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Abstract
The program for the development of the national economy based on own mineral raw materials as adopted 
in the Socialist Republic of Vietnam requires an increase the volumes of minerals. This includes both liquid 
hydrocarbons, and non-traditional solid minerals. This paper examines the resource base of mineral deposits 
in the South China Sea. The objective was to determine and scientifically establish classification criteria for 
zoning (regionalization), as well as to identify prospective areas with deposits of ferromanganese formations 
and other solid minerals. An analysis was undertaken of placers on the shelf and deposits of ferromanganese 
formations in the deep areas of the Vietnam Sea. A multiparameter analysis of the hydrological, geophysical, 
engineering and geological, environmental conditions of the deposit positions was conducted. In addition, 
criteria for the prospects of the formation and development of deposits of ferromanganese formations were 
established. These criteria enabled areas with different prospectivity ratings to be identified. Within the South 
China Sea, zones (areas) with a high, medium, and low potential for the presence of nodules were identified. 
Similar zoning for the crusts was also identified. The areas of these zones were determined. The results of 
the research established that the total potential area of ferromanganese nodules is 91,480 km2. The area with 
the potential of ferromanganese crusts is 2,421.6 km2, while the area of coexistence of nodules and crusts is 
18,777 km2. Furthermore, priority regions for future exploration are those with high nodule potential covering 
an area of 18,110 km2 and the regions of high crust potential with an area of 882.6 km2. Based on the materials 
obtained, the bed of the Vietnamese Exclusive Zone of the South China Sea was zoned. Maps of the resource 
and predictive prospects of the seabed were drawn, and the prospecting and exploration operations can be 
established within this framework.
Key words
resource potential, shelf, deep water areas, multiple factor analysis, placers, ferromanganese formations, 
deposit, nodules, crusts, predictive prospects, zoning, South China Sea, Vietnam
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Аннотация
Принятая в Социалистической Республике Вьетнам программа развития народного хозяйства, бази-
рующегося на собственной минерально-сырьевой базе, требует повышения объемов добычи полез-
ных ископаемых, в том числе жидких углеводородов, вовлечения нетрадиционных видов твердых 
полезных ископаемых. Исследована ресурсная база месторождений полезных ископаемых Южно-Ки-
тайского моря. Идея исследований заключалась в определении и научном обосновании классифика-
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The program for the development of the na-
tional economy based on own mineral raw materi-
al, as adopted in the Socialist Republic of Vietnam 
requires an increase in the volumes of mineral ex-
traction. This includes both liquid hydrocarbons, and 
solid minerals (SM), deposits of which are virtually 
not extant on land1 [1–3]. 

The country is characterized by the long coastline 
of the western margin of the Pacific Ocean, the pro- 
ximity of the northwestern border of the megabelt 
and the northern subequatorial belt of ferromanga-
nese nodules. The results of the geological studies of 
the seabed, the positive experience in the develop-
ment of placers on the coast and shelf, as well as the 
intensification and claims of China for the develop-
ment of the South Chinese Sea (SCS) predetermine 
the relevance of the extension of geological explora-
tion and development of offshore deposits by Viet-
nam [1–3, 4, 5].

Marine solid minerals (SM) contain the compo-
nents of strategic importance for the economic and 
industrial development of Vietnam. They are espe-
cially important in the field of high-tech engineering, 
and include placers of ilmenite, rutile, zircon, mona-
zite, cassiterite, inter alia, ferromanganese concre-
tions and crusts, polymetallic sulfides and, potential-
ly, enriched polymetallic mud [6, 7].

1 Resolution No. 36-NQ/TW (October 22, 2018) “Vietnam’s 
marine economy to 2030 and vision to 2045”

Thus, the exploration and prospecting of marine 
minerals in Vietnam are of great importance. They 
will contribute to a focused and rational use of mine- 
ral resources for the process of industrialization pro-
cess, the consolidation of the country’s sovereignty in 
the Exclusive Economic Zone, and the development of 
Vietnam towards becoming a maritime power. Viet- 
nam adopted the Strategy for Sustainable Maritime 
Economic Development of the country up to 2020 
(starting from 2007), 2030 and further up to 20452.

In order to address the issue of the development 
of the resource base, engineering and geological 
substantiation of the prospects for the development 
of offshore deposits of solid minerals of Vietnam was 
undertaken. This was based on the use of maps of 
predictive resource zoning of the seabed. The pur-
pose of the research was to identify and scientifi-
cally establish the classification criteria for zoning 
(regionalization), as well as to identify prospective 
areas with deposits of ferromanganese formations 
(FMF) and other solid minerals (SM). Classification 
attributes were used with regard to the development 
of zoning maps. This was in accordance with the  
priority of prospecting for offshore deposits and the 
development of tools and methods for engineering 
and geological studies of seabed deposits in the shelf 
zone and deep areas of the Vietnam Sea (the Exclu-
sive Economic Zone) [2, 3].

