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INTRODUCTION

1.1 OBJECTIVE

The mdiate objective of tne crater survey,
dimensions of the apparent craters formed by Shots

The long-range objectives of the work were to

was to determine the
1, 3, end 4.
obtain data to assist

in the prediction, for militsry purposes, of the crater produced by any
large nuclear weapon fired unde?’rany circumstances. Two situtions were
of part:icuhr interest in this regard in Operation CASTLE. These were I

(a) a surface Durst on land, and ‘b) a surface burst in relatively shal-
low water.

1.2 MILITARY SIGNIFICANCE

The mjor nllitsry interest m c:raters stems from the observation
that the limiting distance of important damage to well constructed under-
ground fortifications lies only a relatively short distance outside the
crater. For the prediction of such dsmage it is clear that the shape
of the crater ae~- the rim ;S more important than :itsshape, or depth,
near the center.

Of somewhat less military interest is the crater produced by a sur-
face shcjtin shallow water. Both the limiting tistance of damage to
tunnels and the possibility of damm@3 a harbor by the formation of a
crater &-itba shallow, or above-water lip, are matters of some concern.

1,3 LIMITATIONS ON THE OEUECTIVE;>

In the investigation of craters formed by smaller explosions it has
been recognized that while the crater surface apparent to the eye was
relatively easy to measure, there was nevertheless a disturbance in the
esrth, caused ‘~ythe explosio~, tc some depth below this upper surface.
The lower bounds.zzyof this volume of ciisturbed earth has become known
as the “true crater” in contradistinction to the upper surface, which
has bee~,called the “apparent crater.” While the term “’truecrater” may
be sligktly m.isleaifkg in its implications, it seems reasombly cle~
that for the purposes of determimng the limitations of dsmage to under-
ground fertifi~ations the lower suface of the volume of disturbed earth



(or true crater) is of greater si~iflcance than the apparent crater.
While-for mall craters it is phys?.tally and economically feasible

to determine the boukda.ries of both the “ap~en%’’’’and t.ne “true craters,”

for very large craters, the problem of excavation to dete-e the true
%e impractical.crater becomes so extensive as to The difficulty of

measuring the true crater becomes even more severe under circumstances
where the crater is water-filled and where the level of radioactivity
remains for some time high enough to prohibit extensive work. Both of

these situaticms existed in ‘QISXIE. Because of these difficulties and
other considerations it was decided to .id.”t the crater surveys on CAS-
TLE to the measurement of the apparent :raters formed by those detona-
tions located at zer~ sites not used Yo- prior iietonations. Because of

changes in shot lc>cations duri~g zhe operation, the project effort -s
limited to Shcms G , 3, and 4.

1.4 BACKEROUl~W—

At an early stage in the planning two techniques were seriously

considered in addition to those actutil.~ us(ed. These were, first, the

use of a high-power fathometer developei by the Navy Electronics Labora-

tory (,=) winch was considered to ~ave a reasonable probability of

penetration of the layer of mud or d<6tubed earth separating the ap-
parent from the true crater. The second technique was designed to sup-

plement the penetrating fathometer as a means of determining the true

crater. This tecbaique involved the production of holes through the
crater either by &“illing or jetting te:nni;ues. Several aethods of

detecting the swface separating the tr~e crater from undisturbed earth
were considered. I%e decisizn not ZQ use either af these ?rocedures ‘was
made on the bases, (1) that the Lrilli%y or jetting wotid add a I&rge
cost to the pmJect, (Z’)that a penetrati~ fathometer would not be re-
liable without the supplementar~’ infomtioo gained by the &illing or
jetting, and :?inally, (~) tlhatia.i”ormat-ouregarti% the apparent crater
would be very nearly as valuable :0: ~~~?ases of predictio~ af target

damage as would measu.mmer.ts of t:leTin.: ::rater.

1.5 THEORY

The laws of similitude imply that the effects of an explosion of

any (bown) s:lzein any medium are ~e~ated precisely to the effects Of

an explasion of any other size in the same medium, provided the me~~
fulfills certain Yather stringent conditions. Experlmen,tal measurements
using conventional explosives such as TNT lead to some optimism that
craters produced ‘cysuch explosives cax be predicted with an accuracy
ELlmostentirely adequate for military purposes, even though it is clear
that some properties of the medium (e&”thj in which the explosive is
fired are.ver:j sensitive parameters ir.affecting the crater.

The situation regarding craters pr~dticedby nuclear explosives is
less satisfac?9ry. First, the evtdence Is meager, since, prior to Cfi-

TLE there have been only three such explosions on which crater mea6Ue-
ments were nade; namel:{, IW Mikej JANGLZ undergroud~ -d J~GLE SU-
face. Second, the existing evidence leads to pessimism regarding the
validity of scaliug from conventional tc.nLclear eqlosl.on effects”



The fail’~e of crater scali% froa co:~ve~’~icnalto nuclear explosions
is helievea to restit bot~ ~raz tae e:~ormous disparity in energy re-
lease (and tnis also applies r>etweenkiloton and megaton nuclear explo-
sions) and also from tne importan”.difference In energy partition in the
two types of explosions.

In general It is known teat ~he dimensions of the crater (radius
or depth) are affected or determined by the total energy release, the
depth of the cnarge and the cnaracter of the mectium (earth) in which
the charge i.sfired. If these parameters operate :Lndependently, then
one could write an empirical equa+.lon in the form

where R is the radius
W is related to

velocity

Dc is Che depth
m is related to

,..
IS = f(,ki , ‘(IIc!. f(m)

F’= f(,bi+ “(DcI 4 f(m)

energy release,energy density, and detonation

of t~e cbu~e
the medlh.

?

In this case tfieseparate conti”ib~tion of each of the parameters can be
determined easily. If, ~o~e~er, “he parameters are interdependent it
is necessary tl use the form

and the effect af varYLng ~j one of the parameters is much more compli-
cated becatise it depends on :,:.e‘<dues at wnicn tne other parameters

are maintained.
There is general agreement mong investigators that the parameters

affecting craters are in fact extensively interrelated. The universal
use of scaling concepts, particularly in regard to the scaled depth of
charge is evidence in point. ~~u: , ir~regard to the effect of energy
release and deptn or charge a satisfactory form for the equation is

R = f(w, . ‘(K! EC),

or as a more spec;fic example,

wnere k is approx.l,matelj’j. Tne :nclusion of an additional term to
represecL ZU+ effect .>i’ diff~re~~ nediums could be in several forms,



among wnich a:~e:
(i) ~ = f(!~) . f(~, DT) . f(m)

(2) H = f(h’,m) . f(w; DC)*

In attempting to correlate crater data from TNT blasts with those
from nuclear explosions, it has In the past appeared useful to include

a factor less than unity (0.3 to 0.9) in tne value of W assigned to
nuclesr charges in terms of equivalent tons of TNT, based on radiocheti-
cal data. This has ‘~eecJustified by the fact that the energy parti-
tion is totslly different for the two tj~es of explosives ad that the
nuclesr weapoLs deliver radiant energy while conventional explosives do
not . It is belleved, however, tnat at best correlation will be uncer-

tain, and witk. the advent of megaton weapons the disparity of slze6 is

so great that good correlation should nc]t‘beexpected.*

The effect of cnarge depth (or height) (At) is fairly weli estab-
lished for TNT. If scaled crater diameter :,splotted against scaled
charge depth, It Is clear both from experiment and physical reasoning
that the curve will se concave downward, since no surface crater is
produced if the charge is sufficiently high above the surface or suf-
ficiently dee~ below Lt. For TNT, the maximum of this curve is rather
broad and occLI_s in the range of 1 ‘:‘~ K 3,, where & is In ft/(lb TNT)l/3.

