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Conventional \Warfare: Ballistic, Blast,and Burn Injuries

INTRODUCTION

An explosive is a substance that can be made to
undergo a rapid chemical reaction that will transform
a liquid or solid into gas, liberating a large amount of
energy.‘ The products of the detonation (orexplosion)
of a conventional explosive are (2) a region of highly
compressed gas (the blast) that rapidly expands to oc-
cupy avolume at least 10° times greater than that of the
original explosive and (b) various solid residues from
the explosiveor its casing. Inaddition, nuclear detona-
tions release radioactive particles when fission or fu-
sion occur.

Anexplosionthat occursinthe earthsatmosphere
is called an air blast; ablast that occurs in water iscalled
an underwater blast. Conventional military explosives
range from a few ouncesup to thousands of pounds of
trinitrotoluene (TNT) equivalent. Nuclear weapons
produce blast waves that are equivalent to thousands
or millions of tons of conventional explosives.?

Therapid expansion of gasafterdetonation almost
instantaneously compressesthe surrounding airintoa
shock wave that propagates supersonically and in all
directions from the explosion (Figure 7-1). The shock
wave that is generated by the rapid release of gasfrom
an explosive is called the blast wave. The rush of air
caused by the net motion of the gas is called the blast
wind.

Blast injury is a general term that refers to the

biophysical and pathophysiological events and the
clinical syndromes that occur when a living body is
exposed to blast of any origin. Blast-wave physical
properties, the complexity of the waveform, and the
number of blast repetitions determinethe potential for
primary blast injury (PBI).

PBI occurs when the blast wave strikes and com-
presses the body. Energy is transferred directly from
the transmitting medium (air or water) to the body
surface. Damageisalmost totally limited to theauditory
system and the gas-containing structures of the res-
piratory and gastrointestinal tracts.

Secondary blast injury occurs when flying debris,
collapsed buildings, or other environmental material
energized by the explosion strike the body. A high
incidence of casualties with secondary injuries from
broken glass can be expected when blasts occur in
urban areas.

Tertiary blast injury occurswhen a casualty‘sbody
is thrown against the ground, equipment, structures,
trees, or other stationary objectsby pressure differen-
tials or blast winds. Mutilating blast injury (that is,
traumatic amputation) occurs as a combination of
secondary and tertiary blast effects.

Blast waves that come from an explosion used to
propelasoldier’sownmunitionsare calledweaponnoise.
Their principal hazard is to the soldier’s hearing.

FUNDAMENTALS OF BLAST AND BLAST WAVES

I he defining characteristic of a biast wave at any
point in spaceisthe variation in ambient pressure over
time (itspressure-time history). The increased pressure
(above normal from a blast is
termed the blast overpressure. The level of overpressure
depends upon (a) the energy of the explosion, (b) the
distance from the point of detonation, {c) the elapsed
time since the explosion, and (d) the measurement
technique. Blast strength is defined as the ratio of
overpressure to ambient pressure. Some exotic ex-
plosives, such as fuel-air mixtures, can produce large
overpressures with long positive durations (thatis, the
time over which the pressureisgreater thantheambient
undisturbed pressure). Blast waves that arise from
weapon noise have small positive durations (usually
less than 5msec) and modest peak overpressures (less
than 1 atm) and are accompanied by negligible blast
winds. Nuclear weapons can generate blast waves
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that have overpressures of several atmospheres, posi-
tive durations lasting several seconds, and blast winds
of hundreds of miles per hour.

The moleculesof gas in the atmospherearound us
are in constant thermal motion.> On average, at sea
level, there are 30 million billion molecules in every
cubic millimeter of air, moving at speeds on the order
of 300 m/s and bumping into one another 100 million
times each second, after traveling only 0.001 mm. This
continual bombardment of gas moleculesagainst any
solid surfaceexertsa force on every part of that surface
and ismostappropriately expressed asa force per unit
area, or a pressure.

The average energy of motion of individual mol-
eculesismeasured by the temperature of the gas, while
the mass of moleculesin a given volume is measured
by the density of the gas. Pressure, temperature, and
density are measures of the state of the gas. Becauseall
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Fig.7-1. A large conventionalexplosion is shown froma distance. Beyond the fireball, the blast wave appearsasa sharp line,
which is caused by refraction of light by the higher-density gas at the shock front.

Source: D.R. Richmond

three quantities are manifestations of the underlying
motion of the molecules,they arerelated tooneanother
by equations of state.

Physical Characteristics of Wave Propagation

When thestateof agasis disturbed, for example by
opening adoor intoa closed room, the molecules near
the door are momentarily compressed. Because the
moleculesmove somuch faster than the door, however,
thislocalaggregation of moleculesisquicklydispersed.
These small compression disturbances travel at the
speed of sound. The room quickly reaches a state of
slightly higher but uniform pressure. Similarly,when
passengers force their way onto an already crowded
train, a new arrangement (in which the distance be-
tween people has evened out) takes place throughout
the car without much motion of any one individual.
The propagation of state changes, without the need for
much motion of the individual elements, iscalledwaue
propagation. The speed at which such a disturbance
propagates is called the warespeed, while the net speed

atwhichindividualelementsmoveis calledthe material
speed.

There are many examples in ordinary life of wave
propagation. Sound is propagation of local concen-
trations of prcssurc through any gas, liquid, or solid.
Water waves are the propagation along the surface of
local variations in the water level. Electrical signals
along a telephone line are the propagation of local
variations inthe electricand magnetic fieldswithin the
wire. In eachd these examples, the material speed of
the individual elements is quite small compared to the
wave speed. The air that is moved in the act of
speakingbarely leavesthe region of the vocal cords by
the time the sound is heard acrossa room. The water
moleculesmove at only a small fraction of the speed of
the water wave. Even more dramatically, in the time
the electrical signal passes from Los Angeles to New
York, the electrons in the telephone wire responsible
for starting the signal have moved less than 1cm.

A different situation exists if the material speed
approaches or exceeds the wave speed. When the
material speed exceedsthe wave speed, the individual
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Fig. 7-2. This graph illustrates the ideal pressure-time history of an air blast in an undisturbed, free-field environment (a
Friedlander waveform). The impulse is the integral of pressure over time. P is the peak overpressure.

Source: Walter Reed Army Institute of Research

elements are pushed together faster than the distur-
bances can be relieved by the thermal motion. Con-
sequently, the molecules pile up and the densities,
pressures, and temperatures increase rapidly. Even-
tually, because the wave-propagation speed also in-
creasesasthese quantitiesincrease,a stateisreachedin
which the piling up that is caused by the material
motion is just balanced by the dispersion of the ther-
mal motion. This local high pressure, temperature,
and density —the shock wave —advances faster than
the speed of sound through the undisturbed medium.

The Blast Wave

The term blast front is often used to describe the
leading edge of the blast wave as it moves into un-
disturbed ambientair. This frontincreases the density
of the air through which it passes, raising its tem-
perature and accelerating the air molecules. In the
denser air at the blast front, the pressure wave travels
faster than it would through ambient-pressure air.
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The gases from an explosion push out
circumferentiallyand rapidly intoundisturbed air. As
the blast front passes, they create both a high-pressure
region (the positive phase, shown in Figure 7-2), and a
blast wind. Because the gas is rushing away from the
explosion, it not only decompresses the original high-
pressure region that the explosion caused, but it also
continues to expand. This creates a region of below-
atmospheric pressure (the negative phase) that also
propagates away from the explosion. Sincethe speed
of propagation increases with pressure, the negative
phase of the blast wave moves more slowly than the
blast front does, and becomes separated from the front
by greater and greater distances as the blast wave
progresses.

