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INVESTIGATION OF BLAST-INDUCED UNDERGROUND 
VIBRATIOlTS FROM SURFACE M I N I N G  

by Michael K.  Phang, Thomas A. Simpson, and Robert C. Brown 

NTRODIJCTTON 

The use of explosives to fragment rock generates  ground v ib ra t ions  
which may have a de t r imenta l  e f f e c t  on contiguous underground coal  mine 
openings. Increased  surface b l a s t i n g  by a burgeoning number of sur face  
coa l  mines and q u a r r i e s  has caused considerable  concern among underground 
mine operators .  Ground v ib ra t ion  e f f e c t s  generated from sur face  mine 
b l a s t i n g  a r e  a l s o  causing publ ic  concern. I n  response t o  t h i s  concern, t he  
U.S. Bureau of Mines (s tagg and Engler,  1980) has measured and analyzed 
ground v i b r a t i o n s  and t h e i r  e f f e c t s  on underground and sur face  s t ruc tu re s .  

Some of t he  complaints r e g i s t e r e d  a g a i n s t  t he  mining indus t ry  a r e  
claims of s u b s t a n t i a l  mater ial  damage from v ib ra t ions  generated by the  
b l a s t ing ;  o t h e r s  a r e  nuisance complaints of minor damage o r  annoyance. I n  
genera l ,  a l l e g a t i o n s  of damage from sur face  b l a s t i n g  have been s u f f i c i e n t l y  
numerous t o  c o n s t i t u t e  a major problem f o r  mine opera tors  engaged i n  
b l a s t i n g  operat ions.  They have recognized the  need f o r  more technological  
da t a  t o  evalua,te t he  v ib ra t ion  problems assoc ia ted  with b las t ing .  Both t h e  

1 opera tors  and t h e  genera l  publ ic  need adequate safeguards based upon 
f a c t u a l  da t a  t o  p r o t e c t  t h e i r  s p e c i f i c  i n t e r e s t s .  The coa l  mine indus t ry  
needs r e l i a b l e  information from which to change b l a s t i n g  opera t ions  to 
reduce t h e  number and seve r i ty  of major damage claims and /el iminate  t h e  
growing number of nuisance complaints. The problem is  of major concern no t  
only t o  coa l  mine opera tors  and nearby property owners, bu t  a l s o  t o  

;k f e d e r a l ,  s t a t e  and l o c a l  governments. A t  the  same time, environmental 
! con t ro l  agencies  respons ib le  f o r  b l a s t i n g  and explosives use r equ i r e  
b 
4 reasonable and appropr ia te  guide l ines  t o  p r o t e c t  t he  miners1 l i ves .  
g 
1 An understanding of v ib ra t ion  c h a r a c t e r i s t i c s  and of how underground 

. i s t r u c t u r e s  respond t o  ground v ib ra t ions  w i l l  he lp  def ine  l i m i t s  which w i l l  
enable opera tors  t o  confine b l a s t i n g  t o  l e v e l s  which w i l l  minimize adverse 

j 
e f f ec t s .  The c h a r a c t e r i s t i c s  of v ib ra t ions  a r e  s t rongly  a f f e c t e d  by t h e  

4 degree of explos ive  confinement afforded by the  overburden, stemming, and 
geologic  condit ions.  The imposed load d i s t r i b u t i o n  and t h e  induced 
deformation c rea ted  i n  t h e  underground mine by sur face  b l a s t i n g  is  a major 
f a c t o r  a f f e c t i n g  t h e  s t a b i l i t y  of the  underground mine. Extensive 
government r egu la t ion  on b l a s t i n g  operat ions has crea ted  a need f o r  uniform 
instrumentat ion and measurement techniques, whereby more r e a l i s t i c  and 
P r a c t i c a l  design procedures can be employed. 

I n  1976, coa l  production i n  Alabama was approximately 22 mi l l i on  tons ,  
of which approximately 7 mi l l i on  tons  were from underground mines. It i s  
est imated t h a t  production w i l l  i nc rease  t o  25 mi l l i on  tons  from underground 
mining by 1989. Some of t he  increased production w i l l  come from mines 
ad jacent  t o ,  o r  i n t e r s e c t i n g ,  on-going surface mining a c t i v i t i e s .  This  
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w i l l  r equ i r e  the  establ ishment  of s a f e t y  c r i t e r i a  t o  minimize the  v ib ra t ion  
e f f e c t s  on the  underground coal  mine openings caused by sur face  b las t ing .  
The s a f e t y  c r i t e r i a  w i l l  be the allowable guidel ines f o r  acceptable 
operat ing and sur face  mine b l a s t i n g  procedures. The guide l ines  w i l l  permit 
the  ' underground and surface mining a c t i v i t i e s  t o  be c a r r i e d  on 
simultaneously without d i s rup t ing  t h e i r  operations. 

Object ives 

The i n i t i a l  objec t ive  of t h i s  s tudy is t o  evaluate  an instrumentat ion 
and f i e l d  monitoring program designed t o  record and monitor sur face  
b l a s t i n g  e f f e c t s  on underground coal  mine openings. The ove ra l l  ob jec t ive  
of t h i s  research  is t o  study p o t e n t i a l  mine roof damage c r i t e r i a  and 
develop guide l ines  f o r  sur face  mine b l a s t i n g  procedures overlying 
underground coal  mine operat ions from which a s a f e  and economical operat ing 
l i m i t  can be es tab l i shed .  

P o t e n t i a l  damage c r i t e r i a  and guide l ines  can be developed by 
quant i fy ing  the  r e l a t ionsh ip  between iden t i fy ing  the  nature and degree of 
underground v i b r a t i o n s  and damage produced i n  a mine on the  underground 
s t ruc tu re .  To p r e d i c t  t he  c h a r a c t e r i s t i c s  of underground v ib ra t ions  
occurr ing from a sur face  b l a s t  it is necessary t o  e s t a b l i s h ,  through t h e  
use of measuring devices,  t h e  propagation r e l a t i o n s  of underground 
v ib ra t ions  o r i g i n a t i n g  from surface  b las t ing .  Hence, it is e s s e n t i a l  t h a t  
t he  v ib ra t ion  measuring equipment cu r ren t ly  in use be evaluated and t h a t  
s p e c i f i c a t i o n s  f o r  new instrumentat ion and a monitoring program be 
developed. P a r t  of t h i s  study w i l l  provide an approach t o  the  design of an 
instrumentat ion and f i e l d  monitoring program f o r  use i n  inves t iga t ing  t h e  
damage c r i t e r i a  of sur face  b l a s t i n g  on underground coal  mine openings. 

Scope of Work 

Ground v ib ra t ions  from surface  b l a s t ing  a r e  an undesirable s i d e  
product of the use of explosives t o  fragment rock f o r  mining and quarrying 
excavations. The wave of v ib ra t ions  from a b l a s t  propagates i n  a l l  
d i r ec t ions .  I n  monitoring the  v ib ra t ion  waves, t he  frequency, range o r  
amplitude, and dura t ion  of t he  waves must be measured. Recording t h e  peak 
amplitudes and  frequency is the  genera l ly  acceptable procedure f o r  s tudying 
ground v ibra t ions .  Care must be taken i n  s e l e c t i n g  the  proper 
instrumentat ion f o r  t he  d i f f e r e n t  v ib ra t ions  encountered i n  mining, 
cons t ruc t ion ,  and quarry b las t ing .  

The v ib ra t ion  of a p a r t i c u l a r  po in t  in the  ground can be described a s  
a time-varying displacement from which ve loc i ty  and acce le ra t ion  can be 
calculated.  Vibra t ion  l e v e l s  measured by seismographs a r e  expressed in 
inch/inch f o r  displacement, inch/inch/second f o r  ve loc i ty ,  o r  inch/inch/ 
second squared f o r  acce lera t ion .  

I n  add i t ion  t o  recording the  ground p a r t i c l e  ve loc i ty  a s  measured by 
t h e  seismograph, f r a c t u r e s  i n  the  r o o f ' o f  the mine should be recorded by 
photography o r  mapping of such f r a c t u r e s  before b l a s t ing  t o  observe any 
changes i n  the na ture  -and s i z e  of t h e  f r ac tu res .  The behavior of t hese  
f r ac tu res ,  t he re fo re ,  can be v i s u a l l y  monitored before and a f t e r  b las t ing .  
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To determine the  e f f e c t s  of surface b la s t ing  on underground openings, 
c r i t i c a l  a r e a s  of f r a c t u r e s  must be i d e n t i f i e d  t o  choose the bes t  
instrumentation s i t e  and the  most e f f e c t i v e  instruments f o r  f i e l d  
monitoring. A preliminary survey around a mine opening, a s  well a s  a 
h i s t o r i c a l  and geological  knowledge of the area ,  form the  foundation f o r  
choosing the s i t e .  

I n  the  study of any underground opening f o r  evaluat ing b la s t ing  
e f f e c t s ,  a few bas ic  observations must be made: 

I  . Information regarding the  regional  geology of the  mining area  f o r  
surface mine design a s  well a s  f o r  underground mine s tudies .  

X 
5 2. Maximum ground p a r t i c l e  ve loc i ty  a t  surface and underground 
F r e s u l t i n g  from b l a s t i n g  i n  order  t o  evaluate the  se ismic i ty  of the  s i t e .  
b 
t 

3. Imposed s t r e s s  and induced deformation r e s u l t i n g  from external  
forces  applied t o  the  underground openings, including t h e i r  d i r ec t ion  and 
magnitude i n  order  t o  evaluate the  rock behavior of the  mine roof. 

4. Physical  proper t ies  (dynamic and s t a t i c )  of the  rock and coal  i n  
the  v i c i n i t y  of the  underground openings by inves t iga t ing  core samples from 

I s e l ec ted  mine locat ions.  

5. The geometry of the  openings. 

These data a r e  then used f o r  evaluat ing surface b la s t ing  e f f e c t s  on 
underground openings and developing po ten t i a l  damage c r i t e r i a  and 
guidel ines  f o r  s a f e  and economical mine operations. 1 

Previous Work 

Many inves t iga t ions  have been conducted, both i n  the  United S t a t e s  and 
o ther  count r ies ,  on the  e f f e c t s  of ground v ibra t ions  from b las t ing  on 
r e s i d e n t i a l  and o ther  surface s t ruc tures .  The b l a s t s  s tudied ranged from 
laboratory experiments t o  fu l l - sca le  nuclear  explosions. The subjec ts  have 
included ef f ic iency of explosive products, b l a s t ing  techniques, behavior of 
ground and s t r u c t u r a l  mater ia ls ,  energy propagation, and damage from 
vibra t ions .  One of the  f i r s t  such s tud ies  reported i n  the  United S t a t e s  
was made i n  1927 by Rockwell (1927). Using displacement seismographs and 
fa l l ing-pin  gages, he was the  f i r s t  to use instruments t o  measure ground 
v ibra t ions .  Rockwell concluded t h a t  quarry b la s t ing  would n o t  produce 
damage t o  r e s i d e n t i a l  s t r u c t u r e s  if they were more than 200 t o  300 f e e t  
away from the  quarry operation. He a l s o  s t r e s sed  the need f o r  obtaining 
accurate quan t i t a t ive  measurements of the  v ibra t ions  produced by b las t ing .  

! 
i The first major e f f o r t  t o  e s t a b l i s h  po ten t i a l  damage c r i t e r i a  f o r  

I r e s i d e n t i a l  s t r u c t u r e s  due t o  quarry blasking was made by the  Bureau of 

1 Mines during the  period of 1930 t o  1940 (~hoenen  and Windes, I 942). A s  a 

I p a r t  of t h i s  research projec t ,  displacement seismographs and c a l i b r a t i o n  

I t a b l e s  were designed t o  study the  e f f e c t s  of ground v ibra t ion  from 
blas t ing .  The r e s u l t  of t h i s  study showed t h a t  acce lera t ion ,  ca lcula ted  
from displacement measurements, was the  c r i t e r i o n  most c lose ly  associa ted  



with damage t o  r e s i d e n t i a l  s t ruc tu res .  I n  a l a t e r  study, Crandall (1949), 
proposed a damage c r i t e r i o n  which was based on p a r t i c l e  ve loc i ty  ca lcula ted  
from displacement and acce le ra t ion  measurements. Langefors, Kihlstrom, and 
Westerberg (1958) s tudied  the  t e s t s  bf v ib ra t ions  from b l a s t i n g  and a l s o  
proposed damage c r i t e r i o n  based on p a r t i c l e  veloci ty.  

  he Bureau of Mines i n  1958 reopened t h e i r  v ibra t ion  study. The 
inves t iga t ion  was conducted because of a pressing need f o r  add i t iona l  
b l a s t ing  v ib ra t ion  information, the  a v a i l a b i l i t y  of more r e l i a b l e  
instrumentat ion f o r  seismic measurements, and the  a c c e s s i b i l i t y  of 
appl icable  seismic information from other  r e l a t e d  d i s c i p l i n e s  were 
avai lable .  A s  a r e s u l t  of t h i s  program, t ransducers  were then developed by 
the  Bureau of Mines t o  measure acce le ra t ion ,  displacement, and ve loc i ty  
d i r ec t ly .  However, peak p a r t i c l e  ve loc i ty  remained a s  one of the  
recommended damage c r i t e r i a .  

