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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




R ko %,

(or true crater) is of greater significance than the apparent crater,

While—for small craters it is physicelly and economically feasible
to determine the bouvhdaries of both the "epparent' 'and the "true craters,”
for very large craters, the problem of excavetion 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 enough to prohibit extensive work. Both of
these situations existed in CASTLE. Because of these difficulties and
other considerations it was decided to .imit 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 Shets 1, 3, and k.

1.4 BACKGROUND

At an early stage in the planning <wo techniques were seriously
considered in addition to those actually used. These were, first, the
use of a high-power fathometer developed vy the Navy Electronics Labora-
tory (NEL) which was considered to nave & reasonable probebility of
penetration of the leyer of mud or disturbed earth separating the ap-
parent from the true creter. Tke second technique was designed to sup-
plement the penetrating fathometer as & means of determining the true
crater. This technique involved the production of holes through the
crater either by drilling or jetting te:cnrigues. Several methods of
detecting the surface separating thne trie crater from undisturbed earth
were considered. The decision not to use either of these procedures wes
made on the bpases, (1) that the drilling or Jetting would add a large
cost to the project, (2) that & penetrating fathometer would not be re-
liable without the supplementary information gained by the drilling or
jetting, and “inally, (3) that information regarding the apparent crater
would be very nearly as valusble for purposes of prediction of target
damage as wouid measuremer.ts 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 cptimism that
craters produced by such explosives car be predicted with an accuracy
almost entirely adequate for military purposes, even though it is clear
that some properties of the medium (earth) in which the explosive 1s
fired are. very sensitive parameters in affecting the crater.

The situation regarding craters produced by nuclear explosives is
less satisfactory. First, the evidence is meeger, since, prior to CAS-
TLE there have been only three such extrlosions on which crater meeasure-
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.

e L S VA -
- .




The failure of crater scaling from coaverticnal to nucleer explosions
is helieved to result botn Irom tne enormous disparity in energy re-
lease (and tnis alsc applies between 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 known tnet 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 lndependently, then
one could write an empirical equa=ion in the form

o= f(W. . (D! . £(m)
or in the focrm

R o=f(W * "(D.) " f(m)

where R 1s thne radius
W is related to energy release,energy density, and detoration
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, nhowever, ‘ne parameters are interdependent it
is necessary to use the form

R =7(W, L. m)

end the effect of varying any cne of the parameters 1s much more compli-
cated because it depends on tre velues at which the other parameters
ere maintained.

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

R = €(w . (W, 0.},

or as a more specific example,
i
¥

Ro= oW

where k is approximately 3. Tne :nclusion of an additional term to
represent tos effect 2F different mediums could be in several forms,




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

In attempting to correlate crater cata from TNT blasts with those
from nuclear explosions, 1t 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 egquivalent tons of TNT, based on radiochemi-
cal data. This nas bpeen justified by the fact that the energy parti-
tion is totelly different for the two types of explosives and that the
nuclear weapors deliver radiant energy while conventional explosives do
pot. It is believed, nowever, that at best correlation 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 depth (or heignt) (xc) is fairly well estap-
lished for TNT. If scaled crater diameter .s plotted agalnst scaled
charge deptih, it 1s clear both from experiment and physical reasoning
that the curve will te concave downward, since no surface crater is
produced 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 1is in ft/(1b TNT)1/3.

The effect of the medium, f(m), hes 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 alsoc
important. Irn regard to strength, 1t 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 Irom leboratory to field condi-
tions very uncertain. Thus, while appropriate values for strength under
shock load are not known, 1t appears clear that the strength under such
conditions maey differ widely from tne stirength under static load.

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

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

1}

* The deta at nand nave seemed to the author to fit better into an
equation of Form (2) tzan ignto one 57 Form (1), namely
1

Eo= (WE)m L 5 AL

as-elaborated in Chapter 4. It is toc be noted that these two forms are
drastically different ir the implications of extrapolation from less
than xiloton -~harges up to megaton cIiArges.

"#% Thus Fig. . .l. nas been plotted witn no consideration of relative
efficiency«miile in Fig. 4.11 a relative efficiency of 60% for
puclear .charges compared to TNT nas ceen 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 followirng three shotse were surveyed
as a part of this project.

TABLE 2.1 - Shot Iccation

=

Suot ‘ Shot Location

i On the reef in the northwest
section of Bikini Atoll.

R — VU OV USRS S

Cn ar island in the southerr
- section of Bikini Atoll.
|

U P UNOS SORU SIS S -

- ‘ In tre lagoon in the mnortheast

J section of Bikini Atoll.

— — -

The reascns for limiting participation to these three snots have
veen described in section 1.3. It should be noted that for the pur-
pcses of crater measurements it is necessary to determine the surface
or bottom contours prior to tae explosicn and again subsequent to the
explosion. While in e scientific sense it would be desirable to mea-
sure the crater shortly after zero time so as to avoid modification of
the crater by the 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 exrlosion and the interval _rmediately following it. Actual-
ly, the time planned for the re-entry ol tae survey group after each
shot was bounded by the time judged tc te required for the radiation
level to deca; to a value such taat b to 8 hr exposure would not result
in e total dose amounting to an important fraction of the allowable
total dose for the wacle operatiorn, opemely 39C0 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 tne ship was determined with the assistance of
four types of equipment. For the most part they represent independent
rmethods. The equipments were:

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

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

The Raycdist principle is that the distance between two points
can be measured by counting the number ol standing radio waves between
tne twe poilnts. 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 4OO0-cycle beat note at three fixed receiving sta-
tions. This beat note is produced by transmitters of approximately 12.5
me, one of which is fixed and the other on the ship being tracked.

