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ABSTRACT 

Where two coa l  seams, one above t h e  o t h e r ,  a r e  
b e i n g  mined s i m u l t a n e o u s l y ,  and one by s u r f a c e  and 
t h e  o t h e r  by underground methods, i t  has become ex- 
p e d i e n t  t o  e s t a b l i s h  c r i t e r i a  f o r  p o s s i b l e  b l a s t i n g  
damage t o  t h e  underground mine  s i m i l a r  t o  t h o s e  
e s t a b l i s h e d  f o r  damage t o  s u r f a c e  s t r u c t u r e s  b l a s t i n g  
i n  q u a r r i e s  and open p i t  mines.  The c r i t e r i a  s h o u l d  
a l s o  be a p p l i c a b l e  t o  s u r f a c e  b l a s t i n g  c l o s e  t o  most  
t ypes  o f  underground excava t ions .  The r e s e a r c h  p r o j -  
e c t  c o n s i s t e d  o f  a  l i t e r a t u r e  search  t o  e s t a b l i s h  a  
f o u n d a t i o n  f o r  t h e  research ,  a  s e l e c t i o n  o f  two s i t e s  
f o r  e x p e r i m e n t a t i o n ,  and t h e  development o f  a  r e -  
search  p l a n ,  f i e l d  e x p e r i m e n t a t i o n ,  a n a l y s i s  o f  
r e s u l t s ,  and recommendation o f  c r i t e r i a  f o r  s a f e  
charge  w e i g h t s  and s c a l e d  d i s t a n c e s .  

INTRODUCTION 

The i n c r e a s i n g  impor tance  o f  c o a l  as a  ma jo r  
energy source  i s  accompanied by t h e  r e a l i z a t i o n  t h a t  
a  maximum r e c o v e r y  o f  d e p o s i t s  i s  necessary t o  
s u p p l y  t h e  g row ing  demand. Toward t h i s  end, i n t e r e s t  
has developed and i n  t h e  s imu l taneous  e x t r a c t i o n  o f  
m u l t i p l e  seams by a  comb ina t ion  o f  s t r i p  and under-  
ground m i n i n g .  The U n i t e d  S t a t e s  Bureau o f  Mines 
i n  1973 r e q u e s t e d  p roposa ls  t o  e s t a b l i s h  " C r i t e r i a  
f o r  t h e  P r o x i m i t y  o f  S u r f a c e  B l a s t i n g  t o  Underground 
Coal Mines"  and subsequen t l y  awarded such a  c o n t r a c t  
t o  t h e  Rock Mechanics and E x p l o s i v e s  Research Center ,  
U n i v e r s i t y  o f  M i s s o u r i - R o l l a .  I n  a d d i t i o n  t o  an 
i n i t i a l  l i t e r a t u r e  and f i e l d  survey,  two underground 
mines a c t i v e  i n  t h e  v i c i n i t y  o f  open p i t  o p e r a t i o n s  
and l o c a t e d  i n  d i f f e r e n t  g e o l o g i c  envi ronments were 
m o n i t o r e d .  

TECHNOLOGICAL BACKGROUND 

E a r l y  i n v e s t i g a t i o n s  o f  b l a s t i n g  damage o f  s u r -  
f a c e  s t r u c t u r e s  per formed by t h e  Bureau o f  Mines 
(Thoenen and Windes, 1937, 1938a, 1938b, and 1942) 
u t i l i z e d  c r i t e r i a  r e l a t i n g  a c c e l e r a t i o n ,  f requency ,  
charge s i z e  and d i s t a n c e .  L a t e r  r e s e a r c h  b y  D u v a l l ,  
e t  a l ,  (1962) and N i c h o l l s ,  e t  a l ,  (1971) e s t a b l i s h e d  
a  c r i t e r i o n  o f  2  i n . / s e c  p a r t i c l e  v e l o c i t y  r e l a t e d  
t o  s c a l e d  e i s t a n c e s ,  t h e  l a t t e r  u t i l i z i n g  a  1 / 2  power 
s c a l i n g  law:  
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where R  = d i s t a n c e ,  W = e x p l o s i v e  we igh t ,  v  = p a r t i c l e  
v e l o c i t y ,  K  = i n t e r c e p t ,  and n  = decay exponent .  

