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JlllOJICT 1(9)-4 
• 

'l'be purpose ot thi• report 1• to present a caapilation and analysi• 
~ data concerning the behavior ot the base s1J.rge and related surface 
pbenc:wma produced by underground expl.Jaions 1n the Dugvay Teat• 1n SoU. 
an4 tbt Operation JANGLE HE Teats. These tvo sets ot data were ccmbinecl 
1D 01·~ to provide a ,,1de range ot charge weight and charge depth and to 
utenline •aae ot t.~ effect• ot soil properties on surface pbencnena. 

, ·· .. : .'l'be fO!'!IIUlu and conclua10118 presented herein were obtained almost 
entirely traa record.a ot T?ll charges weighing f'rcm 320 to 320,000 lb 
tired at •c&l.ed deptba ~!1DS tl"alL aero-to 3.07 'tt/lbl/3· 1n dey clay, 
dry And, and vet clay~. Ex:ten• i.onot tbe reaul.t-e beyond thia re•ee,- -ot 
~1.Mlasaynot be ed. 

' 
'," " 
~~ 

i'bl author viabe• to aclmovleJge the cooperation ot Mr. 11. B. 
Zaclcri•on ot the Protective Constr.1ction Branch, ottice ot the Chief ot 
EnginHr•, 1n torvarding print a ot the dust cloud pbo~,ographa and perti­
DeDt data tor the 19;1 Dugway Testa 1n Soila. Sincere tbAnlta are due to 
Dr. B. Svitt, Jr. tor uaei'ul comments and suggeationa during the program 
ot iDve•tigation and the preparation ot this report. Mrs. M. L. 
llil.l.1gan'• thorough IUld car~ul analysis ot the material and ber V&l.uable 
c,_.,t• on the results were extremely helpful. 1n the writing ot thi• 
report. llra. M. K. Lyttle'• conscientious preparation ot the aanuacript 
ia gratei\u.ly aclmovledged. 
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Jue aurp u4 related surface phencnena were Muured on pboto­
l"'ll)hic record.a ot the 1951 Underground Explosion Te•t • 1Jl Soila at 
Dupay, Utah and the Operation J,UlGLE HE Testa. Data ccmcerning grc-un.4-
riN, aok.e crovD, column, Jet, and base surge "behavior a.re pre•ated. 

A 'b&ae nrge i • produced by; TBr exploaiona at •caled deptba ( >.. c) 
nnl1n1 trc:a aero to 3.07 ft/lbl/3, the greatest ~th in thes' programa, 
but 1• aall and ten\10\UI at 1c&led deptha le•• than 0.2 tt/lbl- 3. i'he 
nrp hu 1;be higba• t velocity and greau• t extent at a >.. c ot about 
1.0 tt/»,l/3. 

Bue •urge• were formed 1n the three Dugvay •oil type•; explo• iona 
1n 4:/::'7 Hild produced the largest, vet clay the mnalle• t •urge•• b­
ploeiona in ~ clay were inte.r.::w!d.iate 1Jl ettectivenea•• Thu.a, it 
appear• that aoil• Yitb lov se:..s::dc velocities have the phyaical cb&rac­
ter11tic• beat 11\11.ted tar the :ronaation at a 'base surge. 

Prou4e 1eaJ1ng 11 ad.equate tar reducing the •urge radial. grovtb 
clata at •~ depth.a traa about 0.2 to 2.0 tt/lbl/3. At a >.. c of 
o.5()8 tt/lbl-/3, ccmpar11on vith liquid model reaulta 1Ild.1catea a 1.9 
ratio ot column danaity to atz:lospheric density. S:lll.ilaritie• betveen 
tM 'b&ae aura•• toni.ed by unda:-vater and underg:roUDd explo• ion• are 
DOted. 

Areu ~ duat dapolii and crater d111en• 1ona &ho 1nd1cate that a 
•caled depth of 1.0 tt/lbl 3 1• near the opt!Jmna tor bue •urge tor­
aation. 

'fft IID4 Patollte cb&rgea Yitb clltterent vollml.c,• but equiva.l.eJ:rt 
wra tonaed. •1•1l•r bue 1urgea 1n a sm•JJ-•e&le teat • 
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l.l. SOURCES 07 DA.TA --
'ftle data pNHnted in thia report vere obt&iDed trca photographic 

recoru ot tbe Underground Exploaion Testa in Soila at the ~.ay ProT1D& 
Orom:14, Uta,hl 1r. 1951 and the aeries ot underground high u:ploaive te•t• 
OGD6.ucted in llevada in 1951 u part ot Operation J.UGIJ:.2 

lloticm picture rec~ ot the Dugway Dry Clay Teat• wre obtaiDacl 
for the laval OrdllaDc• Laborat"ry by Charle• B. Bradle7, ~. 'liaiDg 
aark.tl (100 per aecond) were pl.&ced on t~ margin ot 35 • tila by an 
elactronic ti.mer, and a length ac&le vu eatabllahed trm u.rur• pl&ce4 
a mom di•tuce apart at the location ot the charge or by the uae of 
the lena tocal length and the d.11tanc:e trc:a the camera to the explo• icm. 
lleuuraent• were made tram contmuous prints ot '1w 35 m tilll, enl&rge4 
5 t1Jle1. A l6 a:a todlr.chrcae record v1 thout tiaiDg vu obtained.. 

PriJrt• ot the duat Cl.Oud photographa at tha Dry Clq, Dry ~, an4 
Vet Clay Teat• at Dugvay were provided by the Protective Conatruction 
Branch of the ottice ot the Chiet ot Eng:fceer•, Washington, D. C. 'l'h1• 
photoll'&Phic vorlt vu carried out by the Institute ot In4uatr1al Ba1earch 
of the UD1ver11 tz :1t Denver, by 1ubcontract to Rng:f neering Re•earch 
.Aaaociatea, Inc. 3 '?he duat cloud vu photographed Yi th 1till camaru trca 
tvo poli tiona vi th an 1n1 ti&.l angle ot 90° between the re•pecti Te camera 
.1.i.m• -ot-1ight. A clock read.tug 1n minute• and •econda vu included 1D 
tbe fiel4 ot viev ot each camera and the m.ovt ant ot the du.at cloud vu 
followed by the operator• • Measurement• vere made tr<m tbe print•, uaiq 
tbe focal length at t~ camera lena and the di• tance trca tile c ... ra to 
tbe charge to ea'tabllah a • ca.le factor. 

1 tblersrOUDd Ex;>loaion Testa, Prosr:em "A" - Testa in Soill, Protective 
Coutruction Bra.:ic:h, ~1.neeri.Dg Division, Ottice, Chief ot EDgineer•, 
llov. 1950, pp l-9. 

2 D. C. Campbell, ICDR, l51f, Te1t11 isnd Obaervationa on Crater• and Bue 
8urp•~ J.AJIGLE Report 1(9)-3, l Bov. 1951. 

3 Inatrumentat1on tor lJnderground Ext>loa1on Teat Pro!£m, Lnteri.JI. Tecbnic&l. 
t!o[: Jlo. 1, Dr'[ Clay, E..'-81Jieer1ng Research Aaaociatea, ID.c., Contract Bo. 
DA -l67-eng-2So, l Aua. 1951, pp 5-2 to 5-4. 
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QrOUD4 Jbotognpb;r ot tbe •vada BE te•t• wu conducted by the 
hnd1a Corporation with aation picture and still c ... ru t'rca u many u 
fiw CUll8r& •tatiou. 'r1111.Dg recorda were Jl&da, and target• in the tield 
Oil Tin were uaed to ••tabll•h length •cal••. Photographic analyaia vu 
pertomed by the San4.ia Corporation and data •heeta azld tilu veN 
tairn.r4.K to a>L tar &441 tional. atudy and measurement. Aerial photographa 
of ahot• BB-2 and Bl-3 1n the Sevada aerie• vere provided by MaJor Victor 
BJ.oecter ~ the ottice ot tba Directar, Ettecta Teata. 

!'be roun4a tar which data are avulable tor thi• report &N auzaa­
riucl ill Table• 1.1 aD4 l.2. For cc:apariaon ot charge• ot ditterent 
•icbt•, a acale4 clepth ot burial, ;,., c, 1a used: 

4 
V --

A • C 
4 
wl/3 

4-pth to center ot charge< tt 
night ot cb&rge, lb ('l'llT J 

(1.1) 

It lhoul4 be noted that 1;be Dugn.y Te•t• include ahota vi th Ac 1"Allg1 q 
f'l'ca uro to 3.07 tt/lbl/3, vhile the !eveda vork vu contined to the 
nlatlqly ab&lloY deptha rang:f ng between }.. c value• ot -0.149 and 0.500 
ft/lb l::S. 

'?be '!IP? charge• ti.Nd at Utah and levada conaiated ot cut blocka 
ot Tariou. a1sea, atacked to approximate ,ph•re• in ahape. The pentol.: t~ 
ch&rpa uaed at levad& were spherical. The vertical 41menaiona are 
u,partut tar the aeaJ1ng ot depth and are liated 1D 'fable 1.3. 

1.2 DASURZMEirr ~ RECORDS -
Wherever po•aible, muurementa were mad• ot overall height of the 

4uat cl.oud, column height and dia:ieter, and oue •urge height and radiua 
u function. ot tilM. Thi• vu done by the Sa.n.d1 a C~ ;oration tor the •Tad.a high explosive teat• and by IOL tor the Dugvay teats. '.rll.e Sandia 
ual.yaea nre checked tor conaiatency v1th BOL :method.a ot meLJurement. 

Oil tha lonaer Dugva,y recorda a ac&le correction for cloud motion 
tovarcl or &Y'&Y' rraa the camera vaa computed by uaing the mean lov-lavel 
w1D4 velocity tor the pe,:iod during vhich photograph.a ven obtained. 

lfbe initial aurfac• breakthrough ot explneion gaaea from an under­
p-ound ch&.rge 1a extremely rapid, and high-speed photography 1• required 
tor ita an&l.7•1a, but the subsequent formation and. expansion. ot the dirt 
oolam can waually be reaolvec! Yith a ceura -i,eed ot 24 trame• per aecond. 
81ace t~ bue •urge doea DOt. appear until a fev second.a atter detonation~ 

- 2 -
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Roan4 

D-1 
D-2 
D-3 ... 
11-5 
IE-6 
11-7 
BB-8a 
D-8b 
11-9& 
D-9b 
BZ-10& 
D-lOb 
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~ 1.2 

ll:a4argroun4 Exploa1on Testa 1D aevada 
Operation JAIGLE, 1951 

Date Charge Charge Scaled 
Weight Depth Depth 

w d >.. 
(lb) (ft) (ft/l~l/3) 

8/2, 2,560 2.01 o.147 
9/3 40,000 4.63 0.135 
9/15 2,56o 6.79 0.496 
9/9 2,560 -2.04 -0.149 
9/30 2,560 4.04 0.295 

10/2. 2,56o 3.04 0.222 
10/4 2,560 2.54 o.l.85 
10/13 216 1.08 o.l.81 
10/13 lTI 1.06 tto.l.81 
10/14 216 0.83 0.139 
10/i.A 177 0.83 *0.139 
10/1'4 216 3.00 0.500 
10/14 lTI 3.00 *0.500 

,,.., " !•' 

Cba,.•ge 
Ccapo• 1t1on 

'l'll'1' 
Tiff 
T1ff 
Tiff 
T1ff 
'flff 
T!IT 
Tlft 

Pentolite 
TIT 

Pentolite 
T1I? 

Pentollte I 

• 'l'M 177 lb Pentol.1 te charge ie aaaumed to have the energy equivalent 
of 216 lb ~ TNT. 

Cbarri Weight 
lb) 

lTI 
21.6 
320 

2,56v 
~,000 

320,000 

Vertic&l Di.men81ona ot Charge• 

Charge 
Cc:apoeition 

Pentolit• 
TJPr 
Tlff 
ff! 
'1'llT 
Tft 

CONFIDENTIAL 
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Cb&rge Height 
(1nche1) 

17.75 
20.0 
~-5 
i.9.0 

117.0 
~-0 

-

, 

I 
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·it• grovth can be aeuured •ati•tactorily Yith a •lover rate ot exposure. 

The lk>L c-ru at Dugvay vere operated at a fraaa• per ••coa4 and 
prortded excellent coverage of the colui.::n aD4 •urge toraat1011 but the 
record• clid not alvaya extend tor a •utf1cient period to cover the cca­
plete cycle ot srovth and di11ipat1on of tbe aurge cloud. 

!ha BBA cluat cl.oud photograph• of the Dugv&7 test• wore taken at 
ft.1"J'1D& interval.a ot tiM, though •el4aa le•• than 5 second.a apart. Thi, 
grcmt4 inadequate tor atudyiD& tlw formation ot colu:llla but permitted the 
track1na ot the •urge cloud.a tar a long pe~•1od, particularly after their 
p-owth had become relatively alov. In ec:ae cues, hill.a, trucks, or large 
tree• ob•tructed the view ot the •urae cloud and 118.da accurate •uurement 
iapo8aible. 

Thi San41a cwru nre operated at ditterent apeeda, but the cClllbi­
nat1cm ot a 24 t?'e.M per aecODd 35 mm 110tion picture cuera and an r-56 
aerial cUl8ra wek1na one exposure per aecOD.d provided the .aost •ati•tactory 
coverage tor record anal.ya18. Greater camera ll)eeds tor baa• •urp •tu.die• 
usually proved vutetul of tila. 

ID pmral, the aanual operation ot equipment and the fol.loving ot 
the 4uat cloud by the photosr•,ber proved •uperior to tba uae ot raotely­
controlle4 cllZl8raa. 

