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Abstract. The paper considers an approach to localizing the intervals of development of geomechanical processes in
underground structures based on the classification and transformation of seismic data. The proposed approach will
make it possible to identify the intervals of fracturing, rock decompression, water inflow and other geomechanical
processes when interpreting the results of seismic surveys. The technique provides for the formation of matrices of
longitudinal (¥,), transverse (V) velocities and velocity ratios (Vs/V,) along the research profile to perform sequential
filtration. The filtration results serve as the basis for the formation of a bank of informative materials for further clas-
sification. Based on the domestic KOSKAD 3D software, four approaches have been implemented for a combined
digital model of the V), Vs and Vy/V, parameters. One of the key elements in the classification process is to combine
grids to increase the probability of detecting intervals with heterogeneous identification features. The result of the
application of this methodical approach is the construction of a comprehensive interpretative model, on which
potential zones of geomechanical risks development are clearly manifested.

Keywords: classification; transformation; longitudinal wave velocities; transverse wave velocities; complex interpre-
tation; interpretative model
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Introduction. The current state of urbanized territories cannot be imagined without the intensive
development of the mineral resource sector aimed at the development and processing of minerals.
This trend implies an increase in production capacities, exploration and development of new deposits,
construction of new mining and technical facilities, as well as an increase in operational loads on
existing facilities. More intensive mining operations, the tunneling of new workings, the formation
of rock dumps and additional loading of existing ones can contribute to the development of geome-
chanical risks due to deformation, stress redistribution and destruction of rock masses. Often, the
geomechanical processes occurring in the rock mass are hidden and are not visually manifested. The
influence of tectonic and operational factors on stress changes in the rock mass is a very relevant
topic of research in recent decades [1]. Therefore, in order to ensure the safety of mining operations,
it is necessary to timely identify the intervals of formation of the zones of geomechanical processes
intensification that potentially affect the operational reliability of mining facilities due to stress
redistribution in the rock mass. Hidden zones of development of geomechanical phenomena asso-
ciated with the activation of tectonic processes manifest themselves in the form of the development
of zones of decompression, fracturing and leaching. The development of these processes leads to
the formation of water supply channels in the rock mass, which increase water flow into under-
ground workings and act as a catalyst for the further development of denudation processes at a more
intense rate, and, as a result, the appearance of visible deformations and increased risks during
mining operations.
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For forecasting, a standard set of geotechnical monitoring works is performed at the mines, in-
cluding surveying observations on reference points, monitoring of seismic phenomena within the
seismic ranges of the seismic pavilion of mine, and hydrogeological monitoring. However, before the
appearance of visual and noticeable deformations in the rock mass, which are well localized ac-
cording to the results of surveying and hydrogeological work, hidden deformation intervals may form
in the body of the rock mass, bearing potential geomechanical risks, timely identification of which is
possible based on the involvement of modern geophysical technologies and algorithms [2, 3].

To solve the problem of forecasting geomechanical risk zones, the paper proposes conducting
underground high-resolution seismic exploration on longitudinal and transverse waves. Processing
and interpretation of research results implies the use of algorithms for transformation and classifica-
tion of velocity sections.

At the processing stage, as a promising set of tools, it is possible to identify transformations of
the source data through filtering by various methods and classification of the combined block of
source matrices with the filling of missing or unsuitable data for subsequent analysis [3]. This ap-
proach has been well studied within the framework of the tasks of interpreting potential fields, but it
is specific for the seismic data transformation. It is proposed to use alternative filtering methods that
have successfully proven themselves in processing geopotential field data [4]. This direction can add
new useful sources of information, will allow to localize the decompressed and weakened zones that
form the area of geomechanical risks development in the rock mass, based on data from specialized
seismic surveys.

Methods. Timely detection of disturbed intervals in the field of interaction of underground
workings with the host rock mass and into the depth of the rock mass, control of the stress-strain state
(SSS) of the rock mass are possible on the basis of the development of underground geophysics tech-
nologies. Underground geophysical surveys at mines have been successfully used for more than
half a century. The experience of their approbation, taking into account modern hardware and tech-
nological progress, allows to determine the most optimal methods of geophysics for assessing and
predicting the SSS of rock mass, which allow conducting studies of the state of mining and technical
structures on the principles of minimizing invasive impact in order to reduce the risks of developing
new geomechanical processes [5-7].