For  concre te  s t r u c t u r e s  b u r i e d  i n  s a i l ,  Lampson 
(1946) e s t a b l i s h e d  s c a l i n g  laws  f o r  r e l a t i n g  peak 
pressure,  impulse,  p a r t i c l e  v e l o c i t y ,  a c c e l e r a t i o n ,  
t r a n s i e n t  d isp lacement ,  permanent d isp lacement ,  
damage-crack w i d t h ,  and r a d i i  o f  damage d i s t a n c e s .  

Most mathemat ica l  ana lyses  o f  wave-cav i t y  
i n t e r a c t i o n  (Baron, 1960) a r e  f o r  l a r g e  e x p l o s i o n s ,  
u t i l i z i n g  a  u n i t  p ressure  s t e p  wave because p u l s e  
l e n g t h s  a r e  l o n g  r e l a t i v e  t o  c a v i t y  s i z e s .  

The Underground E x p l o s i o n  T e s t  Program (Colorado 
School o f  Mines, 1948; ERA, 1952) e x p e r i m e n t a t i o n  by 
t h e  Bureau o f  Mines (Duva l l  , e t  a1 , 1957) and m i l  i t a r y  
s t u d i e s  on t u n n e l  demo1 i t i o n  (Mason, e t  a1 , 1955; 
C l a r k ,  e t  a l ,  1958) p r o v i d e d  v a l u a b l e  i n f o r m a t i o n  f o r  
p r e l i m i n a r y  p r e d i c t i o n  o f  s a f e  s c a l e d  d i s t a n c e s  f o r  
b l a s t i n g  over  underground coa l  mines. Some.of t h e s e  
and re1  a t e d  i n v e s t i g a t i o n s  showed t h a t  a  cube r o o t  
l a w  was a p p l i c a b l e  and some a  square r o o t  law.  Pu lse  
l e n g t h s  can be r e a d i l y  p r e d i c t e d  f o r  charge  s i z e  and 
sca led  d i s t a n c e s ,  wh ich  can be employed t o  p r e d i c t  
t h e  p o s s i b i l i t y  o f  f a i l u r e  by r e f l e c t i o n  s l a b b i n g .  
Decay w i t h  d i s t a n c e  i s  a  f u n c t i o n  o f  t h e  g e o l o g i c  
medium i n  which t h e  waves t r a v e l .  The c l o s u r e  o f  
underground openings w i l l  o c c u r  o n l y  a t  v e r y  s m a l l  
sca led  (cube r o o t )  d i s t a n c e s  v a r y i n g  f rom 1.85 t o  
2.00 f t / l b 1 / 3 .  

S tud ies  o f  r o o f  b o l t  b e h a v i o r  near  o p e r a t i o n a l  
underground b l a s t s  ( S t e h l  i k, 1964) showed t h a t  
b l a s t i n g  caused some changes i n  t e n s i o n  on r o o f  b o l t s  
and a  square r o o t  l a w  a p p l i e d .  Measurements i n  
g r a n i t e  by Olson (1972) o f  p a r t i c l e  v e l o c i t i e s  i n -  
d i c a t e d  t h a t  a  cube r o o t  l a w  a p p l i e d  i n  t h a t  g e o l o g i c  
medium. 

From these  s t u d i e s  i t  was conc luded  t h a t  one o f  
t h e  b e t t e r  damage parameters i s  t h e  peak p a r t i c l e  
v e l o c i t y .  A lso  a  cube r o o t  l a w  i s  more a p p l i c a b l e  
i n  massive r o c k  and a  square r o o t  l a w  i n  bedded rock .  
I t  was a l s o  p o s t u l a t e d  t h a t  t h e  peak p a r t i c l e  v e l o c i t y  
f o r  damage would be i n  t h e  v i c i n i t y  o f  2  in . / sec .  
depending upon t h e  g e o l o g i c  s t r u c t u r e ,  and t h e  
s t r e n g t h  of r o o f ,  p i l l a r s ,  and f l o o r  o f  t h e  mine.  

The most p e r t i n e n t  d a t a  were p l o t t e d  ( F i g .  1  ) 
f o r  t h e  purpose o f  p r e d i c t i o n  o f  d i s t a n c e s  and 
we igh ts  o f  e x p l o s i v e  r e l a t i v e  t o  p o s s i b l e  peak 
p a r t i c l e  v e l o c i t y .  The "p robab le  a rea  f o r  r e s e a r c h "  
was based upon p o s s i b l e  maximum and minimum w e i g h t  
o f  e x p l o s i v e  charges employed i n  su r face  c o a l  m i n i n g  



t o g e t h e r  w i t h  t h e  p r o b a b l e  s c a l e d  d i s t a n c e  f o r  a  peak 
v e l o c . i t y  o f  2  i n . / s e c .  