The effect of tne medium, f(m), ●has been shown to be as large as
a factor of 2 in field experiments with ‘TNT. Unfortunately, the specific
properties of the mediu which affect the crater me not yet established.

It is postulated that strength, either shear or tension, and density are
sensitive parameters. It is possible that the elastic nmduli are also
important . IK,regard to strength, it is of course the strength under
shock 10ad conditions that IS important. II; IS very d.i.fficultto make

laboratory tests under snock load conditions and the heterogeneous char-
acter of ea.ti~makes the extrapolation 7’rom laboratory to field condi-

tions very uncertain. Thus, while appropriate values fo:rstrength under
shock load &-e ZOI kno’m, it appears clear :zhatthe strength under such
conditions maj differ widely from the s~.ren@h under static load.

The density of the medium may l.na theoretical sense affect crater
size slgnificantlj. In practice, ho-~ever, ‘;herange of densities found
Is trivial comp~”ec to the range o?’strengths and hence the density is

believed to be a parameter of only mine- Ing>ortmce in affecting the
crater.

As has been men~ioned, the appj.ia ion of similitude principles

*

.,
*

The data at hand fiaveseemed to the k~th>r to fit better into an

equation o;’F:>rti(2) tu into one ]“ Form (l), namely
1

- (w); . !’~..
.- _
.-,

aselaboreted in Chapter 4. lt is :0 be noted that these two forms are

drastically;;different I.K.,the indications of extrapolation from less
than kilotf,n c}~rges up to megatm -mrges.

Tnus Fig. ~.l+ nas’been plotted wltn nc)c~nslderation of relative

efficie~cy,+~~%le, ?-nF1.g.4.11 a relatjve efficiency of 0$ for

nuclear charges compared to TNT ~nas~een .ised.



places certain requirements on the medium. At a minimum for the pur-
poses of crater investigation, it is required that the properties of

the =ediumat equivalent locations (scaled) in two experla#rts must be
identical. ?his requirement is completely met if thedm media are
homogeneous, isotropic, and identicd. The “fe6 of earth, how-
ever, are greatly affected by over’bur , ssur~~~’l’h-static
sense the properties of earth aqe..-sly dependent on actual (not sca-
led) depth below the surface, I&d in a dynamic sense these properties
wild be 61milarly affected by the pressure produced by the explosion.
Thus one of the fundmnental conditions for the proper application of
sbple scaling laws is violated. We ,greaterthe range of size of ex-

plosion, and hence of depths, the more serious this violation becomes.
A further difficulty with tne application of theory occurs in situ-

ations such as existed on CASTLE, wherfetwo media, earth and water, were

involved, and where the eath was saturated so that forces were tr=s-
mitted by a complicated combination of’intergranular forces and hydraulic
pressure:3.

-“

A,



2.1

as a

been

. 2

EXPERIMENT DESIGN

SECT PARTICIPNITON

The craters resulting from the followiug three shotsiwere surveyed
part of this proJect.

.
TABLE 2.1 - Shot Location

=

—— .3

L–----”+o’’------------”+-”””-”” ‘t-ycetion
On tl.ereef in the northwest
sect:on c,fBikini Atoll.

—– ——–- – -——–––---——+—-- --

3n u is].and in the sc]utherc ~

jsection c)fBikini Atoll.
— . -—--–—-——+-—- —----–------—-—— II

L.

In tr.elagoon in the noflheast I

I sect: or. c)fBikini Atoll.
.-—-...—- —’

The reasons for limiting participation to these three snots have
described iz section 1.3. It shou2d be noted that for the pur-

poses of crater meas~”ements It 16 necessar;r to determine the surface

or bottom contoti-sprior to the e.xplosicn and again subsequent to the
explosion. While ia e scientific sense it would be desirable to mea-
sure the crater shortly .afte~ zercjtime so ELS to avoid nndification of
the crater by the action of water waves and currents, no feasible waY

of accoxplishiag such a prompt measurement ims been conceived. Hence

the crater survey operations in one sen~e Involved no participation

during the explosion and tne inter’jal mmed].ately following it. Actual-

ly, the time Flamed for the re-e~try a:’toe survey group after each
shot was bouded by the time ju~dgedtc ‘he required for the radiation

level to deca;,tc c ‘.m.laeSZC5 t..~tk t< ~ hr ~Wo~~e w~>~d not result

in a total dose mounting to an iimportar,tfraction of the allowable
tOtQ d06e f’OZ tklew:~oleoperatioc, muztl~ ?9CC Ly.



:rie.sef’tiess of ,mowledge of oottorndepth,is dependent on cor-
responding mowledge c< the gesgrapkical location where the depth mea-

sure.menc is nad.e. In fact, t.:le~ro’blem of determining the location of
tne Silip is more compl~catecl =5 ilffl: fit ~~~ the deter~nation of

de?t?.. ?or t~,isreason more ef~art was devoted to tne location proce-
dures tm.n TO t,nedepth meastiremezts, ~otn :n the planning and prepara-
tion phase ac ic tl]emeasure,men: phase.

2.2.1 leDth Measurement.—

Jepti.was measured wit~ a standard recording sonic echo fathometer
desibged for small ships, Moaei ;{K-6. ~lis f’ati~one~ercpe~ate~ et 14.25

kcps ant:et a repetitio~ rate of L/see on tb.e “foot” scaJ.e, which has

a maximm of 2(JCft.
‘;-~~ :ransducer, of tne domle-unit ma+getostriction type, was

mounted out’Doard of the LCX assigned to the project, and the recorder
was mounted inside a trailer whic,~also housed equipnent for tracking
and plotting. The fatbometer rec]rdi:~ paper had a depth scale of 1
in. ?er j~ ft of aeptfiand a gaper speed of 1 In./Min. Since the speed
of the heat iuing s~vey operations was about 6 knots or ~0 ft/mim,
the chart represents a bottom pro ‘“ilewith the depth dimension expanded Q

b) a factor ~f appr9xlmately 2G.
;Tnecali-oration was accompLlsned by two procedues. First it

was determi~ed by finding a uuiform bard bottom and checking the fa-
thometer readings agains~ a lead .lne. By this method a satisfactory
calibration “wasaccomplished in a:jout4 h.rwith all points grouped
closely aro~d a straight l~ne smwlnt< a 2-ft zero error and a slope
such that Lk.efatnometer zeti k ‘I when the actual (lead line) depth
was w i-x.

m,r,e second procei~.re for ctiib:~ation made use of a corner re-
flector. TLLS reflector was lowered fbrectly below the fathometer head
on a cotton Lme which had been previously measured and marked. The
calibration oy this method gave tne result that the fathometer read
depth cc)rrectly except for a 2-:: zero error (which is accounted for
by the fact znat the transducer. were approximately 2 ft below the
water sLd-face).