As part of the research work at the mines of the Talkhanskoe and Oktyabrskoe fields (Norilsk),
complex geophysical studies of underground mining were carried out. The complex consisted of
methods of georadiolocation, seismic studies and registration of natural electromagnetic emissions
(NEME). The data of the NEME method for the tasks of transformational-classification construc-
tions cannot be represented in the form of a two-dimensional model, therefore transformations and
classifications in the framework of this study are not applied to these data. The georadiolocation
method is also not subject to transformation and classification due to the limited depth of research
(up to 8 m).

In the context of the considered geotechnical tasks, it is possible to formulate general require-
ments for the geophysical methods proposed for research:

* the main vector of research is mainly focused on the investigation of the structure and the fore-
cast of stability (disturbance) of the rock-bearing mass of the workings roof [6];

* examination of the workings roof of located in complex SSS by geophysical methods should
be carried out with minimal invasive impact, without additional deformation risk;

* in most cases, the monitoring of the workings roof is complicated by the presence of a dense
network of communications (water pipes, concrete pipelines, cables, etc.), therefore, geophysics
methods should be able to obtain useful information in these conditions [8];

* the applied methods of geophysics should have the potential for long-term prediction of SSS
and physical and mechanical properties of the rock mass [9, 10].
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Taking into account the requirements for geophysical technologies and the possibilities of pre-
senting data in the form of data matrices in a two-dimensional domain, the seismic refraction wave
method (SRM) with subsequent tomographic data processing (PKMPV-CT) is the most optimal, de-
spite the labor costs associated with the specifics of the work [11-13].

When working out seismic profiles in mine conditions on the workings roof, the following
registration parameters were used: the pitch of the receiving points (RP) is 2 m; the pitch of the
vibration points (VP) is 2 m; the number of RP on the profile is 76; elastic vibrations were aroused
by a hammer weighing 6 kg. This type of installation was selected on the basis of experimental and
methodical work and the size of the studied areas, corresponding to the size of the bin. The seismic
research method involves working with the removal of vibration points beyond the main alignment
by 10 m, which contributes to obtaining seismic records to a depth of up to 50 m. Field seismic work
was carried out using a modern telemetric seismic survey station “TELSS-3” manufactured by OOO
“Geosignal” (Moscow). The station has an advantage, according to its technical characteristics, over
analogues for the implementation of underground observations, consisting in the possibility of
forming an individual noise-proof line of alignment due to a segmented seismic spit connected by
telemetry modules [14].

The processing of seismic data is divided into several stages: the first is the evaluation of field
data, the performance of primary filtering and amplification of the initial signal, the second is the
assignment of the geometry of the alignment in the local coordinate system (X, Y, Z), the third is the
picking of the hodographs of deflected and refracted longitudinal and transverse waves, followed by
the calculation of tomographic sections (V,, Vs). The tomographic inversion of hodographs consists
in solving the inverse problem of tomography using the Fourier transform and the least squares
method, which involves minimizing the discrepancy when ray tracing obeys the basic laws of geo-
metric seismics with a minimum time of passage of an elastic wave through a system of elementary
cells [15].

Further processing of seismic data consists in calculating the ratio of the velocities of transverse
and longitudinal waves and preparing the initial matrices (V,, Vs, Vi/V}) of the data (Fig.1) for the
procedure of transformation and classification analysis of seismic data.

The first stage of the transformation of the processed data is the assessment of the input materials
for the quality, unity and soundness of the values for the research object under consideration. Then
the transformants are calculated, including such filters as averaging in a sliding window (Moving
Average) with selected sizes of the semi-axes of the averaging ellipse of 5x7 and 15%25 m, in which
the most informative results are obtained by the minimum size of the axes, taken as optimal; low-
frequency convolution filtering (Low-Pass Gaussian) with a standard window size 3x3, Mean Abso-
lute Deviation (MAD); Standard Deviation, which allows to estimate the spread of values relative to
the standard for the measured parameter Vi or V), (the standard deviation is the square root of the
variance); calculation of the horizontal gradient, which allows to identify destruction zones by changing
the nature of the field from a positive to a negative value, etc. [16]. The main task of filtering is to
suppress interference and extract useful information for the correct interpretation of the results ob-
tained [17]. A more detailed description of the filters used is given in the Table.

