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CHAPTER L

INTRODUCTION

1.1 GBJECTIVE

The immediate objective of tne crater survey, was to determine the
dimensions of the apparent craters formed by Shots 1, 3, and 4.

The long-rarge objectives of the work were to obtain data to assist
in the prediction, for military purposes, of the crater produced by any
large nuclear weapon fired under any circumstances. Two situations were
of particular interest in this regard in Operstion CASTLE. These were
(a) a surface purst on land, and b) a surface burst in relatively shal-
low water.

1.2 MILITARY SIGNIFICANCE

The major militery interest :n craters stems from the cobservation
that the limiting distance of important demage to well comnstructed under-
ground fortifications lies only a relatively short distance outside the

rater. ¥or the prediction of such demage it is clear that the shepe
of the crater aear the rim Is more importent than its shape, or depth,
near the center.

Of somewhat less military interest is the crater produced by a sur-
face shot in shallow water. Both the limiting distance of damage to
tunnels and the possibility of damming a harbor by the formetion of &
crater with a shallow, or above-water lip, are matters of some concern.

1.3 LIMITATIONS ON THE OBJECTIVES

In the investigation of craters formed by smaller explosions it has
been recognized that while the crater surface apparent to the eye was
relatively easy to measure, there was nevertheless & disturbance in the
earth, caused by the explosion, to some depth below this upper surface.
The lower boundary of this volume of disturbed earth has become known
a5 the 'true crater" in contradistinction to the upper surface, which
has beer called the "apparent crater." While the term "true crater"” may
be sligrtly misleading in its implications, it seems reasonably clear
thet for the purposes of determining the limitetions of damage to under-
ground fortifications the lower surface of the volume of disturbed earth
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(or true crater) is of greater significance than the appareat crater,

While-for small craters 1t is physicelly and economicelly feasible
to determine the bouhdaries of botnh the "epparent™ 'and the "true craters,"
for very large craters, the problem of excavation to determine the true
crater becomes so extensive as tg%ﬁé impractical. The difficulty of
measuring the true crater becomes even more severe under circumstances
where the crater is water-filled and where the level of radioactivity
remains for some time high encugh to prohibit extensive work. Both of
these situations existed in CASTLE. Because of these difficulties and
other considerations it was decided to .imi%* the crater surveys on CAS-
TLE to the measurement of the apparent :raters formed by those detona-
tions located at zero sites not used for prior detonations. Because of
changes in shot locations during the operation, the project effort was
limited to Shots 1, 3, and k4.

1.4 BACKGROUND

At an early stage in the planning <wo techniques were seriously
considered in addition to those actuasllys used. These were, first, the
use of a high-power fathometer developed ty the Navy Electronics Labora-
tory (NEL) which was considered tc nave a reasonable probability of
penetraetion of the layer of mud or 4fsturbed earth separating the ap~
parent from the true crater. The second technique was designed to sup-
plement the penetrating fathometer as a means of determining the true
crater. This technique involved the production of holes through the
crater either by drilling or jetting te:nrigues. Several methods of
detecting the surface separating the trie crater from undisturbed earth
were considered. The decislon not to use either of these procedures was
made on the bases, (1) that the drilling or Jetting would add a large
cost to the project, (2) thet a penetrating fathometer would not be re-
lieble without the supplementary information geined by the drilling or
jetting, and “inaily, (3) that informati.on regarding the apparent crater
would be very nearly as valuasble for purposes of predictlion of target
damage as wou'.d measuremernts of tne tru= crater,

1.5 THEORY

The laws of similitude imply that the effects of an explosion of
any (known) size in any medium are related precisely to the effects of
an explosion of any other size in the same medium, provided the medium
fulfills certain rather stringent conditions. Experimental measurements
using conventional explosives such as TNT lead to some optimism that
craters produced bty such explosives car be predicted with an accuracy
almost entirely adequate for militery purposes, even though it is clear
that some properties of the medium (earth) in which the explosive 1is
fired are. ver:; sensitive parameters ir affecting the crater.

The situation regarding craters produced by nuclear explosives 1s
less satisfactory. First, the evidence is meager, since, prior to CAS-
TLE there have been only three such exrlosions on which crater measure-
ments were mede; namely, IVY Mike, JANGLE underground, end JANGLE sur-
face. Second, the existing evidence leads to pessimism regarding the
velidity of scaling from conventional tc¢ nuclear explosion effects.

o=f TS ”" . i'k —E 14 - -
N -



The failure of crater scaling from convertiicnal to nuclear explosions
is beglievea to result botn Irom tne enormous disparity in energy re-
lease (and taoils alsc applies vetween kiloton and megaton nuclear explo-
sions) and also from tne importan- difference in energy partition in the
two types of explosions.

In general it is kxnown tnat the dimensions of the crater (radius
or depth,) are affected or determined by the total energy release, the
depth of the charge and the character of the medium (earth) in which
the charge is fired. If these parameters operate independently, then
one could write an empirical equation in the form

= f(W., . (D! . £(m)
or in the focrm

R o=1f(W * "(D.) " f(m)
wnere R 1s the radius
W is related to energy release,energy density, and detonation
velocity
Do 1s the depth of tne charge
m is related to the medium.

In this case the separate contribution of each of the parameters can be
determined easily. If, however, *ne perasmeters are interdependent it
is necessary to use the form

R =7(W, L. m)

and the effect of varying any one of the parameters 1s much more compli-
cated because 1t depends on tre velues at whicn the other parameters
ere maintained.

There 1s general agreement among investigators that the parameters
affecting craters are in fact extensively interrelated. The universal
use of scaling concepts, particularly in regard to the sceled depth of
charge is evidence 1n point. Thus, in regard to the effect of energy
release and deptn of charge & sat:sfactory form for the equation 1is

R o= £(W, . (W, 0.},

or as a more specific example,

wnere k is approximately 3. Tne :nclusion of an additional term to
represent tuoe effect of different mediums could be in several forms,




among wnich are:
- (1) E®=f(W) . f(W, D} . f(m)
(2) R = f(W, m) . £(W, D )*

In attempting to correlate crater cata from TNT blasts with those
from nuclear explosions, it has in the past appeared useful to include
a factor less than unity (0.3 to 0.9) in the value of W assigned to
nuclear charges in terms of equivalent tons of TNT, based on radiochemi-
cal data. This nas been justified by the fact that the energy parti-
ticn is totally different for the two types of explosives and that the
nuclear weapors deliver radiant energy while conventional explosives do
nct. It is believed, however, tnat at best correletion will be uncer-
tain, and witk the advent of megaton weapons the disparity of sizes is
50 great that good correlation should not be expected.**

The effect of cnarge depta (or heignt) (xc) is fairly well estap-
lished for TNT. If scaled crater diameter is plotted against scaled
charge deptn, it is clear both from experiment and physlcal reasoning
that the curve will be concave downward, since no surface crater is
preoduced if the charge 1s sufficiently high above the surface or suf-
ficiently deep below it. For TNT, the maximum of this curve is rather
broad and occurs in the range of 1 < A, < 3, where A is in ft/(1b TNT)1/3.

The effect of the medium, f(m), has been shown to be as large as
a factor of 2 in field experiments with TNT. Unfortunately, the specific
properties of the medium which affect the crater are not yet established.
It 1s postulated that strength, either shear or tension, and density are
sensitive paremeters. It is possible that the elastic modull are also
important. I regard to strength, it is of course the strength under
shock load conditions that 1s important. It 1is very difficult to make
laboratory tests under shock load conditions and the heterogeneous char-
acter of eartl makes the extrapolation rrom laboratory to field condi-
tlons very uncertain. Thus, while appropriate values for strength under
shock load are not known, 1t appears clear that the strength under such
conditions may differ widely from the strength under static load.

The density of the medium may 1n & theoretical sense affect crater
size significently. In practice, however, =he range of densities found
1s triviel compared to the range of strengths and hence the density is
believed to be a perameter of only mino- importance in affecting the
crater,

As has been mentioned, the applica-ion of similitude principles

1}

¥ The data at nand nave seemed to the author to fit better into an
equation of Form (2) tran ipto one 5° Form (1), namely

as elaborated in Chapter 4. It is to be noted that these two forms are
drastically different ir the implications of extrapolation from less
than kiloton charges up to megaton caarges.

e Thus Fig. [ .i. nas been plotted witn no consideretion of relative
efficiency)iﬁﬁile'in Fig. 4.11 a relative efficiency of 60% for
nuclear .charges compared to TNT nas oneen used.




places certain requirements on the medium. At & minimum for the pur-
poses of crater investigation, it is required that the properties of
the medium at equivalent locations (scaled) in two exper § must be
identical. This requirement is completely met if thsdxwﬁ media are
homogeneous, isotropic, and identical. The j sptfes of earth, how-
ever, are greatly affected by overburdepcp?gggegz?§“Thﬁﬁﬁgghetstatic
sense tne properties of eartn axe;gfsggly dependent on actual (not sca-
led) depth below the surface, ¥nd in & dynamic sense these properties
will be similarly affected by the pressure produced by the explosion.
Thus one of the fundamental conditions for the proper applicetion of
simple scaling laws is violated. The greeter the range of size of ex-
plosion, and hence of depths, the more serious this violation becomes.

