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Abstract

Purpose. To develop a new theory for the rocks destruction by blasting using a description of the formation processes of
zones with various mass state around the charging cavity.

Methods. The new theory for the rock mass destruction by blasting has been developed based on the use of the well-known
elasticity theory laws and the main provisions of the quasi-static-wave hypothesis about the mechanism of a solid medium
destruction under the blasting action. The models of zones of crumpling, intensive fragmentation and fracturing that arise
around the charging cavity in the rock mass during its blasting destruction, depending on the physical and mechanical pro-
perties of the rock mass, the energy characteristics of explosives and the rock pressure impact, have been developed using
the technique of mathematical modeling.

Findings. Based on the mathematical modeling results of the blasting action in a solid medium, the mathematical models
have been developed of the zones of crumpling, intensive fragmentation and fracturing, which are formed around the char-
ging cavity in a monolithic or fractured rock mass.

Originality. The rock mass destruction by blasting is realized according to the stepwise patterns of forming the zones of
crumpling, intensive fragmentation and fracturing, which takes into account the physical and mechanical properties of the
medium, the energy characteristics of explosives and the rock pressure impact.

Practical implications. When using the calculation results in the mathematical modeling the radii of the zones of crum-
pling, intensive fragmentation and fracturing in the rock mass around the charging cavity, it is possible to determine the
rational distance between the blasthole charges in the blasting chart, as well as to calculate the line of least resistance for

designing huge blasts.
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1. Introduction

The mining industry is an important industry influencing
the economic and technical development of countries around
the world. Iron and steel industry is one of the most devel-
oped in Ukraine. The raw material base of iron and manga-
nese ores, the development of which began at the end of the
19th century with dozens of mines and quarries, has played a
major role in its origin and formation [1], [2]. Manganese
ores are mined using mechanical breaking, and the extraction
of iron ores is associated with the destruction of large vol-
umes of hard rocks, the development of which requires pre-
liminary fragmentation using drilling-and-blasting opera-
tions. Therefore, special attention of scientists and produc-
tion workers is paid to the improvement and development of
new methods for calculating the parameters of drilling-and-
blasting operations, which will improve the performance of
driving and mining operations. Another way to improve the
technology of drilling-and-blasting operations is to increase
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the safety of blasting operations and reduce their impact on
the environment by replacing TNT-based explosives with
emulsion explosives (EEM) of domestic production. EEM
are absolutely safe in transportation and storage [3], [4],
environmentally friendly [5]-[8] and economically-viable [9],
[10]. Therefore, for today one of the main problems of min-
ing production is to increase the efficiency of a rock mass
destruction by blasting with the use of EEM.

As known, a rock is a heterogeneous solid body that has a
complex structure, and the mechanism of its destruction is
even more complex. In general, the very mechanism of rock
destruction by blasting is characterized by the short duration
of loading the volume of the medium being destroyed and
depends on many factors. Despite the fact that in recent years
the knowledge about the nature of blasting has significantly
expanded, today there is no generally accepted hypothesis
about the mechanism of a rock mass destruction using blast-
ing operations. This is due to the variety, complexity and
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rapidity of the phenomena accompanying the blasting of a
solid medium [11], [12]. Based on the work [13], the phe-
nomena of the blasting process include: detonation of an
explosive charge, expansion of the charging cavity, mechani-
cal interaction of detonation (explosion) products with a rock
mass, formation and propagation of shock waves, propaga-

tion and interaction of stress waves in the rock mass and its
destruction, shear of broken material and fragments distribu-
tion. As indicated in the works [11], [13] [14], today there
are a large number of hypotheses explaining the physical
nature of the process of a rock mass destruction by blasting,
which are presented in Table 1.

Table 1. Classification of hypotheses of a rock mass destruction by blasting

Class (hypothesis of a rock mass

destruction by blasting) Author, reference

Principle of the hypothesis

Funneling Sukhanov A F. [15], [16]

Frolov M.M., Boreskov M.M.,

The destruction is accompanied by a mass part separation
along the lateral surface of the blasting funnel and overcoming
the gravity force by the broken rocks with the simultaneous
consumption of energy for fragmentation.

Hydrodynamic Vlasov O.Ye. [17], [18]

Lavrentiev M.O., Kuznetsov V.M.,

The blasting impact parameters are reduced to solving a system of
differential equations, and the rock mass destruction occurs in those
places where the critical velocity is higher than a certain value.

Demydiuk H.P., Beliaiev O.F.,

The main work on the rock mass destruction is performed due

Quasi-static . to the piston action of the detonation products, which destroys
Sadovskyi M.O. [19]-[21] the rock and transfers the translational motion to it.
. Mosynets V.M. The medium destrucyion occurs as a result of conversion of the
Energetic Anistratov Yul [22]‘ 23] accumul.ated energy into the surfa{:e energy of fractures and the
" ' penetration of explosion products into them.
Wave Pokrovskyi H.1. [24], [25] The rock mass destruction is caused by the action of stress waves.

Rzhevsskyi V.V., Melnikov M.V.,

Quiasi-static-wave

Khanukaiev O.N., Drukovanyi M.F.,
Baum F.A., Baron L.I., Yefremov

In the process of rocks destruction by blasting, both stress waves
and the piston action of detonation products are involved.

E.l., Kutter H.K. and others [26]-[33]

The classification analysis of hypotheses for a rock
mass destruction by blasting makes it possible to draw the
following conclusions. The theoretical and experimental
data accumulated for decades on the concept of the blasting
action mechanism under various conditions indicate that
some hypotheses to some extent contradict each other, but
it does not deny the hypotheses themselves. Researchers in
different ways describe the distribution of stresses and
energy, the very nature of rock destruction, the formation of
zones around the charging cavity. As can be seen from the
classification, the wave hypothesis gives a qualitative pat-
tern of the rocks destruction mechanism by blasting. But in
recent years, many researchers hold the view that both
stress waves and the action of pressure from detonation
products are involved in the process of rock destruction. In
general, in the modern theory of the blasting action in a
solid medium, the issue of criteria for a rock mass destruc-
tion has been studied insufficiently. The views of research-
ers differ, mainly, on the assessment of a destruction share
that is produced by the wave and quasi-static blasting ac-
tion. This have resulted in a very large number of theoreti-
cal concepts and a qualitative description of the nature of a
solid medium destruction. Because this largely leads to the
use of a large number of empirical calculation formulas
during the development and design of parameters for drill-
ing-and-blasting operations.