2 Resolution No. 36-NQ/TW (October 22, 2018) “Vietnam’s 
marine economy to 2030 and vision to 2045”

железомарганцевых образований и других твердых полезных ископаемых. Проведен анализ россып-
ных месторождений на шельфе и залежей железомарганцевых образований в глубинных районах Вьет-
намского моря. Проведен многосторонний анализ гидрологических, геофизических, инженерно-гео-
логических, экологических условий залегания месторождений, определены критерии перспективности 
образования и развития залежей железомарганцевых образований. Эти критерии позволили произве-
сти выделение участков с различным рейтингом перспективности. В пределах Южно-Китайского моря 
выделены зоны (участки) с высоким, средним и низким потенциалом нахождения конкреций, а также 
выявлена аналогичная зональность для корок. Определены площади указанных зон. Результаты иссле-
дований показали, что общая потенциальная площадь железомарганцевых конкреций составляет 91 
480 км2, площадь с потенциалом железомарганцевых корок – 2421,6 км2 и площадь сосуществования 
конкреций и корок – 18 777 км2. При этом приоритетными районами для будущих разведок являются 
районы с высоким потенциалом конкреций площадью 18 110 км2 и районы с высоким потенциалом 
корок площадью 882,6 км2. На основании полученных материалов произведено районирование дна  
Вьетнамской эксклюзивной зоны Южно-Китайского моря и составлены карты ресурсно-прогнозной 
перспективности морского дна, в пределах которых необходимо организовывать поисково-разве-
дочные работы.
Ключевые слова
ресурсный потенциал, шельф, глубоководные районы, многофакторный анализ, россыпи, железомар-
ганцевые образования, месторождение, конкреции, корки, прогнозная перспективность, районирова-
ние, Южно-Китайское море, Вьетнам
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For this purpose, we conducted the following 
studies:

– analysis and assessment of the current level  
and state of offshore exploration, as well as the extent 
to which Vietnam has developed shelf zone and deep 
areas in the South China Sea;

– assessment of the conditions for the formation 
and accumulation of building materials and placers in 
the coastal areas as well as the shelf zone, as prerequi-
sites for identifying zones and regions with potential and 
prospective conditions for the formation and develop-
ment of ferromanganese deposits in the seas of Vietnam;

– survey and analysis of the potential of so- 
lid minerals of the seabed of Vietnam, including 
the results of studies of deposits of building ma-
terials, placers in the Vietnam waters and ferro-
manganese deposits in the deep areas of the South  
China Sea;

– a bathymetric map of the bed of the SCS was 
drawn; other factors influencing the formation and 
development of ferromanganese deposits in the 
World Ocean were also summarized and analyzed for 
the purpose of identifying these features in the Viet-
nam Sea (Fig. 1);

Fig. 1. Bathymetric map of the bed of the South China Sea

https://mst.misis.ru/
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Table 1
Criteria for zoning of deposits of ferromanganese nodules

No. Criterion
Value of the criterion for the rating assigned

high medium  low 

1 Sea depth, m 3,000–4,000 > 4,000 2,000–3,000 abyssal 
plains near continental 

slope and uplift

2 Seabed slope angles, deg 0–3 0–3 0–3

3 Age of formation  
of seabed configuration 
(seamounts/plains), myr

Multiple millions of years (Very 
favorable conditions – an old 

seabed: 15.5–24 myr)

Seabed formed 15.5–24 myr ago Multiple millions 
of years 

4 Presence of nuclei 
for the formation and 
development of nodules

Present. The areas being away from 
submarine volcanoes, seamounts 

being rich in silica bioclast

Present. Areas away from 
submarine volcanoes, 

seamounts rich in silica bioclast

Present

5 Current velocity, cm/s < 4 for the diagenetic genesis < 3 No effect

6 Sediments on the seabed 
surface 

Virtually none Virtually none Virtually none

Table 2
Criteria for zoning of deposits of ferromanganese crusts

No. Criterion
Value of the criterion for the rating assigned

high medium low

1 Sea depth, m 800–1,800 500–800; and > 1,800 500 m to the seabed

2 Seabed slope angles, deg 15–40 15–40 15–40

3 Age of formation 
of seabed configuration 
(seamounts/plains), myr 

Multiple millions of years (>3). Older 
age favors to the formation of ores

Multiple millions of years 
(>3). Older age favors to the 

formation of ores

Relatively young 
surface

4 Bedrock surface No sediment on the basalt surface 
(very high), on the limestone surface, 

granite, rhyolite (high)

No sediment Sediment in some 
places

5 Current velocity, cm/s 4–5 4–15 (500–800 m); and < 3 
(at the depths > 1,800 m)

No need to consider

6 Sediments on the seabed 
surface

None None None

– favorable criteria impacting the formation of 
ferromanganese ores were identified for the pur-
pose of zoning the bed of the SCS. This took into ac-
count the potential for their formation in the form 
of nodules and crusts for future prospecting and  
exploration.

