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PRELIMINARY CREEP AND P I L L U  CLOSURE DATA FOR SHALE ROCKS 

T. F. Lomenick and J. E. Russell 

ABS TRACT 

The r e s u l t s  of f o u r t e e n  l a b o r a t o r y  c reep  tests on 
model p i l l a r s  of fou r  d i f f e r e n t  s h a l e s  a r e  repor ted .  I n i t i a l  
p i l l a r  stresses range from 6.9 MPa (1000 p s i )  t o  69 MFa 
(10,000 p s i )  and temperatures range from ambient t o  100°C. 
Laboratory response d a t a  are used t o  e v a l u a t e  t h e  parameters  i n  
t h e  t r a n s i e n t  power-law p i l l a r  c l o s u r e  equa t ion  similar t o  t h a t  
p rev ious ly  used f o r  model p i l l a r s  of rock s a l t .  The response of 
t h e  model p i l l a r s  of s h a l e  shows many of t h e  same c h a r a c t e r i s t i c s  
as f o r  rock salt .  Deformation i s  enhanced by h igher  stresses and 
tempera tures ,  a l though the  s h a l e  p i l l a r s  are not  as s e n s i t i v e  t o  
e i t h e r  stress o r  temperature  as are p i l l a r s  of rock s a l t .  These 
t es t  r e s u l t s  must be considered very p re l imina ry  s i n c e  they 
r e p r e s e n t  t h e  i n i t i a l ,  or scoping ,  phase of a comprehensive model 
p i l l a r  test program t h a t  will l ead  t o  t h e  development and 
v a l i d a t i o n  of creep laws f o r  c lay- r ich  rocks.  

1. INTRODUCTION 

Because of i t s  unique containment p r o p e r t i e s ,  s h a l e  i s  be l ieved  

t o  be an extremely d e s i r a b l e  hos t  rock f o r  t h e  d i s p o s a l  of h igh- leve l  

r a d i o a c t i v e  wastes. The p r i n c i p a l  advantage of u t i l i z i n g  s h a l e  

as a d i s p o s a l  medium f o r  h igh- leve l  wastes is i ts  very low 

pe rmeab i l i t y  t o  t h e  flow of ground water .  This  p rope r ty  i s  due t o  i t s  

small s i z e s  of mat r ix  pores  and i t s  c h a r a c t e r i s t i c  of deforming 

p l a s t i c a l l y  a t  r e l a t i v e l y  shal low depths  and/or low overburden loads  

(which promotes the  s e l f - h e a l i n g  of f r a c t u r e s ) .  However, wi th  

emplacement of hea t -genera t ing  wastes i n  s h a l e  s t r a t a  unique mine 

s t a b i l i t y  problems may occur  as a r e s u l t  of t h e  e l e v a t e d  temperatures .  

To p r e d i c t  flow i n  t h e  rocks ,  scale models of s h a l e  p i l l a r s  and t h e i r  

sur rounding  rooms are being f a b r i c a t e d  and t e s t e d  from cores  taken i n  

f o u r  sha le s .  These are be l i eved  t o  r ep resen t  mine ra log ica l  extremes 

QE s h a l e  types  t h a t  may be s u i t a b l e  f o r  r e p o s i t o r y  u t i l i t y .  

The primary o b j e c t i v e  of t h i s  work is to  provide d a t a  for t he  

development and v a l i d a t i o n  of c reep  l a w s  f o r  s h a l e s  t h a t  are 

r e p r e s e n t a t i v e  of s t ra ta  t h a t  could be cand ida te s  f o r  t h e  d i s p o s a l  of 
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high- leve l  r a d i o a c t i v e  wastes. I n  t h e  f u t u r e ,  t h e s e  tests w i l l  be 

designed t o  s y s t e m a t i c a l l y  s tudy  t h e  i n f l u e n c e  of (1) t h e  m a t e r i a l ,  

( 2 )  stress s ta te ,  ( 3 )  t empera ture ,  ( 4 )  bedding p lane  o r i e n t a t i o n ,  and 

(5)  t h e  p i l l a r  shape (wid th /he ight  r a t i o )  on t h e  time-dependent 

deformat iona l  response  of t h e  p i l l a r .  This r e p o r t  g ives  t h e  results 

of a scoping s tudy .  

These r e s u l t s  and f u t u r e  work on s h a l e s  w i l l  p rovide  da t a  on t h e  

s e n s i t i v i t y  of t h e  mechanical response ( p i l l a r  s h o r t e n i n g )  t o  

i n c r e a s e s  i n  tempera ture  and/or  average p i l l a r  stress. That 

i n fo rma t ion  w i l l  be u s e f u l  dur ing  a n a t i o n a l  survey of s h a l e s  when 

depth  and l a t e r a l  e x t e n t  of v a r i o u s  s h a l e  s t r a t a  w i l l  be considered.  

Although m n y  s h a l e s  may possess  t h e  geo techn ica l  c h a r a c t e r i s  t i c s  

f o r  con ta in lng  and c o n t r o l l i n g  ernplaced wastes, our i n i t i a l  e f f o r t s  

a r e  being d i r e c t e d  toward f o u r  composi t iona l  end members, namely, t h e  

Devonian and Cambrian age d e p o s i t s  i n  t h e  e a s t e r n  United S t a t e s  and 

t h e  Cretaceous and Cenozoic age sediments  of t h e  wes tern  United 

S t a t e s .  For t h i s  r e p o r t ,  test d a t a  are r epor t ed  f o r  samples of t h e  

Huron s h a l e  of Devonian age,  Conasauga Group (member unknown) of 

Cambrian age,  t h e  P i e r r e  Shale  of Cretaceous age,  and t h e  Green River  

Formation ( o i l  s h a l e )  of T e r t i a r y  age. Composition and mechanical 

p r o p e r t i e s  o f  t h r e e  of t he  f o u r  s h a l e s  cons idered  here  a r e  given i n  

Table  1, modified from Hansen and Vogt (1987).  

2. SUMMARY OF PREVIOUS WORK 

A n a l y t i c a l  and numerical  methods f o r  s i m u l a t i n g  t h e  behavior  of 

rock p i l l a r s  ( r e q u i r e d  f o r  s t a b i l i t y )  were not  w e l l  developed i n  t h e  

e a r l y  1960's  when l abora to ry  work began on t h e  concept  of d i s p o s a l  of 

h igh- leve l  r a d i o a c t i v e  waste  i n  conven t iona l ly  mined c a v i t i e s  i n  

rocks.  Consequently,  a series of tests on phys ica l  models of mine 

p i l l a r s  w a s  i n i t i a t e d  a t  Oak Ridge Na t iona l  Laboratory (ORNL). Obert  

(1964) had developed a l abora to ry - sca l e ,  model -p i l la r ,  cons tan t - load  

c reep  t e s t  t h a t  accounted f o r  t h e  l a t e r a l  confinement of t h e  roof and 

f l o o r  rocks by s teel  bands. This tes t  allowed f o r  t h e  s tudy  of t h e  

response of p i l l a r s  wi th  d i f f e r e n t  width-to-height r a t i o s  and s a l t  

p i l l a r s  wi th  and without  s h a l e  p a r t i n g s  as desc r ibed  by Lomenick and 
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Table 1. Average composition and mechanical p r o p e r t i e s  of s h a l e s a  

M i  ne r a  1 Shale  typeb  (wt %> 
Green River Conasauga Pierre 

I l l i t e  
C h l o r i t e  
K a o l i n i t e  
Sme c t i t e 
Nonc lay /De t r i t a l  

3.9 + 0.6 53.4 4- 3.4 3.5 to 13.6 
20.4 T 3.0 0.8 t o  2.3 0.0 

0.0 0.0 1.9 t o  8.7 
0.0 0.0 13.1 t o  25.1 

- 
- 

31.3 24.0 14.6 t o  32.9 

T o t a l  carbonates  ( w t  X )  50.5 0.0 56.5 - 19.1 

Moisture  conten t  ( w t  X )  0.58 NA 18.4 

Mechanical p r o p e r t i e s c :  

Ambient temperature:  
Co, MPa 94.8 + 12.1 NA 7.2 + 0.3 
E (GPa)  10.4 T 2.3 NA 0.6 0.0 
*b4 0.31 - T 0.1 NA 0.12 T I 0.02 

150°C: 
Co, MPa 
E ,  GPa 
V 

24.7 + 2.5 NA NA 
0.8 'i 0.3 NA NA 
NA NA NA 
I 

aUpper Huron Formation Shale  d a t a  not a v a i l a b l e .  
bNumbers a f t e r  + a r e  s t anda rd  dev ia t ions .  

