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ABSTRACT

Photographic observation and fathometsr measurements of CASTLE
Shots 1, 3, and 4 wvere made to assist in the prediction of craters
produced by megaton weapons. '

The more important numerical data are as follows:

e — .

Shot Yield Location ' Crater Zatizatad
. . . Radius Max.Dopth
| (£2) (£)
i 1h.5 MT Surface-reef 3000 2L
3 10 ® Surface-islsnd koo 15
L 6.5 M Surface-wvater 150C 250
(160 £t vater
depth) |

The Shot 1 crater could heve been predicted satisfactorily froa
the IVY Mike Shot. Shot 3 crater vas smaller thaa predicted on that
basis, Both craters wvere larger than predictiocns based on sixple eca-
ling of the JANCLE surface shot, even if scae allovancs 1is mads for the
difference in soils. '

The Shot & crater, produced by a shot on the surfece of water having
& scaled depth A, = 0.05, vas detectable but relatively smell., A tun-
nel undsrneath it would probably have beep breschsd but no hazard to
navigetion ves produced.

An extrspolation procedure dbased ca smallor TNT explosions pernits
the prediction of the redius of the crater produced by & nuclear explo-
sion under a vide rangs of circumstances. The range of uncertainty is
believed to be larger than & factor of two.
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FOREWORD

{
This report is one of the reports presenting the res:ults of the 3k
projects participating in the Mllitary Effects Tadts Prograa of Opers-
tion CASTLE, which included six test detonaticons. Xor readers interas-
ted in other pertinent test information, referarce is made to ¥WT-934,
Jucmary of Weapons Effects Tests, Military Effects Programe. This sua-
pary report includes the folloving information of possidble geperal in-
torest,

3¢ An over-all dascripticn of each detonstion, including
¥i2ld4, beight of burst; gréund zero location, time of
datonation, ambient atmospheric conditions at dastona-
ticn, etc., for the six shots.

b Discussioa nf all projoct results.

ce A suesry of sach project, including c;bJectivn and
results.

d. A complete listing of all rsports covering the Military
Effects Tests Program, :
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CHAPTER 1

INTRGTUCTION

1.1 CBJECTIVE

The mnauu oanctivc of the crater survey, was to determine the
dimensions of the appn.mnt craters formsd by Shots ), 3, and &,
" The long-range objactives of the work wers to obtain data to assist
in the prediction, for military purposes, of the crater produced by any
large nuclear weapon fired under any circumstances. Tvo situations were
of particular interest in this regard in Opsration CASTIE. Thise vere
(a) & surface burst on land, and (b) a surface burst in relatively shale
10V vater,

1.2 MILITARY SIGYIFICAUCE

The major military interest in craters stems from tha cbservation
that the limiting distanca of important darage to well constructed under=
ground fortifications lies only a relatively short distance ocutside the
crater. Yor the prediction of such damege it is clear that the sbape
of the crater near the rim is more irportant than its shaps, or depth,
near the center,

Of scmewhat less military interest is the crater prodnced by & sure
face shot in saallov water. Both the limiting distance of damage to
tunnels and the possidility of darming & harbor by the formation of &
crater with a ehallow, or above-water lip, are matters of scme concern.

1.3 LIMITATIONS CN THE OBJECTIVES

In the investigation of craters formed by smaller explosions it hias
been recognized that while the crater gsurface apparent to tba e¢ye vas
relatively essy to measurs, there was nevertheless & disturcance in the
earth, caused bty the explosicn, to some depth belov this uppar surface.
The lower boundary of this volume: of disturbed earth bhas becoms known
as the "true crater" in contradiastinction to the upper surface, which
has been called the "apparsnt crater." While the ¢erm "true crater” may
be slightly mislesding in its implicaticns, it sesems resasonsbly clear
tbat for the purposes of dstermining the limitaticas of darage to under-
ground fortifications the lower aurtace of the volume of disturbed earth

! T =N A
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(or true crater) is of greater significance than the apparent crater. .

While for smxll craters it is physically and economically fessible
to determine the boundaries of both the "spperent” and the “true cratars,”
for very large craters, the problen cf excavation to determine the true
crater becomes s0 extensive as to be impractical, The difficulty of
measuring the trus crater btecomes even more severe undsr circuvastances
vhere the crater is water-filled and vhere the level of radiocactivity
remains for some tims high encugh to prohibit extensive worl. Both of
these situations existed in CASTLE, Because of these difficulties and
other considerations it was decided to limit the crater surveys on CASe
TLE to the messurement of the apparent craters formed by those detona-
tions located alb zero sites not used for prior detonations. Because of
changes in shot locations during the operation, the project errort vas
limited to Shots 1, 3, and 4,

1.k, BACKGROUND

At an early stage in the planning two techniques were seriocusly
considered in addition to those actually used. These were, firit, the
use of & high=power fethometer developed by the Navy Electronics Labora-
tory (NEL) which was considsred to have a reascnable probsbility of
penetration of the layer of mud or disturbed earth separating the ap-
parent from tba trus crater. The second techniqus wes designed to sup-
plement the penetrating fathometer as a means of determining the true
cratar. This techuique invoived the producticn of holes through the
crater either by drilling or Jetting techniques. Several methods of
detscting the surfacs separating the true crater from undisturbed earth
wvere considered. The decision not to use either of these procedures wvas
xade on thu bases, (12 that the drillipg or Jetting would add s large
cost to the project, (2) that a pepetrating fath meter 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 of predictiocn of target
damage as would measurements of the true crater.

1.5 THECRY

The laws of similitude imply that the effects of an explosion of
any (koown) size in any medium are related precisely to the effacts of
&4 ‘xﬁso-ion oi sny other size in the same medium, provided the medium
tulrilln certain rather stringent conditions. Experimentsl measuremsnts
using coaventional explosives such &3 TNT leod to some optimisa that
craters produced by such explosives can be predicted vith an accuracy
alnost entirely adequate for military purposes, even though it i{s clear
that some properties of the medium (earth) in which the explosive is
fired are. very sensitive parametrrs in affecting the crater,

The situation regaraing craters produced by nuclear explosives 1is
less satisfactory. First, the evidence is meager, 8ince, prior to CAS-
TLE there have been only three ruch explosions on which crater measure-
ments vere made; pamely, IVY Mite, JANGLE underground, and JANGLE sur-
face, BSecond, the existing evidsence leads to pessimiam 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-
lesse (and this also applies betwcen kiloton and megaton nuclear exploe
sicns) and also from the important difference in energy partition in the

tvo types of explosiocns.
In goneral it is inovn tha: the dimensione of the crater (radius

or depth) are affected or dstermined by the total ¢nargy reslesse, the
dspth of the charge and the character of the medium (earth) in wvhich

the charge is fired. If thess parametsrs operate independently, then
one could write an empirical equation in the form . |

R =1(¥) « £(D.) .« () |

or in the form
R = 2(¥W) + £(D,) *+ £(m) ' |

vhere R 1is the radius
W is related to cmrgy release,snargy density, and detonation

velocity
Do 1s the depth ot the charge
n {s related to the medium.

In this case the ssparate coniribution of esch of the parameters can be
dat.erxined easily. If, hovever, the parameters are interdspendent it
is Decessary to use the fora

R =f(W, D, m)

and the effect of varying any cne of the parameters is mich more coapli-
cated because it depends on the values at which the vther parameters

are maintaicved.

There is genaral agreement among invutigatorn that the paramsters
affecting craters are in fact extensively interrelated, Tbe universal
use of scaling concepts, particularly in regard io the scaled depth of
charge is evidence in point. Thus, in regard to the seffect of energy
release and depth (€ charge & satisfactory form for the equstion is

R = £(W) . £(W, D,),
or as a more specific example,
1
R=wk ., r(2)

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

15
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among which ere:
(1) R f(W) . (W, Dc) o t{m)
(2) R=£(¥, m) . £(¥, D )*

In attempting to correlate crater data from TNT blasts with thoee
froa nuclear explosions, it has in the past appeared useful to includs
a factor less than unity (0.3 to C.9) in the value of W assigned to
nuclear charges in terms of equivalent tons of TNT, based cn radiocbemie
ca) dzta. This has been justified by the fact that the energy partie-
tion is totally different for the two typas of explosives and that tha
nuclear weapons deliver rediant energy while ccaventional explosives do
not. It is believed, hovever, that at bast correlation will be uncer-
tain, and vith the advent of megaton weapons the disparity of sizes is
80 great that good correlation should not be expected.®*

The effect of charge depth (or height) (2,) is.fairly well ectad-
lished for TNT. If scaled crater dimmetar is plotted against scaled
charge depth, it is clear both from experiment and physical) reasoning
that the curve will be concave downwvard, since no surface crater is
produced {2 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 ia the range of 1 < N\, < 3, where %, is in £t/(1d TNT)1/3.

