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FOREWORD

This report describes a ful'scale magazine separation test conducted at the Naval Wespons
Centsr in June 1974, Tle test work was conducted for the Department of Defense Explosives Safety
Board (DDESB) using funds provided by that organization. The work was identified by Army
Program Element Numbe: 6.57.02.A and Project and Task Area Numbe: 4A765702M857.

Based on data derived from the test, DDESB has made significant gaine in information refatig
%o hazards criteria

Appendix B of ‘he report, covering vehicle and traffic route investigations and window gluss
hazard studies, was prepared ty E. R. Fletcher, D. R. Richwmond, and D. W. Richmond of the
Lovelace Foundation for Medical Education and Research, Albuquerque, N.M.

This report his heen reviewed for technical accuracy by DDESB staff members Mr. Russell G.
Perkins and D¢ Thoras A. Zaker, My, Perkins and Di, Zaker a':o played majr roles in the design of
the test.

Captain Peter ¥, Klein, USN, Chauman of DDESB, provided technical, administrative, and
policy guidance during the peeparation, execution, and reparting of the test.
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oval steel arch igloo at the minimum side-to-side spacing now permitted for
standard earthcovered magazines. Test results indicated that the range
tolerated by the oval steel arch igloo covers the miniraum standard distance
in feet equal to 1.25 X W!/3  in which W is the weight in pounds of the
high explosive in storage.

(U) Additionally, the results showed the single-leaf sliding door to be
effective whether mounted on a new structure or on an existing headwall.
The test also included investigation of the response of a new light-gauge,
deepiy corrugated steel arch and further investigation of separation distance
standards, of safety distances specified for public traffic routes, and of the
hazards associated with window glass used in commercial and institutional
buildings. The report contaii.s data on igloo damage and structural motion,
air blast pressures at the site, and vehicle and window damage.
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INTRODUCTION

At the request of the Department of Defense Explosives Safety Board (DDESB), the Naval
Weapons Center (NWC) on 12 June 1974 conducted at the Randsburg Wash Test Range a large-scaic
explosives hazards test known as ESKIMO I (ESKIMO is an acronym for Explosive Safety
Knowledge IMprovement Operation.) This was the thivd in a series of full-scale tests of earth-covered
magazines sponsored by the DDESB. The main purpose of this test was to evaluate a .ew
esirth-covered noncircular corrugated steel arch magazine by exposing it to explosion of an adjacent
magazine at the minimum side-to-side spacing now permitted by standards.

ESKMO I, the first test, was conducted in December 1971 to determine a safe, practicable
minimum  separation distance for face-on exposures of U.S. Army standard steel-arch mugazines.!
Explosion commurication occurred to an acceptor igloo of this design at a distance in feet equal to
1.2 X W!'3 in which W is the weight in pounds of the high explosive in storage, but failed 1o
occur at a distance of 2.0 X WU/3 (o the rear of the donor. Funher, the test revealed that safety
and cconomy might be increased through improved design for closer balance in strength between the
doors ond headwall of the magazine.

ESIKIMO 1 was conducted in May 1973 to appraise magazine door and headwall designs.? The
test reaffirmed the need to balance the strength of headwalls and doors. A large, single-leaf sliding
door withstood the blast with minor distortion, although the accompanying hezdwalls sustained severe
damage. A Stradlev-type headwall, on the other hand, incurred only minor damage. in addition, the
norcircular (oval) steel arch tested with the Stradley headwall withstood the biast without breakup ot
severe distortion.

ESKIMO {11 further extended the study of explosive-storage magazines, using informaticn
derwved from ESKIMO T aad I A further test of the oval arch and Stradley-type headwall, ESKIMO
I used structures remaining from ESKIMO 11, rebuilt as necessary, as well us new construction.
Igloo B, the oval-urch magarine tested in ESKIMO L was fitted w th a newly designed Stradley-tvpe
headwall with o single-leaf shiding door. ESKIMO il had proven that © rradley-tyer headwall could
withstund o face-on impulse of 1750 pujimsec and that the oval stec ara vloo couid withstand the
face-on impulses gererated by that charge, FSKIMO I tested the abihiy of the new hcadwali to
withstand the side-on blast imposed by the explosion of an adjacent magazine.

This veport discusse, ESKIMO CTE s objectives, procedures, and results, and the conclusions

drawn tfrom these results,

Pongval Weapons Center ESKIMO T Magazine Separatior Test, by Fredenick 1 Weals. China Fake, Caht
SWOUALAL 19 RBE pp (NWO TR S50, pubhoanien UNCLASSIFEV DO

4 Naval Weapons Center FSAIMO 1 Magezine Separation Jest, by Fredienck B Wealo (hina Lake, Calif|
SWO septemeer 590 pp INWECER SSST O publicatton UNCT ASSTHIRDY )

Preceding page blank
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TEST OBJECTIVES

The primary objective was to qualify the oval steel arch igloo at the 1.25 X W3 minimum
side-to-side spacing now permitted for the semicircular and other standard earth-covered magazines.
Other objectives were
: 1. Evaluation of a less expensive light-gauge, deeply corrugated earth-covered arch.

; 2. Test of single-leaf sliding door installed on an existing standard headwall (Igloo C) at 2,75 X
- W73 the recommended distance for face-to-side orientation.

3. Further investigation of separation distances at other than side-to-side orientation.

4. Investigation of hazards associated with window glass locateq at varying distances (based on
U.S. and NATO inhabited-building distances) from the exploding magazine.

5. Evaluation of blast damage to highway vehicles placed at distances from magucin. “tructures
specified by the United States and NATO for public traffic routes.

NEAR-FIELD TEST LAYOUT

DONOR CHARGE AND MAGAZINE

Tire donor charge, consisting of 350,000 pounds of Tritonal contained in stacked M!17 bombs,
was enclosed in an carth-covered magazine, 80 feet long, which was constructed of lightweigit,
14-gauge. deeply corrugated steel in place of the standard l-gauge corrugated metal (Figure 1) but
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FIGURE 1 Neeel Arch Plate Construction toc FSKIMO T doos
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which was otherwise identical to the standard steel arch igloo. Appendix A presents further
construction information. The donor magazine was built parallel to the oval steel arch Igloo B and at
the minimum standard spacing from it.

IGLOOS

Five acceptor magazines were grouped around the donor magazine, as shown in Figure 2. All
magazines were earth-covered corrugated steel arches. Igloo A, a 14.nauge, deeply corrugated
semicircular arch built to the same specifications as the donor magazine, was located at the minimum

STRUCTURES FROM

W//////z PREVIOUS TESTS

NEW STRUCTURES

£EB EARTH N
BARRICADE

v : 294 F Y . -

FHOURE Y Tavoul of Jest Louctuses tor FSKIMO B Magasane Separanion et A0 B o0 1Y
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side-to-side spacing now permitted by DDESB standards, 1.25 X W!/3_ from the donor. Igloo B, the
existing X0-foot-long noncircular arch adjacent to tbe donor magazine, was equipped with a modified
Stradiey-type headwalt and single-leat door.

In addition, three existing standard heavy steel semicircular arches at other orientations were
equipped with new doors or headwalls and doors. Acceptor lgloo C, which remained from a 1963
test, was almost exactly 2,75 X W!/7 feet from the donor—the recommended face-to-side separation
distance. Thus it afforded the opportunity for a direct test of the improved single-leaf sliding door
mounted onr a sound, existing standard headwall. Igloo D, left from ESKIMO I, was v built with a
standard headwall and doors. Despite some line-of-sight exposure of donor and acceptor headwalls,
this relative vtientation qualifies for the side-to-side separation distance (1.25 X W!/3) but is ncarly
at the limit of angular position beyond which the face-to-side distance (2.75 X W!/3) applies. As
built, this exposure is at 2.55 X W!/3 4 value between the two: a success would hav- justified
considering some further relaxation of the standards, at least on a special-case basis. Tgloo b was also
rebuilt with standard doors and a standard headwall. This was a front-to-front exj.osure at 3.70 X
W'Y for the recommended size of igloo donor. Standards require 6 X W!'3 using a barricade of
adequate height to stop fragments between igloos. This orientation was tested in ESKIMO 1, with
faiture at 2 X W3 The ESKIMO II test involved a separation midway beiween this and the
untested standard distance. A success would have indicated the possibility of a worthwhile reduction
of the required distance for igloos and for substantial above-ground magazines or strengtt encd

operating buildings a5 well.

