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Abstract. The existing environmental problems resulting from the use
and subsequent discharge of water by mining and metallurgical enterprises
are analyzed. The relevance of developing methods for an integrated
assessment of water properties is presented, which will allow the study of
not only physical-chemical, but also the biological parameters of water.
Experimental studies of water samples are conducted based on the method
of gas-discharge radiation. The existing methods for extracting informative
features of gas-discharge radiation images of liquid-phase objects are
analyzed. Histograms of gas-discharge radiation images of various types of
water were constructed and studied. The expediency of dividing images
into separate fragments, characterized by common texture features, is
shown. The analysis of texture features is carried out based on the use of
the Fourier transform. Using the Fourier transform for the corresponding
luminance vectors, the spectra have been obtained of the spatial
distribution of the frequencies of brightness changes, which are used as
texture features to identify the specific characteristics of the gas-discharge
tracks formation. It has been determined that the developed method of
water analysis allows assessing its biological properties, which is based on
the values of the spatial frequency range. The advantage of the proposed
method over the existing ones is the possibility of quantitative assessment
in the form of numerical values of the covered range of spatial frequencies.
The proposed method of studying the biological properties of water can be
used as part of modern environmental monitoring systems.

1 Introduction
In regions with the developed mining sector, issues associated with pollution of the
hydrosphere constantly arise. This is due to the fact that the technological operations while
extracting various minerals are accompanied by the use and subsequent discharge of water
from the quarry, mine, or drainage to the surface. These types of water are usually referred
to under the common name of mine waters. The water of the mining and metallurgical
complex used during the technological process is mainly discharged into natural water
bodies after treatment operations, which leads to a significant deterioration of the
hydrosphere.
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Despite the fact that new methods of water treatment and reuse of the same volumes of
water in the technological process are being developed, the share of reused process water
remains so far insignificant. When discharging mine water into natural water bodies, it is
necessary to carry out water treatment, as well as to control the properties of water used in
the industry that enters natural water bodies.
During the technological processes of mining and metallurgical enterprises, there is a
change in both the physical and chemical properties of water [1 – 6]. For example, up to 1.8
m3 of the specific volume of mine water may fall per 1 ton of coal mined. Moreover, the
underground type of extraction is characterized by the predominance of groundwater coming
from aquifers. As a result, mine water is usually distinguished among others by a high content
of mineral salts in their composition (up to 20 – 30 g/dm3). Therefore, when mine water is
discharged into natural reservoirs, there is a significant increase in the salinity of natural water
in the regions with large enterprises of the mining and metallurgical complex.
Chemical pollution of mine water leads to emission of various trace elements into the
natural environment of natural reservoirs, as well as petroleum products and heavy metals.
Thus, one of the problems arising from the discharge of mine waters is the control of their
physical-chemical composition, in particular, the degree of mineralization and presence of
various impurities.
The main hazardous factors of hydrosphere contamination by mine waters should also
include the release of radioactive components, since they can cause significant harm to
living organisms even in small concentrations [7]. Heavy metals contained in discharged
process water are classified as hazardous toxic substances. Moreover, even insignificant
(so-called trace) amounts of heavy metals in the composition of drinking water with a high
degree of probability have a toxic effect on living organisms. The necessity to control toxic
elements with modern environmental monitoring tools is regulated by the norms of the
World Health Organization [8 – 10], as well as by a number of national standards [11, 12]
and Ukrainian regulatory documents [13, 14].
In addition to the regulatory documents on the physical-chemical composition of water,
recently in many countries standards have been introduced related to the establishment of
regulations on the biological properties of water. In Ukraine, water quality control involves
the study of its physical-chemical properties, organoleptic characteristics, as well as
biological properties. Separately, to establish the biological properties of water, a number of
standards have been developed [15 – 21].
From the point of view of studying the biological properties of water, the key link is to
determine the influence of drinking water on the vital activity of organisms. Currently, the
toxic factor stands out as the most dangerous, since it can have a direct negative effect on
organisms. The toxic properties of drinking water lead to all sorts of diseases and lethal
consequences. The toxicity indicator determines the presence of specific toxic constituents
in the water. Chemical and biological methods are currently used to detect toxicity.
Chemical methods for identifying the toxic properties of water are predominantly
expensive, require special sophisticated equipment and qualified maintenance personnel.
Along with this, the methods currently used in Ukraine to study the biological properties of
water [15 – 21] are mainly based on bioindication methods, the essence of which is the use
of organisms (for example, fish); microorganisms and their colonies. Depending on the
influence of the living conditions of organisms or microorganisms in the samples of the
studied waters, a conclusion is made about the biological properties of water. Among the
disadvantages of methods based on bioindication, the following can be distinguished: the
complexity of transportation and storage of organisms (microorganisms used as biological
indicators); subjectivity of assessments; the qualitative nature of the results, usually
expressed using a rank scale in points or assessments of hazard levels: safe, dangerous,
medium hazard level.
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Thus, the analysis of existing methods for assessing the physical-chemical and
biological properties of sewage mine water shows the relevance and prospects of
developing new approaches to the synthesis of methods for the comprehensive study of
water properties that can be used as part of modern systems for organizing environmental
monitoring in regions with mining enterprises of metallurgical complex.

