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Abstract

Purpose. The paper focuses on the study of the stress distribution patterns in fractured rock masses during rock breaking on
high benches using blasthole explosive charges. The research aims to optimize the parameters of drilling-blasting operations
through detailed analysis of stress distribution and formation of failure zones on high benches. This will significantly improve the
handling equipment operating efficiency, as well as develop economically feasible blasting patterns tailored to quarry geometry.

Methods. The research is based on theoretical modeling of stress propagation caused by detonating the blasthole explosive
charges in fractured rock masses. The stress distribution around the charge is calculated using equations derived from elastic
deformation and surface wave theory, taking into account the particular characteristics of fractured high benches. The model
includes stress propagation, wave transformation, and rock fracture behavior to identify rock crushing zones.

Findings. The results have revealed that the main factor of rock failure is tensile stress waves resulting from the reflection
of compression waves. The degree of rock crushing and the volume of failure zones depend on the length and diameter of the
blasthole explosive charge, the properties of the explosive agent, as well as the network of pre-existing fractures.

Originality. A new approach to studying the stress distribution in fractured rock masses during blasting operations is pre-
sented. This paper takes into account the influence of existing fractures and the interaction of stress waves with natural distur-
bances in the rock, thus allowing more accurate prediction of rock crushing. For the mining conditions of the Pustynnoye De-
posit, the ratios between the radii of failure zones and the value of breaking stresses have been found, and a function for deter-
mining the failure radius has been proposed.

Practical implications. The results of this research can be used to optimize the parameters of blasting operations in quar-
ries with fractured high benches. By determining the optimal sizes and placement of charges, it is possible to achieve more
efficient rock crushing, reduce equipment wear and improve overall production efficiency.
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1. Introduction cavities. This leads to the natural rock mass disintegration
In Kazakhstan, mining of minerals is one of the key di-  into large fragments [15]. S

significant reserves of non-ferrous, ferrous, rare and precious ~ €d by the release of large volumes of gases (up to 800-900 I/kg
metals, the mining of which is a priority task in the structure 0N average) Wher} using the simplest explosive agents based
of the national economic complex [4], [5]. According to data ~ On @mmonium nitrate [16], [17]. As a result of filling the
from the Republican Agency for Statistics [6], by the end of fract_ures Wlth_blast gases, stresses in _the mass increase up to
last year, there was a 3.5-4.0% growth in the production 1.5 times, which creates dlfflcultle_s m_compllance with the
of non-ferrous metals, gold by 40-50%, and aluminum by design contour of the stope excavation, increases the value of
8-11%. This growth is mainly due to increased global demand ~ Ore losses and rock impurities on the ore-rock boundary. This
for metals and high metal prices [7]. To ensure a sustainable  ultimately reduces the mined mineral quality by 20-25%. In

mineral resource base to meet the growing demand, previ- ~ recent years, due to the increase in the volume of mining
ously unprofitable deposits characterized by high fracturing ~ OPerations in the quarries of the above-mentioned deposits,
and complex structure have started to be mined [8]-[10]. there has been a need to significantly accelerate mining pro-

Analysis of the mining practice of complex-structured ore ~ Cesses (accelerated mining of lower horizons). One of the
bodies in a number of deposits, such as Sokolovo-Sarbays- ~ Key factors that ensure that mining operations remain at a
koye, Akzhal, Pustynnoye, Berkara [11]-[14], has shown  high rate of decline was an increase in the height of benches
that during blasting operations there are significant difficul- ~ t0 20-25 m [18]. Blasting high benches helps to reduce the
ties in breaking rocks on high benches intersected by a  total number of blasts, simplify the organization of blasting
dense network of large fractures and containing volumetric ~ OPerations, reduce the number of movements and downtime
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of equipment, as well as reduce the costs of blasting opera-
tions [19]-[21]. As a result, the performance of mining-and-
transport complex and the efficiency of the enterprise as a
whole are increased.

Fracturing during blast breaking of high benches has
more of a negative effect on the quality of rock mass cru-
shing than a positive one [22], [23]. This is due to the fact
that under such conditions, the natural separateness confined
to the interface planes results in the formation of lumps
larger than the standard sizes. In addition, fracturing has a
dominant effect on the granulometric composition of the rock
mass when using large-diameter charges based on simplest
explosive agents with ammonium nitrate (Granulites), which
release significant volumes of gases [24], [25]. With increa-
sing distance between charges, the number of vertical frac-
tures filled with blast products increases, which leads to a
worsening the degree of rock crushing [26].

In terms of mining-geological characteristics, the zone of
increased rock fracturing in the listed deposits demonstrates
the following data. The most unfavorable mining conditions
are observed on the eastern wall of Sokolovo-Sarbayskoye
Deposit, which is due to its orientation along the strike of the
Eastern ore body and the highly fractured tuffites containing
it [27], [28]. Six systems of tectonic fault fractures have been
identified on this site. Mining-geological conditions of
Akzhal Deposit and the mass state show that the stability of
the quarry walls is significantly influenced by steeply-
dipping fracture systems. The fractures vary in their morpho-
logical peculiarities from smooth and undulating to irregular
and splintery. According to the degree of disturbance, the
mass is divided into three groups: highly disturbed, severely
disturbed and partially disturbed. Geologically, Berkara
Deposit is represented by andesite, tufaceous sandstones, and
conglomerates with interlayers of rhyolites, sandstones, silt-
stones [29]. These rocks within the ore field form a monocli-
nal fold with a rock dip of 40-45°, intensely disturbed by
fault tectonics. The Mesozoic weathering crust with thick-
ness from 3 to 25 m can also be observed in the deposit,
rarely reaching 80 m in the fault zone [30]-[32].

