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Abstract

Purpose is to select and substantiate the rational parameters of a compensatory well and its influence on a cut cavity
shaping while breaking both stressed and unstressed solid media.

Methods. Numerical simulation of stress field formation under the interaction of blast waves resulting from explosion of a
set of holes on a compensatory well has been performed with the help of finite element method as well as ANSYS/LS-DYNA
software relying upon MAT_RHT in rock mechanics and MAT_HIGH_EXPLOSIVE in blast mechanics. JWL constitutive
equation was applied to define dependencies between the changes in detonation volume and pressure after explosive charges
were blasted. A mechanism of the influence of structurally homogeneous solid medium fracture through the explosion of a set
of holes on a compensative cavity was assessed on the basis of physical simulation techniques in accordance with the theory of
geometric and energy similarity. Stress field in a solid medium was formed applying a photoelastic technique for the models
made of the optically active material.

Findings. The experiments aimed at solid medium destruction through explosion have helped understand that after the blas-
ting agent detonation, a blast wave is generated in a well. As the distance increases, the blast wave propagates in rock, and dies
down gradually transforming into a stress wave. While achieving compensatory (empty) well, it is reflected from its exposed
surface favouring redistribution of stresses and forming the increased stress area in the neighbourhood of its surface. In this re-
gard, the amount of stress concentration around the compensatory (empty) well within the area of the superimposed stress action
contributes to rock failure. It has been proved that common effect of the blasting charges with the spherical inserts has demon-
strated 2.3 times increase in the amount of the blasted model share to compare with a continuous structure charge, and increase in
50-70% to compare with a charge where diameter of cavity in its frontal part differs from the basic explosion chamber (2-3 d...).

Originality. It has been identified that the availability of extra free surface (i.e. compensatory cavity) in a cut results in
the following: acting on the free surface, explosive stress wave forms a tension wave influences rock near the free surface.
Since rock tensile strength is only 1/8-1/15 of compression strength then tensile strength intensity in the reflected wave
exceeds the rock strength.

Practical implications. The research may become the basis to develop rational parameters of resource-saving methods for
breaking hard rocks differing in complex structure under the conditions of ore mines; mine working driving; and tunneling.
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1. Introduction is characterized by numerous fractures resulting in its typical
Ukrainian mesomorphic rock formation including uranium  anisotropy under the effect of forces and deformations [2]-[5].
and iron-ore deposits is widely spread in nature. It occupies Such rocks differ from structurally homogeneous for-

almost 66.7% of land area and 77.3% in the countries of  Mations in anisotropy of physicomechanical characteristics;

Southeast Asia [1]. The horizontally layered rock mass is  availability of both vertical and horizontal joint systems
characterized by transverse isotropy inside which structurally varying in their intensity; and alternation of heavily fissured

weakened planes are available. The rock formation is of com- areas and al_most mono_llthlc hard rocks. Structure_ .Of the
plex nature both in parallel to a structural plane and trans- rocks complicates considerably blast energy transition to

versely to the structural plane where soft and hard layers rock mass to be fragmented under interaction between the

. . extended explosive charges (both blasthole and downhole) as
alternate. At the same time, natural state of such a formation well as the processes controlling intensity of rock blasting
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fragmentation with the projected seismic effect within the
stress-strain formation.

During rock breakage when a propagation distance of a
shock wave generated by explosive detonation increases, it
transforms rapidly in a stress wave [6] being of crucial im-
portance in the process of rock fragmentation. The availabi-
lity of natural fissures, stratifications, faults, and other struc-
tural peculiarities in the native formations gives rise to
changes in their mechanical characteristics; loading condi-
tions; permeability; and nature of energy transfer in the
rocks [7]-[9]. Propagation and attenuation of stress waves
resulting from explosion inside such rock masses having
fissures and faults are also subject to changes due to the
structural features; ultimately, the abovementioned influ-
ences efficiency and safety of explosive engineering [10]-
[12]. Consequently, analysis of the explosively propagating
crack as well as the stress waves propagation within a mono-
lithic formation under the effect of a blasting load is quite
important to improve the efficiency of explosive energy use;
performance capability of rock fragmentation; and safety
while constructing underground facilities [13].

In this regard, foreign scientists conducted in-depth
research. For example, S. Chai et al. [14] compared propaga-
tion nature of stress waves resulting from the explosion in
rock mass with transverse and longitudinal fissures using
numerical techniques. S. Wang et al. [15] represented Point-
ing-Thompson model as a discontinuity condition and de-
rived an equation of stress wave propagation through a set of
parallel viscoelastic media. It is based upon a recursion
method in the time domain to study the influence by viscoe-
lastic compounds (structural defects of a type of filling ce-
ment at the block joints, stratification) on stress wave propa-
gation within the formation. However, a discontinuous layer
in rock mass influences heavily the stress wave propaga-
tion [16]. Hence, it is extremely important to analyze propa-
gation characteristics of a stress wave as well as fragmenta-
tion characteristics of hard rock having defects with low
performance of filling cement [17].

R.H.C. Wong et al. [18] analyzed propagation process of
explosive stress waves, and their interaction with fissures and
openings. Moreover, R.H.C. Wong et al. [19] also studied
behaviour of fissure propagation in samples having previous-
ly formed defects made from various filling materials. It has
been defined that the velocity, growth length, and shape of
pilot cracks varied in different materials.

H. Lee et al. [20] studied the results of experiments as for
the influence on destruction of various defects in rock mass.
They have demonstrated that shape, geometry, number, and
angle have impact on mechanical characteristics and destruc-
tion modes of formation. The results of several studies [21]-
[26] show that the number of defects influences heavily me-
chanical characteristics of rock mass. X.J. Yang et al. [27]
have determined impact of defects varying in their shape on
the process of fissure origination and propagation. The ana-
lysis data shows significant acceleration of fissure propaga-
tion if it spreads over near defects (for instance, those being
of a circular shape).

