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, V IBRATIONS FROM UNDERGROUND BLASTING 

I by 

James J ,  SnodgrassT and David E. Siskind'  
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a 1 ABSTRACT 

I 

: The Bureau of Mines has  i nves t iga t ed  v i b r a t i o n  l e v e l s  produced by b l a s t -  
' .  , 1 

'b,~i; +',:% .zli 
i n g  a t  four  underground s i t e s  t o  e s t a b l i s h  how such f a c t o r s  a s  type of explo- 

i:?, ~{ ., c 6  < & - I  s i v e ,  de l ay  b l a s t i n g ,  charge we igh t ,  and9geology a f f e c t  amplitudes of ground 
motion. A surcimary of t h e  work i s  presented and t h e  r e s u l t s  of f u r t h e r  analy-  
s i s  of t h e  d a t a  a r e  d iscussed ,  Square roo t  s c a l i n g  was found app l i cab le  t o  
two of the  underground s i t e s  and could be appl ied  wi th  minor e r r o r  t o  a l l  t he  
s i t e s .  Comparison of empi r i ca l  propagat ion equat ions i n  the  d i f f e r e n t  rock 
types  i n d i c a t e s , t h a t  a l though t h e  s i t e  e f f e c t  i s  apparent ,  t he  combined d a t a  
may be used a s  a b a s i s  f o r  engineer ing  es t imates  of v i b r a t i o n  amplitudes from 
subsurface  b l a s t i n g  i n  many d i f f e r e n t  rock types. Recommendations f o r  pre- 
d i c t i n g  and minimizing v i b r a t i o n  amplitudes from underground b l a s t s  a r e  given. 
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E f f e c t s  of v i b r a t i o n s  from b l a s t i n g  a t  quar ry  s i t e s  have been thoroughly 
inves t iga t ed  by t h e  Bureau of Mines w i t h  the  goa l  of e s t a b l i s h i n g  a r e l i a b l e ,  
t echnologica l  b a s i s  t o  p l a n  and conduct b l a s t i n g  operat ions t h a t  w i l l  mini- 
mize t h e  number of damage claims and nuisance complaints received by opera tors  
of q u a r r i e s ,  open p i t  mines,  and su r f ace  cons t ruc t ion  p ro j ec t s .  This research  
has r e s u l t e d  i n  a comprehensive a n a l y s i s  of parameters a f f e c t i n g  b l a s t  v ib ra -  
t i o n  amplitudes.  Guidel ines  f o r  s a f e  b l a s t  des ign ,  methods t o  reduce v ibra-  
t i o n s  wi thout  a l t e r i n g  t h e  e f f i c i e n c y  of a b l a s t  round, and empir ica l  means 
t o  p r e d i c t  maximum v i b r a t i o n  amplitudes have been e s t ab l i shed  t h a t  should 
prove b e n e f i c i a l  t o  both u s e r s  of explosives and the  publ ic .  

N icho l l s ,  Johnson, and Duvall (4)2 r e c e n t l y  repor ted  r e s u l t s  of t h e  
Bureau's 10-year program t o  eva lua t e  t h e  problem of a i r  and ground v i b r a t i o n s  

" ) , "  1 from b l a s t i n g ,  I n  a d d i t i o n  t o  t h e  published work of o t h e r s ,  f i e l d  d a t a  from 

" , 
171 b l a s t s  a t  26 quarry s i t e s  r ep re sen t ing  numerous rock types were analyzed 
t o  e s t a b l i s h  damage c r i t e r i a  f o r  r e s i d e n t i a l  s t r u c t u r e s  and t o  make recormnen- 

I d a t i o n s  f o r  s a f e  b l a s t  design. Some conclusions from t h e  s tudy were 

, , * I  
I .  . , . I  ' ~ e o ~ h ~ s i c i s  t. 

I 
I 2Underlined numbers i n  parentheses  r e f e r  t o  i tems i n  t he  l i s t  of r e f e rences  a t  
1 t h e  end of t h i s  r epo r t .  
i 
1 

I 



ows : (1) Damage t o  r e s i d e n t i a l  s t r u c t u r e s  from b l a s t i n g  cor re la t e s  more 
with the  r e s u l t a n t  p a r t i c l e  ve loc i ty  of ground motion than with accel -  
o r  displacement; ( 2 )  a  peak p a r t i c l e  ve loc i ty  of 2.0 i n / s e c  (5 X 10'" 
a s  measured from any of t h r e e  mutually perpendicular  d i rec t ions  i n  the  

adjacent  t o  a  s t r u c t u r e  i s  a  reasonably sa fe  upper l i m i t  t o  preclude 
t o  the  s t r u c t u r e ;  ( 3 )  humans respond uncomfortably t o  l eve l s  of v ibra-  
a t  a r e  lower than those necessary t o  cause damage t o  s t r u c t u r e s ;  (4) 

econd delay b l a s t i n g  may be used t o  reduce v i b r a t i o n  l eve l s  s ince  

rom d i f f e r e n t  s ized  b l a s t s  t o  determine an empirical  wave propagation 
on f o r  a  p a r t i c u l a r  s i t e .  

d on these f ind ings ,  i t  was recommended t h a t  seismic instrumentat ion 

xceeded. I f  instrumentat ion i s  not  a v a i l a b l e ,  a  reasonable margin of s a f e t y  
rorn damage t o  s t r u c t u r e s  i s  provided when a scaled d i s t ance  of 50 f t /  lb% 

*/kg%) is  used. I n  equation form, 

(1) 

W ( ~ / 5 0 ) ' ,  ( 2 )  

D i s  the  minimum dis tance  i n  f e e t  from the  b l a s t  and W i s  the maximum 
arge weight i n  pounds per  delay period. Thus, f o r  example ,/ a t  a  d is tance  

u iva len t s  i n  t h e  In te rna t iona l  System of Units (SI) a r e  included i n  
ordance wi th  the  r u l e s  f o r  introducing modernized metr ic  u n i t s  estab- 
hed i n  the  National Bureau of Standards ASTM Metric P rac t i ce  Guide, 

necessary,  t o  separa te  t h e  d i g i t s .  Th 
i n  both S I  and U.S. customary numbers 
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1 Four subsequent Bureau i n v e s t i g a t i o n s  of b l a s t  v i b r a t i o n s  involved 
1 measurements on t h e  roof and wa l l s  of underground mines, I n  t h e  f i r s t  s tudy ,  
I Olson, Dick, Condon, and Fagelson (5) monitored p a r t i c l e  a c c e l e r a t i o n s  from 
I smal l - sca le  and product ion b l a s t s  i n  the sha l e  formation of the White Pine 

. I Copper mine, White P ine ,  Mich, As i n  the  quarry s t u d i e s ,  square roo t  s c a l i n g  
5 .  

