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ON CRATERING 

A Brief  History,  Analysis ,  and Theory  of C r a t e r i n g  
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Lawrence  Radiation Labora tory ,  UEiver s i ty  of California 

Live rmor-e, California 

August 2 2 ,  1961 

ABSTRACT 

C r a t e r i n g  is a subject that  h a s  been  studied by,m-any irivestigators for  

m a n y  y e a r s  for  many purposes .  

s tud ies  of phys ica l  p r o p e r t i e s  to l a r g e  sca le  excavat ions using explosive 

c h a r g e s  of kiloton s ize .  

devoted to  c r a t e r i n g  exper iments  f o r  the purposes  of de te rmining  the effects  

of c r a t e r i n g  by nuc lear  explosions,  with recent  accent  on P l o w s h a r e  appli-  

cat ions.  

i t  h a s  been  poss ib le  to es tab l i sh  v e r y  re l iab le  re la t ionships  between c h a r g e  

s i z e s  depth of b u r s t ,  c r a t e r  rad i i ,  and c r a t e r  depths.  In addit.ion it h a s  been 

possible  to cons t ruc t  a p r e l i m i n a r y  theory of the mechanics  of explosive 

c r a t e r  format ion .  

and high explosive c r a t e r s  a r e  reviewed: with p a r t i c u l a r  e m p h a s i s  on the 

da ta  f o r  d e s e r t  all-uvium, and the per t inent  re la t ionships  a r e  der ived .  A 

theory  of the impor tan t  c r a t e r i n g  mechani.smso which h a s  been. evolved on 

the b a s i s  of these  da ta  and da ta  f r o m  other  s o u r c e s e  is  outlined. 

These  purposes  range  f r o m  e x p e r i m e n t a l  

In the p a s t  ten y e a r s  considerab1.e effort. h.as been  

F r o m  the l a r g e  amount  of da ta  avai lable  for  c r a t e r s  in a l luv ium 

In this r e p o r t  the avai lable  exper imenta l  data  fox nuc lear  
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ON CRATFRING 

A Brief His tory ,  Analysis ,  and Theory of C r a t e r i n g  

Milo D.  Nordyke 

Lawrence  Radiation LabaratDry,  C'niversfty of Cal i fornia  

L i v e r m o ;  e ,  California 

C HAP'? EK I. INT ROD LJ C T 1 0  N 

Genera l  

C r a t e r i n g  i s  a subject  that  has  been studied by many inves t iga tors  f o r  

many y e a r s .  

the invention of gunpowder and s t e r r m e d  f r o m  "scientific" cur ios i ty .  O v e r  

the y e a r s  this motivation has  been supplemented by many o t h e r s  d i r e c t e d  

toward p r a c t i c a l  uti l ization of gunpowder and o t h e r  m u c h  m o r e  potent energy  

s o u r c e s .  In recent  y e a r s  t h e s e  piirposes have inc!.-zded ( 1 )  de te rmina t ion  

of physical  p r o p e r t i e s  and c h a r a c t e r i s t i c s  of r o c k s  and soils as well  a s  of 

the explosive t h e m s e l v e s  ( 2 )  understanding such  phenomena a s  impact  

c r a t e r s ,  and hence modeling of m e t e o r i t e  sncl l u n a r  c r a t e r s ,  (3)  study of 

the mechanics  of c r a t e r i n g ,  (4) modeling of effects of nuc lear  c r a t e r s ,  and 

(5 )  useful l a r g e - . s c a i e  exca.vation p r o j e c t s .  

The f i r s t  i n t e r e s t  in m a n - m a d e  c r a t e r s  probably d a t e s  f r o m  

Use of high explosives (Ha E. ) to c h a r a c t e r i z e  rock types h a s  been 

prac t iced  in the mining industry for  a long t i m e .  Thi.s work r a n g e s  f r o m  

de termining  the maxirr.um amount of rock breakage  p e r  unit c h a r g e  to  

invest igat ions re la ted  to the b e s t  c h a r g e  location f o r  t imed demoli t ion.  In 

recent  y e a r s  l a b o r a t o r y  and field s tudies  by sc ien t i s t s  have used  c r a t e r i n g  

to d e t e r m i n e  physical  cons tan ts ,  sEch a s  dynarrifc tens i l  s t r e n g t h s ,  f o r  a 

wide var ie ty  of r o c k s .  

1 

E x p e r i m e n t s  with impact  c r a t e r s  a r e  re la t ively r e c e n t ,  par t icu lar ly  

a t  the v e r y  high veloci t ies  m a d e  poss ib le  through the development  of hyper -  

velocity g a s  gu-ns. 

f r o m  l a r g e  chemica l  and nuc lear  explosion c r a t e r s  ha.ve been used by 

s c i e n t i s t s  in a t tempts  to explain the or ig in  of lunar  and t e r r e s t r i a l  m e t e o r  

T h e s e  effor ts  have been qGl.te successfu i  and have led  to a c r a t e r s .  

renewed g e n e r a l  scient-fic i n t e r e s t  in c r a t e r i n g .  

2 T h e s e  impact  c r a t e r i n g  exper iments  along with d a t a  

3 ? 4 , 5  

All of the above work entai ls  s o m e  r e f e r e n c e  to the mechanics  of c r a t e r  

information.  In addi t ion,  a few inves t iga tors  have c3nducted exper iments  
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specif ical ly  d i r ec t ed  toward explor ing one cr another  of t,he m e c h a n i s m s  

involved in c r a t e r i n g .  

m e c h a n i s m s  that h a s  been made  and, to da te ,  no comple te  theory  of c r a t e r -  

ing has  been  proposed.  

However,  the au thor  knows of no s tudy covering all 

Use of c r a t e r s  a.nd c r a t e r i n g  fo r  excavation and cons t ruc t ion  pu rposes  

h a s  been prac t iced  ext.ensively in the Soviet IJnion with cha rge  s i z e s  as  

l a r g e  as 9000 tons of chemica l  explosive. 6 9  Much of th i s  work  has  been  

f o r  the pu rpose  of s t r i p  mining,  ove rburden  r emova l ,  a.nd r i v e r  d ive r s ion  

through construct ion of darns a n d  c a n a l s ,  

North .Amer ica  using high explosiT.res to break.  and e,jec;t l a r g e  quant i t ies  

of r o c k  include such  p ro jec t s  as  Ripple Rock8 in  Ca.nada, which .used about 

1000 tons of a m m o n i u m  n i t r a t e  to r e m o v e  an underwater  haza rd ,  and the 

P r o m o n t o r y  Point  q u a r r y  b l a s t s  i n  Utah. 

The 1a.rgest such p r o j e c t s  in 

9 

In the pas t  10  y e a r s  cons ide rab le  effor t  has been devoted to de te rmining  

the effects  of c r a t e r i n g  by nuc lea r  weapons.  

nuc lea r  c r a t e r s  and a l .arge number  of high explosive c r a t e r s .  

the effects  of bomb-del ivered  nuc lea r  weapons all of th i s  work  w a s  done 

with v e r y  shall.ow depths  of b u r s t .  

l a r g e -  s c a l e  excavat ion p r o j e c t s  r e q u i r e s  l a r g e  depths  of bur ia l ,  to op t imize  

c r a t e r  d imens ions  and s u p p r e s s  radioact ivi ty  r e l e a s e  and air  b l a s t ,  t hese  

da t a  have been extended in the p a s t  s e v e r a l  y e a r s  to l a r g e  depths  of b u r s t  by  

high-explosive c r a t e r i n g  p r o g r a m s  sponsored  by  the P l o w s h a r e  P r o g r a m  of 

the AEC. In addition, P lowshare  h a s  sponsored  p r o g r a m s  fo r  invest igat ing 

the e f fec ts  of l a rge -y ie ld  c h e m i c a l  explos ives ,  l i n e a r  c h a r g e  configurat ions,  

a.nd c r a t e r i n g  in a h a r d  r o c k  medium.. 

Th i s  e f for t  included a few 

To s imula t e  

Since the use  of nuc lea r  explos ives  f o r  

10  

1s 

The a u t h o r ’ s  i n t e r e s t  in c r a t e r s  stems l a r g e l y  f r o m  the l a t t e r  t h r e e  

f ie lds  of i n t e r e s t ,  name ly  the mechan ics  of c r a t e r i n g ,  the u s e  of explos ives  

fo r  l a r g e -  s ca l e  excavat ion p r o j e c t s ,  and in p a r t i c u l a r ,  the u s e  of nuc lea r  

explosives  f o r  c r a t e r i n g .  

c r a t e r s  in a l luv ium i t  h a s  been poss ib le  to es t .abl ish v e r y  good r e l a t ionsh ips  

between c h a r g e  s i ze ,  depth of b u r s t ,  c r a t e r  r ad i i ,  and c r a t e r  depths .  F o r  

the c a s e  of nuc lea r  c r a t e r s  i t  h a s  also been  poss ib le  to de r ive  a r e l a t ion  

between the amount  of rad ioac t iv i ty  r e l e a s e d ,  the air  b l a s t  gene ra t ed ,  and 

the depth of b u r s t .  

l i m i n a r y  theory  of the rriechanics of explosive c r a t e r  format ion .  

r e p o r t  the ava i lab le  expe r imen ta l  da t a  f o r  nuc lea r  and high explosive 

F r o m  the l a r g e  amount  of da t a  ava i lab le  f o r  

In addition, i t  h a s  been  poss ib le  to cons t ruc t  a p r e -  

In th i s  
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0 c r a t e r s  in a l luvium a r e  reviewed and the relat ionships  der ived  a r e  given. 

The c r a t e r i n g  theory  that has  been evolved on the bas i s  of these  d a t a  and 

f r o m  other  s o u r c e s  i s  then outlined. 

Nuclear  Excavation 

The use  of nuclear  c r a t e r s  f o r  useful  purposes  such as h a r b o r s p  cana lsg  

s t r i p  mining, and similar l a r g e -  sca le  excavation p r o j e c t s  h a s  been t e r m e d  

"nuclear excavation" by the P lowshare  P r o g r a m  of indus t r ia l  appl icat ioc 

of nuc lear  explosives .  

d i f fe rs  significantly f r o m  the u s e  of conver,tional chemica l  expl,osive 3. 

Whereas  chemica l  explosives  a r e  used to c r u s h  and b r e a k  rock  which i s  

subsequently removed with conventional ear th-moving  equipment,  nuc lear  

explosives  produce c r a t e r s  S O  l a r g e  that no postdetonation r e m o v a l  of 

m a t e r i a l  i s  n e c e s s a r y .  

$1 mil l ion will r e m o v e  about 100  mill ion cubic y a r d s ,  f o r  a n  ear th-moving  

c o s t  of about a penny a cubic yard .  

ventional methods ranging from- 50 cents  to $5  p e r  cubic yard .  

m a n y  excavation pro jec ts  i.t i s  not possible  to exact ly  c o m p a r e  c o s t s  p e r  

cubic y a r d  in this  way s ince nuc lear  excavation genera l ly  r e m o v e s  cons iderably  

m o r e  m a t e r i a l  than would. be blasted and dug out by conventiona.1 methods.  

The Lise of nuclear  explosives  012 excavation p r o j e c t s  

A i - m e g a t o n  nuc lear  explosive costing about 

This  can be compared  to a c o s t  by con- 

Of c o u r s e ,  on 

The safety p r o b l e m s  assoc ia ted  with nuclea,r c r a t e r k g  detonations 

have been carefully considered: and the conciusion is that E.uclear excavation 
1 2 , 1 3  As p r o j e c t s  can  be per formed in  a m a n n e r  that is completely safe ,  

will  be shownl p r o p e r  location of the expl.osive r e s u l t s  in m o r e  than 90% of 

the act ivi ty  being retained underground. 

be at tenuated b y  a l a r g e  fac tor .  

a l imit ing f a c t o r .  

t i m e s  will  r e s u l t  in safe conduct of the operat ioc.  

to the safety of nuc lear  excavation a r e  being studied concurren t ly  with the 

technical a s p e c t s  of c ra te r iEg  i t se l f ,  

Close-  in air b las t  can s i m i l a r l y  

Se ismic  d is turbance  is not believed to be 

Selection of p r o p e r  meteoro logica l  conditions a t  shot 

Those f a c t o r s  that r e l a t e  

Definitions ap d B a c  kg r oiind 

F o r  the purposc  of this  p a p e r ,  def jc l t io rs  of s e v e r a l  of the t e r m s  to  
i 

b e  used should be rnade. 

the field of e las toplas t ic  behavior ,  and e a c h  w r i t e r  is forced  to define h i s  

Unfostunatel_y-, Were  is  no uniform terminology in  
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own t e r m s  fo r  h i s  pu rposes .  This  s i tuat ion,  of c o u r s e ,  a r i s e s  to a g r e a t  

extent  because  of the t r emendous  range  of p r o p e r t i e s  of m a t e r i a l s  causing 

def ini t ions that a r e  adequate  f o r  one m a t e r i a l  to be unsui table  f o r  another .  

F i g u r e  1 is a schernati.c drawing of a typical c r a t e r  c r o s s  sec t ion  
n showing the per t inent  p a r a r n z t e r s .  

c r a t e r  that  is vis ible  on the su r face ,  the d imens ions  being m e a s u r e d  with 

r e s p e c t  to the origina'b grol ind level .  The t rue  c r a t e r  is defined as  the 

bound,ary betweeri the loose ,  brokep. fa.1-!.back materia.1 and the underlying 

m a t e r i a l  that  has been c rushed  and f r ac tu red  but has  r?ot exper ienced  signifi-  

can t  ve r t i ca l  displacemen. t ,  

d i s p e r s e d  throughout the fal lback mater ia l .  t,hal. r e s t s  in the t r u e  c r a t e r  

af t,e r the expio s ion 

l h e  apparent  c r a t e r  i s  defined as the 

The products  of the explos ion  a r e  widely 

The rup tu re  zone is  pe rhaps  the m.ost difficuit  to def ine,  p a r t i c u l a r l y  

with r e g a r d  to different ia t ing i& f r o m  the p las t ic  zone. 

a g radua l  t ransi t ior ,  f r o m  one zone to the o the r .  

f ace  l a r g e  amoun t s  of f r ac tu r ing  and crushiiig by s h e a r  f a i lu re  and g r o s s  

d i sp l acemen t s  by faulting and under thrus t ing  a r e  gene ra l ly  seen .  

s e v e r i t y  d e c r e a s e s  as  one g o e s  f a r t h e r  ixto the rup tu re  zor,e unt i l  nea r  the 

r u p t u r e  zone,-plast ic  z,one in t e r f ace  only sma l l -  s c a l e  s h e a r  f a i l u r e s  (of the 

o r d e r  of a n  inch) a r e  found. 

zone I.n which the re  axe  srnal i  un i form perrnaneEt d i sp l acemen t s  which 

d e c r e a s e  to inf in i tes imal  va iues  a s  one goes  into the e l a s t i c  .zone. 

The extent  of these  zones  is  very dependent on the medi-urn, varying 

T h e r e  is, of c o u r s e ,  

Near  the t r u e  c r a t e r  i n t e r -  

The i r  

Th i s  zone gradual ly  shades  into the p las t ic  

widely as one goes  f r o m  a soft med ium l i k e  a l luvium to a ha rd  med ium l ike  

basal , t ,  

m a t e r i a l s  such as  al luvium, and the re  would have to be s o m e  redefini t ion 

of these  t e r m s  fo r  a discuss ion  of c r a t e r i n g  in ha rd  rock .  

The def'in.ition.s giveri h e r e  have, beep  der ived  pr inc ipa l ly  f o r  soft  

To  c o r r e l a t e  r e  suiits f r o m  c r a t e r i n g  explosions with d i f fe ren t  y ie lds  

o r  cha rge  weights: ,  d imens iona l  ana lys i s  sugges t s  a b a s i c  sca l ing  law in  

which d.imensions a r e  propor t iona l  to W 

expl.osive ( in  pounds o r  ki lotons) .  

expl.oei.ons of d i f fe ren t  ch-arge weight.s c a n  be put on the s a m e  scale f o r  

compar i son  pu rposes  by dividing them by W 

and. vel.ocities a r e  constant .  Thus ,  a t  the same sca led  d i s t ance  and the 

s a m e  sca led  t ime,  we should have the s a m e  ackia l  p r e s s u r e  in the shock  

1 3  where  W i s  the weight of the 

Dis tances  o r  t i m e s  a,ssociated with 

1. 3 . U:iantities ll.ke p r e s s u r e s  
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wave and the s a m e  ac tua l  pa r t i c l e  veloci t ies .  

leads to W1 
and the s t r eng th  o r  i n t e rna l  f r i c t iona l  f o r c e s  of the medium.  While the 

extent  of these  f o r c e s  i s  difficult to evaluate ,  one can show14 that their  

e f fec t  would be to lower  the exponent and lead  toward W 

work  by Vaile15 and m o r e  r e c e n t  work  by Chabai16 and o the r s17  indicate  

that  W 

port ion of th i s  r e p o r t  it w i l l  be shown that W 

with the da ta  f r o m  the r e c e n t  40,  000-lb c r a t e r s  and the 1-mi l l ion- lb  Scooter  

c r a t e r  in d e s e r t  a l luvium. 

Howevero the ana lys i s  that 

scal ing ignores  the ac t ion  of s e v e r a l  f a c t o r s  such  as gravi ty  

1 4  scaling. E a r l y  

3 ’4  scal ing would be m o r e  c o r r e c t  than W1 ’. In the ana lys i s  

3 * 4  scal ing a g r e e s  quite wel l  

It should be noted a t  th i s  point that  the f o r c e s  which ‘lead toward 

sca l ing  are  mos t  impor t an t  f o r  appa ren t  c r a t e r  d imens ions  and do W1 

not as  s t rongly  influence t r u e  c r a t e r  d imens ions .  