These studies used a range of results from previous 
studies in various fields, i.e. geology  [4,  5,  8,  9], geo-
physics [5], petrography [5, 10], geochemistry  [6,  7], 
hydrology [7, 11–13], oceanography  [7,  11,  12, 14], 
geomorphology [6, 7, 9, 13, 15], engineering geology 
[7,  16–18], mineralogy [19], seabed topography [20], 
inter alia [21, 22].

Criteria were developed on the basis of multiple 
factor analysis. They are represented in Tables 1–3.

The zoning criteria are arranged in descending 
order of prospectivity from 1 to 6. Criteria 1, 2, 3 are 
essential in the conditions of the SCS and they shall 
be given priority consideration.

In certain cases, in addition to these criteria, 
geomorphological criteria are used, in order to assess 
continental shelves, valleys between seamounts and 
the topography of seamount tops.

The criteria used to identify the areas unfavora-
ble for the formation and growth of ferromanganese 
nodules and crusts are presented in Table 4.

https://mst.misis.ru/
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Table 3
Criteria for zoning of deposits of ferromanganese nodules and crusts

No. Criterion
Value of the criterion for the rating assigned

medium low – no

1 Sea depth, m 500–4,000 500–4,000

2 Seabed slope angles, deg 7–15 7–15

3 Age of formation of seabed configuration 
(seamounts/plains), myr

> 3 < 3

4 Bedrock surface Nuclei present. 
Sediment accumulation on the surface 

is heterogeneous

Nuclei present. 
Sediment accumulation  

on the surface is heterogeneous5 Nucleus for the development of nodules

6 Current velocity, cm/s 4–15 4–15

Table 4
Areas without potentially perspective conditions for the formation of nodules and crusts 

No. Criterion Crusts Nodules

1 Sea depth, m < 500 m  Continental shelf, depth up to 500 m. 
Plains exhibit a gentle slope angle (0° – 3°) 
on continental slopes, seamounts exhibit 
gentle tops

2 Seabed slope angles, deg Flat top of seamounts (0–3) 3–7 and > 40

3 Age of formation of seabed 
configuration (seamounts/plains), 
myr

Relatively young surface, very young 
volcanics

No affect

4 Bedrock surface No need to consider Does not affect

5 Presence of nuclei for the 
formation and development 
of nodules

No affect Present

6 Current velocity, cm/s No need to consider No affect

These criteria enable the bed of the Vietnam Sea 
to be zoned, and a number of areas identified, where 
it is advisable to undertake prospecting and explora-
tion for the presence of ferromanganese formations 
(Fig. 2).

The results of studies of the Exclusive Maritime 
Economic Zone of Vietnam, the potential classifica-
tion and the corresponding areas of ferromanganese 
deposits are as follows:

Group of nodules
– The area with a high potential for nodules is 

18,110 km2, the largest area of which is 13,460 km2, 
located in the central valley in the southwest of the 
South China Sea.

– The area with a medium potential for nodules 
is 28,400 km2.

– The area with a low potential for nodules is 
44,970 km2, including 4 regions, the largest of which 
with an area of 34,110 km2 is located in the north 
of the territory under investigation.

Group of crusts
The total area is 2,421.6 km2, including:
– the area with a high potential of 882.6 km2,
– the areas with medium and low potential of 

1,539 km2.
Group of simultaneous (coexisting) nodules 

and crusts with an area of 18,777 km2.
These maps constitute a basis for the planning 

of exploration works within the Vietnam Sea, ena-
bling a  high extent of detection of the deposits of 
ferromanganese formations and further planning of 
mining operations.

https://mst.misis.ru/
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Zones with high potential for nodules

Zones with medium potential
for nodules

Zones with low potential for nodules

Zones with high potential for crusts

Zones with medium and low potential
for crusts, depth > 1,800 m

Zones with medium and low potential 
for crusts, depth < 800 m 

Areas with simultaneous (coexisting) nodules 
and crusts

Mainland islands

The border of the Exclusive Economic Zone 
of Vietnam

Cities and provinces

Binh Dinh

Phu Yen

Khanh Hoa

Binh Thuan

Vung Tau
Fu Kui

Fig. 2. Map of the zoning of the bed of the SCS according to the potential 
for finding  promising ferromanganese deposits (the area/map of exploration zones)

https://mst.misis.ru/
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Conclusions
The Vietnamese Sea represents a typical geologi-

cal structure of marginal seas. It includes a shelf with 
placers, abyssal plains with seamounts bearing deposits 
of ferromanganese formations of various types, all of 
which considerably enhance the mineral resource and 
raw material potential of Vietnam.

The predictive zoning of the SCS bed for areas 
for prospecting and exploration works shall be based 
on the following factors: classification criteria iden-
tified in the results of the multiple factor analysis 
of known underwater solid minerals (SM) deposits;  
existing data from geological, hydrological, geophysi-
cal, engineering and geological, and other studies.

