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Abstract

Purpose. Determining a relationship between the shear/failure of the rock mass and the technogenic earthquakes caused by
them during underground mining of ore deposits with the derivation of an equation for the dependence of the technogenic
earthquake indicators for the conditions of the Zhezkazgan copper-ore field.

Methods. The research methodology consists of studying and analyzing early research on technogenic earthquakes by the
method of statistical data processing. Calculation of rock mass deformation distribution in the study area is based on numerical
modeling in the Comsol Multiphysics 5.6 and MATLAB 2020 software package environment. Calculations are performed
based on solving a plane problem using the Finite Element Method (FEM).

Findings. Based on the transition from the failure area to subsidence and shear values of the overlying rock mass stratum, an
equation for the dependence of the earthquake magnitude on the numerical values of the mass subsidence or shear has been obtained.

Originality. For the first time, based on the physics and geomechanics of rock mass shear processes, empirical-analytical
formulas have been obtained that make it possible to predict the technogenic earthquake magnitude during underground mining of
ore deposits in the conditions of the Zhezkazgan copper-ore field.

Practical implications. Preliminary predictive calculations made by the obtained formulas for the conditions of the
active mine No. 31 of the East-Zhezkazgan mine, TOO Kazakhmys Smelting, show acceptable results of magnitude value,
comparable to in-situ measurements during field mining. This prediction makes it possible to pre-calculate the technogenic
earthquake magnitude at the stage of designing mining operations and make appropriate scientifically sound decisions
during further mining of the field.
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1. Introduction In underground mining of solid minerals, in particular ore

Kazakhstan’s mining industry plays a key role in the deposits, one of the_ geodynamic consequences is the occur-
country’s economy, due to its vast natural resources and  rence of technogenic earthquakes, which pose a hazard to
significant contribution to the formation of domestic and ~ POth underground geomechanical structures and surface life-
global markets for raw materials [1], [2]. In light of modern ~ Support facilities. The causes of such forms of mass reaction
challenges and technological innovations, the mining sector ~ during technological intervention in its equilibrium state are
is becoming a fundamental element of Kazakhstan’s sustain- ~ mainly two [8]-[10]. These are massive blasting operations
able development strategy. However, along with the positive ~ during the preparation and mining of ore bodies and/or in-
aspects of mining industry development, attention should  Stantaneous failure of overhanging rock stratum into mined-
also be paid to the potential risks that accompany its activi- Ut spaces [11], [12]. While the action of massive explosions
ties [3]-[5]. A particularly important aspect in underground ~ €an to some extent be controlled (by the amount of explo-
mining of solid minerals is the impact on the geodynamic  SiVes, shleldlng slots, etc.), spontaneous failure over large
mass state, leading to undesirable consequences, such as ~ Outcrop areas is almost uncontrollable [13]. In massive ex-
technogenic earthquakes that can pose a threat to under- plosions, short-term fluctuations of varying intensity in un-
ground and surface structures [6]. In light of these challeng- ~ derground and surface structures occur, and in the case of
es, particular attention is paid to research into geodynamic ~ failure, there is also surface shear [14]-[17]. Both of these
processes and development of control measures to ensure ~ Consequences of intervention are charat_:terlstlc of an earth-
safe and sustainable mining operations [7]. quake, one of the most severe catastrophic events.
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The impact of technogenic earthquakes is particularly dan-
gerous for the life-support facilities of built-up areas, which
are often formed within the field on the surface of the ore
bodies. These include residential buildings of various number
of floors and duration of use, water supply and sanitation net-
works, outdoor and buried storage facilities for fuels and lubri-
cants, railways and highways, high-voltage power transmis-
sion lines, production sites and buildings, and religious ob-
jects [18]-[20]. Mining operations for the completion of re-
serves and mining-induced technogenic earthquakes necessi-
tate difficult and sound decisions on the relationship between
mining enterprises, local authorities and communities [21]. In
connection with the above, along with others, there is a diffi-
cult task of predicting and assessing the degree of hazard of
technogenic earthquakes during the full mining of ore depos-
its, especially those with a high thickness of 10 m or more.

