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The purpose of this study was to develop a methodology for integrated monitoring of the
rock mass state, which ensures the industrial and environmental safety of the Central
Kazakhstan region. As a result of the research, a methodology for maintaining an
integrated system of geodynamic monitoring has been developed. The results of
predicting the physical-mechanical properties and stress—strain state of the rock mass
are presented. Based on the data obtained, graphical-analytical dependences between
the most important quantitative characteristics of the rock properties in the studied
deposits are presented. The scientific novelty of the presented research lies in
determining the pattern of changes in the structural peculiarities and strength
properties of rocks with the depth of their occurrence, which makes it possible to
predict the stress—strain state of the rock mass. The authors propose a new method
for creating a geodynamic test site. The geodynamic test site created in the fields of Central
Kazakhstan is a reliable basis for the organization of long-term monitoring for the earth’s
surface deformation processes during large-scale development of the field, which
improves the productivity and accuracy of observations. The results obtained can be
used to improve the level of industrial safety at mines and minimize environmental risks
caused by the subsoil development.

Keywords: deposits, fracturing, rocks, stress-strain state, mining operations, monitoring, mass stability, deposits

INTRODUCTION

Mining of mineral resources is considered an important issue for energy-saving and resource-saving
sustainability (Golik et al., 2018). The energy sector of industry development needs more mineral
resources for energy generation that is mined out from the earth’s subsoil. At the same time, the
innovative development of mining technologies is also driven by the need for saturation of the long-
term demand for raw materials (Zhironkin and Cehldr, 2021; Zhironkin and Szurgacz, 2021).
Large-scale mining operations conducted in highly stressed hard-rock mass are characterized by
significant geomechanical and geodynamic processes associated with a change in the stress state,
deformation, and displacement of mine rocks. These processes entail not only catastrophic technical-
and-economic consequences but sometimes also lead to human losses. Technogenic earthquakes
occurred in Germany, United States, Poland, and Czech Republic (Field, 2007; Burmin and
Shumlianska, 2017; Adushkin, 2018; Gerasymenko et al., 2020; Sach et al., 2020; Amemoutou
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et al., 2021). In Russia, this problem is acute in the mines of the
Verkhnekamensk potassic salt deposits and the Khibiny apatite-
nepheline mines (Viktorov et al., 2005; Rebetskiy et al., 2017). All
this is a direct consequence of the change in the geodynamic
regime of the geological environment under the influence of
large-scale mining operations (Pavlychenko and Kovalenko,
2013; Buzylo et al, 2018). Moreover, this is convincingly
confirmed by the results of many years of scientific research
into the Zhezkazgan natural-technical system, which is formed
by mines, dressing mills with tailing dumps, and copper-smelting
plants in Karaganda, Balkhash, Zhezkazgan, and Satpayev
(Bekbergenov et al., 2020). The corresponding infrastructure in
Central Kazakhstan is a powerful subject of anthropogenic impact
on the environment, providing great opportunities for
researching a wide range of environmental problems
(Ryl'nikova et al., 2016; Mikhailova and Uzbekov, 2018a).

In recent years, objects with a complex geological structure
and a large depth of occurrence have been increasingly
included in the development and operation of ore deposits.
This requires special conditions for mining and development of
these objects. K.I. Satpayev (1962) wrote about this in his study
“Zhezkazgan copper ore region and its mineral resources”,
creating a metallogenic prediction map of Kazakhstan. And
at present, the mineral resource base of Central Kazakhstan is
expanding.

Rational development of mineral deposits presupposes the
complete extraction of reserves while performing a minimum
volume of overburden operations with geomechanical
substantiation of the required degree of the rock mass stability
(Stupnik et al., 2014; Babets et al., 2017; Abdiev et al., 2020;
Zhanakova et al., 2020; Bazaluk et al., 2021). Masloboev et al.
(2021) discussed the minimization of artificial impacts on the
environment, and new technological solutions have been
developed for mining enterprises. Waloski et al. (2021)
indicate that from the point of view of the stability of
underground structures, the most critical features of the rock
mass are rock and rock mass strength as well as discontinuity
surfaces. Moreover, the influence of cutting is considered an
important issue in mining (Lukasz, 2020). The main initial
information is the geological knowledge of the deposit
(Aitkazinova et al., 2016; Petlovanyi et al., 2019), knowledge of
the parameter values of the physical-mechanical and strength
properties of rocks (Malanchuk et al, 2021), as well as the
elements of the occurrence, structural-tectonic peculiarities of
the rock mass, and fractures in rocks (Dychkovskyi et al., 2018;
Lozynskyi et al., 2020). This makes it possible to determine the
mass stress state in the mining process.

