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FOREWORD 

This  r e p o r t  was prepared by Arthur  D ,  L i t t l e ,  I nc . ,  Cambridge, Massachuset ts  
under USBM Cont rac t  No. H0122026, The c o n t r a c t  was i n i t i a t e d  under  t h e  
Coal Mine Hea l th  and Sa fe ty  Research Program. It was adminis te red  under 
t h e  t e c h n i c a l  d i r e c t i o n  of  t h e  P i t t s b u r g h  Mining and Sa fe ty  Research Cente r  
w i th  M r ,  Howard E.  Parkinson a c t i n g  a s  t h e  t e c h n i c a l  p r o j e c t  o f f i c e r .  
M r .  F r anc i s  M. Naughton was t h e  c o n t r a c t  a d m i n i s t r a t o r  f o r  t h e  Bureau of  
Mines . 
This r e p o r t  is  a  summary of  t h e  work r e c e n t l y  completed a s  p a r t  of  t h i s  
c o n t r a c t  du r ing  t h e  pe r iod  August 1971 t o  December 1973. This  r e p o r t  was 
submit ted by t h e  au tho r s  i n  January 1974. 
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INTRODUCTION 

This f i n a l  r epor t  documents t h e  work done by Arthur D. L i t t l e ,  Inc .  (ADL) 
on behalf  of t h e  U.S. Bureau of Mines, P i t t sburgh  Mining and Safe ty  Research 
Center (PMSRC) , on Contract H0122026 (which began i n  August of 19 71) . 
Under t h i s  con t r ac t  ADL provided t echn ica l  a s s i s t a n c e  t o  t h e  Bureau on a 
t a s k  b a s i s  on v i r t u a l l y  a l l  a spec t s  of t h e  ~ u r e a u ' s  programs r e l a t e d  t o  
present  and planned emergency and ope ra t iona l  communications and miner 
l o c a t i o n  systems f o r  underground coa l  mines. The work cons is ted  of in- 
dependent i n v e s t i g a t i o n s ,  ana lyses ,  experiments,  breadboard and prototype 
hardware development, workshops and technology t r a n s f e r  seminars on mine 
communications, and on-going evalua t ions  and guidance r e l a t e d  t o  t h e  
~ u r e a u ' s  cont rac ted  programs on electromagnetic  no i se ,  mine communica- 
t i o n s  systems, and t rapped miner l o c a t i o n .  This f i n a l  r e p o r t  documents 
t h e  work i n  two volumes, Volume I ,  "Emergency and Opera t ional  Mine Commun- 
i c a t i o n s , "  and Volume 11, "seismic Detection and,Location of I s o l a t e d  Miners." 
The Tables of Contents of both Volumes a r e  included i n  each Volume. 

Phase I of the  con t rac t  was devoted t o  performing an in-depth assessment 
of electromagnetic  n o i s e  measurements taken by s e v e r a l  con t r ac to r s  and 
o t h e r  i n v e s t i g a t o r s ,  and then de f in ing  a new no i se  measurement program 
and ins t rumenta t ion  system t a i l o r e d  t o  ob ta in  t h e  necessary bu t  missing 
no i se  da ta .  These d a t a  a r e  requi red  f o r  use i n  t h e  design of new emergency 
and ope ra t iona l  communication systems. This work, and t h e  follow-on 
coordinat ion and guidance a c t i v i t i e s  of ADL on t h i s  no i se  measurement 
program i n  subsequent phases of t he  c o n t r a c t ,  a r e  t r e a t e d  i n  P a r t  One of 
Volume I. 

The l a t t e r  p a r t  of  Phase I and p a r t  of Phase I1 included prel iminary per- 
formance p red ic t ions  r e l a t e d  t o  through-the-earth electromagnetic  com- 
munication systems. These p red ic t ions  were based on a v a i l a b l e  t h e o r e t i c a l  
s i g n a l  propagation r e s u l t s  and on r ecen t ly  acquired no i se  d a t a  a t  s e v e r a l  
coa l  mines. This work i s  t r e a t e d  i n  P a r t  Two of Volume I .  

I n  Phases 11, I V  and V ,  i n v e s t i g a t i o n s  were conducted r e l a t e d  t o  wi re ,  
guided-wireless and w i r e l e s s  communications systems f o r  communicating 
with roving veh ic l e s  and personnel  underground. This work i s  documented 
a s  fol lows.  P a r t  Three of Volume I t r e a t s  guided w i r e l e s s  communications 
v i a  leaky coax ia l  cable ;  P a r t  Four t r e a t s  w i r e l e s s  communications i n  mine 
tunnels  a t  UHF f requencies ;  P a r t  Five t r e a t s  guided w i r e l e s s  communications 
down deep h o i s t  s h a f t s ;  P a r t  S i x  t r e a t s  a spec t s  of t r o l l e y  wi re  communica- 
t i o n s ;  and P a r t  Seven t r e a t s  a new mine pager telephone t o  pub l i c  telephone 
in terconnect  system. 
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Another a spec t  of Phase V inc luded  t a s k s  f o r  p rov id ing  a s s i s t a n c e  r e l a t e d  
t o  technology t r a n s f e r  seminars on mine c o m u n i c a t i o n s  and t o  a workshop 
on through-the-earth e lec t romagnet ics .  P a r t  E igh t  of Volume I t r e a t s  
t h i s  work. Under Phases 11, I V ,  and V ,  ADL a l s o  provided a wide v a r i e t y  
of  short - term t e c h n i c a l  suppor t  and consu l t i ng  s e r v i c e s  n o t  d i scussed  i n  
t h e  above mentioned P a r t s .  This  short - term work i s  t r e a t e d  i n  P a r t  Nine 
of  Volume I. 

I n  Phase 111 of t h e  c o n t r a c t ,  ADL performed another  in-depth assessment 
on a compressed t ime schedule ,  t o  provide PMSRC wi th  independent tech-  
n i c a l  judgments regard ing  t h e  p o t e n t i a l s  and l i m i t a t i o n s  of  s e i smic  
methods and systems f o r  d e t e c t i n g  and l o c a t i n g  i s o l a t e d  miners .  Volume I1 
of  t h i s  r e p o r t  is  devoted e n t i r e l y  t o  t h e  t rea tment  of  t h i s  work. 

During t h e  course  of  t h i s  c o n t r a c t  w e  prepared over  f o r t y  working mem- 
oranda,  t e c h n i c a l  r e p o r t s ,  seminar papers ,  and workshop summary r e p o r t s ,  
i n  a d d i t i o n  t o  many in formal  memoranda and t h e  monthly t e c h n i c a l  r e p o r t s ,  
t o  keep PMSRC informed of t h e  p rog re s s  and f i n d i n g s  of our  work a s  they  
developed. This  f i n a l  r e p o r t  i s  based on t h e s e  previous memoranda and 
r e p o r t s .  
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PART ONE 

EXECUTIVE SUMMARY 

Arthur D. L i t t l e ,  Inc.  

I. PURPOSE AND APPROACH 

This  Volume documents the  Phase 111 e f f o r t  on t h e  Seismic Detect ion 

and Location of I s o l a t e d  Miners on Contract H0122026 undertaken during 

the  f a l l  of 1972 by a t a s k  team composed of ADL s t a f f  and s e v e r a l  se ismic  

consul tan ts .  The team was assembled s p e c i f i c a l l y  t o  work toge the r  on 

complementary t a s k s ,  a t  an acce le ra t ed  l e v e l  of e f f o r t  f o r  fou r  months, 

t o  meet t h e  Bureau of ~ i n e s '  time schedule f o r  obta in ing  independent,  

ob jec t ive ,  t e c h n i c a l  judgments regarding se ismic  methods and systems f o r  

d e t e c t i n g  and l o c a t i n g  i s o l a t e d  miners.  The impetus f o r  t h i s  work re- 

s u l t e d  from a compilation and a n a l y s i s ,  during the  f i r s t  h a l f  of 1972, 

of new experimental  d a t a  obtained from a s e r i e s  of  in-mine f i e l d  t e s t s  

conducted by Westinghouse Corp .+ using t h e  CMRSS* i n t e r i m  se ismic  l o c a t i o n  

system. The Bureau of Mines took advantage of t h e  a v a i l a b i l i t y  of t hese  

new d a t a  t o  r eas ses s  t h e  p o t e n t i a l  and l i m i t a t i o n s  of var ious  se ismic  

methods and systems, and t o  d i r e c t  i t s  se ismic  system improvement program 

accordingly.  

ADL a s s i s t e d  the  Bureau i n  t h i s  reassessment by drawing on t h e  s k i l l s  

of se ismic  consu l t an t s  from indus t ry ,  u n i v e r s i t i e s  and government, t o  

supplement the  s k i l l s  of t he  ADL p r o j e c t  team. The consu l t an t s  were prin- 

c i p a l  resources  of broadly-based and d e t a i l e d  t echn ica l  e x p e r t i s e  i n  t h e  

a reas  of se ismic  s ignal-source and signal-propagat ion c h a r a c t e r i s t i c s ,  

n a t u r a l  and c u l t u r a l  se ismic  no i se ,  se i smic  sensors  and f i e l d  instrument- 

a t i o n ,  se ismic  s i g n a l  and d a t a  processing f o r  de t ec t ion  and loca t ion ,  and 

o v e r a l l  se i smic  system u t i l i z a t i o n  i n  t h e  f i e l d  under ope ra t iona l  emergency 

condi t ions .  S p e c i f i c a l l y ,  t h e  p a r t i c i p a t i n g  consu l t an t s  were: F. Crowley, 

Air Force Cambridge Research Labora tor ies  ; W. Dean, Teledyne Geotech, 

Alexandria Labora tor ies ;  R. Greenfield,  Pennsylvania S t a t e  Univers i ty ;  

J. Kuo, Columbia Univers i ty ;  D. Pe t e r s  and R. Crosson, Univers i ty  of 

Washington; and F. P i l o t t e ,  U.S. VELA Seismological Center.  The p r i n c i p a l  

ADL p a r t i c i p a n t s  were J .  Ginty, R. Lagace, M. Roet te r ,  and R. Spencer. 

Westinghouae Contract H0210063 wi th  t h e  Bureau of Mines. 
* Coal Mine Rescue and Surviva l  System, 
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Guidance and a s s i s t a n c e  r e l a t e d  t o  t h e  gene ra l  s u i t a b i l i t y  and app l i c -  

a b i l i t y  of recommended techniques and procedures t o  a c t u a l  mine environ- 

ments were provided by H. Parkinson and J.  Powell of U.S. Bureau o f  Mines 

P i t t sbu rgh  Mining and Safe ty  Research Center .  

The o v e r a l l  o b j e c t i v e  of t h e  Phase I11 e f f o r t  was t o  perform a s h o r t  

i n t e n s i v e  s tudy  t o  i d e n t i f y  what could be  done by se i smic  methods and 

systems,  and how w e l l ,  t o :  

d e t e c t  l i v e  s i g n a l i n g  miners 

l o c a t e  such miners t o  w i th in  t h e  confines  of a 
600-by-600 foo t  s e c t i o n ;  and 

a l o c a t e  such miners t o  w i t h i n  a 15-foot e n t r y  width.  

Both gene ra l  and s p e c i f i c  ground r u l e s  were e s t a b l i s h e d ,  w i th  t h e  a s s i s -  

t ance  of t h e  Bureau, t o  focus t h e  s tudy  on t h e  primary and fundamental 

a spec t s  of t h e  miner d e t e c t i o n / l o c a t i o n  problem. The gene ra l  ground 

r u l e s  a r e  l i s t e d  i n  Table  1 below f o r  convenient r e f e r ence .  The s p e c i f i c  

ground r u l e s  r e l a t e d  t o  t h e  miner and h i s  s i g n a l ,  t h e  s i g n a l  t ransmiss ion  

path and n o i s e  environment,  and t h e  s i g n a l  d e t e c t i o n / l o c a t i o n  a c t i v i t y  

on t h e  s u r f a c e ,  a r e  given i n  P a r t  Twelve of t h i s  Volume. 

Table 1 

SEISMIC DETECTION AND LOCATION SYSTEM 

General Ground Rules 

. System hardware f i e l d  s u i t a b l e  and r a p i d l y  deployable .  

. System cons t r a ined  t o  p r e s e n t  s ta te -of - the-ar t  techniques 
and hardware. 

. System ope ra t i on  from t h e  s u r f a c e .  

. System se l f -conta ined  i n  i t s  ope ra t i on  and c a l i b r a t i o n .  . System capable  of producing t imely  l o c a t i o n  e s t ima te s .  

. System ope ra t i on  compatible w i th  and complementary t o  o v e r a l l  
rescue  e f f o r t .  

. Signa l  sources  r e a d i l y  a v a i l a b l e  and reasonable  - no s p e c i a l  
dev ices  c a r r i e d  by t h e  miners.  

. No wide-area s ea rch  r equ i r ed  by t h e  s u r f a c e  team - l i k e l y  a r e a s  
f o r  t rapped  miners given.  

. Surface  team w i l l  have b e n e f i t  of mine maps. 
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S p e c i f i c  t a s k  a r e a s ,  inc luding  output  ob jec t ives  and corresponding 

inpu t  components, were a l s o  def ined ,  a s  ou t l ined  i n  Table 2 ,  and assigned 

t o  t h e  s tudy p a r t i c i p a n t s .  These ground r u l e s  and t a s k s  allowed t h e  

p r o j e c t  team t o :  

. o b t a i n  "best" e s t ima tes ,  based on a v a i l a b l e  d a t a ,  of t h e  
a b i l i t y  t o  d e t e c t  and l o c a t e  miners trapped beneath r e a l  
mine overburdens; 

. def ine  t h e  requirements imposed on t h e  su r face  se ismic  
system by ope ra t iona l  f i e l d  condi t ions  f o r  success fu l ly  
executing t h e  d e t e c t i o n  and l o c a t i o n  opera t ions ;  

. a s s e s s  how t h e  above es t imates  a r e  ia f luenced  by system 
complexity and c o s t ;  and 

. determine what is  s t i l l  needed i n  terms of b a s i c  d a t a ,  
ana lyses ,  and experiments t o  improve and/or v e r i f y  these  
e s t ima tes .  

P a r t s  Two through S ix  of t h i s  Volume address  i n  d e t a i l  t h e  major 

output  ob jec t ives  of de t ec t ion ,  a r r i v a l  time es t imat ion ,  l o c a t i o n ,  and 

f i e l d  u t i l i z a t i o n .  S imi l a r ly ,  P a r t s  Seven through Eleven t r e a t  t h e  in-  

put  components -- seismic s i g n a l  source and transmission c h a r a c t e r i s t i c s ,  

e a r t h  models, seismic no i se ,  s ignal- to-noise improvement techniques,  and 

seismic d e t e c t i o n / l o c a t i o n  ins t rumenta t ion ,  which in f luence  t h e  a b i l i t y  

t o  achieve t h e  above output  ob jec t ives .  P a r t  Twelve p resen t s  copies  of 

t h e  v i s u a l  a i d s  used i n  t h e  i n i t i a l  ADL b r i e f i n g  given t o  t h e  se ismic  

consu l t an t s  regarding t h e  r e l evan t  background, ground r u l e s ,  major prob- 

lem components, and i d e n t i f i c a t i o n  of s p e c i f i c  t a sks  t o  be addressed; and 

those  used i n  t h e  ADL o r a l  p re sen ta t ion  of r e s u l t s  of t h i s  s tudy t o  PMSRC. 

The authorship  of each P a r t  i s  designated t o  appropr i a t e ly  acknowledge t h e  

major con t r ibu t ions  of each se ismic  consu l t an t .  Consultant F. Crowley 

a l s o  provided key a s s i s t a n c e  t o  ADL i n  i t s  r o l e  of o v e r a l l  d e f i n i t i o n ,  

coordina t ion ,  and i n t e g r a t i o n  of t h e  s tudy e f f o r t  w i th in  t h e  compressed 

time schedule.  The fol lowing s e c t i o n s  of t h i s  P a r t  b r i e f l y  summarize 

t h e  p r i n c i p a l  f ind ings  and conclusions of t he  s tudy regarding t h e  main 

ob jec t ives  of d e t e c t i o n  and l o c a t i o n  of i s o l a t e d  miners.  These f ind ings  

and conclusions a r e  supported i n  t h e  subsequent P a r t s  of t h i s  Volume. 
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TABLE 2 TASK AREAS 

PARAMETER ESTIMATION LOCATION 

* 
EFFECTIVE 

UTII$ZATION FIELD 
' 

SIGNAL SOURCES 
Fn o f :  Type 

: Man 
: Impact Area 
: Tunnel 

TRANS. MEDIUM. 
CH ARAC . 

Fn o f :  Layers 
(Type, Thick, 

Angle, etc . )  

NOISE 
Fn o f :  Sources 
- Sig. Induced 
- Rescue Sources 
- Basic Bgrd. 
- A1 te red  Mine 
- Message 
- System 

I 

SENSORS 
Fn o f :  Depth 

: Coupling 

S I GNAL PROCESSING 

DATA PROCESS1 NG 
AND COMPUTATION 

OUTPUT 
I 

COMPONENTS 
BJECTIVE 11 DETECT1 ON 

MAJOR INPUT 

a Strength  
a D i r e c t i o n a l  and 

Coherence Charac. 
a Pulse Shape 
a Rep. Rate 

a At tenuat ion  
a Signal Mod i f i ca t i on  

- Freq. Response 
- Time Domain 
- Spa t ia l  Coh. 

a Spectrum Levels 
a Time Charac. 
i .e. S t a t i o n a r i  t y  

Impul s i  veness 
a Spa t ia l  Coherence 

a S e n s i t i v i t y  
a Array Gain/ 

Di r e c t i o n a l  i t y  
a Dynamic Range 
a P o l a r i z a t i o n  

a Candidate 
Detec t ion  Methods 

a 

OBJECTIVES 

a S i t e  
Envi ronmen t 
- Physical  
- Operat ional 

a F i e l d  Crew 
' a Hardware 

a Deployment 
and Operat i  on 
Procedures 

a Overa l l  
Rescue 

I 
Operations 

COMPONENT CHARACTERISTICS 

, a Strength 
a D i r e c t i o n a l  and 

Coherence Charac. 
a Pulse Shape 
a Rep. Rate 

a At tenuat ion  
a Signal M o d i f i c a t i o r  
. .  - Freq. Response 
' -  Time Domain 
- Spa t ia l  Coh. 

a Spectrum Levels 
a Time Charac. 
i .e. S t a t i  onar i  t y  

Impul s i  veness 
a Spa t ia l  Coherence 

a Sensi ti v i  t y  
a Array Gain/ 

Di r e c t i o n a l  i t y  
a Dynamic Range 
a Pol a r i  z a t i  on 

a Candidate 
Es t imat ion  Methods 

AFFECTING OUTPUT 

9 D i r e c t i o n a l  
Charac. 

a Ear th  Model 
(De ta i l ed )  

a Noise Weight ing 
o f  Parameters 

I 

a Array Geometry 
and Locat ion  

a Locat ion 
A1 g o r i  thms 

a Mine Maps 



11. SUMMARY OF RESULTS 

A.  DETECTION OF A MINER 

A su r face  deployed se ismic  system u t i l i z i n g  conventional s ignal- to-  

no i se  r a t i o  improvement techniques can provide t h e  c a p a b i l i t y  of de t ec t -  

i n g  miners s i g n a l i n g  wi th  timber o r  s ledge  sources ,  t o  s l a n t  ranges on 

t h e  o rde r  of 1000 f e e t ,  under most n a t u r a l  se ismic  no i se  condi t ions  i n  

which no man-made no i se  sources a r e  p resen t .  Under such no i se  condi t ions ,  

t hese  ranges should allow more than adequate coverage of t y p i c a l  mine 

s e c t i o n s .  However, t o  ob ta in  these  no i se  condi t ions ,  su r face  rescue 

opera t ions  and a c t i v i t y  i n  t h e  v i c i n i t y  of t h e  de tec t ion  a r e a  must b e  

s e v e r e l y r e s t r i c t e d  and poss ib ly  p roh ib i t ed .  This may n o t  be compatible 

wi th  present  mine rescue opera t ions .  Though more experimental n o i s e  

d a t a  must be  obtained and analyzed be fo re  d e f i n i t i v e  es t imates  can be 

made of t h e  reduced de tec t ion  ranges i n  t h e  presence of man-made no i se  

of t h e  type and l e v e l  p re sen t  during uncont ro l led  rescue opera t ions ,  i t  

is  h igh ly  l i k e l y  t h a t  t h e  presence of such no i se  w i l l  make t h e  de tec t ion  

of a s i g n a l i n g  miner impossible wi.th a su r face  se ismic  system. 

The dependence of  de t ec t ion  range on t h e  type of s i g n a l i n g  source 

and on t h e  l e v e l s  of n a t u r a l l y  occurr ing  se ismic  no i se  i s  shown i n  Figure 1. 

Figure 1 dep ic t s  t h e  v a r i a t i o n  of received s i g n a l  s t r e n g t h  wi th  type of 

source and s l a n t  range above t h e  source ,  derived from d a t a  taken a t  

s e v e r a l  mines. The h o r i z o n t a l  l i n e s  denote s i g n a l  de t ec t ion  thresholds  

f o r  t h r e e  r e p r e s e n t a t i v e  n a t u r a l  no i se  condi t ions ,  wi th  and without  t h e  

b e n e f i t  of a conservat ive 10 dB improvement i n  s ignal- to-noise r a t i o .  

These n a t u r a l  n o i s e  condit ions a r e  based on published d a t a  taken a t  

s e v e r a l  l oca t ions  o t h e r  than above mines. Only a l i m i t e d  sample of 

s u i t a b l e  no i se  d a t a  taken above mines a t  q u i e t  times was a v a i l a b l e  f o r  

comparison. These no i se  l e v e l s  a t  mines were n o t  i n c o n s i s t e n t  wi th  t h e  

more comprehensive n a t u r a l  no i se  da ta  used. 
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FIGURE 1 COMPOSITE PLOT FOR ESTIMATING DETECTION RANGES 
UNDER NATURAL NOISE CONDITIONS* 

\ (Based on Experimental Data) 
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Detect ion ranges a r e  obtained by not ing  the  i n t e r s e c t i o n  of t h e  

s i g n a l  curves with t h e  corresponding de tec t ion  thresholds  of i n t e r e s t  i n  

Figure 1. Noise l e v e l s  and corresponding de tec t ion  thresholds  f o r  un- 

con t ro l l ed  rescue opera t ions  a r e  expected t o  f a r  exceed those  f o r  t h e  

very high n a t u r a l  n o i s e  condi t ion ,  thereby d r a s t i c a l l y  reducing de tec t ion  

ranges t o  unacceptable l e v e l s .  Table 3 presen t s ,  f o r  convenient r e fe rence ,  

a  summary of de t ec t ion  ranges derived from t h e  curves of Figure 1. Table 4 

summarizes those  s ignal- to-noise improvement techniques judged most and 

l e a s t  u s e f u l  f o r  d e t e c t i n g  and l o c a t i n g  i .solated miners.  

To improve these  de tec t ion  range e s t ima tes  and t o  b e t t e r  eva lua te  

t h e  u t i l i t y  of t h e  s ignal- to-noise improvement techniques i d e n t i f i e d  a s  

most u s e f u l ,  a  s e r i e s  of  c a r e f u l  se ismic  no i se  and s i g n a l  s t r e n g t h  

measurements should be performed i n  Eas tern  coa l  mining regions by f i e l d  

crews well-experienced i n  se ismic  and geophysical f i e l d  work. This work 

should be supported by t h e o r e t i c a l  analyses t o  b e t t e r  understand t h e  

genera t ion  and propagation behavior  of s i g n a l s  produced by p r a c t i c a l  

s i g n a l i n g  sources  a v a i l a b l e  t o  miners during emergencies i n  coa l  mines. 

Deta i led  t rea tments  on de tec t ion  ;ange e s t ima t ion  and signal- to-noise 

improvement techniques a r e  found i n  P a r t s  Two and Ten, r e spec t ive ly .  

B. LOCATION OF A MINER 

The above descr ibed  d e t e c t i o n  process,  be ing  inhe ren t ly  l i m i t e d  t o  

s l a n t  ranges on t h e  o rde r  of 1000 f e e t ,  i n  i t s e l f  provides a  coarse loca- 

t i o n  of a  t rapped miner t h a t  i n  many cases may be s u f f i c i e n t  t o  d i r e c t  t h e  

e f f o r t s  of a  rescue team. However, should g r e a t e r  accuracy be  requi red ,  

l o c a t i o n  of a  miner t o  wi th in  a  s e c t i o n  is  a r e a l i s t i c  ob jec t ive .  I n  

f a c t ,  l o c a t i o n  accurac ies  t o  wi th in  100 f e e t  f o r  miners down t o  depths 

of 1000 f e e t  appear a t t a i n a b l e  wi th  s u r f a c e  deployed systems, b u t  only 

when t h e  requi red  condi t ions  a r e  met. Namely, when an adequate se ismic  

r ep resen ta t ion  (model) of t he  e a r t h  beneath t h e  su r face  se ismic  system 

is a v a i l a b l e ,  t he  depth of t h e  miner i s  known from a good mine map, and 

a s  i n  t h e  case  of de t ec t ion ,  t h e  su r face  rescue  opera t ion  and a c t i v i t y  
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TABLE 3 
MAXIMUM SLANT RANGES (In Feet) FOR DETECTION-UNDER 

NATURAL NOISE CONDITIONS** 

* W/O - SIN I = Without 10dB Signal-to-Noise lmprovement 
W - SIN 1 = With 10dBSignal-to-Noise lmprovement 

"* No obvious manmade noise sources 

Source 

Strong 
Thumper 

Strong 
Timber 
Sledge 

Weak 

Timber 
Sledge 

High Noise Low Noise 
I' 

I 

W/O-SIN I 
1400 

WIO-SIN I * 
>2OOO 

>2000 
> 1 500 

1100 
900 

W-SIN 1 
>2000 

W-SIN I 
>2000 

>2000 
>2000 

>I500 
>I400 

d 

1050 
900 

550 
450 

J 

Very High Noise 

1050 
900 

550 
450 

WIO SIN 1 
950 

W-SIN I 
1400 

>I 500 
1250 

650 
550 

375 
300 

800 
625 

d 

1 



Table 4 

SIGNAL-TO-NOISE IMPROVEMENT TECHNIOUES 

Most Useful 
For Detection For Arrival Time Estimation 

. Bandpass Filtering 
Burial of Sensors 
Subarrays: 

- size optimization 
- delayed or direct sum 
- weighted sum 

Least Useful 

Same as for Detection 
. Summing (Stacking) of 

Repeated Signals 

For Detection and Arrival Time Estimation 

Remode Processing 
Linear Phase Filtering of Multicomponent Data 

. Matched Filtering 
Multichannel Maximum Likelihood Array Processing 
Multichannel Wiener Filtering 
Single and Multichannel Prediction Error Filtering 
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i n  t h e  v i c i n i t y  of t h e  l o c a t i o n  a r e a  has  been seve re ly  r e s t r i c t e d  and 

poss ib ly  p r o h i b i t e d ,  which aga in  may n o t  be compatible w i th  p re sen t  

rescue ope ra t i ons .  Indeed,  f o r  accu ra t e  miner l o c a t i o n ,  s i g n a l s  w i l l  

have t o  be  rece ived  on s e v e r a l  seismometers surrounding t h e  miner ' s  

l o c a t i o n ,  and s ignal- to-noise  r a t i o s  w e l l  i n  excess  of those  f o r  

d e t e c t i o n  w i l l  a l s o  b e  r equ i r ed  t o  adequately e s t ima te  t o  s u f f i c i e n t  

accuracy t h e  s i g n a l  a r r i v a l  t imes needed f o r  computing l o c a t i o n  coor- 

d i n a t e s .  S p e c i f i c a l l y ,  the  above e s t i m a t e  of l o c a t i o n  accuracy a p p l i e s  

on ly  t o  f avo rab l e ,  c o n t r o l l e d  cond i t i ons :  

. when t h e  s i g n a l s  a r e  s t r o n g  enough t o  a l low a r r i v a l  t imes 
t o  be  measured t o  w i t h i n  1-5 mi l l i s econds ,  and 

. when t h e  e a r t h  a t  t h e  l o c a l  mine s i t e  can be  adequately 
represen ted  by a  s e t  of  l a t e r a l l y  homogenous h o r i z o n t a l  
l a y e r s  w i th  d i f f e r e n t  se i smic  v e l o c i t i e s ,  and t h e s e  par- 
ameters can be  s p e c i f i e d  t o  w i t h i n  about 5% by r e f r a c t i o n  
surveys from t h e  s u r f a c e .  

Though a v a i l a b l e  geo log ica l  in format ion  tends  t o  support  t h e  reasonable-  

ness  of  t h e  type  of se i smic  e a r t h  model assumed, d a t a  from r e f r a c t i o n  

surveys performed d i r e c t l y  over  r e p r e s e n t a t i v e  c o a l  mines,  t o g e t h e r  w i th  

c o n t r o l l e d  l o c a t i o n  experiments u s ing  s t r o n g  s i g n a l  sou rces ,  a r e  s t i l l  

needed t o  confirm t h e  gene ra l  a p p l i c a b i l i t y  of t h i s  k ind  of  model. 

Figure 2 is  an example of t h e  l o c a t i o n  e r r o r  contour  maps generated 

dur ing  t h e  s tudy  t o  form a  b a s i s  f o r  drawing conclusions on a t t a i n a b l e  

l o c a t i o n  accuracy wi th  su r f ace  s e i smic  a r r a y s .  These contours  a r e  based 

on an e r r o r  a n a l y s i s  app l i ed  t o  t h e  we l l - e s t ab l i shed  l o c a t i o n  method of 

non- l inear ,  l e a s t  squares  i t e r a t i v e  i nve r s ion .  The contours  i n  each 

square  r ep re sen t  t h e  es t imated  s t anda rd  l o c a t i o n  e r r o r s  i n  x ,  y ,  and z 

(one s t anda rd  dev ia t i on ,  o , of a  normal d i s t r i b u t i o n )  f o r  a  source  s o  

l o c a t e d  r e l a t i v e  t o  t h e  a r r a y  geometry. 

The l o c a t i o n  r e s u l t s  i n d i c a t e  t h a t  e a r t h  model e r r o r s  of  5% w i l l  b e  

t h e  dominant c o n t r i b u t o r s  t o  miner l o c a t i o n  e r r o r s  when a r r i v a l  t ime 

e r r o r s  f a l l  between 1-5 mi l l i s econds ,  b u t  t h a t  a r r i v a l  t ime e r r o r s  become 

t h e  major c o n t r i b u t o r s  and s e r i o u s l y  degrade l o c a t i o n  accuracy when t h e s e  
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FIGURE 2 EXAMPLE OF LOCATION ERROR CONTOUR MAPS 
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t iming  e r r o r s  reach  15-20 mi l l i seconds .  E r ro r s  of t h i s  magnitude can be  

introduced by low signal- to-noise  r a t i o s  and by t h e  v a r i a b l e  t h i cknes s  of 

low-velocity weathered l a y e r s  under d i f f e r e n t  seismometers i n  t h e  l o c a t i o n  

a r r a y .  Hence i t  i s  important  t o  account f o r  such sources  of l a r g e  t iming 

e r r o r s  i n  t h e  f i e l d .  

The f u r t h e r  o b j e c t i v e  of d i r e c t l y  l o c a t i n g  a  s i g n a l i n g  miner t o  

w i t h i n  an e n t r y  width w i th  a  s u r f a c e  s e i smic  system appears  t o  be  an un- 

r e a l i s t i c  goa l .  Only under t h e  most favorab le  bu t  improbable c i rcumstances,  

namely, n o i s e  cond i t i ons  s i m i l a r  t o  o r  b e t t e r  than those  descr ibed  above, 

and an even more accu ra t e  r e p r e s e n t a t i o n  of t h e  e a r t h  o r  shal lower mine 

depth (300 f e e t  o r  l e s s ) ,  do l o c a t i o n  accu rac i e s  of about 30 f e e t  appear 

a t t a i n a b l e .  With t h e  a i d  of a  good mine map, t h e s e  accu rac i e s  could al low 

t h e  s u r f a c e  team t o  i d e n t i f y  t h e  e n t r y  i n  which t h e  miner is  l o c a t e d .  

However, t h e  only method t h a t  i s  l i k e l y  t o  produce accu rac i e s  of  t h i s  

o rde r  i n  p r a c t i c e  is  a  more c o s t l y  r e f e r ence  event  method. This  method 

r e l i e s  on t h e  p r i o r  c a l i b r a t i o n  of t h e  s e i s m i c - p r o p e r t i e s  of t h e  e a r t h  

over  t h e  mine by i n i t i a t i n g  and record ing  se i smic  r e f e r ence  even t s  on a  

r e g u l a r  p e r i o d i c  b a s i s .  D e t a i l e d . t r e a t m e n t s  of  t h e  l o c a t i o n  a lgor i thms  

examined i n  t h i s  s t udy ;  namely, non-l inear  l e a s t  squares  i t e r a t i v e  

i nve r s ion ,  Westinghouse program "Miner", and r e f e r ence  even t s ,  t oge the r  

wi th  t h e  sugges t ion  of even more advanced algori thms t h a t  a l low i t e r a t i v e  

improvement of t h e  e a r t h  model a s  w e l l  a s  t h e  p red i c t ed  l o c a t i o n ,  a r e  

found i n  P a r t s  Three,  Four,  Five and Seven. 

C.  FIELD UTILIZATION 

The n a t u r e  of mine emergencies,  t h e  experience gained wi th  t h e  

p re sen t  i n t e r i m  se i smic  l o c a t i o n  system, and app l i cab l e  exper ience  of  

our  c o n s u l t a n t s  r e l a t e d  t o  t h e  deployment of sma l l ,  h igh ly  mobile,  oper- 

a t i o n a l  s e i smic  teams, l e a d  t o  s e v e r a l  gu ide l ines  and recommendations 

regard ing  the  f i e l d  u t i l i z a t i o n  of t h e  s e i smic  equipment and t h e  compo- 

s i t i o n  of t h e  s e i smic  team. The se i smic  system should be t r a n s p o r t a b l e  

and deployable  i n  va r ious  con f igu ra t i ons ,  depending on t h e  mine l o c a t i o n  

and on t h e  needs of  t h e  d e t e c t i o n  and/or  l o c a t i o n  ope ra t i ons .  The range 
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of f i e l d  requirements extend from t h e  need f o r  simple de tec t ion  processes 

i n  q u i e t  remote l o c a t i o n s ,  t o  complex de tec t ion  and l o c a t i o n  processes 

i n  a r e a s  of r e l a t i v e l y  easy access  wi th  unfavorable no i se  environments. 

Therefore,  t h e  system should be  configured i n  modular form t h a t  

allows deployment i n  phases. For example, on n o t i f i c a t i o n  of a  mine 

emergency, t h e  i n i t i a l  deployment could inc lude  only a  simple po r t ab le  

de t ec t ion  system capable of be ing  e a s i l y  t ranspor ted  by commercial o r  

p r i v a t e  a i r c r a f t ,  automobile,  o r  a  smal l  t ruck  t o  t h e  mine, and back- 

packed t o  s p e c i f i c  l o c a t i o n s  over  t h e  mine workings i f  necessary.  This 

simple de tec t ion  system would be  composed of a  smal l  a r r a y  subsystem, 

an a r r ay  c o n t r o l  u n i t ,  an osc i l l o scope ,  and poss ib ly  a  mult ichannel  

s t r i p  cha r t  recorder .  These u n i t s  a r e  s u f f i c i e n t  t o  ob ta in  no t  only 

i n i t i a l  de t ec t ion  of miners,  b u t  a l s o  f i r s t - o r d e r  l o c a t i o n  of t hese  

miners i n  t h e  v i c i n i t y  of t h e  s i t e s  chosen f o r  i n i t i a l  i n v e s t i g a t i o n .  

A more comprehensive, e a s i l y  t r anspor t ab le ,  van processing c e n t e r  and 

a d d i t i o n a l  subsystems could be  deployed s h o r t l y  t h e r e a f t e r ,  o r  a s  re- 

qui red  by t h e  p a r t i c u l a r  emergency s i t u a t i o n .  

The equipment must be  made simple,  weather t i g h t ,  rugged, modular, 

and temperature i n s e n s i t i v e .  I n  add i t ion ,  because t h e  l o c a t i o n  of miners 

r equ i re s  c a l i b r a t e d  s i g n a l s  and t e s t  and r e p a i r  f a c i l i t i e s  may no t  be  r e a d i l y  

a v a i l a b l e ,  c a l i b r a t i o n  and check-out of t h e  system must be  easy t o  do on s i t e .  

Since power may n o t  be a v a i l a b l e ,  b a t t e r y  opera t ion  is a must f o r  t h e  

po r t ab le  f i e l d  equipment. Furthermore, because emergency condi t ions  re- 

qu i r e  quick response, n o t  only must t h e  equipment be  quickly  and e a s i l y  

deployable a t  t h e  s i t e ,  b u t  speed i n  the  a c q u i s i t i o n  and processing of 

t h e  se ismic  d a t a  is  e s s e n t i a l  once t h e  system has been deployed. Indeed, 

o v e r a l l  p rocess ing  times of received d a t a  should be  measured i n  minutes 

r a t h e r  than  hours .  Table 5 summarizes some of t h e  important hardware 

requirements f o r  a  f l e x i b l e ,  f i e l d a b l e  se ismic  de tec t ion  and l o c a t i o n  

system. These requirements can be met by appropr i a t e ly  i n t e g r a t i n g  and 

packaging p resen t  off- the-shelf  components and equipment. 
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Table 5 

HARDWARE REQUIREMENTS FOR SEISMIC DETECTION/LOCATION SYSTEM 

Compact l igh t -weight ,  rugged, modular, proven hardware 
Simple and e a s i l y  deployable  
Combination v e r t i c a l  seismometer /amplif ier  u n i t  capable  
of b u r i a l  
Water proof non-ambiguous cab l ing  and a r r a y  c o n t r o l  u n i t  
Seismometer c a l i b r a t i o n  device 
12-channel t ape  recorder  
Multichannel hard-copy-output recorder  
Accurate ,  recoverab le  time codes on t ape ,  o r  paper output  
Continuous t ime r e f e r ence  on t ape ,  o r  paper ou tput  
S e l e c t a b l e  time base d i sp l ays  
Var iab le  f i l t e r i n g  and ga in  
Ba t t e ry  opera t ion  o f  p o r t a b l e  subsystems 
Radio communication f o r  crew 
Tools 
Van process ing  cen t e r  wi th  d i s k  pack and mini-computer 

The f i n a l  e s s e n t i a l  element r equ i r ed  t o  ensure t h e  s u c c e s s f u l  u t i l i -  

z a t i o n  of t h e  system during a  mine emergency is t h e  composition and 

exper ience  of t h e  se i smic  team. The minimum requirement i s  a  three-man 

cadre  t h a t  is t r a i n e d  t o  work toge the r  under such emergency cond i t i ons ,  

be ing  completely f a m i l i a r  with a l l  a s p e c t s  of t h e  system and i t s  opera- 

t i o n  and each o t h e r s  d u t i e s .  This  cadre  should i nc lude  an ope ra to r / ana lys t  

an e l e c t r i c a l  t e chn ic i an ,  and a f i e l d  t echn ic i an .  The ope ra to r / ana lys t  

w i l l  be  t h e  team ch ie f  and should a l s o  be an experienced geophysical  

engineer .  This  cadre  would u t i l i z e  a d d i t i o n a l  bu t  inexperienced mine 

personnel  a t  t h e  s i t e  t o  exped i t e  deployment of t h e  system. The key man 

of t h i s  cad re  i s  t h e  team ch ie f  who should a l s o  b e  a  mature i nd iv idua l  

who is  thoroughly f a m i l i a r  wi th  mining ope ra t i ons  and p r a c t i c e s ,  can 

i n t e r f a c e  e f f e c t i v e l y  w i th  t h e  o v e r a l l  resuce  coo rd ina to r s ,  and success-  

f u l l y  d i r e c t  t h e  se i smic  d e t e c t i o n / l o c a t i o n  opera t ion  i n  t h e  f a c e  of con- 

fu s ion  and poss ib ly  c o n f l i c t i n g  rescue  requirements .  Deta i led  t rea tment  

of t h e  ins t rumenta t ion  and i t s  f i e l d  u t i l i z a t i o n  requirements  w i l l  be  

found i n  P a r t s  S ix  and Eleven. 
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I1 I. CONCLUDING REMARKS 

A s  s t a t e d  i n  t h e  Purpose and Approach Sec t i on  of t h i s  P a r t ,  t h e  

purpose of t h i s  s t udy  w a s  t o  p rov ide  r e s u l t s  t o  he lp  t h e  Bureau of Mines 

i n  t h e  formula t ion  of f u t u r e  p o l i c y  and p l ans  of  a c t i o n  r e l a t e d  t o  t h e  

d e t e c t i o n  and l o c a t i o n  of  i s o l a t e d  miners by t h e  a p p l i c a t i o n  of  s e i smic  

methods. I n  t h i s  regard ,  an a d d i t i o n a l . q u e s t i o n  was posed by t h e  Bureau, 

f o r  cons ide ra t i on  by t h e  ADL se i smic  team du r ing  t h e  course  of t h i s  t a sk .  

Namely, which of t h e  fo l lowing  a l t e r n a t i v e  courses  of a c t i o n  appear  t o  be 

most f e a s i b l e  and a p p r o p r i a t e  a t  t h i s  t ime: 

Abandon t h e  se i smic  system and r e l y  on e lec t romagnet ic  
o r  o t h e r  methods? 

Change t h e  performance requirements  of t h e  s e i smic  system - 
f o r  example, by only r e q u i r i n g  p o s i t i v e  l o c a t i o n  t o  w i t h i n  
t h e  dimensions of a working s e c t i o n ?  

Improve t h e  system and s e i smic  methods employed? 

F igure  3 summarizes t h e  t h r e e  a l t e r n a t i v e s  and t h e  corresponding ADL 

responses  i n  a g raph i c  format .  Expansions on t h e s e  responses  fo l low.  

No, i t  would n o t  be  a p p r o p r i a t e  t o  abandon se i smic  d e t e c t i o n  and 

l o c a t i o n  methods a t  t h i s  t ime,  i n  s p i t e  of t h e i r  shortcomings.  U n t i l  

v i a b l e  e l ec t romagne t i c  miner l o c a t i o n  equipment is  developed, produced i n  

q u a n t i t y ,  and u t i l i z e d  by t h e  mining i n d u s t r y ,  s e i smic  methods s t i l l  

remain t h e  on ly  means p r e s e n t l y  a v a i l a b l e  f o r  d e t e c t i n g  t h e  presence  of 

l i v e  s i g n a l i n g  miners and determining t h e i r  l o c a t i o n  from t h e  s u r f a c e .  

Yes, i t  i s  d e f i n i t e l y  f e a s i b l e  and a p p r o p r i a t e  t o  change t h e  per-  

formance requirements  f o r  a s e i smic  system, p a r t i c u l a r l y  regard ing  t h e  

r equ i r ed  accuracy  of l o c a t i o n .  Locat ion accu rac i e s  t o  w i t h i n  one o r  two 

c o a l  p i l l a r s ,  and even t o  w i t h i n  dimensions of a working s e c t i o n ,  when 

used i n  conjunc t ion  w i th  a good mine map, w i l l  be  extremely v a l u a b l e  and 

i n  many c a s e s ,  be more t han  s u f f i c i e n t  t o  d i r e c t  t h e  e f f o r t s  of bo th  i n -  

mine rescue  teams and s u r f a c e  d r i l l i n g  crews. However, i t  should be  

remembered t h a t  r e scue  ope ra t i ons  and a c t i v i t y  i n  t h e  v i c i n i t y  of t h e  

l o c a t i o n  area may have t o  be  s e v e r e l y  r e s t r i c t e d ,  and p o s s i b l y  p r o h i b i t e d  

t empora r i l y ,  t o  ach ieve  t h e s e  l o c a t i o n  r e s u l t s .  
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FIGURE 3 ALTERNATIVES 

REQUIREMENTS? 
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Yes, it is definitely required, feasible, and appropriate to improve 

the system and seismic methods employed to detect and locate isolated 

miners. However, the type and extent of these improvements need to be 

determined by the Bureau in the context of its overall plans and associated 

time frames related to its miner location programs. In this regard, the 

Bureau will find that some quick-fix and minor improvements will be suited 

to 3-6 month schedules, while others that are major or that require addi- 

tional fundamental investigations may require schedules of 1 to 3 years. 

Each of the improvements referred to above will require investments 

of one kind or another that will impact on both cost and performance. 

Table 6 briefly summarizes the expected impact on system performance and 

cost for several possible kinds of investments. Finally, in order to more 

accurately estimate the performance limits and potentials of seismic miner 

detection and location systems, further investigations are still required 

to characterize the following items in a more quantitative manner: 

a Seismic signals from sources available to miners. 

a Seismic noise in coal mine regions. 

a Seismic propagation attributes of coal mine overburdens. 

These investigations will be largely based on experimental work in the 

field." Several of these are described in more detail in the body of this 

Volume. 

* Selected improvements in the seismic system hardware have since been 
made by PMSRC, and experimental investigations related to the above 
three areas have been conducted by Continental Oil Co. for the Bureau 
of Mines under Contract H0133112. 
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Table 6 

EXPECTED IMPACT OF INVESTMENTS 
ON SYSTEM PERFORMANCE AND COST 

IMPACT 
of 

t 
on -+ 

Truly F i e ldab le  Hardware 

Trained Experienced 
F i e ld  Crews 

S i t e  Pre-Cal ibrat ion 
Prepara t ion*  

Improved Seismic 
Ear th  Models* 

Conventional S /N  
Enhancement Methods 

Soph i s t i ca t ed  S/N 
Enhancement Methods 

Con t ro l l i ng  S i t e  Man- 
Made Noise 

Improving 
Overa l l  

Performance 

High 

High 

High 

High 

High 

Low 

High 

Inc reas ing  
Overa l l  

Cost 

Low 

Moderate 

High 

Low 

Low 

High 

Low 

* Applicable  mainly t o  miner l o c a t i o n ,  a s  opposed t o  miner 
d e t e c t i o n  and l o c a t i o n .  
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PART TWO 
-- 

DETECTION RANGE AND ARRIVAL TIME ESTIMATES 

Roy Greenf ie ld  
Pennsylvania S t a t e  Univers i ty  

I. SUMMARY 

Est imates  a r e  given f o r  t h e  d i s t a n c e  from a seismometer a t  which a  miner 

can probably be de t ec t ed .  The procedure i n  making these  e s t ima te s  w a s  t o  

f i r s t  e s t a b l i s h  t h e  n a t u r a l  n o i s e  l e v e l s  a t  t h e  ou tput  of a s u r f a c e  seismometer 

f o r  t h e  25 t o  100 Hz frequency passband. The no i se  l e v e l s  g ive  t h e  range of 

va lues  which may be expected i n  a r e a s  wi th  no man-made no i se .  For each n o i s e  

l e v e l ,  we g ive  t h e  d e t e c t i o n  th r e sho ld  which, when exceeded, i n d i c a t e s  t h a t  

a  s i g n a l  has  been rece ived .  Based on the  s i g n a l s  recorded by Westinghouse, 

curves  a r e  given which show t h e  peak s i g n a l  amplitude as a  func t ion  of source- 

t o - r ece ive r  d i s t a n c e  ( s l a n t  range) .  Curves a r e  given f o r  t h e  Westinghouse 

se i smic  thumper, a  50-pound t imber ,  and a  s l edge .  For a given type  of sou rce ,  

t h e  r ece ive  s i g n a l  s t r e n g t h  depends more s t r o n g l y  on s l a n t  range than on any 

o t h e r  f a c t o r .  However, t h e r e  is approximately a  five-to-one s c a t t e r  i n  t h e  

ampli tudes.  Thus, f u r t h e r  s tudy  of f a c t o r s  a f f e c t i n g  t h e  s i g n a l  amplitude 

might a l low b e t t e r  e s t ima te s  t o  be  made f o r  any p a r t i c u l a r  geo log ica l  s e t t i n g .  

Combining t h e  s i g n a l  amplitude ' with t he  d e t e c t i o n  th r e sho lds  f o r  t h e  d i f -  

f e r e n t  no i se  cond i t i ons  g ives  t h e  d i s t a n c e s  a t  which a  miner should be d e t e c t e d .  

These a r e  given i n  Table l* below. 

Table 1 

Maximum Range ( i n  Fee t )  a t  Which a  Miner Could be Detected 

For a  S ing le  Sensor--Before Signal-to-Noise Improvement Techniques 
(Natura l  Noise and Average S igna l  S t rength  Assumed) 

Natura l  Noise Condition 
Source Type Low High Very High - 

Thumper 1600 1000 700 
Timber 1400 800 500 
Sledge 1200 700 400 

The t e x t  a l s o  g ives  t h e  i n c r e a s e  i n  d e t e c t i o n  ranges which should occur 

i f  s t e p s  a r e  taken t o  i nc rease  S / N  by 10 dB. We f e e l  t h a t  10 dB is  a  con- 

s e r v a t i v e  e s t i m a t e  of t h e  improvement p o s s i b l e .  

During an a c t u a l  rescue  ope ra t i on ,  t h e  s e i smic  crew and system should be 

capable  of making on - s i t e  e s t ima te s  of t h e i r  d e t e c t i o n  c a p a b i l i t y ,  based on 

measurements of t h e  s i t e  n o i s e ,  and upon t h e  b e s t  a v a i l a b l e  e s t ima te s  of t h e  

* References t o  F igu re s ,  Tables ,  and Equations apply t o  those  i n  t h i s  P a r t  
un l e s s  o therwise  no ted .  

2 .1  
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s i g n a l  s t r e n g t h s  t o  b e  expec ted .  T h i s  w i l l  a l l o w  t h e  s e i s m i c  r e s c u e  crew t o  

e s t i m a t e  t h e  l i k e l y  coverage a r e a  o f  t h e  s e i s m i c  sys tem,  f o r  d e t e c t i o n  of  a  

s i g n a l l i n g  miner  under  t h e  p r e v a i l i n g  n o i s e  c o n d i t i o n s ,  which w i l l  i n  t u r n  

a s s i s t  t h e  r e s c u e  team t o  de te rmine  a p p r o p r i a t e  s e a r c h  s t r a t e g i e s  f o r  t h e  

e n t r a p p e d  miners .  

The e f f e c t s  o f  n o i s e  on t h e  e s t i m a t e s  o f  s i g n a l  a r r i v a l  t i m e s  a r e  a l s o  

d i s c u s s e d .  The a r r i v a l  t i m e s  shou ld  b e  p icked  by an  a n a l y s t  from s t a c k e d  s i g -  

n a l s  from a l l  a v a i l a b l e  s i g n a l  r e p e t i t i o n s .  I t  i s  shown t h a t  f o r  low t o  mod- 

e r a t e  n o i s e  s i t u a t i o n s ,  t h e  s i g n a l  a r r i v a l  t i m e  a t  each s u b a r r a y  can be  d e t e r -  

mined t o  w i t h i n  a  few m i l l i s e c o n d s .  However, when t h e  n o i s e  i s  comparable t o  

t h e  s i g n a l ,  e r r o r s  of  1 0  t o  1 5  m i l l i s e c o n d s  can o c c u r ,  and i n  some c a s e s ,  i t  

might b e  p o s s i b l e  t o  p i c k  a  s i g n a l  a r r i v a l  t ime  which i s  50 t o  100 m i l l i s e c o n d s  

a f t e r  t h e  t r u e  a r r i v a l  t ime .  
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11. INTRODUCTION 

I n  t h i s  P a r t  e s t i m a t e s ,  based on exper imenta l  d a t a ,  a r e  made of t h e  

n a t u r a l  n o i s e  l e v e l s  encountered f o r  s u r f a c e  se ismometers ,  and a model f o r  

s i g n a l  l e v e l s ,  based on Westinghouse d a t a , * i s  developed a s  a f u n c t i o n  of 

s l a n t  r ange  and s o u r c e  type .  The n a t u r a l  n o i s e  l e v e l  e s t i m a t e s  a r e  a p p l i c a b l e  

t o  t h e  range  of c o n d i t i o n s  encounte red  when no man-made n o i s e  s o u r c e s  a r e  - 
p r e s e n t .  These n a t u r a l  n o i s e  l e v e l s  may b e  r e p r e s e n t a t i v e  o f  t h e  l e v e l s  

exper ienced  d u r i n g  a mine emergency r e s c u e  o p e r a t i o n  a t  t h o s e  t imes  when 

c a r e  h a s  been t a k e n  t o  c o n t r o l  t h e  r e s c u e  a c t i v i t y ' s  s e i s m i c  d i s t u r b a n c e s .  

F u r t h e r  exper imenta l  d a t a  i s  needed i n  o r d e r  t o  c h a r a c t e r i z e  t h e  man-made 

n o i s e  environment c r e a t e d  by r e s c u e  o p e r a t i o n s .  

Using t h e  above r e s u l t s ,  e s t i m a t e s  have been made f o r  t h e  d e t e c t i o n  range 

whicn can be  o b t a i n e d .  A l l  work i s  done f o r  a 25 t o  100 Hz bandpass .  Most 

o f  t h e  s i g n a l s  observed by Westinghouse have most o f  t h e i r  energy i n  t h a t  band. 

It  remains ( a s  n o t e d  i n  P a r t  Nine) t o  de te rmine  t h e  n o i s e  l e v e l s  above 

100 Hz b e f o r e  i t  i s  p o s s i b l e  t o  de te rmine  i f  t h e  band above 100 Hz w i l l  a i d  

i n  d e t e c t i o n .  I n i t i a l l y  d e t e c t i o n  r a n g e s  a r e  determined f o r  a s i n g l e  s e n s o r  

w i t h  no s i g n a l  p r o c e s s i n g .  Some e s t i m a t e s  a l s o  a r e  made of d e t e c t i o n  r a n g e s  

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

w i l l  c o n s i d e r  how n o i s e  l e v e l s  a f f e c t  e s t i m a t e s  o f  s i g n a l  a r r i v a l  t imes  f o r  

use  i n  t h e  subsequent  l o c a t i o n  p r o c e s s .  

