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ABSTRACT

Purpose. To reduce risk of emergency and injury-risk situations while improving the methods for predicting stress-
strain state of the rock mass with the help of information systems, and to detect fissure locations in the mine road-
ways with the help of radiometric control.

Methods. Analysis and generalization of experimental data; mathematical modeling of geomechanical and filtration
processes by means of the finite element method; underground investigations of changes in activity of a-radiation of
certain radon-isotope in the atmosphere of the mine roadways using standard methods as well as radiometric control
equipment; and statistical processing of measurement results.

Findings. Ratios, determining correlation between parameters of geomechanical process (i.e. fracture porosity, incli-
nation angles of the fracture networks and their strike) and parameters of gas- dynamic process (i.e. intensity, gas
flow rates and direction of gas travel) have been obtained. A mathematical model based on the finite element method
is proposed in which a reasonable assumption is made that deformation of the pore medium is equal to the varied
volume of the pore and fracture area. In the context of the model, deviation part of the strain tensor determines
changes in the shape of the rock mass elements during disintegration. Spherical part of the strain tensor characterizes
changes in volume and permeability of the pore and fracture area; it is determined by a value of minimum principal
strains of the model elements. Parameters of the pore and fracture area location, volume and permeability were sub-
stantiated in the rock mass. The mine investigations have helped determine that within the areas of geological dislo-
cations, concentration of radon daughter decay product of alpha-radiation polonium (Po*'%) experiences more that
2 — 4 times increase in relation to the roadway average value. On the basis of the criterion, it is proposed to use radia-
tion monitoring of the mine roadways to identify areas of newly formed fracture systems resulting from fracture
system deformation as one of the elements of method for the integrated control of the rock mass state.

Originality. For the first time, regularities of changes in the pore and fracture area shape and volume at different
stages of the adjacent longwall mining have been determined basing on parameters of technogenic fracture system
orientation and spherical part of the strain tensor. The method of controlling the safe state of rocks has been further
developed; it differs in the use of the determined ratios between changes in fracture system parameters and changes
in a-radiation activity of some radon isotopes, methane concentrations and their correlation.

Practical implications. The research results have been applied for the development of analytical and experimental
approach to control safety of production environment in mines.

Keywords: geomechanical processes, permeability, filtration, radiation monitoring, rock mass modeling, forecast of
geomechanical state

1. INTRODUCTION dust explosions accounted for 47% of the total number of
victims (33% caused by rock falls and 12% — by gas and
dust explosions (Ministry of Energy and Coal Industry of
Ukraine, 2018). At the same time, coefficient of fatal cases
in the industries increased to 4.6 people per one million
tons of the mined coal. Material costs are also significant

Geotechnological systems in mines pose a risk to
workers due to certain negative factors observed in the
underground roadways. Statistics show that only in 2017,
injuries caused by rock fall, inrush and bumps, and gas and
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(Shevchenko, 2016). Experience of underground mining
activity has shown that as a result of intensification of the
rock displacement processes, the roadway cross sections
decrease, and methane gas flows intensively into the mine
atmosphere, necessitating substantial increase in the ex-
penditure to restore supporting systems in the mine road-
ways and increase in the air flow for proper ventilation.

Manifestations of rock pressure in the mine roadways
can be predicted by assessing changes in rock stress-
strain state with the help of computer systems (Bulat &
Slashchov, 2012; Slashchov, 2016). That technology to
study complex objects and processes includes computa-
tional experiment, which is based on computer construc-
tion and analysis of mathematical models. Components
of the technology are mathematical dependences and
software tools, while the research process consists of
well-scheduled sequence of operations with data and
actions with different degrees of complexity. At the same
time, in order to solve complex geomechanical problems,
it is necessary to look into uncertainties caused by differ-
ent structures of rock layers bedding, instability of elastic
and strength properties, initial fracturing pattern, geolog-
ical disturbance, gas and water saturation etc. In addition
to analytical studies, that requires carrying out a series of
full-scale underground experiments to verify models and
refine the calculated data.

As a promising technique for mine monitoring, a ra-
diometric method can be used, which is based on identi-
fication of space and time variations of radon decay
product exhalation in the underground roadways. This
method makes it possible to detect hidden tectonic dislo-
cations and stress concentration in the rock mass, which
cannot be detected by any other methods. Therefore, risk
of emergency and traumatic situations can be reduced by
predicting geomechanical and gas-dynamic states of the
rock mass with the help of the latest information technolo-
gy, online radiometric monitoring of the rock state pa-
rameters, and development of practical measures to pre-
vent accidents and improve safety of geotechnical system.

