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Abstract. Based on a detailed analysis of the current state of the accumulated solid waste of mining and metallurgical en-
terprises, new approaches to the classification of industrial waste are proposed. Outdated methods based on the industry princi-
ple do not allow to fully assess the danger of waste and effectively plan its disposal. The new solutions presented in the work
for the creation of a technological and economic cadastre with the development of state standards for classified groups of waste
will optimize the processes of their processing and disposal, ensure the environmental safety of production and environmental
management. The introduction of the technological and economic cadastre of industrial waste involves the formation of a uni-
fied database containing information on the composition, properties, volumes of generation and possible methods of processing
the accumulated solid waste. This will allow enterprises and processing organizations, as well as interested investors, to gain
access to up-to-date information necessary to make informed decisions in the field of waste management. In addition, the de-
veloped inventory will become a key tool for monitoring and controlling the generation and movement of waste, which will
increase the transparency and efficiency of the waste management system. In general, the introduction of a modern industrial
waste classification system is a prerequisite for the transition to sustainable development and conservation of natural resources,
including reducing the negative impact of waste on the environment, and creating new opportunities for economic growth.
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1. Introduction

Kazakhstan, with its large reserves of polymetallic ores,
is a site for numerous processing enterprises specializing in
lead and zinc. Although the key goal of beneficiation is to
increase the concentration of valuable elements, this process
is inevitably accompanied by the generation of a significant
amount of waste. These wastes, however, retain residual
concentrations of important metals, including non-ferrous
metals and gold. Decades of active mining of precious metals
have led to the accumulation of huge volumes of mining
waste, forming dumps and tailings dumps. Man-made depos-
its have emerged, characterized by industrial reserves and a
content of useful components comparable to low-grade ores,
which are now actively involved in processing. Often, in
mining waste, useful components, in particular, precious and
non-ferrous metals, are presented mainly in a finely dis-
persed state and hard-to-extract forms [1-6]. Efficient recov-
ery of hard-to-recover gold bound to sulphides, coated with
films and finely interspersed in acid-soluble minerals is an
important technological aspect that facilitates more complete
metal recovery and waste recycling using modern methods.

© 2026. A. Argyn, Ye. Zholdasbay, Ye. Battalov, N. Dosmukhamedov, V. Kaplan
aidarargyn@gmail.com; zhte@mail.ru; valery.kaplan@weizmann.ac.il

In the current situation, the processing of man-made de-
posits, namely waste from processing plants, is a promising
area that combines economic feasibility and environmental
responsibility. Recycling not only recovers valuable metals,
reducing dependence on primary mining, but also significant-
ly reduces the amount of waste that has a negative impact on
the environment.

The development of effective technologies for the extrac-
tion of valuable components from mining waste is an urgent
scientific and technical task. Traditional ore processing
methods are often inefficient enough to recover fine gold and
other valuable metals from waste. In this regard, new meth-
ods such as bioleaching, sorption technologies, extraction
and electrochemical methods are being actively researched
and implemented.

An important aspect of waste recycling is an integrated
approach that takes into account the mineralogical composi-
tion of waste, the content of valuable components and envi-
ronmental limitations. The development of optimal techno-
logical schemes of processing requires detailed studies, in-
cluding the analysis of the mineral composition, the determi-
nation of the optimal parameters of the leaching, ion ex-
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change and extraction processes, as well as the assessment of
the environmental safety of the technologies used.

Wastes from processing plants are characterized by a
complex mineralogical composition, fine inclusions of valu-
able components and the presence of harmful impurities.
This complicates the application of traditional metal recovery
methods such as flotation and cyanidation. In modern condi-
tions, the processing of minerals using traditional deep bene-
ficiation technologies is becoming economically inexpedient,
since their capabilities are limited and inefficient for ores
with a submicrogranular structure, the mineral aggregates of
which are difficult to selectively open into individual phases
with a useful component [2, 3, 6, 7].

The reduction of reserves and the decrease in the quality
of ores stimulates the use of more complex grinding and
beneficiation schemes, equipment and reagents, which leads
to an increase in the cost of processing, ahead of market
prices for final products, a decrease in the competitiveness
and investment attractiveness of the mineral resource com-
plex of Kazakhstan. A radical solution to the problem is to
change the ore processing scheme [8].

For the economy of Kazakhstan, the transition of the min-
ing and metallurgical complex of the republic to a circular
economy within the framework of the «zero waste» concept
using resource-saving and energy-efficient technologies is of
paramount importance [9]. The development and design of
new technologies aimed at the integrated processing of mul-
ticomponent raw materials - accumulated waste from lead-
zinc processing plants, seems to be very relevant.

The economic and environmental importance of involving
tailings from processing plants will not only make it possible
to obtain additional profits, but also significantly reduce the
volume of stored waste, prevent pollution of soil and water
resources, and, ultimately, improve the environmental situa-
tion in the regions where the enterprises are located.

In this regard, the development of innovative and environ-
mentally friendly technologies for the extraction of valuable
components from man-made deposits is a key factor for the
sustainable development of the mining and metallurgical indus-
try of Kazakhstan. Such technologies must ensure a high degree
of metal recovery, minimize waste generation and resource
consumption, and meet stringent environmental standards.

One of the promising areas is the use of bioleaching
methods based on the use of microorganisms to dissolve
sulfide minerals and release the valuable components con-
tained in them [10]. Bioleaching offers a number of ad-
vantages, including low energy consumption, the ability to
process low-grade ores and waste, and environmental friend-
liness. However, for the successful application of bioleach-
ing, it is necessary to take into account the mineralogical
composition of the waste, select the optimal strains of micro-
organisms and control the process parameters.

Another promising area is the application of methods for
selective metal extraction using organic reagents, such as
extractants and chelating agents. These methods allow to
extract valuable components from solutions with high selec-
tivity, minimizing loss and contamination. However, the
selection of the optimal reagent and extraction conditions
requires a thorough study of the chemical properties of met-
als and minerals, as well as laboratory and pilot tests.

This paper provides a substantiation of an integrated, in-
novative and environmentally friendly approach to the pro-
cessing of waste from lead-zinc processing plants in Kazakh-

stan, aimed at increasing the efficiency of using the resource
potential of man-made raw materials and reducing the envi-
ronmental consequences.

The introduction of innovative technologies for pro-
cessing waste from lead-zinc processing plants will allow
Kazakhstan not only to strengthen its resource base and in-
crease the competitiveness of the mining and metallurgical
industry, but also to make a significant contribution to envi-
ronmental protection and sustainable development of the
regions. This requires active cooperation between scientific
organizations, enterprises and government agencies, as well
as attracting investment in the development and implementa-
tion of new technologies.

2. Analytical basis for assessing accumulated solid waste

Kazakhstan's geopolitical and economic interests in the
long term will depend on the state of the country's mineral
resource base. At the same time, taking into account the fact
that primary sulphide ores are not unlimited, it has great
interest to involve in the processing of accumulated solid
intermediate products, sludges, slags and tailings of pro-
cessing plants in order to comprehensively extract valuable
metals from them.

According to of the Ministry of Industry and New Tech-
nologies of the Republic of Kazakhstan in dumps, tailings
dumps and storage tanks of mining enterprises of Kazakh-
stan, about 34.2 billion tonnes man-made mineral formations
(TMO): 72% are dump rocks, 20% are dump tailings of ore
beneficiation, 8% are other TMOs. As of 2017, there are 775
objects of man-made mineral formations registered by the
State Cadastre, of which 109 are free from subsoil use, 666
are located at operating enterprises and mines.

The annual growth in the volume of TMO accumulated
due to the increase in mining and processing of minerals in
Kazakhstan is 350-400 million tonnes. At the same time, the
total annual level of TMO consumption is about 11% of the
total output. In the developed industrial countries of the
world, the level of industrial waste use reaches 70-80%.

Recently, the terms «technical mineral formations» or
«technogenic raw materials» are increasingly found in vari-
ous fields, including the mining and metallurgical industry
and other sectors of the economy. It is important to empha-
size the lack of a generally accepted and clear scientific defi-
nition for these categories. According to the study [11],
«technogenic raw materials» are industrial wastes and
dumps, which indicate the imperfection and low efficiency of
the technologies, processes and equipment used.

The widespread use of this term, to a certain extent, hin-
ders the disposal of waste from the mining and metallurgical
complex, the integrated use of non-renewable natural mineral
resources and the full involvement of secondary raw materials
in the production cycle. Thus, the use of the concept of «tech-
nogenic raw materials» does not seem to be entirely justified.

During ore beneficiation, 75-85% of the base metals ac-
counted for in the supplied ores are extracted into concen-
trates, the remaining part is stored in dumps. During metallur-
gical processing, the extraction of basic metals into rough
products is 80-95%, the remaining part also goes to dumps.
The ores of most non-ferrous metal deposits are complex.
Their industrial value is determined by the presence of the
content of the main components in them. In addition to the
main components, ores contain precious metals (gold, silver,
platinum).
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The ores contain dispersed and rare metals (bismuth, sele-
nium, tellurium, rhenium, cadmium, titanium, vanadium, etc.).
The specificity and peculiarity of the beneficiation of such ores
is characterized by the fact that the bulk of valuable metals is
lost with dumps, substandard ores and tailings.

As the analysis shows, insufficient attention is paid to the
problems of assessing the impact of industrial waste, includ-
ing toxic, on human life arising from the disposal of industri-
al waste. At present, due to the lack of a proper system of
accounting and control of industrial waste, specialized places
for their storage and processing, it is not possible to deter-
mine the total volume of waste generation, both by type and
by roll. The data available in official sources give a certain
general picture of the current situation with industrial waste
in the post-Soviet countries and reinforce the need to solve
the problem of their disposal.

For example, in Russia, the volume of unprocessed and
non-neutralized waste has increased by 16% over the past ten
years. 4.5 billion tons of production and consumption waste
are stored annually on the surface of the earth. The total
amount of accumulated waste is 50 billion tons, and more
than 250 thousand hectares of land are occupied for storage.
In 2019 alone, about 130 million tons of toxic waste were
generated at industrial enterprises, which is 9.2% more than
in 2000. The main volume of toxic waste falls on ferrous and
non-ferrous metallurgy enterprises.

According to the State Statistics Committee of Ukraine,
during 2010, Ukrainian enterprises accumulated about 80
million tons of toxic waste against 77.6 million tons in the
previous year. Moreover, of the total amount of accumulated
waste, 48.8 million tons (62%) are placed in places of orga-
nized storage, of which 19% are in storage facilities that are
operated in violation of environmental safety requirements,
or do not meet current standards. At the same time, the coun-
try's industrial enterprises continue to send waste to landfills.
As of January 1, 2004, 2745.1 million tons of toxic waste
had accumulated in the storage facilities and on the territory
of the country's enterprises. On average in the country 1 sq.
km at the beginning of 2004, 4.5 thousand tons of toxic in-
dustrial waste were stored in storage facilities and on the
territory of enterprises.

Comparative data for Kazakhstan is not encouraging ei-
ther. According to the official data of the Ministry of Indus-
trial Development of the republic, to date, more than 20
billion tons of solid waste have already been accumulated,
75% of which falls on the share of mining enterprises, 20%
on processing plants, and the remaining share on non-ferrous
metallurgy enterprises.

For Kazakhstan, as well as for Russia and Ukraine, toxic
waste, which is part of the structure of accumulated industrial
waste, is particular concern in terms of the degree of impact on
the environment and human life. On the territory of the repub-
lic, this category of waste is represented by a complex con-
glomerate of a mixture consisting of toxic, hazardous and
mixed waste. The annual increase in their volumes, mainly
stored in the open state, is the main reason for the observed
serious violation of the ecological balance in the biosphere. As
a result, the degree of impact of harmful substances on human
life contained in toxic waste has significantly increased.

According to the Ministry of Emergency Situations,
about 86 million tons of maintenance are generated annually
in the republic, 63% of which falls on the share of non-
ferrous metallurgy waste. The dynamics of the formation and
use of toxic waste on our territory is shown in Figure 1.

300000
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ml uf N HR =

2003 2004 2005 2006 2007

Toxic waste produced in the Republic of
Kazakhstan, thousand tons

W Usage Formation

Figurel. Formation and use of toxic production waste in the
period of 2003-2007

In most cases, technogenic raw wastes are located in
places unsuitable for storage and are concentrated mainly in
depressed regions of the republic. Thus, according to the
state statistical reporting for 2007, as a result of the activities
of industrial enterprises of the East Kazakhstan region
(EKR), about 1401150 thousand tons of industrial waste
were accumulated. The general structure of accumulated
waste is presented in Figure 2.

30 32485

1368612

Hazard classes
s wll =]l =1V

Figure 2. Structure of industrial waste accumulated in East
Kazakhstan region (2007)

The situation in the region is aggravated by the fact that
enterprises neutralize only an insignificant part of waste, and
the main part of it, consisting of waste from the mining and
processing complex and metallurgical production, is sent to
places of organized storage.

The annual generation of waste from the mining and pro-
cessing complex from overburden, tailings of processing
plants belonging to hazard classes 3-4, with the widest range
of ingredients, is about 20 million tons.

Metallurgical production waste is placed in dumps, waste
heaps, sludge reservoirs and occupies an area of 436 hec-
tares. Some of the dumps are stored in water protection
zones. Such waste disposal leads to environmental pollution
due to dust dispersion and erosion by rain and melt water, as
well as pollutes surface and groundwater.

With the waste accumulated in the region, formed in the
production chain "mining - processing - metallurgy"”, more
than a third of the non-ferrous and precious metals mined
with ores is lost, huge reserves of various construction raw
materials are frozen. Through losses of metals are: lead —
33%, zinc — 28%, copper — 21%, gold — 41%, silver — 35%.
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The total through losses, 15-20% of non-ferrous metals and
8-12% of precious metals are lost during mining, 43-48%
and 74-75%, respectively, during metallurgy, 35-42% of
non-ferrous metals and 14-17% of precious metals. The ex-
cess of losses of valuable components during beneficiation
by 2-3 times compared to losses in mining and metallurgical
processing led to the emergence of numerous technogenic
deposits. According to the Territorial Department of Envi-
ronmental Protection of East Kazakhstan region, it is current-
ly not possible to accurately determine the volume of indus-
trial wastes and, moreover, to manage them.

Waste management on a regional scale is carried out
through the Ministry of Ecology and Natural Resources and
their structural divisions, which limits the control, regulatory
and management capabilities of local territorial departments.
The Territorial Administrations are granted independence only
in terms of issuing permits for the storage (burial) of waste.

From the above, it follows that if the issues of waste pro-
cessing for enterprises are interest from a technological point
of view, then in general, for the region, the solution of the
issue is relevant, first of all, from the point of view of ensur-
ing the environmental safety of the region.

The sustainability of the accumulated process, and the
continuing growth in the volume of new waste received,
significantly exacerbated the negative consequences, which
began to seriously affect the life of people and the technolog-
ical side. Thus, the comparative data given in Figure 3 show
that the negative environmental consequences affecting hu-
man health in the republic are quite high.

120
100
80
60
40
20

0
Worldwide In raw material

countries

In Kazakhstan

Figure 3. Solid waste yields, t/person per year

The negative consequences of accumulated industrial
waste are associated with the fact that more than a third of
non-ferrous, rare, rare-earth, strategic and precious metals
mined with ores are lost with waste. The content of valua-
ble components in waste often exceeds their content in
developed deposits. If we take into account that the prob-
lem of increasing the use of production waste lies not only
in its negative impact on the environment, but also in its
potential value as a possible secondary raw material re-
source, then it is quite possible to assert that they are used
as a strategic raw material for additional extraction of a
complex of valuable metals. The data given in Figure 4
confirm the opinion expressed.

As the analysis shows, the main reason for the negative
impact on the environment, and human life, consists not so
much in the growth of production, as in the absence of inte-
grated processing of minerals, as well as the disposal of large
volumes of accumulated and current waste on the territories
of enterprises.

14 14

431 108

wCu =Pb »Zn = Ag mCu =Pb =»Zn = Ag
(@) (b)

Figure 4. Volumes of non-ferrous metals accumulated in solid
waste in Kazakhstan (million tons): (a) mineral processing; (b)
metallurgy

Existing methods of processing industrial substandard
waste, «tied» to the main technological schemes, have al-
ready become difficult and ineffective. The complexity of the
use of raw materials has decreased, there has been a decline
in the end-to-end extraction of even base metals. In addition,
the disruption of horizontal ties between enterprises, associ-
ated primarily with changes in forms of ownership, led to a
significant accumulation of solid waste and tailings directly
on the territories of mining and metallurgy industries, caus-
ing significant damage to the environment and human life.
This picture is especially characteristic of those regions
where lead enterprises are located.

The organization of solid waste processing would make
it possible to additionally extract not only base metals, but
also valuable associated metals, the cost of which is com-
mensurate, and sometimes even exceeds the cost of the
main products of the enterprise. After the extraction of
valuable metals, the demetallized silicate part can be used
for the production of building materials. In favor of solid
waste processing, we can also cite the absence of special
costs for extraction and transportation, which make up the
largest part in the cost structure.

As a result of the lack of effective technologies for pro-
cessing solid tailings and waste, there is an incomplete, not
comprehensive development of the mineral resources of the
republic, technologically returned valuable components - rare
and trace metals - are irretrievably lost. To solve the problems
of environmental protection and the use of natural resources,
the Government of the Republic invests considerable amounts
of financial resources every year. Moreover, as the dynamics
of investments shown in Figure 5 shows, their volumes in-
crease every year.

77776200

64471500
42087400
37162900 I
2003 2004 2005 2006 2007

26704700

Investments in environmental protection
and use of natural resources in the
Republic of Kazakhstan, thousand tenge

Figure 5. Growth of investments aimed at environmental pro-
tection and use of natural resources of the Republic of Kazakhstan
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However, in spite of the cardinal measures taken, in al-
most all regions of the republic there is an inappropriate, and
most importantly, irrational use of the allocated financial
investments. An increase in the efficiency of the use of allo-
cated funds can be achieved and, in the case, where and
when the indicated problem has a fundamental justification
for its solution, taking into account the specifics of the object
under study and the region as a whole. In some cases, the
absence of such approaches cannot provide a concrete solu-
tion to the problem on the part of responsible executors in
full. For example, in the Register of Environmental Problems
of the Republic of Kazakhstan, in the column «problem» (in
relation to the East Kazakhstan region), it is indicated: the
presence of ownerless waste from the mining industry. Fur-
ther, in the column «Ways to solve the problems, the general
solution is indicated - the disposal of ownerless waste from
the mining industry. The following column deserves special
attention — «Measures taken», which states literally the fol-
lowing: «The issues of reclamation of dumps and tailings of
the mining industry are not being resolved due to lack of
financial resources. At existing enterprises, the issues of
neutralization and reclamation of dumps are not included in
investment obligations». There are many such examples in
the Register. We think that there is no need to comment here.

In our opinion, a significant obstacle to the effective dis-
posal or treatment of solid waste is the use of outdated ap-
proaches to assessing its quality. Methods, regulations,
standards and technical conditions developed back in the
Soviet period do not correspond to modern realities.

It is important to note that many existing standards, speci-
fications, certificates and passports created for certain types
of industrial products and waste are currently either not ap-
plied or have lost their relevance. For example, all technical
specifications regulating substandard industrial products
(such as lead-copper mattes) and oxide-sulfide melts of lead
production are no longer in force, although the volume of
accumulated waste reaches tens of thousands of tons.

The lack of up-to-date regulations governing the handling
of these products makes it difficult to process them rational-
ly. These wastes continue to be disposed of in open areas,
occupying significant areas. The presence in them, along
with base metals, of a high content of toxic impurities, in-
creases their negative impact on the ecological situation,
environmental protection and public health. Similar exam-
ples can be found in various regions of the country.

The negative consequences of waste become especially
serious when it contains toxic substances, which, as previ-
ously demonstrated, is relevant for accumulated waste in the
East Kazakhstan region.

3. Results and discussion

3.1. Classification of accumulated industrial waste

Good classification of solid waste is essential for effec-
tive waste management, including planning for recycling and
the necessary investments. An analysis of scientific publica-
tions shows that existing approaches to the classification of
industrial waste are often based on their origin by industry.

Production waste is the remains of raw materials, materi-
als and semi-finished products that have lost their original
properties in the production process. However, the re-
involvement of this waste in recycling can give it new, valu-
able properties. It is necessary to study, analyze and classify

them, preparing them for processing in order to extract useful
components, and send the remaining slag materials to the
construction industry. Despite the existing classification
based on industries, each industry has its own system, which
makes comprehensive waste management difficult. New
approaches to classification are needed, taking into account
common characteristics, which will make it possible to group
industrial waste into separate categories.

Optimization of environmental safety of production in
non-ferrous metallurgy is achievable with an integrated ap-
proach to each object under study - semi-product, industrial
waste or slag. Separate processing of industrial products and
waste from processing plants and metallurgical enterprises
will have a positive effect on the environment. The involve-
ment of secondary raw materials from dumps will clean the
territories of enterprises, prevent pollution of water basins
and reduce dust emissions into the atmosphere.