After the formation of a working bank, including maps of calculated transformants, the quality
of the obtained materials is assessed [18, 19]. The most informative transformants are selected
for involvement in the processes of complex interpretation and classification of transformed mate-
rials [20-22].

At the second stage, classification is performed using the KOSKAD 3D software [23-26]. To
begin with, the initial matrices for the values of the velocities of longitudinal and transverse waves
and their ratios are loaded. The next procedure is to fill in missing or incorrect values that could have
been mistakenly recorded and not eliminated at the stage of primary data processing. After filling in
the missing values, the three “grids” are combined to apply the classification operation.
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Fig.1. Initial tomographic sections of longitudinal (@), transverse (b) velocities and velocity ratios (c)
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Characteristics of the applied filtrations

Title

Description

Formula

Averaging in a sliding
window

Low-frequency
convolution operation

The average absolute
deviation

Standard deviation

The method of constructing a moving average grid allows
to assign values to grid nodes by averaging data within the
ellipse of the grid node search.

Due to the specifics of this method, its use for small and
medium-scale maps is not recommended, however, this
tool is useful when working with a large bank of spatial
data, since it allows you to identify regional anomalies,
the amplitude of which depends on the size of the specified
averaging window [13].

The minimum amount of data sets the value of the points
when interpolating a grid node. For each grid node, neigh-
boring data is identified by centering the search ellipse on
the node. The value of the output node of the grid is set
equal to the arithmetic mean of the identified neighboring
data [16].

The low-pass filter removes high-frequency noise, resulting
in a smoother grid at the output. When working with one
of the four low-frequency filters, it must be taken into ac-
count that the width and height of the filter neighborhood
must be positive odd numbers [15].

With a Gaussian low pass filter, the weight decreases with
increasing distance. This weight function has the shape of
half of the total bell curve. The parameter o determines
how fast the weight decreases with distance. The lower the
value of o, the more weight the neighborhood points have
in the grid value and the slower the weight decreases.

The higher the value of o, the greater the weight of the
central point in the grid value and the faster the weight of
other points decreases [17].

Determining the nature of the distribution of the difference
between the absolute and average values of the points
[18, 19] allows to estimate the amount of variation that
occurs around the average value in the dataset. The effect
of this filter is to highlight outliers in the grid [18].

The disadvantage of this method is the limited mathemati-
cal manipulation compared to variance.

Moment statistics filters — standard deviation (mxn). The
value of the output node of the grid is equal to the standard
deviation of neighboring values [22].

Arithmetic mean averaging is performed using a
radial-annular or square pallet, or within a certain
interval according to the formula

1
NXZ~

Z=

where Z is the average value of the field within
the averaging area; Z; is the value of the field in
the i-th node of the pallet; N is the total number
of nodes.

With the height of the neighborhood § and the
width 7 the distance weighting function is

4o 5.5,
2 2
T
PR
’ 2 2

where a is a positive value.

The average absolute deviation

1 p—
S
MAD=2=L |
n

where X — the average value of the sample;
n is the number of observations in the sample.

The standard deviation is the square root of the
variance

where x; is the value of a single sample value;
u is the arithmetic mean of the sample;
n is the sample size.

The classification procedure is a component of the functional block “Complex” [25], designed
for processing multi-sign geological and geophysical information [27, 28]. With the help of classi-
fication, the area under consideration is divided into regions that are homogeneous in several ways
[29, 30]. The algorithms used are based on self-learning, taking into account the correlations of the
entire feature space, with the possible absence of a priori knowledge about the position of the initial
centers and a finite number of classes with homogeneous features.
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An interesting characteristic of this method is the processed field of features [31, 32], in which
the transformed matrices [33] obtained at the previous stage can be set as source materials. As a result
of applying the algorithm, a network is formed containing information about the class identification
of each point. The involvement of transformed materials as secondary input data allows additional
selection of the most significant results.

Taking into account the fact that at the stage of calculating transformants, interference is sup-
pressed and eliminated and data quality is improved, and the use of improved digital matrices allows to
get a more reliable picture at the output. This approach makes it possible to include additional compo-
nents for the formation of a class distribution in a multi-sign space [34, 35].

