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IKTRODUCTION 

Explosive rock fragmentat ion techniques used i n  many resource recovery opera- 
t i o n s  have inTthe past  r e l i e d  heavi ly upon t r a f i t i o n s  of f i e l d  experience f o r  
t h e i r  design. As these  resources,  notably energy resources,  become l e s s  acces- 
s i b l e ,  i t  becomes increas ing ly  important t h a t  fragmentation techniques be optimized 
and t h a t  methods be developed t o  e f f e c t i v e l y  eva lua te  neu o r  modified explosive 
deploynent schemes. Coioputational procedures have s i g n i f i c a n t  p o t e n t i a l  i n  these 
a r e a s ,  but  p r a c t i c a l  a p p l i c a t i o n s  must be preceded by a  thorough understanding of 
t h e  rock f r a c t u r e  phenomenon and the  developnent of phys ica l ly  sound conputat ional  
models. 

This paper p resen ts  some of the  impsrtant  f e a t u r e s  of a  rock fragmentation 
model t h a t  was developed a s  p a r t  of a  program d i rec ted  a t  the  preparat ion of sub- 
t e r ranean  beds f o r  i n  s i t u  processing of o i l  sha le .  h e  model, wh:ch has been 
implemented i n  a  two-dimensional Lagrangian wavecode, ecploys a  continuum damage 
concept t o  quant i fy  t h e  degree of f r a c t u r i n g  and takes i n t o  account experimental 
observa t ions  t h a t  f r a c t u r e  s t r e n g t h  and f ragaen t  dimensions depend on t e n s i l e  
s t r a i n  r a t e s .  The bas ic  premises of the  model a r e  considered i n  the  paper a s  
w e l l  a s  some conparisons between ca lcu la ted  r e s u l t s  and observat ions from b las t -  
i n g  experiments. More d e t a i l e d  descr ip t ions  of the  model a r e  given i n  Refs. 1-3. 

FRACTURE AED FRACXEhTATION HODEL 

The na ture  of t h e  fragmentat ion phenomenon i n  rocks,  and i n  o t h e r  m a t e r i a l s  
a s  w e l l ,  i s  c l o s e l y  l inked t o  the  loading condit ions.  In o i l  s h a l e ,  f o r  example, 
f r a c t u r e  s t r e n g t h  and f ragzen t  dimensions depend on s t r a i n  r a t e  ( s e e  Figure 1 ) .  
This dependence i s  due t o  t h e  ex i s tence  of a  d i s t r i b u t i o n  of flaws within the  
m a t e r i a l  whieh have d i f f e r e n t  c h a r a c t e r i s t i c  dimensions and hence a l s o  a r e  a c t i -  
vated a t  var ious app l ied  t e n s i l e  s t r e s s  l e v e l s .  A t  low s t r a i n  r a t e s  only a  few 
of t h e  l a r g e r  flaws a r e  a c t i v a t e d  during t h e  e a r l y  por t ion  of load a p p l i c a t i o n ;  
these  grow a s  the  load i s  continued and eventual ly coa lesce ,  causing m a t e r i a l  
f a i l u r e  and t h e  t e r - i n a t i o n  of t h e  flaw a c t i v a t i o n  process. Because only a  few 
f laws have been a c t i v a t e d ,  t h e  f ragnents  a r e  comparatively la rge .  A t  h igher  
s t r a i n  r a t e s ,  f law o r  crack coalescence may not  occur during t h e  period of load 
a p p l i c a t i o n  unless  a  g r e a t e r  number of ffavs a r e  a c t i v a t e d ;  f o r  t h i s  t o  be r e a l i z e d ,  
t h e  appl ied t e n s i l e  s t r e s s  l e v e l  must be g r e a t e r .  The f r a c t u r e  s t r e s s  a t  high 
b t r a i n  r a t c c  thus i s  Erea te r  than a t  low s t r a i n  r a t e s .  Fragnents a l s o  a r e  smaller  
a t  high s t r a i n  r a t e s  because a  g r e a t e r  number of flaws a r e  a c t i v a t e d .  

