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This report, prepared by Commander R. .. Mann, Bureau of Yards and
Docks, U.S.N., while on duty with the Army-Navy Explosives Safety
Board, reviews, summarizes and interprets the results from the full scale
(500,000 and 250,000 net pounds each) explosives safety tests made by
the Board at the U. 8. Naval Proving Ground, Arco, Idaho, during the fall
of 1946. The results of these tests are also compared and coordinated with
the results of similar tests made by the Board during the fall of 1945
(Board Technical Paper No. 3, “Igloo Tests, Arco, Idaho, 1945”).

The publication of this report is authorized as one of a series of papers
being prepared by the Board to promote explosives safety within and
without the military services.

5 January 1948
D. C. HALL
Colonel, Ordnance Department,
President, Army-Navy
Explosives Safety Board

Experimental explosions at the Naval Proving Ground, Arco, Idaho,
during October, 19486, of;

Two standard 80-foot earth-covered igloo magazines each containing
500,000 pounds TNT,
One standard 80-foot igloo magazine with double normal earth
cover, containing 250,000 pounds TNT,
One open revetment containing 500,000 pounds TNT,
One open revetment containing 250,000 pounds TNT,
in which the foregoing elements were spaced at half the minimum dis-
tances presently specified, showed that:
Clear distances between standard igloos abreast in line may be
reduced to 185 feet,
and, at the same time,
The maximum quantity of HE permitted per igloo may be raised to
500,000 net pounds,
without incurring undue risk of propagation of explosion from one igloo
to another.

The tests also showed that reducing the protective distance to inhabited
buildings prescribed by the American Table of Distances by 50 percent,
which is permitted when there is a barricade between the explosives and
the huildings, is unwarranted in the case of standard earth-covered igloos.
It was demonstrated by the damage to test barracks and by numerous
records of blast pressures and other data that the detonation of 5€0,000
pounds of TNT within an earth-covered igloo only justifies a reduction of
approximately 20 percent of the unbarricaded inhabited building distance
prescribed by the American Table of Distances.

A considerable amount of scientific data on large explosions was accumi-
lated by representatives of various Government research organizations.
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PART I. INTRODUCTION

The tests described herein are a continuation
of the program of ammunition storage tests
undertaken by the Army-Navy Explosives
Safety Board at the Naval Proving Ground,
Arco, Idaho, in August 1945. ,

The program was originally recommended by
letter from the Board to the Secretaries of War
and Navy dated 10 October 1944, as a measure
to determine whether standard intermagazine
distances might safely be reduced, and ammu-
nition might safely be stored in open stacks
midway between existing magazines. It was
anticipated that over-congestion of storage
facilities expected upon the cessation of hostili-

ties, and consequent serious hazards, might

thereby be avoided without the necessity of
purchasing additional land. It was also con-
sidered that the proposed tests would extend
the available data on quantity distance relations
for storage of high explosives, in particular
serving as a check on the inhabited building
safety distance for barricaded storage pre-
scribed by the American Table of Distances.

Approval of the Secretary of the War sub-
ject to concurrent action by the Secretary of the
Navy was given on 27 October 1944, and
approval of the latter followed on 23 November
1944. Funds in the amount of $90,000 from
each service were made available to the Bureau
of Yards and Docks, Navy Department, which
contracted for construction of four test igloo
magazines, three revetments, and a test wood-
frame barracks building in the spring of 1945.
A quantity of obsolescent and surplus TNT and
. Torpex loaded bombs and mines was made
available by the Ordnance Department, Army,
and the Bureau of Ordnance, Navy Department.
The_tosts were started 29 August and concluded
on 19 October 1945. :

The 1945 tests indicated that:

(a) The Armv’' standard intra-line svacing
of 400 feet. clear distance edge-to-edge, between

The Navy standard has been 500 feet.

earth-covered reinforced eonerete arch-type
(“igloo”) magazines limited to 250,000 net
pounds of high explosives in each, may be re-
duced to 185 feet (the cléear distance resulting
when an additional magazine is built midway
between two existing ones at standard interval)
without appreciable risk that a detonation of
the entire contents of one such magazine will
propagate to another,

(b) Structural damage done to an igloo
when a 250,000-pound charge is detonated in
a neighboring igloo at 185-foot clear distance
is slight,

(c) When 250,000 pounds of high explosives
are detonated in an open revetment between
igloos 400 feet apart, it is improbable that the
explosion will propagate to either igloo, and
they will not suffer severe damage,

(d) A two-story, wood-frame, standard-tyvpe
barracks building is not entirely safe from
structural damage, and its occupants are likely
to suffer severe injury from flying fragments
of window glass, when 250,000 net pounds of
high explosives are detonated within an earth-
eovered igloo magazine at a distance of 2,155
feet, the safety distance specified by the Ameri-
can Table of Distances for inhabited buildings
from a barricaded storage of such quantity.

Reference (1) is the detailed report on the
1945 tests.

At a meeting on 19 February 1946, the Board
voted to continue the test program during the
coming summer, inasmuch as adequate funds
remained on hand and it appeared that further
information of vital concern to the armed forces
with respect to the safety of explosivés and
surrounding structures and personnel could be
obtained.

It was decided to investigate further the
possibility of safely increasing the potential .
storage capacities of existing ammunition stor-
age reservations, without the necessitv of
acquiring additional land. bv raising the pres-
ent limit per igloo magazine to 500,000 net



pounds of high explosi\'es: If- this could be
done without risking the propagation of an
accrdental explosion of onc unit to its neigh-
bors with consequent probable catastrophic
losses and damage, the volumetric capacities of
individual igloo magazines could be twice as
efficiently utilized for stowage of bombs,
mines, and other ammunition of high charge-
to-weight ratio, except in cases of magazines
on the peripheries of storage areas whose dis-
tances from the nearest inhabitcd buildings
wonld not be adequate to permit their contain-
ing. greater quantities of high cxplosives than
250,000 net pounds. This would result in
nearly doubling the storage capacities of exist-
ing depots and arsenals, more particularly in
the cases of the larger, isolated reservations,
without any physical change whatsoever.

It seems pertinent to note that the maximum
concentration provided for by the American
Table of Distances is 500,000 net pounds of
explosives. The armed forces have long
limited the quantity per storage unit to 250,000
pounds, which for strategic and economic
reasons was regarded as the maximum quantity
whose loss could be risked at one time. How-
ever, with the close of World War II ammuni-
tion tonnages on hand were so vast that the
earlier considerations were no longer valid, and
the question of safety of surrounding popula-
tions and structures and the avoidance of major
losses became the only impediments to raising
the limit.

The Board further contemplated that it
might be both safe and feasible to double the
quantity per magazine at halved intra-line
spacing, which would result in a potential four-
fold increase in the tonnage storable at a given
depot without acquiring additional land. Stud-
ies of typical Army layouts such as those at
Tooele, Utah, and Umatilla, Oreg., revealaed
that the number of magazines per block (usu-
ally 100 units on a 10x10 isometric, or diamond-
pattern, grid, with the long dimensions of the

- magazines parallel to the long axes of the
diamonds, and separation distances 400 feet
each way) could be doubled without increasing
the outside dimensions of the block, merely by
adding a new magazine at each halved intra-linc
interval whercver possible. The term “line”
as used herein refers to a row of magazines in
which the units are abreast of, or parallel to,

2

each other, and not to lines at 60° or 120° to
the first line. In placing the new magazines as
described above, the number of lines is not
increased, but the number of units per linc is
doubled. Each new magazine so placed would

be 185 feet, clear distance, from its immediate

neighbors in line, and 360 feet, clear distance,
from the units directly in front of and behind it.
Thesc distances, then, were chosen by the
Board for the separation of the magazines in
the Arco tests. Studies of typical Naval ord-
nance depots also indicated that the number of
magazines per block could be doubled, but since
in Naval laycuts the long dimensions of the
magazines were usually placed perpendicular
to the long dimensions of the diamonds, the
new magazines would probably have to be
placed at right angles to the existing ones in
order to obtain optimum distances and make
use of existing roads.

Having studied the rather unexpectedly
severe damage to the tcst barracks building and
particularly to the extensive flying glass in the
1945 test in conjunction with a review of the
design of the standard igloo magazine and its
earth cover, Capt. E. R. Gayler, CEC, USN
(ret.), member of the Board, brought out that
the weight of earth cover in pounds per pound
of explosive stored in the standard igloo (about
12) was much less than the corresponding ratio
(about 37) for the type of storage used for
many decades by commercial dynamite and
powder manufacturers and consequently, that
the igloo could not be expected to damp the
blast wave as much as the old conventional
storage. If this were so, it followed that ex- .
plosives stored in standard service igloos could
not be considered fully “barricaded” in the
sense of the term contemplated by those who
formulated the American Table of Distances,
and the halving of the standard ATD safety
distance permitted for barricaded storage was
unwarranted in -the case of these magazines.
Captain Gayler postulated that it was not un-
likely that if the earth covering on a modern
magazine were increascd to 85 or 40 pounds
per pound of high explosive, that the structure
could be considered barricaded and possibly
the present safety distances miaintained.

Accordingly, the Board proposed to perform
tests using a number of one-tenth scale model
igloos which were available to determine the



etlect that heavily increased earth cover on
igloos would have on blast phenomena. (These
model tests were held in the summer of 1946
and are reported in reference 2.) It was
further agreed that the last remaining large-
size igloo in the 1946 program would be covered
with additional earth, in order to obtain further
data on the effects of augmented cover on blast
damage and window breakage in nearby habi-
tation-type structures in a full-scale test.

* Inasmuch as unacceptably severe damage and
flying glass had occurred in a building at the
halved (barricaded) ATD inhabited building
distance in the 1945 test, it was decided to place
several buildings at various distances from the
explosion in the 1946 test, with a view to ob-
taining information on the diminution in dam-

age with increasing distance and determining -

what safety distances should be maintained
between inhabited buildings and high explo-
sives in igloo type magazines. The plan as
finally approved called for three buildings, one
at the ATD distance for barricaded storage
(half the distance for unbarricaded storage),
one at two-thirds of the distance, unbarricaded,
and one at the full distance unbarricaded. It
was believed that both a degree of damage
which might be deemed acceptable and the
limiting distance for flying glass would fall
between these limits.

The Board evinced considerable interest in
tests of window glass and glass substitutes, in
the hope of finding some material that would
either withstand blast or break into harmless
pieces, and at the same time be economical
enough for widespread use. Some previous
blast tests of glass had been made, but only
with small quantities of explosives, and it was
felt that this program offered a worthwhile
opportunity to compare the behaviour of vari-
ous commercially available glazing materials
under realistic conditions and under impinge-

nient of blast waves having long impulse-times,
such as are generated only by explosions of
large charges. E i

Approval by the Secretary of War and the
Secretary of the . Navy (Facilities Review
Board) .for the continuance of.the program
was given in early April 1946, and the Bureau

of Yards and Docks then contracted for the .

construction of the’ test structures, i.e., two
igloos, two revetments, and three modified bar-
racks. Surplus and unserviceable ammunition
in the form of aircraft bombs and anti-tank
mines was furnished by the Ordnance Depart-
ment, Army. The Board acquired blast gages
from several agencies, and arranged for a con-
tract to be entered into by the Naval Ordnance
Plant; Pocatello, Idaho, for the taking of high-
speed motion pictures. The construction,
loading of magazines and revetments, accumus-
lation of instruments and other preparations
were completed early in September, and accord-
ingly the first explosion was scheduled tn be
held on 1 October 1946.

The unprecedented size of these experinmental
explosions of conventional military-type high
explosives evoked interest on the part of a num-
ber of scientific organizations who participated-
in the program in order to record close-range
blast phenomena, meteorological, and seismic
data at long distances, and obtain other infor-
mation of scientific and engineering interest.
These activities were coordinated through the
Bureau of Ordnance and the Office of Naval
Research. Included among the participating
organizations were the Naval Ordnance Labo-
ratory, Washington, D. C.; Naval Ordnance
Test Station, Inyokern, Calif.; Signal Corps
Engineering Laboratories, Belmar, N. IJ.;
United States Weather Bureau, Washington,
D. C.; St. Louis University, St. Louis, Mo.;
Woods Hole Oceanographic Institution, Woods
Hole, Mass.



. PART Il. OBJECTS OF THE TESTS

The primary purposes of these tests were to
determine:

(1) Whether the present explosives limits
for standard 80-foot Army and Navy igloo type
magazines could be safely raised from 250,000
to 500,000 net pounds of high explosives with-
out increasing the present standard intermaga-
zine distances.

(2) Whether the present standard Army'

and Navy igloo type intra-line distances could
be reduced one-half if the explosives limit were
. raised to 500,000 net pounds of high explosives.

(3) What safety distances should be main-
tained between unbarricaded, inhabited build-
ings and standard Army and Navy igloos con-

PART Ill. PROCEDURE

|. Description of Site and Field Conditions.

(a) Location—The Naval Proving Ground, .
Arco, Idaho, a subsidiary of the Naval Ord-
nance Plant, Pocatello, Idaho, is aboutl 65 miles.

northwest of Pocatello on U. S. Route 20, and
about 20 miles east of the small town of Arco
from which it takes its name. The area se-
lected for the tests was a level stretch of terrain
about 2 miles long by 1 mile wide, located near
the middle of the proving ground.
was ideal for the purpose, as there were no
obstructions to vision in any direction,. and

isolation was adequate, the nearest buildings ..

being about 8 miles away.

(L) Topoyraphy.—The proving ground lies
on the Snake River Plain, a relatively level
desert region stretching generally to the west
and northwest from the Snake River in south-
eastern Idaho. Ten miles to the west, the
southern spurs of the rugged Lost River Moun-

- tains rise abruptly from the plain. On each
side of this range is a valley in which a river
flows southwesterly out.into the plain, the Big
Lost River to the south and the Little Lost
‘River to the north. The two rivers approach
each other in the north end of the proving
ground where they disappear in “sinks.” To
the north and southwest at greater distances
lie other ranges comprising the southern limits

4

“surrounding plain.

This site- .

taining 500,000 net pounds of high explosives.

(4) The possibility of reducing t'*  ffect of
a detonation of the explosives contai:. ! in an
igloo type magazine, by increasing the volume
of earth cover on the igloo.

(5) What types of window glass and sub-
stitutes might reduce the dangers of injury
from broken glass to a minimum.

(6) The danger radius for the blasting of
broken glass from windows.

(7) The velocity and pressure of the shock
waves in air and other phenomena attending
large detonations, by means of high-speed mo-
tion picture cameras and other instruments
and gages.

‘of the high mountain -masses of south central

Idaho. To the east and south, the desolate
plain stretches away for from 40 to 60 miles to
the. banks of the Snake, but its monotony is
relieved by numerous large and small buttes
of eccentric shapes. The largest of these, Big

Southern :Butte, is about 12 miles south of the

proving ground, and rises 2,300 feet above the

the proving ground is about 4,850 feet. Vege-
tation on the plain includes sagebrush. bunch -
grass, dwarf cacti, and an occasional stunted
cedar.

(¢) Climate and Weather.—The region is °
semiarid, with a mean annual precipitation of

12.5.inches, most of which falls in the winter ..
-and spring.
“.varied from overcast with light rain in the °’
«morning just before the first explosion, to.

During the tests, the weather

bright, cloudless days for subsequent tests. The
air was usually still in the mornings but a
breeze, generally from the southwest, sprang
up in the afternoons, reaching velocities of
about 20 miles per hour on some occasions.
The temperature varied from 45 to 62° F., and
the barometer from 25.00 to 25.19” Hg.. and
the mean relative humidity was 70-80 percent.

(d) Geology.—The plain was formed when
repeated lava flows, mainly in the Pliocene,
surged from fissures and vents, filling a wide,

The average elevation of |



deep depression.© The upper layers consist of

basalt and kindred volcanic rocks locally inter-
bedded with sediments, which were laid down
intermittently until Pleistocene and in some
instances until Recent times. (Craters of the
Moon National Monument, with lava flows only
a few hundred years old, is located about 40

miles southwest of the proving ground.) The -
great mass of voleanic rock underlying the

plain is termed the “Snake River Basalt,” and
its total thickness is of the order of 1 mile. In
numerous places older basaltic, rhyolitic and
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FIGURE 2. General view looking north tow

ard explosion area, showing Barracks 1 and 2 to left and igloos on right,

FiGURE 8. View of front end and door barricade, Igloo D



2. Field layout.

(a) Gc;gcfal.—Figure 1 is a general plan of
‘the test area, showing the three igloos, two
revetments, and three barracks buildings. It

also shows locations of accessory ‘structures, ’

such as the firing station and camera stations,
and of the observation station, 4.1 miles south-
west of Igloo D. For a general view of the
scene from the v1c1mty of one of the barracks,
see figure 2. .

(b) Igloos.—All igloos were earth-covered,
reinforced concrete arch iype, constructed in
accordaice with standard plans. For various

" views of these structures, see figures 3 to 6, in-
clusive. Igloo D was of Navy type. (Bureau
of Yards and Docks drawing nos. 357428-

357430, inclusive) with a door barricade, but

the door itself was of Army type. Igloos E and
F were of Army medium- footing Lype (Corps
of Engineers, Army, drawmgs nos. 652-637-

652-693, inclusive) without -door barricade.
Major dimensions were as follows:
’ trimy Navy,
Length, inside ... ... ...... .. 81’ 80’
Width, inside . 26'-6" 25
-Crown height ahove floor, lmlde 12'-9” 12:-13,”
Radius of iutrados . .. 136" 1293”7
Avrch thickness at crown. .. . .. 6” 6”
Arch thickness at springing
section ... .. .. ....... .. 1'-4” 107"
End wall thlckne%% T 12~ 10~
" Thickness of earth cover at
Crown ... ... 2 2

Arch barrel reinforcement in the Army igloo
consisted of 15” round rods 12" olk. trans-
versely and 33" round rods 3’ o.c. longitudinally,
in each face, In the Navy igloo it consisted of
4” x 4” wire mesh weighing 62 pounds per
square feet, in the extrados surface only. The .
concrete mix was designed for a compressive
strength of 2,500 pounds per square inch at 28
days. The Navy design was a war-time type
in which steel had been omitted because of
conservation, whereas the Army plans were for
prewar constrruction and brooked no sacrifice in
safety factor. However, the differences in re-
inforcement were inconsequential as the Navy
igloo was the first to be exploded. The amount
of earth cover on the Navy igloo was about 30,-

000 cubic feet, whereas that on the Army igloo

which is not concentric but is carried out
further horizontally before curving down to a
114:1 slope was about 40 percent greater, or
42,000 cubic feet. The Navy igloo had a door
barricade containirr about 6,000 cubic feet.
The earth was borrowed [iom a pit near the
igloo site, and consisted of a silty sand contain-
ing about 15 percent gravel. It might have
been suspected that the differences in shape
and amount of cover would cause some differ-
ence in blast pressures, particularly directly in
front and close 1o the igloo. Subsequent to the
second lest and in preparation for the explosion
of Igloo F, the cover on that igloo was increased
to approximately twice the normal value and

F1GURE 4.

Three-quarter view of Igloo D from rear



FIGURE 5. Three-quarter view of Igloo E from rear

FIGURE 6. Three-quarter front view of Igloo F



NOTE -
"FRONT SLOPE (FROM TOP OF FILL TO

EDGE" OF COPING)

AND REAR SLOPE
WERE. 12 1. :

P FiGure 7.

mdde to ‘the shape 1llu<trdte(l by figure 7. In
placmg earth on the 1glooq water was used as
an aid in obtaining eompaction.

(¢) Revetments.—Both revetments were of
standard cross-section. used by the - Army for

<urr0undmg open stacks of ammunition, being"

7" high, 3’ wide on top, and having side- slope\
of 115,:1. . The inside plan measured.30" x .80,
in the case of revetment 1, which was made
especially large in order to accommodate 500,-
000 pounds of TNT. Revetment 2 was 30’ x 55
in plan inside. Figures 8 and 9 are photo-
graphs of these revetments.

(d) I)(um('/.s-— The three barracks- tyne
buildings wew identical two- <t01v wood-frame
structures of the simplest type of construetion.
They were founded on.timber posts, had gable
roofs, double-hung windows, and were without
interior finish, trim or equipment of any kind.
Aside from their foundations, they were
structural prototypes of Navy frame B-1B
barracks (Bureau of Yards and Docks draw:
ings nos.
instead of 14 bays
15 pound asphalt-s

long ixterior siding was
tmate(l felt, sécured with

roofing nails and vertlcal wood battens,” over

diagonal wood she: lthmg They were 36' x 37’
in plan and were 26’ hlgh from giade to bottom
of second-floor cmlm;,r joists.
general \'jews, see figures 10, 11, and 12. The
30 windows of each building were glazed in
accordance with a scheme for testing various
kinds of glasg and glass substitutes, as listed

188655-188661) - but were only o

For plans and.-

Cross-section of increased earth cover on Igloo F for Test 3

dn(l demcted in figure 13. - ‘Each building was
<0 oriented that there was an ‘angle of 30°. be-
tween the plane of the east elevation and .the
lne from the eenter of Igloo D.  The glazing

‘materials used were as follows:

(1) Commeon double- strength sheet window, glass,
B quality’ (Feder al qpemﬁcatlon DD- (,-- 51)
This was installed in various window lights in
the normal manner using glazier’s pointe and
putty on the outside of the sash. - One window
in the north wall of each l)mldmg was entnelv
g‘laze(l with this glass and- l)acl\e(l up l)v gal-

- vanized steel wire mesh, 1/-;" square opening,
0.08” wire, the latter being cut to fit each sash
and well stapled to the inside surfaces of the
sash rails and stiles.

(2).Wi1'e glass, 14" thick, installed in normal

manner.

(3) “Loumapane,” a product of Ceclanese Plastics
Corp., 180 Madison Ave., New York City. This
comprises a laminate of two sheets of 0.015”
clear cellulose acetate with 14 mesh wire screen
in between. The screen greatly impairs vision
through this material. It was mounted as indi-
cated in figure 1'3

(4) “Vimlite,” also pmduced by Celanese Plasties
Corp., is 12 mesh wire screen coated with cellu-
lose acetate. It is little thicker than the bare
screen, and is translucent but hardly trans-
parent. It was mounted as indicated in
figure 13.

(5) “Lumarith,” also a Celanese I’la§tics Corp.
product, is clear cellulose acetate sheet. The
thickness used in these tests was 0.06”, It was
mounted according to figure 13.



FIGURE 9. Revetment 2, front view
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Ficure 11. Three-quarter view of one of the

barracks, looking southeast

Ficure 12, - Interior view of the second floor of one of the barracks; looking northeast
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Types & Quantities Of Glazing Materials In Each Bunldmg For Test |
SIZE

KEY NO MATERIAL 37%" X ,4.2: “%" X I4i-" _3_ X QJI_E‘

BLANK 1 os SHEET GLASS 17 104 147
1 SAME,BAGKED 8Y 2 so NO.14

) WIRE MESH 8 = =
2 WIRE GLASS PLAIN,4 THICK 4 8 T/
3 LUMAPANE, .035" " 2 8 8
4 - | VIMLITE, .03" ! 2 8 8
5 LUMARITH, .06" - 1 4 8
6 Lucl'rE,.os" " I 4 5
6 LUCITE, . " | 2 3
7 TEMPERED GLASS, i, s | 2 2
8 FLEXSEAL, 3 ’ | 2 2
9 DUPLATE, o+ " 2 ‘e 2

Glazing Plan for Barracks, Test No. 1




($; “Lucite,” a clear sheet of acrylic resin, product
of E. I. Du Pont de Nemours & Co., Wilming-
ton. Del. This was tested in two thicknesses,
0.06” and 0.015”. It was mounted in the same
manner as the other plastics but the stapling
was omitted, on recommendation of the manu-
facturer. ’

(7) “Duplate,” a laminated safety plate glass (two
sheets of plate glass with a vinyl butryacetate
core) %” in thickness, produced by the Pitts-
burgh Plate Glass Co., Pittsburgh, Pa.. This
was mounted with glazier’s points and putty in
the usual manner.

/

(8) “Flexseal,” also a laminated plate glass %4”

thick, is similar to Duplate but the core extends *

beyond the edges of the glass-itself, and is
made the full thickness of the plate. The ex-
tended plastic is secured to the frame and
acts as-a shock absorber, minimizing stresses

- in.the glass. This plate must be made up at
factory in sizes specified. It is manufactured
by the Pittsburgh Plate Glass Co. Instatlation
was by glazier’s points and putty.

(9) “Herculite,” a tempered-plate glass 34" thick,

also made by the Pittsburgh Plate Glass Co. In
the tempering process, the outer surfaces of the
plate are suddenly cooled while the core cools
slowly, placing the former in compression and
the latter in tension. Having initial compres-
sion, the extreme fibers are not as highly
stressed in tension under flexure and hence the
plate is much stronger. This plate cannot be
cut after manufacture.
usual manner.

The buildings were located at distances from.

Igloo D as specified by the American Table of

Distances for inhabited bdildings for 500,000

net pounds of explosives, as follows: Building
1, 2,705 feet (barricaded distance); Building
2, 3,605 feet (two-thirds the unbarricaded dis-
tance) ; and Building 3, 5,410 feet (full un-
barricaded distance).. ‘After' ‘the second test
and before the explosion of Igloo F, Building 1

was repaired and reglazed, but the other build-

ings were left as they were.

3. Order of tests.

(a) Detonation of explosives in Igloo D
(500,000 pounds), 1 October 1946.

(b) Detonation of explosives in Igloo E
(500.000 pounds), 8 October 1946.

(c) Increase of earth cover on Igloo F. Re-
pair and reglazing of Barracks 1.

(d) Detonation of explosives in Igloo F
(250,000 pounds), 16 October 1946.

14

Mounting was in the’

(e) Detonation of explosives in Revetment 1

. (500,000 pounds), 23 October 1946.

(f) Detonation of explosives in Revetment 2
(250,000 pounds), 25 October 1946.

4, -Explosive charges.

(a) Igloos ‘D and E.—These igloos were

’ identically loaded. Each contained 930 Navy

Mark 36 1,000 pound aircraft demolition
bombs, stacked as illustrated by the diagram,
figure 14. Figure 15 is a photograph taken
through the open doorway of Igloo E, showing
the completed stacks. . The net weight of TNT
filler per. bomb was 538 pounds, and the total
net welght of TNT per maga71ne was 500,340

.pounds

(b) IJloo F—Thlb magazine was 10.«1ded :
with 465 of the same type of bombs as used in
Igloos D and E. The total net charge weight
was 250,170 pounds. The stacking plan for
Igloo F is shown in figure 16, and an interior
view of the igloo, showing some of the stacks in -
place, by the photograph, figure 17. o

(c) Revetment 1.—This -contained 40,323 ~
Army antitank mines, M6-R7TARA. The net
charge per mine was 12.4 pounds, making a
total weight of 500,005 pounds of TNT in the
stack. The mines were piled in a solid rec- :
tangular mass 21 high by 28 wide by 68 long,
plus 339 on the center of the top. The mines
were not removed from their metal crates be-
fore being stacked.

- (d) Revetment 2.—20,162 M6-RTARA mines

* were placed in a solid rectangular stack 16 hlgh

by 26 wide by 48 long, plus 194 on top. Figure
b is a front view of this stack, which contained
a total net weight of 250,008 pounds of TNT.

5. Priming and firing.

(a) Igloos.—The charges in Igloos D and E
were primed according to figure 14. A section
of primacord was introduced into the nose fuse
well of each of four bombs selected at random
in each stack. Composition C-2 was packed
around the primacerd, filling the cavity, in
order to hold the primacord in place and act as
an additional booster (the regular booster
charges were in place in the bombs). Leads
from one stack plus those from seven others
were brought to a central point in the longitu-
dinal aisle, and connected to two special
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FIGURE 16.  Stacking and Priming Plan, Igloo F, Test 3

FIGURE 17. Bomb stacks in Igloo F



Ay

FiGURE 18. Firing shelter, view from rcar. Part of generator is visible at right margin

engineer’s tetryl electric blasting caps. There

were three such groups, each firing eight stacks,
and one group firing four stacks. All prima-
cord leads were cut to equal lenigth in'the hope
that the detonation waves would reach the
primed bombs in each stack in the same instant.
All caps were conneeted in parallel aeross firing
wires which were led down each side of the
central aisle.

insulated firing cable which was laid on the
ground from the igloo to the firing station
4,800 feet south of Igloo D. Igloo E was not
primed until after the explosion of Igloo D and
Igloo F was not primed until after Igloo E had
been exploded. Igloo F was primed in the same
manner as Igloos D and E, except that there
were fewer stacks per group. ’

(b) Revetments—Fifty-eight mines were
primed in revetment 1. These were located as
follows: 7 on the front vertical face of the stack
and a like number on the rear face, 16 on each
side face, 3 on side of the top near the edge, and
6 in vertical line extending downward starting
with the second from the top in the center of the
stack. The mines in each face alternated from
top to bottom in irregular fashion. The mines
in the side and end faces were primed by in-

Near the door, the 'ﬁri.ng wires
weve spliced to a 2-conductor no. 12 A.W.G.

serting bights from a single length of prima-
cord in the adapter cavities and pressing
composition C-2 around the primacord and
packing it around the outside. The primacord
zigzagged around the four sides of the stack.
The mines on top were primed by inserting
knotted ends of primacord in the activator
wells, packing C-2 around the primacord in and
around the outside of the wells and connecting
the leads to the primacord belt around the sides
of the stack. The six mines beneath the center
of the top were primed similarly and connected
to a separate piece of primacord passed from
one side to the other across the top of the stack.