CCo = unconfined compressive s t r e n g t h ,  E = Young's modulus, v = 

Data are from Hansen and 
F 

Vogt (1987) 

Po i s son ' s  r a t i o ,  NA = not a v a i l a b l e .  1 MPa = 145 p s i ,  1 GPa = 145,000 p s i .  
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Bradshaw (1969a). Furthermore,  t h e  t e s t  could be run a t  e l e v a t e d  

temperatures  t o  s i m u l a t e  t h e  c o n d i t i o n s  i n  a r e p o s i t o r y  con ta in ing  

hea t -gene ra t ing  nuc lea r  waste. 

Lomenick and Bradshaw (1969b) r e p o r t e d  on an e x t e n s i v e  t e s t i n g  

program that inc luded  t h e  e f f e c t s  of l oad ,  temperature ,  temperature  

e l e v a t i o n  a f t e r  i n i t i a l  l oad ing ,  s h a l e  p a r t i n g s ,  p i l l a r  shapes ,  sa l t  

samples from d i f f e r e n t  l o c a l i t i e s  r e p r o d u c i b i l i t y  of r e s u l t s ,  

u l t i m a t e  s t r e n g t h ,  mechanisms of deformation,  and long-term creep.  

That s tudy  r e s u l t e d  i n  t h e  w e l l  known power-law p i l l a r  creep formula: 

E = 1.30 10-37 T9.5 ,3380 to.3 (1) 

where E i s  the p i l l a r  s h o r t e n i n g  of a model p i l l a r  i n i t i a l l y  25 mm 

(1 i n . )  h igh ,  T is a b s o l u t e  temperature  ( K ) ,  (J is t h e  i n i t i a l  average 

p i l l a r  stress ( p s i )  (1 MPa = 145 p s i ) ,  and t is  t i m e  i n  hours. 

Equation (1) holds  f o r  c y l i n d r i c a l  model p i l l a r s  with a 

width-to-height r a t i o  of 4 f a b r i c a t e d  from sa l t  co re  from Lyons, 

Kansas 

Most of t h e  t e s t  d a t a  used i n  developing Eq. (1) were ob ta ined  

du r ing  tes ts  of less than 1000 h du ra t ion .  The l o n g e s t  t e s t i n g  t i m e  

r epor t ed  by Lomenick and Bradshaw (1969b) was s l i g h t l y  less than 

30,000 h a t  room temperature  and i n d i c a t e d  t h a t  the deformation rate 

was s t f l l  d e c l i n i n g ,  which was c o n s i s t e n t  w i th  obse rva t ions  i n  mine 

openings i n  t h e  Lyons, Kansas s a l t  mine. Longer t e r m  model p i l l a r  

r e s u l t s  have been analyzed by Russe l l  and Lomenick (1984). 

3. DESCRIPTION OF TESTS 

To s i m u l a t e  p i l l a r ,  roo f ,  and f l o o r  c o n d i t i o n s  t h a t  would e x i s t  

i n  mined c a v i t i e s  i n  s h a l e s ,  s a m p l e  specimens i n  a i r -d ry  c o n d i t i o n  are 

f a b r i c a t e d  t o  r e p r e s e n t  scale models o f  s h a l e  p i l l a r s  and t h e i r  

su r round ing  rooms. The tes t  specimens used i n  t h i s  work are 

c y l i n d r i c a l ,  wi th  a p o r t i o n  of t he  c e n t e r  ground ou t  t o  form t h e  

p i l l a r  and surrounding rooms. By "epoxying" s t ee l  r i n g s  around the  

ends o f  the samples,  e f f e c t i v e  conf in ing  p r e s s u r e  is a p p l i e d  t o  t h e  

roof and f l o o r  p o r t i o n s  of t he  models when they are loaded ( see  Fig. 

1). Constant u n i a x i a l  l oads  are a p p l i e d  t o  t h e  models by h y d r a u l i c  
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ORNL-DWG 65-1543 

Fig. 1. P i l l ar  model i l lus tra t ing  geometry, placements of s t e e l  
rings, and displacement masuring gauges. 
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compression testers having c a p a c i t i e s  up t o  1.3 MN (300,000 l b s ) .  

Cavi ty  c l o s u r e  i s  measured by mounting two d i a l  gauges 180" a p a r t  on 

t h e  r ings .  E leva ted  tempera ture  tests ace  performed wi th  t h e  

specimens i n s i d e  a c y l i n d r i c a l  h e a t i n g  j a c k e t  and wi th  b a r r i e r  h e a t e r s  

on top  and bottom between t h e  specimen and t h e  p l a t e n s .  No b a r r i e r s  

are p resen t  t o  prevent  m i s t u r e  l o s s  du r ing  t h e  test .  

The shor t - te rm tests r epor t ed  he re  a r e  performed on m d e l  p i l l a r s  

f a b r i c a t e d  from cores  of s h a l e  wi th  dimensions given i n  Table 2. 

Refer  t o  Table 3 f o r  sample i d e n t i f i c a t i o n ,  depth ,  and tes t  

cond i t ions .  For model p r e p a r a t i o n ,  a l l  co res  were f i r s t  cu t  t o  t h e i r  

approximate d e s i r e d  l e n g t h  by band saw and then  f i n i s h e d  by machine 

sanding.  Next, s teel  conf in ing  r i n g s  (ASTM A-108, Grade 1018) were 

a f f i x e d  t o  t h e  tops  and bottoms of t h e  cores  us ing  Ciba A r a l d i t e  502 

epoxy and Ciba hardener  951. For samples hea ted  up t o  100°C, Ciba 

A r a l d i t e  6005 epoxy and P y r o m e t a l l i t i c  Dianhydride (PMDA) hardener  a r e  

used. The unconfined c e n t e r  p o r t i o n  of t h e  sample i s  then  ground o u t ,  

u s ing  a sanding d i s c  a t t a c h e d  t o  a s t anda rd  d r i l l  p r e s s ,  t o  form t h e  

s€ze  p i l l a r  des i r ed .  Sheet t e f l o n  greased  wi th  a mixture  of s i l i c o n  

g rease  and g r a p h i t e  is i n s e r t e d  between t h e  tops  and bottoms of t h e  

samples and t h e  p l a t e n s  of t he  compression machines t o  reduce t h e  

f r i c t i o n  between t h e  rock and t h e  p l a t e n s  t o  an i n s i g n i f i c a n t  amount. 

Chromel-Alumel thermocouples are emplaced i n  1.5-inm (0.06-in. ) 

diameter  ho le s  d r i l l e d  i n t o  t h e  c e n t e r  of t h e  p i l l a r ,  as  w e l l  as a t  

t h e  o u t e r  edge t o  ensure  a uniform tempera ture  w i t h i n  t h e  hea ted  model 

specimens. A 12-point s t r i p - c h a r t  r eco rde r  w i th  a 0 t o  350°C range is 

used t o  t r a c e  t h e  temperature  curves., A cons t an t  vo l tage  t ransformer  

i s  used i n  si ipplying 118 v o l t  AC t o  a d j u s t a b l e  au to- t ransf  ormers which 

are used as temperature  c o n t r o l s  f o r  t h e  c y l i n d r i c a l  h e a t i n g  j a c k e t s ,  

and t h e  h e a t e r s  i n  t h e  p l a t e n s  a t  t h e  top  and bottom of t h e  sample. 

