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FOREWORD

This report presents the final results of one of the projects participating in the mlitary-effect
programs of Operation Hardtack. Overall information about this and the other military-effect
projects can be obtained from WT -1660, the "Summary Report of the Commander, Task Unit
3." This technical summary includes: (1) tables listing each detonation with its yield, type,
environment, meteorological conditions, etc.; (2) maps showing shot locations; ('3) discussions
of results by programs; (4) summaries of objectives, procedures, results, etc., for all projects;
and (5) a listing of project reports for the military-effect programs.
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ABSTRACT
The objective of this project was to measure and correlate with existing data the physical

characteristics of craters (radius, depth, lip height and width, throwout, and permanent ver-
tical ground-surface displacement surrounding the crater) resulting from near-surface nuclear
detonations.

Primary participation was on Shots Koa, Cactus, and Fig, the only land-surface bursts of
Operation Hardtack. Dimensions of the craters were determined by topographic, lead-line,
and aertal-stereogriphic surveys. Secondary participation included fathometer surveys of

barge shots Linden, Oak, Yellowwood, Butternut, and Holly.
When the crater dimensions of the above shots were compared to adjusted dimensions taken

from the crater curves of TM 23-200 it was found that Shot Cactus and Shot Fig crater data
compared favorably, but the Shot Koa crater dimensions were enlarged because the device was
emplaced In a water tank. The barge-shot craters were larger than values calculated from
TM 23-200.
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SECRET

PHYS/CAL CHARACTERISTICS of CRATERS from
NEAR-SURFACE NUCLEAR DETONATIONS

OBJECTIVES
The objectives of this project were to (1) measure the physical characteristics of the apparent

craters and lips from near-surface nuclear detonations; (2) compare and correlate the data so

obtained with those already available in order to more firmly establish the capability of predic-
ting craters from surface-burst weapons; and (3) document the crater lip, throwout, and perma-
nent vertical ground surface displacement surrounding the apparent craters.

BACKGROUND

In the last several years, the increased interest in cratering as a primary damage mechanism
has resulted in a need for data to improve crater-prediction techniques, particularly for surface
detonations. Craters from twelve nuclear detonations in the EPG were documented during Oper-

ations Greenhouse, Ivy, Castle, and Redwing (References 1, 2, 3, and 4). Results have been

analyzed and used in the prediction curve with factors given in TM 23-200 (Reference 5, Figures
2-20 through 2-26B).

Figures 1 and 2 of this report contain a summary of scaled crater data from past EPG opera-

tions as well as cratering curves taken from TM 23-200. The data show considerable scatter
which is due primarily to variation in soil structure of the islands, washing action of waves
generated by the shots, and washing action by tidal effects. TM 23-200 suggests multiplication

factors be used in conjunction with the TM dry-NTS-soil curves to account for these environmen-
tal conditions. In the theory section of this report, results from past EPG craters are compared

with TM 23-200 by the use of factors.
In past operations, unusual weapon-tamping configuration has influenced the crater size (Ref-

erences 4 and 6). It would be impossible to assign crater adjustment factors for the many poss-
Ible types of weapon-tamping configurations. One configuration that has not been fully evaluated

is that in which a large water tank encloses a device, i. e., Shot Seminole, Operation Redwing

(Reference 4). This configuration became important to this operation because Shot Koa had a
similar tamping configuration. The crater formed from Shot Seminole was larger than expected,

and this was attributed to the water enclospre. It was expected that Shot Koa would give addi-
tional information on this effect.

Reliable data on crater lip dimensions have been limited to a few high explosive cratering

series and three nuclear craters. Lip dimensions for these shots have been taken from smoothed,

average profiles representing actual lips of rough and irregular shapes. Several methods of pre-

dicting lip height are given in test literature; TM 23-200 indicates that the crater lip height Is one-

fourth of the crater depth, while other sources indicate scaling by fractional powers of the yield

(Reference 7). Predictions of lip width have included areas large enough to contain all the large

throwout fragments.

At the h ttme predictios of crater dimesons are based arVey OR emdrical Curves

4erted fjr the moAt part from data from high exlosive charges sNWemetted by a few nuclear
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detonations at the NTS and the EPG. These shots, however, were fired under a wide range of
conditions; for example, variations of soil type, moisture content, and height or depth of burst
(HOB). This complicated the correlation and enabled numerous curves to be drawn to fit plotted
points without a sufficient number of points under one condition to make a statistical analysis or
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Figure 1 Crater radius versus height of burst, scaled to 1 kt.

to determine and understand deviations. A need, therefore, existed to collect all shot data and
if possible reduce them to a standard condition, (i. e., soil, yield, and height of burst).

In order to reduce existing data to a standard condition it is recognized that many assumptions

will have to be made and in many cases arbitrary factors used, especially on the data from the
M. Mack of ths coli be elmimftd bW Wg- mlehtiv testng. 7WWO a Series maU
lm tets In bemh -rin g - m soils t WS be possibe to tolMe certain so p ueties
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such as strength, saturation, and void ratio and to determine effects of these parameters on
crater size.

In the absence of more refined testing, and for the purpose of more closely relating EPG data
in this report, the following assumptions and factoring systems will be used.

The assumed standard conditions are: (1) homogeneous dry sandy soil; (2) zero height of burst;
i. e., the center of gravity of the charge at the ground surface with the lower part of the charge in
full contact with the cratering medium; (3) spherical charge; and (4) 1-kt yield.

m /

4 0 TM Cume

Adjused fin' Saturotion

20
TM'23-200 0/

0 I M

slo so 40 30 to I0 0 10

WENT of DMT, to

Figure 2 Crater depth versus height of burst, scaled to 1 kt.

