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(U) ESKIMO II Magazine Separatum Test, by Frederick H. Weals 
China Lake. Calif.. Naval Weapons Center. September 1074 <X) pp (NWC 

TP 5557. publication UNi * <SSIHED.) 
(U) In an instrumented test in May 1973 at the Naval Weapons 

Center, 27,800 pounds of TritonaJ explovve contained in 7." Ml 17 
bombs were detonated simultaneously within an open top earth 
revetment enclosure surrounded by five «rv'h-covcrcd igloos plr.ced with 
face-on exposures and at essentially equal distances from the donor blast. 
The principal objective was to evaluate the protection affoi ied by several 
different types of igloo headwall and door constructions against 

communication of explosion. The test results, showing a wide range of 
door and headwall responses, indicated that no change in 'he separat-on 
standards established by the Department of Defens.* Explosives Safety 
Board is required at 'his time. Additionally, the results have provided 
guidance for the selection of promising types of walls and doors to be 
tested more extensively. The test also included investigation of the 
response of a new noncircular steel-arch magazine structure, of safety 
distances specified for public traffic routes, and of the hazards associated 
with window glass used in commercial and institutional buildings. The 
report also contains data on fragment sizes and distributions, 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 th' Department of Detinue Explosives Salei> Board (DDESIJ». «he Naval 

Weapons (enter tVWO on 22 May l4>73 conducted at la* Randshurg Wash Tea Range a large-scale 

explosives ha/ards test known as ESKIMO II (ESKIMO is an acronym lor I xplosive Salet* 

knowledge IMprovemenl Operation.) This was the second in a series .1 lull-scale iesis ol 

earth-co«ered magazines sponsored by the DÜESB. The main purpose of ihis I •-: was lo evaluate «he 

protection allordcd by five igjm> magazines against communication of explosion when «he headwall of 

one magazine laces »he earth-covered side or rear wall of another. 

I SKIMO I. Ihe first test, was conducted in December 1 *>71 «o determine a nie, practicable 

minimum separation distance for face-on exposures of U.S. Army standard steel-arch magazines 

(Reference I). Explosion communication occurred to an acceptor igloo o\ this design at a distance in 

feel equal to 1.25 X W'/-V in which W is the weight in pounds o\ the high explosive in storage, but 

failed lo occur at a distance of 2.0 X W1'* to the rear of the donor rurther. the lest revealed that 

salel> and economy might be increased through improved design for closer balance in strength 

between the doors and headwall o\ the magazine. 

ESKIMO II. a full-scale pn>of test of other existing and modified door and headwall designs, 

utilized structures and facilities remaining trom ESKIMO I. rebuilt as necessary lo meet the aims o\ 

ihe lest. ESKIMO II extended investigation conducted in ESKIMO I. making use ol information 

derived from that test. In ESKIMO I the separation distances and orientation of the acceptor 

magazines relative It» a donor magazine were varied for the primary obiec .i\e ol selecting appropriate 

separation distances. In ESKIMO II ihe separatum distances from a donor stack Of bombs were 

approximate!)  Ihe same for all five acceptor magazines, and all magazines laced the slack 

TEST OBJECTIVES 

Th«. quinary te«. objective was lo evaluate ihe protection afforded by maga/.ie structures 

agamst communication of explosion witn Ihe headwall of one magazine facing the earth-covered side 

or rear wall of another. Other objectives were 

1. Evaluation of ihe resistance of several types oi igloo doors and Iwadwalls and of proposed 

modifications to existing designs in a blasl environment simulating thai from a magazine explosion. 

2. Evaluation of a proposed noncucular sleel-atch igloo design. 

3 
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3 Investigation ol hazards associated with window glass and window frames placed at several 

distances Irom the explosion, with emphasis on window types used in commercial and institutional 

building 

4 r-valuat.on of blast damage I*» foreign automobiles anci to several types of domestic vehicles 

placed  at  disiances from maga/me  structure:, specified oy various authorities for public traffic routes. 

5. Acquisition of data regarding fragment hazards from a specific bomb. 

NEAR FIELD TEST LAYOUT 

IGLOOS 

Five  magazines were exposed   face-on  at  approximately  the same dist«: ce from the explosion 

source, as shown in Figure I. The magazine structures were earth-covered semicircular corrugated steel 

DEMOLISHED  ESKIMO   I 
IGLOO 

I ipure  I. Layout of Test  Structures for ESKIMO II Magazine Separation Test. A. B. C. D. and 
V indicate igloo designations. 
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arches, except for a new type of noncircular steel-arch maga/inc llglini B). built to a length of KO 
feet in the northeast sector of the array. The construction »»I the various acceptor igloos is described 

in Table I. and steel-arch construction is illustrated in Figure 2. IWr construction lor each igloo is 
described in Table 2. and door types are illustrated in Figure 3. Doo: details of lgli>os A, C, D. and 

E are shown in Figures 4 through 7. 

TABLE 1   Igloo Construction 

Portion 

relative 
to donor 

Steel arch. floo'. 

Igloo 
Length, 

ft 

rear wall, wing 

walls, and earth 

cover 

Headwall type 
Headwall 

drawing 

A North 20 Remaining from 

ESKIMO 1 

Navy Type II NAVFACdwg 649-602 

B Northeast 80 A 11 new ; steal arch 
design approximates 

si ie and shape of 

Stradley igloo 

Stradley OCE std dwg. 33 15-61 

C Ea t 10 All new construct on. 

design same as 

ESKIMO 1 

Sam« as ESKIMO 1 OCEstd.dvg. 33 15-64 

0 South 20 Remaining from 

ESKiMO 1 

Sume as ESKIMO 1 

except lor door 
modification 

OCE std dwg 33 15-64 

E Wt;t 20 Regaining  from 

FSKIMO 1 

Same as ESKIMO 1 

except for door 
modi! icat ions 

OCEstd.dwg 33 !5-64 

IGLOOS A.  C.  C.  AND  E 

Figure 2. Cross Sections of Steel-Arch Construction for th-i Igioos of ESKIMO II. 

TABLE 2. Door Construction. 

Nominal door 

Igico size, ft Door type Door drawing 

Height Width 

A 0 8 Oouble leaf, hinged NAVF AC 649-604 

B 0 0 Btparting. sliding OCE std dwg 33 15-61 

C 0 0 Oouble leaf, hinged OCE std dwg. 33 15-64 

D 0 0 Single leaf, sliding Black & Veatch unnumbered 

dwg. 25 0ct 1972 

E 0 0 Oouble leaf, hinged; 
with removable s eel 
beam reinforcing 

OCEstd   1wg 33-15-64. 

modified by Black & Veatch dwg 
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LIZ "3 

DOUBLE LEAF,  HINGEO 

*•—ISOBEEEB   —■ - 
BIPARTING.  SLIDING 

ÜZZ2 :zi2 
SINGLE  LEAK SLIDING 

Figure   5.   Types  of  Doors  Used  on 
t SKI MO II Igloos. 

Hgure 4. Doorway of Igloo A. Note doer 
construction and door arrestors at ton and 
bottom. 

Figure 5. Interior Surface of Door on Igloo C. 
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I i>:ure   6.   Dooi   and   Dour   Opening   o»    Igloo   D.   Rack   of 
acceptor land mines (two mines jre hidden by the dinu on 
the feft) in place prior to test, acceptor arrangement is l>pical 
for Igloo« A. D, and t. 

Figure   7.   Door  Opening  of  kloo  E  Showing  S.eel   l-Beam.  Acceptor 
charges in place. 

i 

J 
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DONOR CHARGE 

The KSK I MO II explosion source was «lesigned lo approximate the blast loading expected from 

an earth covered magazine confining 500.000 pounds of explosives, the maximum permitted in a 

single maga/ine by Department of Defense explosives safety standards. 

In late P>7I and in l°72, explosion tests were conducted in the UniJed Kmcdom on model 

igltMN (representing tneir prototypes nominally at one-tenth scale) geometrically similar in external 

features to US   magazines 

Because bulk explosives (\V = 141 pounds» were used in the UK model tests, rather than 

explosives cast into heavy-walled projectiles, the design c( 'he KSKIMO II explosion source was based 

prunariK on the loadings measured on the front wall of a targe: maga/ine 10.4 feel COX W1 M ti- 

the rear ol the donor in the model tests. As the principal criterion for the ESKIMO II explosion 

source design, the observed total impulse of the positive phase of loading was selected, on the 

i ..mpuon that this parameter is the primary determinant o. the velocity with which door and 

head wall material will move into the magazine and act as the agent ol explosion communication 

upon impact with the contents of the acceptor magazine. This assumption is strictly true onl\ it the 

maior portion of the load is applied within a time that is short compared with that required for 

door and headwall material to traverse the distance to acceptor explosive charges. 

Loading impulse and the corresponding positive-phase d'. ation values at model scale were 

increased by the applicable scale factor to obtain the design loading for the ESKIMO II e\plosion 

source. 

The positive-phase impulse load of 72 psi-msec representative of observations m the UK model 

lesis was multiplied by the stale factor (500.000/141 ),/3 = 15.3 to obtain the corresponding value 

Vplicable to ;: full-scale magazine containing 500.000 pounds of explosives. This gjves 1.100 psi-msec, 

the value utih/ed as the principal criterion in determining the explosion source size required for 

fSklMO II 

The final explosion source design consisted of 72 Ml 17 bombs, each weighing 750 pounds and 

filled with Tritonal. The donor charge, containing 27.800 pounds of explosives, had an expected IM 

equivalent weight of approximately 24.0(H) pounds, based on effective TNT weight values tor 

Tritonal-filled Ml 17 bombs as shown in Table 3 of Reference 2. The bombs were tightly stacked on 

their sides in two triangular stacks of 36 each, with each succeeding layer stacked in the spaces 

between the bombs in the layer below. The bombs were stacked on a steel plate I inch thick b\ l)S 

inches wide by approximately 156 indie* long. The two stacks were arranged so that the bo-nbs in 

one stack were in base-to-basc contact with the bombs of the other stack. Figure 8 shusss the 

arrangement of the completed donor charge. 

The nose fuze well of each bomb was primed with C-4 explosive imbedded with a Primacord 

U\'d. Two groups of 36 cords (each group serving one side of the stack) were formed, and all 72 

Primacord leads were of the same length. Electrical initiation of each Primacord group was 

accomplished by two fcngineer Specials blasting caps. 

