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ABSTRACT

Pbotographic observation and fathomter maurfments of CATL
Shots 1, 3, and 4 vere wad to assist in the prediction of craters
produced by megaton vespoi..

The more Uportant numrical data are as folldvs:

Shot Yield location Crater Zimstd
Radius Hax.Dopth

(ft) (ft)

1 14.5 M1 Surface-reef 3000 240

3 110 ) Surface-iailsnd 400 75

6.5 HT Surface-vater 1500 250
(160 ft water

depth) i

The Shot 1 crater could have been predicte4 satisfactorily from
the M Mike Shot. Shot 3 crater vas m.ler than predict d on that
basis. Both craters were larger than predictions based on sixple sca-
ling of the JAN= surface shot, even if acm allsovanc is =ade for the
difference in soils.

The Shot 4 crater, produced by a shot on the surface of vater having
a scaled depth 0o. 05, vas detectable but relAtively smLl. A tun-
nel underneath it would probably have been breached but no hazard to
navigation vas producedo.

An extrapolation procedure based oc smallor T explosions permits
the prediction of the radius of the crater produced by a nuclear explo-
sion under a vide range of circumstances. The range of uncertainty is
believed to be larger than a factor of tvo.
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FOREWORD

TMie report is one of the reports presenting the res:ts of the 34
projects participatin in the Military Effects Toats Prcgran of Opera-
tion SLE, vhich included six test detonations. or readers :Lntears-
ted in other pertinent test information referw.e is mae to WT-934,
Z'u ry of Weapons Effects ests) Hf ilitary Effects Prx-gram. This sun-
mary report includes the folloving infa ation of possible g eral in-
terests

a. An over-41 description of each detonation, including
yiuldp height of burst., grtund zero location, tim of
detonation. ambient ataospheric conditions at detona-
ton, etcp for the six shots.

b, Discussion of al1 projoct results*

c9 A suiny of *a.h project, including objectives and
results.

d. A couplte listing of all rports covering the Military
Effects Tests Programs

6
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CMUR I

INTRODUCTION

The imediate objective of the crater survey, vas to determine the
'dnslons of the apparent craters formed by Shou 1, 3, and 4.
I b t e long-rsnze objectives of tho york vere to obtain data to assist
in the prediction, for military purposes, of the crater produced by any
large nuclear veapon fired under any circumatances. Two situations were
of particular interest in this regard in Operation CASTLE. Thsse were
(a) a surface burst on land, and (b) a surface burst in relatively ahal-
by vatero

1.2 MILITAY SIM1I7 CAJ? CE

The major military interest in craters stema from the observation
that the limiting distance, of important darage to well constructed under-
ground fortifications lies only a relatively short distance outside the
crater. For the prediction of such damage it is clear that the shape
of the crater near the rim is more important 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 dage to
tunnels and the possibility of damming a harbor by the formation of &
crater with a shallo, or above-vater lip, are mattera of scas concern.

1.3 L! aMOTA NS ON TI OBJECTIVES

In the investigation of craters formed by smaller ecplosions it ha
been recogized that while the crater surface apparent to tA eye vas
relatively easy to masure, there was nevertheless a dioturc.Ance i the
earth, caused by the explosion, to some depth belov this upper surface.
The lower boundary of this volume of disturbed earth haa becom known
as the "true crater" in contradistinction to the upper surface, which
has been called the "apparent crater." While the term "true crater" my
be slightly misleaxding in its implications, it seems reasonably clear
that for the purposes of determining the limitaticas of damage to under-
grou=d fortifications the lover surface of the volume of disturbed earth

13
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(or true crater) is of greater significance than the apparent crater.
While for small craters it is physically and economically feasible

to determine the boundaries of both the "apperent" and the "true craters,"
for very large cratere, the problem of excavation to determine the true
crater becomes so extensive as to be impractical. The difficulty of
measuring the true crater becomes even more severe under circumstances
where the crater is wtter-filled and where the level of radioactivity
remains for some time high enough to prohibit extensive worM. Both of
these situations existed in CASTLE. Because of these difficulties and
other considerations it was decided to limit the crater surveys on C/AS-
TLE to the measuremnt of the apparent craters formed by those detona-
tions located a. 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 4.

1.4. BAcmRcuND

At an early stage in the planning two techniques were seriously
considered in addition to those actually used. These were, firit, the
use of a high-pover fathometer developed by the Navy Electronics Labora-
tory (NL) which was considered to have a reasonable probability of
penetration of the layer of =d or disturbed earth separating the ap-
parent from the true crater. The second technique wa3 designed to sup-
plement the penetrating fathometer as a means of determining th* true
crater. This techuique involved the production of holes through the
crater either by drilling or jetting techniques. Several methods of
detecting the surface separating the true crater from undisturbed earth
were considered. The decision 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) that a penetrating fathmeter would not be re-
liable without the supplementary information gained by the drilling or
jetting, and finally, (3) that information regarding the apparent crater
would be very nearly as valuable for purposes or prediction of target
damage as would measurements of the true 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
a exploiou oi any other size in the sae medium, provided the medium
fulills certain rather stringent conditions. Experimental measuresents
using conventional explosives such as TWT levd to some optimism that
craters produced by such explosives can be predicted with an accuracy
almost entirely adequate for military purposes, even though it Is clear
that some properties of the sodium (earth) in which the explosive is
fired are very sensitive paramttrs in affecting the crater.

The situation regarcing craters produced by nuclear explosives is
less satisfactory. First, the evidence is meager, since, prior to CAS-
TLE there have been only three ruch explosions on which crater measure-
ments were made; camly, IVY te, JANGLE underground, and JANGLE sur-
face. Second, the existing evidsnce leads to pessimism regarding the
validity of scaling from conventional to nuclear explosion effects.

14
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The failure of crater scaling from conventional to nuclear explosions
is believed to result both from the enormous disparity in energy re-
lease (and this also applies between kiloton and megaton nuclear explo-
sions) and also from the important difference in energy partition in the
two types of explosions.

In oneral it is knwn thac 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

R - f(W) . f(Dc) . f(m)

or in the form

R a f(W) + f(D c ) + f(m)

where R is the radius
W is related to energy releaseenergy dunsity, and detonation

velocity
De is the depth of the charge
a is related to the redium.

In this case the separate contribution of each of the perawtsrs can be
dgterzined easily. If, hover, the parameters are interdependent It
it necesary to use the form

R -=f(W, Dc, m)

and the effect of varying any one of the parameters is nch more compli-
cated becanse it depends on the vvlues at which the other parameters
are maintained.

There is general agreement among investigators that the paramsters
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. Thus, in regard to the 4ffect of energy
release and depth 1f charge a satisfactory form for the equation is

R " f(W) . f(W, Dc),

or " a more specific example,
1

H -w . f(Xc)

where k is approximately 3. The inclusion of an additional term to
represent the effect of different mediums could be in several forms,

15
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among which ae: (1) a - (w) . r(w, Dc) . f(zu)

(2) R" f(W, . f(W, Dc)*

In attempting to correlate crater data from T2T blasts with those
fro nuclear explosions, it has in the past appeared useful to includa
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 TIfr, based cn radiocheni-
cal data. This has been Justified by the fact that the energy parti-
tion is totally dLifferent for the two typas of explosives and that the
nuclear weapons deliver radiant energy while conventional explosives do
not. It Is believed, however, that at best correlation will be uncer-
tain, and with the advent of megaton weapons the disparity of sizes is
so great that good correlation should not be expected.**

The effect of charge depth (or height) (Xc) is.fairly well estab-
lished for TNT. If scaled crater diameter is plotted against scaled
charge depth, it is clear both frc experiment and physical reasoning
that the curve will be concave downward, since no surface crater is
produced if the charge is 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 < < 3, where \ is in ft/(lb TMT)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 TIfT. Unfortunately, the specific
properties of the medium which affect the crater are not yet established.
It is postulated that strength, either shear or tension, and density are
sensitive parameters. It is possible that the elastic moduli are also
important. In regard to strength, it is of course the strength under
shock load conditions that is important. It is very difficult to mke
laboratory tests under shock load conditions and the heterogeneous char-
acter of earth makes the extrapolation from laboratory to field condi-
tions very uncertain. Thus, while appropriate values for strength under
shock load are not known, it appears clear that the strength under such
conditions my differ widely from the strength under static load.

