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PRE FAC E 

To make sound recommendations concerning t h e  manner i n  which o i l  s h a l e  
should be prepared f o r  e f f i c i e n t  i n  s i t u  r e t o r t i n g  t o  recover  o i l ,  t h e  indus-  
t r y  and p a r t i c u l a r l y  t h e  planning and f i e l d  e n g i n e e r s  need t h e  b e n e f i t  of  a l l  
t h e  exper ience  and r e s e a r c h  r e s u l t s  a v a i l a b l e .  I t  i s  t h e  i n t e n t  of t h i s  
r e p o r t  t o  record 'and e v a l u a t e  t h e  c o n s i d e r a b l e  p r o j e c t  e f f o r t s  of numerous 
Government r e s e a r c h e r s  working on t h i s  problem. For some 8 y e a r s  Bureau of 
Mines e n g i n e e r s ,  s c i e n t i s t s ,  and t e c h n i c i a n s  d i l i g e n t l y  pursued t h e  important  
and o f t e n  p o t e n t i a l l y  dangerous t a s k s  r e q u i r e d  t o  develop t h e  i n i t i a l  phase of  
t h e  explos ive  f r a c t u r i n g  r e s e a r c h  assignment.  A l i t e r a t u r e  survey shows t h a t  
a c o n s i d e r a b l e  volume o f  t e c h n i c a l  m a t e r i a l  on e x p l o s i v e s  has  been publ i shed;  
however, t h e  p r i n c i p l e s  of  prepar ing  o i l  s h a l e  beds and recover ing  s h a l e  o i l  
by i n  s i t u  methods have rece ived  l i t t l e  a t t e n t i o n .  

A summary of  t h e  r e s e a r c h  performed i n  t h e  l a b o r a t o r y  and i n  t h e  Green 
River Formation o f  Wyoming i s  descr ibed .  Included are  procedures  and r e s u l t s  
from tes t s  a t  seven shal low s i t e s  near  Rock Spr ings ,  Wyo., and a t  a deeper  
t e s t  s i t e  near  Green R i v e r ,  Wyo. The concluding s ta tements  should serve a s  
guides  t o  f u t u r e  r e s e a r c h e r s .  
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FRACTURING OIL SHALE WITH EXPLOSIVES FOR IN SITU 
OIL RECOVERY 

J. S. Mil ler,] C. J. Walker,] and J. L. Eakin2 

ABSTRACT 

This r e p o r t  p r e s e n t s  a complete coverage of r e s u l t s  from Bureau of Mines 
p re l imina ry  r e s e a r c h  and the  f i e l d  a p p l i c a t i o n  of exp los ive  f r a c t u r i n g  t ech -  
n iques  t o  p repa re  o i l  s h a l e  f o r  i n  s i t u  recovery  of s h a l e  o i l .  

Smal l - sca le  s u r f a c e  tes ts  were conducted t o  determine t h e  f e a s i b i l i t y  of 
u s ing  a n i t r o g l y c e r i n - b a s e  exp los ive  f o r  c r e a t i n g  rock f r a c t u r e s .  P r i o r  t o  
underground t e s t i n g ,  s u r f a c e  and nea r - su r face  t e s t s  w i th  l i q u i d  exp los ives  
showed t h a t  explos ions  i n  s h e e t l i k e  l a y e r s  s imula t ing  underground f r a c t u r e s  
would propagate  e f f e c t i v e l y .  Successfu l  s u r f a c e  experiments were conducted 
us ing  l a y e r s  of explos ive  placed between g l a s s  p l a t e s  and exp los ive - sa tu ra t ed  
sand confined i n  small-diameter  meta l  t ubes .  The t e s t s  i n  g l a s s - p l a t e  reser- 
v o i r s  and m e t a l  tubes  demonstrated t h a t  n i t r o g l y c e r i n  would de tona te  and the  
explos ion  would propagate  i n  c racks  a s  t h i n  a s  1 / 3 2  inch and through d i s t a n c e s  
up t o  1 2  f e e t .  I n  a shal low f i e l d  t e s t ,  n i t r o g l y c e r i n  was de tona ted  i n  a v e r -  
t i c a l  c r ack  i n  l imes tone  and produced ex tens ive  f r a c t u r i n g .  

Explosive f r a c t u r i n g  tes t s  were performed i n  o i l  s h a l e  formations on 
seven s i t e s  nea r  Rock Spr ings ,  Wyo. The procedures  included (1) d i s p l a c i n g  
and de tona t ing  n i t r o g l y c e r i n  i n  n a t u r a l  o r  h y d r a u l i c a l l y  induced f r a c t u r e  s y s -  
tems; (2 )  d e t o n a t i n g  n i t r o g l y c e r i n  i n  w e l l b o r e  s h o t s ;  ( 3 )  d i s p l a c i n g  and 
de tona t ing  n i t r o g l y c e r i n  i n  induced f r a c t u r e s  followed by wel lbore  s h o t s  u s ing  
p e l l e t i z e d  TNT; and ( 4 )  de tona t ing  wel lbore  charges  us ing  p e l l e t i z e d  TNT. 

The r e sea rch  on o i l  s h a l e  format ions  demonstrated t h a t  n i t r o g l y c e r i n  d i s -  
placed i n  a n a t u r a l  o r  h y d r a u l i c a l l y  induced f r a c t u r e  would d e t o n a t e ,  and the  
explos ion  would propagate  through t h e  e x p l o s i v e - f i l l e d  f r a c t u r e .  

Shooting a p a t t e r n  of w e l l s  i n  o i l  s h a l e  a t  100-foot  depth  wi th  wel lbore  
charges  of p e l l e t i z e d  TNT developed a s a t i s f a c t o r y  i n t e r w e l l  fragmented zone. 
Tests performed on o t h e r  s i t e s  a t  depths  t o  385 f e e t  caused f ragmenta t ion  of 
rock  around t h e  wel lbore  and provided i n t e r w e l l  communication. 

IPe t ro leum engineer .  
“ P r o j e c t  l e a d e r .  
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Fourteen methods used t o  e v a l u a t e  t h e  e x t e n t  and degree of f ragmentat ion 
i n  t h e  e x p l o s i v e l y  f r a c t u r e d  o i l  s h a l e  a re  d iscussed .  

INTRODUCTION 

This  r e p o r t  compiles t h e  p r o g r e s s  and exper ience  gained from comprehen- 
sive r e s e a r c h  on engineer ing  problems encountered w i t h  t h e  p r e p a r a t i o n  of o i l  
s h a l e  formations f o r  i n  s i t u  combustion and recovery  of s h a l e  o i l .  These 
s t u d i e s  were made i n  response t o  t h e  r i s i n g  concern f o r  our c a p a b i l i t y  t o  meet 
t h e  N a t i o n ' s  mounting energy demands a t  reasonable  c o s t s  and a t  d e s i r a b l e  
levels of s o c i a l  and environmental  impact. 

The r e s e a r c h  was s t a r t e d  i n  1964 a s  a p a r t  of t h e  energy r e s e a r c h  program 
of t h e  Bureau of Mines. On t h e  program level ,  t h e  r e s e a r c h  was intended t o  
s t i m u l a t e  product ion  from o i l  s h a l e ,  t o  improve t h e  u l t i m a t e  recovery from 
low-permeabi l i ty  o i l  and gas  r e s e r v o i r s ,  and t o  improve t h e  performance of  
underground n a t u r a l  g a s - s t o r a g e  r e s e r v o i r s .  The g o a l  of t he  r e s e a r c h  
descr ibed  h e r e  was t o  develop means f o r  fragmenting t h e  o i l  s h a l e  wi th  explo-  
sives and t o  expose s u f f i c i e n t  r o c k  s u r f a c e  a r e a  t o  support  i n  s i t u  combustion. 
The concept  involved t h e  i n j e c t i o n  and d e t o n a t i o n  of a l i q u i d  chemical explo-  
s ive i n  n a t u r a l  and p r e v i o u s l y  induced f r a c t u r e  systems and t h e  use o f  a p e l -  
l e t i z e d  e x p l o s i v e  t o  e n l a r g e  and extend t h e s e  f r a c t u r e s  t o  provide i n t e r w e l l  
f ragmenta t ion .  A f u r t h e r  i n t e n t i o n  was t o  develop methods t o  e v a l u a t e  t h e  
e x t e n t  of f r a c t u r i n g  o r  f ragmenta t ion  induced by t h e  e x p l o s i v e  f r a c t u r i n g  
a p p l i c a t i o n s .  

The development of  numerous petroleum-bearing r e s e r v o i r s  i s  hampered by 
low p e r m e a b i l i t y  i n  t h e  rock .  Although h y d r a u l i c  f r a c t u r i n g ,  a c i d i z i n g ,  and 
e x p l o s i v e  shoot ing  a r e  e f f e c t i v e  i n  many t i g h t  sands and l imes tones ,  much 
r e s e a r c h  remains t o  be  done t o  improve flow c a p a c i t y  i n  t h e s e  r e s e r v o i r s  and 
i n  o i l  s h a l e  reserves. The most e f f i c i e n t  petroleum recovery  o p e r a t i o n s  i n  
t i g h t  sands and f l u i d - i n j e c t i o n  o p e r a t i o n s  on i n  s i t u  p r o j e c t s  are  l a r g e l y  
dependent upon one of t h e s e  methods f o r  improving t h e  f l u i d  c o n d u c t i v i t y  of 
t h e  rocks  and s t i m u l a t i n g  product ion .  Comparable c o n d i t i o n s  ex i s t  i n  condi -  
t i o n i n g  and recover ing  s h a l e  o i l  by i n  s i t u  r e t o r t i n g  i n  t h e  extremely t i g h t  
h o s t  rocks .  

This  i s  one of few known r e s e a r c h  e f f o r t s  on s h e e t l i k e  l a y e r  explos ions  
in tended  t o  i n c r e a s e  flow c a p a c i t y  i n  conf ined  rock formations.  L i t t l e  i n f o r -  
mat ion on t h i s  s u b j e c t ,  e i t h e r  publ ished o r  unpubl ished,  was a v a i l a b l e  f o r  
g u i d e l i n e s .  
u a l s  and o i l f i e l d  service companies. B r i e f l y ,  t h e  ea r l i e r  work r e s u l t e d  i n  
moderate s u c c e s s e s ,  near  f a i l u r e s ,  i n j u r i e s ,  and numerous premature detona-  
t i o n s  t h a t  des t royed  w e l l s  and p r o p e r t y .  

Some r e l a t e d  work, however, had been conducted by a few i n d i v i d -  

n 

An a r t i c l e  (z)3 i n  The O i l  B u l l e t i n ,  Calgary ,  Canada, recorded a n  
account  of a combined s h o t  of  5 ,000 q u a r t s  n i t r o g l y c e r i n  ( N G 1 )  d i sp laced  i n t o  
t h e  formation from a wel lbore  loaded w i t h  g l a s s  marbles i n  t h e  Turner Val ley  

S u n d e r l i n e d  numbers i n  p a r e n t h e s e s  r e f e r  t o  i t e m s  i n  t h e  l i s t  of r e f e r e n c e s  
preceding t h e  appendix.  
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f i e l d  dur ing  February 1946. O i l  f low was not  i nc reased ,  and no f u r t h e r  shoot -  
_ing was done fol lowing t h e  experiment .  

B r e w e r  (8) i n d i c a t e d  t h a t  t h e  Tar Spr ings ,  Jackson,  and Benois t  Forma- 
t i o n s  i n  t h e  I l l i n o i s  Basin responded when the vo ids  i n  these  low-permeabi l i ty  
formations were f i l l e d  wi th  exp los ives  and de tona ted .  F u r t h e r ,  t h e  Cleveland 
and Red Fork sands i n  Oklahoma were r epor t ed  t o  have responded t o  N G 1  s h o t s  i n  
the  formation.  Data on i n d i v i d u a l  t e s t s  and d e t a i l e d  r e s u l t s  were not  
p u b l i c i z e d .  

Included i n  U.S. p a t e n t s  r e l a t i n g  t o  exp los ive  f r a c t u r i n g  a r e  those  of 
Zandmer (49-50) ,  Brandon (I), Hanson (22) ,  and Hinson (a). 

Resu l t s  of t he  pa ten ted  S t r a t a b l a s t  p rocess  were r epor t ed  by Dowell Div. 
of t h e  Dow Chemical Co. a t  a meeting of t h e  American Petroleum I n s t i t u t e  i n  
A p r i l  1965 (37). The multiple-component systems used w e r e  g e n e r a l l y  hyper-  
g o l i c  f l u i d s  t h a t  explode when combined i n  t h e  formation.  

Dowell r epor t ed  t h e  des ign  and a p p l i c a t i o n  of new b l a s t i n g  s e r v i c e s  f o r  
t h e  petroleum and mining i n d u s t r i e s .  
f u e l s ,  a l t e r e d  t o  behave a s  l i q u i d  exp los ives .  I n  t h i s  system t h e  exp los ive  
w a s  pumped by remote c o n t r o l  i n t o  the  format ion ,  followed by a nonreac t ive  
l i q u i d  spacer  and a l i q u i d  i g n i t e r  t h a t  subsequent ly  pene t r a t ed  through t h e  
spacer  and set  o f f  t he  explos ion  i n  the  formation.  

An a l l - l i q u i d  system used rocke t - type  

Another Dowell-developed system employing a heavy s l u r r y  of m e t a l l i z e d  
ammonium n i t r a t e  was used i n  o i l f i e1 .d  a p p l i c a t i o n s .  The v i scous  s l u r r y  w a s  
placed i n  t h e  we l lbo re  oppos i t e  t he  formation t o  be f r a c t u r e d  and de tona ted  
by v a r i o u s  methods. Moderate volumes of t he  exp los ive  des igna ted  as MS-80 
were r epor t ed  t o  produce temperatures  up t o  6,000" F accompanied by f r a c t u r e s  
extending a s  much a s  100 f e e t  from the  charge  c e n t e r .  

In 1970 ,  an a r t i c l e  (27) rev iewed the  "new look" a t  s t i m u l a t i o n  by e x p l o -  
sives and gave a s t a t e - o f - t h e - a r t  account  of t he  modern exp los ive  techniques 
f o r  improving product ion .  

The ex tens ive  o i l  s h a l e  formations i n  p a r t s  of Wyoming, Colorado, and 
Utah cover  an  a r e a  of approximately 16,000 square  m i l e s .  These rocks  of t h e  
Green River Formation o r i g i n a t e d  as limy muds depos i t ed  i n  predominantly 
l a c u s t r i n e  environments.  Through geologic  processes  t h e s e  lake  f l o o r  depos- 
i t s  w e r e  transformed i n t o  mar ls tone  con ta in ing  organic  kerogen. Cons iderable  
h e a t  i s  r equ i r ed  t o  change kerogen t o  a l i q u i d  s h a l e  o i l .  Since t h e  rock  has  
l i t t l e  n a t u r a l  p o r o s i t y  and pe rmeab i l i t y ,  f r a c t u r e s  must be induced through 
which t o  e s t a b l i s h  and ma in ta in  a combustion zone and recover  r e t o r t e d  s h a l e  
o i l .  

Surveys (13) show t h a t  o i l  s h a l e  d e p o s i t s  i n  t h e  United States  con ta in ing  
25 g a l  o r  more p e r  t on  c o n t a i n  about  600 b i l l i o n  b a r r e l s  of o i l .  These depos- 
i t s  range  i n  depths  from s u r f a c e  outcrops  t o  2,000 f e e t .  Should a lower l i m i t  
of  r i c h n e s s  be s e t  a t  10 g a l  per  t o n ,  t h e  a v a i l a b l e  volume of o i l  would be 
inc reased  25- fo ld  t o  about  2 t r i l l i o n  b a r r e l s .  The development of a technique 
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f o r  e f f i c i e n t  s h a l e  o i l  recovery  would be expected t o  s i g n i f i c a n t l y  in f luence  
t h e  Na t ion ' s  t o t a l  o i l  supply.  

Development of mining and aboveground r e t o r t i n g  of o i l  s h a l e  has  only 
r e c e n t l y  advanced beyond t h e  experimental  s t a g e .  I n  a d d i t i o n ,  t he  aboveground 
o i l  s h a l e  process ing  i s  accompanied by eco log ic  d i s tu rbances  and accompanying 
p o l l u t i o n  problems wi th  e f f l u e n t s  and d i s p o s i t i o n  of spent  sha le .  Underground 
r e t o r t i n g  p o t e n t i a l l y  o f f e r s  a more f e a s i b l e  s o l u t i o n  t o  the  problem. Bureau 
of Mines l a b o r a t o r y  and f i e l d  r e s e a r c h  on t h e  use  of chemical explos ives  t o  
f r a c t u r e  t h e  rock lend encouragement f o r  developing means t o  accommodate the  
a i r f l o w  requirements  f o r  combustion maintenance, and f o r  displacement  of 
r e t o r t e d  s h a l e  o i l  t o  producing w e l l s .  

Explosive f r a c t u r i n g  was app l i ed  t o  the  Green River Formation on e i g h t  
The methods used t o  fragment s i t e s  near  Rock Springs and Green R ive r ,  Wyo. 

t h e  formation d i f f e r e d  from s i t e  t o  s i t e  because of depth d i f f e r e n c e s  t o  t h e  
r i c h e r  sha le  beds under t h e  v a r i o u s  s i t e s ,  d i f f e r e n c e s  of ground water levels,  
t he  e x t e n t  of n a t u r a l  o r  induced f r a c t u r e s  encountered,  and the  type of explo-  
s i v e  used t o - f r a c t u r e  t h e  s h a l e .  Fourteen methods w e r e  used t o  e v a l u a t e  t h e  
r e s u l t s  of exp los ive  f r a c t u r i n g  and t o  a s s i s t  i n  d e f i n i n g  the  f r a c t u r e d  zones.  
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THEORY OF ROCK BREAKAGE 

Although t h e r e  i s  n o t  complete agreement among au tho r s  r ega rd ing  rock  
breakage and p a r t i c u l a r l y  breakage by conf ined  exp los ive  shoot ing ,  some of t he  
theory  i s  reviewed. 
can  be s t imu la t ed  e f f e c t i v e l y  by a s i n g l e  hydrau l i c  f r a c t u r e  extending through 
the  wel lbore .  However, s u b s t a n t i a l  q u a n t i t i e s  of hydrocarbons remain locked 
i n  o t h e r  r e s e r v o i r s  t h a t  do n o t  y i e l d  t o  hydrau l i c  f r a c t u r i n g .  These reser- 
v o i r s  may y i e l d  t o  nuc lea r  (46) o r  exp los ive  f r a c t u r i n g  where induced m u l t i p l e  
f r a c t u r e s  provide  a l a r g e  e f f e c t i v e  wel lbore  r a d i u s ,  which i s  r equ i r ed  t o  
d r a i n  massive hydroca rbon- f i l l ed  zones.  

It i s  recognized t h a t  most low-permeabi l i ty  r e s e r v o i r s  

S ince  rock  i s  g e n e r a l l y  l e s s  r e s i s t an t  t o  t e n s i o n  than t o  compression, 
c r acks  a r e  more l i k e l y  t o  develop under t h e  i n f l u e n c e  of t e n s i l e  fo rces .  
Langefors and Kihls t rom (a) show t h a t  i n  breaking  rock  t h e  p re s su re  developed 
by de tona t ing  a chemical exp los ive  i n  a dense ly  packed h o l e  can exceed 
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100,000 atm. This  h igh-pressure  pu l se  s h a t t e r s  t h e  rock  a d j a c e n t  t o  t h e  w e l l -  
bore and exposes t h e  space beyond t o  t a n g e n t i a l  s t r a i n s  and s t r e s s e s .  These 
f o r c e s  t ake  p l a c e  under t h e  in f luence  of t h e  outgoing shock wave t h a t  t r a v e l s  
i n  rock  a t  v e l o c i t i e s  ranging  from 9,800 t o  16,400 f p s .  The l a t e r a l  p r e s s u r e  
i n  t h e  shock wave i s  a p o s i t i v e  v a l u e  when i t  a r r i v e s ,  and then  f a l l s  r a p i d l y  
t o  a nega t ive  va lue .  This i m p l i e s  a change from compression t o  t ens ion .  
Because the  rock i s  l e s s  r e s i s t a n t  t o  t e n s i o n ,  primary c racks  occur  under the  
i n f l u e n c e  of t e n s i l e  f o r c e s  wi th  r e s u l t i n g  pronounced r a d i a l  c r a c k s .  

Langefors and Kihls t rom (29) n o t e  t h a t  dur ing  t h e  f i r s t  s t a g e  of c r ack ing ,  
t h e r e  i s  p r a c t i c a l l y  no rock  breakage. They suggest  t h a t  i f  t h e  sho tho le  con- 
t a i n i n g  t h e  charge  goes s t r a i g h t  i n t o  t h e  rock  wi thout  any ad jacen t  s u r f a c e  
p a r a l l e l  t o  t h e  h o l e ,  t h e  shock wave fades  ou t  wi thout  any f u r t h e r  e f f e c t .  
The remaining energy from gas i n  the  sho tho le  may s l i g h t l y  widen t h e  c r a c k s ,  
forming only  r a d i a l  c r a c k s .  Under t h e s e  c o n d i t i o n s ,  t he  sho tho le  normally i s  
widened less than d o u b l e i t s  diameter  by c rushing  and p l a s t i c  deformation.  
Rock u s u a l l y  i s  b l a s t e d  o r  s h a t t e r e d  t o  a v e r t i c a l  f r e e  f a c e  i n  f r o n t  of an 
a r r a y  of sho tho le s .  Here compression waves r e f l e c t i n g  a g a i n s t  t h i s  s u r f a c e  
produce t e n s i l e  stresses t h a t  may cause scabbing o r  blocking of p a r t  of t h e  
rock  nea r  t h e  s u r f a c e .  

Because of t he  he t e rogene i ty  and n a t u r a l  f r a c t u r e  systems of most o i l  
s h a l e  beds and o i l  and gas  r e s e r v o i r  r o c k s ,  changes i n  rock  c h a r a c t e r  and 
s t r a t i g r a p h y  may be  s u f f i c i e n t  t o  r e f l e c t  compression waves and cause second- 
a r y  f r a c t u r i n g  around the  main f r a c t u r e .  F u r t h e r ,  t h e  rock  he te rogene i ty  can 
be expected t o  a l t e r  t he  v e l o c i t y  of t h e  shock wave and c r e a t e  a series of 
shea r  stresses t h a t ,  i n  t u r n ,  may f u r t h e r  c rack  the  rock .  

Extens ive  f r a c t u r e  expansion should r e s u l t  from ins t an taneous  expansion 
of t h e  gaseous products  ofanNG1 explos ion  confined i n  an underground rock  
f r a c t u r e .  Approximately 500 cu f t  of gaseous r e a c t i o n  products  a r e  produced 
from exploding 1 q u a r t  of N G 1 .  The hea t  of explos ion  a t  6,280' F expands t h e  
gas  t o  e i g h t  t i m e s  t h i s  volume, o r  4,000 cu f t .  Under t h e s e  c o n d i t i o n s ,  t h e  
rock i s  vu lne rab le  t o  f r a c t u r e  growth; however, sus t a ined  f l u i d  flow improve- 
ment i s  l a r g e l y  dependent upon t h e  e x t e n t  of f r a c t u r e  h e a l i n g .  

I n  t h e  r e f l e c t i o n  theory  of Duvall  and Atchison (u), t h e  de tona t ion  of 
a n  exp los ive  charge  i n  a d r i l l  h o l e  gene ra t e s  a compressive s t r a i n  p u l s e ,  
which t r a v e l s  through t h e  rock  i n  a l l  d i r e c t i o n s  from the  s h o t  p o i n t  and 
decays i n  ampli tude a s  i t  moves outward. The s t r a i n  p u l s e  con t inues  t o  r a d i -  
a t e  u n t i l  i t  i s  r e f l e c t e d  by a f r e e  s u r f a c e  as a t e n s i l e  s t r a i n  pu l se .  The 
rock ,  being less r e s i s t a n t  t o  t e n s i o n  than  t o  compression, i s  pu l l ed  a p a r t  by 
t h e . r e f l e c t e d  t e n s i l e  s t r a i n  p u l s e .  

The a c o u s t i c  o r  shock-wave theory  of Atchison and Tournay (2) sugges ts  
t h a t  t he  e f f e c t i v e  t r a n s f e r  of de tona t ion  p r e s s u r e  t o  s t ress  i n  t h e  rock  
depends upon the  impedance match between t h e  exp los ive  and t h e  rock .  A 
sma l l e r  exp los ive - to - rock  impedance r a t i o  compared wi th  a l a r g e r  one should 
provide more e f f e c t i v e  t r a n s f e r  of p re s su re  t o  stress. 



Atchison and Pug l i e se  (1-2) show the  s imple e l a s t i c  theory r e l a t i o n ,  

P, = 2 P / ( 1  + z>, 
where P, i s  the  medium s t ress ,  P i s  the  de tona t ion  p r e s s u r e ,  and Z i s  t h e  
explosive-to-rock impedance r a t i o .  From these  r e l a t i o n s h i p s ,  de tona t ion  
v e l o c i t y ,  which i s  r e l a t e d  to  de tona t ion  p res su re  and i s  r e l a t i v e l y  e a s i l y  
measured, i s  important  i n  s tudying  t h e  t r a n s f e r  of energy from an explos ion  t o  
an underground rock  formation.  Chemical-explosive wel lbore  charges  de tona ted  
i n  rock  c r e a t e  shock energy and l i b e r a t e  l a r g e  volumes of gas a t  very h igh  
temperature  and p r e s s u r e .  How t h i s  energy i s  t r a n s f e r r e d  t o  the  rock i s  n o t  
r e a d i l y  understood,  and the  problem i s  compounded when the  explos ive  i s  con- 
f i n e d  i n  a s h e e t l i k e  l a y e r  i n  the  rock .  Detonat ion waves u s u a l l y  travel a t  a 
cons t an t  v e l o c i t y  determined by t h e  chemical energy r e l e a s e d  i n  de tona t ion ,  
t he  r a t e  a t  which t h i s  energy i s  r e l e a s e d ,  t he  d e n s i t y  o f  the  exp los ive ,  and 
t h e  charge d iameter .  

Cook (l4) shows t h a t  some exp los ives ,  no tab ly  g e l a t i n  dynamites and N G 1 ,  
e x h i b i t  commonly t w o  d i s t i n c t  s t a b l e  ve loc i t i e s .  These t w o  v e l o c i t i e s  may 
d i f f e r  by as much as a f a c t o r  of 5 .  I n  many exp los ives ,  v e l o c i t y  t r a n s i e n t s  
are observed i n  the  e a r l y  s t a g e s  of propagat ion  of t he  de tona t ion  wave from 
i t s  p o i n t  of  i n i t i a t i o n .  Sometimes t h e  explos ion  s t a r t s  propagat ing a t  low 
v e l o c i t y  and suddenly changes over t o  high v e l o c i t y ,  i n  some c a s e s  a t  random 
and i n  o t h e r s  a t  f a i r l y  d e f i n i t e  p o s i t i o n s .  

High-ve loc i ty  de tona t ions  travel a t  v e l o c i t i e s  n e a r l y  equa l  t o  t h e  i d e a l  
hydrodynamic de tona t ion  v e l o c i t y  of the  system being s t u d i e d ;  t h a t  i s ,  t h e  
s t eady  t h e o r e t i c a l  maximum v e l o c i t y  has been a t t a i n e d .  I n i t i a t i n g  s t i m u l i  of 
lower s t r e n g t h  may produce low-veloc i ty  de tona t ions ;  however, i n  t he  unreac ted  
m a t e r i a l  t he  r e s u l t i n g  de tona t ions  may have in s t an taneous  v e l o c i t i e s  above and 
below the  v e l o c i t y  of sound. I n  t h i n  l a y e r s  of exp los ive ,  low-veloc i ty  
de tona t ions  w i l l  occur  more f r e q u e n t l y  than  h i g h - v e l o c i t y  d e t o n a t i o n s .  

The de tona t ion  v e l o c i t y  of a l i q u i d  exp los ive  may va ry  widely.  Numerous 
experiments  have e s t a b l i s h e d  t h a t  t h e  order  of t he  de tona t ion  v e l o c i t y  f o r  N G 1  
ranges from 2,300 t o  29,900 f p s .  

According t o  Cook (&), once low-order o r  h igh-order  propagat ion  i n  N G 1  
i s  achieved i t  i s  u n l i k e l y  t o  r e v e r s e .  I t  i s  d i s t i n c t ,  t h e r e f o r e ,  from the  
low-order de tona t ion  encountered f r e q u e n t l y  i n  m i l i t a r y  exp los ives .  The l a t -  
ter i s  pu re ly  t r a n s i e n t ;  i t  may r e s u l t  i n  p a r t i a l  f a i l u r e  o r  i n  normal h igh-  
o rde r  de tona t ion ,  and i t  i s  l a r g e l y  u n p r e d i c t a b l e .  Low-order de tona t ion  i s  
p r a c t i c a l l y  unknown i n  any exp los ive  except  t h e  g e l a t i n  dynamites and most 
l i q u i d  exp los ives .  

PRELIMINARY LABORATORY TESTS 

Purpose 

The Bureau of  Mines Explosive Research Cen te r ,  P i t t s b u r g h ,  Pa . ,  r a n  
l abora to ry  bunker experiments  (23) t o  determine the  f e a s i b i l i t y  of u s ing  
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l i q u i d  e x p l o s i v e s  t o  f r a c t u r e  o i l  s h a l e  beds and t o  enhance p r o d u c t i v i t y  of 
o i l -  and gas-bear ing  sandstones.  Tests  w e r e  made t o  l e a r n  i f  a d r y ,  porous 
sandstone would imbibe s u f f i c i e n t  n i t r o g l y c e r i n  e t h y l e n e  g l y c o l  d i n i t r a t e  
(NG-EGDN)4 t o  y i e l d  a de tonable  charge and a l s o  a h i g h - v e l o c i t y  d e t o n a t i o n .  
Other  tes ts  were made t o  determine t h a t  explos ions  would propagate  through 
NG-EGDN-saturated c r a c k s  i n  a sandstone environment and a l s o  through s i m i l a r l y  
s a t u r a t e d  s a n d - f i l l e d  c r a c k s  between sandstone s l a b s .  

Procedure 

Rock used i n  t h e  P i t t s b u r g h  t e s t s  was Berea sandstone having a d e n s i t y  of 
2.2 g/cm3 (137 l b / f t 3 )  when d ry .  Imbib i t ion  t e s t s  w i t h  both  water  and NG-EGDN 
showed t h a t  t h i s  rock  was capable  of ho ld ing  11 to  13 p c t  of  i t s  own volume of  
l i q u i d ,  a l though comparison of  i t s  b u l k  d e n s i t y  w i t h  t h a t  of c r y s t a l l i n e  
s i l i c a  i n d i c a t e d  t h a t  about  17 p c t  o f  t h e  rock  volume was v o i d  space.  

The r o c k  samples were 2- by 2- by 6- inch blocks t h a t  were d r i e d  a t  more 
than  212" F f o r  more than  16 hours .  They were t h e n  immersed i n  NG-EGDN f o r  
several hours .  I t  w a s  found t h a t  t h e  r o c k  absorbed 6 . 6  t o  7 . 4  wt-pc t  of t h e  
e x p l o s i v e  a f t e r  2 hours  o f  immersion, and t h a t  t h i s  s a t u r a t i o n  could be 
i n c r e a s e d  t o  8 . 2  wt-pc t  by immersion f o r  48 hours .  

The d e t o n a b i l i t y  t r i a l s  were instrumented wi th  a n  expendable p r e s s u r e  
t ransducer  having a u s e f u l  range of 1 t o  70 kb. The t r a n s d u c e r s  w e r e  loca ted  
a t  t h e  downstream end o f  t h e  charge .  A cont inuous ,  p r e s s u r e - a c t u a t e d  
d e t o n a t i o n - v e l o c i t y  probe f o r  measuring d e t o n a t i o n  r a t e s  was placed along one 
s i d e  of t h e  charge .  Data were recorded o s c i l l o g r a p h i c a l l y .  

The i n i t i a t o r  u s u a l l y  c o n s i s t e d  of a No. 8 e l ec t r i c  b l a s t i n g  c a p  and a 
7 . 5 -  o r  15-gram t e t r y l  p e l l e t  (0 .75-inch diameter  by 0.5 i n c h  long o r  0.75- 
i n c h  d iameter  by 1 . 0  inch long) .  I n  one t e s t ,  t h e r e  was a n  a d d i t i o n a l  b o o s t e r  
c o n s i s t i n g  of 73 grams of NG-EGDN i n  a r e s e r v o i r  2 inches  square  by 0.75 inch  
deep .  For  each t r i a l  using NG-EGDN, a corresponding t e s t  w a s  m a d e  using w a t e r  
as t h e  imbibed medium,to determine t h e  response of t h e  i n s t r u m e n t a t i o n  t o  t h e  
i n e r t  shock t r a n s m i t t e d  from t h e  donor.  In  no case w a s  t h i s  shock s u f f i c i e n t  
t o  a c t u a t e  t h e  i n s t r u m e n t a t i o n ,  a l though t h e  sands tone ,  which w a s  q u i t e  f r a n -  
g i b l e ,  w a s  completely s h a t t e r e d .  

R e s u l t s  

Samples c o n t a i n i n g  up t o  7 . 4  p c t  NG-EGDN d i d  n o t  d e t o n a t e ,  a l though i t  i s  
With t h e  p o s s i b l e  t h a t  h e a v i e r  b o o s t e r s  may have produced s u c c e s s f u l  r e s u l t s .  

NG-EGDN r e s e r v o i r  and w i t h  a sample t h a t  had absorbed 8 . 2  p c t  NG-EGDN, t h e  
measured d e t o n a t i o n  ra te  was 15,420 f p s .  Although t h e  r e c o r d  from t h e  p r e s -  
s u r e  t ransducer  w a s  s l i g h t l y  obscured by e l ec t r i ca l  r i n g i n g ,  a p r e s s u r e  i n  
excess of 25 kb was i n d i c a t e d .  

*Reference t o  t r a d e  names i s  f o r  i d e n t i f i c a t i o n  only  and does n o t  imply 
endorsement by t h e  Bureau of Mines. 
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Thils, i t  was demonstrated t h a t  NG-EGDN, absorbed i n t o  a s o l i d ,  porous,  
i n e r t  m a t r i x ,  was de tonable  i n  c o n c e n t r a t i o n s  a s  low a s  8 . 2  wt-pc t ;  t h e  
r e s u l t i n g  system, a l though r e l a t i v e l y  i n s e n s i t i v e ,  had an unexpectedly h igh  
v e l o c i t y  o f  defonat ion .  This may be compared wi th  t h e  behavior  of g e l l e d  NG 
( d e n s i t y :  1 . 3 7  g/cm3 o r  85.556 l b / f t 3 )  absorbed i n  sodium c h l o r i d e  where t h e  
de tona t ion  r a t e  was 5,086 f p s  wi th  15 p c t  NG i n  a charge wi th  a 11.30-inch 
diameter  . 

On August 27-28, 1964, i t  was demonstrated f o r  t h e  f i r s t  t i m e  t h a t  
NG-EGDN explos ions  propagated through t h i n  c r a c k s  i n  a sands tone environment 
S e t s  of  two 18- by 12- by 2- inch d ry ,  Berea sandstone s l a b s  were completely 
p u l v e r i z e d .  Veloc i ty  of t h e  explos ions  averaged 4,593 f p s .  

A d d i t i o n a l  t e s t s  w i t h  NG-EGDN explos ive  confined i n  a 1116-inch space 
between 112- by 8 -  by 12-inch p l a s t i c  p l a t e s  showed t h e  e f f e c t  of a contami- 
nant  such a s  sand on d e t o n a t i o n  v e l o c i t i e s .  I n  one r e s e r v o i r  c r a c k  t h a t  d i d  
n o t  c o n t a i n  propping sand,  t h e  explos ive  detonated a t  a speed of 24,608 f p s .  
The sand- and e x p l o s i v e - f i l l e d  r e s e r v o i r  c r a c k  detonated a t  t h e  decreased r a t e  
of 6,890 f p s .  

R e s u l t s  of  experiments r e l a t e d  t o  shock s e n s i t i v i t y  o f  explos ive  l a y e r s  
showed t h a t  bo th  h igh-  and low-veloci ty  d e t o n a t i o n s  occurred ;  t h e  type  
depended upon l a y e r  t h i c k n e s s ,  explos ive  m a t e r i a l ,  environment,  contaminants ,  
and s t r e n g t h  of t h e  i n i t i a t i n g  s t i m u l u s .  High-ve loc i ty  d e t o n a t i o n s  t r a v e l e d  
a t  speeds n e a r l y  equal  t o  t h e  i d e a l  hydrodynamic d e t o n a t i o n  v e l o c i t y  f o r  t h e  
system under s tudy .  Weaker i n i t i a t i n g  s t i m u l i  produced low-veloci ty  r e a c t i o n s ,  
r e s u l t i n g  i n  v e l o c i t i e s  bo th  above and below t h e  speed of  sound i n  unreac ted  
m a t e r i a l .  Low-velocity r e a c t i o n s  propagated i n  r e l a t i v e l y  t h i n  l a y e r s  t h a t  
w e r e  much more conducive t o  low-veloc i ty  than  t o  h i g h - v e l o c i t y  d e t o n a t i o n .  

Summary 

Tests r u n  a t  t h e  Bureau of  Mines Explosives  Research Center i n d i c a t e d  
(1) t h a t  a l i q u i d  e x p l o s i v e  NG-EGDN, absorbed i n t o  a s o l i d  porous sandstone 
b lock ,  would d e t o n a t e  wi th  a h igh  d e t o n a t i o n  v e l o c i t y ;  (2 )  t h a t  NG-EGDN explo-  
s i o n s  propagated through e x p l o s i v e - s a n d - f i l l e d  c r a c k s  between sandstone s l a b s ;  
and (3)  t h a t  t e s t s  u t i l i z i n g  NG-EGDN confined between p l a s t i c  p l a t e s  showed a 
h i g h e r  d e t o n a t i o n  v e l o c i t y  u s i n g  e x p l o s i v e  f i l l e d  r e s e r v o i r  c r a c k s  compared 
w i t h  t h a t  of e x p l o s i v e - s a n d - f i l l e d  ones.  

SURFACE FIELD TESTS 

Pur pose 

The r e s u l t s  from t h e  t es t s  a t  t h e  Bureau of Mines Explosives  Research 
Center encouraged f u r t h e r  s u r f a c e  f i e l d  t e s t s .  These t es t s  were intended t o  
determine t h e  c r i t i c a l  e x p l o s i v e  th ickness  of N G 1  i n  s h e e t l i k e  l a y e r s  he ld  
between P l e x i g l a s  (polymethyl methacry la te )  and g l a s s  p l a t e s .  The N G 1  was t h e  
d e s e n s i t i z e d  l i q u i d  e x p l o s i v e  EL-389-B, commonly used i n  o i l f i e l d  a p p l i c a t i o n .  
I n i t i a l  t e s t s  were designed t o  determine t h e  e f f e c t s  of c o n f i g u r a t i o n  on t h e  
d e t o n a t i o n  v e l o c i t y  and t h e  p o s s i b l e  quenching c h a r a c t e r i s t i c s  of s h e e t l i k e  
l a y e r s  of  N G 1  i n  r e c t a n g u l a r  and t r i a n g u l a r  r e s e r v o i r s .  
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I n  a d d i t i o n ,  dur ing  t h i s  s tudy  some p h y s i c a l  c o n d i t i o n s  i n  a petroleum- 
bear ing  r e s e r v o i r  were s imula ted .  These included a v e r y  t h i n  f r a c t u r e ,  a sand- 
f i l l e d  f r a c t u r e ,  and some l i m i t e d  confinement.  The minute openings,  which 
permit  t h e  passage of  a l i q u i d  e x p l o s i v e ,  may be about  0 .10  inch  w i d e  i n  a 
s a n d - f i l l e d  f r a c t u r e  c o n t a i n i n g  e i t h e r  a i r  o r  n a t u r a l  g a s ,  water  o r  b r i n e ,  and 
o i l ,  o r  a combination of t h e s e  under h igh  p r e s s u r e s .  

To f u r t h e r  determine t h e  i n f l u e n c e  of geometr ic  c o n f i g u r a t i o n  on detona-  
t i o n  v e l o c i t y ,  tes ts  were made i n  aluminum tubes of  v a r i o u s  d iameters  wi th  and 
wi thout  sand t o  s i m u l a t e  underground c o n d i t i o n s  i n c l u d i n g  confinement.  Also 
descr ibed  i s  how t h e  d e t o n a t i o n  v e l o c i t y  and propagat ion  of anNGl d e t o n a t i o n  
through rock  pores  and s imulated sand-propped f r a c t u r e s  were a f f e c t e d  by 
changing t h e  c h a r a c t e r i s t i c s  of a model r e s e r v o i r .  I n v e s t i g a t e d  i n  a l l  t e s t s  
were d e t o n a t i o n  v e l o c i t y  (45, 47) and propagat ion  and t h e  e f f e c t s  of c o n f i n e -  
ment, c r i t i c a l - l a y e r  t h i c k n e s s ,  r e s e r v o i r  c o n f i g u r a t i o n ,  and f rac ture-propping  
sand.  

Procedure 

Velocity-Measuring Equipment 

Detonat ion v e l o c i t i e s  o f  i n i t i a l  s h o t s  were determined by t h e  D'Autriche 
method (34). Two d e t o n a t i o n  ve loc i ty-measur ing  systems,  cont inuous and i n t e r -  
v a l ,  provided r e l i a b l e  d a t a  by doublechecking t h e  i n d i c a t e d  v e l o c i t i e s  
ob ta ined  i n  t h i s  r e p o r t .  I n  one system, t h e  cont inuous v e l o c i t y  probes were 
taped t o  s tee l  w i t n e s s  p l a t e s ,  which were i n  d i r e c t  c o n t a c t  w i t h  t h e  g l a s s -  
p l a t e  r e s e r v o i r s .  This  system was comprised of a 0.006-inch-diameter  r e s i s t -  
ance  w i r e  i n s i d e  a 90-inch-long b r a s s  probe of 0 .024-inch d iameter .  The s y s -  
t e m  was powered by a c o n s t a n t  c u r r e n t  sou rce .  A f t e r  t h e  r e s e r v o i r  was f i l l e d  
w i t h  N G 1 ,  a n  e l ec t r i c  cap  and primer were a t t a c h e d  and t h e  s h o t  was d e t o n a t e d .  
A s  t h e  d e t o n a t i o n  proceeded along t h e  probe, t h e  r e s i s t a n c e  of t h e  probe 
decreased .  The r e s u l t a n t  change i n  v o l t a g e  v e r s u s  t i m e  was d isp layed  on an 
o s c i l l o s c o p e  and photographed. Since t h e  s l o p e  of t h e  r e c o r d e d  t race  w a s  
p r o p o r t i o n a l  t o  t h e  v e l o c i t y ,  t h e  d a t a  obta ined  were used t o  c a l c u l a t e  detona-  
t i o n  v e l o c i t i e s  and t o  d i s c l o s e  t h e  t r a n s i e n t  behavior  of t h e  d e t o n a t i o n .  