111. NOISE LEVELS 

We d e s i r e  t o  de te rmine  a d e t e c t i o n  t h r e s h o l d ,  which when exceeded i n d i -  

c a t e s  t h a t  a s i g n a l  i s  p r e s e n t  a t  t h e  o u t p u t  from a s i n g l e  s e n s o r .  I n  t h e  

Appendix t o  t h i s  P a r t ,  we show a r e a s o n a b l e  d e t e c t i o n  t h r e s h o l d  l e v e l  a s  

3 t imes  t h e  n o i s e  RMS l e v e l .  T h i s  w i l l  l e a d  t o  approx imate ly  1 f a l s e  a la rm 

each 100 seconds  on a s i n g l e  t r a c e ,  and v e r y  r a r e  f a l s e  a l a r m s  i f  c o i n c i d e n c e  

d e t e c t i o n  i s  used on t h e  o u t p u t s  o f  s e v e r a l  s u b a r r a y s .  

To e s t i m a t e ,  w i t h i n  t h e  t ime  a v a i l a b l e ,  t h e  s u r f a c e  n o i s e  l e v e l s  t o  b e  

e x p e c t e d ,  we c o n c e n t r a t e d  on t h e  n o i s e  d a t a  o f   rantt ti(') 1963 r a t h e r  t h a n  

t h e  n o i s e  measurements made by Westinghouse.  Th is  was done because  t h e  con- 

t a m i n a t i o n  o f  t h e  Westinghouse e a r t h  n o i s e  d a t a  by system n o i s e  weakened o u r  

conf idence  i n  t h e i r  n o i s e  data ( s e e  P a r t s  Nine,  Ten).  The F r a n t t i  d a t a  

a r e  f o r  l o c a t i o n s  f r e e  o f  obv ious  man-made n o i s e  s o u r c e s .  F r a n t t i  measured 

peak-to-peak average  envelope v a l u e s  a t  t h e  o u t p u t  of a 113  o c t a v e  f i l t e r .  

I n  c a s e s  where t h i s  envelope a v e r a g e  w a s  compared t o  t h e  RMS n o i s e  l e v e l ,  t h e  

* Westinghouse C o n t r a c t  H0210063 w i t h  Bureau o f  Mines. 
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enve lope  average  was s l i g h l y  h i g h e r .  I n  (A 6) of t h e  Addendum we show 

t h i s  i s  t o  b e  e x p e c t e d ,  b u t  t h e  d i f f e r e n c e ,  a  f a c t o r  of  1 . 7 ,  i s  n o t  impor tan t  

because  RMS n o i s e  l e v e l s  can b e  expec ted  t o  f l u c t u a t e  over  more t h a n  an  o r d e r  

of  magnitude a t  d i f f e r e n t  t i m e s  and l o c a t i o n s .  

W e  used 47 of  F r a n t t i ' s  n o i s e  c u r v e s  ( d a t a  f o r  deep mines and a  s i t e  n e a r  

t h e  ocean were e x c l u d e d ) .  For each  curve  t h e  s p e c t r a l  l e v e l  was r e a d  a t  25,  

50,  and 100 Hz. His tograms ( F i g u r e s  1, 2 ,  and 3) were formed f o r  each  f r e -  

quency. The RMS n o i s e  l e v e l s  exceeded 75% of t h e  t ime  (low n o i s e )  were d e t e r -  

mined f o r  each  f requency ,  and marked on t h e  h i s t o g r a m s .  T h i s  was a l s o  done 

f o r  t h e  RMS n o i s e  l e v e l s  exceeded o n l y  25% of  t h e  t ime  ( h i g h  n o i s e ) .  A s  a  

compar ison,  t h e  range  o f  l e v e l s  found by Westinghouse d u r i n g  t h e i r  mine f i e l d  

test  program a r e  a l s o  i n c l u d e d  on t h e s e  F i g u r e s .  The Westinghouse l e v e l s  a r e  

n o t  i n c o n s i s t e n t  w i t h  t h e  l e v e l s  p r e d i c t e d  by F r a n t t i .  

To proceed from t h e  RMS n o i s e  s p e c t r a l  e s t i m a t e s  t o  t h e  n o i s e  RMS o u t p u t  

l e v e l  of  a  25 t o  100 Hz f i l t e r ,  we used 

RMS75% = [ / i i "  ( f )  d f I 1 l 2  

f o r  t h e  "low n o i s e "  l e v e l  c o n d i t i o n .  The RMS (ampl i tude)  spec t rum,  ~ ( f ) ,  

used i s  p l o t t e d  on F i g u r e  4 .  The s i g n a l  d e t e c t i o n  t h r e s h o l d  was t h e n  s e t  a t  

3  times t h e  n o i s e  RMS o u t p u t  l e v e l .  The same c a l c u l a t i o n s  were made f o r  t h e  

(25%) "high n o i s e "  l e v e l  c o n d i t i o n .  The r e s u l t s  a r e  g i v e n  i n  T a b l e  2 .  

T a b l e  2 

RMS Noise  Output  and D e t e c t i o n  Thresho ld  

Of a  25 To 100 Hz F i l t e r  

RMS Leve l  Exceeded 75% of  Time 
(Low Noise)  

RMS Leve l  Exceeded 25% of  Time 
(High Noise) 

D e t e c t i o n  Threshold  (Low Noise)  

D e t e c t i o n  Thresho ld  (High Noise)  

I V ,  SIGNAL LEVELS 

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

house  d a t a .  The maximum zero-to-peak ampl i tude  l e v e l s  f o r  t h e  s i g n a l s  a r e  

p l o t t e d  a s  a  f u n c t i o n  of s l a n t  r a n g e  i n  F i g u r e  5 .  The s o u r c e s  o f  d a t a  a r e  

g i v e n  i n  t h e  F i g u r e .  Curves have been drawn as e s t i m a t e s  of  t h e  s t r o n g  
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Noise RMS I P S I m  

Histogram of Number of Occurrences of Noise RMS Levels 
Natural Noise Levels Exceeded 75% and 25% of the Time are Indicated 

For Frequency = 25 Hz 

Westinghouse data for individual mines are included for comparison, and maximum and minimum noise levels are shown 
as open circles connected by lines. Ignore the vertical axis in relation to these data. Arrows pointing to the left indicate 
that system noise limited noise estimates for low noise periods. The Westinghouse data are taken from the Westinghouse 
Report Table 2-4. The order of the mines, going from the top of the figure to the bottom data points, corresponds to the 
field report numbers for the mines. 

FIGURE 1 NATURAL SEISMIC NOISE LEVELS: BASED ON FRANTTI 
DATA WHEN NO MAN-MADE NOISE IS PRESENT 
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Noise RMS I P S I G  
Westinghouse data for individual mines are included for comparison, and maximum and minimum noise levels are shown 
as open circles connected by lines. Ignore the vertical axis in relation to these data. Arrows pointing to the left indicate 
that system noise limited noise estimates for low noise periods. The Westinghouse data are taken from the Westinghouse 
Report Table 2-4. The order of the mines, going from the top of the figure to the bottom data points, corresponds to the 
field report numbers for the mines. 

FIGURE 2 NATURAL SEISMIC NOISE LEVELS: BASED ON FRANTTI 
DATA WHEN NO MAN-MADE NOISE IS PRESENT 
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FIGURE 4 NATURAL SEISMIC NOISE LEVELS BASED ON FRANTTI 
DATA WHEN NO OBVIOUS MAN-MADE NOISE IS PRESENT 
(RMS AMPLITUDE SPECTRA) 



Slant Range (feet) 

SIGNAL DATA 

(Largest Zero to Peak Amplitude on Vertical Traces, Plotted for Three Sources, 
Thumper, Timber, Sledge Hammer.) 

1000 

Signal Data from Westinghouse 1972 Report, Estimated Detection Thresholds also 
shown for Natural Seismic Noise Background (Noise Data from Frantti, 1963). 

- - 0 Thumper Table 2-3 - 0 Timber - I Westinghouse '72 Report 

- 
- 0 Thumper 7 Field RPT 8 

FIGURE 5 SEISMIC SIGNAL AMPLITUDE PLOTTED VERSUS 
SLANT RANGE FROM TYPICAL SOURCES 
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and weak s i g n a l s  f o r  t h e  thumper,  t i m b e r ,  and s l e d g e  s o u r c e s .  These c u r v e s  

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

d i s c u s s i o n  i 2  t h e  n e x t  c h a p t e r .  W e  b e l i e v e  t h a t  F i g u r e  5 r e p r e s e n t s  t h e  

b e s t  e s t i m a t e s  of s i g n a l  l e v e l  t h a t  we can  make a t  t h i s  t i m e ,  based on 

e x p e r i m e n t a l  d a t a  a v a i l a b l e  t o  u s .  

A s c a t t e r  of  a  f a c t o r  approx imate ly  5 e x i s t s  i n  t h e  ampl i tude  d a t a .  How- 

e v e r  t h i s  i s  n o t  unexpected.  S c a t t e r  of  t h i s  magni tude i s  q u i t e  common i n  

s e i s m i c  d a t a  around 1 Hz, and can r e f l e c t  any one of a  number of f a c t o r s .  I n  

t h e  c a s e  of  t h e  Westinghouse d a t a  t h e s e  f a c t o r s  p robab ly  i n c l u d e  s o u r c e  

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

of  t h e  low v e l o c i t y  a l l u v i u m  t h i c k n e s s  a t  t h e  se ismometer .  

We have a t t e m p t e d  t o  assess t h e  s o u r c e  r a d i a t i o n  p a t t e r n  e f f e c t  u s i n g  t h e  

d a t a  from F i e l d  Repor t  8*,Copper Queen Mine, F i g u r e s  2 . 4 . 3  and 2 .4 .4 ,  compiled 

i n  Tab le  2.4-3 o f  t h a t  r e p o r t .  I n  Tab le  3,  w e  show t h e i r  ampl i tude  r e a d i n g s  

f o r  b o t h  f i r s t  mot ion and f o r  maximum t r a c e  ampl i tude .  Only t h e  v e r t i c a l  

se ismometer  i s  used.  Also  shown i s  t h e  t h e o r e t i c a l  a m p l i t u d e ,  V of  t h e  m '  
v e r t i c a l  component f o r  a  p o i n t  v e r t i c a l  s o u r c e  i n  an  i n f i n i t e  medium. The Vm 

f o r  such  a  s o u r c e  i s  of t h e  form (Love, 1944 ,  p .  304-305). 

where r i s  s l a n t  r ange  

8 i s  t h e  a n g l e  between t h e  v e r t i c a l  and t h e  
s o u r c e - t o - r e c e i v e r  d i r e c t i o n  

and A is  a  c o n s t a n t  

The formula  g i v e n  i s  s t r i c t l y  v a l i d  o n l y  i f  t h e  r e c e i v e r  i s  many wavelengths  

from t h e  s o u r c e .  T h i s  r equ i rement  i s  n o t  w e l l  met i n  t h e  p r e s e n t  exper iment .  

We have s e t  A t o  f i t  t h e  obse rved  a m p l i t u d e  a t  t h e  se ismometer  on t h e  s u r f a c e  

d i r e c t l y  above t h e  s o u r c e ,  r e c e i v e r  1. The s o u r c e  and r e c e i v e r  l o c a t i o n s  a r e  

shown i n  F i g u r e  6 .  Values f o r  a  l / r  v a r i a t i o n  a r e  a l s o  g iven .  Again we norma- 

l i z e d  t o  r e c e i v e r  l. 

The r e s u l t s  i n  t h e  T a b l e  a r e  n o t  c o n c l u s i v e .  However i n  g e n e r a l ,  t h e  l / r  

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

The d a t a ,  on F i g u r e  5  o b t a i n e d  from p l o t  38 of  F i e l d  Repor t  8*, ( p l o t  38 

i s  reproduced h e r e  a s  F i g u r e  7a) i s  of  i n t e r e s t .  These d a t a  were o b t a i n e d  

f o r  a  thumper s o u r c e  p u t  i n  t h e  Copper Queen Mine, 900 f e e t  below t h e  s u r f a c e .  

* I b i d .  
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T a b l e  3 

Source  P a t t e r n  E f f e c t s  ( C o ~ p e r  Queen Mine) 

a )  F i r s t  Motion Peak ( ~ I P S )  

Rece ive r  
1 2 3 

Source  ( I ) ,  Timber 
Observed 
Theory,  V 
l / r   ariap pion 

Source  ( 2 ) ,  Thumper 
Observed 
Theory,  

'm 
l / r  V a r i a t i o n  

Source  ( I ) ,  Timber 
Observed 
Theory 
l / r  V a r i a t i o n  

Source  (2)  Thumper 
Observed 
Theory 
l / r  V a r i a t i o n  

b )  Maximum T r a c e  Amplitude ( p ~ p ~ )  

Rece ive r  
1 2 3 
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FIGURE 6 SOURCE-RECEIVER LOCATIONS FOR COPPER QUEEN MINE 
WESTINGHOUSE SIGNAL STRENGTH EXPERIMENT 
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Seismometers were a t  t h e  7001 ,  4 0 0 1 ,  3 0 0 1 ,  2 0 0 1 ,  and s u r f a c e  l e v e l s  d i r e c t l y  

above t h e  s o u r c e .  The f a l l - o f f  of  ampl i tude  i s  s l i g h t l y  g r e a t e r  t h a n  l / r .  

Another impor tan t  o b s e r v a t i o n  i s  t h a t  t h e  s u r f a c e  seismometer h a s  a  peak f r e -  

quency of  about  50 Hz w h i l e  t h e  peak f requency on t h e  below-surface  seismometer 

( a t  200 f e e t )  i s  about  100 t o  125 Hz. 

The ampl i tude  on t h e  s u r f a c e  seismometer i s  on ly  about  1 / 3  t h a t  of t h e  

seismometer a t  t h e  200' l e v e l .  The reason  f o r  t h e  change i n  ampl i tude  may 

be e i t h e r  a t t e n u a t i o n  i n  t h e  low v e l o c i t y  s u r f a c e  l a y e r  o r  a  resonance  e f f e c t  

on t h e  waves due t o  t h e  low v e l o c i t y  s u r f a c e  l a y e r .  There i s  some i n d i c a t i o n  

t h a t  t h e  l a t t e r  i s  t h e  major  f a c t o r .  Namely, p l o t  39 of F i e l d  Report  8* 

( reproduced a s  F i g u r e  7b) r e v e a l s  t h a t  an  i n i t i a l  %lo0  Hz s i g n a l  i s  propagated 

downward through t h e  s u r f a c e  l a y e r  from a  s u r f a c e  s o u r c e  t o  t h e  below-surface  

se ismometers .  However, t h e  i n i t i a l  p a r t  of t h e  s i g n a l s  a r e  fol lowed i n  t ime 

by %40 Hz energy l e a k i n g  downward from t h e  r e s o n a n t  s u r f a c e  l a y e r .  

I t  i s  f e l t  t h a t  f u r t h e r  s y s t e m a t i c  exper iment ,  and t h e o r e t i c a l  a n a l y s i s  

o f  r e l e v a n t  models of s o u r c e  and p ropaga t ion  e f f e c t s ,  a r e  r e q u i r e d  t o  improve 

e s t i m a t e s  of t h e  s i g n a l  s t r e n g t h  and c h a r a c t e r  i n  v a r i o u s  mine s i t u a t i o n s .  

V .  DETECTION RANGES - BASED ON EXPERIMENTAL DATA 

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

I t  i s  based on F i g u r e  5  which g ives ,  e s t i m a t e d  s i g n a l  l e v e l s  and t h e  d e t e c t i o n  

t l l res l lo lds  r e q u i r e d  under  two n o i s e  c o n d i t i o n s .  The d e t e c t i o n  l e v e l  i s  s e t  

t o  g i v e  one f a l s e  a la rm every 100 seconds  on a  s i n g l e  s u b a r r a y  t r a c e ,  s o  a t  

t h i s  l e v e l  i t  w i l l  b e  n e c e s s a r y  t o  d e t e c t  on perhaps  t h r e e  s u b a r r a y s  t o  

s a f e l y  conclude t h a t  a  t r u e  s i g n a l  has  been r e c e i v e d .  C o n s i s t e n t  r e l a t i v e  

a r r i v a l  t imes  on t h e  s u b a r r a y s  w i l l  be  a  s t r o n g  i n d i c a t i o n  of  a  r e p e a t e d  

s o u r c e  a t  a  f i x e d  l o c a t i o n .  

I n  Tab le  4 we g i v e  t h e  maximum s l a n t  r anges  f o r  d e t e c t i o n  f o r  d i f f e r e n t  

combinat ions  of  s o u r c e  and n o i s e  c o n d i t i o n s .  The v a l u e s  i n  t h e  Table  a r e  

t h e  b e s t  e s t i m a t e s  of  d e t e c t i o n  range  we can make a t  t h i s  t ime  based on t h e  

exper imenta l  d a t a  a v a i l a b l e .  

I b i d  
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Table  4  

Maximum S l a n t  Range f o r  D e t e c t i o n  ( F e e t )  

For  a  S i n g l e  Sensor--Before Signal- to-Noise  Improvement Techniques 
(For N a t u r a l  Noise  Condi t ions )  

N a t u r a l  Noise  Condi t ion  
Low (75%) High (25%) 

Source  Thresho ld  Thresho ld  

S t r o n g  Thumper S i g n a l  > 2000. 1400. 
Weak Thumper S i g n a l  1300. 700. 

S t r o n g  Timber S i g n a l  
Weak Timber S i g n a l  

S t r o n g  S ledge  S i g n a l  
Weak S ledge  S i g n a l  

A t  t h i s  p o i n t  w e  make some s p e c u l a t i v e  estimates of t h e  d e t e c t i o n  t h r e s h -  

o l d s  r e q u i r e d  under  c o n d i t i o n s  f o r  which t h e  n o i s e  d a t a  b a s e  i s  weak, namely 

f o r  "maximum" n a t u r a l  n o i s e  c o n d i t i o n s .  By i n s p e c t i o n  of F i g u r e s  1, 2 ,  and 3 ,  

i t  a p p e a r s  t h a t  t h e  n a t u r a l  n o i s e  l e v e l  r a r e l y  r i s e s  a b o u t  3  t imes  t h e  25% 

d e t e c t i o n  t h r e s h o l d  o f  F i g u r e  5. T h i s  t h r e s h o l d , d e n o t e d  a s  Max., i s  shown 

on F i g u r e  8. Also shown a r e  t h e  s i g n a l  l e v e l  c u r v e s .  W e  s p e c u l a t e  t h a t  S/N 

improvement t e c h n i q u e s  can g i v e  a  g a i n  of 1 0  dB a t  a l l  t h r e e  n o i s e  l e v e l s .  

The f i g u r e s  of 1 0  dB would b e  t h e  S/N g a i n  a g a i n s t  u n c o r r e l a t e d  n o i s e  f o r  a  

1 0  e lement  s u b a r r a y .  Gain o b t a i n e d  by b u r i a l  cou ld  a l s o  b e  s i g n i f i c a n t .  I n  

h i g h  l e v e l s  of  n a t u r a l  n o i s e  due t o  wind o r  r a i n  t h e  g a i n  by b u r i a l  cou ld  b e  

c o n s i d e r a b l y  above 1 0  dB. S i n c e  t h e r e  is  p r e s e n t l y  no d a t a  t o  a s s e s s  t h e s e  

g a i n s  w e  have t aken  t h e  modest v a l u e  of 1 0  dB between t h e  two. On t h i s  b a s i s  

w e  a l s o  p u t  c u r v e s  f o r  t h e  t h r e e  n o i s e  l e v e l  c o n d i t i o n s  w i t h  1 0  dB S/N improve- 

ment on F i g u r e  8. For  t h e s e  c o n d i t i o n s ,  t h e  e s t i m a t e d  d e t e c t i o n  r a n g e s  a r e  

g i v e n  i n  T a b l e  5. 

F u r t h e r  e x p e r i m e n t a l  d a t a  must b e  ana lyzed  b e f o r e  w e  can make any es t i -  

mate of t h e  d e t e c t i o n  ranges  i n  t h e  p r e s e n c e  of  man-made n o i s e  of t h e  t y p e  

and l e v e l  which might b e  p r e s e n t  d u r i n g  u n c o n t r o l l e d  r e s c u e  o p e r a t i o n s .  How- 

e v e r  i t  is  h i g h l y  p r o b a b l e  t h a t  heavy man-made n o i s e  would make d e t e c t i o n  

i m p o s s i b l e ,  u s i n g  o n l y  s u r f a c e  se i smomete r s ,  i f  t h e  s i g n a l i n g  miner  i s  more 

than  t e n s  o f  f e e t  t o  a  few hundred f e e t  from t h e  se ismometer .  
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Table  5  

Maximum S l a n t  Range f o r  D e t e c t i o n  ( F e e t )  

(For N a t u r a l  Noise Condi t ions  Only) 

Source 
N a t u r a l  Noise Condi t ions  

Max. Max. + 25% + 75% + 
S t r o n g  Thumper S i g n a l  950 1400 >2000 >2000 
Weak Thumper S i g n a l  425 700 1000 >2000 

S t r o n g  Timber S i g n a l  650 1050 >I500 >2000 
Weak Timber S i g n a l  375 550 800 >I500 

S t rong  S ledge  S i g n a l  550 900 1250 >2000 
Weak Sledge S i g n a l  300 450 625 >I400  

(+) I n d i c a t e s :  +10 dB SIN Improvement 

V I .  EFFECT OF NOISE LEVELS ON ARRIVAL TIME ESTIMATION ACCURACY - 
BASED ON EXPERIMENTAL DATA 

The two l i m i t s  on t h e  accuracy  o f  t h e  l o c a t i o n  of t h e  miner  a r e  t h e  

accuracy  of t h e  v e l o c i t y  model and t h e  accuracy  of t h e  r e a d i n g  of t h e  

a r r i v a l  t i m e  of t h e  P wave. The e f f e c t s  of d e f i c i e n c i e s  i n  t h e  v e l o c i t y  

models a r e  d i s c u s s e d  e l sewhere .  Here we c o n c e n t r a t e  on e r r o r s  i n  a r r i v a l  

t i m e  measurement due t o  t h e  p r e s e n c e  of s e i s m i c  background n o i s e .  Higher  

s i g n a l - t o - n o i s e  r a t i o s  a r e  needed f o r  a c c u r a t e  e s t i m a t e s  of a r r i v a l  t i m e s  

t h a n  t h a t  needed t o  s imply d e t e c t  a  miner-generated s i g n a l .  T h e r e f o r e ,  i t  

is  assumed t h a t  t h e  s i g n a l - t o - n o i s e  r a t i o  i s  improved by s t a c k i n g  r e p e a t e d  

s i g n a l s ,  i f  s i g n a l  r e p e t i t i o n s  have been r e c e i v e d .  

W e  d i s c u s s  t h e  e r r o r s  i n  a r r i v a l  t i m e  w i t h  r e f e r e n c e  t o  t h e  schemat ic  

g e n e r a l i z e d  s i g n a l  shown a s  F i g u r e  9.  Th i s  s i g n a l  i l l u s t r a t e s  s e v e r a l  

f e a t u r e s  of t h e  s i g n a l  waveforms which can a f f e c t  t h e  measurement of s i g n a l  

a r r i v a l  t i m e .  S e v e r a l  examples of t h e s e  f e a t u r e s  a r e  shown i n  F i g u r e s  1 0 a ,  

b ,  and c ,  which a r e  t r a c i n g s  of a c t u a l  s e i s m i c  s i g n a l s  t aken  from t h e  

Westinghouse F i e l d  Reports*  ( s e e  Tab le  6 f o r  i d e n t i f i c a t i o n s ) .  The s i g n a l  

i n  F i g u r e  9 h a s  a  f requency of 50 Hz ( p e r i o d ,  T  = 20 ms) which i s  an average  

f requency f o r  t h e  s i g n a l s  observed by Westinghouse.  

* I b i d  
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FIGURE 9 SCHEMATIC GENERALIZED SEISMIC SIGNAL 
(Applicable to Mine Data Obtained to Date) 
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FIGURE 10(a) TRACINGS OF ACTUAL SUMMED SIGNALS 
FROM WESTINGHOUSE FIELD REPORTS 
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FIGURE 10(b) TRACINGS OF ACTUAL SUMMED SIGNALS 
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FIGURE 10(c) TRACINGS OF ACTUAL SUMMED SIGNALS 
FROM WESTINGHOUSE FIELD REPORTS 
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Table  6 

Legend f o r  Trac ings  of Actuc l  
Summed S i g n a l s  Shown i n  F igu re s  10a,  b ,  & c  

Trac ing  
No . -__-_---_---_-_-__---------------------------------------------------------------- 
1. P l o t  23 F.R. 6 - 1 3  e l e ~ e n t  s u b a r r a y ,  30 blows -. 

.-) 
2 .  P l o t  35 F.R. 4 - 7  e k z e n t s  , 50 blows 

I 
3. It 

f 1  - 1 v e r t i c a l  , It blows I 

, 30 blows 
I 

L\ Figu re  10 (a) 
J 

/ 
5 .  P l o t  37 F.R. 7  - Array ( suba r r ay? )  2 ,  30 blows i 

, 
6 .  P l o t  4 1  " - Array 7 ,  30 blows 

\ 

7. Plot ,  42 " - Not known 30 b1ov.s I 

8. P l o t  13 " - Array 5  " b l o w s  ,I 

----_---------------------------------------------------------------------------- 
9 .  P l o t  36 " ? Slows 7 

10 .  F igu re  1 7 ,  F.3. 2 ,  ch .  5 ,  Sou th .  180 bicws 

11. F i g c r e  2 2 ,  F.R. 2 ,  ch3, 19 Hex a r r 3 y  3 1  blows 

1 2 .  F igu re  2 4 ,  F.R. 2 ,  7  e l e ~ e n t s  100 blows 

13 .  P l o t  1 5 ,  F.R. 8 ,  ch 5  15 blows 

' Figu re  10(b) 

I t  ch 2 

t  1  ch 7 ,  H o r i z o c t a l  

It blows I, 

t  t  2 
- - -- - - - - - - - - - 7 - 

1 6 .  P l o t  17 " ch 7 ,  

17 .  I' I t  ch 4 ,  

30 blows 

11 

18 .  P l o t  55 " ch 6 ,  25 blows 

19 .  P l o t  57 t  1  ch 3 ,  Arrsy i<, 7CC) ' le7;e1, 29 blcws / 
Figu re  10  (c )  

20 .  P l o t  35 c o m p ~ r i s o n  of s x a l l  5.rrays 339 s i n g l e  gea~phon2,  
a )  s i ng12  cl;arLnel, b )  p a - a l l e l ,  c) s e r i e 5  c c r r e c t i a :  

21. P l o t  15 ,  F.R.  9 ,  ch 2 and 3 ,  h o r i z o n t a l  ar-d v e r t i c z l ,  15  blo;,;s - J 
-------------------------------------------------------------------------------- 
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We assume t h a t  t h e  a r r i v a l  t ime is  p icked  by a  t r a i n e d  a n a l y s t ,  and we 

d i s c u s s  t h e  a r r i v a l  t ime e r r o r s  which might  a r i s e  f o r  d i f f e r e n t  l e v e l s  of  

n o i s e .  The t r u e  a r r i v a l  t ime of  t h e  s i g n a l  i s  T 
A *  

[ T ~  i s  t h e  t ime  of t h e  

s i g n a l  a t  p o i n t  A  and t h e  o t h e r  t imes  used (T 
B '  

TC, T  ) a r e  s i m i l a r l y  
D 

d e f i n e d . ]  I f  t h e  n o i s e  l e v e l  i s  v e r y  low, t h e  a n a l y s t  w i l l  p i c k  t h e  a r r i v a l  

t ime ,  denoted by AT, w i t h i n  1 m s  of  T  The f i r s t  peak B of  t h e  s i g n a l  i s  
A *  

u s u a l l y  s m a l l  compared t o  t h e  second peak C.  I f  t h e  n o i s e  l e v e l  i s  on ly  low 

enough t o  r e c o g n i z e  peak B ,  t h e n  he  p i c k s  T  a s  t h e  a r r i v a l  t ime .  T h i s  
B 

g i v e s  an  e r r o r  of abou t  4  m s .  However, i t  would be b e t t e r  t o  assume t h a t  

TB = TA + ~ 1 4 .  I f  t h i s  i s  done t h e  e r r o r  i n  AT w i l l  p robab ly  b e  reduced t o  

on t h e  o r d e r  of 2  m s .  

A  much l a r g e r  e r r o r  i n  a r r i v a l  t ime  can  occur  i n  c a s e s  when peak D i s  

l a r g e r  t h a n  peak C ,  and t h e  n o i s e  l e v e l  i s  such  t h a t  t h e  a n a l y s t  m i s s e s  

peak C ,  b u t  can p i c k  p e ~ k  D .  Examples of  s i g n a l s  where peak D i s  l a r g e r  

t h a n  peak C a r e  shown i n  F i g u r e  1 0  a s  t r a c e s  6 ,  8 ,  and 1 3 .  Peak D may be 

6 dB above peak C .  By p i c k i n g  T  s e v e r a l  c y c l e s  of t h e  s i g n a l  have been D '  
missed and t h e  e r r o r  i n  a r r i v a l  t i m e  w i l l  b e  50 t o  100 m s .  I f  T  i s  p icked  

C 
on some s u b a r r a y s  and T  on o t h e r s ,  v e r y  poor  l o c a t i o n s  w i l l  r e s u l t .  

D 
There  a r e  f o r t u n a t e l y  some t e l l t a l e  i n d i c a t i o n s  i f  t h e  i n i t i a l  few 

c y c l e s  of t h e  s i g n a l  have escaped d e t e c t i o n ,  and T  was p icked  a s  t h e  a r r i v a l  
D 

t i m e  by m i s t a k e .  F i r s t  i f  TD i s  p icked  on o n l y  one o r  two of seven  s u b a r r a y s ,  

t h e s e  t i m e s  w i l l  show up as l a r g e ,  l a t e  r e s i d u a l s  on t h e  l e a s t  s q u a r e s  f i t  

f o r  t h e  s o u r c e  l o c a t i o n .  A second i n d i c a t i o n  i s  t h a t  a  v e r y  l a r g e  s i g n a l  

may occur  on t h e  h o r i z o n t a l  se ismometers  a t  T  An example of  t h i s  l a r g e  
D '  

h o r i z o n t a l  mot ion i s  shown on F i g u r e  1 0 ,  t r a c e s  1 3  and 1 5  and 21. We b e l i e v e  

t h e  l a r g e  l a t e  a r r i v a l s  may b e  t h e  d i r e c t  S ( s h e a r  wave),  o r  a  s h e a r  wave 

g e n e r a ~ e d  when t h e  P wave h i t s  t h e  b a s e  of t h e  a l l u v i u m  l a y e r  below t h e  

r e c e i v e r .  A b e t t e r  unders tand ing  t h a n  we p r e s e n t l y  have might  a l l o w  a b e t t e r  

p o s s i b l i t y  of  t e l l i n g  whether  t h e  f i r s t  a r r i v a l  p icked  by t h e  a n a l y s t  i s  a  

T  t y p e  l a t e  a r r i v a l .  
D 

V I I .  EFFECT OF ALLUVIUM ON ARRIVAL TIME ESTIMATION ACCURACY 

The s u r f a c e  a l l u v i u m  h a s  a  ve ry  low P wave v e l o c i t y .  The v e l o c i t y  can be  

2000 f e e t l s e c .  o r  even less. Suppose a t  a  mine we have 50 f e e t  of  a l l u v i u m  

under  s u b a r r a y  A  and no a l l u v i u m  under  s u b a r r a y  B .  L e t  t h e  rock  P wave 

v e l o c i t y  b e  10,000 f e e t l s e c .  Then t h e  t r a v e r s e  time through t h e  a l l u v i u m  a t  

Arthur D Little, Inc. 



s u b a r r a y  B w i l l  b e  5 m s .  Thus i f  a  l o c a t i o n  is  made w i t h  t h e s e  a r r i v a l  

t i m e s  w i t h  no c o r r e c t i o n  f o r  t h e  p r e s e n c e  of  t h e  a l luv ium a t  A ,  t h e  20 m s  

e x t r a  d e l a y  a t  A w i l l  have  t h e  e f f e c t  of  a  20 m s  a r r i v a l  t ime  r e a d i n g  e r r o r .  

A example of  t h i s  d e l a y  can b e  obse rved  d i r e c t l y  i n  F i g u r e  11. I n  F i e l d  

Repor t  8*, d a t a  i s  g iven  f o r  a  s o u r c e  a t  900 f e e t  d e p t h  w i t h  r e c e i v e r s  a t  

v a r i o u s  dep ths  and on t h e  s u r f a c e .  I n  our  f i g u r e  t h e  a r r i v a l  t i m e s  a r e  p l o t -  

t e d  v e r s u s  d i s t a n c e  from t h e  s o u r c e .  I f  t h e  t r a v e l  t ime curve  i s  e x t r a p o l a t e d  

from t h e  s t r a i g h t  l i n e  f i t  t o  t h e  l a s t  3  underground a r r i v a l s ,  t h e  t i m e  p re -  

d i c t e d  f o r  t h e  s u r f a c e  a r r i v a l  i s  16 m s  e a r l i e r  t h a n  t h e  obse rved  a r r i v a l  

t i m e  a t  t h e  s u r f a c e .  

T h i s  problem of t h e  e r r o r  i n  a r r i v a l  t i m e  due t o  t h e  a l l u v i u m  can b e  

c o r r e c t e d  by d e t e r m i n i n g  t h e  t h i c k n e s s  and v e l o c i t y  of  t h e  a l l u v i u m  a t  each 

s u b a r r a y .  T h i s  can p robab ly  b e s t  b e  done by an  e a s i l y  r u n  s h a l l o w  r e f r a c t i o n  

su rvey  u s i n g  e i t h e r  a  t i m b e r  o r  pe rhaps  a  s e i s m i c  thumper a s  a  s o u r c e .  Ref lec -  

t i o n  s e i s m i c  methods,  u s i n g  s p e c i a l  equipment ,  might a l s o  b e  u s e f u l .  Another  

method which might  p rove  usefu1,which we have  used a t  Penn S t a t e , i s  t o  u s e  t h e  

d i s p e r s i o n  p r o p e r t i e s  of t h e  Rayle igh waves se t  up w i t h  a  s l e d g e  s o u r c e .  

V I I I  . RECOJ9KENDED PROJECTS 
- - - - . - - - - - 

I n  o r d e r  t o  improve t h e  performance e s t i m a t e s  p r e s e n t e d  i n  t h i s  P a r t ;  

t o  b e t t e r  e v a l u a t e  t h e  u t i l i t y  o f  s i g n a l - t o - n o i s e  improvement t e c h n i q u e s  such  

a s  se ismometer  b u r i a l ,  bandpass  f i l t e r i n g ,  s u b a r r a y s  , and s i g n a l  s t a c k i n g ;  

and t o  develop more e f f e c t i v e  s i g n a l i n g  and d e t e c t i o n  s t r a t e g i e s ;  t h e  fo l low- 

i n g  e x p e r i m e n t a l  and t h e o r e t i c a l  e f f o r t s  a r e  recommended. 

Perform a  series of c a r e f u l  s e i s m i c  n o i s e  and s i g n a l  s t r e n g t h  measure- 

ments i n  E a s t e r n  c o a l  mining r e g i o n s .  These measurements s h o u l d  b e  performed 

by crews we l l -exper ienced  i n  s e i s m i c  and g e o p h y s i c a l  f i e l d  work. A t  each of 

t h e  s i tes  c a r e  s h o u l d  b e  t a k e n  t o  de te rmine  t h e  g e o l o g i c a l / s e i s m i c  s t r u c t u r e  

of t h e  overburden m a t e r i a l ,  s o  t h a t  t h e  e x p e r i m e n t a l  r e s u l t s  can  b e  compared 

w i t h  t h o s e  p r e d i c t e d  by d i f f e r e n t  t h e o r e t i c a l  models.  

- S e i s m i c  n o i s e  measurements s h o u l d  b e  performed i n  r e p r e s e n t a t i v e  E a s t e r n  

mining a r e a s  t h a t  a r e  " q u i e t " ,  i. e .  n o t  dominated by manmade n o i s e  s o u r c e s  ; 

and i n  a r e a s  and under  c i rcumstances  t h a t  a r e  r e p r e s e n t a t i v e  of t h o s e  encount-  

e r e d  d u r i n g  mine emergencies  o r  d i s a s t e r s .  Noise  spec t rum l e v e l s  s h o u l d  b e  

o b t a i n e d  up t o  a f requency of  300 Hz. The s p a t i a l  coherence p r o p e r t i e s  of 

( 4 , 5 )  t h e  n o i s e  s h o u l d  b e  s t u d i e d  as a  f u n c t i o n  of se ismometer  s p a c i n g ,  t o g e t h e r  

w i t h  t h e  u t i l i t y  of l o o k i n g  a t  i n d i v i d u a l  se ismometer  o u t p u t s  as opposed t o  

t h a t  from a  whole s u b a r r a y .  The impact  of  t h e  depth  and method of se ismometer  

* I b i d  
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b u r i a l  on t h e  r e c e i v e d  seismic n o i s e  s h o u l d  b e  examined by c a r e f u l  exper iments  

a t  s i t e s  w i t h  d i f f e r e n t  s u r f a c e  m a t e r i a l s .  A t  s i tes  over  mines where b o t h  

s i g n a l  and n o i s e  measurements a r e  p lanned ,  t h e  e f f e c t  of seismometer b u r i a l  

on b o t h  r e c e i v e d  s i g n a l  and n o i s e  l e v e l s  shou ld  b e  determined.  L a s t l y ,  r e p r e -  

s e n t a t i v e  manmade s o u r c e s  encounte red  d u r i n g  mine emergencies  shou ld  b e  char-  

a c t e r i z e d ,  t o g e t h e r  w i t h  some of  t h e  l i k e l y  d i s a s t e r  n o i s e  s o u r c e s  i n  t h e  

mine, such a s  f i r e s ,  running w a t e r ,  c r a c k i n g  r o c k s ,  and roof f a l l s .  

- C o n t r o l l e d ,  s y s t e m a t i c  s e i s m i c  s i g n a l  exper iments  s h o u l d  b e  performed 

w i t h  t h e  thumper, t i m b e r ,  s l e d g e ,  and perhaps  o t h e r  p r a c t i c a l  s o u r c e s ,  i n  

s e v e r a l  E a s t e r n  c o a l  mines t h a t  a r e  r e p r e s e n t a t i v e  w i t h  r e s p e c t  t o  d e p t h ,  

overburden geology,  and s u r f  ace  topography.  S i g n a l  p r o p e r t i e s ,  such a s  

s t r e n g t h  and f requency c o n t e n t ,  of s i n g l e  s o u r c e  blows o r  p u l s e s  shou ld  b e  

examined a s  a  f u n c t i o n  of type  of s o u r c e ,  e n t r y  c r o s s - s e c t i o n a l  d imensions ,  

p o s i t i o n  and composi t ion of  t h e  impact a r e a  i n  t h e  e n t r y ,  s o u r c e  and seismome- 

t e r  d e p t h s , s l a n t  r a n g e ,  n e a r - s u r f a c e  l a y e r s ,  and s e i s m i c  v e l o c i t y  p r o f i l e .  

The measurement band s h o u l d  e x t e n d  up t o  a  f requency of  about  300 Hz, t o  check 

whe ther  u s e f u l  s i g n a l  f requency c o n t e n t  above 100 EIz may have been  masked 

by system n o i s e  o r  l o s s y  s u r f a c e  l a y e r s  i n  p a s t  measurements. 

Perform s u p p o r t i n g  t h e o r e t i c a l  a n a l y s e s  t o  b e t t e r  unders tand  t h e  s i g n a l  

g e n e r a t i o n  and p r o p a g a t i o n  b e h a v i o r  expec ted  f o r  p r a c t i c a l  miner  s o u r c e s  

i n  c o a l  mines .  Items of p a r t i c u l a r  i n t e r e s t  a r e :  t h e  e f f i c i e n c y  of s e i s m i c  

s i g n a l  e x c i t a t i o n ,  t h e  e f f e c t  of t h e  mine e n t r y  c a v i t y  and t h e  s o u r c e  impact 

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

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

model t h e  mine e n t r y  problem a s  a  p o i n t  s o u r c e  a p p l i e d  t o  t h e  s u r f a c e  of a  

c y l i n d r i c a l  c a v i t y ;  and t h a t  s u r f a c e  l a y e r i n g  e f f e c t s  can b e  examined u s i n g  
( 6 )  

H a s k e l l  m a t r i x  t e c h n i q u e s .  

Develop a u t o m a t i c  d e t e c t i o n  p rocedures  t h a t  w i l l  choose on ly  t h e  most 

" i n t e r e s t i n g "  s e i s m i c  energy a r r i v a l s ,  o r  p r o b a b l e  miner  s i g n a l s ,  f o r  d e t a i l -  

e d  examina t ion  by a  t r a i n e d  a n a l y s t .  An a u t o m a t i c  d e t e c t i o n  o r  e v e n t  s c r e e n -  

i n g  p rocedure  need n o t  b e  complex, and i n  i t s  s i m p l e s t  form c o u l d  b e  based  

on t h e  exceedance of a  p r e s e t  t h r e s h o l d  on one o r  more se ismometers  o r  sub- 

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

e a s e  t h e  l a r g e  d a t a  p r o c e s s i n g  burden t h a t  o t h e r w i s e  would b e  imposed on 

a n a l y s t s  under  emergency c o n d i t i o n s .  However, i t  is n o t  i n t e n d e d  t o  r e p l a c e  

t h e  t r a i n e d  a n a l y s t ,  f o r  h e  is  t h e  one who w i l l  b e  b e s t  q u a l i f i e d  t o  a s s e s s  

t h e  l i k e l y  cause  of  t h e  r e c e i v e d  waveform, and t o  s u b s e q u e n t l y  a s c e r t a i n  i t s  
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" a r r i v a l  t ime",  a f t e r  any r e q u i r e d  s i g n a l - t o - n o i s e  r a t i o  enhancement. 

(~t Develop an a b i l i t y  t o  d e t e r m i n e ,  i n  a  t i m e l y  manner on s i t e ,  t h e  t h i c k -  

n e s s  and s e i s m i c  P-wave v e l o c i t y  of t h e  a l luv ium d i r e c t l y  under each of t h e  

s u b a r r a y s .  T h i s  i s  needed i n  o r d e r  t o  compensate t h e  s i g n a l  a r r i v a l  t i m e s  

f o r  t h e  l i k e l y  s u b s t a n t i a l  and d i f f e r e n t  amounts of t ime  t h e  s i g n a l  h a s  s p e n t  

i n  t h i s  l o w - v e l o c i t y ,  v a r i a b l e - t h i c k n e s s ,  s u r f a c e  l a y e r  t o  g e t  t o  each sub- 

a r r a y .  
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APPENDIX A 

RELATION OF PEAKS OF NOISE ENVELOPE TO RMS LEVELS 

The enve lope  of narrowband n o i s e  i s  g iven  by t h e  Rayle igh d i s t r i b u -  

t i o n  ( e .  g .  Hor ton ,  1969,  p .  96) . The r e s u l t s  we g i v e  below have exper imenta l -  

l y  been  found t o  f i t  wideband s e i s m i c  d a t a ,  ( s e e  Capon e t  a l .  1969). The 

p r o b a b i l i t y  d e n s i t y  f u n c t i o n  Is g iven  by: 
2 '2 p ( ~ )  =-B exp ( - ~ / 2 0  ) 

0 2 

wlierf R 2s Zhc 2 x 0  t o  peak ampl i tude  of t h e  envelope.  

Over one c y c l e ,  t h e  mean s q u a r e  (MS) v a l u e  i s  

1 T 2  - 
T l o  ( t )  d t  = + R~ 

Thus t h e  MS v a l u e  of.  narrowband n o i s e  i s  

= 1 lrn P (R) R~ dR 
2 0 -  

The p r o b a b i l i t y  of R exceed ing  R i s  
0 

I f  we t a k e  R = 3 RMS 
0 
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Then t h e  chances of t h e  envelope exceeding 3 RMS on a s i n g l e  t r i a l  

i s  about  one i n  .000123. We t a k e  3RMS as  a reasonable  s i n g l e  channel  

d e t e c t i o n  t h r e sho ld .  We n o t e  t h a t  f o r  a bandwidth of 75 Hz we g e t  an 

independent sample of R every 1/75 s e c .  Therefore  we go about 100 seconds 

between f a l s e  alarms on each channel .  

A u s e f u l  r e l a t i o n s h i p  i n  eva lua t i ng  F r a n t t i ' s  (1963) method of s p e c t r a l  

e s t i m a t i o n  i s  t h a t  

E [ ~ R ] / E  [RMS] = 2 1; R P ( R )  ~ R / E  [RMS] 
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PART THREE 

ESTIMATES OF MINER LOCATION ACCURACY: 

ERROR ANALYSIS I N  SEISMIC LOCATION PROCEDURES FOR TRAPPED MINERS 

Robert S. Crosson 
David C .  P e t e r s  

Un ive r s i t y  of Washington 

I. SUMMARY 
- -- 

A method of e r r o r  a n a l y s i s  has  been app l i ed  t o  t h e  l o c a t i o n  technique 

of mon-linear l e a s t  squares  i t e r a t i v e  i nve r s ion  i n  o rde r  t o  eva lua t e  t h e  

r e so lv ing  power of s e v e r a l  se i smic  a r r a y  con f igu ra t i ons  w i th  va r ious  assumed 

e a r t h  models and e r r o r s  and inaccu rac i e s  i n  a r r i v a l  t i m e s .  

The r e s u l t s  ob ta ined  demonstrate  t h a t  l a t e r a l  a ccu rac i e s  of l o c a t i o n  

a r e  improved s i g n i f i c a n t l y  when t h e  depth  of t h e  miner is  known. L a t e r a l  

l o c a t i o n  t o  w i t h i n  100 f e e t  appears  ach i evab le  i n  many i n s t a n c e s .  I f  i t  i s  

p o s s i b l e  t o  r e f i n e  e a r t h  models s i g n i f i c a n t l y  beyond what has  normally been 

assumed i n  t h i s  work by t h e  u se  of on - s i t e  d a t a ,  o r  i f  t h e  mine i s  shal low 

(300 f e e t  o r  l e s s ) ,  a ccu rac i e s  of  .about 30 f e e t  'or s o  may be  a t t a i n a b l e .  

I naccu rac i e s  i n  e a r t h  models of about 5% a r e  found t o  c o n t r i b u t e  much 

more heav i ly  t o  t h e s e  l o c a t i o n  inaccu rac i e s  than e r r o r s  of a few mi l l i s econds  

i n  p ick ing  a r r i v a l  times; however, a r r i v a l  time e r r o r s  of 15-20 m s  o r  above 

w i l l  dominate t h e s e  model i naccu rac i e s .  

The expected accuracy of l o c a t i o n  is  found t o  f a l l  o f f  very  r a p i d l y  

a s  t h e  miner moves o u t s i d e  t h e  a r r a y .  The s t r e n g t h  of t h i s  e f f e c t  depends 

markedly upon t h e  geometry of t h e  a r r a y  con f igu ra t i on  and can be  reduced by 

c a r e f u l  des ign .  Also, a s  t h e  s i z e  of  t h e  a r r a y  i s  inc reased ,  expected loca-  

t i o n  e r r o r s  w i th in  t h e  a r r a y  a r e  no t  a l t e r e d  much, bu t  cont inue  t o  match t h e  

e r r o r  a s soc i a t ed  w i th  t h e  sma l l e r  a r r a y  over  a l a r g e r  a r e a  (assuming t h a t  

a l l  s t a t i o n s  can s t i l l  p i c k  up t h e  miner ' s  s i g n a l s ) .  

B e t t e r  l o c a t i o n  accuracy,  e s p e c i a l l y  w i th  r e spec t  t o  depth c o n t r o l  is  

achievable  i n  an  e a r t h  where t h e  v e l o c i t y  i s  depth-dependent ( i nc reas ing  wi th  

depth)  than  i n  one which is homogeneous. This  is an  advantage s i n c e  t h e  
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a c t u a l  e a r t h  i s  c l e a r l y  c l o s e r  t o  t h e  former  s i t u a t i o n .  Models where t h e  

s e i s m i c  v e l o c i t y  i n c r e a s e s  l i n e a r l y  w i t h  d e p t h  can b e  found which a r e  e x c e l -  

l e n t  approx imat ions  t o  a  l a y e r e d  e a r t h  f o r  t h e  purposes  of  l o c a t i o n .  

I t  h a s  t o  b e  emphasized t h a t  t h e  l o c a t i o n  a c c u r a c i e s  p r e d i c t e d  i n  

t h i s  work a r e  s u b j e c t  t o  t h e  major  ass.umption t h a t  t h e  a c t u a l  b e h a v i o r  of  

t h e  e a r t h  can b e  r e p r e s e n t e d  reasonab ly  a c c u r a t e l y  by t h e  models s e l e c t e d .  I f  

t h i s  i s  n o t  t h e  c a s e ,  t h e n  l o c a t i o n  i n a c c u r a c i e s  r e s u l t i n g  from t h e  u s e  of 

t h e s e  models may b e  much l a r g e r  t h a n  t h o s e  p r e d i c t e d  h e r e ;  new c l a s s e s  o f  

models may have t o  b e  developed.  

It  can b e  conc luded ,  however, t h a t  t h e  l o c a t i o n  a c c u r a c i e s  p r e d i c t e d  

f o r  t h e  n o n - l i n e a r  l e a s t  s q u a r e s  i t e r a t i v e  i n v e r s i o n  t e c h n i q u e  make i t  a p p e a r  

p romis ing  f o r  u s e  a s  a  miner  l o c a t i o n  a l g o r i t h m .  A l t e r n a t i v e  and p o t e n t i a l l y  

b e t t e r  l o c a t i o n  t e c h n i q u e s  remain s u b j e c t s  f o r  f u t u r e  i n v e s t i g a t i o n .  These 

may, f o r  example,  i n c l u d e  d i f f e r e n t  w e i g h t i n g  schemes f o r  t h e  se ismometers  

i n  a n  a r r a y ,  o r  a l l o w  t h e  p o s s i b i l i t y  of  i t e r a t i n g  and improving t h e  e a r t h  

model used ,  a s  w e l l  a s  t h e  p r e d i c t e d  l o c a t i o n .  

11. INTRODUCTION 

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

i n  t h e  e a r t h  have been t h e  o b j e c t  of s t u d i e s  by s e i s m o l o g i s t s  f o r  many y e a r s .  

Recent expans ion  of  t h e  u s e  of dense  networks  of  d e t e c t i o n  s t a t i o n s  and h i g h  

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

small e a r t h q u a k e s ,  h a s  s t i m u l a t e d  t h e  development of h i g h - p r e c i s i o n  l o c a t i o n  

t e c h n i q u e s .  The accuracy  and r e s o l v i n g  a b i l i t y  w i t h  which a  g i v e n  a r r a y  of  

s e n s o r s  can l o c a t e  a s e i s m i c  s o u r c e  depend on t h e  c l o s e n e s s  w i t h  which t h e  

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

i n  t h e  i n p u t  pa ramete r s  s u c h  a s  a r r i v a l  t i m e s ;  and t h e  p a r t i c u l a r  a l g o r i t h m  

used i n  t h e  c a l c u l a t i o n s .  For t h e  s t a n d a r d  t e c h n i q u e  of n o n - l i n e a r  l e a s t  

s q u a r e  i t e r a t i v e  i n v e r s i o n ,  a  method of  e r r o r  a n a l y s i s  h a s  been developed 

which i s  v e r y  u s e f u l  i n  e v a l u a t i n g  t h e  r e s o l v i n g  power of  a  g i v e n  s t a t i o n  

c o n f i g u r a t i o n  w i t h  known model and a r r i v a l  t i m e  e r r o r s  ( P e t e r s  and Crosson,  

1972) .  The method i s  based on a  p rocedure  known as p r e d i c t i o n  a n a l y s i s  
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(Wolberg, 1966) ,  and i t  a l lows  e r r o r  p r e d i c t i o n s  t o  be made wi thout  a c t u a l l y  

ca r ry ing  o u t  t h e  i n v e r s i o n  c a l c u l a t i o n s .  For t h e  s e i smic  l o c a t i o n  problem 

i t  i s  convenient  t o  diagrammatical ly  r ep re sen t  t h e  e r r o r  s t r u c t u r e  by mapping 

t h e  e r r o r s  on to  t h e  a r r a y  geometry by means of con tour  maps. 

The work r epo r t ed  i n  t h i s  P a r t  i s  a  d i r e c t  a p p l i c a t i o n  of t h e  e r r o r  a n a l y s i s  

procedure t o  t h e  problem of  l o c a t i n g  a  t rapped  miner  who is a b l e  t o  communi- 

c a t e  s e i s m i c a l l y  w i th  t h e  s u r f a c e  by means of producing smal l  impuls ive 

s e i smic  d i s t u rbances .  Given b a s i c  i npu t  d a t a  such a s  t h e  a r r i v a l  t imes  of 

a  d i s c r e t e  event  a t  a  s e r i e s  of d e t e c t o r s  l o c a t e d  a t  t h e  s u r f a c e ,  and known 

i n p u t  i n  terms of an  e a r t h  model, t h e  problem i s  v i r t u a l l y  i d e n t i c a l  t o  t h e  

l o c a l  ear thquake problem except  f o r  s c a l i n g .  I n  t h e  ca se  of t h e  t rapped  

miner ,  sou rce  dep th  may b e  known q u i t e  a c c u r a t e l y  and t h e  e a r t h  model may 

a l s o  be known r e l a t i v e l y  w e l l  compared t o  t h e  t y p i c a l  ea r thquake  i n v e s t i g a t i o n .  

