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INTRODUCTION 

The i n  s i t u  convers ion o f  coa i n t o  combust ib le  gas prov ides an a t t r a c t i v e  avenue f o r  
optimum u t i l i z a t i o n  of t he  Un ted S ta tes '  p r i n c i p a l  f o s s i l  f u e l  resource. The p r i -  
mary b e n e f i t s  o f  underground coal g a s i f i c a t i o n  (UCG) over  convent ional  m in ing  methods 
a re  hea l th ,  sa fe ty ,  c o n t r o l l e d  environmental subsidence, and maximum recovery of  
energy from coa l  depos i t s  which a re  d i f f i c u l t  t o  mine o r  a r e  unminable. The success 
o f  UCG methods from environmental,  t e c h n i c a l ,  and economic cons ide ra t i ons  depends on 
a hos t  o f  phys i ca l ,  chemical, and geo log ica l  parameters. These f a c t o r s  have been 
ex tens i ve l y  discussed i n  monographs d e t a i l i n g  Sov ie t  technology ( I  , 2 )  and t h e  recen t  
B r i t i s h  Na t iona l  Coal Board Status rev iew o f  s t u d i e s  i n  t h e  Un i ted  Kingdom, Russia 
and Uni ted S ta tes  ( 3 ) .  The major  U.S. Department o f  Energy (DOE) sponsored p r o j e c t s  
i n  t h e  Uni ted States a r e  the  Linked V e r t i c a l  Wel l  (LVW) programs a t  Hanna, Wyoming 
(41, and a t  Pricetown, West V i r g i n i a  (51, i n  the  medium t h i c k  western and t h i n  eastern 
coal seams, r e s p e c t i v e l y ;  and t h e  Packed Bed Process (PBP) experiments near G i l l e t t e ,  
Wyoming (61, a l s o  i n  t h e  t h i c k  western coa l  seams. 

The sur face and subsurface environmental impact o f  i n  s i t u  coa l  g a s i f i c a t i o n  may be 
p red ic ted  by u t i l i z i n g  the  thermo-mechanical-structural p r o p e r t i e s  o f  t h e  i n  s i t u  
ma te r ia l s .  The most se r ious  s t r u c t u r a l  mechanics r e l a t e d  problems o f  UCG a r e  those 
dea l i ng  w i t h  su r face  subsidence, roo f  s t a b i l i t y ,  and coal  p e r m e a b i l i t y  thermo- 
mechanical changes. The ensuing subsurface environmental consequences inc lude  
poss ib le  gas leakage, water  contamination, water  i n f l u x  i n t o  the combustion zone, and 
heat l oss  t o  t h e  overburden. Contro l  o f  t h e  UCG process r a t e  advancement, i t s  
s t a b i l i t y ,  and su r face  and sbbsurface subsidence response i s  be l i eved  t o  be p r i m a r i l y  
due t o  the  the rma l l y  induced s t r a i n  and i n  s i t u  s t resses.  In a d d i t i o n ,  coalbed perm- 
e a b i l i t i e s  i n  t h e  s w e l l i n g  bltuminous coa ls  a r e  a l s o  i n f l uenced  (7). Hence, the  bas ic  
s t r u c t u r a l  and c o n s t i t u t i v e  p r o p e r t i e s  o f  t he  i n  s i t u  m a t e r i a l s  must be known i n  order  
t o  p r e d i c t  t h e  e f f e c t s  o f  a g a s i f i c a t i o n  scheme w i t h  regard t o  r o o f  co l l apse ,  coa l  
f r a c t u r i n g ,  p o r o s i t y ,  pe rmeab i l i t y ,  and su r face  subsidence. 

Th is  study represents  an e f f o r t  t o  p rov ide  somewhat more r e a l i s t i c  and comprehensive 
experimental da ta  o f  i n  s i t u  g a s i f i c a t i o n  m a t e r i a l s  f o r  u t i l i z a t i o n  i n  subsidence 
comparisons from va r ious  emp i r i ca l  and phenomenological t heo r ies  for t h e  s t r a t i g r a p h y  
conforming t o  t h e  Morgantown Energy Research Center (MERC) UCG experiments. 
e l a s t i c  f i n i t e  element theory w i t h  s p e c i f i e d  f a i l u r e  c r i t e r i a  i s  used t o  i d e n t i f y  the 
sur face displacements, su r face  s t r a i n s ,  and r o o f  and su r face  f a i l u r e  zones. 

