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SHOCK COUPLING, LQADING DENSITY AND THE EFTICIENCY OF 

EXPLOSIVES I N  COMMERCIAL BLASTING 
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Intermountain Research and Engineering Company, Inc . 

S a l t  Lake Ci ty  4,  Utah 

Fac tors  considered most important i n  t h e  b l a s t i n g  of rock a r e :  

1. The maximum a v a i l a b l e  energy A - determined by t h e  hea t  of 
explosion Q and t h e  mechanical e f f i c i e n c y ,  a f a c t o r  in t imate ly  associated 
with the  mode of appl ica t ion ,  (A-Q a t  h ighes t  gas  concent ra t ions) .  

2. The "borehole pressure" pb which i s  t h e  maximum pressure  a t t a i n e d  
i n  t h e  borehole a f t e r  passage of t h e  detonat ion wave and before  the  burden 
has  had time t o  move or  become compressed appreciably.  
dura t ion  of t h e  detonat ion wave a t  any p a r t i c u l a r  po in t  i n  the  borehole, 
t h e  f a c t  t h a t  the  explosive may not always f i l l  t h e  borehole completely 
and the f u r t h e r  f a c t  t h a t  the  burden may not a c t u a l l y  llsee" t h e  detonat ion 
pressure,  the borehole pressure i s  considered more s i g n i f i c a n t  than the 
detonat ion pressure p2 i n  borehole b las t ing)  
determined by the  explosion o r  a d i a b a t i c  pressure  p3 and t h e  loading dens i ty  
A, or  t h e  f r a c t i o n  of t h e  borehole f i l l e d  by explosive.  

(Owing t o  t h e  s h o r t  

The borehole pressure i s  

3 .  The physical  condi t ions important i n  t h e  a p p l i c a t i o n  of t h e  
explosive: 

a. The "powder factor"  (We/Wr),  o r  t h e  r a t i o  of the  weight of 
t h e  explosive t o  t h a t  of t h e  rock being b l a s t e d  expressed a s  pounds per 
ton  (more genera l ly  in pounds/cubic yard). 

b. The r e l a t i v e  impedance R, o r  t h e  r a t i o  of t h e  (e f fec t ive)  
impedance of t h e  explosive (pV), t o  t h a t  of the  rock (pV),. 

c. The "burden" o r  " l i n e  of l e a s t  res i s tance" ,  t h e  spacing 
between boreholes and t h e  geometry of t h e  borehole p a t t e r n .  

d. The physical  and chemical p r o p e r t i e s  of t h e  rock, most 
s i g n i f i c a n t  of which a r e  poss ib le  h e t e r o g e n e i t i e s ,  such a s  fau l t ing ,pre-  
f r a c t u r e ,  and g r e a t e r  than micro-scale chemical he te rogenei t ies .  

A l l  of these  f a c t o r s  need t o  be c a r e f u l l y  considered i n  t h e  most economical 
engineering of a b l a s t .  
fac tory  s c i e n t i f i c  o u t l i n e  of t h e  mechanism of b l a s t i n g  even though much 
remains t o  be learned regarding t h e  d e t a i l e d  mechanism. 
f i r s t l y  a n  o u t l i n e  of t h e  present  s t a t u s  of rock mechanics as  it p e r t a i n s  
t o  b las t ing .  
of b l a s t i n g  agents  a r e  then considered followed by a d iscuss ion  of methods 
of appl ica t ion  t o  achieve optimum explosives  performance. 

It i s  poss ib le  today t o  g ive  a r e l a t i v e l y  s a t i s -  

i 
Here i s  considered 

The f a c t o r s  per ta in ing  t o  t h e  most e f f i c i e n t  appl ica t ion  

I Rock Mechanics 

Rock mechanics i s  c u r r e n t l y  a r a p i d l y  developing sc ience  cont r ibu t ing  
g r e a t l y  t o  a b e t t e r  understanding and consequently t h e  more e f f e c t i v e  



appl ica t ion  of explosives  i n  b l a s t i n g  of Basic t o  t h e  
development of t h e  sc ience  of rock mechanics were the  advances of 
Goransen(l5) and t h e  Los Alamos and NOL groups(16-20) concerning shock 
wave phenomena and t h e  t ransmission and r e f l e c t i o n  c h a r a c t e r i s t i c s  of 
shocks a t  i n t e r f a c e s  between d i f f e r e n t  media. 
on t h i s  new knowledge as  wel l  a s  new experimental methods of s tudy 
(ul t ra-high speed s t r e a k  and framing cameras and e l e c t r o n i c  t imers)  the  
theory of f r a c t u r e  and f a i l u r e  of s o l i d s  under impulsive loading by 
shock waves developed rapidly(6,8a10a19-21). Also t h e  recent  develop- 
ment of accura te  methods f o r  measuring the  pressures  i n  high i n t e n s i t y  
shock and d f@j f ion  waves has made poss ib le  more q u a n t i t a t i v e  work i n  
t h i s  f i e l d (  

Basing cons idera t ions  

Fragmentation of hard rock by explosives occurs predominantly i n  stress 
r e l i e f  and i n  t e n s i o n  waves c rea ted  i n  yet  incompletely def ined ways 
by a b l a s t .  T e n s i l e  fragmentation may r e a l l y  be the only means of 
breaking t h e  h a r d e s t  rocks although fragmentation d i r e c t l y  by the 
compression wave may be important i n  the  s o f t e r  and lower dens i ty  rocks. 
Tension waves develop prominently by r e f l e c t i o n  o 
f r e e  surfaces .  The shock wave theory of b l a s t i n g  f l"y therefore  has  
emphasized, perhaps too s t rongly ,  the phenomenon of successive "scabbing" 
by shockwave r e f l e c t i o n s  a t  f r e e  surfaces  a s  described by Rinehart and 
Pearson(l4r l9) .  Some i n v e s t i g a t o r s  considered the  scabbing process  t o  be 
p r a c t i c a l l y  t h e  only means by which hard rocks a r e  fragmented i n  b l a s t i n g ,  
although others(7~8,11-13) described other  mechanisms of fragmentation by 
t e n s i l e  forces  some of which may prove t o  be of much g r e a t e r  importance 
than fragmentation by means of r e l e a s e  waves r e f l e c t e d  from f r e e  surfaces .  
Shock waves from a h igh  explosive separate  i n t o  the  P-waves ( longi tudina l )  
and t h e  lower v e l o c i t y  S-waves (shear) .  The l a t t e r  i s  considered t o  cause 
appreciable  r a d i a l  f r a c t ~ r e ( ~ ~ > ~ ~ , l ~ )  and possibly c l o s e - i n  s h a t t e r i n g  of 
the  rock. 
a c t u a l l y  occur i n  t h e  hardes t  rocks as seen by t h e  presence of semi- 
boreholes on a new f r e e  face  i n  c e r t a i n  good b l a s t s ,  namely those  t h a t  
produce good fragmentat ion and no "back break", i . e . ,  no gross  f r a c t u r e  
of t h e  rock on t h e  inward s i d e  of the borehole. 