The l i m i t e d  o b j e c t i v e s  of t h i s  P a r t  a r e  t o  e v a l u a t e  t h e  

e f f e c t s  on l o c a t i o n  e r r o r s  of such f a c t o r s  a s  model u n c e r t a i n t i e s ,  t iming 

e r r o r s ,  a r r a y  geometry, and d i f f e r e n t  c l a s s e s  of  models. To c a r r y  ou t  such 

e v a l u a t i o n s  we have c a l c u l a t e d  s t anda rd  e r r o r  maps, contoured i n  t h e  h o r i z o n t a l  

p l ane ,  f o r  t h r e e  c l a s s e s  of models, t h r e e  a r r a y  geomet r ies ,  and v a r i o u s  

combinations of i npu t  parameter  e r r o r s .  The r e s u l t s  should be i n t e r p r e t e d  

n o t  s o  much a s  a b s o l u t e  e r r o r  p r e d i c t i o n s  bu t  a s  r e s o l u t i o n  maps showing t h e  

r e l a t i v e  e f f e c t s  of va r ious  assumptions.  Caution i s  r equ i r ed  i n  i n t e r p r e -  

t a t i o n  because sy s t ema t i c  b i a s  i n ,  f o r  example, model assumptions w i th  

r e s p e c t  t o  t h e  r e a l  earth,may produce sys t ema t i c  e r r o r s  n o t  accounted f o r  by 

t h e  e r r o r  a n a l y s i s .  On t h e  o t h e r  hand, r e l a t i v e  r e s o l v i n g  power of t h e  

g iven  con f igu ra t i on  is  p rope r ly  i n d i c a t e d .  
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111. METHOD OF CALCULATION AND PRESENTATION 

The method of e r r o r  p r e d i c t i o n  i s  d e s c r i b e d  by P e t e r s  and Crosson 

(1972).  A v e l o c i t y  model i s  chosen from which p u l s e  t r a v e l  t imes  can b e  

c a l c u l a t e d .  The normal e q u a t i o n s  a r e  formed f o r  t h e  n o n - l i n e a r  l e a s t  

s q u a r e s  s o l u t i o n  f o r  t h e  s o u r c e  a t  a  g iven  l o c a t i o n ,  and t h e  s o u r c e  l o c a t i o n  

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

i n  an  x-y g r i d  and t h e  r e s u l t a n t  v a l u e s  a r e  con toured .  

S t a t i s t i c a l  w e i g h t i n g  i s  used s o  t h a t  d a t a  w i t h  l a r g e  r e l a t i v e  e r r o r s  

do n o t  i n f l u e n c e  t h e  c a l c u l a t i o n s  a s  s t r o n g l y  a s  d a t a  of h i g h e r  accuracy .  

Thus,  i n  t h e  l e a s t  s q u a r e s  method each  s t a t i o n  i n  t h e  a r r a y  i s  weighted w i t h  

t h e  r e c i p r o c a l  o f  t h e  s q u a r e  o f  i t s  a s s o c i a t e d  u n c e r t a i n t y ,  which i s  a  func- 

t i o n  o f  t h e  e r r o r s  i n  t h e  model pa ramete r s  and t h e  d e r i v a t i v e s  of t h e  t r a v e l  

t i m e  t o  t h a t  s t a t i o n  w i t h  r e s p e c t  t o  t h e s e  pa ramete r s .  A l l  v e l o c i t y  models 

used i n  t h e s e  c a l . c u l a t i o n s  a r e  l a t e r a l l y  homogeneous, v e l o c i t y  v a r y i n g  o n l y  

w i t h  t h e  z  c o o r d i n a t e .  The c a t a l o g  of r e s u l t i n g  c o n t o u r  maps numbered 1 

through 24  is  i n c l u d e d  i n  t h i s  P a r t .  A s t a n d a r d  format w i t h  f o u r  machine- 

p l o t t e d  maps f o r  each  c a s e  i s  p r e s e n t e d .  The f o u r  p l o t s  a r e  r e s p e c t i v e l y  

a  a  r e p r e s e n t i n g  r m s  e r r o r  i n  x  and y  c o o r d i n a t e s ,  a  r e p r e s e n t i n g  r m s  
x '  Y z  

e r r o r  i n  z  when z  i s  n o t  f i x e d ,  and a  r e p r e s e n t i n g  t h e  r m s  e r r o r  i n  a l l  
t o t  

t h r e e  c o o r d i n a t e s .  

a  2 = d X 2 + a  + a z  2 
t o t  Y 

The a ' s  a r e  t o  b e  unders tood  a s  e s t i m a t e d  s t a n d a r d  e r r o r s  o r  one s t a n d a r d  

d e v i a t i o n  of  a  normal d i s t r i b u t i o n ,  s o  t h a t  t h e  p r o b a b i l i t y  is  68% t h a t  t h e  

e s t i m a t e d  v a l u e  l i e s  w i t h i n  a of t h e  t r u e  v a l u e  (and 95% t h a t  i t  l i e s  w i t h i n  

20 of  t h e  t r u e  v a l u e ) .  The x  c o o r d i n a t e  i s  toward t h e  t o p  of each diagram and 

y  i s  toward t h e  r i g h t  s i d e .  Where a  c o n t o u r s  a r e  n o t  p l o t t e d ,  t h e  dep th  
z  

was assumed known and f i x e d  a t  600 f e e t .  A l l  c a l c u l a t i o n s  a r e  based  on a  

s o u r c e  d e p t h  o f  600 f e e t .  A s c a l e  i n  f e e t  i s  i n d i c a t e d  on each  diagram and 

a l l  e r r o r  v a l u e s  a r e  i n  f e e t .  Crosses  mark 500 f e e t  from t h e  a r r a y  c e n t e r  

i n  b o t h  x  and y  f o r  each d iagramsand  s q u a r e s  i n d i c a t e  s t a t i o n  l o c a t i o n s .  

Contours  a r e  l a b e l e d  w i t h  t h e i r  r e s p e c t i v e  e r r o r  v a l u e s  and i t  shou ld  b e  

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

wide range  of e r r o r  c h a r a c t e r i s t i c s .  Thus, c a r e  must b e  e x e r c i s e d  i n  d i r e c t l y  

* References  t o  F i g u r e s ,  T a b l e s ,  and Equa t 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 .  
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comparing d i f f e r e n t  diagrams. Contours a r e  p l o t t e d  i n  m u l t i p l e s  of 10 ,  25 

o r  100 f e e t .  Thus, f o r  example, i f  t h e  minimum e r r o r  contour  i n  a  p l o t  i s  

40 f e e t ,  t h e  e r r o r  never  f a l l s  t o  30 f e e t ,  b u t  may be  a s  low as 31 f e e t  a t  + 
some p o i n t s .  Each diagram i s  l a b e l e d  a s  t o  t h e  v e l o c i t y  model used and t he  

e r r o r s  i nco rpo ra t ed  i n t o  t he  c a l c u l a t i o n s .  Note t h a t  where a 5% model e r r o r  

i s  used i t  means t h a t  5% e r r o r  was assumed i n  a l l  model parameters .  For 

example, w i th  a  l aye red  model both l a y e r  v e l o c i t i e s  and i n t e r f a c e  depths  

a r e  inc luded .  For t h e  l i n e a r  v e l o c i t y  model bo th  t h e  s u r f a c e  v e l o c i t y  and 

t h e  v e l o c i t y  g r a d i e n t  a r e  inc luded .  An e r r o r  of p% i n  t h e  d a t a  means they 

a r e  assumed t o  have been s e l e c t e d  from a  normal d i s t r i b u t i o n  about t h e  

t r u e  va lue  which has  a  s t anda rd  d e v i a t i o n  of p%. 

+ The minimum t o t a l  e r r o r  i s  shown i n  each p l o t .  

Note: Due t o  an e r r o r  i n  s c a l i n g  f o r  t h e  p l o t t e r ,  t h e  x and y  s c a l e s  

i n  Runs 1, 2 ,  5 ,  6,.8, 9 and 12 d i f f e r  by a  r a t i o  of 5:4. 

This  i s  of no s i g n i f i c a n c e  i n  i n t e r p r e t a t i o n .  
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I V .  DISCUSSION OF ERROR MAPS 

Run 1 shows t h e  e r r o r  d i s t r i b u t i o n  f o r  a cons t an t  v e l o c i t y  model wi th  

no model e r r o r  and 1 mi l l i s econd  time e r r o r .  It i s  u s e f u l  f o r  comparisons 

wi th  o t h e r  ca se s  u t i l i z i n g  t h e  hexagonal a r r a y .  E r r o r s  i n c r e a s e  r a p i d l y  

o u t s i d e  t h e  a r r a y  margin. Di f fe rences  i n  x and y p l o t s  r e s u l t  from s m a l l  

d i f f e r e n c e s  i n  t h e  symmetry about t he se  two d i r e c t i o n s .  The gene ra l  f e a t u r e s  

of Run 1 a r e  found i n  a l l  t h e  hexagonal a r r a y  ana lyses .  

A .  T i m e  E r r o r s  

I f  t h e r e  a r e  no model e r r o r s ,  i . e . ,  t h e  model is  known e x a c t l y ,  then  

t h e  r e l a t i v e  e f f e c t  of a r r i v a l  t i m e  e r r o r s  is  l a r g e .  For example, a compari- 

son of Run 9 w i th  5 mi l l i s econd  time e r r o r  and Run 1 wi th  1 mi l l i second  time 

e r r o r  shows,as would be expected,an i n c r e a s e  i n  l o c a t i o n  e r r o r  by a f a c t o r  

of 5 .  On t h e  o t h e r  hand, i f  model e r r o r  is p r e s e n t ,  a change from 1 t o  5 

mi l l i s econd  t i m e  e r r o r  ha s  a much smaller n e t  e f f e c t ,  as i l l u s t r a t e d  by a 

comparison of Runs 10 and 3 f o r  a l i n e a r  v e l o c i t y  case .  The conc lus ion  t o  

be drawn is  t h a t  compared t o  p robable  model e r r o r s ,  a few mi l l i s econds  of  

a r r i v a l  t ime e r r o r  have a s m a l l  e f f e c t .  

However, once a r r i v a l  t ime  e r r o r s  rise t o  10 m s  and above, they  begin 

t o  dominate model e r r o r s .  Locat ion i n a c c u r a c i e s  aga in  r i s e  roughly l i n e a r l y  

w i th  a r r i v a l  t ime e r r o r s  once t h e s e  have r i s e n  t o  15-20 m s  o r  s o  (Runs 21-23). 

B. Model E r r o r s  

Model e r r o r s  e x e r t  s t r o n g  c o n t r o l  on t h e  r e s o l u t i o n  c a p a b i l i t y  of a 

given con f igu ra t i on .  Comparison of Runs 1 and 1 2 ,  where t h e  on ly  d i f f e r e n c e s  

a r e  i n  e r r o r  ass igned  t o  t h e  cons t an t  v e l o c i t y  model, i l l u s t r a t e s  t h i s  f e a t u r e .  

S i m i l a r l y ,  a comparison of Runs 2 and 3 i l l u s t r a t e s  t h e  same e f f e c t  f o r  t h e  

l i n e a r  v e l o c i t y  model. The t o t a l  e r r o r  a lmost  quadruples  a t  t h e  a r r a y  margin 

when going from no e r r o r  t o  5% model e r r o r .  

C. Model D i f f e r ences  

The d i f f e r e n c e s  i n  e r r o r  s t r u c t u r e  as a func t i on  of changing models a r e  

n o t  l a r g e  i n  most c a se s .  Genera l ly ,  models w i t h  v e l o c i t y  i n c r e a s i n g  wi th  

dep th ,  such a s  a l i n e a r  v e l o c i t y  o r  l aye red  model, o f f e r  s u p e r i o r  r e s o l u t i o n  
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compared w i th  a  cons t an t  v e l o c i t y  h a l f s p a c e ,  e s p e c i a l l y  w i th  r e s p e c t  t o  depth.  

Since t h e  r e a l  e a r t h  i s  perhaps c l o s e r  t o  t h e  l i n e a r  o r  l aye red  models, some 

advantage is  gained. The t o t a l  e r r o r  diagrams f o r  Runs 1 and 2 i l l u s t r a t e  

t h e  model dependent e f f e c t  between t h e  cons t an t -ve loc i t y  and l i n e a r - i n c r e a s e  

models, when t h e  models a r e  assumed t o  be  exac t .  Note t h a t  t h e  l i n e a r  v e l o c i t y  

i n c r e a s e  model y i e l d s  b e t t e r  r e s o l u t i o n  w i t h i n  t h e  a r r a y  proper  than  t h e  

uniform ha l f space  model; however t h e  r a t e  of d e t e r i o r a t i o n  of l o c a t i o n  accuracy 

o u t s i d e  t h e  a r r a y  i s  more r a p i d  than  f o r  t he  ha l f space .  Examination of t h e  

l aye red  model r e s u l t s  of Run 1 4  shows behavior  s i m i l a r  t o  t h a t  of t h e  l i n e a r  

model. 

D. Depth Known 

Seve ra l  c a s e s  were c a l c u l a t e d  t o  show t h e  r e s u l t a n t  i n c r e a s e  i n  reso lu-  

t i o n  when i t  i s  assumed t h e  depth i s  known, a s  i t  could w e l l  be  i n  t h e  ca se  

of t rapped miners known t o  be a t  s p e c i f i c  l e v e l s .  Run 4  compared w i t h  Run 3 

shows t h e  f a i r l y  marked e f f e c t  of f i x i n g  depth f o r  two o therwise  i d e n t i c a l  

c a se s .  Reso lu t ion  w i t h i n  t h e  boundar ies  of t h e  a r r a y  becomes ve ry  uniform. 

Comparison of cr f o r  t h e s e  two ca se s  i s  n o t  r e a l l y  meaningful s i n c e  cr 
t o t  t o t  

f o r  t h e  z unknown ca se  i s  dominated by cr . The same k ind  of improvement 
z 

is  noted f o r  a l l  f i x e d  vs .  f r e e  depth comparisons such a s  Runs 14  and 16 ,  

and Runs 7 and 8. However, t h i s  r e s u l t ,  a s  d i s cus sed  i n  Sec t ion  IV-G, 

appears  t o  be i n v a l i d  i f  a  homogeneous e a r t h  model i s  used, when a  v a r i a b l e  

depth a l lows  a  b e t t e r  l a t e r a l  l o c a t i o n  accuracy t o  be achieved.  

E.  Changing Array Dimensions 

Prev ious  r e s o l u t i o n  s t u d i e s  sugges t  t h a t  improved c o n t r o l  may be 

ob ta ined  i f  an a r r a y  does n o t  have a h igh  degree  of symmetry. The ex- 

p l a n a t i o n  f o r  t h i s  phenomenon i s  t h a t  a r r i v a l  t ime d a t a  from a h igh ly  

symmetrical  a r r a y  may be l a r g e l y  redundant  and t hus  l a c k i n g  i n  l o c a t i o n  
11 information".  Less symmetr ical  con f igu ra t i ons  a r e  i l l u s t r a t e d  i n  Runs 

11 and 13 ,  both f o r  a  l i n e a r - v e l o c i t y  model, and i n  Run 15  f o r  a  layered-  

model. I n  Run 11, a modified "H" a r r a y  shows s i g n i f i c a n t  improvement 

over  t h e  h i g h l y  symmetric hexagonal a r r a y  used i n  Run 3. S i m i l a r l y ,  t h e  
11 s t r e t c h e d "  hexagonal a r r a y  used f o r  Run 1 3  shows s l i g h t  improvement 

over  t h e  hexagonal a r r a y  of Run 3.  Thus a r r a y  con f igu ra t i on  i s  an 

impor tan t  f a c t o r  i n  t h e  des ign  of t h e  system. 
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F. Layered Models 

Runs 14  through 19  a r e  comparative cases  run on both 2- and 4-layer 

models. The r e s u l t s  a r e  n o t  dramat ica l ly  d i f f e r e n t  from similar cases  

run wi th  t h e  l i n e a r  model which was chosen a s  a reasonable r ep re sen ta t ion  

of t h e  4-layer model. S ince ,  f o r  a l l  cases ,  t h e  source l ies i n  t h e  deepest  

l a y e r ,  t h e  improved depth c o n t r o l  e f f e c t s  noted i n  earthquake s t u d i e s  when 

r e f r a c t i o n s  occur (Pe t e r s  and Crosson, 1972) a r e  not  observed here .  How- 

eve r ,  i n  c o n t r a s t  t o  t h e  l i n e a r  model, model e r r o r s  varying a s  a func t ion  

of depth could be  represented  e f f e c t i v e l y  i n  a layered  model. 

G. Ca l ib ra t ion  of Ear th  Models 

A r e l a t i v e  c a l i b r a t i o n  of e a r t h  models is  exh ib i t ed  i n  t h e  r e s u l t s  

of computed l o c a t i o n s  shown i n  Table 2. A r r i v a l  t i m e s  from se ismic  events  

a t  a f i x e d  depth of 600 f e e t  b u t  vary ing  l a t e r a l  p o s i t i o n s  r e l a t i v e  t o  t he  

hexagonal a r r a y  were generated us ing  a 4-layer model a s  fol lows:  

TABLE 1 

4-LAY ER MODEL 
Depth P-Wave Veloci ty 

2,000 f p s  

4,000 

8,000 

12,000 

half-space 

The l o c a t i o n s  f o r  t h e s e  events  were then computed us ing  two simpler  

"best  f i t "  models. 

(i) Homogeneous half-space,  V = 8,500 fps  
P 

( i i )  Linear  v e l o c i t y  model, 
vP 

= 4,200 + 5002 f p s  

The term "best  f i t "  i n  t h i s  context  means t h a t  t h e s e  models b e s t  

f i t t e d  a t r a v e l  t i m e  curve f o r  t h e  4-layer model i n  a leas t - squares  sense 

over d i s t ances  of i n t e r e s t  t o  t h i s  experiment.  
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It can b e  s een  from Table  2  t h a t  t h e  l i n e a r  v e l o c i t y  model pro- 

v i d e s  an e x c e l l e n t  f i t  t o  t h e  " r ea l "  4- layer  e a r t h  bo th  i n s i d e  and out-  

s i d e  t h e  hexagonal a r r a y ;  t h e  homogeneous ha l f - space  i s  a  much l e s s  

s a t i s f a c t o r y  approximat ion f o r  l o c a t i o n  purposes ,  d e t e r i o r a t i n g  p a r t i c u -  

l a r l y  r a p i d l y  a t  t h e  boundar ies  of t h e  a r r a y .  I n t e r e s t i n g l y ,  t h e  

homogeneous ha l f - space  model always p rov ides  a  more a c c u r a t e  l a t e r a l  

f i x  when t h e  dep th  of t h e  s e i smic  even t  i s  allowed t o  va ry  from i t s  

t r u e  v a l u e  r a t h e r  t han  when i t  i s  f i x e d .  Th i s  i s  on ly  t r u e  f o r  t h e  

l i n e a r  v e l o c i t y  model when t h e  s e i smic  even t  f a l l s  w i t h i n  t h e  a r r a y .  

When t h e  dep th  i s  al lowed t o  v a r y ,  t h e r e  is  a  cor responding  i n a b i l i t y  

on t h e  p a r t  of t h e  approximate models t o  match t h e  t r u e  tfme of occur- 

rence  of t h e  s e i s m i c  e v e n t ,  a s  shown i n  Table  2. 

P r e l im ina ry  conc lus ions  t h a t  may be  drawn from t h e s e  r e s u l t s  

a r e  t h a t  i n  p r a c t i c a l  terms a  l i n e a r  v e l o c i t y  e a r t h  model, which i s  

computa t iona l ly  much e a s i e r  t o  hand l e ,  may be  used t o  r e p r e s e n t  a  

l aye r ed  e a r t h  f o r  l o c a t i o n  purposes  wi thout  i n t roduc ing  s e r i o u s  e r r o r s ;  

secondly ,  i f  a  homogeneous e a r t h  model is used,  i t  may be  w i s e r  t o  

l e t  t h e  dep th  vary  even i f  i t  i s  known, s i n c e  e r r o r s  i n  a r r i v a l  t imes w i l l  

predominant ly  i n t r o d u c e  an e r r o r  i n  t h e  computed z c o o r d i n a t e  which,  i f  n o t  

l e f t  f r e e  t o  "compensate" f o r  t h i s ,  w i l l  cause  l a r g e r  e r r o r s  i n  t he  x 

and y coo rd ina t e s . (As  t h e  s e i s m i c  even t  moves away from t h e  c e n t e r  of  

t h e  a r r a y ,  a r r i v a l  t imes become more s e n s i t i v e  t o  t h e  x and y  c o o r d i n a t e s ;  

hence,  t h i s  r e a son ing  e v e n t u a l l y  b reaks  down, a s  shown by t h e  r e s u l t s  

ob t a ined  f o r  t h e  l i n e a r  v e l o c i t y  model.) 
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TABLE 2 

COMPARISON OF LOCATION ERRORS FOR TWO APPROXIMATE MODELS 

A r r i v a l  Times Generated Using 4-Layer Ear th  Model-Event 
Locat ions  Computed Using "Best  it" Constant Veloc i ty  

Half-Space and Linear  Veloc i ty  Models wi th  Assumed 
Model E r ro r s  of 5% 

Locat ion Array: 7 Seismometer 
Hexagonal Array: 600 f t .  s i d e  

Computed Event Locat ion ( f e e t )  
Actual  Event Const. Vel. Const. Vel. Lin.  Vel.  in.  el. 
Locat ion ( f e e t )  Depth Varied Depth Fixed Depth Varied Depth Fixed 

X 100 
Y 0 
z 600 
t 0 s e c s  

x 300 
Y 0 
z 600 
t 0 s e c s  

x 500 
Y 0 
z 600 
t 0 s e c s  

x 700 
Y 0 
z 600 
t 0 s e c s  

X 9 00 
Y 0 
z 600 
t 0 s e c s  
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TABLE 3 

SUMMARY OF ERROR DIAGRAPIS 

Run Arrav 

Type 

Hex 

Hex 

Hex 

Hex 

Hex 

Hex 

Hex 

Hex 

Hex 

Hex 

H 

Hex 

Mod Hex 

Hex 

H 

Hex 

Hex 

Hex 

Hex 

H 

Hex 

Hex 

Hex 

Hex 

S t a t i o n  Veloc i ty  Parameter E r ro r  Depth 
Spacing, Model Fixed? 

f t .  - 0 0 
v (%) t ( s ec . )  

Con 

Lin 

Lin 

Lin  

Con 

L i n  

Lin 

Lin 

Con 

Lin 

L in  

Con 

L i n  

2 Lay 

2 Lay 

2 Lay 

2 Lay 

4 Lay 

4 Lay 

Lin 

Lin 

Lin 

Lin  

Lin 

* i n d i c a t e s  depth f i x e d  f o r  e r r o r  computations.  
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TABLE 3 (Continued) 

Con -- Constant Velocity Model: V = 12,000 fps 
P 

Lin -- Linear Velocity Model: V = 5,000 + 18 fps 
P 

2 Lay -- Two-Layer Model: Depth, ft. Velocity, f p s  

0-200 6,000 

200 + 10,000 

4 Lay -- Four-Layer Model: 0-10 

10-100 

100-300 

300 + 
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NOTE: Vertical and Horizontal 
Scales are Different 
in the Ratio of 5:4 
on Some Runs 

0 min. tot 

= 46.4 

MODEL: Constant Velocity 
v = 12000fps 
0. = 0% 
at = 1 ms 

ERROR CONTOURS I N  FEET 
SOURCE DEPTH - 600 FEET 

Note Large Effect of 
Time Error when 
Model is Known 

RUN 1 

3 .13  Arthur D Little Inc 



- 
0 500 ft. 

MODEL: Linear Velocity 
v = 5000 + 182 
0, = 0 
ot = .001 

RUN 2 
ERROR CONTOURS I N  FEET 

Linear Velocity 
Gives Much Better 
Depth Control 

(5 min. tot 

= 27.9 

SOURCE DEPTH - 600 FEET 
3 .14  

Arthur D Little Inc 



ERROR CONTOURS I N  FEET 
SOURCE DEPTH - 600 FEET 

RUN 3 
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ERROR CONTOURS IN  FEET 
SOURCE DEPTH - 600 FEET 

RUN 4 

3.16 
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H 
0 500 ft. 

v = 12000 Expanded array 
a, = 0 Compare to 1 ; ototmin. = 25.9 
ot = .001 

ERROR CONTOURS I N  FEET RUN 5 
SOURCE DEPTH - 600 FEET 
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Expanded Array 
Compare to 2; ototmin. = 18.7 

ERROR CONTOURS I N  FEET 
SOURCE DEPTH - 600 FEET 

RUN 6 

3.18 
Arthur D Little lnc 



v = 5 0 0 0 +  182 
av = 5% 
0, = .OOl 
Double Array Dimensions 

ERROR CONTOURS I N  FEET 
SOURCE DEPTH - 600 FEET 

RUN 7 

3.19 
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v =5000+18z 
av = 5% 
at = .001 
Depth Fixed 

ERROR CONTOURS IN  FEET 
SOURCE DEPTH - 600 FEET 

Expanded Array 
Compare to 4; ototmin. = 54.0 

RUN 8 

3.20 
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I-----------------I 
0 500 ft. 

ERROR CONTOURS IN  FEET 
SOURCE DEPTH - 600 FEET 

(IXi = 5 x ox (plot 1) 
i 

oto,rnin. = 231.9 

RUN 9 

3.21 
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ERROR CONTOURS IN FEET 
SOURCE DEPTH - 600 FEET 

RUN 10 

3.22 Arthur D Little Inc 



ERROR CONTOURS IN FEET 
SOURCE DEPTH - 600 FEET 

RUN 11 

3 . 2 3  
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- 
0 500 f t .  

ERROR CONTOURS I N  FEET 
SOURCE DEPTH - 600 FEET 

Compare to 1,3, 9 
otOtmin. = 136.2 

RUN 12 
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ERROR CONTOURS I N  FEET 
SOURCE DEPTH - 600 FEET 

RUN 13 

3.25 
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2 Layer Model 
a, = 5% 
a, = ,001 

ERROR CONTOURS I N  FEET 
SOURCE DEPTH - 600 FEET 

RUN 14 

3.26 
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(T 
tot 

2 Layer Model 
0, = 5% 
ot = ,001 

ERROR CONTOURS I N  FEET 
SOURCE DEPTH - 600 FEET 

RUN 15 

3 .27  
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2 Layer Model 
0, = 5% 
0, = .001 

ERROR CONTOURS I N  FEET 
SOURCE DEPTH - 600 FEET 

RUN 16 
I 

3 .28  
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2 Layer Model 
0, = 5% 
ut = .005 

ERROR CONTOURS I N  FEET 
SOURCE DEPTH - 600 FEET 

RUN 17 

3 .29  
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4 Layer Model 
0" = 5% 
a, = .001 

ERROR CONTOURS IN  FEET 
SOURCE DEPTH - 600 FEET 

RUN 18 

3 .30  
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4 Layer Model 
o, = 5% 
o, = .005 

ERROR CONTOURS I N  FEET 
SOURCE DEPTH - 600 FEET 

RUN 19 

3.31 
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ERROR CONTOURS IN  FEET 
SOURCE DEPTH - 600 FEET 



ERROR CONTOURS I N  FEET 
SOURCE DEPTH - 600 FEET 

RUN 21 

3 . 3 3  
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v = 5000+ 18z 
0, = 5% 
0, = .015 

ERROR CONTOURS IN F E E i  
SOURCE DEPTH - 600 FEET 

RUN 22 

Arthur D Little Inc 



ERROR CONTOURS IN FEET 
SOURCE DEPTH - 600 FEET 

RUN 23 
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RUN 24 
ERROR CONTOURS IN FEET 
SOURCE DEPTH - 600 FEET 
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PART FOUR 

ESTIMATES OF MINER LOCATION ACCURACY: 

WESTINGHOUSE LOCATION PROGRAM t t ~ ~ ~ ~ ~ w  

Arthur  D. L i t t l e ,  Inc .  

I. INTRODUCTION 

Crosson and P e t e r s  t r e a t  t h e  e r r o r s  t h a t  r e s u l t  i n  miner l o c a t i o n  due t o  

e r r o r s  i n  t h e  overburden e a r t h  model used f o r  computing l o c a t i o n .  A p a r a l l e l  

e f f o r t  by J .  Powell  of PMSRC i s  d i scussed  h e r e ,  where t he  l o c a t i o n  method 

used i s  t h a t  of t h e  Westinghouse l o c a t i o n  program - "Miner". This  l o c a t i o n  

program w a s  t e s t e d  by Powell by u s ing  a r r i v a l  t imes genera ted  from t h e  over- 

burden e a r t h  model of Table l* rounded t o  t h e  n e a r e s t  m i l l i s econd .  Locat ion 

computations were t hen  made u s ing  3  geophones a t  a time. The average loca- 

t i o n  is  t a b u l a t e d  f o r  a l l  geophone t r i p l e t s  excep t  when 3  geophones a r e  i n  

l i n e .  Geophone a r r a y s  were as shown i n  Tables  2 and 3.  The manner i n  which 

t h e  t e s t  w a s  done i s  i l l u s t r a t e d  i n  F igure  1. 

I .  SUMMARY OF RESULTS 

The a r r i v a l  t ime d i f f e r e n c e s ,  based on t h e  Table 1 e a r t h  model, t o g e t h e r  

wi th  geophone l o c a t i o n s  based on t h e  a r r a y  geometr ies  of Tables  2 and 3 ,  were 

en t e r ed  i n t o  t h e  computer, t o g e t h e r  wi th  a s t a t e d  depth of  700 f e e t  and an  

e s t ima ted  overburden s e i smic  v e l o c i t y  of 10,000 f e e t  p e r  second. These para-  

meter  v a l u e s  were processed by t h e  l o c a t i o n  program - "Miner". F igure  2 

i l l u s t r a t e s  t h e  i n t e r p r e t a t i o n  of t h e  p l o t s  and d a t a .  The t a b u l a r  d a t a  and 

p l o t s  of  Table 4  and F igures  3 ,  4, and 5 i l l u s t r a t e  t h e  l o c a t i o n  e r r o r  r e s u l t s  

ob t a ined .  

These p l o t s  i n d i c a t e  t h a t  f o r  sources  w i t h i n  t h e  a r r a y ,  t h e  e r r o r s  are 

cons iderab ly  less than  t h e  measured e r r o r s  ob ta ined  dur ing  f i e l d  t e s t s  of  

t h e  p r e sen t  l o c a t i o n  system. The p o s s i b l e  reasons  f o r  t h i s  d i sc repancy  a r e  

no ted  i n  P a r t  Eight  (Ear th  Models). 

*References t o  F igu re s ,  Tables ,  and Equat ions  apply t o  t hose  i n  t h i s  P a r t  
un l e s s  o therwise  noted.  
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The work summarized h e r e  i s  based on a r r i v a l  time d i f f e r e n c e s  r e s u l t -  

i n g  from one p a r t i c u l a r  r e p r e s e n t a t i o n  of t h e  e a r t h .  Other  r e p r e s e n t a -  

t i o n s  of t h e  e a r t h  w i l l  y i e l d  o t h e r  r e s u l t s .  When hard  d a t a  has  been 

developed on t h e  r e a l  s e i s m i c  p r o p e r t i e s  of c o a l  mine overburdens ,  much 

more d e f i n i t i v e  r e s u l t s  concerning t h e  l o c a t i o n  accuracy of program 

" ~ i n e r "  can be developed. 

It i s  f u r t h e r  no ted  t h a t  t h e  p r e s e n t  t e s t  of "Miner" d i d  no t  make 

any u s e  of t h e  o v e r s p e c i f i c a t i o n  of l o c a t i o n  t h a t  r e s u l t s  from t h e  u s e  of 

seven a r r i v a l  t imes  t o  v a r y  t h e  model v e l o c i t y  used i n  computation.  

F i g u r e  5 does i l l u s t r a t e  t h e  behav ior  of e r r o r s  f o r  an a r r a y  judged t o  

be too s m a l l  f o r  t h e  known dep th  of source .  For t h i s  example t h e  depen- 

dence of l o c a t i o n  e r r o r  on i n p u t  v e l o c i t y  i s  shown. 
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Layer 
Number 

Surf a c e  

Table 1 

E a r t h  Model 

Layer 
Thickness 

( f t  > 
Layer 

Ve loc i t y  
( f t / s e c )  

Source 
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Table 2 

"L-Feet Hexagon" Array 

Geophone No. 

1 

2 

3 

4 

5 

6 

7 
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Table 3 

"L-Fee t Double-Sauare" Arrav 

Geo~hone  No. 
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FIGURE 1 BLOCK DIAGRAM OF COMPARISON TEST 

lnput Source 
Coordinates 

Arthur D Little Inc 

7' 

Earth Model - * 

Computed 
Travel Times 

Geophone 
Locations 

- - 

\ - 

Computed Source 
Coordinates 

T T 

Compare Computed 
and lnput 

Source Coordinates 



Input Source Location 
e.g., 707,707 

Computed Location 
e.g., 550,575 

@ Geophone 

Note that: 

1. The origin of the coordinate system is a t  the center of the array 

2. The origins, I, and C are almost in a straight line 

3. The distance from origin to I exceeds the distance from origin to C, so error is negative. 

FIGURE 2 NOTATION USED IN ERROR GRAPH 
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Table 4 

E r r o r  Data From "Miner" Location Program 

Assumed Veloc i ty  = 10,000 F t /Sec  
True Depth = Assumed Depth = 700 F t  

D Refers  t o  E r r o r  a s  Source Moved Along a Diagonal 
X t c  E r r o r  a s  Source Moved Along X Axis 
Y t o  E r r o r  a s  Source Moved Along Y Axis 

a )  E r r o r s  f o r  300 Fee t  Double Square Array 

Source 
Distance (Fee t )  

From Array E r r o r  (Feet)  i n  Computed Location 
Center  D X Y 

b) E r r o r s  f o r  400 Feet  Hexagon Array 

Source 
Distance (Fee t )  

From Array E r r o r  (Fee t )  i n  Computed Locat ion 
Cente r  D X Y 

Arthur D Little, lnc 



Table 4 (Continued) 

Error  Data From " ~ i n e r "  Location Program 

X Er ro r s  (Feet) f o r  3 Dif fe ren t  Assumed V e l o c i t i e s  
A s  Source Moved Along X-Axis 

True Veloci ty Less than 8000 ~ t / S e c  
True Depth = Assumed Depth = 700 Ft  

c) E f f e c t s  of Assumed Veloci ty on Location Error  f o r  150 F t  
Double Square Array 

Source 
Distance(Feet)  

From Array Assumed Veloci ty i n  Ft/Sec 
Center 10,000 8,000 6,000 

Arthur D Little Inc 



For: 
Diagonal Path 

)( X-Axis Path 
A Y-Axis Path 

t Input Velocity = 10,000 fps 

X 

FIGURE 3 "MINER" LOCATION ERROR 
300 FOOT DOUBLE SQUARE 

I I I I 

- 10 

1 00 200 300 400 500 X - Offset from Center (feet) 



E- . 
I-' 
I-' 

For: 
Diagonal Path 

X X-Axis Path 
A Y-Axis Path 

Input Velocity = 10,000 fps 

FIGURE 4 "MINER" LOCATION ERROR 
400 FOOT HEXAGON 
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PART FIVE 

THE REFERE-T MFTHOD OF S - EISMIC 

LOCATION FOR M I N E  RESCUE SYSTEMS 

\dm. C. Dean 
TELEDYNE GEOTECH 

Alexandr ia  L a b o r a t o r i e s  

I *  Srnfi¶ARY 

The l o c a t i o n  of t r apped  miners  from t h e i r  s e i s m i c  s i g n a l s  w i l l  b e  in -  

a c c u r a t e  i f  we assume t h e  P-wave p ropaga t ion  v e l o c i t y  i s  a  c o n s t a n t .  P- 

wave v e l o c i t i e s  a r e  a n y t h i n g b u t  c o n s t a n t  i n  r e g i o n s  about  mines, s o  some 

c a l i b r a t i o n  i s  n e c e s s a r y  t o  o b t a i n  more a c c u r a t e  s e i s m i c  l o c a t i o n s .  

The r e f e r e n c e  even t  method compares t h e  t ime a r r i v a l s  of s i g n a l s  g e n e r a t e d  

by t h e  miners  w i t h  t h o s e  p r e v i o u s l y  recorded  from a  r e f e r e n c e  o r  c a l i b r a -  

t i o n  even t  i n  t h e  v i c i n i t y  of t h e  miners .  Th i s  method l o c a t e s  t h e  miners '  

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

miners  is  a b s o l u t e  i f  t h e  r e f e r e n c e  e v e n t  p o s i t i o n  i s  known a b s o l u t e l y ,  

u s u a l l y  from s u r v e y s  and mine maps. 

Advantages r e s u l t i n g  from t h e  sys tem,bes ides  g r e a t e r  a c c u r a c y , a r e  

l o c a t i o n s  independent  of t h e  v e l o c i t y  model assumed, t h e  same s o l u t i o n  from 

t h e  f u l l  a r r a y  and from any s u b s e t  of f o u r  o r  more seismometers i n  t h e  a r r a y  

( t h r e e  i f  t h e  m i n e r s '  dep th  is  known), fewer se ismometers  r e q u i r e d ,  and no 

complex conlputers r e q u i r e d  f o r  a n a l y s i s .  

VELA Uniform e x p e r i e n c e  shows t h a t  t h e  accuracy of l o c a t i o n s  of t e l e -  

s e i s m i c  e x p l o s i o n s  and ea r thquakes  i s  improved by an o r d e r  of magnitude 

over  l o c a t i o n s  computed from average  t r a v e l  t ime curves .  

Each c a l i b r a t i o n  e v e n t  i s  a p p l i c a b l e  on ly  over  a  l i m i t e d  range.  We 

recommend a  f i e l d  t e s t  of t h e  method a t  a  mine t o  measure i t s  l o c a t i o n  

accuracy ,  t h e  range of e f f e c t i v e n e s s  f o r  each c a l i b r a t i o n  e v e n t ,  t h e  number 

of se ismometers  needed, and t h e  number of r e f e r e n c e  e v e n t s  r e q u i r e d  p e r  mine. 

From t h e s e  exper iments  we cou ld  d e c i d e  whether  t h e  r e f e r e n c e  even t  

method was v s e f u l  and,  i f  s o ,  what form a  p r a c t i c a l  r e s c u e  sys tem would 

t a k e .  
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11. INTRODUCTION 

To d a t e  t h e  s e i s m i c  l o c a t i o n  sys t em f o r  l o c a t i n g  mine r s  t r a p p e d  under-  

ground h a s  been a p p l i e d  assuming a  un i fo rm i s o t r o p i c  e a r t h .  The u s e  of  

t h i s  a s sumpt ion  l e a d s  t o  e r r o r s  of one t o  s e v e r a l  hundred f e e t  i n  t h e  s e i s -  
* mic l o c a t i o n s  (Westinghouse 1972) .  Under f a v o r a b l e  c o n d i t i o n s  we s h o u l d  

e x p e c t  t i m e  r e a d i n g  e r r o r s  on t h e  o r d e r  of  one t e n t h  of  a  c y c l e  of  t h e  

dominant s i g n a l  p e r i o d .  K i t h  t h e  80 Hz t o  100 Hz s i g n a l s ,  t h e  1 t o  2  m i l l i -  

s econd  t i m e  r e a d i n g  e r r o r s  cou ld  accoun t  f o r  m i s l o c a t i o n s  on t h e  o r d e r  of 

1 0  t o  20 f e e t ,  assuming no e r r o r s  i n  t h e  e a r t h  model. Thus t h e  e r r o r s  

e x p e r i e n c e d  by Westinghouse can  o n l y  b e  accoun ted  f o r  by t h e  i n a p p r o p r i a t e  

v e l o c i t y  model of t h e  g e o l o g i c  r e g i o n  around t h e  mine. 

I f  s e i s m i c  l o c a t i o n s  t o  w i t h i n  l e s s  t h a n  a  few hundred f e e t  a r e  t o  b e  

a t t a i n e d ,  t h e n  one of  two approaches  must b e  fo l lowed .  E i t h e r  t h e  g e o l o g i c  

s t r u c t u r e  d e f i n i n g  t h e  v e l o c i t y  abou t  t h e  mine must b e  de te rmined  by a  

r e f r a c t i o n  s u r v e y  o r  some o t h e r m e a n s ,  o r  r e f e r e n c e  e v e n t s  must b e  used  

t o  c a l i b r a t e  t h e  P-wave t r a v e l  t i m e s  t o  p r e - s e t  se ismometer  l o c a t i o n s .  

The purpose  of  t h i s  work i s  t o  deve lop  t h e  r e f e r e n c e  e v e n t  t h e o r y  and d i s -  

c u s s  i t s  a p p l i c a t i o n  f o r  t h e  mine res.cue s y s t e m s ;  r e f r a c t i o n  s u r v e y s  and 

more s o p h i s t i c a t e d  v e l o c i t y  models a r e  J i s c u s s e d  e l s e w h e r e  i n  t h i s  r e p o r t .  

111. THEORY 

The concep t  of t h e  r e l a t i v e  e v e n t  approach i s  f a i r l y  s i m p l e .  S i n c e  

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

f o r  a c c u r a t e  s e i s m i c  l o c a t i o n s ,  why n o t  measure t h e  s i g n a l  d e l a y s  from 

s o u r c e  t o  se i smomete r s  d i r e c t l y  w i t h  a  t e s t  e v e n t ?  Repeated  s o u r c e s  from 

t h e  same l o c a t i o n  w i l l  r e p r o d u c e  t h e  same p r o p a g a t i o n  d e l a y s .  F1oreover, 

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

r e p r o d u c e  t h e  same p r o p a g a t i o n  d e l a y s .  To compute t l re  change i n  l o c a t i o n  of 

t h e  new (unknown) e v e n t  from t h a t  of  t h e  r e f e r e n c e  e v e n t ,  we can  u s e  any 

v e l o c i t y  model we wish  s i n c e  most of t h e  p a t h  (and hence ,  most of t h e  prop- 

a g a t i o n  d e l a y )  f rom s o u r c e  t o  se i smomete r  a l m o s t  d u p l i c a t e s  t h a t  from t h e  

r e f e r e n c e  e v e n t .  Thus by computing t h e  s m a l l  d i s p l a c e m e n t  a c c u r a t e l y  from 

t h e  known t e s t  e v e n t ,  we can  d e t e r m i n e  a c c u r a t e l y  t h e  l o c a t i o n  of  t h e  

unknown e v e n t  . 
* West inghouse  C o n t r a c t  H0210063 w i t h  Bureau o f  Mines. 
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I n  ea r thquake  seismology t h e  s t a n d a r d  l o c a t i o n  method (Geiger  1910) 

minimizes t h e  sum of t h e  s q u a r e s  of t h e  r e s i d u a l s  between measured P-wave 

a r r i v a l s ,  t and t h e  c a l c u l a t e d  a r r i v a l s ,  Fi, based upon some v e l o c i t y  
i' 

model 

The c a l c u l a t e d  t ime ,  Fi, f o r  a  P-wave t o  t r a v e l  from some p a r t i c u l a r  
t h  

even t  t o  t h e  i- seismometer is  a  f u n c t i o n  of t h e  even t  c o o r d i n a t e s ,  u ,  

- - t h  
( a c t u a U y u ,  = xo, u2 yo,  u  = z  and u  = t ) and t h e  i- seismometer 

3 0'  4 0 

c o o r d i n a t e s  x  i ,  yi, z a s  w e l l  a s  w e l l  a s  t h e  P-wave v e l o c i t y  between t h e  two. 
i' 

F. i s  a  non- l inear  f u n c t i o n  of t h e  s p a c e  and t i m e  c o o r d i n a t e s  of t h e  
1 

seismometers  and e v e n t s .  T h i s  is  t r u e  even i f  t h e  v e l o c i t y  i s  assumed t o  

b e  uniform. Hence, t h e  e q u a t i o n s  a r e  e a s i e r  t o  s o l v e  i n  a  l e a s t  s q u a r e s  

s e n s e  i f  we expand F  i n  a  T a y l o r ' s  s e r i e s  and n e g l e c t  t h e  h i g h e r  o r d e r  
i 

terms.  

The approximat ion is  good when t h e  new l o c a t i o n ,  u ,  i s  i n  t h e  v i c i n i t y  

of u* f o r  which F(u*) i s  presumably known. 

Now t h e  e q u a t i o n  (1 )  can b e  w r i t t e n  a s  

* References  t o  F i g u r e s ,  T a b l e s ,  and Equa t 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  n o t e d .  
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o r  i n  m a t r i x  form 

where B i s  t h e  c o n d i t i o n  m a t r i x  

6 is t h e  d i sp lacement  v e c t o r  between a new ( u ) ,  and our  o r i g i n a l  (u*) s o u r c e  

p o s i t i o n .  

6 = 
u - u *  
1 1  

U .-u * 
2  2 

u3-u3* 

u4-u4* 

and R i s  t h e  v e c t o r  of r e s i d u a l s  between t h e  c a l c u l a t e d  and measured t i m e  

a r r i v a l s ,  t -F * = e  . 
i i i 

The l e a s t  s q u a r e s  s o l u t i o n  of t h e s e  e q u a t i o n s  is  

For t h e  development of t h e  method and i ts  a s s o c i a t e d  e r r o r s  see F l i n n  (1965).  

To app ly  t h e  Geiger  method we merely  have t o  choose c o o r d i n a t e s  of an  

a r b i t r a r v  e v e n t  l o c a t i o n ,  uk = (xo*, Yo*, zo*, to*) ,  and perform t h e  m a t r i x  

m u l t i p l i c a t i o n  i t e r a t i v e l y  u n t i l  t h e  solved-for-displacement  v e c t o r ,  6 ,  goes 

t o  z e r o .  

I n  t h e  u s u a l  c a s e  t h e  l e a s t  s q u a r e s  s o l u t i o n  s t i l l  l e a v e s  u s  w i t h  

r e s i d u a l s  ( Ei R2 ) which a r e  t o o  l a r g e .  Moreover t h e  r e s u l t i n g  l o c a t i o n  i 
estimates from any of t l ie n-1 o r  n-2 s u b s e t s  of t h e  seismometer netirork can 

be  q u i t e  d i f f e r e n t  t h a n  t h e  l o c a t i o n  e s t i m a t e  of t h e  f u l l  n-seismometer 

network.  Consequent ly ,  weak s o u r c e s  and s t r o n g  s o u r c e s  w i t h  i d e n t i c a l  1.0- 

c a t i o n s  a l e a p t  t o  be  l o c a t e d  a p a r t  fro111 each o t h e r .  
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The s i t u a t i o n  i s  q u i t e  d i f f e r e n t  i f  t h e  f i r s t  l o c a t i o n  e s t i m a t e ,  (u* = 

x *, yo*, z0*, to*) i s  from a c a l i b r a t i o n  s o u r c e  i n  t h e  v i c i n i t y  of t h e  un- 
0 

known. I n  t h i s  c a s e  s e v e r a l  advan tages  r e s u l t :  

1. The l e a s t  s q u a r e  r e s i d u a l s  a r e  s m a l l .  

2. The accuracy  of  t h e  method i s  r e l a t i v e l y  independent  of t h e  v e l o c i t y  

model w e  assume i n  t h e  v i c i n i t y  of  t h e  s o u r c e .  

3. Any s u b s e t  of f o u r  o r  more se ismometers  i n  t h e  network g i v e  a loca -  

t i o n  a s  a c c u r a t e  a s  t h e  f u l l  ne twork.  A s  a  r e s u l t  weak e v e n t  l o c a t i o n s  a r e  

f r e q u e n t l y  a s  a c c u r a t e  a s  t h o s e  of s t r o n g  e v e n t s .  

4 .  Fewer se ismometers  a r e  needed i n  t h e  network t o  y i e l d  a c c u r a t e  

l o c a t i o n s .  

5. The waveforms a t  a p a r t i c u l a r  se ismometer  from t h e  c a l i b r a t i o n  even t  

and t h e  unknown even t  o f t e n  a r e  q u i t e  s i m i l a r  t o  each o t h e r .  Thus r e l a t i v e  

t i m i n g  between t h e  e v e n t s  i s  much e a s i e r  s i n c e  i t  i s  n o t  l i m i t e d  t o  f i r s t  

mot ions  b u t  can make u s e  of l a r g e  dominant f e a t u r e s  l a t e r  i n  t h e  P-wave 

t r a i n .  

6. U t i l i z i n g  t h e  r e f e r e n c e  e v e n t  method a computer can i d e n t i f y  which 

o f  n se ismometers  have had r e a d i n g . e r r o r s  and by how much, a s  long  a s  no 

more t h a n  a t h i r d  of t h e  se ismometer  r e a d i n g s  a r e  i n  e r r o r .  

I V .  VELA UNIFORM EXPERIENCE 

For s e v e r a l  y e a r s  t h e  VELA Uniform program h a s  made u s e  of t h e  r e f e r -  

e n c e  e v e n t  method f o r  l o c a t i n g  t e l e s e i s m i c  e a r t h q u a k e s  and underground 

e x p l o s i o n s .  I n  a s t u d y  u s i n g  v a r i o u s  networks  from 4 t o  1 3  s t a t i o n s , C h i b u r i s  

1968,compared t h e  a c c u r a c y  of t e l e s e i s m i c  l o c a t i o n s  b o t h  w i t h  a n d  w i t h o u t  

t r a v e l  t i m e  c o r r e c t i o n s  f o r  17 underground e x p l o s i o n s  a t  t h e  Nevada T e s t  

S i t e .  The s t a t i o n s  ranged from 2000 t o  9000 k i l o m e t e r s  from t h e  e p i c e n t e r .  

C h i b u r i s  c o m p a r d b o t h  t h e  t r a v e l  t i m e  r e s i d u a l s ,  which is  t h e  method we have 

d e s c r i b e d  i n  t h e  p r e v i o u s  s e c t i o n ,  and t r a v e l  t i m e  anomal ies ,  which c a l i b r a t e s  

t h e  d i f f e r e n c e  i n  a r r i v a l  t i m e s  between p a i r s  of  se ismometers  u s i n g  r e f e r e n c e  

e v e n t s .  The a c c u r a c i e s  of t h e  t r a v e l  t i m e  anomaly method and t h e  t r a v e l  

t i m e  r e s i d u a l  method a r e  e s s e n t i a l l y  t h e  same. There  a r e  o p e r a t i o n a l  advan- 

tages t o  travel t i m e  anomal ies ,  s i n c e  t h e  method i s  independen t  of  t h e  t i m e  

o r i g i n  o f  e i t h e r  t h e  r e f e r e n c e  e v e n t  o r  unknown e v e n t .  
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F i g u r e  1 shows t h e  l o c a t i o n  e r r o r  i n  k i l o m e t e r s  f o r  17  NTS e x p l o s i o n s  

v e r s u s  t h e  number of r e c o r d i n g  s t a t i o n s  b o t h  w i t h  and w i t h o u t  t r a v e l  t i m e  

c o r r e c t i o n s .  These  r e s u l t s  imply t h a t  t h e  l o c a t i o n  accuracy  i s  independen t  

of t h e  number of s t a t i o n s .  

F i g u r e  2  shows t h e  l o c a t i o n  e r r o r s  f o r  NTS e x p l o s i o n s  v e r s u s  t h e  az imuth  

of t h e  ne twork .  The ne twork  az imuth  i s  measured a s  t h e  w i d e s t  a n g l e  drawn 

from t h e  e p i c e n t e r  t o  a l l  p a i r s  of s t a t i o n s .  L o c a t i o n  a c c u r a c y  improves  a s  

ne twork  az imuth  i n c r e a s e s  b o t h  w i t h  and w i t h o u t  t r a v e l  t i m e  c o r r e c t i o n s .  

S i m i l a r  d a t a  f o r  As ian  e x p l o s i o n s  and e a r t h q u a k e s  i n  F i g u r e  3 show t h e  same 

t r e n d s .  These e x p e r i m e n t s  show t h a t  t h e  r e f e r e n c e  e v e n t  method improves 

l o c a t i o n s  by an o r d e r  of magni tude  ove r  t h e  u n c a l i b r a t e d  l e a s t  s q u a r e s  l o -  

c a t i o n s .  

We c a n  make a n  e s t i m a t e  o f  t h e  u l t i m a t e  a c c u r a c y  a t t a i n a b l e  f o r  r e l a t i v e  

l o c a t i o n s  of t e l e s e i s m i c  e a r t h q u a k e s  from t h e  s p e c t r a l  c o n s i d e r a t i o n s .  F o r  

w i d e - a p e r t u r e  ne tworks  t h e  t i m i n g  a c c u r a c i e s  o f  s i g n a l  a r r i v a l s  a r e  approx- 

i m a t e l y  0 . 1  seconL w i t h  t h e  s i g n a l  s p e c t r a  peaked n e a r  1 . 0  Hz. 

From t h e  t h i n g  e r r o r  and v e l o c i t y  we have  

d t  = 0 . 1  s e c o n d s ,  expec t2d  t i m i n g  i n a c c u r a c y .  

v  = 1 5  kmlsec ,  a p p a r e n t  ( a v e r a g e )  

P-wave v e l o c i t y  a t  e a r t h ' s  s u r f a c e .  

du  = v  d t  = 1 . 5  km, e x p e c t e d  l o c a t i o n  e r r o r .  

Thus t h e  1 - t o  2 -k i lomete r  r e l a t i v e  l o c a t i o n  a c c u r a c y  a c h i e v e d  by t h e  

w i d e - a p e r t u r e  VELA ne tworks  a s  i n d i c a t e d  i n  F i g u r e  3 approaches  t h e  a s y m p t o t i c  

l i m i t  of l o c a t i o n  a c c u r a c y  we can  e x p e c t .  

