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PART SEVEN 

THEORETICAL SEISMIC SIGNAL SOURCE AND TRANSMISSION CHARACTERISTICS 

John T. Kuo 
Columbia U n i v e r s i t y  

I. SUMMARY 

The m i n e r ' s  s e i s m i c  s o u r c e  s t r e n g t h  can b e  approx imate ly  e s t i m a t e d  on t h e  

b a s i s  of a  s i n g l e  f o r c e  a c t i n g  i n  an i n f i n i t e  medium. Because of t h e  u n c e r t a i n -  

t y  i n v o l v e d  i n  e s t i m a t i n g  t h e  amount of convers ion  from mechanical  energy t o  

s e i s m i c  e n e r g y ,  t h e  s o u r c e  s t r e n g t h  t h u s  e s t i m a t e d  may b e  i n  e r r o r  by a s  much 

a s  a  h a l f - o r d e r  of magnitude.  C a l c u l a t i o n s  of wave t r a n s m i s s i o n  must t a k e  i n t o  

accoun t  g e o m e t r i c a l  s p r e a d i n g ,  d i s s i p a t i o n  of energy by i n t e r n a l  f r i c t i o n ,  and 

energy p a r t i t i o n  due t o  r e f l e c t i o n  and r e f r a c t i o n  of waves impinging on i n t e r -  

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

T h e o r e t i c a l l y  d e r i v e d  peak-to-peak p a r t i c l e  v e l o c i t i e s  i n  mic ro inches  p e r  

second (PIPS) a r e  g i v e n  f o r  two models ; v i z :  ( i )  50- fee t  t h i c k  and ( i i )  100- 

f e e t  t h i c k  4000 f t / s e c  l a y e r s  w i t h  Q = 20,  o v e r l y i n g  a  h a l f - s p a c e  o f  10,000 f t /  

s e c  m a t e r i a l  w i t h  Q = 5O;for  t h e  c a s e s  .of a  hammer blow and a  t imber  impac t ,  

a t  t h e  f r e q u e n c i e s  of  50 Hz and 100 Hz. Comparison of t h e  t h e o r e t i c a l l y  d e r i v e d  

peak-to-peak p a r t i c l e  v e l o c i t y  w i t h  e x p e r i m e n t a l  d a t a  t a k e n  a t  t h e  Copper Queen 

Mine i n d i c a t e s  t h a t  t h e  t h e o r e t i c a l  p a r t i c l e  v e l o c i t y  may b e  o v e r e s t i m a t e d .  

A d i s c u s s i o n  of t h e  d i s t o r t i o n  of s e i s m i c  wavef ron t s  by mine t u n n e l s  

i n d i c a t e s  t h a t  i t  i s  u n f a v o r a b l e  t o  use  a  s e i s m i c  s o u r c e  impact  on t h e  f l o o r  

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

t h e  s u r f a c e .  

A program of p a r a l l e l  t h e o r e t i c a l  and e x p e r i m e n t a l  work i s  r e q u i r e d  t o  

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

m i n e r ' s  s e i s m i c  s o u r c e  s i g n a l  which cannot  b e  r e s o l v e d  w i t h i n  t h e  approx imat ions  

of  t h i s  work. I ts major  components i n c l u d e  t h e o r e t i c a l  i n v e s t i g a t i o n s  of t h e  

(1 )  Wave d i f f r a c t i o n  and s c a t t e r i n g  of an  impact  s o u r c e  

on a f a c e  of a  c y l i n d r i c a l  c a v i t y .  

(2) Impact of an e l a s t i c  o b j e c t  on a n  e l a s t i c  medium. 
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Exper imenta l  measurements of t h e  s i g n a l  spect rum under  c a r e f u l l y  c o n t r o l l e d  

c o n d i t i o n s  a r e  a l s o  n e c e s s a r y  i n  o r d e r  t h a t  t h e  f requency spec t rum of t h e  s o u r c e  

b e  determined a c c u r a t e l y ;  i t  is  v i r t u a l l y  imposs ib le  t o  de te rmine  t h e  s o u r c e  

s t r e n g t h  n e a r  o r  a t  t h e  s o u r c e  s i n c e  t h e  problem of t h e  e f f i c i e n c y  of convers ion  

of mechanical  t o  s e i s m i c  energy i s  ex t remely  d i f f i c u l t  t o  h a n d l e .  

For t h e  i n i t i a l  d e t e c t i o n  of a  s u r v i v i n g  miner i n  a  d i s a s t e r  s t r u c k  mine, 

a  "low-frequency" s o u r c e  of c o n s i d e r a b l e  s t r e n g t h  i s  d e s i r e d .  It i s  proposed 

t h a t  e x p e r i m e n t a l  e f f o r t s  b e  devoted t o  t h e  development and test  of such a  s o u r c e ,  

i n  c o n j u n c t i o n  w i t h  t h e  concept  of  a  c o u p l e r  t o  enhance t h e  convers ion  of mechanical  

energy i n t o  s e i s m i c  energy .  

11. INTRODUCTION 

The t h r u s t  of  t h i s  work is  conf ined  t o  t h e  s u r f a c e  s e i s m i c  d e t e c t i o n  and 

l o c a t i o n  of t r a p p e d  miners  i n  a  -- c o a l  mine. I t  i s  i m p e r a t i v e  t h a t  t h e  p rocedure  

of l o c a t i n g  t r a p p e d  miners  b e  a s  u n s o p h i s t i c a t e d  t o  o p e r a t e  a s  i s  f e a s i b l e ;  t h e  

f i n a l  sys tem s h o u l d  i d e a l l y  b e  a s  c l o s e  t o  a  "push b u t t o n "  t y p e  a s  p o s s i b l e .  

The i n v e s t i g a t i o n  of t h e  problem of t h e  d e t e c t i o n  and l o c a t i o n  of a  t r a p p e d  

miner  s t a r t s  from t h e  fo l lowing  i n i t i a l  c o n d i t i o n s  : 

(i) A r e l a t i v e l y  weak b u t  h igh-frequency s e i s m i c  s o u r c e  

( i i )  Seismic-wave t r a n s m i s s i o n  i n  .an inhomogeneous medium g e n e r a l l y  

capped by an  ex t remely  l o s s y  wea the r ing  l a y e r  of v a r i a b l e  t h i c k -  

n e s s .  