Natural earthquakes have limited impact on underground
mining operations, but can cause instability in open-pit mines
and tunnel portals [22]. However, the presence of underground
mine workings near faults can significantly influence the initia-
tion of tectonic earthquakes [23], [24]. Mining-induced seismic
events can lead to step changes in rock mass shear and excava-
tion closures, making the excavation less stable and more sus-
ceptible to seismic impacts [25]. The impact of earthquakes on
open-pit slopes, particularly at non-homogenous and varying
slope angles, can trigger instability and failure [26].

Anthropogenic earthquakes, induced by activities such as
underground mining, can have significant magnitudes, with
the imbalance between extraction and injection volumes
being a key factor [27]. These earthquakes can occur in pre-
viously aseismic regions and are often triggered by stress
state rearrangement due to human activity [28]. The impact
of these earthquakes on the earth movement can be substan-
tial, and the use of satellite radar interferometry has proven
effective in monitoring and analyzing these effects [29], [30].

The term “technogenic” or “anthropogenic” refers to the
diverse in nature, mechanism, duration and intensity of
influence on lithosphere objects resulting from human eco-
nomic activity. The size and extent of anthropogenic impact
on the geological environment are quite comparable with the
natural processes of exogenous geodynamics [31], [32]. The
main difference is the speed of the process deployment.
While geological processes are usually slow and can extend
over hundreds of thousands or millions of years, human
impacts on the environment occur much more quickly, over
decades. This rapidity of impact processes represents one of
the characteristic features of anthropogenic activity [33].

Studying the nature and consequences of technogenic
earthquakes has been the subject of scientific research, espe-
cially in the last few decades [34], [35]. For a long time,
there was no consensus that seismic activity in mining is
related specifically to underground or open-pit mining opera-
tions. At the same time, natural and technogenic earthquakes,
as well as rock-tectonic bumps, are considered dangerous for
life-support facilities. According to the authors in [10], [36],
they may occur not only during mining of solid minerals, but
also in oil and gas mining, as well as during the construction
of hydrotechnical structures.

The difference is, as the authors note [37], [38], that
technogenic seismicity, to some extent, is controllable, as
opposed to natural seismicity. For example, in mines or open
pits, measures for de-stressing can be planned or triggered
artificially at the required safe time.
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As for rock-tectonic bumps and technogenic earthquakes,
the foci of the former are located directly in mine workings,
causing significant destruction of underground geomechanical
structures — pillars and mine workings [39]-[42]. Tectonic
earthquake, like any other earthquake or rock-tectonic bump,
may well result in seismic vibrations on the surface. Moreo-
ver, the intensity can reach 5-6 points on the MSK-64 scale in
the nearest settlements or at the industrial sites of open pits or
mines. According to long-term observations, the magnitude of
technogenic earthquakes does not exceed 1-4, although some
may reach a magnitude of 4.5-5 on the Richter scale [43].

In general, magnitude is a conventional dimensionless
value, characterizing the total energy of elastic vibrations
caused by an earthquake, including technogenic one [44].
Magnitude is not measured in points, so it is correct to call
“an earthquake of magnitude”. Sometimes an empirical for-
mula is used, obtained by different methods of measuring the
energy class and earthquake magnitude [43]:
M =2 (lgE-48), )
where:

E — earthquake energy, J.

Given that predicting technogenic earthquakes is part of the
general problem of safe development and mining of mineral
deposits, including in social terms [7], scientists have focused
on solving this problem. Such studies have mainly been con-
ducted for the conditions of solid mineral deposits in the north
of the Asian continent, in Kazakhstan and Kyrgyzstan [45].

The above publications examined the complex relationship
between technogenic seismicity and the shear of the overlying
rock stratum in open pits and mines, and the mechanism of
seismic process development in underground and open-pit
mining methods. It is noted in [46] that the technogenic seis-
mic process develops simultaneously, that is, in parallel with
subsidence and failure of the rock stratum into the mined-out
space. However, it has been observed that there is a decrease
in seismic activity during periods of greatest subsidence and an
increase when shear ceases or decreases.

It can therefore be argued that in addition to predicting
seismic events, it is also necessary to assess seismic activity
in order to timely develop anti-seismic measures. Here the
authors propose to use a methodology developed on the basis
of certain empirical indicators of seismic events. There are
known studies aimed at determining the relationship between
the rock failure area and the Richter magnitude of a seismic
event [47], as well as seismic event severity depending on
the depth of mining.