K o v a ~ h e n k o v ( ~ ~ )  descr ibed an energy theory of rock fragmentation similar 
t o  t h e  model wherein rock breakage i s  a " re lease  of load" or  s t r e s s  r e l i e f  
e f f e c t  following t h e  temporary t r a n s f e r  of the  energy of t h e  b l a s t  from 
the  explosive gases  i n t o  p o t e n t i a l  energy by powerful compression under 
t h e  sustained pressure  of the  products of detonat ion and t h e  g r e a t  i n e r t i a  
of t h e  burden. 
mechanism of f ragmentat ion(l3) .  
c a r r i e s  i n t o  t h e  rock genera l ly  l e s s  than 0 .1  (sometimes l e s s  than 0.05) 
of t h e  b l a s t  energy, whereas t h e  t o t a l  energy t r a n s f e r r e d  t o  t h e  burden 
by t h e  i n i t i a l  compression of t h e  rock may be a much l a r g e r  f r a c t i o n  of 
t h e  a v a i l a b l e  energy of t h e  explosive a t  some c r i t i c a l  e a r l y  s tage  of 
t h e  b l a s t ,  e.g., t h e  i n s t a n t  t h e  i n i t i a l  shock wave reaches t h e  f r e e  
surface.  Kovazhenkov pos tu la ted  t h a t  t h e r e  w i l l  be numerous means of 
c rea t ing  the  necessary t e n s i l e  forces  f o r  fragmentation once t h e  rock 

press ion  waves a t  

The predic ted  "sha t te r  zone" near the  borehole does not  

This  i s  t h e  concept descr ibed as  the  "rock burs t ing"  
The i n i t i a l  shock wave from a de tona t ion  
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has f i r s t  been excessively compressed. 
t i o n  s t r e s s  r e l i e f  may be the  source of most of t h e  fragmentation. 
The period of t h e  main over -a l l  r e l i e f  a c t u a l l y  involved i n  a b l a s t  i s  
between 5 and 10 times t h e  period between detonat ion and t h e  emergence 
of t h e  shock wave a t  t h e  f r e e  surface.  The r i s e  time of t h e  stress 
wave turns  out  t o  be appreciably g r e a t e r  i n  general  than t h e  t i m e  
required f o r  de tona t ion  of the  charge, and t h e  f a l l  of t h e  s t r e s s  wave 
i s  even longer .  The t o t a l  t i m e  t h e  main rock mass i s  under compression 
i s  severa l  times g r e a t e r  than the s t r e s s  wave r i s e  t i m e .  Moreover, a 
long-time s t r e s s  r e l i e f  f r a c t u r i n g  of rock seems t o  have been amply 
v e r i f i e d  by recent  s t u d i e s  by Obert( la)  who found' t h a t  s t r e s s e d  rock 
f r a c t u r e s  i n  proport ion t o  t h e  magnitude of t h e  s t r e s s  by simply c u t t i n g  
i t  away from t h e  source of s t r e s s .  
pressing f i n e  powder a t  very high pressures;  upon s t r e s s  r e l i e f  t h e  
specimen of ten  f r a c t u r e s  i n t o  layers  perpendicular t o  t h e  a x i s  of t h e  
d i e .  The number of such f r a c t u r e s  i s  proport ional  t o  t h e  magnitude of 
t h e  i n i t i a l  stress. Addit ional  evidence for  long time s t r e s s  r e l i e f  
fragmentation i s  the  " s t e p "  (and perhaps sometimes continuous) i n c r e a s e  
i n  the v e l o c i t y  of fragments e jec ted  from t h e  f r e e  s u r f a c e  of t h e  b l a s t  
i n  re lease  wave fragmentation discussed below. 

I n  the  shock wave theory of fragmentation t h r e e  zones of a b l a s t  a r e  
descr ibed:  1) t h e  fragmentation zone beginning a t  t h e  f r e e  s u r f a c e  
and extending ifiward t o ,  2 )  anunfragmented zone which i n  t u r n  i s  
sandwiched between t h e  fragmentation zone and, 3) a s h a t t e r  zone 
adjacent  t o  t h e  borehole. The unfragmented zone i s ,  of course ,  absent  
when t h e  burden/charge r a t i o  i s  s u f f i c i e n t l y  small. 
t o l e r a t e d  i n  commercial b las t ing . )  The energy theory of fragmentation 
does not deny t h e  r e l e a s e  wave fragmentation zone and t h e  shock wave 
s h a t t e r  zone (occurring i n  porous and s o f t  rocks) bu t  r e p l a c e s  t h e  
unfragmented zone by a r e l e a s e  of load type fragmentation zone. An 
unfragmented zone w i l l ,  of course, occur i n  b l a s t s  with excessive 
burdadcharge r a t i o s ,  bu t ,  when i t  does, r e l e a s e  wave f r a c t u r i n g  i s  
usual ly  a l s o  absent .  
shaped c r a t e r  of a spher ica l  charge, or wedge-shaped crater of a 
c y l i n d r i c a l  charge running p a r a l l e l  t o  a f r e e  face ,  which he c a l l e d  
the  e j e c t i o n  zone) a f r a c t u r e  zone associated exc lus ive ly  with shear  
type release-of- load or  s t r e s s - r e l i e f  fragmentation. Whereas t h e  
shock wave theory p r e d i c t s  t h e  conical  or  wedge type c r a t e r s ,  e l l y p t i c a l  
c r a t e r s  a c t u a l l y  occur due, according t o  Kovazhenkov, t o  t h e  f r a c t u r e  
zone i n s i d e  t h e  e j e c t i o n  zone. 

A se r ious  d i f f i c u l t y  i n  the shock wave theory i s  seen in  t h e  f r o n t a l  
fragment v e l o c i t y  measurements of Petkof ,  e t .  a l . ( l e )  taken from t h e  
f r e e  sur faces  of quarry b l a s t s .  By focusing a high speed camera on a 
given spot  on t h e  f r e e  sur face ,  they were ab le  t o  follow t h e  d is tance-  
time behavior of p a r t i c u l a r  fragments during the  b l a s t .  They observed 
"step" v e l o c i t y  curves for  these  fragments i n  which t h e  i n i t i a l  v e l o c i t y  
was sometimes only a f r a c t i o n  of t h e  u l t imate  v e l o c i t y ,  v e l o c i t y  
apparent ly  increas ing  discont inuously o r  i n  s t e p s  due t o  c o l l i s i o n  from 
behind by f a s t e r  moving fragments. The s i g n i f i c a n c e  of s tepwise 

Even a r e l a t i v e l y  long dura- 

One may demonstrate t h i s  e f f e c t  by 

(It could not  be 

Kovazhenkov added ( t o  t h e  pred ic ted  conical-. 



(sometimes f a i r l y  continuous) a c c e l e r a t i o n  of f r o n t a l  rock fragments 
i n  a b l a s t  may be b e t t e r  appreciated by a b r i e f  considerat ion of the  
s impl i f ied  mul t ip le  scabbing model of fragmentation by r e l e a s e  waves 
a t  f r e e  surfaces .  

