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ABSTRACT

In two 8eries of experiments 277 experimental animals, including 668 dogs, 52 rabbits,
52 guinea pigs, 63 rats, and 44 mice, were exposed under selected conditions in six different
general types of instrumented above- and below-ground shelters to blast produced by nuclear
explosions. The distance of the several structures from Ground Zero ranged from 1050 to
5500 ft. The most severe alterations in the pressure environment occurring inside the
structures followed the detonation of a nuclear device with a yield approximately 50 per cent
greater than nominal. The highest overpressure to which animals were exposed was 85.8 psi,
the rise time of which was 4 msec. The overpressure endured for about 570 msec. Over-
pressures ranged from this maximum downward in 15 other exposure situations to a minimum
of 1.3 psi enduring for nearly 1346 msec but rising to a maximum in about 420 msec. The
latter pressure occurred inside a reirforced concrete bathroom sheltz2r, which was the only
surviving part of a house otherwise totully destroyed, at 4700 ft where the outside incident
pressure was about 5 psi. Following the nuclear explosions, all animals were recovered,
examined, eacrificed, and subjected to gross and microscopic pathological study. All lesions
were tabulated and described. The results of pressure time data, documenting the variations
on the pressure environment, are presented and analyzed, and an exploratory attempt is made
to relate the alterations in the pressure environment to the associated pathology observed. A
critical review of selected material from the biast and relaited literature is presented. All
daia are discussed, and the several problems related to the design and construction of pro-
tective shelters are noted and briefly, but analytically, assessed. The most outstanding con-
tribution of the fieid expcriments and the rejated study of the literature was the unequivocal
demonstration that the provision of adcquate protective structures can indeed Le an effective
means of sharply reduciag casualties which would otherwise be assoclated with the detonation
of modern large-scale explosive devices.
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CHAPTER |

SUMMARY

In two series of experiments a total of 277 experimenta! aniruals, including €3 dogs, 52
rabbits, 52 guinea pigs, 63 rats, and 44 mice, located inside 15 separate, instrumented suiuc-
tures comprising six different types of above- and below-ground construction, were exposed
to the environmental variations associated with nuclear-produced blast.

The distance of the several structures from Ground Zero ranged from 1050 to 5500 ft, and
the most severe alterations in the presgure environment inside the siructures followed the
detonation of a nuclear device with a yield approximately 50 per cent greater than nominal (a
nominal atomic bomb has an energy release eguivalent to 20 kilo* >ns of TNT).

The small animals were housed in individual cages constructed of large-mesh wire
screen. The dogs were kepi in position using harnesses fabricated from cotton webbing and
custom-fitted to each animal.

Recovery of all animals was accomplished within about 10 hr after the dstoaation in each
of the two series of experiments.

Variations in the overpressure-time phenomena metered inside the structures with wall-
mounted pressure gauges ranged from maximal pressures of 1.3 psi enduring for 1346 msec
to 85.8 psi lasting for 570 msec. The times of pressure rise (time to Ppay) ranged from 4.0
tc 420 meec. The underpressure figures were not considered very reliable, and varied {rom
none (no crossover) to a maximal underpressure of -6.4 psi. The total range of pressure
fall varied from 2.1 to 89.1 psi with times of tolal pressure fall from 1919 and 1127 msec,
respectively. The shortest time of total pressure {all recorded was 303 msec for a 20.1 -pai
drop in pressure. However, the shortest time of pressure {all from P, ., to ambient was
260 msec for a 36.9-psi drop in pressure (see Tables 6.1 and 6.3).

Dynamic pressure-time measurements were taken on two occasions. The curves were
very complex and viriable, and the peak readings showed pressures of 11.3 and 132.7 pei.

The geometry and design of the several structur :s markedly influenced the magnitude
and character of the internal, compared with the external, pressure-time phenomena. Fur
example, in some instances, the internal P, was near one-fourth of the external P y; In
others the internal P, ,, was more than double the exiernal peak overpressure.

Overpressure-time curves representing enviroamental variations inside the structures
varied considerably in contour {rom relatively “slow”-rising and -falling tracings for the
“closed” structures located at greatsr ranges, to quite complex curves for the “open,” "“half-
open,” and “closed” structures located at the nearer rangee. In case of the latter, multiple
saw-tooth and stepwise variations in pressure occurred which, for the most part, were due
to muitiple pressure reflections from the wa'ls, ceiliugs, and floors and to the turbulence of
high and varishle winds.

In spite of the rather marked environmental pressurc variations in the yield -distance
relation, which in the most severe case involved local static ground pressures {n the order
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of two- to threefold those estimated to exist near the epicenters of the nominal yield ex-
plosions at Hiroshima and Nagasaki, the shelters functioned reasonably well, but far from
perfectly, as blast-protective structures.

Amorg the 86 large animals (dogs), there was no immediate mortality attributable to
primary blast effects. Si« animals were displaced {from their preshot positions. Two animzls
immediately expired; one of thege died as the condequence of violent displacement caused by
the high-velocity winds, and the other died as a result of events secondary to a 270° rotation
of one of the aboveground utility shelters. One other animal, among nine on which thc autop-
sies were deliberately delayed, succumbed on the 14th postshot day as a result of radiation
injury. The others were then sacrificed,

Among the 211 small animals, blast-produced mortality was limited to mice (17 of 20 and
one of four located inside structures, the wall gauges of which averaged a Pmax of 22 and
67 psi, respectively) and guinea pigs {one of 32 placed in a structure, the wall gauges of which
averaged 22 psi).

Lang damage in the dogs consisted of one pneumothorax and spotty areas of lung hemor-
rhage in 11 animals which were judged minor, moderate, or severe in seven, two, and two
snimals, respectively. In four of the animals the findings were complicated by the occur-
rence of displacement, which in two instances at least no doubt contributed to the cause of
pulmonary pathology. Other thoracic findings involved one instance each of pericardial
petechiae and petechiae of the pericardial fat, four instances of subendocardial petechiae, and
one animal each with tracheitis, bronchitis, and tracheobronchitis, apparently associated with
inhalation of dust.

Abdominal pathology noted among the large animais included nine hemorrhagic spleens,
seven mucosal tears of the urinary bladder, and two instances of omental or mesenteric
petechiae.

Other signs of tranmsatic internal and external injury in surviving large animals included
one {racture (femur), one mediastinal hemorrhage, cne bracheal plexis injury with limb
paralysis, one extradvral hemorrhage, seven animals with hemorrhagic frontai sinuses, and
rupture of 45 of 119 usable tympanic membranes among 60 of 66 animals in which examinu -
tions were adequate.

Of the 52 rabbits exposed, {ive and one exhibited minor and severe intrapulmonary
hemorrhages, respectively. In the case of 52 guinea pigs, lung hemorrhages were judged
minor in nine animals, modera’e in five animals, and severe in one animal. Only six of &3
rats showed any lung lesions, sud these were all minor Mice exhibited the most lung
pathology, consisting of one case of congestion and 8, 10, and 5 instances of minor, moderate,
and severe lung hemorrhages, respectively. Other blast-related findings were minimal ex-
cept for tympanic membraay rupture in rabbits, guinea pigs, and rats, totaling 34 of 74, 49 of
67, and nine of 18 vmable eardrums, reapectively; a subcapsular hemorrhage of the liver in
one mouse; and periorbital hemorrnage, bilaterally, in another mouse. Two rabbits were not
immediately sucrificed; theae died on the 9th and {ith postahot days of radistion injury.
Likewise, two of three guinea pigs and three rabbits (one of which died in 5 days) not examined
immediately, but subsequently sacrificed, showed signs of radiation damage.

The eyebtalls of all animals were fixed, sectioned, and examined microscopically. In spite
of the high range of the overpressures existing in the several structures, the findings were
entirely negative except for superficial injury associated with {lying dust and particulate
material, i.e., eight dogs, one rabbit, and two guinea pigs showed corneal pitting and
abrasions, hyperemic conjunctivitis, and, in one instance, superficial fccal hemorrhage
beneath the conjunctival epithelium.

Rather surprisingly, !hermal effects were noted in the large and small animnls locsted
in eight of the nine forward shelters even though the animals were shielded from direct ther-
mal radiation by virtue of thelr underground locations. in 39 of 54 doge the fur and vibrissae
were singed (o & varying degree, and 23 of 39 singed animals also exhibited aseociated burns
of the skin. One :abbit was siightly singed, as were nine guinea pigs (one modsrately severs)
and 38 rats. Uousual necrotic lesions of the fromt {eet were observed in 21 rate, and these
were limited to animals houved in close-fittirg cylindrical rather than square cages. Mo
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cause for the iesionn was found, but it seemed likely that the animals gnawed their owr feet
and that ther nal injury may have been an initiating factor.

The cauae for the thermal effects was not understood, but because the animals most
severely affected were those located in positions most exposed to the wind, it seemed likely
that hot gases and hot dust carried into the structures during the period of shelter pres-
surization were important factors.

The association of the observed pathology with the variations in the environmental pres-
sure-time phenomena was ‘abulated, and an attempt was made to relate the meager biological
data with a variety of blast parameters.

In the case of pulmonary pathology, since the findings were minimal, it was only possible
to search for an analytical procedure which might tentatively define environmental conditions
associated with threshold damage. The work was limited to data referable to the dogs.

There seemed to be no reliable association between canine pulmonary findings and peak
overpressure alone, although there was 2 tendency for damage to be associated with the higher
overpressures. A similar statement can be made regarding the {ractional pressure differential
(Pg — P;)/Pyq (the final pressure minus the ipitial pressure divided by the final pressure in
abaolute units) and the pressure ratio (Py — P;)/P;. However, the over-all rate of pressure
rise alone and the average rate of rise of the fractional pressure differential alone both
showed a somewhat better relation with threshold conditions for pulmonary damage than did
the overpressure by itself. There appeared to be no correlation with the total area uador the
pressure-time curve (/ P dt), the first differential of the pressure-time curve (dp/dt), the
total range of pressure {all, and the average rate of pressure fall. Combination of the peak
overpressure with the time to P,,, for damaged and undamaged animals was likewise of
little help.

The most promising analytical approach which has been explored to date concerned
incremental analysis of the individual pressure-time curves, a procedure which regarded each
increment of the rising portion of each curve as a separate phenomenon “loading”™ the animai.
Each segmental pressure rise was treated individualiy, provided that (1) there was a 5 or
more msec pause between the stepwise rises in pressure and (3) a rising pressure occurred
after a pressure fall that was one-third or more of the previous pressure rise. The pres-
sure ratios for each increment of the curves were calculated (AP/Py, AP'/P{, ..., AP%/PP)
and plotted against the rise time in maec for each segment of the curve (t, t', ..., t™. When
wuch a2 plot was made on log-log paper for conditions existing in the nine forward shelters, it
was possibie to draw a aloping line which denoted the region in which pulmonary damag®
occurred in doge; i.e., for 10 cases of damage 90 par cent of the pressure-time curves had at
least one of the incrementsl points above the line, and for 44 cases showing no pathology
82 per cent of the appropriate pressure-time curves had no points above the line. Thus the
analytical approach was 90 per cent accurate and 10 per cent inaccurate in predicting pathology,
and 82 per cent acrcurste and 18 per cent inacev.rate in predicting no pathology.

The equation of the sloping line was

AP xt=Cx Py

where AP = the incremental pressure differential
t = the time for incremental pressure rise
C = a constant (10 in the case at hand)
P = the Initial pressure in absolute unita which existed for sach incremental rine in
pressure

8ince the expression AP x t, or force per unit area tumes time, expresses incremental
momentum, the equation suggests that incremental momentum ig proportiosal to the iaitix!
pressure P; and that pulmonary blast damage may be associated with a critical magaitude
of the product Py x C, a somewhat meaningful physical concept.

The analysis aleo suggested that there was a relation betweena the iacremental pressure
ratio and the reinted time cf prossure 7ise such that, as the incremental rise time increased,
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the incremental pressure ratios required for damage decreased. Although the minimal
magnitude of the pressure ratio and related rise time critica! for damage could not be fixed
definitely because the data were insufficient, the association of minimal incremental preasure
ratios producing pulmonary damage with an incremental rise time of about 20 msec suggested
that resonance pienomena were a factor in biological damage and that, for the dog, the critical
frequency might be close to 12 to 13 cycles/sec.

Data relating blast-produced, environmental variations to rupture of the tympanic mem-
brane were meager. However, the percentage rupture of the eardrums seemed to correlate
with maximal overpressure as well as with any of e other blast parameters, and the maxi-
mal pressurc required to rupture 50 per cent of the drums (Pg,) was estimated at 28, 15, and
8 pai for the dog, rabbit, and guinea pig, respectively. Regression analysis on the dog data
indicated a standard error of §1 per cent. Thus, for the dog, the Py, would be 23 + 11 per cent
in 88 per cent of the cases.

The data relating the variations in the pressure environment to biological response were
discussed at length, and, in so doing, a review of selected material from the blast and related
literature was presented. With regard to the review:

{. The necessity for distinguishing between environmental variations involving single-
and multiple-pulse phenomena and Jast- and slow-rising overpressures was pointed out.

3. Evidence was cited to show that the almost “instaataneously” rising maximal static
overpreasires p.oduced by conventinnal high explosives (HF) detonated in air cannot be used
alone as a criterion for predicting biological damage except under very closely defined
circumstances, i.e., those involving single pressure pulses and those in which the duration of
the overpressure is relatively constant.

3. For HE air blast, approximately a sevenfold increase in the duration of the overpres-
sure has produced nearly a threefold decrease in the maximal static pressure associated with
fatality in exposed dogs. The ‘sllowing data apply to just fatal conditions for dogs:

)
|
¥
i
§

Maximal static Duration of the
presasure, psi overpressure, msec
216 1.8
219 1.6
125 4.1
85 8.8
KL 10.3
76 11.8

4. The association of relatively low fatal overpressures with overpressure durations of
about 12 msec evidenced by the data above suggest that there is something 1mportant con-
carning single-pulse HE -produced overpressures which endurc for 10 to 15 msec, namely,
the existence of biclogical structures which may rasonite with a natural frequency of be-
tween 10 to 38 cycles/sec.

8. Confirmatory data obtained using mice sxposed to single-pulse fast-rising phenomena
in a shock tubs show a variation in mortality with the duration of the overpressure. An ex-
ample {ollows:

Maximal static Duration of the Mortality,
overpressure, pal overpressure. maec %
18.5 4.0 10
18.% 1.9 50
18.3 0.15 (+20%) 10

6. No data were found concerning the dog or sny other animal which indicated what the




minimal peak static overpressure for fatality or injury might be when the duration of a single
fast-rising positive pulse was longer than about 12 msec.

7. Experiments were cited which, for HE-produced pressure phenomena, show that the
pressure-time relation for fatality in dogs and guinea pigs parallels a similar relation for
failure of physical objects exposed to HE blast; i.e., for pulses of short duration (small
charges) the destruction curves are nearly parallel with isomomentum lines —momentuin is
the definitive factor —and for pulses of longer duration (large charges) the destruction curves
are nearly parallel to isopressure lines —pressure is the definitive parameter.

8. The dearth of empirical biological data concerning tolerance to HE blast under con-
ditions in which the initial or ambient pressure varied widely was pointed out; e.g., for a
given single fast-rising overpressure, what is biological tolerance when the overpressure is
applied starting (1) at an initial cr ambient pressure equivalent to 40,000 ft (2.7 psia) or sea
level (14.7 psia) or (2) in caissons or under water at higher initial pressures?

9. Simiiarly, the lack of data to prove that the falling phase of the overpressure and the
underpressure associated with single HE pulses was definitely not a factor of biological
significance was mentioned.

10. Also. for single-pulse overpressures there were no data noted in the literature to
define biological tolersnce to slow rather than instantaneously rising pressure phenomena.

11. For the most part the above remarks were intended to apply to a single-pulse
phenomenon having either fast or slow rise times, a situation in which some clear-cut
blological data do exist.

12. In contrast, the iack of reliable information concerning biological response tc double-
or multiple-pulse phenomena — whether the presasure rises were rapid as with HE or slow
as was the case in some of the shelters investigated — was strongly emphasized.

13. Examples of pressure-time curves showing double or multiple rises in pressure were
cited for air and underwater blast produced with HE and for a variety of open and closed
blas! -protective shelters exposed to atomic blasi.

14. As 2 case in point, the most reliable data known to the writers relevant to an estimate
of human blast tolerance were cited. Eight men were exposed in an open-topped concrete
revetment to blast from: an HE charge of known weight. Two men were killed and six survived,
although four suffered considerable iung damage. The local static overpressure near the
survivors was estimated to be about 57 psi. The maximal overpressure existing near the
fatally injured men, who were located in a corner of the reveiment, was aboui 235 pai owing
to reflections from the walls and floor. The number of reflections and the total duration of
the overpressures were nat known.

15. Consequently, emphasis was placed on the inadvisabllity of biologically extrapolating
HE blast figures to situations which involve (1) very long pulse durations, (2) multipie rather
than single pressure pulses such as do occur from reflections in closed places and sometiimes
in the range of underwater detonations, and (3) slow- rather ihan fast-rising pressure phe-
ncmena involving both single and multiple overpressure phenomena.

16. The view that protective shelters suitably designed end located, whether open or
closed, could be used to minimize the exposure of gccupants to ionizing and thermal radiation
was cited ‘o emphasize the fact that the curreat and important problem in blast biclogy con-
cerns the need {or data to understand and define biclogical response to double- and multiple-
pulse crerpressures naving slow or {ast rise times associated with overpressures of relatively
very long duration.

17. From previcus field experience at the Nevada Test Site, dats obtained using dogs placed
in long, tubular undergrotind structures and exposed to nuclear-produced blast phenomem
were cited to show that significant pulmonary damage does occur at maximal overpressures
as low as from 12 to 20 psi under conditions in which multiple loading of the biological target
was asgociated with stepwise rises in the iong-duration overpressures due to reflecticns
from the far end of the structure.

18. The complex rature of the analytical problems invoived {n correiating biological
resoonse to saw-tooth or stepwise pressura-time phenomena was pointed out. The necedsity
of learning how to handle the factors of initia! pressure (P, Pj, ..., P{) in terms of magnitude,
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rise time, and time between incremental pressure rises, along with the duration of overpres-
sure, the character and time of the falling pressure, _:cluding the underpressure, was
emphasized.

19. An increased importance for the falling phase of pressure pulses was predicted for
those overpressures which existed long enough to allow the lungs of the target to ‘fill,” 1.e,
to come into equilibrium with the overpressure existing outside the animal. It seems clear
that “decompressionlike” pathology will be encountered —{f it has not already and has not
been recognized —depending on the magnitude and time of pressure fall.

20. Information relevant to biological tolerance to a variety of pressure phenomena was
cited from the basic literature to aid in understanding the etiology of biological blast demage.

31. Swatically ralsing the intratracheal pressures in a variety of animals, {rom the mouse
to the steer, has produced lung rupture, hemorrhage, and arterial air emboli at preasures of
about 50, 80, and 160 mm Hg (0.98, 1.6, and 3.1 psi) for the open, closed, and bandaged chest,
respectively.

31. The lowest increase in intratracheal pressure associated with emphysema in an
anesthetized human was reported to be 60 mm Hg (1.2 psi).

23. Pressure difierentials aseociated with human f{atality were stated tc be 6.5 and 8.4 pai
for circumstances involving suhmarine escape training and indoctrination in explosive de-
compression, respectively.

24. Ballistic data referable to penetrating missiles were cited to show that damage to the
air-containing organs can occur at considerable distance from the track of the missile. In this
regard the significance of the negative pressure pulse associated with cavitation was pointed
out.

25. The occurrence of bilateral lung damage foliowing uniiateral trauma to the chest was
mentioned, and the aimilarity to blast-produced pathology was noted.

28. The desirability of knowing the pressure-time phenomena which occur inside an animal
in relation to the loading factors, whether blast or more localized trauma, was emphasized.

27. The dearth of relixbie data relevant to the tolerance of the tympanic membranes of
snimals and man to dynamic pressure variations was mentioned.

28. However, for somewhat static conditions the literature contained data showing that the
human eardrum (of cadavers) on the average would rupture at 33.4 psi with a range from 5.4
iv 44.1 psi. For 10 dogs the avarage pregsure for drum failure was 14.9 psi, although the
range was stated to be frem 6.1 to 22.8 psi.

290. For humans, suddenly applted underpressures of 1.9 tc 3.8 ps! have been asavciated
with failure of the eardrum.

30. From the blast literature, information was cited which showed that rapidly /atal ex-
posure to FE blast (atr or water) was frequently due to the consoquences of arterial atr
embol! in the vessels of the heart and central nervous systexm (brain).

31. The causes of primary blast desth were considered to be due to (1) heart failure
(commotio cordis and./or air emboll), (2) suffocation (lung hemorrhage and edems), and (3)
central nervous system damage from arterial air emooli and possibly from trauma (com-
motio cerebri).

32. Rt was pointed out that biological damage from exposure to blast, 2xcept for the
“distant™ effects of air emboll, was characteristically localized in those a~eas whers the
greatest contrast in tissue density exists, {.¢., the air-conlaining organs, the union of bones
or cartilaginous tiasue with soft tissues, and the aress of union between soft tissues and
adjacent air-containing tissues, such as the iung tissue over!ying the heart,

33. Experimental ba'listic sand biast dats were described which supported the conclusion
that the exposure of the trunk of the animal to the static and dynamic pressure puises of a
blast wave was critical for biological danuge. This seems clear for the rapid phenomena
produced by HE at least bat may or may not apply for slower rising, multiple-pulse pres-
sure variations of "lo,g” duratioa.

34. The several possible mechaniams by which & bologica. target wight be disturbed sial
damaged by envi: nmentai changes produced by blast phenotmens vere coasidered. Internal
pressure changes and other siresses associated with a 1oug-duration sgqueeze or to deformity




of the body, the transfer of momentum to tissues of different masses resuiting in differential
movement of tissues of different density and natural frequencies of oscillation (inertia ef-
fects), implosion phenomena, and the spalling effect were all thought to be important.

35. As a tentative hypothesis fast-, intermediate-, and slow-acting mechanisms were
suggested. The first could well be associated with impleosion and spalling effects contingent
upon a suffictently dynamic environmental variation to assure the transmiasion of shock
waves {rom tne fluid into the air-containing organs of the body. The second or intermedinte-
acting mode of damage could be associated more with momentum and inertia cffects, and the
third or slow mechanism might involve the transmission of blood and fluid into the chest and
hence into the air-containing portions of the lung, a possibility which is somewhat anzlogous
to the “squeeze” szyndrome described in divers.

The results and implications of the present study in relation to the potential value of
protaective shelters were discussed.

Although the structures utilized, with a few exceptions, served to prevent immediate
mortality in the largest experimental animals, the conciusion that any of the sheiters under
the conditions tested would be adequate for human occupancy must not be drawn. There was
violert displacement of constrained animals, and there were serious immediate thermai
e{fects and delayed radiation effects which were later fatal to some animals. Also, con-
siderable dust existed, a factor known to be {atal for huinans in some bombd shelters during
World War 1I.

These facta supported the suggestions that the design of 3 structure to serve as protection
against modern large-scale exploeions is not a simple task, that a soui.d perspective relevant
to the total problem needs to be developed and maintained, and that zn approach to design must
be functional as well ag structural in order that environmental variations will be optimized.
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C3APTER 2

INTRODUCTION

In the past, considerable effort has been expended in investigating tnie pathophysioclogical
effects of biest from HE detonated in air.' ™" In contrasi, binlogical blast damage produced by
atomic explosions has not been studied int naively primarily because data were not available
to appreciate fully and realisticzlly the intarrelation between blast effects and those assoclated
with icnizing and thermal radiation. When it was realized that under appropriate circumstances
the employment of reiatively simple and inexpensive shelters might very well minimize or
eliminate irradiation and thermal damage, it became obvicus that the influence of vizst phe-
nomena on the internal environment of the structure must be determined and assesaed kioiogi-
caily. With regard to the latter 1t was desirable to expose experimental animals to meiared
variations in pressures produced by a nuclear explosion.

Twoe eeries of such experiments were carried out at the Nevada Test Site in ths spring of
1955. The purpose of this report is to give data obtained using five spacies of animals which
were placed in a variety of inetrumented above- and below-ground structures and which were
subjected to environmentai pressure variations created by the tower detonations ¢f two nuclear
devices Further objectives are to review aelected material from the bigst litersture, alorg
with appiicable data from related disciplines, and to present the problem of asaessing biclogi-
cal response to variations in envircnmental ststic and dynamic pressures, particularly as the
latter are related to biological effects in blast-protective shelters,

The work was made possibie through the common interests of the Atomic Energy Commis-
sion and the Federai Civil Defense Administration, who cooperatively arranged the mutual
participation of people traired in both physics and biclogy to prosecute a program that could
not have been accompiished by personnsl trained in either discipline alcne.
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CHAPTER ¥

MATERIALS AND METHODS

3.1 STRUCTURAL SHELTERS

In the combined work of the several experiments during two shots (designated Series {
and Series II for purposea of this report), six different general types of structural shelters
were utilized, each type varying in aire, shape, and, to some extent, method of construction.
The shelters were located at measured intervals from Ground Zero (point of deicnaticn) aiong
a “biast line,” or straight line ovtward from Ground Zero. In Tabie 3.1 the types of gshelters
are indicated in order of relative proximity to Ground Zero, the large partiticned group shelter
being the nearest. The approximate interior dimensions, the number of such shelters used in

Table 3.1 —SHELTERS IN WHICH EXPERIMENTAL ANIMALS WERE EXPOSED
{Sse Figs. 3.1 to 3.24 for Cross-sectionz] Disgrams and Photographs)

intarior No. of shelters used
dimensions,
Type-of sheiter ft Seriga ! Series Il Remarks
Group shaiter, parti- 12by 25 2y & 1 1 Below ground; partiticn divided room
tionad (concrete) into equai halves, 12 by i2 by 8 ft
Passment exit shelter 3by 12,66 by & 3 4 Below ground
(comcrete)
Reinforced concrets 6by6by 7 0 3 Aboveground
utility shelter
Cogrcrete bathroom Thy 6 by 7.33 0 i Aboveground
shelier
Basement lean-to 8by4by5 0 1 Below ground, in basement of dwe!ling
sheltzr (wood)
Basamant corner by 6by 6 0 1 Below ground, in baseme:nt of dwelling
shoiter (vood)

each series of experiments, and the reiative position above or below ground are also epeci-
fled. Cross-sectional diagrams and pdotographs are presented in Figs. 3.1 to 3.24. All the
shelters, except the basemant lean-to and basement corney room types (Fige. 3.21 to 3.24),
were constructed of reinforced concrete. Each she.ter wus instrumeited to measure varia-
tions in the internal pressures, and one type (the forward large group shelter) was further
equipped for messuring tempernture changes, noise levels, “windage” (dynamic pressure),
and displacement (by photogsraphic mesns) ag described in the following Haragraphs. Because
of the unusual conditions of the experiment, it was necessary to provide heat and ventilation
to some of the shelters to ward off the effects of cold weather on small amumals individually
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isolated in cages. The following paragraphs deacribe the shelters briefly in relation to con-
struction and to point of detonation.

3.1.1 Group Shelier, Partitioned

=t

Of the several ctructures employed, the underground group shelters were the most com-
pietely instrumented. The shelter consisted of a large room, interior dimensions 12 by 25 by
8 ft, and was modified {rom the original design by the inatallation of a reinforced concrete
wall in which was mounted a heavy steel bulkhead type deor. The wall was piaced to divide
the shelter into two rooms of equal size, each 12 py 42 by 8 ft {see Fig. 3.1). This type of
shelter was niearest to Ground Zero. The structure wac entered by an L-shaped flight of
stairs, shown in Fig. 5.2, § {t in width, the surface opening of which ordinarily would have
been covered by a large, rolling, concr=te and steel slab. The latter, however, was not uzed
in the biological experiments, 2nd the entry was thus “fully open” in each experiment. The
surface apening of the group shelter faced Ground Zero, and the axis of the entry stairs
pointed directly toward the asource cf detonation. The concreie roof of the shelter was cov-
ered by azbout § ft of earth. The celling of each rocom was pierced by a 6-in. vertical venti-
1ating pipe, which extended to the surface and was capped with a T, one side of which faced
Ground Zero. Internally, the pipe was connected to a vaive which could be tripped with a
solenoid just prior to gero time. The outer room with stair-well access was termed & *fast-
fill” chamber (see Fig. 3.3) since, by virture of its position and opening to the surface, it
would be subjected to the greatest and most rapid pressure change following the detonstion.
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Fig. 8.1 —Disgram of the psrtitioned underground group shelter.

Beneath the letters and numerals are Y,-in. sheets of spongelike rubber affixed to the wall
with linoleum cement. This pad was used to separate the animals from contact with the cold
concrete walls and to minimize loss of body heéat by radiation to the cold wall surface.

The inner room, entered through a partition door, was termed the “slow-fill” chamber
and is shown in Fig. 3.4. This room w&s not completely sealed and contained a 3-ft-square
escape hatch in the ceiling of one far corner. The surface opening of tle escape hatch was
covered by a heavy steel plate, 1 in. in thickneas. For one group of experiments a centrally
located 19.5-in.-diameter hole was cut. For ancother group of experimenty the opening was
enlarged to 36 in. Through the cooperative efforts of personnel of the Baliistic Research
Laboratories and the Sandia Corporation, the dimensions of these openings were determined,
by scaling calculations, from preliminary model tests of the shelter, using data relative to
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Fig. 3.3 — Entry stairs of the underground group sheiter.

the pressures expecied from the actual detonation. Because of the different conditions which
existed in each experiment, a certain limited control of expected !nternal pressure-time
pkenomena could be exercised by adjusting ihe diameters of the escape-hatch openings.

The interiors of the rooms were equipped along the sides with heavy steel benches, 18 in.
high and 14 in. wide, which were bolted to the concrete floor (see Figs. 3.3 and $.4). Each
of the benches had a top platform of wooden planking secured to the steel frame, excepting
those benches near the entrance. The latter were covered by & heavy-giuge steel screen.
Upon these wall benches the largest animals were positioned at specified intervals. In the
inner chamber, as shown in Fig. 3.5, the prefabricated benches were removed from one side,
On one occasion a large reinforced aluminum box, 35 by 36.5 by 40 in., was installed and used
to protect and house electrocardiographic amplifiers. Immediately adjacent to this was a
smaller box, approximately 22 in. cube, which contained electronic apparatus for noise-level
meagurements, as indicated in Figs. 3.5 and 3.0. All equipmenrt was rigidly fastened to the
floor or braced to the walls.

A specially designed motion-picture-camera mount was constructed of channel steel with
brace supports, the ends of which were cast rigidly into the concrete wall in one corner of
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Fig. 3.3 — Fast-{il] compartment of the group whelte: viewdd from the eatryway. Note the
stee] door which communicated with the siow-{ill compartment.

each room. Upon this frame, as shown in the right central portion of Fig. 3.5 and the upper
right portion of Fig. 3.6, was suspended an adjustable, cylindrical steel bousing which served
to protect an enclosed high-speed motion-picture camera from the effects of blast and flying
debris. The front of the housing was sealed by a thick glass plate. Bolted firmly to the wall
of each room, adjacent to the camera mount, was a large steel channel frame for bolding 18
blastprool lamp housings (note the upper parts of Figs. 3.8 and 3.7).

On one occasion, as shown in Figs. 3.4, 3.8, and 3.9, the ceiling of the inner or slow-{ill
chamber was rigged with & crosshatch net of steel aircraft cable, Y, in. in diameter, drawn
taut by large turnbucklies at points of attachment to the corners and sides of the room. Firom
this cable many small animal cages of varying aize were suspended. On the other occasion this
cable suspension system was replaced by prefabricated steel brackets with iock fasteners for
the cages. The brackeis extended approximately 10 in. below the ceiling and were secured tn
the latter by studs pneumatically driven into the concrete (note Fig. 3.10). Additional small
animal cages were positioned on a central table in the inner chamber. The table was con-
structed of three standard wall benches placed side by side and secured to the floor. Figure
3.11 shows the table with the animals in place.
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Fig. 3.4 —Elow-{ill compartment of the group shelter viewed from the partition door. Note
the escape hatch {a the upper righi-hand corner and the veatiluting pipe on the ieft which
commuaicsated with the heater located beaeath 1= bench.

$.1.2 Basement Exit Shelters

These underground sheiters, Figs. 3.11 t0 3.18, were of much smaller capacity, oblong in
shape, and Jocated some distance behind the large group shelter. Constructed of reinforced
concrete, with interior dimensions of appraximately 3 by 12 by 5 ft (see Fig. 3.12), the sheiters
were squipped at one end with a short, steep access stairway, i it wide (shown in Fig. 3.13),
which faced the direction of Gromd Zero. They ware not comp.etely buried in the ground, and
the exposed portinas of the sides and roof were covered with mounded earth. As origimally
designed, the stairway opening of each could be closed by fous heavy wooden hatches and
fastened, as shown in Figs. 3.13 and 3.14. The roof of each sbelter was pierced by a small
vertical ventilating pipe, 3 in. in diameter, which ended exteriorly in a T, the open ends of
which were perpeadicular to the advancing shock front.
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Fig. 3.5 — Slow-fill compartment of the group shelter, showing the camers howsing, camers light bousing,
the alursinum box containing electrocardiographic equipment, and the smaii box and Lipe mount used tn
conjunction with noise-measuring equipment.




-

7ig. 3.6 — Cormer view of glow-fill compartment, illustrating camers pratective housing in
upper rigt, cyiiader-mounted microphone and attendant electronic apparatus in cestral
position. sad (at the left) part of the alectrocardiographic amplifier housing.
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Fig. 3.7-— Fast-{il]l compartment of the group shelter, showing he blastproof lamp bousing
secured to the wall,
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Fig. 3.8 —Cable net iocaied bslow the ceiling of the fast-1ill chamber of one of the Croup
sheiters and used to suspend small snimel] cages.
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Fig. 3.9 —8mall animal cages suspoaded from the cable net in the fast-fill compartment of
ons of the group shelters.

In one group of experiments three of these shelters were usad, all of which were the same
distance from Ground Zero The stairway opening of ane of these shelters was left entirely
open (the large doore were removed, Fig. 3.13); the opening of the secand wus pertly covered
by the hatches (Fig. 3.16); and the opening of the third was completely covered (Fig. 3.14). In
this manner, it was hoped that some control over the internal pressure following detmaation
could be exercised. Two of the shelters (the fully cpen and the closed) each contained a large
missile trap lastened at the disgtal blind end. Laly the iargeat anicrals were placed in these
shelters.

In & second group of experiments four such shelters were used. Two of these were lo-
cated at ooe distance from Ground Zero, and the other two were located farther away and
behind the firet two but paraliel to each other. Two of the shelters at separate distances were
left completely cpen, and the spenings into the siairways of the other two were fully closed by
the hatches.

3.1.3 Reinforced Concrete Utllity Bhelter

The three utility shelters. located behind the basement exit adeiters and at increasing
distances {rom Ground Zero, were the oniy types which were left ln an expased coadition
aboveground. They were falricated of reinforced coucrete, includiag the floor, und were
nearly cubical in shape, measuriog 8 by 8 by 7 ft [n internal dimensions (aote Pigs. $.17 and
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Fig. 3.10 — Looking toward the ceiling in the slow-fill rhamber of one of the group shelters,
showing smal! animal! cages suspended by steel bracke ‘s bolted to the ceiling.
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Fig. 3.11 - 8mall animal cages located on the table in the slow-fiil compartment of one of the
group shelters. Note the celling-mounted animal cages, the restraints used for the large ex-

perimental animale, the tufted vertical wires, and the small Styrofoam sphares, suspendad by
strings whose motion was to be followed photographically.
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Fig. 3.12—Basement ex:t shelter.

I O Fig. 3.13—Entryway to one of the
oy basement exit shelters.
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Fig. 3.14 — Entrywey of basement exit shelter tested closed.

3.18). The shelters were entered through a doorway, the opening of which was located at
right angies to the blast front. The doorway could be sealed by an inner lightweight plywood
door and an outer heavy wooden door. As in the previous shelters, the roof contained a T-
capped ventilation pipe, 3 in. in diamete *. Only the largest type of animal was placed in these
shelters.

