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Abstract: Both strain waves, generated by the shock wave, and expanding 

gaseous products of the explosion contribute to the destruction of the 

rocks. The role of these factors is especially obvious at explosion of soft 

and moderately hard rocks. The article considers some aspects of the 

phenomena accompanying the explosion of the detonating explosive 

charge on example of the unworked coal. 

It is known that both strain waves generated by shock wave, as well as expanding gaseous 

explosion products are involved in the rock destruction. The role of these factors is 

especially evident at explosion of soft and moderately hard rocks. Therefore, it is expedient 

to consider some aspects of the phenomena accompanying charge explosion on example of 

the unworked coal. For that purpose, we will use calculation scheme based on the equations 

of F. A. Baum, K. P. Stanyukovich, S. G. Andreev, etc. [1-5]. 

In conformity with the modern concepts, strain waves and detonation products take part 

in the destruction of the unworked coal by explosion. The role of the strain wave formed at 

the initial stage of the explosion, is reduced to the fact that during its propagation, 

formation of fracture systems follows, the further growth and separation of which is due to 

the subsequent expansion of the explosive gases. 

In the immediate vicinity of the charge, rock undergoes plastic deformations and 

intensive crushing, and due to this, the initial charge chamber volume increases. Motion of 

the charge chamber walls stops when pressure of the detonation products reaches the 

temporary strength limit of the unworked coal. 

The law of the interface motion ‘detonation products – environment’ is described by the 

F. A. Baum equation: 

 

( ) r
a

a

a

P

r

rP

r

U

dr

dU

 

 223
13

3
к1

22

−=+
+

    (1) 

 

The solution of which is an expression allowing you to determine the interface motion 
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for any moment in time. 
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To determine the expansion time of the charge chamber boundary, it is required to 

integrate the expression (2) within the range from the initial r1 to the final r2 of the radii of 

the gas cavity, i.e. 
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where Pa – air pressure; ρa – environment density; γ – isentropic exponent; r – cavity 

radius; Uк, Pк , Jк – velocity, explosion products pressure, and radius at any intermediate 

point, respectively; rн – charging cavity initial radius. 

The following alphabetical symbols are accepted in integrand rк ≈ 2rн assuming that 

starting from this distance, the expansion of the gas cavity in the unworked coal is similar 

to the expansion of the ideal gas in an incompressible liquid [2, 6, 7, 14, 15]. 

Prior to determining pressure Рk, corresponding to the radius of the charge chamber rк ≈ 

2rн = 4.4 cm, it is necessary to select the isentropy branch, according to which calculation 

should be made. To do this, let’s set the radius of the cavity expansion corresponding to 

pressure Р2000 = ٭ kg/cm2. 

Prior to determining pressure corresponding to the charge chamber radius, it is essential 

to select the isentropy branch, according to which the calculation should be made. For this, 

radius of the cavity expansion corresponding to the pressure kg/cm2 should be set. 
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To calculate Uк, corresponding to the distance rк we use F. A. Baum expression [2]: 
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where ρa – mass environment density. At the specific coal weight is equal to 1.25 

gr/cm3, 

31028,1
980

25,1 −==a  gr·sec2/cm4 

Let's determine the limit radius of the cavity expansion rпр. 
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For the typical high-explosive charges, expansion of the explosion products to pressureя 

Р2000 = ٭ kg/cm2 is according to the law 

PV3 = const or PнV0
3 = P*V*3, 

where V* – volume corresponding to pressure P* ; V0 – initial volume of the explosion 

products, equal to volume of the explosive charge; K = 3 – isentropic exponent. 

After pressure has dropped to 2000 kg/cm2, the further expansion of the gases to 

atmospheric pressure follows a pattern: 

PV3 = const or P*V*3 = PaVa
γ, 

where γ = 1.2 ÷ 1.4 – ratio of heat capacities at constant pressure and volume. 