First stage research should include the implementation of
measures to Classification of each type of industrial waste,
with the establishment of their quantitative and qualitative
completeness, with further identification of various wastes
according to common features and grouping into common
groups of interest for the extraction of a particular valuable
component from them. This is the basic and necessary condi-
tion. It should be noted that in this case the concepts of «in-
ventory» and «classification» should not be identified.

As the analysis [12, 13] shows, the old classifications of
wastes by industry and morphological composition that have
been developed and are still in force can no longer be a crite-
rion for judging their hazard and choosing a method of dis-
posal. This is due to the fact that each type of waste generat-
ed contains a set of chemicals characterized by their different
toxicity, which can have a different polluting effect on the
soil, groundwater, water of open water bodies and cause a
negative impact on human health along ecological chains.

The implementation of the first stage of work will allow
to most accurately determine the hazard class of a particular
waste, and optimize the choice of the method of disposal,
neutralization and disposal of waste. Identification of waste
by properties and its classification will create an opportunity
for further development of a state standard for each specific
group of waste.

3.2. Development of a technological and economic cadastre

The purpose of the research should be to create a techno-
logical and economic cadastre of solid waste from mining
and metallurgical enterprises. This will make it possible to
streamline the received and accumulated materials and waste,
determine their hazard class and impact on the environment,
assess the economic feasibility of recycling and develop
effective technologies.

Outdated methods based on the industry principle do not
allow to fully assess the danger of waste and effectively plan
its disposal. The proposed integrated approach, including the
creation of a technological and economic cadastre and the
development of state standards for classified groups of waste,
will not only optimize the processes of processing and dis-
posal, but also ensure the environmental safety of production
and environmental management.

The introduction of a technological and economic cadas-
tre of industrial waste involves the creation of a single data-
base containing information on the composition, properties,
volumes of generation and possible methods of processing
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each type of waste. This will allow enterprises and pro-
cessing organizations to gain access to up-to-date infor-
mation necessary to make informed decisions in the field of
waste management. In addition, the cadastre will become a
tool for monitoring and controlling the generation and
movement of waste, which will increase the transparency and
efficiency of the waste management system as a whole.

3.3. Standardization of waste groups and processing
priorities

Second stage — development of state standards for newly
classified wastes in a single group. Such a solution will make
it possible to carry out certification, certification of waste and
products of its processing, as well as to provide information
about waste as hazardous substances or secondary material
resources. At the same time, it will be possible to perform
any actions related to the storage, placement, processing and
transportation of waste, including marketing, storage, dispos-
al, burial or destruction.

The implementation of the complex of these works
should be carried out under the strict control of state bodies
of republican, regional and local significance with the in-
volvement of a wide range of scientific specialists in a par-
ticular field. These works should be aimed at solving key
areas, such as:

— classification of accumulated and current waste in the
territory of the republic with the identification of the volumes
of valuable components contained in them;

— substantiation and development of proposals for addi-
tional production of metals from classified waste by replac-
ing primary sources of raw materials;

— providing up-to-date complete information on waste for
potential investors wishing to purchase a particular group of
waste or take part in their processing;

— preparation and adoption of competent decisions by ex-
perts authorized by local authorities when considering issues
of storage, transportation, processing or disposal of waste;

— selection of the most effective technologies for the pro-
cessing of specific metal-containing waste.

The development of national standards for classified
waste groups is an important step to ensure the uniformity
and comparability of waste data, as well as to establish re-
quirements for their treatment and disposal. Standards must
take into account both environmental and economic aspects,
as well as comply with international norms and requirements.
This will create clear rules of the game for all participants in
the waste management market and stimulate the introduction
of the best available technologies.

4, Conclusions

The analysis highlights the need to move to new ap-
proaches to the classification of industrial waste. The need
for a transition to new approaches to the classification of
industrial wastes is shown.

The implementation of the proposed measures will re-
quire the active participation of government agencies, scien-
tific organizations and the business community. State bodies
should ensure the development and implementation of a
regulatory framework, as well as monitor compliance with
requirements in the field of waste management. Scientific
organizations should conduct research on the development of
new technologies for waste processing and disposal, as well

as participate in the development of standards and invento-
ries. The business community should invest in the creation of
infrastructure for waste processing and disposal, as well as
introduce modern technologies at their enterprises.

In general, the introduction of a modern industrial waste
classification system is a prerequisite for the transition to
sustainable development and conservation of natural re-
sources. This will not only reduce the negative impact on the
environment, but also create new opportunities for economic
growth and development.
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Annarna. Tay-KeH-MeTauTyprusi KEIICHI KOCIMOPBIHIAPBIHBIH KHUHAKTAIFaH KATTHl KAJIBIKTAPBIHBIH arbIMIarbl JKai-
KYHIH emKked-TerKeisli Taigay HeTi3iHIe OHEPKACINTIK KaJABIKTApAbl JKIKTEY/Ie KaHAa TOCUIAEP YCBHIHBLIABL Calaibik
MPUHIAIKE HETi3JeNreH eCKIpreH oficTep KaJABIKTapABIH KayilTUIMH TONBIK OarajayFa JXoHE OJIAPIBI KOKOJBI THIMII
JKocTapiayra MyMKIHIIK 0epmeiini. KannsikrapabiH *KIKTEIreH TONTaphl YIIiH MEMJIEKETTIK CTaHAApPTTap/Abl 33ipJiei OTHIPHII,
TEXHOJIOTHSUTBIK-OKOHOMHKAJIBIK KaJacTp Kypy JKOHIHJIETI JKYMBbICTa KEJITIPUIreH jkKaHa LIeliM/ep oJlap/bl KalTa oHAey jKoHe
KoJIeTe ’KapaTy IIpOILECTepiH OHTAWIaHIBIPYFa MYMKIHAIK Oepeni, eHAipic TeH TabWrarT mMaijamaHyIblH SKOJIOTHSIIBIK
Kayilci3AiriH KaMTamachi3 eTeli. OHEpKOCINTIK KaIABIKTApAbIH TEXHOJIOTUSIIBIK-OKOHOMUKAJBIK KaJaCTPhIH CHTI3Y
JKUHAKTAJIFaH KaTThl KAJABIKTAPBIH KYpaMbl, KACHETTEPl, T3y KeJieMi jKOHE OJap/bl KaiTa OHICYAIH BIKTHMAJ TOCLIaepi
TypaJIbl aKImapaTThl KAMTUTHIH OipbIHFall AepekTep 0a3achlH KaJbINTACTRIPYIBI Ko3aehai. byt kocimopsiHIap MEH KaiTa oHICY
yiBIMIapbIHa, COHAAW-aK MYZJIENi WHBECTOpIapFa KAIIBIKTapAbl OacKapy *oHe 0ackapy calachlH/a HETI3[eNTeH MIeHIiMIep
KaObUIlay YLIIH KaXKETTI ©3eKTi akKmaparka KON JKeTKi3yre MyMkiHaik Oepeni. CoHbIMEH Karap, 93ipJIeHTeH KaJacTp
KaJIBIKTapabIH TMaiiza OONybl MEH KO3FANBICHIH OaKblIay >KoHe OaKbUIayIbIH HETI3rl Kypaibl Oomaisl, OYT KalJBIKTapAbl
Oackapy KyHeciHiH alIBIKTHIFEI MEH THIMALIITIH apTThIpansl. TyTacTail anFaHma, OHEPKACINTIK KaJIABIKTapAbl IKIKTEYIiH
3aMaHayW JKYMeCiH eHTi3y KaJAbIKTapbIH KOpIIAaFraH OpTara Tepic 9CepiH a3alTyndpl OHE 3KOHOMHUKAIBIK ©Cy YIIiH XaHa
MYMKIHJIKTEp *Kacaylbsl Koca aliFaHaa, TAOUFU pecypcTapIbl OPHBIKTHI TaMBITYFa JKOHE CaKTayFa KOy YIIiH KaKeTTi IapT
00JIBIIN TAaObLIA B
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K Bompocy nepepadoTku TBepAbIX HAKOIJIEHHBIX 0TX010B
NPeANnPUATHH TOPHO-METAJLIYPrudeckoro komiviekca Kaszaxcrana
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AHHoTanusi. Ha OCHOBaHMHM JETalbHOTO aHANIN3a TEKYIIEr0 COCTOSHHSA HAKOIUIEHHBIX TBEPABIX OTXOAOB HPENNPHUSITHI
TOPHO-METAJUTypPTUYECKOTO KOMIUIEKCA HPEIOKEHBI HOBBIE MOAXOABI B KIACCH(UKAIIMN MPOMBIIIICHHBIX OTXOJOB. YCTa-
peBILIIE METOAbI, OCHOBAaHHBIC Ha OTPACIICBOM NMPUHIHUIIE, HE MO3BOJIAIOT B IIOJIHOM Mepe OLIEHUTh ONACHOCTh OTXOAO0B U 3(-
(heKTHBHO IUIAHMPOBATh UX yTHIM3anuio. [IpuBeneHHbBIe B pabOTE HOBBIC PEIICHHUS 0 CO3AAHHUIO TEXHOJIOTO-3KOHOMUYECKOTO
KajacTpa ¢ pa3paboTKOl rocyIapcTBEHHBIX CTaHIAAPTOB VI KIACCH(UIMPOBAHHBIX TPYII OTXOAOB IO3BOJHUT ONTHMHU3UPO-
BaTh MPOLECCHI UX IepepabOTKH U YTUIU3ALUH, 00ECIIEUUT IKOJIOTHUECKYI0 OE30IIaCHOCTh MIPOU3BOJCTBA U MPUPOIONOIH30-
BaHMs. BHenpeHHe TeXHOIOro-3KOHOMHYECKOTO KaaacTpa MPOMBIIUICHHBIX OTXOJOB IpeirnoiaraeT (GOpMUPOBaHUE €IUHOM
0a3bl TaHHBIX, COZEPIKaIeH HHPOPMAIHIO O COCTaBe, CBOHCTBAX, 00beMax 00pa30BaHMs U BO3MOXHBIX crioco0ax nepepabor-
KW HAaKOIICHHBIX TBEPABIX OTXOJ0B. DTO MMO3BOJIUT MPEANPHATHIM U epepadaThIBAIOIIUM OPraHU3aLUsIM, a TAK)Ke 3auHTepe-
COBaHHBIM MHBECTOpaM MOJYYUTb AOCTYII K aKTyalbHOH MH(pOpMaINK, HEOOXOAMMOM /ISl IPUHSTHS 00OCHOBAaHHBIX PEIICHUIT
B 001acTH oOpaleHnsl ¥ ynpaBieHus ¢ oTxonamMu. Kpome Toro, pa3pabOTaHHBIN KagacTp CTaHET KIFOYEBBHIM HHCTPYMEHTOM
JUISL MOHUTOPUHTA U KOHTPOJIS 32 00pa30BaHHEM U JIBUXKEHHEM OTXOJIOB, YTO MOBBICHUT MPO3PAaYHOCTh U IPPEKTUBHOCTH CHU-
CTEMBI yIIpaBJICHHUs OTX0AaMH. B LienoM, BHEApEeHUE COBPEMEHHOM CUCTEMBI KJIaCCU(HKALUK TPOMBIIUIEHHBIX OTXOJIO0B SIBJISI-
eTcsl HEOOXOMMBIM YCIIOBUEM JUIS NIEPEX0a K YCTOMYMBOMY Pa3BUTHIO U COXPAHCHUIO MPUPOJHBIX PECYPCOB, BKIIOUYasi CHHU-
JKCHUE HETaTHBHOTO BO3/ICHCTBUSI OTXOJ0B Ha OKPYKAIOILYIO CPEdy, U CO3JaHNS HOBBIX BO3MOXKHOCTEH /151 5KOHOMUYECKOTO
pocrTa.

Knrwouegvie cnosa: omxoowi, nepepabomka, kiaccuguxayus, 5K0102us, Usgie4eHue Memaiios, pecypcocoepeicenue, 00-
NOIHUMENbHBIU UCTOYHUK CbIPbSL.
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Modeling the effect of porosity and pore morphology
on the mechanical properties of titanium structures for osteosynthesis
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Abstract. In this study, numerical modeling of porous titanium structures intended for use in osteosynthesis systems was per-
formed using the finite element method. The main objective of the work was to evaluate the mechanical behavior of porous struc-
tures with different pore geometrical parameters and levels of porosity. For this purpose, representative volume elements (RVE)
were constructed, representing fragments of the porous structure. These elements were analyzed under uniaxial loading in order to
determine the distribution of stresses and strains within the material. During the simulations, several structural variants with dif-
ferent porosity levels and pore sizes were examined. The obtained results demonstrated that porosity is a key parameter that sig-
nificantly influences the mechanical behavior of the material. With increasing porosity, a rise in stress concentration in the struts
between pores was observed, along with increased heterogeneity of stress and strain fields. This effect is associated with the re-
duction of the effective load-bearing cross-sectional area of the material and the redistribution of loads within the structure. Anal-
ysis of the stress—strain curves for models with pore sizes of 200, 400, and 600 um showed that, at a fixed level of porosity, varia-
tion in pore size has a relatively minor effect on the effective elastic modulus of the material. At the same time, it was established
that the geometrical shape of the pores has a more significant impact on the mechanical properties of the structure, including stiff-
ness and stress distribution. The obtained results confirm that optimization of pore geometry is an important factor in the design of
porous titanium implants aimed at improving their biomechanical compatibility with bone tissue.
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1. Introduction The porous architecture of implants plays a key role in
determining their mechanical and biological properties. It has
been established that increasing porosity promotes improved
osseointegration and bone tissue ingrowth; however, it sim-
ultaneously leads to a reduction in the strength and stiffness
of the material. Therefore, optimization of the parameters of
porous structures, including the level of porosity, pore size,
and pore morphology, represents an important task in the
design of implants for osteosynthesis [12].

Porous materials used for implants in the treatment of
bone injuries and defects typically require a porosity ranging
from approximately 30% to 85%. In such materials, the pores
should preferably be interconnected and uniformly distribut-
ed; alternatively, depending on specific requirements, a por-
tion of the pores may be interconnected while still maintain-
ing a uniform distribution. This structural configuration facil-
itates effective integration of the material with human bone
tissue [9, 11].

Currently, a number of technologies have been developed
that enable the fabrication of porous titanium structures with
different morphologies, pore sizes, and levels of mechanical
strengths. Figure 1 illustrates porous titanium structures used
in orthopedic applications.

In modern orthopedics, metallic and biodegradable materi-
als are primarily used for the internal fixation of limb frac-
tures. However, the elastic modulus of metallic materials (such
as stainless steel, titanium, and its alloys) differs significantly
from that of human bone tissue [1-3]. The elastic modulus of
cast titanium is approximately 100 GPa, while that of the
widely used titanium alloy Ti6Al4V is about 110 GPa [4-6].

In contrast, the elastic modulus of human bone ranges from
15 to 30 GPa and depends on factors such as sex, age, and
overall health condition [7-9]. The difference in elastic modu-
lus between human bone and titanium implants leads to the so-
called stress shielding effect, which may necessitate revision
surgery [10, 11]. The mismatch between the high elastic mod-
ulus of implants and the biomechanical properties of bone
negatively affects callus formation and fracture healing, poten-
tially requiring additional surgical intervention [4, 5].

Therefore, the development of internal fixation systems
that do not require secondary surgery for removal has re-
mained an important research topic in the orthopedic com-
munity for many years [7, 8]. To reduce the elastic modulus
of metallic materials, researchers have investigated porous
materials for use in medical metallic implants [9].
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Figure 1. Orthopedic devices made of porous titanium

Porous titanium can be produced using additive manufac-
turing technologies such as Selective Laser Melting (SLM)
and Electron Beam Melting (EBM), powder metallurgy meth-
ods, space-holder techniques, Binder Jetting, as well as tech-
nologies for producing metallic foams and combined gradient
structures [13-15]. In addition, porous structures can be fabri-
cated using Spark Plasma Sintering and open-cell architec-
tures. However, the aforementioned porous materials often
exhibit characteristics such as small pore sizes, non-uniform
pore distribution, poor permeability, or the presence of numer-
ous micropores within the pore wall structure, which may
hinder their application as biomaterials [16-18].

When developing modern implant materials, particular
attention is given to their elastic modulus, compressive
strength, and biocompatibility [19-20].

In recent years, the development of porous metallic struc-
tures has become one of the most promising directions in
biomedical engineering and orthopedics. In this context, nu-
merical modeling of porous structures using the Finite Element
Method has gained particular importance. Nevertheless, many
porous materials produced by the aforementioned methods still
possess limitations, including small pore sizes, non-uniform
pore distribution, low permeability, or the presence of numer-
ous micropores in the pore wall structure [21-23].

Such structural features can significantly limit their applica-
tion as biomaterials. Moreover, they may negatively affect both
the mechanical properties of the material and the processes of
osseointegration, since insufficient pore interconnectivity and
improper pore geometry hinder bone tissue ingrowth and reduce
the transport of nutrients and cells within the implant [24].

In this context, optimization of the porous architecture
becomes particularly important, including the control of pore
size, shape, distribution, and the overall level of porosity.
Experimental investigation of all possible pore geometry
variations is a complex, time-consuming, and costly process.
Therefore, in recent years numerical modeling of porous
structures using computer simulation and the Finite Element
Method has become increasingly widespread (Design, Mod-
eling, Additive Manufacturing, and Polishing of Stiff-
ness-Modulated Porous Nitinol Bone Fixation Plates Fol-
lowed by Thermomechanical and Composition Analysis).

Modeling makes it possible to analyze in detail the influ-
ence of porous architecture parameters on the stress—strain
state of the material, evaluate the distribution of stresses and
strains within the structure, and predict the effective mechan-
ical properties of porous constructions. The application of
such approaches significantly accelerates the design process
of biomedical implants and allows the determination of op-
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timal parameters of porous structures that provide the re-
quired combination of strength, stiffness, and biological
compatibility (Novel Clinical Applications of 3D-Printed
Highly Porous Titanium for Off-the-Shelf Cementless Joint
Replacement Prostheses).

Based on the relevance of the studies mentioned above,
this work conducts computational experiments using the
DIGIMAT software in order to identify the relationships
between porosity, pore size, and pore shape and their influ-
ence on the elastic modulus of titanium.

2. Materials and methods

The numerical investigation of the effects of porosity,
pore size, and pore morphology on the mechanical properties
of titanium material was performed using the DIGIMAT
MF/FE software, designed for multiscale modeling of heter-
ogeneous media. In the study, a micromechanical model of a
Representative Volume Element (RVE) was employed, ena-
bling consideration of the influence of the material’s internal
structure on its effective mechanical properties.

The matrix material was the titanium alloy Ti-6Al-4V,
whose mechanical properties were defined using a linear-
elastic isotropic model. The parameters used in the simula-
tions were: elastic modulus E =110 GPa, Poisson’s ratio
v = 0.33, and density p = 4430 kg/m?®. Pores were modeled as
inclusions with zero stiffness and zero density, correspond-
ing to the idealized case of a completely void volume.

Porosity was varied within a specified range to assess its
effect on the material’s effective elastic properties. Pore size
was defined using a characteristic linear parameter of the
inclusions at a fixed volume fraction, while pore shape was
modeled as spherical, ellipsoidal, and cellular (architected)
structures. Figure 2 illustrates the pore parameters and their
orientations.

(d)

Figure 2. Representative volume element of a titanium matrix
filled with pores: (a) spherical pores with 30% porosity; (b) spher-
ical pores with 50% porosity; (c) ellipsoidal pores with 30% poros-
ity; (d) ellipsoidal pores with 50% porosity
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During modeling, three main structural parameters were
varied: the volume fraction of pores (porosity), pore size, and
pore shape. Table 1 presents the parameter variations used in
the computational experiments.

Table 1. Parameters of the computational experiment

Ne Porosity, % Pore size Pore shape

1 30 200/300/400 Sphere / Ellipsoid
2 40 200/300/400 Sphere / Ellipsoid
3 50 200/300/400 Sphere / Ellipsoid
4 60 200/300/400 Sphere / Ellipsoid

The calculations were performed using the finite element
method in combination with a homogenization procedure
[25, 26]. Boundary conditions were applied as uniform de-
formation of the representative volume element, ensuring the
accurate determination of averaged stresses and strains. The
simulations yielded the effective elastic modulus, Poisson’s
ratio, and stress distribution within the porous structure, and
the influence of pore morphology on the material’s mechani-
cal behavior was analyzed. The obtained results were further
used to assess the effect of pore morphology on the mechani-
cal performance of porous titanium and to compare them
with theoretical models such as the Gibson-Ashby model.

3. Results and discussion

First, the numerical experiment was conducted using the
DIGIMAT MF module, modeling structures with different
pore sizes while maintaining a constant solid-phase volume
fraction. The calculations were performed under uniaxial
tensile loading with a prescribed deformation, enabling as-
sessment of the effect of pore morphology on the stress-
strain response and the effective elastic modulus of the mate-
rial. The results are presented in Figure 3.