3.1.4 Concr~te Bathroom Shelter

The batkroom shelter, shown in Figs. 3.19 and 3.20, was one of the three remaining types
of shelters which were located within a building (dwelling type). It was constructed of con-
crete, in imitation of an ordinary small bathroom, on the ground floor of a one-story ranch
type residence and was located at the rear near the center of the building. It contained an
access doorway and a small rear window. The doorway was closed by an inner ordinary light
door and by an outer heavy wooden door (see Fig. 3.20). The window contained a standard
frame with glass panes and an outer protective wooden shutter. No ventilation pipe was pro-
vided in this shelter. Two dogs were positioned against one side wall of the shelter.

3.1.5 Basement Lean-to Shelter

Simple in design, the lean-to shelter, shown in Figs. 3.21 and 3.23, was {fabricated of
nothing more than a platform of closely spaced wooden beums, covered with boards which
were slanted against the concrete wall of 2 resident basement and {fastened in place. The
triangular openings at each end were uncovered. Two dogs were positioned against the
vertical basement wall.
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Fig. 3.15 — Entryway of basement exit shelter tested fully open.

3.1.6 Basement Corner Shelter

This type of shelter was cubical in shape and somewhat more elaborate than the lean-to
type (see Figs. 3.23 and 3.24). The wails and ceiling were constructed of closely placed
wooden beams, covered with boards, and the entire unit was located in a basement corner of
a standard dwelling. Access was by means of & 2-ft-wide doorway. Along one wall was placed
a wooden seat upon which two dogs were positioned. Both the lean-to and corner sheiters
were constructed with sufficient strength to withstand the weight of building debris which would
accompany a failure of the floor joists.
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Fig. 3.16 — Entryway of basement exit sheiter tested half opea.
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Fig. 3.17 — Reinforced concrete utility shelter.
Internal dimensic..s are shown.
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Fig. 3.19— Concrete bathroom shelter (inside
measurements are shown),

7yg. 3.20 — Blast door of the concrete
bathroom shelter viewed in the clcsed
position from inside the shelter.
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Fig. 3.21 — Basement !ean-to shelte: (inside measurementis ars shown).

Fig. 3.22 - Bosemaurt loan-%0 aheller.
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Fig. 3.23 — Bagement corner room shelter (inside measurements are shown).

Fig. .24 — Basemant corner room shelter,
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3.2 INSTRUMENTATION

A sngpn s

The problems of proper instrumentation of the sheliers, including the installation and )
supervision of detecting devices, amplifiers, and recording instruments, were worked out by t
personnel of the Sandia Corporation. The details and results of this work are the subject of
separate reports.* Only summary data which pertain to the results of this investigation are .
included here. Most of the recording equipment was located in a special underground instru- %
ment vault at considerable distance from the shelters. The following paragraphs will serve 1
as a brief description of the instruments, their related use, and their approximate location
within the shelters.

3.2.1 Pressure-Time Gauges

Four Wiancko pressure-time gauges were flush mounted (see Fig. 3.25) in the wails of
each slow-fill chamber of the two large group shelters. The instruments were located in the
center of each wall 4 ft above the floor with one exception. The exception involved the parti-
tion wail in w .ch the gauge was placed 4.5 ft from the corner formed by the adjoining wall
(see Figs. 3.1 and 3.26). In such positions the gauges were located above and fairly close to,
but free of, the large animals.

Similarly, eight Wiancko gauges were flush mounted in the walls of the {ast-fill cham-
ber of the group shelters except that the gauges were placed as shown in the right-hand sides
of Figs. 3.1 and 3.26.

Three of the seven basement exit shelters were equipped with two Wiancko gauges flush
mounted in the walls nearest Ground Zerc. These were located 3 ft above the floor, as shown
in Fig. 3.12. Thc other four shelters were each instrumented with only one gauge placed in
the wall near the end of the shelter, e.g., the left-hand gauge noted in Fig. 3.12.

One pressure gauge was installed in each of all the other shelters and was placed in the
approximate center of the wall against which the animals were positioned (see Figs. 3.17,
3.19, 3.21, and 3.23).

Also, Wiancko pressure gauges were mounted in ground baffles locatad near each shelter
to record the local static pressure produred outside the structures by the detonation.

3.2.2 Drag (Q) Gauge

A T-shaped tubular drag gauge, fos measuremeid of windage effect, was instalicd in the
{ast-fill chamber of each large group shelter. The gauge was located near a wall bench, 8 ft
from the center partition, directly facing the access opening of the stair well and bolted
securely to the concrete floor. The gauge is shown i{n Fig. 3.27, and the reader is referred
to Figs. 3.1, 3.3, and 3.26 {or further details,

3.2.3 Temperature-measuring Devices

Temperature gauges were flush mounted, as shown In Fig. 3.28, beside the Wiancko
pressure gauge in one wall of both chambers of the group skelters. In the fast-fill chamber
the gauge was located in the wall nearest Ground Zero. In the slow-(il] chamber the gauge
was located in one wall at right angles to Ground Zero and farthest {rom the open ceiling
esuape hatch (see Figs. 3.1 and 3.26).

3.2.4 Noise Measurement

A Massa model M-141B microphone was mounted on & cylindrical stand, 38 in, high, in
the slow-fil] sides of each group sheiter. The x=!icrophone stand wes located near the central

PP Ory SR D

.
{

*Personnel from Projects 34.2 and 39.3 were involved, ard the render may consult WT -
1161 and ITR-1192 (to be superseded by WT-1192).
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Fig. 3.25~Face of the Nush -mounted Wisacko pressws gauge
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Fig. 3.27—S5andia Corporztion dynamic presure (drag) gauge located in the
fast-fill sides of the group shelters.
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Fig. 3.28—Fsce o/ the tamperature gauge located in the fast- and slow-fill sidee of the group shelters,
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partition and approximately 32 in. from each wall. The amplifying equipment was housed in a

protective metal box on the floor nearby, a8 previously described (see Figs. 3.5, 8.6, and 3.26).

3 2.5 Electrocardiographic Measurements

On cne occasion a moditied S8anborn type electrocardiographic amplifier was suspended
within the large reinforced aluminum protective box located on the floor against one wall of the
slow-fill chamber of the group shelter (Figs. 3.5 and 3.268). On a second occasion the ampli-
fiers were housed in an underground structure with the recording devices mentioned below.

Continucus electrocardiographic tracings were undertaken on four dogs in the group
shelter of each series of experiments. Two of these animals were located In the fast-fill
chamber, and the other twe were in the slow-fill chamber. The recording instruments were
mounted at 2 distance from the sheiter in another underground structure. The electrodes were
placed upon the partly shaved legs of the animals and were held in place by gauze bandages,
soaked in saline solution, with an outer wrapping of cellophane and plastic friction tape. The
flexible wir: leads from the animal to the amplifier were, of course, shielded. The entire
technical procedure has been described elsewkere,' but Figs. 3.29 and 3.30 show two of the
“EXG” (electrocardiogram) dogs.

3.2.6 Radiaticn Detectors

Film dosimeters were provided by other projecte® for use in the group shelters and
basement exit shelters. Twenty-seven such dosimeters were placed at various locations in
the group shelter (six in the stair well, nine in the fast-fill chamber, and 12 in the slow-fill
chamber). Gold and suifur neutron detectors were alsc placed in the ramp at the foot of the
stairs {see Fig. 3.31). Twelve {ilm dosimeters were placed in each basement exi* shelter;
these, *- shown in Fig. 3.32, were fixed in a line along the far wall near the roof.

Telemetering radiation detectors were located near the entrance of the group sheiters
and one basement exit shelter in each series of experiments. These devices were housed in
aluminum spheres at ground level and were provided under another program.t

Within the fast-fill chamber of the large group shelter, a canister containing an automatic
alr-sampling instrument was located above the camera mount in one corner (see Fig. 3.33).
By this method eight consecutive 1-hr air samples of dust were obtained for assay of radio-
activity and analysis of particles. All studies concerning radiation were conducted by per-
sonnel of other projects, and the results are contained in separate reports.§

3.3 VENTILATION AND BEATING

Under the rather harsh, wintry environmental conditions the maintenance of proper
ventilation and heat in the closed shelters, over a prolonged period of {sclaiion, was a prob-
lem of no mean proportions. Large numbers of animals of many sizes were to be kept in the
group shelters, and, although only two dogs were positioned in each of the other ehelters, the
small cubic volumes of these shelters made it necessary to provide an adequate zir supply
when the access doors were closed. Most of the largest animals were well conditioned to the
low temperatures, but small animals, such as mice and rats, were subject to freezing if the
structures were not adequately heated. Electric power from portable generators was avail-
able at the group shelters up to the time of detonation but not thereafter. Consequently, in
the preshot period, motor-driven fans installed ;n connection with ventilator-shaft and elec-
tric Leaters provided adequate heat and air supply. For the postshot period other means had
to be devised for supplying air.

*Provided by Project 39.1 (see ITR-1174, to be superseded by WT-1174) and installed
by personnel of Program 34,

tProject 30.2 (see WT-1182).

iProject 39.1; see ITR-1174 (to be superseded by WT-1174).
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Fig. 3.30—Hamessed dog ir ‘e group shelter, showing the miriature preamplifier used oa four animals
attached to the hamess,
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partition and approximately 32 in. from each wall. The amplifying equipment was housed in a
protective metal box on the floor nearby, as previcusly described (see Figs. 3.5, 3.8, and 3.26).

3.2.5 Electrocardiographic Measurementa

On one occasion a modified S8anborn type electrocardiographic amglifier wae suspended
within the large reinforced aluminum protective box located on the floor against one wall of the
slow-fill chamber of the group shelter (Figs. 3.5 and 3.26). On a second occasion the ampli-
fiers were housed in an underground structure with the recording devices menticned below.

Continuoua electrocardiographic tracings were undertaken on four dogs in the group
shelter of each series of experiments. Two of these animals were located in the fast-fill
chamber, and the other two were in the slow-fill chamber. The recording instruments were
mounted at a diatance from the shelter in another underground structure. The electrodes were
placed upon the partly shaved iegs of the animals and were heid in place by gauze bandages,
soaked in saline solution, with an outer wrapping of cellophane and plastic friction tape. The
flexible wire leads from the animal to the amplifier were, of course, shielded. The entire
technical procedure has been described elsewhere,' but Figs. 3.20 and 3.30 show two of the
“EKG” {electrocardiogram) dogs.

3.2.6 Radiation Detectors

Film dosimeters were provided by other projects* for use in the group shelters and
basement exit shelters. Twenty-seven such dosimeters were placed at various locations in
the group shelter (six in the stair weil, nine in the fast-fill chamber, and 12 in the slow-fill
chamber). Gold and sulfur neutron detectors were also placed in the ramp at the foot of the
stairs (see Fig. 3.31). Twelve {ilm dosimeters were placed in each basement exit shelter;
these, as shown in Fig. 3.32, were fixed in a line along the far wall near the roof.

Telemetering radiation detectors were located near the entrance of the group shelters
and one basement exit shelter in each series of experiments. These devices were housed in
aluminum spheres at ground level and were , rovided under another program.f

Within the fast-fill chamber of the large group shelter, a canister containing an automatic
air-sampling instrument was located above the camera mount in one corner (see Fig. 3.33).
By this method eight consecutive 1-hr air samples of dust were obtained for assay of radio-
activity and analysis of particles. All studies concerning radiation were conducted by per-
sonne! of other projects, and the results are contained in separate reports.}

3.3 VENTILATION AND HEATING

Under the rather harsh, wintry environmental conditions the maintenance of proper
ventilation and heat in the closed shelters, over a prolonged pericd of isolation, was a prob-
lem of no mean proportions. Large numbers of animals of many sizes were to be kept in the
group shelters, and, although only two dogs were positioned in each of the other shelters, the
small cubic vclumes of these shelters made it necessary to provide an adequate air supply
when the access doors were closed. Most of the largest animals were well conditioned to the
low temperatures, but small animals, such as mice and rats, were subject to freezing if the
structures were not adequately heated. Electric power from portable generators was avall-
able at the group shelters up to the time of detonation but not thereafter. Consequently, in
the preshot period, motor-driven fans installed in connection with ventilator-shaft and elec- i
tric heaters provided adequate heat and air supply. For the postshot period other means had :
to be devised for supplying air.

sProvided by Project 39.1 (see ITR-1174, to be superseded by WT-1174) and installed
by personnel of Program 34.
tProject 30.2 (see WT-1182). !
tProject 39.1; see ITR-1174 (to be superseded by WT-1174). |




Fig. 3.30 —Hamessed dog in the group sheiter, showing the miniature preamplifiez used oo fous animals
attached to the hamess.
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Fig. 3.31 — Film dosimeter locations for group shelters.
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Fig. 3.32 — Film dosimeters located In basement exit shelters.




Fig. 3.33 — Alr sampler used in the fast-fill side of the group shelter.

The large group shelters, containing the maximum number of animals, posed the greatest
problem, especially in the slow-fill chambers. Ventilation and heating in the preshot period
was supplied by connecting a motor-driven squirrel-cage blower and electric heater to the
8-in.-dameter ventilating pipe which pierced the celling and extended downward nearly to
floor level. The ventilating duct was equipped with a housing contzining a gravity-activated
valve held open by a solencid pin. Five seconds before detonation the solenoid was automati-
cally activated, and the ventilator valve closed. S8uch mechaniams were not employed in any
other type of shelter. Although the electric heat supply was cut off at the time of detonation,
it was empirically found that sufficient heat was stored in the warmed coacrete walls, during
the preshot periods, to maintain adequate temperature levels for the small animals for many
hours thereafter, and it was, therefore, unnecessary to provide other sourcss of heat.

Adequete air supply during the prolonged postshot period prior to recovery was provided
when needed from large, 220 cu ft, tanks of compressed alr stored heasath the wall benches
in the group shelter (see Fig. 3.268) or other convenient locations in the other sheliers. These
tanks — six located in the fast-fill and two in the slow-{ill sides of the group shellers —pre-
tested at 2200 psi, were connected by two high-pressure manifclds, each leading to a reduciag
valve. Using the raducing valves and small needle valves, the systems were set to release a
steady air flow into the slow-{il]l side of the shelters at the rate of 70 to 80 liters/min. The
low-pressure side of each system was connected with copper tubing to a solenoid-activated
valve which was opened by signal § sec before the detonation. The total cylinder capacity was
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calculated to give adequate air supply to the animals for a period of 10 hr or more. No forced
preshot or postshot air flow was provided for the fast-fill chamber since the influx or diffu-
sion of air from the open stair well was judged sufficient for the room. Analysis of gas in both
preshot and postshot periods proved this assumption to be correct.

Two compressed-air tarks (220-cu ft size) were installed on the floor of the closed base-
ment exit shelters (see Fig. 3.12) and were connected by a manifold to a reducing valve set to
deliver air at approximately 10 liters/min. These tanke were not equipped with a solenoid-
activated valve but were manually turned on prior to leaving the test site a few hours before
detonation and allowed to run continuously until turned off. A sin ilar arrangement was pro-
vided for the concrete bathroom shelter. All tanks were secured to the floor and walls by
chains to prevent their displacement.

The three aboveground utility shelters were provided with two sandbag-covered com-
pressed-air tanks which were buried in the ground cutside the shelter. The tanks, mounting
appropriately set reducing and needle valves, were connected by ‘4-1:;. pressure tubing to wue
interior of the closed shelters by paasing the tubing ihrough a small conduit in the wzll near
the floor. The conduit was sealed with plaster of ?aris impregnated gauze.

3.4 PHOTOGRAPHY

In both chambers of the large group shelter, Bell & Howell high-speed cinematic cameras,
operating with a shutter speed of 200 frames/sec, were installed. The cameras were mounted
and sezled in biastproof steel housings, as shown in Fig. 3.6. By electrical means the cam-
eras were started 5 sec before detonation, and they continued running for 20 sec thereafter.

Documentary still photographs were taken of all installations and animal positions before
detonation and as soon afterward as possible to permanently record the physical alterations
resulting from the blast. Such means were also used to document the subsequent clinizal and
pathological studies. All photographic studies were conducted by personnel of a separate
project, and their operations have been reported separately.*

3.5 AIR-FLOW STUDIES

An attempt was made to study the pattern of air flow and turbulence within the rooms of
the large group shelter by photographic means (cinematic). Five wires, to which wool tufts
(see Fig. 3.9) were attached at intervals, were atretched at predetermined intervals in each
chamber from the floor to the ceiling and tightened by amall turnbuckies. In addition, small
colored and striped Styrofoam spheres, 1% in. in diameter, were fastened, as shown in Fig.
3.11, at intervals along a hlack cctton thread hanging {rom the ceiling. In the fast-fill cham-
ber six strings holding five spheres were used, and in the slow-fill chamber three strings
holding five spheres were used. It was thought that the movement of the woolen tufts and dis-
placement of the marked spheres in the camera field would provide a possible index of the
pattern of wind flow within the confines of the room.

3.6 EXPERIMENTAL ANIMALS

3.0.1 Species, Location, and Number

One hundred and twonty experimental animals were placed in the large group sheilter and
the basement exit shelters for one series of experiments. In & second group of experiments
$57 animals were placed in the shelters. In Table 3.2 the speci2s of animal, the average weight
range, and the number of each used in each series are indicated. In Tabie 3.3 the numbers
and types of animals utilised in each shelter are indicsted. The relative positions of the dogs

*Project 38.4b; see WT-1{197.




in the shelters are indicated in Figs. 3.12, 3.17, 3.19, 3.21, 3.23, and 3.26. The positions of
the individually caged small animals on the ceiling are diagrammatically shown in Fig. 3.34.
Figures 3.26 and 3.35 indicate the relative positions of small animals on the center tables of
the slow-{ill chambers and also show the positions of small animals located beneath benches
in the fast-fill chamber for one series of experiments. All the animale were numbered sepa-
rately, according to the diagram, such that their positions in the sheiter could be correlated,
if posaible, with the pathological changes found.

3.8.2 Mounting

For each of the guinea pigs, rats, and mice a cylindrical cage of approprizte size was
fabricated of ‘/,-in.-mesh heavy wire screen, as can be seen in Fige. 3.9 and 3.10. The diam-
eter of the cage was adjusted to such size as to permit forward motion of the animal but to
prevent it from turning around. The open ends of the cages were capped by ordinary screw

Table 3.2 —SPECIES OF ANIMALS USED IN SERIES I AND O

Species .

of Welght Number of animals used

antmal range Series I Series 11
Dogs 15-25 kg 26 40
Rabbits 1-2kg 23 29
Guinea pigs 550-T00 g 24 28
Rats 110-190 g 27 36
Mice 20-25¢g 20 24
Total 120 157

Table 3.3—LOCATION OF ANIMALS

Sheiter and species Number of animals
of animal Series | Series I

Slow-f{ll Fast-fiil Slow-fil} Fast-{1il

Group shelters chamber chamber chamber chamber
Dogs 10 10 10 10
Rabbits 23 0 23 ¢
Guinea plge 24 0 22 4
Rats 27 0 30 4
Mice 20 0 20 4

Basement exit shelters

Dogs 2 dogs each (%)) 2 dogs each (x4

Rabbits 0 2

Guinea pigs 0 2

Rats 0 2
Cencrete utility shelters

Dogs 2 dogs sach (x %)
Bathroom shelter

Dogs P
Basement lean-to shelter

Dugs 2
Bassement cornar shelter

Dogs 2
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Animal species

Mice

Rats

Guinea pigs
Rabbits

Fig. 3.34—Location of small 2nimal cages suspended near the ceiling of the slow-fill

sides of the group shelters.

Rack No,

1,3,6,9, 10
4, 1,11

2, 5, 8, 12

1, 3, 6, 9, 10

54

No. of animals

20
20
20
20
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Rats - 26 (Project 33.2) k] Rats -4

(K] Rats - 10 (1 animal in each of 3 left 58 Guinea pigs - 4
Project 33.2 cages} (Project 33.1) pigs

e} Guinea pigs - 2 &e) Rabbits - 4; mice - 4.

& Rabbits - 3

Fig. 3.35--—Location of small anima! cages piaced on the table in the slow-fill
sides of the group shelter and, for one series of experiments, those placed be-
neath the benches in the fast-fill side of one shelter.

type metal jar lids held in place by strong springs connecting the caps on each side of the
cage. This type of cage had the advantages of permitting easy insertion and removai of the
animal, allowing separate exposure of each animal, but permitting pressure effects through
the open screen and convenience in spatially orienting all the animals in one direction. As
many of the cages as possible were fastened to §8-ft iron bars by means of large machine bolts
with wing nuts. A thin steel strap of appropriate length was inserted in each cage and served
as a fastening point for the machine bolt. Thus any expected loading would be distributed more
uniformly along the entire length of the cage. By this method each cage could be loosened and
swiveled sideways on the bar (for purposes of animal removal and cleaning). The rabbits
were placed in standard 1/.-ln.-mesh wire cages, 9 by 8 by 15 in. in sige, with closed ends and
bottoms. Several of these cages were similarly mounted on the 6-ft tron bars, but were rigidly
fastened, since a hinged door permitted ready access to the cages when properiy spaced. In
Series [ these bars with their attached cages were fastened to the ~abie net near the ceiling,
4t slown in J.8. 3.8 and 3.9, according to the pattern indicated in Fig. 3.34. In Series II the
special ceiling brackets (two to a bar) were used to support the cage bars (note Figs. 3.10 and
3.11). The cages located on the central table of the slow-fill chamber were held in place by
steel airplane cable drawn taut and fastened to the steel supports of the table (see Fig. 3.11).
Each of the dogs was equipped with a leather collar, a muzzle, and a custom-made harness,
constructed of sturdy %-in. and 1-in. cotton webbing, which enveloped the neck and trunk and
embraced the hindquarters such that the animal could be completely and comfortably re-
strained. All harnesses were equipped with seven snaps located at the shoulders and midriff
bilaterally, at the pelvis (tail) region, and on the ventral surface, except in the case of one
animal for which the number of snaps was increased to 11 to reinforce the shoulders, midriff,
and tail supports. These snaps served to fasten the animal to restraining cbains from the
celling, wall, and bench tops which held the anima} erect at each station and permitted rela-
tively little movement in any direction. In the fast-fill chamber of the large group sheiter,
where windage displacement was to be expected, the ceiling restraining cliains were further
reinforced with steel airplane cable. All the dogs in the fast-fill chamber were loosely con-
nected by a cable that was threaded lengthwise through the collar and harness of exch, the
terminal ends being secured to the steel benches.




3.6.3 Training of Animals

Several weeks before each series of experimenta, all the dogs were harnessed and
muzzled daily for considerable periods of time, during which they were restrained as though
in the actual shelters. By this means they were gradually accustomed to the procedure. This
was supplemented by numerous dry runs, during which the animals were herded into heated
trucks, transported to the test site, and abandoned for several hours in the shelter positions
before being transported back to the laboratory and kennels. In like manner the smaller ani-
mals were periodically placed in their cages and left for varying intervals of time, in addi-
tion to participating in some of the dry runs.

3.6.4 X-ray Studies

Two control X-ray films of the thorax were made on each animal prior to the series of
experiments. This procedure was most easily performed by holding the animal upside down
on a V-ghaped plastic trough beneath which a large {ilm cassette was placed.

3.6.5 Electrocardiographic Studies

Coutrol electrocardiographic tracings were made on each dog prior to the experimental
series for comparison with those made in the postshot examinations. Several methods of
attaching leads were trieu, put the most reliable and dependabie tracings were obtained when
the animal’s feet were placed in a metal container filled with salt solution and the leads were
fastened directly to the metal container.

3.6.6 Eardrums and Ear Blocks

The eardrums and auditory canal of each of the animals, excepting the mice, were exam-
ined with an otoscope to record the condition of the drum and agsociated tissues. The right
auditory canal of cach was packed with cotton and sealed with liquid rubber latex which
rapidly hardened and provided a firm but temporary plug for the canal. However, this was a
time-consuming procedure, and occasional checks were necessary to renew the plugs that
became loosened with time. Unfortunately, because of the many unexpected delays in detona-
tion, many of the plugs were loosened, and insuificient time prevented their renewal. Since
the eardrum doesg not tolerate large sudden overpressures, the procedure was introduced to
determine whether such a simple plug would protect the auditory membrane {rom rupture.

3.8.7 General Clinical Examination

The general health ot 2ach animal was thoroughly checked before use. Such examinations
included stethoscopic examination ot heart and lungs, opthalmoscopic examination, and
neurological assessment of reflexes, reactions, gait, and habits.

3.6.86 Drugs

Five drugs were available for general use on the animals: Serpasil,* Nembutal, ether,
chloroform, and probanthine. During a laboratory trial, ..erpasil was found to have a quieting
effect on the excitable dogs with only a slight diarrhea as a side effoct. which was controlled
somewhat by the administration of probanthine. Its use was limited to those few animals
which appeared unusually disturbed in the dry runs. However, the animals became 80 ac-
customed to the procedure that ultimately these drugs were rarely employed. Chloroform
was kept for the induction ol rapid anesthesia in the field, if conditions of animal injury so
warranted its use. Intravenous Nembutal was used for anesthesia prior to patholegical exami-
natior. on dogs and rabbi(s. Ether was used o aneathetize all other small animals.

*Furnished through the courtesy of Dr. Alfred E. Earl of the Ciba Pharmaceutical
Corporation, Summit, N. J.




3.6.9 Postshot Activities

Four to 5 hr elapsed between final instaliation of the animals in the sheiters and the
actual detonation. Several more hours passed before admittance into the blast zone was per-
mitted. Recovery of the animals was effected by teams of men with trucks and radiation
survey meters, and the animals were roturned {u the lacoratory and kennels as soon as
possible. There they were subjected to a clinical appraisal of injury, including examination
of eyes, ears, skin, heart, lungs, and the neurological system. X-rays of the thorax and
electrocardiographic tracings were taken on all living dogs. Reginning with those which were
most severely damaged, the animals were anesthetized and au-opsied as soon after the clinical
appraisal as possible. In the first series of experiments, only one of the dogs in the slow-{ill
chamber was autopsied immediately, since the resulting pressures were too low to result in
blast damage. In this same room all the mice, but only a sampling of {ive each of the other
animals, were examined. The remaining animals were sacrificed 10 io 14 days later. In the
gecond experimental series, where much higher pressure values were obtained, all tke ani-
mals were sacrificed and examined as soon as possible after exposure.

Prior to removal of the animals from their respective positions, documentary still photo-
graphs were taken of the shelters and uf e¢ach dog in position. This served as a valuable aid in
assessing over-all damage, which could not properly be appraised during the rapid recovery
process.

3.7 PATHOLOGICAL EXAMINATION

Each animal was thoroughly examined for evidence of blast damage, using conventional
autopsy techniques. The dogs and rabbits were anesthetized by sufficient intravenous doses of
Nemoutai solution (80 mg/cc). The femoral artery was then cannulated, and the animal was
exsanguinated. To avosd the entry of air into the venous circulation, the examination was not
stacted until cardiac arresi had be .n achieved. The body and its contained organs were then
systematically examined, and a prutocol of findings was compiled for each ammal. Sampic
sections were taken for histological study, and color photog raphs were made of all lesions
seen. The autopsy included examination of the brain and meninges, ears, eyes, nasal sinuses,
pharynx, neck organs, soft tissues, skeletal system, thoracic and abdominal cavities, and
contained viscera and genitals. Before the thorax was opened, the trachea was clamped at the
base of the neck. The lungs were then removed, together with the heart, in an inflated state
and examined superficially. The tracheal clamp was removed, and each lung was dissected
from the attached tissue. They were then reinflated to approximately normal size by gentle
perfusion with fixative solution, and the bronchi were clamped off. S8ometime later the fixed
lungs were sectioned and examined internally.

Tissue samples were generally fixed in both Helly's solution and buffered 10 per cen’
formalin solution. The lungs, brains, and internal ears, however, were fixed only in buffered
formalin. The eyes were fixed in feto in Helly's solution; penetration of the fixative solution
was effected by slicing off a thin portion of the globe on either side with a razor. This pro-
cedure did not appreciably disturb the retina, and later the globe was properly trimmed and
blocked f{or processing.

The internal auditory apparatus was removed in fofo by sawing a block of bone from the
mastoid region in such a way as to include the attached external auditory canal. The internal
rocf of the tympanic cavity was removed, exposing the ossicles and the rear of the tympanic
membrane. By gently introducing water with a pipette into the external auditory canal and
watching for the appearance of water on the opposite side of the tympanic membrane, pres-
ence or absence of membrane defects could be ascertained. The entire block was then {ixed
in buffered formalin and pregerved for lator examination with a dissection microscope.

Fixed tissue specimens were later processed according to customary histological tech-
niques, and slides were examined with hematoxylin-eosin and Masson trichrome stains.
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3.8 GAS ANALYSIS

Air samples chiained {rom the slow-fill chamber of the group shelter and from the
closed basement exit shelters were analyzed with a standard Pauling oximeter using an
absorber for water vapor and carbon dioxide aftcr the technique of Behrmann and Hartman!®
and Lundgren, White, and Boothby.?® [n the first experimental series such analyses were
conducied during the dry-run period and during recovery of animals following detonation.
The air sampling was performed by the first man of the recovery team to enter the shelters
in order to minimize diasturbance of the atmospheric conditions. The results of one of these
analyses are given in Table 3.4,

Table 3.4 — GAS ANALYSIS DATA, PARTITIONED GROUP SHELTER
(Barometer from Air Weather Service, 26,248 in. Hg - 666.7 inm;
666.7 « 0.209 = 139.34 mm O, pp)

Total CO,

Room air Quonset hut

143 143 Pauling meter reading, 143 mm O, pp
CO; not calculable

Slow-fil! chamber

143 142 Collectcd al about 2:30 p.m,
Analysed 9:00 a.m. next day
Pauling reading, 143 mm O, pp
CO, not calculable

Fagt-fili chamber

143 1438 Collacted at about 12:30 p.m.
Analyzed 9:15 a.m. next day
Pauling reading, 143 mm O, pp
COy not calculable

Alveolar air
108 114 105.2 mm O, pp
108 114 CO, content, 5.3%
108 1i4

3.9 RECOVERY

The recovery of animals from the radiation-contaminated areas was accomplished by
trained teams of men transported in military type amphibious trucks (DUKW's —see Fiy.
3.36) containing sandbags in the bilges. Entry into the contaminated area was not permitted
until radiation readings, determined by monitors, had fallen below an agreed-upon figure.
Usually, one team in a single DUKW entered the contaminated sone for recovery of animals,
and a second team and DUKW remained on stand-by call at the perimeter of the sone. Radlo
communication was maintained between teams. The use of the DUKW provided the team
members with a certain degree of radiation protection by virtue of the high metal sides and
sandbags in the bilges. Thus the accumulated exposure to radiation could be kept at minimal
levels. The team members were thoroughly trained by time and motion studies in many
practice trials in order that the entire recovery operation could be effected with the neces-
sary speed and & minimum of confusion.

The degree of expected protection by the shielded vehicles (DUKW's) was previously
determined by probing contaminated areas of varying radiation strengths and comparing by
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tabulation the extoraal radiation levels with levels found in various positions and h:.ghts
within the vehicle,

All personne] were equipped with duasi-protective suits, including shoes, gloves, hats,
goggles, aad respirators. Each team carried an assortment of tools, including heavy chain
and cable cutters . sledges, pry rods, block and tackle, eiectric torches, and anesthetic agents.
In one instance it was necessary tc retreat temporarily from the recovery operation in order
to chtain oxyacatylene cutting torches to ~move the buckled partition door of the group
saelter.

In the first series of experiments the recovery time was delaved by unforeseen hazards,
and recovery was not completed uniil 10 hr after detonation. In the second series the re-
covery operations were delayed about the same length of time, 2lthough no : nexpected hazards
were encountered. The increased radiation levels on the second series were largely responsi-
ble fo. delayed access to the forward shelters.

Because of the radioactive-contamination problem, rapid transport of animalg out of the
contaminated area occupied the first phase of recovery operations. When this was accom-
plished, the animals were transferred to “clean” vehicles and transported back: to the
laboratory base by ciean personnel,

3.10 GENERAL REMARKS

From previous experience in the field it wag found that, for cptimal photographic ad-
vantage, it would be necessary to maintain the shelters ir. as tidy ccadition as possible. The
ground shock, plus enormous windage, created a very difficult dust problem. Accordingly,
the walis, ceiling, and floor were painted white to minimize spalling of the wails and to aid
photography, and the rooms were care{ully vacuuined to minimize dust. All excessive debris
was trimmed away and removed. Considzrable effort was expended to see that ali equipment
and fixtures were rigidly secured to the walls and floor to prevent displacement by the high-
velocity winde that were expected. Pipe and conduit openings were sealed with gauze wadding
and plaster of Paris. CThe latter procedure was accomplished using standard orthopedic pre-
pared plaster rolls that had been previovsly shown to withstand considerable pressure
changea.




CHAPTER 4

RESULTS: SERIES |

4.1 GENERAL POSTSHOT FIELD OBSERVATIONS

4.1.1 Shelter Conditions

The forward underground group shelter, when first entered after the explosion, appeared
to have suffered no material structural damage to the walls, ceiling, floor, or staircase.
Miscellaneous debris in the forr: of dust, sand 3mall stones, and two pieces of twisted angle
iron littered the staircase. The steel ulkhead door of the central partition was buckled in-
wardly ‘toward the siow-fill chamber) such that it could not be opened manually or by the use
of prying irons, and it was necess~ry to employ an acetyiene torch to remove the door. Both
cempartments of the sheltes were contaminated with fine dust which was particularly noticeable
during the recovery operation. The anchcred wall benches were not disturbed, and the heavy
equipment was found in the original position,

Figures 4.1 and 4.2 show the preshot and postshot conditions of three of the dogs in the
fast-{ill chamber, respectively, and Figs. 4.3 and 4.4 similar'y illustrate the preshot and
postshot conditions for the slow-{iil chamber of the group sheiter. For orientation the reader
is celerred to the numerals painted on the shelter walls; these numerals correspond to those
used in Fig. 3.26.

The three basement exit shelters refiected som: effects of the blast. The concreie walls
ard facings of the entry portal w- e badly pitted and ¢roded by the [lying sand, rocks, etc.
Figures 4.5 (0 4.7 are postshot views of tie closed, half-open, and open basement exit
shelters, respectively. Figures 3.14 to J.16 are tae presho' photographs. The celling-walil
junction points were cracked and teparated. Large amounts of sand, rocks, and dust were
found in ail shelters, especiaily marked in the half-open and fully open structures. One of
the four wooden hatch covers on the closed sheiter was missing, and the inner plywood door
at the foot of the stairs was splintered and driven inward. Figures 4.8 and 4.9 present pre-
shot and postahot views of the interior of the cloaed basement exit sheiter.

4.1.2 Instruments

The cameras and illuminating system had functioned, as indicated by pilot lights. The
vaives in the ventilation pipes were closed. and air was still escaping {rom (he maniioMs.
The Q-tube, electrocardiograph, and mic rophone amplifier housinrs were undamaged. The
sir-flow wires {rom the fioor to the ceiling were severed or loosenad in the fast-fill chmmber
but were intact in the slow-(il] side. The electrocardiograph cables and leads were intact,
except {or one in the fast-flll chamber opposite the entry. This lead had been severed,
presumably by a {lying miosile, and a {ragment of wire was partly embedded in the skin of
the animal (A-5). The air-sampiing device had functioned, ithough the filter ports were

filled with dust and sand. (cr.n continues on page 7!.)
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4.1.3 Animals

Figure 4.10 is a preshot view of dog A-1, which was positioned immediately facing the
stair-well entrance of the group shelter. The animal, shown postshot in Fig. 4.11, was found
alive on the floor in the corner just downstream of the drag gauge. The web harness in part
had been torn away, and the ventral and forward snaps used to hook the harness to the re-
straining chains had failed. It was immediately noted that the left forelimb was completely
paralyzed, although no fractures could be palpated. All the other dogs and smaller animals
were in the original placement positions and were alive and in good condition, although
covered with considerable dust. The dogs were quiet, although not lethargic, and were easily
led from the shelters.

4.1.4 Gas Analysis

From the analysis of a.r samples collected postshot in the two compartments of the group
shelter and in the closed basement exit shelter, it was apparent that the oxygen content was
normal and that no excess carbon dioxide had accumulated. Table 3.4 shows examples of the
data oltained.