The density of the xedium may in a theoretical sense affect crater
size significantly. In practice, however, the range of densities found
is trivial compared to the range of strengths and hence the density is
believed to be a paraeter of oly minor importance in affecting the
cratere

As has been mentioned, the application of similitude principles

* The data at hand have seemed to the author to fit better into an

equation of Form (2) than iato one of Form (1), namely1

11 - (WE); - f(\

as elaborated in Chapter 4. it is to be noted that these two forms are
drastically different in the implications of extrapolation from le-e
t.han kiloton charges up to megaton charges.

:s Thus Fig. 3, 14 has been plotted with no consideration of relative

efficiency, while in Fig. 4*.11 a relative efficiency of 6C$ for
nuclear charges compared to TNT has been used.

16
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places certain requiremnt. on the mdium. At a Ltnixun for the pur.
pos.. of crater investigation, it in required that the properties of
the medumu at equivalent locations (scaled) in two experimnts must be
identicm. This requirement is completely mat if the two media are
hc.~eaeous, isotropic, and identical. The properties of earth, how-
ever, are greatly affected by overburden pressure, Thus in a static
tenas the properties of earth are grossly dependent on actual (not sca-
led) depth below the surface, and in a dynamic sense thee properties

llU be sil arl fected by the pressure produced by the explosion.
Thus wce of the fundamental conditions for the proper application of
si;plo scaling laws is violated. The greater the rangs of size of ex-
plosion, and hence of depths, the more serious this violation become*

A further difficulty with the application of theory occurs in situ-
ations such as existed on CASl, vhere two media, earth and water, were
invol ed, and where the earth was saturated so that forces wore trawl-
aitted by a cc1icated combination of intergraular forces aDd hydraulc
pressures

17
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MU~ 2

EXPERIMENT DESIGN

2.1 SHOT PAMTCIPATION

The craters resulting from the following three shots were surveyed
as a pert ol this project.

TABLE 2.1 - Shot location

Shot Shot Location

1 Ca the reef in the northwest
section of Bikini Atoll.

3 On an island in the southe
section of Bikini Atoll.

4 In the lagon in the northeast
section' of Bikini Atoll.

The reasons for limiting participation to these three shot hays
been described in section 1.3. It should be noted that for the pur-
poses of crater measurements it is necessary to determine the surface
or bottcm_ con.tours prior to the explosion and main subsequent to the
explosion. While in a 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 L propt measurement has been conceived. Hence
the crater survey operations in one sense involved no participation

ly, the time planned for the re-entry of the survey group after each
shot was bounded by the time judged to be rt1 for th -i
leewl to decay to a value such that 4 to 8 hr exposure would not result
in a total aose amounting to an important fraction of the allowable
total do#* for the vhole operation, nwaelY 3900 mr.

18
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2.2 ITXIJN)MrTATON PUN

The usefulness of xnowled,;e of bottom depth is dependent on ccr-
responding knowledge of the g8ographical location where the depth ma-
surement is made. In fact, thse problem of determining the location of
the ship is more complicated and difficult than the determination of
deptn. For this reason more effort was devoted to the location proce-
dures than to the depth measurements, both in the planning and prepara-
tio-- phase and in tl!3 measurement phase.

2,2.1 Depth Measurement

Depth was measured with a standard recording sonic echo fathomezer
designed or smal ships, Model NX-6. This fathometer operates at 14.25
kcps and at a repetition rate of l/sec on the "foot" scale, which has
a maximum of 200 ft.

The transducer) of the double-unit magnatostriction type, was
mounted outboard of the LCU assigned to the projoct, and the recorder
was nounted inside a trailer which also housed equipment for tr'cking
and plotting. The fathometer recording paper had a depth scale cf 1
in. per 30 ft of depth and a paper speed of 1 In./min. Since the speed
of the boat during survey operations was about 6 knots or 600 ft/min,
the chart represents a bottom profile with the depth dimnsion expa.ndad
by a factor of approximately 20.

The calibration was accoqmlished by two procedures. First it
was determined by finding a uniform hard bottom and checking the fa-
thometer readings against a lead line. By this nethod a satisfactory
calibration was accomplished in about 4 hr with all points grouped
closely around a straight line showing a 2-Ct zero error and a slope
such that the fathometer read 80 ft when the actual (lead line) depth
was 90 ft.

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

Sirce the surveys were taken under varying tide heights, it was
necessary to reduce all depth readings to a come n datnm *n. - he
plane used was that on which the tide tables are based, namely 1/2 ft
below mean low-water springs. Recording tide-gages were operatted by
Bolmes and Narverp Inc., (1I&N) at several islands in the atoll. The
gage readings were within 1/2 ft of the published tabular values.

The time interval spanned by a survey was ordinarily no more
than 4 hr and the tide change during such an interval was less then 2
ft. Consequently the tide correction for each survey has been made by

plotting the tabular values from the tables, drawing a smooth curve,
and noting the nearest lztegral foot of tide height at the mid-ti= of
the survey. This value of tide height was subtracted from the depth
values noted by fatbometer (after taking account of its calibration).
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2.2.2 Location Procedures

The location of the ship was determined with the assistance of
four types of equipmeut. For the most part they represent independant
methods. Ite equipwnts were:

1 Raistat an electronic navigation device

R Kidades combined with a gyrocopass M. 18
I Taut wire equipment

The Raydist principle is that the distance between two points
can be measured by counting the number of standing radio waves between
the two points. More specifically the difference in radius frca two
shore points is determined by measuring the difference In the number of
stanai;g waves. In the actual equIpment this is accocplished by x2a-
sung the phase of a 400-cycle beat note at three fixed receiving sta-
tions. This beat note is produced by transmitters of approximtely 12.5
m, one of which is fixed and the other on the ship being tracked.

The Raydist equipment as actually used involved installatics
rquiring 60-cycle power at each of four shore points. Each of these
shore installations bad a transmitter and three of them h.d receivers
in u ddition. On ahipboard the installation, which of course required
am additional source of 60-cycle power, was cccprisd of three recei-
vers, a transmitter, and equipuent for the phase comrison.

While Raydist equipmnt permit ed 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 vast have been. This fact combined with the fact as noted that
five sources of 60-cycle power were required (four on ahore at isolated
locations and one on the ship) proved to be one of the major headaches
in the actual operation of the equipmect, since if any of the five power
supplias failed, it was necessary to repeat the run and return the ship
to the 1iion starting point.

Tho sextants used were standard Navy issue except that they could
be read to 10 sec. The general limitations on the use of sextants were
fund to be very extensive, since three well defined shore points vhose
location is known are required and the strength of the fix approaches
zero as the ship approaches the circle determined by the three shore
points. There is tbe f~urther limitation that if very distant shore
points are uaed, then even the full angular accuracy of the saxtant
results in relatively poor absolute precision of the fix. Finally, the
capability for finding and retaining ill-defined objects with the sex-
tants vas .ch poorer than with the alidades. For these virious rea-
sons, in practice the sextants were ueed only as a backup procedure for
locating the ship and were used only occasionally.

A gyroccapass Hk. 18 was installed on the boat for the use of
this project, and two repeaters, one on the flying bridge and the other
on the forward starboard 40 = gun mount, were installed. These re-
peaters w-re ccoplete with alidades having a megnification of about
2.5. In practice the alidades and gyrocompass proveI to cnnstitute the
best method of positioning the ship and this equipment was u.sed either
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in conjunctio wit;. ttaydist or taut wire in nearly all runs.
lbe taut wire equipment consisted of a drum about 20 in. In di-

a=ter which could be controlled by a band-operate4 brake, togetner wit:a
a pulley and counter for meac'.ring the aunt of wire reeled out and a
balance complete with fish scale for meast.ring wire tension. This e-
quIpent was felt to be the meet relitwle of all the procedures for
locating the ship and was used on all surveys. It provei, however, to
have some important limitations. For one thing, the wire did not run
freely and tended to go into oscillation if the boatts speed was too
high. In fact, this upper limit on the boat's speed as very close to
the lover limit which was required for proper steering of the boat.
Occasional runs were encountered in which aaalysis indicated that the
anchor had not remained fixed.

2.3 TEST PROCEDURES AID DISCUSSION

2.3.1 Preshot Surveys

Preshot surveys were made to the extent po~sible in the circum-
stances o: each shot.

For Shot 1 the only preshot survey possible was to determine the
water depths on the, lagoon side of the reef. As was expec'ed, only a
very ans.L sector of the area which wus ultimately within the crater
could be reached by the survey boat before the shot. This survey was
performed using al of the aids to boat location, and served as a very
useful ca rieon and trial of the various methodu.

