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Abstract. The subject of the research is geomechanical processes in the rock massif during uranium mining and
their impact on the stability of mine workings. The aim of the work is to assess the negative impact of mining enterprises
on the environment, to classify the main factors influencing the stability of uranium mine workings and to determine the
directions for increasing their stability. Research methods — analysis and generalization of the results of our own re-
search, as well as data obtained by specialists from other scientific institutions in the mining sector. A classification of the
impact of uranium ore mining and processing on the environment is developed. It is shown that the main role in the neg-
ative manifestations of mining production in the environment falls on geomechanical processes that provoke failures,
subsidence and landslides of the earth's surface, as well as disruption of water circulation. To prevent or significantly
reduce them, a number of modern effective means and technologies for mine working support are recommended. The
main factors influencing the stability of workings are identified, and a block diagram of their interrelations is constructed.
The classification is made, and the rating of the main elements of geological, geomechanical, technological and human
factors influencing the stability of workings in uranium mines is determined. It is shown that in vertical shafts special
attention should be concentrated on the areas of water inflows and zones of tectonic disturbances, and methods of non-
destructive instrumental testing should be used for this purpose. In chambers, special attention should be paid to the
justification of their sizes taking into account the rock physical and mechanical characteristics at the stage of preparing a
block for its development. In development workings, especially with a long service life, it is necessary: at the stages of
prospecting and design - to take into account data on tectonics, fracturing, stress-strain state of the massif, physical and
mechanical properties of rocks, parameters of workings, their service life, type of support and depth of the deposit; at the
driving stage — to observe strictly the technology and charts of support; during operation: to monitor regularly the state of
the workings and supports and to control massif in order to identify hidden breaks and disintigrations. To reduce the
costs of working support, it is recommended to use technologies based on synergetic effects in the rock massif.

Keywords: uranium deposits, mines, mine workings, sustainability, influencing factors, classification, rating, nega-
tive impact, prevention, recommendations.

1. Introduction

The energy security of our country depends significantly on the import of natural
gas, and in recent years, on coal. In addition, the world has faced major environmen-
tal problems with the use of coal. Therefore, over time, we will also be forced to
abandon it due to exorbitant CO, emissions. Even with the development of alternative
sources, such as the sun or wind, stable sources will still be needed, among which the
best is nuclear energy. Unfortunately, in this area we are still dependent on the import
of raw materials. Therefore, by mining our own uranium, we must enter a closed cy-
cle within Ukraine, thereby ensuring its energy security. This is realistic, since our
confirmed uranium reserves of 23 explored deposits amount to more than 200 thou-
sand tons. According to this indicator, we are among the top ten countries in the
world [1].

The benefits of uranium fuel are obvious. But the harm that accompanies the en-
tire technological process of its production also causes great concern. Although the
opinions of experts on this issue are ambiguous and, in most cases, declarative.
Therefore, they require careful scientific justification. But the fact is that the territo-
ries adjacent to all mining enterprises are considered zones of environmental and
man-made danger [2-5].
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In the advanced countries of the world, the method of borehole underground
leaching is mainly used for uranium mining. Its idea is that an alkaline solution is
pumped through several boreholes drilled into the ore body. After that, another bore-
hole is drilled in the center and the solution saturated with uranium salts 1s pumped to
the surface through it. But Ukrainian uranium mines operate using the old traditional
technology. The level of their danger depends on a number of natural and man-made
factors. In particular, the depth of the deposit, its tectonic-structural structure, rock
pressure, technologies of driving, extraction and support of mine workings, the stress-
strain state of the "massif — working — support" system, etc. The most significant of
them is the stability of mine workings. This characteristic has a great impact on the
economic performance of the mine and, according to statistics, on the number of acci-
dents and the safety of miners. Imperfect technology for developing deposits and sup-
porting (or backfilling) workings also leads to subsidence of the earth's surface, the
formation of sinkholes and soil erosion, and accelerates the processes of pollution of
underground and surface waters. The scale of these manifestations is enormous. Ac-
cording to official reports of the Ministry of Environmental Protection and Natural
Resources, in recent decades, a catastrophic environmental situation has developed at
the uranium mines of Ukraine [6].

The aim of the work is to assess the negative impact of mining enterprises on the
environment, to classify the main factors influencing the stability of uranium mining
mines, and to determine the directions for increasing their stability.

2. Methods

The work uses the analysis and generalization of the results of our own research,
as well as data obtained by scientists and specialists of the State Enterprise "UkrND -
PRI Promtekhnolohii" (Zhovti Vody), the Kryvyi Rih National University and the
Dnipro University of Technology [7—11]. To determine the negative effects of under-
ground uranium mining, indicators were used that form the basis of the world and
European classifications of the impact of the mining complex on elements of the nat-
ural environment [12—-16]. Based on the analysis of publications, the main emphasis
is placed on the following negative impacts:

- geomechanical changes due to the construction of mines and subsidence of the
earth's surface due to the formation of underground cavities;

- hydrological changes due to the drainage effect of mining operations on the wa-
ter regime of the territory and deformation of the earth's surface as a result of pump-
ing out surface and groundwater;

- chemical changes due to the discharge of saline and polluted industrial waste-
water into surface watercourses and reservoirs, the impact of toxic components con-
tained in waste dumps on the quality of soil and surface and groundwater.