PREVIOUS INVESTIGATIONS 1 

Most of the research performed t o  determine t h e  s t r e n g t h  o f  coa l  has been from 
u n i a x i a l  compression t e s t s  on cub ica l ,  rec tangu la r ,  o r  i r r e g u l a r  shaped specimens 
(8,9,10). Coal has a g r e a t e r  u l t i m a t e  compressive s t r e n g t h  when loaded normal t o  
the  bedding planes than when loaded normal t o  e i t h e r  the  face  o r  b u t t  c l e a t s  (8,g). 
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The u l t i m a t e  s t r e n g t h  increases when t h e  s t resses  become r e p r e s e n t a t i v e  o f  i n  s i t u  
t e c t o n i c  s t resses as shown from t r i a x i a l  l oad ing  experiments (9,ll,l2,l3). The 
u l t i m a t e  compressive s t r e n g t h  o f  coal  whether loaded normal t o  t h e  bedding planes 
o r  t he  c l e a t  p lanes i s  t e s t  specimen s i z e  dependent (l4,15,16), and increases 
exponen t ia l l y  w i t h  decreas ing specimen s i ze .  

S i m i l a r l y ,  t h e r e  a r e  many w i d e l y  used shapes and s i z e s  i n  de te rm in ing  the  mechanical 
p r o p e r t i e s  o f  rock;  such as,  c y l i n d e r s ,  pr isms and p l a t e s  (17-25). The va r ious  
s tud ies  on rock  do n o t  suppor t  t he  s i z e  dependence as shown i n  coal  (22,23,26-31); 
t h a t  i s ,  an increase i n  specimen s i z e  may o r  may n o t  a f f e c t  t h e  u l t i m a t e  s t r e n g t h  o f  
rock. However, under t r i a x i a l  loading cond i t i ons  the  s i z e  e f f e c t s  a r e  o n l y  present  
f o r  low c o n f i n i n g  pressures (32). 

There i s  evidence t h a t  coa l  and rock  a r e  v i s c o e l a s t i c  m a t e r i a l s  and t h a t  coa l  behaves 
l i k e  a viscous f l u i d  a t  e leva ted  temperatures. Brewer (33) s t a t e s  t h a t  when bitum- 
inous coa l  i s  heated under app rop r ia te  cond i t i ons ,  i t  may e x h i b i t  p l a s t i c ,  v iscous,  
o r  e l a s t i c  f l ow ,  and o f t e n  combinations o f  a l l  three.  Macrae and M i t c h e l l  (34) 
repo r ted  t h a t  t h e  u l t i m a t e  f a i l u r e  s t ress  and deformat ion were n o t a b l y  t lme dependent. 
A t  room temperature, f a i l u r e  occurred a f t e r  a h i g h  s t r e s s  had been mainta ined on t h e  
specimen f o r  an extended p e r i o d  o f  t ime. Sanada and Honda (35) have demonstrated 
t h a t  t h e  t ime-temperature s u p e r p o s i t i o n  p r i n c i p l e  can be a p p l i e d  t o  coa l .  
demonstrated t h e  th ree  s tages (pr imary,  secondary, and t e r t i a r y )  o f  t h e  i d e a l i z e d  
creep curve i n  rock. 

The u t i l i z a t i o n  o f  thermo-mechanical p r o p e r t i e s  o f  t h e  i nvo l ved  m a t e r i a l s  i n  the  
a p p l i c a t i o n  o f  subsidence and s t r a t a  c o n t r o l  t heo r ies ,  t o  underground min ing,  i n  t h e  
Uni ted States i s  r e l a t i v e l y  recent .  The p ioneer ing  pre-World War I I German exper ience 
and European e f f o r t s  on p r e - c a l c u l a t i o n  o f  coa l  mine subsidence (37-41) have served 
a s s b l u e p r i n t  c h a r a c t e r i z a t i o n s  f o r  soph is t i ca ted  modeling. The techniques f o r  p re -  
d i c t i n g  mine subsidence a r e  based e i t h e r  on mathematical rep resen ta t i ons  f o r  t h e  con- 
t inuous trough p r o f i l e  o r  t h e  i n f l u e n c e  f u n c t i o n  express ing t h e  e x t r a c t i o n  o f  
i n f i n i t i s i m a l  elements. A comprehensive survey o f  these methods and v e r t i c a l  sub- 
sidence S(x) computations f o r  severa l  p r o f i l e  o r  i n f l u e n c e  func t i ons  a r e  g i ven  by 
Brauner (42). The e m p i r l c a l  r e l a t i o n s  

