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INSITU STRENGTH OF COAL MINE FLOOR STRATA 
I N  ILLINOIS 

Yoginder P. Chugh 1 

ABSTRACT 

Design of mine openings and p i l l a r s  i n  c o a l  seams unde r l a in  
by weak f l o o r  s t r a t a ,  such as i n  I l l i n o i s ,  r e q u i r e s  c o n s i d e r a t i o n  
of t h e  i n t e r a c t i o n  of  weak f l o o r  w i th  immediate roof  s t r a t a  and 
c o a l  p i l l a r s .  Th i s  r e q u i r e s  a knowledge of t h e  in -p lace  
s t rength-deformat ion  c h a r a c t e r i s t i c s  of immediate f l o o r  s t r a t a ,  
Th i s  r e p o r t  p r e s e n t s  d a t a  on u l t i m a t e  b e a r i n g  c a p a c i t y  and in-  
p l a c e  shea r  s t r e n g t h  c h a r a c t e r i s t i c s  of immediate f l o o r  s t r a t a .  
P l a t e  bea r ing  tests and borehole  s h e a r  t e s t s  were conducted a t  
f i v e  sites each  i n  two underground c o a l  mines i n  ~ l l i n o i s ;  one 
mining t h e  No, 6 cod. seam and t h e  o t h e r  t h e  No, 5 c o a l  seam, 
P l a t e  l oad  tests were conducted under as-mined and sa tura ted-wet  
c o n d i t i o n s  w i th  squa re  p l a t e s  6-18 i n  s i z e ,  Borehole shea r  t e s t s  
were conducted with  a rock  borehole  s h e a r  t e s t e r  t o  develop 
a f a i l u r e  envelope and de te rmine  t h e  cohes ive  s t r e n g t h  and a n g l e  
of i n t e r n a l  f r i c t i o n  f o r  immediate f l o o r  s t ra ta  a t  d i f f e r e n t  
dep th s ,  An a t t emp t  was made t o  c o r r e l a t e  t h e  above d a t a  w i th  
l a b o r a t o r y  determined s t rength-deformat ion  c h a r a c t e r i s t i c s  and 

o p e r t i e s  from o o i n g  s t u d i e s  under a 
a t e  of I l l i n o i s ,  The r e s u l t s  i n d i c a t e  t h e  

P ro fe s so r  , Department of  Mining Engineer ing  
Southern I l l i n o i s  U n i v e r s i t y ,  Carbondale ,  I l l i n o i s  62901 



C h a p t e r  1 

INTRODUCTION 

1 .1 Background and S t a t e m e n t  o f  t h e  Problem 

R o o f - p i l l a r - f l o o r  i n t e r a c t i o n  must be  c o n s i d e r e d  i n  a s s e s s i n g  t h e  

s t a b i l i t y  of  mine workings  and s u r f a c e  s u b s i d e n c e  i n  mining s t r a t i f i e d  

d e p o s i t s .  The n a t u r e  and s e v e r i t y  o f  ground d i s p l a c e m e n t s  depends  

n i f i c a n t l y  upon t h i s  i n t e r a c t i o n ,  o r e  s p e c i f i c a l l y ,  s u r f  a c e  

s u b s i d e n c e  r e s u l t  rom p i l l a r  o r  roof  f a i l u r e s  is e x p e c t e d  t o  be  

n i f i c a n t l y  d i f  t from t h a t  r e s u l t i n  

a weak f l o o r ,  A r e v i e w  of  t h e  open l i t e r a t u r e  r e v e a l s  a l i m i t e d  

i n t e r a c t i o n  on mine 

s t a b i l i t y  and s u r f a c e  s u b s i d e n c e ,  

A c t i v e l y  mined c o a l  seams i n  I1 

u n d e r l a i n  by weak (100-500 p s i  c s  t h )  and r e l a t i v e l y  

t h i c k  (2-7 f t )  u n d e r c l a y s .  T h e r e f o r e ,  a c o n s i d e r a t i o n  o f  f l o o r  

i n t e r a c t i o n  w i t h  r o o f  and p i l l a r  e l e m e n t s  is  e x t r e m e l y  i m p o r t a n t ,  

T h i s  r e q u i r e s  the d e t e r m i n a t i o n  of i n - p l a c e  s t r e n g t h - 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  of  t h e  immediate f l o o r  s t ra ta  a s s o c i a t e d  w i t h  c o a l  

seams. These  may be  d e t e r m i n e d  i n  t h e  f i e l d  o r  e s t i m a t e d  from similar 

o r  Index p r o p e r t i e s  de te rmined  i n  t h e  l a b o r a t o r y  on c o r e s  o b t a i n e d  

d u r i n g  e x p l o r a t o r y  d r i l l i n g .  

Labora to ry  c h a r a c t e r i z a t i o n  o f  immediate f l o o r  s t ra ta  a s s o c i a t e d  

with c o a l  seams was r e c e n t l y  i n i t i a t e d  under  t h e  Mine Subs idence  

Resea rch  Program (MSRP) i n  I l l i n o i s .  Under a s e p a r a t e  c o n t r a c t  f rom 

the Bureau of  Mines ( J0256002) ,  a s t u d y  was i n i t i a t e d  t o  d e t e r m i n e  t h e  

i n - p l a c e  s t r e n g t h - 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  o f  immediate f l o o r  

s t r a t a  i n  t h e  same mines and a t  t h e  same sites where c o r e s  of  f l o o r  



s t r a t a  were taken for  laboratory characterization.  In  t h i s  manner 

correla t ion s tud ies  between laboratory determined engineering index 

properties and strength-deformation charac te r i s t ics  and in-place 

strength-deformation cha rac t e r i s t i c s  could be conducted. A f i n a l  

report on the !'Laboratory Characterization of Immediate Floor S t ra ta  

Associated with Coal Seams in  I l l i n o i ~ ~ ~  was submitted t o  the S t a t e  of 

I l l i n o i s  in  May, 1986. This f i n a l  report  summarizes the r e su l t s  of 

s tudies  t o  determine the in-place strength-deformation charac te r i s t ics  

of immediate f loor  s t r a t a  and attempted correla t ions  between 

laboratory and f i e l d  determined proper t ies* 

1 .2  Specific Objectives 

The objectives of the research were t o  1 )  measure the ultimate 

bearing capacity (UBC)  and shear s t r e n  th  of immediate f loor  s t r a t a  

below the I l l i n o i s  Ns.6 and No.5 coal seams i n  two under 

and 2 )  make a comparison o these properties w i t h  laboratory 

determined values from on s tudies ,  The r e s u l t s  of t h i s  and other 

i e s  w i l l  eventual1 be  u t i l i zed  t o  develop p i l l a r  desi  

equations under weak f loor  condition 

r a l %  Approach 

a s  subdivided in to  $our elements: 9 )  revie 

re la ted  l i t e r a t u r e ,  2 )  measurement of UBC of immediate f loor  s t r a t a  

and shear s t r en  th  of immediate f loor  s t r a t a  in the f i e l d ,  3 )  

laboratory s tud ies  on cores,  and 4 )  data analysis ,  A br ief  discussion 

each element is given below, 

Pertinent l i t e r a t u r e  on the design of p i l l a r s  for  weak f loor  

conditions was reviewed. Irnpor t an t  s t rength properties and var iables 

affect ing design were iden t i f ied  based on t h i s  review. Available data 
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on the s t rength properties of immediate f loor  s t r a t a  were reviewed and 

compiled in the data base developed for  the S t a t e  of I l l i n o i s  under 

the MSRP. 

Measurement techniques for  determining the UBC were reviewed and 

l imi ta t ions  of previous t e s t s  and t e s t  procedures were ident i f ied.  

Plate  bearing t e s t s  and borehole shear t e s t s  e r e  u t i l i zed  t o  measure 

the UBC and shear s t r e n  of immediate f loor  s t r a t a  i n  the f i e l d ,  

Plate  bearin ly conducted with three ( 3 )  d i f fe ren t  

l a t e s  ( 6  in ,  8 i 42 in  square dates)  a t  a par t icular  

upon the UBC of the f loor  s t r a t a ,  A l imited number of 

the s i t e s  t e s t e  se t e s t s  were conducted under a s  

water-saturated conditions, 

Boreholes were d r i l l e d  t o  recover core 

for laboratory s t r e n  th-deformation s tud ies ,  The boreholes were 

d r i l l ed  in the f loor  with a i r  through the weak underclay and a t  l e a s t  - 
2-3 f t  in to  the competent bed below it .  They were a l so  u t i l i zed  t o  

determine cohesive s t rength (So) and the angle of internal  f r i c t i o n  

( $ 1  a t  various depths using a portable Rock Borehole Shear Tester 

(RBST).  Borehole shear t e s t s  were conducted a t  several  d i f fe ren t  

normal s t r e s se s  within 6-8 in  of a specified depth t o  delineate Mohr's 

f a i l u r e  envelope for  a stratum in tha t  range. The procedures u t i l i zed  

for  these t e s t s  were those recommended by the Bureau of Mines (Haramy, 

1981). A l l  p la te  bearing t e s t  data were analyzed for ultimate bearing 

capacity and deformation moduli, and the e f fec t  of p la te  s i z e  on these 

parameters. Borehole shear t e s t  data a t  each s i t e  were plotted to  

obtain f a i l u re  envelopes. The data were analyzed t o  provide 
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unconfined s h e a r  s t r e n g t h  (So)  and ang le  of i n t e r n a l  f r i c t i o n  ( @ ) ,  and 

where a p p r o p r i a t e ,  an equa t ion  of t h e  l i n e a r  f a i l u r e  envelope. 

S i m i l a r  s t u d i e s  were a l s o  conducted f o r  t h e  immediate roof  s t r a t a  and 

c o a l  seam a t  one s i t e  i n  each mine. Laboratory s t u d i e s  on c o r e s  of 

immediate f l o o r  s t r a t a  included t h e  eng inee r ing  index p r o p e r t i e s  and 

s t rength-deformation p r o p e r t i e s  under unconfined and confined 

compressive s t r e s s .  These s t u d i e s  have been desc r ibed  i n  d e t a i l  

e lsewhere (Chugh, 1986).  A l i m i t e d  number of l a b o r a t o r y  t e s t s  on t h e  

immediate r o o f ,  f l o o r  and c o a l  were a l s o  undertaken a t  t h e  s i t e s  where 

p l a t e  bear ing  t e s t s  and borehole  s h e a r  t e s t s  were conducted. 

S p e c i f i c a l l y ,  unconfined compressive s t r e n g t h  t e s t s  were conducted t o  

o b t a i n  s t r e n g t h  and e l a s t i c  deformation moduli va lues .  Moisture  ga in  

measurements on powdered samples of t h e  immediate f l o o r  s t r a t a  under 

mois ture  c o n d i t i o  were a l s o  undertaken.  

borehole  shea  tests were compare 

on t e s t s  i n  t h e  l a  

l a b o r a t o r y  s t u  

a t  two under 

o a l  seam and t h e  o t h e r  t h e  

i c s  of' t h e s e  mines a r e  

d i s cus sed  i n  Chapter  3 ,  



Chapter 2 

REVIEW OF PERTINENT LITERATURE 

2; 1 I n t roduc t ion  

The o b j e c t  of t h e  p r e s e n t  s t udy  is t o  exp lo re  t h e  p o s s i b i l i t y  of 

a r r i v i n g  a t  r ea sonab le  s t rength-deformat ion  c h a r a c t e r i s t i c s  of mine 

f l o o r s  under t h e  p i l l a r s  by s imple l a b o r a t o r y  and f i e l d  t e s t s  which 

can be used u l t i m a t e l y  i n  t h e  d e s i  n of p i l l a r s  and openings* 

Behavior of c o a l  p i l l a r s  on weak underclay f l o o r  c l o s e 1  

t h a t  of shal low s t r i p  o r  squa re  oundat ions  on cohes ive  s o i l  o r  rock.  

capac i ty  of shal low founda t ions  on s o i l s  h a s  been ex t ens ive ly  

s t u d i e d  i n  t h e  s o i l  mechanics l i t e r a t u r e ,  There o r e ,  a v a i l a b l e  

r e sea rch  on t h i s  s u b j e c t  was reviewed t o  a s c e r t a i n  t h e  i n f l u e n c e  of 

d i f f e r e n t  f a c t o r s  on t h e  b e a r i n  a c i t y  of shal low foundat ions  s o  

t h a t  t h e  more s i g n i f i c a n t  ones  could  be i d e n t i f i e d ,  Experimental 

s t u d i e s  conducted i n  mines By prev ious  i n v e s t i g a t o r s  were a l s o  

reviewed t o  d e l i n e a t e  r e l e v a n t  bear ing  capac i ty  and rock  mass 

deformabi l i  t y  f a c t o r s  and t o  formula te  appr opr i a t e  experimental  and 

a n a l y t i c a l  p rocedures  f o r  t h i s  s tudy .  A brief review of t h e  r e l e v a n t  

t e c h n i c a l  l i t e r a t u r e  is p re sen t ed  here .  

2.2 T h e o r e t i c a l  Determinat ion o f  Bearing Capaci ty  

The UBC of  a  s o i l  o r  weak s t r a t a  is de f ined  a s  i t s  a b i l i t y  t o  c a r r y  

a  load wi thout  p l a s t i c  f a i l u r e .  F igu re  2.1 r e p r e s e n t s  t h e  formula t ion  

of t h e  problem of b e a r i a g  c a p a c i t y  f o r  a  shal low foundat ion  which can 

be so lved  based on t h e  theory  of p l a s t i c i t y .  The b a s i c  s o l u t i o n  g iven  

by P r a n d t l  (1921) and Reissener  (1924)  f o r  a  r i g i d  p l a s t i c  m a t e r i a l  

with a l i n e a r  f a i l u r e  envelope p o s t u l a t e s  t h a t  t he  f a i l u r e  r eg ion  

c o n s i s t s  of t h r e e  zones: I ,  11, and 111. Zone I is  t h e  a c t i v e  Rankine 





zone which pushes t h e  r a d i a l  P r a n d t l  zone I1 l a t e r a l l y  and f o r c e s  t h e  

pas s ive  Rankine zone I11 i n  t h e  upward d i r e c t i o n ,  The f a i l u r e  

boundary ACDE c o n s i s t s  of l i n e s  AC and DE a t  45' + 4/2 t o  t h e  

h o r i z o n t a l .  The curved p o r t i o n  C D  is a  l oga r i t hmic  s p i r a l  f o r  YB/qs 

= 0 and degenera tes  i n t o  a c i r c l e  f o r  4 = 0 ,  

kdher e, 

Y = u n i t  wt. of s o i l  

e  s t r e s s  due t o  wei s o i l  above t h e  foundat ion  

B = width of founda t ion  

c a s e  t h e  curved po t i o n  l i e s  be ween t h e s e  two l i m i  

Buisman ( I  940) and Terza h i  (1943) def ined  t h e  UBC t o  c o n s i s t  of 

hree components based on t h e  

e r i a l  w i th  co  

f r i c t i o n  and no  surcharge ,  Y = 0 ,  qs = 0, So r 0 ,  4  t 0 

2 ,  Res i s t ance  t o  f a i l u r e  due t o  evenly d i s t r i b u t e d  surcharge ,  Y = 0 ,  

q3 
* 0,  So = 0 ,  4 + 0 

3. Bearing c a p a c i t y  of a cohes ion l e s s  m a t e r i a l  with weight and 

f r i c t i o n ,  Y * 0, $ + 0, So = 0 

Superimposing t h e  t h r e e  components, which is no t  p r e c i s e l y  c o r r e c t ,  

they a r r i v e d  a t  t he  fo l lowing  equat ion:  

qo = SONc + qsNq + 1 /2  YBNy (2 .9)  

where qo = u l t i m a t e  bear ing  c a p a c i t y  of a  shal low s t r i p  foundat ion.  

So = cohesion of s o i l  

N N y  = dimensionless  bear ing  capac i ty  f a c t o r s  N c s  q y  



The bear ing  capac i ty  f a c t o r s ,  shown i n  F igure  2.2 can a l s o  be 

c a l c u l a t e d  from the  fo l lowing  equa t ions .  

N = e  
9 

ntan%an2(n/4 + 0 / 2 )  (2 .2 )  

Nc = (Nq - 1 )  c o t e ;  f o r  4 = O ,  N~ = 5.14 (2.3)  

Ny= 2 ( N q  + 1) t a n  4 (2 .4)  

The value of N above can be approximated wi th in  an e r r o r  of 10% f o r  
Y 

15' < @ < 45' and wi th in  5% f o r  20' < 41 < 40' according t o  Vesic 

(1973) 0 

h 3 i c  (1973) po in t ed  o u t  t h a t  t h e  s u p e r p o s i t i o n  as used by Terzaghi  

( E q .  2.1)  was n o t  s t r i c t l y  c o r r e c t  s i n c e  it l e d  t o  an e r r o r  of 17 

f o r  @ of 30' t o  40'. However, i t  was accepted  as reasonable  f o r  

l a ck  of a more a c c u r a t e  mathematical model, 

oundation. 1 

Seve ra l  f a c t o r s  have been i d e n t i f i e d  which a f f e c t  t h e  u l t i m a t e  

bea r ing  c a p a c i t y ,  and some of the more r e l e v a n t  ones a r e  desc r ibed  

below, 
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F I G U R E  2 . 2  T h e  bearing c a p a c i t y  f a c to r s  
( a f t e r  P r a n d t l ,  1 9 2 1 ;  Re i s sne r ,  
1 9 2 4 ;  V e s i c ,  1 9 7 0 )  
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F I G U R E  2.3 Modes of bearing capacity failure 
(after Vesic, 1 9 6 3 )  



S o i l  C o m p r e s s i b i l i t y  

E q .  2.1 r e p r e s e n t s  t h e  b e a r i n g  c a p a c i t y  f a i l u r e  i n  t h e  g e n e r a l  s h e a r  

mode f o r  r i g i d - p l a s t i c  s o i l  b e h a v i o r .  For c o m p r e s s i b l e  s o i l s  t h e '  

f a i l u r e  mode is more l i k e l y  t o  b e  a  l o c a l  o r  punching t y p e  s h e a r  

f a i l u r e  w i t h  a lower  v a l u e  o f  b e a r i n g  c a p a c i t y .  To e v a l u a t e  t h e  

e f f e c t  o f  c o m p r e s s i b i l i t y  of  s o i l s ,  V e s i c  (1963, 1965)  proposed a 

r i g i d i t y  i n d e x ,  Iy ,  which can  b e  c a l c u l a t e d  from t h e  e q u a t i o n :  

G 
- ------I--_- 

IY - ? So + q tang  

where Iy = r i g i d i t y  i n d e x  

G = s h e a r  modulus o f  s o i l .  

The v a l u e  of I c a n  b e  reduced  t o  Iyy = G V I y  t o  compensate f o r  t h e  
Y 

v o l u m e t r i c  s t r a i n ,  A ,  i n  t h e  p l a s t i c  zone whel-e: 

The c r i t i c a l  v a l u e  o f  t h e  r i g i d i t y  index f o r  any a n g l e  $ below which 

b e a r i n g  c a p a c i t y  must b e  reduced  because  o f  c o m p r e s s i b i l i t y  e f f e c t s  is 

g i v e n  by t h e  e q u a t i o n :  

where B and L a r e  t h e  wid th  and l e n g t h  of  t h e  f o u n d a t i o n ,  

r e s p e c t i v e l y .  For  s o i l s  w i t h  I l e s s  t h a n  (Iy)crit, Y 
t h e  b e a r i n g  

c a p a c i t y  may be reduced  by i n t r o d u c i n g  c o m p r e s s i b i l i t y  f a c t o r s  6 
qc 

c c  and G y c  i n  Eq. 2.1. These  f a c t o r s  a r e  g i v e n  by t h e  f o l l o w i n g  

e q u a t i o n s  ( V e s i c ,  1970) :  



= 0.32 + 0.12 B / L  + 0.60 l o g l O I y  and, ( 2 . 9 )  

= 6 . 
q c  

(2 .10)  

The g e n e r a l  b e a r i n g  c a p a c i t y  e q u a t i o n ,  t a k i n g  i n t o  account  t h e  

c o m p r e s s i b i l i t y  of  s o i l s ,  may t h e n  be  w r i t t e n  as: 

q0 = SoNcsc+ q N 6 + 1 / 2  Y B Nyt iyc  (2 .11)  
s q q  

The v a l u e  o f  b e a r i n g  c a p a c i t y  f o r  v e r y  c o m p r e s s i b l e  s o i l s  may be 

reduced  tp 30-405 o f  t h a t  f o r  r i g i d  s o i l s ,  

Foundat ion S h a ~ e  and S i z e  

Eq. 2.1 is s u i t a b l e  f o r  l o n g  r e c t a n g u l a r  f o u n d a t i o n s .  Mathemat ical  

s o l u t i o n s  f o r  o t h e r  shapes  are d i f f i c u l t  t o  o b t a i n .  Hence, semi- 

e m p i r i c a l  approaches  have been used  t o  e v a l u a t e  t h e  e f f e c t s  o f  

f o u n d a t i o n  shape on b e a r i n g  c a p a c i t y .  On t h e  b a s i s  o f  compara t ive  

l o a d i n g  t e s t s  w i t h  f o u n d a t i o n s  o f  d i f f e r e n t  s h a p e s ,  i n c l u d i n g  l o n g  

r e c t a n g l e s ,  e q u a t i o n  2.1 h a s  been modi f i ed  a s  f o l l o w s  t o  account  f o r  

t h e  f o u n d a t i o n  shape :  

qo = S N E + q N E + 1 / 2  YBNyEy, o c c  s q q  ( 2 * 1 2 )  

where E c ,  E E a r e  s h a p e  f a c t o r s  whose v a l u e s  depend on @ and a r e  
q 9  Y 

g i v e n  i n  T a b l e  2,1 . 



TABLE 2.1 - Shape F a c t o r s  f o r  Shallow Foundat ions (De Beer, 

1967, Vesic ,  1970) 

Shape of E c  

Foundat i on  Base 

S t r i p  I .OO 1 .OO 1 .OO 

Rectangle 1 + B / L ( N  / N  ) I +  (B/L)tan@ 1 - O.4B/L 
9 c 

C i r c l e  o r  

Square 1 + ( M  /N ) 1 + t an@ 
9 c  

0.60 

Thus, f o r  a  square  foundat ion ,  t h e  bear ing  capac i ty  i n c r e a s e  may 

0 range from about  20% f o r  @ = O 0  t o  120% f o r  + = 50 , neg lec t ing  t h e  

e f f e c t  of any surcharge.  

Afrouz (1975) used c i r c u l a r ,  square ,  and r e c t a n g u l a r  p l a t e s  t o  

determine t h e  UBC of underc lay  f l o o r s  i n  c o a l  mines. He could n o t  

f i n d  any d e f i n i t e  e f f e c t  of t h e  shape of p l a t e s  on bear ing  capac i ty  

bu t  found t h a t  t h e  r a t i o  of t h e  base per iphery  t o  its a r e a  ( P / A )  

a f f e c t e d  UBC and developed t h e  fo l lowing  equa t ion :  

where qo = u l t i m a t e  bear ing  c a p a c i t y  

k ,  m ,  n  = c o n s t a n t s  of t h e  empi r i ca l  formula based on experimental  

s t u d i e s  

He observed an i n c r e a s e  i n  UBC from about 870 t o  1740 p s i  as t h e  P/A 

r a t i o  was increased  from 0.20 t o  0.35. Afrouz (1975) concluded t h a t  

t h e  UBC of f l o o r  s t r a t a  should decrease  with t h e  i n c r e a s e  i n  t h e  s i z e  
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of t h e  founda t ion .  The a c t u a l  r e d u c t i o n  of bea r ing  c a p a c i t y  i n  h i s  

exper iments  was on t h e  o rde r  of 5% t o  20% f o r  underclay and 16% t o  35% 

f o r  s h a l e .  The s i z e  of t e s t  p l a t e s  v a r i e d  between 4 i n  and 12 i n  f o r  

c i r c u l a r  p l a t e s ,  4.43 i n  t o  10.65 i n  f o r  s q u a r e  p l a t e s  and 6.26 i n  x 

3.13 i n  t o  15.04 f n  x 7.52 i n  f o r  r e c t a n g u l a r  p l a t e s .  

De Beer (1963, 19651, Vesic  (1964,  1965 ) ,  and K e r i s e l  (1967) ,  found 

t h a t  i n  t h e  c a s e  of sha l low founda t ions  t h e  average  shea r  s t r e n g t h  

mobil ized a long  a s l i p  l i n e  under t h e  founda t ion  decreased  with  

founda t ion  s i z e ,  Th i s  was a t t r i b u t e d  t o  t h r e e  independent r ea sons  

whose r e l a t i v e  c o n t r i b u t i o n  would vary wi th  s o i l  t y p e  and t h e  r ange  of  

founda t ion  s i z e :  ( 1 )  t h e  c u r v a t u r e  of the Mohrls envelope,  ( 2 )  

prog re s s ive  r u p t u r e  a long  t h e  s l i p  l i n e ,  and ( 3 )  p resence  of  zones  o r  

seams of weakness i n  s o i l  d e p o s i t s .  De Beer (1965) showed t h a t  t h e  

change p r i m a r i l y  occu r r ed  i n  t h e  v a l u e s  o f  N y 9  which decreased  

s i g n i f i c a n t l y  w i th  a n  i n c r e a s e  i n  founda t ion  s i z e .  F igu re  2.4 

summarizes t h e  dec rea se  i n  v a l u e s  of  N based on s e v e r a l  exper imental  
Y 

s t u d i e s .  