I n  t h i s  manner, t empera tures  are r egu la t ed  to within 1 t o  2'C. In  

t h e s e  scaping  tes ts ,  no a t t e m p t  has been made t o  determine t h e  

un i fo rmi ty  of temperature .  

In g e n e r a l ,  t h e  same tes t  procedure is used f o r  a l l  specimens t o  

ensu re  cons is tency .  The procedure c o n s i s t s  o f  r a p i d l y  apply ing  a 

compressive load  corresponding t o  75X of t h e  t e s t i n g  load  and 
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Table  2. Specimen and p i l l a r  dimensions 

Specimen P i l l a r  

( i n . )  ( i n . )  ( i n -  1 ( i n .  1 
(mm) ( m d  (mm) (mm) 

Rock type  DFam. Length Width Height W i  d t h / H e i  gh t 

Green River  6 5 4 1 4 
Format i on  (152) (127) (102) (25) 

Conasauga 2.4 4.4 1.6 0.4 4 
Formation (61) (112) (41) (10)  

P i e r r e  Shale  3.5 4.6 2.4 0.6 4 
(89)  (117) (61) (15)  

Huron Shale  3.5 4.6 2.4 0.6 4 
(89) ( 1 1 7 )  (61 )  (15)  

Table 3. Model p i l l a r  test matrix 

Rock Sample I D  Sample depth Av p i l l a r  Temp. S t a r t  Durat ion 
type  f t h )  stress MPa(psi) ("C) d a t e  ( h )  

Green CR/86/ 
River  
Format i o n  

Conasauga C/86/ 
Group 

P i e r r e  P/84/ 
Shale  

Huron H/84/ 
Shale  

470(143) 28(4000) 22.5 
42( 6000) 22.5 

725(221) 28(4000)  22.5 
41( 6000) 22.5 
69a(10,000) 22.5 
28(4000) 100 

216(66) 7(1000) 22.5 
14(  2000) 22.5 
7(1000) 60 

515(157) 28(4000) 22.5 
516(157) 41(6000) 22.5 
523(159) 69(10,000) 22.5 
528(161) 42(6000) 100 

28(4000) 100 

1-13-86 1029 
3-3-86 1005 

4-21-86 1055 
4-10-86 1055 
5-28-86 1655 
5-12-86 2015 

2-26-86 1010 
1-16-86 1010 
1-20-86 1012 

6-20-85 4059 
7-8-85 4198 
8-13-85 15,952 
7-10-85 2470 
3-18-86 1008 

aModel p i l l a r  d a t a  not  used i n  e m p i r i c a l  model development because of 
apparent  material f a i l u r e .  A l l  model p i l l a r s  have a width-to-height 
r a t i o  of 4. 
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r e l e a s i n g  i t ,  then apply ing  a load  of 85% of t h e  t e s t  load which is 

a l s o  immediately r e l e a s e d ,  and then apply ing  100% of the  load.  A base 

reading  f o r  t h e  d i a l  gauges is then  taken. These i n i t i a l  loadings  

s e r v e  t o  s e a t  t h e  d i a l  gauges,  used t o  measure deformation,  and t o  set  

t h e  p l a t e n s  f i r m l y  on t h e  sample. The deformation is recorded ,  f i r s t  

a t  i n t e r v a l s  of seconds,  t hen  of minutes ,  and then  a t  p r o g r e s s i v e l y  

longe r  i n t e r v a l s .  

4. SIMULATION OF MINE PILLARS AND MODEL SCALING 

The deformation c h a r a c t e r i s t i c s  of rock a r e  extremely important  

c o n s i d e r a t i o n s  i n  t h e  s imula t ion  of mine cond i t ions  i n  scale-model 

tests.  To determine t h e  s t a b i l i t y  of mine p i l l a r s  composed of p l a s t i c  

materials l i k e  s h a l e ,  i t  is a b s o l u t e l y  necessary  to  s imula t e  i n  t h e  

models, not  only t h e  mine p i l l a r ,  but  a l s o  t h e  roof and f l o o r  

cond i t ions .  The importance of t h e  s imula ted  roof and f l o o r  i n  t h e  

model p i l l a r s  of s h a l e  can be i l l u s t r a t e d  by comparing tes t  d a t a  from 

a model p i l l a r  wi th  d a t a  obta ined  from t e s t i n g  a c y l i n d r i c a l  specimen 

(wi thout  roof and f l o o r  c o n s t r a i n t ) .  I n  both cases ,  specimens were 

f a b r i c a t e d  from 3.44-in.-diam (87.5 m) cores  of sha l e .  For t h e  model. 

p i l l a r  specimens t h e  c e n t e r  po r t ion  of t h e  specimen was ground out  t o  

form the  p i l l a r  [0.6-in. (15 mm) h igh  x 2.4-in. diam (40  m)] and t h e  

sur rounding  roof and f l o o r .  S t e e l  r i n g s  were then  "epoxied" t o  t h e  

top  and bottom p o r t i o n  of t h e  samples t o  r e s t r a i n  l a t e r a l l y  t h e  rock 

i n  t h e  roof and f l o o r  (as  would be t h e  case i n  a c t u a l  mine workings).  

On t h e  o t h e r  hand, f o r  t h e  specimens wi thout  roof and f l o o r  

s imula t ion ,  a c y l i n d r i c a l  sample of s h a l e  having a d iameter  of 3.44 

in .  (87.5 mm) and a he igh t  of 0.6 in .  (15 mm) ( p i l l a r  on ly )  was  used 

f o r  t h e  tes t .  

P i l l a r  sho r t en ing  d a t a  f o r  t h e  two specimens are g iven  Fn Table 

4. In both cases t h e  rate of loading  w a s  2.3 MPa (333 ps i ) /min .  For 

s h a l e  samples t e s t e d  a t  room tempera tures ,  it was found t h a t  t h e  model 

p i l l a r  specimen deformed n o n l i n e a r l y  wi th  i n c r e a s i n g  s t ress ;  however, 

even a f t e r  l oad ing  t o  138 MPa (20,000 p s i )  t h e  m d e l  cont inued t o  

c reep  wi thout  c a t a s t r o p h i c  f a i l u r e  ( p i l l a r  s h o r t e n i n g  reached about 

30%). In  Comparison, t h e  c y l i n d r i c a l  specimen wrlthout roof and f l o o r  

f a i l e d  suddenly a t  55 MPa (8000 p s i ) .  These d a t a  i n d i c a t e  t h a t  
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a c t u a l  mine cond i t ions  are s imula ted  best when t h e  roof and f l o o r  

p o r t i o n s  of t h e  models are cons t r a ined  l a t e r a l l y .  This cond i t ion  al lows 

Table  4. Comparison of s h o r t e n i n g  d a t a  f o r  two specimens 

Load P i l l a r  s h o r t e n i n g  ( X )  
Model s h a l e  p i l l a r  wi th  Shale  p i l l a r  wi thout  

(MPa) ( p s i )  roof and f l o o r  roof and f l o o r  

1 4  2,000 
28 4,000 
41  6,000 
55 8,000 
69 10,000 
83 12,000 
97 14,000 

110 16,000 
124 18,000 
138 20,000 

0.03 
0.32 
0.6 
1.4 
2.7 
8.9 

12.1 
16.5 
21.3 
29.6 

0.3 
3.1 
8.5 

C a t a s t r o p h i c  f a i l u r e  

shea r  stress a t  the  roof and f l o o r  t o  be t r a n s m i t t e d  i n t o  t h e  p i l l a r  

( a t  least  f o r  samples  having a width-to-height r a t i o  of 4 ) ,  thereby  

i n c r e a s i n g  t h e  mean stress i n  t h e  p i l l a r  i n t e r i o r  and decreas ing  the  

e f f e c t i v e  stress, which makes t h e  p i l l a r  s t ronge r .  

