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ABSTRACT: Sur iace  subsidence when mlnlng is  dependent ;n t h e  f l n a l  a n a l y s i s  on t h e  behavlour of 
the  p l l  l a r s  suppor t ing  t h e  overlylr ty s t r a t a .  There a r e  d i f f e r e n t  f a c t o r s  which inf luertce pl  1 la,- 
s t l -ength .  arid orre of them is t h e  damage caused t o  t h e  p i l l a r s  from c racks  which a r e  ~rrduced or 
pl.opagated lrt t h e  rock by b l a s t i n g .  There a r e  s e v e r a l  approaches used t o  e s t ima te  an exterrsiorr of 
t he  clanrage zane ,  but most of them a r e  based on empi r i ca l  s tudy  being theref  o r e  of l  imited u t i  1lt.y. 

Th l s  paper p re sen t s  art atternpt t o  e s t lma te  t h e  t h i c k n e s s  of a  damage zone t o  t h e  p i l l a r  caused by 
b l a s t i n g .  I t  i s  based or1 a  t h e o r e t i c a l  i n v e s t i g a t i o n  of c rack  behavlour ( c r ack  i n i t i a t i o n  arrd 
propagat ion)  i r r  t h e  stress f i e l d  genera ted  i n  a  rock massif by b l a s t i n g .  The s tudy considers ttte 
nrectt;lrlis~n of rock f a i l u r e ,  on orle hand. and t h e  s t r e s s  s t a t e  of rock irtduced by a  t l a s t .  ort t.he 
i~ the l - .  To predict. ttre hehavio l~r  of a  c r ack  traving a  cet-t-air1 lertqth artd space  orier~t.at.lor~ it.  1% 
r>er:cssary t o  krrow t h e  p r i n c i p a l  s t r e s s e s  arld t h e i r  change wi th  t ime .  

A n  errgirteerir~g method of c a l c u l a t i n g  t h e  s t r e s s  a t  arty po in t  i n  t h e  rock is developecl a l lowlng t o  
t ake  i n t o  account t h e  main parameters of t h e  b l a s t  charge  ( t y p e  of exp los ive .  b l a s t h o l e  diameter, 
charge nrass, e t c .  1 a s  we1 1  a s  of t h e  rock p r o p e r t i e s  ( d e n s i t y .  e l a s t i c i t y .  s t r e n g t h .  e t c .  ) . The 
method rrtakes i t  p o s s i b l e  t o  c a l c u l a t e  t h e  s t r e s s  change wi th  t ime .  i . e .  t h e  b l a s t  wave shape .  A 
c e r t a i n  r e l a t i o n  between t h e  wave d u r a t i o n  and t h e  l eng th  of a  c rack  t o  be ~ n i t l a t e d  is obta l r ted .  

The model f a c l i i t i e s  t h e  de t e rmina t ion  of t h e  d l s t a n c e  from a  charge ,  a t  which a  c rack  of a  
p a r t i c u l a r  l eng th  can be i n i t i a t e d  and developed.  Knowlng t h i s ,  one can e s t i m a t e  t h e  t h i c k n e s s  of 
ttre darnage zone induced t o  ttte p i l l a r  by t h e  b l a s t  having c e r t a i n  parameters.  and/or work o u t  t h e  
rrreasures t o  I-educe t h e  zone.  The t h i c k n e s s  of t h e  damage zone can be taken  i n t o  account when 
dcsigrrlrtq p l l l a r  s t r e n g t h  and s t a b i  l l t y .  

1 INTRODUCTION 

i r r  under ground excavatiorr eng irreer irrg . good 
blast-lng 1% j u s t  a s  important  a s  t h e  des lgn  of 
t h e  c o r r e c t  suppor t  eystern. because t h e  
~~J [> r~ .> l - t l r t g  s t - ruc t r i res  ari.  n f f r c t e d  I n  t h e  f i n a l  
srralyslr-; t ~ y  t h e  act lort  of b l a s t i n g .  "The 
ir~rr..ir:zrtt truck rriass is ofterr blamed f i ~ r  
~ ~ , ~ - ; u i i ~ c l e r ~ t  s t a t ~ i l ~ t y  which is a c t u a l l y  t h e  
r-c.;~~it.  of I-ougtt arrd ca l - e l a s s  b l a s t ~ r r q "  [ 1 1 .  
Thus. b l a s t  lrrg can cause a slyrrlf 1 cant  dantage 
t . < i  t he  roci: rl,hss I ef t be t~ lnd  . In  gertel-a 1 
t.er~n.5. t.he irlf ltlerrce of b l a s t l r t g  damage on t h e  
car ry  ing c a p a c i t y  of s p11 l a r  carr be expressed  
.i' r c i  i ~ > w s  [ I ] .  