2 Experimental studies of water properties by gas-discharge
radiation method
To study the state of mine water, the method of gas-discharge radiation was used. When
carrying out studies of liquid-phase objects on the basis of this method, there is used the
possibility of recording, on the photographic material, the physical effect of gas-discharge
radiation around the object arising under the influence of an external pulsed
electromagnetic field. The liquid-phase object is in direct contact with the photographic
material, since during the research it is placed on the surface of an X-ray or film using a
special metering device.
Gas-discharge radiation around the studied sample of a liquid-phase object occurs because
a high-intensity pulsed external electromagnetic field acts on a water drop. The glow around
the object is characterized by a certain color scale and geometric characteristics of the
manifestation of individual gas discharges, which, propagating along the surface of the
photographic material, leave specific fragments of the image on it – gas-discharge tracks. In
the process of experimental studies of a liquid, a pulsed electromagnetic field is formed
between the electrodes, causing the discharge current to flow. The discharge current flows in
a sufficiently narrow gap between the electrode and the liquid sample under study. The
photometric and geometric parameters of the glow around the sample depend on the
characteristics of the studied object as they are conditioned by the flow of the discharge
current between the electrodes.
The result of experimental studies based on the application of the gas-discharge radiation
method is a two-dimensional image that contains integral information about the state and
characteristics of the investigated liquid-phase object. Currently, this method is used not only
to study the properties of water [22 – 25], but also in the field of medical diagnostics to study
the properties of biological fluids [26] and biological objects directly [27].
The properties of a water sample correlate with the photometric and geometric
parameters of the recorded image, since due to the interaction of a pulsed electromagnetic
field and a liquid, charged particles are emitted from the surface of the droplet, due to
which the initial phase of the gas discharge is formed, and then a discharge current arises.
Thus, a gas discharge between the electrodes around the surface of the test sample can be
recorded on photographic material or on a digital video camera.
The currently available design options for capturing images of a gas discharge arising
from an external electromagnetic field can be divided into analog and digital. Each of them is
characterized by a number of advantages and disadvantages that should be taken into account
in order to achieve the goals of a particular experiment. On the one hand, registration with a
digital camera is a more modern option, allowing more automation of the experimental
research process, avoiding operations associated with the development and further scanning
of photographic material. On the other hand, modifications to the devices developed for the
registration of gas-discharge radiation based on digital video cameras that have been
developed so far require the supply of a large number of pulses (tens or hundreds) of
electromagnetic field to the object under study, which necessarily entails the occurrence of
thermal, secondary emission, as well as destructive processes [27], dynamically affecting the
object in the research process. Thus, when applying a large series of pulses, the properties of
the liquid sample change during the process of obtaining the resulting pattern of gas-discharge
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radiation, which ultimately represents a superposition of several stages of gas discharge
formation. From the metrological point of view, this leads to the emergence of a dynamic