The conjugation of two isentropes at 2000 kg/cm2 pressure gives a new form of the 

isentrope as: 
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reflecting the two stages of expansion of the explosion products. 

The average pressure of the detonation products is determined by: 
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where 
g

0
0


 =  – massive explosive density, gr·sec2/cm4 ; D – detonating rate, cm/sec; 

γ0 – weight explosive density, gr/cm3 ; g – free fall acceleration, cm/sec2. 

Should we take the value of the detonating rate as of 4000 m/sec (which corresponds to the 

ammonite PZHV-20), then at the weight density of the explosive γ0 = 1.1 gr/cm3 (ρ0 = 0.0012 

gr·sec2/cm4) 
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For elongated charges, we can approximately assume that the expansion volume is 

directly proportional to the square of the charge radius (since зар
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Considering that limit radius of the cavity expansion is limited by the equality of gas 

pressure at this stage and environment resistance, and assuming, as per to F. A. Baum, that 

the zone of maximum expansion of the detonation products, under all other equal 

conditions, should be determined by yield strength, the value of which for most rocks is 

close to the limit of their compressive strength σсж, the expression to determine maximum 

radius of the gas cavity expansion is written as: 
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FOR σсж = 102 kg/cm2 we will have: 
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3,114,262,24,26нпр === rr  см 

Pa – gas pressure meeting to the strength resistance of the environment at the maximum 

radius of expansion 

2 Ра = σсж = 102 kg/cm2 

Substituting numerical values Ра, ρа, rпр and rк in expression (4), we’ll get Uк = 290 

m/sec. 

The integral (3) must be calculated within the limits from rк to rпр, neglecting expansion 

time to a distance, less than rк. 

Thus, to calculate time t we have: 

Ра = σсж = 102·103 kg/cm2;   ρа =1,28·10-3 gr·sec2/cm4; 

Рк =1050·103 kg/cm2; Uк =290·102 cm/sec; 

γ = 1,2 gr/cm3; rк =4,4 cm; rпр = 11,3 cm. 

It should be noted that hereinafter the distances (r٭, rк, rпр etc.) are counted from the 

initial boundary of the charge chamber. 

In order to calculate the integral by the approximate method, we simplify (3) numerical 

values by substituting: 
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To provide computational operations, a special table was made, where the time values on 

the segments inside the integration limit are indicated it  and it  . After summing the values 

ср
it  on the entire integration limit, the total expansion time of the gas cavity will be 1367 

microseconds. Creating the time calculation table made it possible to clarify the boundary of 

the expansion zone, which is located at 15.45 cm distance from the original wall of the charge 

chamber. The full radius of the zone, considering the size of the charge chamber Rпр = 17.65 

cm ≈ 18 cm. Should gas leakage into the cracks is excluded during its expansion, the 

calculated size of the cavity can take place.  

Practically, from the moment of the detonation products expansion, followed by the 

blast wave propagation, there is a formation of cracks at velocity not exceeding 0.4 of the 

blast wave velocity (Vтр ≤ 0,4Ср). At the same time, detonation products tend to penetrate 

into the resulting cracks, consequently, there should be a rapid pressure drop. However, the 

limiting radius of the cavity will be determined by the equality of the strength resistance of 

the environment and final pressure of the gases (σсж=Ра), even so. Thus, the equilibrium 

size of the gas cavity due to the gas leakage into the cracks should be less than Rпр. Since 

the interface motion velocity of the expansion zone is significantly less than the velocity of 

the gases in cracks, then at moving by cavity of finite dimensions, the gases will have time 
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to spread through the cracks to a longer distance
г
тR . It can be assumed that the pressure of 

the detonation products at this distance will be equal to the pressure in the cavity and also 

equal to Ра. 

For an approximate assessment of the distance value г
тR , let’s use the following 

simplified scheme for calculation. 

1. Due to the action of the blast wave, a uniformly distributed system of the radial 

cracks occurs around the charge chamber. 