Barry and Nair (1970) ,  a s  a  r e s u l t  of f l o o r  bea r ing  t e s t s  i n  U.S. 

mines,  concluded t h a t  t h e  UBC tended t o  be independent of s i z e  when 

us ing  r e c t a n g u l a r  o r  s q u a r e  p l a t e s .  They used p l a t e  s i z e s  between 6 

i n  and 12  i n  on ly ,  and t h e  f l o o r  rock  was s h a l e ,  n o t  underc lay .  

Kimura, Kusakabi, and Sa toh  (1985) conducted bear ing  c a p a c i t y  t e s t s  

i n  t h e  l a b o r a t o r y  u s ing  c e n t r i f u g e s  and agreed  t h a t  s c a l e  e f f e c t s  a s  

p r e d i c t e d  by De Beer (1965)  and Vesic  (1964, 1965) were v a l i d .  

Moia t u r e  

The presence  of  mois ture  h a s  a weakening e f f e c t  on t h e  s t a b i l i t y  and 

s t r e n g t h  of t h e  mine f l o o r .  J e n k i n s  (1958) found a dec rea se  of 10% t o  
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35% i n  t h e  UBC of  mine f l oo r /unde rc l ays  when wet. Afrouz (1975) a l s o  

r e p o r t e d  s i m i l a r  r e d u c t i o n s .  The percentage  s a t u r a t i o n  of f l o o r  a t  

t h e  time of t h e  t es t ,  t o t a l  t ime t h e  f l o o r  was a f f e c t e d  by mois ture ,  

q u a r t z  con ten t  of t h e  f l o o r  rock  and proximity of predeveloped c r a c k s  

i n  t h e  v i c i n i t y  of t e s t  p l a t e s  were desc r ibed  a s  i n f luenc ing  f a c t o r s  

by Afrouz. Barry and Nair (1970)  of t h e  Bureau of Mines a l s o  

confirmed t h e  weakening e f f e c t  of t h e  presence  of moisture  while  

conduct ing bea r ing  c a p a c i t y  t e s t s  i n  v a r i o u s  mines i n  t h e  USA. 

Nonhomogeneous S o i l s  

The e f f e c t  of two-layer s o i l  s t r a t a  on UBC was f i r s t  s t u d i e d  by 

Kra f t  and H e r f r i c h  (1983) ,  and they suggested t h a t  t h e  bear ing  

capac i ty  of a  foundat ion  is in f luenced  by v a r i a t i o n  i n  t h e  stress- 

s t r a i n  and s t r e n g t h  c h a r a c t e r i s t i c s  of t h e  s o i l  with depth.  It  is  

hypothesized t h a t  f o r  a l a y e r e d  system where t h e  s o i l  modulus i n  t h e  

t o p  l a y e r  exceeds t h a t  i n  t h e  unde r ly ing  l a y e r ,  t h e  h o r i z o n t a l  normal 

s t r e s s e s  decrease  and t h e  maximum shea r  s t r e s s  i n c r e a s e s  i n  t h e  bottom 

ha l f  of t h e  upper l a y e r  as compared wi th  t h e  s t r e s s e s  f o r  a  

homogeneous mass. The decrease  i n  t h e  normal h o r i z o n t a l  s t r e s s  

reduces  t h e  s t r e n g t h  and t h e  i n c r e a s e  i n  t h e  shea r  stress r e q u i r e s  

mob i l i za t i on  of a  g r e a t e r  p ropor t i on  o f  s h e a r  r e s i s t a n c e .  These two 

e f f e c t s  c o n t r i b u t e  t o  reduce  t h e  bea r ing  c a p a c i t y  of t h e  upper l a y e r .  

Brown and Meyerhof (1969) proposed t h e  fo l lowing  equa t ion  f o r  t h e  

de te rmina t ion  of  bea r ing  c a p a c i t y  f o r  foundat ions  on a  s o f t  s t r a tum 

l y i n g  above a hard s t r a tum,  which is t h e  ca se  when t h e  immediate f l o o r  

c o n s i s t s  of  underc lays  ove r ly ing  a  ha rde r  l imes tone  o r  c l ays tone  

(F igure  2.5 ) : 

qo = SINm 9 



@ - - - -  S t i f f  layer m 2 ,  2 

S t i f f  layer S; @, , , , 

FIGURE 2.5  Bearing capac i ty  a n a l y s i s  f o r  two layered  
s o i l  media ( a f t e r  Brown and Meyerhof, 1 9 6 9 ) .  



where S1 = unconfined s h e a r  s t r e n g t h  of t h e  s o f t  s t r a tum 

N = modif ied bear ing  c a p a c i t y  f a c t o r .  
rn 

Vesic (1970) proposed t h e  fo l lowing  equa t ion  f o r  t h e  de te rmina t ion  

where, K = r a t i o  of t h e  unconfined s h e a r  s t r e n g t h  of t h e  Power hard  

l a y e r  (S2) t o  t h e  upper weak l a y e r  (S1 )  

N* = EcNc; Nc* = 6.17 f o r  @=0 
C 

E = shape f a c t o r  (Table  2 .1)  
C 

Nc = bear ing  capac i ty  f a c t o r  f o r  t h e  weak l a y e r  

B = width of foundat ion  

L = l e n g t h  of foundat ion 

H = t h i c k n e s s  of t h e  weak l a y e r .  

Speck (1981) found a  good c o r r e l a t i o n  between t h e  n a t u r a l  water 

con ten t  and t r i a x i a l  s t r e n g t h  of underc lays ,  He modified V e s i c T s  Eq. 

2.14 t o  i nc lude  underclay water content. :  

qo = (Nm )[2070 - (167 ) (uwc) l (RF) ,  

where uwc is t h e  n a t u r a l  mo i s tu re%on ten t  of underclay and RF i s  t h e  

r educ t ion  f a c t o r .  A va lue  of 0.15 f o r  RF is  recommended. 

Brown and Meyerhof (1969) sugges ted  t h e  fo l lowing  equa t ion  f o r  

c a l c u l a t i n g  N m  f o r  t h e  c a s e  of  a  s t i f f  c l a y  l a y e r  ove r ly ing  a  s o f t  

c l a y  l a y e r  assuming t h e  punching type  of shea r  f a i l u r e .  



I n  t h i s  c a s e ,  t h e  e f f e c t i v e  s t r e n g t h  of  t h e  upper  l a y e r  is  reduced  

and is a t t r i b u t e d  t o  p r o g r e s s i v e  f a i l u r e .  The v a l u e  of S  i n  Eq.2.14 
1 

must be  s u i t a b l y  reduced  t o  c a l c u l a t e  t h e  b e a r i n g  c a p a c i t y .  

The above semi -empi r i ca l  a p p r o a c h e s  f o r  a  two- layered sys tem were 

developed p r i m a r i l y  on the  b a s i s  o f  e x p e r i m e n t a l  i n v e s t i g a t i o n s .  Most 

of them a r e  a p p l i c a b l e  t o  v e r t i c a l  l o a d i n g  and c a n n o t  p r e d i c t  t h e  

e f f e c t  of  weak t h i n  l a y e r s  which may e x i s t  i n  t h e  s o i l .  R e c e n t l y ,  

G e o r g i a d i s ,  e t  a l .  (1985)  have g i v e n  a new numer ica l  method c a l l e d  t h e  

" s l i p  s u r f a c e n  method ( o r i g i n a l l y  due  t o  E a u s i t z e n  and S c h j e n t e ,  1976)  

which can  be  used  t o  d e t e r m i n e  b e a r i n g  c a p a c i t y  of  more t h a n  two 

l a y e r s .  The method computes a f a c t o r  o f  s a f e t y  a g a i n s t  f a i l u r e  u s i n g  

a n  i t e r a t i v e  proce-dure.  T h i s  r e p r e s e n t s  t h e  r e d u c t i o n  which s h o u l d  be  

a p p l i e d  t o  the s t r e n g t h  p r o p e r t i e s  o f  v a r i o u s  s o i l  P a y e r s  i n  o r d e r  t o  

o b t a i n  equi1,ibrium between t h e  r e s i s t i n g  and a p p l i e d  f o r c e s .  The 

r e s u l t s  are c la imed  t o  compare s a t i s f a c t o r i l y  w i t h  t h e  r e s u l t s  of 

semi-empir ica l  methods f o r  t h e  c a s e  o f  uniform and  two-layered s o i l s  

a s  w e l l  as w i t h  t h o s e  o f  f i n i t e  e l ement  a n a l y s i s .  

Adjacen t  Founda t ions  

Graham, Raymond, and Supp iah  (1984)  obse rved  t h a t  i n t e r a c t i o n  

between a d j a c e n t  f o u n d a t i o n s  p e r m i t s  h i g h e r  t o t a l  l o a d s  t o  be  c a r r i e d  

a s  compared t o  i s o l a t e d  f o u n d a t i o n s ,  T h i s  e f f e c t  was found t o  

i n c r e a s e  t h e  UBC by 150% i n  sand  w i t h  $I = 35' when t h e  c e n t e r l i n e  

s p a c i n g  of t h e  f o u n d a t i o n  was t w i c e  t h e  f o u n d a t i o n  w i d t h s .  

Exper iments  showed t h a t  t h e  i n t e r a c t i o n  e f f e c t  was maximum when t h e  

s p a c i n g  t o  wid th  r a t i o  was 1 .7  and d i s a p p e a r e d  when i t  was f o u r .  



S t u d i e s  c a r r i e d  o u t  by S t u a r t  ( 1962) ,  Made1 (1965) and West and 

S t u a r t  (1965) i n d i c a t e d  t h a t  t h e  e f f e c t s  of  a d j a c e n t  foundat ions  

v a r i e d  cons iderab ly  with t h e  angle  4 .  For low 4 va lues ,  t h e  e f f e c t  

was n e g l i g i b l e  bu t  f o r  h igh  @ va lues  i t  might be s i g n i f i c a n t .  These 

e f f e c t s  were cons ide rab ly  reduced a s  L/B approached one. S i m i l a r l y ,  

t h e  i nc reased  c o m p r e s s i b i l i t y  of s o i l s  ha s  t h e  e f f e c t  of reducing t h e  

i n t e r a c t i o n  e f f e c t s .  There a r e  p r a c t i c a l l y  no such e f f e c t s  f o r  t he  

ca se  of punching shea r  f a i l u r e .  

Rate of Loading 

Viscous and i n e r t i a  e f f e c t s  may be mobil ized i n  t h e  s o i l  mass 

depending upon t h e  r a t e  of l oad ing ,  It has  been observed t h a t  a s  t h e  

-4 
r a t e  of l oad ing  i n c r e a s e s  from 10 i n / s e c  ( s t a t i c  l oad ing )  t o  10 

i n / s e c  ( impact  l o a d i n g ) ,  t h e  f a i l u r e  mode of t h e  foundat ion .changes  

from t h e  gene ra l  shear  mode t o  t h e  punching shea r  mode. The bea r ing  

capac i ty  of dense sands  shows a  s l i g h t  drop with i nc reased  loading  

rate followed by a  s t e a d y  i n c r e a s e ,  which ex tends  a l l  t h e  way up t o  

t h e  impact v e l o c i t y  ranges.  Foundat ions on compacted c l a y  a l s o  show a  

cons ide rab l e  i n c r e a s e  i n  t h e  UBC as t h e  r a t e  of l oad ing  changes from 

s t a t i c  t o  impact l oad ing  cond i t i ons .  I t  is g e n e r a l l y  accepted  t h a t  

moderate r a t e s  of l oad ing  would have no s i g n i f i c a n t  e f f e c t  on t h e  

bear ing  capac i ty .  For moderately r a p i d  l oad ings ,  t h e  s t r e n g t h  

parameters  So and 4 may have t o  be modif ied f o r  s t r a i n  r a t e  e f f e c t s  by 

i n t roduc ing  f a c t o r s . s u g g e s t e d  by Whitman (1970) .  

2,3 S e n s i t i v i t y  Analyses of Bearing Capac i ty  Equat ion 

Assuming t h a t  t h e  Buigman-Terzaghi (Eq. 2.11, Brown and Meyerhof 

(Eq. 2.14) and Vesic ( E q .  2.15) equa t ions  a r e  reasonable  models f o r  

t h e  e s t i m a t i o n  of t h e  u l t i m a t e  bea r ing  capac i ty  i n  s o i l s  and rocks ,  i t  
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is i m p o r t a n t  t o  a n a l y z e  t h e  r e l a t i v e  i m p o r t a n c e . o f  d i f f e r e n t  v a r i a b l e s  

i n  t h e  e q u a t i o n s .  Chugh and Chandrashekhar  (1986)  have  conducted 

s e n s i t i v i t y  s t u d i e s  o f  d i f f e r e n t  v a r i a b l e s  w i t h  t h e  f o l l o w i n g  

c o n c l u s i o n s  and o b s e r v a t i o n s .  

Buisman-Terzaghi E q u a t i o n  

1 )  For  4 = 0  and small v a l u e s  o f  B ( l e s s  than  60  f t ) ,  t h e  c o h e s i v e  

component SONc c o n t r i b u t e s  o v e r  90% t o  t h e  UBC. T h i s  may be  t h e  

r e a s o n  why s i z e  o f  t h e  p l a t e  i n  p l a t e  b e a r i n g  tests a p p e a r s  t o  

have l i t t l e  o r  no e f f e c t  on t h e  UBC of homogeneous f l o o r  s t r a t a ,  

2 )  For  4 = 0  and v a l u e s  o f  B on t h e  o r d e r  o f  p i l l a r  s i z e s  (60-80 f t )  

commonly u t i l i z e d  i n  I l l i n o i s  b a s i n  mines ,  t h e  c o n t r i b u t i o n  o f  t h e  

component 1/2Y.B.N toward t h e  UBC becomes s i g n i f i c a n t .  Some 
Y 

s t u d i e s  i n  s o i l s  i n d i c a t e  t h a t  N may d e c r e a s e  w i t h  i n c r e a s i n g  Y 

v a l u e s  o f  p l a t e  s i z e .  S i m i l a r  d a t a  f o r  immediate f l o o r  s t r a t a  

a s s o c i a t e d  wi4h c o a l  seams i n  I l l i n o i s  a r e  n o t  a v a i l a b l e .  

3 )  The UBC v a l u e  is h i g h l y  s e n s i t i v e  t o  t h e  a n g l e  +, s i n c e  N c ,  N 
9'  

and N v a l u e s  i n c r e a s e  r a p i d l y  w i t h  i n c r e a s i n g  v a l u e s  o f  4 .  Ny Y 

v a l u e s  i n c r e a s e  much more r a p i d l y  w i t h  4 t h a n  Nc v a l u e s  ( F i g u r e  

4 )  For  4 = 3 0 ° ,  So = 100 p s i ,  Y = 144 p c f ,  a n d B  = 60 f t ,  t h e  

c o n t r i b u t i o n s  o f  t h e  SONc, qsNq, and 112 Y B N y  t o  t h e  UBC a r e  

90.8%,  8 . 8 % ,  and  0 . 4 % ,  r e s p e c t i v e l y .  

5 )  Based on t h e  above a n a l y s e s  and d i s c u s s i o n ,  t h e  i m p o r t a n t  

v a r i a b l e s  f o r  t h e  d e t e r m i n a t i o n  o f  t h e  UBC a r e  So and  4 .  An 



e s t i m a t e  of Y may be used wi thout  i n c u r r i n g  much e r r o r  i n  t h e  

c a l c u l a t i o n  of t h e  UBC. 

Vesic Equat ion 

The modified bear ing  capac i ty  f a c t o r ,  Nm (EQ.  2.15) b a s i c a l l y  

r e p r e s e n t s  t h e  f a c t o r  Nc i n  t h e  Buisman-Terzaghi equa t ion .  The 

components due t o  surcharge  ( q  N and 1/2YBNy) must be accounted f o r  
s q  

i n  t h e  c a l c u l a t i o n  of t h e  UBC of non-homogeneous f l o o r  s t r a t a ,  

1 )  Nm is more s e n s i t i v e  t o  t h e  angle  g f o r  a  p o s i t i v e  change i n  @ 

t han  f o r  a  nega t ive  change (F igu re  2 .6) .  For only +25% change i n  

Nm (and hence bear ing  c a p a c i t y )  w i l l  change by 100%. Th i s  is 

t r u e  i r r e s p e c t i v e  of t h e  B/H and S2/S1 r a t i o s .  

2 Nm i s  n o t  very s e n s i t i v e  t o  changes i n  S2/S1 (F igure  2 .7) .  A 100% 

change i n  S  /S f o r  B/H = 30 i n c r e a s e s  Nm by only  2%. With 
2 1 

i n c r e a s i n g  underclay t h i c k n e s s  (B/H = 6 )  t h i s  i n c r e a s e  i n  Nm 

becomes even sma l l e r  (0 ,98%) .  Very l a r g e  t h i c k n e s s  of underclay 

may even r e s u l t  i n  a s l i g h t  dec rease  i n  t h e  Nm value .  

3 )  There is a l i n e a r  i n c r e a s e  i n  Nm wi th  i n c r e a s i n g  B/H.  The s l o p e  

of t h i s  l i n e  is  g r e a t e r  f o r  h igher  S2/S1 r a t i o s  (F igu re  2.8) .  

S i m i l a r  t r e n d s  a r e  observed a t  d i f f e r e n t  va lues  of 4, keeping 

S2/S1 cons t an t .  I n  t h i s  c a s e ,  however, t h e  s l o p e  i s  g r e a t e r  f o r  

lower va lues  of $. The changes i n  Nm a r e  n o t  a s  s i g n i f i c a n t  a s  i n  

( 1  ) . Doubling B/H ( reduc ing  s o f t  f l o o r  t h i c k n e s s  by h a l f )  

i n c r e a s e s  Nm by only 10%. 



Base Case 

P i l l a r  s ize  60 f t  x 6 
S2:S1 = 4 : l  

4 = 30' 
Nm = 48.358 

0 25 5 0  75 1 0 0  125 

Percent  change in @ 

FIGURE 2 . 6  Sensitivity 
Chandrashekhar, 1 9 8 6 )  . a n a l y s i s  of Nm w i t h  @ (Chugh and 



W e  Case 
- - -  

P i l l a r  s i z e  6 0  ft x 6 0  ft 
4 = 30' 
S2/Sl = 4 

Nm = 48.358 

P e r c e n t  change i n  S2/S1 

FIGURE 2 . 7  S e n s i t i v i t y  a n a l y s i s  of Nm with sZ/s1 ( ~ h u g h  and 
Chandrashekhar, 1 9 8 6 )  . 



B a s e  Case 

P i l l a r  s i z e  60 ft x 60 & 
9 = 30" 
B/H = PQ 

1 0 0  2 0 0  3 0 0  4 0 0  500  

Percent  change in B/K 

FX-GURE 2 . 8  Sensitivity analysis of Nm w i t h  B/H ( ~ h u g h  and 
Chandrashekhar , 19 86 ) . 



2.4 F i e l d  D e t e r m i n a t i o n  o f  t h e  U l t i m a t e  Bear ing  C a p a c i t y  

UBC t e s t s  f o r  s o i l  have  been e x t e n s i v e l y  u t i l i z e d  by c i v i l  e n g i n e e r s  

f o r  f o u n d a t i o n  d e s i g n .  S t a n d a r d i z e d  p r o c e d u r e s  by t h e  American 

S o c i e t y  f o r  T e s t i n g  M a t e r i a l s  (ASTM) have been developed f o r  t h i s  

purpose .  Mining e n g i n e e r s  have  used  t h e  UBC of  immediate r o o f  and 

f l o o r  s t ra ta  p r i m a r i l y  f o r  l o n g w a l l  s u p p o r t  d e s i g n ;  however, t e s t  

p r o c e d u r e s  a r e  n o t  well d e f i n e d .  B a r r y  and Nair (1970)  have d e s c r i b e d  

equipment and  p r o c e d u r e s  u t i l i z e d  by t h e  Bureau o f  Mines f o r  

d e t e r m i n a t i o n  o f  t h e  b e a r i n g  c a p a c i t y  o f  r o o f  and f l o o r  s t ra ta .  

O t h e r s  have u t i l i z e d  s i m i l a r  o r  s l i g h t l y  modi f i ed  equipment f o r  t h i s  

purpose .  

ASTM p r o c e d u r e  D1194-72 (1977)  f o r  c o n d u c t i n g  b e a r i n g  c a p a c i t y  tests 

of  s o i l s  by p l a t e  l o a d i n g  tests r e q u i r e s  t h a t  t h e  l o a d  inc rements  

2 shou ld  n o t  exceed  1 , O  t / f t  o r  10% o f  t h e  e s t i m a t e d  UBC t o  e n s u r e  t h a t  

t h e  l o a d  is a p p l i e d  a s  a  s t a t i c  l o a d  w i t h o u t  impac t ,  f l u c t u a t i o n ,  o r  

e c c e n t r i c i t y .  A minimum of  s i x  l o a d  s e t t l e m e n t  measurements are 

recommended and s h o u l d  be  made a s  soon as p o s s i b l e  b e f o r e  and a f t e r  

t h e  a p p l i c a t i o n  o f  e a c h  l o a d  inc rement .  Vea ic  (1963)  sugges ted  t h e  

f a i l u r e  c r i t e r i o n  f o r  d e t e r m i n a t i o n  o f  t h e  UBC t o  be  t h e  p o i n t  on t h e  

l i n e a r  s t r e s s - d e f o r m a t i o n  p l o t  a t  which t h e  s l o p e  of t h e  c u r v e  becomes 

z e r o  o r  a s t e a d y  minimum o r  a  p o i n t  where t h e  stress deformat ion  c u r v e  

on t h e  log- log  p l o t  changes  i ts  s l o p e  sudden ly .  These c r i t e r i a  are 

shown i n  F i g u r e s  2.9 and 2 .10,  

Mine f l o o r s  and r o o f s  were t e s t e d  by Bar ry  and Nair (1970)  t o  

d e t e r m i n e  the minimum a l l o w a b l e  b e a r i n g  p r e s s u r e  t h a t  can  be  a p p l i e d  

by t h e  f o o t  p l a t e s  and c a n o p i e s  o f  a  l o n g w a l l  s u p p o r t .  A 100  t 

h y d r a u l i c  j ack  i n  c o n j u n c t i o n  w i t h  an  a i r  o p e r a t e d  h y d r a u l i c  pump was 



2 
BASE PRESSURE, lb / i n -  

U.ltimate load  

FIGURE 2.9 V e s i c ' s  c r i t e r i o n  f o r  determin- 
a t i o n  of u l t ima te  bear ing  capac i ty  

Applied load 
Area of p l a t e  
Width of p l a t e  
Unit  weight 
Actual p l a t e  s e t t l e  
ment 

F I G U R E  2.10 De Beer ' s  c r i t e r i o n  f o r  de te r -  
mination of u l t ima te  bear ing  
capac i ty .  



used ,  and a s e t t l e m e n t  r a t e  o f  0 . 2  i n  pe r  5 min was m a i n t a i n e d .  To 

r e d u c e  t h e  d i f f e r e n c e  between t h e  shape  and s i z e s  of  t h e  t e s t  p l a t e s  

and t h e  f o o t  p l a t e s  and c a n o p i e s  o f  t h e  l o n g w a l l  s u p p o r t s ;  t e s t  p l a t e s  

o f  6  i n  x 6  i n ,  1 2  i n  x 1 2  i n  and  6 i n  x 1 8  i n  s i z e  w i t h  rounded e d g e s  

were used.  A t y p i c a l  s q u a r e  p l a t e  is  shown i n  F i g u r e  2.11 and 

s p e c i f i c a t i o n s  f o r  s e l e c t e d  p l a t e  s i z e s  are g i v e n  i n  T a b l e  2.2. 

b a t e s  and Gyenge (1966)  conduc ted  b e a r i n g  c a p a c i t y  t e s t s  i n  t h e  

walls o f  d r i f t s  t o  d e t e r m i n e  t h e  d e f o r m a t i o n  and s t r e n g t h  p r o p e r t i e s  

of rock.  S i m i l a r  c o n s i d e r a t i o n s  f o r  l o a d  a p p l i c a t i o n s  were used  s o  

t h a t  t ime-dependent d e f o r m a t i o n s  c o u l d  be  o b t a i n e d  f o r  e a c h  l o a d  

inc rement .  Deformat ion modulus f o r  e a c h  l o a d  inc rement  was a l s o  

c a l c u l a t e d  and found t o  be  a good measure o f  r o c k  s t r e n g t h  p r o p e r t i e s .  

Moderate ly  good agreement  was o b t a i n e d  between t h e  s t r e n g t h  p r o p e r t i e s  

as de te rmined  by p l a t e  l o a d  tes ts  and  l a b o r a t o r y  tests. However, 

i n t e r p o l a t i o n  o f  r e s u l t s  t o  l a r g e  s i z e  f o u n d a t i o n s  s u c h  a s  c o a l  

p i l l a r s  d i d  n o t  g i v e  v e r y  a c c u r a t e  r e s u l t s .  The a u t h o r s  a l s o  a c c e p t e d  

t h e  u s e f u l n e s s  o f  p l a t e  l o a d  tests where l i t t l e  i n t e r p o l a t i o n  o f  

r e s u l t s  was r e q u i r e d  f o r  p r o t o t y p e  s t r u c t u r e .  

