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ABSTRACT

The MINE SHAFT Series is a program of high-explosive tests pri-
marily concerned with ground-shock and cratering effects from explo-
sions at or near the surface of a rock medium. The series is spon-
sored by the Defense Atomic Support Agency (DASA) as a follow-on to
similar tests in soil (SNOW BALL, DISTANT PLAIN, PRAIRIE FIAT). The
two major events of MINE SHAFT during 1968 were MINE UNDER and MINE
ORE; both were explosions of 100-ton TNT spheres detonated in near-
surface geometries and in/over a granite medium.

Studies of the crater ejecta were conducted on MINE ORE (buried
one-tenth of the charge radius) with the objec?ives of determining
the spoil density and distribution from this event, examining the
role of the ejection mechanism in crater formation for this medium,
and obtaining additional information on natural missile trajectories.
MINE UNDER, an above-surface event, produced a spélled rubble mound
and a small field of debris; this was also recorded as part of the
study.

MINE ORE produced a low, irregular crater lip which extended to
an average range of 47 feet from ground zero (GZ) with a maximum of
roughly 90 feet. Beyond this, discrete ejecta particle size and dis-

tribution frequency decreased with increasing distance from GZ.  The

maximum observed range was 2,120 feet for a l-pound natural missile




with smaller fragments found out to about 2,300 feet from GZ. Maxi-
mum ejecta ranges were observed downhill }rom and parallel to the
main joints.

Missile ranges scaled approximately as WO'3 . The jointing sys-
tem of the rock appeared to be the single most influential element

in concentrating debris along certain radials, as well as in the

overall distribution of debris.
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PREFACE

The MINE SHAFT Series includes participation by a number of
agencies under the technical direction and support of the U. S. Army
Engineer Waterways Experiment Station (WES). Details of the orga-
nization for Events MINE UNDER and MINE ORE are contained in a Tech-
nical, Administrative, and Operational Plan.l Mr. L. F. Ingram of
the Nuclear Weapons Effects Division (WWED), WES, is serving as Tech-
nical Director for the MINE SHAFT Series. The Director of Program 1
(Cratering and Ejecta Studies) is Mr., J. N. Strange, also of NWED.

Subtask N122, General Ejecta Studies, was prepared and executed
during the period August-November 1968 as a part of Program 1 by
Messrs. A. D. Rooke, Jf., Project Officer, and J. W. Meyer, the
authors of this report. Assistance in the field was provided by
Messrs. J. W. Scanlan of the WES and D. E. Stroberger of the BSeing
Company. During this time Mr. G. L. Arbuthnot, Jr., was Chief of
the NWED, COL Levi A. Brown was Director of the WES, and Messrs. J. B.

Tiffany and F. R. Brown were Technical Directors of the WES.

1
DASIAC Special Report 77-1, 1 October 1968, DASA Information and
Analysis Center, General Electric Co., TEMPO, 816 State Street,

Santa Barbara, California.
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é 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 2.54 centimeters
feet 0.3048 meters
miles 1.60934Y kilometers
feet per second 0.3048 meters per second
miles per hour 1.60934k kilometers per hour
‘ | square feet 0;092903 square meters
; cubic yards 0.764555 cubic meters
pounds 0.45359237  kilograms
tons (2,000 pounds ) 907.185 kilograms

pounds per square
inch 0.070307 kilograms per square centimeter

pounds per square

foot 4.88243 kilograms per square meter
pounds per cubic foot 16.0185 kilograms per cubic meter

a
Fahrenheit degrees - Centigrade or Kelvin degrees

a To obtain Centigrade (C) temperature readings from Fahrenheit
¢ (F) readings, use the following formula: C = (5/9)(F - 32). To
: obtain Kelvin (XK) readings, use: K = (5/9)(F - 32) + 273.15.




CHAPTER 1

INTRODUC TION

1.1 QACKGROUND

The past 15 years or so have seen a great increase in interest
and research effort on the subject of cratering. The military im-
portance of cratering, particularly by nuclear energy, stems from
its damaéing capability against hardened underground facilities,
from damage associated with ejected material (either in the form of
impact damage or from the depth of deposition), and from the creation
of tactical obstacles. Proper usage of cratering as a military tool
and appreciation of its hazards require detailed knowledge of the
mechanics of crater formation.

An obvious mechanism is that of ejection of material from the
crater void. The early cratering tests, largely buried explosions in
the arid soil of the western U. S. A., indicated that this ejection
(or throwout) manifested itself primarily as an overburden problem,
with areal density decreasing exponentially with increasing distance
from ground zero (GZ). The small-grain material of the cratered
medium posed no particular threat to nearby structures other than to
render them ineffective by covering them with a blanket of soilj;
further, the average particle reached terminal velocity early in

the ejection process, and therefore had a relatively short range.

10
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In recent years, interest in hardened military] facilities built
in rock has required that additional emphésiF be placed upon the
study of crater ejecta in this medium. Here the possibility of
long-range damage by discrete ejecta particles is as much a concern
as depth-of-ejecta considerations. Further, important changes have
occurred in research concepts relating to the shot geometry itself.
The surface or near-surface burst, such as might be expected from an
incoming warhead, has received special attention. The hemispherical
charge, which sought to model the blast effects of a true surface
shot (half above, half below ground) twice its actual size, has given
way to the spherical charge, which more realistically represents the
"point source" of energy that a nuclear burst would'provide. The use
of chemical explésives has, of course, been made necessary by the
requirement to substitute high explosives (HE) for nuclear devices,
in keeping with ;equirements of the Nuclear Test-Ban Treaty.l In
addition, means have been sought to more closely reproduce the crater
of a nuclear weapon, recognizing that unless this aspect of energy
expenditure can be modeled it is unlikely that other aspects will be

properly modeled. This has been attempted by offsetting the charge

1 Entered into by the USSR, Great Britain, and the U. S. A. in 1963.
Radiocactive contamination of the atmosphere beyond national borders

is prohibited.

11




center of gravity above that of the nuclear burst which is being
modeled. Thus, in earlier tests in soil,.it appeared that a spheri-
cal‘HE charge resting on (tangent to) the ground surface might pro-
vide a better representation of a nuclear surface-burst crater than
one in which the center of gravity was actually at the ground
surface.

It was this last consideration that dictated the choice of
charge geometry for Event MINE ORE. This shot, together with the
above-surface shot MINE UNDER, was a major event of the MINE SHAFT
Series, a program of HE tests in rock -sponsored by the Defense
Atomic Support Agency. A small-scale (calibration) series of shots
pointed to a burial depth of one-tenth the charge radius as most
representative of a nuclear surface burst. This was generally in
keeping with theoretical considerations and small-scale laboratory

experiments conducted by Physics International, Incorporated.

1.2 OBJECTIVES

The primary objective of the study reported herein was to de-
termine the ejecta mass density and azimuthal distribution asso-
ciated with the MINE ORE Event. Secondary objectives were to:

1. Obtain information on the mechanics of crater formation

for the MINE ORE test geometry by locating the original and final

positions of ejected material.

¥
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2. Obtain information from which quantitative estimates of

1
ejecta trajectories might be made.

3. Evaluate the hazards of natural missilgs resulting from

such explosions.

1.3 THEORY

The crater, lip, and surrounding regions of deformation or
damage resulting from a surface or near-surface explosion are illus-
trated in Figure 1.1.

Preshot predictions of ejecta parameters (e.g., maximum missile
range) followed two general approaches, viz, a consideration of ini-
tial particle velocities based upon shock conditions,.and scaling of
other experimental -results to the yield for MINE ORE. The limita-
.tions on both approaches are well recognized. In the case of the
former, the behavior of the shock front in the region where ejection
originates is argumentative and to some extent a matter for conjec-
ture. On the other hand, scaling of any phenomenon requires a knowl-
edge of the mechanics involved, and these, too, are not completely
understood. Thus, it is not known whether refraction of the com-
pressive stress wave in the rock or stress relief (rebound) following
the passage of the compressive stress wave predominates in the ejec-
tion mechanism. Equally uncertain is the degree to which scouring

action by the explosion gases influences debris ejection. It is

13




likely that all of these mechanisms, among others perh;ps, play a
part.

