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ABSTRACT 

Forty row charges were fired in the Albuquerque fan-delta alluvium to define 
row-charge crater dimensions in terms of charge burial depth and the spacing be- 
tween charges in the row.  Sixty single charges were detonated at various burial 
depths for comparison.  The factors limiting equivalence between row-charge craters 
and continuous line-charge craters are defined in terms of length of the row charge 
and also in terms of both burial depth and spacing.  When the most efficient charge 
spacing was used, the optimum burial depth for row charges was 10 percent greater 
than the burial depth at which optimum crater dimensions were obtained from a single 
charge of the same weight.  Channels were found to have a uniform width at a maximum 
charge spacing greater than the maximum spacing at which a uniform depth was ob- 
tained.  The maximum spacing which produces a uniform channel width is a distance 
30 percent greater than the crater radius of the same size charge detonated singly 
at that depth which produces an optimum single-crater radius.  The maximum spacing 
for producing a uniform channel depth was found to be a distance 10 percent greater 
than the maximum single-charge crater radius in the same medium. The burst depth 
and spacing for the most efficient use of row charges is defined in this report, 
and the loss in cratering efficiency resulting from failure to work at optimum burst 
depth or optimum spacing can be evaluated from information obtained from this experi- 
ment. Throwout from the single charges and row charges was examined, but no scaling 
was derived. 



PREFACE 

Plowshare Program has contemplated the use of nuclear explosives for large 
scale excavations. The work described in this document is directed toward deter- 
mining the optimum method of employing explosives to form a ditch, channel, or 
canal of certain desired dimensions. The field work was carried out during 1959- 
1961 by R. E. Fay and H. E. Waldorf under the direction of D. G. Palmer and funded 
by the Sandia Corporation Research Organization. The analysis and evaluation was 
done during 1962-1963 with the financial support of Plowshare Program through the 
San Francisco Operations Office and the Division of Peaceful Nuclear Explosives. 
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THE EFFECT OF ROW CHARGE SPACING AND 
DEPTH ON CRATER DIMENSIONS 

CHAPTER 1.   INTRODUCTION 

Although ditching with chemical explosives is not a new art,1 it differs from 
ditching with nuclear explosives in the following ways: 

1. Chemical explosives ordinarily can compete with mechanical methods of ex- 
cavation only on small or medium sized projects in soft, usually saturated, 
soils.ij2.3 The cost of chemical explosives, other than their placement 
cost, is directly proportional to the amount of explosive used—cost is 
proportional to energy. 

2. Nuclear explosives would be used only on large projects and without great 
regard for the medium being excavated.  In the case of nuclear explosives, 
the cost is more nearly related to the number of exploding units, rather 
than to the amount of energy. 

The empirical ditching formulae now in use for chemical explosives are diffi- 
cult to apply to nuclear explosives, since high explosive charges are almost invari- 
ably cylinders made up of vertical stacks of dynamite sticks.  Since a nuclear 
explosive is a point source of energy, it is best that empirical formulae for nuclear 
ditching be based on experiments with spherical charges of high explosive. 

Because the use of a single row of spaced charges offers the simplest configu- 
ration for channel excavation with nuclear charges, it was appropriate that craters 
from a single row be explored before investigating craters from more complex con- 
figurations.  Likewise, it was appropriate to explore the craters resulting from 
explosions in level ground before examining craters cut through varying terrain. 

In the conventional employment of chemical explosives, it is sufficient to 
have only the required amount of explosive per unit volume excavated.  Since it is 
easy to punch holes in soft soil, the spacing of charges is of little interest.  On 
the other hand, since the objective in the employment of nuclear explosives is to 
keep the number of units as small as possible, it is necessary to determine the maxi- 
mum spacing and the corresponding depth of burst which will give the desired crater 
dimensions while at the same time maximizing the amount of excavation per unit of 
explosive. 

1.1  Objectives 

The experiment described here was started in the fall of 1959 as a model study, 
using rows of spaced spherical charges in the local (Albuquerque) fan-delta alluvium, 
of the effects of spacing and depth of burst on crater parameters (depth, width, and 
volume). 

The objectives were: 

1.  To determine the maximum spacing at which a uniform channel would result 
(as a function of the depth of burst of the charges in the row)--that is, 
to determine the maximum spacing at which the crater from a row of charges 
shows minimum variation in width and depth and is essentially the same as 
the crater which would result from the detonation of a continuous line 
charge. 
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2.  To define, for spacings greater than that which would give a uniform 
channel crater, the ratios of minimum crater dimensions to maximum crater 
dimensions as a function of the depth of burst. 

1.2  Background 

In 1958 an exploratory series of shots was detonated in the same medium to 
explore crater parameters from single charges, continuous line charges, and a small 
number of rows of spaced charges.4  With respect to spaced charges this earlier ex- 
periment consisted of two groups of shots.  The first group was composed of shots 
consisting of two 2-pound cubes.  These were detonated at scaled burst depths of 
0.Oft/lb1/3  and 0.50 ft/lb1/3, and at scaled spacings from 0.25 ft/lb1/3 to 
2.5 ft/lb1/i. 

The second group consisted of thirteen shots with each shot containing five 
to ten 2-pound cubes.  These were spaced at 0.5 ft/lb1/3, 0.75 ft/lb1/3, and 
1.0 ft/lbV3 , at scaled burst depths of 0.0, 0.5, 1.0, and 1.5 ft/lb1/3. 

While the earlier experiment established the relationship of crater dimensions 
with charge spacings and burst depths over the ranges of those parameters explored, 
it was clear that two charges in a row were insufficient to give craters which were 
two dimensional over any portion of their length, and that reactions between the two 
charges at certain spacings gave results which could not be reconciled with craters 
from rows of five or more charges.  The 1958 experiments made it evident that it was 
possible to get a uniform channel crater at a given depth of burst by proper spacing 
of the charges.  They also established that the maximum spacing at which a uniform 
channel resulted was a function of the depth of burst of the charge. 
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CHAPTER 2. EXPERIMENT DESIGN 

2.1 Explosives 

Because large scatter was observed in data from the 1958 series described in 
the last chapter, attempts were made to achieve more uniform test conditions in the 
series of tests described in this report.  The 2-pound cubic TNT charges used in 
the 1958 series were replaced with 8- and 256-pound spheres having 1/2-ounce RDX 
and 6-pound 50-50 pentolite boosters, respectively.  These were used with the ex- 
pectation that the larger charges, relative to the nearly constant inhomogeneities 
in the soil, would reduce the scatter. 

2.2 Medium 

The Albuquerque fan-delta alluvium is composed of clayey sands, sandy clays, 
clayey silty sands, and has lenses of gravel, erratic cobbles, and boulders. The' 
area picked for this series contains very little gravel, cobbles, or boulders; how- 
ever, lenses of fine to coarse sand were encountered. Figure 2.1 contains a typical 
screen analysis of the alluvium as well as a graph of the dry density of this allu- 
vium under conditions of artifical compaction and moisture control used in an ear- 
lier experiment. Figure 2.2 shows penetration resistance as a function of moisture 
content for in situ material, and represents the range of conditions over which 
shots were fired.  These tests were all made with a 1/2-inch-diameter probe on a 
Proctor penetrometer, with which it is not possible to measure values greater than 
2200 psi.  In general measurements in undistributed material fall below those ob- 
tained from a compacted sample.  Shear strength of the undisturbed material is 
greatly influenced by moisture content, and if the moisture content is increased 
only a few percent, the area is reduced to a quagmire. 

TEST  RESULTS 

MAXIMUM   DRY    DENSITY    -1161/2   Ibt/cu   f1 
OPTMUM     MOISTURE -  13 1/2   percent 

SCREEN   ANALYSIS   OF   SAMPLE    SUBMITTED 
SCREEN 
SIZE 

3/8 
NO. 4 
NO. 10 

NO. 30 
NO. 60 
NO. 100 
NO. 200 

NO. 270 
WASH TEST 

CUMULATIVE 
% PASSING 

100.0 
94.2 
84.8 
76.1 
69.7 
62.7 
45.2 

44.0 
43.3 

MOISTURE    CONTENT   (percent) 

Figure 2.1  Typical screen analysis and dry density of 
alluvium under conditions of artificial 
compaction and moisture control 
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,_ 1000 

MOISTURE     CONTENT   % 

Figure 2.2  Penetration resistance versus moisture 
content for in situ alluvium 

On the majority of shots the moisture content went from about 7 to 12 percent 
at 6 inches below the surface to 3 to 8 percent at a depth of 3 feet.  It was found 
that, with the exception of keeping out rain, a canvas or plastic cover over the 
test area did not affect the moisture content of the medium below the first 3 to 
4 inches. 

Dry density varied greatly with moisture content. 
with higher moisture content was noted. 

A trend of lower dry density 

2.3  Site Preparation 

To prepare the site, loose surface dirt was graded off the selected area and 
each individual site was smoothed to form a plane with departures not larger than 
1/4 inch. The area to be cratered was then covered with canvas to normalize the 
moisture near the surface.  Surface moisture control was maintained for at least 
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5 days before shot time of the earlier shots in the hope of reducing scatter by 
stabilizing the moisture content.  During the winter months areas to be cratered 
were kept warm enough to prevent freezing. 

Before each shot, the area around the shot center was covered with plastic 
from the estimated extent of the true crater to about five times that distance 
(Figure 2.3).  At the time the charges were placed, density measurements and soil 
water content samples were taken from the charge holes.  A limited number of pene- 
trometer readings were also obtained before each of the later shots in the series. 
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Figure 2.3  Typical preshot site preparation 

2.4  Experiment Procedure 

2.4.1  Craters 

The charges were placed in augered holes in otherwise undisturbed earth.  The 
holes were then back filled with the removed material and tamped in an attempt to 
match the in situ density of the soil.  Just before shot time cameras were set up. 

After the shot, measurements of the apparent crater were made by using the 
rig shown in Figure 2.4 on the 8-pound shots and by ground survey on the majority 
of the 256-pound shots.  The rig consists of a row of uniform length rods held in a 
vertical position in a pipe beam.  The pipe beam slides on calibrated tracks.  To 
use the rig, the axis of the charges was re-established and the tracks set up paral- 
lel to the long axis of the crater. A trench was cleared on either side down to the 
plastic so that the end rods were at the original level.  The pipe beam was then 
placed normal to the long axis of the crater and with the center vertical rod on the 
long axis.  Each rod was then moved down until it just contacted the surface of the 
crater or lip and a picture of which Figure 2.4 is typical, taken of the resulting 
profile.  The procedure was repeated at 6-inch intervals from crater centerline to 
beyond the end of the crater in both directions.  The resulting photographs were 
enlarged to a scale made uniform by keeping the 10-foot black bar on the beam at the 
same size, and the crater profile taken directly off the photograph. 
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Figure 2.4  Jig for measuring crater dimensions 

2.4.2  Throwout 

Material thrown out of the crater was measured in two ways.  Close to the 
crater 1-square-foot segments of the material were extracted down to the plastic 
surrounding the cratered region. At greater distances collection pans were placed 
around the area, and the material which fell within the pans was collected and 
weighed.  On the earlier shots the 1-square-foot sections were obtained at the in- 
tersections of a 5-foot grid out to the limit of the plastic (Figure 2.5).  Later 
the procedure was changed so that material was collected at stipulated points along 
each of eight radii through the center of the charge array.  Throwout collection was 
made along each radius at distances of 30, 50, 75, 100, 200, and 300 feet.  From the 
mass data collected at each station, throwout density contours were plotted, and 
integration of these areas gave the total amount of material ejected from the crater. 

säXSSBR 
IP 
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Figure 2.5       Collection of throwout  samples 
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2.5  Summary of Shots 

Information on each of the shots fired in this series is included in tables 
given in the following chapter.  These tables also indicate the number of charges 
in each row.  Table 2.1 summarizes the number of single charges fired at each burst 
depth and each scaled burst depth.* These charges were fired to provide the back- 
ground for comparison with row charges.  Figure 2.6 summarizes the row charge experi- 
ment showing the depth of burst and the spacing at which charges were fired together 
with the number of shots at each combination of burst depth and spacing.  Two 
256-pound charge shots were also fired. 

TABLE 2.1 

8-pound charges 

256-pound charges 

Scaled depth of 
burst 

(ft/lb1/3) 

0.5 
0.75 
1.0 
1.25 
1.5 
2.0 
2.5 

0.5 
0.75 
1.00 
1.25 
1.50 
2.0 

Actual depth of 
burst 
(ft) 

3.17 
4.76 
6.35 
7.94 
9.52 

12.7 

Number of shots 

2 
11 
15 
11 
5 
5 
1 

1 
1 
1 
3 
2 
2 

Shots in this experiment have been identified with a three-term code:  a 
Roman Numeral, a Capital Letter, and an Arabic Number (e.g., IID5).  The Roman 
Numeral indicates the phase of the experiment during which the shot was fired.  The 
Letter indicates the depth of burst of the charge as shown in Figure 2.6.  The Ara- 
bic Number indicates spacing between charges in the row. A repeat shot was indi- 
cated by a letter B following the code. 

Unless specifically stated otherwise, all scaled dimensions for single 
charges have been based on cube-root-of-yield scaling (/~-Wx/3, where W is the 
charge weight in pounds unless specified otherwise). 
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CHAPTER 3.   RESULTS 

3.1  Craters from Single Charges 

To obtain depth-of-burst curves from single charges which would be used as a 
standard of comparison for the rows of spaced charges, the series of 8-pound single 
spheres was detonated at varying depths.  Because there was considerable scatter in 
crater dimensions and variation in the shape of the resulting craters, a series of 
eight 256-pound spheres was detonated so that the influence of the relatively con- 
stant inhomogeneities of the soil would be correspondingly less.  At a later date 
two addition 256-pound spheres were detonated.  Table 3.1 lists the single-charge 
shots fired. 

In the 1958 series4 using 2-pound cubes, the formation of mounds within the 
crater was observed on some shots at scaled depths of 1.5 ft/lb1/3 . 

In order to obtain useful measurements from all craters, the craters were 
divided into three types: 

Type I has no mound (Figure 3.1); Type II has a mound approximately in the 
center which may rise to any height from the bottom of the crater to above original 
grade (Figure 3.2); and Type III has a mound off the center (Figure 3.3). 

Since none of the craters from the 256-pound charges (see Crater Topography, 
Appendix A) exhibits the type of mounding seen in the craters from 8-pound single 
charges, all Types II and III crater data have been omitted from the diameter and 
depth-of-burst curves (Figures 3.4, 3.5).  They are included, however, in the volume 
depth-of-burst curve (Figure 3.6). 

The depth-of-burst curves (Figures 3.4, 3.5, 3.6) have been weighted heavily 
in favor of the 256-pound charge craters. 