The effect of the medium, £(m), has been shown to be as largs as
a factor of 2 in field experiments with TNT. Unfortunately, the spscific
properties of the medium which affect the crater are not yet established.
It 1s postulated that strength, either shear or tension, anld dsnaity are
sensitive parameters. It 1s possible that the elustic moduld ars also
isportant. In regard to strength, it is of course the strength under
shock load conditions that is ixzportant. It is very difficult to make
laboratory tests under shock load conditions and the heterogenscus chare
acter of earth mmkes 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 undar such
conditions may differ widely frcm the strength under static load.

The density of the medium may in & theoretical sense affect crater
size significantly. In practice, hovever, the rangs of densities found
is trivial compared to the ranges of strengths and hence the density is
believed to te a paramster of oply minor importance in affecting the
crater,

A3 has been mentioned, the application of similitude principles

# The data at hand have seemed to the author to fit bstter into an
equation of Form (2) thaa 1gto one of Form (1), namely

R = (WE)® . £()

as elaborated in Chapter 4., It is to be noted that these two forms are
drastically differsnt in the implications of extrapolaticn from less
than kiloton charges up to megaton charges.

% Thus Fig. 3,14 has been plotted with no consideration of relative
efficiency, while in Fig. k.11 a relative efficiency of €0% for
nuclear charges coapared to THT has been used.

16
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places certain requirements on the mediun. At a minimum for the pure
posas of crater i{nvestigation, it is roquired that the properties of
the medium at equivalent locations (scaled) in two experiments must ba
identica. This requirement ia coxpletely mat if tha two media are
bomcgsneous, isotropic, and identical. The properties of earth, hove
ever, are greatly affectzd by overburdan pressurs. Thus in & static
senas the properties of earth ars grossly dependent ca actual (not sca-
led) dspth bdalov the surface, and in & dynamic ssnse thess properties
vill be sixmilarly affected by the pressure produced by the explosion.
Thus coe of the fundamental conditions for the proper application of
sizple scaling lavs is violated. The greater the range of size of ex-
plosicn, and heance of dspthe, the more serious this viclation becoaecs.
A further difficulty with the application of theory occurs in situ-
ations such as existed on CASTLE, vhare two media, earth and vater, vere
involved, and vhers the earth was saturatad so that forces ware transe
nitted by a cooplicated combination of intergranular forces and hydraulic
pressures.
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CHAPTER 2

, - EXPERIMENT DESIGN

2.1 SHOT PARTICIPATION

The craters resulting froa the following three ohoti vere aurveyed
as & part of this project.

TABLE 2.1 « Shot location

assmew—r
Shot Shot location

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

3 Oa an island in the southem
section of Bikini Aton..

4 In the lageon in the nportheast
section of Bikini Atoall.

The resasons for limiting participation to these three shots have
been Jescribed in section l.3. It should be noted that for the pure
poses of crater messurements it is necessary to deteramine the surface
or hottom contours rrior to the explosion and sgain subsequent to the
explosion. While in & scientific sense it would be desirable to mea-
sure the crater shortly after zero time 30 as to aveid modification of
the crater by the action of water waves and currents, no feasidble vay
¢f accomplishing such & prompt measurement has been conceived. Hence
the crater survey operations in one sernse involved no participation
during the axplosicn and tha intarval immediately followving 1t. Actuale
ly, the time planned for the re-entry of the survey group after each
shot vas bounded dy the time judged to be required for the radiaticn
lavel to dacay to s value such that 4 to 8 hr exposure would not result
in & total cose amounting to an important fractica of the allowadle
total doss for the whole operation, nsmely 3900 mr.
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2.2 INSTRUMENTATION PLAN

The usefulness of xnowledge of bottom depth is dependent on ccre-
responding knowledge of the gzographical lccation where the depth nea-
surement {8 made. In fact, tlLe problem of determining the location of
the ship is more complicated aud difficult than the determinution of
deptn. For this reason wmore effort was devoted to the location proce-
dures than to the depth measurements, both in the planning and prepara-
tior phase and in th3 measurement phase,

2.2.1 Depth Measurement

Depth was measured with a standacd recording sonic echc fathomever
dosigned for small chips, Model NX-G6. This fathometer operates at 14.25
kcps and it a repetition rate of 1/sec on the "foot" scale, which has
a maxioum of 200 ft.

The <ransducer, of the double-unit magnstostriction type, was
mounted outboard of the LCU assigned to the project, and the recorder
vas nounted inside a trailer which also housed equipment for tiracking
and plotting. The fathoweter recording paper had a depth scale cf 1
in. per 30 ft of depth and a paper spxed of ) in./min. Since ths speed
of the boat during survey operations was about 6 knots or 600 ft/min,
the chart represents a bottca profile with the dspth dimension expondad
by a factor of approximately 20.

Tha calibration wvas accouplished by two procedures. First it
was determined by finding a uniform hard bottom and checking the fa-
thomster readinge against & lead line. By this rethod a satisfactory
calibration was acccmplisbed in about 4 hr with sll points grouped
¢losely around a straight line showing a 2-{t zero error snd s alope
such that the fathometer read 80 £t when the actual (lead line) depth
vas 90 ft,

The second procedure for calibration made use of a cornsr re-
flector. This reflector was lowered directly belov the fathometer bead
on & cotton line vhich bad been previously measured and marked. The
calibration by this method gave the result that the fathometer read
dapth correctly except for a 2«{t zero error (which is accounted for
ty the fact that the transducers werw approximately 2 ft below the
vater surface).

Sirce the surveys were taken under varying tide heights, it wvas
necassary to reduce all depth raadinga to a common datum nlane. The
plane used was thst on vhich the tide tables are based, namely 1/2 ft
below mean lov-vater springs. Recording tide-gages were operated by
Bolmes and Narver, Inc., (H&lN) at sevaral islands in thes atoll. The
gage readings vers within 1/2 £t of the published tabular values.

The time interval speanned by a survey vas ordinarily no more
than 4 hr and the tide change during such an interval wvas less than 2
ft. Consequently the tide correction for each survey has bsen made by
plctting the tabular values from the tables, draving a smooth curva,
and poting tha nearest intezral foot of tide height at ths midetizs of
the survey. Thic value of tide height was subtracted from the depth
values noted by fathometer (after taking account of its calibration).
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2.2.2 location Procedures

The location of the ship was deternined with the assietance of
four types of squirment, For the most part they ropresent indspendsnt
nethods. The equiparats vere:

él Raydist, an electronic navigation device
2) Sextauts

53 Alidades combined with a gyrocompass Mk, 18

4) Taut wire equipment

Tha Raydist principle is that the distance tetween two points
can be measured by counting the number ol standing vadio waves detveen
the two points. More specifically the difference in radius from two
shore points is determined by measuring the difference in the number of
standing vaves. In the ectusl equipment this is accczplished by moa- )
surirg the phase of a kOO-cycle beat note at three fixed receiving sta-
ticas. This deat note is produced by transaitters of approximately 12.5
oe, cne of vhich is fixed and the other on the ship being tracked.

The Raydist equipment as actually used involved installaticas
requiring &0-cycle pover st each of four shore points. Esck of these
shors instsllaticns had & transmitter and three of them had receivers
in addition. OCn shipboard the installation, vhich of course required
an additional source of &0-cycle pover, was ccmprised of three recei-
vers, & transaitter, and equipaent for the phase coxparison.

While Raydist equipment permit.ed the detsrmination of the ship's
position easily to within 20 ft, it had the limitation that the ship's
locaticn vas dstermined caly relative to scme fixed point where the
ship must have been, This fact coxbined with the fact as notsd that
five sources of S0-cycls power wers required (four on ahore at isclatad
locations and one on the 'ship) proved to be cne of the major headsches
in the actusl operaticn of the equirmernt, since if any of the five power
suppliss failad, it wks necessary to repeat the run and return the ship
to the kumvm starting point,

. The saxtants used were standard Navy issue axcept that they could
be read to 10 sec. Ths geaeral limitations on the use of sextaats were
found to be very extensive, since three well defined shore points vhose
location is known are raquired and the strength of the fix approaches
zero as the ship approaches the circle determined by the three shore
points. Thers is tve ifurther limitation that if very distant shore
points are used, then even the full angular accuracy of the soxtants
results in relatively poor absolute precisiocn of the fix., Finally, the
capadility fur finding and retaining ill-defined objects with the sexe
tants was mich poorer than with the alidades. For these various reae
sors, in practice the soxtants were ueed oaly as & backup procedurs for
lccating the ship and were used only occasionally.

