, some of the thermal and nuclear radiations will escape through
the air-water interface, but the intensities will generally be less than for an
air burst. However, the residual nuclear radiation, that is, that emtted

after the first mnute, now beconmes of considerable significance since large
quantities of water in the vicinity of a shallow detonation will be contam nated
wi th radioactive fission products. Underwater detonations also generate
relatively slow, outward-nmoving surface waves with certain characteristics which
become nore pronounced when the detonation occurs in shallow rather than deep
water. The energy- in the surface wave notion has been estimated to be between

2 and 5 percent of the weapon yield. Water wave damage is possible to ships

| ocated noderately near to surface zero. In certain instances, capsizing may
occur.
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4.3.5.3 Deep burst. The deeper a nuclear detonation takes place, the
greater the containment of the explosion phenonena and the mitigation of the
resulting weapons effects because of the increased anbient pressure and water
volume with depth. Sone of the weapons damage effects which occur for shallow
bursts would be of |esser severity. The base surge, and particularly the
radi oactive base surge, would be contained to a varying degree depending on
weapon yield and burst depth. The surface radioactivity woul d be operationally
insignificant within an hour or so fromthe time of a deep burst, and in sone
instances may be faint enough as to escape detection. Also there would be
little venting of the shock energy at the air-surface interface and, hence, no
airblast of any significance would result fromthe venting. Because of this,
however, the underwater shock effects could be of greater severity, but up to
a point as seen fromthe equation for bodily velocity (see 4.3.5.2). The
burst depth (D) and the standoff distance (R) control the shock severity.
For purposes of this handbook, the intent here is to highlight a unique weapon
ef fect of deep bursts which does not cause mechanical danmage as such but can
result in a serious operational inpairment (incapacitation) of a ship’'s mssion
capabilities.  Sonewhat anal ogous to the EMP from above water nuclear detonations
whi ch can danmage and seriously impair the functioning of vital shipboard elec-
trical and electronics systens, there occurs the intense acoustic reverberation
known as “blue-out” due to the propagation in the ocean volune of the shock
wave resulting from deep nuclear (or H.E.) explosion. It is known that even
the relatively lowlevel acoustic waves from an active (pinging) sonar can,
under certain conditions, result in high reverberation |evels which can seriously
degrade underwater surveillance and conmunications operations. The volune

reverberation caused by a propagating shock wave is order of magnitude greater
inintensity and expanse; the tine duration of this reverberation may also
prove serious. Depending on the prevailing oceanographic conditions, the
reverberation can becone trapped in the naturally-occurring acoustic paths of
the ocean and propagate over long distances of up to several thousand miles.

Al though the intense “blue-out” environment may not cause physical damage as
such to a ship or its nission-essential underwater systens, it can cause
serious operational problenms of a transient nature.

4.3.6 Synergistic considerations for nuclear weapons effects. So far
little has been said about the possibility of ship structure, shipboard equip-
ment, and crew personnel receiving nultiple or conbined types of damage (injury)
froma single weapon explosion. Being exposed to multiple damage environments
woul d be a common occurrence in the case of nuclear weapons (and to sone extent
for conventional H E weapons). Miltiple damage (injury) may be experienced
simul taneously or be separated in time by orders of seconds, minutes, and even
days in the case of residual nuclear radiation (radioactive fallout). This
depends on the sequence and time duration of the individual explosion phenonena
and associ ated weapons effects. The multiple-type damage (injury) would be the
consequence of synergistic coupling between individual effects which could
result in nmore severe damage environments than the conponent effects.  Some of
the salient aspects of coupling between individual nuclear effects and the
damage inplication for ship structure, equipnents, and personnel are discussed.
To aid in identifying possible synergi sm between nucl ear effects which might
prove quantitatively (or qualitatively) different from individual effects in
terms of danmmge environments, it would be hel pful to summarize the principa
events. The tinming and sequence for the principal expansion phenomena and
weapons effects or damage environments resulting from a nuclear explosion are
shown on figure 28. Also shown are the relative durations for each. To

32



M L- HDBK- 297( SH)
28 Decenber 1987

preclude cluttering of the figure, only those events which take place within
the first couple of seconds fromthe tine of detonation are shown. Follow ng
earlier statenents, the blast event could be generalized to include shock for
the case of underwater bursts, and |eave out the EM? damage environnent for

that domain. The first, alnpst instantaneous, indication of a nuclear detona-
tion in air is a flash of brilliant |ight acconpanied and followed by intense
heat, both of which are part of the effective (or pronpt) thernal radiation
emtted fromthe heated air of the fireball within the first mnute (or |ess)
following the explosion. The initial nuclear radiation produced by the gamm
rays and neutron particles may continue after the thermal radiation has ceased.
This initial radiation produces the el ectromagnetic pul se (EMP). Coi nci dent
with the explosion is the production of debris and ejects which eventually
beconme radi oactive as a result of nuclear radiation effects. Then, surface and
water shock will arrive followed very soon by the airblast (and sound) wave

As the fireball rises, strong afterwinds will be experienced. Early radioactive
fallout will follow which may continue for several hours. The final events
involve late-time effects and resulting damage environments such as del ayed

radi oactive fallout which may persist for days or weeks, and blackout. The
gamma radiation is conmprised of two parts as shown on figure 28. First, the
pronpt gamma rays which together with the neutrons produced during a period of

1 minute after detonation conprise the initial nuclear radiation. This radia-
tion effect produces the electronmagnetic pulse (EMP) which can-cause serious
damage or inpairment of nodern shipboard electronics and electrical systens.
Second, the delayed gamma rays which together with other explosion phenonmena
(neutron, alpha, and beta particles) conprise the residual nuclear radiation
resulting in radioactive fallout. The injurious effects of nuclear radiations
on people range from radiation sickness to serious system c changes. The
weapons effects or danage environments discussed above also obtain in the nain
for the case of underwater nuclear explosions, but with certain caveats. The
difference in properties of the two nedia, air versus water, is reflected in
the relative severity (and hence inportance) of the various weapons effects and
not in whether they occur at all. For exanple, water shock resulting from an
underwat er detonation is of principal inportance in causing shock danmage to

i nadequat el y- desi gned structural conponents and vital systems. Also, if the
detonation occurs at a shallow enough depth so that the shock energy vents at
the air-surface interface, a certain ampunt of energy will be manifest as
airblast and its attendant damage effects (including blast-induced shock). The
severity of this vented airblast is dependent on weapon yield and burst depth
but in general can be considered of secondary inportance for underwater detona-
tions . For above water nuclear detonations, airblast is of primary inportance
as a damage environment for ship structure and exposed equiprments. As in tile
previous case, the airblast induces a shock danmge environnent as a primary
effect but one which is quite different than that of underwater shock. In a
simlar vein, the thermal radiation effects (visible and infrared) from an
above water nuclear detonation create damage environnments which would certainly
prove nore critical than those in water. As another exanple, the EMP which is
of great significance for nuclear air bursts would be of no consequence for under-
wat er detonations. Two thermal pul ses generally occur in a nuclear explosion as
shown on figure 28. Froman air burst at altitudes bel ow about 100,000 feet, the
thermal radiation is emtted fromthe fireball in two pul ses. However, the first
pulse is quite short and carries roughly 1 percent of the total radiant energy and
is, therefore, of no consequence. The second pulse is of longer duration and,
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hence, is of some significance in causing damage to structural materials such as
al um num by degrading their nechanical properties; for exanple, the nodul us of
elasticity and ultimte strength. The duration of the effective thermal pulse
froma |-kiloton air burst is about 0.4 second whereas from a 10-megaton expl osion
it is nore than 20 seconds. Wth increasing altitude the character of the
thermal radiation pul se changes. At altitudes above 100,000 feet there is only
a single thermal pulse and its effective duration depends on the height of

burst and energy yield of the explosion; for exanple, the duration is of the
order of 1 second or |ess for weapons in the negaton range. For explosions
above about 270,000 feet, the pulse length is somewhat |onger. Thermal radia-
tion can cause serious ship damage by accidentally igniting conbustible materials
carried on board, for exanmple, highly flammable hydrocarbon fuels. Any spread-
ing fires may, in turn, cause cook-off of sensitive shipboard nunitions such as
m ssiles and projectiles which could result in a succession of detonating war-
heads, subsequently leading to w despread blast, fragments, and nore fires
Thermal radiation is also capable of causing severe skin burns and eye injuries
to exposed personnel at distances at which fuel ignition or weapon cook-off nay
not occur. Thermal radiation can, in fact, be an inportant cause of injury to
personnel from both direct exposure and as the result of fires, even at greater
di stances than other nuclear weapons effects. Subsequent to the (effective)
thermal pul se from a nuclear detonation, the shock wave occurs next in the
sequence of weapons effects. In an overall sense, the airblast (including

bl ast -i nduced shock) and underwater shock environments, both of which result
fromthe shock front phenomenon, cause the nost serious damage to a ship and
its vital equipments. They are, therefore, two of the nore critical damage
environments to be considered in any assessnment of ship vulnerability or
survivability and requirenents for passive protection design. A coupling may
occur between the underwater shock and the vented airblast or induced-shock
environnents in the case of a shallow nuclear burst. The resulting danage
environment can prove to be nore severe than either of the individual ones.

