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Abstract

Purpose. The purpose of this research is to develop a scientifically sound system for managing the coarse-grained raw coal
at JSC Shubarkol Komir enterprise based on comprehensive geophysical diagnostics of structural weakening and fracturing
zones in coal seams. The research aims at improving the efficiency of drilling-blasting operations, reducing the proportion of
fines and ensuring the stability of quarry benches through the use of geophysical rock mass state indicators.

Methods. The research was performed using a set of geophysical methods, including electrical resistivity prospecting using
the Electrical Tomography (ERT) method, electrical prospecting using the Mean Gradient (MG) installation, seismic prospec-
ting using refracted waves (Refraction Seismic, RS) method, Spectral Seismic Profiling (SSP), ground-penetrating radar (GPR)
surveying and radonometry (emanation surveying). Complex data interpretation was performed using 3D modeling of the
specific electrical resistance (p) and longitudinal wave velocity (7)) distributions, as well as statistical analysis of correlations
between p, V, and C(Rn) parameters.

Findings. It has been found that a decrease in specific electrical resistance below 60-100 Ohm-m and a decrease in longitu-
dinal wave velocities below 1500-1800 m/s reliably reflect the development of fracturing and loosening of the rock mass. Ra-
don concentration increases by 1.5-2 times in the same zones, confirming their tectonic activity. ERT and MG methods are
recognized as basic for diagnosing weakened zones, RS method — as a calibration method, radonometry — as a verification
method, and SSP and GPR methods — as methods that are limited in their applicability in conditions of high water content.

Originality. For the first time for the Shubarkol deposit, a comprehensive methodology for cross-spectrum analysis of elec-
trical, seismic and radiation parameters has been developed and tested, providing a quantitative assessment of the geomechani-
cal state of the mass and a prediction of its structural changes.

Practical implications. The implementation of the proposed methodology allows for the identification of weakening zones
with an accuracy of £5 m in depth and +10 m along the strike, the adjustment of parameters of drilling-blasting operations, a
3-5% reduction in the proportion of fine material (< 6 mm), and an increase in the stability of quarry benches.
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1. Introduction efficient and resource-saving industrial processes within Ka-
zakhstan’s mining sector, including the optimization of chem-
ical and pyrometallurgical technologies [10], [11].

The mining industry in Kazakhstan remains one of the key Coal remains a strategically important resource for Ka-
pillars of the national economy, providing a significant con-  zakhstan, both for the energy sector and for the metallurgical
tribution to the fuel and energy balance, the export of mineral industry, making issues of accurate modeling of mineral
raw materials and the development of the country’s industrial  reserves and geotechnical assessment of deposits particularly

1.1. Problem statement

infrastructure [1]-[4]. In the context of global energy transi-  relevant [12], [13]. However, complex engineering-geological
tion and the increasing requirements for the rational use of  conditions, the presence of erosion-active rocks, water-
mineral resource base, the role of efficient and environmental-  saturated layers and technogenic impacts require a compre-
ly safe coal mining is growing, as emphasized in recent stud-  hensive analysis of the rock mass properties and continuous
ies on the sustainable development of mining regions [5]-[9].  improvement of geophysical and geomechanical monitoring
Recent research also underlines the growing need for energy-  methods [14], [15]. Similar technological and geomechanical
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challenges have been reported in studies devoted to the
cleaning of deep pit zones and stability monitoring during
open-pit operations in Kazakhstan [16], [17]. Under such
conditions, the efficiency of drilling-blasting and mining
processes, as well as the reliability of mining equipment
operation, directly depend on an accurate understanding of
the structural continuity of coal seams and the spatial locali-
zation of their weakening zones [18]-[21].

Modern open-pit coal mining technologies require con-
tinuous improvement in the efficiency of drilling-blasting
preparation, excavation and processing of coal mass, while
simultaneously ensuring the stable quality of the mined raw
materials. One of the key factors determining the technologi-
cal and quality indicators of coal is the structural state of the
rock mass — the degree of its fracturing, loosening and water-
logging, since it is these parameters that largely control the
slope stability and the safety of mining operations [13], [22].

Structural weakening zones are spatially elongated areas
of the rock mass, characterized by a specific complex of
structural-tectonic, petrographic, hydrogeological and geo-
mechanical peculiarities. Within such zones, there is a signi-
ficant decrease in the strength and deformation properties of
rocks compared to the surrounding mass. Similar phenomena
of blockiness, strength reduction and structural loosening are
discussed in detail in studies devoted to geomechanical mo-
deling and assessment of the state of rock masses [23]-[25].
Environmental and geotechnical instability factors related to
soil and mass degradation processes in Kazakhstan have also
been highlighted in recent regional assessments [26], which
further emphasizes the need for reliable diagnostic tools.

The occurrence and development of such zones is associa-
ted with long-term exposure to tectonic stresses, as well as
with weathering, hydration and leaching processes that pene-
trate the rock thicknesses through a system of fractures [27],
[28]. These processes alter the mineral composition and
texture of rocks, increase fracture porosity and, as a result,
reduce the rock mass strength characteristics. Similar pat-
terns are noted when observing rock masses under conditions
of active deformation and hydrogeological impact [29]-[31].

In zones of structural weakening, increased filtration and
gas permeability, intense water ingress, high radon concentra-
tion and reduced elastic wave propagation velocities are also
observed [32]. The need to integrate these factors is noted in
contemporary research on the application of geophysics and
monitoring methods in assessing the rock mass state [33], [34].
Modern diagnostic approaches increasingly rely on the inte-
gration of satellite remote sensing data with geological and
geophysical measurements, demonstrating high efficiency in
detecting deformation precursors, structural discontinuities and
dynamic changes of the Earth’s surface [35], [36].

The development of fracture-pore space has a serious
influence on the geomechanical state of the quarry: reduces
the stability of benches, complicates the management of
drilling-blasting operations, contributes to the formation of
an excess fraction of 0-6 mm and deteriorates the quality of
commercial coal. Similar trends are described in studies on
modeling geomechanical processes [37], [38]. In a broader
industrial safety context, recent research also emphasizes
the importance of early detection of hazardous processes
affecting mining infrastructure, including hydrogen leakage
control in transport and fuel supply systems, which further
demonstrates the need for advanced monitoring technolo-
gies in the mining sector [39], [40].
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Thus, diagnosis and spatial localization of structural
weakening zones are essential elements in the design of
technological open-pit mining schemes. The formation of
scientifically-based geophysical criteria for assessing rock
mass fracturing will improve the accuracy of geomechanical
risk prediction, optimize the parameters of drilling-blasting
operations, and ensure effective management of coarse-
grained coal, which is directly related to the technological
and economic sustainability of mining operations [41]-[43].

1.2. Analysis of recent research and publications

A significant number of domestic and foreign publica-
tions are devoted to the study of structural disturbances in
coal seams, their influence on the geomechanical state of the
rock mass, and the application of geophysical methods to
identify them [44]-[46]. In recent decades, scientific research
has actively developed approaches based on the use of non-
destructive geophysical monitoring methods, which allow
obtaining detailed information about fracturing, degree of
loosening and water saturation of rocks without interfering
with the natural mass structure [47]-[52].

Electrical tomography (ERT), ground-penetrating radar
(GPR) surveying and seismic prospecting using refracted
waves (Refraction Seismic, RS) methods have become the
most widely used methods, which proved to be effective for
assessing the spatial distribution of physical properties of
coal and host rocks [53]-[55]. Electrical tomography pro-
vides high vertical and horizontal resolution, allowing the
identification of areas with reduced specific electrical re-
sistance (p) associated with increased fracturing and water
saturation [56], [57]. Refraction Seismic (RS) method, in
turn, is used to refine the boundaries of loosening zones,
estimate longitudinal wave velocities (7,) and determine the
depth of tectonic disturbances [58], [59]. Ground-penetrating
radar surveying has shown effectiveness in dry and weakly
mineralized areas, where the reflected signal allows small-
scale heterogeneities to be detected within the first few me-
ters from the surface [60], [61].

Recent studies have focused particularly on integrating
various geophysical methods, which improves the reliability
of interpretation. A number of authors [54], [62]-[64] have
shown that combined analysis of p and V), distributions al-
lows for more reliable mapping of fracture zones than the use
of separate methods. The use of correlation and statistical
models, as well as 3D data inversion, facilitates the quantita-
tive assessment of parameters of weakened areas, the for-
mation of spatial diagnostic models, and the prediction of
changes in the mass state over time.

At the same time, radon measurement studies based on
measuring radon concentrations in soil air are actively deve-
loping. Radon, as a product of radioactive decay of uranium
and radium, accumulates and migrates through the fracture
system, making it a reliable indicator of tectonic activity, gas
permeability, and structural disturbance in the mass [65], [66].
Radonometry is successfully used to clarify the geometry of
faults, monitor stress state and assess the filtration properties
of rocks. A number of publications have determined stable
spatial correlations between C(Rn) anomalies and zones of
reduced p and V), confirming the unified nature of processes
associated with the development of fracture-pore space [67].