In the positive phase, the air iscompressed almost
instantly to a peak value that decays exponentially
back to and then belowthe ambient (baseline)pressure,
into a negative phase. During the positive phase, the
flow of gas, or blast wind, is away from the explosion.
The direction of flow reverses in the negative phase,
with a net movement of gas back towards the relative



vacuum at the detonation point. Thenegative phase is
thought not to contribute to blast injury, although
definitive data do not exist.

The Pressure Waveform

A blast wave occupies a particular place at any
giventime,and a pressure-measuring device placed at
a fixed location for a defined period of time can
quantitatively describe a blast. As a result, the spatial
variation of thewaveistranslated intoa timevariation,
its pressure-time history or pressure waveform. Simple
measurements of the blast wave are meaningful only
when the pressure waveform has a very simple shape
(Figure 7-2). Characterization of such waves, called
ideal blast waves, includes making the following ob-
servations:

4 The ambient atmospheric pressure is noted
before the wave arrives
2 The pressure rises almost instantaneously to
the peak overpressure when the blast front
arrives
The pressure remains above ambient while
the positive phase of the blast wave passes
the measuring point
e The positive-phase duration is the interval
between the arrival of the blast front and the
first return to ambient pressure
2 A lower-than-ambient pressure that slowly
returns to ambient marks the passage of the
negative phase

Many mathematical formshave been suggested to
capture the time variation of these ideal blast waves.
One equation, the Friedlander waveform, describes the
theoretical variation of the positive pressure behind
the shock front:*

P(t) =P_ (1-

where P(t)is the pressure atany giventime (t), P_isthe
peak overpressure (an instantaneous static pressure
quantity), ¢, isthe positive duration (thetime duration
of the positive pressure), and b is a decay constant, a
parameter that describes the rate at which the
overpressure decreases after the peak.

Blast waves are typically measured by piezo-
electricor piezo-resistive pressure transducers.* Less-
common photographic methodsinclude(a) high-speed
cameras,(b)shadowgraphs,and (c) Schlierenand streak
films.*> Figure 7-2 illustrates an ideal pressure-time
pattern measured by a gauge that was oriented side-un
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(that is, the sensing surface is oriented parallel to the
direction of wave propagation) to the blast in the free
field (thatis, away from any complicating surfaces that
would disturb the blast wave). Major environmental
features, such asbuildings and vehicles,can reflectthe
incident wave (thatis, the original blast wave) and lead
to very complex overpressures, where measurements
are suspect and the potential for injury is difficult to
predict.

Thepressure-time history of the ideal blast wave is
characteristicof many blast waves, especially those far
fromthe explosion. However, if the chemicalreactions
are slow, or if the point of observation is close to the
explosion, non-ideal effectsare seen. The most com-
mon deviation from the ideal waveform is a second,
smaller peak that appears when the negative phase
begins. This peak corresponds to a recompression of
gas at the detonation site. Distortions of the ideal
waveform can also occur when the combustion of
slow-burning munitions continues afterthe blast wave
has formed.

Conventional Explosives

Conventional explosives contain compounds of
hydrogen, oxygen, nitrogen, and carbon. The explo-
sive material may be a solid, slurry, liquid, or gas.
Primary explosives, such as mercury fulminate, lead
azide, and lead stefinite, are very sensitive and may be
induced to explode by heat or pressure. Secondary
explosives are less sensitive and may be either single
compounds, such as TNT and pentaethyltrinitride
(PETN), or mixtures. For example, Composition C4,a
common plastic military explosive, contains 91%
cyclotrimethylenetrinitramine(RDX), rubber, oil, and
a plasticizer.* Insensitive explosives have been devel-
oped that require the impact of a high-velocity metal
flyer plate to initiate a detonation. They will not
detonate even when they are in contact with another
explosive and are insensitive to high temperatures.
Their inherent stability makes them safe to store and
transport. Tables7-1and 7-2 give some characteristics
of commonsingle-and mixed-compositionexplosives.

General-purpose explosive munitions usually
consist of (a) a detonator or a fuse containing a sensi-
tive primary explosive, (b) a booster of relatively sen-
sitive secondary explosive, and (c} a main charge of an
insensitive explosive. The weight of the explosive
charge generally increases proportionately to the total
weight of the munition. The ratio of charge weight to
weapon weight ranges from 0.15 for howitzer shells,
0.25-0.33 forhand grenades, 0.51for 500-poundbombs,
t0 0.86for 10,000-poundbombs. Inconventional muni-
tions such db grenades and artillery shells, an appre-
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TABLE 7-1

BASIC PROPERTIESOF COMMON SINGLE-COMPOUNDHIGH EXPLOSIVES

Equivalent Weight Density ~ Detonation Velocity
Explosive Relativeto TNT" (g/cm3) (km/s) Consistency
Ammonium Nitrate, AN — 1.73 7.00 Solid
Nitroglycerin, NG — 1.60 7.58 Liquid
Trinitrotoluene, TNT 100 165 690 Solid
Pentaerythritol 127 1.70 7.98 Solid
Tetranitrate, PETN
Cyclotrimethylene 119 1.80 8.75 Solid
trinitramine, RDX
Cyclotetramethylene -1.30 1.90 9.10 Solid
tetranitramine, HMX
Nitrocellulose, NC —_ 12-17 7.30 Solid

*Based on the peak pressure produced comparedto TNT

ciable fraction of the explosive energy is dissipated in
bursting the casing and accelerating the case frag-
ments. Such weapons do most of their damage as a
secondary blast effect because the fragments are able
to cause injuries far beyond the effective range of the
blast wave.

The Scaling Laws

For any type of explosive, every combination of
weight and distance from the explosion produces a
particular pressure-time history. It has long been
noted that if a particular peak overpressure occurs at
one distance for one weight of explosive, then that
samepeak overpressure will occuratasmallerdistance
forasmallerweight and ata larger distance for alarger
weight. Mathematical relationships that allow the
results of one set of conditions to be determined from
the results of another set are called scaling laws.
Compilation of a wide range of experimental results
produced the cube root or Hopkinson's Rule: The peak
overpressuredepends on the scaled distance,defined as
the physical distance from the explosive divided by
the cuberoot of the weight of the explosive charge. For
example, 1pound of TNT producesapeak overpressure
of 0.5atm at a distance of 10 feet. The scaled distance
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is 10+ 1°¥ =10. At twice the physical distance (20 feet),
8 pounds of TNT will produce the same peak
overpressure. The scaled distance is 20 + 8** = 10.

Hopkinson's Rule has simplifiedthe calculation of
the peak overpressure from relying on distance and
explosive weight independently to relying on a single
combination of the two quantities. By measuring the
peak overpressure at various distances from a single
weight of explosive, the variation with the scaled
distance can be determined. The peak overpressure
due to any other amount of that explosive at any
distance can be estimated without conducting further
experiments.

Useful as Hopkinson's Rule is, it has significant
limitations. New experiments would have to be con-
ducted if another type of explosivewere used or if the
blast occurred at other altitudes where atmospheric
conditions differed. Itwould be useful to have amore
general scaling law.