FAR-FIELD TEST LAYOUT

To compile additional dawa rega,ding appropriate separation distances hetween explosive storige
and  hapdling sites and inhabited buildimes nd public hig! wavs, window  test stinctures, motor
vehicles, and o B229 aoerate were placed at varving distances tfrom the blast. These distances inctuded
the United States and NATO inhabited building and public tratfic route distances. For the placement

ot these structures and velneles, see Appendix B

WINDOW TEST STRUCTURES

e roomasze wood trame cubes Gised e the FSKIMO D tesny were imsealled alone the
northwest radul e dintierces of 35250 59500 and 3920 teet trom the doror blast center. On cach
cabe windows were mounted mothe wall taomg the gonor wires Nine of the 10 cabes were eqapped
with Sivrotoam winess plates felass fragment fraps) provided under contracr by the Lovelace
Foundation tor Medival Bducation and Research, Atbuqguergue, N MO One or the cubes| positioned ot
A0 deer trom the donors contamed an anthropomorphere dummy prosided by the Tovelace

Foondation The aesporees o the oy nd e window wm front ot 1t were recorded byoan NW(
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16-mm camera operating at approximately 400 frames per second. Window test cubes had been
constructed, eited, installed, and fitted with accessories in accordance with NWC Dwg. IR No.
74777/A-1 A-2, Shop Control WCG57.282,

For information on test results for these structures, see Appendix B.

VEHICLES

Ten automobiles were exposed to the blast, at ranges of 2,115 feet (U.S. public highway
separadon distance), 2,626 feet (NATQ separation distonce), and 3,950 feet (1.5 times the NATO
distance) (see Appendix B).

One of the vehicles that was locat. ! at 2,115 feet contained an anthropomorphic dummvy,
secured by means of a lap seat belt. A second high-sy ied 16-mm camera recorded the responses of
this dummy and the automobile windows adjacent to it.

Appendix B discusses the responses of all vehicles to the test.

AIRCRAFT

The B-29 aircraft, which was located 1,800 feet from the donor in the ESKIMO 1 test, wus
moved to [.210 teet trom the donor tor the ESKIMO 1T test. For ESKIMO I, the aircraft remained

i position, zhout 1,100 feet from the new donor.

INSTRUMENTATION

PRESSURE GAUGE LAYOUT IN THE NEAR FIRLD

Incid e peak overpressute versus time was reconded at the ground sortace I feet n tront of

cach deceptor agions Retlected peak pressure and nopule ood

were obtamed directly from tace-on
Dlase gauges <ot e esch headwall qust outsde the wpring Lne of dhe metai arch and about S tect
Abhove the Hoor level of the muagazime. A row o sarface gaonees was emplaced to measire the inaden
peak presere over the carth on the hghtpauge coculyr wch magasine (Tgloo A) en the oval arch
avea e Cploo 81 and o the rear of the donos magazme. Figure 3 lhaetrates the locations ot these
Roastier prezociecnn wrages

Token explosne charpes were not vsed o the acceptor agioos as sndicators of explosve
communicrbon o Rather aocelenatton and displacement measrements wer mide i the arches of

fetoos A amd Boto Ccremen the degree otk to Coplosive contents i case of g tardure of one of

the mapazames,
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FAR-FIELD PRESSURE GAUGES

Twenty Ballistic Research Laboratories (BRL} self-recording mechanical gauges were placed
(Table 1) in pairs at 660 and 1.320 feet from the blast site on the east radial: at 660, 1,320, 2,115,
and 2,630 feet on the southwest radial; and at 660, 1,320, 2,115, 2,630, and 3,526 feet on the
northwest radial. At positions also designated for vehicles or window test cubes, gauges were carefully
placed where they would not be shielded from the biast.

TABLE 1. Schedule of Capsule Selections
for BRL Self-Recording Gauges.

No. of I No. of No. of T Est. max [ Capsule
I

Radial distance ‘[ .
gauges | gouges | gauges | overpressure, rating,

f f

romdonor. ft | \iwieg | SWieg | NE leg osi l psi
4
e |

660 L2 T 2 2 { 11.0 l 15
1,320 |2 2 2 i 35 ! 5
2,15 P2z i 1.9 [
2,630 Lo 2 ‘ 1.3 i 5
2,630 b2 | A N T .
3.526 } 2 i | .. 1 o7 |

DYNAMIC MTASUREMENT OF IGLOO STEEL ARCH MOTION

Motion of the steel arch versus time was measured in Igloos A and B, using instruments
desersbed in Tables 2 und 3 and Figure 4. Absolute measurements are based on an arbitrary bench
muark established outside the test area.

All megsutements except aceelerometer readings were based on measuring the telescoping action
of g steel iod inoa round tube. The action of the arch and of the rods was photographed ar igloo
midpoints. Total motion relative 1o w zero or apitial positton was recorded by means of a scrateh
deviee at ! posttioas. Since the floor was also expected to be moving, measutements of arch motion
wete relative tooa 630.pound mass, a 4-toot by dfoot by Tanch steel plate supported by an an-filled
terondal tubber bladder Motien of die Qoo relative to this relerence noess was also photographed at
the amidsectione of lgloos A and R,

Pinewr mohion transducers were uses” to measure the movement of all tubes on the 45-degrec
radial on the blast side of loo A and the conrespondmmg tubes at 20 feet and at 60 feet from the
Beadwalb of Totoo Boooe the centerhne. 0 feer from the headwall, o Igloos A and B und on the
centerime, nidsecnion, of dgloo B

Acceleronmctens were instalied at positions chown e Tables ind 3 Two  acceleration

components were meastied o the crosssectional plane ot the agazines on the centerhne,

aodsection, ot feleos A ad B

— |
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TABLE 2. Interior Motion Instrumentation, igloo A.
A = single-axis accelerometer
A-A = 3-axis accelercmeter
{records two outputs)

S = scratch gavge
PO = photo-optical motion recording
LM = linear motion transducer

e Distance fram ‘[ 45 deg, 22 1/2 deg off CL., CL, FT) 1/2 deg off CL, IT 45 deg,
RS door, ft blast side blast side vertical J lee side lee side
20 S, L™ S, LM, A ! S
40 S, PO, LM A S, PO S, PO, A-A ! S, PO S, PO
. 60 S, LM - S, A ! S
3 TABLE 3. Interior Motion Instrumentation, Igloo B.

S = scratch gauce A = sing'e-axis accelerometer

PO = photo-optical motion recording A-A = 3-axis acceleromerer
LM = linear motion transducer (records two outputs)

Distarce from E 8 tt above fioor, | 8 ft off CL, T cL, I—B fr oft CL, E 8 ft ahowve floor,
door, t1 i blast side | blast side . vertical [ lee side | lee side
S i A S SR DR
3 i . : 1 .
20 ] 5. LM Ios.maA t S
40 S, PO, A S, PO 1S, PO, LM, A-A S, PO S, PO
¢ ] '
s ) 60 | S, LM P { S, A N ; S
s
‘ 1GLOO A B
\ 14 F1
. I KLY
1
W :'_ j ‘
‘0' v’-
3 |
e 14 17
Loy
t
P ) .__.__ﬂJ 1
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=
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MEASUREMENT OF AUTOMOBILE MOTION

Some vehicles used in ESKIMO il, but unsuitable for ESKIMO Il because of prior damage,
were moved to a position near the south camera station. The vehicles were turned to expose the
previously unexposed side. The motion of these vehicles when hit broadside by the blast wave was
then photographed.

A fixed post. intended to provide a reference for gauging car movement, was placed in the field
of view of the camera photographing the dummy inside a vehicle on the northwest radial at 2,'15
tfeet from the donor charge.

Soring-loaded styli were attached to extensions of some vehicle bodies to provide a signature of
vehicle motion on a fixed aluminum sheet rigidly attached to the ground. Figure 5 represents the

actual size rccords frem these scratch gauges,

/

thy Y 1ES teed, Rambler,

b T e eer Dodye station wapon
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A

(d) 2.115 feet, defueler.

(¢) 2,115 fect, Buick station wagon.

—

— T g
. \/’—\/ - ~
//\_,:\:‘ o e

(@) 2,108 teer, VW bug,

() 2,630 teet, VW station wagon,

Lo

(v) 2630 feet, Cheviolet Jtahion wagon

PIGURE S0 (Cantd)
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2ERO TIME INIMCATOR

Zero tmme or time of detonaticn for the M117 bombs was determined by the recorded
signature of ionization probes nlaced within the donor stack.

PHOTO-OFPTICAL COVERAGEL

Photographic coverage of the test was recorded by 14 high-speed 16-mm cameras, at speeds
from 400 to 4,000 frames per second, and !wo slower 35.mm cameras running at 120 frames per
second. Four of the 16-mm camerzs nrovided interior coverage of acceptor igloo doors; two more
16-mm cameras recorded the action of the telescoping motion sensors in Igloos A and B. All interior
footage was shot at 400 frames per second.