The vast majority of theories and methods for calculating
the parameters of drilling-and-blasting operations that are
based on various hypotheses of the mechanism for a rock
mass destruction by blasting, and are developed with account
of the industrial TNT-based explosives’ properties, do not
consider the energy characteristics of EEM, which have
higher energy properties than analogs of the TNT-based
explosives. Therefore, based on the combined quasi-static
and wave hypotheses of the blasting action in a rock mass, it
is necessary to develop a theory for a rock mass destruction,
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which would take into account the influence of the physical
and mechanical properties of the medium and the energy
characteristics of the explosives.

On the basis of the above mentioned research purpose, a
new theory for a rock mass destruction by blasting is pro-
posed. To achieve the purpose, the following tasks are set:

—to analyze the methods for determining the mass
destruction zones around the charging cavity;

—to systematize deformations in the rock mass around
the charging cavity according to the criteria and types of the
medium destruction under the blasting action;

—to perform mathematical modeling of the formation
mechanism of zones of crumpling and intensive fragmenta-
tion around the charging cavity.

2. Methods

The method of mathematical modeling the mechanism
for destruction of a mass around the charging cavity during
its blast loading includes the following stages:

— developing the parametric schemes in relation to the
medium destruction zones around the charging cavity under
the blasting action;

— developing the mathematical models for the zones of
crumpling, intensive fragmentation and fracturing, which are
formed around the charging cavity in the rock mass under its
blast loading;

— determining the dependences of the identified zones,
taking into account the physical and mechanical properties of
the rock mass, the energy characteristics of explosive and the
rock pressure impact.

A new theory for the rocks destruction by blasting around
the charging cavity has been developed with the use of the
well-known elasticity theory laws and the main provisions of
the quasi-static-wave hypothesis of the mechanism for de-
struction of a solid medium under the blasting action.
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3. Results and discussion

3.1. Analysing the methods for determining the zones
of a mass destruction around the charging cavity

The analysis of hypotheses describing the mechanism of
a rock mass destruction by blasting makes it possible to de-
fine modern views on the blasting action in a solid medium,
which are the combined action of detonation products and
stress waves. These views are shared by most of the leading
domestic and foreign researchers, such as V.V. Rzhevsskyi,
M.V. Melnikov, O.N. Khanukaiev, M.F. Drukovanyi, F.A. Ba-
um, L.I. Baron, E.l. Yefremov, H.K.Kutter and many
others [26]-[33]. According to the main provisions of this
group of views (hypothesis), after the explosive charge blast-
ing, a compression zone is formed in the radius of the shock
wave impact, where the mass is highly crushed or compact-
ed. This zone is called the crumpling zone (Fig. 1). Subse-
quent to the crumpling zone, the shock wave transforms into
an elastic wave, which begins to act and form a fracturing
zone. After this zone, a shaking zone is formed, in which the
mass is destroyed along natural fractures without fragmenta-
tion. Crumpling and fracturing zones together form a zone of
controlling fragmentation. Based on the indicated provisions
of the described hypothesis, many scientists have developed
a large number of theories and methods for determining the
size of zones. Therefore, we will analyze the existing me-
thods for calculating the dimensions of the zones of crum-

pling and fracturing, which are formed around the charging
cavity in accordance with the theories.

[P ERA

Figure 1. Zones of blasting action on the mass: 1 — charging cavity;
2 — crumpling zone; 3 — fracturing zone; 4 — shaking zone

The radius value of the crumpling zone, which is formed
around the charging cavity in the rock mass under the blast-
ing action, according to various theories is calculated by the
formulas presented in Table 2.

Table 2. Methods for calculating the radius value of the crumpling zone according to different theories of the blasting action on a rock mass

Author, reference Formula

Conventional signs

Mosynets V.M.,

Cs — shear wave propagation velocity in the mass,
m/s; Cp — P-wave propagation velocity in the mass,
m/s; g — charge mass in TNT equivalent, kg

C
R, = |=5.3
Horbachova N.P. [22], [34], [35] r \fcp a
Rakishev B.R. [36], [37] R —r|2C
zm pr 5o

,m
1

2
,m

y — rock density, kg/m3; C — sound propagation
velocity in the rock, m/s; rpr — explosion cavity
permissible radius, m

2

21y PoQef

/0 o mm
Ost.d

ro — charging cavity radius, mm; po — explosive
density, g/mm?3; Qer —effective energy of an explo-
sive, which is approximately 2/3 of the complete

Szuladzinski G. [38] Rym = reaction heat, N-mm/g; ostda — dynamic ultimate
compression strength of the rock, which is approxi-
mately eight times the value of the limited static
compression strength, MPa
d — blasthole or well diameter, m; p — explosive

Andriievskyi O.P., R —d pD2 m charge density, kg/m® D — explosive detonation

Kutuzov B.M. [39], [40] zm — 8oy | velocity, m/s; ost — ultimate compression strength of
the rock, Pa
Djordjevic N. [41] Rom = 24r(:7 » mm oz — ultimate tensile strength of the rock, Pa;
Jora) ' f% Py — detonation products pressure, Pa
2
Kanchibotla S.S. Py .
' R,m =, [, mm -
Valery W., Morrell S. [42] m=" p Pq — detonation products pressure, Pa
Esen S., Onederra I. [43], [44] Rym = 0.812r, (CZI 0:219 , mm CZI — destruction zone index
Chun-rui L., Li-jun K., C R y — rock density, kg/m3; C; — sound wave propaga-
Qing-xing Q., De-bing M., R,m =| 0.2y —% ~4’ ,m tion velocity in a rock, m/s; oo — triaxial rock
Quan-ming L., Gang X. [45] st ) \ % strength, Pa

Kuznetsov V.A. [46]

Rym =810 f’iil_z“,
T l-u

p — charging density, kg/m3, e — relative force
(strength) of an explosive; u—Poisson’s ratio;
72d — Ultimate shear strength of the rock, Pa

R

_ R (1+ ,u)(l— 2u

)

ro — charging cavity radius, m; n — number of radial

Torbica S., Lapcevi¢ V. [47], [48]

m =
OrozN

(1-n)

[l

fractures for the crumpling zone n = 32 pcs.
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The radius value of the fracturing zone around the charg-
ing cavity, which is formed in the rock mass during its de-

struction by blasting, is calculated by the formulas presented
in Table 3.