The preshot survey of the Shot 4 location permitted a much more
extensive survey since the shot point was in navegable water. A cca-
plete and fairly detailed bottom survey was accomplished *or roughly 2
square miles of bottom in the area of the sh t point. In this area
primary dependence was placed on the Raydist equlpmnt for location of
the boat since shore points were distant and hard to see.

The preshot survey of Shot 3 wa comprised of contours run On
Tare Island by the UN surveyors combined with a bottom survey made by
the project group using both Raydist and shore fixes. Since the shot
yield vas smaler than expect-'d and the crater was &3.ost landlocked,
the only significant preshot survey was made by the UN surveyors.

In addition to the surveys by which elevation amd position were
determined, aerial photographs were taken of each shot point for usn In

all shot points regardless of whether a bottom survey at the shot was
contemplated.

2.3.2 Fostahot Surveys

The post-Shot 1 survey was made using all four location aids
iistad under section 2.2.2. Since very few shcre points could be iten-
tified and they were poorly locatod for surveying purposes, a series of
three buoys was placed in a line on the lagcon side of the crater to
serve as sextant aids. The buoys proved to be useless because they
could not be seen for the required distance under the light conditions
which existed.
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1ZO '.a~t U tie Lott(j s,.FmyQ, &-r.& pbotogrgpbs of the Cra-
ter wwre ta.~n p& ator the rI")t. 'a .. ution, to Lsist in
tracki±ng the boat csaryin the fatho.ter, 6er j.4 pbotogyaphs were
taion at 2 win. '.ervals during tb* t~ tone b-,oat vias in the crater,

The rathomutr shovod th'At tte cr#r bsl refinled with very
loose eAand or 7ud to a wijfar de;Pth aftajr th* shot. In the placement
of the ib&rg* far 1'ot 2, vhi.:h -%a to be fired at the &am. grouMA zero
locition as Soot 1, tr.e UN~ group mad.e lead Lase soundings prior to the
Alacement of mrker buoys and so.rs for "se bo-ige. The data on1 those
so-nding* are aso included In ttls report as Ovidence of the crater
Shapes

The poet-&%iot 1 survey via conducted on the sixth day after the
shots At the tim of the survey, the raiation level 10 ft aboys the
vxter surface wa 25 to 75 ar/br. Masaurtants by other groups Uemans-
strzted that toe levels. on th6 land are&& su.rroiudin( the crater were

*cmh hi.gher.
A.tter tbe mc- m Ishmmsat of the post-,%ot 1 surrey and the pro-

Shot 3 and pro-Sbot, surveys, a discussion was held of the extent of
fur-ther effort me-ted in lig~ht of tbe uncertainties as to tim~s and
locations of the reiai~ader of the shots. In trese discussions it vein
brcuSht out that the expected resul2t of Shot 3 would be to rewve the
vesterm end of 0Tare -s..td to a depth of 5'-J)~.Since the, preshot
surrey of the water surm'.~ding it shoved that to* island had qul t4
steep s±4s, it wes felt toat the mesurawt of the cratfr vould have
vern: sul valuie for the prediction of craters in 1;cationse where the
earth ap;Lpractoo a un±.~or p.ane rat.her tunn & mountain top.* Im the,
sam discuasslan It vas 4.194 co~fIlently predicted ttac. thQ result of
Shot 4 would be a re..Atimly mimor disturbance at tb4 bottca.

As a result of these discussiccs it vee Wgeed that & curtail.
mnt of effort regLecding the postshot survey of theae two shots vw.s &-p.
pr-opriat. azd the cciiclust=~ was reached that aeuate data would be
obtained If tme twut v4-re runs could be obtalzod, aproxi-tingZ three
crater diameters end tbm. the** rune could be deferred ror Shot 3 until
a.fterr Shot 4. Consequent4 .,Ata pr.-.ct group left tte fcrvard area on
1 A;.- &%d -eturtd to tze ~rr area on 29 Aril, !zdit*1,y after
shot Ii.

wh actual Postasbot surv, of t.be Shot 3 crater was ava
=Aif.e4 becAse tza y-eamd via =.c t.:.er thaa had been predicted
&= o ne* trAe crater, insv.ead r encooA8Uen4 all or tat western ead
of the 1&la=4, ve much: neer to bet.ng landlockod within the westarm
m!~ of thes Island. In accet!"n to thoe ;ressure of the continuing shot
schcdula for CABTLEO it wae dec.4ded not -.o reestablish the Raydist e-
4uizment for the postinhot mv"rmvts ti zibots 3 ad 4 ad a had
ten predicted the ldminrls avatlablg. for vtlxual location of the ship

were iradsquate. 7.n ad4.It~on, becawms of toe tieht srgt schedule thani
existent, the pho-a,tic &:-lane "a not Ltne t-o rendezvous with the
boat to assist in tze lc.tllou dLri:L tr.e fz-__cmter survtys. Conme-

q tiy tt-a crater uer c'. e ter-inedI fIrst by the fatbometoer
equidmnt on the ship _c=t. with 0taut vire *quIpmnt &ad later by
saer'L. photograpaic ma7z tec~niq..es. :z actual operation it was
found extrealy mmfiu. aeuv'er t-e !J i-n tne narrov confines
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of so nmU. a crater and it proved 1ipossible to run croon wind in suf-
fic-ootly ntraight courses to me" taut wire meaauremcnts efrective;
hence, for two of the three runs a modified procedure wa developed on
the spot by which the boat's anchor cable was marked off, the boat via
allowvd to drift across the crater, and vat then pulled back by the
anchor winch.

The post-Shot 3 aerial survey was made a few days after the shot
but prior to Shot 4. From this survey a post-shot contour np aho-ing,
of course, only the section above the waterline was constructed.

The post-Shot 3 fathceter st-vey was made on 1 My, the 24th
day after the shot. Shot 4 lad intervened and the water-wave resulting
from Shot 4 had washed over the lip of the Shot 3 crater. This bad the
effect of smoothing and lowering the lip to an unknown extent (believed
to be alight), filling in the botton of the crater and reducing the
level of radioactivity. uring the crater survey, the radiation level
10 ft above the water surface was about 50 mr/hr and above the lip 15CO
mr/hr to 3500 mr/hr.

In the postahot survey in the vicinity of Shot 4 there was a
inllar pressure of time. A barge was being put into place for a later

shot and it was impoosible to approach close to the presuned center of
the Shot 4 crater. Three taut wire runs were obtained but for the rca-
son Just stated all are chords rather than diamcters. Aditional data
in regard to this crater were obtained frco the Scripps Institution of
Oceanography, who had rua a fathcmeter survey two dayz previously to
permit assurance to the captain of the USS Curtiss that it was safe for
the ship to proceed into the area. The fathometer surveys in this area,
as in the other cratets, shoved a very flat bottom, obviously the re-
sult of filling-in of mud or fine sand to obscure the bottm of the
crater. In addition to the fathocmeter data, informateon regarding
lead-line depth and length of chain on buoys and moors was obtained
from the B&N group responsible for placement of the barge for the later
sLot.
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CHAPTER 3

RESULTS

3.1 GC-AL

The results of the crater survey are surized in Table 3.1.

TABI 3.1 - Results of Crater Survay

EstimUd~
1Scaled

Yie2d Wadius, (Rl) Depth (D) RadiY13 D
Shot (T Equip.) L.ca-tion (ft) (ft) (ft lb") R

1 14.5 1.4 Surface-reef 3000 240 0.98 0.08

3 .10 Xr Surface-island 400(l) 75(2) 0.66 0.19

14 6.5 Mr Surface-water 15() 250(4
(160 ft water 90 .6

depth)

Notes: (1) At original ground level which vas approximately 15 ft
abov* ier luVwal. Tb &'V WA%0 W abv-vatMr lip &fo

original ground level down to sea level varies over a
wide range. To the south it is quite steep end the
radius in that direction ranges from 3aO to 10 ft. To
the east and vest, however, the slope in extremely gentle
and the radius figure is consequently uncertain and of
little significance. The maximua radius appears to be
greater thin 600 ft.

(2) From original ground level.
(3) Since there wa no lip the radius is not well defined.
(4) The estimated maximu depth of 250 ft below sea level or

90 ft belov the original lagoon bottom.

