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Abstract

Purpose: When producing mining operations in high-stress rock massive,
technogenic seismicity is manifested. Forecasting and prevention of these
events is given much attention in all countries with a developed mining in-
dustry. From the point of view of the paradigm of physical mesomechanics,
which includes a synergetic approach to changing the state of rock massive of
different material composition, this problem can be solved with the help of
monitoring methods tuned to the study of hierarchical structural media.
Changes in the environment, leading to short-term precursors of dynamic
phenomena, are explained within the framework of hierarchical heterogeneity
and nonlinearity from observations of wave fields and seismic catalog. For
that purpose it is needed to develop new algorithms of modeling wave field
propagation through the local objects with hierarchical structure. De-
sign/Methodology/Approach: It had been constructed an algorithm for 3D
modeling electromagnetic field for arbitrary type of source of excitation in
N-layered medium with a hierarchic conductive and magnetic intrusion, lo-
cated in the layer number /. It had been constructed algorithms for 2D mod-
eling of sound diffraction and linear polarized transversal seismic wave on an
anomaly elastic or dense intrusion of hierarchic structure, located in the layer
number J of N-layered elastic medium. We used the method of integral and
integral-differential equations for a space frequency presentation of wave field
distribution. Findings: From the theory it is obvious that for such compli-
cated medium each wave field contains its own information about the inner
structure of the hierarchical inclusion. Therefore it is needed to interpret the
monitoring data for each wave field apart, and not mixes the data base. Prac-
tical Value/Implications: These results will be the base for constructing new
systems of monitoring observations of dynamical geological systems. Espe-
cially it is needed to prevent rock shocks in deep mines by their exploitation
or natural hazards.
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1. Introduction

The phenomenon of zonal disintegration of rocks around underground excava-
tions was first described in [1]. The formation of structures in irreversible
processes is associated with a qualitative jump in reaching threshold (critical)
parameters. Self-organization is a supercritical phenomenon when the parame-
ters of the system exceed their critical values. When the system deviates strongly
from the equilibrium state, its variables satisfy nonlinear equations. Nonlinearity
is an important common feature of processes that go far from equilibrium. In
this case, supercritical return of entropy is possible only in the presence of an
unusual, special internal structure of the system [2]. This means that
self-organization is not a universal property of matter, it exists under certain in-
ternal and external conditions and this is not related to a special class of sub-
stances. So, there are two classes of irreversible processes: 1) destruction of the
structure near the equilibrium position—this is a universal property of systems
under arbitrary conditions; 2) the appearance of structures far from the equili-
brium position under the conditions that the system is open and has a nonlinear
internal dynamics, and its external parameters have supercritical values. I. Pri-
gogine named them as dissipative structures [3]. The study of the morphology
and dynamics of migration of these zones is of particular importance in the de-
velopment of deep-located deposits, complicated by dynamic phenomena in the
form of rock impacts. At the same time, geomechanics requires the use of a new
model, namely a layered-block model with inclusions of a hierarchical type. In
this regard, for the analysis of mechanical fields propagating in such environ-
ment, it is necessary to use not kinematic, but dynamic methods based on mod-
eling their propagation through a multi-ranked environment. An important tool
for this study is geophysical research. As shown in [4], to describe a geological
environment in the form of an array of rocks with its natural and technogenic
heterogeneity, we should use its more adequate description, which is a discrete
model of the medium in the form of a piecewise heterogeneous block medium
with embedded heterogeneities of smaller rank than the block size. This includ-
ing can be traced several times, Ze. by changing the scale of the investigation; we
see that heterogeneities of smaller rank now appear as blocks for heterogeneities
of the next rank. Simple averaging of the measured geophysical parameters can
lead to changed information about the structure of the medium and its evolution
[4].