Table 3. Methods for calculating the radius value of the fracturing zone in the rock mass under the blasting action according to

various theories

Author, reference Formula Conventional signs
C Cs — shear wave propagation velocity in the mass,
Horbachlc\)/lv(;mn;ts[\zlzl;vl.[é 41, [35] Ry = —£.3 qg,m m/s; Cp — P-wave propagation velocity in the mass,
v ' ' Cs m/s; q — charge mass in TNT equivalent, kg
u oy ost — ultimate compression strength of the rock, Pa;
Rakishev B.R. [36], [37] Rir =Rem 1+ S-,m oroz— Ultimate tensile strength of the rock, Pa;
+tH Oro 1 — Poisson’s ratio
dv — blasthole or well diameter, m; p — explosive
. _ pe charge density, kg/m3; f—hardness coefficient
R, =55d, [-=,m . ;
Yerofeiev I.Ye. [49] tr b\jﬁ by the M.M. Protodyakonov scale of hardness;
e — relative force of an explosive
Yefremov E.I., Petrenko V.D., R. = st R m ro —charging cavity radius, m; Py - detonation
Pastukhov A.I. [50] " oy \og products pressure, Pa
Adushkin V.V. R,
: ' Ry =r ,m
Spivak 0.0. [51] N 20,0
1 1 ost — ultimate uniaxial compression strength of the
Kexin D. [52] Ry =96 G 8 -(10E)s, mm rock, MPa; £ — Young’s modulus of elasticity, MPa;
100 G — loaded length, m
. R d — charge diameter, m; P, — detonation products
R, =05d [—, m g » m; Po — p
Kriukov H.M. [53] tr ror pressure (Chapman-Jouguet point), Pa
. . 2 d — blasthole or well diameter, m; p — explosive charge
Andriievskyi O.P., Ry =0.7R pD7d ,m density, kg/m3; D — explosive detonation velocity,
Kutuzov B.M. [54]-[56] tr Mg R .
zrRzm m/s; zr — ultimate shear strength of the rock, Pa
Qlcrigu;rzgl(; ID_éJtl)JI?\;M Ry =1, P m ro— charging cavity radius, m; _Pj — quasi-static
Quan-ming L., Gang X. [45] Croz pressure (pressure caused by expansion of gases), Pa
e 1-2
Kuznetsov V.A. [46] Ry =3250 i ym e — relative strength of an explosive
Oroz 1- 1
ro — blasthole radius, cm; pe — explosive density,
Iverson S.R., Hustrulid W.A., R. _o5r |PefanFo 265 glem?; eanro — force (strength) of an explosive
Johnson J.C. [57] tr A panFo y relative to ANFO; panro — ANFO density equal to
0.85 g/cm?; y — rock density, g/cm?®
Torbica S., Ry R (L+u)(1-2u) n—number of radial fractures for the fracturing

Lapcevi¢ V. [47], [48]

zone n =4 pcs.

The analysis of the theories for calculating the radii of the
zones that are formed around the charging cavity under the
blasting action, makes it possible to draw the following con-
clusions. Almost all of the existing methods have empirical
nature and are strongly dependent on certain mining-and-
geological conditions for which they have been proposed.
But at the same time, theoretical methods have limited ap-
plicability. Based on the analysis of the above methods, some
of them are used only for monolithic mass. It has been also
determined that the above methods do not take into account
the change in the physical and mechanical properties of rocks
influenced by the rock pressure. This suggests that most of
the methods have been developed for the conditions of drill-
ing-and-blasting operations in surface mining. Also, in some
formulas for calculating the zones, the coefficients of the
relative force of explosives are given, but they are intended
for the use of mechanical explosive mixtures, and not at all
for EEM. Therefore, the result of determining the value of
the fracture formation radius may give an error. All the
above methods are intended to calculate only two zones —
crumpling and fracturing, but these methods do not allow
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calculating the zone of intensive fragmentation, which retains
the pressure of detonation products, that is, mechanical com-
pression stresses.

According to the results of theoretical and experimental
studies, the most efficient is the theory and its calculation
method, which was developed by O.P. Andriievskyi and
B.M. Kutuzov [58]. Thanks to the obtained patterns of the
crumpling and fracturing zones formation in a rock mass
when exposed to blasting, the authors make this disco-
very [59]. Using this method, they have developed new tech-
nologies for drilling-and-blasting operations, both during
underground mining and during longwall face extraction of
ore. The developed technologies have been extensively tested
in a wide variety of mining-and-geological conditions of
mining enterprises. But, despite the good results in practical
use, this method does not take into account the energy char-
acteristics of EEM, and also requires clarification when de-
signing the parameters for drilling-and-blasting operations in
rocks with a strength below 60 MPa.

The modern theory of the rocks destruction by blasting,
presented by Serbian scientists S. Torbica and V. Lapce-
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vi¢ [47], [48] makes it possible to assess the length and den-
sity of radial fractures caused by the initiation of an explo-
sive charge. Based on this theory, a method is proposed for
determining the size of the explosion zone and quantifying
the rock mass properties. According to the number of radial
fractures (n) in the zones that are formed around the charging
cavity, the authors recommend to calculate the radii of the
crumpling zone (n = 32 pcs.) and fracturing zone (n = 4 pcs.).
But using this method, it is also possible to calculate the
radius of the zone of intensive fragmentation, in which from
8 to 12 radial fractures will form.

