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for eroh rgeaimen war determined a t  the end of the 
retor t ing procedure. 

Uniaxial compression tests were conducted by 
using an u l t r a - s t i f f ,  computer-controlled tes t ing  
system. Testing was s ta r ted  by i n i t i a t i ng  the pre- 
programmed computer program which provided a con- 
s t an t  loading r a t e  of approximately 0.7 m a  per 
second and graphical displays of s t ress ,  ax i a l  and 
circumferential s t r a in s ,  and time, e tc .  Descrip- 
t ions of t e s t  methods can be Pound elsewhere ( 4 ) .  

Porosity and permeability were measured i n  
para l le l  and perpendicular direction t o  the bedding 
plane. The diameter of the specimens was 1.35 cm 
and the length was about 2.5 cm. Permeability was 
measured by recoeding a i r  flow through a specimen 
under a pressure gradient. The apparatus consists 
of a supply of dry a i r ,  mercury manometer, specimen 
holder and three capi l lary tubes of d i f fe ren t  cross- 
sectional areas. A schematic diagram of the perme- 
a b i l i t y  apparatus is shown i n  Figure 1. .A pressure 
of 0.62 MPa was applied by 'compressed a i r  on the 
rubber sleeve rad ia l ly  surrounding the specimen i n  
the in te r ior  of the specimen holder t o  form a t i gh t  
seal .  One capi l lary of appropriate s ize  was 
selected and the other two were closed. . Dry a i r  was 
forced through the core a t  a pressure d i f f e r en t i a l  
of one atmosphere. The flow r a t e  of the a i r  passing 
through the specimen was determined by measuring the 
r a t e  of movement of an o i l  bubble i n  the selected 
capi l lary tube. The permeability k was calculated 
by the equation 

where. Po and Pi a r e  the ou t le t  and the i n l e t  abso- 
l u t e  pressures, Qo is the flow r a t e  measured a t  the 
ou t le t  end, rl is the viscosity of a i r ,  dL i s  the 
length of the specimen i n  the direction of flow, and 
A i s  the cross-sectional area of the specimen. 

In the present investigation the term porosity 
means apparent porosity, which i s  the r a t i o  of the 
volume of the surface connected pores t o  the bulk 
volume. I f  Dg and Da a re  the geometric and apparent 
densi t ies ,  then 

D -D 
apparent porosity = 3. 

Da 

Geometric density was determined by finding the 
r a t i o  between the weight and the external volume of 
the specimen. External volume was found by measur- 
ing the dimensions of the specimen with a caliper.  
Apparent density was calculated by the r a t i o  between 
the specimen weight and the volume of the rock 
sol ids  plus closed pores. This volume was measured 
with a gas pycnometer which employs a gas displace- 
ment technique (6) . 

RESULTS 

During and a f t e r  retor t ing,  s t ructural  a l te ra -  
t ions were observed i n  specimens. In most of the 
kerogen-rich specimens, the development of fractures 
para l le l  t o  the bedding plane was observed a t  230'- 
290°c. With further increases i n  temperature, 
existing fractures  enlarged and additional ones were 

-- 

developed. The color of the specimens changed f r m  
l i gh t  gray o r  black t o  l i gh t  or dark brown. The 
specimens with l e s s  than four percent weight loss 
maintained s tructural  in tegr i ty  and experienced 
insignif icant  deformation, whereas the specimens 
with higher percentage weight loss  exhibited signifi-  
cant s t ruc tura l  deformation. 

The r e su l t s  of uniaxial compression tes t s  are 
presented i n  Table 1. The change of various parame- 
t e r s  were plotted against % weight loss  a f te r  retort- 
ing (Figures 2-41. The l inear  regression lines i n  
each figure indicate tha t  the changes which resulted 
from retor t ing become more pronounced with increas- 
ing % weight loss.  The typical s t ress-s train curvcs 
given i n  Figure 5 a l so  demonstrate clearly the 
e f fec t  of retor t ing on mechanical properties. Sig- 
nif icant  decreases i n  e l a s t i c  modulus and compressive 
strength and increases i n  maximum s t ra ins  are shown 
i n  t h i s  figure. 