In studying large crters, either on the site or in a report, it
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is easy to overlook the fact that the depth ts quite siall when com-
pared to the diameter. To make this point clear the upper part of Fig.
3.1 has been drawn to show typical profiles of Shots 1, 3, and 4, all
to the same scale and with the same scale for vertical depths and hori-
zontal depths. These same profiles are rcpeated in the lower part of
Fig. 3.1 where vertical distances are enlarge. by a factor of 10. This
expansion .of depths has been made in all of the following figures.

It will be noted from Fig. 3.1 that the depth on Shot 3, rela-
tive to diameter, is very ruch greater than on Shot 1. In scaled terms
the thickness of sand belo, the shot point and above the water was such
greater on Shot 3 than on Shot 1. It is probable, however, that the
greater relative depth of Shot 3 is primarily a function of the yield,
since it seems to be well established that small explosion craters have
greater relative depth than large ones.

3.2 SOT_

Figure 3.2 is a preshot photograph of the Shot 1 area on which
the CASTLS grid is shown. On Fig. 3.3, which is the postshot photo-
graph of the same area, in addition to the CALE grid, three lines
(A-B, C-D, and E-F) have been drawn. These lines represent the tracks
that the survey ship followed while the profiles presented in Fig. 3.4
were obtained. On these and all other profiles zero elevation has been
taken as the datum plane on which the tide tables are based: 0.5 ft be-
low mean low-water springs.

The survey with the sonic fathometer showed a uniform flat bot-
tom at a depth of 170 ft. This flat bottom undoubtedly represents the
upper surface of mad and suspended sand which was settling in the cra-
ter. In mooring the barge for Shot 2 at the sae ground zero, H&N ob-
tained lead line soundings of 240 ft and it is believed that this figure
represents the depth of the crater of Shot 2.

3.3 ST 2

Since Shot 2 was fired on a barge in the center of the Shot 1
crater, no military significance attaches to the crater formed by it
and no fathometer measurements of it were made; an aerial survey, how-
ever, was made and a photograph is shown as Fig. 3.-5.

3.4 SHT

Figures 3.6 and 3.7 are pre- and post-Shot 3 photographs. It
should be noted that these photographs are to a different scale than
Figs. 3.3 and 3.4 so that the size of tVe craters cannot be compared
frca the photographs.

Figures 3.8 and 3.9 are contour maps shoving the situation for
Shot 3 before and after the shot, respectively. In the uppee part of
Fig. 3.10 the~e two contour maps have been combined to show the contours
of the difference in elevation produced by the shot. On this same chart,
the location of the traverses run by the YICU are also shown. In the
lower peart of this figure and in Fig. 3.1-, crater profiles are shown
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for the traverses indicated. It will be noted that the east-west pro-
file particularly shows that the slope of the lip is very slight and
that there is al-post no elevation above the original ground level. As
a result of this gentle slope the radius at original ground level be-
comes difficult to determine and very sensitive to elevation errors in
the contour maps.

The upper part of Fig. 3.10 is a rmap of the Shot 3 area showing
the traverses vade by the ship while the data for the profiles were
being taken. The profiles are ibown on the bottcm of Fig. 3.10 and
Fig. 3.11. Hark numbers are shown on the traverses and on the profiles.
It is to be noted that the survey of Shot 3 was made 24 days after the
shot itself and that the wave produced by Shot 4 had coupletely inun-
dated the lip of the Shot 3 crater. pecnuse of the high level of r,:io-
activity it was not possible to accomplish any survey of the abov,.-
water portion of the crater and consequently the diameters and the
height of the lip at the original ground level are subject to some un-
certainty.

3.5 SiOT 4

Figures 3.12 and 3.13 show a similar map and profiles of the Shot
4 area. Again the numbers on the figures corredpond to mark numbers
taken during the survey. As noted in section 2.3.2, because of the
interference of other activities on the day the survey was made, It was
not possible to run diazutra! traverses and, as shown on Fig. 3.12, the
chord traverses actually depart from the center rather far. For this
reason a diametral profile, ABCDE, has been estimated from the results
of the'three chord profiles shown. Prior to the shot the lagoon floor
at the shot point was at a depth of 162 ft. The bottom in the vicinity
was quite irregular, with a general slope toward the center of the lagoon
and with a large number of coral heads. The post-shot survey indicated
that the effect of the shot was to pulverize or depress the bottom di-
rectly under the shot point and to destroy the coral heads in the vicini-
ty. Kd or fine (almost suspended) sand was deposited as indicated in
the profiles at a ualform depth of about 180 ft. Lead line soundings
by HM during the placement of the barge for a later shot gave a depth
of 250 ft.

3.6 COMPARISON WITn1 OTHER sJRFACE SHOTS

On Fig. 3.14 crater radius is plotted as a function of yield (log
scales both 'days) for all surface shots for which data are readily avail-
able. Those data include 256 lb TNT charges in clay and silt-gravel at
Utah and Nevada, together with similar charges in vet clay and sand at
Camp- Cooke. All the other points are nuclear explosions ranging from
the JAINIZ surface shot in Nevada to CASTLE Shot 3, IVY Mike, and CAS.,
ThE Shot 1 in thn Pacific. Thus, the points plotted Include a wide
variaticn in soil characteristics and an extremely wide variation in
yield. It is particularly to be noted that no account has been taken
of the gross difference in energy partition between TNT and nuclear ex-
plosives. While the points plotted (with the single exception of the
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JAFMLE surface shot) lie within the bound# of acalet radius- 0.5 and
scaled radius w 2, it must not be concluded that craters in the future
will lie within these bounds. At a minimu=, analysis to indicate the
effect of soil characteristics and the change in energy partiticn will
be required before reasonable bounds for crater predictions can be ape-
cifiod. It 13 also to be noted that the height of burst is a sensitive
paraster in affecting crater dimensions from "surface" sbots.
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YIELO SOIL RADIUS SHOT
(T) (A)

I 256 LB WET SAND 10.2 I.6S MOLE 307
2 256 LB DESERT 6.4 LOI MOLE 206

ALLUVIUM (NEVADA)
3 1.2 KT DESERT 45 0.34 JANGLE-S

ALLUVIUM INEVADA)
4 I10 KT CORAL 400 0.66 CASTLE-3
5 10.5 MT CORAL 3120 1.13 IVY MIKE
6 14.5 MT CORAL 3000 0.98 CASTLE-I

4 0

100----1-.4 woo

n 100 3- - - - - n

2 20 200 20C0 20,000 LB

I 10 100 1000 TONS
1 10 100 1000 KT

I 10 100 MT
YIELD (TNT EQUIVALENT)

Fig.- 3.14 Crater Radius as a , motio,, of Yield, Surfaoe Sbots
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PREDICTION OF CRATERS

Te data required in regard to any specific megaton explosion
for vtich a prediction of the crater is desired are (1) the yield, (2)
the type of soil, and (3) the depth or height of bnirst. With this in-
formatioa, It Is then appropriate to look at the existing evidence and
messuremnts and to develop rational procedures for extrapolation or
interpolation.

The craters from explosions high above the surface are signtfi-
cantly different from those formed by lover eploaions in that they are
depressions rather than excavations. It is believed that such craters
are of relatively minor importunce from a military standpoint and they
are, tharefore, not considered here.

As mentioned LA section 1.3, it is belleved that an attempt to
distinguish true from apparent craters becomes less and less realistic
as larger and larger yields are considered. In this report, only ap-
;&rent craters are considered.

In previous analyses of crater data, the horizontal dimension
used has sometimes been diameter and sometimes radius, and these values
hve been measured scetimes from lip to lip and sometimes at the origi-
nal ground level. In this report, only radius at original ground level
is . .i,red.

In reviewing e exicting data from a broad point of viev and
ith the objective of crater prediction for megaton explosions in mind,

the folloving facts stand out:

1. All the data from vhich soils can be compred
are contained in experiments involving relatively
s&U quantities of Me

2. In those situations vhere more than orA explosion
has been fired under presumably identical conda-
tiona, an important scatter of the dimensions of
the resulting craters is apparent.
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3. Te range over which these data mut be extrapo-
lated in order to permit prediction of negaton
craters is enormously greater than the ranges of
ext:.polatlon co=%only accomplished in engineering
or scientific fields. The situation is roughly
equivalent to an attarpt to predict the penetra-
tion of the projectile frm a new anti-tank gun
through awmrplWte based on observation of many
=amsurennts of the penetr--t4 on of EB's from an
air rifle through tin cans plus a few meuurements
of the penetration of .45 piktol bullets through
pine.