7, 

iY'iri.1.e dP = p l 1 l . i ~  rock st-rerrgtti. 

6 = s t e n g t h  of i n t a c t  r o c k ,  

A certain empir ica l  equat ion  was proposed f o r  
t u r ~ r ~ e  1  b las t i r rg  condl t i ons  i n  competent Swerll st1 
bedrock.  

The c o n s t a n t s  i n  t t ~ i s  e q u a t l o r ~  d r r ~ r r d  uporr ttrs: 
type  of b l a s t  and t h e  corrdlt ions oi t-tie rock 
nrass l r r  wttlch t he  b l a s t  1s carrier1 o ~ ~ t .  
I d e a l  ly , t he se  constanti.;  should t ~ e  dsterrrrlrred 
f o r  each s i t e  by corrductlrrg a  s e r i e s  of t - I - l a l s  
and mortitorlng t h e  irrduced p a r t i c  la  ve loci t. y  at. 
d i f f e r e n t  d ls ta r rces  f~ urn t.he c t t a r g e ~  
Otherwise .  t he  calculation would be t-or) 
approxlrnate artd rough.  

Irr suctr a rnarrrier , empir i ca  1 f u1-rriu1 a e  clc~ not. 
a1  low one t o  perform p r e l  irrrlnary ca lculnt.~orrr-; 
of art expected i r r t ens l ty  of darr~age t ~ e f o r a  
i n t roduc ing  a  pal-t icuial-  blast. lrrg techr~ol;.~r;y 
into p r a c t i c e .  

C = p l l l o r  c r o s s  dimension. .  T h i s  paper p re sen t s  an at tempt t o  wratk out  CI 

model of 1-ock cr-acking ~ n d u c e d  by t h e  b l a s t  
T = t h i ckness  of a  damage zone hesed upon t h e  f r a c t u r e  mechnr~lcs aliu tlir. 

induced hy b l a s t i n g ,  mathematical s i m ~ i l a t i o n  oi b l a s t  a c t l o n  .:,r8 t tie 
rock mass l e f t  b e h ~ n d .  

Bg = fac tor -  cha1.-octerizlng t h e  
b l a s t l n g  damage i n t e n s ~ t y .  2 MECHANICS OF ROCK DAMAGE BY BLASTING 

~:t i \ / lously.  ttte t h i c k n e s s  of a  damage zone 
dry.~rrrds both or1 t h e  t ype  of b l a a t  and on t h e  
c o r d i t  lor1 ~ f  t he  rock mass. 

The]-e e x l s t e  a  number of empi r i ca l  fornrulae t o  
i.s:t.imatc t h e  thickness of t h e  rock mass damaged 
by t ~ l a s t t r o l e  charges .  An of ten-used mettrod, 
wh1c.h r aves  over s e v e r a l  books,  was developed 
by Holmberg arrd Perssorr [ 11. I t  is r e l a t e d  t o  
'tie peak particle v a l o c l t y  Induced by t h e  
tl ast.. 

When a  borehole charge  is detonat-ed.  t-tte hlgh 
p r e s s u r e  gas ses  impact t h e  w a l l s  of tkre 
borehole  and gene ra t e  at] in ter rs lve  s t r e s s  wave 
which t r a v e l s  outwards I n t o  t h e  r o c k .  Irr t h e  
i m e d i a t e  v i c i n i t y  of t h e  borettvle w a l l .  t-r~r 
s t r e s s  can exceed ttre s t r e n g t h  of t h e  rock  arid 
c rushing  of ttre rock carr occu r .  Sirrce t h e  
i n t e n s i t y  of t h e  s t r e s s e s  f a l l s  off r a p i d l y  
w i t h  d i s t a n c e  from t h e  borehole ,  t h e  rock 
crushing  d i c r e e s e s  r e s p e c t i v e l y .  