The v ib ra t ions  were measured and col lec ted  by bra11 (1967) a t  various 
loca t ions  such a s  c e i l i n g  panels,  foundation walls ,  and a t  the  surface of 
the ground near  the  s t r u c t u r e ,  using the  peak p a r t i c l e  ve loc i ty  determined 
from the  vector  sum of a l l  three  ground v ib ra t ion  components. The Bureau 
of Mines reported the  r e s u l t s  on seismograph ca l ib ra t ion ,  instrumentation 
design requirements, s o i l  coupling of gages, and damage c r i t e r i a  based on 
veloci ty.  These s t u d i e s  were l a t e r  used by industry t o  r ev i se  and update 
design and production of ve loc i ty  seismographs ( ~ i c h o l s  e t *  a l . ,  1971 ) . 
However, there  were st i l l  quest ions regarding the e f f e c t s  of surface 
placement of t ransducers ,  the  frequency range t h a t  should be measured, 
ve loc i ty  seismograph ca l ib ra t ion ,  and ve loc i ty  measurement procedures. 

Other published s t u d i e s  g ive  a summary of instrumentation and damage 
c r i t e r i a  and list frequency and scaled-distance ranges f o r  v ib ra t ions  from 
coal  mining, s tone quarrying and construct ion a c t i v i t y .  A ,  study by 
Siskind, Stagg, Kopp, and Dowding ( i n  press)  dea ls  with demonstrating new 
measurement ana lys i s  techniques of ve loc i ty  exposure l eve l  and response 
spect ra  f o r  sur face  mine b las t ing .  

Inves t iga t ions  of rock behavior have been conducted by the  Bureau of 
Mines f o r  many years.  A va r i e ty  of instruments have been designed and 
developed t o  measure f i e l d  and laboratory rock deformation and s t r e s s .  I n  
1961, Reed and Mann b u i l t  some p r a c t i c a l  t o o l s  f o r  measuring rock 
deformations. A r e p o r t  was published by the  Bureau of Mines ( ~ e r r i l l ' e t  
a l . ,  1961 ) deal ing  with the  measurement of the  deformation of a borehole i n  
rock subjected t o  a change i n  applied s t r e s s .  A gage designed t o  measure 
the  borehole deformation was constructed and reported by Obert, Mer r i l l ,  
and Morgan (1972). Tincel in  and Sinou (1964) used s imi la r  instruments t o  
monitor d e t e r i o r a t i o n  of mine roofs  near  production b la s t s .  A l a t e r  study 
by Waddle (1965) evaluated the  instrumentation f o r  rock mechanics and 
proposed its app l i ca t ion  t o  o ther  engineering problems. A repor t   erril ill, 
1967) described the  construct ion and c a l i b r a t i o n  of the  three- component 
borehole deformation gage and s t r a i n  indica tor .  

\ 

An e a r l i e r  publ ica t ion  by Campbell and Dodd (1968) gives an overview. 
of design considerat ions f o r  an underground 'power p lan t  subjected t o  
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s t r e s s e s  from earthquake shaking. A recent  study by Hayatdavoudi and Brown 
(1979) descr ibes  the  instrumentat ion design f o r  underground measurements 
and reported r e s u l t s  on po ten t i a l  damage c r i t e r i a  based on peak p a r t i c l e  
ve loc i ty  and s t r e s s ,  This  inves t iga t ion  indica ted  t h a t  the  dynamic 
s t r e s s e s  developed underground a s  a r e s u l t  of b l a s t ing  operat ions were 
r e l a t e d  t o  the ground p a r t i c l e  ve loc i ty ,  because the  s t r e s s  c r i t e r i o n  was 
based on converted ve loc i ty  values. Pas t  research by Beus and Chan (1980) 
has shown t h a t  the in-s i tu  ground s t r e s s  is a major f a c t o r  a f f e c t i n g  s h a f t  
s t a b i l i t y .  This research proposed t h a t  some f i e l d  determination of the  
three-dimensional in-s i tu  s t r e s s e s  a t  s h a f t  s i t e s  must be made t o  properly 
a s s e s s  the magnitude and o r i en ta t ion  of the s t r e s ses .  

A comprehensive review by Jensen and Munson (1979) provides general 
guidel ines f o r  t h i s  research. This study deals  with p o t e n t i a l  damage t o  
underground coal  mine openings from surface blast ing,  The r epor t  by Jensen 
and Munson included an instrumentat ion and f i e l d  monitoring program f o r  
measuring underground v ib ra t ion  from surface blast ing.  They maintain the  
design of an underground mine is general ly based on a considerat ion of 
s t a t i c  loads many times g rea te r  than any expected dynamic s t r e s ses .  I f  
condit ions a r e  such t h a t  s t a t i c  s t r e s s e s  a r e  nearly equal t o  the  s t r eng th  
of supporting rock, added dynamic s t r e s s e s  from b l a s t  v ib ra t ions  could 
cause col lapse,  Instrumentation and monitoring procedures used i n  t h i s  
study a r e  s imi la r  t o  those used by Jensen and Munson. 
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DESCRIPTION OF THE TEST SITE MID M I N I N G  OPERATIONS 

General E f f e c t s  of Geology 

Geologic s t r u c t u r e  and mineralogical  make-up cause a d i f fe rence  i n  
wave propagation. I f  the  rocks a t  t h e  s i t e  a r e  e s s e n t i a l l y  hor izonta l  and 
s t r a t i f i e d  and c o n s i s t  ch ie f ly  of massive rock u n i t s  with hor izonta l  
isotropy and uniform cover, l i t t l e  d i f fe rence  i n  wave propagation would be 
expected with d i r ec t ion .  Conversely, i f  t h e r e  a r e  s t r u c t u r a l  
d i s c o n t i n u i t i e s  such a s  jo in t ing ,  fo ld ing ,  and f a u l t i n g  anisotropy o r  any 
o the r  type of l i n e a t i o n ,  such a s  a mineralogical and/or g ra in  or ien ted  
f a b r i c ,  propagation may d i f f e r  with d i r ec t ion .  

The th ickness  of s o i l  and depth and degree of weathering have a d i r e c t  
e f f e c t  on t h e  amplitude and frequency of displacement recordings. Also, 
t h e  i n t e n s i t y  of v i b r a t i o n  i n  loose s o i l  and weathered overburden ma te r i a l  
is g r e a t e r  than i n  hard, unweathered bedrock media. For equal explosive 
charges and d is tances ,  gages i n s t a l l e d  on rock outcrops i n d i c a t e  lower 
amplitudes and higher  frequencies  than gages i n s t a l l e d  on t h e  overburden. 
Because s o i l  and overburden rock thicknesses vary from mine t o  mine and 
within some mines, b r i e f ,  simple t e s t s  were conducted t o  determine whether 
o r  no t  s i m i l a r  e f f e c t s  were present  i n  t h e  p a r t i c l e  ve loc i ty  recordings. 

Physiography and Geology 

This  research was done a t  t he  Shannon Mine of t h e  Black Diamond Coal 
Company i n  the  Appalachian Ridge and Valley physiographic' province i n  
eas t - cen t r a l  Alabama, Je f f e r son  County. The mine i s  approximately f o u r  
miles northwest of Abernant, Tuscaloosa County, and the  mine p o r t a l  is in 
t h e  SW1/4, Sec t ion  3 ,  T20, R6W, a s  shown i n  Figure 1 .  The mined a r e a  
comprises approximately 180 a c r e s  underlying p a r t s  of Sect ions 3 and 10  o f  
T20S, R6W. 

The t e r r a i n  is composed of h i l l s  and va les  of low t o  moderate r e l i e f  
a t t a i n i n g  a maximum e leva t ion  of 625 f e e t  above mean sea l e v e l  (msl) and a 
minimum r e l i e f  of  480 f e e t  above m s l .  

The sur face  drainage p a t t e r n  is dendr i t i c  and cons i s t s  c h i e f l y  o f  
s eve ra l  small i n t e r m i t t e n t  streams t h a t  flow in a nor ther ly  d i r e c t i o n  on 
t h e  northwestern s i d e  of t h e  property and severa l  small i n t e r m i t t e n t  
streams which flow in  a southerly d i r e c t i o n  on the  southeastern s ide  of t h e  
property. A series of no r theas t e r ly  t rending small s t r i p  mine lakes  and 
s t r i p  mine s p o i l  banks border the  northwestern property boundary, and an 
o ld  s t r i p  mine lake c u t s  ac ross  t h e  southwestern corner of t h e  property. 

The Shannon Mine and adjacent  sur face  and underground mines occur i n  
I t h e  extreme southwestern p a r t  of t he  Blue Creek Basin of t he  Warrior Coal 
I Fie ld  of Alabama. F igure  2 i s  a plan view of the  s i t e  showing a p a r t  of 

I t he  underground mine. 
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The basin is  an  asymmetrical syncl ine t h a t  has a no r theas t e r ly  
t rending  a x i a l  t r a c e  and plunges t o  the  northeast .  The Shannon Mine occurs  
a t  the  southwestern extremity of the syncl ine c lose  t o  the s t r u c t u r a l  no in t  
of terminat ion.  The s t r a t a  along the  northwestern f lank  of t he  major 
s t r u c t u r q  has a r e l a t i v e l y  shallow d ip  t o  the southwest, which averages 
about  17"SW. Along th2 southeas te rn  f lank ,  the s t r a t a  d ip  is  much s t eepe r ,  
dipping a s  much a s  ROO NW. 

The Blue Creek Basin i s  under la in  by an a l t e r n a t i n g  sequence of sha l e ,  
sandstone, conglomerate, and coa l  seams of t he  P o t t s v i l l e  Formation of 
Pennsylvanian age. The rock u n i t s  vary i n  gra in  s i z e ,  co lor ,  and 
th ickness .  The l i t h o l o g i e s  range from mudstones and s i l t s t o n e s  t o  
sandstones and occasional  pebble conglomerates. The th ickness  of d i f f e r e n t  
rock u n i t s  range from laminae t o  thin-bedded t o  thick-bedded u n i t s  t h a t  a r e  
mere pa r t i ngs  of f r a c t i o n s  of an inch i n  thickness f o r  sha l e s  and shaly 
sandstones t o  sandstone u n i t s  t h a t  a r e  a s  much a s  20 f e e t  i n  thickness .  
The t h i c k e r  sandstone u n i t s  a r e  well  cemented and extremely tough and 
tenacious.  

P; The coalbeds underlying the  a rea  a r e  those represented by the  Mary Lee 
group. The coalbeds present ly  being mined i n  t h e  a rea  from the  o l d e s t  t o  
youngest a r e  t h e  Jagger ,  Blue Creek, and Wewcastle, with t h e  Rlue Creek 

i I being the  most important. The basin is  only about one mile wide a t  the  
I 
b mining s i t e  and the  depth of cover ranges from 0 a t  t he  outcrop t o  about  
j 

500 f e e t  a t  the bottom of t h e  Shannon slope. 

4 Fau l t i ng  is common throughout t he  basin and the  f a u l t s  c u t  ac ros s  the  
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basin i n  oblique angles  c h i e f l y  a s  normal f a u l t s  with displacements ranging 
k from only a few inches t o  a s  much a s  100 f e e t .  There a r e  probably more 
d f a u l t s  t h a t  a r e  no t  v i s i b l e  i n  t h e  surface and subsurfade. Movement 
f p a r a l l e l  t o  and along bedding planes occurred during the  fo ld ing  process 

and evidence of t h i s  can be r e a d i l y  observed on some of t h e  exposed rock 
ri 
5 surfaces.  

g 
3 J o i n t i n g  is  common and the  dens i ty  and frequency v a r i e s  according t o  
1 l o c a l  s t r u c t u r a l  i r r e g u l a r i t i e s .  The coal  is genera l ly  wel l  c l ea t ed  with 
I b u t t  and face  c l e a t s  or ien ted  genera l ly  i n  a northwester ly and north- 
! e a s t e r l y  d i r e c t i o n  ( ~ i g u r e  3 ) .  
f 
1 

The Shannon Mine is a s lope  mine and the i n c l i n e  has an average s lope  

f of 10 degrees opened on the  Blue Creek coal  seam. The d is tance  down the  
s lope  from the  p o r t a l  t o  t h e  bottom i s  about  1800 f e e t .  Figure 4 is  a 

! s lope  p r o f i l e  (B-B') showing the  general ized geologic sec t ion  and Figure 5 
shows a columnar s ec t ion  looking northwesterly.  