W1 

phenomena. 

It is recommended that 

scal ing be used  for  all e f fec ts  except  when d iscuss ing  apparent  c r a t e r  

The da ta  f r o m  c r a t e r i n g  expe r imen t s  that  a r e  m o s t  useful  to excavation 

p ro jec t s  a r e  the d imens ions  of the apparent  c r a t e r  as  a function of the 

sca led  depth of b u r s t  (i. e .  depth of bur ia l ) ,  of the explosive cha rge .  As 

the explosive is  bur ied  success ive ly  deepe r ,  the c r a t e r  d imens ions  i n c r e a s e ,  

g o  through a max imum,  and u l t imate ly  fall to z e r o  when camouflet  conditions 

a r e  reached .  

the max ima  have different  va lues  and occur  a t  different  depths  of bu r s t .  In 

addition, i t  should be noted that  the s c a t t e r  of the da ta  points is  quite l a r g e ,  

pa r t i cu la r ly  a t  depths  of b u r s t  deepe r  than opt imum,  due to var ia t ions  in 

the physical  p r o p e r t i e s  of the rock .  

Such a behavior  is m o r e  o r  l e s s  typical  of all media ,  although 



- 7 -  UCRL- 6578 

CHAPTER 11. NUCLEAR CRATERING EXPERIENCE 

Nuclear  C r a t e r s  

F o u r  nuc lea r  explos ives  have been detonated a t  the Nevada T e s t  Site 

(NTS) under  conditions which r e su l t ed  in the c rea t ion  of l a r g e  c r a t e r s .  

T h r e e  of t hese  w e r e  f i r ed  f o r  the pu rposes  of nuc lea r  weapons e f fec ts  

s tud ie s  and hence  w e r e  at r a t h e r  shal low depths  of h u r s t ,  much  sha l lower  

than proposed  P l o w s h a r e  appl icat ions.  

o c c u r r e d  in the val ley a l luv ia l  f i l l  of A r e a  1 0  a t  NTS, a medium c h a r a c t e r i z e d  

as a loose ,  

a w a t e r  contefit. at depth,  of about  10%. The four th  nuc lea r  c r a t e r ,  Neptune, 

was m a d e  in  the bedded tuff of the Ra in ie r  m e s a  a t  NTS. 

weakly cemen ted  volcanic  a s h  in which all the d e e p  underground nuc lea r  

explosions (Ra in ie r ,  Blanca,  Logan, et, al. ) have been  f i r ed .  

All t h r e e  of t hese  de tona t ions  

sand-grave! m i x t u r e  with a dens i ty  of approx ima te ly  I .  5- 1. 7 and 

Th i s  med ium i s  a 

In Table  I a r e  given the appa ren t  c r a t e r  d imens ions ,  m e a s u r e d  with 

r e s p e c t  to the or ig ina l  ground l eve l  f o r  t hese  four  nuc lea r  c r a t e r s .  

2 the c r a t e r  p ro f i l e s  have all been  sca led  to 1 ki lc ton f o r  c o m p a r i s o n  

purposes, Some discuss ion  of each c r a t e r  wil l  be  useful .  

In F ig .  

Tab le  I. S u m m a r y  of nuc lea r  c r a t e r i n g  da ta  f r o m  the Nevada T e s t  Si te .  

Di melis ion s of ADrsar ent  C r a t e r  
Depth 

of L i p  

Shot Name M.edium (kt)  ( f t )  R(f t )  D(f t )  (yd3)  R D (ft)  

Jangle  U Alluvium 1. z*o. 1 17 1 3 0  53 3 .7X104  2 . 4 5  8 
Teapo t  ESS Alluvium 1.2*0. 1 67 146  90 9.6x1O4 1 . 6 2  19 
Ne tun e >: s: Tuff 0 .115*0.015 100  100 3 5  2.2X104 2 . 8 6  - 

Yield B u r s t  Radius ,  Depth, Volume Height 

Jangle  S Allilvium 1.2*0.  1 - 3 .  5;: 45 2 1  1650 2 . 1 5  - 

3: 

““Neptune w a s  detonated 100 f t  berreath a 3 0 ”  slope.  
Detonated 3 ,  5 f t  above su r face .  

Jangle  S .  The Jangle  S event  was  a. 1 . 2 - k t  nuc lea r  explosive detonated 

3 . 5  f ee t  above the s u r f a c e  of the ground in  l a t e  1951. 

F ig .  2 ,  the c r a t e r  f o r m e d  was  v e r y  small and contained e s sen t i a l ly  no l o o s e  

fa l lback  m a t e r i a l .  

p l a s t i c  deformat ion  cf the ground by the ac t ion  of the f i r e b a l l ,  

r e a s o n  f o r  the s m a l l  s i ze  of the c r a t e r  is that,  f o r  a nuc lea r  device ,  about  

A s  can  be  s e e n  f r o m  

@ The  c r a t e r  and l ip  w e r e  f o r m e d  a l m o s t  e n t i r e l y  by 

An addi t ional  



UCRL- 6578 - 8- 

J A N G L E  S 
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J A N G L E  U 
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0.115 k t  
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c-----( 
0 20 40 

* DETONATION POINT 
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Fig. 2.  Nuclear  c r a t e r  profiles.  
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a th i rd  of the r e l e a s e d  ene rgy  is i n  the f o r m  of t h e r m a l  and x - r a y  radiat ion,  

which is  l o s t  immedia te ly  fo r  a su r face  b u r s t .  F o r  a subsur face  b u r s t ,  th is  

ene rgy  i s  used f o r  vaporizat ion and melt ing of the med ium surrounding the 

devicep  so  that  a port ion of i t s  ene rgy  i s  avai lable  fo r  l a t e r  ut i l izat ion.  

The  1 .2 -k t  nuc lear  device used  f o r  the Jangle  U events  

a 

Jangle  U. 

also detonated in l a t e  1951, was  placed in a concre te - l ined  room,  

1 0  X 1 0  X 8 fee t  high. 

s t emmed  with a sandbag plug. 

the su r face  of the ground. The c r a t e r  resu l t ing  f r o m  thls explosion w a s  

cons iderably  i a r g e r  than the Jangle  S c r a t e r  hut s t i l l  much  s m a l l e r  than 

the max imum poss ib le  c r a t e r  f o r  a 1 .  2-kt  explosion. 

fi.rebal1 was  observed.,  but f o r  a much s h o r t e r  length of t ime  than fo r  

Jangle  So 

s u r g e  w a s  f o r m e d  which s p r e a d  out r ad ia l ly  tc? a d is tance  of about 1 mi l e .  

Almost  all the radioact ivi ty  escaped  to the a t m o s p h e r e  and was  deposi ted on 

the su r face  within 1 0  m i l e s .  

The hole f r o m  the top of the room to the s u r f a c e  w a s  

The cen te r  of the device was  1 7  f ee t  below 

A br ie f  f l a s h  of the 

A dense  dus t  cloud r o s e  to a height of about 6000 f ee t  and a b a s e  

Teapot  ESS. Teapot  ESS was  f i r e d  during Operat ion Teapot  in M a r c h  

195.5 a t  a s i t e  v e r y  nea r  the Jangie  U c r a t e r .  

located 6 7  f ee t  below the s u r f a c e  at the bcttom of a 10- foot -d iameter  hole.  

A ' larger  30-foot hole was  provided f o r  pe r sonne l  a c c e s s  p r i o r  to the 

explosion. The device was  packed c lose ly  with sandbag plugs and both holes  

w e r e  fi.lled with loose ,  a l luv ia l  m a t e r i a l  before  the detonation. A brief  f l a s h  

of v e r y  s h o r t  dura t ion  w a s  also obse rved  on detonation of t h i s  device. Again 

a base  s u r g e  about 1 mi l e  in r a d i u s  w a s  f o r m e d .  

ac t iv i ty  a f t e r  the expiosion r evea led  that  aboat  70% was  r e l e a s e d  in a m a n n e r  

similar to that of Jangle  U, 

l a r g e r  than Jangle  U ' s  because  of the l a r g e  depth of b u r s t ,  which gave much 

be t te r  coupling of the explosion ene rgy  to the ground. 

d imens ions  a r e  s t i l l  much s m a l l e r  than the maximum poss ib le  d imens ions  

based  on high-explosive expe r imen ta l  da ta  a t  l a r g e  depth of b u r s t .  

The 1 .2 -k t  devi.ce was  

Survey of the tota.1 rad io-  

The c r a t e r  produced had d imens ions  cons ide rab ly  

However ,  t hese  

An extensive p r o g r a m  to de l inea te  the t r u e  c r a t e r  was  under taken  f o r  
18 the Teapot  event.  

a d i a m e t e r  to depths  rangiEg f r o m  50 to 2 0 0  f ee t  as  shown i n  F i g .  3 .  

excavatiora of a t r e n c h  through the c r a t e r  along this  d i a m e t e r  r evea led  the 

s i tuat ion shown in F ig .  4. The t r u e  c r a t e r  and r u p t u r e  zones w e r e  f a i r l y  

wel l  defined by th.ese colurnns. 

Twenty-one co lored  saiid co lumns  w e r e  emplaced  along 

Pos t sho t  

@ 

Of p a r t i c u l a r  interest  w e r e  the f ina l  loca t ions  
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Fig.  4. Postshot  locations of sand columns for  Teapot ESS. 
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of co lumns  9 and 13, which w e r e  extended and folded back over  the edge of 

the t r u e  c r a t e r .  The o ther  co lumns  show v e r y  s t rong  effects  of s h e a r  and 

rup tu re .  

128 f e e t  and the r ad ius  150  feet .  

e s t ima ted ,  but i ts  r ad ius  is believed to be 250-275 f ee t .  

F r o m  these  data ,  the depth of the t rue  c r a t e r  is believed to be 

The depth of the rup tu re  zone can  only be 

F i g u r e  5 is a n  a e r i a l  view of A r e a  10 showing Teapot  ESS and Jangle  U 

in top c e n t e r .  

high- explosive a l luv ium c r a t e r s  desc r ibed  below, including Scooter  in the 

lower  cen te r  and the t h r e e  Stagecoach c r a t e r s  on the l e f t ,  a r e  a l s o  v is ib le .  

The  t r ench  in Teapot  ESS is c l e a r l y  vis ible .  The  r e c e n t  

Neptune. The  Neptune event  o c c u r r e d  during Opera t ion  Hardtack ,  

P h a s e  11, on 14 October ,  1958. l 9  It was  a 115-ton nuc lea r  device f i r e d  a t  a 

point 100 f e e t  below a 30" s lope in bedded tuff. The ve r t i ca l  d i s tance  to the 

s u r f a c e  w a s  110 fee t .  

a conc re t e  f loo r .  

before  the shot in  s e v e r a l  p l aces  with sandbag plugs.  

The z e r o  point r o o m  w a s  12 X 17 X 10 f ee t  high with 

The tunnel was  shaped l ike a buttonhook and w a s  s t e m m e d  

Upon detonation, the s u r f a c e  r o s e  in a h e m i s p h e r i c a l  dome  to a height 

of 25-35  f ee t ,  a t  which t ime  i t  was  d is rupted  by e jec ted  m a t e r i a l  and venting 

g a s ,  with l a r g e  r o c k s  going 8 0 -  100 f ee t  in the air. 

f o r m e d ,  which r o s e  to a height of about 1000 feet .  

and d e b r i s  cascaded  down the s lope ,  c a r r y i n g  small amoun t s  of rad ioac t iv i ty  

into gul l ies  to d i s t ances  downhill (upwind) on the o r d e r  of 2000 feet .  

A l a r g e  dus t  plume w a s  

A l a r g e  mass of r o c k  

The shape  of the c r a t e r  f o r m e d  by the Neptune detonation was  influenced 

by the s lope of the su r face  in  that  a l m o s t  all of the d e b r i s  fo rmed  a s l ide  

or iginat ing at  the lower edge of the c r a t e r  and te rmina t ing  about  800 f ee t  

down the s lope .  

was  35 fee t .  

The mean  d i a m e t e r  was  200 f ee t  and the m a x i m u m  depth 

A to ta l  of 1 1  holes  have been  d r i l l ed  into the reg ion  sur rounding  the 

Neptune detonation to de t e rmine  the phys ica l  s t a t e  of the r o c k  and to 

de l inea te  the rad ioac t ive  r eg ions .20  F i g u r e s  6 and 7 show these  holes  and 

the p ic ture  of the postshot  s t a t e  of the med ium de r ived  f r o m  them.  

of the l a y e r s  overlying the shot  have re ta ined  the i r  continuity but have 

col lapsed into the cavi ty  produced by the explosion.  The mixing that 

o c c u r r e d  w a s  minor  and the different  l i thologic uni ts  a r e  s t i l l  e a s i ly  

identifiable.  

Most  

Crushing of the tuff o c c u r r e d  to a d is tance  of 40 f ee t  downward and 50 

f e e t  l a t e r a l l y  except  in the d i rec t ion  of the o r ig ina l  dr i f t ,  where  c rush ing  
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extended to 80 feet .  

bedding plane weaknesses .  

in the h e m i s p h e r e  below the z e r o  point, according to c u r r e n t  i n t e r p r e t a t i o n s  

of c o r e  da ta .  Above the or ig ina l  z e r o  point, f r a c t u r i n g  extended to the 

s u r f a c e 3  with the boundary of f r a c t u r i n g  lying on a cone*whose top extended 

slightly beyond the s u r f a c e  c r a t e r  region.  

The extent  of crushing was  apparent ly  influenced by 

F r a c t u r i n g  of the m a t e r i a l  extended to  70  f e e t  

Integration of the total fa l lout  p a t t e r n s  on the s u r f a c e  indicated that 

l;Z% of the total  f i s s ion  product  act ivi ty  produced by the ex,plosion escaped  

f r o m  the c r a t e r . '  Due to the p r e s e n c e  of c e r t a i n  volati le i so topes  a t  e a r l y  

times, this act ivi ty  i s  enr iched by- a f a c t o r  of 5 in  S r  and C s  . 
.L 

90 137 

Radioactivitv Release  

On the b a s i s  of the above four  nuc lear  c r a t e r i n g  explosions,  and the 

deeply buried Blanca detonationz1 which r e l e a s e d  0. 0570 of i t s  act ivi ty  to  

the a t m o s p h e r e ,  

of the r a t i o  of depth of b u r s t  to c r a t e r  depth h a s  been drawn (Fig .  8). 

T h i s  a b s c i s s a  h a s  been chosen to make the d a t a  appl icable  to a wide r a n g e  

of media .  As  can  be s e e n  f r o m  Fig .  8 ,  f o r  those depths  of b u r s t  w h e r e  the 

c r a t e r  depth is half the depth of b u r i a l  of the c h a r g e s  the f rac t ion  of rad io-  

act ivi ty  that is r e l e a s e d  to the a t m o s p h e r e  and a p p e a r s  as p r o m p t  fallout i s  

only 3 to 470 of the total  act ivi ty  produced.  T h i s  f r a c t i o n  will  be enr iched  in 

c e r t a i n  i so topes  with volati le p r e c u r s o r s I  such as Sr , by a f a c t o r  of about 

5. 

:: 
a curve  showing the fate  of act ivi ty  r e l e a s e d  as  a function 

22 

9 0  

When thermonuclear  explosives are  u s e d ,  in  which only 57'0 of the yield 

c o m e s  f r o m  f i ss ion ,  the above f rac t ion  appl ies  only to  this  f i s s i o n  contribution, 

and hence the tota.1 activity r e l e a s e  c o r r e s p o n d s  to an  e x t r e m e l y  small f r a c t i o n  

of the to ta l  yield (0 .  15-0.2070). Activity induced in  the m e d i u m  sur rounding  

a thermonuclear  explosion by the high e n e r g y  neut rons  that a r e  r e l e a s e d  c a n  

b e  reduced below this value by s tandard  neut ron  shielding p r o c e d u r e s .  

A i r  Blas t  

M e a s u r e m e n t s  made  in  the Stagecoach, Buckboard,  and Scooter  high 

explosive detonations show that c l o s e - i n  air b l a s t  w a s  attenuated by a fac tor  

%b 

'This f r a c t i o n  of percentage  r e l e a s e  d i f f e r s  f r o m  e a r l i e r  published v a l u e s  
because  of r e c e n t  renormal iza t ion  of the definition of act ivi ty  produced p e r  
kiloton of f i ss ion  yield ( s e e  r e f .  22) .  
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@ of over  100 f o r  an  explosive placed a t  o r  below opt imum depth of b u r s t ,  

(i. e .  that  depth a t  which m a x i m u m  c r a t e r  d imens ions  a r e  produced) .  

Similar m e a s u r e m e n t s  on long r a n g e  air b las t ,  which is produced by 

t ropospher ic  o r  ozonospheric  re f lec t ion  of sound waves back down to the 

e a r t h  a t  r a n g e s  of 50- 150 m i l e s ,  shows that i t  is attenuated by a f a c t o r  

of 5- 10  by b u r i a l  a t  o r  below opt imum depth. 
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C HAPTER 111. HIGH EXPLOSIVE CRATERING EXPERIENCE 

Br ief  S u m m a r y  of *Early H. E. Exper ience  

P e r h a p s  the f i rs t  c r a t e r i n g  e x p e r i m e n t s  with large s i z e  H.E. c h a r g e s  

w e r e  conducted by the B r i t i s h  in the e a r l y  1940's  using TNT bombs.  

work  was  a l s o  done in th i s  country in 1943-1945 by the National Defense 

R e s e a r c h  Commi.ttee a t  P r i n c e t ~ n ~ . ~  in which, f o r  the f i r s t  t ime,  underground 

m e a s u r e m e n t s  w e r e  made  of p r e s s u r e s s  a c c e l e r a t i o n s ,  and d isp lacements  

in a v a r i e t y  of media ,  

Much 

Charge  s i z e s  ranged f r o m  8 to 3200 lb. 

