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FOREWORD

This report de~zribes a full-scale magazine tcst conducted at the Naval Weapons Centev in
August 1977. The test work was conductcd fbi the Department of Defense Explosives Safety Bo:)ard
(DDESB) using funds provided by that organization. The work was identified by Army Programl
Element Number 6.57.02.A and Projkct and Test Area Number 4A765702M857.

From data derived from the test. DDESB gained considerable information on explosive hazards
and storage magazine criteria.

This report has been reviewed fox technical accuracy by DDESB staff member Dr. Thomas A.
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INTRODUCI'ION

At the request of the Department of Defense Explosives Safety Board (DDESB), the Naval

Weapons Center (NWC) conducted a large-scale explosives hazard test known as ESKIMO V (ESKIMO

is an acronym for Explosive Safety Knowledge IMprovement Operation). The test was carried out in

August 1977 at the Randsbarg Wash Test Range, and was the fifth in a feries of full-scale tests foi

earth-covered magazines sponsored by the DDESB.

ESKIMO 1,1 the first test, was conducted in December 1971 to determine a safe, practicable

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

Explosion cojmmiunication occurred to an acceptor igloo of tlhs design at a distance in feet equal to

1.25 X IV1
/3, in which R' is the weight in pounds of' the high explosive in storage, but failed to

occur at a distance of 2.0 X W4l1/3 to the rear of the donor. Further, the test revealed that safety

and economy might be increased through improved design for closer balance in strength between the

doors and headwall of the magazine. (A minimum separation distance in feet equal to 1.25 X W11 3

in customary units is equal to approximateiy 0.5 in metric units, in which the separation distance is

in meters and W is in kilograms.)
ESKIMO II was conducted in May 1973 to appraise magazine door and headwall, designs. 2 A

large, single-leaf sliding door withstood the blat with minor distortion, although the accompanying

headwall sustained severe damage. A Stradley-type headwall, on the other hand, incurred only minor

damage. In addition, the noncircular (oval) steel arch tested with the Stradley headwall withstood the

blast without breakup or severe distortion.
FSKIMO 111,3 conducted in June 1974, further extended the study of explosive-storage

magazines using information derived from ESKIMO I and II. A further test of the oval arch and

Stradley-type headwall. ESKIMO II used structures remaining from ESKIMO Il, rebuilt as necessary,

as well as new construction of a light-gauge, deeply corrugated, steel-arch magazine. Igloo B, the

oval-arch magazine tested in ESKIMO I1, was fitted with a newly designed Stradley-type headwall

with a single-leaf sliding door. ESKIMO II proved that the Stradley-type headwall could withstand a

face-on impulse of 1,750 psi-ms (12 066 kPa-ms) and that the steel oval-arch igloo could withstand

the face-on impulses generated by that charge. ESKIMO II tested the ability of the new headwall to

withstand the side-on blast imposed by the explosion of an adjacent magazine.

I Naval Weapons Center. ESKIMO I Magazine Separation Test, by Frederick H. Weals. China Lake, Calif.,

S* NWC, April 1973. 84 pp. (NWC TP 5430, publication UNCLASSIFIED.)
2 Naval Weapons Center. ESKIMO !1 Magazine Separation Test, by Frederick H. Weals. China Lake, Calif.,

NWC, September 1974. 90 pp. (NWC IP 5557, publication UNCLASSIFIED.)
3 Naval Weapons Center. ESKIMO III Magazine Separation Test, by Frederick I. Weals. China Lake, Calif.,

NWC, February 1976. 70 pp. (NWC TP 5771, publican:on UNClASSIFIED.)
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ESKIMO IV,4 conducted in September 1975, continued the study of explosive itorage magazines,
using information from the prior tests in the ESKIMO series. The door and headwall combination used
on the oval-arch magazine was again tested in ESKIMO IV but with face-on blast loading as compared
with the side-on loading experienced with ESKIMO Ill, The door that had fallen off its supports in
ESKIMO IIl was rehung ir. position. ESKIMO IV provided the initial test of the combination of a newly
designed headwall and single-piece sliding door under face-on loading. ESKIMO IV also included a
rebuilt standard headwall and doors (OCE standard drawing 33-15-64) as a control structure, and a
single-piece sliding door rernaining from ESKIMO Ill, in combination with a rebuilt standard headwall.
The response of the three magazines was essentially as expected, with only minor damage occurring to
two of the three. The third magazine experienced door failure and presented unacceptable hazards to
stored sensitive materials.

GENERAL DESCRIPTION

ESKIMO V was a continuation of the study of explosive-storage magazines, using information
from the prior ESKIMO tests. The oval steel-arch igloo used in ESKIMO Ill (side-on loading) and
ESKIMO IV (headwall loading) was again tested. The earth cover was removed, the concrete thrust
beams were removed, and tne dirt fill was replaced. ESKIMO V also included a newly constructed
magazine of the FRELOC concrete-arch type. Since door response was not a concern in this test,
nonpermanent steel doors were spot-welded and/or bolted to the door openings of both igloos.

This report discusses ESKIMO V, its objectives, procedures and results, and the conclusions drawn
from these results.

TEST OBJECTIVES

The main purposes of this test were (1) to validate and justify the removal of the costly concrete
thrust beams from the oval steel-arch igloo, and (2) to demonstrate the safety of applying current
side-to-side separation distances to concrete-arch igloos, which had never been tested at such small
separations. A secondary purpose was to demonstrate once again at full-scale the greater safety of
earth-covered storage as compared with above-ground storage.

TEST LAYOUT

TEST ARRAY

The ESKIMO V test array consisted of two magazine struc ores each side-on to the explosion
scurce at centerline separations of 155 feet (47 meters) as shown in Figures 1 and 2. The northwest
igloo (Igloo A) was of the FRELOC concrete-arch type constructed especially for this test. The
southeast igloo (Igloo B) was the oval steel-arch structure used in ESKIMO II, Ill, and IV, but modified

.4Naval We.pons Center. ESKIMO IV Magazine Separation Test, by F. H. Weals and C. H. Wilson. China
Lake, Calif., NWC, March 1977. 52 pp. (NWC TP 5873, publication UNCLASSIFIED.)
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by removing the concrete thrust doeanis (Figure 3). Only slight damage occurred to this magazine during
ESKIMO II, I11, and IV, and consequently it was deemed usable for ESKIMO V. The magazines are 80
feet (24 meters) !ong and were fitted with a nonpermanent steel door spot welded and/or bolted rigidly
"in place in the door opening.