4.2 PATHOLOGY

4.2.1 Mortality

There was no immediate mortality among any of the animals. Following clinical ap-
praisal, X-ray examination of the chest, and electrocardiographic procedures, all dogs in the
basement exit shelters in the fast-fill chamber of the group shelter, and one dog in the slow-
fill chamber, were sacrificed. The remaining nine dogs were kept for study of possible ra-
diation cffects. One of these (A-11-A), which %ad been located nearest the celling escape
hatch in the slow-fill chamber, became sick and expired on the i4th day after exposure as a
result of radiation injury. See the photomicrograph shown in Fig. 4.13. The remaining eight
animals were then sacrificed and examined. One other dog (A-10-B), also located near the
escape hatch, showed gross evideuce of radiation injury. Rare {resh petechiae on the serous
membranes of {our dogs (A-9-A, A-10-A, A-12, and A-12-A) were noted, but no other changes
were seen. None of these latter animals showed effects attributable to primary blast injury.

4.2.2 Displacement

As described above, the first dog (A-1) nearest the entrance of the fast-fill chamber of
the group shelter was displaced to the rear of the room. All other animals were restrained
in thelr original positions.

4.2.3 Anatomical Findings

fa) Dogs. There was excepiionally meager evidence of internal injury due to primary
blast in any of the animals. The animal (A-1) facing the main entrance of the group shelter
sustained conskierable injury due to vioient displacement. The paralyzed left forelimb was
devoid of sensation, apparently due to brachial plexus injury. There was extensive soft-tissue
hemorrhage over the left side, at the base of the neck, and in the superior mediastinum, in-
cluding the periesophageal and paravertetral spaces. The mediastinal hemorrhage was in
the form of a large hematoma. There was &2 amall peribronchial hemorrhage in the hilar
region of the left lung. No other intrapulmonary lesions were observed.

Small subcapsular hemorrhages in the spleen were seen i{n three instances, two of which
occurred in animals (A-{ and A-3) in the fast-fill chamber of the group shelter and one
(B-2-A) in the half-open basement exit shelter. No evidence of interstitial emphysema (lungs
and mediastinum), preumothorax, or air emboll in coronary or cerebral circulation was seen,
nor were there signs of myocardial or cerebral injury, either grossly or on mizroscopic
examination of tissues. A summary of parenchymal and nouparenchymal lezions is presented
in Tables 4.1 and 4.2.
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Table 4.1 — INTERNAL PARENCHYMAL LESIONS IN DOGS, SERIES |

Arimal® Pe::‘e‘:“"
Weight, pressure, Lung hemorrhage Spleen
iocation No, b psi Right  Left hemorrhage Other
Group shelter  A-1t 56 26.6 4 + {See taxt)
fast-fill A-Yt 39
chamber A-2t 34
A-31 35 35.0 + Omentai petechias
A-4y 44 36.3 Detechia :1 peri-
cardial fat
A-511 37
A-67 37 36.9
A-Ti 40
A-8-AtS 52} 4.4 Pericardial
A-8- 3t 41 ) petechiae
uroup shelter A-9-At 371 6.7
slow-11'1 A-9-B 48 ) '
chambver A-10-A 43
A-10-B 38
A-11 A\ 53
A-11 45
A-11-Bt 38
A-12-A 57
A-12 56
A-12-Bt 52
Basenient exit
shelter
Closed B-1-At 48 11.5
B-1-Bft 48 13.5
Half-open B-2-At 35 33.6
B-2-Bt 34 47.0
Open B-3-Af 42 3c.6
B-3-Bt 45 43.1

» The animal number corresponds to the similarly numbered adjacent pressure gauge in the group
shelter. The suffix letters A and B are used to indicate that the animals were prired on either side of the
gauge (Fig. 3.26). In th: basement exit shelter the paired aninals are suffixed with the letters A and B
according to front or rear position, respectively, on either side of the gauge.

t Animals sacrificed immediately; A-11-A and other dogs were sacrificed 14 to 16 days pousishot.

1 EKG.

Thermal singeing of the hair was observed on seven of the 10 animals (A-1, A-Y4, A-2,
A-3, A-4, A-5, and A-T7) in the fast-fill chamber, and this effect was relatively mild. There
were no actual skin burns, although an occasional harness abrasion in the groin resembled
thermal injury. However, in the basement exit shelters, all except one animal {B-1-B) in the
closed shelter exhibited thermal singeing, which was quite extensive on the two dogs (B-2-A
and B-3-A) nearest the entrance of the half-open and open shelters, respectively. In the latter
cages, there were associated thermal injuries to the skin.

Several of the animals sustained injury to the auditory apparatus in the form of either
perforation of the tympanic membrane or focal hemorrhage within ar about the membrane or
in the inner ear structures, or both. As can be seen from Table 4.2, six of the dogs in the
fast-fill chamber of the group shelter had perforated eardrums, four of which were bilateral,
The forward dog in the fully open basement exit shelter also sustained bilateral eardrum
perforations, and the forward animal in the half-open shelter had unilataral drum perforation.
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Table 4.2 -~ NONT'ARENCHTMAL LETICNS IN DCGS, SERIES |

Earst Intact
Animal Bair Skin right ear
Location No.* singeing burns  Right Left plug Other
Group shelter A-1 + +.h +h + Kadlasiinal and lung hemor-
fagt-fi}l rhages; bracheal plexis
chamber injury; bilateral con-
junctivitis
A-Y + h &
A-2 + + h +
A-3 + - +h +
A-4 + wh  +h
A-5 + +h +h
A-6 * h +
A-7 + h
A-8-A +
A-8-B h
Group shelter A-9-A +
siow-fiil A-9-B
chamber A-10-A +
A-10-B +
A-11-A +
A-11 +
A-{1-B
A-12-A
A-12
A-12-B +
Basement exit
shelter
Closed B-1-A +
B-1-B (?)
Half-open B-2-A +++ + +h
B-2-B + + Hemorrhage, right frontal
sinus
Open B-3-A +++ + + +
B-3-B + +

»See the first footuote in Table 4.1.
t +, perforation of tympanic membrare; h, focal hemorrhage.

The artificial ear plugs were still intact in most of the animals, but, as the table indicates,
this seemed to have little or no protective effect against membrane rupture. There were no
ear injuries in animals locaied in the siow-fili chamber of the group shelter.

In spite of the flying sand and dust, no ocuiar injuries were found, with the exception of
bilateral conjunctivitis in the first animal (A-1) of the group shelter. In this instance there
were associated small hemorrhages in the periorbital fat. Histological examination of the
sectioned eyes showed essentially negative findings with the exception of A-1, which revealed
superficial focal hemorrhage beneath the conjunctival epithelium, a few scattered polymorpho-
nuclear leucocytes in the same region, and shallow pitting of corneal epithelium, probably the
result of rapidly moving dust particlea. The latter finding was also observed in three other
dogs (A-8-B, A-9-B, and B-2-A) and in guinea pig 24.

(b) Small Animals (Rabbits, Guinea Pigs, Rats, and Mice). Since the placement of small
animals was confined to the slow-fill chamber of the large group shelter and the pressure
environment was quite low, only a sample of five of each animal species was examined im-
mediately, with the exception of mice, all of which were examined at once. The remainder of
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the animals were examined during the interval of 7 to 10 day.: following the test. Blast in-
juries to the small animals were lim:ted to the finding of occasional petechiae in soft tissues
and the lungs (rabbit 26; guinea pig 10; rat 4-c; and mice 1-f, 1-g, and 3-e). Guinea pig 24
showed a superficial corneal abrasion. Of the animals examined in the 7- to 10-day period, a
few fresh petechiae were observed (1-a, 9-b, and 6-b), but no significant effects of blast in-
jury were noted. Thermal injury was not observed in these animals.

Tympanic membrane rupture or focal hemorrhage, or both, was frequently found in this
group. Of the 23 rabbits, there were {1 instances of eardrum perforation, including one
bilateral case, and 12 instances of focal hemorrhage in the auditory apparatus. Seven of the
latter were associated with hemorrhage. Thirteen eardrums of guinea pigs were perforated
(one case was bilateral), but there were only six records of hemorrhage, four of which were
associated with eardrum injury. Data regarding auditory injury in rats were confused by the
high incidence of otitis media. As a result, only eight ears were readable; three ears showed
perforation, two exhibited focal hemorrhage, and three appeared normal.

4.2.4 Radiography

Abnormalities were noted in postshot radiographs of only one dog (A-1). As shown in
Fig. 4.13, narrowing of the trachea was seen (see arrows), This was an accidental finding in
that it would not have been visualized except for a fortuitous rotation of the animal during the
postahot X-ray procedure. The presence of a large, firza hematoma, noted during the post-
mortem examination, no doubt accounted for the tracheal compression documented in the
radiograph.

4,2.5 Electrocardiography*

Electrocardiographic procedures were carried out on all dogs preshot and postshot in the
laboratory at base camp. Tracings were attempted on four dogs that were exposed in the
underground group shelter. See Fig, 3.28 for location of the animals. Recordings were tried
on these animals at “button-up” of the shelters the night before the shot and for { hr con-
tinuously, beginning 5 min before the explosion.

Only one (A-8-A) of the four recordings attempted postshot in the group shelter was
successful. The other three records were lost —one (A-5) because one of the electrical leads
was severed by flying debris, another due to blowout of a power transformer caused by the
zero-time transient, and the third involved a blown fuse.

The postshot electrocardiogram of dog A-8-A was within normal limits, and for further
information concerning the immediate preshot and postshot tracings the reader is referred
to the section on EKG’s appearing later in the report describing the results of the Series II
experiments.

* The technical details relevant to the rather difficult task of obtaining electrocardio-
graphic data under field conditions have been reported by Sander and Birdsong in a Sandia
Corporation Technical Memorandum,'® The authors are indebted to Dr. F. G. Hirsch, Sandia
Corporation, for his supervision of all the electrocardiographic work and to Dr. Richard B.
Streeper, Lovelace Clinic, who lent his experience as a cardiologist ir interpreting the
tracings obtained.
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CHAPTER 5

RESULTS: SERIES Il

5.1 GENERAL FIELD OBSERVATIONS

5.1.1 S8helter Conditions

As in the previous series of experiments, the stairway of the group shelter was littered
with stones and dust (see Fig. 5.1). The rooms were contaminated with dirt and debris. Fig-
ure 5.2 is a postshot view of the fast-fill chamber taken from near the entryway. Note that
two animals were not at their preshot stations on the right-hand bench, and note the animal’s
nose protruding from under the bench. Figure 5.3, a view of the floor to the left of that de-
picted in Fig. 5.2, shows the dead animal, Z-1, as it was found.

Figures 5.4 and 5.5, respectively, show preshot and postshot views of those animals
positioned against the partition wall, and Figs. 5.6 and 5.7 similarly show preshot and post-
shot positions, respectively, cf the small animals under the benches and the large animals
stationed against the wall opposite the partition side of the shelter. It can be seen thut animal
Z-8-B was missing from its station.

The wall benches and the camera and light housing were intact, as was the air supply
system. The front grill of the heater, seen préshot undcr the bench in Fig. 5.8, was displaced
to the postshot position shown in Fig. 5.3. Figure 5.9 depicts the condition of the ventilating
equipment after the detonation.

The partition door, which, based on previous experience, had been heavily reinforced as
shown in Fig. 5.10, sustained no damxge and was opened during recovery procedures without
difficulty.

Inside the slow-fill chamber major damage was minimal, but the effects of the winds
caused by the explosion can be tllustrated by comparing the preshot view in Fig. 3.11 with
that shown in Fig. 5.11. The small animal cages were displaced, and some were turned over;
two of the large animals, positioned preshot just to the right of the table, were displaced owing
to fatlure of their ventral restraints.

The small animal cages mounted on the ceiling and previously sihown preshot in Figs.
3.10 and 3.11 are shown postshot for comparison in Fig. 5.13. The latter shows that two of
the large cages were somewhat twisted on their mounts and that the spring-supported lids
of two intermediate-sized cylindrical cages were displaced. Note the close-up view in Fig.
5.13. The overstretched springs can be seen by a careful inspection of Fig. 3.11. The reader
will note that one spring is entangled in the restraints of the animal farthest to the right (Z-
10-B). This animal no doubt gyrated wildly about like a pendulum, and in this proces: the
restraints became entangled with the springs of one of the amall animal cages.

The overpressure that existed in the slow-{!ll chamber was sufficient to damage one of
the metal boxes housing electronic equipment (see Fig. 5.14).

(Text continues on page 94.)
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Fig. 5.2——Postshot view of the fast-fill compartment of the Series Il group shelser taken from just inside the satrance.
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Fig. 5.5——Panition wall of the famt-fill side of the Series 11 group sheiter, poseshor.
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The open basement exit shelter nearest Ground Zero was heavily damaged, as shown in
Figs. 5.15 and 5.16. Not only was the earth cover blown away but also part of the roof over-
hanging the access stairs was gone, and a large slab of concrete hung dangling from the rein-
for.ing rods tato the shelter, wedging the forward dog between it and the wzll (see Fig. 5.16).
A large amount of debris was present in the shelter, such as to half bury the {orward dog in
sand. The animal’s ventrul restraints had failed. However, except fox the hagzard of the
dangling concrete slab, this animal was easily extracted.

The wooden hatches of the forwsrd closed basement exit shelter w2re gone, and, as with
the open shelter, the top had been denuded of earth, as shown in Fig, £.17. Ui interior of this
shelter was intact, although wall and ceiling junction lines were separated.

The open basement exit shelter farther back was littered with debris. The exposed ccn-
crete facings were badly pitted and eroded (see Fig. 5.18). Ceiling joints were separated, tut
otherwise the interior was not remarkable. The adjacent closed shelter was in similar con-
dition, although the hatches were missing; one of them was found at the foot of the stairs (note
Figs. 5.19 and 5.20). The earth cover over both shelters was almost entirely blown away.

The forward aboveground boxlike utility shelter, shown in its preshot condition in Fig.
3.18, was displaced several feet from its original location, apparently having undergone a
270-aeg rotation in the vertical plane. The up-ended bzase thus faced away from Ground Zero
(note Fig. 5.21). The outer door opened easily, but the lightweight inside door had been blown
inward and was lying on the bottom of the shelter. The other two utility shelters located
farther from the explosion were not overturned, and there was no detectable external damage.
However, the inner door failed in each structure and was blown inward from its mocrings.

Much of the house surrounding the bathroom shelter had collapsed (see Figs. 5.22 to
5.24) and made the original access quite hazardous. Hence entry was made by way of the back
window which was undamaged, including the zlass panes. The outer wooden blast shutter was
found open but intact, as shown in Fig. 5.25. The bolt latch became unfastened during the
blast. The animals were recovered through the window. The inner door to this shelter had
not failed.

The basement lean-to shelter was undamaged, although the house above the shelter was
nearly demolished. Figure 5.26 is a preshot rear view of the two-story brick house in the
basement of which was located the lean-to shelter. Figures 5.27 and 5.28 show the same house,
postshot. Entry to the basement was made through the stairway shown in Fig. §.29. Many of
the floor joists had failed (see Fig. 5.30), but the animals, viewed postshot in Fig. 5.31, were
unhurt.

There was nothing remarkable about the postshot condition of the basement corner room
shelter, which was undamaged. The house over the basement, shown postshot in the background
of Fig 5.24, lost its roof and windows and was scorched by the detonation. The animals were
unharmed.

5.1.2 Instruments

That the high-speed cameras and the illuminating system had functioned was indicated by
the pilot lights. The air-flow wires in the fast-fill chamber were all broken, except one which
was loosened (see Fig. 5.2), and no Styrofoam sphere was still suspended from the ceiling. In
the slow-{ill chamber some of the air-flow wires were intact, and some of the spheres were
still hanging from the ceiling (see Figs. 5.11 and 5.12). Styrofoam spheres were recovered
postshot, and the least- and most-damaged spheres are shown in Figs. 5.33 and 5.33 for the
fast- and slow-fill chambers, respectively.

The electrocardivgraph leads were intact on all four dogs. The ventilating duct valves
were closed. Alr was still escaping from the manifolds. The microphone appeared un-

disturbed. (Text continues on page 114.)
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Fig. 5.20—Entryway of the after closed basement exit shelter, postshot,
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Fig. 5.21-—Forward reinforced concrete utility shelter, postshot. The base faced away from the source
of the explosion.
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Fig. 5.22——Rear of the howe containing the bathroom shelzer.
window to the right of the door. Preshot view.
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Fig. 5.23— Bathroom shelter house from the front, postshot.
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Fig. $.94—Battwoom sheiter hows viewed postihot from the sids, looking aloag e mar wall, The bathroom
shelter is buried in the debris in the upper laf: portion of the photograph.
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Fig. 5.27—Bassment \ean-to shelter howss, powe™or.
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Fig. 5,31 —Lean-to shelter, postshot,
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All animals were alive except two dogs, one guinea pig, and 18 mice. One of the dogs
(2-1) (see the preshot view in Fig. 5.34) presumably died almost instantly in the fast-fill
chamber of the group shelter as a result of having been violently wrenched from the harness
and restraining cables and hurled against the opposite wall near the ceiling. The impact was
of sufficient magnitude to have left an imprint of the body on the wall. Note the upper portion
of Fig. 5.35.

The second dog (U-22-B) was found dangling 1 its harness in the overturned utility shelter
and had apparently strangled. A preliminary survey party had found the animal alive some-

3 time pxior to recovery.

Two other dogs in the fast-:ill chamber of the group shelter were torn from their re-

¥ straints. €me (%-8-B), located just tc the lef! of the entryway (see Fig. 5.6), was found alive

y beneath the bench (see ¥ig. 5.38), although the left femur was fractured. The second dog (2Z-

i/;) was still tethered by cable bvt was lying down on the floor beside the bench. Preshot and
postshot viewa are shown in Figa. 5.37 and 5.2 inote the animal lying 2n the ficor), respectively.
All the animals were quite duaty. In th2 group shelter and the basement exit shelters most of
the animals were singed to varying degrees.

Some appreciation of the forces applied by the winds that existed inside the shelter can be
gained from a study of Figs. 5.36 and 5.38, which show the postshot remaing of some of the
restraining harnvsses. As shown in Figs. 5.38 to 5.44, failure was due to breakage and bend-
ing of harness snaps, tearing of the harness, and, at least in the case of the Z-1 harness
shown in Figs. 5.38 and 5.39, thermal damage caused by the high-temperature air that entered
the shelter during the filling phase.

Four of the small animals (two guine: pigs and two rats) in the group shelter escaped
from their cylindrical wire cageg, which were opened during the blast when the spring-held
metzal lids were displaced (see Fign, 5.7, 5.12, and 5.13). In the open basement exit shelter
the small animals were in their cages except for two rats. The ground shock had apparently
loosened the ceiling hangers, s-1 (he cages were found on top of the debris on the floor.

5.2 PATHOLOGY

§.2.1 Mortality

The immediate mortality rate among all animals was relatively low. Two dogs were dead:
one, in the large group shelter, died as a result of violent displacement against a wall; the
second dog died of strangulation in its harness in the overturned aboveground utility shelter.
The companion animal in this same shelter was uninjured.

Seventeen of a total of 20 mice and one of four mice exposed in the slow- and fast-fill
compartments, respectively, were dead upon recovery, as was one of 22 guinea pigs located
in the slow-fill chamber of the shelter.

5.2.2 Displacement

The three dogs that were significantly displaced in the fast-f{ill chamber of the group
shelter have already been mentioned. Of the small animals in the fast-fill chamber located
beneath the benches, two rats and two guinea pigs had escaped when the metal lids of the
cylindrical cages had blown off. These, however, were retrieved alive.

Digplacement in the slow-fill chamber of the group sheiter has already been described.
This involved two dogs (Z-10-A and Z-10-B) as shown in Fig. 5.11, disturbance of table and
ceiling animal cages (Figs. 5.11 to 5.13), and the escape of one rat and two guinea pigs which

were retrieved alive.
In the basement exit shelters, in spite of the near disintegration of one, the dogs were

all found in their original positions, although some of the restraints had tailed.
There was no animal displacement in any of the other shelters except for those in the
overturned forward utility shelter already mentioned, one of which died as a secondary result

of displacement. (Text continues on page 123.)
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5.35=—Imprint due to impact of animal against wall and ceiling; fast-fili compartment of the
postshot.

Series 11 group shelter,

Fig.
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Fig. 5.34— Preshot view of animal Z-1 immediately facing the eotrance of the fact-fill compartmest
of the Series Il group shelter,
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Fig. 5.38 — Postshot position of animal Z-8-B. Note the harness maps and hamess fragmenes stilt
attached to the aircraft cable restraints, (See t2xt.)
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Pig. 5.37—Preshot view of animal Z-%. (See text.)

e B - . L U T T g L s o -~ w——;




‘Joynsod ‘mawvy 1-7-—-08'¢ B2

11




5 Fig, 5.39=Close -up showing shear failure of Z-1 harness snap.
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Fig, 5.41 — View illustr. ting tension failure

of Z-8-B harness snags.
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521 Anatemical Fondings

w Guneral the significant lesions were the occurrence of thermal burns, harness
abrasions, intrapulmonary and cardiac hemorrhages, subcapsular splenic hemorrhages, tears
in the mucosa of the urinary bladder, soft-tissue hemorrhages, and skeletal fractures. In a
few cases there were mild superficial conjunctival injuries. Rupture of the iympanic mem-
brane was present in a large number of cases. Among the dogs, thermal injury was the most
severe effect, excepting the animal which was kiiled by displacement. Two of these animals
also suffered tractures of the lower extremity (Z-8-B and Z-1). Primary blast injury was of
signifi 'nce in only four dogs (Z2-7, D-2-0, C-2, and C-2-0). The fatally injured guinea pigs
and all the mice thuat expired were killed by primary intrapulmoaary blast effects, but such
damage was only palchy in the remaining animals. The principal pathological findings of the
discusssun that {uilows are summarized ir Tables 5.1 to 5.5.

(b) Dogs (See Tab'.s 5.1 and 5.2 for Tabular Summary). As a result of displacement, the
lead animal (Z-1) suffer.d extensive soft-tissue contusion and hemorrhage to the entire left
side, associated with traumatic rupture of the thoracic and abdominal wails, partial evisera-
tion of the cavity contents into the defects, and skeletal fractures {see Table 5.7 for X-ray
findings). The liver, spleen, and ul lnary bladder were also ruptured. Moderately revere
hemorrhages were present in the contused left lung and to a lesser degree in the right lung.
There was considerabie hemorrhage in the left periorbital fat.

Thermal effects were noted in both chambers of the group shelter and in three of the
basement exit shelterr Nineteen out of 20 dogs in the group shelter were siiged, and only
one dog in the slow-fill chamber escaped this effect (Z-2-B}. The most severe singeiug was
seen in animals in the basement exit ghelters, but no thermal effects were detected beyond
this range.

Thirteen dogs exhibited varying degrees of skin burns, most prominent about the nose,
mouth, and ventral surfaces, especially the groin and external genitals. In the {ast-fill
chamber of the group shelter, five dogs exhibited ekin burns (z-1, Z-Y4, Z-2, Z-7, and Z-8-B).
The first three animals were located along the wali leading directly to the stair-well opening.
Oddly ennugh nore of the animals along the martition wall cvhibited any skin burna. In the
slow-fill chambe:. however, only three dogs showed thermal skin burns. One of theae (Z-10-
B) was located near the escape hatch. Another (Z-12-B} was located in the c.rner near the
partition door. In the baseinent exit sheiters the following dogs suffered skin burns: C-2,
C-2-0, C-{, D-2, and D-2-0,

Intrathoracic injury wa= generally minimal in the large group stelter with the exception
of Z-1 and Z-7. Four of the nther 10 doga in the fast-fill chamber showed patchy small
hemorrhagic lung lesiorns. In one instance (Z-8) the lerions were b'lateral. One dog (Z-8-B)
had hemorrhages in the right lung, and two dogs ‘Z-; and Z-3) Lad hemorrhages in the left
lung. In the case of Z-1, effects of primary blast were completely obacured by the extengive
contusions and lacerations resulting from displacement.

Only one animal (Z-11) in the slow-fill cininber showed any sign of intrapuimonary
hemcrrhage. The most severe lung damage was observed in animals in the open basement
exit shelters (C-2, C-2-0, D-2, and D-2-0). A8 an example of the mc~f severe lung iesions
encountered, the reader 18 referred to Figs. 5.42 and 5.43, which show posterior and anterior
views, respectively, of the lungs of animal D-3-0. Figures 5.44 and 5.45 are views of the
moderate lung hemorrhages noted in animals C-2 and C-2-0, respectiively. Figure 5.46 is &
phntomicrograph of a section of the lungs of animal D-2-0, showing extensive hemorrhage into
the alveolar spaces. Dogs in the clc ied basement exit sheliters had no lung lesjons. A small
hemorrhage was noted in the right lung of the living dog (U-32-A) located in the utility shelter.

Intraabdominal injury was, of course, most striking in the lead dog (Z-1) of the large
group shelter. As noted previously, this animal sustained partial traumatic rupture of the left
thoracic and abdominal walls, as weil as lacerations and crushing of the jeft lung, liver, spleen,
and urinary bladder. Two other dogs in the group shelter {Z-'% and Z-9-B) exhibited scattered
small subcapsular hemorrhages in the spleen and in the mucosal lining of the urinary bladder.
Three animals (C-2, C-{, and D-2) in the Lasement exit shelters showed smzll mucosal tears

(Text continues on page 131.)
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Location

Growp shelter
fast-fNili
chamber

Group shelter
slow -1}
chamber

Forward base-
maent exit
shelter

Closed

Open

After baseraent
axtt shelles
Cloaed

Upen

Utiltty type
sheltsr

Ranch dwelling
bathroom
she i

Briek houve
leas-to
shelter

Frae kouse

corner
shalter

b * WNT ARG N WYL
Anymai” Mair Wr

No singoing By rwa Rigr
Z-1 voe von .
14", .o as ‘1
Z-2 . .e .
zZ-3 . .
Z-4 . o
z-8 . .
2-8 131 *h
z-7 .o . o
Z-8-A 4 *
Z-8-B »e . h
Z-9-A .
z-9-B .
Z-10-A . + -
Z-10-B ‘- -
Z-11-A ++
7-11 +
Z-11-B +
Z-12-A .
Z-12 .
Z-12-B . + h
Cc-t (2 a4 ++ *
C-1-0 he
c-2 e ‘e +
c-2-0 vee - +h
D-1 ¢ h
D-i-0 »
[22¥ ] (a4 + h
D-2-0 o . L
U-22-A
v-22-6 (Death due to strangulstion}
U-27-A
t-27-8
U-37-A
U-37-8
Bth-A
Bth-B
A
Lt-8 .
Cor-A
Cor-®

(¥ L4

LR
F >

P gewS TN In .8 AFEILS !

lntgr!
(3 LIN 714
Prug [y "1
Fatality isme taxt)
Bilatare: conjunc
Uvius

Fracturse, left
femur

. Hemorrhage, left
frontal sinus

* Btlateral hemor-
rhage, frontal
sinus

Bilxsteral hemor-

rhage, frontal
sinus

Bilateral hemor-

rhage, fronta!
sinus

Hemorrhage, loft
fromtal sinue
Bliateral hemor -
rhage, fromial

sinpus

* A2 in Series I, the numberss designation of the animal correspords to the simiiarly numbsred ad-
mcent pressure gauge (n the group shelisr. Whare the cuffin letters A and B are used. B animals are
prired on either side of the gauge Note the pneitions 1a Fig. 1.26. In ihe basement oxlt sholtors the
single -mumbered snima!l, such as C-1-0, was puattioned nesrest the opening, whereas the companion dog

(C-1) was placed In the rear of the shelter. In the +ermaining instalistions, the paired Animsis were suffited

with the latter A or B according (0 (roat or rear gnuition, respectively, on sither side of the gauge.
1 +, perforation in tympanic membrane, b, forsl Mmcrrhage Is sardrum or (s ianer GAr, conjunctivitia
also seen in C-2and D-2,
1 ndicatwe doubtful ‘ata, frocs specimens sviitable In laboratory, moaths afiar shot as a result of
sccidontal damage d:ring remcwal or joss.
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Tebie 3.2 INTERNAL PARENCHYMAL LESIONS IN INX8, SFRIES Uf

Feth
static Lurg
wall ] Lacerstion
Arimal® pressure, hemarrhage Spienic of urinary
Locstien No.  Weight, 1b Pl Right Left hemorchage bisdder Other
Group shelter Z-1 53 3.9 . eve oo .+ (See text)
fast-f1il 7-'4 54 . . . Subendocardial
chamber petechise
Z-2 85 64.9
Z-3 39 13.2 M
Z-4 36 a7.2 Tracheitis
Z-5 38 65.5
z-8 [H) 63.8 . .
-7 45 £8.0 Left pneumothorax
tracheobronchitis
2-8-A 54 Petschise 1a m sen-
I 86.5 Lery
Z-6-B 50 . 4 * Leg hracture
Group sheiter Z-9-A AO} 223
siow ~{il} 2-9-B k]
chamber Z-10-A 44
2-10-B 43} 213 .
Z-11-A 33
Z-1% 31 } 22.8 .
Z-11-B 33
2-12-A 5t .
Z-12 47 } 21.4 .
Z-12-B 36
Basement exit
shelter
Closed C-1 4“4 71.6 *
C-1-¢ 55 BromeNitis
Open Cc-2 3 8.8 e . . . Subendocardial
petechise
c-2-0 » ~ 1 Subsndocardial
potochise; left
extradural
hemorrhaga
Closed D-1 29 18,5 ,
D-1-0 35
Opon -2 1 . . .
D-2-0 38 e .. Blood tn broachl
Utility sheiter U-22-A 38 .
-22-8 L2 (Degth due to stranguiation; Subendocaral
potechine
U-27-A p L
u-27-8 3 } .2
U-371-A 33
g8 ml i
Hanch dweliing Bth-A ¥ ‘ 0
tath roem Bih-B LB
shelter
Erlh*l' (5 1Y) l.!tA 45 } e
van-to B 3
shelter
Frame hwuse Cor-A M } "t
corner Cor B b1} )
sheiter

* See the first havncte in Tadiv 8.9,
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Fig. 5.42 —Reproduction of colar photogiaph of Juags of dog D-3-0, posserior view,
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Fig. 5. 43 —Reproduction of rolar photograph of lungs of dog D-2-0, anwerior view,
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Fig. 5.44 —Reproduction of color photograph of lungs of dog C-2, posterior view,
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Fig. 5.45—Reproduction of color photograph of lungs of dog C-2-0, anterior view.
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Fig. 5.46 —Photomicrograph of lung of animal D-2-0. Hematoxylin-eosin

fajury, part of an area in which

alveoli are filled with blood.

x120,8

Hemorrhagic blast
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of the urinary bladder, but no splenic lesions were demonstrable. See Fig. 5.4T exemplifying
hemorrhagic disruption of the bladder mucosa of dog C-2.

Ocular injury in the form of hyperemic conjunctivitis was noted in four dogs (Z-1, Z-'/;,
C-2, and U-2). Microscopic sections, however, showed minimal inflammatory change, although
occasional “pitting” of the corneal epithelium was noted. Dust particles were also found on the
conjunctival and corneal surfaces. The eyes of the animal (U-22-B) that suffered accidental
strangulation showed marked vascular stasis associated with fresh hemorrhages in the
periorbital fat. No ocular lesions were observed in any of the emall animais except for a
corneal abrasion and conjunctivitis in one guinea pig and one rabbit, respectively.

Ten out of 10 dogs in the fast-fill caamber of the large group shelter sustained eardrum
perforation, as noted in the original examination; eight of these cases (18 eardrums) had bi-
lateral injury, and three of the 16 eardruma involved were associated with hemorrhage. How-
ever, many months later, examination of specimens available in the laboratory allowed veri-
fication of the rupture of 10 among 12 eardrums or 83 per cent, compared with the original
estimate of 18 of 20 eardrums perforated or 90 per cent. The discrepancy waa due to loss of
material and accidental damage during removal or in transit. Four of the animals had intact
artificial ear plugs in the right auditory meatus, but these provided no protection as can be
seen in Table 5.1, which shows that all eardrums behind intact ear plugs were perforated.

In the slow-fill chamber, six animals had perforated eardrums, but only twe of these
were bilateral (eight of 20 eardrums or 40 per cent); hemorrhage in the middle ear cavity
was present in four irstances. Postshot examiration of the material at hand in the laboratories
confirmed six of 18 eardrum perforations or 33 per cent.

Eight dogs in the basement exit shelters gustained eardrum perforation, as tabulated
initially and noted in Table 5.1. Most of these were associated with focal hemorrhage. Bi-
lateral tympanic membrane rupture was noted in two animals, however. Ear plugs were
intact in four animals, but in three of these the eardrums were perforated. One animal in
the basement lean-to shelter sustained membrane rupture, but the eardrums of all other
animals were intact.

Miscellaneous changes were noted in the form of occasional petechiae in the omentum,
mesentery, and sube-~~z77" ©  of four dogs in the fast-fill chamber of the group shelter.
Acute tracheobronc.. - i.i.ow.ng dust inhalation, was noted in three animals in this chamber
(a8 an example, see ¥ig. 5.48). Hemorrhage into the frontal sinus was noted in six instances
in other shelters, and one animal sustained a small lefi extradural hemorrhage (C-2-0).

(c) Rabbits (See Tabie 5.3 for Tabular Summary). Only a few of these animals sustained
any appreciable injury, exteraally or internally. The fur of two (6-d and 23) was slightly
singed. Five of the 28 animals exhibited intrapulmenary hemorrhages (1-b, 3-b, 9-a, 14-d,
and 23) in the form of scattered petechiae and an occasional larger area of hemorrhage. In
only one of these (3-b) was thia injury rated as moderately severe. The left eye of one (6-d)
showed a miid conjunctivitis.

One or both of the eardrums and middle ears of 17 of the animals were readable, and 14
of these showcd tympanic membrane rupture, nine cases of which were bilateral. Associated
fracture or displacement of the ossicles was noted in nine instances in animals. Focal hem-
orrhage on the eardrum or in the middle ear was frequently observed. In only two of the ears
was the artificial plug retained. Considerable difficulty was encountered in assessing injury
to the auditory apparatus since damage was frequently incurred during the process of re-
moval. However, among the 46 eardrums in the animals in the slow-fill chamber of the group
shelter, there were 18 perforations among 25 readable specimens or an incidence of 72 per
cent. In the fast-fill chamber there were four perforations of five readable specimens (80
per cent) among the total of eight eardrums. In the basement exit shelter, two of a total of
four eardrums were readable, and one of these was perforated.

From Table 5.3 and Figs. 3.34 and 3.3% it can be seen that the animals injured were
generally located in the approximate center and toward the left side of the slow-fill chamber,
on the ceiling and on the tahle.

131




Ci et o o e et SR el

—
[ 24
N

Fig. 5.47—Reproduction of color photograph of opened urinary bladder of dog C-2, Note the ragged, W
hemorrhagic laceration of the bladder mucoesa,
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Fig. 5.48—Trachea of animal Z-6. Hematoxylin-eosin x 771.2. A sector of tracheal wall is illusrated,
showing edema and dense leucocyte infiltration, and accumulation of exudate and refractiie dust particles
on surface,




Table §.3—SUMMARY PATHOLOGICAL FINDINGS: RABBITS, SERIES I

1y

Pulmonary
; Animal® hemorrhage Earst
§ Lo:zation No. Singeing  Right  Left Right Left Other
Group shelter 1-a +,f +
slow-fill
chamber
On ceiling i-b + + 3
1-¢ +, f +, f
1~-d + h f ¢
3-3 : 1
3-b +44 ++4 3 3
3-¢c 3 !
3-d b H
6-a + +
6-bé b S Petechiae, gastrointestinal
mucosa
6-¢ + Petechiae, gastrointestinal
mucosa
6-d + : 1 Leit conjunctivitis, m.ld
J-a + + 3 b
9—b + +
9 +
9-g s h +
10-a
10-b + +
10-c 3 S
10~d b4 3 Right ear plug intact
On table 21 +
23 + + + +
318
Group shelter 13-¢ 1 h
fant-fill 13-d +, h f +
chamber 14-c 4 b4
14-d + +,h f + 1
Basement $5-s h + 1 Right ear plug intact
exit 15-1 1 H
shelter (D)

* The exact position of small animals in the group shelter can be ascertained by reference to Figs,
3.34 and 3.35. The digits refer to the cage bars, and the accompanying letters refer to the positions of
the cages fastened to the bars reading from left to right. Animals in the fast-fill chamber were placed
under the benches as indicated in Fig. 8.8. In the open basement exil sheltr (D) the small animal cages
were suspended from the ceiling by steel brackets.

t ¢+, perforation of tympanic membrane; h, fucal hemorrhage in eardrum or in middle ear; f, fracture of
ossicles.

