
E F F E C T  OF THE S L I T  P O S I T I O N  A N D  W I D T H  

ON THE A M O U N T  OF ROCK C R U S H E D  BY AN 

E X P L O S I O N  

V. A .  B y c h e n k o v ,  V.  V.  G a d z h i e v a ,  
a n d  V.  F .  K u r o p a t e n k o  

UDC 622.235 + 518.61 

A study of  the crashing and fracture zones [1] formed by powerful camouf le t  explosions in ledge rocks shows 
the advisabil i ty of  using powerful explosions ~o crush rocks in mines. This may  greatly modify underground mining 
procedures and heighten the ef f ic iency of  mining operations. 

To protect adits and other structures from destruction and to increase the volume of crushed ore  in a rock mass, 
horizontal  and ver t ica l  slits are made.  The width of  the sl i t  h and its position R s with respect  to the center  of t h e e x -  
plodon great ly affect the results obta ined  by the explosion. The tendency to obtain for a charge of given power the  
maximum screening effect  of  the slit  and the maximum amount of crushed ore (provided that  the fragments do not  
exceed a cer tain given size) makes i t  necessary io use computers for the calculat ions and determinat ion of  the op t i -  
mum values of h and R s. These effects may be assessed from the viewpoint  of  a one-d imens iona l  mode l  only when 
the sli t  is a spherical  layer in the case of  a single charge or a cyl indr ica l  layer  when an e longated  charge is used 
for the explosion. Such a formulation of the problem undoubtedly differs from the common pract ice  of  using f l a t  
slits for these purposes. However, in our opinion the results of such calculat ions  are of interest  and can be used for 
quanti tat ive assessments. 

The ma thema t i ca l  problem was formulated as follows. The energy q, ktons, is in i t ia l ly  distributed uniformly 
0 f i l led with gas, with an equation o f  state in the cavi ty  of a sphere with radius R c, 

P = ( ~ - - I ) p E .  

The equation of  state of the rock was selected as 

poC~[n-r 8n n(v-1) 8 -  "r 
P = ( u  1)pE-t- n Ln--I @ "n----~-q " 

The Ini t ia l  pressure in the rock mass was taken a sze ro ,  and the in i t ia l  density as constant.  The rock was assumed 
to be brit t le,  which means that i t  fractured when compressed or e leongated,  when the max imum tangent ia l  stress 

r m a  x reached the c r i t i ca l  value 

w here 

"Cer = 0 , S Y ,  

y _ . = / Y o + P  when P ~  10kbar  - - Y o ,  

t 10kbar  when p ~  10kbar  - - y 0 .  

Furthermore, m get  the ful lest  picture of the manner in which the rock fractured when elongated,  we also assigned 
the cr i t ica l  stress Oct. When one of  the stresses o i reached this value,  fissures orthogonal m the direct ion of  this 
stress appeared in the rock. The volume of the newly formed or existing fissures O may  vary as t ime  passes, The  
change in {9 obeys a special  differential  equation. 
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TABLE 1. Dependence of  the Size of  the Crushing Zone A, Fissure Zone B, and Radius R 
of Scab on the Tensile  Strength Ocr in Absence of a Sl i t  

No. kbar R, ,m MA'103 tons MB ' R,]qir3 Rf i lot/3 m ~cab, m 

0,08 
0,15 
0,30 

43,3 I 87,9 
43,3 76,0 
43,3 64,6 

940 I 6,84 I 33,8 940 4,10 33,8 
940 3,82 33,8 

68,7 
59,4 
50,5 

130 [ 103 
130 110 
130 119 

TABLE 2. Dependence of the Size of  the 
Crushing Zone on the Elastic Limi t  Y 0 in 
Absence of a Sl i t  (Oct = 0.15 kbar) 

talc i f rMAI 
No. kbar R . m  1103tor~ ~,I~1 t13 

4 I 2,2 I 43,31 940 I 33,8 
5 2,4 32,0 378 25,0 

[" . . ~  8 

o nc R, nfi =R 

Fig. 1. Schemat ic  representation of  the differ- 
ent  zones in a medium after an explosion when 
there is no slit. Cavi ty  (R -~ Rc): A) crushing 
zone (R c -< R ~ R1): B) radia l  fissure zone 

(R 1 <__ a _ Rfi). 