The underwater shock loading transmitted up through the hull structure would
mani fest itself as sudden vertical notions inparted to vital internal machinery
and topside conbat systems or equipnents. There would alnmost sinultaneously
occur athwartships motions of these same conponents inparted by the induced
shock of the airblast resulting fromventing of the detonation. The timing of
the two events and the severity of the resultant synergi smwould, of course,
depend on several controlling factors, such as warhead yield, depth of burst,
and ship standoff fromthe point of detonation. There also exists an inportant
coupling between the thernmal effects and the airblast-induced shock effects
resulting from a nucl ear weapon detonation which could prove critical. The
thermal radiation pulse from a nucl ear detonation heats any exposed ship
structure or systemin its path. The tenperature rise caused by such heating
can lead to serious problems for tenperature-sensitive materials. O the
metals commonly used in ship construction (for exanple, deckhouses, helo
hangers, exposed equi pment foundations, and so forth), the alumnum alloys are
particularly vulnerable to the thernmal radiation because of their |ow therm
tolerance and relatively |ow nechanical strength. The loss in mechanical
strength could cause an alumnum load bearing element to fail prenmaturely. If
the element does not imediately fail, it may do so when the blast (pressure)

| oading arrives due to its weakened state. Nuclear airblast can, therefore
couple with thernmal effects to drastically influence the damage caused to

shi pboard al umi num structures. The steel alloys used in ship construction are
much less vulnerable to a simlar degradation of mechanical properties and, hence,
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on ultimate load-carrying capacity. However, the high tenperatures which result
fromthernmal radiation nay induce thermal stresses in structural plating or
support elenents made of steel (or alumnun), and these stresses alone can cause
or contribute to premature failure. The stresses resulting fromthe subsequent
bl ast pressure, added to the thermal stresses, would contribute to failure.

In nuclear airblast there are two components of the induced shock | oading
(rmotion) experienced by exposed equipments (see 4.3.4). One is due to the

bl ast pressure acting directly on the piece of equipnment (for exanple, radar
antenna, nissile launch box), and the other is that transnitted through the

equi prent’s foundation. Nuclear airblast having a large incident front can
cause severe elasto-plastic deformations of the decks on which equipnents are
mounted and these translate to shock motions transmitted through the founda-
tions . This situation is not viewed as a case of synergistic coupling between

i ndi vi dual weapons effects or damage environnments, but rather one in which
there are two components of the same l|oading. Qher cases of so-called syner-
gistic coupling (for exanple, EMP-induced heating and nuclear radiation heating)
are insignificant. Thus, the two instances of synergistic coupling between

i ndi vidual nucl ear weapons effects or damage environments of real significance
to ship survivability design are the high-tenperature heating of structura
materials due to the thernmal pulse followed by the blast-induced pressure and
shock loading transnmitted to equipnments |ocated topside on a ship followed by
the blast-induced shock |oading caused by the vented alrblast in the case of an

under wat er burst.

4.3.7 Nuclear injury effects on personnel. The three principal nuclear
weapons effects or damage environments which result in personnel casualties are
bl ast (shock), thermal radiation, and nuclear radiation (initial and residual).
There is the possibility of shipboard personnel receiving multiple types of
injury, which would be a common occurrence in the advent of a nuclear war at
sea. Miltiple injuries may consist of any conbination of blast, thermal radia-
tion, and nuclear radiation effects which nmight be received nearly sinultaneous-
ly or be separated in time as specified in 4.3.6. In synergistic or conbined
injuries, the interaction of the various forns of personnel trauma can result in

enhanced del ayed nortality,

4.3.7.1 Blast nechanical injury. Blast injuries to shipboard personnel
may be direct or indirect. A direct blast injury is caused by the sudden change
in environmental pressure due to the blast overpressure acting directly on the
exposed body. Although the human body is relatively resistant to the crushing
forces of the blast overpressure, the sudden pressure differences may cause
serious injury. Anatomc localization of such injury occurs predomnantly in
air-breathing organs such as the lungs, gastroenteric tract, ears, and prenasa
sinuses. An indirect blast injury may be caused by blast-energized debris
striking exposed personnel or by translational inpact of personnel against
rigid objects due to the blast winds, CQher mscellaneous indirect injuries
to shipboard personnel could be caused by blast-induced fires and the high
concentration of dust circulated by the blast w nds.

4.3.7.2 Thermal radiation injury, Thermal radiation is conmposed of
energy in the ultraviolet, visible, and infrared regions of the spectrum and
travels in a straight line at the speed of light; it is emtted within periods
of a few mlliseconds to several tens of seconds. Upon detonation of a nuclear
weapon, exposed personnel wll sustain skin burns at distances that nay be
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| arger than those at which injury occurs as a result of blast overpressure or
nucl ear radiation. Burns may be produced directly by absorption of radiant
energy by the skin or indirectly by heat transference through clothing or by
ignition of clothing. The severity of skin burns is related to the degree of

el evation of skin tenperature and its tinme duration. Pain, a famliar warning
sensation, is useful in alerting an individual to evade the thermal pulse but
the anount of pain experienced is not related to burn severity. The severity

of skin burns can, however, be measured according to the follow ng classifi-
cations: first degree, second degree, and third degree burns. Another injurious
ef fect on personnel of the thermal radiation froma nuclear explosion is that on the
eyes . Exposure of the human eye to the bright flash of a nuclear explosion
produces two possible injuries: flashblindness and retinal burns. Flashblind-
ness (dazzle) is a tenporary inpairnent of vision which |asts several seconds

to mnutes, and is caused by the saturation of the light-sensitive elenments in
the retina of the eye. It is an entirely reversible phenonenon which wll
normal Iy blank out the entire visual field of viewwith a bright after-image.

Fl ashbl i ndness normally will be brief, and recovery is conplete. A retina

burn, on the other hand, is a permanent eye injury that occurs whenever the
retinal tissue is heated excessively by the focused image of the nucl ear

fireball within the eye. The underlying pigmented cells absorb nuch of the
light and raise the tenperature in that area. Retinal burns can be produced

at great distances from a nucl ear explosion because the probability of eye burns
does not decrease as the square of the distance fromthe detonation as is true
of many other nuclear damage effects. For exanple, explosion yields greater
than 1 megaton and at heights of burst greater than about 130,000 feet may
produce retinal burns as far out as the horizon on clear nights. Wen personnel
have adequate warning of an inpending nuclear burst, closing or shielding of

the eyes will prevent flashblindness and retinal burns.

4.3.7.3 Nuclear radiation injury. The injurious effects of nuclear
radi ations (ganmma rays, neutrons, beta particles, and al pha particles) on
shi pboard personnel represent a phenormenon that is conmpletely absent from
conventional high-explosives. Serious radiation injury may result from either
the initial radiation or the residual (delayed) radiation. Ganmma rays and
neutrons resulting in various proportions fromthe initial nuclear radiation
are responsible for biological injury to personnel. Individuals exposed to
whol e body ionizing radiation nmay show certain symptons of radiation sickness.
The tine interval to onset of these synptoms, their severity, and duration
general ly depend on the anount of radiation absorbed. Wthin any given dose
range, the injurious effects that are manifested can be divided into three
time phases. During the initial phase of radiation absorption, individuals
nmay experience nausea, headache, dizziness, and a generalized feeling of ill-
ness . the severity of these synptons increases with increasing doses. During
the latent phase, exposed personnel will experience few, if any, synptoms and
nmost likely will be able to perform operational duties. The final phase is
characterized by frank illness that requires hospitalization after exposure to
the higher doses; this phase is consummated by recovery or death. The inpor-
tance of residual nuclear radiation as a source of injury to shipboard personne
depends upon the necessity for military operations in or near areas of |oca
radi oactive fallout, Tinme of arrival, weathering, and decay of the deposited
fallout all result in a constantly changing rate of external protracted exposure
in contrast to the al npbst instantaneous exposure to the initial radiation.
Ganma rays present the major significant external hazard from residual radiation.
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Injuries to personnel will range from those described previously for initial

radi ation exposures to |esser effects depending on dose rate. Beta burns can
occur if fallout particles remain on the skin for periods of hours or nore
Severity of the burns is a function of the particle radioactivity and the tine
period they adhere to the body. Radioactive particles entering the body by
inhalation or through breaks in the skin may be deposited in the body where al pha
particles, beta particles, or gamm rays continue to bombard adjacent tissues
Once fixed inside the human body, renoval is alnost inpossible except through
natural processes. The injurious effects of internal radioactive emtters to an
i ndi vidual usually becone apparent after a period of years and are manifest as
serious biologic and genetic changes.