Despite significant advances, most existing studies are
fragmentary in nature. As a rule, individual physical parame-
ters (electrical, seismic or radiation) are analysed without their
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associated consideration within a single interpretation model.
Practical issues of interrelation of geophysical characteristics
with coal fractional composition, influence of fracturing on the
mined mass quality, as well as the possibility to manage the
technological parameters of drilling-blasting operations based
on geophysical indicators remain insufficiently studied.

In addition, a number of methods, such as spectral seis-
mic profiling (SSP) and ground-penetrating radar (GPR)
surveying, demonstrate unstable results in conditions of high
water content and groundwater mineralization, thus limiting
their application on an industrial scale [68]-[71]. For coal
deposits in Kazakhstan, including Shubarkol, there is still no
comprehensive quantitative assessment of structural weaken-
ing zones based on the integration of electrical, seismic and
radon parameters, which determines the scientific novelty
and relevance of this research.

1.3. Identification of unresolved common problem parts

Despite significant progress in the field of geophysical
research of coal deposits, to date there is no comprehensive
methodology for the quantitative diagnosis of structural
weakening zones based on cross-spectrum analysis of elec-
trical, seismic and radon parameters. Most existing works
consider these methods separately, which limits the possibil-
ity of constructing a unified interpretative mass state model.

Quantitative relationships between fracturing, gas perme-
ability and the physical-mechanical properties of rocks, as
well as their influence on the formation of coarse-grained
composition of coal mass, are not sufficiently studied. To
date, no threshold values reflecting the degree of loosening
and geomechanical stability of the rock mass have been
found for the Shubarkol deposit. As a result, the task of cre-
ating an integrated geophysical diagnostic methodology that
would allow quantitative assessment of weakening zones and
ensure coal quality prediction remains unresolved.

1.4. Purpose of the paper and setting of objectives

The purpose of this research is to develop and test a
scientifically sound system for managing coarse-grained coal
based on comprehensive geophysical diagnostics of structu-
ral weakening and fracturing zones in the coal seams of the
Shubarkol deposit.

To achieve the purpose set, the following tasks were
addressed:

— conduct field research using a full range of methods:
electrical prospecting using the resistance method based on
the electrical tomography (ERT), electrical prospecting using
the mean gradient (MQG) installation, seismic prospecting
using refracted waves (Refraction Seismic, RS) method,
spectral seismic profiling (SSP), ground-penetrating radar
(GPR) surveying and radonometry (emanation surveying);

— develop 3D distribution models of specific electrical re-
sistance (p) and longitudinal wave velocities (), while
performing localization of structural weakening zones with
assessment of depth, thickness and strike directions;

— determine quantitative correlation dependences between
the parameters p, ¥, and C(Rn), to form an integral diagnos-
tic model and to identify threshold geophysical criteria for
fracturing in the conditions of the Shubarkol deposit;

— assess the informative value, reliability and applicabi-
lity of the methods used in production conditions, to perform
their ranking for practical geophysical diagnosis of wea-
kening zones.

101

2. Study area

Currently, the economic importance of the region is
growing due to the exploitation of the Shubarkol coal deposit
and mining of quarries at the Tur and Bogach iron-
manganese deposits. The nearest railway station, Kyzylzhar,
is about 100 km from the deposit; a new railway has been
built connecting it with the city of Arkalyk.

The deposit area is located within the Kazakh hummocky
terrain, with absolute surface elevations ranging from 450 to
556 m. The relative height differences are 10-15m. The
relief is represented by residual forms, closely related to the
lithological composition of rocks, and the nature of the tec-
tonic structures of the Palacozoic basement.

In the geological structure of the deposit, terrigenous-
carbonate formations of the Upper Devonian and Lower
Carboniferous, terrigenous rocks of the Middle-Upper Car-
boniferous, coal-bearing terrigenous deposits of the Lower
Jurassic, as well as loose weathering products of the Mesozoic
and Cenozoic sediments are involved. The Mesozoic rocks
unconformably overlie the Paleozoic units and are developed
in the central part of the Shubarkol graben-syncline, forming
a small basin of the same name.

The deposits are represented by fine- and coarse-grained
sandstones, siltstones, argillites, loamy rocks and coals.
Among them, argillites, siltstones and coals predominate.
The total thickness of the sedimentary sequence is 250-
280 m. The bedding of the rocks is predominantly horizontal.
The coloration of the rocks varies from grey to dark grey.

The dip angles of the coal-bearing stratum at the coal
horizon outcrops vary from 10-25 to 35-50°, increasing from
the upper to the lower horizon. The steepest angles are ob-
served in the northwestern and southeastern parts of the
trough, while the western and eastern wings occur at a lower
angle (10-20°). The inner part of the trough has a simple
structure with gentle dip angles of 3-5°.

The coal-bearing stratum consists of Lower and Middle
Jurassic deposits composed of argillites, aleurolites, fine-
grained sandstones and coal seams. Directly beneath the
Jurassic deposits, there are conglomerates, sandstones, aleu-
rolites and argillites of varied colors from the Zhezkazgan
Formation of the Upper Carboniferous period.

The upper coal horizon is the thickest and has a relatively
simple structure. It consists of two thick seams — 2B and 1B..
The 2B seam covers approximately 60% of the deposit area
and is represented by 3-7 coal bands with a thickness of
0.2-15.0 m, separated by 0.10-0.80 m thick rock interlayers.
The working thickness of the seam is 15-22 m. The 1B seam
is composed of 2-10 coal bands with a thickness of
0.15-8.3 m, separated by interlayers with a thickness of
0.03-0.40 m, with a working thickness of 4-9 m. The physi-
cal-mechanical characteristics of coal from seams 2B and 1B
are presented in Table 1.

The interlayers are predominantly represented by argillites
and siltstones, and less frequently by sandstones and carbona-
ceous argillites. At a distance of 10-12 m from the floor of the
upper coal horizon lies seam By, which is characterized by a
small thickness and typically a single-bench structure. It is
distributed over almost the entire area of the basin.

The middle coal horizon is the least thick within the
deposit and is represented by a coal seam with a thickness of
3-7m and a variable internal structure. The working thick-
ness of the seam ranges between 3.7 and 4.1 m.
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Table 1. Initial physical-mechanical parameters of coal from 2B
and 1B seams

2B seam 1B2 seam
Parameters

coal coal
Ultimate compressive strength
(). MPa 18.8 17.0
Uniaxial tensile strength (o7), MPa 0.65 0.71
Natural moisture content (%), % 7.55 7.81
Average density (p) t/m’ 1.5
Adhesion in monolith (C), MPa 3.11 3.07
Internal friction angle, ¢ 27

Medium- and

Rock category by fracturing Jarge- block

Class by drillability Easily drilled
Explosibility class Easy to explode
Rock excavation index Upto3

The lower coal horizon is the most structurally complex
and is represented by a coal seam with a thickness of 25-40 m.
Its constituent coal beds are generally thin and highly variable
in both thickness and internal structure, reflecting the hetero-
geneity of sedimentation conditions and the tectonic features
that controlled the formation of the coal-bearing sequence.

The industrial coal-bearing capacity of the Shubarkol de-
posit is confined to the lower part of the Jurassic sequence
and is represented by three coal horizons: the Upper, Middle,
and Lower. The Upper horizon is of the greatest interest for
open-pit mining, as it is the thickest, most stable, and has a
comparatively simple structure.

The zone with a simple structure extends as a narrow
strip, 1.5-2.0 km long, from the northwestern closure of the
basin along the northern limb of the fold to exploration line
10 and is associated with the coal-accumulation zone. Here, a
center of coal accumulation is identified, where the horizon
forms a single monolithic deposit subdivided into two seams:
2B (upper) and 1B; (lower).

The thickness of the overburden varies from 0 to 110 m.
The fracturing of the overburden rock mass plays a key role,
determining its strength and deformation properties. Two
types of fractures are distinguished at the deposit — tectonic
and non-tectonic.

3. Research methods

3.1. General characteristics and organization
of geophysical surveys

With the aim of developing a methodology for differen-
tiating and ranking coal blocks according to the degree of
structural weakening and increased fracturing in natural and
technological conditions at the JSC Shubarkol Komir sec-
tions, the possibilities of using a set of geophysical methods
were explored:

— electrical resistivity prospecting using the electrical
tomography method (ERT);

—electrical resistivity prospecting using the mean gra-
dient installation (MG);

— seismic prospecting using refracted waves (refraction
seismic, RS) method;

— spectral seismic profiling (SSP);

— ground-penetrating radar surveying;

— radonometry (emanation surveying).

During the course of the study, based on theoretical ana-
lysis and experimental data, an integrated methodology was
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developed, and the optimal equipment and field survey pa-
rameters were determined for identifying structural weakening
zones and areas of increased fracturing under the specific
geological conditions of the Shubarkol coal deposit.