A gyroccmpass Mk. 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 forvard starbosrd 4O mm gun mount, were installed. Thase re-
Paters ware ccaplete with alidades having a megnification of sbout
2.5. In practice the alidades and gyrocompass proved to constitute the
best method of positioning the ship and this equipment was uaed either
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in conjunction witl naydist or taut wire {n nearly all runs.

The taut wire equipment conasisted of a drum about 20 {n. in di-
amater vhich could be controlled by a hand-operated brake, together with
& pulley and counter for mescuring the amount of wire reeled out and a
balance complete vith fish scale for measring wire tenaion. This ee
Quipment was felt to be the mo4st reliuple of all the procedures for
locating the ship and was used on all surveys. It proved, however, to
have some ixportant limitatfons., Yor one thipng, the wire did not run
freely and tended to go into oscillation i{f the boat's speed was too
high. In fact, this upper limit on the boat's speed was very close to
the lowver limit which was required for proper steering of the boat.
Occasional runs vere encountered in vhich anslysis ‘indicated that the

anctor kad not remained fixed.
2.3 TEST PROCEDURES AND DISCUSSION

2.3.1 Preshot Surveys

Preshot surveys were made to the extent posaible in the circum-
atances o2 each shot.

Por Shot 1 the only preshot survey possidble was tc dsterxzine the
vater depths on the lagoon side of the reef., As vas expected, only a
very small sactor of the area which was ultimately within the crater
could be reached by the survey boat before the shot. This survey vas
performed using &ll of the alds to boat location, and served as a very
useful compariscn and trial. of ths various methods,

The preshot survey of the Shot % location permitted a zuch more
extensive survey since the shot point was in navigable water. A cca-
Plete and fairly detailed bottom survey was accomplished Jor roughly 2
square miles of bottom in the area of the shdt point. In this area
primary dependence was placed on the Raydist equipment for location of
the beat since shore poirts vers distant and bard to see.

The presbot survey of Shot 3 was ccaoprised of contours run on
Ters Island by the HAN surveyors combined with a bottom survey made by
the projent group using both Raydist and shore fixes. Since the shot
yield vas szaller than expect:d and the crater was alaost landlocked,
the only significant preshot survey was made by the B&N surveyors.

In addition to the surveys by which elevation axd position were
dstermined, asrial photographs wers taken of each shot point for usa in
CCOpmIisca Will poetsbol phologiaphs. Such photographs wurs taken of
all shot points regardless of whether a bottom survey at the shot was
contsaplated,

203.2 Fostshot Surveys

The post-Shot 1 survey wvas made using all four location saids
113%2d under section 2.2.2. Since very few shcre points could be {den-
tified and they vere poorly located for surveying purposes, a series of
three buoys was placed in a line on the lagcon side of the crater to
serve as sextant ajds. The buoys proved to be ugeless because thay
could not be seen for the required distance under the light conditiorns
vhich existed,
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1o addlt. o "o tie tottom survey, a~r.al shotographs cf the ¢rs-
ter vers taxsd p.. ... tay after the cuot. 1, s.u.tion, to aszsist in
trackiag the boat carrylug the flathomster, &47.sl photographs vere
taxon at 2 min. © .ervals during the time tce toat vas {n the crater.

The fathowmetdr shoved that the cra‘*~r hed refilled with very
locse sand Oor =ud to & wilfor? depth after the shot. In the placemsnt
of the barge for hot 2, vhich .uns to be fired at the same ground raro
locstion as Soot 1, trs HAN group made lesd l.se soundings prior to the
piacemsnt of marker buoys and mo.rs for the ba.ges. The data on those
scundings are also included {n t-is report ss evidence of the crater
lhape.

The post-8uot 1 survey was conducted ca the sixth day after the
shot. At the time of the survey, the radiation level 10 ft abovs the
vater surface vas 25 to 75 mr/br. Measuremsnts by other groups descne
strated that toae levels on the land aress swrounding the crater vere
much higher.

After the sccoazlishment of the post-Shot 1 survey and the pre-
Shot 3 and pre-Shot « surveys, & discussion ves hnld of the axteat of
further «ffort aritad {n 1{ght of tha uncertainties as to timas and
locations of ths reamioler of the shots. In these discussicos it vas
brought out that the expected resuwlt of Skot 3 wvould be to remove the
vestern erd of Tare lairnd to & depth of 55100 Jt. Sipce ths preshot
survey of the water surrounding {t sboved that toe {sland hed guits
steae) gides, 1t wes fel% toat the messureasnt of the crater would bave
ver: smll value for the prediction of craters in locaticas vhere the
€8t approaclhed s uniform jiane rathsr tnan & sountain top. Ia the
sams Slacuseics Lt vas el20 coufidently predicted trat ths rasuld of
Sbot # would be & reiatively xinor disturbance at tha dottcm.

As a result of these discussiocns it wves agrsed that a curtails
200t of effort regaciing s postabot survey of theie two shots Yus Ap-
propriste aod the coaclusiou wes ruached that sdaquate data would bde
cblained if toree Wit vire ruds coculd be obtalced azproximating three
crater diesgters and tisd theae runs could be deferred for Sbot 3 until
after Sbhot 4. Consequenzly toe pro_ect group left the forvard area oo
1 Aoril and returoed to toe forwerd arsa on 25 April, fxcidiately after
Shot &,

The actual postsbot survey of *he Shot 3 crater vas sooevbat
=xifled bocause tbe y ald was ol gmaler thaa had been predicted
s=d hence tha crater, iasvead o7 «ACCoO0REILNg all OF tue western end
of the 1slani, wsa suck pearer to being landlocksd wvithin the vestern
en’ of the 1sland. Ila scceazing toc the ;ressure of the continuing shot
schcdule for CASTLE, it wsas decided not <o reestadblish the Raydist e-
Juizmeat for the postshot msesureaenzs for Shots J aad 4, and as had
teen predicted the landwaris avatlable for visual lozatica of the ship
vare i{nadequate. In addition, decause of oe tight soot schedule then
existent, the photograpiic airplane vas Q0% ar.e tO rendezvous vith the
ocat to 23518t in %oe locution during the fziicoeter survays. Consee
gusotly thoe crater d:izens..ad wers determined Sirst by the fathonetar
equipment co the ship -cxcimed with taut wvire equipamcnt and later by
scr‘sl photograpaic mapr.ng tec2niq.es. In actual operstion (¢t vas
found extrewsly A1f01cuis o maneuver whe LCU in toe narrcy confines
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of 80 amall s crater and it proved {mpussible to run croos wind in suf-
ficlontly atraight courses to make taut vire measurements effective;
hence, for tvo of the three runs a modified procedure vas dsveloped on
the spot by vhich the boet's anchor cable vas marked off, the boat wvas
alloved to drift acrosa the crater, and vas then pulled back by the
anchor winch,

Tue post-Shot 3 aerisl survcy weas made a few days after the ahot
but prior to Shot 4, From this survey & post-shot contour map showing,
of course, only the cection above tho waterline was constructed.

The post-Shot 3 fathcmster survay vas nede on 1 May, the 2kth
day after the shot. Shot & had {ntervcaed and the vater-wave resulting
froa Shot 4 had washed over the lip of the Shot 3 crater. This Lad the
effact of smoothing and lovering the lip to an unknown exteat {beliaved
to be slight), f£illing i{n the bottom of the crater and reducing the
level of radicactivity. During the crater survey, the radiation lavel
10 ft above the wvater surface was about 50 mr/hr and above the lip 1500
ar/hr to 3500 mr/br.

In the postshot survey in tha vicinity of Shot 4 there was a
sizilar pressure of time. A barge was beiug put into place for a later
shot and {t wvas impossible to approach cloas to the presuned center of
the Shot 4 crater. Three taut wire runs wvere obtained but for the rca-
son Just stated all are chords rather than diamcters. Additional dala
in regard to this crater wers obtained {rca the Scripps Institution of
Oceanography, who had rua a fathcmeter survey two days previously to
pernit agsurance to the capt&in of the USS Curtiss that it was safe for
the ship to procecd into the arca. The fathometer surveys in this area,
as in the other crate:s, showed & very flat bottoa, obvicusly the re-
sult of filiing=-in of ud or fine sand to cobscure the bottca of the
crater. In addition to the fathuometer data, information regarding
lead-line depth and length of chain on buoys and moors was obtained
from the B&N group recponsidble for placement of the barge for the later
shot,
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CHAPTER 3
RESULTS
3.1  GENSRAL

The results of the crater survey are summrized in Tsdls 3.1.
. TABLE 3.1 - Results of Crater Survay
R

Estimated
' Maximm Scaled
Yield Rsdius (R)|Depth (D) Radiyg, | D
Shot [{TNT Equip.)| locatica (z2) (2£) (£t 1o )| R
1| 4.5 M@ |Surface-rsef | 3000 240 0.8 10.08
nw x Surface-island 3400(1) 75(2) 0.66 0.19
h| 6.5Hr |Surtace-vater | 1500(3) | 250
(160 £t vater | - go(4) 0.06
depth)

Notes: (1) At original ground level vhich was approximately 15 ft
AboOYe #oe lovels 7T0o si0ps of tho atove-watsr Uip frea
original ground level down to sea level varies over a
wide range. To the south it 1s quite steep snd the
radius in that direction ranges from 380 to 410 ft. To
the east and wost, howvever, the slope is extremely gentle
and the resdius figuwre is consequeatly uncertain and of
little significance. The maximum rsadius appears to be
Rrester thar 600 ft.