The Raydist equipment as actually used involved installations
requlring 60-cycle power at each of four shore points. Each of these
shore installations had a transmitter and three of them had recelvers
in addition. On 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 f£t, 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 requ.red (four on shore at isolated
locations and one on the ship) proved to be one of the major headaches
in the actusl operation of the equipment. since 1f any of the five power
supplies falled, it was necessary to repeat “he run and return the ship
to the known starting point.

The sextants used were standard Navy lssue except that they could
be read tc 10 sec. The general limitatins 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 approasches the circle determined by the three shore
points. There is the further limitatioc that if very distant shore
points ere used, then even the full angular accuracy of the sextants
results in relatively poor absolute precision of the fix. Fipally, the
capability for finding and retaining ill-defined objects with the sex-
tants was much poorer than with the alidedes. For these various rea-
sons, in practice the sextants were used only as & backup procedure fcr
locating the ship and were used only occasionally.

A gyrocompass Mk. 18 was installed on the boat for the use of
this project, and two repeeters, one on the flying bridge and the other
on the forward starboard 4O mm gun mount, were installed. These re-
peaters were ccmplete with alidades naving e megnificetion of about
2.5. In pract.ce the alidades and gyrocompass proved to constitute the
best method of positioning tne snip and this equipment was used either

<0
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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.tior to the bottam survey. aerial photographs of the cra-
ter were tHken promptly after tke shot. In addition, to assist in
tracking the boa: carrying the fathometer, aerial photographs were
teken at 2 min. .ntervals during <he time tae boat was im the crater.

The fathometer snowed that =ae c-ater had refilled with very
loose sand or mud tc & uniform deptn af-er the shot. In the placement
of the barge for Snot 2, which was o be fired at the same ground zero
location as Shot ., the H&N group made .ead _ine soundings prior to the
placement of marxer oduoys and moors for <he barge. The data on those
soundings are als¢ included in this report as evidence of the crater
shape.

The post-Stot . survey was condu:ted on the sixth day after the
shot. At the *ime of tne surve)y, tne radiation level 10 ft above the
water surface was 2> tc 75 mr/b:. Mess irements by other groups demon-
strated that itrze levels on the land areas swrrounding the crater were
much higher.

After the accomplishment of the post-3not 1 survey and the pre-
Shot 3 and pre-Shot & surveys, & discuss.on was held of the extent of
further effort merited in light of *he .ncertainties as to times and
locations of the remainder of the saots In these discussions it was
brought out that tne expected result of 5Shot 3 would be to remove the
western end of Tare Island to a deptk > 50-10C ft. Since the preshot
survey of the water surrounding it showed that the island had quite
steep sides, it was felt tnat the measurement of the crater would have
very small value for the predictiorn of :raters in locations where the
earth approached & uniform plane rather tnan & mountein top. In the
same discussicr :t was elsc confidentl: predicted that the result of
Shot L 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 postsint s.uvey of these two shots was ap-
propriate and tne 2onclusion was reacne ! that adequate data would be
obtained if tiree taut wire runs coulc e obtalned approximating three
crater dismeters &nd that these runs .o ud pe deferred for Shot 3 until
after Shot 4. Consequently the pro_ect group left the forward area cn
1 April and returred =c tne forwarc ares on 09 April, immediately after
Shot L.

The actus. postsanot survey of wne Shot 3 crater was somewhat
modified pecalse tne vield was mucr sma._ler <han had been predicted
and hence the crater, instead of encompassing all of the western end
of the island. was much nearer 10 teing landlocked within the western
end of the island. In acceding t¢ “he sressure of the continuing shot
schedule for CASTL., .t was decided not <o reestablish the Raydist e-
quipment for tre postshot measurement. “:r s5hots and 4, and as had
been predictec +tne landmarks avalieule 'or v.osual location of the ship
were inadequate. [n additiorn, veca.s~ 7 tne tight shot schedule then
exlstent, the protograpnic airplane was act able to rendezvous with the
boat to assist irn wne “ocaticn during tie fathometer surveys. Conse-
quently tne crater dimeasions were ieve mined first by the fathometer
alp combined witr te. . wire equipment and later by

equipment on tre ¢
eerial pnotogrepri: mapping teconi,.e.. In actual operation it was
found extreme. . Aiffi-ult <o marens~: - » LTI in the narrow confines
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of so smal. a zrater ard it provel .mpossible to ruc crcss wind in suf-
ficiertl: straignt courses =¢ mare taus wire measurements effective;

nence, {or twc f tne three ~ur. « mogified procedure was developegd
the spo: lon the oat's apcnor cable ‘'was marked of was

i
allowed -- cr.f~ acrcse the or-ate and was yoent kﬂback by the
- Rl RS

ancnor wWinci.. M o
“ne post-Shot 3 merial sur e as made a few days after shot

but pri::r =¢ 3nct <. From =h.s s.rve, a post-shot contour map snowing,
of course, c<nly tne sectico awvove wne waterl_ne was constructed.