As a result o these facts any extrapalation procedurl 13 inevitably
associated with quite a large uncertainty in the final result. In
makin" any extrapolation it is believel, consequently, that it is of
maor importance to indicate the order of mitude of the uncertainty
involved as well as the extrapolation itself.

At the outset of any attempt to develop extrapolation proceduies,
ono is f&ce1 with a philosophical choice* On the one hand he may look
critically into the mechanism of the phencconon and on the basis of
physical or, in this cae, mchanical analysis, stuVy the causes, the
effects, and the influence of spicific paramsters. Alternatively, h*
my adopt the attitude that, in a coclicated phenomnon such as crater
formation, the mechaniam by vhich causes and effects are Interrelated
ure so W.akmm as to be for the w ut, unknowable, and hence concluds
that the appropriate approosch is the empirical extrapolation of the
eisting data into the range of parameters where prediction is desired.
It is the author's opinion that the second approach is the =rs cal_3-
tic one under the circumstances involved in the present problem and that
is ths approach described in the reminder of this report. The most
important deviation from past thinkin occasioned by this approach is
that cube root scaling is on this basis discarded as a primry tool in
the extrapolation and is used only for assistan~ce in relatively minor
aspects. In adopting an empirical approach, it would of ccurse, be ab-
surd to ignore the infor-ation, however meager, in regard to the phy31-
cal mchanisa and particularly in the distinction between the mchanisms
occuring in =7T and in nuclear explosions. On the other hand, it is
believed that too sch dependence on cube root scaling is likely to give
the iluion oi a precision in pretictioa uujustizied by tba OCto.

The development described below was undertaken within the frame-
work that the desirable result from a military standpoint is the con-
struction of grapkical or analytical relations such that knowledge of
the yield, soil, and depth will permit easy prediction of' the crater
dimensions. It Is postulated that the shape of a crater for the cra-
ters of Laterest is primarily dependent on its size and hence the first
attenpt Is to predict crater radius In terms of the three parmters
just rrntionod, with the exp"tation that a latr analysis can be made
to predict depth and other shape aspects once the radius prediction has
been accmpli.s1hd.
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4.2 DEVEILOPMYT OF VIS EXTRAPOLATION MEMHIOD

It was decided to study first the effect of sel type, second
the effect of depth, and third the effect -0 -4-1Ad. I loo~ig a- 4-U-
avilable 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 (essrntially 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 TT data and from,
these data to establish an extrapoltion procedure; second, to adjust
the values cf the parwesters so that the JANGLE underground and JANGLE
surface shots would be consistent; and finally, to investigate the sensi-
tivity of the procedure and compare the results vith the neasurements
of nuclear craters in the fmrsballs.

Nevada soil is an appropriate one to look at first since there
are considerable EX data and data from two nuclear shots. In that soil
data Lre availabl. in the range Ac - -0.13 to + 1.0. Within this range
greatest interest lies in the neighborhood of Ac a 0.14* The data on
the TNT shots of this scaled depth are plotted in Fig. 1,.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 Ac = 0.50 and A c =
-0.14 (minus indicates above the surface). The scatter of the points
shown on those raphs is typical of the scatter sho m in every case
wher several essentially identical shots have been fired* It is be-
lieved conservative to say that the uncertainty in the value of radius
for any specific ccmbination of soil type, charge size, and charge depth
is at least 10 per cent* Consequently the plus and minus 10 per cent
limits at the maximum and mini=lm charge sizes shown here are marked
on Fig. 4*.1. For extrapolation purpo..s, the reciprocal slope, m, of
the most probable line is found to be 3.4,* To permit an estimate of
the uncertainty in extrapolation, maximum and minim m slopes within the
10 per cent uncertainty just mentioned have also been plotted. These
slopes are found to be m - 3.0 and m - 4.1. This elementary analysis
has been undertaken with the data on Fig. 4.1 only and linas of the
slopes so determined have then been drawn on Fig. 4.2. The analysis
has been limited to Fig. 4.1 both because the scaled depth A c . 0.14 is
of major interest and also tecause a greater range of yields for TNT
shots is available for this scaled depth than for any other.

It is apparent that m, the reciprocal of the slope when crater
radius is plottd aaainst yield on a log-log basis. is related to R and
W in the folowing way: 1

a
R=< •

In the remainder of the report "m" is referred to as the "scaling ex-
ponent."

Now, using the best fit value for m, 3.4, and the experimental
data of Tables A.4 and A.6, the Solid line on Fig. 4.3 has been

* The actual value measured on the graph is 3.39. It is believed,
however, that the second figure is of soemwhat doubtful validity
and hence all such numoers are rounded off to two figurcs.
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ccrstructed. O t:,is fL*gre t, q scaled radius (on the basis m - 3.4),
is plotted aialnat the scaled cha:e depth (on the basis M a 3).e

"*e noxt step is the datermition of the curve for nuclear
chargves 'Irsed on this curve for TNT clarges. In this procedure con-
sideration must be given to the difference in mechanax of nuclear ad
"r bursts, particularly for bursts on te surface or at very low heights

abve the surface.
in the early stages of a nuclear explosion fired at or near the

interface between air and earth, the shock wave velocity is very xuch
hlgh.er in the air than in the earth;* hence, at a tlnas when the nuclear
explosion process has proceeded to the point where the average ernrgy
densityee'vithin the boundvy of the shock wave is equal to the averagao
energy density at tha surface of a spherical TNT charge which has been
detonated at its center, the envelope of the nuclear explosion is es-
sentially hemispherical. If average energy density is a good criterion
cf crater sie and shape, then on this basis the crater formed by a
gl-ven nuclear energy release on the surface should be simiar to the
:rster formed by a TNT charge of the' same yield fired well above the
surface. ' The crater resultirn from a nuclear surface charge should
difer extensively from that produced by a TNT charge whose c.g. is at
the surface, both because of the different mechsnisz mentioned above
and because a hemispherical excavation wa.i required before the TNT charge
could be ;laced.

Consider a nuclear charge at A c = -0.13. Within its shock wave
the total energy will be identically the same as that within a sphere
cf T. tangent to the surface when both shock waves reach the surface.
Th's arg---*nt can be s.=rized by saying that the crater radius pro-
duced by a lw aboveground nuclear shot should be essentially indepen-
dent of height, and (if the efficiency were iO0 per cent) should have
about the saime value as that produced by a TNT shot at Ac -O.13. (
this basis the dotted curve in the region AB has been drau-n cc Fig. 4.3.

* .;ince ti.e rarne of scaled depths is arnll in the interval of greatest
interest,tne distinction between determining scaled depths on the basis
M- 3.0 and on the basis m = 3.4, is relatively trivial and will not
afect te conclusions reached in this .anlsis.
4 D.T. Griggs, in predictigg tee effects of JANGLE ta/computes shock

wave velocities in air to be approximately 25 tiMes those in soll in
tae radius range from Lpproximately A a 0.1 tq . , 1.0. Similarly,
Porzel, in predicting tne effects of IVY Mike,_/estimates shock veloci-
ties in the air and water soaked sand for high overpressures such that
i the early stages of a nuclear explosion the ratio of velocity in air
to velocity in soil may be as high as IOOO:i.
"* By "average energy density" is meant the totel energy contained
within the shock wave, divided by th5 ,total volume within it.