A shock wave genera l ly  i s  considered t o  have a pressure-dis tance 
c h a r a c t e r i s t i c  i n  which t h e  pressure f a l l s  exponent ia l ly  with d i s t a n c e  
behind the shock f r o n t  following an equat ion of the  form 

-t/r P = Pme 

where pm i s  t h e  pressure  a t  t h e  shock f r o n t ,  T i s  the re laxa t ion  time 
and t the time f o r  a given c h a r a c t e r i s t i c  i n  t h e  wave t o  pass a f ixed  
poin t .  
t h i s  type: they e x h i b i t  a r e l a t i v e l y  long r i s e  time of the  order  of 
0 .1  t o  0 . 2  m sec or  more.) 
where 0; i s  a l s o  a r e l a x a t i o n  constant  and x t h e  d is tance  behind the  
wave f ront  a t  a given i n s t a n t .  
from t h e  f r e e  sur face  by r e f l e c t i o n  of a shock was a s  a re lease  wave oi 
i n t e n s i t y  g r e a t e r  than  t h e  t e n s i l e  s t r e n g t h  S t  of the  rock i s  given by 
t h e  equat ion 

(The s t r e s s  waves observed i n  b l a s t i n g  a r e  not a c t u a l l y  of 

I f  des i red ,  t / T  may be replaced by & 

The v e l o c i t y  of a fragment e jec ted  

where V t i  i s  the  f r e e  sur face  v e l o c i t y  of the  ith fragment and (pV)i 
i s  t h e  impedance of t h e  rock (p = dens i ty ;  V = v e l o c i t y ) .  
wave e n t e r s  a f r e e  f a c e  from wi th in  t h e  condensed medium with a peak 
pressure  p,, i t  has  t h e  p o t e n t i a l  of generat ing N f r a c t u r e  planes by 
successive t e n s i l e  scabbing a s  t h e  r e l e a s e  wave moves back i n t o  the  
s o l i d ,  N being given simply by 

I f  a shock 

The upper l i m i t  condi t ion  corresponds t o  no l o s s e s  i n  t h e  wave due t o  
f r i c t i o n ,  v i s c o s i t y  and h e a t i n g  of the  s o l i d  during scabbing. Owing 
t o  t h e  exponent ia l  decay form of t h e  inc ident  shock wave, which i s  
simply mirrored i n t o  t h e  tension region during r e f l e c t i o n ,  a t e n s i l e  
f a i l u r e  should occur i n  the  s o l i d  f o r  each increment of decay i n  t h e  
n e t  pressure  i n  t h e  amount Ap = St. 
m u s t  be  t h e  h ighes t  because p i  i s  g r e a t e s t  f o r  t h i s  fragment. 
b a s i s  of these  cons idera t ions  t h e  only apparent  way t o  account f o r  t h e  
s t e p  (or  continuous) a c c e l e r a t i o n  of a rock fragment scabbed of f  t h e  
f r e e  sur face  i n  t h e  shock wave theory of fragmentation is f o r  t h e  
pressure  to r i s e  d iscont inuous ly  following a decay by a t  l e a s t  the  
amount Ap = S t .  

The v e l o c i t y  of t h e  f i r s t  fragment 
On t h e  

This  would r e q u i r e ,  i n  e f f e c t ,  mul t ip le  shock waves 
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of progressively increas ing  i n t e n s i t y ,  a condi t ion which seems 
unl ike ly ,  and i n  f a c t ,  i s  not apparent i n  the  s t r a i n  wave measurements 
described by Bureau of Mines inves t iga tors .  
s t r a i n  waves observed by Atchison, Duvall, e t .  a l .  (I) showed r e l a t i v e l y  
long r i s e  time and even longer ,  more gradual  decay. 
scabs should b e  much th icker  than the observed fragments unless  there  
were t o  e x i s t  much higher  frequency wave components with pressure  
f l u c t u a t i n g  i n  magnitude by a t  l e a s t  S t .  

From t h e  magnitude of the  pljegsure a t  t h e  f r e e  face ,  
i n i t i a l  v e l o c i t y  V t  of t h e  fragments a t  t h e  f r e e  sur face  and t h e  known 
t e n s i l e  s t rength  of rock a l s o  one may show t h e  r e l a t i v e  unimportance of 
f r e e  sur face  f rac tur ing .  The observed i n i t i a l  fragment v e l o c i t i e s  a r e  
i n  t h e  range 3 t o  7 m/sec f o r  t h e  shots  s tud ied  by Petkof, e t .  a l .  
Equation (2) thus gives  about 0.2 t o  0.4 kb f o r  t h e  peak pressure  i n  the  
shock wave upon s t r i k i n g  the  f r e e  surface.  
a b l e  values  of S t  @.OS kb) one can account f o r  only 4 t o  8 successive 
scabs which i s  much too  small a value t o  account f o r  t h e  fragmentation 
observed i n  normal b l a s t s .  

As a matter of f a c t ,  the  

Therefore, t h e  

the  observed 

From equation (6) and reason- 

Massive acce lera t ion  of t h e  burden provides an explanat ion f o r  t h e  
acce lera t ion  of fragments a t  t h e  f r e e  sur face  following t h e i r  e j e c t i o n  
by r e l e a s e  wave scabbing. I n  t h e  r e l a t i v e l y  much slower s t r e s s  r e l i e f  
following a r e l a t i v e l y  long dura t ion  of sustained pressure i n  t h e  bore- 
ho le ,  the  whole burden a c c e l e r a t e s  t o  reach an u l t imate  v e l o c i t y  around 
30 m/sec, appreciably g r e a t e r  than the f r e e  sur face  v e l o c i t y  of fragments, 
e jec ted  from the  f r e e  surface.  
equat ion 

Calculat ions were made applying Newton's 

Md2r/dt2 = force  ( 4 )  

using a method of stepwise integration(").  Upper l i m i t s  were computed 
by assuming idea l ized  p e r f e c t  confinements, incompressible and s u i t a b l y  
pref rac tured  rock t o  permit uniform acce lera t ion  under a hypothet ical  
hemi-cyl indrical  expansion of t h e  products of detonat ion p e r f e c t l y  
confined wi th in  the  rock mass. Velocity-time V(t) curves for  t h e  burden 
were p l o t t e d  along with pressure-time p( t )  curves f o r  t h e  products of 
de tona t ion  and t h e  maximum a v a i l a b l e  energy-time A ( t )  curves f o r  t h e  
energy t r a n s f e r r e d  from t h e  hot  gases t o  t h e  burden. Comparison of 
these 'veloci ty- t ime curves with those observed by Petkof et. a l .  shows 
an i n t e r e s t i n g  c o r r e l a t i o n  f o r  times following detonat ion of t h e  order of 
20 t o  50 m sec and g r e a t e r .  
order-of-magnitude agreement, let u s  consider  more c a r e f u l l y  t h e  ac tua l  
condi t ions t h a t  may e x i s t  i n  t h e  rock and borehole a t  var ious  s t a g e s  of 
the b l a s t  beginning with the  i n s t a n t  to t h e  i n i t i a l  shock wave reaches 
t h e  f r e e  surface.  The pm(r) r e l a t i o n s h i p s  t h a t  should e x i s t  a t  t h i s  
i n s t a n t  and a t  var ious  times t h e r e a f t e r  are i l l u s t r a t e d  i n  Figure 1, 
based on an a p p l i c a t i o n  t o  t h e  case  o f  hemicyl indrical  symmetry and a 
n e g l i g i b l e  detonat ion t i m e  a long t h e  depth i n t e r v a l  under considerat ion.  
Even a f t e r  taking i n t o  account t h e  compress ib i l i ty  of the  burden t h e  ' 

To account f o r  t h i s  seemingly f o r t u i t o u s  
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pressure i n  the  expanding borehole should s t i l l  be an appreciable  
f r a c t i o n  (evident ly  about a qua r t e r )  of t h e  borehole p r e s s u r e  a t  
t h e  time to. One may t h e r e f o r e  expect a p re s su re  of about 25 kb 
(using the  h ighes t  p re s su re  explosives) f o r  t he  gases i n  t h e  bore- 
ho le  a t  t h i s  s t age  based on an upper l i m i t  borehole p re s su re  pb 
of about 100 kb. The assumption of an expuaent ia l  decay i n  pressure 
with d i s t ance  p e r m i t s  one t o  draw a s t r a i g h t  l i n e  between the  two 
po in t s  p: a n d h ( r o )  i n  l o g  p v s  r p lo t s .  

