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ABSTRACT

Tolerance indices were determined, allowing for the etfects of
body mass, for thirteen mammalian species using the results of experi-
ments in which animals were exposed near a normally reflecting surface
to shocked blast waves whose durations ranyged from 0.24 to 400 msec. A
general equation was developed for expressing the interrelations between
overpressure, duration ¢ the blast wave, body mass, and probability of
survival. The specics w ;re divided into high- and low-tolerance groups
applicable to "large'" and "small" mammals, respectively. Since the
available evidence indicated that man is rnore likely to be a member of
the high-tolerance group, the tolerance index arbitrarily, but tentatively,
assigned to him was the geometric mean of those for the large species.
Using criteria developed in experimental studies, the results of the overall
analysis were made applicable to free-stream situations in which the long
axis of the body is. perpendicular or parallel to the direction of propagation
of a shocked blast wave.

Research was conducted according to the principles enunciated in the
"Guide for Laboratory Animal Facilities and Care." Prepared by the
National Academy of Sciences--National Research Council.
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PREFACE

During the last {ifteen years a continuing research program
at the Lovelace Foundatior has been concerned with the biological effects
of air blast. Especially during more recent years considerable data
referrable to several mammalian species have been obtained in investi-
gations of the effects of overpressure per s= where the exposure condi-
tions were similar or equivalent; i. e., exposures in which ithe animals
were near a surface which reflectzd blast waves with fast-rising {ronts.
Other experiments with fewer animals indicated that the data for reflected
blast waves could be applied to {rec-stream situations under certain
conditions.

The data mentioned above, obtaired from experiments involving
2097 animals, were used in the present study in an attempt through analysis
to achieve a unified concept which would take into account both similarities
and differences in the response of various mammalian spacies to blast
waves specified in terms of maximum overpressure and duration. The
most important result of the overall approach was the establishment of an
lnalytical framework which was used to predict—at least tentatively —
man's response to air-blast overpressures. Another useful result was
the evaluation of tolerance indices which later may be causally related
to significant biophysical, physiological, and anatomical factors varying
between species.
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ESTIMATE OF MAN'S TOLERANCE TO THE
DIRECT EFFECTS OF AIR BLAST

1.0 INTRODUCTION

The direct (or primary) effects of air blast are those resulting

from exposure of the body to environmental pressure variations accom-

panying a blast wave. Because of the effects of compressibility, damage—
except for local injury from ve~y small nearby charges —occurs where
there are differences in tissue density principally in or near the air- or
gas-containing organs, the effects on the lungs being particularly important
in determining morbidity or mortality. In contrast, the principal indircct
effects result from blast-induced translation either of objects which strike
the body or ot the body itself which may be injured by the acceleration per
se or by subsequent impact with other objects; hence, the sites of damage

’

depend largely on chance and the circumstance of exposure.

Considerable information has become available in recent years
regaiding the tolerance of experimental animals to the direct effects of
air blast for a specific cxposure situation; viz., the situation with the
animal ncar a flat rigid surface reflecting shocked blast waves at normal
incidence. If a unified analysis of these data were possible, animal
response as indicated by percent survival could be cxpressed in terms of
(1) maximum reflccted overpressure, (2) duration of the wave, (3) body
mass of the animal, and (4) individual species tolerance index. Available
empirical information would then make it possible to apply the results to
certain cxposure situations in the free stream; i.e., without a reflecting
surface. .

It was the primary purpose of this study to make the overall
analysis noted above in order to establish an analytical {ramework which
could be used to predict man's tolerance. A secondary purpose was to
evaluate tolerance indices which in later studies might be related to
physiological or anatomical factors affecting variations in species response.

2.0 EXPERIMENTAL DATA

Most of the experimental data used in this study have appeared
in previous publications (sce Table 1 for references) but not always in
sufficient detail for present purposes. Also, it was necessary to make
certain refinements, described later, in the reported high-explosive
pcrameters in order to achieve a unified analysis. The mortality data
in all cases are applicable to the 24-hour period following the blast
expericnce.

The shock-tube data, labelcd ST in Table ], were obtained with
the left side of the anirnal against the end-plate that closes the tubc except
for the monkcy which was facing, but against, thc end-platc. Thc difference
in tolerance, if any, caused by this variation in orientation is not known.
The monkcy and larger species were held with harness and straps while the
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smaller species were restrained in specially desigred metal cages with 90
percent open areca. Maximum overpresaurea and durationa listed in Table
1 are those measured with pressure tranaducers placed near the end-plate.