B. Xu et al. [28] substantiated the drilling and blasting
parameters when a mine working of a large section is driven
in a horizontally-layered formation with the developed fami-
ly of fissures. Relying upon the substantiated drilling and
blasting parameters, industrial tests have been performed,;
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moreover, a mechanism of rock breaking in the layered for-
mation has been analyzed. Rational parameters of blasting
operations while tunnelling have been optimized as well as
the arrangement of blasthole charges along the mine working
section, and their maximum length. In the process of the
industrial tests, effect by the elongated cylindrical borehole
parameters were compared and analyzed. The surrounding
rock characteristics, irregularities in the tunnel periphery, and
the surrounding rock deformation after explosion were con-
sidered as well. While defining the character of adhesion
between rock blocks penetrated by fissures, S.M.M. Niktabar
et al. [29] applied a test device as for direct shear to analyze
the properties of cement engaged in rock cohering. They took
into consideration various surface irregularities of the test
samples to support the idea that the rock adherence areas are
often defenceless against dynamic load resulting from blast
action during mineral breaking. The findings show that shear
strength of the healed fissures (seams) is higher to compare
with the ordinary ones; in addition, shear strength of rock
mass decreases along with the increase in the shear period.
D.G. Roy et al. [30] and F. Zhang et al. [31] carried out ex-
periments concerning breakage modes of block rock masses
differing in viscosity and strength. It has been identified that
the fissure (seam) thinning results in the decrease of rock
mass viscosity and strength during blasting. The fissured
formation area is less sensitive to a crack direction connected
with the crack thickness, interaction between the irregular
surfaces at the junction intensifies friction resistance,
and dissipates energy of the sample breakage.

R.S. Yang et al. [32] analyzed the characteristics of ex-
plosively propagating crack growth in rock mass block un-
der high stresses. For the purpose, they used digital caustic
laser dynamic system. Based upon the experimental results,
crack initiation was obtained involving a stress intensity
coefficient and propagation velocity of the crack in the areas
of natural defects (i.e. the healed seams). It was concluded
that high stress influence intensified significantly a fissure
origination within the areas of natural defects (i.e. the healed
seams) under shear resulting in the increase of an angle at
the crack root. L. Miranda et al. [33] studied the influence of
geometry and the number of natural defects (i.e. fissures,
and healed seams) on the acoustic wave propagation through
the defect loading by means of the acoustic wave. The ex-
periments by D.P. Singh & V.R. Sastry [34] demonstrate
that the average blasting parameters are controlled by means
of an intersection angle between the structural plane and
free surface. Over 0-90° range, an average attenuation (loc-
king) degree of acoustic waves increases along with the
increase in the intersection angle.

M. Kucewicz et al. [35] have proposed a procedure to cal-
culate a constitutive KCC model and a new strategy based
upon the optimization of rational parameters of brittle fracture.
The fracture energy and fracture viscosity were identified
experimentally. A comparison of intensity of acceleration as
for perturbation formation at the surface of a sample (i.e. for-
mation of surface crusts), the number of radial cracks and their
density confirmed the overall repeatability of actual test data.

In the context of papers by such domestic scientists as
A.N. Zorin et al. (1978, 2001), E.I. Efremov et al. (1984),
V.N. Kharitonov et al. (1982), and A.F. Bulat et al. (1991),
SSS of rock mass impact on destructive blast action has been
stress-strain state (SSS) determined; the abovementioned is
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closely connected with mineral mining, and rock breakage at
great depths. They influence heavily both energy intensity
and nature of explosive rupture of hard rock as well as road-
heading indicators as follows: blasthole utilization rate
(BUR) decreases; unit costs of explosives and drilling activi-
ty increase etc. In this regard, construction cost of under-
ground facilities increases by 1.5-2.0 times; an average in-
crease in prime cost of ore and coal mining is 20%.

An increase in construction of underground facilities as
well as mine workings with large cross-section (railroad and
subway running tunnel driving; workings in deep mine sin-
king) needs improvement of the available and development
of new resource-saving process solutions; and mineral break-
age and treatment involving underground operation cycles.
The abovementioned is especially important for complicated
mining and geological environments.

The problem solving is intimately connected with the in-
creased blast energy share transformed into breakable rock
mass part. Practical application of fresh approaches for hard
rock defragmentation being implemented at the expense of
new techniques of cut cavity formation (with a compensatory
well in the centre of the cut) as well as the design of
blastholes, having various shapes of inner surface of an ex-
plosion chamber, will help improve rock fragmentation and
efficiency of blast operations with the decreased dynamic
and seismic impact on buildings (structures), and formation
around the charge hole. The techniques are widely used for
the directed blasting of buildings (structures) in the process
of their demolition [36]; solving complex engineering prob-
lems while hard rock breaking (for instance, under develop-
ment, preparation, and excavation of minerals at deep levels
of mines); and construction of various technological facilities
under the impact of SSS of rocks [37]. Hence, the factor
consideration as for the change in stress state of the environ-
ment around explosion chamber at the initial blast stage is
the use of such a cut type which will vary character, shape,
and direction of a stress field development in a forefield, and
improve blasting performance.

Drilling and blasting is still a dominating technique in
terms of mining deepening to compare with other methods to
drive mine workings; perform tunnelling; and break rocks
under the influence by impaction and stress-strain state in the
formation [38]. In such a way, formation of a significant
amount of a cut cavity as well as extra free surface when
impaction may provide new blasting procedures in tunnels
(mine workings) [39].

Use of the effect being breakage to additional compensatory
cavity is a promising technique improving the efficiency of
blasting while tunnelling (mine working driving) at deep levels.

The computer technology progress makes it possible for
many scientists and researchers to apply efficient analytical
tools for simulation modelling. In particular, those are the
methods of finite [40] and discrete elements [41] helping
them study a mechanism of blast action in a solid medium
within the area of initial static stress operation (for instance,
numerical evaluation using a finite-element method for elastic
and dynamic problem) through the multiply modelling [42].

To optimize shot-hole parameters, Y. Wang et al. [43]
and X. Wu et al. [44] applied a software numerical simula-
tion technique. The results of theoretical calculations per-
formed using ANSYS/LS-DYNA software have shown that
use of empty (compensatory) cavities is a cut are of a direct
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effect as well as stress concentration effect in rock mass in
front of a forefield. In such a way, if diameter is 0.051 m of a
cavity and distance between loading hole and empty hole is
0.30 m then blasting results are positive. The effect is also
confirmed by L. Li et al. [45] and R. Shan et al. [46] through
the theoretical analysis and industrial tests.