Classification is implemented by four main methods:

* The total distance method, in which a finite number of classes are selected automatically.

* The method of dynamic thickening (K-means), in which information about a finite number
of classes is set by the user, and the transformation is performed through an iterative empirical
procedure.

* A method for separating multidimensional normal mixtures, implying the variability of speci-
fying a finite number of homogeneous regions using multidimensional analysis of variance.

* A symbolic classification that divides the study area into positive and negative signs.

The final stage is the interpretation of the results obtained. For this purpose, a working data bank
is formed, containing maps based on source data, transformations and classifications in a single
binding [36, 37]. After that, a comprehensive analysis of a priori and transformed information is
performed, according to the results of which zones of localization of abnormal values at the bounda-
ries of the change in the nature of physical properties are identified [38-40], which are compared with
the physical and mechanical parameters of the medium under study. At this stage, anomalies caused
by edge effects are eliminated and a generalized interpretative model is created.

Results. As a result of the performance of seismic surveys of the PKMPV at the mines of the
Talnakhskoe and Oktyabrskoe fields (Norilsk), seismograms of a common vibration point were ob-
tained in several profiles. The uniqueness of the seismic research methodology lies in the vibration
and registration of elastic waves in the roof of mine workings. The resulting seismograms are subjected
to the procedures of primary filtration and assignment of the arrangement geometry. The following
hodographs of elastic waves are read on seismograms: diffracted, refracted longitudinal, refracted
transverse and reflected. Further tomographic processing of the data consists in the conversion of the
read hodographs of elastic refracted and refracted waves in velocity using the Fourier transform.
Qualitative interpretation provides for the identification and tracing in the context of anomalous
areas or zones related to various geomechanical processes.

The main criteria for the occurrence of the process of rocks decompression is a decrease in the
propagation velocities of longitudinal and transverse elastic waves. On seismotomographic sections
of longitudinal and transverse waves of the region of increased velocities, areas where a stress state
occurs due to tectonophysical effects that resonate in rocks are identified.

Another unfavorable geomechanical process in mining is the increased water inflow into the
mine, which occurs due to water seepage from overlying water-bearing stratum in the field of geo-
mechanical destruction processes. The characteristic of the areas of potential water occurrences into
the mine at seismic sections is revealed as follows: a gradual decrease in the propagation velocities
of longitudinal waves, a decrease in the propagation velocities of transverse waves, an increase in the
velocity ratio. The obtained sections show anomalous regions characterized by reduced velocities
of longitudinal and transverse waves, as well as reduced velocity ratios in the area of pickets
30-40, 60-70, 80-92, 120-135 m (Fig.1), which indicates the presence of rock decompression areas
in localized areas. Further quantitative interpretation implies the calculation of transformants and the
classification of the obtained high-speed tomographic sections [37].
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The transformed sections obtained as a result of applying the procedures indicated in the table
are subjected to a qualitative assessment for information content, namely, the preservation of abnor-
mal areas on the sections, minimal distortion of the original data array. These requirements are met
by seismic tomographic sections transformed by averaging in a sliding window (Fig.2). On the sec-
tions, it is possible to clearly trace areas with average and increased velocity values, which corre-
sponds to zones of tension on the source materials, areas of reduced velocity values, and decom-
pressed rocks. The most reliable picture of the geophysical properties occurred in the case of con-
sidering the section of the ratio of the velocities of transverse waves to longitudinal ones [41]. The
need to select the most informative filtering results arises from the transition to the next stage of
classification [39].

Discussion of results. Examples of visualization of classification results by combined Vs, V), and
Vs/V, matrices are shown in Fig.3: a — the method of total distance, & — the method of dynamic
thickening (K-means), ¢ — by the separation method of multidimensional normal networks (according
to A.V.Petrov), d — by the method of sign classification. Obviously, the most informative results are
the classifications performed by the method of separation of multidimensional normal networks
(Fig.3, ¢) and dynamic thickenings (K-means) (Fig.3, b) due to the better localization of anomalous
regions and their connection with the initial data [41]. However, when filling in the missing values,
edge effects have a strong influence on the final representation of the sections, which can be mistaken
for abnormal indicators during interpretation. That is why it is important to analyze a priori and trans-
formed materials to exclude incorrect conclusions [42, 43].