$ Nt readable.

§ Examination delayed to assess rsdiation effects.

134

o g,

:I,..--—*—.—-——v--. R ad




Table 5.4 —8UMMARY PATHOLOGICAL FINDINGS: GUINEA PI(S, SERIES II

Pulmonary
Animal hemorrhage Ears*
Location No. Singeing  Right  Left Right Left Other
Group shelter
slow~fil]
chamber
On ceiling 2-at
2-b +.h rwh I
2-¢ *,h +,h
2-d + + + f Lobular pneumonitis
z-e b b
5-a +.h 1 +,h, f Focal pneumonitis
5~h - +, h f
5-¢ A +n,f +,h, f Right car plug intact
5-d +4++ ++4 4, h, f +, h, f
5-¢ +, h 4, h f Cerebral edema
8-a h +
8-bt + ++ ¢ 3 Right ear plug intact
8-c b +h
8-d ++ * +.hf + Focal pneumonitis; ear
plug intact
f-e + + ¢ b Focal pneumonitis; ear
plug intact
12-a b 3
12-b ++ ++ 3 z Died before recovery
12-¢ + ++ ++ + h f +,h, o
12~d +.h,f +,h o
12-¢ + + + +.h o +, h f
On table 22 + + f + h f Right ear plug intact
32t ++ +e b ¢ +.h f Pleuritis
Group shelter 13-b +,h, f +, h f Lobular pneumonitis
fast-fill 13-e . + +.h,f + hf
chamber 14-b + o f t
14-¢ b¢ 3 Right ear plug intact
Basement exit 15-b . ‘e +e b4 3
sheiter (D) 15-e *e + +h ! . h

*+, perforation of tympanic membrane; h, hemorrhage in eardrum or in middle esr; {, fracture of

ossicles.

tExamination delayed to assess radiation injury.

INot readahle.

Two of the animals were located in a basement exit sheiter, where a moderate degree of
intrapuimonary damage was seen in .ue dogs. The lesions found in these animals, however,

were minimal.

Two animals (8-5 and 31) were not immediately sacrificed; these subsequently died on

the Oth and 11th days as a result of radiation injury.
(d) Guinea Pigs (See Table 5.4 for Tabular Summary)

In contrast to the rabbit group,

deveral of the 28 guinea pigs sustained slight to moderate injury, as noted in Table 5.4, One
animal (12-b) was dead upon recovery. Death was due to primary blast damage. Nine animals
showed fur singeing. All of these except one were located in the slow-fill chamber of the large
group shelter. In only one of these was the singeing moderately severe (3-d). The ninth ani-
mal showling fur singeing was located in the open basement exit shelter (D).
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Table 5.5—SUMMARY PATHOLOGICAL FINDINGS: RATS, SERIES I

Location

Animal

No.

Singeing

Pulmonary
hemorrhage

Foot
Right  Left necrosis

Other

Group shelter
slow-~fill
chamber

On ceiling

On table

Group shelter
{ast-fill
chamber

Basement exit
shelier (D)

4-a
4-b
i-c
4-d
4-F
4-1
4z

7-a

7-c
7-d
7-e
7-f
11-a
1i-b
fi-c
11-d
11-e
11~
11-g
24
25
26
27
28
29
30

B-1I
B-II

13-a
13-
14-a
14-1

15-c
18-4

+

FIEE T T S S S

+ o+ 4+ o+ v 4

+

Burned ear tip

Petechia., ovary

Ear tip burned
Ear tip burned

Nose burned
Ear tip burned

Mesenteric petochiae

Fourteen animals exhibited intrapulmonary lesions, 10 in the slow-fill and two in the
fast-fili chambers of the group shelter and the remaining two in the open basement exit
sheiter. Seven of the injuries were considered moderate to severe. Of these, live and two
were in animals located in the slow-fill chamber of the group shelter and in the basement =2xit
shelter, respectively. Ocular injurics were not observed.

Twenty of the animals had tympanic membraae rupture, 16 cases of which were bilateral.
In the slow-fill compartment of the group shelter there were 29 instances (91 per cent) of
perforation occurring in 32 usable specimens obtained from a tota! of 44 ears. Among the
eight ears exposed in the fast-fill chamber of the group shelter, five perforations occurred
in five usable instances. In the basement exit shelter, two perforations occurred in two in-
stances satisfactory for firm evaluation. The artificial ear plugs were retained in only six

st
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of the animals, but this device did not seem to preserve the integrity of the eardrum. Three
of the group (two of which were located near the open escape hatch) were not inumediately
sacrificed. Subsequently two of them (8-b and 32) showed evidence of radiation injury.

(e) Rats (See Table 5.5 for Tabular Summary). There was some degree of fur singeing
in nearly all the 36 rats. In some instances the tips of the ears and nose were also burned.
All but three of the animals were sacrificed immediately. Only five animals showed minimal
intrapulmonary lesions characterized by occurrence of scattered petechiae, three and two
animals in the fast- and slow-fill chambers of the group shelter, respectively. One of the
three animals not sacrificed immediately expired 5 days after the test. This animal, along
with the other two that were then examined, showed signs of acute radiation tnjury.

Otitis media was prevalent in many of these animals, an occurrence that all but obscured
studies of tympanic membrane integrity. No artificial ear plugs reinained in ithe group. Only
eight specimens of the auditory apparatus were readable, and six of these showed membrane
rupture; the ossicles were fractured in cne case.

A singular and rather interesting lesion was the frequency of apparent ischemic necrosis
of the front paws. In some instances this effect was only partial, but in others there was com-
plete amputation at the wrist, leaving the raw stumps of the radius and ulna protruding. This
phenomennn was noted only in those animals kept in cvlindrical wire cages, where activity was
markedly restiicted. The lesion was not observed in any of the animais in Series I or in any
of the numerous preliminary dry runs. The phenomenon vas not seen in any other group of
animals. Histological studies of the tissues falled to revea any significant vascular disease.
Although no firm cause for the {inding can be stated, it seem. likely that the antmais gnawed
their own feet for reasons not clearly known, although thermal injury or noise presumably could
have been the iritiating agent.

(f) Mice (See Table 5.6 for Tabular Summary). With the exception of six animals (1-h,
9-g, 8-h, 13-g, 14-g, and 14-h), ail of 24 mice were dead upon reco:éry from the test region,
and examination of these showe.. 3evere, moderate, and minor pulmonary hemorrhage in 3§,
10, and 2 animals, respectively. Also, one showed only pulmonary congestion, bilaterally. No
thermal burns of the skin were seen. Multiple small petechiae were found in the meninges of
one mouse (10-g), and another showed periorbital hemorrhage bilaterally (13-h). Of the six
surviving animals, three were located on the ceiling of the slow-fill chamber of the group
shelter, and three were located under the wall benches in the fast-fill chamber, where the
fourth animal so exposed was fatally injured. Examination showed no evidence of internal in-
jury in any of the survivors except 13-g, in which there was minor lung hemorrhage.

5.2.4 Radiography”*

Chest radiographs were cbtained in the A-P view in duplicate for all dogs before and after
the detonation, using equipment set up at base camp. Results were of good quality, although
many of the postshot films showed small dark densities up to 4 mm in greatest length. These
were aitributed to radioactive dust particles carried into the X-ray laboratory on the fur of
animals recovered {rom hot areas.

The positive X-ray {indings were minimai. Thuse of significance, slong with figure num-
bers, are listed in Table 3.7.

The left pneumothorax in dog Z-7 (Fig. 5.49) was of the simpie, nontension type, and,
since no puncture wound of the chest wall was found, the lesion probably resulted {rom trau-
matic rupture of the lung and subsequent sealing off of the “air leak” initially involved in
filling the left pleural space.

* The authors are indebted to Dr. Jack W. Grossman, who not only read the radiographe
but also worked out a satisfactory technique, to be reported elsewhere, for obtatining tech-
nically excellent {{lma of the dogs. Too, we wish to thank the X-ray techaicians of the Love-

lace Clinic who promptly processed all fiims in Albuquerque in order that results could be
available in Nevada with minimal delay.
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Table 5.6 —SUMMARY PATHOLOGICAL FINDINGS: MICE, SERIES U

2 Pulmonary
§: Animal hemorrhage
é Location No. Alive Righ*  Left Other
ol Group shelter 1-¢ ee ‘e
i slow-fill 1-1 + ’
chamber 1-y¢ ++ -+ Petechial hemorrhages,
medfastinal fat
t-h +
3-9 ++ ++
-1 Tl .iua.y wungestion,
bilaterally
3.8 + & +e
3-h + * One subcapsular hemor-
rhage of liver
6-e 4+ +ee
6-1 +v ++
8-g - e
6~-h +4 ++
9-e ++ ++
9-f + +
9g ¢
9-h +
10-¢ e +ee
10~ +re Adhd Ri{d marks, left lung
10-g A -+ Multiple petechise,
meninges
10-h A s Tongue tip burned
Group shelter 13-g + + +
fast-fill 13-h - A Periorbital hemor-
chamber rhage, bilaterally; rib
marks, right lung,
singed ventrally
l4-g .
14-h *
Table 5.7 —POSITIVE X-RAY FINDINGS
Animal Z-1 Abdominal gas (putrefaction?), fluid in the left chest ob-
scuring all lung detsil; displacement of the heart and
mediastinum to e right, fractures of the Sth and 10th
ribs on the left posteriorly, gas in the soft tissues of the
sbdomen and chest
Antrnal 2-7 Left pneumothoran not under pressure: see Fig. 5.49
Animal D-2-0 Congolidation of the right hilar region extending laterally

into the parenchyma of the right midlung held, see Fig.

8.50

Animal U-22-B Signs of putrefaction with subcutaneous emphysema, the only

pcrtions of the lungs visible are the cirdiophrenic angies;
the remaindes of the lung flelds is cbacured by a uniform
opacity, the aatare of which is not (denti(isble by X-ray,
although this might be a markediy dilated heart; see

Fig. 5.1

i
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Fig. S.40— A-P postshot tadivgraph of animal 2-7,




Fig 5,50~~~ A-P postshot radiograph of animal D-2-0,
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Fig. 5.51 = A-F postshot radiograph of animal U-22-8,
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Fig. 5,63 ~—Electrocardiograms of dog Z-11-B, located in the slow-fill chamber of the group shelter.
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The findings in animal D-2-0, shown in Fig. 5.50, of consolidation in the right hilar region
and radiodensity in the right midlung field were interesting in that the D-2-0 X-rays were the
only positive ones among the three animals (D-2-0, C-2, and C-2-9) in the basement exit
shelters showing significant lung hemorrhage by post-mortem examination. Figures 5.42
and 5.43 show posterior and anterior views of the damaged lungs in dog D-2-0, and Figs. 5.44
and 5.45 present the necropsy findings for animals C-2 and C-2-0, respectively. Apparently
the lesions in the latter two cases were of such a nature or location as to escape detection by
the radiographic approach used.

The thoracic radiodensity shown in Fig. 5.51, the postshot radiograph of animal U-22-B,
was found at necropsy to be due to cardiac dilatation.

5.2.5 Electrocardiography*

Electrocardiographic procedures were accomplished on all living dogs preshot and post-
shot in the laboratory at base camp. Tracings were attempted on four dogs who were exposed
in the underground group shelter. See Fig. 3.28 for location of the animals. As in the Series I

experiments, recordings were made on these four animals at button-iip of the sheiters the night

before the shot and for 1 hr continuously, beginning 5 min before the explosion. However, fur-
ther arrangements were made to take postshot recordings over an additional period of 6 hr.
Automatic equipment was set to record in a continuous sequence of 1 min out of each 6 min.
Thus tracings were obtained over a total of 7 hr postshot, continuously the first hcur and in-
termittently the last 8 hr.

Satisfactory postshot tracings of good technical quality were obtained on all four animals
(Z-5, Z-8-A, Z-9-A, and Z-11-B). The first two of these dogs were located in the fast-fill,
and the last two in the slow-fill, chamber of the Series Il group shelter.

The preshot and postshot electrocardiographic tracings obtained in the laboratory at base
camp on all living animals, along with the button-up and preshot records recorded in the group
shelters, allowed a fairly good assessment of the normal variations that occurred among the
group of animals as well as in a single animal.

Using all the data available, it is possible to say that the preshot sinus arrhythmia that
was usual in the group of animails studied was minimal or absent for a time in the postshot
tracings (note the 2-min postshot record on animal Z-5 in Fig. 5.52 and also the immediate
postshot record of animal Z-11-B in Fig. 5.53), but the rhythm gradually returned to the
preshot condition.

A careful comparison of the preshot and postshot records revealed no differences that
could be interpreted as clear-cut evidence of myocardial anoxia or ischemia. The record ob-
tained at { hr after the detonation on animal Z-5 (Fig. 5.52) is suggestive, but so would have
been the 1-hr postshot record for Z-11-B (Fig. 5.53) were it not for the almost identical rec-
ord noted on the same animal at button-up.

*The technical details relevant to the rather difficult task of obtaining electrocardio-
graphic data under field conditivis have been reported by Sander and Birdsong in a Sandia
Corporation Technical Memorandum.'® The authors are indebted to Dr. F. G. Hirsch, Sandia
Corporation, for his supervision of all the electrocardiographic work and to Dr. Richard B.
Streeper, Lovelace Clintc, who lent his experience as a cardiologist in interpreting the
tracings obtained.
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CHAPTER 6

PRESSURE ENVIRONMENT AND RELATED PATHOLOGY

The purposes of this chapter are (1) to summarize the variations in the pressure environ-
ment which were recorded inside the several above- and below-ground shelters in relation o
the pathological findings noted for the exposed experimental animals, and (2) to mention some
of the more important physical factors that govern the pressure-time patterns inside shelters
and that are of some aid in understanding the biological problems involved.

6.1t TABULATED PRESSURE-TIME DATA* AND RELATED PATHOLOGY

Using data obtained from the pressure-time gauges mounted inside the shelters, along
with analytical work performed and furnished by the Sandia Corporation, Table 6.1 was pre-
pared. Both Series I and Il results were utilized, and the table was arranged from top to
bottom in the order of increasing maximal overpressures that were metered inside the dif-
ferent structures as set forth in column 5. The first four columns give the experimental
series, the names of the structures utilized, the designations of the pressure-time gauges,
and the distance of each structure from Ground Zero for the more important Series II experi-
ments. Columns 6 and 7 state the tin.es to peak pressures and the durations of the overpres-
sures, and columns 8 and 9 show the maximal underpr 'sgures and the times of their occur-
rence, respectively. In the last th:ee columns are noted the number and gpecies of animals
employed, the animal designation, and the gross pathological findings.

The reader will note that the variations in the internal environment ranged from a maxi-
mal pressure of 1.3 psi enduring for 1346.4 msec for the closed bathroom shelter to a maxi-
mal pressure of 85.8 psi lasting 569.% msec for the Series Il open basement exit shelter lo-
cated nearest to Ground Zero (1270 ft). In spite of this rather wide change in the pressures
to which the animais werre exposed, pathological findings were rather meager. These will
now be diacussed.

6.1.1 Low Internal Pressures

In terms of increasing maximal internal pressures the first positive pathological finding
noted was the rupture of one of four eardruma of dgs exposed Lo & Ppyx of 4.8 pst, which
occurred inside the basement 'ean-to shelter of the destroyed house located at 4700 ft from
Ground Zero in one of the Series Il experiments.

————

*The pressure-time data were made avallable through the courtrsy and cooperation of
personnel of CETG Programs 39 and 34, and the authors gratefuliy acknowledge the willing
and untiring help of the S8andia Corporation staff before, during, and after the field phage of
the program.
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Taole 6.1 — SUMMARY OF PRESSURE ENVIRONMENT AND HELATED PATH LIk Y

Time
Distance Max, Time, msec Max, 0 max,
irom taternal Arrival fher- internai neg. Animsi
Experimental Gauge Ground over- 10 pegk press. neg. press., No. of designztion
Series Sheiter designstion Zero, ft press., psi press. duration press., pet  meec animals and lovation Liass pathalogy
1 Bathroom Bath 4700 1.3 419.8 1346.4 - 0.97 23343 2 doge Hath-A None
Bath- K
11 Utility-37 U-37 3750 2.6 276.4 739.8 -1.5 2057.9 2 dogs U-37-A
L-37-B Noar
i1 Basement Cor 5500 3.7 131.6 1232.0 -0.67 2505.9 3 dogm Cor- A None
corner room Cor-B
n Utility-27 U-27 2750 4.3 285.3 880.8 1.4 19580 Z dogw T-27
v-27.1 None
it Basement Lt 4700 4.6 90.0 1051 .4 ~0.73 23619 Zd.gs 14 A 1 of 4 rardrums ruptureg
lean-to 12-B 271
11 Utility-22 U-22 2250 {Shelter displaced) 2 dogs U-32-A Mimsr lung bemarrhage:
‘efl frontsl sinus
bemarrhage
1-22-8 Drad of strangulsting,;
subendn ardial petechine;
fronial sinus hemarrhage,
bilatersi
1 Group A-9 6.7 208.2 6373 -2.7 1050.8 .0 dogs A-9-A 10 None
slow-{ill A-12-A
chamber A-10 2.05° 61.0 (Gauge resd 0 76 maec alter 23 rabh- Ceiling 1 of 5 had minor lung
arrival) bits racks t, hemoarriage ‘Petechise);
A~11 5.14° 120.0 (Gauge read to 491.7 msec 3.8, 9, 11 of 24 uaghie eardrums
afte: arrival) 10; Nos. ruptured (26%)
A-12 4.14° 67.7 (Gauge read t0 184.7 msec 2y, 23, 26
after arrival on takle
Average 6.7 206.3 (Questionable data not 24 guines Ceifing 1 of 5 aed mimor jung
included) pige racks 2, hrmorrhage (peter hiar),;
3, %, 12; 13 of I% wastie enrdrums
Now. 22, 24, ruptured 1481
25, 27 on
table
27 rats Cetling $ of 5 had ovinor lung
rachks 4, hemar; hage ‘peiechines;
7.1 Now. 3 of 8 uaahie eardrums
29, J4 on rujlured AN,
table




20 mice Ceolling 3 of & had minor lung
recks §, homorrhage potechise)
3. 4.0 10
Sampie of 5 snima’s of ench
species sacriiioed im-
medisiely exragpt for mice

sl! sacrifiond)
1 Basement B-1-A 11.5 153.5 {No crossover) 1 dogs B-1-A None
exit, closed B-1-B 13.5 57.0 797 .8 -1.4 1235.7 B-31-B
Average 12.5 103.3
1 Basement B-D-1 1470 18,5 56.9 685.1 -1.9 12906.5 2 dog» B-D-14 2 of ¢ weabie sardrume
exit, closed reptured (0%
B-D-1-0
1 Group Z-9 (08¢ 22.3 130.8 363.3 -3.3 1485.3 10 doge Z-9-Ato 1 miner Tung hbemorrhage;
slow-fill Z-10 21.5 139.3 568.1 -2.8 1451.0 Z2-12-B 2 bomurrhagic spliesns
chamber Z-11 22.8 121.2 587.9 -39 1518.0 subcapsuisr); 1 mucosal
Z-12 21 .4 111.8 569.9 -2.7 14928 tear of urinary bisdder; §
Aversge 22.0 125.8  s67.3 Hv.wii%.i_. o..-a:.l.
12 rab- Coiling $ severe lung hemorrhage;
" bits recha 1, 3 minor lung hemor rhages;
a_'u 3.8, 9, 18 of 25 uss'ie eardrums
10; Noe. ruptured (12%)
21, 23, 3
oa table
12 guines Ceiling t ol 22 expired; | severe lung
P racks 2, he morrhage; § moderste
5 8 12; lung hemorrhages (3 dead;
Noe. 22, S minor lung hemorrhages;
23 on 19 of 32 wesbie rardruma

1able ruptured 3%
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Table 6.1 — (Continued)

Time, msec Time
Distance Max. * Marx. to max.
from internal Arrival  Over- interna! seg. Asimal
Experimental Gauge Ground over- to peak prees. neg. press., No. of designation
Series Shelter designation Zero, ft press., psi press. durstica press., psi msec saimais and locstion Gross pathology
30 rats Celling 3 minor lung hemorrhages;
racks 4, 6 2f 8 woabie eardrums
7, 14; reptured (73%)
Nos. 24,
3o, Bl B,
Bitl on
table
20 mice Ceiling 17 of 20 eapired (88%); 5
racks 1, severe, § moderate, 2
3.0, 90 minor jung heorrhages; _
10, 13, 14 i plmonary cowgestion;
1 subcapsular bemos rhage
» tver; § had pelechiae in
medias’mal fat; ) had
poiectiae 1h moninges; 3
furs vors, ao pathology
] Group A-1 28.6 85.0 In.s ~2.5 3880 10 dogs A-1 to 1 displaced -- inedinsting! and
fast-fil} A-2 15.5¢ 21.7 {Gauge read to 20.4 msec A-8-B ung hemorrhages. brachisi
chamber after arrival) plenis iajury, busteral
A-3 35.0 48,3 3241 ~-8.4 1480.4 conjunctivitie; 2 subcapeuias
A-4 36.3 74.0 628.3 -2.4 89¢.8 splenic hemorrhagrs; 10 oi
A-$§ 34.1° 73.% (Gsuge read to 73.5 msec 20 wsable eardrums rvptured
after arrival) (1 21 .
A-8 36.9 €6.1 328.2 4.4 4883 i
A-7 34.2¢ 62.3  (Gauge read 10 66.2 msec after [
arrtval) [
A-8 J4.4 7.4 591.9 -2.7 684.8
Average 33.8 9.2 4483 Questionable values pot inciuded
Q-A 12.25 (Read from smoothed curves)
I Basement B-3-A 38.6 35.5 (Gauge read to 47.5 meec afler 2 dogs B-3-A 2 of 4 usable ssrdrums
exit, open arrival) ruptured (301}
B-2-B 43.1 5.5 (Gauge resd to 28.9 msec after B-2-B
arrival)
Average 40.9 20.5




834.6 2 dop»
21.5 (Gauge read to 30.6 msec after

5.0t (Gauges falie)

10 dogs 2-1

L1
NNNNNNNN
eababbons

2.2 (Read from smoothed curves)

£

D-2-0

18-, ¢

15-b, ¢

15-¢, &

5

Z-

?

Spienic merrhage; hemor-
rhage. right frostal siwus;
2 of & weable sardrums
reptured (WO%)

Misor Juag hemorrhags;
mucesal lear of urisary
bladder; Irostal siams
hemorrhage, bilsteral

Severe lung hemorriags; 3 of
4 wnabie ssrdrums ruptured
(], N

1 of 2 uoable sardrume
ruptured (30%

1 miser lung homorrhage;

2 of 2 weabie sardrume
ruptured (1 00%)
Nose

1 folality due Lo violesl tmpact
(2-1); 2 others soefatally
dispisced (Z-2 aud 2-8-M;
otherwise: ¢ m.nor lung
hemorrhages (Z-' 2-3,
Z-6, 2-8-B0; 2 hemorrhagic
oplesns (Z-Y%, Z-8-B); 1
paesmethorax (Z-7); 1 had
subeardocardial pelechise
(Z-Y%y; § had mesenteric
potechise (Z-0-A); | leg
fracture (L-8-B); 10 of 12
usable sar’rume ruptured
%




Tabie 6.1 — (Continned)

Time
Distance Max. Max. o max.

from isterasl Arrival  Over- xteraal neg.
Gauge Ground over- Lo peak press mg. prese.,
designatioa Zero, t press., psi

Time, msec

No. of

press. duration prees. psi meec animals

Animal
aosigriation
aad 1oc st lon

Giine pothology

0s1

11 Basement

exit, closed

n Besement

exit, open

B-C-t 1270 1.8 110.9 547.1 ~2.9 1971.3

B-C-2 1270 85.0 4.0 569.5 ~-3.3 1121.0

4 red-
bine

4 guines
pign

4 ras

4 mice

2 doge

2 ¢oge

13-¢c. 4
t4-c, 4

t3-b, @
14-b, ¢

13-9,
16-a, 7
13- %
1é-g,

no
L} v
L]

C-2-0

L miner g hemer rhage;
4 of 5 meble eardroms
reptured (804

1 miner kg he morrhages;
Y of 5 wsable ssrdrume
regmures ’ 00%)

2 minor ivag bemorrhages:
st rdreme wol west e

i falaiity — madersss lung
bemorrhage; ! minnr lung
homor rhage s meng 3
uTrYvivors

Mutocs) tear, urinary
bdiadder; lof> {reatal siasus
bemworrhage; 3 of 3 usahle
sardrums ruptured {109%)

Mode: sto lung homorriage;
splenic hemor riage;
mucossl teer, urmary
bladder; subendocardial
potechise: froatal sinwe
hemorrhege, bilatera!

Modersie luag hemor rhage;

lof1 extr adurs] hemorriage;

subesudocardial petochioe;
frosia! siame hemor rhage,
bilsteral; 4 of ¢ usable

eardruma ruptured (1001)

* Questionabie dats.
t Estimated value.
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Except for the animals exposed in the displaced Utility-22 shelter (U-22) for which pres-
sure-time data were unavailable, the next highest pressure which was associated with damage
was a Py .y of 8.7 psi, which was metered inside the slow-fill side f the Series I group
shelter. Ten dogs escaped injury, but petechial lung hemorrhages appeared in a few of the
rabbits, guinea pigs, rats, and mice (see Table 6.1). Eardrum failure at this pressure was
noted in 26, 46, and 2?8 per cent of the rabbits, guinea pigs, and rats, respectively.

Two dogs exposed in the Series I closed basement exit shelter escaped damage at a P,
averaging 12.5 pai, and the only pathology at a Pg,,, of 18.5 psi (Series II closed basement
exit shelter) was rupture of two of four eardrums (50 per cent) 'n the tw. exposed dogs.

6.1.2 Intermediate Internal Pressures

The lowest maximal internal pressures with which thoracic and abdominal injuries to
dogs were associated averaged 22.0 psi in the slow-fill chamber of the Series I group sheiter;
the injuries included one minor lung hemorrhage in dog Z-11, one tear in the urinary bladder
mucosa of one animal, and two instances of subcapsular hemorrhage of the spleen. Eardrum
rupture {n the dogs averaged 40 per cent.

In the same structure lung damage occurred in four rabbits, 10 guinea pigs, three rats,
and 17 mice. Morlalily was absent in the dogs, rabbits, and rats, but one of 22 (4.5 per cent)
of the guinea pigs and 17 of 20 (85 per cent) of the mice died of primary blast injury. Ear-
drum ruptures totaled 72, 91, and 75 per cent for the rabbits, guinea pigs, and rats, respec-
tively.

In view of the findings in dogs at 22 psi it was somewhat surprising to note the results in
the fast-fill side of the Series I group shelter, a compartment in which the Py, averaged
33.8 pai. Except for the displaced animal A-1 —exposed to a maximal dynamic pressure in
excess of 12 psi (Q-A gauge) —the only positive findings among 10 dogs involved two instances
of subcapsular spienic hemorrhage nd rupture of 50 per cent of the eardrums. Likewise, dogs
exposed to average peak internal overpressures of 40.9 and 42.8 psi in the Series [ open and
hal’-open basement exit shelters suffered no lung damage but did show frontal sinus and
splenic hemorrhages and rupture of 50 per cent of the eardrums. The apparently bothersome
fact is that threshold lung damage in dogs occurred at peak pressures of 22 psi, whereas no
lung pathology occurred in other animals of the same species at almost double these maximal
overpressures. These {acts suggest either that the i.ndings ar2 due to individual variation
among the large animals or perhaps that the maximal overpressure alone is not an adequate
criterion to use in predicting primary blast pathology, and thig poiit will be discussed more
fully later.

It is unfortunate that owing to gauge failure no recorded pressure-time data are available
{for the open Series Il bi.semen' ~xit sheiter iocated {arthest from Ground Zero (1470 ft), in
which minor and rather severe lung hemorrhages were mx ted in the two exposed doga. Table
6.1 shows a value of 53.0 pei for the estimated peak inlernal overpressure. Although this
value is probably nt {ar in error, it cannot be regarded as reliable. Even 90, it is agaic
surprising that two rats and two rabbits exposed {1 the same shelter escaped pulmonary dam-
age and only one of two guinea pigs suflered minor lung hemorrhages. Along with the authors,
the reader will, of course, wonder why the dogs suffered quite significant pulmonary injuries
whereas the smailer animals exposed in the same structure were for all practicai purposes
vnharmed.

6.1.3 High Internal Pressures

It remains to mention the findings in animals exposed to maximal pressures averaging
€6.8, 71.6, and 895 8 psi, which occurred in the fast-{il] side of the Series 1l group shelter and
the ciosed and open besement exit sheiters located closest to Ground Zero (1270 ft). See the
data associated with the lagt three structures mentioned in Table 6.1.

The directional or wind load on the fatally displaced animal (Z-1) was in excess of 12.7
pst as evidenced by the reading obtained from the dynamic pressure gauge (Q-Z) located about
2 ft aft of the animal, which no doubt succumbed to infuries resulting from violent imrpact with
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Table 6.2 —BUMMARY OF PRFSSURE ENVIRONMENT AND RELATED PATHOLOGY IN DOG8

N et A MY . hse. ¢ s

Av. rate Time Av. rate
Time of press. Total from max. of prens. Fractional
Av. rate fromm max. fall to range of overp.2ocs. fall (beak press. Press. Ears 1
Fxperi- Ceuge of preas. to zero serv press. to max. to max, differential ratio
mental designa-  rise,  press..  press.. fall, nmeg.press.. neg), (P P)/P; (Pr— P)/P, wall Rm. Wall Rm. Abdominal findiags
Series Shelter o6 psl/ msec MAC pai/ msec pal meec pet/maec (abs.) ‘abs.) Dog No. side side side side Liver 8Splecr Bladder Mesentery
o Bathroom Bta 0,003 026.¢ 0.001 2.07 18125 0.001 0.083 0.123 Bth-A Q
Bth-B
11 Utility-37 u-37 9.009 463.4 0.005 4.1 1785.5 0.002 C.17t 0.208 U-37-A
U-37-8
u Basewment Cor 0.028 1100.4 ©¢.033 4.87 2370.3 0.00% 0.227 0.294 Cor-A
corper Foom Cor-B
11 Utility-27 U-27 0.018 59%.5 0.007 8.7 1692.7 0.903 0.254 0.34i U-27-A
U-27-B
1 Basement A 0,051 981.1 0.004 5.33 2271.9 0.002 0.287 0.365 11-A
lean-1o w-3 .
I Group A-9 (.033 431.0 0.015 9.4 844.5 0.01¢ 0.347 0.532 A-2-A
slow-fill A-9-B
chamber A-i¢ A-10-A
A-10-B
A-1 A-11-A
A-11
A-11-B )
A-12 A-12-A .
A-12 ]
A-12-B i
1 B-se Dent B-1-A 0.075 0.4717 0.0127 B 1-A '
exit, closed B-1-B 0.233 678.3 0.019 14.9 1168.2 3.012 09.517 1.0714 B-1-B
EH Basement B-D-1 0.325 €28.2 0.029 20.4 1229.6 0.018 0.594 1.4783 D-1 +
exit, ciomed D-:1-0 +
I Group 2-12 0.191 458.¢ 0.0468 24.8 1380.8 0,018 0.8629 1.6984 2-12 - +
slow-fill Z-12-A - -
chambev 2-12-B :
Z-19 0.154 428.8 0.050 24.3 1311.7 0.018 0.830 1.7083 Z-16-A hd A
Z-10-8 .
z-9 G.182 432.5 0.053 28.8 1334.5 onte 0.33%9 i.7¢98 Z-9-A
Z-%-B + +
Z-1¢ 0.188 446.6 0.001 26,1 139¢.8 0.018 0844 1.8088 2-11-A
Z-11 + -
Z2-11-B !
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1311

1 Growp
fast-(11
chambar

axit, open

oxit, halt

exit, opsr.
| Basement
exit, half

1] Basement
exit, open

fagt- (11}
chamber

V] Basoment
exit, cloned

o Basement
oxit, opas

B-3-B

D-3-B

B-D-3

B-C-2

0.313

0.469

0.773
0.491

0.542

1.08

7.84

3.19

10.8°

0.648
0.587

0.604
0.713
0.637

0.85¢
0.708
0.812
0.¢45

21 .45

2683

518.8

278.8
852.5

260.1

407.0

450.7
453.2

411.1
3.2
45+.9

%31
472.9
453.3
156.2

545.5

0.092

.063

0.141

0.co4

0.141
0.140

0.187
0.141
0.146

0.145
0.143
3.15¢
0.15¢

0.18%

39.1

37.4

4.4
a7

41.3

41.8

8.6
e71.8

70.9
7¢.7
0.7

0.4
70.9
7.8
74.8

9.1

303.0

011.2

1415.1
21

400.2

806 7
1538.4

1727.9
972.8
1078.8

1080.8
12248

8210
1480.4

1127.0

0.098

0.080

0.029
0.047

0.610

0.081

2.678

0.732

0.735
0.742

0.748

0.754

0.773

0.788

0.808*

0.834
0.835

0.837
0.838
0.840

0.842
¢.643
0.853
0.850

0.872

21321

2.73¢1

2.7779
2.8809

2.9388

3.0435

3.4208

3.7%1

4.2083

5.047¢
5.0714

5.1507
S.19%4
5.2778

5.3332
5.3988
5.8093
5.0825

A-1
A-Yy
A-2
A-8-A
A-8-B
A-2
A-4
A-5
A-6
A-1
B-3-A

D-2-0

L 4

+

¢ o+

- b

LR B I AR

AR I B A A A

LR R ]

v

s

e

L4

* Estimated value,
t Not readabls.
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the partition wall. Except for the izjuries recorded in this animal, other f{indinga in the 10
dogs exposed involved four minor lung hemorrhages, one pneumsthorax, one instance of sub-
endocardial petechize, one mesenteric and two splenic injuries, one leg fracture, and rupture
of 83 per cent of the eardrums. As for the smail animals, only one fatality accurred in four
mice. Pulmonary injuries were of a minor nature, being seen in une of four rabbits, two of
four guinea pigs, two of four rats, and one of three surviving mice. Again .t is necessary to
raention the bothersome fact that, in spite of the high peak overpressures, there appears to be
an inconsistency between the results seen in large and small animals, even though the num-
bers exposed were smail.

Finally, the peak pressures recorded inside the closed and open Series II basement exit
sheiters located closest to Ground Zero (1270 ft) were 71.8 and 85.8 psi, respectively. Two
dogs expoged tc the P, of 71.6 psi suffered no pulmonary damage. One ghowed a mucosal
tear of the urinary bladder, and the other showed a left frontal sinus hemorrhage. In contrast,
the animals surviving a Pp,.x of 85.8 psi both suffered moderate pulmonary hemorrhage, sub-
endocardial petechiae, and irontal ginus hemorrhage. In addition, the one (C-2-0) nearest the
door exhibited a left extradural hemorrhage, whereas the other (C-2), placed near the end of
the shelter, was found to have a region of splenic hemorrhage and a3 mucosal tear of the
urinary bladder. Here a situation existed in which the peak overpressures differed by about
14 psi. In cne case two dogs escaped, and in the other case two dogs both suffered significant
pulmonary blast lesions, although eardrum rupture was 100 per cent in both cases. Thus it
would appear useful to summarize the pathology in terms of peak overpressure alone as well
as for other blast parameters, in an attempt to coordinate the environmental variations with
biological effects.