The geomechanical processes are studied at individual mines,
and there is an experience in this direction. The dynamics of the
mining complex development in Kazakhstan and in the world
over the past century has led to a qualitatively new situation,
when the “local” geomechanical fields induced by human
technogenic activity are no longer small in comparison with
the global geodynamic processes of the Earth’s tectonic activity
(Begalinov et al., 2020a; Zeylik et al., 2021). Therefore, it is
necessary to consider mines and pits as unique natural
laboratories, where it is possible to study in detail the

Integrated Monitoring

relationship between geomechanical and geodynamic processes
using mining-geophysical and satellite geodetic methods.

In Kazakhstan, such studies, to a large extent, are conducted
only during the development of oil and gas resources (Karatayev
and Clarke, 2014), where both technogenic consequences and
natural geodynamic peculiarities of the region are taken into
account (Sarybayev et al,, 2015; Moldabayev et al., 2019). At the
same time, such studies on ore deposits have not been widely
developed.

During large-scale and long-term mining of ore deposits,
along with geomechanical deformation processes, geodynamic
processes also develop (Mikhailova and Uzbekov, 2018b; Ursul
and Ursul, 2018; Begalinov et al., 2020b). In this regard, the past
decade has been marked by major achievements in the field of
industrial and environmental safety, as evidenced by the
increased number of publications on this topic (Mora and
Keipi, 2006; Bondarenko et al, 2012; Oparin, 2015; Haiko
et al, 2019). Special attention is paid to sustainable
development because the environment is one of the essential
state-level and international challenges (Rakhmangulov et al,
2017; Rozin, 2021).

The scope of application of modern mining requires an
advanced study and constant monitoring of geomechanical
processes occurring in the inner part of the earth, based on
monitoring the state of the open-pit slopes, which provides a
systematic approach to solving all components of the problems,
comprehensive accounting, and analysis of all natural and
technogenic factors (Dryzhenko et al., 2017; Cheskidov et al.,
2019). Surface mining, in the broadest sense of the word
monitoring, is the observation of the environment, presented
as a dynamic, constantly changing system, and which is aimed at
its control, study, prediction, and protection (Aitkazinova et al.,
2014; Kyrgizbayeva et al., 2015; Nurpeissova et al., 2020). At the
same time, sustainability of the open-pit mining and technical
system is one of its key goals in the changing conditions of the
external and internal environment (Rakhmangulov et al., 2021).

A prerequisite for the safe and environmentally sustainable
development of surface mining is the improvement of the system
for monitoring and observing the deformations of the open-pit
slopes, slopes, and dumps using the modern methods of geodesy
and high-precision deformation measurements (Malanchuk
et al, 2020; Moshynskyi et al, 2020). The stability of the
open-pit sides is characterized by the stability coefficient, the
value of which shows the relative excess in the rock mass strength
in comparison with the shearing stresses (Du and Xing, 2017). At
the stage of open-pit design, in order to determine and
substantiate the parameters of its slopes and benches, the
stability coefficient is calculated taking into account the
geological and hydrogeological conditions of the adjacent rock
mass (Bitimbaev et al., 2017; Stupnik et al., 2019; Sobko et al.,
2020). The choice of the optimal parameters of the slopes and
local benches of open pits affects the safety of mining operations
and the economic efficiency of the enterprise (Kharisov, 2018).

In general, minerals are mainly mined by the surface mining
method, which accounts for up to 75% of the extracted mineral
products from the subsoil, and this level will be maintained in the
future (Cherniaiev, 2017; Ali Elbeblawi et al., 2021). At the same
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of the rock mass state

1 -block 2 -block 3 -block
Studying the geology and Study of physical-mechanical properties Geodetic observations

tectonics of the area and stress-strain state of the mass of the mass state

[ Determining the boundaries of the geodynamic monitoring zone }

Geodynamic monitoring of the territory —
repeated continuous integrated observations

{ GPS - observations } { Repeated leveling } {Seismological observations}

[ Methodology for conducting integrated geomonitoring }

Assessment and prediction of the mass rock state
and managerial decision-making

FIGURE 1 | Scheme of an integrated methodology for conducting
geomonitoring.

time, an increase in the depth, size, and production capacity of
open pits can be traced to the tendency of their development
(Dagdelen and Traore, 2018; Whittle et al., 2018; Babets et al.,
2021). Under these conditions, the task of ensuring the stability of
the open-pit slopes becomes especially urgent (Stacey et al., 2003).
In this regard, it becomes necessary to conduct geomechanical
monitoring and improve its geodetic observation methods to
ensure the long-term stability of the open-pit slopes.