The method of dynamic thickening (K-means) is an effective way to classify multidimensional
values in conditions of a minimum of a priori information about class centers through the use of
K-means (where K is the number of classes) [35]. For all processed features, the value of the standard
deviation is estimated, which is also given when filtering by the standard deviation method using
normalization and the creation of new vector class centers. The main advantage of this method is
fast convergence; the disadvantage is incomplete consideration of correlations of the feature space
[23, 44]. It is the classification by the method of dynamic thickening that is chosen as the basis of the
interpretative model as the most informative, since when compared with a priori sections (see Fig.1),
abnormal areas are very reliably revealed in Fig.3, b.

In total, eight classes are allocated on the interpretative model: the 1st class corresponds to the
appearance of boundary effects and localization of maximum velocity values; the 2nd class charac-
terizes the appearance of zones of mechanical disturbances or increased stresses; the 3rd-6th classes
emphasize the contours of the distribution of the main blocks characterized by the same type of
signs, divided into subgroups for more convenient identification during subsequent interpretation;
the 7th class accumulates signs with reduced velocity values; the 8th class accumulates signs with
the most cartelized indicators. For direct interpretation, classes 2 and 8 are of the greatest interest,
since it is based on them that it is possible to most reliably determine the zones of localization of
stress states.

The resulting interpretative model (Fig.4) demonstrates the position of anomalous sections along
the studied profile, which correspond to zones of potential excess of the normal deformation state of
the studied rock mass. It is these zones that pose the greatest danger when planning underground
work and require additional measures to ensure a safe working process while minimizing economic
and technological risks. The comparison of the obtained localized zones with the materials of primary
study, namely, with the visualized matrices of longitudinal and transverse waves along the studied
profile, confirms the correctness of the application of the methodology for classifying seismic data
by analogy with geopotential fields [38, 45]. The involvement of the petrophysical characteristics of
the studied rock mass makes it possible to identify patterns of mapping elastic properties represented
by longitudinal and transverse waves in two-dimensional space [46, 47].
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Fig.2. An example of visualization of calculated transformants by averaging in a sliding window obtained for matrices
of longitudinal (a), transverse (b) velocities and velocity ratios (c)
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Fig.4. An interpretative model based on a priori information, transformation and classification of seismic data

Conclusion. When predicting the stress-strain state of a rock mass within the framework of mining
planning, it becomes necessary to develop a methodological approach to data research and analysis
with the involvement of additional tools. The geological conditions of the Talnakhskoe and Ok-
tyabrskoe fields were considered as the object of research. The object under study is an underground
mine under development in complicated operating conditions due to its sufficient proximity to the
surface and the high probability of water inflow into the mine due to the development of hidden
geomechanical processes.

As a result of seismic surveys, the technology for determining the nature of the propagation of
elastic waves in the roof of the mine working was tested. Further work consisted in a sequential
selection of qualitative data and testing of the methodology for complex processing and interpretation
of seismic data using the method of transformation and classification analysis applied for geopotential
fields. The novelty of the work lies in the use of effective tools that have proven themselves well
when working with potential geophysical fields for data reflecting the elastic characteristics of the
medium under study. This method is modernized and requires further testing on data obtained in more
complex geological and technical conditions. In addition, the results demonstrate the potential for
expanding the use of seismic survey technologies at the processing and interpretation stage compared
with conventional approaches to analyzing profile data in the form of seismograms or images.

The proposed method of processing and interpreting seismic data with subsequent transfor-
mations and classification allows to proceed to the compilation of an interpretative model reflecting
the position of the contours of the most dangerous zones (Fig.4). The interpretative model can serve
as a basis for planning the safe conduct of underground mining operations, taking into account
the identified intervals of increased geomechanical risk (decompressed areas, areas of stress,
flooded areas).

Thus, the use of seismic data transformation in combination with the classification method in
solving the problem of anomalous areas localization prone to the development of geomechanical
risks makes it possible to quickly and most reliably identify areas that are dangerous from the point
of view of intensification of geomechanical processes. The application of the seismic data transfor-
mation technique indicates the prospects of using modern geophysical technologies in modeling the
behavior of a rock mass, taking into account the impact of operational and mechanical loads.
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