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ABSTRACT: One of t h e  more p r e s s i n g  e n g i n e e r i n g  problems f o r  d e e p  l o n g w a l l  mines i n  t h e  S o u t h e r n  A p p a l a c h i a n  
B a s i n  i s  t o  d e s i g n  l o n g w a l l  s y s t e m s  t h a t  w i l l  e l i m i n a t e  c a t a s t r o p h i c  c o a l  p i l l a r  f a i l u r e  from t h e  work ing  
env i ronment .  The p u r p o s e  of t h i s  s t u d y  is t o  q u a n t i f y  t h e  b e h a v i o r  of  a  p a r t i c u l a r  s i z e  abu tment  p i l l a r  p rone  
t o  b u r s t  o r  bump. Because  t h e  24.4-111 ( 8 0 - f t )  s q u a r e  abutment  s t u d y  p i l l a r  i s  w i t h i n  t h e  p i l l a r  s i z e  commonly 
u s e d  i n  t h i s  r e g i o n ,  u n d e r s t a n d i n g  t h e  behav ior  of t h i s  p i l l a r  s h o u l d  a i d  i n  f u t u r e  e f f o r t s  t o  d e s i g n  optimum 
min ing  s t r a t e g i e s .  T h i s  r e s e a r c h  h a s  a t t e m p t e d  t o  c o n s t r u c t  t h e  p i l l a r  s t r e s s  and r o o f - t o - f l o o r  convergence  
p r o f i l e s  i n  o r d e r  t o  e v a l u a t e  t h e  u l t i m a t e  s t r e n g t h ,  d e f o r m a t i o n  modulus,  v i s c o - e l a s t i c  d e f o r m a t i o n ,  and 
v i o l e n t  f a i l u r e  c h a r a c t e r i s t i c s  of t h e  p i l l a r  d u r i n g  l o n g w a l l  min ing .  T h i s  i n f o r m a t i o n  r e f l e c t s  t h e  
o v e r r i d i n g  i n f l u e n c e  o f  t h e  l o c a l  g e o l o g i c  c h a r a c t e r i s t i c s  on b u r s t s ,  p r o v i d e s  t h e  f i e l d  measurements  needed  
t o  v e r i f y  c o n c u r r e n t  m o d e l i n g  s t u d i e s ,  and s u g g e s t  some b a s i c  mechanisms a s s o c i a t e d  w i t h  t h e  c o a l  p i l l a r  
b u r s t s  d i s c u s s e d  i n  t h i s  p a p e r .  

1 INTRODUCTION 

Owing t o  t h e  complex i n t e r a c t i o n  o f  f u l l - e x t r a c t i o n  
t e c h n i q u e s ,  o v e r b u r d e n  g r e a t e r  t h a n  300-rn ( 1000-f t )  , 
a n d  un ique  g e o l o g i c a l  c h a r a c t e r i s t i c s ,  t h e  S o u t h e r n  
A p p a l a c h i a n  B a s i n  h a s  had a  l o n g  h i s t o r y  of  c o a l  
p i l l a r  b u r s t  p rob lems .  One o f  t h e  e a r l i e s t  d e t a i l e d  
r e p o r t s  on t h e s e  o c c u r r e n c e s  was compiled by R i c e  
( 1 9 3 5 ) .  T h i s  r e p o r t  i d e n t i f i e d  numerous s i t e s  of 
f a t a l  c o a l  p i l l a r  b u r s t s  i n  H a r l a n  County,  Kentucky,  
and  Wise County ,  V i r g i n i a .  I n  o n e  4-month p e r i o d  
e i g h t  miners  were k i l l e d  and a  number i n j u r e d  by 
c o a l  b u r s t s  . 

H o l l a n d  and Thomas (1  9 5 4 )  examined 177  i n s t a n c e s  
of p i l l a r  b u r s t s ,  most  o f  which were  from t h e  
S o u t h e r n  Appa lach ian  B a s i n ,  and  found  t h a t  t h e  
p r i m a r y  c a u s e  was u n f a v o r a b l e  min ing  p r a c t i c e s  i n  
abu tment  a r e a s .  Talman and S c h r o d e r  ( 1958) empha- 
s i z e d  t h e  i n f l u e n c e  of v e r y  s t i f f  o v e r l a y i n g  s t r a t a  
on t h e  o c c u r r e n c e  o f  b u r s t s  i n  two d i f f e r e n t  coa l -  
beds i n  s o u t h e r n  West V i r g i n i a ,  t h e r e b y  c o n f i r m i n g  
t h e  i m p o r t a n c e  o f  l o c a l  g e o l o g i c  c h a r a c t e r i s t i c s .  
Comprehensive l a b o r a t o r y  and f i e l d  d a t a  have been 
r e p o r t e d  by Crouch and F a i r h u r s t  ( 1 9 7 3 )  and Wang 
e t  a 1  . ( 1976) on t h e  p r o p e r t i e s  of t h e  Pocahontas  113 
and /14 Coa lbeds  i n  West V i r g i n i a  and V i r g i n i a .  
Campoli e t  a l .  ( 1 9 8 7 )  documented t h e  g e o l o g i c ,  
min ing ,  and e n g i n e e r i n g  p a r a m e t e r s  a t  f i v e  s i t e s  i n  
West V i r g i n i a  and V i r g i n i a  where  r e c e n t  miner 
f a t a l i  t i e s  were a s s o c i a t e d  w i t h  c o a l  b u r s t s .  

S i n c e  most of t h e s e  s t u d i e s  i d e n t i f i e d  b u r s t  
o c c u r r e n c e s  w h i l e  s l a b b i n g  a n d  s p l i t t i n g  p i l l a r s  
a d j a c e n t  t o  l a r g e  gobs d u r i n g  room and p i l l a r  
m i n i n g ,  t h e  p o t e n t i a l  f o r  b u r s t s  i n  c o n j u n c t i o n  w i t h  
l o n g w a l l  mining was a n t i c i p a t e d .  For  t h i s  r e a s o n ,  
t h e  U.S. Bureau o f  Mines h a s  been c o o p e r a t i n g  on 
j o i n t  f i e l d  i n v e s t i g a t i o n s  w i t h  mine o p e r a t o r s  i n  
Buchanan County,  V i r g i n i a .  T h e s e  s t u d i e s  a r e  
o b t a i n i n g  t h e  b a s i c  d a t a  n e c e s s a r y  t o  o p t i m i z e  
e n g i n e e r i n g  d e s i g n s  i n  t h e  h o p e  of min imiz ing  
p o t e n t i a l  p rob lems  i n  t h e  f u t u r e .  