Measurements of i n t e r v a l  d e t o n a t i o n  v e l o c i t i e s  d i s c l o s e d  t h e  average  
v e l o c i t y  of t h e  d e t o n a t i o n  propagat ion .  This system used s h o c k - s e n s i t i v e  
e x c i t a t i o n  p i n s  placed a t  measured i n t e r v a l s  of 1 0 ,  45,  67 .5 ,  and 90 inches  
along t h e  s teel  w i t n e s s  p l a t e .  These were i n  c o n t a c t  w i t h  t h e  g l a s s - p l a t e  
r e s e r v o i r .  The p i n s  were s imple make-c i rcu i t  devices  i n c l u d i n g  a p p r o p r i a t e  
c i r c u i t r y  t o  t r i g g e r  t h e  s t a r t - s t o p  p o r t i o n s  of t h e  e l e c t r o n i c  t i m e r s .  
Detonat ion v e l o c i t i e s  were c a l c u l a t e d  from t h e  measured d i s t a n c e s  and recorded 
lapsed t i m e  i n t e r v a l s .  

F i g u r e  1 i l l u s t r a t e s  a technique i n  some d e t a i l  f o r  measuring d e t o n a t i o n  
v e l o c i t i e s .  A t h i n  s t ee l  w i t n e s s  p l a t e  w a s  placed on a sand bed w i t h  a con- 
t i n u o u s  v e l o c i t y  probe, s h o c k - s e n s i t i v e  e x c i t a t i o n  p i n s  numbered 2 t o  5 f o r  
determining i n t e r v a l  v e l o c i t i e s ,  and a n  o s c i l l o s c o p e  t r i g g e r  e x c i t a t i o n  p i n  1 6) taped t o  t h e  top  of t h e  s t ee l  p l a t e .  A g l a s s - p l a t e  r e s e r v o i r  r e s t i n g  on t h e  
s t ee l  p l a t e  was f i l l e d  w i t h  N G 1  through one of t h e  v e n t s  near  t h e  
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d e t o n a t o r - r e c e i v e r  h o l e .  An explos ion  w a s  i n i t i a t e d  w i t h  a d e t o n a t o r ,  which 
s t a r t e d  a series of  n e a r l y  ins tan taneous  a c t i o n s .  The d e t o n a t i o n  t r i g g e r e d  
o s c i l l o s c o p e  e x c i t a t i o n  p i n  1, which a c t u a t e d  t h e  p u l s i n g  device  and i n  t u r n  
t r i g g e r e d  t h e  o s c i l l o s c o p e  sweep. A s  d e t o n a t i o n  propagated through t h e  
r e s e r v o i r ,  r e s i s t a n c e  of t h e  cont inuous v e l o c i t y  probe decreased ,  d i s p l a y i n g  
t h e  r e s u l t a n t  v o l t a g e  drop on t h e  o s c i l l o s c o p e .  

Simultaneously counter  e x c i t a t i o n  p i n  2 was s h o r t e d ,  which t r i g g e r e d  
p u l s e r  2 and s t a r t e d  e l e c t r o n i c  counter  1. A s  t h e  d e t o n a t i o n  propagated 
through t h e  r e s e r v o i r ,  counter  e x c i t a t i o n  p i n  3 s h o r t e d ,  which t r i g g e r e d  
p u l s e r  3 ,  stopped counter  1, and s t a r t e d  counter  2. Counter e x c i t a t i o n  
p i n s  4 and 5 ,  when shor ted  by t h e  propagat ion,  stopped counter  2 and s t a r t e d  
and stopped counter  3 i n  a s i m i l a r  sequence. The t i m e  d i sp layed  on t h e  
c o u n t e r s  r e p r e s e n t e d  e x p l o s i v e  t r a v e l  t i m e  i n  microseconds f o r  t h e  detonatiofi  
wave t o  t r a v e r s e  t h e  measured i n t e r v a l s  between e x c i t a t i o n  p i n s .  These d a t a  
permi t ted  c a l c u l a t i o n  of d e t o n a t i o n  v e l o c i t y  . 

P l e x i g l a s - P l a t e  Reservoir  T e s t s  

The f i r s t  t e s t s  t o  measure N G 1  de tona t ion  v e l o c i t i e s  were wi th  t r i a n g u l a r  
P l e x i g l a s  r e s e r v o i r s .  These sandwich-type r e s e r v o i r s w e r e m a d e  from 0.1875-inch- 
t h i c k  P l e x i g l a s  wi th  0.125- t o  0 .312-inch spaces  between t h e  top  and bottom 
p l a t e s ;  l e n g t h s  v a r i e d  from 3 t o  1 2  f e e t .  The top p l a t e s  were d r i l l e d  f o r  
f i l l i n g  and w e r e  s l o t t e d  t o  r e c e i v e  a p p r o p r i a t e  d e t o n a t o r s .  The r e s e r v o i r s  
were placed on 0 ,125- inch- th ick  s t ee l  wi tness  p l a t e s ,  1 f o o t  w i d e  by  8 f e e t  
l ong ,  instrumented w i t h  s h o c k - s e n s i t i v e  e x c i t a t i o n  p i n s  and a p u l s i n g  device  
t o  s t a r t  and s t o p  t h e  e l e c t r o n i c  c o u n t e r s ,  and f i l l e d  wi th  N G 1 .  Impressions 
made on t h e  s u r f a c e  of  t h e  s t e e l  wi tness  p l a t e s  i n d i c a t e d  t h e  e x t e n t  of t h e  
d e t o n a t i o n  propagat ing through a t r i a n g u l a r  r e s e r v o i r .  

Rectangular  P l e x i g l a s  r e s e r v o i r s ,  0.125 t o  0.0312 inch t h i c k  by 3 t o  12 
f e e t  l ong ,  were f i l l e d  wi th  sand and N G 1  t o  s i m u l a t e  a sand-propped h y d r a u l i c  
f r a c t u r e .  The excessive t i m e  r e q u i r e d  t o  f i l l  t h e  reservoirs w i t h  NG1 a l l o w e d  
a chemical r e a c t i o n  between t h e  N G 1  and P l e x i g l a s  t o  a l t e r  t h e  d e t o n a t i o n  
c h a r a c t e r i s t i c s  of  t h e  N G 1 .  Consequently,  a change i n  r e s e r v o i r  des ign  and 
tes t  procedure was e f f e c t e d .  

Glass  - P l a t e  Reservoi r  Tests  

T e s t  procedures  were r e v i s e d  and cont inued i n  r e s e r v o i r s  c o n s t r u c t e d  from 
g l a s s  p l a t e .  Tested were s h e e t l i k e  l a y e r s  of  e x p l o s i v e  and e x p l o s i v e  i n  sand 
conf ined  between g l a s s  p l a t e s  s i m u l a t i n g  open f r a c t u r e s  and sand-propped rock  
f r a c t u r e s .  The e x p l o s i v e  l a y e r  t h i c k n e s s e s  ranged from 0.1875 t o  0.0312 i n c h .  

The g l a s s - p l a t e  r e s e r v o i r s  w e r e  c o n s t r u c t e d  from two 0 .2187- inch- th ick  by 
1-foot-wide by 8 - f e e t - l o n g  g l a s s  p l a t e s  s e p a r a t e d  by aluminum s p a c e r s  and 
s e a l e d  around t h e  edges w i t h  a s i l i c o n e  rubber  cement. I n  t h e  top p l a t e ,  
0 .250-inch-diameter  h o l e s  were d r i l l e d  near each c o r n e r ;  t h r e e  were used as 
air v e n t s  and t h e  f o u r t h  a s  a n  e x p l o s i v e - f i l l i n g  h o l e .  A 1- inch d e t o n a t o r -  
receiver h o l e  w a s  d r i l l e d  i n  t h e  c e n t e r  of t h e  p l a t e  approximately 3 inches  
from one end.  



12 

Experiments were made t o  determine e f f e c t s  on de tona t ion  v e l o c i t y  by 
changing and/or  i n c r e a s i n g  t h e  i n i t . i a t i n g  s t i m u l i .  The de tona t ing  charges 
were' e i t h e r  P - 2 2  ELcord b o o s t e r s ,  sodium p e n t o l i t e ,  100 p c t  g e l ,  HDP, RDX, o r  
combinations of t hese  ekp los ives .  Each boos te r  was made from d i f f e r e n t  explo-  
s i v e  m a t e r i a l ,  which o f f e r e d  de tona t ion  v e l o c i t i e s  ranging  from approximately 
22,000 t o  27,400 f p s .  

Add i t iona l  t es t s  were conducted i n  s a n d - f i l l e d  r e s e r v o i r s .  With one 
except ion  these  r e s e r v o i r s '  were s imi la r  i n  c o n s t r u c t i o n  t o  those  prev ious ly  
desc r ibed .  An e x p l o s i v e - f i l l i n g  h o l e  was d r i l l e d  i n  t h e  c e n t e r  of t h i s  
r e s e r v o i r .  The r e s e r v o i r s  were f i l l e d  with d ry  20- t o  40-mesh f r a c t u r e -  
propping sand t o  form a bed w i t h  p o r o s i t y  of about  53 p c t .  

Three exp los ive  l a y e r  t h i c k n e s s e s ,  0.1875, 0 .125,  and 0.0625 inch ,  were 
i n v e s t i g a t e d .  These s imulated hydrau l i c  f r a c t u r e  t e s t s  w e r e  designed t o  
determine the  e f f e c t  of sand on de tona t ion  propagat ion and t o  determine the  
minimum e f f e c t i v e  exp los ive  l aye r  t h i ckness .  

Aluminum Tube Tests 

Two s e r i e s  of t e s t s  wi th  N G 1  i n  aluminum tubes were conducted t o  s tudy  
t h e  e f f e c t s  of m e t a l  confinement and the  e f f e c t s  of f r ac tu re -p ropp ing  sand on 
de tona t ion  v e l o c i t y  and propagat ion .  One s e r i e s  c o n s i s t e d  of 30 tests wi th  
NG1-fi l led tubes  and ano the r  series of 28 t e s t s  w i th  sand-and-NG1-fil led 
tubes .  

An 8 - f o o t  l eng th  of aluminum tubing wi th  one end capped had an  elbow on 
t h e  o t h e r  end f o r  f i l l i n g  and a s  a de tona to r  receiver. A cont inuous v e l o c i t y  
probe was taped a long  t h e  l eng th  of t h e  tube wi th  fou r  counter  e x c i t a t i o n  p ins  
spaced a t  d i s t a n c e s  of 0 ,  45 ,  67 .5 ,  and 90 inches  from the  de tona t ion  p o i n t .  
A l l  tube-shot  assembl ies  w e r e  sandbagged t o  minimize b u r s t s  of sh rapne l  i n  the  
t e s t  a r e a .  

I n  the  N G 1  t es t s ,  i n s i d e  d i a m e t e r s  of tubes  were 2.067,  1 . 6 1 ,  1.38, 1.049, 
0 .824 ,  0 .622,  0 .493,  0 .364,  and 0.269 inches .  During the  t e s t i n g  of N G 1  i n  
aluminum tubes on c o l d  days ,  i t  became necessary  t o  i n c r e a s e  i n i t i a t i n g  s t i m -  
u l i  t o  achieve  h igh-order  de tona t ion  v e l o c i t y  when ambient temperatures  f e l l  
below 40" F .  Consequently,  a s tandard  i n i t i a t i n g  s t i m u l i  c o n s i s t i n g  of t h r e e  
1/3-pound RDX, t h r e e  113-pound sodium p e n t o l i t e ,  o r  two 1/2-pound g e l  b o o s t e r s  
(100 p c t )  were used t o  produce s u f f i c i e n t  impac t  t o  i n i t i a t e  t he  N G 1  detona-  
t i o n s  t o  h igh  o rde r  throughout t he  temperature  t e s t  range of 15" t o  85" F .  

Tubes and in s t rumen ta t ion  assembl ies  f o r  t he  sand-NG1-fil led tube tes t s  
were i d e n t i c a l  t o  those  f o r  t h e  NG1-fil led tubes ,  except  the  tubes  w e r e  f i l l e d  
w i t h  dry  20- t o  40-mesh 
49 p c t .  The tubes  were s a t u r a t e d  wi th  NGI. by d i s p l a c i n g  the  exp los ive  through 
the  sand by i n c r e a s i n g  t h e  h y d r o s t a t i c  head. 

f r ac tu re -p ropp ing  sand having an  average p o r o s i t y  of 

n 



13 

Explosive l a y e r  
t h i c k n e s s ,  i nch  

R e s u l t s  

Number of Average de tona t ion  v e l o c i t y ,  fp s  
t e s t s  I n t e r v a l  1 Continuous I Combined 

P l e x i g l a s - P l a t e  Reservoirs--NG1 F i l l e d  

4,300 
23,100 
3,500 
4,400 

The f i r s t  series of t e s t s  were made i n  2- by 3 - foo t  and 1- by 6- foot  
t r i a n g u l a r  r e s e r v o i r s  de tona ted  from apex t o  base  and from base  t o  apex.  Then 
t e s t s  were made i n  2- by 3-fOOt and 1- by 6 - foo t  r e c t a n g u l a r  r e s e r v o i r s .  I n i -  
t i a l l y  the  f a i l u r e s  i n  the  t e s t s  u s ing  r e c t a n g u l a r  r e s e r v o i r s  were a t t r i b u t e d  
t o  t h e  No. 8 e l e c t r i c  b l a s t i n g  caps n o t  producing s u f f i c i e n t  impact t o  i n i -  
t i a t e  de tona t ion  of t he  N G 1 .  Tests w e r e  cont inued i n  r e c t a n g u l a r  r e s e r v o i r s  
12 f e e t  i n  l eng th  wi th  0.0625- and 0.0312-inch spaces  between top and bottom 
p l a t e s .  Seve ra l  of t h e s e  r e c t a n g u l a r  r e s e r v o i r  t es t s  f a i l e d  t o  de tona te .  I n  
determining the  problem, a s e r i e s  of tes ts  was r u n  wi th  one, two, and t h r e e  
P-22 Elcord b o o s t e r s  se t  i n  N G 1  t o  i n c r e a s e  the  shocking f o r c e .  Although 
de tona t ion  v e l o c i t i e s  ob ta ined  from t h e  t e s t s  i n  P l e x i g l a s  r e s e r v o i r s  were 
i n c o n s i s t e n t  and n o t  r ep roduc ib le ,  i t  was determined t h a t  P l e x i g l a s  r e s e r v o i r  
c o n f i g u r a t i o n  had l i t t l e  or  no e f f e c t  on de tona t ion  propagat ion .  Although 
one N G 1  de tona t ion  propagated 1 2  f e e t  i n  a s h e e t l i k e  l a y e r ,  numerous t e s t s  
f a i l e d  because of a chemical r e a c t i o n  between the N G 1  and P l e x i g l a s  m a t e r i a l s .  

4,000 4 , 150 
23,500 23,300 

3,500 3,500 
4 , 800 4,600 
5.200 5 ,200  

Glas s -P la t e  Reservoirs--NG1 F i l l e d  

The d e s e n s i t i z e d  N G 1  was expected t o  de tona te  and propagate  through the  
g l a s s - p l a t e  r e s e r v o i r s  a t  v e l o c i t i e s  of about  24,300 f p s .  However, 15 of t h e  
18 tes ts  wi th  an  exp los ive  l aye r  t h i ckness  of 0.1875 inch  r e s u l t e d  i n  low- 
o r d e r  d e t o n a t i o n  v e l o c i t i e s  ranging  from 2,700 t o  6,000 f p s  and averaging 
4,100 f p s .  Three h igh-order  de tona t ion  v e l o c i t i e s  averaged 23,300 f p s .  
Because of c l o s e  agreement between cont inuous and i n t e r v a l  v e l o c i t i e s ,  r e s u l t s  
were r epor t ed  as averages  of the  two v a l u e s .  

R e s u l t s  from these  t e s t s  a r e  included i n  t a b l e  1 and f i g u r e  2 .  

0.1875 

.125 

.0625 

.0312 

8 
7 
1 

'Counter f a i l u r e .  

Tes ts  w e r e  cont inued i n  r e s e r v o i r s  w i th  l a y e r  t h i cknesses  of 0 .125 ,  
0 .0625,  and 0.0312 inch .  Table 1 c o n t a i n s  t h e  average i n t e r v a l  and cont inuous 
de tona t ion  v e l o c i t i e s  f o r  each exp los ive  l aye r  t h i ckness  t e s t e d .  Although no 
high-order  de tona t ion  v e l o c i t y  was obta ined  i n  1 6  t e s t s ,  s u c c e s s f u l  propaga- 
t i o n  was achieved i n  each th i ckness  t e s t e d .  F igure  2 shows the  e f f e c t  of 
l a y e r  t h i ckness  on de tona t ion  v e l o c i t y .  The r e s u l t s  i n d i c a t e  a moderate 
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FIGURE 2. - Ef fect  of layer th ickness on detonation ve loc i ty  in  NG1-f i l led and NG1-sand- 
f i l l ed  glass-plate reservoirs. 

i n c r e a s e  i n  d e t o n a t i o n  v e l o c i t y  wi th  decreas ing  l a y e r  t h i c k n e s s .  Increased  
d e t o n a t i o n  v e l o c i t y  i n  t h e  minimum l a y e r  t h i c k n e s s  could have r e s u l t e d  from 
t h e  s l i g h t l y  i n c r e a s e d  r a t i o  of  confinement t o  explos ive  volumes. The low- 
o r d e r  d e t o n a t i o n  v e l o c i t y  obta ined  i n  t h e  g l a s s - p l a t e  t es t s  was a t t r i b u t e d  t o  
inadequate  confinement provided by t h e  g l a s s .  This  o b s e r v a t i o n  was s t r e n g t h -  
ened by r e s u l t s  ob ta ined  i n  t es t s  us ing  N G 1  i n  aluminum tubes .  Here, t h e  
i n c r e a s e d  confinement r e s u l t e d  i n  c o n s i s t e n t  h igh-order  d e t o n a t i o n s .  Tests 
showed t h a t  no l o g i c a l  sequence of  changes i n  d e t o n a t i o n  v e l o c i t y  r e s u l t e d  
from t h e  u s e  of t h e  b o o s t e r s  w i t h  h igh  d e t o n a t i o n  v e l o c i t y ,  o r  from i n c r e a s e d  
s i z e  o r  amount of b o o s t e r  u s e d ,  o r  b o t h .  

C o n s i s t e n t  propagat ion of  a d e t o n a t i o n  through a 0.0312-inch l a y e r  t h i c k -  
n e s s  could n o t  be achieved;  however, one complete propagat ion  was o b t a i n e d .  
Three t e s t s  propagated t h r e e - f o u r t h s  of  t h e  t o t a l  r e s e r v o i r  l e n g t h  b e f o r e  
quenching. The dashed l i n e  i n  f i g u r e  2 i n d i c a t e s  t h i s  c r i t i c a l  explos ive  
l a y e r  t h i c k n e s s .  

Glass  - P l a t e  Reservoi rs  - - N G 1  -Sa tura ted  Sand 

Average d e t o n a t i o n  v e l o c i t i e s  from t h e  14 t e s t s  i n  NG1-sand-fil led g l a s s -  
p l a t e  r e s e r v o i r s  ranged from 4,700 t o  7,400 f p s  ( t a b l e  2 ) .  No high-order  
d e t o n a t i o n s  were recorded .  However, t h e  s t r a i g h t  l i n e  e s t a b l i s h e d  by t h e  
l e a s t - s q u a r e s  method and drawn through t h e  d a t a  p o i n t s  ( f i g .  2 )  f o r  t h e  N G 1 -  
f i l l e d  g l a s s - p l a t e  r e s e r v o i r s  i n d i c a t e d  a n  average  v e l o c i t y  18 p c t  lower than 
t h a t  of t h e  NG1-sand-fil led g l a s s - p l a t e  r e s e r v o i r s .  Although t h e  average 
d e t o n a t i o n - v e l o c i t y  v a l u e s  i n  t h e  NG1-sand-fil led g l a s s - p l a t e  r e s e r v o i r s  
exceeded most of those  i n  t h e  NG1-fil led r e s e r v o i r s ,  probably owing t o  an 
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Explosive layer 
thickness, inch 
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Number of Averape detonation velocity, fps 
tests Interval I Continuous ! Combined 

enhancement of confinement, the NG1-sand-filled tests would not be expected to 
yield ideal detonation velocities even in tests with ideal-confinement reser- 
voirs. In both series of tests, detonation velocity increased with decreasing 
layer thickness. 

inches tests 

0.1875 

.125 

.0625 

2.067 

f ;  
5 
3 

3 

4,800 
7,400 
5,400 
6,200 

1.61 
1.38 
1.049 
.824 
.622 
.493 
.364 
.269 

4 , 500 

5,000 
5,900 

- 

5 
3 
2 
3 
3 
4 
3 
4 

4,700 
7,400 
5,200 
6,000 

Aluminum Tubes - -NG1 Fi 1 led 

The results of the data obtained from the tests in NG1-filled aluminum 
tubes are summarized in table 3; the effect of changing tube diameter on 
detonation velocity is shown in figure 3. The average in these 30 tests 
ranged from 22,200 to 23,300 fps. It was concluded that high-order detonation 
velocity can be achieved in NG1-filled aluminum tubes of all nominal sizes. 

TABLE 3. - Detonation velocities of N G 1  in aluminum tubes 

Tube size, ID, 1 Number of 1 Average detonation velocity, fps 
Interval I Continuous I Combined 
23,100 I 22,000 I 22,500 
23,200 
22 , 900 
22,900 
22,800 
22,900 
23,000 
23,000 
22,900 

21,800 
21,500 
22,800 
23,000 
23,400 
23,600 
23,000 
22,900 

22,500 

22,900 
22,900 
23,200 
23,300 
23,000 
22,900 

22 , 200 

Aluminum Tubes --NG1-Saturated Sand 

Results obtained from the 28 tests with NG1-sand-filled tubes are listed 
in table 4. The interval and continuous detonation velocities were averaged 
and plotted for each tube diameter, as illustrated in figure 3. Average 
detonation velocities ranged from 2,400 to 4,400 fps for tube sizes of 1.759 
inch and smaller. The dampening effects of sand are illustrated by this 
series of tests. 

Tests using 2.067-inch-diameter tubes revealed that both high- and low- 
order detonation velocities occurred. Except for five tests in the 2.067-inch 
tubes, low-order detonation velocity was obtained in all the tubes. The 
dashed line in figure 3 indicates that a critical tube size exists between 
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Tube s i z e ,  I D ,  Number of 
inches  t e s t s  

2.067 c 
1.759 3 
1 . 6 1  4 
1’. 38 3 
1.049 3 

.824 3 
- 6 2 2  3 
.493 2 

n 

Average d e t o n a t i o n  v e l o c i t y ,  f p s  
I n t e r v a l  Continuous Combined 

4 , $00 4,800 4,500 
15,500 16 , 200 15 , 900 

3,300 3 , 100 3 , 200 
4 , 000 3,500 3,800 
4,400 4,300 4,400 
3,500 3,300 3,400 
2 , 900 3,000 2 , 900 
3 , 100 3 , 2 0 0  3,200 
2 , 700 2 ,000  2,400 

2.067-inch and 1.759-inch-diameter  tubes  and both  h igh-  and low-order detona-  
t i o n  v e l o c i t i e s  ex is t  above 1.759-inch tube d iameter .  Data p o i n t s  a r e  p l o t t e d  
f o r  bo th  v e l o c i t i e s  ob ta ined  f o r  t h e  2.067-inch tube .  Data i n  t a b l e s  3 and 4 
i n d i c a t e  t h a t  d e t o n a t i o n  v e l o c i t y  decreased a s  much as 85 p c t  when explos ive-  
f i l l e d  aluminum tubes conta ined  f rac ture-propping  sand. 

22,000 

y) 18,000 
n 
r 

i 
k 
V 0 

14,000 
z 

t- 

z 0 

W 

0 

I0,OOC 

6,OOC 

[ N G I - s a n d  f i l led  0 - 
0 o------c 

a 
0 

0.9 1 . 1  I .3 I .5 I .7 1.9 2.0 0.2 0.3 0.5 0.7 2,mo 

TUBE SIZE, INSIDE DIAMETER,  inches 

FIGURE 3. - Ef fect  of tube s ize on detonation ve loc i ty  in  NG1-f i l led and NG1-sand-f i l led 
rneta I tubes. 
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Summary 

Successfu l  t es t s  us ing  N G 1  were run  i n  r e c t a n g u l a r  and t r i a n g u l a r  g l a s s -  
p l a t e  r e s e r v o i r s  and i n  aluminum t u b e s ,  i n d i c a t i n g  t h a t  c o n f i g u r a t i o n  d id  no t  
a f f e c t  complete propagat ion  of  the  explos ion  through the  r e s e r v o i r .  

The exp los ive  propagated through d i s t a n c e s  of 8 f e e t  i n  t h e  g l a s s  p l a t e  
and aluminum tube tes t s .  

Detonat ion v e l o c i t i e s  i n  g l a s s - p l a t e  r e s e r v o i r s  u s i n g  N G 1  and NG1-sand- 
f i l l e d  c racks  were low o rde r  w i th  except ion  of t h r e e  tes ts  a t  t h e  l a r g e s t  
l a y e r  t h i ckness .  Tests i n  aluminum tubes  f i l l e d  wi th  N G 1  y i e lded  h igh-order  
v e l o c i t i e s  f o r  n i n e  tube d iameters ,  and i n  NG1-sand-fil led tubes  the  t e s t s  
y i e lded  low-order v e l o c i t i e s  f o r  e i g h t  tube  d i ame te r s .  

Low-order de tona t ion  v e l o c i t y  i n  both  N G 1  and NG1-sand-f i l led g l a s s - p l a t e  
r e s e r v o i r  t e s t s  i n d i c a t e d  t h a t  confinement of the  explos ion  was i n s u f f i c i e n t .  
The e f f e c t s  of sand propping could no t  be observed i n  these  t e s t s .  I n  t h e  
aluminum tube tes t s  us ing  N G 1 ,  s u f f i c i e n t  confinement of t h e  explos ion  w a s  
i n d i c a t e d  by c o n s i s t e n t  h igh-order  v e l o c i t i e s ,  and t h e  e f f e c t s  of sand prop- 
ping i n  the  tube t e s t s  were i n d i c a t e d  by low-order v e l o c i t i e s .  

The c r i t i c a l  exp los ive  l a y e r  t h i ckness  i s  below t h a t  of a minimum 
hydrau l i c  f r a c t u r e  t h i c k n e s s .  

EXPLOSIVE FRACTURING I N  A PRESPLIT CRACK 

Purpose 

R e s u l t s  ob ta ined  from pre l iminary  l a b o r a t o r y  t es t s  (23) and s imula t ing  
r e s e r v o i r  c o n d i t i o n s  between g l a s s  p l a t e s  and i n  aluminum tubes  (19) encour-  
aged f u r t h e r  t e s t i n g  a t  nea r - su r face  c o n d i t i o n s .  A s i t e  was l o c a t e d ,  a t  t he  
S t e w a r t  Quarry e a s t  of B a r t l e s v i l l e ,  Ok la . ,  i n  t h e  Hogshooter Limestone Forma- 
t i o n  t o  perform t e s t s  us ing  the  p r e s p l i t t i n g  technique (38). The Hogshooter 
Limestone Formation i s  about  26 f e e t  t h i c k  and i s  o v e r l a i n  by a l imestone 
member from 2 t o  4 f e e t  t h i c k .  
s i v e  s t r e n g t h  of 11,000 p s i .  

The main body of rock  has  an average compres- 

I n t e n t  of t he  t es t  w a s  t o  determine i f  an N G 1  exp los ion  would propagate  
i n  a ver t ica l  c rack  i n  rock  and t o  demonstrate  the  p o t e n t i a l  of  an  N G 1  b l a s t  
f o r  s h a t t e r i n g  rock  under some confinement.  

Procedure 

Three a t t empt s  t o  p r e s p l i t  the  format ion  were r equ i r ed  a t  t h e  quar ry  
b e f o r e  a s a t i s f a c t o r y  v e r t i c a l  c r ack  between d r i l l  ho le s  w a s  made. The sec -  
c e s s f u l  a t t e m p t  was performed a f t e r  d r i l l i n g  and shoot ing  o f f  t he  top  l i m e -  
s t o n e  member and i n c r e a s i n g  t h e  s i z e  of t h e  s i t e  c l e a r e d .  The two sho tho le s  
f o r  p r e s p l i t t i n g  t h e  rock w e r e  4 f e e t  a p a r t ,  26 f e e t  from t h e  v e r t i c a l  f r e e  
f a c e  of  t h e  qua r ry  and a l i n e d  p a r a l l e l  w i t h  n a t u r a l  f r a c t u r e s  i n  t h e  rock  a t  
N40" E and assumed t o  be i n  a plane wi th  t h e  approximate minimum r e g i o n a l  
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s t ress  i n  t h e  rock .  
h a l f - s t i c k s  of 40 p c t  dynamite taped t o  de tona t ing  co rd ,  and then f i l l e d  wi th  
f i n e  l imestone screenings  t i g h t l y  tamped around t h e  charges to  the  s u r f a c e .  
The exp los ives  i n  the  two ho le s  were t i e d  toge the r  with de tona t ing  cord 
a t t a c h e d  t o  a b l a s t i n g  cap and f u s e .  There was no apparent  damage t o  t h e  
ho le s  o r  rock  s u r f a c e  fo l lowing  the  exp los ion .  
us ing  t h r e e  h a l f - s t i c k s  of  60 p c t  dynamite s i m i l a r l y  tamped i n  each h o l e .  
charges  were t i e d  t o  de tona t ing  cord wi th  a b l a s t i n g  cap and f u s e ,  and then  
s h o t .  

The 2-112-inch-diameter sho tho le s  were charged wi th  t h r e e  

The procedure was repea ted  
The 

Af te r  t h e  p r e s p l i t  c r ack  was made, t h e  sho tho le s  were cleaned and p i n  
swi tches  f o r  measuring de tona t ion  v e l o c i t y  were cemented 1 f o o t  deep i n  each 
h o l e .  The r e s u l t i n g  c rack  measuring only  0.025 inch  wide a t  t h e  s u r f a c e  and 
probably wider a t  depth was f i l l e d  with 5-314 q u a r t s  of N G 1 ,  i n d i c a t i n g  an 
average f r a c t u r e  width of 0.115 inch .  I n  a 1-foot-deep ho le  ad jacen t  t o  the  
s t a r t i n g  p in  swi tch ,  the  sho t  was i n i t i a t e d  by a f u s e  and b l a s t i n g  cap i n  a 
p r i m e r  immersed i n  a 114-quart  N G 1  donor.  

n 
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R e s u l t s  

The i n i t i a l  f r a c t u r e  w a s  extended about  120 f e e t ,  and i t s  width n e a r  t h e  
d e t o n a t i o n  p o i n t  was i n c r e a s e d  t o  about  5 i n c h e s .  
occurred i n  t h e  rock  s u r f a c e  f o r  a d i s t a n c e  of 10 t o  20 f e e t  from t h e  detona-  
t i o n  p o i n t .  Approximately 3,500 tons of  l imestone w a s  d i s p l a c e d  h o r i z o n t a l l y  
2-112 inches  toward t h e  v e r t i c a l  f r e e  f a c e  of t h e  q u a r r y .  
f e e t  t h e  c r a c k  w a s  more than  2 inches  wide.  
ob ta ined  by i n s t r u m e n t a t i o n ,  was 4,580 f p s .  

Extens ive  branch cracking  

A t  a depth of  10 
The measured d e t o n a t i o n  v e l o c i t y ,  

A s u r f a c e  view of  main c r a c k s  formed by t h e  e x p l o s i v e - f r a c t u r i n g  t e s t  i s  
shown i n  f i g u r e  4 .  A f t e r  t h i s  experiment w a s  concluded,  t h e  quar ry  o p e r a t o r  
b l a s t e d  t h e  area t o  t h e  n o r t h e a s t  of s e c t i o n  C - C  and c r e a t e d  a very  w i d e  c r a c k  
perpendicular  t o  t h e  tes t -created c r a c k s  a t  t h e  approximate l o c a t i o n  of sec- 
t i o n  C - C .  F i g u r e  5 was sketched from v i s u a l  observa t ion  and examination down 

-? 
FIGURE 5. - Section C-C t h r o u g h  fractured limestone ( f ig .  4). 
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i n t o  t h a t  c r a c k ,  which measured about  10 f e e t  deep t o  t h e  top o f  t h e  rubble .  
I t  i n d i c a t e d  t h a t  c o n s i d e r a b l e  underground f r a c t u r i n g  was produced by t h e  N G 1  
explos ion .  

Summary 

A p r e s p l i t  c r a c k  was formed i n  a l imestone format 
5 - 3 / 4  q u a r t s  of  N G 1 .  The charge of N G 1  w a s  d e t o n a t e d ,  
propagated through t h e  ve r t i ca l  c r a c k .  

on and f i l l e d  w i t h  
and t h e . e x p l o s i o n  

This  N G 1  b l a s t ,  he ld  under some confinement,  d i s p l a c e d  approximately 
3,500 tons of  l imestone and extended t h e  i n i t i a l  f r a c t u r e  t o  120 f e e t  w i t h  
branch f r a c t u r i n g  t o  10 t o  1 2  f e e t .  

FIELD TESTS I N  O I L  SHALE 

E x p l o s i v e - f r a c t u r i n g  f i e l d  r e s e a r c h  w a s  performed i n  t h e  Green River 
Formation i n  Wyoming. Much of  t h e  f i e l d  r e s e a r c h  was performed on remote and 
s e p a r a t e  s i t e s  w h i l e  o t h e r  f i e l d  work w a s  performed i n  c l o s e  coopera t ion  wi th  
and on s i t e s  opera ted  by t h e  Bureau of Mines L a r a m i e  Energy Research Center ,  
Laramie, Wyo. 
t h e i r  r e s u l t s  and publ i shed  work on t h i s  mutual problem of recover ing  s h a l e  
o i l  by i n  s i t u  combustion. 

L i b e r a l  r e f e r e n c e  i s  made t o  and q u o t a t i o n s  a re  taken  from 

Included i n  f i g u r e  6 a re  the l o c a t i o n s  of  t h e  p r i n c i p a l  t e s t  s i tes  on 
which development work w i t h  e x p l o s i v e  f r a c t u r i n g  was pursued t o  p r e p a r e  o i l  
s h a l e  formations f o r  s h a l e  o i l  recovery by i n  s i t u  combustion o r  r e t o r t i n g .  
Rock Spr ings  s i t e s  1 - 7  w e r e  l o c a t e d  a long  t h e  south  s l o p e  of t h e  White 
Mountain, o f f  I n t e r s t a t e  Highway 80 and about  7 - 1 / 2  m i l e s  w e s t  of Rock 
S p r i n g s ,  Sweetwater County, Wyo. S i m i l a r l y  l o c a t e d  except  about  5 m i l e s  
f a r t h e r  w e s t  of Rock Spr ings  o r  about  1 m i l e  eas t  of Green River, Wyo., w a s  
Green River s i t e  1. Through t h e  a r e a  a t h i n  c o a t i n g  of  t o p s o i l  i s  u n d e r l a i n  
by several f e e t  o f  weathered o i l  s h a l e .  A s  t h e  normal d i p  o f  t h e  r i c h e r  
sha lebeds  i s  g e n e r a l l y  t o  t h e  w e s t ,  t e s t s  a t  t h e  Rock Spr ings  s i tes  could be  
c o r r e l a t e d  wi th  and compared w i t h  t h e  t e s t  a t  Green River s i t e  1 where t h e  
o i l  s h a l e  was a few hundred feet  deeper .  
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FIELD TEST, ROCK SPRINGS SITE 1 

Purpose 

The i n i t i a l  d r i l l i n g  and co r ing  on Rock Spr ings  s i t e  1 was performed by 
Laramie Energy Research Center eng inee r s .  Because of excess ive  formation 
water  problems, t he  s i t e  was temporar i ly  abandoned bu t  was l a t e r  r e a c t i v a t e d  
and expanded f o r  use  by B a r t l e s v i l l e  Energy Research Center  engineers  i n  
determining (1) i f  a l i q u i d  chemical exp los ive  could be d i sp laced  i n t o  a 
w a t e r - f i l l e d  n a t u r a l  f r a c t u r e  system; (2) i f  the exp los ive  could be de tona ted  
s u c c e s s f u l l y ;  and ( 3 )  i f  f r a c t u r e  enlargement us ing  N G 1 ,  a s  determined by 
s e v e r a l  e v a l u a t i o n  methods, could u l t i m a t e l y  lead  t o  i n  s i t u  r e t o r t i n g .  

Procedure 

T e s t  w e l l s  d r i l l e d  i n t o  the  Green River o i l  s h a l e  showed a water -bear ing  
zone a t  a depth of 42 f e e t .  Here,  t h e  d ip  of t h e  formation i s  g e n e r a l l y  w e s t  
a t  4 f e e t  p e r  100 f e e t .  Subsequent c o r i n g ,  logging ,  flow t e s t i n g ,  and i n f l a t -  
a b l e  packer t e s t i n g  i n d i c a t e d  some i n t e r w e l l  pe rmeab i l i t y  i n  a v e r y  t h i n  zone. 
A p a t t e r n  of w e l l s  w a s  l oca t ed  on approximately 12.5-foot spacing t o  t es t  t h e  
f e a s i b i l i t y  of u s ing  a chemical exp los ive  f o r  f r a c t u r e  expansion ( f i g .  7 ) .  
Normally a f r a c t u r e  would be made by convent iona l  hydrau l i c  means, by e l e c -  
t r o l i n k i n g  (41, g), o r  by a combination o f  techniques ,  and then  en larged  by 
us ing  exp los ives .  A t h i n ,  n a t u r a l l y  permeable zone i n  the  l e a n  o i l  s h a l e  w a s  
s e l e c t e d  f o r  t he  exp los ive  experiment .  A w e l l  w a s  d r i l l e d  through the zone 
f o r  i n j e c t i o n  and de tona t ion  of  N G 1 ,  and n ine  o t h e r  w e l l s  w e r e  d r i l l e d  f o r  
p re sho t  obse rva t ion  and f o r  determining t h e  fracture- improvement  r a t i o  Qf /Qi, 
where Qi = presho t  flow r a t e  and 9,. = pos t sho t  flow r a t e .  

The i n j e c t i o n  w e l l  w a s  cased wi th  a j o i n t  of 4- inch  F i b e r c a s t  c a s i n g  on 
t h e  bottom and a j o i n t  of 4- inch  s teel  l i n e  p ipe  t o  the  s u r f a c e .  A r a g  packer 
he ld  cement t h a t  w a s  dumped i n t o  the annulus .  A bottom plug w a s  poured t o  
f i l l  t he  wel lbore  t o  a p o i n t  j u s t  below the  t es t  zone. 
h o l e  remained wi th  t h e  permeable zone a t  t he  approximate c e n t e r  of t h i s  i n t e r -  
v a l .  A l l  wells were d r i l l e d  and completed wi th  4- inch  cas ing  cemented t o  the  
s u r f a c e .  Tes t s  were r u n  with a i r  t o  determine f l u i d  c o n d u c t i v i t y  of t h e  zone 
and wi th  dyed water  t o  check t h e  p re sho t  d i r e c t i o n a l  flow c h a r a c t e r i s t i c s  of 
each tes t  w e l l .  Compressed a i r  was forced  i n t o  t h e  i n j e c t i o n  w e l l  and flow 
rates  were measured a t  t h e  o f f s e t  t e s t  w e l l s .  I n  a d d i t i o n ,  gamma ray -neu t ron ,  
ca l ipe r ,  and downhole-camera surveys were conducted on each w e l l .  
N G 1  was p l aced ,  a i r  was forced  i n t o  the  permeable zone t o  form an air-water 
cushion t o  a c t  as a b a r r i e r  t o  keep N G 1  from moving out  of t he  t es t  a r e a .  

About 2 f e e t  of open 

Before the  

A 50-quar t  charge of N G 1  w a s  poured through a hose i n t o  i n j e c t i o n  w e l l  11. 
S m a l l  p i e c e s  of crushed cement were used t o  d i s p l a c e  N G 1  t h a t  might be p re sen t  
i n  the  open-hole s e c t i o n  below the  permeable zone. A s  t h e  l a s t  of  t h e  N G 1  was 
poured i n t o  the  w e l l ,  a i r  p r e s s u r e  a t  25 p s i  was a p p l i e d  t o  d i s p l a c e  t h e  
l i q u i d  charge back i n t o  t h e  formation.  
wells 9 ,  1 2 ,  and 15 ( f i g .  7)  i n  which ve loc i ty-measur ing  probes were placed.  
Ca lcu la t ions  i n d i c a t e d  t h a t  i f  t h e  50 q u a r t s  of explos ive  w a s  d i sp l aced  i n t o  a 
f r a c t u r e ,  i t  could cover  the a r e a l  e x t e n t  i n d i c a t e d  by dashed, s o l i d ,  and 

The exp los ive  w a s  sampled i n  o f f s e t  
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Well 

6 

d o t t e d  l i n e s  i n  f i g u r e  8 ,  depending upon f r a c t u r e  wid ths .  The charge w a s  
de tona ted  wi th  a ’ s t a n d a r d  e l e c t r i c  b l a s t i n g  cap and p r i m e r s .  Because i n s t r u -  
ments t o  measure de tona t ion  v e l o c i t y  were blown from the  t e s t  ho le s  and 
des t royed ,  no u s e f u l  v e l o c i t y  d a t a  were obta ined .  
f l o w - r a t e  experiments were repea ted  t o  determine the  fracture-improvement 
r a t i o  between t h e  i n j e c t i o n  w e l l  and t h e  surrounding w e l l s .  
inc luded  two w e l l s  f o r  obse rva t ion  and f i v e  f o r  co re  recovery  and obse rva t ion  
( f i g .  7 ) .  