1:8trans 11 Ve Strain 11 @=200mnM
2 Btress 11 ve. Strain 11 $=400 vt
Strass 11 Ve, Stram 11 e=600MmM
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Figure 3. Stress-strain diagram for pore sizes of 200 um, 400
pum, and 600 um

All stress-strain curves exhibit nearly identical slopes, in-
dicating that the elastic modulus is similar regardless of pore
diameter. Next, calculations were performed in the
DIGIMAT MF module for different pore shapes, ellipsoidal
and spherical, at varying porosity levels as specified in Ta-
ble 2. The results are presented in Figure 4

Table 2. Stress values (u = 0.01) and elastic modulus for dif-
ferent porosity levels and pore shapes

Ellipsoidal aspect ratio 6 Spherical aspect ratio 1

Porosity, %

o, MPa E, GPa o, MPa E, GPa
30 700 58.5 600 59
40 600 47 450 47.1
50 500 36.8 380 36.6
60 400 27.94 280 275
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Figure 4. Tensile stress-strain diagram (u = 0.01) with pore
diameter 200 um; (a) spherical pores, (b) ellipsoidal pores

Apparent differences in the slopes of the stress-strain
curves are observed for the two pore shapes.

Despite differences in pore geometry, the effective elas-
tic modulus of porous titanium with ellipsoidal and spherical
pores at the same porosity is similar. This can be explained
by the fact that the elastic modulus is an integral material
property, primarily determined by the volume fraction of the
solid phase rather than the local pore shape. According to
the Gibson-Ashby model, the effective elastic modulus of
porous and cellular materials is described by the following
expression [27]:

E=Es(l-¢) . ©)

where Es is the elastic modulus of the dense material; ¢ is
the porosity; n is the exponent determined by the type of
cellular structure and the deformation mechanism.

At a fixed porosity, the influence of pore shape on the
global stiffness of the material is secondary. However, pore
geometry has a significant effect on the local stress distribu-
tion: ellipsoidal pores exhibit higher stress concentrations
due to their smaller radius of curvature and pronounced ani-
sotropy, leading to higher equivalent stresses than spherical
pores. Thus, for the same effective elastic modulus, differ-
ences in the stress state are primarily attributed to stress
concentration effects rather than changes in the bulk elastic
properties of the material [28, 29].

Third, finite element modeling was performed using the
DIGIMAT FE module. Figure 5 shows the distribution of
equivalent stresses obtained from the finite element analy-
sis of a porous titanium structure in DIGIMAT FE. The
calculations were carried out for a representative volume
element with specified porosity and pore size under uniaxi-
al loading. The visualization enables analysis of stress dis-
tribution within the material volume and identification of
stress concentration zones resulting from the porous struc-
ture's geometry.
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Figure 5. Distribution of equivalent stresses in a porous tita-
nium structure under uniaxial loading (porosity 30%, pore size
200 um): (a) with a spherical pore, (b) with an ellipsoidal pore

The numerical modeling of stress distribution in the rep-
resentative volume of porous titanium revealed that the local
components of the stress tensor reach 2405 MPa for spherical
pores and 4059 MPa for ellipsoidal pores, due to stress con-
centration in the ligaments between pores. At the same time,
the volume-averaged stresses remain significantly lower than
the local maxima, confirming the validity of the homogeniza-
tion approach.

Physically, stresses in the material concentrate in regions
with abrupt changes in geometry or small radii of curvature.
For spherical pores, the radius of curvature is uniform in all
directions, resulting in a more even stress distribution. In
contrast, ellipsoidal pores have sharp regions (small radius of
curvature at the ends of the ellipse), leading to substantial
stress concentrations.

4, Conclusions

In finite element modeling, titanium models with varying
porosity and pore diameter were used. According to our calcu-
lations, the most significant variable affecting stress concentra-
tion and the heterogeneity of the stress-strain field is matrix
porosity. Analysis of the stress-strain response for different
pore sizes (200, 400, and 600 pum) showed that, at a fixed
porosity, changes in pore size have a negligible effect on the
effective elastic modulus of the material. Further analysis of
the modeling results indicated that, while pore size has little
influence on mechanical properties at a fixed porosity, pore
shape, as reflected in the aspect ratio, is the key factor. It was
found that as the deviation from spherical pore shape increases
(i.e., higher aspect ratio), the effective mechanical properties,
particularly the elastic modulus, decrease.

To achieve optimal properties for titanium implants, a
new design of porous titanium with gradient porosity is
proposed. Future work will focus on the development and
testing of advanced materials intended for biomedical ap-
plications.
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Anmarna. Ochbl 3epTTeyJe OCTECOCHHTE3 KyHenepiHae KOJIaHyFa apHAFaH KEYeKTI TUTAH KOHCTPYKIMSIIAPBIH CAHJIBIK
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anemeHTTep — Representative Volume Element (RVE) kanbintacTeIpbuibil, MaTepHal iMliHACri KepHEeyaep MeH aedopmarius-
JapABIH TapalyblH aHBIKTAay YIIiH ojiap OipOChTIK JKYKTeMe XaFmalblHIa TajamaHabl. Mopaenbaey OapbhIChIHAA KeYeKTUTIKTIH
OpPTYpJIi JeHreiaepi MeH Keyek eimemjepi 0ap KypbUIbIMAAp/bIH OipHelle HYCKAachl KapaCThIPhUIIBI. AJIBIHFAH HOTHXKEJEp
KEYeKTUTIK MaTepHaNgblH MEXaHWKANbIK MiHe3-KYJKbIHA INeNIyIIi dcep eTETiH Heri3ri mapaMeTp eKEHIITiH KOepCeTTi.
Keyekrinik apTKaH cailblH KeyeKTep apachbHJIarbl OaillaHblc aiiMaKTapbIHIa KEpHEYJIEep/IiH LIOFbIPIaHybl ©CETiHi, COHai-aK
KepHEey MeH aedopmanms epicTepiHiH Oipkenki emecTiri KymiederiHi Oaiikamgsl. Byn KyOBUTBIC MaTepHalIBIH THIMII KYK
KOTEPETIH KHUMACBIHBIH a3alObIMEH QHE KYpPBUIBIM INIHZEr! JXYKTeMeJepHiH Kalrta OeminyimMeH TtyciHmipineni. Keyek
emmemaepi 200, 400 xoHe 600 MKM OOJATBHIH MOIENBACP YHIIH KepHEy—xehopMamus TOYESNIUIri KUCHIKTapBIH Talaay
HOTWKECIHJIE KEYEKTUIIK JeHreii TypakThl OOJFaH jKarjaiga Keyek eJIIeMiHIH e3repyi MaTepHajJblH THIMII CepIiMIiIiK
MOJIYJIiHE CaIBICTRIPMANBI TYpPAE a3 ocep erTeTiHi aHbIKTanasl. COHBIMEH Karap KEYeKTepAiH T'€OMETPISUIBIK IIiIIiHi
KYPBUIBIMHBIH MEXaHUKAJIBIK KAaCHETTEpiHE, COHBIH IIIiHAE KaTThUIBIFbIHA JKOHE KEepHEYJIEpAIH TapalyblHa €oyip BIKHam
eTETiHI aHBIKTAJIBl. AJBIHFAaH HOTIDKENEp KEyeKTi THTAaH WMIUIAHTATTaphIH >KoOanay Ke3iHIE OJapAbIH CYHeK TiHIMEeH
OMOMEeXaHWKANBIK YWIECIMIUINIH apTThIpy MakcaThblHJIa KeyeK IIIIiHIH OHTaiIaHIBIpy MaHb3Ibl  (QakTop OOoJbII
TaObUIATHIHBIH pacTali bl
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AHHOTanus. B nanHoMm mccnenoBanuy ObUIO IPOBEAECHO YNCICHHOE MOAEINPOBAHUE MOPUCTHIX TUTAHOBBIX KOHCTPYKIIHH,
NpefHa3HAYeHHBIX U NPUMEHECHMS B CHCTEMaX OCTEOCHHTE3a, C MCIIOIb30BaHNEM METOJa KOHEYHBIX 3JIeMeHTOB. OCHOBHOM
eTIbI0 paboTHI SABIISIACH OLEHKAa MEXaHNYECKOTO MOBEICHHS MOPUCTHIX CTPYKTYP MPH PA3IMUHBIX T€OMETPHUUECKHX ITapaMeT-
pax mop W ypoBHAX mHopuctocTh. s 3Toro GbuM cOpMHPOBaHBI XapakTepHble oObeMHble 3meMeHTHl (Representative
Volume Element, RVE), npencrapmnstomue co60it ¢pparMeHThl MOPUCTOH CTPYKTYPHI, KOTOPBIE aHATH3UPOBAIHICH IPH OHO-
OCHOM Harpyske ¢ LeJIBIO ONPEASNICHUs PAaCIpeAeIeHNs HapsHKeHUH U Aedopmaiuii B Matepuane. B xone MonenupoBanus
OBUTH PaCCMOTPEHBI HECKOJIBKO BAPHAHTOB CTPYKTYPHI C PAa3IMYHBIMHU YPOBHIMHM IOPUCTOCTH U pazMepamu nop. [lomydenHsie
pe3yabTaThl MOKA3ald, YTO HOPHCTOCTh SABJSIETCS KIIFOYEBBIM [TapaMEeTPOM, OKA3bIBAIOIIUM OTIPE/IeIIAoIIee BIUSHIE Ha MeXa-
HHYECKOE MoBeieHHe MaTtepuaia. [Ipu yBeInueHnn MOpUCTOCTH HAOIIOAAeTCsl POCT KOHLIEHTPALIMHU HANPSDKEHUH B ITepeMbId-
KaxX MEeXIy HOpaMH, a TaKKe MOBBIIAETCS HEOJAHOPOJAHOCTD IMOJIeH HANpsDKEeHUH U teopManuii. OTO CBSI3aHO C YMEHbBILCHH-
eM 3(QQEeKTUBHOI IUIOMaAN HECYIIEro CeueHHs MaTephaia M IepepacipeseiieHHeM Harpy30K BHYTPH CTPYKTYpbl. AHanu3
KPHUBBIX 3aBHCHMOCTH HAIPsDKEHHS OT Jedopmanuu Uit Monenei ¢ pazmepamu mop 200, 400 u 600 MKM MoKa3ali, 4To MpH
(PMKCHPOBaHHOM YpOBHE IMOPUCTOCTH M3MEHEHHE pa3Mepa MOp OKa3blBAaeT CPABHUTENHHO HE3HAYUTENILHOE BIMSHHE Ha 3¢-
(heKTHBHBIN MOAYJIb YIIPYTrOCTH MaTepHuaia. B To ke BpeMmsi yCTaHOBJIEHO, YTO reoMeTpuueckas popma 1mop okasbIBaeT Ooiiee
CYIIECTBEHHOE BIIMSIHAE HA MEXaHMYECKHE CBOWCTBA CTPYKTYPHI, BKIIOUAsk JKECTKOCTh M pacmpeseneHne HanpsokeHui. [lomy-
YEeHHBIE PE3YJIbTAThI MOJTBEPKAAIOT, YTO ONTUMH3ALUs (POPMBI MOP SBJISCTCS BAXKHBIM (DAKTOPOM IIPU NMPOEKTUPOBAHUH T10-
PHCTBIX THTAHOBBIX MMIUIAHTATOB JUISl YIIyYIICHHUS NX OMOMEXaHUYECKOH COBMECTUMOCTH C KOCTHOI TKaHbIO.

Kniouegvie cnosa: nopucmoie mumarnogsie KOHCMPYKYUu, OCMeOCUHme3, NOPUCmoCcmb, Memoo KOHEUHbIX JJIEMEHIO08, Me-
XaHuueckue ceolicmea.
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Abstract. Electromagnetic inter-well scanning (EIWS) is an advanced geophysical method that enables volumetric, time-
resolved imaging of electrical conductivity within the inter-well domain of uranium in-situ leaching (ISL) systems. This article
presents a comprehensive theoretical, geological, and methodological analysis of EIWS and evaluates its significance for
monitoring reactive fluid transport in heterogeneous sandstone aquifers. The study highlights the method’s sensitivity to salini-
ty, porosity, permeability evolution, geochemical reactions, and acid front migration — key factors that govern ISL efficiency,
breakthrough timing, and environmental containment. Through expanded discussion of electromagnetic physics, tomographic
inversion, dynamic subsurface monitoring and operational optimization, EIWS is shown to be a transformative tool for charac-
terizing subsurface processes that were previously inaccessible. The article concludes that EIWS fundamentally enhances re-
covery efficiency, improves sweep uniformity, strengthens environmental oversight, and establishes a new standard for scien-
tific control of ISL operations.
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1. Introduction

Uranium in-situ leaching (I1SL), also known as in-situ re-
covery (ISR), has become the principal extraction technology
for sandstone-hosted uranium deposits throughout the world.
This transition has been driven not only by economic consid-
erations but also by major environmental and operational
benefits. Unlike traditional surface or underground mining,
ISL does not require large excavations, waste rock removal,
or tailings storage, and therefore minimizes ecological foot-
print, land disturbance, and long-term reclamation costs [1].
What makes the method especially attractive is the way it
exploits the natural porosity and permeability of sedimentary
aquifers, using them as dynamic reactors where uranium
dissolution occurs directly within the geological formation.
This allows the exploitation of deep, low-grade orebodies
that would otherwise remain uneconomic under conventional
mining technologies.

Despite these advantages, ISL has always faced a funda-
mental scientific challenge: the reactive transport processes
that control uranium recovery occur in subsurface regions
that operators cannot directly observe. The dissolution of
uranium-bearing minerals, the movement of chemically reac-
tive lixiviant solutions, the redistribution of groundwater, the
formation of preferential flow channels, and the evolution of
porosity and permeability take place in a three-dimensional
space between injection and production wells. This inter-well

© 2026. B. Tsoy, A. Bekbotayeva
bertan.tsoy@mail.ru; a.bekbotayeva@satbayev.university

region is the central arena of ISL, yet most traditional meas-
urements and monitoring tools provide only indirect or in-
complete information about it.

Borehole geophysical logging, although technologically
advanced, is inherently limited to the immediate neighbor-
hood of the wellbore. Resistivity, natural gamma, neutron
porosity, density, induction, and spectral gamma logs pro-
vide valuable insights, but their depth of investigation typi-
cally does not exceed several tens of centimeters around the
casing [2]. This small measurement volume represents only a
tiny fraction of the overall region affected by leaching. Hy-
drodynamic tests such as pumping or slug tests provide
transmissivity and storage parameters, but these are spatially
averaged quantities that cannot resolve heterogeneity, chan-
neling, or compartmentalization at the scale relevant to oper-
ational control [3]. Flow modeling, even in its most sophisti-
cated forms, depends heavily on conceptual geological mod-
els that cannot be validated volumetrically. Tracer tests may
confirm general hydraulic connectivity, yet they tend to over-
look detailed internal structuring of the flow field, and their
interpretation is complicated by retardation, adsorption, and
dispersion [4].

Because of these limitations, ISL operations often remain
partly empirical, relying on indirect indicators of sweep effi-
ciency, breakthrough timing, and acid distribution. The lack
of volumetric visibility in the inter-well space means that
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operators may not fully understand whether injected fluids
are accessing targeted ore zones, bypassing stagnant vol-
umes, or leaking vertically toward confining layers. This lack
of insight translates into uncertainties in uranium recovery,
acid losses, environmental risk, and the reliability of predic-
tive reservoir models.

Electromagnetic inter-well scanning (EIWS) directly ad-
dresses this long-standing observational gap. The method is
based on transmitting controlled electromagnetic waves from
one borehole and recording their response in a second bore-
hole. Because electromagnetic wave propagation is highly
sensitive to the electrical conductivity of the medium, the
amplitude and phase of arriving signals contain information
about the conductivity distribution within the entire inter-
well region [5]. Conductivity in porous media is strongly
affected by pore-water salinity, acidity, ion mobility, and
porosity — all of which evolve dynamically during ISL as
chemical reactions proceed and permeability structures
change. This makes EIWS not only a geophysical measure-
ment but effectively a reactive transport monitoring tool,
capable of revealing the geometry and evolution of fluid
migration and geochemical alteration zones.

The result is a fundamentally new mode of reservoir ob-
servation. Instead of being limited to the borehole wall or
relying solely on indirect tests, the operator gains access to
volumetric, time-evolving images of the subsurface. EIWS
can reveal preferential flow paths, stagnant pockets, erosion
windows, bypassed ore zones, and geochemical fronts. It
provides operational intelligence for adjusting wellfield hy-
draulics, optimizing injection strategies, and ensuring envi-
ronmental containment. Finally, by offering time-lapse imag-
ing, EIWS moves the ISL industry closer to the concept of a
continuously monitored, dynamically optimized subsurface
system.

2. Theoretical and methodological foundations of EIWS
for uranium ISL

2.1 Geological heterogeneity and its role in reactive fluid
transport

Understanding the geological framework of sandstone-
hosted uranium deposits is essential for interpreting EIWS
data and predicting how injected solutions will migrate
through the reservoir. These deposits were formed in a varie-
ty of depositional environments: fluvial, deltaic, aeolian, and
lacustrine and they exhibit heterogeneity at multiple scales.
This heterogeneity is the defining characteristic controlling
fluid transport, acid propagation, and overall leaching per-
formance [6].

At the broader geological scale, uranium-bearing aquifers
typically consist of stacked sandstone bodies interlayered
with siltstones, clays, and paleosols. Their geometry reflects
the dynamics of ancient river channels, floodplains, and
deltaic distributary systems, resulting in a complex architec-
ture of permeable and semi-permeable units. In fluvial sys-
tems, channel belts may contain coarse, well-sorted sands
with high permeability, whereas overbank deposits may
include fine-grained, low-permeability sediments. These
architectural elements produce natural compartments that
differ significantly in their hydraulic conductivity and trans-
missivity.

At the intermediate scale, variations in bedding, lamina-
tion, cementation, and diagenetic alteration impose additional
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controls on flow. For instance, thin clay drapes or ripple
laminations may act as barriers to vertical fluid movement,
causing acidized fluids to migrate laterally rather than verti-
cally. Cross-bedded or inclined heterolithic strata may en-
hance anisotropy, promoting channelized flow along prefer-
ential lines while limiting access to adjacent volumes. The
interplay between these sedimentary structures forms a hier-
archical network of flow paths and baffles that is highly
sensitive to chemical alteration.

At the micro-scale, pore-throat size distributions, grain
contacts, diagenetic cements, and mineralogical variations
determine pore connectivity and local reactivity. Carbonate
dissolution plays a major role during acid leaching, increas-
ing porosity and altering flow pathways [6]. Conversely,
precipitation of secondary minerals, such as gypsum or sili-
ca, may locally reduce permeability. Since these reactions are
spatially variable, the effective hydraulic structure of the
reservoir continually evolves during ISL.

Reactive transport processes further complicate this geo-
logical setting. When sulfuric acid is injected, the first stage
of reaction typically involves dissolution of carbonates and
ferric minerals, releasing ions into the fluid phase and in-
creasing conductivity. As the acid front moves, it may en-
counter zones rich in reactive minerals, which rapidly con-
sume acid and buffer pH. In other areas, particularly those
with limited permeability or restricted fluid access, the acid
front may stall or bypass, leaving behind stagnant zones that
retain uranium but do not meaningfully contribute to recov-
ery [1].

Geological heterogeneity therefore produces highly une-
ven sweep patterns. Fluvial channel sands may become heav-
ily acidized, showing increased conductivity detectable by
EIWS, while adjacent siltstone lenses remain unperturbed.
Erosion windows may permit uncontrolled fluid communica-
tion between stratigraphic levels, introducing environmental
and operational risks. In contrast, subtle clay-rich barriers
may protect deeper or adjacent zones from acid invasion,
preserving their natural state.

Because conductivity responds strongly to both lithologi-
cal and geochemical differences, EIWS provides a means of
capturing these complex interactions within the inter-well
space. Conductive anomalies often correlate with acid-
invaded zones, high-salinity pockets, or dissolution-enhanced
pathways. Resistive anomalies typically indicate unreacted
ore, clay-rich barriers, or isolated regions that fail to partici-
pate in flow. Over time, as the acid front migrates and the
reservoir evolves, EIWS can track these changes, revealing
dynamic patterns that reflect the combined influence of geol-
ogy, hydrodynamics, and geochemistry.

In summary, the geological heterogeneity of ISL deposits
is not merely a static background but an active participant in
the leaching process. It shapes the geometry of flow, controls
the distribution of reactive phases, and ultimately governs the
efficiency of uranium extraction. EIWS, by imaging conduc-
tivity changes arising from these processes, offers a window
into the inner workings of the reservoir, allowing operators
to move beyond empirical approaches and toward scientifi-
cally grounded optimization of ISL operations.

2.2 Physical principles of electromagnetic inter-well
scanning

Electromagnetic inter-well scanning (EIWS) is grounded
in the classical physics of electromagnetic wave propagation
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in conductive, porous, fluid-saturated geological media. The
fundamental basis of the method rests on Maxwell’s equa-
tions, which together describe how time-varying electric and
magnetic fields interact with materials that possess conduc-
tivity, permittivity, and permeability. Although the theory is
well established, its application within chemically reactive
environments such as uranium ISL presents a complex inter-
play between physics, geology, fluid chemistry, and evolving
rock properties. The subsurface conditions shaped by in-situ
leaching provide a highly dynamic electromagnetic medium,
whose properties change over time as dissolution and precip-
itation processes modify pore networks, fluid composition,
and ion mobility.