The array was designed to simulate the conditions of ESKIMO Ill in which the explosion
source consisted of 350,000 pounds (159 100 kilograms) of T"ritonal contained in stacked Ml 17
bombs and placed inside an 80-foot-long (24-meter-long), lightweight, 14-gauge, deeply corrugated,
steel-arch igloo. Magazines in ESKIMO IlI were separated by a scaled distance in feet of 1.25 X
WI/ 3 ,

FRELOC CONSTRUCTION

The FRELOC magazine, a noncircular concrete arch magazine, was constructed ir ..zcordance
with U.S. Army Engineer Command, Europe, Drawing 33-15-13. The magazine, with a rominal span
of 26 feet (8 meters), is 80 feet (24 meters) long and has a rise of 14.5 feet (4.4 meters) above the
intcrior floor, which is at the same elevation as the exterior ground surface. The sidewalls are straight
and vertical to an elevation of 8 feet (2 meters) above the floor. The arch was covered by 2 feet
(0.6 meter) of' compacted soil with a horizontal soil layer out to the vertical sides of the arch and
then tapered downward at a slope of 2:1 to intersect the original ground level (Figtre 4). The
concrete pour was completed in five phases:

1. Footings
2. Vertical sidewalls and rear wall
"3. Floor
4. Rear half of arch
5. Front half of arch and headwall
In the process of pouring the rear half of the arch, voids were produced due if part to a

failure of the concrete to flow around the reinforcing bar (Figures 5 and 6). Factors coniributing to
this problem included an aggregate maximum size (1.5 inches (3.75 centimeters)) too largc to permit

" the concrete to flow around the reinforcing bars and the dryness of the plywood forms hat caused
the moisture content of the concrete to be absorbed into the form. Vibration procedures during
pouring also may have contributed to the problem.

The obvious voids were subsequently chipped out and filled with pneumatically place I concrete.
Figure 7 illustrates the patches on the outside portion of the arch. To prevent the reoc urrence of
this problem in pouring the front half of the arch, a smaller aggregate (3/4 inch (2 centim eters)) was
used, forms were soaked with water prior to pouring, and Pozzolan was added to the coicrete mix
to facilitate easy flow. No voids were detected in the pour of the front half of the arch and the
headwall.

OVAL STEEL-ARCH MAGAZINE

The oval steel-arch magazine used in ESKIMO V had been tested previously in ESKIMO series
11, III, and IV. Since only minimal damage to the magazine had occurred in the previou! tests, the
magazine was determined to be acceptable for further testing. The original magazine was modified by
removing the concrete thrust beams, necessitating the removal and replacement of the earth cover.

T"e oval steel-arch magazine was constructed of 1-gauge corrugated steel and had a length of
80 feet (24 meters), a nominal span of 26 feet (8 meters), and a height of 14.5 feet (4 4 meteis)
from the interior floor to the arch. Figure 8 shows a cress-section of the magazine.

5
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EXPLOSION SOURCE

The donor charge consisted of an above-ground hemispherical stack of TNT with an
approximate weight of 75,000 pounds (34 000 kilograms). To assure reasonable approximation to the

desired weight, a randomly selected number of individual blocks were weighed prior to stacking.
Average weight of these blocks was 8.06 pounds (3.7 kilograms), with the lightest block weighing
7.73 pounds (3.5 kilograms) and the heaviest weighing 8.44 pounds (3.8 kilograms). A total of 9,376

blocks were used in the stack (Figures 9, 10, and 11); the stacking pattern was designed by DDESB.

"M034 demolition blocks were furnished by the sponsor from U.S. Army sources at Letterkenny

Army Depot, Chambersburg, Pa. A total of 9,216 blocks were shipped specifically for the ESKIMO V
test; the remaining 159 blocks came from supplies left over from ESKIMO IV.

An explosive detonator and booster system was provided to ensure safe, reliable initiation at
the center of the charge. A newly designed slide-tray arrangement was utilized to insert 27 pounds
(12.24 kilograms) of C-4 explosive directly under, and in contact with, the center of the stack. P-I I
detonators were attached to primacord and embedded in the C-4. The primacord was initiated from
the firing lines by electric detonators.

Donor s17.e and positioning was determined by model studies conducted at Aberdeen Proving
Ground, Md., to generate tl'e same loadings on the acceptor igloos as were experienced from the
ESKIMO II1 donor.

]INSTRUMENTATION

BLAST

Near Fied

Kistler-type piezoelectric gauges were placed in the earth-fill over each magazine to measure
blast overpressure and impulse (Figure 12). Gauge locations and specifics are given in Figures 13 and

14. In addition, four soil stress gauges were implanted in the earth-fill over Igloo A (Figure 15) to

measure blast pressure attenuation at various depths and in various directkns
In addition, a special gauge fixture was constructed that contained :wo Bytrex blast gauges at

fight angles to each other. These gauges were used to measure reflected and incident overpressures
and to confirm the theoretical value of normal reflection coefficient at a pressure level associated
with the minimum distance permitted for front-to-rear separation of earth-covered magazines.
Overpressures of interest were 44 psi (303 kPa) incident and 170 psi (1172 kPa) reflected, assuming
a barometric pressure of 940 millibars (94 kPa). It was determined that these values should be

obtained at a distance of 202 feet (61.5 meters) from the center of the donor stack.
Kistler gauge fixture construction is showin in Figure 16; Figure 17 shows the gauge fixture in

piace. (See Figure 2 for the Bytrex gauge location relative to the test array.)

• _-_- _- _- _-Z . -
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Far Field

Twenty-one Ballistic Research Laboratories (BRL) mechanical, self-recording blast gauges were

placed on three radials, 45 degrees apart, and intersecting at the donor center. These gauges were

positioned so as to yield the approximate pressure values as were experienced in ESKIMO IV. BRL

gauge layout is shown in Figure 18.

MAGAZINE RESPONSE

Each of two test magazines was equipped with a wide variety of instruments to measure the

response of the magazine when subjected to blast loading. These instruments included strain gauges
attached to the reinforcing bar of the FRELOC (Igloo A), linear displacement gauges in both

magazines, and velocity gauges and accelerometers in) both magazines. In addition, photo-optical

methods wcre used to measure sidewall displacement. Figures 19 and 20 show the relative location of
each of the different types of instruments. Figures 21 through 25 show each of the different types
of instruments in place. An ion prone was embedded in the donor stack and its output was recorded

on each analog recording tape along with IRIG format-B timing to provide a "zero-time" indicator
and consequently a way by which all event times could be correlated.

DETONATION

The donor charge was initiated at approximately 1300 hours PDT (2000 hours GMT) on 17

August 1977, 1 hour behind schedule. Weather condition3 at the time consisted of intermittent rain

and drizzle with the cloud base at approximately 5,000 feet (1520 meters) AGL over ground zero.

The test area was affected by tropical storm Doreen, which resulted in local precipitation of 0.92
inch (2.3 centimeters).

A blast refocusi ,, program was run through the NWC UNIVAC 110 computer several times on

the morning )f the test to determine the possibility of refocusing at populated areas in the vicinity

of the test. The last data received prior to donor initiation indicated no refocusing in areas of
interest, and the test proceeded to conclusion. Figures 26 through 29, taken at intervals of 0.25

second, show the blast sequence as seen from a helicopter. The "steam" cloud appearing around the

fireball and interior to the blast wave front is thought to be a result of the extremely heavy

concentration of water vapor in the air at the time of the test.