"The same general plan was used in priming

revetment 2. )

(¢) Firing station—Figure 18 is a photo-
graph of the firing dugout, a heavy concrete
semiunderground structure with a thick over-

- hanging slab roof covered with sandbags and

slit observation windows of plate glass about
2" thick, The switches and controls - for the
firing line and relay circuits to cameras and
other equipment were mounted on three panels
in the dugout. The power leads ran from a
portable gasoline engine, 120 volt, single phase
AC generator set up just behind the dugout to
the first panel, which contained a main line

17



- . paper blast meters..

switeh, a (lash—p;)l type time d:lay relay, two
safety plug receptamies for interrupting the fiz-
mg ecircuit, and 2 firing switeh. With the
generator running, main line switch elosed and
satety plugs iu place, closing the firmg swiich
would energize a1 cireuit leading to the second
panet and simulianeously start the piunger of
the time delay relay in ‘motion. ‘the second

and third panels contained switches and a bus

to which control eircuits to the viirious eameras,
oscilloscopes and other equipment were con-
nected; At the end of one second, during which
interval the eameras and other apparatus com-
menced operating, the time delay relay would
close the firing circuit and initiate the chargg.’
Certain equipment which required a longer in-
terval than 1 second to warm up eor become
operational was energized by switches thrown
manually at the proper time before the firing
-switch was closed. In order for the detonation
to be set off accurately at a predetermined time,
“to enable coordination of observations by dis-
tant stations, radio time signals consisting of
500 cvele peeps at 1-second intervals and vocal
announcements were broadcast on 3490 and
6980 kes. by an Army Signal Corps field trans-
mitter- set up on the observation point. The
firing personnel in the dugout received the time
signals ‘on a portable receiver and the firing
switch was thrown manually on the minus 1-
_second peep. It is estimated that the error in-

troduced by manual operation in this manner

should not exceed one-fifth of a second.

6. Instrumentation and observations by

ANESB.

(a) Air blast measurements.—Peak air blast
pressures resulting from the explosions were
measured by three types of devices: Naval
Ordnance Laboratory Dall crnsher gages.and a
‘modification” thereof, foil diaphragm gages of
" a type developed by the Bureau of Ordnance for
the Bikini tests, and Aberdeen Proving Ground
The ball erusher and foil
diaphragm gages were set out on radial meter
lines in the open. DPaper meters were ploced
in five types of locations: (1) along radial
meter lines.in the open, (2) in defiladed posi-
tions in old craters and dry stream beds. (3)
outside of and behind barracks, (4) inside bar-
racks, (5) inside a target igloo. The positions
of all gages as set up in the field for the test are

18

. used in these tests was 5/3

shown by iigures 19, 20, 21, and 22, Positions
of paper meters at the varracks are shown by
figure 35, 1he gages themselves are illustrated
by figures 23, 24, and 25. They are described
i tne foilowing paragraphs:

NOL bail erusher gage.—This gage measures
relatively high values of peak blast pressure

Cand 1s used elose to the eharge. It eonsists of

a heavy brass-housing about 115" in diameter .
and 114" long, containing a hardened steel
piston 14" in diameter one end of which is ex-
posed to the atmosphere. The other end con-

‘tacts a specially.heat treated copper ball seated

on a hardened steel anvil. External pressure
impinging on the piston causes deformation of
the ball, the amount of which is a measure :of.
the force exerted. The diameter of the ball

827, and the dynamic
calibration values for this size ball when the
gage is used in air (rather than under water,
for which use the gage was designed) were
determined by caleulation involving certain ap-
proximations as described in appendix B of
reference (2). The values vary with distance

_from the charge; at the distances used in these

tests they were as follows:

Distance from charge,
feet . .. . 100 120 140 160
k, in.x10"/1b./in* 32,7 328 328 329

Peak pressure is determined by dividing the
ball deformation (loss of diameter) in micro-
inches by the value of k. The gages were
mounted in “side-on” orientation, i.e., with the
plane of the exposed face of the piston parallel
to a line from the center of the detonated charge
to the gage. The gage was partly buried in the
ground, wiﬂi the piston exposed flush with the
surface, and the body fastened into the top of
a piece of pipe driven about 18 inches into the
ground vertically beneath it, in order to pro- -
vide inertia against movement during impinge-
ment of the blast wave. The face of the gage
containing the exposed piston was sealed with
a piece of drafting tape to prevent dust enter-
ing between the piston and eylinder walls. The
gages were handled as gently as possible after
being loaded in order to avoid predeformations
of the balls; however, this probably happened
in many cases. Unfortunately, the gages gave
quite erratic readings during the tests. Ground
shock is believed to be one of the major causes
of the wide scatter in the data. In order to usc
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FIGURE 23,

cxploded view of NOL ball erusher gage

Close-up front view of Bikini-type foil
blast meter, loaded with aluminum foil

FIGURE 24.

these gages in such tests more successfully, a
better technique of handling and mounting
them in the field will have to be worked out.
Areo ball erusher gage.—This gage was the
same as the NOL gage in all respects except
that the piston diameter was 1.128” and the
face area 1 sq{uu’e inch. In this gage about
five times as much force was exerted on the
copper ball as in the NOL wage and thus greater
and more easily readable deformations were ob-
tained. Thus, it was hoped, the percentage of
error could be reduced; however, due to its
greater piston mass this gage was slower acting

Figurg 25, Close-up of an Aberdeen paper l)las.t meter,

after Dblast

and seemed to be subject to errors as bad as
those of the NOL gage. The constants for this .
gage were as follows: ‘ 20l e

Distance from charge, .
feet .......... .. 100 120 140 - 160
k, in.x10%/1b./in.* . 163 164 164 " 164

Foil blast meter.—This was a heavy hollow
steel cvlinder about 14” in diameter by 14”
deep, with one closed end and the other.end
fitted for mounting two heavy brass orifice
plates containing 14 orifices of graduated sizes.
The meter was loaded by inserting a ready-eut
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sheet of aluminum foil between the plates and
securing the plates in position by means of the
studs and nuts provided for the purpose. The
assembled meter was mounted on a channel
iron post driven in the ground and was oriented
with the orifices “side on” to the blast, This
meter was read by noting and recording the
smallest orifice in which the foil was ruptured
by the blast. Pressures corresponding to the
various hole sizes for the aluminum foil used,
whieh was 2SO0 foil 0.0012” thick, are given
helow : a

TaBLE 1—Calibration of 0.0012" A1 Foil in Bikini type

blust meter

B Smallest dinphragm ruptured Raitk Blust presetind

No. Diameter (in.) 1bs./in.2
1 3.00 5.2
2 2.40 t 6.4
3 1.92 7.9
4 1.54, 9.7
5 1.24 12.0
6 L984 14.8
7 81 . 18.5
8 625 22.8
9 : 500 : 28.1

10 404 34.3

11 . .323 12.4

12 . .257 52.6
13 .205 65
14 166 79

The above calibration was obtained by firing
standard charges whose pressure-distance re-
lation was known in the presence of meters set
up at various distances. A function for peak
pressure in terms of smallest hole size ruptured
was determined from the mean of the readings

obtained. This calibration is described more
fully in appendix B.
Aberdeen paper Dblast meter.—This meter

consists of two 20” x 11” pieces of 3" plywood
bolted together around their edges and con-
taining ten orifices, the diameters of which are
given in table II. The paper is placed between
the boards and the assembled meter mounted
by a bolt on a 2”7 x 4" stake driven vertically in
the ground. These meters are set up “face-on”
to the blast (except inside and behind the bar-
racks) i.e., the plane of the paper is perpen-
dicular to the line from the center of the charge
to the meter. The paper used was
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“Rap-in- .

. Wax" waxed paper made by the Rap-in-Wax

Paper Co. of Minneapolis, Minn., and was about
.001” thick. This paper loaded in these blast
meters was calibrated prior to the test program
in the same manner and simultaneously with
the calibration of the aluminum foil diaphragm
meters. Tie procedure used is described in
appendix B, and the results are given below :

TaBlE W —Calibration of Rap-in-Wax Puper in Aber-
deen paper blast meters

v
Smatest diaphragm ruptuved
i ¥ i Peak blast pressure,

No. Diameter, in. ths. /in.?
5.625 0.25

2 4.00 ! 38
3 2.82 .60
4 2.00 1 04
5 1.38 | 1.53
6 1.00 2.50
7 .75 ‘ 3.34
8 . 50 [ 5.64
9 38 | 8.16

10 25 [ 138

Althongh mounted facing the explosion, these
gages used with the above calibration give the
equivalent “side-on” or hydrostatie peak pres-
sure. . :

(b) Craters.—The apparent craters from the
explosions of Igloos D and E were cross-sec-
tioned by a survey-crew, and contour plans
drawn. The apparent craters of Igloo F and
the two revetments were sectioned and profiles
drawn for the north-south and east-west axes.
At the deepest point in each crater, an excava-
tion was made to determine the true depth and
the value noted on the drawing.

(¢) Grouud movement.—A grid or network
of 2” x 2" wood hubs was placed around each
primary igloo in a pattern 500 feet square. The
stakes were driven flush with the ground, and
their elevations and horizontal distances from
each other were noted before the explosion.
After the explosion, their elevations and dis-

~“tances were again measured and compared with

the previous readings in order to obtain perma-
nent movements of the surface of the ground.
(d) © Permaunent displucement of target
inloos.—The positions of Igloos E and F were
observed before and after the explosion of
Igloo D by transit located on the original longi-
tudinal axis extended and also on westward



extensions of horizontal lines lying in the outer
surface of the front end walls, in order to de-
tect longitudinal or lateral movement. Before-
and-after elevations were run on points on the
floor and on the inner surface of the arch
directly above the floor poiuts. In addition,
mechanical deflection gages of a simple type
were installed in the igloos. The location of
these gages and diagrams indicating how they
funetioned are given by figure 26. The slide
type of gage measured the permanent change,
either positive or negative, in the distance from
arch to floor between the points where installed.
The string gage measured the permanent
change in either direction in the diagonal dis-
tance from the spring section of the arch on

one side of the igloo to the quarter point on the
other side in the same transverse section. There
were six slide gages and four string gages in
cach target igloo.

(e) Transient displucement of target igloos.
—The slide and string gages also recorded the
maximum transient changes in the dimensions
measured, in either the positive or negative
direction, It is recognized that bnth types of
gages are subject to errors due to lost motion
of parts, overdrive, elasticity of the wire used
in the string gages, and other ¢auses. Insofar
as practicable, however, the mechanisms were
designed to minimize such errors. The slide
gage reading contains a component due to floor
heave or subsidence as well as that due to arch
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deflection, and the components cannot easily be
separated. The string gage reads the alge-
braic sum of deflections of two points of the
arch. Nevertheless, it is believed that the
gages give a good indication of the relative
severity of arch distortions under the blast
loading.

(f) Damage to target igloos.—After each
explosion, remaining igloos were carefully in-
spected {-om both outside and inside, except
that earth cover was not removed to:permit
inspection of external arch surfaces. Notes
were made and photographs taken of cracks,

spalled places, and other evidences of failure.

The contents of the igloos were inspected to
disclose whether they had been disturbed.

(g) Damage to reretments. — Revetments
were inspected, distortion or erosion of the
earth embankments noted, and disturbance of
the stacks of mines recorded. DPhotographs
were taken where pertinent. '

(hy Damage to burracks.—After the Igloo D
explosion, the three barracks were inspected
and note made of displaced foundations, broken
studs, sheathing, rafters, wall displacements,
torn siding and roofing, broken window frames,

fractured sash and window panes, and other .

evidences of damage. Numerous photographs
of typical instances of structurat failure and
breakage, as well as of window damage, were
taken.
the buildings were inspected again, and infor-
mation recorded as to additional damage and
window breakage, Prior to the explosion of
Igloo F, Barracks 1 was repaired and reglazed;

after the explosion, notes of structural and -

window damage to Barracks 1 were made as
in the case of the first explosion, and superficial

inspections were made of Barracks 2 and 3.°

Photographs of the four elevations of each
barracks were taken after each of the first three
explosions.

(i) Motion pictures. — High-speed motion
pictures were taken of Igloo E during the ex-
plosion of Igloo D from a point 2,250 feet to the
north, and of Igloo F during the explosion of
Igloo E from a point 2,000 feet to the west,
using an Eastman Hi-Speed 16 mm. camera
with a 6”-telephoto lens. The film was East-
man Super XX and was exposed at speeds of
from 600 to 900 frames per second. The scenes
recorded showed the blast waves, missiles, and
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Subsequent to the Igloo E explosion,.

smoke and debris elouds resulting tfrom the ex-
plosions. A 35 mm. Fastax camera without a
telephoto lens was used to record the explosion

scene at speeds of from 1,000 to 3,500 frames

per second in each test ineluding the explosions
of Igloo I and the revetments. A dizgram
showing the positions of the Hi-Speed and
Fastax cameras is given by figure 27. In addi-
tion to the high-speed pictures, standard 35
mm. films (at 16 frames per second) were made
with a Cine-Kodak from the observation station
in each test. *A 16 mm. kodachrome film was
made from the observation station in the explo-
sion of Igloo E. Several other films were taken
by newsreel cameramen and other observers,
but have not been obtained by the Board.

(j) Fragmentation.—Because of the short
time interval between explosions and because
of the fact that many previous tesis had lit-
tered the area with fragments, it was not
possible to make a detailed missile survey aud
study. Only general observations were made.

7. Observations by other organizations.

(a) Naval Ordnance Laboralory.—Micro-
barograph records were taken at widely dis-

Camera Stotion N¢

3
b )
"
mAG
N
K
L
e
&
i D
1
Comera Station No 2 -
4 . &
~ 2,000 Feet /
- ¥
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persed stations, the farthest which recorded an
impulse bemg at Great Falls, Mont., 280 airline
miles distant. Other stations receiving im-
pulses were located at the proving ground, 8
miles; town of Arco, 20 miles; Pocatello, 55
miles ; Burley, Idaho, 37 miles; Clearfield, Utah,
181 miles; West Yellowstone, Mont., 116 miles.
The equipment used was the NOIL. Acoustic
System, Mark I, in which the pulse received by
a (hdphrdgm is measure(] by a variable indue-
tance bridge.

(b) Navai Ordnance Test Station, Inyokern,
—This organization took air blast measurc-
ments using Bikini-type foil gages mounted in
five positions: (1) facing toward (face-on), (2)
facing right (side-on), (8) facing left (side-
on), (4) faeing up (side-on), and (5) facing
down (side-on). They measured the velocity
of propagation of the shock wave by photo-
graphing a line of eellophane bags inflated with
argon, which possesses the property of
luminescence under pressure changes, and also
by means of foil bridges in which eleetrical
contaets made by thin strips of foil were broken
by the blast, sending impulses to an oscillo-
seope where they were photographed on the
screen along with a sine-wave which furnished
a time-base. This group also obtained pressurc:-
time eurves at various distances from the
explosions, by means of lens-shaped diaphragm
strain gages constructed by the Pasadena
physies branch of the N.O.T.S. They also took
high-speed motion pictures of the first two ex-
‘plosions.

(c) Signal Corps, Army.—The primary in-
terest of this group was the study of sound
propagation resulting from the explosions in
order to determine the parameters of the - upper
atmosphere for meteorological purposes. In
conducting these studies the time and the ver-
tical angle of arrival of sound waves was
measured by the use of two arrays, each con-
sisting of two microphones on a 8-mile base
Jdine on a location remote from the source of the
explosion. From the data thus obtained ‘it

was hoped that information on the vertical.
strueture of the atmosphere could be obtained.

These observations were accomplished by the
use of special pressure type mierophones de-
signed and constructed at the Signal Corns En-
gineering Laboratories and having a response
from 0.06 to 1 cycle per second.

A radar set was installed near the site of
the explosion in an attempt to measure directiy
the speed of vertical movement oi sound waves
as they travel away from tne radar set after
naving passed beyond this equipment.

'To assist in the coordination of observatiois
by all parties, a radio transmitting station was
set up (on the observation hill) and a timing
signal broadeast to provide accurate synchro-
nmization of sound observation at all remote
stations,

Short range observations were also made
using similar microphones to those described
above exeept that the frequency response of
those microphones ascends to 0.5 x 10~ c¢ps.
The response of these mierophones is approxi-
mately flat from this point up to 0.06 eps and
then drops 6 db per octave toward higher fre-
quencies. Suech a response permitted observa-
tions at close range without the likelihood of
damaging the equipment as the peak energy of
the blast was expected to oceur in the neighbor-
hood of 1 ecycle per second. . From these
observations it was hoped that the frequency
distribution of the blast wave could be obtained.
An attempt was also made to pick up any low
frequency sound which may have been reflected
vertically downward from temperature dis-
continuities in the upper atmosphere.

The equipment used was as follows

a. Radio transmitting station to give
signals.

b. Sound ranging microphones as described ahove,

c. Radio set SCR-658-() with Radio Receptor
AN/FMQ-1() to make radio-wind finding
and radiosonde meteorological observations to
80,000 feet or higher for purposes of correla-
tion with sound propagation measurements.

d. Meteorological Station SCM-1 for tracking
vertical rate of ascent of compression wave.

(d) United States Weather Burean.—Micro-
barographs equipped with high-speed Esterline
Angus time recorders were installed at the fol-
lowing locations at the stated distances from
Igloo D for the tests of October 1 and R:

1. T'wo miles south.

2 Ob%ervatlon point, 4.1 miles.

'3..Na "Proving Ground warechouse. 3

T mlles. ‘ .

4. Arco, TIdahd, 20 miles.

5. Dubois, Idaho (Sheep
Station), 57 miles.

6. Idaho Falls, Idaho, 48 miles.

7. Burley, Idaho, 87 miles.

timing

Experimental
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In addition high altitude soundings of temper-
ature, pressure, relative humidity, and in some
cases wind, were made at the following loca-
tions:

Phoenix, Ariz.
Rapid City, S. D.
Great Falls, Wyo. Santa Maria,
Lander, Wyo. Calif.

Las Vegas, Nev.  Spokane, Wash.
Medford, Ove. Tatoosh Island,
Oakland, Calif. Wash.

Ogden, Utah ’

Auburn, Calif, irand Junction,
Big Springs, Tex. Colo.
Bismarck, N, D.
Boise, Idaho

El Paso, Tex.
Ely, Nev.
Glasgow, Mont,

Two-thousand-gram balloons were used (o
carry the radiosondes to altitudes considerably
higher than those generally attained in radio-
sonde observations. Wherever practicable, the
balloon’s path was also observed by means of a
theodolite or an SCR-658 radio-direction-finding
set.,

(e) St. Louis University.—The Bureau of
Ordnance through the Office of Naval Research
arranged with St. Louis University for meas-
urements to be taken of fluctuations in atmos-
pherie pressure due to the explosions by mearns
of large diaphragm type microbarographs.
Stations were set up at the proving ground, at
a distance of 8 miles (airline) ; at Pocatello, 55
miles: near Dubois, Idaho, 57 miles; and at
West  Yellowstone, Mont.,, 116 miles. The
equipment operated in the following manner:
movement of the diaphragm due to a pressure
pulse was communicated to a coil in a magnetic
field, generating a current which was led to a
d’'Arsonval galvanometer the mirror of which
rotated accordingly and in turn caused move-
ment of a spot of light on photographic paper.
The paper was mounted on a drum recorder
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which was driven by clockwork and revolved at
constant speed, thus furnishing a time base.
The amphtude and direction of the graph
drawn by the light spot was proportional to the
amount and direction of change in atmospheric
pressure,

(f) Woods Hole Oceanographic Institution.—
On invitation of the Bureau of Ordnance, this
organization sent a group to measure impulse
and peak pressure in the shock waves emanat-
ing from the explosions. They used a free-
piston gage in which the motion of the piston
on receiving the blast impulse was recorded by
a metal seribe on paper fixed on a drum revolv-
ing at constant speed. This produced a deflec-
tion-time curve, the first derivative or slope of
which at any point was proportional to piston
velocity and hence its momentum and impulse
received up to that instant. The second deriva-
tive represented acceleration of the piston and
hence was proportional to the force acting upon
it. Thus the initial valne of the second deriva-
tive was a function of the initial or peak pres-
sure. The gage was mounted in a horizontal
position with the piston level and supported on
nearly frictionless roller bearings. One end of
the piston was exposed to external pressure.

(g) Office of Naval Research.—A representa-
tive of this office was sent to make measure-
ments of seismic phenomena caused by the
revetment explosions. Neumann-Labarre dis-
placement meters were set up at the proving
ground gun emplacement, 7.2 miles from the
explosion, and at a point on the railroad spur

‘leading into the proving ground, 9.9 miles from

the explosions. These instruments measured
the horizontal component of the ground wave.



PART IV. RESULTS
A. MEASUREMENTS AND OBSERVATION MADE BY ANESB

I. Test I.

(a) General.—The contents of Igloo D were
detonated at 1100 MST, 1 October. Light
. showers had been falling until a short while
before the explosion, and there was an uu-
broken overcast about 1,000 feet above the
plain. *The temperature was 62° F, the barome-
tric pressure 25.00” Hg., and there was no
wind. The detonation appeared as a bright

yeliowish flash followed by a heavy dark grey™

smoke and debris cloud in which red flames
were visible for a moment, and which mush-
roomed outward and upward with a boiling
motion, penetrating the natural cloud ceiling,
its upper portion being lost to view. Figure
28 is a photograph of the cloud at this stage.
It continued to expand laterally and eventually
reached a diameter at the ground of over a mile.
Figure 29 shows its later development. At-
mospherie conditions were favorable for peyr-
eeiving the trace of the air blast or shock wave,
which appeared as a wraith-like semicirculax
arc, centered on the igloo, expanding at high
velocity. It emerged from the smoke cloud
early in the latter’s formation and could be
seen easily until it had travelled about 2 miles
from the point of origin. The phenomenon
seen was not the wave front but was actually
atmospheric vapor condensed by adiabatic
cooling in the rarefaction phase of the blast
wave. No ground shock was felt by observers
at the observation station, which was located
on a basalt outcrop 4.1 miles from Igloo D. The
sound of the explosion arrived about 19 seconds
after the flash was observed, and consisted of
two separate and distinct sharp reports, about
a second apart. The second report seemed
slightly less loud than the first. The blast or
concussion was felt simultaneously; at that dis-
tance it was mild. There was no doubt that
the detonation was of high order and complete.
No satisfactory explanation has been offered
for the double report. Tt is not believed that

-1ts mean velocity was about 2,250 ft./sec.

the second report was due to a reflection, but
it is thought that in some way a second peak
in the pressure-time curve of the blast wave
was formed. Suych often occurs in detonatiouns
of small quantities of high explosives.

(b) High-speed motion pictures.—The most
interesting photographic results were obtained
from the Eastman Hi-Speed camera, which
produced a film in which the trace of the shock
wave was clearly visible as it passed over Igloo
E. The effects of the detonation as seen in this
film may be described as follows: The instant
of detonation was marked by a sudden bright-
ening of the scene, caused by the flash. A few
frames later, the shock wave appeared, ad-
vancing at high velocity across the field of view.
At first it was visible only at points where it
intersected the . silhouetted outlines of the
igloos. The ground surface behind the wave
front was obscured by a pall of turbulent, flying
dust set in motion by the blast. When the wave
struck the sloping earth embanked on Igloo E,
it was reflected upward, and a “Mach” wave
was formed. The intersection of the incident,
reflected, and Mach waves, known as the
“triple point” was distinctly visible as the front
moved up the slope and over the top of the igloo.
At this point, the camera speed as determined
from timing marks on the film was approxi-
mately 700 frames per second, and the elapsed
time from the instant of detonation until the
arrival of the shock front at the centerline of
the igloo was 0.07 seconds. This corresponds
to a velocity of 3,000 ft./sec., assuming the
wave originated at the center of the charge at
the instant of detonation. This, of course, does
not actually occur, as the wave is not developed
until the volume of the produects of detonation
is more than 5 times the original volume. As
the shock wave passed the center of Tgloo E,
The
forward edge of the flame, smoke and dust
cloud, in the air above the igloo, moved across
the scene at about 1,250 ft./sec. Then came n
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from observation station (early stage)
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FiGure 29, Explosion of Igloo D (later stage)
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a. Fire and smoke cloud nearing target igloos, 046 b. .056 sec. after flash. Shock front visible where it
sec. after flash. Shock front visible where it cuts slope cuts headwall of Igloo F near top.
of Igloo F,

€. .062 sec. after flash, Shock front halfway up slope

of Igloo E. Note lighter shade behind front, due to
raised dust,

d. Wave at top of slope of Igloo E, .068 sec. after
flash. Incident, roflected, and “mach” waves intersect at
bend in wave front, called “triple point”,

“e. Wave front has reached center of Igloo E, .074 sec..

f. Wave cuts horizon line on far side of igloo .100 seec.
after flash.

after flash. Second dark front is helieved to he dust,
Selected frames from Eastman Hi-Speed film, Test 1

Figure 30.

3



a. Flash at rear of Igloo D. Flame jets at front and
along top of igloo. Igloo F is faintly visible at right.

¢. Cloud 0.35 sec. after flash., Vapor cloud formed
in negative phase has reached Igloo F.

FIGure 31.

group of fragments trailing light-colored smoke
and travelling low, flat trajectories at about
1,150 ft./sec. Next, a white, vaporous cloud
emerged from the base of the main cloud and
quickly enveloped the entire scene, obscuring
everything else from view. At about this time,
some of the close-in portions of the cloud were
beginning to drift backward, showing that the
negative phase of the blast was commencing.
Selected frames from this film are reproduced
in figure 30. )

The Fastax camera’s field of view was broad
enough to include all three igloos, although due
to the lack of a t~iephoto lens the images were
quite small, and in addition, the exploding igloo

.{D) was behind Igloo E and obscured by it.
The Fastax film showed first a thin streak of
flame shooting up from the rear of the igloo,
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b. Cloud 0.23 seec. after flash. Dust on ground de-
noting presence of shock wave has reached Igloo F.

d. Cloud at 0.46 sec. almost ohscured by vapor.

Selected frames from Fastax film, Test 1

then on the next frame a large bright flash
appeared at the rear and a smaller flash at the
front. In the succeeding frames, the flames
merged and developed into an expanding ball
of fire in which black smoke first tinged the
lower edges and then grew over the entire sur-
face of the cloud as the fire played out. The
shock wave was not visible, evidently beecause
of unfavorable light conditions. However, its
effects were seen, particularly as it passed over
Igloo E, the shade of which turned from dark
to light, owing to the earth which was blasted
up. The same white vaporous cloud seen in the
Eastman Hi-Speed film emerged from the hase
of the dark cloud mass and soon blotted every-
thing else from view. Selected frames from
the Fastax film arc reproduced in figure 31.
(c) Air blast.—Pcak pressures obtained
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from the NOL and Arco moditication of the ball
crusher gages are presented in table III. Un-
fortunately, the scatter of this data is bad.

TasLe HIL—Peuk blast pressures, p.s.d., from ball

erusher guges, test 1

. Line 1 Line 2 Line 8
Distanve from

charye, feet NOL  Areco  NOL Arco NOL  Arco
N80 coooga o oggodo 70 367 bR 66 43 ¥3
A3 00a000@8000000 46 n! 46 46 45 1257
140 . 5 6000000 49 61 70 52 61 205
15D BE0500000 10 40 33 46 53 40 32
160 ., o |88 o000 64 66 1527 52 1537 15?

TGN s s TV 46 | 30 ol N e S S E e G

Pressures obtained from the Bikini-type foil

and Aberdeen paper blast meters placed along

the three meter lines are given in the follow-

ing table:

TABLE IV.—DPeak blast pressurves, ps.i., from foil and
’ puper wmeters, test 1

. Line 1 Line 2 | Line 3
Distance from
charge, feet Ioil Paper Foil Paper Paper

178 28.1

225 28.1 ceee

270 18.5 28.1

330 ... 148 | ... .. 18.5 0000

385 ... 12.0 18.5

440 9.7 14.8

500 9.7 8.2 9.7 8.2

565 .9 8.2 7.9 8.2 8.2

640 ... 6.4 8.2 7.9 8.2 8.2

725 ... 5.2 8.2 6.4 8.2 5.6

820 5.2 5.6 6.4 8.2 5.6

930 3.2 8006 5.2 5.6 5.6
1.0556 ..... 5.6 3.3 3.3
1,190 23 3.3 3.3
1,450 3.3 2.3 3.3
1,530 2.3 3.3 2.3
1,930 ... 1.5 3.3 1.5
1,960 1.5 1.5 .94
2,220 1.5 W94 1.5
2,615 . 91 .94 94
2,845 0 60 000G 94 60
3,220 . Baaacan lloaaoa .60 9500 60 .60
3,650 .. RERAR | [BARE ™ 38 . .38 .38
4,140 000 . W38 0000050 25 3%
4,699 00 0 38 i 25 .38
5,310 . aaga 25 .25 <23
G300UR 1ol tedetenaelel [ oxsione ole zh 25 <.25

In figures 32, 33, and 34, pressures from the
foregoing tables are plotted against distance
from the center of the charge on logarithmic
graph paper. As the points seem to follow a
slightly coneave downward curve better. than a
straight line, such a curve has been fitted by eye
to the data in the graph for each meter line.
The curves indicate that the peak pressures
wele of the order of 80 p.s.i. at a distance of
100 feet, dropped to about 4 p.s.i. at 1,000 feet,
and were less than 1 p.s.i. at 2,705 feet, at which
distance the nearest barracks was located.
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Registration of the paper mnieters placed in
defiladed positions (two in craters 10- to 15-feet
deep 820 feet from the charge, one in a dry
wash bottom 7-feet deep 900 feet from the
charge, and one at 2,030 feet in a dry stream
bed 12-feet deep) was in all cases the same as
the registration of the meters on the open meter
lines at the.same distances. Registration of
the paper meters inside of and around the out-
side of three barracks buildings is given by
figure 35. There was only one case of rupture
of a diaphragm inside the buildings apparently
due to blast instead of flying glass, and this
case may also have been due to flying glass
although it did not appear so. Pressures indi-
cated on the near sides of the buildings agreed
well with those on the meter lines at corre-
sonding distances. Meters in the lee of the
house (on the south and west sides) either
registered pressures much less than those on
the exposed sides or did not register at all, in-
dicating that considerable protection was
afforded by the buildings.