In a conductive geological medium, electromagnetic field
propagate in a diffusive rather than wave-like manner. This
means that instead of traveling as well-defined waves, the
electromagnetic energy penetrates the formation with expo-
nential attenuation governed primarily by the electrical con-
ductivity of the medium. The relevant expression controlling
penetration depth is the skin depth, which is inversely pro-
portional to the square root of conductivity and frequency.
High conductivity, as commonly found in acidized or highly
saline zones, leads to rapid attenuation. This sensitivity is
precisely what makes EIWS valuable in ISL settings acidized
zones are strongly conductive and therefore produce measur-
able changes in amplitude and phase between transmitter and
receiver.

The relationship between electrical conductivity and sub-
surface conditions is complex but highly advantageous for
monitoring ISL. Conductivity increases significantly when
sulfuric acid dissolves carbonates and sulfates [7], releasing
ions such as Ca?", Mg?", SO+*, and H' into the pore fluid.
These ions enhance the fluid’s ability to carry electric cur-
rent, producing sharp contrasts relative to less impacted re-
gions. As the leaching front advances, these chemical trans-
formations modify not only fluid conductivity but also the
mineral structure, pore geometry, and microfracture network.
Zones experiencing active dissolution tend to become more
conductive due to increased ionic strength and improved pore
connectivity. In contrast, areas undergoing secondary mineral
precipitation, such as gypsum formation, may exhibit re-
duced conductivity or complex mixed responses. EIWS is
sensitive to all of these processes.

The operational configuration of EIWS involves deploy-
ing a controlled electromagnetic transmitter in one well and a
sensitive receiver in another well spaced typically between
20 and 80 meters away. The transmitter emits electromagnet-
ic waves over a range of frequencies [8,9]. Lower frequen-
cies penetrate more deeply into the formation and sample the
entire inter-well region, while higher frequencies provide
finer discrimination of shallow or localized features. The
receiver measures both amplitude and phase shift, which
encode information about the medium through which the
waves have passed. Unlike borehole logs that measure prop-
erties immediately adjacent to the borehole wall, EIWS cap-
tures volumetric information, integrating responses across
the entire inter-well trajectory.

The interpretation of EIWS measurements depends heavi-
ly on solving a nonlinear inverse problem. Electromagnetic
wave propagation in a conductive medium is governed by
partial differential equations that must be numerically ap-
proximated. Forward modeling predicts the electromagnetic
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response for a hypothetical conductivity distribution. The
inverse problem seeks to find the conductivity distribution
that best explains the observed data. However, this inversion
is inherently ill-posed: many possible conductivity models
can produce similar electromagnetic responses, especially
when data are noisy or incomplete. Therefore, robust regular-
ization techniques are required to stabilize the inversion.
Modern EM inversion approaches incorporate constraints
such as smoothness, spatial coherence, and prior geological
knowledge to produce geologically plausible models [10-12].

Regularization strategies, such as Tikhonov regulariza-
tion or model-weighted smoothing, are essential in prevent-
ing nonphysical oscillations. Recent developments also in-
clude the use of geostatistical priors, Bayesian inversion
frameworks, and machine-learning-enhanced inversion
methods. Numerical modeling studies of electromagnetic
wave propagation in heterogeneous aquifers have shown that
sensitivity is highest along direct transmitter—receiver paths
but remains significant in off-path regions, meaning that
EIWS can effectively map zones not directly aligned with the
inter-well axis. This makes EIWS particularly suitable for
complex geological formations where flow pathways may
diverge significantly from the direct line connecting two
wells.

In an ISL environment, the physical interpretation of EIWS
can be enhanced by integrating chemical and hydrological
understanding. For example, at the early stages of acid injec-
tion, conductivity increases sharply at the leading edge of the
acidic plume. This creates a fast-moving, conductive front
often detectable as a pronounced anomaly in EIWS. As leach-
ing continues, conductivity may evolve due to mineral dissolu-
tion, partial neutralization of acid, and changes in salinity.
Toward the end of the leaching cycle, when the formation is
rinsed, conductivity anomalies may diminish or change shape,
providing a diagnostic indicator of the effectiveness of rinsing
or the extent of residual acidic zones.

The dynamic nature of electromagnetic properties under
ISL conditions implies that EIWS can serve not merely as a
static imaging tool but also as a temporal monitoring system.
Time-lapse measurements allow operators to observe the
evolution of subsurface conductivity fields, track acid front
movement, and detect changes in permeability or flow pat-
terns. When EIWS data are collected at regular intervals,
they form a temporal sequence that can be used to recon-
struct the four-dimensional behavior of the reservoir. This
makes EIWS one of the few technologies capable of deliver-
ing real-time, volumetric assessment of subsurface reactive
transport.

Another factor influencing EIWS responses is the pres-
ence of anisotropy in geological formations. Many sedimen-
tary aquifers exhibit anisotropic conductivity due to bedding
planes, lamination, or preferential orientations of clay miner-
als. Anisotropy affects electromagnetic wave propagation
differently depending on field orientation, thus making in-
version more complex. Advanced EIWS implementations
can incorporate tri-axial transmitter and receiver systems to
better resolve anisotropy and improve tomographic accuracy.

Finally, while metallic casings commonly found in ISL
wells can distort electromagnetic fields, modern EIWS sys-
tems incorporate sophisticated calibration procedures and
casing compensation algorithms. These developments allow
the method to be used effectively even in fully cased produc-
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tion wells, which is a major advantage over some forms of
geophysical logging that require open holes or special well
completions.

Overall, the physical principles of EIWS reflect a rich in-
terplay between electromagnetic theory, subsurface geology,
fluid chemistry, and reactive transport processes. It is this
combination of sensitivity to chemical changes, compatibility
with cased wells and volumetric coverage that makes EIWS
uniquely suited for ISL monitoring. The method moves be-
yond traditional geophysical tools by providing actionable,
physically grounded insights into the evolving conditions
within the inter-well region, where the critical processes of
uranium leaching are most actively occurring.

3. Results and discussion

3.1 Dynamic monitoring of ISL processes and practical
significance

One of the most powerful aspects of electromagnetic in-
ter-well scanning is its ability to monitor reactive fluid
movement and geochemical transformations dynamically
throughout the operational life of an in-situ leaching (ISL)
wellfield. While traditional geophysical logs and hydrogeo-
logical measurements capture only static snapshots or indi-
rect indicators of the subsurface, EIWS offers a fundamental-
ly different perspective - one that evolves over time and
reflects the continuous progression of the leaching system as
it moves through distinct operational stages. In this sense,
EIWS is not merely a diagnostic tool but a framework for
adaptive management, enabling timely decisions driven by
real-time information about how injected fluids are distribut-
ed, how the ore is being accessed, and where inefficiencies or
risks may be emerging.

From the very beginning of ISL operations, EIWS pro-
vides actionable insights. During the initial acid push phase,
the foremost priority is to understand whether the injected
lixiviant is penetrating the intended ore-bearing intervals and
whether it is doing so evenly across the inter-well region.
Early EIWS surveys typically reveal the initial geometry of
acid invasion. Highly conductive anomalies tend to form
rapidly where permeability is greatest, often highlighting pre-
existing geological features such as paleo-channels, permea-
ble layering, or localized microfracture networks. These
early observations serve as a «first look» into the functional
connectivity of the reservoir, identifying channels that will
dominate flow as operations progress.

As injection continues, time-lapse EIWS begins to reveal
the dynamics of the acid front. In an idealized scenario, the
front advances smoothly and symmetrically through the
inter-well region, ensuring a large contacted volume and high
sweep efficiency. However, actual field conditions rarely
conform to this ideal. Geological heterogeneity, variable
permeability, anisotropy, and subtle structural controls fre-
quently distort the shape of the reaction front. EIWS can
detect these distortions with sufficient clarity to allow mean-
ingful operational adjustments. If the acid front is advancing
too rapidly along a high-permeability corridor, the increasing
conductivity will highlight this «fast path», enabling opera-
tors to reduce injection in certain wells, reallocate flow, or
temporarily shut in areas that are advancing too quickly.

At the same time, EIWS can identify zones of poor fluid
access. These appear as persistently resistive regions between
wells, often indicating stagnant pockets that remain uncon-
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tacted by the acid front. Such stagnant zones are operational-
ly significant because they frequently contain uranium that
remains unrecovered even after extensive leaching. They also
represent areas where the chemical environment may remain
reducing, buffering the advance of acid and slowing the
kinetics of dissolution. Once identified, these stagnant vol-
umes can be targeted with specific engineering measures,
such as modifying injection depths, stimulating flow path-
ways, or implementing alternating injection—extraction re-
gimes to redistribute pressure gradients.

As the leaching cycle progresses into the mid-stage, the
relationship between conductivity and reactive transport
becomes more complex. Conductivity may continue increas-
ing in areas where continued dissolution mobilizes ions, but
other zones may transition toward mixed or even decreasing
conductivity if secondary mineral precipitation occurs or if
acid is consumed faster than it is replenished. These subtle
patterns are invaluable for understanding the underlying
reaction mechanisms. For example, a localized decline in
conductivity during the mid-stage may indicate gypsum
precipitation or partial clogging of pore throats, reducing
permeability and altering flow patterns. Such emergent be-
haviors are nearly impossible to detect without volumetric
monitoring such as EIWS.

The dynamic capability of EIWS becomes even more
valuable as operators move toward later stages of leaching,
where production volumes begin to decline and breakthrough
events start to dominate. Breakthrough, when injected acid
preferentially reaches production wells through highly per-
meable channels, can drastically reduce sweep efficiency and
increase chemical losses. EIWS provides a means to detect
early signs of breakthrough by imaging increasingly conduc-
tive zones that begin to form near production wells. When
these anomalies appear, operators can redistribute injection
away from problematic wells or introduce balancing injec-
tions in other parts of the wellfield to mitigate the effects of
channeling.

The ability to detect vertical or lateral migration beyond
the intended extraction zone is another critical function of
EIWS monitoring. While ISL relies on the presence of con-
fining layers to restrict vertical fluid movement, weak points
such as erosion windows, poorly cemented intervals, or sub-
tle fractures may permit cross-formational communication.
Conductive anomalies appearing above or below the ore zone
in EIWS data can indicate such breaches [13,14]. Early de-
tection is essential, as excursion events represent both envi-
ronmental risks and regulatory compliance issues. EIWS
provides operators with the sensitivity needed to identify
these migration patterns long before conventional groundwa-
ter sampling or hydraulic monitoring would detect them.

In the final stages of ISL operations, as the wellfield tran-
sitions to rinse and restoration, EIWS plays a unique role in
evaluating the effectiveness of flushing operations. Residual
acid, elevated salinity, and persistent conductive anomalies
may indicate zones where restoring groundwater quality will
be challenging [15-18]. These anomalies help identify areas
that require targeted hydraulic isolation or extended rinsing.
Because restoration is often the most time- and cost-intensive
part of ISL operations, the ability to map residual conductive
zones helps operators optimize restoration strategies and
avoid unnecessary effort in areas already stabilized.
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From an economic perspective, the operational signifi-
cance of EIWS cannot be overstated. By improving sweep
efficiency, reducing acid losses, mitigating breakthrough
risks, enhancing uranium recovery, and ensuring more effi-
cient rinsing, EIWS enables substantial cost savings.

Operational improvement is only one dimension of
EIWS’s importance; environmental protection is another.
Because EIWS can detect the migration of conductive fluids
beyond the wellfield boundaries or outside the intended strat-
igraphic interval, it helps prevent and control environmental
excursions. By providing early detection of leakage, EIWS
enables operators to respond before excursions become seri-
ous or regulatory thresholds are exceeded. This capability
aligns with modern environmental governance frameworks,
which increasingly require real-time or near-real-time moni-
toring of subsurface processes to ensure safe operation.

On a broader conceptual level, EIWS contributes to a
shift in the philosophy of subsurface resource management.
Historically, ISL operations have relied heavily on indirect
inference; now, with EIWS, operators gain a capacity for
direct observation of subsurface reactive transport processes.
This transition mirrors other advances in earth science, such
as the adoption of time-lapse seismic monitoring in hydro-
carbon reservoirs. In many ways, EIWS represents a similar
leap forward for the uranium industry, creating the basis for a
more predictive, more controllable, and more scientifically
grounded operational paradigm.

In summary, the dynamic monitoring capabilities of
EIWS make it an essential tool for modern ISL operations.
Its ability to visualize the evolution of the reservoir, detect
operational issues before they become problematic, guide
real-time decision-making, and improve both economic and
environmental performance establishes EIWS as a corner-
stone technology for the future of uranium in-situ leaching.

3.2 Limitations, uncertainties, and methodological chal-
lenges

Despite the clear advantages and transformative potential
of Electromagnetic inter-well scanning, the method is subject
to a variety of limitations and uncertainties that must be
carefully understood when applying it to the complex subsur-
face environments encountered in uranium ISL operations.
These limitations arise from both fundamental physical con-
straints and practical operational considerations. Recognizing
them allows practitioners to correctly interpret tomographic
images, integrate EIWS data with other datasets, and ulti-
mately improve the reliability of reservoir evaluations.

One of the primary challenges arises from the diffusive na-
ture of electromagnetic propagation in conductive geological
media. When conductivity is high, as it often is in acidized,
saline, or clay-rich formations, electromagnetic waves experi-
ence rapid attenuation. This reduces depth of investigation,
creates blind zones in high-conductivity strata, and limits the
ability to resolve fine-scale features. In certain ISL environ-
ments, particularly those with thick layers of conductive clays
or shales, the penetration depth of higher-frequency signals
may be severely constrained. Lower frequencies can mitigate
this issue, but at the cost of reduced spatial resolution. Thus,
EIWS must balance frequency selection with geological char-
acteristics to maximize effectiveness.

Another significant limitation concerns anisotropy in sed-
imentary formations. Many uranium-bearing sandstone aqui-
fers exhibit pronounced anisotropy resulting from bedding
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planes, lamination, preferential alignment of clay minerals,
or depositional features such as cross-bedding. Anisotropy
affects how electromagnetic waves propagate, sometimes
allowing preferential propagation along certain directions
while attenuating waves in others. If anisotropy is not incor-
porated into the inversion algorithm, tomographic images
may misrepresent the geometry or magnitude of conductivity
features. Although advanced inversion techniques allow
anisotropy to be modeled, such approaches require additional
data and computational complexity.

Equally important are the effects of well casing, particu-
larly metallic casing, which is standard in most ISL wells.
Metal casing produces eddy currents [19] that distort the
electromagnetic field, alter amplitude and phase measure-
ments, and reduce signal sensitivity to the surrounding for-
mation. These distortions must be corrected through calibra-
tion procedures, casing compensation algorithms, and careful
tool design. While modern EIWS systems are capable of
operating effectively in cased wells, the presence of casing
still reduces sensitivity relative to open-hole environments
and imposes practical constraints on tool orientation and
frequency usage.

A further methodological challenge arises from the inher-
ent non-uniqueness of the electromagnetic inverse problem.
Since many conductivity distributions can produce similar
electromagnetic responses, the inversion process relies heavi-
ly on regularization to select a stable and geologically plau-
sible model. However, strong regularization inevitably
smooths the resulting tomograms and may obscure fine-scale
heterogeneities. Conversely, insufficient regularization may
allow noise or numerical artifacts to dominate the solution.
Achieving the correct balance is nontrivial and requires sub-
stantial expertise in inversion theory, numerical modeling,
and reservoir geology.

Additionally, EIWS inversion is sensitive to measure-
ment noise, which can originate from electronics, external
electromagnetic interference, variable borehole conditions,
and environmental factors. Noisy data can lead to instabili-
ties in inversion, particularly in low-sensitivity regions or
where wave attenuation is high. Data preprocessing, filtering,
and careful acquisition protocols are therefore essential com-
ponents of reliable EIWS practice.

Beyond these physical and computational challenges,
there are broader uncertainties connected with reservoir
complexity and incomplete geological knowledge. In many
ISL fields, detailed core data may be sparse, spatially une-
ven, or unavailable, forcing reliance on log-based geological
interpretations that may not fully capture the true heterogene-
ity of the system. When prior geological information is inac-
curate or oversimplified, inversion algorithms may impose
biases, leading to misinterpretation of conductive and resis-
tive anomalies. Integrating EIWS with lithological, hydrody-
namic, and tracer data helps reduce such risks by anchoring
inversion results in multiple lines of evidence.

Another difficulty concerns multi-physics coupling. The
electrical conductivity measured by EIWS reflects the com-
bined effects of lithology, salinity, porosity, acidity, and
temperature. These factors may evolve simultaneously but
not linearly. For example, conductivity may increase during
acidization due to increased salinity but decrease later if
permeability is lost due to secondary mineral precipitation.
Distinguishing between chemical and hydrological drivers of
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conductivity anomalies requires careful interpretation and
cross-disciplinary knowledge. In some cases, calibration with
laboratory measurement of conductivity—porosity—salinity
relationships may be required.

Finally, EIWS faces practical limitations in spatial cover-
age. Although the method provides volumetric imaging be-
tween pairs of wells, full coverage of an ISL wellfield re-
quires multiple scanning configurations. In large wellfields
with dozens or hundreds of wells, achieving complete cover-
age may be time-consuming or logistically challenging. Pri-
oritization strategies, where EIWS surveys focus on areas of
greatest operational uncertainty, can ease this burden while
still providing valuable insights.

In spite of these limitations, EIWS remains one of the
most informative and adaptable monitoring techniques avail-
able for ISL operations. Many of the challenges can be miti-
gated through improved acquisition design, integration with
other datasets, advanced inversion methods, and ongoing
refinement of geological models. Indeed, as EIWS technolo-
gy continues to evolve, the scope and reliability of its appli-
cations are expected to expand significantly.

4, Conclusions

Electromagnetic inter-well scanning represents a funda-
mental advancement in the monitoring, interpretation, and
control of uranium in-situ leaching systems. In contrast to
traditional geophysical and hydrological techniques, which
offer only partial, indirect, or near-borehole insights, EIWS
enables volumetric imaging of the inter-well region the very
domain where leaching reactions occur, where permeability
architecture governs flow, and where operational perfor-
mance is ultimately determined. The method provides un-
precedented visibility into the subsurface, revealing how
injected solutions move through heterogenous sandstone
aquifers, how geochemical fronts evolve, and how permea-
bility structures transform as reactive processes unfold.

The expanded analysis presented in this manuscript
demonstrates that EIWS is more than an incremental im-
provement in subsurface monitoring; it is a paradigm shift.
By leveraging the sensitivity of electromagnetic fields to
fluid chemistry, porosity, and geochemical alterations, EIWS
offers a means of directly observing the dynamic behavior of
the reservoir. Conductive anomalies highlight preferential
flow channels, breakthrough pathways, and acidized zones,
while resistive anomalies illuminate stagnant pockets, litho-
logical barriers, and regions of limited hydraulic connectivi-
ty. These insights empower operators to identify inefficien-
cies early, adjust wellfield hydraulics in real time, and ensure
that the leaching system performs as intended.

The geological heterogeneity characteristic of sandstone-
hosted roll-front uranium deposits further increases the im-
portance of such imaging. These reservoirs exhibit a complex
hierarchical structure, ranging from grain-scale porosity
variations to large-scale channel systems, all of which influ-
ence the transport of reactive solutions. EIWS enables practi-
tioners to capture the cumulative effects of this heterogenei-
ty. It makes possible a more nuanced understanding of why
some regions of the reservoir leach efficiently while others
remain under-reacted, why breakthrough occurs prematurely
in certain wells, and how hydraulic connectivity evolves in
response to chemical transformations.
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In addition to its operational benefits, EIWS enhances
environmental assurance. Uranium ISL requires strict con-
tainment of reactive solutions within designated aquifer
boundaries, and EIWS provides the sensitivity and spatial
resolution necessary to detect vertical or lateral migration
before it becomes significant. By identifying unanticipated
conductive anomalies outside the production horizon, EIWS
enables early intervention and reduces the risk of excursions
into surrounding groundwater systems. This capability will
only grow in importance as the regulatory landscape tightens
and environmental standards become more stringent.
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DJIEKTPOMATHUTTIK YHFbIMaapaJbIK ckaHepiey (¥ C): rplIbIMUA
Heri3aepi, reoJTorusiJIbIK KOHTEKCTI K9HE YPaH Kep acThl aiiMaJjiay
Ke3iHAeri KOJIJaHbLIYbI
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AngaTrna. DISKTPOMATHHUTTIK YHFBIMaapanblk ckaHepiey (D¥C) yHFpIMaapanblK KEHICTIKTIH AJIEKTP OTKI3TIMITIriHIH
KOJIEMIIK KapTachlH KaMTaMachl3 €Telli JKOHE YpaHIBI jKep acThl YHFeIManbl maiimanay (QK¥I) TuimMainiriH aHBIKTAATHIH
reoJIOTHSIIBIK  (hakTopiapibl Tikened Oaranmayra MyMKiHIIK Oepeni. KymTac KOJIEKTOpNApbIHBIH JIMTOJNOTHSUIBIK YKOHE
KYPBUTBIMIBIK T€TEpOTeHALIITi-TPaHyIOMETPHUSIHBIH ©3TepPTillTIiri, Ka0aTThUIBIK, ca3 KabaTTaphl, OTKI3TIIITIK aHH30TPOIHSICHL,
JMareHeTHKAIBIK TYPIICHAIPYJIEp KOHE KEPriliKTi TEKTOHUKAJIBIK OY3bLTyJIap Kopi3 aFbIHAAPBIHBIH, CY3y KUBIH aiiMaKTapIbIH
KOHE CUITIJIey MpoIieciHe KeH/AlI MHTepBaIIapIbIH KAaTHICY JEHreiiHiH KaupmTacyslH Oakpiiaigsl. ¥ C OChl KOHTpacTTapra
JKOFapbl Ce3IMTANIABIKKA M€ XXOHE peareHTTEpAiH KEeHICTIKTIK TapalyblH OekiTeni, Oy TOCKAybll FOPU30HTTapbIH, TOKBIpAY
allMaKTapblH KOHE KBIIIKBUT MaiJaHBIHBIH KEICNICTINreH UIrepijicy yJ4acKelepiH aHbIKTayFa MYMKIHAIK Oepeni. YakpiTia
TOMOTrpamMMaiap TeOXUMHUSJIBIK ©3repiCTepIiH AMHAMUKACHIH KOPCETEl OHE I'eOJIOTHSUIBIK KYPBUIBIM, THIPOJHHAMHKAIBIK
npolecTep MeH YpaHHbBIH aJibIHybl apachlHIAFbl OaitmaneicThl amaasl. D¥C JepeKTepiH I'eoNIOTHsIIbIK MOCIbICYMEH KOHE
cTpaturpadusuIbIK KYPhUIBIMAAPMEH MHTErpanusiiay KaOaTThlH JKal-KYHiH OaranayAblH AIIPEeK TACUTIH KaJbIITACTHIPaH,
YHFBIMaJIap TOPBIH OHTAMIaHIBIPyFa, KAMTYIBIH OIpPKEIKUTTiH apTTBRIpyFa XOHE SKOJOTHSIBIK Kayilci3 maiganaHyas!
KaMTaMachl3 eTyre MyMKiHIIK Oepexi.