OBSERVED TEST RESULTS

Damage to both magazines was determined visually to be minimal. Concrete spalling was

observed on thL interior headwall of the FRELOC (Igloo A) at the edge of the door (Figure 30).
Tnis spallipg, however, was probably a result of the concrete being too thin over the reinforcing bar

at that point (a discrepancy in the separation distance of the forms from tbe rebar, which made it

more susceptible to blast damage). Some minor cracking was observed at the intersection of the

7
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donor side pilaster atid the headwall. The voids in the FRELOC that had been fille, appeared to
hoid, and the joint between the two separate concrete pours remained intact.

In the oval-steel arch magazine, Igloo B, several additional cracks were observed in the headwall,
and the separation between the headwall and the floor increased slightly; however, prior removal of

the concrete thrust beams did not app.dr to affect the performance of the oval steei-arch igloo,
which remained structurally intact and experienced no significant arch movement.

Since the headwall/door units were not being directly tested in ESKIMO V, doors were fitted
to both magazines by bolting and/or spot welding in place. The door used on the oval steel arch had

been used in previous tests and was somewhat distorted. Both doors had access holes cut into them

that were covered by bolt-on hatch covers. Following detonation, it was noted that the door on the
FRELOC had swung open 90 degrees away from the donor and the door of the oval steel arch
appeared to have fallen straight out along the longitudinal axis of the magazine (Figure 31).

Crater size appeared somewhat larger than anticipated with a rim-to-rim diameter of 88 feet
(26.8 meters) and a maximum depth of 14 feet (4.3 meters) relative to the pretest ground elevation.
Surveyed crater contours along two radials are showrý in Figure 32. (See Figure 31 for a post-test site

overview of the crater.)

STATIC MEASUREMENTS OF STRUCTURAL RFSPONSE

A contour survey of the interior of each magazine was conducted prior to the test and was
repeated after the test. Table 1 shows the resultant displacements at various locations in both

magazines.

Maximum permanent displacement of the FRELOC appears to have occurred 20 feet (6 meters)

from the headwall on the side away from the donor at approximately 10 feet (3 meters) above the
floor, and amounted to 0.09 foot (2.7 centimeters). Maximum perma At displacement of the oval steel
arch appears to have occurred at the top of the arch, 40 feet (LI meters) from the headwall, and

amounted to 0.15 foot (4.6 centimeters). Both displacements indicate a ielative decrease in the distance
separating the point of measurement on the arch and the central reference point located on the floor
of the igloo.

"DATA DERIVED FROM INSTRUMENTATION

Far-Field Blast Data

With he exception of the gauges located at the 1,898-foot (57 9-meter) distance on the NW and

SW radials (see Figure 18), all BRL self-recording mechanical blast gauges functioned properly. Table

2 provides a summary of the far-field blast-gauge data; Figure 33 provides a graphic display of
overpressure versus scaled distance. Figures 34 through 38 provide individual g;auge plots of

overpressure versus time.

8



NWC TP 6076

Near ""d Blast Data

! he special gauge fixture with the two Bytrex blast gauges was to measure reflected
overp. s,;ure and incident overpressure, but because of the adverse weather ,.onditions water
apparznriy entered the gauge meant to measure incident overpressure and rendered that gauge
inoper-,ive. (See Figure 2 for the locadon of that gauge fixture.) The Kistler-type piezoelectric blast
gauge3 were placed on and around the berm covering of each magazin. Tables 3 and 4 provide a
summary of the near-field, blast-gauge data tor the FRELOC and oval steel-arch magazines,
respectively. Figures 39 and 40 provide a comparison between near-field overpressure and near-field

impulse, versus the derived standard curve for a 75,000-pound (34 000-kilogram) hemispherical donor
stack.

Figures 41 through 45 provide graphic displays of selected overpressure and impulse data from
the near-field blast gauges.

The gauge that ineasured reflected overpressure arid located in the special gauge fixture is
referred to as gauge number 18, Igloo B.

The character of the pressure-time histories in ESKIMO V is generally consistent with results
"from comparable locations in scale model tests for ESKIMO III conducted at BRL. 5 Comparisons
between ESKIMO V and scale model tests ai-c shown in Figure 46. Both test results showed higher
than side-on values of overpressure and impulse on the earth side slopes facing the blast, where
reflection of the vertical incident wave front occurs. Both tests also showed a small impulse past the
leeward side of the slope break from incline to horizontal at the position marked by gauge 7 on
' oth Igloo A and Igloo B, i.e., the impulse was small relative to the overpressure. the time of arrival,
and the impulse expected from hemispherical charges at this scaled distance. This sharp change in
impulse front the slope facing the blast to the described horizontal positions atop the earth-fill makes
it someshat difficult to compare air blast impulses with impulses sensed under the earth-fill.
Comparisons between soil-stress data and corresponding pressure data (Table 5) using averaged values
are made in Table 6.

Strain Gauges

Electronic strain gauges were attached to the steel reinforcing bar of the FRELOC magazine at
A' ,several locations (see Figures 19 and 21). Several of the gauges failed to operate properly, an] data

on others were of questionable value. A possible reason for this may have been damage incurred
during the concrete pour. A summary of strain-gauge data appears in Table 7. Figures 47 through 48
provide graphic displays of that data.

5 Ballistic Research Uboratory. Blast Loading on Model Earth-Covered Mag.zine, by Charles N. Khýgcry.
Aherdeen Proving Ground, Md., IIRL, August I178. (ARBRI.-IR-4)2092, publication UNCLASSIFIID.)

9
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Soi|-St res Ganuges

Kulite Seniconducto: soil-stress gauges were buried in the earth cover of the FRELOC magazine
(see Figure i5). Gauges SSI and SS4 were to be located near the base of the donor-side sidewall.
However, b•.cause the gauges were received late and because of the time allotted fur emplacing the

; ~earthl coves, these gauges were located in the vicinity of SS2. Tab~le 5 provides a summary of soil
stress-gauge data and corresponding near-field, pressure-gauge data. It was felt that comparisons

:' 'between 5S2, SS2, and ,5$4 and corresponding KistlIer pressure data required an averaging of pressure
' gauges P6 and P7. These comparisons are given in Table 6. Figures 49 and 50 provide a graphic

.- display of the sod stress-gauge data.

* Linear-Moi'ion Gouges

Lsnear-mnotion gauges were placed in several locations in both test magazines (see Figures 19
and 203. -Horizontal gauges were mounted on a steel rail that was suspended by chains attached to
the arc;h. The gauges were connected to the sidewall by a universal .joint (see Figure 22). Vertical
gauges plac'ed across the joint of a telescoping pipe arrangemen' (see Figure 23) recorded a composite
of both arch and fhoor motion. A summary of linear-motion data is given in Tables 8 and 9. Figures
51 through .53 provide a graphic: display of the linear-motion data.

Velocity Gages

Pendulum-type velocity gauges (see Figure 25) wete installed at several locations in both
magazines (see Figures I0 and 20) to record velocity data in two directions. Data obta•ined from the
oval steel-arch igloo were extremely noisy and required smoothing so as to derive some of the values.
Smoothing was •.ccomplished over a I-millisecond time interval using an eleven-po~int sliding linear fit.
Some areas of the data were not amenable to smoothing techniques, and usable data from these areas
we, e consequently derived from "eyeball' smoothing of the plotted data.