Modern methods of monitoring the geomechanical state of the
open-pit slopes are very diverse (Fleurisson, 2012). Among the
equipment most commonly used for monitoring the safety
situation in open pits are laser scanning (Rysbekov et al,
2019), electronic total stations and Global Positioning System
(GPS) technology (Kim et al., 2003), and big data (Krichevsky,
2016; Jiang et al., 2018). During geodetic monitoring of objects
located in the industrial zone of the Maykain mine in Kazakhstan,
such geodetic instruments as satellite technologies, electronic
total stations, and leveling lasers have been successfully used
(Krylova, 1978; Nurpeisova et al, 2016; Nurpeisova and
Kurmanbaev, 2016).

The technical level of traditional geodetic observations during
geomechanical monitoring does not always meet the
requirements of mining enterprises. Since this requires a lot of
working time and there is no possibility of promptly obtaining the
necessary infomation about the deformation state of the rock
mass. Therefore, the use of modern geodetic instruments in
geomonitoring, such as electronic total stations, GPS
technologies, and laser scanners, as well as the improvement
of methods of working with them, are closely related to an
increase in the level of innovative directions. All this confirms
the importance of improving the methodology for conducting
geomechanical monitoring using modern geodetic instruments as
the basis for solving a scientific-technical problem.

METHODS

Analysis of the state of the methodology for conducting geodetic
observations on the territory of the developed field is primarily
associated with the lack of effective methods for determining the

FIGURE 2 | Sampling at the Saryoba deposit: (A) cores from wells; (B)
monolithic samples.

values of deformations. This necessitates the improvement of the
methodology for geodetic observations of rock deformations
using modern instruments. Geodetic observations make it
possible to reveal the mass deformations, which is essential for
assessing the geomechanical situation in the area of field mining.
But they do not provide a complete picture of deformation
processes in the course of time. This can be performed only
when using the proposed integrated methodology for conducting
geomonitoring of the state of the near-side masses (Figure 1).

Based on the above, the purpose is set, the idea is substantiated
and the structure of the integrated monitoring conducted in
Central Kazakhstan is formulated.

According to the 1-block of the recommended methodology
(Figure 1), the engineering-geological and mining-technical
conditions of the giant Saryoba copper deposit located in
Central Kazakhstan have been studied in detail. The
parameters for studying the geology and tectonics in the area
are the numerical data of surveying the deposit. The East Saryoba
ore bodies are represented by stratified, rounded, and banded
deposits with a very variable thickness and nonuniform
distribution of wuseful components. The thickness of
commercial ore bodies ranges from 0.1 to 20 m and averages
3-8 m for the East Saryoba deposit. The reserves of B + C1 + C2
categories have been explored and approved in quantities that
make it possible to classify the ore field as a large industrial
facility.

According to the 2-block of the recommended methodology
(Figure 1), the structural peculiarities on the outcrops and the
physical-mechanical properties of the rocks in the Saryoba
deposit mass have been studied. The rock samples, including
minerals, are taken for the purpose of laboratory determination of
indicators of physical-mechanical properties that significantly
influence the displacement process. In practice, the laboratory
method is mainly used to study the physical-mechanical
properties of rocks on samples made from cores from
geological exploration wells (Figure 2A). In the presence of
mine workings (trenches, pitholes, shafts, crossdrifts, etc.),
samples are taken from rocks in the form of monoliths
(Figure 2B). The parameters for studying the
physical-mechanical properties and stress—strain state of the
rock mass are depth of rock occurrence, compression strength,
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tension strength, density, adhesion, internal friction angle, and
rock hardness according to Prof. M. M. Protodiakonov scale. It
should be noted that the main part of the East Saryoba deposit
reserves (up to 90%) is represented by flat-dipping and nearly
level bedding with a dip angle of up to 25°. The East Saryoba
deposit is mined using the pillar-and-panel system with the
division of ore bodies into panels—mining units.