Froa original ground level.

Since there was no lip the radius is not well defined, .
The estimated msxioum depth of 250 £t belovw sea level or
90 ft below the origicsl lagoocn bottom.

P~~~
&)
—

In studying large craters, either on the site or in a report, it
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is casy to overlook the fact that the depth i{s quite small vhen com-
pered to the diameter, To meke this point clear the upper part of Pig.
3.1 has been drawvn to shov typical profiles of Shots 1, 3, and 4, all
to the same scale and with the same scale for vertical depths and horie-
zontal depths. These same profiles are rcpeated in the lower part of
Fig. 3.1 vhere vertical distances are enlarged by a factor of 10. This
expansion .of depths has beon 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 much greater than on Shet 1. In scaled terus
the thicknsss of sand belo' the shot point and above the vater vas much
greater on Shot 3 than on Shot l. It is probable, however, that the
greater relative depth of Shot 3 is primerily a function of the yield,
since it ssems to be well eltablinhed that small explosion craters have
greater relative depth than large onon.

3.2 SHOT 1

Figure 3.2 i3 a preshot photograph of the Shot 1 area on which
the CASTLIE grid is shown. On Fige 3.3, which is the¢ postshot photoe
graph of the same area, in addition to the CASTLE grid, three lines
(A-B, C-D, and E-F) have been drawvn. These lines represent the tracks
that the survey ship followed while the profilas presented in Fig. 3.4
wvere cbtained. On these and all other profiles zero elevaticn has deen
taken as the datum plane on which the tide tatles are Lased: 0.5 ft be-
lov mean low-water springs.

The survey wvith the sonic fathometer shoved a uniform flat bote
tom at a depth of 170 ft. This flat bottom undoubtedly represents the
upper surface of mud and suspended sand which was settling in the cra-
ter. In mooring the barge for Shot 2 at the sane ground zero, H&N od-
tained lead line soundings of 240 £t and it 1is believed that this figure
reprasents the depth of the crater of Shot l.

3.3 SHOr 2

Since Shot 2 was fired on a barge in the center of the Shob 1
crater, no military significance attaches to the crater formed by it .
and no fathometer messuremants of it were made; an serial survey, hove
ever, vas mads and a photcgraph is shown as Fig. 3.5.

3.4 SHOT 3

Figures 3.6 and 3.7 are pre- and post-Sho% 3 photographs. It
should be noted that these photographs ars to a differeat scale than
Tigs. 3.3 and 3.4 so that the size of the craters cannot be compared
frca the photographs.

Figures 3.8 and 3.9 are contour waps showing the situation for
Shot 3 befors and after the shot, respectively. In the uppes part of
Fig. 3.10 thezs two contour meps hsve 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 JCU are also shown, In the
lover pert of this figure and in Fig. 3.14, 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 end
that there s al-ost no elsvation above the original ground level. As
a result of this gentle slope the radius at original ground lsvel be~
comes difficult to datemine and very sensitive to elsvation errors in
the contour maps.

The upper part of Fig. 3.10 {8 a map of the Shot 3 area shoving
the traverses wade by the ship while the data for the profiles were
being taken. The profiles are shown on the bottca of Fig. 3.10 and
Fig. 3.11. Mark nwsbers are shown on the traverses and on the profiles.
It is to be noted that the survey of Shot 3 was mede 24 days after the
shot itself and that the vave produced by Shot 4 had completely inun-
dated the 1ip of the Shot 3 crater. Pecause of the high level of £10=
activity it wvas not possible to sccomplish any survey of the above-
water portion of the crater and consequently the diameters and the
height of the 1lip at the original ground level ars subject to some une
certainty. '

3.5 SHOT &4

Figures 3,12 and 3.13 shov & sinilar map end profiles of the Shot
4 area, Again the numbers on the figurss correspond to mark nusbars
taken during the survey. As notad in secticn 2.3.2, bacause of the
interference of other activities on the day the survey was made, it vas
not possible 40 run diametral traverses and, as shown on Fig. 3.12, the
chord traverses actually depart from the center rather far. For this
reassn & diametral profile, ABCDE, has been estimatsd frca the resuits
of the ' three chord profiles shown. Prior to tbe shot the lagcon floor
at the shot point was at a depth of 162 ft. The bottom in the vicinity
vas quite irregular, with a general slope toward the center of the lagoon
and with & large number of corsl 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. Muid or fine (almost suspended) sand was deposited as indicated in
the profiles at a uaiform depth of adout 180 ft. Lead line soundings
by B&N during the placement of the barge for a later shot gave a depth
ol 250 ft.

3.6 COMPARISON WITY OTHER SURFACE SHOTS

On Fig. 3.14% crater radius is plotted as a function of yield (log
scales both ways) for ell surface shots for which data are readily availe
sble, Thzse data include 256 lb TNT charges in clay and silt-grave) at
Utah and Nevads, together with similar chaorges in wet clay and sand at
Caxp- Cooke. All the other points are nuclear explosions ranging frem
the JANGLE surface shot in Nevada to CASTLE Shot 3, IVY Mike, and CAS.
TLE Shot 1 in the Pscific, Thus, the points plotted include & wide
varisticn 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 partiticn between INT and nuclear ex-
plosives. While the points plotted (with the single excepticn of the
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JARGLE surface shot) lie within .the bounds of scaled radiusw= 0.5 and
scaled radius e 2, it must not be concluded that creters in the future
vill lie within these bounds. At a wminimua, analysis to indicute the
effect of soil charactaristics and the change in energy partitica will
be required before ressonadle bounds for crater predictions can be spee
cified. It i3 also to be noted that the height of dburst is a sensitive
perametor in affocting crater dimensions from "surface” shots.
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CHAPTER &

PREDICTION OF CRATERS

ha DACXGROUND

The data required in regard to any specific mmton explosion
for vhich & prediction of the crater is desired are (1) the yleld, (2)
the type of soil, and (3) the depth or height of burat, With this ine
formation, it is then appropriats to look at the existing evidence and
messurenents and to develop raticnal procedures for extrapolatica or
interpclation.

The craters from oxploniona high above the surface are siznifi-
cantly different from those formed by lover explosicns in that they are
dapressions rather than excavaticns, It is believed that such craters
am of relatively mipor importunce from w military standpoint and they

s tharefore, rnot ccasldered here.
: As menticued ia section 1,3, it is believed that an attc:.zpt to
distinguish true Srom epparsant craters becomes less and lass realistic
88 larger and larger ylelds are ccasidered. In this report, only sp-
yersat craters are coasidered.

In previcus aralyses of crater data, the horizontal dimension
used has sometines bean diameter and scmetimes radius, and these values
tave baen measured scauctines frcea 1lip to 1ip and scumetines at ths origl-
pal ground level. In this report, only rsdius at oviginal ground level
is ~casidared.

In revieving the exicting data froa s broad point of view and
with toe objective of crater prediction for megaton explosions in mind,
the following facts stand out:

1, All the data from vhich scils can be compered
are containsd in experimeats involving relatively
small qusntities of TAT.

2. In those situstions where more than orce axplosica
has been fired under presumably ideantical condi.

tions, an important scatter of the dimensions of
the resulting craters is apparent,

i
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3¢« Tue renge over which these data must be extrapoe-
lated in order to permit prediction of megatca
craters is epnormously greater than the ranges of
extrepolation comaonly accomplished in engineering
or scientific fields., The situation is roughly
¢quivalent to an attenpt to predict the penetra-
tion of the projectile from s nev anti-tank gun
through armorplate based cn observation of many
xsaesurexrents of the penetrxtion of EB's from an
air rifle through tin cars plus a fevw msasurexents
of the penetration of .45 pistol bullets through
pine.

As & result of thease facts any extrapolation procedure i3 insvitably
associated with quite a large uncexrtainty in the finol result. In
xaking any extrapolation it is believel, consequently, that it 1is of
oa'or izportance to indicate the order of magnitude of the uncertainty
involved as well as the extrapolation itaelf.