Dulaney (1960)  t e s t e d  t h e  b e a r i n g  c a p a c i t y  o f  mine f l o o r s  i n  s e v e r a l  

s tates of  t h e  Uni ted  S t a t e s .  He u s e d  s q u a r e  p l a t e s  o f  1 .5  i n  t o  1 2  i n  

s i z e  and c o u l d  n o t  f i n d  any e f f e c t  of  p l a t e  s i z e  on t h e  b e a r i n g  

c a p a c i t y .  The b e a r i n g  c a p a c i t y  was found t o  be  s l i g h t l y  h i g h e r  t h a n  

t h e  unconf ined  compress ive  s t r e . n g t h  of wet samples  which may t h e r e f o r e  

be  t a k e n  as t h e  i n - s i t u  s t r e n g t h  of  t h e  mine f l o o r  f o r  d e s i g n  

purposes .  However, where t h e  f l o o r  c o n t a i n e d  more t h a n  30% c l a y  s i z e  

m i n e r a l s  o r  m o n t m o r i l l o n i t e  was p r e s e n t ,  n e i t h e r  t h e  wet compress ive  
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FIGURE 2 - 1 1  Bearing capacity plate dimensions. 
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s t r e n g t h  of specimens  nor  i n - p l a c e  p l a t e  b e a r i n g  s t r e n g t h  cou ld  g i v e  a 

t r u e  measure of  t h e  i n - s i t u  s t r e n g t h .  

Bandopadhay (1982)  conducted f l o o r  b e a r i n g  c a p a c i t y  t e s t s  a t  a  mine 

i n  w e s t e r n  Kentucky. The d a t a  was used  a s  one  of t h e  s t r e n g t h  

p r o p e r t i e s  o f  t h e  u n d e r c l a y  i n  a f i n i t e  e l ement  model developed t o  

a n a l y z e  f l o o r  heave  i n  a room and p i l l a r  p a n e l .  A s c a l i n g  f a c t o r  of 

two ( 2 )  was a p p l i e d  t o  t h e  l a b o r a t o r y  measured s t r e n g t h  p r o p e r t i e s  

b e f o r e  t h e y  were used i n  t h e  model, b u t  t h e  UBC was n o t  s c a l e d .  

Disp lacements  computed from t h e  a n a l y t i c a l  model compared w e l l  w i t h  

t h o s e  obse rved  i n  t h e  f i e l d .  

Rockaway and S tephenson  (1979)  conducted s e v e n  b e a r i n g  c a p a c i t y  

tests f o r  immediate f l o o r  s t r a t a  of  two mines i n  I l l i n o i s .  They 

de te rmined  t h e  f o l l o w i n g  s c a l i n g  f a c t o r  t o  compute t h e  o p e r a t i o n a l  

s t r e n g t h  of mine f l o o r s  f rom l a b o r a t o r y  unconf ined  compress ive  

s t r e n g t h ,  Co: 

Speck (1981)  u t i l i z e d  b e a r i n g  c a p a c i t y  d e t e r m i n a t i o n  t o  i n v e s t i g a t e  

f l o o r  heave  problems. He deve loped  a "Heave F a c t o r "  i n d e x ,  similar t o  

t h e  s a f e t y  f a c t o r ,  which is d e f i n e d  a s :  

HF = UBC'oavg9 
(2.21 ) 

where HF = heave f a c t o r  

UBC = u l t i m a t e  b e a r i n g  c a p a c i t y  o f  mine f l o o r  based  on n a t u r a l  

water c o n t e n t  c o r r e l a t i o n  w i t h  t r i a x i a l  compress ive  

s t r e n g t h  ( E q .  2 .18)  

o  = a v e r a g e  p i l l a r  stress a p p l i e d  t o  mine f l o o r .  
avg 



An HF l e s s  than  one i n d i c a t e s  a  p o t e n t i a l l y  uns t ab l e  mine f l o o r  

while  an HF equal  t o  o r  g r e a t e r  than  one i n d i c a t e s  a  p o t e n t i a l l y  

s t a b l e  mine f l o o r .  

2.5 L i m i t a t i o n s  of P l a t e  Loading T e s t s  

The major problem i n  accep t ing  t h e  p l a t e  l oad  t e s t  a s  a r e l i a b l e  

method of determining t h e  bea r ing  c a p a c i t y  of mine f l o o r  under a  

p i l l a r  has  been t h e  d i f f e r e n c e  i n  s i z e  of t h e  t e s t  p l a t e s  used and t h e  

c o a l  p i l l a r .  Some i n v e s t i g a t o r s  have observed t h a t  t h e  bea r ing  

capac i ty  decreases  with t h e  i n c r e a s e  i n  t h e  s i z e  of  t h e  t e s t  p l a t e ;  

o t h e r s  have observed no e f f e c t .  E x t r a p o l a t i o n  of t h e  r e s u l t s  have 

been c a r r i e d  on a smal l  s c a l e ,  and no s p e c i f i c  r e l a t i o n s h i p  has  been 

determined t o  c o r r e l a t e  t h e  UBC v a r i a t i o n  wi th  t h e  s i z e  of t h e  

foundat ion.  The exac t  e f f e c t  of t h e  r a t e  of l oad ing  a l s o  h a s  no t  been 

determined. 

A p l a t e  l oad  t e s t  i nvo lves  l a y e r s  up t o  a depth of about  two 

d iameters  of t h e  t e s t  p l a t e ;  hence, a bea r ing  c a p a c i t y  test  r e f l e c t s  

t h e  s t r e n g t h  and deformation p r o p e r t i e s  of t he se  upper l a y e r s  only.  

However, under an a c t u a l  p i l l a r  t h e  l a y e r s  involved would extend t o  a  

much g r e a t e r  dep th ,  and t h e  o rd ina ry  p l a t e  t e s t  may n o t  adequate ly  

s imu la t e  t h e  f i e l d  condi t - ion.  The number of l a y e r s  involved w i l l  

g e n e r a l l y  be more than  two, bu t  no s imple a n a l y t i c a l  method e x i s t s  f o r  

determining bea r ing  c a p a c i t y  under such cond i t i ons .  F i n i t e  element 

a n a l y s i s  can dea l  with s o i l  p r o f i l e s  which con ta in  a  l a r g e  number of  

l a y e r s ,  bu t  t h e  h igh  c o s t  o f  a n a l y s i s  and t h e  d i f f i c u l t i e s  a s s o c i a t e d  

with modeling e i n d i v i d u a l  f r i c t i o n a l  l a y e r s  r e s t r i c t  t h e  wide use /" 
of t h e  method f o r  bea r ing  c a p a c i t y  purposes.  



Pillars  i n  a room and p i l l a r  mining l a y o u t  resemble closely-spaced 

foundat ions .  The i n t e r a c t i o n  of t he  p i l l a r s  is  l i k e l y  t o  l e a d  t o  

i nc reased  bear ing  c a p a c i t y ,  bu t  t h e  exac t  r e l a t i o n s h i p  between bear ing  

capac i ty  and w i d t h h p a c i n g  r a t i o  of t h e  p i l l a r s  i s  unknown. 

The r a t i o  of t h e  width of p i l l a r  t o  t h i c k n e s s  of underclay i n  mines 

is  u s u a l l y  more than  one. The normal bea r ing  c a p a c i t y  formulae assume 

t h a t  t h i s  r a t i o  is 0.5 o r  less. The bear ing  capac i ty  f a c t o r s  may 

consequent ly  have t o  be  modified accord ing  t o  t h e  method proposed by 

Mandel and Sa lecon  (1969) .  I n  t h i s  method, t h e  c o e f f i c i e n t s  Fc and Fy 

are in t roduced  i n  t h e  bea r ing  c a p a c i t y  f a c t o r s  t o  account  f o r  an 

i n c r e a s e  i n  B / H  r a t i o .  

2.6 Determinat ion of  Deformabil i ty  of Immediate Floor  S t r a t a  by 

Sur f ' i c ia l  Loading 

F igure  2.12 shows a t e s t  s e t u p  f o r  s tudy ing  t h e  de fo rmab i l i t y  of t h e  

roof  and f l o o r  ( I S R M ,  1978).  Depending upon t h e  a r e a  t o  be t e s t e d  i n  

e i t h e r  roof or f l o o r  o r  bo th  roof  and f l o o r ,  f l a t  j a cks  a r e  placed and 

boreholes  a r e  d r i l l e d  f o r  s e t t i n g  up m u l t i p l e  p o s i t i o n  borehole  

extensometers  (MPBXs).  Depending upon t h e  l i t h o l o g y ,  MPBX anchors  a r e  

s e t  a t  s p e c i f i c  p o i n t s .  Incremental  and c y c l i c  load ing  up t o  a 

maximum p r e s s u r e  of 1 . 2  t o  1 .5  t imes  t h a t  imposed by t h e  s t r u c t u r e  

provide d a t a  f o r  c a l c u l a t i o n  of l oad ing  and unloading moduli. P l o t s  

of deformation v s  time, p re s su re ,  o r  depth a r e  used t o  determine 

c r eep ,  rebound, and permanent set  c h a r a c t e r i s t i c s  of t h e  rock mass. 

P l a t e  load  t e s t s  d i s cus sed  e a r l i e r  may a l s o  be  e f f e c t i v e l y  used f o r  

t h e  purpose (Chugh, Caudle and Bandopadhay, 1984).  
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F i g u r e  2 . 1 2  I n - s i t u  ~ e f o r m a b i l i t y  EIeasurement Techn ique  (ISM, 



For l o a d s  a p p l i e d  w i t h  a  c i r c u l a r  f l a t  j a c k  w i t h  a  h o l e  i n  t h e  

c e n t e r  i n  e l a s t i c ,  homogeneous and i s o t r o p i c  medium, t h e  d i s p l a c e m e n t  

W Z ,  i n  t h e  d i r e c t i o n  o f  t h e  a p p l i e d  l o a d ,  

( F i g u r e  2 .13)  can be  c a l c u l a t e d  from t h e  f o l l o w i n g  e q u a t i o n  based  on 

t h e  t h e o r y  o f  elas t i c i  t y  : 

where z  = d i s t a n c e  from t h e  l o a d e d  s u r f a c e  t o  t h e  p o i n t  where 

d i s p l a c e m e n t  is c a l c u l a t e d  o r  measured. 

q  = a p p l i e d  p r e s s u r e  

p = P o i s s o n ' s  r a t i o  

E = d e f o r m a t i o n  modulus 

a = o u t e r  r a d i u s  o f  t h e  f l a t  j a c k  2  

a  = i n n e r  r a d i u s  of  t h e  f l a t  j a c k  o r  r a d i u s  o f  h o l e .  
1 

For s p e c i f i c  v a l u e s  o f  a l  , a*, p and z ,  f o r  a p a r t i c u l a r  c a s e ,  t h e  

e q u a t i o n  r e d u c e s  t o :  

where KZ is a  c o n s t a n t .  

If d i s p l a c e m e n t s  WZ1 and  WZ2 a r e  measured a t  p o i n t s  z l  and 22 ,  t h e  

i n d i c a t e d  d e f o r m a t i o n  modulus o f  t h e  m a t e r i a l  between z l  and 22 may be  

c a l c u l a t e d  from the f o l l o w i n g  e q u a t i o n :  

- 
Z 1 

E = q(W 
KZ2 

1 (2 .24)  
Z l  - Wz2 

Rock mass d e f o r m a b i l i t y  a t  d i f f e r e n t  d e p t h s  may a l s o  b e  de te rmined  

by u s i n g  a p l a t e  l o a d  t e s t  a t  t h e  bottom o f  a b o r e h o l e  (ISRM, 1978) .  



Figu re  2 . 1 3 .  V a r i a t i o n  o f  d e f o r m a t i o n  w i t h  dep th  
Below a plate I?oad t e s t .  
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E l a s t i c  de format ion  moduli may b e  d e r i v e d  from g r a p h s  of b e a r i n g  

p r e s s u r e  v e r s u s  d i sp lacement  and t ime-dependent c r e e p  p r o p e r t i e s  may 

be de te rmined  from g r a p h s  o f  d i sp lacement  v e r s u s  t ime.  The 

deformat ion  modulus may t h e n  c a l c u l a t e d  from t h e  f o l l o w i n g  formula:  

where E = deforma t i o n  modulus 

a p p l i e d  p r e s s u r e  

p l a t e  s e t t l e m e n t  

p l a t e  d iamete r  

P o i s s o n ' s  r a t i o  

d e p t h  c o r r e c t i o n  f a c t o r  (ISRM, 1978) .  

2.7 I n s i t u  De te rmina t ion  o f  Soand $ by Boreho le  Shear  T e s t s  

A p p l i c a t i o n  o f  r o c k  mechanics t o  d e s i g n  of undgrground mines and 

o t h e r  s t r u c t u r e s  i n  a r o c k  mass h a s  f a c e d  two major o b s t a c l e s  t h a t  

undermine t h e  c o n f i d e n c e  l e v e l  of  t h e  p r e d i c t e d  d e s i g n s .  These 

o b s t a c l e s  a r e  1 )  t h e  d i f f i c u l t y  i n  measur ing i n - s i t u  s t r e s s ,  and 2 )  

problems i n  d e t e r m i n i n g  t h e  r o c k  mass s t r e n g t h  i n  r e s p o n a e  t o  p r e s e n t  

and a n t i c i p a t e d  s t r e s s e s .  While c o n s i d e r a b l e  e f f o r t  h a s  been d i r e c t e d  

towards  t h e  d e t e r m i n a t i o n  of i n - s i t u  stress f i e l d s ,  t h e  s t r e n g t h  

p r o p e r t i e s  of a r o c k  mass a r e  e s t i m a t e d  most ly  from l a b o r a t o r y  t e s t s  

of  c o r e  samples,  Cor ing  o f  s o f t  t o  modera te ly  h a r d . r o c k s  a lmos t  

i n e v i t a b l y  i n t r o d u c e s  b i a s  due t o  incomple te  c o r e  recovery .  A t  t i m e s  

it is d i f f i c u l t ,  i f  n o t  i m p o s s i b l e ,  t o  o b t a i n  and p r e p a r e  undamaged 

t e s t  specimens f o r  u s e  i n  d e t e r m i n i n g  mechanical  p r o p e r t i e s  of r o c k s  

which a r e  ve ry  f r i a b l e  i n  n a t u r e .  In-mine d i r e c t  s h e a r  t e s t s  of 

ca rved  o u t  b l o c k s  of  r o c k  a r e  e x p e n s i v e  and t ime c ' n g ;  and hence,  



t h e s e  t e s t s  a r e  n o t  v e r y  f r e q u e n t l y  done.  To overcome t h e s e  

d i f f i c u l t i e s ,  an  i n - s i  t u  s h e a r  t e s t i n g  d e v i c e ,  "The Rock Boreho le  

Shear  T e s t e r t 1  (RBST), was deve loped  by Handy (1975)  under  a Bureau of 

Mines c o n t r a c t .  

The RBST c o n s i s t s  o f  a p a i r  o f  s h e a r  p l a t e s  which a r e  expanded 

a g a i n s t  t h e  s i d e w a l l  o f  a n  NX ( 3  i n )  s i z e  b o r e h o l e  under  a known 

normal s t r e s s .  Then t h e  f o r c e  r e q u i r e d  t o  shear t h e  r o c k  from under  

t h e s e  p l a t e s  is  measured and c o n v e r t e d  t o  t h e  s h e a r  s t r e s s  of t h e  r o c k  

f o r  t h e  normal l o a d  a p p l i e d .  The RBST can  b e  used  t o  t a k e  12  t o  20 

s h e a r  s t r e n g t h  r e a d i n g s  p e r  s h i f t .  T h i s  g e n e r a t e s  s u f f i c i e n t  s h e a r  

s t r e n g t h  v e r s u s  normal stress d a t a  t o  deve lop  a Mohr-Coulomb f a i l u r e  

envelope.  I n  a d d i t i o n ,  C To, So ,  and 4 can b e  c a l c u l a t e d  o r  
0' 

e s t i m a t e d  (Haramy and  DeMarco, 1983)  from t h e  f o l l o w i n g  fo rmulas :  

P r i n c i p a l  s t r e s s e s  ol and o i n  a d i r e c t  s h e a r  t e s t  a r e  r e l a t e d  by 
3 

t h e  e q u a t i o n :  

The RBST h a s  been e x t e n s i v e l y  t e s t e d  by Panek (1979)  and Handy 

( 1 9 7 6 ) ,  and t h e  r e q u i r e d  m o d i f i c a t i o n s  have been made t o  a d a p t  i t  f o r  

u s e  i n  medium h a r d  t o  h a r d  r o c k s .  Panek (1979)  e v a l u a t e d  t h e  m o d i f i e d  

RBST and observed:  "The RBST is i n d i c a t e d  t o  be  an  e f f i c i e n t ,  

p r a c t i c a l  a p p a r a t u s  f o r  r e l a t i v e l y  r a p i d  t e s t i n g  of t h e  s t r e n g t h  of  

t h e  r o c k  mass i n - s i t u ,  The r e s u l t s  a r e  c o n s i s t e n t  and r e p r o d u c i b l e .  



St reng th  e s t i m a t e s  formulated i n  terms of Mohs-Coulomb c r i t e r i o n  

appear t o  be lower by RBST than  T r  i a x i a l  Compressive T e s t  (TCT) but  

t h e  RBST r e s u l t s  a r e  be l i eved  t o  be more r e a l i s t i c  va lues  for des ign  

purposes." 

The RBST f e a t u r e s  a smal l  t e s t  a r e a  which is convenient  and 

necessary  t o  keep f o r c e s  w i t h i n  manageable bounds and minimize e l a s t i c  

working of t h e  shea r  p l a t e s .  Though t h e  small s i z e  of t e s t  a r e a  has  

t he  d i sadvantage  of  n o t  d i r e c t l y  g i v i n g  averaged s t r e n g t h ,  s t a t i s t i c a l  

c o n s i d e r a t i o n s  i n d i c a t e  an advantage f o r  a n a l y s i s  (Handy, 1976).  

Mohr c i r c l e s  genera ted  from t r i a x i a l  compressive s t r e n g t h  t e s t s  have 

been found t o  gene ra t e  e r roneous ly  h igh  and low So va lues ;  whereas i n  

t h e  same t e s t i n g  time t h e  RBST would g e n e r a t e  m u l t i p l e  f a i l u r e  

envelopes wi th  corresponding v a l u e s  of  bo th  So and $, f o r  which t h e  

means, s t anda rd  d e v i a t i o n s ,  and conf idence  limits could be ob ta ined .  

Experiments c a r r i e d  o u t  by Handy, e t  a l  (1976) show t h a t  t h e  RBST 

g i v e s  lower va lues  of cohesion when compared t o  t h a t  given by 

l abo ra to ry  conf ined  o r  t r i a x i a l  compression t e s t s .  Panek (1979) 

exp la in s  t h i s  by a rguing  t h a t  a RBST g i v e s  a t e s t  r e s u l t  i n  any type  

of m a t e r i a l ,  whereas conf ined  compression tes t  d a t a  a r e  i n h e r e n t l y  

b iased  t o  t h e  h igh  s i d e ,  s i n c e  i n t a c t  t e s t  specimens n e c e s s a r i l y  

exclude t h e  m a t e r i a l  from t h e  weak end of t h e  s t r e n g t h  d i s t r i b u t i o n ,  

t h e  most f r a c t u r e d ,  poorly cemented, and h ighly  a l t e r e d  p o r t i o n s  of 

i n - s i t u  rock  mass. Even mois ture  c o n t e n t  is h igher  i n  ca se  of i n - s i t u  

rock when compared t o  t h e  d r i l l e d  c o r e s ,  which may account  f o r  lower 

va lues .  I ts  use  i n  e v a l u a t i n g  s t r e n g t h  c h a r a c t e r i s t i c s  of immediate 

f l o o r  s t r a t a  was f irst  at tempted by Rockaway and Stephenson (1979) 

wi th  r e l a t i v e i y  l i t t l e  success .  They summarized t h e i c  exper iences  a s  
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f o l l o w s :  v O r i g i n a l l y ,  t h e  RBST d a t a  were i n t e n d e d  t o  b e  used  i n  

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

i n  a d a p t i n g  t h e  equipment f o r  u s e  i n  s o f t  s t r a t a  p r e v e n t e d  t h i s  

o b j e c t i v e  from b e i n g  accompl i shed .  The major d i f f i c u l t i e s  e n c o u n t e r e d  

i n  t h e  u s e  of t h e  RBST were r e l a t e d  t o  n o n - r e p r o d u c i b i l i  t y  of  t h e  d a t a  

o b t a i n e d  from i n - s i  t u  t e s t i n g . "  

Rockaway and S tephenson  a l s o  d i s c u s s e d  some o f  t h e  f a c t o r s  a f f e c t i n g  

d a t a  scat ter ,  i n c l u d i n g  t h e  s i z e  of t h e  s h e a r  p l a t e s  i n  r e l a t i o n  t o  

t h e  f i s s u r e  and f r a c t u r e  d e n s i t y  i n  t h e  u n d e r c l a y ,  t h e  p r e s e n c e  o f  

l i m e s t o n e  n o d u l e s  i n  t h e  u n d e r c l a y ,  and t h e  c a l i b r a t i o n  of  t h e  

equipment and d e g r e e  of a c c u r a c y  o f  t h e  gages .  

2.8 Concluding Remarks 

The f o r e g o i n g  l i t e r t u r e  r e v i e w  r e v e a l s  t h a t  p l a t e  l o a d i n g  tests 

p r o v i d e  a  s i m p l e  means f o r  d e t e r m i n i n g  t h e  o p e r a t i o n a l  s t r e n g t h  of 

immediate f l o o r  s t ra ta .  I t  is u n c e r t a i n ,  however, whether  t h i s  v a l u e  

r e p r e s e n t s  t h e  UBC o f  f l o o r  s t r a t a  u n d e r n e a t h  t h e  p i l l a r s .  The RBST 

p r o v i d e s  a means t o  d e t e r m i n e  So and  @ v a l u e s  f o r  immediate f l o o r  

s t r a t a  a t  v a r i o u s  d e p t h s  which may be  used i n  a n a l y t i c a l  models t o  

e s t i m a t e  t h e  UBC u n d e r n e a t h  p i l l a r s .  T h e r e f o r e ,  a t t e m p t s  must be  made 

t o  c o r r e l a t e  t h e  UBC a s  de te rmined  by p l a t e  l o a d i n g  t e s t s  w i t h  So and  

$ v a l u e s  de te rmined  by t h e  RBST and l a b o r a t o r y  c o n f i n e d  compress ion 

t e s t s .  S i m i l a r  a t t e m p t s  must a l s o  be  made t o  c o r r e l a t e  t h e  UBC w i t h  

some of t h e  e n g i n e e r i n g  index  p r o p e r t i e s  o f  immediate f l o o r  s t r a t a ,  

such a s  n a t u r a l  m o i s t u r e  c o n t e n t ,  c l a y  c o n t e n t ,  and A t t e r b e r g  limits. 



Chapter  3 

EXPERIMENTAL 

3.1 I n t r o d u c t i o n  

Ul t imate  bea r ing  capac i t y  t e s t s  and borehole  shea r  t e s t s  were 

conducted a t  two underground mines i n  I l l i n o i s  dur ing  t h i s  s t udy  t o  

determine t h e  i n - s i t u  s t r e n g t h  and deformat ion c h a r a c t e r i s t i c s  of 

immediate f l o o r  s t r a t a .  An automated microcomputer-based equipment 

s e t u p  f o r  t h e  de t e rmina t i on  of  bea r ing  c a p a c i t y  was designed and 

f a b r i c a t e d  du r ing  t h e  p r o j e c t .  A Rock Borehole Shear T e s t e r  was 

purchased from Handy Corpora t ion .  T h i s  c h a p t e r  d e s c r i b e s  t h e  

c h a r a c t e r i s  t i c s  of t h e  s t udy  mines,  equipment, and experimental  and 

d a t a  a n a l y s i s  p rocedures  u t i l i z e d  i n  t h i s  s tudy .  

3.2 Mine C h a r a c t e r i s t i c s  

Mine 1 is l o c a t e d  i n  sou the rn  I l l i n o i s  and e x t r a c t s  t h e  S p r i n g f i e l d  

(No. 5 )  seam a t  a dep th  va ry ing  from 800-900 P t  u s ing  a room-and- 

p i l l a r  mining method, The seam is  5.5-6,5 f t  t h i c k  and is unde r l a in  

by underc lay  1-2 f t  i n  t h i c k n e s s .  The underc lay  i s  u n d e r l a i n  by grey  

s i l t y  s h a l e  which c o n t a i n s  l i t t l e  o r  no carbona te .  F loo r  heave i n  

i s o l a t e d  a r e a s  is  commonly observed a t  t h i s  mine i n  development a s  

we l l  a s  i n  r e t r e a t  mining a r e a s .  

Mine 2 is a l s o  l o c a t e d  i n  sou the rn  I l l i n o i s  and e x t r a c t s  t h e  Her r in  

(No. 6 )  c o a l  seam a t  a dep th  of 700 f t  u s ing  a room-and- p i l l a r  mining 

method. The seam is  6 3 - 8 . 5  f t  t h i c k  aqd is unde r l a in  by r e l a t i v e l y  

weak s h a l e  of  v a r i a b l e  t h i c k n e s s  (2-7 f t )  . Below t h i s  a r e  a t h i n  weak 

l a y e r  of s h a l e  and a l imes tone  l a y e r .  F loo r  heave is commonly 

encountered i n  re t rea t -mined  a r e a s .  
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3 .3  Automated Bear ing  C a p a c i t y  Equipment 

S i n c e  a  l a r g e  number of b e a r i n g  c a p a c i t y  tests were t o  b e  conducted 

d u r i n g  t h i s  s t u d y ,  an  equipment s e t u p  a s  shown i n  F i g u r e  3.1 was 

des igned  and f a b r i c a t e d  by Kennard ( 1 9 8 5 ) .  T h i s  s e t u p  is  c a p a b l e  o f  

p r o v i d i n g  a maximum l o a d  o f  200,000 l b s  w i t h  a  maximum a l l o w a b l e  

de fo rmat ion  o f  2  i n .  The o v e r a l l  s e t u p  c o n s i s t s  o f  a n  automated 

l o a d i n g  and d a t a  a q u i s i t i o n  sys tem.  An e l e c t r i c  motor-dr iven 

h y d r a u l i c  pump p r o v i d e s  automated l o a d i n g ,  and l i n e a r  v a r i a b l e  

d i f f e r e n t i a l  t r a n s f o r m e r s  (LVDT) are u t i l i z e d  t o  measure de fo rmat ions .  