GEOLOGY AND TEST SITE 

The West V i r g i n i a  t e s t  s i t e  was a t  t h e  Ferguson 
Mine l o c a t e d  i n  N i c h o l a s  County, West V i r g i n i a  
( F i g .  2 ) .  Loca l  r o c k  t ypes  be long  t o  t h e  A l legheny  
and P o t t s v i l l e  S e r i e s  o f  Pennsy lvan ian  age, w i t h  t h e  
upper F r e e p o r t  sandstone exposed above t h e  mine a t  
an e l e v a t i o n  o f  +2,490 f e e t .  The c o a l  i s  o f  t h e  
C l a r i o n  seam o f  A l l e g h e n y  age a l t h o u g h  l o c a l l y  r e -  
f e r r e d  t o  as t h e  Lower K i t t a n n i n g  o r  No. 5  B l o c k  
and i s  36-42 i n c h e s  t h i c k .  A t  t h e  t e s t  s i t e  t h e  
Lower K i  t t a n n i n g ,  however, 1  i e s  a p p r o x i m a t e l y  20 
f e e t  above t h e  C l a r i o n .  The u n d e r l y i n g  s h a l e s  and 
sandstones be long  p r e d o m i n a t e l y  t o  t h e  P o t t s v i l l e  
S e r i e s  o f  t h e  Kanawha Group. S t r u c t u r a l l y ,  t h e  
v a r i o u s  r o c k s  a r e  l a y e r  cake i n  n a t u r e  w i t h  no f a u l t -  
i n g  o r  f o l d i n g  p r e s e n t  i n  t h e  immediate exper imenta l  
a rea .  The mine a d i t  l i e s  a t  +2,080 f e e t .  The 
immediate r o o f  i s  s h a l e  and t h e  o v e r a l l  t o p  c o n d i -  
t i o n s  a r e  c o n s i d e r e d  t o  be good by  t h e  m i n e r s .  Roof 
s u p p o r t  c o n s i s t s  p r i m a r i l y  o f  20 f t  by 20 f t  c o a l  
p i l l a r s  and r o o f  b o l t s  a l t h o u g h  t i m b e r s  and headers 
a r e  i n  p l a c e  a l o n g  t h e  b e l t  l i n e  and near  t h e  open- 
i n g s  where tempera tu re  and h u m i d i t y  v a r i a t i o n s  
c o n t r i b u t e  t o  u n s t a b l e  r o o f  c o n d i t i o n s .  Except  under 
o l d  work ings  n e a r  t h e  m ine  open ing  t h e  mine i s  d r y .  

S u r f a c e  [min ing e x i s t s  a p p r o x i m a t e l y  t h r e e -  
q u a r t e r s  o f  a  m i l e  e a s t  o f  t h e  Ferguson mine and t h e  
s t r i p p e d  c o a l  seam i s  t h e  No. 5  b l o c k  which i s  con- 
s i d e r e d  p o s s i b l y  t o  compromise b o t h  t h e  M i d d l e  and 
Lower K i t t a n n i n g  and t h e  C l a r i o n .  The c o a l  u n d e r l i e s  
a p p r o x i n i a t e l y  45-60 f e e t  o f  overburden which r e q u i r e s  
b l a s t i n g .  E x p l o r a t o r y  d r i l l i n g  a f t e r  t h e  s i t e  
s e l e c t i o n  i n d i c a t e d  t h e  t a r g e t  c o a l  seam was n o t  as 
e x t e n s i v e  as f i r s t  b e l i e v e d  and consequent ly ,  t h e  
s t r i p  advance t e r m i n a t e d  w i t h i n  t h r e e  thousand f e e t  
of  t h e  underground s i t e .  F o r  t h i s  reason f i v e  
a d d i t i o n a l  s h o t s  were f i r e d  o v e r  t h e  i n s t r u m e n t  
s i t e s .  