2  GEOLOGIC CHARACTERISTICS OF THE STUDY SITE 

G e o l o g i c a l  e x a m i n a t i o n s  and in-mine c o r e  d r i l l i n g  o f  
t h e  g a t e  e n t r i e s  c o n t a i n i n g  t h e  s t u d y  a r e a  have 
i d e n t i f i e d  a  10-m t h i c k ,  s t i f f  s i l t s t o n e  (18  t o  
30 GPa Young's  modulus )  o v e r l a y i n g  t h e  coa lbed  
( F i g u r e  1 ) .  T h i s  u n i t  is i n  t u r n  o v e r l a i n  by a  

F i g u r e  1 .  S t r a t i g r a p h i c  s e c t i o n  w i t h i n  t h e  s t u d y  
a r e a .  
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m a s s i v e  40-m-thick q u a r t z  a r e n i  t e  s a n d s t o n e .  The  
c o a i b e a  f i o o r  c o n s i s t s  of a n  e q u a l l y  s t i f f  s i l t s t o n e  
a t  l e a s t  1 0  m t h i c k  ( F i g u r e  1 ) . Underground 
o b s e r v a t i o n s  have  i n d i c a t e d  a p e r s i s t e n t  a b s e n c e  of 
p rominen t  roof  and f l o o r  f r a c t u r e s  o r  j o i n t s .  The 
main r o o f ,  dominated by t h e  t h i c k  q u a r t z  a r e n i t e  
s a n d s t o n e ,  i s  e x c e e d i n g l y  d i f f i c u l t  t o  b r e a k  a n d  
c o m p l i c a t e s  t h e  u s e  o f  g e n e r a l  abutment  l o a d  
c a l c u l a t i o n s ,  s u c h  a s  t h o s e  i d e n t i f i e d  by Mark 
(1 987)  , t o  a c c o u n t  f o r  t h e  e x t r e m e  l o a d s  measured 
w i t h i n  t h e  s t u d y  a r e a  ( s e e  a v e r a g e  s t r e s s  
c a l c u l a t i o n s  l a t e r  i n  t h i s  p a p e r ) .  
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3  PROPERTIES OF THE 24.4-M-SQUARE POCAHONTAS 113 COAL 
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P e r h a p s  t h e  b e s t  way t o  b e g i n  a n  a n a l y s i s  of t h e  
b e h a v i o r  o f  p i l l a r s  i s  t o  compare t h e  24.4-m ( 8 0 - f t )  
s q u a r e  p i l l a r  w i t h  o t h e r  p i l l a r s  by u s i n g  e m p i r i c a l  
p i l l a r  d e s i g n  f o r m u l a e .  T h i s  a n a l y s i s  w i l l  h e l p  t o  
h i g h l i g h t  problems w i t h  p i l l a r s  h a v i n g  l a r g e  width-  
t o - h e i g h t  (W/H) r a t i o s  i n  b u r s t - p r o n e  e n v i r o n m e n t s .  
T h i s  a n a l y s i s  w i l l  a l s o  emphas ize  t h e  i n a b i l i t y  o f  
t h e  g a t e  e n t r y  s y s t e m  t o  s u p p o r t  t h e  abutment  l o a d s  
a t  t h i s  s i t e .  



I n  determining a fac tor  of sa fe ty  f o r  coal p i l l a r s  
1.78-• (70-in) i n  height within t h e  study a rea ,  i t  
is f i r s t  necessary t o  ca lcu la te  t h e  p i l l a r  loads 
generated during development mining. W i t h  an 
average overburden of 564 m (1 850 f t )  , average 
development loads of 21 .9 MPa (31 80 p s i )  were 
calculated using t h e  t r i b u t a r y  area theory. 

Empirical equations developed by Wang e t  a l .  
(1976) and Bieniawski (1984) were used t o  determine 
a range of t h e  ul t imate s t rengths fo r  the abutment 
p i l l a r .  Wang's equations were used i n  t h i s  ana lys i s  
because they were based on ac tua l  i n  s i t u  f i e l d  t e s t  
for  the  Pocahontas 63 Coalbed i n  West Virginia. The 
ul t imate strength of a p i l l a r  is achieved when t h e  
p i l l a r  has reached its highest average s t r e s s .  Once 
t h i s  point is achieve&, the average p i l l a r  s t r e s s  
drops w i t h  a corresponding increase i n  p i l l a r  
deformation, indicat ing the beginning of f a i l u r e .  

The ul t imate s t rength of t h e  abutment coal p i l l a r s  
was calculated a t  19.5 MPa (2833 p s i ) ,  assuming t h e  
s t rength for a 1.68-01 (66-in) coal cube (Wang 
e t  a l . ,  1976) of 5.2 MPa (758 p s i ) .  The W/H r a t i o  
(24.4-m / 1.78-10 (80- f t  / 5.83-ft)) of t h i s  p i l l a r  
is 13.7. Using an a l t e r n a t e  equation by Bieniawski, 
the ultimate s t rength of the  abutment p i l l a r  was 
calculated a t  28.4 MPa (4124 p s i ) .  I t  can be seen 
from these two values t h a t  t h e  abutment p i l l a r s  
could have a sa fe ty  fac tor  of 0.9 or 1 .3 a f t e r  t h e  
development of  the gate  road entry system. This  
range of safety f a c t o r s  i s  of i n t e r e s t  considering 
t h a t  Holland (1964) indicated tha t  a p i l l a r  w i l l  
probably become v i r t u a l l y  i n d e s t r u c t i b l e  when the  
W/H r a t i o  exceeds 10. Yet, a s  is l a t e r  shown, t h i s  
p i l l a r  was a b l e  t o  withstand f a r  higher s t r e s s e s  
during longwall mining and eventually was 
destruct ible .  Clearly. the empirical design 
formulae underestimate the s t reng th  of p i l l a r s  with 
high W/H ra t ios .  

Using an empirical method developed by Mark and 
Bieniawski ( 1  986) ca l led  Analysis of Longwall P i l l a r  
S t a b i l i t y  (ALPS), an accurate  d i s t r ibu t ion  of 
s t r e s s e s  within p i l l a r s  in  response t o  abutment 
loading can be determined. ALPS has the  capabi l i ty  
of estimating loads applied t o  the gate  p i l l a r s ,  
determining t h e  p i l l a r  s t rength and load-bearing 
capacity. and calculat ing a " s t a b i l i t y  fac torn  f o r  
the e n t i r e  g a t e  entry design. The s t a b i l i t y  f a c t o r  
fo r  the gate entry configuration a t  t h e  study s i t e  
was found to be l e s s  than 0.5. This est imate 
ind ica tes  s u f f i c i e n t  loads were present t o  evaluate  
p i l l a r  behavior a t  and beyond its ultimate s t rength.  

4 INSTRUMENTATION AND MINING METHOD 

Evaluation of the behavior of the abutment p i l l a r  
was accomplished by measuring pressure changes 
within and s t r a t a  deformations around the  coal.  
These observations were performed a s  the  area was 
loaded during the extract ion of the  longwall panels 
on e i t h e r  s i d e  of the gate  e n t r i e s .  A t o t a l  of two 
abutment p i l l a r s  and four  y ie ld  p i l l a r s  were 
instrumentea with hydraulic coal c e l l s  in  t h i s  study 
(Figure 2) .  Approximately 70 convergence s t a t i o n s  
were i n s t a l l e d  throughout t h e  study a rea  a t  the  
in te rsec t ions  and midpoints of every entry. Only a 
portion of t h e  e n t i r e  data s e t  is discussed i n  t h i s  
paper. 