Scaling for crater radius is based on cube root scaling; i. e., the radius varies directly as the

cube root of the yield (or charge weight)

R = AW 3 for scaled HOB

Where: R = radius in feet

W = yield in kt

A = constant

This is a straight line with a slope of one third when plotted on log paper; i. e.,
log R = log A + 1/3 log W with A the intercept for a yield of 1 kt at the surface.

Although deviations from cube root scaling may exist for variations in yield and height of burst,
cube root scaling is assumed to hold for all materials (sand, clay, rock), conditions of materials
(saturation, compaction), and heights of burst, then only the intercept (A) will be changed with a
change in materials or height of burst, and a family of lines which are parallel to the standard
line will exist. It becomes necessary to introduce factors by which the intercept (A) can be modi-

fied in order to reduce all data to the standard line: Thus R f (F I , F2, -- Fn) AW0. Since

the precise nature of the function is not known, it will be assumed as R FIF2--]FnAW VO.

There remains the problem of finding the variables, defining them with known tests ad re-
lating them to the crater radius. It is assumed that the values of these factors can be deter-
mined indepndently of each other.

11
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Since no new high-explosive test data are available for determining these variables, TM
23-200 and past test data will be used as a guide. These variables are defined in the TM by
three gross factors as follows:

Soil Type Factors

Saturated soil 1.5
Washed soil 2
Granite or Sandstone 0.8
Sand 1.0

The above factors may be a guide to the limits by which craters are affected by these varia-
bles. If a more detailed analysis of the soil is made other variables such as void ratio, soil
fracture in the crater vicinity, and degree of confinement can be used toward a greater accuracy
in crater prediction.

Until further determinations are made as to standard soil conditions, the dry soil curve as
given in TM 23-200 shall serve as the standard curve, and the value of A shall be taken as S4
feet.

With the exception of height of burst, energy containment, and washing, all variables are
directly concerned with soil properties.

The HOB factor, FI, is determined from the standard dry soil curve contained in TM 23-200.
This curve, Figure 1, shows a change in crater radius as the burst position of the device varies
from the ground surface. A factor for any scaled height of burst is found by determining the
factor needed to adjust the crater radius to that of a surface burst. The accuracy of such fac-
tors would depend upon the accuracy of the TM 23-200 curve and scaling. Adjusting and com-
paring of craters with scaled height of burst above 20 feet by means of HOB factors is not con-
sidered necessary since these craters are only shallow ground depressions.

The F2 factor may be denoted as a strength factor and is probably related to the strength of
the soil in compression and shear. The relationship should be sought in terms of the unconfined
compressive strength since the appropriate degree of confinement is not constant, sand cannot
be tested for compression in an unconfined condition, therefore, it shall be given a strength
factor of one. The upper limit, then, for the F2 factor is 1.0. The lower limit would be the
value for hard rock, which for granite, as given in the TM, is approximately 0.8.

The F3 factor accounts for degree of saturation. (The degree of saturation is the percentage
of voids which are filled with water and ranges from 0.0 for a dry sand to 100.0 for a completely
saturated soil.) Since dry sand is the standard having a value of 1.0 the lower limit would be
1.0. The upper limit, representing complete saturation, will vary for sand or clay type soils
but to be consistent with TM 23-200 a value of 1.5 will be used.

The F4 factor is for washing and ranges from 1.0 to 1.33 for saturated sand. Clay type soils
are expected to be affected to a lesser degree by washing, and rock is expected to be affected
to a still lesser degree. It is recognized that craters at the EPG have been subjected to different
degrees of washing as evidenced by the existence of crater lips for some craters. An attempt
will be made to assign factors for (1) complete washing to craters with no lips, (2) partial wash-
ing to craters where evidence of lip exists, and (3) no washing for craters with lips that are land
locked.

Another factor, F5, energy containment, can be entered into the equation. This factor will
be a correction for the degree of containment of the nuclear device which results in the direct-
ing of more or less energy into the ground. This is a significant factor since data from two
contained surface shots (Shots Seminole and Koa) in the EPG area indicate a considerable in-
crease in crater dimensions with some form of tamping. A number of variables such as density
and thickness of containment material, weapon design, and placement all enter into the deter-
utmation of this factor. It is probable tiat each detonation of this nature must be amlysed
separately.

Another factor, FI, can be inserted for inhomogeneities tit are relatively distant in com-
parison to the clioe-in phenomena. That i, this inhotnogeneity factor is a correction for such

12
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changes in the media as interfaces and cavities. Here again each shot must be studied individ-
ually. This factor has more effect on crater depth and profile than radius according to data
from a high-explosive test, Reference 8.

The above analysis has been for the determination of crater radius. Crater depth, it is felt,
is a function of the same variables though numerical values of F1 through Fe may be different
for crater radius and depth. The problem now becomes one of reconsidering the individual shots
at the EPG and by assuming adjustment factors, using the above discussion as a guide, making
a better correlation of the crater data.

Ivy Mike was a 10.5 Mt device fired at a height of burst of 35 feet. Crater measurements
show a radius of 2,810 feet and a depth of 120 feet. Crater pictures show an absence of any lip;
a condition which indicates full washing. In using a factoring system to reduce the crater to
NTS conditions, the radius should be reduced by a factor of two to account for saturation and
washing but increased by a factor of 1/0.94 to compensate for height of burst. The adjusted
radius would be approximately 1,500 feet.

Castle Shot 1 was a 14.5 Mt device fired at a height of burst of 15.5 feet. Crater measure-
ments showed a radius of 3,000 feet and a depth of 240 feet. This shot was also considered to
be fully washed. A factor of two is, therefore, used for saturation and washing effects. The
HOB factor in this case would be 1/0.98 and the adjusted radius would be approximately 1,530
feet.