The P a n a m a  Canal  Company init iated a s e r i e s  of high- explosive 

c r a t e r i n g  p r o g r a m s  in 1947 to d e t e r m i n e  t'he vulnerabili ty of the P a n a m a  

Canal  to a t tack  by nuc lear  weapons.  
2.4 26  included 15 to 20 shotsp  w e r e  p e r f o r m e d  in basa l t ,  s a n d s t o n e , 2 5  clay,  

w a t e r -  sa tura ted  m a r i n e  muck,  27  and an  al luvial  s a n d - g r a v e l ' m i x  t e r m e d  

c u c a r a c h a  a n d  c u l e b r a .  28 M e a s u r e m e n t s  were  made of all pert inent  

p a r a m e t e r s ,  incl.uding apparent  and t r u e  c r a t e r  d imens ions ,  extent  of the 

r u p t u r e ,  p e r m a n e n t  d i sp lacement  and e l a s t i c  zonesy  and d is tance  of d e b r i s  

ejection. Unfortunately,  only cyl indrical  c h a r g e s  ranging f r o m  8 to 200 l b  

w e r e  used and thus the s c a t t e r  of the da ta  for  the r o c k  m e d i a  w a s  v e r y  l a r g e  
t + ( -  2570 f o r  r a d i i  and - 50% f o r  depths) .  

T h e s e  p r o g r a m s 9  e a c h  of which 

Star t ing in  1948 and continuing sornewhat in te rmi t ten t ly  until 1951 w a s  

the Underground. Effects  T e s t s  P r o g r a m ,  (UET) ,  which. w a s  sponsored  b y  

the C o r p s  of E n g i n e e r s  and conducted l a r g e l y  a t  the Dugway Proving  Grounds 

in Utah. 

Stanford R e s e a r c h  Insti tute (SR.1) and Engineer ing Research.  A s s o c i a t e s  (ERA). 

C h a r g e s  ranging from. 8 lb to 320, 000 Ib of TNT w e r e  useds  genera l ly  m a d e  

up by stacking blocks in the sh-ape of a s p h e r e .  Maiiy m a t e r i a l s  w e r e  studied, 

including soi l ,  g ran i te ,  sands tonep  and l imes tone .  A l a r g e  n u m b e r  of under-  

ground f ree- f ie ld  m e a s u r e m e n t s  w e r e  a l s o  included. in these  p r o g r a m s .  

The  UET p r o g r a m  was fielded by s e v e r a l  agencies ,  including 

In. 1951, the f i r s t  of a long s e r i e s  of high-explosive c r a t e r i n g  p r o g r a m s  

in a l luvium was  p e r f o r m e d  as p a r t  of the B u s t e r - J a n g l e  nuc lear  t e s t  s e r i e s ,  

T h e s e  p r o g r a m s  in alluvium, extending In t ime f r o m  1951 to 1960, will be 

outlined in m o r e  de ta i l  below. 

The r e s u l t s  of the above p r o g r a m s ,  as wel l  a s  those of many small- 

a sca le  p r o g r a m s  which I have ornitted, a r e  given in a n  excel lent  s u m m a r y  of 

c r a t e r i n g  data  published by the U. S. A r m y  E n g i n e e r s  Waterways  E x p e r i m e n t  
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Station." Unfortunately many of the above da ta  w e r e  taken under  conditions 
Q 

that m a k e  them difficult  to use  h e r e .  

d imens ions  w e r e  m e a s u r e d .  In o the r s ,  cy l indr ica l  c h a r g e s  o r  v e r y  small 

In s o m e  c a s e s  only t r u e  c r a t e r  

cha rge  weights w e r e  used,  which make  the da ta  unre l iab le  f o r  extrapolat ion 

to l a r g e  nuc lea r  y ie lds .  

concent ra te  on the voluminous da ta  taken in NTS d e s e r t  a l luvium, with only 

minor  r e f e r e n c e s  to r e s u l t s  in o ther  media .  

F o r  these  r e a s o n s  the r e s t  of th i s  r e p o r t  wil l  

; 
In conjunction with the Jangle  and Teapot  c r a t e r i n g  explosions,  

30 

s e v e r a l  

high-explosive c r a t e r i n g  p r o g r a m s  w e r e  conducted in 1951 in the d e s e r t  

a l luv ium of A r e a  1 0  a t  NTS, the s i te  of the above nuc lea r  c r a t e r s .  

Cha rges  ranging f r o m  256 lb  to 40, 000 lb  of TNT w e r e  used .  

of these  p r o g r a m s ,  designated as  the Jangle  H.E. s e r i e s ,  w a s  executed 

in 1951 and cons is ted  of nine 2560-1b sho t s  and one 40, 000-lb shot ,  all 

a t  shal low depths  of b u r s t  to s imula te  the Jangle  U and Jangle  S nuc lea r  

shots .  The c h a r g e  configurat ions w e r e  approximate ly  sphe r i ca l ,  being 

built  out of 100-lb blocks of TNT. A s u m m a r y  of the expe r imen ta l  da t a  

f r o m  th is  s e r i e s  as  wel l  a s  f r o m  the r e s t  of the high-explosive c r a t e r i n g  

p r o g r a m s  in d e s e r t  a l luvium can  be found in Appendix A. 

all of the da t a  f r o m  d e s e r t  a l luv ium have been plotted in F i g s .  9 and 10  

using W1" 

weights.  

The f i r s t  

h addition, 

sca l ing  to  c o r r e l a t e  the da ta  f r o m  sho t s  using differ ing c h a r g e  

In 1952, addi t ional  c r a t e r i n g  r e s u l t s  as  wel l  as da ta  on o the r  effects  

w e r e  obtained by a c r a t e r i n g  p r o g r a m  in  NTS d e s e r t  a l luv ium named the 

Mole Series., 31 conducted by Stanford R e s e a r c h  Inst i tute  f o r  the U. S. 

A r m y  Corps  of Eng inee r s .  

TNT w e r e  usedp  with depths  of bu r i a l  ranging f r o m  sl ight ly  above the 

su r face  to  6. 35 f ee t  below the su r face .  

to give s ignif icant  c r a t e r i n g  da ta  fo r  modera t e ly  wel l -bur ied  c h a r g e s  

F o r  th i s  s e r i e s  s even  256-1b s p h e r e s  of c a s t  

Th i s  s e r i e s  w a s  the f i r s t  p r o g r a m  

in d e s e r t  a l luvium. 

in d e s e r t  a l luv ium was  being conducted, another  phase  of the Mole p r o g r a m  

involving a similar s e r i e s  in moi s t  and d r y  c l ay  was  being pe r fo rmed .  

However ,  i t  was  confined to shal low depths  o f  b u r s t .  

At approximate ly  the s a m e  t ime  as the above s e r i e s  

@ 
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To  obtain m o r e  da ta  in the reg ion  of sca led  depth of b u r s t  of the 

proposed  Teapot  ESS nuclear  c r a t e r i n g  explosion, Engineer ing R e s e a r c h  

and Development  L a b o r a t o r i e s  (ERDL)  executed a prograrn18 in the fall 

of 1954 which was v e r y  similar to the above Mole p r o g r a m  in d e s e r t  

a l luvium. F o r  this  p r o g r a m ,  the ERDL 400 s e r i e s ,  six 256-1b c a s t  TNT 

s p h e r e s  w e r e  used at depths  ranging f r o m  0.83 to  6 , 3 5  fee t ,  with two a t  

the sca led  depth of the nuc lear  shot.  Cons iderable  effor t  was  devoted to 

invest igat ing t r u e  c r a t e r  d imens ions  f o r  this  p r o g r a m  in ant ic ipat ion 

of the m a j o r  p r o g r a m  of t r u e  c r a t e r  del ineat ion planned f o r  the nuc lea r  

shots .  

Thus a r e  s u m m a r i z e d  the da t a  avai lable  when the P lowshare  P r o g r a m  

was  inst i tuted in 1958.32 These  exis t ing da ta  w e r e  only of l imi ted  usefu lness  

in designing P lowshare  expe r imen t s ,  however ,  because  they w e r e  obtained 

with too shal low depths  of b u r s t .  A s  can be seen  f r o m  F i g s .  9 and 10, 

no shots  had been f i r e d  at a deep  enough depth of b u r s t  to l oca t e  the peak  

of the r ad ius  o r  depth cu rves .  T o  obtain such  da ta ,  a c r a t e r i n g  p r o g r a m  

w a s  pe r fo rmed  by Sandia Corpora t ion  in the spr ing  of 1959 which included 

ten 256-1b c a s t  TNT s p h e r e s  bur ied  a.t depths  ranging f r o m  6 .35  fee t  to 

25.4 f ee t ,  33 Because  of i n c r e a s e d  s c a t t e r  of the da t a  a t  the l a r g e r  depths  

of bu r s t ,  th i s  p r o g r a m  w a s  followed in the fall of 1959 by a second phase  

that e s sen t i a l ly  r epea ted  the w o r k  of the f i r s t  phase  but improved  the 

s t a t i s t i c s .  
34 Stagecoach. In the sp r ing  of 1960, the Stagecoach p r o g r a m  was  

ini t ia ted to  be t t e r  define the c o r r e c t  scal ing l aws  a t  sca led  depths  of b u r s t  

that  spanned the depth of b u r s t  cu rve .  

AEC and f ie lded by Sandia Corpora t ion ,  w a s  composed  of t h r e e  detonat ionss  

each  with a cha rge  weight of 40, 000 l b  of TNT. The c h a r g e s  w e r e  m a d e  up 

of 36-lb blocks of T N T  s tacked  to f o r m  a sphe re .  The depths  of b u r s t  

m e a s u r e d  to the c e n t e r s  of the s p h e r e s ,  w e r e  17. 1, 34.2,  and 80 fee t .  

The p r e l i m i n a r y  r e s u l t s  of the detonat ions a r e  given in Table  11, and a r e  

shown in F i g s ,  9 and 10 by the t r iangular  points  a t  sca led  depths  of b u r s t  

of 0. 5, 1 , 0 ,  and 2.  3 f t  ( lb )  . C r o s s  sec t ions  of these  th ree  c r a t e r s  

a r e  shown in F ig .  11. 

The p r o g r a m ,  sponsored  by the 

1 3  



- 2 3 -  

sc 

t 

I 
112 A (17 FEET) 

UCRL- 6578 

+ 
I A (34 FEET) 

2 .3X  (80 F E E T )  

LOOKING N.E 
----- LOOKING S.E. 
# DETONATION POINT 

- + 20'+ 

S C A L E  

MUL-10713 
Reva 10/2/61 

Fig. 11. Stagecoach c r a t e r  profiles. 

n 



UCRL-  6578 -24 - 

Table 11. 

c h a r g e s  in d e s e r t  a l luvium a t  Nevada T e s t  Site ( s e e  re f .  35). 

Resul t s  of Stagecoach c r a t e r i n g  p r o g r a m  with 40,  000-lb TNT 

Apparent  Apparent  Apparent  

3 
Depth C r a t e r  C r a t e r  C r a t e r  

Shot No. B u r s t  ( f t )  Radius  (ft)  Depth (ft) Volume (yd ) 

2 17. 1 50. 5 23 .6  31 00 
3 34.2 58.6 28.2 53 60 
1 80 57.0 7 . 0  1820 

S e v e r a l  in te res t ing  observa t ions  can be m a d e  regard ing  the s h a p e s  of 

these  c r a t e r s .  

depth of b u r s t  a s  the 1200-ton Teapot  ESS nuclear  shot (0.  5 f t  (Ib)'  3', but i t  

produced a c r a t e r  whose sca led  r a d i u s  was  much l a r g e r  than Teapot  ESS" s 

( s e e  F i g s .  9 and l o ) ,  while the sca led  depths of the two c r a t e r s  w e r e  about 

equal. This  would indicate that a s  one goes  to l a r g e r  yields  a t  the s a m e  

scaled depth of b u r s t ,  the r a t i o  of r a d i u s  to depth d e c r e a s e s .  

although not as  obvious as in  this  example ,  can be s e e n  in e a r l i e r  data .  

Stagecoach shot No. 2 (20-ton yield) had the s a m e  sca led  

The  s a m e  trend, 

The deep  c r a t e r ,  f r o m  the shot a t  80 fee t ,  a l s o  shows s o m e  in te res t ing  

c h a r a c t e r i s t i c s .  

bot tom of F ig .  11 and f r o m  the high speed photographs of the detonation, this  

c r a t e r  resu l ted ,  to a v e r y  g r e a t  d e g r e e Y  f r o m  plas t ic  deformat ion  and r u p t u r e  

of the al luvium surrounding the detonation point, followed by subs idence  of 

A s  can  be s e e n  f r o m  the shape of the c r a t e r  shown a t  the 

the overlying m a t e r i a l  into the c r a t e r  when venting of the g a s  ba l l  o c c u r r e d .  

The resu l t ing  c r a t e r  is v e r y  shal low and f la t -bot tomed,  but v e r y  wide. 

Howevers  when th is  c r a t e r  is  sca led  to a 100-kiloton c h a r g e ,  the r a d i u s  

and depth a r e  adequate  f o r  m a n y  P l o w s h a r e  appl icat ions such  as  h a r b o r s  

and cana ls .  

suited to r e t a i n  a v e r y  l a r g e  f r a c t i o n  of the radioact ivi ty  produced in a 

nuc lear  detonation. 

Scooter .  

The m e c h a n i s m  of c r a t e r i n g  a t  this  sca led  depth of b u r s t  is wel l  

Inspection of the da ta  shown in F i g s .  9 and 10 r e v e a l s  that ,  

while t h e r e  is a l a r g e  s c a t t e r  of the data ,  t h e r e  is a consis tent  t rend f o r  the 

la rge-y ie ld ,  high-explosive data  to fall below the 256-113 data .  In a n  a t tempt  

to b e t t e r  c o r r e l a t e  the high explosive data ,  Vaile in 1955 proposed the u s e  

of W1 3 ' 4  instead of W1 

the single 2560-113 shot a t  the Teapot  sca led  depth and the 2560- and 40,  000-lb 

as a scal ing fac tor .  l 5  His  work w a s  based  on 

shots  at the Jangle  U sca led  depth.  A s  will  be shown l a t e r  in th i s  r e p o r t ,  
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the Stagecoach da ta  lead to e s sen t i a l ly  the s a m e  r e s u l t .  

The des ign  of nuc lear  excavation p ro jec t s  envisages  the u s e  of nuc lea r  

explos ives  with y ie lds  of 10  kilotons o r  g r e a t e r .  

r e q u i r e  l a r g e r  depth of b u r s t t  the effects  of g rav i ty  become m o r e  impor tan t ,  

although to a n  uncal.culable deg ree .  

m a t e r i a l s  and in t e rna l  f r ic t iona l  f o r c e s  become l e s s  impor tan t .  
1 3.4 that the u s e  of W 

l a r g e r  would not be se r ious ly  in  e r r o r ,  the Scooter  p ro jec t  was  proposed .  

Since the l a r g e r  y ie lds  

In addition., the effects  of s t r eng th  of 

To  e n s u r e  

sca.!ing of the iower  yield da ta  to these  yields  and 

This  expe r imen t ,  which was  sponsored  by the Lawrence  Radiation 

L a b o r a t o r y  as a p a r t  of the P lowshare  P r o g r a m  and fielded by Sandia 

Corpora t ion ,  cons is ted  of 500 tons of TNT bur ied  at a depth of 125  f ee t  i n  

the d e s e r t  a l luv ium of A r e a  10  at NTS, c lose  to the Jangle  U and Teapot  ESS 

c r a t e r s ,  

A detonator  was  placed at the cen te r  of the s p h e r e ,  125  fee t  deep.  

The cha rge  cons is ted  of blocks of T N T  s tacked  to f o r m  a s p h e r e .  

Scooter  was  detonated at 0715 PST on October  13, 1960. The  r e su l t i ng  

apparent  c r a t e r  had a n  a v e r a g e  r a d i u s  of 153.8 f ee t  and a depth of 74 .5  

fee t .  35 The total  volume of the apparent  c r a t e r  was  about 1 0 0 ,  000 cubic  

ya rds .  

be fo re  the shot ,  based  on W 

indicate  that W 3 *  scal ing is  adequate  to p red ic t  c r a t e r  d imens ions  in the 

kiloton r ange  of yield,  and that no s e r i o u s  e r r o r  will  r e s u l t  in  extrapolat ing 

th i s  l a w  into the 10-kiloton range .  

These  r e s u l t s  a g r e e  to within a few pe rcen t  of the prediction made  

scal ing.  Thiis, the p r e l i m i n a r y  r e s u l t s  1 . 3 . 4  

Accompanying the Scooter  detonation were  many addi t ional  expe r imen ta l  

p r o g r a m s  such  as  air b l a s t ,  ground s u r f a c e  motion, s e i s m i c  m e a s u r e m e n t s ,  

pa r t i c l e  t r a j ec to ry ,  and throwout dist.ributi.on studi.es.  The r e s u l t s  of these  

p r o g r a m s  a r e  not yet  complete  but they will  s ignif icant ly  i n c r e a s e  ou r  

knowledge of these  phenomena.  