8.2 RELATION OF OTHER BLAST PARAMETERS TO PATHOLOGY IN DOGS

Table 6.1 presents a summary of pathology in large and small animals as associated with
peak overpressure, time to peak pressure (rise time), duration of overpressure, maximal
negative pressure, and time from arrival to maximal negative pressure. The results of fur-
ther analytical work are shown in Table 6.2, in which the pathological observations for indi-
vidual dogs (except those in the forward displaced U-22 shelter) are set forth as associated
with average rate of pressure rise, time from maximal to zero pressure, average rate of
pressure fall from maximal to zero pressure, total range of preasure fall, time from maxi-
mal overpressure to maximal underpressure, average rate of pressure fall from peak over-
pressure to maximal negative pressure, the fractional pressure diiferential, and the pressure
ratio. A word about the last two parameters is indicated,

The fractional pressure differentia]l was obtained using the following expression:

Fractional pressure differential = (Pg- Py)/ Py

where Py = maximal or final internal overpressure, psia
P; = initial or ambient pressure, peia

Thus the expression Py — Py represents the pressure differential AP to which animals
were exposed, and the fractional pressure differential expresses the environmental pressure
variation to which the animal was subjected as a percentage of the final abaolute pressure.

On the other hand, the pressure ratio was calcuiated as {ollowa:

Pressure ratio = (Py - Py)/P;
Thus the pressure ratio defines the environmental pressure change as « percentage of the
initial or ambient absolute pressure. The reader will appreciate that the pressure ratio is
aiso aimilar to Py (absolute)/P; (absolute) except that the latter expression is 100 pe:r cent
more than the former, i.e.,

[(Pg - Py)/Py] + 100 = Py/P;
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Table 6.3 —SUMMARY OF LUNG LESIONS IN DOGS AS RELATED
TO MAXIMAIL INTERNAL OVERPRESSURE

Max,
faternal Animal
pressure, desigpation Lung pathology*
psi or No. Wall side Room side Remarks
1.3-22.3 3
22.8 Z-11-A
Z-11 +
Z-141-B
26.6 A-1 + Displaced, dynamic pressure
>12 psi
A-l/',
A-2
34.4 - 47 11
53.0t D-2 + +
D-2-0 ++4 ++
63.8 Z-6 + +
83.9 z-1 4 ++ Fatally displaced, dynamic
pressure >12 pei
z-Y + Displaced, dynamic pressure
>12 pei
64.9 Z-2
65.5 Z-5
48.5 Z-8-A
Z-8-B + Displaced, dynamic pressure
unknown
67.2 Z-4
68.0 Z-7 Pneumothiorax
71.6 C-1
C-1-0
73.2 Z-3 +
85.8 c-2 ++ ++
C-2-0 +4 +4
Total 64 8 9 U-22 A and B not included

¢+, mild; ++, moderate; +++, severe.
t Estimated value.

6.2.1{ Pulmonary Pathology

Study of Tables 6.1 and 6.2 makes it apparent that pressure changes encountered inaide
the several shelters were not of the magnitude or character to produce severe pulmonary
damage in dogs. It is only possible to saummarize the meager positive findings in relation to
the several parameters of the blast which are noted in the tables, with the hope that minimal
damaging conditions for dogs might be defined and that useful suggestions for future laboratory
and field work will be forthcoming.

(a) Feak Overpressures. Data in Table 6.2 for individual dogs, showing maximal internal

wall pressures in relation to pulmonary lesions noted, are summarised in Table 6.3, Of ¢4
animals, hemorrhagic lung lesions were seen in 11, and a pneumothorax was seen in one.
Four of these animals were displaced— one fatally—and it is not possible to assign a single
cause for the damage noted, i.e., whether due to pressure per se, dynamic pressure or wind-
age, accelerative or decelerative trauma associated with displacement, or sce combination
of these factors.

The reader will appreciate that there is no consistent relation between pexk overpressure
and pulmonary lesions, although there is a tendency for damage to be associated with the
higher environmental pressures.
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Table €,4 —SUMMARY OF LUNG LESIONS IN DOGS AS RELATED

TO AVERAGE RATE OF PRESSURE RISE

Average
rate of Time
pressure to Peak Animal
rise, P max, pressure, designation Lung pathology*
psi/msec msec pei or No. Wall side Room side Remarks
0.003 —0.161 25
0.188 121.2 22.8 Z-11-A
Z-11 +
2-11-8
0.191 — 0,237 4
0.313 85.0 26.6 A-1 + Displaced, dyna.nic
pressure > 12 pst
A-Yy
A-2
0.322 - 0.542 8
0.587 108 8 63.9 Z-1 ++ 4t Fatally displaced,
dynamic pressure
>12 pai
z-1% + Displaced, dynamic
pressure > 12 psi
0.604 — 0.856 4
0.657 101.2 65.5 Z-8-A
Z-8-B + Displaced, dynamic
pressure unknown
0.68¢ 95.5 63.8 2-6 + +
0.708 86.5 68.0 Z-7 Pneumothorax
0.713 81.9 65.5 Z-5
0.773 45.3 35.0 A-3
0.812 90.2 73.2 Z-3 +
1.05 368.6 38.8 B-2-A
1.09 35.5 38.8 B-3-A
2,19 21.5 47,0 B-2-B
7.84 5.5 43.1 B-}-B
10.61 5.0t 53.07 D-2 + +
D-2-0 ree e
21.48 4.0 85.8 C-2 + ‘e
C-2-0 X *
Total 64 8 9 U-22 A and B not

included

¢+, mild; ++, moderate; *++, severe,
t Estimated value.

(b) Rate of Pressure Rise. Data from Tables 6.1 and 6.2 were tabulated in the order of
increasing rates of pressure rise for each animal. The results are summarized in Table 6.4.
Inspection of the table shows that with the exception of the displaced animals the degree of
pulmonary damage geems to be asscciated with the more rapid rates of pressure rise, the
threshold being noted at an average rate of pressure rise of 0.188 psi: msec, when associated

with an overpressure of 22.8 pst enduring for about $67.8

ec. However, damage wag not

consistently seen until the rate of pressure rigse was near und above 10.0 psi msec, associated
with pesk overpressures greater than approximately 50 psi enduring for between 500 and 600

meaec

Thus the very few data available suggest that both the maximal overpressure and the rate {

of rise of pressure deserve consideration as blast parameters of significance in defining the

presence or absence of primary pulmonary blast effects.
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Table 6.5-—SfUMMARY OF LUNG LESIONS IN DOGS AS RELATED
TO FRACTIONAL PRESSURE DIFFERENTIAL

Fra-tional Time
pressure to Animal
differential P maxs designation Lung pathology*
(P~ P)/Py | S msec or No. Wall side Room side Remarks
0.083 - 0.839 31
0.644 22.8 121.2 Z-11-A
Z-11 +
Z-i1-B
0.678 26.8 85.0 A-1 + Displaced
A-Y
A-2
0.732 - 0,788 11
0.808 53.0t 5.0t D-2 + ¥
D-2-0 +4e +4
0.834 63.6 95.6 Z-6 + +
0.835 63.9 108.8 Z-1 ‘oo - Displaced (faiaily)
Z-Y% + Displaced
0.873 64.9 107.4 Z-2
0.838 85.5 91.9 zZ-5
0.840 66.5 101.2 Z-8-A
Z-8-B + Displaced
0.842 67.2 102.5 Z-4
0.843 68.0 9.1 z-1 Poneumothorax
0.850 71.8 110.9 C-t
C-1-¢
0.853 73.2 90.1 Z-3 +
0.872 85.8 4.0 C-2 + L ag
C-2-0 » -
Total 64 8 J U-22 A and B not
included

¢+, mild; ++, moderate; +++, pevere.
t Estimated value.

(c) Fractional Pressure Differential. For Table 8.5, data were compiled in the order of
increasing values for the fractional pressure difterential. Although the order of animals ia
similar to that {or the Pyax data shown in Table 6.3, the fractional pressure differential value
provides a useful function because data are “compreased” and thus more suitable for handling
on & linear rather than a logarithmic basis.

(d) Average Rate of Rise of Fractional Pressure Differential. Table 6.8 is a summary of
data showing lung pathology as related to the average rate of rise of the {ractional pressure
differential. As with the average rate of pressure rise, there is only a suggestive relation
apparent, aithough again the data are too meager to warrant any further comment.

(e) Pressure Ratio. Tabulation of the data according to increasing pressurs ratios from
Table 6.2 gave an order similar to that for the fractional pressure differential ghown in Table
6.5,

() Total Range of Pressure Fall and Average Rale of Pressure Fall (Maximal to Zero
Pressure). Organization of data shown in Table 8.2 according to total range of pregseure fall
and the average rate of pressure fall (maximal to zero pressure) gave results that showed a
very crude assoclation with lung pathology, but they are not shown here because time and sero
pressure data were unavailable on five animals, namely, B-3-A, B-3-B, B-2-B, D-2, and
D-2-0.
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able 6.6 —SUMMARY OF LUNG LESIONS IN DOGS AS RELATED TO
AVERAGE RATE OF RISE OF FRACTIONAL PRESSURE DIFFERENTIAL

Average
rate of rise Time
of fractional to Animal .
Pressure Prax: designation Lung pathology”
differential Pras msec or No. Wall side HRoom side Remarks
0.222 - 489 25
= 5.31 22.8 121.2 Z-11-A
Z-11 +
Z-11-B
5.6 - 7.88 5
7.87 63.9 108.8 Z-1 ‘e e Displaced
z-Y + Displaced
7.79 64.9 107.4 Z2-2
7.98 26.6 85.n A-1 . Displaced
A-'
A-2
8.24 61.2 102.5 Z-4
. 8.30 6.5 101.2 Z-8-A
v Z-8-B Displeced
8.72 83.5 95.6 z-6 + +
8.77 68.0 96.1 z-1 Pneumothorax
9.07 13.5 §7.0 B-1-B
9.12 85.5 9.9 Z-5
9.47 90.1 7.2 z-) +
9.97 - 14058 13
.61.8 5.0t $3.0¢ D-2 - +
D-2-0 ‘e e
218.0 85.8 4.0 C-2 +e +4
C-2-0 e *

-]
3
2
o

*+, mild; ++, moderste; +++, severe.
1 Estimated value.

(g} Combination of the Factors of Peak Overpressure and Time (0 Ppyyx. Because of the
suggestive nature of the association betweer lung legions and overprecsure, the fractional
pressure differential, pressure ratio, and the rate of pressure rise (which {s a function of the
time to Ppay). it was of interest to explore these functions further. A ssmple of one guch 13
analysis will be presented here. Figure 6.1 is a semilog plot showing the relation between the &
pressure ratio and time to Py, for each of the 64 wogs (U-22-A and B were not included be-
cause of gauge failure and inability to estimate the internal maximal overpressure).

Little that is definite can be gained from a study of the figure concerning the relation of
lung pathology to the preasure ratio and the time to P, .. The data are only suggestive, but ;
it 18 6! some use to point out that in no case were pulmonary lesions seen in an animal exposed
to 8 pressure ratio of lesa than about 1.30 or to a pressure pulse rising to maximum in more §
than approximately 150 msec. Furthermore, except for those animais for which displacement
was proved to occur, in no case was there more than grade 1 () lung damage unlegs the time 5*
to P,,,, Was less than 10 maec and the pressure ratio was greater than 4.0. Even thege state- t
ments must be regarded as tentative because of the sparsity of data.

There remains yet to be discussed the posnidble infiuence of the shape and character of i.
internal pressure-time curves as they might be definitive for the production of pulmonary 3
pathology. Although such an analysis i* now under way, work has progressed sufficienlly to E
aliow a somewhat more precise discussion than that appearing above. Before presenting the "3
analytical approach found most useful, it wili be instructive to document typical examples of
the data obtained {rom the pressure gauges mounted in the walls of each shelter.
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hi Pressure-Time Curves. (I) Bathroom, Basemen! Lean-to, and Basement Corney Room
Suelters., Figure 6.2 gshows reproductions of the pressure-time tracings obtaired inside the
Serieg II athroom, basement corner room, and basement lean-to shelters, along with the
record of the incident pressure obtained from a ground baffle gauge located at the same dis-
tance from Ground Zero (4700 ft). Attention is called to the contrast between the pressure-
time curve oMtained inside the bathroom shelter and the curves for the two basen:ent shelters.
In the latter case the curves were similar to the incident pressure record (botior: of Fig, 6.2),
In the former instance, however, not only was the rising portion of the curve modil{ied but the
peak pressure was sharply decreased, being only 1.3 psi inside the bathroom and £.1 psi out-
side the house at ground level —almost a fourfold attenuation in maximal pre=sure.

These facts illustrate the point that presaures inside a structure can be either ¢cnel ¢ e
much less than those existing outside, depending upon design.

(2) Utility Shelters. In Fig. 6.3 are reproduced the pressure-time curves recorded inside
and outside the utility sheiter at the 3750-1t range. Here again the reader will note the rel:-
tively slow rate of rise of the inside, compared with the outside, tracing along with over a two-
fold attenuation of the P, » inside compared to outside, i.e., 2 decrease from 7.8 to 2.6 psi.

(3) Basement! Exit Shellers. Pressure-time phenomena inside the several basement exit
shelters were compiicated by at least three factors: (1) the behavior of the outside doors,
which failed at unknown times but apparently during the existence of appreciable outside over-
pressurea and winds; (2) the aerodynamic behavior of the openings into the shelters as they
functioned as “metering” o: .fices; and (3; reflections of pressure (scraetimes multiple) off the
side walls and ends of the structures which primarily were functions of geometry of the struc-
tures and the magnitude of the pressure pulse entering at any given iime,

These factors combined tended to depress or magnify internal maximal preasures com-
pared with those existing outside, as can be appreciated by ncting Jdata in Table 8.1. For ex-
ample, peak pressures in the closed, half-open, and open sheiters located at the same dis-
tance from Ground Zero were 11.5, 38.6, and 38.6 psi for the gauges located near the entrance,
but 13.5, 47.0, and 43.1 pa! for the gauges placed near the end wall, respectively. The hatches
produced about a three- to fourfold decrease in the peak overpressures. Also, for the open and
closed basement shelters closest to Ground Zero, the maximal inside pressures were 85.8 and
71.8 psi, respectively, the doors serving to attenuate the pressures somewhat, These over-
pressurcs were greater than those existing outside but were less than twice the latter.

Figure 6.4 shows examples of the internal pressure-time data recorded inside four base-
ment ghelters. Trarcings B-1-A, B-1-B, and B-D-1 repreaent the lcast severe conditions ex-
perienced by animals exposed in the closed basement shelters, whereas tracing B-C-2, a
drawing of one of the vpen basement shelter traces after analyses from a {ilm recorder, ex-
emplifies the most severe environmental presgure-time phenomena to which animals were
exposed.

(4) Group Shelters. The wmost outstanding fact relevant tc the pressure phenomena that
occurred inside the divided group shelters concerned the differences in maximal overpres-
sures recordad inside the slow- and fast-fill sides of the structures. For example, the Series
I fast-f1ll Ppex was 73.2 psi, and the slow-{ill Py, was 23.8 psi (see Table 6.1). These
overpressures were in both instances less than those occurring outside, and they reflect the
marked attenuation in pressure which may be achieved by using the entrance into an open
shelter as a metering orifice to choke the air flow into the structure.

Examples of the contour and character of the pressure-time phenomena are presented in
Fig. 6.5, which shows typical tracings for the slow-{il]l {top) and fast-{il] (middle) preseure
gauges, along with data obtained from the dynamic pressure gauge Z-Q (bottom).

(i) Fractiomal or Incvemenial Anailysis of the Pressure-Time Dala. It was thought worth
while to further analyse the pregsure-time curves, and a variety of approaches were explored.
Basic data in the form of expanded plots were made available through the cooperation of
Sandia Corporation personnel, as were analyses of selected curves, to show the area beneath
the pressure-time piots (/ P dt) and the rate of pr. -ure change as a function of time (dp/dt).
Neither of these procedures seemed promising, aithough at a time {n the future when additional
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biclogical data are available, the cpposite may be the case. However, one technique was
thought to offer considerable promise and will be briefly described,

First, a study of the initial portions of the pressure-time curves reveaied saw-tooth or
stepwise pressure variations, no doubt dux to pressure surges associated with turbulence and
multiple reflections from the floors, ceilings, and walls of the structures, including the entry-
ways. Regarding these as repregenting multiple blows or pressure loading of the biological
targets and assuming that the targets “appreciated” or “saw” only those gseparate pheitomena
that involved (1) a rige after a pregsure fall of one-third or more of the previous pressure
rise {one-third of 4P) or (2} a 5-msec or more delay between individual pulses (provided
that the pressure leveled off or iell, ever though this fall mighai be less than one-third of the
previova peak), calculations were undertaken as follows for each pressure-time curve.

1. The initiai nregsure P; wac set down in absojute rmts, :

The finaj pressure Py of the firgi rise was tabulated \n absolute units.

The pressure difference AP was noted. ,

The time t to the fiirs! maximum was read {rom the curves.

The pressure ratic AP/?; was calculatea for the first rige.

Slmxlarly, the initiai pressure Py, from which the qecond rise began, was abtained, as
were Df, AP, t', and aP'/P{.

7. The process was continued untii maximal overpressure was reached, Thus each pres-
sure-time curve had at ieast one set of values for Py, Pg, AP, and t, but usually more—up to
six, in fact, for some curves.

8. All data were plotted to show the incremental pressure ratios AP/P,, AP’/P, ...,

P"/P} as a function of the separate incremental times t, t'. ..., t? involved with each pres-
sure variation.

The top portion o1 Fig. 6.6 represents a simplified pressure-time curve diagrammatically,
and P;, Py, AP. t, and AP/P; are listed fo. each of three segments of the curve. As an exam-
ple, the individuai values are shown with arrows for the portion of the curve marked 3. The
reader will note that the second segment was included and analyzed not because there was a 5-
msec pause between the 1irst precsure peak and the beginning of the second rise hut because
the first fail in pressure was greater than 0.33 of the initial AP, i.e., the actual fall was 15
psi, which is greater than 6.6 psi or 0.33 times the AP of 20 psi.

The lower portion of the curve gives a sample plot of each of the three values for the in-
rremental pressure ratio AF/P; as a function of ihe time of pressure rise for each segment
of the curve,

Figure 6.7, except for the use of log paper, similarly plots the incremental or segmental
pressure ratio values for the pressure-time traces obtained inside the group and basement
shelters as a function of the incremental times of pressure rise. The circied points represent
data obtained from eight pressure gauges that were located near the 10 animals exhibiting
pulmonary pathology; i.e., nine instances of iung hemorrhayge and one case with a pneumothorax.
The points are numbered, and the table to the left of the figure “keys” in the gauge and animal
designation, along with the pathology in each case. Note that animals D-2 and D-2-0 could not
be included because pressure-time data were unavailable,

The uncircled points comprise data from pressure gauges located near the 44 animals ex-
hibiting no patholegy which were housed in the nine forward shelters. There are a few excep-
tions to this statement which can be appreciated by a study of the table in Fig. 6.7. For ex-
ample, at point 5, animals Z-8-A and Z-8-B were placed on either side of the gauge (see Fig.
3.28), and only one showed positive lung findings; a similar situation existed at points 8 (Z-11-
A and Z-11-B) and 11 (A-1, A-'}). Only a few of the uncircled points are numbered, and the
reason for this will now be clarified.

The reader will note the dashed, bent line (in Fig. 6.7) which waa drawn to tentatively de-
fine threshold conditions for lung lesions; that is, the eight pressure-time curves recorded
near each of the 10 animals exhibiting positive findings, when segmentally analyzed (with one
exception —dispiaced animal A-1), had at least cne point each to the right and above the lire,
whereas, for the pressure-time curves recorded near the 44 animals showing no pathology,
there were only eight animals for which at least one point was to the right and above the line.
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To be more specific, the reader is referred to Table 6.7, which summarizes the relevant data,
From a perusal of the top portion of the table, it is clear that the analytical approach used pre-
dicted pathology in nine of the 10 animals actually showing pathology, and thus the procedure
was right in 90 per cent of the cases and wrong in 10 per cent.

For the 44 animals without pathology, the lower portion of the table shows that pathology
was predicted in eight cases but not in 36, i.e., 82 per cent accuracy and 18 per cent failure,
A chi-square test was applied to the differences set forth in Table 6.7, and the probability com-
puted was <0.001, a highly significant figure,

Further study of Fig. 6.7 is instructive since the equation of the sloping portion of the
dotted line is

AP xt=Cx Py

where AP = the incremental pressure differential
t = the time for the incremental pressure rise
C = a constant, 10 in this case
Py = the initial pressure in absolute units existing for each incremental rise in pressure

Since the expression AP x t (force per unit area x time) is equal to the incremental momen-
tum, it is obvious that Fig. 6.7 suggests that incrementa. momentum is proportional to the
initial pressure P; and that pulmonary biast damage referable to the present study is asso-
ciated with a critical magnitude of the product P; x C, a somewhat meaningful physical concept.

Further, it is worth while to point out that, as the time to maximal incremental pressure
increases, the pressure ratios needed for daniage decrease progressively until the rige time
for incremental pressures approaches 20 msec, after which the slope of the curve changes.
The existing data suggest that beyond this time the curve at least becon:es horizontal, but in-
sufficient data are available to support the beiief that the curve reverses its slope and rises
again, It is prssikle, however, to believe that this i8 highly probable because it is known that
high pressure ratios applied siowly are tolerated by divers. A peari diver, for instance, with-
out accessory equipment often descends to depths involving presaures of 4 atm or about 60 psi,
a value corresponding to a pressure ratio of 4.0, applied in a maiter of minutes.

The zssociation of minimal incremental pressure ratios required for pulmonary damage
with 2 20-msec rise time strongly suggests that resonance phenomena are a factor in biologi-
cal blast damage. In fact, it can be assumed that ikie natural period is approximately 80 msec
for large dogs, corresponding to 12 to 13 cycles/sec for the critical frequency. Should such a
supposition prove correct, damage would be exgected at relatively low overpreasures in case
the pressure-time curve involved significant pressure fluctuations — spikes or stepwise varia-
tions —occurring near the rate of 12 to 13 cycles/sec (20 msec for the quarter cycie), which is
indeed congistent with available experimental data.

A paper by Brody el al.? has recently come to the authors’ attention. Working with cats
and applying measured pulsing pressures intv " e trachea and obser-ing the response of the
abdomina! and chest walls, Brody et al. concluded taat the natural frequency of response was
9.6 + 0.6 cycles/sec. This corresponds tc about 26 msec for the quarter cycle,

6.2.2 Tympanic Membrane Findings

(@) All Animals. Data relating the observed percentage of tympanic membranes ruptured
in experimental animals to the average maximal overpressures as shown in Table 6.1 have been
summarized in linear graphic form in Fig. 6.8 for doys, rabbits, and guirea pigs and in com-
bined form for all animals, including rats. The circled points no‘ed on the curves for indi-
vidual species represent those instances in which more than two or four animals comprised
each group.

In spite of the meagerness of the daia a trend is apparent, namely, that a crude relation
exists between percentage of eardrums ruptured and average maximal internal overpressure.
Also, the data guggest that the smaller the animal the iess tolerant is the tympanic membrane
to overpressure, i.e., the Py (the pressure required to rupture 50 per cent of the eardrums)
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Table 6.7 —SUMMARY OF PULMONARY PATHOLOGY IN DOGS A8 ASSOCIATED WITH
INCREMENTAL ANALYSIS OF PRESSURE-TIME CURVES RECORDED INSIDE
GROUP AND BASEMENT EXIT SHELTERS
{See Text and Fig. 6.7)

Animal One or more
Animal designation  points above No points Poirt Gaug~
group or No. line above line No. designation Remarks
Pulmonary Z-1 + 1 Z-1 Fa'ally displaced
pathology 7-Y, + Displaced
Z-. + 2 Z-3
Z-6 + 3 7-6
Z-17 . 4 z-17 Pneumothorax
Z-8-B + 5 Z-8 Displaced
Cc-2 + 6 B-C-2
C-2-0 +
Z-11 + Z-11
A-1 None + 11 A-1 Displaced
Total 10 9 1t 8 8
No pulmo- Z-8-A + 5 Z-8
nary path- C-1 ¢ 7 B-C-1
ology C-1-0 ¢
Z-11-A + 8 Z-11
Z-11-B +
B-2-B + 9 B-2-B
B-3-B + 19 B-3-B
A-Y . 11 A-t Displaced
36 None 38 Unnum- All
bered others
Total 44 81 36§
* 90% accurate.
t 10% wrong.
1 18% wrong.

§ 82% accurate.

for dogs, rabbits, and guinea pigs may be estimated at ahout 28, 15, and 8 psi, respectively.

Figure 6.9 shows the data for dogs and for all animals, using a semilog plot to define the
relation between average maximal internal overpressure and percentage of eardrums ruptured.
Although the number of canine cases was small, regression analysis was done, and the stand-
ard error of the estimate proved to be 10.9 per cent. Thus above 68 per cent of the individual
measurements fell within +11 per cent of the solid line of best fit shown in Fig. 6.8, and it can
be seen that the percentage of eardrums ruptured within this range turned out to be a fairly
reasonable linear function of the log of the maximal pressure. Although the apparent variation
may represent a deviation because of the small sample or because it is “normal” for the dog,
it i8 instructive to examine the pressure-time data further, using records related to dogs, the
species with which most experience was gained.

(b) Dogs — Averaye Data. To aid further in the analysis. Table 6.8 was prepared for 16
structures in whicn pressure-time data were available, except for one in which a reasonably
close estimate could ' e made. The table was arranged from top to bottom in the order of in-
creasing percentages of eardrums ruptured for dogs and shows a variety of blaat data com-
puted from information obtained from an analysis of the pressure-time curves. Average data
were used where results from more than onc gauge were available in each structure.
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Table 6.8 — SUMMARY TYMPANIC MEMBRANE DATA FOR

A Y TR

T R b

DOGS, "OMPILED FROM TABLES 8.3 AND §.2 USING AVERAGE DATA WHERE POBSEIBLE

IV

Tympanic Av. max. Av, Max. or Av. Av. rete Av. Av. rate
mem- over- Av. time rate of Initial final F ractional over- of press. max. of total
Experi- No. branes press., toarrival press. press. prees, press. Press. prese. fall o under - press.
mental Gauge of ruptured, psi to v.u.. R rise, Py, Py, differemtial rato duration, asmbieat, press., fall,
Series Shelter No. dogs % (relative) msec psi/meec  peis peis (Pg- P)/Pr (P - PP, maec pey meec pei psi/ meec
11 Bataroom Bth 2 0 1.3 419.8 0.003 12.8 13.9 0.093 0.103 1346.4 0.001 -0.17 0.001
1 Utility-37 U-37 2 0 2.8 276.4 0.009 12.8 15.2 0.471 ¢.208 739.8 0.005 -1.5 0.062
n Basement Cor 2 4] 3.7 131.8 0.028 12.8 16.3 0.227 0.294 1:32.0 0.033 ~0.87 0.001
corner room
n Utility-27 u-27 2 ] 4.3 265.3 0.018 12.6 16.9 0.254 0.341 980.9 9.007 -1.4 0.003
1 Group A-9 10 0 6.7 208.3 0.032 126 193 0.347 0.532 €373 0.018% ~2.1 0.011
slow-fili
chamber
M Basement B-1-A
exit, closed B-1-B 2 0 12.§ 105.3 0.119 12.¢ 251 0.498 0.992 7358 0.019 -1.4 0.012
4} Basement Lt 2 25 4.8 90.0 0.051 12.6 172 0.2¢7 0.385 1091 .¢ 0.004 -0.,73 0.002
lean-to
11 Group Z-9, 10, 10 40 22.0 125.7 0175 12.¢ 348 0.635 1.748 547.3 0.050 -2.8 0.017
slow-fill 11, i2
caamber
1 Beasement B-D-t 2 50 18.5 56.9 0.325 12.6 1.8 0.5 1.478 685.1 0.029 - 1.9 0.0:6
exit, closed
1 Group A-1, 2, 10 50 33.8 89.1 0.489 12.6 448.4 0.728 2.48) 448.) 0.0987 -3.6 0.048
fast-fill 3, 4,5,
chamber 6,7, 8
1 Basement B-3-A
exit, open B-3-B 2 50 40.9 20.5 1.995 12.6 $3.5 0.7¢4 3.244
1 Basement B-2-A
exit, half B-2-B 2 50 42.8 29.4 1.47Y 12.¢ $5.4 0.772 3.381 4438 0.094 -2.9 0.051
open
11 Basement B-D-2 2 5 53.0* 5.0° 10.6° 12.6 ¢5.4° 0.0068° 4,208
exit, ogen
il Group Z-1, 2, 10 83 68.6 99.2 0.871 12.8 792 C.84% 5.208 5358 0.14% - 3.8 0.07%
fast-{il} 3, 4,5,
chamber 8,7, 8
) Basement B-C-1 2 100 71.8 110.9 0.648 12.¢ 84.2 ©.850 5.683 5¢7.1 0.15%¢ -2.9 0.081
exit, closed
11 Basement B-C-2 2 100 85.8 4.0 21 .45 12.8 8.4 0.87¢ 6.810 549.% 0.151 -3 0.079

exit, open

* Estimated value.
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(1) Frac/ional Pressure Differential. Using average data from Table 6.8, Fig. 6.10 was
plotted showing the percentage of tympanic membranes ruptured as a function of the average
fractional pressure differential. The straight line fits the points for 10 dogs, but the curved
line more closely approximates a fit for all the data.

(2) Pressure Ratio. Figure 6.11 presents data taken from Table 6.8 and sets forth the
relation between average pressure ratio and percentage eardrum fajlure. Since the plot is
linear, the variatiorn from the curve is not very great, but in this instance, as in those from
Figs. 6.8 to 6.10, deviations are apparent, and it is useful to examine the circumstances of
greatest deviation more closely. A study of Table 6.1 shows a number of interesting facts.
First, the animals deviating most from the mean curves were in the basement exit or the lean-
to gsheiters. Second, the time of pressure rise was comparatively short in the basement
shelters. Third, overpressures and rates of pressure rise tended to be higher near the closed
end compared with the stairway end of the basement shelters, and thus the use of average data
might be misleading.

These facts suggest that attention should be paid to the two parameters: rate of pressure
rise and time to pcak pressure. Also, it is obvious that the data on each dog should not be
ignored, nor should segmental analysis of the individual pressure-time curves be neglected.

(3) Rate of Pressure Rise. Accordingly, Fig. 6.12 was prepared to show percentage fail-
ure of canine eardrums as related to raie of pressure rise. The spread about the line is suffi-
ciently discouraging to prompt further examination of possible reiation between eardrum fail-
ure, peak overpressure, and time to maximal presaure.

(4) Time of Pressure Rise Combined with Pressure Data. Using the average data from
Table 8.3, relations betwren tympanic membrane f{ailure, the time to reach peak pressure and
maximal overpressure, the fractional pressure differenlial, and the pressure ratio were ex-
plored. The results were somewhat surprising and difficu to interpret, and two examples will
be mentioned here.

Figure 6.13 siows the average data from Table 6.8 plotted to show the association of per-
centage of eardrums ruptured (the figures beside each point indicate membrane failure in per
cent) and two blast parameters, the average pregsure ratio and the average times to reach
maxima} pressures. Figure 6.14 is similar except that the fractional pressure different:al in-
stead of the pressure ratio was utilized,

A study of both Figs. 8.13 and 6.14 suggests that (1) on the average the dog’s eardrum ia
sensitive to the rate of application of the pressure, (2) when the time to peak pressure is be-
tween 90 tc 100 msec, minimal overpreasures will cause failure, and (3) higher pressures will
be asscciated with rupture {f the time to peak pressure is longer or shorter than the time
stated above. Although the data are far from definitive, it is well to point cut here that the
problem is far from: simple.

For instance, it is not known whether the eardrum was moving {1 ward or outward wh
rupture occurred. !f rupture occurred in the former cage, there can be little doubt that the
drum would be “time sensitive,” i.e., short-durutior pulses associated with failure would of
necessity have to be relatively high-pressure phenomena to overcome the inertia of the ear-
drum and ossicies. Slower developing pressurs loads may well simply stretch s young,
normalily elastic eardrum until it Lalges inward to reach the inner wall of the middle ear with-
out rupture, a circumstance known tu happen in mary humans exposed to slowly increasing
pressures in low-pressure chambers.

If rupture occurred when the eardrum was moving outward, it is wcessary to consider (1)
a membrane weakened by inward stretching, {2) the gas volume of the middle ear plus that of
the communicating mastoid air cells, (31 the possilility of Eustachian tube ventilation of the
middie-ear cavity, and (4) the time and 4, nitude of the falling pressure, including the nega-
tive component associated with biast phenomena. In the human case Armstrong® has stated
that a reiative pressure inside the ear of 100 to 200 mm Hg (1.9 to 3.8 psi) I8 usually suffi-
cient to rupture the tympanic membrane, whereas Frenzel™ placed the figure at 160 mm Hg
13.1 psil. In this regard the authu. > are unaware of any data applicable to the dog.
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Whatever the true meaning and interpretation of Figs. 6.13 and 6.14 may be, it wiil be well,
first, to look at the underpressure data in the present studies as associated with eardrum rup-
ture and, second, to analyze the pressure-iime information in terms of individual animals
rather than for the average case.

(5) Underpressure and Rate of Fall of Pressure, Using the average data from Table 6.8,
along with information from Tables 6.1 and 6.2, plots were made relating the percentage fail-
ure of the eardrums to the maximal underpressure, total range of pressure fall, and average
rate of pressure fall {rom P,y to both ambient and maximal underpressure. The curves are
not presented here, but it can be said that data are insufficient to confirm or deny the poasible
significance of these parameters, with the pcssible exception of the maximal underzressure,
dowever, here the reliability of the pressure gauges to measure negative pressure under field
conditions i8 most questionable, and even though the assoviation of tvmpanic membrane failure
with the metered underpressure seemed completely spurious, it is not possible to make 2 firm
statement either way.

(c) Dogs -— Individual Data. Time of Pressure Rise Combined with Pressure Daia. Atten-
tion will now be directed to exploratory analyseg relevant to the individual animals and blast
parameters,

Study of Table 6.2 indicated that, of the 68 large animalis uscd in the study, usable and cou-
firmed eardrum data were available on 60 animals. There were 119 usabie eardrums, of which
45 were ruptured and 74 were intact. Plois were made relating the time of pressure rise for
the gauge nearest each animal to the maximal overpressure, the fractional pressure differen-
tial, and the presesure ratio, The results were qualitatively similar, and only one figure in
which the fractional pressure differential was used is shown as a sample (see Fig. 6.15).

The reader should feel free to interpret the figure as he chooses. The authors simply
wish to point out that the bizarre dotted curve is entirely arbitrary. Empirically, however, 42
unruptured eardrums lie below the curve, and 45 ruptured and 32 intact membranes lie above
it.

6.3 DISCUSSION

6.3.1 General

in assessing biological blast damage it is useful to recognize that observed pathology may
be caused by or associated with one or more of the following categories:

1. Primary effects, those associated with variations in the pressure environment which
are due to overpressure per se, to dynamic pressure or “windage,” or to a combination of
tl ese,

2. Secondary effects, those involving damage due to penetrating or nonpenetrating mis-
siles that are produced secondarily by the blast.

3. Tertiary efiects, those associated with spatial displacement of the biological target.

For the most part, the first two categories may be regarded as accelerative experiences,
whereas the last one encompasses the entire time-history of displacement and may therefore
involve significant accelerative as well as abrupt decelerative components.

In general, the present field study has made available data that are applicable mostly to
primary effects, although the tertiary problem of displacement was a significant factor in
some animals. Missile, or secondary, effects were minimal with the exception (1) of damage
to the eyes of an occasional animal by rapidly moving particulate material and (2) the indirect
effects that very hot dust might have contributed tc the thermal damage previously aescribed.