Slngh (36) 

V ( X )  = C 1  (dS/dx) 

E(x )  = Cld2S/dX2 
and 

a re  employed f o r  e v a l u a t i o n  o f  the h o r i z o n t a l  displacement V(x) and t h e  h o r i z o n t a l  
su r face  s t r a i n  E(x) .  Brauner (42) a l s o  presents  cons ide ra t i ons  f o r  t ime  dependent 
and i n c l i n e d  s t r a t a  subsidence behavior .  The Subsidence Engineers '  'Handbook (43) 
f u rn i shes  extens ive f i e l d  r e s u l t s  and des ign curves f o r  p r e d i c t i n g  displacements, 
t i l t s ,  and s t r a i n s .  For c r i t i c a l  o r  super c r i t i c a l  w id ths ,  t h e  maximum v e r t i c a l  
subsidence Smax i s  g e n e r a l l y  from 0.50 t o  0.90 o f  t he  seam th ickness w h l l e  t h e  
maximum h o r i z o n t a l  d isp lacement  Vmax i s  about o n e - t h i r d  o f  Smax. 
maximum t i l t ,  compressive s t r a i n ,  and t e n s i l e  s t r a i n  va lues a r e  approx imate ly  2.5 
Smax/depth, 0.5 Smax/depth, and 0.67 Sma,/depth, r e s p e c t i v e l y .  

The mine subsidence rep resen ta t i ons  discussed i n  t h e  l i t e r a t u r e  s i t e d  above a r e  
p r i m a r i l y  semi-empir ica l  and do n o t  address l o c a l  geo-mechanical v a r i a b l e s .  Var ious 
phenomenological model rep resen ta t i ons  have been attempted t o  i nc lude  geometr ic  and 
m a t e r i a l  p roper t y  e f f e c t s .  These i n v e s t i g a t i o n s  encompass two- and three-d imensional  
l i n e a r  i s o t r o p i c  and a n i s o t r o p i c  e l a s t i c i t y  t heo ry  models (44-461, v i s c o e l a s t i c  
responses (491, exper imenta l  models (SO), and e l a s t i c  as w e l l  as e l a s t o - p l a s t i c  
f i n i t e  element model subsidence eva lua t i ons  (51-53) u t i l i z i n g  exper imenta l  f i e l d  data.  
Several roo f  s t r e s s  response s t u d i e s  r e l a t i n g  t o  underground opening des ign and 
min ing operat ions have been conducted u t i l i z i n g  t h e  f i n i t e  element s t r e s s  eva lua t i ons  
(54-56). S i m i l a r  s t u d i e s  on the  i n f l uence  o f  s t resses  on r o o f  rock f r a c t u r e s ,  b l o c k  
boundary weakening, and cavabi  l i t y  have been conducted (57). Other i n v e s t i g a t o r s  (1)  
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and r e p o r t s  (2) have a l s o  presented q u a l i t a t i v e  d i scuss ions  r e l a t i v e  to su r face  
subsidence, roo f  c o l l a p s e  and t h e  ensuing techn ica l  and environmental problems. 

EXPERIMENTAL STUOlES 

I n  examining s t r u c t u r a l  p r o p e r t y  e f f e c t s  on subsidence, r o c f  co l l apse ,  and v a r i o u s  
modes o f  f a i l u r e ,  s p e c i f i c  types o f  data a r e  requ i red ,  
a r e  d i r e c t i o n a l  ( f o r  coa l )  and temperature-dependent s t r e s s - s t r a i n  r e l a t i o n s  and 
f a i l u r e  s t resses i n  compression and shear. 