was found t o  be an  e f f e c t i v e  technique t o  group d a t a  from d i f f e r e n t  s i zed  
I,, ., b l a s t s .  Maximum v i b r a t i o n  ampli tudes,  produced by the  zero-delay po r t ion  of 

each b l a s t ,  could be reduced by decreasing the  amount of explos ive  i n  t he  
I 

I zero-delay period.  A l so ,  t h e  use of ammonium n i t r a t e - f u e l  o i l  (AN-FO) b l a s t -  
i ng  agent  produced smal le r  v i b r a t i o n  l e v e l s  than  d id  dynamite. Vibra t ion  d i f -  

I fe rences  among mine headings and explosive types were not  major f a c t o r s  i n  

, I 
es t ima t ing  maximum v i b r a t i o n  amplitudes wi th  an empi r i ca l ly  der ived propaga- 
t i o n  law. . ./ 

I The second s tudy by Olson, Dick, Fogelson, and F le t che r  (5) was con- 
, y {  ducted i n  t h e  l imestone-dolomite roof rock of the Shullsburg zinc-lead mine 

Shu l l sbu rg ,  Wis. Both p a r t i c l e  a c c e l e r a t i o n  and v e l o c i t y  measurements were 
obtained f o r  s ing le-hole  sho t s  and product ion rounds.( Again, t he  zero-delay 
p o r t i o n  of product ion rounds produced the  maximum v i b r a t i o n  ampli tudes,  even 
though the  charge weight of each subsequent de lay  period sometimes exceeded 
t h a t  of t h e  ze ro  delay. I n  c o n t r a s t  t o  the  previous s t u d i e s ,  cube roo t  
s c a l i n g  appeared t o  be more appropr i a t e  f o r  the Shullsburg s i t e ,  suggest ing 
t h a t  the  geome,try of a  b l a s t  round and t h e  conf igura t ion  of t h e  opening may 
have a  pronounced inf luence  on t h e  s c a l i n g  f ac to r .  Square r o o t  s c a l i n g  was 

*, ,! , >  
used ,  however, t o  compare t h e  Shul l sburg  and White Pine d a t a ,  which were i n  

%.~,,; .,:, L , good agreement. 
. % ,  ' !  / 

,,, , : .  I 
;,, . , /  I n  t he  t h i r d  s tudy ,  Olson, Fogelson, Dick, and Hendrickson (1) obtained 

? . , 1 . 8 ,'1 ( 

I I p a r t i c l e  v e l o c i t y  measurements i n  t he  wa l l s  of a  tunnel  b l a s t e d  i n  the  Pikes 
' I *  ' I Peak Grani te  of t h e  North American A i r  Defense Command (NORAD) Complex near  

/ 

,), , I)  

;- *-t,,,: 
' , >: , 1) , ! +, 
, I+. '-. 

+ \ 

13 ( I  

Colorado Spr ings ,  Colo. Since dimensional a n a l y s i s  supports  cube roo t  
s c a l i n g  and because t h e  n a t u r e  of t he  excavat ion a t  NORAD was s i g n i f i c a n t l y  
d i f f e r e n t  from e i t h e r  White Pine o r  Shul l sburg ,  a  s t a t i s t i c a l  a n a l y s i s  was 
performed on the  NORAD d a t a  t o  determine whether square r o o t  o r  cube r o o t  
s c a l i n g  was more appropr i a t e .  The cube r o o t  f a c t o r  was found more e f f e c t i v e  

I ,  i n  removing the  e f f e c t  of va r ious  charge weights,  An empir ica l  propagat ion ' ,  ' "I  
equa t ion  der ived  from t h e  cube-root-scaled da t a  was used succes s fu l ly  t o  

a ]  - p r e d i c t  maximum v i b r a t i o n  amplitudes during subsequent expansion of the  
excavation. 

, . . ;a , ,  ' 

The P i l o t  Knob P e l l e t  CO. 's  underground i r o n  o re  mine near  P i l o t  Knob, 
Mo., provided the  oppor tuni ty  t o  s tudy v i b r a t i o n s  i n  y e t  another  rock  type. 

,: , ' . I  I S i sk ind  (12) recorded p a r t i c l e  a c c e l e r a t i o n s  i n  t he  roof  rock of a  develop- 
ment d r i f r e x c a v a t e d  i n  t he  massive, competent magnet i te  ore  body, No d a t a  

, c  from product ion b l a s t i n g  were obta ined;  however, a  designed experiment us ing  a  
- I range of charge weights  i n  s ing le-hole  b l a s t s  allowed de termina t ion  of a  b e s t  
, '  j 

- < 

s c a l i n g  f a c t o r  and a  propagat ion equat ion  f o r  t h e  s i t e .  Square roo t  s c a l i n g  
. .  . i !  was a  good approximation of t he  s t a t i s t i c a l l y  determined b e s t  f i t  va lue  of 

0.55. V ib ra t ion  measurements from d i f f e r e n t  types of explos ives  were i n  
agreement w i t h  t h e  f ind ings  of Olson, Dick, Condon, and Fogelson (5) t h a t  
when o ther  f a c t o r s  a l l ow,  AN-FO may be used t o  reduce v i b r a t i o n  amplitudes.  

i 

1 
I 
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importance in underground excavation is the requirement to 
ability and prevent rockfalls or damage to support structures. 
ty elastic waves induced by production blasting and the 
ck due to stresses associated with the opening itself create 
affect rock competency outside the excavation boundary. Scott, 

and Robinson (10) observed these effects and demonstrated the 
cal texniques to predict engineering and economic 

cavation. Seismic refraction and electrical resistivity 
indicated an altered zone commonly extending 10 ft (3.0 m) or 

of a pilot bore driven with explosives in granite. 
ges were attributed to (1) blast damage in the first few 
ne and (2) stress redistribution in the deeper layer. 
litudes were correlated with increasing fracture spacing 

walls of the pilot bore, and increasing resistivity values 
d with decreasing support requirements, suggesting methods to 
e zones where rockfalls might be expected and additional support 

the problems associated with the use of explosives underground 
encountered in surface blasting operations, simultaneous 

pansion and subsurface excavation near ubran areas for transportation 
utilities, and storage emphasize the need to understand and control 

used by blasting. Means for predicting vibration levels 
ance of blasting operations and methods to reduce maximum amplitudes 

rock fragmentation capability will lead to more efficient 
und blast rounds and contribute to a safer working environ- 
sunnnarizes the studies of underground blasting and combines 
te expected vibration levels over a wide range of geologic 

d mining configurations. 

TEST SITES 

were measured in underground mines representing four different 
, limestone, granite, and magnetite ore. Table 1 summarizes 

properties of the mine rock as measured in the individual studies. 