2. METHODS

Prediction of the potentially dangerous manifestations
of rock pressure in the mine roadways is possible only if
you know mathematical relationships, which establish
links between the required parameters and the initial
conditions and parameters of the system under the study.
Explicit mathematical dependences for such a complex
system are of little use; therefore, the methodology of
simulation modeling by the finite element method and
the initial stress method was adopted for the research
(Gallager, 1984; Fadeyev, 1987; Slashchov, 2013; Zien-
kiewicz, Taylor, & Zhu, 2005). Initial parameters for
physical and mechanical properties of the watered gas-
saturated rock mass are presented in (Slashchova, Slash-
chov, & Yalanskiy, 2014; Yalanskiy, Sapunova, Slash-
chov, & Novikov, 2014; Ikonnikov, Ikonnikov, Slash-
chova, Slashchov, & Yalanskiy, 2015). Mathematical
modeling of geomechanical and gas-seepage processes
with the help of finite element method was carried out by
using the computing complex (GEO-RS® computing
complex development and software implementation of
the system functions were carried out on the basis of
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studies conducted by the (Bulat & Slashchov, 2012;
Slashchov, Shevchenko, & Slashchov, 2013; Bulat,
Slashchov, & Slashchova, 2017).

Parameters of changes in radon-isotope a-radiation
activity in the mine roadways atmosphere were moni-
tored during the underground research with the help of
the radiometer (RGA-09 MSH® radon radiometer) (Bulat
et al., 2013; Bulat, Slashchov, & Slashchova, 2014).
Procedure of measurements included: sampling of aero-
sols from the air by pumping air through the filter; regis-
tration of a-radiation of Radon Decay Product aerosols
accumulated on the filter; calculation of radon equivalent
equilibrium volume activity by Markov’s method.

3. RESULTS AND DISCUSSION

3.1. Conditions for the activation of
gas-dynamic processes in the rock mass

Initial conditions for the gas-dynamic process activa-
tion around the mine roadways can be represented as two
main groups of factors. The first group is determined by
the availability and parameters of gas emission sources,
which, in our case, are represented as flat and annular
contours (Fig. 1).
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Figure 1. Scheme to calculate geomechanical and gas-
dynamic parameters in the layered rock mass
around the mine roadways in areas of adjacent
longwall conjunction: 1-coal seam; 2—mine
roadway; 3 —elements of supporting structures;
4 — goaf; zone 1 — zone of high rock pressure (with
low permeability); zones 2, 3 — release zones in the
roof (with high permeability) and floor of the coal
seam under development, respectively; zones 4, 5 —
release zones in the roof and floor of preparatory
roadways; R — radius of the annular release zone;
i, h2 — distances to the flat gas emission contour in
the roof and floor of the mine roadways

Here, gas emission contours are understood as lines
where gas pressure either remains constant or varies ac-
cording to a certain law that does not depend on the rate of
gas flow from the gas-bearing formation or other gas
sources. The second group of factors is determined by rock
permeability along the gas seepage path into the roadway
as well as by pressure difference in the gas flow gallery
and gas emission contour within the studied intervals.
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For flat gas emission contours, volume flow rate of
the seeping gas flow in the rock mass, taking into ac-
count turbulence and additional losses, can be deter-
mined by Darcy law for the average pressure (pi + p2)/2
in the gas flow in the following form:

2 2
_KF| py—pi s,
u o\ 20p
where:

O — gas flow, m’/s;

K — permeability coefficient for the pore-fractured
area, m’;

F — area of the flow cross section, m

1 — dynamic viscosity of the seeping gas, Pa-s;

[ — length of the gas-seepage path, m;

p1, p> —pressure in the sections at the beginning and
in the end of the interval, respectively, Pa.

For annular gas emission contours, volume flow in
the release area with radius 7 and with radius of annular
release contour R can be calculated by J. Dupuis formula.
In case of flat-radial steady-state flow (dynamic viscosity
of the gas is ignored for practical calculations), integral
form of Darcy law is as follows:
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where:

h — thickness of permeable layer, m;

p1, p2 —seam pressure on the rectilinear flow gallery
and gas emission contour within the interval, respec-
tively, Pa;

Pa— atmospheric pressure, Pa.

As it can be seen from equations (1) and (2), geome-
chanical process of the rock inelastic strain is associated
with the volume gas flows in the rock mass by the pa-
rameters of pore-fractured area and pressure gradients,
which are the most important characteristics of the gas-
dynamic process.

Pore-fractured area can be represented as a network of
connected pores, as well as cracks of natural and technogen-
ic origin. Natural porosity and fracturing are determined at
the stage of exploratory drilling by laboratory tests, and they
are known for most of the rocks in the producing deposits.
Technogenic cracks experience their development during
the process of mining activity as a result of deformation
processes. The overwhelming majority of natural and tech-
nogenic cracks are united into the oriented systems, which
walls can be considered as planes resisting the gas flow due
to the friction forces. Therefore, dependence of rock perme-
ability on fracture porosity and rate of crack opening can be
obtained with the help of Boussinesq equation:

_bply dp

, m’/s,
124 dx

3)

where:
q — gas flow per slot length, m%/s;
br— crack opening, m;
Ir— length of cracks, m;
dp/dx — is pressure gradient, Pa/m.
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Represent the length of cracks in the area of seepage
surface as the fracture porosity and opening of the frac-
ture system b under the condition that b7 = const = b:

_ mTF

lT , m,

5 “)

where:

mr — fracture porosity, in relative units;

b — opening of the fracture system, m.

