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PREDICTING SUBSIDENCE OVER COAL-GASIFICATION SITES 

ABSTRACT 

The e x t e n t  t o  which e a r t h  subs idence  may be  caused by i n  s i t u  c o a l  g a s i -  

f i c a t i o n  is  s t u d i e d  u s i n g  t h e  method of f i n i t e  e lements .  T h i s  s t u d y  t a k e s  

i n t o  account  rock  f a i l u r e  modes and n o n l i n e a r i t y  of rock  s t i f f n e s s .  Two 

, models were s t u d i e d  f o r  t h e  s i t e  a t  Hoe Creek,  where a  c o a l  seam i s  o v e r l a i n  

and u n d e r l a i n  by i n t e r b e d d e d  c l a y s  and s a n d s t o n e s .  These two s t u d i e s  a r e  

expected t o  b r a c k e t ' a n y  subs idence  t h a t  may o c c u r .  Maximum subs idence  was 

0.06 i n .  u s i n g  t h e  s t i f f  model and 3.5 i n .  u s i n g  t h e  s o f t  model, n e i t h e r  of 

which s u g g e s t s  u n d e s i r a b l y  ' l a r g e  subs idence .  

INTRODUCTION 

An i n v e s t i g a t i o n  of s u r f a c e  movement h a s  been under taken  i n  c o n j u n c t i o n  

with work a t  LLL t o  deve lop  a  method of i n  s i t u  c o a l  g a s i f i c a t i o n .  A p r i o r i  

knowledge of s u r f a c e  s t r a i n s  and d i sp laccments  can h e l p  answer many p r a c t i c a l  

ques t ions  abou t  t h e  d e s i g n  of a n  i n  s i t u  p l a n t ,  and i t  can p r o v i d e  i n f o r m a t i o n  

about such  a  p l a n t ' s  env i ronmenta l  impact .  

S t a t e - o f - t h e - a r t  p r e d i c t i v e  t echn iques  employ measurements of a c t u a l  

subsidence over  e x i s t i n g  c a v i t i e s  whose geometry and g e o l o g i c  su r roundings  

a r e  s i m i l a r  t o  t h o s e  of a c a v i t y  under c o n s i d e r a t i o n .  The u s e  of t h e s e  

methods, t h e r e f o r e ,  i s  r e s t r i c t e d  t o  t h o s e  a r e a s  where c o n s i d e r a b l e  p r e v i o u s  

mining h a s  t aken  p l a c e .  We a r e  a t t e m p t i n g  t o  f i n d  a  more g e n e r a l  method t h a t  

can be a p p l i e d  t o  any e x c a v a t i o n ,  i n c l u d i n g  minlng (or uL11e~ e x t r a c t i o n )  i n  

v i r g i n  a r e a s .  The t e c h n i q u e  chosen u s e s , c u r r e n t  s t r u c t u r a l - a n a l y s i s  proce- 

dures ( i n  p a r t i c u l a r ,  t h e  f i n i t e - e l e m e n t  method) t o  p r e d i c t  s u r f a c e  movement. 

Previous  a n a l y s e s  have had l i m i t e d  s u c c e s s ,  excep t  i n  t h e  c a s e  of v e r y  deep 

seams . 
It i s  c l e a r  t h a t  most rock masses have low t e n s i l e  s t r e n g t h .  T h i s  

i n a b i l i t y  t o  c a r r y  t e n s i o n  can be  an  i n t r i q s i c  p r o p e r t y  of t h e  s o l i d  rock  ( a s  

i t  i s  i n  c o n c r e t e ,  f o r  i n s t a n c e ) , b u t  i t  is more l i k e l y  due t o  t h e  p resence  of 

faul . t s  a n d / o r  f r a c t u r e s .  A r o u t i n e  q u a l i t a t i v e  es t imat . ion  of t h e  s t r e s s e s  

surrounding a n  underground opening shows t h a t  t e n s i l e  stresses a r e  t o  be  



expected i n  t h e  v i c i n i t y .  Thus, i t  i s  e v i d e n t  t h a t  t e n s i l e  f a i l u r e  i s  pos- 