RESEARCH PLAN 

The premise upon wh ich  t h e  research  was based 
i s  t h a t  damage c r i t e r i a  s h o u l d  be measured by  i n -  
s t r u m e n t a t i o n  wh ich  i s  e i t h e r  a v a i l a b l e  o f f  t h e  s h e l f  
o r  e a s i l y  and i n e x p e n s i v e l y  f a b r i c a t e d .  F u r t h e r ,  
i n s t a l l a t i o n  and m o n i t o r i n g  shou ld  be per formed by 
non-research personnel  w i t h  a  minimum o f  s p e c i a l i z e d  
equipment. Peak p a r t i c l e  v e l o c i t i e s  were t o  be 
measured and c o n s i d e r e d  as one independent  v a r i a b l e  
p r o p o r t i o n a l  t o  damage measurements. S a f e t y ,  
economics, and p r o d u c t i o n  governed t h e  h o l e  p a t t e r n s ,  
charge  we igh ts ,  d e l a y s  and l o c a t i o n  of  charges i n  t h e  
s u r f a c e  mine, and i t  was t h e r e f o r e  n o t  a n t i c i p a t e d  
t h a t  any severe  damage such as r o o f  f a l l s  o r  r i b  
c o l l a p s e s  would occur .  Damage c r i t e r i a w e r e  d e f i n e d  
t o  i n c l u d e  changes i n  r o o f  l o a d  and h o r i z o n t a l  
s t r a i n ,  opening convergence, observab le  f r a c t u r e  
f o r m a t i o n  o r  e x t e n s i o n ,  and s p a l l a t i o n  o f  t h e  t o p  
and r i b s .  Temperature and h u m i d i t y  v a r i a t i o n s  were 
a l s o  mon i to red ,  and t h e  i n f o r m a t i o n  o b t a i n e d  used i n  
r e c t i f y i n g  t h e  r e c o r d e d  da ta .  

INSTRUMENTATION 

E leven  i n s t r u m e n t  s t a t i o n s  were l o c a t e d  a long  a  
segment o f  t h e  i n t a k e  p o r t i o n  o f  t h e  mine. Var ious  
comb ina t ions  o f  t h r e e  component moving c o i l  g~ophones ,  
r o o f  b o l t  pads, h o r i z o n t a l  r o o f  s t r a i n  i n d i c a t o r s  
(HORSI), convergence p i n s  and thermometers were i n -  
s t a l l e d  as shown b y  F i g s .  3  and 4  and T a b l e  I. 

Sur face  b l a s t  charge s i z e  and l o c a t i o n  and t h e  r e -  
s u l t i n g  ground movement and damage were m o n i t o r e d  
f o r  a p p r o x i m a t e l y  s i x  months. I n c l u d e d  i n  t h e  
charges were f i v e  sho ts  h a v i n g  zero  d e l a y s ,  charge 
we igh ts  r a n g i n g  f rom 1000 t o  2800 l b s ,  and d i s -  
tances f r o m  0  t o  1200 f e e t  from t l i e  i n s t r u m e n t  
s t a t i o n s .  T y p i c a l  v e l o c i t y  wave forms a r e  as 
shown by F i g s .  5  th rough  7. 

8 
VISUAL DAMAGE ASSESSMENT 

On t h e  day p reced ing  each s h o t  t h e  i n s t r u m e n t  
s t a t i o n s  were examined f o r  f r a c t u r e s  and l o o s e  
s p a l l  which were i d e n t i f i e d  b y  p a i n t  and t h e  
i n s t r u m e n t s  were read .  On t h e  day f o l l o w i n g  each 
s h o t  t h e  presence o f  new f r a c t u r e s  o r  spa1 1  was 
no ted  as were changes i n  measured r o o f  c o n d i t i o n s  
and convergence. Only those  t h r e e  sho ts  l o c a t e d  
d i r e c t l y  o v e r  t h e  mine r e s u l t e d  i n  s p a l l  o r  
f r a c t u r e  f o r m a t i o n s  and t h i s  was r e l a t i v e l y  m i n o r  
( F i g s .  8, 9  and 1 0 ) .  

DATA ANALYSIS 

The method o f  a n a l y s i s  i s  s i m i l a r  t o  t h a t  p e r -  
formed bv Olson, e t  a1 (1970) .  P a r t i c l e  v e l o c i t v  
V i s  a s s h e d  t o - b e  r e l a t e d  t o  d i s t a n c e  R  and chaFge 4 
w e i g h t  W by t h e  express ion  

v = K ( R / w ~ ) - "  

g e n e r a l i z e d  as 

and l i n e a r i z e d  by t h e  l o g a r i t h m i c  t r a n s f o r m a t i o n  

l o g  V  = l o g  C-n l o g  L. ( 4 )  

The da ta  f o r  each l o c a t i o n  and charge  was 
analyzed u s i n g  t h i s  r e l a t i o n s h i p  and o n l y  t h a t  s h o t  
d a t a  possessing n e g a t i v e  s l o p e s  and w i t h  a  c o e f -  
f i c i e n t  o f  m u l t i p l e  d e t e r m i n a t i o n  8' > 0.95. 