NaDy tille• at~ and llevada the pu•~ of the ahock waft 1D &1r 
rai•e4 a layer of •urtace duat Yhich obscured auch ot the tonaation aDd 
4avelopment at the bu• •urge. W1 tll •ballov charge a thi• duat layer ,ru 
•caetille• high enough to obaeure the in..1tial forution of the entire 
aurp cloud. ID theM arid regiona, eameru at elevated p•.»aitiona prortde 
better record.a th&u tho•e operated at ~ level. The aerial photo­
srapha ll&de in lleTad& ahond the •urge ~h mare clearly than any 
•urtace c ... ra when aurface duat obe.:uration occurred, and in acme cu•• 
prortded meuuraenta that vould have been unobt&iD&ble tra:a ~O\Wd level 
cwru. Mrial photography 1• probably the beat method of t.racktna a 
aoTiq aurge cloud and alao •how• a<D6 ot the change• taktng place in tba 
iaterior ot the column and aurge. Bonnr, arc>tmd markin&-J abcul4 be 
,rortc1e4 to ••tabliah a di•tance •ca.le. 

ll;perience ill atu.dying tba effect• of underwater explo•ions bu ahawn 
tbat cmu14erable •catter 111at be expected .lD the aeuure:aenta ot •urtace 
pbenmer..a. It 1a uaually neceaaary to tire a large number ot charge• and 
treat all reault• •tatiatic&lly 1n order to obtain conaiatent relation­
ahip• between the important variable•. lor ua:aple: the record.a ot a 
Mrie• ot 1.8 one btmdred pound cbarpa tired on a ri Yer bottom at a 30 
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f.Dch clapth ahow coefficient• of T&riation ot 10.Sj tar • •x:taum columa 
41-ter, 30-~ tor nx1wm surp radiua, and 21.~ tor vx1mn •urge 
bet.pt. i. Sufficient data are not available to detenu.ne 1n like 11&DDer 
tbl 4ecrM of 41aper• ion ot the data tram under&round explo•iona, but 
aharpe find UD4ar .-n1ngl1 identical coDditiona have produced d1•­
a,• 1Jar reeult•• 

8cae ~ the factor• Naponaible tor the •catter ot data point• an 
the tol.lcnr1Dc: 

!he •oil •urro\mdi.ng a buried charge 1• al:m.o• t never hcao­
pmoua. Layer• ot ditterent type• ot •oil and gravel and variationa ot 
• oi•ture content with depth all attect the total Nault. Excavating az>.d 
f1ll1Dg operation• probably affect the denaity and 11,0isture ~ontent ot 
tha •oil clo•• to the charge. Day-to-day variations 1n moisture content 
Y1ll alao occur during rail'l1 perioda. Tllis variation 1n •oil propertiea 
1• probably re•ponJtible 1D pa.rt tor tha lack ot •ym,etry 0: the dwst 
olow1a produced by moat at the e.xploaiona studied. In many cues radial 
throwout and bue •urge deve.lopraent 1a pronounced on one aide ot the 
aharp and relatively Iii.Dor en the other. Unleea camera coverage i • 
uteuift or uri&l photography- 1• available the true shape ot the aurge 
olo\14 i • cUtticult to detena.ine. 

1.3.1 Turbulence 

'l'ba bue •urge tlov 1• never aooth 1n appearance. The cloud 
1• 1n a continlal turbulent atate, vith tongue• ot material tl.ovin& out­
nr4 at apeeda greater than the ma1J1 cloud ma1•• Both horizontal and 
'fV'tical turb\1.lent motion are present and the •urge is quite irregular 1D 
•bape. The erratic motion d.e.:reaaea Yi th time until the dynamic tlov baa 
ceued, and aeuure:::mit• ot the tlov often require con• iderable amoothina. 
Al tlw bue •urge lo1e1 it• m.caentu::a, turbulent at:noapheric aotion be­
CCIIIH 1ncreu1.ngl.y 1::;>ortant and the •urge cloud is gradually diluted by 
the aurro11001ng air. Thi• reducf!• the ah.a.rpnea• ot the outer bOWld&ry at 
the cloud. and ili oecaae• tenuoua and d1ttiault to see. Objective meuure­
llllJlt ot the detaila ot the variows parts ot the jet, colu:m, ud base 
nrp 'bec<a11 illpo• aible vben th11 dittuae condition 1• reached. 

,. 
A. B. Arcma, G. A. ToUJ28 and M. L. Milligan, Further Investigation ot the 

Bue Surge, IDteri.Jll P.eport 1'o. 3 ot 11:>L Project 152, IIA VO.RD Report 2144, 
l June 1951, pp 15-l.8. 
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1.3.3 Accurar_::Z ~ Measurel!lents 

Although every ettort is ll&de to obtain accurate tiae and 
length scale• tor the photograpb.1c record.a, minor d1tterencee 1n lena 
focal lengtha, faulty or 1.Dccnplete tilling, and poH1ble errors 1n 
Muurement ot diatancea may reduce the accurac~ ~t meu\o!'ements ot sur­
face phenomena and contribute to the scatter ot the :reaulting data. In 
acme cues the distance between tbe cameru and charge 11 too great tor 
precise •uurement ot the surtac:e phencmena. The cball8es 1n ac&le due 
to 110Te1111nt ot the entire du.at cloud are cUtticult to estimate becauae 
ot the generally irregular variation of viDd speed &DC1. direction. On 
the 1ballov charge record.a, c&retul atudy is required to aeparate the 
du.at produced. by the radial throwout and the passage ot the • hock va-nt 
b-CII. the true •urge cloud. 

l.~ JJIAlOOY !!:!!, mIDERWATER EFFECTS 

!be a,.ppearance of the lurf ac:e phenomena produced by underground 
ez;plosiou 11 a1n1Jar to the visible surface ettects at underwater ex­
plo1iou and the pbyaical processes ot formation are probably sa:.evhat 
analogoua. ID th11 report, the 1ame ncmianclature ia used tor the phe­
DCIIIIIDA produced 1D 1011a that vas previoualy applied to the surface 
pbancaena trca underwater charges,5 in order to tacflitate ccmpariaon ot 
reault1 and to make uae ot the 1am acaling procedln"9• 1:D atwiying the 
baae •urge tlov. 

5 J. S. Col.ea an4 G. A. Young, Invest15ationa ot Tase Sur')• Phena:.ena by 
Nau.a of 11gb Explosives and a Liquid Hodel, Inte...·ila Report Ho. 2 ot Zl>L 
ProJect 152, RAVORD Report 1744, l Sept. 1950. 
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1.1 Dr.SCRIPl'IOI ~ SCALED D::?1'11 Q! 2.:,1 'f"f/UJl./3 

!ha ~ and atrw:ture ot the •urtace phe:aoma:aa produced by 
b1p u»loe1Te charge• tired w:.d.ergrc)UD.d are aarkedly dependent upon 
obarp depth and the character ot the ao11. Aa an 1ntroduct1on, it Yill 
be uaetul to 4eacr1be brietly the •equence ot event• abqve the groUJld 
level. at u. intermediate sca.:'.ed depth ( Ac • 0.5 fi/lbl/3 1n dry clq) 
at Yhich &ll ot the 1%porta.nt features are relatively large and clearly 
4at1Md. !'be 320,000 lb "t'ull • ca.le" charge at D'u8V..Y vu tired at thi• 
•cale4 4epth. 

The tirat viaible aurtace ettect 1• the bulging or tbe earth &bcn 
tha charge into a aooth da:M-shaped ll0Ulld. Explosion gaaes at&rt to 
ftat 1Jlrough the upper au:rtace ot the elevated. ground and the entire 
eart!l llOUD4 appear• to explode into a roughly spherical cloud at aolte 
u4 4un, Yhich ~ rapid.ly. The diemter ot the earth d.o:J:111 c011-
tir,uea to increase, and the ground 1a lifted to tona a cylindrical 
C".tlum, which becC11111 Tiaible beneath the ri1ing moke cloud. 'l'heae 
teaturea are ahovn in !'igure 2.1, which vu obt&ined trc:ia the photo­
p-aphic ·recorda of Round BA-3 at Kevada. 

!be l'CND4e4 top ot a central Jet appear• at the center or tba 
ai>•nd1ng •-olte cloud and ~=..e• upn.rd at a higb nlocity, pu.thing the 
Wtially spherical cloud up-.ard and outv.t.rd into a aoke crown. The 
Jet ot uplo1ion guea a~an to be rising through the center ot the 
earth column, and contributu..; to ita outward radial upazuion. The 
aollDlll then aettl.ea and the S"..t:'ge appears at 1ta base while the Jet con­
t:1DU81 to rise a:a4 upa.nd. Initi&l.l.y the •urge aloud 1• al.2oat white 
111 ai,pearance and ia 1rregu.l.a.r and turbulent. The a:iou crow and Jet 
tbeJl tell an4 tlDv outve.rd &lo~ the ground to contribute &dd1t1onal 
aater1al to the •urge (!loud, ~=-o'.lgh, it light Y1nd.a prevail, aa::ua at 
tbe v.n-r duat and a.oat Yill rcain airborne. 71gure 2.2 1l.l.uatratea 
thia davelopent ten: Round 3C:. at Dugvay. 

1.'be bu• IUrge continue• to grow in height and 41aaater, a&iltta1n1n.g 
tba ~ ~ a torua, or do~ut, Yith a sb&llov central duat layer. The 
•vp cloud. IIOfta 4o'lmr1nd, its bulk denaity decreui.Dg due to upuaicm. 
&D4 •1x1n1 Yith the 1urround1ci air. It g:-adually r1aea traa the groun4 
u4 ia 41aperaed. by at:a.ospherie turbulence, u •hovn 1n the aerial pb.oto­
,raphl ot Bound BB-3 1D Pig. 2.3. 
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CHARGE WEIG~H = 2560 LB 
CHARGE DEPTH • 6 . 79 FT 1 
SCALED DEPTH = 0.496 FT/L8"3 

Fig. 2 .3 Aerial Photographs - Round HE-.3 
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CONADENTIAL 
....., .. , .. till 

JIIGJICT1(9)-4 

I.I CIIDUID-IJD 

11p-QN4 aotion picture photography 1• mc•••&17 tor the atuq ot 
tbl &rOUD4 riH aa4 ~akthrough ot guea trca an \UI.Clerground aplo•1on. 
h.ataz cuar-.a, operated. at apee4a up to 154() fnae• per ••oon4, nre 
ue4 at hgnJ b7 the ID4uatr1&1. Ra1earch Iut1tute ot the uniffr•1ty of 
...,.._ W1la poeaible, MUUNIIIUt• ware u4a or. the tiM to the 1n1ti&l 
er-- riH, the ftl.ocity u4 au1Jlua beigb.t ot tu grou.n4 ri••, and the 
tiM ot \nakthrou&h. Futu recorda were &i.o obtai.De4 at leY&4a 'by the 
lewUa Corparatioa, but •1•11•r •uurwnt• are llOt available at thia 
tiall. 

Ia ...-zal., tu 4ata obt&iDed trca the~ 4rJ ol.811 and dry 
N114I J~c recorct. ahow that tb.e tille to the in.1tia.l riae ot the 
crom4 h.:reuea with iAcreuiq eharp depth &D4 lllCNUiq ch&rp 
,raipt. !be beight ot the ground r1•• at which 1n1 tial Tim.tiJ1g occur• 
...-re to UlCN&H with illcnuin& charge depth to a MX1IMI, and then 
to 4eo:nue tor 4.eeper char&••. !ha•• reaul.ta are ahowa P'&phical.ly 1n 
ftpre •• ~. 

!bl ftlooity of gro,md-ria• 11 app~m:1:utely the HM tor charge• 
ftn4 at the .... acale4 4-pth ill the 1uae type of •oil and decreue1 
witla 1Dareuiq eharp upth. Velocit7 data are IIUllll&ri&ed. in Table 2.1. 

a.3 lll>D CROWJI 

!bl l • Dka cron 4avelop• trca what a~ar• to be a partial ventiq 
~ aplo•im product•. 'fha tiM to thia 1n1 tial breakthrough iAcnue• 
With iDcreuiD& cbarp depth. KeUUl"1mU.ta o'bt&ina4 ill 4ry 1&Dd. are 
~aat.4 ill 'fable 2.2.3 

l Inatraentat1on tor tlnderground. Er,l0111on hit Pr-asraa, Interia 
1'echn1~l Re}>ort llo. 1 1 Dry Cl!l.z, b~»e•rin& Re1earch Aa1ooiatea, IDo., 
c:cmtraot lo. llA-04-l67-eq-2)1J, l Aug. l.951, pp 5-1 to 5-11. 

I Iutruaantat1on tor Underground. Exoloaion hat Prosra, Interi.a 
!'eclmical Re"oort !!o. 2 1 Dry S a.nd., Engi.nHra. Ra aearch Aa1ocia te•, Inc. , 
C-traot lo. DA-04-167-.nc-29'3, l Oct. 1951, YI 5-1. to 5-l.6. 

3 Ib14., n 5-4 to ,-10. 
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1(313) 

x(ll3) 

100 

M318) 
•l3\5> 
,(115) 
(313) 
m,-e12) 

,iio> l309> 

oi,t 5 .. ~ 
w a 2.5 -.. 

lrUl3 
I 
0.5 

CONFIDENTIAL 
SIClrily llt ... t• 

J1ROJBCT 1 ( 9 )-4 

• 320 LB 

• 2,560 LB 

• 40.000 LB 

e 320.000 LB 
l I ROUND HO. 

X (105) 

\(306) 

\(307) 

1<101) _ 
(307) 

~ (106) 
(306) 

Ir 005) 

1,0 1.5 2.0 2.5 I 3.0 
SCALED CHARGE DEPTH ~e (FT /LB~J) (TNT) 

3.5 

Fig. 2.u Time to Initial Ground-Rise and Y.aximum Height ot Ground-Rise 
va Scaled Charge Dept~ 
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no.m:T 1(9)-4 

tiBLI 2.1 

'felor..ity ot UroUDII-RiH 1D Dry Cl.q &D4 DrJ SUI! 

-

loll Type Charp wt. 8cale4 Depth Velocity~ 

{ft/lbl/3) 
Oro\m4-ll1 .. 

