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Figure 2.2 Cslums displacement In south side of Shot 7 crater.
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SUMMARY OF SHOT DATA, OPERATION

TEAPOT
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- T 5
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L} "
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1 ] [ 1] nmu
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19 [1] W.pére

. . "

7 ESS 23 March 1230 T-10a 67-ft Underground M e A
1 [1] n.mm

# Apple 29 March 0455 T-4 500-ft Tower L O G
H 1e o s.ee

- . ”

9 Wasp’ 29 March 1000 T-7-4 740-ft Alr U )
1} ” 18.78

0 0 "

10 HA 6 April 1000 T-9% 36.620-ft MSL Alr L nes
1He -« B.EM

. * "

1l Post 9 April 0430 T-9¢ 300-ft Tower \ n. won .u."
N 1 nee

12 MET | 15 April 118 rr 4C0-R Tower Lomoa nan
l [ 4 ] % o .0

B o o "

13 Apple 2 | 5 May 0510 T-1 500-N Towes , -- u. u.nu“
I (L I B X
1 zu:ch':u} 15 May cdue T * 12 $00 ft Teans LT 4.3
L _.L J L | TR N T T

Approximate iveal ume, § 5T prior o 38 ApFil,

Actual zero point 36 feet north, 426 foet west of T-7-¢.
Actual sero puial 54 feet north, 62 feet west of T~ 7-4.
Actual tero polrl 36 feet south, 397 feel west of T-5
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ABSTRACT
N

Vertical shafts of colored sand were placed al~ ' one diameter
through ground zero on Shot 7 to give a permanent rec.rd of the true
crstar., Measurement of the physical characteristics of the apparent
crater and lip, and the true crater were made.

The nuclear data obtained from Operation JANOLE surface and
undsrground shots and TEAPOT Shot 7 were correlated with previous
high explosive (HE) test results. Scaled curves of dimensions versus
depth of burial with correlatisn betwesn HE and ruclear bursts were
developed for the Mevada Test Site soil 18 well es for seversl othc:
8cil types for which reliable HE data are availsble.

Particular attention was given to the definition of the terms
apparent and trus craters, in light of their meaning being based on
ths mevement of the s0il, as depicted by the coiored sand columns. A
brief examination iz made of the effects of ensrzy drnsity on the IXT
equivalence of undergzround nuclear bursts. The charge amnliceaent
configuration can play a significant role in determiniag the TUT
equivalence of a particular burst. B
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FOREWORD

This rerort presents the final results of one of the 56 nrojects comprie-
ing the Military Effects Program of Operation Teapot, vwhich ficluded 14
test detonations at the Nevada Teat Site in 1955.

For overall Teapot military-affects information, the resder is re-
ferred to "Summary Report of the Technical Director, ilitary Tffects
Program,” WI=1153, vhich includes the following: (ls a description of
each detonation including yield, zero-point environment. **ue of device,
anbient atmospheric conditions, etc.; (2) & aiscussion of n~:isct results;
(3) a summary of the objeciives and results of each project; ard (4) e
listing of project reports for the Military Effects Progrs. .

PReFACE

The original ideas for the use of colored sand columns for measure-
ment of cratering effects wvere conceived by Beawregard Perkins, Jr.,
Ballistics Research Laboratories. The author is greatly indedted to
Mr. Perkins for his consultation and assistance during the planning and
operaticnal phases of both the HE and nuclear portions of the test and
in the interpretation of the A-ta ohtained.

The assistance of the followving people is gratefully ackr—N i 08
by the autbor: (1) CDR. W. ™. McLellan, Lt. Col. 4. G. Jusi.r, smjor
H. T. Eingham, ICDR. Fred Clark of Programs Sectiom; Lt. €= ., J.
Haley and staff, Requirements Section; ard the stuff of the Directomte
of Weapons Effects Tests, Fiel2 © , ATSWP; (2) Capt+‘= R. LaP:iave
and Captain W. Gaye and staffs of ihe Ezvada Test Site Detacinert;
(3) the personnel of the Stanford Re.ear<h Izstituts field goup, u der
L. M. 9ire; (b) Lt. Col. Jobhn Pickering, /TR, ¥, J. Ch-istiansen, and
Lt. B. S. Merrill, Blast Branch, AFSWP; (5) Pvts. 4. G. Eseig and
William Murphy of the Ballistics Research laboratory; and (6) Colonel
E. F, Qinke, Major R. A. Bertrum, Dr. T. G. Walsh, Captain R, , xaison,
F. A. Pieper, Owen Riclmood, J. W. Halbrook, Lt. B. A. Homer, rvts.
N. P, Jokerst, Warren Hils, and J, E. Taylor, and Pfc. Lionel Stein, all
of the Engineer Research and Development leborutories.
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Chapter |
INTRODUCTION

1.1 OBJECTIVE

The objective of this project wee ic letermiue i~ physical
characteristics of the crater and lip formed by the u~icrground explc-
sion of a nuclear device. These crater characteristi~: are utilized
in establishing empirical scaling curves for the craiering effects
from underground burste. The curves apply to soil >~ ~litions found
at the Nevada Test Site (NTS) and were obtained by iuierpolation
between JANGLE surface shot (3), JANGLE underground shot (U), TEAPOT
Shot 7, and extrapolation from high explosives (HE). In addition, an
effort is made to construct nuclear cratering curves for other soil
types for which reliable and applicable HE data are available.

Correlatior between nuclear weapons and HE cratering phenomena
is desired for various scale depths of burial for the particular soil
conditions at NTS. One of the important factors in interpreting the
results of a crater measurement test is the problem of definition of
the various crater characteristics. Therefore, a further objective
of this project was to define such variables as arparent crater and
true crater for the Nevada soil, in order to make the results of the
nuclear experiment more easily interpreted.

1.2 BACKGROUND

Tvo nuclear devices of 1.2-kt yicld, one s near sur ‘ice burst
(3.5 feet above the surface) and the other an und=r:ound burst (17
feet depth of burial), were detonated at JANGLE in 1951. Only measure-
ments of the apparent craters were obtained at tais ves8i beccause no
provision hnd been made for permalcnt instrumentation to allow the
neasurement ot the “rue creter after decay of the residual ac.ivity.
After a time lapse, suflicient to reduce the —edintion hazard, accurate
measurement of the true crater dimensions wvas impossidble, since during
the vaiting period the area wvas exposed to the elements vhich ~aused
the surface soil to be blown about by the wind &nd conso) 1dated by
rain and snov. (Refurence 1).

A distinction between the meaning of the terms apparent crater
and truz crater as intended in this report is wvarranted. [n Figure
1.1, a typical crater formed by the detonaiion of un explcs!.e under-
ground is shown. The line labeled apparent crater denotes the crater
vhich remains alce: all ejected material has fallen vack to earta.
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The true crater is defined as the volume bounded by that surface which
generally lies at some greater depth than the apparent crater, and
vhick represeuts the limiting distance from the explosion at which the
material originally composing the crater was coampletely disassociated
from the underlying material.

The true crater dimension is the one which should receive the
closest attention with regard to scaling of effects and pa:tition of
energy --- i@ apparent crater is too easily affected by such factors

Fallback ! 1o
et i~ Originai Ground Surface A\
y p

Apparent Croter

Plastic Zone

True Crater

Rupture Zcre

Filgure 1.1 Profile of craters from an underground ex-
plosiaon.

as surface vind conditions and engle of repose of the distrubed soil.
In addition, the rupture zones are too difficult to measure in most
8oil types. Rupture zones are quite easily measured in high-clay-
content soils, but are almost impossible to define in sandy soils.

In order to give more confidence to the experimental technique
used in Project 1.6 for determining the true crater measurements and
also to define this true crater in NTS soil, an HE test w=a conducted
at NTS during the fall of 1954. The results of this tast are viven in
Chapter 2.