Throughout the length of the  gate  e n t r i e s  
encompassing the study area,  the abutment p i l l a r s  
were flanked on e i t h e r  s ide by 9.1-m (30- f t )  y ie ld  
p i l l a r s  (Figure 2) .  With the  a r r i v a l  of the 
longwall faoe, these yield p i l l a r s  crushed and 
ceased t o  be s ign i f ican t  load bearing members. This  
statement is based on t h e  performance of s i x  coal 
c e l l s  placed across the width of 4 y ie ld  p i l l a r s  and 
t h e i r  adjacent convergence s t a t i o n s .  The pr inc ipa l  
function of t h e  y ie ld  p i l l a r  a f t e r  f a i l u r e  was t o  
serve a s  a protect ive b a r r i e r  between a burst ing 
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Figure 2. Layout of the mine around the  abutment 
p i l l a r  and the locat ion of the instruments used i n  
t h i s  analysis .  

abutment p i l l a r  and the  longwall face. The 183-111 
(600-ft) wide longwall panels on e i ther  s i d e  of the 
gate  road e n t r i e s  were the  seventh and eighth i n  a 
s e r i e s  of east-west or iented mining areas  
(Figure 2) .  

The instruments used i n  t h i s  evaluation Were 5-cm 
(2-in)  diameter coal c e l l s  cal led Borehole Platen 
F la t jack  (BPF) and convergence anchors measured w i t h  
portable  rods. The coal c e l l  is a modified 
s t a i n l e s s  s t e e l  hydraulic f l a t j a c k  inser ted between 
two aluminum platens (Bauer e t  a l .  1985). The c e l l s  
were s e t ,  th ree  i n  one hole, a t  or near 17.2 MPa 
(2500 ps i )  and oriented t o  sense s t r e s s  changes i n  
the v e r t i c a l  direct ion.  A l l  18 coal c e l l s  were s e t  
from 6 closely spaced d r i l l h o l e s  ( 3  d r i l l h o l e s  on 
e i t h e r  s ide  of the  p i l l a r )  across t h e  width of the  
p i l l a r .  Convergence s t a t i o n s  were s e t  0.91 m ( 3  f t )  
apart  along t h i s  same trend i n  the  e n t r i e s  on e i ther  
s ide  of the p i l l a r .  

A l l  of the instruments were i n  place, and 
monitoring began when the  longwall face of panel A 
was -263-m (-863-ft) away from the instrumented 
abutment p i l l a r .  (Note t h a t  - indicates  i n  towards 
the  face ,  and + out towards the mouth of the 
sect ion.)  Figure 2 shows the placement of the  coal 
c e l l ,  a r ray  B,  within t h e  p i l l a r  and the roof-to- 
f l o o r  convergence arrays A and C i n  the  e n t r i e s  with 
respect  t o  the  longwall panels ( A  and 0 ) .  Because 
the hydraulic pressures measured from the coal c e l l s  
represent an u n r e a l i s t i c  value of p i l l a r  s t r e s s  and 
because it was the purpose of t h i s  paper t o  analyze 
the average p i l l a r  s t r e s s  and load, correct ions t o  
the readings of the coal c e l l s  were applied. The 
correct ions applied t o  these pressure changes, 
herein re fe r red  t o  as  c e l l  ca l ib ra t ion  fac tor  (CCF), 
have been the focal  point of an exhausted laboratory 
and numerical modeling s tud ies  a t  the  Bureau 
(Heasley 1989). The approach used i n  h i s  analysis  
was t o  combine the ana ly t ica l  solut ion f o r  the 
displacements around a borehole and the analyt ical  
so lu t ion  f o r  the borehole-platen in te rac t ion  with 



t h e  e m p i r i c a l  s t i f f n e s s  b e h a v i o r  o f  t h e  f l a t j a c k .  
T h e  r e s u l t i n g  model  o f  t h e  BPF r e s p o n s e  h a s  b e e n  
v e r i f i e d  u s i n g  measu red  l a b o r a t o r y  d a t a  w i t h  v e r y  
g o o d  r e s u l t s .  The  CCF f o r  e a c h  i n s t r u m e n t  was 
c a l c u l a t e d  b a s e d  upon t h e  i n d i v i d u a l  f l u i d  vo lume ,  
l e n g t h  o f  t u b i n g  a n d  c o a l  p r o p e r t i e s .  The  s t r e s s  
v a l u e s  r e p o r t e d  h e r e w i t h i n  r e p r e s e n t  c e l l  r e a d i n g s  
c o r r e c t e d  by t h e  a b o v e  p r o c e d u r e .  

5  PILLAR BEHAVIOR DURING LONGWALL MINING 

P i l l a r  s t r e s s  c h a n g e  a n d  s t r a t a  c o n v e r g e n c e  w e r e  
a n a l y z e d  t o  d e t e r m i n e  t h e  u l t i m a t e  s t r e n g t h  a n d  
f a i l u r e  c h a r a c t e r i s t i c s  o f  t h e  a b u t m e n t  p i l l a r .  
T h e s e  c h a r a c t e r i s t i c s  a r e  i m p o r t a n t  i n  d e t e r m i n i n g  
t h e  f u n d a m e n t a l  mechan i sm  r e s p o n s i b l e  f o r  a  b u r s t  
a n d  w i l l  be  u t i l i z e d  i n  t h e  f u t u r e  d e s i g n s  o f  m i n i n g  
s y s t e m s  f o r  t h e  S o u t h e r n  A p p a l a c h i a n  C o a l  B a s i n .  
A s s e s s m e n t  of  t h e  p e r f o r m a n c e  o f  t h e  a b u t m e n t  p i l l a r  
was  a c h i e v e d  by e x a m i n i n g  t h e  p r o f i l e s  o f  v e r t i c a l  
stress d i s t r i b u t i o n  a n d  t h e  a v e r a g e  stress a c r o s s  
t h e  p i l l a r ,  a n d  by e x a m i n i n g  t h e  c o n v e r g e n c e  i n  t h e  
a d j a c e n t  e n t r i e s .  I t  s h o u l d  b e  n o t e d  t h a t  t h e  
a v e r a g e  stress c a l c u l a t i o n s  w e r e  b a s e d  o n  m e a s u r i n g  
t h e  a r e a  u n d e r  t h e  p r o f i l e s  o f  t h e  v e r t i c a l  s t r e s s  
d i s t r i b u t i o n  ( F i g u r e s  3  a n d  4 )  a n d  d i v i d i n g  t h i s  
number  by t h e  p i l l a r  w i d t h .  
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DISTANCE FROM EDGE OF CONVERGENCE ARRAY A, m 

F i g u r e  3 .  D e t a i l e d  c h a n g e  i n  s t r e s s  and c o n v e r g e n c e  
p r o f i l e s  f r o m  i n s t r u m e n t e d  a r r a y s  A, B ,  a n d  C  d u r i n g  
l o n g w a l l  f a c e  p a s s a g e  o f  p a n e l  A .  