Model p i l l a r  tests on rock salt  were f i r s t  p resented  by O b e r t  

(1964). The e s s e n t i a l  f e a t u r e  of t h e s e  model p i l l a r s  is t h e  

s i m u l a t i o n  of t he  r o l e  of t h e  roof and f l o o r  material and s t i f f n e s s  i n  

t h e  axial  creep of a p i l l a r  which is not  accomplished by t h e  common 

compression test. I n  t h e  usua l  unconfined u n i a x i a l  compression test ,  

a n  a t tempt  is made t o  make t h e  stress s t a t e  as uniform as p o s s i b l e  so 

t h a t  s t r e n g t h  and/or  deformation p r o p e r t i e s  may be i n f e r r e d  as a 

f u n c t i o n  of stress. Such u n i a x i a l  tests are not  designed t o  s imula t e  

mine p i l l a r s  because they ignore  roof - p i l l a r  and f l o o r - p i l l a r  

i n t e r a c t i o n s .  Length-to-diameter r a t i o s  normally range from 2 t o  2.5 

i n  o rde r  t o  i s o l a t e  t h e  c e n t e r  p o r t i o n  of t he  sample from end e f f e c t s .  

These u n i a x i a l  t e s t s  do not , by themselves , s imula t e  p i l l a r  behavior ;  

bu t  t h e s e  d a t a  may be used i n  conjunct ion  with confined t r i a x i a l  t es t  

r e s u l t s  t o  develop a c o n s t i t u t i v e  m d e l  which can be used, wi th  a 

computer code employing continuum mechanics p r i n c i p l e s ,  t o  s imula t e  

p i l l a r  behavior  numerical ly .  Model p i l l a r  d a t a  may be used as a f i r s t  

s t e p  i n  v a l i d a t i o n  of t h e  c o n s t i t u t i v e  model and computer code. 
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In reviewing t h e  model p i l l a r  tests and r e s u l t s ,  it should be 

k e p t  c l e a r l y  i n  mind t h a t  t h e s e  are tests on models of a major 

s t r u c t u r a l  component of t h e  ground suppor t  system i n  a r e p o s i t o r y  and 

are  not wterials  tes t s  per  se. However, i t  is  p o s s i b l e  t o  i n f e r  

parameters  f o r  c reep  laws from model p i l l a r  d a t a  as was done by Thoms 

(1973) and la te r  by Wahi et al .  (1977). 

Another po in t  t o  keep i n  mind about t h e  model p i l l a r  tests is 

t h a t  they were o r i g i n a l l y  designed f o r  test d u r a t i o n s  of t h e  o rde r  of  

months, not  years .  Furthermore,  because of t h e  i n h e r e n t  

specimen-to-specimen v a r i a b i l i t y  i n  rocks ,  i n  a scoping s tudy  i t  is 

d e s i r a b l e  t o  tes t  many samples wi th  less accuracy of measurement, 

r a t h e r  than  a few samples wi th  g r e a t e r  accuracy ,  i n  o rde r  t o  cap tu re  

t h e  e s s e n t i a l  ( f i r s t - o r d e r )  changes i n  response caused by geometry, 

l oad ,  and temperature .  

As with  o t h e r  types  of s t r u c t u r a l  modeling, t h e  laws of 

s i m i l i t u d e  between t h e  model and t h e  p ro to type  must be s a t i s f i e d  i f  

t h e  model is t o  e x h i b i t  t h e  d e s i r e d  response.  In  r e a l i t y ,  i t  is 

almost  imposs ib le  t o  s a t i s f y  a l l  the  laws of s i m i l i t u d e ;  and we a r e  

f o r c e d  t o  a t t e m p t  t o  s i m u l a t e  t h e  d e s i r e d  response by main ta in ing  

s i m i l i t u d e  i n  t h e  dominant v a r i a b l e s .  I n  t h i s  r e p o r t ,  s i m i l i t u d e  is 

d i scussed  as i t  relates t o  geometry, l oad ,  and temperature .  For a 

more complete d i s c u s s i o n  of s i m i l i t u d e  as it  relates t o  geology and 

s t r u c t u r e s  i n  rock,  t h e  r eade r  is r e f e r r e d  t o  Obert and Duvall  (1967) 

and Hubbert (1937). 

A model is geomet r i ca l ly  similar t o  a p ro to type  i f  t h e  r a t i o s  of 

a l l  l eng th  dimensions i n  t h e  model t o  t h e  same model-to-length 

dimensions i n  t h e  p ro to type  are i d e n t i c a l .  'If t h i s  is t h e  case ,  all 

dimensions r e l a t i v e  t o  a c h a r a c t e r i s t i c  l e n g t h  i n  t h e  model w i l l  be 

t h e  same as i n  t h e  prototype.  I n  mine p i l l a r s ,  it is w e l l  known t h a t  

t h e  p i l l a r  width-to-height r a t i o  is  of primary importance; 

consequent ly ,  p i l l a r  he igh t  is chosen as t h e  c h a r a c t e r i s t i c  length .  

S a l t  mine p i l l a r s  with width-to-height r a t i o s  less than  u n i t y  have 

been known t o  f a i l  i n  a b r i t t l e  mode, while  t hose  wi th  a r a t i o  g r e a t e r  

t han  2 tend t o  flow r a t h e r  t han  f r a c t u r e  (Obert  and Duvall, 1967),  

a l though p i l l a r  s p a l l i n g  is  observed i f  p i l l a r  sho r t en ing  is l a rge .  

Some s h a l e  p i l l a r s  may e x h i b i t  s i m i l a r  behavior .  
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Lomenick and Bradshaw (1969a) r epor t ed  on model p i l l a r  tests wi th  

width-to-height r a t i o s  from 2 t o  4 .  

f o r  a r a t i o  of 4 : l  which is r e p r e s e n t a t i v e  of pre l iminary  r e p o s i t o r y  

des igns .  Future  work may cons ider  o t h e r  r a t i o s  and/or geometr ies .  

As prev ious ly  noted,  one of t h e  primary f e a t u r e s  of t h e  

A l l  results presented  h e r e i n  a r e  

model -p i l la r  tes t  is t h a t  i t  i n c o r p o r a t e s  t h e  i n f l u e n c e  of t he  roof 

and f l o o r  material and s t i f f n e s s .  I n  t h i s  case, the  choice of a 

d imens ionless  r a t i o  similar t o  t h e  pro to type  is not as c l e a r  because 

t h e  roof rocks extend t o  t h e  s u r f a c e  and t h e  f l o o r  rocks a t  least  

through t h e  e a r t h ' s  c r u s t .  Thus, main ta in ing  a similar r a t i o  of depth 

t o  p i l l a r  h e i g h t ,  f o r  example, is r e a l i s t i c a l l y  impossible .  Lomenick 

(1969a) r e p o r t s  on a s tudy  of t h i s  q u e s t i o n  and concludes t h a t  

main ta in ing  a roof th i ckness - to -p i l l a r  he igh t  r a t i o  of 2: 1 is  adequate  

t o  g ive  r ep roduc ib le  r e s u l t s .  The same r a t i o  is maintained f o r  t h e  

f l o o r  t h i ckness - to -p i l l a r  he igh t .  This r a t i o  i s  c o n s i s t e n t  with 

e l a s t i c i t y  theory  where one would expect  t h e  i n f l u e n c e  of s t r e s s  

concen t r a t ions  caused by p i l l a r - to - roo f  and f l o o r  i n t e r s e c t i o n s  to  be 

n e g l i g i b l e  a few c h a r a c t e r i s t i c  l eng ths  away. 