component of the measurement error, the methods of quantitative assessment of which, and,
accordingly, the correction methods are currently unknown.
With the analog method of registering images on photographic material, in most cases a
single-pulse mode of exposure to the object under study is used, due to which the dynamic
component of the error does not occur. An additional advantage of this modification of the
method is also the possibility of placing the test sample directly on the surface of the
photographic material (in contrast to a hanging drop while using the digital method), which
makes it possible to record the interaction pattern of the liquid directly in the contact zone
with the photographic material as well.
The method of gas-discharge radiation guarantees the study of the integral properties of
water, since it allows to record the results of exposure to an electromagnetic field on the
object under study. In comparison with other methods that are used to study the physicalchemical properties of water, like nuclear magnetic resonance, mass spectrometric,
chromatographic, or spectroscopic one, gas-discharge radiation does not require such
sophisticated measuring equipment, specially trained personnel and access to special
laboratory conditions.
The disadvantage of the method of gas-discharge radiation is the need for analysis and
further interpretation of the measurement results, which are presented in the form of
images. Due to the limited range of measurement methods based on image registration and
analysis, there are currently no universal standard approaches to interpreting the
measurement results in the form of images in metrology practice, as well as methods for
calculating their accuracy.
The first step in the practical application of the gas-discharge radiation method is to
obtain images of gas-discharge radiation. When using the method of registering images on
photographic material, the second stage is image scanning, as a result of which the radiation
pattern of a liquid drop on an X-ray film is converted to a digital representation in the form
of the so-called grayscale raster image. In this format, each pixel of the radiation pattern is
characterized by brightness, which is encoded for shades of gray by numbers from 0 to 255.
Thus, mathematically a grayscale image is presented in the form of a matrix, the elements
of which contain information about the brightness of the pixels.
Fig. 1 shows the images of gas-discharge radiation of drinking bottled water recorded
on an X-ray film and converted to digital form. Drinking bottled water selected for research
in its physical-chemical composition complies with Ukrainian standards.
Fig. 2 shows the images of gas-discharge radiation of water used in the technological
process of a mining and metallurgical complex (mine water).
As can be seen from the comparative analysis of Figs. 1 and 2, all images of the gasdischarge glow of water droplets have some common features:
1) All images of the gas-discharge glow of liquid-phase objects have circular shape;
2) The overall pattern of the glow can be divided into zones that have a radial shape from
the center of the droplet to the periphery, which is conditioned by the specifics of the gas
discharge formation due to photoelectron emission of charged particles from the surface of the
object under study;
3) In an analog modification of the gas-discharge radiation method, when using an X-ray
film as a sensitive material, there is no variety of color palette, therefore the images used for
further analysis and interpretation of the measurement results are grayscale in shades of gray;
4) All images can be divided into fragments characterized by various geometric and
photometric parameters.
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Fig. 1. Images of gas-discharge radiation of drinking bottled water (reverse image).