1 1 4 0 r  t ARRAY A 

F i g u r e  4. D e t a i l e d  c h a n g e  i n  s t ress  and  c o n v e r g e n c e  
p r o f i l e s  f r o m  i n s t r u m e n t e d  a r r a y s  A, B, a n d  C  d u r i n g  
l o n g w a l l  f a c e  a d v a n c e  o f  p a n e l  B. 
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5 .1  D e t a i l e d  S t r e s s  a n d  C o n v e r g e n c e  P r o f i l e s  

$+ Dlstarce of KEY longwall face 
f r o n  lnstrunented array, n 
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I n  a n  a t t e m p t  t o  b e t t e r  u n d e r s t a n d  t h e  d i s t i n c t  be- 
h a v i o r a l  s t a g e s  a s s o c i a t e d  w i t h  t h e  a b u t m e n t  p i l l a r ,  
d e t a i l e d  p r o f i l e s  o f  t h e  i n d i v i d u a l  s t r e s s  and con- 
v e r g e n c e  c h a n g e s  a r e  p r e s e n t e d  i n  F i g u r e s  3  a n d  4. 
F i g u r e  3  s h o w s  t h e  c h a n g e  i n  s tress a n d  c o n v e r g e n c e  
p r o f i l e s  f r o m  i n s t r u m e n t e d  a r r a y s  A ,  B ,  a n d  C  
( F i g u r e  2 )  d u r i n g  t h e  f a c e  p a s s a g e  o f  t h e  p a n e l  A 
when t h e  p i l l a r  l o a d  was  r a p i d l y  i n c r e a s i n g .  T h e  
p e a k  a b u t m e n t  stress f i r s t  d e v e l o p e d  a l o n g  t h e  
p i l l a r  e d g e  a n d  t h e n  m i g r a t e d  i n w a r d  t o  a b o u t  3  t o  
3 . 7  m ( 9 . 8  t o  1 2  f t ) .  The  c o a l  f r o m  t h i s  p e a k  s t r e s s  
z o n e  t o  t h e  o u t s i d e  e d g e  o f  t h e  p i l l a r  was h i g h l y  
f r a c t u r e d  a n d  is r e f e r r e d  t o  a s  t h e  " y i e l d  zone . "  
T h e  stresses i n  t h e  p i l l a r  c o r e  w e r e  i n i t i a l l y  l o w e r  
t h a n  t h e  p e a k  a b u t m e n t  s t r e s s e s  b u t  r o s e  d r a m a t i -  
c a l l y  as t h e  u l t i m a t e  s t r e n g t h  o f  t h e  p i l l a r  was  
a p p r o a c h e d .  T h i s  p a t t e r n  o f  b e h a v i o r  is v e r y  s i m i l a r  
t o  Wagne r1  s ( 1  9 7 4 )  i n  s i t u  t e s t  i n  S o u t h  A f r i c a n  
c o a l  m i n e s  u s i n g  a  " u n i f o r m  d e f o r m a t i o n "  l o a d i n g  
s y s t e m  o f  c o a l  p i l l a r s  w i t h  a  W/H r a t i o  o f  2. I t  is  
a l s o  i n t e r e s t i n g  t o  n o t e  t h a t  t h e  m a g n i t u d e s  o f  t h e  
p e a k  a b u t m e n t  s t r e s s e s  r e m a i n e d  c o n s t a n t  a f t e r  t h e  
i n i t i a l  r i s e  s u g g e s t i n g  t h e  y i e l d  c r i t e r i a  p r o p o s e d  
by B a r r o n  ( 1  9 8 4 )  m i g h t  a p p l y  t o  t h i s  c a s e  s t u d y .  

C o n v e r g e n c e  m e a s u r e m e n t s  d u r i n g  t h i s  p e r i o d  o f  
i n c r e a s e d  p i l l a r  l o a d  f rom a r r a y  C  ( F i g u r e  3 )  
c o n s i s t e n t l y  m e a s u r e d  a  u n i f o r m  c l o s u r e  r a t e  a c r o s s  
t h e  5.5-m ( 1 8 - f t )  s p a n .  I t  i s  c l e a r  t h a t  l i t t l e  o r  
n o  r o o f  b e n d i n g  t o o k  p l a c e  and  t h a t  t h e  r o o f  a n d  
f l o o r  r o c k  w e r e  a p p a r e n t l y  a c t i n g  a s  s t i f f  p l a t e s .  
T h i s  c o n c l u s i o n  i s  s u p p o r t e d  by t h e  s t r e s s  
d i s t r i b u t i o n  p r o f i l e s  t h e m s e l v e s  and by t h e  o t h e r  
c o n v e r g e n c e  d a t a  l o c a t e d  t h r o u g h o u t  t h e  g a t e  r o a d  
e n t r i e s .  I n  a r r a y  A, t h e  r o o f - t o - f l o o r  c o n v e r g e n c e  
p r o f i l e s  d i p  t o w a r d s  t h e  y i e l d  p i l l a r .  C l e a r l y  t h e  
s t r a t a  a r o u n d  t h e  y i e l d  p i l l a r  a n d  a d j a c e n t  e n t r i e s  
w e r e  b r e a k i n g  a n d  r o t a t i n g  t o w a r d  t h e  n e w l y  f o r m e d  
g o b  i n  p a n e l  A. O b s e r v a t i o n s  of  s m a l l  f r a c t u r e s  i n  
t h e  s i l t s t o n e  f l o o r  r o c k  a t  t h e  a b u t m e n t  p i l l a r  
e d g e ,  s e p a r a t i n g  t h e  g a t e  r o a d  i n t o  t w o  d i s t i n c t i v e  
l o a d i n g  e n v i r o n m e n t s ,  may p o s s i b l y  e x p l a i n  the 
u n i f o r m  l o a d i n g  o b s e r v e d  w i t h i n  t h e  a b u t m e n t  p i l l a r .  
I t  i s  a s s u m e d  t h a t  o n l y  u n i f o r m  c o n v e r g e n c e  of t h e  
r o o f  a n d  f l o o r  o v e r  t h e  a b u t m e n t  p i l l a r  c o u l d  h a v e  
p r o d u c e d  s y m m e t r i c  stress p r o f i l e s .  

D u r i n g  t h e  e n d  o f  p a n e l  A  f a c e  a d v a n c e m e n t  [ + I 9 1  -m 
( + 6 2 7 - f t )  t o  +232-m ( + 7 6 1 - f t ) } ,  l i t t l e  o r  n o  c h a n g e  
i n  t h e  stress p r o f i l e s  was o b s e r v e d  ( F i g u r e  4 )  , 
s u g g e s t i n g  t h a t  p i l l a r  l o a d s  w e r e  n e a r l y  c o n s t a n t .  
H o w e v e r ,  b e y o n d  t h i s  p o i n t ,  p e a k  a b u t m e n t  s t r e s s e s  
r e m a i n  v i r t u a l l y  c o n s t a n t  o n  t h e  gob  s i d e  o f  t h e  
p i l l a r  w h i l e  s t r e s s e s  i n  t h e  p i l l a r  c o r e  a n d  t h e  
s o l i d  s i d e  o f  t h e  p i l l a r  r e d u c e  s i g n i f i c a n t l y .  I t  
is d i f f i c u l t  t o  r a t i o n a l l y  e x p l a i n  why t h e  d r o p  i n  
p i l l a r  c o r e  s t r - e v s e s  was i i ~ t  a cco i i i pan i ed  by  a  droi; 
i n  t h e  p e a k  a b u t m e n t  s t r e s s e s .  P o s s i b l y ,  t h i s  t r e n d  
is  n o t  " r e a l 7 '  o w i n g  t o  t h e  l o w  number  o f  o p e r a t i n g  
c o a l  c e l l s ;  h o w e v e r ,  t w o  h o r i z o n t a l l y  o r i e n t e d  
p r e s s u r e  c e l l s  p l a c e d  3-m ( 1 0 - f t )  a n d  9.1-m ( 3 0 - f t )  
i n t o  t h e  a b u t m e n t  p i l l a r  c o n t i n u e d  t o  m e a s u r e  
s i g n i f i c a n t  h o r i z o n t a l  c o n f  i n e m e n t  u n t i l  t h e  p i l l a r  
b e g a n  t o  b u r s t  a t  f a c e  p o s i t i o n  -156-m ( - 5 1 3 - f t ) .  
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5 . 2  C h a n g e  i n  A v e r a g e  S t r e s s  a n d  C o n v e r g e n c e  