(llt ft!) (ft/aec) 

DrJ 8u4 320 0.,12 730 
DrJ8aD4 320 0.512 68o 
Dr78u4 2,56o S).,12 510 
])rJS&M. ~,000 0.512 710 
DrJlu4 320 1.02 220 
l>r71u4 320 1.0, 70 
9rJ'San4 320 3.07 30 
.,. Cl.q 320 0.512 TIO 
Dr)'Olq 1,560 0.512 780 Dl7Clq a,56o 0.,12 834 
DrJClq 11.0,000 0.512 TIO 
Dl7 Clq 320,000 0.512 780 
Dr7Clq 310 1.05 57.6 
Dr7Clq 320 3.07 18.8 

lfABtl I.I 

Cu.rp Weight Scale4 ~th ,:=r (lb ff!) (ft/lbl 3) 

3SlO 0.,11 ,.a 
320 1.02 ~ 
320 1.05 700 
320 3.07 >1300 

1,560 0.512 15.~ 
~,000 0.512 31 

r 

I 
~ aaou cron INN to conaiat ~ a llixture at 4uat &:a4 aob 

.-.rt1ola• Gd beban• like an uroaol Yi th a relative~ lov danai ty. It 
t&lla ~ ain1 Yi th the •w , ct cl.ou4 vben chare;e• a.re fired at >.. c • 0. 5 
rt/lbl/3 with a J104erat,, YiJlA (tff Section 2.5 J and tar &l.l. 4eeper llhota. 

- 1, -
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CONFIDENTIAL 
S1C1ritJ lllnata 

PROJECT 1(9)-4 

At AO • 2.0 tt/lb1/3 and at greater deptb.a, tbe jet 4.oe1 not break 
tbrou&b the aoke crown and it1 general appearance 11 that ot a 4.cae­
ebaped 4uat and mote cloud. It 1a cUtticult to cU1t1ngu.i1h the aob 
c:ron trca the 41rt column beneath it at the1e ecaled charge 4-ptha • 

,. l• :_• JI .,' .• ' · ' 

ror charge• tired at a •caled depth l..e11 than 0.5 tt/lbl/3 (and 
reunda t1re4 at a Ac ot 0.5 tt/lbl/3 with a light yiJad), the DOU crown 
4oe• not t&ll appreciably but became, cUttuae and :aove1 dovmrind, ~T1ng 
With the ri11Jlg 1urp cloud until they becCJDe 1J:adiat1Dgu11hable. 

'l'be 1D.1 tial ri•• ot the aoke cro,m tor Bound. IE-3 1n llevad& 1• 
ab.cND ill 11pre 2.5. 

a.-. COW<I 

'1'ba ti.rt colU11111 ri•e• tr<a tbe ground toll~ t~ 1D1tial aou 
cl.owl. ror charge• tired at acaled deptha ot 1.0 tt/lbl/3 or le11 the 
ooluaR ie 1D.1 tiallJ' narrower at the bu• than at the top, bu.t ~and.a 
n41ally- until. the val.la are alJlo1t vertical. The column Yalla are 
relatively aooth until thia time, but develop a apiky appearance and 
tba becme 41.ttua• an4 la•• aharpl,7 clatined. l>irt cloda are tbron out 
n41ally through the col\Dlll and tollov a dOVJMt.rd. traJectory. In 4r7 
bar4-packe4 IOila, •uch U at the levada teat 11 te, du.et tn.tl.1 trcm 
'th8 eoil congJcneratee ll&Y' obscure the t\lrther behavior ot the column. 
!be U •Ulll)tiona are aa4e that the duat aero•ol 1n the columD drop• 
ftrt1cal.ly and fl.ow• outn.rd. ra41.all7 along tbe ground u the bua 
surp an4 that the heavy radial throwout doe• not contribute to the 
surge fl.ow. 

7or charge• tired at •cal.eel deptha ot 2.0 tt/lbl/3 ar :aore, the 
ool.um. 1• 1D1t1~ dalle-•haped, reachi.Dg it• greate1t 41-te.,. at the 
baM. ~ colua expand.a until the Yal.la are approxiJl&tely Tert1cal 
a4 little or ·no radial throwout i • ob1erred. 

At all 4.eptha lltwlled, the rate ot upauion o~ the colmm bue 
1a qproxlaately linear until the nil.a beccae spiky and d1.ttua•. ror 
•oaJ 1ng purpo•e •, the m•x1mm coluzm 41wter at the bu• (Dmax) 1• 
4at1M4 u the • ise attained Yb.an the linear horizontal ll"(1Wth enda. 
('!!Mt COlUIID. 1ubaequantl.y a"Opear• to grow rapidly because ot thl-ovoat 
u4 4uet obacuratiou.) Colu::m height (C) 1a •uure4 to the baa• ~ tile 
1110b crown and, tor eral1ng, the u1umpt1on 11 JLa.a that ~ part ~ the 
co1lat extend.iq into the aob crown 1• dittuae &Z2.d hu a negllg1'bla 
~•at OD the growth till tba blM! IIUl'ge • 

M accurate .... urlillllDt• ot ••x1JDDI colUIZD height and diameter can 
'be o'btaiud aolel,7 trc:a aot1on picture recorb, auch 4.ata are not an.ila­
'bla tar &11 till tm Dugy~ teat•• 

• 11. 
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CONFIDENTIAL 
leclrttylllnatill 

JIil~ 1(9)-4 

500------------------------

CHARGE WEIGHT 2~60 LB 
CHARGE DEPTH 6. 79 FT 

SCALED CHARGE DEPTH 0,496 FT/LB 113 
IOOt--1---..------,---------.------f 

o ___ ....__ __ ---,1., ___ ._ __ .....i.,.. __ __. 

0 0 .4 0.8 1.2 1.6 2.0 
TIME t (SEC) 

Fig. 2.s Height ot Smoke CrOffll VS '1'.ime - Round HE-3 
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SIClnty lllnat• 

PROJECT 1(9)•4 

M •hovn in Figure 2.6, the relation between Du.x and charge wtight 
my be expreased by & power tormula to'!" buried charges tired at the same 
acaled depth. Column diameter apparently reaches a Mx1mnm vhen the 
cb&rp i • baa underground ( Ac • O) or near that depth. for round.a 
tired Yi th the upper aurtace ot the charge tangent to the ground and tor 
4Nper •hot1, Dmax increases vith 1.ncreaaing depth to a maxtsua at &bout 
Ac • 1.0 and decreuea tr<a there on. 

The relation between max1mua column diameter and charge weight tor 
a ac&led depth ot Ac • 0.512 tt/lbl/3 in 4ry c~ ~ be ex;pre• aed u: 

(2.l) 

Ybere Daaz • MX1mxw column diameter, tt 
W • charge veiibt, lb (THT) 

At a •c&led depth ot 0.135 tt/lbl/3 in dry clay, the ahallovest 
4apth at which the charge vu not exposed to the air, the relatian ia: 

Dau • 8.38 w<>-3~ ( Ac • 0.135 tt./rol/3) (2.2) 

Slllilar exprea• ions can be obt&ined tor Cux• (See l"ig. 2.7.) I.a 
MX1m11 column height ~ maximum column diameter are equal at acaled 
dAlptha ot 0.512 tt/lbl/3, the tormulaa are the aame. H£-vever, • inc• 
col.UIID height change• JDOre rapidly vith charge depth th.I~ does col'UIID 
41aaater, agreement ia not obtained at otherl value a ot Ac• The torm,J •• 
tor •c&led depths ot 0.512 and 0.135 tt/l'bl 3 in dry clay are: 

( A • 0.512 tt/lbl/3) C , (a.3) 

(2.4) 

where Cu.x . • UXllllUlll column height, tt 
W • charge weight, lb ('l'lff) 

Coluan height• reach a :ma:d111um at about Ac • 1.0 tt/u,1/3 and are le•• tor cb&rgea •hall.over or deeper than this • 

'!'ha ratio ot :maximum column height to max1 mm column diameter 1• 
illportant. tor ecallng the radial grovth ot the bue surge. (See Chap. ~-) 
Average values~ Cu.x!D.az are given in J'ig. 2.8, tar the ranp ot •c&l.ed 
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depth.a available in dry clay at Dugvay and at Nevada and indicate a 
wx1•u• value ot thia ratio at about 'A. c • 1.0 tt/lbi/3. 

The general •tructure or the v1~1ble •urtace ph~nceena 1ndicate• 
that the col~ 1• a hollow cylinder, except possibly at charge depth.a 
of 2.0 tt/lbl/3 or more, vhen the central Jet does not vent through the 
ground •urtace. It ia ditticult to distinguiah the column traa the •aolte 
crown at these depth.a. 

JET -
A central Jet ot exploaion gases and smoke appear• tor charge• 

t'irecl at • ,&led depths r3118ill8 :trail zero to a depth aamevhat greater than 
1.0 tt/lbl 3, though the Jet 1• relatively lov and narrow at the deeper 
poa1t1o~• in th1a range. When charges are tired at acaled depth.a of 2.0 
tt/lbl/3 and deeper, the Jet doe• llOt appea.r. 

'flPl charge• produce a black Jet, which is clea.rly defined at tirst 
and riae• at a high velocity, due to the rapid expa.naion ot the exploaion 
paea. 'rba outllna at the black cloud 1a aharp and 1 t baa a turbulent 
appearance. 

'!'be rate o:t ri•• then decreases, due to turbulent •1x1ng vi.th the 
•m:a:~wnd.1na air, &Dd the outer ed&e• beccne ~e. Havever, the Jet 
cmt1Duea to rise at a tairly high rate, u a result of it• buoyancy. 

Wben the buoyant littin.g cease•, the jet aloud may rise or tall, 
clapen41.ng upon i ta denai ty and atmospheric con.di tion.a. U the bulk 
4.eui t;y is high enough and the smoke and •oil particle• an ot the proper 
aize and spacing, a dovuward density flow vill be started and the cloud 
will drop and tlov outward along the ground into the baae •urge. U the 
bulk denaity ia nearly the aame u the density ot the air, the Jet cloud 
will be aubJect to lUt and disper•al by atmospheric convection and 
turbulence. 

'1'he ae&le4 4apth ot 0.5 :tt/1-o!/3 appear• to be critical. in thi• 
regard. At thia tiring condition, the Jet rna1n• partially airborne U' 
tha vin4 1• light, but talla allDo• t completel.3' vi.th a • trons vind. 'fhe 
cc:mtribution ot the Jet to the baae surge decrease• u charges are tired 
1D rel&t1 vely •ball.over posi tiona, and at 'A. c • uro, the Jet NJP• 1 n • 

It. V. SaJwou, Throv-OUt PhenCJllena in Under2:ound E:rolosiona, Statu• F.eport 
Bo. 6, Contract B'7onr32104, Stantord Resea.rch Initltuti Project 317, 
29 March 1951, p 2. 
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OCllll)letely airborne IID4 1a diaperHd by turbulent ataoapharic aotion. 

hr charp• fiN4 at • e&lAd depth.a greater tlwl 0.5 tt/rr,1/3, rtrtu­
ally tba entire J•t 4epoa1ta cm tbe gracm4 or enter• tba bue surge ill a 
ahart ti... !be contribution ot the Jet to the •urge clnu4 dacreue• with 
iacreu1q depth an4 1• unmon when tba Jet 4oe• not vent ccapletel.y 
~ the 11110u crovn. 

Jar •neJ 1 DI purpo•••, the wrtwa jet height ( Jmax) 1• def1.ued u 
tM l1a1t ot the buoyant r1•• ot the Jet. Thi• 1• meUUNd, acaewhat 
aubJectiftlT, by exe• 1nation of 110tion picture recOl'(a, but aay a01Mtblaa 
'be obt&1Md trca plotted data at Jet height va tille. 1or •hallow cb&rgea 
Ju.z lla1' coincide Yi th the point at Yhich the Jet growth became• 1.1.n.e&r, 
'beyaa4 nioh the growth 1• due to t•irbulent dittuaicm. With deeper 
uarp1, 3-az, u detined. herein, 1houl4 be approx1wately- equ&l to the 
sreate•t heiabt att&ined by tbe Jet. 

!be • ertwa Jet heigbta tor the Dugva.y 4ry clay test• and th• 
JreTa4a D teat• are ahcnm. 1D 11g. 2.9 u tunctiona ot charge night. Por 
tm •cele4 depth ot 0.512 ft/lbl/3 th• relation betveen Jmax &Zld cr.arge 
wipt u::, be u;pnaaed. b7 tbe tol.l.owiq tormua: 

(2.5) 

wblre .1aaz • vz1wa Jet heigbtJ ft 
V • charp ni&ht, lb \ 'l'l'l1') 

Jau doea not yvy greatly tor ahallow ch&rgea, and the aa• tonml& 
~ N applied to obt&in al\ appror1.• ate lll&X.iJlrua J•t height, with about 
a l" poa11ble ~ ... tor charge• tired betvem the acaled depth.a ot 
..ro aD4 0.6 tt/lbl/~ ill 4ry clq. 

U wY1•• overall height 11 plotted agaiut >.. , u 1D fig. 2.10, 
a eoo4 nlaticm can be obtaiD.ed tor the •ert,mm heigh~• reached b7 the 
n:rtace pbeDCIIIID& produced by the de~•r 320 lb ch&rpa 1D dry clay' 
(• o&l.e4 upu p-eater than 0.5 tt/lbl/3), &lthou.gh overall b41ght co11l­
o14a• with Jet baiiht at •caled depth• ot 0.5 &Zld 1.0 tt/lbl/3 and 
ftJNNA~I height of the smoke crom tor ueper aharpa. !ha tonc.ua 1•: 

wtaan D 1IU • uz:1aull Oftrall height, tt 
A• • •naJec\ oharp depth, tt/1b1/3 
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'ft. data 1D41cate that the vx1w,m ac&led depth tor the to™ticm. of such 
aurtace pbencwm• increue• with inc:reuing charge night. 

!bl ftrt1cal grovth ot jet• traa 320 lb al14 256o lb charge• 1• pre­
MDted ill J'ip. 2.ll and 2.12 and a compariaon ot the Jet• tra:l cbargea 
~ ditteNDt night• at the • ame ac&lA\i. depth 1• tb.avn 1D Jig. a.13. 
When po1• ible, tbe end.a or tba growth curve• 1nd.1cate Ju,x, u d.atined. 
bereill. .Aa tbe 1D1t1al rapid ri•e ot the Jet c::an only be re1olTed. Yit.h 
aation picture photography, Jet records are not available tor 't.lle ch-y 
a&D4 and nt clq progra.J. 