The methodology we have developed for assessing the impact of negative factors
on the current state of a certain element of the uranium ore mining complex is based
on taking into account the statistical characteristics of the basic factors. Unlike known
works in this direction using the Monte Carlo method [17-20], our developed algo-
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rithm involves simultaneous consideration of variations of several factors and in-
cludes a number of sequential stages.

At the first stage, an analytical dependence is established between the value of the
output parameter and the input parameters.

At the second stage, two groups of input data (parameters) are determined:

- natural, the values of which do not depend on human activity;

- technological, which are determined by the project.

In each of the specified data groups, there may be certain deviations from the av-
erage value. In the parameters determined by the natural properties of the rock mas-
sif, this is mainly due to the variability of the geoenvironment indicators. Additional
variation in the numerical values of the parameters is also introduced by errors in
their determination in laboratory or mine conditions. This is especially true for values
determined by non-destructive testing methods using correlation dependencies. The
design parameters of an underground structure cannot be reproduced absolutely accu-
rately either. Depending on the construction technology of the working, its geometric
dimensions also fluctuate around a certain average value. The normal distribution of
the input data array is assumed by default.

The third stage determines the number of computational experiments to determine
the expected parameter for a random combination of input data values. Typically, this
number should be several thousand.

At the fourth stage, the parameters of the random (pseudo-random) number gener-
ators are set. Each of the generators works with a sample of a specific input parame-
ter. The sample size is determined by the number of computational experiments. The
data distribution in the sample is assumed to be normal and the distribution parame-
ters correspond to the experimental data. Each of the sample elements has an individ-
ual serial number. In the process of calculations, the sample size does not change, that
is, we are talking about samples with return.

At the fifth stage, a computational experiment is conducted. In each calculation
cycle, a random value for each of the input parameters is selected and the result is
calculated. In more detail, this occurs as follows. A sample generator with a uniform
distribution produces a random number, which is used to determine the random value
of the first input parameter. In the next step, a random number is generated in a simi-
lar way, which is used to determine the random value of the second parameter. The
process of forming a set of input data ends when the random value of the last input
parameter with a data spread is determined. The first value of the output parameter is
calculated from this random set of inputs. Then the entire described cycle is repeated
until the planned number of computational experiments is completed.

At the sixth stage, the obtained sample of input values of the parameter is ana-
lyzed, which in a certain way characterizes the state of the underground structure or
the surrounding geoenvironment. The data scatter may differ from normal. The entire
data set is divided into ranges, each of which defines a certain category of the state.
At this stage, the most probable result is determined, and the risks of one or more key
parameters exceeding the permissible limits are assessed.
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The assessment of impact factors was carried out on a five-point scale. Zero indi-
cates no impact. One indicates minimal, and five indicates maximum impact within
the factors and objects listed in the tables. That is, the assessment is relative, since it
1s impossible to compare indicators that have different units of measurement and are
not only economic, but also social in nature.

3. Results and discussion

3.1 Example of assessing the stability of a mine working

For illustration purposes, the application of the above-described algorithm for as-
sessing the stability of a real object — the haulage roadway in the “Nova” mine of the
“Shid-Ruda” enterprise (Zhovti Vody) — is given. The calculation formula for assess-
ing stability is taken from the work [21] and has the form:

_0.1k-p-g-H
= o
c : (1)

where # is a dimensionless omplex index of the stress state of rocks; & is the stress
concentration coefficient; p is the average density of the overlying rocks; g is the ac-
celeration of gravity; H is the depth of the mining operation; o, is the uniaxial com-
pressive strength of the rocks in the contour zone.

In this calculation, the constants are the acceleration of gravity (9.81 m/s?) and the
depth of occurrence (535 m). Information about the quantities, the values of which
are limited to a certain range and have a probabilistic nature, is given in Table 1.

Table 1 — Degree of uncertainty of input data

. . Dimension of | Mathematical | Mean standard devi-
Parameter and designation . .
the parameter | expectation ation
Stress concentration coefficient k Dimensionless 1.10 0.12
Density of overburden p kg/m’ 2800 150
Uniaxial compressive strength o. Pa 14.2x10° 1.7x10°

Random numbers with uniform distribution in a given range are generated using
an option built into the JavaScript programming language [22]. Based on the resulting
array, a secondary array of normally distributed random numbers is created using the
Box-Muller transform [23].

The final result of the computational experiment is illustrated by the diagram pre-
sented in Fig. 1.

The criteria for assessing the state of the working, according to the value of the
parameter 1 and the degree of fracturing, are given in Table 2.

In accordance with [21], the degree of fracturing is estimated by the number of
disintegration cracks per meter of exposure according to Table 3.
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According to the results of the geological survey, the fracturing of the rock massif
in the contour zone of the haulage roadway can be assessed as average. Taking this
into account, the probability of each of the possible states of the mining working was
calculated. The corresponding results are presented in Table 4.
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Figure 1 — Distribution of values of the dimensionless parameter # according to the results
of the computational experiment

Table 2 — Criteria for assessing the state of a mine working based on the value
of the complex indicator of the stress state of rocks and the degree of fracturing

Value of parameter # Fracturing of rocks Stability of workings
Less 0.120 Weak and medium Extremely resistant
From 0.120 to 0.150 Weak and medium Resistant ‘
Intense Average resistant
Weak and medium Average resistant
Over 0.150 .
Intense Low resistant

Table 3 — Criteria for assessing the fracturing of a rock massif

Number of cracks per 1 m of exposure Rock Fracture
Upto7 Weak
From 7 to 15 Medium
More than 15 Intense

Table 4 — Probability of different categories of mine working stability

Range of 7 values Mine working stability Probability
Less than 0.120 Extremely stable 0.50
From 0.120 to 0.150 Stable 0.48
Above 0.150 Moderate stability 0.02
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The obtained results indicate practically identical probabilities of classifying a
mine working as extremely stable and stable categories. The average stability of a
working does not pose an immediate threat during its operation. Therefore, with a
confidence probability of 0.95, it can be accepted for operation without additional
engineering measures.