Porosity and permeability were measured i n  the 
specimens cored para l le l  and perpendicular t o  the 
bedding plane. The resu l t s  for  the retorted and 
unretorted specimens a re  given in  Table 2. The 
unretorted specimens with inclusions of calcareous 
material showed porosity values as high as 7.2% 
whereas the specimens f ree  from inclusions showed 
lower porosities.  A s  shown i n  Figure 6 the porosi- 
t i e s  of unretorted'specimens appear t o  decrease w i t h  
increasing kerogen content. This trend i s  con- 
sidered t o  be at t r ibuted t o  the inclusion of cal- 
careous material which is  commonly found in  very 
lean Antrim o i l  shale. The porosi t ies  increase con- 
siderably a f t e r  retor t ing.  Figure 6 shows the 
change i n  porosity tends t o  increase proportionally 
t o  the percentage weight loss.  Decrease in geometric 
density and increase i n  apparent density were also 
observed a f t e r  retorting. 

The permeabilities of unretorted specimens were 
extremely low, the highest value being in  the order 
of 0.15 millidarcy. Permeabilities are  higher i n  the 
bedding plane than i n  the perpendicular direction, 
but they were in  the same order of magnitude (Figure 
7) .  We found tha t  re tor t ing resulted in  significant 
increases i n  permeability i n  both directions and the 
increase is  re la t ive  t o  the percentage weight loss 
(Figure 8, 9 ) .  The amount of increase in the bed- 
ding direction a f t e r  retor t ing was in  two t o  three 
orders of magnitude as  compared t o  unretorted speci- 
mens and i n  one t o  two orders of magnitude as  com- 
pared t o  those in  the perpendicular direction 
(Figure 10).  

SEM micrographs enabled us t o  observe the pore 
structures of the retorted and unretorted specimens, 
thereby providing qua l i ta t ive  support t o  the mea- 
sured data.  Separation of bedding planes as well as 
loosening of grains is  clear ly exhibited in  Figure 
11. The magnification of the top portion of the 
micrograph is 1500X whereas the lower portion i s  
500X. Optical microscopy was a l so  conducted t o  
study the dis t r ibut ion of kerogen in  retorted and 
unretorted specimens. I t  was found that  the black 
kerogen present in  the unretorted specimens disap- 
peared or  diminished i n  the case of retorted 
specimens. 

DISCUSSION OF RESULTS 

As described i n  the resu l t s ,  most of the speci- 
mens in  general. and keroaen-rich soecimens i n  
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P o r o s i t y  and permeabil i t$lare  t h e  most impor- 
t a n t  f a c t o r s  governing t h e  accumulat ion,  m i g r a t i o n  
and d i s t r i b u t i o n  o f  f l u i d s  i n  r o c k s .  It h a s  been 
shown \ p r e v i o u s  s t u d i e s  (9) t h a t  t h e  e f f e c t  o f  
overbu.1. e n  p r e s s u r e  on p o r o s i t y  and p e r m e a b i l i t y  is 
s i g n i f i c a n t  enough t o  w a r r a n t  c o n s i d e r a t i o n .  I n  
the p r e s e n t  i n v e s t i g a t i o n  o f  p e r m e a b i l i t y ,  a r a d i a l  
s t r e s s  'Field l e s s  t h a n  1 MPa was a p p l i e d  th rough  t h e  
rubber s l e e v e  sur rounding  t h e  specimen. But t h e  
poros i ty  h a s  been determined i n  t h e  unconfined con- 
d i t i o n .  I n  o r d e r  to form more r e a l i s t i c  c o n c e p t s ,  
we should measure p o r o s i t y  and p e r m e a b i l i t y  under 