The scaled diameters (Figure 3.4) of the 8-pound charge craters agree well 
with those of the 256-pound charges; in fact, they average about 4 percent larger. 
It is quite different with the scaled depth, however; the scaled depth (Figure 3.5) 
of the 8-pound charge craters is much less (an average of 25 percent less) than 
those of the 256-pound charges.  Also, the scatter is much greater.  With the scaled 
depth less, the scaled crater volumes are of course less for the 8-pound charge 
craters than for those of the 256-pound charges.  The scaled volume plots (Figure 3.6) 
show the great variation in volume (as a result of variation in crater depth) which 
results from the different type craters.  Those craters of Type I which show small 
volumes are actually transition craters from Type I to Type II, since all Type II 
craters show the least volume. 

Something of the nature of the transition is evidenced by a comparison of 
Figure 3.6 with 3.7.  Figure 3.7 shows right angle profiles of the craters, the data 
of which are plotted in Figure 3.6.  All craters are made by 8-pound charges burst 
2 feet (1.0 ft/lb1/3 ) below the ground surface.  The profiles are arranged in the 
vertical order in which the data appear in Figure 3.6.  The uppermost crater is 
larger than predicted from scaling the 256-pound charge crater, and all others are 
smaller--the smallest having only one-quarter the scaled volume of the 256-pound 
charge crater.  Only three craters (IV-3-2.0, IE, IV-1-2.0) were identified as 
having mounds in the center (Type II).  One (lV-4-2.0) was classed as having a mound 
at the side (Type III).  There were others whose profiles show less pronounced indi- 
cation of mounds (IV-10-20, IV-2-2.0, P 2-B, and IV-4.20).  These profiles emphasize 
the great variation found in the dimensions of small charge craters even though 
burst depth, charge weight, and charge shape were the same. 
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CRATER 

Av max Av max 

Date 

Charge 
weight 

lb 

Water 
content 

Net 
density 

Av 
from 

dia 
area 

from charge 
center 

dii 
moi 

I of 
ind 

ft 
Dob lb (with 

1/4" dia MD) percent lb/ft3 ft 
ft 

ft 
ft 

ft 
ft 

Shot w-1/3 w-1/3 w-1/3 w-1/3 

IC 
1C8 

11-12-59 
6-29-59 

8 
8 

1.0 
1.0 

0.5 
0.5 

NR 
NR 

7.5 at 1.0' 
10.8 at 1.0' 

105 at 7.5" 
NR 

5.6 
6.18 

2.6 
3 ('09 

NA 
NA 

NA 
NA 

NA 
NA 

NA 
NA 

ID 
IV-1-1.5 

11-10-59 
4-11-60 

8 
8 

1.5 
1.5 

0.75 
0.75 

NR 
63 at 0.32' 

11.5 at 7" 
14 at 22" 

102 at 7" 
114 at 0.32' 

7.1 
7.75 

3.55 
3.87 

NA 
NA 

NA 
NA 

NA 
NA 

NA 
NA 

IV-2-1.5 4-14-60 8 1.5 0.75 
93 at 0.-16' 
40 at 22" 

7 at 12" 
8.5 at 22" 

93.5 at 0.16' 7.0 3.5 NA NA NA NA 

IV-3-1.5 4-18-60 8 1.5 0.75 
40 at 0.19' 
24 at 22" 

4 at 0.19' 
9 at 22" 

85 at 0.19' 7.5 3.75 NA NA NA NA 

IV-4-1.5 4-19-60 8 1.5 0.75 
108 at 0 
75 at 0.13' 

11 at 12" 
9 at 22" 

96 at 0.13' 6.9 3.45 7.1 3.55 1.34 0.67 ! 

IV-5-1.5 4-21-60 8 1.5 0.75 
110 at 0 
36 at O.lU' 

11 at 12" 
9 at 22" 

93.3 at 0.14' 6.3 3.15 6.8 3.4 3.1 1.55 | 

IV-6-1.5 4-25-60 8 1.5 0.75 
82 at 0 
75 at 0.16' 

10 at 12" 
4 at 0.16' 

108 at 0.16' 6.9 3.45 NA NA NA NA j 

IV-7-1.5 4-27-60 8 1.5 0.75 
47 at 0 
47 at 0.16" 

8 at 12" 
5 at 22" 

104 at 0.16' 7.2 3.6 NA NA NA NA | 

IV-8-1.5 4-28-60 8 1.5 0.75 
105 at 0 
63 at 0.16' 

9 at 12" 
7 at 22" 

96 at 0.16" 6.5 3.25 NA NA 0.9 0.45 

IV-9-1.5 5-3-60 8 1.5 0.75 
108 at 0 
97 at 0.18' 

10 at 12" 
6 at 22" 

107 at Ö.18" 6.8 3.4 NA NA NA NA 

IV-10-1.5 5-13-60 8 1.5 0.75 
89 at 0 
82 at 0.19' 

11 at 12" 
7 at 22" 

118 at 0.19" 7.2 3.6 NA NA NA NA ! 

IE 
P2A 
P2B 

11-25-59 
10-21-59 
11-23-59 

8 
8 
8 

2.0 
2.0 
2.0 

1.0 
1.0 
1.0 

NR 
NR 
NR 

9,5 at 12" 
12 
12 at 2' 

93 at 8" 
NR 

102.5 

7.5 
7.3 
7.1 

3.75 
3.65 
3.55 

7.70 
NA 
NA 

3.85 
NA 
NA 

2.0 
NA 
NA 

1.0 
NA 
NA 

P2C 4-5-60 8 2.0 1.0 NR 
9 at 1' 
4 at 2' 

119 7.8 3.90 NA NA NA NA 

P8A 11-18-59 8 2.0 1.0 NR 10 at 2' 107.5 6.9 3.45 NA NA NA NA 

IV-1-2.0 4-11-60 8 2.0 1.0 57 at 0.31' 
12.5 at 1.0' 

5 at 2.0' 
105 6.7 3.35 7.2 3.6 2.2 1.1 

IV-2-2.0 4-15-60 8 2.0 1.0 52 at 0.21' 
10 at 12" 
6 at 28" 

101 at 0.20' 7.7 3.85 NA NA NA NA 

IV-3-2.0 4-18-60 8 2.0 1.0 
71 at 0.18' 
49 at 2.3' 

5 at 0.18' 
7 at 2.3' 

91.1 at 0.18' 7.6 3.8 7.90 3.95 2.2 1.1 

IV-4-2.0 4-20-60 8 2.0 1.0 
72 at 0.0 
42 at 0.15" 

11 at 12' 
6 at 28" 

89 at 0.15' 6.5 3.25 
(315°) 
7.6 

3.8 3.0 1.5 

IV-5-2.0 4-21-60 8 2.0 1.0 
84 at 0.0 
55 at 0.18' 

12 at 12" 
7 at 28' 

114 at 0.18' 7.75 3.87 NA NA NA NA 

IV-6-2.0 4-26-60 8 2.0 1.0 
66 at 0.0 
34 at 0.19' 

9 at 12" 
4.5 at 28" 

102 at 0.19' 7.4 3.7 NA NA NA NA 

IV-7-2.0 4-27-60 8 2.0 1.0 
88 at 0.0 
53 at 0.2' 

10 at 12" 
2 at 28" 

87 at 0.2" 7.0 3.5 NA NA NA NA 

IV-8-2.0 5-2-60 8 2.0 1.0 
110+ at 0.0 
110+ at 0.14' 

8 at 12" 
3 at 28" 

108 at 0.14' 6.9 3.45 NA  | NA NA NA 

IV-9-2.0 5-3-60 8 2.0 1.0 
32 at 0 
28 at 0.21' 

8.5 at 12" 
6.0 at 28" 

101 at 0.21' 7.9 3.45 NA NA NA NA 

IV-10-2.0 5-12-60 8 2.0 1.0 
76 at 0.0 
71 at 0.15' 

12 at 12" 
9.5 at 28" 

102 at 0.15' 7.6 3.8 NA NA NA NA 

IF 

IV-1-2.5 

2-18-60 

4-14-60 

8 

8 

2.5 

2.5 

1.25 

1.25 

NR 

110 at 0.19' 
72 at 0.24' 

4 at 2.5' 

7.5 at 1' 
10.5 at 2' 

102 at 2.5' 

105 at 0.19' 

8.1 

6.9 

4.05 

3.45 

NA 

(270°) 
8.0 

NA 

4.0 

NA 

S 

NA 

S 

IV-2-2.5 4-15-60 8 2.5 1.25 
110 at 12" 
62 at 34" 

12.5 at 12" 
4 at 34" 

107 at 0.15' 7.4 3.70 NA NA NA NA 
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CRATER 
TABLE 3.1 

Wet 
density 

Av dia 
from area 

lb/ft3 ft    w-1/3        ft        w-1/3 

105 at 7.5" 
NR 

102 at 7" 
114 at 0.32' 

Av max 
from charge 

center 

ft 

2.S 
3/09 

3.55 
3.87 

Av max 
dia of 
mound 

ft 
ft    w-1/3 

93 at 8" 
NR 

102.5 

102 at 0.15' 

102 at 2.5' 

L05  at 0.191 

L07 at 0.15' 7.4 

7.90 

(315°) 
7.6 

3.70 

(270°) 
8.0 

NA 

w-1/3 

Volume 

w-1/3 

0.25 
0.55 
0.35 

ft3 

1.0 

0.4 0.8 

0.8 1.6 

0.7 1.4 

0.6 1.2 

0.7 1.4 

0.5 1.0 

0.85 1.7 

0.5 0.4 

0.5 1.0 0.5 19.2 

Lip 
height 

Distance 
to max lip Average 
from 

ft 
w-1/3 

0.4 0.2 

0.5 0.25 

0.4 0.2 

0.4 0.2 

0.3 0.15 

0.4 0.2 

0.4 0.2 

0.6 0.3 

0.6 0.3 

lip 
height 

2.40 

J 



mmmmm 

Distance 
Depth 

: charge 
Height 
of 

mound Vod ume 
Lip > 

height 

to max lip    Average       Average 
fron         lip       radius to 

*■          height     peak of lip 
Mass of 
fallout 

ft 
ft 

w-1/3 ft3 
ft! 
V ft_ 

ft • 
w-1/3 ft 

!ft 
v-1/3  ft 

ft 
w-1/3  ft 

ft ft 
w-1/3     kB              JTr2d       Remarks : w-1/3 

.2 
1 

0.6 
0.55 

NA 
NA 

NA 
NA 

11.7 
9.58 

1.46 
1.20 

0.3 
0.4 

0.15 
0.2 

3.5 
4.0 

1.75 
2.0 

682 Type I Crater 
Type I Crater 

.2 
0 

0.6 
0.5 

NA 
NA 

NA 
NA 

20.6 
22.1 

2.57 
2.76 

0.4 
0.4 

0.2 
0.2 

4.5 
4.8 

2.25 
2.4 

1175 
1473 

Type I Crater 
Type I Crater 

.7 0.35 
NA NA 10.0 1.25 0.4 0.2 4.6 2.3 NR Type I Crater 

6 0.3 
NA NA 12.4 1.55 0.5 0.25 5.0 2.5 HR Type I Crater 

0 0.0 
0.0 0.0 9.18 1.15 0.4 0.2 4.8 2.4 1274 Type II Crater 

4 -0.2 
0.4 0.2 3.78 0.47 0.4 0.2 4.2 2.1 NR Type II Crater 

2 0.6 
NA NA 15.0 1.87 0.3 0.15 4.8 2.4 NR Type I Crater 

8 0.9 
NA NA 27.0 3.37 0.4 0.2 4.5 2.25 807 Type I Crater 

.2 0.1 
0.1 0.05 6.88 0.86 0.4 0.2 4.3 2.15 NR Type II Crater 

2 0.6 
NA NA 17.6 2.2 0.6 0.3 4.2 2-1 NR Type I Crater 

6 0.3 
NA NA 13.1 1.64 0.6 0.3 4.4 2.2 NR Type I Crater 

0 
1 
4 

0.0 
0.55 
0.2 

0.3 
NA 
NA 

0.15 
NA 
NA 

10.9 
17.0 
12.1 

1.36 
2.12 
1.51 

0.6 
0.5 
0.6 

0.3 
0.25 
0.3 

4.6 
5.0 
4.5 

2.3 
2.5 
2.25 

\ 1450 
NR 
HR 

Type II Crater 
Type I Crater 
Type I Crater 

8 0.90 
NA NA 40.4 5.05 0.5 0.25 4.6 2.3 1484 Type I Crater 

4 0.70 
NA NA 19.0 2.37 0.4 0.20 4.4 2.2 HR Type I Crater 

4 -0.20 
0.4 0.2 7.8 0.97 0.4 0.2 4.6 2.3 847 Type II Crater 

6 0.3 NA NA 14.5 1.81 0.3 0.15 5.0 2.5 
1 

NR Type I Crater 

2 -0.1 0.4 0.2 12.6 1.57 0.5 0.25 5.0 2.5 NR Type II Crater 

2 -0.1 
0.4 0.2 9.6 1.2 0.4 0.2 4.6 ±3 1050 Type III Crater 

8 0.4 
NA NA 18.1 2.26 , 0.5 0.25 5.2 i.6 NR Type I Crater 

6 0.8  ! 
NA NA 28.7 3.59 0.4] 0.2 4.8 2.4 NR Type I Crater 

4 0.7  , 
NA NA 23 2.87 0.6': 0.3 5.0 21.5 1120 Type I Crater 

2 0.6  j 
NA NA 20.2 2.52 0.4 0.2 4.6 2 .3 NR Type I Crater 

4 0.7 NA NA 29.3 3.66 0.6 0.3 5.4 2 .7 NR Type I Crater 

3 0.5 NA NA 19.7 2.46 0.8 0.4 5.0 2 .5 NR Type I Crater 

7 0.85 NA NA 35 4.37 0.7 0.35 4.8 2 .4 NR Type I Crater 

4 0.2 0.4 0.2 13.2 1.65 0.6 0.3 5.0 2 5 934 Type III Crater 

0 0.5 NA NA 19.2 2.40 0.5 0.25 4.8 2 4 NR Type I Crater 
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IV-3-2.5 

IV-4-2.5 

IV-5-2.5 

IV-6-2.5 

IV-7-2.5 

IV-8-2.5 

IV-9-2.5 

IV-10-2.5 

4-19-60 

4-20-60 

4-25-60 

4-26-60 

4-28-60 

5-2-60 

5-12-60 

5-13-60 

8 

8 

8 

8 

8 

8 

8 

8 

2.5 

2.5 

2.5 

2.5 

2.5 

2.5 

2.5 

2.5 

1.25 

1.25 

1.25 

1.25 

1.25 

1.25 

1.25 

1.25 

50 at 0 
35 at 0.18' 

58 at 0.0 
31 at 0.19' 

72 at 0.0 
60 at 0.14' 