Following t h e  de tona t ion ,  

Pos tshot  d r i l l i n g  

Air f low Improvement 
P r e s  ht?!: P O  st s iio tr r a t i o  ( Q f  /Qi ) 

Mcf/day 1 P s i  Mcf/day I P s i  
1 ,138 I 29.5 12,098 I 30 .0  10.6 

Resu l t s  

9 
10 
12 
13 
14 
15 

Preshot  and pos t sho t  flow t e s t s  y i e lded  improvement r a t i o s  t h a t  ranged 
from 2 .3  t o  1 9 . 1  wi th  an  average of 8 . 0  ( t a b l e  5 ) .  

5,270 29.4 12,150 30.0 2 . 3  
2,189 27.5 11,455 27.8 5 . 2  
1,238 29.0 11,829 29.0 9.6 
1,987 29.8 12,012 29.5 6 . 0  

. 634 30.2 12,102 30.2 19 .1  
3,744 30 .0  12,047 30 .0  3 . 2  

TABLE 5 .  - Airf low t e s t  d a t a  on w e l l s  and exp los ive  
fracture-improvement r a t i o ,  

Rock Springs s i t e  1 

The improved c a p a c i t y  of t h e  zone fo l lowing  the  s h o t  w a s  v i v i d l y  demon- 
s t r a t e d .  When the  co re  b i t  pene t r a t ed  the  zone i n  a pos t sho t  h o l e ,  a i r  p r e s -  
s u r e  used f o r  d r i l l i n g  caused water i n  t h e  formation t o  e r u p t  from one of t he  
o r i g i n a l  w e l l s .  Subsequent d r i l l i n g  caused s imi l a r  e r u p t i o n s  i n  o t h e r  o r i g -  
i n a l  wel ls .  

Rotary c o r e s  taken  a f t e r  t he  s h o t  showed many h o r i z o n t a l  f r a c t u r e s  t h a t  
could  have been a t t r i b u t e d  t o  the  convent iona l  c o r i n g  procedure;  however, t h e  
downhole-camera surveys and flow t e s t s  p re sen t  a more r ea l i s t i c  e v a l u a t i o n  of  
b l a s t  e f f e c t s .  Downhole-camera surveys i n  two w e l l s  showed t h a t  t he  F i b e r c a s t  
c a s i n g  w a s  s epa ra t ed .  Measurements of crowning o r  changes of e l e v a t i o n s  on 
cas ing  heads i n d i c a t e d  a maximum permanent overburden d i s t o r t i o n  of 0 .11  f e e t  
a t  w e l l  11. 

Summary 

Natura l  f r a c t u r e  systems and water zones were found i n  t h e  o i l  s h a l e  f o r -  
mations and a r e  an i n t r i c a t e  p a r t  of t h e  formation a t  shal low depths .  

A l i q u i d  exp los ive ,  N G 1 ,  was i n j e c t e d  and d i sp laced  i n t o  a w a t e r - f i l l e d  
n a t u r a l  f r a c t u r e  system. The exp los ive  w a s  s u c c e s s f u l l y  de tona ted  and t h e  
explos ion  propagated through t h e  a f f e c t e d  f r a c t u r e  system. 
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Several e v a l u a t i o n  methods i n d i c a t e d  f r a c t u r e  enlargement and fragmenta- 
t i o n  between w e l l s .  

FIELD TEST, ROCK SPRINGS S I T E  2 

Purpose 

P r e l i m i n a r y  f i e l d  t es t s  w e r e  conducted on Rock Spr ings  s i t e  2 t o  s tudy  
t h e  e f f e c t s  o f  apply ing  h igh-vol tage  e l e c t r i c i t y  (2, 17-18, 25, 42, 48) a s  a 
means f o r  c r e a t i n g  a system of h o r i z o n t a l  f r a c t u r e s  v e r t i c a l l y  spaced a t  p r e -  
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FIGURE 9. - Locat ion of wells, Rock Springs s i te  2. 

~~ 

s e l e c t e d  i n t e r v a  Is i n  t h e  
o i l  s h a l e -  -a technique t o  
provide  f r a c t u r i n g  s u f f i -  
c i e n t  f o r  a n  i n  s i t u  opera-  
t i o n  to be s u c c e s s f u l .  The 
purpose was expanded t o  
inc lude  N G 1  shoot ing  through 
wel lbore  s h o t s  when measure- 
ments showed some new perme- 
a b l e  zones w e r e  c r e a t e d  by 
e l e c t r o l i n k i n g .  

Procedure 

F ive  w e l l s  w e r e  d r i l l e d  
i n  a r e c t a n g u l a r  p a t t e r n  
t h a t  permi t ted  t h e  h o r i -  
z o n t a l  spacing of e l e c t r o d e s  
ranging  from 25 t o  112 f e e t  
i n  an o i l  s h a l e  s e c t i o n  t h a t  
averaged between 20 and 25 
g a l  of o i l  per t o n  ( f i g .  9 ) .  
To avoid  w a t e r  problems such 
as those experienced on Rock 
Spr ings  s i t e  1, w e l l s  w e r e  
completed a t  a t o t a l  depth 
of 80 f e e t .  When water  w a s  
encountered i n  t h e  f i f t h  
w e l l ,  i t  w a s  plugged and 
abandoned. Wellhead f i t -  
t i n g s ,  a n  a i r  compressor,  
and flow-measuring equipment 
were used t o  measure t h e  
e x t e n t  o f  i n t e r w e l l  a i r  com- 
municat ion b e f o r e  and a f t e r  
t h e  e l e c t r o l i n k i n g  technique 
was a p p l i e d  t o  f r a c t u r e  and 
carbonize  a t r a i l  through 
t h e  rock .  
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A photographic  survey of  t h e  w e l l s  w a s  made w i t h  a downhole camera. 
P i c t u r e s  taken a t  1 - f o o t  i n t e r v a l s  showed t h e  wel lbores  t o  be  i n  good condi-  
t i o n ,  w i t h  no v i s i b l e  n a t u r a l  f r a c t u r e s  o r  cav i t ies .  

Seven e l e c t r o l i n k i n g  tes t s  w e r e  made between t h e  f o u r  p a t t e r n  w e l l s  com- 
p l e t e d  a t  w e l l  spac ings  of  50, 90, and 112 f e e t  and between w e l l  dep ths  of 45 
t o  65 f e e t .  An i n f l a t a b l e  s t r a d d l e  packer was used t o  l o c a t e  a c c u r a t e l y  t h e  
levels of f l u i d  flow through permeable zones.  These were c o r r e l a t e d  w i t h  t h e  
levels  used f o r  e l e c t r o d e  s e t t i n g s .  Subsequent packer tes ts  i n d i c a t e d  t h a t  
e l e c t r o l i n k i n g  had induced f r a c t u r e s  a t  t h e  predetermined levels i n  t h e  sepa-  
r a t e  w e l l s ;  however, cont inuous a i r  communication pa ths  from one w e l l  t o  
a n o t h e r  were only a t  approximate depths  o f  45 f e e t .  The d i s c o n t i n u i t y  of t h e  
p a t h s  a t  t h e  o t h e r  levels was a t t r i b u t e d  t o  e i t h e r  p a r t i a l  c o l l a p s e  of t h e  
f r a c t u r e s  or  t o  plugging from v i s c o u s  r e t o r t e d  s h a l e  o i l .  

Tests  were made t o  improve t h e  e l e c t r i c a l l y  c r e a t e d  i n t e r w e l l  communica- 
t i o n  by apply ing  convent iona l  wel lbore  e x p l o s i v e  f r a c t u r i n g .  Explosives  were 
de tona ted  a t  depths  corresponding t o  those  p r e v i o u s l y  used f o r  e l e c t r o d e  s e t -  
t i n g s .  The first shot  c o n s i s t e d  of 4 q u a r t s  of N G 1  i n  a 2-foot shell d e t o -  
na ted  a t  a depth of 63 f e e t .  The second s h o t  c o n s i s t e d  of a n  e q u i v a l e n t  
8 - q u a r t  charge  of N G 1  i n  s t i c k  form i n  a 4 - f o o t  s h e l l  de tona ted  a t  a t o t a l  
depth o f  54 f e e t .  
sand.  The d e t o n a t i o n s  blew the  tamping m a t e r i a l s  o u t  o f  each w e l l :  

The f i r s t  s h o t  was tamped w i t h  w a t e r ,  and t h e  second, w i t h  

R e s u l t s  

E l e c t r i c a l  f r a c t u r i n g  tes t s  conducted i n  t h e  f o u r  shal low w e l l s  d r i l l e d  
i n  t h e  o i l  s h a l e  format ions  provided some new p e r m e a b i l i t y ;  however, t h e  
induced p e r m e a b i l i t y  w a s  probably n o t  s u f f i c i e n t  t o  suppor t  i n  s i t u  recovery  
by burn ing .  Two convent iona l  N G 1  wel lbore  s h o t s  were detonated i n  one w e l l .  
P o s t s h o t  a i r f l o w  tes t s  of surrounding w e l l s  w e r e  made a t  i n j e c t i o n  p r e s s u r e s  
of 3 7  p s i g  i n t o  w e l l  1. The e x p l o s i v e  f r a c t u r i n g  a p p r e c i a b l y  increased  i n  
t o t a l  a i r f l o w  through new and en larged  f r a c t u r e s  t o  each of t h e  surrounding 
w e l l s  a s  shown i n  t a b l e  6 .  I n f l a t a b l e  packer t e s t s  were made t o  l o c a t e  t h e s e  
communication channels ,  b u t  damaged w e l l b o r e s  l i m i t e d  t h e  d e t a i l e d  t e s t s  t o  
w e l l s  3 and 4 .  Packer t e s t s  i n  w e l l  3 showed t h a t  most of  t h e  a i r  w a s  e n t e r -  
i n g  a t  depths  from 60 t o  76 f e e t ,  which c o r r e l a t e d  with t h e  e l e c t r o d e  s e t t i n g s  
i n  w e l l  3 a t  62- and 65-foot  depths .  The remainder of  t h e  a i r  was e n t e r i n g  a t  
depths  between 50 and 60 f e e t ,  which corresponded t o  t h e  e l e c t r o d e  s e t t i n g  a t  
59 f e e t  i n  w e l l  1 .  S ince  packers  could n o t  b e  set  i n  w e l l  1, i t  was plugged 
back from a depth of 76 f e e t  t o  61.5 f e e t .  Dupl ica te  a i r f l o w  tes t s  showed 
t h a t  plugging back w e l l  1 reduced t o t a l  a i r f l o w  from i t  t o  w e l l  3 from 3.15 t o  
2 . 4  cu f t / m i n  b u t  d i d  n o t  change t h e  depths  a t  which a i r  was e n t e r i n g  w e l l  3 .  
This  i n d i c a t e d  t h a t  a i r f l o w  between t h e  two w e l l s  was through t h e  bedding 
plane i n  which f r a c t u r e s  were induced by t h e  i n i t i a l  e l e c t r o l i n k i n g  experiment 
between w e l l s  1 and 3 where t h e  e l e c t r o d e  i n  w e l l  1 was set  a t  62 f e e t .  

n 
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Air f low p a t h ,  
w e l l  p a i r s  

From 1 t o  2 . . . . .  
From 1 t o  3 . . . . .  
From 1 t o  4 . . . . .  

Ai r f low from product ion  w e l l  
P r e s h o t  t e s t  P o s t s h o t  t e s t  Improvement r a t i o ,  
Qi , Mcf/day Qf , Mcf/day Qf /Qi 

0.0720 2.1456 29 .6  
.0576 4.5360 78.8 
.oooo 3.6000 I n f i n i t e  

Summary 

High-vol tage e l e c t r i c i t y  was a p p l i e d  t o  c r e a t e  zones of  permeabi l i ty  
between w e l l s  by e l e c t r o l i n k i n g .  
were thereby  provided ,  t h e  induced p e r m e a b i l i t y  between w e l l s  was probably n o t  
s u f f i c i e n t  t o  suppor t  i n  s i t u  recovery  by burning.  

Although a d d i t i o n a l  zones of permeabi l i ty  

Two convent iona l  N G 1  wel lbore  s h o t s  se t  a t  s e p a r a t e  i n t e r v a l s  w e r e  d e t o -  
na ted  i n  one w e l l .  Ai r f low tes ts  i n d i c a t e d  new and en larged  f r a c t u r e  systems 
t o  surrounding w e l l s .  

FIELD TEST, ROCK SPRINGS SITE 3 

Purpose 

R e s u l t s  from s u c c e s s f u l  explos ive  f r a c t u r i n g  tes t s  i n  a p r e s p l i t  c r a c k  i n  
dense l imes tone  and a tes t  i n  a n a t u r a l  permeable zone a t  a sha l low 42-foot  
depth i n  Green River o i l  s h a l e  gave a d d i t i o n a l  encouragement t o  d u p l i c a t e  t h e  
e x p l o s i v e  f r a c t u r i n g  r e s e a r c h  (6, 16) a t  s l i g h t l y  g r e a t e r  depths .  
f u l l y  r e t o r t  o i l  s h a l e  i n  p l a c e ,  t h e  formation of a fragmented zone o r  f r a c -  
t u r e  system must be  obta ined  t o  permit  f r e e  movement of  t h e  a i r  needed t o  
m a i n t a i n  a combustion f r o n t .  

To success-  

Procedure -- 
Weathered overburden s h a l e  was removed from a n  a r e a  l a r g e  enough (100 by 

180 f e e t )  t o  map t h e  major s u r f a c e  f r a c t u r e  f e a t u r e s ,  t o  perform comparative 
p r e s p l i t  f r a c t u r i n g  t e s t s ,  and t o  accommodate a n  expanded p a t t e r n  of  t e s t  
h o l e s .  Following several unsuccessfu l  a t t e m p t s  a t  p r e s p l i t t i n g  t h e  o i l  s h a l e  
a t  shal low depth ,  t h i s  phase of t h e  programwas abandoned. P l a n s  f o r  t h e  
major e x p l o s i v e - f r a c t u r i n g  program inc luded  open-hole completion of  w e l l s ,  t h e  
u s e  of d r i l l a b l e  materials near  t h e  d e t o n a t i o n  p o i n t ,  and no s teel  t u b u l a r  
goods n e a r  t h e  e x p l o s i v e  zone. The N G 1  w a s  d i s p l a c e d  from t h e  wel lbore  of  t h e  
i n j e c t i o n  w e l l  by s t e a d y  h y d r a u l i c  o r  pneumatic p r e s s u r e  t o  form a s h e e t l i k e  
l a y e r  i n  e i t h e r  a n a t u r a l  f r a c t u r e  o r  permeable zone. Sand was used t o  stem 
t h e  explos ion ,  and d e t o n a t i o n  w a s  i n i t i a t e d  by f i r i n g  a n  e l ec t r i c  cap and 
pr imer  charge  suspended i n  t h e  wellbor,e a d j a c e n t  t o  t h e  NG1-impregnated zone 

A f i v e - s p o t  p a t t e r n  of wel l s  (1-5) was a i r  d r i l l e d  on 50-foot  spacing 
( f i g .  10) t o  a n  approximate 200-foot depth n e a r  t h e  bottom o f  t h e  Tipton 
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FIGURE 10. - Locat ion  of wells, Rock  Springs s i t e  3. 

n 

member o f  t he  Green River 
Formation. Wells 1 and 5 
w e r e  cored t o  a depth  o f  
about  280 f e e t  t o  determine 
the  th i ckness  and o i l  con- 
t e n t  of t h e  shale. Approxi- 
mately 30 f e e t  of 7- inch 
cas ing  was set  and cemented 
t o  t h e  s u r f a c e  i n  each of 
t h e  f i v e  o r i g i n a l  w e l l s  t o  
exclude s u r f a c e  water. 

Although o i l  s h a l e  has  
e s s e n t i a l l y  no pe rmeab i l i t y ,  
s e v e r a l  t h i n  sandy zones,  
n a t u r a l  f r a c t u r e s ,  and water- 
bear ing  zones were encoun- 
t e r e d .  Water-bearing zones 
w e r e  found a t  about  100 and 
145 f e e t .  Con t inu i ty  of t h e  
permeable zones w i t h i n  the  
f i v e  -spo t p a t  t e r n  was d e t e r -  
mined by apply ing  a i r  p r e s -  
s u r e  t o  the  c e n t r a l  wel lhead 
and observing p r e s s u r e  
i n c r e a s e s  i n  o f f s e t  w e l l s .  

Deta i led  s t u d i e s  of t h e  
open-hole s e c t i o n s  were made 
wi th  downhole-camera surveys.  
Numerous r i n g s  o r  grooves i n  
t h e  formation were observed 
i n  t h e  s t e r e o s c o p i c  p i c t u r e s  
taken  a t  v a r i o u s  depths .  
Prominent washouts appeared 
from 145 t o  149 f e e t .  Ca l i -  
pe r  l ogs  and gamma r a y -  
neu t ron  logs were run  on 

each w e l l  t o  d e t e c t  i r r e g u l a r i t i e s  i n  we l lbo re  d iameters  and t o  c o r r e l a t e  f o r -  
mation l i t h o l o g y .  

Although l i t t l e  work has been r e p o r t e d  cover ing  log  ana lyses  of o i l  s h a l e ,  
a s tudy  (4) conducted on Green River Formation o i l  s h a l e  d i s c u s s e s  the  a p p l i -  
c a t i o n  of  s e v e r a l  types  of logs t o  o i l  s h a l e  eva lua t ion .  The r e s u l t s  of  t h i s  
s tudy  sugges t  a r e l a t i o n s h i p  between s h a l e  o i l  y i e l d  and neut ron- log  
These i n v e s t i g a t i o n s  n o t e  t h a t  a comparison of t he  neut ron- log  t r a c e  wi th  t h e  
a s say  o i l  y i e l d  i n d i c a t e s  a d e f i n i t e  q u a l i t a t i v e  response.  A low-assay o i l  
y i e l d  g ives  h igh  neut ron  response  and a h igh-assay  o i l  y i e l d  g ives  low neut ron  
response .  

response .  

t 
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An a t t e m p t  w a s  made t o  apply  t h i s  concept  t o  the  e x p l o s i v e - f r a c t u r i n g  
s - ~ d y  through a c o r r e l a t i o n  between neut ron  response  and p e r m e a b i l i t y .  The 
a u t h o r s  reasoned t h a t  low o i l - y i e l d  a s s a y  could r e f l e c t  v o l c a n i c  t u f f ,  sand,  
c l a y ,  o r  o t h e r  m i n e r a l i z e d  zones.  

Neutron l o g s  r u n  on a l l  o r i g i n a l  .wells i n  t h e  p a t t e r n  showed a h igh  neu- 
t r o n  response  a t  depths  from 145 t o  149 f e e t .  Ai r f low tes t s  were run  a t  1 - f o o t  
i n t e r v a l s  by i s o l a t i n g  zones w i t h  i n f k t a b l e  s t r a d d l e  packers  s e t  i n  each w e l l  
from t h e  bottom of  s u r f a c e  c a s i n g  t o  t o t a l  depth.  The r e s u l t s  o f  t h e  packer 
tes ts  r e v e a l e d  good c o r r e l a t i o n  wi th  neut ron- log  response  i n  t h a t  t h e  most 
permeable zone, found a t  145 t o  149 f e e t ,  co inc ided  w i t h  a h i g h  neut ron  
response on t h e  log t r a c e  ( f i g .  1 1 ) .  I t  w a s  p o s s i b l e  t o  c o r r e l a t e  t h e  zone 
f o r  each w e l l  i n  t h e  p a t t e r n  by t h i s  method. A u t h o r i t i e s  i n  t h e  f i e l d  of l og  
i n t e r p r e t a t i o n  a s s i s t e d  w i t h  t h e  e v a l w t i o n  of  t h i s  concept  i n  o i l  s h a l e .  

The d a t a  obta ined  from t h e  a i r f l o w  tes t s  i n d i c a t e d  a p e r m e a b i l i t y  t r e n d  
from s o u t h e a s t  t o  northwest  w i t h  evidence of i n c r e a s i n g  p e r m e a b i l i t y  i n  t h e  
n o r t h e a s t  quadrant  of t h e  f i v e - s p o t  p a t t e r n  of w e l l s .  Three a d d i t i o n a l  w e l l s ,  
6 ,  7 ,  and 9 ( f i g .  10) were d r i l l e d  t o  140 f e e t  and cored t o  a depth o f  about  

DEPTH, f e e t  PRESSURE FALLOFF, 
p s i  /3rn in  

I 5 0  

NEUTRON RESPONSE 
u 

0 FIGURE 11. - Relat ionship between pressure fa l l o f f  and neutron response, Rock  Springs 
s i t e  3, we l l  5. 
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165 fee t  i n  t h i s  p e r m e a b i l i t y  t r e n d .  C a l i p e r  l o g s ,  gamma ray-neutron logs ,  
and a i r f l o w  tes ts  w e r e  r u n  on t h e  a d d i t i o n a l  w e l l s  t o  confirm t h e  depth i n t e r -  
v a l  of t he  permeable zone i n  t h e  o r i g i n a l  t e s t  p a t t e r n .  

To p r o t e c t  t h e  permeable zone, a l l  w e l l s  were f i l l e d  wi th  f r a c t u r e -  
propping sand t o  depth immediately above t h e  zone of i n t e r e s t .  
cement plug w a s  placed on top  of t h e  f r a c t u r e - p r o p p i n g  sand al lowing t h e  
c a s i n g  t o  be  s e t  d i r e c t l y  above t h e  permeable zone. 
c o n s i s t e d  of  one j o i n t  of F i b e r c a s t  p i p e  on bottom and s t e e l  p ipe  from t h e r e  
t o  t h e  s u r f a c e .  Cement w a s  c i r c u l a t e d  through t h e  c a s i n g  t o  t h e  s u r f a c e .  The 
cement p lugs  and sand were d r i l l e d  o u t  t o  approximately 151 f e e t .  F i n a l  
gypsum-cement p lugs  were placed t o  f i l l  t h e  wells t o  t h e  approximate bottom of 
t h e  exposed water -bear ing  zone. 

A gypsum- 

The &-inch c a s i n g  s t r i n g  

The r a t e  of formation water  product ion  precluded a i r f l o w  t e s t i n g  under 
optimum dry-hole  c o n d i t i o n s .  
w e l l s  i n  t h e  p a t t e r n  by i n j e c t i n g  a i r  a t  90 p s i g  i n t o  w e l l  9 during t h e  t e s t  
p e r i o d .  The p r e s s u r e  s t a b i l i z e d  i n  t h e  surrounding w e l l s ,  and a i r f l o w  r a t e s  
w e r e  measured. T e s t s  i n  w e l l  2 i n d i c a t e d  i t  had no measurable communication 
w i t h  o t h e r  w e l l s  i n  t h e  p a t t e r n .  

However, p r e s h o t  f low t e s t s  were r u n  on a l l  

A 190-quart  charge  of N G 1  w a s  poured through a hose i n t o  t h e  i n j e c t i o n  
w e l l .  Except f o r  w e l l  1, t h i s  h o l e  was updip from t h e  o t h e r  h o l e s  and was 
s e l e c t e d  fol lowing a c a r e f u l  examination of  d a t a  obta ined  dur ing  p r e s h o t  t e s t -  
i n g .  The l i q u i d  e x p l o s i v e  was d i s p l a c e d  i n t o  t h e  zone by a h y d r o s t a t i c  head 
of water, and t h e  NG1-water i n t e r f a c e  w a s  monitored w i t h  a hydrometer.  O f f s e t  
w e l l s  w e r e  sampled c o n t i n u a l l y  dur ing  displacement  t o  d e t e c t  N G 1  m i g r a t i o n  
w i t h i n  t h e  p a t t e r n .  Samples i n d i c a t e d  t h e  e x p l o s i v e  migra ted  a l a t e r a l  d i s -  
t ance  o f  22 f e e t  a t  a depth  of  147 t o  149 f e e t  t o  w e l l  4 during-  t h e  i n j e c t i o n  
p e r i o d .  A i r  p r e s s u r e  a t  15 p s i g  was a p p l i e d  t o  d i s p l a c e  t h e  l a s t  20 q u a r t s  o f  
N G 1  i n t o  t h e  permeable zone. A l l  w e l l s  i n  t h e  p a t t e r n  were sand tamped from 
t h e  top of t h e  gypsum-cement p lugs  t o  t h e  s u r f a c e .  

A f t e r  t h e  N G 1  was d i s p l a c e d  i n t o  t h e  zone, t h e  d e t o n a t i n g  d e v i c e  c o n s i s t -  
i n g  of a s h e l l  c o n t a i n i n g  seven 1/3-pound pr imers  connected t o  a n  e l ec t r i c  
b l a s t i n g  cap was placed o p p o s i t e  t h e  NG1-fil led zone i n  w e l l  9 .  The 2- foot -  
long by 2- inch-diameter  s h e l l  had a n  anchor on bottom and an umbrel la  on top .  
Crushed rock  and pea g r a v e l  were dropped i n t o  t h e  umbrel la ,  and t h e  i n j e c t i o n  
w e l l  was sand tamped t o  t h e  s u r f a c e .  The s h o t  w a s  de tona ted  by a n  e l e c t r i c a l  
f i r i n g  device  from t h e  l a b o r a t o r y  t r u c k .  The r e s u l t i n g  shock wave was minor 
compared w i t h  those  from former t e s t s .  

Following t h e  s h o t ,  a l l  w e l l s  were cleaned t o  a depth of  160 f e e t  p r i o r  
t o  t e s t i n g  f o r  f r a c t u r e  improvement. Attempts t o  perform a i r f l o w  t e s t s  were 
h a l t e d  when t h e  i n d i v i d u a l  wellhead p r e s s u r e s  s t a b i l i z e d  below p r e s h o t  v a l u e s .  
Water produced from a l l  we l l s  fo l lowing  t h e  s h o t  contained a h igh  concent ra -  
t i o n  of s o l i d  ma te r i a l ,  subsequent ly  analyzed as  b e n t o n i t e  c o n t a i n i n g  approxi -  
mately e q u a l  p a r t s  of s w e l l a b l e  montmor i l lon i te  and a waxy c l a y .  

Water t h a t  c i r c u l a t e d  between t h e  w e l l s  a t  ra tes  r e g u l a t e d  n o t  t o  exceed 
a p r e s s u r e  of 30 p s i g  w a s  mixed w i t h  formation water t o  f l u s h  t h e  l o o s e  
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Well 

1 
3 
4 
5 
6 
7 

Aver ape 

b e n t o n i t e  from t h e  exp los ive ly  f r a c t u r e d  zone. This washing procedure was 
moderately s u c c e s s f u l  i n  r e s t o r i n g  the  f r a c t u r e d  zone t o  a c o n d i t i o n  s u i t a b l e  
f o r  t e s t i n g .  

Ai r f low Improvement 
P resho t  Pos t  s h o t  r a t i o ,  Qf /Qi 

, 

Mscfldayl P, , psis" Mscflday P, , p s i a  
3 . 5 1 4  5 2 . 5  3 .307  5 0 . 5  -0.9 
1 .169  5 7 . 0  12.914 86 .5  11.1 

59.249 5 2 . 5  5 9 . 7 9 1  5 3 . 5  1.0 
1 . 0 4 0  3 8 . 5  2.707 4 1 . 5  2 . 6  
3.216 6 7 . 5  15.946 5 9 . 0  5 . 0  
1.348 3 6 . 5  2 . 8 0 5  4 3 . 0  2 . 1  

3 . 5  - - - - 

Eleva t ions  were run  on cas ing  heads p r i o r  t o ,  du r ing ,  and a f t e r  t he  s h o t .  

Resu l t s  

E leva t ion  measurements i n d i c a t e d  no l i f t i n g  o r  crowning of the  overburden 
as was experienced dur ing  the  prev ious  experiment on Rock Springs s i t e  1. 

I t  was i m p r a c t i c a l  t o  c o n t r o l  the  movement and s t a t i c  l e v e l  of water  i n  
t h e  t e s t  a r e a  be fo re  and a f t e r  t he  s h o t .  Ba i l ing  f a i l e d  t o  reduce the  i n f l u x  
of water  t o  permi t  s a t i s f a c t o r y  a i r f l o w  t e s t i n g .  Consequently,  d i f f e r e n t  
s t a t i c  water l e v e l s  i n  t h e  w e l l s  dur ing  a i r f l o w  tes ts  could have c o n t r i b u t e d  
t o  the  high fracture-improvement r a t i o  shown f o r  w e l l  3 i n  t a b l e  7 .  

TABLE 7 .  - Fracture-improvement r a t i o  from a i r f l o w  t e s t s  
Rock Springs s i t e  3 

Data obta ined  from a i r f l o w  tests i n d i c a t e d  t h a t  t he  b l a s t  e f f e c t s  
extended a t  least  t o  the  p e r i p h e r a l  w e l l s  a t  an  approximate d i s t a n c e  of 5 2  
f e e t  i n  the  tes t  area. These b e n e f i c i a l  e f f e c t s  r e s u l t e d  from the  shock waves 
and sudden l i b e r a t i o n  of about  1 m i l l i o n  cu f t  of gaseous products  genera ted  
from de tona t ing  190 q u a r t s  of l i q u i d  exp los ive .  

An assumed c o n f i g u r a t i o n  of t h e  area i n  which 190 q u a r t s  of N G 1  was d i s -  
p laced  i n t o  t h e  porous zone i s  shown i n  f i g u r e  12.  This c o n f i g u r a t i o n  was 
based on t h e  premise t h a t  t he  N G 1  would occupy a zone vary ing  i n  th i ckness  
from 1 inch  a t  t h e  de tona t ion  p o i n t  t o  zero  inch  a t  t h e  o u t e r  boundary of t h e  
zone de f ined  by pos t sho t  c o r i n g .  
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FIGURE 12. - Location of wells a n d  estimated configura- 
tidnofdisplaced NG1, Rock Spr ings  site 3. 

Five preshot  c o r e s  c u t  
from w e l l s  1, 5 ,  6 ,  7 ,  and 9 
showed no evidence of a ben- 
t o n i t e  zone, bu t  co re  recov-  
e r y  was only 80 p c t  and may 
have prevented i t s  d e t e c t i o n .  
A punch-type co re  b a r r e l  
capable  of sampling and 
recover ing  more of t h e  s o f t  
b e n t o n i t e  zone w a s  designed 
and used s u c c e s s f u l l y .  

A b e n t o n i t e  zone a t  a 
depth of 147 t o  149 f e e t  
ranged i n  th ickness  from 
8 t o  12  inches .  It  w a s  
i d e n t i f i e d  by the  co re  
recovered from w e l l  10 
(fig. 1 2 )  and f r o m  downhole 
camera surveys i n  t h e  f i v e -  
s p o t  p a t t e r n .  The co re  
recovered from w e l l  1 2  
l oca t ed  12.5 f e e t  from the  
i n j e c t i o n  w e l l  conta ined  a 
blackened , unconsol ida ted  
i n t e r v a l  immediately below 
t h e  b e n t o n i t e  zone, i n d i -  
c a t i n g  t h a t  t h e  de tona t ion  
caused c rush ing  and s h a t t e r -  
ing  of t h e  s h a l e .  Tempera- 
t u r e s  a t t a i n e d  dur ing  
de tona t ion  r e t o r t e d  a p o r t i o n  
of t h e  s h a l e  as  shown i n  
f i g u r e  13. Hydrogen s u l f i d e  
and methane were de tec t ed  i n  
t h e  recovered co re  and d r i l l  
p i p e .  When i g n i t e d ,  t h e  
unmeasurable volume of gase-  

ous product  burned w i t h  a yel low flame. 
t h a t  temperatures  of 750" t o  930" F occurred i n  t h e  blackened i n t e r v a l  dur ing  
the N G 1  de tona t ion .  

Laboratory tes ts  gave f u r t h e r  evidence 

Wells 13-17 were d r i l l e d  and cored ( f i g .  12) t o  d e f i n e  t h e  boundary of 
t h e  blackened i n t e r v a l .  
r e t o r t e d ,  c rushed ,  o r  s h a t t e r e d  i n t e r v a l s  such as  t h a t  found i n  w e l l  1 2 .  

V i sua l  examination of t h e  f i v e  c o r e s  revea led  no 

Summary 

Thin sandy zones,  n a t u r a l  f r a c t u r e s ,  and water zones were loca ted  i n  
w e l l s  d r i l l e d  through t h e  o i l  s h a l e  formation a t  depths  t o  200 f e e t .  
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FIGURE 13. - Punch-type core barrel with blackened core indicating retorted shale ,  Rock 
S p r i n g s  s i t e  3. 

One hundred and n i n e t y  q u a r t s  of N G 1  was i n j e c t e d  and d i sp laced  i n t o  a 
w a t e r - f i l l e d  porous zone a t  147-foot  depth .  The exp los ive  was s u c c e s s f u l l y  
de tona ted ,  and the  explos ion  propagated through t h e  f r a c t u r e  system a t  t h i s  
depth.  

Eva lua t ion  methods showed improved flaw communication and evidence of 
f ragmenta t ion  between w e l l s  and co re  h o l e s  through t h e  p a t t e r n .  

FIELD TEST, ROCK SPRINGS SITE 4 

Purpose 

The r e s e a r c h  program designed f o r  Rock Spr ings  s i t e  4 w a s  t h e  f i r s t  
p r o j e c t  planned f o r  t he  recovery  of s h a l e  o i l  by i n  s i t u  combustion. L i t t l e  
i n fo rma t ion  has  been publ ished about i n  s i t u  r e t o r t i n g  methods f o r  t he  pro-  
duc t ion  of  s h a l e  o i l  (12, 2 l ,  24). The i n t e n t  w a s  t o  e s t a b l i s h  s u f f i c i e n t  
f r a c t u r e  pe rmeab i l i t y  e i t h e r  through expanding n a t u r a l  f r a c t u r e s  and/or  
inducing f r a c t u r e s  by combining a l l  methods a v a i l a b l e ;  t h e s e  included e l e c -  
t r o l i n k i n g ,  hydrau l i c  f r a c t u r i n g  wi th  and wi.thout propping m a t e r i a l s ,  and 
chemical exp los ive  f r a c t u r i n g  (31). 

Procedure 

The s i t e  w a s  developed on a f i v e - s p o t  p a t t e r n  about  25 f e e t  square  as  
shown i n  f i g u r e  14. These w e l l s  were r o t a r y  d r i l l e d  wi th  water  and completed 
wi th  7- inch cas ing  s e t  and cemented a t  50 f e e t .  A 6-1/4- inch h o l e  was d r i l l e d  
below t h e  cas ing  t o  a t o t a l  depth of 100 f e e t  i n  o i l  s h a l e .  

Wells 6 and 7 w e r e  d r i l l e d  j u s t  south  of t he  f i v e - s p o t  and used i n  p a r t s  
of t h e  f r a c t u r i n g  and recovery  program. Well 6 w a s  completed w i t h  7- inch 
c a s i n g  se t  a t  a t o t a l  depth of 88 f e e t  and cemented t o  t h e  su r face .  The 
cas ing  was gun p e r f o r a t e d  wi th  fou r  h o l e s  a t  depths  from 81.5 t o  82.5 f e e t .  
Well 7 w a s  completed wi th  7- inch cas ing  set and cemented a t  50 f e e t  and d i a -  
mond cored from 50 f e e t  t o  a t o t a l  depth  of 88 f e e t .  Visua l  examination 
showed the  s e c t i o n  t o  be  e s s e n t i a l l y  a l l  o i l  s h a l e  except  f o r  t h i n  sandstone 
l a y e r s .  A Fische r  a s say  determined t h e  o i l  y i e l d  of t he  cored s e c t i o n  a t  
60.4 t o  60.8,  75.0 t o  75.2,  77.2 t o  77.4,  and 79.2 t o  79.4 f e e t  t o  range  from 
19 .0  t o  26.5 g a l / t o n .  
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Depth of zone Breakdown I n j e c t i o n  
Well Tes t  f r a c t u r e d ,  f e e t  p r e s s u r e ,  r a t e ,  gpm 

1 H.F.  1 7 6 . 5  -81.5 560 1 8 0  
4 H.F. 2 8 4 . 0 - 8 9 . 0  2 , 000 165 
1 H.F. 3 6 9 . 0 - 7 4 . 0  220 170 
2 H . F .  4 7 0 . 0 - 7 5 . 0  340 180 
3 H.F.  5 7 3 . 0 - 7 8 . 0  700 1 7 4  
6 H.F.  6 ‘ 8 1 . 5 - 8 2 . 5  1 , 4 0 0  170 
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FIGURE 14. - Loca t ion  of wel ls ,  Rock Springs s i te  4. 

E l e c t r o l i n k i n g  (30) w a s  
t h e  i n i t i a l  f r a c t u r i n g  t ech -  
nique app l i ed  on t h i s  s i t e .  
the  i n t e n t  was t o  break  down 
the  o i l  s h a l e  and induce 
flow through carbonized 
pa ths  o r  t o  weaken zones 
s t r u c t u r a l  l y  t o  in f luence  
the  o r i e n t a t i o n  and propaga- 
t i o n  of subsequent hydrau l i c  
f r a c t u r e s .  

Following the  e l e c t r i -  
c a l  work, hydrau l i c  p re s su re  
was a p p l i e d  t o  break  down 
t h e  formation and t o  create 
more d e f i n i t e  pa ths  of com- 
municat ion between w e l l s .  
Various i n t e r v a l s  i n  the  
w e l l s  w e r e  broken down 
h y d r a u l i c a l l y  with u n t r e a t e d  
water  t h a t  w a s  pumped 
through a s t r a d d l e  packer 
exposing 5 - foo t  s e c t i o n s  i n  
each of the  f i r s t  f i v e  t e s t s ,  
H.F. 1 - 5 .  Treatment H . F .  6 
w a s  performed through cas ing  
p e r f o r a t i o n s .  Data r e l a t i n g  
t o  t h e  hydrau l i c  t r ea tmen t s  
a r e  shown i n  t a b l e  8. Dur- 

ing  each t e s t ,  t he  i n j e c t e d  water  communicated w i t h  a t  least  one o t h e r  w e l l  
and u s u a l l y  wi th  t h r e e  o r  fou r  w e l l s  i n  t h e  f i v e - s p o t  p a t t e r n .  
t u r e s  were formed, they  hea led  r e a d i l y  upon r e l e a s e  of t h e  f l u i d  p re s su res  
s i n c e  f r ac tu re -p ropp ing  materials were no t  used.  

Although f r a c -  

. . .. 
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were app 
on t h e s e  

Well 
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convent iona 

Depth of Breakdown I n j e c t i o n  Sand Sand T o t a l  
Test  zone p r e s s u r e ,  I n j e c t i o n  p r e s s u r e ,  weight ,  s i z e ,  f l u i d  

f r a c t u r e d ,  p s i g  r a t e ,  gpm p s i g  pounds mesh pumped, 
f e e t  ga 1 -/ 2’100 20/40 } 3,450 H.F.S. 1 71.0-78.5 400 5 04 

H.F.S. ‘2 79.0-84.0 1,100 3 15 1,000 2,000 8/12 11,680 

600 
400 8/12 

hydrau l i c  
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f r a c t u r e  t r ea tmen t s  i nc lud ing  sand propping 
i e d  f o r  emF i c ing  N G 1  n the  formation through open f r a c t u r e s .  Data 
t r ea tmen t s  i n  w e l l s  3 and 5 are  shown i n  t a b l e  9 .  

I n  t h e  f i r s t  two tes ts  of a series of t h r e e  exp los ive  f r a c t u r i n g  e x p e r i -  
ments, w e l l  3 w a s  used f o r  i n j e c t i o n  and displacement  of 100 and 300 q u a r t s  o f  
N G 1  i n  t h e  depth i n t e r v a l s  from 70 t o  74 f e e t .  I n j e c t i o n  and displacement  
were e f f e c t e d  under s i m i l a r  c o n d i t i o n s .  Plugback depths  t o  minimize l i q u i d  
exp los ive  columns i n  the  wel lbores  of w e l l s  1, 2 ,  3 ,  4 ,  and 5 were a t  53,  63, 
7 3 ,  80, and 56 f e e t ,  r e s p e c t i v e l y .  N G 1  w a s  poured through a 3/4- inch-diameter  
hose t o  t h e  bottom of t h e  w e l l - a n d  d i sp laced  i n t o  the  sand-propped f r a c t u r e  
sys  t em. 

Continuous sampling of surrounding t e s t  w e l l s  showed t h a t  N G 1  migrated t o  
a second w e l l  dur ing  .each i n j e c t i o n .  Detonators  were placed i n  both wells and 
connected through lead  w i r e s  t o  a shoot ing  box f o r  s imultaneous de tona t ion .  
The de tona to r s  were equipped wi th  an umbrel la- type cave c a t c h e r  on top ,  t h r e e  
l-pound and two 1/3-pound p r i m e r s  connected wi th  de tona t ing  co rd ,  and a No. 6 
e l e c t r i c  b l a s t i n g  cap.  The de tona to r s  were set  on bottom wi th  the  umbrel las  
i n  t h e  expanded p o s i t i o n ,  and t h e  w e l l s  w e r e  sand tamped t o  t h e  s u r f a c e .  

T o  fu r the r  improve i n t e r w e l l  communication on the s i t e ,  a hydrau l i c  f r a c -  
t u r i n g  t rea tment  was performed a t  a depth of 79 t o  84 f e e t  i n  w e l l  5 as i n d i -  
ca t ed  i n  t a b l e  9. This f r a c t u r i n g  t r ea tmen t  was accomplished t o  p repa re  t h e  
i n j e c t i o n  w e l l  f o r  d i s p l a c i n g  t h e  N G 1  i n t o  t h e  f r a c t u r e  system. A i r -  
i n j e c t i v i t y  and flow measurements preceded t h e  i n j e c t i o n  and displacement  o f  
300 q u a r t s  of N G 1  i n t o  the  hydrau l i c  f r a c t u r e  system. Explosive displacement  
and de tona t ion  procedures  were s i m i l a r  t o  those  followed i n  p rev ious  t e s t s .  
Plugback depths  i n  w e l l s  1, 2 ,  3 ,  4 ,  and 5 w e r e  79, 83, 73 ,  8 5 . 5 ,  and 87.7 
f e e t ,  r e s p e c t i v e l y .  

The e f f e c t i v e n e s s  of the t h r e e  f r a c t u r i n g  techniques  w a s  determined by 
measuring a i r f l o w  rates  between s e l e c t e d  w e l l s  b e f o r e  and a f t e r  each t e s t .  
During e l e c t r o l i n k i n g  and h y d r a u l i c  f r a c t u r i n g  wi thout  sand propping,  a i r f l o w  
r a t e s  through each f o o t  of formation were measured by s e t t i n g  packe r s ,  e i t h e r  
s i n g l e  o r  double ,  i n  t h e  product ion  w e l l  and meter ing  t h e  a i r  product ion  from 
below o r  between the  packers  through a p o s i t i v e  displacement  meter. 
a c c e l e r a t e  t he  logging of a i r - e n t r y  i n t e r v a l s ,  a downhole flow probe was 
developed f o r  w i r e l i n e  o p e r a t i o n .  