3.2. Systematization of deformation types

in the rock mass under the blasting action, which
are formed around the charging cavity, in terms
of criteria and types of the medium destruction

It is well known that blasting of an extended explosive
charge in an unrestricted medium surrounding the charging
cavity results in the zones of blasting action such as crum-
pling, radial fractures and elastic deformations. The per-
formed analysis of the theories and methods for calculating
the sizes of these zones made it possible to calculate the
rational parameters of drilling-and-blasting operations. Thus,
the researchers, in accordance with various criteria of the
medium destruction, have determined the patterns of for-
mation of only two zones— crumpling and fracturing [34]-
[38], without taking into account the formation of a transition
zone — intensive fragmentation —between these zones. There-
fore, let us consider in more detail the mechanism of rocks
destruction around the charging cavity from the point of view
of criteria and types of the medium destruction.

As it is known from the theory of the blasting action [33]
and in accordance with the works [24], [25], a shock wave is
formed in the rock after the explosive detonation due to the
pressure of the detonation products. In the radius of the
shock wave impact, a compression zone is formed, in which
the rock is exposed to plastic deformation and a crumpling
zone is formed (Fig. 2).

|~

A

Figure 2. Zones of blasting action on the mass, which are formed
around the charging cavity: 1-charging -cavity;
2 —crumpling zone; 3-zone of intensive fragmenta-
tion; 4 — fracturing zone; 5 — shaking zone

3 4 BB

In this zone, according to the works [60], [61], the rock
changes its structure and there is an intensive fine-dispersed
fragmentation of it into particles up to 1 mm. V.M. Ro-
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dionov [62] believes that at the contact of rocks and explo-
sives, their brittle failure occurs, and as a failure criterion he
takes the ultimate strength of the medium under all-around
dynamic loading. It is indicated in the work of K. Johanson
and P. Person [63], that the destruction of the medium near
the contact of explosive and the rock is determined by the
most important stress o1 and the difference between it and the
smallest principal stress 3. Thus, O.P. Andriievskyi and
B.M. Kutuzov [58] have scientifically substantiated the
failure criterion of the medium by blasting. They argue that
to determine the radius of the zone of plastic deformations
arising within the crumpling zone around the charging cavi-
ty, it is necessary to use the condition under which the equi-
valent stress is equal to the triaxial compression stress, that
is, [oe]|=01—03 =04, taking into account the shock

impact of the explosion products load.

With distance from the charging cavity, the shock wave
transforms into a stress wave, which propagates at a sound
velocity. After the crumpling zone, a rock fragmentation
zone is formed, in which elastic-plastic deformations occur.
V.V. Rzhevsskyi states in [33] that in this zone the energy of
blasting is spent on the resistance of rocks to shear, tension,
and partially compression. At the same time, H.l. Pokrovskyi
in his work [25] notes that after the compacted rock layer is
formed around the charging cavity (crumpling zone), a zone
appears which is permeated by radial fractures in the form of
rays, between which there are fractures perpendicular to the
radii. These fractures occur when the pressure of the explo-
sion products decreases, and there is a slight displacement of
the rock back towards the blasting center. Based on this, the
fragmentation zone can be divided into two zones: intensive
fragmentation, in which compression stresses arise under the
pressure of the explosion products, and the fracturing zone
itself, where the rock will deform under the action of shear
and tensile stresses. Further, the wave of mechanical stresses
transforms into a seismic wave, which does not destroy the
mass, but only shakes it, therefore, a shaking zone appears
after the fracturing zone [22], [25], [33]. In the shaking zone,
the destruction of the rock also occurs along natural fractures,
without the destruction of the mass into fragments. Based on
the analysis of the rock destruction process by blasting action,
the final gradation of the zones that are formed around the
charging cavity is performed, presented in Table 4.

Table 4. Detailing the zones that are formed around the charging

cavity
Zone Wave Deformations Destruction
First Shock Plastic Crumpling
Second . . Intensive fragmentation
“Third Stress Elastic-plastic Fracturing
Fourth Seismic Elastic Shaking

3.3. Mathematical modeling of the mechanism
of crumpling and fragmentation zones
formation around the charging cavity

After the shock transformation of the explosive charge,
which is located in the charging cavity, a shock wave will
propagate in all directions of the rock mass. A certain volume
of rock, which is at a small distance from the charging cavity,
will be compressed in the normal direction and stretched in the
tangential direction. At the front of this zone, the wave of
mechanical stresses will exceed the modulus of the medium
volumetric compression, therefore, the rock near the charge
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breaks down, creating a zone of plastic deformation, the so-
called crumpling zone. To determine the radius of this zone,
let us use the parametric scheme shown in Figure 3.

F

vt

Ot

Figure 3. Parametric scheme for determining the crumpling zone,
which is formed around the charging cavity when the
explosive charge is detonated

To determine the crumpling zone radius R, it is neces-
sary to find the mechanical stresses o, which arise in the area
Sz, when exposed to pressure within the area S;.

Pressure in area S1, which is formed by explosion products:

R = i , N/m2, Q
Sy
where:

F, — force acting on the walls of the charging cavity, ac-
cording to the Equation (1):

R=R-$.N, 2
where:

S1 — charging cavity area:
51:7Z'-I'2,m2, 3
where:

r — charging cavity radius, m.

Stresses acting in the rock mass with the area S;:

o= R , N/m2,
Sy

(4)

where:
F, — force acting in the rock mass area S, and directed to-
wards the walls of the charging cavity, according to Equation (4):

F,=0-S,,N, (5)

where:

S, — area of a rock mass in which stresses act when pres-
sure occurs in the area Si:
S, =7 (R2 —r?),m (6)

m
The F, force balances the P; pressure, which creates the

force Fi. Therefore, according to Newton third law, we
equate these forces F2 = F; and obtain:

0'-7r~(R22m—r2): Fi~7r-r2,

or

R -r?
o= Nim2
Rim—Tr

U]
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Equation (7) is G. Lamé task Formula [64], according to
the theory of which, when calculating thick-walled cylinders
and provided only the internal pressure impact, the radial
stresses oy in all points of the cylinder will be negative (com-
pression stress), and the stresses o, will be positive (tensile
stress). That is, the stresses or and o are the principal stresses.