Tables 10 and II provide a summary of the velocity data. A comparison between the
i~near-'no'ion-uuge data and integrals of the velocity data 'showed good correlation between the two.
Figure ';4 provides a graphic display of the comparison between FRELOC sidewall linear-motion
gaivge D2 and the integral fromn V4, the coiresponding horizontal velocity gauge. Figure 55 illustrates
the comparisoti between FRELOC vertical linear-motion gauge DI and the sum of the integrals of
velocity gauges VI and V7. The sum represents relative floor and arc:h motion. As can be seen, there
is relatively strong agreement between linear-motion-gauge data and that derived by integrating
velocity-gauge data. It does appear, however, that the integrated data are of lower amplitude and
e-thibit a time lag.

Accelerometers

Acceleroreters were placed in both magazines at several locations (see Figures 19 and 20).
Bc.a|use o)f a malfunc'ion in the recording system, calibration data for accelerometers located in the
FRFEOC" magazine were lost. As a result, there was no way of converting recorded data to

to
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engneering units and those data are not included in this report. Accelerometer data obtained from

the oval steel-arch igloo were extremely noisy and not amenable to smoothing techniques. These data
were considered meaningless and consequently were omitted from this report.

Comparison Between Predicted Magazine Response
and Magazine Response Derived From
Instrumentation, FRELOC Igloo A

A comparison was made between actual magazine response and the response predicted by the
Civil Engineering Laboratory, Port Hueneme, Calif. (Appendix A). The results are given in Table 12.

Photo-optical Data

Several cameras (16-. 35-, and 70-rmm) were positioned around the area to record the test
event. Although no data were directly derived from these camerah, they were helpful in providing

documentary coverage of the test area md blast sequence.
Additionally, 16-mam cameras were positioned inside each magazine at the quarter points to

record sidewall motion. A black-on-white stripe was painted on the sidewall and a 3-inch-diameter
(7.6 centimeters) pendulum was suspended from the arch as a 'static" reference point. The camera at

each point was positioned to have its optical axis normal to a line between the pendulum and the
stripe (see Figure 25). It was expected that sidewall motion could be derived from this arrangement.
However, motion of the floor resulted in movement of the camera platform and these data, too,
were of questionable value. This technique may yield valid data in future tests if a stationary

platform for the camera can be established.

CONCLUSIONS

The blast produced by the donor stack of explosives was essentially as predicted and acceptably
simulated conditions at a scaled distance of 1.25 ft/lb'/3 to the side of the donor magazine as in
ESKIMO II1. ESKIMO III contained 750-pound (340-kilogram) bombs filled with a total of 350,000

pounds (159 000 kilograms) of Tritonal.

Structural response of the FRELOC magazine (Igloo A) was well within acceptable limits. This
structure is considered to be adequate to protect all magazine stores against the propagation of an

explosion under the conditions simulated and blast effects produced on the test. The measured

response of the nagazine was similar, in general form, to that predicted by prior analysis.

The response of the oval steel arch (Igloo B) without concrete thrust beams was also well
within acceptable limits, with measured additional defle, tion from the ESKIMO V test being slight.

Comparison between response. of the steel arch and the concrete thrust beams in ESKIMO III showed
that the absence of concrete thrust beams will not significantly affect the response of this type of
structure under blast loads comparable to, or less than, those of ESKIMO III and ESKIMO V.

•iI .11
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TABLE 1. Surveyed Arch Movemont in Centimeters Relative to Centerline of Igloo Floor.

Front-quarter point, f Midpoint, Rear-quartei point,

Position 6.1 metevs from headwell 12.2 meters from headwall 18.3 meters from headwall

ýdeg. from centerline)-- -- In cm Derese_ I

Decrease, cm In~creasecm Decrease, cm Increase, cm Decrease. cm increase, cm

Igloo A

1. 20 . .. . .. .. . . . . 1.52 1.52
2. 40 ...... 1.83 1.83 .1. 22
3. 60 ...... 2.13 2.13 0.91
4. 90 ...... 2.44 . 2.44 1.2 .1.22

5. 120 ..... 2.1.3 ... 0.91 . . . 1.22
6. 140 ..... 2.74 0.61 0.00

7. 160 ..... 0.00 1.52 . . . 0.00

S~~ 1 _______- ~~Igloo 6l_____ ____

1. 10 ...... 0.00 . 1.22 . . . 000
2. 20 ...... 0.61 . . . 0.00 ... 000
3. 40 ....... . . 0.30 0.61 . . . 0.00

4. 60 ...... 1.52 . . . 3.35 . . . 1.22

5. 90 ...... 0.91 . . . 4.57 2.13 . . .

6. 120 ...... . . 0.61 1.52 1.22

7. 140 .. .. . . 0.30 0.91 . . . 0.61

8. 160 ..... 1.22 . . . 0.91 . . . 1.22 . . .

9. 170 ..... 1.52 . ._. 0.30 0.30 . . .

____ 5

IGLOO A DONOR IGLOO B1

12
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TABLE 3. Summary of Near-Field Pressure Data From Electronic Gauges, FRELOC Igloo A.

r distance Pressure Pek Time of peak First positive
Gauge from donor overpressure

number wave arrival, overpressure, pressure Impulse"nm ms ms duration, ms

ft m psi kPa psi-ms kPa-ms

1 :00 30.5 12.5 237 1635 14.3 38.5 1,165 9029

2 115 3b.1 15.8 276 1901 17.6 41.8 1,343 9257

5 12u.9 38.7 19.7 276 1900 20,2 34.5 1,344 9269
6 135.7 41.4 22.1 287 1979 22.6 29.9 1,331 9179

7 145.2 44.3 24.9 152 1047 25.2 15.4 336 2316

8 168.1 51.4 31.9 77 532 32.3 39.3 476 3279

9 157 47.9 28.2 108 745 28.7 26.9 483 3332

13 165.4 50.4 31.7 102 705 32.2 20.7 463 3190

15 185.3 56.5 141.9 50 346 42.3 51.3 567 3908

16 215 65.5 55.9 57 392 56.3 49.8 604 4163

TABLE 4. Summary of Near-Field Pressure Data From Electronic Gauges and

Gauge Fixture West of Donor, Steel-Arch Igloo B.

Radial distance P Peak Time o peak First positive

Gauge from donor ressure overpressure
wave arrival, v e e overpressure, pressure Impulse

ft mms n is uuration, ms
fb m psi kPa psi-ms kPa rns

3 125 38.1 18.3 216 1492 18.9 29.9 1,246 8590
4 123.7 37.7 18.0 202 1390 184 28./ 1,355 9340

6 133.4 40.7 20.6 163 1123 20.9 25.2 895 6171
7 143.9 43.9 23.6 122 840 23.9 44.4 358 2466

11 156.1 47.6 28.6 125 860 29.0 32.9 588 4052

12 160.1 48.8 32.6 78 539 32.8 39.0 380 2619

13 163.8 49.9 30.3 99 683 30.6 22.9 624 4301

14 174.8 53.3 34.7 56 383 35.0 19.1 206 1422

1 7a Gauge did not function

180 206.7 63.0 48.5 196 13 50 49J.5 51.1 1,211 8351

'Gauge fixture, incident pressure.
bGauge fixture, reflected pressure.
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TABLE 12. Summary Comparison Between
Measured Gauge Peak Values Veisus

GEL Predictions.