In attempting to assess the biologic meaning of the data at hand, it is worth while to re-
view a few facts from the literature which are essential to the formulation of a sound perspec-
tive, and attention will now be focused in this direction.
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6.3.2 Siugie-puise Phenomena

(a) “Instantaneously” Rising Quverpressures. (1) Overpressure-Time Relation. From the
early work of Hooker,! it is suspected that the magnitude and duration of the overpressure to
which an animal is exposed are both of significance in producing biological blast damage. That
such a belief must be correct for single-pulse overpressures produced by HE was later sup-
ported by the work of Desaga,’ who documented just fatal conditions for dogs as follows:

Static peak Overpressure
overpressure, duration,
psi msec
216 1.6
219 i.6
125 4.1
85 8.6
79 10.3
76 14.8

The above data have been piotted in Fig. 6.16 on linear (top) and semilog (bottom) bases.
It is well to emphasize, first, that the German work was carefully done using hemispherically
molded charges detonated at ground level to expose animals also placed on the grnund to
minimize reflections and to assure that the animals experienced loading by 2z single pulse.
Second, the data apply only to overpressure phenomena rising almost instantaneously to maxi-
mal pressures, i.e,, the rise times are measured in microseconds. Third, no singie-pulse
data for dogs or any other animai, including man, having overpressure durations much longer
than about 12 msec are known to the authors -—hence the solid and dotted ext. apolated portions
of the curves in Fig. 6.16. It is likely that the just fatal overpressure-time curves level off at
near 20 to 25 msec and that for overpressure phenomena of longer duration which are asso-
ciated with clean, sharp shock fronts, primary biological blast damage w'll prove to be corre-
lated with overpressure alone. However, it is well to recognize that no relevant data exist to
prove or disprove this statement, i.e., whether the curves level off, rise, or continue to fall
cannot be supported by experiment at the present time,

Because of the importance of the pressure-time relation, it is helpful to point out that
similar results in mice have been reported recently by Celander et al., who used a suali
shock tube described in reference 25. Animals apparently experienced exposure to single,
sharp rising pulses which were “square wave” in initial form but which “tailed off” in the
later phases. The data® are shown in Table 6.9.

From the tabulated data on mice (as was the case with dogs), it is seen that both over-
pressure and duration of instantaneously rising, single-pulse phenomena must be implicated
as factors in blast damage. For example, an author might correctly report mortality in mice
exposed to near 23 psi as 10, 50, or 100 per cent. which, in the absence of time data, could be
quite confusing indeed.

One last point concerning the biologi~al response in dogs to instantaneously rising, single-
pulse, HE-produced overpressures involves the association of relatively low fatal overpres-
sures with overpressure duration of about 12 msec. Such a circumatance, which is griphi-
cally shown in Fig. 6,16, suggests that resona.sce phenomena may be of biological significance
and that there is something important concerning nverpressures of this type which endure {or
10 to 25 msec, i.e,, the flat portions of the curves in Fig. 6.16. This fact at least produces
awareness of the possible critical nature of biological structures that might resonate at 10 to
25 msec for the quarter cycle, at 40 to 100 msec for the full cycle, or with natural frequencies
of 10 to 25 cycles/sec. The reader will recall values of similar magnitude noted in Sec. 6.2.1(1),
which deals with incremental analysis of the individual presgure-time curves.

(2) Impulse or Momenium. Wakely,® Clemedson,? and Schardin,’ recognized the signifi-
cance of the pressure-time relation noted above because they all pointed out that neither the
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Table 6.9— PRESSURE-TIME DATA FOR MICE

Static peak Overpressure
gverpressure, duration,
psi msec Mortality, %
14.2 1.4 a3
1.9 20
0.15 + 20% 0
18.5 4.6 100
1.9 59
0.15 + 20% 10
22.8 4.7 100
2.0 87
0.15 + 20% 73
28.45 5.0 100
2.1 93
0.25 + 20% RO

Prax nor the impulse alone determined the degree of damage. To use the words of Clemedson:
“The genesis of deadly injuries to rabbits is proportional neither to maximum pressure nor to
impulse. Both of these faciors may cooperate.”

To make the point perfectly clear, two observations will be made. First, impulse is de-
termined by both overpressure and overpressure duration since its magnitude 18 the time in-
tegral of overpressure (1 = [ P dt). Second, in the view of Schardin," momentum ig definitive
for biological damage for animals placed close to small HE charges (the overpressure dura-
tion is relatively short, and ti.e Py,x 18 high), whereas preasure is definitive for animals
placed farther away from larger cha.gea (the overpressure duration is relatively long, and
the P, . 18 minimal).

Figure 6.17, modified frcm Schardin,’ shows characteristic lines of destruction for physi-
cal objects and two species cf animals, 21l exposed to HE blast. The reader will note that the
left portions of the curves for guinea pigs and dogs are nearly parallel with the isomomentum
lines and that the right portions of the curves are close to parallel with the isopressure lines.

Since the diagram only involves maximal overpressure durations ranging from 10 to 15
msec, it is obvious that biological data are needed for the overpressure-time relation beyond
those covered by the Schardin data.

(3) Initial Pressure Problem. The initial pressure, or that with which an animal is in
equilibrfum at the time the organism is loaded with a pressure pulse, is very likely to be a
significant factor in biological damage. The question involves underwater detonations, or ex-
plosions in air, in a caisson, or a: high altitudes in relation to those at ground level, circum-
stances in which the initial pressures may range from several atmospherea to {ractions of an
atmosphere. The authors arc unaware of any reliable data on this peint, although it is known
that tolerance to underwater explosions varies with depth,'* but how much of this variation is
associated with a difference in the initial pressure P; and how .nuch with impulse, which is &
function of water depth,® ¥ {s not clear.

However this may be, it seems unlikely that an overpressure AP of x psi would have the
same biological effect at sea level, where the initial presgure P; = 14.7 psia, as it would have
at, for cxample, 40,000 ft, where P; = 2.7 psia.

(4) Falling Phase of the HE Blast Pulse and the Underpressure. Associated with gingle-
pulse HE-produced shcck phenomena s an underpressure as well as an overpressure, It is the
opinion of the writers that no definitive data exist to prove or disprove the possible bivlogica!l
significance of the magnitude of the underpressure as weil as the magnitude and rate of the
total pressure fall ‘rom maximal overpressure to maximal underpressure. There is nc point
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Fig. 6.17— Characteristic lines of destruction for dogs, guinea pigs, sur-
face of an aircraft, and a windowpane in a charge-distance diagram. folxd
and broken lines show pressure in atmospheres and momentum in atmos-
pheres timea seconds, respectiveiv. (Madifie " from Schardin ")

in reviewing the matter here, but it is important to state the problem, point out the existence
of differences in opinion (references i to 3, 6, 8, 9, and 17), and make ii clear that both the
aeromedical literature on rapid decompression and pressure breathing and the diving litera-
ture relevant to submarine escape, although not decisive, are certainly relevant. This j.oint
will be referred to later,

{b) “Slow-ri1sing” Overpr-ssures. The present study points out a problem in blast biology
which is somewhat unconventional if not new, namely, the biological effects of slow-rising
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overpressures in contrast to the almost instantaneous rises in pressure which occur in HE ex-
plosions and in shock tubes used conventionally. As fir as single-pulse phenomena are con-
cerned, the problem is illustrated simply by reference to the four diagrams below:

A (fatal) B (fatal?)
ap
e
'
C {damage - nonfatal ?) D (no damage)
—
I ap / pr
Time

For the moment, assume an animal is exposed to an instantanecusly rising overpressure
of magnitude AP, enduring for a very long time, and that this experience was invariably fatal.
Let curve A diagrammatically reoresent the situation, Now consider that curve D represents
an exposure to the same overpressure AP, which, however, developed so slowly that the ani-
mal was unharmed, i.e., for a given Pp,,« the rise time was quite tolerable, being, in tact,
nondamaging. Between the instantaneous and slow rise times, represented by curves A and D,
there can be a variety of rise times, one of which might be nonfatal but damaging for the same
overpressure AP (curve C) and one of which might be fatal even though the overpressure AP’
were less than AP (curve B) for the case in which the rise time was instantaneous (curve A).

The last possibility, of course, was suggested by the data in Fig. 6.7, which came {from the
incremental analysis of pressure-time curves of the present study and, as far as singie-pulse
data are concerned, suggests that, for a given impulse or overpressure duration, there is an
optimal rate of preasure rise for producing biological damage. Diagrammatically the point
can be illustrated as follows: Consider two pressure-time curves A and B. both involving the

ar AP

- - - — -

same pressure rise AP and the same duration of overpressure t, but one {A) having an in-
stantanecus rise to Py, . measured in microseconds and the other (B) having a slower rise to
Pmax measured in milliseconds. In both cases the areas beneath the curves are equal and
represent momentum or impulse (/ P dt). However, the time t also represents rise time for
curve B. Thus the rate at which the biological target is asked to accept energy is quite differ-
ent in the two cases. The available data suggest that for the biological case there ig an opti-
mum rate of energy applicaticn and hence an optimum time t for maximal damage; i.v., if t in
optimum, curve B {s a more efficiert means of transferring energy to the target than i{s curve
A. Two factors are probably of importance in this regard; first, the visco-elastic properties
of the target and, second, the relation of time t to the time of resonance or response of at
least one critical biological system.

It is essential at this point to emphasize that the data at hand and reported here mostly
involve multiple-pulse phenomena having average riae times no shorter than 4 msec and that
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the a-gument above is colored by this fact. Thus the discussion is not meani to preclude the
existence of a much faster means of energy transfer to the target which may effect a different
group of structures or influence the same group of structures in a different way.

In fact, if known data are interpreted rigidly, one must conciude that a faster environment-
target relation does exist. For example, the work of Desaga states that an instantaneously
rising single pulse of 76 psi, enduring for 12 msec, is fatal for dogs. Apparently to the con-
trary, the present study reports twoe damaged, but surviving, animals (C-2 and C-2-0) that
were inside the open forward basement exit shelter in which a P4 of 85.8 psi was metered.
The over-all rise time was 4 msec, and the overpressure duration was 570 msec. However,
the 4-msec rising phase of the curve occurred in two steps. The first involved about one-~third
of the peak pressure in 3 msec and the remaining two-thirds in 1 msec. Admittedly, this is
“close” reasoning, but the authors are of the opinion that the difference is real and that there
is a reason for the survival of the two dogs mentioned. At present, however, there are no
definitive experiments, and the statement must remain only an opinion.

The two-step rise in the pressure-t.me curve (B-C-2) just mentioned brings up the next
problem, that of muitiple loading,

6.3.3 Double- or Multiple-pulse Phenomena

(a) General. Double or multiple pressure loading of a biological target can and does
occur by (1) fast-rising and (2) slow-rising pressure-time phenomena, which may be separate
and distinct segments of the curve —there is a return to ambient pressure betweer. pulses —
or which may involve saw-tooth or generally continuous riges in pressure — there i8 no return
to ambient pressure between pulses. Also, there may be multiple pressure fluctuations in-
volving rising and falling phases of the pressure-time curve.

Little is known about interpreting the biological effects of such phenomena. They no doubt
account for much of the apparent conflict in quantitative blast data. Realization of the problem
is important since it must be obvious to all that (1) the administration of two or more blows to
an anima! will be different frem only one blow, {2) the magnitude of each biow must be con-
sidered, (3) the time between blows deserves attention, (4) an initial pressure rise of x psi will
not produce the same effect as will a second rise of x psi if the second hits an already “pres-
surized” animal, and (5) all environmental blast phenomena, including reflections and the pres-
sure of the wind, must be taken into account if a thorough understanding of blast biclogy i8s to
be forthcoming.

A few examples of multiple loading will now be cited.

(b) Estimates of Man's Tolerance to HE Blast. Benzinger' and Desaga® have published
data referable {0 man’s tolerance to HE blast. Desaga’s description of the exposure of eight in-
dividuals whose po3itions in an an*!a‘rrra® emplacement wer~ -ywn i8 worthy of comm~ 1t,
Two 2000-1b bomba exploded 23.6 ari 2.2 meters from the structure, but the blast froin oty
the nearer was considered significant.

Two men were killed, and the other six survived. Of the survivors two were hurt very
little, but four had considerable lung damage, documented by X-ray, and three of 12 eardrums
were ruptured. The two fatally injured men were farthest from the blast near a corner of the
emplacement. Both died in 45 min with bloody froth at the mouth, both showed marked lung
hemorrhage, and four of four eardrums were ruptured. One had a skull fracture.

Desaga® was of the opinion that the men were subjected to multiple pressure pulses in-
volving the initial front and complicated pressure reflections. Computations led to an estima-
tion of maximal pressures as follows: local static P, . pressure (that existing for the
damaged but surviving men), approximately 3.9 atm (87 psi}; maximal overpressure involving
reflections, about 16 atm {235 psi).

Desaga® pointed out that the condition for fatality in humans just described, involving a
reflected maximal pressure of 235 psi, was in terms of reflected overpressure equivalent to
fatal conditions for dogs, the HE experiments on which were described above., Of course, it is
unfortunate that the duration of the overpressure existing for the human cases was not &nd is
still not known. Even 80, it 18 encouraging that Desaga® believed that dog data could be uned
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with some confidence in asaeasing human blast tolerance and that Benzinger' bothered to es-
iimate man’s tolerance as somewhere between those of the dog and steer.

(c) *“ Fast-rising’ Phenomena. The most common source of multiple loading which occurs
in HE experiments in the open invuives the uge of charges-in-column placed .n poles to expose
animals also located a finite distance above the ground. The reader is referred to the diagrams
on pages 24 and 25 of Clemedson’s excellent review? for a typical example.

To show the multiple-pulse phenomena, the pressure-time curves in Figs. 6.18 and 6.19,
with slight modifications, are reproduced from Clemedson’s paper.? They were recorded
uging the scheme mentioned above for exposure during HE experiments with rabbits, The /.8t
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Fig. 6.18 —Shock wave from a detonating charge of TNT. Weight of
charge, 0.10 kg; distance from charge, 1.18 meters. Uppsr curve: shock
diagram recorded with the ‘‘Corona’’ microphone. Lower curve: calibrated
diagram of the same shock wave. One kgf/cm’ = 0.968 atm. (From
Clemedson.?)

spike or pulse was due to the direct air transmission of the shock pressure. The second pu'se
involved a reflection from the ground.

For a given overoressure, a given overpressure duration, and the relatc.” Impulee, it
w uld L ¥~ed e surp.isiug if the biological effects were quantitatively the same as those for a
single, clean HE-produced spike. Thie is another way of stating that quantitative correspond-
ence should be expected in results described in the literature only if the exposure conditions
were identical,

Another example of multiple-pulse phenomena is drawn from the work of Bebb.?? Figure
6.20 shows a piezoelectric gauge response following detonation of an underwater charge. The
tracing shows the primary pulse, the cutoff due to reflection of a rarefaction wave from the
surface, and a secondary pressure pulse due to reflection {rom the bottom. The latter was
strong enough to overcome the negative wave but was not long enough to prevent a negative
spike after the secondary rise. Thée latter was cue to the still existing surface rarefaction
wave,

Figure 6.21 is a diagram, also from Bebb,?® illustrating how the geometry involved in
underwater explosions may influence the pressure-time phenomena experienced by a target.

It is instructive to point out here that Bebb?? is of the opinion that biological injury may
be associated with any or all of the significant phenomena that dissipate energy of an under-
water explosion, i.e., (1) the initial shock wave, (2) the velocity imparted to the water, (3) the
pulses produced by successive collapse of the bubble, and (4) the turbulence and thrusting

187




action of mass motion 5 the surrounding water. To these he adds the influence of reflections
from the bottom and surface or any other object nearby the target. The writers would add the
time factor in the form of the frequency of separate pulses in relation to the natural frequency
of the biological target and the time duration of the several pulses in relation to the natural
period of bioclogical media. Also, there are reasons for noting the rise time (rate of pre sure
rise) along with underpressures of both short and long duration.

Distance
from
charge

” Av__\\\/

'I'5m 8 |-——— \\\/,h.r\

Fig. 6.19 —8hock wave at different distances from a charge of TNT.
Weight of charge, 0.05 kg; distance from charge in A = { meter, in B =
1.5 meters, in C = 2 meters, and in D = 3 meters. (From Clemedson.})

(d) Slow-rising Pressure-Time Curves. Figure 6.22, aleo from the work of Bebb, illus-
trates two successive bubble waves following the initial shock wave produced by an underwater
explosion, The bubble waves were said to correspond in time to the occurrence of successive
minima in the size of the gas bubble generated by the detonation. It is instructive to note that
the peak pressures of the bubble pulses were about 0.20 of the peak pressure of the primary
shock wave but that the impulses for the bubble pulses were approximatelv the same as the im-
pulse for the shock wave.

The experience of Clemedson? will be drawn on again to illustrate the occurrence of
multiple slow-rising pressure pulses. Figure 6.23 is a reproduction of pressure-time data
obtained using a detonation chamber designed for the purposes of studying the effects of im-
pulse (longer duration) phenomena of greater magnitude than those available with HE in the
open. Note the muitiple reflections and the rhythmic oscillations in press'.re, particularly in
the lower curve. Of course, it would be helpful to know what pressure-time phenomena are
“appreciated” by the biologica! target, i.e., the large rhythmic variations, the small oacilla-
tions, or both. This is at present one of the biophysical unknowns.
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Some of the present authors® participaied previousiy at the Nevada Test Site in blast
biology experiments relevant to the present discussion. Wail preesurs-time datat were re-
corded near animais placed in underground shelters, the inner chamber of which was 50 ft
long and of circular cross section, 7 ft in diameter. Sample pressurc-tine cusves recorded
after dstonation of nuclear devices ar« shown in Fig. 8.24, They iliustrate beautifully the
muliipie-pulse stepwise pressure rises that occur in tubular structures when the blast wave
enters one end, For the four curves a..own, lhe gauges us sauii case were localed near the en-
tryn - door, and the second ris= was caused by a reflection of the initia! wave from the far
end  :he structure, 47 ft from the gzuge.

Fig. .20 — Underwater shock wave at 45 ft from a %;-1b TNT demolition
charge. Maximum pressure = 230 psi; time acale = 1 kc/sec; depth of
charge and gauge = 10 fi; depth of bottom = 9 ft below churge and gauge.
(From Bebb.)
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Fig. 6.21 — Effect of geometry on pressure-time phenomona in underwater
explosions. (From Bebb.!)

*The work referred to was accomplished by a Lovelace Foundation team, consisting of
J. E. Roberts, C. 8. White, T. L. Chiffelle, W. H. Lockyear, J. P. Henry, M. A. Palmer, J.
Clark, and W. A, Russell, working within the AEC Civil Effects Test Group, which is directed
by Robert L. Corsbie.

tPressure-time data were recorded by and made available through the courtesy of the
Vitro Corporation of America.
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Fig. 6.22 — Underwater shock and successive bubble wav.s al = ft from
the center of a 1-1b HE. Time for bubble waves from the onset of the
shock wave, 185 and 340 msec; shock-wave maximum pressure = 2940
pai; time scale = 1 kc/sec; depth of charge and gauge = 12 {t in water
36 ft deep. (From Bebb.}
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#ig. 8.23 — The shock wave in a detcaation chamber. A, the recorded shock
diagram. B, the cslibrated diagram of the same shock wave, C, details of
the first part of the shock wave showing oscillations and reflections from
the walls of the chamber; this diagram is not recordad in the same blasting
experiment as diagram A. (From Clemedson.})

The curves marked 31 and 38 were recorded in one structure on two occasions. The A
and A’ portions of Fig. 6.24 present the sgame pressure-time phenomena and differ {n that the
rising phases of tracings 31 and 38 are shown on an expanded scale in A’,

There were 7 and 12 dogs exposed inside the structures in which curves 31 and 38, re-
spectively, were recorded. No fatalities occurred. Examination of the animals after the detona-
tion revealed positive findings, among which were the lung hemorrhages given in Table 6.10,
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Fig. 0.e4 —Tracings frcm pressure-time records obtained with wall gauges inside
underground strunturea (80 ft long, of circular cross section, and 7 it in diameter)
following detonations of nuclear duvices. (See text.)

Traces marked 111 and 118 were likewise recorded in a similar structure on two occa-
sions. Again, no fatalities occurred, and lung hemorrhages among a total of 25 dogs were noted
during the postshot examinations (Table 6.11).

The data »re noteworthy because they show quite significant hemorrhagic lung lesions in
dogs exposed to maximal overpressures 1.0 higher than from about 12 to 20 psi.

The problem of understanding the relation between variations in the pressure environ-
ment documented by the pressure-time curves in Fig. 6.24 and the biological responses noted
in Tables 6.10 and 6.11 {2 similar to the problem of the present scudy. Incremental analyses
of the individual pressure-time curves are under way and will be reported at a later date.
However, it can be stated that the approach is promising, and to date there appears to be no
serious conflict with the analytical procedure used and presented graphically in Fig. 6.7,

(e) Analytical Problem. For a saw-tooth or stepwise pressure-time curve it is necessary
to assess the significance of (1) the {irst pressure puise, which begins at amnbient pressure
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Table 6.10 — LUNG HENM.ORRBAGE DATA FOR DOGS IN UNDERGROUND SHELTERS

No. of dogs and degree of
Structure lung hemnorrhage®

3 4(+)
2 (++)
1 (+++)

Total 7
38 9 (none)
3 (+, tiny petechiae)
Total 12

*+, minimal hemorrhage; ++, moderate hemorrhage; +++, marked hemorrhuge.

Table 8.11 — LUNG HEMORRHAGE DATA FOR DOGS IN UNDERGROUND FHELTERS

No. of doga and degree of

Structure lung hemorrhage®
114 3 )
1 (++)
4 ‘¢¢ 0)
Total 8
118 18 (none)

2 (+, tiny petechise)
Totel 17

*+, minimal bemorrhage; ¢+, moderste hemorrhage; +++, marked hamorrhuge.

Table 8.12— EXAMPLE OF NYDROSTA TIC COMPRESEION IN A PEARL INVER

li:ng volume,

Depth P, hY g ec
Burfsce 18 pel 00N
sIn 30 pai i8 3000
”mf 60 pei 30 1809
——— Bg2e2 0
N 120 pel 80 780
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(Py = ambient!; {2) the second pulse, which starts at a P{, not ambient, but the pressure existing
at tne time of the second rise; and 80 on [nr testiary, quaternary, and addition::l pressure

rises if any. For the rising pori.ons of the presaure pulse there 2:e a* I+ = ve paterstally
significant factors: the magnitude of each pressure rise, the /:se tim: 2nd duratiun of each
segmental rise, the initial pressures (¥, P{, P{, ..., Pi') existing when zach puise occurs. and
the time between the cccurrence of successive rises in pressure, In addition, the duraticn of
the total overpressure and the falling phase of the pulse must be considered.

(1) Initial Pressure, P,-. The iiterature contained two hints concerning an analytical
approach to the prablem of multiple or stepwiae loading. The first involved u paper by Luft
and Bancroft,’ who pointed out the bioloyical utility of the fractional pressure differential, a
ratio which Haber and Clarann® fcund helpful in analyzing the physics of rapid decompres-
sion. The second involved brief remarks by Bennke® relevant to hydrostatic compresston of
pezri divers and the relevant syndrome known as the “squeeze,” the effect of whica {8 “tv
force blood and tissue fluid into the regpiratory passages where the residual pulmonary air iy
under less pregsure than he “Juimonary merabran2a due to the iimiiation caused by the ribs
and contracted dizphragm.”

Tc make the quotation from Behnke more understandable, 15t the reader visualize a native
pearl diver having 60C0 cc of gae in his chest before entering the water, at wiich ti:ue the
initial pressure would be about 15.0 psia. At 33 ft the man would be =t a pressure of Z atm or
30.0 pai, and the gas in his chest would be roughly one-half that at ‘he guriace vr 3000 cc be-
cause the chest wal! would have beer pushed inward ana the diaphragm would have risen into
the cheat cavity. The AP involved during the ficst portion of the descent would have been !
atm or about 15.0 pai. The diver must descerd to a preasure of 4 atm to again arproximately
halve the volume of gas in his chest (3000 to 1500 cc). Here the absolute pressurc ‘7ould be 60
psi, but the differential nvoived would bz 3C psi, douule the previous figure. Iimilarly, to
again halve the residual air voiume, the diver wouid have to descend to the dingercus pres-
sure of 120 psi (an associated differential of 30 psi, dounle the previous figure), and the air
volume in the chest would heve become 750 cc if the chest wall and diaphragm moved suffi-
ciently far inlo the thoracic cavity to ccmpensate for the pressure change. Usually compensa-
tiou by this mechanism almoat ceases when the pulmonary vnlume approximates tha:. of the
residual air (about 1500 cc) and the s ueeze s under way. Chest pain occurs aad pulmorary
edema and hemorrhage ensue because the fluids of the body still seek the remaiming compres-
sible poraons of the body, which are the air-contsining organs, the most zritical of which is
the lung. A similar syndrome is seen in divers vsing nreasurized helniets in case the helmet
pressure {ails, which circumstance deprives the individual of the inirapulmonary counter
pressure easential to allow respiration ang to prevent the migration of biood and other fluids
into the air-containing spaces of the lung.

In s3vmmarv, Tabie 8.12 contains data referanle to the pearl diver mer toned above.

The reader will be aware of the fact that, us far as lung volurie is coucerned, the same
fractional change would be produced by a pressure differential aP of 15, 30, or 60 pail. A
crude way of making the point is tc any (hat # AP of 15 pel applied ‘on top” of an nittal pres-
svre Py of 13 psi is from one point of view “physictogically equivalent” t¢ 2 AP of 30 5r 60
psi applied on top of & P} of 30 or a P of 6V pas, « especiively, 1 e, the response of the chest
and diuphragm and later the fluid components of the body ts progortional to what in this pres-
ent study has been called the pressure ratin aP P,

i2) Time Factors. U now the implicatione of the squeeze syndrome are considered for
Blast biology where the londing agent i3 air pressure rather than hydrostaiic pressure, the
time {actor is immediately met. For example, if t.e diver vsed diving equipment and inhuled
air at ambient prescures during degoént, there wiald have neen ro significant pressure differ-
ertial across the chest. in the case ! blaas! overpressure, such would v the aituation after
the Jungs have had time to fill, which circumstance is, of course, concerned with (i) the mag-
nltude of the pressure differential applied, (2) the durstion of the rise time and overpressure
in relation ‘o the fil! time of the pulmonary tree, {3} the air density as it influences flow in
smail tubes, (4) the pressure-compensating cifecls of tnward movement of the chest wall and




diaphragm In decreasing the volume of air in the chest, and (5) the possible deformity of the
chest and diaphragm structures which might obstruct some of the major or minor airways, in
which case it is necessary to consider the segmental fill time of the alveoli themselves. This
last point is a very real poasibility because Cassen® and Clemedson? have photographically
documented marked deformity of animals exposed to biast, and Clemedson'* has shown in
rabbity that air 18 often expelled from the chest presumably because of the inward thrust {m-
parted to the chest wall and the abdominodiaphragm system.

The writers know of no data either in humans or animals which document the fili time of
the lungs under biast conditions, but, in preumotachographic work in humans during normal
breathing, it is common to note recordings for the inspiratory phase which are in the range of
1 to 1.5 sec in duration, although, under “forcing” conditions existing {rom blast overpreasures,
the times may be much ghocter,

It is here, of course, that the reader may weill wonder, along with the authors, whether or
not the criteria adopted in the present study for use in the incremental analysia of the pressure-
time curves were adequate, particularly the requirement for at least a 5-msec pause between
segmental pressure rises. It seems clear that any deciaion on this point must be entirely
arbitrary at the present time, For example, two preasure pulses, 5 msec apart, have been
treated as two separate loadings, whereas, if the pause had been 4.9 msec, the pressure
pulses would have been nandled a8 a single pressure rise. It is nonsense, of course, to believe
that the response of the animal might be 8o fortuitous. All that can be said :* present is that
the procedure of segmental analysis was exploratory but appeared to {it the available data
fairly well. No doubt the future will require changes, modifications, and refinements of the
criteria adopted as a guide to analysis. This statement ig certainly justified if Fig. 6.7 is
studied, since four of the eight dogs for which the analytical procedure wasin error in pre-
dicting no pathology were animals exposed in baserment exit shelters. We have no explanation
for this and must believe either that, by chance, biological variation accounts for the facts or
that we do not yet understand the real relation between pressure-time phenomena and biologi-
cal response, a very likely circumstance indeed.

Be this as it mey, it must be noted here that the time between periodic variztions in pres-
sure could very well be moat important for biclogical damage should any biological structure
exhibit critical resonance phenomena, a possibility which has been mentioned previously. Un-
fortunately, the literature relevant to resonance in the response of human. and animals to
pulsing pressures is very meager indeed. However, three papers are worth mentioning.

Carlton et al.* demonstrated air embolism and lung damage in dogs with single “blasts”
of intratracheal air enduring for 2 to 3 sec at from 70 to 240 mm Hg (1.4 to 4.6 psi). However,
repeated inflations at pressures of 35 to 40 mm Hg (0.68 to 0.77 psi) at the rate of 28 cycles/
min for 0.5 sec to 15 min also produced lung damage. The shortest enduring pressure, applied
at 28 cycles/min and reported to produce pneumothorax, emphysema, hemorrhage, and
coronary air emboli, was for 15 sec. Thus there is evidence that the factors of peak pressure,
time of exposure, and repetitive nature of the exposure are all important in the production of
lung damage and arterial «ir emboli by application of intratracheai or intrabronchial pres-
sures,

DuBois et al,? has= staied that mouth pressure is in phase with chest movement when
sinuacidai pulses of air are applied to a mask fitted to the face of anesthetized human subjects
at 2 rate of between 7 to 11 cycles/sec (period, 143 to 91 msec).

Attention is called to a recent paper by Brody et al.}! which notes that the natural fre-
quency of the abdominal and thoracic walls of cats is 9.8 + 0.8 cycles/sec and that the airways
above the trachea are not factors in the results. The stimuli used in the study to energize the
body walls were pulsing air pressures applied to the trachea.

In conirast to the vaiue 5.8 cyecles/sec just quoted, Ciemedson and Pettersson® have noted
oscillations in the intrathoracic pressures in rabbiis ioilcwing exposure to blast which occur
at a frequency of 250 cycles/sec (period, 4 maec). Thus it would appear that, as far as the
respiratory system is concerned, (1) there is more than one structure or component of the
system which is “energized” by pressure loading and (2) the components respond at differ-
ent frequencies.
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Stapp” has observed rhythmic variations in the cheat acceler ometer records oxained on
human volunteers participating in deceleration experiments, During and after the deceleration,
oscillations at the rate of 30 to 35 cyclea/sec (period, 33 to 20 msec) have been seen repeatedly,
These are presumed tc reflect periodic deformation of the subject as he is restrained by the
shoulder straps and the seat belt.

It is obvious that any expression of the natural frequency of the human or animal chest
will be a vartable affair. Muscle tone; resiliency of the spine, ribs, and costal cartilages;
variations in the gas ccntent of the abdomen and chest; and differences in the diaphragm, lung,
and size of the larynx and large airways all will enter as varizble factors, Whatever the time
values prove to be eventually, to date it is only possible to say that periodic environmental
pressure loads occurring within the ranges of 6 to 60 and 10 to 25 cycles/sec for the human
and dog, respectively, should be moat carefuily assezssed by those dealing with biclogical blast
phenomena,

(3) Falling Phase of Pressure and Underpressure, It must be pointed out here that if 2
significant overpressure endures long enough {or equilibrium between the alveoli and the am-
bient atmosphere to take place, then a problem similar to rapid decompression may occur,
depending on the time and total range of pressure fall, including the underpressure. This is
not a questionable matter, as may be the czse with short-duration HE-produced pulses, but
will be a problem with certainty if the rates and m.agnitudes of pressure fall are within the
pathology-producing range.

In this regard there is very useful literature which w*‘1 not be reviewed here, but suffice
it to say that one of the most informative recent studi'.o .. at of Luft and Bancroft® who re-
corded transthoracic pressures in humans durir, -apid decomnression. From their work it is
possible ‘0 say that the “emptying” timer of the huma. luag {uilrwing decreases in the en-
vironmental pressures occurring in 0.2 sec were in the order o. u.4 to 0.8 sec, depending on
the pressure differential involved.

Also, it is possible to asserc sume vhat the human hazs cd to repld decompressicn by
noting (1) the fastest, most severe conditions for expeiimuntal human decompression without
damage known to the writers, namely, irom 8375 to 33,000 ft, 2 pressure difierential of 7.8 psi
occurring in 0.2 sec (referen.: 38', ard (J) a husnan fatality in decompression indoctrination
in altitude chambers which cccurred in a kumuc rompressed over 1.25 gec from about 8000 to
30,000 ft, a pressure differential of 6.35 p3l. Theoretically, pressure differentials much
lower than this (1 to 3 psi) mighi weli be fata! if the airway were closed during decompressicn,

Dr. Ulrich Luft has called the zttention of the writers to recent experiments by Dr. H.
Kolder in Vienna. Using small animals, rapid decompressions have been carried out over the
range 1.4 to 12.8 psi in from 1 to 15 mser. When the decompression was from 760 to 380 mia
Hg (a differential of 7.4 pst), iathality was noted for decompression between 1 and 10 msec,}

8.3.4 Dynamic Pressure or “Windage”

Associated with high-overpressure blast phenomena, of course, are high positive winds
whose rates of development and durations bear 2 reiaiion to the rate of pressure rise and the
duration w1 tiie overpressure. Winds associated with underpréessure —negative winds—are
always much less in magnitude and consequently of less relative significance. Biologically
speuking, the blust winds are of importance for at least two, perhaps three, reasons; they con-
tribute to poessure luading, they can cause displacement, and, through the creation of turbu-
lcace, they inay add to the broblems associated with pulsing or multiple pressure loading,

(@) Pressure Reflecticns. A fast-moving column of air suddenly brought purtly or com-
pletely to rest dissipater some of its kinetic energy through a local rise in pressure. Ad-
van. ac shock fronts behave similarly, and it is common knowledge (hat the mugnitude of the
pea. rurlected pressure bears a relation to the Ppygy of the advancing frout. Desaga® has
graphed this fact, and from his data it can be seen that in refiections the peak pressures may
increase up to more than fivefold those in the advancing shock front. The authors are not
qualified to discuss the physics of this fact or the relative contributions made by the static and
dynamic pressures to pressure loading. Neither are we in a position to discuss a question of
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equal importance, namely, what are the net alterations prcduced in the internal environment
of a blological target by the loading due to static and dynamic pressures? However, it is ob-

flected from, and hence experienced by, the animal. Thus the dynamic pressure may very well
be a more imporiant physical index to certain biological effects than is the local static pres-
sure, The approach to this problera being taken locally involves the empirical measurement
of internal pressure-time phenomena in animals exposed (¢ various paiterns of cverpressure,
and the reader will appraciate the potential of this approach, if indeed it can be successfully
achieved, when the literature relevant tc lung damage and thoracic pressure differentials is
briefly reviewed below.

(b} Displacement. The experience described in the fagt-fill side of the Series II blast
biology shelter, in which one death due to violent displacement was noted among 10 restrained
dogs, suggests that blast winds may be more important thanr blast overpressure per se in pre-
dicting, in closed regions rather than apen arcas at least, the occurrence of biological damage.
Since blast pathology in the other 10 animals was absent or minimal, it might well be sus-
pected that, had the wind been acceptable to unrestrained animals, the associated pressure
changes certainly would have been tolerable, This probiem is far from settled, and plans are
under way to study the relative importance of primary and {ertiary blast effects.

Anzlytically the displacement problem encompasses 2 physical aerodynamic problem
which concerns the complete definition of the time-displacement history of a biological target
of given weight and cross-sectional area exposed to a given wind pattern. The magnitude of
the wind as a function of time and the appropriate drag coefficients must be known or deter-
mined.

The main biclogicai problems concern tolerance to (1) the accelerative phase of displace-
mment and (2) the decejerative phase. As one apprcaches limiting conditions by exposing ani-
mala to winds of increasing magnitude and arranges conditions tc bring about abrup! decelera-
tion (as was the case with dog Z-1), it is likely that, when lethal impact veloci.es are
reached, the associated accelerative phase of displacement will ve reiatively gentle and of no
consequence in blast damag.. Likewise, it may be that the primary effects, those due to
variations in pressure per se, wil! be of no significance, Experimental evidence does not exist
to prove this, but the data at hand do not contradict the above statements.