Analysis of numerous observations and studies of blas-
ting high benches in the above mentioned deposits indicates
that regardless of the degree of mass destruction, there is
always a zone of plastic deformation, which is an area of
local blast impact. It has been determined that in disturbed
masses, the development of fractures under the action of
tensile stresses occurs with an increase in these stresses [33].
The process of mass destruction propagates both from the
charge chamber to the free surface due to the concentration
of stresses and deformations in the fracture zone, as well as
from the free surface to the charge chamber under the impact
of reflected tensile waves [34]. In the masses with intensively
developed fracturing, rock crushing under the influence of
tensile forces behind the front of a direct compression wave
occurs only in close proximity to the charge [35]. However,
observations show that the crushing process is not exclusive-
ly confined to this area, but extends further, gradually attenu-
ating with increasing distance from the charge [36].

Vertical fractures limit the blast crushing zone, the size of
which is determined by their parameters (density, openness,
filling characteristic, orientation) and charge parameters
(construction, specific explosive flow rate, diameter, decele-
ration intervals). Horizontal fractures, in turn, reduce the
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pressure of detonation products in the charge chamber due to
its discontinuity [37], [38].

The practice of conducting blasting operations in condi-
tions of fractured masses shows that due to the interaction of
fractures, natural rock blocks are separated from each other
without their sufficient crushing within the bench zone,
bounded by the vertical outcropped surface and charges of
the first row of blasts [39].

In the process of blasting operations, the rock mass is di-
vided into separate blocks along the existing fractures, with
pieces flying apart without complete crushing, which is due
to the leakage of gaseous detonation products through the
fractures [40]. This phenomenon indicates that the main blast
energy loss occurs predominantly in the zones where the
charge cavity intersects with horizontal fractures [41]. At the
same time, the remaining part of energy is directed towards
the rock mass destruction, with additional energy losses on
the contacts of vertical fractures.

Despite the significant advances in the control of rock
crushing using blasting operations, there remain some disad-
vantages associated with blasting high benches in fractured
rock [42]. In particular, the stresses occurring in the rock mass
during the process of blasting are not sufficiently taken into
account [43]. This results in some cases in the inappropriate
choice of parameters for drilling-blasting operations [44], [45].

In view of the above, our research focuses on the deve-
lopment of an effective methodology for measuring stresses
in the rock mass during blasting operations using blasthole
explosive charges in fractured masses of high benches. The
obtained data can provide substantiation of optimal parame-
ters for drilling-blasting operations, which, in turn, will lead
to an increase in the technical performance of handling
equipment, a reduction in losses and dilution. This will create
conditions for effective management of geomechanical pro-
cesses in mining as a whole.

2. Geological and technological setting

The Pustynnoye Deposit ore field is characterized by nu-
merous discontinuous faults (Fig. 1). Fracturing is inherent in
all rocks of the deposit, with open fractures in tectonic fault
zones extending to a depth of 350 m. The rock mass structure
is characterized by the presence of four major fracture sys-
tems: three of them are subvertical to vertical fractures, and
one system includes flat-lying to moderately inclined frac-
tures oriented in the north-western direction. In addition to
these four systems, there are also single fractures with chaot-
ic orientation [46]-[48]. The average intensity of rock mass
fracturing in the above deposits ranges from 5 to 20 fractures
per linear meter with the fractured layer thickness from
5 to 10 m. Such characteristics significantly complicate the
process of selecting effective methods for conducting blast-
ing operations and do not allow the required level of rock
crushing to be achieved.

Pustynnoye Deposit is located in Early Permian magma-
tic formations that form a complexly differentiated bunch-
like mass with an area of about 7.0 km?2. The intrusive rocks
are overlain by a cover of Cenozoic sediments 0.5 to 6.0 m
thick, consisting of deluvial-proluvial sediments of Upper
Quaternary and modern age. At the loose section base, the
Neogene sediments of the Pavlodar suite occur, which
outcrop to the surface in the north-eastern and south-western
areas of the ore field.
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Figure 1. State of the mass of the Pustynnoye Deposit quarry
benches

They are represented by red-brown and brick-red clays
with gypsum inclusions, as well as thin lenses and interlayers
of clayey sands of similar color, among which there are
landwaste and crushed quartz. As previously noted, the ore
field and deposit are intersected by multiple tectonic faults,
resulting in high fracturing of all hard rocks. Open fractures,
according to measurements of flowmeter and thermometry
surveys, reach a depth of 30 m, and in the zones of tectonic
faults — up to 350 m.

Pustynnoye Deposit quarry uses a bench-type mining
system, in which mining is performed with descending
horizontal layers. Overburden is transported to the outer
dump and the mined ore is delivered to intermediate ore
stockpiles. The main parameters of drilling-blasting opera-
tions on quarry benches, with a bench height Hy, =10 m,
are presented in Figure 2.