This source shape was selected in an attempt to reduce directional effects and to I'oproximate a 

hemispherical aboveground source. After adjustment for explosive composition and bomb case effects, 

loading calculations performed by Ballistic Research Laboratories (Appendix A) for this explosion 

source yielded the predicted values of 38 psi, 45.5 msec, and 1,100 psi-m>ee for the Incident 

overpresi..'" positive-phase duration. a".d headwall impulse loading, respectively, at a distance of 147 

feet, the test arenj radius in ESKIMO II. The impulse load of 1,100 psi-msec was the value expected 

from  explosion  of a   full-size  earth-covered   maga/mo   filled   to  capacity at  the reduced  rear-to-troni 

I 

«I 



NWC TP 5657 

Figur« 8. Completed Donor Charge Consisting of 72 Ml 17 Bombs. 

separation distance of 2.0 X W1'-1 determined in ESKIMO I. 
In order to intercept low-angle primary fragments from the bombs, an earth revetment 10 feet 

high was placed around the stack of bombs, wiih the inner toe delineating all four sides of ? 20- by 
20-foot interior leveled area. The crest of the mound was 3 feet wide. Figure 9 shows the 
arrangement. 

See Appendix A for additional comments concerning design of the donor charge. 

ACCEPTOR CHARGES 

High-exp'osive acceptor charge.» were omitted from Igloo C (the control igloo) and Igloo B. 
Twelve MIS Lad mines were used as acceptor charges in each of the other three acceptor igloos. 
These land mines were positioned in two rows of six, one approximately 3 feet from the floor and 
one approximately 6 feet from the floor in Igloos A, I>. and E (designated the north, south, and 
west igloos in ESKIMO I). The land mines were secured on the edges of trays so that the bottom 
surface (whole diameter) was vertical and susceptible to possible headwall and door fragment attack. 
In each row, there was one mine on either end that was opposite the concrete headwall Of the 
magazine. The trays were so positioned that the acceptor explosives were approximately 3 feet from 
the plane of the inside surface of the headwall. This arrangement of acceptor charges in the igloos is 
shown in Figures 6 and 7. 
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>*i hi Olli in Hi —_*— 

Figure  9.  Aerial  View of  the  Test  Site  Prior  to  the  Detonation Showing the Stack of Ml 17 
Bombs Used as a Donor Charge. Also visible are the five acceptor magazine*. 

FAR FIELD TEST LAYOUT 

One objective of the test was to acquire additional data relating to selection of appropriate 
separation distances between inhabited buildings and public highways and sites for handling and 
storage of explosives. To obtain these data, window test structures and common types of vehicles 
were placed in the blast and fragment field in accordance with plans outlined in Figure I of 
Appendix B. 

WINDOW TEST STRUCTURES 

Ten wood frame cubes, approximately 9 feet on a side, were constructed in the shops of the 
Public Works Department. The cubes served as structures for the mounting of selected typical 
window frames and window glass. After completion of shop fabrication, the cube:, were transported 
to the ESKIMO II site and installed at   1,210,  1,700 (Figures  10 and   II). and .MOO feel from the 

10 
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I «Cure IP. Window Cube» at  1.210 feet. Prior lo Detonation. 

I inure II. Window Cube* at 1.700 loci. Prior |o Detonation. 

11 
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i 
Figure 12. Glass Fragment Traps -n Plai-e on Back Wall of Window 
Boxes at 1,700 Feel. 

donor charge center. During installation the cubes were bolted together in groups of three or four 
and secured against overturning by bracing and earth fill on the rear. Seven of the 10 cubes were 
equipped with Styrofoam witness panels (glass fragment traps as in Figure 12), provided by the 
Lovelace Foundation for Medical Education and Research, under NWC contract. One of the cubes, 
positioned at 1,210 feet from the donor, contained an anthropomorphic dummy provided by the 
Lovelace Foundation. The responses of the dummy and of the window in front of the dummy were 
recorded by an NWC 16-mm camera operating at approximately 400 frames per second. Window test 
cubes were constructed, sited, installed, and fitted with accessories in accordance with NWC Dwg. IR 
No. 74777/A-I A-2, Shop Control WO 57-282. 

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

12 



«.«■^r-«   »ri„- 

NWC TPHib/ 

VEHICf ES 

Five vehicles were piaceil side-on lo the hlasi at 730 feel from the donor on the northwest 
radial line: 

1. Volkswagen sedan ("bug") 

2. Dodg; station wagon 

3. Peugeot secun 
4. Chevrolet sedan 

5. Drfuclcr lark truck 

While an average distance of 730 leet from the donor was maintained for all five vehicles, tne 

positions of individual vehicles were staggered so that the cameras situated atop the instrument 

barricade would have a clesr view of each vehicle. These cameras recorded vehicle response. 

The Dodge station wagon contained an anthropomorphic dummy prcvided by the Lovelace 

Foundation. Responses of the dummy located in the driver's seal and of the side windows adjacent 

to the driver were recorded by a 16-mm camera operating at 400 frames per second. 

Two vehicles, a Lincoln sport sedan and a Volkswagen microbus. were oriented side-on lo the 
blast at a distance of 1.130 feet on the northwest radial: and one vehicle, an Uldsmobile sport sedan, 

was also oriented side-or at a distance of 1.700 feet on the same radial. Carrier?* were not used to 

cover the responses of these three vehicles. 

Two vehicles, a Po.itiac sport sedan and a Renault sedan, were oriented head-on at a distance 

of 730 feel from the donor on the southwest radial. Vehicle response was covered from a camera 

atop the instrument barricade   Spacing of these vehicles was staggered to facilitate camera coverage. 
Appendix B discusses the responses of all vehicles to the test. 

AIRCRAFT 

The B-2*) aircraft, previously located at 1. 00 feet and 330 degrees azimuth from the former 

ESKIMO I donor, was moved to a position near the northwest radial and at a distance of 1.210 feet 

from the center of the ESKIMO II donor. Moles in the aircraft were covered, and the damaged tail 

was partially repaired. 

INSTRUMENTATION 

PRESSURE GAUGES AT OR NEAR IGLOO HEADWALLS 

Table 3 describes gauges placed to record side-on pwmilt 2 feel forward of igloo hcadwalls and 

2 feet off igloo centerlines at ground level. The table also describes gauges used to measure reflected 
pressure in wingwalls or hcadwalls approximately 4 feel above the ground surface 

13 



NWC  IPü'irW 

TABLE 3. Placement of Gauges at or Near Headw>lls 

Qwpi 
»«»oo 

i   Po«t ion Number Typ« Ratine. P* 
Ma« calibration ttap. 

pti 

A W.ngw.n 2 KJttfef* 5 to 500 150 

A Ground 1 Kitt** Oto 100 10C 

h H*adwall 2 Kmm 0 to 500 150 

B Ground 1 Kmm C.r  IOO 100 

C HNd««U 1 Kitti* Oto 500 150 

C HMdvMll 1 Kitttar Oto 5.000 150 

c Ground 1 KnOar Oto 100 100 

0 H#*dw,all 1 K.ttlor Oto 500 150 

0 HMdwiN 1 tmm 0 to 5.000 150 

0 Ground 1 Kitttar O.o 100 100 

E HMdwail 2 KM« 10 to 3.000 150 

1 G'ound 1 K,»ilet Oto 100 100 

E Ground « Bytra«* Oto 150 100 

* AM Kittltr gaugvt art piaroatactnc 
b Strain gauge typt. 

FAR FIELD PRESSURE GAUGES 

Ballistic Research Laboratories (BRL) self-recording mechanical gauges were placed in pairs at 
730. 1.130. 1.210. 1.700. and 3.400 feet on the northwest radiaJ and ai 730 feet on the southwest 
racial. These are positions also designated for vehicles or window test cubes or both; care was 
exercised to assure that structures or vehicles did not shield the gauges. Gauges were not closer than 

20 feet to any vehicle or structure mca.u.ed perpendicularly to the iadial from the donor center. 
The selection of gauge capsules was based on the following schedule: 

luance t:.xpec:ed peak Capsule rating 
m donor overpressure psi psi 

730 2.4 5.0 
1.130 175 5 0 
1.210 1.2 5o and 1.0 
1.700 0.75 1.0 
3.400 0.29 0 5 

ACCELEROMETERS 

Acceleron.cters were placed at mid-height near the free edge of each leaf of each hinged door 

and at a similar position (near mating edges) of hi parting sliding doors. For the single sliding door 
(Igloo D) two acceleron.cters were symmetrically placed approximately 12 inches apart near the 

centroid of the frontal area. 

14 
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F*.* 13. U~r Motk,. TI..-UC« lUHlMl A«.*-t *»oo B IWadwU. 

UNEAR MOTION TRANSDUCERS 

Motion transducers were placed approximately 10 inches above the top of the doorway and on 

or near the igloo centerline (Figure 13) to measure the movement of the concrete headwali The 
female pari of the transducer WJS attached to a universal joint mounted on a rail section suspended 
from the corrugated metal roof of the igloo by chains. The male or rod portion was supported by 
unrve^*i joints, as in ESKIMO I. with one universal joint securely attached to the headwali at the 

desired point of measurement. 

TERO TIME INDICATOR 

Zero time or detonation time for the Ml 17 bombs was determined by: 
1. An ioniiauon probe or switch buried in the bomb slack between bomb butt ends 
2. A light sensing device mounted atop Igloo D, directed toward the bomb stack and shielded 

from light not originating from the bomb stack 

lb 
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PHOTO-OPTICAL COVERAGE 

Photographic records of the test were obtained by 6 high-speed (up to 5,000 frames per 
second) 16- and 35mm ground-based cameras and by other cameras operating from 24 to 1,000 
frames per second. Most cameras were located 1,500 ieet IO the west and south of the lest site. 
16-mm cameras, operating at 400 frames per second, were used *o cove« the response of the 
dummies in one vehicle and one window cube. !n addition, response of the vehicles was obtained by 
35-mm cameras operating at 500 to 600 frimes per second. 

Airborne mot ion-pic tu re or sequencing type cameras weie also used. Black-and-white and color 
pictures of pretest and post-test conditions were taken by stilJ cameras as necessary for 
documentation. 

Oblique views of the headways of .he donor and the five acceptor igloos were obtained, as well 
as overall views of the entire site. Photography of the interior of the igloos showed the inward 
collapse  >i the doors. 

TIMING 

A timing correlation at 1.000 cps was recorded on all tape records of Kistler and Bytrex 
gauges, accelerometers. and motion transducers, and on motion-picture film records of cameras 
operating at 400 frames per second or higher. 