The laws of physics governing blast waves are
described by certain mathematical equations? The
solution of those equations provide the pressure-time
history of the blast wave. To find the solution, a
particular choice of explosive energy, atmospheric
conditions, and distance from the charge must be
made. With certain simplifications, it is possible to



TABLE 7-2
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BASIC PROPERTIES OF COMMMON MIXED-COMPOUND EXPLOSIVES

Equivalent
Weight Detonation
Relative to Density Velocity

Explosive* TNT* g/cmd km/s Consistency
ANFO 0.82 -0.8 -4.7 Powder

94 AN/6 FG
Composition B 111 1.70 7.9 Solid

40 TNT /60 RDX
Octol 1.06 1.82 8.4 Solid

25TNT/75 HMX
Pentolite 1.42 1.67 7.4 Solid

50 TNT/50 PETN
Dynamite 0.90 1.40 -5.8 Solid

50 NG/0.2 NC/34

SN/15.8C
Bonded Mixtures
Composition C4 1.37 1.0-1.60 80 Plastic

91 RDX/ 2.1rubber/

1.6 0il/ 5.3plasticizer
Sheet Explosive -1.27 -150 -7.0 Rubberlike

60-85 PETN/0-8 NC sheets

rubber and plasticizer

*FO: Fuel oil; SN: Sodium Nitrate; C: Combustibles and chalk
**Equivalentto weights based on peak overpressure produced compared to TNT

rearrange those equations so that only dimensionless
combinations of parameters appear. Solving these
dimensionless equations would allowthe scalinglaws
to be derived from basic physical principles. Unfor-
tunately, the mathematics of the blast-dynamics
equations are extremely difficult and a general solu-
tion is not known.

Blast parameters scaled to distance at sea level are
given in Figure 7-3. In general, the peak pressure
decreases with distance while the positive duration
increases and the positive phase impulse (that s, the in-
tegral of the overpressure over the positive duration)

falls. For a 1-pound sphere of TNT detonated in
unconfined (free)air, this graph may be read directly.
To use larger explosive weights, the actual distance
must be scaled by dividing by the cube root of the
weight of the explosive charge. The peak pressure is
read directly and the scaled blast parameters are then
read from the graph and converted to the actual pa-
rameters by multiplyingby the cube root of the charge.
To use Figure 7-3 for explosives other than TNT, the
actual charge weight must be multiplied by the
compound’s TNT equivalency, some of which are
givenin lables 7-1and 7-2.
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Fig.7-3. Scaled values of positive-phase duration and impulse, peak pressure, and time of shockarrival are given for scaled
distances at sea level from an explosion. For a I-pound sphere of TNT detonated in open air, the graphmay be read directly.
To use larger explosive weights, the actual distance must be scaled by dividing by the cube root f charge weight. Peak
pressure is then read directly, The scaled blast parameters are then read fromthe graph and converted to the actual parameters
by multiplying by the cube root of the charge. For explosivesother than TNT, the actual charge weight must be multiplied
by the compound’s TNT equivalency (fromTables7-1and 7-2). For example,to determine the blast parameters at 40 feet from
a47-pound charge of Composition C4, take its equivalent of 64 pounds of TNT (1.37 x47) and take thecuberoot(4). Thescaled
distance isthen40/4, or 10. The peak pressure and scaledimpulse ata scaled distance 10feetare 7.5psi and 5.5psi-msec. The
impulse is multiplied by 4 o give an actual peak pressure d 30 psi and an impulse of 22 psi-msec.

Source: Reference7
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Nuclear Blast Waves

Nuclear blast waves differ from those of conven-
tional munitions principally in their positive-phase
durations, which may last as long as several seconds,
compared to milliseconds with TNT. A nuclear explo-
sion may also produce a precursor shock wawve under
certain conditions of burst height and terrain.” The
intense radiant thermal pulse heats the ground and
adjacent air layer. The shock front near the ground

The Physics and Mechanisms of Primary Blast Injury

travels faster in this layer of heated air and runs ahead
of the main pressure wave. Becausethe velocity of the
air flow in the precursor shock wave is greatly in-
creased, itsblast wind isseveral timesgreater than that
foundinanideal wave having the same peak pressure.
Drag-sensitive equipment (whichis less massive or has a
greater exposed surface) and personnel may be dis-
placed great distances by the precursor wave, which is
a tertiary blast effect.

BLAST MEASUREMENTS AND EFFECTS

Intense blasts are necessary to produce manifesta-
tions of PBI other than ear lesions. Because the inten-
sity of the blast (the peak overpressure) decreases
rapidly with distance from the detonation, personnel
must be very close to an explosion to sustain PBI. At
theseshortranges, fragmentinjuriesand thermalburns
may mask the blast injury. In fact, fragments of con-
ventional munitions travel in air far beyond the dis-
tance that the blast will cause injury.

The destructive aspect of a blast isdueto the force
it exerts. This force, called the blast loading, must be
described as a force per unit area, or pressure, and is
usually not the same on all parts of a building or a
person. Theblastloadingona structure dependsupon
its geometry and its orientation to the incident blast
wave. Structural damagewould be determined by the
inter-relationships between material strength and lo-
cal stresses produced by the external blast loading.

Blast-Pressure Measurement

Blast pressures are defined as either static, dy-
namic, or reflected. Pressure-measuring devices record
the forceexerted on a small sensing surface. The stutic
(or side-on) pressure is measured by a sensing surface
that is oriented parallel to the direction of propagation
of the wave (gaugee in Figure7-4). It isunaffectedby
any kinetic energy in the traveling wave front and
measures the air compression that isactive inall direc-
tions due to the thermal motion of the gas.

If that sensing surface is oriented so that the net
motion of the wave front strikes the surface, then the
total pressure is recorded (gauged in Figure 7-4). The
total pressure includes both the static pressure, due to
the thermal motion, and the dynamic pressure, due to
stopping the net air motion at the sensor surface.
Dynamic pressure is the force that is associated with

the blast wind (thatis, the movement of air particles at
the leading edge of the shock wave). It ismeasured as
the difference in the reading between two sensors
oriented at right angles, side-on and facing the blast
wave (Figure 7-4).

The standard practice in blast measurement is to
record the static component of the pressure and to
present that measurement in terms of the peak
overpressure and positive-phase duration. However,
readers should not ignore the fact that the blast wind
generated by nuclear and large conventional munitions
may add substantially to the destructive potential of
the static overpressure alone.

Structural Blast Loading and Wave Reflection

When a blast wave encounters a large, solid bar-
rier, like the wall of abuilding or the ground itself, the
motion of the gas moleculesisimpeded. If the barrier
is perpendicular (normal)to the direction of propaga-
tion of the blast wave, the wave is said to undergo a
normal reflection. At the barrier, the blast wave can no
longer propagate forward into undisturbed gas.
Consequently, the molecules are compressed even
more by those following until they are
so tightly packed that they push back in the direction
of the incident wave. This even greater concentration
of gas molecules that builds vp on the surface facing
the incident wave is called the reflected region.

If there is a negligible amount of blast wind asso-
ciated with the incident wave, then the reflected region
will have an overpressure about twice that of the
incident wave. As the blast winds become stronger,
the overpressure in the reflected region grows pro-
portionally and can be tenfold greater than the peak
pressure in the incident wave.