The P i t t s b u r g h  b i tuminous coal and i t s  ad jacen t  overburden were eva lua ted  i n  t h e  
experiments. A l l  experiments were conducted i n  u n i a x i a l  compression and s imp le  
shear, i n  determin ing b o t h  t h e  e l a s t i c  and v i s c o e l a s t i c  p r o p e r t i e s  o f  t h e  m a t e r i a l s .  
Because o f  t h e  s i z e  dependency o f  coal  w i t h  regard t o  i t s  u l t i m a t e  s t reng th ,  f o u r  
d i f f e r e n t  specimen s i zes ,  f" x f" x I " ,  I"  x I "  x 2", 2" x 2" x 4", and 4" x 4" x 8" 
(1.27 x 1.27 x 2.54 cm, 2.54 x 2.54 x 5.08 cm, 5.08 x 5.08 x 10.16cm, and 10.16 x 
10.16 x 20.32 cm), were used i n  t h e  u n i a x i a l  compression t e s t s  and one i n  s imp le  
shear, f" x 2" x 2" (1.27 x 5.08 x 5.08 cm) ( f i g u r e  1 ) .  One specimen s i z e  was used 
i n  t h e  overburden experiments i n  u n i a x i a l  compression, f" x f" x 1 ' '  (1.27 x 1.27 x 
2.54 cm). The thermo-mechanical p r o p e r t i e s  t e s t  apparatus and exper imen ta t ton  
d e t a i l s  a re  descr ibed elsewhere ( 5 8 ) .  

E l a s t i c  Ex eriments --  Temperature has a dramat ic  e f f e c t  upon t h e  u l t i m a t e  s t r e n g t h  
and ultima!e s t r a i n  o f  coal  and the  overburden ( f i g u r e s  2 - 4 ) .  Regardless o f  spec i -  
men s ize,  t he  u l t i m a t e  s t r e n g t h  o f  t h e  coa l  i s  g r e a t e s t  a t  ZOOOF ( 9 3 O C )  ( f i g u r e  21, 
The dark gray shale, which con ta ins  carbon, responds s i m i l a r l y  t o  coal  i n  t h a t  t he  
l a r g e s t  u l t i m a t e  s t r e n g t h  i s  s h i f t e d  t o  t h e  r i g h t  t o  approx imate ly  350OF ( 1 7 7 O C ) ,  
w h i l e  the  l i g h t  g ray  shale d i sp lays  p r o g r e s s i v e l y  increased s t r e n g t h  as t h e  tempera- 
t u r e  increases over  the  temperature range obta ined (75O-7OO0F (240-37IOC)). The 
u l t i m a t e  s t r a i n  i s  r e l a t i v e l y  constant  f o r  t he  coa l  and dark gray sha le  u n t i l  t h e  
temperature o f  t h e  specimens exceed 50OoF (260OC) and 575OF (302OC), r e s p e c t i v e l y ,  
where l a r g e  f i n i t e  s t r a i n s  occur; w h i l e  f o r  t h e  l i g h t  gray shale t h e  u l t i m a t e  s t r a i n  
remains r e l a t i v e l y  constant  over the  temperature range i n v e s t i g a t e d  (750-7OOOF (240- 
371OC)) ( f i g u r e s  2 and 3 ) .  No t i ce ,  f i g u r e  4, t he  c h a r a c t e r i s t i c  S-shape o f  t h e  s t ress-  
s t r a i n  curves and t h e  e l a s t o - p l a s t i c  response o f  t he  coa l  t o  u n i a x i a l  compressive 
loading.  

Theory does no t  suppor t  t h e  phenomen observed i n  the  coal  and da rk  g ray  sha le  t h a t  
t h e i r  s t reng ths  increase w i t h  temperature be fo re  a f i n a l  decrease t o  v e r y  smal l  
values ( f i g u r e s  2-4). However, these c h a r a c t e r i s t i c s  have been observed i n  coa l  (34) 
and dark gray shale (59). Macrae and M i t c h e l l  (34) pos tu la ted  t h a t  t h e  increased 
s t reng th  a t  approx imate ly  2120-248oF (1000-120OC) was due t o  t h e  weaker secondary 
fo rces  o f  the van de r  Waals-type between s t r u c t u r a l  u n i t s  being a f f e c t e d  and t h a t  
hea t ing  a f f e c t s  t h e  mode o f  f r a c t u r e  from tens ion  a t  o r d i n a r y  temperatures t o  shear 
a t  temperatures above 212OF (IOOOC). These r e s u l t s  were g e n e r a l l y  v a l i d a t e d  i n  the  
experiments . 
The u l t i m a t e  shear ing s t reng ths  from t h e  shear t e s t s  were, i n  genera ld independent o f  
t he  o r i e n t a t i o n  o f  loading ( v a r i e d  l ess  than 200 p s i  (0.138 x l o 7  N/m ) over  t h e  tem- 
pe ra tu re  range) ( f i g u r e  5 ) .  The r e s u l t s  f o r  loadings normal to  t h e  face and b u t t  
c l e a t s  i n  u n i a x i a l  compression a r e  a l s o  s i m i l a r ,  bu t  d i f f e r e n t  f rom load ings  normal 
t o  the  bedding p lanes ( f i g u r e  6 ) .  Th i s  s i m i l a r i t y  i n d i c a t e s  t h a t  a t  l e a s t  a long  
these two d i r e c t i o n s  t h e  P i t t s b u r g h  coal  behaves as a t ransve rse l y  i s o t r o p l c  m a t e r i a l  
as a l s o  observed (9,35,60) f o r  o t h e r  coa ls .  