The physical-mechanical properties of the deposit rocks
vary considerably, which is due to the peculiarities of its
geological structure: presence of loose cover and dense rocky
base, development of weakening zones (disintegrated weath-
ered rocks and tectonic fractures), as well as a widespread
manifestation of post-magmatic metasomatosis.

The cover loam density with landwaste and crushed stone
inclusions ranges from 1.79 to 2.25 g/cm?, and the density of
soil particles ranges from 2.7 to 2.77 g/cm®. The porosity of
loose sediments is 18.2-34.0%. Groundwater filtration rate
ranges from 5 to 12 min. The easily soluble salt content in
loose soils is from 0.13 to 3.42% and gypsum — from 0.59 to
23.94%. The density of ore bodies (vein type) varies from
2.6 to 2.83 g/cm*. The mineral phase density is 2.77 g/cm?
and the ultimate compressive strength is 97.7 MPa.
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Figure 2. Main parameters of drilling-blasting operations during
bench breaking (Hon = 10 m) in Pustynnoye quarry

Quartz, in terms of contact strength, is a medium-hard
rock and its abrasiveness is rated as above average. Among
the host rocks, diorites and gabbro-diorites have the highest
density (2.8-2.9 g/cm?), while weathered granodiorites have
the lowest density (2.59 g/cm?). The density of the mineral
component of rocks ranges from 2.75 to 2.86 g/cm?®.

The strength of the deposit host rocks is determined by
their lithological composition, intensity of metasomatic
changes and degree of weathering. This figure varies over a
wide range. The lowest uniaxial compressive strength values
(ocom = 16.3-59.3 MPa) are demonstrated by rocks exposed to
significant weathering processes, while the strongest are
slightly altered or unaltered rocks with uniaxial compressive

The tensile strength of rocks within weakened zones
ranges from 1 to 10.7 MPa, while for unaltered rocks
this wvalue increases to 10.9-11.2 MPa. The highest
tensile strength is observed in granodiorites and diorites
(11.0-11.2 MPa), while gabbro-diorites have a slightly lower
strength (10.9 MPa). The rock adhesion parameters vary in
the range from 19 to 30 MPa, and the internal friction angle
ranges from 31.7 to 37°.

Analysis of the current state of blasting operations in
Pustynnoye quarry, performed when breaking the benches
10 m high using 200 mm diameter wells, 2.5 m tamping
length and specific explosive agent consumption in the range
of 0.55-0.75 kg/m?, demonstrates unstable crushing re-
sults [49]. Broken ore is characterized by high hardness and
abrasiveness. The lithological composition of ore is repre-
sented by sandstone with an average uniaxial compressive
strength (UCS) value of about 99 MPa, ranging from 64 to
167 MPa. According to geological exploration wells, the
quarry near-wall masses are composed of sandstones, quartz-
bearing sandstones, siltstones, carbonaceous siltstones and
serpentites. The results of observations of the blasted ore
mass, both in the stockpile (Fig. 3a) and in the quarry heap
(Fig. 3b), show a significant excess of the permissible rock
mass size. It has been found that areas with increased yield of
substandard lumps are confined to fracture zones and faults.

The ore-hosting rocks in the deposit were exposed to disin-
tegration due to pre-ore tectonic faults of fault-shear nature,
oriented in the north-western and north-eastern directions.
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Figure 3. Broken and stockpiled ore mass in the Pustynnoye
Deposit quarry: (a) stockpiled ore mass; (b) broken ore
mass in heap

The measurement results show that the fracture dip
azimuth is characterized by a steep angle in the range of
65-80° and the displacement amplitude along these faults
reaches 30 m (Fig. 4).

Figure 4. Scheme of propagation of the main systems of fractures
and faults in the area of the Pustynnoye Deposit quarry

Most of the fractures are characterized by a steep dip with
inclination angles of § =65-70° (22%), J = 80° (15%) and
0 =75° (13%). There are also fractures with inclination angle
of 6 =45° (12%), while less common are fractures with an-
gles of 6 = 5-20° (2-3%). Within the tectonic zones the width
of fractures reaches up to 5 cm, and in some areas the mass is
completely crushed and represents a loose structure.
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3. Methods

When a blasthole explosive charge detonates, three cha-
racteristic zones are formed in the rocks at different distances
from the charge chamber (Fig. 5):

1) rock crushing zone;

2) a zone within which a stress wave can cause irreversi-
ble changes in the form of fractures, spalling and other phe-
nomena related to rock fracturing under conditions of high
stress levels;

3) a low-stress zone where the wave does not cause irre-
versible deformations.

Explosive charge Zone 1

Zone 2

Figure 5. Characteristic blast impact zones at different distances
from the charge chamber

Zone 3

When blasting fractured rock masses at distances greater
than 10 charge radii, the stress wave does not cause further
destruction until it interacts with existing fractures, faults, or
the outcropped surface, where it transforms into a tensile
wave. Since the tensile strength of rocks is significantly
lower than that of compression, the rock failure occurs pre-
cisely under the impact of a reflected tensile wave. These
failures propagate from the outcropped surface deep into the
mass. The size of the failure zone caused by tensile stresses
is estimated to be in the range of 60-120 charge radii. Thus,
the volume of destruction within the first two zones is a rela-
tively small part of the total volume of destruction, and for
calculations it is reasonable to take into account the impact of
tensile stresses, as well as to determine the degree of cru-
shing based on the mass stress state.