The reflected region will continue to increase as
long as it is supplied by the incident wave. If the
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Fig. 7-4. Static and dynamic pressure measurements are
depicted for an explosion occurring near the ground. The
incident wave reflects from the ground. The reflected and
incident waves interact near the surface to produce a
strengthened wave called the Mach stem. Gauge e is ori-
ented with its sensing surface parallel to the direction of
propagation of the wave and measures the static (orside-on)
pressure in the Mach stem. Gauged isoriented face-ontothe
shock and measures both the static and dynamic compo-
nents of the blast wave. The dynamic pressure is the differ-

ence between the two measurements.
Source: D.R. Richmond

incident wave is of finite duration, then the region of
high reflected pressure will extend only a finite dis-
tance from the wall and only for an amount of time
approximately equal to the duration of the incident
wave (Figure 7-5). The reflection process resultsin a
reflected wave, which movesin the opposite direction
of the incident wave withanearly identical wave form.

When the blast wave strikes a surface obliquely,
the reflection process is more complex. The angle
between the direction of propagation of the incident
wave and the reflecting surface is called the angle of
incidence, whereas the corresponding angle for the
reflected waveis called theangle of reflection. If the blast
isweak (thatis, the overpressure is not much greater
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Source: D. R. Richmond

than the ambient pressure) then the angle of reflection
isequalto the angle of incidence. This regular reflection
is geometrically the same as light reflecting off a flat
mirror. As the blast strength increases, the incident
and reflected waves interfere with one another with
theresultthatthe angle of reflection issmallerthan the
angle of incidence. When the blast strength reaches a
critical value, the waves combine to produce a Mach
stem,which propagates asasingle frontalong a reflect-
ing surface.” (The Mach stem, first described by Dr.
Ernst Mach in 1877, is not related to Mach numbers,
although both are named for Dr. Mach.) Away from
the surface, separate incident and reflected waves
occur (Figure 7-4). The point at which the three waves



join is called the triple point. In most large explosions,
a person on the ground will only be affected by the
Mach stem as it moves along the ground, where the
peak pressure will be greater than that in the incident
wave. For a surface burst, in order to account for the
Mach stem, the actual charge weight in Figure 7-3must
be increased by a factor of 1.7.

When a blast wave strikes a structure, it can exert
a tremendous force that can damage or demolish it.
Imagine a building with one side normal to the blast.
That sidewill be subjected to the reflected pressure for
the duration of the wave, while the opposite side will
be subjected to only the ambient pressure until the
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blast has propagated around to the back. Then the
back of the building will be subjected to a pressure
comparable to the static overpressure. Even modest
pressure differencesover the large surfacearea of most
buildings can create enough motion to cause critical
structural elements to collapse.

Quantitative values of reflected pressure,dynamic
pressure, and blast-wind speed (particle velocity) at
the shock front can be plotted as functions of incident
static overpressure (Figure 7-6). Table 7-3 gives sev-
eral examples that illustrate the nonlinear increase in
both reflected and dynamic pressures with increasing
static shock strengths.
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TABLE 7-3

WIND VELOCITY RELATED TO BLAST PARAMETERS

Maximum Pressure in Psi*

Wind Velocity Incident
(Mph) Static Reflected Dynamic
40 1 2 0.02
70 2 4 01
160 5 1 0.6
290 10 25 2
470 20 60 8
670 30 90 16
940 50 200 40
1500 100 500 125

*|llustrativevalues of peak reflected and dynamic pressures
demonstratingthe nonlinear increase in both with increase
shock strength measured as peak static overpressure. By way
of comparison,a hurricanewind of 120mph exertsa dynamic
pressure of about 0.25 psi.

}- Peak Pressure
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Fig. 7-7. This graph represents a complex blast wave that was recorded inside an armored vehicle that had been penetrated
by a shaped-charge munition. Note the many distinct peaks of interacting reflections. After approximately 10 msecs, the
ambient compartment pressure is increased by the bulk expansion of gas (quasi-static pressure).

Source: U.S. Army Ballistics Research Laboratory
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Complex Blast Waves

Blastwaves inside an enclosure undergo repeated
reflection from the interior surfaces and create a pres-
sure environment called a complex blast wave. Not only
is the pressure-time history in such an environment
very irregular and long lasting, but because the re-
flected waves will strike the sensing surface at many
different angles, a measuring device does not record
only the static component. As a result, even interpret-
ing the pressure wave form is difficult.

Complex blast waveforms in an enclosure have
three characteristics: (a) the incident blast waves, (b} a
jumble of reflected waves, and (0) the static pressur-
ization of the enclosure (Figure 7-7).

If an explosive is detonated within an enclosure,
the first blast wave to arrive at a given location de-
pends only on the explosive energy and the distance
from the measuring point—the sameas if the blast had
occurred ina freefield. After reflectionsbegin to occur,
however, the pressure-time history becomes a jumble
of separate waveforms. The magnitude and timing of
these waves depends on the structure of the enclosure
and the orientation of the sensor. Finally, the gases
liberated by the explosion heat and expand to fill the
enclosure, both of which raise the ambient pressure.
This static pressurization will eventually subside as
the gases vent through openings in the enclosure.

On the battlefield, simple foxholesoffer the poten-
tial for one of the most common occurrences of com-
plex blast waves. Even though the blast wave propa-
gatesacrossthe top of the foxholeand does not directly
impinge upon it, the static overpressure causes a wave
to propagate intothe foxholeand to reverberate inside.

The Physics and Mechanisms of Primary Blast Injury

Depending on the sizeand shapeof the foxholeand the
location of the soldier within it, the effective
overpressure loading (and hence the hazard of injury)
canbegreater than that of theincidentblast waveitself.

Blast waves can enter buildings through openings
in much the same way that they enter foxholes. Struc-
tures hardened against ionizing and thermal radiation
may be vulnerable to the blast effects of nuclear weap-
ons. Radiation propagates ina straightlineand canbe
effectively blocked by a barrier such as an earthen
berm. A blast wave will propagate around or over the
impediment. A useful analogy might be that light
cannot be seen from behind a hill, but noise can be
heard.

Complex blast waves can also be created when
weapons are fired inside a structure. The exhaust
gases causeweapon noise, which, inafreefield,would
cause only auditory injury. Inside a small enclosure,
however, the reverberation of the waves and the pres-
surization of the enclosure lead to much greater load-
ing and the potential for nonauditory blast damage.

Armored vehiclesarealso subjectto complexblast
effects on the battlefield. While blast waves can enter
armored Vehicles through openings like they do in
buildings, itismore likely that blasts will be associated
with enemy weapons designed to penetrate the ve-
hicle. The penetration of the armored walls leads to
both continued ignition of the original munition and
secondary explosions from the fuel or other interior
combustibles. Penetrating wounds from fragments
remain the dominant threat, but asantispall materials
are improved, blast becomes a greater potential casu-
alty generator.

TOLERANCE TO AIR BLAST

Blast load on a person is similar to that on a
building, exceptthat the time ittakes for the blast wave
to engulf the body is much shorter than the time
necessary for the body to respond. A person is more
affected than a building by the crushing effects of the
overpressure and the effects of the blast wind. Since
thereflected pressure can be considerably greater than
the static component, the body’s orientation with re-
spectto both the blast itself and any rigid surfaces from
which the wave will reflect can affect the body’s re-
sponse.