Except in a few instances as noted latar, the high-explosive data
were obtained with 211 animals prone on a concrete pad and the charge placed
overhead. The rodents, cats, and rabbits were heid on the concrete pad
with nylon string and tape. All other apecies were restrained in harneas,
The only exception to the prone position was that for 9 of the 12 sheep in
Group 128, Table ). [n this case the animals were suspended upright with
the 1-1b charge placed at the lavel of the chest in tront of or behind them.
By comparing the results for these subjects to those for the other experi-
ments {Groups 129 to 132) with 1-ib charges when the sheep were prone
- ad the charge overhead, the biclogical response was found to Le not
significantly influenced by the presence of a reflecting surface, a cir-
cumstance that is not the case with "long'~duration biast waves for which
lethality occurs at much lower overpreasures,

In all the experiments represented by Groups "8 tc 132, injury
was found, in contrast to damage following exposure to luwer over-
pressures of longer durations, to be more nearly localized to the portion
of the lung nearest the charge. In fact, animal: expcsed at the end-plate
of a shock tube typically received E?mewhat more damage in the lung
opposite the oncoming blast wave, These differences in response will
be discussed later in more detail.

Overgressurcs and durations for the high-explosive experiments
were measured at or near the surface of the concrete pad except for the
experinents with the suspended sheep mentiored above. I this case, blast
parameters referrable to a reflecting surface visualized as being against
Uic aniinal vpposiic the charge weie oblaiined 7o published date fur
Pentolite.} 4

- For several reasons accurate measurements of duration are
difficult to obtain from the measured pressure-time records. Since the
overall analysis to be made required at least consistent duration valuas,
smoothed data published for Pentolite!4 were used to-determine high-
explosive durations (listed in Table 1) by assuming for a given charge
wei}%]h;xthat Pentolite releases 10 percent more energy than TNT, Comp. B,
or .

In some of the earlier experiments, the sensitive eirment of the
pressure transducer was 0. 75 inch above the concrete pad {Table 1). To :
make these measurements consistent with the other data, intormation re-
ported by Schlueter et al?3 was used to determine maximum reflected
overpressures at the surface of the pad. The resulting corrections were
foeund to be siganificant, e-peciafly far the smaller charges.

3.0 ANALYTICAL PROCEDURES AND RESULTS

A relation pointed out years ago by Schardin?2 is gtill instructive;
namely, that mammalian response to air blast is more nearly dependent
on overpressure impulse { /P dt} if the durations are "short' or over-
pressuvre per se if they ars "long." It was natural to relate the "long"
and "shory'' to the response time, or natural period, of the mnaramalian
thorax since the lungs are the principal target organs. }:2: 4
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A relationship between maximum overpressure, P, and duration
of the positive phase, T, satis{ying both cenditions stated above, can be

expressed as

P=pP (1+a1™® (1

where P*. a, and b are constants to be evaluated from experimental
data. Note that 2s T becomes large aT"™? approachkes zero and P
approaches P*, the overpressure criterion for '"long' duration waves,
On the other hand, for small values of T the term aT"P bezomes large

compared to oae (1) and Equation (1) can he written
P T°~ P a : (2)

which approximates the condition of constant impulse if b is near unity.
The constant b cannot be expected tn be exactly unity since the shapes

of explosive-produced blast waves change with maximum overpressurec,
It will be demonstrated later that Equation (1) provides a satisfactory ex-
pression for thc tolerance data over the entire range of durations asscci-

ated with the experiments.

In a previous uudyz it was shown by dimensional analysis
that the significance of a particular blast-wave duration can be related
to the ambient pressure, p_, and also to the mass, m, of the experimental
mammal. Thess concepts were used in the present study to scale all
expcrimental durations, t_, to durations, T, applicable to a 70-kg
mammal and to an ambient pressure of 14. 7 psi; i.e.,

T = t, (20/m)}/3 (p_t14.m}/2 (3)

where m is measured in kg, and P, in psi.

The study cited abovc, 2s well as experimental atudies,6' 8

produced an approximate rclationship between ambient pressure and
maximun overpressurce for a given biological response. For the purposc
of the prescent study this can Lc cxpresscd as

P=p (14.7/p°) {4)

where P is the maximum reflected overpressure applicable to an ambient
pressurc of 14, 7 psi and P, i8 the maximum reflccted overpressure
applicablc to an ambicnt pressure of P, expressed in psi.

s
The quantity P in Equation (1) is the long-duration rpressure
producing a piven, but unspecificd, biological response. PT ean be
made specifically applicable to various levels of lethality by the following

transformation:

@ c(y-5
P =p, oS :5)
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where y is mortality in probit units, ¢ is the reciprocal of the probit
slope, and P_  is the squarc-wave (or Jong-duration} ovcrpressure
resulting in fa percent mortality, Note that the form of Equation (5) results
from the usual assumption that the probit of mortality is proportional

to the logarithm of overpressure for a given duration (c{ Reference 17).

