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Abstract

Purpose. The research aims to assess the efficiency and performance of solid media destruction in directed blasting of a
charge with variable cross-sectional shape.

Methods. Numerical modelling of the blast wave interaction process is performed using the finite element method based on
the Euler-Lagrange algorithm. The Johns-Wilkins-Lee equation of state is used to determine the pressure-volume dependences
of medium destruction. Assessment of solid medium destruction mechanism during a directed blasting of a charge with varia-
ble cross-sectional shape is carried out based on polarization-optical method on models made of optically active material.

Findings. Experimental studies of solid medium destruction by the action of directed blasting with a variable cross-section
charge made it possible to determine the direction of blast wave propagation and its amplitude in stress wave, influencing the inten-
sity of radial crack network formation in superposition areas, and directed perpendicularly to explosive cavity. At the same time, the
average peak pressure in collision zone of two shock waves in centre of spherical cavity is approximately 1.48 and 1.84 times higher
than that in weakly blast-loaded areas. It has been found that when two shock waves collide and superimpose on each other, the
intensity of their impact increases. Moreover, the shock wave velocity in collision zone is higher than that of the radial shock wave.

Originality. It has been determined that the maximum pressure values on the explosive cavity wall at the initiation points
sharply increase and then gradually stabilize as the blast stress waves propagate and have an arbitrary distribution pattern.
Three areas should be considered: not superimposed, weakly superimposed, and strongly superimposed. At each point of deto-
nation, the pressure on explosive cavity wall will be minimal, while in the charge centre in the spherical insert zone, on the
contrary, it will be maximal. In this case, the pressure in the central superposition area is about 2.84 times greater than at the
initiation ends, and the nature of distribution changes according to a linear dependence.

Practical implications. The performed research findings can serve as a basis for development of effective parameters of
resource-saving methods for stripping hard rocks of complex structure in the conditions of ore mines.
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1. Introduction placement of explosive charges (explosives) in rock mass,

The destruction efficiency of rocks with complex struc-  taking into account anisotropy of its physical-mechanical
ture, which include uranium deposits of Ukraine, can be  Properties, st_ructural pecu_llarltles and fracturlng_, substantl_a-
based on following unconventional technologies: thermal ~ tion and choice of explosive type, etc. Addressing these is-
loading, influence of high energy particle flows. However, ~ SUés will rgduce the output of c_rushed fractions and oversize,
the use of blasting energy remains an effective way to pre- @ Well as increase mineral mining. o
pare rock mass in underground mining, iron and uranium _This makes it possible to increase the efficiency of
ores. Blasting in uranium ore mining should ensure sufficient ~ drilling and blasting operations and reduce the negative
volumes of rock mass for processing, economic efficiency ~ Impact on the environment. The latter is of particular im-
and environmental safety of mining operations. To solve this ~ Portance when mining subsurface reserves of deposits in
problem, it is important to provide a detailed substantiation ~ Protected areas (housing and industrial infrastructure). There-
for choosing rational parameters of blasting operations, ~ fore, an important social and practical task that requires re-
which should consider many factors. Complex of required ~ SPonse and effective decision-making is the development
measures includes the following aspects of problem-solving: ~ @nd implementation of modern seismically safe drilling and
organization of drilling and blasting operations, rational  blasting technologies.
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One of the effective ways to control rock crushing is to
determine the rational construction and diameter of borehole
charges, as well as its placement in the rock mass with a
complex structure [1]. Therefore, the issues of seismic safety
are most relevant at long-operating mining enterprises,
where, due to expansion of the mining block borders in ore
deposits, mining operations are close to industrial, residential
buildings and structures. At the same time, significant vo-
lumes of rock mass and massif have been extracted from
subsoil, which is located around the mine workings of ope-
rating block. Rock mass is exposed to high compressive
stresses that increase with depth. High stresses contribute to
occurrence of rock impacts and technogenic seismic disturb-
ances (earthquakes) [2]. This is particularly the case with
iron and uranium ore deposits mined in Ukraine, which are
concentrated in complex deposits. They also include fields
with deposits under water massifs with deposits of submarine
landslide structure, zones of shallow tile stratification under
industrial and civil constructions. It should be noted that the
efficiency of mining in such fields depends largely on their
structure, physical-mechanical properties of rocks and pa-
rameters of drilling and blasting operations, given the seis-
mic impact of blast on protected objects. This is confirmed in
the paper [3], which analyses studies of the seismic activity
of blasts and their destructive impact on urban and social
buildings during mining of upper horizons at depths of more
than 330 m (for example, Central deposit of uranium ore,
Kropivnitsky). And given that these ore bodies and rock
masses have anisotropic structure, the mining of these hori-
zons caused difficulties due to different rock properties,
structure and fracturing. These factors have a major influence
on seismic vibration propagation pattern in different direc-
tions from the blast site (along the strike and across the strike
of ore deposit) [4].