A further difficulty with the application of theory occurs in situ-
ations such a&s existed on CASTLE, where two medie, earth and water, were
involved, and where the earth was saturated so that forces were trans-
mitted by a complicated combinastion of intergranuler forces and hydraulic
pressures.




CHAPTER 2

EXPERIMENT DESIGN

2.1 SHOT PARTICIPATION

The craters resulting from the following three shots were surveyed
as a part of this project.

TABLE 2.1 - Shot Location

=

Suot ‘ Shot Location

U U G - S

: On tke reef in the northwest
section of Bilkini Atoll.

S OO N

n ar island in the southern
i section of Bilkini Atoll.
|

|
l
S DR f
i

- ! In tre lagoon in the northeast

I section of Bikini Atoll.

The reasons for limiting participation to these three snots have
been described iz section 1.3. It should be noted that for the pur-
poses of crater measurements it {5 necessary to determine the surface
or bottom contours prior to the explosicn and again subsequent to the
explosion. While in e scientific sense it would be desirable to mea-
sure thé crater shortly after zero time so as to avoid modification of
the crater by thne action of water waves and currents, no feasible way
of accomplishing such & prompt measurement has been conceived. Hence
the crater survey operations in one sense involved no participation
during the explosion apd the interval .rmediastely following it. Actual-
ly, the time rlanned for the re-entry o: tae survey group after each
shot was bounded by <he time judgeld tc te required for the radiation
level to deca; to a value such taat & to 8 hr exposure would not result
in & total dose amounting to an important frection of the allowaeble
total dose for the wicle operastion, memely 19CC mr.




2.2 INSTRUMENTATICN PLAN

-

‘ne .sefulness of :nowledge of bottom depth is dependent on cor-
responding :mowledge cI the geographical location where the depth mea-
surement is made. In fact, tue problem of determining the location of
the snip 1s more complicated and iifficult tnarn the determination of
deptn. Xor thils reason more effort was devoted to tne location proce-
dures tnan -o tne depth measurements, coth in the planning and preparsa-
tion phase anc in the measurement phase.

2.2.1 Deptii Measurement

Jepth was measured witn a standard recording sonic echo fathometer
designed for small ships, Model NK-6. This fathometer cperates et 14.25
kcps anc et a repetition rate of l/sec on the '"foot" scale, which has
a maeximum 2§ 200 ft.

Tne transducer, of tne doupnle-unit magnetostriction type, was
mcounted outboard of the LCU assigned to the project, and the recorder
was mounted inside & trailler whicn also housed equipment for tracking
and plotting. The fatbometer recording paper had a depth scale of 1
in. per 30 ft of depth and a paper speed of 1 in, /min. Since the speed
of the vecat during survey opera ions was about 6 knots or 600 ft/min
the chart represents a bottom pro”ile with the depth dimension expanded
by a factor of azpproximately 2C.

Tne celioration was accompuiished by two procedures. First it
was determived by finding a uniform nard bottom and checking the fa-
thometer reedings ageinst a lead .ipne. By this method a satisfactory
celibration was accomplished in avnout & nr with all points grouped
closely around a straignt line snowing a 2-ft zero error and a slope
such that the fatnometer read X ~+ when the actual (lead line) depth
was G0 I't.

The second procedure for calibration made use of a corner re-
flector. Tris reflector was lowered directly below the fathometer head
on & cotton line which had been previcusly measured and marked. The
calibration by this method gave tne result that the fathometer read
depth correctly except for a 2«ft zero error (which is accounted for
by the fact that the transducers were approximately 2 ft below the
water swurface),

Since tne surveys were taken under varying tide heights, it was
necessary tc reduce all depth readings to a common datum plane. The
plane used was that on which the *ide tables are based, namely 1/2 ft
below mean low-water springs. Recording tide-gages were operated by
Holmes and Nerver, Inc., (H&N) at several islands in the atoll. The
gege readings were within 1,2 ft :f the published tabuler values.

The time interval spanned vy & survey was ordinarily no more
then 4 rnr and the tide chenge duri:ng such an intervel was less than 2
ft. Conseguently the tide correction for each survey has been made by
plotting the tabular values from ‘he tables, drewing a smooth curve,
and noting tne nearest integral oot of tide height at the mid-time of
the survey. Tais value of tide neight was subtracted from the depth
values noted by fathometer {after taxing account of its calibration).




2.2.2 Locatior Procedures

The locetion of the ship was determined with the assistance of
four types of equipment. For the most part they represent independent
methods. The equipments were:

(1) Raydist, an electronic navigation device
(2) Sextants

(3) Alidades combined with & gyrocompass Mk. 18
(4, Taut wire equipment

The Raycist principle is that the distance between two points
can be measureC by counting the number of standing radic waves between
toe twe points. More specifically the difference in radius from two
shore points is determined by measuring the difference in the number of
standing waves. In the actual equipment this is accomplished by mea-
suring the phase of a LOO-cycle beat note at three fixed receiving sta-
tions. This beat note is produced by transmitters of approximately 12.5
mc, one of which is fixed and the other on the ship being tracked.

The Raydist equipment as actually used involved installations
requiring 60-cycle power at each of four shore points. Each of these
shore installations had & transmitter and three of them had receivers
in addition. Opn shipboard the installation, which of course required
an additional source of 60-cycle power, was comprised of three recei-
vers, & transmitter, and equipment for the phase comparison.

While Raydist equipment permitted the determination of the ship's
position easily to within 20 ft, it had the limitation that the ship's
location was determined only relative to some fixed point where the
ship must have been. This fact combined with the fact as noted that
five sources of £0-cycle power were required (four on shore at isolated
locations and one on the ship) proved to be one of the major headaches
in the actual operation of the equipment. since 1if any of the five power
supplies falled, it was necessary to repeat “he run and return the ship
to the known starting pcint.

The sextants used were standard Navy issue except that they could
be reed toc 10 sec. The gepneral limitatisns on the use of sextants were
found to be very extensive, since three well defined shore points whose
location is known are required and the szirength of the fix approaches
zero as the ship approaches the circle determined by the three shore
points. There is the further limitatior that if very distant shore
points are used, then even the full angular accuracy of the sextants
results in relatively poor absolute precision of the fix. Finally, the
capability for finding and retaining ill-defined objects with the sex-
tants was much poorer than with the alidedes. F¥or these various rea-
scns, in practice the sextants were used only as a backup procedure for
locating the ship and were used only occasionally.

A gyrocompass Mk. 18 was installed on the boat for the use of
this project, and <wo repeeters, one on the flying bridge and the other
on the forward starbocard 40 mm gun mount, were installed. These re-
peaters were ccmplete with alidades having a megnification of about
2.5. In practice <the alidades and gyrocompass proved to constitute the
best method of positioning the snhip and this equipment was used either

<0

ARy



in conjunction with Raydist or teut wire in nearly all runs.

> The taut wire eguipment consisted of & drum sbout 20 in. in di-
ameter walcz could be controlled by & hand-operated brake, together with
a pulley and counter for measuring tke emount of wire reeled out and a
balance complete with fish scale for measuring wire tension. This e-
quipment was felt to be the most reliable of all the procedures for
locating the ship and was used or all surveys. It proved, however, to
have some Ilmportant limite*ions. For one thing, the wire did not run
freely and tended to go into oscillation if the boat's speed was too
high. In fact, this upper limit on the boat's speed was very close to
the lower limit which was required for proper steering of the boat.
Occasional runs were encountered in which analysis indicated that the
anchor nad not remained fixed.

2.3 TEST PROCEDURES AND DISCUSSION

2.3.1 Preshot Surveys

Preshot surveys were made to the extent possible in the circum-
stances of each shot.

For Shot 1 the only preghot survey possible was to determine the
water depths on the lagoon side of the reef. As was expected, only a
very small sector of the area which was ultimately within the crater
could be reached by the survey boat before the shot. This survey was
performed using &ll of the aids to boat locetion, and served as a very
useful comparison and trial of the various methods.