V i s c o e l a s t i c  Experiments -- The v i s c o e l a s t i c  p r o p e r t i e s  o f  the coa l  and overburden 
a l s o  represent a l a r g e  v a r i e t y  o f  l i n e a r  and n o n l i n e a r  rheo log i ca l  p r o p e r t i e s ,  The 
e f f e c t  o f  o r i e n t a t i o n  o f  t he  constant  a p p l i e d  load on the creep compliance i n  coa l  
i s  demonstrated i n  f i g u r e  7 a t  500OF (260OC). 

The bas i c  p r o p e r t i e s  requ i red  

No t i ce ,  the d i f f e r e n c e  between t h e  
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curves, compressive l oad ing  normal t o  the  bedding p lanes demonstrates f a i l u r e  i n  
t e r t i a r y  creep a f t e r  approx imate ly  s i x  minutes, w h i l e  f o r  loadings normal t o  the f a c e  
and b u t t  c l e a t s  f a i l u r e  d i d  n o t  occur u n t i l  much l a t e r  (35 minutes) .  Th i s  d i r e c t i o n a l  
e f f e c t  i s  apparent ly  due t o  increased res i s tance  t o  deformation i n  the  face and b u t t  
c l e a t  d i r e c t i o n s  caused by t h e  i n t e r l a y e r i n g  of  t he  o rgan ic  and ino rgan ic  m a t e r i a l s  
when t h e  loading i s  p a r a l l e l  to  the  bedding p lanes.  The P i t t s b u r g h  coal  can a l s o  be  
represented by t h e  t ime- temperature superpos i t i on  p r i n c i p l e  ( f i g u r e  8 ) .  

ROOF RESPONSE EVALUATIONS AND SUBSIDENCE COMPUTATIONS 

The presented exper imenta l  da ta  i s  employed f o r  t h e  e v a l u a t i o n  o f  UCG f r a c t u r e d  roof  
zones, roo f  convergence, and su r face  subsidence. F igu re  9a reveals  the  se lected 
two-dimensional model corresponding t o  t h e  planned Morgantown Energy Research Center 
l i n e - d r i v e  experiments a t  Pr icetown,  West V i r g i n i a .  F igu re  9b i l l u s t r a t e s  t h e  propa- 
g a t i n g  c a v i t y  c o n f i g u r a t i o n  a t  a s p e c i f i e d  t ime i n s t a n t  w i t h  t h e  adjacent  coke, 
sof tened layers,  and overburden. The corresponding "steady s ta te "  constant  temperature 
p r o f i l e s ,  computed by t h e  A l t e r n a t i n g  D i r e c t i o n  I m p l i c i t  Method (61) a r e  shown i n  
f i g u r e  9c. 

The s t r e s s  model s i m u l a t i o n s  e n t a i l  use o f  t he  NASTRAN f i n i t e  element code f o r  an 
i n i t i a l l y  se lected c a v i t y  c o n f i g u r a t i o n  a t  t ime  t l .  The e f f e c t s  o f  temperature 
loading,  i n  s i t u  s t resses ,  and i n t e r n a l  pressure a r e  superposed and temperature 
dependent mechanical p r o p e r t i e s  a r e  assumed f o r  t h e  P i t t s b u r g h  coal and overburden 
sha le  elements. On t h e  b a s i s  of the  computer p r i n c i p l e  s t resses,  f a i l u r e  c r i t e r i a  
i n  terms o f  t he  t e n s i l e  and compressive y i e l d  s t reng ths  a r e  a p p l i e d  as f o l l o w s .  