ESKIMO II DETONATION 

At 1100 on 22 May l°73, the donor charge was detonated. The explosion source in ESKIMO 
II was designed to produce an impulse load of 1,100 psi-msec on each of the acceptor igloo front«, 
with an initial peak reflected pressure of 130 psi. Measurements of blast loading made during the test 
show, however, that the actual loadings were significantly higher than the design level, and exhibited 
strong directional etT.cts. The measured impulse loads ranged from UOO psi-msec with an initial 
reflected peak of about 200 psi on Igloo L (west* to 2.200 psi-msec with an initial peak of 270 psi 
on Igloo D (south). The reasons for the strength and directionality of the near field blast loading are 
not clearly understood. However, similar effects have been observed in prior tests using donors of 
cubical and other plane-faced configurations. 

The high blast loads observed in this event demonstrate the difficulty in designing an explosion 
source from avaüable surplus ammunition to produce, accurately and repeatably, a specified level of 
loading for test purposes. 

TEST RESULTS 

Based   on   fngment   size and  presently  available data  from gauge  records, it  is believed  that 
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Fifuit   14.   Test   Site   After   Detonation.   Note   Out   earth   revetment   around donor  remains 
essentially intact. D Magazine is in the background. 

complete, or essentially complete, detonation was achieved. The crater produced was basically a 
deepening of the 20- by 10-foot area within the four-sided earth embankment surrounding the donor 
charge. The interior sides of the embankment were eroded only slightly and the top of the 
embankment was not breached by the explosion (Figure 14). Varying amounts of structural damage 
were incurred by \hc test magazines. Details on this damage are presented with illustrations in the 
following sections. 

OBSERVED STRUCTURAL RESPONSE 

Igloo A (North) 

On Igloo A, the standard U.S. Navy he ad wall and door combination was tested at a blast 
impulse loading about 60% greater than the test design level. Despite this, none of the 12 acceptor 
charges received sufficient damage to induce burning or explosion; however, some of the charges were 
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severely damaged and broker open to release fragmented exclusive. Igloo structural response was as 
follow» 

1. The doors were  :o.*ed inward, bending to pass the door stops, and were separated from 
their hinges, coming to rest in the corresponding forward comers of the igloo. 

2. The concrete headwall was severely cracked   Fragments spalled completely from portions of 
the wall, leaving only the reinforcing mesh in place (Figures IS* 17). 

3. Steel door stops at the top and bottom of the door opening remained intact. The door 
jambs were separated from the concrete headwall except at the extreme top of the door opening. 

Igloo B (NortheMt) 

Igloo B, also subjected to blait impulse loading 60% greater than the design level, did not 
contain explosive acceptors. Damage was as follows: 

1. The relatively light gauge steel sheets that had been plug-welded to the inside faces of the 
door leaves were '.tripped off (Figure 18). (In most storage situations, initiation of explosives by 
impact of these sheets would be unlikely.) The inboard support trolleys were also detached, allowing 
the inner door edges to swing into the door opening. The cut board trolleys also detached from the 
support rail, but, despite were deformation, the doors remained upright (Figures 19 and 20). 

2. Modest damage I the headwall was susta-ned (Figures 21 and 22). "racking of tht headwall 
was most pronounced at the top comers of the door opening, especially at :he right side (from a 
position facing the igloo). Some spalling occurred on the inside 

Vmpj&mm* +m M  mm* 

Figure IS. Door Opening of Igloo A Showing Two Land Mines (.Acceptors) Where They Came 
to Rest. 
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Figure 16  Damaged Headwall Inside Igloo A. 
bast of Door Opening. 

Figure 17. Damaged Head* all Inside Igloo A. 
West of Door Opening. 

1 

Figure IC. Ste.H Sheet From InMde Ftef of Igloo B I) H»r. 

m 
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Figure 19. Front of Igloo B Showing Damage to Doors and I lead» all. 
; 

Figure 20. Damaged Doors and lleadwall of lgkn   B. 
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Figure 21. Doorway of Igloo B Showing Damaged Headwall and Doors. 

Figure 22. Inside Surface of Headwall in Igloo B. Also shown is ihe linear 
motion gauge still in place above the doorway. 
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Igloo C (East) 

Igloo C was built with the head wall and door coctbtafaioa (Figure 5) for the current standard 
steel-arch magazine. The igloo was identical to the structures tested in ESKJMO I. It was included in 
ESKIMO 11 for test control and comparison purposes. 

Igloo C did not contain explosive acceptor chirges. Structural damage was as follows: 
1. The doors were thrown inward by the blast and, after experiencing considerable bending and 

distortion, they came to rest in the interior of the igloo (Figures 23-25). 
2. The headwall cracldng pattern resembled that of the igloos of ESKIMO 1 (Figures 26 and 

27). The permanent deformation incurred was greater than that experienced by either the south igloo 
or the right side of the west igloo of ESKIMO 1. 

Mi 

. 

JKjJHwnCri'iTifiii n ii i    «<■■ 

Figure 23. Overall Post-Test View of Control Igloo C. 
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Figure 24. Crumpled Door and Damaged Headwall of Control Igloo C. 

Figure 25. Hinge Plate and Bottom of Door Jamb on Igloo C Showing 
Method of Failure. 
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Figure 26. Inside Doorway of Control Igloo C Showing Damage to Inside of HeadwaD. 

Figure 27. Damaged Keadwall of Control 
Igloo C. Crumpled door and plates are 
visible. 
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Igluo D (South) 

The acceptor land mines in Igloo D were somewhat damaged, but to a lesser degree than those 
in A and t (Figures 2X and 21»). No burning occurred. Structural damage was as follows: 

1. The one-piece, trolley-suspended, steel door was designed to span the door opening 
horizontally under blast loading, thus making the sides of the door opening the reaction lines for the 
loading. The basic portion of this newly designed door maintained its integiity. with rather minor 
distortion. The bow in the door was approximately ° 3/4 inches at the bottom edge. Figures 30 and 
31 show damage to locking mechanism and trolleys. 

2. Essentially all of the portion of the hcadwall that adjoined the interior magazine space (the 
space under the arch) was destroyed (Figures 32-34). It is believed that the headwall *amcd all the 
bljsi load impinging on the headwall and door and did not benefit by the load relief afforded at the 
other magazmes by door failure or rotation. The upper corners of the headwall moved forward about 
3 inches. 

i 
I i^urv   2X.   liiMdc   lulu»»  I)  Showing   Aiveplor Ufld Mine Pjriully  Under  ihc Dtu>r.  BIJM blew 
d«M>r inward. 
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Figure 29. Debris on Floor Inside Igloo D. None of the mines burned or exploded. 

Figure 30. Door Locking Mechanism for Igloo D Showing Method of Failure. As door 
buckled inward, the piece of locking mechanism under head of pin was torn off. 
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l*ure 31. Overhead Doo» Tn>Uc>\ I rom l#K>«. D. Both run^ir U»H« failed in tension. 

I vure 32. fcloo I) Afler Blast Shcminf Damaffe to Concrete Mead*all and to Door 
I-ram«. 

i 
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Figure 33. Looking Into Igloo D From Doorway Showing Stuttered Head wall and 
Warped Door. None of the 12 mine* in ihn magume exploded or burned: one was 
badly «haltered. 

F«ure 34. Shattered tleadwal Fati of Door Inaldc Igloo D. 
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Igloo E (West) 

Igloo E wa of the nine construction at the igloos of ESKIMO I, but the doors were 
strengthened by the addition of a movable structural beam that spanned the opening behind the 
uuor. The igloo was subjected to an impulse load only slightly gi eater than the test design level, yet 
the head wall sustained significantly greater damage than the head wall of Igloo C. 

Eight of the 12 land mine acceptors burned; however, there wes no way to determine how 
many of these were burned as a result of fragment attack and how many were burned as a result of 
heat generated by burning explosive (Figures 35 and 36). Structural damage was as follows: 

1. The large steel beam that spanned the door opening horizontally and that was planned to 
support the door undei blast lo-dxng failed at points of attachment to the headwall (Figures 37 and 
38). (There was an apparent tension failure in the two 3/4-inch bolts attached a' the side of the 
headwall.) 

2. The doors were supported against blast loading at the hinges and at the top and bottom. 
Further door support was provided by bearings on stops welded to the head of the door and by a 
round steel rod projecting rnwad and bearing on the steel beam. During the test the doors were 
dislodged and thrown to the back of the magazine. Door deformation was of moderate degree and 
was consistent with the location of the support points (Figure 39). 

F%urc 35. Burned-out Mine Cue in I«loo E. Abo shown 
beam used u door rettriint. 

one damaged dour and the large 
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\ 

Figure 36. Viev of Interior of Igloo E Showing Debns at Rear Wall. Eight of the 
acceptor land mine» burned along (his rear wall. Railroad rail hanging down in 
foreground supported the bnesr motion gauge. 

• 

K«urc 37. Twisted l-Beam Recovered From Igloo E. This 
beam was bolted to door frame to provide additional 
restraint to door. 
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Figure 38. Piled Against Re« Wd Arc Remains of One Door and Large Steel 
Beam Used to Restrain Doors on Igloo E. Note abc discoloration of wall where 
mines burned on floor. 

m«nnr«"   i'   ■« IM 

Figure 39. Remains of Left Door Along South Wall Inside IgJoo t. 
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3. The headwall damage was less than that of Igloos A and D, but somewhat more than that 
of Igloo C (Figure 40). The portion of headwall above the door opening experienced a large 
deformation bea>«e of the reaction of the door against the door stops. Although they were bent 

backward, the door stops remained attached (Figure 41). 

Figure 40. Overall View of Igloo E. Note smudge over the door resulting from mines having 

burned inside. 

Figure 41. Door Stops Bent Backward Over Doorway of Igloo E. 
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STATIC MEASUREMENTS OF STRUCTURAL RESPONSES 

Arch Motion in Igloo B 

Three ample scratch gauges were installed in an attempt lu secure an approximation of the 

movement of points on the noncucular arch at the igloo mid-position, that is. halfway between 

forward and rear walls. One gauge rod extended vertically from the center of the floor to a point at 

the crown of the arch. Two others were inclined at an angle of approximately 30 degrees from the 

vertical, one on each side of vertical. Total dynamic movements in feet relative to the floor 

attachment during the blast were as follows: 

North 

0.076 

Vertical 

0 15 

South 

0.05 

The vertical height at the center was restored to a permanent deformation of 0.11 foot. 

Permanent Deformation of All Headwalls and Arch Deformation in Igloo B 

The permanent deformation of headwalls (Figures 42-44 and Tables 4 and 5) and of the steel 

arch in Igloo B (Figure 45 and Table 6) was determined by "before" and "after" measurements of 

selected positions. Headwalls were measured from a vertical plane approximately 3 feet away from 

the wall  surface established by  monuments outside the immediate blast area. Figure 44 graphically 

Kigure 42. Position Key for Deformation Measurements, l|loo 3 Headwall. 
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Figure 43. Position Key Tor Deformation Measurements. Headwalls of Igloos A. C, D. and E. 

compares deformations of headwalls of the south igloo of ESKIMO I and Igloo C of ESKIMO II. 