To 
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Well 

3 
3 
5 

R e s u l t s  

Depth of zone P a r t i c l e  
Test t e s t e d ,  f e e t  N G 1 ,  q u a r t s  v e l o c i t y ,  

i p s  
1 70-74 100 0 .8  
3 70 -74 300 2.5 
5 84 -88 300 2.2 

The f i r s t  e x p l o s i v e  f r a c t u r i n g  tes t  used 100 q u a r t s  of N G 1  d i sp laced  from 
w e l l  3 a t  a depth i n t e r v a l  from 70 t o . 7 4  f e e t .  Following t h i s  d e t o n a t i o n  i n  
w e l l s -  3 and 4 ,  a i r - e n t r y  i n t e r v a l s  connect ing t h e  i n j e c t i o n  w e l l  3 and o t h e r  
w e l l s  w e r e  measured as  shown i n  t a b l e  10. 

TABLE 10. - A i r - e n t r y  i n v e r v a l s  a f t e r  
100-quart  N G 1  s h o t  i n  
w e l l  3 ,  Rock Springs 

s i t e  4 

Well D e  t h  of a i r - e n t r  i n t e r v a l s  f e e t  
55.5-56.0,  62.0 

62.0.  67.0-68.0,  73.0-74.0 
79.0, 86.0-87.0 

5 55.0 61.1 73.0 

Comparing t h e s e  a i r f l o w  i n t e r v a l s  w i t h  those  permeable zones induced by 
convent iona l  h y d r a u l i c  f r a c t u r i n g  i n d i c a t e d  t h a t  e x p l o s i v e  f r a c t u r i n g  created 
a d d i t i o n a l  communication p a t h s  t o  w e l l s  2 and 5 a t  t h e  73-foot level.  However, 
t h e  i n j e c t i o n  c a p a c i t y  of  w e l l  3 was reduced from 125 t o  80 scfm a s  a r e s u l t  
of t h e  i n i t i a l  N G 1  s h o t .  This  r e d u c t i o n  i n  i n j e c t i o n  c a p a c i t y  may have 
r e s u l t e d  from too  wide d i s p e r s i o n  of t h e  l i q u i d  e x p l o s i v e  such t h a t  t h e  s h o t  
d i d  n o t  have s u f f i c i e n t  s t r e n g t h  t o  permanently l i f t  and f r a c t u r e  t h e  over -  
burden rock.  This  w a s  confirmed by a recorded p a r t i c l e  v e l o c i t y  of 0 .8  i p s ,  
i n d i c a t i n g  t h a t  t h e  s i z e  of  t he  s h o t  would n o t  f r a c t u r e  t h e  o i l  s h a l e  
( t a b l e  11 ) .  Also ,  t h e  f r a c t u r e s  may have been plugged by f i n e  o i l  s h a l e  p a r -  
t i c l e s  o r  mud developed by t h e  stemmed explos ion .  The second 300-quart  charge 
o f  N G 1  r e s u l t e d  i n  ground movement, and a p a r t i c l e  v e l o c i t y  of 2.5 i p s  w a s  
recorded .  Airf low i n t e r v a l s  and c a s i n g  e l e v a t i o n  i n c r e a s e s  r e s u l t i n g  from 
t h i s  s h o t  a re  l i s t e d  i n  t a b l e  12. Using w e l l  3 f o r  a i r  i n j e c t i o n ,  comparison 
of  t h e  a i r - e n t r y  i n t e r v a l s  developed dur ing  t h e  f i r s t  and second explos ive  
f r a c t u r i n g  t e s t s  i n d i c a t e d  t h a t  a i r - e n t r y  i n t e r v a l s  t h a t  e x i s t e d  a f t e r  t h e  
f i r s t  100-quart  s h o t  were n o t  a p p a r e n t  a f t e r  t h e  f i r s t  300-quart  s h o t .  How- 
ever, new zones were opened t o  a i r f l o w .  

TABLE 11. - E x p l o s i v e - f r a c t u r i n g  tes ts  , 
Rock Springs s i t e  4 
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TABLE 1 2 .  - A i r - e n t r y  i n t e r v a l s  and c a s i n g - e l e v a t i o n  i n c r e a s e s  a f t e r  
300-quart  N G 1  sho t  i n  w e l l  3 ,  Rock Spr ings  s i t e  4 

Well I Depths of a i r - e n t r y  i n t e r v a l s ,  f e e t  I Cas ing -e l eva t ion  i n c r e a s e ,  inches  
1 1  73.0 ,  77.0-81.0 1 1.20 

73.0-73.5 , 77.0 -80.0 
79.0-80.0 , 81.0-82.0 

72.0-72.5, 81 .0  
Cased 

1 . 3 2  
1.68 
1.80 

.84 

4 
i 

-N- 

Most of t he  a i r f l o w  
from w e l l s  1, 2 ,  and 5 w a s  
from t h e  f r a c t u r e  system a t  
about 73-foot  depth.  A 
second f r a c t u r e  zone was 
c r e a t e d  a t  depth of  about  
8 1  f e e t .  Zones of a i r  e n t r y  
i n t o  w e l l  3 could no t  be 
determined a f t e r  t he  300- 
q u a r t  sho t  because wel lbore  
enlargement prevented packer 
t e s t i n g  and a c c u r a t e  flow 
probe measurements. 

The volume of t he  f r a c -  
t u r e s  c r e a t e d  by the  300- 
q u a r t  N G 1  sho t  i n  w e l l  3 was 
es t imated  by water f i l l u p  a t  
800 cu f t .  This  amount of 
water w a s  removed from the  
w e l l s  i n  t h e  t e s t  a r e a  by 
pumping and b a i l i n g .  

Sur face  -e leva  t i o n  
changes ( f i g .  1 5 > ,  brought  
about  by the  exp los ive  work, 
ranged from 1.20 inches  a t  
w e l l  1 t o  1.92 inches  a t  
w e l l  3 i n  t h e  f i v e - s p o t  t es t  
p a t t e r n  t o  0.84 and 0 .60  
inch  a t  o f f - p a t t e r n  w e l l s  6 
and 7 ,  r e s p e c t i v e l y .  The 
contours  of  s u r f a c e  e l e v a -  

A 16 t i o n  change i n d i c a t e d  t h a t  
t he  change was almost  pro-  

S c o l e , f e e t  p o r t i o n a l  t o  t h e  d i s t a n c e  
FIGURE 15. - Contours of change in surface elevation 

resulting from 300-quart NGl  shot,  Rock 
S p r i n g s  s i te  4. 

from the  N G 1  injection 
well 3 .  
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Void volume based on t h e  e leva t ion-change  contours  and the area enclosed 
by t h e  dashed l i n e  i n  f i g u r e  15 w a s  c a l c u l a t e d  t o  be n e a r l y  150 cu f t .  The 
t o t a l  a r e a  a f f e c t e d  by exp los ive  f r a c t u r i n g  could no t  be determined because of 
t h e  l a c k  o f  e leva t ion-measur ing  s t a t i o n s  o u t s i d e  of t h e  contoured a r e a .  

A f t e r  a hydrau l i c  f r a c t u r i n g  t r ea tmen t  w i th  sand propping and be fo re  

The a i r - e n t r y  
exp los ive  f r a c t u r i n g  a i r  w a s  i n j e c t e d  i n t o  t h e  f r a c t u r e  system through a 
s t r a d d l e  packer  s e t  a t  a depth of 79  t o  84 f e e t  i n  w e l l  5 .  
i n t e r v a l s  de t ec t ed  i n  t h e  product ion  w e l l s  are shown i n  t a b l e  13. The lower 
permeable zone from 84 t o  88 f e e t  i n  w e l l  5 w a s  chosen f o r  the t h i r d  exp los ive -  
f r a c t u r i n g  t e s t .  On de tona t ion  of t he  300-quart  N G 1  charge ,  a p a r t i c l e  v e l o c -  
i t y  of 2 .2  i p s  was measured a t  t h e  s u r f a c e ,  i n d i c a t i n g  complete de tona t ion .  
Table 14 shows t h e  r e s u l t s  of two a i r f l o w  tes ts  made fol lowing t h e  sho t .  A i r  
w a s  i n j e c t e d  i n t o  w e l l  5 ,  and a i r  e n t r y  w a s  recorded i n  most of the w e l l s  i n  
t h e  t e s t  area. I n  the  f i r s t  t e s t ,  a i r  w a s  i n j e c t e d  through a packer se t  a t  
76 - foo t  depth ,  and i n  the  second t e s t ,  a i r  w a s  i n j e c t e d  i n t o  the  open-hole 
s e c t i o n .  A second t e s t  was made t o  s imula t e  cond i t ions  t h a t  would a t t e n d  a i r  
i n j e c t i o n  i n t o  a planned i n  s i t u  combustion experiment .  

TABLE 13. - A i r - e n t r y  i n t e r v a l s  be fo re  
exp los ive  f r a c t u r i n v  i n  

w e l l  5 ,  Rock Springs 
s i t e  4 

8 0 . 5 - 8 2 . 0 ,  82 .5 -83 .5  
7 9 . 0 - 8 0 . 0 ,  81.0-84.5 

83 .0 -84 .0  

TABLE 14. - A i r - e n t r y  i n t e r v a l s  a f t e r  300-quart  N G 1  sho t  
i n  w e l l  5 ,  Rock SprinPs s i t e  4 

Well 

1 

2 

3l  

4 

6 
- 
/ 

Depths of a i r - e n t r y  i 
I n j e c t i o n  i n  w e l l  5 through 

a packer set  a t  76 f e e t  
77.5-78  

80 .0  
8 2 . 5  -85 

76 -78  
8 1  -83.5 

85 -86 
J- 69-74 

84  !. 

79 i 83 -84 

{ 
{ 

(" ) 

i t e r v a l s ,  f e e t  
I n j e c t i o n  i n  w e l l  5 ,  

without  a packer 
7 3  

77-79.5 

73-76  
77-78 

80-82 .5  

71-74 
81-83  

79  
8 3  -84 

(2 ) 

77 .5 -78  I 77-78  
IDepths  of a i r  e n t r y  shown a r e  es t imated  because of ho le  

enlargement .  
"Cased t o  t o t a l  depth  and p e r f o r a t e d .  
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To summarize, two e x p l o s i v e - f r a c t u r i n g  t e s t s  were made i n  w e l l  3 .  The 
f i r s t  100-quart  charge  of N G 1  w a s  too s m a l l ,  and i t  decreased t h e  a i r  i n j e c -  
t i o n  c a p a c i t y  from 125 t o  80 scfm. The second, a l a r g e r  s h o t  of 300 q u a r t s ,  
i nc reased  t h e  i n j e c t i o n  c a p a c i t y  f i v e f o l d ,  from 80 t o  405 scfm. No permanent 
s u r f a c e  displacement  w a s  noted a f t e r  t h e  f i r s t  s h o t  i n  w e l l  3 ;  however, f o l -  
lowing the  300-quart  s h o t ,  a permanent overburden l i f t  of 1 - 2 0  t o  1 .92 inches  
w a s  measured a t  t h e  p a t t e r n  w e l l s .  A vo id  volume of about  800 cu f t  w a s  mea- 
sured by t h e  amount of water  i n j e c t e d  t o  achieve  f i l l u p .  

A 300-quart  N G 1  charge  was then de tona ted  i n  w e l l  5.  Airf low t e s t s  
showed t h a t  a i r  i n j e c t i o n  c a p a c i t y  was inc reased  almost  e i g h t f o l d  from 75 scfm 
a f t e r  hydrau l i c  f r a c t u r i n g  t o  580 scfm a f t e r  de tona t ion  of t he  N G 1  charge.  
Permanent overburden l i f t  r e s u l t i n g  from t h i s  sho t  ranged from 0.72 t o  0.24  
inch .  

Although t h e  n a t u r e  and e x t e n t  of f r a c t u r e s  c r e a t e d  i n  t h e  o i l  s h a l e  by 
v a r i o u s  f r a c t u r i n g  techniques a r e  n o t  completely known, some g e n e r a l i z a t i o n s  
can  be made. 

Hor i zon ta l  f r a c t u r e s  were opened t o  a l l  w e l l s  i n  the  o r i g i n a l  f i v e - s p o t  
p a t t e r n  with no appa ren t  v e r t i c a l  communication e s t a b l i s h e d ,  except  i n  the  
area between w e l l s  3 and 5. There,  g r e a t e r  rock  breakage wi th  h o r i z o n t a l  and 
v e r t i c a l  f r a c t u r i n g  r e s u l t e d  from the  exp los ive  f r a c t u r i n g .  

I n  g e n e r a l ,  hydrau l i c  f r a c t u r i n g  wi th  sand propping provided adequate  
void  space f o r  emplacement of the N G 1  i n  t hese  e x p l o s i v e - f r a c t u r i n g  t e s t s  i n  
t h e  o i l  s h a l e .  Explosive f r a c t u r i n g  caused a s i g n i f i c a n t  i n c r e a s e  i n  f r a c t u r e  
pe rmeab i l i t y  when a s u f f i c i e n t  N G 1  charge w a s  de tona ted .  

R e s u l t s  from an i n  s i t u  combustion experiment on t h i s  s i t e  (2) t o  produce 
s h a l e  o i l  from o i l  s h a l e  i n d i c a t e d  t h a t  an exp los ive ly  f r a c t u r e d  zone can be 
e s t a b l i s h e d  i n  an o i l  s h a l e  body t o  p e r m i t  s u f f i c i e n t  a i r  t o  s u s t a i n  
combustion. 

Following t h e  v a r i o u s  f r a c t u r i n g  experiments  and an  i n  s i t u  combustion 
experiment ,  t h e  s i t e  w a s  sub jec t ed  t o  an  e l e c t r i c a l  r e s i s t i v i t y  survey.  The 
purpose of  t h i s  e v a l u a t i o n  technique  w a s  t o  d e t e c t  by r e s i s t i v i t y  c o n t r a s t  t h e  
s i z e  of t he  f r a c t u r e d  zone. Although no informat ion  was r evea led  on t h e  shape 
of t he  f r a c t u r e d  zone, an  average diameter  of  about  1 1 2  f e e t  w a s  i n d i c a t e d .  

Summary 

Three methods--electrolinking, hydrau l i c  f r a c t u r i n g ,  and chemical explo-  
sive f r ac tu r ing - -were  used t o  e s t a b l i s h  f r a c t u r e  pe rmeab i l i t y .  S u f f i c i e n t  
f ragmenta t ion  t o  suppor t  i n  s i t u  r e t o r t i n g  was provided through t h e  de tona t ion  
of t h r e e  s h o t s  i n  two hydrau l i c  f r a c t u r e s  a t  two depth  i n t e r v a l s  u s ing  700 
q u a r t s  of N G 1 .  The f r a c t u r i n g  a t t empt s  were e x t e n s i v e l y  eva lua ted  by a i r f l o w  
tes ts  t o  determine a i r - e n t r y  i n t e r v a l s  and i n j e c t i o n  c a p a c i t i e s  of  the  w e l l s .  
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FIELD TEST, ROCK SPRINGS SITE 5 

Purpose 

E x p l o s i v e - f r a c t u r i n g  r e s e a r c h  a t  Rock Springs s i t e  5 was designed t o  
develop a d d i t i o n a l  e x p e r t i s e  i n  c r e a t i n g  s u f f i c i e n t  explos ive  f ragmenta t ion  
and p e r m e a b i l i t y  i n  t h e  o i l  s h a l e  t o  support  i n  s i t u  r e t o r t i n g .  R e s u l t s  
ob ta ined  from t h e  completed f i e l d  a p p l i c a t i o n s  i n d i c a t e d  t h a t  d e t o n a t i o n  of a 
l i q u i d  explos ive  i n  n a t u r a l  o r  h y d r a u l i c  f r a c t u r e s  e f f e c t i v e l y  l i f t e d  t h e  o v e r -  
burden, extended e x i s t i n g  f r a c t u r e s ,  and fragmented t h e  o i l  s h a l e  formations 
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FIGURE 16. - Locat ion of wells, Rock Springs s i te  5. 

(ll, 2). I n  a d d i t i o n ,  i t  
was n o t  p o s s i b l e  t o  d e s c r i b e  
o r  e v a l u a t e  t h e  f r a c t u r e s .  
Consequently,  t o  achieve  
maximum f r a c t u r i n g ,  a combi- 
n a t i o n  of  t h e  f o l  lowing 
t h r e e  methods of explos ive  
f r a c t u r i n g  was used:  D i s -  
p l a c e  and d e t o n a t e  a l i q u i d  
chemical explos ive  i n  a n a t -  
u r a l  f r a c t u r e  system; u s e  
60 p c t  dynamite t o  d e l i n e a t e  
t h e  b lock  of s h a l e  and t o  
re l ieve  s t ress  c o n d i t i o n s  of 
t h e  r o c k  around t h e  w e l l b o r e ;  
and u s e  p e l l e t i z e d  TNT i n  a 
ser ies  of wel lbore  s h o t s  a s  
t h e  p r i n c i p a l  means t o  f r a g -  
ment t h e  o i l  s h a l e .  A f u r -  
t h e r  o b j e c t i v e  of t h e  
r e s e a r c h  was t o  develop and 
apply f r a c t u r e  e v a l u a t i o n  
techniques  t o  d e s c r i b e  t h e  
e x t e n t  of t h e  f r a c t u r e d  zone. 

Procedure 

S i t e  P r e p a r a t i o n  

A f i v e - s p o t  p a t t e r n  of 
t e s t  w e l l s  ( f i g .  16) was 
d r i l l e d  w i t h  a 9- inch b i t  t o  
a n  approximate depth of 57 
f e e t  and completed w i t h  
7-inch-OD c a s i n g  cemented t o  
t h e  s u r f a c e .  Then t h e  f i v e  
w e l l s  were d r i l l e d  t o  100 
f e e t  t o t a l  depth wi th  a 
6-114-inch b i t .  I n  a d d i t i o n ,  
a n  o f f  p a t t e r n ,  seismic w e l l  
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was d r i l l e d  t o  200 f e e t  t o t a l  depth t o  a s s i s t  i n  t h e  planned f r a c t u r e  eva lua-  
t i o n  program. 

The p a t t e r n  w e l l s  were t e s t e d  t o  determine t h e  e x t e n t  of  a i r  communica- 
t i o n  between t h e  c e n t e r  w e l l  (5)  and t h e  surrounding w e l l s .  A i r - p r e s s u r e  read-  
i n g s  obta ined  on w e l l s  1, 3 ,  and 4 i n d i c a t e d  some communication between t h e s e  
w e l l s  bu t  no communication wi th  w e l l  2 .  P r e s s u r e  measurements a t  t h e  w e l l -  
heads a l s o  i n d i c a t e d  t h a t  t h e  system w a s  n o t  c l o s e d  but  t h a t  a i r  w a s  l eak ing  
o f f  t h e  p a t t e r n ,  p o s s i b l y  through n a t u r a l  f r a c t u r e s .  Subsequent t e s t i n g  w i t h  
i n f l a t a b l e  packers  showed f r a c t u r e s  ranging  from 1 to 3 f e e t  i n  h e i g h t  between 
depths  from 67 to  70 f e e t .  I n  a d d i t i o n ,  two s e p a r a t e  water-producing zones 
were found i n  w e l l s  4 and 5 a t  70-  and 8O-foot d e p t h s ,  r e s p e c t i v e l y .  These 
water zones were squeezed o f f  w i t h  q u i c k s e t  cement; then  w e l l s  1, 3 ,  4 ,  and 5 
were plugged back t o  70 f e e t .  We'll 2 was r e t a i n e d  a t  a t o t a l  depth of 97 f e e t .  

Exp l o  s ive F r a c t u r i n g  

To fragment t h e  o i l  s h a l e ,  t h r e e  types of e x p l o s i v e s  were used:  Desensi-  
t i z e d  N G 1 ,  60 p c t  dynamite,  and p e l l e t i z e d  TNT. N G 1  i s  t h e  o l d e s t  known 
e x p l o s i v e  t h a t  can  be s u c c e s s f u l l y  d i s p l a c e d  and de tona ted  wi th  t h e  explos ion  
be ing  propagated through n a t u r a l  o r  h y d r a u l i c  f r a c t u r e  systems. 

F i g u r e  17 shows t h e  p o s i t i o n s  and sequence of a l l  s h o t s  on Rock Springs 
s i t e  5 .  A 340-quart  charge  of N G 1  w a s  d i s p l a c e d  from w e l l  5 i n t o  t h e  n a t u r a l  
v e r t i c a l  f r a c t u r e  system ( s h o t  A ,  f i g .  17) .  This  d e t o n a t i o n  was intended t o  
l i f t  t h e  overburden r o c k  and c r e a t e  space f o r  fragmenting more s h a l e  by u s e  o f  
o t h e r  e x p l o s i v e s  through r e p e t i t i v e  s imultaneous wel lbore  shoot ing .  A l l  h o l e s  
were monitored cont inuous ly  dur ing  t h e  N G 1  pour.  N G 1  was d e t e c t e d  i n  w e l l  1 
and t o  a s s u r e  d e t o n a t i o n  of t h e  explos ive ,  d e t o n a t o r s  were se t  on bottom i n  
w e l l s  1 and 5 .  A l l  s h o t s  except  one i n  w e l l  2 w e r e  stemmed w i t h  tamp sand.  
The d e t o n a t i o n  of  t h e  N G 1  was s u c c e s s f u l  w i t h  only  t h e  unstemmed w e l l  2 v e n t -  
i n g  t o  t h e  atmosphere.  High-speed-camera r e c o r d i n g s  of overburden l i f t  and 
measurements of s u r f a c e  p a r t i c l e  v e l o c i t y  w e r e  made. E l e v a t i o n  measurements 
w e r e  obtained on t h e  c a s i n g  heads of each w e l l  b e f o r e  and a f t e r  d e t o n a t i o n  t o  
r e c o r d  r e s i d u a l  crowning of  t h e  overburden rock .  

The sand tamp and plugback m a t e r i a l s  were c leaned  from each w e l l  t o  t o t a l  
depth  w i t h  a r o t a r y  r i g .  Large q u a n t i t i e s  of w a t e r ,  used i n  c i r c u l a t i n g  t h e  
p,lugback m a t e r i a l  from t h e  h o l e s ,  were l o s t  i n  t h e  e x p l o s i v e l y  f r a c t u r e d  zone 
a t  70-foot  dep th .  Lost  c i r c u l a t i o n  m a t e r i a l  was used t o  plug o f f  t h e  f r a c -  
tu red  zone s o  t h a t  d e b r i s  could be  c i r c u l a t e d  from t h e  w e l l s .  During t h e  
second s t e p  of t h e  f r a c t u r i n g  experiments a t  t h i s  s i t e ,  60 p c t  dynamite w a s  
de tona ted  i n  the  f i v e  w e l l s  t o  d e l i n e a t e  and r e l i e v e  stress c o n d i t i o n s  i n  t h e  
b lock  of o i l  s h a l e .  The s o l i d i f i e d  e x p l o s i v e  w a s  p a r t i c u l a r l y  w e l l  adapted t o  
t h i s  t e s t ;  leakage t o  t h e  f r a c t u r e  system was e l i m i n a t e d ,  t h e  c o s t  was low, 
and added f a c t o r s  were t h e  e a s e  of handl ing  and s a f e t y  f e a t u r e s .  

Each of  t h e  w e l l s  i n  t h e  25- by 25-foot  f i v e - s p o t  p a t t e r n  was loaded w i t h  
45-pound charges  of 60 p c t  dynamite on d e t o n a t i n g  cord wi th  e lec t r ic  caps  

work were allowed t o  be  commingled wi th  e f f e c t s  from t h e  l a t e r  e x t e n s i v e  w e l l -  
bore  b l a s t i n g  b e f o r e  f i n a l  e v a l u a t i o n  was made. 

0 a t t a c h e d  and detonated s imultaneously ( sho t  B ) .  E f f e c t s  from t h e  d e l i n e a t i o n  
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FIGURE 17. - Pos i t ion  of explosive charge in sequence of wellbore shots in  f ive-spot pattern, 
Rock Springs s i t e  5. 

* 
T h e o r e t i c a l l y ,  t o  fragment t h e  b lock  of  o i l  s h a l e  by wel lbore  shoot ing ,  

t h e  a r e a  around c e n t e r  w e l l  5 should be en larged  o r  "sprung." This would be 
accomplished by repea ted  wel lbore  s h o t s  from bottom t o  t o p  of t h e  t e s t  zone. 
The broken and en larged  a r e a  surrounding t h e  wel lbore  would serve as a f r e e  
f a c e  t o  enhance e f f e c t s  from l a t e r  s imultaneous wel lbore  s h o t s  a c r o s s  t h e  
p a t t e r n .  

Reclaimed m i l i t a r y  TNT was s u b s t i t u t e d  f o r  t h e  g e l l e d  explos ive  f o r  w e l l -  
bore  shoot ing .  The advantages of t h i s  e x p l o s i v e  were (1) t h a t  i t  was i n  p e l -  
l e t i z e d  form, ( 2 )  t h a t  i t  had a s p e c i f i c  g r a v i t y  g r e a t e r  than t h a t  o f  water, 
(3)  t h a t  i t  w a s  s a f e  t o  handle  and easy  t o  p l a c e  i n  t h e  wel lbore ,  ( 4 )  t h a t  i t  
f i l l e d  t h e  v o i d s  and wel lbore  r e a d i l y ,  and (5) t h a t  i t s  c o s t  w a s  low compared 
w i t h  t h a t  o f  N G 1 .  
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The d e t o n a t i n g  devices  were assemblies  of fou r  l-pound pr imers ,  d e t o n a t -  
i ng  c o r d ,  and two e l ec t r i c  caps  connected t o  a shoot ing  l i n e  and lowered i n  
t h e  w e l l s  t o  t o t a l  depth.  A predetermined amount of  e x p l o s i v e  was poured i n t o  
t h e  w e l l s  t o  s e t t l e  around and over t h e  d e t o n a t o r .  P e r i o d i c  measurements were 
made t o  a s s u r e  t h a t  t h e  explos ive  had n o t  br idged b e f o r e  shoot ing .  The explo-  
sive w a s  de tona ted  from a s h o t  box about  500 f e e t  away. 

S i x  s h o t s ,  usingapproximately1,OOO pounds of TNT, were detonated i n  
w e l l  5 a t  depths  from 67 t o  88 f e e t .  Four of t h e s e  s h o t s  (Cy G ,  H ,  I ) ,  
t o t a l i n g  663 pounds of e x p l o s i v e ,  were de tona ted  between t h e  depths  from 78 t o  
88 f e e t .  Two hundred and f i f t y  pounds of  TNT-was de tona ted  between 71- and 
76-foot  depth ( s h o t  K ) ,  and t h e  remaining charge  of 89  pounds of  e x p l o s i v e  was 
de tona ted  between 67- and 68-foot  depth ( sho t  D ) .  

The f i r s t  t h r e e  s h o t s  were n o t  stemmed; consequent ly ,  water  and d e b r i s  
were blown t o  t h e  atmosphere.  The l a s t  t h r e e  s h o t s  were sand tamped t o  t h e  
s u r f a c e  t o  fragment t h e  maximum amount of o i l  s h a l e  around t h e  wel lbore  and 
permi t  t h e  conta ined  explos ive  gases  t o  extend t h e  induced f r a c t u r e s .  

A b r i d g e  of loose  s h a l e  formed a t  approximately 68-foot  depth i n  w e l l s  1 
and 2 from shoot ing  w e l l  5 .  Wells 3 and 4 were c leaned  t o  a depth  of approx- 
i m a t e l y  87 f e e t  and were used f o r  t h e  f i r s t  of s ix  c r o s s - p a t t e r n  s h o t s .  These 
two w e l l s  were s h o t  twice s imultaneously a t  d i f f e r e n t  depths  u s i n g  equal  
charges  of  134 pounds of  TNT ( s h o t  E-E). Measurement of t o t a l  depth a f t e r  t h e  
s h o t  was 87 f e e t  i n d i c a t i n g  t h a t  t h e  two w e l l s  were i n  c o n d i t i o n  f o r  r e s h o o t -  
i n g .  Wells 3 and 4 were plugged back above t h e  prev ious  s h o t  p o i n t s  a t  79 and 
80 f e e t ,  r e s p e c t i v e l y .  Charges of TNT equal  t o  those  used i n  t h e  prev ious  
s h o t  f i l l e d  t h e  w e l l b o r e s  i n  w e l l s  3 and 4 t o  71 and 79 f e e t ,  r e s p e c t i v e l y ,  
and were de tona ted  ( sho t  F-F).  

A l l  w e l l s  remained e i t h e r  tamped t o  t h e  s u r f a c e  w i t h  sand o r  were br idged  
a t  depths  too  h igh  f o r  reshoot ing .  Each w e l l  w a s  c leaned  by a r o t a r y  r i g  
u s i n g  l o s t - c i r c u l a t i o n  a d d i t i v e s  t o  reduce t h e  w a t e r  l o s s  t o  t h e  formation.  
In  a d d i t i o n ,  a l i g h t  c a b l e - t o o l  r i g  w a s  used t o  c l e a n  some w e l l s  t o  t o t a l  
depth  u s i n g  convent iona l  b i t s ,  b a i l e r s ,  and sand pumps. 

A f t e r  c l e a n o u t  t o  t o t a l  depths  o f  92 and 90 f e e t  i n  w e l l s  1 and 2 ,  
r e s p e c t i v e l y ,  150-pound charges of  TNT w e r e  placed i n  each h o l e  t o  depths  o f  
85 and 83 f e e t ,  r e s p e c t i v e l y ,  and de tona ted  ( s h o t  J-J). 

Bridges were d r i l l e d  o u t  of w e l l s  1, 3 ,  and 5 ,  and w e l l s  2 and 4 w e r e  
prepared f o r  r e s h o o t i n g  by rock  f i l l i n g  t h e  cavi t ies  created by previous  s h o t s .  
Wells 2 and 4 were cleaned t o  a t o t a l  depth of 81 and 78 f e e t ,  r e s p e c t i v e l y ,  
and charges  of 250 pounds o f  TNT f i l l e d  the  h o l e s  t o  depths  of  76 and 77 f e e t ,  
r e s p e c t i v e l y ,  and were de tona ted  ( sho t  L-L) .  

The b r i d g e s  were d r i l l e d  o u t  of w e l l s  1 and 3 ,  and s m a l l  p i e c e s  of s h a l e  
were added t o  f i l l  t h e  cav i t ies  c r e a t e d  by previous s h o t s  t o  depths  of 83 and 
75 f e e t ,  r e s p e c t i v e l y .  Charges o f  300 pounds of  TNT were placed i n  w e l l s  1 
and 3 from t o t a l  depth t o  77 and 74 f e e t ,  r e s p e c t i v e l y ,  and were de tona ted  
( s h o t  M - M ) .  
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The sand tamps were cleaned from w e l l s  1, 2 ,  3,  and 4 ,  and a l l  s h a l e  
b r idges  were d r i l l e d  ou t  t o  t o t a l  depths  of 83, 7 8 ,  7 7 ,  and 75 f e e t ,  respec- 
t i v e l y .  This exp los ive  f r a c t u r i n g  series was concluded by shoot ing t h e  fou r  
o u t s i d e  w e l l s  s imul taneous ly .  C a l i p e r  surveys were run  t o  determine i n  what 
i n t e r v a l s  b r idge  plugs could be s e t .  Bridge plugs were lowered on w i r e  and 
set  i n  competent 6-1/4- inch h o l e  i n  w e l l s  1-4 a t  75, 7 2 ,  69, and 73 f e e t .  
Charges of 296, 225, 185, and 185pounds of TNT were placed i n  w e l l s  1, 2 ,  3 ,  
and 4 ,  r e s p e c t i v e l y ,  and sho t  s imul taneous ly  ( sho t  N-N). 

Seismic Tes t s  

To e v a l u a t e  t h e  exp los ive  f r a c t u r i n g  r e s u l t s  by se i smic  means, geophone 
l o c a t i o n s  were l a i d  out  on a 2 1  by 21 r e c t a n g u l a r  g r i d  on the  ground s u r f a c e  
cover ing  t h e  area assumed t o  be exp los ive ly  f r a c t u r e d .  Spacing between geo- 
phone l o c a t i o n s  was 11 .3  fee t .  The seismic sho tho le ,  190 f e e t  deep, w a s  
l oca t ed  south  of t h e  f i v e - s p o t  w e l l s  t o  provide seismic-wave t r ansmiss ion  
p a t h s  through t h e  zone of i n t e r e s t .  A t o t a l  of f o r t y - f i v e  150-gram exp los ive  
charges  w a s  de tona ted  i n  t h e  w a t e r - f i l l e d  sho tho le .  Eleven geophones were 
used t o  sense  se i smic  s i g n a l s  from each sho t  and moved s e q u e n t i a l l y  a c r o s s  the  
g r i d  u n t i l  each o f  t he  441 l o c a t i o n s  w a s  occupied.  T h e  seismic s i g n a l s  were 
recorded on a 14-channel FM magnetic t ape  system. Because a r e p e a t  shoot ing  
procedure w a s  employed, a s t a t i o n a r y  r e f e r e n c e  geophone w a s  placed near  t h e  
c o l l a r  of t h e  sho tho le  t o  monitor  t h e  r e p e a t a b i l i t y  of seismic s i g n a l s  as the  
shoot ing  and r eco rd ing  over  t h e  g r i d  progressed .  

Pos t sho t  S i t e  P repa ra t ion  

A s  a p a r t  of t h e  f r a c t u r e  e v a l u a t i o n  program, cons ide rab le  t i m e  and 
e f f o r t  were expended i n  s e a l i n g  around t h e  f r a c t u r e d  zone. The purpose of  
s e a l i n g  t h e  exp los ive ly  fragmented zone w a s  t o  c o n d i t i o n  t h e  s i t e  f o r  f u r t h e r  
e v a l u a t i o n  of  t he  induced f r a c t u r e s .  Angle d r i l l i n g  was d e s i r e d  t o  i n s u r e  
s e a l i n g  o r  g rou t ing  of f r a c t u r e s  around the  fragmented zone by d r i l l i n g  and 
g rou t ing  32 h o l e s  a t  100-foot  depth and on a 6O-foot r a d i u s  from t h e  c e n t e r  
w e l l  of  t h e  p a t t e r n .  Because a n  ang le  d r i l l  w a s  n o t  a v a i l a b l e ,  an  a l t e r n a t e  
method w a s  devised .  

Con t rac t  and Bureau-operated r i g s  were used t o  d r i l l  t h e  numerous o r i g -  
These w e l l s  were grouted  by running i n f l a t a b l e  packers  i n a l  ver t ica l  w e l l s .  

i n  each w e l l  t o  a depth of  40 f e e t .  The open-hole s e c t i o n  below the  packer 
was f i l l e d  with n e a t  cement, t h e  packer was s e t ,  and approximately 1 b b l  of 
cement w a s  pumped i n t o  e x i s t i n g  f r a c t u r e s ,  which should have been s u f f i c i e n t  
g rou t ing .  F igu re  18 i n c l u d e s  a l l  w e l l s  d r i l l e d  f o r  t he  g rou t ing  work wi th  
w e l l s  1 t o  5 being o r i g i n a l  w e l l s .  

To determine i f  g rou t ing  of the f r a c t u r e s  was e f f e c t i v e ,  w e l l s  i n  t he  
f i v e - s p o t  p a t t e r n  were s h u t  i n ,  a i r  p r e s s u r e  was app l i ed  t o  t h e  system f o r  
6 hours ,  and wellhead p r e s s u r e s  were recorded .  A s  t he  p r e s s u r e  recorded 
be fo re  g rou t ing  was approximately equ iva len t  t o  t h a t  a f t e r  g r o u t i n g ,  19.5 and 
20.3 p s i ,  r e s p e c t i v e l y ,  i t  w a s  ev iden t  t h a t  f r a c t u r e s  r a d i a t i n g  from the  zone 
were n o t  s ea l ed  e f f e c t i v e l y .  
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FIGURE 18. - Wells d r i l l e d  on Rock Springs s i te  5. 
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An a d d i t i o n a l  10 w e l l s  
( f i g .  18) were d r i l l e d  and 
g rou ted ,  i nc lud ing  the  sho t  
w e l l  used f o r  seismic eva lu -  
a t i o n ,  i n  an e f f o r t  t o  p r e -  
v e n t  leakage from t h e  f r a c -  
t u red  zone. The zone was 
r ep res su red  w i t h  a i r ,  and 
s imi l a r  nega t ive  r e s u l t s  
p r e v a i l e d .  F low- tes t  i n f o r -  
mat ion i n d i c a t e d  t h a t  an  
a p p r e c i a b l e  volume of a i r  
w a s  l eak ing  through open 
f r a c t u r e  systems between t h e  
grouted wells i n  the  south-  
e r n  h a l f  of t he  c i r c l e  of 
grouted wel l s .  Twenty-seven 
a d d i t i o n a l  v e r t i c a l  w e l l s  
( f i g .  18) were d r i l l e d  a t  
4 - foo t  i n t e r v a l s  between the  
o r i g i n a l  grouted  wells to  
seal the  mass ive ly  f r a c t u r e d  
o i l  s h a l e .  A h igh -p res su re ,  
open-hole , i n f l a t a b l e  packer 
w a s  s e t  i n  t hese  h o l e s  a t  
1 ,200  p s i ,  and approximately 
1 b b l  of cement w a s  d i s -  
placed i n t o  the  f r a c t u r e d  
formation a t  p re s su res  rang-  
ing  from 150 t o  800 p s i .  
Repeated a i r f l o w  t e s t s  i n d i -  
c a t e d  the  f u t i l i t y  of f u r -  
ther g rou t ing .  

Although t h e  numerous methods used t o  e v a l u a t e  underground f r a c t u r e s  
c r e a t e d  by confined exp los ive  f r a c t u r i n g  techniques i n  o i l  s h a l e  under t h i s  
s i t e  r evea led  much informat ion ,  cons ide rab le  work remains t o  be done on f r a c -  
t u r e  eva lua t ion .  The e i g h t  methods inc luded:  (1) A seismic method t o  d e t e r -  
mine t h e  e x t e n t  of t h e  fragmented zone; ( 2 )  high-speed-camera surveys ;  
(3 )  a i r f l o w  measurements; ( 4 )  c o r i n g  of t h e  fragmented zone; (5) impression-  
packer  survey;  (6)  downhole-camera survey;  ( 7 )  e l e v a t i o n  measurements t o  
record  r e s i d u a l  crowning of  overburden rock ;  and (8) r e s i s t i v i t y  measurements. 

S e i s m i c  Measurements 

Seismic tes ts  were conducted to  de te rmine ,  i f  p o s s i b l e ,  the  e x t e n t  and 
degree of explosive- induced f r a c t u r i n g .  
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FIGURE 19. - Typ ica l  seismic recordings (A18-K18), 
Rock Springs s i te  5. 

travelt imes,  ampl i tude ,  and q u a l i t y  c o n s t i t u t e  a 

Typical  seismic reco rd -  
i ngs  are shown i n  f i g u r e  19. 
The t r a v e l t i m e  of t he  seis-  
m i c  wave from t h e  source  t o  
t h e  geophone, cus tomar i ly  
termed the  a r r iva l  t i m e ,  i s  
i n d i c a t e d  by the  q u i e t  por -  
t i o n  of  each trace preceding 
the  onse t  of t h e  seismic 
s i g n a l .  A r r i v a l  t i m e s  f o r  
each geophone l o c a t i o n  and 
t h e  r e f e r e n c e  geophone were 
recorded and t abu la t ed .  

Seismic q u a l i t y  w a s  
a l s o  cons idered .  Q u a l i t y  
depends upon cons i s t ency  and 
c h a r a c t e r  and i s  determined 
from a v i s u a l  e v a l u a t i o n  of 
t h e  d a t a .  The f i r s t  c y c l e  
of each t r a c e  w a s  i n spec ted  
f o r  q u a l i t y  wi th  two degrees  
of q u a l i t y  s e l e c t e d ,  good 
and poor.  These q u a l i t y  
c r i t e r i a  were used t o  r a t e  
t he  seismic d a t a  throughout 
t he  g r i d .  

Analys is  of se i smic  
u s e f u l  t o o l  i n  d e l i n e a t i n g  a 

fragmented zone i n  o i l  s h a l e .  The a l t e r e d  zone i n  t h i s  t e s t ,  about  95 f e e t  i n  
diameter  and 7 0 , f e e t  t h i c k ,  must be s u f f i c i e n t l y  l a r g e  and provide adequate  
c o n t r a s t  t o  p e r m i t  d e l i n e a t i o n .  No a t t empt  w a s  made t o  determine t h e  degree 
of f r a c t u r i n g  by t h i s  technique .  

High-Speed-Camera Measurements 

High-speed-camera f i l m  reco rd ings  of t he  exp los ive  s h o t s  i n d i c a t e d  ground 
movement, t o t a l  s u r f a c e  r i se  dur ing  t h e  f i r s t  seconds of t h e  de tona t ion  and 
t h e  amount of ground movement v e r s u s  pounds of exp los ive  used i n  each series 
o f  wells sho t .  The photographic  measurements on crowning of t h e  overburden 
rock and cas ing  r i s e  were cons idered  moderately s u c c e s s f u l .  Although the  n ine  
exp los ive  s h o t s  recorded on f i l m  appear  impressive, t he  t o t a l  dynamic s u r f a c e  
r i s e ,  o r  r e s i d u a l  overburden l i f t  was more a c c u r a t e l y  recorded by a backup 
method. 

Ai r f low Measurements 

Ai r f low t e s t s  were conducted through p a t t e r n  wells t o  determine i f  g r o u t -  
ing  67  wel ls  wi th  approximately 200 b b l  of cement e f f e c t i v e l y  sea l ed  the  
per imeter  of t h e  fragmented zone. Twelve obse rva t ion  w e l l s  were 
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d r i l l e d - - e i g h t  w e l l s ,  11-18, on 75- foot  r a d i u s ;  and four  w e l l s ,  7 -10 ,  on 
90- foot  r a d i u s  ( f i g .  18) .  Well 1 2  w a s  grouted wi th  50 sacks of cement because 
of excess ive  water i n f l u x .  