Small-caliberweapons such asrifles produce blast
waves of very shortdurationand modest overpressure
that primarily threaten the auditory system. Larger-
caliberweaponssuchas howitzers produce blastwaves
o many milliseconds’duration,and with overpressures

of as much as 5 psi in crew locations. The principal
hazard to soldiers firing these heavy weapons, how-
ever, is still to the auditory system. Shoulder-fired
weapons and mortars produce high peak overpressures
at the position of the soldier, precisely because the
soldier is so close to the weapon at the time of firing.
Fortunately, the durations are very short, and hearing
loss remains the principal hazard.

Curves estimating human tolerance to free-field
air blast as functions of the maximum incident
overpressure and positive duration at sea levelappear
in Figures7-8, 7-9, and 7-10.2 They are based on results
from studies that determined the dose-response of
thirteen species subjectto blast waves of various dura-
tions generated by high explosives in the open and
inside shock tubes? At short durations there is an
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interactionbetween peak pressure and duration,which
are the determinants of impulse. At durations longer
than 20-30 msec (the range of nuclear or very large
conventional explosives), the injurious effect varies
directly with the overpressure level alone.

Effects of Body Positioning

Personnel oriented end-on to the blast wave (that
is, lying down with either their head or feet pointed
toward the blast) offer little resistance to the dynamic
pressure component of the wave, and the incident
shock (or side-on pressure) constitutes their air blast
dose (Figure 7-8). The end-on orientation also gives
the best protection against being displaced by the blast
wind.

For persons side-ontothe approachingblast wave,
the dynamic pressure and incident pressure are addi-
tive (Figure 7-9). In the region of short-duration blast
waves (a positive phase of 3 msec or less), there is a
twofold difference in magnitude between the curves
for the end-on and side-on orientations.

Individuals positioned against a large reflecting
surface and normal to the incident shock would have
the peak reflected pressure as their effectiveblast dose

(Figure 7-10).

For example, the threshold (that is, the lowest
overpressureat which trivial lesionsare first detected)
forlung injury isabout 12psi for blast waves of greater
than 20-30 msec duration; scattered pleural petechiae
are the threshold injury. Subjects end-on to the blast
would require an incident shock of 12 psi static pres-
sure to cause this lesion. If the subjects are oriented
side-on,an incident shock of 10psi (withanassociated
dynamic pressure of 2 psi) would cause equal damage.
If the subject is against a reflector,an incident shock of
just over 5 psi (reflecting to 12 psi) would cause the
sameinjury. Although all three examples have differ-
entincidentblast waves, thebiologically effectiveblast
loading is the same.

Effects of Repeated Exposure to Air Blasts

Injury fromblast isa function of intensity (pressure
and impulse for short-duration waves, and pressure
alone for long-duration waves) and the number of
shock waves.'®!* Figures7-11, 7-12, and 7-13 present
curves relating the estimated incident static pressures
and positive-phase durations producing both thres-
hold and severe injuries in the lungs, the gastrointesti-
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nal tract, and the upper respiratory tract of humans
exposed to either one or twenty air blasts at sea level.
These estimates are based on information obtained
from sheep and swine that were exposed to repeated
blasts from explosive charges ranging in weight from
0.5to 64 pounds.

The larynx is the most sensitive nonauditory struc-
turetorepeated blasts, followedby the gastro-intestinal
tract and the lungs. Once the threshold overpressure
for injury for a single blast is exceeded, the injury
worsens with repeated exposures, especially in the
gastrointestinal tractand lungs. However, tolerance is
high for subthreshold exposures. The effect of daily
exposure to multiple blasts was tested with sheep
exposed to subthreshold blasts of about 10msec dura-
tionand 7 psi peak pressure. One group received fifty
blasts at a rate of one blast per minute. Postmortem
examinations at 1hour after the fiftiethblast revealed
only light contusions and ecchymosesin the lining of
the upper respiratory tract. There were no lung hem-
orrhages or gastrointestinal tract lesions. Specimens
given fifty blasts daily (oneper minute) for 4 days and
examined at 1 hour after the blasts ended on day 4
showed the sameminor upper respiratory lesions;the
lungs and gastrointestinal tract were without signifi-
cant injury."

In a study demonstrating the significance of re-
peated exposure, sheep and swine were subjected to
repeated blasts at a rate of one per minute.® A re-
markable increase in pulmonary hemorrhage and le-
thality was found for multiple blasts that were greater
than threshold levels. A blast that resulted in 1%
mortality when delivered only once produced 20%
mortality when given twice, and 100%mortality when
given three times. At suprathreshold levels, multiple
low-dose blasts interact synergistically to enhance in-
jury and mortality.

To evaluate the effect of varying the interval be-
tween blasts, groups of rats were subjected to long-
duration overpressures of about 26 psi.* One expo-
sure resulted in 5%mortality at 24 hours. Three blasts
administered at 15-minute intervals produced 87%
mortality. At 30 minutes between blasts, the lethality
dropped to 36%;at 4-hour intervals, to 27%;and with
24 hours between exposures, to 7%. Therefore, in-
creasing the time between individual events can ame-
liorate the blast-injury enhancement from multiple
exposures.

Military personnel are repeatedly subjectedto rela-
tively low-intensity blasts during training and combat
operations. Soldierswho fireartillery, mortars, recoil-
lessritles, and shoulder-launched antiarmor weapons
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are in the position to receive muzzle or breech blasts
from their own weapons. Although damage-risk cri-
teriafor hearing lossfromrepeated impulsenoise have
existed since the late 1960s, attempts have been made
only recently to compile criteria for nonauditory blast
effectsat these levels."” Threshold injuriesto the upper

respiratory tract of sheepand swineproduced by 5, 25,
and 100 repeated blasts in relation to the incident
overpressure, duration and impulse are plotted in
Figure 7-14. Such estimates of threshold injury have
been applied to human tolerance limits for blast from
the firing of heavy weapons.

UNDERWATER BLAST

An explosivecharge that is detonated underwater
will produce a large volume of gaseous by-products in
the form of an underwater bubble! This expanding
bubble sends out a compressive shock wave into the
surrounding water ataspeed ofabout5,000fps. Asthe
bubble rises to the surface, it oscillates —collapsesand
re-expands —and sendsout aseriesof weaker pressure
waves called bubblepulses. As the primary shock wave
reaches the surface, it is reflected as a tension wave,
which spalls the surface of the water. Tiny water
droplets (the spall) forma characteristicdome around
the gas bubble (Figure 7-15), which soon vents, form-
ing a spray plume (Figure 7-16).

A typical underwater blast-wave pattern for a
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gauge located near the surface shows the initial peak
pressure and the pressure decay that is rapidly trun-
cated by the tension wave arriving from the surface
reflection (Figure 7-17)."* In effect, the tension wave
(alsocalled the cut-off wave) reflecting from the surface
cancels out a portion of the compressive shock wave.
Howecvcr, if the shock wave is reflected from a rigid
underwater surface such as a rock bottom, the pres-
sure in the primary shock wave will be increased by a
reflectingcompressive wave, similar to that produced
in air blast. If the bottom is soft mud, there may be no
reflected wave.