Hezizzi co30ep: 51eKmpoMacHUMmiK YHbIMAAPAIblK, CKAHepaey, 2eO0N02UNbIK IPMEKMINIK, CMmpamupurayusianean
Kymmacmap, emkizeiuumix anuzomponuscsi, ypar K¥I1I.
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JIeKTPOMATHUTHOE MEKCKBaKHHHOe ckannpoBanue (AMC):
HAy4YHbI€ OCHOBbI, I€0JIOTM4eCKUA KOHTEKCT U NPUMEHEeHHUe P
MO/J3€MHOM BbIIIEJIAYUBAHUN YPaHA

B.B. Ioii", A.A. bexboraeBa
Satbayev University, Arvamoi, Kazaxcman
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AHHOTauMs. DIIEKTPOMAarHUTHOE MEXCKBaknHHOe ckaHupoBaHue (DMC) obecneunmBaeT 00bEMHOE OTOOpakEHUE DIICK-
TPUYECKOH INPOBOJMMOCTH MEKCKBKHHHOTO IPOCTPAHCTBA M IO3BOJISICT HANPSIMYIO OLIEHUTH T'EOJIOTHYECKHE (AaKTOpHI,
omnpezensomye 3pPpEeKTUBHOCT MOJ3EMHOI0 CKBXXUHHOTO BbIenaunBanus ypana (IICB). Jlutonornueckast 1 CTpyKTypHast
HCOAHOPOAHOCTH NMECUYAHUKOBBIX KOJUICKTOPOB — U3MCHYUBOCTH I'PaHYJIOMETPUHU, CIOUCTOCTD, INTMHUCTBIC ITPOCJION, aHU30-
TPOIHSI MPOHHIIAEMOCTH, TUATCHETHYECKUE MPEOOPa30BaHMS U JIOKAIbHBIC TEKTOHHYCCKHE HAPYIICHUS KOHTPOJIHUPYIOT Qop-
MHPOBaHHE KaHAIN3UPOBAHHBIX MOTOKOB, 30H 3aTPYAHEHHONW (QUIIBTpAlMK M YPOBHS BOBJICYEHHOCTH PYIHBIX MHTEPBAJOB B
npouecc BolenaunBanus. IMC 00nasaeT BBICOKOH 4yBCTBUTENBHOCTBIO K 9THM KOHTpactaM U (PUKCHPYET IIPOCTPAHCTBEH-
HOE PACIIPECIICHUE PEarcHTOB, YTO IT03BOJISCT BBISABIATH OapbepHbIC TOPH3OHTHI, 3aCTOIHBIC 30HBI U YYaCTKH YCKOPSHHOTO
NPOABWXEHUSI KUCIOTHOTO (poHTA. BpeMeHHBIE TOMOrpaMMBI OTOOpa)KalT AUHAMHKY T€OXHMHYSCKUX M3MECHEHHH M pac-
KPBIBAIOT B3aUMOCBSA3b MEKIY T'€OJIOTHYCCKHM CTPOCHHEM, THIPOJHMHAMHYESCKUMHU MPOLECCAMH M U3BICKAEMOCTBIO ypaHa.
Wnrerpaumns nanHbix OMC ¢ reolornuyeckuM MOJCIHPOBAaHUEM U CTPATHrpadUuecKUMH MOCTpOeHHsMH (GopMupyer Gonee
TOYHBIA MOAXOM K OLCHKE COCTOSHUS IUIACcTa, MO3BOJISACT ONTHMH3HPOBATh CETKY CKBAXKHH, TOBBICHTh PABHOMEPHOCTH OXBAaTa
U 00€CIIeYUTh 3KOJIOTHUECKU OE30IIaCHYI0 3KCILTyaTalluIo.

Kniouegvie cnosa: snexmpomaznummoe MenccK8aICUHHoOe CKAHUPOBAHUe, 2e0n02uiecKds HeOOHOPOOHOCHIL, CIpamugu-
yuposanmvle necyanuxu, anuzomponus nponuyaemocmu, [ICB ypana.
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Abstract. The stability and efficiency of ventilation systems in underground coal mines are crucial for ensuring production
safety and protecting workers’ health. Air leakage not only reduces the efficiency of fresh air supply to working places, includ-
ing longwall faces, dead-end roadways, and large underground openings, but also contributes to hazards such as spontaneous
coal combustion and methane accumulation, which may lead to explosions. In addition, air leakage significantly increases the
energy consumption of main fan operation. Therefore, it is necessary to investigate and propose solutions to reduce air leakage
in underground coal mines. Based on the mining and ventilation layout, as well as the existing ventilation works, the authors
carried out field surveys, measurements, analyses, and evaluations in order to propose measures for reducing air leakage
through mine ventilation works. In addition, several design solutions for ventilation gates, ventilation doors, and retaining
walls were proposed for application in underground coal mines of the Quang Ninh coalfield, Vietnam. The research methods
used in this study included data collection, field surveys, in-situ measurements, field analysis, and evaluation of the obtained
results. The proposed solutions have been applied in mine production and have shown positive results, including reduced air
leakage, improved ventilation efficiency, better operating performance of the main fans, and lower ventilation costs for the
entire mine. The results of this study can also serve as a basis for underground coal mines to develop ventilation plans and to
select and install appropriate ventilation works for reducing air leakage throughout the mine.

Keywords: air leakage, air leakage reduction, ventilation works, main fan stations, underground coal mines, Quang Ninh
coalfield.
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1. Introduction air leakage in a mine. Excessive leakage reduces the amount
of air delivered to active workings, worsens underground
microclimatic conditions, and negatively affects both labour
productivity and workers’ health. In mines with high me-
thane emissions, insufficient air quantity may also prevent
methane dilution to permissible limits, thereby increasing the
risk of fires and explosions [2].

Many studies have addressed the issue of air leakage in
underground mines. Previous research has focused on gas
control, mine climate, and ventilation processes [3-5]; the
characteristics, mechanisms, and intensity of air leakage [6-
8]; airflow simulation and the influence of leakage on mine
ventilation networks [9-15]; and the regularities of air leak-
age in underground coal mines [16-18]. Other studies have
considered optimization of ventilation networks to reduce
leakage losses [19-23], the influence of leakage on spontane-
ous combustion hazards and fire prevention measures [24-
27], as well as air leakage in complex coal mines, mine mi-
croclimate assessment, and energy-saving solutions for venti-
lation systems [28-30]. In the Quang Ninh coalfield of Vi-
etnam, a number of studies have also investigated leakage

Underground coal mines operated by Vietnam National
Coal-Mineral Industries Holding Corporation Limited are
currently facing a number of ventilation-related challenges.
Mining activities are being conducted at increasing depths,
many mines are classified as grade |11 or supergrade in terms
of gas emission, and ventilation systems are becoming more
complex, especially in mines where several levels are mined
simultaneously. Under such conditions, significant air leak-
age through ventilation structures often occurs, resulting in
an insufficient air supply to working places [1].

Air leakage refers to the transfer of air from intake air-
ways to return airways without passing through the required
working places, such as mining faces, development headings,
or large underground openings. It can be classified into inter-
nal and external leakage. Internal leakage occurs within min-
ing districts and ventilation structures inside the mine,
whereas external leakage mainly occurs through fan drifts
and main fan installations. In practice, leakage through venti-
lation structures may account for 70-90% of the total internal
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resistance and leakage assessment in mines [31, 32], ventila-
tion network evaluation and ventilation door systems at Khe
Cham Coal Mine [33-35], and the operating conditions of
main fan stations at several mines, including Nam Mau Coal
Mine [36-39].

Although these studies have made an important contribu-
tion to understanding and controlling air leakage in under-
ground coal mines, they have generally focused on individual
mines, specific ventilation installations, or individual aspects
of ventilation performance. A systematic and large-scale
survey of ventilation structures in underground coal mines of
the Quang Ninh coalfield has not yet been carried out. In
practice, many mines attempt to compensate for leakage by
increasing the total air quantity supplied underground. How-
ever, this approach increases electricity consumption, accel-
erates ventilation equipment wear, and may destabilize the
ventilation network without eliminating the root causes of
leakage. Therefore, a comprehensive study aimed at identify-
ing and proposing effective measures to mitigate air leakage
through ventilation structures in underground coal mines of
the Quang Ninh coalfield is both necessary and timely. The
results of this study can serve as a practical basis for improv-
ing ventilation efficiency and enhancing mine ventilation
safety in the region.

2. Materials and methods

2.1. Ventilation works in underground coal mines

Ventilation doors are among the most important ventila-
tion works used for regulating and directing airflow in under-
ground coal mines. Due to the dense network of tunnels,
underground coal mines often use hundreds of ventilation
doors installed at different locations. These doors are concen-
trated in crosscuts, transport tunnels, and areas adjacent to
ventilation shafts. Their main role is to separate airflow, pre-
vent bypassing between fresh and dirty air flows, regulate and
distribute airflow to longwall faces and preparatory faces
according to the ventilation design, and facilitate transporta-
tion by allowing people, equipment, and electric trains to pass
through while ensuring the isolation of the ventilation system.

Ventilation doors include automatic ventilation doors, re-
versing ventilation doors, and manual ventilation doors.
Automatic ventilation doors are widely deployed in modern
mines such as Ha Lam, Khe Cham, and Vang Danh. These
doors use hydraulic or pneumatic piston systems, allowing
electric trains to pass through without stopping for manual
opening. Reversing ventilation doors are designed with two-
way hinges to ensure stable operation when the main fan
system reverses the airflow in the event of a malfunction.
Manual ventilation doors are still used in preparatory furnace
areas and in medium- and small-scale mines.

The materials commonly used for manufacturing ventila-
tion doors are steel or wood covered with corrugated iron.
Some modern mines are gradually switching to composite
plastic or high-strength steel doors in order to prevent corro-
sion in humid environments.

A ventilation gate is a ventilation work constructed in
mine tunnels to separate fresh air from dirty air. It is installed
in mine workings that must remain airtight but are also fre-
quently used by personnel and transport vehicles. To effec-
tively isolate air flows and minimize air leakage, at least two
ventilation gates should be installed simultaneously in order
to create an air chamber.
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Retaining walls are used in areas where mining has been
completed and in tunnels that are temporarily shut down for
more than six months. Before constructing a retaining wall,
all materials, equipment, and electrical cables in the tunnels
must be removed.

Retaining walls include fixed retaining walls and tempo-
rary retaining walls. Fixed retaining walls are built to isolate
tunnels and areas where mining has been completed, as well
as tunnels that are temporarily shut down or not used for a
period longer than six months. In the case of fire-resistant
retaining walls, the wall is built of stone or solid brick, with a
thickness of at least 0.55 m. In other tunnels, the retaining
wall is constructed of solid brick, with a thickness of 0.45 m.
Temporary retaining walls are built to isolate tunnels and
mining areas where production is temporarily suspended for
a period of up to six months. These walls are usually con-
structed of sandbags or soil, with a thickness of at least
0.6 m. The wall is built at a distance of no more than 4 m
from the fresh airflow.

2.2. Classification, types and consequences of air leakage

2.2.1. Classification of air leakage

Air leakage in underground coal mines can be classified
into underground air leakage, surface air leakage, and mine-
wide air leakage. Underground air leakage, or in-mine air
leakage, occurs within mine ventilation works such as venti-
lation doors, ventilation gates, retaining walls, air bridges,
and previously mined-out areas. Surface air leakage, or ex-
ternal air leakage, occurs at the main fan station or between
the ground surface and the ventilation shaft. This may in-
volve air leaking from the surface into the ventilation shaft
when exhaust fans are used, or air leaking from inside the
mine to the outside when forced fans are used in the ventila-
tion shaft. Mine-wide air leakage includes both in-mine and
surface air leakage.

2.2.2. Types of air leakage

According to its distribution characteristics, air leakage
may be classified as localized, continuously distributed, or
mixed. Localized air leakage refers to leakage concentrated
at a specific location, such as leakage through ventilation
works. Continuously distributed air leakage occurs along a
certain length or area, for example through parallel tunnels or
excavated zones. Mixed air leakage combines both localized
and continuously distributed leakage. For example, air leak-
age may occur through a pair of parallel tunnels excavated in
a coal seam, where localized leakage takes place through the
retaining walls of the connecting tunnel, while continuously
distributed leakage occurs through the coal pillar between the
two tunnels.

2.2.3. Consequences of air leakage

The consequences of air leakage are serious and multi-
faceted. First, air leakage reduces the airflow supplied to
consumption places, especially at the main mining faces,
where workers operate and where methane and other harmful
gases are present. Second, insufficient airflow worsens
workplace conditions, making the air hotter and stuffier due
to inadequate dilution of contaminants and insufficient cool-
ing, which in turn reduces labour productivity and increases
the risk of heat stress and worker fatigue. Third, in mines
with high methane emissions, insufficient airflow may pre-
vent methane concentrations from being diluted below the
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permissible limit of 1%, and any sudden increase in methane
concentration may lead to catastrophic mine fires or explo-
sions. In addition, air leakage increases production costs,
since the mine must operate the main fans at higher power in
order to compensate for airflow losses and maintain the re-
quired air quantity at mining faces. This results in higher
electricity consumption and greater maintenance costs. Final-
ly, air leakage complicates ventilation management, leading
to inaccuracies in the calculation and adjustment of the over-
all mine ventilation regime.

2.3. The influence of air leakage on the working mode of
the main fan

Figure 1 shows the general schematic diagram for deter-
mining the optimal operating point of the main fan, thereby
determining the fan's working mode. The graph shows that
once point A is determined as the optimal operating point of
the main fan, the air pressure of ha and the airflow of Qa
generated by the fan, as well as the impeller angle and fan
power, can be determined. This forms the working mode of
the main fan for ventilating the entire mine.

\
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Figure 1. Influence of air leakage on the operating mode of the
main fan in underground coal mines: Ra, Ry — mine resistance char-
acteristic curves; ha— fan pressure at operating point A; Qa—airflow
at operating point A; he—fan pressure at operating point B;
QB —airflow at operating point B

In the case of air leakage in underground coal mines, the
total resistance of the ventilation network decreases as the
leakage airflow increases. This is because part of the airflow
bypasses the intended working places through leakage paths,
thereby changing the aerodynamic resistance of the mine
ventilation network. As a result, the mine resistance charac-
teristic curve shifts downward to curve Rb, and the fan oper-
ating point moves from A to B. Consequently, the airflow
required from the fan increases from Qa to Qg, while the fan
pressure decreases from ha to hg, as shown in Figure 1. This
increased airflow can, in many cases, lead to motor overload
or even motor burnout. In axial fans, when the operating
point shifts to the right side of the characteristic curve, this
risk is particularly high.

The influence of air leakage on the working mode of ven-
tilation fans is especially negative when the main fans are
connected in parallel, because the operating parameters of
the fan may shift to a very low-efficiency zone.

From the practical problems mentioned above, it is clear
that measures to prevent air leakage must be applied regular-
ly to ensure ventilation safety and the stable operation of
underground coal mines.
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2.4. Standards for air leakage through ventilation works
in underground coal mines

2.4.1. Standards in some countries around the world

In Russia, a considerable number of studies have been con-
ducted on mine ventilation in general and on air leakage in
particular. The external air leakage coefficient through ventila-
tion shafts and air ducts is adopted according to the following
values [40, 41]. For fan stations located in vertical shafts, the
maximum external air leakage coefficient is Ky, =1.25 for
shafts equipped with skip hoisting, which corresponds to 25%
of the airflow through the fan, and K., = 1.20 for shafts
equipped with cage hoisting, which corresponds to 20% of the
airflow through the fan. For fan stations located in a fan drift
without connection to ventilation shafts, or in ventilation shafts
without transport devices and sealed by ventilation gates, the
maximum external air leakage coefficient is K, = 1.10, corre-
sponding to 10% of the fan airflow. For fan stations located in
fan drifts connected to ventilation shafts, or in ventilation shafts
with transport devices, the maximum external air leakage coef-
ficient is Km = 1.20, corresponding to 20% of the fan airflow.
Thus, external air leakage depends on the function of the venti-
lation shaft connected to the fan drift where the fan station is
located, particularly on whether transport devices are present,
as well as on the cross-sectional area of the fan drift. According
to Russian calculations, external air leakage ranges from 1.10 to
1.25, which corresponds to 10% to 25% of the fan airflow.

According to Romanian safety standards, the air leakage
limits in underground coal mines are as follows [41]. Air leak-
age should not exceed 5% if the mine has only one airflow,
that is, when air enters and leaves the mine through a single
flow path. It should not exceed 10% if the mine has two air-
flows, that is, when air enters and leaves the mine through two
different flow paths. It should not exceed 15% if the mine has
more than two airflows, that is, when air enters and leaves the
mine through multiple different flow paths. The air leakage
standards of Romania and Russia were established during
approximately the same period, namely in the 1970s and
1980s, and therefore the construction methods and the air
leakage values specified in the standards are quite similar.

China currently has a highly developed mining industry.
Underground coal mines in China operate under relatively
favorable conditions for the application of mechanization and
automation in many production stages, including mine ventila-
tion. In China, mine ventilation is regulated on the basis of the
“Safety Regulations in Coal Mining” [42] and the “Standards
for Assessing the Safety Quality of Coal Mines”. For under-
ground mine ventilation in China, there are no specific stand-
ards defining the permissible level of air leakage for each
individual type of ventilation structure, such as ventilation
doors, air bridges, ventilation gates, or retaining walls. How-
ever, the calculation guidelines and mine safety management
regulations include several relevant requirements. In particu-
lar, the ratio of required airflow, namely the airflow supplied
to consumption places such as mining faces, development
headings, and power stations, to the total airflow entering the
mine must not be less than 85%. This means that the air leak-
age rate in the mine must not exceed 15%. In addition, exter-
nal air leakage outside the mine, including leakage through the
main fan station and fan drifts, must not exceed 5% when there
is no transport equipment in the ventilation shaft and must not
exceed 15% when transport equipment is installed in the venti-
lation shaft, as stipulated in Article 158 of the Chinese under-
ground mining safety standard [42].
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2.4.2. Standards at underground coal mines in Quang
Ninh coalfield, Vietnam

In Vietnam, there are currently no national standards or in-
dustry standards specifically regulating air leakage through
ventilation works. Most studies, air leakage calculation proce-
dures, and air leakage prevention practices in Vietnam are
based on inherited research results from other countries, main-
ly Russia and China, or on accumulated practical experience.
In particular, the standards and regulations related to air leak-
age through ventilation works presented in specialized docu-
ments in Vietnam, as well as the standards and norms used in
training materials on mine ventilation and gas management of
Vietnam National Coal-Mineral Industries Holding Corpora-
tion Limited, are based on these sources. According to the
mine ventilation textbook [43], the Handbook on Underground
Mine Ventilation, Tunnels and Fans, and the training materials
on ventilation work of Vietnam National Coal-Mineral Indus-
tries Holding Corporation Limited [44], air leakage through
ventilation works may be summarized as follows.

For retaining walls, the air leakage rate ranges from 0.11
to 0.50 m¥/s. For retaining walls with ventilation doors, the
air leakage rate ranges from 0.67 to 2.60 m®/s. For air bridg-
es, the air leakage rate ranges from 0.58 to 1.25 m®/s. Exter-
nal air leakage in ventilation shafts depends on the degree of
sealing of the transport shaft, whether skips or cages are
used, and the external air leakage coefficient ranges approx-
imately from 10% to 30% of the airflow entering the mine.

