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ABSTRACT

Fvent Mineral Rock, the detonation of a 100-ton spherically shaped
charge of TNT on granite, was the last event of the Mine Shaft Series, a
program of high-explosive tests primarily concerned with ground shock
and cratering effects from explosions at or near the surface of a compe-
tent rock medium. The series, conducted in 1968 and 1969, was intended
as a follow-on to previously conducted similar experiments in soil.

Mineral Rock (1969) duplicated the geometry and yield of Event Mine
Ore (1968). Studies of crater ejecta were conducted to determine debris
density and distribution, to examine the role of the ejection mechanism
in crater formation, and to obtain additional information on the hazards
associated with natural missiles. Mineral Rock, with a maximum observed
ejecta range of approximately 2,800 feet for a l-pound particle, pro-
duced a larger crater and a more extensive ejecta field than its prede-
cessor, Mine Ore.

In addition to established methods of ejecta measurement, aerial
photography was introduced to obtain spoil volume and distribution param-
eters. A comprehensive artificial missile experiment was included, and
limited impact measurements were obtained from the terminal trajectories
of small natural particles. As with other events in rock that preceded
the Mine Shaft Series, the influence of rock jointing on ejecta distribu-
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tion was evident. Volumetric analysis indicated that 230 yd~ of in situ
material was ejected from the crater, about 90 yd3 of which was deposited
in the crater lip. A factor of WO'3 (W = charge weight) was confirmed
for empirical scaling of ejecta ranges common to the Mine Ore/Mineral
Rock test geometry. Size distribution as a function of range for dis-
crete particles was also established, confirming that smaller particles
(4 to 8 inches in diameter) tend to dominate the ejecta field at dis-
tances greater than 25 to 30 crater radii from the detonation.

Throwout regions common to the Mine Ore/Mineral Rock test geometry
were satisfactorily defined, with good agreement being noted between the
two events. In general, the ejecta mechanics resembled those associated

with a surface burst in soil.



PREFACE

The Mine Shaft Series of high-explosive tests, sponsored by the
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NOTATIONS AND ABBREVIATIONS

Notations

Presented area
Sonic velocity

Constant representing effects of air drag in ballistic range
equation

Missile height

Weight of ejected material

Acceleration due to gravity

Constant in ejecta areal density eqguation
Missile length

Exponent of range R in ejecta areal density equation
Shock-front pressure

Range (distance from ground zero)
Particle velocity

Initial velocity of ejected particle
Missile width

Charge welght

Calculated missile weight

Measured missile weight

Missile weight based upon presented area
Particle exit angle

Specific (unit) weight

Ejecta areal density

Pi, a constent,; =3.142

Mass density

Standard deviation from the mean

Crater notations are given in Figure 1.1.

GZ
HOB

Abbreviations

Ground zero, the hypocenter or epicenter of detonation

Height of burst




msl

Mean sea level, a reference plane

Standard core size used in exploratory drilling, =3 inches
in diameter

Trinitrotoluene, a chemical (high) explosive
Weapons Effects Laboratory

U. S. Army Engineer Waterways Experiment Station

10



CONVERSION FACTORS, BRITISH TO METRIC UNITS OF MEASUREMENT

British units of measurement used in this report can be converted to

metric units as follows:

Multiply By To Obtain
inches 2.5h centimeters
feet 0.3048 meters
miles (U. S. statute) 1.60934k kilometers
feet per second 0.3048 meters per second
milecs per hour 1.60934k4 kilometers per hour
square inches 6.4516 square centimeters
square fect 0.092903 square meters
cubic feet 0.0283168 cubic meters
cubic yards 0.76L4555 cubic meters
pounds 0.45359237  kilograms
tons (2,000 pounds) 0.907185 metric tons
pounds per square inch 0.070307 kilograms per square
centimeter
pounds per square foot 4 .88243 kilograms per square meter
pounds per cubic foot 16.02 kilograms per cubic meter
Fahrenheit degrees a Celsius or Kelvin degrees

& To obtain Celsius (C) temperature readings from Fahrenheit (F)
readings, use the following formula: C = (5/9)(F - 32). To
obtain Kelvin (K) readings, use:

a1l

K= (5/9)(F - 32) + 273.15.