Following the  i n i t i a l  emergence of t he  shock wave t h e  r e l e a s e  wave moves 
back i n t o  the  rock mass a t  a ve loc i ty  comparable t o  t h a t  i n  t h e  i n i t i a l  
shock wave. Shocks and r e l e a s e  waves thus have t i m e  t o  rebound enough 
times i n  say 20 m sec e f f e c t i v e l y  t o  smooth out pressure and v e l o c i t y  
g rad ien t s  i n  the  rock. Therefore,  assuming t h a t  t he  energy a s soc ia t ed  
with fragmentation i s ,  f o r  example, h a l f  of t he  t o t a l  b l a s t  energy, a t  
about 30 m sec a f t e r  detonat ion the  v e l o c i t y  of t he  whole burden would 
be about 0.7 of t h a t  computed by equation ( 4 )  f o r  t h e  i d e a l i z e d  condi- 
t i o n s  the re  mentioned. Since h a l f  of t he  b l a s t  energy i s  probably a 
f a i r  r ep resen ta t ion  t o  t h a t  going u l t ima te ly  i n t o  fragmentation and 
su r face  tension i n  t h e  rock, one thus accounts approximately f o r  t he  
observed acce le ra t ion .  

Explosives Performance 

a .  Shock Coupling 

According t o  t h e  theory of “impedance mismatch”, t h e  i n i t i a l  p re s su re  p z  
i n  t h e  rock next  t o  t h e  borehole i s  r e l a t e d  t o  t h e  detonat ion pressure 
p2 f o r  a loading d e n s i t y  A of u n i t y  by t h e  r e l a t i o n s h i p  

where 

Measurements of t h e  s t r a i n  energy-distance r e l a t i o n s h i p s  i n  rock were 
shown(lb-d) t o  fol low t h e  r e l a t i o n s h i p  

where K i s  a cons t an t  considered t o  be approximately d i r e c t l y  proport ional  
t o  p$ and CX i s  a cons t an t  independent of t h e  explosive but dependent on 
t h e  na tu re  of t he  rock being blasted.  Thus K should be a funct ion of t he  
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detonat ion pressure p2 and t h e  impedance r a t i o  R. 
funct ion of t h e  hea t  of explosion s ince the  weight f a c t o r  W alone 
does not account completely for  the  extensive property of  the  explosive.  
One must expect a l s o  t h a t  a: i s  a function of the ava i lab le  energy A or  
hea t  of explosion Q because explosives d i f f e r  sometimes appreciably i n  
ava i lab le  energy. 
the  TNT-equivalent weight ra ther  than the  ac tua l  weight.) T h e o r e t i c a l l y ,  
one may express these  parameters by the  funct ions 

( I t  i s  also a 

This  d i f f i c u l t y  may be avoided i f  W i s  taken t o  be 

K and a: a r e ,  of course,  d i f f e r e n t  f o r  each type of rock. I f  on the  o t h e r  
hand, one uses t h e  concept of borehole pressure pb ins tead  of de tona t ion  
pressure p2 f o r  cases  i n  which the explosive does not completely f i l l  t h e  
borehole, i . e . ,  A <  1.0, equation (8) may be wr i t ten  i n  the  form 

Atchison and Duvallc3) attempted t o  modify equation (5) based on r e s u l t s  
with four explosives  using measured detonat ion v e l o c i t i e s  t o  compute R 
and p2. They suggested t h e  following modified impedance mismatch equat ion 

p$/p2 = (li-N)/(l+NR) (10) 

They proposed the va lue  N = 5 based on r e s u l t s  with these four d i f f e r e n t  
explosives. Since two of these  explosives were non-ideal t h e i r  detonat ion 
v e l o c i t i e s  i n  the  borehole should not be t h e  same as  the  measure (unconfined) 
v e l o c i t i e s .  Therefore  t h e  b a s i s  f o r  equation (10) seems ques t ionable  i n  
addi t ion  t o  u n c e r t a i n t i e s  i n  the meaning of R(p2). 
concerned with t h e  a p p l i c a t i o n  of c y l i n d r i c a l  charges. I n  case t h e  
explosive does not completely f i l l  the  borehole, t h e r e  i s  a s e r i o u s  
ambiguity i n  t h e  use of t h e  detonat ion pressure p2 a s  being t r u l y  
representa t ive  of thepressure  rpplied t o  the  rock and condi t ions  c o n t r i -  
but ing t o  t h e  impedance r a t i o  R. 
borehole completely, t h e r e  i s  no assurance t h a t  the  de tona t ion  wave w i l l  
extend a l l  t h e  way t o  the  rock-explosive i n t e r f a c e  owing to  an observed 
"edge e f f e c t "  which does not always disappear even under s t rong  confine-  
ment, espec ia l ly  i n  t h e  most non-idezl explosives. Moreover, t h e  
detonat ion pressure p2 i s  very shor t  i n  durat ion or  t r a n s i e n t ;  t h e  
borehole pressure pb e x i s t s  unattenuated f o r  a much longer time. 

One i s ,  i n  genera l ,  

Even when the  explosive f i l l s  t h e  
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(This i s  based on an assumed n e g l i g i b l e  compress ib i l i ty  of t h e  rock; 
when compress ib i l i ty  i s  taken i n t o  account, the  borehole pressure i s  
found a l s o  t o  be r e l a t i v e l y  t r a n s i e n t  i n  favor of a s t i l l  lower, more 
sustained pressure. )  The ( i d e a l )  borehole pressure i s  i d e n t i c a l l y  the 
a d i a b a t i c  or explosion pressure  p3 a t  A = 1.0,  b u t  a t  lower loading 
d e n s i t i e s  i t  i s  r e l a t e d  to p3 by a r e l a t i o n  of t h e  form 

. 
where n i s  a cons tan t  between 2.0 and 3.0(20) .  
given (neglect ing ambient pressure)  by t h e  r e l a t i o n  

Detonation pressure i s  

where D i s  t h e  de tona t ion  v e l o c i t y ,  W i s  t h e  p a r t i c l e  v e l o c i t y  and p1 
i s  t h e  i n i t i a l  d e n s i t y  of t h e  explosive.  
p2 = Zp3 and W I D  = 0.25, t h e  impedance of t h e  explosive i n  terms of t h e  
explosion pressure f o r  impulse t r a n s f e r  through t h e  end of a detonat ing 
charge becomes approximately 

Using t h e  (good) approximations 

The e f f e c t i v e  borehole impedance should more properly b e  r e l a t e d ,  not 
t o  pq o r  p3, but t o  t h e  a c t u a l  pressure  which the  borehole experiences,  
namely Ph. Therefore ,  i n  t h e  genera l  case  borehole impedance- should be 
given by-the r e l a t i o n s h i p  

The r e l a t i v e  borehole impedance should, t h e r e f o r e ,  be given approximately 
by t h e  r e l a t i o n  

f o r  (pV), i n  g/cc - km/sec, pb i n  kb and p1 i n  g/cc. 
p ressure  p: i n  t h e  rock i s  then given by 

The i n i t i a l  peak 
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The (shock) coupling uld t h e r e f o r e  be r e l a t e d  t o  A, or  t h e  
"decoupling" f a c t o r  Af" def ined by Atchisonc5), by t h e  r e l a t i o n s h i p  

where R(l) and pz a r e  values  of t h e  r e l a t i v e  impedance and i n i t i a l  
peak pressure  i n  t h e  rock a t  A = 1.0. 
f o r  R(1)  << 1.0 "decoupling" should vary  a s  A2*5; f o r  R = 1.0 it 
should vary as  2 ~ ~ * 5 4 ( l + ~ ~ . ~ ~ )  and f o r  R >> 1.0 i t  should be given 
approximately by A2* R(l)/ 1 + ~ ( l ) d . 7 5  Based on upper and 
lower l i m i t s  of R, one thus expects  & t o  vary  wi th in  the  l i m i t s  
and A2.5 f o r  values  of A not too f a r  below uni ty .  