lhe s r r a i n - r a t e  dependence of tho fragmentat.f.on phenomenon i s  l m p o r  
t a n t  i n  explosive a p p l i c a t i o n s  because s t r a i n  r a t e s  over t h e  e n t i r e  range 
depicted i n  Figure 1 a r e  possible .  Near a  t y p i c a l  c y l i n d r i c a l  borehole 
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F1GUP.E 1. 1LLL'STTUTIO~;S OF DEPLSDEIiCE OF FIUu~hTATIOK PROCESS IN 
OIL SHXLE OK STRAIK RATE. 

charge ,  s t r a i n  r a t e s  a r e  i n  thf  100 - 1030 6-I range; a t  l a r g e r  r a d i i ,  however, 
they may drop t o  the  1 - 1 0  6- range. I f  f r e e  faces  a r e  p resen t ,  s t r a i n  r a t e s  
i n  t h e  1000 - 10,000 s-I range nay occur when tensions develop a f t e r  t h e  re f lec -  
t i o n  of a  compressive s t r e s s  wave. 

In  developing t h e  fragmentation model discussed here ,  the  above descr ip t ion  
of t h e  m a t e r i a l  f a i l u r e  process  was assuaed. Tine cur ren t  s t a t e  of f r a c t u r e  i n  
t h e  nodel i s  represented by a  damage parane te r ,  B, which i s  defined a s  t h e  volume 
f r a c t i o n  of m a t e r i a l  t h a t  has l o s t  i t s  load carrying a b i l i t y .  Mater ial  s t r e n g t h  
i s  degraded i s o t r o p i c a l l y  by decreasing the  bulk (K).and shear ( G )  nodul i  by a  
f a c t o r  1-D. In  the  l i n e a r  e l a s t i c  r e l a t i o n s ,  t e n s i l e  s t r e s s ,  uij, i s  r e l a t e d  
t o  s t r a i n ,  el,, by 

where = E l l  + €22 + c33. The value of the  parameter D a t  time t i s  given by 

where 6 i s  the  r a t e  a t  ufiich flaws a r e  ac t iva ted  and v i s  t h e  volume of m a t e r i a l  
inf luenced by a  flaw, o r  crack. The number of flaws a c t i v e  a t  a  given s t r a i n  
i s  descr ibed by a  W i e b ~ l l  d i s t r i b u t i o n ,  n ( € )  = kcm. =+ere k  and m a r e  cons tan ts ;  
k i s  de te rs ined  from 6 by S a h ( l  - D) - km(1 - D ) C ~ - ' ~ ,  where the  1 - D f a c t o r  
1s included t o  account f o r  flaws t h a t  a r e  shadowed by o ther  f l avs .  Assuming 
t h a t  a  crack grows a t  a  constant  t a r e ,  C , utd tlidt t h 5  volume i n f l u e n c ~ d  hy a  
crack i s  a  sphere of r a d i u s  C t ,  v  i s  by &rr(Cgt) /3 .  S u b s t l t u i i o n  i n t o  Eq. 
2 f o r  N and v  y i e l d s  

g 

4 t 
D( t )  - 7rkmc:l r .-' i ( 1  - D ) ( t  - 7)' d r  . ( 3 )  

The quest ion of fragmentation i s g d d r e s s e d  by f i r s t  assuming t h a t  t h e  s u r f a c e  
a rea  of a  c rack  a t  time t i s  L*Cgt)- and that  t h e  t o t a l  sur face  a r e a  i s  

Defining an average volume a t  time t ,  G ( t ) ,  and an average a r e a ,  B ( t ) ,  a long with 
an average rad ius  F ( t ) ,  Eqs. 2 and 4 can be r e w r i t t e n  a s  



and 

E l l a i n a t i n g  F from Eqs. 5 and 6 y i e l d s  

N(t) i s  t h e  d e n s i t y  of ac t iva ted  cracks so  i t s  rec iproca l  i s  the  average volume 
per crack and L ( t )  can be considered t o  be t h e  average d i s tance  between cracks,  
o r  the  approximate fragment dimension. 