The zoning areas with different potential for 
nodules and crusts to be identified in the following 

categories: high, medium and low; on the South Chi-
na Sea bed (as well as within the Exclusive Economic 
Zone of Vietnam), and for these areas to be defined.

The results of the research revealed that the 
total potential area of ferromanganese nodules is 
91,480 km2; the area with the potential of ferroman-
ganese crusts is 2,421.6 km2; and the area of coexis- 
tence of nodules and crusts is 18,777 km2. Based on 
the above, the priority regions for future exploration 
are the regions of high nodules potential with an area 
of 18,110 km2, and the regions of high crust potential 
with an area of 882.6 km2.

It is recommended that offshore exploration 
works in the SCS be planned and conducted on the 
basis of the perspective areas and classification  
attributes established herein.
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Amplitude-frequency response  
of a helically-wound fiber distributed acoustic sensor (DAS)
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Abstract 
The goals of this study were to analyze the capabilities of DAS (distributed acoustic sensors) in resolving 
mining problems, compare them with existing seismoacoustic data collection systems, and prepare the basis 
for conducting seismoacoustic studies with recording by a fiber optic distributed system. This paper considers 
the capabilities of recording seismoacoustic responses using fiber optic distributed acoustic systems (DAS). 
Based on physical and geometrical analysis, the amplitude-frequency responses (characteristics) of recorded 
longitudinal waves for straight and helically-wound fibers were obtained. In the case of helically-wound fiber, 
the frequency response depends on several key factors: integrating the measured value along the fiber based 
on the measurement; the angle of incidence on the cable; and the winding angle of the fiber in the cable. 
An increase in the winding angle increases the uniformity of the amplitude-frequency characteristics of 
longitudinal waves both in terms of frequencies and angles of incidence. At the same time, helical winding 
changes the effective response spacing (gauge length). This makes it possible, by summing the responses of the 
straight and helically-wound fibers due to the overlap of the spectra, to record frequencies that are suppressed 
in case of separate recording. Based on the study results, a cable design was proposed to record broadband 
seismoacoustic responses enabling a wide range of mining and engineering problems to be resolved, and for 
seismic surveys both in wells and on the surface to be carried out.
Keywords
distributed acoustic sensor, fiber optic sensor, seismic exploration, borehole seismoacoustics, Rayleigh 
scattering, receiver directivity pattern
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Аннотация 
При проведении настоящего исследования была поставлена цель проанализировать возможности рас-
пределенных датчиков DAS при решении горнотехнических задач, сравнить с существующими сейсмо-
акустическими системами сбора данных и подготовить основу для проведения сейсмоакустических 
исследований с регистрацией оптоволоконной распределенной системой. Рассмотрены возможности ре-
гистрации сейсмоакустических сигналов с помощью оптоволоконных распределенных акустических си-
стем. На основании физико-геометрического анализа получены амплитудно-частотные характеристики 
регистрируемых продольных волн для прямого и спирального волокна. Для спирального волокна ампли-
тудно-частотные характеристики зависят от нескольких ключевых факторов: интегрирования измеряе-
мого значения вдоль волокна на базе измерения, угла падения волны на кабель и угла намотки волокна 
в  кабеле. Увеличение угла намотки повышает равномерность амплитудно-частотной характеристики 

https://mst.misis.ru/
https://doi.org/10.17073/2500-0632-2022-06-10
https://orcid.org/0000-0002-7494-4042
https://www.scopus.com/authid/detail.uri?authorId=6602559950
https://www.scopus.com/authid/detail.uri?authorId=36601605800
mailto:chugaev@mi-perm.ru
https://doi.org/10.17073/2500-0632-2022-06-10
https://doi.org/10.17073/2500-0632-2022-06-10
https://orcid.org/0000-0002-7494-4042
https://www.scopus.com/authid/detail.uri?authorId=6602559950
https://www.scopus.com/authid/detail.uri?authorId=36601605800
mailto:chugaev@mi-perm.ru


14

ГОРНЫЕ НАУКИ И ТЕХНОЛОГИИ
MINING SCIENCE AND TECHNOLOGY (RUSSIA)

Chugaev А. V., Tarantin M. V. Amplitude-frequency response of a helically-wound fiber distributed acoustic sensor (DAS)2023;8(1):13–21

https://mst.misis.ru/

eISSN 2500-0632

продольных волн как по частотам, так и по углам падения. В то же время спиральная намотка меняет 
эффективную базу измерения сигнала, что позволяет путем суммирования сигналов прямого и спираль-
ного волокна за счет перекрытия спектров выполнять регистрацию частот, подавляемых при раздельной 
записи. По результатам исследования предложена конструкция кабеля для регистрации широкополос-
ных сейсмоакустических сигналов, с помощью которых можно решать обширный круг горнотехнических 
и инженерных задач, выполняя сейсморазведочные исследования как в скважинах, так и на поверхности.
Ключевые слова
распределенный акустический датчик, оптоволоконный сенсор, сейсморазведка, скважинная сейсмо- 
акустика, рассеяние Рэлея, диаграмма направленности приемника
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Introduction
Distributed systems for recording acoustic re-

sponses using optical fiber (DAS – distributed acoustic 
sensing) have been well known for several years [1–3]. 
However, their reduction to the practice of geophy- 
sical research requires certain practical problems re-
lated to the physical and geometric features of such 
systems to be resolved. 