At the parametric site, instrumental measurements were
carried out using a Schmidt hammer in order to establish
correlations between the measured geophysical parameters of
coal and its uniaxial compressive strength.

The main objective of the geophysical surveys is to identi-
fy, determine the spatial position, and quantitatively assess the
zones of structural weakening and increased fracturing based
on the analysis of a combination of measured physical fields.

In accordance with the geophysical survey program aimed
at identifying and determining the spatial parameters of struc-
tural weakening zones and areas of increased fracturing in the
coal mass, a comprehensive suite of methods was applied,
providing a multiparametric assessment of the physical state of
the rocks and reliable delineation of weakened areas. The
methodological approach was based on electrical, seismic,
radiation, and radar methods, which complement each other in
terms of investigation depth, sensitivity, and resolution.

Within the framework of the field investigations, the fol-
lowing surveys were carried out:

1. Electrical resistivity prospecting using the electrical to-
mography (ERT) method, which provides detailed vertical and
horizontal sections of the specific electrical resistance distribu-
tion, sensitive to changes in moisture content and fracturing of
the rock mass. The surveys were conducted along two profile
lines, each 200 m long, as well as along one 300-m line on the
2B seam block (“Centre Pure”, safety berm).

2. Electrical resistivity prospecting using the mean gra-
dient (MQ) installation, aimed at refining the spatial position
and strike azimuths of fracture zones. The work was per-
formed along two 200-m profile lines and two 300-m lines
on the 2B seam block (“Centre Pure”).

3. Seismic prospecting using the refraction seismic (RS)
method, which made it possible to determine longitudinal
wave velocities and assess the degree of loosening of the coal
mass. Measurements were conducted along two 200-m pro-
files and one 300-m profile on the 2B seam block (“Centre
Pure”, safety berm).

4. Spectral seismic profiling (SSP), used for diagnosing
the upper part of the section and determining the relative
fracturing of rocks based on the amplitude-frequency char-
acteristics of reflected waves. Field measurements were
carried out along two 200-m profile lines and two 300-m
lines on the same block.

5. Ground-penetrating radar (GPR) surveying, intended
for identifying dielectric contrasts and detecting heterogenei-
ties in the near-surface part of the rock mass. The surveys
were conducted along two 200-m profile lines and two
300-m lines on the 2B seam block (“Centre Pure”).

6. Radonometry (emanation surveying), applied as a verifi-
cation method to confirm the results obtained by other geo-
physical techniques and to identify active tectonic zones. In
total, three near-bench areas (I, II, III) located within the align-
ment of the experimental extraction blocks were examined.

Each method had its own network of profile lines
(Fig. 1), aligned in terms of coordinates and directions,
which made it possible to compare the results between dif-
ferent physical fields. Small discrepancies in profile tracing
are due to different sensitivities of methods and equipment
placement requirements.
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Experimental site No. 2

Experimental site No. 1 2B “Centre”with interlayers Experimental site No. 4
2B “West” PureNel Experimental site No. 3 2B “Centre” Pure (Berm)

1B2 “Centre” waterlogged

Figure 1. Layout of geophysical survey profile lines at the experimental sites of JSC Shubarkol Komir (a) electrical resistivity prospecting
using the electrical tomography (ERT) method; (b) electrical resistivity prospecting using the mean gradient (MG) installation;
(¢) seismic prospecting using refiracted waves (Refraction Seismic, RS) method; (d) spectral seismic profiling (SSP); (e) ground-
penetrating radar surveying; (f) radonometry (emanation surveying)

3.2. Electrical resistivity prospecting using The development of this direction has led to the
the electrical tomography method emergence of the electrical tomography method, which is
oriented toward the investigation of complex geological
media and provides the possibility of interpreting
data within the framework of two-dimensional geo-
electrical models.
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Electrical resistivity prospecting remains one of the prin-
cipal methods of near-surface geophysical investigations.
The classical technique is vertical electrical sounding, aimed
at studying horizontally layered sections.
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The basis of the resistivity method lies in the principle
that the electrical field observed at the surface (4Uyw) when
electric current (/45) is injected through grounded electrodes
depends on the distribution of specific electrical resistance in
the subsurface zone adjacent to the array. The integral nature
of the observed field allows the resistivity method to be ef-
fectively applied in conditions of complex geological struc-
tures, typical of industrial and mining areas.

The electrical tomography technique, due to its high den-
sity of observations, provides enhanced resolution of results,
particularly in the horizontal direction, which significantly
increases the accuracy of interpretation.

During electrical resistivity surveys using the electrical to-
mography method, an electrical tomography system was em-
ployed, consisting of the VP-1000 and ASTRA-100 generators,
as well as the MERI-24 measuring unit. When studying geoe-
lectrical sections whose structure significantly deviates from a
horizontally layered model, the use of electrical tomography
becomes a necessary condition for reliable interpretation.

The inversion of electrical tomography data was carried
out using the ZondRes2D software package. At the first
stage, the quality of the field data was evaluated using the
reciprocity principle, which states that when the positions of
the current and potential electrodes are interchanged sym-
metrically, the measured potential difference should remain
unchanged. ZondRes2D provides a built-in mechanism for
evaluating measurement quality using colour gradation.

3.3. Electrical resistivity prospecting using
the mean gradient installation

Electrical resistivity prospecting with the use of the mean
gradient (MQ) installation is a surface variant of electrical
profiling that allows the investigation of the distribution of
specific electrical resistance over an area while keeping the
spacing between the current electrodes A and B fixed
throughout the entire measurement process.

In resistivity prospecting, the term “installation” refers to
the mutual arrangement of the current (A, B) and potential
(M, N) electrodes. The choice of installation is a key meth-
odological element that determines the accuracy and depth of
the investigation and depends on the geological objectives,
technical conditions, equipment characteristics, required
depth of penetration and the level of noise. The mean gradi-
ent installation provides high productivity and enables simul-
taneous operation of several measuring systems, but requires
more powerful current sources. The depth of investigation in
this case depends on the length of the AB line. At the studied
sites, the length of the AB line was 100 m, corresponding to
an investigation depth of 12-16 m. By changing the AB spac-
ing, the depth of investigation can be adjusted, while the MN
spacing controls the measurement resolution.

The study of the sites was performed across the area by
sequentially moving the potential electrodes M and N along
profiles parallel to the AB line. The spacing between elec-
trodes M and N was 3 m, which ensured the required resolu-
tion of the measurements.

For the physical implementation of the method, an alter-
nating current of 4.88 Hz in the form of a square wave was
generated using a current source and galvanic electrodes.
Such current is considered equivalent to direct current for
this method, and the formulas used for DC resistivity inter-
pretation are applied to convert the measurements into appa-
rent resistivities (o).
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The analysis of the MG surveying results was performed
using statistical methods. The distribution of anomalous p
values within the investigation contour was examined. To
determine the predominant direction of fracturing, distribu-
tion maps of px were constructed with consideration of ani-
sotropy along strike azimuths of 10-15, 60, 90, and 275-320°,
selected based on geological data.

The final model was accepted as the one with the smallest
interpretation misfit and consistent with the results obtained
from other geophysical methods.

3.4. Seismic prospecting using the refraction
seismic (RS) method

The execution of seismic surveys (field observations, data
processing, and interpretation) is based on the physical un-
derstanding of wave processes arising in the geological me-
dium when elastic waves are generated within it. Although
the geological environment is generally heterogeneous and
anisotropic in its elastic properties, it can, with a certain
degree of approximation, be represented by simplified elastic
models for which wave propagation is described by funda-
mental physical laws.

In the refraction seismic method, the most informative
waves are the refracted and refracted-diffracted longitudinal
waves, while converted and shear waves are used less fre-
quently. This necessitates the directed generation, registra-
tion, and processing of only the useful waves, whereas all
other seismic responses are treated as noise.

During the fieldwork, a special seismic cable with con-
nected receivers was laid out on the surface. An impulsive
seismic source a hammer with a working mass of 6 kg was
used to generate the signal. Impacts were applied at several
points along the profile (shot points, SP), and the resulting
wavefield was recorded by the seismic station.

In this study, layouts consisting of a single spread with
24 seismic receivers (geophones), spaced 2 m apart, were
used. Recording of the seismic signals was performed using
the digital seismic station “Lakkolit Kh-M3.” The recording
parameters were as follows: sampling interval — 2 ms, record
length — 256 samples per channel, channel amplification
from 0 to 38 dB in 6 dB steps. Vertical geophones GS-20DX
were used as receivers.

Processing of the refraction seismic data was carried out
using the RadExPro software package. Processing included
filtering of the raw data, amplitude correction, and band-pass
filtering to suppress noise and enhance useful signals. Subse-
quent steps involved trace-by-trace picking of first arrivals
and constructing first-break travel-time curves, on the basis
of which the layered structure of the rock mass was evaluated
and the velocities of longitudinal wave propagation (V),
km/s) were determined.