The r a t i o  of t h e  annu la r  width of t h e  roof and f l o o r  t o  t h e  p i l l a r  

h e i g h t  has  been maintained a t  -1:l f o r  t h e  tests r epor t ed  here  and, €n 

t h i s  range, should not be a p a r t i c u l a r l y  s i g n i f i c a n t  parameter as f a r  

as p i l l a r  response is concerned;  i.e., one would not expect  much 

d i f f e r e n t  p i l l a r  sho r t en ing  response i f  t h i s  r a t i o  were 1.3:1, provided 

t h a t  s teel  r i n g s  of adequate  s t i f f n e s s  were provided. Note t h a t  t hese  

tests do not  s imula t e  roof and f l o o r  response.  Lomenick and Bradshaw 

(1969a) measured t h e  t a n g e n t i a l  s t r a i n  i n  t h e  s tee l  roof r i n g s  i n  

o r d e r  t o  estimate t h e  amount of confinement provided by these  r i n g s  t o  

t h e  s a l t  roof and f l o o r .  S imi l a r  measurements have not been made f o r  

model p i l l a r s  of s h a l e  but are being cons idered  f o r  f u t u r e  tests. 

The r ad ius  of cu rva tu re  between the  p i l l a r  v e r t i c a l  s u r f a c e  and 

t h e  h o r i z o n t a l  roof and f l o o r  s u r f a c e s  has a s i g n i f i c a n t  e f f e c t  on the  

e l a s t i c  stress concen t r a t ion  i n  t h e  immediate neighborhood of t he  

i n t e r s e c t i o n .  The importance of t h i s  parameter has  not been s t u d i e d .  

I f  t h e  r a d i u s  is smaller f o r  a p a r t i c u l a r  model, p l a s t i c  f low and 

stress r e d i s t r i b u t i o n  w i l l  occur  a t  lower values  of v e r t i c a l  stress. 
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O f  course,  t h e  average v e r t i c a l  p i l l a r  stress remains t h e  same and is 

t h e  parameter used i n  t h e  empi r i ca l  p i l l a r  c reep  l a w .  

I f  a c t u a l  mine p i l l a r s  are cons idered ,  t h e  p i l l a r - to - roo f  o r  

f l o o r  r ad ius  r a t i o  depends on t h e  excavat ion  method and may be 

somewhat v a r i a b l e  f o r  mines us ing  a d r i l l -b l a s t - load -hau l  system. 

This  r a d i u s  is much more uniform i f  a borer- type cont inuous miner is 

used. I n  t h i s  case, t h e  r ad ius  may be approximately 0.3 m y  and 

assuming two passes  of t h e  miner, t h e  p i l l a r  he igh t  may be about 6 m 

l e a d i n g  t o  a radius- to-height  r a t i o  of 0.3:6 = 0.05. For a model 

p i l l a r  25 mm h igh ,  t h i s  would correspond t o  a r a d i u s  of 1.25 mn. 

I n  t h e  scoping s tudy  r epor t ed  h e r e i n ,  no a t tmept  is  made t o  machine 

t h e  specimens t o  a p a r t i c u l a r  rad ius .  

With r e spec t  t o  g r a i n  s i z e ,  American Soc ie ty  f o r  Tes t ing  and 

Materials (ASTM) s t anda rds  f o r  compression tes ts  recommend a r a t i o  o f  

sample  diameter  t o  average g r a i n  s i z e  of 10 i n  o rde r  t o  provide a 

s t a t i s t i c a l l y  r e p r e s e n t a t i v e  c ros s  s e c t i o n  t o  he lp  minimize sample-to- 

sample  v a r i a b i l i t y .  Because of t h e  dominance of c l a y  s i z e  p a r t i c l e s  i n  

s h a l e  rocks,  t h i s  is not  a matter of g r e a t  concern f o r  sha le s .  

The most obvious geometr ic  d e v i a t i o n  of t h e  model p i l l a r s  from 

a c t u a l  mine p i l l a r s  is  t h e  c i r c u l a r  h o r i z o n t a l  c ross -sec t ion  of t h e  

model compared wi th  t h e  l i k e l y  r e c t a n g u l a r  c ros s  s e c t i o n  of proposed 

r e p o s i t o r y  p i l l a r s .  The round models would prabably s i m u l a t e  a square  

c ros s - sec t ion  p i l l a r  better than  a r ec t angu la r  one wi th  agreement 

becoming worse as t h e  c ros s - sec t ion  becomes more oblong. Bradshaw and 

McClain (1971) note  t h a t  t h e  p i l l a r  shape and s i z e  can probably be 

accounted f o r  i n  t h e  l ead ing  c o e f f i c i e n t  i n  t h e  power l a w  creep 

equa t ion  wi th  t h e  exponents remaining approximately t h e  same as i n  t h e  

model p i l l a r s .  Table 2 l i s ts  o v e r a l l  and model p i l l a r  geometr ies  

f o r  each of t h e  f o u r  s h a l e s  considered here .  

I f  a p i l l a r  near  t h e  c e n t e r  of a r e p o s i t o r y  wi th  l a t e r a l  

r e p o s i t o r y  dimensions g r e a t e r  t han  t h e  depth ( i . e .  wider than  c r i t i c a l  

wid th)  i s  cons idered ,  t h e  average p i l l a r  stress can be e s t ima ted  from 

t h e  fo l lowing  t r i b u t a r y  area equat ion:  

"av = f h / ( l  - K ) ,  ( 2 )  

where uav is t h e  average p i l l a r  stress, y is  t h e  weighted average 

s p e c i f i c  weight of t h e  ove r ly ing  rocks ,  h is t h e  depth from t h e  
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s u r f a c e ,  and R is t h e  areal e x t r a c t i o n  r a t i o  (area removed/ to ta l  

area). Equation ( 2 )  holds r e g a r d l e s s  of tempera ture  (assuming t h a t  it 

is  a l s o  widely d i s t r i b u t e d  and no a r c h i n g  can t ake  place. The average 

p i l l a r  stress g iven  by Eq. ( 2 )  is assumed t o  be t h a t  app l i ed  om t h e  

model p i l l a r  because t h e  model material is the  same as the  pro to type  

m a t e r i a l .  The t o t a l  load a p p l i e d  t o  the  model p i l l a r  is oav times the  

c r o s s - s e c t i o n a l  area of t h e  model p i l la r .  The t o t a l  load s imula t e s  

t h e  weight of t h e  rocks ove r ly ing  t h e  p i l l a r  and t h e  a r e a  midway t o  

t h e  sur rounding  pi l lars .  This t o t a l  load remains cons t an t  du r ing  t h e  

l i f e  of t h e  p ro to type  and consquent ly  is he ld  c o n s t a n t  dur ing  t h e  

p i l l a r  tes t  even though the  model p i l l a r  i n c r e a s e s  i n  d iameter  as it  

deforms and t h e  actual  average  p i l l a r  stress decreases .  

I n  view of the  above c o n s i d e r a t i o n s  and s u b j e c t  t o  t h e  

assumptions made, t h e  model p i l l a r  test main ta ins  s i m i l i t u d e  wi th  

respect t o  load t o  t h e  degree t h a t  t h e  load is he ld  cons t an t  over the  

d u r a t i o n  of t h e  test. 

S i m i l i t u d e  wi th  r e spec t  t o  temperature is maintained t o  t h e  

degree  t h a t  t h e  tempera ture  can be maintained uniform i n  time and 

space. I n  t h e  case of t h e  r e p o s i t o r y ,  t h e  tempera tures  are not 

c o n s t a n t  i n  e i t h e r  t i m e  o r  space. S p a t i a l  g r a d i e n t s  w i l l  e x i s t  

throughout t h e  r e p o s i t o r y  because of t h e  h e a t  product ion  of the  waste 

I n  t h e  c a n i s t e r s  t o  be p laced  i n  ho le s  i n  the  f l o o r  of the  rooms. 

Temperature g r a d i e n t s  w i l l  depend on des ign  parameters such as (1) t h e  

thermal  power p e r  c a n i s t e r ,  ( 2 )  spac ing  and p i t c h  of c a n i s t e r s ,  ( 3 )  

room s i z e ,  ( 4 )  p i l l a r  dimensions, and ( 5 )  hea t  conduction p r o p e r t i e s  

of the  s h a l e  and o v e r l y i n g  and under ly ing  rocks.  Temporal changes i n  

tempera ture  i n  a r e p o s i t o r y  a r e  expected because of t h e  decaying 

n a t u r e  of the  thermal sources .  