4.4 Non-nuclear (H E.) weapons effects and damage environnents. A con-
ventional HE detonation involves a chemcal reaction which, upon the appli-
cation of heat or shock, deconposes an explosive compound (chenical nixture)
with extreme rapidity, followed by an inmediate release of energy in the form
of intense heat and nuch gas. The deconposition or rearrangement of the explo-
sive compound results in the formation of nore stable materials. The action
of the intense heat on produced or contiguous gases results in the devel oprent
of a sudden pressure effect called a “shock wave.” The tenperature in the
product gases is of the order of 5,500°F and the pressure reaches 750,000
I b/in’. The chemcal reaction necessary to generate an explosion can be
initiated if sufficient energy is provided at some point in the explosive
This is usually done by means of a heated wire or by frictional heat from
the inmpact of a firing pin, either of which acts directly upon a small anpunt
of especially sensitive material (the detonator). If the detonator output is
too low powered to reliably initiate a high-order detonation in the main ex-
pl osive, a booster is placed between the two. The chenical reaction of the
booster, in turn, initiates the reaction in the main explosive. Once initiated
the intense heat and pressure devel oped (shock wave) are sufficient to pro-
pagate the chemcal reaction through the main explosive. The way in which the
reacti on proceeds depends upon the physical and chemical properties of the ex-
plosive material, and the external physical factors such as the container or
surroundi ng nedium  However, two general types of behavior can be distinguished
The nmore inportant one from the viewpoint of destructive potential to Nava
ships is the process of “detonation” in which the chenmical transformation
occurs so rapidly that it can keep up with the physical disturbance resulting
from the reaction. A reaction occurring in this way devel ops a very narrow
boundary between the explosive material in its initial state and the high-
tenperature, high-pressure reaction products, This clearly defined and rapidly
advancing discontinuity is known as a “detonation wave” which travels with a
velocity of several thousand meters per second. On the other hand, the chenica
reaction in the main explosive may take place nmore slowy and be unable to keep
up with the advancing physical disturbance of pressure and particle notion it
causes. The final reaction condition is then reached nore gradually and there
is not a well-defined. boundary between the explosive material in its origina
state and the reaction products. This nore gradual process is called “burning”
although the rate at which it takes place may still be high, The two types
of chenical disturbance, detonation and burning, correspond closely to the two
major classifications of mlitary explosives. One is the high explosives such
as TNT which detonate with large and rapid evolution of energy, and are used
for destructive purposes in the warheads of nissiles, bonbs, projectiles
torpedoes, depth charges, and mines. H gh explosives undergo detonation at
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rates of from 3,300 to 28,000 feet per second, The other classification is

the | ow explosives such as propellants which burn with a gradual building-up

to the final state and are used for powering aircraft, mssiles, rockets
projectiles, and so forth. Low explosives undergo auto-conbustion at rates

that vary froma few feet per second to approximately 1,300 feet per second

For purposes of this handbook, the chem cal high explosives used in warheads to
create damage environments agai nst conbatant ships are of principal interest.
So-called “mssile blast” and “gun blast” due to |aunching of own weapons intro-
duce a kind of shipboard damage environment considerably different in terms of
severity, both qualitatively and quantitatively, fromthe blast environment created
by detonating warheads. The forner results fromthe burning of |ow explosive
propellants while the latter results from the detonation of high-explosive charges
specifically intended to cause gross damage to ship structure and equi prments.
The sequence of expl osion phenonmena and princi pal weapons (danmage) effects follow ng
detonation of a chemcal HE warhead is shown on figure 29, The tine it takes for
the main filling of the warhead with product gases to be brought to complete
detonation once the process is initiated is of the order of a tenth of a
m|!lisecond, When the detonation wave reaches the warhead casing, a shock

wave propagates through the casing inparting an initial outward velocity to

its metal particles. Under the influence of the very high pressure generated

by the conversion of the solid explosive into gas, the warhead casing then
expands in a balloon-like manner, This ballooning continues until the dianmeter
reaches about 1.5 tinmes its original size, with the warhead case neanwhile
becomi ng thinner under the action of tensile stresses. The warhead case then
bursts into fragnents having velocities in the range of 3,000 to 10,000 feet

per second. This fragmentation occurs by a process of nechanical slip or shear
in the netallurgical microstructure of the metal. The size of the fragnents is
determned by several factors including: shape of warhead (case), strength

of case nmetal and wall thickness, type and quantity of explosive, and so forth.
At a relatively early stage after conpletion of detonation a shock wave is
formed in the air. The shock front, at first, is the boundary of the gas gl obe
but then draws ahead at several tines the normal speed of sound, The shock
front fornms a sharp boundary between two regions: one of high pressure,
tenperature, density, and particle velocity behind the front; and the other of
anbient pressure, tenperature, density, and particle velocity of the surround-
ing nedium (air or water) ahead of the front. Approximtely 30 percent of the
energy released by the detonation of a high-explosive warhead is used to rup-
ture the case and inpart kinetic energy to the fragments, The bal ance of
available energy is used to create a shock front and resulting blast effects.
The fragments are propelled at high velocity, and after a short distance they
overtake and pass through the shock wave. The rate at which the velocity of

the shock front acconpanying the blast decreases is generally nuch greater than
the decrease in fragnent velocity because of air friction, Therefore, the
advance of the shock front lags behind that of the fragments. The radius of
fragment damage, although target dependent, thus exceeds considerably the

radi us of effective blast damage in an air burst; however, the overall damage
due to fragnents would not be as extensive. For nuclear weapons, the transition
from expl osi on phenonena for conventional H E. weapons to (free-field) weapons
effects and thence to antiship damage environnents is shown on figure 30,

and is sinmilar to that shown on figure 5.  The process shown for H E. detonations is
| ess conplicated than the nuclear case since the radiation phenonena effects do
not exist with chenmical high-explosives. The EMP and radioactivity environnents
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al so do not occur. However, one factor unique to H E warheads is that

of fragmentation which is very inportant in the vulnerability or survivability
of ships and shipboard equipments against the “cheap kill” threat. The prin-
cipal features of nuclear and non-nuclear (high-explosive) detonation processes
for exanple, relative pressures, tenperatures, time durations, and so forth
which are manifest as danmmge environments of different severity levels, were

di scussed earlier. What is significant to point out is that airblast (includ-
ing blast-induced shock) and underwater shock are the two nost critical anti-
ship damage environments for both classes of weapons, For present purposes it
suffices to state that besides warhead configuration, the two parameters which
are of first-order inportance in characterizing the airblast and underwater
shock damage environments are charge weight Wand distance R from the point of
detonation to the target. Just as in the case of nuclear weapon yields which
are referenced to tons TNT equivalent, so also the reference for chemical

hi gh-expl osives is pounds TNT equivalent, The blast damage environments
created by chemical high-expl osive weapons can be divided into two groups
depending on the location of the detonation which, in turn, depends on warhead
configuration and fuzing, The fuze of a weapon warhead senses the optimmtime
for detonation of the explosive charge. The two groups of blast environnents
are: (1) explosions in unconfined (free) space, for example, external to a
ship’s hull or deckhouse; and (2) explosions in confined (enclosed) space, for
exanple, internal to a ship’'s hull or deckhouse. Cenerally, HE warheads are
either of the non-penetrating (general purpose - GP) type which are influence or
contact-fuzed to detonate externally and, therefore, result in group (1)
airblast; or of the penetrating (armor piercing - AP or shaped charge - SC
type which are delay-fuzed to detonate internally and, therefore, result in
group (2) airblast,

4.4.1 Detonations in unconfined space (external bursts). For purposes
of this handbook, antiship H E warheads of the non-penetrating, influence-
fuzed type may be further categorized depending on the nature of the influence
whi ch causes (al nbst) instantaneous detonation-given that a specified threshold
has been triggered. I nfluence-fuze warheads may result in one of three burst
types : standoff, proximity, or contact burst.

4.4.1.1 Standoff burst. A standoff burst has been classified as one
whi ch occurs at a distance greater than 300 feet froma ship target, It rep-
resents a particular situation in that the warhead does not detonate of itself,
but rather it is intercepted and hit by rounds from active point-defense gun
systenms (for exanple, CIW5). It is a case of (pre-enptive) high-order detonation
of a mssile warhead, for exanple, at as great a standoff as possible so that
the warhead does not hit or detonate too close to the ship. One weapon effect
or damage environment of potential concern would be airblast, the severity
| evel of which will depend on the warhead charge weight and the standoff dis-
tance at which the detonation occurs. Another is the pre-enptive detonation
of a shaped-charge warhead and the danage environnment of concern would be the
shaped-charge jet particles and casing fragnents, the severity of which woul d
depend on the standoff distance at detonation and the nature of the particles.
Anot her possible situation presents itself in the case of standoff bursts
where a missile warhead is not pre-er’ptively detonated, but the defensive
weapons hit and break up portions of the missile structure, for exanple, nain
fusel age or control surfaces. A damage environment of concern would be the
large pieces of mssile debris (shrapnel) hurtling through the air at very
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hi gh speeds and hitting the ship. [If the threat weapon is not pre-enptively
destroyed or its flight trajectory deflected (by break-up or CM decoying), it
may detonate either by proximity or by contact (inertia) influence. The result-
ing danmage environnments would be close-in airblast and fragmentation which could
result in structural deformation and perforation of ship plating and exposed
equi pment s.