White Pine 

-and-pillar White Pine Copper mine is located 4 miles south of 
tonagan County, Upper Peninsula of Michigan (5). The ore 

consists primarily of the lower 20 to 25 ft (6.1 to 7.6 m) of the 
such Shale and the upper few feet of the Copper Harbor Conglomerate. The 

s faults, joints, and compositional changes influenced the 
and rate of attenuation of the blast vibrations in the instrumented 

Detailed mappings of the test headings showing the local geologic 
reference 5. Figure 1 shows the stratigraphic column 

re body and the parting shale and full-column headings. 
of thin sections from the parting shale indicated that it 
nly laminated gray siltstone consisting of thin carbona- 

nae separated by thicker laminae of dominantly silt-sized quartz 
ssive siltstone is composed of uniformly interspersed 
of quartz, micaceous minerals, and carbonaceous material. 

of calcite were found on many of the thin sections (fig. 2). 
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Shullsburq 

, 
I The Shullsburg 
I mine i s  a room-and- 

random p i l l a r  zinc- 
I lead mine located 

i n  Lafayette 
. .  I l j  

I 
County i n  the 
extreme southwest 

! I  

, corner of Wiseon- 

I . s i n  (5). The ore 
i body i s  of the 

pitch-and-flat 
* *  i 

J type where the 
, ,, :' 1 .. . pitches a r e  miner- 

' ; 
,," ,: y8 ><I a l ized inclined 
y; "?#\ ; 5 , { i 1 , ;  

:J ,j, :?a; &:hI f rac tures  cross- 
.,>,.;:, * Ic ,  

?J{ %# % f b u - ~ Y  $l$(t ing the bedding 
,, *\/ q':.j,:l planes a t  odd 

angles and the 
f l a t s  a re  mineral- 
ized bedding plane 
f ractures  . The 
t e s t  heading was 
comprised of the  
top par t  of the  

~c:qx+.,$>,>Pl~ 5 - .  .< McGregor Limestone 
,is,.:,. >A ; '.j 
: ;. 'I I add the bottom 
&&tfj~jy,j 0 I 2 ,part  of the 
:, \,:x!; ',> s;, . . , ,<  < 
2 .  \ , / I ,  .) 

1'1 1 I I I I I I Quimby's M i l l  
"a : L . 1 Members of the 

;,,$ 2.1 :.. i 
~+:;*"b&;: 
t,.-. fi .j :to" 

> $!! :;2,;i * 

i:;;:"";r>2tqt 
7: d; ,i, ..i 

, $  .. a. 
% .  

"'>+ ,,; t?: I.( 

sk>x.p -, 

<i <, -<,) ,, 
,-%we>, L.:~ -xk., 

.. . 
',i , ' : 

,- a ,  . .. 
" *,, 
;'; , 

. ,: < 
, - ' ,: , . . . ,, 

:~ 
, * a  >. i . ;.\ I 

Fogelson, and Fletcher (6). 
L .- , a j  ( 

*' . ' -1% *I NORAD 
. /  A ' 

I 
, ,, *- , I The NORAD s i t e  i s  an  underground complex housing the  A i r  Force Combat - - 

, :I 
Operation Center located a t  Cheyenne Mountain, 5 miles south of Colorado 

$::@, ,!,/ : . . ' (  Springs, Colo. (1). 
I ,  ' 1 . I 

I 

S c a l e ,  i n  P l a t t e v i l l e  Forma- 
t i on  ( f ig .  3)  

0 10 2 0  30 4 0  50 The ~ u i m b ~ ' s  M i l l  

1 I I roof rock a t  the 
t e s t  s i t e  appeared 

, S c a l e ,  mm vuggy, and the 

FIGURE 2. - Thin section, parting shale of White Pine ore body. roof surface con- 
tained undulations; 
however, unlike 

the White Pine s i t e ,  there were no major f ractures  and only a few spa11 areas  
observed. The t e s t  heading i s  fu r ther  described i n  a report  by Olson, Dick, 
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exponential  propagation equat ions t h a t  graphed a s  s t r a i g h t  l i n e s  on log-log 

i paper and s i m i l a r  r e s u l t s  were expected from the underground s t u d i e s .  With 
i the  logari thmic gage spac ing ,  da t a  po in t s  a r e  more evenly d i s t r i b u t e d  when 
I 

p l o t t e d  on log-log paper .  

Measurements were recorded on magnetic tape  a t  h igh  speed (60 in / sec )  
and played back a t  low speed (1-7/8 i n / s e c )  through appropr i a t e  ampl i f i e r s  
t o  a d i r ec t -wr i t i ng  osc i l lograph g iv ing  h igh-resolu t ion  records  of ground 

I 

motion a s  a func t ion  of time ranging i n  frequency from 60 Hz t o  over 10 kHz. 
I Scal ing  of t he  d i s t ances  by t h e  charge weights  was examined, and f i n a l  

, ,,mi r e s u l t s  were propagat ion laws r e l a t i n g  leve'ls of v i b r a t i o n  t o  charge weights 
I and shot-to-gage d i s t ances  f o r  each s i t e .  

I 
' I  Acce lera t ion  Measurements 

, 1 P a r t i c l e  a c c e l e r a t i o n s  were measured i n  t h r e e  mines : White P ine ,  
, .  % , Shul lsburg ,  and P i l o t  Knob. The Shul l sburg  study involved a c c e l e r a t i o n  

,I, ->;, 39 I ;<.:. (,.as{ measurements from a s i n g l e  charge s i z e  f o r  comparison wi th  the  White Pine 
. ",i 1 

A.l;+,':<:$j 
work; huwever, an  ex tens ive  p a r t i c l e  v e l o c i t y  study was made a t  t h i s  s i t e  

$;+$;;$! "% 
! I , ,  $>,, ;I!);+ J and i s  discussed i n  a l a t e r  s ec t ion .  The White Pine and P i l o t  Knob s tud ie s  

;.>,;,jp:$;l, 
,<, :,J&v~ ,,bq involved measurements over a range of 0.04 t o  870 g (3 .9  t o  8526 m/sec2) and 
F*?-+, 5, 

!j!$,i.:~ $7 60 t o  20,000 Hz, f a r  beyond the  c a p a b i l i t y  of p a r t i c l e  v e l o c i t y  instrumenta- 
+;; 
* ,::, ;,d 3A,* 

t i o n .  The recording  system was designed t o  have a f l a t  response from 2 t o  
; -<;Jtk,q,?',\ 
: - , ,;-,{ 20,000 Hz ("10 pdt )  , exclus ive  of t h e  gages. Near the  b l a s t ,  r e l a t i v e l y  
.:?<;, ,, .+:,> 
I "* - ?j 

i n s e n s i t i v e  accelerometers  were used having bandwidths of 2 t o  15,000 IIz 
("10 p c t ) ;  f u r t h e r  from the b l a s t  a r e a ,  more s e n s i t i v e  gages (2 t o  6,000 Hz 

, .,,- I 
i f 5  p c t )  were employed. For comparison wi th  the  ex tens ive  s u r f ~ c e  v i b r a t i o n  , 