The equation uscd in the regression analysis was derived {rom
Enuations (5) and {1).

p=p_ &Y qiaT? : (6)

swW

where P and T are scaled experimental overpressure and duration
defincd by Equations (4) and (3). respectively. Initial estimates were made

for a, b, and c, applicablc to all species, and a P, value for each of

thc 13 specics. By varying the estimates in repcated trials, it was
possible to deterimmine parameter values which yiclded a minimum value
of chi-square as dcfined by Finncey. 12 Examination of the chi-squarc
valuc so obtained showed that Equation (6) did not adequately represent the
data, thc probability being approximately 0. 62 percent that the deviations
noted were due to chance. A detailed examination showed that the guinca-
pig data were the largest contributors to the large chi-square valuc. When
these data were droppcd and the process repeated, the chi-squarc test
indicated an acceptablc probability of 25 percent that the scatter was due
to chanca. ' '

Valuecs of the constants a and b from the latter analysis arc
6.76 and 1. 004, respectively. Although the other parameters werce also
evaluated, it was decided to re-evaluate them with the usual parallel-
probit analysis!2 making usc of the already evaluated a and b and the

conccept of cquivalent square-wave overpressurce defined in Equation (1):

P =P/ (1+6.76T 190 | 1

Using the data for all species ¢ xcept the guinca pig, the parallel-probit
analysis gave a valuc for ¢ {reciprocal probit slopc) of 0.1788. The
F-test uscd to test for parallelism indicated that the probability of
scatter as grcat as that noted was 35 percent, provided the true probit
lincs wecre parallel.

This analysis also produced P, valucs, defined in Equation (5),
for cach marnmalian species. The chi-square test indicated that the
parallel-probit analysis was sound since the probability was 15 percent
that the obscrved scatter in the data was due to chance. ® Individually,
the chi-squarc probabilitics ranged from 8.4 pcreent for the mouse to
92. 6 percent for the cat, all acceptable at the five percent level.

% The previous minimum chi-squarc analysis yiclded a probability

of 25 percent. The reason for this apparcent discrepancy is that the probit
analysis is bascd on maximum likelihood, although chi square is uscd to test
the fit relative to the data. !
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Resulta of the parallel-prabit analysis arc illustrated in Figure 1
for the sheep. For comparison, the results of an individual protat
analysis arc also shown on the same chart. The parallel analysis rc-
sulted 1n narrower confidence banda in the lower and higher mor. ality
regions. Nole that the high-cexplosive point plotted at 16. 7 percent
mortality, represcnting the data for Group 128 (Table 1), is in good

sgrcernent with the derived probit lines. As mentioned in Section 2, "
data for 9 of the 12 sheep in this group were ocbtained withcut a reflecting i
surface. ;

The results of a probit analysis for the guinca pig alone are
plotted in Figure 2. Nae that the composite slope for the other species,
shown for comparison, is considerably flarter than that for *he guinea
pPig- The value of ¢ (reciprocal slopc} {ound for the guinea pig (0.084989)
was significantly ditferent {rom that for the other species (0.1788) at the
99.9 percent cenfidence level. The chi-squarc test for the guinea-pig
analysis indicated a probability of only i.3 percent that the observed
deviations weve due to chance. The recason for these anomalous results
is not known at this time.

Ceae

The square-wavec overpressures resulting in 50 percent
mortality, P, ‘s, evaluatedan the parallel-prcbit analysie for 12
mainmalian species can be considered to be indices of blast tolerance
which arc indcpendent of body mass. The 13 species (incuding the
guinea pig) werc divided into two groups according te their blast
tolcrances as indicated by the Pg,, valucs. These values, listed in
Figure 3, ranged from 50.0 to 71.9 pa! for the high tolerance group
consisung of the larger ammals and from 30.8 to 36.9 pei for the low
tolerance group consisting of the smaller animals,

cre Al el o Wt d il e mA 4 a,

-

The survival curves shown in Flgure 3 are directly spplicable
to an armbicnt pressure of J4. 7 psi and to a mammal with 2 body mass
of 70 kg and a 1%, blast tolerauce of 61. 5 psi,the geometric mean of
those for the large species. Note that the cquation given in the figure
is of the sanic form as Equatior (6) except that the mortality probit, y, was
replaced with the svrvival protut, z, (y-5) being the same as (5-7).

PR R,

The overa 1 analysis, rcsults of which were uscd to plot the :
curves in Figure 3, was made with the Jata for the individual grouwpe 3
listed in Table 1. 'The observed survival rates for thesc groups caannt .
casily be cumipared with the derived curves in Figure 3 stince wie curves )
are specifically applicable to only five levels of survival. To make
comparison casicr, $0-percent survival overpressures, Pso's, were ‘
evaluatced by the uzgual parallel-probit analysis for cach set of groups .
in cach specics arrey with approximatcly the same durations; i.e., the
same ¢ iplogive charge weight or the same shock-tube arrangement.
Thesc points were plotied in Figure 3 nsing the overpressure and durstion
acaling indicated on the coordinates of the chart except that p,. was re-
placed by Pgy and 1 by the geometric mcan of the experimental durations.