Since tne surveys were taken under varying tide heights, it was
necessar~ tc reduce all depth readings to a common datum plane. The
plane used was that on which the tide tables are based, namely 1/2 ft
below mean low-water springs. ?e(ordlng tide-gages were operated by
Holmes and Nar-~er,Inc., (H&Nj at several islands in the atoll. The
gage readings were witain 1/’2ft :f the published tabular values.

The t~ne interval spamed :y a survey was ordinarily no more
than h c.rand the tiie chmge dur;ng such an interval was less than 2
ft. Co~seGue~zly the tide c:]rrec+lon for each survey has been made by
plotting tne tab~ar values fro~ :ne tables, drawing a smoth curve,
and noti~g tne nearest integral :(ot of tide height at the mid-time of
the survey. Tuis value of tide neight was subtracted frum the depth
values azted 2:;fatnometer (afftertaxu.cgaccomt of its calibration).



2.2.2 bcatio~ R’ocedures

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

(1) RE@.Ist, an electronic natigatlon device
(2) sextants
(3) Alidades combined with a gyrocompass W. 18
(4) Taut wire equipment

!lheRayMst principle is that the d3stmce betveen two points
can be measured by counting the number of stadlng radio waves between
the two points. More specifically the differe~ce in radius from two
shore points is determlned by measwing the di.ffereace in the mu!ber of
standing waves. In the actual equipment this is accomplished by mea-
suring the phase of a ~-cycle beat note at three fixed receitig sta-
tions. This beat note is produced by transmitters of appro-tely L2.5
MC, one of which is fixed and the other an the ship being tracked.

The Raydist equipment as actually useciinvolved installations
requiring &l-cycle power at each of four 6hOl”epoints. Each of the6e

shore Instalktions had a traamnltter .ad three of them had receivers
in adLUtion. On shipboard the installation, which of cour6e required
an additional source of 60-cycle power, was comprised of three recei-
vers, a transmitter, and equipment for the phase comparison.

Uhile Raydist equipment permitted the determination of the ship’s
position easily to within 20 ft, it had the limitation that the ship’s

location was deterdned only relative to some fixed point where the
ship must ‘havebeen. This fact combined with the fact a6 noted that

five sources of b-cycle power were requ~red (four on shore at isolated
locations and one on the ship) proved to be one of the ma,jorheadache6
in the actual operation of the eqtipment, since if any of the five power
supplies faileci, it was necessary to repeat “therun and return the ship

to the known starting point.
The sextmts used.were standard Navy Issue except that they could

be read to 10 sec. The general Iimitatims on the use of sextants were
found to be very extensive, since three well defined shore points whose

location. is known are required and zne szrength of the fix approaches

zero as the sbp approaches the circle determined by the “three shore
points. There is the further limitatio~ that if very distant shore
points are use(i,then even the full angular accuracy of the sextants
results in relatively poor absolute precision of the fix. FinaUy, the

capability for finding and retaining ill-defined objects with the sex-
tants was much pooreu than with the alidades. For these various rea-

sons, in practice the sextants were used ~nly as a backup procedure fGr

locating the ship and were used only occasio=dly.
A gyrocompass Mk. 18 was instal.leion the boat for the use of

this pro~ect, and zwo repeaters, ane on Lhe flying bridge and the other

on the fo.rwa-rdsta-’board40 m gun mount, were instzdled. These re-

peaters were complete with alidades ha-ti~ a magnification of about
2.5. In pract-ce zhe slid.ades and ~ocmpass proved to constitute the
best method of positioning the ship ant? this equipment was used either



in conjunction with Raydist or taut wire in nearly all runs.
Tne taut wire equipment cGnsisted of a drum about 20 in. in di-

ameter WMC2 could be controlled by a hand-operated brake, together with
a pulley snd counter for measuring tke amaunt of wire reeled out snd a
balsnce complete with fish scale for measuring wire tension. ‘Thise-
quipment was felt to be the most reliable of all the procedures for
locating the ship and was used cm all surveys. It proved, however, to
have some impOrtant limits+.ions. For one thing, the wire did not run
freely and tended to go into oscillation If the boat’s speed was too
high. In fact, this upper limit on the boatls speed was very close to
the lower limit which was required for proper steering of the boat.
Occasional runs were encountered in which analysis indicated that the
~~hor ~d not ~e~ined fixed,

2.3 .TEST PROCEDURES AND DISCUSSION

2.3.1 .Preshot Surveys

Preshot surveys were made to the extent possible in the circum-
stances of each 6hot.

For Shot 1 the only pre~hot survey possible was to determine the
water depths on the lagoon side of the reef. As vas expected, only a
very small sector of the area which was ultimately within the crater

1

could be reached by the survey boat before the shot. This smey was
performed using sll of the aids t~ boat location, and served as a very
useful comparison and trisl of the various methods.

The preshot survey of the Shot 4 location permitted a much wre
extensive survey since the snot p>lnt was in navigable water. A com-

plete and fairly detailed bottom survey was accomplished for roughly 2
squsre miles of bottom in toe area of the shot point. In this area
primary dependence was placed on t~e Raydist equipment for location of
the hoax since shore points were iistat and hard to Bee.

The presbot suney of Shot 3 was comprised of contours run on
‘TzxeIsland by the H&N surveyors :Ombined with a bottom survey nwle by
the proJect group using both Raytist and shore fixes. Since the shot
yield was smaller than expected and tne crater was almost Wdlocked,
the onl:;signiflc=t preshot suvey was made by the H&N surveyors.

In addition to the surveys by which elevation and position were
determined, aerial photographs were taken of each shot ~int for use in

~ieon tith Wetshot photographs. Such photographs were taken of
all shot points regardless of whe;h~r a bottom survey at the shot was
contemplated.

2.3.2 P08t9b0t Surveys

The post-Shot 1 surveY vas tie using all fo~- location aids
listed under section 2.2.2. Since very few shore points could be iden-
tified and they were poorly lacated for surveying purposes, a series of

three bLloyswas placed In a line m t.nelagoon side of the crater to
serve as sextant aids. The buoys grovt?dto be useless because they
could nc)tbe seen for the recitirei distance under the light conditions
which existed.