Tre post-3a0t 3 fatnometer survey was made on 1 May, the 2kth
day after <he snct. Srot ¢ rnad .1tervened and the weter-wave resulting
from Shc: - nad wasned over =ae . .p of the Shot 3 crater. This had the
effect ¢ smootrning and lowerims .ne ..p to an unknown extent (believed
to be s..gnt), filling 1n the ot.om 3 the crater and reducing the
level o! rac.oactivity. [uriug © = c-ater survey, tne radiation level
10 ft arcve tne water surface win-o abt. S0 m:/hr and above the lip 1500
or/hr t: ‘

Ir wre postshot surver; 1 .pe sucinity of 3hot 4 there was a
similar pressure »f time. A narg: was being put into plaece for a later
shot anc i- w~as impossiblie =¢ app nac: close to the presumed center of
the Shot - crater. Three tau' wi ‘e runs were obtained but for the rea-
son just swezed all are crords rather than diamelers. Additional datae

on

3
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in regarc < tnis crater were ootailned from the Scripps Institution of L]
Oceanograpry, ~nc had run a fatihometer survey two days previously to
permit &ssurance to the capza.r . =he USS Curtiss tnat it was safe for

the shi; o croceed into the ares Tee fathometer surveys in this ares,

as in tre otner cratevs  showec e cer. flat bottom, cbviously the re-

i1 of mud o- rine sani tco otscure the bottom of the
data, information regerding

1 nuoys and moors was obtained

1cement of tne barge for the later

suat of i b

crater, In addiz:io
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CHAPTES

RESULTS

3.1 GENERAL

The resul-c 5~ =ne ~rater sw ve. are summerized in Table 3.1.

TABLE 5.1 - Results oY rate: Survey

{ ‘ Estimated

' Maximum Scaled i

Yield Feciie P) Deptn (D) Radif?g
' 1t )

Shot ! (TNT Zgui:. Locetion T (ft) (ft

— ) e ) J
1 lb.s M surface-reef YR 240 : .98 }0.0B

N
no
')
e
(@]
}__J
0

3 11¢ Ki surface~1sland ce A,

Lo t.5 M Surrace-water .o 2
1 ‘ o Tt owater ¢
| | deptn)

Notes: (1) At originsl ground leve. =o . was approximately 15 ft
atcve sea level. Tne o.cpe »f w.e ebove-water lip from
rigieal ground level o see level varies over a
wide range. To the souts . .35 yuite steep anc the
redins <a =nat directicr ramwes rrom 380 to k1C ft. To
tre eant end wesh, noweve: e Dlope 16 extremely gentle
arc ~r+ redius figure o - seguently uncertain end of
on

1.:%t.e significance. 7= m.cooum radius appears to be
greate  thao o040 {t.

(¢) From ¢ igainal ground _eve. .

() Since wnere was no .ip ~oe adi.o is pot well defined.

(&) Tre =s-imated maximum <=fp7 ¢ 50 ft pelow sea level or
GO £ elow the froxzing a0 rottom.

Ir. stucying large oraters, « Tie v *ne site or in a report, it
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is easy -0 cverlock tne fact tnat tne depth is quite small when com-
pared to the diameter. Tc maxe t:is point ciear tne upper part of rig.
3.1 has oeen drawn to sihow typical prcfiles of Shots 1, 3, and L, all
to the same scale and with tde sare scale for vertical depths and hori-
zontal deptn:. These same pr iles are repeated in the lower part of
Fig. 3. where vertical distarces are enlarged oy a factor of 10. This
expansiocz of depths nas been made {n all of tne following figures.
I- wi.. be ncted from Fig. :.. tzat tne depth on Shot 3, rela-
tive to iiemeter. is very muc: greater than on Shot 1. In scaled terms
the thicxnes: «f sand below tne srot polnt and above the water was much
greater o 3not 3 than on 3Shot .. It is probable, however, that the
greater -~elative deptn of Snot - .s primarily e function of the yield,
since it seems to be well establisped tnat small explosion craters have
reater -~ela ive Cdeplny toAr (ATZe  pes,

.2 SHXT |

(@S]

Figure <.Z is & presnot paotograpc of the Shot 1 area on which
the CASTLE gric i1s shown. On Fig. 3.3, which 1is the postshot photo-
graph of the same area, in additics to the CASTLE grid, three lines
(A-B, C-Z, and E-F) have been irawn. These lines represent the tracks
that the surwvey skcip followed whiles the profiles presented in Fig. 3.k
were obtainei., On these and mll cther profiles zero elevation nas been
taken as tne zetum plane cr wnico ~ne tide tebles are based: 0.5 ft be-
low mean Low-water springs.

The survey with the sonis fathometer showed a uniform flat bot-
tom at & dep=rn of 170 ft. This flat qottom undoubtedly represents the
upper surface of mud and suspended sand wnich was settling in the cra-
ter. In mco-ing tne barge £or Joot [ oat the same ground zero, H&N ob-

tained l=ad .re soundings of “+ api 1t is oelieved that this figure
represen~: T = deptn of tne coace vosnon 1.
2.3 SEOT -

Siace oot ¢ was Tired on s sarge in tne center of the Shot 1
m..itary significance attacnes toO tne crater formed by it

rater, no
and nc fathometer measurements ¢ ¢ wWere made; an aerial survey, how-
ever, wa: mede and g protorrars . snowosoas Flg. 3.5,
3.k SHOYT
Figure-s -.0 and 2.7 mre pre- and sost-Snot 3 photographs. It
sho.ld b= nowed -rnat thnese puotoLrapns are to a different scale than
Figs. 3. anc -.% so that *rne :.:- ~f *-e craters cannot be compared

from the pno>™Ograpas.