By substituting (4) into (3), we obtain the gas flow
rate in the rocks through the cross-sectional area of the
gas flow:

0- mrFb> dp
124 dx’

m?/s. Q)

By successively equating right sides of the equations
(1), (2), and (5), we obtain relationship between coeffi-
cients of seepage through the fractures and fracture
porosity:
kp = myb” , m%

12
as well as expressions to calculate rate of gas flow
through the fractured mass, taking into account its stress-
strain state, when the cracks are perpendicular to the
seeping surface:

— for the flat gas emission contours:

(6)

2
m+mpb” |F (2 _ 2
0= ( ) P2~ D , m/s; (7
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— for the annular gas emission contours:
2
m+mpb” |\wh( 2 _ 2
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124 1In~= Pa
r
where:

m — natural porosity in relative units.

Permeability of fractured rocks depends on fracture
system strike and direction of gas seeping. The greatest
loss of flow energy occurs when it moves across the
dominant systems of cracks and stratification of rocks.
For an arbitrary location of the fracture system, model of
gas flow will be determined by the relationships:

— for the flat gas emission contours:

(m+me2)(sinza) cos? +cos’ a))F 2 2
0= )
241 n
— for the annular gas emission contours:
(m+me2)(sin2 @ cos® 6+cos” a))ﬂ'h 2_ 2
= Py~
0= - . (10)
124 1In— a
r
where:

w — angle of the fracture system incidence, deg;
6 — angle between the direction of gas seepage and
the fracture system strike, deg.
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The obtained relationships (9), (10) establish interde-
pendence between the geomechanical process parameters
(fracture porosity, angles of fracture system incidence,
and strike) and parameters of gas-dynamic process (in-
tensity, flow rates, and direction of gas flow); they are
valid both for the flat and annual gas-emission contours
and can be integrated into information systems for pre-
ventive control of production environment in the mines.
Prediction of geomechanical and gas-dynamic process
parameters makes it possible to calculate probability of
the occurrence of hazardous factors (it is the basic pa-
rameter for mine safety systems), warn personnel, and
take measures to prevent adverse events.

3.2. Prediction of pore-fractured
area volumes in the rock mass

Permeability parameters depend greatly on the rock
disintegration degree (opening of pores and cracks) and
orientation of gas seepage paths in the geospace. Changes
in pressure gradients within the rock mass depend on the
conditions of roadways driving and supporting; they can
be determined analytically by assessing the rock mass
stress-strain state with the help of the latest information
systems (Bulat & Slashchov, 2012; Slashchov, 2013).

In order to assess changes in the pore-fractured area
parameters, patterns of rock deformation changing around
the mine roadways can be used. In most cases, compres-
sive, tensile, bending, and other volume strains represent a
combination of the simplest types of deformations: linear
strain and shear strain. Linear strains are assessed by the
rate of relative linear strain, which is equal to the ratio of
increment of elementary-macrovolume linear size to the
original size, while shear strains are determined by the
angle of shear face. In order to determine volume strain,
superposition principle is used. In the proposed mathemat-
ical model (Bulat & Slashchov, 2012; Bulat, Slashchov, &
Slashchova, 2014) implemented on the basis of the finite
element method, total strain of the model element (strain
tensor) is described by the sum of vectors of nodal dis-
placements and divided into spherical and deviation parts.
Deviation part of the strain tensor characterizes changed
shape of the rock mass elements in the process of the rock
disintegration. Spherical part of the strain tensor is deter-
mined by the rate of minimum principal normal strains of
the model elements, which characterize changes in the
pore-fractured area volume and, consequently, its permea-
bility. Since particle compressibility in the rock skeleton is
negligibly small in comparison with its overall compressi-
bility, a reasonable assumption is made that deformation of
the pore medium is equal to the changed volume of the
pore-fracture area.

Principle strains are calculated by the finite element
method and by formulas (Gallager, 1984; Fadeyev, 1987)
for rock mechanics:

— for zones of elastic strain, by:

o o.{(sx ver ) fler-erf va }
& =o.5[(gx +gy)—myxy2}

(11

12

where:

&', & — components of the strain tensor along x and y
coordinate axes, which are determined by solving matrix
of the system stiffness by the finite element method;

y?¥ — transverse shear strain;

— for zones of inelastic strain, by ultimate maximum
principal strains expressed by actual limit tensile of the
rock strength and rock physical and mechanical properties:

olm (1 —v,-2)

(c1g f+v))

glhm _

, (12)
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where:

"™ — ultimate maximum principal strains, MPa;

E — modulus of elasticity, MPa;

v — Poisson’s ratio;

@ — angle of internal friction, deg.