The Institute of Geophysics of the Ural Branch of the Russian Academy of

Sciences has developed a series of devices and interpretation complex for study-
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ing the structure and state of a complex geological environment that has poten-
tial instability and the ability to rearrange the hierarchy of the structure due to
the significant external impact. The basis of this complex is the developed 3D
planshet technique of electromagnetic induction studies in the frequen-
cy-geometric version, based on one hand on a software-realized system of inter-
pretation of 3D variable electromagnetic fields [5] [6], and on the other hand on
the developed by doctor A.I. Chelovechkov a series of devices for induction stu-
dies. At present, the developed methodology is used for mapping and monitor-
ing complex geological environments in the ground and underground (mine)
versions. The problems are—to determine the structure of placers (platinum,
diamonds), to identify and determine the state of man-made, seasonal and eter-
nal permafrost, to identify zones of disturbance in dams and especially danger-
ous objects, to solve archaeological problems on the ancient buried precious ob-
jects of Russia and Egypt. One of the fundamental problems of mining, which is
traditionally attributed to the problems of geomechanics, is the problem of
creating a theory and methods for studying the structure and state of rock mas-
sifs in order to predict and prevent catastrophic phenomena during the devel-

opment of deposits [7].

2. Active Monitoring of the Structure and State of Different
Material Content Rock Massif

Determining the state and dynamics of a rock massif is a more complex problem
than mapping its structure. Individual parts of the massif can be in a different
stress state, and the corresponding deformations can be either elastic or plastic.
The medium can be multiphase. A powerful change in the state of the blocks can
lead to stability loss of the whole massif and to a rock shock. The state change is
determined both by natural and technogenic impact on the massif and is mani-
fested, among other things, in the form of formation of man-made cavities and
pumping mechanical energy during mass explosions provided for mining tech-
nologies. The phenomenon of non-stationary state of the rock massif today is a
well-known fact [8] [9]. Manifestations of it are in the form of increased per-
meability due to an increase in the fracturing of rocks, which are already rec-
orded in the form of foreshocks, micro-impacts, rock impacts, rock-tectonic
impacts [10]. The latter refer already to catastrophic phenomena, which are in-
itiated by both internal and external technogenic causes. To predict such phe-
nomena during the development of a particular ore deposit, it is important to
calibrate the degree of relaxation of the rock mass in response to a controlled
mechanical impact. The task includes: -searching and identifying zones-inclusions
in a layer-block isotropic by physical properties of the massif and monitoring
their migration under the influence of a change in man-made stresses,
-evaluation of the state of the massif by the type of inclusions: contact at the
boundaries of rocks of different composition, or a fractured medium with vary-

ing degrees of moisture saturation and fixation of its change in time. All of the
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above tasks make it urgent to create an integrated approach to the study of the
state of the rock massif on the basis of mutually reinforcing geophysical and
geomechanical methods. Based on the theoretical analysis of the use of geophys-
ical fields of different nature and new methods for studying rock massive, the
main principles of the currently implemented system for monitoring the stressed
state of rock massifs, represented by a set of local inclusions having a hierarchic-
al structure, immersed in a layered-block isotropic medium, are formulated.
Monitoring is performed to study the nonstationarity of the manifestations of
these local zones, related, inter alia, to changes in the state of the massif. The
proposed monitoring system is organized in the form of several included cycles:
[3] - [2] - [1]. The first cycle (internal) is built on the iterative principle and con-
sists of a sequence of procedures. a) Identification of local zones of heterogeneity
in terms of the physical property—electrical conductivity is produced with the
help of the method of induction electromagnetic studies developed at the Insti-
tute of Geophysics of the Ural Branch of the Russian Academy of Sciences. Fur-
ther, a geoelectrical model of the studied rock massif is constructed [11] [12]. b)
Developing a mathematical model of seismic field with different elastic values
[13] [14]. ¢) Construction a complex electromagnetic and seismic model of the
local zone of the rock massif. d) Calculation of the tensor of secondary stresses
components created by the zone of heterogeneity in terms of electrical and elas-
tic properties. e) Construction of a unified model for geomechanical and geo-
physical data of the stressed state within the local zone of heterogeneity. e) The
decision to return to a), or the transition to the external stage 2 is determined by
the criterion for the fulfillment of point e). In the second cycle, sorting and clas-
sification of monitoring application results occurs, the physical and mechanical
properties of the studied local zone of the rock massif are analyzed using the ap-
proaches [15], the formation of a time series of their changes under the influence
of man-made and natural factors. In the third (external) cycle, a quantitative re-
lationship is established between the physical and mechanical parameters that
characterize the secondary stress state of each of the local zones of the rock mas-
sif, depending on geological, technogenic and seismogenic factors.