In add.tix to the bottom :survej aerld photographs of the cra-

ter were tHken pxmptl~ after tke shc)t. In addition, to assist in

tracking the boa: sarry-ingthe fat!~ometer, aerial photographs were

taken at 2 ti.. .ntervals during t:~e*,imet.w boat was in the crater.
The fathometer snowed that t:lez-ater had refilled vlth very

loose sand or mud to a miform d.ept:lafYer ;he shot. In the placement
of the barge for Snot Z;,which was :,c~ue~fired at the same ground zero

location as Shot ; , the H&N group made ,.ead~.ine soundings prior to the
placement of m.r~er mioys and moorfi f:}rzhe barge. The (titson those
soundings are a15c included in t!xLfirep)rt AS evidence of the crater

shape.
The po6t-Skoz L survej was condu:ted on the sixth day after the

tibot. At the zlme of tne surve), the rulletion level 10 ft above the

water surface was ,25tc 75 mr/4x. Meas~”emmts by other groups demoii-

strated that tr.e;eve.ison the lsmc arewfi 6irrcun&ing the crater were

much higher.
M’ter the accomplishment d ~he post-tiot 1 sme(y and the pre-

Shot 3 and pre-She% ~ surveys, a ctiticuss.onwas held of the extent of
further effort,zerlted in light of tne ~ce,ti.aintiesas to thes and
locations of the remamder of the ~:~ots In these discussions it was

brought out that tne expected result \J~ She-L3 would be to remove the
western end of’Tare Island to a deptk ~“ 50-lCC ft. Since the preshot

survey of the water surrounding it snoved tuat the island had quite

steep sides, ;t was felt tnat the meaau:-em.entof the crater would have
very small vsJ.~efor the precllctio~ of’ ..ratersin locations vhere the

earth approaclied a uniform plane rather tnan a mountain top. In the

same discus6iczi :-twas alsc lconfident;.yPreddcted that the result of
Shot 4 would te a relati-relymlDO:- iist:rbaace at the bottom.

As a restit of tuese fiscuss~or.s ::.-S weed that a curtail-

ment of effor? regudlng t~e Postsf.)? sne,~ of these two shots vas ap-
propriate antiTZe zg3clusloKIwas ~-ewcr~e: tnn:,adequate data vould be

obtained if tr.ree zadl.dre runs :cli’: )e a>t.ained approxlnxiting three

crater dlsxnetersand that these n~>-> >.Ld ‘X deferred for Shot 3 until

after Shot 4. Conseql;ent13 the p~r,e~~. gToIi:J left the forward area on
1 April and ret-’-eded“: zne f’ona:-’:a-~i r. ?9 April, immediately after
Shot 4.

The act.a postsaot s~rvey (:!’‘.XCBWJT ? crater W= somevhat
modified Deca~.set~leyield was mucf: sna..ier;* bad bee:npredicted
and hence the crater, :nstead of eL.:uwissiw all of the western end
of the Island, -az ~cb nearer :a ~,eil% .~~ocked withi:~the vestern

end of the Is;.and. IrJacceding t +,he jre~s~~~eof the cmtinuing shot

schedule for LHTLa, z ‘wasie!:~de? L(‘ ‘~.‘eestab~ish t~e ~Y~st ‘-
qulpment for ?f.e p.]sts~.:)tmeas\Aremeut.j‘Jr shots j and 4, and as had

been pre~ictec z:.e ;aridmu~r.sa.mi..u:,l~‘,: ,’sw.1 :ocatlm of the ship

were inadequate. in adiiti3L, c,eca.:)., ? t-:etigkt shot schedule then

exi6tent, the p~.}tjgrapIIicairplmx wa+ :~<,~.sole to rendezvous vith the

boat to assist ::.zfie~:lcaticn3u:::w, ~..r ~%”.bcme~e~ s~veYs. Conse-

quently :.&leC:aze: imezlsi~ns were ie+.etin~rifirst by the fathometer
equipment on Ice ::;lpcxnbined witI.tfi...w~re equipment and later by

aerial pr]otograp:.1~ mappl~ tecmi ..e,. ;.nactual operation it was

fount extreme} ti:fi:.:.:::-)We ,*’!‘ ~ 1,~~in the @rrov CO~ines
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for the traverses Lndicated. 1: ‘4:..1 z*’na”;ei taat the east-west pro-
file particularly sn13wsthat tne sic~pe ,:’t:lelip 1s very slight and
that there i6 dJE+38Lno elevation R:ove :.~.?original grounc level. As
a resd.t of t~.isgen~le slope zne rhc:.. a~ crlgina.1 ground level be-
comes difficdl T,:ietemd.ne and :6! ~ f“1.s:.,;~eto elevation errors in
the contour ~,ps.

The upper psu-tof Fig. ~.~J : p :’~i)1)~’t.ne Shot 3 &yea showing
the traverses made ~i Lae s~ip wn~i.+b-:,~a.a:,af~r the profiles were

being taken. The pr~files a-e snowr,:1:.t.:let)ottomof Fig. 3.10 and

Fig. 3.11. Ms.rkrumers are snown m :i.etra-versesand on the profiles.
It is to be ncted “.mt tne survey z? s:i(~. j was made 24 days after the
shot itself arc zr=c “.~ewave procit:,ec [:~S~~~t4.had completely inun-
dated the lip ;f t::eScc)t j crater, he,e~se of the kigh level of radioa-

ctivity it wc.s:]c’.x,ssible to aCCC)~~L SH tu.y S-iirvey of tke ab~ve-

water port;or2 ~ ?,e reter and ~on:;e~~’~f~r:t1; tne diameters and the
height 0: tne .1: P.- :-slri~lnal J :~: :e~el are su’Dject to some un-

certain> .

3.5 SHCYI’%

<.4+~2’,“,-. .- .’,.. - . $

“*
c

..-

*N! 5* ... .



>----- --- .— . . ---—————.-.—.—————.—z .—.
—. ——

,3
-- ,------- --- 5Ho T

--w~ — —
.> SHOT 3

.,.

,0 -..—— ,---
- ,, - --- - - -

5HOT 4.,

,> —- . -“ - - - -, . ——- . — -.———.—

‘L...........l
,.

“=.%.

/
/’
/ ../

// :>HoT I

\ ,, ..
.

+-– ---

5<

)C

x

7fx

! ‘$<

xx

Fig.. :...

‘“J “- “-
.-.

5HCT 3
..

J

— –— —

.~. -.
‘\_ -. – . ,. .—.—. >—————.

.’
,. ‘,, 5HCT 4

..

PRE~.H,.-

—.—— POST 5H

I,ORIZOATAL SCALC

+-–

ox- ,

.<

..

..

-.

-,

I



:..”.

..

. *-&
-..

,.

&-

,.-

,. ,
-’Y”-

$.
, m



“ *---

*’
7

[

(.* ,,



+
w
w
L

0

50

00

I50

200

250

0

50

100

150

200

250

0

50

100

150

200

250

B- A
F----- . .. .-— —. ——..——.

. ----. . .

/
—

~-2\— \ . --’/:..-.—..,-..,——-% /. 0

%
%

\
.,

n
u

-.—- - .-
C

,, -,, -,, .- ._ __—. — ,

‘1< -‘“-‘“‘-”
/ “\— -—- \\ , /j-——-.....——- /\

\

\

“.