CHAPTER 1

INTRODUCTION

1.1 BACKGROUND

Events Mineral Lode and Mineral Rock were continuations of the
Mine Shaft Series begun in 1968 (Reference 1). The primary objective
of this test series was to study the effects of explosion-induced
ground shock and cratering on or beneath the surface of a rock medium.
A secondary objective was to observe the response of structures and
structural components within the blast enviromment. Major effects
measured were ground shock for the Mineral Lode Event (buried charge)
and cratering, ejecta, ground shock, and airblast for the Mineral Rock
Event (near-surface charge).

Mine Shaft was specifically designed to provide information on ex-
plosion effects in a rock medium, for which there is a paucity of data.
Most large-scale explosive testing has been conducted in desert alluvium
of the western United States and sandy clay of Canada. However, the
interest in recent years in hardened military facilities in rock has re-
gquired additional data to determine survivability of such facilities
from hits or near misses of nuclear weapons. Since cratering and
crater ejecta are among the prime destructive agents of an explosion,
quantitative measurements of these phenomena are important. Of par-
ticular interest are the long-range ejecta strike probabilities on ex-

posed structural elements of a facility.

1.2 OBJECTIVES

The primary objective of this study was to determine the ejecta
areal density (in terms of weight per unit area, i.e., pounds per
square footl), range, and azimuthal distribution associated with the

Mineral Rock Event. Secondary objectives were: (1) to obtain

. A table of factors for converting British units of measurement to

metric units is presented on page 11.
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information on the mechanics of crater formation by surveying the ori-
ging’ and final positions of ejected material, and f2) to obtain informa-
tion from which quantitative estimates of ejecta trajectory parameters

and accompanying hazards could be made.

1.3 THEORY

The crater, its 1lip, and surrounding regions of deformation common
to a surface or near-surface explosion are illustrated in Figure 1.1;
the basic theory for an ejecta study is described in Reference 1.
Briefly restated, predictions of ejecta parameters for any given ex-
plosion follow two general approaches: (1) a consideration of initial
particle velocities based upon shock conditions, and (2) scaling of
other experimental results to the yield under consideration.
The first approach is expressed by the fundamental ballistlic
equation for range
V2 sin 2¢
R=(C ———— i)
g
Where: R = range (distance from ground zero)
C = a constant that is dependent on the effects of air drag
V_ = initial velocity (speed) of a given ejecta particle

o = starting or exit angle (with respect to the horizontal
plane) of the particle

g = acceleration due to gravity

Reference 2, which includes some observations of ejecta particles,
expresses C as a ratio of the observed range to the range in a vacuum.
The exit angle ¢ 1s generally dependent upon shot geometry, and
C must be selected to best represent the environmental conditions to
which the particle will be subjected. Estimation of initial particle
velocity depends upon conditions just behind the shock front according

to the eguation

=B (1.2)
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Where: particle velocity

shock-front pressure

v
b
p = the medium's mass density
c

sonic velocity in the medium

The quantities p and c¢ can be readily determined experimentally;
however, assigning a value to p requires use of a basic assumption
concerning the origin of the ejected material. Material in direct con-
tact with the charge is probably pulverized; therefore, ejected par-
ticles of practical interest are assumed to originate in areas slightly
removed from the charge. Experience has shown that, for test geometries
between that of a true surface burst and that of an above-surface tan-
gent burst, the long-range ejecta generally originate near the ground
surface at a distance approximately equal to one charge radius from the
charge-medium interface (Reference 3). Thus, to determine maximum
ejecta range, the value selected for p should represent the shock-
front pressure at about this point. The resulting particle velocity
can then be substituted into Equation 1.1 to calculate missile range.
The major limitations of this method are (1) Equation 1.2 does not con-
sider energy and velocity losses due to comminution, interparticle col-
lisions, etc; and (2) the equation expresses a particle velocity in the
direction of the spherically diverging ground-shock wave rather than
toward ground surface, where ejection actually occurs. For these rea-
sons, values of initial velocity and accompanying ranges are generally
higher than those observed.