The recording of an acoustic response in a DAS 
system is carried out by analyzing the spectrum of 
Rayleigh light scattering in an optical fiber. This oc-
curs when a light pulse of a given wavelength and du-
ration passes. Longitudinal deformation of the fiber 
leads to a change in the amplitude and phase compo-
nents of the frequency spectra of the reflection optical 
response [2]. Optical interferometry enables the mag-
nitude of the strain in a certain section to be calcu-
lated. The position can be measured from the time of 
arrival of the backscattered optical pulse at a known 
velocity of light in the waveguide [4, 5]. The impor-
tant characteristic of the system is Gauge Length L, 
which determined by specification of the interrogator. 
As a result, the stress distribution profile in the fiber 
at a certain point in time is calculated. The re-inter-
rogation is limited by the time of arrival of the reflec-
tion response from the most remote section of the  
fiber optic cable. The velocity of light propagation in 
an optical fiber is 2×108 m/s. For a 1 km line, the dou-
ble travel time of a light pulse is 10−5 s, and for 100 km 
it is 10−3 s. This is currently the limitation of the re-
corded response sampling by time.

The goals of this study were to analyze the capa-
bilities of DAS in resolving mining problems, com-
pare them with existing seismoacoustic data collec-
tion systems, and prepare the basis for conducting 
acoustic studies with recording by a fiber optic dis-
tributed system.

The frequency content of the responses recorded 
by fiber-optic sensors with linear fiber is considered 

in [6–8]. Since DAS measurements involve averaging 
the measured parameter based on gauge length L, 
distortion of the acoustic response spectrum occurs 
at frequencies above 150–300 Hz [7, 9, 10]. Responses 
with a frequency not exceeding these values are suit-
able for resolving problems of oil seismic explora-
tion [3, 11, 12] and monitoring ore deposits [13, 14]. 
In borehole and seismic exploration of mines, the 
upper limit of the frequency range of the useful re-
sponse is 1000 Hz and higher [15–17]. Therefore, 
the possibility of using distributed fiber optic sys-
tems for solving mining problems needs to be con-
sidered and compared with existing seismoacoustic 
data collection systems. In addition, at the present 
time, the available literature provides no analysis of 
the amplitude-frequency characteristics of a helical-
ly-wound optic cable.

Acoustic pattern of straight fiber
DAS systems measure the deformation of an op-

tical fiber along its axis. Thus, for longitudinal waves, 
the acoustic pattern is defined as DP(α) = А0cos2 α, 
for transverse waves, DS(α) = А0|sin 2α| [1, 18], where 
α is the angle between the fiber and the wave prop-
agation vector; and А0 is the amplitude of the in-
cident wave. The incidence of a seismic wave on 
a  linear section of an optical fiber is considered 
in  [3,  11,  19]. Such a pattern significantly limits 
the range of possible seismic survey problems to 
be solved. Particularly, in many standard cases of 
seismic surveys, the target waves arrive along the 
normal line to the receiver line. 

The use of special cables with non-standard fiber 
laying can expand the capabilities of fiber-optic sys-
tems for solving seismoacoustic problems. The cable 
design options are given in a patent [20]. For manu-
facturing, the most accessible way of laying a fiber in 
a cable is helical winding; field measurements are de-
scribed in [21, 22].
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Influence of winding angle  
on effective gauge length

With helical winding, the length of the fiber 
laid in a cable will be greater than the length of the 
cable. Thus, the effective value LH (effective gauge 
length) of the rock mass associated with the cable 
will also change. 

The decrease in the gauge length is proportional 
to the cosine of the winding angle:

    cos  ,HL L= θ  (1)

where θ is the angle of deviation of the fiber guide 
from the cable axis (for straight fiber θ = 0°)1; L is 
gauge length along the fiber; LH is gauge length along 
the cable with helically-wound fiber.

Influence of winding angle on cable sensitivity
When changing the cable directivity pattern 

due to winding, a single segment of the helix can be 
represented as a linear section with an equivalent 
distribution of sensitivity along the axes (Fig. 1). 
In a parametric form, the response energy will be 
distributed as follows:

2    cos ;zE E= θ  (2)

2sin ;rE E= θ  (3)

= θ2
,

1
2

sin ,x yE E
 

(4)

where E is full sensitivity; Ez, Er, Ex, Ey are the 
sensitivities along z axis, in the plane perpendicular 
to z axis, along x and y axes, respectively. 