,, I
/

/ +

.

F
— -—

<. /’
\

“’---%
“’\

-.

------ -,
E,—.——. “--—-–”-—- “~

....../-
/-

,r
/

/
/

t I
/ --—---— PRESHOT

PC)ST SHOT 1!

HORIZONTAL SCALE I~–——-’+
o 1000

t ‘- -- ‘. ..”.-

-1
FT

I

‘~~-”’ -”’’’’



(





I

:..



—— -
I

.,

. .

J_.

.. .

“...,

,,.-q
:.,j

f

m
4

......-..s=4-+.,+ —-–—--~
‘ r-–-= ....—. .

-’ -+;

8“J4..+

.,. ,

‘, ;,,



.,,
I.

{
w’..,

.,

I

r....\~.



.

“-t-

0
0
0
cr-
(2

,,

&

--<,, ,,,%,.;fl.
.

,,,,. .

,- )
-.. . !,,,

.

1
+-
Lzc”
w
0

4(

.4/x

,.

,P..,,

‘;\ -
,/. ,

/’

./
00,000 FT N ____

—. ———.

‘~;I--‘:,TAT!ON POSITIONS

H2R ZONTAL SCALE
* -—.-——

200

““-,,,---,.. ..
“,. -

“..
. . . . ~ “---..t-’z-

,-.

‘ 749 __..--——
$ /“

‘4, /’
3 ,{

/

‘\

1 4/‘%-.,-, ,,.,,—,— .,

PRESHOT
— .—— PO ST SHOT

..—. -.—. ---- ES TIM ATECI

;Y–. . ..— —--

c 200’
,r13R ZONTAL S(CALE



,.-
b-
U
.,,.,

“I
t-
Cl
Lu
c)

.-,*
~..” , “ ‘h,,

..,,~-’-’--’‘- .,\

‘.,,.

------
_—-—.---------

a x2-17
/___ —---

/

/

,,/”
,,/

,.,. ,_,,._, . _—_.---,

> ‘f
.—._—.—.........—

.4 z

— .:9- --..42-.

-/...—-----——-—---——

7
.— --—..-----———--_..-----..

.9

~ ““-“?37
—.-—.-

/

.—— PRESHOT

..— PC)ST SHOT

<oRIZ3NThL SCALE

G

-----. .. -’...!

200’



,—— .— --- ----- — -——
1

0 0
0
0
al

Q
0
0
. .-.

,,4.<
pw640Qo.”.

w I—. i

4’

~Nl~3000
>— “--j

;’4’

,.
>,

{

Q4i
,.,

p.JJ6NQoo

,,

.3 ,“

, ,.
r’

.,

!N161000 —.

“

‘o ,

;
L

e
.— —.-.
N160000

. . .

P
‘, ,,

.-



m,
‘.’

.
.-

— -!,.,.

i,
L
8

..

,.——. _—. ...—

HORIZOh YA,.
- ------ —.—-—4 .

800 J=”

...
2.,.- .

,!, .

.

.“

., . ..- _,

t



—_.—-

. .,

/-’-’-
.. -.

F.-.A[,.:....

,-
F’

I

W)L. E ~T
MOLE 206 ______
‘NEVADA)
JAN GLE-S ~
NEVADAI I
ZASTLE-3 ‘-— i
.’v MIKE
:&~,T~E.



..-

CwwrERh

PREDICTION OF CRATERS

401 yLcmwND

The data required in regard to any specific megaton explosion
for which a prediction of the crater is desired are (1) the yield, (2)

the type of’ soil, and (3) the r$epthor height of burst. With thiS ti-

formation, it is then appropriate to look at the existing evidence and
measurements and to develop rational procedures for extmpolation or

I

inte~o.lation.
The craters from explosions high above the surface are signifi-

cantly different frOIIithose formed ‘Dy lower explosions in that they are
depressions rather than excavations. It is believed that such craters
are of :relativelyminor importance frmn a military standpoint and they
are, therefore, not considered !Iere.

As mentioned in sectioa 1.j, it is believed thst an atteapt to
distinguish tme fron apparent craters becomes less and less realistic
as larger and larger >%elds are cmsidered. In tais repofi.,only ap-
parent [craters=e considered.

:b previous analyses of crater data, the horizontal- ~ension
used has sometimes been diameter and sometimes radius, and these values
have been measured sometimes frou lip to lip and sometimes at the origi-
nal ground level. In this report, only radius at original ground level
is considered.

In retiewing the existing iata from a broad point of view snd
vlth the objective of crater predict.im for megaton explosions in mind,
the follow~ facts stand out:

2.

All the tits from which soils can be compared
are contained in experiments involving relatively
small T.uantitiesof m.

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



:. The rmge over xhicc these data must be extrapo-

lated in order to permit prediction of megaton
craters is enormously greater than the ranges of
extrapolation cozmxmly accomplished in engineering
or scientific f’ielas. The situation is roughly
equivalent to an attempt to predict the penetra-

tion of the projectile from a new anti-tank gun
through armorplate based on observation of many
=asurements of tae penetration of BBIS from an

air rifle h.rough :,iri cans plus a few measurements
of the penetration of’ .45 pistol bullets through

~ine.

As a result of’these facts any extrapolation procedure
associated with quite a large uncertainty in the final
making any extrapolation it is belleved consequently,

maJor importance to indicate the order <Ifmagnitude of
involved as well as the extrapolation itsel:~.

is inevitably
result. In
that It is of
the uncertainty

At the outset of any a~tempt to deve~lopextrapolation procedures,
one is faced with a phllosopbical choice. on the one hand he may look

critically into the mechanism of the phenomenon and on the basis of
physical or, in this case, mecWic81*~y:3i6, study the causes, the
effects, and the influence of specific p=ameters. Alternatively, he

may adopt the attitude that, in a complicated phenomenon such as crater
formation, the mechanisms by which causes and effects are interrelated

are so i~own as to be for the mmimt, unknowable, and hence conclude
that the apprc)priate approach is the empirical extrapolation of the
existing data into the range of parameters where prediction is desired.
It is the author’s opinioa that the sec.md approach is the more realis-
tic one under the circumstances involved in the present problem and that

is the approach described in the remainder (ofthis report. The most

important deviation from past thinld~ >ccasloned by this approach is
that cube root scaling is on this basis discarded as a primary tool in
the extrapolation md is used only for assistance in relatively minor
aspects. In adopting an empirical approach, it would of course, be ab-
surd to ignore the information, ha~ever meeger~ in regud to the physi-
cal mechanism and particularly in the d.isti.nctionbetween the mechanisms
occuring in TNT and in nuclear explosions. On the other hand, it is

believed that too much dependence on cu~e root scaling Is likely to give
the illusion of a precision in prediction unjustified by the facts.

fie development described below was mdertaken within the frame-

work that the desirable result from a m.ilituy standpoint is the con-

struction of graphical or analytlcd relations such that knowledge of

the yield, SO:ll,and depth will permit easy ~rediction of the crater
dimensions. It is postulated that the s.napeof a crater for the cra-
ters of interest is prirarily dependent on its size and hence the first
attempt 16 to predict crater radius in terms of the three parameters
just mentioned, with the expectation zhat a later analysis can be =de

to predict de;?tband other shape as>ezt.s once the radius prediction has

been accomplished.