The r a d i u s  of t he  crustrlrrg zarre ~ a r t g e s  f runt 2 
t o  4 b l a s t h o l e  r a d i i  LKo). 



nl+ p t ~ y s ~ c a l  rrrear~irrg of t h e  s t a t i c  t o u g h n e s s  is 
t t ~ r  c r l t i c a l  s t r e s s  i n i t i a t l r r g  a  c r a c k  of a  
urll t l e n g t h .  whereas  t h a t  of t h e  dynamic 
toi~yt lnese I S  t h e  c r l t i c a l  p u l s e  of a  u n i t  
d~lrat.  lor1 . 

dyrrarr~ic touyhrress a1 lows f o r  an assessment  
,of t h e  ~ n t e r a c t l o n  of a  dynamic s t r e s s  p u l s e  
hr~d t h e  rock under  c u r r s l d e r a t i o n .  

Ti* s l m p l l f y  t h e  m a t t e r  l e t  u s  t a k e  a  p l a n e  
:l.i~liCJ~llal.- p u l s e  d e s c r i  hed by t h e  equa t  i o n s :  

wi-,el.-e: R = d l s t a n c e  from t h e  p u l s e  s o u r c e ,  

t = t i m e ,  

= p u l s e  arnpl i t u d e  a t  d i s t a n c e  f? 
from t h e  s o u r c e ,  

6, = p u l s e  arrlpl i t u d e  a t  t h e  source ,  

T =  p u l s e d u r a t i o r r  ( c o n s t ) .  

a = c o e f f l c i e r r t .  

- 
t 

T~me 
0 '  

- 
C, C2 crock holt-length C 

F~gure 1. Interaction of o  triangle pulse and a  
rock 

?'13:1ir~e 1  gives a q l - a p l ~ l c  ~ n t e i - p r e t a t  Ion of 
L I I I L I ~  2 )  a d  1  I . The straight 1 i n e s  
~ - t . p l - e s e n t  t h e  t r - langular-  p ~ ~ l s e  a t  t h e  distances 
R, , a, and R, . t h e  cur-ve simulates t i le  

,dt,y?ndence of t h e  c r - ] t i c a l  s t . r e s s  upon t h e  
. : ~ - l t ~ c a l  p u l s e  d u r a t j o n .  The f i r s t  
1n te1-aec t lnn  of t h e  c u r v e  w j t h  t h e  p u l s e  l i n e  
~ n d l c a t e s  ~~llnimum p u l s e  d u r a t i o n  r e q u i r e d  t o  
i n 1  t  l a t e  t h e  cl-acks of t.he h a l f  - l e n g t h  1  o r g e r  
t h i l n c , .  t o  he de te rmined  from e q u a t i o n  ( 8 )  a s  
C,=Tc,2C,/7i . A s t h e  p u 1 s e m o v e s f u 1 - t h e r  

and f u r t h e r -  away from t h e  s o u r c e ,  i t  
a t  t s n u a t e s .  and t h u s .  t.he c r i t i c a l  d u r a t i o n  
r e q u ~ r e d  t a  r e a c t  w ~ t h  t h e  c r a c k s  i n c r e a s e s .  
I t  means t h a t  t h e  minimum l i m i t  of t h e  l e n g t h  
nf t h e  c r a c k s  r e a c t i n g  w i t h  t h e  p u l s e  i n c r e a s e s  
r e s p e c t i v e l y ,  up t o  t h e  d i s t a n c e  behind which 
t h e  p ~ r l s e  can nnt  i n i t i a t e  any c r a c k .  

I n  t h e  f i g u r e  t h a t  is t h e  secorld p u l s e  at. 
d i s t a n c e  R, , whlch s t lould be taker1 a s  t h e  
maximum d i s t a n c e  of t h e  rock  dan~agr  by t h e  
p u l s e  i n  q u e s t l o n .  

I n  s u c h  a  manner, arr a n a l y s i s  of  drry pa11 
" rock-pulse"  can be f u l f  11 l e d .  The o n l y  t t r lng 
t o  be known, b e s i d e s  t.he rock  properties. is 
t h e  f u n c t i o n  d e s c r l b i r ~ q  t h e  p u l s e  vat. l i~ t . i r , r~  
w i t h  d i s t a n c e  and t i m e .  