V.  FIELD METHODS FClR MINE RESCUE -- 
We c o n s i d e r  h e r e  t h r e e  ways i n  which t h e  i n f l u e n c e  of t h e  e a r t h  may b e  

accoun ted  f o r  i n  computing t h e  l o c a t i o n  of t r a p p e d  m i n e r s  s e i s m i c a l l y :  1 )  

t h e  u n i f o r m  v e l o c i t y  approach ;  2)  t h e  r e f r a c t i o n  s u r v e y  approach ;  and 3) 

t h e  r e f e r e n c e  e v e n t  approach .  Each method may b e  a p p l i c a b l e  i n  d i f f e r e n t  

c i r c u m s t a n c e s .  

The f i r s t  approach  i n v o l v e s  l i t t l e  s o p h i s t i c a t i o n  i n  a t t e m p t i n g  t o  

improve  t h e  s e i s m i c  l o c a t i o n  a c c u r a c y .  Upon d e t e c t i n g  s e i s m i c  s i g n a l s  from 

t r a p p e d  m i n e r s ,  t h e  approx ima te  l o c a t i o n  of t h e i r  s o u r c e  i s  computed assuming 

a  un i fo rm,  i s o t r o p i c  e a r t h .  Then i f  t h e  s e i s m i c  a r r a y  does  n o t  s u r r o u n d  t h e  
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m i n e r s '  p o s i t i o n ,  o r  i f  t h e  d imens ions  of  t h e  s e i s m i c  a r r a y  a r e  t o o  l a r g e ,  

t h e  se i smomete r s  may b e  r edep loyed  i n  a  s m a l l e r  a r r a y  s u r r o u n d i n g  t h e  mine r s .  

Subsequent  s i g n a l s  from t h e  mine r s  may t h e n  p r o v i d e  a  more a c c u r a t e  l o c a t i o n  

e s t i m a t e .  However, we would n o t  p l a c e  any c o n f i d e n c e  i n  t h e  s e i s m i c  l o c a -  

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

d r i l l i n g  r i g  l o c a t i o n  would b e  b a s e d  o n l y  upon mine maps and companion s u r -  

v e y s  on t h e  s u r f a c e  of t h e  ground.  S e i s m i c  l o c a t i o n s  would i n d i c a t e  approx- 

i m a t e  l o c a t i o n s  of  t r a p p e d  m i n e r s .  I n  t h i s  way s e i s m i c  l o c a t i o n  e r r o r s  a s  

l a r g e  a s  200 f e e t  o r  more may b e  a c c e p t a b l e .  

Advantages  of  t h i s  approach  a r e  t h a t  i t  i s  s i m p l e  and t h a t  i t  r e q u i r e s  

no  p r e c a l i b r a t i o n  of t h e  mine. 

D i s a d v a n t a g e s  o f  t h i s  approach a r e  t h a t  r e s c u e  o p e r a t i o n s  may have  t o  

depend upon a  more a c c u r a t e  s e i s m i c  l o c a t i o n  and t h a t  t h e r e  may n o t  b e  t ime  

n o r  s u b s e q u e n t  s i g n a l s  from t h e  t r a p p e d  mine r s  t o  make redeployment  of  t h e  

se i smomete r s  p r a c t i c a l .  

The second approach  i s  t o  c a l i b r a t e  t h e  geology s u r r o u n d i n g  t h e  mine 

w i t h  a  r e f r a c t i o n  s u r v e y .  Then t h e  un i fo rm i s o t r o p i c  e a r t h  a s sumpt ion  i s  

d i s c a r d e d  f o r s m o r e  r e a l i s t i c  model. Powel l  (1972) i l l u s t r a t e d  t h e  magni- 

t u d e  of  l o c a t i o n  e r r o r s  a r i s i n g  when a  un i fo rm v e l o c i t y  was used  i n s t e a d  

of  t h e  t r u e  s t r u c t u r e  i n  a  few t h r e e - l a y e r  models .  I n  optimum c a s e s  we 

may improve t h e  l o c a t i o n  a c c u r a c y  by an  o r d e r  of magn i tude ,  b u t  p e r h a p s  

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

vey  may d e s c r i b e  t h e  f i r s t  o r d e r  v a r i a t i o n s  i n  t h e  s e i s m i c  v e l o c i t i e s  abou t  

t h e  mine ,  i t  may n o t  b e  d e t a i l e d  enough t o  measure  t h e  secondary  f e a t u r e s  

( v e l o c i t y  a n o m a l i e s ,  f a u l t s ,  f r a c t u r e s ,  e t c . )  i n  t h e  v i c i n i t y  of  t h e  s e i s -  

mometers. These  s e c o r d a r y v a r i a t i o n s  i n  geology may c a u s e  t h e  t e s t  a r r a y  of  

se i smomete r s  t o  behave  d i f f e r e n t l y  t h a n  t h e  a r r a y  deployed i n  an  emergency.  

There  a r e  t r a d e - o f f s  t o  b e  c o n s i d e r e d  i n  t h i s  s i t u a t i o n ,  i n  t e rms  of  

t h e  complex i ty  of t h e  v e l o c i t y  model e n v i s a g e d  and t h e  e x t e n t  and a n a l y s i s  

of  t h e  r e f r a c t i o n  s u r v e y  r e q u i r e d .  The s i z e  of  t h e  u n c e r t a i n t i e s  r ema in ing  

i n  c o a l  mining env i ronment s  w i l l  have  t o  b e  r e s o l v e d  by expe r imen t .  I f  t h e  

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

t h a n  i n  a  g r e - z z l i b r z L i c n  e x e r c i s e ,  t h e  impor tance  of  h a v i n g  t r a i n e d ,  exper-  

i e n c e d  p e r s o n n e l  t o  pe r fo rm i t  canno t  b e  u n d e r e s t i m a t e d .  F o r  t h e  i n t e r p r e -  

t a t i o n  of  t h e  d a t a ,  t h e y  w i l l  r e q u i r e  a t  l e a s t  a  g e n e r a l  knowledge of t h e  
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g e o l o g i c a l  s t r u c t u r e  of t h e  r e g i o n .  I n  p r i n c i p l e ,  i t  i s  a l s o  p o s s i b l e  t o  

improve t h e  l o c a t i o n  accuracy by i t e r a t i n g  t h e  v e l o c i t y  model a s  a  r e s u l t  

of a  p r e l i m i n a r y  l o c a t i o n ;  t h e  improvements o b t a i n a b l e  w i t h  t h i s  approach 

remain t o  b e  determined.  

Advantages of approaches  r e l y i n g  on c a l i b r a t e d  geology a r e  t h a t  a  

r e d u c t i o n  of t h e  expec ted  s e i s m i c  l o c a t i o n  e r r o r s  by f a c t o r s  of 2 t o  5 

may p r o v i d e  s u f f i c i e n t  accuracy f o r  p o s i t i o n i n g  a  d r i l l i n g  r i g  i n  t h e  most 

f a v o r a b l e  c i rcumstances  o r  a t  l e a s t  a l low a  miner t o  b e  l o c a t e d  t o  w i t h i n  

a  dimension of a  p i l l a r .  IIowever, s e v e r a l  a c t u a l  o r  p o t e n t i a l  d i s a d v a n t a g e s  

s t i l l  remain. The l o c a t i o n s  may s t i l l  be  i n a c c u r a t e  bu t  t h e  i n a c c u r a c i e s  

unknown. The proper  v e l o c i t y  model may be a p p l i e d  i n a c c u r a t e l y ,  perhaps  

due t o  t h e  l a c k  of t r a i n e d  p e r s o n n e l ,  d u r i n g  an a c t u a l  emergency. F i n a l l y ,  

t h e  emplacement of se ismometers  d u r i n g  t h e  r e f r a c t i o n  survey  may be  s u f f i c i e n t l y  

d i f f e r e n t  from t h o s e  used d u r i n g  t h e  l o c a t i o n  p rocedure ,  t h a t  t h e  v e l o c i t y  

model may n o t  app ly  w e l l  enough t o  t h e  l o c a t i o n  a r r a y .  

The t h i r d  approach i s  t h e  r e f e r e n c e  e v e n t  method which r e q u i r e s  a  

s e i s m i c  a r r a y  permanently i n s t a l l e d  ( o r  seismometer p o s i t i o n s  chosen i n  

advance of d i s a s t e r s )  and p r e - d i ~ a s t e r  c a l i b r a t i o n  of t h e  mine w i t h  s e i s m i c  

s i g n a l s  from d i f f e r e n t  p a r t s  of t h e  mine. 

Advantages of t h i s  approach i n c l u d e  improved l o c a t i o n  accuracy by a t  

l e a s t  an o r d e r  of magnitude over  uniform v e l o c i t y  models,  e l i m i n a t i o n  of 

t h e  need of r e f r a c t i o n  s u r v e y s ,  and no fancy d a t a  p r o c e s s i n g  t e c h n i q u e s .  

Disadvantages  of t h e  method i n c l u d e  t h e  need f o r  p r e c a l i b r a t i o n  of 

t h e  mine, permanently i n s t a l l e d  se ismometers  ( o r  permanently a s s i g n e d  s e i s -  

mometer l o c a t i o n s ) ,  and perhaps  more c a l i b r a t i o n  s i g n a l s  than  we might 

wish ,  e s p e c i a l l y  a s  t h e  mine dimensions  i n c r e a s e .  

The d e n s i t y  of c a l i b r a t i o n  s i g n a l s  r e q u i r e d ,  t h e  number and placement 

of se ismometers ,  and t h e  c o s t s  of t h e  method a r e  q u e s t i o n s  t o  be r e s o l v e d  

by exper iment .  

S e v e r a l  d e s i g n s  of t h e  s e i s m i c  l o c a t i o n  system u t i l i z i n g  t h e  r e f e r e n c e  

e v e n t  approzch a r e  p o s s i b l e .  One is  t o  i n s t a l l  se ismometers ,  c a b l e s  and 

r e c o r d i n g  i n s t r u m e n t s  permanently around t h e  mine. F i r e  d r i l l s  ( t e s t  s e i s -  

mic s i g n a l s )  a r e  t aken  p e r i o d i c a l l y  from d i f f e r e n t  p a r t s  of t h e  mine a s  
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t h e  mine d i m e n s i o n s  expand .  These  r e c o r d i n g s ,  c l e a r l y  l a b e l e d  a s  t o  s o u r c e  

l o c a t i o n ,  c a n  b e  r e p r o d u c e d  on  c l e a r  p l a s t i c  o v e r l a y s  f o r  e a s y  compar i son  

w i t h  s i g n a l s  r e c o r d e d  d u r i n g  an  emergencv.  I n  t h i s  way good s e i s m o m e t e r  

l o c a t i o n s  would b e  a s s u r e d  ( b u r i e d  f o r  improved s i g n a l - t o - n o i s e  r a t i o )  and 

t h e  eq-uipment  would d e m o n s t r a t e  i t s  r e l i a b i l i t y  a s  c a l i b r a t i o n  ( r e f e r e n c e )  

e v e n t s  we re  r e c o r d e d  a b o u t  t h e  mine.  S i g n a l s  c o u l d  b e  r e a d  and  a p p r o x i -  

ma te  l o c a t - i o n s  d e t e r m i n e d  by a n a l y s t s  w i t h o u t  t h e  n e e d  f o r  a  compu te r .  With 

o r  w i t h o u t  a compu te r ,  mine  p e r s o n n e l  c o u l d  a c q u i r e  t r a i n i n 9  i n  o p e r a t i n &  

t h e  s y s t e m  as c a l i b r a t i o n  d a t a  w e r e  c o l l e c t e d .  

A s e c o n d  d e s i g n  would b e  t o  l o c a t e  t e s t  s e i s m i c  s o u r c e s  ( s m a l l  exp lo -  

s i v e s  o r  w e i g h t  d r o p s )  t h r o u g h o u t  t h e  mine which  c a n  b e  t r i g g e r e d  f rom t h e  

s u r f a c e .  IJhen a  s e i s m o m e t e r  a r r a y  h a s  b e e n  d e p l o y e d  d u r i n g  a n  emergency ,  

and  an  a p p r o x i m a t e  l o c a t i o n  o f  t r a p p e d  m i n e r s  d e t e r m i n e d  f rom t h e i r  s i g n a l s  

a s suming  a  u n i f o r m  v e l o c i t y  model ,  t h e n  t e s t  s e i s m i c  s o u r c e s  would b e  se t  

o f f  i n  t h a t  s e c t i o n  of  t h e  mine .  The s i g n a l s  f rom t h e  m i n e r s  and  t h o s e  

f rom s e v e r a l  t e s t  s o u r c e s  would b e  compared.  Then t h e  r e l a t i v e  l o c a t i o n  of  

t h e  t r a p p e d  m i n e r s  would b e  d e t e r m i n e d  f rom t h e  t e s t  s i g n a l s  which  mos t  

c l o s e l y  ma tched  t h o s e  g e n e r a t e d  by  t h e  m i n e r s .  

The c h a r a c t e r i s t i c s  of  t h e  t h r e e  t y p e s  o f  s y s t e m s ,  u t i l i z i n g  t h e  u n i f o r m  

v e l o c i t v ,  t h e  r e f r a c t i o n  s u r v e y ,  and  t h e  r e f e r e n c e  e v e n t  me thods ,  a r e  sum- 

m a r i z e d  i n  T a b l e  1. 

V I .  FIELD EXPETIbENT - 
The r e f e r e n c e  e v e n t  method s h o u l d  b e  t e s t e d  bv a  c o n t r o l l e d  e x p e r i m e n t  

a t  a  mine .  The Wes t inghouse  d a t a  t a k e n  t o  d a t e  do  n o t  p r o v i d e  d a t a  f rom a  

m u l t i t u d e  o f  c l o s e  t o  w i d e l y  s p a c e d  s o u r c e s  r e c e i v e d  by a  f i x e d  s e i s m o m e t e r  

a r r a v .  The o b j e c t i v e s  of  s u c h  a n  e x p e r i m e n t  w i l l  b e  ( 1 )  t o  d e m o n s t r a t e  w h e t h e r  

t h e  r e l a t i v e  e v e n t  me thod ,  wh ich  h a s  b e e n  s o  s u c c e s s f u l  f o r  l o c a t i n g  t e l e -  

s e i s m i c  e a r t h q u a k e s ,  c a n  a l s o  b e  a p p l i e d  t o  s e i s m i c  s o u r c e s  i n  m i n e s ,  and  

( 2 )  t o  d e t e r m i n e  t h e  c a l i b r a t i o n  r a n g e  of  a p p l i c a b i l i t y  o f  t h e  r e f e r e n c e  e v e n t s .  

The f i e l d  e x p e r i m e n t  s h o u l d  c o m p r i s e  f rom 1 0  t o  1 5  w e l l - p l a c e d  se i smo-  

m e t e r s .  T h e s e  s e n s o r s  s h o u l d  b e  b u r i e d  be low t h e  w e a t h e r i n g  l a y e r  i n  d r i l l  

h o l e s  i f  n e c e s s a r y .  Every  e f f o r t  s h o u l d  b e  made t o  a t t a i n  good s i g n a l  s e n s i -  

t i v i t y  on s i n g l e  s e n s o r s  s o  a r r a y  summat ions  a r e  n o t  n e c e s s a r y .  D i f f e r e n t  
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TABLE 1 

SEISMIC LOCATION METHODS 

1. Uniform V e l o c i t y  Method 

F e a t u r e s  : 

Advantages :  

I n s t a l l a t i o n  - a f t e r  d i s g s t e r  i s  r e p o r t e d  
P r e c a l i b r a t  i o n  - none 
L o c a t i o n  Accuracy - s e v e r a l  hundred  f e e t  
D r i l l  L o c a t i o n s  By - mine maps f o r  p r e c i s e  p l a c e m e n t ,  

s e i s m i c  l o c a t i o n s  i n d i c a t e  
s e c t i o n  of mine. 

S imple  
No p r e c a l i b r a t i o n  
No c a p i t a l  o u t l a y  p r i o r  t o  d i s a s t e r  
Minimum t r a i n i n g  of  mine p e r s o n n e l  r e q u i r e d  

D i s a d v a n t a g e s :  S e i s m i c  l o c a t i o n s  can  i n d i c a t e  o n l y  g e n e r a l  a r e a  of mine r  
Deployment of  e x t r a  se ismonle ters  a f t e r  f i r s t  s i g n a l s  

d e t e c t e d  may b e  d e s i r a b l e  

2 .  R e f r a c t i o n  Survey Nethod 

F e a t u r e s  : I n s t a l l a t i o n  - a f t e r  d i s a s t e r  i s  r e p o r t e d  
C a l i b r a t i o n  - r e f r a c t i o n  s u r v e y  t o  model 

v e l o c i t y  s t r u c t u r e  around mine 
L o c a t i o n  Accuracy - w i l l  v a r y  on complex i ty  of  

geo logy  and tho roughness  o f  
r e f r a c t i o n  s u r v e y ;  p r o b a b l y  t o  
w i t h i n  100 f e e t  

D r i l l  L o c a t i o n  By - mine maps f o r  p r e c i s e  p l a c e m e n t ,  
s e i s m i c  l o c a t i o n s  narrow s e a r c h .  

Advantages :  More a c c u r a t e  l o c a t i o n s  t h a n  un i fo rm v e l o c i t y  model 

D i s a d v a n t a g e s :  L o c a t i o n  a c c u r a c y  may b e  unknown 
V e l o c i t y  model  may b e  i n c o r r e c t l y  a p p l i e d  i n  an  emergency 
C a l i b r a t i o n  r e q u i r e d  

3. R e f e r e n c e  Event  Method 

F e a t u r e s  : I n s t a l l a t i o n  - p r e d i s a s t e r ;  permanent  
P r e c a l i b r a t i o n  - tests made t h r o u g h o u t  mine a s  

mine d imens ions  expand 
L o c a t i o n  ,4ccuracy - 1 0  t o  50 f e e t  w i t h  h i g h  c o n f i d e n c e  
D r i l l  L o c a t i o n s  By - mine maps and s e i s m i c  l o c a t i o n s  

j o i n t l y  
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TABLE 1 - Cont inued 

Advantages : 

3. R e f e r e n c e  Event  Method - Cont inued 

Accura te  l o c a t i o n s  
No r e f r a c t i o n  s u r v e v s  r e q u i r e d  
Data  p r o c e s s i n g  r e q u i r e d  f a i r l y  s i m p l e  
System i n  p l a c e  when emergency a r i s e s  
Mine p e r s o n n e l  f a m i l i a r  w i t h  s y s t e m  from mine 
C a l i b r a t i o n  t e s t s  

D i sadvan tages  : P r e d i s a s t e r  mine i n s t a l l a t i o n ,  t e s t s ,  and c o s t s  
Necessa ry  sys t em t e s t s  r e q u i r e d  a s  mine d imensions  expand 
Some mine p e r s o n n e l  must b e  t r a i n e d  on sys t em 
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t y p e s  of s o u r c e s  shou ld  be  used ( e . g . ,  t imber  on mine f l o o r ,  s l e d g e  on roof 

b o l t s )  a t  each s o u r c e  l o c a t i o n  s o  t h e  method can be  demonstra ted w i t h  r e f -  

e r e n c e  and unknown e v e n t s  of t h e  same and d i f f e r e n t  types .  Minimum s o u r c e  

d i sp lacements  mav b e  on t h e  o r d e r  of 25 t o  50 f e e t .  Maximum s o u r c e  d i s -  

p lacements  shou ld  b e  1000 f e e t  o r  more i f  p o s s i b l e .  D i f f e r e n t  s e c t i o n s  of 

t h e  mine should b e  t e s t e d  i n c l u d i n g  ones f o r  which t h e  seismometer a r r a y  
0 

su r rounds  t h e  even t  l o c a t i o n  (360 a p e r t u r e )  and ones f o r  s m a l l e r  a p e r t u r e s .  

One v a l u e  of having a  s u f f i c i e n t  number of se ismometers  is  t h a t  p a r t i a l  

a r r a y s  ( b u t  morethan 3  o r  4  s e n s o r s )  w i t h  v a r y i n g  a p e r t u r e s  can b e  compared 

w i t h  t h e  f u l l  a r r a y .  

Cos t s  of runn ing  s e i s m i c  e x p l o r a t i o n  crews w i t h i n  t h e  Uni ted S t a t e s  

average  between $30,000 and $50,000 p e r  month i n c l u d i n g  c o s t s  f o r  dynamite 

and d r i l l i n g  s h o t  h o l e s .  Although we propose t o  u s e  10  t o  15 s e n s o r s  a l l  

i n  b o r e  h o l s , t h e  h o l e s  w i l l  n o t  b e  deep (average  dep th  50 f e e t )  s o  d r i l l i r , g  

c o s t s  f o r  t h e  mine t e s t s  shou ld  n o t  exceed t h o s e  of a  normal e x p l o r a t i o n  

crew. The c a b l e s ,  s e n s o r s ,  and i n s t r u m e n t s  r e q u i r e d  would be  a v a i l a b l e  

o r  e a s i l y  o b t a i n a b l e  by an e x p l o r a t i o n  crew. Hence, a  geophys ica l  s e r v i c e  

company shou ld  b e  a b l e  t o  conduct a  f i e l d  t e s t  of t h e  r e l a t i v e  even t  method 

f o r  $1,000 t o  $2,000 p e r  day and complete  i t  w i t h i n  two t o  f o u r  weeks. 

A s  a  r e s u l t  of t h i s  exper iment  we should be  a b l e  t o  i n d i c a t e :  

1 )  whether  t h e  r e f e r e n c e  even t  method works i n  mines ,  

2 )  over  what range  a  r e f e r e n c e  even t  i s  a p p l i c a b l e ,  

3) t h e  s o u r c e  l o c a t i o n  accuracy of t h e  method, 

4) t h e  number of r e f e r e n c e  e v e n t s  needed p e r  mine, 

5)  t h e  minimum number and placement of s e n s o r s  r e q u i r e d  i n  

a  workable  f i e l d  sys tem,  

6) t h e  a n a l y s i s  p rocedures  t o  be  fo l lowed ,  and 

7 )  an e s t i m a t e  of t h e  c a p i t a l  and o p e r a t i o n a l  (emergency, 

c a l i b r a t i o n ,  and t e s t i n g )  c o s t s  i n  a  p r a c t i c a l  f i e l d  system. 

V I I .  CONCLUSIONS 

1. We have cons idered  two a l t e r n a t i v e  s e i s m i c  approaches  t o  improve 

t h e  accuracy of s e i s m i c  l o c a t i o n s  f o r  miners  t r apped  underground o v e r  methods 

which assume a  uniform P-wave v e l o c i t y  i n  t h e  e a r t h .  The f i r s t  approach u s e s  

s e i s m i c  measurements, such a s  a  r e f r a c t i o n  s u r v e y ,  t o  c a l i b r a t e  t h e  v e l o c i t y  
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s t r u c t u r e  about  t h e  mine. The second approach  c a l i b r a t e s  t h e  source - to -  

se i smomete r  t r a e l p a t h s  w i t h  r e f e r e n c e  e v e n t s  a t  known l o c a t i o n s  i n  t h e  

mine.  

2. The method y i e l d i n g  t h e  most a c c u r a t e  s e i s m i c  l o c a t i o n s  i s  t h e  

r e f e r e n c e  e v e n t  method. When t h e  d i s p l a c e m e n t  between t h e  unknown and 

r e f e r e n c e  e v e n t s  i s  s m a l l ,  t h e  l o c a t i o n  a c c u r a c y  w i l l  b e  l i m i t e d  o n l y  by 

t h e  t i m i n g  a c c u r a c v  of  t h e  s i g n a l s .  

3 .  The r e f e r e n c e  e v e n t  method p r o v i d e s  a b s o l u t e  r a t h e r  t h a n  mere ly  

r e l a t i v e  l o c a t i m  a c c u r a c y  s i n c e  c a l i b r a t i o n s  a r e  t i e d  t o  su rveyed  (non- 

s e i s m i c )  l o c a t i o n s .  Methods based  upon p u r e l y  s e i s m i c  measurements may 

p r o v i d e  a c c u r a t e  r e l a t i v e  l o c a t i o n s  ( s m a l l  l e a s t  s q u a r e s  e r r o r )  b u t  s t i l l  

c o n t a i n  a b s o l u t e  b i a s e s  ( l a t e r a l  s h i f t s  between t r u e  and c a l c u l a t e d  l o c a -  

t i o n s ) .  

4 .  The r e f e r e n c e  e v e n t  method h a s  t h e  d i s a d v a n t a g e s  of r e q u i r i n g  

c a l i b r a t i o n  e v e n t s ,  pe rmanen t ly  i n s t a l l e d  se i smomete r s  o r  p r e l o c a t e d  c a l i -  

b r a t i o n  s o u r c e s  t r i g g e r e d  from above ground,  and s e v e r a l  r e f e r e n c e  e v e n t s  

p e r  mine f o r  comple te  c a l i b r a t i o n .  

5 .  A f i e l d  i n s t a l l a t i o n  u t i l i z i n g  t h e  method h a s  s e v e r a l  o p e r a t i o n a l  

a d v a n t a g e s .  A s  w e l l  a s  a c c u r a c y ,  t h e s e  i n c l u d e  r e a d i n e s s  i n  t h e  e v e n t  of 

a  d i s a s t e r ,  f i r e - d r i l l  t e s t i n g  of  t h e  sys t em bv c a l i b r a t i o n  e v e n t s ,  

f a m i l i a r i t y  w i t h  t h e  s v s t e m  on t h e  p a r t  of mine p e r s o n n e l ,  and no complex 

computers  o r  a n a l y s i s  r e q u i r e d .  

6. We recommend f i e l d  t e s t s  t o  v e r i f y  t h e  method. Key q u e s t i o n s  t o  

b e  answered i n c l u d e  t h e  r a n g e  of e f f e c t i v e n e s s  of each  r e f e r e n c e  e v e n t  

and t h e  number of  r e f e r e n c e  e v e n t s  r e q u i r e d  t o  comple te ly  c a l i b r a t e  a  mine. 

7 .  A f i e l d  t e s t  c o u l d  b e  conducted  a t  a mine o v e r  a  p e r i o d  of two t o  

f o u r  weeks f o r  c o s t s  n o t  exceed ing  t h o s e  i n c u r r e d  by West inghouse  i n  p r e v i -  

o u s  s e i s m i c  e x p e r i m e n t s  a t  a  mine.  T o t a l  c o s t s  s h o u l d  be  i n  t h e  $25,000 

t o  $50,000 range ,  o r  l e s s .  
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PART SIX 

FIELD UTILIZATION OF SEISMIC SYSTEMS 

Frank P i l o t t e  
VELA S e i s m o l o g i c a l  Cen te r  

A l e x a n d r i a ,  V i r g i n i a  

I. SUMMARY 

P r o p e r  d e s i g n  c h a r a c t e r i s t i c s  f o r  a  s e i s m i c  sys tem t o  l o c a t e  miners  dur- 

i n g  a  mine d i s a s t e r  a r e  c o n s i d e r e d  i n  terms of  a  t o t a l  sys tem concep t .  F i e l d  

ha rdware ,  p r o c e s s i n g  equipment,  o p e r a t i n g  p e r s o n n e l ,  deployment,  t r a i n i n g ,  

and s u p p o r t i v e  R  and D a r e  n e c e s s a r y  e lements  of  t h e  t o t a l  sys tem.  Each of 

t h e s e  e lements  is  d i s c u s s e d  and an i n d i c a t i o n  given a s  t o  t h e  requ i rements  

n e c e s s i t a t e d  by each one.  

Hardware must b e  p o r t a b l e ,  rugged,  and f i e l d w o r t h y .  P r o c e s s i n g  equipment 

must b e  s i m p l e  t o  o p e r a t e ,  expandable  f o r  f u t u r e  p r o c e s s i n g  improvements,  and 

rugged ized  f o r  f i e l d  u s e .  A s m a l l  w e l l - t r a i n e d  team must b e  a v a i l a b l e  f o r  q u i c k  

response  i n  t i m e s  of emergency. A l t e r n a t i v e  deployment p rocedures  a r e  n e c e s s a r y  

t o  a l l o w  f o r  a  v a r i e t y  o f  s i t u a t i o n s  i n c l u d i n g  bo th  ground and a i r  d e l i v e r y .  

S u p p o r t i v e  R and D is  used t o  s u p p o r t  t r a i n i n g  and upgrading of t h e  sys tem.  
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11. INTRODUCTION 

Elere w e  d i s c u s s  a  s e t  of  d e s i g n  c h a r a c t e r i s t i c s  t h a t  would r e s u l t  i n  

an  improved s e i s m i c  sys tem f o r  miner l o c a t i o n  f o l l o w i n g  a  mine a c c i d e n t .  

The sys tem,  when implemented a s  p roposed ,  w i l l  b e  a n  a d a p t a b l e  m u l t i -  

purpose  s e i s m o l o g i c a l  a r r a y  packaged i n  hand-por table  s i z e d  c o n t a i n e r s  f o r  

u s e  under  s e v e r e  f i e l d  c o n d i t i o n s .  The sys tem w i l l  be  c a p a b l e  of moni to r ing  

up t o  1 2  i n d i v i d u a l  s e n s o r s ,  r e c o r d i n g  on magnet ic  t a p e ,  p r o v i d i n g  v i s u a l  

d i s p l a y s ,  and accompl i sh ing  some d a t a  p r o c e s s i n g  and a n a l y s i s .  

I n  s e l e c t i n g  i n d i v i d u a l  i t e m s ,  g r e a t  emphasis shou ld  b e  p l a c e d  on t h e  

u s e  of equipment which h a s  been d e s i g n  t e s t e d  and proven under  o p e r a t i o n a l  

f i e l d  c o n d i t i o n s .  S p e c i a l  d e s i g n  m o d i f i c a t i o n s  shou ld  b e  used on ly  a s  re- 

q u i r e d  t o  m e e t  s p e c i a l  needs  of remote and s e v e r e  f i e l d  o p e r a t i o n s ;  f o r  example, 

t h e  u s e  of modular-type mois tu re -p roof -con ta ine r  packaging f o r  se ismometers  and 

f i e l d  a m p l i f i e r s .  

I n  o r d e r  t o  s p e c i f y  t h e  d e s i g n  of t h i s  equipment ,  i t  i s  n e c e s s a r y  t o  

assume t h e  f o l l o w i n g  : 

1. Optimum l o c a t i o n  accuracy  r e q u i r e s  c a l i b r a t e d  and t imed s i g n a l s .  

2. Power may n o t  b e  o b t a i n a b l e  a t  t h e  v a r i o u s  remote l o c a t i o n s  where 

t h e  sys tem w i l l  b e  deployed.  

3 .  Measurements w i l l  b e  made under  f i e l d  c o n d i t i o n s  where e l e c t r o n i c  

t e s t  and r e p a i r  f a c i l i t i e s  a r e  n o t  r e a d i l y  a v a i l a b l e .  

4.  Emergency c o n d i t i o n s  w i l l  e x i s t  a t  t h e  t i ~ e  of deployment and 

q u i c k  r e s p o n s e  i s  a b s o l u t e l y  e s s e n t i a l .  

5 .  P e r s o n n e l  making t h e  measurements must be  a b l e  t o  e v a l u a t e  t h e  

d a t a  w i t h i n  a  s h o r t  l e n g t h  of t ime .  

6.  The sys tem shou ld  b e  expandable  t o  m e e t  f u t u r e  requ i rements  of 

improved a n a l y s i s .  

7 .  Maximum u s e  of o f f - t h e - s h e l f  components. 

To o p e r a t e  under  t h e s e  assumpt ions ,  t h e  sys tem should  have t h e  f o l l o w i n g  

f e a t u r e s  : 

o The b a s i c  sys tem shou ld  c o n t a i n  a n  a c c u r a t e  c a l i b r a t i n g  d e v i c e .  The 

c a l i b r a t o r  shou ld  a p p l y  an  impulse  of  known p o l a r i t y  t o  v e r i f y  seis- 

mometer p o l a r i t y ,  and s i n e  waves of known ampl i tude  a t  any d e s i r e d  

f requency  t o  t h e  seismometer c a l i b r a t i o n  c o i l  t o  o b t a i n  a  f r equency  

response  a t  a  known g a i n .  
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o The s e n s i n g  sys tem shou ld  b e  a  v e r t i c a l  se i smomete r -ampl i f i e r  

combinat ion c a p a b l e  of d i r e c t  b u r i a l .  The s e i s m i c  s i g n a l s  

would b e  f e d  t o  a  r e c o r d i n g  and p r o c e s s i n g  sys tem powered by 

t h e  same s o u r c e  powering t h e  a m p l i f i e r .  

o  Moni to r ing  and f i e l d  a n a l y s i s  w i l l  r e q u i r e  a  p layback  u n i t  

c a p a b l e  of p roduc ing  t h e  d a t a  a t  e i t h e r  .5mm/ms o r  l .Omrn /ms  

on a  paper  s t r i p  r e c o r d e r .  A m o n i t o r i n g  o s c i l l o s c o p e  shou ld  

a l s o  b e  p rov ided .  

o  The t a p e  r e c o r d e r  shou ld  be  a b l e  t o  r e c o r d  up t o  1 2  c h a n n e l s  

of d a t a  p l u s  t i m e  and compensation c h a n n e l s .  A t i m e  code 

shou ld  b e  encoded on t h e  t a p e .  A d d i t i o n a l  d e s i g n  p r o v i s i o n s  

shou ld  be  made f o r  i n s e r t i n g  o p e r a t i o n a l  a m p l i f i e r s ,  modules,  

a t t e n u a t o r s ,  and f i l t e r s  a s  d e s i r e d .  

o The whole sys tem shou ld  b e  a s  compact and l i g h t w e i g h t  a s  

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

t h e  w o r s t  f i e l d  c o n d i t i o n s .  S i m p l i c i t y ,  m o b i l i t y ,  ruggedness ,  

and e a s e  of s e t u p  and o p e r a t i o n  a r e  prime d e s i g n  g o a l s .  

111. REQUIREMENTS 

To minimize t h e  i n t e r f e r e n c e  o f  nearby c u l t u r a l  (man-made) and weather-  

induced n o i s e ,  s e i s m i c  s u r v e y s  u s u a l l y  employ e i t h e r  seismometer b u r i a l  o r  s m a l l  

a r r a y  t e c h n i q u e s .  I n  t h e  mine d i s a s t e r  c a s e ,  t h e  r e s c u e  team w i l l  o f t e n  b e  

hampered by t h e  a b s e n c e  of  f a v o r a b l e  s u r f a c e  geology a t  t h e  p o i n t s  where t h e  

p a r t i c u l a r  deployment must b e  made. Of t h e  two p o s s i b l e  t e c h n i q u e s ,  seismo- 

meter b u r i a l  a p p e a r s  t o  b e  t h e  s i m p l e r  s o l u t i o n .  A se ismometer  c a p a b l e  of  

o p e r a t i n g  a t  s h a l l o w  d e p t h  w i l l  e n a b l e  t h e  r e s c u e  team t o  p i c k  any d e s i r e d  p o i n t  

f o r  measurement and t h e n  d r i l l  ( p o s s i b l y  w i t h  a  hand a u g e r )  u n t i l  r e a c h i n g  some 

s u i t a b l e  f o u n d a t i o n  m a t e r i a l s .  Even a t  t h e  s h a l l o w  d e p t h s  reached  by hand 

d r i l l i n g ,  t h e  seismometer shou ld  have a  c o n s i d e r a b l y  reduced r e s p o n s e  (compared 

t o  a  s u r f a c e  s i t e )  t o  l o c a l l y  induced c u l t u r a l  n o i s e  ( s e i s m i c  and a c o u s t i c ) .  

I n  a d d i t i o n ,  i f  r e l a t i v e l y  s o l i d  f o u n d a t i o n  m a t e r i a l  can  b e  r e a c h e d ,  some s i g n a l  

a t t e n u a t i o n  may b e  avo ided .  

I n  many s i t u a t i o n s ,  t h e  s i m p l e s t ,  most d i r e c t  method t o  d e t e r m i n e  a  l o c a t i o n  

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

v i d u a l  a r r a y  e l e m e n t s .  Being a b l e  t o  r e c o r d  such s i g n a l s  from e a c h  e lement  of 

t h e  a r r a y  on an  i d e n t i c a l ,  s e l e c t a b l e  t i m e  b a s i s  w i l l  g r e a t l y  improve t h e  o p e r a t ~ r ' ~  
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response  t ime and t h e  p r e c i s i o n  of  t h e  l o c a t i o n .  The s o u g h t - a f t e r  o b j e c t i v e  

is  t h e  a b i l i t y  t o  r e c o r d  under any f i e l d  c o n d i t i o n s  w i t h  a  comple te ly  inde-  

pendent  p o r t a b l e  sys tem c a p a b l e  of h i g h l y  a c c u r a t e ,  dependable  r e s u l t s .  

I t  i s  proposed t h a t  b o t h  t h e  seismometer and a m p l i f i e r  b e  packaged i n  

the same c a s e .  T h i s  w i l l  r e s u l t  i n  a  s i n g l e ,  e a s i l y  t r a n s p o r t a b l e  i n s t r u m e n t  

package t h a t  can  b e  p l a c e d  i n  a  c o n s t a n t  environment away from m o l e s t a t i o n .  

The t i m e  encoder  shou ld  b e  a  h i g h l y  a c c u r a t e  d i g i t a l  d e v i c e  c a p a b l e  o i  

p r o v i d i n g  s e v e r a l  d i f f e r e n t  f r equency  s t a n d a r d s  i n  o r d e r  t o  broaden t h e  o v e r a l l  

c a p a b i l i t y  of t h e  sys tem.  Of p a r t i c u l a r  importance  is  a  100-kz s i g n a l  on t h e  

compensation t r a c e .  T h i s  f r equency  i s  t h e n  used a s  a  r e f e r e n c e  t o  o b t a i n  a n  

a c c u r a t e  time-based p l a y o u t  i n  h i g h  speed v i s u a l  r e p r o d u c t i o n s .  

A p r o p e r l y  equipped f i e l d  a n a l y s i s  and p r o c e s s i n g  c e n t e r  i s  e s s e n t i a l  i f  

r a p i d  r e s p o n s e  and a d a p t a b i l i t y  a r e  t o  be  p rov ided  t o  what w i l l  s u r e l y  b e  a  

f l u i d  s i t u a t i o n .  During t h e  c o u r s e  of a  l o c a t i o n  a t t e m p t ,  i t  w i l l  f r e q u e n t l y  h e  

n e c e s s a r y  t o  make judgments r e g a r d i n g  seismometer emplacement and c o u p l i n g ,  

n o i s e  c h a r a c t e r i s t i c s  i n  t h e  a r e a ,  t r a n s m i s s i o n  q u a l i t y ,  and s i g n a l  r e c e p t i o n .  

Thus,  i t  may b e  n e c e s s a r y  t o  v a r y  bandpass  f i l t e r s  and a p p l y  o t h e r  p r o c e s s i n g  

t e c h n i q u e s .  For t h i s  r e a s o n ,  i n c l u s i o n  of  a  p layback u n i t  i n  a d d i t i o n  t o  a  

m o n i t o r i n g  o s c i l l o s c o p e  i s  n e c e s s a r y .  

The package f o r  t h e  f i l t e r s ,  a t t e n u a t o r s ,  and o p e r a t i o n a l  a m p l i f i e r s  shou ld  

b e  des igned  w i t h  p lug- in  c a r d s  t o  p r o v i d e  f o r  r a p i d  changes  i n  t h e  d a t a  c i r c u i t s .  

Power w i l l  b e  p rov ided  by p u b l i c  power f a c i l i t i e s  when a v a i l a b l e ;  however, 

b a t t e r y  backup shou ld  b e  p rov ided  t o  m a i n t a i n  sys tem o p e r a t i o n  i f  t h e  pr imary 

power s o u r c e  f a i l s  o r  i f  a  pr imary s o u r c e  i s  n o t  used.  The b a t t e r y  pack shou ld  

have s u f f i c i e n t  c a p a c i t y  t o  m a i n t a i n  o p e r a t i o n  f o r  a t  l e a s t  twe lve  h o u r s .  A 

b a t t e r y  c h a r g e r  shou ld  b e  i n c l u d e d  t o  r e c h a r g e  a  f u l l y  d i s c h a r g e d  b a t t e r y  bank 

w i t h i n  two h o u r s .  

A l l  i n t e r c o n n e c t i n g  c a b l e s  shou ld  b e  p r e f a b r i c a t e d .  Connect ions  shou ld  b e  

wa te rp roof  and shou ld  b e  des igned  s o  t h a t  improper c o n n e c t i o n s  cannot  b e  made. 

System c a b l i n g  shou ld  b e  des igned  f o r  maximum p o r t a b i l i t y .  

S u f f i c i e n t  a c c e s s o r y  i t e m s  l i k e  hand t o o l s ,  t es t  equipment,  and s p a r e  p a r t s  

shou ld  b e  c a r r i e d  t o  and from t h e  f i e l d  by o p e r a t i n g  p e r s o n n e l .  The a c c e s s o r y  

k i t  would p o s s i b l y  i n c l u d e  i t s  own power supp ly  s o  t h a t  t h e  o p e r a t i o n  of t h i s  

equipment would n o t  u s e  power from t h e  p r i n c i p a l  s o u r c e .  
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A wel l -coordinated f i e l d  e x e r c i s e  i s  impossible  wi thout  r e l i a b l e  

communications. This  f a c t o r  i s  paramount where t ime i s  a  c r i t i c a l  f a c t o r  

dur ing  an  emergency. To meet t h i s  need, s p e c i a l  r a d i o  communications can 

be provided a s  p a r t  of t h e  t o t a l  system t o  a s s u r e  e f f i c i e n t  ope ra t i on  of 

t h e  crew. 

Major a t t r i b u t e s  of a  f i e l d  system which have t o  be emphasized a r e  

ruggedness,  s i m p l i c i t y ,  p o r t a b i l i t y ,  and r e l i a b i l i t y .  While t h e r e  need no t  

be  a  one-to--one correspondence, u s e f u l  gu ide l ines  f o r  t h e  c r i t e r i a  t o  be 

placed on a  f i e l d  system can be obtained fro111 M i l i t a r y  S p e c i f i c a t i o n s  f o r  

f i e l d  equipment. The c o s t  of a  f i e l d  system i s  l i k e l y  t o  be on t h e  o rde r  of 

$100,000. 

The crew r equ i r ed  t o  ope ra t e  t he  s e i smic  d e t e c t i o n  and l o c a t i o n  equipment 

must be  considered a  p a r t  of t h e  t o t a l  system. A s  much c a r e  and a t t e n t i o n  

must be  given t o  t h e  s e l e c t i o n  and t r a i n i n g  of t h e  team a s  t o  t h e  des ign  and 

c o n s t r u c t i o n  of t h e  equipment. 

I V .  OPERATIONAL PERSONNEL 

To s u c c e s s f u l l y  perform under emergency cond i t i ons ,  t h e  se i smic  d e t e c t i o n  

and l o c a t i o n  equipment (SDLE) must be  manned by a  team t r a i n e d  and experienced 

wi th  i t s  deployment and use.  A s  a  minimum requirement ,  a  three-man cadre  

t r a i n e d  t o  work toge the r  who a r e  completely f a m i l i a r  w i th  a l l  phases of t h e  

equipment and i t s  ope ra t i on  should be  a v a i l a b l e  t o  deploy t h e  SDLE i n  t h e  event  

of an emergency. Add i t i ona l  men needed t o  exped i t e  t h e  s e tup  and c a l i b r a t i o n  

of t h e  equipment could b e  provided by t h e  mine company involved i n  t h e  d i s a s t e r .  

The three-man cad re  would c o n s i s t  of t h e  fo l lowing:  

0 An o p e r a t o r / a n a l y s t  (team c h i e f )  

0 An e l e c t r o n i c  technician(second i n  command) 

0 A f i e l d  t e c h n i c i a n  

The team chief  should be  a  geophysical  engineer  o r  someone wi th  an equiva- 

l e n t  background whose r e s p o n s i b i l i t y  i nc ludes  i n t e r f a c i n g  w i t h  t h e  d i s a s t e r /  

r e scue r  coo rd ina to r s  (mining and/or  Government o f f i c i a l s ) ,  deploying t h e  SDLE, 

and making f i n a l  p rocess ing  and l o c a t i o n  d e c i s i o n s .  He should be  a  mature 

i n d i v i d u a l  who i s  thoroughly f a m i l i a r  w i th  mining ope ra t i ons  and p r a c t i c e s .  The 

o v e r a l l  success  of t h e  miss ion  w i l l  depend on h i s  a b i l i t y  t o  p re se rve  t h e  i n t e g r i t y  

of t h e  whole team and t o  d i r e c t  i t s  ope ra t i on  i n  a  confused s i t u a t i o n .  
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The e l e c t r o n i c  t e c h n i c i a n  shou ld  b e  q u a l i f i e d  and t r a i n e d  t o  set up and 

o p e r a t e  t h e  e n t i r e  f i e l d  sys tem.  H e  must b e  a b l e  t o  t r o u b l e s h o o t  and r e p a i r  

most sys tem e l e c t r i c a l  and mechanical  m a l f u n c t i o n s  o r  f a i l u r e s .  I n  t h e  

absence  of t h e  team c h i e f ,  he  w i l l  s u b s t i t u t e  a s  d a t a  a n a l y s t .  

The f i e l d  t e c h n i c i a n  shou ld  b e  exper ienced  i n  g e o p h y s i c a l  f i e l d  work and 

c a p a b l e  of d i r e c t i n g  t h e  e f f o r t s  of temporary f i e l d  workers  a c q u i r e d  on s i t e .  

He must b e  f a m i l i a r  w i t h  t h e  use  of  hand p o r t a b l e  and l i g h t  d r i l l i n g  equipment.  

H i s  p r i n c i p a l  r e s p o n s i b i l i t y  w i l l  be  t o  i n s t a l l  t h e  se ismometers ,  l a y  c a b l e s ,  

and a s s i s t  i n  s e t t i n g  up t h e  a n a l y s i s  c e n t e r .  

T r a i n i n g  and p r a c t i c a l  e x p e r i e n c e  i n  t h e  u s e  of t h e  s e i s m i c  equipment a r e  

t h e  keys  t o  s u c c e s s f u l  f i e l d  o p e r a t i o n s  under  emergency c o n d i t i o n s .  S e l e c t e d  

p e r s o n n e l  shou ld  b e  t r a i n e d  t o  o p e r a t e  a s  a  team a n d ,  a s  s u c h ,  b e  deployed on 

I I o p e r a t i o n a l "  m i s s i o n s  s e v e r a l  t imes  a  y e a r .  A s  many of t h e  p r e s s u r e s  a s s o c i a t e d  

w i t h  a r e a l  d i s a s t e r  a s  p o s s i b l e  shou ld  b e  s i m u l a t e d  d u r i n g  t h e s e  t r a i n i n g  e x c e r c i s e s .  

V. DEPLOYMENT OF SYSTEM 

T r a n s p o r t a t i o n  from t h e  s t a g i n g  a r e a  t o  t h e  f i e l d  p r e s e n t s  s p e c i a l  problems. 

Emergencies may occur  a t  any t ime  and i n  t h e  most remote a r e a s .  S e v e r a l  

d i f f e r e n t  con t ingency  p l a n s  a r e  n e c e s s a r y  t o  meet t h e  demand f o r  r a p i d  deploy- 

ment.  For u s e  n e a r  t h e  s t a g i n g  a r e a s ,  a  s u i t a b l e  four-wheel-dr ive  t r u c k  shou ld  

b e  a v a i l a b l e .  The t r u c k  s h o u l d  b e  o u t f i t t e d  w i t h  a p p r o p r i a t e  r a c k s  and a c c e s s o r y  

g e a r  such  t h a t  t h e  f i e l d  equipment could  b e  i n s t a l l e d  w i t h i n  one-half  hour and 

d i s p a t c h e d  t o  t h e  f i e l d .  I n  a d d i t i o n ,  t h e  f i e l d  equipment shou ld  b e  s o  packaged 

t h a t  i t  cou ld  a l s o  b e  hand p o r t a b l e  o r  c a r t  p o r t a b l e  f o r  a i r  movement by e i t h e r  

commercial o r  p r i v a t e  a i r c r a f t .  C o n s i d e r a t i o n  shou ld  b e  g i v e n  t o  t h e  u s e  of 

c o n t r a c t  o r  m i l i t a r y  h e l i c o p t e r  f o r  d i r e c t  d e l i v e r y  t o  t h e  f i e l d  s i t e .  On 

d e l i v e r y  t o  t h e  f i e l d ,  a  t r u c k  might  b e  made a v a i l a b l e  o r  t h e  pack ing  c r a t e s  used 

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

V I .  SUPPORTIVE R AND D 

F i e l d  R and D s h o u l d  s e r v e  two purposes .  Each R and D f i e l d  t r i p  cou ld  

s t a r t  a s  a  t r a i n i n g  e x e r c i s e  t o  improve t h e  performance of t h e  team and t o  

expose  a r e a s  of weakness o r  d e f i c i e n c y  i n  t h e  o p e r a t i n g  p rocedures .  The second 

o b j e c t i v e  would b e  t o  t e s t  a  new ~ r o c e d u r e  o r  p o s s i b l y  g a t h e r  d a t a  t o  e v a l u a t e  

some p o i n t  of  t h e o r y .  C e r t a i n  i d e a s  s u g g e s t e d  e l sewhere  i n  t h i s  r e p o r t  need 

c l a r i f i c a t i o n  and e v a l u a t i o n .  For example,  more d a t a  a r e  needed t o  e s t i m a t e  t h e  

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

t e c h n i q u e ,  s i g n a l  a t t e n u a t i o n  through v a r i o u s  media,  c a l i b r a t e d  n o i s e  measurement 

f o r  o p t i m i z a t i o n  of  s i g n a l  passband ,  and e f f i c i e n c y  of s i g n a l  g e n e r a t o r s .  
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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 

Arthur D Little, Inc 



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. 

Arthur D Little, lnc 
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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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PART EIGHT 

EARTH MODELS 

Ar thur  D. L i t t l e ,  I nc .  

I. INTRODUCTION 

The ques t i on  of e a r t h  models has  r epea t ed ly  a r i s e n  i n  our  work. An 

accu ra t e  r e p r e s e n t a t i o n  of t h e  se i smic  p r o p e r t i e s  i s  r equ i r ed  f o r  t h r e e  

reasons : 

1. To b e  a b l e  t o  determine from a  s e t  of rece ived  a r r i v a l  t imes ,  t h e  

l o c a t i o n  of a  s e i smic  sou rce  i n  t h e  e a r t h ,  and secondly t h e  degree of 

accuracy r equ i r ed  i n  t h e  model used f o r  c a l c u l a t i n g  sou rce  l o c a t i o n  

from t h e  s e t  of a r r i v a l  t ime d i f f e r e n c e s .  

2 .  To b e  a b l e  t o  determine t h e  expected a r r i v a l  t imes a t  an a r r a y  of 

g e o p h ~ n e s  produced i n  response t o  a  h y p o t h e t i c a l  source  i n  t h e  

e a r t h .  

3. To b e  a b l e  t o  e s t i m a t e  rece ived  s i g n a l  s t r e n g t h s  more a c c u r a t e l y .  

The work r epo r t ed  h e r e  on e a r t h  models i s  based on in format ion  from sever -  

a l  consu l t an t s  and from o t h e r s  who expressed  an i n t e r e s t  i n  t h e  problem and 

supp l i ed  in format ion  t o  u s .  

11. COAL MINE GEOLOGY 

On one of ou r  e a r l i e r  assignments f o r  t h e  Bureau of Mines, Ea r th  Sc ience  

Research Inc .  of Cambridge, Massachuset ts  prepared f o r  us a  s h o r t  d e s c r i p t i o n  of 

t h e  l i t h o l o g y  t o  b e  expected a t  c o a l  mine si tes.  This  d e s c r i p t i o n  fo l l ows ,  to-  

g e t h e r  w i t h  t h e  ranges of compressional s e i smic  v e l o c i t i e s  ( ~ i g u r e  I*) a s s o c i a t e d  

w i th  t y p i c a l  m a t e r i a l s  comprising t h e  l aye red  s t r u c t u r e  of a  c o a l  mine a r ea .  

Coal i s  p r i m a r i l y  a s s o c i a t e d  wi th  f r e s h  wa te r  sediments i nc lud ing  s ands tones ,  

s h a l e s ,  and c l a y s ,  and occas iona l l y  may b e  metamorphased t o  vary ing  degrees .  

I n  t h e  Appalachian Basin t h e  c o a l  beds occur  w i t h i n  c y c l i c a l  sequences of 

non-marine s h a l e s ,  sands t ones ,  conglomerates ,  l i m e s  t ones ,  and c l a y s .  The beds 

range i n  t h i cknes s  from a  few inches  t o  60 f e e t ,  averaging between 2 f e e t  and 

10 f e e t .  They have gene ra l l y  broad a r e a l  e x t e n t ,  occas iona l l y  up t o  5,000 

squa re  m i l e s ,  and have an o v e r a l l  t a b u l a r  o r  l e n s - l i k e  shape.  Within a  p a r t i c u l a r  

l e n s ,  l o c a l  changes i n  t h i cknes s  a r e  normal. 

* References t o  F igu re s ,  Tables ,  and Equations apply t o  t hose  i n  t h i s  P a r t  
un l e s s  o therwise  noted.  

Arthur D Little Inc 



Material Compressional Velocity (mlsec) 

0 2000 4000 6000 8000 

Weathered Surface Mater ia l  

Gravel, Rubble,  Sand (D ry )  

Gravel, Rubble,  Sand (Wet) 

Clay 

Sandstones 

Shales 

Limestones 

FIGURE 1 COMPRESSIONAL VELOCITIES FOR 

TYPICAL OVERBURDEN MATERIALS 

Arthur D Little. Inc 



Coal beds t y p i c a l l y  con t a in  t h i n  bands of c l a y ,  s h a l e ,  f i n e  gra ined  

o r  nodula r  p y r i t e ,  ma rcas i t e ,  and s i d e r i t e .  Graphi te  i s  a l s o  p r eva l en t  

w i th  t h e  con t en t  depending on t h e  degree  of metamorphism. I n  t h e  s t e e p l y  

fo lded  rocks  of t h e  a n t h r a c i t e  r eg ion  i n  no r the rn  Pennsylvania ,  which have 

undergone dynamic metamorphism, t h e  g r a p h i t e  con t en t  i s  above average.  