Resu l t s  F r o m  Other  Media 

P r o p e r  des ign  of nuc lea r  excavat ion p ro jec t s  r e q u i r e s  a knowledge of 

the c r a t e r i n g  c h a r a c t e r i s t i c s  of a wide var ie ty  of media .  T h e r e  have been  

numerous  c r a t e r i n g  p r o g r a m s  in the pas t  in med ia  ranging f r o m  sa tu ra t ed  

m a r i n e  muck to basa l t .  Unfor tmate ly ,  a s  outl ined above,  mar,y of t hese  

da ta  a r e  not appl icable  e i the r  because  of f a i l u r e  to m e a s u r e  appa ren t  c r a t e r  

d imens ions ,  concentrat ion of da ta  at shallow depths  of bur  s t ,  unusual  c h a r g e  

shapess  o r  the use  of too smail cha rge  weights .  The only p r o g r a m s  whose 
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r e s u l t s  a r e  at all useful to P lowshare  are the c r a t e r i n g  s tudies  conducted by 

the P a n a m a  Canal  Company; these  r e s u l t s  a r e  s u m m a r i z e d  in  F igs .  12 and 

13, where  l e a s t - s q u a r e s  f i t s  to the da ta  have been plotted.  H e r e ,  because  

of the small r ange  of the y ie lds  involved, the da ta  a r e  plotted a s  a function of 
1 3  sca led  depth of b u r s t  using W scal ing.  

ima te  f i t  t o  the NTS d e s e r t  a l luv ium da ta  h a s  a l s o  been plotted h e r e  as the 

heavy d a r k  l ine .  

F o r  compar i son  pu rposes  a n  approx-  

Buckboard 

s h a r e  P r o g r a m ,  the Buckboard p ro jec t ”  was  under taken  in the s u m m e r  of 

1960. 

i t  cons is ted  of 10 1000-lb and 3 40, 000-lb detonat ions in basa l t .  The s i t e  was  

the basal t - topped 40-Mile Canyon m e s a  a t  NTS. 

1000-lb sho t s  va r i ed  f r o m  0. 5 f t  ( lb)‘  

depth.  

and 1 .75  f t  ( l b )”  ’. 

T o  obtain c r a t e r i n g  da ta  f o r  h a r d  r o c k  that  would be useful  to the Plow- 

Sponsored by P lowshare  and executed in the f ie ld  by Sandia Corpora t ion ,  

Scaled depths of b u r s t  f o r  the 

to  2 .  5 f t  ( lb)’  ’3,  with two shots  at e a c h  

The  t h r e e  40, 000-lb sho t s  w e r e  a t  sca led  depths  of b u r s t  of 0 .75 ,  1 .25 ,  

The p r e l i m i n a r y  r e s u l t s  of th i s  p r o g r a m  a r e  plotted in  F i g s .  14 and 15. 

As call be seen ,  the m a x i m u m  c r a t e r  r ad ius  is  about the s a m e  as f o r  the I. C. S. 

basa l t  da t a  in F ig .  12  i. e . ,  1. 5 fb’(lb) , . The locat ion of the m a x i m u m  of 

the depth of b u r s t - v s - r a d i u s  cu rve  a p p e a r s  to be a t  a much sha l lower  depth of 

bu r s t .  

Buckboard,  the cemen t  s t emming  fa i led ,  and p i eces  of s t emming  w e r e  obse rved  

going ove r  500 f e e t  in the air ,  

d imens ions  of the deepe r  c r a t e r s ,  but i ts  effect  is v e r y  difficult  to  eva lua te .  

Th i s  difficulty w a s  c o r r e c t e d  f o r  the t h r e e  40 ,  000-lb detonat ions.  The  s c a t t e r  

of the da t a  f o r  the 1000-lb sho t s  would appea r  to be about -+ 2570, and i t  is  v e r y  

difficult to d r a w  a meaningful cu rve  through these  da ta .  

1 3? 

However ,  i t  should be mentioned that  f o r  the deep  1000-lb sho t s  on 

Th i s  undoubtedly had a n  effect  on the c r a t e r  

The depths  shown i n  F ig .  15 a r e  about the s a m e  as  the I. C. S. da t a  but 

the s c a t t e r  is obviously v e r y  bad, pointing to the conclusion that 1000-lb o r  

s m a l l e r  c h a r g e s  a r e  unsa t i s f ac to ry  f o r  c r a t e r i n g  p r o g r a m s  in h a r d  r o c k  

media .  

and the resu l t ing  poros i ty ,  which m a k e s  n e c e s s a r y  a prohibi t ively l a r g e  

number  of c r a t e r s  to obtain s t a t i s t i ca l ly  a c c u r a t e  r e s u l t s  with small cha rges .  

The s c a t t e r  of the da t a  i s  due to the l a r g e  block s i z e s  of the fa l lback  

The th ree  40 ,  000-lb detonat ions r e su l t ed  in c r a t e r s  whose d imens ions  

a r e  given in Table  111. These  d imens ions  a r e  many t i m e s  l a r g e r  than the 
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ave rage  block s i ze  of the d e b r i s ,  and hence these  c r a t e r s  a r e  be t t e r  mode l s  

of l a r g e -  s c a l e  nuc lea r  c r a t e r s .  

Table  111. 

c h a r g e s  in basa l t  a t  Nevada T e s t  Site ( s e e  r e f .  35).  

Resu l t s  of Buckboard c r a t e r i n g  p r o g r a m  with 40, 000-lb TNT 

Apparent Apparent Apparent 
3 Depth of C r a t e r  C r a t e r  C r a t e r  

Shot No. B u r s t  (ft)  Radius  ( f t )  Depth (f t )  Volume (yd ) 

11 25. 5 44.6 2 4 . 9  2 3 7 0  
12 4 2 . 7  57 ., 0 3 4 . 7  5000  
13 58 .8  36.8 16.2 8 6 0  

The l a r g e  s c a t t e r  of the 1000-lb c r a t e r s  a l s o  m a k e s  de t e rmina t ion  of 

any  deviation of the scal ing law f r o m  W1 ' 3  for basa l t  imposs ib le .  

t h e r e  is no r e a s o n  to bel ieve that a sca l ing  l aw der ived  f r o m  a l luv ium 

would be  i n c o r r e c t  f o r  basa l t .  

However ,  

As with the e a r l i e r  Scooter  detonation, t h e r e  w e r e  s e v e r a l  p r o g r a m s  

such  as air b l a s t ,  throwout,  and pa r t i c l e  t r a j e c t o r y  s tudies  accompanying the 

t h r e e  40, 000-lb p r o g r a m s .  Resu l t s  of these  p r o g r a m s  wil l  a id  g r e a t l y  in  

pred ic t ing  these  phenomena in h a r d  r o c k  media .  
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CHAPTER IV. ANALYSIS O F  DESERT ALLUVIUM DATA 

The l a r g e  amount  of c r a t e r i n g  data  avai lable  f o r  the single medium, 

NTS d e s e r t  a l luvium ( s e e  F i g s .  9 and l o ) ,  a l lows a quite complete  ana lys i s  

to  be made  of i t s  c r a t e r ing  c h a r a c t e r i s t i c s .  

has  been to a s s u m e  that an  e m p i r i c a l  scaling l aw can  be found that will  

sa t i s fac tor i ly  c o r r e l a t e  the da ta  f r o m  c r a t e r s  obtained with different  s i z e  

c h a r g e s  of high explosives  ( T N T ) .  It i s  fu r the r  a s s u m e d  that nuc lear  and 

high- explosive c r a t e r s  would then obey similar scal ing laws .  

i t  i s  then possible  to calculate  a nuc lear -h igh  explosive efficiency (i. e .  the 

r a t i o  of the high explosive yield to nuc lear  yield requi red  f o r  a n  equivalence 

of c r a t e r i n g  effects) .  

one c r a t e r ,  the r ad ius  and the depth, two values  for  a n  e m p i r i c a l  scal ing 

exponent o r  efficiency a r e  obtained. The significance of this  point will  be 

d i scussed  a t  the end of th i s  sect ion.  

The approach  in th i s  ana lys i s  

By compar ison ,  

Since t h e r e  a r e  two independent da t a  points  f r o m  any 

Svmbols and T e r m s  
~ 

At the p r e s e n t  t ime the re  e x i s t s  no universa l ly  accepted s y s t e m  of uni ts  

o r  symbols  fo r  d i scuss ing  c ra t e r ing .  

defined a s e t  of symbols  which a r e  cons is ten t  with m o s t  common  usage  and 

appear  to be of g r e a t e s t  uti l i ty.  

a r e  defined as: 

F o r  the pu rposes  of this  paper  I have 

The ac tua l  d imens ions  of the apparent  c r a t e r  

R = appa ren t  c r a t e r  r a d i u s  ( f t ) ,  

D = appa ren t  c r a t e r  depth ( f t ) ,  

and 

Z = ac tua l  depth of b u r s t  of cha rge  (f t ) .  

Negative values  f o r  Z indicate  d is tances  above the ground su r face  to the cen te r  

of grav i ty  of the charge .  

Two t e r m s  that a r e  universa l ly  used when d iscuss ing  cube- root  scal ing of 

c r a t e r i n g  da ta  a r e  A and A : 
C 

A = any dimension r e l a t ed  to a c r a t e r  when sca led  by cube- root  scal ing = 

In gene ra l  usage ,  a c r a t e r  d imens ion  1 3  dimension !W1 , f t  ( lb)  

o r  the dis tance f r o m  the cha rge  m a y  be r e f e r r e d  to a s  being "nx", 

meaning a d is tance  equal  to nX (W1 'ft I s  where  W is the cha rge  

weight in pounds of TNT. 

X c  = scaled depth of b u r s t  expres sed  in  t e r m s  of A, being equal  to 

Z W1 [ f t  ( l b ) l i 3  . 
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To el iminate  confusion over  the type of scal ing being used to p r e s e n t  

data ,  i t  h a s  been  found n e c e s s a r y  to adopt a s tandardized procedure .  

when using cube- root  scal ing,  c h a r g e  weights a r e  e x p r e s s e d  in  pounds of 

Thus ,  

TNT and c r a t e r  d imens ions  a r e  then e x p r e s s e d  in  t e r m s  of A .  

e m p i r i c a l  scal ing as der ived h e r e  and e l s e w h e r e ,  charge  weights a r e  

e x p r e s s e d  in kilotons of TNT. 

one is compar ing  the r e s u l t s  of e x p e r i m e n t a l ' p r o g r a m  using c h a r g e s  

When using 

The  b a s i s  f o r  this  convention is that when 

ranging from 1 to lOZb, cube-root  scal ing i s  adequate ,  w h e r e a s  when 

c h a r g e  r a n g e s  of 10 .- 10 l b  (0 .5 -  50 kt! a r e  being d iscussed9  an  e m p i r i c a l  

scal ing l a w  h a s  been found n e c e s s a r y ,  

cube- root  scaling: 

6 8 

Using these conventions,  we have f o r  

= z = sca led  depth of b u r s t ,  cube- root  scaling, ft!(lb)'' 3 ,  
X C  S 

1'3 r = sca led  apparent  c r a t e r  r a d i u s ,  cube- root  scal ing,  f t / ( l b )  , 

d = scaled apparent  c r a t e r  depth,  cube- root  scal ing,  f t / ( l b )  . 
S 

1 / 3  
S 

F o r  t r e a t m e n t  of the d a t a  by e m p i r i c a l  scal ing we have: 

Z = Z,'W1, = sca led  depth of b u r s t ,  p th root  scaling, f t i ( k t )  1 P  , - S 

R = R W 1 '  

D = D W l i  

= scaled apparent  c r a t e r  r a d i u s ,  Eth root  scal ing,  f t  (kt) '  ', 

= sca led  apparent  c r a t e r  depth, - pth root  scaling, f t  (kt)  

S 

1 ; p  . 
S 

F u r t h e r ,  l e t  us  define the following t e r m s :  

Z 

R 

= ac tua l  depth of b u r i a l  f o r  a c h a r g e  of weight W, 

= a c t u a l  c r a t e r  r a d i u s  f o r  a c r a t e r  made  with a c h a r g e  of 

W 

W 

weight W, 
D = ac tua l  c r a t e r  depth f o r  a c r a t e r  made  with a c h a r g e  of 

W 

weight w. 

Method of Analys is  

The re la t ionships  between c r a t e r  r a d i u s  and depth a n d  depth of b u r s t  

f o r  any  c h a r g e  weight W can b e  e x p r e s s e d  as :  

R W = f r (Zw),  (1) 

Dw = f  d ( Z  w ). (2) 
Using d a t a  taken at one c h a r g e  weight, W1,ft is possible  to  d e t e r m i n e  

the f o r m  of (1)  ar,d (2) without any a s s u m p t i o n s  r e g a r d i n g  scal ing laws.  

If we a s s u m e  that a n  independent e m p i r i c a l  scal ing law e x i s t s  f o r  e a c h  
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dimension,  fo r  a c r a t e r  produced with a cha rge  weight W2 whose r ad ius  

and depth a r e  Rw and D , respec t ive ly ,  we can  wr i t e  
2 w2 

'1 Pr - w2 ! 
w2 w1 w l /  

R = R  9 

D = D  - 
w ' W 1 !  9 w2 1 

If, f o r  example,  one knows p Z can  be calculated f r o m  (5)  which 
1 z p  w 

allows de termina t ion  from (1)  and  ( Z ) ,  of Rw and D . 
1 w1 

These  p a r a m e t e r s ,  in tu rn ,  p e r m i t  calculat ion of p and p Unfortunately,  r d '  
t he re  a r e  t h r e e  independent p a r a m e t e r s  in the s y s t e m  and only two equations.  

Thus,  a n  addi t ional  re la t ionship  is n e c e s s a r y  to th i s  s y s t e m  of equations.  
16 

which considerat ion is given to  such  f a c t o r s  as gravi ty ,  overburden  p r e s s u r e ,  

and the in t e rna l  f r ic t iona l  f o r c e s  of the medium, l e a d s  to a somewhat  

complicated s e t  of conditions which m u s t  be observed  to a s s u r e  complete  

A dimens iona l  ana lys i s  of the c ra t e r ing  p rob lem by Chabai, in 

s imi la r i ty .  

of b u r s t  be propor t iona l  to the c r a t e r  d imens ions .  

sl ightly to r e q u i r e  that the depth of b u r s t  be propor t iona l  to e i ther  the 

r ad ius  o r  depth, depending on which quantity is under  considerat ion,  we 

have an  additional re la t ionship  that  will  al low solution of the problem.  

assumpt ion  would appea r  to be reasonable  and should not r e s t r i c t  the 

f r e e d o m  of the ana lys i s  to any  apprec iab le  deg ree .  

in view of the r a t h e r  small va lues  of df 

range  of i n t e re s t .  

However,  one of the s i m p l e r  conditions r e q u i r e s  that the depth 

If we modify this  condition 

This  

Th i s  is espec ia l ly  t rue  

dZ and dfd 'dZ ove r  m o s t  of the r 
Thus we can  wr i t e  

- R = R  \ Z  Z - BrZw s 

w1 w2 : w1 w2 1 

D = D  iz ;z = p Z  m w1 w2 W I '  w2 w1 
( 7 )  
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@ where  

F r o m  (1)  and (2 )  we have 

w1 =irewJ9 
W 1 = fd(  'wl> O 

Eliminat ing Rw and Dw we have 
1 1 

w1 =fdrwJo 
By finding the roo t s  of these  equations we can  de te rmine  the equivalent 

depth of b u r s t  Zw f o r  a cha rge  W1 which c o r r e s p o n d s  to  the ac tua l  depth 
1 - 

of b u r s t  Z Knowing Z and Z e we can  find the value of p, that  
w2 w1 w2 

sa t i s f i e s  these  conditions f r o m  (5).  Since both (10)  and (11) lead to a n  

independent value fo r  pZp i t  is possible ,  f r o m  each  c r a t e r  made  with a 

charge  of weight W2,  to obtain two va lues  fo r  the e m p i r i c a l  scal ing cons tan ts ,  

Pr and Pd" 
If W, and W, a re  two different  types of explosive,  the c r a t e r i n g  

eff ic iency of one re la t ive  to the o the r  6 ,  m a y  be obtained by rewr i t ing  (5) 

s o  that we have 

z = zw (c.":)"pz 
w2 1 

If i t  is a s s u m e d  that  the value of p, is known, the va lues  of E can  be 

found by the s a m e  p rocedure  that was  used to ca lcu la te  pr  and pd above. 

Again we will  have two va lues  fo r  the efficiency c r  and E d'  

Calculation of E m p i r i c a l  Scaling Law 

F r o m  the 256-1b da ta  given in Appendix A, a n  ana ly t ica l  f i t  fo r  (1)  and 
@ ( 2 )  has  been der ived .  

s q u a r e s  polynomial f i t s  led to unsa t i s fac tory  r e s u l t s .  

Init ial  a t t empt s  to  f i t  these  da t a  with o rd ina ry  l e a s t -  

In a n  a t t empt  to  ge t  
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b e t t e r  ana ly t ica l  f i t s ,  cons t r a in t s  w e r e  imposed on the da ta .  

that the da ta  in the region of shal low depths  of b u r s t  w e r e  quite l i nea r .  

a suggestion by M. Moravcsik,  this port ion of the curve  was constrained to 
have z e r o  c u r v a t u r e  by invert ing all the da ta  through a single point on the 

ord ina te  and fitting both the or ig ina l  points and the inverted points with a 

single cu rve .  The invers ion  point was  de t e rmined  by making a l i n e a r  f i t  

to the da ta  a t  shallow depthsof b u r s t  and calculat ing i t s  i n t e r sec t ion  with 

the y a x i s .  

(x, y) a n  addi t ional  data  point a t  ( - x , 2 y  

a r e  fi t ted with the s a m e  cu rve .  

c a l  about the invers ion  point. 

yield only odd-powered polynomials  (plus  a cons tan t  t e r m ) .  