Castle Shot 3 was a 110 kt device with a 13.6 foot height of burst. The portion of the island
in which the crater was formed had a steep slope into the lagoon. The crater radius on the is-
land side ranged from 380 to 410 feet. The radius on the lagoon side was in excess of 600 feet
and indicated a possible venting of cratering energy in this direction. An average radius of
460 feet does not seem improbable. The crater had a broken and irregular lip with an average
height of 10 feet on the island side indicating that the crater was not completely washed from the
wave action generated by the explosion. Since it is assumed that complete washing did not take
place, a washing and saturation factor of only 1.8 instead of 2 should be used. The ROB factor
in this case would be 1/0.84. The adjusted radius would then be approximately 300 feet.

Shot Lacrosse was a 39.5 kt device with a height of burst of 17 feet. The radius was 202 feet.
This crater was completely land locked and was not considered washed. The soil in this area
consisted of some cemented sand and coral. Since it was more cohestve than NTS soil, it should
have exhibited greater compressive strength. Therefore, a soil strength factor of 1/0.9 is used.
Since the soil was fully saturated, at high tide the water covered ground sero, a saturation factor
of 1.5 Is used. The BOB factor is 1/0.7 and the adjusted radius would be approximately 215 feet.
If a saturation factor of 1.4 instead of 1.5 is used as suggested in WT-1307 the adjusted radius
is 230 feet. Both values are plotted in Figure 3.

The Shot Seminole device is discussed later with reference to the Shot Koa crater. The
Seminole radius due to its protected position and lip condition should be increased by about 20
percent in order to be fully washed. A saturation-washing factor of two can then be used. Due
to the water tamping and near-surface placement this shot was considered to be a surface burst
and an HOB factor was not needed. An energy containment factor of 30 percent for the water
tank emplacement was found by comparing the adjusted radius of 198 feet to that from a surface
burst, or 152 feet. The adjusted radius for the 13.5 kt Seminole device would be 152 feet.

The straight line in Figure 3 was drawn using the intercept given in TM 23-200 of 64 feet and
one third slope. The plotted points represent EPG data adjusted to surface detonations in dry
soil as given above. Table I gives adjusted and unadjusted crater radii for EPG shots includ-
ing Shots Cactus and Koa.

SHOT PARTICIPATION

Shots Koa, Cactus, and Fig, the only land-surface shots of Operation Hardtack, constituted
the primary particiation of this project. Limited particpaton was carried out on basge Sots
Liden, Oak, YelloMod, ut"net, and Raly.
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DAKTA REQUIREMENT6

Data requirements consisted of (1) preshot and postshot aerial -photqgraphs Vwited #r Pme-
gram 9; (2) topographic -surveys, provided by -olmes and Varver;.(a3) Watoer soundipis of
underwater cratters, providied by -Holmes and Warver; and (-4) miscellaneous f~mtu, Z1ac.rA
as devicee*shildlng configuration and -drilling logs. F4gure 4 is a ketch of REniWmOt A161.
'ahowing 'shot locations.

Aerial P3hotogritphy. -Preshot and postiahot -aerial phatographs were taken of Shots Caftim,
%ma, -Pig, -and lilutmeg. An RB-4GE .air craft, equipped with a gyi'oatabikinedT-7I~ camema with
-6-inch focal length, was used to make the -mapping runs. 'The Iritervalometer was -set'ler ~a for-
ward overlap of -67 to 62-percen1t. Zallbration certificates .are on file -at MrIhineer 34tasan~i and
Developmenlt Laboratories (IA'EHD) tor 'all -T-1- came-rus, precluding -the neoesatty of *spsnl
calibrattion runs. A predeterminwed altitude was maintained -by a radio, -altiter, I-VL MSI. 'This
buftmimeit -aan indiate altitudes betwe-en WD0 andSDU!1O feet with an accuracy of * 25 leot -uve
-smwoth -terrain.

-The film was developed ait MPG: to Insure proper nnvexage f :tbe:iet -and then *Ant Ut Wadt
Beiroir for photogrammetric analysis. 'Tite -accuracy of the -atereogriphic data 'was -Limited by

TA13LE 1 CRATRIt HADIUS DATA

-8h6t 'Yield -Crtter Rtaits Adjusted
C0rater itudiuls

ivy Mike 10M Mt 2;8.10 1s500
Castle 1 14.5 Mt 3.000 1;S30
Castle 3 110'kt 5600 300
Lacrosse 395,kt 202 215

'Semitnole 13.5-kt 330 1-62
Cactus 17'kt 170 133
,Kos 1.38 Mt 2,000 770
Fig 2L;5 tons 1:8 15.6

the deviation of the altimeter reading from the true value, -since the error of the equipment Vas
'negligible by comparison.

Topographic Survey. A preshot and postshot horizontal and vertical -survey of ground zero
was made for-Shots Cactus, IKoit and Fig. These measurements were made by transit on land
and by lead-line -soundings underwater. The craters of 'ShowtsCactus and Ioa were large enough
so that random measurements would not have -sufficiently described the crater profile. 'Meas-
urements, therefore, were made along 6 radii which were approximately 60 degrees apart, ex-
tending from ground zero out to 500 feet for'Shot Cactus and from ground zero to'2,3500 feet for
Shot ICca.

Zero elevations on all surveys have been taken as the datum plane on which tide tables are
based: 0.5 feet below mean low-water spring tide.

The vertical and horizontal controls were of a third order triangulation and ordinary leveling.
Detailed crater measurements of Sh~ots Cactus and lCoR could not be made until radiation

levels were low enough to permit the -safe re-entry of survey crews. A depth -sounding from
helicopters, therefore, was planned for the 'Shot Cactus crater on shot day before crater changes
dae to later washing could take place. A practice sounding was made on a similar crater, Shot
Lacrosse, and the depth at ground zero was found to have changed only 4 feet in 2 years. The
sarly-.mmding was, therefore, delayed until radiation levels had decayed to about 1 r/hr.