Differences between average blast load parameters for these two igloos are recapitulated below 

Igloos 

South igloo. 
ESKIMO I 

Control Igloo C. 
ESKIMO II 

Peak overpressure, psi 

Incident     Reflected 

33 

60 

61 

245 

Impulse, 
psi-msec 

619 

1.480 

The arch measurements were made from a steel ball (trailer hitch) screwed into a female attachment 
fixed to the floor of Igloo B, so that the measurements shown reflect relative movement between the 
floor and arch. 
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Figure 44. Comparison of Head* all Dclormaliom. South Igloo of ESKIMO I jnd Control Igloo 
C of ESKIMO II. 
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TABLE 4. Summary of Headwall Permanent 

Movement in Feet for Igloos 
A, C,D. and E. 

Negativ« values indicate outward deformation; 

pontiva value«, inward. For location» of positions 

measured, see Figure 43. 

TABLE 5. Igloo B Headwall 

Permanent Movement in Feet. 

Negative values indicate outward deformation; positive 

values, inward. For locations of positions maasured. see 

Figure 42. 

Position 

identification 
Igloo A Igloo C Igloo 0 Igloo E 

Position 

identification 

1 

Deformation 
Position 

1  identification 
Deformation 

1 -0.20 -0.16 -0 26 -0 19 1 -0.03 28 0.17 
2 -  .20 -   .12 -   25 -  .16 2 .01 29 .22 
3 - .11 - .10 -  .14 -  .12 3 00 30 01 
4 - .01 -  .05 -  .07 -  .06 4 -   .05 31 .02 
5 .01 -   .03 -  07 -  .07 

5 .00 32 .02 
6 .00 - .07 -  .08 -  .08 6 .00 33 02 
7 -  .10 -  .11 - .16 -  .16 7 .00 34 .03 
8 - .21 -  .22 -   23 -  .22 8 .01 35 .04 

9 -  .20 -  .23 -  .26 -  .23 

10 '  -11 "  •11 -    16 T      Cd 9 

10 

.02 

.00 
36 
37 

.04 

.08 
11 .01 .05 .02 .03 11 .02 38 .09 
12 .09 .20 .10 .14 12 .03 39 12 
13 .11 .27 .15 .28 

14 .07 .17 .12 .17 13 .05 40 .14 
16 .03 03 .04 .01 14 

15 

.11 

.15 

41 

42 

10 

.01 
16 -  .09 - .12 -  .14 -    10 16 .14 43 .03 
17 - .01 - 03 .02 .00 

18 .14 .20 .29 .13 17 .08 44 .01 

19 16 .44 .53 .50 18 .04 45 -02 
20 .17 .64 1.24 1.19 19 

20 

- .03 

- C3 47 

.03 

.03 
21 .17 .46 missing 58 

22 .22 16 .27 .15 21 -   03 48 .06 
23 .02 -  .02 .04 .00 22 02 49 .06 
24 .19 .02 .11 .06 23 .01 50 05 
26 .72 .29 1.05 .30 24 .02 51 .10 

26 .84 .42 missing .79 25 .21 52 .10 
27 .75 55 missing .74 26 .16 53 0.07 
28 

29 

30 

65 
.10 

03 

27 
.03 

-  .03 

2.83 
18 

03 

.34 

.08 

-   06 

27 0.19 

31 .01 -   03 .01 -  .12 

32 .06 05 missing 28 

33 .05 27 missing .15 

34 .03 -  .02 .76 -   25 

36 0.0 -0.03 0.01 -003 
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LINE A 20 FT FROM  DOOR 
LINE  8     «O FT FROM DOOR 
LINE  C      «FT FROM  DOOR 

Figure 45. Position Key for Measurement of Arch Deformations on Igloo B. 

TABLE 6. Permanent Arch Deformations 
of Igloo B in F set. 

Figure  45  illustrates  locations where deformations were 
measured. 

Arch positions 
Line , 2 3 4 5 

A 001 007 012 0.05 -0.01* 

8 .00 03 .1 .05 00 

C 0 01 003 0.06 002 0.00 

* Negative value indicates outward deformation 

FRAGMENT COLLECTION AND ANALYSIS 

Fragment Collection 

In the ESKIMO I test, three 5-degree sectors (shown in Figure 13 of Reference I) were cleared 
of vegetation and debris for fragment collection by a magnet truck driven over the sectors. 
Additionally, a number of 50- by 50-foot and 100- by 100-foot areas were laid out, and fragments 
were collected in these areas by fool search and hand pickup. The manual method of collection was 
considered to be more thorough than magnet collection in areas where the smallest fragments 
weighed approximately 0.05 pound. 

For ESKIMO II. collection by magnet truck was not attempted. Instead, many of the hand 
pickup a'eas searched in ESKIMO I were searched again for fragments after ESKIMO II. Additionally, 
new hand pickup areas were laid out and searched in the 5-degree magnet pickup sectors. Some new 
search areas were laid out and examined in areas previously unused in ESKIMO I. Table 7 identifies 

37 



NWC TP 5557 

TABLE 7. Areas Used in Fragment Collection. 

Sizt of collection 
Distance from donor center to cantar of coftaction mm. ft 

area, ft North, Soutnaatt. Sooth. Wo«. Northmoat. 
356doo 135 dag 174 deg 266 dog 330 deg 

50 x 50 1.225 775 1,025 ... 
1,425 1.176 1325 
1.625 1.375 

.   . 1.575 .   . 

... ... 1.775 ... ... 

SOX tOO 1.025 
1,556 

1,000 ... 

100 x 100 1.850 2.060 1.750 1.950 
1.950 2.150 1.850 2.050 
2.050 2.250 2.050 2.150 
2,150 2.350 2.150 2,250 
2.250 2,450 2.250 2.350 
2.350 ... 2.450 2,450 

100X 230 2.950 

A 

the areas searched in ESKIMO II. In all cases it was Important to distinguish between ESKIMO I and 
ESKIMO II fragments, particularly so in those areas in which fragments had not been picked up after 
ESKIMO I. It should be noted that the ESKIMO I search techniques were imperfect and that 
fragments from that test were found despite prior attempts to pick the areas clem. This was 
particularly true in the magnet pickup sectors. 

The foot searches and manual pickups in ESKIMO I and ESKIMO II were conducted by two 
men moving in mutually perpendicular paths. In areas of soft, loose earth, all fresh craters, even 
small ones, were probed for fragments. The craters often yielded metal fragments not visible without 
probing. 

Fragment Analysis 

In fragment analysis, the principal emphasis was placed on producing data that would identify 
fragment hazards in various directions from the donor itack by comparison with existing standards. 
An additional objective was the presentation of data in a manner that would facilitate additional 
analysis in the event it was desired to vary either the fragment density criterion or energy level 
criterion in the standards. 

The graphs shown in Figures 46 through 48 were derived to show the increase in the 
cumulative number of fragments per 10,000 ft2 with decreasing fragment weight for various 
collection distances. Because the donor stack was symmetrical north-south and east-west, the data 
from the north and south collections were combined; similarly, the northwest and southeast data 
were combined. In neither case were the collection areas directly opposite; however, the angular 
deviation from direct opposition was not considered significant. 

Figures 49 through SI show variations in the number of fragments, equal to or above specific 
weight levels, per 10,000 ft2 for various distances away from the donor stack. These figures are 
plotted for fragment weight levels of 0.08 and 0.28 pound. 
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Future  46.  Cumulative   Number   of   Fragments  per   10.000 ft2    Verm»  Weight   in   Pounds for 
Various Westerly Distances From the Donor. 
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Figure  47.  Cumulative   Number   of   Fragment*  per   10.000   ft2   Versus  Weight   in   Pounds  tor 
Various Southeasterly and Northwesterly Distances From the Donor. 
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Figure  48.  Cumulative   Number«  of  Fragments  per   10.000  ft2  Venus Wri|hi  in  Pounds for 
Various Southerly and Northerly Distances From the Donor. 

The selection of the 0.28-pound level was based on the following rationale: 
1. The present DDESB criterion for exposure of unprotected personnel to hazardous fragments 

stipulates an acceptable density of not more than one per 600 ft2, a hazardous fragment being 
defined as one having a kinetic energy of 58 ft-lb or greater. By analysis of ballistic trajectories, it 

can be shown that fragments reaching large distances from an explosion strike the ground surface at 
approximately their terminal velocity in free fall. 

2. The distribution of fragments in this test made it of interest to investigate the safe fragment 

distance based on the above criterion. From Figure 3 of Reference 3, the value of 0.28 pound was 
denved as the weight of a 58-ft-lb fragment moving at terminal velocity. Figure 66 of Reference I 
shows the limits of fragment hazard for the ESKIMO I test, based on the above standards. 

The choice of the 0.08-pound kvd was also derived from Figure 3 of Reference 3 for a 
fragment with 11 ft-lb of kinetic energy (a.> energy criterion recommended by some investigators) 
moving at terminal velocity. 
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fctsmuuiion of Fifum 4** through 51 shows thai none of ihr fragment arras watched provided 

a density of more than one 0 2H-pound fragment per hOO ft*. Fragment densities of ung O.OK-pound 
fragment per 600 ft2 were encountered jpptounuieh a» follows 

Dttntum fhtm d*mt*f Dtstmur fnm J>>n,+  ft 

North Mid »*il> I «um 

Notthwru and «tNittira«! I.7IM 

DATA DERIVED FROM INSTRUMENTATION 

Event Times 

With ihe exception of data derived from BKL »HI recording gauges, all data were recorded on a 

time base: standard IRKJ Formal r) for ihe motion pictures, and hinary coded 1.000-hert/ liming for 
magnetic tape data from piezoelectric blast gauges, linear motion transducers and accelerometerv 

Test event times derived from assessment nf the piezoelectric gauge data and accelerometet data 

were based on a zero time pulse indication derived Irom an tom/ation probe buned m the donor 

stack. A backup attempt to derive zero time from a light sensing device mounted alop Igloo I) did 

not produce a consistently good signal. 