4.2 ~)EVZLQPMXNT OF TEE EX’TPAPOLATION METHOD

It was decided co stud? fl:st the effect of soil type, second
the effect c,faeptn , and Lnird the effect of yield. In looking at the

available ini”ormation it was at or~ceapparent that in regard to both
soil type and depth the data on megatcm explosions are useless, since
these shots were all fired at one depth (essentially zero) and in one
soil type (“coral” atoll); hence, It was finally recognized that the
germane approach appeared to be tc look first only at TNT data end fron
these data to establish an extrapolation procedure; second, to ~just
the valL,escf the parameters so that the JANGLE underground and JANGLE
surface shots would be consistent, antifinally, to investigate the sensi-
tivity c: the procedure and compare the result8 with the measurements
of nuclear craters in the Marsh.a.lls.

Nevada soil is an appropriate one to look at first since there

are considerable HE tits antidata from two nuclear shots. In that soil

data are available in the range Ac= .o.13 to + lo. IJitnin this range

greatest interest lies in the neigMorhood of~c= 0.14. The data on
the TNT shots of this scaled deptk are plotted in Fig. 4.1 which shows
crater radlcs plotted against yield on log paper both ways. Fi5~re 4.2

is a similar plot for data on TNT at scaled depth ~.c= O.jO andAc =
-O.l~ (tius indicates above th’eburface). The scatter of the points
shown on these graphs is typical cf the scatter shown in every case t

where several essentially identical shots have been fired. It is be-

lieved conservative to say that tl-,euncertainty in the value of radius
for any specific combination of scil tj~e, charge size, ~d ch~ge depth
is at least 10 per cent. &mseq~e&tl)- the plus and .mnnus10 per cent

limits at the maximum and mi~imum charge sizes shown here are marked
on Fig. ~.1. FOY extrapolation purposes, the reciprocal slope, n, of

the most probable line is found t( be ~.b.+ To permit an estimate of

the uncertainty ic ext~apolatio~, CMMmum and minimum slopes within the

10 per cent uncertainty Just ~e~t~onec. ka’~ealso b.ee~plotted. Tr,ese

slopes are found to be m = 2)..anc n ‘-4+.1. Tnis elementary analysis

has been undertake~ witu ~xe data on Fig. 4.1 only and lines of tfie
slopes SD determined ~ave the~ bee~ drawn on Fig. ‘~.2. ‘Tneanalysis
has been limted to Fig. 4.1 Doth beca~se the scaled depth~c= 0.14 is

of major interest and also because a greater range of yields for TNT
shots is available for this scalec depth than for any other.

It is apparent that m, the reel.proce.lof the slope when crater
radius is plotzed against yield :::a leg-log basis, is related to R and
W in the followlng way: ~

E
?Zkh,

however, that the sezond flbg-f is zf somewhat doubtfti validity
and hence all such nuzioerz %IS ro.mded off to two figures.
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constructed. On t~is figure the scaled radius (on the basis m = 3.4),
is plotte~against the scaled charge depth (on the basis m= 3).*

The next step is the determination o:?the cwve for nuclea”
charges based on tcis curve for TNT charges. In this procedure con-
sideration must be given to the difference Ln mechanism of nuclear and
TNT bursts, particularly for bursts o:!Ae suz-faceor at very low heights
above the surface.

In the early stages of a nuclear explosion fired at or near the
interface between air and earth, the sh~ck wave velocity Is very much
higher in the air than in the euth;* .lence,at a time when the nuclear
explosion process fiasgroceeded to the ?oint where the average energy
densit.~itk.in t~e ‘noundary of the sh]ck ‘roveis equal to the average
e3ergy d2nsit~- at the surface of a spherical TNT chsrge which has been

detonated at :.tscenter, the envelope o? tnl~n~cie~- ex~lijsiO~ is es-

sentially hemispherical. If averwe energy density is a good criterion
of crater size and shape, then on Zhis ~asis the crater formed by a
given nuclear energy rekaSe on the s~”face should be similar to the
crater formed by a TNT cha-ge of the sam yield fired well above the
surface.~ Tbe crater res~ting from a :~uclearsurface charge should
differ extens~vel~’ from that produced ‘D:fa TNT charge whose e.g. is at
the surface, bot:r ~ecause of the different mechanism mentioned above
and because a nemispnericsJ excavation was required before the TNT cbxge
could be placed.

Consider a cmclear charge at Ac = -).13. Within its shock wave

the total energy ~rillbe identically the same as that within a sphere
of TNT tangent to the surface when both shock xaves reach the surface.
This argument can De s’mma-Ized by sayi~g taat thiecrater radius pro-

duced by a low above-ground.nucleaz- shot sk.odd be essentially indepen-
dent of ?.eight, and (lf the efficiency were 103 per cent) should have
about the s2%Z val’~e as that prcduced c,{a ‘TFIshot at AC = -0.13. @

this basis tlheti~~.teticuve ia the :-eg~>~ AB has been dram- on Fig. 4.3.

* Since the rawe of scaled depths is s.- :n the interval of greatest

izterest,the ‘mining scaled depths on the basisdistinctloll hetwee~ de~e-

m = 3.o and on tce basis m= ~.L, :S relati~ely tri~-ialand vill not

affect the conclusions reached in tnls mal~-sis.
~ D.T. Griggs, N. preciict,i% tne effects of JANGLE U~compl~tes shock
wave velocities i;.alr to ‘beapproximately ~j tws those in soil in

tile radius ralge <rem approximately A = 0.1 to,~ = 1.0. Similarly,
PorzelT in prediczix the effects ~f IVY kl.ike,~estinates shock veloci-
ties in the a~~ and water soaked sand fJr high overpressures such that
in the early stages of’ a uuclea~ explosion tqe ratio of velocity In air
to velocity io so~l ma; be as h:gh as lXN:l.
* By ‘fa~erageenerg;<density” is meant the total energy contained
wit’ni~tne skmck wa,<e,divided by :zg ,t~ta-1volume within it.
~ ACtUELllj-: as Porzel points ouz)~{at a time when the nuclear shock
wave has reacr.ed Lr.esaae rali~s a.s>nat of the TT/T sphere of equiva-

lent energl;re.lea~e, (sad hence ‘~nenaverage energy densities are eq@)
there is still m enormms d~ffereace .3 l;:~etwo Situations since the
mass enclosetixit-.lr:tse shock xa-ie in the case of m is some 1500
times that in the nticlear case. He~ce , in tne nuclear situation the