The cons tan ts  i n  t h e  model were evaluated usi?lg data  i n  Figure 1 and Eqs. 
d  4 o r  the  s p e c i a l  case of constant  s t r a i n  r a t e .  The r e s u l t s  a r e  k  - 

~ ~ 7 ~ ~ 0 " )  m-' , m - 8, and C - 1300 m / s .  It i s  s i g n i f i c a n t  t o  note  here t h a t  g  
cons tan ts  i n  t h e  model have been based on labora tory  da ta ,  not  f i e l d  data .  

The t e n s i l e  f r a c t u r e  and fragmentation model described i n  t h e  foregoing has 
been incorporated i n t o  a  two-dimensional Lagrangian wave propagation code c a l l e d  
TOODY. For numerically s imulat ing the  experiments t h a t  w i l l  be discussed i n  
t h e  next s e c t i o n ,  t h e  o i l  sha le  was t r e a t e d  a s  an i s o  ropic  e l a s t i c - p e r f e c t l y  
p l a s t i c  m a t e r i a l  with an i n i t i a l  dens i ty  of 2.27 Wg/mJ, a  bulk sound speed of 
3000 m/s, a  Poisson r a t i o  of 0.4, and a  y i e l d  s t r e n g t h  of 200 MPa. l'he damage 
and f r a c t u r e  sur face  equat ions were reduced t o  approximate ordinary d i f f e r e n t i a l  
r a t e  equat ions f o r  i n t e g r a r i o n  i n  the  wavecode. The explosive energy source was 
t r e a t e d  a s  an i s e n t r o p i c  re lease  of energy i n  a  gas from t h e  Chapnan-Jouguet 
point  of t h e  explosive. 

The use of uavecodes t o  s k . ~ l a t e  explosive b l a s t s  i n  rock media provides 
i n s i g h t  i n t o  t h e  nature of the  early-time s t r e s s  wave propagation and the  at ten-  
dant  f ragmentat ion;  subsequent motion of t h e  fragments i s  not simulated. Several 
s t u d i e s  e  ploying the  model discussed i n  t h e  previous s e c t i o n  have been per- 
formed,'-' some t o  eva lua te  t h e  model and some t o  ob ta in  information about t h e  
e f f e c t s  of varying charge shape, charge b u r i a l  depth,  and detonat ion i n i t i a t i o n  
scheme. Two r e p r e s e n t a t i v e  examples a r e  considered here;  both a r e  s i o u l a t i o n s  of 
experimental explosive b l a s t s  i n  o i l  s h a l e ,  one involving a  s a a l l  charge i n  a  
meter-sized block and che orher  a c y l i n d r i c a l  charge rn  a borehole d r i l l e d  l n r o  
t h e  f l o o r  of a mine. 

Block Experiment - The block experiment, &lch i s  i l l u s t r a t e d  o n . t h e * l e f t  
s i d e  of r i g u r e  2. involved an 80 gkcharge of C-4 ~ x p l o s i v e  i n  an instr,umented 
block of o i l  shale. The charge was about  0.4 m from t h e  neares t  surface which 
was supported on a s l a b  of l o r - d e n s i t y  foam. The foaa e e m e d  t o  con ta in  fragments 
t h a t  maj- .dve been e jec ted  'but had an impedance t h a t  was n e g l i g i b l e  compared t o  
t h a t  of t h e  rock so t h a t  f o r  s t r e s s  wave 1nterac. t ions t h i s  rock sur face  was f ree .  
M 18 sham in Figure 2, tbe block. W K S  surrounded at  a l l  o t h e r  s u r f a c e s  by a n  
impedanccrmatchin~ grout  t o  minimize e f f e c t s  caused by i n t e r n a l  wave r e f l e c t i o n s .  