3.5. Spectral seismic profiling (SSP)

To determine the structural and tectonic framework of the
rock mass at the experimental extraction blocks, investigations
were conducted using the spectral seismic profiling (SSP)
method. The SSP instrumentation and methodological complex
makes it possible to identify zones of tectonic disturbances as
well as areas of increased fracturing within the rock mass.

The spectral seismic profiling method fundamentally dif-
fers from traditional ray-based seismic surveying. In SSP, the
geological medium is considered as a set of oscillatory sys-
tems rather than as a layered structure. Therefore, the acoustic
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impulse generated by an impact is transformed into a harmonic
(sinusoidal) damped signal directly within the source zone.

Such oscillatory systems can form in virtually any objects
that constitute solid geological media. In the case of a plane-
parallel geological structure, its natural frequency f, depends on
the layer thickness /. Consequently, by measuring the parame-
ters of the damped sinusoidal signal generated by the impact,
the thickness of the investigated structure can be determined.

Each recorded seismic signal is subjected to a Fourier
transform, which allows any time-varying process to be rep-
resented in the spectral frequency domain. Thus, the pro-
cessing results take the form of images of seismic spectra
that reflect both specific geological objects in the geome-
chanical sense and indicators of displacements or distur-
bances within the rock mass.

A characteristic feature of the spectral seismic profiling
method is its high mobility and operational efficiency,
which enables detailed probing of the rock mass with high
spatial resolution.

3.6. Ground-penetrating radar (GPR) surveying

The ground-penetrating radar method makes it possible to
investigate the rock mass to depths of up to 20 m, with the
ability to differentiate rock blocks according to their electro-
magnetic properties. High survey resolution is ensured by the
continuous nature of measurements along the profiles, which
provides high spatial detail.

The operating principle of GPR is based on the emission
of ultra-wideband nanosecond electromagnetic pulses, the
reception of signals reflected from lithological boundaries or
other contrasting objects, subsequent processing of the re-
flected waves, and measuring the time intervals between
them. The probing signals, containing 1.5-2 oscillation
periods, are generated by impact excitation of the antennas
using a voltage step with a nanosecond rise time.

The essence of the method lies in transmitting electro-
magnetic pulses and recording signals reflected from
boundaries between layers of the investigated medium that
differ in their electrophysical properties. The main purpose
of applying GPR is to determine the position of these boun-
daries within the studied object. Such boundaries may
include: the contact between material and air; contacts be-
tween layers of different composition and physical proper-
ties; or zones of local heterogeneities within the rock mass.
In this case, the medium is modelled as a layered sequence
with constant electrophysical parameters within each layer
and the presence of localized objects whose properties differ
from those of the host rock.

The most important parameters determining the applica-
bility of the ground-penetrating radar method are the specific
attenuation and the propagation velocity of electromagnetic
waves in the medium. These parameters depend on the elec-
trical properties of rocks: attenuation controls the depth of
penetration, while wave velocity determines the distance to
the reflecting boundary.

3.7. Radonometry (emanation surveying)

Radonometric investigations (emanation surveying) were
carried out on the ground surface of the near-bench zone,
along and parallel to the experimental sites, in order to ad-
dress the following tasks:

— identification and differentiation of structural weakening
zones to confirm the results of other geophysical methods
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applied directly on the extraction blocks, as well as to in-
crease the informativeness and reliability of the studies;

— assessment of the capabilities of the emanation survey-
ing method under the geological conditions of the Shubarkol
coal deposit for the advanced determination of the structural-
geodynamic model of the near-bench rock mass and for
calculating the geodynamic activity index of the identified
deformation zones.

Emanation surveying was performed on near-bench sites
No. I, No.II, and No. III, located along and parallel to
the experimental extraction blocks. Measurements of radon
volume activity (Bg/m®) in soil air were conducted using
RGA-500 radiometers for alpha-active gases along profile
lines arranged in boreholes 0.8-1.0 m deep.

To determine the geodynamic component of the radon
field, normalization of radon volume activity values in soil
air was performed. This procedure allows the elimination of
non-tectonic influences (temperature, moisture, and seasonal
variations), enhances the geodynamic component of the
radon field, and thereby enables the use of emanation survey
results for identifying and ranking fractured areas according
to the degree of present-day geodynamic activity and defor-
mation intensity of the rock mass.

4. Results and discussions

4.1. Results of electrical resistivity prospecting
using the electrical tomography method

Measurements were taken on two parallel profile lines at
site. No. 1. On profile line 01, the specific electrical re-
sistance (SER) value along the section, according to the
inversion results, varies within the range of 300 and
1000 Ohm-m. On profile 02, the specific electrical resistance
along the section, according to the inversion results, varies
within the range of 200 and 880 Ohm-m.

In general, the results of profile line 01 differ from those
of profile line 02 by higher SER values, which is a sign of
structurally loosened coal along line 01, located closer to the
bench face (Fig. 2).
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Figure 2. SER sections of site No. 1 based on the electrical tomog-
raphy results

A horizontal boundary can be clearly observed of SER
values changing from 300 to 800 Ohm'm at a depth of 5 to
8 m on profile line 01. On profile line 02, this boundary is
less distinct and is located approximately 2 m deeper than on
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profile line 01. This difference may indicate a certain change
in the lithological composition of coals, which, in turn, may
affect their strength characteristics.

Measurements were taken on three parallel profile lines at
site No. 2. On profile line 04, the specific electrical resistance
(SER) value along the section, according to the inversion re-
sults, varies within the range of 60 and 1800 Ohm-m. On pro-
file line 05, the SER varies between 35 and 1700 Ohm m, and
on profile line 06, between 45 and 1800 Ohm-m.

Anomalies of low SER values, recorded within 10-20 m
on profile line 06, 190-215 m on line 05, and 193-223 m on
line 04 are related to the peculiarities of constructing a block
model in the 3D inversion program for electrical tomography
data (Fig. 3). On all profile lines of this site in the depth
range of 3-12 m (depending on profile position), the inver-
sion results show low SER values (35-130 Ohm-'m), which is
due to the influence of argillite interlayers.
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Figure 3. SER sections of site No. 2 based on the electrical tomog-
raphy results

Given the persistence of these interlayers, an increase in
SER values at the same depth interval may indicate the pres-
ence of zones of increased fracturing. In addition, in the lower
layer, at depths of 14-20 m, in the intervals of 160-135, 138-
116 and 98-86 m, three anomalies of elevated SER values
(500-1000 Ohm'm) are distinguished, which shift when mov-
ing from profile line 04 to profile line 06 in an eastern direc-
tion. This indicates the presence of an increased fracturing
zone with an azimuth of the strike of 10-15°. In the upper
layer, the fracturing of the coals on the extreme profile lines is
expressed somewhat more strongly than along the middle line.
Accordingly, the identified SER anomalies and their systemat-
ic lateral displacement suggest a structurally controlled frac-
ture system that enhances coal permeability and exhibits clear
spatial differentiation between the upper and lower layers.

Measurements were taken on three parallel profile lines at
site. No. 3. On profile line 07, the specific electrical re-
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sistance (SER) value along the section, according to the
inversion results, changes in the range of 12-500 Ohm-m. A
similar range of values was recorded for profiles 08 and 09,
namely, 12-500 Ohm-m.

When interpreting the results of electrical tomography in
waterlogged areas, it is necessary to take into account that a
decrease in the SER values indicates increased rock fractu-
ring. This is because the pore space of the rock, including
natural and fractured porosity, is filled with water, and
mineralized water conducts an electric current well. On the
contrary, an increase in SER values indicates a decrease in
fracturing: in less disturbed rocks, fracture porosity decreas-
es, leading to an increase in electrical resistance.

The SER range for this site (15-500 Ohm-m) is signifi-
cantly lower than the range obtained at the adjacent site
(45-1800 Ohm-m), indicating high mineralization of
groundwater at this location (Fig. 4).
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Figure 4. SER sections of site No. 4 based on the electrical tomog-
raphy results

Part of the site was pre-drilled with boreholes for blasting
operations, in which the presence of water is observed. In the
southern part of the site, the groundwater level in the wells is
practically the same as the daylight surface. On moving to-
wards the northern part, the water level gradually decreases;
the maximum depth of the groundwater level is about 3 m.
On the northern profile line 07, at a depth of about 3 m from
the surface, the boundary of transition of SER values from
elevated to reduced is recorded, which correlates well with
the groundwater level. The most fractured rocks are localized
in the southern part of the site, which is confirmed by the
prevalence of reduced SER values.

Measurements were taken on one profile line at site No. 4
due to insufficient platform width to accommodate more than
one profile. On profile line 03, the specific electrical re-
sistance (SER) value, based on inversion results, changes
within the range of 100-1800 Ohm-m (Fig. 5).
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Up to a depth of about 5 m, there are increased SER values
(400-1800 Ohm-m), which can be explained by an increased
fracturing of the rock mass resulting from drilling-blasting
operations during overburden operations. Beneath, there is a
layer of coal with reduced SER values (45-500 Ohm-m),
characterized by less fracturing. Due to the vertical variability
of the SER values at this site, the zonal propagation of in-
creased fracturing is clearly distinguished.