s i b l e .  A model f o r  rock  m a t e r i a l s  should  t h e r e f o r e  i n c o r p o r a t e  some f a i l u r e  

mechanism. T h e o r e t i c a l l y  t h i s  p r e s e n t s  no d i f f i c u l t y ,  b u t  p r a c t i c a l l y ,  f a i l -  

u re  i s  somewhat d i f f i c u l t  t o  handle .  T e n s i l e  f a i l u r e  i s  t a k e n  i n t o  account  

i n  t h e  p r e s e n t  a n a l y s i s  by u s i n g  a  m a t e r i a l  whose modulus of e l a s t i c i t y  i n  

t ens ion  i s  two t o  t h r e e  o r d e r s  of magnitude s m a l l e r  t h a n  i t  i s  i n  compression.  

I n  a d d i t i o n ,  a n  e l a s t i c - p l a s t i c  a n a l y s i s  is  a l s o  used t o  a l l o w  p l a s t i c  

y i e l d i n g .  

Recent e q u a t i o n - o f - s t a t e  work h a s  shown t h a t  many r o c k s  e x h i b i t  non- 

l i n e a r  s t r e s s - s t r a i n  behav ior .  Th i s  n u n l i n e a r i t y  i s  d i f f i c u l t  t n  i n c o r p o r a t e  

i n  p r a c t i c a l  a n a l y s e s ,  and t h u s  i t  has  been l a r g e l y  ignored .  The p r e s e n t  

method p r o v i d e s  f o r  r ion l inear  s t r e s s - s t r a i n -  r e l . a t i o n s  and f o r  d i f f e r e n c e s  

between t h e  l o a d i n g  and u n l o a d i n g / r e l o a d i n g  p r o p e r t i e s  of t h e  m a t e r i a l .  Thcse 

re£.inements, i n  combinat ion w i t h  t h e  a n a l y t i c a l  p o t e n t i a l  of t h e  f i n i t e -  

element method, p r o v i d e  a  g e n e r a l  t e c h n i q u e  f o r  t h e  p r e d i c t i o n  of s u r f a c e  

movement above underground openings .  

The method of e x t r a c t i o n ,  i n  s i t u  c o a l  g a s i f i c a t i o n ,  p r e s e n t s  some prob- 

lem t h a t  a r e  n o t  encounte red  i n  more c o n v e n t i o n a l  mining s i t u a t i o n s .  The 

geometry.of t h e  p i l o t  p l a n t s  analyzed h e r e  shows t h a t  t h e  r a t i o  of t h e  c o a l  

seam t h i c k n e s s  t o  t h e  opening wid th  i s  on t h e  o r d e r  of 0 . 5 ,  whereas t h e  cor-  

responding r a t i o  f o r  c o n v e n t i o n a l  longwal l  c o a l  mines is less t h a n  0.01.  T h i s  

d i f f e r e n c e  i n d i ~ a t ~ s  t h a t  comparisons o f  r e s u l t s  from a n a l y s e s  o f  c o n v e n t i o n a l  

mines w i t h  t h o s e  from a n a l y s e s  of c o a l  g a s i f i c a t i o n  p l a n t s  may n o t  be  v a l i d .  

It i s  t h e r e f o r e  expec ted  t h a t  . v e r i f i c a t i o n  of t h e  a n a l y t i c a l  r e s u l t s  can come 

only from a c t u a l  measurements of subs idence .  

Perhaps the most, , s i g n i f i c a n t  problem t o  b e  overcome i n  deve lop ing  t h i s  

a n a l y s i s  i s  t h e  c h o i c e  of s u i t a b l e  m a t e r i a l  p r o p e r t i e s .  It i s  i n i t i a l l y  

tempting t o  s imply u s e  l a b o r a t o r y  p r o p e r t i e s ;  however, t h e  sampling and test 

procedures  r e s u l t  i n  much l a r g e r  v a l u e s  f o r  moduli  t h a n  can  b e  r e c o n c i l e d  w i t h  

f i e l d  behav ior .  I n  situ t e s t i n g  u s i n g  g e o p h y s i c a l  methods a l s o  produces  h i g h  * 
. va lues  f o r  modul i ,  a l t h o u g h  we f e e l  t h a t  clle r e l a t i v e  val;ueo.of moduli  between 

var ious  l a y e r s  may be we.1.1 r e p r e s e n t e d .  The problem i s  t h e n  reduced t o  one 

of a d j u s t i n g  t h e  a b s o l u t e  v a l u e s  o b t a i n e d  from t h e  l o g g i n g  t o  g i v e  r e a s o n a b l e  

values  f o r  subs idence .  It i s  assumed t h a t  a  pragmat ic  approach shou ld  be 

taken., i . e . ,  t h e  a n a l y s i s  w i l l  a t t e m p t  o n l y  t o  p r e d i c t  subs idence .  