T h e  a v e r a g e  s t r e s s  o f  t h e  p i l l a r  was  c a l c u l a t e d  a t  
d i f f e r e n t  l o n g w a l l  f a c e  p o s i t i o n s  f r o m  F i g u r e s  3  
a n d  4 .  C a l c u l a t i o n  o f  t h e  a v e r a g e  stress i s  q u i t e  
s t r a i g h t f o r w a r d  b e c a u s e  o f  t h e  h i g h  c o n c e n t r a t i o n  o f  
c o a l  c e l l s  a c r o s s  t h e  p i l l a r .  N o t e  t h a t  t h e  s t r e s s  
p r o f i l e s  a r e  f a i r l y  s y m m e t r i c a l  d u r i n g  t h e  p a s s a g e  
o f  t h e  l o n g w a l l  f a c e  i n  p a n e l  A w i t h  t h e  e x c e p t i o n  
o f  f a c e  p o s i t i o n  +148-m ( + 4 8 5 - f t ) .  C a l c u l a t i o n  o f  
a v e r a g e  stress d u r i n g  t h e  a d v a n c e  o f  t h e  l o n g w a l l  
f a c e  i n  p a n e l  B  b e c a m e  more  d i f f i c u l t  a s  many o f  t h e  
c e l l s  o n  t h e  r i g h t  s i d e  o f  t h e  p i l l a r  i n d i c a t e d  z e r o  
s t r e s s .  T h e s e  z e r o  s t r e s s  c o n d i t i o n s  c o u l d  h a v e  



Occurrence - 
oC polior bursTs 

s t a r t  o f  

I Stakda pl lar  Fo~lurv 

-174 -37+42 +L9 l  -1340 -960 -278 0 

-P66 -98 0 +148+232 -1195 -646 -155 

DISTANCE OF LONGVALL  F A C E  FROM INSTRUMENTED PILLAR, n 

Figu re  5. Average change i n  p i l l a r  s t r e s s  and roof-  
to-  f  l o o r  convergence a t  v a r i o u s  f a c e  p o s i t i o n s  of 
longwal l  pane l s  A and B.  

been a  r e s u l t  of c e l l  f a i l u r e  o r  l o c a l  coa l  p i l l a r  
f a i l u r e .  The s t a t emen t  t h a t  t h e  u l t i m a t e  s t r e n g t h  
of t h e  p i l l a r  was exceeded and s t a b l e  f a i l u r e  began 
was base  upon t h e  o v e r a l l  ave r age  s t r e s s  
c a l c u l a t i o n s  ac ro s s  t h e  p i l l a r ,  where c l e a r l y  a  drop 
i n  t h e  s t r e s s  l e v e l  of t h e  p i l l a r  c o r e  occurs .  These 
va lue s  have been c a l c u l a t e d  a s  a  means of d e f i n i n g  
t h e  change i n  t h e  behavior  of t h e  p i l l a r  from an 
u n f a i l e d  t o  a  f a i l e d  s t a t e  ( F i g u r e  5 ) .  

The abutment p i l l a r  was f i r s t  a f f e c t e d  by t h e  
advance of panel A ( F i g u r e  3  and 5 )  when t h e  
longwal l  f a c e  was about - 1  50-m ( -492 - f t )  away. A s  
t h e  f a c e  advanced, t h e  s t r e s s  and convergence both 
i nc r ea sed  r a p i d l y  u n t i l  p ane l  A was mined o u t .  

When the  longwall  f a c e  i n  panel  B was s t a r t e d  
( - 1  460-m ( -4790-f t )  I ,  t h e  average  s t r e s s  appa ren t l y  
began t o  decrease  and t h e  convergence cont inued  a t  a  
slow but s t e ady  r a t e  ( F i g u r e  5 ) .  Decreas ing  average  
s t r e s s  continued u n t i l  t h e  f a c e  was a t  -960-m 
( -3150 - f t ) ,  a t  which po in t  t h e  dec r ea se  i n  average 
s t r e s s  moderated s l i g h t l y .  A t  t h e  same t ime ,  r oo f -  
t o - f l o o r  convergence cont inued  a t  approximate ly  t h e  
same r a t e .  

There  i s  only one obvious  reason  f o r  t h e  unloading  
of t h e  p i l l a r  due t o  mining a c t i v i t y  i n  and around 
panel B .  From f a c e  p o s i t i o n  +191-m ( + 6 2 7 - f t )  t o  
+232-m (+761-ft) , t h e  p i l l a r  was sub j ec t ed  t o  
approximate ly  cons t an t  l o a d i n g  wi th  cont inuous  
deformation.  Th i s  could have r ep re sen t ed  some t y p e  
of v i s c o - e l a s t i c  behavior .  From f a c e  p o s i t i o n  -1460- 
m ( - 4790 - f t )  t o  -278-m ( - 9 1 2 - f t ) ,  t h e  coa l  underwent 
s t a b l e  p i l l a r  f a i l u r e .  Dur ing  t h i s  s t a b l e  f a i l u r e ,  
t h e  p i l l a r ' s  load c a p a c i t y  reduced d r ama t i ca l l y  wi th  
con t i nu ing  deformat ion .  From f a c e  p o s i t i o n  -232-m 
(-91 2-f t )  onward, t h e  coa l  underwent a  s e r i e s  of 
smal l  b u r s t .  

The process  de sc r i bed  above ,  where p i l l a r  f a i l u r e  
occurred  du r ing  a  s t a b l e  l o a d i n g  pe r i od ,  may be 
analogous t o  c reep  f a i l u r e  i n  a  l a b o r a t o r y  t e s t  
specimen a s  d iscussed  by Goodman (1980 ) ;  F igu re  6  
i l l u s t r a t e s  t h i s  p r i n c i p l e  where t he  f a i l u r e  
occu r r ed  when a  t e s t  sample ,  loaded  t o  some c r i t i c a l  
s t r e s s  l e v e l  j u s t  below t h e  u l t i m a t e  s t r e n g t h ,  
c r eeps  u n t i l  t h e  accumulated s t r a i n  i n t e r s e c t s  t h e  
f a l l i n g  par t  of t h e  comple te  s t r e s s - s t r a i n  curve .  
I n  app ly ing  t h i s  phenomena t o  c o a l  p i l l a r s ,  t h e  te rm 
v i s c o - e l a s t i c  deformat ion  may be more a p p r o p r i a t e .  