(d) Crater.—The crater was oval, its north-
south diameter being 17-feet greater than its
east-west diameter. Its average apparent
diameter was 165 feet and its maximum appar-
ent depth was 13.5 feet. It was not quite
concentric, as the center was offset to the west
about 5 feet. See figure 36 for a contour plan
and profiles' on the north-south and east-west
axes. Figure 37 is a photograph of the crater
taken looking eastward from the top of Igloo
E, and figure 38 is a photograph taken from the
east rim looking westward. The latter shows
the typical appearance of the interior of the
crater. The white objects are fragments of
concrete from the igloo, which was so well de-
molished that no pieces over about 3 feet in
longest dimension remained. The timbers
which may be seen in the crater were evidently
blown into it during the suction phase of the
blast; before the explosion, they were on the
ground 150 feet or more to the north. Exami-
nation of the soil in the bottom disclosed that
the true depth (the depth actuallv excavated

"by the explosion. which is decreased when

earth which was blown out falls back into the
crater) was only from 2 to 214 feet more than
the apparent depth. The soil which had fallen
back was blackened and unstratified, and ali
large ageregate had been fractured. The soil
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Ficure 38. Crater from Igloo D explosion viewed from east rim
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below true bottom was a sand and gravel bed
which was not noticeably disturbed except that
most large stones were fractured. The percent-
age of fractured aggregate decreased appreci-
ably in the depth of a few feet. No lava was
encountered in the exeavation in this crater,
which went to 6 feet below the deepest point of
the bottom, or to 20 feet below normal grade.

(¢) Ground movement.—Permanent hori-
zontal and vertical displacement of the surface
of the ground which took place around the ex-
ploding igloo is depicted by figure 39. Move-
ment was generally away front the explosion
and upward, but there are a few exceptions.
At 100 feet from the center of the igloo, hori-
zontal movement was of the order of 1 to 114
feet, and upward displacement was from about
1/10 to 9/10 of a foot. At a distance of 250
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on Floor and Ceiling in Igloos E and F as Determined
by Survey, Test 1

feet from the ¢enter, movement diminished to
less than 1/10 of a foot outward and about the
same amount, or less, in the upward direction.

(f) Permanent displacement of target igloos.
—The survey party could detect no translation
or rotation of the target igloos in the horizon-
tal plane, but did record change in elevation of
the floor and ceiling as indicated by figure 40,
Permanent deformation of internal dimensions
of the igloos as measured by the mechaniecal
deflection gages are given by figrure 41,

(g) Transient arch deflections of target
igloos.—Maximum and minimum values of
floor-ceiling dimensions and diagonals from
springing section on one side of the igloo to
quarter point of arch on the other side as re-
corded by the slide and string deflection gages
are wiven by figure 42,
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(h) Damage to target igloos: (1) lyloo E.—
For views of this igloo taken immediately after
the explosion, see figures 43 through 46. The
photographs show that the igloo stood sub-
stantially as it had before- the explosion,
although the earth cover was dishevelled and
the concrete ventilator blasted askew. Meas-
urements of the depth of earth cover over the
crown disclosed that near the rear of the igloo,
earth had descended from the debris cloud and
actually increased the thickness of cover.
Adjacent to the headwall, however, about 6
inches of earth had been blown off. On opening

-the door, it was found that the bomb stacks

had not been disturbed or displaced in any
manner whatsoever. The headwall suffered
severe cracking, mostly above 6 feet from the
ground, and was displaced outward, its bottom
edge being entirely separated from the floor
slab on the inside, leaving a gap about 27 wide
on the near side (toward the explosion) and 1”
wide on the far side. The circumferential
joint between the arch barrel and headwall was
ruptured with much spalling; this was most
severe on the near side. The main cracks in
the wall went through from inside to out and
were open up to about 14”. At points where
cracks branched, there was considerable spall-
ing. There was bad spalling of concrete on the
pilasters on the outside face, and the reinfore-
g was exposed in several places. The door,
which was 4’ 533" wide by & 114" high and
built up of 34" steel plate with an asbestos

blanket under a 14" cover plate on its inner

Ficure 43.
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Three-quarter front view of Igloo E after Test 1



Ficurr 44. Three-quarter rear view of Igloo E after Test 1

Ficv2E 45.  Close-up of front of Igloo E after Test 1
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F1GURE 46,
showing separation of front wall from door slab.

View from inside Igloo E after Test 1,

face, was bellied in at its center about 7/167,
but opened without difficulty. The arch barrel
sustained three fine circumferential cracks on
the near side, the first a branching one from 3
to 4 feet back from the headwall, starting near
the floor and running to the erown; the second
was about 30 feet back and ran from the floor
upward to about 10 feet; the third was 40 feet
back, and also ran up to about 10 fect above
the floor. A longitudinal crack started 7 feet
above the floor on the ncar side and ran gener-
ally horizontally toward the rcar. At 50 feet
back from the headwall, it branched to twao
cracks, one 7 feet and one 10 feet above the
floor. At 60 feet back, there were three cracks,
at 6,'8, and 9 fcet up the arch. On the far side
of the igloo, there was a diagonal crack start-
ing at the floor 5 feet from the headwall and
running up and toward the rear; at 20 feet
from the headwall there were two diagonal
cracks at average heights of 7 and 9 feet up
from the floor: at 30 feet back, these cracks
had become horizontal at 8 and 10 feet above
the floor. At 40 feet back, a vertical crack ran
from floor to crown. At 50 feet to the rear
from the hcadwall, there was a horizontal
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erack 9 feet up. All of these cracks were fine
and closed up tight. In the rear wall, there
was a single craek running down from the ven-
tilator opening in the top of the wall to a point
on the floor 3 feet on the far side of the center-
line. This crack was open not over 1,/32”, The
concrete ventilator flue was broken loose from
the rear wall and tipped away from the blast.
The floor of the igloo was intact; no cracks
could be found in those portious not covered by
bomb stacks. In a few places there was slight
cracking around the edges where the floor
joined the side wall. The ground slab or steop
in front of the door was broken away from the
hcadwall, leaving a gap about 4” wide.

(2) Igloc F.—-Figure 47 shows the general
appearance of Igloo F after the explosion. Al-
though its front wall suffered some bad cracks,
as shown by figure 48, this igloo suffered con-
siderably less damage than Igloo E. The mest
severe cracks in the headwall, which were open
up to about 15", went through to the inner
surface, and followed generally the line of the
arch. The crack system was less extensive than
in Igloo E, there was no bodily outward dis-
placement of the wall, and no spalling of
concrete. There was some cracking of the
joint between the bottom of the headwall and
the floor on the inside. The door was undam-
aged. As in Igloo E, there was no evidence of
any jostling or disturbance of the bomb stacks.
No cracks could be found in any part of the
inside surface of the arch barrel. There were
no cracks in the rear wall, and the ventilator
was intact. The floor was not cracked in any
portion not covered by bomb stacks except for
two short, fine irregular cracks about two-thirds
of the way in from the front end, which were
suspected of being shrinkage cracks overlooked
in the pre-test inspection. The junction of the
floor slab with the arch abutments was cracked
slightly, particularly within the first 10 feet
back from the headwall. The cover on this
igloo was practically undisturbed, except for a
small amount of subsidence of the fill at the
toes of the slopes. .

(i) Damage to revetments: (1) Revetment 1.
—There was no appreciable erosion of the earth
forming the revetment windrows, although
there may have been some subsidence or sliding,
particularly along the inner slope of the wind-
row on the near side. On this side, as well as



FIGURE 48. Close-up of front of Igloo F after Test 1
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FIGURE 49.

on top of the near side of the stack of mines,
several inches of earth (up to about 4”) had
descended. On the far side of the stack, a thin
layer of earth, noi over 1” thick, had settled.
All over the top of the stack there were also
scattered small pieces of concrete, and a few
short sections of reinforcing bars and wire
mesh. The disturbance of the mines themselves
was the most notable teature of the damage
done. This is illustrated by the photographs.

FIGURPE 50.

Revetment 1 after Test 1, looking northeast
from southwest corner
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Front of Revetment 1 after Test 1

figures 49 through 52. Apparently the suction
phase of the blast was responsible for the top-
pling over of the middle third of the first tier
of mines on the near side of the pile, the col-
lapse of the corners of the stack and the wide
scattering of individual mines. Twentyv-one
mines were counted on the ground on the near
side of the revetment, the farthest lying about
40 feet from the edge of the stack, and 32
mines lay on the upper part of the windrow.

Revetment 1 after Test 1.

Ficure 51,
along edge of mine stack from southwest corner

Looking north



There were about a hundred mines in the col-
lapsed tiers lying in between the near side of
the stack and the toe of the revetment slope. A
few of the scattered mines were almost com-
pletely buried by carth that had descended on
them. On the far side of the revetment, both
corners had partially collapsed and some thirty-
odd mines had fallen from the top edge of the
side of the stack and lay at the bottom of thc
earth slope. No mines lay on the upper part of
the slope or had been blown out of the revet-
ment on the far side. A few of the mines had
been struck by missiles; in some cases mines
were hroken out of their crates and in one
instance the mine itself was badly dented.

(2) Revetment 2.—Figure 53 shows the ap-
pearance of the front of this revetment after
the explosion. Mines were evidently suecked
from the top two or three layers at the front
of the stack and scattered over the ground to
as far as about 35 feet from the stack. The
number missing from the front face of the
stack and from the front corners which had
toppled over was counted as 101. The two rear
corners also had collapsed; and in addition 18
mines were missing from the top of the rear-
most tier. A few mines had fallen from the top
edges along the sides of the stack. A small
amount of debris littered the top of the stack.
The earth windrows were practically intact, but
there may have been some sliding at the bottom
of the slopes along the sides. The sandbags at

Fioure 52,

Revetment 1 after Test 1.
along top of west windrow

Looking north

the bottom of the slope on oue side of the en-
trance were toppled over.

(j) Damaye to barracks.—Damage sustained
by the three wood-frame buildings will be
described under three headings: (1) super-
ficial, (2) structural, and (3) glass.

(1) Superficiul—Superficial damage is de-
fined for the purposes of this report as damage
to covering and trim, i.e., roofing, siding, facia,
window frames and sash (excluding glazing)
door frames and doors, casing, etc.

Barracks 1 sustained extensive superficial
damage. See figures 54, 55, 56, and 57, photo-
graphs ot its exterior. On the north side, all
except one of the windows was blown in, along
with two of the frames on the second floor and
all of the frames on the ground floor. All the
window trim and casing was blasted off. The
asphalt felt siding was torn loose in numerous
places. On the east elevation, about half of the
sash were blown out of the frames. Other
sash remained in place but were loosened or
hanging askew, and still others had broken
stiles, rails, or muntins. The asphalt felt siding
was torn loose at one point. On the west ele-
vation, two sash were blown out of their
frames, and another was loosened and left in
a canted position. On the east slope of the roof
near the south end of the ridge, a piece of
asphalt felt roofing about 7-feet long was torn
off, exposing the sheathing. It was shaped like
a tear-drop, with the point toward the north.

Fi1Gure 53.

Front of Revetment 2 after Test 1
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FiGure 54. North elevation of Barracks 1 after Test 1

Ficure 55. East elevation of Barracks 1 after Test 1

FIGURE 56.

West elevation of Barracks 1 after Test 1

On the south elevation, the first floor door
frame was displaced inward 2 inches at its top.

Bayracks 2 received superficial damage simi-
lar to that of Barracks 1 but less severe. Two
sash were blown in on the north wall, and four
others loosened. The frame and casing was
broken on the upper triple window but re-
mained in place. The felt siding was torn in
two spots on the north wall. On the east eleva-
tion, four sash were blasted in and exterior
trim was missing in two places. On the south
elevation, the second floor door casing was
pulled downward 2 inches and in 1 inch at the
top. There was a tear-shaped torn spot in the
roofing on the south end of the east slope, in the
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FIGURE 57. South elevation of Barracks i after Test 1

same place as in Barracks 1. The tear was not
quite as large as was the case in Barracks 1,
however. Figures 58 and 59 are photographs
of the north and east elevations of Barracks 2
after Test 1.

Barracks 3 sustained no superficial damage
other than a tear-shaped torn spot in the roofing
near the south end of the east slope of the roof,
which was in size, shape, and location nearly
identical to the torn spots in the roof of Bar-
racks 1 and 2. See figures 60 and 61. The
tear in the siding next to the upper left window -
in the latter photograph was done by wind be-
fore the explosion.

(2) Structural.—In this report, structural
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FiGUure 58. North elevation of Barracks 2 after Test 1

FIGURE 60. North elevation of Barracks 3 after Test 1

damage is considered to be failure or displace-
ment of structural members, including {ounda-
tion posts, floor beams and joists, subflooring,
plates, studs, columns, rafters, and sheathing.

Barracks 1 suffered structural damage as fol-
lows: There was evidence that the building had
been rocked on its foundations, viz., the 12” x
12” foundation posts had been pushed away
from the blast and then back again, leaving a
void about 1” wide between the ground and the
north and south faces of each post. In the
north wall, every 2” x 6” stud on the ground
floor was either fractured or pushed inward off
the lower plate, both upper and lower plates
were split, 2” x 6” diagonal corner braces were

FicUre 59. East elevation of Barracks 2 after Tesi 1

g v ot

FIGURE 61, KEast elevation of Barracks 3 after Test 1

broken, several sheathing boards were broken
and pulled away from the studs and the 2” x 6
framing at the sill and jamb on one side of the
window opening was split. On the second floor,
the north wall suffered one-third of its studs
broken and displaced inward, both upper and
lower plates fractured, several sheathing
boards broken inward, and head and sill fram-
ing of the window opening fractured. The
gable wall sustained breakage of about one-
third of its 2” x 4” studs and some sheathing
was broken. The east wall of the building had
one stud cracked beneath the north window on
the ground floor. The roof girder or purlin on
the east side was badly fractured, and seven
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FIGURE 62, Interior of Barraeks 1 after Test 1. FIGURE G3. Interior of Barracks 1 after Test 1.
Ground floor, looking northwest Ground Hoor, looking southeast

FIGURE 64. Interior of Barracks 1 after Test 1. FIGURE 65. Interior of Barracks 1 after Test 1.
Ground floor, looking northeast Ground floor, looking southwest

FIGURE 66, Interior of Barracks 1 after Test 1. FIGURE 67. Interior of Barracks 1 after Test 1.
Second floor, looking southwest Second floor, looking northeast
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FiGure 69, Interior of Barracks 2 after Test 1. FIGURE 70. Interior, Barracks 2 after Test 1. Ground
Ground floor, looking northeast floor, northeast corner, showing broken and displaced
studding and bLiace

FiGure 71. Interior, Barvacks 2 after Test 1. Second
story, looking northwest

FIGURE 72. Interior, Bairacks 2 after Test 1. Second FIGURE 73. Interior, Barracks 2 after Test 1. Second
story, northeast corner, showing broken plate and story, northwest corner, showing displaced and frae-
displaced stud tured studding
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FIGURE 75.

FIGURE 76.

Interior, Barracks 3 after Test 1.
stud in north wall, second story

Broken

Interior of Barracks 3 after Test 1.

Ground floor, looking northeast

FIGURE 77.
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Interior, Barracks 3 after Test 1.
ing southeast on second floor

Look-

rafters were split. A missile had penetrated
the east slope of the roof leaving a hole about 3
inches in diameter in the sheathing. For vari-
ous interior views of Barracks 1 see figures 62
to 67, inclusive. For a diagram illustrating the
damage see figure 68.

Barracks 2 suffered damage similar in char-
acter but less in extent than that of Barracks
1. In the north wall on the ground floor, four
studs were shattered near the east end, the
sheathing was split and pulled away f{rom the
studs, and a 2" x 6” corner brace was broken.
Two studs were cracked near the west corner.
The lower plate was cracked. The head and sill
framing of the window opening was pushed
askew. In the upper story, three studs were
split in the west end, three above the window
where the upper plate was also broken, and
sheathing was broken in beneath the window.
Jamb framing on one side was fractured. The
upper plate was split and sheathing pushed in
near the east corner as well. Two studs were
split in the north gable wall. There was no
other structural damage. For photographie
views of typical instances of damage, see fig-
ures 69-73, inclusive. Figure 74 is a diagram
in which the damage is detailed.

Barvacks 8 received only two broken studs
in the north wall, one in each story on the
north wall. Figure 75 is a photograph of one
of these. There was no other structural dam-
age. For views showing the appearance of the
interior, see figures 76 and 77.

(3) Glass: Glass damage is defined as
cracked, shattered, displaced or missing (from
sash) window glazing material. Intact panes
in blown-out sash were not considered dam-
aged. Bent plastic panes which maintained a
weather seal were not classed as damaged.

Barracks 1 suffered 92 percent glass damage
on the north elevation, about 75 percent on the
east elevation, and about 10 percent on the
west elevation. A detailed record of the glass
damage is given by figure 78, which depicts the
location, size, and composition of each pane
broken or displaced from its sash in the build-
ing. The violence with which the windows were
broken is indicated by the sash and frames
blown into the building and halfway across the
floor, and the broken glass and pieces of other
glazing material scattered over the floors as far
as the opposite walls. In one instance a small
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Fi16ure 81. Explosion of Igloo K—ist stage

Ficure 82. Explosion of Igloo E—2nd stage

FIGURE 83. Explosion of Igloo E—3rd stage
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FIGURE 84. Explosion of Igloo E—4th stage

piece of glass was found embedded in one of the
timber columns, at a point about three feet
above the floor. The flying glass would have
been a grave hazard to any person occupying
the building at the time of the explosion.

parracks 2 suffered 38 percent of its panes
damaged on the north elevation, 20 percent on
the east side, and only one broken (0.6 percent)
on the west side. Figure 79 is the detailed
record of glass damage in this building. While
flying glass was not as severe as in Barracks 1,
fragnients were propelled over two-thirds of
the distance across the building interiors. Sev-
eral sash were blown into the building, and one
came to rest about a third of the way across
the floor. Anyone within the building would
have been in serious danger of injury from
both the glass fragments and the broken win-
dow members.

Barracks 3 also received 38 percent glass
damage on the north elevation, but only 12 per-

cent on the east elevation and none on the west
stde. Figure 80 shows the damage in detail. It
is interesting to note that there was only one
case of breakage of a pane of common DS win-
dow glass in this building. Nevertheless there
were fragments of this glass as well as of plas-
tic glazing material scattered half way across
the floor. While not in as hazardous a position
as occupants of the closer buildings, any person
inside this barracks at the time of the explosion
may have been injured by flying glass.

2. Test 2.

(a) General—Igloo E’s charge was fired at
1100 MST, 8 October. The weather was sunny
with few clouds. The temperature was 45° F.,
the barometer 25.19” Hg., and there was a
breeze of from 0 to 2 miles per hour from the
southwest. The detonation showed first a
bright flash which became a symmetrical lame-
filled cloud with sharp-pointed plumes shooting
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2. Igloo F at instant when shock wave strikes the
headwall, .18 sec. after flash. Line of smoke in fore-
ground is from primacord set off to actuate certain
instruments.

b. Shock wave has travelled over a quarter of the
length of the igloo, .20 sec. after flash,

c. Shock wave is over halfway down the igloo, at
.22 sec. Note soil blown from behind headwall by eddy
currents.

d. Wave has travelled three-quarters of the length of
the igloo, .23 sec. after flash.

-
P 0

¢. Wave has reached ventilator at end of igloo at
.24 zec. Plywood sign on side of igloo is breaking up.

FI1GURE 85.

rapidly upward. As it grew larger, the cloud
spread out farther laterally, the sharp plumes
became dark grey boiling rolls, with a great
ball of red fire playing inside. See figures 81
and 82 for photogravhs of its early stages of
development, As the fire died out the cloud
seemed to spiral upward more rapidly than it
spread laterally, until it began to form a mush-
room-like head above a relatively narrow neck.
After reaching a maximum height of about

60

f. Wave front has passed igloo, whose entire suirface
is made shades lighter by earth blasted up. Flywood
sign has flown to pieces. Time, .24 sec. after flash.

Selected frames from Eastman Hi-Speed film, Test 2

8,600 feet the top became separated from the
neck and drifted away in an eastward direc-
tion. See figures 83 and 84 for photographs of
the cloud in its latter stages. The head ulti-
mately was about 2 miles in breadth, while the
base attained a diameter of more than a mile.
The trace of the negative phase of the shock
wave was again clearly visible as it emerged
from the cloud while the latter was still in its
sitarp-plumed stage, and spread outward like a



bubble expanding at high velocity. It became
less distinct as it expanded and could no longer
be seen when its radius exceeded 2 miles. The
observers, 4.1 miles distant, felt no ground
shock, but again heard two distinet reports a
fraction of a second apart. In this case, the
second report was considerably less loud than
the first. The air blast or concussion accoimn-
panying the reports felt like a sudden wiud
puff of low velocity.

(b) High-speed motion pictures.—The high-
speed film of Igloo F taken during the explo-
sion of Igloo E showed the effects of the shock
wave as it swept across the field of view. The
reflected wave from the front end wall of the
target igloo is visible in these pictures when
projected, but cannot be distinguished in the
individual frames. Selected frames from this
film, which show the igloo and progress of the
wave front in several stages as it swept from
headwall to toe of rear slope, are reproduced
in figure 85. Behind the front, the earth em-
bankment turns several shades lighter, prob-
ably due to turbulencc of surface soil picked up
by the blast. The mean camera speed in this
sequence was about 700 frames per second, as
caleulated from the timing marks on the film.
The shock wave arrived at the front of the
igloo 0.18 seconds after the flash, correspond-
ing to an average velocity of propagation {rom
the center of charge to this point of 2,220 ft.~
sec. The mean velocity of the wave as it
traveled the length of Igloo F was about 1,375
ft./sec. A 4’ x 8 plywood sign which had been
laid on the earth cover on the near side of the
igloo was blasted to pieces, which traveled away
from the explosion during the positive phase,
and then returned to the field of view in the
negative phase, coming to rest not far from
their original position.

The Fastax camera, located at camera sta-
tion Number 1, 2,250 feet to the north, pro-
vided a film showing the development of the
explosion from a preliminary tongue of flame
which emerged from the front of the igloo, to
a large bulbous cloud having a fiery center
ringed by sharp plumes of dark smoke shooting
radially outward. At the end of this film, the
usual white cloud was developing from the
lower parts of the main cloud mass. The shock
wave was not visible in this film, but its effect
on the ground in the form of a change to a

lighter shade, could be observed propagating
away from the explosion. Because of the lack
of a telephoto lens on the camera, smaller de-
tails of the explosion phenomena, such as wave
reflections and missiles, were not visible. Fig-
ure 86 shows selected frames from this film.

(¢) Ailr blust.—Pressures registered by the
ball crusher gages are tabulated in table V.
Many of these gages were lost or damaged by
missiles in this test, particularly on the north
meter line. There is considerable scatter in this
data, as there was in the first test.

TABLE V.—DPcak blast presswres, p.s.i., from ball

crusher gages, test 2

. Line 1 Line 2 Tiine 3

Distance from

charge, feet NOL| Arco NOL Arco| NOL | Arco
P20 ieeee  coeeinen 152 X 6 64 52 38
10K ... od 2317 X 43 49 49 33
e e 143 X 43 45 27 26
W0 Bk e 880860000 Mo d 0 06 56600 ¢ 55000
L BT T (NP [P 8l | ...,
1410 o o866 BEBE0L 0 0 MG ¢ 0o |86 0oo || coaoo 45 | ...,
D BEBaaaT e aaaat.0 N SEEEENE o 660 || o0 Bg 84 || oaaoo
) caoaooolal x x T 45 40
(10 SN o SRR o SEEKI00 X 8% B2 41 27 X

X signifies o reading beeause gage was lost or damaped.

Pressures obtained from the foil and paper
blast meters are presented in table VI.

TABLE VI.—DPeak blast pressiures, ps.d., from foil and
paper blast meters, test 2

Distance from Line 1 Line 2 Line 3
charpe, feet 1Foil Paper Foil Paper Paper

175 coaoa  oc X 0000 343

225 e el el x L., 281 L.

U0 Ma00E 600aaA00 343 | ..... 22.8 0000 o

330 Lo 34.3 0000 4B | ...

&1 faaanaaas 18.5 12.0

440 .. ocaaaaaa 14.8 120 ... N.

500 .. L. 22.8 8.2 12.0 x S.2

SEH el 12.0 13.% 9.7 8.2 g2

BLOM e 14.8 R.2 7.9 8.2 $.2

T28 cooi0 ceees i 5.6 6.4 R.2 5.6

820 . 900000000 a0 5.6 6.4 5.6 5.6

G (D) S 6.4 5.6 5.2 5.6 5.6
1,055 . 0ao0aao0o 865 o 3.3 0000 3.3 3.3
IRUODRRETREY: - B | e 3.3 5.6 23
IR 131 (I 0000 o 3.3 caao 2.3 23
1530 (... ...l oo Rk e 2.3 Ol
1,780 ... caoaa 1.5 1.5 1.5
1960 ..., e .60 2.3 Nk
2220 .. aaao aaoo 40 . 60 60
200N L. e 800G .60 5 Rz} .60
EX VLR ,. 25 38 50
3.220 ... ... .38 o 18 38
3660 Ll 806 o .60 P i A0
4,140 .. b 000000 oo 25 38 AR
4890 ... aeneene vere 3% <.3X% A
5310 ... o 0000 0000 offiiboaco 0000 .38 3~
GED S 6660060000000 || 00000 ml 00000G 0ooo <33R 3%
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a. Flash at front of Igloo E.

b. Smoke and fire cloud 0.1 sec. after flash.

c. Cloud 0.22 sec. after flash.

FiGUuRre 86.

The pressures in the above tables have been
plotted as a function of distance from center of
charge in figures 87, 88, and 89, which show
off-front, off-side, and off-rear pressures, re-
spectively. As was the case in test 1, a slightly
concave downward curve appears to fit the
data better than any other, and such a curve
has been selected by eye in each graph. These
curves indicate that the pressure was of the
order of 200 p.s.i. directly in front of the igloo
at a distance of 100 feet from the center, while
only from 50 to 60 p.s.i. off the sides and rear
at the same distance. Pressures on all three
lines were about 4 p.s.i. at a distance of 1,000
feet, and dropped to from 0.5 to 0.7 p.s.i. at
2,705 feet, where the nearest barracks was lo-
cated. In this test, two Aberdeen paper blast
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Selected frames

d. Cloud 0.48 sec. after flash. Vapor ring has formed.
Dust geysers in foreground caused by missiles striking
earth,

from Fastax film, Test 2

meters had been placed inside Igloo F, one near
the front end and one near the rear, both lo-
cated on the centerline and boinh facing north,
or toward the door. Neither of these meters
registered, indicating that the blast pressure,
which was of the order of 15 p.s.i. above at-
mospheric outside, failed to communicate to
the interior to an appreciable extent. Paper
meters placed in and around the three barracks
registered as depicted by figure 90. In Bar-
racks 1, the westernmost meter on each floor
registered a pressure of 0.25 p.s.i. It.is be-
lieved that these meters registered only because
the north windows had been broken or blown
out by the previous explosion and the meters
were located in line with the blast entering
throtgh these openings. Readings of meters
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Fi1GUuRre 92,

outside the buildings were a bit higher than
those of meters along meter line 3 at the same
distance. Along the north and west elevations
of Barracks 1, readings averaged 1.2 p.s.i.
whereas the meter line at the same distance
gave a value of about 0.7 p.s.i. Meters at
Barracks 2 averaged 0.5 p.s.i. while the meter
line gave about .3 p.s.i. at the corresponding
distance. It is not thought advisable to permit
the readings of the meters at the barracks to
influence the average curve drawn for the meter
line, because of the possibility that registration
of the meters at the barracks may have been
affected by reflections of the shock wave from
the walls of the buildings. Meters in the lee of
the buildings again registered no pressure or
much less pressure than the meters on the
exposed sides.
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Crater of Igloo E, looking east

(d) Crater.—In plan, this crater was nearly
circular, the north-south and east-west appax-
ent diameters differing by only about 2 feet.
The average diameter was 177 feet, and the
maximum depth was 10 feet. This crater
appeared much shallower than that of Igloo D,
and had a more uneven bottom with many
heaped-up places. The rim of this crater did
not quite meet the rim of the first crater, the
space left between the two being wide enough
for a jeep to drive through. For plan and pro-
files of this crater, see figure 91. For photo-
graphs, see figures 92 and 93, which illustrate
the unevenness of the bottom and the distribu-
tion of concrete fragments. Excavation at the
deepest point of the bottom disclosed that the
true depth was from 2 to 214 feet greater than
the apparent depth. The excavation was car-




FI1GuRre 93.

ried to a depth of about 5 feet below apparent
bottom, or to about 15 feet below grade, and
was stopped when a stratum of light grey vol-
canic rock was encountered. In the sides of
the excavation the true crater bottom appeared
as a sharp line; the earth above was dark in
color, unstratified, and contained much frac-
tured gravel, while the earth below lay
apparently undisplaced although almost all
large aggregate was cracked and the voleanic
rock seemed to have been shattered.

(e) Ground movement.—Permanent horizon-
tal and vertical displacement of the ground sur-
face caused by the explosion of Igloo E is given
by figure 94. Movement recorded along the
eight radii was predominately away from the
explosion and upward, although there were a
few instances of inward and downward dis-

Crater of Igloo E, looking southwest

placement. At 100 feet from the center, hori-
zontal movement varied from 1.2 to 0.45 feet
outward with an average of 0.8 feet, and
vertical movement was from 0.22 feet down to
0.36 feet up, with an average value of 0.12 feet
up. At 250 feet, displacements were from 0 to
0.4 feet outward with an average of 0.1 feet,
and from 0 to 0.12 feet upward with an average
of 0.08 feet.

(f) Permanent displacement of target igloo.
—There was no detectable movement of Igloo
F in the horizontal plane, but the igloo appar-
ently was lifted bodily about one-tenth of an
inch. The changes in elevation as determined
by survey are recorded in figure 95, which also
shows the permanent changes in internal arch
dimensions. The latter varied from plus to
minus 1/16".
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FIGUure 96.