The results of electrical resistivity surveys using the elec-
trical tomography method at the sections of JSC “Shubarkol
Komir” have confirmed the effectiveness of this method
for determining the spatial parameters of structural weakening
zones and areas of increased coal fracturing. Thus, the electri-
cal tomography method can be recommended for implemen-
tation at the enterprise as part of an integrated methodology
for studying structural weakening zones of coal benches
using geophysical techniques.

The obtained results were used in the integration of
geophysical data for the development of a methodology for
delineating structural weakening and increased fracturing
zones, as well as for training and instruction of the personnel
of JSC “Shubarkol Komir”.

4.2. Results of electrical prospecting using the resistance
method with a mean gradient installation

The results of the survey using the MG installation at site
No. 1 (Fig. 6a) show that the apparent resistance p; values
vary between 13 and 437 Ohm-'m, with an average median
value of 100 Ohm'm. According to the distribution pattern
P, the main azimuth of fracture propagation at this site is
60°; the 300° direction is also fixed, but expressed more
weakly. The main zone of structural weakening is observed
in the southern part of the site.

According to the results of the survey using the MG in-
stallation at site No. 2 (Fig. 6b), the pr values vary between
28 and 374 Ohm'm, with a median value of 118 Ohm-m.
Based on the distribution of px, the main azimuth of fracture
propagation at this site is 10-15°. The main area of structural
weakening is located in the central part of the site.

According to the results of the MG survey at site
No. 3 (Fig. 6¢), the pi values vary within the range of
10-370 Ohm'm, with a median value of 86 Ohm'm. The
main azimuth of fracture propagation coincides with the
results for site No.2 and is 10-15°. The main structural
weakening zone is confined to the southern part of the site,
which is characterized by increased water content. In bore-
holes drilled for blasting operations, the groundwater level
varies from the surface to a depth of 3 m.

According to the results of the survey using the MG in-
stallation at site No. 4 (Fig. 6d), the p; values vary between
15 and 528 Ohm'm, with a median value of 116 Ohm-m.
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Figure 6. Field of apparent resistances at experimental sites based
on the results of electrical prospecting using the MG
installation: (a) site No. 1; (b) site No. 2; (c) site No. 3;

(d) site No. 4

Analysis of the p; distribution shows that the main azi-
muth of fracture propagation at this site is 300°. The main
structu-ral weakening zones are observed in the intervals of
90-100 and 160-250 m along the profile.

The results of electrical resistivity surveys using the mean
gradient installation at the sections of JSC “Shubarkol
Komir” have confirmed the capability of this method to de-
termine the predominant azimuth directions of fracturing
within the coal mass at the investigated sites, which is of
practical value for planning drilling-blasting operations.
Therefore, the mean gradient method is recommended for
implementation at the enterprise as part of the integrated
methodology for studying structural weakening zones of coal
benches using geophysical techniques.

4.3. Results of seismic prospecting using
refracted waves (RS) method

At site No. 1, seismic surveys were performed on two
profiles, with four arrangements on each. As a result of data
processing, seismic sections of the distribution of longitudi-
nal wave propagation velocities in the medium were
constructed (Fig. 7).
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Figure 7. Longitudinal velocity distribution sections at site No. 1
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According to the accepted colour scale, the coals in the
section vary from intensely disintegrated (blue) to slightly
fractured (red). It can be noted that coals on profile 01 are
generally more disintegrated than those on profile 02. This is
most likely due to the fact that profile 01 passes close to the
bench face, as a result of which the rock mass in this zone is
more loosened. On profile 01, coals are characterized by a
moderate degree of fracturing, with consistent parameter
values throughout the entire length of the profile. Zones of
weakly fractured coals are observed at depths of 40-60 m and
155-170 m. Profile 02 shows a weakened zone at depths of
30-55 m, which can be observed throughout the entire depth
of the survey. In addition, increased fracturing is noted from
130 m to the end of the profile. No significantly loosened
coal was found in either section.

Seismic surveys were performed on three profiles at site
No. 2, with four arrangements on each. As a result of data
processing, seismic sections of the distribution of longitudi-
nal wave velocities in the medium were constructed (Fig. 8).
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Figure 8. Longitudinal velocity distribution sections at site No. 2

According to the colour scale, the coals in sections vary
from disintegrated (blue) to slightly fractured (red). In gen-
eral, the sections are characterized by coals with a moderate
degree of disintegration. Several zones of loosening are ob-
served on profile 04. The predicted decrease in fracturing
with depth does not actually occur, being noted only at
depths of 10-15m in the intervals of 0-25, 60-75 and
150-190 m. In the near-surface area, in the range of 85-105 m,
there is a local zone of loosening, which gradually fades
towards the end of the profile.

On profile 05, coal loosening in the upper part of the sec-
tion is observed along the entire length of the profile, rea-
ching a depth of up to 4 m in a range of 50-80 m. A similar
pattern is observed on profile 06, where increased coal frac-
turing is recorded in the upper 1-2 m along the entire length
of the profile. Zones of weakly fractured coals are local in
nature and do not have a significant impact on the overall
pattern of velocity distribution.

Site No. 3 is located approximately 25 m below and slightly
north of site No. 2. Figure 9 shows that the longitudinal wave
velocities at this site are significantly higher than at the others.
A distinctive peculiarity of site No. 3 is the increased water
content of the rock mass with the formation of puddles on the
surface. Water filling pores and fractures increases rock densi-
ty, which affects the propagation velocity of elastic waves. In
addition, there are a significant number of argillite interlayers in
the coal, which are also characterized by higher values of seis-
mic wave propagation velocities compared to coal.
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Thus, two factors simultaneously influence the wave veloci-
ty in the rock mass: water content and the presence of argillite
interlayers, which causes the increased velocity values.

Based on the results of the section interpretation, coal on
profile 07 is generally more disintegrated than on profile 09.
The upper part of profile 07 (at a depth of 2-3 m) is character-
ized by increased fracturing compared to profile 09. Through-
out the entire interval of survey on profile 07, a zone of dis-
turbed coals is distinguished within the range of 85-105 m. On
profile 09, zones of weakened coals are noted in the intervals
of 60-80 and 110-135 m. Across the profiles, in the area
marked 30-40 m, there is a zone of slight mass weakening.

Section No. 4 is located on the southern flank of the sec-
tion. Seismic surveys were performed on one profile 03 with
six arrangements. The total length of the profile was 286 m.
As a result of processing, a seismic sections of the distribu-
tion of longitudinal wave propagation velocities in the medi-
um were constructed (Fig. 10).
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Based on the seismic survey results, this site differs from
the others in terms of the subhorizontal persistence of seis-
mic boundaries. On profile, coals with increased fracturing
are fixed in the interval 0-100 m at depths of 0-1 m, as well
as up to 3 m in the range of 50-90 m. From the mark of
100 m and to the end of profile, the upper part of the section
(to a depth of 5 m) is represented mainly by coal with mode-
rate fracturing degree. Less fractured coals can be seen
throughout the profile: in the first half, from a depth of about
12 m, and after the 160 m picket, from a depth of about 8 m.

The results of seismic investigations have shown that this
method makes it possible to reliably determine seismic wave
propagation velocities and, consequently, to assess the geo-
mechanical condition of the coal mass.

4.4. Results of spectral seismic profiling (SSP) survey

At site No. 1, survey was performed using the SSP
method on two profiles. As a result of data processing, SSP
sections were constructed (Fig. 11a). The measurement re-
sults show that the coals in sections vary from intensely
disintegrated to slightly fractured. On profile 01, the coals
are generally more disintegrated than on profile 02.
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Figure 11. Survey results using the SSP method: (a) site No. 1; (b) site No. 2; (c) site No. 3; (d) site No. 4

This is most likely due to the fact that profile 01 is placed
close to the bench face, as a result of which the rock mass in
this zone appeared to be more loosened. On profile 01, the
coals are characterized by moderate fracturing degree. Zones
of weakly fractured coals are noted at elevations of 40-60
and 110-140 m. Profile 02 shows a weakened zone at inter-
vals of 30-60 and 90-120 m, which can be observed through-
out the entire depth of the survey.

Based on the results of SSP method surveys at site No. 1,
it was not possible to clearly and confidently differentiate
coals by degree of fracturing, which is due to the limited
resolution of the method in the conditions of studied mass.

At site No. 2, surveys were conducted using the SSP
method on three profiles. As a result of processing, SSP
sections of signal distribution in the medium were construc-
ted (Fig. 11Db). In general, coals of moderate degree of disin-
tegration prevail in the sections.