I . I  'I ,;,yv: -.' "1 
work and the o the r  underground measurements, some oE t h e  a c c e l e r a t i o n  records 

2 

, I  
have been converted t o  p a r t i c l e  v e l o c i t y .  

r ' ,  

A '  , ;: ., . , 1 White Pine 
. 
< ,: , , 

. & .  ... .>' ,I." * 
, I . V ,  

<, c <  ., : :. \:.,, . 
, , . , 

The White Pine s tudy involved two d i s t i n c t  phases and a t o t a l  of f i v e  
t e s t h e a d i n g s .  Phase 1 was conducted i n  pa r t ing  sha le  openings wi th  gages 
mounted on the base of t h e  upper sandstone roof i n  headings 1-2 ( f i g .  4 ) .  I n  
heading 1, v i b r a t i o n s  were recorded from a s e r i e s  of 13 sho t s  ranging from 

,,,', 8 .  ., . 1 
I I 1/4 s t i c k  t o  4 s t i c k s  of 1-1/4- by 16 - in ,  60 pc t  weight-s trength ammonia dyna- 

-1. .*,,* $ 1  
i mite .  The 1 - s t i c k  shot  s i z e  (0.91 l b ,  0 .41 kg) was se l ec t ed  a s  a s tandard f o r  

" I /  

I '  I comparisons between headings,  and i n  nearby heading 2 ,  fou r  s ing le - sho t  rounds 
were f i r e d .  Table 2 summarizes the sho t  d a t a .  This  i n i t i a l  work involved + ,< 6 4 ,.,I 

* ' % , j  
,i ' 

experimentat ion on gage mounting and p r o t e c t i o n  techniques.  Two methods of 

, '! gage attachment were used: (1) Mounting accelerometers  on p l e x i g l a s s  cy l in -  
. :,., i der s  epoxied i n t o  ho le s  i n  the  mine roof  and (2) d i r e c t  epoxy mounting. The 

I p l ex ig l a s s  method produced resonance problems and was l a t e r  discontinued (5) .  
> ,  : , 

' i  Stemming cons i s t ed  of paper c a r t r i d g e s  f i l l e d  wi th  f ine-gra ined  sand t h a t  were 

I tamped i n t o  p lace  behind the charge.  

\z '" i 
. - , -  i r " - : 

I 

I 

! 
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TABLE 2. - White Pine b l a s t  da t a  

Shot 
. I  

' I . ,  

I ,  1-3.,...... 
4-6........ 

. I #  1 7-g........ . , 
10-12...... 
13......... 
14-17.....0 
18-21... 
22......... 

1, , ) %  :,~j 23-25...... . I I ,  

, % I  26-29...... 
, 30-33...... 

&, , , ~ ,  . 1 
34-36, 28.. 
37......... 

Type of explosive 
charge 

........ Dynamite... ..... do............ ..... do............ ..... do............ ..... do............ ..... do............ ........ .......... do.. 
AN-FO product ion ... 
Dynamite....... .... 
AN-FO production... ........ Dynamite... ..... do............ 
AN-FO.............. 

NAp = Not appl icable .  

During t h e  second phase of t h e  work, v ib ra t ions  from production 
sho t s  i n  both  full-column and p a r t i n g  sha le  headings were recorded i n  
a d d i t i o n  t o  s i n g l e - s t i c k  shots .  Headings 3-4 ( f i g .  5) were pa r t ing  
s h a l e  openings bn t h e  f r i n g e  of a c t i v e  full-column workings approximate ly 
3,000 f t  (920 m) from headings 1-2. Gages were mounted on t h e  upper 
sandseone roof i n  p a r t i n g  sha le  openings (as  i n  headings 1-2);  however, 
t h e  s h o t s  were i n  t h e  full-column workirgs wi th  b l a s t h o l e s  in ,both  the  

. : 8 .;:. 
:<:$, ,,$& p a r t i n g  sha le  and t h e  upper sandstone. Heading 5 ( f i g .  6)  involved 
'. ,:, , I$ ,,*ii 'P 1 product ion and t e s t  sho t s  i n  a p a r t i n g  sha le  opening. Therefore,  t he  

:,:,: 1 gages were mounted on t h e  base of t h e  upper sandstone, a s  i n  the  o the r  head- 
,, i 

Number 
o f 

s t i c k s  
114 
1/2 
1 
2 
4 
1 
1 
NAp 
1 
NAp 
1 
42 
NAP 

..*, , > " .< , 3 ',< 

?4,;: ~<:>:, 
\ X >,% 

s "  
: ,:;>;>,), -5 

a < 
ri% .:, L ,, 

7 I . c " b ,  

,: r ; ; L > ;  ' 

,:.,-. L % < 

a - .  

I ,.:. s 

i n g s ,  bu t  i n  c o n t r a s t  t o  headings 3-4, b l a s tho le s  were only i n  the  p a r t i n g  
sha le .  Deta i led  s t r u c t u r a l  geologies  of t he  f i v e  t e s t  headings a r e  given 
by Olson, Dick, Condon, and Fogelson (5). 

White Pine product ion sho t s  cons is ted  of AN-FO detonated wi th  75 pc t  
weight-s trength ammonia g e l a t i n  primers i n  1-518 in-diam holes .  Extremely 
wet headings were b l a s t e d  wi th  60 pc t  weight-s trength dynamite. The f u l l -  
column rounds had 43 ho le s  and were f i r e d  wi th  mi l l i second delays ( f ig .  7). 
T o t a l  charge weight was approximately 270 l b  (123 kg) wi th  from 38 t o  39 l b  
(17.3 t o  17.7 kg) i n  t h e  ze ro  delay. The pa r t ing  sha le  rounds had 30 ho le s  

I $ ,  
I t o t a l i n g  180 l b  (82 kg) wi th  t h e  zero-delay po r t ion  of 39 l b  of AN-FO (or  

, 1 
38.2 l b  of dynamite) being t h e  l a r g e s t  charge i n  t h e  round ( f ig .  8) .  The 

,. , i delay  caps used a t  White Pine separa ted  t h e  v ib ra t ions  from each delay 
i n t e r v a l  and t h e  maximum v i b r a t i o n  amplitudes from a l l  production rounds 

. , * ,  - :  ,I werc produced by t h e  zero-delay holes .  B las t  d a t a  a r e  given i n  t a b l e  2. 

i 
: ' I  

, 1. , 
.' ' ; .,.j 

, 
I 

I 

Heading 

1 
1 
1 
1 
1 
2 
3 
3 
4 
4 
5 
5 
5 

Charge s i z e  
weight 

Lb 
0.23 

.45 

.91 
1.84 
3.64 

.91 

.91 
3 9 

.91 
39 

.91 
38.2 
3 9 

Kg 
0.10 

.20 

.41 

.83 
1.65 

.4 1 

.41 
17.7 

.41 
17.7 

.41 
17.3 
17.7 
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I 

12-gage, logar i thmical ly  spaced l i n e a r  a r ray .  Recording procedures and 
I equipment were the  same a s  those used i n  the  White Pine s tudy.  S isk ind  
I 
j (12) descr ibes  the  d e t a i l s  of the  shooting procedure, geologic s t r u c t u r e ,  

a 2  explosive p roper t i e s  f o r  the  P i l o t  Knob study. 
. L  I 

* ,  TABLE 3. - P i l o t  Knob b l a s t  da ta  
I 

, . ! 