The analysis of publications on technogenic seismicity has
shown that, despite the successes achieved, there is no simple
and accessible method for predicting such a formidable and
hazardous phenomenon, as the consequences of intervention in
the rock mass [48]-[51]. A famous scientist in the field of
seismic exploration and geophysics [43] notes that “for the
150-year history of its existence, engineering geology has not
made a single prediction of a technogenic disaster”.

The author of [9], pointing to the conditions for the for-
mation and manifestation of technogenic earthquakes, claims
that there are still few achievements in the field of predicting
rock-tectonic bumps, including technogenic earthquakes. At
present, no methodology for predicting rock-tectonic bumps
and technogenic earthquakes has been developed.
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Repeated mining of thick ore deposits by excavating the
pillars left for various technological purposes leads to for-
mation of extensive (in area and height) mine-out spaces and
the creation of conditions for spontaneous failure. It seems to
us that the seismic hazard assessment may and should be
determined by implementing scientifically based safety deci-
sions for both underground and surface life-support facilities
in the mining area. Miners assess underground mining hazards
by the energy of rock shear from a system of installed sen-
sors. Firstly, such systems are not available everywhere.
Secondly, they cannot be used to assess the risk of techno-
genic earthquakes for surface facilities.

Based on the analysis of previous studies, this paper aims
to substantiate the method for predicting the magnitude of
technogenic earthquakes in the conditions of the Zhezkazgan

copper-ore field. To achieve the purpose set, the authors, based
on previously conducted and published research results, con-
duct an analysis of physical processes and use modern soft-
ware products for modeling geomechanical processes.

2. Methods

In our research we primarily use the information on
technogenic earthquakes caused by rock failure in open
pits mining flat-dipping deposits using open stope systems
(longwall workings, board-and-pillar mining and similar)
given in the paper [46]. Table 1 presents the indicators
of technogenic earthquakes during rock failure in the fields
of foreign countries, Table 2 — during rock failure in
the fields of Kazakhstan.

Table 1. Indicators of some technogenic earthquakes during rock failure in the fields of foreign countries

. . Failure area, Earthquake strength
Fields Year Mine, country thousand m? magnitude  energy class

1938 Varengeville, France 100 2.3 8.3

1940 Krugershall, Germany 600 3.8 105

Potassium 1943 Klein Schiersted Germany 300 3.1 9.5

1975 Marx-Engels, GDR 3400 5.2 12.6

1989 Merkers, GDR 6000 3.6 13.2

1995 Solvey, USA 1900 5.3 12.8

1962 Champion Reef, India 135 4.5-5.0 11.9

1982 Welkom, South Africa 180 4.6 11.7

Gold 1985 Klerksdorp, South Africa 30 3.6 10.2

1987 Klerksdorp, South Africa 750 49 12.2

1988 Klerksdorp, South Africa 300 4.3 11.3

1986 Klerksdorp, South Africa 500 4.7 11.9

1991 Umbozero, USSR 80 2.2-2.6 8.7

1987 Lubin, Poland 2000 4.3 11.3

Iron ore 1980 Belchatow, Poland 2000 4.6 11.7

1984 SUBR, USSR 30 2.3 8.1

1993 Beech Cliffs, USA 15 3.6 10.2

1990 SUBR, USSR 450 3.5-4.0 10.5

Table 2. Indicators of some technogenic earthquakes during rock failure in the Zhezkazgan field in Kazakhstan

Field Year Mine Failure areaz, Ea_rthquake strength
thousand m magnitude  energy class

1994  Mine 57 bis 480 4.7 11.8

1996  Mine 42-47 474 3.7 6.1

1996  Mine 42-51 135 3.7 10.7

1998  Mine 42-51 42 1.3 6.8

1998  Mine 42-52 93 1.2 6.6

Iron ore 2001  Adit to old mines 102 3.7 7.6

2002  Mine 57 bis 117 1.2 6.5

2002 Mine 57 bis 184 4.4 6.5

2005  Mine 45 south of the village 153 3.9 7.0

2005  Mine 45 150 15 7.0

2007  Mine 31 north of the village 96 3.7 5.6
Using a special software package for scientific-  \ — _4787105F2 +0.0154F +0.061: ()

engineering research, empirical equations for the relationship

between earthquake magnitude and energy class with the K = 6.768¢(*-000588F) _ g 71 gge(-0-01705F) (5)

failure area can be obtained [52]:
— for foreign fields:

-6
M = 4.418¢ 403310 °F _1 370,-0.003098F , @)

®3)

K =11.56 219510°F _5 477,-0.002598F .
— for the Zhezkazgan field in Kazakhstan:
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Formulas (2)-(5) are empirical equations that describe the
relationship between the earthquake magnitude (M), energy
class (K =g E) and failure area (F) for the fields in foreign
countries and the Zhezkazgan field in Kazakhstan. There is
no direct mathematical correlation between these formulas,
but they can be used to model different types of earthquake
energy class dependences on failure area F. These equations
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provide a tool for assessing the magnitude and energy class
of earthquakes in the Zhezkazgan field depending on failure
area. It is important to remember that these equations are
empirical and based on statistical data rather than on
fundamental physical principles, making it necessary to
apply and interpret them carefully in the context of specific
research and practical problems [53]-[55].

Figure 1 presents the dependence of the energy class of
technogenic earthquakes on the failure area according to
source [47]. The graph illustrates the relationship between
energy class and failure area size, providing a visual repre-
sentation of how changes in failure area relate to different
energy activity levels of technogenic earthquakes.

z
g
B
>
20
Q
=
=g
# Potassium Iron ore
2
= Gold ® Zhezkazgan
0
0 1000 2000 3000 4000 5000 6000

Failure area (), thousand m’

Figure 1. Relationship between the energy class of technogenic
earthquakes and failure area (according to [47])

Based on Figure 1, the relationship of energy class of tech-
nogenic earthquakes can be approximated by the Formula:

K =0.89InF +4.76. (6)

The expediency of transition from failure area to mass
shear is grounded in that the vertical subsidence values and
full shear of the mass are determined by numerical modeling
of the mass stress-strain state (SSS) according to research
and scientific substantiation of safe mining of ore deposits.
By the value of magnitude, it is possible to proceed to corre-
sponding MSK-64 scale scores and predict the possible haz-
ardous consequences.

Then numerical modeling of the mas SSS is performed.
Calculation of rock mass deformation distribution in the
study area is based on numerical modeling in the Comsol
Multiphisics 5.6 and MATLAB 2020 software environment.
Calculations are performed based on solving a plane problem
using the finite element method. The modeling methodology
is shown below.

The study of stresses and strains in a rock mass under the
action of external loads and internal (mass) forces can be
solved using the finite element method (FEM) [56]-[58]. Usual-
ly, a plane problem is solved, in which the stress state parame-
ters are calculated in given or some presumably most hazardous
sections. Stresses under the influence of external forces are
related to deformations and physical-mechanical properties of
the medium by known elasticity theory relations [59], [60].

Numerical values of stresses and strains in the mass
are calculated in the environment of the integrated
MATLAB software package, which implements the finite
element method and is specifically focused on scientific-
engineering research.
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When modeling the elastic-plastic rock mass medium
state, physical-mechanical properties of rocks characteristic
of a particular field area are used: rock elasticity static modu-
lus, Young's modulus (£), MPa; Poisson’s ratio (v); internal
friction angle (p), deg.

As a result of numerical solution of the elasticity theory
equations, the MATLAB software package calculates and
outputs the complete list of parameters characterizing the
rock mass stress-strain state: vertical, horizontal, principal
and tangential stresses, as well as shear, vertical, horizontal
and resultant strain and displacements.

Development of the working scheme and formation of a
triangulation area for calculations by the finite element
method is conducted in stages in the COMSOL Multiphisics
software package environment.

The initial data when developing a working scheme are
geometric parameters of the studied mass area: depths of
location of technological facilities, their linear dimensions,
thickness of ore bodies (coal seams), incidence angles. After
analyzing these data using the Structural Mechanics module,
an initial rock mass model, including the geomechanical
structures located within it, is built using coordinates. The
model is then adjusted to the location of mined-out stopes,
pillars, decommissioned or backfilled areas, etc. The final
formation of the triangulation area then occurs. The first step
is to input data on physical-mechanical mass properties,
taking into account lithological varieties, physical state
(caved — not caved, etc.). The second step is to input the
calculated pressure values (taking into account the lateral
pressure coefficient), the required calculation accuracy due to
the dimensions of the grid area elements. In the end, we have
a rock mass fragment formed and ready for SSS modeling.

Figure 2 shows the computational scheme for SSS nu-
merical modeling using the finite element method on profile
line No. 21 of VZhR mine No. 31.