At the cutset of any attecpt to davelop extrapolation procedures,
ono is faced with a philosophical choice. On the one hand he zay look
sritically into the mechaniam of the phencoanon and cn the basis of
physical or, in this case, mschsaical analysis, study the causes, the
elfects, snd the influsnce of spacific paraneters. Alternatively, ha
ey adopt the attitude that, in a cosplicated pbencasnca such as crater
formation, the mechanisms by which causes and effects are interrelatad
ure so jillknown as %0 be for the momeit, unimowadble, and hence concluds
that the appropriate approach is the empirical extrapolatica of the
axisting data into the range of parametars vhers predicticn is desired,
It 418 the author's opinion that the second approach is the nore .calise
tic one under the circumstances involved in the present problem and that
is the approech descrided in the reaminder of this report. The most
important deviaticn freaz psst thinking occssicned by this apprcach is
that cube root scaling is on this basis discarded as & prirary tool in
the extrspolation and is used only fur assistarce in relatively minor
sspects. In adopting an ezpirical epproech, it would of ccurse, be ab-
surd to ignore the informaticn, however meager, in regard to the physi-
cal mechanism and particularly in the distincticn between the machanisms
occuring in T and in nuclear explosions. On the other hand, it is
believed that too much dependence on cubs root scaling is likely to give
the iilusion of w precisica in predictica unjustified by the Tacla.

The development descrided below was undertaken within the fromee
work tbhat the desiradle result from a military standpoint is the cone
struction of grapkical or analytical relations suchk that knowledge of
the yleld, soll, and depth will permit easy prediction of ths crater
dimensions. It is postulated that the shape of a crater for the cra-
ters of iaterest is primarily depevndent on its size and hence the first
attexpt is to predict crater rsdius in terms of the three parammters
Just rentioned, with the expectaticn that a later analysis cean be made
to predict depth and other shape aspects cnce the radius prediction bas
been accoumplished.
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k.2 DEVELOPMENT OF THE EXTRAPOLATION METHOD

It wvas decided to study first the effect of scil type, second
the effect of depth, and third the effect of yisld, Iz lccking at the
availadble information it was at once apparent. that in regerd to dboth
801l type and dapth the data on megaton explosions are useless, since
these shots vere all fired at one depth (essentially zero) and in cne
scil type ("coral” atoll); hence, it was finally recognized that the
gerosns approech appeared to be to look first only at TNT data and from
these data to estadblish an extrapolition procedure; secvnd, to adjust
the values ¢f the parsmsters 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 wvith the measwrements
of nuclear craters in the Marshalls.

Nevada s0il is an appropriate one to look at first since there
are considaradble EE data acd deta from two nuclear shots. In that soil
data ere availabl, in the range A = -0.13 to + 1.0. Within this range
groatest interest liss in the neighborhood of A, = 0.l4. The data on
the TNT shots of this scaled depth are plotted in Fig. 4.1 which shovs
crater radius plotted against yield on log paper both ways. Figure 4.2
is a sinilar plot for data on INT at scaled dopth A, = 0.50 and A =
«0.14 (minus indicates above the surface). The scatter of the points
shown on these graphs is typical of the scatter shom in every case
vhera 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 ccebination of soil type, charge size, and charge depth
is at locast 10 per cent. Consequsntly the plus and minus 10 per cent,
1izits at the maximum and minicum charge sizes showvn here ars marked
cn Fig. 4.1. For extropolation purpo..s, the reciprocal slope, m, of
the most probable line is found to be 3.4.* To permit an estimate of J
the uncertainty in extrapolation, maximum and minimum slopes within the
10 per cent uncertainty just menticned have nlso 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 linss of tne
slopes 80 determined have then been drawn cn Fig. 4.2. The analysis
tas been limited to Fig. 4.1 both because the scaled depthA.= 0.1b4 is
of major interest and also tecause a greater range of ylelds for TNT
shots is available for this scaled depth than for any other.

It is apparent that m, the reciprocal of the slope whea crater
radius is plottud against yield on a log-log basis, i3 related to R aad

W in the fouiowing way: 1

n
R=IW .

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

pcuent.”
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 scmewhat doubtful validity
and hence all such numoers are rounded off to two figures.
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constructed, On tiuis ftgure tiq scaled radius (on the basis A = 3.'*),
13 plotted against tha scalad charge depth (on the basis aw= 3),

The next step is the determination of the curve for anuclear
charges Y.sed on this curve for TWT charges. In this procedure cone
sideration must be given to the difference in mechanism of nuclesar and
TWT bursts, particularly for bursts on the surface or at very lov heights
a>cve the surface,

In Lhe early stages of a puclear explosion fired at or near the
interface betveen air and earth, the shock wave velocity is very much
higher in the air than in the earth;*® hence, at & tine vhen the nuclear
explosica process bas proceeded to the point vhere the &verags endrgy
depsity**evithin the boundazty of the shock wave is equal to the averago
energy deosity at tha surface of & spnarical THNT charge vhich has been
dstonated at {ts center, the envelope of the nuclear explosiocn is es-
sentially Lemispherical., If average energy density is a good criterion
¢l crater size and skbape, then on this basis the cruter formed by &
diven nuclsar energy release ca the surfaca should be siatlar to the
srater formed by a THT charge of the sane yield fired well sbove the
surface . #®4®# The crater resulting from a nuclear surface charge should
difler extensively from that produced by a TNT charge vhose c.g. is at
the surface, both because of the different nechsnisa menticned adbove
and becauss & henmispherical excavatiocn was required before the TRT chargs
cculd be placed.

Cousidar & nuclear charge at A o = «0.13. Within its shock wvave
the total epergy will be identically the same as that wvithin a sphere
¢l TNT tangent to the surface vhen both shock waves reach the surfacs.
Thais arguent can be summarized by saying toat the crater rsdius pro-
duced by a lov aboveground nuclear shot should be casentially indepene
dent cf height, and (if the efficiency were 10O per cent) should Lave
about the ssme value as that produced by & TNT shot at A, = =0.13. Cn
this basis the dotted curve in tbe region AB has been drawn cn Fig. 4.3.

* since tie range of scaled depths is small in the interval of greatest
nterest,tne distinction between determining scaled depths on trhe basis
n = 3,0 and cn the basis m = 3.4, {3 relatively trivial and vill not
acfect the ccoclusicas reached in this apalysis.

*s D.T. Griggs, in predicting the effects of JANGLE u}/computes fhock
vave velocities in air to be approximataly 25 tinmes those in sc!l in
toe radius range from cpproximately A= 0.l tg A= 1.0. Stamtlarly,
Forzel, in predicting the effects of IVY Mike,S/estimates shock velocie
tiea in the air and water socaxed sand for high overpressures such that
iy the early ctages of a nuclear explosion the ratio of velocity in alr
to velocity in soil may be as high as 100V:1.

*»¢ By "aversge energy density" i{s meant the totel energy contained
vithin the shock wave, divided by ths,total volume within it.

s+ Actunlly, as Porzel points cut,S/at a tize whea the nuclcar shock
vave has reacred the sase radi‘is as tnat of the THT sphere of equivae-
lent epergy release, (and hence when average epergy densities are equal)
there {3 still an enormous difference in the two sjtuations since the
mu3 enclosed within the shock wave in the case of TNT is sobe 150Q
tizes trat in the nuclear case, Hence, in the nuclear situation the
rressures are very much higher and the durations shorter than in the
T situation. 6
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Since the energy partition in the tvo types of explosioans is
significantly different, particularly in tha roughly 15 par cent of
the yiald of a nouclear explosicn vhich takes the form of procpt radia-
tion, it seems nhecessary to coasider an efficlency factor lass than 1
for nuclear explosions as far as the cratering effects are concerned,*®
Experimentally, evidence on this point 1is meager in the extrems, being
linited to the JARGLE surface and JANGLE underground shots. At this
point 4t {s useful to consider the numerical data cn the JAHGLE surface
snd the JANGLI underground shots. The data froa these two shots can
be placed o tbis curve with sfficisncy as a parasmstsr; thus ths curve
DE on Fig. 4.3, represents the JANGLE surface shot for a radiochemical
Yiold of 1.2 KT times the efficlencies ghown cn the curve, vith radius
scaled oo the basis m = 3.4 and charge depth (height) scaled ca the
basis m= 3. Similarly tke curve FG represents the JANGLE underground
shot dsta on the basis 1.2 KT times the efficiercies shovn there, using
the zame procedure, It vill be seen that curve DE for the JANGI2 sure
face shot intersccts curve AB at an efficiency of sbout 60 per cent and
that curve FG representing the JANGLE undarground shot intersects the
TiT curvs at an efficlency of 107 per ceant. It is not suggested that
thsse values of efficiency are correct, but their coxparative valuses
are at leest in the direction expected. It is recognized that, in ace
cordance vith the definitican of the equivalent TNT charge, the efficlancy
of the JUGIE surface shot should be defined ss thr ‘ralus at the in%er-
section of curve DE with the z0lid curve. It is nevertheless believed
that there are such gross differences in mechanisa betwveen nuclear ard
TRT explosions in this region of cloce above-surface shots that the
equivalence sbould be divided invo two parts, ocne of vhich is concerned
vith the disparity in the form of the blast wave and the other is ccn-
cerned vilh ths remaining elements of efficiency. It is felt that the
value of 107 per cent obtained on this curve for the JANGLE underground
stot 1s prebably unrealistic for the following resson. It 1s clesar that
values of tos scaling exponent =, and values of efficiency, can be paired
to it any crater messurement from a specific yield sand depth. Since
it is felt that efficiencies at greater depths than 17 £t should probe
ably be higher than at tbat depth ac?d since it 13 also felt unlikely
that nucloar efficiencins are higher than 10C per cent, it appears that
this value of efficiency for the JANGLE underground shot {s on the high