S tudies  of decoupling i n  limestone by A t ~ h i s o n ( ~ )  showed i t  t o  vary about 
as AO-75 and comparable r e s u l t s  were obtained i n  g r a n i t e  by Atchison and 
Duvall(3j. On t h e  o ther  hand condi t ions  emplo ed i n  t h e s e  i n v e s t i g a t i o n s  
were such t h a t  r e s u l t s  should have v a r i e d  as A3-w because Rl, < 0.5 i n  a l l  
cases  considered by them. 

Taking n = 2.5 one f i n d s  t h a t  

b. Energy Coupling 

I n  t h e  theory of energy coupling t h e  impedance mismatch equat ion i s  not 
appl icable ;  i f  one neglec ts  compress ib i l i ty ,  t h e  borehole pressure  pb 
w i l l  be t h e  a c t u a l  pressure  appl ied  on t h e  inner  (borehole) boundary a t  
a l l  s tages  p r i o r  t o  emergence of t h e  shock wave i n t o  t h e  f r e e  sur face  of 
a properly loaded b l a s t .  
t h e  rock. I n  t h e  i d e a l i z e d  case ,  t h e r e f o r e ,  t h e  energy theory p r e d i c t s  
t h a t  t h e  ( e f f e c t i v e )  decoupling should vary  a l s o  approximately a s  A2.5. 
The observed decoupling f a c t o r  may, however, be accounted f o r  in 
t h e  energy theory by tak ing  i n t o  account rock compress ib i l i ty .  

The s t r a i n  energy dens i ty  E i n  t h e  compression of rock i s  approximately 
pp2/2, where B i s  t h e  average compress ib i l i ty  a t  p ressure  p. 
a pressure d i s t r i b u t i o n  func t ion  for  rock compression i n  c y l i n d r i c a l  
expansion of t h e  compression wave i n  a long borehole t o  be given by t h e  
equat ion 

This  w i l l  then be t h e  i n i t i a l  p ressure  pg i n  

- 
L e t  us assume 

o -a(t).x 
Pm Pme 

, 
where x = r/ro and ro = V r t o .  The cons tan t  a i s  given by t h e  equation 

The t o t a l  energy of compression i s  t h e n , o b t a i n e d  by i n t e g r a t i n g  over t h e  
whole volume of t h e  rock under compression giving 
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% = p: 2- $aro.L/8a2 2 

The maximum ava i l ab le  energy l e  y of an explosive a t  i t s  maximum 
d e n s i t y  i s  approximately 
and p1 = 1.5 g/cc one ob ta ins ,  using equation (18) and t h i s  approximation 
f o r  A,  t h e  r e s u l t  

p,?''f. Therefore,  f o r  a charge of i? = 1.0 

f o r  the  r a t i o  of t h e  burden t o  the  borehole rad ius .  

A t  ro i t  has been observed t h a t  pb/pm(ro)-500 f o r  b l a s t s  employing an 
explosive of dens i ty  around p1 = 1 .5  g /cc ,  and borehole pressure pb 
(A = 1.0) corresponding t o  t h e  b e s t  modern b l a s t i n g  agents.  Since Q may 
b e  known as a func t ion  of pg from the theory of t h e  maximum a v a i l a b l e  work 
funct ion A (cf. Figure 11 .6 ,  r e f .  20) one may the re fo re  use i t  t o  ob ta in ,  
v i a  equation (20), t h e  r a t i o  pg/pb. For %/AWe-0.5, fo r  example, 
p$ - 0.25 pb a s  seen i n  t h e  above reference.  
roughly r o / r b  = 25 l o g  pb/4p(ro). 
r o / r b  = 50. This agrees  e s s e n t i a l l y  with the  observed d i s t ance  t o  t h e  
f r e e  su r face  of a p rope r ly  loaded b l a s t .  
t h e  p(r)  r e l a t i o n s  dep ic t ed  i n  Figure 1 and shows t h a t  a l a rge  po r t ion  of 
the  energy of t h e  b l a s t  i s ,  indeed, s tored temporarily a s  compression 
energy i n  the rock a t  t h e  i n s t a n t  t h a t  fragmentation begins a t  t h e  f r e e  
surface.  Of course,  h a l f  of t h i s  energy then i s  i n  t h e  region back of t he  
borehole,  but in t h e  subsequent stress r e l i e f  t h i s  energy i s  p a r t i a l l y ,  
a t  l e a s t ,  t r ans fe r r ed  t o  t h e  o the r  h a l f  of t he  b l a s t  t o  assist  in f u r t h e r  
stress r e l i e f  fragmentation. 

The above considerat ions apply i n  the case  of an i d e a l l y  loaded b l a s t .  
Let  u s  now consider cond i t ions  e x i s t i n g  (a) i n  an underloaded b l a s t  
(excessively low We/Wr) and (b) i n  an overloaded b l a s t  (excessively high 
We/Wr). In considering poorly loaded b l a s t s ,  no te  t h a t  a(to) w i l l  not  be 
changed i f  a l l  condi t ions a r e  the  same except t h a t  t h e  burden has  been 
increased (a) or decreased (b). However, pm a t  t h e  f r e e  surface w i l l  be 
d i f f e r e n t  i n  each case.  

Le t  us consider the case  i n  which a l l  condi t ions of a b l a s t  a r e  the  same 
as those depicted i n  Figure 1 except t h a t  t h e  burden i s  20 percent g r e a t e r  
(rA.= 1 . 2  ro). A t  the t i m e  to a f t e r  t he  b l a s t ,  t he re fo re ,  t he  rock i n  the  
region between t h e  borehole and t h e  d i s t ance  ro w i l l  be under i d e n t i c a l l y  
the  same pressure a s  i n  the case  i n  which the  f r e e  surface i s  encountered 
a t  ro (dotted l i n e ,  F igu re  2).  Since no f r e e  surface i s  encountered a t  
t h i s  s t age  there  i s  no fragmentation except i n  t h e  borehole f r a c t u r e  zone. 
In s t ead ,  t he  compression wave must cont inue on t h e  add i t iona l  time t0 /5  
before  fragmentation can commence. When i t  reaches the  f r e e  su r face  
t h e r e  has  been considerable  a t t enua t ion  of compression throughout the  

100 kb 

Then equation (20) becomes 
Taking pb/4pm(ro) = 100 one then f i n d s  

I t  t h u s  j u s t i f i e s  q u a l i t a t i v e l y  

i 

1 
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burden. 
have dropped below t h a t  required t o  produce r e l e a s e  wave fragmentation. 
S t r e s s  r e l i e f  then occurs much more gradual ly  so t h a t  fragmentation i n  
t h e  s t r e s s - r e l i e f  zone becomes much l e s s  extensive.  This  type of shot  
produces excessive back break owing t o  s t r e s s  r e l i e f  then tending t o  
become symmetrical around t h e  borehole, and fragmentation i s  poor. 

Conditions w i l l  be opposi te  i n  case (b). 
f o r  t h e  case i n  which again a l l  condi t ions a r e  i d e n t i c a l  with those i n  
Figure 1 except t h a t  t h e  burden i s  now 20 p e r c e n t , t o o  small. 
sur face  fragmentation then begins a t  t g  = 0.8 to a t  which p o i n t  t h e  
pressure pm(rg) i s  considerably higher .  
wave f r a c t u r i n g  and i n  e j e c t i o n  of rock a t  much higher  v e l o c i t y ;  t h e  
burden experiences excessive "throw". 
t i o n  becomes excessive a t  r: = 0.8 ro owing t o  more sudden r e l e a s e  from 
higher  pressures .  