The development of computer technologies has made it
possible to develop mathematical models and calculation
methods, as well as to substantiate possible disturbance pa-
rameters in underground and surface structures under the
influence of seismic waves caused by underground blasts,
vibration and earthquakes. Studies have shown that when
assessing the development of geomechanical and seismic
processes during dynamic loading of block structured rock
mass, it is necessary to consider its structure as a system of
nested blocks with different scale levels. Blocks are connect-
ed by interlayers consisting of weaker fractured rocks [4].
These mass peculiarities should be included in mathematical
models. Dynamic behaviour block medium can be described
as movement of rigid blocks due to yielding interlayers be-
tween them. The calculation model can serve as a mass grid
connected with each other by springs and dampers. Finite-
difference solution to the problem of dynamic impact on
surface of a buried borehole charge explosive cavity (in
blocky medium) is obtained within the framework of two-
dimensional model. By taking into account the mass struc-
ture, its physical-mechanical properties and fracturing, the
authors in the papers [5]-[7] developed a mathematical model
for substantiation of charge location in the block.

Many theoretical [8] and experimental [9] studies have
been devoted to the research of seismic blast impact on mine
workings, as well as civil and industrial objects [7]. Research
was conducted by scientists of scientific centers of Ukraing,
near and far abroad [10]. Most used parameter, which is
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fixed experimentally and determined theoretically, is the
velocity of oscillations (landslides) in the mass of protected
object [9]. However, it is known that duration of different
dynamic or other loads on mine workings, civil and industrial
objects has a significant impact on the ultimate strength
characteristics [11], [12], as well as degree of deformation and
destruction of rocks influenced by seismic blast waves [13].

Paper [14] shows that for substantiation of effective pa-
rameters of drilling and blasting operations it is expedient to
apply mathematical and computer modeling tools, which
will enable to assess the results of blast action and optimize
blast parameters. The author in [15] proposes a methodology
for calculating seismically safe and optimal geometric pa-
rameters for location of blast holes in a block (well grid),
and deceleration intervals when using lower and upper deto-
nators inside borehole explosive charges. These charges
cross rock mass, separated by karst cavity, which makes it
possible to ensure qualitative destruction of karsted masses
and reduce oversize yield.

It is known that when cylindrical explosive charges are
detonated, seismic blast waves excite vibrations on open
surfaces of working and non-working benches, quarry walls,
mine workings, mining blocks at mines, industrial and resi-
dential buildings, as well as different structures on the sur-
face and in depth of the mass.

Under action of detonation and shock waves, a field of
stress waves is formed in the rock mass. The nature of stress
waves and propagation direction depend on position of ex-
plosive charge initiation point. This has an impact on quality
and efficiency of rock crushing.

The following variants of initiation point location are
used: forward, reverse and towards each other [16]-[19].
Moreover, the explosive detonates completely in a short
period of time. Therefore, it is necessary to study wave pro-
cesses of the blast and stress field distribution for explosive
located in charge column of variable cross-section and initiated
from both ends. The influence of initiation point location on
the blast effect can be studied by physical tests on block model
samples and numerical modeling of explosion processes in
such a charge. Zhang et al. [20]-[22] proposed a blast initiation
method using several techniques based on the principle of
shock wave collision at collision points. Wave interaction
effect can be used to form a shielding zone at ore stripping
sites in ore deposit chamber. This can reduce seismic impact
of blast waves on protected objects located on the surface.

Research results show that process of medium destruction
under tension and compression can be modeled using the
finite element method. In this case, the influence of different
positions of initiation points on blast results is assessed using
an experimental bench. Gao et al. [23], [24] studied effects of
rock crushing at different initiation points and found that the
blast impact on the destructed medium at lower initiation
point is 61.3 less than at upper one. Miao et al. [25], [26]
propose a new method called symmetric bilinear point initia-
tion system using the principle of shock wave collision. It
has been determined that this effect increases rock crushing
quality. Haeri et al. [27] studied the influence of crack posi-
tion on destruction trajectory of double-fractured beam spec-
imens taken from bridge spans.