a

b

c

d

Fig. 2. Images of gas-discharge radiation of mine water (reverse image).

We consider the last item in more detail. The image of the droplet radiation always
contains background – the areas of the X-ray film around the droplet that are free of
recorded gas discharges. Each image has a central area of a rounded shape, which
corresponds to that fragment of the film, on the surface of which a droplet is placed. As can
be seen from a comparison of Figs. 1 and 2, the differences in these areas of the images can
be observed even visually. For drinking bottled water, the data of the inner circle zone
practically coincide in color with the background region at the edges of the images. As for
the glow patterns obtained for mine water, they are, as a rule, darker and can be
characterized by a greater or lesser “granularity”, i.e., brightness fluctuations. For the
examples of images of gas-discharge radiation shown in Fig. 2, the largest granularity is
observed in images b, d. The third characteristic area of the image is the area of gas
discharge propagation around the droplet. When the discharge current flows, separate gas
discharges are formed, which are recorded on the photographic material in the form of local
branched sections around the object. The distribution paths of gas discharges on a film are
called gas discharge tracks or streamers. The set of streamers registered around the object is
usually called a gas-discharge corona.
The preliminary analysis of the research results of the state of water can be carried out
visually based on expert estimates. For example, the area of the inner circle of the object
which is darker in comparison with the background of the X-ray film, with distinguishable
granular inclusions indicates a large number of impurities in the composition of water. A
uniformly distributed structure of the gas discharge tracks formation in the corona usually
indicates satisfactory biological properties of water, in particular, its high coherence [25].
However, the visual expert assessment is approximate, being influenced by subjective
factors, and cannot provide a quantitative assessment of the geometric and photometric
parameters of the radiation.
To date, several methods have been proposed for quantitative analysis of images of a
gas-discharge glow of water, aqueous solutions, and biological fluids. They are based on
calculations of certain image characteristics associated with the properties of the
investigated liquid-phase object. Moreover, most of the known approaches use generalized
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indicators that are evaluated for the image as a whole without dividing it into those
fragments that were described above.
For example, in [28], two indicators were used to assess the state of water and solutions:
the fractal dimension according to the Hausdorff formula, and the shape coefficient (the
dissipation coefficient to assess the deviation of a quasisymmetric figure from the shape of
a regular circle). These indicators were evaluated for distilled water and several standard
solutions that are often used in medicine, including medical drugs (for example, NaCl
solution; glucose and novocaine solutions with different concentrations). The author of [29]
conducted research on water and aqueous solutions, during which the following parameters
of the object radiation images in an electromagnetic field were assessed: the area of the
glow; average radiation intensity; average image radius; standard deviation of the radius;
shape factor; entropy; fractal dimension.
In contrast to the approaches developed earlier, in this paper, a variant is proposed for
analyzing the image parameters of gas-discharge radiation, which is based on obtaining
quantitative assessments for individual fragments of images.

3 Results and discussion
To analyze the geometric and photometric parameters of the images of gas-discharge
radiation, we construct histograms of pixel brightness. Fig. 3 shows histograms for two
samples of drinking bottled water. Fig. 4 represents histograms of mine water images.
The histogram of an image is a graph in which brightness values are indicated along the
abscissa axis. In this case, for a grayscale image recorded on an X-ray film, the numerical
values correspond to the luminance shades of gray halftones, which are standardly encoded
for image processing software packages with numbers from 0 to 255, with 0 corresponding
to black, 255 – to white.
The ordinate axis in the image histograms is the number of pixels of the corresponding
brightness. On the histograms for the registered images of gas-discharge water radiation,
the brightness range from 150 to 175 corresponds to the background region, therefore, the
extremum (maximum) of the graph of the histogram envelope is located in this range, since
for all images the pixels corresponding to the background brightness occupy the largest area
in comparison with other image fragments.
After a comparative analysis of Figs. 3 and 4, it is possible to distinguish the presence
of obvious extrema in the envelope of the histogram for mine water, which are located in
the brightness range from 75 to 125. The number of pixels falling on this range at the
extreme point corresponds to the bright areas that are on the image fragment corresponding
to the contact zone of the liquid droplet with the photographic material. The number of
pixels with such brightness exceeds 500. For images of gas-discharge radiation of drinking
bottled water, these zones in terms of brightness practically coincide with those of the
background, therefore there is no extremum of the histogram envelope in the brightness
range 75÷125.
Thus, the presence of impurities, which lead to the appearance of some radiation with
subsequent fixation on the X-ray film in the contact zone of the drop with the photographic
material, can be revealed during the analysis of the histogram. However, the method of gasdischarge radiation is of scientific interest not so much in the problem of detecting
impurities in a liquid-phase object, as in obtaining estimates of the biological properties of
water. The study of the above images of gas-discharge radiation and histograms allows to
conclude that such a tool for computer analysis of images as a histogram makes it possible
to perform only an integral assessment of the properties of water.
The work [24] shows the possibility of the gas-discharge radiation method for studying
the biological properties of water. However, the disadvantage of this approach, which is
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based on fuzzy image clustering, is the possibility of only preliminary express assessment
in the form of dividing water samples into two classes with low and high indicators of its
biological properties.
b

a

Fig. 3. Histogram plots to the images of the drinking bottled water samples.

a

b

Fig. 4. Histogram plots to the images of mine water samples.