12

CONFIDENTIAL




Chapter 2
PRETEST HIGH EXPLOSIVES PROGRAM

2.1 TPRORY

The field of underground explcsion effects has had “o be approched
from the empirical point of view in order to achieve any semblance of
understanding. The factor contributing most te ti’- situation is the
earth itself, which by the very natwe of its extrems - n-homogeneity
makes mathemstical models and equations of state dif:sicult to estab-
lish. The lack of sujtable ground-shock instruments .cn has retarded
the determination of paramenters influencing the phenomena; this in
turn has retarded the development of a suitable tuec-y.

The earth lends itself to one form of measurement, Cratering,
vhich air and water do not, that has been valuable for study. Wwhen the
earth is ruptured by an explosion, a record of rearranged, pulverised,
sheared, and even fuzed earth is left behind which can be empirically
studied while the development of transient effects measurements is
advancing. Measurements have been made of the apparent crater, that
crater existing after all fallback, as the basis for criteria of damage.
The variables of the apparent crater are: diameter at original ground
level, depth, lip diameter, 1lip height, and volume. In some initances,
attempts have also been made to measure the true crater dimensions
either by probing with rods or by excavating a vertical cross section
to find undisturbed material. The Ballistic Research laboratories
(BRL) has experimented successfully in sand and clay using vertical
columne of colored sand to give permanent records ol displacements and
shear. These results were fram very small HE charges and =re reporied
in Reference 2.

The BRL technique showed great promise as a mean- .7 obtaining a
vertical cross section of a crater belov ani beyond the arparent crater,
and in giving indicaticzs of the extent of the material movement in the
regions ranging from compleie izhcar and ejection to no srear and miaur
displazeweat. It also indica'ed the mechanism of 1lip format’on, fiving
impetus to forming a tangible definition of the true crater aad to
extrapolating such a definition to the nutl:ar case and other soil
types as a means of understanding the partition of energy of undergound
explosions. The true crater appears to be a more logical pirameter
for energy determination, principally because it is not affected as
much as the apparent crater by the post-explosion phenamena of fall-
back, fallout, angle of repose of the disturbed eartii, and wete-rolo-
oical conditions.

The term erergy partition is discussed briefly here to avcid
confusion in terminology. When a high-energy source is suddenly formsd

13
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by the detonation of a charge, a voiume approximately the size of the
charge and containing this total energy can be said to exist for an
ingtant afte: detenation., The amount of energy released per unit
Wwelght of explosive is the energy density of the explosive., The term
energy density is often used to describe high explosives according to
their brisance or shattering power as distinguished from their total
work capability. Hrisance in high explosives is dependent upon the
suddenness with which the gaseons products of an expiosirw. are liberated,
and the rete of detonation is at least a major factor in determining
brisance., i new definition of energy density is required when describ-
ing the thermodynamic and hydrodynemic states of a nuclear explosion
fram its time of detonation until the transfsr of its energy to the
surrounding medium becomes faster by shock tha:i by raliat'on =-- the
end of radiative transport. This is enerz; lussity in wer1s of energy
per unit volume, Throughont the remainder of this repox this latter
definition of energy density will be used unlees stated ~'lLerwise.

Sincs the gasball of a high explosive charge is ol¢ :‘ned by chem-
ical decomposition, its energy density is determined by ine volume of
the undetonated charge. However, a nuclear explosion must create its
gasball frcm the weapon fragments and the surrounding medium, This
process, known as radiative transport, is estimated to end when the
isothermal sphere has cooled to a temperature of about 300,000 degrees
Kelvin, It follows that the volume of the gasball at this temperature
will be dependent upon the medium in which the detonation cccurs
(Reference 7). The amount and rate of work dane on surrounding medium
by the energy of an explosion is seriously affected by the energy den-
sity of that explosicn, Tha energy density factor alone can lead to
some of the difficuities of correlating atomic and HE explosions, since
their respective tial energy densities can differ zreatly, possibly
by a factor of 10/, For nuclear airbursts, this large energy-density
difference manifests itself by loss of a large percantage of total
energy through radiation, wherezs the relatively low-tempercture HE
burst loses only a small percentage in this mannar,

A nuclear airburst is usually referred to as having » m~chanical,
or blasi, efficiency of LO to 50 percent relative to TNT (sc stimes
better expressed as a TNT equivalent of LO to 50 pe~:-:. in mechanical
energy). This wechanical efficlency is somewhat harder to define for
explosions which travel through an interface, such as sfrom ground to
air; but agair, the mechanical effecis of the TNT explosion can be
considered as 100 percent, and the nuclsar effects can be evaluated to
give a TNT equivalent.

It is reasonable to assume that the mechanical energy will
increasze when the surrounding medfium is highly opaque to therai)
emission, as in underground nuclear bursts, rether than when 't is
relatively transparent, as in airbursts. In either case, howsver,
the TNT equivalent does not account for the total energy releate.

To preasent the partition of mechanical energy from an undergroun.
burrt as the depth of burial is greatly increased, the energy appear-
ing in the form of ti.e .rater, ground shock, and air shock could be
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plotted as is shown in Figure 2.1. A most important point about this
comparison is that the apparent crater does not turn out to be a good
effects measurement, with respect to energy partition, as the depth

is increased; conversely, the true crater continues to indicate work
done on the ground, even to extreme depths. There are zones beyond

the true-crater which would be better for measurement of work done;
however, these must be measurable in all types of =~il to be useful ---
unfortunately, this is not the case. These zones beyornd the true
crater ary usually referred to as rupture zones. In order to measure
the maximum work done on the soil, it may be reascned that the extremes
of this rupture zone are more indicative of total work than are the
limits of the true crater. In a few soil types, such as sand or the
NTS s0il, these rupture zones cannot be measured eaz*l-, if at all.

The next step was carried out by the United States Army Engineer
Research and Development Laboratories (USAERDL), to se 1f the new
technique worked well for charges larger than those used at BRL, and
it was found to provide excellent results with chargé- wn the 200-
pound category. The problem then arose as to tho selection of the
proper column material, color, and configuration for the TRAPOT
crater-measurement project, since this would be a one-shot partici-
pation, with no chance for subsequent modifications of techniques.
It was decided that USAEWDL would instrument the final phase of the
Stanford Resaarch Institute {SRI) Mole project at the JANGLE U -
TEAPOT Shot 7 site and determine significant soil factors grior to
Shot 7. Further, information was desired as to whether the apparent
crater at JANGLE U was also a true crater, and whether it would give
a direct comparison betwzen the colored-sand-column and the probing
tachnique of true-crater measurement.

The objective was to establish a definition of a true crater
using sand columns --- not ‘o validate other measurerants, particularly
in Nevada soil --- in order to give more understanding and reliability
to the Shot 7 results and correlation with the high exploc.v. tests
in other £oil types. Thesa will ultimately follow in ser~~hing for
more exact solutions to the problems of amployment ar? .U7,cts of
anderground explosions.

In addition to thos: c:rrent ani long range problemr, it was
important to predict the effects for Shot 7, in order tc properly
plan the locatinon of test structumms, basic inetrumantation, and
columns for Project 1.6.

2.2 PROCEDURE

Muring the period 18 October through 4 November 1954. the SRI
detonated six 256-pound spherical TNT charges at the JANGLE U site
Tour of thess, at scaled depths of 0.26, 0.50, 0.75, and 1.0 ft/.1/3,
were instrumented for taking true crater measurements using n‘ 1
rertical columns along one diameter through ground zero (including
one column directiy Dolow the charge). The holes for thess colum's
vers drilled with a &-inch-diameter auger, ranging in depth from 4

15
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feet for the outer columns to 13 feet for the inner ones. The column
configurations for Shots 401, L02, and L4OS5 are shown in Figure 2.2,
and the configuvration for Shot LOL is si.own in Pigure 2.3. Tne
column depths were extended for Shot LOL because of the greater scaled
depth of burial of the charge.

Two types of fill material were used in the columns: asphalt
and colored sand. The strength of the asphalt columns was v-ried,
1s was the amcant of water or ilquid centent cf the sand colums.