'Shie Uie'*iota cmater'was eqeetdto Vesdh'to open'itur ontViee-igdes, Itwms'folt
tbatan s~iydeph'ssidtg-w uI~'neessTy htssoundtngas imade from -a boat ui b +A

-since a beat can enter a breachted crater earlier than alhelicopter, due'to lower radiation levels
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near the water surface. Due to rough water and the difficulty of locating ground zero the depth
was iniNLMed aiy 135 feet as conqured to the later more detailed soundings of 170 feet.

Depression the ground sarface were made by preslat and postshit surveys
off benn crete gg pods used by Projects 1.7 and 1.8. Figures 5 and 6 sho the types of

~~ie U~~ ~g~mi jamus
o~~~~~ic1~~~~~~~ete~~~4 -000I~yPw.~ '.Te1fl~ii~etus~fiite ~ s~

~a ~pi i let.'Te md ci t' ~sas4to ipLfWE$

$WAatr &v* fftas Amd Wav4 4%aW as pkyt of ter vio1 opmaat~u,

from 'which zrmter deba we"e 4ta~le w~iwe Shts L*nde, Oa, 'T.lIvwwm4, botbmwit, Aad

'?wW _"t O t 0 Oft. AM af MM Nfa mm Uatr 4e a'ii vW I t w 



Figmre 5 Dqressm mazbr, Sbta 170.
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located. The outer tank was filled with water. The volume of water surrounding the device
was about 1.5 X 101 ft', corresponding to a mass of 9.6 x 10' pounds.

Results of drilling logs for Sites Yvonne, Helen and Irene are shown in Tables 2, 3, 4, and
5. These lop were the best available information of the nature of the soil conditions in which

TABLE 2 SITE YVONNE DRILLING LOG, STATION 181.03

Coordinates: North, 105,618.17; East, 124,611.56.

Depth, ft Description

I to a Soft sand.
8 to 16 Hard cemented sand.

16 to 23 Soft cemented coarse sand with hard layers.
23 to 32 Soft cemented sands with shells.
32 to 45 Soft cemented sands with shells and hard layers.

45 to 50 Hard cemented sands with shells.
50 to 58 Hard cemented sands with shells.
58 to 62 Soft cemented sands with hard layers.
62 to 72 Soft cemented sands and shells.
72 to 108 Soft cemented sands and shells with hard layers.

the Cactus and Koa craters were produced. Additional information on soils in the EPG area
can be found in References 1 and 4. Seismic measurements were made on Sites Yvonne and
Irene by Project 1.8 and are discussed in Reference 9.

RESULTS

Data presented in this report are divided into crater dimensions from land shots, Table 6;
crater dimensions from barge shots, Tables 7 and 8; lip dimensions, Table 9; and ground de-
pression measurements, Table 10.

DUCUSSION

The influence of soil characteristics and wave action on crater dimensions has been developed
and discussed in the background and theory section. The following discussion points out their

TABLE 3 SITE HELEN DRILLING LOG, STATION 180.01

Coordinates: North, 149,360.00; East, 73,120.00

Depth, ft Description

Ito 10 Sand.
10 to 20 Cemented soft sand.
20 to 30 Cemented rubble, medium hard.
30 to 50 Cemented rubble, soft.

50 to 70 Cemented rubble and shells.
70 to so Cemented shells, soft.
so to 106 Cemented rubble, soft.

apparent effect on the craters measured during this operation and through adjustments compares

the resmlts with the curves gtvm in TM 23-200. Scaled dimensions listed In this report, unless
otherwise specified, are scaled to 1 kt of nuclear yield.

crater mmm a Ccoo n The ctus device ws detonted an the aathwoot and of
me n we Ihot Lacos crter and lth Lacrosse us considered to be an unwashed
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TABLE 8 COMPARISON OF BARGE SHOT CRATERS WITH TM 23-200

Actual TM 23-200 Actual TM 23-200 Percent Percent
shot - Deviation DeviationRadium Radius Depth Depth of Radius of Depth

ft ft ft ft

Linden 220 165 28 12 33 134

Oak 2,200 1,900 183 190 16 -3.5

Yellowwood 960 575 58 38 67 52
Butternut 600 235 24 11 155 117
Holly 150 105 10 6 43 67

TABLE 9 CRATER LIPS

All dimensions are in feet.

Parameter Koa Cactus Fig

Lip Height 0 8 to 14 2 to 4

Lip Width 0 115 to 170 20 to 30

TABLE 10 SURFACE DEPRESSIONS

Station shoCoordinates Distance from Depression
North East Ground Zero

ft ft

181.01 Cactus 105,982.12 124,347.85 410 Nothing found

170.05 105,938.88 124,402.25 470 Nothing found

170.06 105,880.99 124,444.07 540 Nothing found

170.07B 105,795.39 124,368.15 595 Nothing found

170.08 105,793.28 124,492.96 640 Nothing found

171.04 105,799.17 124,504.32 640 Nothing found

181.02 105,782.28 124,492.65 650 Nothing found

174.11 105,684.74 124,587.58 780 Nothing found

181.03 105,618.17 124,611.56 850 0.06
171.05 105,523.46 124,708.82 980 0.09

174.17 105,340.22 124,773.79 1,171 Nothing found

170.01 Koa 149,089.49 72,646.21 1,550 Nothing found

180.01 149,360.00 73,120.00 2,000 Nothing found

170.02 149,391.28 73,519.79 2,400 Nothing found

170.03 149,545.85 74,082.19 2,968 Nothing found

180.02 149,490.45 74,243.18 3,131 0.38

170.04 149,466.82 74,352.23 3,234 2.0

180.03 150,313.31 74,953.74 3,950 -0.35

175.01 150,599.91 74,873.86 3,953 Nothing found

176.02 150,442.48 75,456.95 4,470 Nothing found

174.05 150,559.08 75,434.93 4,478 Nothing found
175.02 150,559.08 75,434.93 4,478 Nothing found

174.08 150,085.54 76,587.11 5,515 Nothing found

1131 Cactus Cement supports of 306.7 0.26
pipeline from ground 336.6 0.18

zero to Station 1131 366.6 0.72
396.6 0.46
421.2 1.05
447.3 1.75

1.19
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crater. It is felt that the water waves generated by the shot were insignificant since the water
over the reef was only a few feet deep. Photographs show that the Cactus crater was filled with
water but essentially unwashed. Preshot and postshot photographs are shown in Figures 9, 10,
11, and 12.