Having the results of the solved equations (11), (12),
we obtain vectors which contain values of minimum and
maximum components of elastic and inelastic strains. In
equation (12), ultimate minimum principal strain & is
represented as a function of maximum principal strain in
the form of the parameter ctg¢ (&1 ctgé = ¢3) determining
the law of plastic flow (when ¢ = #/4, the flow is equilib-
rium). Values of principal strains calculated by the finite
element method are equal to the actual principal strains
corresponding to the deformation model of the medium.

The mathematical modeling was based on analytical
schemes of coal-seam longwall mining with no pillar left
and with the reuse of preparatory roadways. Several quasi-
stationary states of the rocks stress-strain state were simu-
lated, which determined typical stages of the panel mining.
Data, determining transformation of pore-fractured areas
in the process of the panel mining, were investigated under
two conditions: with homogeneous roof (on the basis of
averaged rock physical and mechanical properties (Slash-
chova, Slashchov, & Yalanskiy, 2014; Yalanskiy, Sapun-
ova, Slashchov, & Novikov, 2014) and with layered roof.
Within the zones of elastic strain, pore-fractured area
compression and tension under the influence of pressure
difference in rocks were analyzed. Within the zones of
inelastic strain under conditions of ununiform compression
of components, directed microcracks (since pores effect
weakly the gas seepage) and extended compressed main
cracks were analyzed additionally. Within the zones of
inelastic strain under conditions of stretching (random
falls), open main cracks and rock blocks were analyzed.

Analysis of changes in the rock minimum principal
strains (volumes of the pore-fractured area) in the face
and formation of zones with different rates of permeabi-
lity (Fig. 2) shows that, from the side of the coal seam,
within the zone of bearing pressure, rocks of the main
roof are in the state of repacking, and their gas permea-
bility is low. On the contrary, within the interval of
—10..420 m from the belt heading, they demonstrate
maximum decompaction factor and significant disinte-
gration. Therefore, in this zone, gas permeability is very
high and can contribute either to gas accumulation or gas
migration towards any direction. Beyond the 30...40-
meter zone, process of hydrostatic pressure recovery
starts in the broken rocks.
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2 — deformations of the main roof at a distance of
9 m from the coal seam

Figure 2.

The layered roof was studied in terms of real proper-
ties of rocks, while mining coal seam mj3 from the de-
posits of geological Middle Carboniferous suite, which
were represented by alternating layers of sandstones,
siltstones, and mudstones of varying thickness (Fig. 3).
Three main zones, affecting gas flow, were distin-
guished: zone of random fall behind the longwall,
where travel of gas flows was unlimited in any direc-
tions (high permeability zone); zone of inelastic strain
under ununiform compression of components, where
gas passed through the main cracks; zone of high rock
pressure in front of the longwall (low permeability),
where pores were compressed resulting in low gas
permeability of rocks.
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Figure 3. Forecast of changes in the pore-fractured area in
the layered rock mass at the border of adjacent
longwalls determined by changes in minimum prin-
cipal strain &3 of the roof and floor layers during the
panel mining

The greatest loss of gas flow energy occurred when
gas moved across the layered rocks or through the zones
of stress concentration (where less number of main cracks
were formed), which explained the reduced rate of gas
flowing into the roadways directly from the main roof.

3.3. Forecast of fracture system
orientation in the rock mass

Processes of rock deformation affect structure and
volume of pore-fractured area and form areas with gas
emission. Determination of the fracture system orienta-
tion is required to predict paths for gas flowing from the
gas emission areas into the roadways in the working area.

As a result of analytical studies, directions of the two
systems of leading cracks occurred during the mining of
adjacent longwalls (see black lines in Figure 4) were de-
termined. As it is shown in the diagram of the panel cross-
section, systems of almost horizontal cracks are developed
in the main roof above the longwall face, where they form
additional discontinuities in the mass continuity.

Here, three main zones, affecting gas flow, are distin-
guished: zone of random fall behind longwall, where
travel of gas flows is unlimited in any directions (zones
of high permeability, Figure 4, zones 1 and 5); zone of
inelastic strain under ununiform compression of compo-
nents, where gas passes through the main cracks (zones
with directed gas flow, Figure 4, zones 2 and 3); zone of
high rock pressure in front of the longwall (low permea-
bility), where pores are compressed and, as a result, gas
permeability of rocks is significantly reduced.

In the mine roadways, methane content depends pri-
marily on geomechanical processes in the rock mass,
since the resulting cracks determine permeability of the
rocks along the path of gases seeping from the gas emis-
sion sources to the exposed surfaces.
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Figure 4. Development of fracture systems during mining the adjacent longwalls: 1 — release zone; 2 — fracture systems orthogo-
nal to the coal seam; 3 — mostly horizontal systems of shear cracks; 4 — formation of block structures within the zone of

falls; 5 — zones of random falls

Due to the formation of worked-out areas, rock pres-
sure decreases, and free and previously adsorbed gases
are released from the pore-fractured area. Methane
demonstrates good diffusibility resulting in its fast pene-
tration through the fractured rocks. It travels under the
action of pressure gradients and gas lifting force when
pores are filled with water, due to the processes of mois-
ture circulation, heat exchange and others factors.