After each shot had been fired apparent crater measurements were
made. After plotting this profile, ons half of the crater was

Circted numbers refer 'o depth
of duriol

Cround Pressure
,

/7,
/ ///

Distonce s 0
True Croter / 'ﬂ (—3 °
3 Apporent é
3 ! /_\ roter 5
| h |
7/ | T -a
L= L
'i:;, 3 @ Disioxe
Depth of bural

Figure 2.1 Schematic plan of the pertition of blast energy
{rom an underground explosion between ef’~.ts above and

below ground,

excavated awvay from the columns using a drag line to considerably
enlarge half of the crater, taking care not to distird their position.
After excavation by drag line, hand tools were used to uncover ths
columns one at a time. As portions of the columns were uncovered.
they wero surveyed, photogmaphed and plotted on a profile as shown in
Plgures 2.L to 2.7. It wes originally planned to space the center
columns at 2-feet intervals but this proved unsacisfactory for
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Figure 2,2 Preshot column configurations for Shots LO1, 102 g

and L0S.
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Figurs 7.3 Preshol colwmn configurstions for Shot LOL.
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drilling the holes without interaction. Thus a plan having spacing

no closer than l-feet was adopted and worked well.

2.3 RESULTS

The results of Shots L01l, 402, LOL, and LOS were ~:ite satisfac-
tory in establishing the tru2 crater and in developing the additional
operational t-chnique needed for the efficient conduct of Project 1.6.
The profiles shown in Figures 2.y to 2.7 give the results obtsined by
probing as well as ihe USASRDL eolumn data. These SE1 data a.: taken
from Reference 3 aud vary somewhat from the USAEHIL apparsnt-cratar
profile obtained in a similar manner but along x diffsr.- ' dlameter:
that of the colored columns, For comparisuns with previovr ::ta, the
SRi measurements will be usad for the apparent-crater and ine USAERDL
measurements for the true-crater.

2.3.1 Shot LOl. This shot was at a scaled depth o1 _ = J.%
and was instrumented with asphalt colums to one side of ground sero
and below the charge, and the red-sand columns on the other side of
ground zero. The column positions are shown in Figure 2.2. The three
outer columns on each side wers appraximately 2.5 inches in diameter.
Thesz smaller-diameter colunns ware made by standing a steel cylinder
in the center of ‘he 6=inch—-diameter hols and altermately adding £111
material around the outside, colored materisl to the inside, and
pulling the stoel cylinder from the hole to the murface of the ground.
Tids technique was qulte satisfactory; howsver, it was wnnecessary for
the sand columns because the colored fill i3 of the sams soil that
was drilled from the hols and strength was unaffected by adding the
vater-base paint coloring to the &=inch~diameter hole.

Colums 1 and 9 showed no :iisplacement from the explusion.
folumns 2 and 8 (shown in Figures 2.8 and 2.10 rospectively) were
apparently in the rupturw sons of the crater and just bejond tus trme
crater, Columa 7 (Fgure 2,9) was not symmetrical with Colum: 2 and
presented & difficulty in selscting the base of the trus ..<ior at
this poinl due to the lsck of colums sufficiently close -~ ..ch elde,
Colwm 3 was severely ruptured and ejected, with only a small section
at the buttom belsg recoversi, This botlom plece was d's~lac-d hrtn
radially and vertically. Colums 4 and 6 were clsanly shearei off
(Pigure 2.11) togethar with Colwm .. which wms mushroamsd by the
blast, as were 21l the center colums of the mubsequent sliots, The
tops of these columns represented the base of tr: trus crater profils,
The dip in the true crster profilo at Colww 6 was undoubdbtedly caused
by belling of the hols during drflling, which disturbed tXis scue and
reduced its shear strength, An average cross section obtainea by SRI
using the probing technique 18 also shown on Pigure 2.L. It falls
well below the true crater and into vhat might be called tle li=it
of the extrome rupiure sone.

2,3,2 Shot 402. THe crater fram Shot 102 was more symmetrical
thar for ure 2.5j. This shot was et a scaled depth of

2

CONFIDENTIAL




Figure 2.9 Column 7 of shoct LOl, 2.5
inch diameter, 10 feat from ground
zero, asphalt column,

Figure 2.3 Column 2 of shot LOl, 2.5-inch diameter, 12 feet
from ground zerc, filled with orange=colored sand.

Figure 2,10 Column 8 of shot 401, 2,5— inch diamster, 14
feet from ground zero, asphalt column,

Figure 2.11 From laft to rights Columns
L,5 and 6 of shot LOl. Colwen L, orange
colored sand, 6-inch *’sriter, L feet
from pround zeros Columns 5 ami &
asphalt, 6-inches ' i=ter, at ground
2870 aid H-fest [rom ronnd zcro, re-
spactively.
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Ae = 0,75 and was instrumented with sand colums only in alternate
colors of yellow and white. The white was a poor selection, since it
gave very 1liiile contract to the soil itself, Again, the SRI probe
data fell below the USAERDL true crater line, especially at the great-
er distances from ground zero. The sand colums here began to show

a superiority over the asphalt for producing better records and also
for giving a column strength more nearly equal to that of the surround-
ing medium, thereby indicating a more reliable measuremen®., On this
shot, a phenamenon was noticed at ths top of Column 9 (an exposed view
of this coluan is shown in Figure 2,12), The column was shearea in a
horizontal plane by the action of the lip formstion. This Iaft &

thin line of colored sand, shown in diagram in Figure 2.12 and by the
thin, white trace in line with the trowel shown ia Figwre <,12, This
phenamenon was firss noticed in previous suick (fsference 2 and
verified the idea that the 1ip is formed principally by h.iizantal
radial displacement of closer-in material sliding over th- originaal
ground surface. There is al30 evidence of vertical displacement in the
formation of the lip as will be seen in examination o ... TEAPOT Shot
7 results, This vertical motion is caused by compression in the
rupture and plastic zones which causes the soil nearest the surface

to move in the direction of least resistance which in this instance

is upward. A paste-like sand having the consistancy of & thick quicke
sand, which is shown in Figure 2.13, was ussd in Colum 3 but proved
unsatisfactory because its added strength caused bending rather than

a shearing movement,

2,3.3 Shot LO4, This shot was at a scaled depth of A\, = 1,0,
and Te 8 were very similar to those for Shot 402, the crater
having & slightly larger v-lume. The trace material in the lip was
again cbserved,and, in this instance from two columns on each side,
gave a clearer indication of this formation. Asphalt was used again
on this snot in Columns 1 to L3 but when it wvas mixed thin enough to
form a suitahle coluwm, the asphalt was nothing more than a thin
coloring mat ‘ri&l which could be btetter done by the watar-baew paunt,
Figure 2.1l shows a major portion of Column 2, which was outride the
true crater zone, but it shows two well-defined shear pl-r<. within
the zone of rupture as well as a thin shearing trace at the *-p of
the colum similar to that indicated in Shot L02., All ine columns
for this shot were a full 6 inches in diemeter with Colums 1 2. A
and 9 being extended to 6 feet, and Colwms 3 and 7 being ex*anded
to 8 feet to handle the greater depth of burial.

2.3.4 Shot 40S. This shot was interesciny “wmucuse it was at a
depth (Ac = 0.26) nearer the JANGLE U scaled depth (A, = 0,1l;) and
gave an indication that there may be a trend toward les: differan:s
between the true and apparent craters as the scaled depin 18 Cecreased.
Colored sand was used in Colums 1 to 5, and an asphalt-colorsd sand,
identical with that used in Shot LOL, was used in the remaining
colums, Figure 2,15 shows a brosd view of the left half of the crater
camprising Columns 4 to 8. These two figures used together with
Flgurs 2.7 clearly show the true crater sone, Columm 3, shosm in
Figure 2.17, was entiiely outside the true crater and in the sone of
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Mgure 2.12 Column 9 of Shot 402, Figure 2.13 GCelurm ) of Shot 402,
2,5-in diameter, vhite=colored 2.5-in diareter, vhite sand
sand, 16 feet from ground ssro ocolumn with a water oontent,

Figure 2.14 Column 2 of Shot 404, Pigure 2.15 Colwma 2 *w.ugh 5
2,5-in diameier, white—ocolored of Shot 405.
sand oolumn, loceted 14 feet
ground sero.
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Figure 2.17 Column 3 of Shot 405, Figure 2.18 Column 6 of Shot 405,

2.5-in diameter, ywilow-colored 6~in dismemter, asphalt-colored
sand column, located 10 feet sand column, located 4 feet
fram ground sero. from ground sero.
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rupture, having several small shear planes. Figure 2.1% clearly shows
8 major shear plane, agein located in the rupture zore and possidbly
associatea with a stratified layer in ths subsurface.