The measured crater radius of 170 feet and depth of 34.5 feet were obtained from photogram-
metric measurements, Figure 13, and from lead-line soundings. The profile, Figure 15, was
plotted from preshot and postshot survey data and lead-line soundings along 6 radii, Figure 14.
The photogrammetric measurements were made from aerial photographs.

To compare these crater dimensions with those from the dry soil curves of TM 23-200, it
was necessary to obtain factors for adjusting the Shot Cactus dimensions. This can be done
by comparing Shot Cactus and NTS environments (soil strength and moisture condition),

The soil at Site Yvonne is interspersed with layers of hard and soft cemented sand, coral,
and shells, and is considered to be more cohesive than the NTS soil. Tests conducted under

Project 1.8 indicated that cementation at Site Yvonne was much more complete than at Site Irene
and, therefore, less crushing would be expected at high stress levels. Drilling logs were made
from holes drilled 400 feet southeast of ground zero; results are presented in Table 2.

In order to adjust the crater radius for soil strength, an F 2 factor value of 0.9 is arbitrarily
assumed because, as stated above, the Site Yvonne soil is more cohesive than NTS soil, upon
which the dry soil curve was based, but not as hard as granite (for which a factor of 0.8 is given).

Soil moisture conditions, although slightly different from those existing at the Shot Lacrosse
site, are assumed to be fully saturated for the purpose of these calculations, and a saturation
factor of 1.5 is used. The adjusted scaled crater radius is 48.3 feet. The radius given in TM
23-200 for the same crater under NTS conditions is 60 feet. If Shot Cactus height of burst were
adjusted to a surface burst by using an HOB factor, the corrected radius would be 51.5 feet to
64 feet given in the TM or a difference of approximately 24 percent. This percentage is well

within the accuracy of the basic TM curve. It is probable, however, that a factor of 1.4 instead
of 1.5 should have been used as the saturation factor since the top few feet of the soil around
ground zero was above the water table and was essentially in a dry state. If this were the case,
then the scaled adjusted radius would have been 59 feet giving a difference of only 10 percent of
the listed value of 64 feet. Both values are plotted in Figure 3.

The adjusted crater depth was more a matter of conjecture but it was felt that the underlying
formations, acting as interfaces, decreased the depth considerably. The relative flatness of
the crater bottom and the steep sides tended to support this theory. Similar craters were formed
from high-explosive detonations in soils having cement interfaces at various depths, Reference
8. The Cactus crater depth was predicted by using data from Shot Lacrosse which had a depth
of only 44 feet. The drilling log also shows a hard cemented interface at approximately this
depth. The depth of a crater in saturated soil would normally be predicted as 1.5 times the
value in dry sand, as taken from TM 23-200.

Crater Dimensions, Shot Koa. The Shot Koa device was detonated inside a 30-foot-diameter
water tank on the west end of Site Gene at the edge of the Ivy Mike crater. A preshot photograph
with a line indicating the crater edge is shown in Figure 16. A postshot picture of the crater
edge is shown in Figure 17. Station 360.01 can be identified in both photographs.

Preshot and postshot survey radii are shown in Figure 18. The postshot radii are displaced
from the preshot by a distance of 208 feet, making it difficult to relate the preshot overburden
to the postshot crater. To better define the crater the lead-line soundings along the postshot
radii have been shifted 208 feet to correspond with preshot data and plotted as profiles, Figures
19, 20, and 21. This procedure introduces some error, particularly insofar as depth measure-
ments are concerned; however, the error is slight and no reasonable basis for correction exists.
Radii 1 and 4 pass through ground zero and show the true measured crater depth.

A crater radius of 1,835 feet was given in the ITR and was found by measuring the distance
from ground nero to Staton M.01, which was wt losfeet of the crater edge. A more accurte
memairement of the crater profiles would give a radius of slightly in ecess of 2,000 feet.
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Figure 9 Shot Cactus preshot aerial photograph.

Figut. 10 sk-Ct Pcaaw uhtphoogA0Ph.
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Figure 11 Shot Cactus postshot aerial photograph.

Figue 12 Shot cactus postshot photograph.
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Figure 14 Shot Cactus survey radii.
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Figure 15 Sho Cactu crater profile.
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Fjgure 16 Shot Koa preshot aerial photograph.
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Figure 18 Shot Koa survey radii.
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Crater depth as shown in the profile is 171 feet, Figure 19. It should be pointed out that the
data is taken from lead-line soundings since fathometer surveys of this crater 4 days after shot
time indicated a depth of only 81 feet. The difference between lead-line and fathometer surveys
was presumably due to a suspension of mud and silt in the crater.

The scaled crater radius of 179 feet for an actual radius of 2,000 feet, or at the most con-
servative estimate, 164 feet for a radius of 1,825 feet, is the largest measured scaled radius
from a land surface shot. Using a washing factor of two and considering Shot Koa to be a nor-
mal surface burst the scaled radius value calculated from TM 23-200 would have been only 128
feet or a factor of 30 to 40 percent lower than the actual value. The scaled crater depth of
Shot Koa was 28.5 feet. The scaled depth value obtained using the TM dry soil curves and a
washing factor of 0.7 was only 14 feet.