It was  obvious 

Using 

Thus,  if this point i s  designated (O,yO), f o r  each  da ta  point 

-y )  is  added and both s e t s  of points 
0 

This  r e s u l t s  in a cu rve  that is a n t i s y m m e t r i -  

L e a s t - s q u a r e s  f i t s  by this method, of c o u r s e ,  

An addi t ional  cons t r a in t  was  the recogni t ion of the fac t  that  f o r  depths  

of b u r s t  beyond a c e r t a i n  point no significant c r a t e r  will  be produced. 

da ta  a r e  taken beyond this  point, any  f i t  will a t t empt  to go through the 

middle of such  data ,  whereas  the deepes t  significant da ta  point is the 

sha l lowes t  depth of b u r s t  that  would r e s u l t  in no c r a t e r .  

min imize  this  uncer ta in ty ,  the da ta  f r o m  the four  deepes t  depths  of b u r s t  

w e r e  omit ted f r o m  the f i t s  even though they a r e  p re sen ted  with the da ta .  

If 

There fo re ,  to 

Using this  p r o c e s s  i t  was  poss ib le  to make  a sa t i s f ac to ry  l e a s t - s q u a r e s  

f i t  to the 256-113 da ta  with a s imple  power s e r i e s  expansion.  

w e r e  sufficient to r e p r e s e n t  both r a d i u s  and depth and a r e  a s  follows:: 

F i f th -o rde r  f i t s  

- 3  3 R256 = 8.044 t (7 .550 x lo - ' )  z256 - (1 .878 x 10 ) 2256 

- 3  3 = 2.337 t (8 .507  X l o - ' )  Z256 - (4 .937 X 10 Z 2 5 6  D256 

A plot of the 256-1b da ta  along with these  f i t s  i s  shown in  F ig .  16. 
Also shown in Fig.  1 6  i s  the pe rcen t  s tandard  deviat ion calculated f o r  t hese  

f i t s .  F o r  m o s t  of the reg ion  of i n t e r e s t  the s tandard  deviat ion of the r ad ius  

cu rve  i s  approximate ly  570, deviating f r o m  this  f i gu re  only for  depths  of 

b u r s t  g r e a t e r  than 14 ft .  The pe rcen tage  e r r o r  of the depth cu rve  is 

approximate ly  the s a m e ,  being about 5% f o r  depths  of b u r s t  l e s s  than 10 f t ,  

but i n c r e a s e s  r a t h e r  rap id ly  f o r  l a r g e r  depths  of b u r s t  to 10% a t  1 5  ft .  
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With the e x p r e s s i o n s  in  (13) and (14) f o r  f r  and f d ,  the 40, 000-lb 

data  ( W z  = 0. 02 kt) l i s ted  in Appendix A can  be used to ca lcu la te  values  

f o r  the scaling exponent p. 

by i te ra t ion ,  we find the following values  for  p: 

Determining the r o o t s  of the f i f th -order  function 

Shot De.pth ( f t )  Pr  pd P 
~~ ~~ ~ 

Jangle  H, E, - 2 5 .1  3 . 4 3  3.33 3. 38 
Stagecoach 2 17. 1 3 .25  3.41 3.33 
s tagecoach  3 34.2 3 , 3 5  ?Io 48 3.42 
Stagecoach 1 8 0 . 0  3 .18  3 .  38 3 .28  

Ave r ag e 3 .30  & 0 , l O  3 .40  & 0 . 0 5  3 . 3 5  0 , 0 9  

The uncer ta in t ies  on the a v e r a g e  values  a r e  observed  s tandard  deviations.  

Thus,  we find that c o m p a r i s o n  of the 256-lb and 40, 000-lb data  l e a d s  

to a W scaling for  rad ius  and W 3 '  scaling f o r  depth. However,  

consider ing the s tandard  deviation i t  would probably be b e t t e r ,  based on 

this  data  a lone,  to u s e  W 

of depth of b u r s t  does  not appear  to be consis tent ,  and the only conclusion i s  

that within the s c a t t e r  of the da ta  there  is no d iscern ib le  effect. 

scaling f o r  both r a d i u s  and depth. The effect  1 3 , 3 5  

Analysis  of the e r r o r s  involved in the calculat ion of p l e a d s  to the 

following expr  e s s ion: 

w h e r e  df / f  is the pyobable error a s s o c i a t e d  with the l e a s t - s q u a r e s  f i t  of 
r, r 

the W1 data ,  arid dRty R i s  the probable  e r r o r  in  the observed  c r a t e r  
2 '  w2 

dimension,  ass-umed to be k 57LC 

A simiiar e x p r e s s i o n  wi9.1 hold f o r  dp  Substitution of t:he appropr ia te  d '  , 
values  into (15)  leads to a predic ted  e r r o r  of about f 0. 13 in the values  of 

pr  and pd, which is about 1. 5-2 t i m e s  the observed  stamdard deviat ions.  

A similar t r e a t m e n t  of the 2569- lb  data  d o e s  not lead to meaningful 

r e s u l t s .  Values fer p r a n g e  f r o m  2 . 8  to E;. 3. 

p is so wide as  to lead one to the conclusion that the l a r g e  s c a t t e r  of 2560-113 

c r a t e r i n g  da ta  combir.ed with the sm-all yield range  f r o m  256 to 2560-lb 

is not adequate  to a l low de termina t ion  of scal ing exponents.  

This  range  in the values  f o r  

Application of the a.bove a n a l y s i s  to the da ta  f r o m  the Scooter  detonation 

l e a d s  to: 
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n 

= 3.42 f 0 .  09, p r  
pd = 3. 3 8  f 0 .  09, 

= 3 . 4 0  f 0. 09. 

Averaging the d a t a  f r o m  these five c r a t e r s  we a r r i v e  a t  the following 

resu l t :  

p, = 3 . 3 3  f 0 . 1 0 ,  

pd = 3 . 4 0  f 0.  OS, 
p = 3 . 3 5  * 0 . 0 8 .  

The uncer ta in t ies  are the observed  s t a n d a r d  devaati.on.s, and i t  can  

be seen  that  they fail well wichix; tk:e probable e r r o r  of the calculation. 

It i s  in te res t ing  to note that the a v e r a g e  value f o r  i j  

value of p 
change in the scal ing law, one would expect that  p 

than p r p  although the r a t e  is not known at, the p r e s e n t  t ime.  However ,  i t  

should a l s o  be noted that whec the e r r o r s  a re  cons idered ,  the difference 

between T h e r e f o r e  the value of 

p = 3.36 + 0. 08 wou1.d appear  to be the b e s t  value to u s e  f o r  f u r t h e r  ana lys i s .  

T h i s  value a g r e e s  quite we11 with the value der ived  by Chabai;16' however9 I 

bel ieve this approach  is much m o r e  s t ra ight forward  thalz Chabai,' s and resu l . t s  

in a plausible  f i t  to the d a t a  with a much s m a l l e r  probable  e r r o r .  

is below the a v e r a g e  r 
From cons!.derati.on of th.e f a c t o r s  that a r e  involved in the d "  

would approach  4 f a s t e r  d 

and pr is  not s ta t i s t ica l ly  significap.t. d 

Nuclear  and High Expiosi:Je Eff.'ici.eacie 3 
I 

W e  can now calcuiate a value f o r  t h e  efficierlcy of nu.c'lP-ar exp'losives 

re la t ive  to high explosives  by using the above value for  5 and the da ta  f r o m  

the nuc lear  and high- expiosive c r a t e r  s ' 

p r o c e d u r e ,  we obtain f o r  the s.u.bsurface rruclear explosion: 

Following the above- indicated 

Shot Z(ft) E (%)" v 

Jangle  U 17 87 =k 2 2  1.35 * 2 2  i o 3  2 2  
Teapot ESS b7  49 =k 2 0  132 * 22 58 Z t  22 

Average  58 * 1 5  134 *ti5 8 5  *I5 
- 

dE Volume eff ic iencies  have been estim-ated only.  

The difference between E and E is statist ical . ly significant and 
r d 

undoubtedly is  re la ted  LO the mechag. isms of c r a t e r  forma.ti,on arid the 

d iff e r e  nc e s be twe en P.UC i e a T a n d  h ig h e x pi o s ive s . 8 
Me c han 1. s m s d c) rnilzan t 
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in  de te rmining  c r a t e r  depth a r e  not n e c e s s a r i l y  dominant a l s o  in  determining 

c r a t e r  rad ius .  It is, therefore ,  not unreasonable  that changes in the 

physical  na tu re  of the explosive could produce different  effects  on r ad ius  o r  

depth. 

c r a t e r  ing m e c  hani sm s . 
This  subject  will  be explored a t  g r e a t e r  length i n  the l a t e r  sec t ion  on 

Calculation of the volume efficiency fac tor  by compar i son  of c r a t e r  

vo lumes  has  not been done, but E 

and E d 9  recognizing that the c r a t e r  volume is propor t iona l  to R D. ' r  
d i f fe rence  in this  efficiency f o r  the two nuclear  c r a t e r s  is, of c o u r s e l  

d i r ec t ly  a t t r ibu tab le  to the d i f fe rences  i n  the E r .  

due to the difference in  emplacement  conditions,  the Teapot  ESS shot 

being c lose- tamped while the Jangle  U shot was  detonated in a r o o m  which, 

i f  sphe r i ca l ,  would have a r a d i u s  of about 6 ft .  

has  been e s t ima ted  f r o m  the volume f o r  

The 2 V 

This  difference m a y  be 

Efficiencies f o r  the Jangle  S s u r f a c e  shot  have not been included in the 

above d iscuss ion  because  of the t remendous  d i f fe rences  in the phenomena. 

However,  they can  be s imply  calculated using (13) and (14) and a value f o r  p 

of 3.36. 

es t imated  to be 6 * 1%. 

tion of the ene rgy  which i s  lo s t  f r o m  a su r face  nuc lea r  explosion, d e m o n s t r a t e  

that  su r f ace  detonation is  e x t r e m e l y  inefficient f o r  nuc lear  excavation. 

T h i s  g ives  the r e s u l t  that  c r  = 3. 5 * 0. 1% and E - 17 f 1%; E d -  V 
is 

These  low eff ic iencies ,  ref lect ing the l a r g e  p ropor -  

Based on the above a v e r a g e  efficiency values  f o r  d imens ions  of 

c r a t e r s  produced by subsur face  detonations,  r ad i i  and depths  of nuc lear  

c r a t e r s  would be  expected to be about 9070 and l l O % ,  r espec t ive ly ,  of the 

cor responding  d imens ions  fo r  high- explosive c r a t e r s '  produced under similar 

conditions.  

produced by subsu r face  nuc lea r  explosions,  to u se  an  e f f ic iency  of 100% with 

sui table  s tandard  deviation. 

F o r  p rac t i ca l  pu rposes  i t  would appea r  r easonab le  f o r  c r a t e r s  

S u m m a r y  

The scal ing l aw der ived  above has  been rounded to the significant 

f i g u r e s ,  and f o r  the r e s t  of th i s  paper  i t  will  be a s s u m e d  that c r a t e r  

d imens ions  sca l e  by the following scal ing laws:  
1 ' 3 . 4  R = R s W  , 
1 '3 .4  

1 3 . 4  

D = D s W  9 

2 = z s w  



UCRL- 6578 - 41 - 

- 
-1: 

I- 
Y 2 200 - 
r 
t- a 
w 
D 

W 
150 

k a 
V 

t- 
w 
CL 

too 

a 
a n n 

4 0  

0 

400 4501 

- 

- 

. 
* .  - 

A t *  
# I  

* d N E P T U N E  ( T U F F )  4 

a 

-%A 
‘ e  

A I  

* * @  
I I I I *  I 1 I* I 1 I I I 

$ 1  u 250 

50+ 

0 NUCLEAR 
W =  2 5 6  LBS 

A W =  2 5 6 0  LBS , 

A W =  40,000 LBS * w= I,000,000 LBS 

* a  

* *  

I I I I I I I 1 I I I I 
0 50 100 150 200 250 300 350 400 450 , 500 550 600 6 

aer. iof2161 
MIL13255 DEPTH OF BURST (FT./KT”) 

‘0 

Fig .  17. Apparent c r a t e r  r ad ius  v s  depth of bu r s t  fo r  NTS al luvium, 
including all avai lable  da ta  (W1/3* scaling).  
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Fig. 18. Apparent c r a t e r  depth vs  depth of b u r s t  f o r  NTS al luvium, 
scaling).  including all avai lable  da ta  ( W / 3  
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All of the NTS d e s e r t  a l luvium da ta  l is ted in Appendix A have been 

plotted using this  scaling l a w  and a r e  shown in  F i g s .  17 and 18. 
l e a s t - s q u a r e s  f i t s  given in (13)  and (14),  when sca led  to 1 kt by  W 1/3.4 

have the fo rm:  

R = 112.5  t ( 7 . 5 5 X  l o - ' )  Z s  - ( 9 . 6 X  

D - (2.52 X 

The 

* 

Z3 - ( 9 .  11 X Zs, 

3 - 1 0  5 Z t (1 .78 X 1 0  ) is. 

In F ig .  20  a r e  plotted the 

observed  s tandard  deviations of these  equat ions as a function of depth of 

bu r s t ,  Z . 

S S 

= 32.7 t (8 .51  X l o - ' )  Z 
S S S 

These  equat ions a r e  plotted in Fig.  19. 

S 



RADIUS 
DEPTH 

DEPTH OF BURST ( f t / k t  3-4) 

Fig. 19. Apparent  c r a t e r  d imens ions  vs  depth  of b u r s t  for  NTS alluvium, showing the c u r v e s  that  
w e r e  fi t ted to the data  by l e a s t  squares .  Data  a r e  f r o m  H. E. c r a t e r s ,  and a r e  scaled by W1/3o4. 
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A 

CHAPTER V. PRELIMINARY THEORY O F  CRATER FORMATION 

Much of the p a s t  work  on the mechanics  of c r a t e r  format ion  has  been  

of a quali tative n a t u r e ,  with a few notable s u c c e s s e s  f o r  quantitative 

ana lys i s  of isolated p h a s e s  of the p r o c e s s e s  involved. 

h a s  been based  upon e m p i r i c a l  re la t ionships  o r  dimensional  a n a l y s i s  

a r g u m e n t s  which, while providing a useful br idge,  have not given much 

insight into the b a s i c  p r o b l e m s  invoived. 

quantitative d iscuss ion  e i t h e r ,  but will,  I hope, s e t  for th  a few i d e a s  

re la t ing to the m e c h a n i s m s  involved in the format ion  of explosive c r a t e r s g  

with s o m e  e s t i m a t e s  of the i r  re la t ive o r d e r s  of magnitude. 

r a t h e r  s t rong  c u r r e n t  i n t e r e s t  in impact  c r a t e r s  and the theor ies  of 

m e t e o r i t i c  or ig in  f o r  the lunar  c r a t e r s ,  I have devoted a small amount  of 

d i scuss ion  to this  subject.  However,  the analogy between explosive 

c r a t e r s  and impact  c r a t e r s  is not complete ,  and I will  a t t e m p t  to point out 

s o m e  of the differences.  

Most  of the a n a l y s i s  

This  r e p o r t  does  not p r e s e n t  a 

Because  of the 

The  i d e a s  e x p r e s s e d  in this document a r e  based on many s o u r c e s p  

ranging f r o m  the e x p e r i m e n t a l  da ta  der ived  f r o m  c r a t e r i n g  p r o g r a m s  such  

as Teapot  ESS, l 8  Scooter ,  B u r e a u  of Mines’ works and Neptune r e - e n t r y  

and recons t ruc t ion ,  2 o  to theore t ica l  advances  m a d e  poss ib le  through the 

development of machine calculat ions such as  the UNEC code d e s c r i b e d  

e l s e w h e r e  b y  Maenchen and Nuckolls. 36 

Mechanisms of C r a t e r  F o r m a  tion 

One phenomenon that i s  p r e s e n t  in  all underground explosions to 

varying d e g r e e s  is the crushing,  conipaction, and p las t ic  deformat ion  of 

the medium immedia te ly  surrounding the s o u r c e  of the explosion, whether  

i t  b e  a chemica l ,  nuc lear ,  o r  impact  explosion. A s  the high p r e s s u r e  g a s e s  

genera ted  by the explosion push on the wal l s  of the cavity,  a shock wave is 

genera ted  which is  c h a r a c t e r i z e d  by a s p h e r i c a l  s u r f a c e  a c r o s s  which t h e r e  

is  a s h a r p  discontinuity i n  the physical  s ta te  of the m a t e r i a l .  

uity propagates  outward a t  a veloci ty  which, f o r  high p r e s s u r e s )  is f a s t e r  than 

the speed of sound in the medium.  

p r e s s u r e s  a r e  of the o r d e r  of 100-200  thousand a t m o s p h e r e s ;  f o r  a n u c l e a r  

explosive they a r e  as  l a r g e  as  10- 100 mill ion a t m o s p h e r e s ,  depending on 

the ini t ia l  cavity s ize ;  and for  a m e t e o r  impact  explosion they can  have 

This  discontin- 

F o r  c h e m i c a l  explosives  the ini t ia l  
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any value ranging between these  two9 depending on the m e t e o r  velocity and 

the type of m a t e r i a l  which i t  h i t s .  F o r  e x t r e m e l y  high p r e s s u r e  explosions 

where  p r e s s u r e s  a r e  g r e a t e r  than about 500 thousand a t m o s p h e r e s ,  the 

med ium i s  mel ted  and vaporized when the shock p a s s e s  through it .  As the 

shock wave moves  outward in a sphe r i ca l ly  diverging shel l ,  the peak p r e s s u r e  

in the shock f ron t  d rops  because  of sphe r i ca l  d ivergence  as wel l  a s  e n e r g y  

expendi ture  in  doing work on the medium.  

dynamic c rushing  s t r eng th  of the m a t e r i a l  this  work a p p e a r s  in  the f o r m  

of c rush ing ,  heating, and phys ica l  d i sp lacement .  In r eg ions  outs ide this 

limit the shock wave will s t i l l  p roduce  pe rmanen t  deformat ion  by p l a s t i c  

flow until  the peak p r e s s u r e  in  the shock f ron t  h a s  d e c r e a s e d  to a value 

equal  to the p l a s t i c  l i m i t  f o r  the medium.  This  p l a s t i c  l i m i t  m a r k s  the 

boundary between the e las t ic  and p las t ic  zones desc r ibed  f o r  F ig .  1. 

with the definit ions given f o r  F ig .  1 ,  the l i m i t s  of c rush ing  and p l a s t i c  

deformat ion  v a r y  widely f r o m  m a t e r i a l  to m a t e r i a l .  