The preshot survey of the 3pot 4 location permitted a much more
extenslve survey since the shot point was 1n navigable water. A com-
plete and fairly detailed bottom survey was accomplished for roughly 2
square miles of bottom in the area of the shot point. In this area
primary dependence was placed on tne Raydist equipment for location of
the boat since shore points were 1istant and hard to see.

The preshot survey of Shot 3 was comprised of contours run on
Tare Island by the H&N surveyors combined with a bottom survey made by
the proJject group using both Raydist and shore fixes. Since the shot
yield was smaller than expected and tne crater was almost landlocked,
the only significent preshot survey was made by the H&N surveyors.

In addition to the surveys by which elevation and position were
determined, serial photographs were taken of each shot point for use in
caomparison with postshot photographs. Such photographs were taken of
all shot points regardless of whe-her a bottom survey at the shot was
contemp.ated.

2.3.2 Postshot Surveys

The post-Shot 1 survey was made using ell four location aids
listed under section 2.2.2. Since very few shore points could be iden-
tified and they were poorly located for surveying purposes, a series of
three buoys was placed in a line »n tne lagoon side of the crater to
serve as sextant aids. The buoys proved to be useless because they
could not be seen for the reguired distance under the light conditions

which existed.




In add:.tion to the bottom swurvey. aerial photographs of the cra-
ter were tHken promptly after the snot. In addition, to assist in
tracking the boa: carrying the fathometer, aerial photographs were
taken at 2 min. .ntervals during <he time tne boat was in the crater.

The fathometer showed that uae c-ater had refilled with very
loose sand or mud tc a uniform deptn af-er :the shot. In the placement
of the barge for Srot £, which was to ue fired at the same ground zero
location as Shot ., the H&N group made .ead .ine soundings prior to the
placement of marxer opuoys and moors for the barge. The data on those
soundings are alsc included in this report as evidence of the crater
shape.

The post-Shot . survey was condu:ted on the sixth day after the
shot. At the *ime of tne survey, the radiation level 10 ft above the
water surface was 25 tc 75 mr/hr. Measirements by other groups democn-
strated that tre levels on tre lanc areas swrounding the crater were
much higher.

After the accomplishment o2 the post-Snot 1 survey and the pre-
Shot 3 and pre-Shot & surveys, a discuss.on was held of the extent of
further effort merited in light of the :ncertainties as to times and
locations of the remainder of the sxots In these discussions it was
brought out that tne expected result of Shot 3 would be to remove the
western end of Tare Island to a deptkt 2 50-100 ft. Since the preshot
survey of the water surrounding it showed that the island had quite
steep sides, it was felt that the measur-ement of the crater would have
very small value for the prediction of :raters in locations where the
earth approached e uniform plane rether -Tnan a mountain top. In the
same discussicr .t was &lsc confident.: predicted that the result of
Shot &4 would te & relatively minor dist.rbance at the bottom.

As a result of tnese discussions .t was agreed that a curtail-
ment of effort regarding the poststnt sirvey of these two shots was ap-
propriate and tne zonclusion was reacne ! that adequate data would be
obtained if tihree taut wire runs cculc e obtalned approximeting three
crater diameters and that these runs o ild ne deferred for Shot 3 until
after Shot 4. Conseguently the proect group left the forward area on
1l April and returred = tne forwarc sreq an 29 April, immediately after
Shot L.

The actua. postsnot survey of +ae Zhot 3 crater was somewhat
modified bpecalse tne vield wes much sma.ler <han had been predicted
and hence the crater, instead of encompassing all of the western end
of the island. was much nearer to bteing randlocked within the western
end of the island. In acceding t¢ +he iressure of the continuing shot
schedule for CASTLz, .t was decided not ¢ reestablish the Raydist e-
quipmernt for tre postshnt measurement: ~:r Shots - and 4, and as had
been precdictec tne lencmarxs aval.aunle “or sosual locatioo of the ship
were inadequate. [n addition, teca.s» 7 tne tight shot schedule then
existent, the protograpnic airplare was et able to rendezvous with the
boat to assist irn wne locaticn duriug ¢ e fathometer surveys. Conse-
quently “ne crater dimeansicns were leve mined first by the fathometer
alp combined wi<r ta. . wire equipment and later by

equipment on trne ¢
eerial pnotograprni: mapping teczni. .en. In actual operation it was
founc extreme. . i7fi-~ult “o manevw~:r - & L7 in the narrow confines
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of so smal. 3 crater and it urove: .mpossible to run cross wind in suf-
ficierntl straignt courses <. mar: taut wire measuremerts effective;

hence, !or twc f tne three ~ia.  mogified procedure was develop on
the spol o, wnioo the soat's ancnyr cable ‘'was marked of was
allowed =z ¢rif” acrcss tne ~rate and was ,nen‘ back by the

anchor wincl M
The post-Shot 3 aserial sur as made a few daysA:?f§§‘EQp shot
but pri:r -¢ 3not +. From Th.s s.rve, a post-shot contour map snowing,
of course, cnly tne sectiocn awove the waterl: ne was constructed.

Tre post-3a0t 3 fatnometer survey was made or 1 May, the 2Lth
day after <he snot. Srot & rad . atervened and the water-wave resulting

K,Z‘)
.

from Shct « nad washed over wne 1 p of the Shot 3 crater. This had the
effect ¢! smoctring andé lowering .ne ..p to an unknown extent (believed
to be si.gnht), rillipg 1n tie vot.om 7 the crater and reducing the

level o raciocactivity. [uring © = crater survey, the radiation level

10 ft arcve tne water surface wio apc . S0 mr/hr and above the lip 1500
or/hr t
JL e postshot surve) in .ne cinity of Shot 4 there was a

similar pressure »f time. A narg: was being put into place for a later
shot anc i+ was impossible =¢ epp-nacnr close to the presumed center of
the Shot ~ c¢rater. Three taw' wi-'e rns were obtaired but for the rea-

son just s=e<ed ail are crords ‘rather <han diameters. Additional data
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in regard =c tnis crater were oubtaipned from the 3Scripps Institution of 1
Oceanogrepry, ~n¢ had run a fatncneter survey two days previously to
permit &ssurance to the capta.r - +whe USS Curtiss that it was safe for

the shi; o : re2d into the ares Tne fatrometer surveys in this area,
as in tre ostner craters showec & Jer. flat bottom, obviously the re-
in 2% mud or Jine sani te obscure the bottom of the

swet of i ling-1 ud

crater. In addition to wre Yatiizaeter data, information regarding
lead-lire deptsn and lengtr oF rre.n oo oucys and moors was obtalned
from the EZ%N oroup resyponcd _aicement of tne narge for the later

saot.
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RESULTS

The resul-s »° tne crater swve, are summarized in Table 3.1.

TABLz 3.1 - Results 27 rate: Survey
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is easy w0 overlook tne fact tnat tne depth 1s quite small when com-
pared to tihe diameter. To maxe tris point ciear the upper part of Fig.
3.1 has oeen drawn to snow tyrica! prcfiles of Shots 1, 3, and 4, all
to the same scale and with the sare scale for verticel depths and nori-
zontal deptns. These same prcfiles are repeated in tae lower part of
Fig. 3.1 Wwhere vertical distances are enlarged by a factor of 10. This
expansicn of depths nas been made {n all of tne following figures.

I7 wi.i be ncted from Fig. -.. tnat tne depth on Shot 3, rele-
tive to iiemeter. 1s very muc:. greater thnsn on Shot 1. In sceled terms
the thicxnes: of sand below trne syt reint and above the water was much
greater o 3nct 3 than on 5hot L. It is probable, however, that the
greater relative deptn of Shot : -8 primarily e function of the yield,
since it seems to be we.l estaplisned tnat small explosion craters have
greater r-elgTive Ceplnl taAr LHIZe  nes.

.2 SHXT |

(@S]

Figure <.z is & presnot paotograpz of the Shot 1 area on which
the CASTLE gric is shown. On ¥ig. %.32, which 1s the postshot photo-
graph of the same area, irc additics to the CASTLE grid, three lines
(A-B, C-2, and E-F) have been irawn. These lines represent the tracks
that the survey snip followed whils the profiles presented in Fig. 3.4
were obtaine:. Or these and ali ~ther profiles zero elevation nas been
taken as the detum plape cr wrnio. ~nhe tide tables are based: 0.5 ft be-
low mean low-water springs.