The following numer ica l  values o f  the parameters w ere 
used in the calculat ions:  a) in the cavi ty :  p 0 = 1.4 g / c m  s, 7 = 

0 5/3, E 0 = I 5 0 0 k J / g ,  R c =  1 m; b) in the rock: P0 = 2 - 7 3 g / c m 3 ,  
C0= 2.55 k in / s ee ,  n = 5.3, 7 = 1.51, Y0 = 0.12 kbar, Ocr = 0.15 
kbar, Poisson's ratio 7 = 0.2. In cer ta in  ca lcula t ions  the values of 

Y0 and Ocr were varied.  We ca lcu la t ed  the values of  R s and h for 
which the volume of  crushed rock would be max imum.  The c a l -  
culat ions were performed according to the "SPRUT" program, in-  
tended for the ca lcula t ion  of  unsteady motion of compressed m e -  
dia with real  properties (elast ici ty,  plast ici ty,  brittleness, c o m -  
pressibility, crushabili ty,  e tc .) .  The mode l  o f  the medium and 
the difference method are described io [2, 3]. 

Let us discuss briefly the effects which occur during expan-  
sion of the cavi ty,  propagation of  the shock wave, and its in te rac -  
tion with the slit. 

When t > 0, a shock wave, in the front of which the sub- 
stance is compressed, is propagated from the surface o f  the cav i ty  
Pc- The tangent ia l  stresses increase and reach the c r i t i ca l  value  
r max = r c r ,  which leads to br i t t le  fracture of  the rock (granula-  

tion or crushing). With increasing distance from the center  of the explosion the ampl i tude  of  the shock wave de-  
creases. By the t ime the wave reaches the radius R 1, i t  has weakened so markedly  that  no further crashing occurs in 
its front. 

Behind the front of the shock wave the substance moves at  a positive rate,  as a result of  which the stresses tan-  
gent ia l  ~o the spherical surfaces increase. If these stresses reach the c r i t i ca l  value o z = 03 = Oct, radial  fissures ap-  
pear in the region R > R 1. They begin at  the surface with radius R 1 and are propagated in the  rock toward increas-  
ing R. The fissure zone reaches the radius Rfi. Here the movement  of the substance from the center becomes  so 
weak that  the stresses are always less than the tensile strength Ocr. 

Let us first examine  the case when there is no slit in the medium.  The size of  the crushing and fissure zones 
(Fig. 1) depends on the e las t ic  l i m k  Y 0 and the tensile strength Ocr. To determine the character  o f  the change in 
the size of  the crushing and fissure zones with Ocr, three calculat ions (1, 2, 3) were made;  a further two (4, 5) were 
made to determine how the size of  the crushing zone depended on Y0. The results are given in Tables 1 and 2. 

From Tables  1 and 2 we can assess the values o f  the logari thmic derivatives, which enable us ~o determine  the 
sensitivity of the model  to changes in the values of  certain parameters.  These derivatives are as follows: 

O In Rfi , ~  0 . 2 5  O In R1 
O In ~c-----~ ~ ' 0 In Y'--'----~ ~"  0 . 6 2 .  

The values of  the derivatives show the insensitivity of  the model  to errors in the determinat ion of  Oct and Ya, be -  
cause the re la t ive  errors in Rfi and R 1 are less than those in Ocr and Y0; they also enable  us ~o determine  the errors 
of the ca lcu la ted  values of Rfi and R 1 if r_he errors of the exper imenta l ly  determined values o f  Ocr and Y0 are known. 

When the shock wave reaches the free surface (inner surface of  the sli t) , the fracture breaks up, as a result  of 
which a rarefact ion wave is propagated back  again into the medium.  This re l ie f  wave interacts with the re l ie f  wave 
spreading out from the boundary of  the cavity,  with the result that  in the interference zone one observes scabbing, 
in the form of both crushed runes and individual  scabs (spherically symmetr ica l ) .  Since this is accompanied  by an 
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Fig. 2. Cavity (R _< Re): A) crushing zone (R c _< R _< R1); 
B, E) zones of radial fissures (R 1 ~ R ~ R 2) and (R 1 ~ R ~ Rs); 
D) zone of scabbing (R 3 _< R -< R4); C) zone of individual 
spherical scab fissures against a background of radial fissures 

(R z ~ R -< R s) in the case when R s < Rfi. 

A 8 F C ~ E 
t . . . . . .  l ~ T x ~ ' r - - - - 7  t~ = = = t, o o o e . j  l 
o e c R+ efl  e~ R~ .% ~ "~ 

Fig. 3. F and E denote zones of unbroken strong rock (Rfi -< 
R _< R z) and 0R 4 _< R _< Rs): D) zone of scabbing (R s ___ R - R4); 
C) zone of individual scab fissures (R 2 _< R --- P~) in the case 

where R s >> Rfi. 