F o r  p r e s s u r e s  above the 

A s  

The above p i c tu re  of the f i r s t  few mi l l i seconds  of a n  explosion neglec ts  

A s  the e f f e c t s  of any  f r e e  s u r f a c e S  effects  which a r e  exceedingly impor tan t .  

a c o m p r e s s i v e  wave encoun te r s  a f r e e  su r face ,  i t  m u s t  ma tch  the boundary 

condition that the p r e s s u r e ,  o r  m o r e  c o r r e c t l y  the n o r m a l  s t r e s s 9  be z e r o  

a t  all t i m e s .  

r a r e f a c t i o n  which p ropaga te s  back  into the medium.  

schemat i ca l ly  in F ig .  21,  where  f o r  s impl ic i ty  a t r i angu la r -  shaped s t r e s s  

wave, (T ( t ) #  has  been  a s s u m e d  ins tead  of the m o r e  appropr i a t e  exponent ia l  

shape.  At some  depth,  such as  P in  F ig .  21,  the sum. of the two s t ress  
waves  equals  the dynamic tensi le  s t r eng th  of the medium.  The med ium 

b r e a k s  in tension at P and a piec-e f l i e s  off with a veloci ty  c h a r a c t e r i s t i c  of 

the total  momentum t rapped  in i t .  

will  b r e a k  a t  P , and again at. P 

this  p r o c e s s  (ca l led  t ' spa l l ' f )  m a k e s  a l m o s t  e v e r y  p a r t i c l e  fly into the air 

individually, w h e r e a s  in a r o c k  such  a s  basa l t  the th ickness  of the s l a b s  is 

gene ra l ly  de t e rmined  by p r e s e n c e  of p re -ex i s t ing  joints  and zones of 

weakness .  

block, the dynamic tensi le  s t r eng th  of the r o c k  d e t e r m i n e s  the th ickness  of 

spall .  As  the d i s t ance  f r o m  the explosive to the f r e e  su r face  i n c r e a s e s ,  

the peak p r e s s u r e  d e c r e a s e s  arld so  the m a x i m u m  poss ib le  tensi le  s t r e s s  

This  r e s u l t s  in the genera t ion  of a negat ive s t r e s s  wave o r  

The p r o c e s s  i s  shown 

n 

Th i s  p roduces  a new f r e e  s u r f a c e  that 

F o r  a loose  m a t e r i a l  l ike al luvium, 

F o r  the c a s e  of a s m a l l  s ample  or w h e r e  the re  i s  a v e r y  m a s s i v e  
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Fig.  21. Schematic  drawing i l lus t ra t ing  the spa11 mechanism.  
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d e c r e a s e s  until  i t  no longer  exceeds  the tens i le  s t r eng th  of the medium.  

addition, the veloci ty  given to the spa l l  d e c r e a s e s  in propor t ion  to the 

peak  p r e s s u r e .  

In 

F o r  r a n g e s  beyond the point where  spa l l  o c c u r s ,  the negative s t r e s s  

in the r a re fac t ion  wave will  d e c r e a s e  the s h e a r  s t r eng th  of the medium,  

which r e s u l t s  in  l a r g e  p l a s t i c  deformat ions  and r u p t u r e s .  

r u p t u r e  zone extend a cons iderable  d is tance  along the su r face  and cont r ibu tes  

to the fo rma t ion  a t  the l ip ,  

underground explosion i s  only a small e l a s t i c  excur s ion  of the su r face .  

Spalling of the f r e e  su r face  is one of the m o s t  impor tan t  phenomena in  

c r a t e r i n g ,  e spec ia l ly  f o r  shal low depths  of b u r s t ,  and is  the e a s i e s t  

m e c h a n i s m  to obse rve  and to ca lcu la te .  

This  m a k e s  the 

Ult imatelyp the s u r f a c e  expres s ion  of a deep 

The th i rd  m e c h a n i s m  of impor tance  in c ra t e r ing ,  pa r t i cu la r ly  f o r  

deepe r  c r a t e r s ,  is  what I have t e r m e d  "gas acceleration! '  Th i s  is  a long- 

per iod  acce le ra t ion  given the m a t e r i a l  above the explosion by the ad iaba t ic  

expansion of the g a s e s  t rapped in  the cavity.  

fo r  deep  depths  of b u r s t s  th i s  g a s  a l s o  g ives  apprec iab le  acce le ra t ion  

during i t s  e s c a p e  through c r a c k s  extending f r o m  the cavi ty  to the su r face .  

F o r  v e r y  shal low depths  of b u r s t  the spa l l  ve loc i t ies  a r e  so high that the 

g a s e s  a r e  unable to  e x e r t  any  p r e s s u r e  before  venting occur s .  F o r  v e r y  

deep  explosions,  the acce le ra t ion  given the overlying m a t e r i a l  i s  so small 

as to  be negligible.  This  p r o c e s s  wil l  be  examined in m o r e  de ta i l  in a 

l a t e r  sect ion.  

F o r  s o m e  c a s e s ,  p a r t i c u l a r l y  

Subsidence is the fou r th  m a j o r  p r o c e s s  that  m a k e s  a s ignif icant  

contr ibut ion to the fo rma t ion  of the appa ren t  c r a t e r .  

l inked to the f i r s t  p r o c e s s  of compact ion and plastic deformat ion ,  without 

which t h e r e  would be  no void into which m a t e r i a l  could subs ide .  Subsidence 

o c c u r s  when the spa l l  o r  g a s  acce le ra t ion  h a s  so dis tended the overlying 

m a t e r i a l  that  l a r g e  c r a c k s  a r e  produced through which the explosion g a s e s  

e scape .  The  overlying m a t e r i a l ,  havicg been  f r a c t u r e d  and c rushed  by the 

shock wavep co l l apses  into the cavity.  Subsidence is m o s t  impor tan t ,  of 

c o u r s e 9  f o r  v e r y  deep  explosions.  

It is v e r y  c lose ly  

Effec ts  of Depth of B u r s t  

The p a r t  e a c h  of the a.bove m e c h a n i s m s  p lays  in producing a c r a t e r  
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CRATER PROFILES vs. DEPTH OF BURST 

( a )  
SURFACE BURIAL 

- 

OPTIMUM BURIAL 

PLASTIC 

Fig. 22 .  Typical  c r a t e r  prof i les  v s  depth of b u r s t  fo r  alluvium. 
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is v e r y  s t rongly  dependent on the scaled depth of b u r s t  of the explosion. 

Shown in F ig .  22  a r e  typical c r a t e r  c r o s s  sec t ions  based  on the above 

al luvium data ,  showing the extent  of the var ious  zones.  

will  be used  to depict  the ro l e  each  mechan i sm plays in producing a c r a t e r .  

The small dashed c i r c l e  about the detonation point ind ica tes  the s ize  of the 

o r ig i ca l  TNT sphe re .  

Surface bur ia l .  F igu re  2 2 a  shows the c r a t e r  resu l t ing  f r o m  the 

These  f igu res  

detonation of a n  explosive v e r y  n e a r  the su r face  of the ground. 

s eenS  the c r a t e r  is produced to a l a r g e  deg ree  by  compact ion and p l a s t i c  

deformation.  

which e r o d e s  the su r face  of the c r a t e r ,  but this  is not a significant mechan i sm 

in the fo rma t ion  of the c r a t e r .  

act ion resu l t ing  f r o m  a horizontal ly  diverging shock wave, but the m a j o r  

p r o c e s s  fo r  the depth of the cen te r  and fo r  l i p  fo rma t ion  i s  the p l a s t i c  

deformation and flow of the m a t e r i a l  in  the rup tu re  zone. 

is  found in a c r a t e r  of th i s  kind, and the t rue  c r a t e r  and apparent  c r a t e r a r e  

a l m o s t  the s a m e .  

As  can  b e  

T h e r e  is  scouring ac t ion  by the g a s e s  in the ini t ia l  g a s  sphe re  

The r a d i u s  is  extended to i t s  l i m i t  by spall ing 

Very  l i t t l e  fa l lback 

The p i c tu re  shown in F ig .  2 2 a  is based  on da ta  f r o m  the nuc lear  c r a t e r  

Jangle  S, which h a s  d imens ions  somewhat s m a l l e r  than would be  expected 

f r o m  a chemica l  explosion a t  the same depth of b u r s t  because  a l a r g e  f r ac t ion  

cf the ene rgy  f r o m  a nuc lea r  explosion is  r e l e a s e d  in the f o r m  of t h e r m a l  

and x - r a y  radiat ion.  

analogous to a s u r f a c e  bu r i a l  only f o r  v e r y  low ve?ocity m e t e o r s ,  in  which 

c a s e  the p r e s s u r e s  involved would b e  m o r e  l ike  those occur r ing  in  a 

chemica l  explosion than a nuc lea r  explosion, with the r e s u l t  that  d imens ions  

m o r e  l ike those shown in F i g .  22a  f o r  a su r face  b u r s t  would be  expected. 

However, the m e c h a n i s m s  involved would be essent ia l ly  the s a m e  as  f o r  

the su r face  nuc lear  explosion. 

A me teo r i t i c  impac t  explosion could be  cons idered  

Shallow burial .  A c r o s s  sec t ion  of the c r a t e r  resu l t ing  f r o m  shallow 

bur i a l  of the explosive is  shown in  F i g .  22b. 

co r re spogds  roughly Lo the sca l ed  depth of the nuc lear  explosion Teapot  ESS 

(66  f t ) ,  

fo r  the fo rma t ion  of the c r a t e r .  

of only minor  impor tance  because  of the high ve loc i t ies  given to  the 

m a t e r i a l  by the spall ing p r o c e s s .  

This  s ca l ed  depth of b u r s t  

Spalling of the f r e e  su r face  has now become the dominant p r o c e s s  

G a s  acce le ra t ion  and scouring act ion a r e  

The r a d i u s  of the c r a t e r  is de t e rmined  
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@ by the l i m i t  of the spall ing p r o c e s s a  whose ve loc i t ies  d e c r e a s e  r a t h e r  

rapidly with inc reas ing  su r face  r ad ius .  This  d e c r e a s e  of spa11 velocity 

with r a d i u s  l eads  to the "folding back" of the m a t e r i a l  on the edge of the 

c r a t e r  to f o r m  the l ip  that  is evider,t in  many c r a t e r s  including Teapot ESS 

and Meteor  C r a t e r ,  Ar izova9  noted by Shoemaker .  The m a x i m u m  r a d i u s  

of the spall ing p r o c e s s  d e c r e a s e s  a s  one goes below the or ig ina l  su r f ace  

because  of the inc reased  total  path length which the shock and the r a r e -  

fact ion m u s t  t r ave l .  

c r a t e r ,  

shallow depth of b u r s t  w e r e  v e r y  well  defined by the sand column techniques 

used  on Teapot ,  and Fig .  22b i s  based  ve ry  c lose ly  on this  work .  

This  r e s u l t s  in a roughly parabol ic -shaped  t r u e  

The extent of the fal lback and rup tu re  zone f o r  a c r a t e r  f r o m  a 

The i m p a c t  and explosion of a high velocity m e t e o r  is probably  m o s t  

c lose ly  s imula ted  by a nuc lear  explosion a t  a shal low depth of bur ia l .  F o r  

examples  Shoemaker ' s  ana lys i s5  sugges ts  that Meteor  C r a t e r  c o r r e s p o n d s  

to a n  explosive-produced c r a t e r  with sca led  depth of b u r s t  of about 45 fee t .  

F u r t h e r ,  m o s t  of the g e n e r a l  f e a t u r e s  noted in  m e t e o r  c r a t e r s  a r e  found 

in explosion c r a t e r s  fo r  shal low sca led  depths  of b u r s t .  

would m o r e  c lose ly  s imula te  the m e t e o r  i m p a c t  explosion than would chemica l  

explosions,  because  of the v e r y  high in i t ia l  p r e s s u r e s  and ene rgy  dens i t i e s  

which a r e  found in both nuc lear  and m e t e o r  explosions.  

i zed  by  re la t ive ly  small amounts  of condensable  explosion products  and by 

vaporizat ion of cons iderable  quantities of the med ium surrounding the 

explosion. Howevey, exper ience  h a s  shown that f o r  nuc lear  explosions 

buried a t  shal low depths  in a l luvium, t h e r e  a r e  v e r y  small d i f fe rences  

between chemica l  explosive and nuc lea r  explosive c r a t e r s ,  

to be because  (1) g a s  acce le ra t ion  is not impor t an t  f o r  shal low depth of b u r s t ,  

and (2)  t h e r e  is  l 0 - 2 0 %  wa te r  in  the al luvium, which when vaporized produces  

g a s e s  in  the cavi ty  that a r e  noncondensable a t  m o d e r a t e  t e m p e r a t u r e s .  

Condensable g a s e s ,  i. e.  

such  as s i l i ca  vapor ,  d rop  out of the vapor  phase  re la t ive ly  e a r l y  in the 

expansion and do not contr ibute  to the g a s  p r e s s u r e  in the cavity.  

vapor  and CO 

A nuc lea r  explosion 

Both a r e  c h a r a c t e r -  

This  is bel ieved 

g a s e s  that  condense a t  a re la t ive ly  high t e m p e r a t u r e ,  

Water  

do not condense and hence add to the g a s  phase.  

The v i r tua l ly  complete  venting of the rad ioac t ive  m a t e r i a l  f r o m  the 
2 

Teapot  ESS explosion l eads  one to the cor,ciusion that,  i f  the high p r e s s u r e s  

and t e m p e r a t u r e s  pred ic ted  f o r  Meteor  C r a t e r  by Shoemaker  aTe c o r r e c t ,  @ 
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the me teo r i t i c  m a t e r i a l  f r o m  a me teo r  impac t  would a l s o  be completely 

vapor ized ,  vented to the a tmosphe re ,  and s p r e a d  ove r  the sur rounding  

count rys ide .  One should add that  t he re  is undoubtedly not a n  exac t  

co r re l a t ion  between a n  impact  c r a t e r  and a n  explosive c r a t e r  because  

the m e t e o r ' s  ene rgy  is  r e l eased  in the f o r m  of a l ine  sou rce  as opposed to 

a point s o u r c e  f o r  an explosion. 

pred ic ted  f o r  explosion c r a t e r s  should be expected,  

Thus,  some  deviation f r o m  the d imens ions  

Opt imum bur i a l ,  F o r  a n  explosion a t  optirnum depth of bu r i a l ,  i. e . ,  a t  

a depth that  r e s u l t s  in m a x i m u m  appa ren t  c r a t e r  d imens ions ,  the resu l t ing  

c r a t e r  would appea r  as shown in F ig .  2Zc. 

shown a r e  taken f r o m  the Scooter  c r a t e r .  

f o r  both th i s  ske tch  and f o r  the deep  bu r i a l  (F ig .  22c) a re  only e s t i m a t e s ,  

i nasmuch  as  t h e r e  w e r e  no postshot  excavat ions.  

of bur s t ,  all t h ree  phenomena-plastic deformat ion ,  spa l l ,  and g a s  a c c e l e r a -  

tion-are impor tan t ,  but the l a t t e r  h a s  become the m o s t  prominent  f e a t u r e  

of the c r a t e r i n g  p r o c e s s ,  

decayed to the point where ,  although i t  is s t i l l  capable  of f r a c t u r i n g  the 

material i n  tension ( s ince  m o s t  media have v e r y  small tens i le  s t r eng ths ) ,  

the ve loc i t ies  given the m a t e r i a l  a r e  r e l a t ive ly  small. 

height to which a pa r t i c l e  wil l  go is propor t iona l  to the s q u a r e  of the in i t ia l  

velocity,  the throwout would not go any  apprec iab le  d is tance  into the air i f  

spal l ing w e r e  the only p r o c e s s .  

The apparer, t  c r a t e r  d imens ions  

The t r u e  c r a t e r  and rup tu re  zone 

F o r  c r a t e r s  a t  these  depths  

When the shock wave r e a c h e s  the su r face ,  i t  h a s  

Because  the m a x i m u m  

The inadequacy of the spa l l  mechan i sm and the n e c e s s i t y  f o r  s o m e  

kind of g a s  acce le ra t ion  is b e s t  s een  f r o m  the s u r f a c e  motion da ta  f r o m  

Scooter  obtained f r o m  high speed motion p i c t u r e s  of seven  s u r f a c e  t a r g e t s .  