The survey with the sonic fathometer snowed a uniform flat bot-
tom at a dep=rn of 170 f=., Tnis flat bottom undoubtedly represents the
upper sur-faze of mud and suspended sand which was settling in the cre-
ter. 1L mco-ing tne varge °ov inct D oAt the same ground zero, H&N ob-

tained leacd ire soundings of ‘4 U+ ani -t is pelieved that this figure

represen-: T = deptn of trne coace Uosnon 1.

.3 SHT

Siare snot ¢ was Tired onos sarge in tne center of the Shot 1
o litary significance attacnes to the crater formed by it

rater, no
and nc fathometer measurement: =° 't were mede; an aeripl survey, how-
ever, wa: mede and 8 pnotoyrars . =nownoas Fig. 3.5,

3.4 SEYT

Filgures .0 and 3.7 are pre- and oost-5not 3 photographs. It
sho2dd be nowec nrnat tnese pnotoxrapns are to a different scale than
Figs. 3. &anc “.% so that *re :.:» ¥ = e craters cannot be compared
from tane pno>mograpias.

Filpgures 2.0 and 5.9 are -oot o maps snowing the situation for
Shot * before end after toe s, cescectively. In tne upper part of
Fig. .1 tnese =wo conlaur meps o ave b2en combined to show the contours
of =—he d 7fe-arce ip elevario pr swoed by tne shot. On this same chart,

I tre traverses .. .. tne LCU are also snown. In the
lower part 3¢ tnus figsure mn: o -ig. :,1L, rrater profiles are shown




for the traverses indicated. It wl.l o+ noted taat the east-west pro-
file partigculerly snows that the slope ¥ tne 1ip 1s very slight end
that there is almcst no elevation anove tne original ground level. As
a8 result of this gentle slope tne racd:. 8t c¢riginal ground level bve-
comes difficult t¢ determine and ve:, :rnsiv:ve to elevation errors in
the contour meps.

The upper part of Fig. 5.1. 11 & rap of tne Skot 3 area showing
the traverses made vy tae snip wWnlle Tue data for the profiles were
veing taken. The pr>files are spown orn tne bottom of Fig. 3.10 and
Fig. 3.11. Merk rumpers are snown wur t..e traverses and on the profiles.
It is to be noted -nat the survey ¢ Snct 3 was made 24 days after the
shot itself arc trat <ne wave producec v Shot 4 had completely inun-
dated the lip -f tne Shot 3 crater. bBecause of the nigh level of radio-
activity it wes act pdossible to accompl sn any survey ¢of the above
water portion <f t.e -reter and consequentl: the diameters and the
hneignt of tne .i: =% =oe original ¢ou level are subject Lo some un-

certainty.
3¢5 SHOT &

Figures >..z and 3.13 show a simi_ar map and profiles of the Shot
4 area. Agalir tne numpers or tae figlres correspond to mark numbers
taken during the survey. As noted :in section 2.3.2, because of the
interference ¢: c¢tner activities or tne day tne survey was made, it wes
not possible t¢ rua liametral traverses and. as shown on Fig. 3.12, the
chord traverses ac-ually depart from wne center rather far. For this
reason a diametrel profile, ABCOE. nas seen estimated from tne results

of the three c¢norc orofiles shown. 107 to toe snot the lagoon floor

8t the snot pc.nt <as at a depto of “t. Taoe bottom in the vicinity
was gqulite irregu.er, witn a genera. s. e toward the center of the lagoon
and witz a large r.umoper of coral neacs, Tne post-snot survey indicated
tnat the effec: Hi Lne 3not was o »»1ze Or depress the bottom di-
rectly under *re £.0%t point and to test oy tne coral neads in the vicini-
ty. Mud or f:rpe (almost suspended’ san! was deposited as indicated in
the profiles & « .pitfcrm deptn 27 apoe. L& 9t. Lead line soundings

by H&N during -ne ciacement -f tze ‘erce 50 a later shot gave a depth

of 250 T,

v o N, "

3.6 COMPARTGON WITH CO7THZER SURFA Jn

On Fig. ..+ 2rater racius & poo.ted as & function of yield (log
scales both we.s  2r all surface sncts Tor woicn data are readily avail-
avle. Trese zgts .ociude Lo Lo W rnarges ir clay and s.lt-gravel at
Utah and Nevaws, togetier witn simi.a; 'sarges in wet clay and sand at
Carp Cooke. +.1 toe >tner points are o .tlen- explosions ranging from

the JANGLE surtane snot in Nevaca snct -, IVY Mike, and CAS-
TLE Shot 1 iao "he rFacifiz, Thus, e . . nts plotred include a wide
' wxt-epely wide variation in

variation in :ol. narscteristicis
yield. It is part_cusarly oo o= 14T 1o account nas been taken
of the gross «.rferen 2 in ernergy ion netween TNT and nuclear ex-
plosives. Wh .e * . oocinte plotte:r oo *e cingle exception of the




JANGLE surface shot; lie witzin “re cvounds of scaled radius = C.5 and
scaled radi.s = ¢, it mus+ not oe concluded that craters in the future
will li= witwzir these bounds. ~* a oipirum, snelysils to indicate the

t

effect I s
be reguired
cified. It
paramet=-

aC

19

20

29

Pl

Fig. =._

s:.. craracteristics anc tre casnge in energy partition will

nefore reasonable bnounds for crater predictions can be spe-
.¢ alsc t¢ be noted tanat the height of burst is a sensitive
affecting crate- dirensiosns from "surface" shots.
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CHAPTER k4

PREDICTION OF CRATERS

4.1 BACKGROUND

The data required in regard to any specific megaton explosion
for which a prediction of the crater is desired are (1) the yield, (2)
the type of soil, and (3) the depth or height of burst. With this in-
formation, it 1s then appropriate to look at the existing evidence and
measurements and to develop rational procedures for extrapolation or
interpolation.

The craters from explosions nigh above the surface are signifi-
cantly ddfferent from those formed by lower explosions in that they are
depressions rather than excavations. It is believed that such craters
are of relatively minor importance from & military standpoint end they
are, therefore, not considered here.

As mentioned in section 1.3, it is believed that an attempt to
distinguish true from apparent craters becomes less and less realistic
as larger and larger ylelds are coosidered. 1In tnis report, only ap-
parent craters are considered.

In previous analyses of crater data, the horizontal dimension
used has sometimes been diameter and sometimes radius, and these values
have been measured sometimes from lip to lip and sometimes at the origil-
nal ground level. In this report, only radius et origipal ground level
is considered.

In reviewing the existing ldata from & broad point of view and
with the objective of crater prediction for megaton explosions in mind,
the following facts stand out:

1. All the data from which soils can be compared
are contained in experiments involving relatively
small gquantities of TNT.

2. In those situations where more than one explosion
has been fired under presumably identical condi-
tions, an important scatter of the dimensions of
the resulting craters is apparent.




. The range over which these data must be extrapo-
lated in order to permit prediction of megaton
craters is enormously greater than the ranges of
extrapolation commonly accomplished in engineering
or scientific fields. The situation is roughly
equivalent to an attempt to predict the penetra-
tion of the projectile from & new anti-tank gun
through armorplate based on observation of many
measurements of tae penetration of BB's from an
air rifle through *in cans plus & few measurements
of the penetration of .45 pistol bullets through
pine.

As a result of these facts any extrapolestion procedure is inevitably
associated with quite a large uncertainty in the final result. In
making any extrapolation 1t is believed. consequently, that 1t is of
mejor importance to indicate the order of magnitude of the uncertainty
involved as well as the extrapolation itself.

At the outset of any attempt to develop extrapolation procedures,
one i1s faced with a phnilosophical choice. On the one hand he may loock
critically into the mechapism of the phenomenon and on the basis of
physical or, in this case, mechanical-analysis, study the causes, the
effects, and the influence of specific parameters. Alternatively, he
may adopt the attitude that, in a complicated phenomenon such as crater
formetion, the mechenisms by which causes and effects are interrelated
are so illknown as to be for the moment. unimoweble, and hence conclude
that the eppropriate approach is the empirical extrapolation of the
existing data into the range of parameters where prediction is desired.
It is the author's opinion that the second approach is the more realis-
tic one under the circumstances involved in the present problem and that
is the approach described in the remainder of this report. The most
important deviation from past thinkirg ~ccasioned by this approaech 1s
that cube root scaling is on this basis discerded as a primary tool in
the extrapolation and is used only for assistance in relatively minor
aspects. In adopting en empirical approach, it would of course, be ab-
surd to ignore the information, however meeger, in regard to the physi-
cael mechanism and particulerly in the distinction between the mechanisms
occuring in TNT and in nuclear explosions. On the other hand, it is
believed that too much dependence cn cupe root scaling 1s likely to give
the 1llusion of & precision in prediction unjustified by the facts.