The second approach to predicting ejecta parameters involves em-
pirical scaling procedures relating other experimental results to the
current test. Considerable effort in cratering and ejecta research has
been made toward developing the proper scaling relationships for various
phenomena, both theoretically (through dimensional analysis methods) and
experimentally. As yet, there has been little agreement between theory
and experiment. TFor example, scaling factors for ejecta velocities and
ranges have varied from as low as Wl 6 where W 1is charge weight
(Reference L, which presents results of a dimensional analysis using

WOk

mass-gravity relations) to as high as (Reference 5, in which

1k



scaling factors are determined empirically from surface bursts in rock).
The discrepancy seems to result from the fact that the effects of certain
parameters such as charge geometry have not been evaluated completely

and are not included in dimensional analysis procedures. Presently,
empirically determined scaling factors provide the most reliable means

of predicting cratering and ejecta effects.

1.4 PRESHOT PREDICTIONS

Since Mineral Rock duplicated the 1968 Event Mine Ore, the best pre-
dictions of ejecta ranges for Mineral Rock were the results of Mine Ore.
These are given in Reference 6 and are: (1) maximum range = 2,500 feet,
and (2) 90 percent missile range = 1,375 feet. The 90 percent missile
range represents the radial distance within which 90 percent (by weight)
of all ejecta is found.

However, as shown later, Mineral Rock results did not duplicate
Mine Ore results; rather, they agreed more closely with original Mine
Ore predictions, which are given in Reference 1 as: (1) maximum

range = 3,000 feet, and (2) 90 percent missile range = 1,300 feet.
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CHAPTER 2

EXPERIMENTAL PROCEDURES

2.1 TEST SITE

The Mine Shaft test site was located on a granite intrusion in the
Iron Mountains of southwestern Utah, about 8 miles northwest of Cedar
City, Utah. Figure 2.1 is a map of the test site area. The region
has a semidesert enviromment with juniper trees, sage, and cactus as
the predominant vegetation (Figure 2.2). The site is characterized by
a thin layer of sandy silt soil (desert alluvium) with intermittent
smoothly rounded rock outcrops. The site is approximately 5,900 feet
above mean sea level (msl), and the area slopes gently toward the east
at about 2 degrees. A steep 500-foot-high peak is located about 2,000
feet southwest of the site. Prior to testing, the area within approxi-
mately 100 feet of ground zero (GZ) was cleared of soil and weathered
rock. The trees and brush were cleared as necegsary to give an open
area of 1,000-foot radius around GZ.

Results of a petrographic examination (Reference 7) showed the rock
at the test site as tonalite (Shand's classification system), a light-
colored, medium- to fine-grained igneous rock. The rock at the test
site consisted of a fine-grained matrix of quartz, plagioclase feldspar,
pyroxene, clay (montmorillonite and vermiculite), biotite, and magnetite
grains. Examination of near-surface core samples showed the rock to be
somewhat weathered, friable, and cracked. The basic physical properties

of the tonalite, which is a granitoid rock, are listed below:

Specific gravity 2.6
Porosity 5 percent
Tensile strength 900 psi
Unconfined compressive strength 15,000 psi
Young's modulus of elasticity (unconfined) 3.0 x 10° psi
Initial angle of shearing

intact samples 45 degrees

jointed samples 37 degrees

L




According to the classification system in Reference 8, the Cedar
City tonalite would be classified as borderline between CA and CL
(Figure 2.3), indicating medium strength and an average to low modulus-
to-compressive strength ratio.

The rock mass in the vicinity of Mineral Rock GZ was moderately
jointed, with the major joint zones trending in a north-south direction
(Reference 9). Figure 2.4 is a map of the surface joints adjacent to
GZ. Most joints were nearly vertical, and the wider joints tended to
narrow rapidly below the surface. Some of the larger joints indicated
slight downward faulting. One well-developed surface joint pattern in-
volved the swirls of rock that occur in the Mineral Rock area. While
not fully understood, these onionlike formations may be either stress
relief features that formed after jointing or planes of parting that
‘developed as the magma cooled geologic ages ago. Subsurface joint
spacing averaged one joint about every 6 inches down to 10 feet below

ground surface and decreased markedly with greater depth.