5.3 Ana ly s i s  of P i l l a r  Deformation Modulus 

Assuming t h a t  t h e  roof - to-  f  l o o r  convergence measured 
a d j a c e n t  t o  the  i n s t rumen ted  p i l l a r  ( F i g u r e  2) were 
i n d i c a t i v e  of t he  p i l l a r  de fo rma t ion ,  i t  i s  p o s s i b l e  
t o  p l o t  the  change i n  ave r age  p i l l a r  s t r e s s  a g a i n s t  

U l t i m a t e  
s t r e , n g t h  Point  

S T R A I N  

Figu re  6. Creep i n  r e l a t i o n  t o  t h e  complete s t r e s s -  
s t r a i n  cu rve  (Goodman 1980) .  

F i g u r e  7 .  I n  s i t u  s t r e s s s - s t r a i n  curves  f o r  t h e  
Pocahontas  /I3 Coalbed a s  t h e  p i l l a r  was loaded t o  
f a i l u r e .  

50 - 

t h e  e s t i m a t e d  p i l l a r  s t r a i n .  P i l l a r  s t r a i n  was 
c a l c u l a t e d  by assuming t h e  average p i l l a r  
deformat ion  was s i m i l a r  t o  t he  average  e n t r y  
deformat ion  from a r r a y  C ( F i g u r e s  3  and 4 )  and 
d i v i d i n g  t h i s  average  by t h e  o r i g i n a l  coalbed 
he igh t  of 1 .78-m ( 7 0 - i n ) .  I n  f a c t  t h e  t r u e  p i l l a r  
s t r a i n  would be l e s s  than t h e  average  e n t r y  roo f - t o -  
f l o o r  convergence.  However, f o r  t h i s  a n a l y s i s  t he  
shape of t h e  curve  would not  change s i g n i f i c a n t l y  i f  
t h e  average  e n t r y  s t r a i n  were m u l t i p l i e d  by a  
f r a c t i o n .  F igu re  7  shows t h e  changes i n  s l o p e s  of 
t h e  p i l l a r  s t r e s s - s t r a i n  r e l a t i o n s h i p  a s  t he  coa l  i s  
loaded  t o  f a i l u r e .  Th i s  i s  very s i m i l a r  t o  t h e  
approach used by Wang e t  a l .  (1976)  t o  e v a l u a t e  t h e  
deformat ion  modulus of a  p i l l a r  i n  t h e  Pocahontas //3 
Coalbed of sou the rn  West V i r g i n i a .  

During t h e  f a c e  passage of panel  A, t h e  s l ope  of 
t h e  s t r e s s - s t r a i n  curve  g r adua l l y  dec r ea se s  
( F i g u r e  7 ) .  T h i s  decrease  i s  most pronounced a f t e r  
t h e  l ongwa l l  f a c e  passes  t h e  ins t rumented  a r r a y .  
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4 (lS1 ?=-- 

t o  i n s t r u n e n t s  _.. 7 
(0 n) 

0 h S t a r t  o f  
W 

W 
u 

0 ,02 .04 .06 
CHANGE I N  STRAIN, p m / m  



T h i s  a p p a r e n t l y  i n d i c a t e s  a n  s l i g h t  i n e l a s t i c  p i l l a r  
r e s p o n s e .  The  r e l a t i v e l y  h i g h e r  p i l l a r  modu lus  a s  
t h e  l o n g w a l l  f a c e  is a p p r o a c h i n g  t h e  i n s t r u m e n t e d  
a r r a y  may b e  r e l a t e d  t o  t h e  v e r y  r a p i d  l o a d i n g  
e x p e r i e n c e d  d u r i n g  t h i s  t i m e .  W i t h  t h e  c o m p l e t i o n  
o f  p a n e l  A and  t h e  b e g i n n i n g  o f  p a n e l  B, t h e  c u r v e  
becomes  a l m o s t  f l a t ,  s u g g e s t i n g  v i s c o - e l a s t i c  
d e f o r m a t i o n  unde r  a l m o s t  c o n s t a n t  l o a d .  Beyond t h i s  
p o i n t  t h e  s l o p e  becomes  n e g a t i v e ,  i n d i c a t i n g  t h e  
p i l l a r  was i n  t h e  p o s t  u l t i m a t e  s t r e n g t h  f a i l u r e  
r e g i m e .  T h i s  would a p p e a r  t o  s u p p o r t  t h e  a s s u m p t i o n  
t h a t  p i l l a r  f a i l u r e  o c c u r r e d  when t h e  f a c e  o f  
p a n e l  B was a t  o r  a b o u t  -1460-m ( - 4 7 9 0 - f t )  away f r o m  
t h e  p i l l a r .  

A n a l y s i s  o f  t h e  s l o p e s  o f  t h e  s t r e s s - s t r a i n  c u r v e  
p r i o r  t o  t h e  f a c e  p a s s a g e  o f  p a n e l  A ( F i g u r e  7 )  
i n d i c a t e s  a  p i l l a r  d e f o r m a t i o n  m o d u l u s  o f  
a p p r o x i m a t e l y  2 . 2  CPa ( 3 2 0 , 0 0 0  p s i ) .  P i l l a r  
d e f o r m a t i o n  modulus  c a l c u l a t i o n s  f r o m  d a t a  
p r e s e n t e d  by Wang e t  a l .  ( 1 9 7 6 )  a v e r a g e d  a b o u t  
2 . 3 8  CPa ( 3 4 0 , 0 0 0  p s i )  a n d  r a n g e d  b e t w e e n  2 . 0 7  a n d  
2 . 7 6  CPa ( 3 0 0 , 0 0 0  a n d  4 0 0 , 0 0 0  p s i ) .  Wang e t  a l .  
( 1 9 7 6 )  a l s o  d e t e r m i n e d  t h a t  t h e  a v e r a g e  modu lus  f r o m  
l a b o r a t o r y  t e s t s  o f  t h i s  s ame  c o a l  t o  b e  2 . 4 5  CPa 
( 3 5 6 , 0 0 0  p s i ) .  The  r e a d e r  i s  a d v i s e d  t o  remember  
t h a t  t h e s e  c a l c u l a t i o n s  a r e  b a s e d  upon e n t r y  
d e f o r m a t i o n s  and n o t  p i l l a r  d e f o r m a t i o n s  and t h a t  
t h e  modu lus  of  t h e  p i l l a r  i s  c o n s t a n t l y  c h a n g i n g  i n  
r e s p o n s e  t o  t h e  p r o p o r t i o n s  o f  y i e l d e d  t o  s o l i d  
( e l a s t i c  t o  n o n e l a s t i c )  c o a l  d u r i n g  p i l l a r  l o a d i n g .  