The Blue Creek coalbed ranges from about 6 f e e t  t o  12  f e e t  i n  
th ickness  and a t y p i c a l  cross-sect ion of t h e  coal  seam i s  shown i n  Figure 6 
which was measured on the  r i b  of t h e  south p i l l a r  a t  t he  instrumented 
i n t e r s e c t i o n .  
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k Figure  6. Coal s e c t i o n  in r i b  of south p i l l a r  
t c o n t r o l  s e c t i o n  in Shannon mine. 
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E l e c t r i c  Logging 

E l e c t r i c  l ogs  were run i n  borehole DDH 20 a t  t h e  s i t e  t o  s u b s t a n t i a t e  
the  i n t e r p r e t a t i o n  of t h e  d r i l l i n g  log and provide a d d i t i o n a l  subsurface 
da ta  ( ~ i g u r e  7 ) .  The borehole was d r i l l e d  40 f e e t  southeas t  of t he  survey 
c o n t r o l  p o i n t  and 342 f e e t  deep pene t r a t ing  a p i l l a r  i n  the  Rlue Creek coal  
seam and down t o  the  underlying Jagger  coa l  seam ( ~ i g u r e  8 ) .  Core samples 
were c o l l e c t e d  and s e l e c t e d  samples of t h e  core were t e s t e d  i n  t h e  
labora tory  f o r  va r ious  phys ica l  s t r e n g t h s  and p r o p e r t i e s  ( ~ i g u r e  9 ) .  These 
da ta  were compared wi th  the  geophysical l ogs  f o r  v e r i f i c a t i o n  and 
co r re l a t ion .  The labora tory  t e s t  r e s u l t s  a r e  given i n  Table 1 .  

Four e l e c t r i c  logs  were obtained from the  run,  including:  (1 ) c o a l  
l i t ho logy  log; ( 2 )  seam th ickness  log; (3) coal  q u a l i t y  log; and (4)  multi-  
channel sonic  log. 

The coa l  l i t ho logy  log  c o n s i s t s  of a gamma ray and dens i ty  l o g  
toge the r  and these  a r e  usual ly  s u f f i c i e n t  f o r  bas ic  coa l  l i t h o l o g y  
i d e n t i f i c a t i o n  -- s h a l e ,  sandstone, mudstone, marine bands, and coal .  The 
c a l i p e r  of t h e  hole is usua l ly  included i n  t h i s  log and i d e n t i f i c a t i o n  can 
be somewhat d i f f i c u l t  if the  response of t he  c a l i p e r  is  poor. However, t h e  
borehole diameter  of D.D.H. 20 was 2-7/8 inches  and the  depth comparatively 
shallow with no caving; t he re fo re ,  t h e  t o o l  response was not  a f f ec t ed .  

The gammg ray  response r e l a t e s  t o  t h e  n a t u r a l  r a d i o a c t i v i t y .  
General ly,  t h e  source of t h i s  a c t i v i t y  is potassium o r  more s p e c i f i c a l l y  
t h e  a s soc ia t ed  i s o t o p e  K40. Potassium is p resen t  i n  most s h a l e s  i n  t h e  
form of a mica mineral.  Hence, t he  measurement is usua l ly  an eva lua t ion  of 
s h a l e  content .  Readings l e s s  than the  value of an e s t ab l i shed  sha le  l i n e  
means an inc reas ing  presence of sandstone. 

The t o o l  a c t u a l l y  measures e l e c t r o n  dens i ty  which is r e l a t e d  t o  bulk 
dens i ty .  I n  t h e  case  of rock volume, examination by a dens i ty  t o o l  depends 
upon source-to-detector  spacing. Recause l i t ho logy  does no t  r equ i re  high 
r e s o l u t i o n ,  it is  advantageous t o  use the  long-density spacing too l .  
Densi ty measurements a r e  usual ly  d iagnos t ic  i n  t h e i r  own r i g h t ,  bu t  u s u a l l y  
it i s  necessary t o  s tudy them i n  conjunct ion with a gamma ray  log. 

The seam th ickness  log  is another  type of l og  run us ing  the  c a l i p e r  
l og  i n  conjunct ion with what is c a l l e d  a bed-resolution dens i ty  log. Both 
logs  a r e  run on expanded s c a l e s  of about  20 t o  1 f o r  the  b e s t  and most 
r e l i a b l e  th ickness  determination. 

Again, due t o  t h e  small hole diameter and formation competency, t he  
c a l i p e r  l og  shows c o n s i s t e n t  and p e r s i s t e n t  wa l l s  with no caving. Under 
these  favorable  condi t ions ,  t he  midway po in t s  a t  t he  top  con tac t s  and 
bottom con tac t s  of t he  beds al low the  use of t he  midpoint a s  t h e  p o i n t  t o  
use  f o r  seam th i ckness  measurements. An example of a seam th ickness  log  is 
shown i n  F igure  10. 
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Figure  8. Sonic and bulk d e n s i t y  log of D.D.H. 20 showing 
l i t h o l o g i c  i n t e r p r e t a t i o n .  
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Figure  9. Ex t rac t ing  c o r e  from c o r e  b a r r e l  (D.D .H. 





Figure 10. Typica l  seam th&l&ess l og .  







Figure 12. Pa r t  of t e s t  s i t e  cleared i n  preparat ion 
f o r  d r i l l i n g  b las tholes .  

Figure 13. D r i l l i n g  and measuring blas thole  depth 
a t  s i t e .  





which cons is ted  of the  borehole c u t t i n g s  a t  t he  s i t e  ( ~ i ~ u r e  1 5 ) .  The 
b l a s t  ho les  were then sequen t i a l l y  f i r e d .  Table 2 g ives  t h e  b l a s tho le  da t a  
f o r  each shot  sequence f o r  t h e  f i r s t  phase of b l a s t ing .  

Two seismographs (model VS-1100 and model VS-1600) were placed on the  
coa l  mine f loo r .  The VS-1600 seismograph is designed f o r  automatic and 
unattached f i e l d  recording (Figure 16 ) .  

Two o the r  seismographs (model VS-1100 and model VS-1600) were placed 
on t h e  su r f ace  t o  analyze t h e  b l a s t i n g  v ib ra t ions  by conventional 
s t a t i s t i c a l  ana lys i s .  S t a t i o n  1 was re loca ted  t o  s t a t i o n  2 on t h e  f i n a l  
phase b l a s t  (F igure  17 ) .  This was necessary t o  consider  t he  poss ib l e  
e f f e c t s  of f a u l t i n g  o r  o the r  geologica l  s t r u c t u r a l  f ea tu re s  t h a t  e x i s t  a t  
t h e  s i t e .  

Addit ional  instruments  f o r  measuring t h e  b l a s t  v i b r a t i o n  were 
i n s t a l l e d  i n  a 4-inch diameter open v e r t i c a l  horehole. The borehole was 
d r i l l e d  t o  accomodate two borehole gages and a two-way telephone l i n e  
Figure 1 8 ) .  A model 1462 Rison Instrument v e r t i c a l  borehole sensor  was 
i n s t a l l e d  and a model L-10-3D-SWC Mark Engineering Borehole Seismometer was 
i n s t a l l e d  ( ~ i g u r e s  1 9  and 20) .  The Rison, instrument was placed a t  about  50 
f e e t  below t h e  c o l l a r  of t h e  hole  and t h e  l a t t e r  a t  about  150 f e e t  below 
t h e  borehole c o l l a r .  These instruments  tiere used t o  measure t h e  ground 
v i b r a t i o n  i n  t h e  rock u n i t s  t o  s tudy a t t enua t ion  c h a r a c t e r i s t i c s .  

A t  t h e  same time, pre- and pos t -b las t  observat ions were made by 
spraying p a i n t  oh t h e  roof sur face  of t h e  rock p r i o r  t o  b las t ing .  This was 
t o  observe any poss ib l e  rock f r a c t u r e s  caused by sur face  b l a s t i n g  o r  
f u r t h e r  displacement of pre-exis t ing f r a c t u r e s  i n  t he  mine roof ( ~ i ~ u r e  
21) .  Some s c a l i n g  of t he  mine roof rock was observed a f t e r  b l a s t i n g  
(Figure 22) .  The b l a s t  ho les  were loaded with d i f f e r e n t  char& weights of 
explos ives  a t  about  t h e  same depth from t h e  c o l l a r  and the  holes  were 
sequen t i a l l y  f i r e d .  Figure 23 shows t h e  t y p i c a l  sur face  e f f e c t s  a f t e r  
b l a s t i n g  a t  one of t h e  holes.  

INSTRUMENTATION AND VIBRATION MEASUREMENT 

The ins t rumenta t ion  and f i e l d  monitoring program was designed t o  
cons ider  both short-term and long-term e f f e c t s  of sur face  b l a s t i n g  on 
underground coal  mine openings. The study was designed t o  c o l l e c t  and 
document b l a s t i n g  v i b r a t i o n s ,  a s s e s s  mine roof damage, and b l a s t  design 
data .  I n  order  t o  c o l l e c t  t h e  des i red  data  f o r  t he  program, i t  was 
necessary t o  s e l e c t  t h e  proper instruments  t o  provide t h e  required da ta .  

I 

' I Se lec t ion  of  Measurement System 
I 
I 
I 
I A wide range of instrumentat ion and support s e rv i ces  a r e  a v a i l a b l e  on 

I ' I t h e  market. Most o f f e r  many choices  t o  the  operator  respons ib le  f o r  

I choosing a type of monitoring program. I n  s e l e c t i n g  t h e  c o r r e c t  



Figure  16. Model VS-1600, W. F. Sprengnether 
Engineering Seismograph placed f o r  
recording v i b r a t i o n s  on t h e  mine f l o o r .  



Table 2.  R l a s t  Hole Tnformation - F i r s t  Phase R l a s t  Hole Tnformation - F i r s t  Phase 

Charge 
Hole Depth Weight Stemming F i r i n g  

I d e n t i t y  ( f t - )  ( l b s . )  ( f t - 1  Sequence 

A 48 51 42 I st  Round 

C: 50 191 48 3rd  Round 

E 50 51 44 2nd Round 

F 5 2 51 46 2nd Round 

C, 45 101 23 3rd  Round 

H 
, 

6 ? 5 1 5 2 2nd Round 

I 57 101 45 3rd Pound 

51 . 
/ 

J 125 39 2nd Round 

K 45 101 3 3 3rd  Round 

Note: 1. Each round was f i red  simultaneously i .e.  no delays.  
2. See Figure  14 f o r  p a t t e r n  layout.  
3 .  Hole D was used f o r  v e r t i c a l  horehole seismometer i n s t a l l a t i o n .  
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Figure 19. I n s t a l l i n g  a Model 1462, Bison Instrument, 

v e r t i c a l  borehole meter i n  the  4-inch 
I diameter open borehole. 
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Figure  20. Lowering t h e  Mark Engineering Borehole 
Seismometer i n t o  p o s i t i o n  f o r  recording.  

F igu re  21. Cracks in mine roof p r i o r  t o  b l a s t ing .  





Figure 2 3 .  Typical  surface  e f f e c t s  around 
borehole af ter b las t ing .  

F igure  2 4 .  Seismometer ( t ransducer)  i n s t a l l e d  
on mine roof.  



ins t rumenta t ion ,  a dec i s ion  must be made a s  t o  the  method of da t a  
c o l l e c t i o n  and t h e  type of information des i red  from the  data .  Se lec t ion  of 
instruments  r e q u i r e s  c a r e f u l  thought a s  t o  program needs a s  wel l  a s  
compa t ib i l i t y  with t h e  overa 11 pro jec t .  Considerations include: q u a n t i t y  
t o  be measured, degree of accuracy requi red ,  range of measurements 
expected, l o c a l  environment a n t i c i p a t e d ,  r e l i a b i l i t y  over the  l i f e  of t h e  
program, ease  of access  f o r  i n s t a l l a t i o n  and reading,  and costs .  Also t o  
be considered i n  choosing underground instruments  are t he  v a r i e t i e s  of 
environmental f a c t o r s  encountered, such a s  p a r t i c u l a t e  matter ,  shocks, high 
humidity, varying temperatures ,  h igh  pressure ,  cor ros ive  surroundings, 
l a rge  deformations , l o s s  of a c c e s s i b i l i t y ,  e r r a t i c  power supp l i e s ,  and 
vandalism. 

! 