Observations of near-surface explosions.show an early, fast-
moving "ring" of maierial ejected from a position near the charge

and at an angle nearly normal to the ground surface, perhaps the re-

sult of a spalling action. The ejection process is, however, known

to take place over a longer period of time and to include lower exit
angles, This suggests that material fractured by the compressive
stress wave may be dislodged and ejected by the explosion gases, In

order to obtain some appreciation .of the probable hazard from ejected

rock, both shock conditions and scaling parameters were examined.

: For the former approach, an expression for particle velocity i

just behind the shock front may be obtained from

p = pcu (1.1)
where
P = shock front pressure in terms of force per unit area
p = medium mass density (M'_'L‘EL_J+ in units of mass-length-time)
¢ = sonic velocity in the medium
u = particle velocity of the medium

i Certain assumptions are immediately necessary, the major one being
the value to be assigned to p . A thorough study of ejecta from a

2
\ 20-ton~ surface burst in soil (Reference 1) has shown that the

1L
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longest range particles originate near the ground surface and within
a distance equal to about one charge radiushfrom the surface of the
explosive. The rock in intimate contact with the charge is probably
pulverized. Material adjacent to the charge achieves large initial
velocities; however, the material ejected from this region is thought
to reach an early terminal velocity and experience a short trajec-
tory, due to its highly comminuted condition. Photographic analysis
indicates that this is the case (Reference 2). At a distance of
around two charge radii from GZ, larger particles should remain in-
tact. At this range, the shock wave in rock, assuming the pressure
at the charge-medium interface is between 100 to 150 kilobars and
decreases inversely as the square of radial distance, Ehould be on
the order of 25 to 38 kilobars. As would be expected, this is appre-
ciably higher than comparable shock-wave pressures of about 20 kilo-
bars observed in soil (Reference 3). Although the ground may be
moving downward due to airblast loading, it is assumed that this has
no significant effect on the directly coupled shock in the region,

of interest.

Rounding off all values to the greatest accuracy justified and

solving for u ,

2
A table of factors for converting British units of measurement to

metric units is presented on page 9.
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(5.4 x 107 ,lb/fti

<5.o lll'iﬁ-c—) (1.2 x 10" ft/sec)
f\t -

~ 900 ft/sec

based upon a charge-medium interface pressure of 100 kilobars. Since
there is some inertia associated with all fragments, this value is
actually too high. It provides, however, a point of departure for
calculations of ballistic trajectory, and, further, agrees fairly
well with values calculated in Reference 1 for an explosion in soil.
The equation for ballistic trajectory is well known. It states

<v2 sin 20)
R=¢C {—%—— (1.2)

g

where
R = range

V_ = initial velocity (speed and direction) of a projectile
(or particle)

o = initial angle (with a horizontal plane) of the particle
g = gravitational acceleration
C = a constant which compensates for the effects of air drag.
Reference 4, which includes some observations of ejecta
particles, expresses this constant as a ratio of the
observed range to the range in a vacuum.
The concept of the retarding force on an ejected particle being

constant is a rather gross simplification of the actual problem,

which includes such variables as particle size, shape, and velocity,

16
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as well as density and viscosity of the air (References 4 and 5).
The airblast also influences ejecta motion (Reference 6).
Substituting the calculated particle velocity for Vo in

Equation 1.2, and applying certain data from Reference 1,

R ~ 0.05 [(900 f‘t/sec)2 sin 2 (25 degees)
~ O. 5
32.2 ft/sec

~ 960 ft

If spall is considered the predominant means of particle ejection,
it may be noted that the spall velocity is twice that of the particle
velocity given in Equation 1.1, or approximately 1,800 ft/éec. Sub-
stituting this value in the ballistic trajectory equation provides a
range of approximately 3,860 feet. Greater ranges would result from
an increase in ‘the angle of ejection (up to 45 degrees), as might be
expected for a spalled particle.

Since the results of a 1,000-pound calibration series3 (Ref-
erence 7) were available, the selection of a suitable scaling ex-

ponent was required in order to predict certain debris parameters

3

Conducted to assist in selection of a shot geometry, and also to
permit the trial of certain instrumentation techniques. Charges
were fired which modeled both MINE ORE and MINE UNDER, as well as

other geometries in the near-surface regime.

17
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by scaling the observed data to the yield of the MINE ORE Event. The
most logical exponent appeared to be that derived from the expression
for particle velocity for a buried explosion (Refgrence 8). With
this selection, it remained to be determined which scaling rule is
most applicable. Clearly, gravity must be included, which narrows
the choice to mass-gravity or energy-gravity rules, as defined and
developed in Reference 8. Since the former does not permit realistic
scaling of linear dimensions of the charge and crater, mass-gravity
scaling was tentatively chosen.
From the dimensional analysis of Reference 8, the following
mass-gravity relation can readily be obtained:
2 2/3 1/3 '
P, uy B[P W
1 1 _"1(°1 A
' 2_g o} W (1-3)
Py Uy 2\"2 2

where W 1is the charge weight and the subscripts 1 and 2 refer to

different experiments. When p and g are held constant between

two experiments, Equation 1.3 becomes

u W )1/%

1 1

Uy Wy

(1.4)

provided all other conditions for similarity are met. This, of
course, was not the case. Yield strength, viscosity, and sonic
velocity of the medium were also constant (or approximately so) in
the MINE SHAFT experiments, as was hydrostatic (atmospheric) pres-

sure. Scaling of these variables is necessary for similarity, and

18
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failure to meet this requirement can be expected to cause deviations
in what might otherwise appear to be theoretically correct scaling
relations. As is pointed out in Reference 8, the cunulative result

of these dissimilarities is to enlarge the scaled dimension of the

larger explesion. Thus,

R w \1/6(+)
=< ) (1.5)

for the MINE SHAFT Series. If the maximum observed missile range
(450 feet) for the calibration test which modeled MINE ORZ is sub-
stituted in Eguation 1.5, the meximwn range for ejecta on MINE ORE
is found to be equal to or greater than 1,200 feet.

Some exﬁerimental corroboration of the (w)l/6 scaling rule
is desirable, and this’is found in Reference 9, in which it was con-
cluded that the available meximum-range data for buried charges did
indeed scale most closely to the sixth root of the charge yield.
However, special attention was given to surface-burst data (taken
to include hemispherical shots); for which four-tenths scaling was
indicated. The latter rule provides an ejecta-range prediction on
the order of 3,700 feet when applied to MINE ORE, using the cali-
bration data as a model.

Summarizing the theoretical approaches to the determination of
debris range, it appears that predictions which assume a scouring

action by the shock wave are unreasonably low. Similarly,

19
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predictions based upon sixth-root scéling are lower than would be
dictated by experience. Empirically derivgd scaling exponents in-
dicate a radical change in scaling associated with a surface-burst
geometry. This, in turn, indicates that the sixth-root rule may
become invalid as the charge position is moved upward through the
earth-air interface. Why this should be is not immediately clear,
since the parameters included in the dimensional analysis of Ref-
erence 8 appear equally valid for the near-surface case. Obviously,
more information is needed to correlate theoretical calculations with
observed results. It is particularly important that ejecta origins
be determined, along with the trajectory time-histories resulting

from use of various missile shapes and sizes.