!be available data ahov that the Jet velocity ,1• v,:eate~'~ tor 
caharge1 tired at a •cale4 depth ot about l ·.· tt/101/3 and dac.reue• tor 
obarp1 pl&ced at •ball.over or deeper po• it :>na. The recoro. of Rmm4a 
306 UMl 307 represent height ot the m:aot.e crovn, but are incl,\.C!.ed 1a 
rte. 2.11 tor cmpari1on with 1hallover ahot1. Initial Jet velocity 
iacreue• with increuiDg charge weight, tor charge• ti.Nd at tl:A •&M 
acale4 clepth. 

After the buoyant riae ot the Jet bu end.ad, the top ot t'c.e Jet 
cu.ou4 repre•enta the overall height ( Q ) or the aurtace pbe.r,c"JNna. 
Bacord.a ot the cb.ange11 ill overall height are given ill lip. 2.14, a.15 
aDll 2.16. Overall height• ot dry •and and vet c~ round.I are 1Jlclud.e4 
ill the•• chart•• 

Vba charge• nre tired at the •ame acal.ed depth 1n 41:tteNJlt type1 
~ aoil, the nt clay round.a produced the moat rapidly ri11Dg ;et c1ou4a 
and. dry clq the alove•t riaing Jet clouda, Yith charges ill dry •&124 
pnerally 1Dteraediate between the tvo. 

lonvv, the oTIU"all. height 11 greatly attected by atmospb.eria 
oOD41tiou, u indicated by the d.Uterent curve• ahovn tor ch&rgea fired. 
at tbe , ... •caled depth 1n the 1am soil type. Both Jet boig!lt and 
overall !wight are influenced by Y1nd and atmospheric turbulen:e. The 
d'f•ct• ot YiJ1d and 1 t1 variatian• ill time alld apace are ca:irplu but, 
ill pural, •trong Y1nda have the effect ot bDJd1ng the Jet d.ovn. Proba­
bq a 1urtaoe YiD4 at at lee.at 15 mp~, accc:apanied by guatine•• a.rAl u 
1llcreue of apeed vi th height, 1• ~edecl to hol4 back the Jet a.Did force 
it 4on rapi~, when charge• are tired at • ca.led deptha or 0.5 tt/roJ./3 
ar creater. (See fig. 3.u.) Atmospheric conditio:ia 'll&y have effect• of 
41tterent relative iJllportance tor charge• greater tb&A 320.000 lb or le•• 
tbu 320 lb. 

¥1114 effect• &l"\t 41• cua•e4 turtbar 1D Sec-t1cm. 5.2 • 
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I.' CBABCJIS · 2! ~ BUD ACE 

0.. near4 11 aT&ilable tor a charg. ti.rel on t~ •urtac• ot tM 
CNNDlt load. D •, at Sevada, vu a 2560 lb cll&l'ge, datcm.e.tecl at 
1 .• A -o.a9 ft/1~ 3. 

ft• u;,lo1i011 •cooped ou.t a ah&llav crat 111", about 2 ft deep and 
16 ft 1a u ... ter,5 and ·tbe 1tirtace ahock wave rai1ed aonaidarable 1urta-=­
a»at. AD 1.rregular]J lha,Ped cloud formed and ro•• relatively 1lovly, 
1'hile a th1D pillar of 4uat trailed beneath i ":,. The upper cloud vu 
41 T14e4 iato two 411tiJ1ct port10l19, a black uoke cloud and a light du.at 
ol.cN4, which gra4uallJ aerged into a 11.ngl.e <Uffu.e au•. The tr&il1Jlg 
4aat plllar 1ocm beoaa tenuoua LJ.d the vho1'11 cloud diasipated Yi thin a 
uJ.t bour. So N.le aurp toraed at th1• c:ha::.·ge po•ition. 

lcall of the illportant feature• ot the aurtace pher.oaena are ah.on 
1al'1c. 1.17. 

' J>. C. Cmlpbell, LCDll, tJSB, Teat• and 0bservatiOJU on Craters and Bue 
Surp1, JdGIZ Report 1(9)-3, l llov. 1951. 
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CONFIDENTIAL 
SlartlJlllnatill 

3.1 ll&fliQD gt 10FXATIO• ~ DISSIPATIO! 

'l'M roacblY a,-liD4rical earth colmm that 1• formed aboft the 
ll'O\ID4 when the uplo• i ve gue• vent ccmai• t • at a a1%ture ot 1011 parti• 
ale• ot a Y14e range ot • in. 'l'!he larger clod.a or aggregate• dr?p back 
ht tha nel)er partiel.e• entraiA &1r becauae ot their high coacentration 
u4 4o not t&ll 1ndiv1du.ally. It 1• uaumed that the d.enae aerosol tall.a 
at a rate oonaiurably greater tltu tba terw1m•J velocities ot the 1n41-
T14aal .-,rticle• &Dd now• outn.rd radi&l.ly at the bu• ot the column to 
fC"II tbe bue surge. The entire auapenaicm ot duat 1D air behave• in the 
wnner or a haaopnaoua tlu..14 Yi th a mean 4en.• i ty •aanhat higher th&D 
tba 4eu1 t7 at tba nrrcnmd 1 ng &1r. 

'lhl• type c4 pl:l•nc:wenan 1• not ccmtinad to u:ploaiona and 1• mown 
u lNlk aub• idallce. It hu been inveatigat~ on a laboratory acale at 
the Voocla Bole Oceanographic In.atitut1onl and Stan.tord Univeraity.2 The 
11a1tecl 4.ata available 1nd.1cate that the ratio ot current velocity to 
»article ftlocit7 1• greatest tor ver, smaJ J particle a at a high cancen­
trat1cm &D4 na u large u 101 000 with aoke c0Jlta1o1ns one •1Jl1cm 
,article• ot 11S1101l:!na chloride per cc (particle radiua O.l aicron).3 

Wba tlla ~aJJ1ng aeroaol chmJgea it• 41rect1on ot tlov trcm vertical 
to boriscmt&l at the bue nt the column, the larger p&rticlea do not 
foll.ow the •udden ~ding ot the 1t~amJ1ne• but continua their clovJrnr4 
Jatb Ul4 are depoai tecl upon the p-ound. A tall den.• column Yill tall. 
n;,141.y and 48po• 1 t particle• ot a nde range ot aise in thi1 PW1Der, but 
a 1ha] ]ow COlUIID ot low den• i ty Yill depo• i t only the relati nly large 
,article• • 

l A. B. Arona, O. Werthe1Ja, and M. lrumbol.s, Denaity Currents Induced by 
atre ... at ~ Particles, Wood.a Role Oceanographic Inat1tution1 Wooda 
lolA, iiaa•., IAVOBD Report 485, 21 Karch 1951, pp 1-29. 

1 I. V. Orilmell, v • .A.. Perkin• and 1. X. Webater, Bim.onthl.y Report 3 ot 
Cbeaical Warfare Service Rssea.rch and Devel01':l.ent Pro::i:ro.:11, Contract iro:­
v-iB-035-cw-1256, Stantord UDiT., C&lit. 1 May - June 19461 pp 15-24. 

3 Ib14., p 16. 
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Aft.er the column hu ••ttled and tloved outward, •a cloud• or 4uat 
u4 llll0ke particle• con.at1tuti.ng th• Jet and a.oke crovD ~ tall and 
propagate illto the •urge. 'l'beae clouds are lighter than the col\lllll and 
4ro, mre al.owly, but contri'bute ad.dition&l. mater1&1 to the bu• •urge. 

t'be •ucceHtul. wae ot Frowie •caJ 1 ng 1n the • tudy ot the bue 
aurge• produced by lmdern.ter4 and undergrmm.d explo1iou (•ee Chap. 4) 
in41cate• that the 1D1t1al radi&l. growth ot the bue •urge 1• controll.e4 
by gravitational and inertial :torce•• When the p&rticl.e ccmcentration 
1• reduced by expanaicm ot the •urge, turther growth 1• controlled by 
e44y 41.ttuaion. T.be point at vhicll the .i..&tter mechanim becaa.e• tb. 
am-. iJl;port&D.t o:t tha two clependa upon meteorological. u nil u tirina 
oOD41t1ona. 

M th• rate ot radial growth ot t.lJ.e bue •urge decrease•, the 
beaner particles •ettle under gravity lmtil a relatively • table uroao.l 
...,,1u•. At thi• atage, the particle• &N probably le•• th&D a tn 
Jlic:rona 1n •in and the Stoke•' Lav rate-o:t-tall. i • aall. The tenuou 
4.uat cl.ou.d 1• then aubJect to atmo.-pheric turbulence and may rem&1D 
airborne for a conaidei:-able period ot time. 

3.2 En'EC'1'S Q!. ~ ~ CHARGE DE:P'l'll 

'!be rate of growth and ma.x:1Jlu= extent or the bue surge 4epa4 
upon charge veight, charge depth, character at •oil, and •teorolog10&1. 
COll41.t1ona. 

M the 'bue •urge 1• Otta irregular 1n •bape 1D.1 tially and 1a 
~ 41• torted by Yind LJd atmospheric tu:rbul.ence, D!t&D T&lu• ot the 
n41ua &N uaed 1D tbe tolloviJlg p~-e• to 1nd.1aate the grOYth at tu 
aurp. S1Jl1lar reeorda ot tvo or more rouna... &N averaged. figure 3.1 
•hon that the ma:r:1mm average rate ot •urge growth an.c1. prob&b~ ~ 
sreateat surp extent ror 320 lb char~•• 1n dry cJ.ay or dry 1anci occur• 
at a 7 ft charge depth (Ac_• 1.02 tt/lbl/3). A aiJailar trend ia 1D41-
cate4 in Pigure 3.2 tor 2500 lb charge•, tqoU&b, no round.a were f1N4 
at acaled depth.I greater than 0.512 tt/lbl/3. 'l'b.e e~ect ot charge 
Wiiht 1a ahovn tor round.a tired at Ac • o.s tt/11µ/3 1n 11g. 3.3. 

'l'ba llu• •urge produced by •b&llov ch&rgea (scaled depth leH thaD 
o.a tt/lbl/3) 1• relatively D&l.l ano. ditticult to diatinguiah traa 

~ A. B. Arona, G. A. Young, and M. L. ll11l1gim, Purther Inve•tia:ation ot 
the Bue Surge, In:teria Report 1'o. 3 on IOL ProJect 152, IIAYORD Report 
im, 1 June 1951, pp 1-15. 
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aurfaoe duat. It 1• ua~ i..-nuoua an4 ha• a l.1aite4 radial growth • 
'fba low 1Jlitial velocity &D4 general appe,\t"a.uce 1Dd.1cate that the •urge 
lenait7 muat be alao• t •qual to that~ the surrounding air at sero 
•caled clepth. It 1• 110•t probable that no recopiu.'ble •urge YOUl4 occur 
wball aore than halt ~ a charge 1a u;po•ed to the air at detonat10ll. 

'1'ba baH ~ Jl"ge P!"qduce4 b7 rel&t1Titly deep charge• (• e&l.e4 4-pth 
cruter than a.5 tt/li>l/3) 1• alao aall, but tba high 1nit1al rate ot 
aprea4 1D41~t,,• a. pronounced denaity ditterence betna tb.e •urge and. 
nrrounding air. The •urge cloud.a are clearly 4afiu4, 'thou8h aall ill 
•1u, at tbaae depth.a. 

ID alao1t e,rery cue, charge• tired 1n dry •and produced. a larger, 
futer-mov1..ng bu~ •urge than the equi.T&l.ent chargea ::1.red. 1n dry cl.a.Ye 
'!'be l.1111ted. data J.ndl~te that vet clay !.1 the leut ettect1ve ot the 
tbNe •oil type• tor the production~ a bue surge. 

!'.be en4a ot "the ra41ua-timil' curve• do not gener~ 1...l41cate tbe 
wrS•• radial extent ot the 1urge cloud, but represent the l.1Jlit at the 
a'ftil&ble data. Bo objective meuurelleDt of vx1m1ZI aise cu be Jl&de 
bee&UH the 11Urge aloud grow, by • 1x1ng Yith the 1urr<)und1ng air until 
tba eanc,utratian baa been reduced to a level at which tha cloud 11 no 
loapr T1;.1ble. In cue, vhere the grovth curve 1nd1cate1 expanaiOA to 
a wz:t•• n41ua tollove<i by a decre&H 1D 111:e (e.g., ROWl4 30b), the 
surge c:lou4 bu tb1nued and lltted, cbang1ng ttl a tall qlimrical cluat 
cloud. 

BDllplea of the bue •urge frca ahall.ov aD4 deep charge, 1D 4ry 
ela;r are ahovD ill r1p. 3.4 and 3.5. Scne 417 1u4 and wt cl.q aurpa 
ar. Jre1ente4 in 11p. 3.6 and 3.7. 

lurp heipta are ditticult to detenliJLe 'Ncau• of tbe billovy 
l&'t\1Z"9 ot ti. upper ~ac•. Scaetilla• great di.tterencea ill height 
oocur between part• ot the bue •urge, probably 4u to the lack ot 
~ ot tbc 1D1tial. 'breakthrouah of u;plo1icm guea and. tbl IUbN• 
pDt irregular t&l.lout. Theory iJ:Ldicatea that tlw upper 1urtace ot a 
claait7 cmTent, •uch u tlw bue •urge, 1• aubJect to the torutian ot 
,,..,.. nieh aay ~cc:aa UDatable and lead to •1Y1ng Yith the air aboTit.5 
Ill a 4we current ot thia type, •1x1ng ia geurall.7 at a • 1u1nru:a at the 
Jee41ng edge. Kean T&l.ue1 ot aurp height tor •&el: round are waed 1a 
thia :,reaentatian, but the data are 1ubject to ccmaiclerably • ore 1catter 
tba tba Muurement• ~ •urge radiwa • 

5 J. s. Cole• &D4 o. A. Young, ~~nt10Zl• 0.,. Base Sur~ Ph.4'DQMD& by •w ot High EJr:?lo• ! Te I and. a Lin Jid Hod.al, Interia Report llo . 2 ot LOL 
ProJect l52, BAVORD Raport 1744, l Sept. 1950, p 53 • 
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!be be1Cht-t1M curTe• tor the 'Ju• aurgfl at 4.1.tterent t~; 
OCID41t1ou are pftD 1D Pip. 3.8, 3.9, and 3.10. Th• aurge cloud ia 
ahallonat 4u.r.1q tba t1rat •tace ot it• growth Yit.h ·,~-ey ahallov and 
ftJ"J' c1Np cbargea, &D4 ~~• to be higbeat tor charge• tired at a 
•cal.eel upth at 1.02 ft/lbl/3. The irregular growth that tol.lon ahava 
Ula e:f'fect ot turbulent 111x1ng, and the height attained. before the •urge 
Ua1ipatea 11 -.,pareutly indepel~t ot depth tor charge• ot the • &1111 

wipt. ID all cue,, the aurge cloud continue• to r1•• u it u;panc\.l. 