Soil information obtained at Sites Gene and Helen, indicated soft sand with fractured under-
lying lens of cemented sand. The fractured condition may be partly due to the shattering effect
of the nearby Ivy Mike and Operation Redwing Shot Seminole shots. During past operations large,
waterfilled voids were found in the soil underlying Sites Gene and Helen. Two such cavities
vented to the surface close to the crater and can be seen in Figure 17. Available information
indicated that the soil condition in the Shot Koa area had somewhat less strength than that at Site
Yvonne and was probably more fractured than NTS soil.

This fractured condition may have accounted partly for the large crater size of Shot Koa, and
some thought might be given to introducing a fracture factor, similar to the strength factor used
in the Shot Cactus correlation. However, since no data exists to show the difference in crater
size that could be epected from fractured soil, such a factor is not used.

The only apparent unique feature of Shot Koa was the water tank in which the device was
detotd, Figure 7. t was desirable to determine if there were any data which might indicate
that the water tank produced any unexpected effects. Fireball photography showed a somewhat
asperical shape as late as 2.5 msec after the detonation, corresponding to a fireball radius of
150 meters. The time to minimum, as Indicated by the bbmngmeters, was about 35 percent
lower than would have been espected on the basis of the fireball yield determination.

Since no ether ummsal conitions were evident as contributing to the large crater size, it
ws coicided that an Increased coupling of energy into the ground was brought about by the
water tank surroundng the Shot Koa device. The water tank had, therefore, affected the early
fireball or shock transport history of the nuclear detonation from its normal pattern of an air-
gromd tuterface shot. This may have been due to the fact that in an air-ground Interface deto-
nation there is a tremendous dfference in density between air and ground. The fireball lad en-

Lqssed a lrge area of the gomd sn-face but ad goe only a short distance into the ground
by the time of hydrodyamic separation. When the device is enclosed in a water tank there is
less diference in denstty between the water-ground Interface, permitting the energy to be trans-
ported more nearly equally in all directions until the water-air interface is reached. The effects
of the fireball history are more weaniugl if it is realized that fox a mclear detonation at an air-
ground iertace less than I percent of the totai yield contributes to the formation of the crater.
A relatvely mall imuence on the overall energy partition could have a large effect on the crater
formtion Mechanism.

Since Mmilar effects were realized by the presence of a water tank surrounding the Shot
Seminole device, it was desirable to make a comrison of the effects of the energy bonding or
tanping effect on both shots. The Shot Seminole device was detmated in a 50-foot water tank
with the least dimmension of water to outside air being 10 feet. The volume of water surrounding
the device minus the volume of the tnner air tanks was 4.6 x 10 ft. The least dimension of
water to outside air for Shet Koa was approxImately 11 feet and the volume of water mtnus the
air tank was 1.5 x 10W It. With these values scaled to I kt, the least distance co water for Shot
Seminole versus Shot Koa is 4.2 versus 0. feet and the scaled volume is 3.43 > 103 versus

" A ITh.~ e scaled rals Ow Mot Somna wbui increased ty 30 patee for vaft ts I"
lest wra fte scaled vale ef fleet for Most fea.

From a cenparlson tf So jbe vafts wft TW =-WS ft eam be mmined tGM the wistr has
acted as a tamlm device to nrease the eeqlpft of energy to The soil. It would sear tat
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the increase in scaled water dimensions for Shot Seminole over Shot Koa, a ratio of 4 to 1 for
a linear distance and 300 to 1 for volume, has not increased the scaled crater size. Scalewise,
Shot Koa is larger than Shot Seminole. Until further data is available it can be assumed that
the scaled water dimensions for Shot Koa are sufficient for maximum partitioning of energy into
the ground.

If the factor for energy containment or bonding is desirable, then a comparison of Shot Semi-
nole's scaled washed crater, adjusted to 168 feet, as compared to a washed crater of 128 feet
from TM 23-200, would give an increase in crater size of approximately 30 percent.

Previous tests conducted with high explosives, Reference 10, show that the crater size can
be increased by slightly tamping an explosive that would have otherwise vented to open air. The
addition of more tamping had no effect. The cratering efficiency also increased more, percent-
age-wise, with a tamping or containment of a higher energy-density explosive, C-4, than a lower
one, ammonium dynamite. The Increase in crater radius of a tamped charge of C-4 to an un-

lei

rS "o" IW -o
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Figure 22 Shot Fig crater profile.

tamped was 15 percent, while the increase in radius of tamped to untamped ammonlum dynamite
was only 10 percent.

It is felt, therefore, that a containment factor of approximately 1.3 or 30 percent could be
used for low-yield nuclear devices with possibly a slight increase In the factor for larger yields.

Crater Dimensions, Shot Fig. The crater formed by the Shot Fig device is of special interest
in that it gives an indication of the accuracy of present cratering curves when extrapolated to the
subkiloton roge. There has been in the past some speculation of a possible increase in the cra-
tertng efficiency of fractional kiloton yields as compared to larger nuclear yield.

Mot Fig differed from other EPG shots in that it had a specially prepared test pad. A conical
section, 30 feet in diameter and 8 feet deep, was filled with dry sand transported from the NTS
for radiation studies. A layer of NTS soil was also placed over the EPG surface and extended
a distance of 30 feet outside the excavation. The layer was 5-inches thick at the edge of the ex-
cavation and tamped to a 3-inch thickness. However, by shot time this sand was saturated.
In comparing the data with TM 23-200, a saturation factor of 1.5 is used. Figure 22 shows a
profile of the crater.