- Actually, as Porzel points out,-at a time when the nuclear shock
vive has reacned the sae radi-us as t:iat of the TNT sphere of equiva-
lent energy releaze, (and hence when average energy denities are equal)
tnere is still an enormous difference in the two situations since the
mais enclo3ed within the shock wave in the case of TNT is some 1500
ties t.at in the nuclear case. Hence, in the nuclear situation the
;rezsutez are very =uch nigher and the durations snorter than in the

7rE situation.DA6
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Since the energy partition in the tv,3 types of explosions is
si 4 nificantly different, particularly in the roughly 15 p.r cent of
the yield of a nuclear explosion which takes the form of prompt radia-
tions, it see necessary to consider an efficiency factor less than 1
for nuclear exploejone as far as the cratering effects are concerned.*
-xperimentally, evidence on this point is meager in the extreme, being

limited to the JArP=Ll surface and JANGLE underground shots. At this
point it is useful to consider the numerical data on the JARL surface
and the JAMLZ underground shots. The data from these two shots can
be placed on thai curve -W't efficiency as a pa-atsr; thus the curve
DE on Fig. 4.3, represents the JAZIGLE surface &hot for a radiocbesacal
yield of 1.2 Xr timoes the efficiencies shown on the curve, vith radius
scaled on the basis Ma 3.A and charge depth (height) scaled on the
basis an 3. 81ia rly the curve YO represents the JANGLE underground
shot data on the basis 1.2 W times the efficieccies shown there, usina
the same procedure. It vill be seen that curve DE for the JANGLE sur-
face shot intersects curve AB at an efficiency of about 60 per cent and
that curve FG representing the JANGLE underground shot inter~ects the
T.T curws at an efficiency of 107 per cent. It is not suggenteA that
tbeo values of efficiency are correct, but their copareative valuss
are at lea1t in the direction expected. It is recognized that, in ac.
cordance vith the definition of the equivalent Tfi charge, the efficiency
of the JANGLE surface shot should be defined es thr "ralue at the in-,cr-
section of curve DE vith the solid curve. It is nevertheless believed
that there are such gross differences In mechanism between nuclear and
T??r explosions in this region of cloce above-surface shots that the
equlvalence anould be d4vided inyo two parts, one of which Is concerned
with the disparity in the form of the blAst wave and the other is ccn-
corned vl.h the remaining elenents of efficiency. It is felt that the
value of 107 per cent obtained on this curve for the JANGLE underground
shot is probably unrealistic for the folloving reason. It is clear that
vumues of tne scaln6 exponent a, and values of efficiency,, can be paired
to fit any crater measuret frca a specifi, yield and depth. Since
it is felt that efficiencies at greater depths than 17 ft should prob-
ably be higher than nt that depth ac:.. since it is also felt unlikely
that nucloar efficiencles are higher than 100 per cent, it appears that
this value of efficiency for the JANGLE underground shot is on the high

* For present purpoees, efficiency may be defined as tbe ratio of the
tota zecrgy release of an equivalent T.' ch.rge with tJArt of a nuclear
explosive. The equivalent TflT charge may be defined as the charge which
at the sam actual (.:ot scaled) depth produces the same crater. Since
In both TXT and nuclear explosions it seem reasonably established that
only a mall fraction of the total energy released can bQ accounted for
in crater production, there is no philosophical reason why the efficiency
of a nuclear explosion as defined above need be linitaJ. to 100 per cent;
however, at all times of interest In the formation of craters the pre-
sure within a nuclear explosion is higher than that within the equIva-
lent I- explosion Lnd hence at the tis venting takes place a greater
fraction of the energy in a nuclear e.plosion should be dissipated to
th- air.
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aide of reality. Since this unrealistic efficiency is paired with the
value a - 3.4, it is consequently likely that this value of a is also
too !.i4h'

The procedure described for constructing both the TT and the
nuclear curves shown on Fig. 4.3 can e performed equally wall using
values of a 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
conventionnl cube root scaling and the lower limit of slope on the basis
of the 10 per cent uncort-a-inty inn exerimntal valuas potiat.4d o!rier,
and *.1 representing the upper limit. Both curves have been plotted
together on Fig. 4.4.

Since, for ailitary purposes, it is believed that the data for
extrapolation ahould be available in the suilest possible form for
'aick use without ccputation, the nuclear curves shown on Ftigs. -.3

and 4#. have been re-plotted in the form of radius in feet against
charge depth in fet, with yield as a paramter. This has been done on
Fig. 4:.5 in vhich for each yield shown both the most probable value
(a w 3. and the limiting values a - 3.0 and 4.1 are shown,

The es*irmates for this soil for the most probable value of a
(a a 3.4) are re-plotted on Fig. 4.6. Range of uncertainty (a - 3.0
and a a 4.1) are indicated by short horizontal bars attached to each of
the para.etric yield curves.

The saw kind of analysis has been carred through for dry clay,
dry sand, wet clay, and sandstone and the results of these analyses are
included in Figs. -4.7 through 4.i0. In the case of these other soils
to nuclear data are available 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 a ir each of these other soils, the
variation of efficiency with depth at Nevada for a u 3.14 has been used.
Similarly, for the lowest value of a for each of these other soils the
tuni variation of efficiency with depth has been used s was found at
Hevm~a for the lovest value of m there, anwly, 3.0. The corresponding
analysis has been made for the upper limiting value of a.

The most probable and limiting values of m for all the soils re-
ported hers are listed in the table below. In each cae, the available
data haye been plotted in the same fora as vas shown on Figs. 4.1 and
4.2, the best straight line was drawn for those points and then values

of radius 10 per cent above and below the curve were marked at the up-

dure, the liviting values of = have the greatest range for those soils
in which ro large TT charges have bee. fired, and this is appropriate,
since in fact the extrapolation is less certain iu ouch cses.

In the case of vet clay, Fig. 4.8, so little TVr data are avail-
able that crater retWis bas been predicted onJ v for the most probable
valua of the scaling cnpoaent a.

* It was decided not, to review -M. data from charges less than 200 lb.
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TMLE 4.1 - Scaling Exponent, m, for Several Soils

soil Mot Probable Minimum Maximum

Nevad 3.4 3.0 4.1
Dry Clay 2.9 2.8 3.2
Wet Clay 2.5 2.0 3.3
Dry Sand 2.7 2.6 3.2
Sandstone 3.6 3.4 4.1

in Fig. 4,11 the results for surface charges in various soils are
shown. For each soil the line drawn in that for the most probable value
of m. On this curve also are shown the nuclear craters at Nevada and
in th* Flarshalls. In plotting the results of the nuclear explosions
on this figure, the value of efficiency found for the JANGLa surface
shot for the scaling exponent m 0 3.4, namely 60 ;ir cent, has been
assumed to be applicable to the explosicas in the Paciiic. The loga-
rithmic grid has been adjusted in the region of 1 Mr to include this
efficiency for all larger yields. Hence the graph can be entered di-
rectly with the value of radiochemical yield. This graph gives a real-
istic Indication of the uncertainty in crater pradiction dLepnding on
the properties of the soil.

All data that have been used in the development of the extrapolz-
tion method presented here are summarized in Appendix A. Thi appendix
also includes data for som TN!' shots, namely those in wet sand, ,s
well as some nuclear charges, such as Trinity, vhich were not used in
the actual analyses presented here.*

4.3 C C7 ,S ON TZE MAPOAMIO .E.cD

It should be noted explicitly that the extrapolation method de-
scribed here is based on an empirical equation of the form

R. f(W, M) . f(A)

or 1

R - (WE)M . f(X)

whert E is an efficiency which depends on u sc-_ led c a ' r depth,
and type of explosive. As mentioned in section 1.5, this Is not tI
only form of equation which can be postulat ,id, and defended. The avail-
able data are so meager, and their scatter around the curve representing
sny specific equation is so great, that it is not possible at presenmt
to establish unequivocally the relative validity of alternative forms of
the empirical equation.

* The wet sand ThT results were not used because data on only one charge
size was found and hence a value of slope could not be establi3hed.
A value for Trinity was not used because the scaled height is greater
than that of interest in this report.
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The Su.gestion I.s een made tzhat an e .tAicn or utie form

. ( )l/J. f(X ) . ((in)

i mre satisfactory. When either form is used for the extrapolation
of TUT data to megaton nuclear explosionst a certain range of uncer-
ta!nty in R is shown, resulting from reasonable values assumed for the
uncertainty in f(\) and f(m). The uncertainty in R shown by toe sug-
gested equation form is smaller than that shown by the equation form
used in the main body of this report.

Another and more important benefit adduced for the suggested form
is that the predicted crater radii for megaton explosions have a smsller
spread when soil characteristics are changed.

It is the opinion of the author that the benefits indicated are
illusory and that the form used in the main body has a slightly better
basis. The true value of crater radius produced by a megaton explosion
in any mtiua other than that existing in the Marshal Islands will re-
main unknown until such a shot is fired and the resulting crater mea-
sured. In the meantime, it is felt that caution in stating the expec-
ted values and their uncertainties is of vastly greater military use
than over-optimism.