Figuires -.0 and .9 are -ons Taps snowing the situation for
Shot * before end after toe s, cespectively. 1o the upper part of
Fig. %.1 taese Zwo conlou: maps @ ave b2en comdined to show the contours
of -he & r7fe-srce ip elevatisn pr :uced by tne shot. On this seame chart,

the loca<.on ¢ wre traverses .. . tne LCU are also snown. In the
lower pa- 5° tnis fisure wn: on - ox. .11, ~rater profiles are shown




for the traverses indicated. It wi.l o« noned tnat the east-west pro-
file partigularly snows that the sicpe ¢ tne 1lip 1s very slight eand
that there is almcst no elevation avove une original ground level. As
a result of tris gentle slope tne red:. at criginal ground level be-
comes difficuwlt t¢ determine and ve:, =+nsiv:ve to elevation errors in
the contour meps.

The upper par+t of Fig. 3.1J 1 & rmap of tne Shot 3 area showilng
the traverses made 0y tne saip walle toe data for the profiles were
veing taken. The prafiles are spown oo tne bottom of Fig. 3.10 and
Fig. 3.11. Merk rumpers are snown wp the traverses and on the profiles.
It is to be ncted -hat the survey ¢! Snot 3 was made 24 days after the
shot itself arc trnat <ne wave producec v Shot 4 had completely inun-
dated the lip <of tne Snot 3 crater. bBecause of the nigh level of radio-
activity it wes act oossible to accompl so any survey of tkhe above-
water portion ¢f t.e craeter and consequently tne diameters and the
neignt of tne .1: &% ~z2 orizinal o level are subject %o some un-
certainty.

3.5 SHCT «

Figures -..Z and 3.13 show a simi ar map and profiles of the Shot
4 area. Agalr tne numbers or tae figures correspond to mark numbers
taken during the survey. As poted in section 2.3.2, because of the
interference c¢: gtaer activities or tne day tne survey was made, 1t was
not possible t¢ rua liametral traverses and. as shown on Fig. 3.12, the
chord traverses actually depart from tne center rather far. For this
reason & diametral profile, ABCDE, nas seen estimated from the results

of the three c¢norc orofiles shown. v to toe spnot the lagoon floor

at the snot pc.znt ~as at a depto of “t. The vottom in the vicinity
was gulte irregu.er, witn a general s.ooe toward tne center of the lagoon
and wito a large ¢ .mber of 2cral neacds, Tne post-spot survey indicated
tnat the effec: i Lne 3n0T was U ;arize or depress tne bottom di-
rectly under ‘re ¢.0% point and to iest ooy =ne coral neads in thne vicini-
ty. Mud or fipe (almost suspended’ san! was deposited as indicated in
the profiles &° « .nitcrm deptn 27 apc: .8 Tt. Lead line soundings

v NER W

.

by H&N during ‘ne ciacement ¥ tge erc: “0- a later shot gave a depth
of 250 ft.

3.6 COMPARISUN WITH CTHEF SURFA T

On Fig. ..& Irater racius . poo.ted as a function of yield (log
scales botn we.s. ©or all surface sacts Tor woicn datae are readily availl-
able. Trese cats .noiude oot Lo TWT rnarges ir clay and s.lt-gravel at
Utah and Nevace, togetrner witn simi.e: narges in wet clay and sand at
Cemp Cooke. +.1 tne stner points are o.tlear explosions ranging from

the JANGLE surtare snot in Nevace AT snet -, IVY Mike, and CAS-
TLE Shot 1 ip "ne ranific Thus, - e - .uts plotted include a wide
variation in :oil. naracteristicls
yield. It is part.caiarly o or 18T no account nas been taken
of the gross =.fferer e in epergy parw: lon setween TNT and nuclear ex-
plosives. Wh .e * . oocinte plotter v e cingle exception of the

s wxu-emely wide variation in




JANGLE surface snot; lie witzin “re counds of scaled radius = 0.5 and
scaled -adi.s = £, it mus- nct oe coocluded that craters in the future
will lie witrin these bounds. ~° a minirmm, enelysis tc indicate the
il craracteristics arz tre chamnge in energy partition will
ve required oefore reasonable bounds for crater predictions can be spe-
cified. It .¢ also tc be noted tamt tne height of burst 1s a sensitive
paramets- . &ffecting crate- iirsnsions from "surface” shots.
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CHAPTER 4

PREDICTION OF CRATERS

4.1  BACKGROUND

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

The craters from explosions nigh above the surface are signifi-
cantly different from those formed by lower explosions in that they are
depressions rather then excavations. It is believed that such craters
are of relatively mincr importance from a military standpoint and they
are, therefore, not considered hner=.

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 yields are coosidered. In tnis report, only ap-
parent craters are copsidered.

In previous analyses of crater data, the horizontal dimension
used has sometimes been diameter and sometimes radius, and these values
have been meassured sometimes from lip to lip and sometimes at the origi-
nal ground level. In this report, only radius at original ground level
1s considered.

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

1. A1l the data from which soils can be compared
are ccntained in experiments involving relatively
small gquantities of TNT.

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




. The range over whicn 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 a few measurements
of the penetration of .45 pistel 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 it is believed. consequently, that it is of
major importance to indicate the order of magnitude of the uncertainty
involved as well as the extrapolation itselfl.