The problem between tiered collapse of overhanging roof
can be effectively solved by multi-point initiation. Leng et
al. [28], [29] analyzed the tensile and shear destruction zones
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in blasted media under different initiation modes. Results
show that in practical blasting operations, the space distribu-
tion of blast energy can be controlled by varying number of
initiation points. I.A. Onederra et al. [30] propose a hybrid
model of a stressed blast and combined it with experimental
results, thus indicating that disturbance range of blast hole
bottom is much smaller than its mouth when initiated from
below. Liu et al. [31] developed and designed tensile and
compressive damage models using the finite element me-
thod, and then assessed the influence of different initiation
point positions on the solid medium destruction using an
experimental bench. To study blast wave field, Zuo et
al. [32], [33] analyze characteristics of blast shock wave
propagation and gaseous detonation products when a cylin-
drical charge is initiated at its end and center. They have
found that range of medium destruction at each initiation
mode is about five times of explosive cavity diameter. Au-
thors analyzed parameters that describe blast waves during
the blast action in a dispersed charge. Yang et al. [34] studied
blast wave field propagation when blasting shaped charge
and obtained characteristics of blast shock wave formation in
frontal and vertical directions. They have determined that
blast shock wave intensity in frontal direction is 2.3 times
higher than shock wave intensity in vertical direction.
Gerasimov et al. [35] use the polarization-optical method to
study shock wave formation as a result of blasting. Authors
obtained a reference for observing blast shock wave propaga-
tion in space, made energy assessment and determined pa-
rameters. This study uses the principle of two oppositely
propagating shock waves colliding from explosive charge
detonation to obtain a structural diagram of main characteris-
tics of shock wave collision using Hugoniot curves. Experi-
ments use a high-speed experimental system, which includes
a model made of optically active material (organic glass),
along length of which the explosive cavity is drilled. Explo-
sive material is then placed in cavity and initiated from ends.
Shock wave collision process and impact wave formation in
whole explosive cavity were investigated. A mechanical
model of shock wave collision with the explosive cavity wall
was developed and force fields of stresses in explosive cavity
collision area were analyzed. A simulation model was creat-
ed, development processes of maximum stress fields and
damage to specimen were analyzed, and dependences of
pressure distribution on explosive cavity walls were plotted.

Thus, new effective methods of drilling and blasting op-
eration management, aimed at reducing negative impact on
protected surface objects and main mine workings, increa-
sing mining intensity, reducing oversize output, ore deple-
tion, using effect of rock destruction by blasting the
explosives charge of variable cross-section with initiation
from both ends at the end of borehole, are still relevant to-
day. All this contributes to the change in the direction and
focusing of stress waves on the walls of blast hole
in the shock wave collision zone (with subsequent propaga-
tion of radial cracks deep into the mass and formation
of a protective zone in the ore deposit block in the contact
zone between blast chamber and backfill mass). Such ap-
proach allows a reasonable choice of effective parameters of
spatial location of explosive wells (diameter, length, and
distance between wells in a fan and between fans) in a pro-
duction block of the ore deposit and to correct drilling
and blasting operation parameters.
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2. Methods

Previous studies have determined that stresses and parti-
cle velocity on the collision surface, as well as the stress state
at the collision of two shock waves in a point of spherical
surface location corresponds to intersection of Hugoniot
p-u curves [16], [36].

The Hugoniot curve of a shock wave can be described
by Equation:

P = poCo (u=to )+ pos(u—p )", @)

where:

Co —is a sound velocity in the medium, m/s;

s — empirical constant;

u — particle velocity, m/s;

Uo — initial particle velocity, m/s;

po — initial density, kg/m®,

At initial moment of time up = 0, and for the left (S1) and
right (S2) shock waves propagating towards each other, the
following can be written, respectively:

posu® + ppCou—R =0 ; )
poSUz +p0COU—P2 =0. (3)
From Equations (2) and (3) we obtain:
—Co++CE +4sR,
Ul = , (4)
2s
—Co++|CG +4sP, -
Up = .
2s

When shock waves S; and S, pass through P =0, Hu-
goniot curves can be expressed as follows:

(6)

PZ =p0C0(2U2—U)+p05(2U2—U)2 . (7)

Based on superposition curve, particle propagation velo-
city us at the point of intersection and collisions of shock
waves is expressed as follows:

R = poCo (2u, ~u)+ pos(2u —u)’;

(®)

Pressure P; at interface can be obtained by substituting
Equation (8) into Equations (6) and (7):

P3 = /DOCO (2u1 —U3)+p05(2Ul —U3)2 X
P3 _(Pl + P2) B —2,00U2 (CO +SU1) .

U3:U1+U2.