The a n a l y s i s  was then  repea ted  f o r  t h e  r e t a i n e d  
d a t a  a f t e r  s c a l i n g  t h e  d i s t a n c e s  by b o t h  t h e  square 
and cube r o o t  o f  t h e  charge w e i g h t  p e r  d e l a y  
( F i g s .  11 th rough  16 and T a b l e  11) .  

For  t h e  r o o f ,  r i b ,  and bo t tom composi te v e l o c -  
i t i e s ,  square r o o t  s c a l i n g  i s  o n l y  s l i g h t l y -  e t t e r  8 than  t h a t  o f  t h e  cube p r o v i d e d  t h e  l a r g e s t  R  v a l u e s  
5 e  t h e  s o l e  c r i t e r i o n .  However, excep t  f o r  t h e  r i b ,  5 R  d i f f e r e n c e s  a r e  l e s s  than  a  t e n t h  o f  a  p e r c e n t  
w h i l e ,  i n c l u d i n g  t h e  r i b ,  agreement i s  w i t h i n  f o u r  
percen t .  It i s  s i g n i f i c a n t  t o  n o t e  t h a t  i f , ' nd iv id -  3 u a l  v e l o c i t i e s  a r e  cons idered ,  t h e  l a r g e s t  R v a l u e  
occurs  when cube r o o t  s c a l i n g  i s  used f o r  t h e  
v e r t i c a l  r o o f  component which exceeds t h e  square 
r o o t  v a l u e  by Illore than  e i g h t  p e r c e n t .  The same 
i s  t r u e  t o  a  l e s s e r  e x t e n t  f o r  t h e  f l o o r  da ta .  A  
l i n e a r  mu1 t i r e g r e s s i o n  model was assumed o f  t h e  
form: 

where Y i s  t h e  dependent v a r i a b l e  which was con- 
s i d e r e d  i n  t u r n  as t h e  h o r i z o n t a l  r o o f  s t r a i n ,  
r o o f  b o l t  l o a d  and t h e  r o o f  convergence va lues .  The 
independent v a r i a b l e s  ( x i ,  xp, x3, and x4)  were t h e  
temperature,  h u m i d i t y ,  r o o f  v e l o c i t y  and f l o o r  
v e l o c i t y ,  r e s p e c t i v e l y .  The S t a t i s t i c a l  A n a l y s i s  
System program (Bar r ,  e t  a l ,  1976) was used f o r  t h e  
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analysis.  A signlfTcance l e v e l  o f  en t r y  o f  0.5000 
and a s ign i f f cance  l e v e l  o f  stay of 0.1000 were 
u t i l i z e d  and s i g n i f i c a n t  independent var iab les  
determined by the  forword se lec t i on  procedure. 

Because the model assumed d id  not  inc lude d i s -  
tance as an independent var iab le ,  the  number o f  
ve loc f t y  values. u t i l  l zad was increased from the four 
of t he  l i n e a r  dna lys is  t o  t h i r t een .  This was neces- 
sary t o  avoid a forced per fec t  f it Snrposed by the 
f o u r  degrees of freedom. The r e s u l t i n g  regression 
c o e f f i c i r n t   able f 11) are  grouped by depeldent 
var iab les  ra the r  than by  s ta t f on .  Although the 
model assumed I s  o the s implest  form, the  r e s u l t i n g  h coef f ic ien ts  and a values i nd i ca te  i t s  usefulness 
i n  determinlng trends and r e l a t i v e  importance o f  l n -  
dependent var iables.  The fo l l ow ing  discussion per-  
t a i ns  t o  those twenty-seve? of a t o t a l  o f  f i f t y -  
th ree responses having an R~ > 0.500. This value 
l s  a r b i t r a r i l y  chosen as an i n d i c a t i o n  of an ac- 
ceptable fit. 