2.2 TEST GEOMETRY AND ENVIRONMENTAL CONDITIONS

This phase of the Mine Shaft Series consisted of two high-explosive
(HE) charges: Mineral Lode, detonated on 5 September 1969, and Mineral
Rock, detonated on 7 October 1969. Mineral Lode was a l6-ton, ammonium
nitrate slurry charge buried 100 feet. This depth was chosen to approxi-
mate that of contaimment, where a camouflet would be formed but no ex-
plosion gases would be vented. Since Mineral Lode produced no sig-
nificant ejecta field (Reference 10), it will not be considered further
in this report.

Mineral Rock was a 100-ton near-surface burst. The charge was
composed of 32.6-pound blocks of trinitrotoluene (TNT) stacked to
approximate a 15.7-foot-diameter sphere (Figure 2.5). The height of
burst (HOB) relative to charge center of gravity was 0.9 charge radius,
or 7.07 feet.

As mentioned previously, Mineral Rock duplicated Event Mine Ore,
which was detonated on 13 November 1968. The geographical coordinates

for Mineral Rock were latitude 37°46'10.033" N and longitude
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113°10'52.037" W; this zero point was about 130 feet northeast of the
0old Mine Ore GZ. Part of the shot preparation for Mineral Rock in-
cluded an effort to clear the area of ejecta from Mine Ore. This was
accomplished mostly by grading. Just prior to shot day, a search of
the area was made, and remaining ejecta of significant size were marked
with spray paint so that they could be easily distinguished from ejecta
resulting from the detonation of Mineral Rock.

Time of the Mineral Rock detonation was 1200 hours (to the nearest
second). Shot day was partly cloudy and a stiff wind was blowing from
the south (190 degrees) at 16.1 mph. The surface temperature was 68 F
and the barometric pressure was 11.8 psi; relative humidity was 28

percent (Reference 11).

2.3 EJECTA MASS DENSITY AND DISTRIBUTION SAMPLING TECHNIQUES

To determine the areal mass density and distribution of ejecta re-
sulting from the Mineral Rock Event, the ejecta field was divided into
two regions: (1) the continuous ejecta region (within the crater 1lip),
and (2) the discontinuous ejecta region (beyond the crater lip). Four
techniques were used to collect data, one in the continuous ejecta

region and three in the discontinuous ejecta region.

2.3.1. Ejecta Within and Adjacent to the Crater Lip. Following the

shot, the crat?ga%igqxﬁz)divided into 30-degree sectors (Figure 2.6) ex-
tending ?r:%fgp f%%t from GZ, the approximate edge of the apparent crater,
to 100 fee#:frém GZ, the outer limit of the continuous ejecta region.

Each 30-degree sector was further divided into four areas by radial in-
crements of 15 feet. The sectors for sampling (shaded sectors in

Figure 2.6) were selected to provide continuous data points along four
radial sectors and on two concentric rings circling GZ. Due to the ir-
regularity of the lip extremity, some of the sampling areas lay slightly
beyond the lip. These areas were recorded and the data were separated
during analysis (Section L.1). Ejecta collection was accomplished in
coordination with Subtask SX30110, "Cratering Effects Investigations."

The material from each sector was collected using a front-end loader
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and was placed in a dump truck. The material was then hauled to a
local rock-crushing plant where the total sample was weighed and then
sieved into four size classifications: 12 inches, >6 to 12 inches,

>3 to 6 inches, and <3 inches. Figure 2.7 shows the sieving operation
with the material passing through a series of screens on a rock-crushing
machine, then onto conveyor belts where material of each size classifi-
cation falls into a separate truck and is weighed. The data obtained
were analyzed to determine areal mass density and size distribution of
ejecta in the crater lip as a function of radial distance from GZ.