ANALYSIS OF THE HOE CREEK SITE 

The gasification experiment.planned for Hoe Creek is expected to produce 

a cylindrical cavity approximately 50 ft in diameter in a 25-ft-thick coal 
s 

seam at a depth.of 175 ft. The overburden material consists of interbedded 

clays and sandstones. The geometry and stratigraphy are shown in Fig. 1. The 
a 

problem is idealized axisymmetrically to simplify the finite-element analysis. 

This simplification allows the use of more time steps in the analysis, which 

will produce a more accurate model of the progression of failure around the 

cavity. 

. In addition to the surface movements (U ) ,  the variation of horizon'tal 
z 

displacement (TIr) with depth is of considerable interest. The magnitude of 

U is not as important as the derivative 3U / a Z ,  which, when large, indicates 
r r 
a potential for slip displacement and therefore the possibility of damage to 

the holes and pipes that supply reactant gases or extract product gas. 

Another result of the finite-element analysis is information concerning 

the behavior of subsurface strata. This information is necessary for eval- 

uating possible damage to aquifers that may overlie the coal seam. 

MATERIAL MODELS 

The overburden rock was modeled using an isotropic, nonlinear elastic 

material to represent the clastic materials and an isotropic elastic-perfectly 

plastic material to rP.present the clay. A von Mises yield criterion was 

assumed. The presence of a water table at about 60 ft required that five 

material zones be used. (The final finite-element mesh is shown in Fig. 2.) 

The various material properties are given in Table 1. In the case of the non- 

linear elastic materials, the properties are linear in tension but nonlinear 

in compression, so both the initial and final tangent moduli are given. The 

dependence of the compressive moduli on the volume strain (e) is (1) initial 

compressive loading: 

K =  K F - (KF - KI)exp(e/c 1 ) e < e  < . o  
max - 

G = G  - 
F (GF - GS)exp(e/c2) e < e  ( 0  . max - 



and (2 )  r e p e a t  compress ive  l o a d i n g  and un load ing :  

e < e < O  
max 

where 

- % - ('I - %) emax'cl 
K = l e s s e r  of 

G = G F - (GF - GI) exp (emax/c,) 

and where t h e  s u b s c r i p t s  F and I r e p r e s e n t  f i n a l  and i n i t i a l  v a l u e s ,  r espec-  

t i v e l y .  The c o n s t a n t s  c and c merely  c o n t r o l  t h e  r a t e  a t  which t h e  f i n a l  
1 .  2 

t a n g e n t  moduli  are approached w i t h  i n c r e a s i n g  compress ive  volume s t r a i n .  

The l a c k  of s p e c i f i c  d a t a  on t h e  e l a s t i c  p r o p e r t i e s  of t h e  i n  s i t u  

m a t e r i a l s  c r e a t e s  some u n c e r t a i n t y  when modeling t h e  a c t u a l  s i t e .  However, a 

bounding approach was used t o  show what would be c o n s i d e r e d  a 'workt c a s e . '  

B i r c h  g i v e s  t y p i c a l  r a n g e s  o f  v a l u e s  f o r  b u l k  modulus (K) and s h e a r  modulus 
6 6 6 