1.4 PRESHOT PREDICTIONS

Based on the preceding discussion, the following preshot esti-
mates of natural missile ranges were made for Event MINE ORE (Ref-
erence 10):

Maximum range = 3,000 feet

Range within which 90 percent of the ejecta
will fall = 1,300 feet -

20
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ORIGINAL GROUND

N

EJECTA
V] FALLBACK
(III0 veTHRusT

E LIMIT OF APPARENT RUPTURE

' B LIMIT OF SHEAR

LIMIT OF PLASTIC DEFORMATION
AND SHEAR ZONE

N

ZONE OF PLASTIC DEFORMATION
AND SHEAR

PLASTIC-ELASTIC ENVELOPE

ELASTIC ZONE

‘Figure 1.1 Typical half-crater profile and nomenclature for surface or near-surface

burst. Profiles and dimensions are symmetrical about the centerline. Various radial
and depth dimensions are indicated by r and d , respectively. Crater lip and up-

thrust heights are shown by h and u , while the width of the lip is noted as w P
The radius of ejected debris is indicated by r, -
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CHAPTER 2

EXPERIMENTAL PROCEDURES

2.1 TEST SITE

The MINE SHAFT test site was located on a grapite laccolith in
the Iron Mountains ‘of southwest Utah, about 8 miles northwest of
Cedar City, Utah. Figure 2.1 is a map of the test area. The site
has a semidesert envircnment with juniper trees, sage, and cactus as
the predominant vegetation. It is characterized by a thin layer of
sandy silt soil (desert alluvium) with intermittent, smoothly rounded
rock outcrops. The elevation of the sife is approximately 5,900 feet
msl, ;nd the area slopes gently toward the east at about two degrees.
A steep-sided, 500-foot peak is located 1,800 feet southwest of the
site. The area within approximately 100 feet of both GZ's was
cleared of soil and weathered rock. The trees and brush on the south
and southwest sides of the area were removed for a distance of 1,000
feet from MINE ORE GZ.

The events reported herein were fired at the following geograph-

ical coordinates:

Event Latitude Longitude
MINE UNDER 37°46110.050" 113°%10748, kgy"’
MINE ORE 37°46'10. 247" 113°10'49.976"

.k o
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2.2 TEST SCHEDULE AND GEOMETRY

This phase of the MINE SHAFT Series consisted of two 100-ton HE
charges: MINE UNDER, detonated on 22 October 1968, and MINE ORE,
detonated on 13 November 1968. Each charge was formed of 32.6-pound
blocks of trinitrotoluene (TNT) stacked to approximate a sphere. The
charge radius was approximately 8 feet. MINE UNDER was designed
as an above-surface burst with a height of burst (HOB) of 2.0 charge
radii (15.70 feet). MINE ORE was a near-surface burst with an HOB
of 0.9 charge radius (7.07 feet). Figure 2.2 shows the charge geom-

etries for MINE UNDER and MINE ORE,

2.3 WEATHER CONDITIONS
Pertinent surface-weather data for MINE UNDER and MINE ORE shot

days are given below:

MINE UNDER MINE ORE
Temperature 65.4 F 38.5 F
Barometric pressure 820 mb 808 mb
Relative humidity 18 pet 50 pect

Wind direction/#elocity 300 degrees/2.3 mph 10 degrees/13.8 mph

These data were furnished by Program 5, Airblast.

23




2.4 EJECTA MASS DENSITY AND DISTRIBUTION SAMPLING
This section deals with the procedures for sampling the ejecta
from Event MINE ORE. Since no ejecta was expected from Event MINE

UNDER, the procedures discussed in the remainder of this chapter

~ v -

were prepared only for MINE ORE.

Measurements of ejecta mass density (pounds per square foot)

were divided into three categories: (1) ejecta within the crater

lip, (2) natural missiles falling beyond the crater lip, and (3) ;
fine-grain ejecta dust falling beyond the crater lip. Primary sam-

pling sectors extended south and west, or approximately parallel and

——

perpendicular to what appeared to be the main jointing system of the

rock.

2.4.1 Ejecta Within the Crater Lip. The mass density of the

ejected material in the crater lip was determined by excavation,

i

sieving, and weighing. Excavation was carried out in coordination

with Subtask N121, Crater Investigations. .Five trenches:were exca-

Vb

vated through the crater lip as shown in Figure 2.3. The trenches

PR R

to the south, west, and northwest were 20-degree sectors, while

those to the east and north were 6—footjwide corridors. Each trench

[ s R

was divided into three sections so that mass density as a function

of radial distance could be determined. The limits of these sec-

At amee R

tions were spaced at one, two, and three apparent crater radii. The

ejected material from each section was picked up with a front-end

R R . 3
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loader and placed in a dump truck. The total sample was weighed,
then hauled to a rock-crushing plant for sieving (Figure 2.L).
There it was separated into four size groups:. 12-inch plus, 6 to
12 inches, 3 to 6 inches, and.3-inch minus. Each size group was
then weighed in order to provide a size-distribution curve for the
specified. area.

2.4.2 Missiles Beyond the Crater Lip. The number of natural

rock missiles that fell beyond the crater lip were sampled three
ways: (1) by photography, (2) by counting and weighing in surveyed
sectors, and (3) by plane-table survey. Each method was used in a
different region as shown in Figure 2.5. The objectives of this
sampling were to determine mass density and a particle count per
unit area of the ejecpa as functions of fadial distance and to exam-
ine the relation between missile size and range.

Photography was used in the region extending from 100 feet, as-
sumed as the approximate edge of the crafer 1lip, to 1,000 feet from
GZ. Twenty photography stations, spaced to match a geometric pro-
gression, were used along both the south and west radials. The cam-
era grid and mount used are shown in Figuié 2.6. A Kodak 35-mm
Reflex camera was used with Kodak Panatomic X film. The grid area
covered by a single photograph was 25 ft2. The grid pattern con-
sisted of 6-inch s@uares. For those stations between 100 and

250 feet from GZ, a single photograph was taken. Between 250 and
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500 feet, four photographs were taken, giving a sample area of 100
ftg. Sixteen photographs for a sample area.of Loo ft2 were taken
between 500 and 1,000 feet from GZ.

Béyond 1,000 feet from GZ, the missile population was so sparse
that photography was no'longer effective. Here, 20-degree counting
and weighing sectors were laid out on the south and west radials as
shown in Figure 2.5. Each sector was 100 feet deep. All missiles
greater than 1 pound in weight in a sector were located, their posi-
tions recorded using coordinates based on the near centerline corner
of the sector, and their weights estimated. Larger ejecta were
weighed in a sling-and-spring-scale device. Figure 2.7 shows this
procedure.

The outer fringes of the ejecta distribution were sampled by
means of a plane-table survey in order to determine maximum missile
range. The area surveyed was a 110-degree arc southwest of GZ as
shown in Figure 2.5. As in the counting sectors, thg survey was re-
stricted to missiles at least 1 pound in weight. The remainder of
the ejecta-distribution periphery was inspected visually to insure
that the maximum-range missile was found.

2.4.3 Ejecta-Dust Sampling. Fine-grain ejecta dust (sand size

and smaller) falling beyond thé crater lip was sampled with metal
collector pads like that shown in Figure 2.8. Larger particles

which were found on the pads were included in the sampling; these
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vere found mostly on the close-in rings. Primarily, however, photog-
raphy was relied upon for obtaining data on ppe larger particles,
vhile the pads provided data on the fine material. The pads were
arranged in a circular pattern around GZ as shown in Figure 2.9.
This pattern consisted of concentric rings in a geometric progres-
sion from GZ with stations at 100, 140, 190, 270, 370, 520, 720, and
1,000 feet. The inner five rings contained 16 pads each spaced
every 22.5 degrees, while the dﬁter three rings had 32 pads each
spaced every 11.25 degrees. The array contained 176 pads, of which
174 were actually placed before shot MINE ORE (satisfactory loca-
tions for two pads could not be found). Each pad was a 3- by 2.5-
foot sheet of No. 20 gauge steel. The léading edge of each pad was
turneé down in order to anchor it more firmly into the soil over-
burden. Most pads were held down by 8-inch gutter spikes driven
into the overburden. Some pads, located on bare rock, were held
down with rock studs. The pads on the inner three rings had their
leading edges anchored in grout to prevent displacement by the air-
blast. After the detonation, the deposited material was collected
from the pads with whisk brooms and dust pans and sealed in paint
cans (Pigure 2.10). After an initial weighing of each sample, they
vwere sent to the U. S. Army Engineer Waterways Experiment Station

for sieve analysis.
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2.5 MISSILE-TRAJECTORY EXPERIMENTS
This section describes the experiments performed to obtain data
on missile-trajectory parameters such as ejection angle, initial ve-
locity, impact angle, impact velocity, and range. Three experiments
were performed involving: (1) colored-grout columns, (2) artificial
~missiles, and (3) styrofoam missile traps.

