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Preface

This report describes the instrumentation and presents the results of
blast-pressure measurements made in and above ice and snow on the Greenland
Icecap during the summers of 1957 (ice) and 1958 (snow). The work was per-
formed in conjunction with Task No. 4.2, "Weapons Effects in Arctic Ter-
rain," as a part of R&D Project 8-12-10-001 (subsequently changed to R&D
Subproject 8-12-95-420), sponsored by the Office, Chief of Engineers,

U. S. Army.

The explosives effects project, of which these measurements were a
part, was conducted under the supervision of the U. S. Army Snow Ice and
Permafrost Research Establishment (SIPRE) and its contractor, Barodynamics,
Inc., with instrumentation support (personnel and equipment) provided by
the U. S. Army Engineer Waterways Experiment Station (UES) and the Engineer
Research and Development Laboratories (ERDL).

The 1957 field party consisted of Messrs. L. F. Ingram, F. P. Hanes,
L. T. Watson, Jr., E. /. Flowers, and V. C. Fortner, Jr., of VES and
Messrs. F. A. Pieper, A. Tieman, and F. Stevens of ERDL. Mr. Watson was
in charge of operating the equipment and was assisted by Messrs. Flowers
and Fortner during the entire 1957 test series. The 1958 field party con-
sisted of Messrs. Hanes, Flowers, C. M. Wright, and E. L. Sadler of WES
and Mr. Stevens of ERDL. Mr. Flowers operated the equipment for most
of the 1958 tests.

This report was prerared by Messrs. Ingram and S. H. Halper of the
Hydrodynamics Branch, Hydraulics Livision, VES, under the supervision of
Messrs. G. L. Arbuthnot and F. R. Brown. Col. A. P. Rollins, Jr., CE,
and Col. Edmund H. Lang, CE, were Directors of the VES during the course
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of these tests and preparation of this report. Mr. J. B. Tiffany was
Technical Director, and Mr. E. P. Fortson, Jr., was Chief of the Hy-
draulies Division.

The cooperation and assistance of personnel from the First Engineer
Arctic Task Force, U. S. Army; Barodynamics, Inc.; SIPRE; and ERDL ere
gratefully acknowledged.
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Abbreviations and Symbols

Charge depth,* ft
Positive impulse of pressure wave, lb-msec/iu.a
msec Millisecond
i P_  Maximum pressure, psi
| R s Slant range, charge to gage, ft
; t_ Arrival time of initial pressure front, msec
W Charge welght, 1b
Horizontal distance, gage to ground zero,¥* ft

i y Depth of gage referred to ground zero,* ft

A Reduced charge depth,* = dc/wl/ 3, pt/1vl/3

[ o4

R
A_ Reduced slant range, charge to gage = _,J}. , £t /1b1/3 :
¥

Average velocity of initial pressure front, charge to gage, fps ;

»
a < o

Positive duration of pressure wave, msec
A-60 Atlas 60 explosive

Cc-4 Composition 4 explosive

5«5 Coalite 5-5 explosive

T-8 Coalite T-S explosive

k]
{
* Negative values refer to below-surface positione. 3
#*% Negative values refer to distances left of ground zero. j
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Summary

Pressure~time histories of shock waves, both above and below the sur-
face, were obtained in the proximity of hipgh-explosive charges detonated in
ice and snow. Measurements wvith piezoelectric gages were obtained from 15
explosions in glacial ice and 36 explosions in deep snow. Four different
charge types, with weights ranging from 2.5 to 160 1b, were fired. Charge
positions ranged from above the surface to a depth of 23.10 ft below the
surface. The resulting pressure, impulse, and shock-velocity data exhib-
ited considerable scatter when plotted as a function of reduced distance.
At distances of 2 tc 20 ft frem the charge, the mean shock velocities were
11,500 fps in ice and 4200 fps in snow. Peak pressure values measured in
ice were much lower than those that would be expected at comparable dis-
tances in water. Pressure waves resulting from cherges detonated in snovw
were severely attenuated as compared with those resulting from free-air
bursts. Complete tebulations of the date are presented.
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MEASUREMENTS OF EXPLOSION-INDUCED SHOCK WAVES
IN ICE AND SNOW, GREENIAND

1957 AND 1958

Purpose and Scope

1. The test programs, from which the measurements desyribed herein
wvere obtainsd, were conducted primerily tc determine the cratering effects
of high explosives detonated in ice and snow. However, since the cratering
tests afforded an opportunity to study the characteristics of blast-induced
shock waves transmitted throvgh ice and snow, plans were made to instrument
a number of shots in both the 1957 (ice) and 1958 (snow) programs.

2. This report concerns only the pressure-measuring phase of the
test programs. Instrumentation, test conditions, and procedures are
described together with some of the problems encountered. Test conditions
and results ure presented in tabular form, and representative plots of the
data obtained from these tests, showing typical pressure-wave forms.and
peak pressure-distance relations, are included.