Consider now the  case of a b l a s t  i n  which a l l  condi t ions a r e  t h e  same 
except t h a t  A = 0.75 and, therefore ,  pb-0.4 p3. That i s ,  t h e  "powder 
fac tor"  and t h e  "burden" a r e  the  same as  i n  Figure 1, but t h e  borehole  
i s  a t h i r d  g r e a t e r  i n  volume than i n  t h e  b l a s t  depicted i n  Figure 1. 
The r e s u l t  of the  b l a s t  i s  almost t h e  same a s  t h a t  depicted i n  Figure 2. 
That i s ,  decoupling t o  t h e  ex ten t  A = 0.75 has near ly  the  same e f f e c t  on 
fragmentation as  increas ing  t h e  burden about 20 percent. This  s i t u a t i o n  
i s  depicted i n  Figure 4. 

The above i l l u s t r a t e s  t h e  theory q u a l i t a t i v e l y ;  i n  a q u a n t i t a t i v e  
appl ica t ion  t h e r e  a r e  t h r e e  unknowns i n  equation (20) ,  namely %(t), 
pg(to) and h(ro)  which m u s t  be defined. 
t h e  theory of t h e  maximum a v a i l a b l e  energy A because i n  r e v e r s i b l e  
expansion, A i s  a s ingle-valued funct ion of the  s p e c i f i c  volume v of the  
gaseous products of detonat ion.  Any l o s s  of energy from t h e  gases  t o  
the  burden i s  assoc ia ted  with an increase  i n  the  s p e c i f i c  volume Av(t) 
of t h e  gases i n  t h e  borehole. 
by t h e  method given i n  r e f .  20, p. 267. (The r a t i o  Q/W& i n  equat ion 
(20) i s  i d e n t i c a l l y  A(t)/A, where A(t) i s  the  workdone on t h e  burden 
per u n i t  weight of explosive during the  time t and A is  t h e  u l t imate  
work per u n i t  weight of explosive over the  whole per iod t h a t  t h e  gases  

Moreover, t h e  amplitude of the wave when i t  reaches r; may 

Figure 3 depic t s  condi t ions  

Free  

This r e s u l t s  i n  g r e a t e r  r e l e a s e  

The s t r e s s - r e l i e f  zone fragmenta- 

They a r e  i n t e r r e l a t e d  through 

By knowing Av(t) one may then compute A( t )  

a r e  ab le  t o  do wock on the-burden.)  One 
Avb(to), t h e  increase  i n  s p e c i f i c  volume 
may be obtained from t h e  equat ion 

giving 

i s  thus pr imar i ly  i n t e r e s t e d  i n  
of the  borehole a t  to. This  

'b pm 
= 2nrpdpdr 

Av(to) = 2rrz Lspz/Wea2 

where minus t h e  t o t a l  i n c r e a s e  i n  volume of the  borehole a t  t i m e  to has 
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been equated to the  t o t a l  decrease i n  volume of t h e  rock due t o  compres- 
s i o n  a t  t h i s  p a r t i c u l a r  s t age  of t h e  b l a s t .  

Since pg may b e  der ived from pb and vb(t) once A(t) i s  known t h e  only 
remaining unknown i n  equat ion (20) i s  pm(ro). 
b l a s t  pm(ro) must be l a r g e  enough t o  permit fragmentation t o  begin a t  
t h e  f r e e  sur face ,  i . e . ,  i t  must be seve ra l  times g rea t e r  than St. From 
t h e  Bureau of Mines s t u d i e s  pm(ro) f o r  a good b l a s t  i s  NiSt where Ni-4. 
For example, for g r a n i t e  pm(ro)-0.25 kb and S t  = 0.075 kb. I f  a bore- 
h o l e  i n  g r a n i t e  i s  loaded w i t h  an explosive of pb = 100 kb  one then f inds ,  
by ar. i t e r a t i v e  simultaneous s o l u t i o n  of equations (20) and (Zl), t h a t  
p:-25 kb and p:/p(ro) = ea-100, g iv ing  a-4.6.  Therefore  hb ( to ) /vb -3 ;  
t h e  borehole apparent ly  has  increased i n  diameter by approximately a f a c t o r  
of 2.0 (Figure 5) a t  t h e  i n s t a n t  (to) t h a t  t h e  shock wave reaches the  f r e e  
su r face  i n  a properly loaded shot  i n  g r a n i t e  using an explosive with 
pb = 100 kb. 

In applying the  s t r e s s - r e l i e f  theory he re  ou t l ined  t o  var ious types of 
rock t o  b e  blasted with d i f f e r e n t  explosives  one should f i r s t  determine 
more accu ra t e ly  the  r a t i o  pm(ro)/St f o r  b e s t  r e s u l t s .  
r a t i o s  p t /p ( ro )  = ea and A ( t o ) / A ,  and AVb(to) may be obtained with good 
accuracy by a n  i t e r a t i v e  procedure. This  should permit one t o  p red ic t  
optimum loading r a t i o s  We/Wr f o r  the va r ious  combinations of rock and 
explosive.  
theory t o  provide more r e l i a b l e  d a t a  on p(ro)/St and p f o r  var ious rocks 
and on pb, A and pg f o r  va r ious  explosives.  

For a properly loaded 

Then &, t h e  

It w i l l  t hus  be necessary i n  t h e  f u r t h e r  development of t he  

c. Explosives 

The parameters of equat ion (17) have a complex dependency; they depend 
u l t i m a t e l y  not only on the  burden, spacing, borehole diameter and depth 
and t h e  p rope r t i e s  of t h e  rock,  but  a l s o  on loading d e n s i t y  A and the  
explosive dens i ty  p1 (or pressure)  and A. To emphasize t h e  pa r t  played 
by t h e  explosive le t  us  express  &(t) and a ( t )  i n  t h e  form 

' I  

' I  

where n-2.5,  m-l/3, f and g are funct ions of t h e  physical  and chemical 
p r o p e r t i e s  of the rock ,E&, and on t h e  geometrical  f a c t o r s  X (burden, 
spacing and borehole diameter and depth).  Thus, maintaining f and g 
cons t an t  p t  i s  found t o  v a r y  e s s e n t i a l l y  as (~1 .a )~  and a as  A - l / 3 ,  
which are the  important f a c t o r s  pe r t a in ing  t o  t h e  explosive i r r e s p e c t i v e  
o f  whether one accep t s  t h e  shock wave theory,  the  energy theory o r  both. 
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" p r i l l s  and o i l "  ( t h e  94/6 p r i l l e d  
commercial explosives  comprised 

P r i o r  t o  t h e  advent i n  19 
ammonium n i t r a t e / f u e l  o i l  
p r i n c i p a l l y  dynamites (based on n i t r o g l y c e r i n )  and t h e  NCN ("n i t ro-  
carbo-ni t ra te")  explosives  comprising e s s e n t i a l l y  fue l - sens i t ized  
ammonium n i t r a t e .  
0.6 t o  1.4 g/cc,  b u t  owing t o  t h e i r  a p p l i c a t i o n  i n  c a r t r i d g e  form A 
was genera l ly  appreciably below 1.0. 
product much above t h a t  f o r  p r i l l s  and o i l  i n  which p i  is only 6.85 
g /cc ,  but A is  genera l ly  1 .0 ;  it i s  genera l ly  used i n  bulk form such 
t h a t  it always f i l l s  t h e  borehole completely. A/Ao f o r  p r i l l s  and o i l  
is  c l o s e  t o  u n i t y  and therefore  a l s o  about t h e  same a s  f o r  an average 
commercial explosive,  A, being t h e  maximum a v a i l a b l e  energy of TNT o r  
t h e  "TNT equivalent". I n  r e t r o s p e c t  it i s  thus understandable t h a t  
p r i l l s  and o i l ,  genera l ly  previously regarded by explosives  technologis t s  
as  an i n f e r i o r  b l a s t i n g  agent ,  has a c t u a l l y  performed f a r  above expecta- 
t ions .  Owing t o  i t s  low c o s t ,  roughly only a q u a r t e r  t h a t  of an equal 
(weight) s t rength  dynamite, and the g r e a t  importance of A on performance, 
p r i l l s  and o i l  has  replaced wel l  over h a l f  of t h e  dynamites and NCN 
explosives  previously comprising the commercial market i n  America. 