To compare the results obtained at the studied object of the
Saryoba deposit with the data of other mines, a combined graph
of the relationship of rock properties is compiled. Assessment and
reliability of determining the dependencies are made according to
the formulas of mathematical statistics:

o= \/M,MPa (1)
n-1

3)

m, =

o
V=100 )
V105 + (%)
\/ﬁ

where o is the standard; x; is the characteristic value; x is the
characteristic value arithmetic mean; #n is the number of
observations; V is the coefficient of variation; mv is the
reliability of calculating the coefficient of variation.

If the condition Eq. 3 m,, < Vis satisfied, then the results can be
considered reliable and the number of initial data for determining
the statistical means is sufficient.

According to the 3-block of the recommended methodology
(Figure 1), geodetic observation of the rock mass state is
necessary. When performing geodetic observations of the mass
state and determining the mining allotment boundaries, the
spatial contours of the mineral deposit are taken into account:
position of the site for construction, as well as operation of
underground structures; boundaries of safe mining and
blasting operations; zones of protection from the harmful
effects of mining operations; zones of rock displacement;
contours of protecting pillars under natural objects, buildings
and structures; spacing out of the open-pit sides and cuts, as well
as other factors influencing the state of the subsoil and the earth’s
surface as a result of the process of geological exploration and the
subsoil use. Mining of minerals is permissible only within the
subsoil site boundaries provided for use in accordance with the
standard procedure. To date, various methods and ways of
controlling the rock mass stress—strain state have been
developed. Among the main ones are unloading VNIMI
method, core disking, etc. To determine the stress state of the
rock masses in the Karatau deposit (1995-2000), the Akbakai
deposit (2012-2015), the authors have studied the core materials
of geological exploration wells and the disking method. When
conducting the geotechnological studies of the mine rock stability
with the issuance of recommendations for managing the rock
pressure in the Akzhal mine of Nova Zinc LLP (2007-2018), a
“Seismic-acoustic method for predicting the stress—strain state of
a rock mass”, developed by the authors for determining the mass
disturbance, is used in the Saryoba deposit (2020-2021).

Integrated Monitoring

% 4 A—| 2

FIGURE 3 | Stresses measurement scheme: 1, strain gauge; 2, annular
slot; 3, core; 4, well.

The seismic-acoustic method for predicting the rock mass
stress—strain state includes setting a sensor of seismic-acoustic
signals emitted by natural sources in the rock mass, after which
the parameters of these signals are determined. Seismic-acoustic
signals are recorded by a sensor in wells drilled near mine
workings at different horizons. This method is characterized
by simplicity and speed of measurement with high reliability
of results. The scheme of the seismic-acoustic method
implementation for predicting the rock mass stress-strain state
is presented in Figure 3.

The stress measurement scheme works according to the
method of unloading the core at the end of the well (4). To
do this, a special disk fixed on a rod is used to grind the end of
the well and the strain gauge (1) is firmly pressed onto the end.
The cable from the strain gauge is passed into a hollow drill rod
and, with the help of a crown, is inserted into the annular slot
(2). As a result, elastic expansion of the core (3) occurs, which is
fixed by a measuring strain gauge in three directions, the results
of which are shown in Table 2. After measuring the
deformations, the core is broken off and is sent to the
laboratory in a special package to determine the elastic
characteristics of the rocks (E and y).

RESULT AND DISCUSSION

State of the Current Development of the

Problem and Formulating a Research Task
In the ore field of the Saryoba deposit, 11 ore deposits are
identified, in which 109 ore bodies are explored. The largest
deposits are confined to the Taskuduk horizon. Their strike is
north-eastern, the length is up to 3,200 m, the thickness is
from 0.5 to 17 m, and the size of the dip is up to 1,400 m
(Figure 4).

The geological structure of the area involves rocks of several
geological systems—from the pre-Cambrian rocks to the
Anthropocene. The thick (up to 3,000 m) Middle Paleozoic
stratum of terrigenous and carbonate deposits transgressively
overlies pre-Cambrian and Lower Paleozoic formations through
basal conglomerates. The Zhezkazgan formation of deposits is
assigned to the Upper Paleozoic, which includes from bottom
to top:
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QuaternarySystem
Modern sediments.Sands, cobble, sandy loam, loam

Sandstones:
1-red; 2 - gray; 3 - dark-gray

Siltstone:

Permian system 1-red; 2 - gray; 3 - dark-gray

Lower section. Zhidelisay formation
Bright-red and violet-brown siltstones, argillite s, fine-grained sandstones.