For many years it has been known that trauma to the chest wail of animals was associated
with unilateral and bilateral damage to the lung which ofileu involved circular, well-defined
spots of hemorrhage similar to those noted in gni:aals exposed to blast of threshold severity.
Intermediate and severe blast conditions may show minimal lung hermorrhage or marked
bleeding, the former perhaps Lacause the animal dies betore hemorrhage can occur and the
latter because severe hemorrhage continues fror- the Jamagad vessels. 8o far as the authors
are aware, Kilbs*® in 1909, working with dogs, was the firat to Aescrbe Lilateral lung
hemorrhage following a biow to the lateral thoracic wall administered with a wooden hammer.
Ot course, it is the occurrence of bilateral ratiier tnan unilateral pathology that is etiologically
puzzling, and one is stimulated to look into experimental data concerning the production of
lung hemorrhage.

6.3.5 Other Biological Data

Some relevant i1.formation is availabie in the literature hasic to diving, aviation medicine,
and halligtics, snd a faw of the more important quantitative facts will now/ be reviewed.

(@) Static Infratrachecl Pressures. As early as 1883 Ewaid and Kobert!! reported that a
pvessure of 35 mm Hg (0.68 psi) applied statically to the trachex of removed lungs was #ffi-
cient to cause the escape of air from the alveoli into the pulmonary capillaries. These
authors stated that, in living animals, 50 to 80 mm Hg (0.87 to 1.7 ps') was required for
damage.

Polsk and Adams*? noted three fatalities among 10 accidents experienced by naval per-
sonnel using the Monsen lung in submarine escape training. One of the fataiities involved as-
cent from a depth of 30 ft, a pressure change equivalent to 0.886 atm (13.0 pai), and ancther
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from a depth of 15 ft, equivalent to 0.442 atm (6.5 pei). These casee at autopsy showed lung
damage. Expanding gas in the lungs was suspecied us the cause of the sudden coliapse due to
air hubbles being pushed into the tributaries of the pulmcnary vein, from which they migrated
to the circulation of the heart and braln. Polak and Adams*? reported research done at the
Harvard School of Public Health in an attempt to clarify the problem.

Employing heavily morphinized dogs, these authors definitely proved that 80 mm Hg (1.55
psi) applied statically to the trachea of the living animal would cause lung hemorrhage,
emphysema, and rupture of the lung. These findings were accompanied by the appearance of
gas in a carotid-artery air trap after the intratracheal pressure was releaged. Binding the
chest and abdomen prevented this, Therefore the authora concluded that pressure and dis-
tention were the critical factors for producing lung damage and air emboli. They further
showed, as have other authors, that the route taken by arterial zir was influenced by gravity
(body position), that gas in the arteries of the orain or heart could be rapidly fatal, and that
recompresaion o near 3 atm (45 psi) was often successful in saving animals.

It {s well here to point out that gaseous emboli have been cited as at least one prominent
cauge of dexth in animals exposed to HE blast (references 1, 3, 6, and 13) and that compres-
sion after exposure has been successful in saving animals otherwise fatally injured.!-?

The work of Polak and Adams supported the findings of previous workers, ~ne of which
was Lilienthai,* who reported the production of emphysema in a patient under anesthesia by
{nflation using 6¢ mm Hg (1.2 psi), the figure usually regarded as critical for humans without
an extrathoracic support.

With regard to support of the pressurized chest, Henry" has cited expertments and refer-
ences which gave rupture pressures for the lungs of varicus mammals (mouse to stecr) of
about 50, 80, and 160 mm Hg (0.97, 1.L5, and 3.1 psi) for the open, closed, and bandaged chest,
respectively, Thue measures that minimize distention of the lung about double the tolerance to
a atatic rise in intratracheal pressure.

Joannides*® ard Joannides and Tsoulos®® laced the intrabronchial pressure at from 80 to
100 mm Hg (1.2 to 1.2 pai) for the production of arterial air embolism snd lung damage in
dogs. Furthermore ''egr -3 stated that they demonstrated that air could pass the
alveolar-capillary .. .<: without detectable damage, gross or microscopic, to the alveolar
wall. This implication that air can pass into the blood without detectable local damage, in-
ciuding hemorrhage, is an interesting and important observation in view of the deaths noted in
some blasted animals in wirich significant lung findinga are minimal or absent.

(b) Dynamic Transthoracic Pressures. A number of interesting experiments involving
the association of nonstatic transthoracic pressures with pathophysiological damage are of
interest. These will now be biriefly noted.

(1) Ballistics Studies. A few measurements of internal pressure variations during and
after the impact of high-velocity penetrating missiles have been made by Harvey*' and Harvey
et al.* during studies of the mechanism of wounding by such missiles. Apparently, tissue
damage outside the path of the bailistic body can be quite inarked and widespread. The
pathology ie associated with the great radial velocity imparted to body fluids and tissues and
with the appearance of often large cavities that may pulsate and create sharp variations in
pressure. These variations in pressure may be transmitted to gas-containing organs of the
body and thus cause damage far removed from the track of the missile.

Harvey et al.,* using high-speed photography and tourmaline crystals to measure pres-
sure, showed that air-containing balloons placed in a cylinder of water oscillated in size with
variations in hydrostatic pressure during and after the passage of a high-velocity missile
through the cylinder of water. Crystals placed in the stomach of a cat showed gimilar, but
damped, oscillations in presgsure when the animal was shot through the lower abdomen. A
spike on one of the records was noted as the shock wave passed. This was in excess of 65 psi.
The overpredsure was followed by a negative pressure of near 20 psi enduring for about 2 to
3 msec. The negative preasure corresponded in time to the expansion of the temporary cavity.
After the negative pressure phase, a positive spike occurred 3.5 msec after the initial shocik
front had arrived. The second spike revealed a pressure of 45.9 psi but showed a total pres-
sure change of about 85 psi (from — 20 to + 45 psi). The rige time of the second spike was be-
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tween 1 and 2 masc. After the second spike, preassure oscillated for 5 to i0 msec about the

ambient. These oscillations were thought to be due to pulsation of g2s pockets in the intestines.

Harvey et al.’! loter mounted frog hearts and loops of intestines iu a cylinder of water
through which high-velocity missilea were passed. The wcorkers established that:

1. The tissues studied were not damaged oy shock waves of 'iundreds of atmospheres of
pressure,

2. Damage to tirasuee from the particle velocitv of the water was marked but did not
occur if organs were mounted at a distance {rom the cavity,

3. Air-containing tiszues (intestinal ioops and {r.g hearte in which air was introduced
with a needle) could be markedly damaged by stretching d.e to the «:-batmospheric preasure
apsociated with cavitation, i.e., damage was due to ¢ relativoi~ o2, long-’eating negative
pressure ca2using expansgion of tissue gas pockets (measur~d in mi'liseconds) rather than to
the relatively short high presaure of the shock wave {measured in microzecnadal.

Thus the ballistics work of the Princeton group has pointed out ::n¢ mechanism whereby
dsamage can occur to the air-containing tiasues of the body when tie» latte: are lvcated at 2
distance from the original trauma. These facts deserve serioug consideration by those who
would undersiuind the etiology of blast damage, a situation that also involves marked damage
to air-containing tissue.

Other data .n point are those of Daniel,*! whe showed that bilateral lung hemorrhage could
be caused by a high-velocity missile wound of the soft tissue of the dog’s shoulder, conditions
being such that the missile did not enter the chest cavity or tear the pleura. Also, the verk of
Klubs*® and of Henry et al.’? showed that bilateral hemorrhagic lung damage could be caus.d
by local unilateral trauma to the chest wsll,

Whether or not a blast wave and high-velocity winds can dynamically load an animal to the
extent that cavitation will occur (separation of the parietal ard visceral pleurae, for instance)
is an open question. However, that some mechanism may be of etiological importance is a
possibility worth investigating intensively.

A racent excellent study by Clemedson™ is most applicable. Using a barium titanate
transducer, pressure-time phenomena that occurred inside the body of a rabbit exposed to
blast were recorded. Curves for the brain, abdomen, thorax, and muscle were shown. The
most noteworthy finding wus the proof that intrathoracic pressures are composed of both
poaitive and negative components., The data do not allow a statement as to whether it is the
positive or the negative waves that damage the lungs, but the existence of the negative wave
certainly opens up the possibility of damage by a cavitation-like mechanism similar to that
described by Harvey in his ballistic studies.

Whatever the mechanism is, it is well to refer the reader to the very informative recent
paper of Armstrong et al.*® in which the pathology produced by blast, rapid decompression,
and impact deceleration was briefly reviewed. One of the very interesting statements to be
found in the paper (also mentioned by Clemedson?®) concerns figures atiributed to Penney and
Bickley,'* who, after analyzing unpublished blast data provided by Zuckerman, proposed that
the lungs of 2 man or animal would be severely damaged if the “‘chest walls were flung in-
ward with such accelarstion that they acquire a velocity of 20 meters/sec (65.6 ft/sec) in
half & millisecond or less.”

We have found the 20 meter/sec tigure intriguing because of unpublished experience with
nonpenetrating missiles impacted against the thoracic walls of anesthetized dogs. Figure 6.26
shows ai analysis of photographic data on one such experiment. A 33.5-1b anesthetized dog was
struck on the right mid-lateral chest with a 0.433-1b cylindrical missile 2.75 in. in diameter,
Impact velocity was about 158 ft/sec, and 0.5 msec after impact the missile, and presumably
the chest wall, wag moving at a velocity near 88 ft/sec (25.9 meters/sec). The lungs of the
animal were severely damaged bilaterally when sacrificed 0.5 hr after injury.

Thus it would appear obvious that sooner or later someone will succeed in quantatively
“marrying” dats describing blast impact with values defining other forms of trauma whether
these involve ncnpeneirating missiles or decelerative contact with the ground or a water sur-
face.

Data of some relevance in animals were noted by Stewart, Spells, and Armstrong," who
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reported that guinca pigs impacied at ?5 ft/sec against u water surface were killed, the lungs
showing localized hemorrhagic legions. Whether or not this is the minimal velocity for

iethality was not gtated, but some of us* have participated in experiments to determine the

height of drop and impact velocities ne vsary to fatally injure guinea pigs (within 1 hr after

impact) when the animal is allowed to * i, vantral surface down, onto a concrete surface, The ‘
velocities for 50 and 100 per cent { " - y were near 32 and 35 ft/sec, respectively. i

{2} Resuscitation Studie- ¢ >3’zrd® end Goddard et al.’" have reported the use of man-
ually operated, mask-equipped resuscitatorg in clinical and laboratory studies involving new-
born infants, both full-term and premature. The resuscitator delivered a nearly square-wave 4
pregsure pulse (rise time, about 0.1 sec; time at peak pressure, 0.1 {0 0.2 sec) endur!ng for
from 0.3 to 0.4 sec., Pressures (measured at the mask) at 2 maximura of 22 to 44 mra He (0.43
to 0.85 psi) have been employed clinically in resuscitation without damaging tha lungs. How-

ever, at pressures above 59 mm Hg (1.14 psi), applied in fresh infant cadavers, interstitial

emphysemsa was noted, and rupture of {he lungs occurred at pressurées sbove about 70 mm Hg

(1.3% pei). The work of the Albuquerque group i8 one of the few instances in which quantita- '

tive pressuro-time data have been reported for <onditions involving repeated puising pres-
sures applied through the trachea of human infants, although Day et al.*® have published ex-
periments with human as well as animal jungs,

(3) Aeromedical Data. Scme aeromedical publications, in 2ddition to these of Luft,®® Luft
and Barcroft,® and Stapp®” previously ailuded to, are worth brief comment.

The first concerns a report by Stumm®® which deacribes the exposure of a chimpanzee to
wind bizat on the rocket sled at Edwards Air Force Base. Mach i velocity was reached. Ram
preasures calcula‘ed as stagnation pressures (NACA Standard Atmosphere} amounted to 13.0
pst {compressibie adiabatic). The animal survived, ut suffered travmatic eniphysema as
evidencad by postrun chest signs and the presence of paipable crepitation in the neck above the
clavicle.

Reccently ¥Megenwald and Blockleyt® discussed a near fatal accident {nvolving supersonic
ejection (Mach 1.05 at between 5000 and 7000 1t). Ram pregsures survived by the teat pilot

were in the order of 9 ps! incompregsible or 14 psi compressible adiabatic. Although most of
the pathology noted wzs attributed to g loading, the study does indicate the survival of a2 humsan
exposad to fairly high pressures, the duratinns and cacillations of which unfortunately are not
known.

Stapp’s*! work on dezleration of humansa i3 of value hecause (he data establish the biologi-
cal importance of rate of loading. The force withatood by voiunteers riding a rocket sled was
that of declerstion when the body was supported with shoulder harness and lap belts. Between
35 and 40 maximnl g was tolersted. However, the occurrzuce of no difficulty, mild shock, and
definite shock (with syncopu) was associated with rates of application of force of 281, 1170,
and 1570 g/se:, respectively. Near 40 g applied st the rate of 331 g/sec, on the other hand,
produced conjunctival and retinal hemorrhage and mild signs of concussion.

Bimilar experiments in animals have documented the pregence of lung lestons that in all
probability ars related to a vise (n pressure inslde the lung due to the {lattening and deforma-
tior of the chest produced by the choulder straps. Since a deformity due to overpressure and
windsge may occur in blast expoaure, une Lan expect similurides to develop between the en-
vironmaental load factors in blast and in local irguinz as research develops. What is needed
among other things 1z the measurement of irtrathoracic or tran@thorscic pressures in ani-
mals subjected to thoracic trauma {rom !mpact with solid objects and {rom 2ir-bor:ze blast
phenomena,

The vtility of experiments invoiving trrnsthoracic pressures associated with rapid de-
compression har deen aliuded (o previcusly. Because the falling plias? and the underpressure

*Donald R. Richmond, 1. Garald Bowen, Clayton 5. White, and Faith Sherping.
1The authors are indebied to W, V. Blockiey tor kindly supplying a preprint of ‘he paper
presented at the araual ineeting ci the Asso Medica! Asaoriation on 17 April 1938,
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of blast-produced pressure variations may well be critical biologically, particulariy t~; long-
duration pulses (0.5 to 2 sec), a few additional quantitative figures will be cited.

Doring*? in 1941 subjected himself to rapid decompression from 10,000 ft (523 mm Hg or
10.1 psi) to 40,000 ft (141 mm Hg or 2.7 psi) in 0.2 sec while holding his chest in the maximal
inspiratory position without closing the airway. Severe substernal pain was the first noted
sensation, followed by numbness and inability to use the right arm. Blurriag of vision was also
noted. Several minutes after recompression the cerebral symptoms abated, leaving a feeling
of nausea and extreme weakness.

Other cases showing signs of cerebral air emboli and lung damage have been described® ¢
under conditions shown in Table 8.13. The table also shows data from Darlng," conditions
existing for a human fatality,* and the most rapid experimental decompression of a surviving
human known to the writer, %

Table 6.13— AEROMEDICAL DECOMPRETSION DATA FOR HUMANS

Initial Final
No, of  altitude, altitude, Initial pressure Final pressure Differential, Decompression
cases ft ft Mm Hg Psi Mm Hg Pai psi time, sec
1 10,000 33,000 823 1.1 196 3.80 6.3 0.2
2 8.000 31,000 564 10.9 214.4 4.2 6.7 0.5
1 8,000 30,000 864 10.9 226 4.4 6.8 0.5
1 10,000 40,000 523 10.1 144 2.7 7.4 0.2
1 8,000t 30,000t 864t 10,91 226t 4.4t 6.35¢ 1.25%
14 68,3758 33,0004 6004 i1.6¢ 1964 3.80¢ 7.8% 0.2
*Fatal.
t Approximate.
$ Measured.
§Experimental,

At autopey the fatal case mentioned above showed the presence of gas in the heart chambers
and in abundance throughout the circulatory system. Air embolism of the coronary circulation
was considered the cause of death. The rise in pulmonary pressure w.s thought to be asso-
ciated with breath holding or sume other maneuver which occluded the airway.

On the other hand, Luft® has experimentally exposed himself to rapid decompression
through about an 8-psi differential in 0.2 sec and measured the esophageal pressures with an
indwelling pressure transducer (Gauer). The chest was voluntarily splinted —to minimize
alveolar distention—and recordings were made of the decreasing pressure in the chamber
and the pressure changes in the chest as reflected by the esophageal pressure reading. The
latter maximally showed i transthoracic preasure of 100 mm Hg (1.9 pai).

Whatever the future may show in the way of relation between the biology of decompres-
sion and blaast, the common finding of coronary air emboli in both instances, along with the
rapidly fatal consequences of air in the coronary vessels receni:y studied by Geoghegan and
1lam,® are potent arguments for an etiologically similar mechanism.

{c) The Ear and Blast. It is probably accurate to say that the parameters of blast-pro-
duced phenomena which ave critical for rupture of the human and animal eardrums are not
known. Neither is the mechanism in play completely understood. Meade and Eckenrode® have
reviewed the literature recently; therefore only a few additional remarks are justified here,
and these, for the most part, cite additional reference material.

The 1908 paper of Zalewski‘' is probably the classic work on the resistance of the human
eardrum to pressure, Working with fresh cadavers, the author applied pressure through a
tube sealed in the external auditory meatus. Because the data are not widely known, Table 6.14,
summarising Zalewski's data, has been compiled and is presented here. For 50 males and 52
females (111 cases) there was little difference noted between the sexes. Combining data for
both males and females, the mean value for tympanic membrane rupture was 120.9 cm Hg
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Table 6.14— PRESSURES APPLIED TO EXTERNAL AUDITORY MEATUS
REQUIRED TC RUPTURE TYMPANIC MEMBRANES OF FRESH CADAVERS
(Tabulated from the Data of Zalewski®')

O AN ... -

Pressures required to rupture tympanic
membranes of cadavers

A T ¥ oy -vkummmmm*w E g oa SLA L eNS

Type of o. of Age, Minfmum Maximum Mean

cadavers cases years CmHg Psi Cm Hg Psi Cm Hg Psi
Human male 10 1-10 108 20.9 223 43.2 172.3 33.3
8 11-20 43 8.3 163 31.5 121.2 23.4
6 21-30 92 17.8 135 26.1 111.3 21.5
12 31-40 33 6.4 153 29.8 99.0 19.1
5 41-50 93 18.0 113 21.9 100.4 19.4
6 $1-60 85 16.4 198 38.3 123.3 23.8
7 61-170 11 10.6 163 31.5 90.9 17.6
5 >70 98 19.0 137 26.5 113.8 22.0

Total 59 Average 118.8 23.0 [
Human female 9 1-10 125 24.2 212 4.0  170.2 32.9

7 11-20 L] 6.0 228 44.1 142.4 27.5 '

9 21 -.0 79 15.3 123 23.8 101.0 19.5 H

5 31-40 100 19.3 183 35.4 140.6 21.2 ;

, 6 41-50 87 16.8 163 31.5 113.3 21.9 ]
: 6 51 -60 70 13.5 118 22.8 93.6 18.1
7 61-10 28 5.4 133 28.7 103.3 20.0
' 3 >10 84 16.2 118 22.8 99.6 19.3
Total 32 Average 123.1 23.8
Human msle 19 1-10 108 20.9 238 43.2 111.2 3.
and fomale 15 11-30 LTl 6.0 228 44.1 131.9 5.4
x 18 21-30 1 18.3 183 29.8 105.2 20.3
17 31-40 3 6.4 183 8.4 111.1 2¢.5
i 11 41 -850 (Y 16.8 163 s 107.5 20.8
12 5160 70 13.5 198 383 110.2 21.3
14 61-170 28 5.4 163 iS5 9.1 18.8
] >10 (V) 16.2 137 265 108.5 21.0
Total 111 Aversge 1208 23,4
Dogs 10 'Y 9.4 118 22.8 11.2 14.9




(23.4 psi) with a range from 28 to 228 cm Hg (5.4 to 44.1 psi). There was, however, evidence
that aging was a factor in eardrum failure suggested by the fact that the average pressures
for failure for the age groups 1 to 10, i1 to 20, 21 to 50, and 51 to 75 years were 171.2, 131.3,
112.8, and 104.4 cm Hg (33.1, 25.4, 21.8, and 20.2 psi), respectively.

Perlman®® in an interesting study states that human eardrum failure can be expected be-
twee 1 200 and 400 mm Hg (3.9 to 7.7 psi), but Dziemian et al.* cites 10 to 22 ps! as the pres-
sure required for failure, although Corey’ suggests that pressures in excess of 7 pst are re-
quired. On the other hand, Schubert,” using normal membranes of cadavers, found rupture be-
tween 532 and 1292 mm Hg (10.3 to 25.0 psi). Membranes with atrophic scars ruptured be-
tween 304 and 380 mm Hg (5.9 to 7.4 psi), and Schubert placed 160 mm Hg (3.1 psi) as the safe
pressure,

Zalewski also cited data obtained on 10 dogs using the same method employed for the
cadaver investigation. The mean pressure for eardrum rupture was 77.2 cm Hg (14.9 psi) with
a range from 47 to 118 cm Hg (9.1 to 22.8 psi). These values are lower than those found in the
present study, which perhaps is not surprising since the latter were blast-produced pressures
and those of Zalewski were applied relatively statically.

For a recent review of work dealing with the tolerance of eardrums to pressure and de-
compression, the reader is referred to the excellent work of Hoff and Greenbaum."

(d) Blast Pathology and Environmental Factors as Relate.” to the Etiology of Blast Injury.
Although blast pathology has been well reviewed by Clemedson, 28 Deuga,' Benzlnger,'
Réssie,® Schardin,?’ Armstrong, et al.,'® Meade and Eckenrode,*® Fuiton,™ and Draeger et al.™
and in a paper by the National Research Council,? it 1s well here to summarize a few facts that
are of considerable aid in formulating a “feel” for the eticlogy of blast pathology. Initially, it
is well to state that the causes of death frcm blast are varied and that the etiological mech-
anisms in play are not well understood, particularly in those instances in which the mammal
succumbe quickly with little in the way of positive pathological findings to clarify the situation.
The critical reader will appreciate the difficulties as the discussion proceeds.

{1) Pathology. For many years it has been known that animals and humans exposed to
blast may die within a few minutes and show nc sign of external damage except, perhaps, &
blood-stained frothy fluid at the nose and mouth, Others will live several minutes to houras
with signs of increasing respiratory distress. 8till others may succumb alter hours or days
during which signs of focal damage to the nervous system exist (references 1 to 6, 8 to 10,

17, 2317, 28, 53, 70, and 73). Post-mortem examination of the animals dying from exposure to
blast have revealed that for a general rule the tissues most susceptible are those containing
air, the lurgs and gut in particular, and those areas in which there is a sharp diiference in
tissue density, such as muscle and bone, the heart, and the overlying lung. In more detail,
attention is directed to the following major findings:

1. Contused hearts of severe encugh nature to have caused heart failure in some cases —
the commotio cordis of S8chlomka (quoted iy Benzinger,' Desaga,’ and Rissle.’

2. Arterial air embolism involving at least the corcnary and cerebral arteries of a high
percentage of animals exposed to lethal HE blast both in air and in water — Benzinger,' Desags,!
Rbssle,’ Schafer (quoted by Benginger'), and Clemedson.'®!* In four human blast fatalities air
embolt were found as follows: (1) coronary and meningeal arteries in one case and the heart
of another — Bensinger'; (2) cerebral vessels in one case and of the coronary and renal arter-
ies in another —Kloos quoted by Bensinger.

3. Fat embolism — Hooker* and Robb-Smith.™

4. Various degrees of laryngeal, tracheal, and pulmonary hemorrhages, which ir the last
instance vary from small focal areas to lobes and entire lungs with major bronchi full of fluid
and clotted blood (references 1 to 6, 8, 8, 17, 28, and others).

8. Varying degrees of pulmonary edema (references 1 to 6, 8, 9, 17, 38, 73, 76, 77, and
others).

6. Rupture of the lunge involving emphysematous lesions, subpleural bledbs, and produc-
tion of pneumothorax (references 1,32, 5, 6, 8, 9, and 17).

7. Perforation and rupture of laceration of abdominal organs, particularly those con-
taining air (references 1, 2, $, and 6).
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8. Sinus and middle-ear erythema and hemorrhages.' '
9. Ruptured eardrums and disruption of the ossicles of the middle ear." 7
10. Inconsistent reports of hemorrhage and softening of the intracranial nervous tissue as
well as hemorrhages and contusion of the spinal meninges and spinal nerve roots (references
1, 3, 5, 6, and 55).

(2) Causes of Death. Primary causes of blast death, other than total disintegration of the
body, thus far described have included heart failure, suffocation, and fatlure of nervous func-
tion. S8econdary causes, which will not be considered further here, have involved posttraumatic
contusion pneumonia, perforation peritonitis, trauma from missiles, and injury subsequent to
displacement.

Heart Failure. The primary factors meniioned apove deserve further discussion.
FPractically all experimentalistsa working with blast biology have reported a fall in blood pres-
sure often associated with slowing of the heart, which has been distinguished from the terminal
fall of blood pressure associated with circulatory or respiratory failure. As far as blast is
concerned, there can be at least four possible causes of a fall in arterial pressure:

1. Commotio cordis, which may reduce cardiac activity or cause frank arrest (references
1,3, 6, and 28).

2. Coronary air embolismr, which may give the picture of right or left heart failure and
may be temporary in nature or produce rapid failure (references 1, 3, 6, 13, and 28).

3. Biast reflex of the vagus, which frequent'y causes reduced coronary activity secondary
to hypotension, and bradycardia, which can be minimized by bilateral vagotomy':*:* and avoided
by also anegthetizing the carotid sinus region.!’ The effector crgan of this reflex is the heart,
but the senaing level of the reflex is obscure. It could arise centrally because of damage to
the vagal center from concussion or air emboli, from the heart itself due to anoxia from what-
ever cause, from a rise in the pressure of the pulmonary artery, or from pressure receptors
in the lungs and pleurae. Schaefer in 1944, quoted by Benzinger,! measured the right heart
pressures in blast and found inconsistent rises and did not think that heart failure could be
associated with this factor. For further details the reader is referred to the recent review of
Clemedaon.'

4. Mechanical blocking of the pulmonary circulation from hemorrhage and edema.

Many investigators huve documented eiectroeardiographic evidence of coronary anoxia,
heart block, and fibrillation in bizsted animale and humans. No doubt some animals die of
direct trauma to the heart, commotio cordis. These die aimost immediately and perhaps be-
fore coronary air embolism has time to develop.! EKG evidence and failure to find air emboli
in some animals (although this does not prove the nonexistence of the latter) help support this
conclusion.! Benzinger,' however, believes commotio cordis as a cause of death ia relatively
rare in blast —five of 35 fatalities in one series of animal experiments.

It {s known that a careiul search done fairly soon after blast with a suitable technique must
be made if arterial amboli are to be visualized If they do exist in the coromary circulation as
a significant cause of death and heart failure, a large percentage of positive post-mortem find-
ings would be expected. Indeed, the literature containg such evidence as shown in Table 8.185,
compiled from Bens!nger,' Rissle,’ and Desaga.’

Animails that die gquickly have a higher incidence of coronary smbolism than is shown in
Table 6.15, which includes all animals dying. Rissle,’ for instance, quotes the data of
Benzinger' to show air emboli in 11 of 12 animals dying quickly in underwater blast in one
series and five of five animals expiring rapidly in arxother series.

Animals given experimental coronary air embolism have been saved by subsequently
pressurizing the animals.!'® If coronary air emboitum were a significant cause of death,
postdetonation pressurization could be expected to r.void fatality in animale exposed to other-
wise lethal biast. Benzinger' saved a dog exposed tu fatal underwater blast by such a proce-
dure. He nloo demonstrated the appearance of anoxic EXKG findings which disappeared with
pressure as the rnimals recovered. Clemedson,'’ using rabbits subjected to fatal air blast,
has recently confirmed the findings of the German workers by demonstrating the therapeutic
effectiveness of pressuri: ition to 4 atm and by visuxlizing air embol! during post-mortem
examinations,
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Table 6.15—ARTERIAL EMBOLI IN ANIMALS AS A RESULT OF BLAST

Type
No, of coronary No. of cerebral of

Author No. of animals air emboli air emboll blast
Beazinger! 18 dead 11 s Alr
7 sacrificed for autopsy 0 3 Atr

24 dead 19 8 Water

13 sacrificed for autopsy 0 0 Water
Desaga (quoted by Rissle") 23 dead 17 Alr

Thus it seems necessary to conclude as others have (references 1 to 3, 6, and 13) that
coronary air emboli are the cause of the majority of blast deaths attributed to rapid failure of
the heart. Animals that either do not have coronary air embolism or reccver from it live to
face the hazards of pulmonary edema and hemorrhage and damage to the central nervcus sys-
tem, as well as the immediate and late effects of injury to the abdominal orgars.

Suffocation. No doubt some blasted animals succumb to suffocation due to pulmonary
edema and continuing lung hemorrhage. However, a tremendous amount of lung hemorrhage
alone can exist without jeopardizing the function of the rc¢latively amall amount of lung tisave
neceded to survive (references 1 t0 3, 5, 6, 8, 8, and 17). Cassen et al.™ cite evidence obtained
in mice that hemorrhage from torn pulmonary vessels is limited to about 15 or 20 min by a
protective vasoconstriction. They show, too, that protection of the head of the animals with a
metal shield reduced lung weights compared to those determined on animals whose chests
were protected with a similar metal shield. The authors suggested that the added eiffect of
head trauma may prevent reflex vasoconstriction initiated by a central mechanism and thus
favor the continuation of pulmonary bleeding and edema formation,

Anather {inding of the California group" is the reappearance of postexposure lung
hemorrhage (minimized throughout the duration of pulmonary vasoconstriction) in heparinized
mice, which they feel is due to the prevent!sn of clot formation during the postblast period of
vasoconstriction. These facts added together .ielp explain why blast cases do not do well if
they move about much after exposure, i.e., increased circulation and elevation of blood pies-
sure would not favor clot formation o1 inight well dislodge clots already formed if the exer-
tion were sufficiently severe.

Whatever may prove to be the true incidence of death by suffocation, it can be said that it
will be « relatively delayed fatality except in those instances where there is faliure of a major
large vessel with very rapid filling of the pulmonary airways or a rapldly aeveloping pulmon-
ary edema secondary to left heart fallure. For the sake of completeness it should be men-
tioned that fat emboll lodged in the pulmonary capillary bed might contribute to edema Icrma-
tion by obstructing the circulation, a quite plausidble circumstance, althoughi there is iittle evi-
dence to indicate what might be the incidence of such {indings.

Failure of Nevrous Fuaction. The cliniral picture of blast death in many animals and
man leaves no doubt but that damage to the brain has occurred. This could be from arteriai
air emboliam or from head trauma (commotio cerebri). Also, there is the possibility that the
sharp rise in venous pregsure occurring with rapid squeezing of the animal's trunk may de
transmitted to the intrac-anial tissues via the grect veins of the head and neck, a mechanism
suggested by Young.™

It is doubtful that a primary effect of overpressure on the head causes damage for reasons
which will appear below. It appears that striking the head (missiles or displacement) may be a
significant cause of death in some czses, but that, other thar this, central nervous system
pathology must arise from embolism. Certainly, all types of bizarre symptloms do occur, and,
if a vital center is involved in the embolic process, death may Quickly ensue.
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{3) Significance of Variation in the Expevimental Environmen!. One older theory von-
cerniug the cause of blasi death assumed that a wave of overpressure passed down ihe trachea
and hence overdisterded the lunge. To test this and gain additional useful information, the
German ana Engiish workers performed a number of illuminating experiments. These, aiong
with findinge of American scientists, are presented below.

Animals pilaced inside steei boxea, except for their heads, survived an otherwise fats.
detonation (references 1, 8, 9, and 17). Head and neck injury did not occur if the neck ‘was

padded and thue prevented {. om being banged against the end of the steel bux (references 8, 9,
and 17).

Apimals piaced inside steel boxes but with a tracheotomy tube protruding and pointing
directly toward the origin of « close-b: detcnation were not damaged signiiicantly.! Also,
animals exposed und<ci fal.l conditions with a tracheotomy tube containing a filter to damp the
blast wave were killed as readily as these with no such tracheal obstruction.’

Animals iminersed head down in water to cover only the chest and thern c¢xposed to an
underwater expics:on showed damage only to the chest but 412 cxnibit signs of central nervous
system origin. Those immersed ta:. dowr wit: thec nead and chest out of the water revealed
only abdomtnal pathology.’

Anima'!s bound wil, th..: piaster of Paris bandages to prevent any gross overdistention of
the che=t and abdoininal walls were still fatally 1njured.‘ However, if the cover of the body
were rigid enough or suitably constructed, some protection was definitely obtained (references
1,3,8,9, and 17).

Ceutral nervous focal signs appeared in animals blasted when the head was not exposed,
e.g., an animal immersed to the neck near an underwater detonation.!

Pneumothorax (Desaga, quoted by Benzinger') gave considerable protection to the lu-.gs.

A metal digk teped to the side of the thoracic wall of an animal exposed to blast in a shock
tube resuited in a hemorrhagic image of the disk on the lungs.™

Animais exposed close to small chargea of HE showed more damage to the lung on the
side closest to the explosion. At greater distances damage was independent of o. ientation of
the animal, i.e., windage effects were seen only close tc HE charges (references 8, 9, and 17).

The lethal ¢* ‘tance Zor an animal from a 100-kg charge was decreased from 7 to 4.5
meters (23 to 14.8 ft' by shizlding the animal from the wind of the explosion by an earthwork.'

The dist...ce from a charge, detonated in air, which marked a lethal region for dogs in
which al! the dogs died was reported to be a very closely defined area.’ Just outside the lethal
region w .8 a circular ring no wider than 0.5 meter (1.8 ft); this ring delineated a “critical
zone” in which sbout 50 per cent of the anima!ls died. Yet outside of this zone a circular re-
glon sbout 3 to 4 meters (0.8 to 13.1 ft) wide marked ar “injury zone” in which animals seemed
nuormal in appearance and behavior but, when sacrificed and examined, often had rather severe

interng) irjuries.?

Liologica) dazaage can occur in relatively closed places when overpressures and under-
pressures are not associated with the presence of a demonstrable shock front preceding or
asgociated with the varigtions in presgure ({leld experience of the authors).

In closed places very low gve.gresgures may be damaging to snimauls; for the rabbit,
small punctiform lesions of the lungs have veen noted with HE in the open when the pezk over-
pressure was about 7 psi but have occurred at one-tenth this pressure in contined places.?

A tunnel effect noted in subways that were used as blast shelters duving World War II
apparently war associzted with the lethal transm.ssion of blast waves at relatively great dis-
tances from explosions, i.e., the biast wave was confined and able to propugate its energy in
only one direction and the-~fore was diseipated more alowly with distance.!

Evidence is available which suggests that the rate and magnitude of pressure rise and the
occurrence of stepwige rises in pressure or progressively oscillating pressures (mult'ple
przssuie puises) may all be critical (reference 29; aiso, the present study and the previous
field experience cf the authors).

From the above information it can be concluded, 28 did Hooker® (in 1919) and others
(references § to 3, 5, 9, and 17), that exposure of ti:e trunk of the animal is critical to primary

blast damage and that for HE blast (air or water) it is the impsact of the pressure wave against
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the chest and abdownen that {g esasential to internal damage. In addition, it can be said that the
particle velocity (wind) agsocianted with a blast wave can add a great deal ¢o the load on the
animal. Also, it is obvious *hat a careii! analysis of variations of the several physical param-
eters of blast phenomena in relation to biological events is indicated. This is eapecially true
for (1) relatively slow-rising pressure {ronts, particulaily when multiple-pulse and cscilla-
ting pressure variations arc involved, and (2) long-durztion pressure phenomena for which the
falling phase of the pressure, including the underpreasure, ig likely o be of biological sig-
nificance.

{4) Physical Fzciors. Enough has been said in previous sections about blast phenomenz
in relation to biological damage to justif~ & few concise statements in the way of 2 summary.
It is clear that:

1. The duration of a aingle HE pulse can markedly infivence the magnitude of the maxi-
ma! static overpressure associated with fatality.

2. The neak HE-produced locai static overpressure needed for biclogical damage de-
creases ar the durztion of the single pulse increases up tno about 12 msec. No dala of precise
quaniitative nature are available beyond this duration,

3. Peak pressure, momentum, and impulse, associated with the primary pulses of air and
undzrwater blas* waves, cannot now be regarded as reliable indications of expected pathology
if multiple pressure loading cccurs and if the overpressure dura’ on is relatively long.