(G) of 1 2  x 1 0  < K <  0.8 x 1 0  p s i  and 1 2  x l o 6  < G <  0.5 x 1 0  p s i ,  
1 

r e s p e c t i v e l y .  S i n c e  t h e s e  a r e  l a b o r a t o r y  v a l u e s  on s o l i d  r o c k ,  i t  i s  

a p p r o p r i a t e  t o  r e d u c e  them by one o r  two o r d e r s  of magnitude t o  more accu- 
2 

r a t e l y  model i n  s i t u  m a t e r i a l s .  Thus, f o r  t h e  s t i f f  model, t h e  v a l u e s  of K 
6 6 

and G f o r  r o c k  were chosen t o  b e  1.25 x 1 0  p s i  and 0.38 x 1 0  p s i ,  r e spec- ,  

t i v e l y  ( P o i s s o n ' s  r a t i o  = 0.36) ;  f o r  t h e  s o f t  model, t h e  v a l u e s  were 
6 6 

0.125 x 1 0  p s i  and 0.038 x 1 0  p s i  ( s e e  T a b l e  1 ) .  It i s  a n t i c i p a t e d  t h a t  
\ 

T a b l e  1. ' P r o p e r t i e s  f o r  s t i f f  and s o f t , m o d e i s .  S o f t  p r o p e r t i e s  $re shown 111 

p a r e n t h e s i s .  
- - -- 

Density 
K 

Mater ial  I K~ G~ G~ Ktens Gtens 
5 5 5 5 

Type Descript ion NO. ( f td3)  (10 p s i )  CIO p s i )  clo5 p s i )  (lo5 p s i )  '1 2 (10 p s i )  (10 p s i )  

Clay e l a s t i c -  
(dry) p l a s t i c  1 112 1.6 1 .6  0.157 0.157 - - 1.6 0.157 

(0.016) (0.016) (0.00157) C0.00157) (0.016) (0.00157) 

C l a s t i c s  nonl inear  
(dry) e l a s t i c  2 . 135 1 .6  12.5 1.25 3.80 0.05 0.006 0.5 0.4 

(0.16) (1.25) (,0.125) (0.38) (9.05) (0.006) (0.05) (0.04) 

Coal nonl inear  
e l a s t i c  3 90 . 0.16 1.25 0.125 0.380 0.05 0.006 0.05 0.04 

(0.016) (0.125) (0.0125) (0.0380) (0.05) (0.006) .(0.05) (0.04) 

Clay e lasc lc -  
( s a t . )  p l a s t i c  4 120 1.6 1.6 0.157 0.157 - - 1.6 0.157 

(0.016) (0.016) (0.00157) (0.00157) - - (0.016) (0.00157) 

C l a s t i c s  nonl inear  
( sa t .  ) c l o o t i a  5 1L7 1.6 12.5 1.25 3.80 0.05 0.006 0.05 0.04 

(0.16) (1.25) (0.125) (0.3) 10.05) (0.006) (0.05) (0.04) 



t h e s e  c h o i c e s  shou ld  b r a c k e t  t h e  a c t u a l  mate.riaJ. p r o p e r t i e s  and t h a t  t h e  sub- 

s e q u e n t  a n a l y s i s  shou ld  r e f l e c t  t y p i c a l  v a l u e s  of s u r f a c e  subs idence .  

GEOMETRY AND BOUNDARY CONDITIONS 

The f i n i t e - e l e m e n t  i d e a l i z a t i o n  of t h e  a r e a  su r rounding  t h e  opening i s  

@ shown i n  Fig .  2.  P a s t  e x p e r i e n c e  w i t h  s u b s i d e n c e  problems i n d i c a t e s  t h a t  t h e  

model shou ld  ex tend  l a t e r a l l y  t o  a  d i s t a n c e  e q u a l  t o  a t  l e a s t  1 . 5  t imes  t h e  

d e p t h  t o  t h e  seam and t h a t  t h e  underburden shou ld  be of approx imate ly  t h e  

same t h i c k n e s s  a s  t h e  overburden,  These dimensions  a r e  d e s i r a b l e  t o  minimize  

t h e  e f f e c t s  of boundary c o n d i t i o n s .  

The boundary c o n d i t i o n s  imposed on t h e  model c o n s i s t  of a  f r e e  s u r f a c e  

on t o p  and cond i , t ions  of f r i c t i o n l e s s  conf inement  on t h e  s i d e s  and bot tom . 