( i i i )  R e l a t i v e l y  h i g h  background n o i s e  i n  t h e  f requency band of t h e  

s i g n a l .  

( i v )  L i m i t a t i o n s  i n  t h e  r e s o l u t i o n  of c u r r e n t l y  employed s e i s m i c  

methods i n  b o t h  t h e  t i m e  and f requency domain. 

The f o l l o w i n g  a n a l y s i s  i s  des igned  t o  shed  l i g h t  on i t e m s  ( i )  and ( i i ) .  

The r e s u l t s  o b t a i n e d  i n  t h i s  i n v e s t i g a t i o n  of  s e i s m i c  s o u r c e s  a r e  c o n s i s t -  

e n t  w i t h  b e i n g  a b l e  t o  d e t e c t  miners  a t  r anges  up t o  on t h e  o r d e r  of 1000 f e e t ,  

and t o  measure a r r i v a l  t imes  t o  w i t h i n  a  few m i l l i s e c o n d s .  Hence under  t h e  most 

f a v o r a b l e  s i g n a l - t o - n o i s e  and g e o l o g i c a l  c o n d i t i o n s ,  i t  i s  conce ivab le  ( s e e  

Appendix B )  t h a t  t h e  l o c a t i o n  of a miner t o  w i t h i n  30 f e e t  shou ld  b e  ach ieved  

by s e i s m i c  means, and a  r e a s o n a b l e  e x p e c t a t i o n  i n  a  r ange  of s i t u a t i o n s  would 

b e  l o c a t i o n  a c c u r a c i e s  t o  w i t h i n  100 f e e t .  

111. SOURCE STRENGTH AND SOURCE SPECTRUM 

I t  i s  reasonab ly  c e r t a i n  t h a t  t h e  miner  d e t e c t i o n  and l o c a t i o n  sys tem h a s  

t o  depend predominant ly  upon t h e  compress ional  wave, c e r t a i n l y  f o r  l o c a t i o n  

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

i n g  power. Suppose t h a t  a  hammer blow ( o r  a  t i m b e r  impact)  on t h e  r o o f ,  r i b  
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o r  f l o o r  i n  a  g iven  mine can b e  approximated by a  s i n g l e  f o r c e  i n  an i n f i n i t e  

medium. Such an approximat ion i s  on ly  good f o r  e s t i m a t i n g  t h e  o r d e r  of magni- 

t u d e  of t h e  s o u r c e  s t r e n g t h .  More p r e c i s e  e s t i m a t e s  demand a  r i g o r o u s  t h e o r e t i c -  

a l  t r e a t m e n t  o f  t h e  problem. Neglec t ing  t h e  d i s t o r t i o n  of t h e  wave f r o n t ,  due 

t o  a  sys tem of c a v i t i e s ,  which w i l l  b e  d i s c u s s e d  i n  a  l a t e r  s e c t i o n ,  t h e  r a d i a l  

component of t h e  p a r t i c l e  d isplacement  f o r  n e a r - f i e l d ,  a s  shown by White (1965) ,  

i s  g iven  by 

u  = 
G c o s  4 1 r 2  I r 2  11 r 

[T g ( t -  v) + - g  ( t -  7 )  + +I g  ( t -  ) I  ( I ) *  
r 4npr r V  r 

where G i s  t h e  magnitude of t h e  f o r c e ,  p is t h e  d e n s i t y  of t h e  medium, V i s  t h e  

compress iona l  wave v e l o c i t y ,  and is t h e  a n g l e  between t h e  s o u r c e  and 

t h e  p o i n t  of o b s e r v a t i o n  w i t h  r e s p e c t  t o  t h e  v e r t i c a l .  

F o r t u n a t e l y ,  f o r  t h e  p r e s e n t  a p p l i c a t i o n  of Equat ion (1)  t o  t h e  s e i s m i c  

d e t e c t i o n  and l o c a t i o n  of a  miner ,  t h e  d i s t a n c e  from t h e  s o u r c e  t o  t h e  observa- 

t i o n  p o i n t  i s  g e n e r a l l y  l a r g e ,  i n  t h e  o r d e r  of a t  l e a s t  s e v e r a l  wave leng ths ,  e . g . ,  

a  f requency of 75 Hz and a  v e l o c i t y  of 8000 f t / s e c  corresponds t o  a  wavelength  of 

106 f e e t ,  whereas t h e  o b s e r v a t i o n  p o i n t  i s  t y p i c a l l y  l o c a t e d  a t  l e a s t  400 f e e t  

away from t h e  s o u r c e .  From t h a t  p o i n t  of view, t h e  f i r s t  term i n  t h e  r ight-hand 

s i d e  of Equat ion (1 )  i s  predominant ,  a s  t h e  second and t h i r d  terms decay very  

r a p i d l y  a t  l a r g e  d i s t a n c e s .  However, t h e  e f f i c i e n c y  o f  t h e  convers ion  of t h e  

mechanical  energy i n t o  s e i s m i c  energy a t  t h e  immediate p o i n t  of impact i s  ex t remely  

d i f f i c u l t  t o  e s t i m a t e  a c c u r a t e l y ,  a s  all a p p r e c i a b l e  amount of energy is  d i s s i p a t e d  

a t  t h e  p o i n t  of impact due t o  f r a c t u r e  and p l a s t i c  deformat ion of t h e  rock.  

For a  c rude  e s t i m a t e  of t h e  p a r t i c l e  d i sp lacement  a t  an o b s e r v a t i o n  p o i n t  

l o c a t e d  s u f f i c i e n t l y  f a r  away from t h e  s o u r c e ,  Equat ion (1) may b e  w r i t t e n  a s  

which i s  a l s o  used by Westinghouse ( s e e  Westinghouse F i n a l  Report  (1971) ,+volume 

11, p .  78-83). It i s  p o s s i b l e  t o  e x t r a p o l a t e  t h e  p a r t i c l e  d i sp lacement  back t o  

t h e  s o u r c e  i n  a  h a l f - t h e o r e t i c a l  and h a l f - e m p i r i c a l  f a s h i o n  t o  o b t a i n  v a l u e s  f o r  

t h e  s o u r c e  s t r e n g t h  and f requency c h a r a c t e r i s  t i c s .  