2.5.1 Colored-Grout Columns. An array of 8-inch boreholes was

drilled in the vicinity of the MINE ORE GZ as part of the Crater In-
vestigations Subtask (Reference 11) to aid in defining the true cra-
ter boundary and to measure residual ground displacement. One bore-
hole was drilled at GZ, and others were drilled along radials to the
south and west at 5-foot intervals. These were filled with colored
grout designed to match as closely as possible éhe density of the
granite at the test site. Portions of the columns falling within
the expected area of the true crater were also divided into 1-foot
sections by the addition of colored pla;tic beads to the grout mix-
ture. Table 2.1 gives the coding for the colored-grout columns.
After the detonation, a search was made for ejected grout particles;
those located provided initial and final positions for individual
pieces of crater ejecta. This provided information necessary for
studying the mechanics of crater formation. as well as missile
trajectory.

2.5.2 Artificial Missiles. A second missile study involved
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placing a large number of artificial missiles near the MINE ORE GZ.
As with the grout columns, initial and final.positions of the ejected
material were known; however, with the artificial missiles, shape

4 and weight were also known. This information provides a basis for
‘studying drag forces and bailistic coefficients of discrete ejecta

particles.

. Two types of artificial missiles were used--cylinders and
spheres. Table 2.2 lists the number of missiles placed along with
their physical properties. The cylinders were made of aluminum with
a 2.5-inch diameter (Figure 2.11). Each cylinder was subdivided
into a 4-inch cylinder, a 2-inch cylinder, a l-inch cylinder, and a
1-inch cylinder divided into half and quarter wedges (see Table 2.2).
The cylinderslwere emplaced in NX holes (3-inch diameter) at 2.5 and
7.5 feet from GZ along the south and west radials. The spherical
missiles were.made of three metals: aluminum, steel, and lead (Fig-
ure 2.12). They'varied from 1 to 6 inches in diameter. The mis-
siles were number-coded and placed in the two NX holes and in the
top 3 feet of the first five grout holes (excluding GZ) along the -
south radial. Figure 2.13 shows the preshot positions of the arti-

;i ficial missiles. Density-matching grout was used to backfill around

the missiles.

3
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Seven large aluminum missiles were also used in an attempt to

evaluate initial trajectory conditions of ejecta. It was planned
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that with their brightly polished or painted surfaces they would be
detected by the test photography, giving early velocity data (ejec-
tion angle and speed).

2.5.3 Styrofoam Missile Traps. Styrofoam missile traps were

used to evaluate terminal trajectory parameters. The traps were 8-
by 4-foot styrofoam pads (125-psi compressive strength), 4 inches
thick., Six such pads were used along a radial to the south of GZ.
(Figure 2.9) at distances of 400, 500, 600, 700, 800, and 900 feet.
Fach pad was positioned so that its top surface was flush with the
ground surface., After the detonation, the pads were examined for
missile nits from which impact angles and depths of penetration
could be measured. From these values it is anticipated that the
impact velocities of the missile can be inferred by calibration ex-

periments relating penetration and impact velocity.
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TABLE 2,2 ARTIFICIAL MISSILES, EVENT MINE ORE

Missile Type Material Size Weight Number Emplaced
Length Diameter

inches inches pounds
Cylinder Aluminum L 2.5 1.82 39
Cylinder Aluminum 2 2.5 0.91 39
Cylinder Aluminum 1 2.5 0.46 39
Cylinder Aluminum. 12 -~ 0.23 39
" Cylinder Aluminum lb - 0.12 78
Sphere Aluminum - 6.0 10.50 5
Sphere Aluminum -- 5.5 8.10 2
Sphere Aluminum -- 2.5 0.76 26
sPﬁere Aluminum - 1.0 0.05 114
Sphere Lead - 2.5 3.37 24
Sphere Steel - 2.0 1.17 8
Sphere Steel - 1.0 0.15 10
Total L23

& Cylinder divided into half wedges.

Cylinder divided into quarter wedges.
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igure 2.8 Ejecta dust-collector pad.
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Figure 2.9 EJjecta dust-collector pad layout for MINE ORE,
showing sampling stations and ring designations.

41




i
. 1
mroy
L

4 .

14 e

3
i
!
Figure 2.10 Recovery of samples from ejecta dust-collector pad. g

{
i

k | ;

% ‘

r"

ot 42

uyi .

& .

¥ ’




-——

. Figure 2.11 Cylindrical artificial missile used in MINE ORE.
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CHAPTER 3

PRESENTATION OF RESULTS

3.1 EJECTA DISTRIBUTION

Figure 3.1 is a postshot aerial photograph of the MINE ORE site
showing the ejecta distribution pattern. Several distinct ejecta
rays are visible, extending northwest, south-southwest, south, and
east. The formation of these rays appeared to be controclled by the
vertical joint faces found in the rock mass in the vicinity of GZ
(Reference 11), the joint faces tending to deflect and channel a
large portion of the ejecta along these rays. Between rayé, distri-
bution of discrete ejecta appeared to be random and less dense. The
northwest ejecta ray was taken as typical and examined in some de-
tail. It was found to be approximately 950 feet long. The numer-
ical density of the missiles remained fairly constant at 10 to 12
missiles per iguare foot. However, the average size of the missiles
(?nd thus the]nass density) decreased with increasing distance from
GZ. A‘few large missiles, greater than 1 foot in diameter, were
found in the ray. Again, the frequency decreased with increased
distance from GZ.

Although the jointing pattern of the rock was probably the sin-

gle most important factor in the ejecta distribution (apart from test

conditions of yield, medium, and geometry), other topographical and
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vegetal features of the test site were also influential. The site

sloped gently t6é the south and east at about 2 degrees, with missile

ranges being greater in the downhill direction. A large Hill was

located approximately 1,800 feet west-southwest of GZ, restricting
somewhat missile. ranges in that directicn; To the south of GZ, ju-
niper and pine trees were removed to a distance of only 1,000 feet
from (Z. Since missile ejection angles were small due to the high
centér of gravity of the charge geometry -and there was evifente of

considerable bounce and roll with acecompanying comminution, these

trees had. a screening effect whiéh rediuced the range 'of missiles be-

cause of their flat trajectories.

Ambient wind conditiens had ne visible effect on the distribu-
tion of the discrete gjecla. The,dniy part of the experiment subject
to weather disturbance wis the dust samples on the metal collector
pads. However, the majority of these samples were c¢ollected immedi-
ately after the shot~(ﬂithin 6 ﬁoufs), before they could be disturbed
significantly by wind. The wéather in the 2-week data collection
period following thie shot was copl but fair.,

‘Maximum significant missile range for MINE ORE was 2,120 feet
for a IJPOundfmissile lying south-southeéast of GZ. A few smaller
partiéles were noted 100 to 200 feet farther from G6Z, giving & maxi-
mum range of about 2,300 feet. Figure 3.2 is a plane-table map of

the long-range natural missiles in the southwest quadrant. The
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maximum-range missiles were found downslope of GZ and roughly
parallel to thie main north-seuth jointing pattern of the rock. In
other directions, the approximate periphery of missilé distribution

was as follows: north--1,600 feet; east--1,800 feet.

3.2 EJECTA MASS DENSITY, MINE ORE

3.2.1 Within the Crater Lip. Table 3.1 gives the size distri-

bution and mass densities for the ejected material excavatied from
the MINE ORE crater lip. Examination of these data and Figure 2.3
shows fthat the ejecta was not evenly distributed around the crater,

but was thickest-to the east, south, and northwest. -As with the

missile~ejecta distribution, this distribution was probably cen-

trolled by the rock Jointing systéem near GZ.