At the suggestion of N. P. Vloch, this system was tested on a number of mas-
sive, differing in material composition, according to their geological classifica-
tion (sedimentary, volcanic-sedimentary, and volcanogenic) and in degree of
impact hazard. These objects in the Ural were studied: the Magnezitovaya mine,
the SUBR, the UUBR, the BKRU-4, the Estyuninsky mine, the Uzelginsky mine;
in Siberia, in the Far East: Tashtagol, Nikolaevskij mine (Dalnegorsk). Each of
these objects allowed establishing the features of the structure and behavior of
the massif, to isolate and rank the factors affecting the stability of the massif.
This was possible only with the possibility of comparing various factors within
the framework of a single integrated methodology of geophysical and geome-
chanical research. Consider the results of testing and the effectiveness of the

proposed system for monitoring the rock mass at the Magnezitovaya mine (1st
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(internal) cycle). The experience of geophysical work in underground conditions
with the use of various physical fields with the purpose of mapping the zones of
disturbance of a rock massif and studying the connection of their dynamic ma-
nifestations in the specific physical parameters of the massif indicates the highest
efficiency and manufacturability of the use of non-contact electromagnetic me-

thods of investigation.

2.1. Description of Case Sites

Full-scale experiments were carried out at the Magnezitovaya mine (Satka, Che-
lyabinsk Region) during the three years 1997-1999, in February-April of each
year to study the structure of the interworking space, assess the degree of hete-
rogeneity of the rock block and the variability of its structure and state over time.
During the period of providing electromagnetic investigations, the first-stage
chambers were working in the process, when the roof and their walls were
represented by an array of rocks (dolomite and magnezite), located across the
shock of the magnezite deposit. Electromagnetic induction observations were
provided at two mutually parallel levels: at the 297 m horizon in seven mutually
parallel excavations (409 - 421) and at the horizon 277 m in two excavations
(211 - 213). At the beginning of the experiment in 1997, they were under-roof
workings up to 120 m length, 3 m wide and 3 m height. Then, according to the
technology of working out the massif, these workings widened to 8 m in the part
where the magnezite was located. Where there were interlayers of dolomite, the
width of the excavations remained the same—3 m. Then these workings were
worked out, their height increased to 10 m, and the inter-working space between
the horizons in the process of working the chambers decreased in height from 17
m to 10 m. The observation profiles passed respectively along the workings prac-
tically along their middle. Observations of the modules of the three components
of the magnetic field at 5 frequencies (from 5 kHz to 80 kHz) were carried out
with the help of equipment developed at the Institute of Geophysics of the Ural
Branch of the Russian Academy of Sciences (the developer A.I. Chevolevochkov)
independently for each hole, and the excitation source was in the same hole, as
the receiver. One cycle of observations included multifrequency measurements
of two horizontal and vertical components of an alternating magnetic field when
the receiver moved with a given step and fixed source position, then the source
moved to another point of the profile and the measurement cycle was repeated.
In the present experiment, four cycles of observations were made in all the ex-

cavations.

2.2. Analysis of Electromagnetic Monitoring Data

After appropriate processing of the data within the framework of a specialized
system, developed by us, the distribution of effective resistance as a function of
distance was obtained for all frequencies. Data analysis was carried out within

the framework of the concept of three-stage interpretation. Thus, using the algo-
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rithms for the interpretation of the first stage [12], one-dimensional models of
the distribution of the resistivity in the interworking space were obtained, which
for all workings correspond to the model of a homogeneous half-space with a
resistance of 1000 ohms. From the analysis of the experimental values of the ef-
fective resistivity in the chambers of the horizon, 297 m (a, b) and 277 m (in)
before and after the chambers working (frequency 40 kHz), after preliminary fil-
tration treatment [12] it follows that the geoelectrical parameter is eff., characte-
rizing the resistivity of the rock massif, as a host environment, does not change
over time (data obtained in 1997 and 1998). Intensive man-made influence on
the eff. with increased tremor as a result of blasting operations during field de-
velopment is practically not manifested.In [16] for the construction of a volume
model for the distribution of local geoelectrical heterogeneities, a geoelectrical
heterogeneity parameter J was introduced as a function of the frequency, the
distance between the point of reception and the location of the source and the
distribution of the resistivity, both in the host environment and inside the local
zones, which turned out to be an important stress-sensitive parameter. We ana-
lyzed the average geoelectrical heterogeneity parameter determined for each

collocation for each frequency separately in the form (1)-(2):