©)
(10)

According to Equation (3), uz<0 and Co+ Su; >0.
Therefore, Equation (10) takes form:

P3 >(F?|_+P2). (11)
In particular, when P; = Py, u1 = -up, uz3 = 0:

After shock waves collide, intensity of resulting shock
wave on inner collision surface (spherical insert) exceeds
sum of two shock wave intensities instead of simple linear
superposition. Figure 1 shows convergence and summation
of shock waves during explosive detonation from both ends.

Total energy Er of explosive consists of potential energy
Epr and kinetic energy Ex [37].
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Figure 1. Interaction of shock waves at counter initiation in variable cross-sectional charge

In terms of energy conservation we have:
P 1
y-1 2

Er = Ep +Eg (13)
where:

y — adiabatic coefficient;

first summand — potential energy (pressure energy);

second summand — Kinetic energy.

Pressure energy contributes to rock destructive ability.
When two shock waves move towards each other, particle
velocity on inner surface of collision-spherical insert
us=up; + Uz =0, and pressure increases to Ps. According to
equation of energy conservation, kinetic energy is converted
to potential energy as particle velocity decreases and ability
to destroy rock increases.

Blast waves transmitted in opposite directions form a high-
intensity shock wave. In collision superposition area, superim-
posed explosive shock wave has a linear shape (Fig. 2).

Explosion shock wave
collision superposition region

Direction of detonation wave

Figure 2. Scheme of blast shock wave collision area during deto-
nation of a variable cross-sectional charge

In this case, intensity of the superposed shock wave on
collision surface exceeds the sum of two shock wave intensi-
ties after their head-on collision. Superimposed shock wave
on collision surface acts on the explosive cavity wall, in-
creasing damage. Figure 3 shows interaction between blast
shock waves and explosive cavity wall.

As illustrated schematically in Figure 3, shock waves propa-
gate towards each other at an angle a. Angle between front of
each shock wave and blast hole wall is equal to . Pressure
angle on blast hole wall subjected to shock wave loading is .
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Figure 3. Superimposed blast shock wave acting on explosive
cavity walls

Connection between the angles a, £ and ¢ is as follows:

6:90°—,8:90°—%a. (14)

After explosive detonation, blast waves from both ends of
the variable cross-sectional charge are compressed and form
90° angle of incidence to explosive cavity wall in loaded area.

Let o be a stress state at any point. Let oo1 (compressive
stress) and ou (tensile stress) be the stresses generated by
shock wave from the right side of explosive cavity walls.
Then, the stress formed by shock wave from the left on ex-
plosive cavity walls will be denoted as oo, (compressive
stress) and or (tensile stress), respectively. Based on condi-
tions of stress displacement, stress state on explosive cavity
wall in finite displacement area is characterised by compres-
sive g¢ and tensile oy Stresses.

The stress state in displacement area can be represented
in vector form:

2 2 .
oy :\/|O'€1| +|692| +2|091||O'92|C03(091,092)v
(15)

ov = loul’ +lowa +2Joullorz|cos oy oz )

In a continuously acting blasting, blast wave stresses
from both sides have the form co1 = o2 = 0o, o1 = 012 = 6.
Consequently:

o =\[2logl’ +2log [ 005(g.05 ):

oy = \/2|0't|2 + 2|O't|2 COS(cT‘t, ;t)

(16)
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The blast shock wave propagating to left is taken as an
example (Fig. 4).

Sh2 gy

Figure 4. Calculation of stress at superposition of a blast shock
wave propagating to the left

The left shock wave forms an incidence angle ¢ with ex-
plosive cavity wall (Fig. 3). The right shock wave forms a
similar incidence angle. In addition, it can be concluded that:

cos(o-?l,o-jz)zcos(ﬂ—w):cosa. (17)
Substituting Equation (17) into Equation (16), we obtain
dependence between imposed and incident stresses:

Og =+J2+2C0sa-0y;
oy =42 +2c0sa oy,

where:

a — is the blast wave main part angle.

Intensities of superimposed and maximum stresses,
which are related to blast wave transmission angle, according
to experimental data, have the following dependences:
a=60°, oy =4[305 and oy =,[3c; . Numerical modeling
of blast wave interaction is performed by the finite element
method using LS-DYNA software. The Lagrange-Euler
algorithm is used to reduce the calculation error due to com-
putational grid distortion (which is associated with large
deformations and displacements during modeling).

The Jones-Wilkins-Lee equation of state is used to model
the dependence between pressure and destruction volume of
a solid medium [38]:

(18)

P= A[l—ﬁje‘RlV + B[i—ﬂJe‘RZV + 9B (19)
R R, \Y
where:

P — pressure, Pa;

V — relative volume;

Eo — initial internal energy density;

R1, Ro, A, B and @ — defined constants.