The development described below was undertaken within the frame-
work that the desirable result from & military standpoint is the con-
struction of graphicel or analytical relations such that knowledge of
the yleld, soll, and depth will permit =asy prediction of the crater
dimensions. It is postulated that the snape of a crater for the cra-
ters of interest is primarily dependent on its size and hence the first
attempt 1s to predict crater radius in terms of the three parameters
Just mentioned, with the expectation that a later anelysis can be made
to predict depth and other shape aspects once the radius prediction has
been accomplished.
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L.,2 DEVELOPMENT OF THE EXTRAPOLATION METHCD

It was decided to study fi:rst the effect of soil type, second
the effect of depth, and third the effect of yileld. In looking at the
available information it was at once apparent that irn regard to both
soll type and deptn the data on megaton explosions are useless, since
these shots were all fired at one depth (essentially zero) and in one
soil type ("coral" atoll); hence, it was finally recognized that the
germane approach appeared to be to look first only at TNT data and frow
these data to establish an extrapolation procedure; second, to adjust
the valies cf the parameters so that the JANGLE underground and JANGLE
surface shots would be consistent, end finally, to investigate the sensi-
tivity cf the procedure and compare the results with the measurements
of nuclear craters in the Marsnal.s.

Nevada soil 1s an appropriete one to look at first since there
are considerable HE date and date from two nuclear shots. In that soil
data ere available in the range lc = -0.13 to + 1.0. Within this range
greatest interest lies in the neignborhood of Xc = 0.14. The data on
the TNT shots of this scaled deptk are plotted in Fig. 4.1 which shows
crater radius plotted against yield on log paper both ways. Figure 4.2
is a similar plot for data on TNT at scaled depth lc = 0.50 and.lc =
-0.14 (minus indicates above the surface). The scatter of the points
shown on these graphs 1s typlical cf the scatter shown in every case
where several essentially identicel shots have been fired. It is be-
lieved conservative to say that the uncertainty in the value of radius
for any specific combinetion of scil type, charge size, and charge depth
is at least 10 per cent. Corseguently the plus and minus 10 per cent
limits at the maximum and minimum charge sizes shown nere are merked
on Fig., L.l. For extrapolation purposes, the reciprocal slope, m, of
the most probable line is found t< be Z.4.*¥ To permit an estimate of
the uncerteinty in extrapoclation, meximum end minimum slopes within the
10 per cent uncertainty Jjust mentionecd have also been plotted. Tnese
slopes are found to be m = 3., anc = = 4.1. This elementery analysis
has been underzaken witn tne data on Fig. 4.1 only end lines of the
slopes so determined have thern been drawn on Fig. 4.2. Toe analysis
has beep limited to Fig. 4.1 both because the scaled depth Ac = 0.1l is
of major interest and also because a greater range of yilelds for TNT
shots 1s availlable for this scalec depth than for any other.

It is apparent thet m, the reciprocel of the slope when crater
radius is plotted against yield ¢r a lcg-log basis, is related to R and
W in the following wajy:

CH s

2 o= Kw
In the remainder of tne repcr: "=' is referred to as the "scaling ex-
ponent.”
Now, using tne oves

data of Tatles A.+ and A.

£3+ value fcr m, -.4, and the experimental
<re .. 1id line on Fig. 4.3 has been

+
[
[
—

* The actu velue measured oo Ure graph is 3.39. It is believed,
however, thet the second figurs is of somewhat doubtful validity
and hence all such numb=src are rounded off to two figures.
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constructed. On tanis figure the scaled radius (on the basis m = 3.4),
is plotted.against the scaled charge depth (on the basis m= 3).%*

The next step is the determination of the curve for nuclear
charges based op tnis curve for TNT charges. In this procedure con-
sideration must be given to the difference in mechanism of nuclear and
TNT bursts, particulerly for bursts on =he surface or at very low heights
above the surface.

In the early stages of a nuclear explosion fired at or near the
interface between air and eartn, the shock wave velocity is very much
higher in the air than in the earth;** 1ence, at a time when the nuclear
explosion process nas proceeded to the point where the average energy
density®*within tne voundery of the snhock wave 1s equal to the average
energy density at the surface of & spherical TNT charge which bas been
detonated at _ts center, the envelope 0T tne nuclear explosion is es-
sentially hemlspherical. If average energy density 1s a good criterion
of crater size and shape, then on this pasis the crater formed by a
given nuclear epnergy release on the surface snould be similar to the
crater formed by & TNT charge of the same yield fired well above the
surface.®* mno -rater resulting from s auclear surface charge should
differ extemsively from that produced by & TNT charge whose c.g. is at
the surface, both veceuse of the different mechenism mentioned above
and because & hemispherical excavation was required before the TNT charge
could be placed.

Consider a nuclear charge at A . = -0.13. Within its shock wave
the total energy will be identically the same as that within a sphere
of TNT tangent to the surface when both shock waves reach the surface.
This argument can oce summarized by saying taat the crater redius pro-
duced by a low aboveground nuclear snot should be essentislly indepen-
dent of neight, and (if the efficiency were 100 per cent) should have
about the same value as that prcduced -y a TNT shot at lc = -0.13. On
this basis the dovted curve in the regisn AB has been drawn on Fig. 4.3.

* Since the range of scaled depths is small in the interval of greatest
interest,the distinction betweern determining scaled depths on the basis
m = 3,0 and on tne basis m = 3.L, i3 relatively triviel and will not
affect the conclusions reached in this analysis.

** D.T. Griggs, in predicting tne effects of JANGLE Ut computes shock
wave velocities i alr to be approximately 25 times those in soil in
tne radius range ‘rom epproximately A = 0.1 to,A = 1.0. Similarly,
Porzel, in predicting the effects a3f IVY Mike,g/estimates snock veloci-
ties in the air and water soaked sand for high overpressures such that
in the early stages of a nuclear explosion tne ratio of velocity in air
to velocity 12 soil may be as nign as 13X00:l.

#%%* By "average energy density' 1s mearnt the total energy contained
within the shock wave, divided by tae total volume within it.

% Actually, as Porzel points out,£'at a “ime when the nuclear shock
wave has reacned tne same radius as tnat of the THT sphere of equiva-
lent energy release, {and hence wnen average energy densities are equal)
there is still an enormous difference .n the two situaticns since the
mass enclosed wit~irn tne shock wave in the case of TNT is some 1500
times that in *“he nuclear case. Hence, in tne nuclear situation the
pressures are very much higher and trne durations shorter tnen in the

+ bal

M




Since the energy partition in the two types of explosions is
significantly different, particularly in the roughly 15 per cent of
the ¥ield of a nuclear explosion which takes the form of prompt radia-
tion, it seems necessary to consider an efficiency factor less than 1
for nuclear explosions as far as the cratering effects are concerned.*
Experimentally, evidence on this point is meager in the extreme, being
limited to the JANGLE surface and JANGLE underground shots. At this
point it is useful to consider the numerical data on the JANGLE surface
sand the JANGLE underground shots. The data from these two shots can
be placed on this curve with efficiency as & parameter; thus the curve
DE on Fig. 4.3, represents the JANGLE surface shot for & radiochemical
yield of 1.2 KT times the efficiercies shown on the curve, with radius
scaled on the basis m = 3.4 and charge depth (height) scaled on the
basis m:= 3. Similarly the curve FG represents the JANGLE underground
shot data on the basis 1.2 KT times the efficiencies shown there, using
the same procedure. It will be seen that curve DE for the JANGLE sur-
face shot intersects curve AB at an efficiency of ebout 60 per cent and
that curve FG representing the JANGLE underground shot intersects the
TNT curve at an efficlency of 107 per cent. It is not suggested that
these values of efficiency are correct, but their comparative velues
are at least in the direction expected. It is reccgnized that, in ac-
cordance with the definition of-the equivalent TNT charge, the efficilency
of the JANGLE surface shot should be defined as the value at the Iinter-
section of curve DE with the solid curve. It is pevertheless believed
that there are such gross differences in mechanism between nuclear and
TNT explosions 1n this region of close above-surface shots thaet the
equivalence should be divided intc twc parts, one of which 1s concerned
with the disparity in the form of the blast wave and the other 1s con-
cerned with the remaining elements of efficiency. It 1s felt that the
value of 107 per cent obtained on this curve for the JARGLE underground
shot is probably unrealistic for tane following reason. It is clear that
velues of the scaling exponent m, end values of efficiency, can be pailred
to fit any crater measurement from a specific yield and depth. Since
it is felt that efficiencies at greater depths than 17 ft should prob-
gbly be nigher than at that depth and sipnce it 1is also felt unlikely
that nuclear efficiencies are nigher than 100 per cent, it appears that
this value of efficiency for the JANGLZ undergrouncé shot is on the high

* For present purposes, efficlency mey be defined as the ratio of the
total energy release of an equivelent TNT charge with that of a nuclear
explosive. The equivalent TNT charge may be defined as the charge which
at the same actual (not scaled) depth produces the same crater. Since
in both TNT and nuclear explosions it seems reasonably established that
only & small fraction of the total energy released can be accounted for
in crater production, there is no philosophical reason why the efficiency
of a nuclear explosion as defined above need be limited to 100 per cent;
however, at all times of interest in the formation of craters the pres-
sure witnin a nuclear explosion is higher than that within the equiva-
lent TNT explosicn and hence at the time venting takes place a greater
fraction of the energy in a nuclear explosion should be dissipated to

the air.




side of reality. 3ince this unrealistic efficiency is paired with the
velue m = %.L4, it is consequently likely that this velue of m is also
too high.