Use of the proposed mechanism of formation loading
has made it possible to identify that explosive detonation
favours generation of blast and stress waves with following
rock failure. The result of mutual action of three shot holes
has helped H. Dan et al. [47] apply two empty wells in the
middle of a cut. The blasting technique enables to decrease
powder factor; increase operating ratio of shot holes, new
surface area, and fragmentation uniformity. J. Gao et
al. [48] applied ANSYS/LS-DYNA software to solve nu-
merical modelling problems.

Through numerical modelling, J. Zuo et al. [49] assessed
blast effect on the breakable environment with five wells taking
into consideration different parameters of a side pressure ratio.
Disintegration of the environment has been analyzed if the
side pressure ratio varies from explosively propagating crack.

Moreover, the influence by different diameters of cavity
wells and block size of the breakable environment on the
formation amount of a cut cavity has been studied. Test re-
sults have shown that the larger diameter of a compensatory
well cavity is the smaller surface of the surface under for-
mation and amount of the broken-up rock mass are. The con-
clusions have been proposed by X. Zhang et al. [50]. They
also established that cavity wells in a cut have both guiding
and concentrating effect on rock mass if they are arranged
next to each other if a line of least resistance is minimal. The
findings have been confirmed by Y. Hao [51] based upon the
industrial tests while constructing a deep-level tunnel.

The majority of the abovementioned research results
were aimed at the improvement of blasting efficiency and
safety within formation; SSS was ignored. Currently, few
experiments and numerical modelling are known as for im-
pact of a well diameter in a cut on rock fragmentation invol-
ving SSS of a formation.

Hence, it is quite important social and real-world problem
requiring effective responses and decisions to develop and
implement modern seismic safe drilling and blasting tech-
nologies for the faces of mine openings (tunnels) at deep
levels of mines within the formation of hard stressed rocks.
Application of the developed engineering solutions — new
techniques to form a cut cavity — will favour increase in shot-
hole use ratio; decrease in unit cost of explosives and amount
of drilling operations; construction cost of underground facil-
ities; and prime cost of mining.

2. Methods

Nature of stress field development around shot holes is in-
fluenced by the initial intrarock stress field as well as blast
dynamic load. The stresses may avoid formation of fissures
resulting from blasting operations. Since tangential stress
component within formation increases under the action of
explosion and peak tension stress decreases [52], area of the
broken rock mass becomes smaller. Consequently, a region
around the shot hole can be represented under the effect of
bound stress field. Within the region, point radial o. and tan-
gential o, stresses are described using the Equation system (1):
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where: After explosive detonates of in a well, a blast wave is
o. and o,—are horizontal and vertical stresses at the  generated. As the distance increases, the wave propagates in

point, MPa; rock and decays gradually transforming into a stress wave.
6 — junction of the reference point with a shot hole centre ~ While achieving compensatory (empty) well and reflecting

and horizontal direction; from its exposed surface, it favours stress redistribution, and
r1 — the shot hole radius, m; shapes high stress area near its surface [53]. Stress concentra-
r — distance between the point and the shot hole centre, m; tion [54] around the compensatory (empty) well factors into
o.— decay factor during stress wave propagation; rock breakage. Field of the superimposed stresses near empty
Ad — side pressure ratio. well [55] can be represented through the Equation system (2):

o :%[(1_ K2) (0 — ) +(1-4k? +3k* ) (0 + o cos 20 |:

Ggo =%[(1+ kz)(O'g —Ur)+(l+3k2)(dg +0'r)00329};

)
T = %(1+ 2k2 —3k* )(09 + 0y )cos 26;
k=12
Ty

where: only 1/8-1/15 of the compressive strength then tensile stress
or — radial stress in the reference point after redistribu- intensity within the reflected wave exceeds rock strength. In
tion of the stresses, MPa; such a way, rock experiences extension and defragmentation

oeo — tangential stress in the reference point after redistri-  at a free surface of the compensatory cavity [56].
bution of the stresses, MPa; A fragmentation grade of a model during the experiments
1,0 — distance between reference point of compensatory  under its explosive loading by means of set of holes in a cut
cavity centre and shot hole, m; depends upon diameter of a compensatory cavity. The loa-
k —angle between axial line of the shot hole and compen-  ding results in formation of various stress fields around a
satory cavity; compensatory cavity; the abovementioned impacts both
r, — hole well radius, m; blasting performance and fragmentation grade. A model test
r, — distance between the nearest point of shot hole and prevents from direct analysis of stress distribution in the
centre of compensatory well, m (Fig. 1). neighbourhood of a compensatory cavity; thus, it is required
to analyze stress distribution through numerical modelling

o, techniques, and verification of the results.
J. 1 l l i l l l l 1 l A finite-element methpd with the use of ANSYS/LS-
DYNA software was applied to check accuracy of the test
results, and their analysis. To implement the program, granite
« model with 600x600x10 mm was produced. The model is
under biaxial confining pressure simulating stress state of
i N solid medium. Characteristics of the granite plate are as fol-
- > A & « lows: density is p = 2.6 kg/cm?; uniaxial compression strength
¥ n / k . o, iS osat = 150 MPa; rock strength coefficient is f = 11-14; lon-
I * gitudinal wave velocity is C, = 6300 m/s; Young modulus is
« E =17.6 MPa; and Poisson ratio is v = 0.25.

. The model is blasted by means of four charges placed in the
; vertices of a square (the total mass is 4 g) inside which com-
, " pensatory well is located. 100, 60, and 50 mm are its diameters.
7 F — ] The model was in an unstressed state and influenced by biaxial
confining pressure of high intensity. A finite-difference grid

was applied to produce the model and divide it into elements.