In particular: R; =4.8, R2=1.2, @=0.3, A =405 GPa,
B =0.43 GPa, Pc; = 11.8 GPa.

In this study, the impact of counter blast waves on orga-
nic glass or polymethyl methacrylate (PMMA) models is
simulated. The material characteristics of organic glass plate
are: density — p = 2.53 g/cm?; shear modulus — G = 0.304 GPg;
total strength parameter — A =0.93; fracture resistance pa-
rameter — B = 0.088; fracture strength parameter — M = 0.35;
strength index — N = 0.77; elastic limit — Heg. = 0.0595 GPa;
strain rate — C = 0.03; failure criterion — Fs = 0.8.

Table 1 shows PMMA dynamic and physical-mechanical
characteristics.

Destruction of solid medium (material) as a result of plastic
strain accumulation is determined by the Formula [39], [40]:

p
D=y2

(20)
AEP
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Table 1. PMMA dynamic and physical-mechanical characteristics

Parameters Value
Poisson’s ratio 0.31
Modulus of elasticity (GPa) 6.1
Transverse wave velocity (m/s) 1260
Longitudinal wave velocity (m/s) 2320
Optical constant (m?/N) 1.08-10°1°
Density (kg/m?) 1230

In Equation (20) are next parameters:

AeP —accumulated plastic deformation during loading;

AePs— plastic deformation during destruction under the
action of pressure P.

HYPERMESH preprocessing software is used to create
the model, partition the grid, develop an algorithm and set
the modelling boundary conditions. A triangular grid is used
in the calculations, and different detonation points are set
according to the coordinates (Fig. 5).

Figure 5. Model schematic and finite element grid fragment with a
variable cross-sectional charge initiated from both ends

To study the nature of colliding shock wave propagation
in solid media from a directed blasting of an explosive
charge with a spherical insert in the center, stress wave ge-
neration, propagation and fracturing, tests are conducted
using bulk and flat PMMA models (Fig. 5).

PMMA has dynamic characteristics of brittle fracture and
the same dynamic characteristics as rock (Table 1) [41]-[43].

Several series of experimental studies are foreseen by the
methodology. One part of experiments was conducted using
volumetric models with the size of 200x200x150 mm and
the other on flat models with the size of 200x200 mm and
thickness of 40 mm. For the first series of experiments, an
explosive cavity with a diameter of 6-7 mm was drilled in the
center of the 200x200x150 mm volumetric model (Fig. 6).

In explosive cavity (Fig. 6), a section of variable cross-
sectional charge is formed with a spherical insert placed in
the centre. Then, in portions along the column of the explo-
sive cavity, an explosive charge with a mass of 1.0 g of ex-
plosive — explosive composition (EC) consisting of PETN +
SRF (solid rocket fuel) [44] —is formed with the following
calculated and experimental data of its characteristics: deto-
nation velocity Dexp = 4990 m/s, pressure on explosive cavity
walls P.=2.81 GPa, heat of explosion Q =49100 kJ/kg,
density pexp = 995 kg/m®. In the mouths of the explosive
cavity end parts, warheads are placed, which are switched to
the explosive circuit by a non-electric initiation system (NIS)
of the ERA type, connected to the detonator and capacitor
explosive device (CED) [45].
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50 mm
> <
200 mm

150 mm

Figure 6. Scheme of experimental model

Figure 7 shows a stand with a high-speed recording sys-
tem of experiments [46], [47]. Thus, a platform with a testing
machine and a model 4 is first placed on a flat horizontal
surface of a stand, whose location corresponds to optical line
of a passing light beam emitted by a laser 1 of AMPHOS
type through a beam expander 2 and a lens 3 for scattering
the light beam from one side and a focusing lens 6 in the
field of view of the high-speed camera lens 7 of i-SPEED7
type from the other side, which records the process with
velocity of 100000 frames per second.

it

Figure 7. Scheme of experimental stand with high-speed system of
experiments registration: 1 — laser; 2 — beam expander;
3, 6 — focusing lenses; 4 — testing machine platform with
a model; 5 — process image; 7 — high-speed video camera;
8 — computer

During the experiment, detonator initiates the explosive
substance — ten + SRT from both ends, and the light beam
emitted by the laser 1, passing through the light beam ex-
pander 2 with its parallel flow passes through the lens 3 and
further, falling on the model, the image 5 is obtained. The
obtained model loading process image 5 is projected on fo-
cusing lens 6 and recorded on speed camera 7. The recorded
information is transmitted to PC, where using software is
processed and saved to hard disc.