, V ibra t ion  data  can be co l l ec t ed  by recording wave peak readings o r  by 

cap tu r ing  the  e n t i r e  waveform from a seismograph which can be i n s t a l l e d  i n  
t h e  f i e l d .  Externa l  f o r c e  c rea ted  by b l a s t i n g  and the  induced s t r e s s  
c rea t ed  i n  a mine roof can be measured by a s t r a i n  gage t ransducer  y i e ld ing  
information on the  behavior of t h e  rock. 

i 

Ins t rumenta t ion  Recording and B las t ing  Program - F i r s t  Phase 

The ins t rumenta l  recording  program f o r  t h i s  p a r t  of t h e  s tudy was 
designed t o  monitor underground and sur face  v ib ra t ions ,  changes i n  t h e  mine 
roof he igh t ,  i f  measurable, and underground stresses and deformations 
r e s u l t i n g  f rom ' su r face  b l a s t ing .  Rackground v i b r a t i o n s  from o t h e r  sources 
were a l s o  monitored. To a s s e s s  and appra ise  accuracy, r e p e a t a b i l i t y ,  and 
s e n s i t i v i t y  of s e l e c t e d  instruments ,  t he  program was d iv ided  i n t o  two 
phases, first and f i n a l .  The ins t rumenta t ion  necessary f o r / t h e  pre- and 
pos t -b las t  survey of t he  underground mine f o r  t he  first of the  s tudy 
was i n s t a l l e d  according t o  t h e  p l an  shown i n  Figure 14. 

The se'nsors f o r  recording  underground v i b r a t i o n s  were i n s t a l l e d  on t h e  
roof and f l o o r  of t h e  mine opening ( ~ i g u r e s  24 and 25).  From t h e  viewpoint 
of p o t e n t i a l  damage t o  t h e  underground mine, t h e  roof v ib ra t ion  l e v e l  w a s  
t h e  c r i t i c a l  parameter monitored. Vibra t ions  on t h e  mine f l o o r  were 
monitored t o  i n v e s t i g a t e  t h e  use of f l o o r  measurements as a means t o  
c o r r e l a t e  roof v i b r a t i o n  l e v e l s  and p o t e n t i a l  damage, 

The su r face  monitoring program included measuring v i b r a t i o n s  wi th  
o r t a b l e  seismographs and seismometers. Surface v ib ra t ions  , were measured 
o r  comparison with the  e x i s t i n g  da ta  base t o  i d e n t i f y  any  nom ma lo us l o c a l  

s i t e  condi t ions .  Because measurements of v i b r a t i o n s  a t  t he  sur face  may be 
more e a s i l y  obtained,  t h e i r  use a s  p red ic to r s  f o r  roof v i b r a t i o n s  was 
inves t iga t ed  a s  p a r t  of t h i s  research  p ro jec t ,  A l s o , ' a  v e r t i c a l  v i b r a t i o n  

- - a t t e n u a t i o n  versus depth was monitored by use of a borehole seismometer 
(gage). The l o c a t i o n  of t he  borehole seismometer is  shown i n  Figure 14. 



Figure  25. Sprengno-ther Engineering Seismograph, VS-1200, 
w i th  S-1400 Seismometer ( t ransducer )  on left. 



The s t a b i l i t y  of the underground mine opening was monitored by two 
types  of instruments  -- a load c e l l  t o  measure the deformations o r  s t r a i n s  
(consequently s t r e s s )  and a continuously recording drum-type convergence 
meter t o  monitor short-term changes i n  roof-floor he ight  r e s u l t i n g  from 
b l a s t i n g  o r  removal of overburden. 

Recording Vibra t ions  Underground i n  t he  Mine 

Three po r t ab l e  Sprengnether engineering seismographs, model VS-1200, 
with three-component S-1400 seismometers were at tached t o  the  roof i n  t he  
underground mine t o  monitor roof v ib ra t ion  ( ~ i g u r e s  14, 24, and 25). The 
seismometers were secured t o  t he  roof with expansion b o l t s  support ing a 
T-board base. I r r e g u l a r  spaces between the  sur face  of the  seismometer and 
rock roof were f i l l e d  with p l a s t e r  of pa r i s .  

Each 2-1400 seismometer conta ins  t h ree  suspended c o i l  t ransducer  
u n i t s ,  which a r e  accura te ly  a l igned  along orthogonal axes i n  a 5x5~4- inch  
c a s t  aluminum box. The box weighs 7.5 pounds and is designed t o  r ep re sen t  
about  100 t o  150 pounds per  cubic  f o o t  t o  match the  dens i ty  of t h e  
surrounding mater ia l  and t o  provide a secure coupling. The seismometer has 
a n a t u r a l  frequency of 2 Hertz and a seismic mass of 0.5 kilogram (kg). 
Leveling i s  accomplished by a bul l seye  l e v e l  mounted on t h e  bottom sur face  
of t h e  seismometer. The emplaced seismometer was connected by an 
appropr ia te  cable  t o  the ' record ing  module of t h e  VS-1200 seismograph. 

There a r e  two switches on the  con t ro l  panel, a mode s e l e c t o r  and a 
gain-control switch. The t r a c e  can be recorded d i r e c t l y  i n  terms of ground 
displacement,  ve loc i ty ,  o r  acce l e ra t ion ,  according t o  the  mpde se lec ted .  
These were designed t o  record the  v e l o c i t y  mode only. Only one response 
mode can be used a t  a time. Corresponding t o  the  mode s e l e c t i o n ,  
s e n s i t i v i t i e s  f o r  ga in  switch s e t t i n g s  a r e  given i n  Table 3 and examples of 
t he  ve loc i ty  s e n s i t i v i t y  curves a r e  shown i n  Figure 26. 

The t r a c e s  a r e  produced by the  VS-1200 with a constant-speed camera on 
d i rec t -wr i te  l inograph paper. One of t he  t r a c e s  is  normally reserved f o r  
event  marking o r  a i r  b l a s t  monitoring and was no t  used i n  t h i s  i n i t i a l  
appl ica t ion .  The o t h e r  t r a c e s  a r e  r a d i a l ,  v e r t i c a l ,  and t r ansve r se  
components of r e spec t ive  modes. An example of a three-component 
underground v e l o c i t y  response from su r face  b l a s t ing  is shown i n  Figure 27. 

One po r t ab l e  seismic t r i gge red  seismograph, model ST-4 by Da l l a s  
Instruments ,  Inc., was emplaced on t h e  f l o o r  of t h e  underground mine t o  
monitor f l o o r  v ib ra t ions  ( ~ i g u r e  28). The ST-4 seismograph is designed f o r  
automatic,  unattached f i e l d  record ing  of t h ree  channels of seismic data and 
one channel of a ir-overpressure s i g n a l s  on a magnetic compact c a s s e t t e  
tape.  It has a seismic frequency response of 1 t o  200 Hz o r  more. The 
e n t i r e  seismograph is  housed i n  a 20-1/2" x 10" x 7" formica covered wooden 
case  and weighs about 30 pounds. The bas i c  seismic pickup types have t h r e e  
v e l o c i t y  sensors ,  one v e r t i c a l  and two hor izonta l ,  and these  a r e  mounted 
or thogonal ly i n  a s i n g l e  box with a power in t e r lock  connector. The sensor  
w i l l  opera te  r ega rd l e s s  of t h e  power switch s e t t i n g .  
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Recording Vib ra t ions  a t  the  Surface 

One por t ab le  Sprengnether engineering seismograph, model VS-1600, was 
placed on the  su r face  f o r  monitoring ground sur face  v ib ra t ions .  The e n t i r e  
system, inc luding  the  three-component seismometer and the  four th- t race  
air-wave d e t e c t o r ,  i s  housed i n  a 13" x 3.1" x 6-1 12" case f o r  p o r t a b i l i t y  
and weighs about 70 pounds. The seismogrsph has a f l a t  response t o  
p a r t i c l e  ve loc i ty  s e n s i t i v i t y  of  6 dec ibe l s  and a frequency range between 
4.0 and 200 Hz. 

The three-component seismometer, model S-4500, u t i l i z e s  orthogonal 4.5 
Hz d i g i t a l  grade long- t r a v e l  geophones allowing f o r  an  0.3-inch peak- to- 
peak motion. During opera t ion ,  t he  sensor  is  removed from t h e  case  and 
placed on the  ground o r i en ted  toward the  approximate cen te r  of t he  b l a s t .  
The seismometer was coupled with ground surface.  The u n i t  i s  designed t o  
match a s o i l  with an average dens i ty  of about  I .6 grams p e r  cubic  
cent imeter .  

The ground motion is recorded photographical ly with a l l  t h r e e  t r a c e s  
appearing on a s i n g l e  s t r i p  of e i t h e r  s tandard o r  d i r ec t -wr i t e  photographic 
paper,  2.75 inches  (70 mm) wide. The recording l i g h t  s p o t s  a r e  v i s i b l e  t o  
t h e  opera tor ,  j u s t  a s  they appear  on the  seismograph, through a f r o s t e d  
view screen. Timing l i n e s  a r e  impressed on the  seismograph a t  i n t e r v a l s  of 
0.02 second ( 2  mm spacing) and p r i n t e d  on t h e  upper edge of t h e  recording  
paper.  Each 0.1 second l i n e  is  accented by a s l i g h t l v  heavier  l i n e  of 
double h e i i h t .  A v i b r a t i o n  response of ve loc i ty  on t h e  sur face  is  shown i n  
F igure  29. 

Other  Vibra t ion  Recording Instruments '  

A por table  Mark engineer ing  borehole seismometer, model L-10-3D-SWC, 
w a s  placed a t  a depth of 20 f e e t  below the  sur face  t o  monitor v i b r a t i o n  
a t t e n u a t i o n  versus depth. The instrument  is  a s idewal l  clamped geophone 
f o r  i n s t a l l a t i o n  i n  small c i r c u l a r ,  dry and/or f l u i d - f i l l e d  boreholes.  The 
d i g i t a l  grade sub-miniature geophone provides three-d i rec t ion  s e n s i t i v i t y ,  
w i th  one u n i t  mounted v e r t i c a l l y ,  and two u n i t s  mounted ho r i zon ta l ly  a t  a 
90-degree o r i e n t a t i o n .  The borehole seinm'bmeter, a s  shown i n  Figure 30, is 
about  2 inches  i n  diameter (expands t o  3-112 inches ) ,  34 inches  long, and 
weighs about  10-1 /2 pounds. Clamping used f o r  coupling t h e  seismometer on 
t h e  s i d e  of t he  borehole is accomplished by the  r e l e a s e  of a heavy-duty 
s p r i n g  upon con tac t  of t h e  u n i t  assembly with the  hole 'bottom. The 
s tandard  t e s t  hole diameter  is 2-3/4 t o  3 inches ,  and an expander clamp is 
a v a i l a b l e  f o r  t e s t  ho le s  up t o  6 inches i n  diameter. The geophone has a 
10-degree maximum v e r t i c a l  dev ia t ion  and, a frequency of 8 Hz o r  g r e a t e r .  

The L-10-3D-SWC borehole seismometer is normally connected t o  a 
Sprengnether engineer ing  VS-1100 seismograph recordins  module, s i m i l a r  t o  
t h a t  of a ITS-1200 model. An i l l u s t r a t i o n  of s e n s i t i v i t y  curves f o r  t h e  
Sprengnether VS-I 100 seismograph is shown i n  Figure 31 . 













Figure 33. I r a d  gage H-300 load 
ind ica to r  and torque 

c e l l ,  P-350 
wrench. 

s t r a i n  



Figure 34. Load c e l l  installation on mine roof. 

Figure 35. Operating the Vishay P-350A 
strain indicator. 
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A l l  of t h e  po r t ab l e  v e l o c i t y  seismographs used i n  t h i s  s tudy measured 
a l l  t h r e e  components of motion: v e r t i c a l ,  r a d i a l ,  and t r ansve r se .  Wave- 
forms of t he  record ings  of a l l  t h r e e  ground v ib ra t ion  components generated 
by a b l a s t  a r e  recommended f o r  t h e  peak amplitude measurements; however, 
frequency may vary among t h e  t h r e e  t r a c e s .  Peak o r  vec tor  sum readings  a r e  
adequate  if only amplitude l e v e l s  a r e  des i r ed ,  and it was found t h a t  t h e  
h i g h e s t  amplitude of v i b r a t i o n  occurred a t  t he  cen te r  of t h e  i n t e r s e c t i o n  
of t h e  underground opening. 

The types of v i b r a t i o n  record ing  ins t ruments  recommended a r e  
inf luenced  by the  f requencies  generated by the b l a s t ing .  Usual ly t h e  
observed f requencies  ranged from l e s s  than  2 up t o  150 'rIz f o r  s u r f a c e  
b l a s t i n g .  The v e l o c i t y  seismographs used i n  t h i s  s tudy have a f l a t  
response of frequency ranges from 2 t o  200 Hz and would be adequate f o r  
most b l a s t s  monitored. 

When r e sea rche r s  s e l e c t  a monitoring seismograph, documentation on t h e  
l i n e a r i t y  of t h e  frequency band should be requested,  s i n c e  small  v i b r a t i o n s  
i n  frequency response can change output  l e v e l s  considerably. The v i b r a t i o n  
channels  on t h e  seismograph should be a b l e  t o  record a complete time 
h i s t o r y  from which a peak measurement can be determined. 