On profile 05, a zone of intense fracturing is observed at
intervals of 130-80 and 20-0 m. The zone is observed from
the surface to the entire depth of the survey. On profile 06,
coal loosening in the upper part of the section is observed
along the entire length of the profile to a depth of approxi-
mately 12 m. Profile 07, located closer to the underlying
waterlogged bench, is characterized by increased fracturing
along its entire length, to a depth of 10-11 m.
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The results of site No. 2 surveys show that the upper part
of the section is characterized by increased fracturing, which
does not allow it to be differentiated by the SSP method into
separate zones according to the mass disturbance degree.

Site No. 3 is located approximately 25 m below and
slightly north of site No. 2. The results of the SSP method
surveys are presented in Figure 11c.

A distinctive peculiarity of site No. 3, which is located
approximately 25 m lower and slightly north of site No. 2, is
the increased water content of the mass with the formation of
puddles on the surface. Water filling pores and fractures
increases rock density, which should be taken into account
when processing the results. At the same time, water reduces
the strength properties of coal, and the presence of numerous
argillite layers further influences the wave field structure.

Surveys conducted at site No. 3 revealed the presence of
an increased fracturing zone: on profile 08 in the range of
110-70 m, and on profile 10 in the range of 120-90 m. The
zone can be observed from the surface to a depth of appro-
ximately 11 m and correlates well with a similar zone on
profile 05 on the overlying bench. The complex geological
structure and high degree of water saturation of the mass did
not allow for reliable determination of the presence of other
characteristic fractured zones at this site.

Site No. 4 is located on the southern section face. SSP
surveys were performed on two profiles, each 300 m long.
The measurements show that both profiles (03 and 04) have
increased fracturing in the upper part of the section to a depth
of 10-12 m (Fig. 11d).

On profile 03, located closer to the bench face, in the in-
terval 170-10 m at depths of more than 20 m, an intensely
fractured zone is distinguished, caused by the close location
of the double bench. Surveys conducted on profile 04 re-
vealed the presence of a highly fractured tectonic zone in the
intervals 60-80 and 110-130 m. The zone can be observed
from the surface to the entire depth of the survey; coal within
its boundaries is characterized by high fracturing degree.

The results of spectral seismic profiling surveys conducted
at the JSC Shubarkol Komir sections confirmed that this
method is generally capable of determining the spatial pa-
rameters of structural weakening and increased coal fracturing
zones. However, the ambiguity of the results obtained, as
well as the impossibility of using the method at sub-zero
temperatures, do not allow research to be conducted during
the long winter period, which excludes its year-round use.

Thus, the spectral seismic profiling method is not
recommended for implementation at the enterprise as part of
the integrated methodology for studying structural weakening
zones of coal benches using geophysical techniques. For this
reason, the results obtained by the SSP method were not used
in the subsequent integration of geophysical data, and the
method itself has been excluded from the list of techniques
recommended for industrial application.

4.5. Results of the ground-penetrating radar surveying

At site No. 1, work was performed using ground-
penetrating radar surveying on two profiles. As a result of
data processing, ground-penetrating radar sections were
constructed (Fig. 12a). Based on the measurement results for
profiles 01 and 02, two layers can be distinguished. The first
layer, at depths of 0-6 m, is characterized by uniform disinte-
gration of the mass, presumably caused by drilling-blasting
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operations during the removal of overlying overburden rocks.
The second layer is an undisturbed coal mass.

The dielectric permeability values vary within insignifi-
cant ranges, which does not allow the site to be differentiated
into separate blocks. Based on the results of surveys con-
ducted at this site, it was not possible to identify fractured
zones and rank them according to the degree of fracturing
using the ground-penetrating radar method.

At site No. 2, surveys were conducted using ground-
penetrating radar on three profiles. As a result of processing,
ground-penetrating radar sections of the dielectric permeabi-
lity distribution in the medium were constructed (Fig. 12b,
profiles 05, 06, 07). In general, coal with a moderate degree
of disintegration predominates in the sections.

Based on the measurement results for profiles 05, 06,
and 07, two layers can be distinguished. The first layer, at
depths of 0-8 m, is characterized by a disturbed mass struc-
ture, presumably formed under the influence of drilling-
blasting operations. The second layer is an undisturbed coal
mass. On profile 05, no differentiation in terms of fractur-
ing degree was identified based on ground-penetrating
radar data. On profile 06, coal loosening in the upper part
of the section is observed along the entire length of the
profile to a depth of 6-8 m. Profile 07, located closer to the
bench face, is characterized by moderate fracturing along
its entire length, to a depth of 5-7 m.

Based on the results of ground-penetrating radar mea-
surements, it was not possible to differentiate the mass by
degree of fracturing, since the dielectric permeability values
vary within very small ranges, which does not allow the site
to be divided into separate blocks.

The results of ground-penetrating radar surveys at site
No. 3 are presented in Figure 12¢ (profiles 08, 09, 10). A
distinctive peculiarity of this site is the increased water
content of the rock mass, up to the formation of a puddle on
the surface. Water filling pores and fractures reduces the
strength properties of coal and changes the nature of the
reflected signal. In addition, numerous argillite layers are
present in the coal, which also influences the shape and
intensity of reflections.

Based on the measurement results for profiles 08, 09, and
10, two layers can be distinguished. The first layer, at depths
of 0-5m, is characterized by a disintegrated rock structure,
presumably formed as a result of previous drilling-blasting
operations. The second layer is an undisturbed coal mass.
Surveys conducted at site No. 3 revealed the presence of a
highly fractured waterlogged zone: on profile 08 — in the
80-120 m interval, and on profile 09 — in the 90-130 m inter-
val. The zone can be observed from the surface to a depth of
approximately 8 m, and the coal within it is characterized by
high fracturing degree.

The complex geological structure and high water content
of the mass made it impossible to reliably determine the
presence of other characteristic fractured zones at this site.

Ground-penetrating radar surveys were conducted at site
No. 4 on two 300-m long profiles. As a result of data pro-
cessing, sections were constructed (Fig. 12d). The measure-
ments revealed that the upper part of the section is disturbed
by mining operations to a depth of 4-5 m. The complex geo-
logical mass structure did not allow to reliably determine the
presence of characteristic fractured zones at this site.
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Figure 12. Survey results using the ground-penetrating radar method: (a) site No. 1; (b) site No. 2; (c) site No. 3; (d) site No. 4

The results of ground-penetrating radar surveys conducted
at the sections of JSC “Shubarkol Komir” have demonstrated
that this method is unsuitable for identifying and determining
the spatial parameters of structural weakening zones, as well
as for ranking them according to the degree of fracturing
within the coal mass. For this reason, the results obtained by
the GPR method were not used in the integration of geophy-
sical data for assessing the condition of the experimental
sites. Thus, the ground-penetrating radar method is not
recommended for application at the enterprise as part of the
integrated methodology for studying structural weakening
zones of coal benches using geophysical methods.

4.6. Results of radonometry surveys

The field pattern of radon emanations reflects the block
structure of the studied rock mass areas, with a clear identifi-
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cation of geodynamically active interblock spaces — discon-
tinuous faults (Fig. 1f). Radonometry results at I, II, and III
sites show the mass differentiation in terms of the degree of
structural weakening and modern geodynamic activity, as
well as determine their spatial parameters.

At site I, measurements of radon volume activity were
taken on two profile lines (I and II) oriented in a meridian
direction, with a total length of 200 m. The distance between
the profile lines was 30 m, and between the measurement
points — 10 m.

Based on the measurement results, radon concentration in
soil air varies from 363 to 4138 Bg/m?, while the normalized
volume activity values range from 0.3 to 2.1 (Fig. 13a). At
site No. II, measurements of radon volume activity were
taken on two profile lines (III and IV) oriented in the latitu-
dinal direction, with a total length of 300 m.
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Figure 13. Results of radonometry surveys: (a) site No. I; (b) site
No. II; (c) site No. 111

The distance between the profile lines was 30 m, and be-
tween the measurement points — 10 m. Based on radonome-
try data, radon concentration in soil air varies from 145 to
1960 Bq/m?®, while the normalized volume activity values
range from 0.2 to 2.8. The main discontinuous faults have an
azimuth of strike of about 300° (Fig. 13b).

At site No. III, which is located in measuring section and
parallel to site No. II, measurements of radon volume activity
were made on two profile lines (V and VI) oriented in the
latitudinal direction, with a total length of 200 m. The dis-
tance between the profile lines was 30 m, and between the
measurement points — 10 m.

Radonometry data indicate that radon concentrations in
soil air range from 835 to 3703 Bg/m?®, while normalized vol-
ume activity values range from 0.5 to 1.7. The main discontin-
uous faults have an azimuth of strike of about 15° (Fig. 13c).

The use of emanation surveying at the near-bench sites lo-
cated along the alignment of the experimental extraction
blocks was carried out as a verification method for determining
the geomechanical condition of the rock mass. The results of
the investigations confirmed the spatial parameters of the
structural weakening zones previously identified by other
geophysical methods applied directly on the extraction blocks.