Ncte that the overpressure scaling mentioned above containa
a factor, 61. S/Psw. which accounts for differences ia specics tolerances
making 1t possible to comipare all points to the 50 percent survival curve.
This comparison indicates that the poirts generally scatter about the
curve w.th no delinite trend discernible. Becausc of the increzsed in-
fluencce of duration inaccuracies, the short-duration points are scattered
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mare than the long-duration ones. The short-duration shack-tube points
tend to be relatively lower than the adjacent long -duration high-cxplasive
pownts. This could be caused by a difference in the shapes of blast waves
gencrated by the two sources, the shock-tube waves having a larger
impulse for a giver overpressure and durztion.

Guinea-pi1g data are plotted in Figure 3 for purposes of com-
parison even though they were ot used 1n the overall analysis.  Note
that the four guinrea-pig points are in good agrcement with the S0-pereent
survival curve although the probit slopes, reflected in the scparation of
the survival curves, were shown to be significantly differeut,

4.0 ESTIMATE OF MAN'S TOLERANCE

To which of the blast-tolerance grcups formed by the experumental
animials is man likely to belong? Previous estumates place h'm in the high-
tolerance group. 1,2,9,13,16. 78,20, 26, 27 Assuming that man 1s a
member of this group but lacking further evidence, s tolerance was
arbitrarily but tentatively taken to be the geomciric mean of those {or the
membcrs of this group; i.e., P.w = 61.5 psi (ree Figure 3).

Excmination of the species tolerance indices, P '+, in relation
to certain lung paramcters lends credence to the assumption stated above.
The lvnp volume and mass data reported by Crosfill and Widdicambe?
were found to be usclul for this purposc since data were obtinmned with the
same cxperiricntal techmques for seven of the species uscdan the prexcent
study. These authors a'.o reported similar data for maan, obtawnced,
however, by dilfeyent techniques.

Thesc data arc shown in Figure 4 as piots of Pgyw versus both average
lung deneity and average lung volume per umt Lbody mass for the mcuse, rat,
guinea pig, rabbit, cat, dog, monkcy, and man. Although a sat.afactory
explanation for the apparent correlations has not bean formualated at thus
time, thesc plols andicate an undeniable tendency for blast tolerance e
decrease with increasing lung density and to increasc wath increasing
norinalized lurng volume.

The survival data presente | in Figure 3 are strictly applicable
to situations whcere the thorux of the subjectl is acar a {lat surfece against
which a sharp-rising blust wavy reflects at normal ansidence, the blast
paramcters deing mceasured at the reficcting surface. However, some
experimental data!7: 18429 gphrained with guinea pigs and sheep suggest
methods for relating exposures near a refiecting surface to certain types
of expusures in the frea strcam, the blast paramecters in the latter casc
being mcasureq in the viciraty of the thorax. Even thouagh the supporting
data are meagcr, the rationale of the resulling cr:leria seems re2sonable.
The first crilerion, applving ta {rece-stream exposurcs where the long
axis of the vody is aligned with the direction of propagation of the blast
wave {Figure ), {s that approximately equivalent damage will result ({ the
incident (siuc-un) overprassure in the irce-stream case is the same as
the refiected pressure in the instance of a reficcting surfece. The second
criterion, applyirg to expasure wherce the long axis of the oody 1s per-
pendicular to the blast winds (Figure 6), is that the bioiogical response
will be about the same as with a reflecting suiface provided that the 1acident
overpressure plus the dynamic pressure for the frea-stream exposure

12
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is the same as the reflected pressure when a reflecting surface is present.
Both criteria are applicable to fast-rising {ree-siream and reflected
blast waves of the wame duration.

The criteria for the twc free-gstream situations described
above are plotted in Figs. 5 and 6 in terms of the incident overpressure
and duration. [t shouid be noted tha. theae charts arc applicable to 14. 7 -psi
ambient preasure and to a 70-kg mammal whose P, blast tolerance is
61.5 psi, assumed to be man. Scaling to situations involving different
ambient pressures, body masses, or blast tolcrances can be accomplished
with procedures similar to those indicated in Figure 3. Also oun these
charts are curves for threshold lung damage. The criterion® used
in computing these curves is that for a g.ven duration lung damage begins
to occur at one-fifth the S0-percent survival overpressure.

The curves prescnted in Figure 7 are the same a2 those {n Figure 3
for the rcflecting situation except that incident instcad of reflected over-
pressurc is plotted on the ordinate. Also a curve for threshold lung damage
was added.

To make the survival curves predicted for than (Figures 8, 6, and 7)
more readily usable, the data were interpretcd in terins of surface bursis of
TNT as shown in Figures 8, 9, and 10. Pentolite data compiled by Goodmanté
were used ascuming that 1.0 1b of Pentolite is equivalent to 1.1 1b of TNT
and that the ground rellection factor is 1.8, The ordinates on the right side
of these charts indicate the nuclear yields preducing approximately the
same blast waves as those produced by the corrcsponding TNT charges.