Cyclothems a r e  c y c l i c a l  sequence d e p o s i t s  which r e p e a t  i n  success ion  

throughout t h e  geo log ic  column of a  c o a l  ba s in .  When i d e a l l y  developed, 

a  t y p i c a l  cyclothem, s t a r t i n g  w i th  t h e  o l d e s t  beds ,  i s  a s  fo l l ows :  

1. Fine  gra ined  micaceous sandstone and s i l t s t o n e  grad ing  i n t o  

conglomerate vary ing  from t h i n  t o  massive bedded, i n  which 

occas iona l  p l a n t s  a r e  found. 

2. Grey sandy s h a l e  which o f t e n  con t a in s  i r o n s t o n e  conc re t i ons .  

3 .  Fresh wate r  l imes tone  occu r r i ng  a s  nodules  o r  d i scont inuous  

beds.  

4. An underclay,  medium o r  l i g h t  grey i n  c o l o r  and somewhat 

ca lcareous .  

5. Coal seam. 

6. Grey s h a l e  wi th  p y r i t i c  nodules  and i r o n s t o n e  conc re t i ons  

towards t h e  base.  F o s s i l s  are r a r e .  

7. Marine l imes tone .  

8. Black laminated s h a l e  wi th  l a r g e  conc re t i ons  and o f t e n  

f o s s i l i f e r o u s .  

9 .  Marine l imes tone  w i th  f o s s i l s .  

10. Grey sandy s h a l e  o r  s h a l y  sands tone  o f t e n  grad ing  i n t o  

conglomerates.  The s h a l e s  may have f o s s i l s  and sometimes 

i r ons tone  conc re t i ons .  

P a r t  o r  a l l  of t h i s  sequence may be repea ted  many t imes i n  t h e  c o a l  s e r i e s .  
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J .  Powell  of t h e  U.S. Bureau of Mines has  conducted an i n v e s t i g a t i o n  of c o a l  

mine geology f o r  t h i s  p r e s e n t  i n v e s t i g a t i o n .  U t i l i z i n g  d a t a  ob ta ined  from 

References  ( I ) ,  ( 2 ) ,  and (3) and in format ion  supp l i ed  by M r .  George Smith, a 

g e o l o g i s t  w i t h  U.S. S t e e l ,  Powell  concludes: 

Geologic s t r a t a  a r e  u sua l l y  h o r i z o n t a l ,  a s l o p e  of 100 f e e t  pe r  mi le  

would be unusual ly  l a rge .  

Although t h e  s t r a t a  a r e  h o r i z o n t a l ,  they o f t e n  pinch ou t  o r  grade i n t o  

d i f f e r e n t  rock types .  

The ou ts tanding  example of t h i s  pinch-out would be sand and g r a v e l  

d e p o s i t s  l a i d  down i n  s t ream beds.  I n  c ro s s  s e c t i o n ,  a bed may be 

t ens  of f e e t  t h i c k  i n  one s p o t  and have disappeared completely a few 

hundred f e e t  away a s  shown i n  F igure  2. 

Geologic c r o s s  s e c t i o n s  keep t h e i r  gene ra l  c h a r a c t e r i s t i c s  f o r  d i s -  

t ances  of s e v e r a l  m i l e s .  For example, i f  most of t h e  overburden a t  

p o i n t  A is l imes tone ,  most of t h e  overburden a t  a p o i n t  2 m i l e s  e a s t  of 

A w i l l  probably be l imes tone .  

Geologic s e c t i o n s  can change. cons iderab ly  ove r  a d i s t a n c e  of t e n  mi l e s .  

To cont inue  t h e  above example, t h e  overburden a t  a p o i n t  10 m i l e s  e a s t  

of A could w e l l  b e  s h a l e .  

Items 4 and 5 above i n d i c a t e  t h a t  f o r  many mines ( i  . e .  , t hose  which 

could b e  conta ined  w i t h i n  a squa re  a few mi les  on a s i d e )  t h e r e  e x i s t s  

much common geology. 

I n  Pennsylvania  and no r the rn  West V i r g i n i a ,  t h e r e  i s  l i t t l e  f a u l t i n g .  

A s  one goes sou th  f a u l t i n g  becomes more common. I n  wes te rn  Kentucky 

f a u l t s  w i th  v e r t i c a l  displacements  of t e n s  of f e e t  a r e  n o t  unusual .  

Coal i s  one of t h e  most p e r s i s t e n t  beds ;  t h a t  i s ,  i n  g e n e r a l  a c o a l  

bed w i l l  con t inue  f o r  g r e a t e r  d i s t a n c e s  than  o t h e r  rock beds.  
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From t h e s e  d a t a  and d e s c r i p t i o n s  some genera l  comments can be made. 

Seismic compressional v e l o c i t i e s  i n  t h e  r eg ions  of t h e  e a r t h  through which 

a  miner ' s  s i g n a l  must t r a v e l ,  from t h e  mine t unne l  a r e a  t o  t h e  s u r f a c e ,  w i l l  

range from t h a t  of l imes tone  ( a s  h igh  as 14,000 f e e t  p e r  second) t o  t h a t  of 

t h e  weathered l a y e r  ( a s  low a s  500 f e e t  pe r  second) .  I t  w i l l  g ene ra l l y  be 

t r u e  t h a t  t h e  h ighe r  v e l o c i t i e s  w i l l  be encountered a t  t h e  g r e a t e r  dep ths  

and t h e  lower v e l o c i t i e s  nea r  t h e  s u r f a c e .  The extreme range of compres- 

s i o n a l  v e l o c i t i e s  encountered sugges t s  t h a t  a ccu ra t e  knowledge of t h e  

v e l o c i t y  p r o f i l e  i n  t h e  r eg ion  under which t h e  miner is t rapped may be  

r equ i r ed  i n  o rde r  t o  perform a c c u r a t e  l o c a t i o n  c a l c u l a t i o n s  based on a r r i v a l  

t i m e  d i f f e r e n c e s .  

111. BASIC SEISMIC DATA REQUIRED 

I f  t h e  a r r i v a l  t imes a r e  p e r f e c t l y  ob t a ined ,  then  t h e  accuracy of t h e  

l o c a t i o n  i s  dependent on t h e  accuracy of t h e  model used t o  r e p r e s e n t  t h e  

e a r t h  i n  t h e  computation of l o c a t i o n .  Elsewhere i n  t h i s  Volume, Crosson 

and P e t e r s ,  and Powell ,  t r e a t  t h e  e f f e c t  of model e r r o r s  on l o c a t i o n  e r r o r s .  

These ana ly se s  compare h y p o t h e t i c a l  l a t e r a l l y  homogeneous, h o r i z o n t a l l y  

l aye red  e a r t h s  r ep re sen t ed  by s i m i l a r l y  l ayered  models o r  cont inuous models 

where t h e  s e i smic  v e l o c i t y  i n c r e a s e s  l i n e a r l y  wi th  dep th ,  and homogeneous 

ha l f - spaces .  These two s t u d i e s  show t h a t  t h e  l o c a t i o n  e r r o r s  t h a t  can be 

ass igned  t o  model e r r o r s  of t h i s  c l a s s  a r e  much less than  t h e  e r r o r s  expe- 

r i enced  wi th  t h e  p r e sen t  s e i smic  l o c a t i o n  system. This sugges t s  s e v e r a l  

p o s s i b i l i t i e s  : 

1. Hor i zon t a l l y  l aye red  e a r t h  models may be inadequate  t o  

r e p r e s e n t  t h e  r e a l  e a r t h .  

2 .  Gross t iming e r r o r s  may have been in t roduced  by t h e  system 

in s t rumen ta t i on  and/or  by ope ra to r  m i s i n t e r p r e t a t i o n  of t h e  

s e i smic  record ings .  

3 .  The depth of t h e  weathered l a y e r s  under t h e  r e c e i v i n g  geo- 

phones may n o t  be  p rope r ly  taken i n t o  account wi th  t h e  

p r e sen t  sys  tern. 

4 .  Source cavity-produced e r r o r s  may be  p r e s e n t  and unaccounted 

f o r .  

5. Survey e r r o r s  may have been l a r g e .  
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We a r e  concerned he re  on ly  w i th  t h e  p o s s i b l e  inadequac ies  of t h e  e a r t h  

models used t o  d a t e .  It i s  no t  p o s s i b l e  t o  s ay  a t  p r e s e n t  what e f f e c t s  g ro s s  

model e r r o r s  have,  because t h e  se i smic  p r o p e r t i e s  of t h e  r e a l  e a r t h  over  coa l  

mines a r e  n o t  adequately  known. This  l a c k  of knowledge emphasizes t he  need 

f o r  comprehensive se i smic  surveys a t  a  few e a s t e r n  c o a l  mine s i t e s . *  These 

comprehensive t e s t s  would r e v e a l  what p r o p e r t i e s  of t h e  r e a l  e a r t h  need t o  

be included i n  t h e  model, i n  o rde r  t o  make t h e  model e r r o r s  smal l  enough t o  

reach  t h e  d e s i r e d  l o c a t i o n  accuracy.  The survey t e s t s  a r e  o u t l i n e d  elsewhere 

i n  t h i s  r e p o r t  bu t  would i nc lude :  

Sur face  r e f r a c t i o n  surveys configured t o  y i e l d  l a y e r  d a t a  t o  
a t  l e a s t  t h e  working dep th  of t h e  mine. 

High r e s o l u t i o n  v e r t i c a l  r e f l e c t i o n  surveys t o  s u b s t a n t i a t e  t h e  
r e f r a c t i o n  survey and/or  i d e n t i f y  s p a t i a l l y  va ry ing  l a y e r  p r o p e r t i e s .  

Core h o l e s  wi th  geo log i ca l  logging.  

Core h o l e  t o  co re  h o l e  v e l o c i t y  measurements t o  s u b s t a n t i a t e  
l a r g e r  v e l o c i t y  p r o p e r t i e s .  

A r r i v a l  time p l o t s  from mine l oca t ed  impuls ive sources  as an 
a d d i t i o n a l  conf i rmat ion  of se i smic  p r o p e r t i e s .  

P r e c i s e  measurement of weathered l aye red  t h i cknes s  a t  seismom- 
e t e r  p o s i t i o n s .  

One of t h e  o b j e c t i v e s  of t h i s  comprehensive se i smic  survey i s  t o  e s t a b l i s h  

i f  a  s u r f a c e  s e i smic  survey can provide adequate  d e t a i l  f o r  t h e  p r e p a r a t i o n  of 

a  s u f f i c i e n t l y  a c c u r a t e  e a r t h  model f o r  l o c a t i o n  computation purposes .  Our 

d i s cus s ions  wi th  persons exper ienced i n  s u r f a c e  r e f r a c t i o n  surveys ( 4 )  i n d i c a t e s  

t h a t  a  c a r e f u l  r e f r a c t i o n  survey done by an experienced survey team can i d e n t i f y  

w e l l  def ined  l a y e r  boundaries  t o  w i t h i n  a  few f e e t  t o  dep ths  n e a r  a  thousand 

f e e t ,  and t h a t  se i smic  v e l o c i t i e s  can be measured t o  w i t h i n  a  few pe rcen t .  

The work of Crosson and P e t e r s  i n d i c a t e s  t h e  degree  of l o c a t i o n  accuracy t h a t  

would r e s u l t  f o r  models of t h i s  accuracy.  I n  a d d i t i o n  t o  under tak ing  conven- 

t i o n a l  r e f r a c t i o n  surveys ,  i t  may be d e s i r a b l e  t o  cons ider  t h e  technique of 

Donath and K U O ( ~ )  as d i scussed  below. 

The method of r e f r a c t i o n  surveys  f o r  determining t h e  s e i smic  v e l o c i t y  

s t r u c t u r e  of t h e  e a r t h ,  which i s  based on f i t t i n g  s t r a i g h t  l i n e s  through s e t s  

of p o i n t s  on a d i s t a n c e  ve r sus  a r r i v a l  t i m e  p l o t ,  i s  geared t o  t h e  s p e c i f i c a t i o n  

of p lane  l aye red  models of t h e  e a r t h .  It w i l l  n o t  p i c k  up f e a t u r e s  such a s  

vary ing  l a y e r  t h i cknes se s  o r  f r a c t u r e s .  However, i t  i s  p o s s i b l e  t o  i n t e r p r e t  

r e f r a c t i o n  survey d a t a  i n  a more s o p h i s t i c a t e d  manner t o  r e f l e c t ,  i f  a p p r o p r i a t e ,  

* See Appendix A. 
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t h e  complex n a t u r e  of t h e  underlying s t r u c t u r e .  The cons t ruc t ion  of wave- 

f r o n t  diagrams (Donath and Kuo) enables  observed t ravel- t ime curves t o  be 

f i t t e d  we l l  when d i s c o n t i n u i t i e s  o r  t i l ts  i n  t he  topography a r e  p re sen t .  

This type of i n t e r p r e t a t i o n  of r e f r a c t i o n  d a t a  can be accomplished by a  

computer program implementable on a minicomputer. 

It should be  noted t h a t  r e f r a c t i o n  methods do no t  always g ive  a  unique 

s o l u t i o n  and t h a t  t h e i r  i n t e r p r e t a t i o n  depends on knowledge of t h e  genera l  

geo log ica l  environment a s  w e l l  a s  on geometr ical  s o l u t i o n  of t he  t rave l - t ime 

curves.  The accuracy with which v e l o c i t y  models can be determined i n  Eas te rn  

c o a l  mining r eg ions ,  and t h e  need f o r  t he  wavefront,  a s  aga ins t  t he  s t r a i g h t f o r -  

ward, methods of i n t e r p r e t a t i o n  of r e f r a c t i o n  surveys i n  t hese  a r e a s ,  a r e  mat te rs  

u l t ima te ly  t o  be reso lved  by con t ro l l ed  f i e l d  measurements. It can be es t imated  

however, t h a t  v e l o c i t y  models should be  measurable t o  w i th in  a  few percent .  

The conduct of t h e  comprehensive se i smic  survey and t h e  a n a l y s i s  of t h e  

d a t a  obta ined  should provide answers t o  a  number of ques t ions  t h a t  have been 

r a i s e d .  Among t h e s e  ques t ions  a r e :  Are e a r t h  p r o p e r t i e s  o t h e r  than h o r i z o n t a l  

l aye r ing  of importance t o  l oca t ion?  Is t h e r e  any v e l o c i t y  an iso t ropy  of i m -  

portance? What ranges do t h e  v e l o c i t y  p r o f i l e s  occupy? Can a  s imple e a r t h  

model s u f f i c e  f o r  most mines? Is a s imple su r f ace  survey adequate t o  c h a r a c t e r i z e  

t h e  underlying region? 

I V .  A?? INTERIM EARTH MODEL 

Based on a v a i l a b l e  information,  and recognizing t h e  unce r t a in ty  of impor- 

t a n t  d a t a ,  Powell has  developed a se ismic  e a r t h  model which can be expected t o  

be t y p i c a l  of e a s t e r n  s o f t  c o a l  reg ions .  The model i s  no t  intended t o  be one 

f o r  use  i n  t h e  l o c a t i o n  of miners a t  a mine d i s a s t e r ,  but  is  r a t h e r  one 

which can be  used t o  determine t h e  behavior  of a r r i v a l  t imes f o r  h y p o t h e t i c a l  

source l o c a t i o n s  i n  an e a r t h  t h a t  has t h e  s t r u c t u r e  of t h e  model. From such 

sets of a r r i v a l  t i m e s  t h e  accuracy of va r ious  loca t ion  e a r t h  models can be  

e s t a b l i s h e d ,  and a  grasp of how accu ra t e ly  the  l o c a t i o n  e a r t h  model must approach 

t h e  r e a l  e a r t h  can be  obta ined .  A s  such we consider  t h i s  model t o  be an i n t e r i m  

one, which can b e  used f o r  t h e o r e t i c a l  ana lyses  of l oca t ion  e a r t h  model perform- 

ance,  and can be  va r i ed  t o  determine the  s e n s i t i v i t y  of a l t e r n a t i v e  l o c a t i o n  

e a r t h  models. The model, which i s  composed of l a t e r a l l y  homogeneous ho r i zon ta l  

l a y e r s ,  is described i n  Table 1. Crosson and Pe ters ,  i n  P a r t  Three of t h i s  Volume, 

use  e a r t h  models based on t h i s  i n t e r im  model, bu t  s imp l i f i ed  t o  cases  of 2 and 

4 l a y e r s  and t h e  case  of a  continuous v e l o c i t y  v a r i a t i o n .  
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TABLE 1 

INTERIM EARTH TIODEL 

Layer  
number 

S u r f a c e  

Layer  Layer 
t h i c k n e s s  v e l o c i t y  
( f t )  ( f  t / s e e )  

V .  CONCLUSIONS 

A comprehensive s e i s m i c  su rvey  a t  a number of c o a l  mine s i t e s  i s  recom- 

mended a s  a means of o b t a i n i n g  d a t a  t o  t h e  accuracy  n e c e s s a r y  f o r  f u r t h e r  miner  

l o c a t i o n ,  e a r t h  model development,  i n c l u d i n g  a comparison of a l t e r n a t i v e  models. 

An i n t e r i m  s e i s m i c  v e l o c i t y  e a r t h  model i s  sugges ted  on t h e  b a s i s  o f  g e n e r a l  

g e o l o g i c a l  p r o p e r t i e s  of s o f t  c o a l  r e g i o n s .  T h i s  model i s  based on l a t e r a l l y  

homogeneous h o r i z o n t a l  l a y e r s ,  which may b e  inadequa te  t o  p r o p e r l y  d e s c r i b e  a 

r e a l  mine environment.  I ts accuracv  can o n l v  b e  determined when a l l  p o t e n t i a l  

s o u r c e s  of e r r o r  i n  a r r i v a l  t ime measurements have been accounted f o r .  
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APPENDIX A 

SEISMIC SURVEY OVER THE CLARION 4A COAL SEAM 

S i n c e  t h e  comple t ion  of t h e  work upon which t h i s  r e p o r t  i s  b a s e d ,  we 

have  o b t a i n e d  s e i s m i c  v e l o c i t y  p r o f i l e s  th rough  t h e  good o f f i c e s  of  M r .  

Dennis Rubin of American E l e c t r i c  Power S e r v i c e  C o r p o r a t i o n .  These pro-  

f i l e s  were  t a k e n  f o r  AEP by Weston Geophysica l  E n g i n e e r s ,  I n c .  of Weston, 

l l a s s a c h u s e t t s .  These  p r o f i l e s  were  t a k e n  i n  t h e  Meigs County a r e a  of  Ohio 

o v e r  t h e  C l a r i o n  4A c o a l  seam. E l e v a t i o n s  and d i s t a n c e s  on t h e s e  p r o f i l e s  

a r e  s c a l e d  w i t h  ma jo r  d i v i s i o n s  e q u a l  t o  100 f e e t .  V e l o c i t i e s  a r e  i n  f e e t  

p e r  second.  The p r o f i l e s  a r e  shown i n  F i g u r e s  A l ,  A2, A3, and A4. 

These  d a t a  p r o v i d e  p a r t  of t h e  needed b a s e  f o r  d e v e l o p i n g  good e a r t h  

models a s  n o t e d  i n  t h i s  P a r t .  The n a t u r e  of t h e s e  d a t a  a l s o  emphas ize  t h e  

need f o r  f u r t h e r  d a t a ,  t o  g r e a t e r  d e p t h s  and h i g h e r  accuracy o v e r  o t h e r  

c o a l  seams. 
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Feet 

Source: American Electric Power Service Corp. and Weston Geophysical Engineers, Inc. 

FIGURE A4 SEISMIC VELOCITY PROFILE 
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PART NINE 

SEISMIC NOISE CHARACTERISTICS 

F ranc i s  Crowley 
A i r  Force Cambridge Research Labo ra to r i e s  

I. SUMMARY 

Elementary concepts  of s e i s m i c  wave p r o p e r t i e s  a r e  reviewed t o  e s t a b l i s h  a  

framework f o r  d i s c u s s i n g  s e i smic  n o i s e  and i t s  supp re s s ion .  A l i b e r a l  number of 

r e f e r e n c e s  i s  inc luded  f o r  t h o s e  who wish t o  pursue t h e  t o p i c  i n  d e t a i l .  A base  

motion n o i s e  l e v e l  i s  e s t a b l i s h e d  f o r  a  s i n g l e  s u r f a c e  seismometer.  It i s  argued 

t h a t  s imple  a r r a y  p roce s s ing  and seismometer b u r i a l  should  r e g u l a r l y  permi t  us t o  

approach t h i s  b a s e  n o i s e  l e v e l  which i s  found i n  a r e a s  f r e e  of conspicuous man-made 

s e i s m i c  n o i s e  sou rce s .  

The s e n s i t i v i t y  of t h e  b a s e  s e i s m i c  l e v e l  t o  a  number of common d i s t u rbances  

is  p r e sen t ed .  S o l u t i o n s  t h a t  promise t o  ho ld  t h e  " e f f e c t i v e "  s e i s m i c  n o i s e  a t  a  

s i t e  n e a r  t h e  ba se  l e v e l  a r e  given f o r  a c o u s t i c ,  me t eo ro log i ca l  and f i x e d  l o c a l  

s u r f a c e  s o u r c e s .  Guide l ines  a r e  sugges ted  f o r  c o n t r o l l i n g  o t h e r  l o c a l  man-made 

s o u r c e s ,  e .g .  v e h i c u l a r  t r a f f i c ,  by keeping them a t  s u f f i c i e n t l y  l a r g e  d i s t a n c e s  

away from t h e  seismometers t o  keep n o i s e  a t  p e r m i s s i b l e  l e v e l s .  These g u i d e l i n e s  

a r e  s p e c u l a t i v e  and conse rva t i ve .  They should  be  t h e  s u b j e c t  of  f u t u r e  s t u d y .  

The a b i l i t y  t o  p rocess  a g a i n s t  g e n e r a l  l o c a l  a c t i v i t y ,  d r i l l i n g ,  and i n t r a -  

mine sou rce s  i s  l i m i t e d .  C e r t a i n l y  no dramat ic  ga in  i s  t o  be  expec ted .  When 

s t r o n g  man-made and /or  i n t r amine  n o i s e  sou rce s  a r e  n o t  c o n t r o l l a b l e ,  d e t e c t i o n  may 

w e l l  be  imposs ib le  t o  a ch i eve ,  un l e s s  t h e  seismometer can b e  moved c l o s e  enough 

t o  t h e  su spec t ed  miner p o s i t i o n ,  i . e .  v i a  very  deep h o l e s ,  t o  compensate f o r  t h e  

l i k e l y  v a s t  d i f f e r e n c e s  i n  s t r e n g t h  of t h e  miner s i g n a l  and t h e  u n c o n t r o l l a b l e  

man-made n o i s e  sou rce s .  However, many ' int ramine sou rce s ,  e . g . ,  f a l l i n g  w a t e r ,  

rock b u r s t s ,  exp lo s ions ,  e t c .  , may w e l l  p rec lude  t h e  e x i s t e n c e  of  a  h a l e  miner i n  

t h e i r  v i c i n i t y ,  and t h e r e f o r e  any need t o  a t t emp t  d e t e c t i o n  of a  miner a t  such 

l o c a t i o n s .  

The fo l lowing  recommendations a r e  made t o  enhance t h e  d e t e c t i o n  and l o c a t i o n  

of a  miner s i g n a l i n g  s e i s m i c a l l y .  They a r e :  

1. Seismometer b u r i a l  i n  s l i m  h o l e s .  

2 .  Narrow band d e t e c t i o n ,  u s ing  m u l t i p l e  narrow band f i l t e r s  t o  cover  
t h e  l i k e l y  s i g n a l  band. 

3 .  Broadband r eco rd ing  and a n a l y s i s  f o r  t ime -o f - a r r i va l  e s t i m a t i o n .  
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11. INTRODUCTION 

A. Some Seismic  E lementa l s  

The b u l k  of s e i s m i c  n o i s e  i s  t h e  a g g r e g a t e  of p ropaga t ing  s e i s m i c  waves. 

Being waves,each coheren t  e l e m e n t a l  c o n t r i b u t i o n  can be  r e p r e s e n t e d  a s  

u  = U(kR - a t ) .  ( I > *  

Here t h e  mot ion,  u ,  appears  t o  have c o n s t a n t  phase  when an  o b s e r v e r  moves a t  

a  v e l o c i t y  c  = w / k .  The a n g u l a r  f requency o  i s  2n t i m e s  t h e  number of c y c l e s  of a  

p e r i o d i c  element s e n s e d  by a  s t a t i o n a r y  o b s e r v e r  p e r  u n i t  t i m e ,  w h i l e  k ,  t h e  wave 

number, i s  2n t i m e s  t h e  number of c y c l e s  observed a t  an  i n s t a n t  o v e r  a  u n i t  d i s t a n c e .  

The ampl i tude  of t h e  wave i s  determined by t h e  s o u r c e  and pa th  a t t r i b u t e s .  

I n  t h e  f a r  f i e l d  and f o r  s m a l l  s o u r c e  dimensions ,  u  a t t e n t u a t e s  a s  1/R i n  i t s  

body phases! l )~ody waves are t h e  only  waves t h a t  e x i s t  i n  a homogeneous, i s o t r o p i c ,  

e l a s t i c  body of i n f i n i t e  e x t e n t  a t  s m a l l  motion levels!2)They a r e  of two k i n d s ,  a  

P wave whose p a r t i c l e  motion i s  d i r e c t e d  a long  t h e  p ropaga t ion  p a t h  and an  S  wave 

whose motion is normal t o  t h i s  p a t h .  T y p i c a l  parameters  of body waves a r e  given 

i n  Tab le  1. 
+- 

The p  wave displ-acement u  due t o  a  l o c a l i z e d  f o r c e  F  ( t )  observed i n  t h e  f a r  

f i e l d  i n  a medium of  v e l o c i t y  V and d e n s i t y  p i s  g iven  by: 
P  

. . 
+ +- 

The v e l o c i t y  of motion a t  a p o i n t  u  i s  a  complete r e p l i c a  of F ( t )  delayed i n  

t i m e  by t h e  p r o p a g a t i o n  d e l a y ,  R/V . Far  f i e l d  p a r t i c l e  v e l o c i t y  r a t i o s  of s o i l  
P 

t o  rock f o r  a common F ( t )  and d i s t a n c e  a r e  t h e n  

fiS P R  V S  = s o i l  
- = - * %  100 ; where 
G P 

R  S  p s  R  = rock 

Looking ahead t o  our  d i s c u s s i o n  of s e i s m i c  n o i s e  l e v e l s ,  w e  shou ld  e x p e c t  motion 

l e v e l s  i n  s o i l s  t o  b e  s u b s t a n t i a l l y  l a r g e r  t h a n  t h o s e  i n  r o c k ,  when t h e  d i s t r i b u -  

t i o n s  of s o u r c e s  and s o u r c e  s t r e n g t h s  a r e  roughly e q u i v a l e n t .  

An a l t e r a t i o n  of s e i s m i c  body waves always occurs  a t  a  boundary.  The waves 

are conver ted  i n  k i n d ;  boundary phases  develop.  Techniques f o r  computing t h e  t r a n s -  

m i s s i v i t y  of l a y e r e d  media have been t h e  aim of much t h e o r e t i c a l  work ( 3 , 4 ) .  

* References  t o  F i g u r e s ,  T a b l e s ,  and Equat ions  apply  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  n o t e d .  
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TABLE 1 

TABLE OF SEISMIC VELOCITIES FOR COMMON MATERIALS 

Material 

IGNEOUS AT SHALLOW DEPTH 

GRANITE 

DIORITE 

GNEISS 

SEDIMENTARY ROCKS 

LIMESTONE 

MARBLE 

CHALK 

SLATE 

UNCONSOLIDATED SEDIMENTS 

WETCLAY 

SAND (TIGHT) 

SAND (LOOSE) 

SOIL 

ALLUVIAL CLAY 

ALLUVIAL SAND 

TALUS 

WEATHERED LAYER 

* SHIMA ** WATKINS 

( 3 7 )  ( 3 8 )  

4 , 9 2 0  - 5 , 4 1 3  3 7 5  - 1 , 1 5 0  *** 
1 , 9 7 0  - 6 , 0 7 3  1 , 1 5 0  - 1 , 3 4 0  *** 
6 5 5  - (min. m e a s . )  

*** GEOLOGICAL SOC. OF AMER, MEMOIR 9 7  

(39)  
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-1 We speak  of waves observed on t h e  e a r t h ' s  s u r f a c e  t h a t  a t t e n u a t e  a s  R i n  t h e  

f a r  f i e l d  a s  body waves,  and t h o s e  t h a t  a t t e n u a t e  a s  R -'I2 a s  s u r f a c e  waves,  each 

a l s o  hav ing  d i f f e r e n t  phase  v e l o c i t i e s .  Between t h e s e  two l i e  t h e  s o - c a l l e d  l eaky  

modes. For  h o r i z o n t a l l y  s t r a t i f i e d  media ,  l eaky  mode b e h a v i o r  shou ld  dominate 

t h e  m i n e r ' s  s i g n a l ( 3 ) .  Normal o r  locked  mode t r a n s m i s s i o n  s h o u l d  govern an a r e a ' s  

n o i s e  a t t r i b u t e s  when e x c i t e d  by d i s t a n t  s u r f a c e  s o u r c e s  (4 ,361 

Much of  t h e  a n a l y s i s  of s e i s m i c  wave t r a n s m i s s i o n  t o  d a t e  a c h i e v e s  mathemat ica l  

s u c c e s s  on ly  when a p p l i e d  t o  t h e  c o m p l e x i t i e s  met on a  s m a l l  s c a l e  n e a r  t h e  e a r t h ' s  

s u r f a c e .  Computat ional  t o o l s  a r e  on ly  now becoming g e n e r a l l y  a v a i l a b l e  t o  d e a l  w i t h  

t h e s e  c o m p l e x i t i e s  (27)  i n  a  more g e n e r a l  f a s h i o n .  

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

waves e x h i b i t  t h e  f o l l o w i n g  p r o p e r t i e s :  

(1 )  An a t t e n u a t i o n  w i t h  d i s t a n c e  a s  116 

(2)  An a t t e n u a t i o n  from t h e  s ~ r f a c e  i n  terms of k  

(3)  A h i g h l y  s e l e c t i v e  enhancement of t h e  motion i n  k,w s p a c e  

(4 )  A phase  v e l o c i t y  dependence on k ,  o ( D i s p e r s i o n )  

For t h i s  c a s e ,  u ,  i s  n o t  a  de layed  v e r s i o n  of  F ( t ) .  Indeed p a t h  a t t r i b u t e s  

h e a v i l y  mask t h e  t r u e  h i s t o r y  o f  t h e  s o u r c e .  Schemat ica l ly  w e  can view t h e  e a r t h  

a s  a  h i g h l y  compl ica ted  f i l t e r  t h a t  d e l a y s  and c o l o r s  t h e  s o u r c e .  

I n  summary t h e  e a r t h  i s  a  l i n e a r ,  p a s s i v e ,  t ime i n v a r i a n t ,  r e a l i z a b l e  f i l t e r  

w i t h  t h e  f o l l o w i n g  p r o p e r t i e s :  

(1 )  Adding i n p u t s ,  adds o u t p u t s  

( 2 )  Measurements between t h e  s o u r c e  and r e c e i v e r  a r e  coheren t  
( i n  t h e  absence  of n o i s e )  

(3 )  F i l t e r i n g  is  mult  i -d imens iona l  i n  k  , w . 
(4)  R e c i p r o c i t y  e x i s t s  between t h e  s o u r c e  and r e c e i v e r .  

(5)  When t h e  c o l l e c t i v e  s o u r c e  a t t r i b u t e  i s  g a u s s i a n ,  t h e  o u t p u t  i s  
g a u s s i a n .  

B. The R e p r e s e n t a t i o n  of a  Se i smic  Wave 

We d e f i n e  G(a ) ,  t h e  s p e c t r a l  e s t i m a t e  of our  mot ion measured a t  a  s t a t i o n a r y  

p o i n t  a s  

G(w) = F.T. { u ( t )  -u( t+nAt)  ) t ime average  (4 )  

I n  l i k e  manner G(k) i s  

s p a c e  average  (5) 

Arthur D Little Inc. 



TABLE 1 
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-1 
We speak of waves observed on t h e  e a r t h ' s  s u r f a c e  t h a t  a t t e n u a t e  a s  R i n  t h e  

f a r  f i e l d  a s  body waves,  and t h o s e  t h a t  a t t e n u a t e  a s  R 
-112 

a s  s u r f a c e  waves,  each 

a l s o  hav ing  d i f f e r e n t  phase  v e l o c i t i e s .  Between t h e s e  two l i e  t h e  s o - c a l l e d  l eaky  

modes. For h o r i z o n t a l l y  s t r a t i f i e d  media,  l eaky  mode behav ior  shou ld  dominate 

t h e  m i n e r ' s  s i g n a l ( 3 ) .  Normal o r  locked mode t r a n s m i s s i o n  shou ld  govern an a r e a ' s  

n o i s e  a t t r i b u t e s  when e x c i t e d  by d i s t a n t  s u r f a c e  s o u r c e s  (4,361 

Much of t h e  a n a l y s i s  of s e i s m i c  wave t r a n s m i s s i o n  t o  d a t e  ach ieves  mathemat ical  

s u c c e s s  on ly  when a p p l i e d  t o  t h e  complex i t i e s  met on a  s m a l l  s c a l e  n e a r  t h e  e a r t h ' s  

s u r f a c e .  Computational t o o l s  a r e  only  now becoming g e n e r a l l y  a v a i l a b l e  t o  d e a l  w i t h  

t h e s e  c o m p l e x i t i e s  (27)  i n  a more g e n e r a l  f a s h i o n .  

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

waves e x h i b i t  t h e  f o l l o w i n g  p r o p e r t i e s  : 

(1)  An a t t e n u a t i o n  w i t h  d i s t a n c e  a s  l/& 

(2)  An a t t e n u a t i o n  from t h e  s ~ r f a c e  i n  terms of k 

(3)  A h i g h l y  s e l e c t i v e  enhancement of t h e  motion i n  k , ~  s p a c e  

(4)  A phase  v e l o c i t y  dependence on k ,  w .  ( ~ i s p e r s i o n )  

For t h i s  c a s e ,  u ,  i s  n o t  a  de layed  v e r s i o n  of F ( t )  . Indeed p a t h  a t t r i b u t e s  

h e a v i l y  mask t h e  t r u e  h i s t o r y  of t h e  s o u r c e .  Schemat ica l ly  we can view t h e  e a r t h  

a s  a  h i g h l y  compl ica ted  f i l t e r  t h a t  d e l a y s  and c o l o r s  t h e  s o u r c e .  

I n  summary t h e  e a r t h  i s  a  l i n e a r ,  p a s s i v e ,  t ime i n v a r i a n t ,  r e a l i z a b l e  f i l t e r  

w i t h  t h e  fo l lowing  p r o p e r t i e s  : 

(1) Adding i n p u t s ,  adds o u t p u t s  

(2) Measurements between t h e  s o u r c e  and r e c e i v e r  a r e  coheren t  
( i n  t h e  absence of n o i s e )  

(3) F i l t e r i n g  is  mul t i -d imensional  i n  k ,  w. 

(4)  R e c i p r o c i t y  e x i s t s  between t h e  s o u r c e  and r e c e i v e r .  

(5) When t h e  c o l l e c t i v e  s o u r c e  a t t r i b u t e  i s  g a u s s i a n ,  t h e  o u t p u t  i s  
g a u s s i a n .  

B. The R e p r e s e n t a t i o n  of a  Se i smic  Wave 

We d e f i n e  G(o ) ,  t h e  s p e c t r a l  e s t i m a t e  of our  motion measured a t  a  s t a t i o n a r y  

p o i n t  a s  

G(w) = F.T. { u ( t )  -u( t+nAt)  ) 

I n  l i k e  manner G(k) is  

t ime average  (4 )  

s p a c e  average  (5) 
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and G(k, w) = F.T.{u(x, t )  *u(x+nhx, t+nht)  1 

spat io- temporal  average 

(F.T. = t he  - Four i e r  - ~ r a n s f o r m )  

(---- = complex conjugate)  

Let  us now r ep re sen t  t h e  a t t r i b u t e s  of an impulse i n  a  non-dispers ive medium 

f o r  t he se  var ious  r e p r e s e n t a t i o n s .  The impulse i s  

u = 6 (kx-wt). 

The r e p r e s e n t a t i o n s  a r e  shown i n  Figure  1. 

C.  Elementary Array Process ing  

Arrays a r e  space  f i l t e r s .  The i r  response H(k) i s  determined by t h e i r  arrange-  

ment i n  space .  For a  uniform d i s t r i b u t i o n  of seismometers about a  p o i n t ,  s e i s -  

mometer summing has  t he  e f f e c t  of low pass  f i l t e r i n g .  Hankel t ransforms apply i n  

t h i s  s imple  case(30) .  The response of a  seven element ,  hexagonal a r r a y  i s  given 
(6) i n  F igure  2 . 

I f  we now combine frequency and s p a t i a l  f i l t e r i n g  we can pass  o r  r e j e c t  ce r -  

t a i n  reg ions  i n  w ,  k  (F igure  3 ) .  For a  gene ra l  d i s cus s ion  of a r r a y s  i n  d e t e c t i o n ,  

s e e  P a r t  Ten. 

D. S i g n a l  Represen ta t ion  

The presumed f e a t u r e s  of t h e  miner ' s  s i g n a l  a r e :  

(1) High apparen t  ve loc i t y ,  c  = w/k l a r g e  

( 2 )  R e p e t i t i v e  coherent  wave le t s  

a )  F ( t )  Impulsive: t h e  frequency of t h e  maximum 

p a r t i c l e  ~ e l o c i t ~ ( ~ ) . y  t o  t h e  r e c i p r o c a l  of t h e  

h a l f  pe r iod  of  t h e  con t ac t  time . 
b; Path i n v a r i a n t  

(3)  P ropo r t i ona t e ly  l a r g e  v e r t i c a l  component 

(P wave and f l a t  l aye r ing )  

( 4 )  A lowering of peak frequency w i th  d i s t a n c e  due t o  

1 )  I n t e r n a l  l a y e r i n g  (32) 

2) I n e l a s t i c  response ,  e s p e c i a l l y  i n  s u r f a c e  a l luvium 

(5)  Quar te r  wave leaky resonance of upper l a y e r  can enhance t he  s i g n a l  
(3) wavelet  a t  d i s c r e t e  f requenc ies  

(8) (6) The s i g n a l  appears  coherent  only over  a  sma l l  a r e a  a t  t h e  s u r f a c e  . 
9.5 Arthur D Little. Inc 



G (k )  = 1 

FIGURE 1 REPRESENTATION OF AN IMPULSE 
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FIGURE 2 K PLANE RESPONSE FOR EQUALLY WEIGHTED 7-SEISMOMETER 
HEXAGONAL ARRAY WITH SEISMOMETER SPACING d 
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Reject (Temporal) 
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FIGURE 3 SPATIAL AND BANDPASS FREQUENCY FILTERING 
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The approximate location of the miner's signal in the U, k plane is 
shown in Figure 4. 

FIGURE 4 LOCATION OF THE MINER'S SIGNAL IN  (w,k) PLANE 
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111. BASE SEISMIC NOISE LEVEL 

A. S t a t i s t i c a l  C lass  
(18) I n  t h e  main,  s e i s m i c  s o u r c e s  have been found t o  b e  random and independent  . 

I n  t h e  absence of  a  conspicuous s o u r c e ,  l imit-in-the-mean theorems app ly  s o  t h a t  t h e  

motion l e v e l  a t  a  p o i n t  h a s  g a u s s i a n  a t t r i b u t e s .  For t h e  c a s e  a t  hand,  t h e r e  i s  

l i t t l e  t o  s u g g e s t  e i t h e r  e x p e r i m e n t a l l y  o r  c o n c e p t u a l l y  t h a t  motions cannot  be  e f f e c -  

t i v e l y  t r e a t e d  a s  g a u s s i a n  v a r i a t e s .  A s  such a l l  t h e  p r o b a b i l i t y  i n f o r m a t i o n  of 

t h e  motion of a  p o i n t  i s  g iven  by i t s  covar iance  o r  i ts  F o u r i e r  t r a n s f o r m  s p e c t r a  

(mean = 0 ) .  The t r e a t m e n t  of s e i s m i c  n o i s e  f i e l d s  f o r  d e t e c t i o n  i s  a  n a t u r a l  

e x t e n s i o n  of t h e  t r e a t m e n t  of  random s c a l a r  p r o c e s s e s .  The s u b j e c t  i s  w e l l  develop- 

e d .  For  our  immediate p u r p o s e s , s p a t i a l  sampling a l lows  us t o  p r e f e r e n t i a l l y  a c c e p t  

e lementa ry  wave components i n  t h e  s i g n a l  r e g i o n .  The e f f e c t i v e n e s s  of a r r a y s  funda- 

menta l ly  r e s t s  on our  p r o p e r  r e c o g n i t i o n  of t h e  p ropaga t ion  a t t r i b u t e s  of t h e  n o i s e  

and s i g n a l  i n  t h e  w , k p l a n e .  

B .  Data  A n a l y s i s  and E s t i m a t i o n  o f  Base Noise Leve l s  of Motion Between 10-100 Hz 

Se i smic  n o i s e  above 10 Hz i s  n o t  a  w e l l  developed t o p i c ,  and t h e  bu lk  of t h e  

open l i t e r a t u r e  t h a t  does e x i s t  r e q u i r e s  some i n t e r p r e t a t i o n  b e f o r e  b e i n g  compared 

t o  periodograms o r  s p e c t r a .  

Approximately 20 y e a r s  ago Wilson conducted a  c a r e f u l  exper iment  i n  England 

t o  d i s c e r n  t h e  o r i g i n s  and n a t u r e  of microseisms o v e r  t h e  band 4-100 Hz. I n  h i s  

exper iments  he  found ground p a r t i c l e  v e l o c i t y  rms n o i s e  l e v e l s  a s  low as 0 . 2  p i p s  i n  

c h a l k  a r e a s  and a s  h i g h  a s  1 p i p s  i n  c l a y  s o i l  a r e a s ,  over  t h e  4-100 Hz passband ,  

i n  t h e  p r e s e n c e  of sys tem n o i s e  of 0 . 1  p i p s .  These l e v e l s  r e p r e s e n t  t h e  r m s  n o i s e  

l e v e l s  remaining a f t e r  s o u r c e s  such a s  v e h i c u l a r  t r a f f i c  , machinery,  a i r c r a f t ,  wind- 

v e g a t i o n ,  r a i n  e t c . ,  were removed. 

More r e c e n t l y  F r a n t t i  r e p o r t e d  s u r f a c e  measurements i n  t h e  band 10-100 Hz. 

H i s  r e s u l t s  a r e  p r e s e n t e d  i n  a  series of  r e p o r t s  (11 ,12 ,13) .  Given i n  F i g u r e  5  a r e  

t h e  smoothed r e s u l t s  of h i s  1965 r e p o r t .  Here w e  have t a k e n  t h e  l i b e r t y  t o  modify 

h i s  o r i g i n a l  p l o t s  by r e s t o r i n g  t h e  measurements t o  t h e  peak-to-peak v a l u e  i n  a 

1 1 3  o c t a v e  band by m u l t i p l y i n g  h i s  s p e c t r a l  v a l u e  by 113  o c t a v e .  T h i s  m u l t i p l i c a -  

t i o n  is c o n s i s t e n t  w i t h  s p e c t r a l  u n i t s .  R e s u l t s  a r e  g iven  i n  t e r m s  of t h e  

upper  and lower q u a r t i l e s  and t h e  median, a s  found a t  some 90 l o c a t i o n s .  He s e l e c t -  

ed  sample d a t a  "dur ing t i m e  p e r i o d s  t h a t  appeared t o  be  f r e e  from obvious ,  l o c a l  

anomalous s o u r c e s  of n o i s e  n e a r  t h e  s i t e  a t  t h e  t i m e  of  r ecord ing1 ' .  A s  such h i s  
l e v e l s  s h o u l d  a l s o  approximate  "base s e i s m i c  l e v e l s .  " 
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Both ÿ rant ti's (1962)and ~ i l s o n ' s  d a t a  show a s t r o n g  t r e n d  towards c l u s t e r i n g  

t h e  s m a l l  l e v e l s  i n  a r e a s  w i t h  a s u r f a c e  geology of rock.  Both no ted  a s i g n i f i -  

c a n t  i n c r e a s e  of l e v e l  w i t h  wind. The upper q u a r t i l e  l e v e l s  of F i g u r e  5 ( a f t e r  

F r a n t t i )  a r e  t a k e n  t o  b e  more s u g g e s t i v e  of t h e  b a s e  l e v e l  f o r  a l l u v i a l  a r e a s .  

Rock a r e a s  i n  t u r n  a r e  more n e a r l y  r e p r e s e n t e d  by t h e  lower q u a r t i l e  l e v e l s .  

Also g iven  i n  F igure  5 a r e  Westinghouse s p e c t r a  t aken  a t  t h e  USBM exper iment-  
(8) i- a 1  mine a t  Bruce ton ,  Pa.  Again we have conver ted  t h e  d a t a  t o  t h e  peak-to-peak 

v a l u e  t o  b e  found i n  1 / 3  o c t a v e  bands ,  by summing t h e  s p e c t r a  o v e r  113  o c t a v e  and 

c o n v e r t i n g  t o  a peak-to-peak e s t i m a t e  by m u l t i p l y i n g  t h e  r m s  v a l u e  by 1 . 7 .  These 

Westinghouse v a l u e s  f a l l  between w rant ti's median and lower q u a r t i l e  v a l u e s  i n  t h e  

range  10-100 Hz. Above 100 Hz we have only  t h i s  Westinghouse da ta* .  For t h i s  r e g i o n  

 rantt ti's e s t i m a t e s  a r e  e x t r a p o l a t e d  beyond 100 Hz u s i n g  t h e  s l o p e  of t h e  Westing- 

house  d a t a  t aken  a t  Bruceton mine above 100 Hz. This  p o r t i o n  of t h e  s p e c t r a  above 

100 Hz must b e  c o n s i d e r e d  q u i t e  s p e c u l a t i v e .  

Also shown i n  F i g u r e  5 a r e  d a t a  t aken  by Bradner  e t  al!16)and Gofor th  (17) 

The Bradner v a l u e s  a r e  t aken  n e a r  t h e  ocean.  Using F r a n t t i ' s  r e g i o n a l  d i s t r i b u -  

t i o n  ( I 3 )  of s e i s m i c  l e v e l s  Bradner ' s  r e s u l t s  appear  low, t h e  e x p l a n a t i o n  probably  

l y i n g  i n  t h e  c a r e  used by Bradner i n  i n s t a l l i n g  t h e  se ismometers .  By c o n t r a s t  

t h e  Gofor th  d a t a  a r e  w e l l  r e p r e s e n t e d  by t h e  F r a n t t i  d a t a .  A s  w i t h  Wilson,  Gofor th  

h a s  p r e s e n t e d  a b a s e  v a l u e .  The upper v a l u e  can b e  a s s o c i a t e d  w i t h  a l o c a l  anomaly 

caused by geothermal  a c t i v i t y  known t o  e x i s t  i n  t h e  a r e a .  Having e s t a b l i s h e d  a 

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

s e n s o r ,  a judgement must now b e  made as t o  how t h i s  s e i s m i c  energy is  d i s t r i b u t e d  i n  

t h e  LJJ , k p l a n e ,  i n  o r d e r  t o  de te rmine  t h e  b a s e  l e v e l  t h a t  would b e  passed  by a 

s m a l l  a r r a y .  

Very few i n v e s t i g a t o r s  have  cons idered  t h e  s t r u c t u r e  of h i g h  f requency s e i s m i c  

n o i s e  f i e l d s .  Aki 'I8) i n  an e x t r a o r d i n a r i l y  comprehensive paper  on s e i s m i c  n o i s e  

h a s  d e r i v e d  t h e  e s s e n t i a l  t o o l s  f o r  t r e a t i n g  t h e  problem. I n  t h i s  work h e  cons ider -  

ed  t h e  s p a t i a l  a t t r i b u t e s  of an i s o t r o p i c  s e i s m i c  n o i s e  f i e l d .  These concepts  were  

t e s t e d  by s u r f a c e  o b s e r v a t i o n s .  Using on ly  a p a i r  of se ismometers  and n e g l i g i b l e  

computa t iona l  hardware ,  Aki c o n s t r u c t e d  a r e a s o n a b l e  p i c t u r e  of t h e  n o i s e  a t  his 

r e c o r d i n g  s i t e .  He found much of t h e  n o i s e  t o  occur  a s  fundamental  mode s u r f a c e  

waves. I n  t u r n  Akamatu ( I 9 )  consc ious  of t h e  work of Wilson and Aki ,  c o n c e n t r a t e d  

Westinghouse C o n t r a c t  H0210063 w i t h  Bureau o f  Mines. 

* 
The "seismic"  n o i s e  l e v e l s  r e p o r t e d  by Westinghouse p r i o r  t o  t h e  Bruceton mine 

exper iment  a r e  n o t  used t o  e s t i m a t e  t h e  d i s t r i b u t i o n s  i n  s e i s m i c  b a s e  l e v e l  n o i s e ,  
because  t h e  lower  bounds of t h a t  n o i s e  d a t a  were masked by sys tem n o i s e .  
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on t h e  d i s t r i b u t i o n  of s e i s m i c  waves w i t h  v e l o c i t y .  She found t h e  b u l k  of t h e  

n o i s e  conf ined  t o  v e l o c i t i e s  much less t h a n  3,000 f t . / s e c .  Guided by t h e s e  two 

works and t h e  work of P h i l l i p s ( 2 0 )  on s m a l l  sha l low b u r i e d  a r r a y s ,  t h e  conc lus ion  

i s  t h a t  a small a r r a y  w i l l  have l i t t l e  e f f e c t  on baseband n o i s e  i n  sha l low rock  

a r e a s .  I n  c o n t r a s t ,  f o r  a l l u v i a l  a r e a s  d i r e c t  summing of a s m a l l  a p e r t u r e  seismo- 

meter a r r a y  w i l l  d imin i sh  t h e  b a s e  l e v e l  by 6 db o r  more a t  t h e  f r e q u e n c i e s  of 

i n t e r e s t .  

Westinghouse n o i s e  d a t a  t a k e n  a t  t h e  Bruceton mine can b e  used t o  s u g g e s t  t h e  

impact of seismometer b u r i a l  on b a s e  n o i s e .  Given i n  F i g u r e  6 a r e  t h e  motion l e v e l s  

a t  a 23 f t .  dep th  d u r i n g  a s u r f a c e  h igh  n o i s e  c o n d i t i o n .  The r e p o r t e d  v a l u e  a t  t h i s  

dep th  f a l l s  below q u i e t  s u r f a c e  l e v e l s  by 2-12 db.  Also shown a r e  t h e  c o r r e s p o n d i n g .  

h igh  s u r f a c e  n o i s e  l e v e l s ,  and t h e  average  s u r f a c e  n o i s e  l e v e l s  a t  t h a t  s i t e .  

T h e r e f o r e  a combination of sha l low b u r i a l  and t h e  u s e  of a r r a y s  might b e  reason-  

a b l y  expec ted  t o  a t t e n u a t e  b a s e  s e i s m i c  l e v e l s  by 10 db i n  low v e l o c i t y  a l l u v i a l  

a r e a s .  I n  sha l low h a r d  rock a r e a s ,  t h e  a t t e n u a t i o n  w i l l  b e  s u b s t a n t i a l l y  smaller 

i f  o u r  e x p e r i e n c e  i n  t h e  1-10 Hz band remains v a l i d .  Consequently t h e  b a s e  s e i s m i c  

n o i s e  l e v e l  i n  t h e  m i n e r ' s  s i g n a l  band, a f t e r  b u r i a l  and a r r a y  summing, shou ld  be  

reasonab ly  c l o s e  t o  v a l u e s  i n  F r a n t t i  's lower q u a r t i l e  . Futhermore , v a r i a t i o n  

abou t  t h e  median shou ld  b e  s i g n i f i c a n t l y  reduced below t h e  o r i g i n a l  " u n t r e a t e d "  

s u r f a c e  n o i s e  d i s p e r s i o n .  

Es t imated  b a s e  n o i s e  peak-to-peak l e v e l s ,  as s e e n  by 1 1 3  o c t a v e  passbands  

have been p l o t t e d  i n  F i g u r e  7 f o r  sha l low b u r i e d  a r r a y s .  F i g u r e  7 i n d i c a t e s  t h a t  

t h e  upper quar t i l e - to -median  n o i s e  l e v e l s ,  a f t e r  b u r i a l  and a r r a y s ,  shou ld  f a l l  t o  

l e v e l s  between median-to-lower q u a r t i l e  l e v e l s  of F igure  6 f o r  a s i n g l e  s u r f a c e  

se ismometer ,  o v e r  t h e  f requency range approximately  bounded by 40 t o  120 Hz. 

T h i s  i s  t h e  band where most of t h e  miner  g e n e r a t e d  s i g n a l  energy h a s  been found 

t o  d a t e .  F i g u r e  7 a l s o  r e v e a l s  t h e  f l a t t e n i n g  of t h e  F i g u r e  6 n o i s e  spectrum 

o v e r  t h e  10-100 Hz r a n g e ,  and t h e  mo2e r a p i d  r o l l - o f f  above 100 Hz,expected w i t h  

sha l low b u r i e d  a r r a y s .  