Gauge and type Predicted Measured

of measurement value value

S-1, strain +190 m-straina +134 .-strain
S-2, strain -320 /-st raina -66 m-strain
S-5, strain +150 m-straina +347 p-strain

S-6, strain -1500 M-straina -560 U-strain

S-7, strain -850 U-straina -15 u-strain

S-8, strain +450 A-straina +549 U-strain

S-9, strain +270 U-straina +216 U-strain

S-10, strain -780 u-straina -383 U-strain
SS-2, soil stress 345 kPa 322 kPa

SS-3, soil stress 345 kPa 280 kPa

V-i, velocity 50 cm/s 74.1 cm/s
V-3, velocity 28 cm/s 68.9 cm/s
V-4, velocity 28 cm/s 55.9 cm/s

V-5, velocity 28 cm/s 30.8 rm/s
V-6, velocity 28 cm/s 13.5 cm/s

V-7, velocity 28 cm/s 20.0 cm/s

D-1, deflection 2.5 cm 2.67 cm
D-2, deflection 1.3 cm 1.0 cm

"a + indicates compression, - indicates tension.
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ll(.URI, 3. Concrete lliru.t lBeamni n Oval Steel-Arch Igloo,
Removed for ISKIM() V Test.
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'IGURIE 7. LxAterior Concrete Patches, FRELOC Igloo.
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Al PLAN -LAYERS 1-13
I r- 312 B LOCKS/LAYER

BOOST ER'-

FIGURE 9. Horizontal Section of One Quadrant, TNT Donor Stack.

PLAN, LAYERS 31-33

158 BLOCKS/LAYER

2 QUADRANTS ONLY

FIGURE I . Hnorizontal Section of One Quadrant, Midheight of TN'T Donor Stack.
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CENTERLINE

FLATS SHOWN ALIGNED ACTUAL STACK WL
HAVE EACH LAYER ROTATED 45 DEGREES
RELATIVE TO LAYER BELOW TNT ____

BLOCK

PLYWOOD

BOOSTER-

FIGI.JPF I I. Vcrtikal Scct'ý.n of One-fltif TNT Donor Stack.

"Iu

Al

FIGU~'RE 12. Kistler NearFiete Blast Gauge Set into Igloo L-rth Cover.
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9

DONOR STACK
20 FT.• 16 15 13 7 6 2 1

@ 0000 00
"10

20 FT 100 FT

20 FT

155 FT

CL

FIGURE 13. Electronic Blast Gauge Layout on FRELOC Igloo.

!3

DONOR STACK 20 FT
1 4 6 7 13 14

- I 10

100 FT- 20 FT
-I ~11

20 FT142
IL ,155 FT

CL

FIGURE 14. Electronic Blast Gauge Layout on Oval Steel-Arch Igloo.
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SS3 S~SS1

SDONOR

DIRECTION MEASURED

FIGURE 15 ý;oil Stress Gauge Locations, FRELOC Igloo.

3 INCH DIA MICARTA
INSERT THREADED TO

ACCEPT PRESSURE GAUGE

pjij
ii I i' ,•

~~8 I 8N.

CONCRETE FOOTING FOR IN.
PRESSURE GAUGE PLATE

* IIL

FIGURE 16. Gauge Fixture for Incklent ard Reflected Pressure Measurements,
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FIGURI: 17. Far-Field Blast-Gauge Fixture.

DO NOR

1 316 FT
2 422 FT

3 569 FT

4 759 FT

5 1,054 FT

6 0,9F

7 y1,898 FT

SW

I IGUIRI 18. BtRI., Self- Recording, Blast-Ga uge Layout.
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S5
S6

S7 S3r 8 $ 4

A2 d
$10! V4 i

V3

V7 A4 I V5 $1

I S2

HORIZONTAL VELI TY GAUGES
VERTICAL E

4 HORIZONTAL ACCE LEROMETBERS

I VERTIC E

AHORIZONTAL AU LINEAR MOTION GAUGES
VERTIC L

STRAN GAGE PIRS ODD NUMBERS - OUTER REBAR

STRAN GUGEPAIS . EVEN NUMBERS - INNER REBAR

ADDITIONAL GAUGE FAIRS SI1,S12, AND S13,S14 CORRESPONDING TO
S5,S6 WERE LOCATED 20 FT AND 2 FT RESPECTIVELY FROM THE HEADWALL

FIGURE 19. Motion Instrumentation Installed in FRELOC Igloo.

32



NWC TP 6076

V43

lD 
Al

S'DONOR 
V

.V4

V6

1V5

HOVERTICAL VELOCITY GAUGES

•OIZNTLADDITIONAL GAUGE SETS D1, 02, V1, AND
D3, D4, V2 CORRESPONDING TO D5, D6, V3

HORTIZNAL ACCELEROMETERS ARE LOCATED AT 20 FT AND 60 FT FROM
I VRHEADWALL, RESPECTIVELY

VERTICAL LINEAR MOTION GAUGES

1GURE 20. Motion Instrumentation Installed in Oval Steel-Arch Igloo.
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FIGURE 32. Donor Contours.
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300

200. STANDARD OVERPRESSIJRE CURVE
FOR HEMISPHERICAL STACK

130

80. +

60.

40

+

20
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ui
u 10 0 NW GAIJGF LINE 0

8 + W GAUGE LINE
A SW GAUGE LINE

6

4

2ý

2 3 4 5 6'71819-10 20 30 40

SCALED DISTANCE, X, (M/kg 1/3)

FIGURE 33. Plot of Far-Field Overp~essure Recorded by 3RL Gauges,
Versus Scaled Distance.
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NW1 316
160

120
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40

0

--40 I I

0 50 100 150

NW2 422

80
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40

20

i 0

-20f w 0 50 100 150
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w

w0. NW3 569> 80
0

60

40

--20

0 50 100 150

NW4 759

32

24

16

8

0

0 50 100 150

TIME, ms

FIGURE 34. Data Plots for Far-Field Blast Gauges NW] Through NWPV4.
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NW5 1054
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24

16

8

0

0 50 100 150

NW6 1392
16
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8
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o..n-NW7 1898
w

0

MAXIMUM OVERPRESSURE

I

W1 316
160
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80

40

0

-40
0 50 100 150

TIME, ms

FIGURE 35. Data Plots for Far-Field Blast Gauges NWS, NW6, and Wl.
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SW3 569
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0
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FIGURE 38. Daya Plots for Far-Field Blast Gaugies SW3, Through SW6.
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4000 I

STANDARD OVEi-APRESSURE 0 RECORDED AT IGLOO B
3000 CURVE + RECORDED AT GLOO A

2000 + + + I

O CENTERLINE•O O OF IGLOO

0

M0 Sflooo +

' 900goirr

S7800( Boo!
(r

C1 700

40+ 400t 0ferFil +

300

20 30 40 50 60 70

RADIAL DISTANCE FROM DONOR. m

FIGURE 39. Plot -f Near-Field Overpressure Rec3rded by Electronic Gauges, Compared With

Derived Standard Curve for ;ler-ispherical Stacks. (BRL Report 1344, September 1966.,
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10000

9000 +

W000 +

7000
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6000IMUSCUV

5000

4000

3000
E0

100

Z) 2000 +

_0.