To determine the equivalent stress oew in volumetric
stress state, we will use the maximum shear stress theo-
ry [65], which is well confirmed by experiments for materials
that react in the same way to tension and compression.

Principal stresses:

R-r2

01=0, =——;
2 2
Rim —r

oy =0, =0;

Rr’
O3=0p=——"F—>.

2 2
Rim—r

According to the maximum shear stress theory under
complex stress state, the equivalent stress is:
Oev =01—03 <[0];
or
2-B-r?

Oekv = ,
RZZm —r?

N/mZ2. 8)

From Equation (8), the crumpling zone radius can be found:

2-R
Rzm=r'/ﬂ7m 9)
Oekv
Given the dynamic blasting action:
,2~K -B
Ry =T d—lJrGSkV,m, (10)
Oekv

where:

Kg — dynamic coefficient at blast loading, which is equal
to 2 [65].

Taking into account the conditions of triaxial rocks com-
pression cew < ..., We perform the necessary transformations
and obtain:

4.P

Ost

Rym =0.5-d- [1+ ,m, 11)

where:
d — the charging cavity diameter, m;
P, — explosion products pressure, Pa;
ost — ultimate compression strength of the rock, Pa.
According to [66], the detonation (explosion) products
pressure can be determined with sufficient accuracy as

p-D?

-

, Pa,

= (12)
where:

p — explosive density, kg/m?;

D — explosive detonation velocity, m/s.
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Having substituted Equation (12) into (11), we obtain:

Rym =05 1+ (13)

After the crumpling zone formation and with distance
from the explosive charge location, the compression stresses
from the shock wave action rapidly decay and at some dis-
tance become less than the compression strength of the rock.
Therefore, the rock ceases to destruct directly from the radial
stresses that compress it. The decrease in the radial stresses
impact leads to an increase in tangential stresses, which
stretch the rock in the annular directions. The shock wave
itself from the blasting action turns into a wave of stresses
with the formation of the next zone — fragmentation. In this
zone, the shear, tension and compression stresses act. That is,
elastic-plastic deformations occur in the rock. These stresses
form the next two zones — a zone of intensive fragmentation,
where compression stresses act, and a fracturing zone, where
shear and tensile stresses act. To determine the radius of the
intensive fragmentation zone, we use parametric scheme
shown in Figure 4.

Figure 4. Parametric scheme for determining the intensive frag-
mentation zone, which is formed around the charging
cavity when the explosive charge is detonated

To determine the intensive fragmentation zone radius Ry,
it is necessary to find the mechanical stresses o, which act
within the area Ss;, when exposed to pressure in the crum-
pling zone area Sy. The pressure in the area Sz, which acts in
the crumpling zone:
P, = L] , N/m2, (14)
S2

where:
F3 — force acting on the walls of the crumpling zone, ac-
cording to (14):

F3=P-S3, N, (15)
where:

S, — the area of the crumpling zone formed around the
charging cavity:
S, =7-R%,, m?. (16)

Stresses acting in the area Sz of the rock mass, around the
crumpling zone:
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o=Th Nm2, (17)
S3
where:

F4 — the force acting in the rock mass area S3 and directed
towards the walls of the crumpling zone according to (17):

F,=0-53,N, (18)

where:

S3 — the rock mass area in which stresses occur under the
action of pressure in the area S:
S3=7r-(R§—R22m),m2. (19)
The F4 force balances the P, pressure, which creates the

force F3, therefore, according to Newton third law, we equate
these forces F, = Fyand obtain:

2 2 2
aw.(Rd —Rzm): P, 7-R2,,
or

2
_ P2 ) Rzm

= N/m?.
2 2’
Rd - Rzm

(20)

Equation (20) is G. Lamé task formula for calculating
thick-walled cylinders [64]. To determine the equivalent
stress oew iN volumetric stress state, we will use the maxi-
mum shear stress theory.

Principal stresses:

2
I:)Z'Rzm
ST
d — "zm

oy =0, =0;

2
03 =0y =——PZZ Rzrzn :
R —Rim

A stress wave passes through the zone that is formed after
the crumpling zone, and elastic-plastic deformations occur in
the mass due to the action of stresses on compression, ten-
sion and shear. That is, after the shock wave transforms into
the stress wave, first, compression stresses act and a zone of
intensive fragmentation is formed. Then, after the stress
wave passes through the mass, fractures begin to form,
caused by tensile and shear stresses, after which a fracturing
zone begins to form.

Therefore, to determine the fragmentation zone, accord-
ing to the maximum shear stress theory, we find the equiva-
lent stress:

Oeckv =01 03 S[0] '

or
2P, -R2

ey = —5—a% , NIm2, (21)
d — Nzm

From Equation (21), the radius value of the intensive
fragmentation zone can be found:
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2-P,

Oekv

Ry =Ry - [1+ (22)

, m.

Given that the rock in the crumpling zone transfers the
pressure, which is created by the explosion products in the
charging cavity to the adjacent zone, a decrease in pressure
acting on the rock mass due to the increase in the contact
area [36] is determined by the Formula [58]:

P-r
P, = a7

N/m?2. (23)

zm
Having performed the necessary transformations, we ob-

tain the formula for determining the radius of the intensive
fragmentation zone:

p-DZ-d

-1+ ,
8-Rym -0t

(24)

To determine the radius of fracturing zone, we use para-
metric scheme shown in Figure 5.

Figure 5. Parametric scheme for determining the fracturing zone,
which is formed around the charging cavity when the
explosive charge is detonated

To determine the fracturing zone radius Ry, it is neces-
sary to find the mechanical stresses o, which act within the
area S4, when exposed to pressure in the crumpling zone area
S,. The pressure in the area S, which is formed in the crum-
pling zone, is determined by the Formula (14), and the force
acting on the walls of the crumpling zone, by the Formu-
la (15). The area of the crumpling zone formed around the
charging cavity is determined by the Formula (16).