Heated-model p i l l a r  tests a r e  not designed t o  s imula t e  the  exac t  

response  of a p ro to type  p i l l a r ,  but r a t h e r  t o  provide  in fo rma t ion ,  such 

as the  i n c r e a s e  or  dec rease  i n  p i l l a r - s h o r t e n i n g  ra te  t o  be expected 

if t h e  average  p i l l a r  t empera ture  is i nc reased  o r  decreased. Drying 

produces changes i n  thermal  p r o p e r t i e s  of s h a l e  which changes t h e  

time-dependent thermal response.  Drying-induced changes i n  t h e  

t r a n s i e n t  thermal response are not e x a c t l y  s imula ted  by model p i l l a r s .  

Neve r the l e s s ,  model p i l l a r  d a t a  are expec ted  t o  be u s e f u l  i n  

v a l i d a t i n g  t h e  c o n s t i t u t i v e  models and computer codes. 
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S a l t  mine p i l l a r s  i n  a r e a s  of high e x t r a c t i o n  e x h i b i t  p i l l a r  

s l a b b i n g  o r  s p a l l i n g .  I n  such cases ,  t h e  p i l l a r  may t ake  on an 

approximate hour-glass  shape formed by conjugate  sets of s h e a r  

f r a c t u r e s .  Model p i l l a r s  show s i m i l a r  tendencies  , except  that . ,  i n  t h e  

case  of s a l t ,  t h e  material g e n e r a l l y  s p a l l s  off as i n d i v i d u a l  g ra ins .  

Lomenick and Bradshaw (1969a) p r e s e n t s  photographs showing a s a l t  

model p i l l a r  and s p a l l e d  material. 

Another phenomena sometimes observed i n  mine p i l l a r s  is punching; 

i .e. ,  a s t i f f  and s t r o n g  p i l l a r  p e n e t r a t e s  i n t o  a s o f t  and weak f l o o r  

and/or  roof .  Punching i n t o  t h e  roof normally causes  roof c o n t r o l  

problems which can sometimes be c o r r e c t e d  by reducing t h e  p i l l a r  s i z e ,  

and t h e r e f o r e  s t i f f n e s s ,  even though t h e  e x t r a c t i o n  r a t i o  may be he ld  

t h e  same. The e x t e n t  t o  which model p i l l a r s  of s a l t  punch i n t o  t h e  

s imula t ed  f l o o r  and roof is d i scussed  by Lomenick and Bradshaw (1969a) 

who presented  a photograph of t h e  v e r t i c a l  c ros s - sec t ion  of a 

p rev ious ly  t e s t e d  lnodel p i l l a r  showing t h i s  phenomena. S i m i l a r  

r e s u l t s  are expected a t  least  f o r  t h e  s o f t e r  sha l e s .  

5. TEST RESULTS 

Table  3 p r e s e n t s  t h e  s h a l e  model p i l l a r  t es t  mat r ix  f o r  t h e  model 

p i l l a r  geometr ies  given i n  Table 2. Raw d a t a  from t h e s e  tests were 

e n t e r e d  i n t o  a microcomputer f o r  d a t a  r educ t ion  and a n a l y s i s .  Data 

r educ t ion  c o n s i s t e d  of conver t ing  t h e  d i a l  gauge readings  t o  

incrementa l  changes i n  p i l l a r  he igh t  and accumulat ing t h e s e  changes. 

The cumulat ive displacements  read  from d i a l  gauges 3 and 4 (gauges 1 

and 2 are backup gauges)  were averaged f o r  each t i m e  and t h e  average 

converted i n t o  nondimensional s h o r t e n i n g  by d i v i d i n g  by the  i n i t i a l  

p i l l a r  h e i g h t ,  H, g iven i n  Table 2. Resu l t s  f o r  13 of t h e  14 tests 

d i scussed  are shown g r a p h i c a l l y  i n  Figs .  2 t o  9. Figures  2 t o  9 

i n d i c a t e  that most of the  p i l l a r  c reep  response curves a p p e a r  t o  have 

t h e  form r e f e r r e d  t o  as primary c reep ;  i .e. ,  t h e  c reep  rate con t inues  

t o  s low down wi th  t i m e .  Consequently,  a t r a n s i e n t  c reep  response 

f u n c t i o n  of t h e  form used f o r  rock s a l t ,  Eq. (11, has been f i t t e d  t o  

t h e  s h a l e  da ta .  

The empi r i ca l  model chosen f o r  p re l imina ry  a n a l y s i s  has t h e  form 

E. = A an TU tm ( 3 )  
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where E is t h e  f r a c t i o n a l  p i l l a r  s h o r t e n i n g  (which is d imens ion le s s ) ,  0 

is  t h e  i n i t i a l  average p i l l a r  stress i n  p s i  (1 MPa = 145 p s i ) ,  T i s  

t h e  a b s o l u t e  tempera ture  i n  K, and t is  t h e  t i m e  i n  hours. The 

parameters  (A,  n, u, and m) used i n  Eq. ( 3 )  may be found by e i t h e r  (1)  a 

non l inea r  curve f i t t i n g  method, such as t h e  pa th  of steepest descen t ,  

o r  (2 )  by f i r s t  l i n e a r i z i n g  t h e  equat ion  (by t ak ing  logar i thms of both 

s i d e s )  and de termining  t h e  parameters  by m u l t i p l e  l i n e a r  r eg res s ion .  

Because of t he  scoping n a t u r e  of t h i s  s tudy ,  t h e  second approach w a s  

chosen t o  provide pre l iminary  va lues  f o r  t h e  parameters  

The logar i thm of Eq. (3 )  becomes 

l o g  ( E )  = log (A) + n l o g ( a )  + u log(T)  + m l o g ( t ) ,  ( 4 )  

which is  s u i t a b l e  f o r  mul t ip l e  l i n e a r  r eg res s ion .  

The parameters  f o r  t h e  model of Eq. ( 3 )  have been e s t ima ted  f o r  

each of t h e  fou r  s h a l e s  t e s t e d  i n  t h i s  s tudy  and a r e  shown i n  Table 5 

a long  wi th  t h e  a p p l i c a b l e  ranges of i n i t i a l  stress, temperature ,  and 

t i m e .  Note t h a t  t h e s e  parameters  hold f o r  t h e  geometr ies  given i n  

Table  2 ,  p a r t i c u l a r l y  f o r  W/H = 4.  Also, t h e s e  parameters  are l i m i t e d  

t o  t h e  s h a l e s  desc r ibed  i n  Table 1. These parameters  a r e  l i k e l y  t o  be 

s e n s i t i v e  t o  changes i n  s h a l e  composi t ion ( p a r t i c u l a r l y  t h e  amounts of 

smectite and o t h e r  c l a y s ,  q u a r t z ,  f e l d s p a r ,  and kerogen f o r  t h e  Green 

River  Formation) ,  moisture con ten t ,  and po ros i ty .  In  view of t hese  

l i m i t a t i o n s  and t h e  small s i z e  of t h e  d a t a  base used,  parameter va lues  

g iven  i n  Table 5 must be cons idered  very pre l iminary .  

Note t h a t  t h e  t i m e  range of a p p l i c a b i l i t y  of some of t he  t e s t s ,  

as g iven  i n  Table 5, is somewhat less than  t h e  du ra t ion  of t he  

cor responding  tests shown i n  Table 3 .  This d i f f e r e n c e  is due t o  

i r r e g u l a r i t i e s  i n  t h e  data caused by power outages and p res su re  leaks .  