The v a l u e s  shown a r e  s e n s i t i v e  t o  bandwidth.  A s  g i v e n ,  they  a r e  d i r e c t l y  

a p p l i c a b l e  on ly  t o  narrow band s i g n a l  d e t e c t i o n .  The curves  a r e  r e a d i l y  a d j u s t e d  

t o  l a r g e r  bandwidths i n  t h e i r  f l a t  a r e a s  by m u l t i p l y i p g  t h e  v a l u e  shown by 

where n is  t h e  number of t h i r d  o c t a v e  bands i n  t h e  d e s i r e d  l a r g e r  bandwidth.  
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A t  low f r equenc i e s ,  seismic s p e c t r a l  l e v e l s  appear t o  be f l a t  wi th  

v e l o c i t y .  A t  h igher  f requenc ies ,  s p e c t r a  tend t o  be f l a t  w i th  a c c e l e r a t i o n .  

S ince ,  a t  very  high f requenc ies ,  t h e  base l e v e l  becoiiies exceedingly sma l l ,  

and system n o i s e  i s  approximately f l a t  wi th  v e l o c i t y ,  (8) we can the re fo re  

expect  t h a t  any measuring system w i l l  eventua l ly  become system-noise-limited, 

i f  t h i s  s p e c t r a l  t rend  cont inues i n  t h e  base  se i smic  no i se .  

The Figures  6 and 7 p l o t s  r ep re sen t  our b e s t  e s t ima te s  based on the  

l i m i t e d  n o i s e  d a t a  a v a i l a b l e  t o  d a t e  i n  t h e  10-100 Hz frequency band of 

i n t e r e s t .  A s  such,  they should s t i l l  be considered s p e c u l a t i v e  base  l e v e l s  

r e q u i r i n g  v e r i f i c a t i o n ,  p a r t i c u l a r l y  f o r  t h e  Eas te rn  coa l  mining reg ions .  

I V .  COMMON NOISE SOURCES 

Having e s t a b l i s h e d  a  base se i smic  n o i s e  through our  system, t h e  impact 

of conspicuous n o i s e  sources  must now be assessed .  Three common sources  of 

se i smic  s u r f a c e  n o i s e  a r e  acous t i c ,  wind ( r a i n ) ,  and f i x e d  l o c a l  machinery. 

Each source  w i l l  be considered i n  t u r n  w i th  a  method of dea l ing  wi th  i t  t o  

main ta in  an o v e r a l l  s e i smic  no i se  va lue  nea r  our base l e v e l .  

A. Acoustic:  P i s ton  A i r c r a f t  

According t o  Wilson, low f l y i n g  a i r c r a f t  a r e  capable  of i nc reas ing  t h e  

se i smic  base  l e v e l  when they c l o s e  t o  w i th in  about 10,000 f t .  I n  t h i s  ca se ,  

t h e  ground d i s tu rbance  sensed by t h e  seismometer should take  t h e  form of an 

air coupled se i smic  s u r f a c e  wave, assuming t h a t  t h e  seismometer i s  s u f f i -  

c i e n t l y  bur ied  t o  p r o t e c t  i t  from t h e  d i r e c t  a i r  wave. Such d i s tu rbances  

occur when t h e  h o r i z o n t a l  phase v e l o c i t y  of t h e  a i r  wave matches t h a t  of 

t h e  se i smic  s u r f a c e  wave i n  t h e  ground. I n  t h i s  s i t u a t i o n ,  l a r g e  motions 

r e s u l t  (Crowley) ( 3 3 )  but  t h e  s t r u c t u r e  of t h e  d i s tu rbance  is  such t h a t  

s imple a r r a y  process ing  should be q u i t e  e f f e c t i v e .  A s  shown i n  Figure 8 ,  

such behavior  occurs  a t  t h e  i n t e r s e c t i o n s  of t h e  v l i n e  with t h e  Rayleigh a  
wave curves (1) and (2 ) .  

The s e n s i t i v i t y  of a s i t e  t o  a i r -coupled d i s tu rbances  i s  b e s t  determined 

by f i r i n g  a sma l l  explos ion  on t h e  s u r f a c e .  Once t h e  wave number, k ,  of t he  

air -coupled term is known, an omnid i rec t iona l  a r r a y  can be cons t ruc ted  t o  

suppress  i t  by something nea r  20 db. A s  a i r c r a f t  approach c l o s e r  t o  t he  

sensor  a t  low l e v e l s ,  a t  a  d i s t a n c e  of say 5,000 f t . ,  t h e  air-coupled wave 

po le  i n  (w, k )  w i l l  s tar t  t o  migra te  towards t h e  s i g n a l  zone. Also,  t h e  

a r r a y  w i l l  cease  t o  suppress  t h e  d i s tu rbance .  A t  a  d i s t a n c e  of say 1,500 f t . ,  

t h e  d i s tu rbance  w i l l  probably start  t o  s a t u r a t e  any system working a t  a  base  

se i smic  l e v e l  i n  a uniformly layered  a r e a  wi th  an a l l u v i a l  s u r f a c e  geology. 
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Locked Modes Region - va = Velocity of Sound in Air 
(horizontal component) 

d = seismometer separation 

k 

Lea kin!, m.muuVQ 

Locked Modes Region 

va = Velocity of Sound in Air 
(horizontal component) 

or 7-element array 

4 Path of Pole Migration for c > va 

(1) Fundamental mode Rayleigh wave 
(2) Higher order mode Rayleigh wave 

FIGURE 8 AIR-COUPLED SURFACE WAVES I N  LAYERED MEDIA 
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O t h e r  s o u r c e s  of a c o u s t i c  n o i s e ,  such  a s  d i e s e l  g e n e r a t o r s ,  can b e  d e a l t  w i t h  

by combinat ions  of se ismometer  b u r i a l  and coheren t  p r o c e s s i n g  a s  d i s c u s s e d  i n  

S e c t i o n  C below. 

B. Wind and Rain  

A s i n g l e  s u r f a c e  se ismometer  i s  s e v e r e l y  a f f e c t e d  by wind and r a i n .  A s  

n o t e d  by Wilson,  F r a n t t i  and Westinghouse o u r  b a s e  n o i s e  l e v e l  can b e  exceeded by 

two o r d e r s  of magnitude d u r i n g  a  m e t e o r o l o g i c a l  d i s t u r b a n c e .  S u r f a c e  a r r a y s  when 

summed i n  t h i s  c o n d i t i o n  s u p p r e s s  t h i s  type  of n o i s e  by no b e t t e r  t h a n  d'%-' . 
T h i s  p r o c e s s i n g  g a i n  i s  t r i v i a l  i n  l i g h t  of  t h e  d e s i r e d  b a s e  l e v e l .  I n  c o n t r a s t  

t o  a r r a y  p r o c e s s i n g ,  b u r i a l  a p p e a r s  t o  b e  ex t remely  e f f e c t i v e .  Westinghouse re -  

p o r t e d  a  6 db a t t e n u a t i o n  by b u r y i n g  t o  on ly  0.5 f t .  and an a t t e n u a t i o n  between 

20-40 db was ach ieved  by 20 f t .  of b u r i a l .  Modest b u r i a l  of a  s i n g l e  s e n s o r ,  o r  

s h a l l o w  b u r i a l  of a  s m a l l  s u b a r r a y ,  should  h o l d  most m e t e o r o l o g i c a l  d i s t u r b a n c e s  

t o  p e r m i s s i b l e  n o i s e  l e v e l s .  

C. F ixed L o c a l  D i s t u r b a n c e s  

Wilson n o t e d  pumps d i s t u r b e d  h i s  b a s e  l e v e l  a t  a  d i s t a n c e  of l e s s  t h a n  

10,000 f t .  Such disturbances a r e  q u i t e  c a p a b l e  of degrading o u r  s i g n a l  zone 

a s  d e p i c t e d  i n  F i g u r e  9 .  Normal a r r a y  p r o c e s s i n g  can b e  e f f e c t i v e  only  f o r  

t h a t  p o r t i o n  of t h e  n o i s e  e x t e r i o r  t o  t h e  s i g n a l  zone. An a l t e r n a t i v e  approach 

f o r  r e j e c t i n g  t h e s e  d i s t u r b a n c e s  i s  o f f e r e d  based on t h e  f a c t  t h a t  t h e  n o i s e  

s o u r c e  a r e a  is c o h e r e n t  w i t h  t h e  d i s t u r b a n c e  sensed  by t h e  s u b a r r a y .  The problem 

is  s c h e m a t i c a l l y  r e p r e s e n t e d  i n  F i g u r e  10 .  

S i n c e  t h e  e a r t h  is  a  l i n e a r  f i l t e r ,  a  measurement i n  t h e  neighborhood of t h e  

s o u r c e  w i l l  b e  comple te ly  c o h e r e n t  w i t h  n '  ( t ) ,  i . e . ,  t h e  u n p r e d i c t a b i l i t y  of t h e  1 
motion n  ( t )  i s  a  s o u r c e  a t t r i b u t e ,  n o t  a  t r a n s m i s s i o n  a t t r i b u t e .  Hence a  

1 
measurement a t  p  of n  ( t )  can remove t h e  n '  ( t )  c o n t r i b u t i o n  s e n s e d  a t  t h e  1 1 1 
s u b a r r a y  l o c a t i o n  p  Following Levinson 2 '  

a  p r e d i c t i v e  f i l t e r  can b e  c o n s t r u c t -  

ed between two p o i n t s  even w i t h  a  minicomputer.  The key t o  t h e  s u c c e s s  of t h i s  

c o h e r e n t  p r o c e s s i n g  i s  t h a t  t h e  dynamic range of  t h e  measur ing sys tem b e  s u f f i c i e n t  

t o  o b t a i n  an  adequa te  r e p r e s e n t a t i o n  of n  ( t ) .  1 
For t h e  b u l k  o f  s t a t i c  s o u r c e s ,  e . g . ,  machinery ,  t h e  r e s u l t i n g  d i s t u r b a n c e  

is narrow band.  I n  t h i s  c a s e  a  s h o r t  p r e d i c t i o n  o p e r a t o r  i s  adequa te .  P r o c e s s i n g  

g a i n s  of 20 db s h o u l d  b e  r e a d i l y  a t t a i n a b l e .  

D. Moving Sources  a t  a  D i s t a n c e  

Moving s e i s m i c  sources ,  e . g . ,  v e h i c l e  t r a f f i c ,  man w a l k i n g ,  d r i l l i n g  e t c . ,  

d i s t u r b  o u r  s i g n a l  band i n  t h e  manner of F i g u r e  9 .  N e i t h e r  s h a l l o w  b u r i a l  n o r  

a r r a y s  o f f e r  much hope of  a  d r a m a t i c  p r o c e s s i n g  g a i n .  For  t h i s  c a s e  t h e  on ly  

Arthur D Little, Inc. 
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FIGURE 9 SIGNAL AND NOISE ZONES EXCITED BY 
DISTANT SOURCES IN  LAYERED MEDIA 
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nb ( t )  Base Noise 

Linear Transmission 
P, (Source) 

I 

s(t)  Signal 

h F  = Predictive Operator 1+2 

n1 i t) >> nb( t )  near P, 

Note: F r o m  reciproci ty t he  noise source and observation p o i n t  can be exchanged. Such exchanges w o u l d  

provide a basis f o r  evaluating inelastic effects a t  t he  miner's source. 

FIGURE 10 A REPRESENTATION OF A SINGLE FIXED NOISE SOURCE 
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way t o  e n s u r e  a S/N g a i n  i s  t o  move t h e  d e t e c t o r  c l o s e r  t o  t h e  s o u r c e  and away 

from t h e  n o i s e .  A s  a  r u l e  of thumb t h e  n o i s e  of a  s u r f a c e  n o i s e  s o u r c e  g i v e s  r i s e  

t o  a  s i g n a l  below t h e  s u r f a c e  t h a t  i s  t w i c e  t h a t  of a  p o i n t  b u r i e d  s o u r c e .  Hence 

f o r  a  d e t e c t a b l e  s i g n a l  ( 3  = S /S ) i n  t h e  f a r  f i e l d  f o r  a  common p a t h  m a t e r i a l  
m n  

we have:  

6 (</R,) /  in/^,) = 3 ,  (8) 

i . e . ,  a  c o n c e n t r a t e d  n o i s e  s o u r c e  a t  t h e  s u r f a c e ,  F  ,mus t  b e  removed a  d i s t a n c e  
n  

e q u a l  t o  6 d e t e c t o r  d i s t a n c e s  i n  o r d e r  t o  d e t e c t  a  miner source ,  F of t h e  same 
m' 

s t r e n g t h ,  a l l  e l s e  b e i n g  e q u a l .  

For t h e  purpose  of t h i s  d i s c u s s i o n  we have ignored  t h e  p o s s i b i l i t y  of a  s i g -  

n a l  s e p a r a t i o n  i n  f requency due t o  t h e  s o u r c e  c h a r a c t e r ,  t h e  l o s s e s  normal ly  met 

i n  t h e  s u r f a c e  l a y e r  caused by i n t e r n a l  r e f l e c t i o n s ,  and i n e l a s t i c i t y .  Our con- 

c l u s i o n  s h o u l d  b e  on t h e  c o n s e r v a t i v e  s i d e  f o r  a  deeply  b u r i e d  d e t e c t o r .  C l e a r l y ,  

a s  t h e  d e t e c t o r  e n t e r s  t h e  n e a r  f i e l d  of t h e  s o u r c s  a l a r g e  enhancement i n  t h e  
-3 

miner ' s  s i g n a l  occurs  s i n c e  wave l o s s e s  i n  t h i s  r e g i o n  vary  a s  R . 
E. Int ra-mine Sources  

Int ra-mine d i s t u r b a n c e s  w i l l  produce s i g n a l s  i n  t h e  miner ' s  s i g n a l  zone; hence 

an a r r a y  p r o c e s s o r  w i l l  t e n d  t o  p a s s  them. The impact of "hard" n o i s e  s o u r c e s  such 

a s  t h e s e  and s e i s m i c  d i s t u r b a n c e s  caused by deep d r i l l i n g  a r e  d i f f i c u l t  t o  a s s e s s .  

For a  comparable s o u r c e  s t r e n g t h ,  t h e s e  s o u r c e s  shou ld  b e  removed from t h e  a r r a y  

a t  l e a s t  t h r e e  (3) t imes  t h e  d i s t a n c e  o f  t h e  miner i n  o r d e r  n o t  t o  i n t e r f e r e  w i t h  

d e t e c t i o n .  I n  t h e  e v e n t  t h a t  t h e s e  n o i s e  s o u r c e s  a r e  s u b s t a n t i a l l y  c l o s e r ,  t h e  

b a s e  n o i s e  l e v e l s  sugges ted  h e r e  cannot  b e  main ta ined .  Tab le  2 i s  sugges ted  a s  a  

gu ide  f o r  c o n t r o l l i n g  n o i s e  s o u r c e s  t o  h o l d  s e i s m i c  l e v e l s  n e a r  t h e  b a s e  v a l u e s  

o f  F i g u r e  7 .  
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TABLE 2 

SEPARATION GUIDELINES FOR DEALING WITH MAN-MADE NOISE SOURCES* 

Type 

Light  Vehicular  

P i s ton  A i r c r a f t  

Lone Trees  and 
Telephone Poles  
(heavy wind condi t ion)  

D r i l l i n g  

Man Walking 

Machinery (heavy) 

Intra-Mine Sources 

(miner equ iva l en t )  

Dis tance Detec tor  

10,000 f t .  

5,000 f t .  

20,000 f t .  

5,000 f t .  

400 f t .  

150 f t  

7,500 f t .  

5,000 f t .  

1,000 f t .  

500 f t .  

10,000 f t .  

2,000 f t .  

3,000 f t .  

3,000 f t .  

S ing l e  Phone 

Buried Array 

S ing l e  Phone 

Buried Array 

S ing l e  Phone 

Buried Array 

S ing le  Phone 

Buried Array 

S ing le  Phone 

Burr ied Array 

S ing l e  Phone 

Coherent Process ing  

S ing l e  Phone 

Buried Array 

* The d e t e c t o r  scheme and n o i s e  source-de tec tor  s e p a r a t i o n  d i s -  
t ances  shown a r e  those  which should be s u f f i c i e n t  t o  keep t h e  
d i s t u rbance  of t h e  a s s o c i a t e d  n o i s e  source w i t h i n  t h e  "base" 
n o i s e  l e v e l s  d i scussed  i n  Chapter I11 of  t h i s  P a r t .  These 
g u i d e l i n e s  should be considered bo th  s p e c u l a t i v e  and conse rva t i ve .  
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V. H I G H  FREQUENCY LOW LEVEL SEISMIC NOISE 

The measurement of h igh  frequency low l e v e l  s e i smic  d i s t u rbances  w i l l  probably 

always b e  e v e n t u a l l y  l i m i t e d  by system n o i s e  due t o  t h e  i n h e r e n t  p r o p e r t i e s  o f  a  

seismometer (25) , i t s  coupl ing t o  t h e  ground(7) ,  and t h e  l o s s y  c h a r a c t e r  of t h e  

ground(2) .  The problem is  dep i c t ed  i n  F igure  11. 

(1)  The f r e e  pe r iod  of t h e  seismometer,  f  (4-20 Hz),  depending on 
a  

cho ice  of seismometer.  

(2) The cu to f f  frequency of t h e  seismometer due t o  

ground coupl ing  (100-300 Hz). 

(3)  The cu to f f  f requency due t o  t h e  seismometer c o i l  induc tance  (10-70 x f  ) a 
(4) P a r a s i t i c  responses  of t h e  sesimometer (50-100 x f  ) a 

Here i t  is  assumed t h a t  t h e  seismometer i s  b u r i e d  a t  l e a s t  t o  a  depth s u f f i c i e n t  

t o  suppress  d i r e c t  f o r c e s  on i t s  ca se  by o t h e r  than  e a r t h  motion, i . e . ,  r a i n  d rops ,  

wind l oad ing ,  a c o u s t i c .  A depth of b u r i a l  i n  t h e  range of a  few f e e t  should  s u f f i c e .  

For t h e  problem a t  hand t h e  need t o  t r e a t  e v e r  h i g h e r  f requenc ies  i s  even tua l l y  

l i m i t e d  by t h e  expected performance/cost  r a t i o  of t h e  system. It i s  w e l l  known t h a t  

t h e  impact of h o r i z o n t a l  l a y e r s  on h i g h l y  i n c i d e n t  s e i smic  waves i s  b a s i c a l l y  t h a t  

of a  low-pass f i l t e r .  This  l o s s  and l o s s e s  due t o  i n e l a s t i c  p r o p e r t i e s  of a  r e a l  

e a r t h  s e r v e  t o  f o r c e  us t o  cons ide r  "low frequency" s i g n a l s  even f o r  impuls ive  

sou rce s  a t  d i s t a n c e s  of say  1000 f t .  Also a s  we a r e  fo rced  t o  cons ider  f r equenc i e s  

s u b s t a n t i a l l y  h i g h e r  than  100 Hz, uniform, hard  coupl ing of t h e  seismometers t o  

t h e  e a r t h  becomes eve r  more d i f f i c u l t .  I n  a d d i t i o n ,  d a t a  r a t e s  rise, and t h e  

u s e f u l  dynamic range of any measuring s y s  tem is i n v a r i a b l y  bandwidth-limited . 
Comparing t h e  reduced expec t a t i ons  f o r  s i g n a l s  sugges ted  by t h e  p r e s e n t  observa- 

t i o n s  and t h e  p e n a l t i e s  i n c u r r e d ,  i t  i s  recommended t h a t  t h e  upper frequency of 

a miner ' s  rescue  system be  no more than  250 Hz. 

V I .  OPTIMUM ARRAY PROCESSING 

The v a l u e  of optimum a r r a y  process ing  i n  a  gene ra l  s ense  cannot b e  now a s se s s -  

ed.  However s e v e r a l  f a c t o r s  m i t i g a t e  a g a i n s t  normal optimum p roces s ing .  

(1) The computat ional  burden exceeds t h e  l i m i t e d  capac i t y  

of a  f i e ld -dep loyable  system. 

(2) The t ime r equ i r ed  t o  determine t h e  covar iance  m a t r i x  e s t i m a t e s  of t h e  

n o i s e  f i e l d  appear  exces s ive .  

( 3 )  The n a t u r e  of  t h e  n o i s e  f i e l d  be ing  of  man-made o r i g i n  should e x h i b i t  

s t r o n g  non-s ta t ionary  p r o p e r t i e s .  

(4)  The s i g n a l  c h a r a c t e r  over  t h e  sub-array is  n o t  w e l l  known i n  advance. 
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Thermal Noise 

Frequency 

fa = Free period of seismometer fa 2, (4-20)Hz depending on choice 
of seismometer 

fb = Cutoff frequency due to ground coupling, 100-300 Hz 

f, = Cutoff due to coil inductance, 2, 50 x fa 

dl ,d2 = Parasitic responses of seismometer, 2. (40-50) x fa 

FIGURE 11 THE PROBLEM OF HIGH FREQUENCY, LOW LEVEL MEASUREMENTS 
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V I I .  NARROWBAND DETECTION 

A s  s t a t e d  by G r e e n f i e l d  i n  P a r t  Ten, bandpass f i l t e r i n g  can improve t h e  

s i g n a l  t o  n o i s e  r a t i o  when t h e  major  e n e r g i e s  of s i g n a l  and n o i s e  are s e p a r a t e d  

i n  f requency .  S i n c e  t h e  response  of a l a y e r e d  e a r t h  i s  s e n s i t i v e  t o  t h e  depth  of 

t h e  s o u r c e ,  we can  a n t i c i p a t e  on s e i s m i c  grounds t h a t  t h e  s p e c t r a l  c o n t e n t  of t h e  

m i n e r ' s  s i g n a l ( 3 )  w i l l  d i f f e r  markedly from t h e  n o i s e  l e v e l  s p e c t r a  caused by s u r -  

f a c e  s o u r c e s  (36) .  For  example t h e  Westinghouse d a t a  from t h e  Geneva mine ( F i e l d  

Rept.  2 )  e x h i b i t  a  s i g n a l  t o  n o i s e  (SIN)  r a t i o  v a r i a t i o n  as a  f u n c t i o n  of f r equency  

which shows maxima n e a r  45 and 150 Hz. Fur thermore ,  t h e  r a t i o  i s  q u i t e  v a r i a b l e  

o v e r  t h e  sys tem passband;  i . e . ,  t h e r e  i s  a l a r g e  s e p a r a t i o n  of s i g n a l  and n o i s e  i n  

f r equency .  

Based on t h e  above r e s u l t ,  some form of narrow band envelope d e t e c t i o n  s h o u l d  

b e  e x p l o r e d  as a  p o t e n t i a l l y  v a l u a b l e  t e c h n i q u e .  As e n v i s i o n e d  i n  t h i s  t e c h n i q u e ,  

d a t a  from each  s u b a r r a y  would c o n c e p t u a l l y  b e  f i l t e r e d  through something l i k e  1 1 3  

o c t a v e  bands .  Each e lementa ry  band would t h e n  b e  normal ized ,  r e c t i f i e d ,  and low 

p a s s e d  w i t h  a f i l t e r  hav ing  a t ime  c o n s t a n t  somewhat s h o r t e r  t h a n  t h e  d u r a t i o n  

of  t h e  m i n e r ' s  s i g n a l .  The r e s u l t i n g  l e v e l s  would t h e n  b e  passed  t o  a v a r i a b l e  

d e n s i t y ,  area o r  e v e n t ,  d i s p l a y  t o  g e n e r a t e  exceedence p a t t e r n s .  The s t a t i s t i c s  

f o r  t h i s  k i n d  of narrow band s i g n a l  enve lope  d e t e c t i o n  p r o c e s s i n g  are w e l l  known. (35) 

For t h e  miner  d e t e c t i o n  problem, c o i n c i d e n c e  of t h r e s h o l d  exceedences  can 

b e  looked f o r  between s u b a r r a y s ,  Fur thermore ,  t h e  r e p e t i t i v e  c h a r a c t e r i s t i c  of  

t h e  m i n e r ' s  s i g n a l  can s e r v e  as t h e  f i n a l  b a s i s  f o r  r e j e c t i n g  f a l s e  a l a r m s .  It  

is  recommended t h a t  t h e  p o t e n t i a l  of narrow band f i l t e r i n g  and enve lope  d e t e c t i o n  

b e  c o n s i d e r e d  u s i n g  t h e  e x i s t i n g  d a t a  b a s e .  C l e a r l y ,  i t s  v a l u e  s h o u l d  b e  compared 

w i t h  o t h e r  d e t e c t i o n  schemes t h a t  are s i m p l e ,  w e l l  known, and e a s i l y  automated.  
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PART TEN 

SIGNAL-TO-NOISE RATIO IMPROVEMENT TECHNIQUES 

Roy G r e e n f i e l d  

Pennsy lvan ia  S t a t e  U n i v e r s i t y  

I .  SUMMARY 

During t h e  d e t e c t i o n  phase ,  s e v e r a l  p rocedures  can be  used t o  improve t h e  

s i g n a l - t o - n o i s e  r a t i o  (SIN) . 
6 Subar rays  o f  up t o  1 0  se ismometers  s h o u l d  be  used .  The a p p a r e n t  

f a i l u r e  t o  o b t a i n  improvement i n  SIN i n  t h e  Westinghouse s u b a r r a v  

work i s  p robab ly  due t o  e x c e s s i v e  n o i s e  i n  t h e  e l e c t r o n i c s .  The 

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

The s e n s o r s  s h o u l d  be  b u r i e d .  Even b u r i a l  t o  a  few f e e t  w i l l  p robab ly  

g i v e  a p p r e c i a b l e  r e d u c t i o n  o f  n o i s e .  A d e e p e r  b u r i a l  w i l l  p robab ly  

f u r t h e r  reduce t h e  n o i s e ;  and,  i f  t h e  se ismometers  can be  pu t  below 

t h e  wea the red  l a y e r ,  t h e  s i g n a l  l e v e l  w i l l  p robab ly  be  i n c r e a s e d .  

The r e d u c t i o n  i n  n o i s e  by b u r i a l  w i l l  b e  e s p e c i a l l y  e f f e c t i v e  d u r i n g  

h i g h  n o i s e  p e r i o d s  due t o  wind o r  r a i n .  

Before  a t t e m p t i n g  d e t e c t i o n ,  t h e  waveforms s h o u l d  be  bandpass f i l t e r e d .  

The bandpass  s h o u l d  go from 25 H z  t o  an  upper  f r equency  of 100 t o  

200 H z .  F u r t h e r  measurements w i t h  a  low n o i s e  sys tem must b e  done 

b e f o r e  t h e  s i g n a l - t o - n o i s e  r a t i o  can be  determined f o r  t h e  100 t o  

200 Hz range .  Any narrow band n o i s e  s h o u l d  b e  removed by n o t c h  

f i l t e r s  . 
I f  n o i s e  l e v e l s  d i f f e r  among se ismometers  o f  a  s u b a r r a y ,  w e i g h t s  

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  n o i s e  power s h o u l d  be  a p p l i e d  t o  t h e  

se i smomete r s .  

6 Automatic methods of s c r e e n i n g  d a t a  f o r  p o s s i b l e  s i g n a l  a r r i v a l s  

s h o u l d  b e  deve loped ,  b u t  t h e  f i n a l  d e t e r m i n a t i o n  t h a t  t h e  s i g n a l  on 

a  s u b a r r a y  o u t p u t  appears  t o  b e  from a  miner s h o u l d  b e  made by an  

a n a l y s t .  D e t e c t i o n  of " s i g n a l "  on s e v e r a l  s u b a r r a y s  s h o u l d  be  

r e q u i r e d  f o r  p o s i t i v e  i d e n t i f i c a t i o n .  

I n  t h e  l o c a t i o n  phase ,  a f t e r  d e t e c t i o n :  

I f  r e p e a t e d  s i g n a l s  a r e  r e c e i v e d ,  t h e y  s h o u l d  b e  c o h e r e n t l y  added 

( s t a c k e d )  t o  g i v e  a s  good a  SIN a s  p o s s i b l e  f o r  u s e  i n  d e t e r m i n i n g  

s i g n a l  a r r i v a l  t i m e s ,  t o  be  used i n  l o c a t i o n  computat ions .  The miner 

s h o u l d ,  i f  p o s s i b l e ,  r e p e a t  t h e  s i g n a l  25 t o  50 t i m e s .  
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It i s  probably  n o t  worth  t h e  i n c r e a s e  i n  sys tem complexity t o  implement 

such  complex s i g n a l  p r o c e s s i n g  methods a s  mult i -channel  maximum l i k e l i h o o d  

f i l t e r i n g ,  l i n e a r  p a r t i c l e  f i l t e r i n g ,  o r  p r e d i c t i o n  e r r o r  f i l t e r i n g .  These 

w i l l  probably  n o t  g ive  much s i g n a l -  to-noise  improvement. Matched f i l t e r i n g  

does  n o t  compress t h e  body wave s i g n a l s  i n  t ime ,  and t h u s  w i l l  no t  improve 

system performance any more t h a n  any s u i t a b l e  bandpass f i l t e r .  

11. BRIEF DESCRIPTION OF TECHNIQUES 

A.  Linear  Phase  F i l t e r i n g  of Multicomponent Data [ 1 ] 

The v e r t i c a l  component of a  seismometer is  added t o  a  t i m e  s h i f t e d  v e r s i o n  

of t h e  h o r i z o n t a l  component. With p roper  t ime s h i f t  t h i s  p rocess ing  can  accen t -  

u a t e  a  l i n e a r l y  p o l a r i z e d  P  wave a r r i v a l  w h i l e  s u p p r e s s i n g  e l i p t i c a l l y  p o l a r i z e d  

Rayle igh  s u r f a c e  wave n o i s e .  

B. Remode [ 2 ]  [ 3 ]  [ 4 1  

A n o n l i n e a r  method t o  a c c e n t u a t e  l i n e a r l y  p o l a r i z e d  p o r t i o n s  of s i n g l e  

s e n s o r  3-component s e i s m i c  d a t a .  

C. Delayed Sum 

The o u t p u t  of each of a  group of seismometers i s  de layed  s o  t h a t  s i g n a l s  

t r a v e l i n g  a t  a  s e l e c t e d  h o r i z o n t a l  phase v e l o c i t y a r e  added c o h e r e n t l y .  Note 

t h a t  t h e  p r e s e n t l y  used system of s u b a r r a y  a d d i t i o n  i s  a  s p e c i a l  c a s e  of de layed  

sum w i t h  z e r o  d e l a y  between channe l s .  Noise which i s  u n c o r r e l a t e d  is reduced 

by a f a c t o r  of 1 / N  i n  power where N is  t h e  number of  seismometers.  Coherent 

n o i s e  w i t h  phase  v e l o c i t i e s  d i f f e r e n t  from t h e  d i r e c t i o n  a t  which t h e  s u b a r r a y  

is  aimed i s  a l s o  reduced;  t h e  amount of r e d u c t i o n  depends on t h e  s u b a r r a y  

p a t t e r n .  

D. Weighted Delay and Sum 

T h i s  p r o c e s s i n g  i s  s i m i l a r  t o  delayed sum p r o c e s s i n g ,  bu t  ampl i tude  weight-  

i n g  of t h e  channe l s  is des igned  t o  maximize t h e  s u p p r e s s i o n  of coheren t  n o i s e .  

The weigh t s  f o r  t h i s  p r o c e s s i n g  can  b e  a d a p t i v e l y  des igned  [ 51  t o  o p t i m i z e  

s u p p r e s s i o n  of a t i m e  v a r y i n g  n o i s e  f i e l d .  The method is  a l s o  u s e f u l  i f  t h e  

n o i s e  l e v e l  i s  unequal  among channe l s .  

10.2  
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E.  Mult ichannel  Maximum Likel ihood Array Process ing  [ 6  ] [ 7 ] 

The seismometer ou tpu t s  a r e  f i r s t  t ime a l i gned  f o r  t h e  h o r i z o n t a l  phase 

v e l o c i t y  of t h e  s i g n a l .  Then an i n d i v i d u a l  f i l t e r  i s  app l i ed  t o  each channel.  

This  p rocess ing  i s  designed t o  o p e r a t e  where t h e  s i g n a l  i s  t h e  same on each 

channel .  F i l t e r  de s ign  r e q u i r e s  ex t ens ive  d i g i t a l  computation, and t h e  

f i l t e r i n g  a p e r a t i o n  i t s e l f  i s  c o s t l y  i n  computer t ime. This  form of p rocess ing  

can g i v e  l a r g e  S/N improvement when a  wideband s i g n a l  i s  t o  b e  examined and 

coheren t  n o i s e  i s  p re sen t .  

F. Mult ichannel  Weiner F i l t e r i n g  [ 8  ] 

Thi s  form of p rocess ing  i s  s i m i l a r  t o  mul t ichanne l  Maximum Likel ihood 

Process ing ;  however, t h e  f i l t e r s  a r e  designed f o r  a  s i g n a l  modeled a s  a  s t a t i o n -  

a r y  mul t id imens iona l  random process .  

G .  S i n g l e  Channel Bandpass F i l t e r i n g  

Bandpass f i l t e r i n g  can improve S/N i f  t h e  major ene rg i e s  of t h e  s i g n a l  and 

n o i s e  a r e  s epa ra t ed  i n  frequency o r  i f  t h e  s i g n a l  i s  of narrower band t han  t h e  

no i s e .  

He S i n g l e  Channel P r e d i c t i o n  Er ror  F i l t e r i n g  [9 ] 

A f i l t e r  i s  designed based on t h e  n o i s e  t o  p r e d i c t  t h e  n o i s e  ahead i n  t ime. 

The p red i c t ed  n o i s e  i s  s u b t r a c t e d  from t h e  seismometer o u t p u t ,  reducing t h e  

n o i s e  a t  t h e  ou tpu t  of t h e  f i l t e r .  A t  t h e  commencement of t h e  s i g n a l  t h e  f i l t e r  

does n o t  a t t e n u a t e  t h e  s i g n a l ,  s o  t h e  S/N r a t i o  can be improved. This  type  of 

f i l t e r  works b e s t  when t h e  n o i s e  is f a i r l y  narrow band, s o  t h e  f i l t e r  can do 

a  good job of n o i s e  p r e d i c t i o n .  

I. Mult ichannel  P r e d i c t i o n  E r ro r  F i l t e r i n g  [ 10  ]  

The n o i s e  on each channel  i s  p red i c t ed  by apply ing  f i l t e r s  t o  t h e  n o i s e  on 

a l l  t h e  channels .  This  n o i s e  i s  s u b t r a c t e d  from each channel  and a  t r a c e  produced 

f o r  each channel.  When t h e  n o i s e  f i e l d  i s  coheren t  between t h e  channe ls ,  t h i s  

procedure can g i v e  b e t t e r  n o i s e  r educ t i on  than  t h e  s i n g l e  channel  p r e d i c t i o n  e r r o r  

f i l t e r .  

J. Matched F i l t e r i n g  [ 11 ]  [ 121 

I f  t h e  s i g n a l  waveform i s  known, a  matched f i l t e r  can compress i n  t ime a  

d i spe r sed  waveform by removing t h e  d i s p e r s i o n  e f f e c t ,  and thus  g ive  an improve- 

provement of  S /N  equa l  t o  t h e  t i m e  bandwidth produc t .  The matched f i l t e r  i s  

implemented by convolving t h e  s i g n a l  w i th  a  f i l t e r  whose response is t h a t  of 

t h e  known waveform. I n  a d d i t i o n , t h e  a p p l i c a t i o n  of a  matched f i l t e r  a c t s  a s  
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a  bandpass f i l t e r ,  and thus  g i v e s  an a d d i t i o n a l  S/N improvement by r e j e c t i n g  

out-of - s ignal-band n o i s e .  

K. Design of Subarray C o n f i g u r a t i o n  [13]  [14] 

A c o n f i g u r a t i o n  of  seismometers has  a  f requency dependent a r r a y  response  

p a t t e r n .  I n  a r e a s  of coheren t  n o i s e  t h e  placement of s e n s o r s  can  b e  such a s  t o  

pu t  a  low p a r t  of t h e  beam response  a t  t h e  h o r i z o n t a l  phase  v e l o c i t y  of t h e  n o i s e .  

Spacing of  t h e  s e n s o r s  f a r  enough a p a r t  s o  t h e  n o i s e  appears  i n c o h e r e n t  l e a d s  

t o  a 1/ r e d u c t i o n  i n  n o i s e  ampl i tude ,  where N i s  t h e  number of seismometers 

i n  t h e  s u b a r r a y .  

L. B u r i a l  of  Sensors  [15]  [16] [17 1 
I f  n o i s e  i s  composed of Rayleigh waves t h e  n o i s e  ampl i tude  f a l l s  o f f  w i t h  

d e p t h ;  b u r i a l  of s e n s o r s  can l e a d  t o  a  d e c r e a s e  i n  n o i s e  ampl i tude .  I f  n o i s e  

i s  due t o  t r a n s i e n t  s u r f a c e  l o a d i n g  n e a r  t h e  seismometer and h a s  a  c e r t a i n  c o r r e l a t i o r ,  

d i s t a n c e ,  t h e n  t h e  n o i s e  l e v e l  w i l l  a l s o  f a l l  o f f  w i t h  dep th .  

111. SIGNAL PROCESSING FOR DETECTION OF A MINER 

D e t e c t i o n  of a  t r apped  miner by s e i s m i c  means r e q u i r e s  t h a t  t h e  p resence  of 

a  s i g n a l  is  i d e n t i f i e d  i n  t h e  p resence  of ambient background n o i s e ,  and t h a t  t h i s  

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

w e  f i r s t  c o n s i d e r  what can  b e  done on t h e  subar ray  and i n d i v i d u a l  s e n s o r  t o  i m -  

prove SIN, t h e n  d i s c u s s  how t o  u s e  t h e  subar ray  o u t p u t s  t o  d e t e c t  t h e  m i n e r ' s  

p resence .  

A. Signal-to-Noise Improvement on t h e  I n d i v i d u a l  Sensor  Level  

F i l t e r i n g  methods which could  b e  cons idered  f o r  a p p l i c a t i o n  t o  a  s i n g l e  

skismometer o u t p u t  i n c l u d e  Remode, L i n e a r  Phase F i l t e r i n g  of Multicomponent 

Data,  Bandpass F i l t e r i n g ,  S i n g l e  Channel Weiner F i l t e r i n g ,  S i n g l e  Channel 

P r e d i c t i o n  E r r o r  F i l t e r i n g ,  and Matched F i l t e r i n g .  We now cemment on t h e  

u s e f u l n e s s  of t h e s e  v a r i o u s  methods. 

1. Remode - T h i s  t y p e  of p r o c e s s i n g  w i l l  n o t  b e  u s e f u l  f o r  s e v e r a l  r e a s o n s .  

F i r s t  i t  must b e  des igned  and a p p l i e d  d i g i t a l l y .  For a p p l i c a t i o n  t o  50 s e n s o r s  

a t  a sampling r a t e  of 500 t o  1000 samples p e r  second t h e  conlputation load  would 

b e  f a r  t o o  l a r g e  and n o t  p r a c t i c a l .  Secondly t h e  f i l t e r  i s  designed on t h e  
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in-phase p rope r ty  of t h e  P wave on t h e  h o r i z o n t a l  and v e r t i c a l  seismometers.  

From Westinghouse d a t a ,  i t  appears  t h a t  t h e  a r r i v i n g  P wave i s  almost completely 

l i n e a r l y  p o l a r i z e d ,  b u t  i n  t h e  v e r t i c a l  d i r e c t i o n ,  i . e . ,  no h o r i z o n t a l  ( s ee  

P l o t  49, Westinghouse F i e l d  Report No. 8 ) . *  Because of t h i s ,  t h e  Remode f i l t e r  

des ign  would n o t  work f o r  P waves. However, i t  might work on p a r t  of t h e  l a t e r  

a r r i v a l s .  The reason f o r  t h e  v e r t i c a l  p o l a r i z a t i o n  i s  be l i eved  t o  be  caused by 

t h e  r a y  be ing  ben t  toward t h e  v e r t i c a l  a s  i t  t r a v e r s e s  t h e  low v e l o c i t y  m a t e r i a l  

normally n e a r  t h e  s u r f a c e .  Th i rd ly ,  i t  has  n o t  been e s t a b l i s h e d  t h a t  t h e  am- 

b i e n t  n o i s e  i s  e l l i p t i c a l l y  po l a r i zed  as f o r  a  Rayleigh wave. Fou r th ly ,  imple- 

mentat ion r e q u i r e s  a d d i t i o n  of h o r i z o n t a l  s enso r s  t o  each channel .  

2. L inear  Phase F i l t e r i n g  of Multicomponent Data - This  type of f i l t e r  

might improve t h e  SIN r a t i o ,  by s u b t r a c t i n g  a  p rope r ly  phase-sh i f ted  ve r s ion  

of t h e  h o r i z o n t a l  from t h e  v e r t i c a l  record .  This  could remove some of t h e  

e l l i p t i c a l l y  p o l a r i z e d  n o i s e  from t h e  v e r t i c a l .  It i s  r a t h e r  hard  t o  e s t i m a t e ,  

wi thout  implementing t h e  f i l t e r i n g  on a c t u a l  d a t a ,  how w e l l  i t  w i l l  work. How- 

e v e r ,  i f  t h e  n o i s e  is  predominantly Rayleigh wave from one d i r e c t i o n ,  t h i s  

method could work where Remode does n o t .  This  type  of f i l t e r i n g  could be done 

with  ana log  equipment. Again, i t  would be  r equ i r ed  t o  have h o r i z o n t a l  as w e l l  

as v e r t i c a l  s enso r s .  

3.  Bandpass F i l t e r i n g  - Most of t h e  s i g n a l  energy i s  below approximately 

200 Hz, and f o r  many of t h e  s i g n a l s ,  i t  i s  below 100 Hz. (See F igures  2-11, 

2-12, 2-13 of t h e  Westinghouse Fy '72 Report . )*  Westinghouse d a t a  sugges t s  

t h a t  s i g n i f i c a n t  s e i smic  n o i s e  energy may e x i s t  out  t o  f requenc ies  of 500 

Hz o r  more ( s ee  F igures  2-7, 2-8, 2-9). However, i t s  contaminat ion by 

e l e c t r o n i c  system n o i s e  lowered our  confidence t h a t  t h e  d a t a  r e a l l y  shows 

t h e  presence  of high frequency s e i smic  n o i s e .  I f  t h e  high frequency n o i s e  

shown by Westinghouse i s  indeed s e i smic  n o i s e ,  bandpass f i l t e r i n g  can 

i n c r e a s e  t h e  s igna l - to -no ise  r a t i o .  Judging from t h e s e  f i g u r e s ,  t h e  n o i s e  

could be reduced by 3  t o  6 db by low-pass f i l t e r i n g  below 100-200 Hz wi th  

no s i g n i f i c a n t  l o s s  of s i g n a l  power. I f  s i g n a l  d e t e c t i o n  i s  done by an a n a l y s t  

looking  a t  c l e a r  r eco rds ,  h e  w i l l  do some bandpass f i l t e r i n g  by eye  s o  t h e  low- 

pass  f i l t e r i n g  w i l l  n o t  ga in  much. However, i f  d e t e c t i o n  is  done by au tomat ic  

t h r e sho ld  d e t e c t i o n  o r  by looking  a t  a  ve ry  compressed t ime s c a l e  v i s i c o r d e r  

record ,  i t  is imsor tan t  t o  remove t h e  h igh  frequency n o i s e .  The optimum cu to f f  

* Westinghouse Cont rac t  H0210063 wi th  Bureau of Mines. 
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f requency w i l l  depend on n o i s e  s p e c t r a  and a n  e s t i m a t i o n  of t h e  s i g n a l  s p e c t r a  

expected from t h e  unde tec ted  s i g n a l .  I n  any g i v e n  s i t u a t i o n  a combination of 

t h e o r y  and exper imenta l  d a t a  w i l l  a l l o w  us  t o  e s t i m a t e  t h e  s i g n a l  s p e c t r a .  I n  

g e n e r a l * l o n g e r  t r a v e l  p a t h s  w i l l  lower t h e  average  f requency of t h e  s i g n a l .  It 

i s  c l e a r  from t h e  Westinghouse r e s u l t s  t h a t  a t  some mines narrow band n o i s e  s o u r c e s  

a r e  p r e s e n t .  I n  such  c i rcumstances  a  n o t c h  ( o r  narrow band r e j e c t i o n )  f i l t e r  

shou ld  be  used.  Such f i l t e r s  can  probably  b e s t  b e  implemented w i t h  ana log  

equipment. 

4 .  Matched F i l t e r i n g  - Matched F i l t e r i n g  can  g i v e  a n  improvement i n  SIN by 

compressing t h e  energy of a  d i s p e r s e d  waveform i n  t ime  o r  by simply a c t i n g  as 

a bandpass f i l t e r .  Work w a s  done by Westinghouse t o  e v a l u a t e  matched f i l t e r  

performance.  The f i l t e r  c l e a r l y  g i v e s  a  s i g n i f i c a n t  S / N  improvement. ( s e e  

F i g u r e s  5  and 6,Appendix E of Westinghouse Report . )*  However, t h e  time-bandwidth 

product  of t h e  s i g n a l  i s  n o t  g r e a t  and t h e  matched f i l t e r  does  n o t  seem t o  corn- 

p r e s s  t h e  s i g n a l  i n  t ime.  T h e r e f o r e ,  i t  a p p e a r s  t h a t  t h e  s i g n a l - t o - n o i s e  i m -  

provement o b t a i n e d  by t h e  matched f i l t e r  i s  a  r e s u l t  o n l y  of i t s  bandpass f i l t e r  

c h a r a c t e r i s t i c s .  (The f i l t e r  used does  seem t o  b e  a  r e a s o n a b l e  bandpass f i l t e r  

t o  use . )  I t  does  n o t  appear  t o  p r e d i c t  t h e  s i g n a l  shape  w e l l  enough t o  d e s i g n  

a t r u e  matched f i l t e r ,  and i t  does n o t  appear  t h a t  t h e  s i g n a l  i s  d i s p e r s e d  suf -  

f i c i e n t l y  t o  w a r r a n t  t h e  a t t empt .  

5.  S i n g l e  Channel P r e d i c t i o n  E r r o r  F i l t e r i n g  - This  t y p e  of f i l t e r i n g  i s  

most u s e f u l  when t h e  n o i s e  i s  f a i r l y  narrow banded. Then i t  i s  a b l e  t o  p r e d i c t  

t h e  n o i s e  ahead f a i r l y  w e l l  and s u b t r a c t  i t  from t h e  t r a c e .  The s p e c t r a l  d a t a  

show t h a t  t h e  n o i s e  i s  wideband and t h u s  i t  would n o t  b e  expected t h a t  p r e d i c -  

t i o n  e r r o r  f i l t e r i n g  cou ld  make a  l a r g e  s / N  improvement. When t r i e d  by Westing- 

house t h e  P r e d i c t i o n  E r r o r  f i l t e r  provided e s s e n t i a l l y  no improvement ( s e e  

Westinghouse Fy '72 Repor t ,  Appendix E, page 29).  * 
6. B u r i a l  of Sensors  - Large S / N  improvement may b e  p o s s i b l e  by bury ing  t h e  

s e n s o r s .  Very l i t t l e  i n f o r m a t i o n  seems t o  b 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  f o r  t h e  

f requency r a n g e  of 30 t o  200 Hz. ( I  a l s o  spoke t o  s e v e r a l  peop le  i n  e x p l o r a t i o n  

seismology and w a s  t o l d  t h a t  because  of t i m e  and c o s t s ,  they  do n o t  normal ly  bury 

geophones.) A t  t h e  much lower  f r e q u e n c i e s  of 1 t o  5  Hz b u r i a l  of a  few hundred 

f e e t  can  g i v e  n o i s e  r e d u c t i o n s  of  20 t o  40 db. ( S e r i f f ,  A . J . ,  e t .  a l . ,  Seismic  

Noise  i n  Deep Boreho les ,  C o n t r a c t  No. AF 19  628-2785, S h e l l  ~ e v e l o p m e n t  Co., 

Houston, Texas,  J u n e  21, 1965.) 

* Ibid. 
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The n o i s e  r e d u c t i o n  i s  g r e a t e r  on windy days .  S i n c e  t h e  s u r f a c e  n o i s e  

l e v e l  i s  h i g h  on windy days ,  even g r e a t e r  S/N g a i n  can b e  o b t a i n e d  under  t h i s  

c o n d i t i o n .  

The amount of  S / N  g a i n  o b t a i n a b l e  by b u r i a l  under v a r i o u s  n o i s e  c o n d i t i o n s  

canno t  be  e s t i m a t e d  because  we p r e s e n t l y  have no d a t a  on t h e  s p a t i a l  coherence  

o r  t h e  d e p t h  v a r i a t i o n .  The t h e o r e t i c a l  d i s c u s s i o n  i n  t h e  Westinghouse R e p o r t ,  

Appendix C ,  d i s c u s s e s  some of  t h e  p o s s i b l e  r e a s o n s  f o r  t h e  d e c r e a s e  i n  n o i s e  

l e v e l .  I t  i s  u n f o r t u n a t e  t h a t  t h e  e x p e r i m e n t a l  program d i s c u s s e d  i n  Appendix C 

was t e r m i n a t e d  b e f o r e  d a t a  cou ld  be  a n a l y z e d .  Before  any e s t i m a t e  can b e  made 

of  S/N improvement, d a t a  must be  ana lyzed  t o  g e t  e m p i r i c a l  n o i s e  r e d u c t i o n s  and 

t o  g e t  t h e  s p a t i a l  s t r u c t u r e  of  t h e  n o i s e  f i e l d .  I f  t h e  Westinghouse d a t a  i s  

a v a i l a b l e ,  examina t ion  may a l l o w  some e s t i m a t e s  of  S/N improvements a s  a  f u n c t i o n  

o f  d e p t h  of  b u r i a l .  The o n l y  a v a i l a b l e  r e s u l t s  a r e  from S e c t i o n  11-4.4 of t h e  

Westinghouse Repor t .  Here n o i s e  r e d u c t i o n  o f  1 9  db a t  30 Hz; 44 db a t  100 Hz; 

and 55 db a t  250 Hz were o b t a i n e d  f o r  a  se ismometer  i n  a  23-foot b o r e h o l e  r e l a t i v e  

t o  a  s u r f a c e  se ismometer .  The d a t a  i s  from t h e  USBM S a f e t y  Research Mine, and i s  

f o r  d a t a  t aken  d u r i n g  a  h a r d  r a i n  ( s e e  F i g u r e  2.4-4,  Westinghouse R e p o r t ) . *  

a d d i t i o n  t h e r e  a r e  i n d i c a t i o n s  ( s e e  P a r t  Two, IV) t h a t  below a s u r f a c e  a l l u v i u m  

l a y e r  t h e  s i g n a l  may b e  of c o n s i d e r a b l y  h i g h e r  ampl i tude  t h a n  a t  t h e  s u r f a c e .  

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

f o r  a  se ismometer  below t h e  a l luv ium.  So i t  i s  c l e a r  t h a t  e f f e c t s  on t h e  s i g n a l  

a s  w e l l  a s  n o i s e  r e d u c t i o n  r e s u l t i n g  from b u r i a l  shou ld  be  s t u d i e d .  The 

e x p e r i m e n t a l  and t h e o r e t i c a l  approach shou ld  b e  combined. 

The range  of  d e p t h s  which shou ld  b e  s t u d i e d  i n  t h e  program shou ld  ex tend  

t o  a s  g r e a t  a  d e p t h  a s  i t  might  b e  f e a s i b l e  t o  implan t  se ismometers  a f t e r  a  mine 

a c c i d e n t .  I f  i t  i s  f e a s b i l e  t o  lower  o r  p re -p lace  se ismometers  i n  t h e  c o a l  

seams, t h e  s i g n a l s  and n o i s e  l e v e l s  i n  seams shou ld  be  s t u d i e d .  

I w i l l  n o t  a t  p r e s e n t  make a  complete  d i s c u s s i o n  of t h e  s i g n a l  e f f e c t s  of  

b u r i a l .  However, t h e r e  are some c o n d i t i o n s  under  which t h e  s i g n a l  may a l s o  b e  

reduced i n  s t r e n g t h  w i t h  b u r i a l  which s h o u l d  n o t  b e  over looked .  For example,  a  

s i n u s o i d a l  P-wave, v e r t i c a l l y  i n c i d e n t  upon a  p e r f e c t l y  r e f l e c t i n g  i n t e r f a c e  i n  

a  l o s s l e s s  medium can produce a v e r t i c a l  s t a n d i n g  wave p a t t e r n  whose ampl i tude  

i s  g i v e n  by A c o s  [2nfz /Vp] ,  whre z  i s  d e p t h .  For  f=100 Hz, and V =2000 f t / s e c ,  
P  

t h e  f i r s t  n u l l  o f  t h i s  s t a n d i n g  wave p a t t e r n  w i l l  o c c u r  a t  z=5 f t .  

* I b i d .  
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B. S igna l  Process ing  a t  t h e  Subarray Terminal Level 

1. Delayed Sum Processing - This  type  of p rocess ing  can g i v e  ga in s  of 1 / N  i n  

power (N i s  number of s enso r s  i n  t h e  subar ray)  f o r  'random' n o i s e ,  and a  g a i n  

depending on t h e  beam p a t t e r n  f o r  coheren t  no i s e .  S igna l  l o s s ,  because of 

d i f f e r e n c e s  i n  s i g n a l  shape must be  considered a l s o .  

Let  u s  assume t h a t  t h e  t r a c e s  a r e  t ime a l i gned  so  t h e  s i g n a l s  of i n t e r e s t  

add. The delayed sum outpu t  i s  

where f i  ( t )  i s  t h e  i n d i v i d u a l  s enso r  ou tpu t .  I f  t h e  n o i s e  of t o t a l  power,Pin, i s  

composed of a  coheren t  f r a c t i o n  C ( i n  power) then  t h e  f r a c t i o n  of n o i s e  power 

which i s  incoheren t  i s  (1-C). (We c a u t i o n  t h a t  t h e  coherent  p o r t i o n  of n o i s e  

depends on t h e  sensor  spacing.  For example a l l  n o i s e  w i l l  appear coheren t  i f  

s enso r s  a r e  c l o s e  t oge the r ,  and a l l  n o i s e  w i l l  appear  incoheren t  i f  t h e  s enso r s  

a r e  moved f a r  enough a p a r t . )  I f  t h e  beam response  of t h e  subar ray  reduces  t h e  

coheren t  n o i s e  power by a  f a c t o r  of G then  t h e  n o i s e  on t h e  ou tpu t  i s  

I f  t h e  subar ray  i s  l a r g e  enough t h e  n o i s e  r educ t i on  w i l l  always go t o  1 / N  i n  

power. F a i l u r e  t o  o b t a i n  1 / N  g a i n  is  only an i n d i c a t i o n  t h a t  t h e  n o i s e  is  

coheren t  t o  some e x t e n t .  The Westinghouse exper ience  w i th  subar ray  summing 

i s  no t  r e p r e s e n t a t i v e  of t h e  improvements t h a t  can be  achieved w i t h  t h i s  tech- 

nique. 