110 at 0.0 
110 at 0.16' 

100 at 0.0 
55 at 0.15' 

82 at 0.0 
82 at 0.15' 

101 at 0.0 
78 at 0.19' 

101 at 0.0 
83 at 0.14' 

9.5 at 12" 
3.0 at 34" 

12 at 12" 
6 at 34" 

9 at 12" 
3 at 34" 

8 at 12" 
3 at 34" 

9 at 12" 
4 at 34" 

8 at 12" 
3 at 34" 

9 at 12" 
7 at 34" 

7 at 12" 
3 at 34" 

I     89 at 0.18' 

89 at 0.19' 

95 at 0.14' 

108 at 0.16' 

87 at 0.15' 

105 at 0.15' 

107 at 0.19" 

102 at 0.14' 

7.7 

7.96 

7.8 

7.2 

7.5 

7.5 

8.1 

7.2 

3.85 

3.98 

3.9 

3.6 

3.75 

3.75 

4.05 

3.6 

7.8 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

3.9 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

0.9 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

0.45 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

0.6 

0.9 

j  2.0 

1.2 

1.6 

2.0 

1.0 

1.4 

0.3 

0.45 

1.0 

0.6 

0.8 

1.0 

0.5 

0.7 

» 

P3A 

P3B 

11-9-59 

1-26-60 

8 

8 

3.0 

3.0 

1.5 

1.5 

NR 

NR 

8 at 3' 

10 at 10" 

NR 

109 at 10" 

5.5 

7.92 

2.75 

3.96 

(180°) 
8.0 
NA 

4.0 

NA 

S 

NA 

S 

NA 

0.5 

2.2 

0.25 

1.1 

- 

P4A 

F4B 

12-7-59 

1-27-60 

8 

8 

4.0 

4.0 

2.0 

2.0 

NR 

NR 

11 at 1' 

11 at 5.5" 

116 at 7.5" 

118 at 5.5" 

7.1 

8.98 

3.55 

4.49 

(270) 
9.0 
NA 

4.5 

NA 

5 

NA 

2.5 

NA 

0.4 

2.2 

0.2 

1.1 

- 

KA 
F5B 

2-12-60 8 5.0 2.5 NR 7 at 0.23' 114 at 0.23' NA NA NA NA NA NA NA NA - 

IH-0.5 

III-0.75 

III-l.OO 
III-1.25 
62-34 
III-1.50 
62-35 

III-2.00a 

III-2.00b 
III-1.25b 

6-8-60 

6-17-60 

6-13-60 
7-19-60 
7-16-62* 
6-15-60 
7-18-62* 

7-26-60 

8-22-60 
8-8-60 

256 

256 

256 
256 
256 
256 
256 

256 

256 
256 

3.17 

4.76 

6.35 
7.94 
7.94 
9.52 
9.53 

12.7 

12.7 
7.94 

0.5 

0.75 

1.0 
1.25 
1.25 
1.5 
1.5 

2.0 

2.0 
1.25 

35-110 at 0.0 
34-108 at 0.15' 

67 at 0.0 
62 at 0.15' 

53-108 at 0-0.15' 
45-110 at 0.0 

NR 
64-110 at 0.11' 

NR 

70-110 at 0.18' 

48-106 at 0-0.2' 
36-76 at 0-0.2" 

5-9 at 0.15' 

6-8 at 0.15" 

5.5-8 at 0.18' 
3-6 at 0.15" 

4.48 av 
4-5 at 0.11" 
4.48 av 

1.5 at 0.16' 
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6-8 at .l'-.2* 
2.5-5 at 0.2" 

111-114 at 0.15' 

94-105 at 0.14' 

98-100 at 0.18' 
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NR 
96-107 at 0.11' 

NR 

92-108 at 0.18' 

88-91 at 0.2' 
91-105 at 0.2' 

20.2 

21.4 

22.2 
23.4 
23.4 
25.3 
23.8 

23.2 

23.8 
22.8 

3.18 

3.37 

3.50 
3.68 
3.68 
3.98 
3.75 

3.65 

3.75 
3.59 

NA 

NA 

NA 
NA 
NA 
NA 
NA 

NA 

NA 
NA 

NA 

NA 

NA 
NA 
NA 
NA 
NA 

NA 

NA 
NA 

NA 

NA 

NA 
NA 
NA 
NA 
NA 

NA 

NA 
NA 

NA 

NA 

NA 
NA 
NA 
NA 
NA 

NA 

NA 
NA 

4.5 

7.0 

5.5 
5.7 
5.1 
3.5 
4.9 

2.8 

2.6 
5.2 

0.71 

1.10 

0.87 
0.90 
0.80 
0.55 
0.77 

0.44 

0.41 
0.82 

IV-4-3.0 
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IV-6-3.0 
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IV-2-4.0 

IV-3-4.0 
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8 

8 

8 

8 

8 

8 
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4.0 

4.0 
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1.5 

1.5 

2.0 

2.0 

2.0 

60 at 0.17' 

110 at 0-0.17" 

110 at 0-0.13' 

86 at 0.18* 

110 at 0.0 
110 at 0.18' 

90 at 0.0 
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0.5 at 12" 
2.0 at 40" 
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8.1 

8.06 

7.6 

«0 

6.6 

0 

4.05 

4.03 

3.8 

0 

3.3 

0 

NA 

NA 

NA 

8.6 

9.4 

NA 

NA 

NA 

NA 

4.3 

4.7 

NA 

NA 

NA 

NA 

>8.6 

NR 

NR 

NA 

NA 

NA 

NR 

NR 

0.8 

1.0 

1.2 

0.2 

0.4 

0.0 

0.4 

0.5 
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0.0 
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!■ 7.7 3.85 7.8 3.9 0.9 0.45 0.6 0.3 ).0 0.0 0.0 0.0 12.9 1.61 0.4 0.2 5.0 2.5 , 

)' 7.96 3.98 NA NA NA NA 0.9 0.45 ).6 0.3 NA NA 20.6 2.57 0.5 0.25 5.2 2.6 
' 

11 7.8 3.9 NA NA NA NA j  2.0 1.0 LO 1.0 NA NA 38.2 4.77 0.7 0.35 5.0 2.5 

,' 7.2 3.6 NA NA NA NA 1.2 0.6 :.2 0.6 NA NA 20.2 2.52 0.6 0.3 5.0 2.5 

; 1 7.5 3.75 NA NA NA NA 1.6 0.8 L.6 0.8 NA NA 35.4 4.4 0.6 0.3 4.7 2.35 

1 7.5 3.75 NA NA NA NA 2.0 1.0 2.0 1.0 NA NA 38.4 4.8 0.6 0.3 5.0 2.5 

• • 8.1 4.05 NA NA NA NA 1.0 0.5 0.4 0.2 -0.2 0.1 22.9 2.86 0.6 0.3 5.0 2.5 

■ 7.2 3.6 NA NA NA NA 1.4 0.7 [•* 0.7 NA NA 22.0 2.75 0.4 0.2 4.8 2.4 

5.5 2.75 
(180°) 
8.0 

4.0 S S 0.5 0.25 -0.6 -0.3 0.8 0.4 4.5 0.56 0.4 0.2 5.0 2.5 
7.92 3.96 NA NA NA NA 2.2 1.1 M 1.1 NA NA 53.0 6.62 0.8 0.4 4.6 2.3 

7.1 3.55 
(270) 
9.0 

4.5 5 2.5 0.4 0.2 
i 

-«.8 -0.4 1.0 0.5 8.9 1.11 0.4 0.2 5.6 2.8 
8.98 4.49 NA NA NA NA 2.2 1.1 2.2 1.1 NA NA 66.3. 8.29 1.0 0.5 5.8 2.9 

1 NA NA NA NA NA NA NA NA -|.4 

t 

-0.7 1.4 0.7 NA NA NA NA NA NA 

1 20.2 3.18 NA NA NA NA 4.5 0.71 
1 
4.5 0.71 NA NA 643 2.51 1.0 0.16 12.0 1.89 0.8 0.13 12.0 1.89 

■ 21.4 3.37 NA NA NA NA 7.0 1.10 7.0 1.10 NA NA 913 3.56 2.0 0.31 13.2 2.07 1.6 0.25 13.0 2.04 

1 
22.2 
23.4 
23.4 
25.3 
23.8 

3.50 
3.68 
3.68 
3.98 
3.75 

NA 
NA 
NA 
NA 
NA 

NA 
NA 
NA 
NA 
NA 

NA 
NA 
NA 
NA 
NA 

NA 
NA 
NA 
NA 
NA 

5.5 
5.7 
5.1 
3.5 
4.9 

0.87 
0.90 
0.80 
0.55 
0.77 

3.5 
3.7 
3.1 
3.2 

3-i 

0.87 
0.90 
0.80 
0.50 
0.77 

NA 
NA 
NA 
NA 
NA 

NA 
NA 
NA 
NA 
NA 

983 
1210 
904 
824 
1172 

3.84 
4.73 
3.41 
3.22 
4.58 

2.0 
1.8 
2.1 
1.5 
2.5 

0.31 
0.28 
.33 

0.25 
.39 

13.5 
13.8 
13.5 
16.0 
15.8 

2.12 
2.17 
2.12 
2.52 
2.49 

1.6 
1.5 
NR 
1.1 
NR 

0.25 
0.24 
NR 

0.17 
NR 

13.5 
13.6 
NR 
16.0 
NR 

2.12 
2.14 
NR 

2.51 
NR 

1 23.2 3.65 NA NA NA NA 2.8 0.44 lo 0.31 NA NA 550 2.15 2.5 0.39 15.5 2.44 1.2 0.19 15.6 2.45 

23.8 
22.8 

3.75 
3.59 

NA 
NA 

NA 
NA 

NA 
NA 

NA 
NA 

2.6 
5.2 

0.41 
0.82 

1.0 
5.2 

0.4 

0.16 
0.82 : 

0.2 

NA 
NA 

NA 

NA 
NA 

438 
1139 

1.71 
4.45 

2.5 
2.5 

0.39 
0.39 

16.5 
13.5 

2.60 
2.12 . 

1.1 
1.6 

0.17 
0.25 

16.4 
13.8 

2.57 
2.17 

■ 8.1 4.05 NA NA NA NA 0.8 0.4 NA 18.6 2.32 0.4 0.2 5.2 2.6 

8.06 4.03 NA NA NA NA 1.0 0.5 0.4 0.2 NA NA 25.9 3.24 0.6 0.3 5.2 2.6 

7.6 3.8 NA NA NA NA 1.2 0.6 1.2 0.6 NA NA 21.8 2.72 0.8 0.4 5.0 2.5 

~0 0 8.6 4.3 >8.6 - 0.2 0.1 -1.4 -0.7 1.4 0.7 «0 0 NA NA NA NA 

' 6.6 3.3 9.4 4.7 NR NR 0.4 0.2 -0.4 -0.2 0.8 0.4 6.2 0.78 NA NA NA NA 

' 0 0 NA NA NR NR 0.0 0.0 -1.6 -0.8 1.6 0.8 0 0 NA NA NA NA 



0.0 0.0 0.0 0.0 12.9 1.61 0.4 0.2 5.0 2.5 NR 1 Type II Crater 

0.6 0.3 NA NA 20.6 2.57 0.5 0.25 5.2 2.6 
! 

1174 Type I Crater 

2.0 
1 

1.0 NA NA 38.2 4.77 0.7 0.35 5.0 2.5 NR Type I Crater 

M 0.6 NA NA 20.2 2.52 0.6 0.3 5.0 2.5 NR Type I-Crater 

1 
t 

0.8 NA NA 35.4 4.4 0.6 0.3 4.7 2.35 1108 Type I Crater 

1 
8.0 1.0 NA NA 38.4 4.8 0.6 0.3 5.0 2.5 NR Type I Crater 

0.4 0.2 -0.2 0.1 22.9 2.86 0.6 0.3 5.0 2.5 NR Type III Crater 

1.4 0.7 NA NA 22.0 2.75 0.4 0.2 4.8 2.4 NR Type I Crater 

-0.6 -0.3 0.8 0.4 4.5 0.56 0.4 0.2 5.0 2.5 NR Type III Crater 

2.2 1.1 NA NA 53.0 6.62 0.8 0.4 4.6 2.3 NR Type I Crater 

-6.8 -0.4 1.0 0.5 8.9 1.11 0.4 0.2 5.6 2.8 NR Type III Crater 

2.2 1.1 NA NA 66.3 8.29 1.0 0.5 5.8 2.9 NR Type I Crater 

-1.4 -0.7 1.4 0.7 NA NA NA NA NA NA NR - Mound 

4.5 0.71 NA NA 643 2.51 1.0 0.16 12.0 1.89 0.8 0.13 12.0 1.89 2.24 Type I Crater 

7.0 1.10 NA NA 913 3.56 2.0 0.31 13.2 2.07 1.6 0.25 13.0 2.04 45,770 2.75 Type I Crater 
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NA 
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Figure 3.1  Typical crater without a mound in the center 
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Figure 3.2  Typical crater with a mound in the center 
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Figure 3.3      Typical crater with a mound off-center 

23 



1 
cd 

-4- 

(MM/id) uaiawvia  asiwos 

2k 



u> 
m    oo 

+       x   yxi •       •   • 

• x      • IP • / 

•       / 

X • 

■u 
a. 
0) 

XI 

i-i 
01 
4J 
CO 

IO o 

•Ö 
0) 

t-l 
CO 
Ü 
CO 

1-1 
o 

CM 

0) 
> 
U ^ 3 

M o 
* 4J 
V. CO 
1- U 
u. 3 — J3 

1 
• m M-l 
o O 
o 1 

£ 
a 4J ft 

41 
< TJ 
u 

T) 
(U 

t-t 
CO 
o 
CO 

<u 
M 
u 
ct) 

42 
o 

a> 
i-i 
M 

o C 

CU 

60 
■H 

(s/1M/±d)   Hidaa   aaivos 

25 



62 8 •• 

»n 
111 ui in 
a. a. a. 

en 
m 

V >- >■ 

H y-  i- 

_i (0 (0 
<o m I 

m ID 
_i -J 

CM 00 00 00 

■ • O x 
• « -E9 9 

-.9 

O« O x    O 
m 

o o 
_- a 

< 
u 

\ 

\ 

\ 

\ 

\ 

\ 

\ 

^ IO CM 

(fi/lM/id) awmoA  aanvos 

.x. 