3. Results and discussion

3.1. Air leakage through ventilation works in under-
ground mines of the Quang Ninh coalfield

Field surveys, measurements, and data collection on air
leakage through ventilation works were conducted at 10 un-
derground coal mines in the Quang Ninh coalfield, including
Mao Khe, Nam Mau, Uong Bi, Nui Beo, Hon Gai, Quang
Hanh, Duong Huy, Mong Duong, Khe Cham, and Ha Long
coal mines. These are all large-scale mines belonging to Vi-
etnam National Coal-Mineral Industries Holding Corporation
Limited. Survey and measurement data were collected at the
mines for ventilation doors, ventilation gates, retaining walls,
and gates at the fan stations representing external air leakage.

Based on measurements taken at many different loca-
tions, the collected data covered a certain range of values,
from which the corresponding average values were deter-
mined. A summary of the collected data on air leakage
through ventilation works at underground coal mines in the
Quang Ninh, is presented in Table 1 [45, 46]. Based on these
air leakage data, the graph of air leakage through the investi-
gated ventilation works is shown in Figure 2.

Air leakage (m3/s)
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Ventilation works

Figure 2. Graph of air leakage through ventilation works in
underground coal mines in the Quang Ninh coalfield
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Figure 2 shows that external air leakage through the main
fan stations is the highest among the investigated ventilation
works in underground coal mines of the Quang Ninh coal-
field, with an average value of 6.62 m¥s. Air leakage
through ventilation doors ranks second, averaging 2.2 m%s,
followed by ventilation gates, with an average value of
1.92 m¥s. The lowest air leakage is observed through retain-
ing walls, with an average value of 0.4 m3s.

Table 1. Summary of air leakage levels through ventilation works
in underground coal mines in the Quang Ninh coalfield, Vietham

Air leakage through ventilation

Coal works, m%s
No. mine Gates at Note
Doors = Gates = Walls fan stations
1 Mao 18-20 1.6-20 0.1-0.2 38142 Range of values
Khe 1.9 1.8 0.15 8.25 Average
9 Nam | 1.8-22 1.6-2.0 0.0-05  4.6-6.5 Range of values
Mau 2.0 1.8 0.25 5.55 Average
3 Uong Bi 1.7-2.7 1 1927 00-05 15-76  Range of values
2.2 23 0.25 33 Average
. 18-23 1.7-25 0.0-0.25 45-139 Range of values
4 Nui Beo
2.05 2.1 0.12 7.7 Average
5 | Hon Gai 1.8-25 17-24 00-05 15-126 @ Range of values
2.15 2.05 0.25 4.7 Average
6 Quanh 1.6-26 1.7-2.6 0.0-0.25 2.8-7.3  Range of values
Hanh 21 215 0.12 36 Average
7 Duong 1.8-28 1.7-2.6 0.25-05 20-155 Range of values
Huy 2.3 2.15 0.37 70 Average
8 Mong  20-24 17-25|00-05 28150 Range of values
Duong 2.2 2.1 0.25 7.7 Average
9 Khe 18-20 1.2-20 0.0-05 35-185 Range of values
Cham 1.9 16 0.25 11.0 Average
10 Ha Long 22-25 16-25 00-08 6.1-88  Range of values
2.35 2.05 0.4 7.45 Average
General 16-28 12-2.7 0.0-08 15185  Range of values
summary 2.2 1.92 0.4 6.62 Average

3.2. Assessment of air leakage through ventilation works

3.2.1. General assessment of air leakage levels through
ventilation doors

According to the data presented in Table 1, the level of
air leakage through ventilation doors at underground coal
mines in the Quang Ninh coalfield depends on the type of
door, whether temporary or permanent, the mode of transport
through the door, whether for personnel only or for vehicles,
the material of the door, the number of door leaves, whether
the door is opened and closed manually or automatically, and
whether the door is guarded.

23 2.35
22 215 2.2
205 21
| i I I | I I I | I

Mao
Khe
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- w ~
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Names of Coal Mines

Figure 3. Graph of air leakage through ventilation doors at
underground coal mines in the Quang Ninh coalfield
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Thus, the survey data collected from 10 underground coal
mines in the Quang Ninh coalfield, as presented in Table 1,
show that air leakage through ventilation doors ranges from
1.6 to 2.8 m¥/s, with an average value of 2.2 m%/s. The survey
was conducted on doors used for air separation, with brick
walls and iron doors, most of which are manually opened and
closed without guards. Figure 3 shows that Ha Long Coal
Mine has the highest air leakage through ventilation doors,
with an average value of 2.35 m%/s.

Mao Khe and Khe Cham coal mines have the lowest air
leakage through ventilation doors, with an average value of
1.9 m¥/s. Other coal mines, including Nam Mau, Nui Beo,
Hon Gai, Quang Hanh, Uong Bi, and Mong Duong, which
were surveyed and measured in the field, showed similar
values ranging from 2.0 to 2.2 m%/s. Images of some ventila-
tion doors surveyed at underground coal mines in the Quang
Ninh coalfield are shown in Figure 4 [46].

(b)

Figure 4. Images of two typical ventilation doors at two under-
ground coal mines in the Quang Ninh coalfield: (a) — Vang Danh;
(b) — Mong Duong

3.2.2. General assessment of air leakage levels through
ventilation gates

Ventilation gates located in the main transport tunnels,
where the electric train system operates, are usually perma-
nently constructed with two to three gates, most commonly
two, and can be opened and closed either manually or auto-
matically. Field survey results from the mines, as shown in
Table 1 and Figure 2, indicate that air leakage through per-
manent ventilation gates ranges from 1.2 to 2.7 m%s, with an
average value of 1.92 ms. Figure 5 shows that Uong Bi
Coal Mine has the highest air leakage through ventilation
gates, with an average value of 2.3 m%s.

27

25

- w 8}

Air leakage (m?/s)

=}
w0

21 505 X 215 21 205
I I I I I | I

Hon Quang Duong Mong Khe Ha
Gai Hanh Huy Duong Cham Long

23
18 18 I

Mao
Khe

Nui
Beo

Nam Uong
Mau Bi

Names of Coal Mines

Figure 5. Graph of air leakage through ventilation gates at
underground coal mines in the Quang Ninh coalfield

Khe Cham Coal Mine has the lowest air leakage through
ventilation gates, with an average value of 1.6 m%s. Mao
Khe and Nam Mau coal mines have an average air leakage of
1.8 m¥/s. Other coal mines, including Hon Gai, Ha Long, Nui
Beo, Mong Duong, Quang Hanh, and Duong Huy, which
were surveyed and measured in the field, showed similar
values ranging from 2.05 to 2.15 m%s. Figure 6 shows a
ventilation gate surveyed at Mong Duong Coal Mine [46].

Figure 6. Image of a manually operated ventilation gate with
a brick wall and iron frame at the +30 tunnel in the Canh Dong
area of Mong Duong Coal Mine

3.2.3. General assessment of air leakage levels through
retaining walls

Retaining walls are usually constructed of brick, with or
without plastering, or of concrete. In some coal mines with
self-igniting properties, permanent walls are also constructed
of fly ash. Temporary retaining walls are often built using
sandbags. According to the survey data from coal mines in

the Quang Ninh coalfield presented in Table 1.
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Figure 7. Graph of air leakage through retaining walls at un-
derground coal mines in the Quang Ninh coalfield
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Air leakage through retaining walls is relatively low, and
at many locations no leakage was recorded. At locations
where leakage does occur, it mainly appears along the sides
of the tunnel or through cracks in the wall, ranging from 0.0
to 0.8 m®/s, with an average value of 0.12 m®/s,

Figure 7 shows that Ha Long Coal Mine has the largest
air leakage through the retaining walls, averaging 0.4 m®s,
followed by Duong Huy Coal Mine, averaging 0.37 m%/s.
Nui Beo and Quang Hanh Coal Mines have the smallest air
leakage through the retaining walls, averaging 0.12 m¥/s.
Nam Mau, Uong Bi, Hon Gai, Mong Duong, and Khe Cham
Coal Mines all have similar air leakage, averaging 0.25 m%s.

3.2.4. General assessment of the level of external air leak-
age through main fan stations

In underground coal mines, most main fan stations have
fan drifts connected to ventilation openings, including in-
clined shafts, horizontal roadways, or vertical shafts. At the
entrances to these ventilation openings, air gates are usually
installed. The level of air leakage through these gates de-
pends on the mode of transport passing through them,
whether electric trains, conveyor systems, or only personnel,
as well as on whether the gates are opened and closed manu-
ally or automatically. Air leakage at these locations is usually
quite significant because of the large pressure difference
between the outside atmosphere and the inside of the mine
openings. This is also referred to as air leakage through the
air gates at the main fan stations.
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Figure 8. Graphs of external air leakage through main fan
stations at underground coal mines in the Quang Ninh coalfield

According to the survey data collected at underground
coal mines in the Quang Ninh coalfield, as presented in Ta-
ble 1, the external air leakage at the main fan stations ranges
from 1.5 to 18.5 m%s, with an average value of 6.62 m%s,
corresponding to 1.5 to 22.6% of the main fan airflow, with
an average of 9.16%.

Figure 8 shows that Khe Cham Coal Mine has the highest
external air leakage, with an average value of 11.0 m%/s, fol-
lowed by Mao Khe Coal Mine, with an average value of
8.25 m%s. Uong Bi and Quang Hanh coal mines have the
lowest external air leakage, with average values of 3.3 and
3.6 m¥s, respectively. Duong Huy, Ha Long, Nui Beo, and
Mong Duong coal mines all show comparable external air
leakage values, ranging from 7.0 to 7.7 m%s. These results
indicate that external air leakage at main fan stations is a major
contributor to overall air loss in the ventilation systems of coal
mines in the Quang Ninh coalfield and should therefore be
considered a priority target for control and mitigation.
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3.3. Proposed solutions to reduce air leakage through
ventilation works in underground coal mines in the
Quang Ninh coalfield

3.3.1. Solutions to reduce air leakage through ventilation
doors

Ventilation doors must be constructed in accordance with
the approved design and installed at the locations specified in
the ventilation scheme. A safe clearance around the doors
must be maintained in order to ensure the safe movement of
personnel and transport equipment through the tunnels.

All ventilation doors must provide the highest possible
airtightness of both the door frame and the door leaf. The
joints between the door structure and the roof and sidewalls
of the tunnel must be carefully sealed. At the floor contact,
flexible materials such as rubber gaskets should be used in
order to prevent air leakage. Permanently installed doors in
main tunnels should be equipped with double-sided hinges or
horizontal sliding mechanisms to facilitate airflow reversal
when required.

Ventilation doors installed in main airways and ventila-
tion tunnels must be constructed in a strong and reliable
manner and should include at least two door sets forming an
airlock in order to ensure continuous closure during opera-
tion. The installation of ventilation doors in inclined tunnels
used for hoisting transport should be prohibited. In excep-
tional cases, such installation may only be allowed on the
basis of a special design and an authorized hoisting schedule
approved by the Director.

Before construction, the support system should be care-
fully inspected, and the condition of the rock mass in the
roof, sidewalls, and floor of the tunnel should be checked.
Coal and rock debris must be removed from the site in order
to provide sufficient working space and avoid obstructing the
movement of personnel and vehicles. The concentrations of
CHa4, CO», and CO, as well as the temperature at the planned
construction site, must also be checked before work begins.

For permanent doors intended for long-term service, the
construction site should be selected in areas where the roof,
floor, and sidewalls are geologically stable. If construction in
unstable ground conditions cannot be avoided, additional
reinforcement measures must be implemented to ensure
sufficient compaction of the surrounding rock mass at the
door site and to prevent air leakage through cracks.

Construction methods must be selected carefully, and the
approved design must be strictly followed during construc-
tion. If any changes to the construction plan are required,
they must be reported to the ventilation manager for review
and approval.

The construction of permanent ventilation doors general-
ly includes inspection of the selected location, construction
of the wall and assembly of the door frame, and completion
of the frame followed by installation of the ventilation door.

The construction of ventilation doors must be directly su-
pervised by a responsible person who gives instructions and
continuously monitors the condition of the tunnel and sur-
rounding walls in order to respond promptly to any unsafe
situations. During construction, any person passing through
the work area must obtain permission from the supervisor.
Before passage is allowed, the ventilation door structure
must be checked to ensure safe conditions. Passage through
the construction zone should be carried out carefully and
without delay.
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During construction, all works must comply with the ap-
proved technical measures, the national technical regulations
and safety standards for underground coal mining under
QCVN 01:2011/BCT issued by the Ministry of Industry and
Trade on February 15, 2011, and other related procedures
and regulations [47].

From the technical point of view, the ventilation door
must open and close smoothly. It may be operated manually,
but it should also be capable of closing automatically under
its own weight due to the pressure difference. A gasket, pref-
erably made of rubber, should be installed between the frame
and the door leaf in order to reduce air leakage. The door leaf
should be smooth and flat, while the door wall should be
constructed of fire-resistant material and built in competent
rock without cracks.

During operation, ventilation doors without a designated
operator should be used only after the surrounding area has
been checked for obstacles or equipment preparing to pass
through. If transport equipment is approaching, priority
should be given accordingly. If the passage is clear, the door
may be opened for movement through the opening. For venti-
lation doors with a designated operator, all personnel and
vehicles must obtain permission and follow the instructions of
the operator before passing. If a train requests passage and an
inspection shows that the route ahead is obstructed by equip-
ment or another train, the train must be instructed to stop and
wait until the route is clear before the door is opened.

The fabrication and construction of ventilation doors are
usually carried out by the ventilation workshop. After instal-
lation is completed, responsibility for management and
maintenance must be formally handed over to the relevant
production unit or workshop within the mine management
area, and this handover must be documented. If any ventila-
tion door is damaged or if air leakage exceeds the permissi-
ble level, the ventilation workshop must be informed imme-
diately so that repair can be carried out. During repair or
replacement, temporary barriers or partitions should be in-
stalled in order to minimize air leakage and maintain produc-
tion conditions. During production shifts, the ventilation
section should carry out regular inspections of ventilation
doors to assess their operating condition and physical state at
each location. If any door is found to be damaged, deformed,
or non-compliant with technical requirements, a report must
be issued to the responsible unit, clearly stating the cause of
the violation, identifying responsibility, and requiring imme-
diate corrective action.

On a weekly basis, the ventilation section should compile
reports on all detected violations and submit them to the Mine
Ventilation and Drainage Department. These reports are then
forwarded to the Director, who determines the corresponding
disciplinary measures. The final penalties may be considered
during monthly performance evaluations and product ac-
ceptance inspections, depending on the seriousness of each case.

3.3.2. Solutions to reduce air leakage through ventilation
gates

The construction and installation of ventilation gates are
generally based on the same principles as those applied to
ventilation doors. However, some additional requirements
should be considered during the management, construction,
and operation of ventilation gates. In cases where the tunnel
is used only for personnel passage, the distance between the
two gates should be at least 5 m, and such gates are usually
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manually operated. When trains pass through the tunnel, the
distance between the two gates must be greater than the max-
imum train length, and automatic gates should be installed.

The operating principles for ventilation gates are similar
to those applied to permanent ventilation doors. However,
during passage through a ventilation gate, each gate must be
opened separately. After passing through the first gate, it
must be closed securely before the second gate is opened.
Opening both gates at the same time is prohibited because it
causes air leakage. If the ventilation gate includes a side door
for personnel passage, only this side door should be used,
except in cases where bulky materials or equipment are being
carried or transported.

Ventilation gates installed in mine roadways used for
electric train transport are usually managed, maintained, and
operated by the mine transport sections. Ventilation gates
located in tunnels used only for personnel passage are gener-
ally managed, maintained, and operated by the ventilation
sections.

3.3.3. Solutions to reduce air leakage through ventilation
shafts

At main fan stations where the fan drift is connected to
tunnels or ventilation shafts, ventilation gates are installed at
the top of the tunnels or at the top of the ventilation shafts.
To reduce air leakage through ventilation shafts, several
basic solutions should be implemented.

Additional ventilation gates may be installed in the ven-
tilation shafts, with at least two gates provided where pos-
sible. At the same time, the construction quality, installa-
tion technique, and sealing performance of these ventilation
gates, as well as the sealing of covers in vertical shafts,
should be improved.

Regular inspection and timely repair of any defects are
also necessary, since the pressure difference on the two sides
of the ventilation gates is usually very large.

The ventilation gates at the top of ventilation shafts
should be designed with auxiliary doors for personnel ac-
cess, and automatic opening and closing gates should be
prioritized. In addition, in order to reduce air leakage
through cracks in the surrounding rock into the ventilation
shafts, the upper section of the shaft or connecting opening
should be concreted.

Ventilation shaft entrances must be strictly controlled,
and personnel and vehicles should be allowed to pass only
with authorization from the responsible guard. Air leakage
through ventilation shafts usually accounts for the major part
of the external air leakage of a mine. In addition, significant
leakage may also occur through fan station buildings, inspec-
tion doors of fan shafts, and fan blades. In shallow mines,
further external leakage may occur through surface fissures
or cracks extending into the mine workings.

3.3.4. Solutions to reduce air leakage through retaining
walls (stoppings)

Retaining walls, or ventilation stoppings, are constructed
to isolate tunnels after fire incidents or to seal off temporarily
suspended roadways. The construction and opening of these
isolation structures must strictly follow the approved plans
and ensure compliance with safety regulations, technical
standards, and operating procedures. To reduce air leakage
through these structures, several fundamental measures
should be implemented.
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During construction, the responsible section must strictly
comply with the approved technical measures, the national
technical regulations and standards on safety in underground
coal mining under QCVN 01:2011/BCT issued by the Minis-
try of Industry and Trade on February 15, 2011, and other
related procedures and regulations [47].

The construction of the retaining wall, from the founda-
tion to the full perimeter, must follow closely the sides and
roof of the tunnel. The wall must be straight, flat, and air-
tight. It should also be equipped with pipes for monitoring or
controlling the gases inside the sealed area. The construction
of retaining walls must be supervised, and the condition of
the tunnel and the wall must be continuously monitored in
order to address any situations that may arise. Each retaining
wall should also be numbered sequentially.

Fire-resistant materials that satisfy the required technical
standards should be used for the construction of retaining
walls, and the wall thickness should not be less than 500 mm.

The wall surface must be free of cracks, and any gaps be-
tween the wall and the sides or roof of the tunnel must be
carefully sealed. If necessary, one or more layers of coating
may be applied to the wall surface in order to improve its
airtightness and smoothness and thereby reduce air leakage.

3.3.5. General solutions related to organization and man-
agement

Air leakage in underground mines results from a variety
of factors, primarily pressure differences along leakage
paths, improper construction or operation of ventilation
structures, and inadequate methods of mine pressure control.
Other important causes include insufficient coal pillar width
between parallel roadways and surface subsidence or fractur-
ing caused by mining activities.

Such leakage significantly reduces the supply of fresh air
to working faces, leading to the accumulation of hazardous
gases and coal dust, elevated temperatures, and reduced
labour productivity, all of which adversely affect workers’
health. In addition, air leakage forces ventilation fans to
operate at higher capacities, resulting in considerable energy
losses. Therefore, in addition to specific technical measures
for each ventilation structure, several general organizational
and management solutions should be applied.

A rational ventilation scheme and ventilation method
should be selected, since air leakage in the mine is generally
lower with a side ventilation scheme and higher with a central
ventilation scheme. Proper planning of mining operations and
the selection of appropriate technical solutions for the mine
are also important, because the mining sequence and mining
method have a strong influence on the level of air leakage.

Main roadways, which are intended for long-term use,
should be excavated in rock whenever possible. Old and
unused workings should either be demolished or isolated by
retaining walls. Appropriate mine pressure control methods
should also be applied in order to reduce air leakage into
mined-out areas. To reduce air leakage in ventilation shafts,
the number and quality of ventilation doors in inclined shafts
should be increased where necessary, and the sealing quality
of vertical shafts should be improved.

An important management requirement is the compre-
hensive improvement of the quality of mine ventilation safe-
ty personnel. Human resources are a key factor in mine ven-
tilation safety management, and the effectiveness of ventila-
tion safety largely depends on the competence of the respon-
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sible staff. A mine ventilation manager should have a thor-
ough understanding of ventilation safety and of the risks
associated with ventilation management. Improving the qual-
ity of mine ventilation managers requires better professional
education and training in management, as well as a stronger
sense of responsibility and professional ethics, with safety
regarded as a primary obligation.

Mine ventilation safety measures should also be inspected
and evaluated regularly. The different types of work related to
mine ventilation management should be classified scientifi-
cally, with clear and logical functions, and the allocation of
authority, responsibility, and benefits should be optimized
according to these functions. Ineffective or inappropriate
management measures should be identified and eliminated.

It is also necessary to develop and improve the relevant
system of standards and to implement mine ventilation safety
management in accordance with established standards. Effec-
tive ventilation management requires standardized proce-
dures at different stages, including the installation and opera-
tion of main fan stations, local fans, and retaining walls.
Standardization of work content and its implementation can
improve the quality of ventilation management and ensure
more accurate assessment of work quality.

Strict inspection and evaluation must also be ensured at
the design stage. In order to improve the quality of the work-
ing environment and continuously comply with mine safety
requirements, the design of mine ventilation facilities must
strictly follow the relevant safety and design regulations.