Three of the cameras covering the site area and oblique viewe of the headwalls were located
1,500 feet south of the donoer. A fourth camera at this location recorded the motion of the cars left
trom ESKIMO I Also at 1500 feet, but west-southwest of ground zero, another camera recorded
the blast face-on. A camera located on top of the instrumentation barricade 950 feet west of ground
reio provided a more localized record of the donor and Igloo A. Four 16-mm Milliken cameras were
focated on the northwest radial: two av 2,115 feet (one recorded at close range the responses of the
windows and dummy in the car: the other provided specific coverage of the donor igloe) and two at
3,525 feet (one recorded 1he responses of the dummy and the glass in the window test structure; the
other recorded the general site and the biast).

This coverage was augmented by zerial photogiaphy, including 16-mm motion pictures at 400
frames per second and 70-mm pictures at 10 frames per second taken from a helicopter at 45
degrees elevation trom the site and at 14,000 feet slant range

TTMING

Tuning was provided on records of all near-field pressure gauges, linear motion transducers,
sccelernmeters, and selected cameras so that the events recorded were correlatable. On the test dav
tnung  problems  were ercountered and corrected . however, the timing to several cameras wais

siciiticed to avord firther test detay

FSKIMO i1 DETONATION

At 1430 PDT on 1) Tune 1970 the explosion ot the donor charge o stacked MELT7 bombs
was untiated by sendimyg an clectnea! timg pulse to two emaneer speciahy placed e the bundled
termtal of detonating cond o The equal fength Pamueend leads went 1o 660 hombs oot 75977 o
the totd number The cfectineal anpulse for she two detonators ongmated o the Randsburg Wk

Fae Contod Braddimg, anprovamately o miles trom the blast site

A Tt e
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GENERAL

TEST RESULTS

Based on presently available data from gauge records, it is believed that complete, or essentially
complete, detonation was achieved. The blast shartered tne donor magazine and produced the crater
shown in Figure 6 and mapped topugraphically in Figure 7. Varying amounts of structural damage
were ancurred by the test magazines and far-field structures. Details on igloo damage are presented
with illustrations in the foliowing sections; details on far-field damage follow in Appendix B.
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OBSERVED STRUCTURAL RESPONSE

Igico A

The deeply corrugated, 14-gauge, metal archi was deformed non-uniformly, with the deformation
most pronounced aiong the portion of the arch nearest the center of the donor and about 7 feet
above the fluor line (Figures 8 and 9). Although damage to the arch on the side facing the donor
made the igloo unsuitable for reuse, the arch did not collapse, and the velocity of inward movement
of arch components would not have provided a hazard to explosive stores.

Both door leaves were ripped from their hinges and thrown inward with the left leaf (left as

FIGURE 8 Acceptor Teloo A Intenor View ot Side Nearest the
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FIGURE o Officia) Visitors to the Test Standing on Right
Leat of Door to Aceeptor lgloo AL (Neg. THL 183160)

viewed by an observer on the outside and tacing the magazine door) coming to rest in a near vertical
position, lodged between the igloo arch and floor. The right lear came to rest in the igloo doorway
with the exterior face up (Figure 10),

Igloo B

The nouncircular steel arch approximating the Stradley magazime configuration expenenced only
minor stroctural duamage (Figure 11). The outwardssloping corrugated metal sidewalls were pushey
mward shightly, with the maximum deformation occuning at a height ot 4.5 to 5.0 feet above thie
floor at ithe side newrest the donor blast. The oo bowed upward, with the maximum movement
occurring along the centethne. Upward movement ot the centerhine was typreally near 0.3 toot. The
central flar crown of the noncircular steel arch movea outward (upwerd) shightly relstive 1o the
centerline of the floor, with refatve movements ot Y38 foot at the msudpeint of the arch. In
absolute  terms the upward movement at the ech above the postion was 072 toot. Absolute
movement was measured relative 1o an arhitiany bench ik established ourade the blast area. The
ilon Beadwall mcurred signiicnth less apparent damage than any headwall tested 1o date in the
FSKIMO senes. The siv ledeat shiding door separated from e support ral and fell on the ground
immediately in tiont ot the door openmg (Bigure 12 Although i dell the doot was stivcturally
sound and s bemng reused g follow up test. The door close and focking device was pulled away
from the concrete paster at the opghithand sde of the door openmyp. and the deor suppart ra was
damaged (higutes 13 and 1) Explosives stored witlim dhe smagasime wonid have been well protected.
Ity possible that Noor motion wourid bave upset some ordnanee stackmg sirangements, but very
unhkely thao any explossve hazard would have beon prodoced by ahiss A farge plate glass inarror

placed i the southwest corner of the migpazne near he deor tor photopraphie purposes did oot

hreak.
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FIGURE 13 oo B, Right Headwall and Doorponb. (Neeo THL 183170)

FIGURE 10 v copion deloe B Do ot Tt ibeadwall tNeg LHE InVres)
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Gl ot W

& igloe C

L The herizontally spanning. single-leat sliding door, essentially identical to that used on Igioo B,

withstood the blast with little appareni damage or deformation (Figure 15). It remained in place at
the door opening but could not be moved until power equipment was brought to the site for door
removal. The concrete headwall remaining from a 1963 test experienced some cracking (Figure 16),

inward movements up to 0.40 foot, and interior concrete spalling near the door opening. The degree

: of headwall damage was significantly less than that experienced by a similai door and headwal!

combination wvsed in the south magazine of the ESKIMO H test. The pressure levels measured at the
headwall were also less for the FSKIMO I test.
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FIGURE 17, ILett Side of Doorwyy of

Igloo 1. (Neg, LHL 183LTH

FIGURE 18, Right Side of boorway of

Acceptor Igloo 1. (Neg. 1LHL 183172)
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Igloo E (Head-0n)

The most severe door and headwall damage was expeaenced by Igleo E. Here the Jdoor-leaf
damage and deformation indicated that the leaves wevre thivwn inward with significant velocity
(Figures 20, 21, and 22) and would have jeopardized any stored explosives. Additionally, the steel
channel used for the left doorjamb and the door head were separited from the concrete headwall
{(Figure 23). The headwall experienced considerable damage, with a maximum inward movement of
approximately 1.5 feet where the bottom portion of the left doorjamb separated from the floor

(Figure 24).

B-29 Aircraft

Damage to the B-29 frame, located about 1,100 feet from the blast, was extensive. An aircraft
at this distance would have been dimaged beyond economical repair.

FHGURE 200 Acceptor dglas booLett Side Intenon (Neg, THE 83170
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FIGURE 21 Right Stde Interior of fgloo &,
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FIGURE 23. igloo F, Headwall and Doorway. (Neg. LHL 183177}
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DATA DERIVED FROM INSTRUMENTATION

BLAST PATTERN

The presence of the igloo structure and earth cover strongly influences the character of the
blast wave produced by the donor charge. Figure 25 shows time-of-arrival isopleths for 50 and 90
milliseconds together with an incident overpressure isopleth for 50 psi. These isopleths have the
general character of ellipses with centers on the centerline of the forward extension of the donor
igloo centerline and 20 to 30 feet forward of the exterior face or 60 to 70 feet forward of the
geometric center of the donor igloo. These patterns contrast with the normal circular patterns
expected to occur around the donor center when the donor is unconfined. The presence of the igloo
greatly reduces overpressures and impulses to the sides and rear of the igloo.

Figure 26 shows graphically the averaged overpressure data acquired in sideward directions from
the donor igloo (at right angles to the longitudinal centerline) compared to ¢xpected values from an
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FIGURY 26, Overpressure Versus Dictance in the Near Freld.

equivalent weight of TNT. This thows that expected overpressures from the uuconfined TNT charge
are appioximats'v five times as great as those actually experienced at a distance equal to that from
the centerline of the donor siructure to the centerline of accepror lgloos A and B. The ratio rednces
te 1102 a2t sideward gauge positions 204 feet from the centerline of the donor igloo. This position
approximates the position of a hezdwall in the minimum face-to-side orientation of 2,75 X W13 Ar
stdeward positions 1,320 feet tro the donor centerling, the ratio reduces to about 1:1. These same
compansons are shown oo di « form in Figure 27 which alse compares a standard TNT curve
vith overpressures fore and art ot she donor igloo in addition to those to the sides. Figure 27 shows
that blast overpressures recorded 1o the rear of the donor igloo remain well below stardard values for
an unconfined charge’ at distances out 10 1,370 (187 X W'i3) teer and that overpressures recorded
torward of the donor exceeded standard values at near-field positions (300 or 425 X W3 feet)
but Jropped befow standard values tor 1320 and 2015 (30 X W) fcer Averaged o .erpressure and
mnpulse data Show that at 060 teer from the center of the donor, the blast approximated that from
220000 pounds of uncontined INT oo hemussphernical configaration. The cornresponding value at
FA20 feet v PSS.000 pounds ot TNT.