Numerical modelling with the use of rock mechanics pa-
rameters was performed according to MAT_RHT model;
MAT_HIGH_EXPLOSIVE model was applied in terms of
blast mechanics [57]. In this context, constitutive equation
JWL is applicable to calculate changes in detonation volume
and pressure after explosion. Constitutive equation is de-
scribed with the help of Expression (3):

Sy

Figure 1. Schematic of stress concentration effect of the empty hole

Hence, the availability of extra free surface (i.e. compensa-
tory hole (cavity)) in a cut results in the fact that acting on the
free surface, a blast stress wave forms a tension wave effecting
the rock near the free surface. Since the rock tensile strength is
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P =A[1—ﬂJeR1V + B(l—i]e‘RZV + 3)
RV R,V %
where:

P — pressure of detonation products, GPa;

V — relative volume of detonation products, m3;

Eo — initial density of internal energy, GPa;

A, B, Ry, Ry, and  — parameters in the constitutive equation.

Table 1 demonstrates the parameters, characteristics, and
state of the explosive.

Table 1. Explosive and its constitutive equation parameter

Parameter Value
Explosive density, p, kg/m? 1100
Detonation velocity, D, m/s 4900
A, GPa 229
B, GPa 0.182
R1 4.2
R2 0.9
w 0.15
Initial density of internal energy Eo, GPa 4.192

To substantiate the rational parameters of drilling and
blasting operations for hard rock fragmentation at a great
depth while driving mine workings under the conditions of
high stress of formation, rather often its breakage characteris-
tics within areas of rock pressure action are ignored. Accor-
dingly, the studies identifying the basic regularities of solid
medium breakage under the condition of impaction are of
great interest. Their consideration will help develop the ra-
tional cut geometry while driving development mine work-
ings at a great depth within hard stress rocks.

According to the developed methods, several series of the
experiments using cylindrical models were carried out to sub-
stantiate charge designs in a cut with nonenergized compensa-
tory cavities differing in diameter as for their mutual action on
breakage of structurally homogeneous solid medium [58].

The sand-cement models were made in the ratio of 1 to
one added by 0.5% of water. The sand-cement mixture was
hardened by means of portland cement M500. Size of the
cylindrical model block was selected based upon a geometric
similarity theory [59]. The prepared mixture was poured in a
steel cylindrical mold with 240-mm diameter, and 300-mm
height. Thickness of the mold wall was 2-3 mm with one free
surface; to simulate a solid medium impaction, a holder is
mounted on the external surface. Figure 2 shows physical
configuration of the model and the experiment scheme.

Then, cut elements are formed in the middle of the mo-
del. First, a cylindrical insert is placed to shape compensato-
ry cavities differing in their diameter (i.e. 50, 60, 100 mm),
and 180-mm depth. Around it in a R = (0.3-0.35) dmoq diame-
ter, explosion chambers — shots with 10-mm diameters are
arranged at a depth of 170 mm in the vertices of the inscribed
square for explosive charges (Fig. 3).

After the model achieves 30% of hardness, cylindrical in-
serts were removed from it. Then, they were aged up to the
top hardness at room temperature during twenty-eight days.
Moreover, to define physicomechanical properties of the
model material, cubic form samples with 40 + 2-mm edge
were produced simultaneously for determination of density
(p); longitudinal wave velocity (Cp); and uniaxial compres-
sion strength (owin) Oof material of the models in accordance
with the current National Standards [60]-[63].

o
Stem—|.__
Detonator — ] £
s
S
o
Explosive—{
(S

Figure 2. The manufactured models: (a) physical configuration;
(b) experiment scheme

@) (b) (© (d)

o =

® ® & +—

1 1 A

Figure 3. Designs of explosive charges: (a) of a uniform section;
(b) with widening in a front face of a shot; (c) with a
spherical insert in a front face of a shot; (d) with sphe-
rical inserts arranged uniformly columnwise

Charges varying in their design were formed within the
prepared cavities of the model (Fig. 3):

—uniform section charge; charge with widening in a front
face; charge with a spherical insert in a front face of a hole (shot);

— explosive charge with spherical inserts alternating uni-
formly columnwise.

Following explosion composition was applied as an ex-
plosive: ten + solid rocket propellant [64].

An initiator was placed in the formed charges; mouth was
tamped with the help of quartz sand (length was 5-8 shot dia-



O. Ishchenko et al. (2025). Mining of Mineral Deposits, 19(1), 13-25

meters). After that, the prepared model was mounted in a blas-
ting chamber; charges were commuted into firing circuit with
an explosive device [65]; and blasted from a protective shelter.

In the process of the experiment preparation, explosive
mass per each shot (well) has been substantiated through trial
blasts. In such a way, optimal explosive mass in a shot (well)
turned out to be 2.1-2.3 g, and specific consumption was
0.33 kg/m3. The substantiation has been performed in ac-
cordance with energy similarity theory [66].

After explosion, a fragmentation grade of the broken
model share was assessed where explosive charge group
acted on a compensatory cavity. The broken model share was
analyzed in terms of the two factors: nature of the model
breakage as a whole; and fragmentation degree of blasting
medium reflected from the basic part of the model under
mutual action of group of charges on a compensatory cavity.

While processing granulometric composition, the total
mass of the blasted model share; amount of fine and coarse
fractions; the new formed surface; and medium fragment
diameter were determined with the help of a testing screen
A30, and set of testing sieves SL-200 #58.

The obtained experimental data are entered in the table
formed in MS Excel Application; and processed using the
known formulas relying upon papers [67], [68]. Then, cumu-
lative curves of the model share broken by means of explo-
sive charges are plotted. The fact that the explosive charges
differ in design and compensatory cavity diameters are 50,
60, and 100 mm is taken into consideration. The results of
granulometric analysis of solid medium fragmentation prod-
ucts (models) are applied to calculate their power and granu-
lometric characteristics as follows [69].

The new formed surface of the broken models after their
fractioning is determined using the Formula:

60m
Sreg =— > —-9S,
Y= P

(4)

where:

p — density of the models (g/cm?);

m; and d; —mass (g) and diameter (cm) of average frag-
ment of i fraction respectively;

So — initial area of the model surface (cm?).

The medium fragment diameter is calculated through the
Formula:

I
Omed = X Widj, (%)
i=1

where:

w;i = m;/m —number of i" fraction or i" fragment, unit
fractions;

m; — i fraction mass, g;

m — total mass of all fractions, g;

di — medium size of i" fraction or i" fragment, cm.