2.4 DISCusSION

The HE shot data cannot be used as absolute wvalue., for scaling
of true crater data for Nevada scil, because there were only four
ghots and one charge size. However, fram the plot of the apparent~
crater dats from these shots, as compared with those fror previocus
MOLE data and the JANGLE HE data (see Tables 2.1 aund 2,2) it is
apparent that aii the charges detonated fully ana th~* ihe points
for scaled crater radius fall on the curve tased on pr-.visus data,
This plot is given in Tigurs 2.19. The USAERDL true-c:ater data,
as given in Teble 2.1 and plotted above this same cuwi. . do not
appear unrealistic, They show & trend to less difference between
apparent and true craters as the scaled depth of bul-. is decreased,
Flgures 2,20 and 2,21 show plots of scaled crater depth and volume
versug scaled depth of' burial from the data in Tables 2.1 and 2,2,

The data, as shown in the plates and profile plots, might give a
misleading impression with regard to what is msant by the shear of
some of the columns at various places bolow ths indicated vrue-crater

lines., It is not felt that this shear, characterized by relatively
snall displacement (sce Figures 2.9, 2.1h, and 2,17), is a valid
crater measurement, rather 1% is associated with low soil strength
or stratification weaknesses, Thus, it gives a measurement with
meaning oaly to the shot configuration and soil condition for that
particular charge,

Undoubtedly, the zone previously called the true ¢rater, and
found by probing, is the extent of the zone of complete rupture,
This does not fit with the definition of the true crater ao. t-ing that
zone from wvhich material was campletely disassociated .iruw its
previous position, The rupture zone is characterired r- - - this
extrewe movement, but rather by extreme breaking up aud fr.cture
togother with mich less mass motion or distaness > auvement.

Naturally, this rupture zone plays a part in terms oY kinetic
energy cf tre mass of ecrth mowvsd by the explosion and, as such, shovld
not be discounted in total-energy evaluaiion, The future study of
this zone will be required to cbtain a thurcurh unlsrstanding of
cratering phenomera, and future developmente in instrumentation
technique will undoubtedly make such a study feasible.

It seems highly profitable, therefore, to examine the true crater,
asg detined by this discussion. and the results of these HE esperiments
to understand ths camarative efficiencies of nuclear energy ard K=
for cratering purposes. Purther, it is felt that this definition ghould
by used in futurc cratering experimeats in order to understand further
the cratering phenamena,
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Chapter 3
NUCLEAR PROGRAM

3.1 PROCEDURE

3.1.1 Colored Sand Columns. In preparaticn for TEAPOT Shot 7,
twenty-cne B-inch-diameter vertical shaft. were drillud along ie
diameter and through ground gero as shown in Figure 3.1. Tnese holes
varied in depth from 50 to 200 feet and were drilled witi - wall-drille
ing rig of the calyx typs, using driller!s inud as the medlr. Zir
carrying the cuttings to the surface. After the holes werc drillsd to
the specified depth or greater, they were hailed dry and ir._;.ccted for
plumbness, diameter, and depth. Then, upn aicsen*ance 2f a hole, it
wvas immediately backfilled with the colored-szand mix,

Al.. the holes were drilled to meet the specifications of the test
plan, with the exception of Holes 1 and 8, thich required re-drilling
because of sluffing, and Hols 11, which was 20 faset short of 200 feet.
Hole 11 was accepted, however, because it was determined that addition-
al attempts to obtajn the 200-feet depth mdght cause the entire lower
uctim of the hole to ccllapse, Figure 2.2 shows the drill rig over
Hole 1.

After the 21 holes were backfilled with the colored-sand mix,
the ground was graded with a motorized grader, and the positions of
the tops of the columns were surveyed. 3pecifications for the
finished colurns are given in Table 3.1.

The sand for the colwms wvas mixed with the water-base paint by
use of a portable cement mixer. Soil from the test area wes fiicv
sifted througn a 2-inch-mesh screen and then showled into the dxer.
Ths bulk water-base paint waes first diluted with appraximat..y cnree
parts of water to one part paint and thea slowly injected 4=* . the
mixsr to obtein a uniform mix. The required unifcrxdty of sand-to-
pain’, was easily cbtained by ccatrolling the mmber of shrwelr of
sand and gellans of paint per mixsr luad. After thoroughly slxing the
sand and pairt, tne wixsr load was d.wped in‘o the hole through s
large metal funnel, and measurements of the haight of i1l o2 each
load were taken to ensure that no sppreciabls sl:’cing of the walls or
bridging of the mix had occurred. Figures 3.} and 3.L show the mixing
and backfilling operation in progress, Figure 1.5 shows a sample o1 &
rdxer load being removed from the mixsy and preserved in a glass jar
for future reference as to color or uniformity of the entire colummn,

3.1.2 Aerial Markers. It is imp:ssible to obtain crater mmamire-
ments by surveying at early times after an undergrowad nuclear bLiuet
becanse of the high re-idual-contamdnntion fisld in and around the
crater and lip area., To overcame this difficulty, aerial mapping
procedures were used on Shot 7 to odtain early-tire profiles of the
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Alack
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(rt)

345

Marker No.
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TABLE 3.1 - SPECIFICATIONS OF COLUNNS

Elevation Elevation
Depth Top Column Bottom Colusmn

(re) (re) (r¢)
Sh 4290.13 4236.13
L9 4289.93 4240.93
5l 4290,03 4239.03
51 4290.0 k239.04
=2 4289.86 4237.86
&2 5269.93 4207.93

104 9% LA

SE 4289.90 %183.90

163 £290.03 §127.03

21k 4290.22 &076.22

206 42:6.00 boflz.00

1% 2289.8% 5135.83
iw 290,02 4185.02
13 4290.% 7.2
78 A290.48 A212.68
[ 8291.08 A329.08
» 8291.05 42%.05
6A A291.17 8227.13
60 4290.7> 4230.76
» A290.'A A231.5
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Remarks

Tuis co’'mn vas drilled 5 ft nearer
Go due to the failure of first bole
to stand.

Columr was radriiled 5 feet nearer
GZ bec. ¢ drill etem was loet in
original bole; after recovery of same,
unifor~:%, of hole had been destroyed.

At =125 ft from surface, an object,
vhich appears to be a large stooe,
protrudes from side of hole and about
halfvay iato hole.

Thie columu was redrilled at 5 ft
pearer GZ because original hole was
rot plumb.

wround level
KRevation
(=)

4329.24
v 528.10
29320
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cratar and 1lip. Hortzontal and vertical control for the aerial
stereophotographa was obtained by placing aerial markers in 12 positions
about ground zero, as shown in Figure 3.6. These markers were construct-
ed of reinforced concrete in the form of a large cross (8 feet by 6

Jeet painted black and yellow), and after erplacement on the ground
surface at the specified horizontal positimns, their elevations were
determined by survey. The horizontal and vertical positions of the
markers are given in Table 3.2, and photographs of the marker:. and the
emplacing techriques are shown in Figures 3.7 and 3.8,

3.2 RESULTS

3.2,1 Apparent Crater. By use of the «2riai markers an< mapping
te quas desc Sectian 3.1.2, a contour map of the . parent
crater and 1lip was ottained from serial stereophotographs ta‘-a at
H + 20,5 hours, Prints of these stereo pairs, taken at 3,130 feet
above ground surface, are shown in Figure 3.9. The contour ..p
obtained from these photographs is shown in Flgwre 3,10, and four
profiles of the apparent crater and lip, running vertically through
ground zero and at 0, 3L, 90, and 138 degrees azimuth from true north,
are given in Figures 3,11 through 3.1, From these four profiles the
dimensions of the apparent crater were determined and are given in
Table 3.3. For purposes of camparison, the dimensions of the JANGLE S
and T aret.ra ava also given in Table 2.3,