Phe assumed value of W0 JOX O used in Frgures 26 and 27, was caleulated using procedures

outlmed by Fogelsnd i which
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EVENT TIMES

With the exception of the BRL self-recording gauges, all data were recorded on a time base
with zero time determined by . pulse indication from an jonization probe inside the donor magazine.
Standard IRIG Format B was used for motion pictures, and binary coded 1.000-hertz timing was
used for magnetic tape data from near-field instrumentation {piezoelectric blast gauges, linear motion
transducers, anid accelerometers). Table 4 summarizes early event times in the near field. Table §
summarizes the data obtained from ncceleromsters. Figure 28 represents the data obtained fiom the
accelerometer located at the front oue-quarter centerline, position of Igloo A. Figure 28a shows the
direct record of acceleration plctted against time; Figure 28b, the plot of a derived value of velocity
versus time. Those acceleration values marked greater than 40 g in Table S are well beyond the
calibration range of the accelerometers and, therefore, cannot be measured with any degree of
confidence.

Figures 29 through 12 represent recordings of Kistler piezoelectric blast gauge data; on all four
of . ese figures the small timing pulses are milliseconds.

TABLE 4. Summary of Event Times in Milliseconds.

Time« are based on z¢ 0 time «dentitied by ionization probe inside donor magaTine.

Event iglco A ]| igloo 8 i tgloo C Y Ipioo D T lgloo E

Arrivel of ma.n bisst at ground Kistler gauge:, CL of igioo . ... ... , 405 41 936 | 3 73
Arrival of main blast at headwall Kis.ler gauges (av.) ... .. .. ... 40 40.7 917 80.5 72.2
First response from hinear motion transducers fav.) ... ... ... ... © 812 96.2
Fairst rusponse from single axis accelerometers

Frontvertical POsSition ... ... .. ... e e a5 46 A

Middie 45-degree position L L 4€ a7t . L

Rear verticdl position .. .. . . ... a7 . 49 T

L L : i —

9.8 tr abowe horizontal rather than 3t 45 e,

YABLE 5 Data From Accelerometers

] M i
1 o i Masoamum Maxium veloaity,
Jrection ' .
tatoo Position j ( accelerntion, ftisec
ot measurernent e S
| J £ Vrnavar of T()u‘vx»rd
— . e |
A Front one auartes | Ve tical i 20 75 £ 3
an | i
Midsed tson an U} Vertical | 40 Not dernved
. 1 :
Fleagr o g ter . Vertieal ! 30 Nt denived
| t
on ot ! i
"Aicheer tron 4% deg tovard donor ! L] 5 { 08

Migises 1100 on UL Harnzontal | 40 | Not denved
! |
' i
I3 Frant one gquacter Veruoat ‘ RLY E Y l an
s : !
Mictsec toan on O ! Vet al | 40 i Not dervred
Hear one gua:ter “ Veinicat f Sty i N e ivesd
ot ! !
Midsectinn ’ Towward ctonuoe ‘ 10 14 40
{ Middsec tion on U1 l Honzontat { 443 NOt denved
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MOTION-PICTURE PHOTOGRAPHY

Fhe mnn rest event was recorded photographically by ground-based To-mm and 37 .mm camera.
and by Toomm oand 70omme aenal photography, Film o speeds varied from 10 tframes per second for the
acrtl 7T0omm camera to 000 trames pee second for two Tomm camernas providimg speciie views of

the donor and Weloes AC B and D Camenes placed inaide the magazies operated o 200 frames per

secortd toeeond on filme the responses of oo arches and headwalls to the blast,
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BLAST GAUGE DATA

General

The blast gauge instrumentation consisted of two basically different types of gauges: (1) BRL
self-recording mechamical gauges placed at distances ranging from 660 to 3,526 feet from the donor
center and (2) Kistler piezoelectric gauges, which have greater frequency-response characteristics,
placed in the headwalls of the magazines, in the ground in front of the igloo headwalls, and ir the
grond over the arches of lgloos A and B. Tables 6 und 7 present data from BRL mechanical and
Kistler piezoelectric gauges.

TABLE 6. Far-Field BRL Gauge Data,

T I Max. overpressure,
Direction i Listance, | ps! fn’\m;lse‘,1 Duration,
! h ! Direct Machine psi-rnsec mrec
! ! reading | extrapolation
~+ % -
East .. {660 | 55 6.34 72510 72.51F
st . ’ 660 i 55 I . . .
Cast S0 1 o240 740 187.74 ] 20213
Fast . l 1320 1 18 é . !
Southwest 4 660 1 1ro 108 51593 1682
Southwest ‘ 660 | 116 f 104 529 68 138 8
Southvvest joo1320 22 .
Southwest [vso0 ) 26 2.88 72368 157 02
Southwest ‘ 2 ‘ 3 1.23 136.33 249 62
Southwest i 211 14 ‘ 148 REAR U L
Southwes! L2630 0 08| 0.7% | 6570 1 inhe)
Southwest 2630 g 08 } . I !
Nor thwes! Eosen tosa a6 | 42865 | 14745
Northwest I 660 < g1 B3 ‘ 43530 % 1373
Northwest . 1320 oA ) ‘
N Ihwest R R 5 B R K A ' ‘
N thvaes: RERE A : e i [ '
N T hvwes ! RIS T TR N M 03 2048 1)
N thwest S R e S, 1) Doanar | ownray
N et 60 ; I IS } BO 06 |
N et T VI R 0ong TS IEERRE
Novthwest 1 RIS j RN _L 1 |
MY eader s ot e crack ot secarded data
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Memuremen e e nreliabte
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TABLE 7. Near-Field Kistler Gauge Data.

Gaiige position

Horizontal distribution
from geometric center
of donor igloo, ft

| Peak overpressure, T

tgloo A, ground CL .. ... ..
igloo B, ggound CL ... ... ..

Igico A. headwal! north
Igtoo B, headwall south
Igloo A, headwall south

tgloo 8, heac'wall north

Igloc A, covar 30N? ...
iglow B, coer 308" ... ..
Igloo A, cover 1ONT .

Iglou B, cover 108

Igloo A, cover 10s?

igloo B, cover 1ON® ...
igloo A, cover 208" .
19000 B, cover 20N% L.
igloo A, cover 4087

igloo B, cover 40NY

igtoo A, ground SONT

Iglee B, ground sus?
fgioa 1 naght heaxdwall
Paoo C ety headwall

tgtoo Y around CI
Iglac € around CL
oo 7 cght headwalt
oo 1) terty hp sivwall

oo b et e bl

ftgieo b around L
tatass 1 cght hiesdvsatl
Do YOG

{vonee 141

[Yosevese 1760

! Time of ; I Impuis
blast arrival, | ps) | Impuite,
! T 1 psi-msec
msec lInci«'jem i Retigcted |
e <+
+
40.5 50 ... | 3851
41 65 l |‘ 4165
46 60 | i 7946
475 40 [ 693.1
34 75 ‘ 6156
34 85 A I 599.6
58 4 | ... | a8y
495 78 . 6216
51 85 L 642
i
|
a7s 80 ! 5294
44 95 - Bub4s
405 165 6615
335 110
35 120 803.7
895 55 6265
75 50 L. 652
86 7% 512.3
92 32%°
805 8165 2% 70 §05H .6
R NSY! LIS IRES 886.0
Hyk 96 o
7% 7% a9
" 50 PN
0% 135 % 1RO 01 4
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Simularty, the computer plotted the trailing edge of the positive phase of the overpressuse curve
on a semeganthmie seale and fitted w staight fme to i, permitting exivar Metion to the moest likelv
posttive-phase dwration (Figure 3 The program also included the coopu stion of impulse based on

these extrapalations.

Piczoelectre Gauges

Dota trom the kstler 5 ozoclechie pauges are presented in Table 7.