Energy intensity of the new surface unit formation is
characterized by a specific surface energy value (y). Conse-
quently, breakage of solid media (models) by means of ex-
plosive charge blast where mass is M, and explosion heat is
Q (kJ/kg) which power is applied to make the new surface
unit being yn, can be represented as follows:

_MQ
Snb ,

7n (6)
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where:
Snp — new formed surface resulted from explosion, cm?;
M — high-order explosive (ten) mass 150-10° kg;
Q — explosive (ten) heat 5908-10° J/kg.
Fragmentation degree of solid media (models) is identi-
fied with the help of the Formula:

Kf — hmed ,

d med

where:

hmed — averaged size of the model edge, cm; and

Omed — medium fragment diameter.

The mechanism to form a cut cavity under the model
loading with sets of explosive charges on a compensatory
cavity in the cut as well as the process of stress wave for-
mation and propagation in addition to cracking nature were
analyzed using 3-D plexiglass (polymethylmethacrylate —
PMMA) models (Fig. 4).

O

@

(b)

Figure 4. Physical form of the 3-D models with set of shots in a
cut involving compensatory well: (a) short shots; (b) long
and short shots

PMMA has dynamic characteristics of brittle failure; its
dynamic characteristics are comparable with dynamic cha-
racteristics of rock (Table 2) [70]-[72]. The material charac-
teristics of the plexiglass 3-D model are as follows: density is
p = 2.53 kg/cm3; shear modulus is G = 0.304 GPa; complete
strength parameter is A = 0.93; crack resistance parameter is
B = 0.088; failure parameter is M =0.35; strength index is
N =0.77; elastic strength is He = 0.0595 GPa; strain rate is
C =0.03; and failure criterion is Fs = 0.8.

Table 2 demonstrates dynamic and physicomechanical
characteristics of plexiglass.

Table 2. Dynamic and physicomechanical characteristics of PMMA

Parameters Value
Poisson ratio 0.31
Elasticity modulus, GPa 6.1
Transversal wave velocity, m/s 1260
Longitudinal wave velocity, m/s 2320
Optical constant, m?/N 1.08-1010
Density, kg/m? 1230
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The methods have involved several series of the experiments
using 3-D models which geometry is 150x150x150 mm. The
experiments were carried out by means of a model on one
edge of which a mine working profile is formed and compen-
satory well with 15-20-mm diameter and 75-mm length is
drilled in the central part. Around the compensatory well,
shots of prismatic walking cut are bored with 5-6-mm diame-
ter, and differing in length. Within the drilled explosive cavi-
ties (shots) shaping the cut cavity periphery, variable cross-
section charges were arranged with the spherical inserts in
the centre of the charge. Diameters of the charges are
0.5 dchar and (0.8-0.9) dchar, Where denar is the charge diame-
ter. As for short shots, continuous structure was applied with
the use of explosive composition consisting of ten + solid
rocket propellant mixture [64], which mass is 200 mg. Its
design and experimental data are as follows: detonation ve-
locity iS Dexpi = 4990 m/s; pressure on an explosive chamber
walls is P.=2.81 GPa; explosion heat is Q = 49100 kJ/kg;
and density is pexpl = 995 kg/m®.

The initiators being a bridge with joint hinge of lead
azide (mass is 10 mg) were placed in the explosive cavity
mouths (shots). Through a conductor chain, they commuted
with a blasting circuit coupled to explosive condenser de-
vice [65]. The mouth was tamped with the help of quartz
sand (length was 5-8 shot diameters).

The prepared charges, which scheme was described
above, were connected in the series into a chain with time
delaying between the charge groups and an explosive tool
synchronized with the laser action and high-speed chamber;
after that, they were blasted. The experiments were carried
out using high-velocity system for test recording [73], [74].

In such a way, a platform having an even horizontal sur-
face which was prepared in the lab is used for erection of a
test facility involving simulation machine TECNOTEST
(Italy) and the model. It was placed in such a way to help
optical line of the transmitted light beam radiated by a laser
of AMPHOS type through a beam-expanding device and lens
for beam scattering pass through its middle from one side,
and the focused lens in vision of high-speed camera lens of
i-SPEED type from another side which records the process
with velocity being up to 1000000 frames a second.

In the course of the experiment, the initiator blasts an ex-
plosive composition consisting of ten + solid rocket propel-
lant mixture; in turn, light beam emitted by a laser passes
through the beam extender. Hence, by means of its proper
parallel flow, the light beam penetrates the lens and achieves
the model. In such a way, its image is obtained. The image of
model loading is projected on a focusing lens and recorded
by the high-speed camera. The recorded data is transmitted to
a PC to be processed and accumulated by magnetic media
with the help of software.

3. Results and discussion

Relying upon the numerical modelling through finite-
element methods and using MAT_RHT model in rock me-
chanics and MAT_HIGH_EXPLOSIVE in blast mechanics,
changes in detonation volume and pressure after explosive
charge firing were calculated in accordance with constitutive
equation JWL (Fig. 5).

It has been determined that a stress wave after blast in
explosive cavities along a cut cavity formation propagates
through concentric circles up to the model boundaries. In the
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neighbourhood of a compensatory well, stress redistribution
area is formed where in 40 us stress wave achieves a wall
reflecting from it repeatedly, and tension wave shaping. In
this context, stress wave range is concentrated mainly in a
shot hole; failure is near a compensatory well. By t = 220 ps
time, stress wave is attenuated gradually and the test block
breaks down shaping a cavity as a result of shot set explosion.

While analyzing the process of model breakage on com-
pensatory wells with 50-mm and 60-mm diameter (Fig. 5a, b)
it is possible to draw a conclusion on the yield of coarser
fractions and lesser stress value. In this regard, a wave reflec-
ted from a compensatory cavity, redistributes with compres-
sion stress formation within the area; and tension stresses
decay by t = 220 us time. Hence, the sample cannot be broken
down. Only in 220 ps, a stress wave dissipates gradually and
the test block experiences its complete breakage shaping a cut
cavity. The research is in good agreement with findings con-
cerning fragmentation efficiency of solid media through ex-
plosion. Figure 6 shows a diagram of change in a stress field
within the model for different time moments.