A i r  i n j e c t e d  i n t o  w e l l  2 i n  t he  p a t t e r n  flowed from each of  t he  observa-  
t i o n  w e l l s  d r i l l e d  around the  p a t t e r n .  This t es t  i n d i c a t e d  t h a t  t he  per imeter  
of t he  f r a c t u r e d  zone remained open. Ai r f low was de tec t ed  from a remote w e l l  
on Rock Spr ings  s i t e  2,. Z w e l l  on Rock Springs s i t e  4 ,  and from two w e l l s  on 
Rock Spr ings  s i t e  7 a t  s i t e  d i s t a n c e s  of approximately 260, 510, and 700 f e e t .  

Two a i r f l o w  t e s t s  were made by i n j e c t i n g  and meter ing  a i r  i n t o  cased 
w e l l s  2 and 5 i n  t h e  p a t t e r n .  The recovered a i r  was measured through a 
pos i t i ve -d i sp lacemen t  meter  a t  each of t h e  remaining fou r  p a t t e r n  w e l l s  and 
11 obse rva t ion  w e l l s .  By i n j e c t i n g  a i r  i n t o  w e l l  5 ,  68 p c t  of t he  a i r  w a s  
recovered from e i g h t  of t he  15 w e l l s  t e s t e d .  By i n j e c t i n g  a i r  i n t o  w e l l  2 ,  
52 p c t  of t h e  a i r  was recovered from 11 of the  15 w e l l s  t e s t e d .  

I t  w a s  determined from these  tes ts  t h a t  32 t o  48 p c t  of t h e  i n j e c t e d  a i r  
w a s  f lowing from t h e  fragmented zone through f r a c t u r e s  t h a t  were n o t  g rou ted ,  
depending on t h e  i n j e c t i o n  w e l l  s e l e c t e d  and t h e  connect ing f r a c t u r e  p a t t e r n s .  
Data obta ined  from these  t es t s  i n d i c a t e d  f u r t h e r  t h a t  t he  fragmented zone 
extended t o  a minimum r a d i u s  of 100 f e e t .  

Coring i n  the  Fragmented Zone 

The e x t e n t  and n a t u r e  of f ragmenta t ion  through the  zone of i n t e r e s t  w a s  
eva lua ted  by co r ing  t h r e e  a d d i t i o n a l  t e s t  w e l l s ,  1 9 ,  20, and 2 1 ,  a s  i n d i c a t e d  
on f i g u r e  18. Wells 19 ,  20, and 2 1  were cored through t h e  fragmented zone 
from 40 t o  90 f e e t  deep and a t  d i s t a n c e s  of 35, 18, and 9 f e e t ,  r e s p e c t i v e l y ,  
from t h e  c e n t e r  w e l l  5 .  

A 2 - p c t  c o r e  loss  from w e l l  19 i n d i c a t e d  l i m i t e d  f ragmenta t ion .  Core 
recovery  f r o m  w e l l s  20 and 21  represented core losses o f  7 and 30 p c t ,  r e spec -  
t i v e l y ,  and i n d i c a t e d  an  i n c r e a s e  i n  rock  f ragmenta t ion  wi th  proximity t o  the  
s h o t  w e l l s .  

Impression-Packer Survey 

Two 6-1/4- inch diameter  w e l l s ,  22 and 23, w e r e  d r i l l e d  w i t h i n  t h e  f i v e -  
spo t  p a t t e r n  ( f i g .  18) t o  e v a l u a t e  t h e  fragmented zone wi th  impression-packer  
and downhole-camera surveys.  Well 22 was d r i l l e d  t o  a depth  of  150 f e e t  f o r  
water removal and w e l l  23 t o  a depth  of 100 f e e t  t o  accommodate t h e  impression-  
packer  and downhole-camera surveys.  

The impression-packer  survey w a s  used t o  i d e n t i f y  and c o r r e l a t e ,  wi th  
downhole p i c t u r e s ,  t h e  f r a c t u r e  systems and e x t e n t  of fragmented s h a l e  through 
the  zone of i n t e r e s t .  
run  on tub ing  t o  t h e  r equ i r ed  depth.  The packer wi th  a s o f t  rubber  sleeve w a s  
h y d r a u l i c a l l y  pressured  t o  o b t a i n  impr in t s  of t h e  i r r e g u l a r i t i e s  of t h e  w e l l -  
bo re  s u r f a c e  caused by exp los ive  f r a c t u r i n g .  

The 4-3/4-inch-OD rubber -s leeved  packer assembly w a s  
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FIGURE 20. - Contoured overburden l i f t  indicat ing 
d i rect ion of fragmentation, Rock 
Springs s i t e  5. 

Three surveys were run  
a t  l o - f o o t  i n t e r v a l s  from 
depths  of 60 t o  90 f e e t .  
The permanent impressions 
on the  rubber  sleeves i n d i -  
da ted  h a i r l i n e  v e r t i c a l  and 
h o r i z o n t a l  f r a c t u r i n g .  I n  
some zones,  i n d i c a t i o n s  of 
s h o r t  - v e r t i c a l  f r a c t u r e s  
were ev ident .  Other zones 
i n d i c a t e d  h o r i z o n t a l  f r a c  - 
t u r e s ,  and i n  some areas, 
i n d i c a t i o n s  of bo th  ver t ica l  
and h o r i z o n t a l  f r a c t u r e s  
were noted .  

Downhole-Camera Survey 

P i c t u r e s  i n  c o l o r  and 
i n  b l ack  and w h i t e  were 
taken  a t  1 - f o o t  in tervals  by 
running a 4-3/4-inch-OD 
s t e r e o s c o p i c  camera on w i r e -  
l i n e  through t h e  6-1/4- inch 
dry  open-hole s e c t i o n .  The 
p i c t u r e s  r evea led  s p a l l i n g  
of t he  s h a l e  and v e r t i c a l  
and h o r i z o n t a l  f r a c t u r i n g  
cons idered  s u f f i c i e n t  t o  
suppor t  and v e r i f y  the  
impression-packer  survey.  

E leva t ion  Measurements 

The f r a c t u r e  e v a l u a t i o n  work w a s  cons ide rab ly  advanced through p r e c i s e  
p re sho t  and pos t sho t  e l e v a t i o n  measurements made a t  t h e  top of t he  cas ing  c o l -  
l a r s  on each p a t t e r n  w e l l .  Data i n  t a b l e  15 show t h e  amount of r e s i d u a l  over-  
burden l i f t  accumulated a t  v a r i o u s  s t a g e s  of t h e  f r a c t u r i n g  work. Some e l eva -  

t i o n  changes can  be a t t r i b u t e d  i n  p a r t  t o  stemming t h e  s h o t s .  
cons t ruc t ed  and contoured by p l o t t i n g  pos t sho t  e l e v a t i o n  da ta .  A zero  contour  

l i n e  was sca l ed  from t h e  seismic v e l o c i t y  p r o f i l e ,  and the  approximate l i m i t s  
of t he  fragmented zone were i n d i c a t e d .  

F igu re  20 w a s  



Well 

~- 

1 

2 

3 

4 

5 

P resho t  
e leva  t ion  , 

f e e t  
(9  -13-68) 
-~ ~ - ~ -  

6 , 299.60 

6,299.44 

6,298.66 

6,299.18 

6 , 299.54 
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R e s i s t i v i t y  Measurements 

A f t e r  t h e  e x p l o s i v e  f r a c t u r i n g  experiments w e r e  completed,  a n  e lec t r ica l -  
r e s i s t i v i t y  survey was conducted to  v e r i f y  d a t a  from o t h e r  e v a l u a t i o n  methods 
on t h e  s i z e  of t h e  fragmented zone. The survey i n d i c a t e d  t h a t  t h e  fragmented 
zone had a n  average diameter  of 118 f e e t ,  b u t  i t  provided no informat ion  on 
t h e  shape of  t h e  zone. With a d d i t i o n a l  in format ion  from t h e  seismic s t u d i e s  
and from c a l c u l a t i o n s  involv ing  dynamic stress and s t r e n g t h ,  i t  was concluded 
t h a t  t h e  zone w a s  roughly o v a l o i d  i n  shape, wi th  a h o r i z o n t a l  d i a m e t e r  of 105 
f e e t  and a ve r t i ca l  t h i c k n e s s  of  79 f e e t .  

Summary 

Explosive f r a c t u r i n g  r e s e a r c h  on t h i s  s i t e  w a s  designed t o  achieve  maxi- 
mum f ragmenta t ion  by u s i n g  a combination of t h r e e  methods of explos ive  f r a c -  
t u r i n g .  An unsuccessfu l  a t t e m p t  was made t o  seal  o r  g r o u t  t h e  e x i s t i n g  f r a c -  
tu red  zone t o  c o n d i t i o n  t h e  s i t e  f o r  f u r t h e r  e v a l u a t i o n  of t h e  induced 
f r a c t u r e s .  E i g h t  methods were used t o  e v a l u a t e  t h e  fragmented zone c r e a t e d  by 
explos ive  f r a c t u r i n g .  For  the  f i r s t  t i m e ,  s e i s m i c  t e s t s  w e r e  conducted f o r  
p o s s i b l e  de te rmina t ion  of  t h e  e x t e n t  and degree of f r a c t u r i n g .  

FIELD TEST, ROCK SPRINGS SITE 6 

Purpo s e 

The s u c c e s s f u l  i g n i t i o n  o f  t h e  s h a l e ,  followed by r e t o r t i n g  and producing 
approximately 1 9 0 , b b l  of  s h a l e  o i l  from Rock Springs s i t e  4 ,  encouraged t h e  
p lanning  f o r  and development of a new s i t e  (10). The purpose of  t h e  r e s e a r c h  
a t  Rock Spr ings  s i t e  6 w a s  t o  use e x p l o s i v e s  a s  t h e  means f o r  c r e a t i n g  t h e  
necessary  f ragmenta t ion  t o  permit  a n  i n  s i t u  r e t o r t i n g  experiment a t  a g r e a t e r  
formation depth than  p r e v i o u s l y  used.  

Procedure 

S i t e  P r e p a r a t i o n  

Rock Springs s i t e  6 was l o c a t e d  s e v e r a l  hundred f e e t  n o r t h  of  Rock 
Spr ings  s i t e  4 ( f i g .  6 ) .  The b a s i c  module was a f o u r - s p o t  w e l l  p a t t e r n  w i t h  
p e r i p h e r a l  wel ls  forming e q u i l a t e r a l  t r i a n g l e s  wi th  a l t i t u d e s  of 30 f e e t .  
F i g u r e  2 1  i s  a d e t a i l e d  map of t h e  area l o c a t i n g  a l l  w e l l s  d r i l l e d .  The 16 
per imeter  w e l l s  were d r i l l e d  t o  depths  of  145 f e e t  w i t h  a 7-718-inch b i t  and 
completed w i t h  5-112-inch-OD c a s i n g  cemented t o  t h e  s u r f a c e .  The remaining 
numbered w e l l s  were d r i l l e d  t o  depths  of 105 f e e t  wi th  a 9- inch b i t ,  completed 
w i t h  7-inch-OD c a s i n g  cemented t o  t h e  s u r f a c e  and d r i l l e d  t o  t o t a l  depth wi th  
a 6-114-inch b i t .  The l e t t e r e d  w e l l s ,  A-F, were d r i l l e d  t o  t o t a l  depth of  145 
f e e t ;  thermocouples were placed a t  5 - f o o t  i n t e r v a l s  from depths  o f  105 t o  145 
f e e t  and cemented t o  t h e  s u r f a c e .  The p a t t e r n  of w e l l s  was d iv ided  i n t o  60" 
segments around t h e  c e n t e r .  

Four we l l s  i n  t h e  p a t t e r n  were des igna ted  a s  monitor w e l l s .  These w e l l s ,  
numbered 102, 301, 402, and 601, were used dur ing  t h e  experiment t o  determine,  

! 
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by flow t e s t i n g ,  changes i n  
pe rmeab i l i t y  r e s u l t i n g  from 
exp los ive  - f r a c t u r i n g  tes t s  
and l a t e r  changes e f f e c t e d  
by r e t o r t i n g  of t he  o i l  
s h a l e  (44). No f r a c t u r i n g  
w a s  done through t h e  monitor 
w e l l s ,  and e f f o r t s  were made 
t o  keep t h e  wel lbores  a s  
i n t a c t  a s  p o s s i b l e  t o  f a c i l i  
t a t2  subsequent t e s t i n g .  

2 
Extens ive  e v a l u a t i o n  of 

t h e  s i t e  was conducted t o  
l o c a t e  n a t u r a l  f r a c t u r e s  and 
t o  measure t h e  f law c a p a c i t y  
through t h e  permeable zones.  
Some n a t u r a l  f r a c t u r e s  wi th  
low pe rmeab i l i t y  t o  a i r  were 
found i n  two i n t e r v a l s  a t  
depths  from 110 t o  113 f e e t  
and from 130 t o  135 f e e t ,  i n  
s e v e r a l  of t h e  w e l l s .  

Explosive F r a c t u r i n g  

@ I n j e c t i o n  w e l l  
0 M o n i t o r  w e l l  The s i t e  p r e p a r a t i o n ,  

d r i l l i n g ,  w e l l  spac ing ,  and 
w e l l  complet ion were planned 
and completed by engineers  
of t he  L a r a m i e  Energy 

FIGURE 21. - Locat ion of wel ls ,  Rolzk S p r i n g s  s i te  6 .  

Research Cen te r ,  and coopera t ing  eng inee r s  of t he  B a r t l e s v i l l e  Energy Research 
Center  planned and a p p l i e d  t h e  e x p l o s i v e - f r a c t u r i n g  work. T h i s  inc luded  choos- 
i ng  t h e  number and p a t t e r n s  of w e l l s  t o  be s h o t ,  and supe rv i s ing  the  loading  
of t he  w e l l s  wi th  exp los ives  and d e t o n a t o r s ,  tamping the  w e l l s  and shoot ing  
c l u s t e r s  of  w e l l s .  The w e l l s  were s h o t  w i th  p e l l e t i z e d  TNT us ing  the  wel lbore-  
shoot ing  technique  developed from exp los ive  f r a c t u r i n g  experiments  on Rock 
Spr ings  s i t e  5 ( 3 3 ) .  

To u t i l i z e  the  e f f e c t s  of g s s  expansion from each s h o t  t o  maximum advan- 
t a g e  i n  f ragmenting t h e  s h a l e  format ion  between w e l l s ,  charges  i n  s i x  c e n t r a l  
w e l l s  (1-6)  were de tona ted  i n  t h r e e  two-well sho t s .  

The second series of p a t t e r n  s h o t s  w a s  designed t o  inc lude  fou r  t h r e e -  
w e l l  s h o t s  surrounding t h e  center of t h e  p a t t e r n  ( f i g .  21) .  The t h i r d  series 
of s h o t s  w a s  designed t o  inc lude  th ree -we l l  s h o t s  and two fou r -we l l  s h o t s  
forming a r i n g  surrounding the  p rev ious ly  s h o t  w e l l s .  Using exper ience  gained 
from wel lbore  shoot ing  on Rock Springs s i t e  5 concerning the  weight of explo-  
s i v e  charge- to- rock  mass r a t i o ,  we11 spac ing ,  and dep th ,  t he  chosen amount of 
exp los ive  used i n  shoot ing  s i t e  15 w a s  cons idered  minimal t o  f r a c t u r e  the  rock.  
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Accumulated water was b a i l e d  t o  prevent  b r i d g i n g  of t h e  p e l l e t i z e d  TNT as 
t h e  e x p l o s i v e  w a s  loaded i n  each w e l l .  The priming device  c o n s i s t e d  of 50 
f e e t  o f _ d e t o n a t i n g  co rd ,  two 1-pound pr imers ,  and two No. 8 e l e c t r i c  b l a ' s t i n g  
caps  on 200-foot l e a d s .  The 1-pound pr imers  w i t h  caps were taped t o  t h e  
d e t o n a t i n g  cord w i t h  one primer on bottom and t h e  o t h e r  primer taped approxi -  
mately 25 f e e t  above t h e  bottom primer ( f i g .  2 2 ) .  A f t e r  each w e l l  i n  t h e  p a t -  
t e r n  w a s  b a i l e d ,  t h e  primer w a s  lowered t o  t o t a l  depth ,  and TNT w a s  poured a t  
a moderate r a t e  through a funnel  u n t i l  fou r  boxes o r  a charge of  240 pounds 
w a s  loaded i n  t h e  w e l l .  The explos ive  h e i g h t  w a s  measured t o  a s s u r e  t h a t  t h e  
explos ive  had n o t  br idged .  I f  t h e  wel lbore  w a s  c lear ,  a n  a d d i t i o n a l  t h r e e  
boxes of TNT was poured u n t i l  420 pounds was loaded i n  each ho le .  Approxi- 
mately 10 f e e t  of  i n t e r v a l  w a s  maintained between t h e  top of t h e  e x p l o s i v e  and 

0 

n 

FIGURE 22. - T y p i c a l  p r i m i n g  device. 
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c a s i n g  seat  t o  prevent  cas ing  damage. Each w e l l  w a s  tamped wi th  sand from the  
top of t6e exp los ive  t o  t h e  s u r f i x e  cas ing  c o l l a r  t o  s t e m  t h e  exp los ive  gases  
i n  the  forma t i o n .  

A t o t a l  of 51 w e l l s  were s h o t  us ing  t h e  fo l lowing  p a t t e r n s :  Three s e r i e s  
of p a t t e r n  s h o t s  con ta in ing  four  w e l l s  each ,  11 series of s h o t s  con ta in ing  
t h r e e  wells each ,  and t h r e e  series of sho t s  con ta in ing  two wells each. 

A l l  w e l l s  were cleaned t o  t o t a l  depth  f o r  e v a l u a t i n g  the  f r a c t u r e  p a t -  
t e r n s  between w e l l s .  The fou r  monitor  w e l l s  were flow logged t o  determine 
a i r - e n t r y  p o i n t s ,  and 13 w e l l s  were c a l i p e r e d  t o  determine wel lbore  
enlargements .  

R e s u l t s  

Explosive f r a c t u r i n g  increa:;ed a i r  i n j e c t i o n  c a p a c i t y  approximately 10 
t i m e s ,  from 30 t o  365 scfm, i n  new f r a c t u r e  systems, a t  depths  from 125 t o  129 
f e e t .  C a l i p e r  logs  showed cons ide rab le  wel lbore  enlargement a t  depths  from 
about  113 t o  131 f e e t .  Diameter:; of the enlarged ho le s  ranged from approx i -  
mate ly  6-1/4 inches  t o  a maximum of 26 inches .  

Following s e v e r a l  unsuccessfu l  i g n i t i o n s  on t h i s  s i t e ,  the  p r i n c i p a l  
i n v e s t i g a t o r s  concluded t h e  f a i l u r e s  were brought about  by excess ive  formation 
water  coupled w i t h  perhaps less t:han s u f f i c i e n t  exposure of rock  s u r f a c e  a r e a  
t o  s u s t a i n  combustion. 

Summary 

A s i t e  con ta in ing  51  w e l l s  was p r e p a r e d  to  conduct a second i n  s i t u  
r e t o r t i n g  experiment on a l a r g e r  scale a t  g r e a t e r  depth  than previous ly  
a t  tempted . 

Approximately 10 tons of  p e l l e t i z e d  TNT w a s  used to c r e a t e  f ragmenta t ion  
through t h e  p a t t e r n  i n  an at tempt  t o  p repa re  the  s i t e  f o r  an  i n  s i t u  r e t o r t i n g  
t e s t  i n  t h e  o i l  s h a l e .  

The f r a c t u r e  p a t t e r n  between w e l l s  was eva lua ted  a f t e r  c l ean ing  t h e  w e l l s  
t o  t o t a l  depth.  Pos t sho t  f law logs  showed inc reased  a i r - i n j e c t i o n  c a p a c i t y  of 
approximately 10 t i m e s ,  and pos t sho t  c a l i p e r  logs  i n d i c a t e d  inc reased  wel lbore  
d i a m e t e r s  by a maximum of t h r e e f o l d .  I 

FIELD TEST, ROCK SPRINGS SITE 7 

Purpose 

Rock Springs s i t e  7 l oca t ed  between s i tes  4 and 6 ,  as i n d i c a t e d  i n  f i g -  
u r e  6 ,  w a s  developed t o  experiment w i th  h y d r a u l i c  f r a c t u r e  o r i e n t a t i o n  i n  o i l  
s h a l e  and shor t - t e rm i n  s i t u  r e t o r t i n g  to  recover  s h a l e  o i l  through the  
induced sandpropped f r a c t u r e s .  

I 

! 
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I n  coopera t ion  wi th  t h e  Un ive r s i ty  of Wyoming, t h i s  work involved a 
s t u d e n t ' s  t h e s i s  (20) t o  f u l f i l l  requi rements  f o r  a master of s c i ence  degree 
i n  chemical engineer ing .  
create several h o r i z o n t a l  hydrau l i c  f r a c t u r e s  through t h e  o i l  s h a l e  zone. 
These f r a c t u r e s  should then provide  f r e e  passage f o r  t he  r e t o r t e d  s h a l e  o i l  
and produced gases  t o  flow from t h e  combustion f r o n t  t o  the  surrounding produc- 
ing  w e l l s .  F u r t h e r ,  experiments  on t h e  s i t e  were intended t o  determine t h e  
minimum f r a c t u r e  th i ckness  and a r e a l  e x t e n t  of t he  f r a c t u r e  p a t t e r n  needed t o  
i g n i t e  t h e  o i l  s h a l e  f o r  i n  s i t u  r e t o r t i n g  t o  recover  s h a l e  o i l .  

The main o b j e c t i v e  of the  r e s e a r c h  was t o  o r i e n t  and 

Procedure 

Rock Springs s i t e  7 w a s  prepared f o r  t he  hydrau l i c  f r a c t u r i n g  experiments  
by d r i l l i n g  wells 3, 5 ,  and 11 i n  a t r i a n g u l a r  p a t t e r n .  
w e l l s  2 ,  5 - A ,  9 ,  and C - 1  were d r i l l e d  t o  complete the  experiment.  The diamond- 
shaped p a t t e r n  formed by t h e s e  w e l l s  i s  shown i n  f i g u r e  23. 

Four a d d i t i o n a l  

A l l  wells were d r i l l e d  t o  a depth  of 90 f e e t ,  completed wi th  7- inch cas- 
ing  se t  a t  70 f e e t ,  and cemented t o  t h e  s u r f a c e .  A i r  i n j e c t i o n  t e s t s  run  on 
wel l s  3 ,  5 ,  and 11 i n d i c a t e d  t h a t  t he  20-foot  oven-hole s e c t i o n  i n  each w e l l  

c- I 
0 

5 - A  
0 
0 
5 

9 
0 

seals. f e e l  

FIGURE 23. - Locat ion  of wel ls,  Rock Springs s i te  7. 

was s u f f i c i e n t l y  t i g h t  f o r  
t he  planned f r a c t u r i n g  
experiments .  Consequently,  
e i g h t  h y d r a u l i c  f r a c t u r i n g  
tes t s  were made t o  provide  
communication between wells 
i n  t h e  p a t t e r n .  

F r a c t u r e  t es t  1 w a s  run  
through a h o r i z o n t a l  notch 
c u t  i n  the  wel lbore  of 
w e l l  5 a t  87 f e e t .  The tes t  
w a s  thwarted by a packer 
f a i l u r e .  F r a c t u r e  t e s t  2 
made through t h e  same notch  
us ing  a commercial i n f l a t -  
a b l e  packer r e s u l t e d  i n  a 
sandout .  F r a c t u r e  t es t  3 
through a notch  i n  t h e  c a s -  
ing  a t  87  f e e t  i n  w e l l  11 
r e s u l t e d  i n  ano the r  sandout .  
F rac tu re  t es t  4 i n  t h e  same 
w e l l  us ing  mason's sand 
r e s u l t e d  i n  communication 
wi th  w e l l s  on Rock Springs 
s i t e  5 approximately 550 
f e e t  away wi th  no apparent  
f r a c t u r e  ex tens ions  t o  or  
between t h e  p a t t e r n  w e l l s .  
F rac tu re  t e s t  5 ,  performed 
i n  w e l l  5 through an 
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open-hole i n t e r v a l  from 70 t o  90 f e e t ,  sanded o u t .  F r a c t u r e  t e s t  6 , i n  t h e  
same open-hole i n t e r v a l  a f t e r  c l e a n o u t  i n  w e l l  5 ,  a l s o  sanded o u t .  F r a c t u r e  
t e s t  7 was conducted s imultaneously on w e l l s  5 and C - 1 .  Well C - 1  was f r a c -  
tu red  through c a s i n g  p e r f o r a t i o n s  a t  f i v e  depths  from 70 and 88 f e e t .  This 
t e s t  r e s u l t e d  i n  a very h i g h  pump p r e s s u r e  and no t r u e  breakdown of t h e  forma- 
t i o n .  Well 5 was s u c c e s s f u l l y  f r a c t u r e d  between 70 and 7 3 f e e t w i t h  sand being 
c a r r i e d  t o  w e l l s  9 and 11. F r a c t u r e  t e s t  8 - w a s  a t tempted i n  w e l l  C - 1  a f t e r  
p e r f o r a t i n g  t h e  c a s i n g  wi th  seven a d d i t i o n a l  shaped charges .  One level  of  
p e r f o r a t i o n s  showed l i t t l e  flow improvement t o  o t h e r  w e l l s  i n  t h e  p a t t e r n .  

Three unsuccessfu l  t es t s  w e r e  made t o  i g n i t e  t h e  o i l  s h a l e  and propagate  
a burn through f r a c t u r e s  fol lowing t h e  e i g h t  h y d r a u l i c  f r a c t u r e  t r e a t m e n t s .  
The f i r s t  i g n i t i o n  and burn w e r e  t r i e d  i n  w e l l  5 .  Three weeks a f t e r  i g n i t i o n ,  
t h e  i n j e c t i o n  c a p a c i t y  dropped, and a p p a r e n t l y  t h e  f r a c t u r e s  hea led  t o  s e a l  
o f f  a i r f l o w  n e a r  t h e  wel lbore .  

The second i g n i t i o n  followed t h e  l a s t  h y d r a u l i c  f r a c t u r e  t rea tment .  
Well 5 w a s  used f o r  t h e  i g n i t i o n ,  and t h e  s h a l e  a p p a r e n t l y  burned f o r  about  
4 days by b a r e l y  main ta in ing  com'bustion. 

During t h e  postburn e v a l u a t i o n ,  i t  w a s  determined t h a t  f o r  more e f f e c t i v e  
r e t o r t i n g  through t h e  e x i s t i n g  f r a c t u r e s  t h e  zone should be  e x p l o s i v e l y  f r a c -  
t u r e d .  Consequently,  350 pounds of p e l l e t i z e d  TNT w a s  de tona ted  i n  t h e  w e l l -  
b o r e  of  t h e  c e n t r a l l y  l o c a t e d  w e l l  5-A. The d e t o n a t i n g  device  c o n s i s t e d  of 
two l-pound pr imers ,  two N o .  8 e l e c t r i c  b l a s t i n g  c a p s ,  35 f e e t  of d e t o n a t i n g  
c o r d ,  and a cap- lead  longer  than  t h e  t o t a l  depth of  t h e  w e l l .  The p e l l e t i z e d  
TNT w a s  poured through t h e  c a s i n g  and measured several t i m e s  dur ing  t h e  pour 
t o  a s s u r e  t h a t  t h e  explos ive  had n o t  br idged i n  t h e  open h o l e .  The t o p  of  t h e  
e x p l o s i v e  w a s  k e p t  approximately 10 f e e t  below t h e  bottom of t h e  c a s i n g  t o  p r e -  
v e n t  c a s i n g  damage. The w e l l  was sand tamped t o  t h e  top  c a s i n g  c o l l a r  and 
s h o t .  The i n j e c t i o n  w e l l  and producing w e l l s  were r e t e s t e d  t o  determine flow 
c h a r a c t e r i s t i c s  and t o  c h a r t  new f r a c t u r e s  t o  t h e  producing w e l l s .  

R e s u l t s  

Eight  t es t s  t o  induce h o r i z o n t a l  h y d r a u l i c  f r a c t u r e s  between a n  i n j e c t i o n  
w e l l  and surrounding w e l l s  were u n s u c c e s s f u l  because of f a u l t y  downhole equip-  
ment and w e l l b o r e  sandouts  o p p o s i t e  t h e  s e c t i o n s  of formation be ing  h y d r a u l i -  
c a l l y  f r a c t u r e d .  

Two tes ts  t o  i g n i t e  t h e  o i l  s h a l e  through induced f r a c t u r e s  w e r e  unsuc- 
c e s s f u l  probably because n o t  enough r o c k  s u r f a c e  a r e a  o r  f ragmenta t ion  was 
exposed t o  s u s t a i n  burning. 

An e x p l o s i v e - f r a c t u r e  t rea tment  u s i n g  only 350 pounds of  explos ive  i n  one 
w e l l b o r e  s h o t  induced enough f r a c t u r i n g  i n  t h e  s h a l e  between we l l s  t o  suppor t  
i g n i t i o n  and subsequent i n  s i t u  r e t o r t i n g .  

The o i l  s h a l e  i g n i t e d  through t h e  new e x p l o s i v e l y  induced f r a c t u r e s  and crs burned f o r  8 days.  No major prokllems were encountered e i t h e r  i n  main ta in ing  
s a t i s f a c t o r y  a i r - i n j e c t i o n  r a t e s  a t  low p r e s s u r e s  o r  i n  main ta in ing  a 
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combustion zone i n  t h e  r e s e r v o i r .  Soon a f t e r ,  several barrels  of s h a l e  o i l  
were produced, and i t  w a s  demonstrated t h a t  a s e l f - s u s t a i n i n g  combustion zone 
w a s  e s t a b l i s h e d  from t h e  e f f e c t s  of explos ive  f r a c t u r i n g .  A i r  i n j e c t i o n  was 
s topped t o  t e r m i n a t e  t h e  experiment.  

Summary 

A f i e l d  s i t e  was prepared t o  t e s t  h y d r a u l i c  f r a c t u r i n g  o r i e n t a t i o n  i n  o i l  
s h a l e .  Attempts were made' t o  c r e a t e  several h o r i z o n t a l  f r a c t u r e s  through t h e  
s h a l e  zone t h a t  would provide f r e e  passage f o r  s h a l e  o i l  and combustion gases  
t o  flow t o  t h e  producing w e l l s .  

Attempts t o  i g n i t e  t h e  o i l  s h a l e  through t h e  h y d r a u l i c  f r a c t u r e  systems 
w e r e  unsuccessfu l .  A s u c c e s s f u l  i g n i t i o n  of t h e  e x p l o s i v e l y  f r a c t u r e d a r e a w a s  
made fol lowing a wel lbore  s h o t  u s i n g  p e l l e t i z e d  TNT i n  a p a t t e r n  w e l l .  

FIELD TEST, GREEN RIVER SITE 1 

Purpose 

This  f r a c t u r i n g  program w a s  intended t o  advance t h e  technology f o r  recov-  
e r i n g  s h a l e  o i l  by i n  s i t u  methods. More s p e c i f i c a l l y ,  Green River s i t e  1 was 
developed t o  t e s t  chemical-explosive-fracturing procedures f o r  e s t a b l i s h i n g  
communication between w e l l s  a t  g r e a t e r  depths  and w e l l  spac ings  t h a n  had been 
p r e v i o u s l y  at tempted i n  o i l  s h a l e .  I n  a d d i t i o n ,  t h e  i n t e n t  w a s  t o  devise 
methods and u s e  means a v a i l a b l e  f o r  e v a l u a t i n g  t h e  e f f e c t s  from f r a c t u r i n g  t h e  
formation w i t h  w e l l b o r e  s h o t s .  

Procedure 

Green River s i t e  1 was i n  t h e  NE NE sec. 24, T 18 N ,  R 107 W ,  Sweetwater  
County, Wyo., as  shown i n  f i g u r e  6. The o i l  s h a l e  zone of  i n t e r e s t  a t  approx- 
imate ly  340 t o  385 f e e t  w a s  s e l e c t e d  a f t e r  a n a l y s i s  of c o r e s  c u t  from a n  
ear l ie r  w e l l .  A s  determined by F i s c h e r  a s s a y ,  o i l  y i e l d  of  t h e  cored s e c t i o n  
averaged about  21 .0  g a l l t o n .  

The completed s i t e  conta ined  10 p a t t e r n  w e l l s  f o r  e x p l o s i v e - f r a c t u r i n g  
r e s e a r c h  w i t h  a n  a d d i t i o n a l  w e l l  l o c a t e d  200 f e e t  w e s t  f o r  seismic e v a l u a t i o n  
use .  S i x  w e l l s  were d r i l l e d  on 50-foot  spacing t o  form a r e c t a n g l e  w i t h  t h r e e  
w e l l s  on a s i d e .  The a d d i t i o n a l  f o u r  w e l l s  were d r i l l e d  on 25-foot  spacing t o  
form a f i v e - s p o t  p a t t e r n  as  shown i n  f i g u r e  24. 

Wells 2 ,  4 ,  and t h e  seismic w e l l  were d r i l l e d  and completed d i f f e r e n t l y  
Well 2 was d r i l l e d  w i t h  a 6-114-inch b i t  t o  388 than  t h e  o t h e r  e i g h t  w e l l s .  

f e e t ,  completed w i t h  4-112-inch c a s i n g  set  a t  343 f e e t ,  and cemented t o  t h e  
s u r f a c e .  Well 4 was d r i l l e d  w i t h  a 9- inch  b i t  t o  385 f e e t ,  and completed wi th  
7-inch c a s i n g  se t  a t  340 f e e t ,  and cemented t o  t h e  s u r f a c e .  
used t o  survey t h e  wel lbore  by a downhole camera. The seismic w e l l  was 
d r i l l e d  t o  600 f e e t  w i t h  a 4-314-inch b i t  and completed w i t h  a 20-foot  j o i n t  
of 5- inch F i b e r c a s t  p i p e  cemented i n  p l a c e  t o  serve a s  s u r f a c e  p ipe .  
remaining e i g h t  w e l l s  i n  t h e  p a t t e r n  were d r i l l e d  w i t h  a 7-718-inch b i t  t o  

This  w e l l  was 

The 
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FIGURE 24. - Locat ion of we l l s  and elevat ion reference 
markers, Green River  s i t e  1. 

385 f e e t ,  completed w i t h  
5-112-inch c a s i n g  s e t  a t  
approximately 340 f e e t ,  and 
cemented t o  about  260 f e e t .  

To o b t a i n  a seismic 
e v a l u a t i o n ,  254 p o i n t s  were 
l a i d  o u t  i n  a r a d i a l  g r i d  
p a t t e r n  from t h e  seismic 
w e l l ,  a s  shown i n  f i g u r e  25. 
The r a d i a t i n g  l i n e s  were on 
10" i n t e r v a l s ,  and t h e  geophone 
p o s i t i o n s  were 30 f e e t  a p a r t .  
Each l i n e  was extended f a r  
enough t o  o b t a i n  d a t a  on a l l  
s i d e s  of t h e  p r o j e c t e d  s u r -  
f a c e  image of t h e  f r a c t u r e d  
zone. The r a d i a l  g r i d  a r r a y  
was chosen i n  p r e f e r e n c e  t o  
a r e c t a n g u l a r  g r i d  t o  pro-  
v i d e  t ravel  p a t h  c o n t i n u i t y  
and s i m p l i f y  d a t a  r e d u c t i o n .  
Vert ical  geophones w e r e  used 
a t  a l l  p o s i t i o n s ,  and h o r i -  
z o n t a l  geophones, a t  
selected p o s i t i o n s .  A l l  
p o s i t i o n s  were i d e n t i f i e d  
a lphanumer ica l ly  w i t h  sub- 
s c r i p t s  t o  i n d i c a t e  r i g h t  
and l e f t  h a l f  of t h e  a r r a y .  

A 600-foot-deep seismic 
w e l l  w a s  d r i l l e d  i n  l i n e  
w i t h  w e l l s  7 and 10 ,  100 
f e e t  w e s t  of  w e l l  7.  T h i r t y -  
f ive 1-213-pound PETN 
b o o s t e r s  were de tona ted  one 
a t  a t i m e  a t  a depth of  565 
f e e t .  The w e l l  was c leaned  

a s  necessary  t o  main ta in  charge  depth.  The explos ive  energy was coupled t o  
t h e  wel lbore  by u s i n g  water  stemming. 

Four teen  channels  of FM data. were recorded on magnetic t a p e  from each 
s h o t .  Two i d e n t i c a l  record ing  systems were opera ted  s imul taneous ly  dur ing  
p o r t i o n s  of  t h e  experiment t o  reduce t h e  number of seismic s h o t s  r e q u i r e d  t o  
complete t h e  measurements. The z e r o  t i m e  and t iming r e f e r e n c e  s i g n a l s  were 
recorded on both  u n i t s  t o  provide c o n t i n u i t y  between t h e  systems. One channel  
w a s  used t o  r e c o r d  t h e  i n s t a n t  of' d e t o n a t i o n ;  t h i s  provided a z e r o  t i m e  r e f e r -  
ence f o r  a r r i v a l - t i m e  measurements f o r  each geophone p o s i t i o n .  A second chan- 
n e l  w a s  used t o  r e c o r d  a t iming r e f e r e n c e  s i g n a l  (10 kHz) t o  a l l o w  p r e c i s e  
t i m e  measurement from z e r o  t i m e .  A t h i r d  channel  was used t o  r e c o r d  t h e  
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FIGURE 25. - Tes t  w e l l s  and geophone grid pattern, Green River  s i t e  1. 

n 
se ismic  response of a r e f e r e n c e  geophone loca ted  10 f e e t  e a s t  of t he  seismic 
w e l l .  
c o n t i n u i t y  between sets  of d a t a .  

This geophone was n o t  moved dur ing  t h e  t e s t s  and was used t o  provide  
The remaining 11 channels  were used t o  
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record  seismic d a t a  from geophone p o s i t i o n s .  The geophones were moved t o  new 
p o s i t i o n s  a f t e r  each seismic s h o t  u n t i l  a l l  necessary  p o s i t i o n s  were occupied 
and s e i s m i c  d a t a  recorded .  When an a m p l i f i e r  g a i n  s e t t i n g  was inadequate  t o  
provide u s e f u l  d a t a ,  t h e  p o s i t i o n  w a s  reoccupied.  Some p o s i t i o n s  were reoccu-  
p ied  t o  e v a l u a t e  r e p e a t a b i l i t y  and r e l i a b i l i t y  of d a t a  from s u c c e s s i v e  se i smic  
s h o t s .  

C a l i p e r  and gamma r a y  logs were r u n  on t h e  p a t t e r n  w e l l s  t o  d e t e c t  caving 
and borehole  i r r e g u l a r i t i e s ,  and t o  c o r r e l a t e  t h e  o i l  s h a l e  formations.  A i r -  
f low t e s t s  w e r e  made t o  measure i n i t i a l  communication between t h e  i n j e c t i o n  
w e l l  6 and t h e  remaining w e l l s  i n  t h e  p a t t e r n .  T h i r t y - t h r e e  h o l e s  f o r  implant-  
i n g  e l e v a t i o n  r e f e r e n c e  markers were d r i l l e d  through t h e  weathered s h a l e  t o  
approximately 21 f e e t  wi th  a 3-718-inch b i t ,  a s  shown i n  f i g u r e  24. One-inch 
p i p e  w a s  run  i n  each h o l e  leav ing  approximately 3 inches of  p i p e  above ground 
level and cemented t o  t h e  s u r f a c e .  A f t e r  t h e  cement had s e t ,  i n i t i a l  e l e v a -  
t i o n  measurements were made on a l l  wel lheads and on t h e  33 r e f e r e n c e  markers .  
P r e s h o t  r e f e r e n c e  measurements were used t o  determine t h e  amount of overburden 
l i f t  t h a t  occurred a f t e r  each e x p l o s i v e  s h o t .  

The f i r s t  ser ies  of  e x p l o s i v e  t es t s  on t h e  s i t e  was performed on t h e  
w e l l s  i n  t h e  f i v e - s p o t  p a t t e r n .  The d e s i r e d  amount o f  TNT used i n  each w e l l  
w a s  c a l c u l a t e d  from t o t a l  depth .and c a l i p e r  log measurements. The accumulated 
water  was b a i l e d  p r i o r  t o  lowering t h e  priming devices  and f i l l i n g  t h e  w e l l -  
bores  wi th  TNT. 

The priming d e v i c e  used i n  ,311 s h o t s  c o n s i s t e d  of 50 f e e t  of  d e t o n a t i n g  
c o r d ,  two 1-pound p r i m e r s ,  and two No. 8 e l e c t r i c  b l a s t i n g  caps  on 400-foot  
l e a d s .  The 1-pound pr imers  w i t h  caps were taped t o  t h e  d e t o n a t i n g  c o r d ,  one 
on t h e  bottom and t h e  o t h e r  25 f e e t  above bottom. The p e l l e t i z e d  TNT i n  
60-pound boxes w a s  poured a t  mod(-rate r a t e s  through a funnel  i n t o  t h e  w e l l s  
u n t i l  t h e  TNT column r o s e  above the water level i n  t h e  w e l l s .  A f t e r  one-half  
o f  t h e  c a l c u l a t e d  amount of TNT vas poured, t h e  e x p l o s i v e  h e i g h t  was measured 
t o  a s s u r e  t h a t  t h e  e x p l o s i v e  had n o t  br idged.  I f  t h e  wel lbore  w a s  c l e a r ,  t h e  
remaining e x p l o s i v e  was poured u n t i l  a l l  t h e  w e l l s  were loaded w i t h  3,540 
pounds of  TNT, a s  i n d i c a t e d  i n  t a b l e  16. Each w e l l  w a s  sand tamped from t h e  
top  o f  t h e  e x p l o s i v e  t o  depths  o.E about  150 f e e t  i n  t h e  c a s i n g .  A l l  cap  l e a d s  
were wired i n  se r ies  t o  t h e  shoot ing  l i n e  and de tona ted  from a shoot ing  box. 
A ground shock was f e l t ,  and s e v e r a l  w e l l s  from t h e  l a r g e  p a t t e r n  blew tamp  
sand and g a s e s  t o  t h e  atmosphere.  

T h ?  second e x p l o s i v e - f r a c t u r i n g  tes t  was p,s!rformed as  t h a t  descr ibed  i n  
t h e  previous t e s t  on t h e  remaining f i v e  w e l l s  i n  t h e  l a r g e  p a t t e r n .  The same 
procedure w a s  followed f o r  c a l c u l a t i n g  t h e  d e s i r e d  amount of  TNT, water  
removal,  p r e p a r i n g  and lowering t h e  priming device,  pouring o f  t h e  e x p l o s i v e ,  
and shoot ing  of t h e s e  w e l l s .  A charge  of 3 ,600 pounds of  TNT was used i n  t h i s  
s h o t ,  a s  i n d i c a t e d  i n  t a b l e  17. Ground shock was f e l t ,  and a g a i n  s e v e r a l  
w e l l s  blew t o  t h e  atmosphere.  