STAYIC MEASUREMENES O 1GLOO ARCHES AND HEADWALLS

Yhe perranent defapmanon of e tne headwalls Chables S and 9% und o the stee! wichies
Betoios A anet B thable 1) was detenmmed by Uhetore” and Ualter measirrments at sefected
nosttions, Befoae the test ey montments were sei vutsde the blast aren to detime o vertal plane
approsanaiely Y oreet e Gont of cach acceptor wleo headwall s distances were measured from: these
plarey to selected pomis iF ey 0 et A0 on the headwalls s After the test these distindces were
e omeastied o determne ihe Ul detformation o the headwalls The sopleths an Pooages 47

Hiough 20 do not epresent the nasarm povernent eosereaced by the beadwalls s sarthers they

sBow the permanent detormation ot the headwathy
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b TABLE 8. igloo Headwall Permanant Displacement in Fest.
\' A negative value indicates headwall dispiacement roward the donor: 2 positive walue indicates
5 disp'acement awsy from the donor.
3 T o
i Station | Igloo A b Igtoe C { lgloo D | igloo & Station | fgloo A | lgloo C § (oo D | fglon E
& - - "
: 1 -0.57 0.00 n.26 -0.18 19 -0.25 0.21 -0.06 G.73
2 -60 R} .25 -.12 20 -.29 A0 -.00 0.90
3 -8 .02 -.23 .01 21 -.32 .26 -.02 0.73
4 -.63 .04 -.20 01 22 -4 97 -.09 0.23
5 -89 .C9 =22 -.03 23 -5 .18 -6 -0.21
6 77 10 .20 1 24 -19 0 -5 | ne3
7 82 4 -.2? -.25 25 ~14 19 ~-.10 0.58
8 -87 14 -.22 - .54 26 =11 29 -.06 0.99
9 -85 13 -.26 58 27 ~.18 .35 -.02 .17
10 ~.46 0% -.22 og 28 ~-.20 .24 ~.07 Q.43
!
LA 42 13 -1 14 29 -.23 A7 -.12 -0.08
12 -4z 19 13 .26 30 -0 .09 -1 ~0.01
13 -48 | 19 13 27 31 -.02 1 -1 0.01
14 .53 19 .12 .23 32 03 7 -1 QA
15 62 15 18 .02 33 04 16 .Y 147
w1 69 13 22 .42 34 05 18 -10 | c.oa
ol a3 09 ~19 | -03 35 o0z | ot 1 o000 t o015
16| 051 017 6.13 0.33 i L.
TABLE % Iglon B Permanent Headwall Displacement in Feet

A magatve value o dicates headwi!l duplacement towasrdf the donor, a positive valua

wbheates displacement meay fromm the gonor,
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i TABLE 0. Steel Arch Movement, Feet.
;: Positive walues indicate movement toward center of arch; negstive
valuas, arvay from arch center.
; igloo Position Forward nn.e-»quarrm Midsection Rezar on:e-‘quar(__,-r
position position
Movement Relative to Centerline of igloo Floor
- L
8 1 ! £.48 5.66 0.45
2 0.11 0.22 0.17
Jvert CL -0.19 -0.38 -0.33
4 -0.03 -0.01 -0.06
5 0.16 .20 0.13
A 11 0.06 0.11 0.1
2 0.08 0.13 0.22
Jwvert CL 0.36 0.47 0.60
4 0.91 1.07 1.11
5 1.08 1.10 0.97
Absolute Movement
5 ] ; 0.32 0.49 0.33
‘ 2 -0.16 -0.06 -0.04
| 3ven CL ~0.51 -0.72 -0.57
I 4 -0.30 -0.29 -0.27
[ 5 .00 0.03 0.01
A \ 1 0.00 0.04 0.04
l 2 -0.07 0.01 0.10
| Jvert CL 0.24 0.33 0.46
a 0.81 0.99 G.99
5 1.02 1.03 0.90

X X X X X X X

N P 3 4 5 6 ? 8
1 9
X % X X X X x
10 B 52 13 14 15 8
XX 5 yoooox X
17 13 ! 22 23
X X X X
24 o W 28 29
X x X X X X
30 RY aw 33 34 35

FHOGUDRE T80 Positton Key Jar Headwdl Deforination Measuréiments,
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1 2 3 4 5] 6 718 9 10 1 12
X . X X X X X X X X X
B FIGURE 41. Position Key for Headwall Deformatior Measuremants,
b Igloo B.
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FIGURE 43, Mowment of the Headwall of Igloo B. A minus value shows movements toward
the donor: the single plus value indicatés o movement away from the donor (into the igloo)
One pomt showed no movement, Units shown are hundredths of feet.
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FIGURE 45. Headwali Movement, Igloo D. Minus values indicate movement outward, toward the
donor; one point (above door) showed no movement. Units shown are hundredths of feet.
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FIGURE 46, Headwall Movement of Acceptor Igloo b Minus values show movement toward the
donior, plus values, away from the donor. Units shown are hundredths of feet.
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Airch deformations were measured at 2 minimum of five positions each (Figure 47) at the
forward one-quarter (20 feet in from the headwall), midsection or 40 feet in, and 60 feet in at the
rear one-quarter section of Iglocs A and B. Table 10 shows arch movement at these preselected
points. Note that the movement is shown in absolute terms as well as relative to floor movement.
Arch movements at points of maximum deformation are illustrated in Figure 48. Since these
positions were not measured before the blast, the measurements are less reliable than those shown in

Table 10.

BLAST
SIDE

1IGLOO A

IGLOO B

FIGURE 47. Position Key for Measurement of Arch Deformation,
IGLOO A

3T
BLAS

-] . 36 DEG
20 DEG 20 DEG
L 3 e 1 J
40 FT FROM DOOR 54.56 FT FROM DOOR

IGLOO B

AST
BLAS

0 FT FROM DOOR 40 FT FRGM DOOR 60 FT +AOM DOOR

FIGURE 48 Moesunum  Static Arch Movements  ut Hlast Side of  Arch. Movements  at

vorrespanding positiony on leeward side are also shown,
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CONCLUSIONS

The primary test objective, the qualification of the oval steel arch igloo at the 1.25 X wi/3
minimum side-to-side spacing. was fulfiled. Igloo B, the oval steel arch igloo, withstood the donor
exptosion effects very well. It is considered that ali components of this structure would have
provided ample protection to explosive contents in the orientation tested.

ESKIMO 1V, the next in the test series, will test the resistance of the ESKIMO I Igloo B
headwall and docr combination to face-on blast loading that duplicates that from the detonation of
the contents of a close (at the minimum froni-to-rear distance now permitted by standards) magazine
that is filled with mass-detonating ammunition.

The light-gavge, deeply corrugated arch tested in Igloo A also withstood the blast at the 1.25 X
W73 side-to-side spacing. However, the degree ¢f damage was considerably more exiensive and arch
distortion was greater thun in Igloo B. It is considered that the arch structure would have provided
adequate protection against explosion communication for commorn explosive stores. The most
hazardous response in this igloo was the inward motion of the door; however, this, too, was at low
velocity and of marginal significance. This door action was unrelated to the response of the arch.

The single-leaf sliding door installed in the existing headwall of Igloo C at 2,75 X W!/3
withstood the blast with little apparent damage or deformation. The damage experienced by the
headwall, although readily visible, would pot have provided a significant explosion hazard 1o the
magazine contents. The single-eaf sliding door 1ppears to be an acceptable improvement to existing
igloos.

The wwo-leaf hinged door on lIgloo D responded to the blast by moving inward at velocities
believed to have been sufficiently low to prevent explosion damage to magazine contents; however.
the door performance is considered marginal. The headwall of lgloo D, while maintaining some
damage, did not appear to represent a hazard. The test results as a whole do not appear to justify a
relaxation in cxisting standards for the special case represented by the orientation of igloe D.

The response of the headwall and door in Igloo E was clearty unsatisfactory and provided no
reason for reducing the present 6 X WI/3 geparation distance now specified for this orientation and
condition.

Results and general conclusions from the study of the effects of blast on the window test
vehicles and cubicles are described in Appendix B. In general, the test supported the U.S.
mhabited-building distance standards and the U.S. public highway separation distances.

A
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Appendix A

CONSTRUCTION INFORMATION

Iglcos B, €. D, and E remained from earlier tests. Igloo A and the donor igloo were
constructed for this test. New headwalls were built for Igloos B, D. and E at about the same time as
for the donor and for Igloo A. Table Al summarizes the arch, headwall, and door designs for each
igloo.

Table A-2 contains the sieve analysis of the fill material used around Igloo A and the donor
The depths given are beneath the normal ground level at the location where the fill was collected.
The earth appeared te change consistency at a depth of about S feet, but analysis showed it to
consist ol smailer pieces of the same nonplastic materials present at higher levels. silty sand and
sand-silt mixtures.

Tahle A-2 reports the tested densities of the fill material around Igloo A and the donor. and
Table A< summarizes the results of fests for concrete compressive stiength made on sample cviinders
poured frome the same batches of concrete that were used to construct the test igloos.