The work of the support is divided into five classes (Table 5).

Table 5 — Stability and operating conditions of mine workings support

ocﬁlslse (;ig)(:rlf[ Contollllrn;)ffset, State and form of stability loss Operatlrslfprlr)lgrc:e of the
I <30 Extremely stable, stable Without loading
II 30-70 Stable, arch formation
11 Medium stable, formation of Joint work of support
Y% 70-1200 inelastic deformation zones and rock massif
\Y > 1200 Unstable, viscous flow -

Our observations at the “Nova” mine of “Shid-Ruda” LTD, as well as the data of
"UkrNDPRI Promtekhnolohii" obtained at the mines of the "ShidHZK" State Enter-
prise, indicate that the work of the support at uranium mining mines belongs to
classes I and II. The exception is the zones of geological disturbances, where pro-
cesses characteristic of class Il support work may occur.

3.2. Classification of the impact of uranium ore mining and processing on the envi-
ronment

The classification is based on the results of our own research at mining enterprises
in the Western and Central Donbas, Krivbas, Zhovti Vody and western regions of
Ukraine, with the use of Internet information [24-28]. The proposed assessment of
the negative impacts of production on the environment is presented in Table 6.

The table shows that, according to the factor of negative impact on the environ-
ment (anti-rating), mining enterprises are in the following order: uranium mines;
quarries for the extraction of ore and construction raw materials; coal mines; iron ore
mines and enrichment factories; mines for the extraction of non-metallic raw materi-
als.

As for the impact factors themselves, they can be combined into three groups:

- very significant (failures, subsidence and landslides of the earth's surface, dis-
ruption of water circulation and contamination of aquifers, loss of agricultural land,
presence of dumps and tailings ponds);

- significant (dust and toxic air pollution and seismic impact on industrial and
civil structures);

- moderate (radiation contamination of territories, intensification of radon emis-
sions and other hazardous gases).

From the point of view of the physics of phenomena that lead to negative mani-
festations of mining production in the environment, geomechanical processes play the
main role. This is the formation of cracks and destruction of rock massifs, which pro-
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voke the occurrence of sinkholes, subsidence and landslides of the earth's surface, as
well as disruption of water circulation and other related negative effects.

Table 6 — Classification and assessment of negative impacts of mining enterprises
on the environment

Negativity indicator -
o
1 1 QI) 2 w EH
92 Q SLS Q 29
2 £, | S | 885 | % 29
R ) 5o 5e Prs] = 13 oo
Impact factor & £ 255 | 28 | 45 § & 28
E = | B8 | & | BB | & =E
= < oS °1) <=0 o=
= ° S 2 o= s S = ‘o
s @) wo g S 009 S Q,
=) gg = e =S = &=
s2 | 5 | 22| & | 2
&8
Sinkholes, subsidence and landslides 3 4 - 3 2 - 18
Disruption of water circulation and
DUOR | ; 3 3 2 3 4 3 18
contamination of aquifers
Presence of dumps and tailings ponds 3 4
Dust and toxic air pollution 3 2
Loss of agricultural land 2 2
Radiation contamination of territories 4
Seismic impact on industrial and civil 3
structures
Intensification of hazardous gas emis- )
sions
Sum of negatives 23

In order to prevent negative manifestations of geomechanical processes or to sig-
nificantly reduce them, we recommend introducing modern and more effective means
and technologies for supporting mine workings in uranium mining mines. In particu-
lar, to reduce and slow down the processes of crack formation, subsidence of rock
massifs and sinkholes on the earth's surface and disruption of aquifers, as well as to
solve the problems of tailings impoundments, it is necessary to:

- reduce the delay between the process of erecting the support and the excavation;

- replace the rod reinforced concrete rock bolt with steel-polymer one;

- introduce plugging technologies in areas with expected increased water inflow;

- support areas of tectonic faults with metal frame support;

- introduce the technology of mandatory backfilling of chambers, using rock from
dumps and tailings storage facilities as backfill material (traditionally, cement, blast
furnace slag and sand were used for this, which were brought into the mine from
newly formed quarries, where cavities were newly formed);

- oblige the enterprises that are engaged in the extraction of raw materials and
know that other construction or rare earth components will be found there, to include
their mandatory processing in the work program.
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3.3. Classification and rating of factors influencing the stability of uranium mine
workings