* Ffor prosent purposes, efficiency aay be defined as the rstio of the
total esorgy reicass of an equivalent THT charge with that of a nuclear
explosive. The equivalent TNT charge may be defined as the charge vhich
at the same actual {:ot scaled) depth produces the same crater. Since
1 both TAT and nuclear explosions it seems reasonadbly estedblisbed that
cnly & swall fraction of the total energy released can be accounted for
in crater production, there is no philosophical reason wvhy the efficiency
of a puclear explosica as defined abuve need be limitsd to 100 per cent;
Qovever, at all times of interest in tte formaticn of craters ths presg-
sure vithin & nuclear explosion {s higher than that within the equiva-
lent T explosica and hence at the tize venting takes place a greater
fraction of the energy in s nuclear explosion should be dissipated to
the air.

-
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sida of reality. Since this unrealistic efficiency is paired with the
value m = 3.4, {t {s consequently likely that this value of m 1s also
too Ligh.

The procedure dascribed for constructing both the TNT and the
nuclear curves shown on Fig. 4.3 can Le performed equally vell using
values of = other than the most probable valus of 3.4. Other appro=
priate values of m as indicated on Fig. 4.2 are 3.0, rapresenting both
conventional cube root scaling end the lover limit of slope on the basis
of the 10 per cent uncertainty in exparimental valuas postulatad earliaer,
and L.l representing the upper limit. Both curves have been plotted
togsther ca Fig. 4.k,

8ince, for military purposes, it is believed that the data for
extrapolation sbould bYe aveilable in the sirplest possidle form for
qudck use vithout cceputation, the nuclear curves shown oa Fgs. 4.3
and 4.4 have been re-plotted in the form of radius in feet sgainst
cbarge depth in fest, vith yisld ss a parsmeter. This bhas been dcos ca
Fig. 4.5, in vhich for each yield shown doth the most prodabls value
(2w 3.105 eud the limiting values m = 3,0 and 4,1 are shown,

The estizates for this soil for the most prodbable value of m
(2 w 3.4) are re-plotted on Fig. 4.6. Rangs of uncertainty (= = 3.0
and m = 4,1) are indicated by short horizontal bars attacbed to each of
the perametric ylsld curves.

The same kind of ascalysis Las baen carried through for dry clay,
dry sand, wvet clay, and sandstone and the results of thess analyses are
included in Figs. #.7 through 4.10. In ths case of these other scils
20 auclear dats are available and hence the efficiencies found in the
Havads s0il have been used in the following fashica. Yor the most prode
eble valus of the scaling expcneat a in esach of these other soils, tha
variation of efficiency with depth &t Nevada for m = 3.% has beea used.
Similarly, for the lowest value of m for each of these other soils the
sae variaticn of efficisncy vith depth has been used as vas fcund at
Hovada for the lowest value of m there, namely, 3.0, The correspoading
scalysis hes teen made for the upper limiting value of m.

The most probable and limiting valuss cf m for all the soils ree-
ported hers are listed in the tadble below. In esch csse, the availabls
data have been plotted in the sane form as wes showvn on Figs. 4.1 and
4.2, the best straight line ves drawn for those points and then valuss
of radius 10 per cent above and belov the curve vere marked at the upe
por 2nd lovew iimits of the charse sizes considered.# By thie nroce-
dure, the Jimiting valuss of = -avc the greatast range for tbose soils
in vhich o large TNT charges have been fired, and this is appropriate,
since in fsct the extrapolation is less certain in such casey,

In the case of wot clay, Pig. 4.8, so little TNT data are availe
sbls that crater radius has been predicted onlv for the most probable

valus of the scaling expcnent m.

#* It vas dscided nout to reviev NI data froa charges less than 200 1b.

L8
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TABLE 4.1 - Scaling Exponent, m, for Several Soils

Soil Most Probable Minimum Maxizun
Nevada 3.k 3.0 k.1
Dry Clay 209 2.8 3.2
Wet Cl‘y 205 2.0 3.3
Dry Sand 2.7 2.6 3.2
Sandstone 306 3.1‘ "ol

In Fig. 4,11 the results for surface charges in various soils are
shovn. For esch soil the lins drawn ia that for the moat prodbable value
of m. C(n this curve also are shown the nuclear craters at Nevada and
in the Marshalls. In plotting the results of the nuclear explosiocns
on this figure, the value or efficiency found for the JANGLI surfacs
shot for the scaling exponent m * 3.4, namely 60 par ceat, has been
assuned to be applicable to the explosicns in the Paciiic. The louga-
rithaic grid has been adjusted in the regivn of 1 XTI to include this
ofliciency for all larger yields. Hence the grsph can be entered ¢i-
rectly vith tte value of radiochemical yield, This graph givss & real-
istic indication of the uncertainty in crater pradiction depsnding cu
the properties of the soil.

All data that bave been used in the davelopment of the extrapolu-
tica method presented hers ars summarized in Appendix A. This appendix
also includes date for some TNT shkots, namsly those in wet sand, rs
well as scme nuclear charges, such as Trinity, which were not used in
the actual analyses presented here,®

4.3 CCMVENTS CN TEE EXTRAPOLATIUN METECD

It should be noted explicitly that the extranoclaticn method dee
scribed here {s based on an empirical equation of the form

R a (W, o) « £(3)

or 1
R = (WE)E . £(},)

wvhera E is an efficiency which depende on medium, aceled charge depth,
and type of explosive, As mentioned in section 1.5, this is not the
only form of equation which can be postulat<+d, and defended. The avail-
eble data are so meager, and their scatter around the curve representing
any specific equation is so great, that it 1a not possible at present

to establish unequivocally the relative validity of alt¢rnstive forms of

the empirical equation.

# The wet sernd THT results wers not used because data cn only cne charge
size was found and hence a value of slope could not be establishod.
A value for Trinity was not used because the scaled height is greater
than that of interest in 2his report.
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The suggestion tas teen made tnatl an cjuwaticno of tue form
4 = (wg)Y/3, £(*,) .+ £(a)

i3 more satisfactory.® When either form {8 used for the extrspolation
of TUHT data to megaton nuclear explosions, & certaln renge of uncers
talnty io R i{s shown, resulticg from reasonable values assumed for the
uncertainty in f(}.) and f(m). The uncertainty in R showvn by tne su3-
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 fora
is that the predicted crater radii for megaton explosions have & smeller
spread when soll 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 prcduced by a megaton explosion
in any msdiux other than that exiasting in the Marshall 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,

* (ne plece of 1oformation which has been put forward as favoring the
suggested form of equation is the result of some cratering experiments
in the Marshall Islands. These experinents were run under the direction
of Dr. e Kirk Stepuoenson, currently on the staff of the ational Scilence
Foundation. Quoting from Memorandum SWPEF 2/924 (35: 2) dated 26 MNov.
1954, "1, A series of high explosive shots weres fired on Elugelab (Flora)
Island, Eniwetok Atoll in the spring of 1952. These shots consisted

of a ccmbination 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 down t9 the high tide level, A dike was 2stablizhed arcund the
charge to prevent wave interference but this proved ineffective. 1In
addition to seismic shock information, the crater radii were determined.
The crater data odbtained 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 summery of the data is as follows:

W(tons TNT Equivalent) Scale hetghg to Crater Radius ac/w1/3
Cege X R, -« ft.
wl/3 y ¢ ¢
(1bs) 3
1 12.6 0.06 27.5 218
10 27.1 0.96 37.5 - 1.39
15 3.1 0.06 45.5 1.57
20 34,2 0.06 50 1.&:0(
cverall average 1.
Average 1f first shot amitted 1,46,"
(cont. on page 55)
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(footocte —es.