3.2,2 Excavation of Sand Colwns, Excavation work to uncover
the colored zand colums could not E;an immediately after the detona~
tion of Shot 7 because of the very high residual-cantamination hasard,
Periodic checks were made on the contamiiation lsvel in the crater and
an the surrounding lip area at intervals of sppraximately two months
to determine vhen the area could be en‘ered in safety. During the
swmer of 1955 these checks indicated that decontamination vork would
be necessary if the excavation were to proceed during the calend: *
year 1955. Since this was fell to bs desirabls, a program uas eostablishe
ed to use land reclamation tectniques tc reduce the radiatice 'rzand
surrounding the crater to reascnable levels., This work waz not FSVP.
cponsored and was conducted by personnel from USAYPDL, 1. w11 b
r=orted on in a report entitlsd. "Land Reclasmation of 3 Creter lip
Area "sing Earth Moving Equipment®, to ba pablished in the near Zuture,
Since the major nartiaon of vhe excava‘ion type work to be done in Ares
10a was concerned with Project 1.6, it was decided to lwup all similar
work together under this project. Towards tkhis wid, ¢ wincovering
of tne permanent displacement mcuuments under Yroject 1.7, the uncover-
ing of JANGLE structures under Project 1.1.], and the excavation dow.
to original ground lovel and the clsaning cut of stracturee 3.).la-l
and a-2 were accamplished as part of the oversll prograam,

To allow this work to proceed in orderly fushion, the first work
done on Project 1.6 vas to excavate down to the onlwins in the lip.

1,e., acove original ground level on the south lise (olwmns 1)
through 21), and to make m-asurements of these columas, The werk oo
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I - I . 7.

Figure 3.7 Precust aerial marker Figure 3.8 Positioning of aerial
being removed fram truck. marksr No 6.

Flgwe 3.0 Aerial stsrophotograpns of the fhot 7 creter.
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Pgure 3.10 Contour map of Shot 7 crater and lip.
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Project 1.6 then proceeded to the nort» line of the crater where no
other programs had.structurss or excavation work requirements; in thia
&rea, work procseded during that period of time in which the post=schot
HE program under Project 3.3.2 was being carried out.

The extreme slopes on the side of the crater from Shot 7 were not
predicted from previous HE work, Therefore, in planning the excavation
work it had not been anticipated that ordinary earth m~ving equipment
would bc unable to negotiate the crater sides. A study of the proposed
program indicated that all columns with the exception of these at
ground zerc and 50 feet to each side. i.s,, No. 10, 11, and 12, would
be in such a position that a treach could be dug to the west side of
them allowing tiiem to be uncovered with hani toola., T.s is basically
the work that toock place during the pc: iod 1 October ta S November 1955,
After an estimate of the difficulties involved in exce-ating to the
center column was made, it was deternmdned to defer thi- work until the
spring of 1956 to allow time for planning a proper technique and
letting a contract to accomplish the job,

The determination of an exact point in space of some portion of a
column was accomplished by triangulation. A diagram of the method
used is shown in Figure 3.15. Appendix A gives the data obtained by
this method and the evaluations and the distances from a2 vertical
center line through grourd zero of significant measurements., These
daira have been plotted as shown in Figure 3.16. (see Figures A.l and
A.2, Appendix A, for detail on sand colurn movement.) Figures 3,17
through 3.L3 give visws of various stages of the excavatiom work and
of the indivicdual sand colums,

With the exceptions of Columms 10 and 12, those at 50 feet to
either side of ground zero, all the colums were uncovered and document-
ed, The various depths to which the colums were uncovered were
dictated wherever possible by that depth at which it could be assumed
that the colum had suffered no shear or displacement of = ma~nituds
of interest to the evaluation of the project. This dspth, not inciv’-
ing the center column, ranged from several feet at Colv—:: L and 20
to about LS feet below original ground level for Cclvums * and 13.

3+2.3 Jaterpretation of Sand-Coluwm Data. The profile vi,w of

-

the crater as shown in ﬁm 7.10 Indicales thal some revision of tho
previously d¢fined tarm " crater® may be in order so that the zone

of sheai evidencod below the 11} receives consideration., It iy most
likely that this zone of damage also occirs fo= smaller HE explosions
tat the dimensions of the resultant actual aisturbances are so small
as to go unnoticed. Hwwmever, this ground movement can be botdh
appreciable and important for underground explosions thrcrghout the
range of nuclear ylelcs.

The top of Column 11, when uncovered, was 128 feet bulow the
original ground level, or 61 feet below the center of gravily uf the
charge, This point was defined previocusly as being the depth of the
true crater. It .pprared obwvious from the nature of ths excavatec soil
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that all material directly above this point was in a zone of complete
dissocietlon £nd had probably been ejected from the crater, but with
insufficient energy to prevent falling back. This material was
characterized by a much higher temperature than normal, although no
exact measurements of this were made. Between 105 and 115 feet below

~

" Line through coiumns

x= 180 tan a (ft)

180
cos a (ft)
z=s tan b = —-———'80 fanib (f1)
cos a
¢

Figure 3,15 Methed for determining point -m 3:iiu column.

the original ground surface, the resiudal radiation aclivity drappad
quite rapidly to what was cornsidered s only scatter from above,

0f particular interest is ths action of the soil as evidenced by
Colwms $ and 13 in the lip, The end of ihe urace .. Colum 9 extended
outwvard to a greater radius than the end of Column 3. It appears that
the ground movement which vltimately forms the lip close in to the c.ge
of the crater is & sliding or shearing movement with that mater.al
vhich is close. to the burst point being given the greatest energy
for this movement, The results of this movement are enhanced in the
vertical directicn by the compressive action of the shock in the
rupture and plastic zones. This results in vertical displa:ement .f
the s0il close to the crater since upward motion presents tne path of
least resistance to ths ctapressed soil,

Evidence of the shearing action in the =oil as a result of the
radially expanding shock is shown quite clearly in Figures 3.30, 3.32,
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Pigure 3.18 Viev of crater lip looking South through cut.

42
CONFIDENTIAL




Figure 3.20 View of excavation vork looking Scuth through cut.
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Figure 3.22 Excavation work, looking South,

“

CONFIDENTIAL




FPlgure 3.24 Excavation work in Morth lip.
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Figure 3.25 Doser vorking in South side of crater
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Figure 3.26 Column 3, 4, and 5
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Figwe 3.27 Column 3,
Black

Flgure 3.28 Column 4,
Red
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Figure 3.30 Colwmn 7, Red.
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Figure 3.31 Column 8 in lip above origimal ground level.
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Figure 3,32 Column 8, Yellow.
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Flgure 3.34

and exonvation vork on column 1l in boiltam of crates,
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Figure 3.36 Column 13, Red in South lUp.
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Figure 3.38 Column 15, Black.
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Figure 3.39 Column 16, Red.
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Figure 3.40 Column 17, Yellow.
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Figure 3.43 Column 20, Yellov.
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3.33, and 3,39, This shearing action should be locked vpon as being
characteristic of the particular site of the explosion rather than as
a measw emenl which will scale, The fact that it does occur is signi-
Iicant, and evidence points to this differential movement as being
present in any nonhomogenecus medium such as soil,

The true crater dimensions for a 1.2-kt buret at a depth of €7
feet in a sand-and-gravel soil such a2s is found at t..e NTS are given
in Tatle 3.4. They are based on the sand column measurements, and the
somewhat revised definitioms of the crater dimension texms, especially
rertaining to nuclear bursts.