p r t i c u l a r ,  e x h i b i t e d  c r a c k i n g  and vo lumet r ic  expan- 
sion. By t h e  t ime  t h e  . t empera ture  reached  230'- 
290°c, many f r a c t u r e s  p a r a l l e l  t o  t h e  bedding p l a n e  
were q u i t e  pronounced. T h i s  may be p a r t l y  due t o  
the i n h e r e n t  weakness o f  Antrim o i l  s h a l e  a l o n g  t h e  
bedding p lane .  I n o r g a n i c  cementat ion between some 
laminae was i n s u f f i c i e n t  t o  overcome i n t e r n a l  f o r c e s  
probably owing t o  t h e  r e l i e f  o f  i n t e r n a l  s t r e s s e s  
or p ressure  c r e a t e d  by t h e  v a p o r i z a t i o n  o f  low 
molecular weight  m a t e r i a l  ( 7 ) .  With f u r t h e r  i n -  
crease o f  t empera ture ,  e x i s t i n g  f r a c t u r e s  e n l a r g e d  
and a d d i t i o n a l  ones  developed.  Once t h e  f r a c t u r e s  
are  formed t h e  o t h e r  f a c t o r s ,  b e s i d e s  h e a t i n g ,  t h a t  
probably i n f l u e n c e d  t h e i r  growth were s w e l l i n g  and 
formation o f  g a s e s  w i t h i n  t h e  specimens. The 
kerogen-rich specimens exper ienced  e x t e n s i v e  s t r u c -  
t u r a l  breakdown by r e t o r t i n g  which i s  due t o  t h e  
mechanically weak m i n e r a l  m a t r i x .  The amount o f  
f rac tur ing  and s t r u c t u r a l  breakdown appeared t o  b e  
a funct ion o f  t h e  o r g a n i c  c o n t e n t .  The r i c h e r  t h e  
o i l  s h a l e ,  t h e  g r e a t e r  t h e  amount o f  f r a c t u r i n g  and 
s t r u c t u r a l  deformat ion .  T h i s  t y p e  o f  s t r u c t u r a l  
response t o  h e a t i n g  o f  kerogen-r ich specimens i n d i -  
ca tes  t h a t  minera l  c o n s t i t u e n t s  a r e  l o o s e l y  bound 
and t h e  o r g a n i c  m a t t e r  i s  predominant  i n  t h e  m i n e r a l  
matrix. 

Pore space  and f r a c t u r e s  c r e a t e d  d u r i n g  t h e  
r e t o r t i n g  p r o c e s s  r e s u l t  i n  s i g n i f i c a n t  d e c r e a s e s  
in  s t r e n g t h  and e l a s t i c  modulus. The l a t t e r  is 
ascr ibed t o  t h e  c r a c k  c l o s u r e  and compaction. A 
s i g n i f i c a n t  r e d u c t i o n  o f  P o i s s o n ' s  r a t i o  d i s p l a y e d  
by t h e  r e t o r t e d  specimens is  c o n s i d e r e d  t o  b e  
a t t r i b u t e d  t o  t h e  f a c t  t h a t  the c r a c k s  a r e  p r e f e r a -  
bly o r i e n t a t e d  i n  t h e  p a r a l l e x ;  d i r e c t i o n  t o  bedding,  
con t r ibu t ing  t o  more a x i a l  degormation t h a n  t o  . 
l a t e r a l  deformation.  !:, ..(: 

d 
The v o l a t i l i z a t i o n  o f  kerqgen o b v i o u s l y  i n -  

crease p o r o s i t y  and permeabil i r$.  The p r e f e r r e d  
It* o r i e n t a t i o n  o f  t h e  c r a c k s ,  a s  videnced i n  SEM II 

microscopy, r e s u l t s  i n  s i g n i f i c a n t l y  h i g h e r  perme- 
a b i l i t y  i n c r e a s e  i n  t h e  beddihg  p lane .  T h i s  
property would be  d e s i r a b l e  f6% p r o p a g a t i o n  o f  t h e  
combustion f r o n t  i n  t h e  h o r i z 4 n t a l  d i r e c t i o n .  

magnitude i n  t h e  p e r p e n d i c u l a r  d i r e c t i o n .  The 
mechanical  and p h y s i c a l  p r o p e r t i e s  appear  t o  change 
i n  a p r e d i c t a b l e  manner ,and a r e  c o r r e l a t e d  w i t h  each  
o t h e r  f a i r l y  w e l l ,  a t  l e a s t  q u a l i t a t i v e l y .  
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TABLE 1 

Uniaxial Compression T e s t  R e s u l t s  f o r  R e t o r t e d  and U n r e t o r t e d  
Antrim O i l  S h a l e  Specimens (NX d ia . )  . 