Shot 
~ I 

.:, 1 1-5,  15....... 
I 6-7, 16....... ......... I 8-9,  17.. 

" ., , 10-11, 18..... 
+ 

I 21............ 
c t', ",::-J :' :,: ;., ,, 22............ 

,<, . .,*I 
, ,> .I 12, 20....,... 

14 ,  lg........ 

Number 
o f 

s t i c k s  
1/3 
2/3 

1-1/3 
2-2/3 
5-1/3 

10-2/3 
NAP 
NAp 

Type of explos ive  
charge 

Ge la t in  dynamite...... ..... do............... ............. ..... .do.. 
do......,........ ..... d~ . . . . . . . . . . . . .~ .  ..... do............... 

AN-FO....o............ 
Slurry................ 

NAp = Not appl icable .  

Veloci ty  Measurements 

P a r t i c l e  v e l o c i t i e s  were measured a t  the  NORA' and Shullsburg s i t e s .  
The recording system u t i l i z e d  electromagnetic-type v e l o c i t y  gages wi th  a 
recommended opera t ing  range of 10 t o  2,000 Hz and a nominal vol tage  s e n s i t i v -  
i t y  of 96.3 m ~ / i n / s e c  (3.79 ~ / m / s e c )  i n  conjunct ion wi th  high ga in  vol tage  

, ., ampl i f i e r s  (dc t o  15,000 Hz +-3 p c t ) .  Overal l  system response wgs the re fo re  .... . . I  * >i 
% A:t ,& zS'. s u i t a b l e  f o r  f a i t h f u l  reproduction of a major i ty  of t h e  waveforms , which 

$,V Jrr:'q 
.?"Ip.. 

't,,J,Tt,t 11.1 
ranged i n  frequency from 60 t o  2,600 Hz and i n  amplitude from,0.003 t o  4.56 

, . Pi Is ,  ,\ * i n / sec  (0.0086 X t o  11.6 x m/sec) peak p a r t i c l e  v e l o c i t y .  An 

., , .. l i '  

, < :  , !  

a l t e r n a t e  system employed a t  NORAD used s i m i l a r  v e l o c i t y  gages but  d i f f e r e n t  
laly?i*: ,:s. 
+,;4vt',j.1 S.V.~ ,.>. ,,* 

type vol tage  ampl i f i e r s  (2 t o  15,000 Hz +3 p c t ) ,  a l s o  g iv ing  adequate system 

Charge s i z e  
weight 

, !*L;, :! ' 3: ::jr k-c:% 
, S k y ,  , 7  

. I  

t ' ,,;. , ,I%- ........... 
,,:s.:. . : 

Lb 
0.228 

.456 

.913 
1.83 
3.66 
7.31 
1.83 
1.83 

response. S ignal  outputs  from these ampl i f i e r s  were recorded d i r e c t l y  using 
an  osc i l lograph wi th  high performance galvanometers. 

Shullsburg 

Kg 
0.104 

.207 
,415 
.833 

1.66 
3.32 

.833 
,833 

,- I$ * . : ,<, 
' 7  r . J 

< . .', - ..-:.I r:* :ai At Shul lsburg ,  v i b r a t i o n s  from two types of b l a s t  were recorded. Shots 
, I 

- , i  1-8 i n  the  r i b  a t  t he  f r o n t  of the  gage spread each cons is ted  of one 1-1/2- 
, :.I by 12-in (38 by 305 mm) s t i c k  of 45 p c t  semigela t in  dynamite weighing 0.92 

.L , r: . I 
l b  (0.42 kg). Shots were completely stemmed wi th  sand c a r t r i d g e s ,  confining 

~p both  t h e  noise  and gases produced and al lowing r e t u r n  t o  the  a r e a  s h o r t l y  

1 - 1 a f t e r  f i r i n g .  I n  a d d i t i o n ,  n ine  s tandard production rounds ( f i g .  10) were 

1 monitored. These employed a V-cut-consisting of two columns of f i v e  holes  
t '  ' 2 

: *> '. 
- { each spaced approximately 6.9 f t  (2.1 m) a p a r t  a t  t he  f ace  and d r i l l e d  t o  meet 

a t  a depth of 8.2 t o  9.8 f t  (2.5 t o  3.0 m) a s  shown i n  f i g u r e  9. Two columns 
I 

<:, 
of f i v e  r e l i e v e r  holes  each were co l l a red  a t  about 1.6 f t  (0.5 m) from the  

." ' . . V-cut holes  and angled toward the  c u t  t o  prevent excessive burdens a t  the  
l)..''.. IS', 
, I  1 

.1 toe.  The remainder of t h e  round cons is ted  of addt ional  columns of four  ho les  

' I  each d r i l l e d  about 3.2 f t  (1.0 m) from the  previous column. Blas thole  
diameters ranged from 1-3/4 t o  2 i n  (44 t o  5 1  m). Normal charge per hole  

I 
, 
I 
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TABLE 4. - Shullsburg b l a s t  da ta  

Shot 
I 

1-a,. . . . . . .  
9...... . , . .  

: i lo......... 
1 11-16...... 
i 170........ 

Type of exp 10s ive  
charge 

...... Semigelat in dynamite .......... Ammonia dynamite ..... d~. . . . . .~ . . . . . . . . . . . .  ..... do................... ..... do.........*......... 

Charge s i z e  
we igh t 

Lb 
0.92 

37.2 
35.5 
41.6 
36.8 

' ' i  
1 

NORAD 
I 

I A t y p i c a l  b l a s t  round i n  the explora tory  d r i f t  a t  NORAD consisted of 
from 41 t o  47 b la s tho les  with a burn cu t  a s  shown i n  f i g u r e  12. Blas tholes  

,, . were 7 t o  8 f t  (2.1 t o  2.4 m) deep and f i r e d  e l e c t r i c a l l y  i n  a delay sequence 
2.1.: :. j . . ; k ,  . a s  indica ted .  Explosives used included various combinations of Gelamite 2 
,d, $%:! ,?~ .+%?I ".I (45 pc t  semige la t in ) ,  Hercon 2 (50 pc t  low-density ammonia dynamite),  and 
; ,, 7, .<x z ,*J air-emplaced AN-FO. Veloci ty gages were mounted on aluminum p l a t e s  a s  

i n  the Shullsburg study. However, the  gages were mounted along the  wa l l s  
of the  excavation r a t h e r  than the  roof.  Configurat ion of the shots  and 
gage a r rays  a r e  given i n  f i g u r e  1 3 ,  and shot  information,  i n  t a b l e  5. 