Measurement of t h e  n o i s e  s p a t i a l  coherency [ 1 3 1  between s enso r s  a s  a  func- 

t i o n  of s e p a r a t i o n  can be  used t o  dec ide  t h e  necessary  s e p a r a t i o n  between sen- 

s o r s  t o  g e t  c l o s e  t o  1 / N  n o i s e  r educ t i on ,  l a r g e r  coherence d i s t a n c e s  demanding 

l a r g e r  s e p a r a t i o n s .  The d a t a  t aken  t o  d a t e  above c o a l  mines i s  i n s u f f i c i e n t  

t o  form a  b a s i s  upon which I can make a  recommendation of subar ray  element 

spac ing ,  because t h e  subar ray  de s ign  n u s t  r e f l e c t  t h e  n o i s e  f i e l d  encountered 

t h e r e .  

There  i s  another  c o n s i d e r a t i o n  i f  t h e  d i s t a n c e  over  which t h e  n o i s e  i s  

coheren t  f o r c e s  u s  t o  a  l a r g e  diameter  subar ray .  I f  t h e  a r r a y  i s  no t  sma l l  

* References  t o  F igures ,  Table ,  and Equations apply t o  t hose  i n  t h i s  P a r t  u n l e s s  
o therwise  noted.  
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compared t o  t h e  s i g n a l  h o r i z o n t a l  wavelength,  s i g n a l  ampli tude dec rea se s  and 

d i s t o r t i o n  w i l l  occur  u n l e s s  t h e  subar ray  i s  s t e e r e d  toward t h e  s i g n a l .  Le t  

us  assume t h a t  we form t h e  sum wi th  no t ime de l ays  f o r  a  s i g n a l  of 10,000 f t /  

s e c  h o r i z o n t a l  phase v e l o c i t y ,  and frequency of 100 Hz. Typ ica l l y  an a r r a y  w i t h  

seismometers w i t h i n  a  c i r c l e  of d iameter  d  w i l l  have l e s s  than  3 db s i g n a l  reduc- 

t i o n  i f  < 0.25. Thus d  could be  a s  g r e a t  a s  25 f t .  f o r  l e s s  than 3 db v 
n  

s i g n a l  l o s s .  I n  t h e  d e t e c t i o n  mode, we do no t  know t h e  d i r e c t i o n  and horizon- 

t a l  phase v e l o c i t y  of t h e  s i g n a l .  I f  it were necessary  t o  go t o  a  l a r g e r  

subar ray  d iameter ,  o r  i f  t h e  h o r i z o n t a l  phase v e l o c i t y  were l e s s  t han  10,000 

f t / s e c ,  i t  might be necessary  t o  form a few delayed sum beams, perhaps 5  a t  

each subar ray ,  i n  o r d e r  t o  prevent  exces s ive  s i g n a l  l o s s .  This  t ype  of pro- 

ce s s ing  can be implemented w i th  analog equipment. 

2 .  Weighted Delay and Sum - I f  t h e  n o i s e  i s  unequal and unco r r e l a t ed  on t h e  

seismometers of a  suba r r ay ,  then  unequal weight  w i l l  g i v e  a  g r e a t e r  n o i s e  re-  

duc t i on  than  equa l  weight ing.  This  type  of weight ing i s  c a l l e d  Brennen combining. 

I f  t h e  n o i s e  i s  i n  t h e  main coherent  and coming from a sma l l  number of f i x e d  

sources ,unequa l  weight ings  of t h e  seismometers can be used t o  shape t h e  subar ray  

beam t o  r e j e c t  t h e  coheren t  no i s e .  This  t ype  of p rocess ing  can probably be i m -  

plemented w i t h  analog equipment. [I81 

3 .  Subarray Conf igura t ion  - I f  t h e  n o i s e  i s  i n  t h e  main propagat ing a t  a  

s i n g l e  v e l o c i t y ,  such a s  t h e  Rayleigh wave v e l o c i t y ,  proper  c o n s t r u c t i o n  of t h e  

subar ray  geometry may produce an important  n o i s e  reduc t ion .  Namely, t h e  diameter  

of t h e  a r r a y  can be chosen t o  g i v e  a  near  n u l l  a t  t h e  Rayleigh wave v e l o c i t y .  

This  has  been w e l l  d i s cus sed  i n  t h e  Westinghouse Report .  We n o t e  t h a t  i n  prac- 

t i c e  i t  may be inconvenien t  t o  f i r s t  s e t  up s enso r s  t o  determine n o i s e  p r o p e r t i e s ,  

t hen  redeploy t h e  s enso r s  t o  g i v e  a  b e t t e r  subar ray  beam p a t t e r n .  

4. Methods of Mult ichannel  F i l t e r i n g  - It was suggested i n  Appendix E of 

t h e  Westinghouse Report  t h a t  complex s i g n a l  p rocess ing  methods might be u s e f u l .  

Such methods i n c l u d e  Mult ichannel  Maximum Like l ihood ,  Mult ichannel  Weiner, and 

Mult ichannel  P r e d i c t i o n  E r ro r  F i l t e r i n g .  I w i l l  no t  go i n t o  d e t a i l ;  however, I 

do n o t  f e e l  t h e s e  methods would be a p p r o p r i a t e  f o r  subar ray  o r  f u l l  a r r a y  a p p l i -  

c a t i o n .  These methods r e q u i r e  f o r  S/N improvement t h a t  t h e  n o i s e  be h igh ly  

coherent  and t ime  s t a t i o n a r y ,  t h a t  t h e  s i g n a l  be h igh ly  coheren t  between s e n s o r s ,  
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and t h a t  t h e  g a i n s  on t h e  v a r i o u s  channe l s  b e  c a r e f u l l y  matched. I t  i s  p r o b a b l e  

t h a t  some o r  a l l  t h e s e  c o n d i t i o n s  w i l l  b e  v i o l a t e d .  These methods r e q u i r e  a  

v e r y  l a r g e  computing f a c i l i t y  f o r  t h e  sampl ing r a t e  under q u e s t i o n .  

5 .  R e p e t i t i o n  of Source  Blows - Summation of r e p e a t e d  s o u r c e  blows w i l l  a lways  

reduce  t h e  n o i s e  power by 1 / ~ .  T h i s  was borne  o u t  i n  w e s t i n g h o u s e ' s  work. They 

a l s o  showed t h a t  when t h e  t r a c e s  cou ld  be  p r o p e r l y  t i m e  a l i g n e d  no s i g n i f i c a n t  

s i g n a l  l o s s  occur red .  I t  was a l s o  shown t h a t  i f  t h e  t r a c e s  could  n o t  be  p r o p e r l y  

a l i g n e d  some s i g n a l  l o s s  o c c u r r e d ,  s o  t h e  S/N g a i n  was n o t  a s  g r e a t  a s  N i n  power. 

(See F i g u r e  I1 2-15, Westinghouse Repor t . )  

I n  t h e  d e t e c t i o n  mode i f  t h e  m i n e r ' s  s i g n a l  has  n o t  been i d e n t i f i e d  on any 

channe l ,  i t  w i l l  no t  b e  p o s s i b l e  t o  t i m e  a l i g n  s u c c e s s i v e  s i g n a l s  f o r  S/N 

improvement. Thus t h e  measurement of S/N g a i n  w i l l  n o t  b e  a v a i l a b l e  when needed 

most. However,if a  s i g n a l  i s  s e e n  a t  i n t e r v a l s  on a  s i n g l e  s u b a r r a y  o u t p u t  t h e  

method can  be  used t o  d e t e r m i n e  i f  t h e  s i g n a l  i s  on o t h e r  s u b a r r a y  o u t p u t s .  T h i s  

cou ld  b e  u s e f u l  t o  v e r i f y  t h a t  t h e  s i g n a l  on t h e  b e s t  channe l  i s  i n  f a c t  due  

t o  a  s i g n a l i n g  miner and n o t  t o  some unimportant  s i g n a l  s o u r c e ,  such a s  a  banging 

d o o r ,  n e a r  t h e  one s u b a r r a y .  

C. D e t e c t i o n  P r o c e s s i n g  on t h e  F u l l  Array Leve l  

W e  s t a r t  w i t h  t h e  s i g n a l  o u t p u t s  from t h e  s e p a r a t e  s u b a r r a y s .  I do n o t  t h i n k  

t h a t  any s o r t  of m u l t i c h a n n e l  f i l t e r i n g  w i l l  b e  u s e f u l  f o r  combining t h e  s u b a r r a y  

o u t p u t s .  I t  w i l l  b e  found,  I ' m  s u r e ,  t h a t  t h e  n o i s e  i s  i n c o h e r e n t  between sub- 

a r r a y s .  Even s i m p l e  d e l a y  and sum p r o c e s s i n g  w i l l  n o t  b e  p r a c t i c a l .  There  

cou ld  b e  a s  much a s  200 m s .  d e l a y  between s u b a r r a y  a r r i v a l  t imes .  T h i s  d e l a y  

i s  n o t  known b e f o r e  d e t e c t i o n .  To c o h e r e n t l y  sum s e n s o r s  w i t h  100 Hz energy they 

must b e  p r o p e r l y  a l i g n e d  t o  w i t h i n  1 m s e c .  o r  b e t t e r .  Thus t h e r e  a r e  200 pos- 

s i b l e  r e l a t i v e  d e l a y s  between each p a i r  of  s u b a r r a y  o u t p u t s .  I t  i s  c l e a r  t h a t  

d e l a y  and sum would impose a n  i m p o s s i b l e  computa t iona l  l o a d .  

I n  t h e  d e t e c t i o n  mode t h e  a r r a y  p r o c e s s o r  must h a n d l e  a  g r e a t  d e a l  of  d a t a .  

I f  t h e  p r o c e s s i n g  is  done d i g i t a l l y  a  sampl ing r a t e  on t h e  o r d e r  of  1000 samples /  

s e c  p e r  s u b a r r a y  is  needed.  Thus 7000 samples p e r  s e c  a r e  coming i n .  Thus i t  

i s  p r o b a b l e  t h a t  t h e  s i g n a l  p r o c e s s i n g  f o r  d e t e c t i o n  must b e  f a i r l y  s imple .  The 

most r e a s o n a b l e  way t o  d e t e c t  t h e  miner  i s  t o  u s e  a  c r i t e r i a  t h a t  a  s i g n a l  be 

d e t e c t e d  on s e v e r a l  s u b a r r a y s  w i t h i n  some t ime window r e p r e s e n t i n g  t h e  e s t i m a t e d  

t r a v e l  t ime  d i f f e r e n c e s  between t h e  s u b a r r a y s .  T h i s  w i l l  b e  u s e f u l  i f  t h e  S / N  

Arthur D Little. Inc. 



is  no t  much g r e a t e r  on one of t h e  subar rays  than  on t h e  o t h e r s .  By u se  of t h i s  

' co inc idence  d e t e c t i o n '  ,a d e t e c t i o n  can be made a t  a  lower s i g n a l  t h r e sho ld  f o r  

a  f i x e d  ' f a l s e  a larm'  r a t e  than would be  p o s s i b l e  f o r  a  s i r i g l e  subar ray .  

The t h r e sho ld  t h a t  should be used f o r  a  d e t e c t i o n  on each subar ray  s i g n a l  

should be  s e t  a t  3 t imes t h e  RMS n o i s e  l e v e l  on t h a t  channel.  I f  t h e  n o i s e  

l e v e l  i s  no t  t ime s t a t i o n a r y ,  t h e  l e v e l  should b e  s e t  by, f o r  example, s e t t i n g  

t h e  t h r e sho ld  a t  3 t imes t h e  RMS n o i s e  l e v e l  over  t h e  l a s t  30 seconds.  (Geotech 

and Linco ln  Labo ra to r i e s  have done ex t ens ive  work on d e t e c t i o n  c r i t e r i a  f o r  

nuc l ea r  d e t e c t i o n . )  

A s  p o s s i b l e  s i g n a l s  a r e  d e t e c t e d ,  t h e  d a t a  f o r  t h e s e  d e t e c t i o n s  should ,  of 

course ,be  saved f o r  u s e  i n  t h e  l o c a t i o n  process .  

I V .  SIGNAL PROCESSING EFFECTS RELATED TO LOCATION 

Af t e r  a  miner has  been d e t e ~ t e d ~ p o r t i o n s  of t h e  d a t a  con t a in ing  s i g n a l s  

can be  reprocessed  t o  improve a r r i v a l  t ime e s t ima te s .  The summing up of repea ted  

sou rce  blows is  u s e f u l  f o r  improving s i g n a l  t o  no i s e .  

The summing up of t h e  seismometers of a  subar ray  improves SIN. However, i f  

d i r e c t  sum wi th  no de l ays  i s  u sed , t hen  some s l i g h t  s i g n a l  d i s t o r t i o n  can occur  

s i n c e  t h e  s i g n a l s  a r e  added w i t h  s l i g h t  misalignment.  A s imple  ske t ch  of t h i s  

e f f e c t  i s  given i n  F igure  1. This  summing w i l l  i n  gene ra l  make t h e  f i r s t  break 

somewhat l e s s  sharp  and w i l l  d i s t o r t  t h e  waveform s l i g h t l y .  The a r r i v a l  t ime 

reading e r r o r  which could r e s u l t  might be  on t h e  o rde r  of 2 m s .  I t  is  d i f f i c u l t  

t o  s ay  i f  t h e  n o i s e  r educ t i on  would compensate f o r  t h i s .  The magnitude of t h e  

s i g n a l  d i s t o r t i o n  w i l l  i n c r e a s e  a s  t h e  s i z e  of t h e  subar rays  a r e  increased .  One 

means of a l l e v i a t i n g  t h i s  e f f e c t  would be t o  pu t  i n  a  de l ay  l i n e  f o r  each s e i s -  

mometer a f t e r  t h e  approximate l o c a t i o n  i s  found. This  would a l i g n  t h e  t r a c e s  i n  

t h e  subar ray  sum. 

The matched f i l t e r  proposed i n  Appendix E*has some advantage. The S/N r a t i o  

i s  improved. However, a s  s t a t e d  p r ev ious ly  t h i s  i s  due t o  t h e  bandpass f i l t e r i n g  

e f f e c t  whereby t h e  f i l t e r  removes h igh  frequency no i se .  The matched f i l t e r  does 

no t  g e t  SIN improvement by compressing a  d i spe r sed  wave t r a i n .  F i l t e r i n g  by t h e  

f i l t e r  cons t ruc t ed  i n  F igure  3 of t h e  Westinghouse Fy '72 Report ,  Appendix E ,  

changes t h e  s i g n a l  waveform. Here t h e  s i g n a l  d i s t o r t i o n  i s  no t  g r e a t ,  a s  shown 

* Westinghouse Fy '72 Report ,  Cont rac t  
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i n  F i g u r e  2.  Howeveq an example t a k e n  from [ l l ]  shows how a  s l i g h t l y  d i f f e r e n t  

matched f i l t e r  can  change t h e  o u t p u t  waveform and r e v e r s e  p o l a r i z a t i o n .  One 

s e t  o f  West inghouse  d a t a  was a v a i l a b l e  t o  d e t e r m i n e  how t ime p i c k s  on t h e  un- 

f i l t e r e d  d a t a  compared t o  t h e  p i c k s  made on matched f i l t e r e d  d a t a .  I n  Appendix 

E  a r r i v a l  t imes  were  p i c k e d  on match f i l t e r e d  d a t a ,  (Appendix E, T a b l e  1 ) .  

The a n a l v s t ' s  t i m e  p i c k s  on t h i s  d a t a ,  b e f o r e  matched f i l t e r i n g ,  were  found 

on t h e  i n p u t  t o  t h e  computer  l o c a t i o n  program i n  F i e l d  Repor t  No. 4 . *  For  b o t h  

s e t s o f  t ime p i c k s  we c a l c u l a t e d  t h e  a r r i v a l  t imes  r e l a t i v e  t o  c h a n n e l  6 .  

(Only f o u r  c h a n n e l s  were  picke.d i n  Appendix E . )  T a b l e  1 shows t h e  compar ison.  

Channel  

Number 

1 

D i f f e r e n c e  

TABLE 1 - COMPARISON OF ARRIVAL TIMES 

A-T - A-T - 
Matched F i l t e r  S i g n a l  F i e l d  R e p o r t  4  

16.25 m .  s e c .  1 2 . 8  m.  s e c .  + 3 . 4  m .  s e c .  

1 0 - 3 0  m .  s e c .  9 . 7  m .  s e c .  1 . 6  m .  s e c .  

14 .25  m .  s e c .  16 .3  m. s e c .  -2 .1  m .  s e c .  

Thus we f e e l  t h a t  t h e  t ime  p i c k s  from t h e  matched f i l t e r  o u t p u t  may b e  

i n  e r r o r  on t h e  o r d e r  o f  2  m .  s e c .  T h i s  i s  t o  b e  c o n t r a s t e d  t o  t h e  RMS s c a t t e r  

of  t i m e  p i c k s  on t h e  matched f i l t e r e d  d a t a  o f  from 1 . 0 0  t o  0 . 7 1  m .  s e c .  (ms) 

g i v e n  i n  West inghouse ,  Appendix E .  

I n  g e n e r a l ,  e x c e p t  i n  v e r y  h i g h  s i g n a l  t o  n o i s e  s i t u a t i o n s  where  f i r s t  

b r e a k s  can  b e  s e e n ,  a n  e r r o r  of  1 o r  2  m s  w i l l  p robab ly  have  t o  b e  t o l e r a t e d .  

However, i f  a  h a l f  c y c l e  i s  m i s s e d ,  t h i s  w i l l  i n t r o d u c e  a p p r o x i m a t e l y  a  10-15 

m s  e r r o r .  Da ta  p r o c e s s i n g  s h o u l d  p r o b a b l y  c o n c e n t r a t e  on methods t o  a v o i d  

t h i s  m i s s i n g  of  a  h a l f  c y c l e .  I n  p a r t i c u l a r  i t  may b e  h e l p f u l  t o  d e t e r m i n e  t h e  

p o l a r i z a t i o n  t o  b e  e x p e c t e d  a t  each  s i t e  when we have  a  rough f i x  on  t h e  s o u r c e  

l o c a t i o n .  

* West inghouse  C o n t r a c t  H0210063. 
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PART ELEVEN 

SEISMIC DETECTION/LOCATION INSTRUMENTATION 

A r t h u r  D .  L i t t l e ,  I n c .  

I. INTRODUCTION 

The i n s t r u m e n t a t i o n  s p e c i f i c a t i o n  i n  t h e  N a t i o n a l  Academy of Eng ineer ing  

(NAE) r e p o r t  of March, 1970,  s e t  f o r t h  some r a t h e r  g e n e r a l  g u i d e l i n e s  t h a t  t h e  

s e i s m i c  s u r f a c e  sys tem shou ld  f o l l o w .  The f a c t  t h a t  t h e r e  was no comparable 

equipment i n  e x i s t e n c e  a t  t h a t  time, and t h e  need t o  produce a  sys tem from 

p r e s e n t l y  a v a i l a b l e  equipment ,  was s p e l l e d  o u t  i n  t h a t  document. 

The f e a t u r e s  t h a t  t h e  sys tem shou ld  i n c l u d e  were  l i s t e d ,  and i n c l u d e d :  

Quick and s i m p l e  deployment 

P o r t a b i l i t y  

Battery-powered o p e r a t i o n  

Al l -weather  o p e r a t i o n  

Computat ional  s i m p l i c i t y  and speed 

High r e l i a b i l i t y  and l o n g  s h e l f - l i f e  

Dual s e r v i c e  f o r  l o c a t i o n  and communication 

A d a p t a b i l i t y  t o  w i d e l y  v a r y i n g  seismic v e l o c i t i e s ,  

topography,  and g e o l o g i c  s t r u c t u r e s  

Minimum main tenance  

C a p a b i l i t y  of c o n t i n u o u s  o p e r a t i o n  f o r  ex tended  

p e r i o d s ,  and 

Reasonable  c o s t  

S i n c e  t h a t  r e p o r t ,  t h e r e  h a s  been a  s u b s t a n t i a l  amount of f i e l d  work 

a d d r e s s i n g  t h e  t r a p p e d  miner  d e t e c t i o n  and l o c a t i o n  problem c a r r i e d  o u t  by 

Westinghouse C o r p o r a t i o n  under  c o n t r a c t  w i t h  t h e  Bureau of Mines. Two complete  

s u r f a c e  sys tems  have been d e s i g n e d ,  b u i l t ,  and f i e l d  t e s t e d  and s u b s t a n t i a l  

documentat ion h a s  been produced on t h e  mine environment and background n o i s e  

using t h e s e  sys tems .  These  s y s t e m s ,  b u i l t  from o f f - t h e - s h e l f  equipment ,  have 

been  d e s i g n e d  w i t h  maximum f l e x i b i l i t y  i n  mind i n  o r d e r  t o  e x p l o r e  what con- 

f i g u r a t i o n  a  f i e l d  u n i t  shou ld  have .  
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T h i s  B a r t  r e v i e w s  t h e  West inghouse  s u r f a c e  sys t em,  r ev iews  t h e  

g e n e r a l  sys t em s p e c i f i c a t i o n s  i n  l i g h t  of p r e s e n t  e x p e r i e n c e ,  and d e s c r i b e s  

i n  some d e t a i l  a  recommended sys t em c o n f i g u r a t i o n  t h a t  a t t e m p t s  t o  meet  a l l  

t h e  r e q u i r e m e n t s  o f  a  t r u l y  f i e l d a b l e  sys t em.  

11. WESTINGHOUSE SURFACE SYSTEM 

-I- Two comple te  s u r f a c e  sys t ems  were  b u i l t  by West inghouse  on  c o n t r a c t  w i t h  

t h e  Bureau of Mines.  S i n c e  t h e  f a b r i c a t i o n  of t h e s e  s y s t e m s ,  a  s u b s t a n t i a l  

amount o f  f i e l d  e x p e r i e n c e  h a s  been ga ined  w i t h  t h e s e  u n i t s  i n  a c t u a l  t e s t  

measurements a t  a  number of working mines  i n  t h e  Un i t ed  S t a t e s .  Improvements 

and m o d i f i c a t i o n s  have  b e e n  made t o  t h e  o r i g i n a l  sys t em a s  f i e l d  e x p e r i e n c e  

h a s  d i c t a t e d .  

The p r e s e n t  sys t em i s  housed i n  a  p o r t a b l e  van  t h a t  can  b e  t r a n s p o r t e d  

e i t h e r  by a  companion 4 x  4 t r u c k  t o  which i t  is  normal ly  a t t a c h e d  o r  v i a  p l a n e  

( e . g . ,  a  C-47). The i n s t r u m e n t a t i o n  i s  s e l f - c o n t a i n e d  e x c e p t  f o r  p r imary  power 

and t e l e p h o n e  s e r v i c e .  Geophones and c a b l e s  f o r  t h e  a r r a y  a r e  s t o r e d  i n s i d e  

compartments f o r  e a s y  a c c e s s i b i l i t y .  The power s i g n a l  and t e l e p h o n e  c o n n e c t i o n s  

t o  t h e  van  a r e  made v i a  c l e a r l y  marked t e r m i n a l  jacks. For f i e l d  deployment ,  

t h e  s y s t e m  comes w i t h  a second t r u c k  t o  t r a n s p o r t  a p o r t a b l e  6" d r i l l ,  s p a r e  f u e l ,  

and a p r imary  power g e n e r a t o r .  

The van f l o o r  p l a n  showing s t o r a g e  room and equipment l a y o u t  is  shown i n  

F i g u r e  1.* The i n s t r u m e n t a t i o n  and computer  sys t em a r e  c e n t r a l l y  p l a c e d  t o  b a l a n c e  

t h e  v a n  f o r  e a s e  o f  l o a d i n g  and t r a n s p o r t .  F i g u r e  2 shows t h e  p r e s e n t  equipment  

l a y o u t  and j a c k f i e l d  l o c a t i o n .  The u s e  of m u l t i p l e  j a c k f i e l d s ,  a l l o w s  f o r  maximum 

p a t c h i n g  f l e x i b i l i t y  b u t  d o e s  r e q u i r e  t h e  o p e r a t o r  t o  b e  c a r e f u l  i n  s e t t i n g  up 

t h e  p a t c h i n g  a r rangement .  The u s e  of commercial  equipments  th roughou t  t e n d s  t o  

p r o v i d e  more g a i n  c o n t r o l s  t h a n  may b e  r e q u i r e d  on  a  f i e l d  sys t em.  

A b l o c k  d iag ram of  t h e  comple te  s y s t e m  i s  shown i n  F i g u r e  3 .  The s y s t e m  

c a n  b e  s u b d i v i d e d  i n t o  f o u r  subsys tems :  

1. S e i s m i c  d e t e c t i o n ;  

2 .  S i g n a l  c o n d i t i o n i n g ;  

3 .  S i g n a l  p r o c e s s i n g ;  and 

4 .  L o c a t i o n  p r o c e s s i n g .  

C o n t r a c t  H0101262 w i t h  Bureau of  Mines.  

* R e f e r e n c e s  t o  F i g u r e s ,  T a b l e s ,  and Equa t ions  a p p l y  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  n o t e d .  

1 1 . 2  
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A .  Seismic  D e t e c t i o n  Subsystem 

The s e i s m i c  d e t e c t i o n  subsystem c o n s i s t s  of t h e  a r r a y  geophones,  a s s o c i -  

a t e d  c a b l i n g ,  and a r r a y  p r e a m p l i f i e r s .  The p r e s e n t  a r r a y  c o n f i g u r a t i o n  i s  

seven  a r r a y  e lements  each w i t h  seven geophones connected i n  p a r a l l e l ,  t h e n  connected 

t o  a  p r e a m p l i f i e r .  Each p r e a m p l i f i e r  h a s  a f i x e d  g a i n  of 69db. The o u t p u t  of 

each preamp is  a n  unbalanced t o  balanced t r a n s f o r m e r  f e e d i n g  t h e  s i g n a l  c a b l e  Lo  a 

connec tor  on t h e  van. The ba lanced  c a b l e  sys tem i s  i n t e n d e d  t o  minimize n o i s e  

pickup i n  t h e  sys tem due t o  e x t e r n a l  n o i s e  f i e l d s .  

B. S i g n a l  Condi t ion ing  Subsystem 

The i n p u t  of t h e  s i g n a l  c o n d i t i o n i n g  subsystem i s  a ba lanced  t o  unbalanced 

t r a n s f o r m e r  matching t h e  a r r a y  c a b l e  t o  t h e  i n p u t  h i g h  g a i n  a m p l i f i e r s .  P r e s e n t  

a m p l i f i e r s  are ITHACO models w i t h  a11 a d j u s t a b l e  g a i n  range  o f  -10 t o  +90db. 

Nominal g a i n  s e t t i n g s  f o r  t h i s  a m p l i f i e r  i s  i n  t h e  1 0  t o  50db range  producing 

a s i g n a l  o u t p u t  of approx imate ly  0.5 v o l t s  peak-to-peak (p-p). 

I n  normal f i e l d  o p e r a t i o n s  t h i s  s i g n a l  i s  recorded  on a seven  t r a c k  

Honeywell 5600 t a p e  r e c o r d e r  a n d / o r  can  b e  d i s p l a y e d  i n  r e a l - t i m e  on a seven 

t r a c k  V i s i c o r d e r .  

C. S i g n a l  P r o c e s s i n g  Subsystem 

The s i g n a l  p r o c e s s i n g  subsystem is  des igned  t o  p l a y  o u t  s t o r e d  d a t a  f o r  

v i s u a l  d i s p l a y  a n d / o r  p r o c e s s i n g .  P r o c e s s i n g  o f  t h e  d a t a  can  b e  achieved by 

e i t h e r  v a r y i n g  t h e  f i l t e r  bandwidth w i t h  t h e  Krohn-Hite f i l t e r  bank, o r  by 

p r o c e s s i n g  t h e  s i g n a l  i n  t h e  CSPI d a t a  p r o c e s s i n g  system f o r  g a i n  enhancement. 

The CSPI sys tem u s i n g  t h e  Var ian  Data  620 i computer can perform f a s t  F o u r i e r  

t r a n s f o r m s  on incoming s i g n a l s  o r  n o i s e ,  and p l a y  o u t  power d e n s i t y  s p e c t r a  

on t h e  x-y p l o t t e r .  On r e p e t i t i v e  s e i s m i c  s i g n a l s ,  t h e  computer is  programmed 

t o  do s i g n a l  s t a c k i n g  g i v i n g  a g a i n  enhancement and s i g n a l - t o - n o i s e  improvement 

over  background n o i s e .  I n  t h e  s i g n a l  s t a c k i n g  mode t h e  o s c i l l o s c o p e  t r i g g e r  

c i r c u i t  i s  used t o  d e t e c t  t h e  s i g n a l  a r r i v a l  on one channe l  and t r i g g e r  t h e  

sampl ing g a t e  of t h e  computer f o r  t h e  o t h e r  channe l s .  Two channe l s  a t  a t i m e  

a r e  t r e a t e d  i n  t h i s  way. Each channe l  can b e  d i s p l a y e d  on t h e  x-y r e c o r d e r  f o r  

comparat ive  a n a l y s i s  of f i r s t  a r r i v a l  t imes .  

D.  Loca t ion  P r o c e s s i n g  Subsystem 

The p r e s e n t  l o c a t i o n  p r o c e s s i n g  subsystem a s  shown i n  F i g u r e  3 i s  n o t  l o c a t e d  

o n - s i t e  w i t h  t h e  o t h e r  system. The crew c h i e f  now u s e s  t h e  t e l e p h o n e  t o  send 
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f i r s t  a r r i v a l  t i m e  d a t a ,  e s t i m a t e d  o n - s i t e  by v iewing  a l l  seven  c h a n n e l s  on 

t h e  p l a y  o u t  of  t h e  x-y r e c o r d e r  o r  t h e  V i s i c o r d e r .  A r e s i d e n t  l o c a t i o n  pro-  

gram c a l l e d  MINER i s  used i n  a  remote  t ime-share  computer t o  compute t h e  e s t i m a t e d  

s i g n a l  s o u r c e  l o c a t i o n  b a s e d  on a r r a y  a r r i v a l  t ime  d a t a .  

111. SYSTEM MODIFICATION 

The Westinghouse sys tem d e s c r i b e d  above h a s  p rov ided  a  s u b s t a n t i a l  i n s i g h t  

i n t o  t h e  sys tem and f i e l d a b i l i t y  problems t h a t  a r e  encoun te red  i n  d e p l o y i n g  such 

a  u n i t  and making p r a c t i c a l  f i e l d  measurements.  Some major m o d i f i c a t i o n s  were  

i n c o r p o r a t e d  i n t o  t h e  Westinghouse sys tem a s  d e f i c i e n c i e s  i n  sys tem performance 

were  i d e n t i f i e d .  The p r e a m p l i f i e r s  and t h e  h i g h  g a i n  a m p l i f i e r s  were  r e p l a c e d  

a l o n g  w i t h  t h e  t a p e  r e c o r d e r .  

P r e s e n t  m o d i f i c a t i o n s  now i n  p r o c e s s  c a l l  f o r  a n  i n c r e a s e  i n  memory c a p a c i t y  

of  t h e  CSPI p r o c e s s i n g  sys tem.  The p r e s e n t  c a p a c i t y  of 8 ,000  1 6 - b i t  b i n a r y  words 

w i l l  b e  expanded t o  20,000.  T h i s  w i l l  r educe  s i g n a l  p r o c e s s i n g  Y i m e  s u b s t a n t i a l l y  

and r e d u c e  c o r r e c t i v e  main tenance  t i m e .  The number of i n p u t  c h a n n e l s  t o  t h e  com- 

p u t e r  w i l l  b e  i n c r e a s e d  from two t o  e i g h t  t o  r e d u c e  t h e  a n a l y s i s  t i m e .  

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

p r e s e n t  p a r a l l e l  geophone arrangement  t o  a  s e r i e s  c o n n e c t i o n  and a  new t r a n s f o r m e r  

i n  t h e  preamp t o  match t h e  new geophone c o n n e c t i o n .  T h i s  w i l l  improve t h e  

s e n s i t i v i t y  of  t h e  s u b a r r a y .  

A h i g h  speed paper  t a p e  r e a d e r  w i l l  b e  used w i t h  t h e  computer expanded memory 

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

added t o  i n t e r f a c e  t h e  t a p e  r e c o r d e r  t o  t h e  computer.  

I n  summation, t h e  above m o d i f i c a t i o n s  a r e  des igned  t o  expand p r o c e s s i n g  

c a p a c i t y ,  r e d u c e  p r o c e s s i n g  t i m e ,  and improve sys tem s e n s i t i v i t y .  

I V .  SYSTEM SPECIFICATIONS 

The s p e c i f i c a t i o n s  l i s t e d  above i n  S e c t i o n  1, a s  s p e l l e d  o u t  i n  t h e  NAE r e p o r t ,  

a r e  s t i l l  a  v a l i d  set  of s p e c i f i c a t i o n s .  However, i n  v iew of t h e  e x p e r i e n c e  

g a i n e d  i n  t h e  i n t e r i m  p e r i o d ,  a  more d e t a i l e d  set  c a n  now b e  made c o v e r i n g  t h e  

s e i s m i c  s u r f a c e  i n s t r u m e n t a t i o n .  

Quick and s i m p l e  deployment can b e  s p e c i f i e d  i n  r e l a t i o n  t o  deployment by 

any common means o f  t r a n s p o r t .  T h i s  i s  r e l a t e d  t o  t h e  a v a i l a b i l i t y  o f  t h e  t r a n s -  

p o r t a t i o n ,  and r e q u i r e s  a somewhat d i f f e r e ~ ~ t  packaging concep t  t h a n  used up t o  now. 

It relates t o  p o r t a b i l i t y ;  where  t h e  packages cou ld  b e  hand loaded  o n t o  a 
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commercial o r  p r i v a t e  a i r p l a n e ,  o r  on a  pick-up t r u c k  f o r  over-the-road 

deployment. 

Coupled w i t h  t h e  p o r t a b i l i t y  is  t h e  a b i l i t y  of hand c a r r y i n g  t h e  u n i t s  

over  o t h e r w i s e  i n a c c e s s i b l e  t e r r a i n .  T h i s  r e q u i r e p o r t a b l e  c a s e s  w i t h  h a n d l e s  

and weighing no more t h a n  70  pounds p e r  c a s e .  

B a t t e r y  powered o p e r a t i o n  i s  a  must i n  some i n s t a n c e s ,  i f  t h e  t e r r a i n  o r  

emergency c o n d i t i o n s  p r e v e n t  t h e  u s e  of commercial power. 

Exper ience by t h e  Westinghouse team shows t h a t  snow and tempera tu res  around 

z e r o  r e q u i r e  o p e r a t i o n a l  u n i t s  t o  perform over  a wide range  of t empera tu re  and 

environment c o n d i t i o n s .  A l l  u n i t s  must b e  w e a t h e r - t i g h t  and n o t  t empera tu re  

s e n s i t i v e  t o  expec ted  c o n d i t i o n s .  

There  is  a real need f o r  p r o c e s s i n g  speed once t h e  system h a s  been deployed. 

P r o c e s s i n g  t imes  of r e c e i v e d  d a t a  shou ld  b e  measured i n  minutes  r a t h e r  t h a n  

h o u r s  . 
Z e l i a b i l i t y  goes  w i t h  good d e s i g n .  Data a c q u i r e d  shou ld  be  a c c u r a t e  and 

r e p r o d u c i b l e .  System o p e r a t i o n  and checkout  should  be  a lmos t  au tomat ic .  A l l  

sys tems shou ld  be  e a s i l y  checked and c a l i b r a t e d  on deployment and p e r i o d i c a l l y  

r e c a l i b r a t e d  d u r i n g  t h e  work. 

The system shou ld  be  d e p l o y a b l e  i n  v a r i o u s  c o n f i g u r a t i o n s  depending on t h e  

need f o r  d e t e c t i o n  and /or  l o c a t i o n .  

The system must b e  a d a p t a b l e  t o  t h e  c o n d i t i o n  expec ted .  For example, t h e r e  

may b e  o c c a s i o n s  when power is  n o t  a v a i l a b l e  o r  t e lephone  communication non- 

e x i s t e n t .  The system c o n f i g u r a t i o n  must b e  t a i l o r e d  t o  o p e r a t e  under a lmost  any 

c o n d i t i o n .  

Minimum maintenance and r e l i a b l e  o p e r a t i o n  i s  a must i f  t h e  sys tem is  on 

stand-by a t  a l l  t imes .  Small  p o r t a b l e  u n i t s  i n c o r p o r a t i n g  s o l i d  s t a t e  d e s i g n  

where p o s s i b l e  shou ld  meet t h i s  c r i t e r i o n .  Continuous o p e r a t i o n  f o r  extended 

p e r i o d s  of t i m e  i s  f e a s i b l e  w i t h  s m a l l  r e c h a r g e a b l e  b a t t e r y  o p e r a t e d  u n i t s .  

The concept  of s m a l l  p o r t a b l e  u n i t s  cou ld  reduce o v e r a l l  program c o s t s ,  

s i n c e  s p e c i a l i z e d  equipment may n o t  be  necessa ry .  
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V. SUGGESTED SYSTEM CONFIGURATION 

The need f o r  a  t r u l y  p o r t a b l e  hand c a r r i e d  system has  been e s t a b l i s h e d  

i n  many cases  dur ing  t h e  ex t ens ive  f i e l d  work*in t h e  p a s t  two y e a r s .  Con- 

t r a s t e d  wi th  t h i s  i s  t h e  requirement of computer equipment t o  perform s i g n a l  

p rocess ing  t o  enhance s igna l - to -noise  i n  high n o i s e  environments.  Thus, t h e  

suggested system descr ibed  i n  t h i s  s e c t i o n  w i l l  a t tempt  t o  meet t he se  con- 

f l i c t i n g  requirements  i n  a d d i t i o n  t o  a l l  t h e  o t h e r s  s t a t e d  above. 

Our approach t o  t h e  system conf igu ra t i on  is  t o  recognize t h e  f a c t  t h a t  

t h e r e  a r e  a  wide span of f i e l d  requirements  t h a t  must be  met. These range 

from t h e  need f o r  p o s s i b l e  s imple d e t e c t i o n  processes  i n  remote q u i e t  a r ea s  

t o  a  complex d e t e c t i o n / l o c a t i o n  problem i n  high n o i s e  environments w i th  

r e l a t i v e l y  easy a c c e s s i b i l i t y .  I n  one ca se ,  a  s imple hand c a r r i e d  system 

wi th  hard  copy p lay  ou t  may be  a l l  t h a t  i s  necessary ,  where i n  t h e  l a t t e r  case  

a  f u l l  system wi th  a  s o p h i s t i c a t e d  computer system may b e  r equ i r ed .  We have ,  

t h e r e f o r e ,  taken a  modular approach, w i th  each subsystem capable  of add-on 

t o  meet t h e  e x i s t i n g  requirements .  

I n  each of t h e  p o r t a b l e  package des igns  descr ibed  below, we have considered 

only equipment t h a t  i s  now a v a i l a b l e .  L i t t l e  o r  no major R&D work i s  r equ i r ed  t o  

produce t h e  f i e l d  package descr ibed  below, only good equipment l ayou t  and packag- 

i n g  design a r e  r equ i r ed .  F igure  4 shows t h e  o v e r a l l  block diagram of t h e  suggested 

se i smic  d e t e c t i o n  subsystem. A d e s c r i p t i o n  of t h i s  subsystem and t h e  s i g n a l  process-  

and l o c a t i o n  subsystem w i l l  be  covered i n  t h e  fol lowing s e c t i o n s .  

A.  Seismic Detec t ion  Subsystem 

The se i smic  d e t e c t i o n  subsystem c o n s i s t s  of t h e  a r r a y  element geophones, 

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

We recommend geophones t h a t  can b e  placed i n  boreholes  , o r  on t h e  s u r f a c e  

i f  hard  rock overburden i s  encountered.  The phones could be  of t h e  marine-type, 

s i n c e  they a r e  more s e n s i t i v e  than t h e  ones now used. Tes t s  conducted wi th  t h e  

Westinghouse system i n d i c a t e d  a  6-8 db d i sc r imina t ion  t o  l o c a l  n o i s e  sources  wi th  

a  geophone bu r i ed  one f o o t  i n  t h e  ground. The phones should be completely s e a l e d  

a g a i n s t  water  s i n c e  they w i l l  f r equen t ly  be  i n  wa te r .  

A hand auger  can b e  used t o  make t h e  boreholes  f o r  easy imp lan t a t i on .  A 

much b e t t e r  coupl ing could be  e s t a b l i s h e d  t o  the  surrounding e a r t h  i f  d i r t  were 

tamped back over  t h e  phones, o r  i f  some form of i n t e g r a l  bellows arrangement 

could be used t o  expand t h e  phone cas ing  t o  t h e  borehole  w a l l s .  

I n t e g r a l  w i th  each geophone should be  a  preamp wi th  70 db of ga in ,  and a  c a l i -  

b r a t i o n  c o i l  t h a t  induces a  known motion t o  t h e  phone s e n s i n g  elements .  
* Westinghouse Cont rac t s  H0101262 and H0210062 wi th  Bureau of Mines. 
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The c a l i b r a t i o n  c i r c u i t  i s  n e c e s s a r y  t o  e s t a b l i s h  t h e  p roper  o p e r a t i o n  of each 

phone i n  t h e  a r r a y ,  and t o  r e f e r e n c e  t h e  r e l a t i v e  d e l a y  i n  t h e  sys tem between 

channe l s .  Should a  d e l a y  e x i s t ,  f o r  example,  i n  t h e  t a p e  r e c o r d e r  subsystem 

a s  w a s  t h e  c a s e  i n  t h e  Westinghouse sys tem,  t h e  de lay  can b e  recognized  and 

measured. F i r s t -mot ion  p i c k s  on s e i s m i c  s i g n a l  r e c o r d s  cou ld  t h e n  b e  

a d j u s t e d  t o  a l low f o r  i n s t r u m e n t a t i o n  d e l a y s .  

Should m u l t i p l e  geophones b e  used f o r  each element a r r a y ,  we recommend 

they  b e  wi red  i n  s e r i e s  f o r  t h e  o u t p u t  s i g n a l  t o  ach ieve  g r e a t e r  s e n s i t i v i t y  

t h a n  t h e  p r e s e n t  ar rangement ,  and t h a t  each c a l i b r a t i o n  c o i l  b e  connected 

i n d i v i d u a l l y  t o  e n s u r e  t h e  p roper  o p e r a t i o n  of every  phone i n  t h e  a r r a y .  

I n  c o n f i g u r i n g  t h i s  sys tem,  we cons idered  t h e  u s e  of d i g i t a l  v s .  ana log  

geophones. The use  of d i g i t a l  geophones has  many advantages  i n  f i e l d  a p p l i c a -  

t i o n s .  D i g i t a l  sys tems a r e  more immune t o  n o i s e  i n t e r f e r e n c e  t h a n  ana log  

sys tems ,  and once i n  d i g i t a l  fo rmat ,  waveforms can b e  p rocessed  i n  a  more con- 

v e n i e n t  manner. An a d d i t i o n a l  advantage i s  t h e  a b i l i t y  t o  o b t a i n  a  g r e a t e r  

dynamic range  of up t o  90 db by u t i l i z i n g  d i g i t a l  f o r m a t s ,  geophones, and record-  

e r s .  The maximum dynamic range of c u r r e n t  ana log  systems i s  approximately  45 db.  

The u s e  of t h e  sys tem f o r  miner  d e t e c t i o n  would r e q u i r e  on ly  t h e  a r r a y  

and a  p o r t a b l e  scope  and V i s i c o d e r  sys tem.  S i n c e  t h e  s i g n a l s  on t h e  scope  

and t h e  V i s i c o d e r  a r e  a n a l o g ,  we s e e  no reason  t o  compl ica te  t h e  f r o n t  end of 

t h e  sys tem w i t h  A/D and D / A  c i r c u i t s .  The need f o r  a l a r g e  dynamic range i n  t h e  

sys tem h a s  n o t  been  demonstra ted i n  t h e  Westinghouse f i e l d  work. T h e r e f o r e ,  w i t h  

a  p r o p e r  g a i n  s e t t i n g ,  a  40 db dynamic range seems adequate  f o r  a l l  expec ted  con- 

d i t i o n s .  Cons ider ing  a l l  t h e  advantages  of b o t h  sys tems ,  we have concluded t h a t  

f o r  t h i s  a p p l i c a t i o n ,  t h e  u s e  of t h e  ana log  format i n  t h e  a r r a y  sys tem i s  p r e f e r -  

a b l e  t o  d i g i t a l .  

The c a b l e  connec t ing  each geophone t o  t h e  c o n t r o l  u n i t  s h o u l d  b e  a  t h r e e  

t w i s t e d  p a i r  c a b l e  w i t h  a  s e p a r a t e  e x t e r n a l  s h i e l d .  A ba lanced  t r a n s f o r m e r  s h o u l d  

b e  used a t  t h e  geophone o u t p u t  i n t e r f a c e  and t h e  c o n t r o l  u n i t  i n p u t  c i r c u i t  i n t e r -  

f a c e .  The ground r e t u r n  can b e  t h e  geophone hous ing  connected t o  t h e  e x t e r n a l  

c a b l e  s h i e l d  and t h e  c o n t r o l  u n i t  c a s e .  The t h i r d  p a i r  of w i r e s  a r e  used t o  

power t h e  geophone preamp from t h e  c o n t r o l  u n i t  b a t t e r y  s u p p l y .  

The a r r a y  c o n t r o l  u n i t  shou ld  b e  a  hand c a r r i e d  aluminum w a t e r t i g h t  case  

approximately  2 x 3 x 1 f e e t  and weighing under  75 pounds. Key e lements  i n  t h i s  

u n i t  a r e :  

a .  sys tem t ime c l o c k ,  

b .  main a m p l i f i e r  and g a i n  a d j u s t  u n i t ,  

c .  c o n t r o l  s t a t u s  p a n e l ,  and 

d .  b a t t e r y  u n i t  
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There  i s  no s t r i n g e n t  accuracy requirement  on t h e  sys tem t ime  c l o c k ,  s i n c e  

t h e  r e l a t i v e  s i g n a l  a r r i v a l  t imes  a r e  t h e  impor tan t  i n f o r m a t i o n  r e q u i r e d .  The 

t ime c l o c k ,  t h e r e f o r e ,  shou ld  b e  capab le  o f  coding t h e  l o c a l  t ime  by minutes i n  

a format  s u i t a b l e  f o r  p l a c i n g  on t h e  v o i c e  channel  of t h e  t a p e  r e c o r d e r .  Th i s  

t i m e  code can b e  used f o r  computer t a p e  s e a r c h  d u r i n g  t h e  p r o c e s s i n g  of d a t a .  

In  a d d i t i o n ,  t o  minutes  t i m e  codes ,  p u l s e s  o f  5 ,  10 ,  and 50 m s  shou ld  b e  a v a i l -  

a b l e  on t h e  t a p e .  These p u l s e s  w i l l  b e  used t o  a c c u r a t e l y  measure a r r i v a l  t imes  

of s i g n a l s ,  and g a t e  t h e  computer a c c u r a t e l y  d u r i n g  t h e  p r o c e s s i n g  phase .  

We have reviewed t h e  use o f  p o r t a b l e  t a p e  r e c o r d e r s ,  and b e l i e v e  t h a t  e i t h e r  

a  p o r t a b l e  seven  ( 7 )  o r  f o u r t e e n  (14) t r a c k  ana log  system is  f e a s i b l e .  Good 

systems a r e  a v a i l a b l e  t h a t  use  an  FM format  and meet a l l  I R I G  s p e c i f i c a t i o n s .  

These u n i t s  a r e  more t h a n  a c c u r a t e  enough t o  meet t h e  sys tem requ i rements .  The 

expec ted  p o r t a b l e  package s h o u l d  b e  no more t h a n  24" x  16" x  12" i n  dimensions ,  

and weigh approximately  80 l b s .  

The main a m p l i f i e r  c i r c u i t  s h o u l d  b e  a  s t a b l e  h i g h  g a i n  a m p l i f i e r  w i t h  a 

g a i n  a d j u s t  over  t h e  range of 0 t o  f90 db.  These a m p l i f i e r s  s h o u l d  have two 

modes of o p e r a t i o n ;  one mode a  s t r a i g h t  g a i n  where t h e  g a i n  of t h e  sys tem is  

s e t  by t h e  a m p l i f i e r  c o n t r o l  s e t t i n g .  Th is  i s  used i n  c a l i b r a t i o n  p rocedures .  

A second mode s h o u l d  b e  an  AGC mode where once t h e  sys tem g a i n  h a s  been s e t  f o r  

s t a n d a r d  o u t p u t  l e v e l s ,  t h e  sys tem can m a i n t a i n  a s t a n d a r d  o u t p u t  l e v e l  of 1 . 5  

v o l t s  peak-to-peak under v a r y i n g  i n p u t  s i g n a l  l e v e l s .  AGC can b e  used e f f e c t i v e -  

l y  s i n c e  a r r i v a l  t i m e s  a r e  of importance and n o t  a b s o l u t e  s i g n a l  l e v e l s .  

The c o n t r o l  s t a t u s  p a n e l  c o n s i s t s  of t h e  c a l i b r a t i o n  c i r c u i t r y ,  s w i t c h  

c o n t r o l ,  and o u t p u t  s i g n a l  s w i t c h e s  t o  d i s p l a y  i n d i v i d u a l  channels  f o r  o s c i l l o -  

s c o p e  v iewing ,  o r  a l l  channels  f o r  magnet ic  t a p e  r e c o r d i n g .  Output BNC and /or  

m u l t i p i n  connec tors  w i l l  b e  used t o  connect  t o  companion u n i t s  such a s  t h e  

p o r t a b l e  o s c i l l o s c o p e  and magnet ic  t a p e  r e c o r d i n g  systems shown i n  b lock  diagram 

form i n  F i g u r e  4.  

The hard  copy p l a y  ou t  u n i t  shown i n  F i g u r e  4  can b e  a p o r t a b l e  u n i t  equiva-  

l e n t  t o  a  V i s i c o d e r  u n i t  capab le  of reproduc ing  a l l  seven  channe l s  p l u s  t h e  

t iming  t r a c k .  Th is  w i l l  a l low f i r s t  c u t  e s t i m a t i o n  o f  a r r i v a l  t imes  on each 

channe l ,  and w i t h  t h e  c o n t r o l  s t a t u s  p a n e l  and a r r a y  u n i t ,  c o n s t i t u t e  a  corn- 

p l e t e  a u s t e r e  f i e l d  sys tem.  I n t e g r a l  w i t h  t h e  V i s i c o d e r  u n i t  would b e  a  

s w i t c h a b l e  low p a s s  f i l t e r  u n i t  f o r  each channe l .  Suggested c u t o f f  f r e q u e n c i e s  

a r e  200 Hz and 500 Hz. A f i l t e r  r o l l  o f f  of 24 db p e r  o c t a v e  i s  recommended. 
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* 
A key f i e l d  u n i t  i n  t h i s  sys tem i s  t h e  8 channe l  MUX and a  t e l e p h o n e  i n t e r -  

face unit shown i n  F i g u r e  4 .  T h i s  u n i t  i s  des igned  t o  i n t e r f a c e  d i r e c t l y  w i t h  

t h e  a r r a y  c o n t r o l  u n i t  and works w i t h  t h e  s t a n d a r d  l e v e l  o u t p u t  on each channe l .  

Each channe l  c o n s i s t s  of  a n  i n p u t  b u f f e r  s t a g e  coupled t o  a  VCO w i t h  a  

c e n t e r  f r equency  a s s i g n e d  t o  a l l o w  s e v e n  s i g n a l  channe l s  p l u s  a  t ime  channe l  

t o  b e  s e n t  o v e r  a  s t a n d a r d  t e l e p h o n e  l i n e .  The o u t p u t  of each VCO i s  t h e n  com- 

b i n e d  and b u f f e r e d  t o  a  common o u t p u t  c i r c u i t  des igned  t o  r e f l e c t  t o  t h e  tele- 

phone sys tem an off-hook t e l e p h o n e  set .  A s t a n d a r d  t e l e p h o n e  s e t  is  a l s o  i n -  

c o r p o r a t e d  i n  t h i s  u n i t  t o  p e r m i t  communication between t h e  f i e l d  crew a n d / o r  

t h e  d a t a  p r o c e s s i n g  c e n t e r .  Should t e l e p h o n e  l i n e s  b e  a v a i l a b l e ,  t h e  a r r a y  sub- 

s y s t e m ,  a r r a y  c o n t r o l  u n i t ,  o s c i l l o s c o p e ,  and t h e  8 channe l  MUX u n i t  cou ld  con- 

s t i t u t e  t h e  e n t i r e  f i e l d  sys tem.  Data  p r o c e s s i n g  cou ld  t h e n  b e  performed a t  

any p o i n t  i n  t h e  Uni ted  S t a t e s  (Boulder ,  P i t t s b u r g h ,  e t c . )  . 
The i n t e r f a c e  t o  t h e  t e l e p h o n e  l i n e  can b e  a  s h o r t  p a t c h  o r  may b e  i n  some 

c a s e s  up t o  s e v e r a l  m i l e s  o f  20 gauge c a b l e .  Th i s  c a b l e  may i n  many c a s e s  i n t e r -  

f a c e  on a  h a r d  w i r e  b a s i s  w i t h  t h e  t r a i l e r  van d e s c r i b e d  l a t e r .  