3.2.2 Beyond the Crater Lip. Tables 3.2 through 3.4 give the

ejecta. mass density beyond the crater lip. Table 3.2 contains the
data from the photography stations which were used betweéen the edge
of the crater lip (100 feet from GZ) -and 1,000 feet from GZ. The
data include sample area, number of missiles, total ejecta weight

in the area, and mass density. Table 3.3 gives thé same information
for the counting and weighing sectors used beyond 1,000 feet. Fi-
nally, T&ble'3.h sufimarizes €jecta mass density, exclusive of pad
samples, as a function of radial distance for the south and west

radials.
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The ejecta-dust density data. Trom the metdl collector pads are
given in Tables 3.5 and 3.6. Samples were recovered from 152
(87 percent) of theé pads. In Table 3.5, the -average mass density
for each ring is shown. Table 3.6 gives the average grain-size dis-
tribution for the ejecta on each ring, while Figure 3.3 presents
grain-size distribution curves. The plots show that the material
was mostly a uniformly graded, sand-sized alluvium. The curves for
Rings A, B, and F show the influence of ejected rock missiles which

landed randomly on pads in these rings.

3.3 MISSILE-TRAJECTORY EXPERTMENTS, MINE ORE

The results of the experiments designed to evaluate missile-
trajectéry parameters are discussed below. The tests included the
artificial missilés, colored-grout cdlumn ejecta; and styrofoam mis-
5ile traps.

3.3.1 Artiffcial Missiles. Table 3.7 presents the results of

the artificial missile experimetit, including only those missiles
located and identified postshot. A total of 423 artificial missiles
(cylinders and spheres) were emplaced preshot. Eighty-one, or

19 percent, were recovered, identified, and mapped postshot. BSev-
eral other missiles were found, but they were badly deformed or too
scarred to be identifiable, In Table 3.7, the identification nunber

of each missile gives its initial position. For the cylinders, the
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first digit identifies the radial on whih thé missile was located;
the second digit gives the borehole numper, and the third digit, on
the right of the decimal, denotes the relative depth of that missile
in the borehole. For example, Cylinder No. 31.5 was originally
placed on Radial 3 (279 degrees azimuth), Borehole No. 1 (2.5 feet
from GZ), and was the fifth missile down from the ground surface.
Since all spheres were placed along the south radial, their idénﬁi—
fication numbers give only hole number (first digit) and nominal
depth in feet (second digit). Thus, Sphere 43 was originally .em-
placed in Hole 4 {20 feet from GZ) at a depth of approximately.
3 feet, The seven large spheres were identified by color of by ‘a
single number indic;ting borehole location. Figure 3.4 is a plane-
table map of the postshot positions eof the artificial missiles.
Most artificial missiles found had traveled less than 200 feet.
Orily three' long-rarige artificial missiles were located: a 2-inch
cylinder (32.2) located 1,662 feet along the west radial, an un-
identified l-inch quarter cylinder at 1,412 feet along the west
radial, and & l-inch cylinder (12.4) at 1,051 feet along the south
radial, The maximum range for a sphere was 209 feet for a l-inch
aluiinum sphere (41) originally located 20 feet from GZ at a depth
of 0.98 foot. The large pclished or painted aluminum spheres which

were located traveled less than 210 feet and were not detected bﬁ

the test photography.




3.3.2 Colored-Grout Ejecta. Figure 3.5 shows the postshot

positions of the colored-grout ejecta. The maximum range for a

picéce Of grout ejécta was 1,250 feet to the west of GZ. Average

weight of the grout missiles was about 2 pounds. The majority of

the colored-grout ejecta followed two of the ejecta rays, to the
nerthwest and.south-southwest. An analysis of initial position and
range of the colored-grout ejecta in theé study of crater foymation
is found i Reference 11.

3.3.3 Styrofoam Missile Traps. The measurements of terminal

trajectory paraméteérs obtained from the styrofoam missile traps are
given in Téble 3.8. The missile traps werée placed too far from GZ
to dbtain a good sample of natural missiles. Those collected were
very -small; most of them being approximately 1 em in diameter and
weighing less than 1 gram. It was alsc hotéd that miest had impact
angleé greater than 90 degrees, indicating that at the time of im-
pact they were traveling toward GZ, evidently as a result of the

negative-pressure phase and accompanying gfterwinds.

3.4 EJECTA TRAP

An éjecta collector trap, installed at the reguest of the
Beeing Company, was located about 75 feet northeast of GZ. This
consisted of a 4-foot-square wooden box, placed in a natural de-

pression in the overdll rock formation. Although the depth varied
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slightly across the bottom of the cavity, the average depth was about
38 inches. Sufficient grout was poured out§ide the box to bring the
surroundiné surface up to the top of the box.

The cavity was severely deformed by the blast, with only the
west corner remaining intact. The east and west corners were filled
with ejecta to ground level, while the north and south corners were
filled to within 1.80 and 1.20 feet of ground level, respectively.
The average thickness of deposition in the cavity was 2.5 feet.
Since the trap was located beyond the edge of the crater lip in an
area occupied only by discrete ejecta particles, this deposition in-
dicates that a considerable amount of the material deposited had
arrived by the process of roliing and bouncing along the ground sur-

face rather than by direct missile trajectory.

3.5 MINE UNDER EJECTA

Although no crater or ejecta was expected from Event MINE UNDER,
a rubble mound and some ejected material were observed after the
blast. Presumably, this was the result of shallow spallation of the
rock surface.(possibly enhanced by pile-driving action by the wooden
legs of the charge support platform) and elastic rebound. The ejecta
field consisted of rock fragmentsvthrown out in an irregular pattern
around GZ. A plane-table map (Figure 3.6) was made of the larger

ejecta missiles and the outer fringes of the ejecta distribution,
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where the survey was restricted to missiles at least 1 pound in
weight. The maximum missile range observed was 695 feet for a 1-
pound missile lying northwest of GZ. The ma&or concentration of
ejecta, an oval-shaped cluster, lay approximately 250 feet southwest
of GZ. Smaller concentrations were found to the southeast and north.
The southeast and southwest concentrations were roughly perpendicu-
lar to a main north-south joint in the rock on the west side of GZ.
These concentrations followed smaller east-west joints. The small
northern concentration paralleled the main joint. However, the
effect of the rock jointing on the ejecta distribution was not as
evident here as it was for MINE ORE., This is presumably due to the
fact that the spallation process involved only the top few inches of

the rock surface and'the ejecta was not subject to deflection and

channeling by vertical joints as was the ejecta from MINE ORE.
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TABLE 3.1 EJECTA SIZE DISTRIBUTION AND MASS DENSITY WITHIN AND ADJACENT TO THE CRATER
LIP, MINE ORE

Radial Section Weight of Ejecta of Indicated Sizes, inches Total Areal Mass
Weight Density
>12 6-12 3-6 <3 of Ejecta
pount'is' pounds pounds pounds pounds lb/f £2
1 1 16,970 4,960 7,460 7,040 36,430 132
g} s, 788 1,310 4,330 L,670 15,098 14
3 1 -- -- -- -- -- --
2 488 587 268 L87 1,830 Y
3 105 205 318 546 1,174 2
Y 1 -- -- -- -- -- --
g} 25,360 5,300 9,190 16,220 56,070 52
5 1 5,980 1,370 2,720 3,060 13,130 95
2 630 660 180 1,260 2,703 20
3 150 125 109 75 459 3
7 1
2 36,470 5,710 9,620 17,860 69,660 168
3
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dos 27 16 G.6h 3,54 % 1075
905 272 k. G.51 2.39 » 1077
1,000 272 23 £3.65 369 x 107

staticds 300 and WD off the south radial and L0 ofr the weést radial fell withir médess
. road.