+ RECORDED AT IGLOO A
0 RECORDED AT IGLOO B

A r0

CE NT ERLIN E
1000 OF IGLOO

20 30 40 50 60 70

RADIAL DISTANCE FROM DONOR. m

FIGURE 40. Plot of Near-Field lImpdse Versus Distance, Compared With Derived
Standard Curve for Hemispherical Stacks. (BRL Report 1344, September 1966.)
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2000.0 2000.0

1600.0 16000 F
1 1200.0 - 1200.0

800.0- C 800.0

400.0 - 400.0

0 0

-400.0 I I I -400.0 1_ 1 _
-0.08 -0.04 0 0.04 0.08 0.12 -0.08 -0.04 0 0.04 0.08 0.12

TIME, s TIME,

P1 P2

2000.0 2000.0

1600.0 1600.0

1200.0 1200.0

CL 80c.) c 800.0

400.0 400.0

-0. 400,0C T0 o~~l
--0.08 -0.04 0 0.04 0.08 0.12 -0.08 -0.04 0 0.04 0.08 0.12

TIME, s TIME, s
P5 P6

FIGURE 4i Overpressure Gauges P1, P2, PS, and P6, Igloo A.
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S1200.0 1200.0

800.0 800.0

.400.0 -L 400.0

0.0 0.0 Lf-._

-400.0 I I I -400.0

-0.08 -0.04 0.00 0.04 0.08 0.12 -0.08 -0.04 0.00 0.04 0.08 ).12
TIME, s TIME, s

P7 P13

800.0 800.0

400.0 400.0

0.0 0.0
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-400.0 I -40.9o. I I I I
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TIME, s TIME,

P15 P16

FIGURE 42. Overpressure Gauges P7, P13, P15, and P16, Igloo A.
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8000 ,- 800.0

400.0 400.0

0.0 0.0

-400.0 - -400.0 _ ____
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800.0 800.0

C 400.0 CL1400.0
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FIGURE 43. Overpressure Gauges P3, P4, P6, and P7, Igloo B.
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F1VURE 44. Overpremsure , PIl, P12, x13• aid P!4, Ig!.)o B.
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FIGURiE 45. Overrressure Gauge P18, Igloo B.
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FIGURE 47. Data Plots for Strain Gauges S1, S2, S5, and S6. i
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FIGURE 48, Data Pluts for Stiain Gauges S7, S8, S9, and SI0.
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FIGURE 49. Data Plots for Soil-Stress Gauges SSI and SS2.
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FIGURE 51. DatL Plots for Deflection Gauges Dl, D2, and D7, Igloo A.
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Appendix A

ANALYTICAL EFFORT IN SUPPORT OF ESKIMO V

by

Robert (,Jello
Civil Engineerin, Laboratory

Naval Construction Battalion Center

Port Hueneme, California

Transmitted to NWC in January 1977 as (:EL Technical Memorandum M-51-77-2.
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INTRODUCTION

This study is an analytical effort in support of ESKIMO V, a high-explosive field test
conducted by the Naval Weapons Center (NWC), China Lakf,, Calif., for the Department of Defense
Explosives Safety Board (DDESB). The purpose of the field test is to evaluate the structural response

of two earth-covered explosives storage magazines to Fide-on blast loading. The magazines are a
corrugated steel-arch type and a reinforced concrete-arch type. This report documents the analysis of
the concrete-arch magazine.

The arch that was analyzed has a nominal span of 26 feet (8.0 meters) and a rise of 14.7 feet

(4.5 meters) above the interior floor, which is at the same elevation as the exteiior ground surface.
The sidewalls are straight and vertical to an elevation of 8 feet (2.4 meters) above the floor. Figure

A-I shows a cross-section of the arch. Further geometric and reinforcing details can be obtained from
U.S. Army Engineer Division, Europe, Drawing 33-03-30, Sheet A-i1, Sheet 14 of 28, copies of

which are available at NWC. The arch is covered with 2 feet (0.6 meter) of compacted soil over the
crown. A horizontal soil layer out to the vertical sides of the arch tapers downward at a slope of
2:1 until it intersects the original ground level.

The blast loading on the arch is expected to simulate the loads on Igloo A and Igloo B in the
ESKIMO Ill test (Reference 1). The explosive" charge was chosen to be a bare charge that would

simulate the actual igloo detonated in the pre•,.•us test. Due to their complexity, structural response
calculations were based on an average overpressure wave sha-" from Reference 1.

This study provides recommendations for active and passive measurements on the test structure.

The final product consists of recommendations for gauge ty,)es, and positions and ranges. The authors

also present their recommendations for the relative importance of each measurement.

ANALYSIS

The anrilytical efforts were divided into two separate areas: ground shock and structu-al

response.. Each analysis and its associated results are discussed in the following sections.

GROUND .HOCK

The ground shocd analysis was based on the prediction methods described in Reference 2
Equations for air-blast induced ground shock were ba;ed on one-dimensional wave propagation theory,
and equations for direct induced giound shock were based on empirical data.
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Several assuojrnjoios Pere mad- in arriving at the grominP shuc-ý p~edictions. The explosive was
assuaifd ic be a hieris~'wrical uwccenifned surface charge. Air-cela~t p ae- 4'zrt obtained from
Re,.re~ncc' -, Fcaled ranges for hbe jven charge weight were selected o!I tie b'lsut of maict!.iinng theý
approximahte -ls impulse a, racasured en ESKIMO IIl structures: 650 psJ-msf-. i(4500 k~amrs-ýc,.
The ground nwdiurn was assumed to U.- dry sjil with a density of 121 lblft' (I94fý ýg/m3 ) OnO a
compressiin wave s,-eed c2,700 ft/s (820 m/s). I 1-e ýe~ulting grouisd shock :pe,,k values are gse'n in

Taol1e A-I.

:able A-I data are. for oear-silrface ground mrotions in un(:istailoed soil equfristaiit from ground

zero as the igloo. Within the accýiuacy range ot thre prcdi,;tion enut,1oc01S, IthcGs data iCepresent the

expoe:ted -alues oC groirmd shock that the id1oo will experience. Theý data w, which the enuartions

were )-,sed have scatttur bands of approximately a factor of five for acceleret,L~ns, two for vnelocities,

and thrue for displacements. The. estimates are of suffizient nccuiacy tor selecting gauge and

:allibiatioii range's.