4,4.1.2 Proximty burst. A proximty-fuzed burst has been classified as
one which occurs at an approxi mate di stance less than or equal to 300 feet
froma ship target. This type of burst is triggered by an influence fuze which
senses sone target signature such as ship's near-field radar return, for
exanpl e, or may be command detonated. Proximity bursts may also occur in
tactical situations where an anti-ship cruise mssile is flying off course
or is being deflected by an off board ECM decoy so that rather than miss the
target conpletely, the warhead is detonated by a back-up fuze which is trig-
gered by some (minimun) signal return or set to detonate instantaneously upon
| osing target signal conpletely. The principal damage environnents which
result fromproximty air bursts of H E warheads are airblast, including
bl ast -i nduced shock; and high-velocity fragments. As in the case of nuclear
airblast, the blast severity froma conventional H E detonation is reflected
inthe diffraction (reflected) pressure and drag (dynamc) pressure |oadings.
In all probability, the diffraction conponent would be of greater inportance
for H E detonations whereas the drag conponent would be nore inportant for
nucl ear detonations. This general observation is based on the fact that the
airblast effects are more |ocalized and of higher severity in the case of HE
detonations. The severity of the H E warhead fragnentation environment is
reflected in the kinetic energy (mass and velocity) of the dispersing fragnents
and their ability to perforate structural plating, antennas, ordnance mag-
azines, weapon casings, and so forth, The airblast and fragment danage environ-
ments can in thensel ves cause serious inpairment or destruction of ship struc-
ture and sensitive equipnents, or serious personnel injury. They can also
result in weapon cook-off or massive detonations with attendant fire, blast,

and even flooding. It was stated earlier that for a GP warhead the distri-
buti on of explosion energy froma conventional H E detonation in air is about
70 percent blast and 30 percent fragnents. It is possible, however, to con-

figure the weapon payload in a way as to optinize the warhead for either blast
or fragment effects. For exanple, an enhanced blast warhead is one which is
designed to achieve target damage primarily from blast effects by a conbination
of casing geometry (that is, shape, case material, case thickness) and special
types of explosives (for example, fuel air explosive (FAE)) with enhanced bl ast
output . A controlled fragnentation warhead, on the other hand, is intended to
achieve target damage primarily from high-velocity fragment effects. A ngjor
consideration in the latter damage environnent is fragment density and kinetic
energy, A controlled fragment warhead is, therefore, specifically designed to
generate a maxi mum nunmber of fragnents at a specified velocity. Wereas the
weapon effects for an idealized blast payload are attenuated by a factor
roughly equal to 1/R, where R is neasured fromthe point of detonation, the
attenuation of idealized fragnentation effects varies as 1/Rand 1/R depending
on the payload design. Herein lies the principal advantage of a fragnentation
payload - it can afford a greater mss distance and still remain effective
because the attenuation is |less. However, the type of warhead incorporated in
an antiship weapon to maxinm ze damage depends upon many other factors besides
attenuation. The danmage nechani sns for airblast and fragments are different so
that the severity of damage caused by each effect per pound of explosive (or
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total warhead weight) also depends on the type of target and its inherent
hardness agai nst each weapon effect. The nechanics and characterization of
airblast resulting froma conventional H E. weapon detonation are simlar to
those for nuclear airblast, although the respective initiation processes are
different as described earlier. The controlling parameters which define air-
blast., and their variation with distance and tine as shown on figures 12
through 16, are equally applicable to HE airblast. Wat is different, how
ever, are the quantitative values such as for the design-threat |oad paraneters
in each case. The interaction between an airblast wave and a structure as
shown on figure 23 is strictly applicable to a blast wave which is of l|arge
proportion compared to the size of the structure (of ship) so that it conse-
quently becomes enveloped in the wave. This is the case for nuclear airblast,
but not H E airblast where the wave is of significantly smaller dinmensions.

For the latter, the associated blast pressures act over relatively small surface
areas , for exanple, one or two bul khead panels of a ship deckhouse, so that the
damage is nore localized. There is no net lateral (translational) force sinilar
to that froma nuclear blast wave which could result in a general defornmation
or tipping-over of the entire deckhouse. As will be seen fromthe quantitative
data on environment severity levels for nuclear and non-nuclear airblast, the
principal differences between the two are as follows, Conventional HE air-

bl ast being of a localized nature results in peak pressures (free-field over-
pressure, dynamc pressure, reflected pressure) which are correspondingly

hi gher by as much as a factor of ten. Depending on weapon yield (charge

wei ght) and standoff distance, the difference factor may range anywhere from
three to ten. However, the respective pressure pulses are of significantly
shorter duration, mlliseconds for HE airblast conpared to a second or nore
for nuclear airblast. The corresponding positive inmpulses, that is, area under
the overpressure versus tine curve for the positive phase duration (see figure
13), in general, are higher for nuclear airblast.

. 4.4.1.3 Contact burst. A contact-fuzed burst is the nost common situa-
tion for an HE warhead since it does not require use of sophisticated fuzing
mechani cs which sense the optimum tine for detonation by operating on some com
plex target characteristic, for exanple, radioactive or reflective signatures
Contact bursts sinmarily occur when the warhead i npacts on some portion of the
target and the detonation process is instantaneously triggered by an inertia-
type fuze. Wien a contact-fuzed H E. warhead detonates against a ship deckhouse
for exanple, a very high localized pressure loading results over a relatively
smal| surface area of bul khead or deck structure. In this instance, the danage
mechanismis holing of the structural plating due to high through-the-thickness
shear stresses owing to large velocity gradients across the |oaded surface.
Rupture begins at a point nearest the explosion and extends some distance.

The resulting holing may not be |ocalized, but damage could include entire
bul khead panels. The nechani sm of blast-induced holing and plate rupture

i nvol ves a conpl ex process of high dynamc loading on structures where the
mechanical or netallurgical properties of materials and their behavior under
high strain rates come into play. The existence of inperfections (for exanple,
notches and incipient cracks) in plating material can also influence the
fracture and holing damage. As a consequence of holing, a portion of the high
| ocalized blast pressure is vented to the outside atnosphere and sone of the
expanding gas is admtted into interior spaces through the holed plating, In
that case, the airblast environment is for a (partially) confined space, and
the direct blast damage to interior bul kheads or decks and equipments is
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assessed using a reduced wei ght of explosive. The blast-induced shock environ-
ment is simlar to that for external proximty bursts, but the blast pressure

| oading is based on this reduced charge weight and the volume of the spaces
into which the blast pressure vents. Also as a result of bulkhead or deck
holing froma contact burst, the plating material taken out may break-up
thereby creating fragments which enter the contiguous spaces. This, in com
bination with the vented diffraction pressure, creates a conbined blast or
fragment environnment for internal structure and equi pments anal ogous to that
for external proximty bursts against outside structure and equipnments. The
degree of plating fragnentati on depends on naterial properties and fragment
properties, for exanple, Kinetic energy, density, and so forth. For ductile
materials the plating may “petal” rather than fragment, whereas for relatively
brittle materials the plating is nore susceptible to fragmentation and possible
spal I'ing.

4.4.2 Detonations in confined space (internal bursts). Sone of the nore
| ethal antiship weapons are equipped with armor piercing (AP/ SAP), delay-
fuzed warheads which first penetrate a ship’s structural envel ope and then
detonate a large H E. charge within its confines. The three principal weapons
effects or damage environnents are: (1) shock (blast) wave; (2) confined-
expl osi on gas overpressure; and (3) high-velocity fragnents. For the shock
wave, the critical loading is the high pressure discontinuity at the shock
front, The danmage environnent which results fromthe shock wave is holing or
rupture of bul khead and deck plating close to the point of detonation, simlar
to that which occurs for external near-contact bursts. This holing results
from high shear strains through the plating thickness owing to high velocity
gradients across a plate surface due to the localized pressure |oading.

Rupture begins at a point of a stiffened plate structure nearest the explosion
and extends to its boundaries so that nearly the entire plate is renoved.

This type of holing danage is controlled by: weight of explosive, standoff

di stance, plate thickness, and material properties. The analytical techniques
for assessing holing damage and deriving environment severity levels are the
same as those for external near-contact bursts, and are based on enpirica
formul as derived from experinental test data. Besides holing danage to
internal structure, the high pressure discontinuity at the shock front also

i mparts sudden accel erations and high velocities which can result in shock
damage to sensitive electronics and machinery conmponents |ocated inside a
ship’s hull or superstructure. The mechanism for the airblast-induced shock
notions is simlar to that for external proximty-burst HE weapons-. The
shock nmotions are again due to the direct pressure |oading rather than a
consequence of foundation notion, and is predomnantly in the horizonta
direction with any vertical conponent resulting from nechanical coupling. The
hi gh-velocity fragnment environment for internal-burst weapons is the sane as
for external proximty bursts. The controlling parameters are the nass and
velocity (kinetic energy) of the fragments, and their density in predestined
di spersion patterns. The data base and techniques for assessing fragment
danmage to ship plating and equi pments, and for deriving environnent severity
levels , are the same as for external proxinmity-burst H E weapons. The