| - Station aregs reducefl from actual grid size duie £6 trimning and ovérlapping of

] pHotosrapds. )
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TABLE 3.3 RJECTA MASS DENSTTY IN COUNTING AND WEIGHING SECTORS, MINE ORE

Sector Distance

Sector No. of Ejecta Weight Areal Mass Density
from GZ2 Area Missiles
feet £t° pounds 1b/ft2

S-1 1,050 18,300 13 18 9.84 x Iofg
§-2 1,050 18,300 70 162 9.40 x 10~

§-3 1,150 20,000 13 65 3,25 X 1953
8-L 1,150 £20,0Q0 29 49 2.45 x 1@'3
§-5 1,250 21,850 1 ] L.58 x 10 7
S-6 1,250 21,850 6 12 5.49 x 10”

W-1 1,050 18,300 iy 96 5.25 x 1073
W-2 1,050 15,600 6 7 b.kg x 107H
W-3 1,150 20,000 2l 37 1.85 x 1077
W-b 1,150 17,450 é 7 4.01 X 10'h
W=5 1,250 21,850 16 17 7.78 X 10‘lL
W-6 1,250 19,150 5 5 2,61 x 107)
W=7 1,350 23,450 11 12 5.12 x 107,
Ww-8 1,350 20,850 6 7 3.36 X 10?&
W-9 1,450 25,250 3 3 1.19 X lo-h
W-10 1,450 22,700 5 6 2,64 % lo:u
W-ll 1,550 26,450 9 15 5.67 % 10,
W-12 1,550 25,550 b 6 2.35 x 10

a .
To center cof sector.




TABLE 3.4 EJECTA MASS DENSITY AS A FUNCTION OF RADIAL DISTANCE FROM
GZ, MINE ORE
: Distance Areal Mass Density
from GZ
West Radial South Radial
i feet 16/7t° 15/£4°
‘:; 100 111 6.36
ﬂ 115 1.56 6.58
1 130 ~ 9.28. x 10 7 6.78
! 145 3.15 X 1@'1 6:19
‘ 165 2.39 X 10° 7.28
!
j 185 L.57 x 10'% 2.48
[ 210 5.25 x 1075 6.58
: 235 7.05 x 10_5 8.32 x 107
: 270 5.11 x 1075 3.93 X 10
300 7722 X 107 --
310 a-l Al
385 7.3L % 10 5 © L9 X107
L35 1.17 x- 10 4 1.13 x 107
Lgd 7.01 x 10_, L4410~
555 5.4l x 10 3.25 x 10~
630 9.40 x l-O_S' . L6 x 10'2
o 710 5:95 X 107 9.38 x 10
- 805 2,90 X 10_3 3.54 x J.o'2
- 905 6.95 X' 10_3 2.39 x 107,
1,000 . 7.68 x. 107" 8.69 X 10~
1,050 2.85 x 1072 5.19 x 1075
1,150 113 x 1077 2.85 x 1077
1,250 5.20 X 10 ) 2.97 X 10
1,350 .2k x 10 N -
1,450 1.92 % 10'14 --
1,550 Lol x 107 -
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TARLE 3.5 AVERAGE EJECTA-DUST DENSITY

i, 5 - ke D D

Ring Distance Average Weight of Hreél Mass ‘
from GZ Ejecta per Pa"d. Density :
feet ' pounds 1b/fft‘2 ]
A 100 15.92 2.27 :
B 140 31.02 4 42
¢ 190 18.29 2,61
D 270 5.93 o.8L
E 370 2.32 0.33
F 520 2.40 0.34
¢ 720 0.72 0.10

H 1,000 0.11 0.02
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TABLE 3.% AVERAGE GRAIN-STZE DISTRIBUTION FOR EJECTA DUST
Ring Weight of Materidl Retalned on and Percentapge ol Malorial Iiner than Indicated Sieve

1-inch 1/2~inch No. k& No. 16 No. 200 Pan

Retained Passing Retained Passing

Retained ,Passing Retained Passing Retained Passing Retained

pounds  percént. pounds  Percent

& 5.76 63 0. 58 59
B 8.02 73 1.9 69
[o] 2.29 87 0.30 85
D 0.77 88, 0.15 86
E 0.27 88, 0.05 86
F 1.05 5o 0.02 51
G 0.5 8o 0.01 79
H 0.02. 8o. Negli- 80

gible

pounds.
0.67
1.50

0.h9

0. 02

0.01

peércent,
55
6h
Bo.
82
83
hg
76

o,

pounds
k09
3.08
1.84
0.81
o227
0.19
0.09

¢.0L

percent
29
5L,
7o
&
71
kg
&l

60,

pounds
3.0

11.39
9.13
3.33
1.3L
0.63
0.35

Q.04

pefcent
16
15
21
16
15
A
17

20.

pounds
1.60
k.30
3-79

1.05




TADLE 3.7 ARTIFICTAL MISSILE DATA

Missile  Cylinder Length initisl Position ' Final Pesition Distance

tie. or Ephere: - Traveled
Diameter. Radial Distance Deptlr from Radial Distance
Azitmath frow GE Surfage Agisiuth friom. 57
inches .degrees feet feet degrees Téét fect -

Alumime Cylinders, 2.5-inch Diapeter:

11.5 Iy 155 2.5 d.60 211 19 17,
11.5 1 195, 25 .60 27k 53 53
11.5 i 155, 2.5 0.6% 249 11 11
1111 2 155 25, 6.69 195 3 L
11.11 4 195 .5 6.54 193 3 1
2.0 1 195 7.5 8.27 200 1,081 1,043
12.5 18 195 7.5 2,71 213 228 215
, 13.5 1 185 7.5 1,00 205 257 2ho
] 2.5 2 195 7.5 1.12 gk 195 297 .
\ 15,5 i 155 7.5 15T 211 gy 4 i
L 12.6 1 195 7.5 223 215 72 65 |
1 12,5 ] 195 7.5 2,35 211, 7h 6
r 4 12.§6 4 195 T.5 2,60 7263 58 35
! il.z h 2779 2.5 0,78 163 Lz Ly
; .
i 3.5 L 27y 25 2,84 -208 16 16
-3 2 279 75 0.39 28k 1.662 1,65k
32,6 2 275 7.5 315 269 &7 g9 .
3246 b 279 7.5 3.40 255 g0 - 83
32.7 1 275 7.5 .79 256, " 5o 43
32.8 (@) 1 279 7.9 434 ‘279 12 5
32.8 1 279 7.5 Lo3h 279 12 5
3R8 1 273 7.5 4l 279 1% 5
32:9 1 279, 7.5 1. 96 25l 10 g
Sphares:
1 6 AC 195 5.0 2.13 179 33 28
3 6 A 19% 15.0 1.66 1k 2167 201
4 64 195 20.0 1.2k 203 132 112 .
5 6 A 155 25.0 1.62 192 1y 122 !
Obangs 5-1/2°A 195, 15.0 2.06 193 200 185 ;
Hed 5-1/2, A, 195, "25..0 z.12 200 35 10 {
23 2-1/2 A 195 1og 3.k2 192 135 125
23 2-1/2 A 195 18.0 LT 192 145 145
a3 2:1/2 A 195 100 3.42 205 L5 135
3 Z-1/2 A 195 1500 g.70 199 195 180
33 2-1/2 A g5 15.0 2.7 196 174 159
33 2-1/2 A 195 15.0 2.0 195 159 1hy
33 2-1/2 A 195 15:0 2.70 198 156 b ]
{Continued?) -

a-’t:\yli:ﬁdéf(iivideﬁ into quarber wedges.
¢ Cylinder dividéd Into. Half wedges.
< A denotes aluminum; L denotés lead.