* References  t o  F i g u r e s ,  T a b l e s ,  and Equat ions  app ly  t o  t h o s e  i n  t h i s  P a r t  u n l e s s  
o t h e r w i s e  no ted .  

Westinghouse C o n t r a c t  H0101262 w i t h  Bureau o f  Mines. 
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In t roduc ing  t h e  d i s s i p a t i o n  of energy by i n t e r n a l  f r i c t i o n ,  Equation ( l a )  

may then  b e  w r i t t e n  a s  

where a is  t h e  d i s s i p a t i o n  c o e f f i c i e n t .  The r a d i a l  component of t h e  p a r t i c l e  

v e l o c i t y  can then  be  ob ta ined  by d i f f e r e n t i a t i n g  Equation ( l b ) ,  n e g l e c t i n g  t h e  
2 

terms h i g h e r  than  l / r  . - 

There is  a  f a c t o r  of two i n c r e a s e  i n  t h e  displacement i f  t h e  d e t e c t i o n  of t h e  motion 

is  made on t h e  s u r f  ace  of a  ha l f - space .  I n  a d d i t i o n ,  t h e  v e r t i c a l  displacement  

u sua l l y  d e t e c t e d  i s  a  component of t h e  r a d i a l  p a r t i c l e  displacement  s o  t h a t  equa- 

t i o n  (2) should  b e  m u l t i p l i e d  by a  f a c t o r  of 2 cos@- 

I n s t e a d  of l e t t i n g  t h e  f o r c e  be  of t h e  form 

a s  used by Westinghouse, a  c l o s e r  r e p r e s e n t a t i o n  of t h e  r e a l  source ,  

a s  recorded through t h e  Westinghouse s e i smic  system, may be  given by 

-a t  
g ( t )  = e  s i n  b t .  
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The f o r c e  f u n c t i o n  g ( t )  h a s  t h e  form shown i n  F i g u r e  1. The i n t e g r a l  of t h e  

f o r c e  from a  hammer blow o r  a  t i m b e r  impact  i s  e q u a l  t o  an  approx imat ion  of  an  

impact  of v e r y  s h o r t  d u r a t i o n  f o r  t h e  c a s e  of an  i n e l a s t i c  c o l l i s i o n ,  I ,  such  

t h a t  

where M i s  t h e  mass of t h e  impact  o b j e c t  and v  i s  t h e  impact  v e l o c i t y .  

S u b s t i t u t i n g  g ( t )  from Equa t ion  (4)  i n t o  (5)  and s o l v i n g  f o r  G ,  we have 

The F o u r i e r  Transform of  Equa t ion  (4 )  t h u s  g i v e s  t h e  spec t rum f o r  t h e  impact  

( a  hammer o r  t i m b e r  upon t h e  r o o f ,  r i b  o r  f l o o r )  as f o l l o w s  

03 

-at - i w t  
e s i n  b t  e d t  

b  
Assuming t h a t  a  = - where n  i s  e i t h e r  an  i n t e g e r  o r  a n o n - i n t e g e r ,  

n  
e q u a t i o n s  (6 )  and (7)  become, r e s p e c t i v e l y  

and 

nu where R = - 
b e  
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FIGURE 1 THE FORCE FUNCTION AND THE FOURIER TRANSFORM 
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It fo l lows  t h a t  

The maximum va lue  of I G(iw ( thus  occurs  a t  

w =  b n  f o r  w>o 
n  

2 

n 
with  a  corresponding v a l u e ,  I G(iw) 1 = -i~;. 

A t  w = 0 ,  w e  have 
r )  

The r a t i o  of I ~ ( i w )  lw=bJy& 

is thus  

Experimental  r e s u l t s  a r e  needed t o  determine t h e  spectrum f o r  va r ious  sources  

under va r ious  rock t ypes .  
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The spec t rum of t h e  hammer blow o r  t imber  impact h a s  t h e  form o f  

F i g u r e  1; t h u s  a s  n  approaches  o n e ,  t h e  spect rum approaches  t h a t  assumed 

by Westinghouse,  a s  d e p i c t e d  i n  F i g u r e  2  below; 

FIGURE 2 SOURCE IMPACT SPECTRUM ASSUMED BY WESTINGHOUSE 

i .e . ,  f l a t  from DC t o  t h e  c o r n e r  f requency w . 
C 

T h e r e f o r e  t h e  r a d i a l  component of t h e  p a r t i c l e  v e l o c i t y  of Equa t ion  (2)  

becomes 

and 

f o r  a  # b 

( t -  $) ]e-ar 

b 
f o r  a  = - n 
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For a  mu l t i l aye red  model, t h e  r a d i a l  component of t h e  p a r t i c l e  v e l o c i t y ,  

by v i r t u e  of equa t ion  (12) ,  becomes 

n  
- C a r  

2  2 2  1 n  n  

u  = 
Mv(a +b ) cos 4 

r x Tn( i )  (14) 
4nb2pv, 2R 1 n  

where V i s  t h e  compressional wave v e l o c i t y  of t he  medium i n  which t h e  source  
1 

i s  l o c a t e d ,  and T i s  t h e  t ransmiss ion  c o e f f i c i e n t  through t h e  mu l t i l aye red  
n  

medium. 

I V .  NATURE OF THE MINER'S SOURCE 

Consider t h e  impact of an e l a s t i c  rod of l e n g t h ,  R ,  upon a  r i g i d  h a l f -  

space.  A t  t h e  impact ,  t = t v  = v and o = v 6 where t i s  t h e  t ime, 
0 '  0 '  0 0 

v  i s  t h e  v e l o c i t y  of t h e  impact,  a i s  t h e  s t r e s s ,  E i s  young's modulus of 
0 0 

t h e  rod ,  and p i s  t h e  d e n s i t y .  