confi ned-expl osion gas overpressure environment is somewhat different fromthe
case of the free-field overpressure environment resulting from externa
proximty bursts.
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4.4.2.1 Confined-explosion gas overpressure, For internal-burst HE
weapons, the resulting airblast effects are significantly different from those
in free air (unconfined space) for two principal reasons. One is that the
energy release for an internal burst gives rise to a shock (blast) front and,
hence, overpressure which is initially confined within the space where the
war head originally detonates because of no inmmediate venting. Thus the term
“confined airblast". The overpressure is not only a function of the charge
wei ght and type of explosive, but also the volume of the space in which the
war head detonates. As a result of damage (rupture) to bul kheads, decks, and
overheads surrounding the burst space, the gas overpressure is vented to
adj acent spaces and becones relieved since the confinement volume is now
larger. The resulting pressure level is governed by this new volume. The
extent to which the damage spreads, therefore, depends on the severity of the
initial burst, the volume of the burst space, the volume of adjacent spaces,
and the design strength of interior structure to resist the pressure
environments . The other reason for the difference between confined and
unconfined blast danmage environnments has to do with the detonation process
itself. The anmpunt of oxygen available in the burst space to ensure complete
burning of the explosive prior to detonation is an inportant consideration.
More conplete burning of the explosive results in higher induced gas
pressures. The volunme of the burst space, the weight of explosive charge, and
the chemcal conposition of the explosive, all of which deternmine the anmount
of oxygen available for the detonation process, are factors controlling the
overpressure and the specific inmpulse loadings inparted to internal structure
and vital equipnments, The controlling paranmeter which incorporates all these
factors is the ratio of charge weight W (in pounds) to volume V (in cubic
feet) of the burst space, for exanple, WV. A short discussion of the
confined-expl osion gas overpressure process is given below to highlight sone
of the basic principles involved. After passage and decay of the shock wave
froman internal burst, confinement of the explosion gases leads to a pressure
| oading pp(t) which has a duration that is long conpared to the response tine
(eigen-period) of typical stiffened structures. This type of pressure |oading
is referred to as “quasi-static” as conpared to the dynanic nature of the
bl ast-induced incident overpressure, and resulting reflected pressure, for
unconfined airblast from proximty-fuzed external bursts. For exanple, from
tests of TNT explosions in closed chanbers it was found that typical tine
durations for the nean pressure pnL(t) are on the order of several seconds
whereas the positive phase duration for the airblast overpressure in free
space is on the order of nilliseconds. A sanmple trace of the pressure-tine
history recorded at a point on the wall of a (partially) closed chanber when
an explosive charge is detonated in the center of the chanber, is shown on
figure 31. The several pressure peaks observed are caused by repeated
reflections of the blast wave off the chanber walls; however, because of their
short duration, the inpulse they inpart is small so that their damage effect
on internal structure and equi pment would be negligible. In conpletely closed
conpartments , heat loss to the surrounding walls is the only nechanism for reducing
the confined gas overpressure in tinme, but this phenonmenon is neglected because
of the very long durations involved. For practical ship deckhouses there will be
vent areas through which the confined gases can escape such as hatch openings, stair-
wells, and so forth and even the hole of the piercing warhead or projectile into
the burst space and any fragment penetrations. The confined gas overpressure woul d,
of course, change due to failure of the structural walls and decks enclosing the
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burst space, thereby venting the overpressure to adjacent conpartnents. This
effects an increased confinement volunme for the expanding gases of the initial-
explosion. The change in the “quasi-static” pressure |evel of the confined gas
mxture with time due to this venting and expansion process needs to be detern ned
in order to realistically assess the extent of structural damage to interior

conpartnents .  The vent areas through which the explosion gas expands and the
vol ume increases are controlled by failure criteria governing danage to conpart-
ment walls and decks. If the “quasi-static” overpressure in the burst conpart-

ment reaches a high enough level so as to collapse the surroundi ng bul kheads
and decks, the pressure is vented into adjacent conpartnents. This venting
takes place very rapidly during the initial phase so that the expanding gases
are considered to follow the aerothermdynam c |aws of sonic flow  Wen the
gas flow velocities becone reduced due to venting of the pressure, further
expansion of the gases into the fill conpartnents is assumed to behave accord-
ing to subsonic flow. If the gas pressure in the fill compartnents is still
excessive, additional bul kheads or decks may fail with further venting of the
confined gas overpressure into adjacent conmpartments. As the venting propagates
to nore and nore conpartnents and the expanded gases occupy |arger volunes, the
overpressure is progressively reduced. Wen it has decreased to the point
where no further bul kheads or decks are failed, the damage propagation stops
and there is no further venting of the explosion gases. The criteria for
holing of interior bul khead or deck structures for internal HE bursts are
simlar to those for external H E, bursts since the damage nmechanisns in both
instances is the high pressure discontinuity at the (blast) shock front. For
internal bursts, the greatest extent of damage to ship structure al nost al ways
results fromthe “quasi-static” pressure loading, For this |oading the damage
is generally plate rupture due to large elastoplastic deformations. Plate
rupture tends to begin at locations of high stress concentration usually at
boundari es where web-franmes and stiffeners introduce structural “hard spots”
and thus points of high bending stress. Furthernore, welding of grillage
(stiffening) elements at these |ocations usually introduces notches and points
of incipient cracking, as well as material property reductions due to heat-
affected zones. The rupture will usually propagate along the plate boundaries
effectively renoving nost of the bul khead or deck structure, Analytica
procedures and algorithms for determning the overpressure |evels and associated
paraneters from confined blast, and for establishing environnental severity
levels, are available.

4.4.3 Specially configured warheads. The principal above water weapons
effects resulting fromthe detonation of conventional high-explosive (HE.)
war heads agai nst ships are airblast, blast-induced shock, fragnentation, and
penetration. CGenerally, H E warheads w Il produce all four effects, but to
different |evels depending upon the intended purpose of the weapon and its
particul ar design features. Antiship weapon warheads can be specially con-
figured to maxim ze their lethality in terms of any of the principal damage
effects, This has led to the devel opment of: (1) enhanced blast warheads
(2) controlled fragmentation warheads; (3) kinetic energy penetrators (pro-
jectiles); and (4) shaped-charge warheads. Each of these is briefly discussed.

4.4.3.1 Enhanced blast warheads. The lethality of blast-type warheads
can be significantly enhanced by use of advanced hi gh-expl osives based on
al um ni zed m xtures and conposite expl osives technology. Oher techniques for
enhancing the blast output of an H E payload include: use of reactive liners
(or surrounds) around the nain explosive charge; and use of fuel-air explosives
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(FAE) . In all cases, the objective is to extend the positive duration of the
expl osion process while at the same time increasing the peak overpressure, so
that overall the positive inpulse is significantly increased for a given total
wei ght of explosive change. A conparison of the free-field overpressure versus
time waveforms for the different blast processes of interest to this handbook
is shown on figure 32. The classical exponential waveform for the standard
monoexpl osive TNT is shown on figure 32(a), while those for enhanced- bl ast

expl osi ves and nucl ear payl oads are shown on figures 32(b) and 32(c), respec-
tively. The waveform for nuclear airblast is also of the classical type
however, the positive phase is of the order of 1 or 2 seconds whereas that for
conventional H E. airblast is of the order of milliseconds. An order of magni-
tude for the corresponding positive inpulse in each case is indicated on the
figure. The blast output of different chemical high-explosives is quantified
in terns of free-air “equivalent weights” for peak overpressure, positive

inpul se, and so forth. The equivalent weight of a particular explosive gives
the weight of the standard explosive (TNT) necessary to produce shock (blast)
wave parameters of equal nagnitude under the sanme conditions. The concept of
“equi val ent weight” derives fromthe simlitude |aw for high expl osives

4.4.3.2 Controlled fragnentati on warheads. When an expl osive charge
contained within the metal casing of a conventional warhead is detonated, the
ruptured and usually non-uniform remants of the netal casing form high
velocity fragments. The high initial velocities inparted by the rapidly
expandi ng explosion products and resultant high internal pressure can nake
these fragments a lethal and highly efficient means of destruction. The
damage that fragments can cause is related to their size, shape, velocity, and
spatial distribution. These controlling parameters have been extensively
studied and used to design efficient fragmentation warheads that are capable
of delivering literally hundreds of high velocity penetrators whose damage
potential (lethality) is nuch greater than the primary blast and shock weapons
ef fects produced by the detonation itself. This has led to the devel opment of
“controlled fragnentation” warheads. The penetration capability of fragnents
is determined by fragment velocity, mass, presented area, and dianeter.
Initial fragment velocity is governed by the nmass of the explosive charge, the
mass of the metal casing, and the energy per unit nmass of the explosive that
can be converted into mechanical work. Conposite alumnized high-explosives
for exanple, Conposition B, H6, Pentolite, and HBX-1 are used to provide
hi gher explosion energies for (significantly) increasing the initial velocity
imparted to the fragments resulting from the break-up of the warhead metallic
casing. For controlled fragnentation warheads, nethods have been devel oped to
control the size and shape of fragments which, in turn, determne their mass,
presented area, diameter, and spatial distribution in terms of polar zones.
Controlled fragnentati on warheads use various techniques to configure the
casing in a way such as to produce fragments with predeternmined lethality
characteristics, that is, size and shape. This includes: preforned
fragments, notched or grooved rings, notched or grooved wre, notched casings,
miltiple walls, and fluted liners, Preforned fragnments are sinply pieces of
metal fabricated to the desired size and incorporated into the liner of the war-
head. The liner may be anything from a wax base that holds the fragnments in a
matrix to a system of two concentric liners of plastic or thin metal wthin which
the preformed fragments are held. This technique provides the ultimate contro
over the fragnentation since the fragments are already formed, and it only remains
for the explosive payload to accelerate them  The technique of notched or grooved
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rings involves placing a series of such rings together so as to form sections

of the warhead casing perpendicular to the axis of symetry. The rings are
assenbled on a liner and pressed together as tightly as possible. Retainers

are then fitted to hold the rings in place, The notches or grooves in the

rings provide a path of |east resistance and help to control fragmentation

along the circunference of the rings while the width and thickness of the

rings provide control in the other two dinensions. Adherence to certain
fabrication details for the notched (grooved) rings usually results in

fragments of from 80 to 95 percent of the design weight and to within 10

percent of the predicted initial velocity. The technique of notched or

grooved wire for controlled fragmentation warheads is very sinmlar to the
notched ring concept. A long wire (or bar) is notched in a fashion simlar to
the rings and then wound in a helix around the warhead casing. In the technique
of notched casings, the warhead casing is notched in a two-dinensional network to
provi de weaknesses in the casing for fragnentation control. The notches can be
ei ther machined or cast on the inside or outside of the casing. As with the notched
rings technique, notched casings provide 80 to 90 percent achievement of desired
fragnent size. The technique of nulti-walled casings will not provide any great
nmeasure of fragnent control, but they will result in sone unifornmty. The use

of close-fitting cylinder walls, each with thickness t/n (t is the thickness of
a one-wall shell and n is the nunber of walls) ensures that all fragnents will
have the sane thickness. The total nunber of fragnents ejected would be approxi-

mately n times the number froma single-walled shell, but the average fragment
mass woul d be | ess. In the technique of fluted liners, plastic, paper, or a thin
metal liner is used to shape the high-explosive next to the casing. This causes

jets to formon detonation and fragments to form when the casing is ruptured by
t he expandi ng expl osi on gases.