( i . e . ,  U = 0 on t h e  s i d e s  and U = 0 on t h e  bot tom).  Thus, t h e  h o r i z o n t a l  r z 
s t r e s s e s  0 i n  t h e  unexcavated s t a t e s  w i l l  be  r e l a t e d  t o  t h e  v e r t i c a l  stresses 

h 
0 by t h e  r e l a t i o n s h i p  

v  

where V i s  P o i s s o n ' s  r a t i o .  

The opening i s  developed i n  t h r e e  s t a g e s  by removing t h e  e lements  shown 

i n  t h e  c r o s s h a t c h e d  a r e a  i n  F i g .  2 .  It i s  assumed t h a t  no material remains  

a f t e r  t h e  burn f r o n t  p a s s e s .  It i s  a l s o  assumed t h a t  e f f e c t s  from t h e r m a l l y  

induced s t r a i n s  and i n t e r n a l  ' p r e s s u r i z a t i o n  can be  i g n o r e d .  Th is  l a t t e r  

. assumption merely  i n d i c a t e s  t h a t  t h e  subs idence  v a l u e s  o b t a i n e d  w i l l  app ly  t o  

t h e  f i n a l  s ta te  of t h e  g a s i f i c a t i o n  opening.  The f i r s t  assumption w i l l  pro- 

duce a  c o n s e r v a t i v e  estimate, i . e . ,  t h e  p r e d i c t e d  d e g r e e  of subs idence  w i l l  

be l a r g e r  o r  e q u a l  t o  t h e  a c t u a l  subs idence  i f  m a t e r i a l  i s  l e f t  i n  t h e  c a v i t y .  

Previous  c a l c u l a t i o n s  have shown t h a t  i f  t h e  r e s i d u a l  m a t e r i a l  i s  on ly  1 / 2 0  

as s t i f f  a s  t h e  o r i g i n a l  m a t e r i a l ,  no t e n s i l e  stresses develop i n  t h e  v i c i n i t y  

* of t h e  c a v i t y ,  and t h e  subs idence  i s  minimal.  It is  t h e r e f o r e  f e l t  t h a t  t h e  

subsidence p r e d i c t e d  by t h e  c u r r e n t  a n a l y s i s . w i l 1  be g r e a t e r  t h a n  t h a t  meas- 

t. ured i n  the f i e l d .  

DISCUSSION OF RESULTS 

Thc r e s u l t s  of t h e  analyses are s h o h  i n  F i g s .  3 through 13 .  The g raphs  

a r e  g e n e r a l l y  i n  p a i r s ;  t h e  f i r s t  shows t h e  v a l u e s  f o r  t h e  s t i f f  model, and 

- 5- 



the  second shows t h o s e  f o r  t h e  s o f t  model. F i g u r e s  3 and 4 show t h e  v a r i a -  

t i o n  w i t h  dep th  of t h e  v e r t i c a l  s t r e s s  above t h e  c e n t e r  of t h e  opening;  t h e  
- .  s o l i d  l i n e  r e p r e s e n t s  t h e  s t r e s s e s  i n  t h e  unexcavated s t a t e ,  w h i l e  t h e  d o t s  - 
4 . r e p r e s e n t  t h e  f i n a l  s t r e s s e s  a f t e r  t h e  e x c a v a t i o n  i s  complete .  The f i n a l  

s t r e s s e s  i n d i c a t e  t h a t  t h e  e f f e c t s  of t h e  opening become s i g n i f i c a n t  a t  abou t  

6 50 t o  60 f t  above t h e  opening.  The degree  of stress r e l i e f  below t h e  opening 

is  shown by t h e  slow r e t u r n  of t h e  v e r t i c a l  s t r e s s  t o  t h e  o r i g i n a l  s t r e s s  

( s o l i d  l i n e ) .  The d i f f e r e n c e  a t  Z = 307 r e p r e s e n t s  t h e  m a t e r i a l  removed. 

Figures  5 and 6  show p r i n c i p a l  s t r e s s  c o n t o u r s  i n  t h e  f i n a l  deformed s t a t e .  

The c o n t o u r s  c l e a r l y  d e p i c t  t h e  r e d i s t r i b u t i o n  of s t r e s s e s  around t h e  opening.  