L a t e r ,  f o r  t > t i f  t h e  con t ac t  d u r a t i o n  i s  s u f f i c i e n t l y  long ,  w e  have 
0'  

o 
a s v = -  and c  v~ 
6 
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T h e r e f o r e  t h e  stress e x e r t e d  on t h e  r i g i d  medium i s  

and we have 

Hence t h e  stress on t h e  r i g i d  medium i s  

The b e h a v i o r  o f  e q u a t i o n  (19) may b e  summarized a s  f o l l o w s :  
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R 2R 
( 4 )  a t t  + - < t < t  + -  

0 C 0 C 

Therefore ,  i f  t h e  impact d u r a t i o n  is  s u f f i c i e n t l y  long ,  t h e  l o n g i t u d i n a l  

v i b r a t i o n  of t h e  rod i s  of importance t o  t h e  s t r e s s  on t h e  impact medium. It 

is  a n t i c i p a t e d  t h a t  f o r  t he  case  of t h e  impact of an e l a s t i c  o b j e c t  such a s  a  

t imber  on an e l a s t i c  medium, t h e  s t r e s s  should be  a  f u n c t i o n  of E 1' E2' 

p1 , and p 2  , and fur thermore ,  t h e  i n i t i a l  impact s t r e s s  might b e  a  func- 

t i o n  of El ,  E 2 ,  p l ,  and p 2 ,  a s  w e l l  a s  of Vd This  might e x p l a i n  why a  t imber  

impact ,  i n  a d d i t i o n  t o  i t s  h e a v i e r  mass, gene ra t e s  lower frequency a s  w e l l  a s  

l a r g e r  s i g n a l s  t han  a  hammer blow. 
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V. SIGNAL ATTENUATION 

A t t e n u a t i o n  of s e i s m i c  waves i s  a t t r i b u t e d  p r i n c i p a l l y  t o  

(1 )  g e o m e t r i c a l  s p r e a d i n g  

(2)  energy d i s s i p a t i o n  

(3 )  energy p a r t i t i o n  due t o  r e f l e c t i o n  and t r a n s m i s s i o n  

a t  t h e  i n t e r f a c e s  of a  l a y e r e d  medium. 

A. Geomet r i ca l  Spread ing  

According t o  e q u a t i o n  ( l a ) ,  i n  t h e  f a r - f i e l d  t h e  p a r t i c l e  d i sp lacement  

i s  s imply i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  f i r s t  power o f  t h e  d i s t a n c e  between 

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

B .  Energy D i s s i p a t i o n  
-1 

The d i s s i p a t i o n  f u n c t i o n  Q f o r  compress ional  waves p ropaga ted  i n  

common r o c k s  may b e  g iven  by (Fut terman,  1963) 

where a i s  t h e  a t t e n u a t i o n  c o e f f i c i e n t .  

4naV <<  1, For  s m a l l  d i s s i p a t i o n  such t h a t  - 
W 

e q u a t i o n  (20) may b e  approximated by 

-1 
s o  t h a t  t h e  a t t e n u a t i o n  c o e f f i c i e n t  i n  terms of  Q i s  

where f  i s  t h e  f requency  i n  Hz. 

*This e x p r e s s i o n  d i f f e r s  by a f a c t o r  of  2  from t h a t  g iven  i n  t h e  Westinghouse 

F i n a l  Repor t  (1971) ,  S e c t i o n  11, p .  D-16. 
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There fo re ,  t h e  a t t e n u a t i o n  c o e f f i c i e n t  is a  func t i on  of w a s  shown i n  

F igure  3. Bas ic  p h y s i c a l  cons ide ra t i ons  i n d i c a t e  t h a t  t h e  a t t e n u a t i o n  should 

d i s appea r  a t  some low frequency cut-off  wo , which has  accord ing ly  been inc lud-  

ed i n  F igure  3 ,  a l though r e l i a b l e  e s t i m a t e s  of i t s  va lues  a r e  no t  y e t  a v a i l a b l e .  

a' 

FIGURE 3 ATTENUA-TION COEFFICIENT VERSUS FREQUENCY 
WITH A LOW-FREQUENCY CUT-OFF 

Valuable in format ion  on t h e  va lue  of Q f o r  Eas te rn  Coal Prov ince ,  Southern 

Appalachian f i e l d ,  I n t e r i o r  Coal Prov ince ,  and Rocky Mountain c o a l  reg ions  i s  

given by Wes t inghouse  ( ~ i n a l  Report 11, p  . D16-18) .* Average va lues  of Q f o r  

va r ious  rock types  a r e  approximately given i n  (without  s p e c i f y i n g  t h e  f requency 

range) Table  1. 

TABLE 1 

AVERAGE VALUES OF Q 

Rock Type Q 
Cap rock 50 

Do lomi t e 200 

Limes tone 120 

l l a r l s  tone ,  sand- 50 

s t o n e ,  s h a l e  and 

s i l t s t o n e  

* I b i d .  
7.13 
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S i n c e  t h e  c o a l  r e g i o n  i s  g e n e r a l l y  covered by wea the r ing  l a y e r s  and s o i l s ,  

t h e  f o l l o w i n g  a r e  v a l u e s  of Q f o r  s o i l s  f o r  compress ional  waves i n  t h e  f requency 

range  of i n t e r e s t  (Table  2 ) :  
TABLE 2 

Q ' s  FOR TYPICAL WEATHERING LAYERS 

Frequency 
? S o u ~ c e  Format i o n  Range 

P o t t s v i l l e  sand- 100-900 Hz 7 
s t o n e  

P i e r r e  s h a l e  

C o l l i n s  
and Lee 
(1956) 

McDonal 
e t  a l .  
(1958) 

The a v e r a g e  v a l u e s  of a a r e  approximate ly  (Table  3 ) :  

TABLE 3 

AVERAGE VALUES OF ATTENUATION COEFFICIENT, a 
Rock Type Compressional  Q Frequency a 

wave v e l o c i t y  
f t  / s e c  

Hz n e p e r s  / f  t 

Dolomite 

Limes t o n e  

Sands ton? 

Weather ing zone 

C .  Energy P a r t i t i o n  

The f r a c t i o n  of t h e  energy i n c i d e n t  i n  a p l a n e  wave upon a p l a n e  i n t e r f a c e ,  

s e p a r a t i n g  two s e m i - i n f i n i t e  media ,  t h a t  is  c a r r i e d  away i n  each of t h e  r e f l e c t e d  

and r e f r a c t e d  waves,  can b e  d i r e c t l y  c a l c u l a t e d  on a computer.  Among v a r i o u s  

a u t h o r s ,  e . g . ,  C o s t a i n  e t  a l .  (1963) ,  McCamy e t  a l .  (1962)*,  e t c . ,  Nafe (1957) 

h a s  e x p r e s s e d  t h e  Knot t  e q u a t i o n s  (1899) i n  common c o o r d i n a t e  sys tem f o r  t h e  

f o u r  s e p a r a t e  problems o f  i n c i d e n t  P ( o r  SV) waves from e i t h e r  s i d e  of  t h e  i n t e r -  

f a c e  i n  a symmetr ica l  form, which i s  conven ien t  f o r  numer ica l  c a l c u l a t i o n .  