The corresponding EE d,ta from ¥evada taken from Tables A.4 and A.6
give a value for R./Wl/3 of about 0.8. If one uses the suggested fora
of the equation and hence assumes that the effect of s»7il is indelen-
dant of the effact of charge size, then one might say that craters in
the Marshalls should be expected to be 1.8 to 2.0 times as large (in
radius) as craters from identical charge sizes and depths in_ Nevada.

In & similar mmoner it is found that the value for R./WY/3 for
mgaton surface shots in the Marshalls is about 1.0, while that for the
kiloton surface shot in Nevada is 0.34, which implies that Marshall
craters vill be some three times larger than Nevada craters. Actually,
1f the small but finite value of Do/W1/3 1is taken into eccount, particu-
larly for the JANGLE surface shot, the analysis suggests that scaled
crater radii for nuclear charges in the Marshalls sre twice as large as
for thoss in Neveda. Since this is the same figurs that was obtained
for HE craters, it is tempting and not implausible to say that all sca-
led crater radii i{n the Marshall)s will be very close to twice those in
Navada.

While the precise dats quoted frcm the AFSWP memorandum wers not
st hand during the development of the extrapolaticn method descrived
in section 4.2, some prior discussiocn of them was beld with Dr. Stephen-
sca by telephone. At that time it was Dr. Stephenscn's feeling that
the dats themselves were somevhat unreliable because all the craters
weres vater-vashasd bvefore measurement. In addition it seems ixproper
to sasume that the chieractaristici, for cratering purpnses, of the
wvater-saturated coral sand lavolved in the HE tests are identical with
the characteristics of the more coherent water-saturated coral rock
involved in the nuclear shots.
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APPEXDIX A

SUMMARY OF AVAILABLE CRAI"ER DATA
TABLE A.1 = Nuclesr Crater Mmtl*

Shot Soil RC Height Crater Crater
Yield | of Burst Radius#e Depth
(Te) [ (AT | (28) | (X) [ (£8)|(X)
TRINITY Dry Sand! 23.8 KPI100 [-0.277 | S50 | 1.52 9.5]0.026
GREZHQUSE | Sat.cor. ‘
Deg® sand {83 Kr[200 [-0.546 | 390 | 0.7 2.0{0.0036
GREENHOUSE |{Sat.cor.
Easy® sand | k6.7 KT[300 [-0.664 | 418 | 0.925 | 2.%4]|0.0053
GREENHCUSE |[Sat.cor.
George® sand [215 Kr[200 {-0.266 | 570 | 0.756 | 20.0/0,0133
JATIGLE Sure| Desert
face Alluvium| 1.2 Kr| 3.5(-0.026 4s 0,336 { 17 (0.127
JANGLE Desert
Underground|Alluvium| 1.2 XP|-17 | 0.127 | 129 | O.%ul | 53 [0.396
Ivy Hikc‘ S‘tocoro
sand | 10.5 M| 35 |-0.0127] 3120 | 1.125 |164 |0.0593
(2800)?|(1.02)®
CASTIE 1 Sat.cor.
sand | 4.5 Ml 7 [-0.002 | 3000 | 0.98 (240 [0.078
CASTLIE 3 Sat.cor.
sand 110 ¥r| 13.6/-0.023 | 4O | 0.66 | 75 |0.12b
Alluviun -T0 147 S0

Sat. cor. sand = saturated coral sand
# All data except CASTLE and TEAPOT dats are ocbtained from Cratering

Produced by Nuclear Wea

cal Memorandum, Ref. Symbol 1922-2-(23) Januvary 2, 195k.
#% All crater radii are nessured at original ground level.
& Dues to scour from water rushing back in, and to aging (for GREEN-
HOUSE) measured diamstors may be large by 10 to 30 per cent, mese
sured apparent crater dapths may be shallow dy a factor of 2 or more.
b In Hemorsndum SWPEF 2/924 (354.2) dated 26 November 1954, the state-
ment i3 made that plotting the IVY Mike data on an expanded vertical
scale gives a value for crater radius of 2800 £t (A » 1.02). '
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TANLE R.2 « TYT Crater Measurements ic Dry Sand. Dry Clay,
and ket Clay®
Underground Explosicn Test Program
Site: Dugvay Proving Grounds

Soil |Round | Charge f
Waight , Charge. Depth | Crater Radius®*®! Crater Depth !

(o 2m)| (r) ()] () ) | (e (a)

Dr)’ 101 320 -305 "0051 u 0059 005 0007
Sand | 102 320 | 0.0 0.0 7.8 112 2.5 0.37
103 320 | 1.3 0.19| 10.88| 1.59 6 0.88

| _J0b 320 | 3.5 0.51| 12 1.75 6.5 0.95
(105 [ 320 7.0 1,021 15.5 | 2.26 8.5 1.24
116 |' 320 1k.0 2.0 | 16.75| 2.45 4.5 0.66
107 320 | 21.0 3.07| 13.5 | 1.97 3.5 0.5
108 2,560 | 2.6 0.19| 19 1.39 9.75 | 0.7
109 2,500 | T.0 0.51 | 24.75| 1.81 8.5 0.62

110 320 | 3.5 0.51| 13 1.9 7.5 1.10

m 8| 2.5 1.25{ 6 3 L 2

12 2,560 { 1.0 0.51] 30 2.2 12 0.88

113 320 [ 3.9 0.51] 1% 2.0 5.75 | 0.59

14 8| 2.5 1.25| 6 3 3.5 1.75

115 | 40,000 | 17.5 Q.51 75 2.19 23 0.67

16 320 | 8.7 1 1.28] 18.5 | 2.7 9 1.32

Dry | 301 320 | =3.5 | <0.51] 2.5 | 0.37 1 0.15
CQlay | 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

304 320 | 3.5 0.51| 10.5 | 1.5 6 0.88
305 320 [ 1.0 1,021 11.75] 1.72 T 102

306 320 | 1k4.0 2.04| 15 2.2 1 0.15

307 320 | 21.0 3.07] 10 1.46 1 | 0.15
08 2,560 | 2.6 0.19) 20 1.46 12 0.88 |

309 2,560 | 7.0 0.51] 2.5 | 1.57 15.5 .15

310 320 | 3.5 0.51] 1 1.6 7 1.02

k81 8{ 2.0 1.0 4 2 2.5 1.25
32 | 2,560 | 7.0 0.51] 26 1.90 15 1.09
313 320 | 3.5 0.51] 12.75] 1.86 B 1.17

Nk 81 2.5 1.25] hL.5 | 2.25 3 1.5

N5 | 0,000 | 17.5 0.511 6k 1.87 L2 1.23

316 0| 2.45] 0.5 9 1.87 6 1.25

17 2,560 | 7.0 0.51] 23 1.68 15.5 1.13

318 | 320,000 | 35.0 0.51] 120 1.75 & 0.88

319 2,560 | 7.C 0.51| 23 1.58 13.5 0.98

Sym. 26| 1.0 1.02{ 12.5 [ 1.83 7 1.02

Wet| 401 8] 2.5 1.25] 7 3¢5 5 2.5
Clay| ko2 320 2.5 0.36] 18.75| 2.74 10 1.U6
403 2,560 | 5.0 0.36i 41.75| 3.05 12,75 | 0.93

Lol 20| 2.5 0.36] 17.5 | 2.56 11.5 1.63

k09 81 2.5 1.25] 6 3 ' 2,05

# Cbtained from Appendix G, Underground Explosion Test Program, Final
Report, Volums I, Soil Engineering Research Associates, August 30, 1952.
#* Al)l crater radii are measured at orizinal ground level.
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TABLE A, J-THT Crater Meas.rements o L.zesitoe,ursnite,and dacisiice®
Unler rourd Explcosicn Test Prograa