300 T T T ]

250

150 5
PY3-9-l
100 .

SO RE PY3g. : 4
PY3-7-I

-S0| 4

1 1 1 1 1

0 100 200 300
Figure 2. Computational scheme for the section of profile line No. 21

m

Figure 2 shows that three deposits are fully depleted,
which is highly likely to result in a large mass shear and a
significant technogenic earthquake.

This research studies the plane-stress mass state under the
action of the weight of the overlying rocks yH in the vertical
plane along the Y axis and the volumetric force of the studied
mass area weight Q. The lower part of the mass above the
mined-out space is assumed to be free, that is, not influenced
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by the action of external forces. Stresses, deformations and
displacements act predominantly in the Y-axis direction
(perpendicular to the roof mass plane) and insignificantly in
the X-axis direction (along the mined-out space span line).
It is assumed that there are no stresses and deformations in
the semi-bounded rock mass plane along the Z-axis direc-
tion (perpendicular to the XOY plane). The mass dimen-
sions along the X and Y axes are finite and are determined
by the modeling conditions.

3. Results and discussion

To predict the magnitude, it is reasonable to switch from
area to the value of shear during mass failure, because, in our
opinion, this transition reflects more the physics of a techno-
genic earthquake. To determine the relationship between the
mass shear and the magnitude of the earthquake it causes, use
information about the earthquake energy. It is determined by
the parameter K, which by the formula E = 10X J, expresses the
physical earthquake energy value. Bearing in mind that Joule
is a unit of work (or energy) measurement determined as the
product of force and distance, it is possible to calculate the
mass shear value from the failure energy value. Based on the
work formula A =P-L and the unit of measurement (J = N-m)
of the failure energy, the caving (or shear) force can be deter-
mined from the known failure area using the Formula:

P=10-F-h-y,

where:
h — thickness of caved rock stratum, m;
» — unit specific gravity of rocks, kg/m?;
10 — approximate conversion factor of kg-Force to Newton.
Then the shear value L (or displacement) of the mass part
during failure can be calculated by the Formula:

L-— & |
10-F-h-y

In the conditions of the Zhezkazgan field, the following
can be assumed: average unit specific gravity of the rock
stratum is 2600 kg/m?®, caved stratum thickness is within
3-8 m [61]. Further we will use empirical Formula (6) and
using the data of Table 2, calculate the energy class K by
Formula (1) and the corresponding magnitude value M.
Using Formula (8), taking the average thickness of the caved
rock stratum as h =5m, the shear value L is determined.
Table 3 presents the technogenic earthquake indicators
and the corresponding calculated rock shear values, depen-
ding on the failure area and taking into account the condi-
tions of the Zhezkazgan field.

By processing the data, the equation for the relationship
between magnitude and shear value during overlying rock
stratum failure has been obtained:

M = 4.851. 10268 9)

As can be seen from the calculation results in Table 3, the
calculated shear value of overhanging rock stratum at full
mining of the ore body, depending on the area, can range
from 20 mm to 2.6 cm. In this case, the calculated magnitude
of technogenic earthquake takes values from 2.19 to 3.64.

Figure 3 shows a dependency graph of the technogenic
earthquake magnitude on the rock mass shear during failure.
The graph in Figure 3 shows that the earthquake magnitude
increases as the rock mass shear value increases. With a mass
shear value of 0.05 m, the earthquake magnitude is about 2.5.

()

)
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Table 3. Technogenic earthquake indicators and calculated rock
shear values for the conditions of the Zhezkazgan field

Earthquake Calculated
th/c?ursar’nz Energy class (K) magnitude (M) shear (L),
) measured calculated measured calculated m
480 11.8 10.2 4.7 3.64 0.251
474 6.1 10.1 4.7 3.63 0.263
184 6.5 9.4 4.4 3.07 0.105
153 7.0 9.2 3.9 2.96 0.081
150 7.0 9.2 15 2.95 0.080
135 10.7 9.1 3.7 2.38 0.070
117 6.5 9.0 1.2 2.80 0.066
102 7.6 8.9 3.7 2.72 0.080
96 5.8 8.8 3.7 2.68 0.051
93 6.6 8.8 1.2 2.66 0.055
42 6.8 8.1 1.3 2.19 0.021
4.0
35 N
2 39 *
< *
2 2.5 .
g 20
*‘; 1.5
=
£ 1.0
L:S
0.5
0
0 0.05 0.10 0.15 0.20 0.25 0.30