Daily ventilation safety management is equally im-
portant. Mine ventilation equipment should be maintained
regularly, and dust, dirt, and other deposits on ventilation
equipment should be cleaned in a timely manner. Damaged
ventilation equipment must be repaired or replaced promptly.
Ventilation works such as doors, gates, and retaining walls
should also be inspected regularly so that any defects or
malfunctions can be detected and corrected in time.

Finally, a rational mining plan should be developed in or-
der to ensure the stability of the mine ventilation network.

3.4. Proposed designs for ventilation works to mitigate air
leakage applicable to some underground mines in the
Quang Ninh coalfield

3.4.1. Ventilation gates

Ventilation gates are ventilation structures constructed to
separate fresh air from return air, especially in tunnels where
people and vehicles frequently pass through. To effectively
isolate airflows and reduce air leakage, at least two ventila-
tion gates should be installed together in order to create an
air chamber.

Ventilation gates can be divided into two main types,
namely in-mine ventilation gates and ventilation gates in-
stalled at the mine entrance in connection with fan drifts. In-
mine ventilation gates are usually constructed at the main
transport tunnels of the mine, where transport density is high
or where human traffic is frequent. Based on the survey re-
sults and the assessment of air leakage in underground mines
of the Quang Ninh coalfield, air leakage through ventilation
gates mainly occurs in tunnels with a high level of electric
train traffic and usually accounts for 15-20% of the airflow to
the fan. Therefore, the authors propose a design of an in-
mine ventilation gate system for electric train transport tun-
nels in order to reduce air leakage, as shown in Figure 9.
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Figure 9. Schematic design of steel ventilation gates installed
in a train transport ventilation shaft: 1 — steel beam U160x68x%5,
length 2.6 m; 2 —steel beam U160x68x5, length 1.1 m; 3 —brick
wall; 4 — ventilation gate; 5 — secondary door for personnel access

3.4.2. Ventilation doors

Ventilation doors are installed in tunnels to prevent or
regulate airflow while still allowing passage for people and
vehicles through opening and closing.

Based on surveys and assessments of the current state of
air leakage in underground mines of the Quang Ninh coal-
field, air leakage is often high when ventilation doors are
installed in tunnels where electric trains, conveyor belts, or
scraper conveyors are in operation. Therefore, the authors
propose a model design of ventilation doors for tunnels
equipped with electric trains, conveyor belts, and scraper
conveyors in order to reduce air leakage. This ventilation
door design is shown in Figure 10.
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Figure 10. Schematic design of a steel ventilation door in-
stalled in a conveyor belt transport tunnel: 1 — sheet metal with a
thickness of 0.5 mm; 2 — conveyor belt cover, usually made from
old conveyor belts

3.4.3. Retaining walls

Retaining walls are used to isolate areas where mining
has been completed, as well as tunnels that are no longer in
use or are temporarily out of service (Figure 11).
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Figure 11. Schematic design of a permanent brick retaining
wall: 1 — PVC pipe with a diameter of 21 mm and a shut-off valve,
used for gas measurement; 2—-PVC pipe with a diameter of
100 mm, used for drainage

The authors propose a typical design of a permanent
brick retaining wall to reduce air leakage, as shown in Fig-
ure 11. Permanent retaining walls are usually constructed of
brick or concrete, whereas temporary retaining walls are
often made of sandbags.

4. Conclusions

Ventilation networks in underground coal mines of the
Quang Ninh coalfield, operated by Vietham National Coal-
Mineral Industries Holding Corporation Limited, are character-
ized by a high level of complexity, ranging from moderate to
very complex, regardless of the production scale of the mine.

The main ventilation works used in these mines include
ventilation doors, ventilation gates, and retaining walls,
whereas air bridges are practically absent in this coalfield.
Field surveys and measurement data indicate that air leakage
occurs in most of these structures, with the highest values
recorded for ventilation doors, averaging 2.15 m®/s, and
ventilation gates, averaging 1.92 m?s. In contrast, retaining
walls are generally well constructed and properly maintained,
resulting in relatively low air leakage, with an average value
of only 0.12 m¥s.

Surface air leakage occurs mainly through the ventilation
gates located at shaft entrances connected to the main fan
stations. The average external air leakage was measured at
6.62 m®/s, which corresponds to approximately 9.16% of the
total fan airflow.

Although the air leakage rates recorded in the Quang
Ninh coalfield are slightly higher than those specified in
some international standards and guidelines, the difference is
not considerable. In particular, the performance of retaining
walls is close to international good practice due to their ade-
quate construction quality and effective management.

Ventilation works play an important role in maintaining
mine air quality and operational efficiency. To reduce air
leakage, a comprehensive technical approach is required,
covering all stages from design and construction to inspec-
tion, maintenance, and operation, with due consideration of
the specific characteristics of each type of ventilation work.
Such measures are essential for improving airflow distribu-
tion and enhancing the overall safety of underground coal
mining operations.
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OaFpITTalFaH MIENIIMACPAl 3epTTEy JKOHE d3ipiey KaKeTTiNiri TyslHAaiabl. Tay-KeH >KYMBICTAPBIHBIH ChI30AachIH, KEIICTY
ChI30aChIH JKOHE KOJIIAHBICTAFBI JKEIACTY KYpPBUIBICTApBIH TAJlIAy HETi3iHIe aBTopliiap HATYPIBIK 3epTTeyiep, oJmeyep, Tal-
Jay koHe Oaranay >KyMbICTapblH JKYPrizai. by maxranxapisiH sKkenaeTy KYpbUIBICTaphl apKbUIbl OOJIATHIH aya aFyblH a3auTy
JKOHIHJET] [Iapajap/bl YChIHyFa MYMKiHIiK O0epai. ConbiMeH Katap, BrerHamparbl KyaHrHuHbp kemip OacceifHiHIH kKepacThl
KOMIp IIaxTaJapblHJa KOJIaHyFa OOJNaThIH JKeNAETY IITI03/epi, )KEIAETY eCIKTEpl JKoHe OKIIayJarblll Oererrep YIUiH KOH-
CTPYKTHBTIK LIENTIMIEP YCHIHBULABI. 3epTTeyle AePEKTepAl )KUHAY, HATYPJIbIK 3epTTEy, aCHaITHIK OJIIeY, MIaXTalbIK Taujay,
COH/Iaii-aK aJbIHFaH HOTWOXKENEpl Tajjay KoHe Oarajiay oJicTepi KONJaHbUIIbL. ¥ CHIHBUIFAH IISIIiMAEp MaxTalblK OHAipicTe
SHTI31IIN, OH HOTIDKENep KOpPCEeTTi, OHBIH INIHJE aya aryblH a3aiiTy, jKeJAeTy THIMAUIIIH apTThIpy, 0ac >KeJAETKII KOH-
JBIPFBUTAPABIH KYMBIC PEXXKUMIICPIH JKaKcapTy KOHE JKaJIIbl MIaxTa OOWBIHIIA JKEJIEeTy IIBIFBIHIAPBIH KBICKAPTy HOTHIKENIepi
Oatikanmbel. OChl 3epTTEYIiH HOTHKEIepi KepacThl KoMip IIaXTalapblHAa JKENIEeTy KOCHapiIapblH d3ipiieyre, COHmai-aK OyKiT
[IaxTa KeJEeMiH/e aya aFyblH a3aiiTyra OarbITTalFaH THICTI JKENIETy KYpBUIBICTAPBIH TaHIAY JKOHE OpHATY YIIiH Heri3 0ona
anajpl.

Hezizzi co30ep: aya azgyvl, aya azyblH memeHOemy, dHceideny KYpoliblCIapel, He2isel sHceni0emKiul KOHObIPEbIIap, KOMIp
waxmanapwl, Kyaunenuns xemip baccetini.

CHuUKeHHe yTeYeK BO3AyXa B YIOJbHBIX IAXTAX: HA IPpUMepe
yrojabHoro dacceiina Kyanrauas, Bbernam
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AnHotanus. CtabminbHOCTS U 3P ()EeKTHBHOCTh BEHTHISIIMOHHBIX CHCTEM ITO3EMHBIX YrOJBHBIX IIAXT UMEIOT PEHIaoIiee
3Ha4eHHe Ui oOecreueHns: OE30MacHOCTH MPOM3BOACTBA M 3AIUTHI 310POBbsl PAOOTHUKOB. Y TEUKH BO3yXa HE TOJIBKO CHH-
XKatoT 3(QGEKTHBHOCTD MOAA4YM CBEXEro BO3AyXa K padO4YMM 30HaM, BKIIOYAs OYMCTHBIC 3a00M, TYIHKOBBIE BBIPAOOTKH M
KpYIHBIE TIO3MHBIE KaMephl, HO U CIIOCOOCTBYIOT BO3HHKHOBEHHIO TaKMX OIACHBIX SBJICHHH, KaK CAaMOBO3TOpaHHE YIS U
HaKOIJIEHHE METaHa, KOTOpPbIE MOTYT IIPUBECTHU K B3pbIBaM. KpoMe Toro, yreukn Bo3ayXa 3HaUUTENIBHO YBEIHMYUBAIOT HEPrO-
noTtpediIeHne Mpu padboTe IIIaBHBIX BEHTHIISITOPOB. B CBS3M ¢ 3THM BO3HHKAaeT HEOOXOAMMOCTh MCCIEIOBAHMS U pa3pabOTKH
pELICHUH, HAIIPABJIEHHBIX HA CHI)KEHUE yTEUEK BO3/lyXa B MOA3EMHBIX YroJIbHBIX IIaxTax. Ha ocHOBe aHanu3a cXeMbI TOPHBIX
paboT, cXeMbl BEHTIISALUHN U CYIIECTBYIOUINX BEHTHJIALMOHHBIX COOPY)KEHHH aBTOpaMH ObUTH IPOBEAEHBI HATYpHBIE 00CIe-
JIOBaHMsI, U3MEPEHHUS, aHAJIU3 U OLEHKA, YTO ITO3BOJIMIIO IIPEJUIOKUTh MEPBI 110 CHUKEHUIO YTEUEK BO3/yXa 4epe3 BEHTHIIALU-
OHHBIE COOpYXeHHs maxT. Kpome Toro, mpemiokeHsl KOHCTPYKTHBHBIE PELICHUS A BEHTWISIMOHHBIX IIJIF030B, BEHTHIISA-
IIUOHHBIX ABEPEH M M30JIALUOHHBIX MEPEMBIYEK, KOTOPhIE MOTYT OBITh MPUMEHEHBI Ha MOJ3EMHBIX YTOJIBHBIX IIAaXTaX YIrojb-
Horo OacceiiHa Kyanrauus, BreTHaM. B mccnenoBaHuy MCHONBb30BaHBI METOMBI cOOpa JaHHBIX, HATYPHBIX OOCIIEIOBAaHHM,
MHCTPYMEHTAJbHBIX U3MEPEHHH, MAXTHOIO aHAJIN3a, a TAK)KE aHAIM3a U OLICHKH MOIYyYEHHBIX pe3ynsTaToB. [IpennoxkeHHbIe
penieHust ObUIM BHEIPEHBI B MIAXTHOE NMPOM3BOJICTBO M IOKA3allH IMOJI0XKUTEIbHbBIE PE3yIbTaThl, BKIFOUasl CHIDKCHHE YTedeK
BO3/lyXa, MOBbIMEHNE YPPEKTUBHOCTH BEHTWISALMH, YJIyUIICHHE PEXMMOB paOOThHI TJIaBHBIX BEHTHIJIITOPOB M COKpalleHHUE
BEHTHJISILIMOHHBIX 3aTPaT MO IIAXTEe B LEJNOM. Pe3ynbTaTsl JAHHOTO MCCIIEA0BAHUS TaKKe MOTYT CIIy’KUTh OCHOBOM 171 paspa-
0OTKM BEHTHJISIIMOHHBIX IUIAHOB Ha MOA3EMHBIX YTOJBHBIX IIAXTax, a TaKXKe JUIl BHIOOpa M YCTAaHOBKH COOTBETCTBYIOLIMX
BEHTWJISILIHIOHHBIX COOPYXEHUH, HATIPaBJICHHBIX Ha CHIDKEHUE YTEUEK BO3/yXa B MacIITa0e BCEH IIaxThI.

Kniouegvie cnoga: ymeuxu 6030yxa, CHudiceHue ymeuex 030yXa, GEHMUNAYUOHHbIE COOPYIUCEHUS, 2NAGHbIE BEHMUNAMOP-
Hble YCIMAHO0BKU, Y201bHble WaxXmbl, y2oabhbill bacceln Kyanenuns.
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Grapho-analytical optimization of ore drawing parameters from barrier pillars
with field preparation in inclined deposits under caving conditions
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Abstract. This article presents the results of a grapho-analytical study aimed at optimizing technological parameters for ore
drawing from barrier pillars (BP) in inclined ore deposits under caving conditions. The extraction of reserves remaining within
barrier pillars is one of the most challenging tasks in underground mining, as it requires a balance between maximizing ore
recovery and maintaining the geomechanical stability of the surrounding rock mass. Particular attention is paid to substantiat-
ing the rational spatial position of drill-haulage drifts (DDW) during field preparation in caving zones. The research methodol-
ogy is based on geometric and grapho-analytical modeling of ore drawing processes under various mining and geological con-
ditions. The study considers ore body thicknesses ranging from 6 to 12 m and dip angles from 15° to 51°. Several variants of
left-asymmetric displacement of the DDW axis relative to the central axis of the barrier pillar were analyzed to determine their
influence on ore recovery efficiency, ore losses, dilution, and the stress-strain state (SSS) of the surrounding rock mass. The
results show that displacement of the DDW axis significantly affects both extraction performance and geomechanical safety.
The rational displacement interval was found to be 1.5-2.0 m in the direction of the ore body dip. Further displacement leads to
deterioration of the stress-strain state of the host rocks, reduction of the protective rock layer between the drift roof and the
stoping floor, and the need for additional deepening of mine workings. Such modifications increase development volumes in
waste rock and, consequently, mining costs. The effectiveness of asymmetric drift placement is most pronounced in deposits
with dip angles up to 30°, whereas for steeper ore bodies with dip angles of 40-51°, its practical significance decreases due to
the predominance of gravity-controlled ore flow. The obtained results provide a scientific basis for improving mining layouts
and can be used in the design of underground mining systems to enhance ore recovery, reduce losses and dilution, and ensure
geomechanical stability during the extraction of reserves from barrier pillars.

Keywords: barrier pillar, inclined deposit, ore drawing, drill-haulage drift, caving zone, grapho-analytical modeling,
stress-strain state.
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1. Introduction mining system parameters [4, 6]. At the same time, minimiz-
ing ore losses and dilution remains a priority, as these factors
determine the economic efficiency of production [7, 8].

Under the conditions of inclined deposits with dip angles
of 15-51°, conventional approaches to the placement of pre-
paratory workings are often insufficiently effective. Studies
of ore drawing processes and the interaction between broken
ore and caved rock indicate the need to optimize the spatial
position of drill-haulage drifts (DDW). The use of modern
support materials, including innovative shotcrete mixtures
that improve stability under complex mining and geological
conditions, also plays an important role in ensuring the long-
term stability of such workings [9, 10].

The study of asymmetric field-preparation schemes is of
particular scientific interest. Previous investigations of the
SSS during repeated BP extraction have shown that the
asymmetric arrangement of field workings makes it possible
to shift zones of maximum stress concentration and thereby

The effective extraction of mineral reserves remaining in
barrier and panel-to-panel pillars is a critical issue for the min-
ing industry of Kazakhstan. Recent studies show that the tran-
sition from open-pit to underground mining, especially in
deposits with complex morphology, requires an in-depth anal-
ysis of geomechanical processes to ensure the stability of mine
workings [1, 2]. During the repeated extraction of barrier pil-
lars (BP) in caving zones of inclined deposits, the risk of rock
mass destabilization increases, which necessitates the applica-
tion of advanced monitoring and modeling methods [3, 4].

The fundamental aspects of ensuring the stability of
open-pit slopes and underground structures have previously
been considered using major deposits such as Vasilkovskoye
and Akzhal as examples [2, 5]. It has been established that
the accuracy of stress-strain state (SSS) prediction directly
depends on the quality of geomechanical justification of
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protect the structural elements of the mining layout [4]. In
addition, high-energy methods of rock mass impact, such as
hydraulic fracturing, provide additional opportunities for
controlling the behavior of difficult-to-cave roofs [11].

In recent years, considerable attention has been paid to
improving ore recovery technologies in caving mining sys-
tems [12, 13]. The efficiency of ore extraction from barrier
pillars depends not only on the geological characteristics of
the deposit, but also on the configuration of mine workings
and the interaction between the fragmented ore mass and the
surrounding rocks. Practical experience from underground
mines shows that even minor changes in the location of pro-
duction openings can significantly affect ore losses, dilution,
and the overall economic performance of mining operations
[14]. Therefore, the optimization of mining layouts remains
an important scientific and engineering task.

The application of grapho-analytical methods provides an
effective tool for investigating ore flow behavior under vari-
ous mining and geological conditions. Unlike purely numeri-
cal approaches, grapho-analytical modeling enables the visu-
alization of draw zones, the identification of stagnant areas,
and the assessment of the influence of excavation geometry
on extraction indicators [12, 15]. Such methods are particular-
ly useful at the preliminary design stage, when rapid evalua-
tion of several technological alternatives is required. Moreo-
ver, graphical models can serve as a basis for subsequent
geomechanical analysis and engineering decision-making.

For inclined ore bodies, determining the optimal position
of drill-haulage drifts is especially important, since gravity-
driven ore movement is strongly affected by the deposit dip
angle [13, 16]. As the dip angle increases, the geometry of ore
flow zones changes considerably, which may influence both
recovery efficiency and the stability of mining structures.
Consequently, identifying rational displacement parameters
for drill-haulage drifts is essential for achieving a balance
between maximum ore recovery and geotechnical safety.

Despite the considerable amount of accumulated research
data, issues related to the grapho-analytical optimization of
left-asymmetric DDW displacement parameters for different
ore body thicknesses of 6-12 m remain insufficiently studied.
Therefore, the objective of this study is to determine rational
parameters for the left-asymmetric displacement of drill-
haulage drifts located beneath the barrier pillar and to assess
their influence on ore recovery and geomechanical stability
under various mining and geological conditions. The obtained
results are intended to provide a scientific basis for optimizing
field-preparation schemes and improving the efficiency of ore
extraction from barrier pillars within caving zones.

2. Study area and proposed mining technology

Considering the current mining conditions at the
Zhezkazgan deposit and the specific features of intact ore
bodies located within the caving zone, the use of an under-
ground mining technology based on a continuous caving
system with end discharge of ore is proposed [3, 10]. This
recommendation is based on the analysis of mining experi-
ence under similar geological and geotechnical conditions.
Further testing of the proposed underground technology is
planned at the Annenskaya mine of VZhR [4, 8, 11, 12].

According to the proposed technology, the extraction of
intact ore bodies within the caving zone does not involve the
formation of a conventional stoping chamber. Therefore,
direct access of personnel and mining equipment to the un-
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supported stoping space is excluded. Safe mining operations
are ensured by driving small-cross-section drill-haulage drifts
(DDW), which allow the installation of rock bolts [13] and,
where required, additional support using steel arch frames
made of SVP-22 special profiles [9]. These workings provide
access for drilling fan-shaped borehole patterns for ore
breaking, as well as for loading and transporting the broken
rock mass to the local ore pass.
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Figure 1. General view of the proposed technology for mining
intact ore bodies using a continuous caving system with end dis-
charge of ore mass within the caving zone: drilling pattern of fan-
shaped boreholes in three planes and placement of the DDW
along the ore-rock contact on the footwall side of the deposit

As shown in Figure 1, the proposed technological scheme is
intended for inclined ore bodies with dip angles greater than
15° and thicknesses ranging from 6 to 12 m. The extraction
block is formed along the strike of the ore body within a desig-
nated area up to 12 m wide. The DDW is driven along the ore—
rock contact on the footwall side of the deposit. The drift is
supported by rock bolts and, if necessary, by steel arch frames
made of SVP-22 special profiles. Vertical fan-shaped boreholes
are drilled from the roof and sidewalls of the DDW, while
inclined fans are drilled to form a triangular undercut. After
drilling, one fan of boreholes is blasted, followed by ventilation
of the block. According to the end-discharge technology, the
broken ore and host rock are then loaded and transported by
self-propelled LHD equipment to the local ore pass.

The DDW is advanced section by section. Drilling-and-
blasting operations are carried out in parallel with preparato-
ry and cutting operations in subsequent DDW sections, while
the broken rock mass is discharged accordingly. At the be-
ginning of operations and throughout each working shift, all
safety measures aimed at identifying and eliminating hazard-
ous situations within the technological area must be strictly
observed under the constant supervision of the shift foreman.

To extract reserves remaining in intact ore bodies, under-
ground mining is therefore proposed using a continuous
caving system with end discharge of ore and host rock
[3, 10]. In this system, the block height is assumed to be
equal to the ore body thickness, while the thickness of the
caved ore layer is taken as equal to the line of least resistance
of the blasted borehole fan. To reduce the seismic effect of
blasting, one fan is detonated at short-delay intervals.
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For preparatory operations, drill-haulage drifts are used
for each panel within the block. Depending on mining and
geotechnical conditions, the DDW may be driven either
without additional support or with rock-bolt reinforcement
combined with steel arch-frame support made of SVP-22
special profiles [9].