3.3 DISCUSSION

A most important consideration in studying the :=culting crater
fram Shot 7 should be the relationship of these resul“; to previous
applicable tests, both HE and nuclear. In the sectium o follow, an
attempt will be made to develop cratering curves for -.uclear detona-
tions in several soil types and *o discuss the reliacilities of these
curves, with respect to variations in mediunm as well as yleld, There
are large gaps still remaining in the knowledge concerning underground-
explosion effects, and these appear to center about the problem of
determining the early-time energy partitioning of the nuclsar explosion
in the various media, There is certainly some radius of development of
shock fram an underground explosion at which the medium will, disregard-
ing magnitude, be unable to tell fram what source the shock originated.
However, within this radius and during the time which the energy 1is
partiticning itself between such things as irreversibls heating and the
change of energy from a thermal to a blast state, there are many
unknows, and, when an air-earth interface is interjected before such
processes are campleted, it further complicates the problem, Certainly
there is a radius within which & nuclear explosion in soil or rock will
be considerably affected as to energy partitioning hy the presence of
an air-carth interface. And, correspondingly, if the nucisar explosion
were of small yield and were surrounded by a radius ~7 air before
en. untering the soil, this would enter .:i~ the dstermir_tion of the
energy density of the explosion as it eaters the worx si«e.

It has been shown by study and omall-scale experiments in two
prograns at the Waterway: Cxperiment Station thet Wil crateiing
potential of an explosian 4is clos=ly associated vith the anergy density
of the explosive (References L and 5). These programs have sl.own that
the crater is smaller when the eneryy Z~nsity nf the explosive 1s
higher if the total energy release and the a:dium as well as the scaled
depth of charge (as determined by total energy releass and nct charge
weight) are held constant. The charges used in these two pro
were 27 pounds of camnosition C-L with an energv dsnsity of 780 cal/em3
and 5L pounds of LO percent ammonia - mamite with an energy density

For all of the shots detonated during these two programs at the
watervays Experiment Station, measurements were taken of the true
craters as defined previously in this report, in the majority of the
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TABLE 3.3 - APPARENT CRATE: DIMENSIUNS CF NUCLEAR BURSTS AT NTS

TEAPOT JANGLE JANGLE
Dimension Shot 7 U S
Rad{vn =t Original 16 2 2t 130 45
Ground Level
Depth Below Original 0 + 1 ft 53 21
Groud Level
Meximm .4p Reight 19 ft 8 —
Kinimue Lip Height T % .- oo
Radius to Maximum 160 ft to 175 ft .- =)
Lip Height
Volume 2.6 x 2P £t 9.9 £ 105 W50 ¢
£t3
Depth or Height to 87 fe 17 rt - 3.5 1t
Center of Gravity
of Charge
TABLE 3,) - TRUE CRATER DIMENSIONS
Depth belov Criginal Oremnd Level 128 feet
Radius at Original firound Level 150 feet
Volwwe of Trus Crater (Estimated) 3.25 x 106 £J
Radius to Significant Rupture (or Shear) 250 to 275 feet

at Original Jreumd Level

TABLE ).5 - CLAY CRATERING DATA FROM WS EXPERIMENTS USING 27-)% “UHFRICAL C-d CKim oS®

;o Scaled
®w='er Depth  Depth  Scaled Radius Scaled Depth  Scaled Radius Scaled
A (re) Depth (re) mAtue {re) Depth fre) Radt=
e (rr/101/3) [f1/1b1/3) (r/1m): 2 e/1vd/3)
-8 1.0 1.50 113 6.6 2.20 -—- -—- —ve -
e-13 1.0 b b0 1.8 6.7 2.2) e 2.1 7.% 2.9
EL-18 1.0 833 1.54 1.3 2.\ 7.10 ' 7.5 2.%
K-23 1.0 3.90 1.30 6.7 2.2) 6.65 2. 1.0 2,36
K10 0.y L0 1.9 6.6 2.20 5.80 1.4 d.e 2.9
| 8¢ 0.4 ' 1.%0 6.4 2.1) 5.9 1.6 7.0 2.3
n-20 0.% (] 1.33 6.8 2.20 5.9 1.8 1.9 2.%0
2-1) 0.9 625 1.h2 6.1 2.00 .80 1.83 6.9 2.16
818 1.0 A TO 1.% 7.0 2.33 6.20 2.06 7.9 i.%
8-19 1.0 3.00 1.3 6.9 2.% 6.20 2.0 7.« - 3
820 1.0 s10 1.5 1.0 2.3 6.10 2.00 7.9 S

® References { and 3
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instances by use of the sand colum technique. The soil usad for the
programs was a lean clay of approximately 25-percent moisture content.
The scil cunditians throughout the lesls were held as constant as was
possible, with a pronounced effect in reducing scatter in the cratering
data. Unfortunately for the present discussion, only two scaled depths
were used, 0.5 and 1.0, However, even with this limitation, the
significance of the findings concerning true crater depths and radii
for the clay soil as compared with the MOLE LOO series shots in the NTS
soil is important in indicating a range of values for true craters.
Pertinent data fram these prngrams have baen extracied from the reports
and included in Table 3,5. If the scaled tric-crater dep'!' valuas as
given in Table 2.1 for the MALE L3OO series and in Table 3.5 fer the
WES programs are examined, it can be seen that for th: ziven soil type
and betwsen A, values of from 0,2¢ to i.., tne differenc: “~tween this
value and the scaled denth of burial of the charge rems..ins nearly
canstant. This scaled ditierence (scaled true-crater . ~th rdnus
scalod depth of burial) is an average value of 0,13 for the NTS soil
and 1,21 for the WES lean-clay scil. A check with th. ..not 7 results
(using 100 percent TNT equivalence for scaling) gives a value of 0.)i5
for 1 is same scaled difference.

The fact that this dimension scaled directly with HE is somewhat
unexpected but can probably be explained by ihe following:

1., For any depth of burst for which the fireball does not
vent the surface of the ground before shock breakaway, the distance
fram the center of gravity of the charge to the true crater depth
shculd remain relatively constant for a given soil and yleld,

2. The true crater depth defines a boundary of a certain
shock strength and soil strength difference. This dimension will be
dependent upon the shock tranamission and soil strength characteristics
of the varicus soil types.

3. For Lhe true crater depth, the effectes of inability to
scale gravity and medium strength over e large range ¢! ylelds could
lead to a TNT equivalent value considerably higher than that determined
by the apparent crater, The apparent crater, which i1« more uirectly
associated with the kinetic eneryy imparted to the medium, <hould be
less dependent on the scaling of gravity effects and rat...uli strength:-.

Tnese points are verified to a certain cegree by th- . csults of
ths ground-shock measuremente for Shot 7 under rroject 1.7 as reported
on in Reference 6, The resalts of this project indiratad *ighes earth
accelerations, particle velocities, earth atress, and esrin strein
than would be predicted from the apparent creter radius,

3.3.1 Nuclear Crater Phenomena, It wov)  appear profitable to
examine in as much detail as possible the physical phenamena of crater-
ing, especially with regard to those differences introducad Uy the use
of nuclear devices versus high explosives.

One basic difference between these two 18 immediately apparent:
the generation of the gas btall from which mechanical work is nltimetely
derived, For the purpose of discuseing this point, effects bayrnd one
charge radius (Cp) will be assumed independent of thermodynam’c
inlluences, One Cy is defined for HE as the radius of the inert chrrge.
For nuclear devices it will be somewhsre betwoen the physical 1imits
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of the device and the radius of a charge of HE of equal energy release,
or more exactly, that radius where the transmission of energy by shock
is faster than by radiation. The temperature at which this lransmission
occurs is estimated to be 300,000 Kelvin, The value Cr may differ for
1ifferent soils or media and will not necessarily scale with yleld
according to W1/3 because of the mass effects of the device itself.

TABLE 3.0 - ENERGY DENSITY COMPARISONS POR 1.2-kt

Asnumed Cal)zulated

Explostan Charge Cbaracteristics Exploaion Characteristics
Weight Vol ume c.(8) Energ > iy

(1n) (re3) {re) at Cp. (cal/:~}

TEAPOT Shot 7 8,000 1€ 4.5 1.1 x 10°

fully tamped

(1.2-xt)

JANGLE U n 8,000 16 6(®) 1) x 104

air space

{1.2-kt)

(a) C, 1s the radius of the gasball when its temperature has cooled
to 300,000 © K.

(b) Assuming rireball as cube shape of emplacement rocm approximately
10 ft on side.