0) 
E 
D 

rH 
O 
> 
u 
01 
4-1 
cd 

o 

x> 
01 

Cd 
o 
CO 

o 
<4-l 

> 

Ü 

■u 
CO 
i-l 
3 

XI 
i 

IH 
O 

.c 
4J 
a 
CD 

T) 

XI 
<u 

I-l 
cd 
o 
CO 

aj 
M 
u 
cd 
x: o 

M 
C 

•H 
en 

cu 
t-l 
3 
M 
•H 

26 



Figure 3.7  Right angle profiles of c 



Figure 3.7  Right angle profiles of"T?raters from single charges buried at 2 
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3.2  Craters from Rows of Spaced Charges 

The row-charge series consisted of 40 shots as listed in Table 3.2, and its 
purpose was to obtain crater parameters (width, depth, and volume) as a function 
of spacing and depth of burst.  Topography of the row-charge craters is included 
in Appendix B.  Profiles of the row charges together with those of the 256-pound 
single charges are included in Appendix C. 

Figure 3.8 shows how crater dimensions have been defined for row-charge 
craters. A typical row-charge crater, where the spacing is large enough for line- 
charge equivalence to be exceeded, is widest and deepest at the charge location, 
and shallowest and narrowest at a saddle between charge locations.  A uniform chan- 
nel, one which is equivalent to a continuous line-charge crater, results when the 
charges are spaced close enough so that there is essentially no difference in the 
dimensions at and those between the charge locations.  In the discussion which 
follows we have defined the uniform channel in terms of the ratios of the dimension 
at the saddle to the dimension at the charge, where, in each case, the dimensions 
used are the average of all dimensions except those about the end charges. 

Because it is desirable for reasons given below to consider the row-charge 
craters in terms of their line-charge equivalents, the line-charge equivalent values 
of Table 3.2 are given in Table 3.3.  The last two columns indicate the degree of 
line-charge equivalence with respect to crater width and depth. 

Two regions may be delineated:  (1) the region of line-charge equivalence, 
and (2) the region of line-charge disparity.  They are separated by a boundary of 
line-charge equivalence.  Where line-charge equivalence is maintained, the linear 
dimensions vary as w1/2. 

tf1/2 or 
where w is the weight of a line charge in pounds per linear foot, W is the weight 
of a single charge in a row, and S is the spacing between charges in the row.* 

There are two restrictions on the region of line-charge equivalence--that is 
the region throughout which the crater exhibits the uniform channel appearance of 
a line-charge crater, or in other words, where it shows no evidence of the separate 
contributions of the individual charges (Figure 3.9). 

The first restriction is that for a given burst depth the row of charges must 
be long enough so that a significant portion of the crater is two dimensional, i.e., 
it must be free from the effects of the end of the crater.  To maintain a linear 
crater, row charges must be lengthened with increasing burst depth.  If the charge 
is too short, the yielded crater will approach that from a single charge. Fig- 
ure 3.10 illustrates this, showing a line-charge crater from a charge of 10.9 lb/ft, 
6.42-foot-long, at a burial depth of 3.3 feet. The crater has been filled with 
water to the original ground level so its surface contour is readily apparent. 
Carlson defines a relationship between charge length and burst depth such that the 
center one-third of the crater was two dimensional. His results are included in 
Figure 3.11 together with data from an earlier series of line-charge craters.4 The 
shaded area in the figure represents the uncertainty between the area above where 
the craters are essentially two-dimensional and the area below where they are more 
nearly three-dimensional.  In the latter case, the craters have a surface contour 
similar to that of Figure 3.10. 

"See Reference 5 for additional information concerning scaling of line 
charges. 
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Shot 
no 

Charges 

IIA-2 5-17-60 

IIC-1.5 6-22-59 
IIC-2.5 7-16-59 
IIC-3 9-1-59 
IIC-4 10-14-59 
IIC-5 10-5-59 
IIC-5B 9-24-59 
IIC-7 10-16-59 

IID-3 11-10-59 
IID-3.5 3-9-60 

HE-3.0 12-9-59 
HE-4.0 3-10-60 

IIE-5.0 5-24-60 

IIE-7.0 5-27-60 

11-13-59 
IIF-4.0 
IIF-4.5 

IIG-3.0 
IIG-3.5 
IIG-4.0A 
IIG-4.0C 
IIG-4.0B 
IIG-4.5 
IIG-4.5 
IIG-6.0 
IIG-8.0 

IIG-9.0 

IIH-4.0 

IIJ-3.5 
ILJ-4.0 

IIJ-5.0 

IIJ-6.0 

IIJ-7.0 

IIL-4.0 
IIL-4.0B 

V-14.3-9.52 
V-15.87-9.52 

II-K-3.5A 
II-K-3.5B 
II-K-4.0 

3-11-60 
3-30-60 

1-29-60 
11-10-59 
12-11-59 
2-16-60 
4-4-60 
2-19-60 
2-25-60 
3-4-60 
3-9-60 

5-25-60 

3-28-60 

3-3-60 
4-6-60 

6-2-60 

3-14-61 

5-20-60 

6-1-60 
3-20-61 

8-17-60 
12-30-60 

3-1-61 
3-6-61 
3-9-61 

Weight 
lbs No 

8 
(41b/£t) 7 

8 7 
8 7 
8 7 
8 7 
8 7 
8 7 
8 7 

8 7 
8 7 

8 7 
8 7 

8 7 

8 7 

8 7 
8 7 
8 7 

8 7 
8 7 
8 7 
8 7 
8 7 
8 7 
8 7 

Dob  Spacing 

Av depth 
at charge 

Av    Av width   Av width    Max   (less outer 
width  at charge  at saddle  depth   charges)  

8 

8 
8 

8 

8 

8 

8 
8 

256 
256 

8 
8 
8 

ft 

0.0 

1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 

1.5 
1.5 

2.0 
2.0 

2.0 

2.0 

2.5 
2.5 
2.5 

3.0 
3.0 
3.0 
3.0 
3.0 
3.0 
3.0 
3.0 
3.0 

3.0 

3.5 

4.0 
4.0 

4.0 

4.0 

4.0 

5.0 
5.0 

9.52' 
9.52 

4.5 
4.5 
4.5 

2.0 

1.5 
2.5 
3.0 
4.0 
5.0 
5.0 
7.0 

3.0 
3.5 

3.0 
4.0 

5.0 

7.0 

3.5 
4.0 
4.5 

3.0 
3.5 
4.0 
4.0 
4.0 
4.5 
4.5 
6.0 
8.0 

9.0 

4.0 

3.5 
4.0 

5.0 

6.0 

7.0 

4.0 
4.0 

14.3' 
15.87 

3.5 
3.5 
4.0 

ft ft ft 

4.3 

6.6 
6.1 
5.0 
5.5 
4.5 
4.2 

7.1 
6.1 

8.3 
7.7 

6.0 

5.3 

8.01 
8.05 
8.02 

4.3 

6.6 
6.1 
5.0 
5.4 
4.8 
5.0 
5.6 

7.1 
6.3 

8.3 
7.8 

6.6 

6.6 

8.01 
8.05 
8.02 

4.3 

6.6 
6.1 
5.0 
5.6 
3.3 
2.4 
0.4 

7.1 
6.0 

8.3 
7.6 

1.2 

1.85 
2.1 
1.8 
1.6 
1.2 
1.2 
1.4 

1.8 
2.0 

2.0 
2.8 

9.32 9.32 
8.9 8.9 
8.1 8.1 
9.03 9.03 
9.47 9.47 
8.45 8.45 
8.47 8.47 
7.68 8.12 
6.36 8.0 

5.1 2.0 

2.8 1.5 

8.01 2.0 
8.05 2.4 
8.02 2.4 

9.32 3.0 
8.9 2.4 
7.9 1.8 
9.03 2.9 
9.47 3.0 
8.45 2.8 
8.47 2.8 
7.32 2.2 
3.2 2.0 

0.86 

1. 64 
1. 7 
1. 12 
1. 5 
1. 0 
1 0 
1 2 

1 6 
1 8 

1 8 
2 5 

1 8 

1 3 

1 9 
2 1 
2 .3 

2 .4 
1 .8 
1 .2 
2 .6 
2 .8 
2 .6 
2 .5 
2 .1 
1 .7 

Same as II-J-7.0 with mounds between charges. 

9.59 

10.1 
9.93 

8.0 

5.11 

9.6 

10.1 
9.55 

8.0 

5.23 

9.6 

10 1 
9 77 

8 0 

4 25 

2.6 

2.8 
2.0 

2.2 

1.2 

2.0 

2.5 
1.24 

1.9 

0.47 

Av depth 
at saddle 
(less outer 
saddles) 

ft 

0.53 

1.59 
1.53 
1.05 
0.9 
0.6 
0.4 
0.04 

1.6 
1.7 

1.7 
2.3 

0.4 

1.8 
2.1 
2.3 

2.4 
1.8 
1.2 
2.6 
2.8 
2.5 
2.3 
1.8 
0.7 

2.2 

2.6 
1.5 

2.0 

0.52 

Total 
volume 

Ft3/lb He   1 

0.43 

1.21 
1.71 
1.19 
1.75 
1.14 
1.06 
1.61 

2.39 
2.45 

3.43 
4.8 

3.3 

2.3 

3 64 
4 66 
5 91 

4 28 
4 00 
2 96 
5 98 
6 82 
6 66 
6 .78 
6 .42 
4 .70 

5.11 

6.39 
4.37 

4.93 

1.87 

11 back filled crater leaving an uneven surface Fa 

9.4  I   9.1   I    9.0 
Mound with max height of 2.2'. 

28.8' 
24.5' 

9.32 
9.72 
8.51 

28.8' 
24.5' 

7.89 
9.58 
8.61 

28.8' 
24.5' 

7.74 
8.02 
8.33 

2 2 

8 0' 
7 6' 

2 0 
1 .8 
1 .8 

1.7 

6.5 
6.0' 

0.66 
0.3 
1.03 

t original ground level. 
1 

4.86 

6.42 
5.14 

3.54 
3.01 
3.60 

6 5 
6 0' 

0 68 
0 33 
1 .05 



TABLE 3.2 

5 6.6 
5 6.1 
0 5.0 
0 5.5 
0 4.5 
0 4.2 
0 - 

0 7.1 
5 6.1 

0 8.3 
0 7.7 

.0 

.5 

.0 

.0 

.0 

.0 

.0 

.0 

.3' 

.87 

.5 

.5 

.0 

Av depth Av depth 
at, charge at saddle 

Av Av width Av width Max (less outer (less outer 
width at charge at saddle depth charges) saddles) 

Total 
volume 

Volume of 
central 
section 

Height 
of lip 

ft 

4.3 

6.0 

5.3 

5 8.01 
0 8.05 
5 8.02 

0 9.32 
5 8.9 
0 8.1 
0 9.03 
0 9.47 
5 8.45 
5 8.47 
0 7.68 
0 6.36 

4.3 

6.6 
6.1 
5.0 
5.4 
4.8 
5.0 
5.6 

7.1 
6.3 

8.3 
7.8 

6.6 

6.6 

8.01 
8.05 
8.02 

9.32 
8.9 
8.1 
9.03 
9.47 
8.45 
8.47 
8.12 
8.0 

4.3 

7.1 
6.0 

8.3 
7.6 

5.1 

2.8 

8.01 
8.05 
8.02 

9.32 
8.9 
7.9 
9.03 
9.47 
8.45 
8.47 
7.32 
3.2 

1.2 

1.85 
2.1 
1.8 
1.6 
1.2 
1.2 
1.4 

1.8 
2.0 

2.0 
2.8 

2.0 

1.5 

2.0 
2.4 
2.4 

3.0 
2.4 
1.8 
2.9 
3.0 
2.8 
2.8 
2.2 
2.0 

0.86 

1.64 
1.7 
1.12 
1.5 
1.0 
1.0 
1.2 

1.6 
1.8 

1.8 
2.5 

1.8 

1.3 

1.9 
2.1 
2.3 

2.4 
1.8 
1.2 
2.6 
2.8 
2.6 
2.5 
2.1 
1.7 

Same as II-J-7.0 with mounds between charges. 

9.59 

10.1 
9.93 

8.0 

5.11 

9.6 

10.1 
9.55 

8.0 

5.23 

9.6 

10.1 
9.77 

8.0 

4.25 

2.6 

2.8 
2.0 

2.2 

1.2 

2.0 

2.5 
1.24 

1.9 

0.47 

ft Ft3/lb He  Ft3/lb He 
Side 
ft 

0.53 

1.59 
1.53 
1.05 
0.9 
0.6 
0.4 
0.04 

1.6 
1.7 

1.7 
2.3 

1.4 

0.4 

1.8 
2.1 
2.3 

2.4 
1.8 
1.2 
2.6 
2.8 
2.5 
2.3 
1.8 
0.7 

2.2 

2.6 
1.5 

2.0 

0.52 

0.43 

1.21 
1.71 
1.19 
1.75 
1.14 
1.06 
1.61 

2.39 
2.45 

3.43 
4.8 

3.3 

2.3 

3.64 
4.66 
5.91 

4.28 
4.00 
2.96 
5.98 
6.82 
6.66 
6.78 
6.42 
4.70 

5.11 

6.39 
4.37 

4.93 

1.87 

Fall back filled crater leaving an uneven surface at original ground level. 