:L:CL I! “;i Ergvin- ":«-A Eﬂ

. Soil Rouad , Quarge
- ©  Weight (rarge Deptd i(:x'aterT Fadius®®  Crater Deptheee;
| (nmmg%)_“,_su;m)_; (A) [ (re) T (a)
i Line- 501 320 |, 6. 0.97 | 11.2 | 1.6 9.1 1.33
stone m 320 K 205 00365 803 l.21 3.9 0057
Cranite &l 320 '205 -00365 1020 00175 ese XXX
&2 320 | 0.0 0.00 { 8.43 1.23 1.7 0,25
603 320 | 2.5 . 0.365| 9.70] 1.u42 2.6 0.38
60k 320 | 5.0 0.73 | 145 | 2.12 5.0 0.73
605 320 |[12.5 1.83 | 17.1 | 2.50 6.1 0.89
606 420 | 25.0 3,65 |' 5.20 ] 0.76 2.0 0,%
607 320 | 2.5 0.365[ 144 | 2.11 5.3 0.78
€08 320 | 2.5 0.355| 1k.0 | 2,05 4.6 0.67
609 2,560 | 5.0 0.365] 25.2 | 1.84 10.2 0.75
810 2,560 | 5.0 0.365) 23.1 | 1.6 8.7 0.64
¥} 320 | 2.5 0.365[ 13.% | 1.96 5.0 0.73
612 320 |17.0 2,49 | 13,2 1,93 1.6 VSN
Sande g0l 320 [-2.5 |-0.365| 0.0 | 0.0 0,0 0,00
stcne 802 320 0.0 0.0 5.6 0.82 203 003)4
€03 320 | 2.5 0.365( 1.6 | 1.69 4,8 0.70
8ch 320 | 5.0 0.73 | 1k.0 | z.04 1.6 1.1
805 320 [12.5 1.82 | 9.3 [ 1.36 1L.9 2.17
805 320 {25.0 3.65 | 0.0 | 0.00
807 320 | 2.5 0.365] 1k.3 | 2.09 Sl b | 0.75
&8 326 | 2.5 0.365] 13.1 | 1.91 | 5.8 0.85
£C9 1,080 | 3.75 | 0.365]19.0 | 1.85 8.6 0.34
810 2,560 | 5.0 0.365( 32.6 | 2.38 97T 0.71
81 2,560 | 5.0 0.365] 25.1 | 1.83 10.5 0.77
812 2,560 | 5.0 0.365{ 23.3 | 1.70 11.0 0.80
813 | 10,000 | 7.9 0.365[ 39.4 | 1.83 16.1 0.75
81k | 40,000 [12.5 0.365] 56,5 | 1.65 26.9 0.79
815 40,000 |12.5 0.365| 70.5 2.06 26.9 b 0.79 b!
816 | 40,000 [12.5 0.365] 53.6 | 1.56 ¢ |27.5 Db 0.80 b
817 320,@ 2500 00365 91‘08 103BC I"{.O 00@
818 320 | 2.5 0.365] 17.5 | 2.56 6.0 0.88
819 320 | 2.5 0.365] 15.6 | 2.28 6.5 0.95

#Cbhtained freca Underground Explosion Test Program<Technical Report Ho.
L, Granite and Limastone, Volume I and froa Underground Explosion Test
Program.Technical Report No. 5, Sandstone, Volume I, Engineering Regearch
Associates, Feb. 15, 1953,

##A1) crater radii ars measured at original ground level,

##Avarage Crater depth (Dx) 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

cn each of the four vertical scctions aveilable for each crater. This
depth is not significant unless the deepest point is belov the dottoa

of the sxcavaticn made to place ths charge. The charge hole was obliter-
ated by all the detonations at the sandstone site except Round 306.

L)
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Hotes 0o Telde A.) (Contirued)

e-The derage did mot extend to the surface and is not comparable with
other rounds; the sides of the original charye hole were damaged up to
an aversge slant distance of 5.6 £t froa the center of gravity of the
charge.

b-Crater shape vas estimated; the hreakthrough volums is mot included.
c-Average of eight »sasurements scaled from the verticul crater ssctloas.

TABLE A.4 = TNT Crater Msasurements in Desert Alluvium,
Operation JANGLE®

Operation: JANGLE HE Shots

Site: Nevada Proving Grounds (fucca Flat)

Charge
Round Weight Charge Depth | Crater Radius®* | Crater Depth

(b of TNT) | (£t) (x) | (£t) (A) (£e) (x)
EE-1 2,560 2.01 0.15 | 18.2 1.33 6.5 0.47 g
m-2 l&0,000 l‘.63 0015 38.6 lal3 llh9 Oo!&h
HE-3 2,560 6.79 0.50 19.8 1.45 10.8 0.79
HE-L 2,560 2,01 -0.15 6.4 0.47 1.9 0.1b

|_FE- 2,560 L,02 0.30 ' 19.6 1,43 7.8 0.57

HE- 2,5& 3’00 0022 1907 lold‘ 5'7 ] 00“9 .
KE"? 2'5& 2058 0019 1.809 1-38 609 ' 0050
HE"B b 216 1008 0018 '3 a
HE-9 b 216 0.83 0.14 8.2 1.37 3.5 0.58
HE-10b 216 3.00 0.50 11.3 1.88 5.5 0.2

#Obtained from Some HE Tests and Observations on Craters and Base Surges,
D. C. Jazpbell, armed Forces Special Weapons Project, Operation JAIGLE
Project 1(9)-3, 1 Movember 1951. (WT-410).

##.11 crater redii sre measured at original ground level,
a~fartial dstonatlcn

b-Results from a corresponding 177-1b Pentolite charge are not included
in this sumary.
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LABLE A.S - TNT Crater Measireoents in Try Clay, Project MCLE®

Project: MCLE (Stanford Recearca Institute)

Site: Dugvay Proving Grounds

Round | Cherge Weight | Cburge Daepth . Crater  Radius®e | Crater Depth
(worer) | (re) | (A) . (ee) | (A | (£e) 1 (x)]
101 256 6.35 | 1.00 | 1.1 1.73 5.5 | .86
105 256 . 6435 1.00 | 10.9 .72 6,0 | 0.94
1R 256 3.18 0.50 | 10.5 1.65 6.3 0.99

102A 256 3,18 0.50 9.5 1,50 5.4 | 0.8
105 256 1.65 0.26 9.1 1.43 6.2 0.8
107 256 0.0 0.00 6.6 1.0% 3.9 0.6
104 256 <0.83 | -0.13 L.k 0.69 1.5 | 0.24

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

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

Round | Charge Weight | Charge Depth | Crater Radjus®® | Crater Depth

(1b of TNT) (fe) (a)  (ee) I (a) (re) | (A)
202 256 6.35 1.00 | 1.5 1.8 5.7 | 0.90
222 256 6.35 1.00 | 10.7 1.6 6.1 0.96
203 256 3.18 0.50 8.4 1.32 4.0 0.63
204 256 1.65 0.26 9.2 1.45 2.9 ! 0.ib
205 256 0.83 0.13 8.8 1.39 2.5 0.39
206 256 0.0 0,00 6.4 1.0 1.3 0.30
207 256 «0.83 -0.13 3.5 0.55 1. 0.22

# Obtaipned from Small losion Tests - Phase 1 of Project MOLE, R.B.
Vaile, Jr., Stanford Resecarch Institute, January 1953.

## A1l crater radii are measured at original ground level.
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TABLE A.T - TW. Crater Measuremants in wWet Saud. Project MCLL®

Projact: MOLE (Stenford Researcn Institute)
S{te: Caxp Cooke, Californls
Round | Charge Weight ' Charge Deptn Crat.r Rsdius®® Crater Depin
(1b of TNT) Lﬁ(ft) i (a)y t (ee) T () (re) ~ (1)
3048 256 .83 ' 0.75 | 8.0 | 2.94% . 6.6% | 1.0
301 256 3.15 0.50 ! 1901 ; 300.‘. ses ! ee'ss
302 256 3.18 0.50 : 19.9 2.1b €.3  0.99
309 256 | 3.18 0.50 | 15.6 2,45 6.1 . 0.96
310 256 3.18 0.50 | 16.8 2.6k 5.2 | 0.82
305 256 1.65 C.26 | 15.3 2.26 5.3, 0.59
307 25§ Cc.00 0.00 10.2 1.6 L3 | 0.75
308 255 «0.83 | -0.13 8.8 1.39 | b0 | 0.63 |
a8 - Round 304 was shot in the crater of Round 303,
TABLE A.8 - TNT Crater Measuremeats in Wet Clay, Project MOLA#*
Project: MOLE (Stanford Research Institute)
Site: Camp Cooke, Californis
Round | Charge Weight | Charge Dapth ' Crater Radius“,' Crater *I”J:;tbl
(orwr) ;¢ (r£) I (A, ] (e2) | (X) (re) 7 (A7
n 256 3.8 | 0,50 15.5 | 2.45 | 11.2 | 1.76:
12 256 3.18 0.50 | 17.5 | 2.80 9.0 | 1.b42°
13 256 -0.83 | -0.13) 5.8 | 0.91 34 ] 0453

# Cbtained from Suall Explosion Tests - Phase 1I of Project MCLE,

Le M. Svift snd D, C. Gachs, Stanford Rasearch Institute, May 195k.

*+#* A1l crater radii are measured at original ground level,
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