The second series of experiments studied the character of
explosive crack propagation after detonation of explosives in
a variable cross-sectional charge from both ends. PMMA s
used as a material for the models (Fig.8). The model
is 200 mm long and 200 mm wide and 40 mm thick. The
explosive cavity is 100 mm long and 6 mm in diameter.
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Figure 8. Scheme of experimental model

The explosive used is an explosive composition (EC)
consisting of PETN + SRF in a proportion of 80:20%, and
two initiation points are installed at both charge ends.

3. Results and discussion

Based on the results of numerical modeling, the distribu-
tion of maximum Mises stresses during explosive detonation
in a variable cross-sectional charge at both ends has been
determined (Fig. 9). The stress field intensity is shown in
different colors in the Figure. Before the superimposed shock
wave collision, the Mises stress wave form is triangular and
propagates mainly along the charge cross-section and in the
radial direction. At t=10 ps, the maximum stresses are
formed in the center of the explosive cavity together with the
shock wave convergence — the inner surface of spherical
insert. Stress intensity at the superposition reaches a maxi-
mum. At t =15 pus in the superimposed area, the maximum
stress with higher intensity is diamond-shaped.

Besides, based on the modeling results, the average val-
ues of crack radius of the medium destroyed by blasting of
the explosive charge around the explosive cavity have been
obtained (Fig. 10).

The numerical modeling results (Fig. 10) are consistent
with the experimental results and show that large-scale radial
cracks start to form in the central area starting from t = 12 ps.
A significant crushing zone is observed around the explosive
cavity under the effect of high dynamic load from the explo-
sive charge detonation, and cracks start to appear at the ex-
plosive cavity face. Due to the high dynamic load caused by
superposition (superposition of blast waves in the spherical
insert zone), the crack development radius at beginning of
superposition is large, which is in accordance with modelling
test results. After 24 us, crack propagation width in the su-
perposition area decreases.

Analysis of experimental results (Fig. 11) shows that large
radial cracks are formed on the explosive cavity wall in the
superimposed area from both ends of charge detonation, and
widths of radial cracks differs. Crack width in high dynamic
loading area is approximately 3 times larger than in the weak
loading area. This is 11 times the diameter of the explosive
cavity and about 5 % longer than its length. Such difference is
due to the detonation products superimpose on each other and
form a branched fracture zone. The crack width decreases with
the weakening of the stress wave caused by the blast action.
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Figure 10. Average value of crack radius at destruction of the medium around explosive cavity
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Figure 11. Experimental modelling results on explosion blast
crack formation in a variable cross-sectional charge

After detonation at the initiation points, each peak pres-
sure value on the explosive cavity wall increases rapidly and
then gradually stabilizes as stress waves propagate. At each
detonation point, the pressure on the explosive cavity wall is
minimal and 190 MPa is peak pressure. Pressure on the ex-
plosive cavity wall is maximal in the charge center, in the
zone where the spherical insert is located, with peak pressure
amplitude of 540 MPa (Fig. 12).
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Figure 12. Pressure distribution on the explosive cavity wall near
the supposition area

Analysis shows (Fig. 12) that pressure on the explosive
cavity wall increases gradually as distance from the mea-
surement point to centre decreases. Superposition area of
the explosive cavity wall increases significantly in the
range of 5 mm from the centre and amounts to 5% of the
total charge length.

According to results of high-speed video recording of
model destruction process with an elongated variable cross-
sectional explosive charge, initiated from both ends, the
kinograms have been made, presented in Figure 13.
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Figure 13. Results of video recording the process of variable cross-sectional explosive charge detonation from both ends of the explosive cavity

t=25us

After detonation of the explosive composition — PETN +
SRF from electric impulse at time t =5 pus, two groups of shock
waves are formed, which propagate with a velocity of 4900 m/s
along the charge column towards each other at an angle a rela-
tive to the axis of charge, both in radial and axial directions.