4 TASLE 3.7 ARTIFICIAL :1SSILE-DATA (GOHGLUDED)
Migsile cylinder Ledgll Tnitial Position Final Position Distance
e . or Bpheie, - - - Traveled
Diameter Badial Tistance Bepth Trem Radial Distance
Azimuth from GZ Surface Azimuth Trom GZ-
i inghes’ degrees Teet feet degrees feet feet

‘J Spheres (Continued}:

43 2-1/2, A 195 20.0 1.81 202 134 11y

: k3 2.1/ 195 20.0 1.51 207 lak o

] L3 2-1/2 %A 195 20.0 1.61 203 a2 73

i .

: 53 2212 A 195 25.0 L &7 202 31 &

53 2-1/2 & 195 25.0 4.57 202 En 6

53 21/ A 195 250 5,87 202 3L 5

53 2-1/2 4 195 25.0 L.87 215 57 15

: 21 1 195 10:3 2.57 igs 137 187
i

23 1A 195 1G.0 3.2 igy 1iz 123

23 14 195, 1.8 3.3 133 105 9%

' 23 1s 195 0.0 342 1ok 175 160
i

X 2 14 195 15.¢ 1.26 ig5 219 204

! 31 1A 185 i5.0 1,29 200 20¢ 192

3 14 195 15.0 1.29 Iy 153 1Bz

! 3T 1A 195 5.0 1,35 ok 1E7 172

33 1A 195 15,0 2,70 199 igi 176

33 iA. 195: 15.0 2.70 198 173 163

3: 18 195 15.0, 2.70 19k 115 100

22 1A 195 15,0 2.70 201 1xk 99

33 1A 195, 15.0. . 2.7 195 191 175

32 14 185 15.0: 2,70 200 is2 137

L1 13 195, 20.9 0.08 199 2273, ‘203

By 1A 195 26.0 0.98 157 229 204

L 1a 195 20.0 0.58 137 22k ol

41 14 ig5 20,0 0.98 197 224 204

b3 1a 195 2050 0,99 201 181 161

I 14 195 20.0 0.9% 137 165 145

5] 14 195 £0.0 .98 197 173 153

43 ia 195 20.0 1.61 a1 103 83

43 14 195 g0.0’ i.61 208 110 50

bz 14 195 20.0. .61 208 110 90

53, 1A 195 2550 4,87 215, 3r 16

3, 14 185 25.0 b7 215, 37 16

53 14 195 25.0 L8y 215 3 16

53 14 195 5.0 L.87 B35 37 16

53 Tra 195 25.0. 4:87 215, 37 16

23 1A 195 25.0 b a7 215 37 16

5% 1A 155 25.0 LGy 215 37 16

53 T A 195 25:0 4,87 ‘215 31 15

33 2.1/2 L 195 15.0 1.89 193 192 177

b1 212 1 195 20.0 0.98 60 <18k 164

43 2:1/2 L 195 20.0 1.61 207 85: 65

i3 a2 r 195 20.0 ‘1.61 201 102 82

53 21/ L 195 25.0 .87 215 37 16

61
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TABIE 3.8 MISSILE IMPACT DATA FROM STYROFOAM MISSILE TRAPS

Migsile Distarice Missile ©  Impact Depth of

No. from GZ Weight Angled Penetration
feet grams degrees feet

1 400; 1.07 98.0 0.082

2 400 ~ 0.51 96.0 0.140

3 L0 0.09 91.5: 0.059

L Loo 0.35 89.0 0.205

5 400 4.29 109.5 . 0.090

6 Loo 0.15 88.0 | 0.132

7 hoo 0.09 92.5 0.063

A 8 400 0.21 o 92.0 0.078
_i 9 500 0.40 100.5 0.165
5:% 10 500, 0.35 108.5 0.100
‘ 11 500 .30 99.0 0.067
T 500 0.09 87.5 0.081

13 500 0.92 112.0 0.036

gan 500 . 0.21 78.0 0.036

15 600 0.10 92.0 0.045

16 600 2.80 90.5 0. 069

] 17 800 2.96 ~1.00 ' 0.070
1 8 Sketeh illustrating impact angle: Missile Trajectory

——CZ Impact ‘Angle
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Figure 3

.1 Ejecta distribution Tor the MINE ORE Event
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Figure 3.2 Outer limit of ejecta distribution,
approximate southwest quadrant of MINE ORE.
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CHAPTER U4

DISCUSSION OF RESULTS, MINE ORE EVENT

4.1 EJECTA MASS DENSITY, VOLUME, AND AZTMUTHAL DISTRTIBUTION

The primary objective of thisfstudy'w&s to obtain data-on ejecta

mass density and azimuthal dist#ibution. The test procedures used to

fulfill this objective (collector pads; camera, mount, end grid;
counting sectors) provided good information on thé larger particles,
but were of doubtful value with regard to the finer particles (say
1/2.inch or less), especially beyond the ¢ or D rings.

Figure 4.1 shows gréphically the areal mass density ploltied as
.a function of radial distahce from GZ. The density data -in this plot
include those obtained from the 1ip excavation, photographic tech-
niques, and ‘the counting sectérs. Data for the crater 1ip and. south
and west radials have been fitted to straight lines on logarithmic
paper by the method of least squares. Additioenally, an average,
overgll Tit of the data is presented. It compares Ffaverably with the
distribution observed in ether explosion tests in rock or cohesive~
type materials (Referetcés 5, 12, and 13), especially when differ-
ences in shot géometry are taken inteo consideration. Frof the equa-
tion for average -areal distribution, the total weight of ejected

‘material Ew can be calculated as féllows:
[~}

E = Em*‘[-BR drR (4.1)
W

™
a, !
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(for notation, see Figures 1.1 and 4.1):. The lower limit is taken to
correspond with the average crater radius, although ‘the distance Ty
is theoretically gorrect.' For crater and lip shapes like those of

the MINE ORE Event, the error thus incurred is considered negligible.

Similarly, experience has shown that the integration may be carried

to infinity without significantly affecting results. Substituting,
[+ +]
6.-28[ (3-.90 x 10° R“2'95=) R dR
23
&
1.32 X 107 pounds

=
I

W

The volume of éjecta, based upon the assumption of granitic density
of 162 pef and making no allowances for bulking, is found to be ap-
proximately 509 yardsg, probably significant to only the first
Integer.

An examination of the ejecta data from the photographic stations
ard ¢ouhting séctors showed no ¢léar réelation between mean ejecta
size and radial distance: However, thése covered g small fraction
of the total area, and an overall, visual survey shpwed a deerease in
beoth size and missile numbers with increasing radizl distance, This
was partic¢ularly evident in the ejecta rays. The mean equivalent
diameter for a piece -of ejecta beyond the crater lip was about 3

inches. The average size in the sampled area of ‘the crater lip (Fig-

ure 2,3) was between 6 and. 12 inches; based upen the sieve-analysis
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] data in Table 3.1. The maximum-size particle ejected beyond the
crater lip had an equivalent diameter of about 3 feet. It was lo-
cated approximately 260 feet northwest of GZ. The largest particle

{ in the crater lip was about 5 by 4 by 2-1/2 feet (about 3,100 pounds)
located in Sector 3 of Radial 4 (Figure 2.3).

The most striking feature of the azimuthal distribution in this
experiment was the pronounced ejecta rays, both in the crater lip and
beyond (Figure 3.1). These rays indicate the strong dependence of
ejecta distribution in rock on the site geology. The most influen-
tial factor in this distribution was the Jointing pattern of the
rock; comparison of ejecta-ray orientation and direction of major
rock jointing in the crater (Figure 4.2) showed that the rays were
very nearly parallel to major rock-joint faces. A specific example
was the scarcity of ejecta directly north of GZ. A large vertical
Jjoint face north of GZ apparently deflected practically all of the
ejecta originally traveling in a northerly direction into the north-
west and east rays. All of the major ejecta rays can thus be traced
to parallel joint faces within the crater area (Reference 11). Azi-
muthal distribution is illustrated graphically in Figure 4.3. For
this purpose, data from close-in (Rings A-D) collector pads have been

included with those from other sources.