The curves in Figure 8 ars applicable to free-stream situations
where the long axis of the body is directed toward the explosive charge.
Threshold lung damagce is predicted for a 1-1b charge placed about 2 ft
from the thorax; however, with this orientation the hcad or legs wouid be
ruch nearcr the charge and would undoubtedly receive scvere damage.
This obvious limitation in the applicability of thc survival curves is obscured

in Figure 5 where the same data 2re plotted in terma of overpressurs and diration.

5.0 DISCUSSION

In a previous study1 man's tolecrance to air-blast overpressures
was eatimated making use of most of the data uscd in the prescnt study
for thc large specics. At that timme, however, date werce not available for
scaled durations of less than 2 msesec. The picsent overpressure cstimates
compared to the previous ones are 0 to !9 percent lower for durations
betwcen 2 and 2.9 mscc, 0 to 17 percent higher for durations between 2.9
and 100 mnec, and less than 3.1 percent higher for durations greater than
100 msec. (n the previous study, the maximum overpressures obtained
in the high explosive experiments with the dog and goat were not adjusted
to account for the position of the gaugc being 3/4 inch above the concrete
pad. That this was done in the present study probably accounts for the
tolerance estimates for the immediate durations being somewhat higher
than those presented previously (see Section 2),

The gross responsc of the thorax to air blast has been described

ar an implozion process. Mecasured and computed intrathoracic over-
pressures’: © suggest that the chest wall is accelerated inward during the
13
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first phase o the blast experience, the momentum so gained being dissipated
as high gaseous pressurcs build up in the lungs due te volume reduction,

The intrathoracic pressure records indicate that subsequent oscillations

are highly dampad. What characteristics other than size make onc mammalian
specics respond differeatly {from another to the blast experience? A model
study! indicated that increases in the mass or arcz of the rib cage enhance

the responsc to long duraticn waves while increases in lung volume or

damping factor (tissuc and air resistance) depress the responsc. The

samc study suggested that changes in the effective arca of the airways

or the stiffncss of the rib cage has little effect on the total respons«.

The comparative data presented in Figure 4 are conststent
with the above predictions in that the specics with the larger lung volumes
relauve to body mass tend to have higher blast tolerance. The same
chart also suggests that average lung density may in some way affect
blast tolerance, the specics with the lower densitics having the higher
tolerances. It is questionable whether this 1s a causal or a casual
relationship., Further studies will undoubtedly not only reveal other
significant factors affceting blast tolerance but also will demonstrate
their interrclationships.

An interesting and somewhat surprising result of this study
is that, for thc available experimental data, body mass was the only
aniimal parameter necessary Lo relate the specica air-blast response
times to cach other; i.e., duration scaling was stated in terms of body
mass and net, for cxample, of lung volume 2nd tody mass. From
thcoretical considerations?2 animals of the same body mnass but
differcnt lung volwnes should have different response times, the one
with the smaller volumne responding faster. However, as illustrated
in Figure 4, animals with the smaller lung volurmes have luower blast
tolerances. Because the air contained in the lungs acts as a non-lincar
spring. the magnitude of the blast load also influcences the response
time —the smalles the blast load the longer the responsc time. ! Thus,
because of these opposing cffects, it may Lo that the animals with the
relatively small lungs had about the same scalcd (by body mass) response
times as those whose lungs arc larger in relation to their body masscs.

The cxperiments with the sheep exposed to the 1-1b explosive
charges (szc Scetion 2) descrve {further comment. Feor the suspended
animals 1n Group 128, the charge was placed 1.17 and 2.25 {1 from the
rcarcst and most distant surface of the thorax, respectively, The scaled
incident overpressure at the ncar surface is 647 psi with an associated
peak dynamic pressure of 1430 psi, resulling in a total load of 2077 psi
according to the overpressurc-plus-dynamice-pressure concept presented
in Scction 4. Thus, the total pressure on the ncur surface was considerably
grcater than 1260 psi which would have been the refiected overpressure
had a flat surface been placed against the animal opposite the chargs. It
should be mentioned that the initial loading of the near aurface was
actually greater than 2077 psi because of partial reflection of the incident
wave apainst the thorax, this enduring until flow was established around
the animal.

* The time required {or this proccss is called 'responsc time. "
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The wreceding paragraph helps to explain why the absencre of
a veflecting sutface did not influcnce mortality when the sheep were
exposed to relatively high overprescsures of short duration, However,
aaditional comment should be anade 1in regard to the localized lung damage
observed subiacent to the thoracic cage naarest the charge.

Firsi, it is ueccssary to,consider the vclocity of sound withia
the Jungs. Clemedsun and Jinsson”™ moasured the propagation veiocvitics
of pressurce pulses in excised and inflated rabbit and cali lungs. Their
experitnental velorities, ranging from 1% 1o 30 ;¢ "sece, are in good agree-
ment with saimplc theory fo: seund propagation i Lubbly solutions of air
and water (see, e.g., Reference 11) assuming that [ung tissues bave physical
oropertics similar 19 thuse of water. These remarkably low propagation
velocitics in the lungs can be thought of as rcsulting {rom the lissuc-air
continuuni's having a relauvely large compressibility and density owing
to the prescnce of air and tissuc, respectively.