MotiorvlSclure Photography 

The main test event was recorded pboii*graphicall> by ground-based In-mm and .»S-mm cameras 
using color film. Film speeds were varied from It) frames per second lor *»me overall view» lo 1.000 

frames per second for cameras placed in the magazines to 4.MX) fumes per second for exterior 
cameras focused on headwalls and doorwass. Ihe cameras operated as planned, however iiunv of the 

exterior photographs lacked crispnevs because ol thermal air effects associated with the season \>( the 

year and the time of day. Additionally photoflash lighting used within the igloos WJ> not properly 

timed. 

Motion Instrumentation 

Unear motion transducers positioned to measure movement oi' the concrete head*al> above or 
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TABLE t. Summary of Lntv Motion Transducer Data. 

IffcMlOCMMM MM 
Av voracity 

T «rw from MVtiation 
A« accataration 

from initial 

motion to maa. 
vatOCtty.f 

of MaMaaf 
ttmttmtm 

vaftocitv. 

*1/WB 

mot Ml to peek 

fite 

Of mo!«« to maa. 
vatorrty. HMK 

ftanvki 

A 13 J t.2ft 10.00 40 Door stops at hand of door. 

Nwy concrata haunchas 
from hMdwalt to roof 

• MJ 10.40 1700 M Rlinforctd cOAcnlt 

projection abova door 
opining to It if fan 

haaowali. 

C 133 3180 • 75 153 Stoaf dowat to nmtt door 

movmint at top; »aas 

affactwa than door «too« 
of othar >okx>« 

0 aM 34.10 7.M IM Haavy on*piaca ttaal Coor 
overlapping door opaning 

at top. 

1 441 3390 • 10 724 Door stops at top of door 
opaning. distorted, but 

remaining «n piaca. Enargy 
tramfar from door to top 

of haadwraM baftavad mora 

compsata   than   in   othar 

MMm 

near the center of the doorways of the five acceptor igloos recorded data from which motion values 
listed in Table 8 were derived. The large variation in motion values among igloos is attributed to the 
differences in headwall construction and in doorstop devices for inhibiting the movement of the tops 
of the doors rditrve to the concrete headwalls. Brief descriptions are given in the Remarks column 
of this table, and photographs and tabulation of wall movements measured statically appear in other 

sections o( the report. 
Data derived from acceicrometers are shown in Table 9. In general, the first motion after zero 

time is consistent with the arrival of the blast wave, with two notable exceptions, thai is. the left 
door leaves of Igloos B and C. No explanation is attempted for what appears to be a delay in first 

motion of about S.6 milliseconds at these positions. All accderometer records were brief because of 
the damage incurred by the doors on which the accelerometers were mounted. The records exhibit 
no significant frequencies because the motion was primarily translation rather than vibration. The 

right-hand column of the table was derived by a rough computation of theoretical maximum 
acceleration of an unrestrained body having the same mass as the test doot per unit of exposed area 
and experiencing blast pressure equal to that recorded as an average for the first millisecond of 
overpressure (approximating, but less than, the maximum overpressure). 
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TABLE 9. Summary of Accataromatar Oat« 

IflOO 
Urmxtn of Fni ifwt*o^. 

•oat 
■.mil it a», 

f 

Typ«! 
acceleration 
watMBi after 

peefc.i« 

Calculated me«—mm 
free bod» acceleration. 

f 

A Leffioor W 
R«hi (too* i«tt 

379 
383 

6 
870 

B Left door laaf 
Rajt« door laaf 

41.3 
36 * 

c 

1.200 760 to 980 
^10 

C Left door loaf 
Rajht door laaf 

416 
369 

c 
9 •Jit 

0 Left canter, ooor 
R«ht cant«, ooor 

358 
36.8 

760 
9 

478 to 660 
600 to 900 

780 

E Left door loaf 
R«ttt door leaf 

36.2 
361 

730 
976 

400 to 460 
660 

1.190 

* Rente of value« recorded 1 to 4 mtMieacondt attar »rwtiai mote« 
° Unreadable 
c Unreliable, timt of firtt mot «on incontwtor« with orfar data. 

Blast G9Ufe Data 

General. The blast puge instrumentation consisted of two basically different types of gauges: 
(I) BRL self-recording mechanicaJ puces placed at distances ranging from 730 to 3.400 feet from 
the donor center (Table 10) and 12) Kistler piezoelectric pug«, with relatively better 
frequency-response characteristics, placed in the headwalls of the mapzines and in the ground 2 feet 
in front of the igloo headwails. One electronic strain puge placed in the ground at Igloo B did not 

function. 

Data from Kistler piezoelectric puges and BRL mechanical gauges are presented in Tables 10 
and II. 

BRL rangei Data from BRL gauges are given in Table 10. The computer assessment of BRL 

records produced (I) tabulations of the overpressure and impulse versus time and (2) plots of the 
data. Figures 52 through 55 show the plotted data for II of the 13 BRL puges. In addition, the 
computer plotted the first part of the overpressure curve on a semilopnthmic scale and fitted a least 
squares line to the curve, permitting an extrapolation to zero lime for determining the most likely 
real initial overpressure. Figure 56 shows such a plot This procedure was designed to reduce the 
effect of slow response by the BRL puges at the leading edge of the shock wave. 

Similarly, the computer plotted the trailing edge of the positive phase of the overpressure curve 
on a semilopnthmic scale and fitted a straight line to it, permitting extrapolation to the most likely 

positive-phase duration (Figure 57). The program also included the compulation of impulse based on 

these extrapolations. The pressures experienced at the sites of the BRL puges were considerably less 
than those predicted for these locations. 
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TABLE (0. Summary of BRL Gauoa Data 

Gavfa local to* 
Bal 

ImpulM. 
pa»-maae Duration of 

Gmm 
Orstanca 

from donor 

■Mr, ft 

Dwact Cornputar OKKI ' Ccanputar 
ovarpraMura. cornputar 

aatrap.. maae 
9m reading •»trap raadmg txtrac 

NW 730 104 109 507 51.0 142 

NW 730 101 1 14 47» 48.9 132 

NW 1.130 0.71 062 318 32.7 108 

W1 1.130 064 0 63 
NW 1.210 0.56 057 28.7 30.7 158 

NW 1.210 0.49 0.50 27.9 38.4 157 

NW 1.700 0.37 036 22.3 22 J8 187 

NW 1.700 0.41 0.44 243 248 174 

NW 3.400 0.17 0.18 12 7 1X1 212 

NW 3.400 0.23 0.25 140 15.5 192 

sw 730 1.41 1.38 544 88.1 118 

TABLE 11 Summary of Pauo«4«ctric Gauoa. Data. 

Gauga location ' 

Gauga distanca 

camar. ft 

Paak ovarpraaaura. 
P* »mpurat 

pn maae 

Tim* of arrival 

raawi to raro 

Incdant 1 Ra«lactad tims, maae 

A.t.m. 

A. 1. w. 

A. r. 9. 

153 
148 

148 80 

270 
b 

1740 
.. P 
..P 

39.6 
37 J6 

38.2^/41.2» 

8. r. «. 

B.I m. 

B.r.g. 

148 
148 

145 62 

260 
* 

.. P 

1744 
.. P 

6 

366 
36.5 

34.9^/37.8* 

C. r. a». 

C. 1. N. 

C.r.9. 

148 

148 

146 80 

245 

' 8 

1480 354 

363 

0. r. «v 

0.1. w. 

0-8 

148 

153 

147 80 

270 
8 

2195 353 
372 

37.5*/.. . 

C.r.w. 

E.l.w. 

Il 
E.I 9- 

148 

148 
145 

145 

70 
e 

200 
210 
180 

c 

1200 
1295 

P 
. . .e 

365 

363 
35.8*/38.7» 

. . ,e 

• A. 8. C. O. and E rtrfor to «too idantit««; r. and I. '•<** to rajht 
and m, rafar to ground and wraM location» 

° Th« portion of raeord difficult to read and comaJarad unr«tiabta. 
e Noracord. 
* Tima of mcaJant blast. 
•T,m«of rttlaciadWan 

and laft petition«. 9. 
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Figure 56. Computer Plot of First Part of Overpressure Curve From BRL Gauge IS. 
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Ffcure 57. Computer Plot of Trailing Edge of Overpressure Curve From BRL Gauge IS. 

/ 

Piezoelectric Gauges. Data from Kjstler piezoelectric gauges are preserved in Table 11. The 

overall quality of these gauge records was adversely affected to some degree because the maximum 

overpressures exceeded those predicted end also exceeded the calibration limits. Additionally, the 
initial or zero positions of the records for the ground and left wail gauges at Igloos A. B. C. and O 

were dropped from the center frequency of the recorder toward the lower band edge with the 

expectation of a positive signal from the amplifier. Instead, the signal from the amplifier was 
negative.    (The    newly    received    amplifier/gauge   combinations   gave   signals   in   reverse   of   those 
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experienced with similar but older equipment.) As a result, the linearity of the records and their 
relationship to the calibrations are somewhat suspect for the gauges listed above. Despite these 
problems, the gauge d.ta considered in the aggregate with other data give solid evidence that the 
overpressures experienced were considerably higher than predicted or than the overpressure impinging 
on the igloo headwalls in the ESKIMO I test. 

DISCUSSION OF DATA DERIVED FROM INSTRUMENTATION 

Figure 58 shows values of overpressure versus scaled distance (X) for tests IC, 2C, 3C, 4C, and 
SC described in Reference 4. The explosive charges used in these tests are described below: 

Test no. Ounce shape Explosive weight, lb 

IC            Approximated a tube 5.000 
2C            Approxtmated a cube 20.000 
3C            Approximated a cube 10.000 
4C           Approximated a cube 10,000 
SC           4 ft x 4 ft in plan 20.000 

form x 25 ft hi*h 

In the above five tests the explosive charge consisted of reclaimed TNT cast in cut-down ammunition 
boxes with each box containing 50 pounds of explosive. 

Figure 58 also shows a plot of a standard overpressure versus scaled distance curve derived from 
Reference 5. This curve was based on hemispherical stacks of explosive. In comparing the plots of 
above described tests IC through 5C with the standard curve, note that values of overpressure for the 
cubical or plane-faced charge geometries are consistently higher than those of the standard curve for 
scaled distances (A) lower than 10 ft/lb1/3 and are consistently lower for higher X values. 

Figure 59 shows a comparison of overpressure and impulse curves derived from data in 
above-described tests with the standard BRL curves and with overpressure and impulse data from 
ESKIMO II. Note that the general tendencies shown in the prior plane-faced geometries are repeated 
in ESKIMO II. The following observations can also be made: 

1. Close-in overpressures and impulses recorded by the piezoelectric gauges tend to be slightly 
higher at north and south positions off the triangular faces of the bomb stack than they are at east 
and west locations off the sloping faces of the stack. However, lime-of-arrival values from the gauges 
and accelerometers tend to show more uniformity. 