4.4.3.3 Kinetic energy penetrators . Al though generally of the non-
expl osive type in the usual sense, a class of antiship weapons of concern to
ship arnmor designers are the kinetic-energy penetrators. This type of weapon
causes damage by first conpletely or partially penetrating an assigned target,
and then detonating a high-expl osive payload inside the ship to cause maxi mum
damage. The exact mechanism by which the penetration is acconplished depends
upon the nature of the target. The key weapon design paranmeter is the ratio
of charge weight-to-casing weight. Against a light target, GP bonb or nissile
warhead with a large percentage of its total weight dedicated to explosive
payl oad woul d detonate on contact if inertia-fuzed, or in close proximty to a
target if influence-fuzed. The desired damage woul d be caused by bl ast and
fragnmentation effects. Against a hard (arnored) target, a GP warhead woul d
possess insufficient lethality to cause significant damage, In that case, an
AP or SAP warhead with a greater percentage of its total weight dedicated to
the casing is used to ensure target penetration prior to detonating an
expl osive payload. Target penetration by K E nunitions, either partial or
conplete, is often acconpanied by fragments which result fromeither the
break-up of the projectile (warhead) casing, spalling of target plating
surfaces, or disintegration of fragile equipnent inpacted by the projectile or
by previously generated fragments. The vulnerability of a ship to a specific
weapon threat will depend to a considerable degree upon the lethality of the
weapon when it reaches the target. This lethality, in turn, depends |argely
upon the weapon’s termnal ballistics, In the case of K E penetrators, this
includes primarily the kinetic energy of the warhead or projectile, and its
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nature and condition. The kinetic energy at any point in a projectile’'s

flight is proportional to the product of its mass (weight) and velocity

squared. Since projectile velocity at any point depends primarily upon

initial (muzzle) velocity and range fromthe point of firing, the kinetic
energy, and thus lethality, would decrease as the range-to-target increases

In addition to weight, projectile characteristics which have a direct bearing
upon lethality are its shape, material, and final condition at inpact. Shape,

in addition to affecting drag characteristics and thus velocity, night also affect
stability and hence penetrating capability, especially at higher inpact oblig-
uities. In general, the tougher and harder the projectile material the greater
its penetration capability as long as brittleness is not a factor. If the
material is too brittle, the projectile may break up on inpact and the lethality
probl em woul d be one of fragmentation rather than penetration.

4.4.3.4 Shaped-charge warheads. Shaped-charge warheads represent a
special case of H E weapon detonation designed to primarily pierce thick
arnmor plating, but differ from standard AP warheads in their principle of
operation. \ereas the degree of penetration of an AP warhead is dependent
upon striking velocity, the thickness of material a shaped-charge warhead can
penetrate is essentially independent of striking velocity and, in fact, the
warhead itself remmins at the outer face of a target where it detonates on
contact, producing a high-velocity jet of netal particles which pierce the
structural envelope, including any arnor. A shaped-charge warhead consists
basically of a thick-walled explosive-filled case open in front, a thin front
liner for the explosive made of inert material such as nmetal and usually
conical or henispherical in shape (the concave side always facing forward), a
contact-fuze and detonating device, and a thin nose cone for warhead aero-
dynamic shaping. A typical shaped-charge warhead with a conical liner is
shown on figure 33. The shaped-charge is characterized by the geonetry of the
front liner. \Wen a shaped-charge warhead strikes a target, the point-detonating
nose fuze fires a length of detonating cord which |eads to a booster in the rear
of the warhead. The booster, in turn, detonates the main charge and a detonation
wave travels forward causing the nmetal front liner to collapse. Collapse of
the liner starts at its apex. Wien the liner collapses it ejects a narrow
sword-like jet of explosive products and netal particles fromthe face of the
liner out the front end of the thick warhead casing at velocities ranging from
about 2,000 to 25,000 feet per second. The velocity of the tip of this
conti nuous shaped-charge solid jet is of the order of 25,000 feet per second
while the trailing end has a velocity of the order of 5,000 feet per second.
This produces a velocity gradient which tends to stretch the jet. The jet is
then followed by a slug which consists of about 80 percent of the liner mass
and having a velocity of about 2,000 feet per second. The sequence for the
shaped-charge penetration process is shown on figure 34. I f a shaped-charge
jet strikes a target of armor plate, pressures of about 250,000 |b/in*are
produced at the point of contact. This extrene localized pressure causes
stresses far above the yield strength of the (target) material so that it
flows out of the path of the jet as would a fluid. There is so rmuch radial
moment um associated with the material flow that the diameter of the hole
produced is considerably larger than that of the jet. The difference between
jet dianeter and that of the hole depends upon the characteristics of the
arnor plate. However, the depth of penetration into a thick slab of mld
steel will be only slightly greater than that for honobgeneous (nonobl ock)
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arnor because the material flowis the same in either case. As the jet
particles strike the target, they are carried radially outward along with the
plating material. The jet is used up as it strikes and penetrates the target
so that it becones shorter and shorter until finally the last jet particle
strikes the target and the primary penetration process stops. The actual
penetration continues for a short time after cessation of jet action because
the kinetic energy, inparted to the target nmaterial by the jet, nust be dis-
sipated. The additional penetration caused by this afterflow is called
secondary penetration. Having penetrated a ship’s structural envel ope, for
exanpl e, deckhouse weat her bul kheads, each shaped-charge jet particle which
impacts internal structure will produce secondary plate fragments capabl e of
penetrating a plate thickness equal to own thickness. This results in an

addi tional damage environment to whatever is located in the compartnent behind
each penetrated bul khead. For exanple, if a shaped-charge jet produced 50
high-velocity jet particles that inpact on an interior bul khead, then as many
as 200 total particles may exit from the bul khead; approxinmately 50 will

be jet particles and the other 150 secondary plate particles. The trajectories
of the secondary particles fall within a cone having a central angle up to 130

degrees and apex at the point where the bul khead is penetrated. | mpact i ng
heavy nachinery and equi prent in penetrated conpartnents woul d, of course
i npede further penetration by the particles. It has been found that generally

the depth (P') of nmin penetration by a shaped-charge jet is related to the length
(L) of the jet, the density (Pm of the target material, and the average density
(P) of the jet, bv the follow ng expression:

I

P =1 pj/om

The strength of the plating material has no appreciable effect on the depth of
primary penetration because the material is fluid in nature during jet
penetration. The jet density is dependent to a large degree on the density

of the particles of the shaped-charge liner which are dispersed throughout the
primary jet. The standoff distance for a shaped-charge warhead is defined as
the distance fromthe base of the shaped-charge liner to the surface of the
target at the time of detonation. Standoff distance is extrenely inportant in
obtai ning maxi mum jet penetration. An increase in standoff pernmits an
increase in the length of the jet, but at the same tine decreases its average
density. It would appear that an increase in standoff increases the depth of
primary penetration since depth varies directly as jet length but only as the
square root of jet density. This is true up to a certain distance, beyond
which irregular devel oped particles in the jet cause it to spread sonewhat
causing, in turn, a decrease in the depth of primary penetration

4.4,4 Underwater detonations. The explosion phenomena and weapons
effects described earlier (see 4.3,5) in connection with underwater nuclear
detonations apply equally well to the case of conventional H E detonations.
There are, however, several distinguishing characteristics between the two.
One difference has to do with the significant nuclear ganma/neutron and
thermal radiation effects which do not exist for H E. weapons, These particular
effects, however, do not result in any significant damage environments as such
for a ship unless the underwater nuclear attack occurred relatively close (for
exanple, less than 1 nile) to the ship, at which range it would sustain severe

48



M L- HDBK- 297( SH)
28 Decenber 1987

nucl ear and thernal radiation damage to structure, equipnent, and personnel
Anot her difference has to do with the nature of the shock wave itself in each
case. At standoff ranges where a ship can still be subject to significant
shock motions (that is, sudden accelerations and high velocities), the wave
front from an underwater nuclear detonation would certainly be planar whereas
that for H E detonations would still be spherical. In the case of an under-
wat er nucl ear detonation, a ship target would experience rigid-body translation
in addition to shock effects. In the case of an underwater H E. detonation, a
ship target could also experience beamlike bending notions (whipping) of its
main hull girder due to the bubble pulse effect, with the possibility of
resonance occurring if the bubble period is close to the fundamental vibration
period (or its harmonics) of the ship’s girder. If so, then severe plastic
defornmations (hinging) would occur, that is, “breaking the back” of a ship.