3.4. Identification of space and time variations of
radon decay product exhalation in the mine roadways

Under conditions of equal volumetric compression,
permeability of rocks and diffusion of air, methane and
radon seeped through them are the key informative pa-
rameters, by which rate of the rock mass fracturing with-
in the inelastic strain zones can be determined by meth-
ods of monitoring from the mine roadways. High pene-
trability of inert radioactive radon gas explains its prop-
erty of selective penetration (seeping) through very small
pores and microcracks in the rocks. Diffusion of methane
gas (CHy) is 1.6 times higher than that of air; therefore,
similarly to radon, it can penetrate through the porous
and fractured rocks. This difference in permeability of
methane (Kcus) and inert gas (helium, Kq. as the one
being closest to radon by its diffusion and migration
properties) is confirmed by the comparative dependences
constructed and analyzed by the Institute of Geotechnical
Mechanics during laboratory studies of coal samples
taken in Sukhodolska#1 and Yasynovska-Hlyboka
mines. The measurements were performed at various
time intervals starting from the moment when a constant
rate of gas flow was fixed in the sample and 22 hours
later, during the time when the external load was applied
and kept at the same level (Fig. 5).

Change of hydro-pressing force in the samples within
the interval from o.=1MPa to g.=6 MPa and with
pressure gradient of Ap = 0.5 MPa (4p = p» — p1) results
in the decreased permeability of methane (50 mD) and
inert gas (120 mD) (Fig. 5a) as well as with pressure
gradient of 0.2 MPa (by 80 and 90 mD respectively)
(Fig. 5b). When volumetric stresses are within the range
of 2 — 6 MPa, permeability of the medium for methane
and inert gas decreases by 15—35%, and in absolute
values, the inert gas features 2.0 — 2.7 times greater dif-
fusion than methane (n = Kuo/Kcus, average weighted
value of the coefficient is n = 2.4).
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Figure 5. Permeability of coal sample for inert gas and
methane under the influence of volumetric com-
pression forces o. (MPa) at different gas pressure
gradients Ap: (a) Ap = 0.5 MPa (Ku. =422 6.%;
R?*=0.97; Kcui=160 6.1%; R>=0.97);
(b) A4p = 0.2 MPa (Kne = 8376516, R?=0.99;
Kcrs = 259674 R>*=0.97); 1— methane gas per-
meability; 2 — inert gas permeability

Analysis of the comparative dependences shows that
within the zones of elastic strain of rocks around the
roadways under conditions of growing bearing pressure,
pores and microcracks are compressed, and permeability
of the rocks decreases for all gases. However, due to the
high diffusion capacity of inert radioactive aerosols, it
becomes possible to fix even minor changes in the rock
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stresses and strains. Quantitative indicators of differences
in inert gas and methane permeability make it possible to
use new integral criteria to monitor state of the rocks. The
obtained data can be used to formalize boundary condi-
tions while solving problems of seepage of methane gas,
radon and their decay products into the mine roadways.

That fact is confirmed by the measurement results of
radon decay products in the conveyor passage of the
eastern sloping longwall (Fig. 6); the measurements
showed that within the areas with geological disloca-
tions, concentration of radon decay product of polonium
alpha-radiation (Po?'®) increases by more than
2 —4 times comparing to average value in the roadway.
Basing upon that criterion, it is proposed to use radio-
metric monitoring of the mine roadways to detect areas
with fracture systems, formed newly as a result of de-
formation process as one of the elements of method for
integrated control of the rock mass state.
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Figure 6. Dynamics of methane (CHy) content changing and
reduced Egquivalent Equilibrium Volume Activity
(EEVA) of radon decay product relatively to aver-
age value in the mine roadway: 1 - intensity of
change in the CH4 reduced concentration; 2 — in-
tensity of change in reduced equivalent equilibrium
volume activity of radon

As a result of the rocks disintegration and develop-
ment of fracture systems, not only increased amount of
radon is released within the zone of high rock pressure,
but also the number of short-lived isotopes dominates
significantly over the long-lived ones. Consequently,
processes accompanying the increase in rock pressure
intensity occur. Therefore, detecting the areas with inten-
sive emanation activity of radon decay products makes it
possible to identify in advance the areas with hidden
tectonic disturbances and high stress concentrations in
the mine roadways.