Taking the d i sp lacemen t -ve r sus -  t ime da ta  and computing v e r t i c a l  ve loc i t ies ,  

we get  the plots  shown in F ig .  23. 

to the da ta  ove r  the r anges  of 80-350 m s e c  and above 350 m s e c .  

venting which obscured  the t a r g e t s  o c c u r r e d  a t  about 1 . 2  sec .  

s een  f r o m  F ig .  23, the da ta  v e r y  eas i ly  can be broken down into these  two 

reg ions ,  one with a negat ive acce le ra t ion  and the o ther  with a n  approx ima te ly  

uni form posi t ive acce le ra t ion .  The  da ta  f r o m  the g raphs  in  F ig .  23  a r e  

s u m m a r i z e d  in Table  IV where  the ini t ia l  ve loc i t ies  and the ve loc i t ies  a t  

1 . 2  sec  a re  giveng along with the a c c e l e r a t i o n s  der ived  f r o m  the s lope of 

the l i nes  in  F ig .  23. In addition, the m a x i m u m  heights  to which a pa r t i c l e  

3 7  

The s t r a igh t  l i nes  a r e  l e a s t - s q u a r e s  f i t s  

G e n e r a l  

As can  be 
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would go a r e  computed fo r  both the ini t ia l  velocity and the 1. 2-  s e c  velocity,  

using the equation h = v /2g. Heights f r o m  the 1 . 2 - s e c  veloci t ies  a r e  quite 

cons is ten t  with observed  pa r t i c l e  t r a j e c t o r i e s ,  indicating that t he re  was  no 

apprec iab le  acce le ra t ion  a f t e r  venting occur red .  

2 '  

Table IV. S u m m a r y  of acce lera t ion ,  velocity,  and d isp lacement  data  f o r  

Scooter  su r face  t a rge t s .  

T a r g e t  N u m b e r s  2 3 4 5 6 

Distance f r o m  su r face  
z e r o  of t a rge t  ( f t )  60 30 0 30 60  

Init ial  velocity (ft  :/set) 50 74 73 73 54 

Accelera t ion ,  80- 350 
m s e c  Ift ; 'sec2) - 8  -46 - 34 -27  - 2 0  

Acce lera t ion ,  350- 1200 
m s e c  (ft sec2)  +39 t 102 t 1 3 3  + l o o  t 1 7  

Ve1,ocity a t  1 .2  s e c  
(ft ,isec) 8 5  145 177 150 70 

Maximum height f r o m  
ini t ia l  velocity ( f t )  39 86  8 3  83  46 

Maximum height f r o m  
1 .2-  s e c  velocity (ft)  106 328 490 352 77 

The p i c tu re  p re sen ted  by these  da ta  i s  f a i r l y  c l e a r .  The f i r s t  motion 

experienced by the su r face  of the ground is that  produced by spai l .  

e s t  spa11 ve loc i t ies  of about 70-75 f t  ,'set are  r ea l i zed  a t  su r f ace  z e r o ,  de-  

c r eas ing  a s  one goes  away f r o m  th is  point because of the inc reased  t r a v e l  

length f o r  the shock wave. As the r a re fac t ion  propagates  back  toward the 

cavity,  all the m a t e r i a l  is  given a n  upward veloci ty  which d e c r e a s e s  in mag-  

nitude with depth. After the pas sage  of the shock, the m a t e r i a l  is in approxi -  

ma te ly  f r e e  fall as shown by the magnitude of the negative acce le ra t ion  in the 

per iod  f r o m  80-350 m s e c .  When the r a re fac t ion  r e a c h e s  the cavity, '  the cavi ty  

begins  to expand v e r y  rapidly,  pushing on the loose  and broken l a y e r s  above 

i t ,  picking up each  l a y e r  as  i t  moves  upward, bringing them all to  the same 

velocity in  m u c h  the s a m e  manner  that an  engine of a f re ight  t r a i n  a c c e l e r a t e s  

i t s  c a r s  when i t  r e v e r s e s  d i rec t ion .  

The high- 

Ult imately this  second push r e a c h e s  the 
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s u r f a c e  and all the e a r t h  o r  r o c k  above the explosion i s  moving a s  one mass. 

In Scooter., the h e m i s p h e r i c a l  su r f ace  s e t  in motion by spa11 exper ienced  a 

relat ively uniform positive acce lera t ion  s tar t ing at about 350-400 m s e c .  

n 

The r a t e  of acce le ra t ion  was v e r y  dependent on the r ad ia l  d i s tance  f r o m  

su r face  ze ro .  Finally-, r a d i a l  d ivergence  of the hemisphe r i ca l  plug c a u s e s  

l a r g e  c r a c k s  to open f r o m  the cavi ty  to the su r face ,  through which. the high 

p r e s s u r e  g a s  e s c a p e s .  Dxring i ts  e s c a p e 3  i t  g ives  apprec iab le  acce le ra t ion  

to the m a t e r i a l  through which i t  i.s pass ing .  

l a y e r s  experiencing a much longer  per iod  of acce le ra t ion  than the deep  l a y e r s .  

Much of the m a t e r i a l  immedia te ly  above the cavit.y does  not a t t a in  the high 

velocity of the su r face  and f a l l s  back in place with v e r y  l i t t le  mixing o r  

d i s rupt ion  of the s t r a t ig raphy .  

This  r e s u l t s  in the s u r f a c e  

An order -of -magni tude  e s t i m a t e  of the validity of th i s  p ic ture  can be 

and s o m e  s imple  con- 36 madeD based  on the r e s u l t s  of a UNEC calculat ion 

cepts .  

one - dimensional.  e l a s t i c  - pla  s t ic - hydrodynamic calculat ion of the e a r l y  h i s  t o r y  

of a n  underground explosior,. Calculat ions fo r  Scooter  give the r e s u l t  that  

the p r e s s u r e  of the g a s  in the cavi ty  is approximate ly  175 b a r s  a t  the t ime 

when the shock  wave r e a c h e s  the su r face  of the ground.  The  cavi.ty r a d i u s  

is  about  36 f t  v e r s u s  an. in i t ia l  r a d i u s  of about 15  ft  f o r  the TNT s p h e r e .  

in i t ia l  su r f ace  veloci ty  pred ic ted  by UNEC is 10.3 f t .  s e c 2  a number  in fair 

a g r e e m e n t  with the obse rved  va lues  of 70-75 ft, s ec .  

p a r t i c u l a r l y  encouraging when one cons ide r s  the difficulti,es of making an 

e l a s t i c -p l a s t i c  ca lcu la t icn  fo r  a sand-g rave l  mixt-ure .  

The UNEC code is  a p r o g r a m  fo r  the IBM 7090 which can  make  a 

The  

This  a g r e e m e n t  is 

Using these  n u m b e r s ,  a n  e s t i m a t e  can  be m a d e  of the magnitude of the 

g a s  acce le ra t ion  by consider ing the m a t e r i a l  contained in  the sol id  angle ,  0 ,  

above the cavi ty .  

ca l  s u r f a c e  which is  the f i . r s t  evidence of su r face  motion. 

a ske tch  of the s i tuat ion a t  350 m s e c  if the m a t e r i a l  abo.ve the cavi ty  cont inues 

to move but the cavi ty  r e m a i n s  a t  the 36-ft  r ad ius .  

opened up whose total  volume equals  the volume of the h e m i s p h e r i c a l  seg-  

ment .  

to take up all t hese  voids.  

i /:V is the volume of the s p h e r i c a l  segment .  

This  solid angle  is defined by the approximate ly  hemisphe r i -  

F i g u r e  24a shows 

Numerous  voids a r e  

F ig .  24b shows the configurat ion if the cavi ty  is  allowed to expand 

The new cavi ty  volume is now Vo -b/?!,V where  

Thus  
7 

‘ J J  = . h‘(3R - h) 
3 9 
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Fig. 24. Schematic  drawing of opt imum depth of bur ia l  for  (a) no expansion 
of cavity, (b)  cavity expanded to take up voids. 
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where  R = r ad ius  of hemisphe re  = depth of b u r s t  + h, and  h = height of hemi-  

sphe r i ca l  segment .  

pansion is given by 

The new p r e s s u r e  in the cavi ty  a f t e r  th i s  adiabat ic  ex-  

i vo $1, Y 

0 \yo i- vn ' 
P = P  

where  P = or ig ina l  p r e s s u r e  in cavity.  
0 

If we now a s s u m e  that th i s  conical mass moves  a s  one under  the 

influence of the g a s  in the cavity,  we have 

PA = Ma 

M = mass of cone =-EJJ 
3 where  

, 3 

\ 2  / 3  
A = a r e a  of the t runcated cone = 4T , 3  
a = acce le ra t ion  exper ienced  by conical  mass, 

Thus we have 

At 3 5 0  m s e c  the observed  height of the sphe r i ca l  segment  f o r  Scooter was  

approximate ly  1 6  f t  ( 4 9 0  cm) .  

R = 4300 cm and 

Using 1 2 5  f t  (3810 c m )  fo r  the depth of b u r s t ,  

9 3  

9 3  

Vo = 5 . 5 5 X  10 cm , 

a V  = 3 . 1 2 X  10 c m  . 
3 The dens i ty  of a l luvium is about 1 . 6  g ,'cm . The for  TNT a t  1 7 5  

b a r s  as obtained f r o m  Jones  and Mi l le r38  i s ' about  1.3. Using P = 1 7 5  

b a r s  = 1 . 7 5 X  10 dynes ' c m  , we have 
0 8 ' 2  

1 . 7 5 X  108(8.67 X 1 0 9 ) 2 / 3  : 5 . 5 5  !I 1 ;'3 
3 3  i '8.67 i a = 1.15  X 

1 . 6 ( 4 . 3  X 10 ) 
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2 = 6. 68 x 1 0 ~ ( 0 . 6 4 ) ~ * 3  = 3 . 7 4 X  l o 3  c m i s e c  

= 123 f t  !sec . 2 

Compar i son  of th i s  rrumber with the acce le ra t ions  observed  in 

Table  I V  f o r  the per iod f r o m  350-1200 m s e c  shows that i t  is  r e m a r k a b i y  

c lose  to those observed ,  pa r t i cu la r ly  f o r  the c e n t r a l  t a rge t s .  It is  cons iderably  

higher  than observed  acce le ra t ions  of the t a r g e t s  60 f ee t  f r o m  the su r face  z e r o ,  

even when one cons ide r s  that  the n u m b e r s  given in Table  IV a r e  v e r t i c a l  

components .  One would nots of cour se .  expect  the acce le ra t ion  to be constant  

in t ime ,  but to d e c r e a s e  with t ime  because  of the dropping p r e s s u r e s  in the 

cavity.  Howevers  the continued acce le ra t ion  of the su r face  l a y e r s  by the g a s  

escaping through c r a c k s  and f i s s u r e s  g ives  addi t ional  acce le ra t ion  to compensa te  

f o r  th i s  drop .  Obviously,  such  a p ic ture  is inadequate ,  but i t  does  indicate  

the c o r r e c t  o r d e r  of magni tude of t hese  e f fec ts .  

The sequence  and magnitude of events  desc r ibed  above apply only to 

a m-edium such  al luvium. 

the r e l a t ive  impor t ance  of the va r ious  m e c h a n i s m s ,  m a y  be g r e a t l y  d i f fe ren t .  

Some in te res t ing  informat ion  f o r  another  medium,  basa l t ,  is  provided by 

p r e l i m i n a r y  r e s u l t s  f r o m  high speed motion p i c t u r e s  of ground motion a t  

su r f ace  z e r o  f o r  the t h r e e  l a r g e  Buckboard detonat ions.  

sho t se  designated shots  11, 12, and 13, w e r e  bur ied  a t  depths  of 25. 5, 42 .7 ,  

and 58.8 fee t ,  respec t ive ly-cor responding  to  sca l ed  depths  of b u r s t  of 80, 

135, and 186 fee t ,  using W 1 3 * *  s ca l ing  to 1 kiloton f o r  e a s e  of compar i son  

with the a l luv ium da ta .  The su r face  rriotion da ta  f o r  t hese  t h r e e  sho t s  a r e  

F o r  o ther  med ia  the n u m b e r s ,  and consequent ly  

T h e s e  40,  000-lb 

given in Table  V along with the spa l l  ve loc i t ies  that  w e r e  calculated by the 

UNEC code. 

Table  V. Sur face  motion da ta  f o r  Buckboard sho t s  11, 12, and 13. 
~ 

Shot No. 11 12 13 

Scaled depth of b u r s t  ( f t )  80  135 1 8 4  
Observed ini t ia l  veloci ty  ( f t  s e c )  330 150 120 
Calcu.lated in i t ia l  veloci ty  ( f t  s e c )  34 0 164 100 
Res idua l  cavi ty  p r  e s s u r  e (k i lobar  s)  1 0  9 8 

The a g r e e m e n t  h e r e  is excel lent .  The h igher  ve loc i t ies  a r e  a t t r ibu tab le  

to the much g r e a t e r  s t r eng th  and competence  of the basa l t .  

a t tenuated m.uch l e s s  in  t r a v e r s i n g  a foot  of b a s a l t  than a foot of a l luvium. 

A shock wave is 
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@ The r e s u l t  is  that f o r  a scaled depth of b u r s t  equal  to Scooter  s, the spa l l  

ve loc i t ies  a r e  ove r  twice as l a r g e  in basa l t  as  in a l luvium. 

the mechan ics  of c r a t e r i n g  fo r  a n  opt imum depth of bu r i a l  in b a s a l t  a r e  much  

m o r e  l ike those f o r  a shal low depth of bur ia l  in a l luvium. The  g a s  a c c e l e r a -  

tion h a s  l i t t l e  chance to a c c e l e r a t e  the rock ,  and the c r a t e r  is  fo rmed  a l m o s t  

en t i re ly  by spall ing.  Fo r  deep  depths  of bu r i a l  in  basa l t  the spa l l  veloci ty  i s  

not so high, but the mass of m a t e r i a l  to be a c c e l e r a t e d  by the g a s  is so l a r g e  

that the acce le ra t ion  would be v e r y  s m a l l .  

This  m e a n s  that 

When cons ider ing  impac t  c r a t e r  m e c h a n i s m s ,  i t  i s  obvious that gas 
acce le ra t ion  m u s t  play a much l e s s  sigciflcant ro1.e because  of  the hole 

produced by the e n t r y  and explosion of the m e t e o r .  By the t ime g a s  a c c e l e r a -  

tion would be  impor tan t ,  th i s  hole would be many t i m e s  l a r g e r  than the 

or ig ina l  s i z e  of the me teo r  because  the hole made  by the m e t e o r  a c t s  as  a 

l i n e a r  e n e r g y  s o u r c e ,  expanding i n  a l a t e r a l  d i rec t ion  under the influence of 

the cy l indr ica l  shock which is genera ted .  

en t r apmen t  of the g a s e s  produced by the explosion. 

amount  of work  done on the effects  of the s temming of a c r a t e r i n g  cha rge ,  

all a t  r e l a t ive ly  shal low depths  of bu r s t .  

c r a t e r  d imens ions  a r e  reduced  by something l ike 15- 30% by el iminat ing 

s temming;  i t  contains  no da ta  on the effect  of s t emming  a t  depths  of b u r s t  

n e a r  opt imum, where  the effect  of g a s  acce le ra t ion  would be  m o s t  impor tan t ,  

al though i t  does  show that  the effect  cjf s t emming  i n c r e a s e s  with depth of b u r s t .  

Thus,  th i s  hole would not p e r m i t  

T h e r e  h a s  been a small 
39 

Th i s  work  ind ica tes  that  appa ren t  

Deep b u r i a l .  F i g u r e  22d  depict 's the c r o s s  sec t ion  of a c r a t e r  resu l t ing  

from the detonation of an explosive a t  a depth well  beyond the opt imum depth 
of bu r i a l .  

Stagecoach c r a t e r ,  whose sca led  depth was  253 f t .  The  spa l l  ve loc i t ies  a r e  

now v e r y  small9 about  1.0-15 ft  s e c .  The  d i r e c t  g a s  acce le ra t ion  is a l m o s t  

a n  o r d e r  of rnagr,itude s m a l l e r  than f o r  op t imum depth and is in  g e n e r a l  

diff icul t  to identify.  

escaping  g a s e s  is  probably mos t  impor t an t  f o r  this  s i tuat ion.  

within the c r a t e r  should be wel l  o r d e r e d  with l i t t l e  o r  no d is rupt ion  of the 

s t r a t ig raphy ,  as  indicated in the ske lch .  The l i p s  a r e  produced ,  to a v e r y  

l a r g e  ex ten tS  by the rup tu re  and p ias t ic  f low of the m a t e r i a l  in the r u p t u r e  

zone, 

subs idence ,  dependipg on the depth of b u r s t .  

The  appa ren t  c r a t e r  prof i le  h e r e  follows c lose ly  the deepes t  

The acce le ra t ion  resu l t ing  f rorn  f r i c t iona l  d r a g  by the 

The fa l lback  

About 50-7570 of the appa ren t  c r a t e r  volume can  be a t t r ibu ted  to 
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Analys is  of Neptune C r a t e r  

Based  on the above p i c tu re ,  a n  ana lys i s  of the Neptune detonation 

desc r ibed  e a r l i e r  h a s  been under taken  to  t r y  to explain the observed  pheno- 

mena .  

detonation point, 2 o  c o r e  holes  dr i l led  into the ac t ive  region,  and machine  

calculat ions of the expected behavior of underground detonat ions,  i t  has been 

poss ib le  to r e c o n s t r u c t  a h i s to ry  of the Neptune eventa  including the mecha-  

n i s m s  that l e d  to fo rma t ion  of the c r a t e r .  