Objectives

3. The objJectives of the measurements were to obtain pressure-time
histories of shock waves, both above and below the surface of the medium,
in the proximity of high-explosive charges fired in ice and snow, and from
these data to: (a) determine the nature of explosive-generated pressure-
wave transmission in snow and 4ce, and (b) obtain information pertinent to
an understanding of the mechanics of crater formation in these media.

Tests in Ice, 1657

Test site und charac-
teristics of test medium

4, The 1957 tests were conducted on the western slope of the Green-
land Icecap approximately three miles east of Camp TUTO in an area just
south of the Ramp Road. Camp TUTO is located at the edge of the glacier
about 12 miles east of Th.le Air Base. Because of the relatively warm
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daytime temperatures at the time of these tests, the top few inches of cnow
overlying the ice was subject to considerable melting. The melt water pre-
sented a problem in placement of charges, sounding of craters, and opera-
tions in general. To minimize this problem, all testing was don: between
the hours of 6:00 PM and 6:00 AM.

5. The physical properties of the ice including crushing strength,
modulus of elasticity, and density were determined by SIPRE.* The ice was
not homogeneous in that slush and water layers existed in the top few feet,
and it was filled with voids or air pockets as large as 7 mm in diemeter.
It was understood that the ice had an average density of approximately
0.89 g per cu cm.

Test program

6. Prior to departure of the test teams for Greenland a test program
had been planned by Barodynamics, Inc., but this program was not adhered to
in the field because estimates of the quantities being measured proved too
uncertain. Instead, the test conditions (gage geometries) were planned by
Mr. C. W. Livingston of Barodynamics, Inc., on a shot-to-shot basis. The
majority of the shots were fired to obtain cratering information, and only
a small number (15) of the total shots fired were instrumented with
pressure gages.

Instrumentation

7. Tourmaline gages were used to measure both ice shock and air
blast. Air-blast measurements were made only for shallow-buried and above-
surface charge positions; baffle-mounted gages with nominal sensitivities
of 25, 40, and 80 picocoulombs per psi were used for these measurements.

In addition to measurements with the tourmaline gages, a few measurements
vere made at large standoff distances with quartz piezoelectric gages made
by the Road Research Laboratory of England. Gages 1/4 and 1/2 in. in
diameter with nominal charge sensitivities of 2.0 and 8.0 picocoulombs per
psi, respectively, were used for the shock measurements in the ice. These
gages were installed by inserting them in l-in.-diameter holes drilled in

* U, S. Army Snow Ice and Permafrost Research Establishment, CE, Some

Physical Properties of Ice from the TUTO Tunnel and Ramp, Thule
Greenland, by T. R. Butkovitch. Research Report 47 (Wilmette, Illinois,

May 1959).
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the ice and allowing the melt water (which immediately filled the holes) to
refreeze. At depths of more than 3 ft the gages would freeze in place
rapidly. Vhen positioning gages in the upper 3-ft layer some question al-
ways existed as to the degree of solidity of the ice, especially since
water was visible in the holes; however, a light tug on the gage cable
would confirm that the gage was frozen in place.

8. Shock-wave and pressure data were recorded on a William Miller,
}Model CR-1A, Cathode-Ray Recorder. This unit is a compact package contain-
ing eight dual~beam oscilloscopes whose beams are focused on a continuous
photosensitive paper strip. The unit conteins ell the recuired amplifiers,
power supplies, optical system, paper-transport mechanism, etc. Recording-
peper speeds up to 800 in. per sec were availatle. Auxiliury equipment in-
cluded cathode~follower preamplifiers, a calibration-step generator, a
detonator-firing supply, and a sequence timer for controlling events. The
electronic reroraing equipment was housed in a skid-mounted wanigan 8 ft
wide and 22 £t long. Power was supplied by two S5-kw, gasoline-engine-
driven generators, which were not sheltered in any way. The Miller Pnit
had exclusive use of one generator, and all other equipment derive¢ rower
from the other gereratur. A commercial record processor was used to de-
velop and fix the records.

9. In addition to the pressure measurements, a zero-time mark was
provided on the records for correlation purposes., This was done by allow-
ing the charge detonation to break a wire, thus removing an electrical
short, which produced a sudden break or departure in one of the record
traces. Still another recording channel was used to indicate the time
(with respect to zero) of gross upheaval of the ice surface above the
detonation point. A circuit similar to the zero-time arranpgement was used
for this purpose. The sequence timer also provided switch closures for
starting movie cameras and seismic recorders which were operated by members
of another test group. The gage layout, hole drilling, charge preparation,
crater sounding, and part of the gage reccvery were performed by Earody-
namics, Inc., personnel. Detonation of the instrumented charges was pro-
grammed by the sequence timer, which also controlled the calibration and
récorder start-stop functions.