TABLE 5. - NORAD b l a s t  da ta  

Kg 
0.42 

16.9 
16.1 
18.9 
16.7 

< '++,' i.8, 5 ,I Shot 
+,$i,:. , . 1 .. 1 .>,:8$;u!:;< 1-2..... 

l l .? ....... I \ ,' , I  
< i 

3 
I .  I 4...0... 
id',.. : .. ' ....... 
.4.<<,&,;Ii;,,,! 5 

*:A::. " %< , ;c 1 
< .  ....... ;.!,-,.p ' 1  ? 6 
*,:<...d ... 
:,f. 7....... 

8 . 0 . . . . .  :: .,::; ., 7 .  ....... t:; 9 
, I  ". :.;.:. b ?. , lo...... 

z >  - 
i < . , J  "1 ll...... 

. ^ I  
2 , '. ! 12...... 

... Semigelat in dynamite (17.7 l b ,  7.6 kg). 
: *  s L \  13...... Ammonia dynamite (56.7 l b  25.7 kg). 73.4 33.3 , ...... 
.'i, . )  
' I 

j 
1 I 

' , * % " "  
Conversion of Accelera t ion  t o  Veloci ty  

I 
*'.& % .  I 
,y..,! .: I Several  j u s t i f i c a t i o n s  e x i s t  f o r  the  measurement of p a r t i c l e  acce lera-  

: 1 t i o n  desp i t e  the  widely accepted use of p a r t i c l e  v e l o c i t y  damage c r i t e r i a  
- j  and as ide  from energy cons idera t ions  (5 ,  ll). Determination of propagation 

equations r equ i re s  a wide range of charge weights and shot-to-gage d is tances .  
Because of p r a c t i c a l  l i m i t a t i o n s  on the  upper values of these  parameters,  
some very small shots  and c lose- in  measurements a r e  r equ i red ,  and t h e  r e s u l t -  
ing  high-frequency, large-amplitude v i b r a t i o n s  a r e  b e t t e r  resolved using 

Type of explosive 
charge 

..................... Semigelat in dynamite. ..... . do...........................,..... ..... . do................................. ..... . d~............~.................... 
a * . e .  . do................................. 

. .  Ammonia dynamite........................ .... Od~O.................O.............. .. ..... d~.........~...............~......... ..... do................................ ... ..... . do................................. ...... Semigelat in dynamite................ 

Charge s i z e  
weight 

~6 
6.8 

36.6 
7.5 
3.7 

11.2 
3.4 

15.1 
19.7 
18.7 
47.0 

4.1 

~g 
3.1 

16.6 
3.4 
1.7 
5.1 
1.5 
6.8 
9.0 
8.5 

21.4 
1.9 









! 

- 

22 

of the  o r i g i n a l  recording speed, preampl i f ie r ,  i n t e g r a t o r ,  a m p l i f i e r ,  band- 
. 1 pass f i l t e r ,  and osc i l lograph.  Theory required (8) t h a t  the  RC i n t e g r a t i n g  

I 
! network have a  time constant  t h a t  i s  very  l a rge  with respect  t o  the longest 

period of the  input  s i g n a l ,  t o  avoid d i s t o r t i o n .  A t  t he  same t ime,  the 
r e s u l t i n g  approximation given by equat ion  4 ,  , :  , I '  

e, 2 - J e l d t y  
RC (4 

, , ,  
I - ,  shows the inverse  r e l a t i o n s h i p  between the time cons tan t ,  RC,  and the output 
I vo l t age ,  e , ,  making t h e  output very small f o r  l a rge  va lues  of RC. A compro- 
I mise RC of 0.1 was used i n  the  a c c e l e r a t i o n  s i g n a l  in t eg ra t ion .  Comparisons 
I 

I were made using the  more i d e a l  value of 1.0; however, t h i s  l a rge  time constant  
, 

, 
r e su l t ed  i n  both very small  s igna l s  f o r  many of the  records  and problems with 

' I  s igna l  and no i se  separa t ion .  The 0.1 RC gave p a r t i c l e  v e l o c i t y  t r a c e s  s imi la r  
, :  ' . i t o  those obtained with t h e  h igher  value and a l s o  i n  agreement wi th  t h e  d ig i -  

.. , ; 
I ,I ,,, , t a l l y  in t eg ra ted  r e s u l t s .  

:;,'., A,y;yl:+ ,y:,.,q ,,st 

I. :;.A!: ;:+ 
,<, a , r  I Two schemes were used t o  c a l i b r a t e  the  e l e c t r o n i c  i n t e g r a t i o n  system. 

An experimental c a l i b r a t i o n  was made by i n t e g r a t i n g  s e v e r a l  of the  s tandard 
(20g peak-to-peak, 1,088 Hz) s inuso ida l  c a l i b r a t i o n  s i g n a l s  o r i g i n a l l y  
recorded with each s e t  of b l a s t s  a t  P i l o t  Knob. A constant  was derived t h a t  
accounted f o r  t h e  changes i n  t h e  s i g n a l  amplitudes due t o  the  i n t e g r a t i n g ,  
f i l t e r i n g ,  and two amplifying operat ions.  Peak p a r t i c l e  v e l o c i t i e s  were 
then ca lcula ted  from simple measurments of the s i g n a l  t r a c e  amplitudes on 
the  processed record. 

, i 
, ,,:,;, 

A t h e o r e t i c a l  c a l i b r a t i o n  was made using equation 4 ,  with'an RC of 0.1, 
!,, :;.'f:;i;$.L -; 

I> I ? -  , ', i an input  vo l t age ,  e i ,  of s i n 2 v f t ,  and the  known ampl i f i e r  s e t t i n g s .  Again, a  

' ~ :  :.;'''I multiplying cons tant  was de r ived ,  the  va lue  of which was wi th in  a  few percent 
of the  experimental ly derived value.  

; I,: 
, A t o t a l  of 73 acce le ra t ion  records from the  P i l o t  Knob study were 

. , :.- :%,' 

I e l e c t r o n i c a l l y  in t eg ra ted  t o  give p a r t i c l e  v e l o c i t y  t r a c e s ,  represent ing  the  

3 . 1 .  :,,, 4 e n i t r e  range of explos ive  s i z e s  and th ree  explosive types, 
b.t t ,  
:L:, . 1 

:L' 1 Simple Harmonic Motion 
j 1 
, . > ! 