9.4  t   9.1   I    9.0 
Mound with max height of 2.2' 

28.8' 
24.5' 

9.32 
9.72 
8.51 

28.8' 
24.5' 

7.89 
9.58 
8.61 

28 8' 
24 5' 

7 74 
8 02 
8 33 

2.2 

8.0' 
7.6' 

2.0 
1.8 
1.8 

1.7 

6.5 
6.0' 

0.66 
0.3 
1.03 

1.8 

6.5 
6.0' 

0.68 
0.33 
1.05 

4.86 

6.42 
5.14 

3.54 
3.01 
3.60 

2.47 
2.60 

3.80 
5.9 

4.0 

2.4 

3.53 
5.19 
6.28 

5.43 
4.21 
3.12 
6.96 
8.22 
7.0 
5.95 
6.34 

7 25 
11 05 

5 24 

2 54 

5.4 

0.4 

6.42 3.0 
5.10 4.0 

1.83 1.8 
2.20 1.2 
3.28 1.6 

0.8 

1.0 

0.6 
1.2 
1.2 

1.2 
0.8 
0.8 
1.0 
1.0 
1.2 
1.2 
1.2 
1.2 

1.2 

1.5 
1.4 

1.6 

1.2 

End 
ft 

Distance 
to max UP 

Side End 
From 

From last 

£ chg 
ft ft 

Total Mass 
of 

Fallout 

0.8 
0.8 

>0.2 

1.19 0.8 0.3 
1.79 0.6 >0.2 
1.08 0.8 0.2 
1.85 0.6 0.4 
1.34 0.8 0.4 
0.94 0.6 >0.2 
1.94 0.8 0.2 

0.2 
'0.2 

0.8 I >0.2 
1.4    0.2 

0.6 

0.2 

>0.2 
0.2 
0.2 

0.8 
0.4 
0.6 

0.2 

0.2 
>0.2 

0.2 

'0.2 

0.4 

1.0 
1.0 

0.2 
0.2 
0.2 

3.6 

5.3 
4.1 
4.5 
4.4 
4.0 
3.5 

0.0-3.0 

4.8 
4.5 

6.0 
6.0 

6.5 

2-5 

5.6 
5.8 
6.0 

6.5 
6.0 
6.0 
6.2 
6.7 
6.5 
6.0 
5.4 
4.5 

6.6 

7.0 

5.7 

8.0 

20 
16 

7.5 
8.0 
7.5 

4.0 
4.0 
5.5 
4.2 
3.7 
4.7 
3.0 

5.0 
4.5 

4.7 
6.0 

6.5 

4.5 

5.0 
4.7 
5.5 

5.5 
5.0 
4.8 
5.0 
5.0 
4.5 
5.5 
5.5 
5.0 

5.4 

7.0  i  5.5 
7.3 

5.0 

5.0 

6.0 

7.5 
15 

5.5 

NR 
2081 
2486 

4790 
6462 

4960 
16,200 

5110 
NR 

5230 
6884 

19,207 

6219 

5600 

15,485 

NR 

Av wid 

1.7: 
1.7' 

1.4: 
1.6: 

1.5( 

1.6* 

1.8: 
1.6: 
1.61 

1.5* 
1.6« 
1.5« 
1.65 
1.61 
1.73 
1.92 
1.7£ 

1.49 

1.55 
.61 

1.86 

.74 

Original 

1.52 

1.63 
4.98 

1.49 
.60 

1.18 



ABLE 3.2 

Total Mass 
Distance of Water 

to max lip Fallout Penetrometer content Density 
.me of 
tral Hei ght Side End 

tion of lip From 
From last 

Side End £ chg Av width x av depth lbs (with 
lb He ft ft ft ft KG Area of profile 1/4" dia tip) percent lbs/ft3 Remarks 

- 0.4 >0.2 3.6 - - 18-60 at 0.0 
26-51 at 0.19' 

5-6 at .19' 96-103 at .19' 

.19 0.8 0.3 5.3 4.0 NR 1.68 NR 5.7 NR 

.79 0.6 >0.2 4.1 4.0 2081 1.72 NR 10.8 NR 

.08 0.8 0.2 4.5 5.5 2486 1.88 NR 8 0 to 6" 91 

.85 0.6 0.4 4.4 4.2 1.78 NR NR NR 

.34 0.8 0.4 4.0 3.7 1.68 NR 4.1 NR 
'.94 0.6 >0.2 3.5 4.7 1.96 NR 3.8 NR 
.94 0.8 0.2 0.0-3.0 3.0 - NR NR NR 

.47 0.8 • 0.2 4.8 5.0 1.72 NR 7.0 81 

.60 0.8 '0.2 4.5 4.5 1.79 NR 7.0-8.0 110-117 

.80 0.8 '0.2 6.0 4.7 4790 1.43 NR 12.5 112.5 

.9 1.4 0.2 6.0 6.0 6462 1.62 NR 5.0-12.0 104-111 

.0 0.8 0.6 6.5 6.5 1.50 
110 at 0' 
95 at .15' 

3.0-11.0 87-108 

.4 1.0 0.2 2-5 4.5 1.64 
100 at 0' 
90 at .16' 

4.0-11.0 92-107 

.53 0.6 >0.2 5.6 5.0 1.83 NR 5.0-10.5 106 

.19 1.2 0.2 5.8 4.7 4960 1.63 NR 4.0-12.0 102-106 

.28 1.2 0.2 6.0 5.5 16,200 1.65 NR 3.0-10.0 92-115 

.43 1.2 0.4 6.5 5.5 5110 1.54 NR 11 111 

.21 0.8 0.2 6.0 5.0 NR 1.66 NR 7-12 99 

.12 0.8 0.2 6.0 4.8 5230 1.56 NR 7 101 

.96 1.0 0.2 6.2 5.0 6884 1.69 NR 12 112 

.22 1.0 0.4 6.7 5.0 19,207 1.61 NR 3-11 109-120 

.0 1.2 0.2 6.5 4.5 1.73 NR 7-9 107-113 

.95 1.2 0.8 6.0 5.5 1.92 NR 2-9 122-130 

.34 1.2 0.4 5.4 5.5 6219 1.78 NR 3-9 110.5 
1.2 0.6 4.5 5.0 NR 

104 at 0.0 

68 at 0.17' 

3-10.5 

5-12 

90-103 

102-112 

.72 1.2 0.2 6.6 5.4 5600 1.498 NR 3-11 110-115 

.25 1.5 0.2 7.0  |  5.5 1.55 NR 3-10 113-119 

.05 1.4 >0.2 7.3 - 15,485 .616 NR 5-8 107-115 Mound in channel 

.24 1.6 0.2 7.0 5.0 ] 1.86 
88 at 0' 
85 at .15' 

3-12 100 

.54 1.2 ^0.2 5.7 

1 

5.0 i 
! 

NR .748 

Original ground level 

60-110 

56 at 0.0' 
.67 at 0.18' 

3-9 

4-11 

93.5-118.5 

89-102 

Mound in channel 

.4 1.6 0.4 8.0 6.0 1.52 NR 
62-110 3-3.5 113-115 

.42 3.0 1.0 20 7.5 1.63 0 to 110 2-6 94.5-112 

.10 4.0 1.0 16 15 4.98   1.79 

.83 1.8 0.2 7.5 - 1.49 53-110 1-6 106.5-115 Mound in channel 

.20 1.2 0.2 8.0 - .608 65-110 1.5-5.5 118-125 Mound in channel 

.28 1.6 0.2 7.5 5.5 1.18 74-110 2.5-6.0 99-100.6 

31-32 
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REFERENCE    5 
100.0 

10.0 

a 
LU 

1,0 

EXPLOSIVE L8/FT 
A 1.8 
B 10.8 
C 42.7 
D 0.23 

REFERENCE 

0. I 

TWO-DIMENSIONAL CRATER 
( LINEAR) 

THREE-DIMENSIONAL   CRATER 
(NON-LINEAR) 

THE  SHADED AREA   IS 
THE   ESTIMATED 
REGION OF TRANSITION 
INTO LINEAR  CRATERS 

1.0 
SCALED   DEPTH   OF   BURST  (FT/w^2) 

10.0 

Figure 3.11  Scaled explosive length versus scaled 
burst depth for craters which are line- 
charge equivalent and those which are not 

The three-dimensional limit is at: 

t < 10 (dob/w1/2 ) Vs 

The two dimensional limit, if we use Carlson's criteria that at least the center 
third must be two dimensional, is: 

/ > 15 (dob/wVa)1/a 

where / = L/wVa is the scaled length of the charge in feet. 

The second restriction is that the spacing between charges in the row must 
be small enough to prevent the separate contribution of each individual charge 
from being noticeable. 

If the spacing is increased beyond the limitation of line-charge equivalence 
the crater evidences ridges or saddles between the individual charges (Figure 3 12) 
and has crossed into the region of line-charge disparity. The definition of the 
boundary between these two regions as a function of burst depth was a minor objec- 
tive of the experiment.  As the spacing is increased further, mounds tend to form 
between the charges. 
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Figure 3.12 Typical row-charge crater in the region of line 
charge disparity--seven 8-pound charges buried 
1 foot, spaced 7 feet apart 
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In many applications where linear craters are to be used as channels, it is 
not necessary to have an entirely uniform channel--some variation in channel di- 
mensions is permissible.  Take, for example, a ship channel through land whose 
elevation above water level is small.  Under such conditions, a channel formed by 
explosive cratering will have more than the required depth when a satisfactory 
width has been achieved.  Thus, it is the depth at the saddle that governs the 
spacing of the charges, and charge spacing which creates relatively high saddles 
is permissible.  Throughout the region of line-charge disparity, we have defined 
later the following ratios of widths, where all measurements were made in planes 
perpendicular to the axis of the row: 

average width at midpoints between charges (saddles) 
average width at charge centers        < " 

A similar ratio has been defined for depth. 

For the region of line-charge equivalence the spacing must be close enough 
that & 

average depth at midpoints between charges 
average depth at charge centers   " 

In the determination of the ratios, the dimensions about the end charges were 
neglected. 

While linear charge scaling (dimensions proportional to wVa ) can be used for 
row charges throughout the region of line-charge equivalence, it is not truly ap- 
preciable throughout the region of line-charge disparity; over this region it is 
preferable to scale linear dimensions as wV3 , where W is the weight of an individ- 
ual charge in the row, rather than by (W/S)1/*. Merritt6 has shown that the two 
types of scaling are mathematically equivalent for rows of spaced charges. 

While the two types of scaling are equivalent, the application should be 
limited to the region of line-charge equivalence.  Clearly, in the region of line- 
charge disparity, there is for the deeper burst depths, a spacing so large that, 
although the individual charges would crater, an equivalent line charge would be 
so small that it would be contained at that depth. 

Fastax motion pictures of the ground-surface motion show that, in the region 
of line-charge disparity, the surface over each individual charge rises ahead of 
that between the charges.  In the region of line-charge equivalence where S < dob, 
the effect of the individual charges is not evidenced, suggesting that the explo- 
sion cavities of the charges coalesce below ground raising the surface uniformly. 
Between S = dob and the boundary of line-charge equivalence as it is defined in 
Chapter 4, there is slight surficial evidence of the effect of individual charges 
evidencing a transition between the two cases.  This suggests that a uniform crater 
may be obtained at a spacing slightly beyond that where the row charges behave as 
a line charge. 

As the depth at which the explosion will be contained is approached, the 
mounds over individual charges are clearly definable in the region of line-charge 
disparity (Figure 3.13), but in the line-charge equivalent region the mound takes 
on a linear character comparable to that of containment of a true line charge 
(Figure 3.14). 
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Figure 3.13 

Typical crater at a depth ap- 
proaching containment in the 
region of line-charge disparity-- 
seven 8-pound charges, buried 
3 feet deep, spaced 9 feet apart 
(1/2 of crater shown) 
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Figure 3.14 Typical crater at a depth approaching containment in 
the region of line-charge equivalence—seven 8-pound 
charges, buried 4 feet deep, spaced 7 feet apart 
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3.3  Throwout 

To achieve some degree of uniformity, the raw data obtained from the throw- 
out collectors were plotted on semilog paper and a line faired through the data 
points from each radial line of collectors.  By use of this procedure, values of 
constant density were obtained and plotted as constant density contours.  (The 
plots are included as Appendix D). From these plots, plots of density as a func- 
tion of area were obtained. 

All of the shots were fired when there was little wind; however, the effect 
of wind is still evident on most shots at low density concentrations.  The density 
patterns were also influenced in many cases by the tendency of the ejecta to form 
rays of throwout rather than a cireurnferentially uniform distribution as a function 
of distance. 

Single Charges — Figures 3.15 through 3.20 show the area-density plots for 
throwout for each depth of burst on the single charge shots. The values plotted 
are circumferential averages. The 256-pound data have been superimposed by scaling 
the density by Wx/3 and the area by W2/3 . The plots show that reproducibility was 
fairly good; however, the 256-pound data indicate, after scaling, that less throw- 
out material was deposited at the greater scaled distances than on the 8-pound 
shots. 

Row Charges — One of the features of the crater formed from charges spaced 
close enough to yield line-charge-type craters was the small amount of material 
ejected off the ends (Figure 3.21).  The full extent of this is illustrated by 
Shot C-7, where colored beads were buried at a depth of 1 foot (the charge depth) 
and located 1 foot from the end charge as shown in Figure 3.22.  The majority of 
the beads were recovered closer to the charge center than they had been originally 
placed. 

In an attempt to discover the cause of this inward movement of displaced 
material, pictures were taken of an end view and a side view of each shot.  The 
view down the long axis (Figure 3.23) was very little different from that which 
would be taken of a single charge (Figure 3.24).  However, the broadside view shows 
a nearly vertical path for the material on the ends (Figure 3.25). 

This end effect was also noted on the line-charge series in Nevada (Toboggan).' 
The amount of throwout material off the crater ends seems to be related to depth 
of burst and spacing. Figure 3.26 shows a widely spaced line-charge series that 
exhibits an amount of throwout material off the ends more nearly comparable to that 
for single charges.  It appears that, as a wide spacing is reached, the end charges 
begin to behave as single charges rather than as a part of the row. This may be 
considered as further evidence that the comparison of row-charge craters with line- 
charge craters should be restricted to row charges with close charge spacing--the 
region of line-charge equivalence. 

40 



^^/^" 
^^" 

*fc % 
r- o i- K> str^y « * o 

f- jrsy 
s          s * 
OT                                so     — 

Ö       5   ö  N 

sr X 
1         \    \JSS \W 

Mill 
>     1 

II     1        ll 1 1 1 1 i   i     i 111111 i i 111111 i i ii1111 ,i i 

X) 
<u 

COr-J 
0) cöco > o~ 
V4 0) XI 
•J !-< 
o ct)\ 

4J 
>>4-> U-l 

■u tö 
•H in 
0) CO 1^ 

C CU    • 
CU MO 

T3 U 
1 CO IM 
nj x: o 
CD O 
p x: 
cfl CU 4J 

<-<   P. 
4-1 CX) CU 
3 CT3 
o •H 
:* CD 4-1 
o CO 
u J-l  !-l 
x: O   3 

(Zld/N9)   JUISN3Q 

E-m-i XI 

CU 
^J 
3 
60 

•H 

» 

yS                               ~ 

a>|" 

■ j 

- 

i                                       j 

i                    / 

II t t  1   i    i       i            1 11 i i   1   i     I       i hit   1   i     i       I .,,,!,,    , II   1   1    1    1        1          1 

Ti 
CU 

.-1 
CO ctl 
CU C) > com 
u 
3 to xi 
o 

4-1 
I-l 

>-. CO 4J 
4J 4-1 
•H CU 
en Mm 
c M - 
CD ctto 

-ÖJC 
1 CJCH 
crt O 
0) CU 
MH£ 
CD 60 4J 

c a 
4J •H 0) 
3 CO ■o 
o 
S et] 4J 
o CO 
u ^ ^ 
c o 3 

s 

HlH XI 

CU 

u 
3 
60 

•H- 

(,J.d/W0)    /UISN30 

41 



CD 
COi—1 
<U n)n > o" 
1-1 co'n 
3 1—1 o cfl\ 

4-J 
>. 4-1 14-1 
4-1 tfl 
•H in 

CO CO CN 

c 0)     • 
0) Mr-) 

XI H 
1 td 14-1 
cd x. o 
cu CJ 
u x: 
01 CU  4J 

t-i a 
4-1 M Q) 
3 CT3 
n •H 
S to 4J 
o CO 
^ VJ I-I 

-C O 3 
EHlt-l XI 

(Zld/H9)  AllSN3a 

a) 
u 
M 

•H 

cu 
CO r-H 
cu td > 

CO- 
3 X 
Ü cd i-i 

>^4-l  4J 
4-1 Cd CM 
•H 

CO CO O 

c cu   . 
(1) M)r-I 

-a u 
I CdCH 
td x: o 
0) CJ 
U x: 
cd CU  4-1 

■-I a 
4-1 ÖC CU 
3 CO 
n •H 
li CO 4J 
n CO 
u U   M 

x: O   3 

CU 

M 

(z±J/H9) A1ISN30 

42 



0) 
CO .-I 
CU tfl 

> o« 
Jj co^r 
3       X> 
U   «H 

4J   Cd IM 

CO   COO 
q cu   • 
a) OOCN 

■a VJ 
I com 
cdx: o 
a) o 
H     x: 
CO 1) w 

^4 a 
4J oo cu 
3 CO 
g   CO 4J 
O CO 
VJ l-l »J 
x: o P 
HM-I XI 

o 
CM 

(z±d/NB)   JU.ISN3Q 

CU 

3 
M 

•H 

£ 
^^ 

CO 

a 
to                      UJ          _ 

-       «   s 
i               u       2 

op.                   J            O 

2          » 
s      B 
«             1- 

£ 
CD 

o 
m 

^ 
- 

N     \ 
0 \ 
1 ' 
CO                            " 

M 11 1 i   i    i 

\ * 1    CD 

i? 
. 1 II   1    1      1        1 null    i     1 i ii i 1  i   i     i II i i 1 i    i     i 

TJ 
CU 

C0t-l 
a> 
> 

Cd" 

i-i en xi 
3 .-) 
CJ cd^~ 

j-> 
^,4-llH 
4-> CO 
•H in 

CO CO r-1 
C cu   • 
Cl) Mi-I 

■rt H 
i cd<w 
CÖ.C o 
CU CJ 
u x: 
cd CU u 

■-I a 
4-J 00 cu 
3 co 
n •H 
S CO 4J 
o CO 
H u u 

XI O   3 
Hmxi 

cu 

60 

(zlJ/NO)    A1ISN3C 

43 



Wim 
!*■;♦.! 