'fhe aurp• produced iD dry a&Dd tend to be conaiatently higher ,';ban 
avp• 1D 4ry c~, but the nt clay record.a are not adequate to ahov a 
aipiticant tcmdency. The relat:lvely ...aooth appearance ot the dry aan.i 
crawtb cum, 1a probably not rei,reaentative of tbe actual. growth proceaa, 
bat 1• 4ue to tbe large tiM 1.Jlterval betvffll data point•. 

&i'J"&'TS ~ W-!ID ------
V1D4 ccm41tiou 11&7 attect the 'bu• aurge 1Dd1Nctly b.Y altering 

the rate• at iX'OV'tb and tall of tlMI Jet. Al, ahovn in J'ig. 3.u, the Jet 
~uced. 1D a •tron& guaty Y1nd by Round 312 dropped. tut and cawsed. a 
~14 p-owth of the bue •urge. With tbe aame charge weight and depth, 
tbl Jet h'cn Round 309 roae into a relati nly light v1nd and tell alovly, 
wbile the bu• • 'IU'ge up&Dded nt a aoderate rate ot speed • 

.Aaid.e trca Jet effect•, the Y1nd ahortena the diaaeter ot t.lla •urge 
al.owl 1A a d1Nct1011 -pu-&llel to the Y1nd direction •o tbat the •urge 
becc:aa• OTI>14 betOl"II ll0v1Dg bodily dovmnn.d. When the •urge 1• ca11-
•letely to1'111!4 1 t 11 llhaped. 11u an irregular torua, nth tha d.oYmr1m 
.ace au.ch higher than the tra,111ng upv1Dd • icle. 
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CONFIDENTIAL 
llarttrllf ...... 

~-1 MODJU8 

n. cc:mc-i,t ot the lNlJt •ub•14eDce and n4i&l outflow of tbe uro•ol 
that ccm.titute• U.. bu• •urp 1.11pl1•• that t.lM •~ion ot duat -parti­
ole• 1D air c.&D be treated .... fluid, •CDSYb&t h"'•Vi•r th.au &1:-. C0Jl.••­
pntl;y it 1a po•• ible to UN •Olllle of the teclmiqua• of fluid c1Jl.maic1 
~ QPl,y the lava of aiailar1t:,- to the fl.aw :pbenaNna fro4u.ced by Wl.d.Alr­
crcnm u;pl.oa iou. 

fte ccm.cepta ot e1•1 Jari,t7 and aodela ll&Y' bit applle4 to bu• 1urge 
pbacnena ill t,ro poaaibla ,.._,.. U ca::rplet• a1111Jar1ty uiata 'betTHll 
'1w •urge now produce4 b1 charp1 ot 41tterent night• fire4 at the aaa 
IC&le4 4epti:,.., the atteot, ot large cbargea a&y' be Jre4icted by awln-n& 
a,propriate 1cal1ng rule• to mil charge re1ul.t1. SecOIMlly, a better ,. 
maunt•n•Uo& ot surge pbenanena in general can be obtaiUd it it 1• 
JN• i'ble to 1iw1Ja'te tu bue aurp OD • l&bcr&tc,ry •ca.a with 4.u.N 
litu,14- or aaroaoi.. t 

A l.tt,u14 IIOdel bu bea uae4 ,rlth au.cc••• iu tbe study at the 'baN 
nrpa Jl'OClw:ed 'by underwater e:qloaicma.l The woclel ecma11t1 ot a •tu 
ql.1D4er nt&1Jl1na a coluan at~ colored. aolution 1Jl the cuter ot a 
tuk ot ,rater. WhaD tba cyl1D4er 11 J'C'OV'94 auddenJ1 the col.mm clo1cad1 
ftl"ti~ ~ tlon CNtnr4 borisoutally alang the 'bottc:a ot the ta.Dk. 
lotb ~OWi u4 hollow colnm,1 nn atudied., an4 the 1lmer an4 ov:ter 
4.iaalter• , co1ua be1&):lt, an4 tl1114 4eu1 ty vve Tarie4. 

~ ,I nomm SCALillG 2l. ~ IU!GI RADIAL GROWD 

Aa ~ ftlace ot 1roa4e 11\abe1•1 1• a mce•Nl'7 ccm41 tioa tor 11J11-
lar1ty in all. caae• ot now with a tree IUrtace, home •caJtng wu ue4 
tar the 1.n1t1al flow of tbe •urge both in the liquicl wodel. and. 1A ma.d.ar­
nter aploaicma. It prmll4 to be &4.equate tar carpring tba 1m:r1al 
raie• ot ~, 1114.icati»a that cravitation&l &D4 1.nartial force• play 
tbl 4cw1n•zrt. role ill ••tabliahiD& tbe obaract.."° ct tha now. 1.t 1• 

1 4. JI. AroD.a, ~riant&l Inn.tintiona ot Bue 8ur"'9 Pbecrwna, 
11ceria Report ~1 of JK>L P.roJect 152, HAVORI> BeJart l50l~ l3 .JuJ.y 
19'0, pp 6-7. 
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aipiticat tmlt the e:rplo• ion re•ult• give beat ll&l"NMAt Yith tha 
boll.ow OOH 11~4 aoclela. 

A. B. Arcmal hu derived acal1Dg l.&1ra tor tba 1.Ai.ti&l radial propa­
p.tion Titlooi ty ot the •urge trout, obta1 n1 DI tbl tol.low1.q parwter•: 

r • 

T • 

wbere r • 
R • 
Du.z -T • 
't • 

R 

t 
Du.zl/2 

acaled surge radiwa (41MD• ionleH) 
aurge rad1 ua, :tt 
JM.X1rnum column diae,•r, tt 
•ca.led tim.3, aec/ttl 2 
t1Jla, 1-ec 

ci..1> 

, ... 2) 

'ft1• vx1WJDI diaz:eter ot the column 1• uaed u the cbaracterietic 
length tor 1c&ling purpoi'4ea. Reducing lengtha ny the tira.t paver of 
Daax and time by the square root at Dm.ax, u in41cated above, correspOlld.a 
to Froude • cal 1 ng. I:t this -p:-oc'?dure 1• adequate, measurements ot the 
radial growth ot the b11ae •uree produced by charges tine. at tt.e ea;Je 
acal.9d depth ahould lie on tr..e aa.ne curve vban acal.ed 1.n thia manner. 

Par complete geccetrical 11.m.lari ty, the ratios between corI"e­
spoMll)g length.a 1n model and ; rototype 1hould be the 1ame. Theretore, 
the effective col\DLl heigh~ a::..i the dia:::eter ot the core 1111st be directly 
proponicmal to maximum. colu::m diu.oter tor this method to be applicable. 
lfhi• proved to bo true in the at~~ ot undervater u;ploaiona, and good 
agreement wu obtained between the scaled •urge radiua v• ac&led time 
curve tar Teat Baker at B1kin.1 and the curve• obtained h'all high ex­
plo1ive' t1recl at the aa..:e or a1llilar •caled depth&, out to about -r • 1.5 
aec/ttl 2. 

'1'he radial growth ot the case aurge• produced by underground ex­
plo1iona in the Dugva.y dry cla7 teats and 1n the l'evada BE progrma 11 
•bovD in fig. 1'.l, reduced accordJ.nc to the .... Frou4e •cal1ng parwtera. 

1 Ibid., n 2-3. 
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JBQ.11CT1(9)-4 

Dare aftilable, 4ata tor 41.tterent roun4a tiNd at tbe aame acalad 
ta,tu wen aTel"'&p4. AM the ratio ot wx1FW ooluan height to ••x1,.,. 
eoi- 41wter 1• the .... ( ... S.ctiOll 2.4) for charges fiNd at tbe 
- •cal~ 4-ptb 1A the .... type of aoll, the correaponcUng scale4 
aarp hAiu n •calecl t1- c:urTes are •1• 11ar. Tl:llla it appean that 
tllia cl1aeter ot tM care ot the coluam. 1• 41.rectiy proportional to the 
oater tiaater tor all charge• tire4 at tlw .... ac&lecl depth 1D the 
.... •oil. 

ftpn ~.l ahawa a gra4ual 1.ncreue ot • cale4 ra41&l, surge growth 
With iAcNuiDg Yalu.ea. ot Ac to • Mx11Pna at 1.02 tt/lbl/3, with lover 
Talue• at greater ac&led dept.ha. 'l'hi• 1• conaiatent Yith the meaaure­
...-t• ot C.U 1D 1ndicat1Dg a high initial velocity tor the tallest 
ool,au. 'fba later :portion.a ot the curve• •how aQIOapb.e1·1c effects. 

!bl reum tor~ a-ppa.rent iDconaiatency ot the record tar Round 
307 ().. 0 • 3.07 tt/lbl-/3) 1a not movn, but may ~ due to ditterencea 
betnen the tm.rnal structure ot the column and the 1tructure ot the 
aol11aU produced by aballonr charges. 

M the a"bove • ('&] 1 ng procedure ia not complete, Arona3 haa derived 
m pneralized Froude acaJ1ng criteria, defin1D8 scaled radiua u 
Wore and s.:ai.d time 1D the tolloving manner: 

• T -
-
• 

p -
Po • c..z. 
Daaz • 

ac&le4 tiM, sec/tt,1/1 

!'-Po 

4eu1ty ot aoving t1uid 
4.euity ot abient fluid 
••%1111111 column height, tt 
vx1ma colu.zm diameter, tt 

(~.3) 

3 A. •• Arau, G. A. Young, and K. L. Mlll1gan, Further Inve1t12t1on of 
the Bue tur6i, Interia Report Bo. 3 ot ll)L ProJect 152, JiAVOBD Bep9rt 
iia_, i .time 5'51, D 11,.5. 
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PBOJICT 1(9)-4 

'!111• aore ccm;,ate • raJ 1 ng doe• not provide far hollow columna but 
.-.,it• the COllll)&riacm of record.a vhen density ratio• and colUIID height• 
are 'YIIZ"ie4. lo\'8'V'er, aeuurement• ot radial aurge growth when reduced 
1n tba •ona ot r ,.. 'T •, •hould tall cm a 11Dgl.e curve tor &ll te1t• 11'1 th 
'the .... ratio of cors to outer colUIID diameter. 

'fbe aodUied l'"&J1ng law doe• not take 1Dto acccnmt all ot the 
plv'9ical effect• at ditteren.ce• between the denaitie• ot the aartq u4 
llllbient fiuida. llovever, vben applied to liquid a:>del rellUl.t•, it 
proved utremel,7 uaetul in the atudy ot the aiaulated base aurge.4 !bt 
n •ulting •cc.led curve• are reproduced in lig. 4.2 and ahav the toll.ow-
iq: 

(a) Por &IQ' given er and ratio ot core t~ col\11111 diameter 
(Dc/D) then 1• a •eparate r v• -r* curve abracina tha affect• ot 
var1at1011 of ~ and Dm..x• 

(b) 'fhe r v• -r* curve• ahow a lover • lope Yi th decreuiDg 
p ( or er) and increuing Dc/D. 

( c) '.fbe al.ope i • 110re •enai ti ve to den• i ty change• of a 
fimcl ftl.ue in tbe lonr dan.aity region. 

'!he f'oll.ow1l:lg relation be"tm!en 'T and -r* can be ..:>btai.Ded: 

It 1a alao ccmv9Ilient to define a ae&led tilae panmter, which 
cloe• not include a denaity tera, u tollava: 

) 
1/2 

Ia the •caJ1ng of un.dervater explosion. reaul.ta, the r va -r data 
tor· the 1Ditial portion ot the Bik1D.1 baa• •urge flov vu cmputed, 
u4 the value• ot 'T nre 11Ul.tiplle4 by various uaumcl values ot 
(CT c,..J»mJl/2. !be reaulting curve• were ccaparecl with s1m1Jar~ 
•caled liquid model curve• and the ~t ~ •lope• proved beat 

~ Ib14., :PP 5-8. 
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Yi.th liquid aoclala hart.q a vater core ratio ot about o. 7. The appropri­
•~ value ot (a-c. .... Jn....:,,)1/2 lay 1omevher• 'between o. 77 and 0.88. Since 
JiJ./2 ~ equal to45.1Tor Te•t Baur, the corre•poncUng value• ot 
(crc)l/2 tor tbe Baar colUlllll vere between 35 &Dd 39. Thi• peraitted a 
calculation ot the probable range ot den.aity and height of tha Balter 
co.Luan, and the eat1Jlate vu made that the ratio ot column den• ity to 
llllbient denalty vu about 1.;, with an ettectlve column height ot about 
~ ft and a core ratio of about 0.7.5 

Aa the ..-alue• ot max1lllua column height are mown tor tbe u.nder­
p-oum u;plo• ion data plotted tn lig. 4.1, a tir1t • tep tovard a more 
omrplete •caJ1ng 11 the mul.tiplication of the knovD value• ot -r by the 
~ root ot the ratio of Cmax to Di.ax tor each • c&led depth. (See 
fig. 2.8.) u the meuurod ratio tor Round Jm-6 (A 0 • 0.222) appeared 
to be cloubttul, a value of 0.685 vu obtained tram the smoothed curTe 
and •ubttituted tor the recorded ratio. The re•ulting r vs -r' curve• 
are •hovn 1D Fig. ~~3-

'l'he Hparation 1D the1e partially • c&led curve• •bould i:>e due only 
to 41.tterence• in Dc/D and the bulk denaity ot the material 1D the columo. 
'that tonaa the bu• aurge. Neither ot these quantitie• baa been meuured, 
bat it one co\..ld be dete:na.1ned it llight be po•sible to e•tiaate the 
M(Dttude ot the other, tor a particul&r • ca.led depth. 