Ez

Ex

Ey

E

Er

θ

Fig. 1. Sensitivity distribution along the axes  
at helically-wound fiber

Per unit cable length, an increase in the recorded 
energy will occur due to an increase in the length of 
the fiber and the number of channels due to a decrease 
in the effective gauge length according to formula (1).

1 In literature, there are two different ways of calculating 
the winding angle. Kuvshinov, Braid, Innanen et al. take 90° for 
a straight fiber, while in the study of Egorov, Tertyshnikov, and 
others, 0° corresponds to a straight fiber. We stick to the latter 
version of the notation. 

The algorithm for numerical calculation of the ca-
ble directivity pattern due to winding is given in [23, 24]. 

With an increase in the fiber winding angle, the 
sensitivity of the system along the normal to the cable 
axis appears. The directivity pattern for longitudinal 
waves changes from the pattern of a single-axis sensor 
towards the pattern of a pressure sensor having 
a uniform (spherical) pattern.

The sensitivity is evenly distributed between the 
axes at the value of the winding angle

1
arccos 54.7 [19, 23].

3

 
θ = ≈ °  

Thus, with a uniform directivity pattern (spherical) 
along one axis, the recorded energy will be 3 times less, 
and the response amplitude will decrease by 3 times.

The total response from the impact of a seismic 
wave with a helically-wound fiber consists of its 
interaction with equivalent sections decomposed 
along orthogonal axes. In the case of longitudinal 
waves, the responses will be added, and for transverse 
waves, they will be subtracted (Fig. 2). 

+ +

+ –

Ez

Ex

EH = Ez + Ex

Ez

Ex

EH = Ez – Ex

P Sa b

Fig. 2. Scheme of changing the length of the fiber under  
the influence of longitudinal (a) and transverse (b) waves

The directivity pattern is symmetrical with 
respect to the cable axis and depends on the angles 
of winding and seismic wave incidence in accordance 
with expressions (2–4):

α θ = α θ + α θ2 2 2 21
,   cos cos   sin cos ;

2
( )PD

 
(5)

α θ = α θ − α θ2 21
, sin 2 cos sin 2 sin ,

2
( )SD

         
(6)

where DP, DS are directivities for P and S waves, respec-
tively; α is the angle between the cable and the seismic 
wave beam. Graphically, the patterns are shown in Fig. 3.

Note that the data obtained differs from that 
presented in study [23], where the polarity of S-wave 
response varies depending on the direction of prop-
agation of the optical response in the fiber. However, 
this would mean that measurements on the same ca-
ble section when connecting from different ends of 
the optical line would give different results. 
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Fig. 3. Dependences of the sensitivity of a cable with 
helically-wound fiber on the angles of wave incidence and 

the fiber winding for P (a) and S (b) waves

Frequency characteristics of the recorded 
response for direct fiber

Let us consider the moment of time when 
a monochromatic elastic wave with oscillation 
frequency f has created longitudinal stresses in a fiber 
stretched along z axis. In this case, the amplitude of 
the recorded response will change according to the 
following expression:

0 ,( ) ( )A x A sin kz=

where k = 2πf / V is wavenumber; A0 is maximum 
response amplitude.

The amplitude of the response measured on 
a segment of length L is equal to the sum of the 
amplitudes along this segment:

0 0
0

2
sin( ) 1 cos .

2

L

L

V fL
A A kz dz A

f V
 π = = −    π  ∫

    
(7)

Here we see that, firstly, as the frequency increa- 
ses, the response amplitude decreases. Secondly, at 
points which satisfy the condition L = nλ, n ∈ Z, the 
function takes a null value. As a result, the ampli-
tude-frequency characteristic (AFC) is complicated 
by the response attenuation sections as a result of the 
action of a rectangular window filter, which an exten- 
ded linear receiver appears to be. The AFC for longi-
tudinal waves propagating along the fiber at a velocity 
V = 2500 m/s and spacing L = 10 m is shown in Fig. 4.

0 200 400 600 800

10

5

0

Frequency, Hz

А
 / 
А

0

Fig. 4. Amplitude-frequency characteristic of a section  
of a straight fiber during the passage of a wave along it

The dependence of amplitude-frequency 
characteristics on the angle of incidence of a wave

When a linear receiver is located in the field of 
a  harmonic wave (Fig. 5), the visible period will in-
crease by increasing the angle α between the direc-
tion of wave propagation and the receiver line from 0° 
to 90°. The apparent frequency, in turn, will decrease: 

cos .af f= α  (8)

α = 60°

α = 0°

x

y

Fig. 5. Change in the visible period at different wave 
incidence angles

With regard to a section of a straight fiber and an 
arbitrary angle of incidence of wave α, the dependence 
of the AFC on the angle of incidence can be found as 
the product of the amplitude characteristic (7) and the 
directivity pattern, taking into account the apparent 
frequency instead of the actual one (8):

0

2
( , ) 1 cos ( ).