Shor t ly  a f t e r  t h e  discovery of p r i l l s  and o i l  t h e  "s lurry" explosives  
were discovered by Cook and Farnam(13~25s26). 
thickened o r  g e l a t i n i z e d  aqueous ammonium n i t r a t e  s o l u t i o n s ;  they d i f f e r  
i n  type depending on the  s e n s i t i z e r  employed i n  them, types being: 

The average dens i ty  i n  these  products  ranged from 

Thus seldom was t h e i r  n'p 

S l u r r i e s  are based on 

a) 

b) Smokeless powder s l u r r i e s  

c) The NCN s l u r r i e s  i n  which t h e  s e n s i t i z e r  i s  a non- 

Coarse TNT and TNT-aluminum s l u r r i e s  

explosive "fuel", e .g . ,  aluminum, emulsif ied f u e l  
o i l ,  e tc .  

S l u r r i e s  a r e  charac te r ized  by t h e i r  high d e n s i t y  and f l u i d i t y  which makes 
it r e l a t i v e l y  easy f o r  them t o  a t t a i n  A = 1.0  i n  t h e  borehole. 
product i s  thus  genera l ly  1 .5  t o  2 . 5  times g r e a t e r  f o r  s l u r r y  than f o r  
p r i l l s  and o i l .  
those with t h e  h ighes t  aluminum contents  developing borehole pressures  
about f i v e  times g r e a t e r  and A/Ao values  up t o  1.5 times g r e a t e r  than 
f o r  p r i l l s  and o i l .  

On an equal s t rength  b a s i s  t h e  c o s t  of s l u r r i e s  averages a b o u t  h a l f  t o  
two-thirds t h a t  of t h e  older  commercial explosives  and about twice t o  
t h r e e  times t h a t  of p r i l l s  and o i l .  

By v i r t u e  of t h e  much higher  p1.A of s l u r r y  compared with p r i l l s  and o i l  
and the  older  commercial explosives ,  and e x c e l l e n t  new methods f o r  

The A'p1 

The A/Ao r a t i o s  of s l u r r i e s  range from 0.85 t o  1.5, 
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economic, rapid and s a f e  loading of them a t  A = 1.0 they represent  a 
major advance i n  t h e  commercial explosives  f i e l d  and should not only 
rep lace  dynamites and o t h e r  explosives  i n  wet ho le  and underwater 
b l a s t i n g  where p r i l l s  and o i l  i s  inappl icable ,  but  may even rep lace  
much of t h e  p r i l l s  and o i l  i n  dry  hole  b las t ing .  
being produced i n  q u a n t i t i e s  exceeding LO8 pounds per year i n  the  U . S . A . ,  
Canada and fore ign  c o u n t r i e s .  

Novel Loading Method 

U n t i l  r e c e n t l y  t h e  importance of A-Q was n o t  f u l l y  apprec ia ted ,  
opera tors  f requent ly  us ing  l a r g e r  and l a r g e r  boreholes t o  o b t a i n  t h e i r  
necessary high powder f a c t o r s  r a t h e r  than taking f u l l  advantage of b e s t  
methods f o r  maximizing & p l .  With t h e  cur ren t  much b e t t e r  apprec ia t ion  
of coupling and h igh  borehole  pressures  many a r e  turning t o  the  s l u r r y  
explosives  t o  achieve h i g h  powder f a c t o r s  i n  b l a s t s  of high burdens 
without  having t o  i n c r e a s e  borehole  diameters. I n  f a c t ,  some a r e  even 
now contemplating reduct ion  i n  borehole diameters. 
r e s u l t i n g  from t h i s  more s c i e n t i f i c  a p p l i c a t i o n  of  explosives  a r e  not 
only reduced explosives  and d r i l l i n g  c o s t s ,  but  a l s o  reduced shovel ,  
crushing and gr inding  c o s t s ,  and sometimes a l s o  l a r g e  increases  i n  t h e  
r a t e s  of production. 

Successful  bulk loading u n i t s  and f i e l d  mixing methods fo r  p r i l l s  and o i l  
developed rap id ly  a f t e r  i t s  in t roduct ion( l3 ,27) .  
considerable  research  w a s  requi red  f o r  the development of bu lk  handl ing 
methods f o r  s l u r r i e s ;  f i e l d  mixing and loading proved much more d i f f i c u l t  
with s l u r r i e s  because 1) s l u r r i e s  with s u i t a b l e  p r o p e r t i e s  (water r e s i s -  
tance,  p l a s t i c i t y  and h i g h  dens i ty)  requi re  much more accura te  cont ro l  
i n  t h e i r  formulation, and 2) they a r e  usua l ly  appl ied  under more d i f f i c u l t  
condi t ions,  e.g., i n  w a t e r - f i l l e d  holes .  Af te r  severa l  years  of research  
an exce l len t  new p r i n c i p l e  of  handl ing s l u r r i e s  was r e c e n t l y  introduced 
by IRECO having g r e a t  p o t e n t i a l  f o r  r a p i d  development and ex tens ive  
a p p l i c a t i o n  e s p e c i a l l y  i n  the l a r g e  operat ions.  
mixing and loading method c a l l e d  t h e  "pump truck'' method. 
u n i t s  were introduced e a r l y  i n  1963 simultaneously a t  t he  Kaiser  S t e e l  
Corporat ion 's  Eagle Mountain Mine i n  Cal i forn ia ,  a t  t he  I r o n  Ore Company 
of Canada's Nob Lake and Carro l  Lake Mines i n  Northern Quebec and on t h e  
Northern Minnesota and upper Michigan i r o n  ranges. 

A photograph of a u n i t  now i n  r o u t i n e  opera t ion  i s  shown i n  Figure 6. 
The pump truck method u t i l i z e s  a h o t ,  precondi t ioned,  aqueous s o l u t i o n  
of ammonium and sodium n i t r a t e  w i t h  o ther  addi t ives ,  e .g . ,  one f o r  pre-  
vent ion  of thealuminurn-water r e a c t i o n ,  and another f o r  promoting rap id  
s l u r r y  g e l a t i n i z a t i o n .  S o l i d  i n g r e d i e n t s  a r e  fed by v i b r a t o r s  from one, 
two or  th ree  s torage  b i n s  depending on t h e  p a r t i c u l a r  s l u r r y  des i red .  
The h o t  so lu t ion  i s  fed  i n t o  t h e  s l u r r y  stream by an e s p e c i a l l y  designed 
pump. A l l  ingredien ts  come together  i n  a second s p e c i a l l y  designed 
pump which quick ly  mixes them and f o r c e s  them r a p i d l y  through a long  nose 

Already s l u r r i e s  a r e  

The savings 

On t h e  o ther  hand, 

This  i s  a unique o n - s i t e  
Pump t r u c k  

P 

I 

I 

I 



I 

b 

i n t o  t h e  borehole. 
lbs/min. 
with about 25,000 l b s  of ingredients ,  i n  about 15 minutes, o r  i t  may be 
loaded continuously during loading of boreholes depending on the method 
desired.  It i s  thus poss ib l e  t o  mix and load with a s i n g l e  such u n i t  
up t o  about 50 tons  of s l u r r y  per eight-hour s h i f t .  