FLOOR PARTICLE VELOCITY e4 
This parameter I s  considered t o  be i n s j g n i f l c a n t  

because oP a l l  the  responses on l y  one, t h a t  o f  C4 a t  
s t a t i o n  5, lnd lca tes  a dependence upon f l o o r  ve loc i ty .  
This t s  no t  unexpected, however. as almost a l l  l oad  
and s t r a i n  ins t rumenta t ion  was located Tn the roof. 

TOP PARTICLE VELOCITY e3  
This c o c f f l c i e n t  was s l g n i f f c a n t  t n  fourteen of 

the accepted f j t s .  Of these, four  negat lve va lu  s 
were a s s o c l a t ~ d  w i t h  roof convergence. I f  the ~5 
value i s  ignored, twenty-two responses are f unc t i on  
o f  i 3  w i t h  seventeen located between Sta t ions  1 and 
4. I t  i s  s i g n f f i c a n t  t o  note however t h a t  these 
s ta t ions  occupy the por t ions  o t  the mine n o t  over- 
l a i n  by o l d  workings. Thus, the  observed v e l o c i t y  
values are ne i t he r  in f luenced by changes of  acoust ic 
impedence resu l  t f n g  from a rock a l r  o r  rock water 
i h t e r f a c e  I n  the o l d  workings nor a Scat ter ing  o f  
the seismic energy r e s u l t l n g  from a col lapse o f  the  
ove r l y i ng  mine s t ruc ture .  

Var ia t ions  Jn humidi ty were i n  general confined 
t o  those s ta t i ons  near the  opening and under t he  o l d  
workings where water was a problem. However, analy- 
s i s  does n o t  I nd i ca te  t h a t  t h l s  i s  Important. As the 
wet por t ions  a l so  correspond t o  those heav i ly  timbered, 
a compensatdng e f f ec t  may e x i s t .  

T EMPERATLIRE COEFFICIENT IS1 
Temperature was found t o  be s i g n i f i c a n t  i n  

twenty-nine respo_n es o f  which eighteen are consid- h ered good by the R c r i t e r i o n .  

HORIZONTAL ROOF STRAIN INDICATORS (HORSI ' S) 
The jnstrumentat lon o f  the  mine' t n c l  udcd the  

i n s t a l l a t t o n  o f  one p a l r  each of  r e s i n  and anchor 
rock  b o l t s  between which HORSI's were a f f i xed.  
These were a l lgned p a r a l l e l  t o  one another and t o  
compare r e l a t i v e  responses. The mul t i - regress ion 
ana lys is  u t l l l z e d  data from twenty-elght HORSI'S, 
fourteen each o f  the t o installation types. OP tha !! t o t a l ,  t h l r t e e n  have k values greater than 0.500 and 
of these, n fne are associated w l t h  mechanical anchor 
i n s t a l l a t j o n s .  Thls suggests th7s type o f  I n s t s l l a -  
t i o n  I s  more sens i t i ve  t o  the  model parameters than 
i s  the  res in .  
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Of the n ine roof b o l t  load pads monftored on l y  
three responses had R~ values greater  than 0.500. 
Although t h l s  suggcsts t h a t  both the assumed model 
and associated regressCon expressions are poor, i t  i s  
of i n t e r e s t  to  note t ha t  w i t h  t he  exception o f  
Stat lons 3 and 11, v e l o c i t y  i s  not  a s i g n i f i c a n t  
var iab le  and the dominant c o e f f i c i e n t  a t  a l l _ s t a t i o n s  
f s  the  constant term ^Boa  Furthennore, each BO d l f f e r s  
from the maximum Input  pad value by l ess  than one 
u n i t  o r  scale d iv is ion .  Thus, changes i n  the b o l t  
load do no t  vary nrorr than. 2250 pounds throughout the  
t e s t  period. ' An implication of t h l s  i s  t h a t  over the 
range of charge wetghts. d istances, temperature and 
humidi ty o f  the experiments, permanent changes i n  the 
roo f  load were less than the accuracy o f  the  meosure- 
ments. 