(g) Transient arch deflections of turget igloo.
~—Maximum and minimum changes in arch-
floor distances and diagonal distances from
points on the arch on one side to springing sec-
tion on the other side are depicted in figure 96.
The values vary from about 14" plus to a like
amount in the minus direction (decrease in di-
niension).

(h) Damage to target igloo.—Igloo F was not
seriously damaged by the second explosion.
The front wall, which was cracked in the first
test, suffered additional cracks and the previous
cracks were extended and opened wider. See
figure 97, which shows the front wall shortly
after the explosion. Missiles struck the wall

72

Transient Distortions of Internal Dimensions of Igloo F as measured by Deflection Gages, Test 2

in numerous places, leaving indentations up to
a foot in diameter, but no missiles penetrated
through the wall. The pilasters on either side
of the door suffered severe spalling of the con-
crete, as may be seen from figures 98, 99, and
100. The failure of the front wall was such
that it bellied inward about 2 inches in the
middle (note edge view in figure 99). Three
of the principal cracks reached the top of the
wall and a scab or broken piece of concrete was
dislodged from the top edge (see figures 101
and 102). The door and frame were bent
inward slightly but were in operating order
when the igloo was opened. The bottom hinge
anchor was nearly torn out of the pilaster, as



F'iGURE 99.  Open door, showing condition of front wall
at door jamb; Igloo F after Test 2

FiGure 101. Rear view of upper part of front wall as
viewed from top of igloo; Igloo F after Test 2

FIGURE 98. Close-up of upper part of door and
pilasters; Igloo F after Test 2

FiGure 100. Close-up of Iower door hinge and pilaster,
showing fractured concrete over hinge anchor; Igloo
F after Test 2

FiGURE 102, Close-up of crack and *scab” from rear
of upper edge of front wall; Igloo F after Test 2
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may be seen in figure 100. On the inside, the
front wall was broken away from the floor slab,
and most of the exterior cracks could be seen
on the inner surface. In addition, there were
a few spalled places, particularly around the
door where the inward deflection was greatest.
There was no appreciable damage to the rest of
the igloo. No cracks could be found in the arch
barrel, rear wall, or floor (other than the few
fine shrinkage cracks previously existing). The
ventilator flue was intact. There was no loss
of earth cover except for slight erosion imme-
diately back of the front wall. There was

apparently no disturbance of the stacks of
bombs, which stood just as they had before the
lest.

(i) Damage to revetments: (1) Revetment 1.
—Little or no loss of earth was sutfered
through blast erosion. An inch or two of addi-
tional earth settled on the windroews and on
top of the mines, mostly on the near side. More
fragments of concrete and pieces of reinforeing
steel also fell on top of the pile. The mines
themselves, which had not been restacked after
the previous explosion, were not further scat-
tered except to a minor extent. For photo-
graphs showing the condition of this revetment,
see figures 163 and 104.

(2) Revetment 2.—This revetment was also
little disturbed by the second explosion. A
number of additional mines were pulled from
the top edge of the front of the pile and scat-

FIiGURE 103. Revetment 1 after Test 2, looking north

from southeast corner

FIGURE 105.
nally toward front of mine stack from northwest corner

Revetment 2 after Test 2, looking diago-
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FIcUure 106.

FIGURE 104, Revetment 1 after Test 2, looking north

from southwest corner

Revetment 2 after Test 2, looking east-
ward at rear of mine stack from southwest corner



tered on the ground, and a few more mines
were dislodged from the rear and side faces of
the stack. See figures 105 and 108.

(J) Damage to barracks: (1) Superficial.—
Barracks 1 lost large areas of asphalt felt sid-
ing and the battens which covered it, princi-
pally in the gable and on both sides of the sec-
ond-floor windows of the north wall. In the
east elevation, two sash which had been loos-
ened in the first blast were blown into the
building, old torn spots in the siding were made
larger and new ones started. Battens were
extensively broken, door frames and trim and
the doors themselves were pushed out of line
by the bulged-out south elevation. On the west
elevation, four sash and parts of their frames

FiGure 107. North and woast elevations of Barracks 1

after Test 2

FIGURE 109.

South and west elevations of Barracks 1
after Test 2

and trim in the south end of the ground floor
were blown outward, evidently by blast from
within that entered through the openings in
the north and east walls. The tor: spot in the
roofing on the south end of the east slope was
enlarged and a second tear started just north
of the first. For photographs of the four ele-
vations, see figures 107, 108, and 109.
Barrecks 2 suffered further tearing of torn
spots in the siding on the north elevation and
three sash which had been lvosened in the first
test were blown into the building from this
side. Additional exterior window trim was
also lost. On the east elevation, as well, three

more sash were blown from their frames into
the building, and two others were broken in

3 By i

FIGURE 108. Kast elevation of Barracks 1 after Test 2

FIGURE 110. North elevation of Barracks 2 after Test 2
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place. The south wall was not damaged ex-
cept for the loss of a piece of exterior trim over
the ground floor door. The west elevation wus
not further damaged. The tear in the roofing
in the upper portion, south end, of the east
slope of the roof was made about twice as long
as it was after the first blast. Views of tie
four sides of the building after test 2 are given
in tigures 110 through 113.

Barracks 3 lost one previously broken sash
from the second floor windows of the north
elevation. Two other sash were loosened, and
some exterior window trim was displaced from
position.” The east elevation escaped with no
further superficial damage, as did the south
side. In the lower part of the west side, how-
ever, a large section of asphalt felt siding was
torn off. The torn spot in the roofing on the
south upper portion of the east slope of the
roof was lengthened so that it was almost as
long as the buildings. Figures 114, 115, and
116 show the north, east and west elevations of
this building after the second blast.

(2) Structural: Barracks I received the fol-
lowing additional structural damage: The
building was roeked on its foundation posts,
leaving crevices between the timber and earth
1”7 wide on the south and east sides, 14" wide
on the north side, and closed up on the west
side of the posts. These measurements were
taken on posts on the east side of the building.
Apparently the building deflected bodily away
from the explosion, then toward it during the
negative phase, and returned to a central posi-
tion somewhat west of its original position. In
the north wall on the ground floor, studs which
had been merely cracked before were now
badly fractured or broken out of position. A
6” x 6” post in the wall was knocked out of posi-
tion and lay on the floor. More sheathing was
broken and the jamb framing on one side of the
window opening was split. In the same wall
on the second floor, several studs which had
been previously cracked were now completely
broken or separated from the sheathing and
plates. In the gable wall, two additional studs
were broken, two others loosened, and the
sheathing broken up near the peak. The east
and west walls did not suffer additional struc-
tural damage, but the south wall, which re-
ceived an outward impulsive force from the
blast entering through the broken north and
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east windows, was displaced outward a maxi-
mum of 12 inches at the midheight of the build-
ing. On the ground floor, the bottom plate and
several studs were broken. A 6” x 6" post
which supported a 6” x 12" second floor girder
was pushed outward with the wall so far that
the end of the girder was no longer bearing on
it, and the second floor was left unsupported at
this point. On the second floor, the south wall
had many broken studs and cracked sheathing.
In the roof, previously cracked rafters were
now badly fractured, and the broken purlin
was further split and knocked askew. Figure
109 illustrates the bulging-out of the south
wall, and figures 117 through 121 show typical
instances of displacement and failure inside the
building. Figure 122 is a diagrammatic rep-
resentation of the structural damage to this
building.

Barracks 2 was also rocked on its foundation
posts, leaving crevices between the carth and
sides of the post 2 inches wide on the north, 14
inch wide on the east, 114 inches wide on the
south, and 14 inch wide on the west sides. In
addition, the stringer bearing on the exterior
line of posts was pushed inward, exposing parts
of the tops of the posts, and carrying the wall
with it. This deflection amounted to 3 inches
on the north side, 2 inches on the east side, and
114 inches on the west side. In the north wall
on the ground floor, studding that had been
cracked or loosened in the first blast was more
seriously broken and separated farther from
the plates and sheathing. In the second story,
previously broken studs, plates, and sheathing
were deflected farther inward. Damage in the
gable wall was similarly increased. There was
no appreciable increase in structural damage
to the remainder of the building. Figures 123
through 127 illustrate typical cases of failure
and displacement of interior members, and fig-~
ure 128 shows the damage to the building in
diagrammatic form.

Barracks 3 sustained one additional broken
stud in the north wall on each story, but no
other structural damage. Figures 129 and 130
show the appearance of the interior of each
story after the second test.

(3) Glass: Barracks 1.~—~There were only
three additional panes broken in the second
test, all of these being in the east elevation.
Two were 1134” x 143" DS panes and the other



FiGure 111, East elevation of Barracks 2 after Test 2 FIGURE 112. South elevation of Barracks 2 after Test 2

T T A T, S

Ficure 113, West elevation of Barracks 2 after Test 2 FIGURE 114. North elevation of Barracks 3 after Test 2

: '_

FIGURE 115. East elevation of ‘Barracks 3 after Test 2 FiGure 116. West elevation of Barracks 3 after Test 2
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FiGure 117, Damage to north wall, ground floor of FiGure 118. Damage in northeast corner, ground floor
Barracks 1 after Test 2 of Barracks 1 after Test 2

FI1GUure 119. Displacement and failure of studs and
plate, south wall, ground floor, Barracks 1 after Test 2

Frevre 120. Displacement of south wall and column FIGurE 121. Looking up from ground floor, showing
supporting 2nd floor, ground floor, Barracks 1 after separation of south wall from 2nd floor framing,
Test 2 Barracks 1 after Test 2
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Fi1Gure 123. Damage in northeast corner of ground IFIGURE 124, Brokcn studding in west part of norvth
floor, Barracks 2 after Test 2 wall, ground fibor, Barracks 2 after Test 2

FiGure 125, Broken stud and plate in north wall,
second floor, Barracks 2 after Test 2

FIcure 126. Broken studs in north gable, Barracks 2 Ficure 127. Broken and displaced studs, north wall,
after Test 2 second story, Barracks 2 after Test 2
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Figure 129,

1

Interior of lower story, looking northeast, Barracks 3 after Test 2

Ficure 130.

was a 874" x 9-11/16" piece of Lumapane. Of
course, unbroken panes in sash which had
blown into the building as a result of the first
blast were not subjected to a proper test in the
second explosion and breakage of such panes
was not recorded. Figure 131 gives the total
glass breakage as it stood after the second test.

Barracks 2.—Five additional panes were out
of the lower story sash of the north elevation.
Four were DS and were broken; the fifth, which
was Duplate, was dislodged from its sash but
was not broken. One DS pane was also broken
in the upper story windows of the north side.
Two more panes were out on the east elevation.
One of these was a 3574" x 147" piece of wire
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Interior of upper story, looking southeast, Barracks 3 after Test 2

glass which was shattered, and the other was
an 834" x 9-11/16” Vimlite pane which was
torn from its sash. See figure 132 for a com-
plete record.

Barracks 3—0n the north elevation, four
panes of DS glass backed by wire mesh and one
with no backing were demolished in place. On
the east side, three 1194” x 14%}” pieces and
two 834” x 9-11/16" pieces of Vimlite were
either torn loose, left hanging, or were com-
pletely missing. One light of Lumapane 1154”
x 1434” in size and one small pane of the same
material were blown in. Figure 133 gives the
total glass damage to this building following
test 2.
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3. Test 3.

(a) General.—Prior to this test, the earth
cover on Igloo F was increased according to
plan {(see figure 7). Figures 134-136, inclu-
sive, show its appearance after this was done.
The detonation of its charge took place at 1100
MST, 16 October. The sky was about 50 per-
cent overcast with thin cirrus formations at a
high altitude. There was a north wind of vel-
ocity of about 16 m.p.h. The temperature was
51° F., and the barometer 25.10” Hg. The
explosion started as a nearly spherical cloud
with bright fire inside, then entered a stage 1n
which sharp plumes radiated outward from the
point of origin, and within a fraction of a sec-
ond assumed an irregular hemispherical form
in which the plumes became rounded rolls
spreading as fast horizontally as vertically. At
this stage the upper portion appeared as dark
boiling smoke with little or no fire visible, while
the lower portion was skirted with expanding
sprays of light brown dust. Suddenly a head
of dark smoke shot upward from the main
mass, reaching a maximum altitude of about
7,200 feet above the desert. For a time it re-
mained connected to the main mass by a short
twisted neck and then, as the wind blew the
main mass rapidly southward, the head became
disconnected from the lower portion. It was
elongated but remained nearly vertically above
the point of origin, as there was little wind
above an altitude of about 4,500 feet. As the
lower cloud was driven south, it enveloped some

of the observers who felt the sting of flying
sand, while visibility in all directions was ob-
scured by dust. The cloud, with all the aspects
of a sand-and dust sterm, later swept over the
proving ground headquarters, 9 airline miles
south of the explosion site. Its course was
visible for perhaps 20 miles until it gradually
dissipated. The trace of the shock wave was
not visible in this test. As was the case in the
first two tests, a double report was heard at the
main observation station simultaneously with
the arrival of the air shock wave. The two re-
ports seemed equally intense and the interval
between them was less than a second. Figures
137-140, inclusive, show the development of the
smoke and debris cloud in this explosion.

(b) High-speed motion pictures.—The Fas-
tax film showed the formation of the flame,
smoke, and debris cloud as viewed from camera
station number 1, 2,250 feet north of the crater
of Igloo D. The cloud exhibited .the same gen-
eral characteristics as that of the previous
explosions, except that it spread somewhat
more laterally in proportion to its height and
the proportion of fire to the dark masses seemed
less. Its size was not as great as that of the
500,000 pound explosions. The white vapor-
ous cloud seen in the previous films was again
visible, but not as extensive; it formed an ex-
panding circumferential band which moved
outward at high velocity and passed out of the
field of view. It is thought that this white
cloud is formed of moisture condensed during
the rarefaction phase of the blast wave and is

Fi1Gure 134.
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Three-quarter front view of Igloo F prior to Test 3



the same phenomenon which was seen by the
observers on the hill 4.1 miles southwest of the
explosion in tests 1 and 2. The fact that it was
not visible from the hill in this test is in accord
with its lesser extent and more ephemeral char-
acter as seen in the high-speed film. Selected
frames from this film are reproduced in figure
141.

(c) Air blast.—Pressures obtained by means
of ball crusher gages, foil meters and paper
blast meters are presented in tables VII and
VIII.

These values are plotted on logarithmic paper
in figures 142, 143, and 144, giving off-front,
off-side, and off-rear pressures, respectively,
as a function of distance from the center of

TABLE VIl.—Pcak blast pressures, ps.., from ball
crusher yages, test 3

. Line 2 Line 3 Line 4

Distance from

charyge, feet NOL.  Arco NOL' Arco NOL Arco
100 v 0uvieie cinanns 377 | 44 19 97 x x
10 ...onnn veee 2687 | 43 49 0? | x x
1 ooB00M et ootoos 43 36 37 3 27 87
1308 Nl ol (T e 827 | 26 46 42 x x
SO o oo » = ohon AHE 30 3¢ 55 | 87| 7167| 31

X Signities lost or damaged gage.

charge. Average curves, fitted to the plotted
data by eye, show pressures of the order of 50
p.s.i. besides and to the rear of the igloo at a
distance of 100 feet, and a pressure of perhaps
80 p.s.i. in front of the igloo at the same dis-
tance. At 1,000 feet, pressures were about 2.5

FIcure 135.

Three-quarter rear view of Igloo F prior to Test 3

F1GURE 136.

Side view of Igloo F prior to Test 3
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Ficure 137.

Explosion of Igloo F, 1st stage

FIGURE 138.

TasLE VIII.—Peak blast pressures, p.s.i., from foil and
paper meters, test 3

. Line 1 Line 3 Line 4
Distance from
charge,  feet Foil Pagper Puper Foil Paper
LT A 30 I | 1 IRl (1 e 22K
1G9 e oMo dobaons 53° Ml oocooo ||l coosoo £ || ocooooa
205 EZ 1]l ocoaon ||lfosoo00 14.8
Sl TR S X 14.8
R e . 5 X 5 e X oo
T 5o nenoo0ac 18.5 8.2 8.2 12.0 x
440 e 12.0 R.2 8.2 9.7 X
500 7.9 5.6 5.6 7.9 X
65 6.4 8.2 5.6 6.4 X
640 ..... ... 8.7 S 5.6 5.2 5.6
28 ETEE L 7.9 5.6 3.3 5.2 5.6
N20 6.4 bRH 2.3 5.2 3.3
Q30 e X GEEEE | - e 3.3 2.3 3.3
1055 .. 2.3 263 2.3
1,190 .. . 1.5 2.3 2.8
1,350 ... .04 2.3 .91
1.530 .. 5 40 1.5 1.5
1,730 .. .60 RiE 5 94
N S 88 00 B 000005 25 60 | ..... .04
25 60 .60
.25 60 Eh
25 60 38
25 .60 0 SR
25 25 0 .38
o <.25 .25 .25
4,690 .. <. 25 .25 25

3

X Signifies lost or damaged meter,
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Explosion of Igloo F, 2nd stage

p.s.d. in all directions from the source and at
2,705 feet (the distance at which Barracks 1
was located), peak values had diminished to the
order of 0.5 p.s.i. on the side and rear meter
lines and apparently to about 0.2 p.s.i. on the
front line. )

(d) Crater.—The crater was approximately
round, with an average apparent diameter of
137 feet and a maximum apparent depth of 9
feet., While roughly symmetrical with respect
to the longitudinal axis, it was quite eceentric
with respect to the original lateral axis through
the center of the igloo, the south radius being
87 feet while the north radius was only 48 feet,
Thus the crater's center was 36 feet south of
its normal position. Apparently the expanding
explosion gases excavated more soil under the
heavily earth covered portion of the igloo than
near the uncovered front end. The bottom of
the crater was peculiar in that the deeply ex-
cavated portion was shaped like a horseshoe,
with the open end pointing north. A ridge of
ground extended southward from where the



FIGURE 139. Explosior Tgloo F, 3rd stage

Fi1GURe 140. Explosion of Igloo F, 4th stage
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a. Flame jet at door of Igloo F. Butte in background.

c. Cloud 0.4 sec. after (a). Vapor ring has formed.

Ficure 141.

front of the igloo had been, gradually sloping
down into the deeper channel in the south part
of the crater. The top of the ridge was nearly
at grade at the north end, where it connected
to outside grade, there being no lip on the
crater at one point. The lip was high around
the sides, but highest of all at the south edge,
where some of the soil appeared to have been
lower portions of the rear slope which were not
completely displaced by the blast. There were
large segments of foundation walls and spread
footings piled up near east and west rims, some
of these being as much as 15 feet long. Such
pieces were extensively cracked or shattered,
with twisted and bent reinforcing rods pro-
truding from their broken surfaces. Some were
found outside the crater, on the outer slope of

90

b. Fire and smoke cloud 0.12 sec. after (a).

d. Cloud 1.0 sec. after (a).

Selected frames from Fastax film, Test 3

the lip, at distances as great as 150 feet from
the center. Ball crusher gages buried beneath
such pieces were not recovered. The true
crater depth, determined by excavation at the
deepest point, was only from 6 to 12 inches
greater than the apparent depth. The sail in
this excavation had the same general appear-
ance and characteristics as that in the craters
of Igloos D and E. Rock was not encountered
though the excavation was carried about 15 feet
below natural grade. Figure 145 is a view
looking northerly across the crater from a
point on the south rim, and figure 146 was
taken from the west edge looking northeasterly.
In the latter picture, the flag near the left mar-
gin marks the longitudinal centerline. A seec-
tion of shattered footing lies in the foreground.
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Figure 145. Crater of Igloo F, looking north from south rim

FiGure 146. Crater of Igloo F, looking northeast from west rim
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Figure 147 gives the profiles of this crater
along the north-south and east-west axes.

(e) Ground movement.—Figure 148 shows
the permanent horizontal and vertical ground
displacement determined by measurements of
the grid stakes around Igloo F after the lat-
ter’s explosion. As in the previous tests, move-
ment was predominately away from the center
and upward. Horizontal displacements varied
from 1.2 feet outward at 100 feet from the
center of charge to 0.04 feet inward at 250 feet.
Horizontal movement was generally consider-
ably greater in front of the igloo than off the
sides or rear. Vertical displacement varied
from 0.24 feet upward at 150 feet south to 0.06
feet downward at 350 feet southwest of the
center.

(f) Damage to revetments: (1) Revetment 1.
—The mines in this revetment had been re-
stacked prior to this test. The revetment and
its contents were undisturbed except for one
column of mines which toppled on the west side
of the stack. A small amount of earth
descended upon the top of the stack, as well as
a few small fragments of concrete.

(2) Revetment 2.—These mines had also
been restacked before the third test. As a re-
sult of the explosion under heavily increased
earth cover, the revetment was deluged with
earth and the mines were badly shaken and
scattered about. Many crates were broken
open, mines dented, and a number of loose acti-
vators were found on the ground at one point
on the east side of the revetment. Most of the

scattered mines were blown away rather than
toward the explosion as in previous tests.
Mines found lying on and beyond the far win-
drow numbered about 150. The space between
the ncar side of the mine stack and the near
windrow was filled with earth to within one or
two feet of the top of the stack. Earth was up
to 2 feet thick on top of the near side of the
stack, and the entire stack was covered so that
no mines could be seen except near the far edge.
Three pieces of reinforcing steel rod were
found protruding from the top of the stack.
Fragments of concrete, wire mesh, and other
debris were abundant in the earth covering the
mines. Figure 149 is a view looking eastward
across the top of the half-buried pile from the
west (near) side. Figure 150 shows the east
edge of the stack as viewed from the southeast
corner. In the foreground may be seen a large
number of scattered mines.

(g) Damage to barracks: (1) Superficial.—
Barracks 1 had been repaired before test 3, ex-
cept for torn siding which was merely tacked
back in place, and except for roofing. Broken
window sash, frames, and trim were completely
renewed. See figures 151-154 for views of the
building after the explosion of Igloo F. The
noith end of the building lost all previously
torn areas as well as additional areas of asphalt
felt siding and the battens which covered it, to
the extent that about one-half of the sheathing
was laid bare. One lower sash was blown into
the buildinz. On the east elevation, one sash
was blown into the building, two were blown

FIGURE 149. Revetment 2 after Test 3, looking east

from west side

Revetment 2 afier Test 3, looking north
from southeast corner

FIGURE 150,
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F1GURE 151. North elevation of Barraeks 1 after Test 3 FIGURE 152. East elevation of Barracks 1 after Test 8

g "

F1GURE 1563. Three-quarter view: south and east sides FIGURE 154, West elevation of Barraeks 1 after Test 3
of Barraeks 1 after Test 3

A
B

FIGURE 155. North elevation of Barraeks 2 after Test 8 FIGURE 156. Last elevation of Barracks 2 after Test 3
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FI1GURE 157. South elevation of Barracks 2 after Test 3

FiGURE 159. North elevation of Barracks 3 after Test 3 FIGURE 160. East elevation of Barracks 3 after Test 3

FIGURE 161. South elevation of Barracks 3 after Test 3 FIGURE 162. West elevation of Barracks 3 after Test 3
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out, and two others were demolished in place.
On the south side, siding and battens were
blasted off in several places. The west eleva-
tion lost siding alongside upper and lower story
windows at the south end of the building. On
the east slope of the roof, the previously torn
spot did not seem to have been made any larger.

Barracks 2 was not repaired prior to the
third test. On the north face, a large piece of
siding which had been started in the previous
blast was torn off. Additional exterior trim
was broken around the windows and one sash
which had been left leaning inward after test
2 was now missing from its frame. The east
and south elevations did not receive additional
superficial damage, but on the west side the
southernmost window on the ground floor was
blown out and lay on the ground outside. On
the roof, there was no further tearing of
asphalt felt roofing. The external appearance
of the building is shown by figures 155-158.

Barracks 3 was not damaged further ex-
cept for a single tear in the siding on the east
elevation and some increase in inward displace-
ment of second story windows in the north
elevation. Figures 159-162 illustrate the ap-
pearance of the building following the third
test.

(2) Structural: Barracks 1.—The structural
repairs to this building did not make it as
strong as it was originally. Badly fractured
studs, plates, and other members were replaced
but those which were merely cracked were
nailed up aud left in place. Displaced members
were forced back into position and spiked in
place. Broken siding was patched with short
pieces. The broken rafters and roof girder
were not renewed. Consequently, damage was

more severe than would have been the case with -

a new building. On the north side, nearly all
studs were broken on the ground floor, and the
6” x 6” post which was fouiid lying on the floor
after the previous test was again knocked down.
Figures 163 and 164 illustrate this damage. In
the second story, half the studs and the upper
plate in the north wall were broken, and the
wall was displaced inward about 6 inches above
the windows. Several pieces of sheathing wete
missing and much of the remaining sheathing
was loosened. See figure 165. Half the studs
in the north gable were broken or displaced,
and the sheathing loosened. The east and
south elevations escaped without structural
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damage, but the south wall was pushed outward
from within 'in the same manner as in the
previous explosion. The maximum displace-
ment was 6 inches, and occurred at the second
floor level about 10 feet east of the west corner
of the building. Figure 166 shows how the
wall moved out, carrying the studs off the lower
plate and fracturing the latter mmember. Sid-
ing was broken where it was racked between
studs that moved out ard the 6” x 6” posts that
remained in position. One of these posts on
the ground floor was leaning in about 3 inches
at its top. The roof of the building suffered no
further damage, but a piece of the previously
fractured roof girder fell down on the ceiling
joists, as shown by figure 167. There was no
evidence that the entire building rocked or
shifted on its foundation posts. See figure 168
for a diagram of the damage.

Barracks 2, which had not been repaired oe-
fore the test, suffered little additional struc-
tural damage. I’reviously cracked or displaced
members were cracked worse or displaced
farther out of position, but no additional mein-
bers were broken.

Barracks 3, which also had not been repaired,
received no further structural damage.

(3) Glass damage.—Barracks 1, which had
been completely reglazed, suffered glass dam-
age as recorded by figure 169. Thirteen, or one
more than half the panes were broken on the
north side. Sixty-four, or 36 percent were
broken in the windows on the east side. The
upper sash of window 22 in the second story
was freakishly demolished without all of its
panes being broken. None of the panes on the
west side of the building were broken. Al-
though the window breakage was not as violent
as in test 1, and fewer sash were blasted out
of their frames, there was nevertheless con-
siderable flying glass as evidenced by frag-
ments scattered over the floors of both stories.
Most of the pieces were propelled with sufficient
force to carry them about two-thirds of the

" distance across the interior of the building, so

that any occupant of the building would have
been in considerable danger of injury.

Barracks 2 had not been reglazed and there
was no further glass damage except in the sin-
gle window blown out of the west side of the
building on the ground floor.

Barracks 3 had not been reglazed and suf-
fered no further glass damage.



FIGURE 163. Interior, Barracks 1 after Test 3, showing FIGURE 164. Interior, Barracks 1 after Test 3, showing
broken studding, northwest corner, ground floer broken studding, northeast corner, ground floor

Ficure 165. Interior, Barracks 1 after Test 3, showing FIGURE 166. Interior, Barracks 1 after Test 3, illus-
condition of northeast corner, 2nd story trating displacement of south wall at second floor level

FIGURE 167, KEast section of roof framing, Barracks 1
after Test 3, showing broken purlin
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4. Test 4.

(a) General.—Revetment 1 was detonated on
23 October, a clear, sunny day with a few
scattered cumulus clouds. The appearance of
the explosion was markedly different from
thosz of the igloo tests. Following a bright
flash there was a rapidly expanding mass of
fire which was first round, then cone-like with
its base on the ground. Within a second, a ball
of fire tinged with smoke shot vertically up-
ward from the tip of the cone. As the ball grew
larger, the fire diminished and it became a cab-
bage-shaped mass of black smoke, ascending
swiftly. From the bottom of this head plumes
of smoke projected downward like tentacles,
reaching the tip of the cone-shaped base which
now appeared as a mass of dirt and dust
expanding laterally. As the head rose higher,
it continued to eject smoke plumes downward,
forming a column connecting the head to the
base. At maximum altitude, which was about
12,000 feet, the moisture in the head condensed,
turning it white. It became elongated hori-
zontally and drifted away from the stem, taking
on the appearance of an ordinary cumulus
cloud, about a mile in breadth., Meanwhile, the
dust front on the ground dissipated, after
reaching maximum diameter of approximately
three-quarters of a mile. Figures 170-173
show the development of the smoke and debris
cloud from an early stage on.

(b) High-speed motion pictures.——As seen in
the Fastax film the explosion in this test dif-
fered considerably in appearance from the
previous explosions. Starting as a blinding
flash, the fire quickly built up in columnar shape
and went above the top of the frame, so that the
climbing ball of fire visible in the still pictures
taken from the observation hill could not be
seen. That portion still visible in the Fastax
film, the cone-shaped base, remained largely of
flame for some time, and then gradually
changed to a dark smoke mass. Its lateral de-
velopment was not nearly as great as in the case
of an igloo explosion. Selected frames from the
film are reproduced in figure 174.

(c) Air Dblasi.—DPeak pressures were meas-
ured by ball crusher gages, foil meters, and
paper meters. Values obtained are given in
tables IX and X, and plotted on logarithmic
paper in figures 175-177. The average curves
drawn through the plotted points indicate that

104

pressures were of the order of 250 p.s.i. di-
rectly in front of the revetment at a distance
of 100 feet from the center, but only about 150
p.s.i. off the sides and rear of the revetment at
the same distance. Pressures in all three direc-
tions were about 5 p.s.i. at a distance of 1,000
feet, and at 2,705 feet they were from 0.75 to
1.2 p.s.d., the latter value being obtained on
meter line 1 (off front of revetment).