2.3.2. Ejecta Beyond the Crater Lip. Three techniques were used

to sample ejecta falling beyond the crater lip: (1) hand collection of
ejecta from predesignated collector areas, (2) aerial photography, and
(3) peripheral plane-table survey.

The ejecta collector areas were used in the expected transition re-
gion between the continuous and discontinuous ejecta. TForty areas were
laid out in an array extending from 75 to 200 feet from GZ, as shown in
Figure 2.8. Each area covered 100 ftg. In the areas that were bare
rock, the rock surface was painted red. The areas that were composed
of alluvium were marked with pins at the four corners and the center
of the area. In the alluvium areas, recovery of sand-sized ejecta
particles was impossible, since there was no practical means of sepa-
rating the particles from the in situ material The entire ejecta
sampling procedure in and adjacent to the lip was necessarily unrefined,
but the procedure was adequate to gain an appreciation of the depostion
in this area.

Figure 2.9 is an aerial photograph showing the Mineral Rock charge
and the surrounding collector areas. After the shot, samples were
collected from only 22 of these areas (shaded in Figure 2.8) because the
inner areas fell in the continuous ejecta region that was sampled as

part of the crater 1lip. All rock debris within each sampled area was

gathered and weighed and then sized into groups with diameters <6 inches,

6 to 12 inches, and >12 inches. For each sampled area, all, or a repre-
sentative sample, of the minus 6-inch material was retained for a more

detailed laboratory sieve analysis.
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The ejecta beyond the crater lip was sampled primarily by aerial
photography. A mosaic of low-altitude photographs was planned to
provide a complete picture of the debris field out to a radial distance
of 1,000 feet from GZ. A contract was negotiated with a commercial
firm to accomplish the aerial photography and to perform a sample count
of ejected rock particles down to the 3- to L-inch size from photograph
enlargements. Due to various technical and fly-over difficulties, the
photography did not effectively cover the designated 2,000-foot-diameter
area. However, a sufficient number of photographs were obtained for
sampling purposes and for establishing the methodology associated with
this approach to an ejecta study. Eight pictures taken at various
ranges from GZ (Figure 2.10) were selected for a detailed missilc
count. These pictures werec enlarged, and the missiles were counted
and sized into five classifications: U4 to 8 inches, >8 to 12 inches,
>12 to 18 inches, >18 to 24 inches, and >2L inches. The coordinatcs
of each missile were determined with respect to GZ, and all informa-
tion was rccorded on computer cards. Thec data were analyzed on a
digital computer to detcrmine ejecta areal density and size distribu-
tion relations as functions of radial distance.

The outer periphery of the cjecta field was mapped by a plane-
table survey to determine the maximum range of natural missiles.
Mapping was rcstricted to rock fragments weighing approximately 1 pound
or more. Hcavier picces whose weights werc difficult to estimate were
weighed in a sling and spring-scale device. The arca covered was an
arc of about 170 degrecs running clockwise from west to east-northeast.
Broken terrain toward the east and southeast, a restricted Air Force
test area toward the south, and a large hill toward the =outhwest re-
stricted the mapping effort. However, a visual search was made of

these areas, and extremc missile ranges were estimated.

2.4 TECHNIQUES FOR EVALUATING MISSILE TRAJECTCRIES

Three experiments wcre designed to mect the secondary objective
of cvaluating missile trajectory parameters. These experiments in-

volved the use of: (1) colored-grout ejecta, (2) artificial
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missiles, and (3) styrofoam missile traps.

2.4.1 Colored-Grout Ejects. An array of colored-grout columns

(Figure 2.11) was emplaced during the conduct of Subtask SX30110,
"Cratering Effects Investigations," to aid in defining the true crater
and rupture envelope boundaries and in determining residual displace-
ments surrounding the crater. The upper portions of the grout columns
that were within the expected true crater were divided into 1-foot in-
crements by the addition of colored beads to the grout mixture. TFor
the purposes of the ejecta study, the beaded portions of the columns
provided source material for tracing the ejecta origins. After the
shot, those pieces of the grout columns found in the ejecta field

were identified and their final positions were recorded.