At the outset of any attempt to develop extrapolaticn procedures,
one is feced with a philosophical choice. On the one hand he may look
critically into the mechanism 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 phencmenon such as crater
formetion, the mechenisms by which causes and effects are interrelated
are so illknown as to be for the moment., unknoweble, and hence conclude
that the appropriate 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 thinking ~ccasioned by this approach 1is
that cube root scaling is on this basis discarded as a primary tool in
the extrapolation and is used only for assistance in relatively minor
aspects. In adopting ean empirical approach, it would of course, be &b-
surd to ignore the information, however meager, in regard to the physi-
cal 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 cube root scaling is likely to give
the 1llusion of a precision in prediction unjustified by the facts.

The development described below was undertaken within the frame-
work that the desirable result from a military standpoint is the con-
struction of graphicel or analytical relations such that knowledge of
the yield, soll, and depth will permit =asy prediction of the crater
dimensions. It is postulated that the shape of a crater for the cra-
ters of interest is primarily dependent on its size and hence the first
attempt is 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 METHOD

It was decided to study first the effect of soil type, second
the effect of deptn, and third the effect of yleld. In looking at the
available information it was at once apparent that in regard to both
soil type and depth 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 end from
these data to establish an extrapoletion procedure; second, to adjust
the valies cf the parameters so that the JANGLE underground and JANGLE
surface shots would be consistent, and finally, to investigate the sensi-
tivity ¢f the procedure and compare the results with the measurements
of nuclear craters 1n the Marsnal.s.

Nevada soil is an appropriete one to look at first since there
are considerable HE data and date from two nuclear shots. In that soil
data ere available in the range A_= -0.13 to + 1.0. Within this range
greatest interest lies in the neighborhood of kc = 0.1lk. The data on
the TNT shots of this scaled deptkL are plotted in Fig. 4.1 which shows
crater radius plotted against yield on log paper both ways. Figure .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 is typicel 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 eny specific combination of scil type, charge size, and charge depth
is at least 10 per cent. Conseguerntly the plus and minus 10 per cent
limits st the maximum and minimum charge sizes shown here are merked
on Fig. L.1. For extrapolation purposes, the reciprocal slope, m, of
the most probable lipe is found tc¢ be Z.4.% To permit an estimate of
the uncertainty in extrapolation, maximum and minimum slopes within the
10 per cent uncertainty Jjust mentionec have also beec plotted. Thnese
slopes are found to be m = 3., anc = = 4.1. This elementery analysis
has been underzaken witn tae data on Fig. 4.1 only end lines of tne
slopes so determined nave thern been drawn on Fig. 4L.2. Tone analysis
haes been limited to Fig. 4.l botn because the scaled depth Ac = 0.1h is
of major interest and also because a greater range of yields for TNT
shots is available for this scalec deptn than for any other.

It is apparent tnet m, the reciprocel of the slope when crater
radius is plotted egainst yield cr & log-log basis, is related to R and
W in the following wajy:

SIS

R o= Kw
In the remainder of tne repcr: '=' is referred to as the "scaling ex-

ponent. "
Now, us.ing tne oest fit value fcr m, -.L, and the experimental
’ —_ i § R ’ S
data of Tatles A.+ and A.S. %re .o lid line on Fig. 4.3 has been

* The actu velue measured on %“re graph is 3.39. It 1s believed,
however, thet the second figurs is of somewhat doubtful validity
and nence all such numbsrc are rounded off to two figures.
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constructed. Cn tnis figure the scaled radius (on the pasis 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 on this curve for TNT charges. In this procedure con-
sideration must be given to the difference in mechanism of nuclear and
TNT bursts, particularly 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 bpoundery of the snock wave 1s equal to the average
energy density at the surface of a spherical TNT charge which bas been
detonated at 1ts center, the envelope oY tne nuclear explosion is es-
sentially hemispherical. If average energy density is a good criterion
of crater size and shape, then on this nasis the crater formed by a
glven nuclear enpergy 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 a auclear surface charge should
differ extensively from that produced by & TNT charge whose c.g. is at
the surface, both oecause of the different mechanism mentioned above
end because & hemispnerical 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 &s that within a sphere
of TNT tangent®t to the surface when both shock waves reach the surface.
This argument cen be summarized by saying taat the crater radius pro-
duced by a low aboveground nuclear shot should be essentially indepen-
dent of neight, and (if the efficiency were 100 per cent) should have
apout the same value as that prcduced cy a TNT shot at XC = -0.13. On
this basis tne dotted 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 betweer determining scaled depths on the basis
m = 3.0 and on tne basis m = 3.4, s relatively triviel and will not
affect tne conclusions reached in this analysis.

** D,T, Griggs, in predicting tne effects of JANGLE Ut computes shock
wave velocities irn alr to bpe approximately 25 times those in soil in
the radius range -rom approximately A = 0.l to,A = 1.0. Similarly,
Porzel, in prediciipg the effects of IVY Mike,g/estimates shock velocl-~
ties in the eir 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 130U:l.