The yield of the Shot Fig device was 21.5 tons and the height of burst was 1 foot. The crater
radius was 18 feet before slides and the depth was 9.7 feet. In comparing these crater dimen-

em Wit *mw sealed fi Vth4ry aoil crve inTM n 1W00, a unt1 m tsetor of 1.5 for beth
redMes ald 4"ph to vsed. Cube, root sealig is ""e for "ius sAd fmth root ealing for depth.
The lmeietims are eulated to be 19.5 feet for the radius and 9.8 feet for the depth. This
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-means a deviation of only 8 percent between measured-and-calci ated-crater racitus. -If it is-de-
-aired to-adjust the-crater-radius to a 1 kt surface.4nirst im dry soil for vompazimon-witr-siher
-craters, -then by-reduclntheiihmension-by alactor of 1 .5 forsAnturationuiad~neessig ik-byan
NORactor of 1.3, theadjusted scaled aduswou~d-be-56.&-4eet. -_Afem~tlugh it iswo~ble
to-draw n uinms-1rmmone--shot, -tahot- Fig-cruter ,mra nwsketpeen
wititthose scaled-zi ,M2-2O. 'Thia clese are1mel -nt, mintezwcwrayai
rmxirapolatedcurvesrmaybe~rtlyaccturedforwhenone invmersatthTM-nmvs~re

-based-pnimarily on-cht iromildgitsxqlohieazand towagleldm olear~dsviaes. - Pcmisin-
point if therer7areany-deviations Iniacuak-crater se-calcuated-xf m-7I-23-2O
they would-probably be -fr theizigher ,yield-deviees.

-,Craters fromh~3argeAhots.7 Theimmdrwater13ratera ofilhota fA-den, Aak,. -YNWwood,
-Dutteruut,--and Holly wervau edmgr e ra -taHutakby-means of a~vat~er.
These-cratermeaiem et cootutethe"m o ttyadataaai beromim elearzotions
on-barges. Averaged -crater- 4iimnstonsand ither-pertimnnfdoumtioisucawater-depth,

_av~eemredfromthewmer~uiace toathelagoon 'imiom (h),_Andthe~air4&etght of~burst,-.as
:,measured-fromx the center ofrgravity ot the device to- thez ter-audace3i().are-givei iff !Dable
7. - igurs 23-tbrough-3-2 show water -zero Jloctioniand-crater-prclies. AWhave-been-drawn
_Ahrvigitt zero .iocationwand-the -crateriwpofilesdeteumtaedi - __ m

-Calculation of erater dimensions tor- brge-shotauuingTUB34tO0.ca only-beiuvade for~sur-
.facezshots (i.e., ishote-wbose -centers of-gravtyzare atthe xuilace otthezater). It isdesirable
4Wa a coiparison bwmdebetweenthexhimsionts ofthe-eateranessuied. atthei PGtwith
thoseocalculated-from theTM. -This .om .u.l.. abeenumde ififZable 8.-JT~h lumes
listed-are those with-sand-ac the-crater~n~medlum. - Ctt-t ive-czaters, -olythe6hot-.ak
-dimensions conapared favorably. -Thi&'FMumlues for: radius 'bained :for A8hota Linden, -Yellow-
wood, -Buternut, -and Holly would-have to be ineres~edby 331-67, 15 5,iand -43 percent; -respe-
tively, before they would. equal-the actual-values. -TMvaliaes borthf~ortweraterlsuaild

-have to be increased by 134,-52, 117, and 6? percent, wespectively.-'ibbseatton5varewm-
-Ilhained-when it is realfted-that-the :EPG. shots were -not4=vf8 aeeb~ts'twued in a scaled
height of-borst to 7 feet, above-theuAter-suusace. -DecueueingthW heght to *iafcesibarstwshould
tnervaser the-crater radius considerably, -thereby incrssing-thellOWIatious. -Vouter~eptb is a
more-difficult~xomwter to compare since it is more -sensitive toather"p otmwidiun -cratered.
Pormuaple7_TM 23-200 indicated-that radius-*alues for-craters; formed in -Ioess-or clay wold
rmain the eam as those inuand, bthedpbim sonwould be Ineyeased by alactor of 1.7
to 3.3. Although-application of a-medium, correction factor udgtit-flw a closer-agmuisent for
depth it was not used since -infomation about the-media, or-the change atimedia withi .th as
not available.

Since only ausmal amoaunt of binforation was available on craters from nucalear-barge shots
it was considered dstrable to consult -previous Jdgh-expiosive tests in sallow water. Although
any attempt to scale -saall yield -high-emploetres to nuclear yields by conwintiosiatmiethods would
result in errors it was felt that by cowparing btghqflosive craters with igh.~explosive craters
an indication of the media respnse to shock in shallow water maight be obtained. Any conclusions
reached t~rug these tests mitght also b.appiicable to nuclear dmta. -Thereort listed as Ref-
erence 11 shows what effect charge position and water depth have on Uhit spoivmder'water
craters. This report also offersa wmethod for scaling crater dat to the nuclear sange. Because
this method is not applicable for above-water surface shots, calculaions were -made by-assuming
the ICPG barge shots to be surface bursts. These crater radius values are platted in Figure 33
as Method Two. Method (Me is a plot of TM 23-200 values for surface burst and Method Three
is an adjumtment of the NPG data to surface conditions. This method will be discussed later.

Test data from Reference 11 also indicate the following:
1. -QWbe4 te@G t wat~~fo er4Immns Isfairly ascerats, aa hreelSe n or be-

Atao i AWermeed.
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2. Crater depth is moare sensitive than crater radius to changes in charge position. Criater
depth decreases rapidly as charge distance above the water-g rmm Iinterface ts incrased.

3. There is Ittle change ink scaled crater radius for chargs posittened an the water surface
having depib scale fn=m 0.088 ft-IbO to 0.2 ft..IbL4', which is frm11 to 25 feet when scaied
to 1 kt of high expcuives.