4. CONCLUSIONS

On the basis of the findings, following scientific
results were obtained:

—relationships were formulated, which established
interdependence between the parameters of geomechani-
cal process (fracture porosity, angles of the fracture sys-
tem incidence and strike) and parameters of gas-dynamic
process (intensity, flow rates, and direction of gas flow-
ing), which can be integrated into information systems
for preventive control of the state of working environ-
ment in the mines;
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— rational parameters were validated for geomechani-
cal and gas-dynamic processes in the rock mass: charac-
teristics of the pore-fractured area volume, location and
permeability, which are the key parameters to determine
rate of gas flow and paths for gas seeping. On the basis
of the obtained parameters for technogenic main-fracture
system orientation and spherical part of the strain tensor,
patterns of changes in the pore-fractured area shape and
volume were established for various stages of adjacent
longwalls mining;

— parameters of changes in a-radiation activity of ra-
don decay products, methane concentrations and their
relationship depend on changes in the fracturing pattern
in the rocks near the roadway contour, and can be used to
predict geomechanical and gas-dynamic processes in the
rock mass in the process of mining activity.

Those scientific results were used for developing ana-
lytical-and-experimental method to monitor safety of
working environment in the mines.
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the information system assuring the underground mining

MPOTHO3 MOTEHIIMHO HEBE3NEYHUX ITPOSIBIB I'PCbKOI'O TUCKY
Y BUPOBKAX INAXT I3 BUKOPUCTAHHAM IHOOPMAINIMHHAX
TEXHOJIOI'TU I METOIIB PAAIOMETPUYHOI'O KOHTPOJIIO

1. Cnamos, B. llleBuenko, B. Kypinuuii, O. Cnamiosa, O. SnaHcbkuit

Mera. 3HU3NTH PU3UKA BUHUKHEHHS aBapifHMX 1 TPaBMOHEOE3MEUHUX CHUTYaIlill B MIaXTaX IIIIXOM BIOCKOHAJICH-
HSl METOJIIB IPOTHO3Y HANPYKEHO-/1e(hOPMOBAHOIO CTaHY MACHBY ITIOPiJ 13 BAKOPUCTAHHSIM iHGOPMAIIHUX CHCTEM Ta
BUSIBJIICHHS JIOKALIH TPIIIMH y TIPHUYUX BUPOOKAX METOIOM PaJioMETPHIHOI0 KOHTPOJIO.

MeToauka. AHaii3 i y3araJibHEeHHS eKCIIEPUMEHTAIIbHUX JIAHUX; MaTeMaTUYHE MOJICIIOBaHHS reOMeXaHiqHuX 1 (i-
JIBTPAIITHAX TPOLECIB METOJOM CKIHYCHHUX €JIEMEHTIB; IIAXTHI JOCIIKEHHsS 3MiH aKTHBHOCTI (-BUIPOMIHIOBAHb
OKpEeMHX 130TOIIIB paJioHy B aTMocdepi IipHUYMX BUPOOOK CTaHAaPTHIUMHU METO/IaMH Ta alaparyporo pajiioMeTpHYHOTO
KOHTPOJIIO; CTATUCTHYHA 00pOOKa pe3yJIbTaTiB BUMIPIOBaHb.

PesyabTaTn. OTpuMaHi CIIiBBiIHOIICHHS, 110 BCTAHOBIIIOIOTH B3a€MO3B’SI3KHM IIApaMETPiB T€OMEXaHIYHOTO MpoLecy
(TpIIMHOIO MOPUCTICTIO, KyTaMH TaIiHHS 1 MPOCTSATAHHS CHCTEM TPILIMH) 3 MapaMeTpaMH I'a30JMHAMIYHOTO IPOLECY
(IHTE€HCHBHICTIO, BUTPAaTaMH Ta HAIPSMKOM TIEPEMIIICHHS T'a3iB). 3apOIIOHOBAaHO MaTEMAaTUYHy MOJENb Ha 0a3i MeToxy
CKIHUEHHHX €JIEMEHTIB, B SKill MPHIHATO OOIPYHTOBaHE MPHITYIIECHHS, MO AedopMallis IIOPUCTOTO CEPEIOBHINA TOPiB-
HIOE 3MiHi 00’€MiB ITOPOBO-TPIIMHHOTO MPOCTOPY. Y MOJEINI JeBiaTOpHA YacTHHA TeH30pa AedopMariiif BU3HAYAE 3MIHA
(dopMH elleMEeHTIB MOPOIHOT0 MAacHBY B Ipoleci pyiHyBaHHS. KynpoBa yacTHHa TeH30pa AedopMaliil XxapakTepusye
3MiHH 00’€MY 1 MPOHUKHOCTI MMOPOBO-TPEIIMHHOTO MMPOCTOPY Ta BU3HAYAETHCS BEIMYMHOIO MIHIMAJbHUX TOJIOBHHUX Jie-
¢dopmariiii enemenTiB Mozeni. OOIpyHTOBaHI MapaMeTpy PO3TalllyBaHHS, 00 €MIB 1 MPOHUKHOCTI HOPOBO-TPIIIUHHOTO
npoctopy B MacuBi mopif. [IlaxTHUMK TOCTIKEHHSIMH BCTAHOBJICHO, 10 B MICISX JMCIIOKAII] T€OJOTTYHUX MOPYIICHb
KOHIIEHTpALlisl JOYipHHOrO MPOAYKTY pPO3Naay pajoHy a-BUNpoMiHIoBaHHs nojoHio (Po?'®) 3pocrac Ginpm Hix B
2 — 4 pa3u 1o BIHOIIEHHIO JI0 CEPEHBOTO 110 BUpOOLIi 3HaueHHs. Ha 6a3i Bka3aHOI0 KPUTEPIIO 3aIIpOIIOHOBAHO BUKOPH-
CTOBYBATH palioOMETPUYHUI MOHITOPUHT TipHHYMX BUPOOOK JUIsl BUSIBJICHHS JIOKAIii HOBOYTBOPEHHX B Mpolieci aedop-
MYBaHHS CUCTEM TPIIMH B SIKOCTI O/THOTO 3 €JIEMEHTIB METO/ly KOMIUIEKCHOTO KOHTPOJIIO CTaHy IIOPOJHOTO MAaCHBY.