CONVERGENCE 

TWO convergence measurements were made a t  each 
s ta t ion .  These are designated C2 and C 4  and repre- 
sen.t top t o  bottom values as measured from anchors 
located two and four  fee t  I n t o  the  roo f ,  respect tve ly .  
The dominant c o e f i i c i e n t  as w i t h  the pad responses 
was the constant 0 term. The temperature coefft- 
c i en t  $ was statls!ical.ly s t g n l f l c a n t  f o r ' t w e l v e  o f  
the twenty responses of which ten  were negative. 
Furthermore, s f x  o f  the  seven s t g n l f i c a n t  p a r t i c l e  
ve loc i t y  coe f f i c i en t s  g3 were a1 so negatf ve. The 
domtnance o f  t he  negat ive and 3 values i s  con- 
s i s t e n t  w i t h  the  assumptfons t h a t  ?I) an increase i n  
temperature expands the  rock b o l t  and the surrounding 
rock mass and Introduces bottom heave, and (2 )  an 
increase i n  p a r t l c l e  v e l o c i t y  i s  accompanied by an 
increase I n  b o l t  movement. t op  sag, formation o f  
spa11 o r  any comblnation, Both decrease convergence 
values. As w i t h  t he  pad resu l t s ,  however, the l a r g e  
5 coe f f l c l en t s  ind fca te  the . con t r l bu t l ons  of the  
dQpendent var lab l  es assumed are extreme1 y small and 
t h a t  convergence measurements remain constant. Thls 
fu r ther  indicates t h a t  the surface shots fnduced 
l q t t l e  changes i n  the mine cond i t ion .  Furthermore, 
d f f fe rence between the C2 and C4 readings are j n -  
s i gn i f i can t .  Figs. 17. 18. and 19 i l l u s t r a t e  these 
two conclusions. The p a i r s  o f  curves are e s s e n t l a l l y  
p a r a l l e l  and constant w i t h  the  few va r l a t i ans  a t -  
t r l bu ted  t o  e r ro rs  i n  Instrument ( d l a l  gage) readings 
r a t h e r  than actual changes i n  the top t o  bottom 
seperation. 

SUMMARY AND CONCLUSIONS 

Peak p a r t i c l e  velocities of seismic waves 
generated near the surface bu t  recorded underground 
are re la ted  t o  scaled distances by the equation 

S t a t i s t i c a l l y  a b value o f  0.5 i s  on ly  s l lgh t !y  
b e t t e r  than 0.3333 f o r  expressing the roo f ,  r i b  and 
bottom , total  peak ve loc i ty .  However, cube r o o t  
sca l ing  I s  best fo r  p red i c t i ng  t he  v e r t i c a l  r o o f  
component and because the r o o f  cond i t ion  i s  of major 
importance t h f s  value should be used. 

Only minor damage o f  t he  f o n  o f  l oca l  l zed t h i n  
spa11 and p o s ~ l b l e  col lapse o f  por t ions  o f  p rev ious ly  
f r ac tu redcoa l  r l b s  resu l ted  from those shots having 
assocfated peak p a r t f c l e  v e l o c i t i e s  ,in excess of 
2 In. /sec.  The absence o f  major damage o r  changes i n  
the mine condi t ion i s  v e r i f i e d  by  a 1 ?near mu1 ti- 
regresslon analysfs which r e l a t e s  damage c r i t e r l a  
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peramcters t o  peak p a r t i c l e  ve loc l t l es ,  temperature FIGURE CAPTIONS 
and humid1 t y .  A1 though the independent va r l ab l  es were 
found t o  be s t a t i s t v c a l l y  s lgn f f f can t  and the s fgn 1. Distance vs. charge weJght shoulng damage zone - 
o f  the associated c o e f f i c i e n t s  o f  t h e  proper value, UET tes ts .  
the dominant c o e f f i c i e n t s  are  t h e  constants. 

2. Map o f  Yest V i rg in ia  showing the  l o c a t i o n  o f  T i o ~ a ,  
REFERENCES West V i rg in ia .  
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Duval l ,  W. I., and Atchfson, T. C., "Rock Breakage 
by Explosives," Bureau o f  Mines R I  5356, 1957. 
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8. Scale resu l t i ng  from b las t lng.  
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separation i n  the center o f  the p a i n t  s t r ipe .  

10. Coal r l b  showing f rac tures resulting from 
b las t lng.  

11. Sque,re r o o t  scaled distances vs. t o t a l  peak 
roo f  p a r t i c l e  ve loc i t y .  

12, Cube roo t  scaled dfstance vs; t o t a l  peak roof 
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13. Square r o o t  scaled distance vs, t o t a l  peak 
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TABLE I. INSTRUMENTS AT EACH STATION 

S t a t l o n  Geophones Rib Pad TRH LTH 
2C Number Bottom No. No. No. lRH WMS No. 