Compression F a i l u r e  -- T h i s  f a i l u r e  occurs when 

co = u3 - u1 
( 1  + L l f 2 ) f  - Llf 

3) 

where u1 and u3 a r e  the major  and minor p r i n c l p a l  s t resses,  r e s p e c t i v e l y ,  Co i s  t h e  
u n i a x i a l  compressive s t r e n g t h ,  and uf i s  t he  i n t e r n a l  c o e f f i c i e n t  o f  f r i c t i o n .  

Tension F a i l u r e  -- For t h e  case 3u1 + u3 > 0, t h e  l i m i t i n g  f a i l u r e  c r i t e r i o n  i s  

~1 = To 4) 
where To i s  t h e  u n i a x i a l  s t r e n g t h  i n  tens ion.  

, Shear F a i l u r e  --  For  t h e  case 3u1 + u3 < 0, f a i l u r e  i s  governed by 

- ( U i  - 0 3 ) 2 ( 0 1  + U 3 1 - I  = 8To 5) 

A t  t he  i n i t i a l  s p e c i f i e d  t ime i n s t a n t ,  t h e  e l a s t i c  model i s  s imulated and the  f a i l u r e  
zones a r e  i d e n t i f i e d .  The e l a s t i c  p r o p e r t i e s  o f  these f a i l u r e  reg ions a r e  then 
reduced by a f a c t o r  o f  100 s i n c e  t h e  normal h o r i z o n t a l  s t resses a re  r e l i e v e d .  The 
r e s u l t i n g  s t ress  d i s t r i b u t i o n s ,  r o o f  convergence, and sur face subsidence va lues a r e  
determined. The procedure i s  cont inued u n t i l  maximum r o o f  convergence i s  obtained. 
For each subsequent t ime i n s t a n t ,  t h i s  method i s  repeated and the new corresponding 
f a i l u r e  zones a r e  ob ta ined  a long w i t h  the  r o o f  convergence p r o f i l e  and su r face  
subsidence. 

The se lected mechanical and thermal p r o p e r t i e s  f o r  t he  model s i m u l a t i o n  a r e  presented 
i n  t a b l e  1 and f i g u r e  10. The r o o f  and coal  f a i l u r e  zones f o r  d i f f e r e n t  t ime 
i n s t a n t s  computed f rom t h e  NASTRAN model s i m u l a t i o n  and assigned f a i l u r e  c r i t e r i a  
a r e  i l l u s t r a t e d  i n  f i g u r e  11. The corresponding non-dimensional ized e l a s t i c  and 
" f ractured"  roof  convergence p r o f i l e s  a re  revealed i n  f i g u r e  12 w i t h  t h e  v e r t i c a l  
su r face  subsidence p r o f i l e s  shown i n  f i g u r e  13. 

I: 

1; 
I,; 

I j 

i 

'I 

I 
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TABLE 1. Selected Hechanlcal and T h e m 1  Propertiel fw the Waster Model 

Property 

Young'r 
Modulus 

~ 

Light  Gray Dark Gray 
Shale 

See 

Softened 
Symbol uni ts  Coal Coal Layer Coke Sandstone Shale 

E 
186 I lo3 5W 130 x IO3 2.0 x loh 800 x 10' Psi 

( ~ 1 . 2 )  (128 x 10') (0.345 x 107) (89.6 x lo7) (1.38 x lo1') (552 x lo7) Figure 10 

Tensile 
Strength 

D I S C U S S I O N  AND CONCLUSIONS 

The t e s t s  conducted on t h e  P i t t s b u r g h  coa l  and adjacent  overburden were convent ional  
ones used f o r  determin ing t h e  p r o p e r t i e s  i d e n t i f i e d  f o r  e l a s t i c  o r  v i s c o e l a s t i c  
i s o t r o p i c ,  homogeneous m a t e r i a l s .  The da ta  from these t e s t s  represent  a l a r g e  
v a r i e t y  of l i n e a r  and non l i nea r  r h e o l o g i c a l  p r o p e r t i e s  i n c l u d i n g  p l a s t i c i t y  and creep, 
depending upon temperature. 
behave as p l a s t i c ,  e l a s t o - p l a s t i c  v i s c o e l a s t i c  m a t e r i a l s  under d i f f e r e n t  c o n d i t i o n s  
and none o f  t he  e x i s t i n g  e l a s t o - p l a s t i c  o r  o t h e r  known p l a s t i c  t heo r ies  a r e  s u i t a b l e  
f o r  t o t a l l y  desc r ib ing  t h e  s t r e s s - s t r a i n - t i m e  c h a r a c t e r i s t i c s .  
have been descr ibed by o the rs  (33-35). 