6  CHARACTERISTICS OF PILLAR BURSTS 

T h e  p i l l a r  began  t o  b u r s t s  i n  a  s e r i e s  o f  s m a l l  
e v e n t s  a t  a  p a n e l  B  f a c e  p o s i t i o n  o f  a p p r o x i m a t e l y  
-278-m ( - 9 1 1 - f t ) .  U n f o r t u n a t e l y ,  by  t h e  t i m e  t h e  
l o n g w a l l  f a c e  o f  p a n e l  B h a d  r e a c h e d  -156-m 
(-51 3 - f t )  f r om t h e  a b u t m e n t  p i l l a r ,  a l l  b u t  o n e  o f  
t h e  c o a l  c e l l s  had  f a i l e d .  T h e  s u b s e q u e n t  p i l l a r  
b e h a v i o r  c a n  t h e r e f o r e  o n l y  b e  r e p o r t e d  a s  b a s e d  o n  
v i s u a l  o b s e r v a t i o n s .  When t h e  f a c e  o f  p a n e l  B h a d  
moved t o  w i t h i n  -156-m ( - 5 1 3 - f t )  o f  t h e  p i l l a r ,  t h e  
e n t i r e  r i b  o f  t h e  a b u t m e n t  p i l l a r  had  s l o u g h e d  o f f  
i n t o  t h e  e n t r y .  S h o r t l y  a f t e r  t h i s ,  o n e  s i d e  o f  t h e  
a b u t m e n t  p i l l a r  b u r s t  i n t o  t h e  c r o s s c u t ,  p a r t i a l l y  
c l o s i n g  i t  o f f  ( F i g u r e  8 ) .  A t  t h i s  p o i n t ,  many o f  
t h e  o t h e r  p i l l a r s  b e t w e e n  t h e  i n s t r u m e n t e d  a b u t m e n t  
p i l l a r  and t h e  l o n g w a l l  f a c e  w e r e  a t  l e a s t  p a r t i a l l y  
d i s i n t e g r a t e d .  A d d i t i o n a l  b u r s t i n g  o f  t h e  a b u t m e n t  
p i l l a r  o c c u r r e d  a t  a  f a c e  d i s t a n c e  o f  -113-111 
( -371 - f t ) .  D u r i n g  t h i s  b u r s t  t h e  c r o s s c u t  c l o s e s t  
t o  t h e  f a c e  was t o t a l l y  c l o s e d  o f f ,  w h i l e  t h e  o t h e r  
c r o s s c u t  was p a r t i a l l y  c l o s e d  o f f .  T o t a l  
d i s i n t e g r a t i o n  of  t h e  p i l l a r  p r o b a b l y  o c c u r r e d  a t  a  
f a c e  d i s t a n c e  o f  -45-m ( -1  4 8 - f t ) .  No f u r t h e r  
o b s e r v a t i o n  we re  made b e y o n d  t h i s  p o i n t .  

C l e a r l y ,  t h e  b u r s t s  were  i n i t i a t e d  w e l l  a f t e r  t h e  
p i l l a r  h a d  p a s s e d  i ts  peak l o a d  b e a r i n g  c a p a c i t y .  
By t h e  t i m e  t h e  f a c e  was -278-m (-91 1 - f t )  away,  
a p p r o x i m a t e l y  o n e - t h i r d  of t h e  l o a d  g a i n e d  d u r i n g  
p a n e l  e x t r a c t i o n  may have  been s h e d  f r o m  t h e  p i l l a r .  
P e r h a p s  t h e  m o s t  i n t e r e s t i n g  o b s e r v a t i o n  made i n  
t h i s  s t u d y  ( t o  t h e  b e s t  of o u r  knowledge  t h e  
phenomenon  h a s  n o t  b e e n  o b s e r v e d  e l s e w h e r e )  i s  t h e  
p o s s i b i l i t y  t h a t  t h e  p i l l a r s  b e g a n  t o  f a i l  i n  a  
s t a b l e  m a n n e r  a n d  d i d  n o t  b u r s t  f o r  a  c o n s i d e r a b l e  
t i m e  a f t e r  t h i s  f a i l u r e  began .  S e v e r a l  s c e n a r i o s  
t h a t  m i g h t  e x p l a i n  t h e  mechani  sm a r e  p o s t u l a t e d  
b e l o w .  

7  MECHANISM FOR PILLAR BURSTS 

S e v e r a l  h y p o t h e s i s  may be emp loyed  i n  s p e c u l a t i n g  o n  
t h e  p o s s i b l e  mechan i sm  r e s p o n s i b l e  f o r  t h e  c o a l  
p i l l a r  b u r s t s  d i s c u s s e d  i n  t h i s  s t u d y .  C e r t a i n l y ,  
t h e  a b i l i t y  o f  c o a l  t o  s t o r e  h i g h  l e v e l s  o f  e l a s t i c  
s t r a i n  e n e r g y  w h i c h  c a n  be  s u d d e n l y  r e l e a s e d  i n  t h e  
f o r m  o f  b u r s t s  was  s u g g e s t e d  by H o l l a n d  a n d  Thomas 
( 1  9 5 4 )  a n d  h a s  b e e n  g r e a t l y  e x p a n d e d  o n  by  many 
o t h e r  r e s e a r c h e s .  I n  t h e  c a s e  o f  t h e  p i l l a r  s t u d i e d  
i n  t h i s  p a p e r ,  i t  is d i f f i c u l t  t o  know i f  any 
s i g n i f i c a n t  c h a n g e  i n  t h e  l e v e l s  of e l a s t i c  s t r a i n  
e n e r g y  o c c u r r e d  d u r i n g  t h e  m i n i n g  o f  t h e  p a n e l  B, 
s i n c e  t h e  a v e r a g e  stress a p p e a r e d  t o  d e c r e a s e  a n d  
t h e  p i l l a r  d e f o r m a t i o n  c h a r a c t e r i s t i c s  d i d  n o t  
c h a n g e  u n t i l  b u r s t i n g  began .  

A n o t h e r  p o s s i b l e  e x p l a n a t i o n  f o r  t h e  c o a l  b u r s t s  
may b e  t h e  s u d d e n  r e l e a s e  i n  c o n s t r a i n t  b e t u e e n  t h e  
c o a l  p i l l a r  and t h e  s u r r o u n d i n g  s t r a t a  ( e  . g . ,  
s l i p p a g e  b e t w e e n  t h e  r o o f  a n d / o r  f l o o r  a n d  c o a l b e d ) .  
B a b c o c k  a n d  B i c k e l  ( 1 9 8 4 )  f r o m  t h e  s t u d y  o f  c o a l  
s a m p l e s  f r o m  1 5  d i f f e r e n t  m i n e s ,  f o u n d  t h a t  s t r e s s  
a l o n e  c a n  p r o d u c e  b u r s t s  i f  c o n s t r a i n t  o f  t h e  p i l l a r  
was  s u d d e n l y  l o s t .  T h i s  mechan i sm  c o u l d  b e  
r e s p o n s i b l e  f o r  t h e  b u r s t s  i n  t h i s  s t u d y ,  bu t  a c t u a l  
e x i s t e n c e  o f  a  c h a n g e  i n  t h e  p i l l a r  c o n s t r a i n t  was 
n o t  r e a d i l y  a p p a r e n t .  