TABLE IX.—DPcak blast pressures, p.s.i., from ball
erushicr gages, test 4

Line 1 Line 2 Line 3
Distance from )
charye, feet NOL | Arco NOL' Arco NOL & Arco
225 212 92 100 837 | 217
190 129 122 111 128 6%
107 2357 183 7 125 107
..... 9 | o
.......... 37
..... 6 |
125 101 85 60 103 Tl
187 5 73 35 377 55

TABLE X.—Peal: blast pressures, p.s.i., from foil and
paper Slast mceters, test 4

Distance from Line 1 Line 2 ) Line 3
chirge, feet Foil Paper Foil Taper Paper
28D 4 eeesiesanens 53 000 ¢ 42 000000 || 000000
3o ....... e 34 600 000 288 IM.eee..
LU oo 15 f--.... 18 Jleeeoee
1110 O 13.8 000 8.2
B IS EB B 000 120 |l - e I plligre oo | oo
640 oiiiiiiias - 82 | ... 8.2 8.2
3 0000000000000 ) | RAREREE HEEEES | B0 CC O SE o0
AR5 R0 0000000 B8 0 oo o B ] v.oin 5.6 8.2
L | (- IR0 - 5E20 | | MLV, LR R
(1 R | IO EGE (o 2.3 5.6
1588000000000 660000 3.3 3.3 5.6
) S8R 68080000 41 008060 233, eeee .94 1.5
BN 656 806005060 Ji [ 600000 AR | S o B 1.5 1.5
285 Lo al| oooooo F Lk | A .60 .60
b 11 T 60§ ... .38 .60
4,690 coooieeeees 00000 g 2601 ool 25 .38
6000 L. b 2 -l <2 <.25

(d) Crater.—Profiles along the north-south
and east-west axes are given by figure 178. The
average apparent diameter was 138 feet, and
the maximum apparent depth was 16 feet. This
crater was more truly conical in shape than
those of the igloo tests ; the sides sloped more or
less uniformly to the deepest part, which was
close to the center, While quite symmetrical
with respect to the east-west axis, the crater
was not so with respect to the north-south axis,
its center being about 15 feet south of the lat-
eral axis of the stack of mines. The earth in
this crater was nearly devoid of debris, and
presented an appearance markedly different



FiGure 170. Explosion of Revetment 1, 1st stage

Ficure 171. Explosion of Revetment 1, 2nd stage

FiGure 172. Explosion of Revetment 1, 3rd stage FIGURE 173. Explosion of Revetment 1, 4th stage
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a. Flash,

¢. Cloud 0.25 sec. after flash.
FiGure 174.

from that of any of the igloo explosions, par-
ticularly in that it was largely composed of silt
and fine sand which appeared to have beeu
compressed in layers which then broke into
sharp angular fragments, in many cases foli-
ated or schistose in strneture. This condition
is illustrated in the foreground of figure 179,
which is a view of the crater looking eastward
from the west rim. The ground surrounding
the crater within a distance of 300 feet in all
directions was littered with small metallic-look-
ing spheres which were hollow and could be
crushed in one’s hand like cinders. This slag-
like material was probably produced by fusing
and oxidation of the sheet steel mine cases and
crates.

(e) Ground movements. — Permanent dis-
placement of the ground surrounding the ex-
plosion is recorded on figure 180. Movement
was predominately outward and upward, and

106

d. Cloud 0.78 sec. after (a).

Selected frames from Fastax film, Test 4

ranged from the order of 0.6’ away and 0.4’ up
at a distance of 140 feet from the center, to
zero away and about 0.2’ down at 350 feet.

(f) Damage to Revelment 2.—Figures 181
and 182 show the appearance of this revetment
following the fourth explosion. Mines thrown
outside of the revetment in the previous test
had been replaced. In this test they were not
as severely scattered but merely shaken up and
displaced without being thrown violently from
the pile. Some additional earth descended on
the stack.

(g) Damage to barracks: (1) Superficial.—
Barracks 1, not having been repaired prior to
this test, lost nearly all of the remaining as-
phalt felt siding and battens on the north eleva-
tion, to the extent that about 90 percent of the
sheathing was uncovered. Another sash was
blown into the building from the upper story
windows on the north side. On the east eleva-
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FIGURE 178.

tion, a few previously torn spots in the siding
were made worse, five additional sash were
blown in and one left hanging askew. Further
damage was done to exterior window trim. On
the south face, torn siding now exposed about
one-third of the sheathing, and parts of the
second-story door frame and trim were broken
and missing. The west elevation lost a little
more siding at the south end of the building
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EAST - WEST ¢ PROFILE
Crater Plan and Profiles, Test 4

and the muntins were broken out of two upper-
story sash. The four elevations of the building
are shown in figures 183-186.

Barracks 2 suffered a large tear in the siding
on the north gable. The upper-story windows
in the north wall were displaced inward further
but not blown completely out of their frames.
On the east side, one additional sash was blown
in on the ground floor, and one of the upper



Ficure 179.

windows lost parts of its exterior trim. On the
suuth elevation the upper-story door was blown
out and there was a tear in the siding next to
the lower-story door. There were two addi-
tional tears in the siding on the west side of the
building. See figures 187-190.

Buarracks 3 did not receive further superficial
damage except for a small amount of inward
deflection of the upper windows in the north
side, together with displacement of trim. See
figures 191-194.

(2) Structiral.—Barracks 1 lost a number of
sheathing boards on both the north and south
sides, and most of the remaining were either
fractured or displaced from position. The en-
tire north wall bulged inward about a foot,
while the south wall bulged outward a like
amount. Practically all of the studs were either
broken or out of place in the north wall, and
about half the studs were in similar condition
in the south wall. A 4” x 6” post in the south
wall which had supported the end of a floor
girder was knocked down, leaving the second
floor hanging at this point. A few studs were
cracked in the east and south walls, and a few
more rafters were broken on the east side of
the roof near the north end. Although damage

was quite extensive, the building was in no

danger of collapsing, inasmuch as the interior
columns and the east and west walls were
nearly intact, structurally. Typical scenes in-
side this building are given in figures 195 and
196.

Barracks 2 suffered similarly but much less
in extent. Most of the studs were broken in the

Crater of Revetment 1, looking east from west 1rim

north wall, permitting it to bulge inward, par-
ticularly around the windows. Some studs
were broken in the south wall as well, and it
was displaced outward, the maximum deflec-
tion being about 8 inches at the second-floor
level.

Barracks 3 escaped further structural dam-
age.

(3) Glass damage.—Inasmuch as the win-
dows had already been exposed to repeated
blasts and suffered extensive breakage, detailed
records of additional breakage were not made
in the field. The following descriptions are
based on a study of photographs.

Barracks 1 lost five additional lights from the
north windows, one being a pane of Duplate,
another being wire glass and the other three
common glass. On the east elevation, four com-
mon glass, one Lucite, and one Flexseal pane
were broken in the windows with medium-
sized panes. All the remaining sash with small-
sized panes were blown into the building. Seven
panes were broken in the west windows.

Barracks 2 received another broken pane of
common glass on the north side. Four addi-
tional panes were out on the east elevation,
thesé being medium-sized panes of wire glass,
Lumapane, Flexseal and Duplate. Some panes
were broken in the window blown out of its
frame on the west side of the building.

Barracks 3 lost a pane of Duplate (which
may not have been broken) from the north ele-
vation and a medium-sized pane of Lumapane
was torn out of one of the east windows. The
west windows remained unscathed.
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Ficure 181, Revetment 2 after Test 4, looking north FicUrRe 182, Revetment 2 after Test 4, looking north
from south windrow from southeast eorner

112



Ticure 183. Barracks 1 after Test 4; Ficurr 184. DBarracks 1 after Test 4;
north elevation east elevation

I'1cure 185, Barracks 1 after Test 4; Ficure 186. Barracks 1 after Test 4;
south elevation west elevation

Ficure 187. Barracks 2 after Test 4; Figurr 188. Barracks 2 after Test 4;
north elevation east elevation

13



FIGURE 189. Barracks 2 after Test 4; south elevation F1GURE 190. Barracks 2 after Test 4; west elevation

FIGURE 191. Barracks 3 after Test 4; north elevation FIGURE 192. Barracks 3 after Test 4; east elevation

Ficure 193. Barracks 3 after Test 4; south elevation FIGURE 194. Barracks 3 after Test 4; west elevation
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FIGURE 195. Interior of Barracks 1 after Test 4, FIGURE 196. Interior of Barracks 1 after Test 4,
looking toward northeast corner on second floor showing separation of south wall from second floor,
and missing sheathing

Ficure 197. Explosion of Revetment 2, 1st stage

Ficure 198. Explosion of Revetment 2, 2nd stage
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FiGure 199. Explosion of Revetment 2, 3rd stage

FIGURE 200. Explosion of Revetment 2, 4th stage
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a. Flash,

c. 0.45 sec. after flash. Vapor obscures hase of cloud.

Figure 201.

5. Test 5.

(a) General—The explosion of Revetment 2,
which took place on 25 October, appeared much
the same as that of the first revetment, excent
that the head of the smoke cloud, after reach-
ing a maximum altitude of about 6,500 feet,
was blown rapidly away by a northwest wind
at the upper levels. Figures 197-200 illustrate
the development of the cloud as recorded by still
camera at the observation point, and figure 201
shows selected frames from the Fastax film,
taken from camera station number 1.

(b) Crater.—The average apparent diameter
was 122 feet and the maximum apparent depth
0.6 feet. The shape was roughly conical, the
deepest part being at the center. For east-west
and north-south profiles, see figure 202. The
earth in this crater had the same appearance

Selected frames

b. 0.14 sec. after flash.

d. Cloud 1.43 sec. after flash. There is still flame in

the cloud. The *“dust front” on the ground has pro-
gressed beyond the margin of the picture.

from Fastax film, Test 5

which characterized that in the crater of test
4, consisting of sharply broken clods of com-
pressed fine-grained soil with a peculiar schis-
tose structure. The clods were friable, how-
ever, and not irdurated. Figure 203, a photo-
graph of the crater looking westward from the
east rim, illustrates the appearance of this soil.

(c) Ground movement.—Figure 204 gives
permanent horizontal and vertical displace-
ments of the ground surface surrounding this
explosion. Horizontal movement was predomi-
nately away from the center, and varied from
0.37" at 140 feet to zero at 250 feet. Vertical
movement was mostly upward in close to the
explosion but subsidence prevailed at 150 feet
and beyond. Values ranged from 0.17' upward
at 140 feet to a maximum downward movement
of 0.07" at 200 feet, and a minimum downward
movement of 0.01’ at 350 feet from the center.
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(d) Damage to barracks: (1) Superficial.—
Barracks 1, another sash was blown in from
one of the north windows, and there was a little
more tearing of the asphalt felt siding on the
north side. On the east elevation a sash which
had been left hanging askew in the previous
blast was now missing from its frame, and the
siding on this side was torn a little more. The
south elevation lost more siding to the extent
that half the sheathing was uncovered, and the
upper story door was blown out. On the west
side, there was further tearing of siding and a
previously broken upper sash was blown in
from one of the second-story windows. For
photographs of the elevations, see figures 205~
207.

Barracks 2, a little more siding was gone in
the north gable and alongside the door in the
south elevation. Another sash was missing
from one of the north windows. Figures 208-

211 are views of the four sides of the building.
Barracks 3, figures 212-215 show that there
was no appreciable further damage, other than
a loose sash falling to the ground from an
upper-story window in the north wall.

Ficure 203.

(2) Structural.—Barracks 1, more sheathing
was broken and missing on the north and south
elevations, and these walls were distorted
further. The roof seemed to sag a bit more
where broken. No additional major framing
members failed, however, and the building was
still in no danger of collapsing.

Barracks 2, outside of some further cracking
and displacement of previously broken mem-
bers, and some increase in distortion of the
building as a whole, there was no additional
structural damage.

Barracks 3, no further structural damage
was noted.

(3) Glass damage.—-Barracks 1, one addi-
tional light of commor glass backed by wire
mesh was missing fronm one of the north win-
dows.

Barracks 2, three more medium-sized panes
of common glass were broken or missing on the
east elevation. The panes in the upper sash
blown out of the szcond-story windows on the
north side were probably broken by the fall to
the ground.

Barracks 3, no further glass damage.

Crater of Revetment 2, looking west from east rim

e
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Ficure 205, North and west elevations of Barracks 1 FIGURE 206. East elevation of Barracks 1 after Test'd
after Test 5

FIGURE 207. South elevation of Barracks 1 after Test 5 FIGURE 208. North elevation of Barracks 2 after Test 5

FIGURE 209, East elevation of Barracks 2 after Test 5 Ficure 210. South elevation of Barracks 2 after Test 5
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Ficure 211, West elevation of Barracks 2 after Test 5
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FiGure 212, North elevation of Barracks 3 after Test § FIGURE 213. East clevation of Barracks 2 wuftor Test 5

FIGURE 2!4. South elevation of Barracks 3 after Test 5 FIGURE 215. West elevation of Barracks 3 after Test 5
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B. RESULTS OBTAINED BY PARTICIPATING ORGANIZATIONS

I. Naval Ordnance Laboratory.

(a) General.—Preliminary information on
the results obtained by this group is summar-
ized below. The final report depends on cor-
relation with results of the United States
Weather Bureau and the Army Weather Serv-
ice (Signal Corps) participation and is not ex-
pected for some time.

(b) Measurements cf mierobarographic
waves.—Pressure waves were recorded by the
subsonic frequency (7/ ¢ 2 cps) microbaro-
graphs at stations 141, 182, 292, and 452 km
distant (Burley, Idaho; West Yellowstone,
Mont.; Clearfield, Utah; Great Falls, Mont.).
Both normal and abnormal' signals were re-
corded at 182 and 292 km; no clear abnormal
signals were observed at 141 km. The largest
recorded signal at 182 km. was an abnormal
velocity, 3 cycle wave train 220 dynes cm.-*
peak-to-peak pressure, from a 250,000-pound
explosion. No consistent signal travel time
differences resulted from changing charge
weight between 6,400 and 500,000 pounds of
TNT (several explosions of small open stacks
of land mines, not included in the program were
set off in order to extend the range of micro-
barograph data), nor were signal strengths
predictable from charge weight. Incidence

1B, Gutenberg, Handbuck der Geophysik 9, 89 (1932); Bull. Am.
Meteor, Soc, 20, 192 (1939); J. Acous. Soc, AAm, 14, 151 (1942),

angles of rays descending at 182 km. are un-
known, but this distance approximates the in-
ner boundary of the abnormal audibility zone
at this season. Calculations assuming a cen-
stant positive temperature gradient above each
highest point of observed temperature, and
neglecting wind, establish 34 km. as a minimum
altitude at which ground temperature could be
reached.

2. Naval Ordnance Test Station, Inyokern.

(a) General.—Given herewith is a synopsis
of the results obtained by this group. The
complete reports are filed in the Bureau of Ord-
nance.

(b) Air blast reeords.—Shock wave veloci-
ties measured by means of the foil bridges in
test 1, as well as peak pressures calcuiated from
the velocities by means of the Rankine-Hugo-
niot relation, and peak pressures determined by
the Bikini type foil gages in five different ori-
entations are presented in table XI. No results
were obtained from the diaphragm strain gages
because of excessive cable “hash’ which ob-
scured the signals from the gages.

From the data obtained, it was concluded
that the measurement of shock velocity pro-
vides a simple and accurate method of deducing
peak pressure. By cross checks obtained from

TABLE XI.—Air blast data from N.O.T.S., Inyokern, test 1

Velocity Measurements

I 4 W Ine | North line
Distance | Veloeity Pressure Velocity Pressure | Distance
|
Feet | Ft sec. psi Ft /sec. psi Feet
95 2836 | esa1 | i T
155 i 2347 48 2321 N S 65 6600
235 1958 2% | 1045 20 | .
333 | 1724 19.5 1733 20 335
\ 390
453 | 1545 12.9 | 1544 12.8 455
520
593 1435 9.1 1426 R.9 595
| 670
754 1345 6.3 | 1351 6.5 155
| [40
935 1290 46 | 1285 | 4.5 935
. 1 1030
I | ' 1250
| l 1500

independent measurements, the method ap-
T ‘l'r:ssure: from Foil Gages in psi B
Orientation

00 90° (down) 90° (up) 90°  (left) 20°  (right)
20.2-24.5 17.1-21.0 17.1-21.0 17.1-21.0 14.0-17.1
P2 | 880000 00 0 0 o[ Goooaaaaceal | 6688 00000000 || 0Le600000000
14.0-16.9 11.4-14.0 11.4-14.0 11.4-14.0 14.0-17.1
11.6-14.0 9.3-11.4 11.4-14.0 11.4-14.0 9.3-11.4
9.65-11.6 9.3-11.4 7.6~ 9.3 9.3-11.4 7.6- 9.3
7.98-9.65 6.2—- 7.6 7.6- 9.3 7.6- 9.3 6.2- 76
6:62-7.98 6.2- 7.6 7.6- 0.3 6.2- 7.6 6.2- 1.6
Ol Tl B o 6 6 0G0 aeael| I8 6 A8 6 0.0-0a o0 [0 60 0.0 000000 || 8046 a0 80 G000
4.55-5.48 5.06— 6.2 5.06- 6.2 5.06— 6.2 0-5.06
L= 660000000080 | 680000000000 || 000000000000 || 000000000000
PH= L | o o o0od0806d| fec®068086080 48 54! ©00066000000 || 000000600000
A= 1 50 00000 06000 § 006600060000 |l 000000000000 |




peared to be accurate to better than 1 percent.
Pressures obtained c¢lose to the charge were
considerably greater than the estimated values,
which were based on experience with smaller
charges. It was stated that one obvious effect
which eontributes to the failure of the simple
cube root theory is the circumstance that, be-
cause of the large physical size of the charge
in this test, it cannot be detonated simultane-
ously, so that for a considerable distance away
from the charge the shock wave will continue
to be supplied with additional energy from be-
hind, and perhaps will travel as much as a
thousand feet before its attenuation becomes
normal.

With respect to the Bikini type foil gages, it
was stated that the overestimation of peak
pressures by these gages in face-on orientation
when the “Crossroads” calibration was used, is
consistent with the assumption that in this
orientation the gage responds to some extent to
the impulse of the blast, as well as to peak pres-
sure. The ratio of impulse to peak pressure at
Arco was probably much higher than that ob-
taining during the calibration of the gages
(performed at Aberdeen Proving Ground).

No dependence of peak pressure on height
above the ground was found at a given station
when pressure was simultaneously measured
with foil gages from the ground level up to a
height of 5 feet.

The attempt to measure shock wave velocity
by means of the argon flares was unsuccessful,
as the flare traces did not show on the films.
It was thought that they were engulfed by ob-
scuring earth before the shock wave arrived.
This could only have happened to the nearest
flares, however.

(¢) -Information gained from high-speed
photography.—The Pasadena physices section's
Fastax pictures of the explosion of Igloo D
show the assymetry imparted in the forward,
rearward, and upward directions. The rear-
ward shock is the weakest of the three. The
forward, although strongest initially because
of the absence of earth cover, at about 0.04 sec-
onds falls behind the vertical shock. The maxi-
mum shock velocity attained, aside from the
initial jet at the igloo door, is for the forward
direction and is given by both the Fastax and
Bowen RC-4 records as approximately 5,800
feet per second.
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Initial details of the explosion are furnished
by bhoth films:
1. An initial jet at the door of the igloo which
attains a velocity of 16,000 feet per sccond.
2. Formation of a Mach Y-type wave front some
50 feet in front of the igloo.

3. Details of destruction of the igloo. Initially, the
front and unsupported face is blown out; next
the top of the igloo, starting at the front. As
the rupture develops, it is rapidly followed hy
the escaping shock which finally merges with
the shock front escaping at the rear ventilator,
(Note: The ANESB Fastax vecord of Igloo
D’s explosion, which showed the magazine
broadside-on, clearly shows the largest initial
flame to be at the rear of the igloo.)

3. Signal Corps, Army.

The data obtained by the Signal Corps in
these tests are in the process of being analyzed
and it is anticipated that a complete report will
be available about 15 April 1947.

4. United States Weather Bureau.

(a) General.—The following information is
extracted from a preliminary report by the
Weather Bureau. More complete data, includ-
ing the results of the high altitude soundings
at remote locations, will appear in a final re-
port. -

(b) Tables and diagrams.—Figures 216 and
217 are the surface weather maps for 1130 MST
on the mornings of the first and second tests,
respectively. Figure 218 is a reproduction of
a section of one of the microbarograph traces
that indicated a possible pressure wave passage.
The black arrow points to the portion of the
trace showing a deflection attributed to the
explosion. Tables XII and XIII list the seven
stations where the high speed microbarographs
were installed to record the passage of the
shock wave. The azimuth and distance in miles
are indicated for each station. The computed
time of passage of the pressure wave was de-
rived from the distance and the formula v :=
20.1 \/T, where v is the velocity of sound in
m/sec. and T the surface absolute temperature
between the explosion point and the station.
The e¢omputed values for the velocity of sound
on October 1 ranged from 1120.2 to 1126.5 ft/
sec. and on October 8 from 1105.0 to 1106.6 ft/
sec. Additional columns contain the observed
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FI1GURE 218, Microbarograph Record, Test 1

time of passage as calculated from the traces,
the character of the pressure wave trace, the
amplitude of the maximum compression wave,
the description of any sound heard and some
information on the weather at the station.
Figures 219 and 220 summarize some of the
data from the tables on polar coordinate paper.
In these diagrams the position of the various
stations are plotted with respect to the explo-
sion point together with a symbol indicating
whether or not the microbarograph trace indi-
cated the passage of a pressure wave and
whether the sound was heard at the estimated
time of passage of the wave. Howe, Idaho,
where the sound of the explosion was heard,
according to a newspaper report, is included.

(c) Weather conditions.—OQOctober 1, 1946:
Squally weather associated with passage of a
cold front. Widespread thunderstorm activity
reported over entire area. Intermittent rain-
showers reported over the test area with a ceil-
ing of 1,500 feet. Wind was from SSE at 6
m.p.h. The observer at the Observation Point
reported a “hemispheric concussion visible for
about 6-8,000 feet from the explosion. It had
the appearance of fog forming and dissipating
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as it moved.” Due to the high relative humid-
ity, adiabatic expansion caused by the explosion
cooled the air to its dew point at each rarefac-
tion, while the following compression wave
heated the air sufficiently to dissipate the con-
densed particles. In order to estimate the in-
tensity of the pressure wave in the area where
the fog was forming and dissipating, calcula-
tion of the pressure fall associated with this
condensation was made. The only station pres-
siare available was 24.936 in. of mercury at the
Warehouse and the nearest station reporting
both temperature and dew point temperatuare
was Idaho Falls. These values yield approxi-
mately 35 m.b.s. (equivalent to about 0.5 p.s.i.)
as the degree of rarefaction necessary for this
formation of fog. This is a minimum value and
the actual pressure drop may have been larger.

October 8, 1946: An entirely different
weather situation existed. An upprer cold front
had passed over the area during ihe previous
night, causing rain in the general area. On the
morning of the test, relatively clear weather
prevailed over the explosion area. Surface
winds were still from the SE while winds aloft
were from the northwest. Photographs of the



TABLE XI11.—Results of cxplosion at Areco Naval Proving Grounds at 1100 M. S. T. October 1, 1946, as recorded
by Weather Burean high speed microbarographs

X Caleulated | Obverved Charncter Amplitude
Station Distance  Azimuth time time | of trace {MUS)
miles degrees
Radar .. .., 2.2 205 10.3 sec ?) %) (A)Y4.747
| (B)14.22
Observation
Point ... 4.1 225 19.2 see. | 17.7 1 aharp wave; | 6.10 ......
19.8 sec. | several shallow |
Warchouse .| 8 | 210 | 37.5 aec, ) Very slight? ... | #0.34
|
Arco ... |20 266 1 min. 1 min. Very weak ... | Not
‘ 33.8 aec. | 37.8-39.0 | measurable
aec.
Idaho Falls | 44 | 105 '3 min, 3 min, Series of small Not
26.5 aec. | 35.9-42.5  wiggles ......, | measurable
| | sec,
Dubo's ..., 50 45 | 3 min. No discernible deflection ....... 050
| 35.7 sec.
Burley ..., | 88 | 209 6 min. | No discernible deflection .... e

52.5 sec. |

Sky and |Temper-

Sound St frec weather ature
reported! wind eondltions {°F)
Not heard. Station SSKE/ 6 PLHD 60
in pit 8 x R and RW-
10° deep ovivnnian |
R T SSE/6 D150 60
RW-
....... viive.eo.. | 8BE/E ®150
VW~ ‘
| | ~
1 |
....... 000000000 IETERRTRRS |
No sound or tremors l
felt at station ..... S/24 @30 | 59
l | R—(int)
Dull  faint report| SE/14 2100 53
heard at 3 min, 53
sec. after explosion
Cesss e ENE/8 @45

t Newapaper account repoited sound of explosion heard at llowe, ldalio 12 miles NW of explosien.

I See detailed discussion in body of paper,

337 sec, reposted on Navanl Ordnance Laboratory clectric microbarograph as time of wave passage.

TABLE XIIL—Rcsults of explosion at Arco Naval Proving Grounds at 1100 M. S. T. October 8, 1946, as recorded
by Weather Durean high speed microbarographs

| Caleulated
Station | Distance Azimuth time
miles degrees |
Radnr ..... 22 | 205 | 10.5 sec.
Observation
Point ., 4.1 225 19.6 scc.
Warehouse b 210 | 38.2 scc.
Arco ..., 20 266 1 min.
354 ‘ec.
Idaho Falls & 44 105 3 min.

Dubois . ... 50

Burley . ... 88

V Regulnr obserser ill.

30.2 sec.

45 3 min.
58.9 sec.

7 min.
0.5 sce.

Observed
time

10.0-
10.2 sec.

19.2-
20.8 sec,

37.8~
39.0 sec.

1 min.
39 sec.t .,

3 min.
26,7~
2%7.5 sec.

No discernible deflection

No discernible deflection ....

Character | Ampiitude
of trace (MBS)
{ Very sharp ... 12.54
I
One sharp wave
with several
shallower ,,.... | 7.46
|
One wave,
smooth ........ 1.36
Very weak. Sevs
eral ..., 0000 0.34

Sky and | Temper-

Sound Surface weather ature
repoited wind conditions (°F)
| |
[ p— B
| .
[ N . SE/6 | 45 T 44
Two . reports, frac- SE/6 45 D ‘ 44
tion of second apart I
.......... . SE/é | 45 (T cievee
| - _I -
00000000000000 0 SE/10 00 ...,
Sound reported 315
minutes after fire
signal oLl SSE/6 30 @ 41
Indistin:t sound re-
sembling thunder .. calm | a0 |40
TR ede e W/8 12 & 41

1 min. 30 re2, reporiml on Naval Ordnance Laooratory electric mizrobarog raph as time of wnve passage.
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Summary of Observations.

LEGEND

@ Pressure wave discernible on microbarograph trace
O No discernible deflection on microdarograph tracs
® No discernidble deflection on microbarograph trace

but sound of explosion audible

Q Pressure wave discernible on microbarograph trace

but sound of explosion not audible

+ Sound of explosion audible (newspaper report)

October 1, 1946, Explosion

FFIGURE 219,

Plot of Observation Stations, Test 1
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e Pressure wave discernible on microbarograph trace

O No discernible deflection on microbarograpnh trace

® No discernible deflection on microbarograph trace
but sound of explosion audible
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explosion reveal that the lower section of the
explosion cloud was carried to the northwest by
the surface winds while aloft the winds carried
the upper portion of the cloud to the southeast.
A sounding at Boise showed that a very stable
layer of air existed in the lower levels over the
Southern Idaho area. This stable layer fav-
ored a more pronounced pressure wave as was
seen from the difference in amplitudes of the
pressure waves recorded on the microbaro-
graphs for the two days.

(d) Couclusions from meteorological dita.—
1. Within 20 miles of the explosion, the high
speed microbarographs were able to record
deflections due to passage of the pressure
wave.

2. Very wealz deflections due to the passage
of a pressure wave were recorded at a distance
of 44 miles.

3. Beyond 44 miles, no deflections due to the
passage of a pressure wave were discernible.

4. A zone of audibility extends at least up to
50 miles. Burley (88 miles) is in a zone of
silence.

5. The amplitude of the pressure wave de-
creases with the distance from the explosion.

6. The character of the trace caused by the
passage of a pressure wave is (a) one larger
wave and several smaller ones of diminishing
amplitude for stations within 10 miles of the
explosion and (b) sinusoidal waves of uniform
small amplitude beyond the 10-mile point.

7. Waves of greater amplitude were observed
in the more stable atmosphere except in the
immediate vicinity of the explosion.

5. St. Louis University.

At this writing, information as to the results
obtained by this group is not at hand, but it is
expected that a report will be available in the
near future through the Office of Naval Re-
search.

6. Woods Hole Oceanographic Institution.

(a) General.—A complete report on the par-
ticipation of this organization in the tests and
the results obtained by means of their free
piston gages is on file with the Board of the
Bureau of Ordnance. The following is a
synopsis of the results.

(b) Air blast measurements.—It was found
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from resulis on four of the tests (Igloo E, Igloo
F, Revetment 1, Revetment 2) that no great
difference could be discerned in peak pressure
versus reduced distance between open revet-
ments and earth covered concrete igloo-type
magazines at pressures of less than 5 p.s.i.
Therefore, in reporting results, all four tests
were grouped together.

Interpretation of the positive impulse versus
distance data also showed that, within the
range of pressures measured, the 500,000
pound charge in an igloo was equivalent to a
bare charge of approximately 170,000 pounds
of TNT. '

In the equations given below of other para-
meters measured, the following symbols are
used :

I, = positive impulse (lbmsec/in.?)

I. = negative impulse (lbmsec/in.?)

P. = negative pressure (Ib/in.)

T» = positive duration (msec.)

™ == negative duration (msec.)

R = distance from center of charge (ft.)
W = weight of charge (lb.)

Ip R WAy o
w7 T U \R
In 29 5 WI @ (U}
wir T TR
Wl qy 0,5
P, = 94 (— —)
R
v oas (20)
wii T AW

o g ( R o an
Wi i \i]w 5)

Some representative pressure-distance meas-
urements are as follows:

R
WiE (£t/1b'/%) 80 38 21 15
Peak Pressure 05 1 2 3 4
(Ib/in?)