The procedure described for constructing both the TNT and the
nuclear curves shown on Fig. 4.3 can be performed equally well using
values of m other than the most probable value of 3.4. Other appro-
priate values of m as indicated on Fig. 4.2 are 3.0, representing both
conventional cube root sceling and the lower limit of slope on the basisa
of the 10 per cent uncertainty in experimental wvalues postulated earlier,
end L.l representing the upper limit. Both curves have been plotted
together on Fig. 4.4,

Since, for military purposes, 1t 1s believed that the data for
extrapolation should be available in the simplest possible form for
quick use without computation, the nuclear curves shown on Figs. 4.3
and 4.4 have been re-plotted in the form of radius in feet against
charge depth in feet, with yleld as a parameter. This has been done on
Fig. 4.5, in which for each yield shown both the most probable value
(m = 3.4) and the limiting velues m = 3.0 and 4.1 ere shown.

The estimates for this soil for the most probeble value of m
(m = 3.4) are re-plotted on Fig. L.6. Range of uncertainty (m = 3.0
and m = 4.1) are indicated by short norizontal bars attached to each of
the parametric yleld curves. )

The same kind of analysis has been carried through for dry clay,
dry sand, wet clay, and sandstone and the results of these anamlyses are
included in Figs. 4.7 through 4.10. In the case of these other soils
no nuclear data ere aveilable and hence the efficiencies found in the
Nevada soil have been used in the following fashion. For the most prob-
able value of the scaling exponent m in each of these other soils, the
variation of efficiency with depth at Nevada for m = 3.4 has been used.
Similarly, for the lowest value of m for each of these other soils the
same variation of efficiency with depth nas been used as weas found at
Nevada for the lowest value of m there, namely, 3.0. The corresponding
analysis has been made for the upper limiting value of m.

The most probeble and limiting values of m for all the soils re-
ported here are listed in the table below. In each case, the available
data have been plotted in the same form as was shown on Figs. 4.1 and
4,2, the best straight line was drawn fcr those points and then values
of radius 10 per cent above and below the curve were marked at the up-
per and lower limits of the charge sizes considered.¥ By this proce-
dure, the limiting vaslues of m have the greatest range for those soils
in which no large TNT charges have been fired, and this is appropriate,
since in fact the extrapolation is less certain in such cases.

In the case of wet clay, Fig. 4.E, so little TNT data are avail-
able that crater radius has been predicted only for the most probable
value of the scaling exponent m.

* Tt wes decided not to review TNT data from charges less than 200 1b.
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3., T 107 Several 50ils

j Soil v2st Prooacle MlLmum Maxa mum
R . S
[ Nevada - e 4.1
Dry Clay ] 2.3 <. 2
| Wet Clay E) ERSY 3.3
. Dry Sand T 2.C 3.2
‘ ; 4.1 \

Sandstone e o :
R S . e e L —

In Fig. &..1 ~re results for surface charges in various soils are
snown. For eacn 3¢l tne line drawn s tnat for the most provable value

cf m. On tnis curve 2.s0 are showr tie 1uclear craters at Nevada and
in the Marsnal. ... I¢ ©iotting tzne resu.ts of wne puclear explosions
on thils figure tae vali.e of efficienc. “zund for the JANGLE surface
shot for the s-al.ns exponent m * -.-., namely 60 per cent, has been

15 ina the Pacific. The loga-

assumed to oe applicabie to the explis.c

rithmic grid nas oeerz acjustecd i tue rezion >f 1 KI' to include this
efficiency for aX. larger yields. tden-e tre Zraph can be entered di-

rectly with the va.ue 57 rediochemical le.d. This grapn gives a real-
istic indicati»n o7 tne upcertaint: !n -ater predi:tion depending on
the properties »f e scil.

All dets .nat Lave peen used Lo tne leve opment of tne extrapola-
tion method presentec nere are summarizel ir Appendix A. This appendix
also includes iata Icr some TNT shows. namely those 1n wet sand, as
well as some nitlear ~rnarges, such as “-inity, whicn wera not used in

the ectual sna. .se re.eptec Lere.*
L,y COMMENTS N THz Z{TRAPOLATICN METH(-

It snoulc e

e extrapeletion method de-
scrived nere L oLasec e

1T

and type of extlcs.ve. As mentiopec ir sectiop 1.5, this is pot the
only form of ejumt:on wWwnic cost.~azed, and defenced. The aveil-
able data are s meager. ccatter around the curve representing
any specific ejuetion in SU ©n8' .7 g not possible at present

to establish vzesu: voralll las .+ a..Zity ¢7 slternative forms of

tne empirical =;:;.a" . .

where E 1s an =»97f{ “erpc. whica cdepends © medium, scaled charge depth,

JEe Leczyse date on only one charge
could not be established.
ceva se e scaled neignt 1s greater

* The wet sanc
size was Iournd
A value for
then that o:

g

e leder B ‘Ivi
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1s nere satisracmory.* When eitn Jo-m 135 used for the extrapolation
of TNT date -.. megatorn nuclear explosiosns, a certain range of uncer-
tainty in R .s shown, resulting {rom reasonable values assumed for the
uncertainty .oz £t *.) end (m). Taie uncertainty in R snown by the sug-
gested equat.ono ' i3 smalaier lnAan T At shown or the equation form
used in the mmin uod, oI tnls repo:st.

Anotner and mcre important teneri: adduced for the suggested form
1s that tne predsstes crater rad:! ! .r megatorn explosions nave & smaller
spread when ...i. —raracteristics are aianged.

It is tie op.piorn Of tre auznor waal wne verefits indicated are
illusory andé wnat tne {orm ouwsed L tne main body has a slightly better
basis. Tcoe ":ue caide 0f crater rac.us produced oy e megaton explosion
in any mediurm oirer tnan that exosting .o wne Marshall Islands will re-
maln unknown .nzi:. suca a szot is Tire ! and tne resulting crater mea-
sured. In tre meantime, it s fe.* °~a” caution in stating the expec-
ted velues arn: ~r=2.r .acertainties vastly freater military use
than Over-opt LI,

'3 (D]

O

5
(1 TR S W <

* Cne pilece ¢: .riformation wiicn :as oeern put forward as favoring the
suggested form oI ezuation ls tne reswu . 27 some cratering experiments
in the Marsnse .1 lsiiands. Trese experirernts were run under the direction
of Dr. k. Kirs Itezoenson, ou wae staff of the National Science

- ——— D~
o SWPIE L G2u4
(=]

54,2} dated 26 Nov.

Foundation. <uUot.oz from Memor L

1554, "1, A cer e, i .z were fired on Zlugelsb (Flora)

Islard, Zniwetns AT: 1Zve. Trnese shots consisted

¢f a compinet.zr. 7 » . Tetrytal), primaccrd, and blast-

ing caps pilez r = ~ swrTace wnicn had Leen exca-

vated down To tne nLlxn node lewel. ! cr2 owas estatlished around the

Cnarge 10 Drevent Jave 4 ~no¢ proved ineffective. In

additicr 1o se=i:im 2 rrater radii were determined.

Tne crater deta ZoTalns Laese HEIornete at tne Pacific Proving

Grounds may °% .s-i Lo establis: s 570 ractor for comparing saturated

coral witn Nevace s3.. . A summar. 30 "= ata is as follews:

W(tons TNT Zg.:.a -t Slal o LLn Crater Redius Rc/wl/i'
.- It. !

bl 27.¢ 2 18
p - 12 1.4G
‘ Lo SR 1.39 ‘
) - LELC 1.47 !
20 - 50 1.47
==
; vera.l average 1.00
| e e hE. "
» . Averags 11 JLrst snot omitted 1l.40.