Load-deformation d a t a  are f o r m a t t e d  and r e c o r d e d  c o n t i n u o u s l y  on a 

f i e l d  d a t a  l o g g e r .  The d a t a  from t h e  l o g g e r  a r e  t r a n s f e r r e d  t o  a n  

1 IBM-PC microcomputer f o r  a n a l y s i s .  A more d e t a i l e d  d i s c u s s i o n  o f  t h e  

sys tem components i s  g i v e n  below. 

H y d r a u l i c  J a c k  

An ENERPAC h y d r a u l i c  jack (Model RC-1006) o f  1 0 0 t  c a p a c i t y  was 

u t i l i z e d  i n  t h e  s e t u p .  The j a c k  h a s  a c y l i n d e r  r o d  d i a m e t e r  of 4.125 

i n  and a bore  d i a m e t e r  o f  5.125 i n .  I t  can  be  o p e r a t e d  a t  a maximum 

p r e s s u r e  of  10,000 p s i  and h a s  a  maximum t r a v e l  o f  6.625 i n .  The 

o v e r a l l  d iamete r  of t h e  j a c k  is 6.875 i n .  

Hvdraul i c  Power Source  

1 
An ENERPAC e l e c t r i c  motor d r i v e s  a h y d r a u l i c  pump (Model 

PEM-1541 ) ,  w i t h  a c a p a c i t y  t o  d e l i v e r  o i l  a t  a maximum p r e s s u r e  of 

10,000 p s i .  The h y d r a u l i c  pump i s  p r o v i d e d  w i t h  a  t h r o t t l e  v a l v e  t o  

c o n t r o l  t h e  amount o f  o i l  f l o w  t o  t h e  h y d r a u l i c  j a c k .  Maximum f l o w  

Refe rence  t o  s p e c i f i c  b r a n d s ,  equipment ,  o r  t r a d e  names i n  t h i s  
r e p o r t  is made t o  f a c i l i t a t e  u n d e r s t a n d i n g  and d o e s  n o t  imply 
endorsement by Bureau of  Mines. 
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3  3 r a t e s  f o r  t h e  pump a r e :  280 i n  /min a t  0 p s i ,  250 i n  /min a t  200 p s i ,  

3 and 1 3  i n  /min a t  10,000 p s i .  The sys tem p r o v i d e s  some c o n t r o l  on t h e  

r a t e  of l o a d i n g ,  b u t  i t  is n o t  p r e c i s e .  The l o a d i n g  r a t e  can  be 

v a r i e d  w i t h i n  t h e  r a n g e  o f  200-500 p s i / m i n ,  b u t  t h e  r a t e  o f  

d e f o r m a t i o n  is n o t  d i r e c t l y  c o n t r o l l e d .  

H y d r a u l i c  p r e s s u r e  a p p l i e d  t o  a b e a r i n g  p l a t e  is measured w i t h  a 

p r e s s u r e  t r a n s d u c e r  manufactured by SCHAEVITZ (Model VP703-0001). The 

t r a n s d u c e r  h a s  a r a n g e  o f  0-10,000 p s i ,  l i n e a r i t y  o f  0 .04%, and 

r e p e a t a b i l i t y  of  0.01 % i n  t h e  f u l l  r a n g e  o u t p u t .  

Bear ing  P l a t e s  

R i g i d  s q u a r e  p l a t e s  o f  6 i n ,  8  i n ,  12  i n ,  18 i n ,  and 24 i n  i n  s i z e  

were f a b r i c a t e d  and s u i t a b l y  h e a t  t r e a t e d  f o r  u s e  i n  t h e  s t u d y .  A 

t y p i c a l  p l a t e  is shown i n  F i g u r e  2 . 8 ,  and  s p e c i f i c a t i o n s  f o r  d i f f e r e n t  

p l a t e s  used- i n  t h i s  s t u d y  are shown i n  T a b l e  2.2. 

Tubu la r  s teel  p r o p s ,  6-8 i n  i n  d i a m e t e r  and o f  v a r i o u s  h e i g h t s ,  were 

u t i l i z e d  t o  a p p l y  l o a d  t o  t h e  b e a r i n g  p l a t e  i n  t h e  f l o o r  and immediate 

r o o f .  One o r  more s tee l  p l a t e s ,  a b o u t  24 i n  i n  d i a m e t e r  and  1 i n  i n  

t h i c k n e s s ,  were  p l a c e d  between t h e  t u b u l a r  s t ee l  p r o p  and t h e  

immediate r o o f  t o  d i s t r i b u t e  t h e  l o a d  o v e r  a wider  area and  p r e v e n t  i t  

from f a i l i n g .  

Deformation Measurement Svstem 

Three LVDTs set  90°  a p a r t  on the b e a r i n g  p l a t e  a r e  u t i l i z e d  t o  

measure de fo rmat ion  of the immediate f l o o r  under  t h e  p l a t e ,  The LVDTs 

are e x c i t e d  by 12.0 V DC a n d  have  a maximum d i s p l a c e m e n t  r a n g e  o f  + - 
1.0  i n .  Output  s i g n a l  c o n d i t i o n i n g  is i n c l u d e d  i n  t h e  LVDTs u n i t  

i t s e l f .  The s e n s i t i v i t y  and l i n e a r i t y ,  of  t h e  LVDTs a re  10.25 V/in and 
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0.11% of  f u l l  r a n g e  o u t p u t ,  r e s p e c t i v e l y .  The r e s o l u t i o n  of t h e  

o v e r a l l  de format ion  moni to r ing  system is  100 p i n .  

The LVDTs a r e  mounted on t h e  b e a r i n g  p l a t e  from an a n g l e - i r o n  

r e f e r e n c e  beam th rough  s u i t a b l e  magnet ic  b a s e s ,  a s  shown i n  F i g u r e  

3 .1 .  The r e f e r e n c e  beam is  d e s i g n e d  t o  be  of v a r i a b l e  l e n g t h  s o  t h a t  

i t s  edges  can  rest on s t a b l e  ground u n a f f e c t e d  by t h e  ground movements 

a s s o c i a t e d  w i t h  t h e  b e a r i n g  c a p a c i t y  t e s t .  

An a n a l y s i s  was conducted t o  e s t i m a t e  t h e  amount of e r r o r  t h a t  may 

o c c u r  due t o  t h e  LVDTs b e i n g  i n s t a l l e d  a t  a s l i g h t  i n c l i n a t i o n  on t h e  

b e a r i n g  p l a t e  r a t h e r  t h a n  be ing  p e r f e c t l y  v e r t i c a l .  The a n a l y s i s  

showed t h a t  f o r  10' i n c l i n a t i o n ,  t h e  e r r o r s  would g e n e r a l l y  be l e s s  

t h a n  2-3 %. 
Data  A c q u i s i t i o n  System 

A Metrosonic  microcomputer-based d a t a  l o g g e r  (Model dl-721) w i t h  

e i g h t  c h a n n e l s  was u t i l i z e d  t o  moni tor  and s t o r e  load-deformat ion d a t a  

from t h e  p l a t e  b e a r i n g  t e s t s .  Load from t h e  p r e s s u r e  t r a n s d u c e r  and 

deformat ions  from t h e  LVDT were moni tored e v e r y  5 s e c  and were 

r e c o r d e d  i n  t h e  d a t a  l o g g e r .  I n  t h i s  manner t h e  d a t a  c o l l e c t i o n  is 

improved and t h e  v a r i a t i o n  i n  t h e  c a l c u l a t i o n  o f  u l t i m a t e  l o a d  b e a r i n g  

c a p a c i t y  is  s i g n i f i c a n t l y  reduced.  

3.4 S i t e  P r e p a r a t i o n  and T e s t  P rocedures  

Ul t imate  b e a r i n g  c a p a c i t y  t e s t s  were conducted a t  f i v e  ( 5 )  s i t e s  i n  

each  mine. S e l e c t i o n  of s i t e s  was made i n  c o o p e r a t i o n  w i t h  mine 

management based on f u t u r e  mining p l a n s  and underc lay  t h i c k n e s s  i n  

d i f f e r e n t  a r e a s .  Most of t h e  s i t e s  s e l e c t e d  had been mined l e s s  t h a n  

30 days .  A t  e a c h  s i t e ,  t e s t s  were conducted under  as-mined and 

soaked-wet c o n d i t i o n s .  Wet c o n d i t i o n s  were ach ieved  by soak ing  t h e  
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tes t  s i t e  a r e a  f o r  a p e r i o d  o f  24 h r .  Two o r  t h r e e  d i f f e r e n t  p l a t e  

s i z e s  were u t i l i z e d  f o r  c o n d u c t i n g  t e s t s  a t  e a c h  s i t e  and f o r  each  

c o n d i t i o n .  The f o l l o w i n g  p a r a g r a p h s  d e s c r i b e  t h e  s i t e  p r e p a r a t i o n  and 

t e s t  p r o c e d u r e s  u t i l i z e d .  

The t e s t  s i t e  was s e l e c t e d  i n  an  a r e a  w i t h  a  roof  c a p a b l e  o f  b e a r i n g  

a l o a d  o f  100 t w i t h o u t  d e v e l o p i n g  major c r a c k s  o r  deforming 

s i g n i f i c a n t l y .  The s e l e c t e d  t es t  s i t e  was a t  leas t  three t o  f o u r  

p l a t e  w i d t h s  away from t h e  p i l l a r  r i b  o r  r o o f  s u p p o r t ,  

The area a round  t h e  s i t e  was c l e a n e d  o f  a l l  gob material and ch ipped  

w i t h  a  s u i t a b l e  hammer u n t i l  t h e  a c t u a l  f l o o r  material was exposed. 

C lean ing  and c h i p p i n g  t o  a d e p t h  of 3-5 i n  was g e n e r a l l y  n e c e s s a r y  t o  

a c h i e v e  t h i s .  Ch ipp ing  was c o n t i n u e d  u n t i l  a  r e l a t i v e l y  l e v e l  s u r f a c e  

was p r e p a r e d  and  a l l  v i s i b l e  s l i c k e n s i d e s  i n  t h e  immediate f l o o r  were  

removed. 

A t h i n  l a y e r  o f  q u i c k  s e t t i n g  p l a s t e r  was s p r e a d  on t h i s  l e v e l e d  

area and t h e  p l a t e  o f  d e s i g n a t e d  s i z e  was p l a c e d  o n  i t  and l e v e l e d  

w i t h  a s  much a c c u r a c y  as p o s s i b l e  u s i n g  a c a r p e n t e r  l e v e l .  A f t e r  t h e  

p l a s t e r  had d r i e d  and  s e t ,  t h e  h y d r a u l i c  j a c k  was c e n t e r e d  o n  t h e  

p l a t e  and t i g h t e n e d  a g a i n s t  t h e  r o o f  w i t h  t u b u l a r  s tee l  p r o p s  and r o o f  

b e a r i n g  p l a t e s .  LVDTs were mounted a t  90° a n g l e s  t o  e a c h  o t h e r  on t h e  

p l a t e  from t h e  r e f e r e n c e  beam. A p r e s s u r e  t r a n s d u c e r  was connec ted  i n  

t h e  h y d r a u l i c  l i n e  t o  measure t h e  l o a d  a p p l i e d  t o  t h e  p l a t e ,  

The LVDTs and t h e  p r e s s u r e  t r a n s d u c e r  were hooked t o  t h e  d a t a  l o g g e r  

which was programmed t o  c o l l e c t  and r e c o r d  r e a d i n g s  f rom t h e s e  

t r a n s d u c e r s .  I n i t i a l l y ,  a b o u t  1000 l b  of  l o a d  was a p p l i e d  t o  t h e  

p l a t e  t o  s e t  t h e  p l a t e  i n  p l a c e  and check t h e  d a t a  a c q u i s i t i o n  system. 

The l o a d  was t h e n  removed from t h e  p l a t e .  The l o a d  was t h e n  r e a p p l i e d  



a t  a  uniform l o a d i n g  r a t e  v a r y i n g  from 200-500 ps i /min  u n t i l  f a i l u r e  

o c c u r r e d .  The f a i l u r e  c r i t e r i o n  was d e f i n e d  a s  t h e  p o i n t  where t h e  

p l a t e  cou ld  n o t  s u s t a i n  any f u r t h e r  l o a d  and /or  t h e  r a t e  o f  

de format ion  i n c r e a s e d  s i g n i f i c a n t l y  w i t h  a  s u s t a i n e d  l o a d .  The 

l o a d i n g  was c o n t i n u e d  beyond t h e  f a i l u r e  p o i n t  f o r  10-15 s e c  t o  s t u d y  

p o s t - f a i l u r e  s t r e n g t h - 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 .  

3.5 Data A n a l y s i s  P r o c e d u r e s  

Load-deformation-time h i s t o r y  d a t a  r e c o r d e d  on t h e  d a t a  l o g g e r  i n  

t h e  f i e l d  were t r a n s f e r r e d  t o  a n  IBM-PC microcomputer i n  t h e  

depar tment .  The d a t a  were t h e n  t r a n s f e r r e d  from t h e  PC i n t o  t h e  IBM 

main-frame computer and ana lyzed  t o  o b t a i n  a  s t r e s s - d e f o r m a t i o n  p l o t .  

The u l t i m a t e  b e a r i n g  c a p a c i t y  was de te rmined  u s i n g  t h e  V e s i c T s  

c r i t e r i o n  (1970)  of f a i l u r e .  A computer program was w r i t t e n  i n  

F o r t r a n  I V  l a n g u a g e  t o  compute s l o p e s  o f  t h e  s t r e s s - d e f o r m a t i o n  c u r v e  

a t  s t r e s s  i n t e r v a l s  of  5 %  of t h e  u l t i m a t e  f a i l u r e  s t r e s s .  The i n i t i a l  

p o i n t  of minimum s t e a d y  S lope  was used  t o  d e f i n e  t h e  p o i n t  of  f a i l u r e  

and u l t i m a t e  b e a r i n g  c a p a c i t y ,  a s  shown i n  F i g u r e  2.9. 

Deformation moduli of t h e  immediate f l o o r  s t r a t a  were c a l c u l a t e d  a t  

50% and 90% of t h e  u l t i m a t e  b e a r i n g  c a p a c i t y  (DM50,  DMg0)  by u s i n g  

e q u a t i o n  2.22 and a  P o i s s o n q s  r a t i o  o f  0.35.  U l t i m a t e  b e a r i n g  

c a p a c i t i e s  and deformat ion  moduli under  as-mined and soaked-wet 

c o n d i t i o n s  and f o r  d i f f e r e n t  p l a t e  s i z e s  were a n a l y z e d  t o  de te rmine  

t h e  e f f e c t s  of w e t t i n g  and p l a t e  s i z e .  L i n e a r  r e g r e s s i o n  a n a l y s i s  was 

u t i l i z e d  f o r  c o n d u c t i n g  c o r r e l a t i o n  s t u d i e s .  The s i g n i f i c a n c e  of a  

determined c o r r e l a t i o n  c o e f f i c i e n t  was based on t h e  number of 

o b s e r v a t i o n s .  A c o n f i d e n c e  l e v e l  of 90% was used t o  de te rmine  if t h e  

c o r r e l a t i o n  between v a r i a b l e s  was s i g n i f i c a n t  o r  n o t .  



3.6 Borehole Shear T e s t s  

Immediate f l o o r  s t r a t a  c o r e s  a r e  g e n e r a l l y  very d i f f i c u l t  t o  o b t a i n  

i n  I l l i n o i s  ba s in  c o a l  mines because of t h e  weak and f r i a b l e  n a t u r e  of 

underclays.  Even i f  they could be ob ta ined ,  they would be very 

expensive and d i f f i c u l t  t o  p repa re  f o r  conduct ing l a b o r a t o r y  t e s t s .  

Therefore ,  borehole  s h e a r  t e s t s  were conducted i n  t h i s  s t udy  t o  

determine the  f a i l u r e  c h a r a c t e r i s t i c s  of immediate f l o o r  s t r a t a  (So 

and 4 )  a t  d i f f e r e n t  dep ths  under i n - s i t u  c o n d i t i o n s  us ing  a Rock 

Borehole Shear T e s t e r .  Both t h e s e  parameters  are r e q u i r e d  f o r  

c a l c u l a t i n g  t h e  u l t i m a t e  ba r ing  capac i ty  of immediate f l o o r  s t r a t a  

f o r  t h e  des ign  of c o a l  p i l l a r s .  

RBST equipment and procedures  have been desc r ibed  e l sewhere  (Haramy, 

1981) ,  and it is n o t  in tended  t o  d i s c u s s  those  he re .  Only t h e  

s p e c i f i c a t i o n s  of t h e  RBST used i n  t h i s  s t udy  a r e  presen ted  i n  Table  

3.1. A schematic of a RBST i n  a borehole  is  shown i n  F igu re  3.2. The 

procedures  descr ibed  by Haramy were c l o s e l y  fo l lowed i n  conduct ing 

t h e s e  t e s t s .  P re s su re  gages f o r  monitor ing normal and shear  s t r e s s e s  

were c a l i b r a t e d  i n  t h e  l a b o r a t o r y  p r i o r  t o  t ak ing  equipment i n t o  t h e  

f i e l d .  

During t h i s  s t udy ,  borehole  s h e a r  t e s t s  were conducted i n  

3 i n  diameter  boreholes  d r i l l e d  wi th  a diamond-tipped c o r e  b a r r e l .  

Cores of immediate f l o o r  s t r a t a  ob t a ined  dur ing  t h e  d r i l l i n g  process  

were s t u d i e d  f o r  engineer ing  index p r o p e r t i e s  and l a b o r a t o r y  s t r eng th -  

deformation p r o p e r t i e s  under unconfined and conf ined  compressive 

s t r e s s .  RBST t e s t s  were conducted a t  d i f f e r e n t  dep ths  a t  i n t e r v a l s  of 

12-1 8 i n  s t a r t i n g  from t h e  bottom of t h e  borehole  and moving toward 

t h e  t op .  A t  each depth,  fou r  ( 4 )  shea r  t e s t s  were conducted a t  



Table  3 .1  S p e c i f i c a t i o n s  of a R o c k  Borehole Shear T e s t e r  

Hole s i z e  r e q u i r e d  

Type of s h e a r  p l a t e  i n s e r t s  

Number of i n s e r t s  

Number of  p l a t e s  

Spacing between t h e  i n s e r t s  

Depth of t h e  i n s e r t s  

Shear a r e a  p e r  p l a t e  

Maximum s h e a r  s t r e s s  

Tungsten c a r b i d e  

2 per p l a t e  

2 ( d i a m e t r i c a l l y  
o p p o s i t e )  

6 0 0 0  p s i g  
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d i f f e r e n t  normal s t r e s s e s  by r o t a t i n g  t h e  s h e a r  head of t h e  RBST 

through 4 5 O .  The normal s t r e s s e s  u t i l i z e d  i n  t h e  s tudy  v a r i e d  from 

200-800 p s i ,  depending upon t h e  n a t u r e  of t h e  rock encountered;  lower 

normal s t r e s s e s  were app l i ed  i n  weaker rocks .  Wherever p o s s i b l e ,  t h e  

peak a s  we l l  a s  r e s i d u a l  v a l u e s  of shea r  s t r e n g t h  were recorded a t  

each a p p l i e d  normal s t r e s s .  

Borehole s h e a r  t e s t s  were a l s o  conducted i n  t h e  immediate roof  

s t r a t a  and c o a l  p i l l a r  a t  one s i t e  i n  each  of t h e  two mines. This  was 

done t o  determine i n - s i t u  s t r e n g t h  c h a r a c t e r i s t i c s  of t h e  roof  s t r a t a  

and c o a l  seam. 

3.7 Data Analys i s  

Borehole s h e a r  t e s t  d a t a  were analyzed by p l o t t i n g  peak or r e s i d u a l  

shear  s t r e n g t h  a t  d i f f e r e n t  normal s t r e s s e s .  Linear  r e g r e s s i o n  was 

u t i l i z e d  t o  determine S o ,  $, and t h e  equa t ion  of t h e  b e s t  f i t  l i n e .  

Best f i t  l i n e s  were p l o t t e d  on ly  i f  t h e  c o r r e l a t i o n  c o e f f i c i e n t  was 

high enough t o  r e p r e s e n t  a 90% conf idence  l e v e l .  The va lues  of S o  and 

C$ f o r  immediate f l o o r  s t r a t a  determined from RBST t e s t s  were compared 

wi th  t hose  e s t ima ted  from conf ined  compression t e s t s  conducted on 

c o r e s  i n  t h e  l abo ra to ry .  

In a r e c e n t  s t udy ,  Chugh (1986) developed t h e  concepts  of a x i a l  

deformation modulus and l a t e r a l  s t r a i n  r a t i o  f o r  a d i scont inuous  rock 

mass which correspond t o  t h e  modulus of e l a s t i c i t y  and Poisson ' s  r a t i o  

f o r  an e l a s t i c  continuum. These concepts  a r e  descr ibed  i n  Appendix C 

and a r e  inc luded  h e r e  because some l a b o r a t o r y  t e s t s  were conducted 

dur ing  t h e  s tudy . 



3.8 Moisture  Gain S t u d i e s  

Immediate f l o o r  s t r a t a  i n  I l l i n o i s  g e n e r a l l y  c o n s i s t  of underc lays  

and sha l e .  Strength-deformation c h a r a c t e r i s t i c s  of t h e s e  rocks  

s i g n i f i c a n t l y  change on mois ture  absorp t ion .  Chugh e t  a l e  ( 1  981 ) , 

Bauer (1984) ,  and Aughenbaugh e t  a l .  (1976) have conducted s t u d i e s  on 

mois ture  ga in  and changes i n  s t rength-deformat ion  c h a r a c t e r i s t i c s  of 

roof s h a l e s  from I l l i n o i s  Bas in  c o a l  mines. To t h e  b e s t  of t h e  

a u t h o r ' s  knowledge, similar s t u d i e s  f o r  immediate f l o o r  underc lays  

have n o t  been conducted i n  t h e  p a s t .  

I n  t h i s  s t udy ,  mois ture  ga in  s t u d i e s  were conducted on immediate 

f l o o r  rock c o r e s  i n  t h e  9-12 i n  depth  range  obta ined  i n  t h e  v i c i n i t y  

of a r e a s  where p l a t e  bear ing  t e s t s  were conducted. Four samples of  

about  25 gm each were oven-dried a t  105OC f o r  a  per iod  of 24 h r  and 

one sample was p laced  i n  each  of f o u r  humidity chambers maintained a t  

708, 808, 90% and 100% c o n s t a n t  r e l a t i v e  humidity ( R . H . ) .  Samples 

were weighed t o  w i t h i n  0.001 gm a t  i n t e r v a l s  vary ing  from 15 min t o  8 

h r ,  and t h e s e  measurements were made u n t i l  t h e  samples acheived a 

c o n s t a n t  weight.  I t  normally took about  72 h r  t o  a t t a i n  equ i l i b r ium 

mois ture  con ten t  a t  70% R.H. 

Four 10 g a l l o n  g l a s s  t anks  with dimensions of  about  20 i n  x 10 i n  x 

12 i n  ( L C  x Wc x He)  were used a s  humidity chambers. These were 

provided with aluminium l i d s  and were made a i r  t i g h t  by us ing  s i l i c o n e  

s e a l a n t .  Each tank  was provided wi th  a 3 i n  diameter  Muffin f a n  

suspended from t h e  unders ide  of t h e  aluminium l i d  with its speed 

c o n t r o l l e d  with a  v a r i a c .  The f a n  was used t o  c i r c u l a t e  a i r  i n s i d e  

t h e  chamber t o  main ta in  r e l a t i v e l y  cons t an t  humidity a t  a l l  p o i n t s  i n  

t he  chamber, 



67 

S a t u r a t e d  s a l t  s o l u t i o n s  were u t i l i z e d  f o r  humid i t i e s  less than  

100%. These s a t u r a t e d  s o l u t i o n s ,  when accompanied by an excess  of 

s a l t  i n  s o l i d  phase,  can l i b e r a t e  l a r g e  volumes of water vapor w i thou t  

a s i g n i f i c a n t  change i n  r e l a t i v e  humidi ty .  With a c a r e f u l  s e l e c t i o n  

of a sa l t  or  a mix ture  o f  sa l ts ,  a r e l a t i v e l y  c o n s t a n t  R . H .  can be 

maintained over a long  pe r iod  of time. 

S a t u r a t e d  s a l t  s o l u t i o n s  i n  g l a s s  j a r s  were p l aced  i n  t h e  tanks .  

Depending upon t h e  number of t h e  samples p laced  i n  each humidi ty  

chamber, two o r  t h r e e  sa l t  s o l u t i o n  c o n t a i n e r s  were p laced  i n  each 

tank t o  minimize f l u c t u a t i o n s  i n  R.H. du r ing  weight  g a i n  measurements. 

R e l a t i v e  h u m i d i t i e s  of  70 %, 80 %, and 90 % were ob t a ined  us ing  t h e  

fo l lowing  s a l t  s o l u t i o n s .  