5 1 K5.
m=—> s (1)
KKZ:; K
oM
Sy =1 x100% )
[H i

i—number of frequency (1 - 5 kHz, 2 - 10 kHz, 3 - 20 kHz, 4 - 40 kHz, 5 - 80
kHz); K—the number of movements of the excitation source within the observa-
tion section; k is the location number of the source of excitation; m is the loca-
tion number of the receiver.

The analysis of the results obtained in 1997, 1998 full-scale experiments shows
that the effect of changing the geoelectrical heterogeneity parameter over time is
significant and fixed in the framework of the observations, and as a rule these
changes are larger in absolute magnitude at a frequency of 5 kHz, compared to
with the remaining frequencies. To interpret these data, we created an iterative
algorithm based on the minimization of the functional, taking into account the
mutual lateral influence and the influence of “top-bottom” of the following kind
(3):
5i_&n

i1 1 Y
i_-N_ - ; 3
Q N%MN% (3)

where N—is the number of considered interactions in the profile data of the vo-

lume observation system, M,—the number of observation points on each ob-
servation profile, é_‘r: ' —the approximation design or the theoretical average pa-
rameter of the geoelectrical heterogeneity at the observation point of the number
m [12]. As a result of minimization, the following parameters are determined: n

is the number of anomalous objects, the coordinates of the left end of each

DOI: 10.4236/0jg.2018.83012

192 Open Journal of Geology


https://doi.org/10.4236/ojg.2018.83012

0. Hachay et al.

source and its length, the vertical coordinate, and A/is the moment of the source
whose value is proportional to the conductivity of the object creating in the
magnetic field an effect equivalent to the field of singular sources. A volume
model for the distribution of local heterogeneous zones was constructed as a re-
sult of the interpretation of the data of electromagnetic studies of 1998 at two
levels: the horizon of 297 m and 277 m [11]. A similar model was constructed
according to 1997 data. For one cycle of observations, the position of the sources
associated with the anomalous zones, determined from data for different fre-
quencies, does not change, but the value M depends on the frequency. For dif-
ferent observation cycles, the geometric location of the anomalous zones also
changes, indicating the reaction of the massif to the technogenic effect. Prior to
the testing of the chambers, the sources of the anomalous field were located ex-
clusively in the interworking space of the horizons 297 m and 277 m. The zonal-
ity of their depth distribution was revealed: depths of 2 - 3 m, 4.5- 6 m, 85 -9
m, and 10 - 13.5 m from the soil of the 400 chambers were identified. After
working off, these zones also exist in the roof of the chambers of the horizon 297
m. Analysis of the average parameter M for the frequency showed that for most
anomalous zones its value is less than 0.2, which is assumed to be the back-
ground one. Several anomalous zones have been identified, for which A/> 0.2. It
is known that if the anomalous zone is associated with the presence of a contact
of two media of different conductivity, then the value of the moment of the sin-
gular source should not depend on the frequency. In the case of fractured media,
the dependence of the moment or resistivity in the anomalous zone on the fre-
quency can be observed, and the more the moisture saturation of the medium,
the greater the variance value can be expected. Analysis of the dispersion of the
parameter M as a function of frequency for the most important anomalous iden-
tified zones showed that the highest dispersion values occur at frequencies of 5
and 10 kHz. This effect makes it possible to identify weakened fractured zones,
separating them from ordinary undisturbed contacts and inclusions of other
rocks. There is a qualitative morphological similarity of the dispersion curves
before and after the technogenic impact on the massif, while the variance in this
case decreased after the testing of the chambers.