Of p a r t i c u l a r  i n t e r e s t  i s  t h e  development of t e n s i l e  s t r e s s e s  i n  t h e  c l a s t i c  

l a y e r s  above t h e  opening (this e f f e c t  i s  more e v i d e n t  i n  t h e  s o f t - m a t e r i a l  

a n a l y s i s ) .  A t e n s i l e  r e g i o n  a l s o  dev'elops i n  t h e  r e g i o n  o f  t h e  opening 

i t s e l f .  It shou ld  be assumed t h a t  t h e  m a t e r i a l s  i n  t h e  f l o o r  and' r o o f ,  which 

are i n  t e n s i o n ,  have f a i l e d ,  and consequen t ly ,  t h a t  t h e  opening h a s  been 

en la rged .  

The d i sp lacement  components a r e  shown i n  F i g s .  7 through 13 .  F i g u r e s  7  

and 8 show t h e  s u r f a c e  s u b s i d e n c e  p r o f i l e s  f o r  t h e  two a n a l y s e s .  They a r e  

t y p i c a l  of observed p r o f i l e s  f o r ' c o n t i n u u m  a n a l y s e s ,  i . e . ,  no d i s c o n t i n u i t i e s  

a r e  p r e s e n t .  The magni tudes  o f  maximum subs idence  f o r  t h e  two c a s e s  a r e  

0.06 i n .  f o r ' t h e  s t i f f  model and 3.5 i n .  f o r  t h e  s o f t  model. N e i t h e r  of t h e s e  

values  i n d i c a t e s  a n  u n d e s i r a b l y  l a r g e  s u r f a c e  movement. A s  was s t a t e d  p re -  

v i o u s l y ,  t h e  m a t e r i a l  i n  t h e  s o f t  model shou ld  be  l e s s  s t i f f  t h a n  t h e  in s i t u  

m a t e r i a l ,  and t h e r e f o r e  t h e  3.5 i n .  p r e d i c t e d  d i sp lacement  shou ld  b e  a n  upper 

bound on t h e  a c t u a l  subs idence .  

F i g u r e s  9 and 10 slluw the f i n a l  dcformed shape nf t h e  m a t e r i a l  l a y e r s .  

The d i s t o r t i o n  i n  the . immedia te  v f c i n i t y  o f  t h e  opening is  e v i d e n t .  It can  

a l s o  be  s e e n  t h a t  t h e r e  i s  v e r y  l i t t l e  s u r f a c e  motion a p p a r e n t  even though 

t h e  roof  of t h e  opening h a s  moved s e v e r a l  f e e t .  The r e l a t i v e  magnitudes of 

6 h o r i z o n t a l  d i s p l a c e m e n t s  can  be  d i s c e r n e d  from t h e s e  f i g u r e s  a s  w e l l .  

An a n a l y s i s  of t h e  h o r i z o n t a l  d i sp lacement  f i e l d  i s  n e c e s s a r y  t o  d e ~ e r -  

mine t h e  e f f e c c s  of ground motion on popes and c a s i n g s  n e a r  t h e  opening.  

Figures  9 and 1 0  i n d i c a t e  t h a t  t h e  maximum h o r i z o n t a l  d i sp lacement  o c c u r s  j u s t  

above t h e  edge o f  t h e  opening.  F i g u r e  11 shows t h e  v a r i a t i o n  o f  h o r i z o n t a l  

displacement w i t h  i n c r e a s i n g  d i s t a n c e  from t h e  t e n t e r l i n e  a t  a  d e p t h  of 

166 f t .  The ma~rimum d isp lacement  occurs a t  R = 20.8  f t .  T h i s  would i n d i c a t e  

t h e  p o i n t  a t  which t h e  d i s t o r t i o n  of p i p e s  o r  c a s i n g s  would b e  maximum. 