A comparative analysis of a diagram in the area of stress
field formation (Fig. 6) where axial static pressure is available
(Fig. 6a) and is not available (Fig. 6b) demonstrates that if
there is no retaining pressure stress propagates faster over the
model. Moreover, diagram area in the stress field is larger for
such loading types and efforts by explosive pressure in the
neighbourhood of shots (wells) favours increase in tension
stress if retaining pressure is not available. If retaining pressure
takes place, it inhibits the explosive wave propagation and
deteriorates the efficiency of solid medium fragmentation.

Explosion composition consisting of ten + solid rocket
propellant mixture was placed in the prepared explosion
chambers [64]. The total explosive mass in the charges was
4 g; and the specific explosive consumption was 0.33 kg/m?.

In the process of the charge fabrication, the explosion
mixture was put in paper cylinders (cartridges) where conti-
nuous structure charges with a section varying in height were
formed. External cartridge diameter was 0.95 of a charge
cavity diameter; internal diameter was 0.92. Variable section
charges were formed through sprung widening within the
charge cavity edge; arrangement of hollow spheres within the
charge cavity edge; and uniform arrangement along the
charge column (Fig. 3).

The prepared models were erected in a metal box (i.e. ex-
plosive cavity) and blasted remotely from a protective shelter
by means of an explosive condenser device [65]. The expe-
riments were carried out at the test site of granite quarry.

After explosion, a fragmentation grade of the model share
broken-down by means of explosive charge group on a com-
pensatory cavity was evaluated. While processing the granu-
lometric composition, the total mass of the blasted model
share; the number of fine and coarse fractions; the new
formed surface; and a middle fragment diameter were deter-
mined. The middle fragment diameter as well as the new
formed surface was identified using the known formulas
relying upon papers [67], [68]. Table 3 demonstrates the
processing results concerning the experimental data.

The research analysis has shown that a continuous design
charge explosion as well as a charge with a sprung widening
at its edge formed radial crack system; however, no signifi-
cant increase in the broken down model share is determined.
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Figure 5. Diagram of the stress field distribution resulting from explosion of a set of boreholes on a compensatory well with a diameter
of: (a) being 50 mm; (b) being 60 mm; (c) being 100 mm
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Figure 6. Diagram of the change in the stress field in the model from the explosion of a set of boreholes on a compensatory well with
a diameter of 60 mm over time: (a) being under the action of a retaining axial pressure; (b) being without any action of a
retaining axial pressure
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Table 3. The results of sand-cement models breakage using explosives differing in their design on a compensatory cavity

Fraction

Mass of the Middle fragment Volume of the  Area of the new
Charge designs blasted model diameter E:ercerétage d0f| tE/e blasted model, shaped surface,
share, m, kg daver, MM asted model, % V-108, md Sn, cM?
Y ' di<20mm_di>50 mm ' '

Compensatory cavity diameter dec = 100 mm
Uniform section charge 1.397 15.65 57.7 28.1 0.726 66.0
Charge with a spherical insert 3.965 3353 342 34.4 2.06 101.7
at a shot edge
Charge with uniform _colu_mnW|se 2 825 377 328 39.2 150 123.0
arrangement of spherical inserts
Charge with a sprung widening 2.325 27.9 38.4 20.6 1.20 68.3
at its edge

Compensatory cavity diameter dec = 60 mm
Uniform section charge 2.450 42.7 275 514 1.27 1375
Charge with a spherical insert 3.360 324 43.0 36.8 174 1018
at a shot edge
Charge with uniform _colu_mnW|se 3.804 302 445 39.2 20 89.1
arrangement of spherical inserts
Charge with a sprung widening 2.905 47.0 15.45 60.0 15 163.0
at its edge

Compensatory cavity diameter dec =50 mm
Uniform section charge 2.569 36.4 32.0 41.6 1.33 117.7
Charge with a spherical insert 3.965 3353 342 344 206 85.7
at a shot edge
Charge with uniform _colu_mnW|se 3.176 303 392 29.2 1.65 89.0
arrangement of spherical inserts
Charge with a sprung widening 2.777 48.8 16.8 63.3 1.44 166.7

at its edge

As for the models broken down using explosives where
charges have spherical inserts at their edge and being ar-
ranged uniformly columnwise, radial crack system has been
formed in their locations; the cracks are directed deep into
the model. Moreover, the areas have been defined with the
melted inserts in the form of pellets of a model blasted using
variable section explosive charge.

It has been identified that after the blasted model share was
removed and sized, a surface in the form of the flattened cone
was shaped at the level of a boundary depth of the compensato-
ry cavity (130-180 mm). Small base of the cone is equal to the
compensatory cavity diameter (i.e. 100 mm) and lateral surface
of the undisturbed model share took the shape of an ellipse. In
addition, it has been demonstrated that mutual action of explo-
sive charges with spherical inserts results in 2.3 times increase
of the blasted model part amount to compare with a continu-
ous structure charge. Moreover, it is by 50-70% more than a
charge having an explosion chamber at its edge which diame-
ter differs from the basic explosion chamber (i.e. 2-3 dhole)-

The analysis of model breakage results has shown that
the middle fragment diameter while blasting the models by
means of continuous structure charges is 15.65 mm. If a
charge with spherical inserts at its edge was applied then the
diameter is 33.53 mm; if inserts are distributed columnwise
then the diameter was 37.7 mm; and if the charge has explo-
sion chamber at its edge differing from the basic explosion
chamber then the diameter is 27.9 mm. It should be men-
tioned (Table 3) that the new shaped surface resulting from a
model share blasting by means of a variable section charge is
1.5 times more to compare with a charge where a part of an
explosion chamber has a diameter differing from the basic one.