Geomechanical studies were carried out to test the hypothesis about the na-
ture of anomalous geoelectrical zones associated with excessive fracturing. As a
result of the comparison of the results obtained, the following features were re-
vealed: according to the data of geomechanical studies, in the second and third
wells, zones of intense fracturing related to the fracture zones were found in the
first well of such zones were not found. Electromagnetic studies were carried out
earlier than geomechanical studies and, based on the results of their interpreta-
tion; a predicted section was constructed, including the position of the inhomo-
geneous zones [11]. Geomechanical studies were carried out after the 417
chambers were worked out, while 217 remained underlying hole. The location of

the fracture zone in the second well coincides with the predicted position of the
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fracture zone by electromagnetic data. The first well went past the fracture zone
and this also corresponds to the prognosis section, constructed according to
electromagnetic data. The third well passed through the zone of disturbance, but
according to the electromagnetic data, before the 417 chamber was worked out,
it was closer to the 417 chamber soil. It is likely that after she worked, she moved
down. In works [17] [18] [19], using 3D electromagnetic induction spa-
tial-temporal monitoring, it was possible to show that the model of a hierarchic-
al discrete medium is applicable for describing the structure of an array of rocks
of different material composition [20]. Within the framework of a specific mod-

ification of the method, it was possible to trace two hierarchical levels.

3. Study of the Stress-Deformed State of Block Layered
Medium with Hierarchical Inclusions

To solve the problems of geological and geophysical mapping, a model of a
layered-block medium with homogeneous and inhomogeneous inclusions in
physical properties is currently widely used, within the framework of which ap-
paratus-methodological complexes for studying three-dimensional inhomoge-
neous media with the corresponding interpretation theory of geophysical data
have been created [21]. When studying spatial-temporal changes in the struc-
ture, physical properties of a geological environment or an array of rocks and the
stress-strain or phase state associated with them, the model of a stratified-block
medium with inclusions becomes more complicated: it is a two rank chain in a
general hierarchically inhomogeneous model of the medium. The model of a
hierarchically heterogeneous medium for describing the processes of deforma-
tion and destruction of the geophysical environment was first proposed by Aca-
demician M.A. Sadovskiy [4]. The development and use of the hierarchical block
model of the environment at a qualitative level is devoted to a number of works
by the staff of the Institute of Physics of the Russian Academy of Sciences [22]
[23]. Theoretical and experimental results obtained on samples [24], with the
help of which an approach based on the concept of dissipative structures in no
equilibrium systems, is important for understanding the formation and devel-
opment of the hierarchy of structural levels of deformation in solids [25]. In the
works [26] [27] NA. Karaev summarized the results of seismic studies on the al-
location of sections of the earth’s crust with the structure of a heterogeneous
type. Heterogeneity, in the author’s opinion, is the most important feature of
rocks, caused by the uneven distribution of geological irregularities in the space
in the form of inclusions of all scales, Ze. in fact, the study of the structure and
dynamics of heterogeneous sections of the earth’s crust is necessary using the
concepts of hierarchical models. The phenomena of zonal disintegration of rocks
around underground excavations, related to the discreteness and fragmentation
of the medium, are described by academician E. I. Shemjakin with co-authors
[1] and obtained the discovery status [28]. These phenomena occur both in

shallow mines (up to 500 m), and in deep mines (more than 500 m). The results
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of geological and geophysical studies of super deep wells show that with in-
creasing depth, the complexity of the geological structure of the medium does
not decrease. Finally, the problem of monitoring and forecasting the state of the
geological environment requires careful selection from existing research tech-
niques for three-dimensional environments that allow space-time (frequency)
scaling and focusing. Our work is devoted to the development of an algorithm
for modeling the electromagnetic and seismic effect within the framework of the
frequency-geometric technique when investigating a conductive or elastic inclu-
sion with a hierarchical structure immersed in a horizontally layered medium.
The algorithm is constructed using an iterative approach to solving volumetric
integral equations for the alternating electromagnetic field in the frequency do-
main. For the model: the conducting inclusion located in an arbitrary layer of a
five-layer medium, when the electromagnetic field is excited by a plane wave, a

vertical magnetic or horizontal electric dipole, is described in [29].