*¥** By "average energy density' is meant the total energy contained
within tne shock wave, divided by tae total volume within it.

e Aectually, as Porzel points out,%'at a vime when the nuclear shock
wave has reacred tne same radius as tnat of the TWT sphere of equiva-
lent energy r=lease, {and hence wnen average energy densities are equal)
there is still an enormous difference .a the two situaticns since the
mass enclosed wit-in the shock wave in the case of TNT is some 1500
times that in “ne nuclear case. Herce, in tne nuclear situation the
pressures are ver; much higher and trne durations shorter tnen in the
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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. Since this unrealistic efficiency is paired with the
value m = F.4, it is comsequently likely that this velue of m 1s 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 scaling and the lower limit of slope on the basis
of the 10 per cent uncertainty in experimental wvalues postulated earlier,
and 4.1 representing the upper limit. Both curves have been plotted
together on Fig. L.k,

Since, for military purposes, it 1s believed that the date for
extrapolation should be available in the simplest possible form for
quick use without computation, the nuclear curves shown on Figs. L. 3
and 4.4 have been re-plotted in the form of radius in feet against
charge depth in feet, with yield as a parameter. This has been done on
Fig. 4.5, in which for each yleld 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 s0il 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 norizontael bers 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 analyses are
included in Figs. 4.7 through 4.10. In the case of these other soils
no nuclear data are available and hence the efficiencles 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 soills, 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 was found at
Nevada for the lowest value of m there, namely, 3.C. The corresponding
analysis has been made for the upper limiting value of m.

The most probable and limiting velues of m for ell the soils re-
ported here are listed in the table velow. In each case, the avallable
data have been plotted in the same form as was shown on Figs. 4,1 and
L,2, the best straight line was drawn fcr those points and then values
of redius 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 velues 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.f, so little TNT data are avail-
able that crater radius has been predicted only for the most probable
value of the scaling exponent m.

* It was decided not to review TNT deta from charges less than 200 1b.
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TABLE .. 2r., 7 107 Several Soils

L . R

|

Soil “ost Propacle MinLmum Max 2 mum

Nevada e e 4.1
Dry Clay ] 2.3 <. 2
Wet Clay E LY 3.3
Dry Sand LT NS 3.2

' 4.1

Sandstone e b4 ‘
[, — I . e L S

In Fig. &..1 ~oe results for surface charges in various soils are
snown. For eacn s¢.1 the line drawn 15 -nat for the most probable value
cf m. ©On tnis =curs 1uclzar craters at Nevada and
in the Marsnal. .. =5 0f tue puclear explosions
on thils figure tnae . . “ound for the JANGLE surface
shot for the scalins + m ® -.+. namelyv 60 per ceant, has been
assumed to oe applicab.e to the ). 0s.025 in the Pacific. The loga-
rithmic grid nas oneer acjusted ir uue -ezion of 1 KI' to include this
efficiency for al. larger yields. tHen-e tne zraph can be entered di-
rectly with the va.ue 52 radiocnemical ie.d. This grapn gives a real-
istic indicatisn o tne uncertairt:r ;. cater prediction depending on
the properties nf -ne scil.

tion method presen-<ec nere are summari:zel i Appendix A. This appendix
also includes iata Icr some TNT shovws. namely those 1n wet sand, as
well as some niclear cnarges, such as T-inity. whicn wers not used in

the ectual ana.. se re:epnted nere . *

4.3 COMMENTS N THz Z{TRAPOLATICN

It snouldc e otel expoie “re extrapoletion method de-
I p
scribved pere L oasec o &L empl ica. - LAt ot ol tae [orm

‘Vf‘ilr

where E is an =¥ti .erc. whica cepends ¢ mediumr, scaled charge depth,
end type of extics:ve. As mentiope: in section 1.9, this is not the
only form of ejust:on wWinich can e _azed, and defenced. The aveil-
able deta are whe.r tter around nhe curve representing
any specilic eg’., "n&* " .g£ not possible st present

to establish velat e om_.iity ol alternative forms of

wne enpirica’

* Trhe wet sanc TNWI resolTs Wwere a0t Lpe. Lecause date on only one charge

size was Iound sie could not pe established.

A value for Trir.T. was not use2d @ era.ae e scaled nelgnt is greater
than that o: o

RSP Wy “a”‘—«.‘ ‘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 Nevada taken from Tables A.4 and A.6
give a value for R./Wl/3 of about 0.8. If one uses the suggested form
of the equation and nence assumes that the effect of soil'is indepen-
dent of the effect of charge size then one might say that craters in
the Marshalls should be expected -0 be 1.8 to 2.0 times as large (in
raedius) as craters from identical charge sizes and depths in_Nevada.

In & similar manner it is found that the value for Rc/wl 3 for
megaton surface shots In the Marshalls is 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 then Nevaeda craters. Actually,
1f the small but finite value of I'»/W-/3 is taken into account, perticu-
larly for tke JARGLE surface snot the analysis suggests that scaled
creter radii for nuclear cnarges n the Marshalls are twice as large es
for those ir Nevada. 3ince this s the same figure that was obtained
for HE craters, it 1s tempting anc not implausible tc say that all sca-
led crater radi: {n the Marsnalls will be very close to twice those in

Nevsada.
While the precise data qudtec from the AFSWP memorandum were not
at nand during the development c¢f tne extrapclation method described '

in section L.2, some prior discussion of them was held with Dr. Stephen-
son by telephone. At tnat time !° was Dr. Stephensor's feeling thet
the date themselves were somewhat unreliable because all the craters
wvere water-wesned before measurement. In addition it seems improper

to assume +<hat -he characteristic:, for cratering purposes, of the
water-saturated ~oral sand invo.vec in the HE tests are identicel with
the chaeracteristics 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).