The films were produced on the results of fast video re-
cording of fragmentation of models with different sets of shot
explosion charges in a cut having a compensatory cavity (i.e.
of a continuous structure; and with a variable section (Fig. 7).
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For each of the experimental series, the prepared charges
of such an explosion composition (i.e. ten + solid rocket
propellant) were in connected in a sequential chain and blas-
ted with a delay action. As images (Fig. 7a, b) explain, the
first frames of the process recording, within 0-16 us interval
after initiating pulses are fed and delay of groups of the
charges being short and long, detonation front is formed at
their surface (transparent field within the frames). At a speed
of 4900 m/s, the front moves along an explosive charge
column to a shot edge with radial crack system propagation
around the explosion cavity and forms pear-shaped breakage
crater. Then, within 40-140-us interval, the film frames
(Fig. 7a) show action by gaseous detonation products as for
destruction of space between shots and compensatory well
with its widening and fracturing zone forming with following
increase in amount (Fig. 7a, b).

Further analysis of the explosive charges blasts in a cut (long
shots are of a variable section and short ones are of a continuous
structure) has demonstrated mutual interaction of charge groups
blasted with delay relative to short and long shots (Fig. 7b; film
frames 24-40 us). Then, consideration of a model breakage
process (Fig. 7b; film frames 40-64 ps) has made it possible to
understand that placement of a spherical insert at the edges of
long shots favours more active propagation of radial cracks,
and their penetration by gaseous detonation products. In such a
way, formation process of a cut cavity as well as following
efficient breakage of a solid medium results in the increased
amount of outburst crater (Fig. 7b; film frames 64-88 ps).

The analysis of the frames shows that within arrangement
areas of spherical inserts where the formed cumulative gas
flow is focused and moved towards an explosion chamber
edge within following redistribution and concentration of
non-uniform and non-stationary stress field in the places
favours its strength degradation and efficient fragmentation
since the stress field exceeds the solid medium strength.
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Figure 7. Films of fragmentation of models differing in shot sets in a cut on a compensatory cavity: (a) of a continuous structure;

(b) with a variable section

In accordance with the performed physical and numerical
modelling, rational parameters have been substantiated for
the development of sectional moving cut with a compensato-
ry well in its central share. Use of such a cut (and it various
modifications) blasting patterns were generated to drive
workings (two railway tunnels are meant: two-track Beskyd
entry in the Carpathians, and running tubes for subway in
Dnipro) at deep levels of coal and ore mines where cross
section is 9 to 40 m? and more [75].

Industrial tests of the rational parameters of drilling and
blasting operations of the proposed technique to form a cut
cavity help: decrease the yield of oversize fragments at the
expense of the improved operation of explosive charges on
a compensatory well; obtain a uniform fragmentation of
hard rock; reduce the unit cost of explosive materials as
well as drilling; and improve the detonation efficiency as
well as crushing and grading complexes, and loading and
transporting facilities.

4, Conclusions

The research studies the formation and interaction of
stress fields initiated by explosion action of sets of charges
differing in their cross-section on a compensatory well. It
also assesses the mechanism and breakage efficiency of solid
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medium on compensatory wells of different diameters at the
expense of expansion of stress distribution zone at the sur-
face of a compensatory well; changes in peak stress values
on an explosion chamber walls; and nature of crack propaga-
tion within the areas where detonating waves interact. The
analysis has helped substantiate the basic parameters of
three-level moving cut with the non-charged compensatory
well in its central part.

A model of stress wave effect on an explosion chamber
walls has been developed as well as the influence of compen-
satory well diameters on stress concentration arising near
openings. In this regard, the effect by the reflected tension
waves impacts the efficiency of blast energy as for medium
breakage in the neighbourhood a compensatory well and
increases in the peak values of a stress wave and their range
near the opening. In turn, the compression and tension stress-
es near empty opening and a shot hole are compared with the
stresses under compressive axial pressure. Such an effect
makes it possible to arrive at both selection and substantia-
tion of rational diameter of a compensatory well in a cut.

The results of simulating tests and numerical modelling
have made it possible to analyze a blast action mechanism
while breaking structurally a homogeneous solid medium
under impaction conditions. For the purpose, long explosive
charges varying in their structure were applied in a cut with
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compensatory cavity. They also have shown that while con-
tinuous construction charge blasting as well as a charge with
sprung widening at a shot edge, radial crack system was
shaped. Nevertheless, no significant increase in the broken-
down model share was observed. In turn, in the context of
models blasted by means of explosive charges with spherical
insert at a shot edge and arranged uniformly columnwise,
system of radial cracks directed deep into the model has been
shaped in the areas of the placement.

It has been identified that in the process of model break-
age using continuous structure charge, a middle fragment
diameter was 15.65 mm. If charges with spherical inserts at a
charge edge were applied, the diameter was 33.55 mm;
columnwise distributed charges showed 37.7-mm; and if a
charge diameter at the edge of an explosion chamber differed
from the basic cavity then it was 27.9 mm.

The research has been carried out to study a mechanism of
a cut cavity formation using continuous structure explosive
charges as well as a variable section throughout its height.
Models made of optically active materials were applied.

It has been defined that within the areas where spherical
inserts are placed and where cumulative gas flow is focused
and moves towards a charge cavity with its following impact
on the medium under breakage, a non-uniform and non-
stationary stress field is concentrated; the stress field exceeds
the medium strength favouring its weakening as well as effi-
cient fragmentation.

The research results have helped develop and substantiate
new blasting patterns as for a cut cavity formation while
underground facility construction within the hard rock mass-
es. The fresh procedures of rock breakage were tested under
the conditions of the SE VostokGOK; and while constricting
railway and running tunnels for subway in Dnipro. It has
been identified that 15-% increase in shot use ratio
(0.95-0.97) decreases specific costs for drilling operations by
10%; and specific cost for explosives. Moreover, a grade
(uniformity) of rock fragmentation was improved as well.
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Bruine giamerpa KoMIneHcaniiHol cBepAIOBHHHA Ha e()eKTUBHICTL (POPMYBAHHSA
BPY0OBOi NOPO:KHINHH B MACHBI MilJTHUX TipchbKHMX NMOPia

O. Itenko, JI. Hogikos, 1. [Tonomapenko, B. Konograut, P. Kinamr, K. Iienko

Merta. Bubip i oO0rpyHTyBaHHS palliOHAIFHHUX MapaMeTpiB KOMIICHCAiHHOI CBEPUIOBHHU Ta ii BIUIUB HA €(EKTHBHICTH (OPMYyBaHHS
BpyOOBOI MOPOKHUHH NIPH PYHHYBaHHI HANPYKEHHUX 1 HEHAPYKEHUX TBEPIUX CEPEIOBHII.