These exper imen ta l l y  obta ined P i t t s b u r g h  coa l  and overburden thermo-mechanical 
p r o p e r t i e s  fu rn i sh  bas i c  da ta  f o r  t h e  d e t a i l e d  s t r u c t u r a l  s i m u l a t i o n  o f  t h e  r o o f  
and sur face subsidence responses d u r i n g  i n  s i t u  g a s i f i c a t i o n  processes. 
s tudy (62), u t i l i z i n g  an e l a s t o - p l a s t i c  f i n i t e  element model w i t h  temperature i n -  
dependent overburden p r o p e r t i e s ,  has demonstrated t h a t  t he  maximum su r face  subsidence 
i s  0.52 X seam th ickness (for the  two-dimensional p lane s t r a i n  model s t r a t i g r a p h y  
s imulated here w i t h  a 500 f o o t  (152 m) e x t r a c t i o n  w id th ) .  The corresponding y i e l d e d  
zone extends t o  a d i s tance  of approx imate ly  350 f e e t  (107 m) immediately above the  
r o o f .  This va lue apparen t l y  represents  an upper bound s ince  conserva t i ve  overburden 
compressive and t e n s i l e  s t r u c t u r a l  s t reng ths  a r e  used (Co = 2800 p s i  (1.93 x IO7 N/m2) 
and To = 86 p s i  (0.06 X l o 7  N/m2)). For the  s imu la t i ons  presented here, t he  su r face  
subsidence corresponding t o  an e x t r a c t e d  w i d t h  o f  100 f e e t  (30.5 m) i s  0.14 X seam 
th i ckness  ( f i g u r e  13) w i t h  a v e r t i c a l  overburden f r a c t u r e d  shear and t e n s i l e  zone o f  
approx imate ly  36 f e e t  (11 m) ( f i g u r e  11).  Related s tud ies  (61,621 have been con- 
ducted on crack propagat ion i n  t h e  overburden r o o f  rock. Th is  thermal c rack ing  o f  
t h e  roof  b lock  prov ides an avenue f o r  water  i n f l u x  i n t o  the  combustion zone t o  
enhance the hea t ing  va lue o f  t he  produced gas. 
v i a  t h e  thermal cracks and t h e  t e n s i l e  and shear induced f i s s u r e s  i n  t h e  roo f ,  does 
n o t  appear probable f o r  t h i s  case. 
p r o f i l e s  i n  f i g u r e  12 a re  impor tant  i n d i c a t o r s  o f  t he  i n t e r m i t t e n t  r o o f  f r a c t u r t n g  
process. 
s t r e s s  concentrat ions induced a t  t h e  c a v i t y  edge ( f i g u r e  1 1 ,  the Longwall Generator 

I n  r e a l i t y ,  t h e  P i t t s b u r g h  coa l  and dark g ray  shale 

S i m i l a r  phenomena 

A r e l a t e d  

However, gas leakage t o  t h e  sur face,  

The magnitudes and slopes of  t h e  r o o f  convergence 

The propagat ion o f  t h e  combustion f r o n t  i s  enhanced by t h e  severe compressive 

86 86 86 ._.. .... Scaled psi 86 
( ~ 1 . 2 )  (0.06 x 10)) (0.06 1071 (0.06 107) (0.06 x lo7) 

To 
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underground g a s i f i c a t i o n  concept i s  here represented) .  S i m i l a r  s t r e s s  a n a l y s i s  
considerat ions a l s o  a p p l y  t o  t h e  Linked V e r t i c a l  Well  g a s i f i c a t i o n  concept w i t h  a 
t e a r  drop shaped c a v i t y .  The corresponding sweep areas a re  l i m i t e d  f o r  t h l n  seam 
coal s ince  t h e  r a d i a l  combustion v e l o c i t i e s  a r e  l i m i t e d  and the r e s u l t i n g  r o o f  
s t r e s s  concentrat ions a r e  cons ide rab ly  l e s s  severe than f o r  t he  Longwall Generator 
case. 