Two e v a l u a t i o n  methods were a p p l i e d  a f t e r  a l l  10 w e l l s  w e r e  s h o t :  
(1) P o s t s h o t  seismic e v a l u a t i o n  and (2) e l e v a t i o n  measurements w e r e  obtained 
on 10 w e l l s  and 33 r e f e r e n c e  markers.  
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1 T o t a l  depth ~ T o t a l  depth I Explosive 

~ f e e t  1 f e e t  f e e t  f e e t  
2 I 389.5 342.0 '355.0 150 

343.0 ; 347.0 15 0 3 ' 374.5 
4 386.5 341.0 ' 345.0 150 
5 382.5 341.0 3327.0 150 
6 383.5 342.0 355.0 150 

Spnd tamp 
Well 1 of w e l l ,  1 of c a s i n g ,  , h e i g h t ,  depth ,  

I 

TABLE 16 .  - Shooting d a t a ,  f i r s t  s h o t ,  small  f i v e - s p o t  
pat i tern,  Green River s i t e  1 

Explosive 
used , 
pounds 

420 
600 

1,020 
600 
900 

1 
Well of w e l l ,  ~ of c a s i n g ,  depth , depth , 

f e e t  I f e e t  f e e t  f e e t  
7 373.5 I 341.0 346.0 15 0 
8 375.0  337.0 342.0 15 0 
9 384.5 337.0 342.0 150 

10 373.5 340.0 345.0 150 
11 403.5 342.0 308.0 150 

used , 
pounds 

600 
600 
840 
' 600 

960 
'Explosive d i d  n o t  d e t o n a t e .  
"Explosive i n  c a s i n g .  Casing damaged; no c l e a n o u t .  

The f i v e - s p o t  p a t t e r n  wel ls  were c leaned  t o  bottom w i t h  a r o t a r y  r i g  
u s i n g  foam, w a t e r ,  and a i r ,  i n j e c t e d  a t  h igh-pressure  and volume, t o  remove 
r u b b l e  from t h e  w e l l b o r e s .  During t h e  c a r e f u l  c l e a n o u t  of  w e l l s  on t h e  f i v e -  
s p o t  p a t t e r n ,  i t  was e v i d e n t  from t h e  recovery  of c o n s i d e r a b l e  TNT and s e v e r a l  
caps t h a t  t h e  e x p l o s i v e  had n o t  de tona ted  i n  w e l l s  3 ,  5 ,  and 6 .  

C a l i p e r  l o g s  r u n  on t h e s e  w e l l s  v e r i f i e d  t h e  f i n d i n g s .  Through c o n s u l t a -  
t i o n  w i t h  Du Pont e n g i n e e r s ,  i t  w a s  determined t h a t  t h e  r e s i s t a n c e  of t h e  
e l e c t r i c a l  w i r i n g  of Che ser ies  c i r c u i t  w a s  t o o  high t o  a l low d e t o n a t i o n  of 
a l l  caps i n  the  c i r c u i t ;  consequent ly ,  t h e  remaining charges  were w i r e d  i n  
p a r a l l e l  c i r c u i t s .  

Before determining i f  f ragmenta t ion  had occurred between w e l l s  i n  t h e  
f i v e - s p o t  p a t t e r n ,  w e l l s  3 ,  5 ,  and 6 were re loaded  w i t h  1,860 pounds o f  TNT 
and s h o t  ( t a b l e  1 8 ) .  E l e v a t i o n  measurements were obta ined  on t h e  10 p a t t e r n  
w e l l s ,  and t h e  t h r e e  w e l l s  were cleaned o u t  t o  bottom by a r o t a r y  r i g  us ing  
a i r ,  foam, and w a t e r .  C a l i p e r  l o g s  were obta ined  on t h e  f i v e - s p o t  p a t t e r n  
w e l l s .  

n 
Water was b a i l e d  f i r s t  from i n j e c t i o n  w e l l  6 ,  and a i r  was immediately 

i n j e c t e d .  Then t h e  f i v e - s p o t  p a t t e r n  w e l l s  were b a i l e d .  Water was then  
b a i l e d  from surrounding w e l l s ,  and they  were s h u t  i n  u n t i l  a l l  wells were 
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Well 

2 
3 
4 
5 
6 

a v a i l a b l e  f o r  t e s t i n g .  Airf low t e s t s  were r u n  t o  determine t o  what e x t e n t  t h e  
zone was fragmentized and i f  f l u i d  communication was improved. 

T o t a l  depth ! T o t a l  depth Explosive Sand tamp Explosive 
of w e l l ,  of c a s i n g  , depth ,  I depth ,  u s e d ,  

f e e t  f e e t  f e e t  ~ f e e t  pounds 

379.0 

382.0 341.0 346.0 540 
381.0 342.0 346.0 720 

- 

- 

TABLE 18. - Shooting d a t a ,  second s h o t ,  small  f i v e - s p o t  
E a t t e r n ,  Green River s i t e  1 

W e l l  

2 
3 
4 
5 
6 

T o t a l  depth T o t a l  depth Explosive Sand tamp Explosive 
o f  w e l l ,  of  cas:ing, depth , d e p t h ,  used ,  

f e e t  f e e t  f e e t  f e e t  pounds 
381.0 342 .0  346 190  78C 
384.0 343 . O  34 5 200 1,920 
379.0 3 4 1 . 0  35 1 252 1,800 
383.0 3 4 1 . 0  34 6 197 1,320 
378.0 3 4 2 . 0  ’ 350 200 1,320 

The f i n a l  e x p l o s i v e  t e s t  performed on t h i s  s i t e  was a s imultaneous s h o t  
detonated i n  t h e  w e l l s  of t h e  f i r re-spot  p a t t e r n .  Wire- l ine  measurements w e r e  
ob ta ined  t o  determine t o t a l  depth ,  and c a l i p e r  l ogs  were r u n  t o  determine 
wel lbore  enlargement from which t o  c a l c u l a t e  t h e  amount of TNT t o  f i l l  each 
w e l l .  Water was swabbed and b a i l e d  from each w e l l ,  t h e  pr imers  were run  t o  
t o t a l  depth ,  and a predetermined amount of  TNT was poured i n  each w e l l .  A 
t o t a l  charge  of 7,140 pounds o f  TNT w a s  loaded i n  t h e s e  w e l l s ,  a s  i n d i c a t e d  i n  
t a b l e  19. A l l  cap l eads  were wi.ced i n  p a r a l l e l ,  connected t o  t h e  shoot ing  box, 
and t h e  charge was de tona ted .  A s t r o n g  ground shock was f e l t ,  and s e v e r a l  
w e l l s  vented t o  t h e  atmosphere.  

F i n a l  e l e v a t i o n  measurements w e r e  made on t h e  10 p a t t e r n  w e l l s ,  and t e r -  
minal  seismic e v a l u a t i o n s  were made b e f o r e  c l e a n i n g  t h e  w e l l s .  E ight  p a t t e r n  
w e l l s  were cleaned t o  t h e  approximate o r i g i n a l  t o t a l  dep th .  Casing i n  two 
w e l l s  was damaged from shoot ing .  Damaged w e l l  6 was m i l l e d  o u t  and p a r t i a l l y  
c leaned  t o  t o t a l  dep th .  Well 11 w a s  m i l l e d  through t h e  damaged c a s i n g ,  bu t  
junk i n  t h e  wel lbore  prevented c l e a n o u t  t o  t o t a l  depth .  

A c o n s i d e r a b l e  i n f l u x  of water  was swabbed from t h e  c a s i n g  of t h e  f i v e -  
s p o t  w e l l s .  B a i l i n g  of  w a t e r  from t h e  s h o t  zones cont inued u n t i l  t h e  b a i l e r  
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was s t u c k  s e v e r a l  t imes i n  damaged cas ing .  Then water was swabbed from the  
remaining w e l l s  i n  p r e p a r a t i o n  f o r  an  a i r f l o w  e v a l u a t i o n .  A i r  was i n j e c t e d  
cont inuous ly  i n t o  each w e l l  a s  soon a s  t h e  water w a s  removed. Continuous a i r  
i n j e c t i o n  was intended t o  keep water  i n f l u x  a t  a minimum dur ing  t h e  t e s t s .  
A i r  w a s  measured through an o r i f i c e  m e t e r  i n t o  i n j e c t i o n  w e l l s  4 and 6.  Flow 
r a t e s  w e r e  then  obta ined  from four  w e l l s  i n  t h e  f i v e - s p o t  p a t t e r n  and from 
four  w e l l s  i n  the  l a r g e  p a t t e r n .  

I n  cont inuing  t h e  f r a c t u r e  e v a l u a t i o n ,  a r a d i o a c t i v e - t r a c e r  f i e l d  t e s t  
was made i n  the  exp los ive ly  f r a c t u r e d  o i l  s h a l e  a t  t h i s  s i t e .  

R e s u l t s  

Seven e v a l u a t i o n  methods were used t o  o b t a i n  d a t a  t h a t  i n d i c a t e d  t h e  o i l  
s h a l e  was f r a c t u r e d  and/or  fragmented from the  exp los ive  work. Three of t h e  
seven methods ( c a l i p e r  l ogs ,  a i r f l o w  t e s t s ,  and r a d i o a c t i v e - t r a c e r  t e s t s )  
i n d i c a t e d  e i t h e r  formation damage and/or  i nc reased  f r a c t u r i n g  of t h e  rock  
between w e l l s .  

C a l i p e r  Logs 

P resho t  c a l i p e r  logs  were run  a f t e r  d r i l l i n g  and completing the  10 p a t -  
t e r n  we l l s  t o  show t h a t  t he  w e l l s  were d r i l l e d  t o  t h e  r equ i r ed  d iameters  and 
t h a t  no washouts o r  n a t u r a l  f r a c t u r e s  e x i s t e d  i n  the  wel lbores  through t h e  
t e s t  s e c t i o n .  Pos t sho t  c a l i p e r  l ogs  were run  a f t e r  each subsequent sho t  and 
t o  a s c e r t a i n  p rogres s ive  vo lumet r i c  i n c r e a s e s .  Table 20 shows t h e  amount of 
exp los ive  per  w e l l  f o r  each s h o t ,  wel lbore  volumes, and volume i n c r e a s e s  a f t e r  
each s h o t .  

Logs run  a f t e r  c l eanou t  of t h e  f i r s t  s h o t  on the  f i v e - s p o t  p a t t e r n  con- 
firmed the  f i n d i n g s  of the d r i l l e r  t h a t  the  exp los ive  charges  i n  w e l l s  3 ,  5 ,  
and 6 did no t  de tona te .  The logs  of t he  remaining w e l l s  2 and 4 i n d i c a t e d  
formation damage and i n c r e a s e s  i n  wel lbore  volumes of 43 and 69 p c t ,  
r e  spec  t iv  e 1 y . 

The l a r g e  p a t t e r n  o f  wells 7 - 1 1  was sho t  a f t e r  the  i n i t i a l  sho t  on the  
f i v e - s p o t  p a t t e r n .  The sand tamp, TNT, and p r i m e r  i n  w e l l  10 were blown out  
w i th  no de tona t ion  t ak ing  p l ace  downhole. The sand tamps were l e f t  i n  p l ace  
i n  the  remaining w e l l s ,  and c a l i p e r  logs were obta ined  l a t e r .  

A f t e r  r e shoo t ing  w e l l s  3 ,  5 ,  and 6 and c l ean ing  ou t  t h e s e  w e l l s ,  c a l i p e r  
logs  were r e r u n  on t h e  f i v e - s p o t  p a t t e r n .  The logs  i n d i c a t e d  complete detona-  
t i o n  of t he  TNT and showed i n c r e a s e s  i n  wel lbore  volumes of 95, 54,  and 83 p c t  
i n  wel ls  3 ,  5 ,  and 6 ,  r e s p e c t i v e l y ,  wi th  no change of volume i n  w e l l s  2 and 4 .  

The f i v e - s p o t  p a t t e r n  w a s  s h o t  aga in .  A f t e r  c l eanou t  work on the  10 p a t -  
t e r n  w e l l s ,  c a l i p e r  logs  were run  on wells 2-10. No log w a s  run  on wel l  11 
because of damaged c a s i n g .  Wells 2 ,  3 ,  4 ,  5 ,  and 6 i n  the  f i v e - s p o t  p a t t e r n  
i n d i c a t e d  i n c r e a s e s  i n  wel lbore  volumes of 111, 320, 108, 301, and 1 2  p c t ,  
r e s p e c t i v e l y ,  over t he  volumes c r e a t e d  from shot  2 on the  f i v e - s p o t  p a t t e r n .  
Wells 7 ,  8 ,  and 9 had i n c r e a s e s  i n  wel lbore  volumes of 38, 61, and 95 p c t .  
No logs were run  on wells 10 and 11. 



I 
Well- 

Well b o r e  
depth  , 

fee t  

3 342-365 

TABLE 20. - Explosive amounts, wel lbore  volumes, and volume i n c r e a s e s  
a f t e r  s h o t s ,  Green River s i t e  1 

7 341-374 11.16 600 

8 337-375 12.85 600 

9 337-373 12.18 840 

10 340-374 11.50 '600 

11 342-377 11.84 960 

F i r s t  
p o s t -  

s h o t  
w e l l -  

b o r e  
v o l -  
ume, 

c u  f t  

Volume 
i n c r e a s e ,  
f r a c t i o n  

Exp.10 - 
s ive 
used 

second 
s h o t ,  

pounds 

FIVE - 
8.82 0.43 - 

7.78 .oo 600 

16.40 

'7.44 

'11.50 

15.40 

20.73 

23.70 

- 11.50 

A 

0.38 

. 6 1  

.95 

.oo 

. 00 

Second 
p o s t -  
s h o t  
w e l l  - 
b o r e  
v o l -  

cu f t  
, 

Volume 
i n c r e a s e ,  
f r a c t i o n  

POT PATTERN 
- T T p x -  

Third 

Vo lume 
i n c r e a s e ,  
f r a c t i o n  

T o t a l  
exp l o  - 
s ive 

used ,  
pound s 

T o t a l  
volume 

i n c r e a s e ,  
f r a c t i o n  

I 

I D e t o n a t i o n  d i d  n o t  occur .  
2Well could n o t  be cleaned o u t  because o f  damaged c a s i n g .  
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Gamma Ray Logs 

Gamma r a y  l o g s  helped t o  c o r r e l a t e  formation l i t h o l o g y  between p a t t e r n  
wells and a c o r e  w,e11 d r i l l e d  some 500 f e e t  n o r t h e a s t  of t h e  p a t t e r n  w e l l s .  
In format ion  obta ined  from t h e  logs, and o i l  s h a l e  a s s a y s  of t h e  c o r e  w e l l  i n d i -  
cated t h e  zone of r e t o r t a b l e  o i l  s h a l e  was between approximate depths  from 328 
t o  368 f e e t .  A p a t t e r n  w e l l  was d r i l l e d ,  and t h e  zone of r e t o r t a b l e  s h a l e  was 
c o r r e l a t e d  w i t h  informat ion  obta ined  from t h e  c o r e  w e l l  by a gamma r a y  log .  
The zone of r e t o r t a b l e  o i l  s h a l e  underlying t h e  p a t t e r n  w e l l s  was from 340- t o  
380-foot dep th .  

Ai r f low Tests 

P r e s h o t  and p o s t s h o t  a i r f l o w  tes t s ,  made t o  a s c e r t a i n  p o s s i b l e  increased  
f low c a p a c i t i e s  between w e l l s ,  i n d i c a t e d  g r e a t e r  f r a c t u r e  p a t h s  and fragmenta- 
t i o n  through t h e  s h o t  zone. Two p o s t s h o t  flow tes t s  were conducted: One 
a f t e r  shoot ing  a l l  f i v e - s p o t  w e l l s  and t h e  l a r g e  p a t t e r n  o f  w e l l s ,  and one 
a f t e r  shoot ing  t h e  f i v e - s p o t  p a t t e r n  a second t i m e .  Tests were n o t  made on 
w e l l s  7-11 o n g o s t s h o t  f low t e s t  1 because the  sand tamp w a s  l e f t  i n  the  w e l l s  
f o r  planned shoot ing .  
t es t  2 a f t e r  t h e  shoot ing  and c l e a n o u t  were accomplished. 

Tests were made on t h e s e  w e l l s  dur ing  p o s t s h o t  f low 

Preshot  a i r f l o w  f e s t s  were conducted a f t e r  water  was b a i l e d  from a l l  10 
w e l l s .  Well 6 wars used f o r  a i r  i n j e c t i o n  a t  270 p s i .  L i t t l e  p r e s s u r e  d r a w -  
down was noted on t h e  i n j e c t i o n  w e l l ,  and no p r e s s u r e  bui ldup  was noted on t h e  
product ion  w e l l s ,  i n d i c a t i n g  n e g l i g i b l e  c o m u n i c a t i o n  between p a t t e r n  w e l l s .  

Flow t e s t  1 was r u n  a f t e r  a l l  we l l s  i n  t h e  f i v e  s p o t  were s h o t  and 
c leaned  o u t .  I t  was imposs ib le  t o  b a i l  a l l  t h e  water from f i v e - s p o t  p a t t e r n  
w e l l s  because of excessive formation-water  i n f l u x .  A i r  was measured w i t h  a n  
o r i f i c e  meter r u n  and i n j e c t e d  i n t o  w e l l  6 wi th  a l l  o t h e r  w e l l s  s h u t  i n  u n t i l  
p r e s s u r e s  i n  t h e  p a t t e r n  s t a b i l i z e d .  Each of t h e  w e l l s  2 ,  3 ,  4 ,  and 5 w a s  
produced a t  predetermined backpressure  through a pos i t ive-d isp lacement  meter 
f o r  a 30-min tes t  p e r i o d .  The same procedure was followed u s i n g  w e l l  4 a s  t h e  
i n j e c t i o n  w e l l  and t e s t i n g  w e l l s  2 ,  3,  5 ,  and 6 i n  sequence. The a i r  i n j e c -  
t i o n  r a t e  was c a l c u l a t e d  by t h e  s tandard  o r i f i c e  f low e q u a t i o n  u s i n g  a 24-hour 
flow base .  

S i m i l a r l y ,  a f t e r  c o r r e c t i n g  f o r  t h e  a i r  produced from t h e  w e l l s  by p r e s -  
s u r e  bleeddown, us ing  t h e  producing-s t r ing  and open-hole volumes, t h e  remain- 
i n g  volume of a i r  produced i n  t h e  30-min f low tes t  was converted t o  a 24-hour 
flow b a s e .  Shown i n  t a b l e s  21 and 22 are comparisons between i n j e c t i o n  and 
product ion  r a t e s ,  u s i n g  w e l l s  4 and 6 as  i n j e c t i o n  w e l l s  f o r  flow t e s t s  1 and 
2 ,  r e s p e c t i v e l y .  

An examination of t h e  producing rates compared w i t h  i n j e c t i o n  ra tes  dur-  
i n g  tes t  1 f o r  t h e  v a r i o u s  w e l l  p a i r s  shows t h a t  when w e l l  4 ( t a b l e  23) was 
used as  t h e  i n j e c t i o n  w e l l ,  w e l l s  3,  5 ,  and 6 produced a t  r a t e s  h i g h e r  than  
t h e  a i r - i n j e c t i o n  r a t e ,  and t h a t  w e l l  2 produced a t  a lower r a t e .  Using 
w e l l  6 ( t a b l e  23) as t h e  i n j e c t i o n  w e l l ,  a l l  w e l l s  produced a t  a lower ra te  
than  t h e  i n j e c t i o n  r a t e .  
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TABLE 21 .  - Comparison of product ion  rates t o  i n j e c t i o n  r a t e s  u s i n g  
w e l l  6 as t h e  i n j e c t i o n  w e l l ,  Green River s i t e  1 

Product ion 
w e l l  

2 
3 
4 
5 
6 
7 
8 
9 

10 

Product ion 
r a t e ,  c f d  

33 , 600 
46 , 900 
25 , 600 
64 , 000 

(4 )  

(5 1 
( 5  1 
(6 ) 
(5 1 
5 

‘ i rs t  tes 

:n j ec  t i  on 
. a t e  , c f d  

60 , 100 
59,000 
26,400 
67 , 200 

- 
- 
- 
- 
- 
- 

1 

Wellhead 
p res su re  , 
P 
S t a r t  

145 
155 
144 
15 1 
- 
- 
- 
- 
- 
- 

ig 
Finish  
100 
132 
112 
89 
- 
- 
- 
- 
- 
- 11 

l F i r s t  and second sho t  f i v e - s p o t  p a t t e r n ,  f i r s t  sho t  l a r g e  p a t t e r n .  
“Thi rd  s h o t  f i v e - s p o t  p a t t e r n .  
3~~ tes t ,  excess ive  water  i n f l u x .  

5No t e s t ,  sand tamp i n  cas ing .  
6No t e s t ,  damaged cas ing .  

I n j e c t i o n  w e 1  1. 

’r oduc t i  on 
- a t e  , c fd  

(3  ) 
3 1 , 2 0 0  
31 , 100 
4 7 , 4 0 0  

1 , 5 0 0  
32 , 000 

8 , 0 0 0  
65 , 200 

- 

( 6 )  

x o n d  t e s  

[ n j  ec  t i o n  
: a t e ,  cfd 

- 
5 2 , 4 0 0  
49  , 900 
60 , 400 

60 , 600 
62 , 100 
6 2  , 300 
58,500 

- 

- 

? 

Wellhead 
p r e s s u r e  , 
P 
S t a r t  

115 
127 
108 

106 
108 
112 
10 7 

- 

- 

- 

TABLE 2 2 .  - Comparison of product ion  rates t o  i n j e c t i o n  r a t e s  u s i n g  
w e l l  4 a s  t h e  i n j e c t i o n  w e l l ,  Green River  s i t e  1 

iR 
F i n i s h  

79 
108 

93 

46 
88 
37 
80 

- 

- 

- 

Product ion  
w e l l  

2 
3 
4 
5 
6 
7 
8 
9 

10 

Product ion  
r a t e ,  c fd  

21 , 500 
51 ,500  

51 ,000  
62 , 400 

(3 1 

(4 ) 
(4 ) 
(* ) 
(4 ) 

F i r s t  te2 

I n  j ec  t io1 
ra te  , cfc 

4 6 , 7 0 0  
4 3  , 900 

48 , 000 
42 ,400  

- 

- 
- 
- 
- 

L 

Wellhead 
p r e s s u r e  , 

2 

’r oduc ti on 
? a t e  , c f d  

9 , 700 
2 9 , 4 0 0  

66 ,600  
28 ,100  
11 , 900 
48 , 800 
18 , 600 
88,100 

- 

( 5  ) 

econd tes 

I n  j ec  t i o n  
r a t e  , c fd  

6 9  , 900 
77 , 200 

112,800 
82 , 300 
8 3 , 2 0 0  
7 6 , 5 0 0  

101,700 
120 , 300 

- 

- 

We 1 lhead 
p r e s s u r e  , 

11 (4 ) I I - 
’ F i r s t  and second sho t  f i v e - s p o t  p a t t e r n ,  f i r s t  sho t  l a r g e  p a t t e r n .  

2 
S t a r t  

136 
131 

13 6 
136 
134 
135 
135 
13 1 

- 

- 

Third s h o t  f i v e - s p o t  p a t t e r n .  
I n j e c t i o n  w e l l .  

4No t e s t ,  sand tamp i n  cas ing .  
5No t e s t ,  damaged c a s i n g .  

a 
3 

ig 
F i n i s h  

126 
104 

134 
5 6  
29  

121 
33  

131 

- 

- 
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TABLE 23 .  - Comparison of f low between w e l l  p a i r s ,  
Green River s i t e  1 

Well 

2 
3 
4 
5 
6 
7 
8 
9 

10 
2 
3 
4 
5 
6 
7 
8 
9 

10 

F i r s t  f low r a t e ,  Q ,  
c f d  

15,900 
54 ,400  
18,200 
33,800 

(" ) 
- 
- 
- 
- 

6 , 900 
23 800 

19 ,500  
28,400 

) 

- 
- 
- 
- 

Second flow r a t e ,  Q ,  
c fd  

20,200 
40  , 100 
37,000 

700 
23 , 500 

3 , 7 0 0  
4 2 , 6 0 0  
17,000 
28 400 

553,300 
14 800 

800 
93,800 

8 100 
4 1 9 , 5 0 0  

) 

- 

- 

D P ~ ,  psiaz  

l N o  flow obta ined  due t o  h igh  ra te  of water i n f l u x .  
a I n j e c t i o n  w e 1  1. 

The d a t a  i n d i c a t e s  t h a t  w e l l s  3 ,  5 ,  and 6 e i t h e r  had e f f e c t i v e  f r a c t u r e s  
around them o r  intercommunication such t h a t  they could d r a i n  a i r  from each 
o t h e r  whi le  a i r  w a s  being i n j e c t e d  i n t o  w e l l  4 .  The d a t a  obta ined  us ing  
w e l l  6 a s  t h e  i n j e c t i o n  w e l l  i n d i c a t e d  t h a t  f low-path communication between 
w e l l s  w a s  a t  d i f f e r e n t  levels.  The flow pa ths  e i t h e r  d i d  no t  connect  a l l  
w e l l s  o r  were p a r t i a l l y  water  f i l l e d  because a l l  producing ra tes  were l e s s  
than  t h e  i n j e c t i o n  r a t e s .  

Using t h e  i n j e c t i o n  w e l l  p r e s su re  as the  upstream p res su re  ( P , )  and the  
f i n a l  wellhead p r e s s u r e  a s  t h e  downstream p r e s s u r e  ( P f ) ,  t h e  product ion  flow 
r a t e  f o r  the  w e l l  w a s  p l o t t e d  v e r s u s  the  d i f f e r e n c e  i n  p re s su res  squared on a 
log- log  p l o t .  F igu res  26 and 27 show p l o t s  o f  flow d a t a  from tes ts  1 and 2 
u s ing  w e l l  4 as t h e  i n j e c t i o n  w e l l  and from tes t s  1 and 2 us ing  w e l l  6 a s  the  
i n j e c t i o n  w e l l ,  r e s p e c t i v e l y .  Assuming laminar  f low,  a s lope  of 1 w a s  drawn 
through t h e  v a r i o u s  p o i n t s ,  which permi t ted  a comparison between the  va r ious  
w e l l  t e s t s .  

By choosing a r e f e r e n c e  l e v e l  of PS2 - P f 2  equal ing  10,000, v a l u e s  of 
r a t e  f o r  t he  v a r i o u s  w e l l s  were compared as shown i n  t a b l e  23.  With w e l l  6 
( t e s t  1) as  t h e  i n j e c t i o n  w e l l ,  t h e  o rde r  of wel l s  wi th  g r e a t e s t  p r o d u c t i v i t y  
was 3 ,  5 ,  4 ,  and 2 .  With w e l l  4 ( t e s t  1) a s  t h e  i n j e c t i o n  w e l l ,  t h e  o rde r  of 
w e l l  p r o d u c t i v i t i e s  was 6 ,  3 ,  5 ,  and 2 .  

Flow tes t  2 w a s  made on a l l  wells i n  the  f i v e - s p o t  p a t t e r n  and on 
w e l l s  7-10 i n  the  l a r g e  p a t t e r n  a f t e r  t he  w e l l s  were cleaned o u t .  Attempts 
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FIGURE 26. - F l o w  tests  of w e l l  pairs w i th  wel l  4 as the in ject ion wel l ,  Green River s i t e  1 .  

were made t o  remove water from the  w e l l s  p r i o r  t o  t e s t i n g ,  bu t  excess ive  w a t e r  
i n f l u x  and s l i g h t l y  damaged cas ing  i n  some w e l l s  made complete removal impos- 
s i b l e .  The same tes t s  were performed us ing  wells 4 and 6 as  i n j e c t i o n  w e l l s  
and keeping the  t e s t  parameters  ( s imi la r .  Flow tes t s  were made on fou r  a d d i -  
t i o n a l  w e l l s  (7-10) .  T e s t  in format ion  was not  a v a i l a b l e  i n  flow t e s t  1 
because of a sand tamp i n  t h e  cas ing  of t h e s e  wel l s .  Because w e l l  11 had 
damaged c a s i n g ,  t h e  planned test:; were n o t  performed on i t .  

The  da t a  from tables  21  and 22 ,  t e s t  2 ,  u s ing  w e l l  4 as the  i n j e c t i o n  
w e l l ,  shows t h a t  a l l  wells produced a t  lower ra tes  compared wi th  r a t e s  of 
i n j e c t e d  a i r .  With w e l l  6 as t h e  i n j e c t i o n  w e l l ,  a l l  w e l l s  except  w e l l  10 
produced a t  a lower r a t e  than w a s  i n j e c t e d .  

Values of r a t e  were determined f o r  t h e  v a r i o u s  w e l l s  from t e s t  2 a t  a 
P," - P f 2  of 10,000 and w e r e  compared i n  t a b l e  23. Values of flow f o r  
w e l l s  7-10 were inc luded  s i n c e  a l l  w e l l s  were c leaned  o u t ,  bu t  t hese  v a l u e s  
cannot  be compared wi th  ra tes  from t e s t  1 because no tes t s  were made on these  
w e l l s .  

The f i r s t  flow t e s t  i n d i c a t e d  w e l l  6 t o  be  a b e t t e r  i n j e c t i o n  w e l l  than  
w e l l  4 .  The second flow t e s t ,  made a f t e r  t h e  f i n a l  sho t  and c l e a n o u t ,  i n d i -  
c a t e d  w e l l  4 t o  be the  b e s t  injec: t ion w e l l .  

P o s s i b l e  reasons  f o r  t he  d i f f e r e n c e  of d a t a  from one tes t  t o  ano the r  and 
from one i n j e c t i o n  w e l l  t o  another  were a s  fo l lows:  
fragmented zones,  excess ive  water  i n  the  formation and we l lbo res ,  and p a r t i a l  
c l eanou t  of t h e  we l lbo res  compared wi th  prev ious  t e s t  c o n d i t i o n s .  These t e s t  

Plugging of f r a c t u r e s  and 
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IOC 

Q, mctd  

FIGURE 27. - F l o w  tests of w e l l  pairs w i t h  wel l  6 as the in ject ion wel l ,  Green River s i t e  1. 

r e s u l t s  showed improvement of  flow between w e l l s  i n  t he  f i v e - s p o t  and f r a c t u r e  
improvement between t h e  f i v e  w e l l s  i n  t h e  p a t t e r n .  

E leva t ion  Measurements 

E l e v a t i o n  measurements were made to  determine r e s i d u a l  overburden l i f t  i n  
and about  t he  w e l l  p a t t e r n .  To determine t h e  e l e v a t i o n  changes more p re -  
c i s e l y  on t h i s  s i t e ,  a p a t t e r n  of 33 e l e v a t i o n - r e f e r e n c e  markers was e s t a b -  
l i s h e d  throughout t he  p a t t e r n .  A surveying ins t rument  was used t o  o b t a i n  
p re sho t  o r  o r i g i n a l  e l e v a t i o n s  on cas ing  c o l l a r s  of t he  11 wells and 33 r e f -  
e rence  markers b e f o r e  t h e  shoot ing  program was i n i t i a t e d .  Preshot  and p o s t -  
sho t  e l e v a t i o n  measurements a re  g iven  i n  t a b l e  24. 
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TABLE 24. - E l e v a t i o n  measurements obtained from wellhead cas@= 
and r e f e r e n c e  markers,  Green River  s i t e  1 

Well o r  
r e f e r e n c e  
mar ker l  

2 
3 
4 
5 
6 
7 
8 
9 

10 
11 

s-1 
s-2 
s -3 
s -4 
s -5 
S -6 
s -7 
S -8 
s - 9  
s-10 
s-11 
s-12 
S-13 
S-14 
S -15 
S-16 
S-17 
S -18 
s-19 
s -20 
s -21  
s-22 
S-23 
S -24 
S -25 
S -26 
S-27 
S-28 
S-29 
S -30 
S-31 
S-32 
s -33 

O r  igin.3 1 
e leva t ions  , 

f e e t  
6 , 182.27 
6,182.45 
6 ,181 .18  
6,180.59 
6 ,181 .46  
6,179.56 
6,176.04 
6 ,176 .01  
6 , 179.04 
6,182.03 
6 , 181.95 
6 , 180.30 
6 , 178.72 
6,176.79 
6 , 175.07 
6,182.42 
6 , 180.69  
6,176.75 
6,174.03 
6 , 181.48 
6,179.06 
6 ,178 .49  
6 ,177 .05  
6,175.70 
6 ,182 .31  
6,180.16 
6 , 178.05 
6,176.46 
6,174.80 
6 , 173.77 
6,180.31 
6,178.92 
6,177.50 
6 ,175 .91  
6,181.65 
6 , 179.23 
6,176.71 
6 , 174.26 
6 , 180.43 
6,179.14 
6,177 .68 
6 ,176 .64  
6,175.39 

E leva t i o n s  
f i v e  s p o t  and 

l a r g e  p a t  t e r n ,  f e e t  
6 ,182.27 
6 , 182.46 
6,181.  L8 
6 , 180.60 
6 , 18 1 . 4  7 
6 , 179.5 7 
6 , 176.05 
6,176.02 
6,179.04 
6 , 18 2.03 
6,181.06 
6 , 180.32 
6,178.72 
6,176.81 
6 , 175.08 
6 , 182 .le3 
6,180.70 
6,176.77 
6 , 174.05 
6 , 18 1 . le 9 
6 , 179. 05 
6 , 178.49 
6 , 1 7 7 .05 
6 ,175 .71  
6 , 182 .32 
6 , 180. I 6  
6 ,178.05 
6 , 176.46 
6 , 174.80 
6 , 173.78 
6,180 . 3  1 
6 , 178.112 
6 , 177.50 
6 , 175. !)1 
6 ,181 .64  
6 , 1 79 . 2 3  
6,176.71  
6,174.26 
6 , 180.43 
6 , 179. I4 
6 , 177.68 
6 , 176.04 
6 ,175 .39  

E leva t ions  
second shot  

f i v e  s p o t ,  f e e t  
6 , 182.28 
6,182.46 
6,181.18 
6,180.60 
6 , 181.48 
6 .179 .57  
6 , 176.05 
6 , 176.07 
6 , 179.05 
6 , 18 1 . 9 9  
6 , 181.96 
6,181.32 
6,178.73 
6 , 176.80 
6,175.08 
6 , 182.43 
6 ,180 .70  
6 ,176 .76  
6 , 174.04 
6,181.49 
6,179.05 
6,178.50 
6,177.06 
6,175.71 
6,182.32 
6,180.16 
6,178.05 
6,176.45 
6 , 174.80 
6 , 173.78 
6 ,180 .31  
6,178.92 
6,177.50 
6 ,175 .91  
6 , 181.65 
6,179.24 
6 ,176 .71  
6 , 174.26 
6 , 180.43 
6,179.14 
6,177.69 
6 , 176.64 
6 ,175 .39  

'Reference markers a r e  i n d i c a t e d  by numbers preceded by an  S .  

E l e v a t i o n s  
t h i r d  shot  

f i v e  s p o t ,  f e e t  
6 , 182.27 
6 , 182.46 
6,181.18 
6,180.60 
6,181.47 
6,179.57 
6 , 176.05 
6 ,176 .06  
6 , 179.04 
6,181.98 
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Measurements were obta ined  on a l l  w e l l s  and r e f e r e n c e  markers a f t e r  
shoot ing  t h e  f i v e - s p o t  and l a r g e  p a t t e r n  f o r  t h e  f i r s t  t ime. 
d i f f e r e n c e  was noted between p r e s h o t  and pos t sho t  e l e v a t i o n  measurements. 
second pos t sho t  measurement was obta ined  on a l l  w e l l s  and r e f e r e n c e  markers 
a f t e r  shoot ing  w e l l s  3 ,  5 ,  and 6 of t he  f i v e - s p o t  p a t t e r n .  
c a n t  d i f f e r e n c e  w a s  recorded i n  e l e v a t i o n  measurements. The t h i r d  pos t sho t  
measurement w a s  ob ta ined  on w e l l s  2-11, a f t e r  r e shoo t ing  w e l l s  2-6 a s  t he  f i v e -  
spo t  p a t t e r n .  
obtained on these  w e l l s ;  t h e r e f o r e ,  no measurements were taken  on the  r e f e r -  
ence markers .  

No a p p r e c i a b l e  
The 

Again no s i g n i f i -  

No s i g n i f i c a n t  d i f f e r e n c e s  i n  e l e v a t i o n  measurements were 

The s t a t i c  r e s u l t s  ob ta ined  from e l e v a t i o n  measurements i n d i c a t e  minimum 
f ragmenta t ion  of t h e  o i l  s h a l e  exposed t o  exp los ive  f r a c t u r i n g ;  no r e s i d u a l  
l i f t  of t h e  overburden r e s u l t e d  from one o r  a combination o f  exp los ive  s h o t s .  

Downhole-Camera Survey 

Well 4 w a s  d r i l l e d  wi th  a 9- inch b i t  and completed wi th  7- inch cas ing  t o  
p e r m i t  i t s  use  a s  t h e  p re sho t  downhole-camera survey w e l l .  Water was b a i l e d  
from the  w e l l  t o  t o t a l  depth .  Black-and-white and c o l o r  s t e reoscop ic  p i c t u r e s  
were obta ined  a t  1 - foo t  i n t e r v a l s  from 380 t o  340 f e e t .  The p i c t u r e s  were of 
such poor q u a l i t y  t h a t  a p re sho t  e v a l u a t i o n  of t h e  wel lbore  could not  be made. 
The p a t t e r n  was exp los ive ly  f r a c t u r e d  be fo re  the  p i c t u r e s  were a v a i l a b l e ;  con- 
sequen t ly ,  a camera survey of t h i s  w e l l  could  n o t  be r epea ted .  Well 1 2  was 
d r i l l e d  a f t e r  t h e  shoot ing  program was completed f o r  a pos t sho t  downhole- 
camera e v a l u a t i o n  of t h e  formation i n  and about  t h e  f i v e - s p o t  p a t t e r n .  The 
w e l l  was d r i l l e d  t o  340 f e e t  wi th  a 9- inch b i t ;  7- inch cas ing  was set  on t h e  
shoulder ,  and t h e  remaining 40 f e e t  of s h a l e  w a s  d r i l l e d  out  w i th  a 6-114-inch 
b i t .  

A f t e r  t h e  exp los ive  program w a s  completed,  t he  water  i n f l u x  i n t o  t h i s  
w e l l  was s o  r a p i d  t h a t  t he  water could n o t  be b a i l e d  t o  t o t a l  depth .  However, 
t he  camera was lowered a f t e r  r a p i d  b a i l i n g ,  and water was de t ec t ed  10 f e e t  
below t h e  c a s i n g .  This confirmed a r a p i d  i n f l u x  of water through t h e  f r a c t u r e  
system i n t o  t h i s  w e l l .  Consequently,  n e i t h e r  preshot  nor pos t sho t  downhole 
p i c t u r e s  were a v a i l a b l e  f o r  t he  f i n a l  e v a l u a t i o n  program. 

Seismic De l inea t ion  

Four sets  of se i smic  measurements were taken  dur ing  the  experiment:  
(1) P r e f r a c t u r i n g ;  (2)  a f t e r  de tona t ion  of t h e  smal l  f i v e - s p o t  p a t t e r n ,  
w e l l s  2-6 ( f i g .  24);  ( 3 )  a f t e r  de tona t ion  of t he  l a r g e  f i v e - s p o t  p a t t e r n ,  
w e l l s  7-11; and ( 4 )  a f t e r  a second de tona t ion  of t h e  small  f i v e - s p o t  p a t t e r n .  
During the  p r e f r a c t u r i n g  ser ies ,  se i smic  v e l o c i t y  measurements were taken  t o  
provide the  v e r t i c a l  t o  h o r i z o n t a l  v e l o c i t y  r e l a t i o n s h i p  due t o  t h e  an i so t ropy  
of o i l  s h a l e .  

A r r i v a l  t i m e s  were measured f o r  each geophone l o c a t i o n .  A t y p i c a l  se i s -  
mic record  i s  shown i n  f i g u r e  2 8 .  R e p e a t a b i l i t y  of a r r i v a l  t imes a t  each r eoc -  
cupied l o c a t i o n  and a t  t h e  r e f e r e n c e  geophone was good t o  w i t h i n  21.0 msec. 
A r r i v a l  t ime t o  a l l  geophones w a s  c o r r e c t e d  f o r  e l e v a t i o n  v a r i a t i o n s .  
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FIGURE 28. - Typ ica l  seismic recordings, Green River s i t e  1 .  

Amplitudes were c a l c u l a t e d  from t r a c e  ampl i tude ,  gage s e n s i t i v i t y ,  a m p l i -  
f i e r  g a i n ,  and system c a l i b r a t i o n s .  The r e f e r e n c e  geophone ampli tudes were 
averaged ,  and a l l  s i g n a l  ampli tudes :for a g iven  se i smic  s h o t  w e r e  ad jus t ed  by 
the  amount necessary  t o  a d j u s t  t h e  r e f e r e n c e  geophone ampli tude f o r  t h a t  sho t  
t o  the  average r e f e r e n c e  geophone ampli tude.  V a r i a t i o n  i n  the  r e f e r e n c e  geo- 
phone ampli tude was assumed t o  be  caused by a v a r i a n c e  i n  the  coupl ing  condi -  
t i o n s .  This coupl ing  v a r i a n c e  d id  no t  a f f e c t  the gene ra l  wave shape a t  the 
r e f e r e n c e  geophone. 

I n  a d d i t i o n  t o  a r r i v a l  t i m e ,  ampl i tude ,  and wave shape,  c o n s i d e r a t i o n  was 
g iven  t o  p a r t i c l e  motion d i r e c t i o n  a t  s t a t i o n s  occupied by both  v e r t i c a l  and 
h o r i z o n t a l  geophones. Severa l  c r i t i c a l  p o s i t i o n s  were s e l e c t e d ,  and t h e  f r e -  
quency and power spectra were eva lua ted  f o r  s i g n i f i c a n t  v a r i a t i o n s  i n  t h e  
se i smic  s i g n a l  from a l l  fou r  se ts  of  d a t a .  