- and Wet Clay*
Underground bxplcsior. Test Program
Site: Dugway rroving Grounds

! T
' Soil Round Charge
| Weight Charge Derth Crater Radius** C(rater Depth
| . (b TNT)  (fr) (A (ft) () (£2) (X))
| Dry 1l1 320 -3.5 -0, 81 L 0.59 0.5 | 0.07
| Sand 172 320 0.0 L 7.68 1.12 2.5 0.37
! 123 320 1.3 ~.15 10.88  1.99 6 0.88
| _ 10k 320 3.5 . weilo 12 1.75 . 6.5 0.95
; 125 320 7.0 1.02 15.5 2.26  B.5 o l.2h
126 320 lb.o Soos o 16.75 0 2.45 L.5 | C.86
127 320 21.. .7 13.5  1.97 3.5 | o0.5;1
128 2,560 2.0 J.15 19 1.39 | 9.75 | 0.71
129 2,560 7.0 2 2k.757 1.8 T 8.5 | o.€
110 420 3.5 L5113 1.§ 7.5 | 1.10
| 111 & 2. 1.2s 6 3 " 2
| 112 2,560 7.C 25130 2.2 112 | o0.88
| 113 %20 3.5 LS 2.0 T %.75 | 0.99
: 114 8 2. L2506 3 3.5 | 1.75
| 115  Lo,000  17.¢ 3175 2.19 | 23 i 0.67
* 116 320 8.75  1.28 18.5 2.7 9 - 1.32
Dry 321 320 -3.° NS 2.5 0.37 1 . 0.15
Clay = 322 320 D1 ) 7.25 1.06 4 0.58
303 520 SIS g g 1.3 5.5 0.80
L3 320 3. 1. 0.5 1.5 5 0.88
SRERE 220 7.0 = B O T W 7 1.02
36 32C .. “ L% 2.2 1 0.15
337 320 21.0 T Lo 1.46 1 0.15
308 2,560  2.b L 20 1.46 12 0.88
399 2,56 T.0 SRS 1.57 "15.5 1.13
310 520 3. i 12 1.6 7 . 1.02
3L 8 2.0 L 2 2.5 | 1.25
3le . 2,560 .o ..;i 26 1.90 15 | 1.09
313 320 3.5 .71 2.75 1.86 | B ’ 1.17
31w 8 2.t S 4.t 2.25 3 - 1.5
315 40,000  17.¢ Losl o ok 1.87 I ko L 1.23
316 110 2,45 .31 9 1.87 | 6 | 1.25
317 2,560 7.2 L3123 1.686 " 15.5 ' 1.13
318 :20,00C  =5,.( LTl 120 1.75 ') 0.88
31 2,560 7. Lol 1.68 - 13.5 0.98
Sym. 320 7.0 .02 Q2.5 1.3 7 1.02
wet Lol 8 2. Lok T 3.5 5 2.5
Clay 42 320 2.c e 18.75 0 2.7k 10 1.46
ISE 2,560 5.0 L5 4l.75 0 3.05 S 12.75  0.93
_ o bow 320 2.F 0 .30 17.5 0 2.56 | 11.5 1.68
| Los B 2.= L. 25 6 3 L 2.05

* Obtained.ffsm”Appendi;“G;ﬁﬁdaéfs;cund Explosion Test Program, Final
Report, Volume I, Soil Engineering Research Assoclates, August 30, 1952.
¥ Al]l crater radii are measured a-c original ground level.




TABLE A.3-TNT lrater Measurements iz Limestone,Granite,and Sandstone*
Underground Explosiorn Test Program
- Site: Dugway Proving Ground
Soil ‘\ Round  Charge

C

[
A @ Wweight Charge Depth Crater Redius** Crater Deptin®¥*)
‘lh ; Ao Tvr) o {ee) o a, (fr) ] %) (f£e) (1)
ime- - 501 32C 5.7 e 1. 2. 9.1 1.33
' stone | 502 320 2.3 L265 EL3 .21 3.9 0.57
| Granite | 601 20 -2.3 - L365 1.20 0 0.175 cen cees
L 602 320 9.0 .. E.b3 ) 1.23 1.7 0.25
603 320 2.5 e 3,70 1 1.k2 2.6 0.38
* 604 20 5.0 TiooLk.s o 2a2 5.0 0.73
: - © > 20 12.5 LIS 2.50 €.1 | 0.89
606 %€ 25.C | oa€5 . .20 0.76 2.0 . 0.29 |
7 320G 2.5 Lies Lk, 2.11 5.5 . 0.78
608 320 2.5 CLiBf 1k,0 ., 2.05 4.6 | 0.57 |
609 2,560 5.0 L6 28,2 1.84 1.2 | 0.75 |
_ 61C 2,560 5.0 .36 25,1 | 1.69  B.T 0.64 |
11 2C 0 2.5 0365 1T 1,96 0 5.0 0.T3
gf 320 17.0 e.by 17.2 | 1.93 1.6 0 1,11
' Sand- 1 320 2.5 - .3E 7.0 0.0 0.0 | 0.00
| stone 802 2C 9.0 : S8 0.82 2.3 | 0.3k
| - 803 320 2.3 L5 1.6 1.69 4.8 . 0.70
‘ 80k 32C 5.0 NN 2.0k 7.6 | 1.1
ggz 2C 12.5 R .3 .36 1k T 2.17 |
20 25.0 £ 0 2.00 e
807 32C 2.2 3 2.09 s.1bv ! 0.75
B8 e 2.0 1.91 5.8 0.85
805 e 2,78 1.85 8.6 0.8k
81cC SoC G 2.38 G.7 0.7
811 BT 5.2 1.83 10.5 0.77
S-Sl L - _+= 0 11.0 0.30
813 1, X< 7.3 1.83 16.1 0.75
81k Lo, Ko 12.% 1.65 26.9 0.79
81c Lo, 00 12,8 5 2.06 26.9 b 0.79 b
816  su,0C  12.5 b 550 1.56c 27.5% 0.80 b
: 817 27, 0C  25.2 Lo 6.8 1.38 ¢ h7.0 0.69
| . 818 2¢ 2.8 Lot 1T 2.56 6.0 0.38
L | 816 320 | 2.5 L.3o 156 | 2.28 | 6.5 0.95
*Obtained from Underground Explos:ior T'est Program-Technic Report No.