10. Recovery of gages was a real problem (especially the deeply




buried gages) during most of the operation. Finally, a steam generator was
secured which was very effective in melting the ice around the gages.
Previously, digging and blasting had beea employed; the latter method re-
sulted in appreciable damage to the gages. During the tests approximately
4O gages were in use, although only about 10 were required for any one shot.
The large number of gages was necessary because of the time required for
the gages to freeze in position and the subsequent recovery and repair
operations. A major effort was required for gsge maintenance and
recalibration.

11. Initially the air~blast gages were mounted on iron pipes, but
spurious vibrations attributed to shock through the mount necescitated sube
stitution of wooden mounts. Fragments of ice impinging on the gages also
tended to mar what would normally have been smooth records.

12, Aside from minor difficulty with the paper transport, the Miller
unit performed very well. The main equipment trouble was with power gen~
erators., It was difficult to keep at least two unigé_ operating satisfac-
torily, and to accomplish this it was necessary to retain a mechanic full
time. Protection apgainst the elements would have contributed greatly to

the reliability of the power plants. In inclement weather, the fine, wind-'

driven snow often completely filled all voids inside the generator housing;
for this reason, several days of testing were lost.
Test conditions and results

13. Test conditions and results for charges detonated in and above
the ice are presented in table 1. Charge positions ranged from 2.16 ft
above to 12.50 £t below the ice surface. Four expiosives, C-l, A-60, 7-S,
and 5-8, with weights ranging from 10 to 40 1lb, were used. Fig. 1 shows
the general shapes of representative pressure-weve forms obtained from the
shots detonated in ice. Plates 1 and 2 are plots of préssure versus re-
duced slant range for explosives A-60 and C-4, respectivély. Deta on the
crater size, etc., will be contained in the comprehensive report of the
1957 tests which is being prepared for SIFRE by Barodynamics, Inc.
Discussion o f test results

14, Shock-wave velocity in ice near the explosion was very nearly
equal to seismic-wave velocity measured (by Barodynamics, Inc.) over a
greater interval with conventional seismometers. Although there was
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Fig. 1. Representative pressure-wave forms in ice
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considerable scatter in the velocity data, they are reasonably ccxnsistent
in that 85 per cent of the observations were in the range of 10,000 to
14,000 fps. At distances from 2 to 20 ft from the charge, the average
shock-wave velocity wes determined to be 11,500 fps. The considerable
scatter exhibited by the velocity data is attriouted to: errors in
knowledge of slant range (gage-placement errors), record scaling and read-
ing errors (particuiarly for close-in gages), errors in judgment in deter-
mining the exact instant of zero time, and variations in the physical char-
acteristics of the ice.
15. The data on pressure and impulse presented in table 1 were de-

i rived from records which were quite erratic. Questions exist regarding the

coupling of the ice stresses to the gages and the effect of the presence of
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) a gage on the stress field. These uncertainties always exist in free-field
medsurements of this nature. The effects of the relative compressibility
of the ice and the measuring gage are unknown but undoubtedly this factor
affects the gage response. Considerable judgment had to be exercised in
reduction of the data, particularly in determining the integration cutoff
roint for determination of impulse. The severity of test conditions un-
doubtedly caused damage to gages and cables that was reflected in the

i records in an unknown manner. Nevertheless, these data have value in lhat
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the order of magnitude of peak pressures and an indication of the rate of

o

attenuation of the pressure wave in ice have been determined. Peak pres-
sure values measured in ice were much lower than those that would be ex-
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pected at comparable distances in water.

Tests in Snow, 1958

7
i
| MM«
Test site and charac- -§
teristics of test medium
16. The 1958 tests were conducted approxirately one-half mile south-
east of Camp Fist Clench (Site II), Gresnlend, located 200 miles east of
Camp TUTO. This location is about 7T0OC ft atove sea level, and the deily
temperatures during the field operations averaged 23 F for a high and 8 F
for a low. Consequently, there was essentially no melting of the snow.

17. The following tabulation presents snow densities measured in

§
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the area of the instrumented shots. Additional properties of the snow have
been described in a SIPRE report.*

n -

Depth, £t Density, g per cu cm Depth, ft Density, g per cu cm

0.65 0.325 8.53 0.420

1.31 0.360 9.19 0.k425

1.97 0.400 9.48 0.370

2.62 0.350 10.50 0.430 1

3.28 0.380 11.15 0.la5 ]

3.93 0.365 11.82 0.445 3

.59 0.365 12.47 0.450 ]

5.25 0.l0 13.12 0.kho

5.91 0.430 13.78 0.410 ;
’ 6.56 0.4ko 1h.bh 0.455
i 7.22 0.430 15.09 0.4ko 5
' 7.87 0.1&30 15.75 0.450 3
; Instrumentation