* 8 

The most expedient  method f o r  de r iv ing  peak v e l o c i t y  magnitudes from 
acce le ra t ion  records involves t h e  approximation of ground motion by a  simple : "  ! 1 s ine  o r  cosine funct ion  of the form: 

* < " ,  
- 1  

' / a  = k s i n 2 n f t ,  
I+ ( 1  (5  

_ *  ; 

>%: ( s'' i 
. i  

where a  i s  a c c e l e r a t i o n ,  k  i s  an  amplitude cons tan t ,  f  i s  frequency, and t i s  
:i I time. Using t h i s  r e l a t i o n s h i p  and equation 3 ,  v e l o c i t y  becomes 

, ..; I 
, a:,, ' .. *, 

x:< 1 v  = J a  = - (k/2nf) c 0 s 2 ~ f t ,  
-~ v 

(6) 
, 1 

I and peak amplitude of p a r t i c l e  v e l o c i t y  i s  inverse ly  propor t ional  t o  the  
frequency. Peak v e l o c i t y  may then be ca lcu la t ed  d i r e c t l y  using the  peak 

I 

I 

I 

t 

I <  

, , 



- 
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1 

accelera t ion and the estimated frequency of v ibrat ion a t  t ha t  portion of the  
1 record where the measurement i s  taken. 
i 
I 

Nicholls and Fogelson (2) suggested tha t  pa r t i c l e  ve loc i t i es  calculated 
from displacement or accelera t ion data assuming simple harmonic motion would 

, I generally be l e s s  than pa r t i c l e  ve loc i t i es  recorded d i rec t ly .  Therefore, an 

, analysis  was made t o  determine i f  the method could be used r e l i ab ly  fo r  the 
underground data.  For the Shullsburg s i t e ,  where both pa r t i c l e  ve loc i t i es  

I 
I and accelerations were recorded concurrently, equation 6 was used t o  convert 

accelera t ion values t o  ve loc i t i es  from which an empirical propagation equation 
was derived. Figure 14 shows a comparison of the least-squares regression ; 'i l i ne s  f i t t e d  t o  the square-root-scaled data fo r  the d i r ec t l y  recorded and 

I derived ve loc i ty  values. Some var ia t ion  was expected since the number of 

, I 
accelera t ion data  points was s ign i f ican t ly  l ess  than the number of veloci ty  
measurements; however, the  r e su l t s  exhibi t  reasonably good agreement, the 

. : 1 derived veloci ty  levels  being s l i g h t l y  l ess  than the d i r ec t  measurements. 
L , 

)tG,tciitL , ...., *i,$lij 5 f 

f 2,; , , Additionally,  regression l ines  f r q  the P i l o t  Knob da t a ,  derived using 
1 > 2 7 1  equation 6 ,  and a port ion of the  same data using e lect ronic  in tegrat ion are  ,, ,;:i,$;&,$ ! 
,I. ,I  @.#j ~;,h;:,?~$ H&~$ 
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compared i n  f igure  15. Agreement i s  a l so  good between these two methods with 
s l i g h t  deviation expected because of variance i n  the number of data points 
analyzed. 

I Scaling Factors 

The value of charge weight as  a scaling factor  fo r  v ibrat ions  l i e s  i n  
the  a b i l i t y  t o  predic t  maximum amplitudes from a wide range of, charge weights. 

,, . I! 11 , > 
I 

~,><,,&y":t$%;L 4 Nicholls (2) used cube root  scaling and a s e r i e s  of small b l a s t s  with chemical 
, 8 

P % ,* ' .1 explosives t o  r e l i ab ly  extrapolate  predicted vibrationamplitudes fo r  a large 
t nuclear detonation. Cube root  scaling i s  supported by dimensional analysis  

~ $ %  ! 
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i f  a  spher ical  charge of constant density and increasing radius i s  assumed, 
resu l t ing  i n  a weight (volume) change tha t  i s  proportional t o  the cube of the 
radius. J u s t i f i c a t i o n  fo r  square root  scaling for  most b las t ing  s i tua t ions  
a r i s e s  from the procedures used t o  vary charge weights. Since charges a r e  
generally cy l indr ica l  and of fixed length, an increase i n  hole diameter 
r e s u l t s  i n  a weight (volume) increase proportional t o  the  square of the - radius.  This indicates  square root scal ing may be more appropriate and i s  
supported by s t a t i s t i c a l  analys is  of data from 39 b la s t s  ranging i n  s i ze  
from 25 t o  4,620 l b  (11.4 t o  200 kg) per delay period (4,  p. 41). Square 
root  scaling was a l s o  applicable a t  the White Pine and P i l o t  Knob s i t e s .  
Cube root  scal ing was indicated a t  Shullsburg and NORAD; huwever, table  6 
indicates  t h a t  the  differences a r e  not tha t  great. Correlation coeff ic ients  
of the  least-square regression l ines  through the scaled veloci ty  data fo r  
both cube root  and square root  scal ing are  given for  each s i t e .  
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I  I The v i b r a t i o n  measure- 
ments from underground b l a s t -  

- 10-1 ing  r ep re sen t  a wide range 
of rock types ( t a b l e  1)  and 
mining conf igura t ions .  The 
e f f e c t  of these  s i t e  param- 
e t e r s  on the  log - in t e rcep t s  
and s lopes  of the  r e g r e s s i o n  

E 
l i n e s  through the  sca led  - 
d a t a  f o r  each s i t e  i s  ev i -  

S dent  from t a b l e  7 and f i g -  
W 

ures  16-18. No a n a l y s i s  
- was made t o  determine i f  t he  

I- 
a d a t a  from the  four  s i t e s  

could be pooled s t a t i s t i -  
Y - 2 c a l l y  t o  o b t a i n  a gene ra l  
n 
I propagat ion equat ion.  Com- 
3 z pa r i son  of the  equat ions  
X 2 sugges t s ,  however, t h a t  the  

- d i f f e rences  a r e  no t  a s  g r e a t  
a s  might have been expected,  

,,-, and t h a t  t h e  da t a  might be 
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combined i f  a proper s c a l i n g  
exponent f o r  t h e  charge 
weight were 'established. 
Three of the  underground 

I  
SCALED DISTANCE, f t / ( ~ b ?  r o o t  ve r sus  cube r o o t  s c a l -  

ing a s  a l t e r n a t i v e s  because 
FIGURE 18. - Least-squares regression lines of cube- t h e  quarry s t u d i e s  (&) had 

root-sca led velocity data. shown the square r o o t  s c a l -  
ing  f a c t o r  t o  be more appro- 

p r i a t e ,  whereas dimensional a n a l y s i s  supports  t he  cube r o o t  f a c t o r .  Only one 
s tudy ,  P i l o t  Knob, involved t h e  s t a t i s t i c a l  de te rmina t ion  of a b e s t  f i t  
s c a l i n g  f a c t o r  f o r  t h e  range of charge weights used ,  t h a t  being 0.55. D i f f e r -  
ences i n  grouping of s ca l ed  d a t a ,  a s  measured by the  c o r r e l a t i o n  c o e f f i c i e n t s  
of t he  l ea s t - squa res  r eg re s s ions  ( t a b l e  7) , a r e  not  s i g n i f i c a n t  i n  e s t ima t ing  
v i b r a t i o n  l e v e l s .  