Traditionally, when mining uranium ores, the following development systems are
used depending on the methods of rock pressure control: with natural support of open
face, with caving of ore and surrounding rocks, and with artificial support of the open
face. The technology of supporting mine workings in uranium mining mines in
Ukraine has been regulated by three documents for many years. These are the “In-
structions for determining rock stability when driving mine workings in conditions of
uranium deposits of the “SkhidHZK”, “Recommendations on selecting support for
junctions of mine workings backfilled during winning operations ” and the standard
STP 39-73 “Technology for horizontal mine working construction in the main and
intermediate horizons”. According to these documents, even sections of mine work-
ings driven through the hard rocks are subject to selective reinforcement with con-
crete rock bolts and continuous shotcreting. The options for reinforcing workings of
the operating mines of the State Enterprise "SkhidHZK" are presented in Fig. 2.

a —unsecured section; b — workings with shotcrete; ¢, d — continuous combined support

Figure 2 — Options for supporting workings in operating mines of the State Enterprise “SkhidHZK

Each of the mining systems has drawbacks that can be eliminated or significantly
reduced by using the results of modern researches in the field of geomechanics [29—
32]. We are talking about the phenomenon of zonal disintegration of the rock mass
and the associated effect of its self-organization. One of the manifestations of such a
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synergetic effect is formation of an arch around the mine working, which provides
additional stability for the working due to a decrease of stress concentration in indi-
vidual sections of the contour. These processes contribute to the growth of long-term
stability of workings and reduction of costs for their support.

Synergetic effects in the rock massif create zones of natural equilibrium around
the workings. This a priori necessitates constructing the mine workings with a cross-
section shape close to natural one formed under the action of rock pressure forces.
Depending on the mining and geological conditions, such a shape can be a circle, a
horseshoe, an ellipse or a semi-ellipse, an arch or a semi-arch. The shape coefficient
is determined by the ratio of the vertical and horizontal components of the massif
stresses on the mine workings contour. Calculations and experience of implementing
such an innovative technology for mine workings support showed that its use reduces
costs by 40—60 %.

A number of works indicate the possibility of abandoning the support of mine
workings constructed in stable and very stable rocks. And in case of their long-term
operation, it i1s proposed to use just isolating, enclosing or combined support. How-
ever, the experience of mining uranium and other ore deposits indicates that even
workings driven in rocks with a stability coefficient greater than one require selective
or continuous support. This is due, first of all, to the "Safety Rules ...", the main pur-
pose of which is to secure lives and health of workers and prevent accidents.

When selecting the type and parameters of the support, it is important to meet a
number of conditions. First of all, assess the stability of the mine working by deter-
mining the pressure on the support and the nature of the formation of the stress-strain
state of the rock massif around the working. The pressure on the support can be deter-
mined either by the method of structural mechanics through a given load, or through
a given deformation, which is the result of the interaction of the support with the wall
rocks. Secondly, it is necessary to calculate the stability coefficient of the mine work-
ing, for example, by determining it through the ratio of rock strength and shear stress
acting in the roof and sisdes of the working. Thirdly, to take into account the long-
term stability coefficient depending on the service life of the working. It is also nec-
essary to consider whether the working is subject to technological collapse in the fu-
ture. In this case, for example, it is necessary to replace concrete rock bolts with
metal-plastic ones and pre-apply a layer of shotcrete to the contour to level it
(Fig. 2 a, b).

The results of the research showed that depending on the class of rock stability in
mine workings, the following types of support should be used: Class I — no support,
shotcrete, rock bolt; Class II — shotcrete, rock bolt with mesh; Class III — rock bolt
with shotcrete, metal; Class IV — metal, rock bolt with reinforced shotcrete; Class V —
arch support, flexible, extended rock bolt and reinforced shotcrete.

The stability of chambers and long workings of uranium mining mines 1S most
influenced by three factors: the geomechanics of the system "rock massif — working —
support or protective structure", the geology of the deposit and mining technology.

Geomechanical factors include the physical and mechanical properties of rocks
and ores, as well as the stress-strain state of the massif. In particular, initial and addi-
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tional stresses arising under the action of gravity and during mining operations. They
disrupt the continuity of the environment, which leads to a redistribution of stress
components by their magnitude and location of concentration.

The main geological factors of influence are the depth of development of the de-
posit, the structural features of the rock massif, the angle of incidence and thickness
of the ore body, the hydrogeological and tectonophysical characteristics of the de-
posit.

Mining and technical factors (and their derivatives) include the mineral develop-
ment system, the technology of driving workings and forming chambers, the geomet-
ric parameters of extended workings and chambers, the service life, the technology of
fastening mine workings, the dynamics of the progress of winning operations and the
sequence of working chambers, and the physical and mechanical properties of the
backfill material.

The human factor is of significant importance, determining the quality of mining
operations and their justified sequence. It is also necessary to point out the mutual
influence of both groups of factors and their components. Fig. 3 shows a block dia-
gram of the interrelations of factors influencing the stability of uranium mining
mines.

FACTORS INFLUENCING THE STABILITY OF URANIUM MINING WORKINGS
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Figure 3 — Block diagram of the relationships between factors influencing the stability
of uranium mining mines

According to the block diagram, geological, geomechanical and mining-technical
factors that form the basis of influence on the stability of workings are also intercon-
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nected. Primary geological factors determine or influence geomechanics and mining
production both directly and indirectly. At the same time, they themselves are almost
not subject to reverse influence, except for fracturing, which changes depending on
deformation processes in the massif caused by technical and technological measures
for driving and mining the mineral, as well as on working support. But in this case,
we should talk about technogenic fracturing, not structural. The main characteristic
that determines the stability of workings is the stress-strain state and deformations of
the massif depend on almost all components of geological, geomechanical and min-
ing-technical factors.