Two convergence meters were used i n  t h i s  study t o  measure t h e  roof and 
f l o o r  movement and s t r a t a  separa t ion .  The convergence meters  were 
i n s t a l l e d  a t  t h e  i n t e r s e c t i o n  of t he  underground mine t o  o f f e r  t h e  l e a s t  
i n t e r f e r e n c e  with underground mine opera t ions  and t o  o b t a i n  t h e  expected 
maximilm convergence. The drum reco rde r s  provided very l i t t l e  information 
h e l p f u l  t o  t h i s  study. One of t h e  convergence meters malfunctioned and t h e  
record ing  a h i l i t y  rias destroyed by the  humid condi t ion  on t h e  mechanism 
dur ing  i ts opera t ion .  The o t h e r  i nd ica t ed  t h a t  t p e  magnitude of 
convergence measured p r i o r  t o  and a f t e r  t h e  b l a s t  was i n s i g n i f i c a n t  i n  t h e  
h e i g h t  of t h e  mine opening. 

S t r a i n  measurements made a t  t h r e e  p o i n t s  i n  t he  mine roof from t h e  
load c e l l s  were t r ansmi t t ed  t o  a s t r a i n  gage. The s t a t i c  s t r e s s e s  were 
c a l c u l a t e d  from the  s t r a i n s  mu l t ip l i ed  by the  e l a s t i c  moduli of t h e  load  
c e l l s .  The s t r a i n  measurements were recorded p r i o r  t o  b l a s t i n g ,  dur ing  
b l a s t i n g ,  and a f t e r  b l a s t i n g .  None of t h e  load c e l l s  provided conclus ive  
r ead ings  dur ing  t h i s  phase of t h e  study. 

The ins t rumenta t ion  and monitoring technique developed i n  t h i s  phase 
of t h e  s tudy provided a means t o  e s t a b l i s h  more r a t i o n a l  and e f f e c t i v e  
monitor ing programs f o r  both short-  and long- term e f f e c t s  of su r f ace  
b l a s t i n g .  



Instrumentation Recording and Rlasting Program - Final  Phase 

For the f i n a l  phase of instrumentation and blas t ing  the preparation of 
t h e  s i t e  and the d r i l l i n g  of the  b l a s t  holes was done i n  the  same manner a s  
i n  the  f i r s t  phase. Seventeen 5 314- inch diameter b l a s t  holes were 
d r i l l e d  well i n t o  the bedrock. The d r i l l  hole pat tern  is shown i n  Figure 
36 and the b las t ing  sequence and data a r e  presented i n  Table 4. Hole 4 was 
destroyed when hole 6 and 1 were shot. Hole 9 was a misfire and holes  14, 
10 and 17 were not used. I n  contras t  t o  the first phase b las t ing  rounds, 
each round f o r  the f i n a l  phase b las t ing  sequence consisted of one hole and 
each hole was f i r e d  individually.  

The recording instruments used f o r  the f i n a l  phase consisted of seven 
1 portable Sprengnether seismographs ( th ree  model VS-16001s, two model 
! VS-1100's) and two downhole meters se is on and Mark products). A schematic 

diagram showing the locations of the recording instruments i n s t a l l e d  f o r  
the f i n a l  phase of the  study a r e  shown i n  Figure 37. 

i 
I 

The response t r a c e s  a r e  produced by the seismograph by a  l i g h t  beam 

i re f l ec ted  on the  moving s t r i p  l ight -sens i t ive  paper i n  terms of t ransverse,  
I v e r t i c a l ,  and r a d i a l  d i rec t ion  of measurement. Three ve r t i ca l ly  orthogonal 

time-synchronized components p r i n t  the pa r t i c l e  velocity.  One of the  
1 t r a c e s  is normally reserred  f o r  event marking o r  a i r  b l a s t  monitoring. 

This four th  l i n e  was used t o  mark the a r r i v a l  time of the propagation of 
i blas t ing  wave from the  surface t o  the  underground instrument and a l s o  t o  
I 
I 

record the pressure i n  the coal p i l l a r .  A typica l  t r ac ing  of the recorded 
I a r r i v a l  time is shown i n  Figure 38. 
i 
i 
I Three tube-mounted s t r a i n  gages, l i k e  the one shown i n  F,igure 39, was 
! spec ia l ly  designed and fabr ica ted  f o r  the measurement of pressures i n  the  

coal p i l l a r  and i n s t a l l e d  a t  three  d i f fe ren t  horizontal  depths of 2 and 4 
, f e e t  within the  p i l l a r .  These were coupled and connected with s t r a i n  
I indica tors  and recording module of the VS-1200 seismographs. This is  shown 

i i n  Figure 40. The responses were recorded on the event marking t r ace  a s  
I shown i n  Figure 41 as well a s  recording of peak p a r t i c l e  velocity from one 

of the  three seismometers i n s t a l l e d  on the coal mine roof. 

. Three seismometers i n s t a l l e d  on the roof t o  record the  ground 
vibra t ions  were connected with three tube-mounted s t r e s s  detec tors  t h a t  

' recorded the s t r a i n  changes i n  terms of a dynamic s t r e s s .  Figures 42 and 
43 shows the  i n s t a l l a t i o n  of tube-mounted s t r e s s  detector  i n  the p i l l a r  and 

I Figure 44 shows the  instrument set-up f o r  t h i s  par t  of the monitoring 

i program. 





Table  A .  Data f o r  F i n a l  Phase B l a s t i n g  Sequence 

Weight of Depth of Stemming 
Hole Explosive B l a s t i n g  Hole Depth 

r Number ( I ~ s )  (f t)  ( f t )  
Shot 

Numbe 

a This  ho le  re loaded  and s h o t  a second time. 
b Mis f i red  sho t .  

, 



STATION 1 OPEN STATION 2 

VSllOO 
BOREHOLE 

LAND SURFACE SHOTHOLE 
- - 

ye im=vE%=72= 53=%=75 k3*=99=/F2 - - - z, - - - 

STA. = g - 
- 3 

KEY 
V S l  100  

SEISMOGRAPHS D Q 

VS 1600 - - -0 

(Automatic) - - - 
- - - ; - X g 

S-1400 SEISMOMETERS - - - N 

(Transducers) = STA. - Q) 0 

-n 
GEOPHONE MASS VERTICAL -4 

BOREHOLE 1 TO VS1100 
METER 1 

- - 

UNDERGROUND MINE OPENING 

VS 1200 V S l 6 0 0  

RIB GAGE RIB GAGE RIB GAGE 

\ 

NOT TO SCALE 

Figure 3 7. Scilematic diagram showing instrumentation for  
f i n a l  phase b last ing  sequence. 



1:  
Arrival ~i.rr,e f--+l - 0.03 Sec - 

-- Vertical 2 

Figure  38. Recording of a r r i v a l  t i m e  and peak p a r t i c l e  
v e l o c i t y  a t  s t a t i o n  2, sho t  5. 
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Figure  39. Tube mounted s t r a i n  gage f o r  measurement 
I 
I I of pressures  i n  coa l  p i l l a r .  

I 
ii! i Figure  40. Complete set of instruments f o r  

:~ 1 combined recording of pressure and 

I'  1 peak p a r t i c l e  ve loci ty .  

! I  

'/ / I [  





Figure  42. D r i l l i n g  ho le  i n  
s t r e s s  d e t e c t o r .  

I 

p i l l a r  t o  i n s t a l l  tube-mounted 

F igu re  43. I n s e r t i n g  s t r e s s  d e t e c t o r  i n  p i l l a r .  



Figure  44. Instrument  a r r a y  f o r  recording stress 
and v i b r a t i o n  measurements i n  mine 

, p i l l a r  . 

Figure  45. HP-86 computer system wi th  two f l e x i b l e  
d i s c  d r i v e s  used in analyzing v i b r a t i o n  
da t a .  

I 



DATA REDUCTION AND PROCESSING 

The v ib ra t ion  data from t h e  f i e l d  responses were processed f o r  t h e  
following purposes: 

Maximum Response Spectrum Analysis 
Fas t  Four ier  Transform Analysis 
Energy Spec t ra l  Density Analysis  
S t a t i s t i c a l  Analysis f o r  Scaled Distance Curve 

The majori ty of the  work involved with reduction and processing of da ta  
were done by a Hewlett-Packard HP-86 computer system with two f l e x i b l e  d i s c  
d r ives ,  a graphics p l o t t e r ,  a p r i n t e r ,  and a d i g i t i z e r ,  (Figure 45). To 
c o r r e l a t e  t h e  r e s u l t s ,  a UNIVAC I100 d i g i t a l  computer along w$th a TEKTRONIX 
4050 graphic system were used f o r  d i g i t i z i n g  t h e  seismograms, t h e  drawing of the  
response spectrum and o the r  graphs, and ca lcu la t ing  the  Fourier  transforms. A l l  
of t h e  processed data a r e  included i n  Appendices I and T I  i n  the  l a t t e r  p a r t s  of 
t h e  repor t .  These are:  

APPENDIX I - A  Time History f o r  Veloci ty ,  Acceleration and Displacement 
Frequency Spectrum ( ~ a ~ n i t u d e )  
Frequency Spectrum (phase) 
Energy Density Spectrum 

APPENDIX I-B 1 Compiled Maximum Response 
Compiled B las t ing  and Vibrat ion Data 
Scaled Distance Curve 

APPENDIX I-C Max-Max Response Spectrum 1 

APPENDIX I-D Time History and Maximum Response 

APPENDIX I-E T i m e  Domain Data f o r  S t r e s s e s  i n  the  Mine Roof 

The programmed da ta  a r e  a l l .  presented i n  Appendix I1 f o r  computer 
app l i ca t ions .  



Data P r e s e n t a t i o n  and Analysis  

Maximum response spectrum i s  def ined  a s  t h e  maximum response of a  system 
f o r  a  p r e sc r i bed  ground v i b r a t i o n  which is p l o t t e d  a g a i n s t  t h e  n a t u r a l  f requency 
o r  pe r i od  f o r  va r i ous  f r a c t i o n s  of c r i t i c a l  damping. It was assumed i n  this 
s tudy  t h a t  t he  subsur face  rocks  a r e  e l a s t i c ,  homogeneous, and i s o t r o p i c ,  and t h e  
maximum-maximum response spectrum was used f o r  t h i s  a n a l y s i s .  

F o u r i e r  t ransform has  been used t o  answer many ques t i ons  r e l a t i n g  t o  t h e  
a t u r e  of t h e  da t a  and has  been u s e f u l  i n  e x h i b i t i n g  t h e  frequency con t en t  of  
he func t i ons  analyzed. The Fou r i e r  t ransform a l lows  a  pe r i od i c  f unc t i on  t o  be 

s sed  a s  an  i n t e g r a l  sum over  a  cont inuous range of f requenc ies .  I n  o r d e r  
uce t he  time involved i n  computation,  t he  F a s t  Fou r i e r  t ransform was used 
ermine t he  Fou r i e r  t ransform of b l a s t i n g  v i b r a t i o n  waveforms by means of 
1 a n a l y s i s  techniques .  



The peak p a r t i c l e  v e l o c i t i e s  determined from uncorrected data a r e  reduced 
according t o  t he  formula 

Trace a l i t u d e  
Peak p a r t i c l e  v e l o c i N  = Gain zctor Calibration 

(1+0.0001 x Cable l eng th )  

Trace amplitude is t h e  amplitude of p a r t i c l e  ve loc i ty  which has been d i g i t i z e d .  
The ga in  switch i n d i c a t e s  t he  ga in  f a c t o r  markings on d i f f e r e n t  types of 
seismographs and was s e t  a t  d i f f e r e n t  types of pos i t i ons  during the  record ing  
and playback. Ca l ib ra t ion  f a c t o r s  were given by t h e  manufacturer 's  
spec i f i ca t ions .  The values of t h i s  f a c t o r  f o r  t he  downhole geophone  ison on) a t  
S t a t i o n  3 was 0.28, t h e  borehole meter (rv~ark products)  a t  S t a t i o n  4 was 0.16, 
t h e  VS-1200 was 0 .I 9, and t h e  VS-1100 was 1 .O. The s i g n a l  reduced by t h e  
r e s i s t a n c e  of t h e  cable  w a s  ignored because it was considered too small. 

For a seismometer, the  n a t u r a l  frequency is low compared t o  t h e  v i b r a t i o n  
frequency t o  be measured. The r a t i o  of t hese  two frequencies  approaches a l a r g e  
number and the  r e l a t i v e  displacement approaches the  displacement of t he  motion 
of t h e  ground. Therefore,  t h e  mass designed i n  t he  seismometer remains 
s t a t i o n a r y  while t h e  support ing mechanism moves with the  v ib ra t ing  body. This  
means t h a t  t h e  measured p a r t i c l e  ve loc i ty  is c lose  t o  t h a t  of t h e  p a r t i c l e  
v e l o c i t y  of t h e  ground, and t h e  responses of ground v ib ra t ions  approximate t h e  
r e a l  p a r t i c l e  ve loc i ty .  Therefore,  it is not  necessary t o  make any ins t rumenta l  
adjustment on t h e  v ib ra t ion  records.  