2. Relatively far field overpressures recorded by the BRL gauges on the WNW radial tend to be 
lower than data derived from the cubes and the high square columnar geometries in Reference 4 and 
considerably lower than the BRL standard curves. The single data point on the WSW radial line 
shows the best agreement with the curve representing the plane-faced geometry of Reference 4. 

The points shown for ESKIMO II assume a TNT equivalent weight of 24.000 pounds. The blast 
wave produced by the bomb stack behaved much like 24,000 pounds of TNT in a cube configuration 
at a scaled distance approximating 5. but at scaled distances of 25 and greater on the NNW radial, it 
behaved more nearly like 12.000 to I5.G00 pounds of TNT in a cube configuration. 
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i—i—r  1 1 1—i—r 
• AVIRACC   VALUES  FNOM  TfcSTS 

2C  AND  SC.  KjOOO  L8  |REF   4) 

O AVERAGE  VALUCi  MOM  TESTS 
JC AND 4C.  10.0OO  L» (REF  4) 

A VALUES FROM TEST 
1C. »000  LB |REF  4) 

1 

,   ANOARO CURVE  OCRlVeO FROM  RCF   S 

Figure 58 Plot of Overpressure Venus Scaled Distance (X) From 
PUne-Sided Explosive Stacks Compared With a Standard Curve 
Derived From Hemispherical Stacks. 
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Figure 59   Companion of ESKIMO II Blast Data With Other 
Selected Blast Data. Assumed effective W » 24.000 pounds. 
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CONCLUSIONS 

Because the near field blast loading exceeded thai planned, the igloo structures were subjected 
to an ovenest. Despite this overtest the large angle leaf sliding door on Igloo D (south) withstood 
the blast loading wi'hout breakup or severe distortion. Likewise, the Stradley-type headwaU used for 
Igloo B (northeast) incurred a clearly acceptable degree of damage. 

ESKIMO III. the next in the series, will test the capability of the noncircular arch remaining in 
Igloo B to withstand blast loads imposed side-on by the detonation of a stack of donor bombs 
contained in an 80-foot-long magazine parallel to Igloo B with a clear separation distance of 125 X 

The slightly damaged headwall of Igloo B will be replaced with a headwafl of similar concept 
redesigned to accommodate a single leaf sliding door essentially similar to that used in Igloo D. If 
successful in the ESKIMO III test, the combination of the I-gauge corrupted noncircular arch with 
the Stradley-type headwall concept and the one-piece sliding door will be considered a strong 
candidate for a standard magazine design. 

The door modifications tested in Igloo E (west) are not considered successful and, therefore, 
not a reasonable expedient for upgrading existing magazines. 

The test reaffirmed the need for achieving a balance in the strength of headwalls and doors. 
Results at Igloo D demonstrated the severe damage sustained by this type of wall when combined 
with a strong door that does not significantly distort or yield under load, and thus transfers its 
loading to the headwalls. 

Damage experienced by Igloo A (north) was insufficient to cause detonation of acceptor charges 
but did cause initiation of acceptor fires and also considerable acceptor breakup. The headwall and 
door designs are not considered adequate for the blast loadings experienced in this test (well above 
the planned loading at this igloo). However, it should be noted that the door slop devices at the 
door head and sill did remain in place. The concept of providing door support by transfer of door 
loads to the rigid structural planes of the floor and ceiling is a rational approach structurally and. 
where operational processes permit, might deserve cost comparison with the horizontally spanning 
door and vertical pilaster combination. 

Results and general conclusions from the study of the effects of the blast on the window test 
cubicles and vehicles are described in Appendix B. The conclusions are summarized as follows. 

1. The test supported the U.S. inhabited building distance standards and the U.S. public 
highway separation distances. In no case did the automobile damage exceed the level considered 
tolerable by most US. authonties. 

2. The absence of window lamage at 3.400 feet, twice the NATO inhabited building distance, 
suggests that ;his distance is unduly conservative. 

Tie above conclusions regarding window and vehicle damage are based on an assumed 
equivalent explosive loading of 24,000 pounds of TNT. Although overpressure and impulse values 
recorded by gauges in the far fieid were lower than expected, and although it is considered possible 
that the same amount of donor explosive packaged or stacked differently cculd produce higher 
pressures and impulses at the building and vehicle locations, it is believed that the results represent a 
reasonably typical storage situation and are more realistic than idealized donor configurations such as 
hemispheres of bulk explosive. 
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Appendix A 

ESKIMO II LOADING PREDICTIONS 

hv 

R   t. Reislcr 

and 
W   Baity 

BallislK* Research Laboratories 
Aberdeen Proving Ground, Maryland 

December 1973 

This appendix was prepared at the request 01 DDESB as a contribution to the 
final technical report on the ESKIMO II test. 
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BALUSTIC RESEARCH LABORATORIES 

RRetskrWBaity/njt 
Aberdeen Proving Ground, Maryland 
December 1973 

ESKIMO II LOADING PREDICTIONS 

ABSTRACT 

The Ballistic Research Laboratories responded to an informi! request by the Department of 
Defense Explosives Safety Board to determine the charfe weight to be used in the Eskimo II test 
that would generate a 30 pti overpressure and yield an 1100 psi-miihsecond impulse at a specific 
position on the headwaU of an earth-covered steel arch igloo magazine located at a ground range of 
147 feet. 

A set of predictions was derived using the BKL computer program SLOFF. The inputs 
simulated hemispherical TNT charge yielOs of W'/3 equaling 21.5, 22° and 24.7 at ground ranges 
such that the sideon pressure was 20. 23, 30 and 40 psi. Evaluations were made using overpressure 
decay rates derived by both Brode ar.J Kingery. 

The charge source was restricted to 750-lb M117 bombs. Based on hemispherical TNT urlace 
burst studies, the effective yield of Ml 17 bombs and the loading prediction of SLOFF. 
recommendations for a 72 Ml 17 bomb source were made. The predicted stde-on pressure was 38 psi 
with an 1100 psi-millisecond impulse at the specified headwall position. Since the cylindrical shape of 
bombs precluded hemispherical stacking, the alternative of triangular stacking was suggested. 
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I. INTRODUCTION 

The Ballistic Research Laboratories (BRL) responded to an informal request by the Department 
of Defense Explosives Safety Board (DDESB) to determine the charge weight to be used in the 
Eskimo II1 * test. This experiment was designed to obtain blast loading and response data on full 
scale storage igloos of varied headwall and door construction. To make effective use of the capital 
assets remaining after the completion of Eskimo I test2, it was decided to centrally locate the charge 
such that the three remaining storage igloo headwalh and the two to be added would be subjected to 
similar loading. Results from Eskimo I and previous model studies indicated that a charge which 
would generate a 30 psi overpressure and yield an 1100 psi-miUisecond impulse at a specific position 
on the headwall was desirable. The DODESB final specifications were that the ground range would be 
147 feet and that the impulse should be MOO pst-miUiseconds with side-on pressure being the 
variable parameter 

A set of predictions was derived using the BRL computer program SLOFF**. The inputs to the 
program included positive phase overpressures ranging from 20 to 40 psi maximum side-on pressure 
wit** the decay rate and duration corresponding to that expected from hemispherical TNT charges at 
specific ground ranges. The output, expected impulse at the designated position on the headwall, was 
extrapolated to provide the proper impulse at the selected ground range which in turn indicated the 
TNT equivalent charge to be used. 

II. APPLICATION OF SLOFF TO ESKIMO II 

SLOFF is based on empirically derived equations and designed to predict the loading on any 
rectangular surface oriented normal to the direction of travel of a plane shock wave3. Modifications 
were made so that the program could evaluate the single point of interest on the magazine headwall 
polygon. The program can evaluate the effect of rectangular opening in the front surface but in this 
scries the doors were considered as capable jf withstanding the loading. It should be mentioned that 
the program makes no provision to handle reflections or compression waves generated by surface 
irregularities or objects in proximity to the area of interest. 

Input parameters included the maximum side-on pressure and positive phase duration associated 
with a hemisphere of TNT resting on the ground. The hemispherical TNT data in Reference 4 
provided appropriate base information for the test conditions. Three charge weights of 10,000 lb, 
12.000 lb. and 15.000 lb were chosen with a maximum free field sideon overpressure of 20. 25, 30 
and 40 psi. The positive phase durations and ground range for these conditions were then determined 
from the same reference. 

Two evaluations of the impulse at the gage position for the twelve conditions were made using 
different equations to describe the decay of the overpressure function. The first calculation used 
equations describing the exponential decay suggested by Brode5 and the second used the empirically 

* Superscript number» denoted references luted un paee 65 
** Computer program • Shock Loading On Pront Face 
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TABU I    RESULTS FOR 10.000 lb.  12.000  lb.  and 15.000  lb  I*T 

CHARGE 
iVEIOfT 

lib) 

15.000 

12.000 

10.000 

GROUND 
RANGE 

123.3 
141.8 
155.4 
172.6 

114.4 
131.6 
144.2 
160.2 

107.7 
123.8 
135.7 
150.8 

OVER 
PRESSURE 

(ft)    (psi) 

40 
30 
25 
20 

40 
30 
25 
20 

40 
30 
25 
20 

POSITIVE 
PHASE 
DURATION 
(msec) 

38.7 
40.4 
44.4 
49.3 

35.9 
37.5 
41.2 
45.8 

33.8 
35.3 
28.8 
43.1 

PREDICTED 
IMPULSE 
Note A 
(psi-msec) 

912 
754 
666 
572 

858 
710 
627 
540 

816 
676 
5S7 
514 

PREDICTED 
IMFUL5B 
Note 8 
(psi-msec) 

992 
879 
778 
660 

935 
828 
733 
623 

888 
789 
700 
595 

Note A. Jünger/ 
B. Erode 
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TABLE 1J RESULTS FOR 24,000 lb TNT 

CHARGE GROUND OVER POSITIVE PREDICTED PREDICTED 
KhIGHT RANGE PRESSURE PHASE IMPULSE IMPULSE 

DURATION Note A Note B 
(lb) (ft) (psi) (msec) (psi-msec) (psi-rascc) 

24,000 144.0 40 45.2 1068 1160 
16S.6 30 47.2 882 1082 
181.4 25 51.3 779 910 
201.6 20 57.6 

Note A. 
B. 