ZhezKkazgan (upper ore-bearing) formation Conglomerate
Upger subformation is the Petrovsky ore-bearing horizon
Red-brown siltstones, argillites and red-gray and greenish-gray sand Limestones

Middle subformation is the Krestovsky ore-bearing horizon

Red-brown siltstones, argillites and sandstones, gray-red and green-gray sandstones Tectonic faults
Lower subformation is the Raimundovskiy ore-bearing horizon
Boundaries:

Upper 1. formation; 2. horizon; 3. Lithological
Green-gray and red-gray sandstones,

Middle > red-brown siltstones, argillites, Inclination angles of layers
sandstones, conglomerates

Lower Trenches

Taskuduk (lower ore-bearing) formation .

Upper subformation is the Pokrovsky ore-bearing horizon ‘Wells drilled before 2010

Green-gray and brown sandstones, red siltstones and argillites

Middle subformationis the Zlatoust ore-bearing horizon
Green-gray, gray, red-gray and brown sandstones, red and green-gray
siltstones and argillites, brown limestones, limestone horizon

Wells drilled from 2010 to 2011

Surveyprofiles
Lower subformation is the Taskuduk ore-bearing horizon Latitudinal section
Green-gray, red-gray, gray and brown sandstones, red and green-gray
siltstones and argillites, brown and dark-gray limestones Projections of ore deposits to the surface
Upper Beleuta formations of the Serpukhov Stage
Greenish-gray and violet-gray sandstones, siltstones,
argillites and brownish-gray limestones

Contour of the mining allotment
at the Saryoba deposit

FIGURE 4 | Geological map of the Taskuduk horizon at the Saryoba deposit.

A) Zhezkazgan ore-bearing stratum of argillo-arenaceous  B) Zhidelisay formation, consisting of alternating layers of
deposits, subdivided into the Taskuduk and Zhezkazgan red argillites and sandstones with a total thickness of
formations with a total thickness of 650-680 m; 300 m;
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TABLE 1 | Physical-mechanical properties of rocks from the Saryoba deposit.

Integrated Monitoring

Depth of Name of Strength, MPa Density (y), Adhesion (K), Internal friction Rock hardness,
rocks occurrence, m the rock Compression, ceompr  Tension, oens g/mm?® MPa angle (p), deg. f*
51.0 Massive limestone 110 13.0 2.60 25 30 7.6
53.0 Gray sandstones 112 13.6 2.60 27 30 7.8
53.5 Siltstones 126 14.0 2.62 30.4 30 7.7
54.0 Limestones 128 14.2 2.62 36.5 30 7.9
84.0 Limestones 135 14.3 2.67 36.8 31 8.3
112.0 Sandstones 135 15.3 2.68 38.8 31 8.6
115.6 Red limestone 137 16.8 2.65 42.7 32 8.2
1538.0 Massive limestones 139 156.5 2.71 34 32 8.2
155.0 Gray limestones 174.0 16.0 2.67 46.8 31 8.8
170.8 Massive limestone 143 156.8 2.72 34.8 31 9.0
201.0 Gray limestones 151.3 16.2 2.69 40.0 31 9.1
221.0 Limestones 158.1 16.5 2.69 42.0 32 9.1
2481 Gray-red limestones 154.5 12.3 2.70 43.5 32 9.2
258.5 Siltstones 157.6 14.0 2.70 45.0 33 9.1
260.8 Siltstones 163.1 14.5 2.71 45.2 33 9.0
265.3 Sandstones 166.1 16.2 2.71 46.0 34 9.0
310.5 Conglomerates 173.1 17.2 2.72 46.0 34 9.1
315.8 Limestones 172.6 17.0 2.73 47.2 34 9.1
345.2 Siltstones 170.0 16.0 2.73 47.5 35 9.1
345.5 Limestones 171.4 16.8 2.71 47.0 35 9.2
355.0 Limestones 1721 17.0 2.72 47.5 36 9.4
355.4 Sandstones 173.5 17.2 2.72 48.5 35 9.3
4251 Red limestone 174.5 17.3 2.73 48.8 36 9.5
425.7 Massive limestones 1751 17.5 2.73 48.7 36 9.6
505.2 Gray limestones 178.0 16.4 2.73 49.2 37 9.8
505.6 Massive limestones 180.1 16.5 2.74 49.5 37 9.9
545.0 Gray limestones 171.4 16.8 2.74 49.8 38 10.0
545.5 Limestones 1751 17.0 2.74 50.0 39 10.1
550.1 Gray-red limestones 186.1 17.5 2.75 50.5 38 10.0
550.5 Massive limestones 183.4 17.2 2.75 50.0 38 10.2

*f is rock hardness according to Professor Protodiakonov scale.