Studies with submerged animals have found that
the positive impulse in the underwater blast (theinte-
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Fig. 7-15. Thewater surface above an underwater explosion Fig. 7-16. The gas bubble created by an underwater explo-
isdisrupted dueto spallation as the underwater shock wave sionrisestothe surface and expellsaplume of water and gas.
reflects off the water-air interface as a tension wave. This follows the spallation dome shown in Figure 7-15.
Source: D. R. Richmond Source: D.R.Richmond
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Fig. 7-18. The effective pressure-timeexposureis depicted for the upper and lower body of a submerged human exposed to
a nearby underwater blast. The reflected tension wave from the surface( RSN ) cuts off the compressionwave at different
times, resulting in a greater impulse loading (integral of pressure over time) for deeper structures. For this reason, the
gastrointestinaltract is generally more severely injured than the lungs in underwater blast.

Source: D.R. Richmond

gral of pressure over time) is best correlated with
injury and mortality (Figure7-17)."* For humans, itis
estimated that 50% mortality is associated with an
impulse of 87 psi-msec. Neither the peak pressure nor
the energy (theintegral of pressure squared over time)
predict injury. Because of the cut-off wave from the
surface, waves of high peak pressure with little im-
pulse are common if either the charge or the target are
near the surface. At depths of more than 20 feet
(equivalent to a few milliseconds of wave travel) the
cut-off wave is of little significance. Charges of only
0.125 pounds can Kkill large animals that are located
abont 5 feet frnm the detnnation  With a T-paund
charge, deathwould occurat a distance of 23 feet. This
is about three times the lethal range of free-field air
blasts.

A person treading water will experience a higher
impulse load on the lower portion of the body because
the cut-off wave from the surface arrives later than it
dues at the upper body (Figure 7-18). The peak pres-

sures Will be essentially the same. Thus, the portions
of the body that are deeper in the water (in most cases,
the gastrointestinal tract) may be severely injured,
while damage to the lungs may be much less. This
observation has lead to the misconception that injuries
to the gut predominate in all underwater blasts, re-
gardless of the depth of immersion. Sheeptested at 10-
foot depths, oriented with their bodies' long axes
parallel to the surface (toevenly distribute the impulse
load over the body), had essentially the same severity
of injuriesto their lungs and gastrointestinal tracts.'?In
another experiment, sheep were positioned ata 6-inch
depth and horizontal to the surface. If they had been
positioned verticallyin the water, the blast would have
been lethal, but the sheepsurvived with only moderate
degrees of lung and gastrointestinal-tract injury.'®

The dramatic effect of immersion depth on blast
injury dictates that military personnel in danger of
impending underwater blast should not tread water
but shiould fluat on the surface, if possible.

THE MECHANISMS AND PREDICTIONS OF
PRIMARY BLAST INJURY TO THE LUNG

Historically, researchers observed the effects of
blast on physical objects, and speculated that certain
phenomena (such as spallation, implosion, and inertia,
which are described in Chapter Six) might be blast-
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injury mechanisms. These injury mechanisms have
never been directly observed in a blast-exposed body;
neither do they in themselves lead to a quantitative
understanding of blast injury. Therefore we have to
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Fig. 7-19. Viscoelastic mathematical model of the thorax to simulate fluid-mechanical responses to rapid changes in
environmental pressure and to nonpenetrating missile impact with the chest wall

Source: Reference 8

look elsewhere for answers.

The goal of modeling has been to assemble scien-
tifically sound concepts of blast-injury mechanisms
intoa form that can be used to predictand understand
the occurrence of injury. Such an approach has been
successful for understanding tympanic-membrane
rupture from blast.”* PBI to the lung has received the
most critical attention because its consequences are so
serious. Lung damage that allows air emboli to enter
the bloodstream is believed to be the primary cause of
prompt death from blast effects: at lower blast levels,
the lossof pulmonary functionisa cause of immediate
incapacitation.

The first attempt to model the body's response to
blast was proposed in the 1960s, when the viscoelastic
properties of the chestand abdomen were mathemati-
cally represented by the uiscoelastic thorax model. This
model visualized the thorax and abdomen as two gas-
filled compartments, separated from each other and
from the outside by moveable walls.*®

Later, this mathematical model was modified to
describe only the thorax, but a separate compartment
represented each lung (Figure 7-19)." The volume of
gas within each compartment would compress as the
walls moved inward, and would expand as the walls

moved back out. Researchers intended this model to
predict lung pressures from the mechanical motion
caused by the external force of the blast and then to
correlate the maximum lung pressure obtained with
predicted mortality.

The model used many mathematical parameters
to describe the characteristics of the compartment
walls and volumes of gas. Most of these had no direct
relationship to physiology, however, so their values
had to be selected arbitrarily. When the model was
tested against blast waves of very long durations, its
parameters could be chosen to give good agreement
with observed pressure measurements that had been
taken from the esophagi of animals. The maximum
esophageal pressure appeared to correlate with the
likelihood of mortality.

Direct measurements of the thoracic motion and
pressure distributionwithinthe lung were finally made
in the 1980s.* They clearly showed that the lung did
not compress uniformly, but instead contained regions
of local compression that moved like waves through
the parenchyma. Researchers also found that maxi-
mum esophageal pressure did not correlate with the
injury found in short-duration blasts. Although the
model was correctly based onthe concept that theblast
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pushes in the thorax and compresses the lung, the
mechanisticlinks between such gross phenomena and
injury was not understood.

Modem View of the Mechanisms of Primary Blast
Injury

The physical processes involved in the body‘s
response to blast actually comprise three steps: (a)the
body“s external surface moves rapidly with the sud-
den increase in environmental pressure, (b) the air-
containing organs become distorted, creating stress
within the organ tissues, and (c) ex-
ceeds the strength of the tissue, damage occurs.

TheBody’s Rapid Response toBlast Loading. The
amount of force exerted on the body by a blast wave is
called the blast loading; the surfaces of the body that
areoriented towards the blast receivethe greatest load.
The geometry of surrounding structures may deflect
the blast wave, or it may focus the wave, particularly
inside partially open enclosures where the blast load-
ing can be significantlyhigher than it would have been
in a free field.

The air-containing organs of the body are exquis-
itely sensitive to changes in air pressure. To remain
functional, they rely on natural pressure-equilibrating
mechanisms that keep the body’s internal air pressure
as stable as possible by means of (a) the venting of air
from the middle ear through the eustachian tube, (b}
the process of ventilation in the respiratory tract, and
(c) the expulsion of gas from the upper and lower
gastrointestinal tract.

The blast wave causes injury because of its rapid
external loading. If the blast loading increases slowly
enough, the internal pressures will have time to equili-
brate, thus avoiding significant distortions of the tis-
sue. Amoresuddenloading of the blast force,however,
isnotbalancedby internal forces,and itquicklydistorts
and injures the air-containing organs.

A better understanding of the mechanics of the
body’s motion due to blast loading is needed to define
the relationship between the blast loading and the
subsequent organ distortion.

Organ Distortion and Tissue Stress. The rapid
displacement of both the external and internal struc-
tures distorts the air-containing organs and stresses
theirtissues. Forexample, apressure differentialacross
the tympanic membrane that cannotbe balanced by air
flow through the eustachian tube causes a significant
distortion of the membrane, with corresponding
stresseson it and the stapes. A rapid displacement of
the chest wall causes local compressions of the lung
parenchyma that cannot be relieved through the air-
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ways, thus stressing the lung tissue. A sudden pres-
surization of the abdominal cavity collapses the air-
containing sectionsof the gastrointestinal tract, which
stresses the tissues of the gut wall. However, the
preciserelationshipbetweenorgandistortionandtissue
stress remains unknown.