Stresses acting in the rock mass area Ss around the crum-
pling zone:

o= Nme, (25)
S4
where:

F4 — the force acting in the rock mass area S4 and directed
towards the walls of the crumpling zone according to (25):
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Fs=0-S4, N, (26)

where:

S4—the rock mass area in which stresses act when the
pressure arises in the area S;:
s4=ﬂ-(Rt2 —Rzzm),mz. @7

r
The Fs force balances the P, pressure, which creates the

force F3, therefore, according to Newton third law, we equate
these forces F; = F5 and obtain:

2 2 2
o-7-(RE ~Rin | = Py R,
or

2
PZ ) Rzm

N/m?.
2 2’
Rtr - Rzm

(28)

O =

Equation (28) is G. Lamé task Formula [64]. To deter-
mine the equivalent stress oex for volumetric stress state of
the rocks, we will use the maximum shear stress theory.

Principal stresses:

2
_ I:)Z'Rzm .

2 2
Rtr - Rzm

oy =0, =0;

2
o3 =0y :——F;z Rzg‘ :
Rtr - Rzm

As it was noted before, a stress wave that passes
through the mass forms a fragmentation zone, in which a
zone of intensive fragmentation (the impact of stresses on
compression) and a fracturing zone (the impact of stresses
on shear) are formed. Therefore, to determine the fracturing
zone according to the maximum shear stress theory, the
equivalent stress is:

Oelw =01—03 <[],

or
2P, - R2

oy = 52, NIm2, (29)
tr — ™\zm

From Equation (29) the radius value of the fracturing
zone can be found:

2-P
Ry =Rgm - [1+ Z’m

Oekv

(30)

A decrease in pressure acting on the rock mass due to the
increase in the contact area is determined by the Formula (23).

As known from the elasticity and plasticity theory [67], if
the outer diameter of the cylinder is 4 times greater than the
inner diameter, and the calculations allow for a discrepancy
of up to 6%, then in this case the solution is not related to the
shape of the outer contour and the cylinder is in pure shear
conditions. Therefore, the shear calculation is performed.

Having performed the necessary transformations,
we obtain:
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.D2. _ Yoty
Rtr = Rzm ! 1+810RI3—d ’ ml (31) Ku - ;/0 ) (35)
“RNzm 7z

Having substituted Equation (34) into Formula (35),
a general formula can be obtained for determining the
compaction coefficient:

where:

7, — ultimate shear strength of the rock, Pa.

In the works [68], [69], it is indicated that the main char-
acteristics of the rock strength, such as the strength on com- 7o+0.1gH »+0.1H
pression, tension and shear are interrelated. Ky = Yo = y

(36)

7 =0.5{0t0ro; . Pa. (32) According to the theories of thermodynamics and energy,

rocks located at depth are in a compacted state due to the
acting gravity forces. As known, with increasing depth, the
strength of rocks increases due to a decrease in the rock
pores under the action of rock pressure forces. Therefore, it is
expedient to take into account the influence of rock pressure
forces in the obtained Formulas (13), (24) and (31) by intro-
ducing the rock compaction coefficient, which includes the
depth of mining. Formulas for calculating the radii of the
zones formed around the charging cavity, taking into account
the physical and mechanical rock properties, their compac-
tion under the action of the rock pressure forces and the en-
ergy characteristics of explosives:
— for crumpling zone:

The obtained Formulas (13), (24) and (31) allow calcula-
ting the radii of the zones of crumpling, intensive fragmenta-
tion and fracturing, which are formed around the charging
cavity, taking into account the energy characteristics of ex-
plosives, as well as the physical and mechanical rock mass
properties. But the disadvantage of these formulas is that
they do not take into account the rock pressure influence. To
optimize the parameters of technological processes during
underground mining of ores at different depths of mining, it
is necessary to know the initial stress-strain state of the vir-
gin rock mass. Therefore, to determine the initial stress-strain
state of the virgin rock mass, we use the provisions of thermo-
dynamic (V.F. Lavrinenko) [70]-[74] and energy (O.Ye. Kho-
menko) [75]-[82] analytical methods for calculating the state D2
of rocks around mine workings [83]. The compaction coeffi- R, =0.5-d- ’1+p'— .m; (37)
cient is chosen as the main parameter that is used when cal- Ky oyt
culating the initial stress state and physical and mechanical

properties of the rock mass, taking into account the depth: — for intensive fragmentation zone:
2
K, =22, (33) Ry =Ry fisLP 0 (38)
7o 8-Rym - Ky -0t
where: _ — for fracturing zone:
7o — specific gravity of rock or ore, N/m?;
2
Yo =7-9, NIM?, Ry = Ry - 1, pD7d m, (39)
8:Rym Ky -7
where:
y — rock or ore density, kg/m?; where:
g — gravitational acceleration equal to 9.81 m/s?; Ky — the coefficient that takes into account the rock com-
yo — compacted specific gravity of rock taking into  paction under the gravity forces action and corresponds to
account the rock pressure impact, N/mq. the condition K, > 1.
Analysis of studies performed by V.F. Lavrinenko has Depending on the genesis, the rock mass has a certain

revealed that for every 500 m with increasing depth in the  structure and texture, which is broken by systems of randomly
bowels of the Kryvyi Rih Basin, the density of rocks under  oriented fractures of the corresponding degree of opening.
the influence of gravity force increases by 50 kg/m®[70],  This leads to the fact that the strength characteristics of rocks
[84]. This is confirmed by the results of research on changes  in the sample and the mass have a significant difference. The
in the physical and mechanical properties of rocks and ores  decrease in the strength of rocks in the mass, which is caused
within the Ukrainian Shield (or Ukrainian Crystalline Mas- by fracturing, can be quantified by the coefficient of structural
sif) [85]. Having approximated the maximum values using  weakening of a mass [86]. Formulas (37)-(39) are used when
the Microsoft Excel program, an empirical dependence of the  performing blasting operations in monolithic non-fractured
change in the increment of the specific gravity of rocks 4y on  rocks. Therefore, to improve the accuracy of calculating the
the depth H of mining operations has been obtained. For the  radii of zones for fractured rocks, it is necessary to take into
mass of the Ukrainian Crystalline Shield, the increase in the  account their natural fracturing by introducing the coefficient
specific gravity of the rock influenced by gravity forces, of structural weakening of a mass into Formulas (37)-(39).