Therefore, a 1-kt device having a weight of 8,000 pounds could have a
different charge radius than one weighing 800 pounds if for no other
reason than the density of the bomb materials and the soil bteing
different, However, this effect may be insignificant for fully tamped
bursts since the densities of soil and the HE portians of the device
would be comparable,

The energy densities of the JANGLE S, JANGLE U, and T#AT™" Shot
7 bursts under their respective envirommental counditiane sre 1i-ted in
Table 3.6, For purpuses of comparison, Cp will be azasi.u 0 te the
radius at which the tempernturs of the fieball 1s reduced to 300,0C.
degrees Kelvin., Also assuming that there is no elsctron strirring, and
overlookiny the feeding of radiant eergy from the dense mass of the
device to th: shock wave, a rough approxiration of energy density can
be calculated as follows (Heference 7):

Total Energy Release in Calories
Grams of material engulfed times specific h,at in
cal/gm degrees

T (degrees) -

or, for TEAPOT Shot 7, temperature at breakthrough of case wouid be:

p -_1.2 x 1012 e 1.6 x 10° degrees Kelvin,
3.6 < 1P x 0.2
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and, mass (M) of inaterial in grams to reduce temperature to 300,000
degrees Kelvin would be:

M os 1,2 x 1012 e 2 x 107 grams
3 x 10° x 0.2

Tnerefore, the engulfed material for the thres burst conditions
listed in_Table 3.6 would be, approximately: for TEAPC. Shot 7,
1,6l x 157 grams of soil; and for JANGLE U, 1.¢k x 107 grams of air and
soil (thg grams of material less the weight of the device is 2 x 107 -
3.6 x 10° = 1,6l x 107 grams). The resultant calzalation: of energy
density at C,. appear adequate for comparison purposes. Regardless
of the inaccuracies in the calculatiuns, they indica‘: .rat tamping,
or conversely, air spaces, around the nuclear device cs= <ffect the
energy density to a significant degree. In other words, if JANGLE U
were detonated in a concrete roam of approximately 1,0{  feet3 of air

TABLE 3.7 = INT EQUIVALENTS FUR JANGLE U AND TEAPG 7

Apparent Crater Percent TNT Equivalent Ratio of TNT
Dimension JANGLE U TEAPOT Equivalents
Shot 7
Radius n 21 3.0
Dapth 64 39 1.6

space, as compared with Shot 7 which was carefully tamped with sand
bags to avoid air spaces, then Shot 7 had an energy density at Cp of
about 3.5 times that of JANGLE U, This information, coupled with
previously described smali-scale HE cratering experiments using
explosives with an energy density ratio of two, gives reason to
anticipate that Shot 7 should have a lower TNT equivalent for cratering
than JANGLE U, Tne method for determining the TNT equivalents for
JANGLE S, JANGLE U, and "EAPOT Shot 7 are shown in Figures 3.hL and 3.LS.
The 100 percent points are the actual nuclear data scale? =~ the baszis
of nuclear yield in pounds of equivalent TNT energy and tre NWT curve
is scaled from high explosive cata on the btasis of charge w».‘ght in
pounds. The procedure is to hold the charge positicn :2 che crater
dimension constant and vary the energy or weight of charge requir.d

to produce the given crater dimension. The point of L..-raection of

a straight line fram the origin, ant passing through the (0 percent
point, with the TET curve gives tie equivelsant scaled TNT charge.
Reference 11 can be referred to for il uciirz’‘ame of this method.

Since the devper scaled depth of burial would urdinarily be expected to
give a higher T™NT equivalent value for Shot 7, the lower wvalues 29
shown in Figures 3.LL and 3.L5 and Tatle 3.7 take on increas:d signifi-
cance as to the effects of energy density on cratering. The ratios of
the TNT equivalents in Teble 3.7 are consistent enough to indicate trat
they are real differences,

The significance of thesz findings concerning energy den.!.y
cffacts should next be looked at in terms of how they affect the
prediction of crateing effects. Considering that an air space around
the device is more significant than the mass-yield ratio in changing
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the energy density, it appears that the wisest step would be to
interpret the data in terms of fully tamped charges. Further, until
more is known about the effects of different mediums on early time
radiative transport prior to reiching C., the effects of differing

soil types an crater size can probably best be determined by comparisons
of HE data in the various soil types. The calculation of nuclear
cratering curves using HE curves for various sal’s and the TNT equiva~-
lents obtained from the fully tamped conditiomns of TZAPOT Shot 7 is
indicited as next in the development of nuclear cratering curves for
use by the variocus military agencies requiring such informatiom,
Subssquently, if better values of TNT squivaleats for varicus media

are determined; either by calculation or experimenta) observation, these
curves can bs adjusted accordingly., This course z. 2~tion requires the
following aasumptions:

1. The charge is fully stemmed with no ap,..eciable air space
surrounding the charge.

2. When the charge is buried at any depth equal to or deeper
than one C, for a TNT charge equal to the nuclear yield in pounds, ite
INT equivalent will be at least equal to thoss obtained for Shot 7
because of the high masa-to~yield ratio for that charge, This scaled
de’ptb 1. l.p‘prdl:lllhly XC L 0.13.

3. Beyond Cr for a given~yleld nuclear detonation in a
given medium, the medium will be unable to tell from vhat energy
source the ground shock originated other than as showm by the velocity,
amplitude, and duration of the shock, and attenuation of the shook
b;ymdc,nnumenunnmtmmmuwiu
of th: medium,

L. The use of a TNT equivalent versus charge positiaon
onrves as given in Pigure 3,L46. These curves are based cn the
argments previcusly presented in this sectien (2.2.2).

It is possible that a misumderstanding of the siicc” s of energy
denaity on TNT equivalent can lead the reader to prr+._,08e, from
assumption thrse above, that ths general behavior or thermodlyp-xic
state of the nuclear ges Tbble at Op is the same = for a Righ
oxplosive detonatian., Chranclogically, the mass of the Jsvice and
the medium tmmediately ocutside its case deterwmine Cp which thua deter-
mines the energy density at shock breakaway., The anergy densiiy thus
determined defines such shock parsmeters ar .iasity, material welocity,
and pressure at btreakaway. These initial configuratians of density,
material velocity, and pressure are subsequently attenuated ‘o various
degrees by the shocked medium; however, their initial values largely
determine t::&uuum of energy between waste heat and kinetic
energy at avey. Energy density, as used here, sppliss enly ‘o
canditians at breakaway, or Cpr. JIf all energy dissipation ‘s accoumted
for, C; for a nuclear explosion could never be &s large as ine charge
radius for an equal energy relsase of high explosive. Unfortunat. ly,
the numerous difficuvities of such exact calculations of energy
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dissipation have not yst been overcome. Consequently, the C.. values
calculated for JANGLE U and TEAPOT Shot 7 are used for comparison
purposes only and are considered reliable for indicating differences
in energy density at btreakaway but not exact quantities.

3.5.2 Nuclear ?losima in Various Soils. The results ol this
projec ou applied to solls other ose fo.d in the NTS,
One of the best available compilations of information on cratering

effects from HE is available in the final report on Project MOLE.
(Raference 8). The values of sculed apparent-crater radius and depth

400 e T —— S
. -‘L T { Son T.pe. We' _.3ng
| \\ INT o R, 2o W
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equsvolents ‘rom
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Pigure 3.50 Crater dlieusions for l-kt of either AZ or
micle&s in wet sand soil) type.

for sand and gravel, dry clay, molat clay, o' wel 5824 as shown in
Fleures 6,112 and 8.11) of Reference B wiil be usw. here with one
excsption; that of apparent crater depth for sand and grevel, for whi'-~h
the curve o= Plgure 2.20 of this report will bte used, These
crataring curves wore ceed along with the TNT equivalent values for
111y tamped charges from Plgure ).L6 to plot the nuclsar-charge
cratoring curves given in Figures 3.L7, 3.8, 3.L9, and 3.50. The

solid lines from Figuze 1,16 were used fur the TNT equivalant walus:,
considered a true undasprround turst becsuse of its somewhat special
burial configuration. Therefore 1t ghould not be used for extrapolation
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purposes to other ylelds and soil types. This is not meant to imply
that the JANGLE U burst configuration might not be highly desirable
under ce:tain circumstances in order to increase the INT equivalent.