When a single blasthole explosive charge detonates, at
the initial moment of time the blast energy is transferred to
the environment uniformly in all directions. The high-stress
shock wave remains in the rock only within the zones of
crushing and fracturing. Outside these zones, the wave stress
intensity is below the ultimate compressive strength of the
rock and, in addition, the pressure decreases rapidly due to
spatial dissipation, including through fracture systems. If
there is an outcropped surface within the third zone, the blast
products have a concentrated impact on this surface, directed
deep into the mass, causing failure and breaking of the rock
through fracture systems.

Consequently, it is rational to adopt the model of impact
of explosion products on the well walls (Fig. 6). In this case,
the uniformly distributed pressure of blast products is re-
placed by equivalent resultant forces (P) directed along the
four axes and applied to the center of the charge gravity.
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Figure 6. Scheme of acting forces during the blasthole explosive
charge detonation

This scheme can be converted into a similar one, but with
separate action of each force component on the half-space.
The total value of uniformly distributed pressure is equal to:

Peg = PsprdL, (1)

where:

Psp — the specific pressure of blast products, kg/m?;

d — is the well diameter, m;

L — is the charge length, m.

Then each component force directed in four opposite
directions by absolute value is:

Py Pspﬂ'dL
=—==—, )
4 4

The solution to the problem of destruction of a fractured
rock mass, bounded on one side by the outcrop surface and
on the other side by a charge plane, is reduced to the deter-
mination of the stress state of a continuous soil half-space
caused by the action of a concentrated force.

According to this theory, the stresses arising under the ac-
tion of a force on the surface of a half-space can be consi-
dered as a result of the transfer of mechanical energy from
the energy center to the depth of the half-space along radially
diverging rays. In this case, taking into account the orienta-
tion of fractures, it can be assumed that radially diverging
rays maintain a rectilinear trajectory throughout the entire
length of their propagation (Fig. 7).

It is known that when an explosive charge detonates, a
compression wave begins to propagate around the charge
chamber, which initiates the emergence of elastic defor-
mation energy in the medium. When this wave encounters
fractures, a significant part of the elastic deformation energy
is converted into kinetic energy of motion.
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Yz

Figure 7. Stress distribution in a continuous half-space from the
action of a concentrated force

O':"

This motion leads to collision of separate fragments of
the medium, as a result of which the kinetic energy is again
converted into the elastic deformation energy. This pro-
motes failure not only along natural separating surfaces, but
also along newly formed fractures, and is due to further
transfer of elastic deformation energy to the surface energy
of the fractures.

Therefore, in disturbed rocks, the absolute value of radial
stresses for different points lying on the (z) axis will vary
depending on the angle and depth of the point:

_Pcosa
27R%

where:

P — the concentrated force acting on the half-space, kg;

R — the distance from the point of force application to the
first fracture or stress measurement point, m;

o — the angle of the force application trajectory relative to
the axis (z), deg.

In accordance with the above method, the stress distribu-
tion around the blasthole explosive charge can be represented
as shown in Figure 8.

®)

~X
N

7
. \

\ Y
\\\\ ////
Figure 8. Stress distribution around the blasthole explosive charge

This solution is well known in the context of static loa-
ding of a system exposed to a concentrated force. To ade-
quately analyze the tasks related to blasting destruction, it is
necessary to identify the relationship between the stress state
under dynamic and static loading of a given system.

The stress around the charge under the influence of the
reduced forces is determined by the following Equation,
based on the stress equality condition:

Pprdl Pyl

o, = = .
' 4.27R?  8R2

(4)
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A number of researchers in the field of explosive enginee-
ring note [50], [51] that the degree of fractured rock crushing
by blasting is determined by the total explosive agent energy,
equal to the product of charge weight by specific blast heat.

The total blast energy in this case is:

Q=Qp-c
where:
Qo — the specific heat of blast, kcal/kg;
¢ — the charge weight, kg.
For internal energy per unit mass of gas, there is an
Expression [51]:
R
p(k-1)’
where:
P — the initial pressure of blast gases;
p — the charge density;
k — the coefficient taking into account the ratio of heat ca-
pacity of gases at constant pressure to heat capacity at constant

volume, in the examined conditions can be set equal to k = 1.2,
Then, taking into account the coefficient (k) value, obtain:

R =Qp, (1.2-1)=0.29Qp. @)

Expression (7) is correct for charge detonation conditions
in a homogeneous monolithic medium. However, when
blasthole explosive charges detonate in fractured hard rock
masses, the shock wave generated by the blasting process
collides with the dense block boundary, resulting in an in-
crease in pressure.