I 10 102 lo3 s t u d i e s  i nves t iga t ed  square 

i 1 Regression l i n e s  through the  square-root-scaled v e l o c i t y  da t a  from t h e  
underground s i t e s  a r e  g iven  i n  f i g u r e  16. The dashed l i n e  r ep re sen t s  t he  . . ,>'. , ' 1 upper l i m i t  envelope of t he  quarry b l a s t  da t a .  A few po in t s  from the  White 

I 
a .  Pine s tudy p l o t t e d  above t h i s  l i n e  ( f i g .  19).  With t h i s  e x c e p t i o n ,  however, 

> c 
* 

,, ,. ". ..: :i t h e  bandwidth of t h e  square-root-scaled underground d a t  i s  i n  good agreement 
' - a  

;:,; :<, ,,>!I 
t wi th  t h e  qua r ry  da t a .  A t  a s ca l ed  d i s t ance  of 50 f t / l b  , t he  v i b r a t i o n  l e v e l  

, ( ,  , i s  cons iderably  l e s s  than  2.0 i n / s e c  peak p a r t i c l e  v e l o c i t y  i n d i c a t i n g  t h a t  
I t h e  underground d a t a  appear t o  fo l low a propagation law s i m i l a r  t o  t h a t  d e t e r -  

mined from quar ry  b l a s t i n g .  It should be noted t h a t  t he  damage c r i t e r i o n  of 
2 .0 i n / s e c  a p p l i e s  t o  r e s i d e n t i a l  s t r u c t u r e s  and quarry b l a s t i n g ;  no at tempt  

I 
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was made t o  c o r r e l a t e  b l a s t  v i b r a t i o n s  wi th  damage t o  mine support s t r u c t u r e s .  
I Further  r e sea rch ,  inc luding  cons idera t ion  of the  p a r t i c u l a r  mining method, 
! w i l l  be requi red  t o  determine permissible  l e v e l s  of v i b r a t i o n  regarding damage 

t o  underground s t r u c t u r e s .  

. ' 1  The graphs of f i g u r e s  16-17 provide a  convenient means f o r  p red ic t ing  

..j , , .  v i b r a t i o n  amplitudes over a  wide range of condi t ions .  I f  p a r t i c l e  v e l o c i t y  
i s  t o  be measured d i r e c t l y ,  f i g u r e  16 may be used t o  es t imate  i n i t i a l  i n s t r u -  
mentation s e t t i n g s .  I f  accelerometers  a r e  t o  be used,  f i g u r e  17 provides a  

I 

0 l _ ,  

f i r s t  approximation t o  v i b r a t i o n  l e v e l s  t h a t  may be expected.  P a r t i c l e  acce l -  
e r a t i o n s  may then  be converted t o  v e l o c i t i e s  us ing  one of t he  methods d i s -  
cussed i n  a  previous s e c t i o n  and a propagation law der ived  f o r  the  s i t e .  

, ' .  1 Typical  underground b l a s t  rounds u t i l i z e  e i t h e r  long period o r  
millisecond-de l ay  b l a s t i n g  caps t o  al low displacement of broken rock between 

, # .  I 

,, ' ts , , 1 
detonat ions ,  preventing f r eez ing  of t h e  round. The zero-delay po r t ion  i s  
" t ight"  or has l e s s  room t o  move rock than  l a t e r  de lays .  It might be expected 
t h a t  propor t ionate ly  more v i b r a t i o n  energy i s  t ransmi t ted  t o  the  unbroken rock 
than i n  l a t e r  de lays .  The White Pine and Shullsburg s t u d i e s  indica ted  t h a t  
the  maximum v i b r a t i o n  amplitudes were produced by the  ze ro  de lay  and t h a t  they 
could be e f f e c t i v e l y  reduced by decreas ing  the  amount of explosive i n  the  zero- 
delay period.  

Addit ional ly ' ,  t h e  White Pine and P i l o t  Knob s t u d i e s  showed t h a t  v i b r a t i o n  
l e v e l s  can be s i g n i f i c a n t l y  reduced by us ing  AN-FO, where p r a c t i c a l .  Maximum 
amplitudes of v i b r a t i o n  from AN-FO b l a s t s  were l e s s  than  those  from equiva lent  

: , ..; . dynamite or  s l u r r y  sho t s .  

I 
/ 

: :: \ % +  
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, v  . ) .  Dif fe ren t  s i t u a t i o n s  i n  subsurface b l a s t i n g  w i l l  d i c t a t e  ( t h e  permissible  
" ' ! > '  

- I 
l eve l s  of v i b r a t i o n .  I f  a  mine i s  excavated i n  competent rock ,  remote from 
manmade s t r u c t u r e s ,  t h e r e  may be no concern. However, excavations i n  uns table  

c ,,; .$A : 

L < :i, $1 ground where v i b r a t i o n s  may con t r ibu te  t o  hazardous condi t ions  , o r  operat  ions 
. 8 ';'; , * .  
,,;; s,.> : ,: , near  r e s i d e n t i a l  s t r u c t u r e s  should b e n e f i t  from t h e  r e s u l t s  of t hese  under- 

' s,jyzyj ground i n v e s t i g a t i o n s .  
1, !.., '*. 2 fi 
,,*-, 4.1 

, i, ,,.,J I C ONC LUS IONS 
,.. ? , % 7 , l  

I 
i - ' ,  
I f  * ( 
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, I 

The square-root-scaled r eg res s ion  d a t a  of f i g u r e s  16-17 may be used f o r  
> l d  p r a c t i c a l  engineering p red ic t ions  of maximum p a r t i c l e  v e l o c i t y  o r  a c c e l e r a t i o n  

,~ . 
I, I. . ,I 

' 4  ' amplitudes from subsurface b l a s t i n g .  
. . I For square r o o t  s c a l i n g ,  the  subsurface v i b r a t i o n  d a t a  appear t o  follow a 

- 1  
, 1 ,  .I 

* 4 

propagation law s i m i l a r  t o  t h a t  determined from quarry b l a s t i n g .  The v ibra-  
I t i o n  l e v e l  from tunnel  b l a s t s  measured underground i s  l e s s  than 2 i n l s e c  a t  a  

..,, - " 3  

, I scaled d i s t ance  of 50. 

, I The requirement t o  record p a r t i c l e  a c c e l e r a t i o n s  poses no problem i n  

i i- ,'"C 
" ' 1  analyzing v i b r a t i o n  d a t a  s ince  the  assumption of simple harmonic motion pro- 

vides a  convenient method of obta in ing  reasonable approximation t o  p a r t i c l e  
v e l o c i t i e s .  I f  waveform i s  t o  be preserved ,  however, e i t h e r  e l e c t r o n i c  conver- 
s i o n  o r  d i g i t a l  processing may be requi red .  
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