It is estimated that systematic errors inherent
in the gage cause positive impulse results to be
low by about 10 percent and peak pressures to
be low by about 5 percent.

Second shocks were shown by the free piston
gage records to have occurred in the explosions
of Igloo E and the two revetments. It was
stated that the time of occurrence of the second
shock (the period) measured from the arrival
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of the initial peak, depends upon the nature of
the explosive, the presence or absence of a case,
the weight of charge, and the distance from the
charge,

7. Office of Naval Research.

(a) Generol—The interest of the represen-
tatives of this agency, who collaborated with
the United States Coast and Geodetic Survey,
lay largely in determination of velocities aceel-
erations and other characteristics of seismic
waves and, through interpretation of the data,
obtaining information on the subsurface struc-
ture of the lava plain. A report containing
some of the results has been published by the
United States Coast and Geodetic Survey and
is in the Board’s files. A more complete report
is expected in the near future. Some of the in-
formation obtained is summarized below.

(b) Subsurface velocity zones.—Three dis-
tinct velocity zones are indicated. The subsur-
face to a depth of 700 feet is shown by logs of
two water wells. The first zone, comprising
thick beds of lava separated by thin layers of
elay. sand and gravel, has a sound velocity of
6,600 ft/sec. and is approximately 500 feet
thiek. The second zone is similar to the first
to a depth of 700 feet except for the presence
of water. The sound velocity in this bed is

9,900 ft/sec. It apparently starts at the water
table and extends to a depth of 4,500 feet. The
third zone transmits the sound wave at 19,800
ft/se¢. and may be tightly folded sediments or
igneous rock.

Absorption coeflicients for the third zone are
as follows:

P wave - Period 0.2 sec. o« = 0.14 per km.

S wave - Period 0.5 sec. o« = 0.09 per km.

(c) Surface displucements and accelerations.
—The following data refers to 250,000-pound
explosions. Maximum ground displacement at
the 7.2 mile station was approximately 0.00035
cm., and at 9.9 miles it was approximately
0.0002 em. Accelerations at these distances
were about 0.05 and 0.025 crn/sec.®, respec-
tively. These data were plotted on graphs to-
gether with similar data from the 1945 Arco
tests, and average lines showing displacement
and acceleration as a function of distance from
the charge were drawn. On logarithmic paper,
these lines were straight. At a distance of
about 0.11 mile, maximum displacement was
about 0.3 cm. in a wave having a period of 0.2
sec. Waves of longer period may have had
greater displacements. Acceleration at 0.11
mile was about 520 em/sec., representing a
horizontal thrust of 0.53w pounds at the base
of any object on the ground, where w is the
weight of the object in pounds.

PART V. DISCUSSION

I. Review of explosion manifestations as per-
ceived by observers.

(a) Typical appearance.—The simplest type
of explosion included in the program was that
represented by the revetment shots. These
typified the case of detonation of an open
charge with its center of gravity at or slightly
above the earth’s surface. The forms taken by
the fire, smoke and shock wave in the ease cf
a detonation of 500,000 pounds of TNT in a
revetment as seen by the observers from a dis-
tance of 4.1 miles are illustrated by the sketches
of an idealized explosion of this type. in figure
221. First to appear is the flash, shown in
sketeh (a). At about 0.1 second after the flash.

there is a mass of bright yellow fire whose lower
edges are tinged with dark smoke, as depicted
by (b). The protuberance at the top of the
mass is the beginning of the fire ball which
later pushes out of the top and emerges from
the lower mass. The shock wave is leaving the

.mass at this stage, but cannot be seen as well

as the are drawn in this sketeh, if it can be dis-
tinguished at all. In (e), the fire ball has
emerged from the lower mass and is ascending
rapidly. From its lower edges, it is ejecting
masses of dark smoke and missiles which leave
visible trails. The color of the fire has changed
to orange or even red at this stage, which is of
the order of one scecond after the flash. The
lower mass consists of dark smoke and dust
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FiGURE 221,

and is shaped like a cone. The white vapor ring
has emerged from the base and is at some dis-
tance from the center, appearing as a thin
white arc moving radially outward at high
speed. This is condensed vapor in the rare-
faction portion of the shock wave, which is
usually clearly visible and is erronecously
thought to be the shock front itself by many
observers. In sketch (d), the visible fire has
played out of the ball, which now appears as
dense black smoke, and is still rising rapidly,
the smoke ejected from its bottom forming a
continuous column connecting it to the funnel-
shaped base. This stage is reached at from 10
to 15 seconds after the detonation. Sketch (2)
shows the final stage of the cloud, prior to dis-
sipation. It has reached maximum altitude, in
this case about 10,000 feet, and the head has
turned white, owing to condensation of water
vapor in the explosion gases. The stem has ex-
panded and is less dense, and the base has
reached its maximum breadth (about %/} mile),
and is about to dissipate. The cloud reaches
this form approximately 45 seconds after the
detonation,

(b) Effect of igloo on appearance of explo-
sion. — In the case of a detonation initiated
within an igloo, the resulting fire and smoke
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Forms of an idealized revetment explosion

cloud is restrained by the concrete and eartn
eover in its initial vertical development, and is
made to spread more in horizontal directions.
The eventual height reached by the cloud is
probably independent of the cover, being
mainly a function of the mass of the hot gases
and atmospheric conditions prevailing at the
time. Figure 222 illustrates various stages of
an idealized igloo explosion. The open fire-ball
stage is much more brief and is supplanted
immediately by the dark round smoke and earth
cloud having sharp plumes shooting radially
outward, shown in sketch (c). The fire is
present inside the cloud but is largely obscured.
In the next stage (d), the cloud takes a large
irregular form and is composed of dense black
or dark brown boiling or billowing rolls. In
the final stage (e) the stem is much thicker
than in an open explosion and expands as it
descends to the wide, flaring base.

(c) Effect on explosion when charge is stored
in tgloo with augmented earth cover.—The ef-
fect of twice the standard amount of earth on
the exploding igloo is to increase the breadth
of the base of the cloud still further. Although
the head of the cloud is not changed, it rests
upon a fat pyramidal base without any inter-
vening stem or neck. The maximum diameter



FIGURE 222,

of the base seems to be at least doubled. Fig-
ure 139 is a good illustration of this.

(d) Appearavce of shock wave.—It was not
the shock wave itself but its effect on the
ground and the atmosphere that was seen by
the observers on the hill 4.1 miles from the ex-
plosions. As it advanced over the surface of
the ground, the blast picked up dust and loose
surface soil and set them in turbulent motion.
This formed a pall several feet in thickness,
with its top parallel to the earth’s surface and
possessing a higher light reflectivity than the
undisturbed ground. Passage of the shock
wave was thus marked by a rapidly expanding
circle of lighter-colored ground, which followed
the blast wave until the latter’s intensity
dropped to a point at which it would no longer
entrain dust and loose earth. In addition to
the advancing “dust front” the presence of the
wave was indicated by condensed atmospheric
vapor in the rarefaction phase. As the pres-
sure dropped below normal, the temperature
fell below the dew point and droplets of water
appeared, forming a whitish cloud which disap-
peared as soon as the pressure returned to
normal; thus was created the wraith-like semi-
circular band which traveled outward in the
wake of the shock front.

Forms of an idealized igloo explosion

(e) The double report.—Instrumental evi-
dence of the existence of the second report as
heard by the observers on the hill 4.1 miles from
the explosions is found in the results obtained
by the Woods Hole group with the free piston
gages. Pressure-time curves based on their
data show the pressure returning to normal fol-
lowing a relatively short negative phase, and
then increasing above normal on a steep slope.
Peak pressure values of the second shock were
not indicated, but they were evidently a great
deal lower than those of the primary shock. As

: previously stated, no adequate explanation of

this phenomenon has been given. It seems
probable that the shape of the charge, the de-
gree of compactness or separation in groups,
and the manner of detonation are intimately
connected with this question.

2. Information obtained from high-speed mo-
tion pictures.

T (a) Chronology of destruction of ecploded
tgloo.—The Fastax films of the igloo explosions
showed in every case that the front and rear
walls failed first, as tongues of flame appeared
at the ends before they emerged from the top.
In the second or third frame after the flames
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appeared at the ends, small jagged tongues
were seen emerging all along the top, as the
latter disintegrated. Within two or three more
frames, all flames had grown to such propor-
tions as to join in one large mass of fire, and
no portion of the structure could thereafter be
distinguished. This sequence plus the fact that
damage to target Igloo E in test 1 consisted
almest entirely of failure of the front wall
would seem to indicate that the weakest portion
oi the standard igloo as now designed is the
end wall. For a time all that could be seen was
brilliant flame; this indicates that a large part
of the explosion gases had found their way past
the solids of which the structure and its cover
were composed. It is during this stage that
the gases are pushing back the surrounding
atmosphere and “piling it up” in a compression
or shock wave which will travel outward
separately as soon as the expansion of the ball
of gases begins to slow down. Then the fire
ball becomes tinged with smoke, and dark
masses emerge, rapidly changing it into a dark
gray or black cloud with plumes shooting out-
ward and upward. The dark masses consist of
the heavier matter, including smoke, earth, and
small fragments of the structure, which are
carried beyond the envelope of flame by their
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Mach reflection on sloping earth embankment of target igloo

greater particle momentum, while the flame
recedes to the interior of the cloud and begins
to die out.

(b) Order of appearance of explosion phe-
nomena.—As recorded in the Eastman Hi-
Speed films, the agents sent out appeared at a
point about 200 feet from the center of a 500,-
000 pound igloo explosion in the following
order: shock front, fire and smoke cloud, vapor
cloud, and missiles. The shock front and vapor
cloud of course continued to propagate away
from the source at a diminishing velocity,
approaching that of sound. The expansion of
the fire and smoke cloud decelerated, however,
permitting the missiles, which were relatively
large {iragments with considerable momentum,
to overtake it. By the time the cloud had
reached a diameter of 500 or 600 feet, most of
the larger missiles were probably beyond it.

(¢) Appearance of shock front.—The shock
front itself, being a curved surface (theoreti-
cally spherical) in the atmosphere at which the
pressure rises discontinuously from normal to a
peak value, cannot be seen, for pressure or a
change of pressure is not a visible entity. How-
ever the zone of compressed air refracts light
rays passing through it in such a way as to dis-
tort objects seen through it, in much the same



manner as “heat waves” rising from a hot sur-
face, such as a tarred roof in the summer sun.
Where the shock front cuts across outlines of an
object in the background, the outlines may be
shifted and made discontinuous. When viewed
from a suitable angle, preferably with illumi-
nation from a point on the opposite side of the
wave from the observer, the zone of compres-
sion sometimes refracts the rays so as to form
a dark line like the outline of a bubble. In the
Hi-Speed film, the reflected waves appear in
this manner, while the primary froni is not
visible. However, the latter’s effect in distort-
ing the background is apparent, and its position
is marked by displacements of the outlines of
background objects such as Igloo F.

(d) Air blast: (1) Shoek wave veloeities and
peak pressures.—As calculated from the timing
marks on the Hi-Speed films, the velocity of
propagation of the wave is approximately 2,250
feet per second at 214 feet from the center of
the explosion, and approximately 1,400 feet per
second at 440 feet from the center, when the
charge is 500,000 net pounds of TNT detonated
in an igloo. By reference to the Rankine-
Hugoniot function relating velocity of propaga-
tion of a shock front with increase in pressure
behind it, pressures corresponding to these
velocities have been calculated, giving values
of 4.7 and 1.73 atmospheres, respectively. One
atmosphere at the elevation of Arco being
about 12.3 p.s.i. absolute, these values reduce
to 45.3 and 8.9 p.s.i., gage pressure, which agree
reasonably well with the pressures recorded by
the blast meters, as recorded in figures 32 and
85 (about 35 p.s.i. 210 feet off-side of Igloo D
in test 1 and 11 p.s.i. 440 feet off rear of Igloo
E in test 2).

(2) Mach refleetion.—As previously stated,
a Mach reflection took place when the shock
wave impinged on the sloping embankment of
Igloo E in the first test. The triple point, or
intersection of incident, reflected, and mach
waves, appeared to form at the bottom of the
slope and followed a characteristic rising path
as it progressed up the slope. The relation of
the three waves to one another and their direc-
tions of propagation are illustrated by figure
223, which shows the phenomena more clearly
than any of the photographs. When a Mach
reflection takes place, pressures on the reflect-
ing plane may be several times the hydrostatic

value. The increase in pressure depends upon
the angle of incidence of the wave on the plane.
Under the conditions obtaining in the first test,
the overpressure on the earth slope of Igloo E
was of the order of 6 times normal atmospheric
pressure at that distance, or about 62 p.s.i. in-
stead of between 35 and 45 p.s.i. hydrostatic
pressurc behind the incident wave front. The
angle of slope of the earth cover (114:1) is
rather favorable and avoids the extreme over-
pressure ratios of up to 10 or 12 which woull
occur on steeper slopes. The critical angle of
slope in this test would have been about 54
degrees. Flatter slopes, of course, would de-
crease the overpressure, the lower limit being
the ‘“side-on” or hydrostatic valuc.

(3) Blast loading on target igloos.—From
the foregoing information and the duration of
the positive phase of the blast wave of 58 mili-
seconds at a distance of 200 fect from the
center of an explosion of 500,000 pounds,
determined from the equation presented in the
Woods Hole report (Sec. IV-B) it is possible
to construct a diagram, figure 224, approxi-
mately representing the positive pressure-time
loading on the near side slope of a standard
igloo in the event of an explosion of its next-in-
line neighbor containing 500,000 net pounds of
high explosives. This diagram does not repre-
sent conditions on top or on the lee side, because
of differences in reflection and diffraction
effects; however, it would probably be con-
servative to apply it over the entire igloo in

design. Pressures indicated are for a distance
of 200 feet. As the wave passes across the

igloo, the pressures decrease, while the duration
and wave-length increases. Pressures are
believed to be considerably attenuated in pass-
ing through the earth cover to the surface of
the concrete. The negative phase is not shown
because the maximum negative pressure is only
from about one-half to one-fifth of the peak
positive value. The negative duration is sev-
eral times the positive duration, however.

3. Air blast measurements by ball crusher
gages, foil and paper meters.

(a) General.—To facilitate comparison and
study, the peak pressure-distance curves ob-
_tained in the first four tests have been repeated
in figure 225, but in this case pressure is plotted
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as a function of reduced distance (distanec
divided by cube root of charge weight) in order
that all might be plotted together, regardless of
charge weight. In figure 225 (a), all off-front
pressures are grouped together, and in figures
225 (b) and (c), off-side and off-rear pres-
sures are grouped. For purposes of reference,
the pressure-reduced distance curve reported
in reference (3) for the 1945 Arco igloo tests
is reproduced on the three graphs, as is also the
pressure-reduced distance curve determined by
the Woods Hole group with free-piston gages,
in the 1946 tests. It will be noted that the
three sets of curves form somewhat loose
bundles whose means are fairly clese to the
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Blast loading on near side of igloo

1945 curve and the 1946 curve determined from
the Woods Hole piston gages. The latter repre-
sent average pressures on all sides of an explo-
sion. At the lower end (region of greatest
distances), however, the Woods Hole curve
deviates considerably, becoming concave up-
ward, whereas the ANESB curves tend to be
concave downward, indicating lower pressures
than Wgods Hole at the extreme distances. The
fact that the ANESR values were obtained
from paper meters whereas the others were de-
termined by a more advanced type of instru-
ment would seem to indicate that greater
credence should be placed on the latter in this
region.
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(b) Asymmetry of blust,—Other reports
have indicated that in igloo explosions off-side
pressures are greater than oftf-front pressures,
and that off-front pressures are greater than
off-rear pressures at the same distance. Figure
225 fails to show any eonsistent trend in these
directions. If there were such an effect in
these tests, it scems to have been submerged in
the scatter of the data.

(c) Comparison with ralues predicted from

NDRC chart und with duta furnished by other

parvticipating groups.—Figure 226 is a pres-
surc-reduced distance curve obtained by plot-
ting values from the nomogram, “Peak Blast
Pressure as a Function of Distance and Weight
of Explosive,” chart 3A1, Reference (4), to-
gether with a plot of the mean of the several
igloo pressure-reduced distance curves as well
as a plot of the mean of the revetment pressure-
reduced distance curves in figure 225. The
1945 and 1946 Woods Hole curves are also re-
drawn on this figure. In addition, a curve
representing the Inyokern data is plotted. The
NDRC curve, which represents data from a
large number of measurements on all types of
bombs and explosives (estimated accuracy
about 25 percent, almost coincides with the
Revetment 1 curve from about 10 to about 2
p.s.i., but deviates markedly from the latter
outside of this range, being concave upward
while the revetment curve is eoncave down-
ward. Values obtained by the Woods Hole
group in the 1945 igloo tests do not confirm the
upward divergence of the NDRC curve at
higher pressures, but tend to agree with the
curves obtained by the ANESB group. In the
lower pressure ranges, however, the curve from
the Woods Hole piston gages in the 1946 tests
closely follow the NDRC curve, which may
throw further doubt on the credence of the
paper meters at pressures below about 1 p.s.i.
The Inyokern pressures, obtained from velocity
measurements, agree remarkably well with the
ANESB mean igloo curve.

(d) Effect of door barricade.—As shown in
figure 225 (a) and by a comparison of the ball
crusher gage and foil meter readings on line 1
in tables III, IV, V and VI, pressures at close
ranges in front of the exploding igloo were con-
sistently much greater in test 2 than in test 1.
This may be interpreted as an indication that
the standard earth and concrete door barricade,
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which was provided in front of Igloo D in test
1 but lacking in test 2, was of considerable ef-
1eetiveness in reducing blast pressures in front
of the exploding igloo at short and medium
distances. For example, at 150 feet, the pres-
sure was reduced from about 120 to about 50
p.s.i., and at 400 feet, from 23 to 13 p.s.i. The
difference decreases with distance, however,
and beyond 1,000 feet ‘s uncertain. The greator
severity of blast at clcse range in frent of an
igloo without door barricade was alsc demon-
strated in the effect on the surrounding ground
and nearby objects. The nearest foil meters
and other objects such as steel pipes driven in
the ground which were relatively unharmed in
test 1 were riddled with missiles, torn apart or
blasted away in test 2, In addition, there was
a larger burned area on the ground in front of
Igloo E than there was in front of Igloo D.

(c) Efiect of storing charye in a stundard
igloo rather than in open.—From figure 226 it
is evident that average pressures at close range
from an igloo explosion are considerably less
than from an open revetment explosion. At
long range, however, the curves tend to con-
verge, and in view of the vagaries of the indi-
vidual curves of figure 225, the advantage of
igloos over revetments indicated in the lower
portions of the curves of figure 226 may not be
significant. However, the difference between
the curves in the lower range is comparablc
with that found to exist in the model igloo tests
(reference (2)). If the difference is assumed
to be reasonably near the correct amount, the
following interpretation may be made: At a
pressure of 0.2 p.s.i., the reduced distance value
for the revetment test is 68 ft./lb.'/%, and for
the igloo tests is 60 ft./1h.?/%, The true distance
in the former casc is 5,400 feet, and in the
latter case is 4,760 feet. The American Table
of Distances specifies 5,410 feet, as the in-

“habited building distance for 500,000 pounds of

high explosives, while 4,780 feet is specified for
350,000 pounds of high explosives. Based on
these figures, it may be said that storing am-
munition containing 500,000 net pounds of
high explosives in an igloo warrants a reduc-
tion in inhabited building distance of about 12
percent and is the equivalent of an open revet-
ment storage of ammunition containing about
350,000 net pounds of high explosives. The
foregoing is based on an assumption that equal
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damage will result from equal peak pressures,
which is not quite correct. - An equally
important criterion of ability to do damage,
i.e., positive impulse in the blast wave, has
so far been neglected, inasmuch as no meas-
urements of this parameter were made by the
ANESB group. As reported in part IV-B
hereof, however, the Woods Hole group ob-
tained measurements of positive impulse in the
last four tests, and concluded that the impulse
from detonation of a 500,000-pound churge in
an igloo was equivalent to that from approxi-
mately 170,000 pounds of bare TNT. The
American Table of Distances specifies a dis-
tance of about 3,900 feet for the latter weight,
which corresponds to the distance specified for
500,000 pounds reduced by 28 percent. Part
of the reason for the greater reduction based
on the Woods Hole results may be the fact that
blast intensities from bare charges are greater
than from cased charges such as the mines
detonated in the revetments in these tests. It
also may be true that casing and earth cover
may reduce positive impulse proportionately
more than it reduces peak pressure. True
evaluation of ability to damage a specific struc-
ture or member thereof must take both para-
meters into aceount (for if the load is not great
enough an elastic structure will not fail regard-
less of how long the load is applied; and con-

versely, if the load is great enough to produce
failure but is not applied for sufficient time, the
structure will not reach ecritical distortion but
will oscillate about its normal position and
finally return to rest) as well as reflection phe-
nomena and the physical properties of the
structure or member itself and even in the case
of a simple frame house is a tremendously
complicated problem. Efforts have been made
to correlate damage levels with impulse statis-
tically, such as in the case of bomb damage
suffered by heavily built-up areas of London in
World War II. This correlation was only par-
tially successful and would not apply to areas
where other than brick bearing-wall construe-
tion predominated or where detonations of
niuch larger qgantities of high explosives were
involved. In the present instance the values
of peak pressure and impulse are utilized
merely as general guides to estimated changes
in degree of damage which might result from
a change in another variable in a given case.
(f) Effect of increased earth cover over
primary igloo.—Comparison of the pressure
reduced-distance curves for tests 1, 2, and 3 in
figure 225 fails to disclose any consistent ten-
dency to different pressures in the case of test
3. Accordingly, it cannot be said that these
tests showed a decrcase in blast pressure as a
result of the doubled earth cover on Igloo F.

TABLE XIV.—Comparison of craters

Crater Crater
Charge dinmeter—d | depth-h ft. d h
Test pounds Explosive Shelter ft. (average) {apparent) w! nol o wis oy

Arco No. 1 (43 250,000 50-50 amatol ..... 1xloo 175 | 8 2.78 | 127
Arco No. 2 (*45) .. 125,000 oo do il Revetment 81 77 1.62 | 154
Arco No. 3 ("46) .. 250,000 Torpex ........... Igloo ........ . 142 17.8 2.26 W283
Arco No. 5 ('45) .. 250,000 oo Jd8 oooonooonnooo do ..... . 146 10.7 2.32 | 170
Arco No. & (‘45) .. 125,000 50-50 amatol Revetment . 88 10.9 1.76 218
Arco No, 7 ("4 .. 250,000 Amatol and other .  None .. .. 110 3.9 1.756 062
Arco No. 8 ("4%) .. 250,000 VNI oottt .do . 112 14.9 1.78 236
Camp Edwards No. 1 250 80-20 amatol ..... cdo L 14.5 2.6 2.30 397
Camp Edwards No. 2 250 v do Lol do . 15 3.6 2.38 BT72
Arco

Model No. 1 ....... 250 0000199 60000000000 1zloo (standard eover) 15.8 2.1 2.51 433
Model No. 1A ..., 250 006" Gl 60000000000 oo do oL 14.5 2.0 2.30 17
Model No. 2 ....... 250 0000 A0 00000000000 Ieloo (2 x stand. cover). 14.0 2.2 2,22 349
Model No. 3 ....... 250 0000 @ 00000000000 lzloo (4 x stand. cover). 15.2 2.4 2.41 381
Model No. 4 ........ 500 | ..oodo o Izloo (standard cover). ... 20.4 251 257 | 264
Model No. 5 ....... 500 oodo oo Izloo (2 x stand. cover). 16.0 3.3 2.02 AlS
Model No. 6 ,.,.... 250 0 60kAD 0006006 0600 None 500000004 11.2 1.8 1.78 286
Model No. T ....... 250 do ... .. | Revetment ............... 16.1 2.5 1.61 .307
Arco No. 1 ('46) .. 500.000 0N 055 BB88 0 J0E o Uil0r 068 o 00 SO00OOH00E 165 13.5 2.08 170
Arco No. 2 ('46) .. 500.000 o @ o6e00000030000 do ........ 0 00g g 0 177 10 2.23 126
Arco No. 3 (‘46) .. 250,000 6 A® 00500000000000 Igloo (2 x stand. cover). 137 9 2.19 143
Areo No, 4 ('46) .. 500,000 G 00600000000000 Revetment .. ... 0000000 138 16 1.74 .202
Arco No. 5 ('46) .. 260,000 o'@D 60000000000000 do .. ......... 122 9.6 1.94 152

") Crater dinension divided by cube root of charge weizht, ft /ibs.'/3
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The model igloo tests (reference (2)) also had
indicated very little decrease in pressure until
the quantity of earth was quadrupled. Results
from Woods Hole as stated in section IV-B in-
dicated that no difference in pressures could be
discerned and contained no conclusions regard-
ing the effect on impulse, perhaps because of
an insufficiency of data in the latter case.
Obviously, if earth cover were increased to a
sufficient extent, blast intensities would be re-
duced, for if a charge is buried deep enough
underground, there is little or no air blast at
all, the total explosion energy being absorbed in
the ground. But in the case of a standard igloo
or one with twice standard cover, the propor-
tion of the total explosion energy which is
absorbed in the cover is evidently not great.
Assuming that the kinetic energy of the con-
crete and earth as it is propelled outward is
deducted from the energy available for forma-
tion of the air blast wave, there wouild be a loss
of 1,Wv?/g or about 14 x 4,500,000 x 10002/32.2
(W is approximate weight of concrete and
earth in standard cover, pounds; v is mean
maximum velocity of particles, assumed to be
1.000 ft/sec.; g is acceleration of gravity, 32.2
ft/sec.?) which reduces to 7 x 10" foot pounds.
The heat of explosion of TNT is 1,080 calories
per gram, whence the total energy released by
the explosion is 500,000 pounds x 453.6g/lb x
1,080 cal/g x 3.09 ft Ib/cal = 76 x 10" feet
pounds. The loss being of the order of 9 per-
cent of the total available, it does not appear
that its effect would be easily discerned from
gages whose deviation from the mean is as
much as 30 percent unless a great many more
measurements were taken.

4. Cratering.

(a) General—Craters from the igloo explo-
sions were roughly circular in plan, or elliptical
w 1 the long axis paralle! to the longitudinal
centerline of the igloo. The maximum appar-
ent depth was no more than about one-tenth of
the average apparent diameter, and the deepest
point, though not at the center, was no more
than half a radius from it. Much of the earth
excavated by the explosion fell back into the
crater at random, forming haphazardly located
hollows and mounds, so that the general effect
was one of great irregularity and unevenness.
Lips about half as high as the greatest depth

were formed on all sides but tended to be lower
where the front of the igloo, which had no
carth cover, had heen. The true depth was
from 2 to 3 feet deeper than the apparent depth
at points investigated. Backfill was blackened
and all large stones and pieces of gravel were
shattered. Earth below true bottem was ap-
parently undisplaced but much aggregate was
cracked. In the igloo craters, the upper layers
consisted of sand and gravel from the beds
below the igloo foundations, but in the revet-
ment craters, exposed soil was largely the silt
from the overburden on the gravel beds. This
fine-grained soil, when acted upon by the heat
and pressure, formed a schistose material
broken up in angular clods. In the igloo craters
there was much structural debris, ranging
from small bits of coucrete and steel to large
sections of foundation wall, shattered but
recognizable. Such pisces were larger in the
250,000-pound explosion than in the 500,000-
pound explosions. In the former case the walls
had been pushed laterally to the edges of the
crater and some pieces cast outside, whereas in
the latter cases demolition was more complete,
pieces were smaller and more scattered. Close
examination of some of the broken pieces of
concrete revealed that the cement bonding the
aggregates together was apparently weakened,
for such fragments were somewhat friable and
not sound, as new, properly cured concrete
should be. Many pieces remaining from the
previous year’s tests in nearby old craters were
totally disintegrated, although this condition
in their case was undoubtedly aided by a win-
ter’s frost. In the revetment craters there was
little debris other than an occasional stick of
wood or piece of sagebrush sucked into the
center by the negative phase of the blast, but
scattered on the ground around these craters
were a large number of small slag-like hollow
spheres about 14” in diameter, which could be
crumbled easily between the fingers. These are
believed to have resulted from fusion and oxi-
dation of the sheet steel mine cases and crates.

(b) Comparison of crater sizes with those of
previous tests and those calculated from for-
mulas.—Data on the 1945 Arco craters, the
Woods Hole model igloo craters, and the
ANESB model igloo and revetment craters,
previously reported in reference (2), are re-
produced in table XIV together with data on
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the eraters from the present tests, to facilitate
comparison and study. Some of the effects
shown by this table are:

1. Craters from igloo explosions are. on the
average, about 40 percent greater in apparent
diameter than those resulting from explosions
of charges either surroundad or not surrounded
by revetments.

2. Increased earth cover on an igloo up to
four times the standard amount seems to have
1o consistent effect on the dimensions of the
crater formed by its explosion.

3. There is no consistent difference in the
apparent depth of craters from igloos and those
from revetments or unrevetted piles.

4. Apparent depths do not follow the cube
root law; however, they may be estimated by
the formula h — .72W"*t (h — apparent depth
in feet and w — weight of explosives in pounds).
Depths are more erratic than diameters, no
doubt due to the haphazard manuer in which
earth falls back into the crater. It is possible
that the presence of voleanic rock underlying
the gravel beds just below the bottoms of the
craters may be partly responsible for the fail-
ure of the depths to follow the cube root law,
hence the above expression may not hold good
for locations other than Arco.