FINITE ELEMENT ANALYSIS

T-ie reinforced .oricrete-arch magazine shown in Figure AlI was mi)deied using the
finite-deleeni codle NONSA-P '.Reference 4). A flane-strair, linear elastic. analysis was pe-formed to
assist in dctc-rmining critial locations and riagnitudes of structural reZsponse.

Thc model is shown in Figureý A-2. It !Lcomposed of foutr-node, quadrilatera,, p'ane-strahir

elemenrts. Since the overpressure propagates perpendicu1zir jo the mdaga/.ine axis, tht: modelI represeuts
a section that is fii enough from the e-id walls !o be modeled with a plave-strz'n idealization. Note

that all oross-sections of the igloo shown in this repo.-t are drawn with the blas! wave Lppioaching

Cioa', the left. The s-I overbotrden is treated as ,, linear e.lastic inaterk;!. The r~iniforcekL concrete 4irch

is reprcsen'eýd by linear elastic-equivalent beam clIemen*-:. Bending stiffness for the beam eOements was
o)ased on the average of the cracked ~ind urncracked transl'orineO areas.

The dncilerrt traveling overpretsure wave (Figure A-31 was an ideah~zation of the average

mneasured /iave formns on Igloos A and B in R~eference I. The wave 'ravels across dh. structure il

jppioxima~ely the same speed as the measured overpressure pulsL in the prevk'ýus tests. Thus, t;ýe
loading function is a realistic approximationi of actual test conditions.

D~ynamic response ovtr a 50-miilisecurnd raingeý was obtained using an unconditiorally stable

'juiTOICIa' l incWatioi.~ schere, tile Wilsi)n 0 methiod. A sulutoir step size (-[ 0.1 millisecond for 500

sleps was used.

'Fhe noic!'s dynamL response to the traveling overpressure wave predicts peak structuial
-oAP-as irrdi..aied in Figures A-4 and A-5. Figure A 4 show~s the exjj~gerated deflec-ted shape of

the arcit at (he time of miaximutm vertical deformation at the crown. Figuie A-5 sho~4s thre bending
rnreomets at the same time.

The data presented in these figures ;ire more of qualhali-'t -Aue and shoull not 1be lo-oked on

in a rigid squantitative. sense. For example. the spike:, in Figme .A-5 should be "smoothed" to yield a

:iOre realistic ITOtrent curveý. The inoment spikes aoc cr,-ated by the coarseness of the fin~te felement
miesh, in !hat a tangent mis,,%?t(-h exists at adjaccit beamn elements in the arc li.

Thie general 3hapes of the deflection andl moment diagrams may be assurne, ' tv be reasonable
and useful in determining tho! plaýemnent of test instrumentation, it 'was also :issumned rea',.'nable to

consider mo'lel sirucitmal rest~oris to be conseyvative, thereby aiding in selecting gauge ranging. Any

m-ore reliance upon this linlear eOastic analysis would be unteiia;le. Additionally, more sophisticated

mouiehing is beyond the scope of the present ef for'.
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From the qualified firndings of the model dyna:mic response and the ground shock analvs's,
piediciions of response ran.ges were made. Critical points of interest on structural survivability were

Also detern:ined.

4• RECOMMENDATIONS

Ik,

MEASUREMENT OBJECTIVES

" " IThe primary objective for the recommended measurements is to obtain data to deterrt ine if the

concrete-arch igoo can survive the blast effects of an accidental explosion in an adi"'m,t igloo. The
primary criterion for survivability is that sensitive explosives stored within the ir.o would i)t

detonate. Conceivably, detonation of the contents could result if cat-stroph,,- tructura; failurt of
extcemely large deflections occur. Severe ground shock might a:so cause such a 0-tonaliol).

A second objective of the measurements is to determine the structurai response of the. igloo. If
the ztructure survives, the data will indicate the degree of conservatism. Conversely, if the structure

does not survive, the data will help in determining how and why -it ed. In either case, stb.uctural
response measurements will contribute to desig, improvements.

A .h'rd objective is to provide data that can be cc -pated with analytiical result-. The ultimate
goal is to develop sufficient confidence in analytical tecnniques so that .-ostly test programs can be

m irimized. ESKIMO V test data are not expected to correlate quantitatively with the analysis
presented in this report, because numerous simplifying assumptions were made cc r:,inimi,.e the .me

and cost of the analysis. However, if sufficient structural response measurements are ind, on tiIs
and other tests, data will be available for comparison w;.h more deailed analyses wrh~ch could
include nonlinear and three-dimensional effects.

TRANSDUCERS

Several different types of electronic transducers are recomrnmnded Ior this test: strain gauges,

velocity gauges, acceierometers, deflection gauges, and soil-stress ga•,gcs. Each type is discussed briefly.
Strain gauges are of the standard resistance-wire oi tfi'i-gaufes type. All strair. gauge* should be

hbonded to the reinforcing bars and protected accordih; to manufacturer r-commendations_ Each
gauge location should consist of two gauges in scries, one on each side of the iei,•forcing ba- (e.g.,

position IS6 of Figure A-6 consists of two strain gaugrs). This w Iompensate fo; locvlizzd ben(Iin%
in the bar.

Velocity gauges are of the pendulum type norriaiiy u.ied it. grouad ._tock tests. The gauge;:
consist of a pendulum suspended in a viscot, fluid which cyeate :in ovenamped system so the
displacement of the pendulum is proportion.i to the velocity. The vert'cal ve,.:i1Y gauge includes a
spring which compensates for gravitational etfects on thz tendujuin.

Accelerometers should be of the damped strain gauge i,,pe and have a maximurn. range of 100 g
with a frequency response up to 1,000 hertz.
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Deflection gauges may be liliear-modori po)tentiometers or Liiiear variable (Iiffcrenitial
transformers. The instrumcntft shouki be mounted oa relatively rigid frames to) auinimrize ctffcts of
lateral motion ana relativý! displac--inent in the frame. Mounting designs should Also hý, able to
accomrnc'ate Nirnited cicss-axis motion. C7albrated prexicruty senso.-s night prove useful tor
disvlacemmnt mneasure~nený, sfince ýhey do not irequire a struc-uImai !,ink between moving and reference
sts-faces. Manufacturer tiata iindicate ti~e devices would perform well in the test environment.

Soil s..ress gauges are of toe type developed by the U.S. Army C')rps of )lŽ4nce~s Waterways
Experircent Station. Th-e low cinge S-E _gauge would be most appropriate for this application. The
gauge: are .svaiiabla through GSA.