S a l t  - R e l a t i v e  Humidity 

NH4CL & KNO 
3 70% 

(NH4 I2SO4 80% 

NH4H2P04 90% 

The 100% R . H e  was ach ieved  by s p r i n k l i n g  water  c o n s t a n t l y  over  a 

wickingt  material suspended from t h e  l i d  of t h e  chamber. S p r i n k l i n g  

was acheived with  a small submers ib le  pump p laced  i n  t h e  chamber. A 

small f a n  was p laced  d i r e c t l y  behind t h e  suspended wicking m a t e r i a l  s o  

t h a t  it c i r c u l a t e d  a i r  th rough  t h e  water-soaked wick. The au tho r  h a s  

used t h i s  t echnique  p r ev ious ly  t o  s t u d y  mois ture  g a i n  i n  I l l i n o i s  

Basin roof  s h a l e s .  



CHAPTER 4 

RESULTS AND DISCUSSION 

4.1 P i l l a r  Design i n  t h e  I l l i n o i s  Coal Bas in  - S t a t e  of t h e  A r t  

Two t y p e s  of g e o l o g i c a l  s e t t i n g s  a r e  g e n e r a l l y  observed  i n  I l l i n o i s  

B a s i n  c o a l  mines: 

1 )  Coal seam a s s o c i a t e d  w i t h  competent immediate r o o f  and f l o o r  

s t r a t a ,  

2 Coal seam a s s o c i a t e d  w i t h  competent roof  s t r a t a  b u t  u n d e r l a i n  by 

weak f l o o r  s t r a t a  - u s u a l l y  u n d e r c l a y s  o f  v a r y i n g  t h i c k n e s s ,  

P i l l a r  d e s i g n  p r o c e d u r e s  c u r r e n t l y  be ing  used  a r e  b r i e f l y  d i s c u s s e d  

below, A c o n s i d e r a b l e  p o r t i o n  of  t h i s  d i s c u s s i o n  i s  based on Chugh 

and P r a s a d  (1983) .  

Coal Seam A s s o c i a t e d  w i t h  Competent Roof and F l o o r  S t r a t a  

Design p rocedures  f o r  t h i s  c a s e  have been d i s c u s s e d  by Bieniawski  

(1982) and Chugh e t  a l .  ( 1 9 8 3 ) ,  and g e n e r a l  g u i d e l i n e s  have been 

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

average  v e r t i c a l  s t r e s s  on p i l l a r s  due t o  overburden by t h e  t r i b u t a r y  

a r e a  method; d e t e r m i n a t i o n  o f  p i l l a r  s t r e n g t h  by one of  t h e  s e v e r a l  

p i l l a r  s t r e n g t h  fo rmulas  such a s  Hol land and Gaddy ( 1 9 7 3 ) ,  Hol land 

( 1  9641, Ober t  and Duvall/Wang ( 1  9 7 5 ) ,  and Bieniawski/PSU (1981 ) ; 

e s t i m a t i o n  of t h e  f a c t o r  of  s a f e t y ;  and a d j u s t m e n t  o f  p i l l a r  

d imensions ,  if n e c e s s a r y ,  u n t i l  a n  adequa te  f a c t o r  of s a f e t y  (1.2-1.5) 

c o n s i s t e n t  w i t h  a r e a s o n a b l e  p e r c e n t a g e  o f  extractJon is ach ieved .  

The most commonly u t i l i z e d  p i l l a r  s t r e n g t h  f o r m u l a s  a r e  g i v e n  below. 



Holland-Gaddy Formula (1973):  

where a = i n - s i t u  p i l l a r  s t r e n g t h ,  p s i  
P 

W = p i l l a r  width,  i n  
P 

h = mined he igh t  of t h e  c o a l  seam, i n  

Kc = a cons t an t  c h a r a c t e r i s t i c  of t h e  seam. 

The va lue  of K is g iven  by t h e  famous Gaddy formula:  
C 

where oc is  t h e  unconfined compressive s t r e n g t h  of a c o a l  cube of s i z e  

The formula g i v e s  v a l i d  r e s u l t s  f o r  W / h  r a t i o s  up t o  e i g h t  ( 8 ) .  
P 

For W /h  > 8 ,  t h e  formula underes t imates  p i l l a r  s t r e n g t h .  
P 

Obert-Duvall/Wang s Formula ( 1  975 ) : 

a = O C C  
P 

(0.778 + 0.222 W / h ) .  
P (4.3) 

r e p r e s e n t s  t h e  s t r e n g t h  of t h e  c r i t i c a l  s i z e  specimen (36 i n  
CC 

f o r  U.  S .  cond i t i ons ,  H u s t r u l i d ,  1975) and is determined from t h e  

Gaddy formula above. Based on f i e l d  t e s t s ,  t h i s  equa t ion  is 

cons idered  t o  be v a l i d  f o r  W /h  r a t i o s  from 0.25 - 8 ;  
P 

Bieniawski/PSU Formula ( 1  981 ) : 



where a is equal  t o  1.4 f o r  W / h  > 5. 
P 

Thi s  formula (a=1 .0)  is v a l i d  f o r  W /h  r a t i o s  of up t o  f i v e .  Beyond 
P 

t h i s  va lue ,  confinement t e n d s  t o  i n c r e a s e  p i l l a r  s t r e n g t h  very 

r a p i d l y .  

Holland ( 1  964 ) Formula : 

These formulas  were developed based p r imar i l y  on d a t a  from 

Appalachian c o a l  f i e l d s .  Va l ida t ion  of t h e s e  formulas  i n  I l l i n o i s  has  

no t  been at tempted,  a l though p i l l a r  de s igns  a r e  based on them. 

Using t h e  l a b o r a t o r y  s t r e n g t h  d a t a  f o r  t h e  Her r in  (No. 6 )  c o a l  seam, 

Chugh e t  a l .  (1983) compared t h e  above formulas  f o r  wid th /he ight  

r a t i o s  l a r g e r  than  one (F igu re  4.1) and concluded t h e  fol lowing:  

1 )  The Holland-Gaddy and Holland formulas  p r e d i c t  a non-l inear  

i n c r e a s e  i n  p i l l a r  s t r e n g t h  with i n c r e a s i n g  W / h a  The Holland- 
P 

Gaddy formula p r e d i c t s  t h e  lowes t  p i l l a r  s t r e n g t h  and becomes more 

conse rva t ive  f o r  h igher  W / h  r a t i o s .  The Holland formula a l s o  
P 

t ends  t o  become conse rva t ive  f o r  W /h  > 13. The Holland-Gaddy 
P 

formula was most commonly u t i l i z e d  f o r  p i l l a r  des ign  i n  I l l i n o i s  

Basin mines u n t i l  about  1980. 

2 )  The ~ i e n i a w s k i / ~ ~ ~  formula f o r  a = 1.0 a s  well a s  Obert- 

DuvalUWang formulas  p r e d i c t  a l i n e a r  i n c r e a s e  i n  p i l l a r  s t r e n g t h  

with i nc reas ing  W / h e  The BieniawskUPSU formula,  however, 
P 

p r e d i c t s  a l a r g e r  p i l l a r  s t r e n g t h  than  t h e  Obert-Duvall/Wang 

formula,  except  f o r  W / h  = 1 . 
P 





Recen t ly ,  B ien iawski  (1982)  h a s  made a  s t r o n g  c a s e  f o r  t h e  use  o f  

Bieniawski/PSU formula  with a = 1.0 f o r  p i l l a r  d e s i g n  under U.S. 

c o n d i t i o n s .  S i n c e  " c r i t i c a l  s i z e n  may i n  i t se l f  s i g n i f i c a n t l y  

o v e r e s t i m a t e  p i l l a r  s t r e n g t h ,  and s i n c e  B i e n i a w s k i f s  formula  f u r t h e r  

p r e d i c t s  t h e  h i g h e s t  p i l l a r  s t r e n g t h  amongst t h e  f o u r  fo rmulas  

p r e s e n t e d  above,  Chugh e t  a l .  (1983)  recommended t h e  f o l l o w i n g  

g u i d e l i n e s  f o r  I l l i n o i s  B a s i n  c o a l  mines  u n t i l  a d d i t i o n a l  f i e l d  d a t a  

had been o b t a i n e d  t o  s u b s t a n t i a t e  t h e  BieniawskUPSU formula :  

1 ) For W /h < 5 ,  any of t h e  fo rmulas  d i s c u s s e d  above may be  u t i l i z e d .  
P  

2 )  For W /h > 5, u s e  t h e  Obert-Duvall/Wang o r  Hol land fo rmulas .  The 
P 

r e a s o n s  f o r  t h e s e  recommendations a r e :  

o  The Obert-Duvall/Wang formula  h a s  been shown t o  h o l d  t r u e  i n  

a s s e s s i n g  i n - s i t u  s t r e n g t h  of c o a l  p i l l a r s  f o r  W / h  up t o  8  
P 

i n  West V i r g i n i a .  

0 Most of  t h e  p i l l a r s  i n  t h e  p a s t  have been des igned  on t h e  

b a s i s  of t h e  Holland-Gaddy Formula,  which i s  v e r y  

c o n s e r v a t i v e .  Mine o p e r a t o r s  can  s i g n i f i c a n t l y  improve 

e x t r a c t i o n  by d e s i g n i n g  on t h e  b a s i s  of t h e  Obert-Duvall/Wang 

o r  Hol land f o r m u l a s  w i t h o u t  undue r i s k ,  

Chugh e t  a l .  (1983)  emphasized t h a t  most of t h e  f i e l d  d a t a  on c o a l  

p i l l a r s  was o b t a i n e d  i n  t h e  Appalachian c o a l  f i e l d s .  Very l i t t l e  d a t a  

a r e  a v a i l a b l e  f o r  I l l i n o i s  B a s i n  c o a l s .  They recommended u s i n g  t h e s e  

fo rmulas  i n  c o n j u n c t i o n  w i t h  a  c l o s e  i n v e s t i g a t i o n  o f  t h e  behavior  of 

t h e s e  p i l l a r s  under  f i e l d  c o n d i t i o n s .  Most mine o p e r a t o r s  i n  I l l i n o i s  

have used t h e s e  g u i d e l i n e s  f o r  d e s i g n  s i n c e  1983. 



Wilson ' s  (1981 ) approach t o  c o a l  p i l l a r  d e s i g n  i n v o l v i n g  y i e l d i n g  of 

t h e  o u t e r  p o r t i o n s  of t h e  p i l l a r  have n o t  been e x t e n s i v e l y  used t o  

d a t e  i n  I l l i n o i s  B a s i n  c o a l  mines  because  t h e i r  v a l i d i t y  i n  t h e  a r e a  

h a s  n o t  been demons t ra ted .  The a u t h o r  t h i n k s  t h a t  t h e  approach h a s  

merit and s h o u l d  be  e v a l u a t e d .  

Coal S.eam A s s o c i a t e d  With Competent Roof S t r a t a  But Under la in  by Weak 

F l o o r  S t r a t a  

I n  s e v e r a l  areas, a c t i v e l y  mined c o a l  seams are u n d e r l a i n  by weak 

u n d e r c l a y  of v a r y i n g  t h i c k n e s s .  For such  a c a s e ,  p i l l a r s  must be  

d e s i g n e d  on the b a s i s  of  t h e  l o a d  c a r r y i n g  c a p a c i t y  o f  the f l o o r  

r a t h e r  t h a n  the c o a l  p i l l a r s .  I n a d e q u a t e  d e s i g n  may l e a d  t o  b e a r i n g  

c a p a c i t y  f a i l u r e  of t h e  f l o o r ,  c o l l a p s e  o f  t h e  r o o f ,  a n d / o r  f a i l u r e  o f  

t h e  p i l l a r  e i t h e r  i n  a l o c a l i z e d  manner o r  over  e x t e n s i v e  a r e a s ,  

depending on a c t u a l  f i e l d  c o n d i t i o n s .  Even if p i l l a r  c o l l a p s e  d o e s  

n o t  o c c u r ,  t h e  problem of  f l o o r  heave  i n  mine e n t r i e s  may assume 

s e r i o u s  enough p r o p o r t i o n s  t o  w a r r a n t  d i s c o n t i n u a t i o n  o f  mining.  

Rockaway and S tephenson  (1979)  and Chugh e t  a l .  (1983)  have 

recommended t h e  u s e  of Eq.  2.14 and  2.15 t o  e s t i m a t e  t h e  UBC o f  

immediate f l o o r  s t ra ta  f o r  I l l i n o i s  B a s i n  c o a l  mines .  S e v e r a l  p i l l a r  

d e s i g n s  i n  I l l i n o i s  are based on t h e s e  e q u a t i o n s .  Chugh and 

Bandopadhay (1982)  u t i l i z e d  t h e s e  f o r m u l a s  t o  d e s i g n  c o a l  p i l l a r s  i n  a 

w e s t e r n  Kentucky mine and deve loped  g r a p h s  t o  p r e d i c t  f l o o r  heave i n  

d i f f e r e n t  a r e a s  of  the mine. 

Based on s e v e r a l  p i l l a r  d e s i g n  s t u d i e s  i n v o l v i n g  s o f t  f l o o r  i n  

I l l i n o i s  over  t h e  l a s t  f i v e  y e a r s ,  t h e  a u t h o r  h a s  recommended t h e  

f o l l o w i n g  t o  mine o p e r a t o r s :  



1 )  P r e d i c t i o n  of t h e  bea r ing  c a p a c i t y  of immediate f l o o r  s t r a t a  based 

on Eq. 2.18 developed by Speck (1981) may l e a d  t o  a very 

c o n s e r v a t i v e  de s ign ,  and i n  some c a s e s  may p r o h i b i t  mining. The 

primary r ea son  f o r  t h i s  is t h a t  t h e  equa t ion  p r e d i c t s  a  l i n e a r  

dec rea se  i n  s t r e n g t h  w i th  i n c r e a s i n g  n a t u r a l  mo i s tu r e  con t en t .  

Bauer (1984) and t h e  a u t h o r  have found t h e  dec rea se  t o  be non- 

l i n e a r .  

2 )  The n a t u r a l  mo i s tu r e  c o n t e n t  of t h e  top  8-12 i n  of immediate f l o o r  

s t ra ta  should n o t  be used t o  p r e d i c t  Co and UBC f o r  f l o o r  s t r a t a  

underneath p i l l a r s .  The au tho r  recommends o b t a i n i n g  the n a t u r a l  

mois ture  c o n t e n t  on c o r e s  from f l o o r  s t r a t a  a t  6 i n  i n t e r v a l s  t o  a  

depth involv ing  a l l  s o f t  f l o o r  s t r a t a  and 2-3 f t  of competent 

s t r a t a  below it. The d a t a  ob t a ined  can t hen  be u t i l i z e d  t o  d e f i n e  

t h e  t h i c k n e s s  of weak f l o o r  and its s t r e n g t h  under p i l l a r s .  The 

dep th  below t h e  c o a l  seam where t h e  n a t u r a l  mo i s tu r e  c o n t e n t  

markedly dec rea se s  def i n e s  t h e  t h i c k n e s s  of t h e  weak f l o o r  and 

should be used i n  Eq. 2.16 f o r  t h e  c a l c u l a t i o n  of t h e  UBC. 

3 )  A s a f e t y  f a c t o r  of  1.2 f o r  p i l l a r s  r e q u i r i n g  short - term s t a b i l i t y  

and 1.5 f o r  p i l l a r s  r e q u i r i n g  long-term s t a b i l i t y  should be used 

u n t i l  more exper ience  i s  ga ined  i n  f i e l d  cond i t i ons .  

4.2 Design Cons ide ra t i ons  f o r  P i l l a r s  Under Weak F loo r  Condi t ions  

The des ign  should i n c o r p o r a t e  t h e  assessment  o f :  1 )  bear ing  

c a p a c i t y  of f l o o r ,  2 )  p i l l a r  s e t t l e m e n t ,  and 3)  mode of f l o o r  

f a i l u r e .  

The UBC of  immediate f l o o r  s t r a t a  r e p r e s e n t s  t h e  l oad  c a r r y i n g  

c a p a c i t y  of t he  founda t ion  and is a  p r e r e q u i s i t e  f o r  de s ign  of c o a l  



p i l l a r s .  T h e o r e t i c a l  and f i e l d  de t e rmina t i on  t e chn iques  f o r  t h e  UBC 

and t h e i r  l i m i t a t i o n s  have been d i s cus sed  i n  s e c t i o n s  2.2-2.4. 

P i l l a r  s e t t l e m e n t  i s  a  f u n c t i o n  of t h e  average  s t r e s s  on t h e  p i l l a r  

and d e f o r m a b i l i t y  of immediate f l o o r  s t r a t a .  The n a t u r e  and e x t e n t  of 

a b s o l u t e  and d i f f e r e n t i a l  p i l l a r  s e t t l e m e n t s  de te rmine  t h e  e f f e c t i v e  

use  of  a mine opening and 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  i n  t h e  r o o f ,  

p i l l a r ,  and f l o o r .  For example: 1 ) d i f f e r e n t i a l  s e t t l e m e n t  and 

stress c o n c e n t r a t i o n s  a t  t h e  r o o f - p i l l a r  and p i l l a r - f l o o r  i n t e r f a c e  

may cause  t e n s i l e  and s h e a r  s t r e s s e s  i n  t h e  mine opening and p i l l a r  

and r e s u l t  i n  p i l l a r  s loughing ,  f r a c t u r e  development,  o r  c o l l a p s e  of 

t h e  opening; 2 )  d i f f e r e n t i a l  s e t t l e m e n t  of a d j a c e n t  p i l l a r s  may 

t r a n s f e r  l oad  t o  a d j o i n i n g  p i l l a r s  o r  p i l l a r s  i n  an  e n t i r e  s e c t i o n  

which may become over loaded;  3 )  f l o o r  heave may occur  i n  openings a s  

weak f l o o r  s t r a t a  undernea th  p i l l a r s  i s  pushed sideways and upwards 

i n t o  mine openings.  

T o t a l  a s  we l l  a s  d i f f e r e n t i a l  s e t t l e m e n t s  of p i l l a r s  are important .  

The la t ter  are more c r i t i c a l  because t h e s e  l e a d  t o  t e n s i l e  and 

compressive s t r a i n s .  Both a r e  impor tan t ,  however, s i n c e  a  h igh  va lue  

of t o t a l  s e t t l e m e n t  t y p i c a l l y  l e a d s  t o  h igh  d i f f e r e n t i a l  s e t t l e m e n t .  

No d a t a  a r e  a v a i l a b l e  i n  t h e  l i t e r a t u r e  on t h e  amount of t o t a l  o r  

d f f f e r e n t i a l  s e t t l e m e n t  which can  be a l lowed i n  a  p a r t i c u l a r  mining 

ope ra t i on .  

Es t ima t ion  of  p i l l a r  s e t t l e m e n t  r e q u i r e s  a  knowledge of t h e  

d i f f e r e n t  l i t h o l o g i c  u n i t s  i n  t h e  immediate f l o o r ,  t h e i r  l a t e r a l  

e x t e n t  and t h e i r  s t reng th-deformat ion  c h a r a c t e r i s t i c s .  An average 

v a l u e  of t h e  deformat ion modulus of f l o o r  s t r a t a  i n  t h e  0-18 i n  dep th  

range  below t h e  coa l  seam may be determined from p l a t e  load  ' t e s t s  by 



u s i n g  E q .  2.22.  Techn iques  need t o  be developed t o  e ' s t imate  

d e f o r m a b i l i  t y  of f l o o r  s t r a t a  undernea th  p i l l a r s .  

F a i l u r e  of t h e  p i l l a r  f o u n d a t i o n  may occur  a s  punching s h e a r ,  l o c a l  

s h e a r  o r  g e n e r a l  s h e a r  ( F i g u r e  2 .3 ) .  Each t y p e  w i l l  have a  d i f f e r e n t  

e f f e c t  on t h e  f l o o r  heave and s t a b i l i t y  of  p i l l a r s .  The mode of  

f a i l u r e  depends  on a  number of f a c t o r s  t h a t  have n o t  been f u l l y  

e x p l o r e d  s o  f a r ,  even i n  s o i l s ,  R e l a t i v e  c o m p r e s s i b i l i t y  o f  f l o o r  

s t r a t a  and t h e  r a t e  of  l o a d i n g  may be two i m p o r t a n t  f a c t o r s .  Depth of 

f o u n d a t i o n  and /or  r a t e  of  l o a d i n g  may change t h e  mode of  f a i l u r e  from 

g e n e r a l  s h e a r  t o  punching s h e a r .  A punching f a i l u r e  mode may a l s o  

r e s u l t  i f  a  r e l a t i v e l y  r i g i d  l a y e r  is u n d e r l a i n  by a  compress ib le  

l a y e r .  A l l  t h e s e  f a c t o r s  shou ld  be c o n s i d e r e d  a t  a  s p e c i f i c  l o c a t i o n  

i n  a s s e s s i n g  t h e  l i k e l y  mode of f a i l u r e .  Some of  t h e  o t h e r  f a c t o r s  t o  

be c o n s i d e r e d  i n c l u d e  seam i n c l i n a t i o n ,  ground wate r  t a b l e ,  and wid th  

of p i l l a r  t o  h e i g h t  r a t i o .  

Design p rocedures  and l i m i t i n g  v a l u e s  o f  t h e  d i f f e r e n t  v a r i a b l e s  

above must be  e s t a b l i s h e d  based on  r e s e a r c h  i f  e f f e c t i v e  d e s i g n  of 

c o a l  p i l l a r s  under weak f l o o r  c o n d i t i o n s  is t o  b e  ach ieved .  

C u r r e n t l y ,  d e s i g n  is based on t h e  UBC determined from p l a t e  l o a d  t e s t s  

which may o r  may n o t  r e p r e s e n t  t h e  b e a r i n g  c a p a c i t y  o f  immediate f l o o r  

s t r a t a  undernea th  p i l l a r s .  

4.3 F i e l d  Geotechn ica l  S t u d i e s  

U l t i m a t e  Bear ing  C a p a c i t y  T e s t s  

A t o t a l  of  20 t e s t s  were conducted a t  Mine 1 ; e l e v e n  ( 1  1 )under as- 

mined c o n d i t i o n s  and n i n e  ( 9  ) under soaked-wet c o n d i t i o n .  Twenty- 

t h r e e  ( 2 3 )  p l a t e  l o a d  t e s t s  were performed i n  Mine 2 ;  f i f t e e n  ( 1 5 )  

under as-mined c o n d i t i o n  and e i g h t  ( 8 )  under soaked-wet c o n d i t i o n .  



The UBC,  DM50, and  DMgO d a t a  f o r  d i f f e r e n t  p l a t e  s i z e s  under as-  

mined and soaked-wet c o n d i t i o n s  f o r  Mine 1 a r e  summarized i n  T a b l e s  

4.1 and  4.2.  S i m i l a r  d a t a  f o r  Mine 2  a r e  summarized i n  T a b l e s  4 .3  and 

4 4  T y p i c a l  s t r e s s - d e f o r m a t i o n  p l o t s  from s e l e c t e d  s i t e s  i n  two 

mines a r e  shown i n  F i g u r e s  4.2-4.5; similar p l o t s  from o t h e r  s i t e s  a r e  

i n c l u d e d  i n  Appendix A .  Reduc t ion  i n  the UBC,  DM and DM v a l u e s  
50' 90 

f o r  Mine 1 and Mine 2  due t o  water  w e t t i n g  are p r e s e n t e d  i n  T a b l e s  4.5 

and 4.6.  

The e f f e c t  o f  p l a t e  s i z e  on t h e  UBC and  DM under as-mined and 
50 

soaked-wet c o n d i t i o n s  f o r  Mine 1  and Mine 2 are p r e s e n t e d  i n  T a b l e s  

4.7 and  4.8 and i n  F i g u r e s  4.6 and  4 .7 .  L i n e a r  r e g r e s s i o n  a n a l y s i s  

between t h e  UBC a n d  DM50 were a t t e m p t e d  f o r  t h e  two mines  and t h e  

r e s u l t s  are summarized i n  T a b l e  4.9 and  F i g u r e  4.8 P e r t i n e n t  

o b s e r v a t i o n s  f o r  e a c h  mine a r e  g i v e n  below. 

Mine 1  

1 )  The UBC and  DM50 appear  t o  be  u n a f f e c t e d  by p l a t e  s i z e  under as-  

mined and  soaked-wet c o n d i t i o n s ,  T h i s  o b s e r v a t i o n  i s  c o n s i s t e n t  

w i t h  r e s u l t s  r e p o r t e d  by o t h e r s  (Secs.2.2-2.4).  