The room t e m p e r a t u r e ,  69 MPa (10,000 p s i )  t es t  on t h e  Conasauga 

Formation was not used i n  t h e  d a t a  base because i n i t i a l  f r a c t u r e s  

developed on t h e  p i l l a r  s u r f a c e  dur ing  loadup and because i t s  behavior was 

cons ide rab ly  d i f f e r e n t  from t h e  remaining Conasauga tests. The room 

tempera ture  t e s t  a t  1 4  MPa (2000 psi) on t h e  P ie r re  Shale also caused 

s p a l l i n g  on t h e  p i l l a r  s u r f a c e  dur ing  loadup. We note  t h a t  t he  

unconfined compressive s t r e n g t h  of t h e  Pierre Shale  from Table 1 is 

7.2 MPa o r  about 1044 p s i ;  t h e r e f o r e ,  i t  is not s u r p r i s i n g  t h a t  



T a b l e  5. Parameters f o r  e m p i r i c a l  inodela 

S t r e s s  Temp. Time 
Rock t y p e  A 11 U m r a n g e  r a n g e  r a n g e  

(psi>-n(K>-U(h>-m ( p s i ) b  ( O C >  ( h r )  

Green 3.2669 x 1.5013 0 0.23338 4000- 22.5 0- 
Rive r  6000 1000 
Format i o n  

22.5- 0- Gonasauga 2.7339 x 1.8796 3.2760 0.26878 4000- 
Group 6000 100  1000 

P i e r r e  3.4719 10-25 1.9902 6.7885 0.209% 1000- 22.5- 0- 
S h a l e  2000 60 1 0 0 0  

Huron 2.2430 10-25 1 2906 6.9335 0.26199 1000- 22.5- 0- 
S h a l e  4000 100 3145 

a, .- - - ao”T’tm where E i s  d i m e n s i o n l e s s ,  CI is  i n  p s i ,  T is i n  K,  and 

t i s  i n  hours. S t r e s s ,  t e m p e r a t u r e ,  and rime r a n g e s  of a p p l i c a b i l i t y  
a r e  g i v e n .  

bl MPa = 1 4 5  p s i .  
C F i v e  d i g i t s  are shown f o r  t h e  p a r a m e t e r s  i n  t h e  e m p i r i c a l  models i n  

o r d e r  t o  p r o v i d e  c o n s i s t e n t  r e s u l t s  f o r  s h o r t e n i n g ,  b e c a u s e  r o u n d i n g  
of p a r a m e t e r s  may i n t r o d u c e  i n c o n s i s t e n c i e s  i n  model r e s u l t s .  Model 
v a l u e s  f o r  s h o r t e n i n g  s h o u l d  be r e p o r t e d  t o  t h r e e  s i g n i f i c a n t  d i g i t s .  
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l o c a l i z e d  f a i l u r e s  occur when the  average p i l l a r  stress is 14 MPa 

(2000 p s i ) .  I n  t h i s  case, the  2000 p s i  t es t  w a s  l e f t  i n  t h e  da t a  

base ,  and t h e  r e s u l t s  shown on Figs.  5 and 6 i n d i c a t e  t h a t  t h e  

e m p i r i c a l  model does a r e l a t i v e l y  good j o b  of t r a c k i n g  t h e  da t a .  

The room temperature  tes t  at  69 MPa (10,000 p s i )  f o r  t h e  Huron 

Shale  (Fig.  8) w a s  l e f t  i n  t h a t  d a t a  base ,  but Fig.  9 I n d i c a t e s  t h a t  

i t s  behavior  is not  c o n s i s t e n t  w i th  t h e  o t h e r  Huron Shale r e s u l t s .  I f  

t h e s e  t es t  d a t a  were e l imina ted  from t h e  d a t a  base,  i t  is l i k e l y  t h a t  

t h e  model parameters would change s l i g h t l y ,  and t h e  f i t s  t o  t he  

remaining d a t a  would improve. In t h i s  ca se ,  i n i t i a l  f r a c t u r e s  were 

not  r epor t ed  dur ing  loadup, and we have no data on the  unconfined 

compressive s t r e n g t h  of t h e  Huron Shale.  

The temperature  exponent g iven  i n  Table 5 f o r  t h e  Green River  

Formation is zero  because no da ta  are a v a i l a b l e  a t  e l e v a t e d  temperatures .  

The only s t a t i s t i c s  c a l c u l a t e d  f o r  t h e  comparisons between t h e  

e m p i r i c a l  model and the  p i l l a r  sho r t en ing  d a t a  (shown on Figs.  2 t o  9) 

are t h e  root  mean square  (RMS) d i f f e r e n c e s  which are given i n  Table 6. 

Note t h a t  t h e s e  RMS values  a r e  r e l a t i v e  t o  t h e  magnitude of t h e  

s h o r t e n i n g  f o r  each test and cannot be d i r e c t l y  compared u n l e s s  they  

are normalized by d i v i d i n g  by t h e  maximum f r a c t i o n a l  s h o r t e n i n g  f o r  

each test .  I n  g e n e r a l ,  small RMS d i f f e r e n c e s  imply good f i t s  t o  t he  

da t a .  

Seve ra l  gene ra l  obse rva t ions  can be made about t he  response of 

t h e  s h a l e  model p i l l a r s .  I n  g e n e r a l ,  t h e  t r a n s i e n t  response of s h a l e  

model p i l l a r s  is similar to  t h a t  of m d e l  p i l l a r s  of rock s a l t  

(Lomenick and Bradshaw, 1969 and 1986). In  both cases ,  h ighe r  stress 

and/or  temperature l ead  t o  h ighe r  displacement  rates and more 

cumulat ive displacement .  However, as can be seen from Table 5, t h e  

stress exponents f o r  t h e  s h a l e s  t e s t e d  tend t o  be s i g n i f i c a n t l y  lower 

than  those  €or  rock s a l t ,  as shown i n  Eq. (1) .  The Pierre and 

Conasauga samples  show t h e  h i g h e s t  stress s e n s i t i v i t y ,  wtth exponents 

of about 2 and 1.9,  while  t h e  Huron, with an exponent of about 1.3, 

shows t h e  least  stress s e n s i t i v i t y  t o  sho r t en ing .  

The temperature  s e n s i t i v i t y  of t h e  Pierre and t h e  Huron Shales  

are about t h e  same wi th  exponents of about 6.8 and 6.9, compared 

wi th  exponents of about 3.3  f o r  t h e  Conasauga Group Shale  and 9.5 €or 
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rock s a l t .  Consequently,  t h e  temperature  s e n s i t i v i t y  of t r a n s i e n t  

c reep  response of t h e  s h a l e s  t e s t e d  was less than  rock s a l t  but  is 

s t i l l  very s i g n i f i c a n t .  Table 1 l is ts  both ambient and 150°C s t r e n g t h  

d a t a  f o r  t h e  s h a l e s  from t h e  Green River  Formation (Hansen, and Vogt, 

1987).  The h ighe r  temperature  a p p a r e n t l y  weakens the  Green River 

Formation Shales  d rama t i ca l ly .  Unfo r tuna te ly ,  we have no model p i l l a r  

d a t a  at  e l e v a t e d  tempera tures  f o r  t h e  Green River  Formation Shales  t o  

use  f o r  comparison. 

T ime  exponents f o r  t h e  f o u r  s h a l e s  show a remarkable cons i s t ency ,  

ranging  from a l o w  of about 0.21 f o r  t h e  P i e r r e  t o  a high of about 

0.27 f o r  the  Conasauga. These va lues  compare wi th  a nominal va lue  of 

0.3 f o r  rock sa l t .  The lower va lue  of the  average t i m e  exponent f o r  

s h a l e  i n d i c a t e s  t h a t  t he  c reep  rate f o r  s h a l e  i s  l i k e l y  t o  decrease  

f a s t e r  than  t h a t  f o r  rock s a l t .  I n  f a c t ,  f o r  some cases ,  notably the  

Conasauga Group Shale  a t  22.5"C and 28 MPa (4000 p s i ) ,  shown on Fig. 