(cont. on page
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The corresponding HE ta from Neveds taken from Tables A.4 and A.6
give a value for R./Wl/3 o} about 0.8. If one uses the suggested form
of the equation and nence assumes that the effect of soill’is indepen-
dent of the effect of charge size then one might say that craters in
the Marshalls should be expected *o be 1.8 to 2.0 times as large (in
radius) as craters from identical charge sizes and depths in_ Nevada.

In & simllar manner it is found that the value for Rc/wl 3 for
megaton surface shots In the Marshalls 1is about 1.0, while that for the
kiloton surface shot in Nevada is .34, which implies that Marshall
craters will be some taree times arger than Neveds creters. Actually,
if the small but finite value of nc/wl/B is taken into account, perticu-
larly for the JANGLE surface snct the analysis suggests that scaled
creter radii for nuclear cnarges 'n the Marsnalls are twice as large as
for those ir Nevadas. GSince this s the same figure that was obtained
for HE craters, it 1s tempting anc not implausible tc say that all sca-
led crater radl: {n tne Marshalls wil. be very close to twice those in

Nevsada.
Wnile tne precise date qudtec from the AFSWP memorandum were not
at hand during tne development ¢f the extrepolation method described '

in section L.2, some prior discuseion of them was held with Dr. Stephen-
son by telephone. At tnat time I° wes Dr. Stephensor's feeling that
the date themselves were somewhat unrellable because all the craters
were water-wesned before meas.rement. In addition it seems improper

to assume that the ciparacteristic:, for cratering purposes, of the
water-saturated coral sand involivec in the BE® tests are identicel with
the charscteristics of the more - nerent water-saturated coral rock

involved ir *%ne nuclear shots




APPENLIX A

SUMMARY OF AVAILABLE CRATER DATA

TABLE A.1 - Nuclear Crate - Measurements*

Shot 5021 RC He.gbt Crater Crater
rield of Burs-. Radius¥** Depth

(fe7 (00 (ee) T (A (2] (X))

S e e e e e e

TRINITY Dry Send  23.8 KT1100 -0.077 550 | 1.52  9.5[0.026

GREENHOUSE Sat.cor. : /

Dogé _ sanc  [B3 K300 -0.36 390 | 071 . 2.0/0.0036
5 et e 3 SR | J }
Easy® sand 46.7 KT 300  -U.~b6k - L18 ' Cc.925 | 2.410.0053 !
! GREENHOUSE Sat.cor. ‘ N i
| George®  sanc P15  KJ200 -.0%€ 570 0.756  10.00.0133 |
| JANGLE Sur- Desert |
i face Alluvium 1.2 KT 3.5 -u.Rc 45 c.336 17 0.127 |
| JANGLE Desert ’ ‘ ?
 Underground Alluviuz 1.2 KT -17 .27 129 - 0.981 53 ]0.396
TIVY Mike®  Sat.zor. ' |
: sanc 10.5 M2 hp7 3120 1.125 164 10.0593 }
| .2800)° (1.02)® g o

TCASTLE 1 Sat.cor.

n sanc  14.S MP 7 -, %Z 3000 _ 0.98 2k ]0.078
! CASTLE 3 Sat.cor. ‘ ; |
sane 110 KT 13.6 -5 020 LOO 0.66 75 10,12k
TEAPOT Ess  Desert o ' ‘
Aluvium -7 1k L0 J

Sat. cor. sand = saturated coral sanc

*

¥

a

A1l data except CASTLE and TEAPQT aata are obtained from Cratering
Produced b: Nuclear Weapons, W.R. Pe-ret, 3andia Corporation Techni-
cal Memorandum, Ref. Symbol 1920-2-( %) January 2, 1954.

A1l crater rad:: are measured &t orizinel grourd level.

Due to scowr frox water rushing necs in, and to aging (for GREEN-
HOUSE) measurec diameters may be larze by 1C tc 30 per cent, mea-
sured apparent :rater depths ma, oe 3nallow by a factor of 2 or more.
In Memorandum SWFEF 2/92h (354.2) dated 25 November 1954, the state-
ment is made that plottinsg the TVY Mixe 3ata on an expanded vertical

e

scale gilves a value for crater cad .5 2 2800 £+ (A = 1.02).




TAELE A.2 - TNT Crater Measurements ipn Dry Sand, Dry Clay,
- and Wet Clay*
Underground zxplcsior Test Program
Site: Dugway Proving Grounds
— - o
' Soil ‘Round  Charge
\ Weight Charge Dertnh Crater Radius** Crater Depth
| L (o TRT) (T} (A (£%) (2 ) (£r)  (A)
| Dry 1l1 320 -3.5 LS L 0.59 0.5 | 0.07
| Sand 122 320 0.0 5 7.68 1.12 2.5 0.37
: 123 320 1.3 15 10.88 1.59 S 0.88
| _ 10k 0320 3.0 vetd 12 1.75 6.5 0.95
; 125 320 7.0 1.22 0 15.5 2.26 8.5 [ 1.24
126 320 14, Ss 16,75 2.45 L.5 | C.86
127 320 21.. " 13.5  1.97 3.5 | 0.s51
128 2,560 2.0 J.15_ 19 1.39 | 9.75 | 0.71
129 2,560 7.0 =1 2k.757 1.81 7 8.5  C.€2
: 110 320 3. L5113 1.§ I 7.5 | 1.10
| 111 & 2.- 1.25 6 3 b 2
| L1l2 2,560 TG l.51 30 2.2 |12 | 0.88
| 113 22C 3.5 LS 2.0 T %.75 | 0.99
: 114 8 2. L2506 3 3.5 | 1.75
ﬂ 115 Lo,000  L7.C L3175 2.19 123 \ 0.67
* |16 320 8,75 .28 8.5 2.7 | § 0 1.32
Dry 321 320 -3.°F -1.51 2.5 0.37 1 . 0.15
Clay 322 320 D¢ , 7.25 1.06 4 - 0.58
b30% 120 1. g g 1.3 5.5 0.80
3% 320 3.t L 10,5 1.5 6 0.88
L 320 7.0 ..020 11.75 0 1.72 7 1.02
36 32C L., “ L% 2.2 1 0.15
337 320 21.0 T 1.46 1 0.15
308 2,560  2.c 15 2¢ 1.46 12 0.88
399 2,56C 7.0 PSP 1.57 "15.5 1.13
31 520 3. JR Y 1.6 7 ol.02
31 8 2.: " L 2 2.5 | 1.25
312 . 2,560 1.0 cezi 26 1.90 15 | 1.09
313 320 3.f 1 2.75 1.86 | B ’ 1.17
‘ 31 3 e.x ‘ 4.t 2.25 3 C1.5
315 40,000 17.° L ok 1.87 bh2 . l.23
316 110 2.5 .3l 9 1.8 | 6 | 1.25
317 2,560 7.2 10023 1.8 " 15.5 ' 1.13
318 120,00C  =5.( L0120 1.7 ' 60 0.88
31 2,560 7. Lo23 1.68 - 13.5 0.98
Sym._ . 320  T.C LL2 Q2.5 1.83 - T 1.02
| wet Lol 2.¢ T 3.5 5 2.5
Clay 42 320 2.c ¥ (B.75  2.7h 10 1.46
Lo 2,560 5.8 L% 4l.75 0 3,05 12.75 0 0.93
_Low 320 2. .30 AT.5  2.56 | 11.5 1.68
| LoS B 2.0 .2 6 3 IL k.1 2.05 J
* Obtained from Appendix C, Undergrcund Explosion Test Program, Final

Report, Volume I, Soll Engineering Research Associlates,

August 30, 1952.