which depends on the depth of mining is: Formulas for calculating the radii of the zones formed around
the charging cavity, taking into account the physical and me-
Ay=01.g-H, N/m?, (34) chanicalgprc(\);pertiesy of rockgs, their fracturing, (?o%paction under
where: the action of rock pressure forces and the energy characteris-
H — depth of mining, m. tics of explosives:
Based on the above, the compaction coefficient can — for the crumpling zone:
be found:
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2
Ryn =05-d- 1+ — 20" . (40)
2-K, -Kg oy
— for the zone of intensive fragmentation:
2
Ry = Ry - J1+ p-D7d (41)
8-Rym - Ky -Ks -0yt

— for the fracturing zone:

2
Rir = Rm -1+ p-D°d
8-Rym - Ky Ky -7,

where:
K — the coefficient of structural weakening of a mass, which
can be calculated by one of the formulas given in Table 5.

(42)

Table 5. Methods for calculating the coefficient of structural weakening during breaking the rocks by blasting

Author, reference Formula Conventional signs
1 H — linear dimension of collapse, m; |- average
Ky=—— block size (chump), m; a — the coefficient, which
Fysenko H.L. [87] 1+ aInT— depends on the rock strength in the monolith and on

its fracturing, which is equal t0 0.5 — 10

Rats M.V. [88]

K, =0.08+ 0.92[E

e

VNDMI
(BNIP 11-94-80)

Ks=09atl>15m;
Ks=08at1l0<lk<1l5m;
Ks=0.6at05<k<1.0m;
Ks=0.4at01<lk<05m;

Ks=0.2atlt<0.1m

It — the distance between the fractures, m

1

Mosynets V.M., Ks I VY W — the line of least resistance, m; lsr — the average

Abramov A.V. [89] 1+0.250,, |nr distance between the fractures, m
sr
- . 1 . . )
Andriievskyi O.P., Ks =~ R. R — the radius of the fracturing zone in the mono-
Kutuzov B.M. 0.97+0.13- lithic mass, m
sr

Sdvyzhkova O.0.,

Shashenko O.M. [69]

Ky =1-\J05.7.¢9257

n — the coefficient of the rock mass strength variation

The numerical solution results of the obtained mathemati-
cal models for the zones are compared with the results of their
calculation by the known methods from the theories [47], [58].
This makes it possible to determine the discrepancy between
the calculation results, which do not exceed 1% for the crum-
pling and fracturing zones, and up to 9% for intensive frag-
mentation zone, which indicates a high reliability of the results
and the correctness of the obtained mathematical models.

The proposed theory can be used to calculate the radii of
the zones that are formed around the charging cavity during
blasting of an extended explosive charge, both in a mono-
lithic non-fractured and in fractured rock mass, taking into
account the rock pressure action when using an explosive
with different energy characteristics. The calculation results
of these zones will enable designing the rational parameters
for drilling-and-blasting operations, both during mine
workings [90]-[92], and when performing stope operations
associated with breaking the ores, according to different
layouts of the wells [93], [95].

4, Conclusions

1. The dependences have been determined for the formed
zones of crumpling, intensive fragmentation and fracturing,
which arise around the charging cavity in a monolithic and
fractured rock mass under its blast loading, taking into account
the physical and mechanical properties of the medium, the ener-
gy characteristics of explosives and the rock pressure impact.

2. The dependence of the crumpling zone has been ob-
tained, from which it follows that the radius of the crumpling
zone created during blasting of an extended explosive charge
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is directly proportional to the charging cavity radius and the
square root of the pressure, developed by the explosive deto-
nation products, and is inversely proportional to the square
root of the ultimate compression strength of the rock, com-
paction coefficient of the rock and coefficient of structural
weakening of a mass.

3. It has been found that the radius of the intensive frag-
mentation zone during blasting of an extended explosive
charge is directly proportional to the crumpling zone radius
and the square root of the pressure of the explosive detona-
tion products and the charging cavity diameter. At the same
time, it is inversely proportional to the square root of the
crumpling zone radius, ultimate compression strength of the
rock, compaction coefficient of the rock and coefficient of
structural weakening of a mass.

4. The dependence of the fracturing zone radius during
blasting of an extended explosive charge has been obtained,
which is directly proportional to the crumpling zone radius
and the square root of the pressure of the explosive detona-
tion products and the charging cavity diameter. At the same
time, it is inversely proportional to the square root of the
radius of formed crumpling zone, the ultimate shear strength
of the rock, compaction coefficient of the rock and coeffi-
cient of structural weakening of a mass.
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KUX HOPiJ pu foro BUOYXOBOMY pyHHYBaHHI, IO 3aIeXaTh Bif (Qi3NKO-MEXaHIYHHUX BIACTUBOCTEH MacHBY, CHEPreTHYHUX XapaKTEPUCTHK
BUOYXIBKH Ta il ripCbKOT0 TUCKY, PO3POOJICHi 3a 1OMOMOr0i0 METOAY MaTeMaTHIHOTO MO/ICTIOBAHHSI.

Pe3yabTaTu. 3a pe3yapTaTaMyd MaTeMaTHYHOTO MOJICTIIOBaHHS Oii BUOYXY y TBEPAOMY CEpEIOBHII OysI0 po3po0IeHO MaTeMaTu4Hi MO-
JeNi YTBOPEHHSI 30H 3MHHAHHS, IHTCHCHBHOTO MOJAPIOHEHHS Ta TPIiLIMHOYTBOPCHHS, siKi (POPMYIOTBCS HABKOJO 3apsAHOI HOPOKHUHH Y
MOHOJITHOMY a00 TPINIMHYBaTOMY MacCHBi TipCBKHX MOPiJ.