Fror the forcgoing, it seems reasonable that a localized load
of righ intensity and short duration would accelerate a portion cf the
thoracic cage to velocities exceeding that of sound within the lungs. Thus,
much of the 1mpict energy would be absorbed locally before it could be
propagaled as a pressure wave to miore distant portions of the lungs. The
usual fast-rising shocks by which energy 1s efficiently traasported in
water alone are not obscrved 1y water-air mixtures, particularly when
the bubbles are &5 small as alveoli; 1. ¢., shout 0.25 w 0.3 mm i
diameter.25 One reason for this is effcctive eneryy dissipation because
during oscillation more hcat 1s conducted {rom tie compressed air bubble
to the water heat sink than returns to the bubble during ecpansion.!Vs
A significant difference, huwcever, between bubbly water and the air-
containing lungs 1s that tissue, not being liquid, would tend to tear and
rupture upon distortion whercas the water would not.

Th-: experimental blast pirameters used in this study are those
occurring at a reflecuing surfacce located ncar the thorax. The over-
pressures mcasurcd at this location, however, were not nccossartly
the significani ones in producing dar age to the thorax. This has been
pointcd out for the casc of the sheep exposcd to biast waves of high over-
pressure and short duration produced by 1-1b charges. Because of the
rapid decay of these shurt-duration waves, the most severe ioad was
felt by the thoracic surface nearcst the charge, the average load for the
entirc thorax being suimewhat less. It should be mentioned that the spatial
length of these blast waves was of the same order as the width of the
animal; thus, for the experiments wherce a refleclirg surface was present,
the full dynamic piessurc impulse could be felt by the lcading thoracic
surface before the reflected wave could return to neutralize it.

The blast waves which were temporally and spatially longer
than those discusscd above did not decay as rapidly with distance. Thus,
with increasing duration *he maximum load occurred on thosc portions
of the thoracic cage nearcst the reflecting surface, the average load
being somewhat less.

The blast waves of still longer durations experienced negligible
decay while engulling the animal, first with the incideat overpressure
{plus the dynanic pressure on the leading surface) and then with the
reflected overpressurc. This loading was probably more uniform than
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those occurring with any of the waves of shorier duration; howeser, due
to step-wisce loading, the lung more distaat from the end-plate generally
received a little less damage than the other.

In summary. thc blast loads measurcd by the pressurce gauges
comparcd to the cffective, or average, ioads un the thurax were low,
bigh, and about the same for exposurc to short-, intcrmediate-, and loug-
duration blast waves, respcectively. These observations are in genceral
agreemunt with a previously pnhh:;hcdl criterion for primary blast
damage based on overpressure unpulse occurring within a critical time;
i.e., according to tns criterion the 50-percent survival curve in Figure 3
is (a) 0- to 30-percent low for durations less than 2.8 msec, (b) 0- to
15-percent high for durations between 2.8 and 100 msce, and {¢) corrcct
to within one pcreent for duratiuns greater than 100 miec.

The rativnale of the "partial' impulse criterion mentioned
above is that the responsc time {called critical time) of a marnmal to
shocked blast waves depends principally on body mass and that the
impulsc felt by the thoracic wall wathin the critical time determines the
magnitude of the iniual responsce which, for exposurcs to classical
waves, is also the greatest. Thus, this simplified concept is bascd on
the effective load on the thorax which is not nccessarily that registered
by a pressure gauge,

16
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TABLE }. MORTALITY DATA FOR ANIMALS EXPOSEL

NEAR A

REFLECTING SURFACE TO AIR BLAST

(Ambicnt Pressure: 12 psi)

N: group number
m: animal rnass, kg.
w: charge weight, 1b. (1/32 1b., RDX; 1/4 1b., Comp. B; 1, 8,
ana 64 1b., TNT except where noted). ST indicates shock tube.
P.: maximum reflected overpressure, psi. Overpressures which
T were incasured 3/4 inch above the reflccting surface are in
parentheses. Adjacent values are ovcrpressurcs occurring at
the reflecting surface (sce text).
t: duration of the positive overpressure phase, meec, measured
for the shock tube experiments and scaled for the high
cxplosive experiments (see text).
R: ratio of animals dying within 24 hours to those exposed.
Species N m w P, t R Ref.
Mouse 1 .0238 1/32  (27.7) 44.8 0.441 /32 19
2 (32.9) 55.8 0.403 26/48
3 (37.9) 67.0 0.378 27/34
4 (4).8) 76.1 0.336_ 17/20
5 .0238 1/4 {(27.4) 56.9 Q. 951 3/10 19
6 (30.0) 40.9 0.913 10/20
7 (39.2) 54.8 0.813 19/20
8 . 0238 1 (21.0) 24.5 1. 72 1/20 19
9 (24.0) 28.6 1.64 4/20
10 (27.3) 33.4 1.56 38/60
11 (28.5) 35,0 1. 54 18/20
12 ,0207 ST 19.2 354 2/40 19
13 21.6 354 8/ 40
14 26. 4 354 17/40
15 30.0 3154 34/40
16 32.9 354 32/40
Hamaster 17 . 089 ST 25.2 354 z/20 17
18 27.2 354 12/30
19 31.4 354 23/30
20 33.4 354 26/30
17
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TABLE 1. (Contd.)