** A1] crater radii are measured a7 criginal ground level.
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TABLE A.3-TNT C’rater Measurements io Limestone,Granite,and Sandstone*
Test Program

Underground Explosion

- Site: Dugway Proving Ground
| Soil | Round Charge |
f } weight ' Charge Dept“ Crater Radius lﬁ”rater Depto#*e*
_ o em Tl D ) T Q0 D) T ()
Lime- 501 32C g T 11, G.1 1.33
' stope 502 320 _-5 Ef £.3 ¢.21 3.9 0.57
| Granite | 601 20 -2.3 6° 1.20  0.175
| 602 30 9.5 -.00 .43 1.23 1.7 0.25 |
603 20 2.5 To3ee .70 L.be 2.6 | 0.38 |
0L 32¢ 5.2 T L.y 2012 5.0 0.73
j \ 5 320 12.3 LLEX 1T 2.50 €.1 , 0.89
_ 606 80 25.c .85 . £.20 0.76 2.0, 0.29 |
7 320 2.3 et L, 2.1 5.5 0.78
608 320 2.5 S 1LLO 2.05 L& | 0.57 |
609 2,560 5.3 6 28,2 1.8 1.2 | 075
_ 61C 2,560 5.0 0,365 2.1 | 1.69 8.7 0.64 |
: S 32C 2.5 360 1:.b 1,96 | 5.0 0.73 |
: 612 320 17.0 c.by _1r.2 1.93 7.6 | 1.1
i‘s.e.nd- 8c1 320 -2.5 - L6 2.0 0.0 0.c | 0.00
| stone 802 32C 3.2 . “L6 0.82 2.3 | 0.3%
| 803 3% 2.3 ot 3L6 1.68 4.8 . 0.70
‘ 8ok 326 5.0 .15 ik 2.0k 7.6 | 1.1
" 805 2C 12.5 R .3 .36 1k T o217
806 320 25.0 . N¢ .00 ‘ (
807 320 2.2 : 2.09 s.lbv ! 0.75
_.88 e 2.7 1.91 s.8 1 0.85 |
805 L3 7,78 1.85 8.6 | 0.8% |
81¢C ek 2.38 S.7 | 0.T1
811 , 50l 5.2 Lisbo2f 0l 1.83 10.5 1 0.77
L.Bla o5 5.l ceIt 2.3 1.0 1.0 . 0.80
813 1, X< 7.3 ERSHIE (SN 1.63 16.1 | 0.75
81i 5 12.% 50,5 1.65 26.9 | 0.79
815 Lo, 00C 12,8 “of 0 70LS 2.06 26.9 b 0.79 b
‘ _a1e T{LQS& Lle.2 ol 05e0 156 ¢ 27.5b, 0.800D
: 817  320,0C | 25.C ot a8 138 e k7o 0.6
s . 818 32C 2.¢ et 175 .56 6.0 | 0.88
81 320 | 2.5 e 3B 15.6 | 2.28 | 6.5 { 0.95
*Obtained from Underground prlos or Test Program-Technical Report No.

L, Granite and Limestone,
Program-TeChnical Report No.

=S
v}

Sandstar

Volume I anc -rom Underground Explosion Test

Asscciates, Fer. 1%, 1GS3.

*¥A1] crater rad:. are measursd at or.
**¥Average Creter ileptn (Dg) is tne
vertical disterce “rom the deepes.

MOl

- o~

directly under tne cnarge, to tne sur
or each cof the four verticel sections
depth is not signi7izert unless the Zee
of the excavat:or made to place Tne -ra,
ated by &ll tre “e*onations a8t <ne -Ar-

T

r¥a e

#.08. ground level.

.2, VUclume I, Engineering Researchn

ave age of tne measurements of the

£ tne crater, not necessarily

xS ¥

e

one meesurement being made
a2 allable for each crater.
point is below the bvottom

The cuarge hole was obliter-

This

“sne site except Round 306.

m
,
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Notes on Table i.3 (Continued;

a-The darage did not extend tc the surfece and is not comperahble with
other_rounds; the sides of the origina. charge hole were demeged up to
an average slant distance oI .t ™ f{rcx the center of gravity of the
charge.

b-Crater shepe was estimated; the :reakthrough volums is not included.
c-Average of sighkt measurements gc..ied from the vertical crater sections.

TARLE ~.L - TNT Crater Meas.rements in Desert Alluvium,
Cpera+. r. JANGLE*

Jperation JANGLE 45 Snots
Site: Nevada Provirg Grounds (Yucca Flat)
S sem —=
Sheorge i
Round Weignt __Charge Dep:iz  Crater ius**  Crater _Depth |
: “t «f TNT) (fe - (ft) () (ft) 1 (A)
—_— . e - ! ‘
 HE-1 ER ) R 18.2 1.33 6.5 0.47
HE-2 SN e L: 8.6 1.13 1.9 . 0.hk :
HE-3 2 ced 5.7 1G.E 1.45 10.6  0.79 |
HE-% 256 -2.22 6.4 D.47 1.9 O.lhf
_HE-5 2 2t L e b 1%.6 1.4 7.8 0.57 .
HE-6 EpSIce .2 : 16,7 1.he 6.7 0.49
EE-7 LIS T . 238.5 1.33 6.9 0.50 !
HE-3 b 21c o - & a &
EZ-9 b it .o . c.z LOET 3.5 0.58
-20b EM - Y 0.3 1,83 5.5 0.52 |

*0ctained from some HE Tests and Zoservations on Craters and Base Surges,

D. C. ampvell, Armed ¥orce: 3re-lal weapons Project, Cperaticn JANGLE

Projec . . -%. . Novemzer .t WT.. 10,
AL crater rgdll oare oesiure . 0 clz.nal ground level,

a-Partia. de-zret:ion

b-Resuwlt.. £«

4 corresponiine 7 -.r Pentol:<e charge are not Iincluded
iz thi e




TABLE A.5 - TNT 'rater Measuremerts .. Dry (Clay, Project MOLE*

Project: MOLE (Stanford keseercn Institute)
Site: Dugway Proving Lrourds

Round Charge wWeignt Charge Deptn  Crater Radiug##* | Crater Depthzi
(1o of TNT (ft) Ca) (¢ (X)) (££) © (x)

| e e e . ;
} 101 2s¢ 6. 35 1.0 Ll 1.73 5.5 | 0.86)
105 2sx ©.35 1.4 .S 1.72 6.0 ' 0.9k,
| 102 2%« 3.16 e oL 1.65 6.3 0.99;
1024 25¢ 313 L.lo J.f . 1.30 5.4 | 0.85]
| 106 27 1.55 s.er 5.1 1.43 6.2 1 0.98,

107 25t G.i Lo ot 1.0k 3.9 , 0.61
| 104 25¢ -G.83  -C..2 4.4 2.69 1.5 @ 0.2k

TABLE A.6 - TNT Crate- Measuremen®ts ‘n Desert Alluvium, Project MOLE¥*

Project: MCLE (Stanforc Hesesarcn Institute)

Site: Nevada Proving urounds (Yucca Flat)
- —
' Round Charge weignt  Jharge  Jeptrn  Jrater Radius*¥ rater Depth 2
! (1b of TNT () 'S ‘x) (£t) (X)) },
202 osr 6.5 o .81 5.7 | 0.90
212 o7 £, 28 . . .69 6.1 ' 0.96 |
L 203 2%t 3.13 S £.32 L.o = 0.63
L 20k pEe 1.65 G.et 5.2 1.45 2.9 | 0.46 |
205 2514 .83 =t 1.39 2.5 | 0.39
- 206 25t Dl S T- 1.01 1.9  0.30
I 2c7 ¢ SCLEE - . .55 1.4 1 o0.22

i

* Obtained frcm Smal. =xplosion Tests - Phase 1 of Project MCLE, R.B.
Vaile, Jr., Star®o-d Research Institu-e. January 1953.

#% A1l crater rad:{ a-+ measured 47 .. nal svound level.




T - TNT Crater Meas
Prooect:  MCLE (Stanf
S.te: Cearmo Cooke,

SIemen S

. Wet 3and, Prcject MOLE*

| . -
| Round  Camrge Weight Charge U
-t f TNT) e fr
.t £ TNT) f
; ] S
| 3048 St ;
P 301 Bale il
302 1 )
o 2
! 1o =28 - -
© 305 o5t
306 st
. 307 =
L 308 1e -
S
a - Rouni{ =7 was snot .o the °r
TABLE .7 TNT Zrater Mes
Do en MCL= ( Stean’
J.Le CAmD UCukk
Round Cnarge weigat lnarge N
it s A Fare
8 TNT, 1
21l e L1
312 B et
. 313 E -2
* Jbtained rom omBl. EXDLaCS. L
e Moo Swiccoans L. DL bacn
** 111 c-ate radll o&re meus. v

Crater

rater Redius** Depth
(22 (Al (£2) ()
) 1
18, o=% 6.6%  1.ou8
16, . oo

[
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tmstitut?y,

2t .n Wet Cley, Project MOLE*

Radius**

Crater

R
s =

Phase II of

researcn

()L )

(ft)

Depth
)

—
>

2.4% 11.2 1.76
2.8¢ 5.0 1.ke
0.61 3.k 0.53

Project MOLE,
Inszizute, May 195k4.

wnal <ground level.
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