Natural hydrogeology and the thickness of the ore body have almost no direct ef-
fect on the stress-strain state. However, indirectly, due to the geometric parameters of
the workings, they can have a partial effect on their stability. The final result of the
action of stresses is an increase in pressure on the support of the working and the
marginal part of the massif. This, if the critical value is exceeded, will lead to a loss
of stability and destruction of the working, negative consequences of an economic
and social nature.

Table 7 presents a proposed assessment of the influence of some elements of the
listed factors on the stability of mine workings during underground mining of ura-
nium ores.

Table 7 — Assessment of the main elements of impact on the stability of mine workings during un-
derground mining of uranium ores

i Impact indicator on the stability of workings
Element of the impact . — - . ;
factor Mine Chamber mining: Development mine workings (side):
shafts side | roof hanging | laying | roof
Geological factors
Depth of development 3 2 3 3 2 3
Fracturing of the massif 3 3 3 4 2 4
Presence of tectonics 4 2 3 4 3 4
Deposit dip angle T 2 2 3 2 2
Geomechanical factors
Rock strength 2 3 3 4 2 4
Rock elasticity 2 2 3 3 2 3

Stressed state 3 4 4

Mixed geological and geomechanical factors

Watering 4 2 2 2 3 2
Initial pressure 2 2 2 3 2 4
Mining and technical factors

Penetration technology 2 2 3 2 3

Fastening technology 3 2 3 4 3 4

Service life 3 4 2 4
Subjective factors

Labor discipline 2 3 2 3

Psycho-emotional state 2 2 2
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The assessment is made by a five-point scale. 1 means virtually no impact, 2 —
insignificant impact, 3 — average impact, 4 — significant impact, 5 — very significant
(close to emergency) impact. The assessment is made for the existing conditions of
uranium mining in Ukraine at the Ingulskaya, Smolinskaya and Novokostyan-
tynovskaya mines of the “SkhidHZK” State Enterprise.

If we proceed from the position on the normal state and permissibility of opera-
tion up to level 3 (average impact) without special requirements regarding monitoring
the technical state of workings, then we can draw several of the following conclu-
sions.

In vertical shafts, along with the technical inspection regulated by safety rules,
special attention should be focused on areas of water inflows and zones of tectonic
disturbances (if any). For this purpose, in addition to visual assessment, non-destruc-
tive instrumental testing methods should be used. Namely:

- vibroacoustic methods of monitoring crack formation and disintegration of con-
crete, as well as the presence of cavities in the rock massif;

- ultrasonic method of testing (US) the strength of concrete;

- method of pulsed electromagnetic radiation of rocks (PERR) in the variant of
longitudinal profiling of the shaft.

Regarding the chambers, special attention should be paid to the justification of
their sizes with clarification and consideration in the calculations of the physical and
mechanical characteristics of rocks. It is advisable to control the characteristics by
sampling and laboratory testing at the stage of preparing the block for its develop-
ment. Alternatively, express technology can be used to determine the strength of ore
and rock directly in the mine using the impact pulse method.

With regard to the stability of development workings, especially those with a long
service life, a number of additional requirements must be met to ensure their normal
operation. Namely:

- at the stage of geological survey work: to obtain, and at the design stage, to take
into account data on the presence of tectonic faults and fracturing of the rock massif;

- at the design stage: to pay special attention to data on the physical and mechani-
cal properties of rocks and modeling the stress-strain state depending on the parame-
ters of the workings, type of support, depth of development, planned service life, etc.;

- at the driving stage: to adhere strictly to the support setting technology and
charts of supports in the workings;

- during the operation: to monitor regularly the state of the workings and support,
and also to perform vibroacoustic control in order to identify hidden breaks and disin-
tegrations with their further elimination.

The rating (on a five-point scale) of the impact of natural, man-made and human
factors on the mine working stability in uranium mines (in decreasing order of the
total impact indicator) is given in Table 8.

For clarity, the impact rating values are highlighted in color. Namely: green indi-
cates insignificant impact; yellow indicates moderate impact; brown indicates signifi-
cant impact requiring special measures.
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Table 8 — Rating of the influence of natural, man-made and human factors on the mine working
stability in uranium mines

Factor or its element Average value of the impact assessment indicator
Mine shafts | Chambers | Development workings | In general
Rating of impact factors

Geomechanical 2.33 2.50 3.44 3.17
Geological 2.75 2.50 3.00 2.79
Mining and technical 2.33 1.83 3.22 2.61
Covlogiol andl gewms= | 4 0 1.83 2.67 2.50
chanical

Human 1.50 1.50 2.17 1.83

Rating of elements of impact factors

Stresses and strains 3.00 4.00 4.33 4.00
Tectonics of the massif 4.00 2.50 3.67 3.33
Fracturing 3.00 3.00 3.33 3.17
Fastening technology 3.00 2.50 3.67 3.17
Rock strength 2.00 3.00 3.33 3.00
Depth of development 3.00 2.50 2.67 2.67
Initial pressure 2.00 2.00 3.00 2.50
Watering 4.00 2.00 2.33 2.50
Rock elasticity 2.00 2.50 2.67 2.50
Operating life 3.00 1.00 3.33 2.50
Drilling technology 1.00 2.00 2.67 2.17
Labor discipline 2.00 1.50 2.67 2.17
Rock dip angle 1.00 2.00 2.33 2.00

4. Conclusions

A methodology was developed for assessing the impact of negative factors on the
current state of elements of uranium ore mining complex based on accounting varia-
tions in several statistical characteristics of basic factors.