*There is an  e r r o r  i n  s i g n  i n  McCamy e t  a l . ' s  (1962) p a p e r .  

Consequent ly ,  t h e i r  r e s u l t s  a r e  i n c o r r e c t .  
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R e f e r r i n g  t o  F igure  4 ,  i f  t h e  i n c i d e n t  waves are assumed t o  have u n i t  

ampl i tude ,  t h e  s i x t e e n  e q u a t i o n s  f o r  t h e  ampl i tudes  may be expressed  as t h e  

m a t r i x  p roduc t  : 

where 

tana 

1 

-2 t ana  

114 

I -1 t ana 

t a n a '  

-1 

-2p ' t ana '  

N = 

t ana ' 
1 -tan6 -1 

-pq - 2 ~  tana  

2  
where IJ ' and IJ a r e  r i g i d i t i e s ,  and q  and q '  are e q u a l  t o  ( t a n  a  -1) and 

2  
( t a n  a '  - I ) ,  r e s p e c t i v e l y .  

The n o t a t i o n  of (P , s ' )  o r  (P'  ,P) r e f e r s  t o  t h e  outgoing wave by t h e  

f i r s t  l e t t e r ,  and t h e  i n c i d e n t  wave by t h e  second l e t t e r .  
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FIGURE 4 FOUR INCIDENT PLANE WAVES ARE SHOWN APPROACHING A 
PLANE INTERFACE. ANY ONE OF THESE PRODUCES FOUR 
OUTGOING WAVES, P, S, P', S'. THE ANGLES OF EMERGENCE 
FOR SHEAR WAVES ARE o AND o ; AND FOR COMPRESSIONAL 
WAVES, 6 AND 6 '. THE UPPER MEDIUM IS UNPRIMED. (After 
Nafe, 1957). 
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The c a s e s  f o r  t h e  v e l o c i t y  r a t i o s  of  1 : 2 ,  1 :2 .5 ,  and 1 : 3 ,  and t h e  d e n s i t i e s  

2 . 3  and 2 .8 ,  which a r e  d i r e c t l y  a p p l i c a b l e  t o  t h e  p r e s e n t  r equ i rements  o f  a  

w e a t h e r i n g  zone i n  c o n t a c t  w i t h  s a n d s t o n e  o r  l i m e s t o n e ,  a r e  shown i n  F i g u r e  5  
0 

f o r  t h e  range  of  i n c i d e n t  a n g l e s  from 0  t o  60 . 
The p r e s e n t  r e s u l t s  can b e  e a s i l y  a p p l i e d  t o  t h e  c a s e  o f  p l a n e  waves i n  a  

m u l t i l a y e r e d  medium used t o  r e p r e s e n t  t h e  g e o l o g i c a l  s t r u c t u r e  of  a  c o a l  mine 

r e g i o n .  A s i m i l a r  a n a l y s i s  was performed by H a s k e l l  (1962) i n  t r e a t i n g  c r u s t a l  

r e f l e c t i o n  of  P  and S  waves i n  a  l a y e r e d  medium. However, t h e  problem of  ca lcu-  

l a t i n g  r e f l e c t i o n  and t r a n s m i s s i o n  c o e f f i c i e n t s  f o r  a  p o i n t  s o u r c e  l o c a t e d  i n  a  

l a y e r e d  medium r e q u i r e s  f u r t h e r  i n v e s t i g a t i o n .  

\TI. DISTORTION OF SEISMIC WAVE FRONT FOR AN IMPACT SOURCE I N  A YINE OPENING 

E v i d e n t l y ,  t h e  assumpt ion o f  a  s i m p l e  f o r c e  i n  an  i n f i n i t e  medium f o r  a  

hammer blow ( o r  a  t i m b e r  s t r i k e )  on e i t h e r  t h e  roof  o r  t h e  r i b s  of a  mine 

opening i s  n o t  adequa te .  The r a d i a t i o n  p a t t e r n  g e n e r a t e d  by a  s imple  f o r c e  i n  

an  i n f i n i t e  medium i s  s p h e r i c a l ,  whereas t h a t  of a  s i m p l e  f o r c e  impacted on a  

c a v i t y  h a s  a  d i s t o r t e d  s p h e r i c a l  shape .  F i g u r e s  6 a  and 6b g i v e  a  comparison of  

t h e s e  two wave f r o n t  p a t t e r n s .  

Because of t h e  g e n e r a l  complexi ty  of a  mine s e c t i o n  i n c l u d i n g  a  g r i d  o f  

t u n n e l s ,  i t  is v i r t u a l l y  i m p o s s i b l e  t o  r e p r e s e n t  t h e  wave f r o n t  g e n e r a t e d  by 

a  s o u r c e  under  a c t u a l  mine c o n d i t i o n s .  F o r t u n a t e l y ,  t h e  wave l e n g t h  we a r e  

d e a l i n g  w i t h  i s  g e n e r a l l y  l a r g e  i n  comparison w i t h  a t  l e a s t  t h e  c r o s s - s e c t i o n  

of an  opening.  Unless  t h e  impact  i s  on t h e  f l o o r ,  t h e  approximate  s p h e r i c a l  

wave f r o n t  of t h e  impact  on e i t h e r  t h e  roof  o r  t h e  r i b  would n o t  b e  s i g n i f i c a n t -  

l y  d i s t o r t e d  a s  i t  impinges on t h e  s u r f a c e ,  a s  shown i n  F i g u r e  6b .  