For a more detailed quantitative assessment of water properties, it is proposed to use an
image analysis tool based on obtaining texture features. This approach is chosen because it
provides for the possibility of analyzing separate image fragments characterized by
uniformity of texture distribution within a certain area. When solving the problem of
assessing the biological properties of water, it is necessary to subject the image fragments
related to the zones of formation of discharge tracks to a more detailed analysis, since it is
the nature of the formation of gas discharges that correlates with the composition and
structure of the liquid under study.
The biological properties of water directly depend on the presence of free charge
carriers in its composition, since it is their presence (or absence) that determines the key
role of water (including intercellular water) in the normal course of redox reactions in
living organisms.
Physical effects that occur during the formation of a gas discharge around a liquid-phase
object exposed to an external electromagnetic field also depend on the presence of free
charge carriers. In experimental recording of images of gas-discharge liquid radiation, the
discharge current necessary for the occurrence of specific radiation can flow due to the
presence of free charge carriers emitted from the surface of the liquid sample under study.
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Having compared images of gas discharge radiation for drinking bottled water (see
Fig. 1) and images of mine water samples radiation (see Fig. 2), the differences can be
noticed in the formation of individual discharge tracks and the so-called radiation corona as
a whole. The corona, consisting of separate discharge tracks, for images of drinking water
is uniformly distributed around the droplet under study. The discharge corona around the
mine water samples is non-uniformly distributed around the droplet, and almost completely
disappears in some sectors.
Specific differences in the formation of a corona around a droplet in images can be
revealed on the basis of the analysis of the spatial organization of gas-discharge tracks,
namely, their boundaries, sizes, and fragments. Due to a wide variety of applied problems
related to image analysis, to date, no universal recommendations have been proposed for
the formation of texture features and a reasonable choice of the window size, a synthesis
theory for texture features has not been developed. Therefore, to solve these problems, it is
necessary to rely on the context of applied research. In this aspect, the neighborhood of an
image pixel is taken as a standard form of contextual information for analysis. The second
kind of contextual information is the determination of a texture, which is a functional from
a set of pixels of a part of an image in a window selected for analysis. Thus, at the moment,
the nature of the procedures for the formation of texture features is selected depending on a
specific applied research problem, and their effectiveness is determined empirically.
Since digitally the image is presented in the form of a matrix of values for pixel
brightness, the texture is actually a matrix being a fragment of the spatial and photometric
parameters of the image area. However, it should be understood that not any arbitrarily
selected area of the image can be considered as a texture, but only the one that is
characterized by homogeneous statistical properties (which can be determined, for example,
by analyzing the image histogram). As a result, the texture can be described on the basis of
some general properties, which are further used for the classification procedure, in this
case, to classify types of water according to its biological properties.
When analyzing images of gas-discharge radiation, there is a quite obvious problem of
choosing the size of a sliding window that covers an area of an image with a uniform
texture. The size of the window should be such that a fragment with a fixed set of gasdischarge tracks fits into it. This window size allows analyzing features that are associated
with measurements of the spatial frequencies of changes in brightness in the image.
To analyze texture features that are based on measuring the spatial frequency, the
Fourier transform for an image is used:
+∞

F ( v, w ) =   f ( x, y )e−2π i (vx + wy ) dxdy.

(1)

−∞

For a digital image
 f ( 0, 0 )

 f (1, 0 )
f ( x, y ) = 


 f ( M − 1, 0 )

f ( 0,1 )

f ( 1,1 )


f ( M − 1,1)

f ( 0, N − 1) 


f (1, N − 1) 
,



 f ( M − 1, N − 1) 


is an image matrix that contains the values of the pixel brightness.
Since the digital image is discrete, it is necessary to replace the continuous Fourier
transform (1) with a discrete one:
Fd (v, w) =

1 n −1 n −1
−2π i ( jv + mw)
, 0 ≤ (v, w) ≤ n − 1.
  f ( j , m )e
n 2 j =0 m =0
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To simplify the computational procedures and the possibility of transition to the onedimensional Fourier transform, the window matrix was replaced by a vector, which consists
of a sequence of rows of the original matrix.
In order to identify specific features of textures in the image of gas-discharge radiation
areas that contain gas-discharge tracks, three groups of water were analyzed: waste water
from industrial enterprises, water supply from technologically loaded areas with a high
concentration of enterprises, and additionally purified drinking bottled water. For the
analysis of texture features, the vectors of the glow brightness for texture fragments were
generated by software. For these three groups of water studied by the method of gasdischarge radiation, the graphs of the change in brightness depending on the coordinate
(i.e., a graphical representation of the brightness vector) are shown in Fig. 5, a-c.
a