Since crxter =ailu values abiained by either Afetiuss One or'Two wre not in agreemernt with
the data, it ms lfet that -a different approach us needed. The felleetg Wproat, pbstked as
Unithmi Three in J'~re 33, wm twood on the foltwb asmmptime:

1. Ciater raius is not-affected by scale water depths between .2 to 25 fee when the cher-ge
potion is-at the wtr inzlace.

2. Cab root -scaling is valid for crtrradius rndF r the abtve conditions.
3. The catr dhaeunk of charges detoated above the water surfae can be adywaked to

thoe I , chas debtl an the water surface by uning the Ame factoring symtem asd tor
sizallur almsa tuwe an sh-Vowund iterace.

'The- a -in m ud -Assumtions are vapprted by data previusly given frwnReereur-e 1-.
IM-2-M, INNP ar, izItstht they are tree only brtween a scald depth of 1L37 to Sleet.
A compriso of sealed crater vadii with-scaled depth of water inTable7 is -=D relationship
baftwen sied radix and watel r deph. Asmapbo 3 insuppoted by the vorlation of

rshe an Iml as the Imigh of burst above the lod sace is imewmm. Itabetion of
shuk anewy do to the aft-akr Ibrkace should be shauar to that I ran shaf-grand ikter-

-Te Emly can vwftbe t t eunM ter was i be the lova media conitions;
*webooms or Inafts). Any -such devititme wold prwkmW be musrand zzcwratios woid be
diffiut. Tbe um~w varlation hi -sealed crater eadles of the KPG -abuts -is behe'Ved do to the
heigh of I reW sve the waber-surhmc. Neit of burst htctrs heebeen deried by compring
the =dia for a 22w at the air-grawud iterface to thee with BfiU factors of 3.57, 0.314, IM5,
2.54 ma1-.2-feet or burst beigids oql to theseod ofBLnn hk elsi UWTtet,
an NoWl. Th rriiof tMe Ina du~ sold be Increased *y loctors of I-33, 1=0, 1.14
L2Smu 1.54 ft m= ftme RIf a valae bur-st. 'he aiiJ of Shts L~m~, CM*, Teleowud,

- a Se Rfy woe boweaed by Sm factors. The imewurd smadaud vufts tor
custer maim have bean IpI mtId i Figure =3 'The raidis Duem, UMethod Itree, has been drawn
With a Me third -Sky doe to asmned cube root scaling. Liftes wit other -slos iNdicating

IN PN, akinfg could be drawn for the iue poits, Wa as previously uimbed and until other
&Mis avmMP4 cube roa-sea for all linear dtmuauiams is advimhie.
Cis epth as mfefd above could be affected by a noeer of uuifimbe lacus. ITe curve

in Apgure 31 bas beow -oftrute 1, therefore, with aditsmeat wde, ouy far heigh of burst
abuse the vemr -rcI These eut factors were calculated in the =w may as the ra-

dis-at the craftr depthB dew-MAI-cur"efa TM 25-M0. The adsedl values then are
for cvatr &00 values for water 4werfce berats. A line with a aum third skye has been drawn
for thaf poer. *e aftet beas imde to acc for effects done to water depth.. lustead
at me curve, hoever, it is prle thot a famaily of curves should be drawn for varwas scaled
water dephs.. Crter dep th values in sand frim TM 23-M0 for water surface bursts have also
he.. M btmd sftame 5.

Ctar Lie Md ThkGWM. *0 c jeatwn has bengien =n this report to crater lUps forviwd
faeberg. -Aht. LW tIv. fmm by these craters have either bendestroyed th w ashing

or arm wa dealy Weiedb the thimeter eA. Arm couchmis.s therefore, may not be valid.
of the ta*e bad Shos Oak rtak shts Pig and awts. bad recor"ehe low. Shot Moa PFzr

1-. ha no s . lip ma it is asamed that the wave produced br the sham washed away arm lip
da uiht bove heen forwedL

bIohev~ arw ft aI I fbet bft Mel fu a 14 feet WIft. Iks am
fS AV WO ft 6*tf ft P rafh boft eM i at a *@Kftw we
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'Mhe IMV dthe ~hvit Caidt, criw ws wtb ~v ami wiftkraiqii from Miti or m
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ttoD1watam~wAmu fm . t m DA7m f b~t, ,, dbm mit
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Figure 35 cactus crater Up.
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pressure with a 1.56 seconds positive phase was nmaured close to Station 180.03. Comparable
transient mesrmet ere made by Project 1.8 at distances of 3,144 and 3,950 feet from
ground eo.The gae records at 3,144 feet registered a maximum downward displacement of
1.66 inches with a residual of 1.16 inches. An early downward movement of 1.94 inches was
r egistere at 1,660 feet with a residual displacement of 2.70 inches.
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is possible. The possibility of the stations being altered during gage recovery, outside effects
from other shots, and the gradual change of stations with time cast a reasonable doubt on the
validity of the data available.

CONCLUSIONS

It is concluded that:
1. A suitable factoring system can be developed for adjusting raw crater data to a standard

condition. Additional data, of different media response to shocked conditions, is needed in order
to develop these factors. This can probably be done by a system of high-explosive tests under
controlled conditions so that parameters such as soil strength, void ratio, moisture content, and
density can be varied and their effects on crater size evaluated.

2. Results of Operation Hardtack plus previous results of Operation Redwing have conclu-
sively indicated that the detonation of devices inside relatively small water tanks appreciably
increases the crater dimensions by acting as tamping material.

3. The cratering curves given in TM 23-200 for water surface burst are not in agreement
with craters measured from Operation Hardtack barge shots. Craters formed under these con-
ditions were larger than previously expected.

RECOMMENDATIONS

It is recommended that:
1. A more refined factoring system for adjusting crater dimensions be developed so that

shot data can be reduced to a standard condition.
2. Future detonations of nuclear devices having unusual environmental conditions be closely

monitored for associated effects on craters.
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