~ the uauaption 11 made that the diameter ot the core 1• equal to 
tba true crater diameter, it 11 poa11ble to eattaate the ratio ot core to 
outer column diameter (Dc/D) tor the rounds used t,, obtaiD the curve• 
8bcnm 1D Fig• • ~. l and i... 3. The mean value a ot the rat101 ot true crater 
41ameter to mex1 • 1.111. column diameter g1 ven 1D Fig. 6. 2 are sener~ 
iDtermediate between the value• ot Dc/D tor which liquid IIOdel re1ult1 
are available. AA the crater-column ratio 1• equal to o.46 tor charge• 
acale4 to 0.508 tt/lbl/3, interpolated liquid 110del curve• tor Dc/D • o.46 
are pre•ented in J'1g. 4.4 tor caizpariaon vith the •caled explo• iOD •u:ra• ~--.;··· 

~ colUIID height•, column diameters, core diameter•, and ratios 
between tm denaitie• ot the earth column.a and the •urround1ng air were 
lmOVD accurately, the ac&led curves to~ exploaion base •urge growth ,roul4 
be identical Yith ac&led curves obtair.ed trca pC118tr1cally 11ailar l1qu14 
1104.ela ·nth tha aaae ratio• between column and aabient clenaitie•, pro­
n41.nc that the UH ot houde sc&Una 1• valid. 

!bi• ideal •1tuat1on doe• not exiat, and JlaD1' 11.Jlp.utying u •UZ1pticma 
baft been llllda, but by app~ tu trial-u.4-error proc••• ot U8\Dlllll 

' n14., PR 12•13. 
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CONFIDENTIAL 
Slclrtt,lltnatiel 

~T 1(9)-4 

41tterat buity nl:u•• tor the earth col\1111l8 e,n4 llul.t1ply1.Dg the ftlua• 
flt T' 1a 11.c. ~.3 by the ccapute4 value• of tr 1/2 it 1• poaaible to 
ob'u.1a r Ta T• ClJr"ft• tor the uplo• iou to cCGpa.re Yith tba liquid IIOdel 
Ollrft• • Aa the o:rig:1.D of tiaa tor the liquid. 1104.el c~• 1D 1'1g•• 4.2 
a4 ~., 1• the inatat at which the •urge ... rse• rraa the bue of tba 
GOJ.\lall, tha part~ •c&l.ec\ curve• 1D Fig. 4.3 •houl4 be extrapoJatecl 
to fi.114 the tiM at vhich the •caled •ur~ radiua ia equal to 0.5 and 
W.. tiM ua-4 u the actual origi.D tor 'T'*. 

'Iba oorncted • e&led curve tor a •cal.e'1 depth ot 0.508 tt/1bl/3 1• 
11,TeD 1D fta. lt..5 Yith derived curve• tor •everaj. pos•1ble value• ot 
001\ab apecific gravity. The 110•t conai• teni; agree:ment between curv•• 
with tbe .... 4en•1ty n.t1o 1D liquid model a."ld prototype occur• Yith an 
uauae4 p/p0 ~ about 1.9. This would 1Dd.1cate that the aeroaol 1n the 
earth column vhich contributes to the torm~-;io.u ~ the baae aurge hu 
about 1.9 time• the denait:, ot the •ur:rv1md1ng a.1r, vbat; t.igh explosive 
cbarp• are tired at a •cal.ed depth ot about l).j fi/rl)l/3. 

!ha M&D •c:&led radiua v• scaled time data tor thi• value of >.. c: 
vaa obtained trc:a meuurementa ot Rounda 304, HE-3, 315, and 318. Atmos­
pheric denaity vu caaputed tor the tir,,e ot tiring or these round.a, using 
•teorological data obt&i.n!•,d at Dugvay0 and ?ievad&, 7 and vu found to be 
0.0657, 0.0632, o.0645, and o.o632 lb/cu rt r-,spectively. In accordance 
with the demity ratio ot 1.9 obt&in.ed ;;."r<D the ccz::pariaon ot scaled 
GUl'"'ft•, the bulk denaitiea ot the aero•ola in the column.a vere approzi­
Mtely 0.125, 0.120, 0.123, and 0.120 lb/cu tt. Uaing mean densities ot 
0.122 lb/cu ft tor columns and o.o642 lb/cu ft tor the atmosphere, and 
'\he col.mm cUweuaion.a presented previously, it 1• poaeible to CCDPUte tbe 
apprmiJl&te weight ot tine~ divided •oil 1D the colUJIN termed by the•• 
ZOUD4a tbat produced th• bue •urge. 'l'he1e value• are ll•ted 1n Table 4.1. 

6 Iutrumentation tor ~rground ~1081011 Teat Progrul, Interim Technical 
~ lo. 1 1 pry~, Eng:1ue"!ring Research ~eociatea, Inc., Contract 

• A-04-167• 0&- , 1 Aug. 1951, pp 4-9 to 4-65. 

1 1). c. Cllll;pbell, LCDB, tlUf, Te•tl and Observations OD Crater• and Bu• 
Burp•, JAIGLB Beport 1(9)-3, l Bov. 1951. 
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llatiaatecl Veipta ot loll in Jue 8urp1 t~ Boun4a 
ftn4 at a loal.e4 ».pth ot 0.5 ft/lbJ./3 

Jlolm4 Cbarp Weipt Soll Weigbt 
(lb Ifft) (lb) 

- 320 8,~ 
D•3 2,560 53, 
315 IJ0,000 529,000 
318 320,000 I, 960 ,OC.'0 

!be relatim between •i&ht ~ IOU 1D tha eol.Ullll MrolOla produced 
1'7 uarpe t1n4 at A0 • 0.5 n/ibl/3 aD4 uarp night ...,. be upre1ae4 
1a the foll.aw1Dg MDDU- I 

I • 7T.~ .,0.833 ( Ao • 0.5 n/1~/3) 

I • nip.t ot •oU that fOl"II• the 'baH IUl"P, lb 
V • oharp nipt, lb (D'f) 

(~.6) 

!'m 1e&lecl CIU'ftl trrr Ac • 1.02 &D4 0.295 n/i'bl/3 givu 1D J'ig. ~.3 
an 11• 1lar to tba CUl"Y9 for X.c • 0.508 ft/].bl./3 to a acaled. aurp radiua 
ot about 3.0, &1l4 the ratio• of true crater 41aeter to v11mm coluan 
4iaater are DOt cr-atly 41.tterut. ~ore the ratio ot the bulk 
claui ty ot the collmn uroaola to atlloQheria 4.enai ty tor charge• at the•• 
ecale4 4.eptha 1• probably ~mately •tu,&l to 2.0 alao. In Tin ot the 
ecaroit7 of 4ata at thaa• •caled. 4.eptha an4 the usuaptiou uce•nry 1n 
tha anlication of the •cal1ng •thocl, au. atto.pt to cc:apute the d.ena1t7 
ratio aon olo~ woul4 IIOt be Juatitied. 

ftll llhape• of the CNZ'ft• a:a4 probable Yal.ue• ot D /D 1D41cate that 
the col\lllll an4 1Diti&l •urp 4ana1t7 increue ¥1th increuing c:har,P 
4-pth. '!he 1nco11111tenq of the •e&l.ed. cune at A • 3.0 f ft/lbl-/3 
1Jl41catea that W.. •cal1ng aathod 11 not ai,pl1cabi. at relativel.y p-eat 
ta,t.u, without a441t1cmal Jmo'lrled.p of col.mm ltructilre. 

!be n,14 a.creue ill the al.ope ot the 1aaled C'\l1"'ft tor a A0 T&lua 
of 0.137 n/il,1/3 1D J'ig. ~-3 1.D41catea that triotional. 4ng becme• 
ettectiYe Ye-ry IOOD after the ban •urge ton.a at thi.1 1cale4 dapth. A 
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JIBQDCT 1(9)-4 

·aare elaborate acaJ 1n1 tecbl:Lip woul4 be requincl to n~ thia type ot 
flow. 

ftil relatift~ straight ~ tor Ao• HrO •hon tbat the grartt7 
flow 1• rel&tlftly brief u4 1De1'tect1ve ilD4 tbat a.1->at all ot the 
srwth ot tba •urge clou4 at thia ab&l,lg,r poaiti0111• probably clue to 
hrlNlat •1 x1 ng Yi th tba •urround.iDa air. 

It 1• ot 11ltere1t to note that the r ,,.. -r curve• tar un4argroun4 
a:Qloaiou at Ac • 0.508 agee very close~ vith the •c&le4 curve tor 
tba &rOTth ot the bue •urge produced by t:tw und.ernter ataDic teat 
(laker) at Bik1D1 out to about r • 2.0. The 'bue aurp formed by the 
UIIAerwater atcalc eQlo• ion a:z,and.ed at a relatively alonr rate f'rCa 
tiMn OD. 

Arau' estiaate ot a col.um 4.emity of 1.5 tiMa the deu1ty of 
8 tba a\lZ'Z'OUD41Dg air tor Teat Baker and the ••till&te °Dy Martin al.14 Noyce 

flt •PfPo ot 1.75 for.the aaae test are not 11pU1cmtly 41.tterent troa 
tbil pfp9 'Yalu ot 1. 9 calculatted. tor tis. aoil coluau produced. at a 
•cale4 curpth of 0.508 tt/lbl/3. 

'!haN nnl.t1 1D41cate a 11ailarit7 betnea the pbyaical proce•••• 
ot 'baN nrge tcmutlmi by underwater and \md.ergrcnm4 u;ploaicma &114 ahow 
tbat 111'1141104.el uperillenta can be ue4 aucoe•~ ill the atu.dy of 
'-'h ty:pea. 'f!Na, theoretical and. a;puiJleDtal n •ul.ta obt&ined. 1Jl the 
laTeatipticm of au fora ot aurp Yill be ot ftl.m ill tbl n~ o:t 
nelopu Jb&N• ot tbl otblr. 

1 J. a. llartia u4 v. J. Ko7ce, •• lb;perimlatal ltuq ot the Collap1• ot 
nm.a Colmma OD a Bic14 B'orisontal Plane, 1a a Ked.1• ot Lover, but 
C..,arabla, J>euit7•, Philoaat>hical '?ranaactiou ot the Bozal Society of 
LGIM1ma, Serie• A, :lo. 882, Vol 244, Ji March l952, p 333. 
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CONFIDENTIAL 
Slarttylltnatlll 

,.1 
!ha .Arllam" llaN&rch l'OUl?».tiOD ot the Il) 1 Mia Iutitut• ot 'l'ech­

DOloa 1Dftat1gated the diap•r•ion ot duat trca underground u;plo• iona 
at J>ucway under aubcontract to J!ngine~:,:-1.ng Be•eareh Aaaoc1atea, Inc.l 
Ja part ot tM 1.utrument&l program, aettlaent ga,gea were placed at a 
Dallber ot point• aurroundi.D.g the uploaion • itea, 1n order to obt&i.D a 
ncor4 ot duat-tall d1atr1but1on by weight. Polar graph.a ot ••ttlement 
kta were :preaented 1D Interill TeohD.ical Report• lfo. 1,2 2,3 and 34 
alloriq 11Dea ot coutant du.at-tall weight• around tba poiDt ot the 
~loaioa tor thret type• ot aoil. 'l'he line• represent val.1Ma of 0.5, 
l.0, 5.0, 10, 50, 100, 500, 1000, 3000 and 6ooo grau per aquare meter. 

In aoat cue• +..he graph• ahoved. a ro~ circular duat distribu­
tion arcND4 the crater Yith a tongue ot depoa1ted duat utend1ng davD­
YiJl4. Cau14.erabl• aoothi.Dg and extrapolation vere n.eeeaaary 1D th• 
~tion ot the chart•; and the aiz• and ahape ~ the areu ot duat 
~&1.l u4 tbe ~oraity ot du.at coverage vere greatly attected by v1nd 
aD4 ataoapheric turbule.Dee. Becauae ot the~• ettecta, the data pre1ented 
an aubJ•ct to couiderable •catter and are 1l0t &l.vaya ccaparable, but 
an cou14-N4 adequate to1 1bolr1.q the important trenda. 

Althou&h the•• data repreaent total du.at depoa1t fral tbe radial 
throwout u4 &1.l part• ot the du.at cloud, the m•x1mn extent of deposit 

Ille., 

I Ib14., D i.-86 to ~-108. 

3 Iutrmantation tor Underground Ext>loa1on Teat Progra:za1 Interim 
'hchnic&l Report Ho. 2, Dry Sand, Engiueering Ra1earch Aa1ociatea, Ille., 
CclDt.ract lo. l)A-64-167-eng-298., l Oct. 1951, pp 4-47 to i.-57. 

a. 1Jlatru:mentat1on tor Underground Explosion Test Pro£!!, Interim 
'hchnical Report no. 31 Wet Clay, Eng:Sneeri.Dg Research Aaaociatea, Inc., 
Contract Jlo. l)A-64-167-ena-298, l Bov. 1951, pp i.-31 to i..37 • 
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probably coincide• closely Yith the lill1t ot radial •urge growth alang 
tba around, except poa•ibly in tile dovmriDd direction vben the uppe,. Y1Dda 
are lltrQag. M the date?11:1.Dation or the absolute boundariea ot du.at-tall 
1a probab~ illpoaeible, particularly vben a am&ll amount ot airborne du.at 
ia preMll't, greater objeeti vi ty 1• attained by meuurillg tbe area con­
taining a 4uat clapoai t equal to or greater than acme tiDd lov value. It 
NelU Juatitied to uauae that the area enclo1ed by a line ot low duat­
tall., 8UCh u 0.5 grmu per square meter, 1• cloeely ?"1'lated to the aize 
et the •urge cloud. Bonver, correlating these duat data Yith •urge 
extent 1• not valid vhen the base surge 11 relativelJ IIIDl&ll and poorly 
clatined, ~ occur• Yith 1hal.lov charges (scaled depths le•• than 
0.2 :tt/lbl/3). 