4, Wind loading is of considerable importance.

5. The cccurrence of atepwise pressure rises, asgociated witi repetitive or oacillating
pulses, may ke respousible for biological damage under circumstances in which the pressure,
momentum, and energy of the primary or initial nressure load appear to be of minor {m-
portance.

6. Very little i8 known about the biological effects of relatively siow-rising pressure
phenomena, particularly those agsociated with multiple increases in pressure associated with
overpiressures measured in hundreds of milliseconds or seconda rather than in a few milli-
secorids,

7. Such pressure-time phenocmena are the rule in reasonably well-designed but ¢pen blast-
protective gheiters.

8. Experience to date indicatey that the raie at which the pressure load develops is of
biological significance.

9. The time characteristica and magnitude of primary and secondary pulsea in relation to
the natural period of critical bio'ogical systems may be juite docigive and deserves further
atudy.

10. The internal geomeiry of a blagt-protective ghelter ig critical, &.g., in long tubular
geometry, significant lung damage in dogs has been zasc:lated with maximal wail static
ovarpressuras as low as 12.% psi, whereas, {n “square” geometry, inaximal wail overpressures
over fivefold have been tolerated by dogs shuwing little or no lurg pathology.

11. A method for correlating environmental variaticas produced by large-scale exploaions
with biological effects is not available even for the animal target, not to mention the human
case.

Buch facts are quite puzzling, at least to the authora, and any attempt tc understand the
problem requires close gcrutiny of data dealing with the physical charactexistics of shock
phenomena. In the light of the preceding material a publication by Schardin®' has considerable
meaning, and sotae of his thinking has been referred to earlier in discussions of pressure and
momentum as they apply to “destruction” curves for physical and biological targets.

At this point the writers wish again to draw upon the knowledge of Schardin®' and pcint out
in the discussion below the effucts of inertia, spalling, and implosion phenomens as they may
influence the interpretation of biclogical blast effects.

Effects of Inertic. I two interconnected masses of different denuity lying sido by sida are
struck ty a shock front and by the foilowing overpressurs and wind, each mass impelled by a
force related to the magnitude of the reflected presrure begins to move., The lighter mass will
gain velocity faster than the heavier, and shearing forces will develop which may tear ur rup-
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ture the union between the maeses. An example is the often seen hemorrhages along the line
of the union of the ribs and the intercostal muscles of an experimental animal exposed to blast.
Btatic loading to pressures much greaier than those associated with blast waves doea not pro-
duce this effect. Thus a static load is not inertia sensitive. Dynamic blast loading is, and
much of the internal damage can be attributed o this kinetic factor.

Spalling Effect. Schardin®! has written of another effect of the “discontinuous front of the
shock wave,” namely, the spalling effect. Apparently, if & shock wave is transmitted from one
medium to another, the densiiica of which vary, a reflection wave that travels back into the
first medium occurs at the interface. This wave is a suction or negative wave and will cause
considerable internal stresses if the shock froit travels from a more dense to a less denge
medium, as pointed out also by McMilien and Harvey.* Schardin®’ cites the example of pre-
ducing & shock wave in the center of a glass plate with a small explosive charge. At detona-
tion a shock wave moves toward the rim of glass faster than the fragmentation cracks propa-
gate outward from the detonation. Ag the shock wave reaches the rim and attempts to move
from the glass to air, a negative or tension wave is reflected back into the glass, and the en-
tirc rim {s shattered.

A similar phenomenon is seen in the reflection of underwaier shock waves {rom the sur-
face as tension wavoe. Also, dust often spalls with considerable velocity from the interior of
unpainted conci .te bunkers f{ollowing a bomb explosion.

Implosion Phenomena. Schardin®® has, with spark cinematography, visualized events when
a shock wave traveling into a fluid meets bubbics of air allowed to trickle through the fluid
from a hose., Each bubble becomes a source of a new actonation wave with intense shock waves
emanating from each. It is said that the bubbles are implodea {: bursting inward in contrast to
exploded) and internal pressures as high as 100,000 atm can occur.’ Apoarently, since the air
bubble i8 more compressible than the water, there resclis a marked acceleraiion of the fluid
near the surface of the bubble, and water particles spall or are thrown into the gas. The
bubble undergoes a sharp decreage in volume and is therefore highiy compressed, and pres-
gures ensue which are far in excess of those of the initial shock front traveling through the
liguid.

8chardin®’ suggests that the implosion effect may be quite damaging to the air-containing
lung tissues and may be a factor in the procuction of hemorrhage and air emboli. Benzinger!
attributes the sroduction of pulmonary damage by biast to “the local effects of inertia, spalling,
and perhaps to impicsion which tear the delicate tigsues,” and “produce breaks in the inter-
face between the air gpaces and the pulmonary veins, ” He further states that, after the lung
tissue is damaged, any cause vi positive pressure in the lung wili suffice to push gir into the
blood stream, e.g., “even the pressure of oi:e laborious expiration is sufficient.”

The consequences of implosion and spalling caiinot be ignored for (1) an animal after all
is composed of & fluid medium ir which gas and tigsues of 4iffering densities are suspended,
and (2) Clemedson™ ™ has demonstrated the occurrence of pressure waves inside intact ani-
mals and in muscle tissue following exposure to shock wavea produced by explosives. Thus it
i® known that the impact of instautaneously rising predsure pulses with the surface of a biolog,-
cal target causes internal pregsure phenomena and that the tranamiseion of these pressure
waves into 2ir-containing tissues ig likely to be quite damaging indeed. An example from the
authors’ own experience can b2 cited. Animals exposed to blast phenomena in ghelters often
show spotly, but muitiple, bruising of the heart muscle which is apparent on gross inspection.
The surface involved is limited to those areas in contaci with the overiyving lung,

These facts, along witk those of Harvey's bzilistic studies mentioned earlier, suggest
that one means of biological blast damags Involves 2 very fast mechanism associated with the
kind of an external pressure icad which will cause significant prussure pulses to be formed in
and transmitted through the organism. The most sensitive regions will be those containing air,
and damage will occur through spailing and implosion phenomena.

Less dynamic pressure loxding, thoge phenomena in which the rise in pressuce is meas-
ured in milliseconds rather than microseconds, may damage predominantly 5y a mechanism
which is intermediate in cpeed and which involves inertia effects and body-wall deiormation
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in the absence of significant pressure-pulse transmission through the organism.

A yet alower mechanism may be visualized ag involving the pooling of blood and other
fiuids in the air-containing regions. Such a slow mechanism could well be associated with
fairly siow but steadily rising pressures of considerable magnitude and duration which might
well drive fluid into the chest in a manner somewhat analogeus to that involved in the squeeze
syndrome described in pearl divers.

The writers wish to make it very clear that the previous three paragraphs represent
speculation only. There is no intent to imply that fast, intermediate, and slow mechanisms are
either sharply delineated or mutually exclusive, Rather, the intent is to present a hypothesis
to guide future local research and to stimulate the thinking of others investigating biclogical
blast effects.
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CHAPTER 7

GENERAL DISCUSSION

7.1 GENERAL

The most dramatic and perhaps the most important finding of the field program described
in the preceding chapters concerns the fact that the blast pheromena produced by nuclear deto-
nations need not be a serious cause of immediate casualties even at relatively close range.

The recovery of living animals from the ground flcoi and basements of totally destroyed
houses demonstrates the utility of simple, inexpensive structures as a means of protection
against primary, secondary, and tertiary blast effects. Yet at the same time it is necessary
to point out that this investigation made no study of the possible radiation effects on animals
located in the houses.

More meaningful was the recovery of living animals from open shelters at much closer
range, as close, in fact, as 1050 {ft from a tower-detonated nuclear device with a yield approxi-
mately 50 per cent greater than nominal., The significance of this, in relation to the nominal
yields emplcyed at Hiroshima and Nagasaki, cannot be overemphasized since the overpres-
sures at ground level near the forward shelters in the present study were in the order of two-
to threefold those existing near the epicenters of the two devices detonated over Japan. Thus
the provision of blast-protective shelters and arrangements to assure their occupancy by a
maximum number of people in case of an impending explosion (minimal warning time and
drill) will serve to sharply curtail casualties resulting from blast. What this could mean to
tie health and safety of citizens of a city, county, and state needs no further scientific em-
phasis, although emphasis for other reasons is no doubt desperately needed. A question in
1 nt, of course, is: How many adequate blast-protective shelters exist in populated areas of
the world ?

Among other things, this question implies that shelters should be adequate. Broad inter-
pretation of this thought concerns problems outside the present study which, strictly speaking,
involved the biological effects of blast-produced variations in the environment. However, it is
useful and essential to develop and maintain a sound perspective for the total problem, and
environmental factors in general will be briefly diascussed below. Also, some observations
made in the field which bear on radiation and thermal effects will be mentioned briefly again.

7.2 SHELTER PROBLEM

Any structure to be used for protection against the effects of high-vield explosions should
be structurally and functionally adequate, keeping in mind the recessity of providing a total
environment that is safe and acceptable for human occupancy. In this regard it is helpful to
consider the possible environmentul variations and problems in the light of at least the
following:
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1. Environmental variations dependent upon the source of the explosion.
a. Large-scale detonations.
(1) Immediate effects.
(2) Delayed effects.
b. Other devices.
2. Environmental problems independent of explosives.

7.2.1 Large-scale Detonations

(a) Immediate Effects. Immediately following a large-scale explosion environmental
variations of considerable magnitude ensue. These may encompass radiation, thermal and
blast effects, electromagnetic radiation, dust production, ground shock, and destruction of
commonly used utilities for providing power, light, water, sewzge disposal, etc.

1t 18 obvious that appropriate specifications for use in shelter design, defining allowable
environmental limits for humans, need to be set forth. Certainly this requires the cooperation
of knowledgeable individuals and information far beyond the competence of the writers. Even
so, we wish to point out a few relevant facts from the present study.

First, animals suffered thermal injury in the forward sheiters even though the; were not
in the line of sight of the explosion, and, therefore, conventional thermal radiation cannot be
regarded as the cause of injuries. Frankly, we do not krow why the animals were burned any
more than we know the magnitude and time variation of the temperatures that existed at the
surface of each animal. It is clear, however, that those which were singed the most were in
positions where they were most expoeed to high winds. This suggests that hot gases and per-
haps hot dust, carried along with the entering gases during the fill phase of shelter pressuri-
zation, were the phenomena responsible for the immediate thermal damage. H this proves to
be the true explanation, a shelter design to delay the fill time and minimise the internzl P, .
and wind flow inside the shelter will all tend to minimige the observed thermal effect.

Second, some animals definitely exhibited radiation damage in the forward shelters.
Although this could poasibly in part have been associated with radiation exposure accumulated
during the 8- to 10-hr recovery delay, it seems highly probable that the significant exposure
occurred as a consequence of prompt gamma and neutron radiation. We do not propose to
answer this question— indeed we are not qualified to— but we certainly wish to give con-
siderable emphasis to one point, namely, that the prompt radiation levels which may have
occurred inside the sheiters were a consequence of scatter Into opeinligs, the “diffusion” of
thermalized neutrons through openings, and the amount and character of the material between
the animals and the exploding device (roof and earth cover caiculated on a line-of-sight basis)
as they attenuated and altered the gamma and neutron spectra. It perhaps is not possible to
say that radiation effects need not have occurred, but it is certainly possible to believe that
they could have been sharply curtailed had the shelters been placed deep enough underground
to provide a more adequate cover and hence more attenuation of the prompt radiation.

Third, the presen: study demonstrated that (1) the geometry and design of a shelter may
intensify or minimize inteinal pressure-time phenomena compared with those occurring out-
side a structure and (2) for large restrained animals in the geometry employed. tertiary rather
than primary blast effects produced the only casualty observed. Thus it will be necessary in
the future to investigate the relative importance of the consequences of displacement compared
with pressure effects, particularly in structures involving long tubular geometry mentioned in
the review presented in Chap. 8. It is important that large animals exposed inside such sheiters
have exhibited significant lung damage at the lowest overpressures yet noted in full-scale
shelter work.

A fourth consequence of the field investigations in blast bialogy to date concerns the
nature of the pressure-time curves that occur inside blast-protective sheiters and the blo-
logical response to such phenomena. Thus the problem is not just the biological effects of
single cr multiple overpressure-time phenomena which involve almost instantanecus, HE -1like
pressure pulses, but rather the biological implications of slower rising, multiple-pulse over-
pressures of reiatively long duration. Unfortunately, the literature ia of little help in assessing
the latter. Animal toierance is not known, and therefore there are few data on which to base
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even an “educated guess” relevant to human tolerance,

Finally, some of the animals showed signs of acute irritation of the respiratory mem-
branes apparently initiated by dust inhalation. ‘The origin of the dust noted inside the forward
shelters apparently was primartiiy from outside the structures, although some may have
spalled from the walls, even in the case of the large group sheiters, the walls of which were
painted to minimize this effect. That nonradioactive dust can be a serious problem in shelters
was documented by experience during World War II,

Deuga“ has reviewed the problem and described instances of asphyxia from dust evi-
denced by post-mortem examination of the bodies of individuals removed from undestroyed
shelters and other structures. In one instance, 25 children were dead, but three others were
known to have survived. The latter were sheltered under the gown of a nun. The nun died
from dust suffocation, but the children remained unhar:ned.

Desaga™ also reviewed the classic data of Findeisen® and reported experiments with dogs
exposed to high concentrations of dust. Many other relevant studies are applicable to the
problem, and the reader is referred to a few of those known to the writers. %"

(b) Delayed Effects. Perhaps the most significant delayed effects of nuclear devices con-
cern (1) the induced radiation in soil and structures at relatively close range and (2) fall-out
in clcse and at distances of even hundreds of miles. The safest place for personnel in a region
of high-level radiation is underground, and, assun:ing that evacuation would be difficult or im -
possible, it is sensible to suggest that the occupation of shelters might well have to be pro-
longed, for weeks rather than days, in fact.

Another delayed effect of a high-yield explosion in heavily popuiated areas is often fire
or fire storm. Underground shelters might serve to protect occupants against the immediate
consequences of a large-scale explosion, but they might later serve only as a trap in which
sufforation from carbon monoxide, carbon dioxide, and lack of oxygen could occur unless plans
were mnade for emergency ventilation in case of fire storm.

7.2.2 Other Devices

Those who design shelters no doubt wish to keep in mind that ({) an explosive device
might be used to force people to seek adequate cover, and, in effect, to “pin them down” to
shelters and (2) other devices employing blological and chemical warfare agents might well
be used to advantage under such circumstances. Obviously, such possibilities need to be
recognized and appropriate plans made,

7.2.3 Environmental Prorlems Independent of Explosives

Occupation of sa underground shelter for any significant period, even during peacetime,
poses problems, many of which would be magnified in time of war. Again, an exhaustive
discussion is cut of place here, but it is nonetheless usetul to mention a few of the simpler
problems, namely, provisioning (food, water, first-aid kits, and medication}, waste disposal,
light, communication and radiation equipment, heat (if needed), sieeping space, ventilation
{routine and emergency), emergency exits, etc. These problems are solvable with simple or
minimal procedures, but anticipation, planning, and appropriate action and follow-through are
obviously prerequisites to any sensible solution.

7.3 CURRENT PROBLIEMS

A critical assessment of the actual experimental data, relevant to the present study and
reported in the preceding chapters, is in some respects encouraging, and in others quite dis-
couraging. The encouraging facets of the findings have already been pointed out. These con-
cern (1) the demonstrated efficacy of a sheiter to protect living animals from the blast-
produced environmental alterations associated with the rapid release of tremendous energy,
(2) the marked reduction in casualties which urdoubtedly can be achieved through a planned
and sensible use of protective shelters, and (3) the clearer definition of the character of
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pressure-t'me phenomena occurring inside protective shelters and the importance of under-
standing the relative biological significance of similar dynamic patterns of overpressure.

The discouraging aspects of the data are several. Two important ones will be mentioned.
First, the reader will appreciate that positive pathological findings were mirimal; the {indings
for the most part concerned threshold conditions for blological blast damage, and the empiri-
cal findings were, therefore, weak when the attempt was made to use them for the purpose of
developing analytical procedures to be applied to the general situation. The writers recog-
nized this, but, because no other data were available, it seemed necessary to explore the
possibilities fully. This has been done in part. The work is continuing, and what has been
presented here must be regarded as tentative only.

Second, the findings point out tie necessity of knowing many facts not now understood
and not now in the literature. For insiance, speaking biologically, what {s the limiting rate of
& single, steadily rising pressure pulse ? What is the consequence of multiple-pulse, rela-
tively long-duration overpressure and underpressure phenomena in terms of rate and magni-
tude of segmental pressure rise and fall, the number of pulses, and the time between each?
What is the true mechanism Involved in damage to the air-containing organs ? What are the
difierences in stiinulus and response when very fasi, intermediate, and relatively slow pres-
sure loads are applied to the animal ?

There is no point in following this thought further. A little reflection on the part of the
reader will demonstrate that the problems are not one- or iwo-parameter problems but rather
that some {nvolve four, six, or eight parameters. Also, it must be obvious to all that even a
reasonable understanding of just the important mechaniems responsible for the more serious
agpects of biological blast damage will not come quickly.

213-214




PR S RN

WO dpemagnes st 2 0

—n ey reaten A’ AT . WP WA A

...

REFERENCES

10.
11.
13.
13
14.
13.
18.
11.

18,

19.

. Theodor Benzinger, Physiological Effects of Blast in Air and Water, Chap. XIV-B, pp.

1225-1259, “German Aviation Medicine, World War I1,” Vol, II, U. 8. Government Print-
ing Office, Washington, 1850,

. Carl-Johan Clemedson, An Experimental Study on Air Blast Injuries, Acta Physiol.

Scand., 18, Suppl. 81, Uppsala, 1949.

. Hans Desaga, Blast Injuries, Chap. XIV-D, pp. 1274- 1203, “German Aviation Medicine,

World War I1,” Vol. II, U. S. Government Printing Office, Waghington, 1950.

. D. R. Hooker, Physiological Effects of Air Concussion, Am. j. Physiol., 67-68: 219-274

(1923-24),

. National Research Council, Division of Medical Sciences, Report on Blast Injuries, pre-

pared by the Office of Medical Information, 11 June 1943.

. Robert Réssle, Pathology of Blast Effects, Chap. XIV-C, pp. 1260-1273, “German Aviation

Medicine, World War II,” Vol. II, U, 8. Government Printing Office, Washington, 1950.

. Edward L. Corey and Isidore Gersh, Observations on the Effccts of Air Blast on the

Certral Nervous System and Viscera of Cats and Rabbits, Research Project X-219, Naval
Medical Research Institute, National Naval Medical Center, Bethesda, Md., 24 June 1944.
P. L. Krohn, D. Waltteridge, and 8. Zuckerman, Physiological Effects of Blast, Lancet,

I: 252-258 (28 February 1942).

. 8. Zuckerman, Experimental Studv of Biast Injuries to the Lungs, Lancet, II: 218-238

(24 August 1940).

W. D. Abbott, F. O. Due, and W. A. Noaik, Subdural Hematoma and Effusion as a Result
of Blast Injuries, J. Am. Med. Assoc., 131: T39-T41 (194)).

Carl-Johan Clemedson, H. Hultman, and B, Grinberg, Respiration and Pulmonary Gas
Exchange in Blast Injury, J. Appl. Ptystol., 8: 213-320 (195)).

Carl-Johan Clemedsct and H. Pettersson, Genests of Respiratory and Circulatory
Changes in Blast Injury, Am J. Physiol., 174: 316-320 (1983).

Carl-Johan Clemedson and H. Hul'!man, Air Embolism and the Cause of Death in Blast
Injury, Military Surgeon, 114: 424-437 (1954),

Arne Carlsten, Carl-Johan Clemedson, and H. Hultman, The Electrocardiogram of
Rabbits in Blast Injury, Acta Physiol. S8cand., 33: 243-2366 (1955).

Carl-Johan Clemedeon and 8. A. Granstrm, Studies on the Genesis of “Rib Markings”
in Lung Hlast Injury, Acta Physiol, Scand., 21. 151-144 (19%0).

Carl-Johan Cicmaednon, Correlstion Between Respiratory Phase and Extent of Lung
Damage in Air Blast Injury, J. Appl. Physiol., 7: 38-42 (1054).

8. Zuckerman, The Problem of Blast Injuriea, Proc. Roy. Soc, Med., 34: 171-188 (1941).
H. H. Sander ant O. J. Birdsong, Electrocardiograph Measurements at Operation Teapot,
Tech. Memo 281-35-31, Sandia Corporation, Sandia Bage, Aibuquerque, N. Mex., 5 De-
cember 1958,

V. G. Behrmann and F. W. Hartman, Rapid COy Determination with the Beckman O,
Anslyzer, Proc. S8oc. Exptl. Biol. Med., T8: 412-418 (1051).

aas

e ey




RS0

20.

3.

4.

ar.

2.

30.

3.

3.

M.

35.

37
38.

”.

N. P. V. Lundgren, C. 8. White, and W. M. Boothby, Calibration of the Lilly-Anderson-
Hervey Nitrogen Meter with Special Reference to the Influence of Water Vapor and CO,,
Report 3, Project 21-1201-0007, USAF School of Aviation Medicine, Randolph AFB, Tex.,
March 1954,

Alfred W, Brody, Arthur B. Dubois, Ove I. Nisell, and Joseph Engelberg, Natural Fre-
quency, Damping Factor, and Inertance of the Chest- Lung System in Cats, Am. J. Physiol.,
186: 142-148 (.958).

Harry G. Armstrong, “Principles and Practice of Aviation Medicine,” 2d edition, The
Williams & Wilkins Co., Baltimore, 1943; ibid., 3d edition, 1952.

Hermann Frenzel, Otorhinolaryngology, Chap. X-A, pp. 977-993, “German Aviation
Medicine, World War IL,” Vol. II, U. 8. Government Printing Office, Washington, 1950,
Hjordis Celander, Carl-Johan Clemedson, Ulf A, Ericsson, and H. Hultman, A Study of the
Relation Between the Duration of a 8hock Wave and the Severity of the Blast Injury Pro-
duced by It, Acta Physiol. Scand., 35: 14-18 (1955).

Hjérdis Celander, Carl-Johan Clemeacon, Ulf A, Ericsson, and H, Fultman, The Use of a
Compressed-air-operated 8hock Tube for Physiological Blast Regearch, Acta Physiol.
Scand., 32: 6-13 (19855).

C. P. G. Wakeley, Effect of Underwater Explosior s on Human Body, Lancet, I: 715-718
{1945).

H. Schardin, The Physical Principles of the Effects of a Detonation, Chap. XIV-A,

pp. 1207- 1224, “German Aviation Medicine, World War I1,” Vol. I, U. 8. Government
Printing Ofiice, Washington, 1950.

Carl-Johan Clemedson, Blast Injury, Physiol. Revs., 36: 338-354 (1958).

A. H. Bebb, Underwater Blast, British Report RNP 53,/772, UWB 33, RNPL 2/53, Sentem-
ber 1953.

Ulrich C. Luft .nd Richard W. Bancroft, Traasthoracic Preasure iu Man During Rapid
Decompress:on, J. Aviation Med., 27: 208220 (1958).

F. Haber and H. G. Ciamann, Physics and Engineering of Rapid Decompression: A, Gen-
eral Theury of Rapid Decompression, Report 3, Project 21-1201-G008, USAF 8chool of
Aviation Medicine, Randoiph AFB, Tex., 1953,

Albert R. Behnke, Decompression S8ickness Following Exposure to High Pressures, Chap.
1, pp. 53-89, in “Decompression Sickness,” edited by John F. Fulton, W. B. Saunders Co.,
Philadelphia, 1951,

Benedict Cassen, Peter Kalian, and Herbert Gass, High-speed Photography of the Motion
of Mice Subjected to Laboratory-produced Air Blast, J. Aviation Med., 23: 104-114 (1952).
L. M. Carlton, Jr., R. A, Rasmussen, and W. E. Adams, Blast Injury of the Lung—
Possible Explanation of Mechanism in Fatal Cases — An Experimental Study, Surgery,

17: 768-T93 (1949).

A. B. DuBots, A. V. Brody, D. H. Lewis, and B. F. Burgeas, Response of Chest Wall,
Addomen, and Diaphragm to Forced Cecillations oi Volume, Federation Proc., 13: 38
(March 1954).

Cari-Johan Clemedson and H. Petiersson, Propagatioa of a High-explosive Alr Shock
Wave Through Different Parts of an Anima! Rody, Am. J. Physiol., 184: 119-138 (1958).
~ohn Pau! 8iapp, private communication.

Ulrich C. Luft, private communication; also, Phystological Aspects of Pressure Cabins
and Rapid Decom;sression, Chap. 8, pp. 129-142, in “iHandbook of Respiratory Physlology,”
odited by Walter & Bouthby, USATF School of Aviation Medicine, Randolph AFB, Tex.,
Sepiember 1954,

H. Kolder, Explesive Unterdruckdekompression, 20th Intern. Physiol. Coagr., Abstr. of
Commun., Brussela, 30 Juiv to 4 August, 1930

. Killbe, Lunge und Trauma, Arch. Pathol, exptl., 62: 39-46 (1909).
41.
43.

J. R. Ewaud and R. Kobart, PfiGgers Arch. ges. Phesiol., 31: 160 (188)),
B. Polak and H. Adame, Traumatic Atr Embolism In Submsrine Eecape Training, U. 8.
Naval Med. Bull., %0: 185-177 (1832).

e

Al TR




W W TR, T e it b e

!
z
s

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

3.

M.

35,

57,

58.

80.

81.

62.

63.

84

Howard Lilienthal, “Thoracic 8urgery,” Vol. I, p. 250, W. B. Saunders Co., Philadelphia,
1926.

James P. Henry, Problems of Escape During Flight Abc e 50,000 Ft, pp. 516-532 in
“Physics and Medicine of the Upper Atmosphere,” editea by C. 8. White and O. O. Benson,
Jr., University of New Mexico Press, Albuquerque, N. Mex., 1952,

M. Joannides, Insufflation of Compressed Air in the Treatment of Pneumonia, Arch.
Internal Med., 47: 196-201 {1931).

M. Joannides and G. D. Teculos, The Etiology of Interstitial and Mediastinal Emphysema —
Experimental Production of Air Embolism, Acute Pneumothorix, Acute Pneumoperitoneum,
Interstitial, Mediartinal, and Retroperitoneal Emphysema, Arch. Surg., 21: 333-339 (1930),
E. Newton Harvey. The Mechanism of Wounding by High-velocity Misaiies, Proc. Am.
Phil. Soc., 92: 294-304 (1248),

E. Newton ilarvey, E. G. Butler, J. H. McMillen, and W. O. Puckett, Mechanism of Wound-
ing, War Med., 8: 91-104 {1845).

E. Newton Harvey, Arthur H. Whiteley, J. Grundfest, and J. H. McMilien, Piezoelectric
Crystal Measurements of Pressure Changes in the Abdomen of Deeply Anesthetized
Animals During Passage of a High-velocity Miseile, Military Surgeon, 98: 509-528 (1946).
E. Newton Harvey, 1. M. Korr, G. Oster, and J. H. McMillen, S8econdary Damage in
Wounding Due to Pressure Changes Accompanying the Passage of High-velocity Miaslies,
Surgery, 21: 218-239 (1947),

R. A, Dante!, Jr., Bullet Wounds of Lungs; Experimental Study, Surgery, 15: 774-732
(1944).

J. P. Henry, C. 8. White, I. G. Bowen, T. L. Chiffelle, and W. H. Lockyear, unpublished
data, 1953.54.

J. A. Armstrong, D. 1. Fryer, W. K. Stewart, and H, E. Whittingham, Interpretation of
Injuries in the Comet Aircraft Disastera— An Experimental Approach, Lancet, I: 1135-
1143 (19355).

W. G. Penney and W. G. Bickley, Ministry of Home Security Report, R.C. 376, 1943
{unpublished).

W. K. Stewart, K, E. Spells, and J. A. Armstrong, Lung Injury by Impact with a Water
Surface, Nature, 175: 504-505 (19355).

. Roy F. Goudard, The Role of an Infant Resuscitation Team in Investigative Studies of

Respiratory Onaet at B -th, Current Rescarches Ancsthesia & Analgesia, 34: 1-25 (1938).
Roy F. Goddard, James Clark, and V. Ray Bennett, Newer Concepts of Infant Reguscita-
tion and Positive-pressure Therapy in Pediatrics, Am. J. Discaaes Children, 89: 70-97
(1958).

Richard Day, Alice M. Goodfeliow, Virginia Apgar, und Gustav J. Beck, Pressure-Time
Relations in Safe Correcticn oi Ateiectasis in Animal Lungs, Pedlatrics, 10: 383-602
{1953),

P. W. Stumm, private communication; letier report on Project “Windblast” {rom AF
Flight Test Center, Edwards AFB, Edwaris, Callfl., to Commanaing Genersl, WADC,
Wright-Patterson AFB, Dayton, Ohic, dated 8 May 1933,

J. F. Hegenwld, Jr., ard W, V. Blockley, SBurvivable Supersonic Ejection— A Case Btudy
To Correlate Analytical, Experimental, and Medical Data by Reconatrvction of an Incident,
an Interim Report, J. Aviation Med. {in press).

John Paul Stapp. Ruman Exposures to L.inesr Deceleration. 1. The Forward-facing
Position and Development of s Crash Harness, Technical Report 3015, »art 2, UBAYF,
Wright-Patterson AFB, Daytor., Ohio, December 195¢.

H. Diring, cited by T. Benzinger, Explosive Deconpression, Chap. TV-M, pp. 404-408,
“German Aviation Medicine, Worid War [i,” Vol, 1., U.8. Government Printing Office,
Washington, 1950.

D. M. Clark, Medtastinal Emphysema Following Explostve Decompression of Fumans,
Memo Report TSEAL-3-695-19-1, Asromedical Laboratory, AAF Materisl Command,
Wright Fleld 1845,

. R. M. Sweeney, unpablished records.

1n?




85.

8.

8.

69.

70.
.

12,

3.

74.

75.
€.

1.

8.

8.

80.

81.

83.

83.

84.

87.

T. Geoghegan ~nd C, R. Lam, The Mechausm of Death from Iniracardiac Air and Its
Reversibiliity, Ann. Surg., 138: 351-358 (1353},

A. D, Meade and R, T. Eckenrode, Fsychelogical and Physiological Effects of Gun Blast
with 8pecial Reference to Recoiless Rifies— A Preliminary Literature Survey, Human
Engineering Report 7, Report K-$283 ¢n Project 154-4018, Pitman-Dun Laboratories,
Frankiora Arsenal, Philadeiphia, September 1955.

, Teofil Zalewsk!, Exgerimenteile Untersuchuaagen iiber aic Resistenzfihigkeit des

Trommelfells, Z. Ohrenhetlk, 52. 192-128 (1508).

H. B. Perimas, Reaction of Human Conduction Mechanism to Blast, Laryngoscope, §5:
427443 (1945),

A. J, Dziemian, F. W, Light, Jr., J. V. Michaiski, and C. M. Herget, Recoilless Rifle
Backblast Danger Areas, Chemical Curps Medical Laboratory Rzport 72, Army Chemical
Center, Md., July 1954,

£. L. Corey, Madical Aspects of Blast, U, 3. Naval Med. Biii., 45; 823-65Z (1946).

H. 8chubert, Ueber die WiderstandeiZhigkeit des Trommelfells gegen Ueberdruck der
Ausseniuft, Z. Hals-, Nasen- u, Ohrenheilk,, 1: 35%7-358; Excerpta Med., 1949, Sec. I, 3.
945 (..950)

Ebbe Curtis Hoff end Leon Jack Greenbaum, Jr., A Bibliographical Sourcebook of Com-
pressed Aly, Diving, and Submarine Mediting, Vol. II, Office of Naval Regearch and
Bureau of Medicine and Surgery, Department of the Navy, November 1954,

John F. Fulton, Blasai and Concussion in Present War, New Engl. J. Med., 228: {-8 (1942).
R. Harold Draeger, Joseph S. Barr, and W. W, Sager, Blast Injury, J. Am. Med. Asaoc.,
132: 762-767 (19486).

A. H. T. Robb-Smith, Pulmonary Fat Embolism, Lancet, I: 135-141 (1841).

Benedict Cassen, Katherine Kistler, and Wanda Mankiewicz, Some Effecis of Air Blast on
Mechanically Constrained Mice, ». Aviation Meu., 23: 120-129 (1952).

Benedict Cassen, Katherine Kistler, and Wanda Mankiewicz, Lung Hemorrhage Produced
in KHeparinized Mice by Air Blast, J. Aviation Med., 23: 115-119 (1952).

Wharton M. Young, Mechanics of Blast Injury, War Med., 8: 72-81 {1045).

Arturo Friscli and Benedict Cassen, A Study of lemorrhagic Rit Markings Produced in
Rats by Air Blast, J. Aviation Med., 2i: 510-513 (1950).

J. H. McMillen and E. Newton Harvey, A Spark Shadowyraphic Study of Body Waves in
Water, J. Appl. Phys., 1T: 541-5355 (1846).

Carl-Johan Clemedaon, L. Deffet, R. Rucquoi Fornaeus, and P, Van de Wouwer, High-
speed Radlographic Visualization of a High-explosive Shock Wave in Muscular Tissue,

J. Appl. Physiol., 7: 804-608 (May 1955).

Hans Desaga, Experimental Investigations of the Action of Dust, Chap. XIII-B, pp. 1188—
1203, “German Aviation Medicine, World War i1,” Vol. II, U. 8. Government Printing
Office, Washington, 1850,

W. Findeisen, Ueber das Absetzen kleiner, in der Luft suspendierier Teiichen in der
menschlichen T.unge bel der Atmung, Pflilgers Arch, ges. Physiol., 256: 367-379 (1935),
Harold A. Abramson, Respiratory System: Aeroscl Therapy, pp. 823-835 in “Medical
Physics,” Vol. 2, edited by Otto Glasser, Year Book Publishers, Inc., Chicago, 1850,
Arnold E. Reif, Helen S. Baker, Clayton 8. White, T. L. Chiffelle, and Ulrich C. Luft,

A 8tudy of the M=chanism of Absorption of Particulates in the Respiratory Tree,

MLCR 47, Army Chemicai Center, Md., 1954,

Arnold E. Reif, Margot P. Holcomb, Helen 8, Baker, and Clayton 8, White, A Study of the
Mechanism of Absorption of Particulates in the Respiratory Tree—- 4th Quarterly Report,
1954, and A Summary of Reports Issued Since 1 December 1953, MLCR 51, Army Chemi-
cal Center, Md., 1955,

Arnold E. Reif, T. L. Chiffelle, Ulrich C. Luft, James Clark, Clayton S. White, Mary C.
Elliott, Helen §. Baker, A Study of the Mechanism of Absorption of Particulates in the
Respiratory Tree-— Part I, 1st Quarterly Report; Part II, Second Quarteriy Report,
MLCR 58, Army Chemical Center, Md., 1855,

218




88.

89.

90.

81.

Arnold E. Reif, The Mechanism of Aerosol Aizorption in the Respiratory Treza— A Pre-
liminary Classification of the Literatur., Appendix to 24 Quarterly Report on Coatract
DA-18-108-Cml-5050, submitied by the l.ovelace Foundation ic the Army Chemica: Center,
Md., 1954. (Unpublished, but may be obtained in mimeograph form froa: the Medical
Laboratories of the Chemical Corps.)

K. G. Scott, D, Axeirod, J. Crowley, and J. G. Hamilton, Deposition and Fate of Pluto-
nium, Uranium, and Their Fission Products Inhaled as Aerusols by Rats and Man, Arch.
Pathol., 48: 31-54 (1948).

J. H. Brown, K. M. Cook, F. G. Ney, and T. Hatch, Influence of Particle Size upon the
Retention of Particulate Matter in Human Lung, Am. J. Public Health, 40: 450-458, 480
(1950).

Paul E. Palm, James M. McNerney, and T. Hatch, Respiratory Dust Retention in Smalil
Animals— A Comparison with Man, Arch. Ind. Health, 13: 355-365 (April 1956).

a9

Vhlatmas s oy < PN e ey —— o o b £+

T A S e L SR i RN Ve T

+