C) Red stratum, overlain uniformly by the Kengir formation,
represented by interbedded layers of gray and dark gray marls
and dolomitic limestones with a total thickness of 500 m.

The first two formations are ore-bearing, and the main attention in
the area is paid to their study. Therefore, we have thoroughly studied
the Taskuduk formation, which is currently being developed.

Pre-ore and post-ore disjunctive faults are present at the Saryoba
deposit, which greatly complicates their detailed survey and
development. In the studied area, the south-western part of the
ore field (Figure 3) is complicated by high-order folds and faults,
the largest of which is the Saryoba transpressional fault of
submeridional strike. Its length is more than 10 km with a width
of 250-400 m, the main plane dips to the west at an angle of 25-30".
The Saryoba transpressional fault divides the ore field into two
almost equal parts. West Saryoba deposit is located in the western
half, and East Saryoba is located in the eastern half.

Studying the Physical-Mechanical
Properties and Stress-Strain State of the

Mass
The results of testing the physical-mechanical properties of rocks
from the Saryoba deposit are given in Table 1. It should be noted

that the table includes only data on the average values of core
samples from each horizon. Samples for studying the
physical-mechanical properties of rocks to a depth of 100 m are
taken from the outcropped benches of the open-pit sides, the rest
are taken from the cores of drilled exploration and production wells.

In the studied area, the south-western part of the ore field
(Figure 4) is complicated by high-order folds and faults, the largest
of which is the Saryoba transpressional fault of submeridional
strike. Its length is more than 10 km with a width of 250-400 m, the
main plane dips to the west at an angle of 25-30°. The Saryoba
transpressional fault divides the ore field into two almost equal
parts. The West Saryoba deposit is located in the western half, and
East Saryoba is located in the eastern half.

Analysis of the results of studying the physical-mechanical
properties of rocks makes it possible to determine graphical-
analytical dependences of changes in the strength properties of
mass rocks with the depth of their occurrence and promptly make
changes in the horizontally calculated stability of mine workings
(Figure 5).

Similar dependencies have also been obtained for a number of
fields in Kazakhstan, namely for the Akzhal field, Akbakai, and
Sayak deposits, etc. To find the general patterns of variability in the
strength and structural properties of rocks, data from a number of
deposits have also been generalized and graphical-analytical
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dependences have been determined between the average density,
adhesion, compression, hardness of rocks, and the depth of their
occurrence. The curves of changes in the properties of rocks are
drawn according to the averaged group indicators for the depth
intervals every 5 m. To compare the results obtained at the studied
object with the data of other mines, a combined graph of the
relationship of rock properties has been compiled (Figure 6).

The curves of changes in the rock properties are drawn
according to averaged indicators in a depth every 50 m.
Assessment and reliability of determining the dependencies
are made according to the formulas of mathematical
statistics. The deviation of the calculated curves from the
empirical ones ranges from 5 to 8%, and most of the curves
coincide with each other. The analysis of the data also shows
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TABLE 2 | Results of measuring the natural stresses in the Saryoba deposit.

Depth from the
daylight surface, H, m

Average stress values, MPa*

Integrated Monitoring

Sum of horizontal stresses,
(ox + 0,), MPa

Ox gy
60 5.2 3.3
60 5.0 3.2
120 7.8 4.4
120 6.3 5.7
180 9.1 6.6
180 10.5 5.1
240 121 71
240 14.0 5.1
240 13.7 5.3
300 12.2 10.4
300 14.0 9.0
300 13.8 8.8
260 8.6 6.3
280 9.0 6.5
300 10.2 7.3
460 14.8 10.4
460 171 8.6
460 18.5 7.3
500 20.1 10.1
500 20.5 10.6
500 20.7 10.7

oz = oH Ox
60 5.2
60 5.0
120 7.8
120 6.3
180 9.1
180 10.5
240 121
240 14.0
240 13.7
300 12.2
300 14.0
300 13.8
260 8.6
280 9.0
300 10.2
460 14.8
460 174
460 18.5
500 20.1
500 20.5
500 20.7

“oy is average value of the normal stress acting in the meridional direction; o, is average value of the normal stress acting in the latitudinal direction; o, is average value of the stress acting in

the vertical direction.

that the strength properties of rocks change noticeably with
the depth of their occurrence.