Not wi t hst andi ng the differences between underwater nuclear and conventiona
expl osion effects alluded to above, the “surface cutoff” phenonenon is the
comon denomi nator which ensures sone degree of equivalence in the shock

| oading and notions experienced in each case. The two key paraneters which
control the severity of the shock environnents in either case are: char ge

wei ght (k') in pounds (tons) TNT equival ent, and standoff distance (R) between
the detonation center and a point on the ship's hull. For a broad range of
paraneter values of practical interest, the shock severity is about the same
for both. This equivalence obtains for large H E charges, for exanple,
greater than 50,000 pounds TNT. The primary damage effects or environments
therefore, to which surface ships would be subjected as a result of attack by
conventional H E underwater weapons are: shock wave, high incident overpres-
sure, and bubble pulse. The resulting danage nodes to exposed structure could
be hull rupture due to the shock wave and whi pping due to the bubble pulse.
The danage nodes to sensitive equipment woul d be misalignment or even breaking
away from foundations or nountings due to high shock motions. Simlar kind of
equi pnent damage woul d result from hull whipping. A secondary damage effect or
environment from the shock wave or bubble phase could be flooding due to hul
rupture.

4.4,4.1 Shock factor versus peak bodily velocity. Naval ships may be
subjected to a variety of underwater explosions using conventional H E weapons
which allow for a variation in charge weight, standoff distance, and attack
geonetry. Some form of analytic expression is, therefore, needed to relate the
underwat er shock environment to the attack conditions. An enpirical relation
has been devel oped which has led to the well-known “shock factor”. This index
for measuring shock severity from conventional detonations has proven useful.
Peak bodily velocity is a meaningful parameter for expressing the shock severity
from an underwater nuclear detonation (see 4.3.5.1). Shock factor is nore approp-
riate for underwater H E detonations. Some attenpts have been made to draw a
conmpari son between peak bodily velocity and shock factor using measurenent data
from at-sea ship shock tests. For large charges, it has been observed that an
approxi mate correlation obtains between these two parameters. The enphasis on
correlation between shock factor and peak bodily velocity is inportant since
velocity measurenents are used extensively in shock evaluations of full-scale Nava
ships and shi pboard equipnents. Aso, in many of these tests large high-explosive
charges are used to simulate the blast effects of nuclear weapons.
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4.4.5 Antiship torpedoes. Fromthe point of view. of weapons effects
antiship torpedoes fall into two categories (the sane general categorization
and associ ated weapons effects apply to antiship mnes, which can be planted
at predetermned depths). One is the side-hitting, contact-fuzed torpedo and
the other is the close-underbottom proximty-fuzed torpedo.

4.4.5.1 Side-hitting contact torpedo. This weapon is designed to run at
relatively shallow depths, about 15 to 20 feet depending on the target’'s draft,
and is fuzed to detonate on inpact with the side of a ship’s hull, The prin-
ci pal weapons effects or damage nechanisns for the inertia-fuzed contact
torpedo are: hull rupture (holing) due to the extrenely high, localized
pressures of the incident blast wave; severe shock notions inparted to shel
structure and equi pnent conponents due to the inpulsive nature of the blast
(shock) wave; and, secondary fragnents resulting fromthe ruptured hull plating
Large holes would be opened in the plating acconpani ed by extensive distortion
and rupture of the transverse franes and longitudinal stiffeners. The extent
of damage will depend on the size and type of explosive payload in the torpedo
warhead, in addition to the structural design of the ship's hull, Subsequent
venting of the explosion gases into the interior of the hull would cause
further damage and start fires inside the ship. Rupture of the hull shel
could lead to severe flooding, and possible sinking of the ship if too many
wat ertight bul kheads are damaged in an attack. Breakup of the shell plating
could result in a fragnent environment within the hull in the formof large
pi eces of netal flying around. The inpulsive nature of the blast |oading, that
is, very high pressures of nillisecond duration, would inmpart |arge shock
motions to structure and equipnment in the form of sudden accel erations and high
velocities. The shock loading is transmtted up through the hull structure to --
the upper deck |evels thereby causing shock danmge to sensitive conponents
mounted on the topside or within the ship hull enclosure. These shock notions
occur principally in the vertical direction because of the nature of the
underwat er detonation; any horizontal notions would be the result of mechanica
coupl ing

4.4.5.2 Cose-underbottom influence torpedo. This weapon is designed to
run at depths bel ow the keel of a target ship, generally less than about 100
feet, and is fuzed to detonate upon sensing a signature influence, for exanple,
a ship’s underwater magnetic or pressure gradient. An upward-|ooking sonar
may be enployed as part of the torpedo’s fuzing mechanismto sense when it
first arrives underneath the ship, and is then delay-fuzed to detonate when
close to the ship's centerline. The principal weapons effects or damage
mechani sns for the proxinmty-fuzed underbottom torpedo are the shock wave,
whose intensity is neasured by the keel shock factor, which inparts sudden
vertical notions to the hull structure and equi pnent conponents; and the bubble
pul se due to the contraction and subsequent expansion of the explosion gas
globe. The latter effect can cause severe whipping of a ship’s main hull
girder, in the formof large free beamvibrations, if the bubble period is in
resonance with the natural period of the structure. This whipping can result
in gross plastic deformations (hinging) of a hull girder, with possible “break-
ing of a ship’s back”. The severity of the shock notions and whipping is also
controlled by the size and type of explosive charge in the torpedo warhead, and
the standoff distance fromthe point of detonation to the ship’s hull
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4.4,6 Synergistic considerations for non-nuclear (H E ) weapons effects.
The expl osi on phenonena and resulting weapons effects for conventional H E
detonations are less complex, and fewer in nunber, than for nuclear detonations
(see figure 28) because of the absence of the radiation effects (initial and del ayed,
including EMP and TREE, and thermal). As shown on figure 29 and summarized on
figure 30, the prinmary (direct) HE weapons effects or damage environnments of
concern to ship structure and shipboard equipments are: fragments, shock,
airblast, and blast-induced shock. To this must be added the danmge effects of
penetration and high-velocity jet particles which result from shaped-charge
war heads whose action is initiated by the detonation of a chemnical high-
expl osi ve. Exami nation of the sequence of explosion phenonena and free-field
weapons effects as shown on figure 29 reveals two cases of significant coupling
between individual effects that can result in nore severe damage environments
for Naval ships. For above water H E. weapon detonations, the warhead fragments
whi ch occur first may degrade the structure integrity of ship hull or super-
structure plating and exposed equipnents by perforation prior to the arrival of
the airblast fromthe same burst. It is conceivable, however, that depending
on the size of the fragments (or debris) which perforate bul khead or deck
plating the airblast overpressure could be vented into interior spaces thereby
reducing the degree of further damage to exterior structure. [f such is the
case, the vented airblast would nore readily create a blast-induced shock
environment for internal equipments although the confined gas pressure in
contiguous conpartments mght be |ess severe because of venting to the outside
(ambient) atmosphere. For underwater H E. weapon detonations, a coupling
between the danage effects due to the shock wave and the bubble pul ses nay
occur which could prove nore severe than either effect individually. As shown
on figure 24, the sequence of the underwater explosion phenomena or weapons
effects applicable to both nuclear and non-nuclear (H E ) detonations - the
difference between the two is reflected in the characteristics and relative
severity levels for the shock wave and the bubble pulse effects. The shock
front from an underwater nuclear detonation effectively acts over the entire
underbottom of a ship inparting an upward rigid-body translational notion to
the entire ship rather than a nore |ocalized |oading as would occur in the case
of an H E. weapon detonation. Sinilarly for the bubble pulsation effects and
damage environments created. The expanding or contracting gas bubbles from an
H E. detonation introduce a localized inpulse loading on a ship’s main girder
and, being of the right frequency and at a critical loading point, could |ead
to resonance (“whipping”) of the hull. Shock damage to the hull structure
effectively reduces the bending rigidity of a ship’s main girder and also alters
its natural vibration frequencies. The consequence of this would be a weakened
girder so that the whipping damage induced by the bubble pul se resonance would add
to the shock damage of the hull. There would al so occur a synergi sm between the
shock damage to hull or deck-mounted equiprents and the subsequent damage effects
resulting fromthe (longitudinal) beamlike whipping of the entire ship.