These thermo-mechanical d a t a  a l s o  become u s e f u l  i n  understanding the bas i c  
mechanisms invo lved  i n  mass and energy t r a n s p o r t  and mechan ica l - s t ruc tu ra l  e f f e c t s  
i n  g a s i f i c a t i o n  processes. 
i n i t i a t i o n  o f  a burn i n  model ing coal  g a s i f i c a t i o n  processes i n  the  l a b o r a t o r y  
w i t h  the  P i t t s b u r g h  coa l  and overburden i s  r e a d i l y  understood t o  be due t o  the  
s w e l l i n g  and e f f e r v e s c e n t  n a t u r e  (bubbl ing o f  t a r s  i n t o  the  f i s s u r e s )  o f  t h e  
P i t t s b u r g h  coal  a t  e leva ted  temperatures. The t a r s ,  a long w i t h  the s w e l l i n g  o f  
the  P i t t sbu rgh  b i tuminous coa l ,  tend t o  r e s t r i c t  t h e  outward movement (reduce 
pe rmeab i l i t y )  o f  t h e  combustion f r o n t  around a borehole o r  c a v i t y  as w e l l  as 
i n h i b i t  a forward burn a long  a borehole. However, t h e  swe l l i ng ,  e f fe rvescen t  and 
coalescent na tu re  o f  t h e  P i t t s b u r g h  coal  becomes an asset  i n  c o n t r o l  o f  channel ing 
o r  s h o r t - c i r c u i t i n g  i n  1 i n e - d r i v e  g a s i f i c a t i o n  processes (7) i n  t h a t  t h e  f l u i d i c  
coal  w i l l  be forced i n t o  these channels by t h e  pressure o f  t h e  f r a c t u r e d  roof  
(overburden) and t h e  s w e l l i n g  o f  t h e  coa l .  

Although water i n f l u x  e f f e c t s  i n t o  the  combustion zone a r e  n o t  e x p l i c i t l y  considered 
i n  t h e  subsidence a n a l y s i s ,  t h e  a d d i t i o n a l  subsidence due t o  e x t r a c t i o n  o f  t h e  
neighbor ing f l u i d s  can be inc luded by ass ign ing  the  r a t i o  o f  t he  depleted f l u i d  
volume dur ing g a s i f i c a t i o n  t o  t h e  caved b lock  volume (62). 
can then be acco rd ing l y  mod i f i ed .  
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Figure 1. Pittsbure Coal S p i m e n s a s  
Used in niaxlal ompression 
and Shear Experiments. 
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Figure 2. The Ultimate Stress and Strain-Temperature 
Curves Showing the Effect of Specimen Size 
of the Pittsburgh Coal When Loaded in Uni- 
axial Compression Normal to  the Bedding 
Planes. 

Figure 3. Ultimate Stress and Strain Curves as Func- 
tions of Tem erature for Pittsburgh Seam 
Overburden h e n  Loaded in Uniaxial 
Compression. The Bars on the Data Are 
f One Standard Denatlon. 
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Figure 4. StressStrain Curves Loaded in 
Uniaxial Compression Average 
Values) Showing the Eifect 
of Tern erature on the Pitts- 
burgh dbal. 

Figure 5. The Ultimate Stress and Strain-Temperature 
Curves Showin the Effect of Orientation 
of Loading in &ear on the Pittsburgh Coal. 
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Figure 6. The Ultimate Stress and Strain-Temperature 
Curves Showing the Effect of Orientation 
of Loading on the Pittsburgh Cod When 
Loaded in Uniaxial Compression. 
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Figure 7. Creep Compliance-Time Curves Showing the 'no'('1 

Effect of  the Orientation of Loading in 1rn'I,I 
Uniaxial Compression on the Pittsburgh 
coal. 

Figure 9a. The Master Model. 

Figure 8. Time-Tem erature Superposition Showin 
The Time Shift for the Pittsburgh Coal d e n  
Loaded in Shear. 

Figure 9b. Cavity with Moving Boundary (Section A) 
of the Master Model. 
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Figure LO. Young's Modulus for Dark Gray Shale 
as a Function of Temperature. 

Figure 9c. Computed Steady State Ten1 erature 
Distribution for the Master dadel. 
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Figure 11. Failure Zones Adjacent to Cavity for Different Time Instants. 

Figure 13. Surface Subsidence Profiles for Different 
Bum Configurations. 
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