Given the necessity to express the heat of blast in me-
chanical units of work, obtain:

_24.7-p-Qp-100

©)

Up = (6)

= =84. , MPa. 8

5P 1000 Qop ®)
Substituting Equation (8) into Equation (4), obtain:

o, - 8.74-QupdL _ 1.05-QppdL  MPa. )

8R? R?
Equation (9) describes the change in the stress state of the
mass at its various points depending on the distance of these
points to the charge, the characteristics of the explosive
agent, the diameter and length of the charge.

Substituting the rupture resistance (or) values of rocks by
classification into Equation (9) makes it possible to deter-
mine the ultimate failure zones for fractured rocks depending
on diameter and length of the charge, as well as the type of
explosive agent used. As a result, Equation (9) takes the
following form:

1.05- dL
1.05-Qopdt

Oy

R= (10)

In the context of the studied issue, one of the key tasks
is to determine the boundary of a fractured mass failure
under the influence of explosive charges. The solution to
this problem can be performed on the basis of a plane stress
state, the choice of which is conditioned by the symmetry
of the studied system.

Having an equation describing the stress change around a
single elongated charge, it is necessary to determine the

stress distribution in the resulting field. In this research, the
time factor is excluded and the solution is based on the
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maximum stress values, as these are the ones that lead to
simultaneous material failure. Consider an arbitrary material
point (A) to which the stress fields arising from two adjacent
charges converge (Fig. 9).

-

Figure 9. Scheme of stress distribution resulting from the impact
of adjacent charges

The stress state at this point, caused by the influence of the
left charge, is characterized by the stress components (or1) and
(061), and from the right charge — (or2) and (o42). The influence
of each charge is considered in a separate polar coordinate
system with corresponding polar angles () and (5).

To solve the problem, the conversion into a unified Car-
tesian coordinate system (xy) is performed. As a result of
the joint impact of the left and right charges, the stress state
at point (A) can generally be described by stress compo-
nents (ox) and (oy):

Oy =0 SiN° &+ 0y SiN° f— oy COS° a+ 0y c0s” B5 (11)

oy =0g cos? a+ogy cos? P—on sin ¢ +0y2 sin . (12)

To simplify the calculation, assume that the charges are
located at an equal distance from the middle point, then:
R1 = R2; 0o1 = 062, 011 = 0Ov2.

Then Equations (11) and (12) have the following form:

oy =204, 5in° @ — 20y, c0s% & ; (13)

oy =204 cos? o — 204 sina . (14)

It is known that Zr- = 2= #

%9 H
It was noted earlier that the mining-geological conditions
of the studied deposits, as well as physical-mechanical pro-
perties of the rock mass, are similar. In this regard, the ave-
rage coefficient (x) value can be taken as 0.3. In this case,
substituting (a) in Equations (13) and (14), have:

, Where u — is the Poisson ratio.

oy = 2(0.28crr1 sin? o -op cos? a) =

(15)
(O 28sin° o — cosza)
2(0 28arlcos o— o—rlsmza)
(16)
= (0 28cos’ o — S|n2a)
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From the scheme of stress distribution resulting from the w2 a2
impact of adjacent charges (Fig. 8), it can be seen that: Oy =20y 0-28W2 2 WwiidZl an
sina =" cosa =% R =VW2+a?; ~ 20'r1 2 2.
R R . (o 28W )
L 1 W +a
. W a 2
SiNgt =———; oS = ———. W
=2 0.28 =
VW2 4+ o2 W2 4 g2 n W +a2 E +a2} 18)
Substituting the values of sin a and cos « into Equations 20 )
15) and (16), have: 0.28a°
(15) and (16) -
Thus, the stress at point (A) at simultaneous impact of charges is equal to:
20 2 2 20 2 2
op= 65 +a$, = (2—rlzj ~(0.28\N2 —az) +(2—r12j ~(0.28a2 —Wz) =
W< +a W< +a (19)

:J(ﬁf -[(0.28\N2—a2)+(0.28a2 —WZ)]2 :—sz";flaz (w? —a2)2 =W—226+f;2 (w?-a?)

In the considered case, the stress at point (A) is the sum 100
of the stresses induced by the impact of charges 1 and 3, as
well as the radial stress component generated by charge 2

y=187.55x-2.011 ® La=1.0
y=579.85x-2.019 @ L»r=3.0

Fig. 8). Thus, the resultant stress at point (A) under the sim- $=956.41x-2.013 @ Lor=5.0
. . \ 80
ultaneous impact of three charges is determined as follows: y=1338.1x-2.012 @ Loy=7.0
I
2 2 2 2 & y=17102x-2.007 ® Ler=9.0
<W s ) (W -a ) E y=2426.3x-2.067 @ Ler=11.0
O'AZZO'rlﬁ-FO'rl:Url 2ﬁ+1 = 2 60
W< +a W< +a 20 £ y=2435.7x-1.995 @ Lai=13.0
(20) 2 y=2812.9x-1.997 ® Lr=15.0
W2 -2a% +W? +a? w?-a? -
=0r1 =0p1 2
w2 +a? w?+a? 8
7

The proposed methodology for studying the stress state
during blasting of fractured masses of high benches has a 20
universal character. The introduction into the equations of
physical-mechanical rock mass properties of a particular de-
posit makes it possible to adapt the formulas for any rock mass totul -
characteristics and to determine the parameters of destructive 0 s 10 s 20
stresses depending on the degree of fracturing, the bench
height and the main parameters of blasthole explosive charges.