pressures are verj nuci-.higk.erand t:-.e?’~rationsshorter t.”,anin the



Since the energy partition in ::hetwo types of explosions is

significantly different, particularly in the roughly 15 per cent of
the ‘field of a nuclear explosion which takes the form of prompt radia-
tion, it seems necessary to consider sn efficiency factor less than 1
for nuclear explosions as far as the cratering effects are concerned.*
llxperbenttiy, evidence on this point is meager in the extreme, being
limited to the JANGLE surface and JAN(LE underground shots. At this
point it is useful to consider the numerical data on the JANGLE surface
and the JANGLE underground shots. The data from these two shots can
be placed on this curve with efficiency as a parameter; thus the curve
DE on Fig. 4.3, represents the JANGLE surface shot for a rad.ochemical
yield Of 1.2 ~ t-s the efficiencies sho~ on the c~e, ~th ra~~s

scaled on the basis m = 3.4 and charge depth (height) scaled on the
basis m== 3. Similarly the curve FG represents the JANGLE underground
shot data on the basis 1.2 KI’times the efficiencies shown there, using
the same procedure. It will be seen that curve DE for the JANGLE sur-
face shot intersects curve AB at an efficiency of about 60 per cent and
that curve FG representing the JANGLE underground shot intersects the
TNT curve at an efficiency of 107 per cent. It is not suggested that
these values of efficiency are correct, but their comp=ative values
are at least in the direction expected,. It is reco~ized that, in ac-
cor&mce vith the definition of+the equivalent TNT charge, the efficiency
of the JANGLE surface shot should be defined as the value at the inter- 1
section of curve DE with the solid curve. It is nevertheless believed
that there are such gross differences in mechanism between nuclear and
TNT explosions in this region of close above-surface shots that the
equivalence should be d.ltided into two parts, one of which is concerned
with the disparity in the form of the blast wave snd the other is con-
cerned with the remdning elements 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 t~e following reason. It is clear that
values of the scaling expnent in,aud values of efficiency, can be paired
to fit any crater measurement from a specific yield.and depth. Since
it is felt that efficiencies at greater depths than 17 ft should prob-
ably be higher than at that depth and since it is also felt unlikely
that nuclear efficiencies are higher than 100 per cent, it appe=s that
this val~e of efficiency for the JANGLE underground snot is on the high

* For present purposes, efficienc~ may be defined as the ratio of the
total ~nergy rele&se of an equivalent TNT charge with that of a nuclear
ekplosive. The equivalent TNT charge my be deftied as the charge which
at the ssme actual (not scaled) depth produces the same crater. Since

in both TNT snd nuclear explosions it seems reasonably established that

only a small fraction of the total energy released can be accounted for

in crater production, there is no philosophical reason why the efficiency

of a nuclear explosion as defined above need be limited to lCXI per cent;

however, at all times of interest i-nthe formation of craters the pres-
sure within a nuclear explosion is higher than that within the equiva-
lent TNT explosion and hence at the time venting takes place a greater
fraction of the energy in a nu:lear explosion should be dissipated to
the air.



side of reality. Since this unrealistic efficiency is paired with the

value m = y.~, it is consequently likel~ that this value of m is also

too high.
The procedure described for constructing both the TNT and the

nuclear curves shown on Fig. 4.3 can be performed equally well using
values of m ot~er than the most probable value of 3.4. Other appro-
priate values of m as indicated on Fig. 4.2 are 3.0, representing both

conventional cube root scaling and the lower limlt of slope on the basis
of the 10 per cent uncertainty in experimental values postulated earlier,
and 4.1 representing the upper limit. Both curves have been plotted

together on Fig. 4.4.
Since, for military purposes, it is believed that the data for

extrapolation should be available in the simplest possible form for
quick use without computation, the nuclear curves sham on Figs, 4.3
and 4.4 have been re-plotted in the form of radius in feet against
charge depth in feet, with field as a parameter. ThI.shas been done on

Fig. 4.5, in which for each yield shown both the most probable value
(m. 3.4) ad the limiting vslues m= 3.2 and 4.1 are shown.

The estimates for this 6oil for the most probable value of m
(m = 3.4) are re-plotted on Fig. 4.6. Range of uncertainty (m = 3.0
andm= 4.1) are indicated by short n?rizontal bars attached to each of

the parametric field cues.
The same kind of analysis has been carried through for dry CIELY,

dry sand, wet clay, and sandstone -d the results of these snalyses are
included in Figs. 4.7 through 4.10. In the case of these other soils

no nuclear tits 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 m in each of these other soils, the
variation of efficiency with depth at Nevada for m = 3.4 has been used.
Similarly, for the lowest value of m for each of these other soile the
same variation of efficiency with depth nas been used as was found at
Nevada for the lowest value of m there, namely, 3.0. The carrespondlng
analysis has been made for the upper lititin~ value of m.

The most probable and limiting value6 of m for all the soils re-
ported here =e listed in the table Delow. In each case, the available

data have been plotted in the same form as was shown on Figs. 4.1 and
4.2, the best straight line was drawn fcr those points and then values

of radius 10 per cent above end below the cume were marked at the uP-
per and lower limits of the charge sizes considered.* By this proce-
dure, the limiting values of m have the greatest range for those soils
in w~ch no large-TNT charges have been ~ired, and this
since in fact ~he efirapolation IB less certain in such

In the case of wet clay, Fig. 4.~, so little TNT
able that crater radius has been predicted only for the
value of the scaling exponent m.

——.

is appropriate,
cases.
data =e avail-
most probable

* It was decided mt to review TNT ~Latafrom charges less than 200 lb.
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ta from Ne.mxiataken from Tables A.4 and A.6
~vec~r;ZZpEFR~W33 of about ).a If one uses the suggested form
of the equation and nence a6sumes that the effect of soi~’is indepen-
dent of the effect of charge size then one might :3ay that craters in
the WSWS should be expected “o be 1.8 to 2.0 :Lties as large (h
radius) as craters from identicsl charge sizes and depths in

7
evada.

In a similar mnner It i~ f’olindThat the value for Rc/W1 3 for
megaton surface shots :lEthe hfarsi~all[~is about 1.0,,while tbt for the
kiloton surface shot l.mNevada is ~.j~+,which Implies that Wshall
craters will De some toree cmes tiIger tha Nevads craters, Actually,

if the small but finite value of TIC/W:L/’3is taken l.ntoaccount, particu-
larly fcr the JANGLE surface snc~ the analysis suggests that scaled
crater r~~ ?,)Ynucle~r c~a~6e8 n the FQrsfialls ~-e twice as large as

for thOSe IE Nevada. Since tjnis s ?.hesame figure that was obtained
f~r ~ crate~s, i.tIS teMptl.Kl&~( DOI, implausible to say that all sca-
led crater rail:. in tne MarsLm-.liswil: he very close to twice those in
Nevada.