It must b e  c a u t i o n e d ,  however,  t h a t  when t h e  impact  is  on t h e  f l o o r  t h e  

wave f r o n t  i s  s e v e r e l y  d i s t o r t e d .  The degree  o f  i t s  d i s t o r t i o n  n a t u r a l l y  

depends upon t h e  dimensions of  t h e  opening a s  shown i n  F i g u r e  7 ;  f o r  a  f l o o r  

impact  t h e  f i r s t  a r r i v a l  of P  waves on t h e  s u r f a c e  s h o u l d  b e  expec ted  t o  have 

a  c o n s i d e r a b l e  t i m e  d e l a y .  F i g u r e s  8 ,  9 and 10 r e p r e s e n t  t h e  wave d i s t o r t i o n  

i n  s e c t i o n s  A-A' and B-B' f o r  a  th ree -d imens iona l  r e p r e s e n t a t i o n  of a  l o n g  

t u n n e l  w i t h  impact  on t h e  r o o f ,  t h e  r i b  and t h e  f l o o r .  
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i' in degrees i' i n  degrees 

0 10 20 30 40 50 60 0 10 20 30 40 50 60 

FIGURE 5 FRACTION OF INCIDENT ENERGY CARRIED AWAY IN  
REFRACTED (P, S) AND REFLECTED (P', S') WAVES 
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(a) A simple force in an infinite medium 

(b) A simple force in a mine opening 

FIGURE 6 RADIATION PATTERNS OF A SIMPLE FORCE IN (a) AN INFINITE 
MEDIUM AND (b) A MINE OPENING 
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Plane View 

F I G U R E  7 PLANE V IEWS FOR M I N E  T U N N E L  
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FIGURE 8 DISTORTED WAVE FRONTS OF A VERTICAL SECTION A-A' 



FIGURE 9 DISTORTED WAVE FRONTS OF A VERTICAL SECTION B-B' 
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FIGURE 10 DISTORTED WAVE FRONTS OF A VERTICAL 
SECTION B-B' FOR A N  IMPACT O N  RIB 
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V I I .  THEORETICAL ESTIIQITION OF THE SIGNAL LEVEL AS A FUNCTION OF RANGE 

N e g l e c t i n g  t h e  e f f e c t  of n o i s e  on t h e  s i g n a l ,  t h e  p a r t i c l e  v e l o c i t y  may 

b e  approx imate ly  c a l c u l a t e d  by Equat ion 13.  The remaining problem i s  then  t o  

e s t i m a t e  t h e  e f f i c i e n c y  of energy convers ion  from mechanical  impact t o  s e i s m i c -  

wave t r a n s m i s s i o n ,  which n a t u r a l l y  depends on t h e  d imension,  e l a s t i c  p r o p e r t i e s  

and t h e  v e l o c i t y  of  t h e  impact body, and t h e  stress the reby  induced i n  t h e  impact 

medium. Such an e s t i m a t i o n ,  w i t h o u t  c o n t r o l l e d  e x p e r i m e n t a l  d a t a ,  i n v o l v e s  

a h i g h  d e g r e e  of u n c e r t a i n t y .  W e  w i l l  assume a 70% e f f e c t i v e  e l a s t i c  c o l l i s i o n  

a s  a hammer s t r i k e s  t h e  rock  i n  a mine opening.  

A s  a  s p e c i f i c  example,  we u s e  t h e  models of F i g u r e  11, which a r e  c l o s e  t o  t h e  

g e o l o g i c a l  model a t  I m p e r i a l  Mine (Westinghouse F i n a l  Repor t  11,"Figure 3.1-3, 

p .  92) Surface 

Weathered Layer 501, 4000 fps, Q = 20 

Surface 

Weathered Layer loo', 4000 fps, Q = 20 

10,000 fps, Q = 50 1 450' 

FIGURE 11 MODELS FOR ESTIMATING SIGNAL 

* Ibid. LEVELS ON THE SURFACE 
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and t h e  va lues  of 

M = a  10-lb - s l edge  hammer; a  40-lb t imber  

v  = 1 6 . 1  f t / s e c  f o r  hammer; 11.5 f t / s e c  f o r  t imber  

p = 2.67 gm/cm3 f o r  10,000 f t / s e c  ha l f - space  

Taking i n t o  account a l l  t h e  f a c t o r s  of t he  geomet r ica l  sp r ead ing ,  energy 

d i s s i p a t i o n ,  and energy p a r t i t i o n  a t  t he  i n t e r f a c e  a s  descr ibed  i n  t h e  preceding 

s e c t i o n ,  t h e  v e r t i c a l  component of t h e  peak-to-peak p a r t i c l e  v e l o c i t y  on t h e  

s u r f a c e  o f . t h e  model i s  given i n  F igure  12 f o r  t h e  ca se s  of 50 Hz and 100 Hz 
* 

a s  a  func t i on  of s l a n t  range f o r  a  hammer blow and a  t imber  impact.  The up- and 

-down-link experimental  d a t a  f o r  t h e  frequency range of 70 t o  83 Hz (Table  2.5.3-1, 

Westinghouse F i e l d  Report 8)' a t  Copper Queen is a l s o  p l o t t e d  i n  t h e  F igure .  

The r a t e s  of decay f o r  t h e  t h e o r e t i c a l l y  c a l c u l a t e d  and t he  exper imenta l  d a t a  

a g r e e  r a t h e r  c l o s e l y .  The t h e o r e t i c a l  magnitude of t h e  peak-to-peak p a r t i c l e  

v e l o c i t y  seems somewhat overest imated f o r  a  hammer blow, a s  t h e  source  used 

a t  Copper Queen i s  a  thumper f o r  up l i nk  and a  t imber  f o r  downlink. This  is  an 

u n f a i r  comparison, a s  t h e  geo log i ca l  models vary between t h e  t h e o r e t i c a l  s i t u a -  

t i o n  and t h a t  of Copper Queen, s i n c e  t h e  geology a t  Copper Queen i s  complicated 

by f a u l t s  and i r r e g u l a r  d i s t r i b u t i o n  of a l l u v i a l  m a t e r i a l s .  Never the less ,  i t  

does prov ide  evidence of t h e  a p p l i c a b i l i t y  of such a  crude approximation i n  

t h e o r e t i c a l  c a l c u l a t i o n s .  