Based on the research performed, quantitative and qualitative
characteristics of the rock properties in a number of deposits,
including the Saryoba deposit, have been obtained. These
characteristics will be used to solve a number of technical
problems in open pits and underground mines, to assess the
stability of benches and open-pit slopes, design pillars and
limiting floor pillars, as well as to generalize the results of
instrumental observations and understand the physical nature
of the displacement process.

Studying the Physical-Mechanical
Properties and Stress-Strain State of the

Mass

The results of measuring the natural stresses in the Saryoba
deposit according to the geodetic observation (3-block) are
given in Table 2.

When analyzing Table 2 and the results of determining the
natural stresses obtained for other mines, one cannot fail to notice
the following peculiarities of the horizontal stresses distributed in
the rock mass. Firstly, the horizontal stresses exceed vertical ones in
terms of their values. Secondly, at equal depths from the daylight
surface in hard rocks, horizontal stresses have higher values than in
relatively weak rocks. Thirdly, the vertical stresses are on average
close to the value of oH, regardless of the rock strength. Thus, all
types of stresses change with depth, especially the sum of values of
horizontal stresses (0, + 0y) changes according to a certain pattern,
and this is clearly seen from Figure 7.

ox+o, MPa
00 5 10 15 20 25 30 35
g 100 h e s
S oty =5+2.14yH, MPa
53 *s
2200 .
o e °
£ e
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FIGURE 7 | Change in the sum of horizontal stresses (o, + o) with depth.

According to Figure 7, the correlation between stress and
depth is straight-line. The correlation coefficient of the
relationship is R = 0.92. Accordingly, the correlation
relationship can be determined by the following formula:

Y =a+bX (4)

where Y is the sum of principal horizontal stresses, (o,+0y); X is
the mining depth, H; a and b are parameters of equations.or

0. +0,=5+0.06-H,MPa (5)
If to focus on Formula (4), then normal stresses are also

related to the bulk density of rocks. Then, Formula (5) has the
following form:
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oc+0,=>5+2.14yH, MPa (6)

where 7y is average bulk density 2.8 t/m* H is the depth of the
daylight surface, m.

The graphical-analytical dependences obtained as a result of the
performed research make it possible to give a qualitative and
quantitative assessment of changes in the properties of rocks. There
is a stable correlation between the indicators. With some known
indicators, it seems possible to determine others using graphs, thereby
opening up the possibility of predicting the properties of rocks within
the deposits. The initial data for this are the names of the rocks, their
depth of occurrence, and individual characteristics, such as the specific
density of rocks and others, the determination of which does not
require labor-intensive laboratory studies.

Based on the research performed, quantitative and qualitative
characteristics of the rock properties in a number of deposits,
including the West Saryoba deposit, have been obtained. These

characteristics will be used to solve a number of technical
problems in open pits and underground mines, in assessing
the stability of benches and open-pit sides, in calculating the
pillars and limiting floor pillars, as well as to generalize the results
of instrumental observations and understand the physical nature
of the displacement process.

According to the 3-block of the recommended methodology, to
conduct observations of the rock mass state, especially when
prospecting a giant copper field, occupying a large area and
consisting of several deposits, occurring in various deep
horizons, it is necessary to create a high-precision geodetic
substantiation. To provide a huge area, the classic option of
creating geodetic networks in the fields is rather labor-intensive.
It requires large financial costs for the organization and production
of observations. In this regard, it is proposed to replace extended
leveling lines with local geodetic constructions in the form of
profile lines and check “clusters” of geodetic and leveling stations.
The complex application of ground and space geodetic methods
allows monitoring observations to cover the entire territory of the
field, as well as to increase the efficiency of observations and reduce
capital costs for their implementation.

Thus, during large-scale and long-term field development,
along with geomechanical deformation processes, geodynamic
processes can also develop. Therefore, when mining the deep-
seated ore bodies, a geodynamic test site is created, where
repeated geodetic observations are conducted (Nurpeisova
et al., 2019; Nurpeisova et al., 2021).