Backfill Procedures Used fur Igloo A and the Donor Igloo

Bl was placed in 1-foot-deep Tavers, then compacted with a sheeps foot roller (which was kept
at deast 4 feet fraim the arches) and a steel druoy roller unnd 1t reached o height of 10 teet sbove the

finished floor of the igloos. A ths peint in the (11 operation, the coirugated steel arch began e

detonm and the roof to rse.

The vemamder ot the 1 was then placed wirh campment having a gross weight of 6 tons and
wis compacted with o steel diome roller having a0 gross weght of 2 tons. The Bpauge deeply
cortngated arch with sade il i place will support these weights with no damage.

Phe muovnmum detormation an height ot Igioo A was T omchs After the filling operation was

completed, thiy stabibzed 1o 35 anch, The maximum detormation i hewght ot the donor pleo was

P anch. Atter the filling operation was complete 4, this stabalized to 172 nch.
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A-1. igloo Construction,

Steel arch, floor, rear wall,
and earth cover

Door and door drawing

Headwall and headwa!!
drawing

£ Length
by N
; lgloo f
}

¥ A and 80
3 d-nor

| -
:

H

&

4

r C 59
i

¢

4 D 10
¢

’ 3 20

l

All naw construction, deep
corrugated 14.gauge steel
arch,

Remaining from ESKiMO I
Steel arch is 1 gauge and of
noncircular ¢cross section.

from 1963
Tests.

Remaining
Separation
circular arch.

fgloo
1-gauge

Remaining from ESKIMO It
1-gauge circular arch.

Remaining from ESKIMO 1
and 11. 1-yauge circular arch.

Hinged, two-leaf—same at
ESKIMC 1, OCE? Std. Dwg.
33.15-64.

Single-leaf, sliding, horizontally

spanning door.

Single-leaf, siiding, horizontally
spanning door,

Hingad, two-leaf--same as
ESKIMO I, OCE Std. Dwg.
33-15-64.

Hinged, two-leaf--same as

ESKIMO f, OCE Std. Dwg.
33-15-64.

Same as ESKIMO |, OCE Sud.
Dwg. 33-15-64.

Modified Stradiey type.

Remainitg from 1963. Similar

to ESKIMO | with slight
modification to accept the
sliding door.

Same as FSKIMO I, OCE Std.
Dwg. 33-1564.

Same as ESKIMO I, OCE Std.
Dwg 33-15-64.

9 OCE, Oftice ot the Chiet of Engineers.

TABLE A-2. Sieve Analysis of Sand-Silt Fill Material.

Cumulative %

Sieve size

passINg

Sample Depth 1 Ft
No. 200 ... ... ... 0 L 12.3
No. 180 29 0
No. 50 37
No. 30 ary
No. '6 Hh 2
No. 8 636
No 4 74 3
3/8 in. 84 3
12 m Yh 3
3/4 in. 9% 3
Sample Uepth 5

No. 200 14
No. 100 S48
No 50 401
No. 30 50.9
No, 16 HE 7
No 8 6o 6
No 4 HO Y
378 6
1/2 i ay oo
g V(M)
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TABLE A-3. Density Report, Fill Matcrial,
Depth above F,ie'd {n-place l__ab Lab Percent
Location finished Date moisture, density, moisture, density, compaction
floor, ft % %
igioc A
Northside . ........... 4 4-10-74 8.5 121.5 10.3 133,3 g?g
Southside .. .......... 4 4-10-74 7.6 120.2 103 123.3 100.
Northside .. ...... .... 5 4-11.74 8.5 124.0 11.2 124.0 100
Southside .. .......... 6 4-11.74 11.2 124.0 1.2 1:'24.0 oo 1
Northside .. ... ... ... . 7 4-11.74 10.3 1216 11.2 124.0 .
Southside ............ 7 4.11-74 11.2 120.8 :1.2 15:8 13(7}.5
Southside ... ... ..... 10 4.12-74 9.7 124.0 ‘1;?’ 1 4. oo
Northside .. ... ... ... . 10 4.12.74 8.7 1191 11.2 124‘0 100,
Southside ... ... .... m 4-15-74 9.0 124.0 11.2 |‘ 124.0 | o0
Northside .. ..., ..... " 4.15-74 8.6 123.0 11.2 {1240 . .
Back V1 4.15.74 2.0 121.2 1.2 ’ 124.0 i 97.7
............... » ! i 7
Southside .. .. .. ... . 12 4.16-74 ‘ 8.5 1?3.7 .2 i 13: 0 ; 1‘(9).(.},8
Northside .. ... ....... 12 4.16-74 89 1240 11.2 ; 124.0 !
North side R 13 4.17-74 l 94 124.0 12 ; 124.0 ) 100
. | : : 0
South side . . ... ... ... 13 4.17-74 ( 10.6 1234 11.2 ‘ 124.0 ' 996
- H [¢]
North side ... ... ... .. 15 4.17-74 | 9.2 114.0 11.2 . zzz.o ' 333
South side . 15 l417.74 ’ 9.2 114.4 11.2 - 4.0 i 92.3
Northside ... ... ... 16 4.19.74 | §5 123.3 1.2 j 1240 ‘
ClL front . 17 4.19.74 | 1. 1209 1.2 1240 are
CL middle . 17 4.19.74 ‘ 10.0 1229 1n?2 . 1240 | 9.1
CL back 17 4.19.74 12.6 1209 12| 240 | ers
D¢ ~or igloo }
S P S —
E 214 9.3 i 1240 103 | 1233 1008
Noith side . ! ) 427 ’ 9. 2z ; ‘ o ol
South side | 6 472 )4 : 7.8 1172 10.3 % IS .;l | ();) .
£ i 95 6
North sule ’ B 4374 ‘ r*o 1179 103 | "1 J e
South side . { 8 4374 ‘ 12 ")1 6 10 3 | 1,7;,\ HX‘) 6
North side ! 10 4374 ’ 97 1233 10.3 [ 233 !
" i [ 2 : 233 0y
South skte 0 Laaa | mo 1230 10.3 123 : a7
Back wall ! 1 I ad 14 | 94 1271 103 ’ 1233 | a8
Nd: mw;u . i 1) Lania | we 1191 10 3 1213 9 6
o M i . : - ! . ~
; | ; j : 1233 a% .3
South side i . | 4574 | o0 s i ‘j T G
N th sicle 1 ; 1671 : 104 119 1 .3 I‘ LK N E ' y
! . ¥ ! - | | 1733 9a g
Southy side 13 4624 | 102 1,"": ‘.: (‘ :(;l : j ‘_": .‘ o
Soutt e th 46 74 i RN 1'4- - W ’ '-’. :‘ 1”.1 .
N th side N a7a "G ? 1056 103 | 2
! | X
Souh o side 0 0 | i - 4
‘ ll\u" ' ddls 16 lasa ! R | vioy 10 3 a3 ! G0
AINIVANA] LR AR et i ) ’ 1 . ‘
CL o5 tam ot o Tap ottt 484 |‘ B i 86 103 ] 1013 ! ag
: | " » Doyoaa REI!
Clomagdie Tep of t : 4874 B SRR 104 r‘*kx o N
U0 St ot bk L Fop ot ti J' 4 H. 74 4 1 1136 i A AR IR l p
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TABLE A-4. Concrete Compressive Strength, ESKIMO i Test Structures,

Date iglco Location in Class of Age at Compressive
cast siructure concrete test, days strength, psi
24 Jan 1974 Donor North and south footing €-1 3,000 psi 7 2,174
7 2635
1 2,609
14 2,748
28 3,583
82 3,765
30 Jan 1974 E Front wall E-1 3,000 psi 7 2,511
14 2,937
28 3,490
28 3,730
7 Feb 1974 Donor Floor E.1 3,000 ps: 7 2,156
14 3.687
21 3,782
28 4,014
28 4,023
12 Feb 1974 A North and south footing E £-1 3,000 per! ! 7 2,327
’ | i 14 2,669
| | e 3,045
| l } .78 2,062
‘ | ! 28 3,080
| ! f 78 3,007
! |

15 Feh 1974 i B b Front wall | C14.000ps 7 2773
! [ i 14 2547
| C0R 4,313
“ ] L8 4,493

‘ i i
26 Feb 18374 ' A ToEBast and west footing ;' E13.000ps 7 2,142
; } ; ‘ 14 2,795
I | 1 | e 3,110
5 } [ v ' 3.814
l ’ ; Loos | ban
18 Mar 1974 | Donor | Hack wall E E13.000ps " | / | 669
} ’ : Co7 ] 3%
[ : oon PoanT
! % | ; Mo 2897
19 M 19,4 | Danor ] Front wall Fro1 3000 g ' 7 | 2on
! ! . ! 1 i 2 5L40
i ' i AR
‘ | ; BN Lo
JPMetara A ! Hat b wal F L3000 ’ [ 2 oom
‘ : ! ! vy i RIDAL
[ : ! o8 i VY
i i ; oH | AR
28 Mg 194 A ’ Front wall FET 000 b 1 ! Jam
; ; | ! 18 | 3016
| j | S R
ﬁ ‘ | i 8 ; 14
; ' | Front wall | NI : Yy ' 1114
| | boono ] L
l ; i T R 10
J l L 'L S0 J Er