The formula for apparent depth of the Arco
craters is compared below with formulas given
by other authorities:

Diameter for

Source | Formula 500,000 1hs. H.E.
-
| Feet
RBritish .... [ d 8/8 Q1/8 212
| {where d dia. in feet, Q
| charge weizht in pounds),
Trench ... | r 05 P38 (r - radius in 200
meters, P charge in kilo-
grams).
Cupt. K. R. | d 2R QN /30 e e e el 199
Gayler,
(CEC).,
USN, Ret.
Olsen ..... r 69 QYR (v radius in feet) 470
Arco ..., d B33M57%% 9 56000000080 00000 . 183

The first four give values somewhat too large
for the resnlts of these tests, and evidently the
Olsen formula is applicable only to small charge
weights.

5. Apparent depths are unaffected by the
presence of cover or lack of it.

6. Apparent diameters follow the cube root
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law in the Arco svil and may be predicted
within about 15 pereent by the formula
d = 23YW (where d is diameter in feet and
W charge weight in-pounds) for igloo explo-
sions and by d = L7YW for explosions of
revetments or unrevetted stacks. These for-
mulas should hold good for any soil similar to
that of Arco. i.e., gravel, sand, silt, and clay
mixtures, provided that the shape of the pile
of explosives is rectangular and its proportions
do not differ radically from those of these tests.

5. Ground movement.

(a) Comparison with 1945 tests.—Hovrizon-
tal ground displacements in the Igloo I test, in
which the charge weight was the same as in the
1945 tests, were less than but followed the same
general pattern as those of the 1945 tests. In
the explosion of Igloo A in 1945, movement at
100 feet from the center was from 2 to 3 feet
outward, whereas it was only about 1 foot out-
ward in the Igloo F test. At 250 feet from the
center, outward movement averaged about 3
inch for Igloo A and about 14 inch for Igloo F.
Comparison of vertical displacements at 100
feet is uncertain due to the number of stakes
lost in the explosion of Igloo F, but comparison
at 250 feet shows an average upward movement
of about !4 inch in the case of Igloo A. while
there was a downward movement of about 5
inch in the Igloo F test. There appears to be
no satisfactory explanation for this disagree-
ment. It is questionable whether the increased
earth cover on Igloo F is responsible; the dif-
ferences may be wholly fortuitous.

(b) Hovizontal vs. vertical movement.—In
the range of distances from 100 to 150 feet
from the center, the greater movement was in
the horizontal direction in all tests, including
the revetments. Beyond these distances, how-
ever, horizontal movement attenuates more
rapidly than vertical and at 250 to 350 feet,
becomes quite small or dies out, while the
vertical movement is still about 0.8 inch, on the
average. At the distance at which a next-in-
line igloo would be located (214 feet when
standard intermagazine spacing is halved) the
horizontal and vertical displacements are
roughly 215 inches outward and 1 inch up or
down, but when a next-in-line igloo is actually
present, as in test 1, horizontal displacemenr*
evidently fails to develop to the extent that it



does on free ground, for in test 1 there was no
measurable horizontal movement at or immedi-
ately around Igloo E. However, vertical dis-
placement seems aggravated where an igloo is
present, possibly due to subsidence of the struc-
ture itself.

(¢) Movement in igloo explosions compared
with movement in revetmeat explosions.—-
Horizontal and vertical displacements at dis-
tances from 100 to 150 feet from the center in
the igloo tests were about double the values
measured in the revetment tests. The differ-
ence was probably due to the enlarged crater
diameters in the case of the igloo explosions.
At 350 feet from the center, however, there was
no appreciable difference in displacements be-
tween the two types of tests, which indicates
that the effect of an igloo and its earth cover
on surface ground movement is wholly local.

(d) Ground shock and cffect on target igloos.
—1It is assumed that permanent displacement of
the ground surface is indicative of the ampli-
tudes of the surface earth waves which pro-
duced them, for “permanent set” in a material
is a function of the causative stress. Thus it
is inferred that surface ground shock at the
distance of the target igloo (214 feet center-to-
center) from the 500,000 pound explosions was
about twice as great horizontally as vertically.
However, since Igloo’ E failed to move hori-
zontally but did move wvertically as much or
more than free ground surface at the same dis-
tance, it is thought that the structure through
its foundations may have responded to body
waves in the earth instead of surface waves, ov
that it settled because of blast pressure press-
ing down upon it, and that the surface dis-
placement measurements are of limited sig-
nificance insofar as effects on the target igloo
are concerned, under the conditions obtaining
in these tests. Nevertheless, the measurements
showed that surface earth displacements are
not sufficient to cause damage other than minor
cracking to an igloo at half the standard dis-
tance from an igloo exploded when containing
500,000 pounds of TNT.

6. Permanent displacement of target igloos.

(a) General.—The floor of target Igloo E
settled about 0.6” along the centerline. There
was a slight tendency to tilt longitudinally
downward toward the front where settlement

was about 0.4” more than at the rear wall. The
levels also indicate that the igloo tipped later-
ally toward the explosion, subsidence being of
the order of 0.25” greater on the near side.
Target Igloo F in test 1 did not settle evenly;
the arch and outer portions of the floor sub-
sided about 0.1” while along the centerline the
floor raised an average of 0.5”, In test 2, Igloo
F raised bodily about 0.1” except near the front
along the centerline where the floor subsided
0.04". ‘

(b) Differential displacement of arvch with
respect to floor.—There is fair agreement be-
tween the relative arch-floor movements as
indicated by the slide gages and those de-
termined by survey. Although the slide gage
measured the radial component while the sur-
vey determined the vertical component of
movement at each point, the readings should be
comparable since the angle between the two
component directions is not great. The disa-
greements are considerable in some cases, but
their random nature leads to the belief that
they were due to errors in taking readings,
particularly since a small difference in location
could make a relatively large difference in level
reading when the rod was held against the
under side of the arch. The general indica-
tions of the data are that the arch, perhaps in
the negative phase of the blast wave, was raised
slightly with respect to the floor in Igloo E, the
greatest difference being 0.48” at the crown.
In igloo F, the arch was depressed in both tests,
the maximum values being 0.13” at a point on
the west side in test 1 and 0.10” at a point on
the east side in test 2.

(c) Comparison with displacenients in 1945
test.—Target Igloo B, subjected to a 250,000
pound explosion in the 1945 program, behaved
similarly to Igloo E in the present tests, but
the amplitude of settlement was only from 14
to 1/5 as great. This seems reasonable, in view
of the fact that air blast pressures and, pre-
sumably, ground shock, were much greater in
the 1946 explosion. Igloo B also tipped later-
ally slightly toward the explosion.

(d) Indications regarding damage or propao-
gation of caplosion.—The fact that displace-
ments were slight confirms other observations
to the effect that the target igloos were in little
danger of incurring severe damage, and that
their contents were not seriously disturbed.
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There was, consequently, no appreciable danger
of propagation of explosion. The displace-
ments would have gone unnoticed in ammuni-
tion handling and storage operations in these
igloos. In the case of Igloo E, the tipping of
the structure toward the explosion is probably
due to the greater blast pressure exerted upon
the near side.

7. Transient arch deflections of target igloos.

(a) Compurison of slide and string gage
reudings.—In the case of target Igloo E, the
slide gages indicated radially inward transient
strains, presumably due to positive external
pressure, of as much as 1.25” at the near-side
third-point, 1.50” at the crown, and 1.0” at the
far-side third-point. The string gage readings
were mueh less, the greatest being only 0.81”
at the near-side third-point and 0.30” at the
far-side third-point. Two factors would tend
to make the slide gages read high; these are
overdrive of the slide indicator and the fact
that upward floor heave would also register.
Several factors would also tend to make the
string gages read low; these are elastic short-
ening of the music wire, inertia and lost motion
of the parts, and the angle between the wire
and the radial direction. There is no way of
knowing how much each of these factors con-
tributed to the disagreement. In target Igloo
F, deflections were much less than in E. The
slide gages indica’*d maximum inward move-
ments of 0.22” at the east-side third-point, 0.28"
at the crown and 0.38” at the west-side third-
point; the string gages indicated no movement
at the east-side third-point and 0.23" at the
west-side third-point. Positive or outward-
movement readings, indicating strains presum-
ably due to the suction phase of the blast, were
generally larger than the inward-movement
readings in Igloo E. This mayv be due to the
fact that the minor cracking which occurred in
the positive pressure phase reduced the effec-
tive stiffness of the arch in resisting the out-
ward force. In Igloo F, outward movements
were smaller than the inward values, perhaps
because cracking did not occur in the arch
barrel.

(b) Comparison with deflections in 19453
tests.—Arch strains in Igloo B in the 1945 pro-
gram, according to the slide gages, were 0.95”
inward and 1.15” outward at the near-side
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third-point, 0.78” inward and 1.68” outward at
the crown, and 0.71” inward and 1.17” outward
at the far-side third-point. String gage read-
ings were 0.22” (doubt was cast on this figure)
inward and 0.04” outward at the near-side
third-point, and 0.02” inward and 0.01” out-
ward at the far-side third-point. These read-
ings are generally less than those of the 1946
tests, as would be expected in view of the lower
pressures exerted in the earlier explosion. The
string gage readings differ from the slide gage
values in the same direction but more markedly
than in the 1946 test.

(¢) Stress study—Since it was inferred
from the cracking of the inner surface of the
arch barrel of Igloo E that the arch was near
the point of technical failure, although prob-
ably not near the point of actual collapse, it
was thought worthwhile to attempt to deter-
mine the stresses corresponding to the straius
measured by the gages. In this calculation,
only extreme fiber stresses due to bending of
the arch were considered, and direct stresses
were neglected. Various assumptions were
made, some of which varied considerably from
actual conditions. The arch was assumed to
have fixed ends, which was not quite correct,
since the footings as constructed were not
rigidly connected to the floor slab nor the sub-
grade. The strain values used were those de-
termined by the slide gages, in which an un-
known error due to floor heave and other causes
exists. The loading on the arch was assumed
to be static and to consist of two parts. the first
a unit horizontal pressure (1 p.s.i.) distributed
over the vertical projection of the side eleva-
tion, and the second a vertieal pressure, one-
third of the lateral value, distributed over the
span of the arch and acting downward. This
loading assumption does not agree well with the
actual case, in which pressures are greatest
immediately behind the shock front and act
normal to the sloping embankment, and in
which the highest pressure is due to a Mach
reflection on the near slope before the load ex-
tends over the entire arch (see figure 223). The
procedure followed in the analysis, which was
made in the Office of the Chief of Engineers,
Army, was as follows:

(1) Treating the arch as fixed, with static unit
loading as described above, bending moments

at a number of stations over the arch were
calculated, and the moment diagram drawn.



(2) Treating the arch as a conjugate beam, loaded
with the M/EI (moment divided by product of
modulus of elasticity and moment of inertia)
diagram, its elastic curve, or deflection at any
point, was determined.

3

~

Actual deflections at each point measured by
a slide gage were divided by the deflections
due to the unit loading, the quotient being the
actual equivalent static loading which would
have caused the deflection as read from the
gage. The values agreed rcasonably well and
gave an average pressure of about 50 p.s.i.,
which is remarkably close to the peak dynamic
pressures as measured by the blast meters at
the same distance.

(4) Equivalent static extreme fiber stresses for
the concrete and steel due to the maximum
bending moments, i.e., those corresponding to
maximum actual deflections, were calculated.
These were 18,600 p.s.i. compression in the
concrete and 566,000 p.s.i. tension in the steel.
These values are roughly 6 (the igloo concrete
tested 3200 p.s.i. and 9 times the normal static
ultimate strengths of concrete and steel,
respectively. These values compare favorably
with the ratios of equivalent static stress at
point of dynamic failure to normal static
ultimate strength, as determined by other
investigators.

From the foregoing results, which are admit-
tedly subject to errors due to incorrect assump-
tions, it might be said, lacking any better infor-
mation for the time being, that external blast
loading of 50 p.s.i. on one side of an igloo is
equivalent to the static loading which would
stress the steel and concrete of the arch to their
ultimate strengths., This value of static load-
ing is about 5 p.s.i. Since the target igloo stood
up well and little if any safety factor seems
necessary in designing igloo arch barrels to
resist blast, it would seem that if the structure
is designed to withstand a static loading of 5
to 6 p.s.i. applied horizontally against the ver-
tical projection of the side elevation, plus 1.7 to
2 p.s.i. applied downward across the span of
the arch, it will withstand the explosion of 500,-
000 pounds of TNT in the next-in-line igloo 185
feet distant. Since the front wall of the igloo
actually failed, however, this porticn of the
structure should probably be designed for a
somewhat greater value of static load, such as
10 p.s.i.

8. Damage to target igloos.

(a) Comparison with damage sustained in
1945 tests.—As rcported in reference (1) dam-

age to target igloos in the 1945 tests was con-
fined to blowing off of ventilators, some slump-
ing of earth fill and minor cracking of concrete.
Cracks were quite minute even in the closest
igloo, in which the worst crack; which passed
over the crown of the arch, was a continuation
of a previously noted crack. Generally speak-
ing, the damage was almost negligible in the
1945 tests. That which occurred in the 1946
tests was of similar character but more severe,
as would be expected inasmuch as blast pres-
sures were of the order of 30 percent greater.

(b) Incipient areh failure.—In Igloo E after
test 1, longitudinal cracks on the inner surface
of the arch were grouped about 7 feet above
the floor on each side of the igloo. These groups
of cracks were in the same locations as those
experienced on the sides of the target igloos in
the model igloo tests (reference (2)). Pre-
sumably as the blast wave struck the near side
of the igloo broadside on, the live loading
reaching the concrete arch was so distributed
as to cause maximum positive bending moment
(resulting in maximum tension in arch intra-
dos surface) at a level about one-third of the
distance fromn springing scction to crown. As
the blast wave propagated across the igloo, the
unsymmetrical loading traveled around the
arch. causing a second maximum positive
moment about one-third of the distance from
springing section to crown on the far side. If
the blast loading wcre great enough, buckling
would probably occur at these “lower sixth
points,” followed by collapse of the arch barrel.
It should be borne in mind that Igloo E was of
Army pre-war design and contained intrados
reinforcement, as did Igloo B in the 1945 tests.
What extent of arch failure would have taken
place had the target igloos been of wartime de-
sign, with reinforcement in the extrados only,
is a matter of conjecture, although it appears
unlikely that collapse would have otcurred. In
the model tests the target igloos, which simu-
lated wartime construction and lacked intrados
reinforcement, sustained much more severe
longitudinal cracking but were in no immediate
danger of collapse.

(¢) End wall failure.~The front end wall of
Igloo E suffered rather severely, the tendency
being to tear it off the end of the arch barrel.
It was probably cracked and deflected inward
during the positive phase, and then as the out-
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side pressure fell below that existing inside, it
was pushed violently outward. Where the wali
was separated from the edges of the arch
barrel, the failure appeared to be in bond and
not tension failure of the steel. It seems that
in order to bring the strength of the front end
wall up to that of the balance of the igloo, the
section modulus should be increased and
greater bond surface provided in the peripheral
juint between wall and barrel. Inasmuch as
the rear end wall suffered negligibly, the front
wall could be as well protected by placing an
earth embankment against it; however, this
would entail considerably greater expense in
providing a tunnel entrance or one flanked with
retaining walls, and storage operations would
be hindered. Although the case of an igloo
having a standard earth and concrete door
barricade was not tested in this program, it ap-
pears doubtful whether in such case the barri-
cade would have been effective in preventing
the front wall damage, in view of the direction
of approach of the shock wave.

(d) Damage to floor.—The floor slabs
suffered no appreciable damage and- appear
well designed.

(e) Damage to minor appurtenances.—(1)
Door: The Army door design appears to be
adequate and no changes appear necessary.
The Navy type door, which is larger, was not
tested in this program but in the 1945 tests
appeared to be weak and in need of strength-
ening. (2) Ventilator: The Army type ven-
tilator (concrete chimney type) was sheared
off the rear wall by a transverse twisting cr
forsion. A Navy umbrella-shaped terra-ecotta
ventilator would undoubtedly have been blown
off. Since it is desirable to ventilate igloos
effectively in order to minimize moisture
condensation and dispel fumes, some form of
ventilator protruding above the earth cover
appears inevitable; the optimum design would
appear to consist of a concrete flue extending
not more than about 4 inches above the surface
of the earth cover, surmounted by a metal or
ceramic static wind-actuated type of ventilator
which would be blown off in the event of a
nearby explosion but could be replaced at less
expense than would be entailed in reconstruct-
ing a concrete chimney type of ventilator. (3)
Door pad: The concrete slab in front of the
door was separated from the front wall of the
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igloo in test 1 but otherwise intact.
seems necessary.

(f) Disturbance of contents.—Inasmuch as
damage was slight and ground shock evidently
not severe, the stacks of bombs were not visibly
disturbed or displaced, and it is safe to eon-
clude that there is little danger of initiation
of explosion from ammunition falling to the
floor of the magazine under conditions such as
those which existed in test 1, provided the
amrnunition is preperly stowed and secured in
stable stacks.

No change

9. Damage to revetments.

(a) Effect on earth embankments or wind-
rows.—Erosion and subsidence were minor in
extent and speak well for the stability of em-
bankments of granular soil such as that
encountered at Arco on a 1v45:1 slope, when
subjected to nearby heavy explosions such as
those of these tests.

(b) Disturbance of contents. — The violent
displacement and scattering of the mines, as
well as the shower of debris which fell upon
them, would seem to indicate that had the ex-
plosive filler been of a type sensitive to
ignition threcugh shock due to acceleration, im-
pact, or denting of the container. the prob:-
bility of an cxplosion would have been great.
Thus it appears that revetment storage at 400-
foot clear distance from a 500,000 pound con-
centration of high explosives would be risky
if the explosives stored in the revetment were
much less stable or insensitive than TNT.

10. Damage to barracks.

(a) Comparison with barracks dawmage in
1945 tests.-—The present tests generally con-
firmed the results of the 1945 program insofar
as extent of damage to the barracks at the
halved (unbarricaded) A.T.D. inhabited build-
ing distance was concerned. Superficial dam-
age, involving torn siding, demolished window
frames, sash and trim, and blown-in doors,
frames and trim was about equal in both :ests.
The incidence of flying glass was approximately
the same in both tests. Structural damage, i.e.,
displaced, cracked or splintered framing
members and sheathing was somewhat more
severe in the 1946 test.

(b) Decrease in damage with increase in dis-
tunce.—The table entitled “Type of damage”



shows how the extent of damage diminished
rapidly as the distance from the explosion in-

creased in test 1.

Type of damage

Barracks Superficial Glass Structural
1
(2,705 ft). a. 200 sq. ft. of | &, 93 panes (all a. 25 studs and 4
siding  torn, wypes) crack- diagonal braces
north slde, ed, broken or damaged in
nissing. north wall.

b. 20 sq. ft. of b, Flying glass b, 1 damaged stud
roofing torn, — Bevere, in east wall.
cast slope,

c.d window | .. ... ... ..., e. Several plates
frames and broken in north
trim blown wall.
in.

d. 26 sash blown . .............. d. Some broken
in or out. s heath-

ing boards on
north wall.

e. Post knocked
out of north
wall.

f. 7 rafters split.

¢. Kast roof gir-
der broken.

2
(3,605 ft.) a. 4 sq. ft. of  a. 42 panes (all a. 9 damaged
sidingtorn, types) dam- studs  and 1
north side, aged. broken diagonal
brace in north
wall.

b. 15 sq. ft, of | b, Flying glass b. A few plates
roofing torn, —extensive, split,
east slope.

¢. 6 sash blown ¢. Some  sheath-
in or ont, ing broken.

3

(5,410 ft.} | a. 15 sq. ft. of | a. 30 panes (all | a. 2 studs cracked

torn roofing, types) dam- | in north wall,
east slope. aged.
b. Flying glass
moderate.

(¢) Nature of superficial demage.—The as-
phalt felt siding was torn in numerous places,
and the tearing and exposure of sheathing
progressively worsened with repeated blasts.
This cannot be construed as a guide to the
nature of damage to ordinary wood siding,
which undoubtedly would have withstood the
explosions much better. It is believed that
stucco or brick veneer siding would have sus-
tained considerable damage consisting of exten-
sive cracking and perhaps falling out or
toppling of sections, however. The roll roofing,
which was of lightest grade normally used in
buildings, suffered remarkably little, and the
single tear in each building did not worsen a
great deal with repeated blasts. Perhaps a
roofing of asphalt or wood shingles or shakes,
which has many projecting edges under which

blast may exert a force, would have suffered
more, but the heavier types of felt, built-up,
metal, asbestos cement, or tile rooting would
have withstood the blasts with no damage, in
all probability. Exterior trim stood up remark-
ably well, suffering only to a minor extent even
in the closest building. Window frames and
sash sustained severe damage in the nearest
building, limited damage in the medium-dis-
tance building, and negligible damage in the
iarthest building. Many whole frames to-
gether with the sash were blown violently into
the building in Barracks 1, and odd sash were
blown in in other windows in which the frames
remained in place. Other sash suffered broken
rails and muntins without being dislodged
from position. Obviously the windows were the
weakest members of the building, and suffered
the most serious damage, which does not speak
well for the strength of the mounting nor of
the windows themselves. Doors, although in
the lee side of the buildings, showed indications
of damage similar to that of the windows.
Superficial damage (except Lo inside window
casing) in the building interiors did not occur
inasmuch as the buildings were not finished
inside; however, there is a strong presumption
that plastered walls and ceilings would have
suffered seriously in the nearest building, to a
considerable extent in the second building, and
perhaps to a minor extent or not at all in Bar-
racks 3. Had the first building been a com-
pletely finished and equipped structure, it is
estimated that the cost of repairs to windows,
interior surfaces, cguipment, and property
would have exceeded $2,000. In Barracks 2,
the cost would probably have been of the order
of $1,000, while in Barracks 3, it would prob-
ably have been under $250.

(d) Nature of structural damage.—The rock-
ing of the buildings on their foundations
apparently did not result in appreciable perma-
nent strains o1 distortions and seems of minor
importance, particularly since ordinary build-
ings built on concrete footings or foundation
walls would not be displaced as easily. On the
other hand, if the buildings moved soon enough
after impingement of the shock front, pressure
on the superstructure may have been relieved to
some extent, resulting in less damage to fram-
ing members. Failures of such members in the
first test were confined largely to the north
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wall, and consisted mostly of split and displaced
studding, plates and sheathing. Plates appar-
ently broke in flexure due to a force from the
exterior, while some studs seemed to split in
longitudinal shear due to flexure or perhaps in
cross-grain tension due to ‘“‘scabbing effect,”
i.e., the tendency of material near one surface
of a member to fly off upon an impact being
received on the opposite surface. Other studs
were merely pushed inward, separating fromn
the sheathing, without failure or with cracking
only at ends due to resistance at points where
they were nailed to upper or lower plates.

The greater incidence of damage to the north
wall than to the east wall cannot be explained
by reference to the peak pressures which theo-
retically were exerted upon these walls. Al-
though the north wall was more nearly facing
the blast (30° from face-on) than the east wall
(60° from face-on), the latter was close to the
critical angle for Mach reflection. Based on
a peak hydrostatic pressure of 1 p.s.i. behind
the shock front at Barracks 1, the pressure
due to the reflection on the east wall was 2.4
p.s.i. and on the north wall was 2.0 p.s.i. The
failure of the east wall to incur the greater
damage leads to the presumption that the pres-
sures possibly did not follow the theory because
of lack of rigidity of the walls, or that impulses
rather than pressures governed the damage.
However, the theoretical relationship between
the impulses on the two walls is not known, and
experimental results of certain other tests tend
to show that impulses are generally maximum
under the same conditions of reflection as peak
pressures. Glass breakage, which is governed
nearly wholly by peak pressure, was much
greater on the north wall than on the east wall
in all buildings. It therefore seems most prob-
able that the effective pressure on the north
wall was in fact greater than on the east wall,
and that there is some break-down in attempt-
ing to apply the theory in the case of these
barracks.

There is no direct and simple way of cor-
relating the failure of framing members (the
incidence of which was roughly 50 percent in
the north wall of Barracks 1 with the peak
pressure, about 2 p.s.i.,, probably exerted on
that wall. If a single 2”7 x 6” x 12’ stud is
treated as a vertical beam, simply supported at
top and bottom, and continuously loaded with
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the total pressure on a strip of exterior sheath-
ing 12’ in height and in width equal to the stud
spacing (2’), and, assuming a modulus of rup-
ture in flexure of 7,800 p.s.i. for the wood, the
pressure causing rupture would be 1.1 p.s.i.,
which fortuitiously is about the same as the
hydrostatic pressure behind the shock front at
Barracks 1. The actual peak pressure, about
2 p.s.i., attenuated to zero in about 0.2 second,
before the full effect of impact developed, i.e.,
before failure progressed to the extent that
would have been caused by a step-front non-
decaying wave. As previously stated, it is not
known whether the studs failed in flexure or
by “scabbing.”

Another obstacle in the way of correlating
measurable blast pressures with structural
damage is the fact that critical dynamic
stresses differ from the static values. Impact
tests on reinforced concrete beams in flexure
have indicated that the dynamic moduli of
rupture may be of the order of ten times as
great as the static moduli.

To summarize, two factors tend to make
blast damage more serious than that which
would be due to a static load equal to the hy-
drostatic peak pressure measured by the blast
meters: (1) Reflections, which increase the
effective pressure on the wall, and (2) Impact
effect, due to suddenness of application of the
load. Two other factors tend to make blast
damage less than that due to the same static
load: (3) Rapid decay of the pressure, and (4)
Higher moduli of rupture under dynamic load-
ing. Probably in the case of the studding in
the north wall of Barracks 1, these effects
balance each other, so that there is apparent
agreement between the critical value of a static
load and the hydrostatic peak blast pressure
obtaining at that distance.

Additional experimental data on hydrostatic
peak pressure values of blast waves resulting
in 50 percent incidence of failure of various
structural elements exposed at various angles
of orientation (e.g., 0°, 30°, 60°, and 90°) for
a range of charge weights may lead to a prac-
tical method of designing structures to with-
stand air blast.

(e) Failure of glazing materials.—Table XV
eives the number of each size of pane of each
type cracked, broken, or torn in the north and
east elevations of each barracks for test 1, and



TABLE XV.—Cracked and broken window panes in north und cast clevations of barracks

Test 1 Test 3
Barracks 1 Bareacka 2 Barracks 3 Barracks 1
Type Pane size  Exposed Damaged Damaged: Exposed Damaged Damaged Exposed Damaged Damaged -Exposej Damaged Damaged

Inches Number | Number | Percent | Number | Number | Percemt | Number | Number | Percent | Number | Number | Percent

3% x 15 17 I8 94 17 5 29 16 1 6 16 10 62

DS glass .... J 12 x 15 32 6 19 32 0 0 32 0 0 35 4 11
| 9x10 50 11 22 51 0 [ 50 0 ¢ 52 13 20

38 x 16 4 4 100 4 2 50 4 0 0 4 3 )

Wire glass 0.25” J 12 x 15 8 2 25 8 0 0 8 ] 0 8 3 37
l 4 x 10 8 1 2 8 0 0 9 0 0 L 5 62

38 x 16 2 2 100 2 2 100 2 2 100 2 2 100

l.umapane ... { 12x 15 8 8 100 8 3 62 8 i 50 8 6 %5
9x 10 8 b b0 8 0 0 8 0 0 11 b 45

38 x 15 2 2 100 2 2 100 2 2 100 2 2 100

Vimlite ...... 12x 15 8 8 100 8 8 100 8 5 62 6 6 100
9x 10 8 8 100 8 4 50 8 3 37 8 8 100

38 x 16 1 I 100 1 1 100 2 2 100 —_

Lumarith .... { 12 x 15 4 4 100 4 4 100 4 4 100 6 6 100
l 9 x 10 8 17 87 8 8 100 7 [ 86 3 0 0

38 x 16 1 0 0 1 1 100 1 1 100 1 1 100

Lucite 0.06” . 12x 15 3 3 100 8 1 33 3 0 0 2 1 50
9x 10 ) 1 20 3 0 0 4 0 0 4 1 25

38 x 16 1 0 0 1 0 0 1 1 100 | 1 1 100

Lucite 0.15” . 12 x 16 3 0 0 3 0 0 3 0 [ 2 0 0
9x10 3 L] [i] 4 0 [i] 4 0 0 4 0 0

38 x 16 1 0 0 1 0 0 1 (1} (U 2 1] 0

Herculite 0.25” 12 x 16 2 0 0 2 0 0 2 i 0 [1} 1 0 0
| 9x 10 2 [i] | 0 2 0 0 2 0 0 2 0 0

38 x 16 1 1 100 1 1 0 1 0 0 2 ] 0

Flexseal 0.25” 12 x 15 2 0 a 2 0 0 2 0 0 2 0 0
9x 10 2 0 0 2 0 0 2] 0 0 2 0 0

38 x 15 | 2 2 100 2 0 0 2 0 0 2 0 (1]

Duplate 0.26” . | { 12x 15! 2 0 0 2 | 0 0 2 0 0 2 0 0
| 9x 10 2 0 0 2 0 . 0 _2 0 0 2 0 i)

in Barracks 1 (in which all windows were re-
glazed prior to the explosion) for test 3. The
table also shows percentages of pane failures
to the total number exposed in each case. In
the following subparagraphs, the behavior and
characteristics of each type of glazing material
tested is discussed in order of blast resistance
as determined by the percentages of failure, the
most highly resistant being taken up first:

1. Herculite.—(tempered plate glass, %4” thick).
Though Dblown out of the sash in some cases, this
material was never cracked or broken either by
blast or by falling to the floor. It prohably would
never fail under blast except at reduced distances
less than about 10 ft/1b'/* hut might hreak under
impact of a relatively heavy missile at greater
distances. When broken, tempered plate glass
separates into a large numher of small nearly
cube-shaped pieces, the length of a side of one
cube being the same as the thickness of the plate.
Being small and tending to cling together, these
pieces do not fly far and do not present as great a
hazard as large, jagged fragments. Tempered
glass is probably the ideal material for resisting
the effects of explosion; however, its high cost
precludes general use.

2. Flexseal.— (laminated safety glass, %4” thick,
with plastic edge zone). This glass eraeked in

several instances hut the fragments were success-
fully held together by the plastic core and there
was no flying fragment hazard. The plastic edge
did not appear to be of great benefit in reducing
breakage.