Analys is  of s e i s m i c  t r a v e l t i m e s ,  ampl i tudes ,  s i g n a l  q u a l i t y ,  p a r t i c l e  
motion,  and frequency s p e c t r a  gave no i n d i c a t i o n  of t h e  presence  of a f r a g -  
mented zone. This  does no t  mean t h a t  some degree  of f r a c t u r i n g  d id  no t  occur ,  
on ly  t h a t  t h e  seismic method d id  n o t  d e t e c t  and d e l i n e a t e  f r a c t u r e s  or  t h e  
presence  of a rubb le  zone. 

Radioac t ive-Tracer  T e s t  

A r a d i o a c t i v e - t r a c e r  technique w a s  f i e l d  t e s t e d  on t h i s  s i t e .  This  
method w a s  intended t o  e v a l u a t e  t h e  s i z e  of f r a c t u r e s  and v o i d s  and t o  d e t e r -  
mine t h e  e x t e n t  of f ragmenta t ion  i n  the  sho t  zone and o t h e r  c h a r a c t e r i s t i c s  
except  in format ion  on t h e  s i z e  of t h e  s o l i d  b locks .  However, downhole mixing 
both  i n  t h e  i n j e c t i o n  w e l l  and i n  t h e  monitored w e l l s  was such t h a t  r e s u l t s  
w e r e  masked, and f u r t h e r  i n t e r p r e t i v e  s t u d i e s  were r e q u i r e d .  More complete 
d e t a i l s  of t h i s  and the  foregoing  f r a c t u r e  e v a l u a t i o n  techniques  a r e  d i s -  
cussed i n  t h e  appendix.  
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Summary 

The 10-well  t e s t  p a t t e r n  was developed t o  advance e x p l o s i v e - f r a c t u r i n g  
technology f o r  recover ing  s h a l e  o i l  by i n  s i t u  methods. The w e l l s  were 
d r i l l e d  t o  a depth of 380 f e e t  and had w e l l  p a t t e r n s  wi th  25- and 50-foot  
s p a c i n g s .  

Two s h o t s  were detonated on t h e  25-foot-spaced w e l l  p a t t e r n ;  one s h o t  
t o t a l e d  3,300 pounds, and t h e  o t h e r  sho t  t o t a l e d  7,140 pounds o f  p e l l e t i z e d  
TNT. One s h o t  was detonated i n  t h e  50-foot-spaced w e l l ' p a t t e r n  t o t a l i n g  3,000 
pounds of TNT. 

Seven methods were used t o  e v a l u a t e  t h e  e f f e c t s  of explos ive  f r a c t u r i n g  
e f f o r t s  t o  i n d i c a t e  i f  t h e  formation w a s  f r a c t u r e d  and/or  fragmented. 

CONCLUSIONS 

Conclusions drawn from r e s u l t s  of model t e s t s  u s i n g  N G 1  i n  s h e e t l i k e  
l a y e r s  i n  g l a s s  r e s e r v o i r s  and i n  meta l  tubes a r e  a s  fo l lows :  

1. 
propagat ion .  

Conf igura t ion  o f  t h e  r e s e r v o i r s  had no apparent  e f f e c t  on d e t o n a t i o n  

2 .  With no f r a c t u r e - p r o p p i n g  sand i n  t h e  r e s e r v o i r s ,  d e t o n a t i o n  v e l o c i t y  
i n c r e a s e d  s l i g h t l y  w i t h  confinement.  Detonat ion v e l o c i t i e s  under aluminum and 
g l a s s  confinement were h igh  o r d e r  and low o r d e r ,  r e s p e c t i v e l y .  

3 .  With e x p l o s i v e  confinement provided by aluminum tubes ,  f r a c t u r e -  
propping sand reduced t h e  d e t o n a t i o n  v e l o c i t y  from high  o r d e r  t o  low o r d e r .  
Frac ture-propping  sand w i t h  l i t t l e  confinement ,  such a s  t h a t  o f f e r e d  by g l a s s  
p l a t e s ,  had no a p p r e c i a b l e  e f f e c t  on t h e  r e s u l t i n g  low-order d e t o n a t i o n  
v e l o c i t i e s .  

4 .  Explosive propagat ion was achieved through g l a s s - p l a t e  r e s e r v o i r s  
s i m u l a t i n g  a sand-propped h y d r a u l i c  f r a c t u r e  i n  l a y e r  t h i c k n e s s e s  from 0.1875 
t o  0 .0312 inch  and i n  aluminum tubes w i t h  d iameters  ranging  from 2.067-inch 
t o  0.269-inch I D .  

5 .  Detonat ions propagated through r e s e r v o i r  d i s t a n c e s  of 8 f e e t  i n  a l l  
s h e e t l i k e  l a y e r  t h i c k n e s s e s  and i n  a l l  aluminum tube d i a m e t e r s  t e s t e d .  

6 .  To achieve  complete d e t o n a t i o n  propagat ion ,  adequate  i n i t i a t i n g  
s t i m u l i  were necessary .  

I t  was f u r t h e r  demonstrated through n e a r - s u r f a c e  t e s t i n g  t h a t  N G 1  w i l l  
d e t o n a t e  i n  a ve r t i ca l  c r a c k  0.115 inch  wide,  4 f e e t  long and 5 f e e t  deep i n  
l imes tone  wi th  r e s u l t a n t  random f r a c t u r i n g .  

N G 1  w i l l  d e t o n a t e  and t h e  explos ion  w i l l  propagate  i n  w a t e r - f i l l e d  
n a t u r a l - f r a c t u r e  and sand-propped, h y d r a u l i c a l l y  induced f r a c t u r e s  i n  o i l  
s h a l e .  The s h a l e  was fragmented by t h i s  method, and a s u c c e s s f u l  underground 
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r e t o r t i n g  experiment t o  recover  s h a l e  w a s  performed. Owing to  t h e  d i f f i c u l t y  
i n  con t ro  l i n g  the  flow p a t t e r n  of t he  N G 1 ,  i t s  use  i s  n o t  recommended i n  
t h e s e  systems.  

P e l l e t i z e d  TNT used i n  wel lbore  s h o t s  fragmented t h e  o i l  s h a l e  between 
wells a t  t he  r e l a t i v e l y  shal low depths  from 60 t o  100 f e e t .  Extensive f r a c -  
t u r i n g  ou t  t o  a r a d i u s  of  approximately 48 f e e t  was d i s c l o s e d  by se i smic  meth- 
ods.  F u r t h e r ,  p e l l e t i z e d  TNT was used i n  wel lbore  s h o t s  i n  w e l l s  under 150 t o  
385 f e e t  of overburden rock .  F r a c t u r i n g  was c r e a t e d  between w e l l s  a s  i n d i -  
c a t e d  by a i r f l o w  t e s t s ,  bu t  e v a l u a t i o n  techniques d i d  n o t  i n d i c a t e  the  e x t e n t  
o f rock  f ragmenta t ion .  

Each of some 14 e v a l u a t i o n  methods was found u s e f u l  i n  determining t h e  
e x t e n t  of t h e  exp los ive ly  induced f r a c t u r e s  and s i z e  of t h e  fragmented zones.  
Most of t he  methods gave q u a l i t a t i v e  r a t h e r  than q u a n t i t a t i v e  e s t i m a t e s .  
Methods used i n  e s t i m a t i n g  the  f ragmenta t ion  of rock  a d j a c e n t  t o  the  wel lbore  
inc luded  downhole p i c t u r e s ,  packe r  impress ions ,  and c a l i p e r - l o g  surveys .  
Those methods f o r  e s t i m a t i n g  the a r e a l  e x t e n t  of rock f ragmenta t ion  included 
c o r i n g ,  se i smic  d e l i n e a t i o n ,  se i smic  holography, e l e c t r i c a l  r e s i s t i v i t y ,  and 
e l e v a t i o n  measurements. Included i n  t h e  methods used i n  e s t i m a t i n g  the  r a d i a l  
e x t e n t  of exp los ive  f r a c t u r e s  w e r e  a i r f l o w  t e s t s ,  formation g r o u t i n g s ,  and 
r a d i o a c t i v e - t r a c e r  t e s t s .  
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APPENDIX. - -DISCUSSION OF EVALUATION METHODS 

Scope 

Numerous methods were e i t h e r  devised o r  used t o  e v a l u a t e  p re sho t  and 
pos t sho t  f r a c t u r e s  i n  the  o i l  s h a l e  t e s t  s i t e s ,  and t o  determine the  e x t e n t  of 
t he  f r a c t u r e s  and s i z e  of t h e  fragmented zones. Some proven methods w e r e  
app l i ed  t o  the  problems w i t h  l i t t l e  d i f f i c u l t y .  Other methods under develop-  
ment were complicated,  and t h e i r  a p p l i c a t i o n  t o  t h e  problems r equ i r ed  s k i l l s  
i n  rock  mechanics,  e l e c t r i c  logging ,  and e l e c t r o n i c s  i n  a d d i t i o n  t o  t h e  use  of 
s o p h i s t i c a t e d  e l e c t r o n i c  equipment. However, each method provided some d a t a  
used i n  the  broad e v a l u a t i o n  of t he  exp los ive ly  fragmented o i l  s h a l e .  

A l l  e f f i c i e n t  i n  s i t u  ope ra t ions  t o  recover  hydrocarbons o r  o t h e r  miner- 
a l s  from underground r e s e r v o i r s  and rocks  r e q u i r e  cons ide rab le  i n t e r w e l l  com- 
municat ion through t h e  h o s t  rock .  Also e s s e n t i a l  t o  t hese  recovery techniques  
i s  some knowledge of t h e  e x t e n t  and d i r e c t i o n  of f l u i d  l eakof f .  The s i z e ,  
shape, a t t i t u d e ,  c o n d i t i o n ,  and number of f r a c t u r e s  a r e  some of t he  ques t ions  
t o  which answers w e r e  sought by applying the  14 f r a c t u r e - e v a l u a t i o n  methods. 

Included are d i s c u s s i o n s o f  each e v a l u a t i o n  method, t he  types  of  d a t a  
ob ta ined ,  and t h e  importance of t he  d a t a  t o  t h e  e v a l u a t i o n  of t he  exp los ive -  
f r a c t u r i n g  exper imenta t ion .  

Airf low Tests 

Purpose 

Air f low t e s t i n g  proved t o  be one of t h e  most u s e f u l  and less complex of 
t he  several f r a c t u r e  e v a l u a t i o n  techniques app l i ed  dur ing  t h i s  s tudy .  

App l i ca t ion  

P resho t  a i r f l o w  t e s t s  were conducted t o  measure i n i t i a l  f l u i d  communica- 
t i o n  through n a t u r a l  f r a c t u r e  systems i n  t h e  o i l  s h a l e .  The type of  n a t u r a l  
f r a c t u r e s ,  whether ve r t i ca l  o r  h o r i z o n t a l ,  w a s  determined by s e t t i n g  i n f l a t -  
a b l e  packers  ( s i n g l e -  and doub le - s t r add le )  t o  i s o l a t e  zones f o r  s tudy .  Pos t -  
sho t  a i r f l o w  t e s t s  were conducted t o  determine f r a c t u r e  improvement r a t i o s  
a f t e r  each exp los ive  s h o t  and t o  determine t h e  amount of a i r  l eakoff  through 
f r a c t u r e  systems beyond the  p a t t e r n  w e l l s .  

A l l  t e s t s  were conducted by flowing a i r  i n t o  a c e n t r a l  i n j e c t i o n  we l l  and 
measuring the  i n d i v i d u a l  r a t e s  of f low from each p a t t e r n  w e l l .  

I f  no a i r  flowed from the  pressured-up i n j e c t i o n  w e l l  t o  t h e  producing 
w e l l s ,  i t  was concluded t h a t  no f r a c t u r e s  were open between w e l l s  i n  t he  zone 
being t e s t e d .  Conversely,  i f  some r e t u r n  a i r f l o w  w a s  no ted ,  t h e  e x t e n t  of 
f low between w e l l s  was measured and recorded .  To determine the  type of f r a c -  
t u r e  ( h o r i z o n t a l  o r  v e r t i c a l )  and t o  measure p re sho t  and pos t sho t  f r a c t u r e  
improvements, two a i r f l o w  t e s t s  were run .  
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Hor izon ta l  and v e r t i c a l  f r a c t u r e s  were determined by running i n f l a t a b l e  
s t r a d d l e  packers  through the  zone of i n t e r e s t .  A i r  was in t roduced  i n t o  an 
i n j e c t i o n  w e l l  wi th  a l l  w e l l s  shut  i n ,  except  f o r  t he  t es t  w e l l .  The packer 
assembly was r a i s e d  a t  1 - foo t  i n t e r v a l s  s t a r t i n g , a t  t h e  t o t a l  depth of the  
w e l l .  When a i r  s t a r t e d  and stopped f lowing,  t h e  bottom and top of the  f r a c -  
t u r e s  were cha r t ed  through a meter ing device  a s  t he  packer assembly was s e t ,  
and t e s t s  were made a t  consecut ive  i n t e r v a l s  through the  zone. 

To measure p re sho t  and pos t sho t  f r a c t u r e  improvement, t es t s  were run  
p r i o r  t o  shoot ing  and fo l lowing  each series of exp los ive  sho t s .  
duced i n t o  t h e  i n j e c t i o n  w e l l  wi th  a l l  o t h e r  w e l l s  i n  t he  system shu t  i n .  
When the  system reached a predetermined p res su re  equ i l ib r ium,  one w e l l  a t  a 
t i m e  was opened t o  flow f o r  a s p e c i f i e d  t ime i n t e r v a l .  The r a t e  of f low from 
each w e l l  was measured i n d i v i d u a l l y  wi th  e i t h e r  a pos i t ive-d isp lacement  meter 
o r  a c r i t i c a l  f low prover .  The flow c a p a c i t y  of t h e  fragmented rock  between 
the  i n j e c t i o n  w e l l  and t h e  producing w e l l s  was measured by t h i s  method a f t e r  
each exp los ive  sho t  t o  determine fracture- improvement  r a t i o s .  

A i r  was i n t r o -  

To determine t h e  l eakof f  o f  a i r  through n a t u r a l  f r a c t u r e  systems of  f r a g -  
mented zones beyond t h e  p a t t e r n  w e l l s ,  compressed a i r  w a s  measured through an 
o r i f i c e  m e t e r  run  and in t roduced  i n t o  an  i n j e c t i o n  w e l l .  A l l  o t h e r  w e l l s  w e r e  
shu t  i n ,  and p r e s s u r e s  were allowed t o  s t a b i l i z e .  Each w e l l  was opened, and 
the  flow rates  were obta ined  and recorded .  The cumulat ive flow from each pro-  
ducing w e l l  w a s  compared wi th  the  t o t a l  a i r  i n j e c t e d ,  t he  d i f f e r e n c e  being t h e  
amount of a i r  t h a t  leaked o f f  through n a t u r a l  o r  fragmented f r a c t u r e  systems 
t o  t h e  surrounding permeable formation.  

Cor i n q  

Purpose 

Core samples  recovered from a s e c t i o n  of rock  under s tudy  can y i e l d  much 
b a s i c  da t a  through v i s u a l  examination and a n a l y s i s  f o r  f u r t h e r  e v a l u a t i o n  of 
t h e  s e c t i o n ' s  product ive  p o t e n t i a l .  
about  t h e  rock p r o p e r t i e s  and t h e  f a c t o r s  t h a t  a f f e c t  them. O i l  s h a l e  sec- 
t i o n s  under cons ide rab le  overburden gave good c o r e  r e c o v e r i e s ;  however, t h e  
sha l lower ,  weathered and f r a c t u r e d  zones ( t o  100-foot  depths)  y i e lded  long ,  
competent s a m p l e s ,  and a l s o  f r a c t u r e d  samples i n  t h e  form of b i s c u i t s .  Core 
samples  i n  these  c o n d i t i o n s  p re sen ted  some problems i n  e v a l u a t i n g  t h e  induced 
f r a c t u r i n g  . 

Core samples can a l s o  provide  informat ion  

App l i ca t ion  

Cores were obta ined  from several s i t e s  f o r  de te rmining  t h e  o i l  y i e l d  of 
t he  o i l  s h a l e  s e c t i o n  by F i sche r  a s says .  R e s u l t s  from t h e s e  ana lyses  i n d i -  
c a t e d  where t o  perform the  e x p l o s i v e - f r a c t u r i n g  tes ts  i n  t h e  zones of  b e t t e r  
r e t o r t a b l e  o i l  s h a l e .  P re sho t  c o r e s  c u t  from s e v e r a l  s i t es  showed no evidence 
of n a t u r a l  f r a c t u r e s ,  sand,  o r  vo lcan ic  t u f f  zones; however, broken c o r e s  
recovered were a t t r i b u t e d  e i t h e r  t o  weather ing a t  shal low depths  o r  t o  t h e  
co r ing  o p e r a t i o n s .  
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P o s t s h o t  c o r e s  helped t o  d e f i n e  t h 2  s h o t  zone and :he fragmented a r e a  
around t h e  p a t t e r n  w e l l s .  F r i a b l e  c o r e s  recovered wi th  a punch-type c o r e  
b a r r e l  used a t  Rock Spr ings  s i t e  3 showed t h a t  t h e  explos ion  had propagated 
through a n a t u r a l l y  permeable zone. The approximately 38 inches  of  c o r e  con- 
t a i n e d  a blackened-unconsol idated i n t e r v a l ,  i n d i c a t i n g  t h a t  t h e  d e t o n a t i o n  
caused crushing  and s h a t t e r i n g  of t h e  s h a l e .  Laboratory t e s t s  a l s o  revealed 
t h a t  the d e t o n a t i o n  r e t o r t e d  a p o r t i o n  of t h e  s h a l e .  

Three p o s t s h o t  c o r e s  o5tained a t  d i s t a n c e s  of 9 ,  18,  and 35 f e e t  from t h e  
c e n t e r  w e l l  on Rock Spr ings  s i t e  5 helped t o  d e f i n e  t h e  e x t e n t  of fragmenta- 
t i o n  occurr ing  i n  and about  t h e  p a t t e r n  w e l l s .  Limited fragmentat ion was 
found i n  t h e  c o r e  w e l l  f a r t h e s t  from t h e  p a t t e r n  where c o r e  l o s s  was only  
2 p c t .  Core l o s s e s  of 7 t o  30 p c t  were experienced i n  c o r i n g  t h e  more ex ten-  
s i v e l y  fragmented zones near  t h e  s h o t h o l e s .  

Downhole -Camera Surveys 

Purpose 

Downhole-camera surveys make p o s s i b l e  t h e  v i s u a l  examination of w e l l s  and 
mine s h a f t s  through photographs i n  s t e r e o s c o p i c ,  three-dimensional  p a i r s .  The 
p i c t u r e s  v i v i d l y  p o r t r a y  i n  d e t a i l  t h e  a c t u a l  wel lbore  c o n d i t i o n s .  
pose of t h e  surveys i n  t h i s  s tudy  was t o  provide a comparison of c o n d i t i o n s  
through p i c t u r e s  taken  b e f o r e  and a f t e r  shoot ing  and t o  demonstrate  t h e  growth 
of f r a c t u r i n g ,  wel lbore  enlargement ,  and f r a c t u r e  s e a l i n g  and provide some 
informat ion  on t h e  s i z e  and number of f r a c t u r e s  induced. 

The pur-  

A p p l i c a t i o n  

Downhole-camera surveys  of  preshot  and p o s t s h o t  w e l l s  and of w e l l s  
d r i l l e d  i n  t h e  p a t t e r n  a f t e r  shoot ing  proved t o  be a u s e f u l  f r a c t u r e  eva lua-  
t i o n  t o o l .  

A 4-3/4-inch-OD s t e r e o s c o p i c  camera was  r u n  on a w i r e  l i n e  t o  o b t a i n  
c o l o r  and black-and-white  photographs u s u a l l y  i n  open-hole and a t  dry-hole  
c o n d i t i o n s  through t h e  zone of  i n t e r e s t .  The camera was lowered through t h e  
zone a t  a predetermined c o n s t a n t  speed synchronized t o  o b t a i n  p i c t u r e s  a t  
d e s i r e d  depth i n t e r v a l s .  

P i c t u r e  surveys were obta ined  on Rock Springs s i t e s  1 and 5 ;  however, a 
r a p i d  i n f l u x  of  water prevented t a k i n g  s a t i s f a c t o r y  p i c t u r e s  on Rock Springs 
s i t e  3 and Green River s i t e  1. 

Preshot  and p o s t s h o t  p i c t u r e  surveys were d e s i r a b l e  t o  o b t a i n  comparisons 
of  wel lbore  c o n d i t i o n s  b e f o r e  and a f t e r  t h e  explos ive  shoot ing .  Preshot  s t u d -  
i e s  of  t h e  s t e r e o s c o p i c  p i c t u r e s  taken i n  open-hole s e c t i o n s  showed numerous 
r i n g s  o r  grooves and prominent washouts a t  v a r i o u s  depths  through t h e  forma- 
t i o n .  Frequent  water -bear ing  zones a l s o  were observed j e t t i n g  streams of 
water  i n t o  w e l l b o r e s .  P o s t s h o t  co lored  and black-and-white p i c t u r e s  showed 
c a v i t i e s ,  severe f r a c t u r i n g ,  and s p a l l i n g  i n  wells t h a t  contained t h e  explo-  
sive d e t o n a t i o n s .  P i c t u r e s  from a d j a c e n t  w e l l s  i n  o r  near  t h e  p a t t e r n  showed 
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explosive- induced s p a l l i n g  of s h a l e  i n  t h e  wel lbores  and v e r t i c a l  and h o r i -  
z o n t a l  f r a c t u r i n g  through t h e  zone. 

E l eva  ti on Mea suremen t s 

Purpose 

Another method used t o  estimate t h e  e x t e n t  of f ragmenta t ion  from explo-  
sive f r a c t u r i n g  c o n s i s t e d  of  measurements of t h e  r e s i d u a l  overburden l i f t  o r  
crowning. This  w a s  accomplished by measuring t h e  e l e v a t i o n  changes on c a s i n g  
c o l l a r s  and on r e f e r e n c e  markers i n  and around t h e  p a t t e r n  of  e x p l o s i v e l y  s h o t  
w e l l s .  I t  was t h e o r i z e d  t h a t  c a s i n g s  set  and cemented t o  t h e  s u r f a c e  from 
depths  above t h e  open-hole s h o t  zones should remain i n t a c t ,  and s u r f a c e  mea- 
surements should r e f l e c t  any permanent crowning of t h e  overburden rock .  How- 
ever, on s i t e s  where c a s i n g s  were n o t  cemented t o  t h e  s u r f a c e ,  t h e  p o s s i b i l i t y  
e x i s t e d  f o r  v e r t i c a l  c a s i n g  movement o r  s l i p p a g e  t o  r e s u l t  from t h e  de tona-  
t i o n s .  On t h e s e  s i t e s ,  backup e l e v a t i o n  r e f e r e n c e  markers were s e t  and 
cemented in ,competent  s h a l e  below t h e  n e a r - s u r f a c e  weathered zone. 

A p p l i c a t i o n  

A f t e r  a l l  we l l s  i n  t h e  p a t t e r n  were d r i l l e d ,  c a s e d ,  and completed,  e l e v a -  
t i o n  measurements s t a r t i n g  from a known bench mark w e r e  p r e c i s e l y  r u n  back t o  
t h e  p a t t e r n  w e l l s .  P reshot  and p o s t s h o t  measurements were obtained wi th  a 
surveying ins t rument  t o  d e t e c t  e l e v a t i o n  changes a t  t h e  tops  of t h e  c a s i n g  
c o l l a r s  on each w e l l .  

Contour maps w e r e  c o n s t r u c t e d  from e l e v a t i o n  measurements t o  i n d i c a t e  
r e s i d u a l  overburden l i f t .  To o b t a i n  precise measurements of  t h e  overburden 
l i f t  on Green River s i t e  1 where c a s i n g s  were n o t  a l l  cemented t o  t h e  s u r f a c e ,  
a p a t t e r n  of 33 e l e v a t i o n  measuring s t a t i o n  h o l e s  w a s  d r i l l e d  t o  20-foot  depth 
i n  competent s h a l e  w i t h  a 3-718-inch b i t .  One-inch p i p e  markers w e r e  cemented 
i n  p l a c e  from t o t a l  depth t o  t h e  s u r f a c e .  

The measurements of  overburden r i s e ,  obta ined  from t h e  c a s i n g  c o l l a r s  and 
r e f e r e n c e  markers ,  i n d i c a t e d  t h e  degree of l i f t  of  t h e  formation caused by 
e x p l o s i v e  f r a c t u r i n g  and fragmenting t h e  o i l  s h a l e  zone. L i t t l e  o r  no change 
observed between preshot  and p o s t s h o t  measurements i n d i c a t e d  t h a t  f r a c t u r e  
systems may have been e s t a b l i s h e d  b u t  t h a t  such l i m i t e d  f ragmenta t ion  of t h e  
zone could n o t  be expected t o  suppor t  i n  s i t u  combustion. The g r e a t e r  t h e  
degree of change between measurements t h e  more f r a c t u r i n g  and fragmenting of  
t h e  zone was expected. 

High-speed -Camera Measurenents 

Purpose 

Explosions propagat ing a t  r a t e s  i n  thousands of f e e t  per second r e q u i r e  
s p e c i a l i z e d ,  high-speed photographic  equipment t o  r e c o r d  t h e  e x p l o s i v e  e f f e c t s  
f o r  subsequent s tudy .  The camera and synchronizing equipment used dur ing  sev- 
e ra l  e x p l o s i v e  t e s t s  had a c a p a b i l i t y  of exposing 3,000 frames p e r  second. 
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This e v a l u a t i o n  technique w a s  set up and used t o  measure crowning of  t h e  over -  
burden rock .  Photographs of  t h e  p o s i t i o n s  of c a s i n g  tops  r e l a t i v e  t o  a s t a -  
t i o n a r y  background t a r g e t  i n d i c a t e d  t h e  ins tan taneous  s u r f a c e  crowning 
e f f e c t s  . 

Appl ica t ion  

With t h e  explos ive  charges  and high-speed camera record ing  equipment, 
i n c l u d i n g  a d i s t a n t  t a r g e t ,  r e a d i e d ,  t h e  ground w a s  f looded wi th  water  t o  
depress  shock-induced d u s t  c l o u d s .  Measurements from n i n e  e x p l o s i v e  s h o t s  
were recorded on f i l m .  These record ings  i n d i c a t e d  g r o s s  f e a t u r e s  such as 
v e n t i n g  of t h e  s h o t h o l e s  and ground movements dur ing  t h e  f i r s t  seconds of 
de tona t ion .  Measurements from t h e s e  r e c o r d i n g s  t o  determine r e s i d u a l  over-  
burden l i f t  and permanent c a s i n g  r i se  from each s h o t  were undeterminable  
because of t h e  d i s t a n c e  from camera t o  t a r g e t  and d u s t  c loudings .  The r e c o r d -  
i n g s  i n d i c a t e d  t o t a l  dynamic s u r f a c e  r i s e  and n o t  t h e  r e s i d u a l  overburden l i f t  
a f t e r  each s h o t .  

Par  t i c  le -Veloci t y  Measurements 

Purpose 

A t  measured d i s t a n c e s  from weighed e x p l o s i v e  charges  de tona ted  i n  under-  
ground format ions ,  p r e c i s e  seismic v e l o c i t y  measurements on t h e  movement of 
p a r t i c l e s  of t h e  e a r t h ' s  c r u s t  
s ive performance. 

can be c a l c u l a t e d  t o  r e f l e c t  re la t ive  explo-  

A p p l i c a t i o n  

S e i s m i c  equipment w a s  used a s  a monitor t o  determine i f  r e l a t ive  explo-  
s ive performance among t h e  s h o t s  could be  e v a l u a t e d .  
placed on t h e  ground s u r f a c e ,  and t h e  output  of  each geophone w a s  recorded 
through two a m p l i f i e r s  t o  prevent  underranging o r  overranging of  t h e  seismic 
s i g n a l s .  Good d a t a  were obta ined  from t h e  n i n e  s h o t s  monitored,  and i t  was 
concluded t h a t  d e t o n a t i o n  was s a t i s f a c t o r y  f o r  e i g h t  s h o t s  and probably p a r -  
t i a l  f o r  one s h o t .  

Two geophones were 

Impression-Packer Survey 

Purpose 

Downhole p h y s i c a l  impressions of  formation f r a c t u r e s  can  be taken wi th  
i n f l a t a b l e  impression packers .  When i n f l a t e d  i n  t h e  wel lbore  wi th  approxi -  
mate ly  1,500 p s i ,  a s p e c i a l  rubber  sleeve a p p l i e d  t o  t h e  element r e t a i n s  an 
impression f o r  examination of  t h e  e x a c t  downhole c o n d i t i o n .  

A p p l i c a t i o n  

The Lynes impression packer was r u n  on 2- inch tubing se t  o p p o s i t e  t h e  
open-hole zone o f  i n t e r e s t  and i n f l a t e d  by h y d r a u l i c  p r e s s u r e .  
was used s u c c e s s f u l l y t o  i d e n t i f y  and c o r r e l a t e  w i t h  downhole p i c t u r e  surveys 

This survey 
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t he  f r a c t u r e  systems and t h e  e x t e n t  of t he  fragmented s h a l e  through t h e  zone 
of i n t e r e s t .  

A w e l l  was d r i l l e d  wi th  a 6-114-inch b i t  t o  accommodate t h e  impression 
packer t o o l  and downhole camera f o r  e v a l u a t i n g  the  fragmented zone on Rock 
Springs s i t e  5.  
2- inch tub ing  t o  t h e  r equ i r ed  depth and h y d r a u l i c a l l y  pressured  t o  o b t a i n  
impr in t s  i n  t h e  s o f t  rubber  of t he  i r r e g u l a r i t i e s  of t h e  we l lbo re  s u r f a c e s .  
Three surveys were run  a t  10 - foo t  i n t e r v a l s  from 60- to  90-foot  depths .  The 
impressions on the  s l e e v e s  showed h a i r l i n e  v e r t i c a l  f r a c t u r e s ,  h o r i z o n t a l  
f r a c t u r e s ,  and combinations of t h e  f r a c t u r e s  i n d i c a t i n g  a mass ive ly  f r a c t u r e d  
zone. 

The 4-314-inch-OD rubber -s leeved  packer assembly was run  on 

Formation Sea l ing  of t he  Frac tured  Shale  

Pur pose 

Grout ing wi th  t h i n  mor ta r  has  proved s u c c e s s f u l  i n  s e a l i n g  o f f  t r o u b l e -  
some water i n t r u s i o n s  i n  many a p p l i c a t i o n s  near  s u r f a c e  and a t  cons ide rab le  
dep ths ,  

Appl ica t ion  

Grout ing work on Rock Spr ings  s i t e  5 was done i n  a n  e f f o r t  t o  s e a l  a zone 
with n e a t  cement around t h e  fragmented o i l  s h a l e  t o  he lp  e v a l u a t e  t h e  explo-  
sive f r a c t u r i n g  work by flow tes t s  and o t h e r  techniques .  
ho le s  were d r i l l e d  i n  and around the  zone, and 200 b b l  of n e a t  cement was d i s -  
p laced ou t  of t h e  ho le s  t o  seal  o f f  t he  induced f r a c t u r e s .  

Even tua l ly  67 g r o u t  

To d e t e r m i n e i f g r o u t i n g o f t h e  f r a c t u r e s  was e f f e c t i v e ,  a i r  w a s  in t roduced  
i n t o  an  i n j e c t i o n  w e l l ,  and p e r i o d i c  p re s su re  r ead ings  were ob ta ined .  Approx- 
ima te ly  equa l  p reg rou t ing  and pos tg rou t ing  p res su re  r ead ings  i n d i c a t e d  t h a t  
t h e  f r a c t u r e s  i n  t h e  zone were no t  sealed. 

Twelve a d d i t i o n a l  g r o u t  h o l e s  were d r i l l e d  on 75- and 90- foot  r a d i i .  A i r  
w a s  in t roduced  i n t o  an  i n j e c t i o n  w e l l  i n  t h e  f i v e - s p o t  p a t t e r n ,  and the  recov-  
e r e d  a i r  w a s  measured from the  15 remaining w e l l s  by s e t t i n g  an  i n f l a t a b l e  
packer downhole and measuring the  r e t u r n  a i r  wi th  a pos i t i ve -d i sp lacemen t  
m e t e r .  I t  was determined from these  t e s t s  t h a t  40 p c t  of t h e  i n j e c t e d  a i r  was 
f lowing from t h e  fragmented zone through f r a c t u r e s  t h a t  were no t  e f f e c t i v e l y  
g rou ted .  Data obta ined  from t h e  tests i n d i c a t e d  t h a t  t he  mass ive ly  fragmented 
zone extended t o  a near  maximum r a d i u s  of 100 f e e t .  

Caliper Logs 

Purpose 

C a l i p e r  logs  were used e x t e n s i v e l y  i n  t h e  e x p l o s i v e - f r a c t u r i n g  r e s e a r c h  
t o  determine t h e  s i z e  and c o n d i t i o n  of we l lbo res .  
f u l  i n  c a l c u l a t i n g  s h o t  s i z e  and f i l l u p .  

They w e r e  p a r t i c u l a r l y  use-  
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A p p l i c a t i o n  

C a l i p e r  l ogs  helped e v a l u a t e  p r e s h o t  and pos tshot  c o n d i t i o n s  of t h e  
e x p l o s i v e l y  s h o t  w e l l s .  P reshot  logs  a s s i s t e d  i n  determining t h e  c o n d i t i o n s  
of t h e  wel lbore  such a s  enlargement from caving  and p o s s i b l e  n a t u r a l  f r a c t u r e s  
Pos tshot  l o g s  gave evidence of t h e  wel lbore  damage and enlargement induced by 
t h e  detona-tion o f  t h e  e x p l o s i v e .  Later, c a l i p e r  logs were used i n  s h o t  w e l l s  
t o  l o c a t e  zones of competent q-ock i n  which t o  apply  a d d i t i o n a l  wel lbore  
shoot ing .  

Gamma Ray-Neutron Logs 

Purpose 

I n  g e n e r a l ,  gamma. ray-neut ron  logs  were r u n  on a l l  experimental  s i t es  i n  
t h e  o i l  s h a l e  t o  c o r r e l a t e  formation l i t h o l o g y  with o t h e r  p e r t i n e n t  
in format ion .  

Appl ica t ion  

Gama ray-neut ron  logging on Rock Springs s i t e  3 was used t o  compare t h e  
neut ron  l o g  trace wi th  a s s a y  o i l  y i e l d .  I n d i c a t i o n s  w e r e  t h a t  low a s s a y  o i l  
y i e l d  r e f l e c t e d  high n e u t r o n  response ,  and h i g h  a s s a y  o i l  y i e l d  produced low 
n e u t r o n  response.  The s tudy  c o r r e l a t e d  neut ron  response and p e r m e a b i l i t y  i n  
t h a t  low o i l  y i e l d  could r e f l e c t  v o l c a n i c  t u f f ,  sand,  c l a y ,  o r  o t h e r  m i n e r a l -  
i z e d  zones.  
t e s t s  showed permeable zones l o c a t e d  by a i r f l o w  t e s t s  co inc ided  w i t h  t h e  
t r a c e s  obta ined  from neut ron  l o g s .  

The-good c o r r e l a t i o n  obta ined  between neut ron  l o g s  and a i r f l o w  

S e i s m i c  D e l i n e a t i o n  

Purpose 

S e i s m i c  i n v e s t i g a t i o n s  were conducted by coopera t ing  s c i e n t i s t s  of t h e  
Bureau of Mines Mining Research C e n t e r ,  Denver, Colo . ,  on Rock Springs s i t e  5 
and Green River s i t e  1 t o  determine whether s t a n d a r d  and new seismic tech-  
n iques  could be used t o  d e t e c t  and d e l i n e a t e  e x p l o s i v e l y  genera ted  f r a c t u r e s  
a t  depth i n  t h e  o i l  s h a l e .  

Appl ica t ion  

Data Reduction 

Typica l  seismic r e c o r d i n g s  f o r  Rock Springs s i t e  5 a r e  shown i n  f i g u r e  19. 
The t r a v e l t i m e  of t h e  seismic wave from t h e  rource  t o  t h e  geophone, customar- 
i l y  termed t h e  a r r i v a l  t i m e ,  i s  i n d i c a t e d  by t h e  q u i e t  p o r t i o n  of each t r a c e  
preceding t h e  o n s e t  of t h e  seismic s i g n a l .  Arr ival  t i m e s  f o r  each geophone 
l o c a t i o n  and t h e  r e f e r e n c e  geophone were recorded and t a b u l a t e d .  

The ampli tude of t he  f i r s t  a r r i v a l  ( t h e  f i r s t  downward peak of  each 
seismic trace of f i g .  19) was measured f o r  each geophone l o c a t i o n .  The f i r s t  
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peak ampli tude w a s  cons idered  t o  be more d i a g n o s t i c  of  t h e  response  of  seismic 
waves t r a n s m i t t e d  through t h e  fragmented zone than  would be  l a t e r  p o r t i o n s  of  
t h e  seismic wave t r a i n .  Amplitudes i n  u n i t s  of p a r t i c l e  v e l o c i t y  f o r  each 
geophone l o c a t i o n  and t h e  r e f e r e n c e  geophone were c a l c u l a t e d  from trace ampli-  
tudes  and system response .  The g e n e r a l  wave-shape c h a r a c t e r i s t i c s  from t h e  
r e f e r e n c e  geophone d i d  n o t  v a r y  a p p r e c i a b l y  from s h o t  t o  s h o t ,  a l though the  
ampli tude d i d  v a r y  s l i g h t l y .  I t  was assumed t h a t  charge-shothole  coupl ing 
c o n d i t i o n s  v a r i e d  s l i g h t l y ,  r e s u l t i n g  i n  minor ampli tude v a r i a t i o n s  b u t  n o t  i n  
wave-shape v a r i a t i o n s .  Reference geophone ampli tudes were t h e r e f o r e  normal- 
i z e d ,  and a p p r o p r i a t e  normalizing ad jus tments  were a p p l i e d .  Amplitudes were 
thereby increased  o r  decreased f o r  c a s e s  i n  which t h e  r e f e r e n c e  geophone i n d i -  
c a t e d  ampli tudes s m a l l e r  o r  l a r g e r  than average ,  r e s p e c t i v e l y .  

S e i s m i c  q u a l i t y  was a l s o  cons idered .  Q u a l i t y  depends upon c o n s i s t e n c y  
and c h a r a c t e r  ( f e a t u r e s  determined by n o t i n g  t h e  ampli tude and frequency of  
t h e  f i r s t  c y c l e )  and i s  determined from a v i s u a l  e v a l u a t i o n  o f  t h e  d a t a  (a). 
The f i r s t  c y c l e  of each trace was inspec ted  f o r  q u a l i t y .  The two degrees  of 
q u a l i t y  s e l e c t e d ,  good and poor ,  can b e s t  be  i d e n t i f i e d  as i l l u s t r a t e d  i n  f i g -  
u r e  19. Traces  from geophones A 1 8 ,  B 1 8 ,  D 1 8 ,  E 1 8 ,  and F18 w e r e  cons idered  t o  
be of good q u a l i t y .  They a r e  r e p r e s e n t a t i v e  of t h e  d a t a  obta ined  over most of  
t h e  g r i d .  Traces C 1 8  and G 1 8 - K l 8  a r e  t y p i c a l  of p o o r - q u a l i t y  a r r i v a l s .  These 
q u a l i t y  c r i t e r i a ,  good and poor ,  were used t o  r a t e  t h e  seismic d a t a  throughout 
t h e  g r i d .  

Data Analys is  

Se ismic-Qual i ty  Data. --A s e i s m i c - q u a l i t y  map i s  shown i n  f i g u r e  A - 1 .  
Wells i n  t h e  f i v e - s p o t  p a t t e r n  f o r  e x p l o s i v e  f r a c t u r i n g  and t h e  seismic s h o t -  
h o l e  are  i n d i c a t e d .  The o u t e r  l i m i t  of t h e  f i g u r e  i n d i c a t e s  t he  seismic g r i d  
coverage.  Geophone s t a t i o n s  w i t h  poor q u a l i t y  are  shown wi th  b l a c k  d o t s .  A 
few randomly s c a t t e r e d  p o o r - q u a l i t y  p o i n t s  a r e  n o t  b e l i e v e d  t o  be of s i g n i f i -  
cance.  The contour  e n c l o s i n g  t h e  p o o r - q u a l i t y  p o i n t s  i s  i n  g e n e r a l  agreement 
w i t h  s m a l l e r  anomalies i n  ampli tude and t i m e  d a t a .  Within the  area of poor  
q u a l i t y  i s  a n  a r e a  of good q u a l i t y .  The q u a l i t y  anomaly sugges ts  t h e  l o c a t i o n  
and s i z e  of  a h y p o t h e t i c a l  f r a c t u r e  zone. 

P a r t i c l e - V e l o c i t y  Data.--As p l o t t e d  and contoured by computer,  t h e  
p a r t i c l e - v e l o c i t y  ampli tudes a r e  shown i n  f i g u r e  A-2. The anomalous a r e a  
enclosed by t h e  100-mips ( m i l l i - i n c h  per  second) c l o s e d  contour  i n  t h e  s o u t h -  
c e n t r a l  p o r t i o n  of t h e  map i s  g e n e r a l l y  c o i n c i d e n t  w i t h  t h e  q u a l i t y  anomaly. 
The ampli tude anomaly i s  a roughly c i r c u l a r  a r e a  w i t h  s m a l l e r  ampli tudes than 
those i n  t h e  surrounding a r e a .  Within t h i s  anomaly i s  a n  enclosed anomalous 
a r e a  of l a r g e r  ampli tudes.  

A r r i v a l - T i m e  Data.--A contour  map of t h e  observed a r r i v a l  t i m e s  conta ined  
many i r r e g u l a r i t i e s  be l ieved  t o  have been due t o  weathered zones and o t h e r  
l o c a l  v a r i a t i o n s .  A smoothing procedure t h a t  weighted t h e  a r r i v a l  t i m e  a t  
each geophone s t a t i o n  by t h e  a r r i v a l  t i m e s  a t  a d j a c e n t  s t a t i o n s  was used t o  
minimize t h e  e f f e c t  of l o c a l  v a r i a t i o n s .  A contour  map of t h e  smoothed 
a r r i v a l  t i m e s  d i d  n o t  i n d i c a t e  a n  anomaly c o i n c i d e n t  w i t h  t h e  ampli tude and 
q u a l i t y  anomalies .  
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L E G E N D  

0 Poor qual i ty  0 Rubble zone surface expression 

(> Rubble zone a t  depth of  70 f e e t  
No symbol-Good q u a l i t y  

Contours separate areas o f  good and 
poor q u a l i t y  

S c a l e ,  f e e t  

- N- 

FIGURE A-1 .  - Seismic-quali ty map, Rock Springs s i t e  5. 