Metoauka. UncenbHe MOACIIOBAHHS MpoIiecy (HOpMYyBaHHS HOJIS HAIPYy>KeHb IPH B3a€MO/ii BUOYXOBHX XBIJIb BiJ] BHOYXY KOMILIEKTY
IIMYpiB Ha KOMIICHCALlif{HY CBEpJIOBHHY BHKOHAHO 3a JJOIIOMOIOI0 METOJy CKIHYEHHHX €IEeMEHTIB Ta mporpamu po3paxyHky ANSYS/LS-
DYNA 3rigao mozmeni MAT RHT y mexanini ripcekux mopin, a B Mexanini BuOyxy — MAT HIGH EXPLOSIVE. [Ins BcTaHOBICHHS
3aJI@KHOCTEIl MXK 3MiHOIO OOCSATY Ta THUCKY JAETOHAMLIi micyisi BUOyXy 3apsiiiB BUOYXOBOI PEUOBHHHM BHKOPHCTOBYBAJOCS PIBHSHHS CTaHy
JWL. Orninka MexaHi3My pyHHYBaHHS CTPYKTYPHO OJHOPITHOTO TBEPIOTO CEPEIOBHUINA BHOYXOM KOMITIEKTY IIIYPOBUX 3apsiB Ha KOMIICHCA-
LilfiHy MOPOKHUHY NPOBOAMIIACS HA 0a3i METOAIB (i3SMIHOTO MOJEIIOBAHHS 3TITHO 3 TEOPi€I0 T€OMETPUYHOI Ta €HEepreTHYHOI MOAIOHOCTI, a
(hopMyBaHHS HOJIS HATPYKEHb Y TBEPJIOMY CEePEeIOBHIII — MOJISIPH3AIiHHO-ONTHIHOTO METO/y Ha MOJIENSX 3 ONTHYHO aKTHBHOTO Marepiaiy.

Pe3yabTaTn. EkcriepuMeHTaNbHIMH JOCIIDKEHHIMH PyHHYBaHHS TBEPJOTO CEpEeJOBHINA BHOYXOM BCTAaHOBIEHO, IO IICIIS JETOHAI]
BHOYXOBOI PEUOBHHH B CBEP/JIOBHHI I'€HEPYEThCS ylIapHa XBWIS, sKa B Mipy 301JbLICHHS BiJCTaHI MOLIMPIOETHCS B MOPOJI i HOCTYIOBO
3racae, epexoJsIui B XBHJIIO HANPY>KeHb, TOCSATAl0Yl KOMIICHCAIIHOT (ITOPOKHBOT) CBEPUIOBUHH, BiIOWBAIOYHCH BiJ 11 BiJICIOHEHOT HOBe-
pxHi, mo crpusie GOpMyBaHHIO 00JACTi MiABUIICHOTO HANpYXEHHs Mo0au3y 11 moBepxHi. [IpuyoMy BenMYMHA KOHIEHTpALl HalpyXeHb
HaBKOJIO KOMIIEHCAIIHHOT (TOPOKHBOT) CBEPUIOBUHH B 30HI Aii Mepepo3noaily MoJiB HaNpyKeHb CIIpUsie pyifHyBaHHIO mopoau. JJoBeaeHo,
0 TP CIiJIBHIN po0oTi 3apaniB BHOYXOBOi pedyoBHHM 3i chepHIHUME BCTaBKaMHu 3adikcoBaHO 30inbiieHHS y 2.3 pa3u 00’eMy BinOuTOl
BHOYXOM YaCTHHH MOJEINI MOPIBHSAHO i3 3apsiIOM CYIIIbHOI KOHCTPYKIii Ta Ha 50-70% i3 3apsmoM, M0 Mae y TOPUEBii yacTHHI BUOYXOBY
MMOPOXKHHUHY TiaMETPOM, BiIMIHHUM BiJl OCHOBHOI BHOYXOBOT MOPOKHUHH (2-3 Uuin).

HayxoBa HoBH3Ha. BcTaHOBIEHO, 110 IPUCYTHICTH Y AOJATKOBIH BiNBHII MOBEpXHI KOMIIEHCAIIITHOT TOPOKHIHN MPU3BOIUTH JI0 TOTO,
1110 BUOYXOBa XBHJISL HANIPY’)KEHb, BIIMBAIOYH Ha BUIbHY MTOBEPXHIO, YTBOPIOE XBUIIIO PO3TATY, sIKa i€ HA MOpoAy Oiyis BUTBHOT MOBepXHi. A
OCKIJIBKM MILIHICTB TiPCBKUX IMOPiJ HA PO3TAr CTAHOBUTH BChOro 1/8 o 1/15 MilHOCTI Ha CTHUCK, TO IHTEHCHBHICTb HAalpy>KEHb PO3TATY Y
XBHJIi BiTOWBaHHSA € OUTBIITUM MEKi MIIIHOCTI TOPOIH.

IIpakTHYHA 3HAYNMIicTh. BUKOHaHI IOCIIKEHHSI MOXXYTh OyTH OCHOBOIO JUIsl pO3POOKH palioHaIbHUX MapaMeTpiB pecypcosbepiraro-
YUX CIOCOOIB BiOMBAHHS MIIHUX TIPCHKUX MOPIiJ CKIaTHOI OYZOBH B YMOBaX PyAHUX IIAXT, ITiJ] Yac MPOBEICHHS TiPHUYHUX BUPOOOK Ta
OyHiBHUIITBA TYHETIB.

Kniouogi cnosa: subyxoea pewosuna, 3apsaou 6ubyxoeoi peuosuni, 6ubyxoee HABAHMAICEHHs, PYUHYBANHS, KOMNEHCAYIUHA c8epON0sU-
Ha, meepoe cepedosuuye
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