Using a postshot  geological  study of the r eg ions  surrounding the 

A few mic roseconds  a f t e r  detonation of the devicep  all of the m a t e r i a l  

surrounding the device was  vaporized and the mix tu re  of hot air and vapor-  

ized m a t e r i a l  had fi l led the shot  room.  Since the volume of the r o o m  w a s  
6 approximate ly  5. 8 X l o 7  c m 3  and the re  was  about 10  g of m a t e r i a l  in the 

r o o m  (as suming  the conc re t e  f loor  w a s  one f a c e  of the room) ,  the g a s  would 

be at a t e m p e r a t u r e  of about 150, 000°K and a p r e s s u r e  of 25, 000 a t m o s p h e r e s  

( b a r s ) .  At these  t e m p e r a t u r e s ,  the g a s  would be only pa r t i a l ly  ionized. * The 

radiat ion p r e s s u r e  is  comple te ly  negligible.  

r o o m  would not gene ra t e  a shock s t rong  enough to m e l t  of vapor ize  the 

surrounding rock ,  but the shock  would c r u s h  arid f r a c t u r e  the tuff, pe rmanen t ly  

displacing the m a t e r i a l  n e a r  the r o o m  and allowing the cavi ty  to expand. 

high t e m p e r a t u r e  g a s  in the cavi ty  would vapor ize  and mel t  the inner  s u r f a c e  

of the sphe r i ca l  cavi ty  by conduction, producing a thin mol ten  l ining. Such a 

p ic tu re  is  confirmed by s a m p l e s  of the fused m a t e r i a l  r e c o v e r e d  f r o m  the 

Neptune a r e a ,  which show that  i t  o c c u r s  only a s  thin l a y e r s s  a f r ac t ion  of a n  

inch thick, in c o n t r a s t  to the fused  m a t e r i a l  f r o m  Ra in ie r ,  2 1  which w a s  about 

a foot thick. 

As the  shock wave t rave led  outward,  i t  d e c r e a s e d  in s t rength ,  u l t imate ly  

The 25-ki lobar  p r e s s u r e  in the 

The  

propagat ing as  a n  e i a s t i c  wave. 

the m e s a p  which is 1 0 0  f t  f r o m  the devices  a t  about  12 mi l l i seconds  a f t e r  the 

detonation. 

cavi ty  a t  c lose  to sonic speed,  r eached  the l iquid- l ined sphe re  a t  about 

2 5  mi l l i seconds .  

The shock wave reached  the sloping f a c e  of 

The r a re fac t ion  f r o m  the f r e e  su r faces  t rave i ing  back  to  the 

% 

T h o m a s - F e r m i - D i r a c  equation of s t a t e  f o r  the m a t e r i a l  in the room.  
equation of s t a t e  is  fe l t  to be quite r easonab le  a t  these  t e m p e r a t u r e s  and 
p r e s  s u r e  s. 

The  above t e m p e r a t u r e s  and p r e s s u r e s  a r e  e s t ima ted  on the b a s i s  of a 
This  
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The in i t ia l  spa11 veloci ty  of the su;face m a t e r i a l  as  m e a s u r e d  on 
Neptune n e a r  the reg ion  of m a x i m u m  rup tu re  was  30-40  f ee t ,  s ec .  40 z i t  

is  a s s u m e d  that these  p i eces  moved f r o m  then on in 

the infl.uence of g rav i ty  a lcne ,  they would go only 15 -25  f t  in the air .  Since 

l a r g e  r o c k s  w e r e  observed  going niuch h igher ,  i t  is  c l e a r  that  s o m e  s o r t  of 

la te -  t ime gas  acce le ra t ion  o c c u r r e d .  

of the r a r e f a c t i o n  w a s  followed by the Gutward ru.sh of hot g a s e s  f r o m  the 

g a s  bubble, which acce le ra t ed  the upward flight of the broken. r o c k  f r a g m e n t s ,  

blowing them out of the c r a t e r .  Venting occur red  through c r a c k s  in the ove r -  

lying s t r a t a  with no g e n e r a l  upheaval o r  mixing of the s t r a t a  above the cavi ty ,  

as evidenced by the c l e a r  del ineat ion of the presh.ot geolLogi.c s t r u c t u r e .  

f r e e  fall '  paths ,  under  

Expansion of the cavi ty  a f t e r  the a r r i v a l  

2 0  

Due to the !ow overburden  p r e s s u r e  in the r eg iop  of the Neptune detona-  

tion and the l a r g e  gradien t  in the overburden  p r e s s u r e  hor izonta l ly  in the 

d i rec t ion  of the f ace  of the m e s a ,  the cavi ty  expanded a s y m m e t r i c a l l y .  

F r a c t u r e s  extending l a r g e  dis tan.ces  f r o m  the cavi ty  w e r e  f o r m e d  and hot 

g a s e s  pene t ra ted  them,  produc.ing fused l a y e r s  of r o c k  on the s u r f a c e  of the 

c r a c k s .  

surrounding the cavity.  

hea t  f r o m  the detonati.on have made  de termina t ion  of the f ina l  cav i ty  r a d i i  

v e r y  difficult .  

f r o m  the detonat io2 in the d i rec t ion  away f r o m  the f ace  of the m e s a  and up to 

50 f t  toward the f ace ,  In gene ra i ,  the zones of m a x i m u m  radioac t iv i ty  define 

a maximum radi.us f o r  the cav i ty  of 1 5 - 2 0  ft .  

ac t iv i ty  found up to 50 f t  away in the d i rec t ion  of the f a c e  of the m e s a  is 

probably due to e a r l y  vent.ing of the cavi ty  a lcng bedding p lanes  in that 

d i rec t ion .  

the s lope occur r ing  a t  a. point -well. below the point of m a x i m u m  r u p t u r e 9  

be fo re  the venting a t  th.e point of m a x i m u m  r u p t u r e  is vis ible .  

Th i s  r e su l t ed  in t r a c e s  of radioact ivi ty  throughout the reg ion  

Su.ch widespread  d is t r ibu t ion  of' the  rad ioac t iv i ty  and 

Significant amoun t s  of radioact ivi ty  have beer, found up to 30 f t  

The l a r g e  amouct of rad io-  

T h i s  is indicated by films that  show venting f r o m  the s u r f a c e  of 

Following the venting and co l lapse  of the cavi ty ,  a chimrzey o r  subs i -  

If all of the volume of dence  w a s  f o r m e d  which propagated to the su r face .  

the cavity had been comm.unicated to the s u r f a c e  by the chimney,  i t  would 

have con.tributed approximate ly  640 yd 

2 2 ,  000 yd . 
3 to the appa ren t  c r a t e r ' s  volume 

3 

S u m m a r y  

In a n  a t t e m p t  to give an  overall- p ic ture  of the effects  of t hese  four  
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m e c h a n i s m s  and the i r  r e l a t ive  impor tance  at va r ious  depths  of bu r s t ,  I have 

cons t ruc ted  a schemat i c  d i a g r a m  showing the i r  effect  on one c r a t e r  d imens ion .  

F o r  the pu rpose  of this  example  I have chosen  to u s e  apparent  c r a t e r  depth 

because  the ro l e  played by each  m e c h a n i s m  is cornparat ively s imple .  

25  shows,  in a d imens ion le s s  g raph ,  these  re la t ionships .  The contr ibut ion f r o m  

compact ion and p las t ic  deformat ion  and subsequent  subsidence is  a m a x i m u m  

for a s u r f a c e  detonation and d e c r e a s e s  somewhat  asymptot ica l ly  with depth 

because  of the increas ing  overburden  p r e s s u r e ,  The contr ibut ion of spa l l  to  

appa ren t  c r a t e r  depth is, m o r e  o r  l e s s t  d i r ec t ly  propor t iona l  to the depth of 

b u r s t  f o r  shal low depths  of b u r s t ;  i t  peaks  and then d e c r e a s e s  as  shown f o r  

l a r g e r  depths  of b u r s t  because  of the d e c r e a s e  in su r face  veloci t ies .  The 

effects  of g a s  acce le ra t ion  do not become signif icant  unti l  the contr ibut ion 

f r o m  spall ing s t a r t s  to d e c r e a s e .  They then i n c r e a s e  somewhat  to a peak, 

and tail off  a s  shown. 

i l l u s t r a t ed  by films of the Blanca nuc lea r  event,  21 a n  event  somewhat  

similar in g e o m e t r y  to Neptune but with a sca led  depth of b u r s t  about 50% 

g r e a t e r ,  

a l a r g e  cavi ty  o r  camouflet  was  produced which co l lapsed ,  with the subs idence  

p rogres s ing  toward the su r face .  

F i g u r e  

The ef fec t iveness  o feven  th i s  t a i l  is d rama t i ca l ly  

The su r face  spa l l  c r e a t e d  no c r a t e r  a t  all f o r  th i s  shot.  However ,  

Th i s  co l lapse  r e q u i r e d  15 seconds  b e f o r e  

i t  r eached  the  s u r f a c e ,  at which t ime the g a s e s  t rapped  in the cavi ty  vented 

to the s u r f a c e  with a v e r y  s t a r t l i ng  pl-ume of gas  which went about 600 f t  in  

the air. 

r o c k s  w e r e  e jec ted  s e v e r a l  hundred f e e t  in  the air by the escaping  g a s ,  show- 

ing the pa r t i c l e -  e ject ing capabi l i t i es  of these  g a s e s  during the i r  venting phase  

even f o r  such  a l a r g e  sca led  depth of b u r s t .  

contr ibut ions to the c r a t e r  depth g ives  the heavy l ine  shown in F ig .  25. 

When th is  venting f i r s t  evidenced i t se l f ,  s o m e  of the l a r g e  s u r f a c e  

Combining these  individual 

If we make  the a s sumpt ion  that the pr inc ipa l  d i f fe rence  between impac t  

c r a t e r s  and explosion c r a t e r s  is  the effect  of g a s  acce le ra t ion ,  we should 

e l imina te  this  contr ibut ion and d r a w  the p i c tu re  shown in  F ig .  26. Thus  f o r  

s u r f a c e  and shal low depths  of b u r s t  the c r a t e r s  should be  quite similar, but 

for  depths  somewhat  deepe r  than Teapot  ESS, for  example ,  one would expect  

s e r i o u s  d i f f e rences  to a p p e a r .  HoweverS m o s t  impac t  explosions a r e  equiva- 

lent  to su r face  o r  shal low-depth explosions,  so one would expect  r e l a t ive ly  

good a g r e e m e n t  with exis t ing expe r imen ta l  da ta .  

that  would r e s u l t  in a deepe r  equivalent depth of b u r s t  f o r  a n  impac t  explosion, 

one would expect  the above-indicated types of deviat ions to occur .  

F o r  a s e t  of conditions 
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DEPTH OF BURST m * 2  

Fig. 2 5 .  Relative contributions of var ious  mechan i sms  to appa ren t  c r a t e r  
depth for explosion c r a t e r .  
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A similar s e t  of c u r v e s  could be drawn f o r  appa ren t  c r a t e r  r ad ius ,  but 

i t  i s  v e r y  difficult  to untangle the va r ious  effects .  

spall ing undoubtedly cont r ibu tes  to the r a d i u s  to s o m e  extent.  

tion i s  probably l e s s  impor t an t  a t  all depths  of b u r s t  in de te rmining  the r a d i u s  

than in de te rmining  the depth.  

F o r  su r face  detonat ions,  

Gas  a c c e l e r a -  

Conclusion 

This  d i scuss ion  has  been l a r g e l y  quali tative in n a t u r e p  but I bel ieve 

the model  outlined is bas ica l ly  c o r r e c t .  

wi l l  r e q u i r e  addi t ional  t heo re t i ca l  w o r k  as  wel l  as m o r e  expe r imen ta l  s tud ies .  

The UNEC code has  the l imi ta t ion  of being one-dimensional .  

that  i t  is  valid only in the v e r t i c a l  d i rec t ion  and only unt i l  such  t ime  as  the 

r a re fac t ion  a r r i v e s  back  a t  the cavity.  

two-dimensional  v e r s i o n  of UNEC which wil l  be much m o r e  useful  fo r  

c r a t e r i n g  pu rposes .  

of the t rue  c r a t e r  and give ini t ia l  spa11 ve loc i t ies  f o r  all the m a t e r i a l  that  

is e jected into the air, and  should adequately t r e a t  the e a r l y  s t a g e s  of the 

g a s  acce le ra t ion .  Calculat ional  t r e a t m e n t  of the l a t e  s t ages ,  when venting 

o c c u r s ,  is imposs ib l e  with p r e s e n t  codes .  

develop a t r e a t m e n t  that  will  handle th i s  p rob lem.  

work  d i r ec t ed  toward explor ing exis t ing c r a t e r s  such  as  Scooter ,  the t h r e e  

Stagecoach c r a t e r s ,  and the t h r e e  l a r g e  Buckboard c r a t e r s  should be  unde r -  

taken,  

mechan ics  of c r a t e r i n g  in the pas t  and will  be even m o r e  useful  in  the fu tu re  

a s  we gain exper ience  with i t .  

F u r t h e r  development of this  theory  

Th i s  m e a n s  

Work is p resen t ly  being done on a 

Th i s  code will  a l low much m o r e  a c c u r a t e  calculat ion 

At tempts  a r e  being made  to 

F u r t h e r  expe r imen ta l  

Geologic mapping of c r a t e r s  has  proved invaluable in analyzing the 
\ 

We a r e  on the edge of cons t ruc t ing  a quantitative p i c tu re  of c r a t e r i n g ,  

and a r e  hopeful that  fu tu re  expe r imen ta l  and theo re t i ca l  p r o g r a m s  wil l  a l low 

the cons t ruc t ion  of a complete  theory  fo r  the m e c h a n i s m  of explosive c r a t e r  

for  mat ion.  

This  work  was  dbne under  the ausp ices  of the U. S. Atomic E n e r g y  

Commiss ion .  
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APPENDIX A 

I would like to express my gratitude to Sandia Corporation personnel who compiled the following 
In many cases ,  original drawings were consulted to resolve uncertainties. 

The programs a r e  l is ted in chrono- 
data on c ra te r  dimensions. 
This is believed to be the best data available at the present time. 
logical order and the shots within each program a r e  ordered by increasing depth of burst .  

Apparent Apparent Apparent 
Crater Cra t e r  

Series Shot Weight Burst Radius Radius Volume 
Charge Depth of Crater 

Name Designation (Ib) Z(ft) R(ft) D(ft) V( f t3) 

HE-4 
HE- 1 
HE- 7 
HE- 6 

Jangle H. E. HE- 5 
HE- 3 
HE- 2 
HE-9" 
HE- 1 O* 

2560 
2 560 
2560 
2560 
2560 
2560 

4 0 , 0 0 0  
216 
216 

-2.05 
2. 05 
2.60 
3.01 
4.10 
6. 84 
5. 13 
0.84 
3.00 

6. 90 
18.50 
19.00 
19.80 
19.40 
20.27 
39.00 

8. 30 
11.30 

1.90 
6.70 
6.70 
6. 10 
7. 50 

10.80 
15.00 
3. 50 
5. 50 

110 
201 0 
3300 
3600 
4000 
6000 

35,000 
270 
860 

Mole 

207 256 -0.83 4. 05 1.40 
206 256 0.00 6. 35 1. 70 
205 2 56 0. 83 8. 90 2.20 
2 04 2 56 1. 65 9.45 2.40 
2 03 256 3.17 8. 35 4.10 
2 02 256 6. 35 11.40 5.90 
212 2 56 6.35 11.20 6. 07 

403 256 0. 83 8. 36 3.37 
405 256 1.65 9.24 4.60 
401 256 3. 17 10.59 5.45 
406 2 56 3. 17 9.95 4.22 
4 02 256 4.76 11. 05 6.25 
4 04 256 6. 35 12.10 6. 12 

ERDL 

37 
129 
312 
3 64 
3 58 

1027 
1174 

301 
51 1 
837 
686 
96 1 

1195 

*These data were not included in the analysis presented in this report. 



APPENDIX A (continued) 

Apparent Apparent Apparent 
Charge Depth of Cra te r  Cra te r  Cra te r  

Series Shot Weight Burst  Radius Radius Volume 
Name Designation (1b) a f t )  N f t )  D(ft) v (ft3) 

Sandia 
Ser ies  I 

Sandia 
Ser ies  II 

8 
2 
9 

10 
16 
4 

11 
12 
17 
15 

s-12 
S-13 

11 
10 

9 
8 
7 
6 
5 
4 
2 3: 

1" 

256 
256 
2 56 
2 56 
2 56 
2 56 
256 
2 56 
256 
256 

2 56 
2 56 
2 56 
2 56 
256 
2 56 
2 56 
256 
256 
256 
2 56 
256 
2 56 

6. 35 
9.53 
9.53 

12.70 
12.70 
15.90 
15.90 
19.05 
19.05 
25.40 

0.00 
0 .00  

13.10 
16.10 
16.40 
19.00 
19.70 
22.60 
23.30 
25.50 
26.10 
28.50 
29.80 

13.13 
15.12 
14.14 
13.40 
14.19 
11. 32 
6.53 
9.36 
5.68 
4.18 

8.57 
8.34 

14.69 
14.10 
14.29 
10.07 
8.13 
4.39 
3.03 
2.35 

32.30 
37.70 
31.00 

7. 30 
7.86 
7. 16 
4.10 
6. 70 
1.77 
0. 38 
2.30 
1. 70 
0.45 

2.49 
2.60 
5.43 
4.55 
2.61 
1.60 
1.01 
1.00 
0.30 
1.15 

-1.03 
-0.83 
-0.63 

1489 
2 146 
1930 
1093 
2220 

368 
236 
2 56 

55 
31 

161 
267 

1670 
1077 
716 
297 
121 
170 

18 
16 

- 584 
- 1079 
-1187 

2 40,000 17.1 50.5 23.6 83,650 
Stagecoach 3 40, 000 34.2 58.6 29.2 144,600 

1 40, 000 80.0 57.0 7.9 49,145 

74.5 2, 642,000 Scooter 1,000,000 125.0 153.8 

*These shots resulted in mounds instead of c r a t e r s  and have been included in this summary for 
completeness. However, these data have not been used in the analysis. 

I 
m 
4 
I 
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