Accordingly, for a differentiated study of geodynamic and
geomechanical processes of mining the fields that occupy a
large area and are intended for deep seams, it is proposed to
create cluster arms at the field, consisting of base (reference),
control (initial), and deformation geodetic and leveling stations.
All the focal stations are located in accordance with ore veins and
connected to the stations of the State Geodetic Network (Figure 8).

Instrumental observations have confirmed the labor intensity
of field work, especially the transfer of a set of instruments (the
instrument itself, a tripod, rods, etc.) from one station to another.
In this regard, in order to install instruments and increase the
speed of measuring operations, firstly, a permanent forced
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centering station (FCS) has been developed and patented, which
is arranged at the control station during geomechanical
monitoring. Then, the device is transferred to geodetic centers
for setting new instruments and signals.

A schematic representation of the ground-based FCS
construction is given in Figure 9, which shows a ground-based
permanent geodetic station of forced centering of instruments,
containing a support protruding above the ground (4) with a height
of 1.25 m and buried to a depth of 2.25 m below the depth of soil
freezing. On the upper surface, there is a center with the given
coordinates (6) for setting the device. The support is made of a
metal pipe (1) with a concreted lower part and filled with local soil
material. At the upper pipe end, there is a metal platform (5) with a
universal socket and a window for setting the device (3) and
sighting mark (8). On the side surface of the metal pipe, at a
distance of 1 m from the upper platform, a second metal platform
is set for the high-elevation reference mark (7), and the lower end
of the pipe is equipped with an anchor.

The purpose of the invention is to improve the accuracy of
centering, as well as to increase the efficiency of measurements in
the absence of a tripod at the stations of setting and observation.
The new device allows for quick and accurate centering, as well as
eliminates the need for tripods.

Thus, on the basis of the performed GPS measurements, mine
surveying services and observation stations of mines in Central
Kazakhstan have been provided with control stations, the
coordinates of which are determined with high accuracy.
Observations of the absolute deformations of the sides at the
studied objects have been conducted on the profile lines of the
observation station with devices of a new generation.

The planned coordinates and preliminary heights of these
stations have been determined by the satellite method using a
geodetic satellite receiver Leica GS16 3.75G. The final heights of the
reference marks have been determined by the method of geometric
leveling of the II class using a Trimble Dini03 digital leveling laser
and barcode rails. The coordinates of stations and reference marks
of the geodynamic test site will be presented after their adjustment
in a single system of coordinates and the Baltic height.

CONCLUSION

Based on the performed analysis in the field of studying
geomechanical and geodynamic processes, as well as means of
observing the deformations, an integrated methodology for
conducting geomonitoring with the use of modern high-
precision geodetic instruments and developed methods for
their control has been developed and substantiated. The
research results of geomechanical and geodynamic processes
will allow for the strategic and operational management of
mining operations to ensure maximum safety and economic
efficiency. The practical use of the results is possible for
Central Kazakhstan deposits. In the future, the research will be
continued to study the possibility of applying the results obtained
to other Zhilandinskaya Group deposits.

The scientific novelty of the presented research is in determining
the pattern of changes in the structural peculiarities and strength

Integrated Monitoring

properties of rocks with the depth of their occurrence, which makes
it possible to predict the stress—strain state of the rock mass.

The geological, structural, and tectonic peculiarities of a giant
copper deposit in Kazakhstan are presented. The possibility of
predicting the physical-mechanical properties and stress—strain
state of the rock mass has been substantiated. The results
obtained have been compared with the results of similar works
by other authors, and they make it possible to conclude that the
obtained regression equations are quite reliable (correlation
coefficient R = 0.92).

The modern approach to the formulation and implementation
of observations of geodynamic and geomechanical processes in
solid mineral deposits has been analyzed. A new “cluster” method
for constructing geodetic observation systems at a geodynamic
test site has been substantiated, which makes it possible to
perform monitoring control coverage of mining operations, as
well as to increase the efficiency of observations and reduce the
costs of their implementation.

In order to set high-precision electronic and laser devices during
the geomonitoring of the earth’s surface, a method has been
developed for setting permanent forced centering stations, which
make it possible to ensure the speed and accuracy of centering, as well
as to exclude the use of tripods. It is proposed to conduct surveys
using modern geodetic instruments, such as satellite technologies, and
electronic and digital geodetic instruments.
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