Because the INT equivalence of a subsurface nuclear explosion
will be dependent upon the energy density of the explosion when its
radius is Cpy, it would be incorrect to assume that the TNT equivalents
given in Figure 3,46 will hold for all burst conligurntions. The
assumption will be made that they hold for fully tamped bursts in soil.
However. when a better understanding of the effects of energy density
&Y suock breakaway, or Cr, on TNT equivalent is developed, the weapon-
effect information should be suitably corrected. In this way, some
portion of the so-called scatter in the dals may rsso’ve itself into
real differences,

In order to extend the cratering curves out to : scaled depth
of burial where nv apparent crater occurs, it was necessary tc go
beyond the data available from the MOLE programs, * -urvey of the
available information indicated work by the British reported in
Reference 9) was probzbtly 2 best estimate of the positions of the curves
beyand a scaled depth of about 1.0, This work was also in good agree-
ment with the work in this country of a similar nature (reported in
Reference 10), namely the use of penetration bomb explosions of various
sizes to indicate scaled crater dimensions with a correction for various
charge-eight to bomb-weight ratios,

The relatively large difference in INT cratering equivalent
values for apparent radius (21 percent) and apparent depth (6L percent)
led to a problem in constructing the nuclear curves in Figures 3,L9
and 3,50; namely, the depth was a larger dimension than the radius,
¥hile it is reasonable to expect that this condition might exist
at some instant irmediately after the burst, it would most certainly
dissappear as a result of the natural angle of repose of the sides
of the crater, It should not be expected that this would ever exceed
one to one, Therefore, the nuclear depth curves have be-n riduced in
Flgures 3.L% and 3.59 to coincide with the nuclear radius curvus,

This seems a reasonable reduction, since a small inere-:: in crater
radius from sluffing in of the crater sides would produc.: a relatively
largs decrease in crater depth.

Regarding the apparent crater radius curve for wet zand, tho
effects of subsidence at the murface of the ground for charge depths
not expected to give apparent craters would give a dish-shaped
appearance; however, this effect has nol oeen included in th: curves
of Figures 3,50 and 3.5k,

The mathod which is used in TH 23-200 for predictic. of apparent
crater sizes in other than sandy gravel soils (the use ol soil factors)
does not appear tc ve in any sericas disagreement with the results of
this project for depths of burial down to A\ = 0,5. The difference
in the crater dimensions for the different soils is nearly = constant
vetween the surface of the ground and scaled depths of about A, = 0,5,
However, it is felt that there would be a decided advantage to the use
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of separate curves for the soil types on which good information is
currently available, because the soil factors do not remain constant
beyond A = 0.5 and are not necessarily the same factor for HE and
nuclear at a giver. depth value, Therefore, the soil-factor method of
presentation of crater dimensions in various soil types has not been=
used in this report. For the prediction of true crater dimensions,
the soil factor as used in TM 23-200 is not appiicable.

The determination of the true-crater radil and depths for nuclear
bursts in va~ious soils are based on the discussio: fram Section 3.3;
these are presented in Figures 3.51, 3.52, 3.53, and 3.5L. It is felt
that the sand-gravel curves are the most reliable, The true depth
curve for dry clay, moist clay, and wet sand are felt tc indicate
slightly small values; these curves should he tuvlscd seuur'ingly as
more HE data using th- sand column techniques become availstie., The
method used in consiiuction of the true depth curves for tr: sand-
gravel and dry-clay soils was to use a value of A, + 0.L5 (iv)}L/3 for
A¢ = 0,5, and to have the true depth progressively incre>'- from a
valie equal to the apparent depth at A\, = 0 to 0.95 at A\s = 0,5, The
true-depth curves for the moiet-clay and wet-sand soils were construct-
ed in the same manner, using A, + 1.0 (1b)1/3 as the equation for the
curve,

The use of soll factors for crater-dimension predictions, such
as is used in TM 23-200, appear to be valid only between scaled depths
of turial of from A\, = 0 to 0.5, and only for apparent craters., It is
concluded that separate curves are requirea for nuclear true and
apparent crater dimensions in the solls examined, especially if the
results are given for depths including cemowflet depth,
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Chapter 4
CONCLUSIONS

Monsiderable progress has been made toward deveioping methods for
the pr.diction of craters fram nuclear explosions in verious soil
typea. A number of areas requireng moce ‘ntenzive stu’y. Howvever,
the reliability of crater prediction has been considerably increased
since the results of the JANGLE bursts were firnt —-oiished. The
roles vhich energy demsity, energy jp:iitioning, aad »sriations in
80il characteristice play in determining crater size are now mors
clearly understood, with a consequent reduction in C =a scatter.

From the tactical point of view, the apparent crater must still
be reckoned with as a primary obstacle; its size w.c shape can now be
more reliably predicted such that neither overdestruction nor failure
to accomplish a mission will result. However, it is the true crater
and in particular the true-crater depth that will be used for determina-
tion of the yield and depth of burial required for destruction of
underground installations. It appears entirely feasible that deep
underground targets can be destroyed by a proper selection of yield and
depth of burst giving negligible undesirable surface effects and maxi-
mum sub-surface destruction.

The column technique has proven excellent for determination of the
so-called true-crater dimensions and has allowed correlation between
HE and nuclear data for the few soils in which the method has been used.

The apparent crater dimensions appear to be determined to a large
degree by botin the energy density aud the energy partition of the explo-
sion, even if the soil type remains constant. For scaled depths of
burial of less than about 0.15 (or one charge radius as defined in
Section 3.3.1), energy partition appears to play a =cre aecisive role
than energy density in determining the TNT equivalent ol “he explosion.
However, if the explosion id depp enougn to allow ti. sa~k to campictely
break avay from the fireball before venting the air -~ . .u interface,
the eiergy dersity is the determining factor ln establishing t~e TNT
equivalenl. Furthermore., the energy density can b= =vrp:_.cizily affected
by air spaces surrounding the JANGLE U burst considersb.y decreased its
energy density at the time it :ntered into the work phase (or shock
breakavys) and thus increased its TNT equivalent to about 1.7 cimes
that for TEAPOT Shot 7, vhich was carefull, ‘anped wvith sand bags. It
is concluded that the TNT-equivalent versus scaled-depth-of-durst
values as determinad by Shot 7 snould be usea 1or prediction purposes
until a more thorough understanding ot tne eirects ot air spaces on
energy density is developea. Deiinite.y, air spaces may be a desirable
emplacement feature for maximizing of TRT equivalence.

The sand column data from Shot 7, wheu comparcid with ~hc MOLE 400
HE series and with Waterwvays Experiment Station results in clay, indi-
cate that for cdepths of burial greater than one charge radius the
distance from the turst point to the depth of the true crater remains
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essentially constant, dependent only on the yield and the soil charac-
teristics. The results indicate tbat the true crater is primarily
dependent on the shock transmission characteristics of the soil; where-
as the difference beiveen the apparent and true craters is determined

by the kinetic energy imparted to the soil within the true crater volume.
Thus, as the charge depth of burial increases, the depth of the true
crater increases by this same amount; but the depth of the apparent
rrater decreases because of insufflicennt energy for throw o..c of the
material.

The difference between the true and epparent cratcr radii at the
original ground surface is small for scaled depths of burial down to
0.75 or 1.0. But bciow these scaled depths it is felt th~* the true
crater radius remains a relatively constant velue until ~ammfat
depth is reached.

No apparent crater will result for scaled depths of burial greater
than about 2.0 to 2.5 for nuclesr bursts which are fully .=-ned. This
velue will be iucreased somevhat for energy censities lover than that
for Shot 7, but should not exceed a scaled depth of 3.0 to 3.5.

Camouflet depth should be relastively independent of soil type
except for differences in soil deneity, since ihe apparent crater (or
lack of it in this instance) devends primarily on the capability of
the available energy rfor throwout to heave clzar the soil mass over
the charge.
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