Distance from the charge to the studied point (fault), m

Figure 10. Distribution of stresses in the mass depending on the
. . distance to the studied point
4. Results and discussion

Based on the presented methodology, the change in the The graph analysis shows that for equal distances from
rock mass stress state at different distances from the explo-  the charge, the stress value increases proportionally to the
sive agent charge is studied, taking into account the length of  increase in the charge, in particular its length at a constant
the charge and its influence on the stress distribution. One of  diameter. In addition, the decrease in maximum stress values
the key aspects of this research is to determine the zones of  occurs more slowly the longer the charge length. According
ultimate rock failure, occurring depending on the charge  to the accepted model of rock failure under the influence of
length, and also taking into account the well filling factor.  tensile stresses arising from the transformation of radial
For Pustynnoye Deposit, these parameters are of great  stresses on an open surface, the sizes of rock failure zones
importance, since they determine the nature and intensity of increase with increasing charge length.
rock failure during blasting operations. Based on the obtained dependences, it has been found

In the course of the research, the methodology is used to  that under standard conditions of wave propagation and Pois-
determine the changes in the stress state of the mass at dif- son ratio of 0.3, the stress at the interface of a half-space
ferent distances from the charge, where each of the zones is  bounded by 100r_0, in a medium penetrated by microfrac-
analyzed in detail. An important point to note is that the  tures of 1 mm width, decreases relative to the initial stress at
charge length study is conducted at a fixed diameter, which  the charge-rock interface by about 500-700 times. In the case
is 200 mm. Granulite E has been selected as the explosive  of a medium with multiple fractures wider than 2 mm, the
agent, which has the following characteristics: thermal effect  stress at the same distance is significantly reduced. Moreo-
of the blast is Qo = 1000 kcal/kg and density p = 1000 kg/m®.  ver, the reduction value depends on the dynamic compressi-
These parameters are important for blasting operations, as  hility of the material filling the gaps between the monolithic
they provide the required power and efficiency of the blast  units, as well as on the compressibility of the monoliths
while minimizing explosive agent consumption. The research  themselves, reaching a reduction of 100-500 times compared
results are presented in Table 1 and in Figure 10. to the stresses in the monolithic medium.
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Table 1. Variations of the mass stress state depending on the charge length at different distances from it

Distance from

Charge length, m

SNeJ' the charge to the 1.0 3.0 5.0 7.0 9.0 11.0 13.0 15.0
studied point (fault), m Stresses in the mass, MPa
1 0.4 1186.60 3550.00 5933.00 8296.40  10689.20  32656.10 15396.40  17750.00
2 0.8 294.20 887.90 1470.90 2054.00 2641.80 3232.10 3822.60 4412.90
3 1.2 13141 392.27 657.83 921.83 1186.41 1440.38 1707.96 1961.33
4 1.6 73.55 221.79 367.75 515.85 662.95 809.05 955.15 1106.16
N+1 N+0.4
45 19.2 0.46 1.39 2.39 3.27 4.38 5.72 6.76 7.79
49 19.6 0.44 1.36 2.34 3.20 4.20 5.39 6.37 7.35
50 20.0 0.43 1.32 2.30 3.16 4.10 5.17 6.11 7.06
With an increase in the number of fractures and faults, 1.3
there is a decrease in stress in the range of 105-10%° times, =
which eliminates the possibility of failure by repeated crushing é 1.0
of rocks under the influence of stress waves. In this case, the E )= 223352 + 379.67x - 150.08
width of the fractures and their number reduce the parameters g 105
of stress waves nonlinearly: when the fracture width increases 5
by 5-8 times, the stress decreases by hundreds of times. ’;:; 10.0
To determine the sizes of failure zones with different E»
physical-mechanical characteristics, including fracture sys- E
tems resulting from blast impact, it is necessary to know the £ 9§
values of their temporary tensile strengths. Further, we de-
termine the ultimate failure zones for fractured rocks of 9.0
0.75 0.80 0.85 0.90

Pustynnoye deposit when using charges of different diame-
ters, depending on their lengths (Table 2).

Table 2. Parameters of ultimate failure zones for fractured rocks
when using charges of different diameters

Charge Sizes of ultimate failure zones, m
diameter, Charge length, m
mm 10 30 50 70 90 110 130 15.0
115 22 34 45 52 58 63 69 74
200 35 59 76 90 102 111 120 1238
250 39 67 85 101 114 125 134 143

There are no specific recommendations in the mining-
engineering literature for determining the ratios between the
charge length and the bench height when breaking fractured
masses. In this regard, we conduct the studies on the influ-
ence of the charge length in the well on the value of the
overcome line of least resistance (LLR) W and the volume of
failure zone in industrial conditions. The research results are
presented in Table 3 and in Figure 11.