3.1. An Algorithm for Modeling the Propagation of an Alternating
Electromagnetic Field in an N-Layer Medium with a
Conducting Inclusion of a Hierarchical Type Located in the
J-th Layer

Let the local heterogeneity has the following structure: at the first hierarchical
level, this is the heterogeneity of the volume V, with the conductivity o,; at the
second level, these are the heterogeneities located inside the volume V, and oc-
cupying the volume V, with the conductivity o,, in the general case. We will
consider the simpler case, when heterogeneities of the second and higher rank
will have the same conductivity within their rank, that is, g,,. The heterogeneities
of the third rank will occupy the volume V; within the volume V, with the con-
ductivity o5, etc. The parameters of the host horizontally layered medium have
the form {0}, Ay}, where k=1, -, N, A are the total thicknesses of the layers, 7is
the rank or hierarchical level number. The problem is considered for a magne-
to-homogeneous medium in the quasistationary approximation.

The volume integral equations and, respectively, integral representations for

the electric and magnetic field components are written out as:

E,(Mo)=EJ* (M, )+(0 - )jE (M, M,)aV, @)

(U % )j (M,M,)aV, (5)

i, Vi

where, 7 is the number of iterations, and G (M,M,) and G, (M,M,) are
the Green’s tensors of the layered medium, which are determined by the known
method described in [6]. For /= 1, and are the components of the electric and
magnetic exciting or normal field intensities of the layered medium. When 7 =
2, - L and are the components of the strengths of the electric and magnetic

fields of the previous rank, taking into account the heterogeneities of the pre-
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vious rank, calculated from formulas (4) and (5). The distribution of the electric
and magnetic fields can be analyzed sequentially at each iteration step before

switching on the heterogeneities of the new hierarchical level.

3.2. Algorithm for Modeling the Diffraction of Sound on a
Two-Dimensional Elastic Heterogeneity of a Hierarchical
Type Located in the J-th Layer of an N-Layer Medium

An algorithm for simulating the diffraction of sound on a two-dimensional elas-
tic homogeneous inclusion located in the J-layer of an N-layer medium is writ-
ten in [30].

(klzu 11) M?° %2 o 0
”‘/’ SDJ( )dTMJrG__ ¢ (M )
ji
—%?GS“ a(pdc p(M°).M°es,
(6)
i k12| kl2
) ot ()i 47

—Mqﬂ;s 9 4 - o(M°).M° s,
0'( M?° ) 2z ¢ " on
where Gg, ; (M M 0) is the source function of the seismic field of the problem
under consideration; k7 = o (O'ji [ ); is the wave number for the longitu-
dinal wave, in the above expression, the index ji denotes the belonging of the
medium properties inside the heterogeneity, ja—outside the heterogeneity, the
Lamé constant, c—the density of the medium, w—circular frequency, -potential
of a normal seismic field in a layered medium in the absence of an heterogeneity:
¢?i = (p?. The idea presented in the previous paragraph for the electromagnetic
field is also realized for a seismic field for a two-dimensional case of propagation
of a longitudinal wave through a local heterogeneity with a hierarchical structure

located in the j-tAlayer of the N-layered medium.

(5 260) g (), ()

scl ji

_(ou=0 "')cﬁe A e - p(M°).M° €5,

Sp.j
T 21 ¢ on

(k2 —k
T o ()6 (1) 0
Scl
_(Gja—ajil)(j) %
O'(MO)27Z' & I on

h (M)

)

dc=g (M°),M°es,

GSD j

consideration, it coincides with the function of expression (64). k; = & (o- it /i )

(M M °) —function of the source of the seismic field of the problem under

—the wave number for the longitudinal wave, in the above expression, the index
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Ji denotes the property of the medium inside the heterogeneity, ja—outside the
heterogeneity, the index / = 1, -~ L—the number of the hierarchical level,
u =gradg,, ¢ ,—the potential of the normal seismic field in the layered me-
dium in the absence of heterogeneity of the previous rank, if / = 2, - L,
Pa=0

If, moving to the next hierarchical level, the two-dimensionality axis does not
change, and only the geometry of sections of embedded structures changes, then
it is possible to write out an iterative process of modeling the seismic field simi-
larly (4, 5) (the case of the formation of only a longitudinal wave). The iterative
process refers to modeling the displacement vector from the previous hierar-
chical level to the next level. Within each hierarchical level, the integro-differential
equation and the integro-differential representation are computed using algo-
rithms (7). If at some hierarchical level the structure of the local heterogeneity
breaks down into several heterogeneities, then the double and surface integrals
in expressions (7) are taken over all heterogeneities. In this algorithm, the case is
considered when the physical properties of the heterogeneities of the same level

are identical, only the boundaries of the regions differ.