Tissue Stress and Injuy - Finally, excessive stress
within a tissue leads to its mechanical failure. Some
structures, such as the tympanic membrane and the
organs comprising the gastrointestinal tract, can be
mechanically ruptured by excessive stress. At lower
levelsof tissue stress, the integrity of vascular beds can
be compromised, leading to local hemorrhage. The
failure of can allow Fluidsinto the lunyg
(hemorrhagic edema) or air into the blood stream (air
emboli). Even more subtle mechanicaland biochemical
damage can occur in the cochlea, resulting in hoth
temporary and permanent hearing loss.

The failure of a material depends not only on its
composition but also on its structure and the way in
which the external force is applied. For example, a
forceapplied to one end of a steelbar, whose other end
is fixed, will result in greater stresses within the bar
than if the force were applied uniformly along the bar.

Furthermore, the resulting stress within the ma-
terial may be concentrated at certain locations called
stress points. For example, a steel bar that is notched in
the middle will fail after fewer applications of an
external bending load than a similar steel bar that has
no notch, because (a) the notch makes the bar weaker,
(b) the bending will be concentrated there, and (c) the
stresses will be concentrated there.

Materials have three characteristics that can be
used to quantify tissue damage. First, tensile strength
establishes the conditions at which damage will first
occur. When material is pulled along its length, the
resulting stress within it is called tension Tensile
strength is equal to the amount of stress that will cause
the material to fail when it is in tension. When the
tension exceeds the tensile strength, some materials
will rupture, whereas materials that are more plastic
will stretch without breaking. In either case, the mate-
rial is damaged;that is, it is permanently changed and
will not return to its original condition after the exter-
nal force that created the tension is removed. Tensile
strength,therefore, establishesthe threshold for injury.
Table 7-4 lists the tensile strength for a variety of
biological and nonbiological materials, each repre-
sentedby arangethat reflectsthevariationin individual
specimens.” The values for the biological tissues
represent the composite characteristicsof their compo-
nent fibers and their structural arrangements.

Next, fatigue is a type of failure that results from
repeated exposure to damaging conditions. A paper



TABLE 7-4

TENSILE STRENGTHS OF BIOLOGICAL
AND NWNBIOLOGICAL MAIERIALS

Material Tensile Strength
(MPa)
Common building materials
Stainless steel 1,000
Silk 400
Oak 120
Marble 6
Biological fibers
Resilin 3
Collagen 50-100
Biological tissues
Tracheal membrane wall 04-2.2
Mixed arterial tissue 1.4-1.7
Elastic arterial tissue 08-1.0
Venous tissue 1.7-3.0
Large intestine 0.45-0.69

clip will bredk if it is repeatedly bent back and forth,
Eachbend produces minute damage that accumulates
and eventually results in failure. Experimental data
for a wide variety of materials show that they have
certain properties of fatiguefailure in common (Figure
7-20).>’ A material’s ultimate strength is equal to the
level of stress that will produce failure from a single
application of an external force. When the stress is
purely tension, the ultimate strength isidentical to the
tensile strength. Thefatigue stress is the stress that is
required to produce failure under repeated applica-
tions of the external force, and is often proportional to
the external force. For many materials, the fatigue
stressdecreasesby about 20%for each tenfold increase
inthe number of applications. Thatis, if amaterial fails
when 1.0 unit of external force is applied 100 times,
then it will also fail when 0.8 units of external forceis
applied 1,000times, or when 0.6 units of external force
isapplied 10,000times, and so on. Theendurance limit
is the level of stress below which the material will not
fail no matter how many times the external force is
applied. Fatigue properties have not been measured
for biological materials.

Finally, irreversible work gives a quantitative mea-
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sure of the severity of the damage. Material will
deform when an external forceisapplied toit, but if the
deformation is not too great, the material will return to
its original condition when the external force is re-
moved, and any work done by that force will be
recovered. For example, an aluminum beverage con-
tainer that is pushed inonly slightly will pop back toits
original shape when the forceisremoved. Theonset of
damage occurs when the stress equals the tensile
strength of the material. Asthe stressincreasesbeyond
the tensile strength, the work done by the excessexter-
nal force will not be recovered. This is called the
irreversiblework, and isa direct measure of theseverity
of the damage done to the material. The beverage
container, for example, will remain dented if it is
crushed beyond a critical point.

A better knowledge of the properties of tensile
strength, fatigue, and irreversible work is necessary to
determine the relationship between tissue stress and
injury. When the mechanisms of body motion and
organ distortion are combined with the properties that
describe material failure, researchers will be able to
define analytically the relationship between blast and
injury in contrast to the empirical relationships de-
scribed to date.

New Models of Lung Injury

The three steps involved in the body’s physical
response to blast can be applied to models that are
designed to predict blast-related lung injury. To be
useful, these models need to establish three relation-
ships: (a) blast to parenchymal distortion, (b) paren-
chymal distortion to tissue stress, and (c) tissue stress
to injury.

Blast to Parenchymal Distortion. Thefirststepin
developing a predictive model of lung injury is to
establish the mechanical connection between the ex-
ternal blast loading and distortions to the lung paren-
chyma. Thisconnectionismathematically represented
by Finite (FEM), which involvesthree
stages:

First, FEM begins with a geometrically correct
mathematical representation of the body structure under
investigation.” Figure7-21showsthe anatomicalcross
section of a sheep’s thorax at the level of the seventh
vertebra, selected because (4) it contains a representa-
tive cross section of the sheep’sinternal organs, (b) it is
located where considerable rib motion occurs, and {c)
itisacommon location of lung injury in blast-exposed
sheep. The cross section is then broken down into
many computational elements, each representing a
part of the thoracic geometry and quantifying the

263



Conventional Warfare:Ballistic, Blast, and Burn Injuries

100
80
@
20
2% 60
0 o
[1+]
SE
£35 40
3%
32
20 ------- e ————— R |m Hm————— - — ]
[} | 1 1 1
] ] ) ] ]
! ] ! 1 !
10 : ! .' : :
10% 104 108 108

Cycles to Failure

Or{N)/ow(1) = 1 - f Log(N)
fa 0.2
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Fig. 7-21. Geometric model of a sheep thorax as represented by (a) a simplified anatomical cross section,and (b} the Finite

Element Model
Source: JAYCOR
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mechanical properties forthat material. The chest wall
contains the rib structureand musculature, which—in
the two-dimensional FEM representation — provide
inertia to the chest wall. The abdominal cavity, heart,
and spinous process are mathematically represented
by high-density, incompressible elements that do not
readily deform under the rapid body motions caused
by ablast. Thelung parenchyma hasthe compressibil-
ity of air, but because it also contains tissue, it has a
mass density that is one-tenth the mass density of
water. These mechanical properties of the lung have
been determined in laboratory measurements.”? The
model can be used to predict the dynamics of the chest
wall and lung parenchyma when exposed to blast.
Next, the prediction is compared with the ob-
served experimental data to verify its accuracy. For
example, when the outer surface of a sheep's thorax is
subjected to the pressure distribution of a blast wave,
the chest wall is set in motion and in turn compresses
the parenchyma, setting it in motion as well. The
compression wave is transmitted throughout the lung
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and can be measured in the esophagus, where re-
searchersoftenplace pressuretransducersduring tests.
The predicted intrathoracic pressure iscompared with
the value measured in the sheep's esophagus (Figure
7-22). FEM predictions also agree with the chest-wall
accelerationsand velocitiesthat have been observedin
specially instrumented test animals, supporting the
accuracy of the model's chest-wall description (Figure
7_23).2[1,24