670 

Kingery 
Brode 

772 

TABLE III  PREDICTED RESULTS 

* T 

CHARGE GROUND 
RANGE 

(ft) 

OVER 
PRESSURE 

(psi) 

POSITIVE 
PHASE 
DURATION 
(msec) 

PREDICTED 
IMPULSE 

(psi-msec) 

72 
M117 
Bombs 

147 33 45.5 1100 

Note: Sea level conditions 

63 



NWC TP 5557 

derived equations suggested by Kingery6. The results, tabulated in Table I, show the impulse loading 
for these charge weights to be much less than the desired 1100 psi-milltsecond. Subsequently, two 
additional charge weights of 20,000 lb. and 24,000 lb. were selected and the data scaled for these 
conditions. It was considered adequate for this exercise to use cube root scaling for the impulse 
loading as depicted in Figure I in lieu of several additional computer runs. The results of the 24,000 
lh charge weight arc presented in Table II. This data enabled the determination of the parameters 
associated with the specific ground range of 147 feet selected by DODESB as presented in Table III. 
All evaluations were made at standard sea level conditions as requested. 

III. COMMENTS 

y 

\ 

Recommendation of a relatively clean predictable source such as ammonium nitrate/fuel oil78-9 

was made, but because of other considerations the source was restricted to 750 lb Ml 17 bombs 
surrounded by an earthen revetment. The effective yield of the Ml 17 bomb10, derived by 
determining the TNT equivalent weight of the explosive filler and using the modified Fano formula 
to estimate the energy available to the blast wave, suggested a nominal 72 bombs as equivalent to 
the recommended TNT charge. Since bomb shape precluded hemispherical stacking, the alternative of 
triangular stacking was suggested. No air blast data from the detonation of a stack of bombs of this 
geometry was available; however, small charge experiments conducted by DRIil and BRl ' - with 
bare cylindrical charges fired in free air and on the ground offered some information. In these 
experiments the effects of charge geometry on the blast wave was observed. In the case of a right 
circular cylinder, a bridge wave forms off the corners from the interaction of the primary end wave 
and the primary side wave. The direction of propagation is at 45° to the axis of the cylinder. Higher 
side-on pressures associated with these interactions were measured in an area subtended by a 30° arc 
in the direction of propagation. Applying this observation to the shape of the bomb stack suggested 
that these higher pressure regions would not affect the shock loading of igloo headwalls facing the 
sides of the bomb stack. 

Another applicable geometry effect observed in small charge experiments was the increased near 
field peak pressure associated with an increase in presented area of the charge in that direction. 
Overall dimensions of the stack would approximate a base of 129 i.iches with a height of 112 inches 
and a side width of 102 inches. This charge geometry presents an area greater on the sides than on 
the ends, but the difference was considered tolerable. 

Even though the donor charge offered a number of uncertainties • such as correspondence in 
effective yield, edge effects from the stack shape, correspondence in overpressure wave shape, 
coalescence of multiple shocks and their expansion over the revetment into a clean wave in the near 
field • it was anticipated that a good pressure-time history would be recorded and that this could be 
used as an input to a modified SLOFF program that would evaluate the average loading on the 
magazine doors. Correlation of the test measurements and predictions will be made after the test data 
has been evaluated. 

• 
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Appendix B 

AIRBLAST EFFECTS ON WINDOWS IN 
BUILDINGS AND AUTOMOBILES 

ON THE ESKIMO II EVENT 

by 

E. R. Fletcher 
D. R. Richmond 

R. K. Jones 

Lovelace Foundation for Medical Education and Research 
Albuquerque. New Mexico 87108 

September 1973 

This appendix contains six photographs of window test structures and 
automobiles that were added by NWC to supplement data provided by the Lovelace 
Foundation. 

66 



f NWC TP 5557 

AIRBLAST EFFECTS ON WINDOWS IN 
BUILDINGS AND AUTOMOBILES 

ON THE ESKIMO II EVENT 

E. R. Fletcher. D. R. Richmond, and R. K. Jones 
Lovelace Foundation for Medical Education and Research 

Albuquerque, New Mexico 87108 

INTRODUCTION 

Objectives 

The objectives of this project were: 
1. to determine the velocities, masses, and spatial densities of the fragments from three types 

of standard plate-glass windows* mounted in closed, cubical structures at three unges on the 
Eskimo 11 test; 

2. to study the response of a clothed anthropomorphic dummy (a) Handing behind one of the 
plate-glass windows and (b) sitting in an automobile; and 

3. to estimate the hazards to occupants of buildings and automobiles exposed to similar levels 
of airblast. 

Background 

There are many civilian and military organizations concerned with the safety of personnel in 
the advent of a nearby accidental or intentional detonation of explosive materials. One major 
problem area has been the evaluation of the flying-glass hazard to occupants of buildings, houses, and 
automobiles. Experimental and theoretical studies have produced a fair amount of information 
regarding the conditions under which ordinary windows will break, but considerably less is known 
about the characteristics of the resultant fragments. Reference I summarizes the available pertinent 
data which were obtained mostly by trapping glass fragments in sheets of Styrofoam (expanded 
polystyrene) placed behind windows in houses located in the vicinity of nuclear and HE detonations 
at overpressure levels between 1.0 and 5.0 psi. Most of these data were for windows with a glass 
thickness of from 0.082 to 0.13 inches, whereas the plate glass commonly used in buildings has a 
thickness of from 0.18 to 0.28 inches. The only data in Reference 1 for plate glass were obtained 
from five identical windows in one house exposed at an overpressure level of 2.7 psi. Thus, the 
Eskimo II test provided an opportunity to fill the gap by exposing plate-glass windows of several 
designs to lower overpressure levels than those that had been previously tested. 

• Sheet-glass windows were also included in the tests. 
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PROCEDURE 

Modules 

Ten 9-foot cubical boxes called modules were fabricated and portioned along the northwest 
radial (see Figure 1) by China Lake personnel. Three modules abutted 01 e another at the 3400-foot 
range, three at 1700 feet, and four at 1210 feet. The only openings into euch module were a hole 
where a window was mounted ana an access door which was closed during the blast. All of the 
windows faced ground zero. Figure 2 shows a preshot view of the modules at the 1700-foot range. 

Windows 

The three types of windows tested are shown at the bottom of Table 1. Types Wl and W2. 
designated as projected and horizontal-sliding, respectively, are commercial-type windows used 
extensively in government buildings and comply with, but do not exceed, the Architectural 
Aluminum Manufacturers Association (AAMA) specifications. The Type W3. window-walls, were 
mounted in a neoprene structural gasket system used in Federal office buildings but no AAMA 
specifications are available. Three Type Wl, four Type W2, and three Type W3 windows were 
mounted one each in the ten modules. One window of each type was tested at each of the three 
ranges. The additional Type W2 window was located at tne 1210-foot range. Some of the panes were 
spray painted different colors to aid in identifying the sources of the trapped fragments (sec Table I). 

Styrofoam 

A Styrofoam witness plate was mounted on the inside back wall of each of six of the modules 
at the 1700- and 1210-foot ranges in an attempt to trap glass fragments if the window was broken 
by the blast wave. The witness plates were fabricated at the Lovelace Foundation using low-density 
Styrofoam (Type II, described in Reference 2) glued to 1/2-inch plywood. Each witness plate 
included two pieces of Styrofoam each 90 inches high, 32.5 inches wide, and 6 inches thick. Prior to 
fabrication, calibration techniques described in Reference 2 were used to develop a formula for 
determining the velocity of a fragment from its mass and the volume of the impression it made in 
the Styrofoam. In each module the distance from the window to the surface of the Styrofoam was 
approximately 84 inches. 

Cloth Sheets 

A cloth sheet (95 inches wide, 95 inches high) was hung behind the window in each of the 
three modules at the 3400-foot range in order to estimate possible penetration of clothing if the 
windows broke. The four sides of the sheets were fastened to wooden frames positioned 47 inches 
behind the windows. 
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Figure 2. Pre.hot View of (fron left to ri*ht) Module. B3. 
B6, and B7. 
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TABLE I 

DESCRIPTION OF THE WINDOWS IN THE MODULES 

1 Window 
Type 

Parameters for Individual Panes 

Number Color* 
Width, 

in. 
Height, 

in. 
Type of 
Glass Frame Type 

Wl 

PI 

P2 

P3 

P4 

Copper 

Green 

Silver 

Black 

45 

45 

42 

42 

45 

45 

20 

20 

Plate 

Plate 

Sheet 

Sheet 

Fixed 

Fixed 

Top Opening 

Top Opening 

W2 PI 

P2 

Copper 

Green 

14 

4 

48 

40 

Sheet 

Plate 

Horizontal Sliding 

Fixed 

W3 
PI 

P2 

Copper 

Green 4 

90 

90 

Plate 

Plate 

Fixed 

Fixed 

•   A thin coat of paint was sprayed on both sides of each pane 
st 1210 and 1700 ft ground range but not at the 34C0 ft ground 
range. 

FRONT VIEWS OF THREE MODULES INDICATING 
WINDOW TYPE AND PANE NUMBERS 

Wl 
PROJECTED WINDOW 

W2 
HORIZONTAL- 

SLIDING WINDOW 
W3 

WINDOW WALL 

m\m\\\w) 1 
PI P2 

S^BBBSBSSa 
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AutoMobilei 

Ten conventional automobiles wir uiuurU »HI ihn te*i U-c Figure IK right were situated 
left **ie-on on the northwest r*iul <»nr at 1701) feel, two at II.K) feet, and five at 730 feet), and 
two were exposed face-on on the southwest radial ("MO feet I. No Styrofoam was placed in any of 
the automobile«. 

Two anthropomorphic dummies atlued m summer civilian cU»thing were supplied by the 
Lovelace Foundation for this test. One of the dummies was standing 3S inches behind pane P2 in 
the P4 module at 1210 feet. This module did run contain any St>rofoam witness plates. The dummy 
faced the window with his chest resting lightly against a narrow metal rod intended to stabilize his 
position poor to shock arrival while not interfering with subsequent possaSle blast displacement. The 
other dummy was secured b\ means of a lap seat hell in the diner's seat of a left-tide-on station 
wagon located at 730 feet on the northwest radial (see Figure I). 

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 painted on the portion 
of the module wall in the field o< view of the camera in order to facilitate velocity determinations 
for the glass fragments and the dummy. 

Overprevure Gauge» 

Eleven self-recording HKI mechanical gauges were positioned, two each, at the 3400-, 1700- 
I.I0-. II30-. and 730-fooi range» «*n the northwest radial and one at the 730-foot range on the 
southwest radial. These were supplied hy China Lake. 