L, Granite and Limestone, Volume I anc “'rom Underground Explosion Test
Progrem-Technical Report No. 5, 3andstune, Yclume T, Engineering Researcn
Associates, Fer. 17, 1G%3.

**¥A1] crater radi. are measured at Corig.na. groucd level.

**¥pverage Creter iepth (Dk) is tne ave age «f the measurements of the
vertical disterce “rom the deepesi poln ¢ the crater, not necessarily
directly under tne cnarge, to tne surfa -, one measurement belng made

or each cf the Tour verwicel secsicne =2 -ailable for each crater. This
depth is not s=igni?izarnt unless the Ze2 st point is below the vottom

of the excavat:or made to place <ne -ra-we. The cnarge hole was obliter-
ated by all tre <devnonations at <ne -art “one site except Round 306.
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Notes on Table 4.3 (Continued;

a-The damage did not extend tc the surfece and is not comperable with
other_rounds; the sides of the origfina. charge hole were demsged up to
an average slant distance -7 ¢.t ™t frcz the center of gravity of the
charge.

b-Crater shape was estimated; the !reakthrough volume 1s not included.
c-Average of =2ight measurements sc-.ed from the verticsl crater sections.

TARLE .t - TNT Crazer Meas.rements in Desert Alluvium,
Cperat. r. JANGLE®*

Jperation JANGLE 42 Shots
Site: jevada Provirg Grounds (Yucca Flat)
e e 1
Snerge i
Round Welgnt _ Charge Depiu  Crater _ Radius** _ Crater Depth |
; t o f TNT) (£ - (ft) (A) (£) 1 (A)
SN —— - J—— . . N : ;
HE-1 AR 18.2 1.33 6.5 0.47 |
HE-2 ot LiE 8.6 1.13 4.9 O.hk
HE-} 5.7% 1G.E 1.45 10.8 0.79 |
HE-« 2,20 . 6.4 D.b47 1.9 0.14 l‘
_HE-5 Lo o 16,6 1.k 1.8 0.57
HE-6 2 16,7 1.he 6.7 0.49
EE-7 he - 3.5 1.33 6.9 0.50 !
HE-3 b o - & a & a
EZ-9 b = c.z 13T 3.5 0.58
HE-10b - 103 1,83 5.5 0.92 |

*Oc-tained Srom some HE Tests and “ose—vations on Craters and Base Surges,
D. C. lampbell, Armed Force: O5recis’ weapons Project, Operaticn JANGLE

Projecr . - -:. . Novemoe WTa 1),

*®ATY crater rsd.. are oeeiwre 0 cLuz.nal ground level.
a~Partia. devzret:ion

b-Result. frim & -orrespontiize 7 -.7 Pentol:<e charge are not included
iz thi s ugzmer ..




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.




TABLE 4.7 - TNT Crater Meas.urements .n Wet 3and, Project MOLE*

Prooect: MCLE (3tanf:r: Xesearch Imstitute)
S.te: Carp Cooke, Califz

i Round - Camrge Werght Charge  Derin  Crater Redius** Crater Depth

\ .t f TNT) [ft ‘ (< (A (ft) (A)

| - e - . PR - ‘

. 304%8 St -z & 1.oLke
301 Sl : i
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- 309 oot

I 31C

3035
306

- 307 : g ‘

. 308 g .o SRR

o
o

O

(6

Y e

b
o
.

.
s

.
FE O
b

b pes
AJt
7 E L0 O\ ON O .
» L
O WA W[N e
@]
\O
O

1
i
t

Lo,
L ;1 [\
Al e N Pal

e

1/,\
b b b
Ny
.

e

.

o
OO
.

ik

[oull ol AC TN AV IO RN \S U UL
. -

.
Lay
Ne

P
C
'_J
r40\\<l \L
LoD W] oo = o

i
i

H
o

a - Rouni =7+ was snot o the ~rat=:r -7 Round 303.

Round Cnarge weignt Charge Jeztn Crater Radius** Crater Depth |
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1
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A
~
e
e
My
ct
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>

O+
o=
W oy

* Obtained “rom Small EXKpLcs. wn S #ste - Phase II of Project MOLE,
e Moo Swiccoans L. DL bacn “anl -t Researcn Institute, May 1954,

** 11 c-gte radii ere mews. = o0 - ilcoinal ground level.
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