18. Piezoelectric gages, made of three different pressure-sensitive

materials, were used for pressure measurements. Tourmaline gages made by

| Crystal Research, Inc., and ranging from 1/2 to 1-7/8 in. in diameter were
used at the close-in positions. Pencil-type gages, made by the Atlantic

Research Corp., were used at the remaining gage stations and employed both

; barium titanate and lead zirconate as the sensing elements. The zirconate

0 Rt o A A oy P AT 53 N A

! gages were usually placed farthest from the charge because of their rela- ;
tively higher sensitivities. Exploratory work by WES had shown the need
for highly sensitive gages for making pressure measurements in snow.¥* The

s
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gages were connected to the recording instruments by 400-ft lengths of co-
axial cable.

19. The recording and auxiliary equipment used in these tests was
essentially the same as was used in the ice tests (described in paragraph
8). Because of the relatively s te
pressure waves, the recording paper was operated at a speed of 1CO in. per
sec. Zero-time reference merks and time-of-snow-surface-rice measurements

* U, S. Army Snow Ice and Permafrost Research Establishuent, CE, Visco-
Elastic Properties of Snow and Ice in the Greenland Ice Cap, by
U, Nekaya. Research Report 46 (Vilmette, Illinois, May 1959).

% U. S. Army Engineer Waterways Experiment Station, CE, Blast-Pressure
Measurements in Snow, Miscellaneous Paper 2-274 (Vicksburg, Mississippi,
June 1958).
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were recorded as described in paragraph 9. Casoline-engine-driven gen-
erators were used for power.

20. Gages were placed in holes bored in the snow with hand augers.
The holes were drilled to within a few inches above the desired gage loca~
tions. The gages were then gently forced into the undisturbed snow to the
desired depth. The holes were backfilled end tamped to approximately un-
disturbed density conditions. In the more dense snow (at deeper depths)
it was necessary to pre;‘orm the towrmeline gage holes with wooden molds to
avold damage to the gages during installation. The gages were recovered
manuvally by pick-and-shovel excavations.
Test conditions and results

21. Test conditions and results are shown in table 2. Thirty-six
test shots were instrumented for these tests. The same four types of
explosives vere used as in the ice tests, but the charges were positioned
deeper in the snow (to 23.10 ft below the surface), and charge weights
varied from 2.5 to 160 1b.

22, Fig. 2 provides a good indication of the general form of the

O MSEC— GAGE POSITION 2, A g =1.50

GAGE POSITION 4, A\g=2.15

Fig. 2. Representative pressure-wave forms in snow
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pressure wave in snow, although there were wide variations from these
shapes. Plates 3, 4, and 5 are plots of pressure versus reduced slant
range for explosives C-k, A-50, and 7-S, respectively. Because of scatter
in the data only the individual points are shova, sud no attempt has been
made to fit a curve thereto. It should be noted that data points are
shown only for the charges detonated at or below the surface. A small

amount of data pertaining to above-surface charges (air-blast measurements)
is given in table 2.

Discussion of test results

23. Plates 3~5 and table 2 reveal the drastic attenuation of the
pressure wave afforded by snow. It appears that a shock-type wave was
recorded only by gages very close to the charge, while at more remote gage
locations, the pressure build-up was more gradual. Referring to fig. 2, it
is seen that at a reduced slant range of 1.00 (shot 231, position 1) the
wave front is quite steep; the slope of the wave front is reduced at
greater distances. It is suspected that the flattening of the wave

i front is the result of successive delay (or slowing down) of the stress
wave caused by compaction of the snow. Mean shock velocities at distances
..of 2 to 20 ft from the charge were in the range of 4200 fps.

24, Since the same instrumentation system was used for recording
both ice and snow data, the snow data are subject to the same types of |
errors as desuribed in paragraphs 14 and 15. The data tabulated herein
were obtained primarily from measurements made with the tourmaline gages.
The pencil-type-gage results were inconsistent and were, for the most part,
discarded. The disadvantage of the latter gages for measurements of this
type lies in their susceptibility to bending caused by sheal RLANGS dliedliGemeeemamsvensmemeeees

s e e ~'éh6'ﬁ'l""ﬁéﬁdmmmoutput or signal that could be inter-
preted erroneously as pressure.
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25. An appreciation, of the attenuation effect of the snow when com- .
pared with free-air blast can be obtained from plates 3-5. For example, :
in plate 3, the l-psi level occurs at a reduced distance of ')‘s approxi-
mately 6. At this same reduced distance the pressure would be about 20 psi
in free air,

26. 1In spite of the scatter in the data, sufficient measurements
were made to establish fairly well the pressure-distance relation for
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A more extensive test program would be required

to isolate the effe.ts of depth of burial of charge and of gage.

charges detonated in snow.
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