^ '*>'**: 

fe: #>- '*-' GAffftdn££ 

Figure 3.21  Typical row-charge crater showing 
absence of throwout off the end of 
the crater--seven 8-pound charges, 
buried 1.5 feet, spaced 3 feet apart 

BEADS    PLACED    ON    A   ONE 
FOOT   RADIUS    FROM     END 
CHARGE  

-•I 1.5'   SPACING 
BETWEEN     CHARGES 7" 

r 
X  ' 

i 

i\/450 

//\45° 
\ 

AREA WHERE 
BEADS WERE 
RECOVERED 

DEPTH     OF     CHARGE      AND    BEADS   WAS    ONE    FOOT 

Figure 3.22 Passive evidence of inward motion 
of debris ejected from the end of 
the crater 
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Figure 3.23  Motion sequence, end-on view, 8-pound row charge, 
spaced 4 feet, buried 3 feet 
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Figure 3.24  Motion sequence, 8-pound single charge, 
buried 3 feet 
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Figure 3*25  Motion sequence, broadside view, 
8-pound row charge, spaced 4 feet, 
buried 3 feet 
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spaced 8 feet, buried 3 feet 
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CHAPTER 4.   DISCUSSION 

4.1  Craters from Single Charges 

Departures from cube root scaling of crater dimensions were found experi- 
mentally for the NTS alluvium.7»8  If these departures are a manifestation of the 
effects of gravity on crater dimensions rather than the effects of the medium, 
then one would not be surprised to find similar departures for the Albuquerque 
soil.  However, the range of charge weights used in this experiment was too small 
to permit detection of such departures, especially in view of the large scatter in 
crater dimensions of the 8-pound charges. 

It is appropriate at this point to compare craters in the Albuquerque fan- 
delta alluvium with those in the most extensively cratered medium--the desert 
alluvium of Area 10 of the Atomic Energy Commission's Nevada Test Site.  Figures 4.1, 
4.2, and 4.3 show the radii depth and volume depth-of-burst curves for the 256-pound 
charge craters.  The comparisons have been made using actual dimensions of 256-pound 
charge craters for both media to avoid confusion arising from uncertainties in 
scaling. 

The depth and radius depth-of-burst curves for the Albuquerque soil reach 
maxima at shallower burst depths than those for the NTS soil, the difference be- 
tween the depths of the peaks for the two soils being slightly greater in the case 
of crater depth. 

 ALBUQUERQUE     ALLUVIUM 
 NTS   DESERT   ALLUVIUM 

O   I960 SHOTS 

®   1962 SHOTS 

CRATER     DEPTH    vs    DEPTH   OF   BURST 

256#    CHARGE 

DEPTH    OF    BURST (FEET) 

Figure 4.1  Crater depth depth-of-burst curve, 256-pound charges 
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DEPTH     OF   BURST   (FEET) 

Figure 4.3  Crater volume depth-of-burst curve, 256-pound charges 

The difference in the dimensions is a measure of the relative "hardness" of the 
two soils.  The average wet density for the Albuquerque alluvium (101 lb/ft3) is 
about the same (99.5 lb/ft3) as that listed by Piper9 for the region from the sur- 
face to a depth of 16 feet in Area 10, and less than the average (110 lb/ft3) over 
a wider range of depths examined for the Project Stagecoach experiment.10  Since the 
density of the Albuquerque soil is about the same as or slightly less than that of 
the NTS alluvium, one must seek some explanation other than density for the source 
of the differences in crater dimensions. Not enough information is now available to 
evaluate the relative importance of other soil properties, especially shear strength. 
Ratios obtained from the curves of Figures 4.1, 4.2, and 4.3, together with subse- 
quent information, can be used to predict the dimensions of row-charge craters in 
NTS desert alluvium. 

4.2  Craters from Rows of Charges 

Although row-charge crater data can be considered in terms of either the single 
charge in the row or in terms of the equivalent line charge, the former has been used 
in the preparation of information for Figures 4.4 and 4.5. The figures show the 
ratios of average saddle dimensions to average charge center dimensions as functions 
of charge spacing and burst depth. The figure identifies the regions of line-charge 
equivalence and line-charge disparity; it indicates approximately the boundary be- 
tween the region of explosion containment and the region of cratering. 

The region of explosion containment is that from which no crater results. The 
ground may be disturbed or even mounded, but has no relief below the original level. 
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Within the region of cratering are a number of craters which show a mound 
within a crater or other indication of approaching containment. 

The ratios of average saddle dimensions to average charge center dimensions 
have been delineated throughout the region of line-charge disparity. We have chosen 
to use straight lines paralleling the boundary of line-charge equivalence to repre- 
sent lines of constant ratio, even though considerably more data than were obtained 
in this experiment may show later that a straight line is not the best description 
of the constant ratio. No shots in this series were fired with spacmgs so great 
that separate craters were formed by each charge, that is, that the saddle width and 

depth were zero. 

The remaining region, that of line-charge equivalence, is the only region 
within which a rigorous comparison with craters from continuous line charges may be 
made  Using dimensions of only those row charges which showed clear channels, to- 
gether with similar dimensions from an earlier series using rows of 2-pound charges, 
the equivalent line charge depth-of-burst curves (linear dimensions proportional to 
w1/2 = (W/S)1/2) are given in Figures 4.6, 4.7, and 4.8 for scaled radius, depth, 
and volume. The maximum dimensions are achieved at scaled-burst depths between 2 and 
3 ft/w1/2 , and are at different scaled-burst depths depending upon whether crater 
radius, depth, or volume is being considered. As in the case of single-charge cra- 
ters 7 the scatter increases greatly between the peak value and containment, and 
great differences in dimensions are encountered among shots fired at the same burst 
depth  Because the variations are attributed to the fact that the soil mhomogenei- 
ties are large relative to the small charge size, one would anticipate smaller vari- 
ations with larger charges. Even so, single charge data have shown »  that a 
penalty of greater uncertainty (larger scatter) is always paid for choosing a burst 
depth greater than that which gives the maximum crater dimensions. 

-_    7.0 
It 

O    2 LB 
X    8 LB 
■    256 LB 
•     8   LB   NOT LINE 

CHARGE     EQUIVALENT 

SCALED    CHARGE     DEPTH 
(W/FT) 

Figure 4.6  Line-charge-equivalent scaled depth-of-burst curve 
for scaled row-charge crater width 
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4.0 

SCALED    CHARGE   DEPTH 
DOB 

(W/FT) 1/2 

Figure 4.8  Line-charge-equivalent scaled depth-of-burst curve 
for scaled row charge crater volume 

From Figures 4.4 and 4.5, the boundary (limit) of line-charge equivalence can 
be described as follows 

for width: s < 1.0 + 
dob 

for depth: s < 0.6 + 
dob 

W 
TJT 

where s is the scaled spacing at the boundary in ft/W1'3, and dob is the actual 
burst depth. 
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Rows of charges spaced closely enough to interact (S < 3W1/3) will be con- 
tained when 

WV
3       Vdob 

Note that Figures 4.4 and 4.5 define the largest spacing which will yield a 
uniform crater and Figures 4.6, 4.7, and 4.8 define the burst depths which maximize 
the crater dimensions.  Together they describe the most efficient employment of 
chemical explosives.  In the figures the region of most efficient employment is most 
easily defined by the location of the solid squares representing the 256-pound charge 
craters. 

The curved lines in Figures 4.9 and 4.10 indicate the number of charges re- 
quired at each burst depth and the spacing necessary to give a channel-type crater 
whose center one-third is two-dimensional as defined by Figure 3.11. 

REGION    OF 
CRATERING- 

REGION   OF    MOUNDING 
AND  CONTAINMENT 

REGION OF   LNE 
CHARGE   DISPARITY 

•        REGION   OF   LINE 
/ CHARGE    EQUIVALENCE 

SCALED    DOB    (FT/W     ) 

Figure 4.9  Number of charges necessary to give a channel 
whose width is two dimensional over at least 
one third its length as a function of scaled 
spacing and scaled burst depth 
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REGION OF 
CRATERING 

REGION    OF    MOUNDING 
AND  CONTAINMENT 

REGION     OF    LINE 
CHARGE    DISPARITY 

REGION   OF   LINE 
CHARGE    EQUIVALENCE 

SCALED      DOB    (FT/W        ) 

Figure 4.10 Number of charges necessary to give a channel 
whose depth is two dimensional over at least 
one third its length as a function of scaled 
spacing and scaled burst depth 

4.3  Craters from Single Charges and Row Charges Compared 

For both single and row charges, the crater radius (Figures 4.2, 4.6) is maxi- 
mized at a burst depth greater than that which maximized crater depth (Figures 4.1, 
4.7). Maximum volume (Figures 4.3, 4.8) occurs at a burst depth between those 
depths which maximize radius and depth. From Figure 4.8, it is clear that the two 
rows of 256-pound charges were at the depth (9.52 feet) of maximum crater volume. 
When the most efficient charge spacing was used, the optimum burial depth for row 
charges was 10 percent greater than the burial depth which optimized crater dimen- 
sions from a single charge of the same weight (Figure 4.3). For 256-pound charges 

dob^ 

dob single 

9.5 
8.5 = 1.1 
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Hence, a row-charge crater is optimized at a burst depth 10 percent greater than 
that which optimizes single charge volume, when, as was the case with the two rows 
of 256-pound charges, the charge spacing is close to the boundary of line-charge 
equivalence.  A still closer spacing would, of course, result in an increase in the 
above ratio. 

In Figures 4.5 and 4.6, one observes that the 256-pound row charge with the 
widest spacing (15.87 feet) is at the boundary of line-charge equivalence for uni- 
form crater width which will be referred to here as Case I.  The row charge with 
the closer spacing (14.3 feet) was about 5 percent greater than that which would 
have been at the boundary of line-charge equivalence for uniform crater depth, here 
called Case II. A charge spacing of about 13.6 feet would have been closer to line- 
charge equivalence for crater depth.  From the dimensions of 256-pound charge craters 
from the burst depths above, ratios of radius and depth can be obtained for the two 
cases: 

Case I (Row charges optimized for uniform width) 

1, 
2Wrow    _ 24.5/2 
Rsingle =  U-75 

= 1.05 

row     6 
D .  ,  ~~ 5.1 
single 

1.15 

Case II (Row charge optimized for uniform depth) 

single 

row 6.5 _  ,   2c 

2Wrow     _ 28.8/2 _  1   , 
R ,•   „i     " 11-75    "  •*■•   u 

D   .     ,     ~ 5.1 single 

For Cases I and II the spacing can be defined in terms of single-charge crater 
radius at the burst depth which optimizes crater radius,* 

Case  I 

Case  II 

S _  15.87 
n — 
single       12.1 

S _  13.6 
Rsingle =  12'1 

=  1.3 

1.1 

There is, of course, no assurance that the ratios given here will apply to 
other media. 

Note in Figure 4.3 that, if the burst depth (8.5 feet) which optimizes crater 
volume is used in Figure 4.1, the radius is less than the maximum value and the 
spacing is closer by a corresponding amount. 



Craters from single charges are ordinarily considered to be paraboloids of 
revolution and the cross sections of linear craters to be parabolas.  It can be 
shown that, while craters from single charges in NTS desert alluvium are almost 
parabolas, they depart from the shape of a parabola toward that of a cone.  By com- 
paring 77T2d/V for all such craters, one finds that the value shifts with burst depth 
from nearly 2.4 at the surface to about 2.1 at the optimum burst depth. Although 
there is considerable scatter (Figure 4.11) in the shape of the ten 236-pound single- 
charge craters reported here, there is nothing to refute the observation made on the 
NTS craters. 

— i 

ROW   CHARGES   READ   LEFT SCALE 
SCALED    SPACING      FT/LB1 *   

Q     0.75 

A 1.25 

. 15 

V 1.75 

X 2 

+ 2.25 

0 " 
Ö 3 

O 3.5 

O SINGLE   256 POUND CHARGES,  READ   RIGHT   SCALE 

.+ 

  V^ 

SCALED    BURST   DEPTH      FT/LB" 

Figure 4.11  Trends in shape of single and row-charge crater 
profiles with scaled burst depth and scaled charge 
spacing 

Similar scatter was encountered in the shape of the row-charge craters 
(Figure 4 11). Nonetheless, a similar trend toward a parabola with increased burst 
depth is discernible. When one examines (Figure 4.12) the trend with spacing at one 
constant scaled burst depth (1.5 ft/lb1/3), a trend from a parabolic cross section 
toward a triangular one is suggested. 
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SCALED     BURST   DEPTH 

1.5    FT/LB1" 

_L 
SCALED   SPACING     FT/LBI/3 

Figure 4.12  Trends in the shape of row-charge crater profiles 
with scaled spacing at a constant scaled burst depth 

4.4  Throwout 

4.4.1  Single Charges 

The throwout from an explosion in the Albuquerque alluvium ranges from clods, 
which are relatively insensitive to drag forces, to fine aerosol material the dis- 
placement of which is greatly dependant on wind conditions.  The fine material may 
also be influenced by the air blast if, while in its trajectory, it is within the 
blast wave.  The particle size distribution is also a function of burst depth, since 
a larger percentage of the material ejected by a surface or near surface burst is 
close to the charge, is crushed more by the shock wave, and is dispersed as fine 
material.  No attempt was made in this experiment to distinguish between that ma- 
terial which emerged as fines or clods since clods were usually further broken on 
impact. 