The peak ; a r t i c l e  v e l o c i t i e s  with some of t h e  co r r ec t ions  a r e  shown i n  
t a b l e s  5 ,  6 ,  and 7. Some shot  da t a  a r e  missing i n  these t a b l e s  because of 
i nd i s t i ngu i shab le  v ib ra t ion  responses. 

/ 

S t a t i s t i c a l  Analysis 

Whenever a s a f e t y  l e v e l  of ground v ib ra t ions  from b la s t ing  is considered it 
is necessary t o  p r e d i c t  t h e  v ib ra t ion  l e v e l s  f o r  a given b l a s t ing  operat ion.  
This  involves  s eve ra l  parameters such a s  t he  d is tance  from sho t  t o  t h e  
monitoring s t a t i o n ,  charge weight, and geological  condi t ions a t  t h e  s i t e .  It is 
reasonable t o  expect ,  however, t h e  v ib ra t ion  l e v e l  w i l l  be r a i s e d  wi th  
inc reas ing  charge s i z e  and diminish with increas ing  d is tance  from -the b l a s t .  A 
genera l ly  accepted form assoc ia ted  with these  parameters a r e  a s  follow:' 
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Table 6.  Vibration Data- TJnderground Mine Roof 

Charge Slant  Scaled Peak Pa r t i c l e  
Hole Shot Weight Distances D ' stance Velocity, ( in/sec.  ) 

Number Number ( lb . )  Stat ion ( f t . )  f t / lb l  j2 f t / lbl  /3 T V L 

6 1 204.0 5 257.80 18.05 43.79 .318 1.320 .326 

6 259.08 18.14 44.01 3 5 0  1 .880 .ZOO 

1 2 305 -0 5 250.26 14.33 37.18 .066 1 2  ,045 

6 251.61 14.41 37.38 .060 .094 .035 

7 235.73 14.53 37.69 .022 .I73 .040 

6 3 I 60.0 5 235 -25 30.37 60.09 ,014 ,066 .026 

6 235 42 30.39 60.13 .007 .061 ,005 

7 236.16 30.49 60.32 .004 .067 .006 
/ 

2 4 402 .O 5 253.32 12.68 34.32 ,085 ,144 .048 

6 254.22 12.68 34.35 -079 ,178 .054 

7 256.65 12.80 34.77 .029 .I98 .053 

3 5 350.0 5 251.40 73-44 35.67 .065 .256 .036 

6 253.50 13.55 35.97 .087 .245 .024 

7 254.26 13.59 35.60 .023 .259 .024 

5 6 302.0 5 238.85 13.74 35.60 .062 .308 ;031 



Table 6. (cont.1 

Charge S l a n t  Sca led Peak P a r t i c l e  
Hole Shot Sleight Distances Distance Velocity, (in/sec. ) 

Number lumber ( lb .)  S t a t i o n  ( f t . )  f t / lb1 l2  f t / lb1/3 T  V L 

a. Distance between t h e  shot  point  and cont ro l  s ta t ion .  

. . 
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Table 7 ,  Vibration Data-Underground Mine Floor 

Charge S lan t  Scaled Peak P a r t i c l e  
Hole Shot Weight Distances Distance Velocity, ( in/sec.  ) 

Number Number (lb.) S ta t ion  ( f t . )  f t / l b l / 2  f t / l b l / 3  T V L 

6 1 204.0 8 241.37 16.90 41 .OO .250 .go0 .200 

1 2 305 .O 8 257.20 14.73 38.21 .200 .300 .300 

a. Distance between the shot  point  and control  s ta t ion .  
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where V i s  the peak p a r t i c l e  ve loc i ty ,  W the charge weight, D t h e  s l a n t  
d is tance ,  and H, a , and B a r e  cons tants  i n  terms of a given s i t e  o r  shooting 
procedure. The constants  can be determined by l i n e a r  regression analys is .  

I n  the  l i n e a r  regression a n a l y s i s ,  both square roo t  and cube root  s ca l ing  
f a c t o r s  a r e  used t o  ca l cu la t e  a t rend  l i n e  by computing the  sca led  dis tance.  
One of the standard assumptions made i n  the  ana lys i s  ( ~ r a ~ e r  and Smith, 1966; 
and Chat te r jee  and Pr ice ,  1977) is  t h a t  the  model which describes the data i s  
t o  be l i nea r .  

Some s u i t a b l e  values were found i n  the  l i t e r a t u r e  f o r  the sca l ing  f a c t o r s  
( ~ i c h o l s ,  1964 and Olson, e t .  a l .  1970). These repor ts  recommended t h a t  t he  
cube roo t  s ca l ing  provided the b e s t  grouping f o r  an underqround mine opening f o r  

t t h e  v ib ra t ion  measurements and square roo t  sca l ing  was s u i t a b l e  f o r  sur face  
measurements. The grouped data i n  terms of cube and square roo t  a r e  l i s t e d  in 
Tables 8 ,  9 ,  and 10. The r e s u l t s  from the  study c lose ly  match the  
recommendations from these  reported and the  surface regression l i n e  has b e t t e r  

I grouping f o r  square root ,  and the  underground regression l i n e  f o r  cube root .  
Figures 46, 47, and 48 show the 95-percent confidence i n t e r v a l  data f o r  the  

, su r face ,  underground, mine roof ,  and mine f l o o r ,  respect ively.  
j 

Borehole Meter and Other Responses 

The response from S t a t i o n  3 was genera l ly  smaller than t h a t  of S t a t i o n  4. 
It was reasonable t o  assume t h a t  a wave propagates a s  s vector-wave t r a i n .  The 
v e r t i c a l  component of a vector  wave depends upon the  point  of t he  wave f r o n t ' s  
sphe r i ca l  surface.  When the  wave propagates evenly through the media from a 
detonation point ,  t he  vec tors  a t  any point  on a spher ica l  wave-front sur face  
have the  same magnitude, with the  d i r e c t i o n s  perpendicular t o  t h e  t a n g e n t i a l  
plane a t  t h i s  p a r t i c u l a r  point .  I f  the loca t ion  of a point  is c lose r  t o  the  
sur face  plane, a smaller  value of the  v e r t i c a l  component can be expected. It 
was assumed t h a t  the propagation media were i so t rop ic  and homogenous. 

To i l l u s t r a t e  t h i s ,  a two-dimensional plane was adopted a s  shown i n  Figure 
9. The f i g u r e  shows the  r e l a t i v e  loca t ion  of various poin ts  under 
ons idera t ion  where S is the  b l a s t i n g  point ,  B is the borehole meter a t  S t a t i o n  

and C is S t a t i o n  5. The l i n e  BC represents  the open borehole which was 
r i l l e d  down t o  the coal  mine roof.  The value of the v e r t i c a l  qomponent a t  

poin t  B is d i r e c t l y  proport ional  t o  t h a t  a t  point  B. The r e l a t ionsh ip  can be 
expressed as:  

Correction Factor  = s i n  (01) 
--) 

The' corrected r e s u l t s  f o r  S t a t i o n  3 a r e  presented i n  Table 11. T h e .  
computer programs f o r  cor rec t ing  and p l o t t i n g  the response da ta  a r e  included i n  
Appendix 11. The response of shot  8 a t  S t a t ion  3 was chosen f o r  programming 

. . 
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Table 8. Linear Regression Data f o r  Surface 

F P 
(Dis t r ibu t ion  Percentage  ail of Di s t r ibu t ion  

Q H B ~ a t i o )  Variation Graph) 

a The data f o r  Shot 1 and 3 a r e  not  included. 

Table 9. Linear  Regression Data f o r  Mine Roof 

F D 
(Dis t r ibu t ion  Percentage  ail of Di s t r ibu t ion  

C1 , B ~ a t i o )  Variat ion Graph) 

a The data f o r  Shots  1 and 3 a r e  no t  included. 

Table 10. Linear Regression Data f o r  Mine Floor 

F 
(Dis t r ibu t ion  

~ a t i o )  

D 
Percentage  ail of Di s t r ibu t ion  
Variat ion Graph) 

a The da ta  f o r  Shots  1 and 3 a r e  no t  included. 
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After  cor rec t ing  the  d i g i t i z e d  ve loc i ty  data, d i r e c t  i n t e g r a l  and 
d i f f e r e n t i a l  methods were performed t o  obtain the displacement, ve loc i ty  and 
acce le ra t ion  and an example i s  shown i n  Figure 50. The maximum values of these  
served a s  a boundary f o r  t h i s  p a r t i c u l a r  measured b l a s t ing  v ibra t ion .  The 
sa fe ty  l eve l  may be determined according t o  the  maximum quanti ty .  This  is shown 
i n  Figure 51 a s  the response spectrum between the defined damage l e v e l  a t  t h e  
sur face  and maximum response f o r  a given b l a s t  i n  an underground mine. 

A r e s u l t  of F a s t  Four ier  Transform (FFT) is  shown i n  Figure 52. According 
t o  the  r e s u l t s  of FFT, the  maximum amplitude occurs a t  a constant  value of 
frequency. The maximum amplitude decreases with increas ing  dis tance.  Figures 
53 and 54 show the  Four ier  transforms of Shot 6 a t  S t a t i o n s  1 and 2 on the  
surface respec t ive ly .  Both maximum values appear a t  9.8 Hz. The frequency 
underground was small compared t o  the  values obtained on t h e  surface.  These a r e  
compared i n  Figures 53, 54,  and 55. I f  t h i s  phenomena i s  t r u e ,  t he  damage l eve l  
could be defined a s  a maximum amplitude of the Fourier  transform and i ts  
p a r t i c u l a r  frequency domain. The r a t i o s  of the  t o t a l  energy between s t a t i o n s  3 
and 5 f o r  a l l  s h o t s  a r e  l i s t e d  i n  Table 12. Theore t ica l ly ,  these values a r e  
supposed t o  be equal t o  each o ther ,  however, the t o t a l  energy r a t i o s  var ied  from 
1.75 t o  4.78 ind ica t ing  the  nonuniformity of the  d i f f e r e n t  overlying rock 
layers .  

COMPUTER SIMULATION PROGRAM FOR DYNAMIC ANALYSIS 

A computer program f o r  t h e  study of s t r e s s  and s t a b i l i t y  a n a l y s i s  of 
underground mine 'openings was ava i l ab le  For adaptat ion t o  t h i s  research a t  The 
Universi ty of Alabama Seebeck Computer Center, The urogram on f i l e  is  c a l l e d  
DYNOW (~ynamic  Nonlinear ~ n a l ~ s i s )  and u t i l i z e s  the  f i n i t e  element method 
(&own and Hayatdavoudi, 1980). There a r e  a number of r epor t s  vublished on t h e  
f i n i t e  element method, d e t a i l i n g  the  methodology and procedures ( l i s t e d  i n  
re ferences) .  For the  computer s imulat ion program i n  t h i s  study, t h e  DYNON 
program was used. Rectangular-shaped elements were incorporated i n t o  a f i n i t e  
element mesh f o r  t h i s  ana lys i s  and a complete scheme of t h i s  ana lys i s  is shown 
i n  Figure 56. The mesh area  was d i s c r i t i z e d  i n t o  181 elements with 210 j o i n t s .  
The underground opening is shaded on the  mesh and is not  considered an element. 

The geometry, s i z e ,  and number of elements a r e  a r b i t r a r y  dec is ion  and 
depend upon t h e  u s e r ' s  d i s c r e t i o n  and " fee l"  f o r  the s i tua t ion .  I n  t h i s  
ins tance  it was bel ieved t h a t  t he  shock wave generated by the detonat ion would 
a t t e n u a t e  rap id ly  a s  it penetrated and passed through the  successive l aye r s  of 
rock i n  the  subsurface. Therefore, 600 f e e t  was chosen a s  the  hor izonta l  
l imi t ing  boundary and approximately 250 f e e t  was chosen a s  the l imi t ing  boundary 
below t h e  detonat ion point .  

The purpose of the  program is t o  enable one t o  evaluate  t h e  s t r e s s e s  around 
the  underground opening (shaded) element, p a r t i c u l a r l y  the  contiguous elements 
55, 68,  and 69. To analyze the  s t r e s s e s  i n  the  configurat ion by the  f i n i t e  
element method, j o i n t s  numbered 1 through 15 were r e s t r a ined  i n  both 
d i r ec t ions ,  hor izonta l ly  and v e r t i c a l l y .  I n  addi t ion ,  t h e  hor izonta l  movement 
of the j o i n t s  numbered 1 6  through 196, were a l s o  res t ra ined .  These j o i n t s  a r e  
shown along the  l e f t  of t he  f i n i t e  element mesh. 
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Figure 56. F in i te  element mesh generated for t h i s  study. 