* Oe piece of infor-ation which has been put forward as favoring the
suggested form of equation is the result of some cratering experiments
in the Ksirshall Islands. These experinents were run under the direction
of Dr. h. Kirk Stepoenson, currently on the utaff of the Nationaa. Science
Foundation. Quoting from Memorandum SWPE7 2/924 (354 2) dated 26 Nov.
1954, "1. A series of high explosive shots were fired on Elugelab (Flora)
Island, Eniwetok Atoll in the spring of 1952. These shots consisted
of a combination of R-7-HDA(c-2)R-7-HCA(Tetrytal), primacord, and blast-
Ing caps piled in a beehive shape on the surface which had been exca-
vated d-wmn to the high t!de level. A dike waz establihed a.-ound th'
charge to prevent wave interference but this proved ineffective. In
addition to seismic shock info. ation, the crater radii were determined.
The crnter data obtained from these HE shots at the Pacific Proving
Grounds may be used to establish a soil factor for comparing saturated
coral with Nevada soil. A summsry of the datW is as follows:

W(tons TVT Equivalent) Scale height to Crator Radius R,/W1/3

c./.(x d Rc - ft.

(lb)l/3

1 12.6 0.06 27.5 2 18
5 21.5 0.06 32 1.49

10 27.1 o.36 37.5 1.39
15 31.1 0.06 45.5 1.17
20 34.2 0.06 50

overall average 1.6O
Aver ~e if first shot omitted 1.46."

(cont. on page
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The correspocding Rd ta ftrom Nevaia taken from Tables A.4 and A.6
give a value for R,/vl/3 of about 0.8. If one uses the suggested form
of the equation and hence assumes that the effect of sjil is inde.mn-
dent of the effect of' charge size, then one might say that craters in
the krshalls should be exrpectel to be 1.8 to 2.0 times as large (in
radius) as craters from identical charge sizes and depths in Nevada.

In a similar nmnr it is found that the value for Rc/W 1/3 for

megaton surface shots in the )brshalls is about 1.O, while that for the
kiloton surface shot in Neva" Is 0.34, which implies that Marshall
craters will be se three times larger than Nevada craters. Actually,
if the smaeL but finite value of Dc/Wl/3 is taken into account, particu-
larly for the JANGIZ surface shot, the analysis suggests that scaled
crater radii for nuclear charges in the Marshalls are twice as large as
for those in Nevada. Since this is the same figure that was obtained
for HE craters, it is tempting and not implausible to say that all sca-
led crater radii in the Morshalls will be very close to twice those in
Nevada.

While the precise data quoted from the AFSWP memorandum were not
at hand during the development of the extrapolation method described
in section 4.2, some prior discussion of them was held with Dr. Stephen-

son by telephone. At that time it was Dr. Stephenson's feeling that

the data themselves were somewhat unreliable because all the craters
were water-washed before measurement. In addition it seems improper

to aasu that the characteristics, for cratering purposes, of the

water-saturated coral sed involed in the HE tests are identical with
the characteristics of the more coherent water-"aturated coral rock
involved in the nuclear shots.
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APPEIDIX A

SUMMARY OF AVAILABLE CRATER DATA

TABLE A.1 - Nuclear Crater Measusmsnts*

Shot Soil RC Height Crater Crater
Yield of Burst Radius** De h

_ _ _ _) IF (X ) (t) (T A )C(t) T;

TR, ITY Dry Sand 23.8 XT 100 -0.7 550 1.52 9. 0.026
GFRHJ Sat.cor.
Dc4 fitnd 83 XT 300 -0-546 390 0.71 2.0 0.00361

GREMOUSE Sat.cor.
FAsy& sand 46.7 K1 300 -o.664 418 0.925 2.4 0.0053

GRE12IEUSE Sat.cor.
George' sand 215 Kr 200 -0.266 570 0.756 10.0 0.0133

JXIGL Sur- Desert
face Alluvium 1.2 XT 3.5 -0.026 45 0.336 17 0.127

JANGLE Desert
Underground Alluvium 1.2 Kr -17 o.127 129 0.9A 53 0.396
IVY Mike& Sat.cor.

sand 10.5 MT 35 -0.o127 312o 1.125 164 0.0593
I (28Oo)b (1 .02 )b

CXS=Z 1 Sat.cor.
I sand 14.5 HT 7 -0.002 30 o.9 24o 0.o78

CASTLE 3 Sat.cor.
sand 110 1 13.6-0.023 4oo o.66 75 0.124

Alluviuml 1-70 147 ;-
Sat. cor. sand w saturated coral sand

* All data except CASTLE and TEAPOT data are obtained from Cratering
Produced by Nuclear Weapons, W.R. Perret, Sa di& Corporation Teci I.-
cal Memorandum, Ref Symbol 1922-2-(23) January 2, 1954.
All crater radii are easured at original ground level.

a Due to scour from water rushing back in, and to aging (for GREEN-
HOUSE) measured diametors may be large by 10 to 30 per cent, mea-
sured apparent crater depths my be shallow by a factpr of 2 or more.

b In Memorandum SWPEF 2/924 (354.2) dated 26 November 1954, the state-
ment is made that plotting the IVY Mike data on an expanded 7ortical
scale givest a value for crater radius of 2800 ft (I - 1.02).
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TAEIZ A.2 - M. Crater Masureawnts In Dry Sand. Dry Clay,
&ad Iset ClA;j

Underground Exploftic Test Program
Site: Dugvay ProvIng Grounds

Soil Round Charge
Weight Chare. Depth Crater Radius** Crater Depth

*(Ib T) :rt ~ (ft) (A)) ' (rt) (A)
Dry 101 320 -3.5 -. 51 0.59 0.5 0.07

Sand 102 320 0.0 0.0 7.68 1.12 2.5 0.37
103 320 1.3 0.19 10.88 1.59 6 0.88

Jo4 320 3. 0.51 12 6. 0.95

105 320 7.0 1.02 15.5 2.26 1.24
106 320 14.o 2.04 16.75 2,45 4.5 0.66
107 32-0 21.0 3.07 13.5 1.97 3.5 0.51
108 2.560 2.6 0.19 19 1.39 9.75 0.a
109 2,5 7.0 0:51 24.75 1.81 .5 o.62
110 320 3.5 0.51 13 1.9 7.5 1.10
ll 8 2.5 1.25 6 3 4 2
112 2,56o 7.0 0.51 30 2.2 12 0.88
113 320 3.5 0.51 2.0 6.7 0.99
n4 8 2.5 1.25 6 3 3.5 1.75
115 4o,ooo 17.5 0.51 75 2.19 23 o.67
116 8.75 1.28 18.5 2.7 9 1.32

Dry 301 320 -3.5 -0.51 2.5 0.37 1 0.15
Clay 302 320 0.0 0.00 7.25 1.06 4 0.58

303 320 1.3 0.19 9 1.3 5.5 0.80
304 L 20 3.5 0.51 10.5 1.5 6 0.88
305 320 7.0 1.02 1175 1.72 T .02
306 320 14.o 2.04 15 2.2 1 0.15
307 320 21.0 3.07 10 1.46 1 i 0.15
308 2,56 2.6 0.19 20 1.46 12 0.88
309 2,560 7.0 0.51 .5 1.57 15.5 =.1
310 320 3.5 0.51 11 1.6 7 1.02
311 8 2.0 1.0 4 2 2.5 1.25'k2 2.56 .. 7.0 0.511 20 19 15 1.09

313 320 3.5 0.51 12.75 1.86 a~ 1.17
314 8 2.5 1.25 -5. 2.25 3 1.5
315 LAM 17;5 .o-1 64 I87 4 L23
6 o110 2.145 o.51 9 1.8 6 1.25

317 2,-56 7.0 0.51 23 1.68 15.5 1.13
318 320,000 35.0 0.51 120 1.75 60 0.88
319 2-,560 70 0.51 23 1.68 13.5 0.98syn. 320 7.0 1.02 1.. !83 7 1.02

wet 4ol 8 2.5 1.25 7 3.5 5 2.5
Clay 402 320 2.5 0.36 18.75 2.74 10 1.46

403 2,560 5.0 0.361 41.75 3.05 12.75 0.934c 320 2.5 0.36 17.5 2.56 11.5 1.68
405 8 2.5 1251 6 3 I .1 2.05I

e Obtained from Appendix 0, Underground Exlosion Test Program, Fi

Report, Volume I, Soil Engineering Research Associates, August 30, 1952.
** All crater radii ar& measured at orioinal ground level.
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"A.ALE A.3-TMO Crat..-r .- :s.r,- .'=.,,t=;~o tjce
" .. .er~~~~~~ Pr-..~ st ,: =cTb" '. .-SM

Soil Round Cba.-g
Weight CfArge Dertb Crater PAdiu5** Crater _

Line. 501 6. 0.97 11,2 1.964 1
stone 502 320 2.5 0.365 8.3 1.21 3.9 0.57
Granite 601 320 -2.5 -0.365 1.20 0.175 ...