HayxoBa noBu3Ha. Biepuie Ha 0a3i mapameTpiB opieHTaIil CMCTEM TPIIMH TEXHOTEHHOTO MOXOKEHHS U KYyJIbO-
BO1 YACTHHU TE€H30pa AedopMaIliif BCTAaHOBJIEHI 3aKOHOMIPHOCTI 3MiH opMH Ta 00’ €MiB TOPOBO-TPIIIUHHOTO TIPOCTOPY
Ha pI3HUX eTarax BiANpamroBaHHS CyMiKHUX JaB. [loganpmmii po3BUTOK OTPUMAaB METOA KOHTPOIIO OE3MeYHOTO CTaHy
TIPCHKHUX TIOPiMl, KU BiAPI3HAETHCS BUKOPUCTAHHSAM BCTAHOBIICHHMX B3a€MO3B’SI3KIB MK 3MIiHAMH TapaMeTPiB CHCTEM
TPIIUH Ta 3MIHAMH aKTUBHOCTI -BUITPOMIHIOBaHb OKPEMHX 130TOIIB paJIOHY, KOHIIEHTpPAI[Ii METaHy i X CIiBBIAHOIICHb.

IMpakTuyna 3HauyuMicTh. HaykoBi pe3yibraTi BUKOPHCTaHI IPU PO3pOOILI aHAIITHKO-EKCIIEPUMEHTAIBHOTO METO-
JIy KOHTPOJIIO O€31eKH BUPOOHHUYOT0 CEPEAOBHIIA IaXT.

Knrouosi cnosa: zeomexaniuni npoyecu, npoHuKHicmo, @itbmpayis, padioMempuihull KOHMpOib, MOOEIOEAHH S
Macugy nopio, npo2HO3y6aAHHS 2eOMEXAHIUHO20 CINAHY

MPOTHO3 MOTEHIUAJIBHO OIACHBIX ITPOSIBJIEHUI TOPHOI'O JIABJIEHUSA
B BBIPABOTKAX IITAXT C UCTTIOJIb30BAHUEM NH®OPMAIIMOHHBIX
TEXHOJIOTMA U METOJIOB PAJIMOMETPHUUYECKOI'O KOHTPOJISA

N. Cnames, B. llleBuenko, B. Kypennoii, E. Cnamesa, A. AAnanckuit

Heab. CHU3UTH PUCKM BO3HMKHOBEHHS aBapUIHBIX U TPAaBMOOMACHBIX CUTYallU{ B IIaXTaX MyTeM COBEPIIECHCTBO-
BaHMs METOJIOB IIPOrHO3a HAINPSHKEHHO-Ie(OPMHUPOBAHHOTO COCTOSIHUSI MaccuBa MOPOJI C UCIIOJIb30BaHUEM HH(OpMa-
OMOHHBIX CHCTEM W BBIABIICHUS JIOKAMI OOpa30BaBIIMXCS TPEUIMH B TOPHBIX BBHIPAOOTKAX METOIOM PaIlOMETpHYe-
CKOTO KOHTPOJIS.

Metoauka. AHanmu3 u 0000IIEHNE IKCIIEPIMEHTAIBHBIX JaHHBIX; MATEMAaTHIECKOE MOJECITUPOBAHUE TEOMEXaHNIe-
CKUX ¥ (DUIIbTPALIMOHHBIX MPOLIECCOB METOIOM KOHEUHBIX DJIEMEHTOB; LIAXTHBIC MCCIICJOBAHUS MU3MEHEHHI aKTHBHO-
CTH (-U3JTy4€HHUN OTAEIBbHBIX M30TOMOB PajioHa B aTMOc(depe ropHbIX BHIPAa0OTOK CTAHAAPTHBIME METOAAMH M amnapa-
TypO# paJHOMETPHYECKOTO KOHTPOJIS; CTAaTHCTHIECKask 00paboTKa pe3yabTaTOB N3MEPECHUH.