RESULTS AND DISCUSSION 

General 

All of the modules remained structurally intact and none of the cloth sheets or Slytofoam 
witness plates were damaged «w displaced hy the Mast experience. A total of 42b fragments were 
trapped from 14 of the 17 panes which brake. Window damage was noted in eight of the ten 
automobiles on the layout. Dummy and glass responses were satisfactorily documented with both 
motion-picture cameras. Good pressure-tune rccoids were obtained fiom all tauge; and average 
measured peak incident overpressures arc given in Figure I for the live ranges of interest. 
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Windows m Modules 

The 26 pan» of glass exposed n ihe module* are luted in Table II along with such 
■formation as glass thickness, whether or not the pane broke, and the number of fragments trapped. 
AD ten panes at 1210 feet, sewn of the eight panes at 1700 feet, and none of the eight pane» at 
3400 feet broke. As expected, only a port Km of the glass from the broken panes was actually 
trapped. This is indicated by the number of fragments on the floor below the Styrofoam shown in 
Figure 3. a postshot view through the frame of pane PI in module B2. Table II also contains the 
average measured peak incident overpressure, P,. the calculated (ussry P,» peak overpressure in the 
reflected wave at the front of the modules. Pr. and the average measured duration of tlie positive 
phase of the incident overpressure. tp 

The masses and velocities were determined by procedures deserted in Reference 2 for all but 
five fragments which struck to close to other fragments that the measured volumes of the impressions 
in the Styrofoam were suspect. As m the past, it was noted that for each pane an approximately 
linear relationship existed between the logarithms of the velocities and the logarithms o( the masses 
of the fragments. A least-squares linear-regression analysis was performed for each pane and the 
results appear in Table II where VJO and MSo are the geometric mean fragment velocity and mas*, 
respectively: b and k are the slope and the standard error in the slope of the regression line, 
respectively: and fc.v is the geometric standard error of estimate of fragment velocity. In additicn. 
A50 is the geometric mean frontal area of the fragments (calculated from the density and thickness 
of the glass and M50). and fc,m and E., are the geometric standard deviation of the fragment masses 
and frontal areas, respectively. All 42t> fragments were used in computing the densities of trapped 
fragments which, for each pane, tended to be constant over an area of Styrofoam equal to the size 
of the pane. This area was. in general, centered somewhat below the center of the pane as a result 
of the fragments' having fallen (due to gravity) in traversing the distance from the frame to the 
Styrofoam. Likewise, the density of trapped fragments lor an entire window (i.e.. counting the 
fragments from all of the panes) tended to he approximately constant over an area of Styrofoam 
equal in uze to the window but displaced downward. The computed average densities (designated as 
pd and pm for the individual panes and entire windows, respectively) over these area* of 
approximately constant density are listed in Table II. 

It was noted that Ihe fragment data for panes of approximately the same thickness located at 
the same ground range tended to be very similar. Therefor the data were combined into four groups 
ret resenting panes approximately 1/4- or l/K-inch-thitk located at the 1210- or 1700-foot ground 
i^nge These groups are shown in Figures 4 ihrough 7. The rc\ult\ uf a regression analysis for each 
of tru four groups are given in Table II where it can he noted that for six panes of approximately 
l/4-mch''n:k glass at 1210 feet the mean velocity of trapped fragments was 52.1 ft sec compared to 
52 ft/sec tor the pane which struck the dummy as estimated Irom the motion-picture record. 

Figures 4 through 7 also contain the regression lines as wet! as lines drawn one standard error 
of estimate on either side of the regression lines. In addition, the figures contain curves indicating the 
probability of a fragment's penetrating I cm ol soli tissue as given in Reference 3. It can be seen 
that, of the 421 trapped fragments for which masses and velocities are available, only ten had at 
least a 1.0-percent probability of penetrating I cm of tuft tissue. These fragments are listed in Table 
III. Nine of the ten occurred at the 1210-foot range where fragments were trapped behind eight 
panes giving an average of about one fragment per pane with a significant (>I.O percent) probability 
of penetrating I cm of soft tissue. The highest probability computed at this range was 44 percent. In 
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Figure 3. Pottshot View Through the Flane of PI 
Showing the Styrofoan VJitness Plate In 
B2. 
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TABLE III 

WINDOW GLASS FRAGMENTS WITH A SIGNIFICANT* 
PROBABILITY OF PENETRATING 1 CM OF SOFT TISSUE 

Module 
Number 

Pane 
Number 

Fragment 
Mass, 

gm 

Fragment 
Velocity, 

ft/sec 

Probability of 
Penetrating 1 cm 

of Soft Tissue, 
percent 

Bl PI 0.29 
5.03 

178 

160 

1.4 

12.0 

B2 P2 

1.03 

1.95 

3.51 

2.11 

149 
154 

162 

187 

1.6 

4.0 

11.0 

21.0 

B3 

P2 0.58 154 1.1 

P4 0.55 

0.97 

169 

239 

2.3 

44.0 

B6 P3 0.17 233 4.o          m 

*  £ 1.0 percent« 
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contrast, only one fragment with a significant probability (4.0 percent) of penetrating was caught 
behind the eight panes at the 1700-foot range giving an average of about one-tenth fragment per 
pane. 

In order to make comparisons between this and prior experiments, the current data were 
plotted in Figures 8 through 10 which were modified from Reference 1. In these figures, it can be 
seen that the fragment velocities, frontal areas, and densities for the current data tend to lu.e up 
reasonably well with the corresponding values for the prior data when plotted against effective peak 
overpressure, taken to be Pr for the current data since all the windows faced the advancing blast 
wave. However, on all three figures the current data tend to fali above the regression curve based on 
the prior data only. Thus, the current data suggest that in each case the shape of the regression 
curve might need to be modified for the lower overpressures. In the case of the mean fragment 
velocity, this is probably because the fragments with low velocities will not be caught in the 
Styrofoam. 

Dummy in Module 

The window pane (P2) 35 inches in front of the dummy was broken by the blast wave. From 
the motion-picture record it was determined that many fragments struck the upper half of the 
dummy with an average velocity of about 52 ft/sec. However, the only effects noted on the dummy 
were three 1/8-inch-diameter holes in the shirt. One was located near the left shoulder and two were 
along the left arm about the level of the elbow. There was no damage or lacerations to the dummy 
itself beneath the small holes in the shirt and the fragments did not adhere to the material. 

As a result of being struck by the blast wave and glass, the dummy was accelerated such that 
his head and center of mass were moving backward at 1.2 and 0.75 ft/sec, respectively. He was 
found in a supine position and, although the actual impact could not be seen in the film record, it 
was estimated that his head and center of mass impacted the floor at vertical velocities of 20 and 13 
ft/sec. respectively. It was further estimated that the dummy required about 1.3 sec to impact the 
floor which is about twice the predicted average time required for the glass fragments to fall to the 
floor. It would thus be expected that the dummy would fall on top of the glass fragments on the 
floor, and such was found to be the case. Several large cuts were found on the back of the hat and 
shirt of the dummy as a result of his having fallen onto the glass. 

Windows in Automobiles 

The locations of the automobiles on the layout a indicated in Figure I. and the observed 
window damage is documented in Table IV. At 730 feet (1.2 psi) the most common damage was to 
windshields and door windows, particularly on the side of the automobile facinp the oncoming blast 
wave. On the average, about two windows per automobile were damaged, of which approximately 
one half completely broke out and one half sustained multiple fractures but remained in place. Both 
automobiles at 1130 feet (0.62 psi) sustained only multiole fractures of the windshields. None of the 
windows in the automobile at 1700 fee: (0.41 psi) were damaged. There was no evidence that any of 
the automobile windows were broken by bomb fragments or crater ejecta rather than by the airblast 
itself. 

Fragments from  the window which  broke out  in automobile A3  traveled across the field of 
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Figure 10.       Scaled Average Maximum Density of Trapped 
Fragments Plus 2.07 vs.   Effective Peak Over- 
pressure. 
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TABLE IV 

AUTOMOBILE WINDOW DAMAGE 

1   Ground 
1   Rang«. 

ft 

Pi« 
pal 

Automobile Windowa 
Damaged Extent of Window Damage    1 Orientation 1   Number Deacription 

730 1.2 

Face-On 

Al |    Renault |   None None 

A2 Pontiac 

Wtndehield 
Left Rear- 

Door 
Right Front- 

Door 
Right Rear- 

Door 

Completely broken out 
Mult.pie fracturea 

Completely broken out 

Multiple fracturea 

Left 
Side-On 

A3 
Dodge 
Station 
Wagon 

Windshield 
Left Rear- 

Door (S.der 

Multiple fracturea 

Completely broken out 

A4 VW Left Door Completely broken out 

AS Peugeot 

Left Front- 
Dotr 

Right Front- 
Door 

Completely broken out 

Completely broken out 

A6 Chevrolet 
Windahield 
Left Rear- 

Door 

Multiple fracturea 
Completely broken out 

A7 Dodge 
Fuel Truck 

Left Door 
Left Vent 

Multiple fracturea 
Multiple fracturea 

1130 0.62 Left 
Side-On 

A8 VW Bua Windshield Multiple fracturea 

A9 Lincoln Windahield Multiple fracturea 

1700 0.41 Left 
Side-On A10 Buick None None 

*  An anthropomorphic dummy wn aecured in the driver a aeat oi thie atation 
wagon by meana of a lap aeat belt. 

• • Analyaia of the film record »rom the camera (402 framea p<r aecond) viewing 
thie window indicated that the fragmenta had a mean velocity of about   11 ft/aec. 

Note:    There waa no evidence that any of the automobile window« were broken by bomb 
fragmenta or crater ejecta rather than by the airblaat itaelf. 
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view of the motion-picture camera. From analyzing this record, it was determined that their average 
velocity was about 11 ft/sec. It is estimated that fragments with this low of a velocity would have a 
very small probability of penetrating 1 cr.. of soft tissue. 

Dummy in Automobile 

No damage was observed to the dummy secured by means of a lap seat belt in the driver's sea?: 
of the left-side-on sution wagon (A3) at 730 feet (1.2 psi). The only window which broke >ut in 
this automobile was the one in the left rear side door, but none of the fragments struck the Mummy. 
From the motion-picture record it was determined that the dummy suffered no significant 
displacement during the bias! •»jvrrience. 

Window Cubes at 1,210 Feet. All windows were »nattered by the blast. 

• 
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Liie-Size Dummy in Window Cube at 1.210 feet. 

- 

Window Cubes at 1,700 Keet. All window pane« were broken out except one. 
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Window Cubes at 1.700 Feet Showint Glass Shards in Glass Trap*. 

Damaged Station Wagon at 730 Feet. Note broken side window» and shattered windshield. 
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- ■ 

Fuel Tanker at 730 Feet Showir* Glas» Damage and Denting o' Door and Fender. 
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