2
a

L
a

LfV
A f A D

f V
 π 

α = − α  π           
(9)

The image of this dependence for longitudinal 
and transverse waves at L = 10 m, VP = 2500  m/s, 
VS = 1500  m/s is shown in Fig. 6. The image draws 
attention to the areas of rejection in the form of 
“smiles” and low sensitivity at angles close to 90°. 
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Amplitude-frequency response 
of helically-wound fiber

Next, let us consider a cable of radius r with 
helically-wound fiber, on which a wave is incident at 
an angle α. The angle of a wave incidence on separate 
small sections is equal to α + ϕ(z) (Fig. 7), where ϕ(z) 
can be found through the derivative of the function 
describing the helically-wound fiber in plane view (z, x): 

 sin t( ,) gx z r z
r
θ 

  
=

 
(10)

from where 

arctg tg cos tg .( )z z
r

  
   

θ=


ϕ θ
 

(11)

The function ϕ(z) takes values from −θ to θ, and 
provided that the wavelength is much larger than the 
pitch between the turns in the cable, the response will 
be equal to the sum

( , , ) ( , ( )) ( )/ ,H LA f A f z L L
θ

ϕ=−θ

θ α = α + ϕ ∆ ϕ∑
      

(12)

where factor ∆L(ϕ)/L plays the role of a weighting 
factor depending on the proportion of the sections 
with a fixed angle ϕ in the total length of the fiber. 
The angle distribution can be found by calculating the 
derivative of function z(x) = r ctg θ arcsin (x/r):

2

ctg
,

1

dz
dx x

r

θ
=

 −     

(13)

for which x ∈ [−r, r] and the angles vary from −θ to θ. 
An example of ϕ distribution for a winding angle of 
45° is shown in Fig. 8.

In the case of longitudinal waves, using formu-
la  (12), the amplitude-frequency characteristics were 
obtained for various winding angles of fiber in a cable 
(Fig. 9). With an increase in the winding angle, the rejec-

tion bands are smoothed out. As a result, the response 
becomes more uniform in the angles of incidence. There 
are sensitivity curve dips in frequencies, although they 
are less pronounced than those for a straight fiber. This 
leaves room for spectrum whitening. 

An important case here is the wave incidence 
angle of 90°, the response at which is shown separately 
in Fig. 10. It can be seen from the graphs that there 
are frequency bands, in which the response amplitude 
increases with increasing winding angle, and other 
bands where such amplification does not take place. 

With an increase in the winding angle, the ef-
fective gauge length decreases in accordance with 
formula (1). This, in turn, leads to an increase in the 
frequency of the first minimum in the total frequency 
response. This fact makes it possible, when summing 
the responses from a straight and helically-wound 
fiber, to obtain a more uniform AFC (frequency re-
sponse) in a wide range of the angles of wave inci-
dence on the cable (Fig. 11). An exception relates to 
angles of incidence close to 90°, where the AFC de-
pends only on helically-wound fiber. 

Fiber bend radius in helically-wound cable 
A standard telecommunication fiber has a certain 

range of standard sizes and labels. One of the main 
characteristics is the dependence of the response 
attenuation constant on the fiber bend radius. 

The bend radius is determined in the plane where 
it is maximum. With uniform helical winding, the 
radius of bend is constant and coincides with the radius 
of the minimum curvature of the ellipse formed when 
the cable is intersected by a plane at the same angle as 
the winding angle (Fig. 12). Thus, the effective radius 
of curvature of a fiber will depend on the radius of the 
fiber in a cable r and the winding angle θ:

2 .
sine

r
R =

θ  
(14)
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Taking Re as a fixed value determined by the 
selected type of fiber, one can obtain the dependence 
of the cable radius on the winding angle θ: r = Re sin2 θ. 
The weight of such a cable will be proportional to sin4 θ. 

In the case of G657.A2 standard fiber, the bend 
radius at which there are no losses on a significant 
number of turns is 30 mm. Based on this value of 
the radius and the winding angle of 45°, a cable was 
designed containing both straight and helically-
wound fibers. The outer diameter of the cable is 
32.6 mm, and the weight is 721 kg/km. Such a cable 
can be used both for land seismic surveys and for 
downhole ones.

Conclusion
Analysis of the physical and geometric processes 

of recording acoustic responses by a distributed fiber 
optic system enabled the spatio-temporal charac-
teristics of such systems to be obtained for straight 
and helically-wound fibers in a cable. The ampli-
tude-frequency characteristics of the responses re-

corded by a helically-wound fiber depend on several 
key factors: integration of the measured value along 
the fiber on the gauge length; the angle of incidence 
of the wave on the cable; and the angle of winding 
of the fiber in the cable. It is possible to show that 
an increase in the winding angle increases the uni-
formity of the amplitude-frequency characteristic of 
longitudinal waves both in terms of frequencies and 
angles of incidence. 