Table 3. Influence of blast parameters on the failure crater criti-

cal radius
Parameters Values

Bench height, m 7 10 12 14
Well depth, m 8.5 115 135 16
Charge weight, kg 675 935 1142 135
Charge length, m 6.5 9 11 13
LLR value, m 4.9 4.9 7.3 7.3
Ratio of Leh /Lwell 0.76 0.78 0.82 0.87
Failure crater radius, m 5.9 6.1 5.3 5

Failure crater critical radius, m 9.4 10.3 11 11.2

As a result of the conducted research, it has been
determined that the blast crater radius, as well as the failure
radius and the work W value increase when the charge is

lengthened by 1.2 times.
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Well filling factor, Lok / Luweir

Figure 11. Dependence of the failure crater critical radius on the
well filling factor

In this case, as the charge length increases up to 0.75 of the
well depth, the critical failure radius increases most intensive-
ly, after which, when the charge length reaches 0.85 of the
well depth, further increase becomes insignificant, and at fur-
ther lengthening, these parameters remain stable. Thus, to
achieve maximum failure volume and optimal rock crushing
when mining high fractured benches, the most effective charge
length is 0.75 of the well depth or 0.85 of the bench height.

Based on this, in calculations of the effective charge
length, it is reasonable to use a value equal to 0.85 of the
bench height (L, = 0.85H). Accordingly, Equation (10) takes
the following form:

R ’O.Q-Qode m
Oy

Thus, based on the conducted research on the stress dis-
tribution in the mass at different distances from the charge,
as well as the analysis of the sizes and configurations of
failure zones, it is possible to determine the optimal parame-
ters for placing the explosive into the well. These parameters
can be set taking into account the physical-mechanical cha-
racteristics of rocks, the level of the mass fracturing and
geometric peculiarities of the quarry bench. In particular,
careful study of stress distributions and failure zones can not
only improve the efficiency of blasting operations, but also
minimize undesirable consequences such as excessive crush-
ing or non-uniform failure, which is especially important
when mining masses with complex structures. This approach
makes it possible to optimize the technological parameters of
drilling-blasting operations, contributing to a more accurate
and cost-effective design of schemes for blasting operations,
while taking into account both the geometry of the quarry
and the specific properties of the mined mass.

(21)
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Optimization of drilling-blasting parameters based on de-
tailed analysis of stresses and failure zones not only im-
proves overall efficiency of operations, but also reduces the
risks associated with excessive crushing or non-uniform
failure. The conducted research has confirmed that the pro-
posed methodology for analyzing the stress distribution and
failure zone sizes is universal, can be adapted to specific
conditions and will help to minimize errors in designing
schemes for blasting operations, by increasing their econom-
ic efficiency. Thus, further research will focus on substantiat-
ing the optimal drilling-blasting parameters based on the
assessment of the stress state during blasting in fractured
masses of high benches.

5. Conclusions

Blasting operations in a number of Kazakhstan deposits
face serious problems due to high level of fracturing and
the presence of volumetric cavities, which leads to natural
rock mass disintegration into large pieces. The average
intensity of fracturing in these deposits ranges from 5 to 20
fractures per linear meter, which makes it difficult to effec-
tively crush the rock and complicates the choice of blasting
methods. In addition, when using the simplest locally pro-
duced explosive agents, up to 800-900 I/kg of gases are
released, which causes an increase in stresses in the mass
up to 1.5 times and creates difficulties in compliance with
the design contour of the quarry.

Research has shown that failures in fractured masses are
initiated by tensile waves: when the charge detonates, the
blast energy is distributed uniformly in all directions, but
outside the failure zones, the stress rapidly decreases. Blast
products have a concentrated impact on outcropped surfaces,
which can cause additional failures.

In this regard, a model with equivalent resultant forces di-
rected along four axes to the center of charge gravity is pro-
posed to calculate the pressure and stresses. The stress state
is determined based on the concentrated force acting on the
half-space. The stress in the mass arising from the blast is
determined by the equation taking into account the angle of
force application and the distance to the fracture. The impact
of the charge on the stress is described through an equation
taking into account the characteristics of the explosive
agents, the diameter and length of the charge.

The results show that the stress in the rock mass increases
with increasing charge length at fixed diameter. This indi-
cates the need for careful selection of charge length to con-
trol the stress level in the rock, which in turn influences the
failure efficiency. The proposed methodology makes it pos-
sible to assess the stress state in fractured masses and to
identify ultimate failure zones depending on the characteris-
tics of explosive agents and geological conditions.

It has been determined that the sizes of failure zones in-
crease with increasing charge length, which should be consi-
dered in designing schemes for blasting operations, especially
in fractured rocks, where the size and shape of failure zones
can vary depending on geological conditions. Research has
shown that a charge length equal to 0.75 well depth or 0.85
bench height is the most effective for achieving high-quality
crushing and maximum failure volume. Based on the results
obtained, the ratio between the radii of failure zones and the
value of breaking stresses has been found, and an empirical
formula for determining the failure radius has been proposed.
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At the same distance from the charge, the stress value
increases proportionally to the increase in the charge length
for a fixed well diameter. The failure radius depends on
the well filling factor and is described by the function
y =-223.35 x2 + 379.67 x — 150.08 for deposits with similar
geologic conditions.
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HocaigxeHHs HANPYKeHb B MaCHBi Ta mapaMeTpiB 30H pyiiHyBaHHSI NP MiApUBaHHI
TPILIMHYBATUX BHCOKMX YCTYNiB CBEPIJOBHHHUMU 3apsiAaMu