In addition, considering the efficiency, effectiveness, and
high reliability of the method, the radon emanation data
obtained for zoning the rock mass according to the degree of
structural weakening can be used in determining the optimal
parameters of drilling-blasting operations during the removal
of overlying semi-rock overburden, as well as in assessing
the stability of the pit walls.

4.7. Comprehensive analysis, correlation dependences,
and practical interpretation of geophysical data

4.7.1. The influence of fracturing on the technological
properties of coal

Figure 14 shows that as the fracturing of the initial rock
mass increases, the average size of coal pieces after extrac-
tion and drilling-blasting operations decreases regularly,
while the proportion of fine particles increases. Thus, opera-
tional reports record the share of the 0-6 mm class at the
level of 12.6-16%.
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Figure 14. Change in average size of coal pieces depending on
rock mass fracturing

Fracturing creates a kind of “pre-cut” in the rock mass:
the more natural weakening planes there are, the easier it is
to form fine fractions during drilling-blasting preparation and
excavation. The noted negative dynamics in fine coal pieces
is consistent with deterioration of natural and structural fac-
tors influencing the mined coal particle size. This determines
the need to develop a system for predicting and managing
particle size based on geophysical indicators of fracturing.

4.7.2. Integral correlation of geophysical parameters

Figure 15 presents a combined surface showing how the
parameters of different methods — specific electrical re-
sistance (p), longitudinal wave velocity (¥,) and radon con-
centration (C(Rn)) — jointly explain variations in the degree of
structural coal mass weakening. Low p values and reduced 7,
values, all other conditions being equal, correspond to higher
fracturing and, as a result, increased radon emanations. The
inverse combinations of parameters give lower values of
C(Rn). Thus, there is a stable correlation reflecting the physi-
cal-geological essence of combining diverse geophysical
indicators into a single diagnostic model of weakening zones.
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Figure 15. Integral correlation of geophysical parameters (p, V),

C(Rn)) as a criterion for identifying zones of structural
weakening: p — characterizes the electrical conductivity
of the medium, reacting to the presence of a conductive
liquid phase and the development of a fracture-pore
structure, Ohm-m; V, — reflects the density, integrity
and elastic rock properties, m/s; C(Rn) — records frac-
ture permeability and gas exchange intensity, Bq/m’

Each of the three parameters is sensitive to different as-
pects of the same phenomenon — mass defects and saturation.
The following patterns are identified in the studied mass:



R. Mussin et al. (2025). Mining of Mineral Deposits, 19(4), 99-118

— different p ranges for “dry” and waterlogged areas, con-
firming the dependence of electrical conductivity on pore
space saturation;

— systematic variations in ¥}, associated with disintegra-
tion and lithology (especially in argillite zones);

— persistent anomalies of C(Rn) along dominant faults,
coinciding with decreases in p and V.

The consistent behaviour of these three parameters indi-
cates the same structural weakening zones, confirming the
correctness of the complex interpretation.

The implemented methodology of combined analysis of
electro-tomographic, seismic and radonometry data made it
possible not only to quantitatively assess the degree of the
mass disturbance, but also to reveal the spatial structure of
fracture-pore zones that are important for predicting gas yield
and filtration properties.

4.7.3. Dependence of specific resistance on fracturing

Figure 16 shows the diagnostic dependence underlying
the interpretation of electrical tomography data. As the frac-
turing of the rock mass increases, the specific electrical re-

sistance (p) decreases regularly, which is due to an increase
in the fracture-pore conductive structure.
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Figure 16. Dependence of specific electrical resistance on the
degree of coal mass fracturing

In waterlogged areas, a decrease in p indicates a more de-
veloped fracture system, as pores and fractures saturated with
mineralized water significantly increase electrical conduc-
tivity. In contrast, high p values are recorded in relatively
dense and low-fractured zones.

Water with dissolved salts is an effective conductor, so in
areas with developed fracturing, the specific resistance drops
to 12-500 Ohm'm, while in “dry” areas, there are ranges of
45-1800 Ohm'm. The differences found directly reflect the
degree of water saturation and groundwater mineralization.

It should be noted that in the near-surface zone, loosened
by drilling-blasting operations and partially drained, the
opposite trend is possible: increase in p at high fracturing due
to replacement of water by air, which impairs conductivity.
Similar effects were observed in the upper 0-5 m of the sec-
tion (p up to 400-1800 Ohm-m), which emphasizes the need
to interpret the data taking into account lithological peculiari-
ties and hydrogeological conditions.

4.7.4. Correlation of longitudinal wave
velocity and coal strength

Figure 17 shows the positive dependence between the ve-
locity of elastic longitudinal waves V), and the uniaxial com-
pressive strength o, of coal, which is typical for rocks. The

higher the elastic wave velocity, the greater, as a rule, the
effective stiffness and structural integrity of the mass.
For coals of seams 2B and 1B, reference strength levels
0.~ 17-18.8 MPa are fixed, making it possible to correlate
the V), velocity ranges with actual mechanical characteristics.
Thus, sites characterized by low velocities (¥, <2200-2400 m/s)
correspond to disintegration and increased fracturing zones,
while values of 7, >2800-3000 m/s reflect dense and weakly
fractured fragments of the mass.
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Figure 17. Correlation between longitudinal wave velocity and
ultimate strength

The velocity of longitudinal waves is sensitive to fractur-
ing, porosity, and the degree of saturation of rocks. The more
solid and dense the medium, the higher the ¥, velocity. On
seismic sections, high-disintegration zones are visualized as
“blue” areas with low velocities, while local “red” areas
reflect zones with increased density and strength.

Thus, ¥V, can be considered as a proxy indicator of the
structural mass persistence, correlating with its mechanical
strength and serving as an important diagnostic indicator for
interpreting the state of coal-bearing strata.

4.7.5. Radonometric indicators of structural mass weakening

Figure 18 shows that radon concentration in soil air
increases regularly in zones of structural mass disturbance.
Fractures and faults serve as the main migration routes for
radon, which is formed during the radioactive decay of
uranium and radium in rocks.
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Figure 18. Dependence of radon concentration on the degree of
structural rock mass weakening

In the profiles studied, radon concentration C(Rn)
varies from =145-1960 Bg/m® at relatively quiet sites to
~363-4138 Bq/m® in zones of tectonic disturbances. The
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dominant azimuths of the faults, determined by the struc-
ture geometry and seismic data, coincide with the directions
of the “beams” of radon anomalies. Thus, elevated C(Rn)
values reliably indicate zones of increased fracturing and
gas permeability.

Radonometry in this complex serves as a verification
method, confirming the results of electrical tomography and
seismic prospecting. The coincidence of spatial anomalies in
all three independent methods (p, V,, C(Rn)) confirms the
high reliability of the identification of mass weakening zones
and allows their geometric position to be specified.

4.7.6. Practical interpretation and comparative
assessment of methods

A comprehensive comparison of the data obtained
shows that the most informative and practically applicable
methods for the conditions of the Shubarkol deposit coal
seams are electrical tomography (ERT) and mean gradient
(MG) methods. These methods ensured high accuracy in
locating structural weakening zones, determining the direc-
tions of fracture propagation, and quantitatively assessing
the degree of rock mass loosening.

Refraction Seismic (RS) and radonometry methods
demonstrated good mutual correlation: sites with reduced
longitudinal wave velocities coincided with zones of in-
creased radon concentration in soil air, confirming the pres-
ence of active tectonic disturbances and making radonometry
an effective express-indicator of geodynamic activity.

The spectral seismic profiling (SSP) method confirmed
the fundamental possibility of detecting fractured zones, but
proved to be of limited applicability in conditions of sub-zero
temperatures and high humidity. It is advisable to use it as an
auxiliary tool at dry sites.

Ground-penetrating radar (GPR) surveying in highly wa-
terlogged conditions showed low informative value for iden-
tifying weakening zones and does not provide the required
resolution, as a result of which it was excluded from the set
of recommended methods.

Figure 19 shows relative assessments of the informative
value, reliability, applicability of six geophysical methods:
electrical tomography (ERT), mean gradient (MG) method,
refraction seismic (RS) method, spectral seismic profiling
(SSP), ground-penetrating radar (GPR) and radonometry.

Radonometry
Ground-
penetrating radar | EEEEEEEEEEEEN_————
S
RS
ey
Electrical
tomography
0.0 0.2 0.4 0.6 0.8 1.0
® Costs (relative) Applicability
B Reliability B Informative value

Figure 19. Comparative indicators of informative value, reliabi-
lity, applicability and cost of geophysical methods
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The results of the comparative analysis indicate that elec-
trical tomography and the mean gradient method are the most
informative and reliable for diagnosing weakened zones.
Their integration provides high-precision spatial distributions
of specific resistance and allows identifying the areas of
mass loosening. Electrical tomography profiles make it pos-
sible to determine the depth and thickness of zones with
reduced resistance (fractured and water-saturated rocks),
while the mean gradient method specifies horizontal bounda-
ries and directions of the strike.