Af te r  t h e  shot  t h e  block was slabbed f o r  d i r e c t  examination. Fragment dimen- 
s i o n s  (shown on t h e  r i g h t  of Figure 2 )  were determined a s  a func t ion  of d i s t a n c e  from 
t h e  charge, both i n  the  d i r e c t i o n  tovard t h e  f r e e  f a c e  ( s o l i d  d a t a  bars )  and i n  a n  
orthogonal d i r e c t i o n  (dashed data  bars) .  As i s  ev iden t ,  t h e  fragments tend t o  be 
small  near the  charge and t o  become l a r g e r  a t  g r e a t e r  d i s t a n c e s ,  which would be 



expected singe the strain rate decreases. An erceprion to this is the solid data 
bar representing fragment dimensions near the free face; fragments are small here 
because strain rates are high for tensile waves produced by reflection of com- 
preseive waver. 

Results of the numerical simulation are also shown in Figure 2. Trends 
evident in the measurements are alro evident in the csaputations. The agreement 
between the measurements and calculations is-in general within a factor of,two, 
uhCch is considered reasonable in view of the relatively large spread inherent 
to the measured dimensions. 

Mine Experiment - The mine experiment was performed in the floor of the 
Colony Oil Shale Xine in Western color ad^ by persannel from the t o e  Alamos National 
Scientific ~aboratories.~ It consisted of a 5.2 kg charge of ILYFO, 0.75 m high, 
at the bottom of a 0.1 m diameter, 2.0 m deep borehole drilled into the floor of 

, the mine. The charge was bottom detonated. 

The blast did not result in significant ejection of frapented material above 
the charge. Fragments were formed, however, but were not displaced significantly 
f r w  their original locatiolrs. After the ehot the loose fragments were excavated 
from the rock mass and profilea of the resulting crater were measured at ninery- 
degree intervals around the axis of the borehole. The four profiles are shown in 
Figure 3. There is some variation between these profiles as would be expected 

Crater  

FIGURE 3. MEASURED CRATER PROFILES (DASKED) AND CALCULATED DAMAGE (LEFT) 
MQ FRAG?IE~ SIZE COYTOURS (RIGHT) FOR EXPERIMENT IN MINE. 



because the fragmentation process must be controlled to sane extent by the joint 
structure of the rock medium. 

One calculated damage contour ie also shown in Figure 3, for D - 0.2. This 
contour has essentially two parts. The lover portion is due largely to the deve- 
lopnent of a tensile stress wave wfiich trails the con?ressive wave induced in the 
rock by the detonation. The upper portion, which includes the lobe extending to 
the right near the floor, is due to the deve1opz.o-nt of tension as the compressive 
wave reflects from the free face. The calculated curve is considered to be a 
good representation of the neasured crater profiles. There are discrepancies, 
however, some of which can be understood by considoring fragzent dimensions. 

The average fragnent dimensions calculated for this explosive geometry are 
shown on the right side of Figure 3, along with the four crater profiles. The 
smallest fragments again appear near the charge and near the free face because of 
the high strains rates realized in these regions. Fragment dfmensions again 
increase at the larger ranges. In the radial direction from the charge, the rate 
of increase o.f fragnent dimensions is rather large, which would tend to make 
excavation f r m  such tight quarters sone:hat difficult. In addition, fragments 
in this region yay be lodged rather firmly by residual stress fields induced by 
the detonation. In regions above the charge and near the crater profiles, crl- 
culated fragment dimensions are comparable to spatial variations between the pro- 
files. It is easy to hypothesize that in regions where fra~ents are calculated 
to be large, cracks may indeed form and may even surround a fragment, but may not 
be detected because of snall displacemente. It is reasonable t a  expect the uncar 
tainty in a calculated, or measured, crater profile to be at least as large as the 
local fragment dimension. 

CONCLUSIONS 

Essential physical processes vhich affect dynamic fracture and fragmentation 
of rock have been incorporated into the model described in this paper. The 
overall agreement between calculated and experimental results is encouraging, p a r  
titularly in view of the fact the the model constants vere deduced from small- 
scale laboratory experiments and yet appear to be appropriate for larger scale 
field applications. 
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