To caapa.re the•• data vi th the bue •urge analyeia, the areu in­
aide the line• ~""epreaenting duat depoa,+:a ot 0.5 and 50 gram.a per square 
•ter were measured at BOL vith a plao1meter, uaing -tbe A.R.P'. &rl&lyaia. 
The areu obta:1.ned traa the A.R.F. charts a.re llated in Table 5. l. Data 
tor tbe 320 lb and 2560 lb charges are 1hcnm in Fig. 5.1 u a function ot 
acale4 depth ( >.. c). '1'be plotted data tor the 320 lb 4ry ~ and dry 
AD4 aeries a.re ecmaistent Yith bue surge grgvth clata in ahowing the 
greatest area ot deposit when >..c • 1.0. 

Charge• ti.N4 in 417 aand produced greater area• ot dut-tall than 
charge• tired at the same acaled depths 1n dry clay, and the two data 
:point• tor Bound.a 402 and 404 1Ddicate that charges :tired 1n vet clAy 
71•14 the aalle• t areas ot duat-t&l.l. Theae reaults are eonsi1tent vith 
baM aurge meuurement• and support the hypotheai• that 4ry sand ia the 
a>at f&TOr&ble ot tba · ·,hree ~ aoila tor producing a bue surge and 
wt clq the leut. 

'!ha relatively large areas tor Rounds 102 and 302 can not be con­
aiclarecl to represent aurge growth but are due chiet~ to the broad du.at 
collaU ot lov 4enai ty vhich tell alovly and were euily tranaported by 
the Yim. 

A~ aoalya1• ot data from a dense network ot ••ttl.aent gaaes 
ahoul4 •hair a heavy fallout ot large particles near the crater and ill tha 
clovmr1Dd path of the Jet and column and a Jl01"e unitora light depoait in 
the area traveraed by the surge. A caaplete an&ly• is of this type ia not 
:poa• ible vith the available data, but a ~lot ot depo•it weight• aga1nat 
area :tor Bound.a 309 and 312 ( >.. c • 0. 512) on rectilinear graph paper ahovs 
a pronounced change in slope between the duat-tall values ot 10 and 50 
grmu per •quare meter. Assuming that the 30 gram per •quare :.eter l1n.e 
aarbd the approx:lllate extent ot the heavy vertical fallout traa tbe Jet 
an4 column, the data •hov that this t&llout accounted. tor lea• than 15j 
ot the total area ot depo1it in both caaea. At this scaled dapth, the 
pu--. ot the surge clou4 and the gradual settlement ot finer i&rticlea 
trca the Jet u4 make crown probab~ vere responsible tor over 85~ of 
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5 .I lll!IOR)LOQICAL D'l1tfB 

!bl aftil&ble 4ata are not adequate tor a ccaplete •tuq of the 
atteota of w1la4 aD4 atlloapheric •t&bility OD the 4.iapera&l of the varioua 
,-rte ot the aurtw ~henON11a and the CODMqwm.t a:reu ot 4uat-tal1, 
wt ICM ~ 9.ual.itatift re•ult• can be obt&i.Dff. 

Ia ..-ra1., aa 1Jlcreue ill Y1D4 apeed 1Dcl1catea a decrease 1D the 
area traverae4 by tm am-ge clou4 and an i.Jlcreue 1n the area o-r tall­
oat fral tbll columi. Thi• effect 1• llboYn by tba data in Table 5.1 tor 
Bom14a 3~, 310, ~ 313 (320 lb clwrgea at a 3.5 ft depth in dry clq; 
Ac • c.,12 tt/l'bl/3)., uaumiq that the area covered by aore than 50 
ll"IIU per •quare aeter of clwat 1a roughly 1.ndicative ot the fallout 
region aD4 tbe area between the O. 5 an4 50 grmu per •quare meter l.1.De• 
1• re;preNDtatiTe ot the bu• aurp nttle:ment. 

!be •- effect a.,pear• tor Rounda 309 an4 312, both 2560 lb 
eharp• tire4 at a 7 ft 4-pth ill dry' clay ( A a • 0.512 tt/lbl/3). Round.I 
309 aD4 311 nre tire4 with 7 all4 24 mph 1url'ace Y1nda respectively. "lar 
llbot 309 the l1De ot 0.5 graa per •tu.are :meter duat-t&ll enclosftd a broad 
tcmcue uteruUng 94-30 ft clomY1.Dd traa the crater Yith a total area of 
1.37 •ca. m, ~ Shot 312 produced. a relatively narrow tongue nth the 
.... dut-tall, utend1.ng 7390 ft domv1nd and 1Dclu4ing a total area ot 
0.1189 •I ai. Ill thia cue the area covered by du.at weighing 0.5 gnu 
JU' aquare Mter or 110N n.a about three tilllea u great with a relatively 
l1pt Y1ncl u Yitn a atrong Y1D4. llavever, the area ot heavy duat-tal1 
na p-.ater tor 312 than 309, indicating a greater uniforlli.ty ot depoait 
with the •trcmger 1'11'4. The cUatribution of du.at-tall by night tor both 
1'0\ID4a 1• •ban ill Fitl• 5.2. 

'l'be•e renlta are couiatent with the experience of tbe Chemical 
Warfare Service 1n the at~ ot the behaTior ot cloud• ot heavy tozic 
..... ·' !be CWS 4ata ahov a de~ue in contam1 nate4 area Yi th 1A­
creuing Y1D4 •peed but alao ahav a depeJl4eDce upon atmoapheric atuili ty. 
At tba NM Yim apeed, contamiDated areu are greatllr when the air 1• 
•table than. when 1 t 1• uutable. The e:t'tect of Y1n4 apNd OD dapoai t 
area 1a greater vben the air 1• • table. 

5 v. •• Latiller, "Behavior of Gu Clouda", Kilitar:y Probl.e:1a Yith Aeroaoa 
an4 1011:l)eraiatent Ge.sea, Sum:Dary Technical Report ot Di viaion 10, Wilie, 
fol i, Wub1n.r;on, D. c., 1~, :w 26o-283. 
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a '- earNlation of areu ot duat-t&ll trail undergrcnmd a:­
Jloe1•·• with a •iD&le obaenation ot Y1D4 apeed 11 an overaiaplU1-
•t1aa., 1 t wUl be hel»ful to •n• 1n• tbl ch&racter of the Y1D4 and tbl 
IIDln.l state ot local. weather tor Bmm4a 309 an4 3l2 1D order to ga1D 
1ca11 ilaaipt 1Jlto tha character of ataoapberic ata'bility and turbuleDce 
nllD the charpa nre tirecl. 

lolm4 309,,.. u;>lo4e4 at 1106:30 MST on 1.8 April 1951. ~ 
nrtace w1D4 clirection ftried. f'raa 140° to 500 &bout the tille ot the 
lbot ht a filot haJ]oon ucenaion atter the burst 1n41c•te4 a aurt-.ce 
w1n4 traa aBOo at 7 mph and a 1000 tt v1a4 trca 2800 at 6 aph. The U. 8. 
VN.thm- Bureau~ Weather~ •bond a weak lov preaaure area ill the 
Utah re&1,cm OD 18 April, v1 th ahover• and tlnmder1toru •tarting ill tlw 
late evaiBC• ~ .. Y1D4 and weather ccmditiona 1bov a alovly varying 
Upt Yim and probable thenl&l 1natab111 ty 1n tho ~ region. 

BoUD4 312 vu tired at 1621:20 MST on ~ May 1951. Tbe aurtac• 
w1D4 inatruaata were not operating but a pilot balloon aacen1i0n at 
1322 MST ahave4 a aurtace Y1.nd trca. J.8oO at 30* mph and a 1000 tt Y1nd 
traa 19()0 at ~ mph. After the 1hot no releue vaa made, due to the 
hip aD4 guaty 11\lrtace Y1nda. The photographa ot the ehot •bolt an 
&ltocnaulua onrcut at Dugvay. The guatineaa and pronounced Y1nd •bear 
1a the ftrtic&l. ccabiDed Tith the overcast aty 1Ddicate conaiderable 
•cbanic&l turbulence Tith little or no thenlal inata'billty. 

'!be tluctuationa ot w1Dd veloc1 ty 1ndicate directly the turbulent 
mtion ot the atmosphere and provide infomation on the nature and aiu 
of the e441•• which tora 1n the turbulent air. In general the lov 
~07 component• ot the velocity tluctuatiou indicate large diameter e441•• aD4 tba higber-treq~cy caaponenta represent amall eddies, or thoae 
1a aore rQ14 ~40t1on.o The dispersal ot a particulate cloud depend.a 
v.pm the relative a1 .. ot the pmca1nu-t; ed.die1. 

Dae w1D4 data u4 probable Tertical convection on the day Ro,m4 
309 na tired indicate tha preaence ot relatinly large, alowly-maving 
e441e1, vhiah were able to diarupt the dwat cloud after gravitational 

• !be ftl.ue or~ aph u1igD.e4 to tha tiae ot the ah.ot vu obtaiJlad b7 
triUgul&tion of the duat clou4 aovaent· sbovn by B.R.A. •till photo­
p-apha. 
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t1ow ha4 etteotiT•~ ceuecl u4 aprea4 it ovv a Yicla area. 'n. path~ 
• a1nanMt i-,rtiaulate ol0\14 1a 41tticult t-, preclict 1D thia type ar 
..teorol.opcal coa41tioa. !'be atmoaplwria e44.iea cm 4 NaJ were probably 
v JJer tllaa tM BoUD4 312 wt alou.4 &D4 414 not haft the .... etten. 

!bl baH IIUl"P ant relUltiDC du.at cl.ouu tar~ 309 an4 312 
an ahon 1a J'ig. ,.3. !ha Jet producecl by Shot 309 roM to a great 
baipt u4 becaaa 41:ttuae, acmtributing OJ1ly part of 1t• aaterial to 
ta ... nrp. 'fbe aurp o1owl ultiaately roa• trm tlw srouza4 ul 
~ lliDd with die air. flie Jet fraa BoUD4 312 YU aborter &D4 
tell rap~, :probably ccmtributtn. all of it• uteri&l to the baM 
nrp, which gm at an exception&] J y tut rate and tended. to hui tlw 
p'OUD4 nrtace Yitbollt ri•iD& appreciably. '?he •troD& Y1D4 and. turn­
lace cauecl a aore umfona d1atribut10D ot cluat thazl tar ~ 3(' ', 

Jet bai&ht aD!. aurp n41ua tor the two ro=4a are abolm u 
:flmotlclaa ~ tiM 1A 1'1&. 3.11. 
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CBfflQI ADL?BIS 

6.1 &ttECl' OF SCALED CHARGE DEP11i OB CBA'I'J'!B DIMESSIOIIS - -
A•~ ot tbe aise ot the true and &pp&reDt crater• toraed by 

\lllderground exploliona give• ac:m1 1lla1gbt into the aechAnim ot •J•c:ticm 
at •oil 1Dto the air and it• aubaequent tall-back. IA particul.ar, the 
wight c4 aoll that enter• the &irborna duat cloud can be eatillat.4 
fairly 41Nctly by uaing crat•r d1wen• tona. 

Crater Muurtalllnt• tor the DugnJ Teat• RN obt&ined trca B .R.A. 
Interia Technical Report1 lo. 1,l 2,2 and 33 and data on the Bevad& 
bi&h~loaift teata tr011L JA1'GU Report 1(9)-3, by I£D.R. D. C. Capbell.~ 

'fo at~ 1cme of the ettecta ot charge night and dep1.~, the 
USUlliPtion can be ll&de that the volume ot the apparent crater rem•1n1ns 
after a charge 1• tired 1lldicat41 the approximate aount ot •oil that 1• 
•Jected trca tba crater and enter• the column, Jet, smoke crovn, an.cl 
bue •urge. Inaccurac1•• are introduced by change a 1D aoil denai ty, aD4 
:probably only a aall percentage ot thia eJected aoil reme1u• &loft tor 
aon than a tn •eaonda, but a compariaon ot tbe aoil volume a •Jc ctecl at 
clitterent ae&led deptha give• &D indication ot the relative ettecti"N• 
••• of 'ft.rioua charge poai tiona tor producini duat-cloud phAnanena. The 
111110unt of •oil fall1ng clirectl.y back into tbe crater and lip cu.. be 

1 Inatrumentation tor Underground Explosion Test Pro~e.m, Intera 
'9chD.1cal Report Ilo. 1 1 Dry Clay, Ezl81neer1ng Re•earch .uaociatea, Inc., 
Cmtract ~DA-oii-i67-eng-2§a:1 Au&• 1951, pp 2-12. 

1 Inatrumentation tor lhderground Erolo• ion Teat Proiz:rm:a, Interill. 
hchnical Report !!o. 2 1 DrJ S:1:4, E.:ig~ar~ Raaaarch Aaaociae.a, Ina., 
CGDtract lo:bA-64-167-ena-2§<3, l Oct. 1951~ pp 2-l.8. 