An a l t e r n a t i v e  t o  t h e  t e l e p h o n e  h a r d  w i r e  c o n n e c t i o n  cou ld  b e  a n o t h e r  hand 

c a r r i e d  package h o u s i n g  a  mobi le  r a d i o  t r a n s c e i v e r .  T h i s  cou ld  p r o v i d e  r a d i o  

t r a n s m i s s i o n  of  t h e  d a t a  t o  some more a c c e s s i b l e  l o c a t i o n  a t  which p o i n t  t h e  

d a t a  cou ld  b e  i n t e r f a c e d  w i t h  t h e  t e l e p h o n e  network o r  t o  t h e  t r a i l e r  van .  

B. S e i s m i c  S i g n a l  P r o c e s s i n g  and L o c a t i o n  Subsystem 

The t r a i l e r  van subsystem is  c o n f i g u r e d  a s  shown i n - F i g u r e  5 .  Major com- 

ponen t s  are t h e  minicomputer and a s s o c i a t e d  A / D  c o n v e r t e r  and d i s k  pack,  v a r i a b l e  

f i l t e r  banks  such  as t h e  Krohn-Hite,  an  x-y p l o t t e r  such  a s  a  Calcomp, V i s i c o r d e r  

o r  e q u i v a l e n t  f o r  h a r d  copy p l a y  o u t ,  and a  m o n i t o r i n g  u n i t  w i t h  a  memory t y p e  

o s c i l l o s c o p e .  

I n  a d d i t i o n  t o  t h e  equipment above,  a n  e i g h t  channe l  d i s c r i m i n a t o r y  bank 

and a  mobi le  r a d i o  t r a n s c e i v e r  would b e  r e q u i r e d  t o  i n t e r f a c e  w i t h  t h e  f i e l d  

u n i t s .  Telephone equipment w i t h  s i g n a l i n g  c a p a b i l i t y  would b e  r e q u i r e d  s h o u l d  

t h e  communication l i n k  b e  h a r d  w i r e d .  

A more power fu l  minicomputer ,  i n  t h e  PDP-11, c l a s s  and a s s o c i a t e d  d i s k  pack 

h a s  t h e  f o l l o w i n g  advan tages  o v e r  t h e  p r e s e n t  sys tem:  

1. I t  a p p e a r s  l i k e l y  t h a t  computer programs a l r e a d y  i n  e x i s t e n c e  f o r  

s i g n a l  p r o c e s s i n g ,  and sys tem o r g a n i z a t i o n  and c o n t r o l  may b e  

a v a i l a b l e  t o  t h e  Bureau of  Mines. 

2 .  The d i s k  pack arrangement  w i t h  d i g i t a l  fo rmat  is  more e f f i c i e n t  i n  

i n t e r f a c i n g  a  computer i n  t h e  s i g n a l  p r o c e s s i n g  mode. Access t i m e  

i s  s i g n i f i c a n t l y  l e s s ,  programs a r e  a v a i l a b l e  on d a t a  s e a r c h ,  and 
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reproduct ion  c o s t s  a r e  a l s o  compet i t ive .  

3 .  Locat ion programs such a s  "MINER" could be incorpora ted  i n  

t h i s  system thus  e l imina t ing  t h e  need f o r  an a d d i t i o n a l  

t ime-share f a c i l i t y .  

V I  . DEPLOYMENT 

The suggested con f igu ra t i on  descr ibed  above s o l v e s  t h e  c r i t i c a l  requi re -  

ments of p o r t a b i l i t y ,  r ap id  deployment, and c o s t .  I t  i s  f l e x i b l e  i n  configura-  

t i o n  t o  s a t i s f y  a  wide range of needs and is  of comparatively low c o s t  f o r  

i n i t i a l  purchase and maintenance. 

W e  v i s u a l i z e  a  p o s s i b l e  deployment of t h i s  system i n  phases: on n o t i f i c a -  

t i o n  of a  d i s a s t e r ,  t h e  i n i t i a l  deployment would be  of t h e  a r r a y  subsystem, 

t h e  a r r a y  c o n t r o l  u n i t ,  and t h e  scope. These t h r e e  u n i t s  a r e  s u f f i c i e n t  t o  

perform t h e  i n i t i a l  f unc t ion  of miner d e t e c t i o n .  They can be hand c a r r i e d  

on a  commercial a i r l i n e r  o r  even i n  a  passenger c a r .  They a r e  reasonable  i n  

c o s t  so  t h a t  a number of t h e s e  could be placed i n  s t r a t e g i c  l o c a t i o n s  through- 

ou t  t h e  United S t a t e s .  We expec t  t h a t  such a subsystem could be  deployed and 

begin t h e  miner d e t e c t i o n  process  i n  s e v e r a l  hours .  Severa l  v a r i a t i o n s  i n  

t h i s  s cena r io  can be  made. I f  te lephone l i n e s  a r e  known t o  b e  a v a i l a b l e  and 

working, i t  i s  conceivable  t h a t  as a  f o u r t h  u n i t  only t h e  8 channel MUX need 

be deployed and rea l - t ime  d a t a  c o l l e c t i o n  and process ing  could be  performed 

a t  P i t t s b u r g h ,  f o r  example. On the  o t h e r  hand, a  f u l l  blown system may be  

more convenient on - s i t e ,  i n  which case  t h e  t r a i l e r  van and a d d i t i o n a l  sub- 

system u n i t s  could be deployed a s  soon a s  p o s s i b l e .  The important  charac- 

t e r i s t i c  of t h e  p o r t a b l e  system descr ibed  i n  t h i s  s e c t i o n  i s  t h e  a b i l i t y  t o  

begin t he  d e t e c t i o n  process  i n  a  minimum of t i m e ,  and t o  deploy t h e  l a r g e r  

and more cumbersome comprehensive l o c a t i o n  system l a t e r  when i t  is needed. 

I n  many cases ,  t h e  van may n o t  even be necessary .  

I n  summary, t he  suggested system r e p r e s e n t s  a  t r u l y  p o r t a b l e  se l f -conta ined  

system t h a t  is  s e l f - c a l i b r a t e d ,  t e s t e d ,  and usable  under a  wide v a r i e t y  of 

condi t ions .  I t  i s  modular i n  growth t o  match every type of d i s a s t e r  cond i t i on ,  

and is  reasonable  i n  c o s t .  A l l  system u n i t s  and c i r c u i t s  descr ibed  a r e  o f f -  

the-shelf  i t ems  t h a t  can be i n t e g r a t e d  and packaged t o  s a t i s f y  t h e  above- 

descr ibed  sys  t e m  requirements .  
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PART TWELVE 

BRIEFING CHARTS 

I .  INTRODUCTION 

I n  t h i s  P a r t ,  w e  have i n c l u d e d  c o p i e s  of t h e  f l i p  c h a r t s  and overhead 

p r o j e c t o r  viewgraphs used i n  t h e  two b r i e f i n g s  w e  conducted as p a r t  of 

t h i s  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  t a s k .  The f i r s t  one w a s  an overview 

and problem d e f i n i t i o n  b r i e f i n g  g iven  t o  t h e  s e i s m i c  c o n s u l t a n t s  on 

September 7, 1972. The second was a formal  o r a l  p r e s e n t a t i o n  of s t u d y  

r e s u l t s  t o  t e c h n i c a l  s t a f f  members of t h e  P i t t s b u r g h  Mining and S a f e t y  

Research Cente r  on November 21, 1972. 
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11. PROGRAM BRIEFING 
FOR 

SEISMIC LOCATION OF ISOLATED MINERS 
A r t h u r  D. L i t t l e ,  I n c .  

I n  o rde r  t o  p rov ide  t h e  se ismic  consu l tan ts  w i t h  a  c l e a r  and conc ise:  

a) d e f i n i t i o n  o f  t he  se ismic  miner  l o c a t i o n  problem; 

b )  summary o f  t h e  r e l e v a n t  background i n f o r m a t i o n  r e -  
ga rd i  ng t h e  Bureau's s e i  smi c  1  o c a t i o n  program t o  
date;  and 

c )  i d e n t i  f i  c a t i  on and ass i  gnment o f  spec i  f i  c  tasks ; 

we prepared and gave t he  consu l t an t s  a  comprehensive b r i e f i n g .  Th is  
b r i e f i n g  cons i s ted  o f  a  f l i p  c h a r t  p resen ta t ion ,  complemented by t he  
use o f  f i l m ,  s l i d e s ,  and viewgraphs, and cu lminated i n  an i n t e r a c t i v e  
d i scuss ion  o f  t h e  problem, s p e c i f i c  tasks ,  and consul t a n t s  ' i n d i  v idu-  
a1 areas o f  i n t e r e s t  and corresponding assignments. I n  s h o r t ,  t h e  
se ismic  b r i e f i n g  was organized i n t o  t h e  s i x  p a r t s  l i s t e d  below, and 
summarized i n  t h i s  P a r t  by  reproduc t ions  o f  t h e  b r i e f i n g  v i s u a l  a i d s .  

A. OPENING REMARKS - ADL 

B. INTRODUCTION TO COAL MINE DISASTERS - BUMINES 

C. OVERVIEW AND STATUS OF SEISMIC - BUMINES 
LOCATION PROGRAM 

D. FORMULATION OF THE MINER SEISMIC - ADL 
LOCATION PROBLEM 

E .  DESIREDENDPRODUCTANDSCHEDULE -ADL  
OF PRESENT EFFORT 

F. IDENTIFICATION AND DISCUSSION OF - ADL/PARTICIPANTS 
MAJOR TASKS AND TASK ASSIGNMENTS 
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A. OPENING REMARKS 

ARTHUR D. L I T T L E ,  INC.  - R. LAGACE 
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OBJECTIVE 

DETECTION AND LOCATION 

OF MINER 

BY SEISMIC  MEANS 

PRESENT EFFORT 

DETERMINE: 

8 HOW AND HOW WELL OUR OBJECTIVE 
CAN BE ACHIEVED 

Arthur D Little Inc 



I N  PART1 CULAR: 

IDENTIFY  WHAT CAN BE DONE AND HOW WELL -- BY SEISMIC  MEANS -- TO: 

8 DETECT A MINER 

8 LOCATE A MINER TO WITHIN  A SECTION 

8 LOCATE A MINER TO WITHIN  AN ENTRY WIDTH 
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B. INTRODUCTION TO COAL M I N E  DISASTERS 

U.S . BUREAU OF MINES - H. PARKINSON, PMSRC 

This p a r t  o f  t he  b r i e f i n g  inc luded:  

1. Viewing o f  the  Bureau f i l m :  SAFETY PRACTICES I N  LOW COAL 
MINES, w i t h  spec ia l  n a r r a t i o n  by H. Parkinson. 

2 .  Viewing c o l o r  s l i d e s  o f  the U.S. Steel Mine s i t e  used f o r  
the  demonstration o f  the  Coal Mine Rescue and Surv i va l  
Sys tem . 

3. Discussion o f  Coal Mine Layouts, A c t i v i t i e s ,  and Disasters 
w i t h  the  A id  o f  Actual Mine Maps, and the Visuals i nc lud -  
ed i n  t h i s  sect ion.  
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IN6 MACN/UES 
E r P L o d r O h l  

LIKELY EMERGENC/ES 

. -  

SIXETCH OF 

M/tVERS UTIL /Z ING 
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C. OVERVIEW AND STATUS OF 

S E I S M I C  LOCATION PROGRAM 

U.S. BUREAU OF MINES - J.POWELL, PMSRC 
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O U T L I N E  

WHERE ARE WE NOW? 

0 HISTORY 

0 PHILOSOPHY AND RATIONALE 

0 SYSTEM SET-UP 

0 EXPERIMENTS AND INVESTIGATIONS 

0 RESULTS 
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NAE RECOMMENDATIONS 

AND - 

REQUI REMENTS 

REQUIRED: 5 0  FT.  ACCURACY 

To BE 2 5  FT. ACCURACY ATTAINABLE 

( 2  mill isec.  timing error a t  10,000 fps velocity 
5 2 0  f t .  error)  
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SYSTEM (LOCATING) 

t 

ARRIVAL T I M E  
DIFFERENCES 

b 

* 

REMOTE ACCESS TTY . 

REMOTE COMPUTER 

LOCATION 
i 
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S Y S T E M  

RECORD UNIT. NORMAL MODE 

SUBARRAY 
t_ One o f  seven I / P  channels  '4 

PREAMP Q 
INPUT TRANSFORMER 0  TI ) COMPUTER '--{=] 

FILTER G' 
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SUB ARRAY S UBARRAY 

b 

b 

SUBARRAY 
, #4 

b 

Arthur D Little Inc 

, 

SUB ARRAY 

SUBARRAY 
#5 

SUBARRAY 
: # 6 - -  



* 

7 
- 2 0  FT. 

P 

PREAMP 

SINGLE OUTPUT 

7 GEOPHONE OUTPUT 
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HISTORY - (A )  
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NAE RECOMMENDATIONS 

AN D 

REQUI REMENTS 
* 

A 

. 

v 
B U I L D  SYSTEM 

i 

RESULTS 



HISTORY - (8 )  

I PAUSE : ANALYSES I 
I 

( V E R I F I C A T I O N  TEST I 

( S T I L L  NOT ADEQUATE I 
C - 

8 J 1 

ABANDON CHANGE 
REQUI REMENTS IMPROVE 

4 * 
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PHILOSOPHY : VARIETY I N  

@ MINE TYPES 

@ GEOGRAPHIC AREAS 

(ASSUMED SYSTEM WOULD USUALLY WORK) 

RESULTS : FAILED NAE REQUIREMENTS 
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PAUSE - ANALYSES 

E.G., 

8 THEORETI C EXAMINATION OF  SOURCES 

8 EXAMINATION OF PRE-AMP DESIGN 

8 COMPLETE L I S T  I N  S E I S M I C  APPENDIX 
(Wes t i  nghouse FY 1972 R e p o r t )  
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VERIF ICAT ION TEST 

S I X  ( 6 )  WEEKS AT EXPERIMENTAL MINE 

( 5 0  FT . OVERBURDEN) , BRUCETON , PENNSYLVANIA 

- N o t  A l w a y s  a R e a l i s t i c  T e s t  
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WHAT NEXT? 

0 ABANDON - E . G. , RELY ON E .M. METHODS 

0 CHANGE REQUIREMENTS - E .G., ONLY NEED TO 
KNOW SECTION 

0 IMPROVE - Y 0 U 

CHOICE WILL B E  MADE W I T H  YOUR H E L P  
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D. FORMULATION OF THE MINER 

S E I S M I C  LOCATION PROBLEM 

P.RTHUR D. L I T T L E ,  I N C .  - M. ROETTER 
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CONSTRAINTS AND GIVENS 

INDUCED BY:  

0 MINE 

0 MINERS 

0 S E I S M I C  SYSTEM 

0 OVERALL RESCUE EFFORT 
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FORMULATION OF PROBLEM 

I CONSTRAINTS AND GIVENS I 

DETECTION TECHNIQUE 
I 

N 0 PARAMETER ESTIMATION? - . , 

Yes 

PARAMETER ESTI  MATION 
I 

LOCATION ESTI  MATION E5 . i  
L Yes 

I LOCATION DECLARED 1 
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DETECTION OF MINER 

r 1 

S I  GNAL ENHANCEMENT < 1 
A 

MO D I  FY S I GNAL 
v ENHANCEMENT - DETECTION RULE < I 

4 

No MOD1 FY 
DETECTION 

RULE 

Y e s  

Y e s  

No  
I 

MODIFY ARRAY \ .  ' 

MOVE ARRAY 

MINER GENERATED 
S I GNAL 

LOCALIZATION 
PROCEDURE 

I FAILURE TO DETECT I 

I 
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PARAMETER ESTIMATION 

P O S I T I V E  DETECTION 0 
No 4 

) RECEIVER ATTRIBUTES 

P O S S I B I L I T I E S  

PARAMETER ESTIMATION 

CONFIDENCE I N  
P O S S I B I L I T I E S  

Yes 
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MINER LOCALIZATION 

S I GNAL 

DECLARED 
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S E I S M I C  LOCATION SYSTEM: 

GENERAL GROUND RULES 

0 HARDWARE : F I E L D  SUITABLE AND RAPIDLY DEPLOYABLE 

0 SYSTEM CONSTRAINED TO PRESENT STATE-OF-THE-ART 

TECHNIQUES AND HARDWARE 

0 SYSTEM OPERATION FROM SURFACE 

@ SYSTEM SELF-CONTAINED I N  I T S  OPERATION 

AND CALIBRATION 

@ SYSTEM CAPABLE OF PRODUCING TIMELY 

LOCATION ESTIMATES 

0 SYSTEM OPERATION COMPATIBLE WITH AND 

COMPLEMENTARY TO OVERALL RESCUE EFFORT 
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KEEPING IN MIND THE 
IMPACT O F  

INVESTMENTS IN 

0 EQUIPMENT 

0 TRAINING 

0 SITE CALIBRATION-PREPARATION 

ON - 
PERFORMANCE 

AN D - 
COST 
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SEISMIC LOCATION SYSTEM: 

SPECI FIC GROUND RULES 

THE MINER AND HIS MESSAGE 

1 ) The miner  has u n c e r t a i n t y  as t o  h i s  t r u e  l o c a t i o n .  

2 )  The miner  ' s  l o c a t i o n  i s  f i x e d .  

3)  The depth o f  t h e  miner  i s  known r e l a t i v e l y  w e l l  ( 0 )  

4) Gross l o c a t i o n  o f  miner  f o r  s t a r t i n g  miner  de tec t i on /  

l o c a t i o n  process i s  g iven.  

5 )  Only one miner  ( t r u e  s i g n a l  source) i s  s i g n a l  l i n g .  

6) The miner  has an e x p e c t a t i o n / c e r t i  tude o f  a  

se ismic search. 

7) The m i  n e r  i s a 1 i m i  ted/non- i  deal per former .  

8) The miner  has impe r fec t  knowledge o f  t ime.  

9 )  The miner  i s  unimpaired. 

10) The m i n e r ' s  source element must be r e a d i l y  

ava i  1  ab le  and reasonable . 
11) The source impact  area i s  an undeveloped, 

b u t  probable f e a t u r e .  

Arthur D Little. In( 



THE MESSAGE TRANSMISS I O N  PATH 

AND NOISE ENVIRONMENT 

1) The seismic path i s  i n i t i a l l y  unknown. 

2)  The seismic path i s  1  i nea r  and t ime- inva r ian t .  

3)  I d e n t i f i c a t i o n  o f  the  ea r th  seismic path must 

proceed from the  surface. 

4) The sur face w i l l  most l i k e l y  be sloped. 

5 )  The seismic noise dur ing  a  rescue opera t ion  

i s  the  sum o f :  

a) s igna l  induced noise (path s c a t t e r )  

b)  rescue sources 

c )  bas ic  background 

d) a1 t e r e d  mine sources 

e)  message noise 

f )  system noise 

Arthur D Little, Inc 



THE MESSAGE DETECTION/LOCATION 

ACTIVITY ON THE SURFACE 

1 )  The sur face  team w i l l  have a  mine map and l i m i t e d  

m i  ne geo log ica l  data.  

2 )  The su r face  team has impe r fec t  knowledge o f  when 

s  i gnal s  a re  t ransmi  t t e d .  

3)  The su r face  team has impe r fec t  knowledge o f  when 

o n l y  no ise  i s  p resen t .  

4)  Use o f  a r rays  and b u r i a l  o f  seismometers a re  n o t  

mutual l y  exc lus i ve  op t i ons .  

5) B u r i a l  t o  50 F t .  i s  an upper bound f o r  t he  

seismometer p l a n t  i n  a l l uv i um.  

6 )  Measurement w i l l  n o t  be cons t ra ined  t o  t h e  

v e r t i c a l  component. 

7)  The sur face  team knows t h e  performance o f  t he  

measuring sys tem. 

8) Deep p re -p lan ted  sensors may be avai  l a b l e  

a t  some mines. 

9) The search aspects o f  t h e  problem wi  11 be 

tab1 ed. 

Arthur D Little Inc. 



E. DESIRED END PRODUCT 

AND SCHEDULE OF 

PRESENT EFFORT 

ARTHUR D. L I T T L E ,  I N C .  - R. LAGACE 

Arthur D Little Inc 



DESIRED STUDY OUTPUTS 

0 "BEST" ESTIMATES ( B a s e d  o n  P r e s e n t  D a t a )  OF: 

THE PROBABIL ITY  OF DETECTION 

a n d  

THE ACCURACY OF LOCATION 

OF A MINER TRAPPED I N  REAL EARTH. 

0 HOW THESE ESTIMATES CHANGE WITH:  

SYSTEM COMPLEXITY AND COST 

8 WHAT I S  S T I L L  NEEDED I N  TERMS OF: 

B A S I C  DATA 

ANALYSES 

EXPERI MENTS 

TO IMPROVE AND/OR VERIFY THESE ESTIMATES 

Arthur D Little In( 



0 

Lateral Range from Miner in Feet 

Conditions : 

System Configuration - 
Miners Source and Message - 
Detection Method- 

MINER DETECTION 
(SAMPLE CONCEPTUAL SKETCH) 

Arthur D Little Inc. 



Parameter Measurement Error - Decreasing SIN 

Conditions: 

System Configuration - 
Location Method - 
Miner Depth - 
Miner's Source and Message - 
Overburden Transmission Characteristic - 
Noise Environment - 

MINER LOCATION 
(SAMPLE CONCEPTUAL SKETCH) 

Arthur D Little, Inc 



System Complexity - Cost $ 

PERFORMANCE VERSUS 
SYSTEM COMPLEXITY-COST 
(SAMPLE CONCEPTUAL SKETCH) 

Arthur D Little. Inc 



F .  I D E N T I F I C A T I O N  AND DISCUSSION OF MAJOR TASKS 

AND TASK ASSIGNMENTS 

ARTHUR D. L I T T L E ,  I N C .  - R. LAGACE 

WITH PART1 CIPATION BY CONSULTANTS, 
AND BUREAU OF MINES 
STAFF AND ADL STAFF 

CONSULTANTS : 

FRANK CROWLEY - WESTON OBSERVATORY AND AFCRL 

W I L L I A M  DEAN - TELEDYNE GEOTECH 

JOHN KUO - COLUMBIA UNIVERSITY 

ENDERS ROBINSON* - INDEPENDENT 

BUREAU OF MINES : 

HOWARD PARKINSON - PMSRC 

JAMES POWELL - PMSRC 

ARTHUR D. L I T T L E .  I N C .  

JOHN GINTY 

ROBERT LAGACE 

MARTYN ROETTER 

RICHARD SPENCER 

CONSULTANTS : (Who H a d  t o  R e c e i v e  I n d i v i d u a l  B r i e f i n g s )  

ROBERT CROSSON 
DAVID PETERS - UNIVERSITY OF WASHINGTON 

ROY GREENFIELD - PENNSYLVANIA STATE UNIVERSITY 

FRANK P I  LOTTE - VELA SEISMOLOGICAL CENTER 

* C o u l d  no t  p a r t i c i p a t e  a s  o r i g i n a l l y  i n t e n d e d  b e c a u s e  o f  s c h e d u l i n g  
c o n f l i c t s  w i t h  p r i o r  cornrni t m e n t s .  

Arthur D Little Inc 



T A S K S  

OUTPUTS 

INPUTS s 
SOURCES 
Fn o f :  Type 

: Man 
: Impact Area 
: Tunnel 

w 
EZ: 
e e 

5 
5 
0 

n 
W 

H 

LL - - 

! I 
A 

- - 
W 

m 
4: 
H 

E 

4: 

> 
9 
5 

DETECTION 

a St reng th  
a D i r e c t i o n a l  and 

Coherence Charac ., 
a Pulse Shape 
a Rep. Rate 

a At tenua t i on  TRANS. MEDIUM. 
CH ARAC . 

Fn o f :  Layers 
-,Thick, 

Angle, e t c . )  

NOISE 
Fn o f :  Sources 
- S i  g. Induced 
- Rescue Sources 
- Basic  Bgrd. 
- A1 t e r e d  Mine 
- Message 
- System 

SENSORS 
Fn o f :  Depth 

: Coupl ing 

SIGNAL PROCESSING 

DATA PROCESS1 NG 
AND COMPUTATION 

LOCATION 

g D i r e c t i o n a l  
Charac. 

a Ear th  Model 
(De ta i  1 ed) 

a Noise Weight ing 
o f  Parameters 

a Array  Geometry 
and Loca t i on  

a Loca t i on  
A1 g o r i  thms 

a Mine Maps 

PARAMETER ESTIMATION 

x ) 

FIELD 
UTILIZATION 

x 1 a Signa l  M o d i f i c a t i o n  
- Freq . Response 
- Time Domain 
- S p a t i a l  Coh. 

a Spectrum Leve ls  

:i a Time Charac. 
i .e. S t a t i o n a r i  t y  

Impul s i  venes 
a S p a t i a l  Coherence 

a S e n s i t i v i t y  
a Array  Gain/ 

D i  r e c t i o n a l  i ty  
a Dynamic Range 
a Pol a r i z a t i o n  

a Candidate 
a Detec t i on  Methods 

+ S e n s i t i v i t y  + Array Gain/ 
D i  r e c t i o n a l  i ty  + Dynami c Range + P o l a r i z a t i o n  

a Candidate 
a Es t ima t i on  Methods 



A D L  Direction and 
Integration of Results 

Initial Briefings 

WGL 

BUMINES 

Consultants 

Assignment to Consultants 

Data Gathering and Analysis 

Preliminary Results Meeting 

Sharpening Focus of Effort 
and Resolution of Issues 

Presentation of Findings 

Consolidation of Findings 

Oral Report to BUM1 NES 

Preparation of Written Report 

Written Report to BUMINES 

August 15 

I 
September 15 October 15 

I I 
November 15 

I 
December 15 

PROGRAM SCHEDULE 



111, ORAL PRESENTATION 
OF 

STUDYRESULTS 
TO - 

PITTSBURGH M I N I N G  SAFETY AND RESEARCH CENTER 

NOVEMBER 2 1 ,  1 9 7 2  

S E I S M I C  LOCATION OF I S O L A T E D  MINERS 

A r t h u r  D. L i t t l e ,  I n c .  

( C o p i e s  o f  F l i p  C h a r t s  and V i e w g r a p h s )  

Arthur D Little, Inc 



A. OVERVIEW 

AND 

SUMMARY 

P R I N C I P A L  

F INDINGS 

ROBERT L .  LAGACE 

Arthur D Little Inc 



OBJECTIVE OF STUDY 

WHAT CAN BE DONE 

AND 

HOW WELL 

BY S E I S M I C  MEANS - 
TO : - 

- DETECT A ,  MINER 

- LOCATE A MINER 

TO WITHIN :  A SECTION 

: AN ENTRY WIDTH 

Arthur D Little. lnc 



SEISMIC LOCATION SYSTEM: 

GENERAL GROUND RULES 

0 Hardware : Fie1 d Sui tab1 e and 

Rapi d l y  Deployable 

0 System Constrained t o  Present  S t a t e - o f - A r t  

Techniques and Hardware 

0 System Operat ion From Sur face 

0 System Sel f -Conta ined i n  i t s  Operat ion and 

Cal i b r a t i  on 

0 System Capable o f  Producing T imely  Loca t i on  

Est imates 

0 System Operat ion Compatible w i t h  and Comple- 

mentary t o  Ove ra l l  Rescue E f f o r t  

0 Signa l  Sources Readi l y  A v a i l  ab le  and Reason- 

ab le  - - No Specia l  , Car r i ed  Devices 

0 No Wide-Area Search - - L i k e l y  Areas Given 

0 Team W i l  1 Have B e n e f i t  o f  Mine Maps 

Arthur D Little, Inc 



D E S I  RED STUDY OUTPUTS 

@ " B E S T "  E S T I M A T E S  ( B a s e d  on P r e s e n t  D a t a )  O F :  

T H E  P R O B A B I L I T Y  O F  D E T E C T I O N  

a n d  

T H E  ACCURACY O F  L O C A T I O N  

O F  A  M I N E R  T R A P P E D  I N  R E A L  E A R T H .  

@ HOW T H E S E  E S T I M A T E S  CHANGE W I T H :  

S Y S T E M  C O M P L E X I T Y  AND COST 

8 WHAT I S  S T I L L  NEEDED I N  TERMS O F :  

B A S I C  D A T A  

A N A L Y S E S  

E X P E R I M E N T S  

T O  I M P R O V E  AND/OR V E R I F Y  T H E S E  E S T I M A T E S  

Arthur D Little, Inc 



DETECTION OF A  MINER 

RANGES 

ON THE ORDER OF 

1000 FEET 

CAN BE ACHIEVED 

SUBJECT TO THE CONTROL OF 

MANMADE NOISE SOURCES* 

Th is  Should A1 low More 

Than Adequate Coverage 

o f  Typ i ca l  Mine Sect ions 

* Namely, su r face  opera t ions  and a c t i v i t y  over  and i n  t h e  v i c i n i t y  o f  t he  
d e t e c t i o n  area must be seve re l y  r e s t r i c t e d  and p o s s i b l y  p r o h i b i t e d .  

12.46 Arthur D Little, Inc 



LOCATION OF A MINER 

TO W I T H I N  A SECTION 

LOCATION ACCURACIES 

TO W I T H I N  

1 0 0  FEET 

TO DEPTHS OF 1000 FEET 

APPEAR ATTAINABLE 

SUBJECT TO: 

- CONTROL OF MANMADE NOISE SOURCES* 

- AN ADEQUATE S E I S M I C  REPRESENTA- 

T I O N  O F ' T H E  EARTH 

* Namely, su r face  opera t ions  and a c t i v i t y  over  and i n  t h e  v i c i n i t y  o f  t he  
l o c a t i o n  area must be seve re l y  r e s t r i c t e d  and p o s s i b l y  p r o h i b i t e d .  
S igna l - t o -no i se  r a t i o s  i n  excess o f  t h a t  f o r  d e t e c t i o n  w i l l  a l s o  be 
requ i  red .  

12.47 Arthur D Little Inc 



LOCATION OF A MINER 

TO WITHIN AN ENTRY WIDTH 

APPEARS TO BE AN UNREALISTIC GOAL 

HOWEVER: UNDER VERY FAVORABLE CIRCUMSTANCES* 

ACCURACIES OF ABOUT 30 FEET APPEAR 

ATTAINABLE 

Wi th t h e  A i d  o f  An Accurate Mine Map - 
Th i s  Should A l low I d e n t i f i c a t i o n  

O f  the En t r y  i n  Which t h e  Miner i s  

Located 

* For  manrnade no ise ,  same comments as f o r  p rev ious  cha r t .  An even more 
accura te  rep resen ta t i on  o f  t h e  ea r th ,  o r  a sha l lower  depth (300 f e e t  
o r  l e s s ) ,  w i l l  a l s o  be necessary. 

12 .48  

Arthur D Little, Inc. 



EXPECTED IMPACT OF 

INVESTMENTS ON 

PERFORMANCE AND COST 

I MPACT Improving 
OF ON+ Overal l  

1 Performance 

T r u l y  F i  e l  dab1 e 
Hardware H IGH 

T r a i  ned Experienced 
Fie1 d Crews HIGH 

S i t e  Pre-Cal i b r a t i o n  
P r e ~ a r a t i  on H IGH 

Improved Sei smi c 
Ear th Models H IGH 

Conventional S/N 
Enhancement Methods HIGH 

Soph is t i ca ted  S/N 
Enhancement Methods LOW 

Control  1 i ng S i  t e  
Manmade Noise HIGH 

Increas ing  
Overa l l  
Cost 

LOW 

MODERATE 

HIGH 

LOW 

LOW 

HIGH 

LOW 

Arthur D Little Inc 



TO IMPROVE AND/OR VERIFY 

PERFORMANCE ESTIMATES 

NEED 

BETTER QUANTITATIVE 

CHARACTERIZATION OF: 

0 SEISMIC  SIGNALS FROM SOURCES 

AVAILABLE TO MINERS 

0 SEISMIC  NOISE I N  COAL MINE REGIONS 

0 S E I S M I C  PROPAGATION ATTRIBUTES OF 

COAL MINE OVERBURDENS 

Arthur D Little. lnc 



B. PROBLEM 

FORMULATION 

AND 

TASKS 

ROBERT L .  LAGACE 

Arthur D Little Inc 



FORMULATION OF PRGBLEN 

1 

CONSTRAINTS AND GIVENS 
I 

DETECTION TECHNIQUE 

No 
b 

No 

PARAMETER EST1 MAliON 
C 

J, Yes 
1 1 

LOCATION EST IVAT ION 

,L Yes . I LOCATION DECLARED I 

Arthur D Little Inc. 



T A S K S  

4 

I NFUTS 

SCURCES I --- 
Fn o f :  Type -- 

: Man 
: Impact Area 
: 'Tunnel 

------- 

c; TRANS. MEDIUM. - ----- 
LL: 

I CiIARAC. -- 
X 

Fn --- o f :  Layers 
b-4 T O  Thick,  

Angle, e t c . )  L" ------ - 

I NijISE --- ---- 

. 
Fn o f :  Sotrrces ---- 

P - j i g .  Tr~duced 
N I - ~ 3 s c u e  ~ o u r c e s  
Cn 
(a - B a s i c  Bsrd. 

- Piessage 
- Sys tern 

Fn o f :  Depth 
: Coupling 

m 

u 

DETECTION 

H 

CIL 

Q; 

=- 

- /  5 - 5' 

u 
c 
ct cr 
0 

T 

PARAMETER ESTIMATION LOCATION 

9 D i r e c t i o n a l  
Charac. 

SIGNAL PROCESSING 

DATA PROCESS1 NG 
AND C O ~ ~ P U T A ~ K  ------- 

-------------- 

r Strength  
r D i r e c t i o n a l  and 

Coherence Charac.-. 
a Pulse Shape 

- 

FIELD 
UTILIZATION 

a Rep. Rate -- - 
9 At tenuat ion  s Ear th  Model 
a Signal  Mod i f i ca t ion- .  (Deta i  1 ed) 

- Freq. Response 
- Tin:? Dornain 
- Spa t ia l  Coh. - -- 

e Spectrum Levels a Noise Weight ing 
e l i m e  Charac. o f  Parameters 

i . e .  S t a t i o n a r i t y  
1rnpul s i  venessL 

r Candidate 
a Detec t ion  Methods 

---- 

---- 

5 

r Spa t ia l  Coherence 

r S e n s i t i v i t y  
a Array Gain/ 

Di r e c t i  onal i ty 
r Dynamic Range 
a Pol a r i  z a t i  on 

r Candidate 
e Est imat ion  Methods ---- 

- -- 

a Locat ion  
A1 g o r i  thms 

r Mine Maps 

+ Sensi t i  v i  ty  + Array Gain/ 
D i r e c t i o n a l  i t y  + Dynamic Range + P o l a r i z a t i o n  

a Array Geometry 
and Locat ion  



C. DETECTION 

OF AN 

I S O L A T E D  

MINER 

ROBERT L . LAGACE 

Arthur D Little, In( 



DETECTION OF A MINER 

CONS I DERATIONS FOR 
ESTIMATING DETECTION RANGES 

0 SIGNAL STRENGTH 

- Source 

- Transmiss ion  Loss 

0 NOISE LEVELS 

- N a t u r a l  Background 

- Manmade Sources 

0 SIGNAL-TO-NOISE 

ENHANCEMENT METHODS 

0 RANGE ESTIMATION 

- D e t e c t i o n  C r i t e r i a  

Arthur D Little Inc 
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COMPOSITE PLOT FOR ESTIMATING DETECTION RANGES 
UNDER NATURAL NOISE CONDITIONS* 

(Based on Experimental Data) 

*(No obvious manrnade noise present) 

0.1 I I 1 I I I 1 
200 400 600 800 1000 1200 1400 

Slant Range I Feet) 

Arthur D Little, Inc 



NATURAL SEISMIC NOISE LEVELS: BASED ON FRANTTI 
DATA WHEN NO MAN-MADE NOISE IS PRESENT 

Histogram of Number of Occurrences of Noise RMS Levels 
0 

1 

- Natural No~se Levels Exceeded 7596 and 25"; 3 & 4 O f--O 
of the Time are Indicated 

For Frequency = 50 Hz & 
* o  

- 

- 

- 

9 

1 o - ~  1 o - ~  1 o - ~  1 o - ~  
Noise RMS IPS~J- 

Westinghouse data for individual mines are included for comparison, and maximum and minimum noise levels are shown 
as open circles connected by lines. Ignore the vertical axis in relation to these data. Arrows pointing to the left indicate 
that system noise limited noise estimates for low noise periods. The Westinghouse data are taken from the Westinghouse 
Report Table 2-4. The order of the mines, going from the top of the figure to the bottom data points, corresponds to the 
field report numbers for the mines. 

I I 

- 

- 

9 

i I I I 
- 4  6 8 1  2 4 6 8 1  2 4 

2 596 0 
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ESTIMATED PEAK-TO-PEAK VERTICAL PARTICLE 
VELOCITY FOR THE FIRST P-WAVE ARRIVAL 
(BASED ON THEORETICAL CONSIDERATIONS) 

Arthur D Little, Inc 



-1 lot '7 Vp = 5000 fps 

DISTORTED WAVE FRONTS OF A VERTICAL SECTION A-A' 



SIGNAL-TO-NOISE IMPROVEMENT 

METHODS 

FOR DETECTION 

M o s t  U s e f u l  

0 BANDPASS F I L T E R I N G  

0 BURIAL  OF SENSORS 

0 SUBARRAYS 

- S i z e  A d j u s t  

- D e l a y e d  o r  D i r e c t  Sum 

- W e i g h t e d  Sum 

FOR ARRIVAL T I M E  ESTIMATION 

M o s t  U s e f u l  

0 SAME AS ABOVE 

0 SUMMING (STACKING) OF 

REPEATED SIGNALS 

FOR DETECTION AND ARRIVAL T I M E  ESTIMATION 

L e a s t  U s e f u l  

0 REMODE 

0 L INEAR PHASE F I L T E R I N G  OF MULTICOMPONENT DATA 

0 MATCHED F I L T E R I N G  

0 MULTI-CHANNEL MAXIMUM L IKEL IHOOD ARRAY PROCESSING 

0 MULTICHANNEL WIENER F I L T E R I N G  

0 SINGLE AND MULTICHANNEL PREDICTION ERROR F I L T E R I N G  

Arthur D Little, Inc. 



MAXIMUM SLANT RANGES (In Feet) FOR DETECTION-UNDER 
NATURAL NOISE CONDITIONS** 

* WIO - SIN I = Without 10dBSignal-to-Noise lmprovement 
W - SIN I = With 10dBSignal-to-Noise lmprovement 

Source 

Strong 
Thumper 

Strong 
Timber 
Sledge 

Weak 
Timber 
Sledge 

* *  No obvious manmade noise sources 

Low Noise 
W/O-SIN I * 
>2000 

>2000 
> 1 500 

1100 
900 

High Noise 
W-SIN I 
>2000 

>2000 
>2000 

>I500 
>I400 

Very High Noise 
WIO-SIN I 

1 400 
W/O SIN I 
950 

W-SIN I 
>2000 

W-SIN I 
1 400 

1050 
900 

550 
450 

1050 
900 

550 
450 

>I500 
1250 

650 
550 

r 

800 
625 

375 
300 



SEPARATION GUIUELINES FOR DEALING W l ' l ' l I  MAN-MAUL NOISE SOURCES* 

Type 

L i g h t  Vehicu la r  

P i s t o n  A i r c r a f t  

Lone T r e e s  and 
Telephone P o l e s  
(heavy wind c o n d i t i o n )  

D r i l l i n g  

Man Walking 

biachinery (heavy) 

Intra-Mine Sources  

(miner e q u i v a l e n t )  

Dis tance  

10,000 f t .  

5 ,000 f t .  

20,000 f t .  

5 ,000 f t .  

400 f t .  

150 f t  

7,500 f t .  

5 ,000 f t .  

1 ,000 f t .  

500 f t .  

10,000 f t .  

2,000 f t .  

3,000 f t .  

3,000 f t .  

D e t e c t o r  

S i n g l e  Phone 

Buried Array 

S i n g l e  Phone 

Buried Array 

S i n g l e  Phone 

Buried Array 

S i n g l e  Phone 

Buried Array 

S i n g l e  Phone 

Buried Array 

S i n g l e  Phone 

Coherent. P r o c e s s i n g  

S i n g l e  Phone 

Buried Array 

* The d e t e c t o r  scheme and n o i s e  s o u r c e - d e t e c t o r  s e p a r a t i o n  d i s -  
t a n c e s  shown a r e  t h o s e  which should b e  s u f f i c i e n t  tlo k e e p  t i l e  
d i s t u r b a n c e  of t h e  a s s o c i a t e d  n o i s e  source  w i t h i n  the  "base" 
n o i s e  l e v e l s  d i s c u s s e d  i n  P a r t  Nine. These g u i d e l i n e s  should 
be  cons idered  b o t h  s p e c u l a t i v e  and cof i se rva t ive .  

Arthur D Little Inc 



D. LOCATION 

OF AN 

ISOLATED 

MINER 

ARRIVAL T I M E  ESTIMATES 

AN D 

LOCATION ACCURACIES USING SURFACE ARRAYS AND EARTH MODELS 

MARTYN F. ROETTER 

LOCATION ACCURACI ES USING REFERENCE EVENT METHOD 

RICHARD H . SPENCER 

Arthur D Little Inc 



MINER LOCATION 

CONSIDERATIONS I N  THE ESTIMATION 

OF 

LOCATION ACCURACIES 

ARRIVAL TIME ESTIMATES 

0 Enhancement o f  A r r i v a l  Time 

Accurac ies  

TREATMENT OF THE EARTH 

0 Model Represen ta t ion  Based on 

- General Geol o g i  c a l  Know1 edge 

- R e f r a c t i o n  Survey Data 

0 "B lack Box" Approach w i t h  T r a v e l  

Times Based on Reference Events 

Arthur D Little, Inc 



1. ARRIVAL T I M E  ESTIMATES 

MARTYN F. ROETTER 

Arthur D Little. lnc. 
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ACCURACY OF ARRIVAL T IMES 

SIGNAL ASSUMED TO L I E  I N  RANGE 5 0 - 1 0 0  HZ 

# % 1 ms . ACCURACY I F PEAK OF F I R S T  ARRIVAL RECOGNIZED 

# Q 5 - 1 0  ms.  ACCURACY I F  PEAK OF A LATER ARRIVAL CHOSEN 

# % 5 0  ms .  ACCURACY I F  SEVERAL CYCLES OF SIGNAL MISSED 

Arthur D Little. lnc 



-4 lo' I+- Vp = 5000 fps 



2. LOCATION ACCURACIES 

USING 

SURFACE ARRAYS 

AND 

EARTH MODELS 

MARTYN F. ROETTER 
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COAL M I N E  GEOLOGY 

GENERAL CHARACTERISTICS OF EASTERN U .S . 
BITUMINOUS COAL M I N E  ENVIRONMENTS : 

0 Geologic S t r a t a  Usual ly  Hor izonta l  

( a  Slope o f  1 i n  50 i s  Large) 

0 S t r a t a  Of ten Pinch Out o r  Grade I n t o  

D i f f e r e n t  Types 

0 Geologic Sect ions Tend t o  Remain S i m i l a r  

Over Distances o f  1-3 M i  l e s  , But Can 

Change Considerably Over 10 Mi les  

0 L i t t l e  Fau l t i ng  Found i n  Pa. o r  Northern 

W .  Va. - Fau l t i ng  More Common i n  Southern 

Areas (Western Ky.) 

0 Seismic Ve loc i t i es  i n  Overburden Can Vary 

From 14000 fps t o  500 fps,  General ly 

Tending t o  Increase With Depth 

0 The Thickness o f  the Upper Weathered Layer 

Can Vary S i g n i f i c a n t l y  From One Geophone 

Subarray t o  Another 

Arthur D Little Inc 



ACCURACY OF EARTH MODELS 

ASSUMPTION: The Ear th  Can Be Represented 

by a Set  o f  L a t e r a l  l y  Homo- 

geneous , H o r i  zon ta l  Layers 

Wi th  D i f f e r e n t  Seismic Velo- 

c i t i e s .  

THEN : Ref r a c t i  on Surveys A1 1 ow The 

Thi  cknesses and Vel o c i  t i e s  o f  

These Layers t o  be Determined 

t o  W i t h i n  About 5%. 

The E r r o r s  May be Somewhat Less 

f o r  t h e  Upper and Lower Layers,  

and Greater  f o r  t he  Middle 

Layers.  
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ACHIEVABLE LOCATION ACCURACY*- I 

0 LATERAL LOCATION ACCURACIES TO 

WITHIN ABOUT 100 FEET APPEAR 

ACHIEVABLE I N  MANY SITUATIONS 

0 UNDER VERY FAVORABLE CIRCUMSTANCES, 

ACCURACIES AROUND 30 FEET MAY BE 

ATTAINABLE 

* Based on t h e  Crosson and Peters  e r r o r  ana l ys i s  a p p l i e d  t o  t h e  l o c a t i o n  
technique o f  non - l i nea r  l e a s t  squares i t e r a t i  ve i n v e r s i o n .  

12 .74  
Arthur D Little Inc 



ACHIEVABLE LOCATION ACCURACY *- I I 

0 KNOWLEDGE OF DEPTH IMPROVES LATERAL 

LOCATION ACCURACIES WHEN THE SE ISMIC  

VELOCITY I S  DEPTH DEPENDENT 

0 EARTH MODEL ERRORS OF 5% ARE MORE 

SERIOUS SOURCES OF INACCURACY THAN 

ARRIVAL T I M E  ERRORS OF 1 - 5  ms. 

BUT 

0 ARRIVAL T I M E  ERRORS OF 1 5 - 2 0  ms. 

DOMINATE EARTH MODEL ERRORS OF 5% 

* I b i d  
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ACHIEVABLE LOCATION ACCURACY*- I I I 

0 LOCATION ACCURACY I N S I D E  AN ARRAY 

I S  NOT A STRONG FUNCTION OF THE 

ARRAY ' S  S I Z E  OR CONFIGURATION 

0 LOCATION ACCURACY FALLS OFF RAPIDLY 

OUTSIDE THE ARRAY 

- THE RATE I S  S IGNIF ICANTLY DEPENDENT 

UPON THE ARRAY GEOMETRY 

* I b i d  
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ACHIEVABLE LOCATION ACCURACY*- I V  

0 BETTER LOCATION ACCURACY, ESPECIALLY 

WITH RESPECT TO DEPTH, I S  ATTAINABLE 

I N  AN EARTH WHERE THE VELOCITY I S  

DEPTH DEPENDENT, RATHER THAN CONSTANT 

0 L INEAR VELOCITY MODELS ( V  = A + B Z )  

ARE EXCELLENT APPROXIMATIONS TO A 

HORIZONTALLY LAYERED EARTH 

* I b i d  
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CONCLUSIONS ON LOCATION ACCURACY 

THESE CONCLUSIONS ARE SUBJECT TO THE 

FOLLOWING CONDITIONS: 

- ARRIVAL TIMES CAN BE MEASURED TO 

W I T H I N  1-5 ms. 

- MODELS OF THE EARTH CAN BE APPLIED 

WHICH ARE "ACCURATE" TO W I T H I N  5% 

Arthur D Little. In( 



EARTH MODEL ACCURACY 

MODEL "ACCURACY" I S  A FUNCTION OF THE: 

1 . SEISMIC  SURVEY DATA AND ANALYSIS 

2 .  V A L I D I T Y  OF THE REPRESENTATION OF 

THE COMPLEX STRUCTURE OF THE 

ACTUAL EARTH BY A SIMPLE MODEL FOR 

TRAVEL T I  ME COMPUTATIONS 

Arthur D Little Inc 



Summary of Error Diagrams? 

R u n #  Array Sta t ion  Velocity Parameter Error Depth 

ZYEL Spacing, Model Fixed? 

1 Hex 

2 Hex 

+ 3  Hex 

+ 4 Hex 

5 Hex 

6 Hex 

7 Hex 

+ 8  Hex 

9 Hex 

+ 10 Hex 

+ 11 H 

12 Hex 

+ 13 Mod Hex 

+ 14 Hex 

15  H 

+ 16 Hex 

1 7  Hex 

+ 18 Hex 

+ 19 Hex 

+ 20 H 

21 Hex 

22 Hex 

+ 23 Hex 

24 Hex 

ft. - 

Con 

Lin 

Lin 

Lin 

Con 

L i n  

Lin 

Lin 

Con 

Lin 

Lin 

Con 

Lin 

2 Lay 

2 Lay 

2 Lay 

2 Lay 

4 Lay 

4 Lay 

L i n  

L i n  

Lin 

Lin 

Lin 

t Ib id  

* i n d i c a t e s  depth f ixed f o r  e r r o r  computations. 

I.  
Arrows ind ica te  the  e r r o r  diagrams shown i n  the  presentat ion.  
They can be found i n  Part  Three. 
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FURTHER RESOLUTION 

OF THE QUESTION OF 

ACHIEVABLE 

LOCAT I O N  ACCURACY 

MAJOR PROGRAM COMPONENTS : 

0 COMPREHENSIVE S E I S M I C  SURVEY 

OF REPRESENTATIVE MINE SITE(S) 

BY EXPERIENCED PERSONNEL 

0 CONTROLLED (STRONG SOURCE) LOCATION 

EXPERIMENTS USING : 

1 . A c t u a l  M e a s u r e d  e a r t h  v e l o c i t y  
p r o f i l e  

2.  S i m p l e  M o d e l  A p p r o x i m a t i o n s  t o  
1. 

Arthur D Little Inc 



For: 
Diagonal Path 

)( X-Axis Path 
A Y-Axis Path 

Input Velocity = 10,000 fps 

- Offset from Center (feet) 

"MINER" LOCATION ERROR 
300 FOOT DOUBLE SQUARE 
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3. LOCATION ACCURACIES 

USING 

REFERENCE EVENT METHOD 

RICHARD H . SPENCER 
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REFERENCE EVENT 

Receiving Array 

a 

T = True 
0 = Observed 

Arthur Il Little Irx 
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REFERENCE EVENT 

EXPERIMENT 

OBJECTIVE: TO DETERMINE ACCURACY AND NUMBER OF 
CALIBRATION EVENTS REQUI RED 

r 10-1 5 Geophones 

r Two o r  More Sources ( ~ i m b e r ,  Hammer, E x p l o s i v e s )  

r Source L o c a t i o n s  - 25' t o  5 0 '  G r i d  Running Over 1,000 f t .  

- A c c u r a t e l y  Known L o c a t i o n s  

- Time Mark D e s i r e d  

r A p e r t u r e  C o n t r o l  

r Must  T r y  i n  Severa l  Mines 

TO BE DONE BY SKILLED GEOPHYSICAL SERVICE COMPANY 

DETAILED TEST PLAN TO BE DEVELOPED 

Arthur D Little. Inc 



E.. S E I S M I C  SYSTEM 

F I E L D A B I L I T Y  

AND 

INSTRUMENTATION 

RICHARD H. SPENCER 
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F I E L D A B I L I T Y  

GIVEN:  . LOCATION REQUIRES CALIBRATED SIGNALS 
. POWER MAY NOT BE A V A I L A B L E  . TEST AND R E P A I R  F A C I L I T I E S  NOT READILY A V A I L A B L E  . Q U I C K  RESPONSE UNDER EMERGENCY CONDITIONS REQUIRED 
. OPERATING PERSONNEL MUST BE EXPERIENCED - MUST 

KNOW EQUIPMENT AND I T S  C A P A B I L I T I E S  

HARDWARE : 
V E R T I C A L  SEISMOMETER - A M P L I F I E R  ABLE TO BE BURIED 
12-CHANNEL TAPE RECORDER 
ACCURATE, RECOVERABLE T I M E  CODES ON TAPE 
CONTINUOUS T I M E  REFERENCE ON TAPE 
SEISMOMETER C A L I B R A T I O N  D E V I C E  
V A R I A B L E  F I L T E R I N G  - G A I N  
COMPACT L I G H T  WEIGHT RUGGED Pl0DULAR SH''lPLE 
PROVEN HARDWARE 
SELECTABLE T I M E  BASE D I S P L A Y S  
PROCESSING CENTER 
BATTERY OPERATION 
WATER PROOF NON-AMBIGUOUS CABLING 
TOOLS 
RADIO COMMUNICATION FOR CREW 

PERSONNEL: . 3-MAN CREW (MINIMUM)  
OPERATOR/ANALYST - TEST CHIEF-GEOPHYSICAL ENGINEER 
E L E C T R I C A L  T E C H N I C I A N  
F I E L D  T E C H N I C I A N  
ON S I T E  A D D I T I O N S  

DEPLOYMENT: . MODULAR PACKING . PORTABLE PROCESSING CENTER 

Arthur I3 Little. Inc 



INSTRUMENTATION 

KEY ITEMS 

1 . RAPID DEPLOYMENT OF DETECTION SUBSYSTEM 

2 .  SELF-CALIBRATING SYSTEM - FRONT END AND 

FINAL OUTPUT - BOTH SENSITIVITY AND 

TIME 

3 .  PERFORMANCE LIMITED ONLY BY SEISMIC NOISE 

- Geophone/Preamp U n i t  

- B u r i a l  o f  Geophones 

4. DISC PACK FOR COMPUTER 

- F a s t  Programming 

- Extends Capabi 1 i t i e s  

5 .  DISPLAYS 

- Real Time 

- Processed 

Arthur D Little Inc 
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BLOCK DIAGRAM INSTRUMENTATION 

Geophones 

Calibrator a 
& Preamps Amplifiers Visicorder 0 

Telephone 
l nterface n 1 Modem 1 

Telephone 
Line 
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F. CONCLUDING REMARKS 

ROBERT L .  LAGACE 
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