3. Research methods

The research methodology is based on grapho-analytical
modeling aimed at justifying the rational parameters for the
location of drill-haulage drifts (DDW) driven in the rock
mass beneath the floor of barrier pillars (BP). The main focus
of the study is to determine the rational magnitude of the left-
asymmetric displacement of the DDW axis relative to the
central axis of the BP. Such displacement makes it possible
to adapt the technological scheme to the conditions of in-
clined ore bodies and to reduce the negative influence of the
caving zone on the stability of preparatory workings.

To achieve this objective, a series of graphical models was
developed for a wide range of mining and geological condi-
tions. The variable parameters included ore body thicknesses
of 6, 8, and 10 m at dip angles of 15°, 20°, and 30°. Particular
attention was also paid to ore bodies with a thickness of 12 m,
for which the range of analysis was extended to dip angles of
40° and 51°. This made it possible to evaluate changes in ore
drawing conditions during the transition from gently inclined
to steeply inclined ore bodies. During the modeling process,
the displacement of the DDW axis relative to the BP axis was
varied from 1 to 4 m with an increment of 1 m.

The optimization procedure was based on a comprehen-
sive analysis of the geometry of the formed ore-drawing
funnels and the corresponding slope angles of the caved
rock mass. During graphical construction, the DDW posi-
tions were determined to ensure the most favorable relation-
ship between ore recovery indicators and the safety of pre-
paratory workings. Particular attention was paid to maintain-
ing a stable stress-strain state (SSS) of the surrounding rock

Along the axis

1 m from axis

mass and preventing a critical reduction in the protective
rock layer between the DDW roof and the floor of the stop-
ing space.

At the final stage of the study, the obtained graphical so-
lutions were generalized and the rational parameters of left-
asymmetric DDW displacement were determined for differ-
ent combinations of ore body thickness and deposit dip an-
gle. These parameters were further used to substantiate the
effectiveness of the selected geometric proportions of outlet
workings during the repeated extraction of reserves from
barrier pillars within the caving zone.

Thus, the proposed methodological approach makes it
possible to compare alternative DDW displacement schemes,
identify rational geometric parameters for different mining
and geological conditions, and provide a basis for further
graphical interpretation of the obtained optimization results.

4. Results and discussion

The grapho-analytical study was carried out to optimize
the location parameters of drill-haulage drifts (DDW) driven
in the rock mass beneath the floor of barrier pillars (BP). The
analysis covered ore body thicknesses of 6, 8, and 10 m at
dip angles of 15°, 20°, and 30°. In addition, for ore bodies
with a thickness of 12 m, the study was extended to dip an-
gles of 15°, 20°, 30°, 40°, and 51°. This made it possible to
evaluate the influence of ore body geometry on the rational
displacement of the DDW axis under different mining and
geological conditions.

At the first stage, graphical models were developed for
several variants of left-asymmetric DDW displacement rela-
tive to the BP axis. The displacement values were taken as 1,
2, 3, and 4 m in the direction of the ore body dip. An exam-
ple of such graphical constructions for an ore body thickness
of 6 m is shown in Figure 2. These schemes made it possible
to compare the geometry of the formed ore-drawing funnels,
the position of stagnant zones, and the relationship between
the DDW roof and the floor of the stoping space.

2 m from axis

Ore losses - B0 m3
Ore dibation - 162 m3

Ore losses - 3] m3
Ore diluticn - 97 m3

3 m from s

Ore losses - Lm3
Ore dilution - 52 m3

5

\
40
m:
SVE

Ore losses - 4 m3
Ore dihation - 37 m3

4 m from =as

Ore losses - 34 m3
Ore diluhon - 85 m3

Figure 2. Graphical representations for optimizing left-asymmetric DDW displacement relative to the BP axis with shifts of 1, 2, 3,
and 4 m during the repeated extraction of reserves from the BP for an ore body thickness of 6m
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The obtained graphical results show that the displace-
ment of the DDW axis has a nonlinear influence on the
efficiency of ore drawing. A small displacement of 1 m does
not always provide a sufficient correction of the ore flow
geometry in inclined deposits, especially when the dip angle
causes noticeable asymmetry in the movement of the broken
ore mass. In contrast, excessive displacement of 3-4 m leads
to distortion of the ore-drawing funnel, displacement of
stagnant zones, and an increased risk of ore losses and dilu-
tion. Therefore, the DDW position cannot be selected only
on the basis of maximum approach to the ore body; it must
also take into account the stability of the surrounding rock
mass and the preservation of a sufficient protective layer
above the working.

2 m from axis

The most favorable results were obtained when the DDW
axis was shifted by approximately 1.5-2.0 m from the BP
axis in the direction of the deposit dip. Within this interval,
the geometry of the ore-drawing funnel remains technologi-
cally acceptable, while the protective rock layer between the
DDW roof and the floor of the stoping space is not critically
reduced. This provides a rational balance between ore recov-
ery, dilution control, and geomechanical stability of prepara-
tory workings.

Based on the graphical analysis, a left-asymmetric DDW
shift of 2 m from the BP axis was adopted as the rational
technological solution for the considered inclined deposits
with dip angles up to 30°. The corresponding optimized
parameters are presented in Figure 3a-f.

2 m from axis

Ore dilution

Ore dilution

Ore dilution

i 60° o
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Figure 3. Optimal technological parameters for a left-asymmetric DDW shift of 2 m from the BP axis and the corresponding slope
angles of the waste-rock outlet funnel: (a) ore body thickness of 6 m and deposit dip angle of 15°; (b) ore body thickness of 6 m and de-
posit dip angle of 20°; (c) ore body thickness of 6 m and deposit dip angle of 30°; (d) ore body thickness of 8 m and deposit dip angle of
15°; (e) ore body thickness of 8 m and deposit dip angle of 20°; (f) ore body thickness of 10 m and deposit dip angle of 15°

The comparison of the graphical schemes confirms that
the practical efficiency of left-asymmetric DDW placement
is most pronounced for inclined ore bodies with dip angles of
15-30°. Under these conditions, the ore mass movement is
affected both by gravity and by the spatial configuration of
the outlet workings. Therefore, a rational shift of the DDW
axis makes it possible to improve the formation of the draw-
ing funnel and reduce the probability of stagnant zones in the
broken rock mass.

At the same time, an increase in DDW displacement be-
yond 2 m is not technologically justified in most of the con-
sidered cases. Although such displacement may locally mod-
ify the ore drawing conditions, it causes an unfavorable ap-
proach of the DDW roof to the floor of the stoping space.
This reduces the thickness of the protective rock layer and
may destabilize the stress-strain state (SSS) of the surround-
ing rock mass. If a shift greater than 2 m is required, addi-
tional vertical deepening of the DDW becomes necessary.
Such a solution can partially restore geomechanical safety,
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but it also increases the volume of development in waste rock
and, consequently, the cost of mining operations.

For steeply inclined ore bodies with dip angles of 40° and
51°, the influence of asymmetric DDW displacement de-
creases. Under these conditions, gravity-controlled ore flow
becomes dominant, and the drawing process tends toward a
more symmetrical vertical discharge pattern. As a result, the
practical significance of shifting the DDW from the BP axis
is reduced, while the additional costs associated with asym-
metric preparation become less justified.

Thus, the results of the grapho-analytical study confirm
that the rational displacement of the DDW axis depends on
the combined influence of ore body thickness, deposit dip
angle, ore-drawing funnel geometry, and the geomechanical
condition of the surrounding rock mass. For the considered
mining conditions, the most reasonable technological solu-
tion is a left-asymmetric DDW shift of 1.5-2.0 m, with 2 m
adopted as the optimal design value for deposits with dip
angles up to 30°.
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5. Conclusions

Based on the conducted grapho-analytical study, rational
parameters for the left-asymmetric displacement of drill-
haulage drifts during the repeated extraction of reserves from
barrier pillars in inclined ore bodies were substantiated. The
analysis considered the combined influence of ore body
thickness, deposit dip angle, ore-drawing funnel geometry,
and the geomechanical stability of preparatory workings.

It was established that the displacement of the DDW axis
relative to the BP axis has a nonlinear effect on ore drawing
conditions. Insufficient displacement does not fully compen-
sate for the asymmetric movement of the broken ore mass in
inclined deposits, whereas excessive displacement distorts the
geometry of the drawing funnel, increases the probability of
stagnant zones, and may lead to higher ore losses and dilution.

The rational interval of DDW displacement was deter-
mined to be 1.5-2.0 m from the BP axis in the direction of
the ore body dip. This interval provides the most favorable
balance between ore recovery, dilution control, and preserva-
tion of a stable stress-strain state of the surrounding rock
mass. For practical design purposes, a left-asymmetric shift
of 2 m can be adopted as the optimal technological parameter
for inclined ore bodies with dip angles up to 30°.

It was shown that a DDW shift greater than 2 m is general-
ly not advisable without additional vertical deepening of the
working. Although such deepening may improve the geome-
chanical position of the drift, it increases the volume of devel-
opment in waste rock and therefore leads to higher mining
costs. The efficiency of the proposed asymmetric preparation
scheme decreases as the deposit dip angle increases. For steep-
ly inclined ore bodies with dip angles of 40-51°, gravity-
controlled ore flow becomes dominant, and the need for DDW
displacement from the BP axis is significantly reduced. There-
fore, the proposed recommendations are most applicable to
inclined deposits with dip angles of 15°-30°.

The obtained results can be used to improve field-
preparation schemes, increase ore recovery, reduce dilution,
and maintain the geomechanical stability of workings during
barrier pillar extraction.
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EHic keH aeHesepiH oNbIPbLIY KAFAAUBIHAA JAJAJBIK JAWbIHAAY Ke3iH/1e
TOCKAYbL1 KEHTIPeKTepAeH KeH/l LbIFapy napaMerpJiepin
rpagoaHaIMTHKAJIBIK OHTAWJIAHABIPY
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Annarna. Makaniaja onbIpbUTy JKaFJaibIHIa €HIC KeHII IIOFhIpIapaarsl TocKaybll kenTipekrepaeH (TK) keH mibFapyabiy
TEXHOJIOTHSUIBIK TTapaMeTpJIepiH OHTaiIaHAbIpyFa OaFbITTalfaH rpadoaHaNIUTHKAIBIK 3EPTTeY HOTHIKeNepl YCHIHBUIFaH.
Tockaybul KEHTIpEKTep/e KaAbIPhUIFaH KOPJApbl HUrepy JKepacThl KSH OHIIPYACri €H Kypaeni MiHAeTTepAiH Oipi OO0k
TaObLIaJbl, OMTKEHI OJ KeHAI OapbIHINA TOJBIK allyJbl JKOHE KOpLIaFaH Tay >KbIHBICTApPhl MACCHUBIHIH TI€OMEXaHHKaJbIK
TYPaKTBUIBIFBIH CaKTayJbl KaTrap KamTamachli3 eryll Tanam ereni. Omblpbuly aiiMakTapblHIa JajiajblK JalblHAAy Ke3iHe
Oyproutay-keTkizy kazoanapbiabiH (BYKK) yTeIM/IBI KEHICTIKTIK OpHANACYBIH HETi3ZeyTre epeKlie Ha3ap aylapbulFaH. 3epTrey
dmicTeMeci apTYpIi Tay-KeH-TeONOTUSUIBIK KaFaaiiap/ia KeH IIbIFapy MPoIecTepiH FeOMETPHSIIBIK JKOHE TpadoaHaTUTHKAIBIK,
MoJenpaeyre HerizgenreH. KyaTtel 6—12 M apanbsiFbpIHAaFEl KCH AeHenepi xoHe 15°-TaH 51°-ka nmeiinri Kyay OyphIITaphl
KapacTeIpeUIIel. KeHai anmy THIMILTIriHe, IIBIFBIHAApFa, KYHAPCHI3JaHyFa JKOHE KOpIIAFaH Tay JKBIHBICTAPHI MACCHBiHIH
kepHeyi-nedpopmanmsnanran kyiine (KIK) ocepin anpikTay mMakcatsiaaa bXXK ociH TOCKaybll KEHTIpEKTIH OpPTAIBIK OCiHE
KaTBICTBI COJ JKaK aCHMMETPHUSUIBIK BIFBICTHIPYIBIH OipHerre Hyckaidapsl Tangannsl. Hotmkenep BXXK ociHiH BIFBICYBI KeHAI
ay KepCeTKIITepiHe Ae, FTeOMeXaHUKAIBIK KayilCi3iKKe JIe alTapibIKTall ocep eTeTiHiH KepceTedi. bIFBICTRIPYIBIH YTHIMIIBI
apaJbIFbl KeH JACHECiHIH Kyyay 0arbIThl OoMbIHIIA 1.5-2.0 M Kypaiijpl. bIFBICTBIPY/IBI O1aH 9pi aPTTHIPY JKaHAC JKBIHBICTAP/IBIH
KJIK-HiH HamapiaybiHa, ka30a tebeci MeH Ta3apTy KEHICTITiHIH TaOaHBl apachIHIAFrbl KOPFAHBIII Tay YKBIHBICHI KaOATHIHBIH
a3aroblHa, COHJAN-aK Tay-KeH Kaz0aJapblH KOCHIMIIA TEPEHJETY KaXKETTiIiriHe okeneni. MyHaail earepicrep 00C KbIHBICTAP
OofipIHIIA Ka30a JXYpri3y KeJeMiH YIFalThIN, THICIHIIEe KeH OHAIpY IIBIFBIHAAPBIH apTThIpansl. Kazbamapapl acCHMMETPHAIBIK
OpHAJNACTHIPYABIH THIMIIIIT Kyjiay Oypermrapsl 30°-Ka Jeifin OonFaH karjaiijga aHarypiibIM alKbIH OaiiKkamanmbl, aln Kyjay
Oypeiraper 40—51° GonaThIH TIK KEH AeHesepl YIIiH OHBIH NPAaKTHKAJIBIK MaHbI3bl KEH MacCaChIHBIH IPaBUTALMSIIBIK aFbIHbI-
HBIH 0achbIM OOJTybIHA OAMITAHBICTHI TOMCHIICH II. AJIBIHFAH HOTIKEINep NaibIHAay cyiI0anapbH KEeTULNIPYAiH FRUIBIMU HETi31H
KaJIBINITACTBIPAbl XKHE TOCKAYbIJI KEHTIPEKTEpAeH KOpJlapbl Urepy Ke3iHae KeHJ alyabl apTThIpY, LIBIFBIHAAD MEH KYHap-
CBI3ZIaHY/IbI a3alTy, COH/ai-aK Ka30aaapIblH TeOMEXaHUKaJIbIK TYPAKTHUIBIFBIH KAMTaMachl3 €Ty MaKCaThIH/a JKepacThl UTepy
Kylenepis )ko0asayaa KoJIIaHbUTYbl MYMKIH.

Hezizzi co30ep: mockayvin Kenwmipek, eqic Ken OeHecl, KeHOi wbleapy, OYpebliay-djcemKizy Ka30acvl, ONbIPblLy AlMAgbl,
2PAPOAHATUMUKATILIK, MOOeNbOey, KepHeyli-0ehopmMayusianean Kyi.
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I'padoananurnyeckasi ONTUMHU3ALMS MAPAMETPOB BbIIYCKA PYAbI
U3 0apbepHBIX LHEJUKOB MIPH MOJeBOH MOAT0TOBKE HAKJIOHHBIX 3aJ1eKei
B YCJIOBHSIX 00PYLIEHUSA

K. bex6eprenos?, P.K. XXanakosa?", M.H. Omupamun’, C.A. Acbluixanosa?

Uncmumym 2oprnozo dena um. [.A. Kynaesa, Aramamel, Kaszaxcman
2Satbayev University, Azmamet, Kazaxcman

*Aemop ons koppecnondenyuu r.zhanakova@satbayev.university

AnHoTanus. B crarbe mpencTaBieHsl pe3yiabTaThl rpad)0aHaIUTHUECKOTO MCCIIeI0BaHMS, HAIIPABIECHHOTO Ha ONTHMH3a-
IIUF0 TEXHOJOTHMYCCKUX MapaMETPOB BBITYCKa Pybl U3 OapbepHbIX 1eaukoB (BI]) B HAKIOHHBIX PYIHBIX 3aJ€KaX B YCIOBHUIX
o0pyuieHust. 3BrneyeHne 3amacoB, OCTaBICHHBIX B 0apbepHBIX IIEIHMKAaX, SBISETCS OJHON M3 HauboJjee CIO0XKHBIX 3a/1ad I0JI-
3eMHOI pa3paboTKH, NOCKOJBKY TpeOyeT obecnedeHus OaaHca MeXy MaKCHMAJIbHBIM HW3BJICYEHUEM PYyIbl U COXpPaHCHUEM
TeOMEXaHMYECKOW YCTOMYMBOCTH OKPYKAFOIIET0 TOPOAHOTO MaccuBa. Ocoboe BHUMaHHE YAEICHO 0OOCHOBAHHUIO PallOHATb-
HOTO MPOCTPAHCTBEHHOTO ITOJIOKEHUs OypoaocTaBoYHEIX BeIpaboTok (B/IB) mpu moneBoil moAroToBKe B 30HaX OOPYIICHUS.
MeTtoauka mcciaeqoBaHUS OCHOBaHA HA TEOMETPHUECKOM H rpad0aHaIUTHIECKOM MOJCIUPOBAHAHN MIPOIIECCOB BBIITYCKA PYIIBI
MIPU Pa3IUYHBIX TOPHO-TEOJOTMYECKUX YCIOBUAX. PacCMOTpeHbl MOIHOCTH PYIHBIX Tel OT 6 10 12 M 1 yrisl nageHus ot 15°
no 51°. IIpoaHann3upoBaHbl HECKOJIBKO BapUAHTOB JIEBOACUMMETPUYHOIO cMelleHus oc bJIB OTHOCUTENBHO LIEHTpaIbHOM
ocH OaphepHOTO HENUKa C IETBI0 ONPEICIICHIS UX BIUSHUA Ha () (EKTHBHOCTD M3BJICUCHUS PYIBI, IIOTEPH, pa3yOoKMBaHUE U
HarpspkeHHo-nedopmupoBanHoe cocrosiHue (HJIC) okpyskaromero nopogHoro MaccuBa. Pe3ynbTaTsl OKa3bIBalOT, YTO CMe-
meHue ocu B/IB cyliecTBeHHO BIMSET Kak Ha IOKa3aTesd M3BJICUCHMS, TaK M HA TeOMEXaHWYeCcKylo Oe3omacHocTh. Pamuo-
HaJBHBI MHTEPBAJI CMEIIeHUs cocTapisieT 1,5-2,0 M B HampaBlIeHWH MaJieHUs] pyAHOTO Tena. JlanbHellee yBeIudeHne cMe-
IIeHUs NpUBOAMT K yxyaumeHuo HJIC BMemaronmx noposi, yMEHbUICHHUIO 3aIIUTHOTO MIOPOJAHOTO CIIOSI MEXIy KPOBJIEH BBI-
pabOTKH U TIOYBOH OYMCTHOTO MPOCTPAHCTBA, & TAKKE K HEOOXOJMMOCTH JOTOJHUTEIBHOTO 3ariTyOIeH s TOPHBIX BBIPA0OTOK.
Takue M3MEHEHUS YBEIMUUBAIOT 00BEM MPOXOAKH IO ITyCTHIM ITIOPOAaM U, COOTBETCTBCHHO, TIOBBIIIAIOT 3aTPATHl Ha JOOBITY.
D¢ ekTHBHOCTS ACHMMETPUYHOTO PACIIONIOKECHUS BHIPaOOTOK HanboIee BEIpakeHa IpH yriiax majeHus a0 30°, Torma Kak g
Ooiee KpyTBIX PYOHBIX Tenl ¢ yriaamu majgeHus 40-51° ero mpakThdyeckoe 3HAUYCHHE CHIDKACTCS BCICACTBHE IMpeoOiamaHus
TPaBUTAIIMOHHO OOYCJIOBJICHHOTO TOTOKa PYOHOH Macchl. [lomydeHHBIE pe3yibTaThl (GOPMUPYIOT HAYYHYIO OCHOBY JUIS CO-
BEPILICHCTBOBAHUS CXEM IIOATOTOBKH M MOTYT OBITh MCIOJH30BAHBI MIPH IMPOCKTHPOBAHUH MOJ3EMHBIX CHCTEM Pa3pabOTKH C
[ENBIO MTOBBIMICHUS U3BJICUCHUS PYIBI, CHIKCHHUS TTOTEPh U pa3y00KMBaHUs, a TaAK)Ke 00ECIIEYCHNST TEOMEXaHIMYECKON yCTOM-
YHBOCTH BBIPAOOTOK MPHU OTPaOOTKE 3aIacOB U3 OapbepHBIX IIETHKOB.

Kniouesvie cnosa: bapvepHulii yenuk, HAKIOHHAS 341eJICh, GLINYCK PYObl, OYPOOOCABOYHAS BbIPAOOMKA, 30HA 0OPYULeHUs,
epaghoananumuyeckoe MoOeIupo8anue, HanpsHCeHHo-0eOpMUPOBAHHOE COCMOSIHUE.
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