Specimen No. % Wt. Loss  Dens i ty  P o i s s o n ' s  Younq's Compressive Maximum Axial  

(Mgh3) 
Ratio. Modulus (GPa) S t r e n g t h  ( m a )  Strain (10-6) 

. -  
U n r e t o r t e d  specimen. 

' ~ e t o r t e d  specimen. 

TABLE 2 

P o r o s i t y ,  P e r m e a b i l i t y  and Dens i ty  o f  Unre to r t ed  and R e t o r t e d  Specimens 
i n  P a r a l l e l  and P e r p e n d i c u l a r  D i r e c t i o n s  to  Bedding 

P a r a l l e l  t o  Bedding P e r p e n d i c u l a r  to Bedding 

W t .  
Apparent 

Specimen No. p o r o s i t y  P e r m e a b i l i t y  8 W t .  A ~ ~ ~ : ~ ~ ~  P o r o s i t y  P e m a b i l i t y  Dens i ty  
Loss  (0)  ( M i l l i d a r c i e s )  toss (0)  ( M i l l i d a r c i e s )  3 

(Mg/m ) ( ~ g / m ~ )  

101/1332.3 U* 9 .0  2.404 1.9 0.035 9.4 2.389 0 .8  0.020 
R+ 2.762 25.5 15.430 2.758 23.8 0.116 

101/1333.3 U 6.9 2.492 2.2 0.032 7 .3  2.461 0 .9  0.017 
R 2.654 15.0 5.051 2.678 16.8  0.098 

101/1347.9 U 8.0 2.403 - 0.029 7.4 2.420 0.2 0.021 
R 2.731 19.6 10.306 - 2.729 19 .8  0.141 

101/1350.1 U 3.7 2.429 0.6 0.025 6.2 2.482 3.4 0.004 
R 2.728 15.4 2.554 2.717 18.4 0.077 

101/1359.9 U 11.8 2.366 1.9 0.027 8 .2  2.433 1 .9  0 .021 
R 2.778 27.3 15.244 2.760 21.6 0.101 

101/1368.6 U 5.2 2.519 4.4 0.032 5.2 2.508 4.3 0.029 
R 2.719 16.7 1.608 2.708 16.7 0.082 

101/1412.3 U 4.5 2.504 1.1 0.123 2.7 2.578 5.2 0.024 
R 2.697 i 3 . 4  2.823 2.707 12.4 0.072 

102/1257.3 U 10.6 2.294 1 .9  0.046 11.4 2.289 1 .7  0.044 
R 2.692 26.9 7.660 2.740 27.0 0.122 

102/1415.9 U 4.4 2.472 1 . 9  0.032 3.0 2.588 5.2 0.027 
R 2.762 16.4 1.718 2.702 12.3 0.064 

101/1511.4 U 1 .0  2.740 7.2 0.085 1 .0  2.740 7 .2  0.041 
R 2.746 9.2 1.358 - - - 4 

U n r e t o r t e d  specimen. 
+ 

R e t o r t e d  specimen. 



Fig. 1 - Schematic diagram o f  permeab i l i t y  
measurement apparatus. 
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Fig. 3 - E l a s t i c  modulus of unre tor ted  and 
r e t o r t e d  specimens vs. kerogen content. 
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Fig. 5 - Typical  s t ress -s t ra in  curves o f  un- 
r e t o r t e d  and r e t o r t e d  specimens. 
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Fig. 2 - Compressive s t rength  o f  unre tor ted  
and r e t o r t e d  specimens vs. kerogen content. 
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Fig. 4 - Poisson's r a t i o  o f  unre tor ted  and 
r e t o r t e d  specimens vs. .kerogen content; 
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Fig. 6 - Apparent po ros i t y  of unre tor ted  
and r e t o r t e d  specimens vs. kerogen content. 
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Fig. 7 - Permabi l i ty o f  unretorted speci- 
mens vs. kerogen content. 

"-% 

Fig. 8 - Permeability of unretorted and retorted 
specimens cored from perpendicular direction to  
bedding vs. kerogen content. 

Fig. 9 - Penneability of unretorted and retorted Fig. 10 - Permeability o f  retorted specimens vs. 
specimens cored fm parallel direction to bedding kerogen content. 
vr . kerogen content. 

Fig. 11 - 
fractured 

Scanning electron micrograph 
surface o f  retorted specimen. 