2  N e g l e c t i n g  t h e  e f f e c t  of  p l a t e  s i z e ,  the X and a  v a l u e s  f o r  UBC 

and DMs0 under  as-mined c o n d i t i o n  are 1000 p s i  (mean) , 177.9 p s i  

4  4  
( a )  and 2.68 x 10 p s i  (mean) ,  1.11 x  10 p s i  ( a ) .  S i m i l a r  v a l u e s  

under  soaked-wet c o n d i t i o n  a r e  670.0 p s i ,  82.65 p s i  and 1.58 x 



TABLE 4.1 U l t i m a t e  b e a r i n g  c a p a c i t y  and deformat ion  modulus d a t a  
f o r  Mine No. 1 

As-Mined C o n d i t i o n  

S i t e  P l a t e  N a t u r a l  Ultimate Axia l  Deformation Modulus 
1 

No. S i z e  M o i s t u r e  B e a r i n g  
4 

10 p s i  
i n  Content  C a p a c i t y  50% UBC 90% UBC 

( I >  p s i  

1 6 Hyd. J a c k  ND ND 
C a p a c i t y  

2.66 Exceeded 

Hyd, J a c k  
Capacf t y  

Exceeded 

Hyd, J a c k  
C a p a c i t y  

Exceeded 

' ~ r o r n  Eq. 2.22 
ND: Not determined 



TABLE 4.2 Ultimate b e a r i n g  c a p a c i t y  and de format ion  modulus d a t a  
f o r  Mine No. 1 

Soaked-Wet C o n d i t i o n  

U l t i m a t e  A x i a l  Deformat ion Modulus 
1 

S i t e  P l a t e  N a t u r a l  

No. S i z e  M o i s t u r e  B e a r i n g  
4 

10 p s i  
i n  Conten t  C a p a c i t y  50% UBe 90% UBC 

($1  p s i  

Hyd. J a c k  ND 
C a p a c i t y  
Exceeded 

Hydo Jack 
C a p a c i t y  
Exceeded 

Hyd. J a c k  
C a p a c i t y  
Exceeded 

' ~ r o m  Ego 2.22 
ND:  Not de te rmined  



TABLE 4.3 Ul t imate  bear ing  capac i ty  and deformation modulus d a t a  
f o r  Mine No. 2 

S i t e  P l a t e  Natura l  Ul t imate  Axial Deformation Modulus 
1 

No. S i z e  Moisture  Bearing 
4 

10 p s i  
i n  Content Capaci ty  50% UBC 90% UBC 

' ~ r o m  E q .  2.22 



TABLE 4.4 U l t i m a t e  b e a r i n g  c a p a c i t y  and de format ion  modulus d a t a  
f o r  Mine No. 2 

Soaked-Wet Cor idi t ion 

S i t e  P l a t e  N a t u r a l  U l t i m a t e  A x i a l  Deformat ion Modulus 1 

No. S i z e  M o i s t u r e  B e a r i n g  4 
10 p s i  

i n  Conten t  C a p a c i t y  50% UBC 90% UBC 
( % I  p s i  

' ~ r o m  Eq. 2.22 



Mine 1 

3ite 3 
KEY - 

8 in (AM) 
8 in (SW) 

1 2  in (AM) 
x % 12 in (SW) 

FIGURE 4,2 Stress-deformation curves for immediate floor 
strata based on plate load tests. 

Mine 1 
Site 4 

KEY 
H 6 T(NI) 

0 0 8 in (AIJ I )  

w k12 in (SW) 

0 - 0  0.1 0.2 0.3 0 - 4  0.5 0.6 0.7 0.8 0.9 1.0 
DEFORItATION, in 

FIGURE 4.3 Stress-deformation curves for immediate floor 
strata based on plate load tests. 



Fine 2 
s i t e  1, 

KEY 

FIGURE 4.4 Stress - deformation curves 5or  immediate 
floor strata based on p l a t e  load tests. 

Fine 2 
site 2 

@* 
/ 

4. 
/ 

FIGURE 4.5 Stress - deformation curves for inmediate 
floor strata based on plate load tests. 





TABLE 4.6 Effect of Wetting on ultimate bearing capacity and axial  deformation modull 
for Mine No. 2 .  

Ultimate Bearing 1 Axial Deformation Modulus (10 4 p s i )  
S i t e  Capacity ( p s i )  Ratio 

NO. SW/AM 50$ UBC 90% UBC 
As-Mined Soaked- 

(AM) Wet As-Mined Soaked- Ratio As-Mined Soaked- Ratio 

1 1,171 510 0.44 2.74 0.95 0.35 2.07 0.67 0.32 

2 5,470 5,000 0.91 27.42 7.20 0.26 32.41 7.20 0.22 

3 1,188 61 7 0.52 3.68 1 .I8 0.32 1.78 0.69 0.39 

4 1.610 458 0.28 6 .08 0.37 0.06 5.04 0.33 0.06 

5 89 2 7 27 0.79 2.71 2.02 0.74 2.33 1.87 0.80 

' ~ e a n  value based on a l l  plate load t e s t s  a t  a particular s i t e .  



TABLE 4.7 Effects of plate area on ultimate bearing capacity under as-mined and soaked-wet 
conditions. 

Mine 

Linear Regression Parameters Sample Statistics 1 

Standard 
Correlation Test value Mean Deviation 

No. of Intercept Slope Coefficient of r for 90% Y (3 

~ e s t s ~  l o 4  psi psi/in (r) 4 4 con? idence 10 psi 10 psi 

As-Mined 

1 8 1,185.11 

1 and -2 2 2 1,230.24 
(combined) 

Soaked-Wet 

1 6 761 .90 

1 and 2 13 718.45 
(combined) 

'sample statistics are provided where correlation coefficient for linear regression is not 
significant at 90% confidence level. 

 umber of tests in this table may not match with numbers in successive tables depending upon the 
number of outlier data. 
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KEY 
Mine 1 (AM) 
Mine 2 (AM) 

rn Mine 1 (SW) 
Mine 2 (SW) -- --Mine 1 and 2 (AM) 

@--Mine L and 2 ( S W )  

PLATE AREA, sq- i n .  

F I G U R E  4 . 6  E f f e c t  o f  plate s i z e  on u l t i m a t e  
b e a r i n g  c a p a c i t y .  

KEY (same as above)  

2 0 4 0 60 80 100 120 1 4  0 
PLATE AREA, sq. i n .  

FIGURE 4 . 7  E f f e c t  of  p l a t e  s i z e  on a x i a l  
de format ion  modulus. 







4 4 
10 and 1 .O3 x 10 p s i .  Wetting r educes  t h e  DM by about  40% and 

50 

t h e  UBC by about  30%. 

3 )  S t ress -deformat ion  p l o t s  under as-mined and soaked-wet c o n d i t i o n s  

show two t y p i c a l  behaviors .  

( i )  S i g n i f i c a n t  l o a d  drop a t  i n i t i a l  f a i l u r e  and nega t i ve  s l o p e  

i n  t h e  p o s t - f a i l u r e  r e g i o n  ( F i g u r e  4 .3) .  S lopes  of t h e  

cu rves  u n t i l  i n i t i a l  f a i l u r e  were r e l a t i v e l y  cons t an t .  

T h i s  behavior  was most ly  observed under as-mined c o n d i t i o n s  

and where t h e  UBC was l a r g e r  t han  1000 p s i .  T h i s  is  

cons ide red  t o  r e p r e s e n t  g e n e r a l  shea r  type  of f a i l u r e  

(F igu re  2 - 3 1 ,  

( i i )  S l o p e  of s t r e s s -de fo rma t ion  p l o t  is non-l inear  u n t i l  a 

c o n s t a n t  minimum o r  z e r o  s l o p e  is a t t a i n e d  (F igu re  4 . 2 ) -  

T h i s  was g e n e r a l l y  observed under t h e  soaked-wet cond i t i on  

and where t h e  UBC was g e n e r a l l y  less than  1000 p s i .  

Deformation moduli f o r  t h e s e  c a s e s  were s i g n i f i c a n t l y  lower 

t han  observed under ( i )  above. Th i s  is cons idered  t o  

r e p r e s e n t  l o c a l  shea r  and/or punching t ype  of  f a i l u r e  

(Ves ic ,  1963; F igu re  2 .3) .  

- 
4 )  Assuming 9 = 0 ,  q = 0 ,  t h e  X and o v a l u e s  f o r  So under as-mined 

c o n d i t i o n  a r e  162.1 p s i  and 28.8 p s i ,  S i m i l a r  v a l u e s  under 

soaked-wet c o n d i t i o n  a r e  108.6 p s i  and 13.4 p s i .  

5 )  Average n a t u r a l  mo i s tu r e  c o n t e n t  f o r  immediate f l o o r  s t r a t a  i n  t h e  

0-12 i n  dep th  range  below t h e  c o a l  seam under as-mined c o n d i t i o n  

is 4.44 $. 



6 )  There is no evidence of i n e l a s t i c  deformations occur r ing  i n  

immediate f l o o r  s t r a t a  due t o  excavat ion of mine openings o r  due 

t o  t h e  excava t ion  being open f o r  a per iod  of time be fo re  bear ing  

capac i ty  t e s t s  areconducted.  This  obse rva t ion  is  based on t h e  

f a c t  t h a t  s l o p e s  of t h e  s t ress -deformat ion  p l o t  above and below 

t h e  premining v e r t i c a l  s t r e s s  a r e  very similar. 

7 )  There appears  t o  be a s i g n i f i c a n t  c o r r e l a t i o n  ( r  = 0.87) between 

t h e  UBC and t h e  DM50 (Table  4 .g ) , cons ider  ing  a 90% confidence 

l e v e l .  The equa t ion  of t h e  s i g n i f i c a n t  l i n e  is g iven  by: 

UBC = 633.2 + 139.5 DM509 (4 0 6  ) 

8 )  The DMgO i s  g e n e r a l l y  lower than  t h e  DM bu t  t h e r e  is much 
50'  

l a r g e r  v a r i a b i l i t y  i n  t h e  DM va lues  than f o r  t h e  DM va lues  90 50 

(Table  4,1 ) . 

Mine 2 

1 )  Although t h e  UBC and DM50 va lues  under as mined and soaked-wet 

c o n d i t i o n s  appear t o  dec rease  somewhat with i nc reas ing  p l a t e  a r e a ,  

t h e  e f f e c t  is no t  s t a t i s t i c a l l y  s i g n i f i c a n t  f o r  a 90% confidence 

l e v e l  (Table  L 7 ) .  

2 Assuming t h e  UBC and DM50 va lues  t o  be independent of t h e  p l a t e  

a r e a ,  X and a va lues  f o r  UBC and DM50 under as-mined c o n d i t i o n s  

4 a r e  1255.4 p s i  (mean), 443.3 p s i  ( a )  and 3.53 x 10 p s i  (mean), 

4 1.75 x 10 p s i  (0). S i m i l a r  va lues  under soaked-wet cond i t i on  a r e  

4 4 
572.7 p s i ,  161.8 p s i  and 1 .12  x 10 p s i ,  0.69 x 10 p s i .  



3 )  S t ress -deformat ion  p l o t s ,  under as-mined and soaked-wet 

c o n d i t i o n s ,  show behavior s i m i l a r  t o  t h a t  observed a t  Mine 1 . 
4)  Average n a t u r a l  mois ture  con ten t  f o r  immediate f l o o r  s t r a t a  i n  t h e  

0-12 i n  depth  range below t h e  c o a l  seam under as-mined cond i t i on  

is 4.14%- 

5 )  A s  i n  t h e  ca se  of Mine 1 ,  t h e r e  is  no ev idence  of i n e l a s t i c  

deformations having occur red  due t o  excava t ion  of t h e  mine opening 

a t  t h e  s i t e s  where p l a t e  load  tests a r e  conducted. 

6 )  Linear  r e g r e s s i o n  between t h e  UBC and DM v a r i a b l e s  (Table  4.8) 
50 

show s i g n i f i c a n t  c o r r e l a t i o n  (r  = 0.92) under as-mined cond i t i on .  

The r e l a t i o n s h i p  may be desc r ibed  a s :  

UBC = 545.9 + 175.3 DM 
50 

( 4  a 7  

7 )  The obse rva t ion  on comparison of DM and DMgO va lues  f o r  Mine 1 
50 

is v a l i d  f o r  t h i s  mine a l s o .  S ince  UBC and DM va lues  f o r  Mine 1 
50 

and Mine 2 a r e  s i m i l a r ,  t h e  p l a t e  l oad  t e s t  d a t a  f o r  t h e  two mines 

were combined and analyzed a s  above. A s  f o r  each mine, t h e  

combined d a t a  a l s o  show UBC and DM t o  b e  una f f ec t ed  by p l a t e  
50 

a r e a  and a  s i g n i f i c a n t  c o r r e l a t i o n  (r  = 0.91) between t h e  UBC and 

DM50o The equa t ion  of t h e  s i g n i f i c a n t  l i n e  is g iven  by: 

UBC = 557.2 + 170.6 DM50 

Borehole Shear T e s t s  

Immidiate Floor  S t r a t a :  A t  Mine 1 ,  RBST d a t a  could be ob t a ined  a t  

only f o u r  ( 4 )  of t h e  f i v e  ( 5 )  s i t e s  and only peak s t r e n g t h  d a t a  

were ob ta ined .  A t  s i t e  1 ,  water was encountered i n  t he  h o l e  and 

i t  caved i n  soon a f t e r  d r i l l i n g .  Immediate f l o o r  s t r a t a  a t  s i t e  



2 was g e n e r a l l y  

For Mine 2 ,  peal 

f r a c t u r e d  and gave l a r g e  v a r i a b i l i t y  i n  d a t a .  

< a s  wel l  a s  r e s i d u a l  s t r e n g t h  d a t a  were ob ta ined  

f o r  f i v e  ( 5 )  s i t e s .  A l i n e a r  f a i l u r e  envelope based on mean 

va lues  of So and 4 h a s  been determined f o r  each s i t e .  I n  

a d d i t i o n ,  f a i l u r e  envelopes have been determined f o r  each s i t e  

f o r  immediate f l o o r  s t r a t a  (0-34 i n  below t h e  c o a l  seam) and 

lower s t r a t a  (34 i n  o r  more below t h e  c o a l  seam), where t he se  a r e  

meaningful. P e r t i n e n t  obse rva t ions  from t h e  d a t a  f o r  t he  two 

mines a r e  presen ted  below. 

Mine 1 

Normal s t r e s s - shea r  stress d a t a  and peak shea r  s t r e n g t h  parameters  

(So and 9 )  a t  d i f f e r e n t  dep ths  from t h e  fou r  s i t e s  a r e  presen ted  i n  

Tables  4.10 and 4.11 . Typ ica l  f a i l u r e  envelopes from two s i t e s  a r e  

shown i n  F igu re s  4.9 and 4.10; a d d i t i o n a l  similar p l o t s  a r e  included 

i n  Appendix B.  

1 )  The So va lues  vary cons ide rab ly  and a r e  gene ra l l y  l e s s  than 500 

p s i  except  a t  s i t e  5 below a  depth of 48 i n  where t h e  va lues  a r e  

l a r g e r  than  800 p s i  (Table  4.11).  Core d e s c r i p t i o n s  i n d i c a t e  

- - 
i nc reased  d e n s i t y  of l imes tone  nodules  i n  t h i s  zone. X and a 

va lues  f o r  So based on a l l  a v a i l a b l e  d a t a  are 306.4 p s i  and 273.7 

p s i .  So va lues  g e n e r a l l y  appear  t o  c o r r e l a t e  wel l  with t h e  type  

of rock,  and they do not  seem t o  i n c r e a s e  g e n e r a l l y  with depth. 



TABLE 4.10 Normal s t r e s s - shea r  s t r e s s  d a t a  f o r  d i f f e r e n t  
s i t e s  f o r  Mine 1. 

Depth Shear 
Below Coal Normal S t r eng th  

Seam Li tho log ic  S t r e s s  
i n  Descr ip t ion  p s i  Peak Residual 

p s i  

S i t e  2 

20 

32 

44 

54 

S i t e  3 

60 

S i t e  4 

Limestone with 235.5 430.28 
sl  ickens ides  624.9 771 -89 

1 ,014.3 1,455.18 

Shale  

Shale  

Shale  

Shale 

Dark Grey 235.5 259.30 
Shale  Crumbled 624.9 695 ;90 

1,014.3 1,189,40 

Sandy Shale 235.5 202.40 
624.9 619.90 

1 ,014.3 942.60 

Sandy Shale 235.5 354.20 
624.9 1,113.40 

1,014.3 1,417.10 

N O D  - Not Determined 



Depth Shear 
Below Coal Normal S t r e n g t h  
Seam L i t h o l o g i c  S t r e s s  

D e s c r i p t i o n  p s i  Peak Res idua l  
p s i  

S i t e  4 

62 Sandy Sha l e  235 5 354.20 N . D  

624,9 885.70 N O D  

1,014.3 1,341.20 N . D  

S i t e  5 

Under c lay 235.5 164.40 N.D 
624.9 240.40 N O D  

I , 014*3  392.20 N O D  

Grey Sha l e  w i t h  235.5 430.20 N O D  
L i m e s  t o n e  624.9 1,037.50 N.D 
Nodules 1 ,014.3 1,075.50 N B D  

1 $403 07 1 ,151.40 N.D 

48 Grey S h a l e  w i th  624.9 1,189.40 N . D  
L i m e s  t o n e  1 ,074 -3  9 ,398.10 N O D  
Nodules 1,403.7 1,606.90 N O D  

N O D  - Not Determined 



TABLE 4 .11  Summary of peak strength c h a r a c t e r i s t i c s  of immediate f l o o r  s t r a t a  
based on borehole shear t e s t s  for Mine 1 .  

Depth Angle of 

Below Natural Internal Corr. Test value 1 
Coal Lithology Moisture Cohesive Friction Coeff, of 
Seam Content Strength 4 Corr . 

in % so psi deg r Coeff. 

S i t e  2 

20 Limestone with 
slickensides 

32 Shale 
4 4  Shale 
54 Shale 

S i t e  3 

S i t e  4 

22 Dark Crey Shale 
34 Sandy Shale 
50 Sandy Shale 
62 Sandy Shale 

S i t e  5 

24 Underclay 
36 Crey Shale with Lime 
48 Crey Shale with Lime 

' ~ e s t  Value for Corr. Coeff. for 90% significance. (Ref. sec 3.7) 
ND - Not determined. . 



X Depth 22 in 

Mine 1 
S i t e  4 

Depth 34 in 
&pth 50 in 

f ~ e p t h 6 2 i n  

FIGURE 4.9 Shear strength - normal stress r e l a t i o n s h i p s  
e d i a t e  f Poor strata,  

Mine 1 
Site 3 

KEY - 
Depth 6 0  i n  

0 
NORE4AL STRESS, psi 

FIGURE 4.10. Shear  s t r e n g t h  - normal stress r e l a t i o n s h i p s  
f o r  immediate f l o o r  strata. 
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2 )  The angle  of i n t e r n a l  f r i c t i o n  ($I) r anges  from 0-56.1 ; X and o 

va lues  f o r  t h i s  parameter a r e  37.1 O and 1 6  . T o .  Angle $ va lues  do 

n o t  seem t o  va ry  - s i g n i f i c a n t l y  w i t h  dep th  a t  a  p a r t i c u l a r  s i t e .  

3 )  A l i n e a r  f a i l u r e  envelope appea r s  t o  be a  good r e p r e s e n t a t i o n  of 

immediate f l o o r  s t r a t a  behavior  a t  d i f f e r e n t  dep th s  based on 

observed c o r r e l a t i o n  c o e f f i c i e n t s  of 0.80 t o  1.00 i n  a11 c a s e s  

except  onee  

4 )  An a n a l y s i s  of t h e  dep ths  of t e s t s  wi th  l i t h o l o g i c  l o g s  i n d i c a t e s  

t h a t  a l l  tests a t  s i t e s  2 ,  3 ,  and 5  are conducted i n  d i f f e r e n t  

l i t h o l o g i e s .  The re fo re ,  So and $I v a l u e s  f o r  a  p a r t i c u l a r  depth 

p r e sen t ed  i n  Table  4,11 r e p r e s e n t  p r o p e r t i e s  of t h a t  l i t h o l o g i c  

u n i t ,  A t  s i t e  4 ,  a l l  tes ts  were conducted i n  one l i t h o l o g i c  

u n i t ,  The r fo re ,  normal s t r egs - shea r  stress d a t a  a t  d i f f e r e n t  

dep th s  were combined and t h e  f a i l u r e  envelope i n  F igu re  4.9 

r e p r e s e n t s  average  p r o p e r t i e s  of  t h a t  l i t h o l o g i c  u n i t ,  

Mine 2  

Data on peak and r e s i d u a l  shea r  s t r e n g t h  parameters  a r e  p r e sen t ed  i n  

Tab l e s  4.12-4e14o Typ ica l  f a i l u r e  enve lopes  from two sites a r e  shown 

i n  F i g u r e s  4,11 and 4.12; o t h e r  s i m i l a r  p l o t s  are inc luded  i n  Appendix 

B e  

- 
1 )  So va lues  based on peak s h e a r  s t r e n g t h  r ange  from 0-517.2 p s i ;  X 

and a v a l u e s  f o r  t h e  d a t a  a r e  279.4 p s i  and 1 1 6 ~ 6  p s i .  Angle 4 

- 
v a l u e s  range  between 1 7.8°-60.30; X and a v a l u e s  f o r  t h i s  

parameter a r e  41 .4O and 1 2.2O. So v a l u e s  appear  t o  depend upon 

t h e .  n a t u r e  of  rock and do n o t  n e c e s s z a r i l y  i n c r e a s e  wi th  depth.  



TABLE 4.12 Normal s t r e s s - s h e a r  s t r e s s  d a t a  f o r  d i f f e r e n t  s i t e s  
f o r  Mine 2 

Depth Shear  
Below Coal Normal S t r e n g t h  

Seam L i t h o l o g i c  S t r e s s  
i n  Desc r ip t i on  p s i  Peak Res idua l  

p s i  

S i t e  1 

13 

23 

33 

49 

6 1 

S i t e  2 

Dark Underclay 
R e l a t i v e l y  ha rd  

Sandy Sha l e /  
Sands tone. 

Sandy S h a l e /  
Sandstone 

Sandy S h a l e /  
Sands t o n e  

Sandy S h a l e /  
Sands t o n e  

Medium Grey 
Sandy Sha l e  

Medium Grey 
Sha l e  wi th  
Limes t one  
Nodules 



Depth Shear  
Below Coal Normal 

Seam L i t h o l o g i c  S t r e s s  
S t r eng th  

i n  Desc r ip t i on  p s i  Peak Residual  
p s i  

S i t e  2 

47 

55 

67  

S i t e  3 

1 4  

21 

31 

45 

S i l t y  Medium 
Grey Sha l e  

S i l t y  Medium 
Grey S h a l e  

S i l t y  Medium 
Grey Sha l e  

Dark Underclay 

Light  Grey 
Sha l e  

Grey San'dy Shale 

Grey Sandy Sha l e  



TABLE 4.12 (Cont. ) 

Depth Shear 
Below Coal Normal S t r e n g t h  

Seam L i t h o l o g i c  S t r e s s  
i n  Desc r ip t i on  p s i  Peak Res idua l  

p s i  

S i t e  3 

56 

68 

S i t e  4 

Gr6y Sandy S h a l e  235 . 5 
624 ;9 

1014;3 
1403.7 

Grey Sandy Sha l e  235.5 
624 3 

101463 
1403.7 

Under c l a y  
S l i ckens ided  

Underclay 
S l i c k e n s i d e d  

Limey Sha l e  

Grey Sha l e  
Changing t o  
B l a c k  Sha l e  wi th  
dep th ,  g r a i n  
s i z e  i n c r e a s e s  
wi th  depth,  

Grey S h a l e  
Changing t o  
Black S h a l e  wi th  
dep th ,  g r a i n  
s i z e  i n c r e a s e s  
wi th  dep th  



TABLE 4.1 2 (Cont.)  

Depth Shear 
Below Coal Normal S t r eng th  

Seam L i t h o l o g i c  S t r e s s  
i n  Desc r ip t i on  p s i  Peak Residual  

p s i  

S i t e  ..4 

67 

82  

92 

S i t e  5 

Grey Sha l e  235.5 
Changing t o  624 ;9 
Black Sha l e  with 1014;3 
depth ,  g r a i n  
s i z e  i n c r e a s e s  
wi th  depth  

Grey Sha l e ,  
Competent and 
Limey 

Grey Sha l e ,  
Competent and 
Li mey 

Un-der c l a y  
Massive, Limey 

Under c l  ay 
Massive, Limey 

Underclay 
Massive 

Limey Shale  



TABLE 4.12 (Cont, ) 

Depth Shear 
Below Coal Normal. 

Seam Li tho log ic  S t r e s s  
i n  Descr ip t ion  p s i  

S t r eng th  

Peak Residual 
p s i  

S i t e  5 

53 Limey Shale  

Eimey Shale 



TABLE 4.13 Summary of peak s t rength  c h a r a c t e r i s t i c s  of immediate f loor  s t r a t a  
based on borehole shear t e s t s  f o r  Mine 2. 

Depth Angle of 1 
Below Natural In te rna l  Corr. Test  Value 
Coal Lithology Moisture Cohesive Fr ic t ion  Coef f. of 
Seam Content Strength @ Corr . 

i n  % So ps i  deg r Coeff. 

S i t e  1 

4 3 Bark underclay 4.50 198 .O 35 - 4  0.96 0.90 
r e l a t i v e l y  hard 

23 Sandy Shale/ 1.78 308.8 17.8 0.95 0.90 
Sands tone 

33 Sandy Shale/ 1 ,25 216.5 43 .7 0..89 0.90 
Sands tone 

49 Sandy Shale/ 9.41 246.5 49.0 0.98 0.90 
Sands tone 

6 1 Sandy Shale/ 4,311 321 ,9 45.7 1.00 0.98 
Sands tone 

S i t e  2 

18 Medium Gray Shale 4.26 155.6 46.5 0.96 0.90 
(Sandy 

30 Medium Grey Shale 1.58 57 7 .2 29 - 5  0.96 0.90 
with limestone 
nodule 8 

47 S i l t y  Medium 1.98 390 . 3 31 . I  0.94 0.90 
Grey Shale 

55 S i l t y  Medium 2.12 317.9 36.9 0.97 0.90 
Grey Shale 

67 S i l t y  Medium 1 .OO 322.9 42.2 0.89 0.90 
Grey Shale 

' ~ e s t  V a l ~ e  for  Corr. Coeff. for  90% s igni f icance .  (Ref. see 3.7) 



TABLE 4.13 ( con t . )  

Depth Angle of 1 
Below Natural  I n t e r n a l  Corr. Test Value 
Coal Li thology Moisture Cohesive F r i c t i o n  Coeff. of 
Seam Content S t r eng th  @ Corr . 

i n  % So p s i  deg r Coef f . 