Tt Chlndde e

*
Cylindar s wvere Nt

e s o To afetenining
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Appendix B

ATRBLAST EFFECTS ON WINDOWS IN BUILDINGS AND
AUTOMOBILES ON THE ESKIMO Il EVENT

Appendix B, a Lovelace Foundation report thut complements the ESKIMO [ report. is
presented here with minor editorial changes. Tahles and  figures enclosed  herein
reproductions of those in the Lovelace report.

are  tacsimile

Preceding page blank
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AIRBLAST EFFECTS ON WINDOWS IN
BUILDINGS AND AUTUMOBILES
ON THE ESKIMO Il EVENT

E. R. Fletcher, D. R, Richmond, and D. W. Richmond
Lovelace Founletion for Medical Education and Research
Albuquerque. New VMexico 871038

INTRODUCTION

Objectives

The ohjectives of thic project were:

1o to determine the velocities. masses, and spatial densinies of the fragmenis {from thres
types of standard plate-giass windows mounted in closed. cubseal structuzes al three
ranges from ground sero.

2ooto detennine the same gquantities for window fragments side (hree automobiles, one
oriented side-on and two orented head-on oy ground rero:

Pootodocument the window damage o ten sutomobiles {ocated gt three ground ranges:

4. 10 study the response »f o clothed anthropomorphic dummy (1) standine belbind one
of the plate-phass windows and (b} sitting o an sutorsobile: and

Soorto estimate the hazads to secupante of baildings and avtomoebiles exposed ta vl

fevels of airhlust

Rackeround

fnocnder o eess hie thvimeglass hazand to vocupants ot baddings, houses. ma antamobdes i
the viomiiy ot an exploston, 1 necoswary o to have o mtarmation concermng he chiracionstcos ol
framen's feom wandows broken by neotasts Reference Todesenbes several expanmen o condueea
ver the past O veqrss wihneh provide dara for o hmnted namoer of waindow tvpes and condriions of
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PROCEDURE

Modules

Ten 9-foot cubical boxes called modules {used previcusly on the ESKIMO il test) were
posttiored along the northwest radial by Chira Lake personnel. Three modules abutted one another
ot the 5920-foor range, three at 3950 teet, and tour at 3525 feet (we Figure ). The only
opeaings into exch miodgule were a hole where a2 window was mounted and an access door which was
Sosed during the blast, AL of the windows faced ground rero,

Windows

The three types of windows used on the ESKIMO T and 1 tests are shown &1 the bottom of
Table 1. Types W1 ound W20 designated  as projecred  and horizonal-shiding,  respectively, are
comimerctal-tvpe windows used extensively i government buildings and comply with, but do not
enceed, the Architectural Alumin on Manufacturers Assocrrion CAAMALY speatications. The Type W3
window-walls were mounted @ o oprene structural gasket system ased o Federal ottice buildings
bt no AAMA specitications e vanlables Thiee Tvpe WIL "o Type W20 and three Type W3

windows were mounted one ecach in the ten modules. One window ot each tvpe was tedted at three

ringes. The additionad Tyvpe ¥ 0 wimdow was Tocsted at the 3525000t sauge. The panes were spray

namited different colors oo aid 1 aentivng the sources of the tapped fiigments (ee Tabie b
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TABLE [

DESCRIPTION OF THE WINDOWS IN THE MODULES

R T T

[‘ Parameters for ;;dividual Panes
Window Width, | Height, ]Type of
Type Number | Color#* in. in. Glass ¥Frame Type
% Pi Copper 45 45 Plate Fixed
g P2 Green 45 45 Plate Fixed
% " pP3 Silver 47 29 Sheet Top Opening
i P4 Black 42 20 Sheet Top Opening
z »1 Copper 34 48 Sheet Horizontal Sliding
"2 P2 Green 34 48 Pilate | Fixed
(381 Copp;; 48 a0 Plate Fixed
w P2 Green 48 j aQ Plate Fixed
* A thin coat of paint was sprayed on Yoth sides of each pane

FRONT VIEW OF THRLEL MODULES INDICATING
WINDOW TYPE AND PANE NUMBERS

w2
wi HORIZONTAL - W3
PROJECTED WINDOW SLIDING WINDOW WINDOW WALL

L

F/7 P II IO IIEDH

Pl P2
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Dummies

Two anthropomorphic dummies attired in summer civilian clothing were supplied by the
Lovelace Foundation for this test. One of the dummies was standing 35 inches behind pane P2 in
the B4 module at 3,525 feet. This module did not contain any Styrofoam witness plates. The
dummy faced the window with his chest resting lightly against a narrow metal rod intended to
stabilize his position prior to shock arrival while not interfering with subsequent possible blast
displacement. The other dummy was secured by means of a lap seat »elt in the driver's seat of a
left-side on station wagon, A3, located at 2115 feet on the northwest radial.

Cameras

Two high-speed (400 frames per second) motion-picture cameras were used by China Lake
personnel to record the responses of the two dummies. A reference grid was painied on the portion
of the module wall in the field of view of the camera in order to facilitate velocity determinations

for the glass fragments and the dummy.

QOverpressure Gauges

Eight self-recording BRL mechanical gauges, supplied by China Lake, were positioned, two each,
at the 35250 2.630-, and 2, 115-foot ranges on the northwest radial and at the 2.115.fvot range on

the southwest radial. Additional gauges were located at closer ranges.
RESULTS AND DISCUSSION

General

AN of she modules remained structurally intact and none of the Styrotoam witness plates were
damaped ot displaced by the blast experience. A total of 296 fragments were trapped from the I8 of
2o exposed panes whin broke. Window damage was noted in four of the ten automobiles on the
by ct0 but none ot the windows bicke an front of the witness piates Dummy and glass responses
woio osatstactonly documented with heth motionpicture camernds. Good pressure-nme records were
obtained from most of the pauges. In peneral, the average measwred peak incident overpressures were
use to the predicted values as iven i Figure 1 for the five ranges of mter st. The average
meastiied overpressure was 060 paoar 3925 teet (06 predicted), 097 pstoat 2630 teet {09

predicreds, amd T AR pseoar JHES feer €1 ) pedicted)

wWindows 1tn Modules

Phe 6 panes o plass coposed an the modules are hsted im0 Table 0 oalong with such

itormation oy el thickoess whether or not the pane broke, and the nomber of fragments trapped
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FIGURE 2, Postshot View of (I'rom Lett to Right) Modules BS, BS, and B7.

Eight of the ten panes at 3,525 fect, seven of the eight panes at 3,950 feet, and three of the eight
panes at 5920 feet broke. As expected, only a portion of the glass from the broken panes was
actually trapped. This is indicated by the amount of giass left in the trames and the number of
fragments on the floor below the Styrofoam as shown in Figure 2, a posishot view of the modules
at 3950 feet. Table 1l also contains the predicted peak incident overpressure, P, the calculated
(using P,) peak overpressure in the reflected wave at the front of the modules, P ; and the predicted

duration of the paositive phase of the incident overpressure. -

Masses and Velocities of Fragments
4

The masses and velocities were deternined by procedures described 1 Reference 3 for all but
29 fragments winch struck so close to other fragments that the measured volumes of the impressions
i the Stvrofoam were suspect. As an the pasto it was noted that for cach pane an approximately
linear relationship existed between the loganithms of the veloaities and the loganthms of the masses
of the fragments. A leastsguares lineataegression analysis was performed for each pane and the
results appear i Table B owhere Vo, and M, ate the geometnic mean fragment velocity and mass,
respectively s boand Boare the sope and the ctandwrd error an the slope of the regiession line,
respectively: and B s the geonrerne standwrd error of estimate of fragment velocity . In addition,
Al

of the ghass and M3 and b and l“ are the geromerne standard deviction ot the tragment muasses

e
the peometne mean trontal ares ot the tragments {calculated trom the density and thickoess

and frontal weas, rospectvely .
Iowas noted thar the masses and veloaies of tragments brom panes of approxunutely the same

thichnos and toceted at the same ground range tended to be very simidar Theretore the dara were
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combined into five groups (no 1/&-inch-thick fragments were trapped at 5920 feet) representing
pancs approximately 1/4- or 1/Ranch-thick focated at the 3,525-, 3950-, or 5920-foot ground range.
These groups are shown in Figures 3 through 7 which contain regression lines as well as lines drawn
one standard error of estimate on either side of the regreszion lines. The results of the regression
analysis tor each of the five groups are given in Table 1l where it can be noted that the mean
fragment velocity estimared from the motion-picture record obtained at 3.525 feet was 29 ft/sec
compared to 37.6 ft/sec measured from the witness plate hehind a similar pane in module Bl at the
samie range.