2. When gases penetrate, the cracks take a wedge-shaped shape in the cavity 

perpendicular to the axis of the hole. Herewith, the width of all cracks at an equal distance 

from the charge is the same. 

A series of the conducted studies in the unworked coal with PZHV-20 ammonite 

indicates that the maximum diameter ( ф
прД ) of the resulting cavities does not exceed 22-26 

cm. Should we proceed from the obtained expansion rates of the gas cavity, found for the 

case of no gas leakage into the cracks, then the average actual time for the cavity formation 

up to 22 cm diameter will be 620 ms. At the crack propagation velocity Vтр = 0.4Ср (Vтр - 

744 m/sec at Ср = 1860 m/sec), the radius of the crack formation during this time will be 46 

cm or 25.6 rзар. 

As per G. I. Pokrovsky [3], angle between any two adjacent radial cracks can be 

determined from the expression: 

rV
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where Vr – rock displacement rate at distance r from explosion site; Vкр – critical rock 

destruction rate. 

For coals, the dependence of the displacement velocity from the distance is 

approximated by the expression: 

nr

r
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where А = 2.7·106; n = 2.6; r  – reduced distance equal to ratio of the actual distance to 

charge radius. 

At r  = 25,6  
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Critical rate of rock destruction is determined by: 
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where Ср – velocity of the longitudinal blast wave propagation; σр – tensile rock 

strength; Е –rock elastic modulus. 

Based on the accepted average values of coals Ср = 1860 m/sec, σр = 1.8 kg/cm2 Е = 

0.350·105 kg/cm2, the critical velocity will be: 
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Then angle between the adjacent cracks will be equal to: 
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Or considering that 1 radian is equal to 57.3° we will get α ≈ 0.93°. 

Thus, at 25.6 rпр distance, at an explosion, there should be K = 360°/0,93° = 390 cracks. 

Assuming that the increase in the circumference of the charge chamber during its 

expansion from the initial diameter (4.4 cm) to the final one (22 cm) is due to the expansion 

of the resulting cracks, we will obtain the average width of the crack base: 
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Then the volume of detonation products penetrated into the cracks can be defined as: 
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where г
тR  – penetration distance of the detonation products into cracks, from the final 

boundary of the gas cavity during its expansion; lзар – charge chamber length. 

The total volume occupied by the detonation products at the moment of the gas cavity 

expansion completion at pressure of Ра is equal to: 
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Since the gas cavity formation proceeding without leakage of the detonation 

products into the cracks, is also completed at pressure Ра, which characterizes the strength 

properties of the environment, we can make the following equation: 
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It means that during the gas cavity expansion to 22 cm of diameter, equal to 620 

microseconds, the explosion products propagating through the cracks will be ahead of its 

final boundary by 23 cm. At the same time, the path traveled by the gases during this time, 

taking into account the initial size of the charge chamber, will be 31.8 cm that corresponds 

to the average velocity 5410 m/sec. 

To determine breakthrough time of the detonation products into the bottom-hole area, it 

is required to establish the regularity of the gas flow velocity drop with an increase in the 

line of the least resistance. So, we have created a table of the source data (Table 1). 
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Table 1. 

Qcharge, kg Lcharge, m X, m lшп,m 

0.600 

0.900 

1.200 

1.500 

0.54 

0.81 

1.08 

1.35 

0.5 

1.04 

1.31 

1.58 

1.85 

0.600 

0.900 

1.200 

1.500 

0.54 

0.81 

1.08 

1.35 

1.0 

1.54 

1.81 

2.08 

2.35 

0.600 

0.900 

1.200 

1.500 

0.54 

0.81 

1.08 

1.35 

1.5 

2.04 

2.31 

2.58 

2.58 

In accordance with the earlier verified calculation, we assume that at 0.318 m distance from 

the charge chamber, gas velocity in cracks will be 510 m/sec. 