GAUGE _XC*C.'fOONS

Ih is recommund.ad that most active electronic instrumen'tation be locý.tgd at one cross-section of
the arch which is e~pi~distant from tne headivall and the end wall of the igloo. %~ddtiona! lo ations
near the headwall and qa'fw,ýy between the headwall and centet .s~ also suggested for limited
ga,'iging. Transducer locations ~nd orientations are locat-d as shown in Figure A-6. rab'e A-2 lists the
rýooDrnended gv~uges, expected peak values, and pruivyiies. The gauge, are placed in pri',ri.ty groups
with Friority 1 LS the must importait, aid priorities alsu. assignied within each group. A brief

Thelanation ofgaug es ~r tereinforcigroups ore thsuements imortl.l hyorwlaesaoctn
exlnTion ofr gauge oeartereinf orcn g aroup ofe tehuements followsan. Te r lcda o

>s-ýt the Lwnlysis indicates, as eý.p;oriencing the greatest oending moments and thiusL in arch sections.
Gauiges S3 thrruulh S8 are placed ma Priority 1, because they are at the most highly stressed sections.

Measurement- of the crown dleFection is relatively imporll-nt beisuse it is tie e'pected point of4 r.,aximt.m deflection Horizontal deflection of the sidewall is also of value in evaluating structural
peifrnmt .. bi is of lesser importance.

Veloirymeaure-,;tsorovidt- data on structural moition, but more imrportanitly, the data ,an
he ;ntegratect to provide addittonJ displacement and disto.iion dlatc, Gauges VI and V4 provide
checks on gauges DI and D2. Subtracting integrated data of VI and V7 would provide a better
chfW6 on Dl. Gauages V3 through V6 provide information which define, reiativc mnotion betweco. the
arch and the int'ýrior ]Ihb.

/. celerumeters arf! mendýned to provide data v shock/, exptrienced by the str'icture. These data
would be '-.cful for designing attachments to the interior of the igloo and would permit definition of
the average response spectrum for thf stiuct'ire.

Data from the soil-stress gauges are exuected to be valuable in understanding the niann.-r in

which loads are transmitted to the structuie by the earth bermn. The da'a could be compared with
results of computer analyses to guide design n'odi~cations.

It iF also recommended that several mechanical, passive, or photographic measurements be made
in addition to the electronic transducer measurements. Scratch gauges or rcradng drum gauges couid
provide addition.) relative displacement data. The formofr utses a scribe aittached to one portion of the
structure for tracing the rel;ý.tive displacement patteryi on a plate attached to an adjacent portion.
This device describes the displacement signature in two dimrensionis, but it does not give a time
history. The rotating drum Egauge useýs a scribe to Ir.cce a dis,,lazernerit pattern on a rotat'ng drum
which is turned by a battery powered miotor. This gauge provides a time history, but only gives
displacernents in nm. dimension,
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CONCLUDING REMARKS

The results presented in this report are best estimates of tlit toound shock ,I•d struciaral
response of the concrete-arch igloo which is to be tested in ESKIMO V. Recomrendai.ý,," for gauige

locations and expected values were the result of both analytical • fsnd engioerir, judginent.

Implementation of these. recommendations is expected to provide adequate data for a thorou~l.
post-shot evaiuation of the igloos' behavior under Llast loading.

Civil Engineering Laboratory, Jank;Ly 1977
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TABLE A-1. Estimates for Near-Surface Ground Motions.

Charge size .- .......-.........-.......... 34 000 kg (75,000 Ib)
Scaled iAnlgs... .......................... 2.3 m/kgI/3 (5.9 ft/1b1 /3 )

A ir-bltst ,4rrival . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 70 rns

Grouna shck arrivE. ................................... 93 m s
Ver-tcal air-blo$t ground shock

A cceler;ition .. . ... .. . . .. . . .. . . .. .. . . .. .. . .. . . .. ..2 16
Vel t. . .................................... 0.13 m/s (5.G iris)
Displiw em ent. ............................... 3.0 mm (0.12 in.)

VHrtical di(ect induced ground shock
A cceleration . ...................................... 6.8 g
V nlocity ............................... 0.27 m /s (10.5 in/sI
Disp

l
acem ent .................... ........... 20 m m (0.8 in.)

Horizontal air-blast grcund shock.

A cceler, ction .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . 16
V elocit'/ .......... ........ .. .. .. .... 9.13 m /s (5,0 in/s)
D~spla•'ement .............................. 3.0 nim (0,12 in.)

Hovizornta, J'Sect indticed gq•cund shock

A cceleration .. . ... .. . . . ... . .. . . . . ... . .. . . . ... ... 3.4 q
V viocity ............................... 0.21' m/s (10.5 in/s)
Disp~acemert .. . . . . . . . . . . . . . .20 mrr, (O.X, in.)
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TABLE A-2. Gauge Recommendations for 34 000-kg (75,000-1b) Charge.

Actual

Gaugee Measurement Expected peak Priority performance
_____ ____ __________ ____in ESKIMO V

1S6 i Strain 1,500 u-strain tension 1 Functioned
1S5 Strain 150 jU-strain compression 1 Functioned
1S7 Strain 850 U-strain tensiun 1 Functioned

1 S8 Siraiii 450 U-stra~n comnpress~on 1 Functioned
1S3 Strain 850 ,-strain tension 1 Failed

1S4 Strain 450 UA-strain 'rompression I FailedIDi Crown deflection 25 mmr (1.0 min)2 Functioned
V1 Vertical velocity 0.5 m/s (21 mins) 2 Functioned
V4 Hori;,ontal velocity 0.22 m/s (11 in/s) 2 Functioned

Al Vertical acceleration 32gy 2 Failed

2S6 Strain 1,500 p-strain tension 3 Failed
2S5 Strain 150 UA-strain compression 3 Failed
3S6 Strain 1,500 UA-strain ter, sion 3 Functioned
3S5 Strain 150 p-strain compression 3 Failed
D2 Lateral deflection 13 mm (0.5 in) 3 Functioned

V7 Vertical .,elociy 0.28 m/r (11 in/s) .3 Functioned
V2 Horizontal velocity 0.28 mls (11 in/sI 3 Failed
1S9 Strain 270 A-strain compression 4 Functioned

iS10 Strain 780 pA-strain tension 4 Functioned
151 Strain 190 U-strain comrpression 4 Functioned

152 Strain 320 pu-strain tension 4 Functioned
A3 Vertical acceleration 322g 4 Failed
A2 Horizontl acceleration 32 g 4 Failed

SS2 Soil stress 345 kPa (50 p,-,i) 4 Functioned
553 Soil stress 345 kPa (50 psi) 4 Functioned

V3 Vertical velvcity 0.28 m/s (11 in/sI 4 Functionedi
VS Vertical velocity 0.28 in/s (11 ir-/s) 5 Furctioned
VIS Horizontal velociJt5  0.28 m/s (11 in/s) 5 Functioned

SS1 Soi! stress 210 kPa (30 usi)1 Fun~ctioned
SS4 Soil stress 210 kPa (30 psi 5C Functioned
A4 Vertical acceleration 11 g 5 Failed

a Prefix on strain gauges is as follaws:
1= Midlength cross section

2 = Halfway betweer, midlsection and h~eadwall
3 = Near face of headwall

b Measured composite of floor and roof motion-
c Relocated in proximity to SS2.
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FIGURE A-4. Deflected Slope of Igloo.
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FIGURE A-5. Moment Diagrm of Maximum Re-sponse
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