A t h i r d  h y p o t h e s i s  c an  b e  s u g g e s t e d  a s  a  p o s s i b l e  
mechan i sm  t h a t  s e e m s  t o  f i t  t h e  c h a r a c t e r i s t i c s  of  
t h i s  s f t e  w e l l ,  As  s t a t e d  e a r l i e r ,  f i e l d  d a t a  
i n d i c a t e  t h a t  p r i o r  t o  b u r s t i n g ,  t h e  p i l l a r  was  
a l r e a d y  f o l l o w i n g  i ts  p o s t  peak d e f o r m a t i o n  c u r v e .  
S a l a m o n  ( 1 9 7 0 )  h a s  d e m o n s t r a t e d  t h a t ,  f o r  a  t e s t  
s p e c i m e n ,  e q u i l i b r i u m  i s  m a i n t a i n e d  t h r o u g h o u t  t h e  
p o s t  p e a k  f o r c e - d i s p l a c e m e n t  c u r v e  ( t h e  s l o p e  o f  
w h i c h  is  c a l l e d  s t i f f n e s s )  up  t o  t h e  p o i n t  a t  wh ich  
t h e  s t i f f n e s s  o f  t h e  l o a d i n g  d e v i c e  becomes  t a n g e n t  
t o  t h e  c u r v e  ( F i g u r e  9 ) .  S a l a m o n  i n d i c a t e d  t h a t  a t  

S t i f f i i e s s  o f  
Loading device 

Point at which 
uns tab le  f a i l u r e  

o c c u r s  

P o s t  peak 

F i g u r e  8 .  View o f  t h e  c r o s s c u t  e n t r y  i n b y  t h e  
a b u t m e n t  p i l l a r  when t h e  l o n g w a l l  f a c e  f rom p a n e l  B  
was 1 5 9  m away. 

F i g u r e  9 .  C r i t e r i o n  f o r  t e s t  s a m p l e  i n s t a b i l i t y  i n  
t e r m s  o f  l o a d - d i s p l a c e m e n t  r e l a t i o n s h i p s  be tween  t h e  
s a m p l e  a n d  t h e  l o a d i n g  d e v i c e  ( S a l a m o n  1 9 7 0 ) .  



t h i s  point i n  the t e s t  equilibrium would be 
interrupted by the  dynamic yielding o r  violent  
f a i l u ~ e  of t h e  specimen. (Equilibrium preva i l s  only 
a s  long as  t h e  machine s t i f f n e s s  is  grea te r  than 
the sample s t i f f n e s s . )  Similar ly,  a p i l l a r  loaded 
beyond i t s  ul t imate s t reng th ,  and following the  
downward portion of t h e  post-peak curve, would 
continue to  shed load and def orm i n  a "s table"  o r  
steady manner u n t i l  t h e  post-peak curve intercepted 
the l o c a l  mine s t i f f n e s s  curve. From t h i s  point 
onward, the s t i f f n e s s  of t h e  p i l l a r  is greater  than 
the s t i f f n e s s  of t h e  mine, r e s u l t i n g  i n  dynamic o r  
unstable yielding of t h e  coal p i l l a r .  

A fourth po ten t ia l  mechanism would be re la ted  t o  a 
dynamic s t r e s s  wave generated from the abrupt 
f a i l u r e  of a l a rge  mass of rock o r  t o  the v io len t  
f a i l u r e  of an adjacent p i l l a r .  A sharp, 
instantaneous s t r e s s  pulse applied t o  a highly 
s t ressed  p i l l a r  could cause i t  t o  burst .  
Unfortunately, t h e r e  does not appear t o  be any 
current way t o  prove o r  disprove any of the above 
mechanism with the  f i e l d  data  avai lable .  However, 
these mechanisms supply useful  ins igh t  in to  
understanding the behavior of the p i l l a r  which is 
imperative if engineering designs a re  t o  
successfully el iminate  t h i s  hazard from our mines. 

8 SUMMARY AND CONCLUSIONS 

Using da ta  gathered from borehole pressure c e l l s  and 
roof - tcr convergence instrumentation, t h e  behavior of 
a 24.4-m (80-ft) coal  p i l l a r  prone t o  burst was 
investigated. The important c h a r a c t e r i s t i c s  of t h i s  
behavior can be summarized a s  follows: 

* A s  noted i n  many other  s t u d i e s ,  c e r t a i n  
geological c h a r a c t e r i s t i c s  of the s i t e  must be 
present for a burst problem t o  occur. I n  t h i s  
par t i cu la r  study, a moderately s t i f f  s i l t s t o n e  
over la in  by a n  extremely s t i f f  quartz  a r e n i t e  
sandstone v i r t u a l l y  f r e e  of f rac tures  o r  j o i n t s  
appears t o  be a major f a c t o r  influencing t h e  
occurrence of  bursts.  

* Empirical p i l l a r  s t r e n g t h  and gate  entry design 
formulations indicate  t h e  abutment p i l l a r  and t h e  
entry system i n  general had low s a f e t y  "factors ."  
These formulations provide evidence t h a t  t h e  
observed p i l l a r  should have been s u f f i c i e n t l y  loaded 
t o  f a i l  pr ior  t o  the  passage of longwall panel B. 

* The i n  s i t u  p i l l a r  deformation modulus was 
estimated t o  be a t  l e a s t  2.2 GPa (320.000 p s i )  j u s t  
pr ior  t o  the passage of the longwall face i n  
panel A. 

* Post-peak p i l l a r  f a i l u r e  occurred not a s  the 
coal was loaded t o  its ul t imate s t reng th ,  but 
possibly a f t e r  a short  period of v i sco-e las t i c  
deformation. The p i l l a r  was thought t o  s t r a i n  under 
constant load u n t i l  it reached the  downward s ide  of 
the complete s t r e s s - s t r a i n  curve, a t  which time 
p i l l a r  f a i l u r e  was i n i t i a t e d .  

* Coal b u r s t s  d id not occur u n t i l  a f t e r  t h e  p i l l a r  
had experienced s i g n i f i c a n t  steady d i s i n t e g r a t i o n  or 
f a i l u r e .  

* Possible explanations f o r  mechanism responsible 
fo r  the  p i l l a r  bursts  observed i n  t h i s  study a r e  
excessive e l a s t i c  l e v e l s  of s t r a i n  energy i n  the 
p i l l a r  core, a change i n  p i l l a r  cons t ra in t  a t  t h e  
coalbed in te r faces ,  t h e  sudden exis tence of a 
condition where t h e  p i l l a r  s t i f f n e s s  is i n  excess of 
the surrounding mine s t i f f n e s s ,  and t h e  
instantaneous appl icat ion of a dynamic s t r e s s  pulse. 
A l l  of these mechanism may have promoted v io len t  
f a i l u r e  of t h e  p i l l a r .  

w i l l  reduce the  occurrence of bursts  i n  coal mines. 
The author is extremely gra te fu l  t o  a l l  of h i s  
colleagues a t  the Pittsburgh and Denver Research 
Centers and t o  D r .  Barron a v i s i t i n g  professor from 
the University of Alberta who have provided many 
st imulat ing discussions on the  subject  and have 
shown great patience i n  the  process. 
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