S i t e  3 

14 Dark Under c l a y  3.08 398 *8 28 2 0.94 0.90 

21 Light  Grey Sha le  2.30 275.9 25.5 0 .94 0.90 

31 Grey Sandy Sha l e  

45 Grey Sandy Shale  

56 Grey Sandy Shale  

68 Grey Sandy Shale  

S i t e  4 

8.5 Underclay 
S l ickens ided  

19 Under c lay  
S l ickens ided  

31 Limey Shale  

44 Grey Sha le  changing 
t o  Black Sha le  

55 Grey Sha le  changing 
t o  Black Sha i e  

67 Grey Sha le  changing 
t o  Black Sha le  

' ~ e s t  Value f o r  Corr.  Coeff. f o r  90% s ign i f i cance .  (Ref. sec 3.7) 



TABLE 4.13 ( c o n t . )  

Depth Angle of 1 
Below Natural  I n t e r n a l  Corr ,  Test Value 
Coal E i  thology Moisture Cohesive F r i c t i o n  Coef f . of 
Seam Content S t r eng th  $ Corr . 

i n  % So p s i  deg r Coef f . 

S i t e  4 

82 Grey Sha le  Competent 2.69 
and Limey 

92 Grey Sha le  Competent 1 .53 
and Limey 

S i t e  5 

9 2 Underclay, Massive 5.92 
L i mey 

18 Underclay, Massive 5.63 
Limey 

19 Under c l ay ,  Massive 6.36 
Limey 

43 Limey Sha le  0.57 

53 Limey Shale  0.94 

64 Limey Shale  1 . I 3  

' ~ e s t  Value f o r  Corr.  CoefP. f o r  90% s ign i f i cance .  (Ref. s e c  3.7) 



TABLE 4.14 Summary of residual  s t rength  cha r ac t e r i s t i c s  of immediate f loor  
s t r a t a  based on borehole shear t e s t s  f o r  Mine 2.  

Depth Angle of 

Below Natural In te rna l  Corr. Test Value 1 

Coal Lithology Moisture Cohesive Fr ic t ion  CoePr. of 
Seam Content Strength 4 Corr . 

in  % so PSI det3 r Coef f . 

S i t e  1 

13 Dark Underclay 
r e l a t i ve ly  hard 

23 Sandy Shale/ 
Sandstone 

33 Sandy Shale/ 
Sands tone 

49 Sandy Shale/ 
Sands tone 

61 Sandy Shale/ 
Sandstone 

S i t e  2 

18 Medium Grey Shale 
(Sandy) 

30 Medium Grey Shale 
with Limestone 
Nodules 

47 S i l t y  Medium 
Grey Shale 

55 S i l t y  Medium 
Grey Shale 

67 S i l t y  Medium 
Grey Shale 

' ~ e s t  Value for  Corr. Coeff. fo r  90% signif icance.  (Ref. sec 3.7) 



TABLE 4.14 (Cont.) 

Depth Angle of 

Below Natural In te rna l  Corr. Test value1 
Coal L i  thology Moisture Cohesive Frict ion Coeff. of 
Seam Content Strength 4 Cor r . 

in  % so psi  deg r Coef f . 

S i t e  3 

14 Dark Underclay 
21 Light Grey Shale 
31 Grey Sandy Shale 
45 Grey Sandy Shale 
56 Grey Sandy Shale 
68 Grey Sandy Shale 

S i t e  4 

Underclay 
Slickensided 
Underclay 
Slickensided 
Limey Shale 
Grey Shale changing 
t o  Black Shale 
Crey Shale changing 
t o  Black Shale 
Grey Shale changing 
t o  Black Shale 
Crey Shale 
Competent and Limey 

l ~ e s t  Value for Corr. Coeff. for  90% 3lgnificanCe. (Ref. set 3 . 7 )  



Depth Angle of 

Below Natural Internal Corr. Test Value 
1 

Coal Lithology Moisture Cohesive Friction Coeff. , of 
Seam Content Strength 4 Corr.. 

1 n % so psi deg r Coef f . 

Si te  4 

92 Grey Shale 1.53 214.4 59.3 0.98 0.90 
Competent and Limey 

S i t e  5 

12 LimeyUnderclay 5.92 312.6 19.1 0.88 0.90 

18 Limey underclay 5.63 146.8 26.7 0.71 0.90 

29 Limey underclay 6.36 61.4 26.7 0.97 0.90 

43 Limey Shale 0.57 135.1 46.2 0.94 0.911 

53 Limey shale 0.94 89 .O 53 -7 1.00 0.90 

64 Limey Shale 1.13 207 .O 37 -6  0.97 0.90 

' r es t  Value for Corr. Coeff. for 90% signif icance. (Ref. sec 3.7) 
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Mine 2 
Site 5 

Overall 
U ---- - ---ndate floor ---- Laver strata 

s t ra ta  

500 1000 1500 

NORMAL STRESS, p s i  

FIGURE 4 - 1 1  Shear  s t r e n g t h  - normal s t r e s s  r e l a t i o n s h i p s  for 
immediate f l o o r  s t r a t a .  

KEY 
0 in 
B Depth 18 in 

Depth 29 in 
Depth 4 3  in 
Depth. 53 in 
Depth 64 in 

Mine 2 
S i t e  5 

FIGURE 4-12 Shear s t r e n g t h  - normal s t r e s s  r e l a t i o n s h i p s  
for immediate floor s t r a t a .  



2 )  So va lues  based on r e s i d u a l  shea r  s t r e n g t h  range  between 0.0-358.8 

p s i ;  X and o va lues  a r e  167.9 p s i  and 103.2 p s i .  Residual  $ 

v a l u e s  range between 16.8O- 59.3O, and ? and o va lues  f o r  t h i s  

parameter a r e  38,4O and 1 1 . 8 ~ .  

3 )  A l i n e a r  f a i l u r e  envelope seems t o  f i t  t h e  peak a s  well a s  

r e s i d u a l  shea r  s t r e n g t h  parameters  well a s  i n d i c a t e d  by 

c o r r e l a t i o n  c o e f f i c i e n t s  which are gene ra l l y  i n  t h e  range of 0.85 

t o  0.99. 

4 )  RBST d a t a  a t  d i f f e r e n t  dep ths  i n  t h e  same l i t h o l o g i c  u n i t  was 

grouped toge the r  f o r  r e g r e s s i o n  t o  e s t i m a t e  i ts  So and 4 va lues  

and t h e i r  s t anda rd  d e v i a t i o n s .  The r e s u l t s  f o r  d i f f e r e n t  s i t e s  

a r e  summarized i n  Table  4.15 and some p e r t i n e n t  comments a r e  g iven  

below. 

( i )  Although So va lues  f o r  immediate f l o o r  s t r a t a  (0-30 i n  below 

t h e  coa l  seam) a r e  about  t h e  same a s  f o r  t h e  lower s t r a t a  (30 

i n  o r  more below t h e  c o a l  seam), 4 va lues  a r e  gene ra l l y  

h igher  f o r  t h e  lower s t r a t a .  

( i i )  V a r i a b i l i t y  i n  t e s t  d a t a  f o r  immediate f l o o r  s t r a t a  a r e  

g e n e r a l l y  much h ighe r  than  f o r  lower s trata.  

Analys i s  of t h e  shea r  s t ress-normal  s t r e s s  d a t a  f o r  t h e  two mines 

(F igu re s  4.9 - 4.12) show some non- l i nea r i t y  a t  h igh  normal s t r e s s e s .  

The au thor  t h i n k s  t h a t  this may be due t o  two reasons:  1) t h e  f l o o r  

m a t e r i a l  is c h a r a c t e r i z e d  by a  non-l inear  f a i l u r e  envelope,  and 2 )  i t  

may have f a i l e d  dur ing  normal stress a p p l i c a t i o n  caus ing  shear  

s t r e n g t h  t o  be reduced and r e s u l t a n t  non - l i nea r i t y  i n  t he  f a i l u r e  



TABLE 4.15 A n a l y s i s  o f  b o r e h o l e  s h e a r  t e s t  d a t a  by t i t h o l o g i c  u n i t s .  

Grouped Data  C o h e s i v e  S t r e n g t h  So p s i  Angle o f  I n t e r n a l  

D e p t h s  Below 
Coal  Seam L i t h o l o g i c  

F r i c t i o n  $I deg 
S t a n d a r d  S t a n d a r d  

S i t e  No. i n  D e s c r i p t i o n  Hean D e v i a t i o n  Mean D e v i a t i o n  

Dark u n d e r c l a y /  
S i l t y  . s h a l e  
L i g h t  g r e y  s h a l e  
g r a d i n g  i n t o  
s a n d s t o n e  

Medium g r e y  sandy  
s h a l e .  Lime pre- 
s e n t  
Grey s h a l e  w i t h  
l i m e s t o n e  n o d u l u s  

Dark g r e y  u n d e r c l a y /  
s h a l e  
Sandy s h a l e  w i t h  
l i m e s t o n e  n o d u l e s  

Broken u n d e r c l a y /  
l i m e y  s h a l e  
Limey g r e y  s h a l e  
w i t h  l a r g e  l ime-  
s t o n e  n o d u l e s  
Dense g r e y  s h a l e  
w i t h  l i m e s t o n e  
n o d u l e s  
Broken d a r k  
u n d e r c l a y  

Limey s h a l e  w i t h  
l i m e s t o n e  n o d u l e s  



envelope. Therefore ,  i t  is extremely important  t o  l i m i t  t h e  app l i ed  

normal s t r e s s  t o  a v a l u e  which, is about 70-80 $ of t h e  f a i l u r e  s t r e s s  

of t h e  f l o o r  m a t e r i a l ,  Above t h e s e  percentage  va lues ,  time dependent 

deformations may become s i g n i f i c a n t  and i t  may be d i f f i c u l t  t o  

maintain t h e  normal s t r e s s  cons t an t  throughout  t h e  pe r iod  of t h e  t e s t .  

I t  is a l s o  impor tan t  t o  cons ide r  t h e  s t a t e  of s t r e s s  i n  t h e  

immediate f l o o r  s t r a t a  af ter  an opening is excavated and how i t  may 

a f f e c t  m a t e r i a l  behavior  du r ing  borehole  shea r  tests, Three- 

dimensional s t a t e s  of stress i n  elements  p r i o r  t o  and after mining an  

opening a r e  shown i n  F i g u r e  4.13. Addi t iona l  s t r e s s  r e d i s t r i b u t i o n  

occurs  due t o  d r i l l i n g  of  t h e  borehole .  S t r e s s  r e l i e f  i n  t h e  v e r t i c a l  

and h o r i z o n t a l  d i r e c t i o n s ,  due t o  excava t ion  of t h e  mine opening, may 

cause t h e  m a t e r i a l  t o  f a i l  and a l t e r  i ts  s t r e n g t h  c h a r a c t e r i s t i c s .  So 

v a l u e s  ob ta ined  from RBST t e s t s  underneath an opening may be lower 

t han  t h o s e  underneath a ,  p i l l a r .  Angle of  i n t e r n a l  f r i c t i o n ,  4 ,  

v a l u e s ,  however, may be l a r g e r  underneath an  opening than  those  

underneath a p i l l a r  because t h e  m a t e r i a l  is under have normal s t r e s s  

and may even be f r a c t u r e d .  

Immediate Roof S t r a t a :  Borehole shea r  t e s t s  were conducted a t  one 

s i t e  i n  each of t h e  two mines and p e r t i n e n t  obse rva t ions  a r e  given 

below. 

Mine 1 

Shear  s t r e n g t h  c h a r a c t e r i s t i c s  of immediate roof s t r a t a  t o  a he igh t  

of 60 i n  above t h e  c o a l  seam a r e  summarized i n  Table 4.1 6 and F igure  

4.14. S and 4 va lues  based on peak shea r  s t r e n g t h  a r e  346.5 p s i  and 
0 



Ground s u r f a c e  

Coal 
P i l l a r  Coal 

where a r e p r e s e n t s  t h e  va lue  of t h e  t e c t o n i c  
stress t 

F I G U R E  4.13 S t a t e  of stress on an element below a mine 
opening prior t o  and a f t e r  mining 



TABLE 4.16 Shear  s t r e n g t h  c h a r a c t e r i s t i c s  of immediate roof  
s t r a t a  based on borehole  shea r  t e s t s  f o r  Mine 1 

Depth Shear  
Below Coal Normal 

Seam L i t h o l o g i c  S t r e s s  
S t r e n g t h  

i n  Desc r ip t i on  p s i  Peak Residual  
p s i  

17 Grey Sha l e  1 901403  
1,4o3;7 
1,793;1 
2,182.5 

Grey Sha l e  

S i l t y  Sha l e  62'4 eg  
1 $01 4.3 
1,403;7 
2,182.5 

S i l t y  Sha l e  624.9 
1 $01 4 i 3  
19403.7 
1,793.1 



KEY 
~ e , ~ - 2 3  in 
Depth 34 .in 
Cepth 55- in 
Depth 67 ira 

NORMAL STRESS, p s i  
FIGURE 4 . 1 4  Shear s t r e n g t h  - n o r m a l  stress r e l a t i o n s h i p  
for i m m e d i a t e  roof s t r a t a  - Mine 1. 

5 0 0  750  1 0 0 0  1 2 5 0  1 5 0 0  1 7 5 0  2 0 0 0  2 2 5 0  
 NOR^^ STRESS, psi 

FIGURE 4 . 1 5  Shear s t r e n g t h  - n o r m a l  stress r e l a t i o n -  
s h i p  for i m m e d i a t e  roof s t r a t a  - M i n e  2 .  



28.6O; s i m i l a r  va lue s  based on r e s i d u a l  shea r  s t r e n g t h  a r e  231.3 p s i  

and 29.5O. Recent ly ,  Hanna e t  a l e  (1986) a l s o  conducted borehole  

s h e a r  t e s t s  a t  t h i s  mine t o  a  h e i g h t  of 60 i n  and r e p o r t e d  So and 4 

v a l u e s  of 250 p s i  and 27.0° based on peak shea r  s t r e n g t h .  

Mine 2  

Data on peak and r e s i d u a l  shea r  s t r e n g t h  parameters  a t  t h i s  mine are 

summarized i n  Table  4.17. The f a i l u r e  envelope based on t h e  peak 

s h e a r  s t r e n g t h  is shown i n  F i g u r e  4.15. So and @ v a l u e s  based on peak 

s h e a r  s t r e n g t h  a r e  656,2 p s i  and 22 ,8* ; s imi l a r  v a l u e s  based on 

r e s i d u a l  shea r  s t r e n g t h  a r e  421.9 p s i  and 19.g0. 

Coal seam: Borehole Shear  t e s t s  were a t tempted  a t  one s i t e  i n  each  

mine. However, d a t a  could be s u c c e s s f u l l y  ob t a ined  i n  mine 2  only.  

Mine 1 

Two h o l e s  d r i l l e d  f o r  bo reho l e  shea r  t e s t s  caved immediately a f t e r  

d r i l l i n g  and t e s t s  could n o t  be conducted. 

Mine 2 

Data on peak and r e s i d u a l  shea r  s t r e n g t h  parameters  f o r  c o a l  a r e  

summarized i n  Table  4 .18 .  The f a i l u r e  envelope based on peak shea r  

s t r e n g t h  is shown i n  F igu re  4.16 & 4.17. S o  and 4 v a l u e s  based on 

0 peak shea r  s t r e n g t h  a r e  61.5 p s i  and 41 . I  wi th  a  s i g n i f i c a n t  

c o r r e l a t i o n  (r  = 0 . g o ) ,  s i m i l a r  v a l u e s  f o r  r e s i d u a l  shea r  s t r e n g t h  a r e  

0 -37 - 7  p s i  and 39.1 with  a  c o r r e l a t i o n  c o e f f i c i e n t  of -0.90. 



TABLE 4.17 Shear strength character is t ics  of immediate roof 
s t r a t a  based on borehole shear t e s t s  for Mine 2. 

Depth 
Below Coal 

Shear 
Normal' Strength 

Seam L i  thologic Stress  
in  Description p s i  Peak Residual 

psi 

23 Grey Shale 624.9 
1014d3 
1403 -7 
1793J 

34 Grey Shale 624 09 
1014;3 
1403.7 
"793.. 1 

Grey Shale 

Grey Shale 



TABLE 4.18 Shear  s t r e n g t h  c h a r a c t e r i s t i c s  of coal based  on 
borehobe shea r  t e s t s  f o r  Mine 2 .  

Depth Nor ma1 
S t r e s s  

p s i  

Shear  
S t r e s s  

p s i  

Res idua l  
S t r e s s  

p s i  



2 0 3 4 0 0  6 0 0  8 0 0  
NOPS4AL STRESS, psi 

FIGURE 4 .16  Peak s h e a r  s t rength-normal  s t r e s s  
r e l a t i o n s h i p  f o r  coal a t  Mine 2. 

NORMAL STRESS, psi 

FIGURE 4 . 1 7  Residual  - shea r  s t rength-normal  s t r e s s  
r e l a t i o n s h i p  f o r  c o a l  a t  Pline 2 .  



4 . 4 Laboratory Geotechnical  - S t u d i e s  

S t r e n g t h  Deformation S t u d i e s :  The d a t a  f o r  immediate f l o o r  s t r a t a  

under unconfined and conf ined  compressive stress f o r  Mine 1 and Mine 2 

a r e  summarized i n  Tables  4.19 and 4,20.  A l i m i t e d  number o f  block 

samples of immediate roof  s t r a tum and c o a l  from t h e  two mines were 

a l s o  s t u d i e d  f o r  t h e i r  s t rength-deformat ion  c h a r a c t e r i s t i c s  under 

unconfined compressive stress cond i t i ons .  The d a t a  ob t a ined  a r e  

summarized i n  Tables  4.21 -4.22. 

Moisture  Gain S tud ie s :  Pe rcen t  mois ture  ga in  d a t a  f o r  Mine 1 and Mine 

2 are shown i n  F igure  4.18 and F igu re  4,19. The cu rves  a r e  no t  

s t a t i s t i c a l  f i t  l i n e s .  P e r t i n e n t  comments are g iven  below, 

1 )  A l l  samples show an exponen t i a l  i n c r e a s e  i n  mois ture  ga in ,  and 

most a t t a i n  t h e  equ i l i b r ium mois ture  con ten t  w i t h i n  72 h r  . 
2 Most o f  t h e  mois ture  ga in  is  a c h i e v e d w i t h i n  20 h r  af ter  t h e  

samples a r e  p laced  i n  a s p e c i f i c  R.H. chamber . 
3 )  Maximum mois ture  con ten t  is a t t a i n e d  24-30 h r  af ter  i n i t i a t i o n  of 

t h e  tes t ,  After t h i s  pe r iod ,  t h e  moisture  con ten t  d rops  somewhat 

t o  t h e  equ i l i b r ium moi s tu re  con ten t  l e v e l  and remains r e l a t i v e l y  

cons t an t .  

4 )  Moisture  ga in  d a t a  f o r  705, 80%,  and 90% R.H. cou ld  be reproduced 

and t h e  au tho r  c o n s i d e r s  t h e  d a t a  meaningful. S i m i l a r  d a t a  a t  

100% R.H. could n o t  be  r e p l i c a t e d  because o f  t h e  p r e c i p i t a t i o n  of 

water vapor on samples. Samples a t  t h i s  R .H. showed very h igh  

mois ture  ga in  and equ i l i b r ium mois ture  con ten t  was never  a t t a i n e d .  

5 )  An equi l ib r ium mois ture  con ten t  of 3% a t  90 % R.H. may be 

expected. S ince  t h e  n a t u r a l  mois ture  con ten t  of in -p lace  

underclay is about  1 .5%,  a mois ture  ga in  of 1 .5% may be expected 



TABLE 4 . 1 9  Compressive s t r eng th  - deformation p rope r t i e s  of immediate f l o o r  s t r a t a  f o r  Mine 1 

S i t e  
No. 

lep t h  Below 
h a 1  Seam 

( inch)  

12 - 16 

13  - 18  
24 - 28 
28 - 34 

33 - 36 
43 - 58 

37.5-41 
58.5-63 
65.5-70 
78 - 83 

23 - 26 
38 - 43 
47 - 51 

54 - 58 
62 - 66 
68 - 72 

4.5-8.5 
9  - 13  
14 - 18  
22 - 26.5 
48 - 53 
56 - 60 
62.5-66 

63 - 67 
70.5-75 
79.5-84 
89  - 93.5 

42 - 46.5 
6 3 . 5 - 4 7  
54 - 58. 5 

Rock Type 

Grey Sha le  

Grey Sha le  
Grey Sha le  
Grey Sha le  

Grey Sha le  
Grey Sha le  

Grey Sha le  
Sandy Sha le  
Sandy Shale  
Sandy Sha le  

Grey Shale  
Grey Sha le  
Crey Sha le  

Sandy g rey  a h a l e  
Sandy grey s h a l e  
Sandy grey s h a l e  

Crey s h a l e  
Grey Shale  
Sandy Shale  
Sandy grey e h a l e  
Sandy grey s h a l e  
Sandy grey s h a l e  
Sandy gr* s h a l e  

Sandy Shale  
Sandy Sha le  
Sandy s h a l e  
Sandy s h a l e  

Crey e h a l e  
Grey s h a l e  
Grey s h a l e  

Mois ture  
Content 

(%I 

2.73 

2 .30 
2.31 
2.21 

2.88 

3.54 
2.75 
2.20 
2.63 

4.98 
3.05 
1 .80  

2.32 

2.12 
2.21 
2.21 
2.18 
2.04 
2.11 
2.11 

2.19 
2.13 
1.84 
2.25 

1 .97 
2.45 
1 .66 

+ 

:on f i n i n g  
S t  r e s a  
(5. p s i )  

L a t e r a t  
eEonnation 

Ra t io  * 
( ~ X / E ~ )  
0.68 

0 .45 
0.26 

0.46 

1.19 
0.40 
0.21 

0.27 
0.54 
0.92 

0.19 

0 .45  

0.78 

0.42 
0 .71 
0.99 

0.22 

0.48 

0.51 
0.15 

0.113 
0.34 
0.68 

2ohesion 
[C, p s i )  

1000 

900 

900 

1025 

1075 

1100 

1300 

1375 

1200 

Remarks 

* 50% of f a i l u r e  e t r e s s  
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TABLE 4.21 Strength-deformation properties of immediate roof stratum 
for Mine 1 and Mine 2 

Axial 
1 

Unconfined Deformation 
Compress ive Modulus at 

Site Strength 509 of 

Number Co psi 
6 

Co 10 psi 

Lateral 
1 

Deformation 
Ratio 

Mine 1 
1 6,005 

Mine 2 

'see Appeniix C 



TABLE 4.22 Strength-deformation p r o p e r t i e s  of coa l  s t r a tum 
fo r  Mine 1 and 2 

Axia l  1 Axial  1 

Unconfined Deformation Deformation L a t e r a l  1 

Compressive Modulus a t  Modulus a t  Deformation 
S i t e  S t r e n g t h  50% of 9 0 %  of Rat io  

Number Co p s i  6 Co 10 p s i  6 
Co 10 p s i  

Mine 1 

2 3 9796 

Mine 2 

'See Appendix C 



Mine 1 

FIGURE 4,18 Moisture gain data for immediate floor 
s t r a t a  a t  mine 1 a t  different r e l a t i v e  h m i d i t i e s  

a Mine 2 

KEY 

p c t  RH 
pct  RH 
pct  RH 
gct RH 

SO- '20 30 40 '  50 :60 7 0  '80 9 0  
TIME, hours  

F I G U R E  4.19 Moisture ga in  da ta  f o r  immediate floor 
s t r a t a  a t  mine 2 a t  d i f f e r e n t  relative humidities 



i n  f r e s h l y  mined a r e a s ,  Th i s  amount of mois ture  g a i n  may r e s u l t  

i n  some r e d u c t i o n  of t h e  s t rength-deformat ion  p r o p e r t i e s  of 

underclay.  

4.5 C o r r e l a t i o n  Between Laboratory and F i e l d  Determined Geotechnical  

Data , - 
The fo l lowing  c o r r e l a t i o n s  were a t tempted  f o r  each mine i n d i v i d u a l l y  

and f o r  t h e  two mines combined: 

1 ) UBC and So from borehole  shea r  t e s t s  i n  t h e  0-1 2 i n  depth range  

below t h e  c o a l  seam, 

2 )  DMs0 from p l a t e  load  t e s t s  va DM50 from conf ined  compression 

t e s t s .  

3 )  Natura l  mois ture  con ten t  of immediate f l o o r  s t ra ta  i n  t h e  0-12 i n  

depth  range  below t h e  c o a l  seam and UBC. 

4 )  So a t  a p a r t i c u l a r  depth from borehole  shea r  t e s t s  and So from 

confined compression t e s t s  a t  about  t h e  same depth. 

Only c o r r e l a t i o n  (3 )  above was found t o  be s t a t i s t i c a l l y  s i g n i f i c a n t  

conf idence  l e v e l .  C o r r e l a t i o n  between t h e  UBC and n a t u r a l  

mois ture  con ten t  is shown i n  F i g u r e  4,20. Each d a t a  po in t  r e p r e s e n t s  

the mean va lue  of t h e  UBC based on all p l a t e  l o a d  tests at a si te.  