b

c

Fig. 5. Curves of dependences of changes in brightness on the coordinate for three types of water:
a – waste water from industrial enterprises; b – mains water; c – additionally purified drinking bottled
water.
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For the corresponding brightness vectors, using the Fourier transform, spectra of the
spatial distribution of the brightness change frequencies were obtained, which are used as
textural features to reveal the specific characteristics of the formation of gas-discharge
tracks for different water samples (Fig. 6).
a

b

c

Fig. 6. Spectrum plots for the spatial frequency
of three types of water: a – waste water from
industrial enterprises; b – mains water;
c – additionally purified drinking bottled water.

As can be seen from the analysis of Fig. 6, for images of waste water, the spectrum is
characterized by the least variety of spatial frequencies (from 0 to 200), the amplitudes are
located at low frequencies. The amplitude spectrum of spatial frequencies for additionally
purified bottled water is the broadest of all the samples presented, the amplitudes in it are
observed in the range of spatial frequencies from 0 to 2500. A sample of mains water is
characterized by average values of spectral features: the amplitudes also decrease from lower
frequencies to higher frequencies and cover the range of spatial frequencies from 0 to 800.

4 Direction of further research
Since at present, as a result of technogenic pollution, there is a significant deterioration of
the ecological situation in many regions, in particular, the pollution of the hydrosphere with
wastes from industrial enterprises, among the tasks of further water quality studies, the
following can be distinguished:
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1. The necessity of assessment of not only certain physical-chemical parameters of
water, but a comprehensive assessment of water quality, which should include the
assessment of its biological properties.
2. At present, in Ukraine, in the overwhelming majority of cases, methods based on the
use of biological tests are used to study the biological properties of water. They are
characterized by a number of disadvantages: labor intensity; large time costs; the need to
attract specially trained personnel; requirements for ensuring certain storage conditions for
biotests, which complicates their transportation; obtaining a result in a qualitative form
according to a rank scale. Therefore, one of the necessary directions is the development of
methods for determining the biological properties of water, which will allow evaluating the
results in quantitative form as well as increasing the research reliability.
3. Development of such methods for assessing the biological properties of water, which
will allow research within a short period of time and can be used in modern systems of
environmental monitoring in the conditions of the mining and metallurgical complex.
4. A further development of the methodology proposed in this work for assessing the
biological properties of water can be the accumulation of statistical material in the study of
various water samples. This will make it possible in the future to develop more precise
quantitative criteria for assessing the biological properties of water associated with the
presence of free charge carriers in its composition, and, consequently, the ability of water to
ensure the normal course of redox reactions in living organisms.

5 Conclusions
For the analysis of the biological properties of water, an analysis method based on
obtaining textural features is proposed. The specific differences in the pattern of gasdischarge tracks formation under the influence of an external electromagnetic field are
manifested in certain areas of the image, thus the developed approach provides for the use
of a window covering the fragments containing the radiation corona around the liquidphase object under study. For the selected fragments, the values of the brightness
amplitudes, formed for certain spatial frequencies are used as texture features based on the
application of the Fourier transform to the brightness vectors.
The results obtained from the application of the developed approach have demonstrated
its effectiveness for studying the biological properties of different types of water. For
polluted waste water, a narrowing of the spectrum of spatial frequencies is characteristic in
comparison with samples of additionally purified drinking water.
The advantage of this method for analyzing the biological properties of water is the
possibility of a qualitative assessment, which is based on the values of the spatial frequency
range: the narrower it is, the lower the bioavailability of water. In addition to a qualitative
assessment, a quantitative assessment in the form of numerical values of the covered range
of spatial frequencies can also be used.
The authors express their gratitude to all who contributed to the realization of this project. This
project would not have been possible without the support of the staff of the Department of
Geodynamic Systems and Vibration Technologies of the Institute of Geotechnical Mechanics named
after N.S. Polyakov National Academy of Sciences of Ukraine.
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