3 ,  t h e  convergence rate is about zero  f o r  t h e  l a s t  s e v e r a l  hundred 

hours  of t h e  tes t .  A similar s i t u a t i o n  i s  observed f o r  t h e  Huron 

Shale  a t  100°C and 4 1  MPa (6000 p s i ) ,  shown on Fig. 9 ,  and the  room 

temperature  Huron Shale  a t  4 1  MPa (4000 p s i ) ,  shown on Fig. 7. This 

behavior  i n d i c a t e s  t h a t  t h e  t r a n s i e n t  creep model used i n  t h i s  s tudy  

and p rev ious ly  used i n  t h e  s tudy  of c l o s u r e  of model p i l l a r s  of s a l t ,  

may not be a p p r o p r i a t e  f o r  t h e  t i m e  dependent response of model 

p i l l a r s  of sha le .  A more a p p r o p r i a t e  t i m e  f u n c t i o n  f o r  t h e  empi r i ca l  

model may be 

1 - exp ( t / t , > ,  ( 5 )  

where tc is t h e  time requ i r ed  f o r  t h e  p i l l a r  sho r t en ing ,  E ,  t o  

approach i t s  f i n a l  value.  It is i n t e r e s t i n g  t o  note  t h a t  Stage I of 

t h e  t r i a x i a l  c reep  test r epor t ed  by Hansen and Vogt (1987) (Fig.  E-1, 

p. 7 9 )  a p p a r e n t l y  e x h i b i t s  t h i s  same phenomenon, while  s t a g e s  I1 and 

I11 a t  h ighe r  temperature and stress d i f f e r e n c e ,  r e s p e c t i v e l y ,  

i n d i c a t e  cont inued s t r a i n i n g  wi th  t i m e .  Hansen and Vogt 's  unconfined 

creep t e s t  (Fig.  E-2, p.  SO), however, aga in  i n d i c a t e s  t h e  approach of 

a t e rmina l  s t r a i n  a t  room temperature .  A t  t h i s  t i m e ,  we have no f i rm  

unders tanding  of t h e  microscopic  creep mechanisms i n  t h e s e  s h a l e s  and, 

consequent ly ,  can come t o  no f i r m  conclus ions ,  e s p e c i a l l y  i n  view of 

t h e  s m a l l  d a t a  base i n  t h e  scoping s tudy.  
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The s h a l e s  t e s t e d  du r ing  t h e  scoping s tudy  may be ranked 

accord ing  t o  how much t h e i r  m d e l  p i l l a r s  shor tened  a t  a cons t an t  

s t ress ,  tempera ture ,  and t i m e .  P i e r r e  Shale  m d e l  p i l l a r s  were t e s t e d  

a t  lower stresses than  t h e  o t h e r  s h a l e s ,  but  they deformed more. 

Consequently,  t he  P i e r r e  Shale  is t h e  most e a s i l y  deformed of t h e  

group t e s t e d .  The remaining t h r e e  s h a l e s  were t e s t e d  a t  28 ME'a (4000 

p s l )  and 41  MPa (6000 p s i ) ,  which a l lows  d i r e c t  comparison a t  22.5OC 

and 1000 h, as shown on Table 7. Note t h a t  f o r  t h e  above cond i t ions ,  

t h e  Conasauga Group Shale  p i l l a r s  deformed the  most, fol lowed c l o s e l y  

by the  Huron Shale  and t h e  Green River  Formation Shale ,  which is  much 

less deformable f o r  t h e  s t a t e d  cond i t ions*  

Table  7. Comparison of approximate d imens ionless  p i l l a r  
s h o r t e n i n g  a t  22.5"C and 1000 h r  f o r  two stresses 

29 MPa (4000 p s i )  41 MPa (6000 p s i )  

Couasauga Group Shale  0.010 0.024 

Huron Shale  0.008 0.017 

Green River Formation Shale  0.0046 0.0072 

6. CONCLUSIONS 

Based on model p i l l a r  t es t s  of f o u r  d i f f e r e n t  s h a l e s ,  w e  conclude 

t h a t  model p i l l a r s  of t h e s e  s h a l e s  e x h i b i t  t i m e  dependent c l o s u r e  and 

t h a t  t h e  r a t e  of c losu re  i s  inc reased  by both i n c r e a s e s  i n  t h e  i n i t i a l  

p i l l a r  stress and t h e  t e s t  temperature .  The power-law t r a n s i e n t  c reep  

equa t ion  has been used as the  empi r i ca l  p i l l a r  creep model f o r  t hese  

s h a l e s  and t h e  comparisons between empi r i ca l  model r e s u l t s  and 

l a b o r a t o r y  da t a  a r e  reasonably good f o r  t h e  range ( s t r e s s ,  

t empera ture ,  and t ime)  of a p p l i c a b i l i t y  of t h e  empir ical  inodel. We 

have compared t h e  def ormat iona l  response  of t h e  s h a l e  model p i l l a r s  

w i th  t h a t  o f  model p i l l a r s  of rock s a l t  and found both s i m i l a r i t i e s  and 

d i f f e r e n c e s :  (1) s a l t  p i l l a r s  appear  t o  be more s e n s i t i v e  t o  both 
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tempera ture  and stress than  s h a l e  p i l l a r s ;  and (2 )  some s h a l e  p i l l a r  

d a t a  sugges t  t h a t  a f t e r  an i n i t i a l  t r a n s i e n t  phase,  the  p i l l a r  

s h o r t e n i n g  approaches a s t e a d y  value. When more d a t a  become 

a v a i l a b l e ,  a q u a n t i t a t i v e  comparison W i l l  be poss ib l e .  

The scoping  s tudy  on model p i l l a r  s h o r t e n i n g  provides  p re l imina ry  

in fo rma t ion  u s e f u l  i n  i n v e s t i g a t i o n s  f o r  a n a t i o n a l  survey of p o t e n t i a l  

s h a l e s  t o  h o s t  a nuc lea r  waste r e p o s i t o r y .  The weaker, more deformable 

Pierre Shale ,  would probably be most u s e f u l  where s t r a t a  of s u f f i c i e n t  

t h i c k n e s s  occur  r e l a t i v e l y  c l o s e  t o  t h e  su r f  ace where overburden stresses 

and tempera tures  are l i k e l y  t o  be lower. On t h e  o t h e r  hand, r e p o s i t o r y  

dep ths  f o r  t h e  o t h e r  s h a l e  types cons ide red ,  could vary over  a much wider 

range. The scoping  data are t oo  few t o  set  any l i m i t s  a t  t h i s  t i m e .  For 

example, a t  22.5"C, t h e  Green River  Formation Shale appears t o  be t h e  

s t r o n g e s t  and least  deformable of t h e  s h a l e s  cons idered  h e r e i n ;  however, 

Hansen and Vogt (1987) r e p o r t  a dec rease  i n  s t r e n g t h  from 94.8 MPa 

(13,700) p s i  at  room tempera ture  t o  24.7 MPa (3580 p s i )  a t  150°C. 

Fu tu re  work on s h a l e  should cons ide r  t h e  r o l e  of (1) moisture 

c o n t e n t ,  ( 2 )  mois tu re  loss through h e a t i n g ,  (3) pore p r e s s u r e  

i n c r e a s e s  caused by h e a t i n g  and r ap id  s t r e s s  i n c r e a s e s ,  and ( 4 )  t h e  

p o s s i b l e  i n f l u e n c e  of pore f l u i d  chemis t ry  on s t r e n g t h s  and 

deformat ions  of t h e  s h a l e s .  The i n f l u e n c e  of each of t h e s e  

c o n s i d e r a t i o n s  is l i k e l y  t o  vary wi th  the  c l a y  minera l  content  of t h e  

s h a l e s .  I n  p a r t i c u l a r ,  t h e  s m e c t i t e - r i c h  Pierre Shale may s h r i n k  

s i g n i f i c a n t l y  when d ry ing  du r ing  a t es t  at  e l e v a t e d  temperature.  

Sh r ink ing  caused by d ry ing  would presumably add t o  t h e  s t r a i n  induced 

by the  stress u n t i l  most of t h e  water has been fo rced  out. To t h e  

a u t h o r ' s  knowledge, t h e  above noted e f f e c t s  of mois ture  on deformation 

have not been s y s t e m a t i c a l l y  s t u d i e d  as they relate t o  p i l l a r s  i n  

sha le .  
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