After 13 ps, the blast waves from both sides collide in the
explosive cavity center in the spherical insert zone, superim-
pose on each other and focus with increasing intensity. Fur-
ther, under the influence of focused flow of gaseous detona-
tion products (plasma) on the inner surface of spherical in-
sert, in direction of charge cavity side surface, there is a
rupture of its integrity with increase of volume and formation
of elliptical-shaped cavity in radial direction (t = 20-25 ps).
It has been determined that the velocity of combined shock
wave in collision area is higher than that of radial shock
wave, which is higher than the axial shock wave velocity.
Average value of angles at collision (superposition) of con-
verging blast waves, a, is 60°. After collision and superposi-
tion of the blast waves, it takes a pear-shaped form, which
persists throughout the expansion process (t=20-40 us).
Under the action of these loads, the model is completely
destroyed. Given research results confirm the operability of
proposed construction of an explosive charge of cumulative
action for the intensive formation in a destructive medium of
a system of directed radial cracks perpendicular to the sur-
face of the charge cavity.

Based on the performed research results of physical and
numerical modelling to substantiate the construction of bore-
hole variable cross-sectional charge with cumulative action,
the method of its formation has been developed [48], which
is implemented in resource-saving and seismically safe
method of rock stripping in ore deposit, the scheme of which
is shown in Figure 14 [49]. Industrial tests of rational param-
eters for drilling and blasting operations of the developed
method were conducted during large-scale blasts in the pro-
duction block 1b-1-1t of Inhulska Mine, central deposit of
SE VOSTGOK. During the large-scale blast, seismic vibra-
tions of daylight surface at protected objects were measured,
which did not exceed safe levels according to National
Standard DSTU 4704:2008. “Provedennia promyslovykh
vybukhiv. Normy seismichnoi bezpeky” [50] and DSTU
7116:2009 “Vybukhy promyslovi. Metody vyznachennia
faktychnoi seismichnoi stiikosti budynkiv i sporud” [51].

t=30ps
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Figure 14. Scheme of hard rock stripping method in the ore
deposit production block

The proposed method provides by improving the opera-
tion of explosive charges in drill rings to destroy the ore
deposit in the block, uniformity in the crushing of hard rocks,
a reduction in the ore dilution, seismic safety of blasting
operations in areas with developed infrastructure by forming
a shielding area in the contact zones of the ore block and
backfill mass, and as a consequence, reduction of specific
costs of explosive materials, increase the efficiency of explo-
sion, the productivity of crushing-screening and loading-
transporting complexes.

4. Conclusions

This paper is aimed to study the interaction between the
directed stress fields initiated by the action of explosion in a
variable cross-sectional charge at different points of explo-
sive cavity and the efficiency of rock destruction due to the
collision of shock waves in the zone of spherical insert loca-
tion, stress changes on the borehole walls and the nature of
crack propagation in the collision (superposition) zone. These
studies made it possible to substantiate the efficiency of varia-
ble cross-sectional charge of the cumulative action in forming
a shielding zone in the ore deposit during its stripping.

It has been determined that the intensity of colliding
shock waves from the blast on their surface exceeds the sum
of intensities of the superimposed shock wave. At the colli-
sion site, kinetic energy is transformed into potential energy
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with a decrease in velocity at the wave front in its head part
and an increase in pressure at its front.

At collision of two shock waves and their focusing in the
zone of spherical insert location, the intensity of their impact
on the stacks of explosive cavity increases, and cavity expan-
sion from the impact of superimposed shock wave takes a
pear-shaped form. It has been found that the shock wave
velocity in the collision zone is higher than that the radial
shock wave. The average angle of propagation of blast shock
waves is about 60°.

A model of stress wave action on the explosive cavity
walls in the area of collision (superposition) has been deve-
loped. The dependence has been determined between the
stress on the explosive cavity walls and the explosive wave
propagation angle in the area of collision (superposition). It
has been experimentally revealed that the stress on the blast
hole walls at the moment of collision (superposition) of blast
waves is about 1.73 times higher than the decreasing stress
value from a single blast wave.

Model tests and numerical modeling results have shown
that large-scale radial fracture cracks are formed on the ex-
plosive cavity wall in the area of collision (superposition).
The width of the large-scale radial fracture cracks caused by
strong dynamic impact is about 5% of the explosive cavity
length. The average peak pressure in the area of collision
(superposition) of converging explosive cavity shock waves
is approximately 1.48 and 1.84 times greater than that in the
weakly loaded and unloaded explosive cavity zones.

Performed research results allowed us to substantiate the
construction of borehole variable cross-sectional charge with
cumulative action, which is implemented in developed re-
source-saving and seismically safe method of rock stripping in
ore deposit. Industrial tests of rational parameters for drilling
and blasting operations of the developed method were conduc-
ted during large-scale blasts in the production block 1b-1-1t of
Inhulska Mine, central deposit of SE VOSTGOK.