The fo l lowing  comments a r e  p e r t i n e n t  f o r  a t tempted  c o r r e l a t i o n s :  

1 )  UBC and, hence, DM5., may be  e s t ima ted  with conf idence  Prom t h e  

n a t u r a l  mois ture  con ten t  of immediate f l o o r  s t r a t a  f o r  t h e  two 

mines,  These two mines e x t r a c t  d i f f e r e n t  seams but a r e  on ly  30 

mi l e s  a p a r t .  The d a t a  from a t h i r d  mine about  160 miles away from 

t h e s e  mines was a l s o  p l o t t e d  on F igu re  4.20 t o  determine if t h e  

c o r r e l a t i o n  may have a p p l i c a t i o n  throughout  I l l i n o i s .  I t  is 





i n t e r e s t i n g  t o  n o t e  t h a t  t h e  c o r r e l a t i o n  seems t o  be v a l i d  f o r  t h e  

t h i r d  mine a l s o .  The d a t a  a v a i l a b l e  a r e ,  however, t o o  l i m i t e d  t o  

make any g e n e r a l  conc lus ions  o r  obse rva t ions  a t  t h i s  time* 

2 C o r r e l a t i o n s  between DM from p l a t e  bear ing  t e s t s  and DM from 
50 50 

confined compression t e s t s  were only marg ina l ly  s i g n i f i c a n t  f o r  

Mine 1 and Mine 2. Furthermore, f o r  Mine 1 t h e  i n t e r c e p t  was 

nega t ive  bu t  t h e  s l o p e  was p o s i t i v e .  The r e v e r s e  was t r u e  f o r  Mine 

2.  The c o r r e l a t i o n  was s i g n i f i c a n t  f o r  t h e  combined d a t a  from t h e  

two mines, bu t  t h i s  is n o t  cons idered  meaningful from a  phys i ca l  

p o i n t  of view, C o r r e l a t i o n s  between DM from p l a t e  bear ing  tests 
50 

and DM50 from conf ined  compression tests a r e  shown i n  F igu re  4.21 

and t h e  l i n e a r  r e g r e s s i o n  parameters  f o r  t h e  same a r e  given i n  

Table  4.23. 

3 )  A very poor c o r r e l a t i o n  ( r  = 0.22) was observed between t h e  UBC 

and So ob ta ined  from borehole  s h e a r  t e s t s  i n  t h e  0-12 i n  depth 

e below t h e  coa l  seam f o r  t h e  c a s e  of t h e  two mines combined. 

e 

Analys i s  of t h e  d a t a  showed a l a r g e r  v a r i a b i l i t y  i n  So va lues  ( X  = 

305.7 p s i .  a - 162J p s i )  as compared t o  UBC v a l u e s  ( i  - 1209.2 

p s i ,  a = 302.3 p s i ) .  

4 )  m i l e  a good c o r r e l a t i o n  between So from borehole  shea r  t e s t s  and 

So from conf ined  compression tests was observed f o r  Mine 2  

( r=0 .92 ) ,  a  similar a n a l y s i s  f o r  Mine 1 and combined d a t a  showed 

very  poor c o r r e l a t i o n s  ( r<0 .22 ) .  So  v a l u e s  from borehole  shear  

t e s t  were g e n e r a l l y  lower and showed a  l a r g e r  v a r i a b i l i t y  a s  





TABLE 4.23 Correlation results for variation of from TCT and DMSO from UBC test. 

Linear Regression Parameters Sample Statistics 1 

Standard 
Correlation Test value dean Deviation 

No. of Intercept Slope Coefficient of r for '90 Y (I 

Mine ~ests* lo4 psi r Confidence 
4 4 

10 psi 10 psi 

As-Mined 

1 and 2 7 6.40 -0.036 -0.75 0.67 
(combined) 

' x  axis -- Deformation modulus at 50 of TCT strength. 

2y axis -- Deformation modulus at 50 



compared t o  conf'ined compression t es t  va lues .  Th i s  obse rva t ion  is 

s i m i l a r  t o  t h e  one made by Panek (1979) a f t e r  cons ide rab l e  

r e s e a r c h  wi th  t h e  RBST i n  s e v e r a l  c o a l  and non-coal mines,  He 

thought  t h a t  only competent samples were s e l e c t e d  f o r  conf ined  

compression tests, t h u s  g i v i n g  h igh  v a l u e s ,  S t r e n g t h s  determined 

2 by t h e  RBST a r e  r e p r e s e n t a t i v e  of a  very small  ( 1  i n  ) in-place 

a r e a  whose c h a r a c t e r i s t i c s  could change widely and r a p i d l y  

depending upon t h e  n a t u r e  of rock encountered. T h i s  is 

p a r t i c u l a r l y  t r u e  f o r  immediate f l o o r  strata where s l i c k e n s i d e s  

and l imes tone  nodules  a r e  randomly d i s t r i b u t e d .  

4 .6  Development of a  Floor  S t a b i l i t y  C r i t e r i o n  

Floor  s t a b i l i t y  c r i t e r i a  should be based on two f a c t o r s :  1 )  UBC of 

immediate f l o o r  s t r a t a ,  and 2 )  p i l l a r  s e t t l e m e n t .  UBC, a stress based 

c r  i ter ion ,  would be appl  i c a b l e  where gene ra l  shear  type f a i l u r e  

a s s o c i a t e d  with r e l a t i v e l y  low s e t t l e m e n t  o r  deformation and r ap id  

load  l o s s  i n  t h e  p o s t - f a i l u r e  r e g i o n  is  observed, such a s  i n  F igure  

4.4 (12  i n ,  as-mined). Immediate f l o o r  s t r a t a  a t  both mines showed 

t h i s  type of behavior  under as-mined cond i t i on  a t  s e v e r a l  s i t e s .  The 

r a p i d  load- loss  i n  t h e  p o s t - f a i l u r e  r e g i o n  would imply quick 

r e d i s t r i b u t i o n  of s t r e s s e s  i n  a d j o i n i n g  p i l l a r s  if' one of t he  p i l l a r s  

were t o  f a i l  due t o  t h e  UBC f a i l u r e .  T h i s  may l e a d  t o  p i l l a r  

punching, c o a l  o u t b u r s t s ,  and/or  f l o o r  heave. A t  p r e s e n t ,  p i l l a r  

de s igns  i n  I l l i n o i s  under weak f l o o r  c o n d i t i o n s  a r e  based on t h i s  

c r i t e r i o n  bu t  do no t  account  f o r  dynamic l oad ing  imposed on a d j a c e n t  

p i l l a r s  i n  ca se  of a  p i l l a r  f a i l u r e .  Where l oad  l o s s  i n  t h e  post-  

f a i l u r e  r eg ion  is n o t  r a p i d ,  r e d i s t r i b u t i o n  of s t r e s s e s  on ad jo in ing  



p i l l a r s  and f l o o r  heave w i l l  occur  over  a  long  per iod  of time and t h e  

l i k e l i h o o d  o f  c o a l  b u r s t s  would be s i g n i f i c a n t l y  reduced. 

The f a i l u r e  c r i t e r i o n  based on t h i s  parameter should i nco rpo ra t e  

both t h e  UBC and t h e  s l o p e  of t h e  p o s t - f a i l u r e  p a r t  of t h e  s t r e s s -  

deformation curve. The c r i t i c a l  s l o p e  -of t h e  s t ress -deformat ion  curve  

would depend upon t h e  s t i f f n e s s  of t h e  mining system, involv ing  t h e  

overburden, coa l  seam, and f l o o r  s t r a t a .  

P i l l a r  s e t t l e m e n t ,  t o t a l  as we l l  a s  d i f f e r e n t i a l ,  a r e  important  

parameters  i n  a s s e s s i n g  f l o o r  s t a b i l i t y ,  b u t  have no t  been cons idered  

i n  des ign .  Th i s  i s  p r imar i l y  because c r i t i c a l  v a l u e s  of t he se  

parameters  have n o t  been determined i n  t h e  l a b o r a t o r y  o r  under f i e l d  

cond i t i ons .  These parameters  should be cons idered  n o t  on ly  a t  t h e  

c o a l  seam l e v e l  c u r r e n t l y  being mined, bu t  t h e i r  impact on over ly ing  

and under ly ing  c o a l  seams, a q u i f e r s ,  and s u r f a c e  movements should a l s o  

be considered.  For example, t o t a l  p i l l a r  s e t t l e m e n t  a t  t h e  c o a l  seam 

l e v e l  may be a c c e p t a b l e ,  b u t  r e s u l t a n t  e f f e c t s  on an  over ly ing  seam, 

a q u i f e r ,  o r  on a s u r f a c e  s t r u c t u r e  may n o t  be accep tab l e ,  Thus, t h e  

f a i l u r e  c r i t e r i o n  based on t h e s e  parameters  w i l l  r e q u i r e  es tab l i shment  

of damage c r i t e r i a  f o r  mine openings and c o a l  p i l l a r s  a t  t h e  c o a l  seam 

l e v e l ,  a s  well a s  a t  t h e  s u r f a c e  and/or subsur face  l e v e l s .  

Development of a  f a i l u r e  c r i t e r i o n  based on p i l l a r  s e t t l e m e n t  w i l l  

a l s o  r e q u i r e  a knowledge of t h e  deformation p r o p e r t i e s  of immediate 

f l o o r  s t ra ta ,  which a r e  g e n e r a l l y  n o t  determined dur ing  p l a t e  load ing  

t e s t s .  



Chapter 5 

SUMMARY AND CONCLUSIONS 

Th i s  s tudy  has  involved measurement of t h e  u l t i m a t e  bear ing  capac i ty  

( U B C )  and in-place shea r  s t r e n g t h  c h a r a c t e r i s t i c s  of immediate f l o o r  

s t r a t a  below t h e  I l l i n o i s  No. 6 and No. 5 c o a l  seams i n  two 

underground c o a l  mines i n  I l l i n o i s .  The UBC was measured us ing  p l a t e  

l oad  t e s t s  under as-mined and soaked-wet cond i t i ons ,  An automated 

system f o r  conduct ing p l a t e  l oad  tests was designed and f a b r i c a t e d  

dur ing  t h e  s tudy .  P l a t e  deformations under app l i ed  l o a d  were measured 

us ing  l i n e a r  v a r i a b l e  d i f f e r e n t i a l  t r ans fo rmer s  and were u t i l i z e d  t o  

compute t h e  deformation modulus of t h e  immediate f l o o r  s t r a t a  based on 

t h e  theory  of e l a s t i c i t y .  

In-place shea r  s t r e n g t h  c h a r a c t e r i s t i c s  were measured a t  va r ious  

depths  i n  a  3 i n  diameter  borehole  wi th  a  Rock Borehole Shear T e s t e r  

(RBST). Cohesive s t r e n g t h  (So ) ,  ang le  of i n t e r n a l  f r i c t i o n  ( 4 )  and 

parameters  of a  b e s t - f i t  l i n e  f o r  t h e  f a i l u r e  envelope were determined 

based on l i n e a r  re r e s s i o n  a n a l y s i s .  Borehole shea r  t e s t s  were 

conducted i n  t h e  v i c i n i t y  of t h e  s i t e s  where p l a t e  l oad  t e s t s  were 

conducted s o  t h a t  c o r r e l a t i o n s  between shear  s t r e n g t h  c h a r a c t e r i s t i c s ,  

u l t i m a t e  bear ing  c a p a c i t y ,  and deformation modulus of t h e  immediate 

f l o o r  s t r a t a  could be a t tempted .  Borehole shear  t e s t s  were a l s o  

conducted i n  t h e  immediate roof  s t r a tum and c o a l  seam a t  one s i t e  i n  

each seam t o  determine t h e i r  f a i l u r e  envelopes,  

Addi t iona l  c o r r e l a t i o n s  were a t tempted  between f i e l d  determined 

s t r e n g t h  c h a r a c t e r i s t i c s  i n  t h i s  s t udy  and l a b o r a t o r y  determined 

s t r e n g t h  c h a r a c t e r i s t i c s  from conf ined  compression t e a t s  from ongoing 

s t u d i e s  under a  g r a n t  from t h e  S t a t e  of I l l i n o i s .  S e n s i t i v i t y  of 



immediate f l o o r  s t r a t a  t o  r e l a t i v e  humidi ty  changes i n  t h e  mine were 

s t u d i e d  by conduct ing a  l i m i t e d  number of mois ture  ga in  s t u d i e s .  

Some of t h e  main r e s u l t s  of t h e  s tudy  a r e  g iven  below: 

1 )  The UBC determined from p l a t e  l oad  t e s t s  appears  t o  be r e l a t i v e l y  

una f f ec t ed  by t h e  s i z e  of p l a t e s  used. However, it is n o t  known 

whether t h i s  va lue  can be used t o  r e p r e s e n t  t h e  u l t i m a t e  bear ing  

c a p a c i t y  of t h e  immediate f l o o r  s t r a t a  underneath c o a l  p i l l a r s .  

2 )  Wetting reduces  t h e  UBC as well a s  t h e  deformation modulus a t  50% 

UBC (DM50)  of t h e  immediate f l o o r  s t r a t a .  The e f f e c t  may, 

however, be  much l a r g e r  on DM t han  on t h e  UBC (Table  4 . 6 ) .  
50 

3)  UBC as well as DM50 may be e s t ima ted  from t h e  n a t u r a l  mois ture  

con ten t  of immediate f l o o r  s t r a t a  i n  t h e  0-12 i n  depth range below 

t h e  c o a l  seam (F igu re  4.18 ) . 
4 )  Some s t ress -deformat ion  p l o t s  from p l a t e  l oad  t e s t s  under as-mined 

c o n d i t i o n s  show gene ra l  shear  type  f a i l u r e  and a r e  accompanied by 

a s i g n i f i c a n t  l o a d  drop i n  t h e  p o s t - f a i l u r e  reg ion .  Under soaked- 

wet c o n d i t i o n s ,  a  t y p i c a l  p l o t  shows l o c a l i z e d  shear  o r  punching 

shea r  type  f a i l u r e .  I n  both c o n d i t i o n s ,  e l a s t i c - p l a s t i c  r a t h e r  

t han  r i g i d  p l a s t i c  behavior  may be a  b e t t e r  r e p r e s e n t a t i o n  of t h e  

m a t e r i a l  behavior .  

5 )  Deformation modulus a t  50% of t h e  UBC (DM50) determined from p l a t e  

load ing  t e s t s  may be used i n  f i n i t e  element modeling t o  p r e d i c t  

f i e l d  displacements .  Th i s  obse rva t ion  is based on previous work 

(Chugh e t  a l . ,  1983). 



6 )  No s t a t i s t i c a l l y  s i g n i f i c a n t  c o r r e l a t i o n  was observed between So 

and 4 va lues  determined from t h e  RBST and those  determined from 

l a b o r a t o r y  conf ined  compression t e s t s .  

7 )  UBC and So determined from t h e  RBST could no t  be s i g n i f i c a n t l y  

c o r r e l a t e d .  

8 )  So and @ va lues  determined from t h e  RBST are g e n e r a l l y  lower and 

much more v a r i a b l e  t han  t h o s e  ob t a ined  from l a b o r a t o r y  confined 

compression t e s t s .  

9 )  Design of c o a l  p i l l a r s  under weak f l o o r  c o n d i t i o n s  i n  I l l i n o i s  is 

p r e s e n t l y  based on t h e  UBC of the immediate f l o o r  s t r a t a ,  The UBC 

is e i t h e r  determined from in-mine p l a t e  l oad ing  t e s t s  o r  e s t ima ted  

from Brown and Meyerhoff o r  Ves i c1s  equa t ions  (Sec. 2 .2) .  P i l l a r  

s e t t l e m e n t s  a r e  n o t  g e n e r a l l y  cons idered  i n  design.  

10)  Residual  So va lues  are approximately 75-80% of t h e  peak So va lues ;  

@ va lues  a r e  approximately t h e  same f o r  bo th  ca se s ,  

1 1 )  Immediate f l o o r  s t r a t a  i n  f a c e  a r e a s ,  where r e l a t i v e  humidity is 

90% o r  more, may g a i n  1-2s mois ture  i n  2-3 days,  which may reduce  

i ts  s t rength-deformat ion  c h a r a c t e r i s t i c s .  The same may a l s o  occur 

i n  i n t a k e  e n t r i e s  dur ing  t h e  summer months when r e l a t i v e  humidity 

and mois ture  con ten t  of s u r f a c e  a i r  is high.  

12 )  The f l o o r  s t a b i l i t y  c r i t e r i a  should i nc lude  t h e  UBC and t o t a l  a s  

well as d i f f e r e n t i a l  p i l l a r  s e t t l e m e n t s  a t  t h e  c o a l  seam l e v e l  

being mined and t h e i r  e f f c t s  on s u r f a c e  and subsu r f ace  s t r u c t u r e s  

( a q u i f e r s ,  c o a l  seams, b u i l d i n g s ,  e t c . ) .  

13)  The most important  parameters  of immediate f l o o r  s t r a t a  r equ i r ed  

f o r  e s t ima t ion  of t h e  UBC under weak f l o o r  c o n d i t i o n s  a r e  t h e  

cohesive s t r e n g t h s  of immediate f l o o r  and s u b s t r a t a ,  angle  of 
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i n t e r n a l  f r i c t i o n ,  t h i cknes s  of weak f l o o r  and n a t u r a l  mois ture  

con ten t .  

14) Measurement of t h e  de fo rmab i l i t y  of t h e  immediate f l o o r  s t r a t a  

should be an i n t e g r a l  p a r t  of conduct ing p l a t e  load  t e s t s .  

Resu l t s  summarized above a r e  based on l i m i t e d  s t u d i e s  a t  two mines. 

S imi l a r  s t u d i e s  need t o  be conducted a t  s e v e r a l  a d d i t i o n a l  mines. A l l  

d a t a  should be then  analyzed t o g e t h e r  t o  develop meaningful 

c s r s e P a t i o n s  which may be  v a l i d  f o r  p o r t i o n s  of t h e  c o a l  ba s in  OP f o r  

t h e  e n t i r e  c o a l  ba s in .  
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APPENDIX A 

STRESS-DEFORMATION PLOTS FOR PLATE BEARING TESTS FROM 

SELECTED SITES IN MINE 1 AND MINE 2 
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F IGURE A-1 Stress-deformati'on curves f o r  immediate 
f l o o r  s t r a t a  based on p l a t e  load  t e s t s ,  
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FIGURE A-2 Stress - deformation curves for immediate 
floor strata based on ?la te  load tests. 
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FIGURE A-3 Stress - deformation curves for immediate 
floor strata based on ?late load tests. 



APPENDIX B 

SHEAR STRENGTH CHARACTERISTICS O F  IP.QaDIATE FLOOR 

STRATA FOR SELECTED S I T E S  FROM MINE 1 AND MINE 2 
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FIGURE B-6 Shea r  s t r e n g t h  - normal s t r e s s  r e l a t i o n s h i p s  
f o r  immediate floor s t r a t a .  
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FIGURE B-8 Shear s t r eng th  - normal s t r e s s  r e l a t i on -  
sh ips  f o r  immediate f l o o r  s t r a t a .  
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APPENDIX C 

DEFORMATION MODULI FOR DISCONTINUOUS ROCK MASSES 



Deformation Moduli For Discont inuous Rock Masses 

C l a s s i c a l  d e f i n i t i o n s  of t h e  modulus OF e l a s t i c i t y  and 

Poisson% r a t i o  apply t o  an e l a s t i c  continuum only.  A 

d i scont inuous  rock mass such a s  an underclay a s s o c i a t e d  wi th  a 

c o a l  seam behaves very d i f f e r e n t l y  when sub jec t ed  t o  s t r e s s .  

Typica l  s t r e s s - a x i a l  s t r a i n  and s t r e s s - l a t e r a l  s t r a i n  cu rves  f o r  

such a rock  a r e  shown i n  F igu re  C. 1 . The fo l lowing  comments a r e  

p e r t i n e n t  : 

1 )  Both curves  a r e  S-shaped and a r e  c h a r a c t e r i z e d  by 

low v a l u e s  of s l o p e  a t  low and h igh  stresses, 

Linear  p o r t i o n s  of t h e  curve  may o r  may no t  e x i s t .  

2 )  None o r  on ly  a p o r t i o n  of t h e  s t r a i n s ,  p a r t i c u l a r l y  

l a t e r a l  s t r a i n s ,  may be  r ecove rab l e  a t  any stress 

l e v e l .  

3 )  The r a t i o  of la tera l  t o  a x i a l  s t r a i n s  a t  any po in t  

a long  t h e  curve  may be l a r g e r  t han  0.5 which 

v i o l a t e s  t h e  d e f i n i t i o n  of  a continuum. 

The above comments make t h e  d e f i n i t i o n  of  deformation moduli by 

terms Modulus of E l a s t i c i t y  and Po i s son ' s  r a t i o  improper. 

Therefore ,  t h e  fo l lowing  te rms  have been u t i l i z e d  i n  t h i s  r e p o r t  

t o  d e f i n e  moduli of deformation.  

Axia l  S t r e s s  

Axial  Deformat ion Modulus = 

Axia l  S t r a i n  



AXIAL STRAIN 

LATERAL STRAIN 

FIGURE C-1.  Typ i ca l  a x i a i  s t r e s s - a x i a l  s t r a i n  and a x i a l .  stress- 
l a t e r a l  s t r a i n  c u r v e s  f o r  a d i s c o n t i n u o u s  rock mass. 



Lateral S t ra in  

Lateral Deformation Ratio = -------------- 

Axial Stra in  

Tangent or secant values of these moduli of deformation may be 

calculated, 

Although, these terms correspond t o  def in i t ions  of the modulus 

of e l a s t i c i t y  and Poisson9  r a t i o  for  an e l a s t i c  continuum, these 

can be used for continuous and discontinuous rock masses a s  well 

a s  f o r  non-elastic rock masses. 



APPENDIX D 

LIST OF WBBPIEVIATIONS USED IN THIS REPORT 



LIST OF ABBREVIATIONS USED 
I N  THE REPORT 

Area of  p l a t e  
Inner  r a d i u s  of t h e  f l a t  j ack  or r a d i u s  of ho l e  

Outer diameter  of t h e  f l a t  jack 

A s  mined 
Width of t h e  F o o t i n g / t e s t  p l a t e  
Thickness  of t e s t  p l a t e  
Unconfined compressive s t r e n g t h  

diameter  of p l a t e  
diameter  of t h e  sample 

Axia l  deformation modulus a t  50% f a i l u r e  s t r e n g t h  

Axia l  deformation modulus a t  90% f a i l u r e  s t r e n g t h  

Shape f a c t o r s  

Deformation Modulus 
Shear  Modulus 
Thi-c kness of weak l a y e r  
Heave f a c t o r  
Height of Humidity Chamber 

Height  of t h e  c o a l  seam 
R i g i d i t y  index 

Modif l e d  R i g i d i t y  index 

Depth c o r r e c t i o n  f a c t o r s  

Emperical c o n s t a n t  used i n  consistenc'y formula (Pg. 3 0 )  
Rat io  of  unconfined shea r  s t r e n g t h  of lower ha rd  l a y e r  
S t o  upper weak l a y e r  S1 2 
cons t a n t  

cons t an t  c h a r a c t e r i s t i c  of t h e  c o a l  seam f o r  p i l l a r  s t r e n g t h  

Length of f o o t i n g  
Length of humidi ty  chamber 

Empir ical  c o n s t a n t  used i n  cons i s t ency  formula 
Empir ical  c o n s t a n t  used i n  cons i s t ency  formula 

Bearing c a p a c i t y  f a c t o r s  

Modified bear ing  c a p a c i t y  f a c t o r  

Applied Load 
Applied s t r e s s  
Ul t imate  Bearing Capaci ty  



qs 
= Surcharge s t r e s s  app l i ed  due t o  t h e  weight of s o i l  above t h e  

foundat ion  
RF = Reduction f a c t o r  
R = Radius 
RH = R e l a t i v e  humidity 
r = C o r r e l a t i o n  C o e f f i c i e n t  

So = Cohesive S t r e n g t h  
= Unconfined shea r  s t r e n g t h  of upper f l o o r  s t r a tum 

SW = Soaked wet 
TCT = T r i a x i a l  compression t e s t  

To = 
Unconfined t - e n s i l e  s t r e n g t h  of Rock 

UBC = Ult imate  Bearing Capaci ty  
Natura l  mois ture  c o n t e n t  
Actual  p l a t e  s e t t l e m e n t  
Displacement i n  d i r e c t i o n  of s t r e s s  

Width of Humidity Chamber 

P i l l a r  width 

Mean Value 
Dis tance  from t h e  loaded s u r f a c e  t o  t h e  po in t  where 

displacement  is measured 
Y = Uni t  weight  of rock 

& v  = c o n s t a n t  

A = Volumetric s t r a i n  
6 

qc 
& C C  

Compress ib i l i  t y  f a c t o r s  
- 

%c 
- 

E = L a t e r a l  s t r a i n  
X 

E = V e r t i c a l  s t r a i n  
Y 

4 = Angle of i n t e r n a l  f r i c t i o n  
P = Densi ty  
u = Average p i l l a r  s t r e s s  

avg 
u 1 

= Major P r i n c i p a l  S t r e s s  

CT 2 = In t e rmed ia t e  P r i n c i p a l  s t r e s s  

O 3  
= Minor P r i n c i p a l  S t r e s s  

u = Standard  d e v i a t i o n  
u = Unconfined compressive s t r e n g t h  of a c o a l  cube of s i z e  ds 

C 

u = I n - s i t u  p i l l a r  s t r e n g t h  
P 

0 
C C  

= S t r e n g t h  of t h e  c r i t i c a l  s i z e  specimen ( 3 6  i n )  

CT HI = Horizonta l  i n - s i t u  s t r e s s  

u H2 = Horizonta l  i n - s i  t u  s t r e s s  



B 
t 

= In-situ tectonic s t r e s s  

B = In-situ ve r t i ca l  s t r e s s  v 
li = Poisson's r a t i o  