4 BLASTING MODEL 

The s t r e s s  s t a t e  b e h ~ r ~ d  t h e  fl-orrt o t  a  t ~ l e s t  
wave is c h a r a c t e r l s e d  by two s t l - s s s e s :  1-adlal  
s t r e s s .  Gr , and t a n g e n t l a 1  s t ] - e s s .  (& . wtllch 
cart be c o n s i d e r e d  a s  p r l r i c i p a l  s t r e s s e s .  I .  e .  
$ =  6, and 6_, = & . They a r e  r e l a t e d  t o  e a c h  
o t h e r  a s  f o l l o w s  [ l o ] :  

where 3 = P o i s s o r l ' s r a t l o .  

Irr g e n e r a l  t e r m s ,  t h e  r a d l a l  s t l - e s s  i r ~ d u c s d  by 
b l a s t i n g  in  a  competent rock  1 s  described by 
t h e  e x p r e s s i o n :  

whei-c: 6, = peak s t r e s s  i t  t h e  bol-ehole 
wal I ,  

f ( R ) =  d l n i e r l s l o n l e s s  f u r l c t ~ o r r ,  
describing t h e  arnpl l t u d e  
a t t e n u a t i o n  w l t h  d l s t a n c e  R 
f r u n ~  t h e  b o r e h o l e .  

43(1)= d l n i e r r s i o n l  e s s  f u n c t  l o r 1  
d e s c r l b l n g  t h e  p u l s e  s h a p e .  

A s  1s showr~ i n  [ 9 ]  t tre arnpl l tude v b r l a t i o r l  w ~ t h  
d i s t a n c e  can be represen te r1  i n  t h e  form: 

IZ = wave dlvel-genre f a c t o l -  

The d i v e r g e n c e  f a c t o r  is  a  complex f u n c t i o n  of 
t h e  f o l l o w i n g  f a c t o r s :  c h a r g e  radius. @, ; 

c h a r g e  l e n g t h ,  CCk ; a c c o u s t i c  p r o p e r t  l e s  or 
r o c k  ( i . e  . , sound ve  l o c l  t  y ,  Cp ) ; rock d e n s 1  t y  . 
/3; d i s t a n c e  from t h e  charge ,  I? : 
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6 DISCUSSION 

3 1 a  rr~odel presented in the paper is, to a 
ct-rtsln extent. an idealization of the process. 
ever, ttlourjh it facilitates an analysis of the 
dependence of the damage zone extension upon a 
set of the main factors ir~fluer~cing the 
process. such as properties of a particular 
rock. explosive parameters (density, 
dstorlation velocity, strength), charge mass and 
gson~etry (diameter. length. air gaps). 

~t should he partic~llarly empasized that an 
Investigation of the dependences and tendencies 
can be pel-formed without time consuming and 
costly in-situ measurements. 

What 1s more, the model can be combined with a 
model of the stress state of the rock created 
hy a mlning process. by super positioning the 
principal stresses induced by blasting with 
those caused by the geomechanica l situation at 
the place of interest. 

'The model considers an intact. competent rock 
wlthout fissuring which separates the rock into 
tlocks. This corresponds to the situation when 
r ~ c k  blocks are large enough in comparrison to 
?he blasting scale, i .  e. in a case of 
sliothfiles 40mm dia, the distance and dimensions 
unde~. considerat ion ore around 0 . 5  to 1 .  Om. If 
<\ rock 1s cracked very intens~vely ( i  .e. 10 
ii~lnts per meter long), this model is not 
<trspl ~cahle. 

7 CONCLUSIONS 

I n  rnnslder ing rock damage induced by blast ing. 
stat ir failure criteria by themselves are not 

I i :.l~fficlent. A dynamic toughness and a further 
I ltel-~on of dynamic fai l~ire are introdc~ced to 

! . ,t! lsfy the conditions. The dynamic failure 
i I l t  PI-]on a1 lows the determinat ion of the 
I !  ensinn inn nf the rock imperfect ions react ing 
i 
I r ; , t l o  o particular blasting pulse as we1 1 as the 

I -:,.le~islon of a damage zone in the intact rc,ck. 
A ~llothemotic model of hlast~ng pulse is 
; I c:~~...,st.d o l  lowing for a prompt anal ysls of the 
. ~ , f  i k~i-nrt. sf different blasting parameters on 
' i ( t -  jntrnsity of rock damage. Thls enables one 
' #  w,r~l-L. out measures to minimize the damage 
:li,iaced hy blast lng on pi1 lars. 
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