It was established that the values of the stability coefficient and the recorded dis-
placements of the contour of mine workings in uranium mines correspond to the work
of the support in the range from the 1st to the 3rd class. That is, the support works
with an insignificant load, or its joint work with the rock massif is observed resulting
in formation of an arch and other manifestations of synergetic effects. At the same
time, the introduction of the support technologies based on the self-organization ef-
fects in the massif makes it possible to reduce costs for the mine working support by
almost 50 %.

A classification was developed, and a rating was determined for natural, man-
made and human factors influencing the stability of uranium mine workings. It is
shown that the natural and man-made geomechanical factor and its element “stress
and strain — have” a predominant effect on the mine working stability. At the same
time, geology of the deposit, except for areas of tectonic disturbances, has almost no
direct effect on the stress-strain state, but may indirectly, due to the geometric param-
eters of the workings, have a partial effect on their stability.

Based on the purpose of mine workings, it is shown that in vertical shafts, special
attention should be focused on areas of water inflows and zones of tectonic distur-
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bances (if any). To this end, non-destructive instrumental testing methods should be
used. In chambers, special attention should be paid to the justification of their sizes
with clarification and consideration of the rock physical and mechanical properties. It
1s advisable to do this by sampling and laboratory testing at the stage of preparing a
block for its development. In development workings, especially with a long service
life, at the stage of prospecting and design works, it is necessary to take into account
the presence of tectonic disturbances, fracturing of the massif, physical and mechani-
cal properties of rocks and the stress-strain state depending on the parameters of the
workings, type of support, depth and service life. At the driving stage, it is necessary
to adhere strictly to the technology and charts of supports, and during operation — to
monitor regularly the state of the workings and support, and also to control the massif
to identify hidden breaks and disintigration.
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KNACU®IKAL|IA TA PEATUHIOBA OLIIHKA OCHOBHUX ®AKTOPIB BMNMUBY HA CTIUKICTb
BMPOBOK YPAHOOOBYBHUX LLIAXT
Ckinoyka C.I., Kpykoecbekuti O.1., CepzaieHko B.M.

AHortauis. lNpegmeTt JocnigxeHb — reoMexaHiyHi i iHWi npouecy B NOPOLHOMY MacwBi npu BUAOOYTKY ypaHy Ta
CTilKiCTb ripHnumx BuUpo6ok. MeTa poboTu — knacudikadis i peiTUHroBa OLiHka OCHOBHMX (PaKTOPIB BNIMBY Ha CTIMKICTb
BMPODOK ypaHOZOOYBHMX LUAXT Ta BM3HAYEHHS HAMPAMKIB 3anobiraHHs iX HEraTMBHOTO BMAWMBY HA HABKOMWLLHE
cepeposuLle. MeTogm JOCTIMKEHb - aHani3 i y3aranbHeHHs pe3ynbTaTiB BNacHUX OOCMigXeHb, a Takox LaHuX, Lo
OTpUMaHi paxiBLAMM iHWMX HAYKOBWX YCTAHOB FipHWYOro npodinio. BukoHaHo knacudikauiio Bnnmeis BMpoBHWLTBA 3
BMaoOYTKY Ta nepepobku ypaHOBWX pyd Ha NpupoaHe cepenosuiie. MMokasaHo, WO B HEraTMBHUX NPOsiBaX FipHUYOrO
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BUPOOHMLTBA Y HABKOMWLHBOMY CEpPefOoBULLi OCHOBHY POfb BiZirpaloTb reoMexaHiuHi mpouecu, ki MPoBOKYIOTb
npoBanu, NpoCiAaHHs i 3CyBK 3eMHOI MOBEPXHi, a TakoX nopyLlleHHs Bogoobiry. [ns ix 3anobiraHHs abo cyTTeBOro
3MEHLUEHHS PEKOMEHA0BAHO P Cy4acHUX ePEeKTMBHUX 3acoBiB | TEXHONONiN NIATPUMAHHS TipHUYKMX BUPOOOK. BusHave-
HO OCHOBHI (hakTOpW BNMBY Ha CTiMKICTb BUPOOOK Ta NobynoBaHO Briok-cxemy ix B3aeMo3B's3kiB. BukoHaHo Knacudika-
Lit0 Ta BWU3HAYEHO PEUTUHI TEOMOMYHMX, reOMEXaHiuHUX, TEXHOMOMYHNX i NIOACHKUX (PaKTOPIB BMMBY, @ TakoX iX
OCHOBHUMX E€NEMEHTIB, Ha CTiiKiCTb BUMpOOOK LWwaxT 3 BugobyTKy ypaHy. [lokasaHo, Lo Yy BepTuKamnbHUX CToBOypax
0cobnmBy yBary cnig KOHLEHTPYBaTK Ha LinsHKkax BOSOMNPUMIMBIB i 30H TEKTOHIYHMX MOPYLLEHb Ta 3amyyaTh 4Ns LbOoro
MeTOAM HepYMHIBHOrO anapaTypHOro KOHTporio. B kamepax ocobnuBy yBary crif npuainsatit 0BrpyHTyBaHHIO X po3mipis
3 BpaxyBaHHAM (i3VKO-MexaHiYHMX XapaKTEPUCTWK NOpid WWe Ha eTani MmiaroToBku GMoky 4O WOro BianpauioBaHHs. Y
nigrotoBuMx BMpoOKax, 0cobnmBo 3 TpuBanMM TepMiHOM ekcnnyaTauii, HeobXigHO: Ha CTapisx MOLYKOBMX POBIT i
NPOEKTYBaHHS BpaxyBaTW AaHi NPO TEKTOHIKY, TPILUMHYBATICTb i HANPyXeHO-0ehOPMOBAHWA CTaH MacuBy, a TaKoX
hisnko-MexaHiyHi BnacTUBOCTI nopid, napameTpu BMpOOOK i TepMiHM iX ekcnnyaTalii, TMN KpinneHHs Ta ruMbuHy
pogosuLa. Ha cragii npoxoaku — CTPOro JOTPUMYBATUCA TEXHOONIT | NACNOpPTIB KPinneHHs, a B NpoLeci ekcnnyaTavji —
PErynsipHO MOHITOPUTM CTaH BUPOOKM i KPINNEHHS Ta BUKOHYBATU KOHTPOMb MacuBy 3 METOK BUSIBIIEHHS MPUXOBaHWX
3aKoniB i po3ilapyBaHb. [ns 3MEHLLEHHS BUTPAT Ha NiATPUMaHHS BUPOBOK PEKOMEHAOBAHO BUKOPUCTAHHS TEXHONOTIN,
Lo nobyaoBaHi Ha CUHEPrETUYHUX edheKTax B MacHBi ripCbK1X nopia.