PesyabTaTsl. [lomyueHb! COOTHOIIEHHS], YCTaHABIMBAIOIIIE B3aUMOCBSI3U TapaMeTPOB N€OMEXaHUUECKOTo IpolLec-
ca (TpeIMHHOW MOPUCTOCTHIO, YIIIAMH TaJIEHHUs] U POCTHUPAHUS CUCTEM TPEIIMH) C apaMeTpaMy ra30AnHaMHUYECKOr0
npouecca (MHTEHCUBHOCTBIO, pacXOJaMH M HalpaBJIeHHEM IepeMelleHus ra3oB). [Ipeanoxkena maremaTuyeckas Mo-
Jienb Ha 0a3e MeTojia KOHEUHBIX 3JIEMEHTOB, B KOTOPOH NMPUHATO 00OCHOBAaHHOE JIOIyILIEHHUE, YTO JedopManusi mopu-
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CTOH cpelbl paBHA W3MEHEHUIO 00beMa MOPOBO-TPELIMHHOIO MPOCTPAaHCTBA. B Moxenu meBHaToOpHAs 4acTh TEH30pa
nedopManuii omnpenenser u3MeHeHHe (OPMBI AJIEMEHTOB IIOPOJHOIO MaccuBa B Ipouecce paspymieHus. lllaposas
4acTh TeH30pa AeopMalMii XapaKTepu3yeT n3MeHeHHs 00beMa M NPOHUIIAEMOCTH TIOPOBO-TPELIMHHOIO MTPOCTPAaHCTBA
1 ONpeJeNsieTcsl BENMYNHON MUHUMAJIBHBIX TJIaBHBIX AedopMaiuii 31eMeHToB Moaend. OO0CHOBaHBI ITapaMeTphl pac-
TI0JI0KEHHS, 00BEMOB M IIPOHUIIAEMOCTH ITOPOBO-TPELIMHHOTO MIPOCTPAaHCTBA B MaccuBe ropoy. [llaxTHeiMu uccneno-
BaHMSMH YCTaHOBJICHO, YTO B MeCTax JHMCIOKAlUU T'€0JOTMYECKHX HapyIIeHHH KOHLEHTPALUs JOYepHEro MpOJIyKTa
pacmana pamoHa o-m3tydenus nononus (Po?!'®) Bospacraer Gonmee yeM B 2 — 4 pa3a IO OTHOIMICHHIO K CPETHEMY IO
BEIpa0oTKe 3HayYeHHo. Ha 0a3e yka3zaHHOTO KpUTEpHs NPEIJIOKEHO MCHOJIB30BaTh PAAMOMETPUYCCKUI MOHUTOPHHT
TOPHBIX BBIPaOOTOK IS BBIBICHUS JIOKALMi BHOBb 00pa30BaBILKXCs B Ipolecce 1e(hOPMUPOBAHUS CUCTEM TPELINH B
Ka4yecTBE OJHOTO U3 3JIEMEHTOB METOa KOMIUIEKCHOI'O KOHTPOJIS COCTOSHHUS [TOPOTHOTO MAaCcCHBA.

Hayunasi HoBU3HA. BriepBrie Ha 6a3e mapamMeTpoB OPUEHTALMI CHCTEM TPELMH TEXHOI'€HHOTO MPOUCXOXKICHNUS U Iia-
POBOH YacTH TeH30pa AeGopMalyii yCTAaHOBIECHb! 3aKOHOMEPHOCTH M3MEeHeHHi (opMbl U 00BEMOB MOPOBO-TPELIMHHOTO
NPOCTPAHCTBA HA PA3IMYHBIX dTamax OTPA0OTKU CMEXKHBIX JiaB. JlanmbpHEWIee pa3BUTHE MOJYYHUJI METOJ KOHTPOJISI
0€3011aCHOT0 COCTOSIHHSI TOPHBIX ITOPOA, KOTOPBII OTJIMYAETCS HCIOJIb30BAHUEM YCTAHOBIICHHBIX B3aMMOCBSI3EH MEXIy
N3MCHCHUAMU MMapaMETpPOB CUCTEM TPCHIMH U U3MCHCHUAMU aKTUBHOCTU a-HU3JIYYCHUS OTACIIBbHBIX M30TOIIOB paaoHa,
KOHILIEHTPALM METaHa ¥ NX COOTHOIICHHH.

I[pakTHyeckasi 3HaYUMOCTh. HayuHble pe3ysibTaTbl HCIOIB30BaHbI IPH Pa3padOTKe aHAINTHKO-IKCIIEPUMEH-
TAJILHOTO METO/1a KOHTPOJISI 0€301TaCHOCTH IIPOU3BOICTBEHHOM Cpebl IIaxT.

Kntouesvie cnosa: ceomexanuueckue npoyeccyl, NPOHUYAEMOCMb, DUILIMPAYUs, PAOUOMEMPULECKULl KOHIMPOb,
MOOenUpoBanUe MAccua NOPoo, NPOSHOIUPOBAHUE 2EOMEXAHUYECKO20 COCTNOSHUA
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