The explosive detonat ion was i n i t i a t e d  a t  Element 167 and it progressed 
throughout t he  e n t i r e  mesh a s  a func t ion  of time. Because of the  symmetry, only 
ha l f  of t he  mesh is  used i n  t h e  ana lys i s .  The l aye r s  of ' rock and v a r i a t i o n s  i n  
t h e i r  t h i cknes se s  were assumed t o  meet t he  f i e l d  condi t ions of t h e  s i t e  and a r e  
shovrn on the  mesh along t h e  r i g h t  margin. 

The engineer ing p r o p e r t i e s  of the  d i f f e r e n t  l aye r s  of rock over ly ing  t h e  
mine were determined from labora tory  t e s t s  and are l i s t e d  i n  Table 1. Thi s  
information with t he  connec t iv i ty  da ta  a s  shown i n  the  f i n i t e  element mesh 

! ( ~ i g u r e  56) w a s  s t o r ed  i n  t he  computer da t a  f i l e .  

i 
I A t r apezo ida l  load-time func t ion  with a minimum dura t ion  of 0.002 second a s  

I a n  i npu t  was assumed f o r  the  impact loading caused from the b las t ing .  I t  was 
a l s o  assumed t h a t  t he  explosion w i l l  reach its maximum impacting f o r c e  w i th in  

1 

0.0005 second and t h i s  fo rce  w i l l  l a s t  f o r  0.00.1 second (F'igure 57) .  

1 Because detonat ion of borehole pressure  i n  the media is n o t  p e r f e c t l y  known 
and v a r i a t i o n s  occur wi th  each explosion,  t he  r e s u l t  of t he  l i n e a r  r eg re s s ion  
a n a l y s i s  obtained from t h e  f i e l d  data was used a s  an approximation. A s  a 
re fe rence ,  a maximum loading i n t e r v a l  of about  4 t o  12 mi l l i on  pounds was 

I 
chosen, and t h i s  approximation is explained l a t e r  i n  t he  repor t .  The f i n a l  
outcome of the  computer a n a l y s i s  was based on the  s t r e s s  a s  a func t ion  of depth 

I from t h e  de tona t ion  l e v e l  wi th  a varying load-time function. The r e s u l t s  of 
! t he se  c a l c u l a t i o n s  a r e  t abu la t ed  i n  Table  13 and p l o t t e d  on Figure 58. 

I Vibra t ion  da ta  c o l l e c t e d  from t h e  roof of t he  mine was t abu la t ed  prev ious ly  

1 
i n  Table 6. A r eg re s s ion  curve of t h e  peak p a r t i c l e  ve loc i ty  versus  t h e  sca led  
d i s t ance  was a l s o  shown i n  F igure  47. From the  f i g u r e  the  l i n e a r  r eg re s s ion  
equat ion is given as: / 

1 / 3  -3.26 
I V = 31470.9 [D/W ] 
I 

From t h i s  equa t ion  t h e  stress and s t r a i n  of t he  surrounding rock media i n  
t h e  underground opening can be evaluated.  .An a r t i c l e  from a VPIE t e c h n i c a l  
r e p o r t  de f ines  and desc r ibes  t h e  dynamic s t r e s s  f i e l d  i n  rock surrounding a 
b l a s t  as follows: 

When an explosive charge de tona tes  i n  borehole t he  expansion of t h e  
high-pressure gaseous r eac t ion  products  s e t s  the  borehole wa l l s  i n  motion 
outwards, c r e a t i n g  a dynamic s t r e s s  f i e l d  i n  the  surrounding rock. The 
i n i t i a l  e f f e c t  i n  t h e  nearby rock is high i n t e n s i t y ,  s h o r t  dura t ion  shock 
wave, which quick ly  decays wi th  t h e  d i s tance .  The continued gas expansion 
l eads  t o  f u r t h e r  motion and s e t s  up an expanding s t r e s s  f i e l d  i n  rock mass. 
Where t he  f r e e  sur face  is  c lo se  enough t o  t he  borehole t h e  rock breaks 
loose.  The o the r  d i r e c t i o n s  i n  t he  motion spreads f u r t h e r  i n  t h e  form of 
t h e  wel l  known ground v i b r a t i o n  waves. These a r e  a complicated combination 
of e l a s t i c  waves which rlloves the  rock i n  the  compressive, shear ,  and 
su r f ace  wave modes. Each mode o r  wave type (P-, S-, and R-wave) has a 
c h a r a c t e r i s t i c  propagation ve loc i ty ,  C,  r e f l e c t i n g  a material property of 
t h e  rock mass. The p a r t i c l e s  i n  t he  rock mass move with t h e  h i g h e s t  
v e l o c i t y  equal  t o  t he  peak p a r t i c l e  ve loc i ty ,  V ,  decreasing with t he  
d i s t a n c e  from t h e  charge. Damage is a r e s u l t  of t h e  induced s t r a i n ,  E , 
which f o r  an e l a s t i c  medium can be expressed by the equat ion E = V/C 
( ~ a r s s o n ,  1983). 

E = V/C 
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From equation (2 )  a s t r e s s  equation f o r  rock l aye r s  of d i f f e r e n t  
thicknesses and engineering p rope r t i e s  can be developed. Using Young's modulus 
of e l a s t i c i t y  of materials :  

G = E X E  (3)  

and s u b s t i t u t i n g  equation (3) i n  equation ( 2 ) ,  
VE 31,470.9 E o = - = -  

C c [ D / w ~ ]  - j - 3 2 6  
The term C was ca lcula ted  based on the  a r r i v a l  time of about 9,000 f t / s e c  

which was i n  turn corre la ted  with Vp (peak p a r t i c l e  ve loc i ty)  i n  Table 1 .  
Based on these  data it was found that 

C = 9,000 f t / s e c .  
and E = 2,850,000 p s i  

From t h i s  information and using the  previously described ca l cu la t ions ,  t h e  
ve loc i ty ,  s t r e s s  and s t r a i n  a s  a funct ion of time were ca lcula ted  and t h e  
r e s u l t s  given i n  Table 14. A graph of the s t r e s s  versus depth from the  
detonation l e v e l  f o r  d i f f e r e n t  charge weights a r e  shown in Figure 59. 

Comparison Between F i e l d  Resul t s  and Computer Simulations 

For ca l cu la t ing  the s t r e s s  v a r i a t i o n s  a t  d i f f e r e n t  l eve l s  of rock i n  the  
subsurface using the  computer s imulat ion ana lys i s ,  a range of load-time 
funct ions was used i n  order  t o  c o r r e l a t e  t h e  force.  

, 
According t o  Brown and Hayatdavoudi, (1 980),  the maximum induced v e r t i c a l  

force from b l a s t i n g  was ca lcula ted  based on the detonation pressure of t he  
explosive and t h i s  i n  tu rn  was converted t o  borehole pressure. For purposes of 
t h i s  study the  borehole pressure was ca lcula ted  a s  45 percent  of t he  detonat ion 
ressure  ( ~ u p o n t ,  1977). Usage today by many inves t iga to r s  s t i p u l a t e s  t h a t  t h i s  
orce be mul t ip l ied  by the  a rea  of the  borehole occupied by t h e  explosive 
ra in .  For example, 400 pounds of explosive with a detonat ion ve loc i ty  of 
0,000 f e e t  per  second has a detonat ion pressure of about 290, 814 p s i .  This  is 
ased on t h e  following empir ical  formula: 

P~ = 216 wlvd2 [0.45/(1+0.9128 W1 ) ]  
where PJJ = detonat ion pressure ( p s i  
W1 = charge weight dens i ty  (pcf )  
Vd = detonat ion ve loc i ty  ( f t / s e c )  

Therefore, the borehole pressure is: 

Pg = 0.45 x 290,814 = 130,866.3 p s i  

he maximum v e r t i c a l  force  generated i n  a 6 -5-inch diameter borehole w i l l  be 
approximately: 7 - r ~ ~  

F = (PB) = 4.340.344 ibn. 

Because borehole pressure is imperfect ly understood and not  an e a s i l y  
measurable e n t i t y ,  a number of formulae have been devised t o  ca l cu la t e  the  
detonation pressure and borehole pressure.  These a r e  a l l  ch ie f ly  based on t h e  
charge weight and the detonat ion ve loc i ty .  A number of other  i nves t iga to r s  have 
made ca l cu la t ions  using empir ical  formulae and these a r e  l i s t e d  i n  Table 15. 
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Table 15. Calculated ~ r e s s u r e s / ~ o r c e s  by Dif ferent  Workers 

. 
Worker ( a )  PD ( p s i )  PB (ps i )  F ( ~ b s )  

Jones 122,440 361.627 12.9 x l o 6  

Cook I11 694,389 205,417 7.3 x 10 6 

Cook 11 645,621 130,990 6.8 x l o 6  

Paterson 61 3,202 181,400 6.5 x l o6  

Cook I V  592,458 134,185 6.3 x l o 6  

RO t h  453,596 134,185 / 4.8 x l o 6  

Y. Kumagai 417,929 123,634 4.4 x l o 6  

Derkopf 41 7,760 123,584 4.4 x l o 6  

( a )  A l l  workers l i s t e d  a r e  reported i n  Hino (1959) 
PD = Detonation pressure 
PR = Borehole pressure 
F = Force 
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Proceeding with t h i s  background and r e f e r r i n g  t o  Tables 1 2 ,  and 1 5  us ing  
Shot  2  a s  an example, t he  s t r e s s  and d is tance  t o  S t a t i o n  3 a re :  

c x ~  = 126.35 p s i  and DB = 94.61 f t .  

s i n g  these  two values and r e f e r r i n g  t o  Figure 58, a  load of about  5 m i l l i o n  
bs can be in t e rpo la t ed  from the graph. According t o  t h i s  loading a  s t r e s s  of 
bout 1 0  t o  1 5  p s i  f o r  the  roof of the  mine can then be picked from the  graph. 
n  Figure 59, a  s t r e s s  value of approximately 1 2  p s i  compares c lo se ly  with Shot 

and Hole 1 loaded with a  305-lb charge weight. 

The data  f o r  t h i s  comparison i s  given a s  follows: 

For Shot  2  - W (charge weight) = 305 l b s  
H (depth  of borehole) = 45.5 f t  
Vd (detonat ion v e l o c i t y  = 13,000 f t / s e c  
W1 (charge weight dens i ty)  = 1 .I gm/cm 
A (a rea  of borehole) = 35.78 in2 
g (g rav i ty )  = 980 cm/sec 

I n s e r t i n g  these  da ta  i n  the formulae discussed previously, the  c a l c u l a t i o n s  
it r e l a t i v e l y  c lose  wi th in  some of t h e  values ca lcu la ted  by the  i n v e s t i g a t o r s  
i s t e d  i n  Table 15. 

Th i s  ca l cu la t ion  of the est imated v e r t i c a l  force  by l i n e a r  regress ion  
&hod and computer s imulat ion f a l l  wi th in  the range ca lcu la ted  by Roth and Cook 
V (Table 14 ) .  Thi's, however, cannot be general ized f o r  a l l  of t he  shot  da ta  
ecause t h e r e  a r e  many v a r i a b l e s  involved i n  t he  detonat ion process with 

STRESSES CALCULATED AT THE MINE ROOF 
/ 

Three experimental s t r a i n  gages were f ab r i ca t ed  t o  measure the  s t r e s s  on 
he mine roof induced by the  explosive detonat ion a t  the  surface.  The gage and 
he emplacement of one of the  gages i n  t he  coa l  p i l l a r  a r e  shown i n  Figures  39,  

The p r inc ipa l  component of t h e  gages was an aluminum p l a t e  mounted wi th in  
he aluminum tube and these  th ree  p l a t e s  were 1 /4-, 1 8 -  and 1 /16-inch i n  

ickness.  S t r a i n  gages were mounted on the  p l a t e s  and connected t o  a  s t r a i n  
d i c a t o r  and t h i s  was i n  turn connected with a  seismograph. The instrument 

n s t a l l a t i o n  is  shown i n  Figure 43. 

A l l  of t h e  gages were c a l i b r a t e d  p r i o r  t o  i n s t a l l a t i o n .  S t r e s s  
surements from the  b l a s t  were recorded by only one of the  i n s t a l l e d  gages 
ng t o  damage during i n s t a l l a t i o n  t o  t he  o the r  two gages. The r e s u l t s  of t h e  

easurements obtained from the  i n s t a l l a t i o n  and the  procedures used t o  ca l cu la t e  
he s t r e s s e s  a r e  presented i n  t he  fol lowing discussion. 

The s t r e s s  i n  the  roof of the  mine is equal  t o  the r a t i o  of Young's modulii  
aluminum and t h e  roof rock mul t ip l ied  by the  s t r e s s  i n  the aluminum i.e.; 

E E 0 
'~oof  Rock = ( Rock/ Aluminum) x Aluminum 

-6 E 
where E~luminum = 5.5 x 10 and Rock = 

5 
9.6 x 10 a s  determined from laboratory t e s t s .  
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One of t he  corresponding nine roof s t ress- t ime domain curves a s  based on 
f i e l d  da t a  from b l a s t i n g  is shown i n  F igure  60. The o ther  s t ress- t ime domain 
da t a  can be found i n  Appendix I-E, pages 350 through 354. 