602 320 0.0 0.00 8.43 1.21
603 320 25 0.365 9.70 1.42 2.6 0.38
604 320 5.0 0.73 14.5 2.12 5.0 0.73
605 320 12.5 1.83 17.1 2.50 6.1 0.89
606 320,2.5,0 3.65 - 5.20 o.76 2.0 0,2

607 320 2.5 0.365 41.4 2.1 5.3 0.78
608 320 2.5 0.365 14.o 2.05 4.6 0.67
609 2,560 5.0 0.365 25.2 1.8 10.2 0.75
61o 2,56o 5. 0.365 23.1 1.69 8.7 o.64
611 320 2.5 0.365 13.4 1.96 5.0 0.73
612 320 17.0 2.49 13.2 1293 7,6L 1 , 11

Sand. 801 320 -2.5 -0.365 0.0 0.0 0,0 0.00
atone 802 320 0.0 0.0 5.6 0.82 2.3 0.34

803 320 2.5 0.365 1.1.6 1.69 4.8 0.708C4 320 5.0 0.73 14.o -.o4 7.6 1.11
805 320 12.5 1.82 9.3 1-36 14.9 2.17
806 320 25.0 3.65 0.0 0.00 a a
807 320 2.5 0.365 14.3 2.09 5.1 b 0.75
808 _320 o.36 13.1 1.91 5.8 0.85
8C9 1,o80 3.75 0.365 19.0 1.85 8.6 o.84]
810 2,560 5.0 0.365 32.6 2.38 9J7 0.71
811 2,560 5.0 0.365 25.1 1.83 10.5 0.77
812 2,,6o .0_ q.36 23. 1.0 11.0 0.80
613 10,0 7.9 0.3651 39.4 1.83 16.1 0.75
814 40,000 12.5 0.3651 56.5 1.65 26.9 0.79
815 40,000 12.5 0.365 70.5 2.06 26.9 b 0.79 bi
816 40O000 112.5 0.3651 53.6 1.56 c 27.5 b 0.80 b
817 320,000 25.0 0.365 94.8 1.38 c 17.0 0.69
818 320 2.5 0.365 17.5 2.56 6.0 0.88
819 3201 2.5 0.365 15.6 2.28 6.5 0.95

*Obtained from Underground Explosion Test Program-Technical Report No.
4, Granite and Limestone, Volume I and from Underground Explosion Test
Program-Tachnic.1 Report No. 5, Sandstone, VolumeI, Engineering Research
Associates, Feb. 15, 1953.
**All crater radii are measured at original ground level.

***Average Crater depth (Dk) is the average of the measurements of the

vertical distance from the deepest point of the crater, not necessarily
directly under the charge, to the surface, one measurement being made
on each of the four vertical sactions available for each crater. This
depth is not significant unless the deepest point is below the bottoa
of the excavation mde to place ths charge. The charge hole was obliter-
ated by all the detonations at the sandstone site except Round 306.

a
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tas on TPas A.) (Contilud)
a-Tbe dazAge did net extnd to the surface and is not couparable with
otear rounds, the sides of th. original chai"gs hole were damasged up to
an average slant distance of 5.6 ft from the center of gravity of the
charge.
b-Cratr shape was estimated; the breakthrough Yolme is not included.
c-Average of eight asuurements scaled from the vertical crater sections.

TABL= A.4 - TMT Crater Mfasurements in Desert Alluvium,
Operation JANGLE*

Operation: JANGLE HE Shots
Site: Nevada Proving Grounds (Yucca Flat)

Charge
Round Weight Char • Depth Crater Radius, ** Crater pth

(lb of TnT) () -- y ((t)) (A) (FU t) In

HE-i 2,560 2,o 0.15 18.2 1.33 6.5 o.47
HE-2 4o,ooo 4.63 0.15 38.6 1.13 14.9 0.44
HE-3 2,560 6.79 0.50 19.8 1.45 10.8 0.79
HE-4 2,56 J -2.01 -0.15 6.4 0.47 1.9 o.14ME-5 2,56o 4.o2 I0.30 1 .6 1.43 7.8 0,57

2,56 3.00 0.22 19.7 1.4 6.7 o.49
HE-7 2,560 2.58 0.19 18.9 1.38 6.9 0.50
HE-8 b 216 1.08 0.18 a a a a
HE-9 b 216 0.83 o.14 8. 1.37 3.5 0.58
HE-10b 216 3.00 0.50 11.3 1.88 5.5 o.____

*CObtained from Some HE Tests and Observations on Craters and Base Sur eat
D. C. Ca=bell, xrmd Forces Special Weapons Projectt Operation JANGLE
Project 1(9)-3, 1 November 1951. (wr-410).

**All crater radii are measured at original ground level.

a-PaA~a dtaunaaion

b-Results from a corresponding 177-lb Pentolite charge are not included
in this sumnmry.
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LATILE A.5 - M, Crater Me&s%re-wnts in Dry ClAy, P.ro.ect

Project: MCLZ (Ztanfor4 Rece.rca Institute)
Site: Du~gay Provind Grounds

Round Charge Weight Crater RMJus*% Crater DeR° I (lb of M. ) (t) (ft) A,( )i(t .

101 256 6.35 1.00 I11.1 1.73 5.5 0.86
105 256 6.35 1.00 10.9 1.72 6.0 o.94
102 256 3.18 0.50 10.5 1.65 6.3 0.99102A 2 56 3.18 0.50 9.5 1.50 5.4 0.85
106 256 1.65 0.26 ,9.l , 1.43 6.2 0.98

107 256 0.0 0.00 6.6 1.o4 3.9 0.61
i04 256 -0.83 -0.13 4.4 0.69 1.5 0.24

TABLE A.6 - TNT Crater Measurements in Desert Alluvium, Project MOLE*

Project: MOLE (Stanford Research Institute)
Site: Nevada Proving Grounds (Yucca Flat)

Round Cbarge Weight Charge Depth Crater Radius** Crater Depth

___ (lb of TN) ( t) ___%_ (ft) ___%_) (ft) __x_)

202 256 6.35 1.00 11.5 1.81 5.7 0.90
22 256 6.35 1.00 10.7 1.69 6.1 0.96
203 256 3.18 0.50 8.4 1.32 4.0 0.63

56 1.5 0.26 91.45 2.9 0.46
2 2059 256 0-83 0.13 8.8 1.39 2.5 1 0.39
2o6 256 0.0 0.00 6.4 1.01 1. 0.30
207 256 -0.83 -0.13 3.5 0.55 1.z1 0.22

* Obtained from S=11 Explosion Tests - Phase I of Project LEj R.B.

Vaile, Jr., Stanford Research Institute, January 1953.

** All crater radii are measured at original ground level.
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TAB A.7 - TMM Crater Measureents in Wet .id. Project MCti*

ProJect: MOLE (Ste--f3rd Resear-i Insttte)
Site: Caxp Cooke, California

Round barge Weight 1Chare Deptn, Crat..r RO-Iuad *  Crater Deptn
(lb of T~fP) -(t)T ( (ft) T V fT -Y( T

304" 256 4.83 0.75 18.0 2.94' 6.6& 1.04a

301 256 3.25 0.50 19 1 3,01 ... , .
302 256 3.18 0.50 19.9, 3.14 6.3 0.99
309 256 3.18 0.50 15.6 2,45 6.1 0.96
31. 2r6 3.18 o 16:8 2 0.82
305 256 1.65 0.26 18.3 2.26 3 0.5
306 256 0.83 0.13 12.8 2.01 3.7 0.53
307 256 0.00 0.00 10.2 1.61 4.3 0.75
308 256 -0.83 -o.13j 8.8 1.39 ,, 4.0 o.63

a - Round 304 was shot in the erater of Round 303.

TABLE A.8 - TNT Crater Measurements in Wet Clay, Project MOLE •

Project: MOLE (Stanford Research In3titute)
Site: Camp Cooke, California

Round Charge Weight Charge Depth Crater Radius** Crater Depth
___I(lb of TNT) (ft)T( (ft)F~ Y 1-t

312 25;6 3-18 050 155 24 1.:2 1.76'
312 256 3.18 0550 17.8 2.80 9.0 1.42

.313 256 - -0.13 508 O.91 3.4 j 0.53

Obtalned from Sn.s1I Explosion Tests - P1-.sse II of Project MOLE,
L. M. S,-ift and D. C. &achs, Stanford Research Institute, May 1954.

** All crater radii are measured at original ground level.
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