The ejecta is given its initial velocity by the shock wave followed by an 
added impetus from the gas pressure.  It might be expected that the material which 
has a high angle of ejection would fall close, but this is precisely the material 
which has the largest initial velocity.  It has been shown10 that the material in 
the region near the surface and about one-third of a crater radius from the surface 
zero is ejected farthest.  In the case of 8-pound single charges (Figure 4.13), less 
material fell at the close distances for the shallowest shot, and less at the far- 
thest distances for the deepest shot.  In the case of the 256-pound charges also 
(Figure 4.14), it has been observed that less material reaches the greater distance 
and more falls at the closer distances as burial depth is increased. 
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The accumulated percentage of throwout volume is plotted against the distance 
from the crater edge in terms of the crater radius (Figure 4.15).  The results show 
that for 256-pound charges three times as many crater radii must be reached for the 
deepest shot before accounting for 90 percent of the throwout volume as is the case 
for the two shallower shots. The 90-percent level for the 8-pound charge was reached 
at nearly four times as many crater radii as for the 256-pound charge at the corre- 
sponding burst depth. However, the 50-percent level for the 8-pound charge was 
reached at only about two times as many radii.  These observations suggest that no 
simple method of normalizing the throwout for the two different charge weights is 
involved.  Clearly, however, the same scaling does not apply to both the crater 
radius and the radial distance to which the same percentage of total throwout volume 
is ejected. 

.75 FT/LB"i 
(256 iT) ZT^o^TY 

2.00 FT/LB 
(25G an 

l.25FT/LBl/ä 

(Sip) 

D 
D-R 

Figure 4.15  Percent of crater volume ejected to a given scaled distance 
for single charges at three scaled burst depths 

4.4.2  Row Charges 

The distribution of ejecta from row charges laterally differs from the distri- 
bution off the end of the row.  Figure 4.16 shows the density-distance curves of 
ejecta for rows of six 8-pound charges spaced 4 feet apart and buried 2, 2.5, 3, 3.5, 
and 4 feet deep measured normal to the midpoint of the row.  The density-distance 
curves of ejecta off the end of the row are shown in Figure 4.17. Distances off the 
end of the row are measured from the end charge. 

Certain observations concerning ejecta patterns can be made. First, as men- 
tioned earlier, there is less material ejected off the end of the row. This is 
especially true only at the closer distances. At the greatest distances, the den- 
sities are about the same as those perpendicular to the axis of the row (comparison 
of Figures 4.16, 4.17). This suggests that most of the material collected at the 
greatest distances was airborne, in contrast to that which has a ballistic trajectory 
and falls closer to the crater.  Second, the material was ejected laterally to dis- 
tances which generally decrease as burst depth is increased (Figure 4.16).  Excep- 
tions occur at the shallower burst depths where higher densities at the greater dis- 
tances are obtained at the expense of those at the closer locations.  Third, off the 
end of the row the pattern is either inconclusive or suggest that throwout is maxi- 
mized at one depth of burst, since the shot at the 3-foot burst depth gave the 
greatest throwout over most of the range. 
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When charge burst depth is held constant, the influence of charge spacing on 
throwout is demonstrated.  Generally, the greater the spacing the less the density 
of ejecta perpendicular to the long axis of the row (Figure 4.18) and the greater 
the density at the intermediate ranges off the ends.  Densities off the end show 
less variation with charge spacing (Figure 4.19). 

10,000 
DENSITY    PERPENDICULAR    TO   CHARGE    AT    t 

1000 

-D  6-«   <• = 3.0 FT/LB"*) 
-m   G-3 {•• 1.5 FT/LB1'*) 

-I G- 4 (AV) (• = 2.0 FT/LBI/5) 

BURST   DEPTH    3 FT 

DISTANCE    (FT) 

Figure 4.18  Throwout density-distance plots 
normal to an 8-pound row charge 
buried at 3 feet with various 
spacings between the charges 
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DENSITY    OFF    END 

DISTANCE   (FT) 

Figure 4.19  Throwout density-distance plots 
off the end of an 8-pound row 
charge buried at 3 feet with 
various spacings between charges 

Two 8-pound row charges (II-6-4.5) were exploded at the same cube-root-scaled 
burst depth and spacing as one of the 256-pound row charges.  Unfortunately no 
throwout measurements were made on either of the two shots.  In order to make, for 
row-charge throwout, a comparison similar to that made in Figure 4.15 for single 
charges, the results of the 256-pound row-charge throwout may be compared (Figure 
4.20) with results of an 8-pound row charge at the same scaled-burst depth but at a 
slightly smaller spacing (II-G-4). At the very close distances the percentage of 
throwout is equal to that from the larger charges, and at the greater distances it 
is considerably less.  Obviously, the distance to which a given percentage of total 
throwout is ejected scales in a different manner from the crater radius. 

Figure 4.20 illustrates the effect of varying the scaled burial depth while 
keeping spacing constant for three shots of 8-pound row charges.  It is interesting 
to note that the percentage of throwout of one of the 8-pound shots (II-J-4) agrees 
well with that of the larger charge row, even though the smaller charges were buried 
relatively more deeply. This experiment did not provide enough information to per- 
mit us to determine whether a different scaling law for charge burial depth would 
normalize the percentage ejected to a given scaled distance from row charges. 
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Figure 4.20 Percent of crater volume ejected to a given scaled 
distance for row charges at nearly the same scaled 
spacing and at three scaled burst depths 

In Figure 4.21 are results similar to Figure 4.20 for the same 256-pound row 
charge together with those from three rows of 8-pound charges, all at the same cube- 
root scaled burst depth (1.5 ft/lb1/3) but with different charge spacing.  All 
throwout densities for the small charges are less than those of the larger charge, 
and the same reversal in the trend with charge spacing is observed as was noted 
earlier in Figure 4.20. 

(sp = 2.25 FT/LB1") 
I   14.3-9.52 

n-G-4 
(sp = 2 FT/LB1'8) 

R   =  CRATER    WIDTH/2 

10 
D-  R 

Figure 4.21  Percent of crater volume ejected to a given scaled 
distance for row charges at a scaled burst depth of 
1.5 ft/lb1/3 at four different scaled spacings 
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4.4.3  Comparison of Throwout from Row Charges and Single Charges 

The comparison between row- and single-charge throwout is evidenced by Figure 
4.22, which compares the throwout-density-versus-distance curve for a single 256-pound 
charge with that for a row of 256-pound charges, the charges in both cases being 
buried at 9.52 feet. Values are given for both a line off one end of the row and a 
line normal to the axis of the row at its midpoint. Again, distances off the end 
are measured from the end charge and the lateral distances from the axis of the row. 
At the closest distances the density off the end of the row is the same as would be 
encountered with a single charge and the density is everywhere else greater for the 
row charge.  Part of the reason for this lies in the fact that the unit crater volume 
of the single charge (3.21 cu ft/lb) is exactly half that of the row charge 
(6.42 cu ft/lb).  It is interesting to note that the slope of the density-distance 
curve for the row charge approaches, at the greater distances, that for the single 
charge. 

SHOT V-14.3 • 9.52 

■« CENTER   OF    LONG   AXIS 

ROW   OF 8   256   POUND 
CHARGES   SPACED   14.3 
FEET,   BURIED    AT 
9.52    FEET 

SINGLE   CHARGE 

256 LB     AT   9.52  FT 

I      I     I   I   I  II 
10 10' 

RADIAL    DISTANCE<FT> 

Figure 4.22  Comparison density-distance plot for 
256-pound single and row charges 
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CHAPTER 5.   CONCLUSIONS 

The wide scatter in the 8-pound single-charge crater dimensions, especially 
the dimensions for crater depth and volume, is attributed to the relatively greater 
importance of strength properties of the soil for small charges.  Because of the 
scatter, heavy reliance was placed on the dimensions obtained from 256-pound charge 
craters in defining the depth-of-burst curves for Albuquerque fan-delta alluvium. 

If too few charges are used in a row, the effect approaches that of a single 
charge.  If there are a sufficient number of charges in a row, the crater approaches 
that of a line-charge crater, provided the spacing between charges meets the re- 
quirements for line-charge equivalence.  A noticeable lack of throwout off the ends 
of row charges, similar to that observed on Project Tobaggon, was noted for those 
charges where the spacing was such that it provided line-charge equivalence. As the 
spacing was increased above the boundary of line-charge equivalence, the amount of 
throwout off the ends of the row increased. 

A comparison of the depth-of-burst curves for the Albuquerque fan-delta al- 
luvium with the NTS desert alluvium shows that the Albuquerque material is a "harder" 
one.  Crater dimensions are smaller and the peaks of the depth-of-burst curves 
appear at a shallower burst depth in the case of the Albuquerque material. Ratios 
obtained from this comparison can be used to predict the results of row-charge cra- 
ters in the NTS desert alluvium. 

The region of line-charge equivalence of row-charge craters is defined as that 
of spacing and burst depth which gives a crater of uniform dimension, either width 
or depth. The boundary of line-charge equivalence is obtained where, for width, the 
scaled charge spacing approximately equals 1 + dob/Wx/3. For crater depth the value 
is S/W1/3 = 0.6 + dob/W1/3. As the spacing is increased beyond this value, there is 
an increasing difference between the crater dimension at a point between charges in 
the row and that measured at the charge location. 

The optimum burst depth for row charges was found to be 10 percent greater 
than that for an equal size single charge. 

A row-charge crater with a uniform width was obtained where the charge spacing 
is 30 percent greater than the maximum single-charge crater radius.  A uniform cra- 
ter depth is obtained where the spacing is 10 percent greater than the single-charge 
maximum radius. 

At the spacing which is 30 percent greater than the maximum single-charge 
crater radius, one-half the width of the row-charge crater is 5 percent greater than 
the single-charge crater radius which results from a burst at the depth which maxi- 
mizes crater volume; the row-charge crater depth at the same spacing is 15 percent 
greater than the single-charge crater depth which results from a burst at the depth 
which maximizes crater volume.  At the spacing which is 10 percent greater, one-half 
the row-charge crater width is 20 percent greater and the row-charge crater depth 
is 25 percent greater than the single-charge crater radius and depth, respectively, 
which result from a burst at the depth which maximizes crater volume. 

The 256-pound single charges ejected less throwout material to the greater 
distances and more to the closer distances as burial depth was increased. 

Although there was less material ejected off the end of the row-charge crater, 
the densities at the greatest distances are about the same as those normal to the 
charge.  This is probably because the material blown to the greatest distances is 
more dependent upon wind transport than that which falls at the closer distances. 
Normal to the axis of the row charge, the material is ejected to distances which 
decrease as burst depth is increased.  Densities of throwout off the end of a row 
charge show little variation with charge spacing.  Normal to the axis of the row 
charge, however, a larger spacing results in a lesser density of ejecta.  Off the 
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end of a row charge at the closest distances, the density of ejecta is the same for 
single charges and row charges. Everywhere else the density of material is greater 
in the case of the row charge.  This is in part because the volume of crater per 
pound of explosive is greater by a factor of two in the case of the row charge than 
in the case of the single charge. 

The burst depth and spacing for the most efficient employment of row charges 
was defined.  The loss in cratering efficiency as a result of failing to work at 
the optimum burst depth or spacing can be evaluated from the information obtained 
from this experiment. 
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I 
4— 2'—1 

SHOT m-0.5 
DATE 6-8-60 
IEA. 256 LB. CHARGE 
DOB 3.17' 
DEPTH 4.5" 
WIDTH 20.2' 
VOLUME 643 FT' 

Figure A.l      Crater topography 256-pound 
charge buried 3^17 feet 
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T 
2' 

SHOT   Tu-0.75 
256 LB.   SPHERE 
DOB 4.76'   (0.75X) 
WIDTH   21.4' 
DEPTH   7.0' 
VOLUME   913 FT3 

Figure A.2      Crater topography 256-pound 
charge buried 4.76 feet 
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SHOT m-1.0 
256 LB. SPHERE 
DOB  6.35'  (IX) 
WIDTH  22.2' 
DEPTH 5.5' 
VOLUME   983 FT. 

Figure A.3  Crater topography 256-pound 
charge buried 6.35 feet 
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SHOT in - 1.25 
256 LB. SPHERE 
DOB   7.94' 
DEPTH  5.7' 
WIDTH  23.4' 
VOLUME   1210 FT" 

Figure A.4  Crater topography 256-pound 
charge buried 7.9^ feet 
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SHOT DC-1.5 
I EACH 28« LB SPHERE 
DOB «.52' 
WIDTH 25.3' 
DEPTH S.S" 
VOLUME 824 FT* 
DATE B-I5-B0 

Figure A.7      Crater topography 256-pound 
charge burled 9-52 feet 

79 



<U 
4-1 

n 

cr> 

<U 
•r-l 

J3 

QJ 
bO 

CO 
XI 
O 

X) 
Ö 
p 
o 
Cl, 
I 

vO 
LO 
CN 

CO 
U 
oO 
o 
fX 
o 
+J 

^1 
0) 
-P 
cd 
u 
u 

00 

p 
bO 

•t-l 
p4 

80 



SHOT m- 2.0 a 
256 LB SPHERE 
DOB 127' 
DEPTH 2.8" 
WIDTH 23.2" 
VOLUME 550 FT* 

Figure A.9  Crater topography 256-pound 
charge buried 12.7 feet 
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ROW-CHARGE CRATER TOPOGRAPHY 
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T 
2' 

\~* 

SHOT IT-A-2 
DATE   5-17-60 
7-8 LB CHARGES 
DOB   0.0 
SPACING   2.0' 
WIDTH    4.3 AVE. 
DEPTH    1.2 MAX 
VOLUME    24 FT3 

Figure  B.l      Crater topography  8-pound row charge 
buried 0 feet,   spaced 2  feet 

T 
z 

DATE 6-22-59 
SHOT n-CI-5 
7 UNITS (8 LB. EA.) 
1.5' SPACING 
1.0' DOB 
DEPTH   1.85' 
WIDTH  6.6' (8'AVERAGED) 
VOLUME 67.6 FT3 

MOISTURE  5.7% 
CENTRAL VOLUME I.I9FTVLB. 