2.4.2 Artificial Missiles. The artificial missile experiment

served a purpose similar to that of the colored-grout experiment, with
the addition that information on ballistic coefficients and drag char-
acteristics for missiles of known shape and density was obtainable.
Two basic missile shapes, cylinders and spheres, were used. The cyl-
inders were made of aluminum and were 2.5 inches in diameter. The cyl-
inders were emplaced in packages, each package consisting of one 4-,
2-, and l-inch-long cylinder and one l-inch-long cylinder divided into
one half-cylinder and two quarter-cylinder wedges. The spheres were
made of plastic, aluminum, steel, or lead, and were either 1 or 2
inches in diameter. The spheres were emplaced in packages that each
contained two l-inch and one 2-inch spheres of each of the four
materials.

Table 2.1 gives the physical properties of the artificial missiles.
One-hundred ninety-seven cylinder packages and 60 packages of spheres,
making a total of 1,902 artificial missiles, were emplaced preshot in
an array of NX-size (approximately 3 inches in diameter) holes extending
along radials to the north, south, and west of GZ. Figure 2.12 shows
the locations, relative to GZ, of all boreholes containing artificial
missiles along with the positions of the missile packages in the holes.
All holes were backfilled with strength-matching grout. Figure 2.13

shows missile packages and cylinders just prior to emplacement. Each
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missile was stamped with a three-digit number giving its initial
position with respect to radial number, hole number, and depth.

For example, a cylinder marked 154 was orginally emplaced on Radial 1
(south radial) in the fifth hole from GZ and was in the fourth cylinder
package below ground surface. Preshot depths of all cylindecr and
sphere packages were recorded in the field. In addition, twenty-three
7.4-inch-diameter aluminum spheres were emplaced in four borcholes to
the north of GZ at the request of the Aerospace Corporation, a par-
ticipating agency. These spheres were number coded and their preshot
positions were recorded. They served the same purpose as the other
artificial missiles but were larger and brightly polished so that they
could possibly be visible in thc technical photography and thus provide
data on initial missile trajectory parameters. Unfortunately, this

was unsuccessful. Postshot, a search was made for all artificial mis-
siles, which, when found, were identified and mapped by plane-table
survey.

2.4.3 Styrofoam Missile Traps. The final missile trajectory ex-

periment involved the use of styrofoam missile traps designed to obtain
data on terminal trajectory parameters. The traps were made of 206-psi
styrofoam, 4 fcet by 8 feet by 6 inches thick, emplaced so that the top
surface was flush with the ground surface. TFive traps were placed
along the west radial at distances of 249, 346, 509, 607, and 706 feet
from GZ. A single trap was also placed 224 feet south of G7. After
the shot, those traps that survived were recovered and those portions
containing embedded missiles were cut out. Impact angles and depths of
penetration were later measured, and impact velocities were estimated
on the basis of calibration tests conducted in a fragment simulator and
on the basis of the results of a computer program on penetration

parameters.
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TABLE 2.1 PHYSICAL PROPERTIES OF ARTIFICIAL MISSILES

Spheres Cylindersa
Diameter Material Weight Length Weight
inches pounds inches pounds
1 Aluminum 0.05 L 1.82
7 Lead 0.22 2 0.91
& Plastic 0.02 1 0.46
1 Steel 0.15 lb 0.23
2 Aluminum 0.40 e 0.12
2 Lead 172
2 Plastic 0.20
2 Steel 1-:0:9
Tl Aluminum 20.30

a : : : :
All cylinders were made of aluminum and were 2.5 inches in
diameter.

L One-half cylinder wedge of a l-inch cylinder.

s One-quarter cylinder wedge of a l-inch cylinder.
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Figure 2.2 Preshot view of the Mineral Rock test
site looking toward the southwest.
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Figure 2.4. Surface joint map for Event Mineral Rock. Major and minor
joints are indicated by heavy and light lines. Note numerous swirls in
rock, as discussed in Section 2.1.
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