3 Iutrumntation tor Underground E:rolosion Teat. ~a;ram1 Interia 
hchnical R9~rt No. ~• w~t Clay, Engineer1Dg Research Aa1ociatea, Inc., 
Colitract. lo. A-oJi-16 -eng-29d, l Sov. 1951, pp 2-a. 

a. D. C. Campbell, LCDR, tJSll, 'l'eata ar'- Observations on era .. era and :Bu• 
Burp• , JABGLB Report 1(9)·3, l ilov. 1951. 
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eatiatecl bJ obte1n1nc the ditterence between the real and apparent 
arater wl\allO• and. adcU ng tbe lip volume, but 1 t 1• u1umed that this 
Unct tall-back baa a mgllgibl.e effect on the 1urtace tlov pbenanena. 

ftcm'e 6.1 ia a plot ot apparent crater TOlume v• aca1ed depth 
a4 •hon a vx1J11a volume ot about Ac • 1.0 ft/lbl/3 tor 320 lb cb&rge1 
tirec11D 417 ND4. '1'be ~1n1ng data 1• conai• tent in 1hoving a 
•1•1 tar trend tor &r9ater charge weight• but doe1 not cover a 1utt1cient 
rua- ot 4apth to 1Ddicate a • ex1mn value. 

A HCOD4 vay o-t u •e111.Dg the ettecti veneas ot a charge 1n producing 
u air°bor"m du.t cloud is to exe111oe the ratio ot the dei)th ot the ap­
parent crater to the charge depth. M 1hovn 1n Fig. 6.2, the ap~arent 
crater dapth 1• conaiderably greater than charge dApth tor shallow shots, 
but becma' equal to chAt.rge depth at scaled deptha 1c:mevhat greater than 
1.0 tt/lbl 3 &D4 d.ecreue1 to con.aiderably less thl.w charge depth tor 
c!Nper charge,, particularly in dry clay. Phyaicall.y, this 1nd.1.:atea 
tbat Yi th 4.Nper charge•, much ot the ao11 1n the column and Jet drop• 
back into the relatively deep true crater and reme1n, there. 

It 1• at lntere•t to campare the ratio• ot the diameter ot the 
tru. crater to IIUimuza column diameter, aa the true crater may indicate 
the 11&• ot the r1a1.ng Jet. Fig. 6.3 •hov• that the column is about 
twice the crater aise tor cb&rgeis tired betveen 1caled dept.ha ot 0.135 
u4 1.02 tt/rol/3, but approacbe1 crater diameter vhen charges a.re 
t1rec1 at c!Nper po• itiona. Whan the 1...Jlumn 8%l)anda otl.y slightl:r be­
Joa4 the 11ait• ot the crater, much ot the :f'aJ Jing •oil vill drop dovD 
1Jlto tbe crater ~ ra&1D there. For • cal.ed depths greater than 
AO • 3.07 tt/lbl/3, colu:m diameter probabl7 became• equal to ..:.rater 
41 ... ter, to the }IAX!INlll depth !It which crater• v1ll tom (about 
Ac • 5 .o tt/n,l./3) .5 

Probably the optilllum conditiOD tor bu• aurge tormation is obt&ined 
wbaD tlw ri• ing col~ att&ina a diameter tvice the crater diameter, at 
about >.0 • 1.0 tt/lbl/3. Wben the charge ia very shallow, the relatively 
Yida columl tonaed bu a bulk denai ty too lov to aet up the pronounced 
4enl1t7 current needed tor the formation ~ a large clearly-de!inel". 
bale aurp. 

The crater .. uure:aent• pre•ented bare are coui• teDt Yitb the 
• euure4 area• ot duat depolit 1n indicatin& that a Jl&XlllUBl vol\.lme at air• 
borM •oil 11 produced by a charge tired at a • caled depth ot about 

5 C. V. l.ar;p10D, •OD.4.erground Explo• iou", AppeDdix B, The Et'tects ot 
Atcaic Weapou, U. s. Atc:aic Energy Commi1• 1on, Wuhington, D. c., Sept. 
1§56, p 421. 
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A c • 1.0 tt/1bl/3. 

Ia tblN lltu41••, tba ~ u-pat crater• wre produced. in wet clay, 
1D4J.cat1q that crater aise alone ia not a good critericm ot the et­
tect1 ft!Mt•• ot the charge 1n producing a bue •urge. Crater 1i&e v1ll 
aicl 1D the eat1Jlat1cm ot tha amount ot 1011 r&iaed into the air, bu.t 
tba beh&Tior ot tba eJected •oil 4ependa upon it• pbyaical cbaracter­
lstlca, au.ch u aoil'ture content, particle •1•• Uld coheai vene11. 
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SOIL CBARACTERISTICS FAVORABLE FOR BABE SURGE :raRMATio• - ----------------- - --
'Dw •1u and rate ot growth ot the bue •urge produced by an undar­

sroulld aploaicm 1• obviously dependent upon ";he nature ot tbe •oil. Tba 
ao,mt ot data available 1• not ad.equate tor a quantitative study ot the 
•oil effect., but the record.a ot the I>uavaY aerie• in three •oil type• 
1»41.cate tbt.t veil-developed surges are tormed in dry •and., dry c].a_y., 
UM1 nt clay., ¥1th the largest surge cloud.a reaulting troz:a the dry ll&Dd. 
teata and the smelleat trail the vet -:a:. The surge cloud.I produced 1D 
the llevad& high u.,lo• i ve teat• vere 11lailar to those 1n the Dugvay dry­
~ round.a., tbou&b the •oil appeared to be a 11.ixture ot limfll•tone, aand, 
and clay.l 

It Jl&J' be aigniticant that ih• •eiam.ic velocitiea ra.D8ed trca 750 
to 2000 fl>• at tbe dry •and site., trail 2500 to 3500 rt>• at the dry clay 
a1te,3 aD4 trail 5000 to 6ooo fpa 1n tbe vet ca,.4 The nismic velocity 
at the llevada teat aite vu 3000 tpa.5 

l B. I>. Ca4le and A.G. Wilder., Com>oaition ot Cloud.a 1'or.:1ied b Tm' 
loaiona HE Testa ration JA:JGLE , Tecbnic&l. Report Ho. 3, Stan:tord 

Hare Inatitute, Stanford., Ca.lil • ., OHR ProJect llR 350-023., SRI ProJect 
412-317, Oct. 1951, p 5. 

2 Inatrumentation tor '1nderground ExI>loaion Test Program1 Interim 
hchnical Report No. 2 1 Dry Sand., Engineer1ng Research Alaociate•., Ille., 
Colltract Bo. DA-o4-l67-eiii-298, l Oct. 1951, p 2-19. 

3 UDderpyund Ezplo• ion Testa, Program "A", Teats in Soil.s, Protective 
Ccmatruct1on Branch., EnglJleering Division, Ottice, Chi~ at Enginffra, 
llov. 1950, _p 2. 

~ Inatrumentation tor Undergr<nmd Ex;>losion Teat Program, Interim 
'J!ecbn1cal Ret>ort No. 31 Wet Clay, Eng:Sneering Research Aaaoc:iatea., Inc., 
Caiitract 110. DA-64-167-ena-298, 1 Bov. 1951, pp 2-49 to 2-51. 

' Interill. Report - BE Teat a - Operation JANGLE, Project 1 ( 9), Stantord 
Re•earch Institute., Stantord, C&l.1.t • ., Oct. 1951, p 3 • 
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It IIJPear•, therefore, that the aize ot tha base aurge formed by an 
UD4erll'OUll4 uploaion ia related inversely to the velocity ot prop.tion 
of N11111c va,-.a in the soil. Thia •eema reuonable, u heavy plastic 
wt clay• are good traDsm1 tter1 O't aeismic wave• v~ le light loamy soils 
are ft17 poor in thi• respect. 0 The highly coheai ve clays do not sepa­
rate euil7 into the tine particles needed to eatabliab. a downward d.ensi­
t7 current and radial bu• surge, while the powdery low-cohesive soil.a 
are tavarable tor the tomation ot such a density tlov and the develop­
Milt ot a light particulate cloud which will propagate for a long 
41atance. Ju general, vet soils vould be leas suited to base surge 
tol'll&tim than dry aoila. 

'l'bua, the available data indicate that a single ~oil character-
1atic • the aeiaic velocity - might be used as an indicator ot the 
probable 11Ucceaa of a aoil type as a base surge producer. If thi~ point 
ot view la correct, a soil type auch as dry loeaa ·•ould be OD.!! ot th~ 
ao1t favorable tor the production O't a large, long-persisting bs.ae surge. 

6 C. W. Lmlp1on, "Undarground Exploaion.e", .Appendix B, The Effects ot 
At<Dic Weapon.t, U.S. Atomic Energy Ccm::lisaion, Washington, D. c., 
Sei,t. 1950, pp 410-416. 
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8.1 GEIER.AL 

'1'be · clata presented 1n thi• report were obtained traa recorda ot 
TJR a;ploaicma. Re•ult• were fairly conaiatent tor aiail&r •oil type• 
an4 aeaJ1ng vu generally aatiatactory tor charge• weighing trc:a. 320 tG 
320,000 lb at acal•d depths ra.ugiJ:Ja traa 0.185 to 2.05 tt/lbl/3. 
Banver, tbe simple scaJ 1 ng method.a uaed vere 110t adequate tor very 
lbal.lov and very deep charges and possibly would not apply outside the 
ruge of nights uaed. In addition, the possibility ui•t• that ex­
plo•ive• other than Tm might produce •omewhat ditterent •urtac• 
pbenaaen&, due to differences 1n explosion product,, energy per unit 
~lum~ beat ot detonation, or other factors. 

The ettecta at charge size and shape might becau ilZlportant tor 
lhallov a;ploaiona, when part or al1 ot the char~ 1• exposed to the air 
at detomticm. 'l'he scaled depth ot 0.135 tt/lbl/3 is probably tranaition­
al tor apherical TNr charges, becauae the top ot the charge i • tangent 
to the •urtace ot the ground at this position. The characteriatic• ot 
the .-urtace pbenanena change markedly 1n this ab&J J av zone, and the 
bue aurp becc:aies very tenuous and ditticult to detect, thou&h a tnw, 
but wat, clenaity tlov exists at Ac • 0.13; tt/lbl/3. 

'rba aise and rate ot gruyth ot a base •urge depend upan the volum.e 
at earth ejected trcm the ground and the size and concentration ot the 
soil particle• 1n the earth column. Aa shown 1n Fig. 8.1, the volume ot 
the true crater J.ec1.-eases rapidly vith decreasing c:!l.&rge depth in the 
1ber1Jow range, indi\':ating that considerably lea• •oil is tbrovn into the 
air by 1b&llov charge•, and the relatively vide colu:m.a at Ac • zero 
imicate that the •oil particle• are widely •eparated. 

The lack of a •oil covering above tbe charge probably reduces the 
et'ticiency ~ the uploaion as a producer ot a base surge, though 1 t 
lhoul4 DOt be interred that only the aoil above the charge enter• the 
bue surge. Visual study ot the tilma ot undergro,md u_plosiona 1hov• 
i,hat tbe ground surround 1 ng a charge 1a ll:tted into an ea.rt.h column 
which clropa and tlon outward to torm the baae •urge. The earth directly 
above the charge 11 probably carried upv&rd by the r1•1.na Jet. 

!ha effect ot the thicknen ot the earth covering (overburden) 
above a charge milbt be determined by tiring explo1ivea with a greater 
emrgy per unit volume than TITr at the •ama scaled depths u the 
41ClUivalent '1'1fr charges. Another possible experimental. approach vould be 
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the ue rd a aerie• of TIT charge• ot ditterent abape• but the ae.a. 
nilbt, With the center ot gravity at the aame depth. 

U' ui u:ploaive Yi.th the equivalent energy ot a charge of Tlfr, but 
me1Jer 1D 1ise, produce• a crater equal 1n •iu to the 'nrr crater, it 
111.ght be u1umed that the additional. volume ot 11011 d.1,pl&ced vould favor 
tha fOl"ll&tion ot a larger •urge. Jlovever, vi tb.i.n the range ot energy 
4euity ot conventional high explosives, dittarence• 1n charge voluma 
are inaigD.1.ticant vben cc:apared to the total volume ot •oil eJected 
trca the crater. 

A teat ot the effect ot charge volume on the bue •urge vu 
OODducted u part ot the BE progrem at l!'eff.4&. 1 The experiment con­
a11ted ot 11Jlultaneoua detonations ot 216 lb ot TllT and l 77 lb ot 
hntollte, vith equival~t energiea, ti.red at acaled depth.a of 0.1.81, 
0.139, aD4 0.500 tt/lbl/3. (See Table 1.2.) 

Round BE-8 ( Ac • 0.181) vu not •atistactory, due to inadcquate 
prilwlg ot the Tlfl' charge and an anam&loua behavior ot the Pentollte Jet, 
which roM to an exceptionally great height. 

Bo1m4a BB-9 ( >..c • 0.139) and BE-10 ( >..c • 0.500) produced clearly 
c1at1Ded bu• aurgea. The •urge radii and height• are given in Figs. 8.2 
an4 8.3, and overall heights are shown in Fig. 8.4, u tunctiona ot ti:M. 
lllraootbed aurge data is 1hown tor both ahot1, &nd two camera record.a are 
p:.-en tor D-9, to illustrate the degree ot •catter 11114 lack ot c011-
1i1tent trends. There appear, to be no •1gnit1ca.nt ditterence between 
the radial growth and extent ot the •urge clowu produced by the tvo 
uplo1i-nt1, but considerable ditterence appear• in the growth ot the Jet. 
!be PE:Dtollte Jet, rose to greater height• in both cu•• and vere vhiti•h 
1J1 appearance, vhil.e the Jet• tormed by TNr ·.tere black. Folloving Round 
D-9, both Jet• rema1ned airborne and drifted vi th the Y1nd but tor BE-10 
tbe Jet produced by Tlf? tell rapidly vhil.e part ot the Pentolite Jet 
1 e1ned aloft. Scae ot theae effects are illuatrated in Fig. 8.5. 

'!hi• teat ahowed hov above-ground act1Vity might vary vith d.1.tter­
at uplo1ive1, but did not 1how any • ign.1.tican+. ettect ot charge volume 
OA the • ise ot tbe bu• •urge. The earth cover vu l-1/8 inches over 

1 D. C. Campbell, LCDR, USB, Testa and Obaervat1ona on Craters and Bue 
Burp• , JAJIGLE Report 1(9)-3, l Nov. 1951. 
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