Absolute shear values (1), m

Figure 3. Dependency graph of the technogenic earthquake mag-
nitude on the rock mass shear value

With a mass shear value of 0.10 m, the earthquake mag-
nitude is about 3.0. Thus, it can be concluded that the mass
shear value is one of the main factors influencing the techno-
genic earthquake magnitude. The greater the mass shear
value, the greater the earthquake magnitude. The obtained
data can be used to assess the potential risk of technogenic
earthquakes. For example, if it is known that work is planned
in a particular area that may cause a mass shear, then this
pattern can be used to assess the potential earthquake magni-
tude. It is important to note that the earthquake magnitude is
also influenced by other factors, such as the rock type, the
depth of the rock mass occurrence, and the presence of frac-
tures in the mass. However, the rock mass shear value is one
of the most important factors. Calculated by Formula (8), the
magnitude of the technogenic earthquake caused by vertical
mass subsidence of 0.45 m is 3.95.

Figure 4 shows the dependency graph of energy classes
of technogenic fields on the rock failure area. The graph is
based on two data sets: measured data (1) and calculated data
(2). The graph shows that both data sets show a similar rela-
tionship. Energy class increases as the rock failure area in-
creases. It can be concluded that the rock failure area is one
of the main factors influencing the energy class of a techno-
genic field. The larger the rock failure area, the higher the
energy class of the field.

A comparative analysis of measured and calculated data
shows that the calculated data are generally consistent with
the measured data. However, if the failure area is of about
500 thousand m?, the calculated data slightly underestimate
the energy class.
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Energy class (K)
o]

(=TS )

0 100 200 300 400 500
Failure area (S), thousand m’
Figure 4. Indicators of energy classes of technogenic fields de-
pending on the area of rock failure : 1 — measurement
data; 2 — calculated data

This may be due to the fact that the calculated data does
not take into account all factors influencing the energy class.
In general, the obtained dependence is a reliable tool for
assessing the potential hazard of technogenic fields.

In accordance with the presented methodology (Section 2 of
the paper), the vertical trough surface subsidence has been cal-
culated for profile line No. 21 of VZhR mine No. 31 (Fig. 5).

-200
-250
-300

-350

Subsidence (¥), mm

-400

-450
A
-500
0 50 100 150 200 250 300 350 400

Profile line length (L), m
Figure 5. Graph of absolute vertical trough surface subsidence
along the length of the profile line

Table 4 shows the calculated vertical subsidence and total
shear values of the rock mass after full mining of the ore
deposits at different distances from the shear trough bounda-
ry. Table 4 shows that the subsidence and shear values al-
most coincide and take values from 1.96 to 2.73 m (the “-”
sign of vertical subsidence is related to the choice of coordi-
nate axis directions). Calculations by Formula (8) show that
at such instantaneous mass shears, the technogenic earth-
quake magnitude is predicted to be from 5.8 to 6.4.

Table 4. Calculated values of surface subsidence and displacements

Surface subsid- Distance from the left trough boundary, m
ence and shears 140 160 180 200 220 240

Vertical -2.48 -263 -2.72 -2.76 -2.73 -2.65

subsidence, m
Total shear, m 196 214 229 240 248 252

Analyzing Figure 6, it can be concluded that the principal
normal stresses decrease with increasing distance from the
face since the face influences on the redistribution of stresses
in the rock mass.
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Figure 6. Graphical fields of principal normal stresses: (a) 61;
(b) 62; (c) 63; 1 —displacement field Y component, m;
Il — displacement magnitude, m; Il —first principal
stress, N/m?; 1V —second principal stress, N/m?; V —
third principal stress, N/m?

Near the face, the principal normal stresses have higher
values and are orientated towards the face itself, causing
tensile stresses in the rocks. As the distance from the face
increases, the principal normal stresses decrease and become
compressive stresses. In addition, the principal normal
stresses vary in direction. Near the face, the principal normal
stresses have one direction, and as the distance from the face
increases, the principal normal stresses may have two or
three directions. The change in the direction of the principal
normal stresses is primarily due to the rock mass heteroge-
neity. Figure 6 also shows that the principal normal stresses
can have critical values, which can lead to deformations and
failures in the rock mass. Displacement field Y (Fig. 6, 1)
near the face has high values and is directed towards the face.
As the distance from the face increases, the Y-axis displace-
ment decreases and becomes equal to zero.
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Displacement magnitude (Fig. 6, Il) also varies depen-
ding on the distance from the face. Near the face, the dis-
placement magnitude has high values and decreases with
increasing distance from the face.