The products produced by the  pump truck method are gene ra l ly  supe r io r  t o  
corresponding plant-manufactured products because they are gene ra l ly  
higher i n  dens i ty ,  they are more water r e s i s t a n t  and r e q u i r e  less o f  t he  
explosively i n e f f e c t i v e  ing red ien t s  required f o r  products that  need t o  
be s to red ,  t r anspor t ed  and handled. A valuable  f ea tu re  of t h e  pump truck 
method i s  t h a t  it can load more than one type of s l u r r y  i n t o  the same 
borehole by merely switching v i b r a t o r s  and ad jus t ing  t h e i r  speeds. For 
example, t h e  most powerful, high dens i ty  aluminized s l u r r y  may be loaded 
a t  t h e  bottom o r  "toe" of t h e  hole  where i t  i s  most needed, and the  much 
less c o s t l y ,  l e s s  powerful NCN type s l u r r y  may be used i n  t h e  upper p a r t  
of t h e  borehole where less power i s  required.  
s l u r r i e s  a r e  of t he  NCN type ,  i . e . ,  they are properly c a l l e d  s l u r r y  
b l a s t i n g  agents( l3)  f o r  which no s torage o r  t r a n s p o r t a t i o n  of a c t u a l  
explosive i s  required.  Thus s a f e t y  i s  maximized; when only NCN type 
s l u r r i e s  are used, t h e  b l a s t i n g  agent made by t h e  pump t r u c k  method may 
be formulated t o  become a detonatable  explosive only when it i s  a c t u a l l y  
i n  p l ace  i n  t h e  borehole. 
f o r  use i n  w a t e r - f i l l e d  boreholes by the  same mixing procedures used i n  
dry boreholes,  except t h a t  t h e  product i s  then extruded from t h e  loading 
hose i n t o  t h e  bottom ins t ead  of the  top o f . t he  borehole. Th i s  procedure 
does not reduce the  loading r a t e  appreciably,  but  prevents  t h e  f i n i s h e d  
s l u r r y  from mixing with water a s  i t  would do i f  it were r equ i r ed  t o  f a l l  
through water. 
by extruding i t  i n t o  a l a r g e  diameter,  polyethylene tube that  may b e  
quickly and e a s i l y  raveled over t he  end o f  the  hose,  pushed t o  the bottom 
of t h e  borehole,  then pushed o f f  t he  end of t he  loading hose by t h e  extruded 
s l u r r y  t o  l i n e  t h e  borehole as t h e  s l u r r y  f i l l s  it. 

Possibly the  f u t u r e  of NCN-slurry b l a s t i n g  agents  may be judged by t h e  
f a c t  t h a t  one such type (designated DBA-KS) made a v a i l a b l e  f o r  use only by 
t h e  i d e a l  condi t ions made ava i l ab le  only by t h e  use of pump t r u c k  mixing 
and loading, a c t u a l l y  c o s t s  less than p r i l l s  and o i l  when both explosive 
and loading costs are considered. 
considerably b e t t e r  than p r i l l s  and o i l , ' e . g . ,  i t s  p r o p e r t i e s  are 
p1.A-1.4 g/cc,  pb- 50 kb and A/Ao about 0.9. Reduction i n  t h e  c o s t s  
of explosive,  d r i l l i n g ,  shovel,  crushing, and gr inding are a l l  phenomenal 
with t h i s  product e s p e c i a l l y  when used i n  conjunction with t h e  powerful 
aluminized s l u r r y  (DBA-10) in bottom Loads. 

TNT s l u r r i e s  are sometimes p re fe r r ed  t o  the NCN type because t h e y  a r e  more 
r e l i a b l e  under d i f f i c u l t  condi t ions,  e.g., running water and i n  ve ry  cold 
boreholes. 
l a r g e l y  +10 mesh "pe l l e to l "  TNT manufactured by t h e  duPont Company or t h e  

The r a t e  of mixing and loading averages more than 400 
The t ruck  may be loaded a t  a nearby s to rage  f a c i l i t y ,  e .g . ,  

I n  t h i s  combination both 

Such NCN-slurries, moreover, may be formulated 

One may provide add i t iona l  water r e s i s t a n c e  f o r  t h e  s l u r r y  

Cespi te  i t s  low c o s t  t h i s  s l u r r y  i s  

The TNT most s u i t a b l e  f o r  pump truck handling i s  t h e  coarse ,  
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"Nitropel" TNT made by CIL  i n  Canada. This  coarse  TNT product i s  not 
cap s e n s i t i v e  and has  a c r i t i c a l  diameter of 2". Since i t  i s  the re fo re  
no more s e n s i t i v e  than some of t he  field-mixed and bulk loaded p r i l l s  
and o i l  products,  p a r t i c u l a r l y  those  used i n  small diameter,  underground 
b l a s t i n g ,  and s ince  t h e  handling of t h i s  product comprises simply the  
pe r iod ic  reloading o f  t h e  bulk TNT b in  on the  pump t ruck  from which i t  
i s  fed i n t o  t h e  s l u r r y  stream v i a  a s a fe  v i b r a t o r  feed, the  TNT s l u r r y  
made and loaded by t h e  pump truck p resen t s  no hazard g r e a t e r  than the  
use of corresponding plant-manufactured products.  
method of mixing and load ing  s l u r r y  explosives and b l a s t i n g  agents  
should thus  prove t o  be a major advance i n  commercial b l a s t i n g  t h a t  
w i l l  r e s u l t  i n  increased sa fe ty ,  improved performance, reduced c o s t s  
and g rea t e r  ra tes  of production. 
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Figure 1. The p,(to) curve and fragmentation zones. 
(pb = 100 kb, A = 1.0, p1 = 1.5 g/cc, WJWr - ideal) 
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Figure 2. The pm(tA) and pm(to) curves and fragmentation zones. 
(pb = 100 kb, p1 = 1.5 g/cC, a = 1.0, We/Wr too low) 



i 

%(to) curve for burden = ro  

4n(r:,tl;) 

Compression Zone 

1 

- Release wave 
fragment a t  i o n  
zone 

4 +Borehole - Burden - 
# 1 I I 

0 0 . 2  0 . 4  0.6 0.8 
r/ro r/rg = 1 

I 

Figure 3. Tlie pm(tg) curve and fragmentation zones for 
t: = 0 . 8  to 
A = 1 . 0 ,  We/Wr too large) 

(pb = 100 kb, p1 = 1.5  g/cc, 



215 

Compression Zone 

Little or no 
release wave 
fragmentation 

' + bBorehole 
Burden 

Figure 4 .  

1 , 1 I 

0 0.2 0 . 4  0 . 6  0.8 1.0 
r/ro 

The p ( t o )  curve and fragmentation zone. 

We/Wr - same as in Figure 1) 
(pb = 40 kb, pi = 1.5 g/cc, A = 0.75, 
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Figure 5. Magram of borehole and cmpressed burden a t  to for 9" borehole f i l l +  
d t h  "slurry". 
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