Finally, the location and magnitude of parenchy-
mal distortions are determined. The combination of
high compressibility and great inertia causes the lung
parenchyma to transmit pressure waves much more
slowly than eitherairor water do. From both theoreti-
cal considerations and direct measurements in the
laboratory, the pressure-wave speed in the lung is
found to be about 30 m/s.* Consequently, when the
chest-wall velocity becomes a sizeable fraction of this
value, concentrations of stresscan resultnear the pleu-
ral surface. Other stress points occur because of the
geometry of the lung and the presence of the surround-
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Fig. 7-22. Comparison of predicted intrathoracicpressure and measured esophageal pressure in sheep

Source: Walter Reed Army Institute of Research
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ing organs. For example, high stressesare predicted in
the tips of the lobes, along the ribs on the side of the
blast, and around the spinous process and heart (Fig-
ure 7-24). All are locations where blast injury is com-
monly observed.

Parenchymal Distortion to Tissue Stress. Com-
pression does not, in itself, produce injury because it
occursinthe trapped gas, not the tissue. Arelationship
between the compressive stress and the tissue stress
must be established through a mechanical analysis of
the alveolarstructurewhenitisdistorted. Inprinciple,
this relationship could be determined by FEM analysis
of the parenchymal structure, but such work has not
yet been done.

However, the FEM model does predict that the
parenchymal pressure at the pleural surface varies
over time in exact proportion to the velocity at which
the chest wall is being deformed, a finding that has
been confirmedby directexperimental measurement.*
The dependence of pressure on velocity is uncharac-
teristic of the properties of a pure gas, and suggests
that tissue distortion is involved.

Tissue Stress to Injury. The final link in the pre-
dictionof blast injury isthe establishment of arelation-
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ship between the tissue stress and tissue failure.

Measurements of tissue stresses in the laboratory
have attempted to determine the relationship between
stress and distortion in lung tissue. The level of stress
rapidly increases as the tissue is stretched to about
150%of its resting length, indicating the onset of a
tensilefailure. Unfortunately, the existing FEM analy-
ses do not reveal the relationship between the stresses
of wave motion within the parenchyma and the mag-
nitude of tissue distortion. Without the establishment
of this relationship, the concept of tensile strength
cannot be applied.

Although tissue stress cannot quantitatively be
related to injury at this time, the concept of irreversible
work can be applied. Because the pleural-surface
pressure depends on the chest-wall velocity, work
doneagainst it will not be recovered when the lung re-
expands. Instead, the lost energy will have been
dissipated within the tissue.

If the energy dissipation is due to a failure of the
underlying tissue, then the irreversiblework isaprime
candidate for correlation with the severity of damage.
There are several experimental observations that sup-
purl (Figure 7-25). First, the relation-
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ship is consistent with observations that lung injury
correlates with chest-wall velocity.” Second, for ideal
wave forms, irreversibleworkcorrelates with observed
lethality.® Although the relationship between injury
and lethality is not necessarily simple, it is encourag-
ing that the observed dependence of lethality on cer-
tain blast parameters (suchas peak pressure and dura-
tion) is also consistent with the concept of irreversible
work. Finally,the computation of irreversible work is

insensitive to the small perturbations of the external
blast, such as pressure transients and baseline drift,
because the inertia of the chest wall is too large to
respond to such fine details.

Perhaps the correlation between lung injury and
irreversible work done on lung tissue, which now
unifies previous hypotheses and experimental obser-
vations, will also provide a lung-injury model that
addresses both ideal and complex waves.

SUMMARY

An explosion in air or water liberates a great deal
of energy as an expanding mass of gas. This creates a
blast wave, which propagates in all directions
throughout the medium at a speed faster than the
speed of sound in the ambient medium. The blast
wave consists of a sharp rise in pressure (the shock
front)and a positive-overpressure phase that decreases
exponentially and is followed by a longer negative
phase. The effect of most explosives can be generally
determined by scaling relationships, in which the
physical parameters of the blast wave areproportional
to the weight of the explosive divided by the cube root
of the distance between the measuring point and the
explosion.

Atany pointinspace,the expanding shock front is
characterized by the staticoverpressure —the pressure
that is present in all directions and is measured by a
sensing surface oriented parallel to the blast wave's
path. The strength of the shock front also determines
its velocity and the dynamic pressure.

When a blast wave strikes a rigid surface, it is
reflected. Depending on the strength and the angle of
incidence, the incident wave and the reflected wave
interact to create areas of overpressure much greater
than in the undisturbed incident wave. In a compli-
cated environment,suchasan explosioninsidearoom
or a vehicle, the multiple interactions of the incident
and reflected waves result in a complex blast wave.

Human tolerance to air blast has been estimated
from experiments with animals. Orientation of the
body with respect to the wave frontand the presence
of reflecting surfaces have important influences on
injury potential. For blast waves of less than 20 msec
in duration, consideration of both the peak pressure
and positive-phase impulse are necessary to predict
hazard. For the longer-duration waves thataretypical
of nuclear weapons, it is only necessary to know the
peak overpressure to determine risk.

Repeated exposure to blast waves can greatly in-
crease the risk of injury. Theair-containing structures
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of the respiratory system and gastrointestinal tract are
the most vulnerable to life-threatening injury. Even
the relatively low-intensity blast waves that are pro-
duced by the firing of a cannon may pose a risk of
injury (in addition to the well-recognized aural haz-
ard) when repeated many times.

Underwater explosions are characterized by a
much higher shock speed and a greater range of inju-
rious effects than blasts in air. An underwater blast
wave is reflected from the water-air interface as a
tension wave that cuts off or cancels the shock front
when it interacts with the positive-pressure compres-
sion wave. Thus, near the surface, positive waves of
very high pressuresand impulseswith shortdurations
are found. Such a combination would be impossible
with air blasts. Injury potential is determined by
positive impulse.

Efforts to model the response of the body to the
physical interaction with the blast wave have been
made, both as aids in predicting the relative hazard of
an overpressure environment and as a means of gain-
ing insight into the biophysical events and mecha-
nisms of injury. Simple viscoelastic mathematical
models have proven ineffective in repeated or com-
plex-blast environments. Recent attempts to model
the body as a complex geometric structure with defin-
able physical properties have led to important predic-
tions of physical events at the body surface (such as
chest-wall accelerations and velocity) and within the
lung (for cxamplc, parenchymal pressurc wave phc
nomena) that have been confirmed with animal ex-
periments. A generally applicable model would deal
with three important relationships: the blast-wave
interaction with the body, the resultant tissue distor-
tions and stresses caused by the motions of the body,
and the failure or disruption of the tissues caused by
the stresses. Although such a detailed model 1s pres-
ently unavailable, the finite-element model approach
has suggested that irreversible work done on the body
may be an important correlate of injury.
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