Figures  1 2  and 1 3  d e p i c t  t h e  v a r i a t i o n  of h o r i z o n t a l  d i sp lacement  w i t h  d e p t h  

along t h e  l i n e  R = 20.8 f t ;  t h e  p l o t  would t h e r e f o r e  r e p r e s e n t  t h e  d i s t o r t e d  

shape of a  p i p e  i n  t h a t  zone. A s  expec ted ,  t h e  s o f t  model shows t h e  l a r g e s t  

r displacement ,  b u t  t h e  q u a n t i t y  of g r e a t e s t  i n t e r e s t  i s  t h e  f l e x u r a l  r o t a t i o n  

of t h e  p i p e ,  which i s  roughly  t h e  magnitude of t h e  d i sp lacement  d i v i d e d  by 

t h e  l e n g t h  over  which t h e  d i s p l a c e m e n t ' o c c u r s .  I n  t h e  c a s e  o f  t h e  s o f t  model, 
t 

a displacement  of 25 i n .  o c c u r s  over  a  l e n g t h  of 9 f t  (108 i n . )  f o r  a  r o t a t i o n  

of 0.23 r a d i a n s ,  which i s  a c t u a l l y  v e r y  s e v e r e .  F l e x i b l e  c o u p l i n g s  would seem 

a d v i s a b l e  i n  t h e  r e g i o n  of t h e  c a v i t y .  

CONCLUSIONS 

The a n a l y s e s  i n d i c a t e  t h a t . s u r f a c e  s u b s i d e n c e  a t  t h e  Hoe Creek s i te  w i l l  

b e  minimal (on t h e  o r d e r  of a few i n c h e s ) .  Some d i f f i c u l t y  i n  h o l d i n g  p i p e s  

may b e  exper ienced ,  b u t  o n l y  when t h e  opening i s  completed.  The p r e s e n c e  of 

r e s i d u e  i n  t h e  opening is  a  m i t i g a t i n g  f a c t o r  t h a t  would t end  t o  r e d u c e  a l l  

e f f e c t s .  

The e f f e c t s  o f  i n t e r n a l  p r e s s u r i z a t i o n  o r  the rmal  s t r a i n s  have n o t  been 

inc luded .  These e f f e c t s  w i l l  no t  be p r e s e n t  a f t e r  g a s i f i c a t i o n  i s  completed,  

which i s  when s u b s i d e n s e  e f f e c t s  a r e  g r e a t e s t .  During p r o d u c t i o n ,  t h e  e x i s t -  

ence o f  g a s e s . u n d e r  p r e s s u r e  i n  t h e  c a v i t y  shou ld  reduce  t e n s i l e  s t r e s s e s  and 

subs idence .  
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Excavation area 

Fig. 1 The stratigraphic column at the Hoe Creek site as modeled. 



Clay Clast ics  coal a Depth ( f t )  

Fig. 2. Plot of the mesh for the final finite-element model. 



Vertical stress - psi 

Fig. 3 .  V e r t i c a l  s t r e s s e s  a l o n g  t h e  c e n t e r l i n e  of t h e  model ( s t i f f  m a t e r i a l ) .  



Vertical stress - psi (compressive) 

Fig. 4. Vertical stresses along the centerline of the model (soft material). 
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Fig. 5 .  Contours of the maximum principal stresses for  the stiff model 
(1 = -20 p s i ,  3 = -61, 5 = -100, 7 = -140, 9 = -180). 
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Fig. 6 .  Contours of the maximum principal streuses for the soft model. 
(1= 2 psi, 3 = - 4 4 ,  5 = -90,  7 = -140, 9 = -180). 



R a d i a l  d i s t a n c e  - ft 

Fig. 7 .  S u r f a c e  s u b s i d e n c e  p r o f i l e  f o r  t h e  s t i f f  model. 



Radial distance - f t  

Fig. 8. S u r f a c e  s u b s i d e n c e  p r o f i l e  f o r  the  s o f t  model .  



Fig. 9. Deformed mesh for the stiff model (displacements are scaled by a 
factor of 10). 



Fig. 10. Deformed mesh for the soft model (displacements are not scaled). 



Radial distance from centerline - ft  

Fig. 11. Horizontal displacement on the plane z = -166 ft for the stiff model. 
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H o r i z o n t a l  d isp lacement  - i n .  

Fig. 1 2 .  Horizontal displacement vs 'depth along R = 20..8 f t (stiff model). 



Horizontal displacement - in. 

Fig. 13 .  H o r i z o n t a l  d i sp lacement  v s  d e p t h  a l o n g  R = 20.8 ft (soft model).  
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