First principal stress (Fig. 6, I11) is the greatest of the three
principal normal stresses. Near the face, the first principal
normal stress has higher values and is directed towards the
face. As the distance from the face increases, the first princi-
pal normal stress decreases and becomes compressive stress.

Second principal stress (Fig. 6, IV) is the average of the
three principal normal stresses. Near the face, the second
principal normal stress has low values and is directed per-
pendicular to the first principal normal stress.

Third principal stress (Fig. 6, V) is the least of the three
principal normal stresses. Near the face, the third principal
normal stress has low values and is directed perpendicular to
the first and second principal normal stresses. As the distance
from the face increases, the third principal normal stress
decreases and becomes equal to zero.

The scientific value of the conducted research is to deter-
mine empirical relationships between the energy class, the
technogenic earthquake magnitude and the failure area, inclu-
ding for conditions of the Zhezkazgan copper-ore field. As
part of the practice of two-stage complete mining of ore depos-
its, it is necessary to determine the vertical subsidence and
complete mass shear above the mined-out ore deposits from
geological sections. These parameters provide the basis for
developing measures to protect surface life-support facilities.

It is important to anticipate the quantitative characteris-
tics of a possible technogenic earthquake, its energy class
and magnitude, in order to ensure the safe mining operations
and assess the possible destruction of industrial and civil
facilities, especially with limited information about the area
of failure. In this paper, based on the physics of technogenic
earthquake energy, an empirical equation has been derived
that relates the magnitude to the absolute rock mass shear.

The set tasks are solved by using numerical modeling of
the stress-strain state of the mass by the finite element me-
thod in modern software packages. The results of subsidence
and shear calculations obtained by modeling the stress-strain
state make it possible to assess the risk of such phenomena
and calculate the strength of possible technogenic earth-
quakes using magnitude ratios with MSK-64 scores.

Prospects for further research in this direction cover a
number of key aspects that can significantly expand our
understanding of the relationship between mining operations,
technogenic earthquakes and their environmental impacts.

In subsequent studies, an in-depth analysis of the factors
influencing the energy class of technogenic earthquakes
seems necessary. Achieving this goal requires the develop-
ment of more detailed and integrated models, taking into
account different parameters of mining operations, ore types,
geological peculiarities and other important factors. This
approach will significantly improve the accuracy of deter-
mining the relationships between failure area and energy
class of technogenic earthquakes. Such an analysis may in-
clude a detailed examination of the impact of each of these
factors on the processes leading to the occurrence of techno-
genic earthquakes. It is also important to take into account
their interaction and cumulative impact on the energy poten-
tial of earthquakes. In parallel, additional aspects, such as the
influence of geological conditions on earthquake characteris-
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tics and energy potential should be addressed. Additional
data on ore types and their characteristics can also have a
significant impact on the research results.

4. Conclusions

Based on the conducted research, the following conclu-
sions have been formulated:

1. Underground mining of thick ore deposits leads to the
occurrence of technogenic earthquakes that pose a significant
threat to both underground geomechanical structures and sur-
face life-support facilities in the built-up areas of the fields.

2. The analysis of the conducted research has confirmed
that at present there is no effective method of predicting indi-
cators that allow at the stage of development of projects for
full mining of ore deposit reserves to assess the degree of
possible hazardous consequences of technogenic earthquakes.

3. The adoption of a methodology based on mass shear
measurement, as an alternative to assessing the failure area,
is a strategically important step in understanding the physical
mechanisms leading to technogenic earthquakes. The transi-
tion from assessing the failure area to the mass shear value
represents a more complete reflection of the physics of tech-
nogenic earthquake occurrence.

4. The resulting equation makes it possible to calculate
the magnitude based on the ore-rock mass shear value,
providing a tool for more accurate prediction of the strength
of technogenic earthquakes.