3.3. Algorithm for Modeling Diffraction of a Linearly Polarized
Transversal Wave on a Two-Dimensional Elastic
Heterogeneity of a Hierarchical Type Located in the J-th
Layer of an N-Layer Medium

Similarly to (7), the same process is written for modeling the propagation of an
elastic transverse wave in an n-layer medium with a two-dimensional hierar-
chical structure of arbitrary cross-section morphology using integral relations
[30]. Gg, (M M 0) —the function of the source of the seismic field of the prob-
lem under consideration, k;; = (gj” [ Hii ); 4 is the Lamé constant.

(kzzjil _kzzj)

TH U, (M)Gs, (M. M°)dz,, +ﬁ”3<l—1)<'\"0)

scl, jil

+—(luja_yj")qguxl(M)%dczuxl(MO)’MO € Sq

My 2w g n ®)
K3
Wi{ Uy (M)Gg (M, M)dz,, +uf, , (M°)

o — 3G |
%iux,w) 2 do—u, (M7).M° <5,

Thus, the iterative processes (7) and (8) make it possible to determine, for
given elasticity modules, the layered medium that encloses the hierarchical he-
terogeneity and in the heterogeneity at each hierarchical level analyze the spatial
distribution of the components of the seismic field. Then, using the known for-
mulas [31] for each hierarchical level, calculate the distribution of the compo-

nents of the strain tensor and the stress tensor from the distribution of the dis-
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placement components. This information plays an important role in assessing
the state of the environment, depending on the structure of its hierarchy and the

degree of its variability.

4. Conclusions

The results of active electromagnetic induction monitoring in the shock proof

mine of the Tashtagolsky mine allow the following conclusions to be drawn [20]:

e massif of rocks represents a multi-ranked hierarchical structure; the study of
the dynamics of a state and its structure can be conducted only with the help
of geophysical methods tuned to such a model of the environment.

o the use of a multi-level induction electromagnetic method with a controlled
source and a corresponding processing and interpretation technique allowed
us to trace two hierarchical levels and identify the zones of disintegration that
are an indicator of the stability of the array.

e zones of disintegration in the circumscribed area are asymmetrical in soil and
roof and discrete: ie there are intervals in the near-service space for their
complete absence. The maximum changes in the array under the technogenic
influence occur precisely in the morphology of the spatial position of these
zones as a function of time.

e the introduction of a new integral parameter of the intermittent intensity
distribution of the disintegration zones makes it possible to proceed to a de-
tailed classification of the array by the degree of stability and introduce quan-
titative criteria for this array [20].

¢ introduction of the proposed integrated passive and active geophysical mon-
itoring aimed at studying the transient processes of redistribution of the
stress-strain and phase states, contributes to the prevention of catastrophic
dynamic manifestations during the development of deep-located deposits.

At present, theoretical results on the modeling of the electromagnetic and
seismic field in a layered medium with inclusions of a hierarchical structure are
claimed [32]. Algorithms for modeling in the electromagnetic case for 3D hete-
rogeneity are constructed, in the seismic case for 2D heterogeneity [30] [33] [34]
[35].

It is shown that with increasing degree of hierarchy of the medium, the degree
of spatial nonlinearity of the distribution of the components of the seismic and
electromagnetic fields increases, which corresponds to the detailed monitoring
experiments conducted in the shock-hazard mines of the Tashtagolsky mine and
the SUBR. The constructed theory demonstrated how the process of integrating
methods that use the electromagnetic and seismic field to study the response of a

medium with a hierarchical structure becomes more complicated.
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