Specics N m w P, t R Ref.
Rat 21 .200 1/32  (53.1) 103.5 0.310 3/13 19

22 ((5.8) 135,13 0.274 5/12

23 {71.1) 157. 0 0.256 8/13

24 .200 1/4 (39.1) 55.1 0,813 3/20 19

25 (44.0) 62.1 0.775 7/20

26 (46.6) 66.1 0.756 $/10

27 (48.5) 69.1 0,740 7/10

28 . 200 1 (34.2) 42.5 1.43 320 19

29 (42.5) 53.5 1.31 19/30

30 (52.7) 67.) 1.19 26/30

K} .200 8 (331.2) 38.0 3.00 4/20 19

32 (37.6) 43.3 2.85 8/10

33 (15.0) 43.8 2.84 719

34 . 200 ST 27.0 354 6/40 17

15 31.4 354 21740

36 32.6 354 28/40

37 35.0 154 29/30
Guinca Pig k1] 547 1/4 {45.61 064.6  v.782 3fiz iy

39 (47.8) 68.1 0.743 4/8

40 (58.8) B4.9  0.674 13/15

4] .547 1 {29.1) 35.8 1. 52 0/10 19

42 {(3¢.8) 431.3 1. 42 1/10

43 (39.8) 49.9 1.35 30/40

44 . 547 8 (32.2) 36.8 3.0} 21/42 19

45 (34.1} 29.0 2.95 17/20

46 (36.0) 41.4 2.88 18/20

47 . 655 ST 21.0 354 0/30 17

48 24.3 354 s/30

49 25.4 354 13/30

50 27.5 354 28/30
Rabbit 51 1.90 1/4 (63.9) 92.4 0.632 3/9 19

52 1.90 3 (64.4) 82.5 1.09 2/4 19

53 {10.0) 89.8 1.05 3/4

54 (77.6) 99.1 1.00 95/10

55 (50.9) 64.8 1.20 6/14

56 (55.00 70.1 1.17 4/8

57 (62.5) 80.0 1.1¢C 8/9

58 1.90 8 (32.2) 36.8 3.02 1/10 19

53 (34.3) 39.3 2.94 2/10

18
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TALLE 1. (Contd.)
Specics N m Al P, t R Rel.
Rabint,
{contd.) 60 1.90 8 (37.6) 43.3 2.84 18/40 19
61 (10.4) 46,7 2.74 7/10
62 1.90 64 (29.3) 3t.6 5.36 o/8 19
63 (35.5) 38.8 5.92 4/8
64 (36.3) 39.8 5.84 16/20
65 3.7 Yy 19.2 354 0/8 17
66 2).8 354 1/8
67 22.6 354 i/8
68 25.17 354 6/8
. 69 32.5 354 7/8
Cat 70 2.88 ST 34.0C 380 0/8 17
71 .58 36.6 372 1/8
72 2.26 40. 6 360 3/8
73 1.98 43.9 374 4/8
74 2. 01 46. 8 358 5/8
75 2.55 19. 8 376 /8
Monkey 76 5.8 64 103.5 3.94 1/4 18
(Stump Tail) 77 6.0 111.8 3.80 2/4
7R S, 4 1319. 0 3, 44 4/4
79 5.1 ST 47.3 106 0/3 21
80 S. 4 55. 3 123 3/5
81 5.6 61.1 118 3/4
82 4.5 70. 8 118 1/1
Dog 83 17.6 8 (109) 122 1.82 1/8 17
84 13.7 (202) 229 1.34 7/9
85 14. 4 (240) 275 1,22 9/12
80 15.3 64 {73.0) 79.0 4. ¢4 i/ 17
87 16.8 {81.9) 87.7 4.24 2/6
88 15. 4 (88.8) 94.3 4,08 3/6
89 17.0 (95.6) 100 4.00 4/6
90 18.3 ST 59.5 15.8 S/9 17
91 16.8 53.3 15,2 5/9
92 16. 4 50. 0 14.0 2/9
93 16.5 43.4 14.13 1/9
94 18.3 54.5 20,9 4/5
95 1B8.6 51.4 20.8 4/6
95 17.2 48.8 22.6 /4
97 19. 7 40.8 21.6 1/5
98 18,4 38.1 20.2 1/8
99 18.0 46,2 33.6 4/10

19
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TALBLE 1. (Contd.)