while tne precise data q~dtet from the AFSWP memorandum were not
at hand during tne development cf t,neextrapolation method described t

h section 4.2, some prior discussion c)fthem was held with Dr. Stephen-
son by telephone. At znat time i+ was Dr. Stephenson’s feeling that
the dEt8 themselves were somewha: unreliable because all the craters
were water-wasn.ed before mess>..r~men:,.In addition it se-insimproper
to assume that -he cm.racterist~c: , fc,Icratering purposes, of the

water-sacurrated ;,::,ral ssnd iKIvo;.Jec.iIIthe HZ tests we identical with
the cbu”acteris?i’:s )f the mc:e -U:]erent “water-saturated coral rock

involved :Lr+,:le~:]c;-ea:-sn JI,



SUMMARY OF AVAILABLE CRATER DATA

‘TABLEA.1 - Nuclear C:-ate. Measurements*
P ———.—— ——-’—” —“==--

Shot :50:1 Rc He;gkL Crater Crater I
field af Burrs”.-=. ..——

I
1..-T2?*

(ft” (i (ft
.—. — . ..-..--.——.-..+—. ..—------

! TRINITY Dry Sand 23.8 k21:10CI .:, *L)7- 550 ~ 1.52 ~ 9.510.026 1———.—- —.—.-—.—.___ . 4 ‘
~ GREENHOUSE Sat.ccjr.

........—- .—. —
1

I Dogs saac @_@~~ ,-. ~~c 390 I 0.7:1 ~ 2.o 0.oQ36 I——- ----
[ GREENHOUSE %t.C~~.
I Easp .m.Klti 46.7 m 300 -[)+”$@

——- -....—— —.-——-— ,.-
; GREENHOUSE Sat.cc)r. -’”J=J=I=Z

—=’.. =2... !@??? “ ~ ‘~’-”:..zE+xT2!.-Georgea lo. oio. o133 i
~ JANGLE Sur- Dese?Y
I face ALLu’d.m :..2KT_ __ 3.’; -. )2t. 45 0.’336 17 0.127 ~——
~ JANGLE Dese=-{“-“

-—.——--–——— —— --
1

Un.derdround Alluv:.J 1..2D -17 ?,“,...’- 1-29 0.96.1 53 io.3g6
IT Mikes

.- . ——-. — —— .———-----—
—--7A:.. :(’7.

5EL-1r “:)q: ~ .= -, . :12’”’ 3120 1.125 164 0.0593 ~
I

.——— —.. ,2am)b (1. o:2)~ i ;
~ cAsrIx 1 %t.’:(r. “ ‘“ ‘“–

— ———— ~f
~. _ -----Sac: :1!.: m -1, - !.>;.2 3000 9.9 240 )0.078 ].. .——. ———— ----
pLsl’’rx3 s+i:.’:(r. - (
I sad 2 ‘2 ~ 1:.6 - . .~.:.. __W.._

i TEAFVT Ess :-)es~:-~ —0’=-”4 “EL {

L_–_ _—A-:v’ m . ..-V 147 :90!]————...———-——-

Sat. cor. sand = saturated c~ral e.w~c

u-

+!+$

a

-D
,



124——.
1:5

1u6
1:7
1%—— —.
1:?
llJ
1.11

I L1.2—— .,
112

I 114

115

320 -3.5 -:.=l 4 (). 59 0.5 0.07
,jm 0. :) 7.6a 1.12 :.5 3.37
320 1..3 ‘:iy 10. MI 1.59 0.88 I

Q,(I3C --7.:’ ..51 ‘;75 2.19 ~ 23 I 0.67
320 8,Q :,+5.. 1:.; 2’7 __-! 9 j ;“:;
320 .-3.: -’,,:1 . 0.37 , 1 .
:,20 J. .0 , 7.25 1.06 4 0.58
:,~ 1.: .iy ~ 1.3 5.5 o.~
;20 3.: Y..>L 1s.5 1.5 6 0.88
.?2Q‘“”7.: .,:1; il.75 1.72 —7 1.02
:,2C :-. . .+: : 2.2 ,1 0.15
:,22 a.: .“. L ~’ 1.46 0.15

Q@ 2.t’ :.1> _u>,-, 4’ 1;i. b 9.88

2,5%----7:: ‘ .f:“’”“J1.! ---7.7----”-15.5
——.

1.13
:\20 3.: .’ 1.6 7 1.02
8 2.. .: ‘ ‘i 2 2.5 ~ 1.25

~,~o 2.: ,Jr .8.75 2.74 10 1.46
2’,;l@ 5.: .,, ,- +1.yj 3.05 ~ 12.75 ~ 0.93

j, 22 2’ >.ji 2.56 ~*5 ~ l.@
8 ‘--Z*;- “ ~~;~%> 3 k..__L—-—L.L—-.._-“ 4.1 2.05

* Obtained from Appendix G, l~nder~round Explo6ion Test Program, Final
Report, VOIUKE 1, .%11 tiginee~i.:ug?esearcb Associates, August 30, 1952.
~ All crater radii are m.eas~-ed a: crl~inal ground level.





Notes on Table .1.3(Continued;
a-The dqe did not e~nd h tbe surfece and is not comparable with
other-rounds; the sides ~f the ~ri~i.nd charge hole were dm.aged up to
an avarage Slent distance “f :,: :h frrx,the center of gravity of the

charge.
b-Crater shape was estimated; the :reakth,roughvolume is ~t included.
c-Average of eight rneesurenents ~cc;e~if’romt% vertical crater section9.
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Chaqye.—. —.
(ft)

X?J.YJn Crater RacMus- Crater Depth
(Al-” (?:; : (A)-—(ft) ~ (A)

---

6.35
6.35

1’3 ..0 .
; ..:2 _+
1.z5
G.’ti

.G.3:

1.73 5*5 I 0.86
1.72 6.0 2.94
1.65 6.3 a.gg
l:~o __ 5.4 ; a.85
1.43 — 6.2 : 3.*

1.04 3*9 , 0.61
2.69 ~.5 : 0.24.—..

L.— . . .

2C2 ‘2:.,

212 p,:

; 203 2 c.,’.

~ 206 2:(
! 2c7 2;:
——.——.— ——..

* Obtained frcm

Jharre.—--

.) . .

-U. L:

. .

. . .

.. ’.,

U.<. c
.,:

-.. .

.+. ..91 j.’7 ~ 0.90 ‘
. . ..@ 0.96

..- 1.32 ::; 0.63

,-.+ ‘-1L.d 1.9 0.30
,, -.55 1.4 ~ 0.22

.—.-.. ————----- ——

‘i .—------”” ‘“’ ‘* ..

I



.-

307
~ 308_. -.

.— .. ..——
a

1A*, ~,c+-w.. . 6.6a 1. 04a
. . iC/.1 j.c.- . . . . . . .

, ,.“. -?.5 j.1+ 6.3 0.99
~:,.~.,. 2.U> 6.1 0.96

. ~- 16.8 2.fw 5.2 0.82~ -.
,: “~~.~ -4—>2F— 6. j 0.99

, r, a..”, .C. u ~.~: :.7 0.58
1{.1.2 L.6A 4.8 0.75

. . . 6.8 1. j:j 4.0 0.63___ .._ —.._ ———————.
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