Comparison of seismic and radiation parameters revealed
a stable inverse correlation between p, ¥, and C(Rn)
(Fig. 20). With a decrease in p and V), an increase in C(Rn) is
observed, indicating the development of open fracture sys-
tems and an increase in the gas permeability of the rock
mass. Thus, radonometric data confirm the interpretation of
electrical and seismic anomalies, and the method itself can be
used as an express-indicator of geodynamic activity.
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Figure 20. Three-parameter diagram linking the specific re-
sistance (p), longitudinal wave velocity (V,) and radon
concentration (C(Rn))

Figure 21 shows the dependence of the proportion of the
fine fraction (0-6 mm) on the degree of the rock mass frac-
turing. The analysis shows that when the fracturing increases
from 5 to 50%, the proportion of fines increases from 10 to
16%. This confirms the direct influence of structural distur-
bance on coal fractional composition and stresses the
importance of geophysical mapping for managing particle
size during drilling-blasting operations.
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Thus, the combined results show that electrical tomogra-
phy and the mean gradient method form the basis of the com-
plex methodology of diagnosing structural weakening zones.
Electrical tomography provides detailed determination of
vertical and horizontal boundaries of weakened zones, MG
method increases sensitivity to local heterogeneities and speci-
fies the rock mass structure, while radonometry performs the
function of express control of active tectonic zones.

Under conditions of high water saturation and heteroge-
neity of the coal mass, the use of seismic methods alone (RS,
SSP) does not provide sufficient spatial resolution, which is
confirmed by their weak correlation with the electrical and
radiation measurement data.

Further improvement of the methodology should be di-
rected toward the integration of electrical and radiation
methods, the implementation of automated interpretation
algorithms, and the construction of three-dimensional models
of structural weakening zones for real-time monitoring of
geodynamic activity.

5. Conclusions

Comprehensive geophysical surveys conducted at the
Shubarkol coal deposit have made it possible to scientifically
substantiate a system for diagnosing and managing coarse-
grained coal, and have also confirmed the patterns of for-
mation of structural weakening and fracturing zones in coal
seams. The results obtained provide a quantitative basis for
predicting the fractional composition of the coal mined and
optimizing the parameters of drilling-blasting operations.

Based on a combined analysis of electrical tomography
data, the mean gradient method, seismic prospecting using
refracted waves (RS), and radonometry, quantitative criteria
for assessing the geomechanical state of a coal mass have
been determined. It has been shown that the combination of
low specific electrical resistance values (p < 60-100 Ohm-m)
and longitudinal wave velocities (7, < 1500-1800 m/s) relia-
bly characterizes zones of increased fracturing, water satura-
tion, and structural weakening.

It has been found that the areas with lower p and V), are
accompanied by an increase in the proportion of fine fraction
(< 6 mm) in the mined coal to 15-16%, which is confirmed
by the operational data of the enterprise. Thus, the rock
mass fracturing is a determining factor in the formation of
coarse-grained coal during drilling-blasting preparation and
excavation operations.

A correlation analysis was conducted between electrical,
seismic and radon parameters, revealing stable interrelation-
ships: radon concentration C(Rn) increases by 1.5-2 times in
zones with reduced p and V), which confirms their tectonic
activity and increased gas permeability. The three-parameter
model (p — ¥, — C(Rn)) has proven the efficacy of radonome-
try as an express-indicator of geodynamically active zones.

The developed integrated methodology for diagnosing
weakening zones provides high accuracy of spatial localiza-
tion — up to £5 m in depth and +10 m along the strike, which
makes it possible to use it in practice when planning drilling-
blasting operations and geomechanical monitoring.

Optimization of drilling-blasting parameters (DBP)
taking into account identified geophysical indicators allows
reducing the proportion of fines in the mined coal by 3-5%,
increasing the homogeneity of the granulometric composi-
tion, as well as improving the stability of benches and the
safety of mining operations.
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The scientific novelty of the research is in the quantitative
combination of electrical, seismic, and radon parameters to
construct a unified diagnostic model of the coal mass state, and
its practical significance is in the ability to quickly predict coal
quality and mass state based on geophysical survey results.
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InTerpoBaHna reogizuyHa oliHKa 30H CTPYKTYPHOT0 0cJ1a0/1eHHS BYTiJIbHOT0 MaCHBY
IJ1s onTuMizanii 0ypoBuOyXoBHX podiT Ta ynpaBJiHHS KPYNHICTIO BYTiLiast

P. Mycin, I1. Mankoscki, ®@. Myprasina, A. Kaitnazaposa, [[. Axmataypos, H. 3amaunies, J1. Jloni

Meta. MeToro J0CTiDKEHHsI € po3po0JieHHs] HaAyKOBO OOIPYHTOBAHOI CHCTEMH YMPAaBNiHHS KPYHMHOKYCKOBICTIO PSIOBOTO BYTULIS Ha
nignpuemctei AT “Ilybapkosis Komip” Ha 0CHOBI KOMIUIEKCHOT Te0(i3nyHOT JIarHOCTUKH 30H CTPYKTYPHOT'O OCIabJIeHHs Ta TPIIMHYBATO-
CTi BYTibHUX IUIAacTiB. PoboTa crpsiMoBaHa Ha MiABUIICHHS e(eKTUBHOCTI OypoBHOYXOBUX pOOIT, 3HW)KEHHS YacTKH ApiOHOT (pakuii Ta
3a0e3neyeHHs CTIHKOCTi OOPTIB Kap’epa IUIIXOM BUKOPHCTaHHS re0(i3NYHNX iHIUKATOPIB CTAHY MacHBY.

Metoauka. JIoCTi/PKEHHS] BUKOHAHO i3 3aCTOCYBAHHSAM KOMIUIEKCY re0(i3HYHHX METOJIB: €NEKTPOPO3BIAKH METOAOM EeIEeKTPOTOMO-
rpadii (ET), emnexrpopo3Binku cepenunauM rpagientoMm (CI), celicMoposBinku MmeronoM mpenomiieHux xBwib (MIIX), crexrpansHOTo
ceticmonpodimosanns (CCII), reopagaproro 3ouayBanss (I'P) ta pagonomerpii. KommekcHa inTepnperais BKIIO4aia TPUBIMIpPHE MOJe-
JIFOBAHHS PO3IIOJUIIB IUTOMOTO €JIEKTPUYHOTO OIOpPY (p) Ta MIBUIKOCTEH MO3JOBXKHIX XBUIb (V),), a TAKOXK CTATUCTHYHUIT aHAi3 KOpEIIii
Mix mapamerpamu p, ¥, i C(Rn).
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Pe3yabsTaTn. BecraHoBineHo, 10 3HIDKEHHS ITUTOMOTO ONOPY 10 3Ha4eHb MeHmre Hixk 60-100 OM M Ta 3MEHIICHHS MIBUAKOCTEH MO3I0B-
KHIX XBIIb 10 1500-1800 M/c mocTOBIpHO BiZOOpakaroTh PO3BUTOK TPINIMHYBATOCTI Ta pO3yNIUIEHEHHS MacuBy. KoHIEHTpalis pasoHy B
LUX 30HaX 3pocTae y 1.5-2 pa3y, 1m0 10AaTKOBO MIATBEPIUKYE iX TeKTOHIUHY akTHBHICTh. Metoau ET 1 CI' Bu3HaueHO SIK OCHOBHIi A BUII-
neHHs ocnabneHux 30H; MIIX BUKOpHCTaHO K KaniOpyBanbHHIA; pagoHOMeTpito K koHTponbHUH Merox; CCII i I'P maroTe oOMexeHe
3aCTOCYBaHHS Yepe3 BUCOKY OOBOIHEHICTh TUISTHKH.

HaykoBa HoBu3Ha. Briepme st LIIy6apkonbCchKkoro pomoBHIna po3po0ieHo i ampo6oBaHO KOMILIEKCHY METOJIUKY MO€IHAHOTO aHAMi3y
SJIEKTPUYHIX, CEHCMIYHUX 1 pajialifHAX MmapaMeTpiB, sika 3a0e3nedye KUIBKICHY OIIHKY '€OMEXaHIYHOTO CTaHy MacHBY Ta IIPOTHO3 HOTo
CTPYKTYPHHX 3MiH.

IMpakTHyna 3HaAYMMicTh. 3aNPOBa/HKEHHS 3aIPOIIOHOBAHOI METOMUKH JIa€ 3MOTY 3 TOYHICTIO +5 M 3a rmbuHOo0 Ta +10 M 3a mpocTs-
TaHHSIM BH3HAYaTH 30HH OCJIA0JEHHs, KOPUT'YBATH IapamMeTpy OypoBHOYXOBHX POOIT, 3MEHIIyBaTH YacTKy IpiOHOI ¢pakmii (< 6 MM) Ha
3-5% Ta miABUIIYBaTH CTIHKICTb OOPTIB Kap epy.

Knrwouoei cnosa: mpiwunysamicmo, 8yeinis, 2eoizuuna oyinka, pooosuue, 0ciabieHus, CmilKicmo
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