HaykoBa HoBu3Ha. BiOyxoBe pyliHyBaHHsS MacHBY IipChKHX MOPIJ peani3y€eThCsi 3a CTCIICHEBUMH 3aKOHOMIPHOCTSIMH yTBOPEHHSI 30HH
3MUHAHHS, IHTEHCUBHOTO NOJPiOHEHHS Ta TPIIIMHOYTBOPEHHS, B SIKI KOMIUIEKCHO BPaxoBaHO (i3MKO-MEXaHIUHI BIACTHBOCTI CEpeOBHIIA,
EHEPreTHYHI XapaKTePUCTHKU BHOYXiBKH Ta JIiI0 TiPCHKOTO THCKY.

IIpakTnyHa 3Ha4yuMicTh. BUKOpHCTaHHS pe3yNbTaTiB PO3paxyHKy NMPH MAaTeMaTHYHOMY MOJCTIOBAHHS PajiycCiB 30H 3MUHAHHS, IHTCH-
CHBHOTO MOJPiOHEHHS Ta TPIIIMHOYTBOPEHHS Y MACHUBI MOPiA HABKOJIO 3apsIHOI MOPOKHUHH, JO3BOJIE BU3HAUUTH PAIliOHAJIbHY BiJICTaHb
MDK IIMYPOBHMH 3apsiiaMH y TMacmoprax OypomiApHBHUX pOOIT, a TaKOK PO3PaxOBYBaTH JIiHII0 HAWMEHIIOTO OMNOpPY AJS MPOEKTYBAaHHS
MacoBHX BHOYXiB.

Knrouosi cnosa: macus nopio, 3apsOHa nopojicHuHa, 8UOYX06a pewo8UHA, 30HA NOOPIOHEHHS

HoBas TEOpHUud pa3pyuicHust MaCcCMBa MOPOJX B3PbIBOM

M. Kononenko, O. XOMEHKO

Leab. Pa3zpaboTaTh HOBYIO TEOPHIO Pa3pyIIEHUS TTOPOA B3PHIBOM ITyTEM OIHCAHMS MPOIECCOB (POPMHUPOBAHUS 30H PA3IUYHOTO COCTOS-
HUSI MAacCHBa BOKPYT 3apsAHOH MOJIOCTH.

Metoauka. Hoast Teopusi pa3pylieHHs: MacCHBa IIOPOJ B3PHIBOM pa3pabaThIBanach Ha OCHOBE MCIOJIB30BAaHUS OOIIEH3BECTHBIX 3aKO-
HOB TE€OPUH YHPYTOCTH M OCHOBHBIX ITOJOKCHUH KBa3MCTaTHIECKO-BOIHOBOI TUIIOTE3bI MEXaHU3Ma pa3pyIlIeHUs] TBEPAOH cpeasl Mo Aei-
CTBHEM B3pbIBa. MOJIENH 30H CMSTHS, THTEHCHBHOTO JPOOJICHHS ¥ TPEIMHO00pa30BaHus, KOTOPbIe BOZHUKAIOT BOKPYT 3apsIHOM IIOJIOCTH B
MAacCHBe TOPHBIX MOPOJ IIPH €r0 B3PBIBHOM Pa3pyILCHUH, 3aBUCAT OT (PU3MKO-MEXaHHYECKHX CBOWMCTB MAcCCHBA, SHEPIreTHUECKHUX XapaKTe-
PHCTHK B3PBIBYATOTO BELIECTBA M ICHCTBUS TOPHOTO JIABJIECHHs, pa3padoTaHbI ¢ MOMOIIBIO METOIa MATEMAaTHIECKOT0 MOIEIUPOBAHHSI.

PesyasTatsl. [To pe3ynbrataM MaTeMaTH4eCKOTO MOJICINPOBaHMs AEHCTBYS B3phIBAa B TBEPIOH cpele ObUIH pa3paboTaHbl MaTeMaTHue-
CKH€ MOJEIH 00pa30BaHUS 30H CMSTHS, HHTCHCHBHOTO JIPOOJICHUSI M TPEIIMHOOOPa30BaHMUS, KOTOPhIE (OPMHPYIOTCS BOKPYT 3apsiiHOI
MOJIOCTH B MOHOJIMTHOM HJIH TPEIMHOBAaTOM MacCHBE TOPHBIX MOPO/I.

Hayunasi HoBU3HA. B3pbIBHOE pa3pylIeHne MacCHBa TOPHBIX HOPOJ] PeaIn3yeTcs CTEHEHHBIMU 3aKOHOMEPHOCTAMH 00pa30BaHUs 30HBI
CMATHS, UHTEHCUBHOTO APOOJEHHUS M TPEIMHOOOPa30BaHMS, B KOTOPBIX KOMIIIEKCHO YYTEHBI (PM3MKO-MEXaHHIECKHE CBOMCTBA CpEIHI,
SHEpreTHYEeCKUe XapaKTePUCTUKH B3PBIBYATOTO BEIECTBA U ACHCTBIE TOPHOTO TaBJICHHSI.

IIpakTHyeckasi 3HAYMMOCTB. VICrIoaIbp30BaHNe pe3yIbTaTOB pacueTa IpH MaTeMaTHYECKOM MOJICIIMPOBAHUH PaJyCOB 30H CMATHS, MH-
TEHCHUBHOT'O JPOOJIEHUS U TPEINHOOOPa30BaHUs B MAaCCHBE IOPOJ BOKPYT 3apsHOM IIOJIOCTH, NO3BOJISIOT ONPEIEIUTh PallMOHATIbHOE pac-
CTOSIHME MEXIY 3apsilaMy B IIaCIOPTax OypOB3PBIBHEIX paboT, a TAKXKE pacCUUTaTh JIMHHUIO HANMEHBIIETO CONPOTHBIICHUS JUISl TIPOSKTHUPO-
BaHMS MAaCCOBBIX B3PBIBOB.

Kniwouesuwie cnoga: maccus nopoo, 3apaonas noiocmo, 83puleuamoe 6eujecmso, 30Ha OpooaeHus
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