€. Cepnaries, €. IckakoB

Meta. CTaTTs NpUCBIYCHA BUBUCHHIO 3aKOHOMIPHOCTEH pO3MOALTY Hapy>KeHb y TPILIMHYBAaTHX TiPChKUX MacuBaxX MpH BiIOMBaHHI MO-
Pix Ha BHCOKHX YCTyINax i3 BUKOPUCTAHHSIM CBEPAJIOBHHHUX 3apsAiB. MeTa JOCHiKEHHs MOJATae B ONTUMi3alii mapaMeTpiB Oypomiapus-
HHUX poOIT 3a JONMOMOTOI0 IETalTi30BaHOTO aHaJi3y PO3MOALTY HalpyXEHb Ta YTBOPEHHS 30H PYHHYBaHHS Ha BUCOKHX yCTyIax, IO JO3BO-
JUThH ICTOTHO HiABUIIUTH €(EKTHBHICTh €KCIUTyaTallii BaHTa)KHO-TPAHCIIOPTHOTO OOJaTHAHHS, a TAaKOXK PO3POOUTH €KOHOMIUHO MOIIBHI
MPOEKTH BUOYXOBUX CXEM, aJallTOBaHi 10 TeOMeTpii Kap’epy.

Metoauka. [locnimkeHHs 3aCHOBaHE HAa TEOPETHYHOMY MOJICTIOBAHHI MOMIMPEHHS HAIPy>KeHb, BUKINKAHUX BUOYXOM CBEPUIOBUHHUX
3aps/iB y TPIMIMHYBAaTHX TPCHKUX MacHBaX. Po3monin Hanmpy»XeHb HaBKOJIO 3apsiay PO3PaxOBYETHCS 13 BHKOPHCTAHHAM PiBHSHbB, BUBEICHUX
3 Teopii NpyXHUX JedopMaliil i MOBEPXHEBHX XBWIb, 3 YpaxXyBaHHIM OCOOJIHMBOCTEH TPINIMHYBAaTUX BHCOKUX YCTYIiB. Mozens BKIIOYAE
HOIIUPEHHS HANPy>KeHb, TPaHC()OPMAIiF0 XBIIIb i TOBEIHKY TPIIIMH Y MTOPOAaX JUIsl BU3HAYCHHS 30H IPOOJICHHS TipChKOi HOPOIH.

Pe3yabTaTn. Pe3ynpTaTi mokasany, mo OCHOBHHM (hakTopoM pyHHYBaHHS MOPOIH € PO3TATYIOWi XBHJI HAMPYXXEHb, [0 BUHUKAIOTH B
pe3yabTaTi BioOpakKeHHs CTHCKAIOUUX XBWIb. CTyHiHb APOOJICHHS MOPOIU Ta OOCAT 30H pyHHYBaHHS 3aJeXaTh BiJ JTOBKHHH 1 TiaMeTpy
CBEpAJIOBUHHOTO 3apsly, BIACTUBOCTEH BUOYXOBO1 PEUOBUHH, @ TAKOX MEpPEXi MONEePEIHBO ICHYFOUNX TPIIIUH.

HaykoBa noBu3Ha. [IpeacTaBneHo HOBHIA MiAXiA O BUBUEHHS PO3MOILTY HAPY>KEHb y TPIIIUHYBATUX TIPCHKUX MacHuBax IMpu BHOYXO-
BUX pobotax. JlaHe mocnimKeHHsS BPaxXxOBY€ BIUIUB iCHYFOUMX TPIIIMH i B3a€MOBIUIMB HANPYXXEHHX XBWIb 3 NMPUPOJHUMH MOPYIICHHSIMH B
HOPOJIi, IO 103BOJISIE€ OIIBII TOYHO NPOTHO3YBATH JIPOOJICHHs ripcbkoi mopoau. st yMoB BifgnparroBanHs pojxosumia “IlycTuHae” BcTaHO-
BIJICHI CIIiBBITHOIICHHS MK pajiycaMy 30H pyHHYBaHHS Ta BEJIMYHHOIO PYHHIBHHUX HAIpy)KeHb, a TAKOXK 3aI[PONOHOBAaHA (YHKIIS IS BH-
3HAUCHHS pajiyca pyiHyBaHHS.

IpakTnyHa 3Ha4YMMicTh. Pe3ynpTaTi 1aHOTO AOCTiHKEHHS MOXYTh OyTH BUKOPHCTaHI AJIs ONTHMIi3allil mapaMeTpiB BUOYXOBHX PoOiT
Ha Kap’epax 3 TPIIIMHYBAaTHMH BUCOKHUMH yCTynamu. Bu3Hauatoun onTHManbHI po3MipH 1 po3TallyBaHHS 3apsiB, MOMIUBO JOCSTTH OiTbII
e(eKTUBHOTO APOOJICHHS IOPOIH, 3MEHIINTH 3HOC 00IaTHAHHA Ta MiABUIINTH 3arajbHy BUPOOHUYIY €(EKTUBHICTb.

Knrouoei cnosa: niopusni pooomu, 6u000Ymox, kap 'ep, 8Ucoxi ycmynu, OpoOneHHs, 2ipCoKutl Macug, enepzisa audyxy, 30HU PyUHYEaHHS
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