3. Duplate.—(plain laminated safety glass %4”
thick). This material withstood the blasts about
as well as Fleaseal. When it cracked, the frag-
ments were held together by the core and prevented
from flying into the building. Because of its rela-
tively high resistance to blast and its nonfrag-
menting characteristie this glass would furnish a
high degree of security from the flying glass hazard
to occupants of any building at one-half the A.T.D.
distance for inhabited buildings. However, it is
too costly for general use.

4. Lucite.—(acrylie resin sheet, 0.15” thick). Al-
though this material was more resilient than glass,
on reaching eritical deflection it broke into irregu-
lar fragments similar to those of glass; and being
lighter in weight, these pieees were propelled
further into the building. One 38” x 15” pane was
blown out intact and found on the floor next to
the opposite wall. When the panes hroke, the edges
were not generally as sharp as those of glass frag-
ments. Thus it appears that Lucite is somewhat
more blast resistant and presents less of a flying
fragment hazard than common glass. However,
the acrylic resins are too expensive for general
glazing purposes.
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5. DS glass.—(common sheet window glass,
about 0.12” thick). It sustained a high incidence of
breakage, behaving characteristically. Large num-
bers of sharp-edged fragments were scattered
over the floors, most extensively in the closest
building. Jagged sections were frequently left in
the sash. The personnel injury hazard was higher
than with any other material tested, except where
the glass was backed up by wire mesh having
12" square openings. When the mesh was present,
scattering of fragments was greatly reduced. Only
a few of the smallest fragments found their way
through the mesh, and these did not travel more
than 8 or 10 feet from the wall containing the
window,

6. Wire glass.— (%" thick). Although the inci-
dence of breakage of this glass was greater than
that of DS glass, it did not fragment as badly, the
pieces being held together by the hexagonal wire
mesh, and the flying glass hazard was hardly more
than in the case of the safety glasses.

7. Lucite.—(acrylic resin sheet, 0.06” thick).
This was the strongest of the light plastic sheets
tested. 1t did, however, break into sharp frag-
ments in the same manner as the thicker Lucite.
Since it was too light to withstand the blast well,
its use seems to offer no advantage.

8. Lumapane.~—(laminated, wire-mesh reinforced
sheet cellulose acetate about 0.04” thick). This
material frequently tore out of the sash in one
piece. Sometimes it split into several pieces. The
fragments were light, and were propelled well into
the interiors of the buildings, although they would
not have constituted a serious hazard to any person
who may have been occupying the building. Some
panes stayed in place, although badly bulged.

9, Vimlite.—(wire mesh coated with cellulose
acetate). This material had little blast rvesistance
and tore like cloth, along two lines at right angles
to cach other Strips were frequently left attached
to the sash while the remainder was blown well
into the building. The pieces were light, however,
and did not constitute a severe hazard.

10. Lumarith.—(plain sheet cellulose acetate.
0.06” thick). This had the least blast resistance
of any material tested. It frequently was blown
out of the sash by wind before the explosions took
place. 1t tore easily, and in random directions.
Being light, its fragments were hlown into the
buildings at high speed, but owing to the relative'y
soft and flimsy nature of the pieces, no great
hazard existed.

Summing -up, it appears that where blast re-
sistance is of prime importance and cost is
secondary, tempered and laminated safely
glasses offer the best solution. If economy is
essential and the hazards due to flying gilass
must be avoided, common DS sheet window
glass in small panes backed up by wire mesh
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may prove to be the best compromise. Where
safety glass or common window glass backed
by wire mesh is used, attention should be given
to assuring adequate strength of the window
frame and sash, in order that failure of these
members will not nullify the benefit of the
stronger glazing. The thinner plastics are
more difficult to mount, are generally poor from
a visibility standpoint, and do not offer much
resistance to blast. Their advantage lies chiefly
in the fact that they fail quickly and relieve the
pressure on the building to some extent, thereby
reducing other forms of damage, in all prob-
ability. Further, they are light and do not
present a serious flying fragment hazard.

It is recognized that the results of these
tests do not in all cases offer a fair comparison
of the different types of glazing materials, size
for size and thickness for thickness, owing to
the many variables imposed by the conditions
of the tests. The tests were not true tests of
the glazing materials but rather of windows
glazed with them, in which the strengths of
the window frames, sash, methods of mount-
ing, and even orientation and location, entered
the problem as well as the strengths of the
panes themselves. Sometimes the mountings
gave way and whole panes were blown inside
the buildings; in such cases there is no way of
knowing whether the pane would have failed
had the mounting held fast. The thin plastics
were especially subject to this difficulty, and
were classed as damaged when torn away from
the staples which held them to the sash; how-
ever, had a more secure mounting (such as a
continuous clamp or compression stop) been

'employed, the percentages of failures of these

panes, particularly Lumapane,
been lower.

might have

The effect of orientation on incidence of glass
damage is strikingly demonstrated by the tests.
Windows on the north side (angle of incidence
of shock front 30°) sustained about twice as
much glass damage as the east side (angle of
incidence 60°), and of the order of 10 times as
much as the west or lee side which was facing
120° away from the explosion. It would seem
that in the laying out of ammunition plants,
window damage could be minimized to a great
extent by omitting windows on those sides of
buildings which face the hazard, wherever
possible.



PART VI. CONCLUSIONS

I. Increase in permissible quantity of high
explosives per igloo magazine.

In view of the facts brought out by these
tests, namely, that:

(a) in three tests in each of which 500,000
net pounds of TNT were detonated, involving
eight possibilities of explosion propagation as
enumerated below, there were no detonations,
low-order explosions, nor any noticeable effect
upon the TNT filler of the bombs and mines
stored in the target magazines and revetments:

At clear distance

Net pounds btorul in in feet

g 500,000 | Igloo E .. .. | 185

250,000 | Igloo F . 400

Test 110 500,000 | Revetment 1 400
Z 250,000 | Revetment 2 360

\ 250,000 Igloo ¥ .. .. 360

Test 2 500,000 | Revetment 1 616
|1 250000 | Revetment 2 400

Tegt 4 25_0,000 <lflo o do 538

(b) the crater radius was less than half the
distance to the nearest target igloo or revet-
ment in each instance;

(¢) the bomb stacks within the target igloos
were not displaced from position nor appreci-
ably disturbed;

(d) the mine stacks survived scattering of
upper layers and toppling of border tiers of
mines;

(e) displacements of the target igloos were
inconsequential ;

(f) missiles failed to penetrate to the interior
of the target igloos;

(g) damage to the target igloos was minor,
there was no serious scabbing of concrete from
inner surfaces and no danger of collapse of the
magazines;
it is concluded that the probability of propaca-
tion of explosion from one standard igloo
magazine to another at present standard spac-
ing (400 feet) when the charge per magazine
is 500.000 net pounds of TNT in ammunition,
is extremely remote. Therefore, it is believed
that it would be safe to raise the limit of high
explosives not more sensitive to shock than

cast TNT to 500,000 net pounds in ammunition
per standard 80-foot reinforced concrete arch,
earth covered, igloo type magazine, at present
standard distances from neighboring maga-
zines and revetments, provided adequate
distances for 500,000 pounds of explosives are
maintained from inhabited buildings, railways,
and highways.

2. Reduction of intra-line igloo magazine
spacing.

The failure of the charge in Igloo E to
explode, detonate, or suffer noticeable effects
in test 1, coupled with the facts enumerateid
under items (b), (¢), (e), (f), and (g) in the
foregoing section, leads to the conclusion that
there is small probability of propagation of
explosion from one igioo magazine containing
500,000 net pounds of TNT to another parallel
to the first, at a clear distance of 185 feet. It
is true that since there was only one trial ful-
filling this condition, there is justification in
stating that there is no proof that upon a second
trial, or within a few successive trials, a
propagation would not occur. However, ob-
servers with long experience in military high
explosives, after examining the condition of
the target magazine and its. contents were
unanimous in the opinion that there was’ little
likelihood of a detonation. Consequently, it is
believed that under normal conditions, i.e., with
igloos of proper construction on sound ground,
and with the ammunition stored in stable piles,
it would be reasonably safe to permit a redue-
tion in spacing of standard igloo magazines,
limited to 500,000 net pounds per magazine
of high explosives not more sensitive to.shock
than cast TNT, from 400 to 185 feet, measured
between the near outside walls, at grade, of
magazines abreast in line.

3. Inhabited building distance.

The term “safety distance” though appearing
in part II, Objects of the tests, hereof, has been
purposely omitted because it is felt that it was
inappropriately used. Safety is defined as
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“freedom from danger or hazard; exemption
from hurt, injury, or loss.” This state is never
truly achieved in explosions except at tre-
mendous, impracticable distances. Those who
formulated the American Table of Distances
seemed to studiously avoid the term and made
no pretense that their distances would provide
safety from the effects of explosions, but based
the table on prevention of ‘“substantial struc-
tural damage” which would thereby, they
concluded, avoid “serious risk” to occupants of
buildings. They defined “substantial structural
damage” as follows:
(1) In stone or brick houses. The serious weak-
ening of or displacement of portions of supporting
walls (i.e., foundations, side walls or interior

supports) and the breaking of roof rafters or other
important roof supports or floor joists.

(2) In frame buildings. The serious weakening
of or displacement of foundations, the breaking of
any of the main supports in the side walls or
interior supporting walls, and the breaking of any
main supports of the roof or floors.

. no distinction was made as to whether the
building involved was structurally strong or the
reverse, as much weight being given 1o a flimsy
building as to one of brick or stone, and the dis-
tances prescribed to embrace the extreme cases of
damage.

No attempt is made here to determine a “safety
distance,” or a lesser distance involving exer-
cise of judgment as to the degree of risk or
level of damage deemed acceptable; but, rather,
an effort is made in the following to find that
distance which, in these tests, would have
avoided ‘“substantial structural damage” as
defined above. In the first explosion of 500,000
pounds of TNT in an igloo magazine in these
tests, Barracks 1, at 2,705 feet, sustained many
broken and displaced studs, plates, braces,
sheathing, cracked rafters, a fractured roof
girder, a supporting post knocked out of an
exterior wall, and many windows blown in. It
is clear that this was “substantial structural
damage,” and that there would have been
“serious risk” to occupants of the building.
Barracks 2, at 3,605 feet, suffered a considerable
number of cracked, broken and displaced studs,
plates and braces, some broken sheathing and
several window sash were blown in. A build-
ing occupant might easily have been struck by
one of these sash (as well as seriously cut by
flying glass which was considered minor by the
makers of the A.T.D.). The plaster or wall-
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board over the entire north wall would have
had to be removed to effect structural repaivs.
‘This damage, though lesser in extent than in
Barracks 1 and perhaps a borderline case, is
nevertheless considered to be ‘substantial”’
since the breakage of a group of studs is in-
terpreted as equivalent to the breaking of a
main support in a side wall, in ordinary franie
construction. Barracks 3, at 5,410 feet, sus-
tained only 2 cracked studs and clearly was not
substantially damaged. From the foregoing,
it appears that the limiting distance for sub-
stantial structural damage lies between 3.605
and 5,410 feet, being closer to the former. To
approach the problem from another angle,
consider the relationships of peak blast pres-
sures and positive impulses for explosions of
500,000 pounds of HE in the open, for which
the A.T.D. distance is 5,410 feet, and within an
igloo magazine. The tests showed that peak
pressures were little less from the igloo shots
than from the open shots, the most that the
igloos could be credited with, and this is opti-
mistic, being a reduction in peak pressure
corresponding to a reduction of open charge
from 500,000 to 350,000 pounds. The A.T.D.
distance for the latter quantity is 4,780 feet.
The tests also showed that positive impulses
were reduced by the presence of igloos to
values correspouding approximately to those
from an open charge of 170,000 pounds, for
which the A.T.D. distance is 3,930 feet. Since
peak pressure and positive impulse are equally
important as criteria for damage, it seems best

- to give them equal weight, and take the average

of the two latter distances. This results in a
value of 4,350 feet as the estimated distance at
which damage from an explosion of an igloo
containing 500,000 pounds of HE would be
equivalent to that caused by an open explosion
of the same quantity. As this figure is'between
3,605 and 5,410 feet, being closer to the former,
it checks with the approach on the basis of ac-
tual damage done to the barracks, and appears
to be as close as can be come to the limiting
distance for “substantial structural damage.”
on the basis of these iests. Accepting the same
degree of risk and damage level as contem-
plated by the A.T.D., the distance of 4,350 feet
is therefore considered to be the distance that
should be maintained between unbarricaded in-
habited buildings and standard Army and Navy



igloos containing 500,000 net pouunds of high
explosives. This comprises a re-e....acion of
the efficacy of standard earth-coverved 1gloos as
“barricades” for it is obvious from the pressure
and impulse data, as well as the actual damage,
that the igloo is not sufficiently oftensively bar-
ricaded to warrant dividing the unbarricaded
A.T.D. distance in two, as has been customary
for many years. Indeed, there seems to be
good reascen for doubting the value of barri-
cades ir reducing air blast generally, except
perhaps when located close to the structure to
be protected.

4, Effect of increased earth cover.

The tests failed to disclose any consistent
tendency to lower values of pcak blast pressure
or positive impulse when the earth cover on a
standard igloo was doubled. Damage to bar-
racks appeared as severe but since the buildings
had been subjected to previous blasts no great
significance is placed on this. Suffice it to say
that there is no evidence that the increase in
earth cover was sufficient to warrant any reduc-
tion in inhabited building distances.

5. Types of window glass and substitutes which
might reduce dangers of injury from broken
glass.

Tempered and laminated safety type plate
glasses stood up well, but if not securely
mounted were blown into the interiors of the
buildings, acting as missiles. These glasses
were the most expensive of types tested. None

of the thin plastics tested were very satisfac-
tory, as they were torn out whole or went to
pieces fairly easily. Their fragments did not
constitute dangerous missiles, however. Visi-
bility through them was generally poor, and
they were relatively expensive. Common
double-strength window glass shattered easily
but when backed up by a well-secured screen of
heavy wire mesh seemed to be the best compro-
mise. For further details, see part V, section
10 (e).

6. Danger radius for blasting of broken glass
from windows.

There was some “flying glass,” arbitrarily
defined as window glass that traveled further
horizontally that it fell vertically, even in
Barracks 3, hence the limiting distance was not
bracketed. It is estimated, however, that flying
glass would not have occurred to any great
extent beyond about 6,000 feet.

7. Pressures and velocities of the shock waves

in air.

At 214 feet from the center of detonation of
a 500,000-pound charge, hydrostatic peak blast
pressures were of the order of 35 p.s.i. gage,
and at 2,700 feet they were of the order of 1
p.s.i. gage. Velocities of propagation were of
the order of 2,250 feet per second at 214 feet,
and close to the velocity of sound at 2,700 feet.

For other data on these and other phenomena,
see parts IV and V.
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APPENDIX A. FIELD INSTRUMENT RECORDS

Ball erusher gage record

TEST !. NOIL GAGES

Line 1 Line 2 Line 3
Di~tance from Calibration Deformation Pressure Deformaticn Pressure Deformstion Pressure
vharge, feet in x 10%/1b/in2 in x 108 1b/in?* in x 10% 1L in* | in x 10° ib/in?
120 . 0000000 32.8 2,300 70 : 1,900 5¢ 1,400 43 -
80 .... .. .. 42.8 | 1,500 | 46 ' 1,600 46 1,500 I 46
R 55600000 32.8 | 1,600 49 2,300 ¢ 2,000 i 61
150 .. o mueee 32.8 1.300 40 1,500 i 16 1,300 40
160 ............ 32.9 2,100 64 5,000 ' 1527 5,000 1527
175 32.9 1,500 46
TEST 1. ARCO GAGES
120 . 164 5,900 36 10,900 66 | 14,000 85
180 ........ 0o 164 11.700 71 1,500 | 4¢ 20.500 126
40 .. ...l 164 10,000 61 8,600 | 52 I 4,800 29
MBORT e 164 5,000 | 33 | 9,000 b5 l 5.300 | 32
160 .. o o000qg 164 ! 10,900 | 66 8.600 62 2,500 15
175 oo 164 5,000 30 |
TEST 2. NOL GAGES
120 58000 37.8 5.000 152 2,500 6 1,700 52
120 goaaaao00 00 . 37.8 7.600 2327 1,400 43 1,600 49
140 . ... .. 378 4,700 143 1,400 43 00 277
160 . 37.8 t x 1,200 37 1,300 40
160 . 32,9 X | 1,700 | 52 900 277
TEST 2. ARCO GAGES
120 164 x| - 10,500 64 6,300 38
HBORN L 5 4 164 23|I coceaoooaoo 8,000 49 5.400 33
140 .. ... 164 R |l 5 sooo00asaco 7.300 45 4,300 | 26
0N .o g o one 164 X 500606000060 7.400 45 x 58G060 0 addo 000
N0 & oo 0 g 6 . 164 K8 6,700 41 S 006 aa 4000 3
140 . ... .. 3000k 86 4880 0 00 0 0 00ao0 || ofgd o Bk o At o o Gola [E G060 DR a0 7,200 44 I 2 0 A% olk0 0 0o D O o Bl 30004
140 b0 080 b 100 0 B 806000060 | [ 68856060 o6 o 0 10,000 61 G oo 6 00A0000 3 O GG G0 o 06 o d
140 7.400 45 8
140 8,600 620 e L e,
TEST 3. NOL GAGES
Line 2 | Line 3 Line 4
106 .. 32.7 1,200 ' 377 ! 1,600 49 x . e
110 . e 32.8 ! 8,800 2687 1,600 49 g Wl s .
120 . aaool I 0o 32.8 1,400 43 1,200 37 900 27
130 . 32.8 2,700 827 1.500 46 XE N 885
140 32.8 1,000 30 1,800 55 2,500 76
TEST 3. ARCO GAGES
| Line 2 | Line 3 Line J
100 . 00Q0 00 163 7200 44 { 1,400 9? X 000
UIOREL. e . 164 7.000 43 1,600 107 x
20 LR e e 164 6,000 36 5,000 3 1,400 9?7
UBOLL L S 164 4,300 26 6,900 42 53 [ U RS o 000004
116 1) S 5 164 6,000 36 1.300 87 5,000 | 31
TEST 4. NOL GAGES
| Line 1 Line 2 Line 3
2000 e e e 32.8 7,400 | 225 2,800 85 3,000 92
130 ...... 5000 32.8 6,200 190 4,200 128 4,000 122
140 ... ol 32.8 3,500 107 1 4,100 126 | 6,000 183
KNS5 00 60000 GO 32.8 4,100 125 3,400 103 | 2,800 8’5
160 , ... ..., Jolo 32.9 600 187 1,200 37 2,400 73
TEST 4. ARCO GAGES
120 oo oiielalee 164 34,700 212 4,400 277 [ 16,400 100
130 .00 o 164 21,200 | 129 | 11,200 63 18,300 111
140 ... ... 164 38,500 2357 17,500 107 | 12,700 7
180........ 164 16,600 10! 11,700 71 9.900 60
160 .. .. 164 12,300 ) 9,000 55 5,700 1 35
M0 o, 164 sacea B0g0oooo || raaac0aganass caao lnosomdd 5 |idasoadontanes || #,100 19
140 ...... 08% o 3 [P acaadl aocooooo || e soaacoooads 0000 00000 000T || 0d0008 0000 6,100 37
o [ 1) S e B 164 000080000 ||, coagogo 90,0,00 7.500 44

x indicates gage lost or damaged. No reading obtained,
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Aberdeen poper blast meter records

TEST NO, 1 DATE 1 OCTOBER 1946

| Number of smallest diaphragm ruptured

Distunce, | Meter line| Meter line| Meter line| Meter line
feet No. 1 No. 2 No. 3 No. 4
510 b | 9 f
365 9 9 9
640 Hl ) 9
725 9 9 X
%20 8 9 3
930 . 8 8
1,055 8 17 7
1,190 f 7 7
1,350 i 6 7
1,530 6 7 6
1.730 5 7 5
1,960 5 5 4
2,220 5 4 | N
2,515 i 4 4
2,845 3 4 I 3
3220 3 8 | 3 |
3,650 2 29 | 2 '
4,140 2 1 2
1,640 2 1 2
3.310 1 1 1
6,000 . 0 1 0
820 150’ K in crater ‘
107 deep) | [ I I
820 (200’ E in crater l
207 deep) 9 ... KoL,
2,030 (in stream bed | |
127 deep) | S T |
900 (In  wnsh 7
deep) oL oo 8
* Actual distance was |
3.5007
TEST NO. 2 DATE 8 OCTOBER 1946
500 I 9 ! g 9
565 ... ) 9 9
640 9 9 9
725 | 8 | 9 3 |[BEccooo000
820 | 8 8 8
930 8 8 8
1,055 7 7 7
1.190 7 8 6
1,350 7 6 6
1,630 4 6 6
1,730 5] 5 5
1,960 3 6 4
2,220 3 3 | 3
2,515 3 3 3
2.845 1 z | 3
3,220 2 2 2
3.650 3 2 3
4,140 | 1 ’ 2 | 2
1,690 2 0o | 0
(0 PE8660 5085000606 -9 || 606000000 2 0
6.000 0 o |

385
140
500
565
640
725
w20
930
1,055
1.190
1,350
1,530
1,730
1,960
2,220
2,515

2,845

4,690
6,000

TEST NO. 3 DATE 16 OCTOBER 1946

Nuniber of smallest diaphragni ruptured

Distance, Meter line| Meter line| Meter line | Meter line

feet No. 1 No.2 | No. 38 No. 4
L] 9
v 9 9
8 8
() X
9 8 N
(I a s
8 6 (i
00000000 7 G 7
6 6 [}
4 | 6 6
I o l 6 4
| 3 5 5
3 | 4 1
o | 3 q
1 3 3
i 3 2
. 0 3 2
i 0 3 2
0 1 2
. 0 1 ]
o 0 0 [
TEST NO. 4 DATE 23 OCTOBER 1946
10 | 9 ]
9 | 0 9
8 { o 5
8 N 5
7 8 T
6 B 1
| B 5 5
4 3 3
3 3 2
1 2 1
|
1] 0 0

Aluminwm foil blast meter records

TEST NO. 1 DATE 1 OGCTOBER 1946

‘ Number of smallest diaphragm cuptured

Distance, Meter line | Meter line | Meter line| Meterline
feet | No.1 No. 2 No. 3 No 4
— | el —
1 9 |
|
i T 9 .
[ | 7 .
5 7
t 6
1 4 ’ 2
3 3
2 3
| 1 2
1 2
IERE ‘ 0 1 !
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Aluniinum foil blast meter records—continued

TEST NO. 2 DATE 8 OCTORER 1948

Number of smallest diaphragm ruptured

TEST NO. 3 DATE 16 OCTORER 1946

Number of smallest diaphragm ruptured

Distance, Meter line | Meter line Meter line | Mcter line Distanve, Meter line| Meter line | Meter line  Meter line
feet No. 1 No. 2 No. 3 No. 4 fect No. 1 0,2 No. 3 No. 4
175 10 140 o3
223 9 176 ! N
275 10 8 225 e | ( | 6
330 10 6 275 | 6
ChH 7 S a™ || 556000000 ||%00000000 B30%5 6 600000000000000 . | 5onao
140 6 5 £ 4908 6000000606000 7 | 5
500 8 { b Y0 0 00000000806 00000 5 5 | 4
563 5 4 . 500 8 g
640 6 3 | 565 2 ‘ . l 2
725 4 2 640 ... 4 f 1
%20 | 2 | i T R | . 0
930 2 | 1| %20 2 | .. [ o
TEST NO. 4 DATE 23 OCTOBER 1946

225 r | 12 11

430 ... [ 10 9 |

440 6 7 l |

565 . 5 6 l

725 .. o0 3 4 | i

930 ... 5o 308, | 2 1 | .

APPENDIX B

Calibration of Foil and Paper Blast Meters
(performed at the Naval Proving Ground,
Arco, Idaho, before the Igloo Tests).

I. Bikini type aluminum foil diaphragm meters.

Fourteen meters were loaded with 0.0012”
280 aluminum foil and set up along a radius at
distances from 15.3 to 70.0 feet from a standard
100-pound charge comprising a right circular
cylinder of cast TNT 12” in diameter and 16"
high, mounted on a wooden stand with the center
of the charge 5’ above grade. The meters were
oriented “side-on,” i.e., faced 90° away from
the explosion. ¥Five shots were made. Peuk
hydrostatic or “side-on” pressures at each dis-
‘tance were determined from the pressure-
distance function given for the standard
charges in Ref. (6), except that for distances
less than 30 feet, the data was extrapolated, the
equation P = 10,060/D'* (in which P is peak
pressure, p.s.i. gage, and D distance in feet)
being assumed to hold true. Readings were
taken by recording the number of the smallest
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hole in which the diaphragm was ruptured in
each meter. These readings were as follows:

Tal n
Mean | K‘:llzx;;n Number of smallest diaphragm broken iA"r:::;hc

distance |pressure,|- - di.ametcr.
feet | p.s.i. |Shot1|Shot2 | Shot3| Shot 4 Shot5s| inckes
153 | 7.0 | 14 | 14 | 14 | 14 | 14 | 0166
172 | 613 | 14 11 13 14 14 206
20.2 45.7 10 11 10 11 11 | .355
22.6 ! 37.5 I 10 ‘ 1 | 9 | 10 11 .391
26.0 29.3 9 10 10 10 10 .423
29.9 22.9 l 8 8 7 | 8 9 .?.31
33.7 | 18.5 | 8 1 6 7 L7190
38.0 14.8 4 6 6 6 6 1.095
41.7 12.6 4 6 4 3 6 1.258
46.9 10.3 | 4 4 4 4 4 1.540
53.9 7.9 | 4 4 3 i 4 1.616
57.9 7.0 2 2 3 3 3 2.112
64.2 5.8 1 2 1 2 1 2.760
70.0 5.0 1 1 1 2 1 2.880

The right-hand column of the above tabula-
tion contains the arithmetic mean of the small-
est diameters ruptured at each distance. The
arithmetic mean is considered to be that
diameter which, were it present, would be most
frequently the smallest one ruptured by the
pressure existing at a given distance. When the
arithmetic mean diameters are plotted against



pressure on logarithmic paper, the points lie
approximately along a straight line; hence a
function of the form P = aDb (where a and b
are constants) was assumed to hold true. The
constants were caleculated by the method of
least squares and were found to be: a = 14.62,
b = -0.942. From this equation, the pressures
corresponding to the actual hole sizes in the
meter were calculated to be:

Pressure, n.=.i.

Hole number Hole diameter, inches

1 3.00 5.20
2 2.40 6.41
3 1.92 7.90
4 1.54 9.74
5 1.24 11.95
6 984 14.8
7 781 18.5
8 .625 22.8
9 .500 28.1
10 404 | 34.3
11 .323 i 42.4
12 257 52.6
13 .2055 65.0
14 .166 79.0

These pressures are considered to be those
which must exist if the corresponding hole
diameters are those most frequently the small-
est ones ruptured. In measuring blast pressure
at a point with a single meter, the smallest hole

probable pressure is that given above for the
corresponding size of hole. If a number of
meters were placed at ithe same distance, an
arithmetic niean smallest hole ruptured could
be determined, from which a more probable
pressure could be calculated from the formula
p 14.62D 2, By placing a number of
meters on a radial line and plotting the diam-
eters of the smallest holes ruptured versus
distance on logarithmic paper, an average
straight line may be drawn from which mean
diameter may be picked off for each distance,
whence pressure may be calculated from the
formula. However, by plotting the pressures
from the tuble above for each hole diameter
directly against distance, an average straight
line may be drawn which gives pressures at all
distances very close to those calculated from
the formula using the mean diameters, and a
step is saved.

2. Aberdeen paper blast meters.

The calibration was performed in the same
manner as for the aluminum foil meters, except
that two lines at right angles were used, 16
meters on each. Tabulations of the readings
and of the resulting pressure corresponding to
each hole diameter are given in the accompany-

ruptured is regarded as the size most fre- ing table. The equation determined was
quently the smallest ruptured, whence the most P = 2.305D .22,
Results of calibration shots, paper blast meters

s T Esewnn Diameter of smallest hole broken, inches Avithmetic R

. neak blast | Shot 1 Shot 2 Shot 3 Shot 4 Shot 5 | [mean

Distance, pressure, K d ameter,

feet p.s.i. Line 1 Line 2 Linel Line2  Linel Line 2  Line I | Line 2 | fine I | Line 2 inches
40 18.5 10 10 10 9 9 10 9 9 10 10 0.302
435 11.0 9 10 9 9 9 10 9 9 0 9 .354
50 9.1 9 9 10 9 9 9 9 9 9 9 367
55 7.6 . 9 9 9 9 L3880
60. . 6.6 9 9 9 9 9 8 9 9 9 9 392
0. 4.9 8 9 ] 8 8 R N K 8 9 .489
<0 3.85 7 7 8 7 7 7 7 7 7 7 725
05 . 2.82 i T 7 7 7 7 7 7 T 1 L7150
110.. 2.19 i 7 [ i 6 7 6 6 6 5 963
130 1.67 6 i 5 5 l; 5 5 5 6 5 1.228
150 .. 1.26 5 [ 5 4 5 5 A 5 5 5 1.466
170 ... 1.02 5 b 4 4 3 4 4 4 3 4 1.897
200 .76 4 1 4 4 1 3 4 3 3 3 2,332
230 59 3 3 3 3 3 3 3 3 3 3 2.820
260. A8 3 3 2 I 2 2 2 3 2 2 3.814
300 a7 2 2 1 2 1 1 3 3 3 1 4.309
350 .28 0 2 2 1 0 1 1 0

CALIBRATION

Hale No. 3 1 2 | a3 | s 6 7 s | 9 10
Diameter, inches 5.6 4.00 2.83 2.00 1.38 1.00 0.75 0.50 0,28 0.25
Pressure, p.s.. .25 .38 .60 .94 1.53 2.30 3.34 5.64 .16 13.75
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