- —

Specics N ™ w pr H R Rel.
Dog 100 15.9 8T 59.4 55.0 1/1 17
{contd.) 101 16.1 48.7 $5.6 37
102 16.6 43. 4 52.6 1/9
103 17.2 ___.38.2 53.8 04 o
104 16.3 ST S0. 7 80.0 273 17
105 18.7 47.3 80,3 2/6
106 18.) 125 78.0 1/7
107 149.5 ST 53.0 400 9/10 17
108 15. 4 48. 1 400 6/10
109 15.2 41.1 400 1/10
110 15.3 39.2 100 o/s
Goat 111 24.7 8 (256) 295 _1.18 6/12 17
112 26.3 o4 (98.7) 104 3.92 1/5 17
113 20.8 (106.1)111 3.80 3/5
114 21.1 (111.9}118 3.72 3/5
115 25.0 ST 68.2 17.6 S/5 17
116 22.9 62.6 17.4 5/6
117 22.8 87.6 17.2 2/4
118 22.0 54.2 16. 0 1/5 -
119 2.1 ST 60,8 39.6 6/7 17
120 21.5 58. 6 38.0 S/7
121 21.2 65. 4 39.8 4;8
122 23.1 47. 6 37.% 1/6
123 20,1 ST 52,2 62.0 3/10 17
124 20.3 ST 59.3 400 4/5 17
125 16,8 56.9 400 3/%
126 20.3 51.41 400 4/10
. 127 22.5 44. 9 400 2o
- '
Sheep 128 52.6 1 126 0.288 2712 21
129 1680 0,245 3/3
130 1330 0.308 2/5
131 963 0.389 G/2
132 571 0.430 0/3
133 49.9 8 4410 0.962 1/4 21
134 54.0 64 113 3,78 o/12 18
135 55.3 ___ 138 3.45 0/24
136 S1.6 64 159 3,22 27157 18
137 59.2 197 2.90 4/8
% 1 lb Pentolite.
20
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TABLE 1. (Contd.)

Specics N m w P, t R Ref,
Sheep, 138 51.8 234 2.65 4/4 18
(contd.) 139 48.9 ST 47.2 216 o/5 18

140 54.3 49.6 211 z/10

141 53.1 52.0 212 3/10

142 54.8 54.1 210 6/10

143 53,8 57.0 212 3/4
Swine 144 55.6 64 157 3,24 /16 18
Burro 145 156 64 180 3.03 o/2 21

146 167 199 2.88 0/2

147 202 203 2.84 0/1

148 179 337 2.21 1/1
Stcer 149 181 ST 37.6 161 0/4 7

150 176 42.6 184 5/10

152 175 44.9 176 3/5

152 183 46.8 195 5/6

153 200 49. 6 215 2'2
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SHEEP
High-explosive {0) and
— shock-tube (&) dato with
| number of animals in /
each group indicated.
- L.Dgo: 68.5psi (65.9,71.3) 4/
L n=173 & 7

-

Individug!-slope (—-—) . —
and composite=slope (—)
probit lines with 95%

fiducial limits, -

[ I I B S |
70 80 90 100

Equivalent Squore-wave Overpressure P®, psi

Figure 1 Results of the parallel-probit analysis {or the sheep in terms

S At =ttt v o — = - C o e e e e et = et e e - -

of equivalent square-wave overpressure, defined 1n Equation 7.
Rusulta of an individual analysis for the sheep are shown for
comparison.
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98 GUINEA PIG /

High-explosive (0) and / / ]
95~ shock-tube (&) dota with / // .
9o | number of a_nimcls in ki _
each group indicoted.
= 80~ LDsq 30.8psi (30.1,31.5) 49 -
) (o)

O 70 N= 297 -
2 eof- N |
> Individug!- slope (~—
= sof- probit line with 95%
2 :g“ fiducial limits. N

= é/ /

201~ /% L Adline (—) with the ]

ol 19/ /39 composite slope (as

/ determined for all

5 / species tested excluding ]
2l /! the Guinea Pig) is shown |
- 430/ for reference. _
[T I W U U T B I A O B
30 40 <8

Equivalent Square-wave Overpressure P* psi

Figure 2 Results of the probit analysis for the guinea pig in terms of
equivalent square-wave overpressure, defined in Equation 7. The
composite slope {rom the parallel-probit analysis for the other
12 epecics is shown {or comparison.
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asmmelian species using the tesults ©of experiegnts in which animsls vere €xpuse. near '

P % normally reflecting surface tO shoched dDlamt waves whose Jurat.own® rsnged from 0,21
to 00 msec., A gene.sl equstion was developed for expressing the interrelstions

betwean overpressure. duration of the blast weve, bodiv mass, end probability of
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