4.2 EJECTA MISSILE RANGES
The range of maximum ejecta distances which might be expected

71

.
8
b
b




from the calculations in Chapter 1 is around 1,000 to 4,000 feet.
This wide variation reflects the uncertainty concerning the origin of
the ejection process. Calculations based ;pon a scouring action by
the shock front provide the lower limit of maximum-distance predic-
tions. The most promising approach to determination of ejecta ranges
would appear to be by scaling according to charge yields, but here
the choice of scaling exponents produces a wide variation of results.
In addition to the factors discussed in Chapter 1, there were a number
of physical characteristics of the site which may have affected scal-
ing relations between the calibration series and MINE ORE, such as
joint pattern, rock competence, and the various topographical fea-
tures. Further, more detailed data will probably be necessary to
establish a workable scaling exponent for this particular geometry;
based upon the MINE SHAFT data now available, it appears certainly to
lie in the range of wl/h to wl/3 , and at this point conforms very
well with WO'3 .

The range within which 90 percent of ejected material falls is a
useful figure, since it denotes the limit of an area within which the
missile population is relatively dense. Based on weight, the 90 per-
cent ejecta limit (or any desired limit) may be calculated from Equa-

tion U.1. Again using the average curve from Figure k4.1,

R ‘
0 6 ~2-95.
E = 6.28 3.90 x 10° R R dR

W,
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E, = 90 percent of the total weight of ejecta and
90
R9@ = the 90 percent limit of ejected material
Thus
"0-95 0.9
o 6 71 Boo T (em)” '95]
Ko's) L2 = 2.4 - -
(,O 90)(1 32 .x 107} _ 45 x 10 20.95 -0.95
and
R = 263 feet

%0

Similar caleuwlations cah bYe made for debris falling beyond the
crater lip. This was done for the south and west radials, using a
lower limit of integration = 100 feet, and the results indicate that,
ot the average, 90 percent of the ejected material falling beyond the

crater lip is contained within a radius of 1,375 feet.

4.3 SECONDARY EXPERIMENTAL OBJECTIVES

Between the grout-columi and artificial-missile data, sufficient
information was ¢btained to permit certain édonclusions on the mechan-
ics of the MINE ORE crater formstion. This analysis is contained in
Reference 11.

The definition of ejecta. trajectories is largely dependent upon
correlation of artificial-missile data with test photography. Addi-
ticnal time will be required to accomplish this secondary objective.

Analysis of the test photography (Referénce 14) has, however, provided
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valuable data -for this purpose. Ejeclta speeds on the crder of
600 ft/see were observed upon emergence from theée fireball. It .is in-
teresting to note that thé velocity values reported in Reference 1L

0.3

also indicate .a scaling Tactor of approximately W "7 . Ejection

angles (with the horizontal) wére very close to that assumed in Chap-

ter 1. Unfortunately, cémera failure precluded observation of much
of the ejecta aftér about 2 seconds following detdnation. Projec-
tions of the observed vortions of these trajectories (in Refer-

ence. 1) generally result in greater ranges than actually occurred,
espécially when the probable’ bounce and réll of the irvdividual par-
ticles are considered. Although the middle and terminal portions of
ejecta trajectoriés are still incompletely undérstood, it apbéars
that -an anaglysis of the photography and artificial-missile data,
taking into consideration such external forces as afterwinds, may

contiibute to a solution of the problem.

The evaluation of matural missile hazards will alse require mere

time than has been available for preparation of this report. The
establishment of & usablé scaling exponeiit for ejecta range is an im-
portant step in the realization of this objective, which must also

include a statistical study of areal distribution for varicus par-

ticle sizes at various ranges.
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CHAPTER 5

TENTATIVE CONCLUSIONS AND RECOMMENDATIONS

5.1 TENTATIVE chCLUSIONS

In view of the possibility of a second eixperimeént in the MINE
SHAFT Series essentially duplicating the MINE ORE Event}l firm con-
clusions regarding the ejecta studies should be delayed {o ‘include,
if possible, considerations on the reproducibility of the_data. Cer-
tain tentatife conclusions can, however, be drawn on the basis of
MINE ORE as follows:

1. Ejecta distributicn from & surface er very near—suxféce
burst in rock is highly dependent upon the joint pattern of the me-
dium. The average aziimthal distribution as a function of range,

hdwever, does not differ markedly from these observed for other large

explosions in rock eor cohesive material and at deepér déepths. of

burial (DOB's). It does differ from the distribution observed at or
near optimum DOB (Reference 15).

2. Ejecta ranges for this experimental geometry scale acecording

L Memorandum from the Technical Director, MINE SHAFT Series, U. S.
Army Engineer Waterways Experiment 8tation, Vicksburg, Missdssippi;
Subject: "Follow-On Events of the MINE SHAFT Series"; 19 Novenber

1968; Unclassified.
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to an exponent which is significantly larger than that indicated by

theory. Lacking béttefzdata} this expornent may be taken as approxi-
mately WO‘3 '

3: Por the MINE ORE Shot, the missile hazard to exposed person-
nel would have extended to a maximum distance of around 2,200 to
z,hOO_fEet, At this range, the hazard would Have consisted mostly
of small (less than 1 pound)fejecta‘particles bouncing along the
5round, and in mest cases breaking up on impaet. For 1-pound par-
ticles, tapablé of doing considerable damage, the maxirum dahger
range was slightly over 2,180 feet. Ejecta populatien wag quite

sparse at these ranges, however, and the hagard, in. terms of the

probability 6f a given spot being struck, was small.

5.2 RECOMMENDATIONS

5.2.1 Procedural Changes. The general approach to this ex-

periment appears sound, and the authors recormend that it be repeated
'in essentially the same form on future events for which éjecta is
Seveéral récommendations seem in order, however, as

expected.

follows:

1. Increased "seeding" of the crater area with artificial mis-
gilés seems desirable? with the object of inereasing the numbers of
different sizes, shapes, and densities of thosé missilés which can be

located postshot. Particular .attention should bé paid to the region

79




it o s Ak

bétween the edge of the charge and two or three charge radii from GZ,
as it appears that the greatest ranges iay be realized by ejecta
originating in this general area.

2, An inereased effort to obtain early photeography of ejécted
material is highly desirable, although the technical problems which
this imposes are recogpized. Further, it is recommended that an
effort be made to photographically follow enti¥é missile trajectories.
There is evidence that debris which is ejected from a position redsr
the charge has a high initial speed But slows to a nmuch lower speed

early in its trajectory (Reference 1). Further, it appears that.

afterwinds exert a varying drag force upon the lﬁﬁgéf range parti-
eles. More complete informatioh on typical trajectory histories
will probably ‘be riecesgary to an understanding of observed ranges
and size distributions.
3. .Photographic sampling of ejecta was quite successful, and
this procedure should be expanded te include more and larger samples.
4. The use of collector pads should be reduced or eliminated.
This is dné of the most time-consuming aspects pf an experiment of
this type, and one which yields probably the leéast usable data. In
and near the crater lip, where depdsition of fine particulate may be
significant, prepared SuffaceSa(e.g,z,asphalt) are recommended to Fe-
place the pads. Farther out, if dust-density data are required, a

better sampling technique is needed. There dppear to be two
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possibilities--dust-cloud opacity measurements and aboveground
vacuum samplers. It is recommended that both of these techniques be
investigated for future experiments.

5.2.2 Postseries Analysis. Rigorous analysis of gathered

ejecta data was not within the scope of the ejecta project as con-
cerns the first two events of the MINE SHAFT Series.2 Time has not
permitted such a detailed study. It might rather be appropriate

for such an analysis to await the completion of all ejecta-producing
MINE SHAFT events. It is most important, however, that the experi-
menter be afforded the opportunity to completely analyze, correlate,
and document an experiment before it is considered closed. This will
provide the maximum in descriptive detail to the later user of the
experimental input, with the least likelihood of misinterpretation

or the necessity for laborious correlative effort in assessing the

ejecta phenomena.

2 See Paragraph 5.5, Reference 10.
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