TABLE 3. Dependence of Size of Crashing Zones on Position of the 
Slit (Oct = 0.15 kbar, Y o = 1.2 kbar, Nts=2 m, R 1 =43.3 m) 

Calc.  I t IMaximal I m 'fragment R,/q 1/3 No. n s , m n=, m Rs,m R,, ~ize, m R~]ql]3 

48 43,3 
50 43,3 
55 43,3 
60 48,0 

43,3 46,7 0,7 
46,3 48,4 1,0 
49,1 53,5 2,0 
53,2 58,6 4,0 

33,8 36,5 
33,8 37,8 
38,3 41,8 
41,6 49,7 
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Fig. 4 

increase in the speed at which the substance moves away from the center 
in the layers adjoining the free surface, new sectors with radial fissures 
may also appear at low Rs. Here two l imit ing cases must be distinguished. 

1. The case when R s < Rfi (we have in mind the value of Rfi ob-  
tained in absence of a slit). In this case the region of scabs (R z _< R --< R s) 
appears against a background of radial fissures and has the structure rep- 
resented schematical ly in Fig. 2. 

2. The case when Rfi ~ R s The structure of the region of split-  
type ruptures (R 2 ___ R -< R s) observed in this case is shown schematical ly 
in Fig. 3. 

In the case when R~ < Rfi < R s, analysis of the zone of  disintegra- 
tion is complicated.  Let us examine the pattern of change of zones F,C, 
D, and E with decreasing Rs, starting with values R s >> Rfi. Firstly we ob-  
serve a decrease in the size of the F region, and at a certain P's it disap- 

pears. The decrease in R s is accompanied by an increase in the effect  of 
sphericity during movement  of the substance in the E region. This may 

lead m the appearance of radial fissures in the E region, even before the slit suddenly closes. With a further decrease 
in R s the B zone disappears when R~ is equal to R z. In other words, instead of the radial  fissure zone we have zoneC, 
in which radial fissures alternate with regions of completely fractured rock. Calculat ions show that the sizes of the 
rock fragments in zone C decrease together with decreasing R s. 

At the mornentthesl i tcloses,  two shock waves appear: a head wave, moving away from the center of the ex-  
plosion, and a reflected wave, spreading out  ~oward the cavity. Depending on the init ial  slit width, the rock in the 
sector (R 4 _< R _< R s) may be crushed in the front of the reflected shock wave. Such crushing cannot occur if the slit 
is narrow. In the calculations the slit width was varied from 0.9 m 2.5 m, but l i the  change was observed in the 
amount  of fractured rock. 
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Note that  with decreasing width of  the slit, its screening role weakens and the radial  fissure zone behind the 
slit  increases. At  a slit  width AR s >_ 1.6 m, fissure zones are not observed behind the slit. 

The calculat ions show how the size of  the crushing zone depends on the position of the slit  R s. Tab le  3 shows 
such numer ica l ly  determined dependences and enables us m determine the position of  the slit  a t  which the f ragment  
size wil l  be less than that demanded by teclmical  requirements.  

The d e v e l o p m e n t o f  the zones of disintegration as t ime passes differs markedly  in the presence or absence of a 
slit .  The boundaries of  these zones are shown in the (r, t) graphs in Figs. 4 and 5 (the notat ion is the same as in 
Fig. 2). A t  the moment  the fissure closes, the mean radial  speed of the substance U in the fissure region E z is 
88.6 m / s e c .  The fracturing coeff ic ient  in this region Kf,  determined as the ratio of the volume of  the substance 
together with that  of the fissure to the volume of  the substance, is 1.08. In crushing zone D2 (Fig. 4) the mean  speed 
at  this moment  is 35.4 m / s e c  and the coeff ic ient  of porosity Kp, determined as the ratio of  the volume of  substance 
together with that of the pores to the  volume of  the substance, is 1.49. After  the slit  has closed, the re f lec ted  shock 
wave, moving a t  a speed approaching that  of  the speed of sound C l for longi tudinal  perturbation, passes through the 
fissure region E z vir tual ly without engendering a decrease in the fracturing coeff ic ient .  Part of the substance in the 
region behind the shock wave front is crushed. As one goes over to the very porous region D 2, the shock wave is a l -  
most halted,  its speed is much less than C l , and a considerable part of the energy is expended on pore closure. When 
this wave reaches the boundary between the D z and E i zones, i t  is ref lec ted.  The ref lec ted  secondary wave is propa-  
gated through unbroken substance, then through fissured substance, and overtakes the head shock wave. in the ab -  
sence of a s l i t  the factors causing secondary shock wave formation are not present. Figures 6 (curves 1 and 2) and 
7 plot  U vs t at  distances of 52 and 60 m from the center  of  the explosion. I t  wi l l  be seen that in the absence of  a 
sli t  (Fig. 6) this curve is smooth, but in the presence of a sli t  (Fig. 7) the curve has a second peak corresponding to 
the arr ival  o f  the secondary wave. 

We thank E. N. Avrorin for cal l ing at tention to the impor tance  of  this problem and discussing the results. 
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