Conducted tests have shown that the proposed method
provides by improving the operation of explosive charges in
drill rings to destroy the ore deposit in the block, uniformity
in the crushing of hard rocks, a reduction in the ore dilution,
seismic safety of blasting operations in areas with developed
infrastructure, and as a consequence, reduction of specific
costs of explosive materials, increase the efficiency of explo-
sion, the productivity of crushing-screening and loading-
transporting complexes.
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BUOYXOBOI PEYOBHHH B 3apsidi 3i 3MIHHOIO (POPMOIO IMOINEPEYHOro Mepepi3y OLIHIOBAIOCH 3 BHKOPUCTAHHIM IOJLSIPH3AL[IHHO-ONTHYHOTO
METO/ly Ha MOJICJISIX 3 ONITHYHO aKTUBHOTO MaTepiaiy.

PesyabTaTn. ExcniepuMeHTanbHi JOCTiIKEHHS pyHHYBaHHs TBEPJOrO CEPEIOBHUINA AI€I0 CIPSIMOBAHOTO BUOYXY BHOYXOBOi pEUOBUHH B
3apsi/i 3MIHHOTO IIepepi3y JO3BOJIMIN BCTAHOBHUTH HAINPSIMOK ITONIMPEHHST BUOYXOBOI XBIJII Ta 11 aMIUTITYly Y XBWJII Halpy>KeHb, [0 BIUIH-
BAalOTh HA IHTEHCHBHICTh (popMyBaHHS Mepexi pafialIbHUX TPINMH y MICIAX iX PO3MOBCIOJDKEHHS Ta CHPSIMOBAHHX IMEPIEHIUKYIISIPHO JI0
BHOYXOBOI TOPOXHUHU. [IpH IbOMY cepenHii MKOBHI THCK Y 30Hi 3iTKHEHHS JBOX YAApHHUX XBHJIb y IEHTPi CepHdHOI MOPOKHUHH OyB
npubim3Ho B 1.48 ta 1.84 pasm OLTBIINIA, HIX Yy clabko HaBaHTa)XEHUX BUOYXOBOIO XBIJICIO 00iacTsX. BcraHoBIeHO, 10 P 3iTKHEHHI Ta
HaKJIQJIEHHS BOX YIAPHUX XBHJIb IHTEHCUBHICTH IXHBOTO BIUIMBY 301IbIIy€eThCs. [loBEIeHO, IO MBUAKICTh YAapHOI XBUII B 30HI 3ITKHEHH S
BUINA, HUK MIBUAKICTH YAAPHOI paialbHOT XBHUIIL.

HayxoBa HoBM3HA. BCcTaHOBNICHO, IO MaKCHMalbHI 3HAYE€HHS THCKY Ha CTiHII BHOYXOBOI MOPOXHMHHU B TOYKaX IHII[IOBAHHS Pi3KO
30UTBIIYIOTBCS, @ MOTIM MOCTYIIOBO CTaOUTI3yIOThCSA MiJ Yac HOIMIMPEHHS XBWIb HAIPYKEHb BiJ BHOYXYy i MaroTh NOBUIBHHH XapakTep
posmoniny. [Ipy oMy ci1ij] pO3TIISAAaTH TPH OOJIACTI: HEe HaBECHI , CIa00 HaBENICHI Ta CHIILHO HAaBEJICHI. Y KOXHIM TOYIII I€TOHAIlIT TUCK Ha
CTiHKY BHOYXOBOI IOPOXKHHHU Oyzae MiHIMaJdbHHM, a B IEHTPI 3apsry B 30HI chepHuHOI BCTABKH, HABMAKH, MakCUMaIbHUM. [Ipn nmpomy
THCK y IEHTpaJIbHil 001acTi cyneprno3uiii npu6ian3Ho B 2,84 pasu OiIbIIMIM, HDK Ha KiHISX iHIIIIOBaHHS, a XapaKTep PO3IOILUTY 3MiHIOETh-
csl 3a JIIHIHHOIO 3aJIeKHICTIO.

I[pakTHyHa 3HaAYMMicThb. BUKOHaHI TOCTIHKEHHS MOXYTh OyTH OCHOBOIO PO3POOKHU pallioHaTBbHUX MapaMeTpiB pecypcozdepirarodnx
croco0iB BifOWBaHHA MIIIHUX TiPCHKUX MOPiJA CKJIAAHOI Oy0BH B YMOBaX PyAHHUX IIAXT.

Knrwuosi cnosa: 6ubyxosa peuosuna, eubyxose HABAHMANCEHHS, mMeepoe cepedosuiye, 3apaou 6UbYX080i peuosuHl, 8UbOYX08e PYIUHY8AHHS
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