Knto4oBi cnoBa: ypaHoBi pogoBuLLa, WaxTi, BUPOOKK, CTINKICTb, (hakTopy BNAMBY, Knacudikauisi, penTuHr, Hera-
TUBHWIA BNAIWB, 3anobiraHHs, pekomeHaawi.



	1. Dudar, T.V., Lysychenko, G.V. and Buhera, M. (2018), Uranium resources of Ukraine: geology, mineralogy and some mining aspects, Lambert Publishing House, Riga, Latvia.
	2. Dudar, T., Titarenko, O., Nekos, A., Vysotska, O. and Porvan, A. (2021), "Some aspects of environmental hazard due to uranium mining in Ukraine", Journal of Geology, Geography and Geoecology, no. 30(1), pp. 34–42. doi:10.15421/112104.
	3. Singh Kalendra, B. and Dhar Bharat, B. (1997), "Sinkhole subsidence due to mining", Geotechnical and Geological Engineering, no. 15(4), pp. 327–341. doi:10.1007/BF00880712.
	4. Sonter, L., Dade, M., Watson, J. and Valenta, R. (2020), "Renewable energy production will exacerbate mining threats to biodiversity", Nature Communications, no. 11(1), 4174. doi:10.1038/s41467-020-17928-5.
	5. Baby, J., Raj, J., Biby, E., Sankarganesh, P., Jeevitha, M., Ajisha, S. and Rajan, S. (2011), "Toxic effect of heavy metals on aquatic environment", International Journal of Biological and Chemical Sciences, no. 4(4). Pp. 940-952. doi:10.4314/ijbcs.v4i4.62976.
	6. Voitsekhovitch, O., Soroka, Y. and Lavrova, T. (2006), "Uranium mining and ore processing in Ukraine – radioecological effects on the Dnipro River water ecosystem and human health", Radioactivity in the Environment, vol. 8, pp. 206–214.
	7. Stupnik, M.I., Kalinichenko, V.O., Fedko, M.B. and Kalinichenko, O.V. (2018), "Investigation into crown stability at underground leaching of uranium ores", Naukovyi Visnyk Natsionalnoho Hirnychoho Universytetu, no. 6, pp. 20–25. doi:10.29202/nvngu/2018-6/5.
	8. Stupnik, M.I., Kalinichenko, V.O., Fedko, M.B. and Kalinichenko, O.V. (2018), "Technology of underground block leaching at underground mines of VostGOK", Resources and resource-saving technologies in mineral mining and processing: multi-authored monograph, UNIVERSITAS Publishing, Petroșani, Romania, pp. 4–15.
	9. Lyashenko, V., Khomenko, O., Golik, V., Topolnij, F. and Helevera, O. (2020), "Substantiation of environmental and resource-saving technologies for void filling under underground ore mining", Technology Audit and Production Reserves, vol. 2, no. 3 (52), pp. 9–16. doi:10.15587/2312-8372.2020.200022.
	10. Stupnik, M., Kalinichenko, V., Fedko, M., Pysmennyi, S., Kalinichenko, O. and Pochtarev, A. (2022), "Methodology enhancement for determining parameters of room systems when mining uranium ore in the SE SkhidHZK underground mines, Ukraine", Mining of Mineral Deposits, no. 16 (2), pp. 33–41. doi:10.33271/mining16.02.
	11. Stupnik, N.I., Kalinichenko, V.A. and Kalinichenko, V.V. (2018), "The study of the stress-strain state of massif in mining uranium at SkhidHZK deposits”, Innovative development of resource-saving technologies for mining: multi-authored monograph, Publishing House “St. Ivan Rilski”, Sofia, Bulgaria, pp. 45–55.
	12. Committee on uranium mining in Virginia (2012), Uranium mining in Virginia: scientific, technical, environmental, human health and safety, and regulatory aspects of uranium mining and processing in Virginia, National Academies Press, Washington, USA.
	13. Vance, R., Hinton, N., Huffman, D., Harris, F., Arnold, N., Ruokonen, E., Jakubick, A., Tyulyubayev, Z., Till, W., Woods, P., Hall, S., Da Silva, F. and Vostarek, P. (2014), Managing environmental and health impacts of uranium mining, Issy-les-Moulineaux, Saint-Germain, France.
	14. Makgae, M. and Matshusa, K. (2017), "Prevention of future legacy sites in uranium mining and processing: the South African perspective", Ore Geology Reviews, vol. 86, pp. 70–78. doi: 10.1016/j.oregeorev.2017.01.024.