1 X X X - 3 4 5 6 X 
1 a - 27 X x 8 9 - - 
2 - - - 16 X X 10 11 12 13 X 
3 X X X 5 1 X X 14 15 - - 
4 X 19 X X 16 17 - 
5a 

X - - - 18 19 20 21 

5 X X X 14 X X 22 23 - 
6 - - 15 X X 24 25 

X - 
X 

7 X X X 17 X X 26 27 - 
8 X - - 8 X X - ., - X 

9 X X 50 X X 28 29 - 
10 X X X 20 3 0 31 - 
11 

X .  
X X 32 33 

2C Two foot  roof b o l t  and f l o o r  hook for  convergence determinat ion 
4C Four foot  r o o f  b o l t  and f l o o r  hook f o r  convergence determinat ion 
TTH Transverse or ien ted HORSI mounted on torqued r o o f  b o l t s  
TRH Transverse o r i en ted  HORSI mounted on r e s i n  roof b o l t s  
LTH Long l tud lna l  o r l en t cd  HORSI mounted on torqued roo f  b o l t s  
LRH Long i tud ina l  o r ien ted HORSI mounted on r e s i n  roo f  b o l t s  
X Present - Absent o r  non-functlonal . . 

TABLE 11. PROPAGATION EQUATION CONSTANTS AND REGRESSION STATISTICS 

S i t e  Constant Scal ing Standard Square o f  Mu1 t i p l e  
Ve loc i t y  K Exponent Er ror  Co r re la t iQ  Coef- -n b o f  Estimate F i c l en t .  Rg, X 

Roof 
V e r t i c a l  . O  -4.27 1 / 2  0.1957 81 -83 
Radial :::22:1 .% -4.27 1 /2 0.1957 81.83 
Transverse 12,456,47 -4.09 1 / 2  0.2149 77.27 
Composite 69,114.46 -4.53 1/2 0.1593 85.64 " 

V e r t i c a l  651,770.05 -3.79 1/3 0.1442 90.21 
Radial  312,193.17 -3.63 1 /3 0.1901 82.87 
Transverse 148,330.41 -3.50 1/3 0.2195 76.20 
Composite 1,029,667.00 -3.85 1 /3 0.1598 88.57 

R j b  - .  0. 8 3 85. 3 
Radial  2,916.01 -3.52 1/2 0.2625 63.72 
Transverse 7,053.99 -3.89 1/2 0.2337 74.97 
Composite 26.489.85 -4.19 1 /2 0.2039 82.43 

V e r t i c a l  341.937.16 -3.61 1 /3  0.1982 83.44 
Radial  13,358.09 -2.e3 1/3 0.2729 60.79 
Transverse 87,117.54 -3.35 1/3 0.2354 74.60 
Compo~l t e  281 ,I 24.89 -3.52 1/3 0,2197 79.60 

F loor  
V e r t i c a l  16,841 -53 -4.25 1 /2 0.1603 87.71 
Radial  771,97 -3.24 1/2 0.2650 56.09 
Trensverse 2,669.09 -3.63 1 /2 0.1908 79.85 
Composite 1 D,333.56 -3.99 1 / 2  0.1 586 86.84 

1/3 ' V e r t i c a l  275,493.34 -3.68 , 0.1513 89.04 
Radlal  4,718,64 -2.72 1/3 0.2702 57.36 
Transverse 22,921.45 -3,09 1 /3 0.1988 78.12 
Composite 117,934.29 -3.40 1 /3 0.1628 86.13 
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TABLE 111. MULTIPLE LINEAR REGRESSION COEFFICIENTS 

S t a t i o n  Response Po @1 82 B3 4 R2 C . V .  percent percent 

LRH 
LTH 
L RH 
LT H 
TRtl 
TTH 
TRH 
TTH 
TRH 
TTH 
TRH 
TTH 
TRH 
TTH 
TRH 
TTH 
TRH 
TTH 
TRH 
TTH 
TRH 
TTH 
C2 
C4 
C2 
C 4  
C2 
c 4  
c2. 
C4 
C2 
C4 
C2 
C4 
C 2  
C4 
C2 
C4 
C 2 
C4 
C2 
C4 
PAD 
PA0 
TRH 
TTH 
TRH 
TTH 
TRH 
TTH 
PAD 
PAD 
PAD 
PAD 
PAD 
PAD 
PAD 
PAD 
PAD 
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