5. Numerical modeling of the mass SSS in preparation of
scientific-engineering design solutions makes it possible to
effectively solve the problems: to assess the risk of surface
subsidence in case of full mining of thick ore deposits and to
calculate indicators of possible technogenic earthquakes.
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IIporHo3yBaHHsI MATHITYIM TEXHOTEHHUX 3eMJIeTPYCiB
npu migzeMHiii po3pooui ’Ke3ka3raHcbKoro pyiHoro poioBmiia

H. Xyanran, C. Acaiinos, T. Xomxkaes, JK. AzimbaeBa, K. Ararennies, I'. HypmaiiikoBa, A. AkuinbaeBa

Merta. BecraHOoBIIEHHS 3B’SI3Ky MK 3pYIISHHSIM 1 OOBaleHHSIM MAcCHBY TipCHKHX IOPIJ i BUKIMKAaHUMH HUMU TEXHOTCHHUMH 3eMJIETPY-
caMH TpH MiA3eMHIH po3poOIi pyAHMX HMOKJIAIIB 3 OTPUMAHHIM PIBHSHHS 3aJIe)KHOCTI MOKa3HHUKIB TEXHOTEHHHMX 3eMJIETPYCIB B yMOBax
JKe3ka3raHCHKOTO POJIOBHUIA MITHHUX PYI.

MeTtoauka. MeTo/mKa JOCITiZKEHb MOJISrae y BUBYCHHI Ta aHalli3i paHHIX JOCIIIKEHb 00 TEXHOTCHHHUX 3eMIIETPYCIB METOIOM CTa-
THCTHYHOT 00poOKH TaHuX. Po3paxyHOK po3noniny aedopmarii ripcbkoro MacuBy B paiioHi, 10 PO3IVISIAETHCS, 3aCHOBAHHI Ha YHCEIBHO-
My MOJIETIOBaHHI B cepeloBHUIIi mporpaMHux npoxaykriB Comsol Multiphisics 5.6 i MATLAB 2020. O6uncneHHs BUKOHYIOTHCSI HA OCHOBI
PpillIeHHS TUTOCKOT 331a4i METOJIOM CKiHUCHHHX €JIEMEHTIB.

PesyabraTin. Ha ocHOBI mepexozy Bia IUIomli oOBaJeHHs A0 BEIMYHH OCiJaHb i 3pyLIeHb HAJATal04oi TOBILI MMOPiJ MAacHBY OTPHMAHO
PIBHSIHHS 3aJIGKHOCTI MarHiTyiu 3eMJISTPYCY Bijl YHCEIBbHHUX BETMYMH OCiJaHb a00 3pYILeHb MacHBY.

HaykoBa HoBHM3Ha. Briepiiie Ha OCHOBI (Di3UKH Ta reOMeXaHiKH MPOIECiB 3CYBY MacHBY IOPiJl OTPHMAHO eMIIIPUKO-aHATITHYHI GopMy-
JIM, 10 JIO3BOJISIOTH MPOTHO3YBAaTH MArHITYAy TEXHOTEHHUX 3eMJIETPYCIB IPH MiA3eMHIN po3poOLi pyJHUX MOKIaAiB B yMoBax JKe3kasraH-
CBHKOT'O POJIOBHIIIA.

IpakTnuyna 3naunMicTsb. [lonepeaHi MPorHO3HI po3paxyHKH, BUKOHAHI 3a OTPHMaHUMH (OpMyNaMH A1 yMOB Jifodoi maxTtu Ne 31
Cxigno-XXe3kasrancekoro pyaanka TOB “Kopmopanist Kazaxmucy, mokazanu npuifHATHI pe3yiIbTaTH BEIHYWHH MarHiTYAH, SKi MOXKHA
MOPIBHATH 3 HATYPHUMHU BUMipaMu IpH po3poOiii pogosuiia. Takuid NPOrHO3 JAa€ MOXKIIMBICTh 3a3[aleri/ib pO3paxyBaTH MarHiTyy TEXHO-
TeHHUX 3eMJICTPYCIB Ha eTalli MPOEKTYBAHHs TiPHUYUX POOIT Ta MPUHAHATH BiAINOBIHI HAYKOBO-OOIPYHTOBAaHI PillleHHs iJ] 4ac IMoJaabuIol
PO3pOOKH POAOBHIIA.

Knrouosi cnosa: pyonuii noknao, niozemna po3pobka, pyoHux, 0668aienis, 3¢y MACUgy, MexHo2eHHUll 3eMAempyc
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