4.5 Non-nucl ear (non-expl osive) weapons effects and danmage environnents
Besi des the standard antiship weapons enploying detonation-type warheads to
inflict damage by direct effects such as shock, airblast, fragmentation, and
so forth, other weapons exist in the inventory of potential Naval adversaries
(or are projected) that utilize different damage mechanisnms. Wthin this
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category the nost nunerous are chemical, biological or radiological (CBR
weapon delivered agents. The salient features of this non-destruct type weapon
is described bel ow

4.5.1 CBR effects. CBR warfare at sea remains a distinct possibility
although little practical experience exists in the use of such agents against
ships and shipboard personnel. Mch of what is known about enploynent of CBR
agents at sea is based on theoretical studies and limted experinents. Further-
more, in view of the availability of tactical nuclear weapons and effective
conventional H E. antiship weapons that are not constrained by internationa
agreenents limting or prohibiting their use, the utilization of CBR agents
cannot be ruled out. CBR warheads are of strategic inportance since they are
capabl e of destroying life wthout causing obvious structural damage to a ship
and its equipnents. A chemcal warhead is designed to expel poisonous sub-
stances as the payload and thus cause personnel casualties by contam nation and
ingestion. A small explosive charge placed in a chemcal (or other CBR)
warhead can be used to initially disperse the agent. The chemical agents are
usually delivered in the form of poison gases; however, liquids may also be
enpl oyed.  Except in high concentration, gases are normally invisible and
without a definite odor. Some gases attack the respiratory system causing
irritation of the lungs and throat while others can produce serious skin burns,
paral ysis, or cause death by affecting heart action. Personnel casualties can
range frominstant death to del ayed sickness. Equi pment and procedures are
avail able for detecting and identifying chem cal agents, A biological warhead
utilizes living mcro-organisms (bacteria) as the payload which may be selected
to produce antipersonnel effects ranging from brief but crippling disease to
wi despread illness and death, Biological agents can be rel eased as aerosols;
that is, cloud-like formations of solid or liquid particles, in which the agent
is held suspended. There are no sinple rapid nethods available for detecting
bi ol ogi cal agents. Positive detection and identification of a pathogen is
acconpl i shed by collecting sanples, growi ng an organi smculture under |aboratory
conditions , and then subjecting the culture to specific biochenical and
bi ol ogi cal tests. A nuclear warhead coul d be especially designed to produce an
abnormal Iy large amount of radioactive material. Use of such warheads agai nst
ships is considered unlikely in view of the availability of tactical nuclear
weapons which could achieve high levels of radioactive contam nation and other
damagi ng effects with lesser difficulty.

4.6 Primary and secondary shipboard damage environnents. As indicated
at the outset, the follow ng termnology has been adopted for this handbook.
Weapons effects are said to be produced by the weapon itself detonating in the
free-field; that is, in the absence of any target in the vicinity of the
detonation.  For exanple, a nuclear weapon detonated near the ocean surface
woul d al ways produce thermal radiation, airblast, and initial and residua
radiations as the primary weapons (danmage) effects. For high altitude
detonations , the electromagnetic pul se caused by atnospheric ionization would
also prove to be a prinmary nucl ear weapon effect. An underwater nuclear
detonation woul d produce shock, base surge, water waves, bubble pul ses and,
dependi ng on weapon yield and depth of burst, vented airblast as the primry
weapons effects. The primary (damage) effects produced by a conventional H E.
weapon detonation are airblast, fragnentation, and underwater shock. |f a
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ship target is in close proximty to a weapon detonation, the interactions

bet ween weapons effects and ship are manifest as damage environments. These

may be categorized as primary or secondary damage environments dependi ng on

the conditions and sequence of occurrence. The primary nucl ear danage
environments and the associated |oad parameters which characterize their
severity are airblast pressure, shock velocity (blast-induced and underwater),
thermal flux, EMP electric field, TREE dose rate, and nuclear radiations

dose.  Secondary nuclear damage environments include explosions, fire

flooding, debris and capsizing. However, these are not as easily characterized
as the primary environnments. The primary high-explosive damage environments and
characteristic parameters are airblast pressure, inpulse shock velocity (blast-

i nduced and underwater), fragnent Kkinetic energy, shaped-charge jet particle
kinetic energy, penetration depth (for AP and SC warheads), perforation (hole)
size, and so forth. Secondary H E. damage environments include explosions, fire,
fl ooding debris, spalling (secondary fragments). Fire nay also be considered a
primary shipboard damage environment in the case for detonating warhead which
contains napalm or other incendiary-type materials for the damage payl oad.

4.7 Coupl ed shipboard danmage environments. There are coupled (conbined)
shi pboard damage environnents which result from the natural synergi sm between
i ndi vi dual weapons (danage) effects for each of nuclear and high-explosive
detonations . These synergistic damage environnents may be considered one
notch above the prinmary environnents thenselves since the conbined (danage)
effects are usually nore severe than either of the conponent effects; for
exanpl e, nuclear airblast coupled with thernal radiation. One “conbined”
damage environment which transcends all others is that which may be triggered
by airblast; for exanple, which could lead to secondary (fuel) explosions or
fire which could lead to weapon cook-off which could lead to nmore blast danage
effects. As has been denonstrated by nunerous wartime experiences and at-sea
ship accidents, the consequence of such a chain of events could prove
devast ati ng. However, this kind of coupling is not in the context of
natural | y-occurring synergisns. For purposes of this handbook it is also
assuned that a nuclear attack against ships will not occur at the same tine as
a conventional H E attack so that the respective damage environments are
considered to occur separately. Sequential interactions from separate nuclear
and H E weapon attacks are not considered to influence the degree of design
protection or hardness |evel needed to limt shipboard danage. For nucl ear
attack, it is further assumed that the damage environments are produced from a
single explosion so that no consideration shall be given to the damaging
effects of nmore than one weapon. For conventional H E. weapon attack, on the
other hand, nore than one nmissile, bonb, projectile, torpedo, or other type of
antiship ordnance nmay be used in a single attack. However, the weapon aim
points will be sufficiently separated so that interactions between the
damagi ng effects of separate hits can be neglected. For exanple, two
proximty-fuzed projectiles may explode near a ship in rapid succession.
However, the respective blast overpressures and other weapons effects produced
shall not be considered additive even if this would result in a nore severe
environment than for a single explosion. Two synergisns of concern involving
combi ned nucl ear weapons effects which can have an inpact on ship protection
design priorities are thermal radiation plus airblast, and underwater shock plus
bl ast-i nduced shock. These naturally occurring conbination effects can lead to
structural danage or failure whereas the individual effects nmay not prove as
critical . The thernal wave which precedes the blast wave by several seconds can
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seriously degrade the strength properties of structural materials, including those
of equi pnent conponents, to the point where the airblast overpressure effectively
| oads a weakened structure. This would be particularly true for alum num alloys
and plastic conposites, for exanple, fiberglass. Ceranmic materials or coatings
could be used, where appropriate, to preclude the damaging effects of the
thermal radiation. The degree of synergistic damage woul d depend on the

weapon yield and standoff distance to target. In the second instance, a
tactical situation obtains where both underwater and above water shock effects
agai nst sensitive topside equipnents could occur (almst) simultaneously. This
is the case for a shallow underwater nuclear burst in which the shock-wave
energy is vented through the air or water interface, resulting in airblast

shock in addition to underwater shock. The relative severity and damage
potential of the two shock effects depend on the weapon yield and depth of the
detonation. The underwater shock effects in thenselves may not be critical
because of the venting; however, the conbination of airblast and underwater
shock may prove seriously damaging. The main synergi sm of concern in the case
of conventional H E. weapons effects which can have an inpact on ship pro-
tection design priorities involves fragmentation plus airblast. The fragment

di spersion fromthe breakup of a missile warhead precedes the blast wave so

that any perforation of structural plating by the fragments, whether bul khead

or deck plating or equipnent elenents, would effectively weaken them The
airblast pressure which follows would, therefore, load a weakened structure
with the consequence of premature failure as conpared to a non-perforated plate
or piece of equiprment. The degree of synergistic damage in this instance woul d
depend on the type of warhead (for exanple, controlled fragnentation), size of
expl osi ve payl oad, and the standoff distance to target.

5. DETAI LED REQUI REMENTS
Not appl i cabl e.
6.  NOTES
6.1 |Intended use. This handbook is intended for the use of ship design
engineers desiring an introduction to survivability and vulnerability of ship

and vital weapon systens and to passive protection design.

6.2 Subject term (key word) listing

Above water detonations

Non- nucl ear weapons

Nucl ear weapons

Shi pboard danmage environnent
Underwat er detonations

Preparing activity:
Navy - SH
(Project 1990-N051)
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FIGURE 4. Energy partition for nuclear explosion phenomena.
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FIGURE 6. Typical energy distribution for weapons danage effects from
a nuclear air burst (40,000 feet altitude and above).
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FIGURE 12. Variation of free-field overpressure with distance at
successive tines for an ideal shock wave in air.
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FI GURE 14. Reflection of blast wave at earth’s surface.
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FIGURE 15. Tinme variation of overpressure at point on earth's surface
(regular reflection region).
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FIGURE 16. Tinme variation of overpressure at point above earth’'s surface
(regular reflection region).
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FIGURE 17. Merging of incident and reflected blast waves;
formati on of Mach Y configuration.
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FI GURE 18. Qutward novenent of blast wave near earth's surface
(Mach reflection region).
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FIGURE 19. Peak free-field overpressure on the ground for |-kiloton
nucl ear air burst (low pressure reginge).
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FIGURE 22. Positive phase duration for incident overpressure and dynamic
wind pressure for |-kiloton nuclear air burst,
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FIGURE 23. Diffraction of blast wave by box-like structure
with no openings (plan view).
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FIGURE 24. History of underwater explosion events.
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FIGURE 26. Typical underwater pressure pulses affected
by surface reflection.
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FIGURE 29. Sequence of principal conventional H E. explosion
phenomena and resultant weapons effects.
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FIGURE 31. Pressure-time history at point on wall of closed chanber
for internal H E burst (confined airblast).
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FIGURE 33. Schematic diagram of typical
shaped charge (heat) projectile.
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FIGURE 34. Sequence of shaped-charge penetration events.
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