V I I I . .  DEVELOPTENT OF LOW-FREQUENCY SEISTlIC SOURCE FOR THE DETECTION OF SURVIVING 
IIINERS 

P re sen t  s e i smic  d e t e c t i o n  methods a r e  handicapped because only very weak 

s i g n a l s  can be  genera ted  by a  t rapped  miner w i th  a v a i l a b l e  t o o l s  such a s  a  s l edge  

hammer o r  a  t imber .  The d e t e c t a b i l i t y  of a  t rapped  miner should be g r e a t l y  

enhanced i f  a  s u i t a b l e  low-frequency source  can be developed. Since t h e  op t i on  

of what a  miner may be  a b l e  t o  ca r ry  i s  r a t h e r  l i m i t e d ,  i t  appears  n o t  a l t o g e t h e r  

unreasonable  t o  cons ide r  a  permanent i n s t a l l a t i o n  of a  mechanical sou rce  gene ra to r  

of t h e  s i m p l e s t  k ind .  An e l e c t r i c a l l y  o r  e l e c t r o n i c a l l y  d r iven  t r ansduce r  i s  

r u l e d  ou t  because of i t s  requirement f o r  e i t h e r  s o p h i s t i c a t i o n  o r  power. I t  

seems t h a t  heavy-weight s imple  pendulums can be  i n s t a l l e d  i n  s t r a t e g i c  l o c a t i o n s  

i n  an a c t u a l  mine s e c t i o n .  A s  t h e  s i g n a l  s t r e n g t h  f o r  an impact sou rce  is  d i r e c t -  

l y  p r o p o r t i o n a l  t o  t he  mass of t h e  impact body, a  "lead" sphere  type of s imple  

pendulum may b e  a p p r o p r i a t e .  Such i n s t a l l a t i o n s  c o s t  r e l a t i v e l y  l i t t l e .  The 

suppor t  of t h e  pendulum can b e  anchored e i t h e r  t o  t h e  roof o r  t o  t h e  r i b  a s  

* A r e l a t i v e l y  l a r g e  va lue  of  n  ha s  been assumed, s o  t h a t  t h e  sou rce  s i g n a l  s t r e n g t h  
(see Figure  1 )  is  n o t i c e a b l y  h i g h e r  a t  lOOHz than  50Hz. 

* Westinghouse Cont rac t  H0210063 w i t h  Bureau o f  Mines. 
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FIGURE 12 ESTIMATED PEAK-TO-PEAK VERTICAL PARTICLE 
VELOCITY FOR THE FIRST P-WAVE ARRIVAL 
(BASED ON THEORETICAL CONSIDERATIONS) 
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~ l u s  t r a t e s .  t h e  fol lowing diagram (Figure 13) i1 ' 

Roof Anchored 

Point of Impact 

Rib 
Anchored 

of Impact 

FIGURE 13 PERMANENT INSTALLATION OF A PENDULUM 

The s i g n a l  can b e  generated repea ted ly  wi thout  g r e a t  e f f o r t  on t h e  p a r t  of 

a t rapped  miner.  Furthermore, t h e  p a r t i c l e  v e l o c i t y  is  a l s o  d i r e c t l y  pro- 

p o r t i o n a l  t o  t he  impact v e l o c i t y .  I f  t h e  impact of a t imber is  comparable 

t o  t h a t  of a hammer blow, t h e  magnitude of t h e  p a r t i c l e  v e l o c i t y  due t o  t h e  

impact of a l e a d  sphere would b e  about an o rde r  of magnitude h ighe r  than  t h a t  

due t o  a 10-lb s l e d g e  hammer blow. I f  t h e  impact i s  made on a f l o o r  f i l l e d  

wi th  s o f t  e a r t h  m a t e r i a l  o r  i n  a c o a l  seam, a coupler  may be  i n s t a l l e d  a t  t h e  

p o i n t  of impact t o  enhance t h e  conversion of mechanical energy i n t o  s e i smic  

energy wi thout  much energy l o s s  i n  permanent deformation of t h e  medium. Experi- 

mental  r e s u l t s  of impact on sand and s a n d - s i l t  c l ay  show a g r e a t  d e a l  of promise 

f o r  e l imina t ing  energy l o s s  from p l a s t i c  deformation and h e a t  gene ra t i on  (Appendix 

A and Mereu e t  a l .  (1963) ) . 
For t h e  i n i t i a l  d e t e c t i o n  of su rv iv ing  miners i n  a d i s a s t e r - s t r u c k  mine, 

a p o s i t i v e ,  immediately i d e n t i f i a b l e  s i g n a l  of ~ e s / n o  would be  of g r e a t  va lue  

f o r  subsequent ope ra t i on .  S ince  t h e  h igh  frequency components of  a s i g n a l  a t t enu -  

a t e  r a p i d l y  i n  earth m a t e r i a l s ,  p a r t i c u l a r l y  i n  weather ing l a y e r s  such a s  a l luvium 

and s o i l ,  a s  is  c l e a r l y  demonstrated i n  F igure  1 4 ,  a "low-frequency" source  is  

p r e f e r r e d ,  i . e . ,  w i t h  a peak frequency i n  t h e  neighborhood of 10 Hz. A hammer 
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Level 9 0 0  7 0 0  5 0 0  3 0 0  1 0 0  Surface 

Uplink - 900 Level to Surface 

0 1 0 0  3 0 0  5 0 0  7 0 0  900 Level 
Surface 

Downlink - Surface to 900 Level 

FIGURE 14 ATTENUATION OF HIGH FREQUENCIES THROUGH 
WEATHERING LAYERS AS DEDUCED FROM PLOTS 
38 AND 39 OF REPORT 8, COPPER QUEEN 
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o r  a l e a d  s p h e r e  w i t h  a  s p r i n g  mount as shown i n  F i g u r e  15 promises  t o  g e n e r a t e  
lower f r e q u e n c i e s  of t h i s  o r d e r .  F u t u r e  e f f o r t s  toward deve lop ing  a  low-f requency 
s o u r c e  cou ld  b e  v e r y  wor thwhi le .  

Coal Seam 

/ Spring Mounting \ 

Hemispherical 
Coupler 

FIGURE 15 EXAMPLES OF LOW FREQUENCY SOURCES 
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I n  t h e  t i m e  domain, a  repea ted  low-frequency s i g n a l  rece ived  on t h e  

s u r f a c e  should have t h e  fol lowing forms (Figure 16 ) .  