Figure B.2  Crater topography 8-pound row charge 
buried 1 foot, spaced 1.5 feet 
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DATE   7-16-59 
SHOT   II-C2.5 
DOB -I.O"  (0.5X) 
SPACING 2.5'   (I.25X) 
7 EACH   8 LB   CHARGES 
WIDTH (AVE.) 6.1* 
DEPTH  (MAX)   2.1' 
VOLUME      95.99   FT.3 

MOISTURE    10.8% 
CENTRAL  VOLUME   1.79 FTa/LB. 

Figure B.3      Crater topography 8-pound row charge 
buried 1 foot,  spaced 2.5 feet 
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Figure B.8  Crater topography 



Figure B.8      Crater topography 8-pound row charge buried 1 foot, spaced 7 feet 



8-pound row charge buried 1 foot, spaced 7 feet 

DATE    10-16-59 
SHOT   E-C7 
7  EA.  8 LB   CHARGES 
CHARGE   SPACING    7' 
DEPTH  OF BURST   I ' 
DEPTH   1.4' 
VOLUME    90.0   FT: 

WIDTH   5.6' 
CENTRAL  VOLUME    1.94  FT3/LB 
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SHOT H 0 3 

DATA 11-10-59 

7 EA.  8 LB   CHARGES 

DOB    1.5' 
SPACING      3' 

WIDTH      7.1' 

DEPTH       1.8" 

VOLUME    134 FT3 

CENTRAL  VOLUME    2.47 FT3/LB 

Figure B.9      Crater topography 8-pound row charge 
buried 1.5 feet,  spaced 3 feet 
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Figure B.14      Crater topography 8-po\ 



oire B.14      Crater topography 8-pound row charge buried 2 feet,  spaced 7 feet 
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mSSBHB 

LITTLE    DITCH 
SHOT n-E-70 
DATE 5-27-60 
DOB 2' 
SPACING 7' 
7 EA. 8 LB. CHARGES 
WIDTH  AT CHARGE   6.6' 
WIDTH AT SADDLE  2.8 
DEPTH  AT CHARGE 1.3' 
DEPTH   AT SADDLE 0.4' 
VOLUME   131   FT3 

nd row charge buried 2 feet, spaced 7 feet 
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2' 

SHOT  UP 3.5 
DATE   11-13-59 
7 EA.  8 LB. CHARGES 
SPACING   3.5' 
DOB 2.5' 
WIDTH 8.01' 
DEPTH  2.0' 
VOLUME  204 CU. FT. 
CENTRAL   VOLUME   3.53 

Figure B.15 Crater topography 8-pound row charge 
buried 2.5 feet, spaced 3.5 feet 



SHOT  HF 3.5 
DATE   11-13-59 
7 EA.  8 LB. CHARGES 
SPACING   3.5' 
DOB 2.5' 
WIDTH 8.01" 
DEPTH  2.0' 
VOLUME  204 CU. FT. 
CENTRAL   VOLUME   3.53FTVLB 

phy 8-pound row charge 
t# spaced 3.5 feet 

(A) n 



CD 
CU 

-a 
CU 
o 
CO 
CU 
en 

cu 
cu 

CM 

13 
CU 

•r-l 
^1 
P 

,Q 

CU 
00 
!-i 
cö 
& 
O 

o 

0 
P 
O 

■ 
oo 

a 
CO 
u 
O 
& 
O 
•u 
M 
CU 
+J 
CO 
U 
u 

vO 

PQ 

CU 
U 
P 
t>0 

•H 

99 



Q) 
hi) 
U 
CO 
Si +J 
o 0) 

0) 
3 <H o u VO 

•o -3- c 
3 -a 
Ü a> a, o 
i 

oo a 
10 

^ 
si * 
(X+> 
?> 0) 
Si ei 
tU) Vi 

a U^l 
o • 

■»-> CM 

k TS 

5 •rl 
c« V, t, 0 
Ü ," 

o- 
•H 

CQ 

8 
S, 

100 



4J 
CU 
(D 

IW 

CO 

cu 
Ü 
cd 
ft 
CO 

4-> 
CD 
(U 

M-l 

CO 

<D 
•H 

O 
XI 

<U 
00 
Vi 
CO 

Ü 

& o 
J-l 

t3 

o 
ft 
I 

oo 

£ 
fl- 
ed u 
00 
o 
ft o 
4-> 

U 
CU 

■u 
cd 
u 
u 

00 

pq 

cu 
u 
60 

•H 

101 



<u 
0) 

M-l 

n 

o 
CO 

CO 

4J 
CD 
QJ 

M-l 

ro 

-d 
a) 

•H 
^1 

,£> 

u 
cd 

o 

o 
u 

Ö 

O 
a 
i 

oo 

cd 

00 
o 
a, 
o 
+J 

0) u 
cd 

c^ 

PQ 

a; 
u 
p 
00 

•H 
tu 

102 



co 
o 

0)0 

«o £ i »9 
»  . o = - -   • * * m < i — co _| 
OKDCO-J.;,.^ S 

XIU "-< - UJ o HJ 
CON » o S o > o 

p 

(U 
M-l 

13 
(U 
O 
cd 

CO 

p 
a) 
a) 

ip 

ro 
T3 
(D 

•H 

a) 
oo 

.3 
o 

& o 

Ö 
3 
O 
ft 
I 

oo 

a- 
to 
P. 
00 
o 
o 
p 

u 
CD 
p 
CO 
P. 
O 

O 
CM 

pq 

aj u 
00 

•H 

103 



4) 

XI 
CD 
o 
CO a 
to 

+> 
<D 
0) 

r> 
xi 
a) 

■d 

<i) 
U) 
t, 
cfl 

X! 
U 

§ 
XI 
c 
0 o 
a. 
i 

£ a. 
to u 
O 
P 
O 

(1) 
-P 
CO 

PQ 

S, 

104 



a> 
hu 
u 
a) 
Si 
o 
3 
O +J 
u <B 

c 
0-^- 
o 
0.-0 
1 0) 

on O 
CO 

>> P. 
c U) 
p. 
crt * 
U «-> 
bfl <u 
a 
o 
+J e> 
t« T) 
4) 0) 
+> •H 
m t> 
u 3 
U J3 

CM 
C\j • 
m 
0) 
v. 
s 
w 

105-106 



Figure B.?k      Crater topo; 
buried 3 fe« 
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SHOT   2G4 4- 5 
DATE  2-19-60 
7-8 LB    CHARGES 
DOB 3' 
SPACING   4.5' 

% (8')   VOLUME    7.0 FT.   /LB. 

Figure B.?4 Crater topography 8-pound row charge 
buried 3 feet,  spaced 4.5 feet 



Figure B.2-3  Crater topography 8-pound row charge 
buried 3 feet, spaced 4.5 feet 
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iter topography 8-pound row charge 
'led 3 feet, spaced 4,5 feet 



SHOT    2G-4.5 
DATE:  2-25-60 
7   8 LB   CHARGES 
WIDTH  (AVE)   8.47' 
DEPTH (MAX.)   2.8' 
VOLUME    379.8 FT" 
<L VOLUME   5.95 FT3/LB 
Q. DEPTH   2.4" 

DOB   3' 
SPACING   4.5' 
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Figure B.25  Crater topography 8-poun< 



Figure B.25  Crater topography 8-pound row charge buried 3 feet, spaced 6 feet 
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SHOT 2G-6.0 
DATE  3-4-60 
7 EA.8 LB SPHERES 
DOB 3.0" 
SPACING  6.0' 
AVE WIDTH 7.68' 
MAX. DEPTH   2.2' 
VOLUME  359.4 FT" 
VOLUME «L 12') 6.34FT3/LB 

row charge buried 3 feet, spaced 6 feet 
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Figure B.26  Crater topography 8-pound 

Ö 
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VOLUME 263.5 FT3 

DEPTH 2.0' 
AVE   SADDLE  WIDTH   3.2' 

Figure B.26      Crater topography 8-pound row charge buried 3 feet,  spaced 8 feet 



DATE    3-9-60 
7   8LB    CHARGES 
SPACING    8' 
DOB    3' 

AVE   WIDTH    8.0' 
VOLUME 263.5 FT3 

DEPTH 2.0' 
AVE   SADDLE  WIDTH   3.2' 

w charge buried 3 feet, spaced 8 feet 



<D 
bO 
U 

o 
I 

o (U 
<4-l 

Ö 

O   (U 

I 
00 

o 
tö 

05 

ft 4-1 
td a) 
fc   (D 
OOM-I 
o 
p<m 
o • 
4-i en 

U T) 
QJ <U 

4-> -H 
tO U 
U P 

CM 

a) 
1-4 

60 
•i-l 

111 



112 



« 

•a 
e o 

M 

+> 

T3 
O 

•H 

(D 
M 

O 

8 

c 
§ 
0. 
I 

00 

B 
O 
(X 
o 

5 
cd 

o 

£ 
s, 
•ri 

113 



XI 

o 
CO 

-p 
a) 

9) 

t 
» 

a) 
o 

o 

T! 
C 
3 a 
i 

00 

I 
U 
txO 
o 
o. 
o 

u 
o 

o 

PQ 

t 

ii^ 



SSHa-JUUSES 

Figure B.31    Crater topography 8- 



Figure B.31    Crater topography 8-pound row charge buried 4 feet, spaced 6 feet 



SHOT   11 J-6.0 
DATE   3-14-61 
9 EA. 8 LB. CHARGES 
DOB  4* 
SPACING  6.0' 
VOLUME   134.6  FT; 

oound row charge buried 4 feet, spaced 6 feet 
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Figure B.32      Crater topography 8-pound 
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moB^ms^-mmMB^amm 

SH0THK-3.5A 
DATE 3-3-61 
9EA. 8 LB. CHARGES 
3.5' SPACING 
4.5' DOB 
VOLUME   255.5   FT3 

B.32      Crater topography 8-pound row charge buried 4.5 feet,  spaced 3«5 feet 
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APPENDIX  C 

CRATER PROFILES 

123-124 



256 # 

Figure C.l Profiles of 256-pound 
single-charge craters 
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1 
5' 

I ■5'- 

256# 

DOB   9.52 
1.5 X 

DOB  12.7 
2.0   X 

Figure  C.2       Profiles  of  256-pound  single-charge  craters 

AVERAGE   CROSS-SECTION  H-A-2 

r 
2' 

1 

■2' H 

DOB =  0 FT. 
SPACING  = 2   FT. 

Figure C.3  Average lateral cross-section profile of 
8-pound row-charge craters 
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Figure C.6  Average lateral cross-section profiles 
of 8-pound row-charge craters 

Figure C.7  Average lateral cross-section profiles 
of 8-pound row-charge craters 
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Figure C.9  Average lateral cross-section profiles 
of 8-pound row-charge craters 

Figure CIO  Average lateral cross-section profiles 
of 256-pound row-charge craters 
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APPENDIX D 

THROWOUT DEPOSITION 

135-136 
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T t 5(*-| 

SHOT   HI- 2.0-B 

Figure D.5      Throwout deposition, 256-pound 
single charge, buried at 12,7 feet— 
contours are in gm/ft2 
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SHOT l-C-8 

I 

Figure D.7  Throwout deposition, 8-pound 
single charge, buried 1 foot- 
contours are in gm/ft2 
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100 

- • 100' 

SHOT IS-1-1.5 

K»' 

Figure D.8  Throwout deposition, 8-pound single charge, 
buried at 1.5 feet--contours are in gm/ft2 

SHOT IZ-4-1.5 

-100' 

Figure D.9  Throwout deposition, 8-pound single charge, 
buried at 1.5 feet—contours are in gm/ft2 
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100' 

—100'- 

SHOT EC-1-2.0 

Figure D.12       Throwout deposition,   8-pound  single  charge, 
buried at  2  feet--contours are in gra/ft2 

100' 

-100'- 

SHOT IE-4-2X) 

Figure D.13  Throwout deposition, 8-pound single charge, 
buried at 2 feet--contours are in gm/ft2 
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100' 

SHOT   P-2-C 

-100- 

Figure D.16      Throwout deposition,   8-pound single charge, 
buried at 2  feet—contours are in gm/ft2 

100' 

-lOOi 

SHOT 3JE-I-2.3 

Figure D.17  Throwout deposition, 8-pound single charge, 
buried at 2.5 feet—contours are in gm/ftz 
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SHOT H- 5-10 

Figure D.21      Throwout deposition, 8-pound single charge, 
buried at 3 feet—contours are in gra/ft2 
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SHOT DC-6-3.0 

Figure D.22  Throwout deposition, 8-pound single charge 
buried at 3 feet—contours are in gm/ft2 
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SHOT H-1-4.0 

T, 
20" 

-j«—20H 

Figure D.23  Throwout deposition, 8-pound single charge, 
buried at 4 feet--contours are in gm/ft2 
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100' 

100' 

-lOtf- 

SHOT BE-2-4.0 

Figure D.24  Throwout deposition, 8-pound single charge, 
buried at 4 feet—contours are in gm/ft2 

SHOT IE-3-4.0 

Figure D.25  Throwout deposition, 8-pound single charge, 
buried at 4 feet—contours are in gm/ft2 
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SHOT 2CZ.5 

Figure D.26  Throwout deposition, 8-pound row charge, 
buried 1 foot, spaced 2.5 feet- 
contours are in gm/ft2 
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SHOT 2C-3 

Figure D.27 Throwout deposition, 8-pound row charge, 
buried 1 foot, spaced 3 feet— 
contours are in gm/ft2 
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I 

SHOT n-F-4.5 

Figure D.31 Throwout deposition, 8-pound row charge, 
buried 2.5 feet, spaced U.5 feet— 
contours are in gm/ft2 
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SHOT  It    G-4-A 

Figure D.33 

Throwout deposition, 
8-pound row charge, 
buried 3 feet, spaced 
4 feet--contours are 
in gm/ft2 

-« too' H 

SHOT n-G-4b 

Figure D.34 

Throwout deposition, 
8-pound row charge, 
buried 3 feet, spaced 
4 feet--contours are 
in gm/ft2 
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X SHOT H 6-6 

Figure D.36  Throwout deposition, 8-pound row charge, 
buried 3 feet, spaced 6 feet- 
contours are in gm/ft2 
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X SHOT  H-H-4 

Figure D.37      Throwout deposition, 8-pound row charge, 
buried 3.5 feet,  spaced 4 feet— 
contours are in gm/ft2 
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100' 

-lOO1 

SHOT H-J-4 

Figure D.38 Throwout deposition, 8-pound row 
charge, buried 4 feet, spaced 
4 feet--contours are in gm/ft2 
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SHOT V-14.3-9.52 

t loo—H 

Figure D.39 Throwout deposition, 256-pound 
rov; charge, buried 9*52 feet, 
spaced 1A.3 feet—contours are 
in gm/ft2 
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