Gas motion in the channel is described by a system of Euler differential equations: 
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where U – gas flow rate; ρ – gas density; Р – gas pressure; t – gas flow time; r – 

distance traveled by the gas flow leading edge. 

Upon a number of substitutions and transformations, we solve the system (9) and finally 

get: 
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To calculate velocity of gases at each moment of time we are interested in, we introduce 

the following notation: 
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where Uн – initial gas velocity in some area; Uк, tк,rк – final values of velocity, time, 

and distance. 

Considering the entered notation, we will have: 
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Let's define value of the integration constant ‘C’. 

From (11) we have: 
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To calculate initial velocity in the area of 0 - 0.318 m, it is required to determine the 

detonation products velocity of the V у at the charge surface. 

sin

W
V = , 

where W – gas velocity moving behind the detonation front along the charge axis; (φ – 

angle between perpendicular to the charge axis and direction of the maximum energy flux 

density of gases, 

K

K

2

1
arctg

−
− , K = 3, φ = 18°, 1000

1
=

+
=

K

D
W  m/sec, 

at D = 4000 m/sec (PZHV-20 ammonite). 

Then velocity at the charge surface will be determined as: 

18°sin

1000
=V =3240 m/sec. 

As distance increases, the gas velocity decreases rapidly, approximately according to 

the law: 
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where r0 – explosive charge radius. 

It should be noted that this dependence is valid only for the initial stage, when gas 

expansion obeys the isentrope Р = Аρ3. Pursuant to the law, at the moment when the gases 

reach the walls of the hole 

1460
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Then for the initial area of explosive gas propagation 0 – 0.318 m we have: Uн = 1460 

m/sec; Uк = 510 m/sec;  Ucp, = 385 m/sec. 

Substituting the obtained values, we determine ‘C’: 

.14,21
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1460
1,0510

2
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Transforming equation (12), we get: 

 

E3S Web of Conferences 303,

Clean Coal Technologies: Mining, Processing, Safety, and Ecology 2021
 01049 (2021) https://doi.org/10.1051/e3sconf/202130301049

8



2
ср

2
к

3
н

2
к

32
к

2
н

2
кср

2
н 254 CUrUrUrUUrUU срср =−+−  

Let's determine values of the coefficient at Ucp and absolute term for rк = 0,5. 

2560005,051044 222
кср

2
н ==rUU  

50,02,63651055 2
к

22
к

2
н rrUU ср ==  

6232
к

3
н 102,335,0510 ==rU  

Substituting the obtained coefficients, we get 

0103,665200004,127 6
ср

2
ср

3
ср =−+− UUU  

After the calculations, we obtain Ucp ≈ 445 m/sec. 

Since on the 0.318 – 0.5 m section initial velocity, which is the final velocity on the 0 – 

0.318 m section, is equal to 510 m/sec, the final velocity will be:  

Uк = 2Ucp, – Uн = 890 – 510 = 380 m/sec. 

Afterward, again substituting the obtained value Uк (which in the next section of 0.5 – 

1.0 m is the initial – Uн) in (13) and solving the resulting equation, we determine 

Ucp = 445 м/с, Uк = 274 м/с. 

For the last section 1.0 – 1.5 m 

Ucp ≈ 237 м/с, Uк = 200 m/sec. 

Thus, the gas velocity in individual sections has the following values (Table 2) 

Table 2. 

Path section covered 

by gases, m 

Initial gas velocity on 

section, m/sec 

Final gas velocity on 

section, m/sec 

Average gas velocity 

on section, m/sec 

0–0.318 1460 510 885 

0.318–0.50 510 380 445 

-0.50–1.00 380 274 322 

1.00–1.50 274 200 287 

Based on the obtained average velocities, the gas passage time of the specified sections, 

with some approximation, will be 1 ms, 3 ms, and 6 ms, respectively. 
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