The apparent  l a c k  of c o r r e l a t i o n  between a r r i v a l - t i m e  d a t a  and ampli tude 
and q u a l i t y  d a t a  prompted the  use  of a model t o  remove t h e  e f f e c t s  of geometry 
and v e l o c i t y  on the  a r r i v a l - t i m e  d a t a .  
and travel p a t h s  through the  s i t e ,  wi thou t  a f r a c t u r e d  zone, an a r r i v a l  t i m e  

By assuming a v e l o c i t y  d i s t r i b u t i o n  
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LEGEND 
0 Shothole - f r a c t u r i n g  test  
h S h o t h o l e  - seismic test  

0 Rubble zone surface e x p r e s s i o n  

t:> Rubble  zone a t  d e p t h  of 70 f e e t  Contour i n t e r v a l  - 5 0  mips 

L,, J 

S c a l e , f e e t  

FIGURE A-2. - Contour map of par t ic le-ve loc i ty  amplitude, Rock Springs s i te  5. 

c a n  be  c a l c u l a t e d  f o r  each geophone l o c a t i o n .  
a r r i v a l  t i m e s  from t h e  smoothed a r r iva l  t i m e s  r e s u l t s  i n  a t i m e - d i f f e r e n c e  o r  
A t  map t h a t  would b e  expected t o  show any anomaly caused by a f r a c t u r e d  zone. 

S u b t r a c t i o n  of  t h e  c a l c u l a t e d  
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Wave-Front Model.--Analysis of t h e  a r r i v a l - t i m e  d a t a  a t  t h e  s i t e  i n d i -  
c a t e d  a r e l a t i v e l y  uniform h o r i z o n t a l  v e l o c i t y  t h a t  w a s  g r e a t e r  than  t h e  ver- 
t i c a l  v e l o c i t y .  The mathematical  model used f o r  t h e  s i t e  assumed t h e  v e l o c i t y  
of t h e  rock t o  be h o r i z o n t a l l y  i s o t r o p i c  and t r a n s v e r s e l y  a n i s o t r o p i c  i n  a 
v e r t i c a l  p lane .  I n  such a model, t h e  wave f r o n t s  a r e  descr ibed  a s  e l l i p s e s  of 
equal  t r a v e l t i m e ,  and t h e  r a y  p a t h s  are  a family of curves  or thogonal  t o  t h e  
wave f r o n t s  (39). The a p p a r e n t  v e l o c i t y  t o  any p o i n t  i n  t h e  ve r t i ca l  p lane  
can be  c a l c u l a t e d  from t h e  fo l lowing  e q u a t i o n ,  which i s  adapted from t h e  s t a n -  
dard  form of t h e  equat ion  of '  an e l l i p s e :  

where V = s t r a i g h t - l h e  v e l o c i t y ,  source  t o  geophone, 

Vh = h o r i z o n t a l  v e l o c i t y ,  

V, = v e r t i c a l  v e l o c i t y ,  

and 9 = a n g l e  between v e r t i c a l  and s t r a i g h t - l i n e  pa th .  

The v a l u e  of V , ,  a s  determined from t h e  n e a r l y  v e r t i c a l  geophone p a t h ,  
w a s  6,500 f p s .  The h o r i z o n t a l  v e l o c i t y  of  t h e  model w a s  8,000 f p s .  This  was 
t h e  v a l u e  t h a t  minimized t h e  d i f f e r e n c e  between model and smoothed t rave l -  
t i m e s  o u t s i d e  t h e  i n f l u e n c e  of t h e  fragmented zone p r e d i c t e d  from t h e  ampli-  
tude  and q u a l i t y  anomalies .  A fami ly  of  equal  t r a v e l t i m e  e l l i p ses  was gener -  
a t e d  from t h e  model f o r  a v e r t i c a l  s e c t i o n  ex tending  n o r t h  from t h e  s h o t  p o i n t .  
Because of  t h e  h o r i z o n t a l - v e l o c i t y  i s o t r o p y ,  t h e  e l l i p s e s  became a fami ly  of 
c o n c e n t r i c  c i r c l e s  on a h o r i z o n t a l  p l a n e  such as  t h e  ground s u r f a c e .  The ca l -  
c u l a t e d  t r a v e l t i m e s  from t h e  model were s u b t r a c t e d  from t h e  corresponding 
smoothed a r r i v a l  t i m e s ,  r e s u l t i n g  i n  t h e  A t  map shown i n  f i g u r e  A - 3 .  The 
anomaly i n  t h e  s o u t h - c e n t r a l  p o r t i o n  of  t h e  map i s  g e n e r a l l y  enc losed  w i t h i n  a 
plus-2-msec contour  and reaches  a maximum of 5 msec; i t  compares roughly i n  
s i z e  w i t h  t h e  ampli tude and q u a l i t y  anomalies .  The p o s i t i v e  d e l a y  t i m e s  i n  
t h i s  anomaly a r e  cons idered  d e l a y  o r  excess t i m e s  caused by propagat ion  
through t h e  fragmented zone. 
cannot  be  expla ined  b u t  i s  i n  t h e  v i c i n i t y  of a smal l  topographic  k n o l l .  

The p o s i t i v e  anomaly i n  t h e  northwest  quadrant  

A ve r t i ca l  s e c t i o n  o f  t h e  nor th-south  c e n t e r l i n e  w a s  c o n s t r u c t e d  us ing  

A h y p o t h e t i c a l  fragmented zone w a s  superim- 
t h e  e l l i p t i c a l  equal - t ime wave f r o n t s  and t h e  corresponding or thogonal  r a y  
p a t h s ,  a s  shown i n  f i g u r e  A-4.  
posed on t h i s  wave-front  model. The h o r i z o n t a l  l i m i t s  of t h e  zone were based 
on t h e  s u r f a c e  l i m i t s  ob ta ined  from t h e  q u a l i t y ,  ampli tude,  and A t  anomalies;  
t h e s e  were e x t r a p o l a t e d  downward along t h e  curved r a y  p a t h s  t o  t h e  depth of 
t h e  f r a c t u r e  s h o t s .  The t h i c k n e s s  was based on t h e  assumption t h a t  v e r t i c a l  
and h o r i z o n t a l  f r a c t u r i n g  were roughly t h e  same. The h y p o t h e t i c a l  fragmented 
zone w a s  approximately 95 ' f e e t  i n  diameter  and 70 f e e t  t h i c k .  
through t h e  zone w a s  chosen as  4 ,500  f p s  t o  minimize t h e  A t  anomaly b u t  i s  
d i r e c t l y  r e l a t e d  t o  t h e  t h i c k n e s s .  
t h e  v e l o c i t y  would have been 10 p c t  g r e a t e r  t o  provide  t h e  same r e s u l t s .  
S n e l l ' s  l a w  and Huygens' p r i n c i p l e  were used i n  t h e  zone and r e g i o n s  a f f e c t e d  

The v e l o c i t y  

I f  t h e  zone were assumed 10 p c t  t h i c k e r ,  



89  

LEGEND 

0 Shothole - f rac tur ing  tes t  
4 Shotho le - seismic test 

Contour i n t e r v a l -  I msec 

0 R u b b l e  zone s u r f a c e  expression 

c> Rubble  zone a t  d e p t h  of  70 f e e t  

S c a l e ,  f e e t  

FIGURE A-3. - Contour map of delta times, Rock Springs s i te  5. 

by the zone. The cross-sectional model represents a good approximation of the 
field conditions with the standard deviation of the differences between 
smoothed and model arrival times of less than 1 msec. 
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The model provides  some i n s i g h t  i n t o  o t h e r  observed r e s u l t s .  Near t h e  
edges of t h e  zone r e p r e s e n t e d  by semicircles, i t  i s  b e l i e v e d  t h a t  t h e  r a y  
p a t h s  a re  bent  toward t h e  c e n t e r  of t h e  zone. This  c o n d i t i o n  r e s u l t s  i n  a 
decrease  i n  seismic energy o r  ampli tude a t  t h e  s u r f a c e  around t h e  per iphery  of 
t h e  fragmented zone. A s i m i l a r  change i n  se i smic  q u a l i t y  might a l s o  be 
expected.  There i s  a n  apparent  r e d u c t i o n  i n  both  ampli tude and q u a l i t y  i n  
t h i s  r e g i o n  ( f i g s .  A - 1  and A-2). I n s i d e  t h i s  r e g i o n ,  one might expec t  a con- 
c e n t r i c  r i n g  of l a r g e r  ampli tudes due t o  t h e  focus ing  of r a y  p a t h s ,  a s  shown 
i n  f i g u r e  A - 4 .  This  would a l s o  depend upon t h e  p o s s i b l e  a d d i t i o n  of t h e  
focus ing  seismic waves t o  provide  h i g h e r  ampl i tudes .  The r e s u l t s  do n o t  i n d i -  
c a t e  p o s i t i v e l y  t h e  presence of such a reg ion .  The i n t e r f e r e n c e  and phasing 
of t h e  focused seismic waves might a l s o  r e s u l t  i n  a degrading of seismic q u a l -  
i t y .  The annulus  of poor-qual i ty  seismic d a t a  i s  wider than t h a t  p r e d i c t e d  
f o r  t h e  r e g i o n  of decreased ampli tude.  Nei ther  q u a l i t y  nor  ampli tude appears  
t o  be s i g n i f i c a n t l y  a f f e c t e d  by t ransmiss ion  through t h e  c e n t r a l  p o r t i o n  of 
t h e  fragmented zone. 

The a n a l y s i s  and t h e  model y i e l d  a good approximation of t h e  fragmented 
zone based on t h e  f i e l d  d a t a .  I t  i s  n o t  a r i g o r o u s  s o l u t i o n  because of t h e  
l i b e r t i e s  taken i n  t h e  t rea tment  of a n i s o t r o p y ,  wave-front  and ray-pa th  con- 
s t r u c t i o n ,  and i n  r e p r e s e n t a t i o n  of t h e  fragmented zone. The zone has  n e i t h e r  
f i n i t e  edges nor  c o n s t a n t  v e l o c i t y  and i s  undoubtedly a zone of gradual  t r a n s i -  
t i o n  from i n t a c t  t o  h i g h l y  fragmented rock.  F u r t h e r  ref inement  was n o t  war- 
r a n t e d  because of t h e  d a t a  q u a l i t y  and t h e  assumptions made. 

S e i s m i c  Holography 

Purpose 

The s e i s m i c - a r r a y  d e s i g n  a t  Rock Springs s i t e  5 n o t  o n l y  allowed a s t a n -  
dard seismic a n a l y s i s  t o  be  performed b u t  a l s o  made i t  p o s s i b l e  t o  make a 
seismic hologram from t h e  d a t a  ga thered .  

A hologram i s  a n  i n t e r f e r e n c e  p a t t e r n  produced by s c a t t e r i n g  o r  t r a n s -  
m i t t i n g  waves from o r  through a n  o b j e c t  such as a n  underground f r a c t u r e  zone 
and then  mixing t h e s e  "object"  waves w i t h  a background r e f e r e n c e  wave. I n  
p a r t i c u l a r  a seismic hologram may be  made by combining recorded s e i s m i c  wave 
d a t a  w i t h  a s u i t a b l e  background r e f e r e n c e  wave and p l o t t i n g  t h e  r e s u l t a n t  
i n t e r f e r e n c e  p a t t e r n  on f i l m .  

Such a photographic  t ransparency  c o n t a i n s  informat ion  about  t h e  under - 
These holograms ground o b j e c t  from which t h e  seismic waves were s c a t t e r e d .  

may be r e c o n s t r u c t e d  by pass ing  laser l i g h t  through t h e  t ransparency  and 
r e c o r d i n g  photographica l ly  a n  o p t i c a l  image of t h e  underground o b j e c t  i n  
ques t i  on. 

By examining a p a r t i c u l a r  frequency component (140 Hz) w i t h i n  each s e i s -  
m i c  t race a t  Rock Spr ings  s i t e  5 ,  i t  w a s  p o s s i b l e  t o  determine t h e  r e l a t i v e  
phases  ( @ )  of t h e  s i g n a l s  a t  each geophone. This phase informat ion  w a s  theri 
used t o  compute a hologram (H) from t h e  equat ion:  

H = COS ( ~ T T  K / h  - $) f C (A - 2 )  
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where C i s  a c o n s t a n t ,  and R i s  the  d i s t a n c e  between a g iven  geophone and a 
s y n t h e t i c  r e f e r e n c e  source p o i n t .  The wavelength (A) corresponds t o  the  
chosen r e f e r e n c e  wavelength.  In t h i s  case, h was about 50 f e e t .  

App l i ca t ion  

The d a t a  obta ined  from the  se i smic  measurement experiments descr ibed  
e a r l i e r  w a s  used t o  make a seismic hologram and o b t a i n  a r econs t ruc t ed  image 
of t he  f r a c t u r e  zone. 

F igure  A-5 shows a p r i n t  of a se i smic  hologram obta ined  i n  the  manner 
descr ibed  p rev ious ly  from t h e  Rock Springs s i t e  5 d a t a .  The a c t u a l  computer- 
genera ted  hologram w a s  a 5/16-inch-square microf i lm t ransparency .  The t r a n s -  
parency corresponds t o  a square  a r r a y  of geophone s t a t i o n s  some 226 f e e t  on a 
s i d e  on t h e  ground s u r f a c e .  The l o c a t i o n  of t h e  t r u e  source  a t  the  bottom of 
the  195-foot-deep v e r t i c a l  sho tho le  i s  shown i n  p lane  view a t  t h e  bottom of 
t h e  hologram, and the  computer genera ted  s y n t h e t i c  r e f e r e n c e  source a t  an 
80 - foo t  depth i s  shown i n  p l ane  view a t  a p o s i t i o n  about  one- four th  down from 
t h e  top  of t he  hologram. 

Waves from t h e  t r u e  source  c a r r y i n g  informat ion  about  t h e  f r a c t u r e  zone 
i n t e r f e r e  with waves from the  s y n t h e t i c  r e f e r e n c e  source  t o  produce a series 
of da rk  and l i g h t  i n t e r f e r e n c e  f r i n g e s  on the  hologram. 
the  hologram, t h e s e  f r i n g e s  are ' b e n t "  downward toward t h e  t r u e  source  of t h e  
underground f r a c t u r e  zone i n  a manner comparable wi th  t h e  downward 'bending" 
of t h e  f i r s t - a r r i v a l  t i m e  contours  shown i n  f i g u r e  A - 6 .  Both the  bending of 
t he  hologram f r i n g e s  and the  bending of t he  f i r s t - a r r i v a l  contours  can be 
a t t r i b u t e d  t o  a zone of h igh ly  f r a c t u r e d  m a t e r i a l  having a lower P-wave v e l o c -  
i t y  than t h a t  of the  surrounding un f rac tu red  o i l  s h a l e .  An exp los ive ly  f r a c -  
tu red  rock ,  f o r  example, w i l l  have a much lower modulus of  e l a s t i c i t y  ( E )  than  
competent rock .  Hence t h e  P-wave v e l o c i t y  w i l l  be less i n  t h e  f r a c t u r e d  rock ,  

I n  t h e  bottom h a l f  of 

FIGURE A-5. - Pr in t  of hologram made f r o m  seismic records, 
Rock Springs s i te  5. 

Fu  I I r e c o r d  

- K E Y  

0 T r u e  s o u r c e  ( 1 9 5 ' d e p t h )  

@ S y n t h e t i c  s o u r c e  ( 8 0 ' d e p t h )  



0 Sho tho le  - f r a c t u r i n g  test  Sholhole - se i sm ic  l e s t  
Contour  i n t e r v a l  - I msec 

FIGURE A-6.  - F i rs t -a r r i va l  contours, Rock Springs 
s i te  5. 
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accord ing  t o  t h e  fo l lowing  
approximate r e  la  t i o n  : 

v =JE7p (A -3)  

where p i s  t h e  m a s s  d e n s i t y  
of the rock.  

The "bent"  hologram 
f r i n g e s  a r e  t h e r e f o r e  t o  be 
i n t e r p r e t e d  as informat ion  
d i r e c t l y  r e l a t e d  t o  the  
underground o b j e c t  , i n  t h i s  
case a zone of  h igh ly  f r a c -  
tu red  o i l  s h a l e .  

F igu re  A - 7  i l l u s t r a t e s  
t he  l a s e r  r e c o n s t r u c t i o n  of 
t h e  se i smic  hologram of  f i g -  
u r e  A - 5 .  Owing t o  the  very  
long wavelength (A. 50 
f e e t ) ,  t h i s  r e c o n s t r u c t i o n  
i s  v e r y  poor ,  and only  a 
gene ra l  i n d i c a t i o n  of t h e  
o b j e c t  can  be obta ined  from 
i t .  The r e c o n s t r u c t i o n  
shows a more o r  less sym- 
metric p a t t e r n  about  t he  
f o c a l  p o i n t  (F) of  the  
r e c o n s t r u c t i n g  l e n s .  Both 

FIGURE A-7. - Reconstruction of 
fracture zone, Rock 
Springs s i te  5. 
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an  image a t  (0) and a symmetric r o t a t e d  image (0') of the  same o b j e c t  are  
presect . 

The l a r g e  c i r c l e s  enc lose  most of the  b r i g h t  speckle  i n  the  image and set  
t h e  l i m i t  on i t s  s i z e .  The sma l l e r  c i rc les  appear  t o  enc lose  p i eces  of o p t i -  
c a l  d i f f r a c t i o n  r i n g s  beyond the  edges of t h e  f r a c t u r e  zone. By p rope r ly  
s c a l i n g  t h i s  r e c o n s t r u c t i o n ,  i t  may be determined t h a t  t h e  l a r g e  c i r c l e  has  a 
diameter  of approximately 106 f e e t .  Hence t h e  hologram r e c o n s t r u c t i o n  l eads  
to  the  conclus ion  t h a t  t h e  zone of s eve re ly  f r a c t u r e d  o i l  s h a l e  has a d iameter  
of approximately t h i s  va lue .  

Although the  r econs t ruc t ed  image i s  extremely poor,  t h i s  r e s u l t  i s  never -  
t h e l e s s  found t o  be roughly c o n s i s t e n t  w i th  both  the  s tandard  seismic da ta  
a n a l y s i s  r epor t ed  ear l ie r  and a computation of f r a c t u r e  diameter  obtained from 
a knowledge of t he  amount of f r a c t u r i n g  exp los ives  used. 

Since the  o r i g i n a l  a n a l y s i s  phase of t he  seismic-holography experiment 
was completed,  s e v e r a l  new techniques have been developed t o  improve the  ho lo -  
grams and t h e i r  images. F igu re  A - 8  i l l u s t r a t e s  a hologram a t  Rock Springs 
s i t e  5 made from the  f i e l d  data  b u t  us ing  on ly  t h e  t imes of t h e  f i r s t  a r r iva l  
t o  compute t h e  r e l a t i v e  phases (@)  of t h e  a r r i v i n g  s i g n a l s .  The hologram con- 
sequen t ly  does not  i nc lude  any shear  waves o r  o t h e r  l a t e r  a r r i v a l s  t h a t  tend 
t o  in t roduce  n o i s e  i n t o  the  system. The q u a l i t y  of t he  f i r s t - a r r i v a l  hologram 
i s  seen  t o  be ve ry  h igh  from a s i g n a l  t o  n o i s e  s t andpo in t  by comparison wi th  
t h e  hologram of f i g u r e  A-5 t h a t  w a s  made from the  e n t i r e  da ta  t r a c e s .  

The l a s e r  r e c o n s t r u c t i o n  of t he  f i r s t  a r r i v a l  hologram i s  shown i n  f i g -  
u r e  A-8. The c i r c l e d  r eg ion  has  been i d e n t i f i e d  a s  o r i g i n a t i n g  from t h e  

FIGURE A-8.  - F i rs t -a r r i va l  hologram and i t s  laser reconstruction, Rock Springs s i t e  5. 
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f r a c t u r e  zone and may t h e r e f o r e  be taken as a n  image of the  f r a c t u r e  zone. 
The s i z e  of t h e  zone scales t o  approximately 100 f e e t  i n  diameter  as b e f o r e ,  
and it appears  t o  be f a r t h e r  from F because t h e  s y n t h e t i c  r e f e r e n c e  source  w a s  
f a r t h e r  from F i n  making t h e  hologram. 

Even though t h e  image q u a l i t y  of f i g u r e  8-8 i s  much b e t t e r  than  t h a t  
shown i n  f i g u r e  A - 7 ,  w e  must be con ten t  wi th  a n  image t h a t  f a l l s  cons ide rab ly  
s h o r t  of any type of  u s e f u l  d e t a i l .  From t h e s e  r e s u l t s  one can  only  i n f e r  t he  
gene ra l  s i z e  of t h e  zone of s eve re ly  f r a c t u r e d  o i l  s h a l e .  Undoubtedly broken 
rock  ex tends  beyond the  seve re ly  f r a c t u r e d  zone; however, the  se i smic  s i g n a l s  
were only  adve r se ly  a f f e c t e d  by a zone n o t  exceeding about  110 f e e t  i n  
d iameter .  

Electr ical  R e s i s t i v i t y  Technique 

Purpose 

E l e c t r i c a l  r e s i s t i v i t y  surveys were conducted on Rock Spr ings  s i t e s  4 and 
5 and Green River  s i t e  1 t o  complement the  d a t a  from o t h e r  f r a c t u r e - e v a l u a t i o n  
methods. The r e s i s t i v i t y  technique u s u a l l y  proves most v a l u a b l e  when combined 
wi th  o t h e r  geophysical  methods, such as seismic techniques.  The r e s i s t i v i t y  
method g i v e s  only  q u a l i t a t i v e  answers t o  most problems, provid ing  q u a n t i t a t i v e  
r e s u l t s  f o r  s imple l a y e r i n g  and a few o t h e r  fundamental geo log ic  f e a t u r e s .  

The b a s i c  equipment used f o r  t h i s  s tudy  w a s  a model 10 geohmeter, a Gish-  
Rooney-type dev ice .  I t s  o u t p u t ,  which i s  connected t o  two c u r r e n t  e l e c t r o d e s ,  
i s  a square  wave formed by commutating a d i r e c t - c u r r e n t  source ( b a t t e r i e s ) .  
The commutator a l s o  synchronously r e c t i f i e s  t h e  p o t e n t i a l  s i g n a l  picked up by 
a d d i t i o n a l  e l e c t r o d e s  and samples t h e  s i g n a l  dur ing  the  middle  p o r t i o n  of i t s  
s t e a d y - s t a t e  d i r e c t - c u r r e n t  segments. The commutation frequency i s  con t inu -  
ous ly  v a r i a b l e  from about  13 t o  4 5  h e r t z .  The v o l t a g e  t h a t  i s  app l i ed  t o  t h e  
e a r t h  i s  v a r i a b l e  i n  s teps  from 2 2 . 5  t o  270  v o l t s .  The measuring c i r c u i t  
employs a nu l l -ba l anc ing  po ten t iome te r ,  so t h a t  p o t e n t i a l s  can be measured 
w i t h  no c u r r e n t  f lowing from the  e a r t h  i n t o  t h e  p o t e n t i a l  c a b l e s .  

The commutation of t h e  a p p l i e d  c u r r e n t  h e l p s  overcome the  i n f l u e n c e  of 
ex t raneous  d i r e c t - c u r r e n t  p o t e n t i a l s  i n  t h e  e a r t h ,  of p o l a r i z a t i o n  i n  the  
e a r t h  and the  e l e c t r o d e s ,  and o f  p o t e n t i a l s  produced by e l ec t rochemica l  
e f f e c t s  i n  t h e  e l e c t r o d e s .  The sampling of p o t e n t i a l s  dur ing  s t e a d y - s t a t e  
c u r r e n t  f low minimizes e r r o r s  caused by i n d u c t i v e  and c a p a c i t i v e  e f f e c t s  i n  
t h e  e a r t h  a t  t h e  l ead ing  and t r a i l i n g  edges of t h e  square  wave. A c a p a c i t o r  
can  be switched i n t o  t h e  measuring c i r c u i t  of  t h e  geohmeter t o  reduce the  
e f f e c t  of spu r ious  f l u c t u a t i o n s  of p o t e n t i a l  i n  t he  e a r t h .  The e l e c t r o d e s - -  
copper-clad s t e e l  rods  wi th  a diameter  of approximately 0.59 inch  and d r iven  
to  a depth  of  about  1 f o o t  i n  the  ea r th - -p rov ide  a low value o f  c o n t a c t  r e s i s t -  
ance  f o r  h igh -cu r ren t  f low and a good response  t o  n u l l  ba lanc ing  i n  t h e  mea- 
s u r i n g  c i r c u i t .  Because t h e  p o t e n t i a l  measurement c i r c u i t  d r a w s  no c u r r e n t  a t  
n u l l ,  t h e  p o t e n t i a l  measurements a r e  independent of t h e  c o n t a c t  r e s i s t a n c e  a t  
t h e  e l e c t r o d e s .  
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Appl ica t ion  

Q 

F i e l d  t e s t s  were performed t o  detect  t h e  fragmented zones i n  t h e  explo-  
s i v e l y  f r a c t u r e d  Green River o i l  s h a l e  and t o  determine t h e i r  s i z e  and 
r e s i s t i v i t y  c o n t r a s t .  I n  t h e  r e s i s t i v i t y  i n v e s t i g a t i o n s ,  v e r t i c a l  and h o r i -  
z o n t a l  surveys were conducted a t  Rock Spr ings  s i tes  4 and 5 ,  b u t  only a ver- 
t i c a l  survey w a s  conducted a t  Green River s i t e  1. These i n v e s t i g a t i o n s  were 
much more i n t e n s i v e  a t  the  Rock Springs sit'es than  a t  Green River. A t  Rock 
Spr ings  s i t e s  4 ,  5 ,  and a t  a \ c o n t r o l  s i t e ,  four  h o r i z o n t a l  and fou r  v e r t i c a l  
surveys were conducted a long  four  azimuthal  l i n e s  t h a t  had a common c e n t e r  
p o i n t  ( ze ro  p o i n t )  and w e r e  e q u a l l y  spaced a n g u l a r l y  ( f i g .  A-9). A t  Green 
River s i t e  1, only  v e r t i c a l  surveys were conducted--two along one l i n e  a t  t h e  
s i t e ,  and two a t  a c o n t r o l  s i t e  ( f i g .  A-10). The f i r s t  v e r t i c a l  survey w a s  
des igna ted  as  V, , the second h o r i z o n t a l  survey was denoted as H2 , e t c .  

The ver t ica l  surveys were conducted a t  each s i t e  f i r s t .  Then t h e  elec- 
t rode  spacing t h a t  r evea led  the  most pronounced e f f e c t  of the  rubb le  zone w a s  
s e l e c t e d .  This  spac ing  was used f o r  t h e  h o r i z o n t a l  traverses. A t  Green River 
s i t e  1, where t h e  v e r t i c a l  surveys showed no e f f e c t  of t h e  rubb le  zone, no 
h o r i z o n t a l  traverses were conducted. 

Cont ro l  s i tes  were used t o  advantage a t  the  Rock Spr ings  and Green River 
s i tes .  The purpose w a s  t o  make c e r t a i n  t h a t  e i t h e r  r e s i s t i v i t y  e f f e c t s  showed 
t h e  presence  of  a rubb le  zone o r  t he  e f f e c t s  were caused by i n t e r f e r e n c e  from 
o t h e r  f a c t o r s  such a s  s t r a t i g r a p h i c  v a r i a t i o n s .  Except f o r  con ta in ing  no 
rubb le  zone, t h e  a d j a c e n t  c o n t r o l  s i tes  were assumed to  be s i m i l a r  t o  t h e  c o r -  
responding t e s t  s i t e s .  I n  a d d i t i o n ,  t h e  r e s i s t i v i t y  i n v e s t i g a t i o n s  conducted 
a t  corresponding c o n t r o l  and t e s t  s i t e s  were i d e n t i c a l .  Thus two sets of d a t a ,  
from c o n d i t i o n s  s i m i l a r  except  f o r  t h e  presence  o r  absence of a r u b b l e  zone, 
could  be compared t o  determine whether r e s i s t i v i t y  e f f e c t s  i n d i c a t e d  t h e  p r e s -  
ence of a f r a c t u r e d  zone. 

The 0,-value of r e s i s t i v i t y  and t h e  L e e - p a r t i t i o n i n g  c o n f i g u r a t i o n  of 
e l e c t r o d e s  ( f i g .  A-11) were used throughout  t h e  i n v e s t i g a t i o n s .  The former 
invo lves  p l a c i n g  t h e  c u r r e n t  e l e c t r o d e s  (C, and C,) a t  t h e  extremes of t h e  
e l e c t r o d e  a r r a y .  The l a t t e r  r e q u i r e s  t h a t  the  c u r r e n t  e l e c t r o d e s  and two 
p o t e n t i a l  e l e c t r o d e s  (PI and Pa)  be c o l i n e a r  and sepa ra t ed  e q u a l l y  by t h e  
e l e c t r o d e  spacing ( a ) ,  and t h a t  a t h i r d  p o t e n t i a l  e l e c t r o d e  (G) be loca ted  
midway between P, and P,. 

Two b a s i c  p a t t e r n s  f o r  moving t h e  e l e c t r o d e s  t o  c a r r y  o u t  i n v e s t i g a t i o n s  
are  t h e  ver t ica l  and h o r i z o n t a l  surveys.  I n  t h e  former,  the  midpoint of t he  
a r r a y  ( e l e c t r o d e  G) i s  f i x e d ,  and r ead ings  are  taken  a t  success ive ly  longer  
(or  s h o r t e r )  e l e c t r o d e  spac ings .  I n  t h e  l a t t e r ,  t he  e l e c t r o d e  spacing i s  
f i x e d ,  and measurements are  taken a t  success ive  h o r i z o n t a l  p o s i t i o n s  of t h e  
a r r a y  a long  a s t r a i g h t - l i n e  traverse over t h e  underground f e a t u r e .  

The e f f e c t i v e  sens ing-depth  of t h e  r e s i s t i v i t y  equipment i s  of t h e  same 
o rde r  of magnitude a s  t h e  e l e c t r o d e  spac ing ,  u s u a l l y  being w i t h i n  the  range of 
213 a t o  312 a.  Consequently,  a s  t h e  spac ing  i s  inc reased  i n  a v e r t i c a l  s u r -  
vey,  t h e  e f f e c t i v e  depth  i n c r e a s e s .  The f i x e d  spacing i n  a h o r i z o n t a l  survey 
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FIGURE A-9 ,  - P lan view of l ines of res is t i v i t y  surveys at  
RockSpr ingss i tes  4 and 5 and control s i te .  
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FIGURE A-10. - P lan view of l ines of res is t i v i t y  surveys at 
Green River s i te  1 and control s i te.  

produces r e s i s t i v i t y  
v a l u e s  f o r  d i f f e r e n t  
h o r i z o n t a l  l o c a t i o n s  
a t  a c o n s t a n t  depth.  
The terms, ver t  i c a  1 
survey and h o r i z o n t a l  
survey ,  fo l low from 
t h i s .  

The d i s t a n c e  
between success ive  
l o c a t i o n s  i n  the  h o r i -  
z o n t a l  surveys w a s  a / 2 .  
The f i v e  e l e c t r o d e s  
u s u a l l y  w e r e  advanced 
i n  a f i x e d  order .  
This i s  n o t  a s t r i n -  
g e n t  requi rement ,  how- 
e v e r ,  f o r  a c c u r a t e  
r e s u l t s .  

Because the  cu r  - 
r e n t  o f t e n  changed 
somewhat whi le  t h e  
t h r e e  v a l u e s  of poten-  
t i a l  were being r e a d ,  
t he  c u r r e n t  w a s  
recorded both  a t  t h e  
beginning and end of 
t h e  r ead ings .  The 
average  v a l u e  of c u r -  
r e n t  was then  used i n  
t h e  c a l c u l a t i o n s .  

The t h r e e  v a l u e s  
of p o t e n t i a l  f o r  t h e  
e l e c t r o d e  p a i r s ,  P, - G ,  
Pa -G,  P, -P, , l ead  t o  
t h r e e  cor responding  
v a l u e s  of r e s i s t i v i t y .  
Each r e s i s t i v i t y  va lue  
i s  assumed t o  be t h e  
e f f e c t i v e  va lue  a t  a 
p o i n t  midway be tween 

* t h e  two corresponding CI PI G P2 C 

FIGURE A-1 1, - Lee-part i t ioning configuration of electrodes for e l e c t r o d e s .  
a res is t i v i t y .  

The r e s i s t i v i t y  
of t h e  e a r t h  s t r a t a  a t  the  Rock Spr ings  s i tes  w a s  e s s e n t i a l l y  independent of 
t h e  commutation frequency and the  app l i ed  v o l t a g e .  The water  t a b l e  a t  Rock 
Springs s i tes  4 and 5 was loca ted  a t  a depth of  59 f e e t .  Both rubb le  zones 
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FIGURE A-12. - Comparison of average vert ical  res is t i v -  
i t y  surveys a t  Rock Springs s i tes  4 and 
5 and control s i te.  

were considered t o  be cen-  
t e r e d  i n  t h e  middle of  t h e  
b l a s t i n g  zone, a t  a depth of 
79 f e e t ,  The zone a t  Green 
River s i t e  1 w a s  f o r  t h e  
same reason  taken t o  be cen-  
t e r e d  a t  364 f e e t .  

The underground rubb le  
zones i n  o i l  s h a l e  i n  
Wyoming were de tec t ed  a t  
Rock Springs s i tes  4 and 5 ,  
bu t  n o t  a t  Green River  
s i t e  1. The r e s i s t i v i t y  of 
t h e  rubb le  zones a t  s i tes  4 
and 5 i s  g r e a t e r  than  t h a t  
of t h e  surrounding rock  as  
shown i n  f i g u r e  A - 1 2 .  The 
zones a t  s i tes  4 and 5 are 
concluded t o  be  roughly ova- 

l o i d  i n  shape,  w i th  a h o r i z o n t a l  diameter  of approximately 108 f e e t  and a ver- 
t i c a l  th i ckness  of  approximately 79 f e e t .  

Radioac t ive-Tracer  Tes t  

Purpose 

A method us ing  a s l u g  of r a d i o a c t i v e  tracer i n  an  i n j e c t e d - a i r  stream w a s  
used i n  a n  a t t e m p t  t o  measure t h e  approximate s i z e  of vo ids  o r  f r a c t u r e  pa ths  
i n  porous o r  f r a c t u r e d  media. 

Laboratory t es t s  were performed on models t o  an t ic ipa te  f i e l d  problems 
and r e s u l t s .  The d a t a  obta ined  from the  f i e l d  t e s t  were p r e s s u r e ,  flow r a t e ,  
t r a c e r - t r a n s i t  t i m e ,  and d i s p e r s i o n  (degree of spreading  of  t r a c e r  product ion  
peak) .  

I f  t h e  format ion  were f u l l y  fragmented, i t  could  be t r e a t e d  approximately 
as a homogeneous porous medium. Muskat 's  formulas  (35) f o r  p r e s s u r e ,  f low 
r a t e ,  and t r a n s i t  t i m e  t hen  y i e l d  v a l u e s  of 2 2  md f o r  pe rmeab i l i t y  and 0.01 
p c t  f o r  p o r o s i t y .  
mat ion has  a l i m i t e d  number of flow p a t h s .  

This  r e s u l t  i s  q u i t e  imp laus ib l e ,  and i m p l i e s  t h a t  t h e  f o r -  

A model based on t h i s  f i n d i n g  c o n s i s t s  of n i n d i v i d u a l  channels  of 
wid th  w and b read th  b y  wi th  a t o r t u o s i t y  t ( r a t i o  of the a c t u a l  l eng th  t o  the  
d i s t a n c e ,  L ,  between w e l l s ) .  The flow equa t ion  f o r  t h i s  model i s  

G = (K,nw3b/tL) A (p), ( A - 4 )  

where G i s  flow r a t e  i n  s t anda rd  cubic  f e e t  pe r  minute and A (p) i s  the  d i f -  
f e r ence  of t he  squares  of  t h e  p r e s s u r e  ( p s i a )  between i n j e c t i o n  and product ion  
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Channels (n) 

1 
10 

100 

w e l l s .  I n  t h e s e  u n i t s ,  Kp v a r i e s  from 0.8 X lo3 f o r  w = b ( P o i s e u i l l e ' s  law) 
t o  2 . 7  X lo3 f o r  b >w (28). The time f o r  t he  t r a c e r  pu l se  t o  pass through the  
model i s  

Width of channel  (w), T o r t u o s i t y  ( t ) ,  
inches  r a t i o  
0 .23 200 
.11 100 
.05 50 

T = KTnwbtLF/G, (A-5) 

where 7 i s  the mean p res su re  ( p s i a )  between i n j e c t i o n  and product ion  w e l l s .  
The c o n s t a n t  KT i s  approximately 5 X 

Assuming, f o r  t he  sake of argument,  t h a t  b = l o w ,  

nw2t = (2 x I O ~ / L )  [GT/PI.  (A-7) 

For the  most comprehensive s e t  of measurements, G / A  (P") = 0.0047 and 
GT/F = 4 . 0 .  
ob ta ined  and shown i n  t a b l e  A - 1 .  According t o  t h i s  model, w i s  n e c e s s a r i l y  
sma l l e r  than 0.25 inch .  The f r a c t u r e s  are  probably a smal l  f r a c t i o n  of an  
inch  i n  width and h igh ly  to r tuous .  

For v a r i o u s  assumed v a l u e s  of n ,  c a l c u l a t e d  va lues  of w and t a r e  

TABLE A - 1 .  - Values of w and t ve r sus  n 

The r e s u l t s  on d i s p e r s i o n  should g i v e  t h e  width of t h e  channels .  However, 
i n  t h e  f i e l d  t es t  t h e  r e s u l t s  were of no va lue  because the  major e f f e c t  was 
t h a t  of  the  we l lbo re  and t h e  c a v i t y .  

App l i ca t ion  

A f t e r  some l a b o r a t o r y  work w a s  performed us ing  packed columns, a f i e l d  
t e s t  w a s  made a t  Green River s i t e  1. P r i o r  t o  t e s t i n g ,  e x t e n s i v e  b a i l i n g  was 
done to  remove format ion  water from w e l l s  i n  t h e  small f i v e - s p o t  p a t t e r n  and 
from two a d j o i n i n g  w e l l s  i n  t h e  l a r g e  f i v e - s p o t  p a t t e r n .  Water w a s  removed 
from t h e  i n j e c t i o n  w e l l ,  and a i r  i n j e c t i o n  w a s  s t a r t e d  t o  keep water  encroach-  
ment t o  t h e  w e l l  a t  a minimum. Water removal from t h e  remaining w e l l s  was 
h a l t e d  because of damaged c a s i n g  and excess ive  volumes of  water encroachment. 
Subsequent ly ,  a i r  w a s  i n j e c t e d  i n t o  t h e  system f o r  several days t o  d r i v e  a s  
much water as p o s s i b l e  from t h e  p a t t e r n  b e f o r e  t e s t i n g .  

The t r a c e r - i n j e c t i o n  equipment used i n  t h e  t e s t s  c o n s i s t e d  of a r a d i o -  
a c t i v e  tracer gas ,  a f low ra te r  t o  meter t h e  proper  s l u g  of t r a c e r  i n t o  t h e  
i n j e c t e d  a i r ,  andhardware f o r  t h e  i n j e c t i o n  system. From previous  c a l c u l a -  
t i o n s ,  i t  w a s  determined t h a t  a 30-sec s lug  of  t r a c e r  a t  a predetermined flow 
r a t e  was needed. A i r  i n j e c t i o n  w a s  cont inued  a t  known rates  and p res su res  
dur ing  t h e  tes t  pe r iod .  
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The product ion  equipment used t o  measure the  t r a c e r  from the  product ion  
wells w a s  a 55-gal  drum, d e t e c t i o n  tubes ,  w i r i n g ,  hardware f o r  flow connec- 
t i o n s ,  and e l e c t r o n i c  equipment t o  r eco rd  the  produced peak i n  a tracer 
spreadout  l a s t i n g  about  30 min. 

The f low system connect ing  t h e  i n j e c t i o n  and product ion  w e l l s  c o n s i s t e d  
i n  sequence of c a s i n g ,  u s u a l l y  5 inches  i n  diameter  by 340 f e e t  i n  l eng th ,  
15 t o  54 -cu - f t  open-hole c a v i t y  i n  the  i n j e c t i o n  w e l l ,  t h e  formation between 
v a r i o u s  w e l l  spac ings ,  and t h e  c a v i t y  and cas ing  of  t he  product ion  w e l l .  I n  
one ser ies ,  a i r  and tracer w e r e  i n j e c t e d  a t  t h r e e  flow rates  i n t o  one w e l l  and 
produced from four  w e l l s  a t  d i s t a n c e s  of 18, 25, 3 6 ,  and 85 f e e t .  
ser ies ,  product ion  w a s  permi t ted  a t  on ly  one w e l l  70 f e e t  away, and seven f low 
rates  were used.  

I n  ano the r  

The r e l i a b i l i t y  of  t h e s e  r e s u l t s  was impaired by two s e r i o u s  d i f f i c u l t i e s .  
F i r s t ,  t h e  c o n t r i b u t i o n  of t h e  wel lbore  and c a v i t y  e f f e c t  i s  ve ry  l a r g e  com- 
pared w i t h  t o t a l  f r a c t u r e  void  volume. 
t i o n s .  The method would be much more r e l i a b l e  i f  t h e  tracer were i n j e c t e d  and 
d e t e c t e d  i n  the  r e s p e c t i v e  w e l l  bottoms. Second, t he  normal s c a t t e r  i n  count -  
ing  f o r  t h e  r a d i o a c t i v e  tracer made t h e  shape of t he  product ion  peak ve ry  
ambiguous. 
e q u a l l y  p l a u s i b l e  curve  f i t t i n g s .  This  problem could be decreased by a s i n g  
e i t h e r  a h igher  c o n c e n t r a t i o n  of  tracer or  chemical  tracer. 
of t h e  method under b e t t e r  c o n t r o l l e d  c o n d i t i o n s  would be warranted.  

This i s  hard t o  e l i m i n a t e  i n  c a l c u l a -  

The d i s p e r s i o n  c o e f f i c i e n t  v a r i e d  by a f a c t o r  of  3 w i t h  d i f f e r e n t  

Fu r the r  t e s t i n g  

1NT:BU.OF MINES,PGH. ,PA.  19 152 
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