/--- Spring-mounted 0 
+ 

- - 0  t lead sphere 

Spring-mounted 
hammer 

FIGURE 16 REPEATED LOW-FREQUENCY SIGNALS 

AS RECEIVED ON THE SURFACE 

It should be  of g r e a t  va lue  t o  analyze t h e  envelopes of t he  s i g n a l s  i n  

t h e  frequency domain, i n s t e a d  of t he  a c t u a l  s i g n a l s  themselves.  The s p e c t r a  

of t h e  time s e r i e s  of t h e s e  envelope s ' ignals  should con ta in  t h e  low frequency 

energy of repea ted  sou rces .  I f  t h e  s i g n a l s  a r e  s u f f i c i e n t l y  s t r o n g ,  t h e i r  

envelopes could themselves o f f e r  d i r e c t  v i s u a l  i d e n t i f i c a t i o n  of t h e  presence 

of su rv iv ing  miners . Once su rv iv ing  miners have been s u c c e s s f u l l y  de t ec t ed ,  

a  down-link s i g n a l  can be  s e n t  t o  t e l l  su rv ivo r s  t o  use a  high-frequency source  

w i th  a  s h o r t e r  range of t ransmiss ion  f o r  t h e  purpose of accu ra t e  l o c a t i o n .  

IX. FUTURE INVESTIGATIONS 

(1)  Wave d i f f r a c t i o n  and s c a t t e r i n g  of an impact source  on a  f ace  of 

a  c y l i n d r i c a l  cav i ty .  

(2) The impact of an e l a s t i c  o b j e c t  on an e l a s t i c  medium. 

( 3 )  Spectrum of t h e  sou rce ,  s u f f i c i e n t l y  f a r  from t h e  source  t o  

determine ~ ( i w )  a s  a  func t ion  of frequency. This  in format ion  

should be  of  g r e a t  va lue  f o r  more accu ra t e  de te rmina t ion  of 

t h e  source  s t r e n g t h ,  a s  i t  is v i r t u a l l y  impossible  t o  

determine t h e  sou rce  s t r e n g t h  n e a r  o r  a t  t h e  source  because 

t h e  conversion of mechanical energy t o  s e i smic  energy remains 

a  d i f f i c u l t  problem. 
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APPENDIX A 

USE OF A COUPLER I N  THE CONVERSION OF 

IMPACT ENERGY INTO SEISMIC ENERGY 

Mereu -- e t  a 1  (1963) p r e s e n t e d  an  i n t e r e s t i n g  paper  on t h e  e f f i c i e n t  

t r a n s f e r  of impact  energy i n t o  s e i s m i c  energy i n  s o i l - c o v e r e d  a r e a s  by 

means of a  f a l l i n g  we igh t -coup le r  sys tem.  T h i s  concept  i s  e q u a l l y  

a p p l i c a b l e  t o  t h e  p r e s e n t  problem of impact on a  c o a l  seam o r  on a  f l o o r  

g e n e r a l l y  covered w i t h  r o c k  d e b r i s  o r  s o i l s .  Through t h e i r  t h e o r e t i c a l  

and e x p e r i m e n t a l  model s t u d i e s  on sand and c l a y - s i l t  s a n d ,  t h e  a u t h o r s  

concluded t h a t  f o r  compress iona l  waves: 

(I) A c o u p l e r  such  a s  a  p l a s t i c  s t e e l  hemisphere  embedded 

i n  t h e  medium a t  t h e  impact p o i n t  can  i n c r e a s e  t h e  

ampl i tude  of t h e  s e i s m i c  o u t p u t  by r e d u c i n g  p l a s t i c  

de fo rmat ion  a t  t h e  p o i n t  of impac t ,  i . e . ,  

where A is  t h e  a m p l i t u d e  of t h e  s e i s m i c  s i g n a l ,  M t h e  

mass of t h e  c o u p l e r ,  and V t h e  maximum v e l o c i t y  of 
C 

t h e  c o u p l e r .  

(2 )  The s e i s m i c  energy i s  n o t  p r o p o r t i o n a l  t o  t h e  s o u r c e  

energy .  
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APPENDIX B 

QUADRATURE WEIGHTING METHOD FOR MINER LOCATION ARRAYS* 

I n  p r i n c i p l e  i t  i s  p o s s i b l e  t o  cope w i t h  t h e  problem of  b i a s  i n  l o c a t i o n  

e s t i m a t i o n  by u s i n g  a  d i f f e r e n t  s t a t i o n  we igh t ing  p rocedure  t h a n  t h a t  adopted i n  

P a r t  Three .  The s t a t i o n s  i n  each  quadran t  a r e  c o n s i d e r e d  i n  s e p a r a t e  groups.  

When an approximate  l o c a t i o n  h a s  been de te rmined ,  t h e  r e s i d u e s  f o r  each  s t a t i o n  

i n  a  group a r e  computed, and obv ious ly  "abnormal" s t a t i o n s  a r e  r e j e c t e d .  Sub- 

s e q u e n t l y ,  an  average  r e s i d u e  i s  c a l c u l a t e d  a s  

where N i s  t h e  number of  s t a t i o n s  i n  t h e  group.  

It is  assumed t h a t  r e s i d u e  v a l u e s  f o l l o w  a  Gauss ian  d i s t r i b u t i o n  abou t  t h i s  mean 

v a l u e ,  t o  which a  w e i g h t i n g  f a c t o r  of  u n i t y  i s  ass igned .  F i n a l l y  a  we igh ted  re- 

s i d u e  i s  computed f o r  each s t a t i o n  by u s i n g  a  w e i g h t i n g  f a c t o r  which cor responds  

t o  t h e  p o s i t i o n  of t h e  o r i g i n a l  r e s i d u e  on t h e  Gauss ian d i s t r i b u t i o n .  

A p p r o p r i a t e  q u a d r a n t s  f o r  t h e  miner l o c a t i o n  problem might b e  a s  

f o l l o w s  (? igure  E l )  . 

I 
x-y Plane 

FIGURE B1 QUADRANT GEOMETRY 

*This method h a s  been  i n  common u s e  a t  t h e  Lamont G e o l o g i c a l  Observa to ry  f o r  

e a r t h q u a k e  f o c u s  r e l o c a t i o n s  (Kuo e t  a l . ) .  
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