The observed f i e l d  s t r e s s e s  ca l cu l a t ed  values  a t  t he  roof l e v e l  of t he  mine 
with d i f f e r e n t  sho t s  a r e  t abu la t ed  i n  Table 16. Note t h a t  the  s t r e s s e s  a t  t h e  
mine roof d id  n o t  exceed 38 p s i  which was measured from the detonat ion of 431 
l b s  of explosives .  . ' . 

Referr ing t o  Table  1 6 ,  it can be seen t h a t  t he  s t r e s s e s  wi th in  t h e  lower 
nd upper boundary l i m i t s  of Figure 47 vary wi th in  f a i r l y  narrow l i m i t s .  Also, 
he r ev i sed  s t r e s s e s  ca l cu l a t ed  f o r  t h e  aluminum s t r a i n  gage approach t h e  

ca l cu l a t ed  s t r e s s  i n  t he  rock pf t he  mine roof wi th in  what should be acceptab le  
l i m i t s .  I n  t he  column l abe l ed  ( p s i )  rev ised  stress i n  aluminum, s h o t s  1 ,  3 ,  6 
nd 1 2  were too c lo se  t o  t h e  de tona t ion  l e v e l  t o  be properly recorded and should 
o t  be considered. ' . 

Factors  t o  cons ider  i n  t he  c a l c u l a t i o n  of s t r e s s  under t he  s i t u a t i o n  
ncountered i n  t h i s  s tudy and f u t u r e  work along these  l i n e s ,  would include bu t  
o t  be l im i t ed  t o ,  charge weight, d i s t ance  from sho t  po in t ,  a s  w e l l  a s ,  amount 
f stemming, degree o,f coupl ing between t h e  charge and borehole, proper response 

t o  de tona t ion ,  and the  placement and p o s i t i o n  of primer i n  t he  explosive t r a i n .  
There may be o t h e r s  n o t  q u i t e  so  a ~ p a r e n t .  

SUMMARY : OBSERVATIONS AND CONCLUSIONS 

The major observa t ions  and conclusions der ived from t h i s  study a r e  
wnmarized a s  follows: 

The types  of v i b r a t i o n  recordng instruments  recommended a r e  inf luenced by 
e f requenc ies  generated by the  b l a s t i ng .  TJsually the  observed f requenc ies  

/ nged from less than  2 up t o  150 Hertz f o r  surface b l a s t i ng .  The v e l o c i t y  
ismographs used i n  t h i s  study had a f l a t  response of frequency ranges from 2 
200 Hertz and would be adequate f o r  most b l a s t s  monitored. 

Documenta t i o n  on ' t h e  l i n e a r i t y  of t h e  frequency band is e s p e c i a l l y  
p o r t a n t  i n  a monitoring seismograph, s i nce  small  v ib ra t i ons  i n  frequency 

esponse can change output  l e v e l s  considerably.  The v ib ra t i on  channels on t h e  
smograph should be a b l e  t o  record a complete time h i s t o r y  from which a peak 
surement can be determined. 

Mavef orms of t h e  recordings of a 11 th ree  ground v i b r a t i o n  components 
e r a t e d  by a b l a s t  a r e  recommended f o r  t he  peak amplitude measurements; 

owever, frequency may vary among t h r e e  components of motion--vertical,  r a d i c a l  
nd t ransverse .  Peak o r  vec to r  sum readings  a r e  adequate if only amplitude 
eve l s  a r e  des i red .  Empir ical ly ,  t he  l a r g e s t  component of ground motion i s  
s u a l l y  t he  r a d i a l  component a t  t h e  sur face  and'  t h e  v e r t i c a l  component in t h e  

Loose su r f ace  placement of t he  seismometer package should be avoided i f  
h frequency motion is t o  be expected. Slippage can occur a t  t h i s  l e v e l  and 

seismometer package should be anchored. The seismometer package should be 
r i e d  with t he  s o i l  compacted around it, or  if  b u r i a l  is no t  poss ib le ,  it 

hould be very f i rmly  anchored o r  bo l ted  t o  the  roof if mine roof measurements 
needed. To ensure proper  coupling when buried,  the dens i ty  of t h e  

ammeter  package should be c lo se  t o  the  average dens i ty  of t he  s o i l  



Table 16. Summary of Observed and Calculated S t r e s s e s  i n  t h e  Mine Roof \O 
-P 

Shot Hole Charge A 1  Gage S t r e s s  ( p s i )  Roof Rock Observed S t r e s s  ( p s i )  
No. No. W t .  ( l b s )  F i e ld  Computer S t r e s s  ( p s i )  Lower Boundary Upper Boundary 

Reading Simulation Experimental ( r e f e r  t o  Figure 47) 

a. Hole loaded and shot  twice 
b. Too c lose  t o  detonat ion po in t  f o r  r e a l i s t i c  recording. 
c. Misf i red shot ,  no data 

-* 7r.---*--̂ "**--w-b --*-- "-.---. ~ ,". - -._ 
--* ">" - - - -..-*__-- - - 

.* ?- - 



95 

Blas t ing  r e s u l t s  a r e  s i g n i f i c a n t l y  a f f ec t ed  by the s i t e  geology both a t  the  
ce and i n  the subsurface. A thorough knowledge of the geology p a r t i c u l a r l y  

t he  rock type,  s t r a t i g r a p h i c  sequence, and s t r u c t u r a l  condi t ions a r e  e s s e n t i a l .  
e hydrological  condi t ions a r e  a l s o  of prime concern. A l l  of these  parameters 
f e c t  the  type of shock o r  seismic wave generated and propagated within the  

It was observed t h a t  t he  value of t he  v e r t i c a l  components of v ib ra t ion  d a t a  
were r e l a t i v e l y  higher than t h a t  of t he  o the r  components. This  implies  t h a t  i n  
va lua t ing  the  e f f e c t s  on an underground opening caused by sur face  b l a s t i n g ,  t h e  
e r t i c a l  d i r e c t i o n  of v i b r a t i o n  i s  the  most important one t o  be considered. 

The s t a t i s t i c a l  a n a l y s i s  ind ica ted  t h a t  using the  square-root s ca l ing  
provided a b e t t e r  r e s u l t  f o r  t he  su r f ace  measurements and the  underground 
measurements a r e  b e s t  mouped by us ing  cube-root scal ing.  

Shots  I and 3 were f i r e d  sepa ra t e ly  i n  the  same borehole a t  d i f f e r e n t  
depths and amounts of stemming. The records ind ica ted  t h a t  these  sho t s  produced 
higher p a r t i c l e  v e l o c i t i e s  than o the r  shots .  This may be caused by t h e  
resonance of t he  rock media o r  t he re  possibly was a focusing e f f e c t  i n  t h e  
ubsurface layers .  The s t a t i s t i c a l  a n a l y s i s  a l s o  showed t h a t  these  poin ts  do 

n o t  properly f i t  the l i n e a r  regress ion  equation. 

The v ib ra t ion  curves us ing  the  Four ie r  Transf o m  approach showed t h a t  t he  
frequency of the  maximum amplitude remained a s  a constant  f o r  b l a s t ing ,  even 
though the  responses were recorded f rom d i f f e r e n t  loca t ions .  Therefore,  a 

eve1 of blasbing could be determined by F a s t  Fourier  Transform using t h e  
ximum amplitude and the  frequency. Vibrat ion l e v e l s  measured on the  mine 
oor  were genera l ly  lower than those measured a t  t he  mine roof. 

/ 
The energy spectrum can be used a s  t he  t o t a l  energy t ransmit ted by the  

v ib ra t ion  and is considered a s  equiva len t  t o  a superposi t ion of r a d i a l  waves of 
var ious  f requencies  car ry ing  only a p a r t  of the  t o t a l  energy. Therefore,  t he  
percentage of a t t enua t ion  between two po in t s  a t  d i f f e r e n t  d i s t ances  from t h e  
v ib ra t ion  source may be determined by using the  proport ion of the t o t a l  energy 
a t  these  poin ts .  

The Four ie r  Transform can be use fu l  t o  study the  s a f e t y  c r i t e r i o n  u t i l i z i n g  
var ious  frequencies.  The v i b r a t i o n s  containing higher  amplitudes a t  a c e r t a i n  
frequency range may o r  could cause damage t o  t h e  underground mine openings. The 
v ib ra t ion  records should be analyzed by using t h e  f a s t  Four ie r  Transform 
procedure and these  may provide an optimal conclusion f o r  a s a f e t y  c r i t e r i o n .  

The research ind ica t ed  t h e  a d a p t a b i l i t y  and u s e a b i l i t y  of computer 
s imulat ion t o  measure s t r e s s e s  impacted t o  an underground mine roof from 
b l a s t i n g  on the  surface.  I n  p a r t i c u l a r ,  a f i n i t e  element a n a l y s i s  approach 
seema t o  provide a path t o  fol low i n  s imi l a r  s tud ie s  of t h i s  kind. Cer ta in ly  
refinements i n  the  techniques and procedures performed i n  conducting t h i s  work 
can be undertaken by o the r  i nves t iga to r s  i n t e r e s t e d  i n  research r e l a t e d  t o  
b l a s t i n g  e f f e c t s  on underground mine roofs. 
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This study, a s  o thers  i n  the  pas t  l i k e  it, have had t o  conclude t h a t  da ta  
gained a t  a p a r t i c u l a r  mine a r e  l imi ted  t o  a s i t e  s e l ec t ive  b a s i s  regard less  of 
how many parameters can be produced i n  the s imulat ion model. The s t r a t i g r a p h i c  
succession of overlying rock u n i t s ,  the  loca l ized  s t r u c t u r a l  d i s rup t ions  a t  each 
mine, and the  l i t h o l o g i c  changes encountered i n  the  v e r t i c a l  a s  well  a s  
hor izonta l  sequences over r e l a t i v e l y  shor t  d is tances ,  a r e  too numerous and 
frequent  t o  c o r r e l a t e  from one coal  basin t o  another with any degree of 
confidence. 

Nevertheless,  t h e  instrumentat ion and procedures f o r  co l l ec t ion ,  a n a l y s i s  
of the  f i e l d  da ta ,  and the  computer programs were e f f e c t i v e  i n  analyzing the  
e f f e c t s  of sur face  b l a s t i n g  on underground mine roofs .  

RECOMMENDATIONS 

The kind of seismic waves generated by surface b l a s t ing  and the  v ib ra t ion  
l e v e l s  surrounding underground mine openings were the major sub,jects of t h i s  
study. Fur ther  work needed i n  the  sub jec t s  concern the  na ture  and geometry of 
t he  wave path. Moreover, detonat ion pressure  and borehole pressure need c l o s  
examination. Both researchers  and explosive manufacturers would l i k e  t o  l ea  
more about these  phenonema. 

Another a rea  of p o t e n t i a l  research  is t h e  type of waveform generated a s  the  
wave propogates through a media. The exac t  na ture  of the source e f f e c t  and its 
r e s u l t a n t  r a d i a t i o n  p a t t e r n  a r e  p resen t ly  unclear.  The degree of a t t enua t ion  o r  
damping e f f e c t s  a s  t he  wave t r a i n  passes through various media is  not  well known 
o r  even measurable i n  the  f i e l d  a t  t h i s  time. 

The wide range and v a r i e t y  of seismographs and the soph i s t i ca t ion  of 
machines a v a i l a b l e  today has d'eveloped r ap id ly  so t h a t  i nves t iga to r s  have a good 
choice a v a i l a b l e  f o r  t h e i r  own p a r t i c u l a r  need. It would appear t h a t  t he  work 
done on t h i s  research  might well  open a reas  f o r  addi t ional  instrumentat ion 
p a r t i c u l a r l y  with regard t o  a more r e f ined  measurement of s t r e s s  impacted t o  a 
mine roof.  

The fol lowing manuals were consulted, and the  descr ip t ive  mater ia l  concerning 
instruments  described i n  these  manuals was r e fe r r ed  t o  and used i n  t h e  
prepara t ion  of t h i s  report .  

Dallas  Instrument ,  Inc., I n s t r u c t i o n  Manual, Dallas ,  Texas. 

I r a d  Gage Geotechnical Intrumentat ion Company, Inc.,  In s t ruc t ion  Manual, 
Lebanon, New Hamphire. 

Nark Production Company, I n s t r u c t i o n  Manual, Houston, Texas. 

Sprengnether Instrument Company, Inc.,  I n s t r u c t i o n  Manual, S t .  Louis, Missouri. . . 

User Guide, Seebeck Computer Center, The Uhiversi ty of Alabama, Preliminary Ed., 
Sept. 1981 . 
Vishay Inter technology,  Inc . ,  I n s t r u c t i o n  Nanual, Raleigh, ITorth Carolina. 
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