	15. Ramadan, R.S., Dawood, Y.H., Yehia, M.M. and Gad, A. (2022), "Environmental and health impact of current uranium mining activities in southwestern Sinai, Egypt", Environmental Earth Sciences, vol.81, 213. doi:10.1007/s12665-022-10341-9.
	16. Paul, M., Meyer, J., Jenk, U., Baacke, D., Schramm, A. and Metschies, T. (2013), "Mine Flooding and Water Management at Underground Uranium Mines two Decades after Decommissioning", IMVA Conference “Reliable Mine Water Technology”, Golden CO, USA, August 2013, vol 1, pp. 1081–1088.
	19. Ataei, M., Shahsavany, H. and Mikaeil, R. (2013), "Monte Carlo Analytic Hierarchy Process (MAHP) Approach to Selection of Optimum Mining Method", Int. J. Min. Sci. Technol., vol. 23, is. 4, pp. 573–578. doi:10.1016/j.ijmst.2013.07.017.
	20. Wang, C., Yang, S., Jiang, C-Y., Wu, G-Y. and Liu, Q-Z. (2019), "Monte Carlo analytic hierarchy process for selection of the longwall mining method in thin coal seams", The Southern African Insitute of Mining and Metallurgy, vol. 119, pp. 1005–1019. doi:10.17159/2411-9717/17/375/2020.
	21. Khomenko, O.E. and Lyashenko, V.I. (2020), “New technologies and technical means of fixing mine workings using geo-energy”, Marksheiderskii vestnik, vol. 137(4), pp. 54–61.
	22. Flanagan, D. (2011), JavaScript: the definitive guide, sixth edition, O’Reilly Media, Inc., Sebastopol, USA.
	23. Box, G.E.P. (1958), "A note on the generation of random normal deviates", The Annals of Mathematical Statistics, vol. 29, no. 2, pp. 610–611.
	24. Bakarjiev, A. C., Makhivchuk, O. F. and Popov, N. I. (1997), "The industrial types of uranium deposits of Ukraine and their resources", Technical committee meeting on changes and events in uranium deposit development, exploration, resources, production and the world supply-demand relationship, IAEA, Vienna, Austria, pp. 35–42.
	25. Tyutyunnyk, Yu., Pisarevska, N. and Yarkov, S. (2024), “Historical landscapes of the Ukrainian uranium industry”, Phys. Geog. Geom., vol. 47(1), pp. 40–52. doi:10.17721/phgg.2024.1-2.05.
	26. Duan X. and Sun Yo. (2014), "Analysis and preventive measures of accidents in uranium mines", 2013 academic annual meeting of China Nuclear Society, China Nuclear Physics Society, Harbin, China, pp.195–199.
	27. Richardson, D.B., Rage E. and Demers, P.A. (2021), "Mortality among uranium miners in North America and Europe: the pooled uranium miners analysis (PUMA)", Int. J. Epidemiol, vol. 50, pp. 633–643. doi:10.1093/ije/dyaa195.
	28. National Research Council (2012), Uranium mining in Virginia: scientific, technical, environmental, human health and safety, and regulatory aspects of uranium mining and processing in Virginia, The National Academies Press, Washington, USA.
	29. Skipochka, S., Palamarchuk, T., Prokhorets, L. and Seleznov, A. (2025), "Features of the rock mass stress-strain state at underground mining of uranium ores", IOP Conf. Ser.: Earth Environ, Sci., vol. 1491, 012003. doi:10.1088/1755-1315/1491/1/012003.
	30. Skipochka, S.I., Krukovskyi. O.P., Serhiienko, V.M. and Bulich, Yu.Yu. (2023), "Research of strength and features of defomation rocks of uranium deposits", Geo-Technical Mechanics, vol. 167, pр. 66–76. doi:10.15407/geotm2023.167.066.
	31. Skipochka, S.I., Palamarchuk, T.A., Prokhorets, L.V. and Serhiienko, V.M. (2023), "Development of a system for ranking geomechanical factors, which influence the stability of uranium mines workings", Geo-Technical Mechanics, vol. 165, pp. 5–16. doi:10.15407/geotm2023.165.005.
	32. Palamarchuk, T., Prokhorets, L. and Amelin, V. (2024), "Analysis of technological developments for the maintenance of ore and uranium mines of Ukraine", Geo-Technical Mechanics, vol. 168, pp. 35–48. doi:10.15407/geotm2024.168.035.
	About the authors