Spatial Densities of Fragments

Al 296 fragments were used in computing the spatial densities of trapped fragments which, for
each pane. tended 1o be constant over an area of Styrotfoam equal to the size of the pane. This area
was, in gencrai, centered somewhat below the center of the pare as a result of the fragments’ having
fallen (due to gravity) in traversing the distance from the frame to the Styvofoam. Likewise. the
density of trapped fragments for un entire window (ie.. counting the fragments from all of the
panes) tended to he approximately constant over an area of Styrofeam equal in size to the window
but displaced downward. The computed average densities (desienated as pg and p for the individua!
panes and contire windows, respectively) over these areas of approximately constant density are listed
in Table 1L

Comparisons With Prior Data

In order to make comparisons between the ESKIMO I and I tests and prior experiments, all
of the data were plotted in Figures & through 10 which were modified from Reference 1. In these
figures, it can he seen that the fiapment velocities, frontal areas. and densities for the two ESKIMO
tests were fairly consistent. indicating that these quantities were not greatly dependent on the vield.
Further, the ESKIMG test data line up reasonably well with the corresponding vulues for the prior
data when plotted against the eftective peak overpressire, te., the peak evernressitie on the window.
This overpressure was asstimed to he Pofor the FSKIMO rests since all of the windows faced the
advancing blast wave. However, on gl three tigwres the FSKIMO rest date tend 1o fall above the
repression cutve based on the pooy dara only. Thus, the FSKIMO test data suggest that in each case
the shape ot the regression curve may veed to be moditicd tor the fower overpressures, In the case
of the meun fragment velocity. this w probablv becanse the togments with sufficiently low velocities

are not hkely 1o he aapped mothe Siviofoam,

Biological Hazards

Fregures 3 through 7 continn curves imdwcating the probalahity of o fragment’s penetrating T cm
§ 3 s 3 1

of sott tisstue as pven an Reterence 8 10 can he seen that of the 707 tapped fragments for which

masses and velocities are avialable, only three had at feast a0 LO-percent probability of penetratig |

cmoob sott e AL three coenped at the 357 toor tanpe where briagments were tapped behmd

('1;‘]1‘ Pes. VIR Gnoaverape ol about one fraginent for ¢ howo panes with a sihhicant (at Jeast
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1.0 percent) probability of penetrating [ cm of soft tissue. The highest probability computed at this
range was 11 parcent. No fragments with a significant probability of penetrating 1 cm of soft tissue
were caught behind the sixteen panes at the 3,950- and 5,920-foot ranges.

Data frem two biolegical studies were used to estimate the probability of skin penetrations by
fragmenis trapped from the windows in the modules. In the first study (Reference S5} glass fragments
(0.054 o 1.9 gm) were impacted in random orientations, and in the second stuay plexiglas fragments
(1.0 to 100 gm) were impacted point-on. The velocity for a 50-percent probability of bare-skin
penetration varied from 480 f{t/sec for a 0.054-gm fragment 10 33 ft/sec for a 100-gm {ragment. The
velocity for a 1.0-percent probability of bare-skin penetration varjed from 200 ft/sec for 2 0.054-gm
fragment to 22 ft/sec for a 100-gm fragment. Limited data from the second study indicated that the
above velocities should be increased by 65 *15 percent for skin cnvered with two layers of light

clothing. Using the above values, the numbers ol fragments witn g

er than a 1.0- and SO-percent

probability of penetrating bare skin and skin covered with two layers of light clething were counted

in Fipures

¥

3 through

7. and the results appear in Table I Although some of the assumptions

needed to derive Table I might be questioned, the values strongly suggest that a significanc number
of skin penetrations might have occurred had people been located behind the windows in the
modules during the ESKIMO I event.

Dummy in Module

The window pane (P2) 35 inches in front of the dunwny was not broken by the blast wave.

From the motion-piciure record it was determined that no fragment from pane 1, which did break,

struck the dummy and that the dummy suftered no displacement during the blast experience. At

postshot exammnation, the dummyv and clothing were found to be mtact.

PREDICTED
FROM

SKIN
THL

TABLE 111X

I

Ground

Predacted Peak
Overpressure, p

U .

sl

Ruangeoe,
1 lneident Refleo
Lo S S
3520 0.6 1.
I HUH50 [Q IS 1
f
- 4 _
. 1
Heri I O3 0
e L L

ted

PENETRATIONS BY FRAGMENTS
WINDOWS IN THE MODULES
i )
Percent of Trapped Fragments
With Greater Than A (1%/50%)
Probability of Penetrating
b—
Average Skin and
Glass Two Layers
Thickness, of Light
Inches Bare Skain Clothing
0.125 67/10 1 7/0
0. 2018 71736 2976
O VOV SOV
0,102 3774 470
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Windows in Automobiles

il

The locations of the automohiles on the layout are indicated in Figure 1, and the obwerved
window damage is given in Table IV. At 2115 feet (1.2 psi) the most common damage was io the
larger windows such as the windshield. On the average, abot one windew per automohilc was
damaged, of which approximately ore half broke out and one half sustcined multiple cricks but
remained in place. The only window damage sustained oy the two automobiles at 2,630 feet (0.9

psi) consisted of muliiple fractures of one windshield. Wone of the windows in the automooile at
3950 feer (0.5 psi) were damaged. There was evidence that four aviomobil> windows were broken

TABLE IV

AUTOMOBILE WINDCOW DAMAGE

I ; 7
Automobile
Ground P
Range, it {psi [ Orientation | Number | Descripticon | Windows Damaged | Extent of Window Demage
Peugeot
A1l Station None Nene
Wagon
Face-On - —
aat Chevrolet None Mone
Pickup
Buick®* Windshield Multiple fractures
A3 Station Left Rearward®* Iatact but dislodged
Wagon Rear Partly brokea out
Dodge Windshield' Completely hroken out
Aqt Station Right Rear-Door Multiple fractures
Wagon Near Completely brolen out
b e e, PP |
2115 1.2 S‘;:;;f()n Dodye
AD Fiiel Right Door Multiple frauctures
! Truck \
AB vw Ne e Norn
Ramb ler
A7 Station None Hone
Wagon
_J_._“_‘-.;,___ﬂ____.‘-” R SN S W U UO S ——
vw
AB Square ¥incdshield Muitipte foactiires
Baok
26130 0.9 Left R N T T R
Side-0On Cheveolet
AY Station None Naope
Wa oo
- . . -+ N \ i e .‘;T SRR JRUR— I _.TL.~__ S S -
Left Ford
anso (L] Sicde O Al10 Station None Nore
By «t 1
| i Wagon |

* An avthropomcrphlce dunmy was secured tn the driver’'s seat of this

stat ton wagon by means of u lap seat belt

*s Analysts of the film record from the canera {392 o smes per secord)
indicuted that the window achieved s penk velocity of 12 1t /sec

The winstb hive b had multiple tractures pricr to the test

¢ NG missiie dtmpacts were noted on fhe Sryro foam witness plate
which faced ground sero i this vehilole

Nt e
Wingow damage duie to bomb fragments or crater ojecte has ot
heen tne Juaded to the cuable
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by bomb fragments or cratzr ejecta rather than by the airblast itseif. This damage was not included
in Table IV.

The window which dislodged from the frame iu automobile A3 traveled across the field of view
of the motion-picture camera. From analyzing the record, it was determined that the peak velocity of
the center of mass of the pane was about 12 ft/sec. Because of the low velocity and the faci that
the alass did not break and produce sharp edges, 1t is estimated that the pane wouid have a very
small probability of penetrating 1 om of soft tissue. Although the pane was quite massive, it would
probably nut be very hazardous from the point of view of blunt-body trauma because of the low
velocity,

Dummy in Auiomobile

Mo damage was observed to the dummy secured by means of a lap seat belt in the driver’s seat
of the left-side-on statiorr wagon (A3) at 2,115 feet (1.2 psi). The window behind the left rear door
was blown into the vehicle, but it d.d not strike the dummy. From the motion-picture record it was
determined that the dumyay suffered no significant displacement during the blast experience.
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