At the same time, helical winding changes the 
effective gauge length. By summing the responses 
of the straight and helically-wound fibers due to 
the overlap of the spectra, it is possible to record 
the frequencies suppressed in the case of separate 
recording. 

Based on the results of the study, a cable design 
was proposed for recording broadband seismoacoustic 
responses, the use of which enables a wide range of 
mining and engineering problems to be resolved and 
for seismic surveys both in wells and on the surface to 
be carried out.
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Effect of strain amplitude and confining pressure on the velocity  
and attenuation of P and S waves in dry and water-saturated sandstone:  

an experimental study
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Abstract
In rock physics, much attention has been paid to the study of the processes of strain of natural materials 
at small strains. Experiments using high-precision measurements have allowed new knowledge at  
micro/nano level to be acquired. The microplasticity of solids is studied in materials science, but there is 
also data regarding some rocks. The property of microplasticity of natural materials is still little studied. 
The study was carried out on rock samples. The effect of strain amplitude and confining pressure on the 
velocity and attenuation of P and S waves in dry and water-saturated sandstone has been studied. The 
method of reflected waves was used in the frequency range of 0.5–1.4 MHz at four strain amplitudes  
(0.5–1.67) · 10−6

. Amplitude cycling causes an open and closed hysteresis effect for wave velocity and 
attenuation. This has been observed for both dry and water-saturated sandstone. The hysteresis loop 
overlaps in both states. The amplitude changes in the velocity of P-wave in dry sandstone is 1.12 %, and the 
attenuation of P-wave in dry sandstone is 5.43 %. As for S-wave, its maximum attenuation in dry sandstone 
reaches 8.81 %. The behavior of a wave velocity and attenuation can be explained by the combined effect 
of viscoelasticity and microplasticity. Elastoplastic transition strongly depends on the details of the 
microstructure, its defectiveness, and other parameters. The characteristics of the complications of wave 
parameters can be the signs of the internal structure of the subject.
Keywords
rock physics, amplitude-dependent wave velocity and attenuation, open hysteresis of wave velocity and 
attenuation, effect of water saturation on wave velocity and attenuation, microplastic strain, stepwise 
inelasticity, elastic modulus
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Аннотация
В физике горных пород большое внимание уделяется изучению процессов деформирования при-
родных материалов на малых деформациях. Эксперименты проводятся с помощью высокоточных 
измерений, которые позволяют получить новые знания на микро/нано уровне. Микропластичность 
твердых тел изучают в материаловедении, но имеются также данные, полученные для некоторых гор-
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Introduction and challenges
The current development of earth sciences is 

based on new fundamental knowledge in the physics 
of rock strain, in order to increase performance of 
seismic and acoustic methods in geological surveys 
and exploration. New knowledge has been obtained 
about the mechanism of natural material strain 
under various loads. These are inelastic step-like, 
discontinuous strains recorded at micro/nano level. 
The property of rock microplasticity, which is rather 
exotic in geophysics, can manifest itself even at 
small and very small strains. Accounting for this 
factor is important in practice, since seismic and 
acoustic methods use a range of small strains. The 
interest in this effect has emerged as a result of 
previous studies. The study of seismic non-linearity 
has led to the need for a deep understanding of the 
physics of rock strain [1–3]. The possibility of non-
linearity at very small strains was confirmed, thus 
extending the applicability of inelastic processes 
[4, 5]. Theoretical studies in seismic improve the 
classical visco-elastic model of a standard body. The 
model well describes dispersion, relaxation, and 
related inelastic processes.

Theoretical and experimental studies confirm 
the presence of the microplasticity effect [6, 7]. The 
influence of strain amplitude on a wave velocity and 
attenuation is ambiguous, since in some cases it leads 
to an increase in the parameters, while in the others, to 

ных пород. Свойство микро-пластичности природных материалов пока мало изучено. Исследование 
проводилось на образцах пород. Изучено влияние амплитуды деформации и всестороннего давления 
на скорость и затухание P- и S-волн в сухом и водонасыщенном песчанике. Использовался метод от-
раженных волн в диапазоне частот (0,5–1,4) МГц при четырех амплитудах деформации (0,5–1,67) · 10−6

. 
Циклическое изменение амплитуды вызывает эффект открытого и закрытого гистерезиса для скоро-
сти волны и затухания. Это наблюдается как для сухого, так и водонасыщенного состояния песчани-
ка. В обоих состояниях имеет место перехлест петлей гистерезиса. Амплитудное изменение скорости 
P-волны в сухом песчанике составляет 1,12 %, а для затухания P-волны в сухом песчанике – 5,43 %. На 
S-волне максимальное затухание в сухом песчанике достигает 8,81 %. Поведение скорости и затухания 
волны можно объяснить совместным действием процессов вязко-упругости и микро-пластичности. 
Упругопластический переход сильно зависит от деталей микроструктуры, ее дефектности и других 
параметров. Характеристики осложнений параметров волн могут являться признаками внутреннего 
строения исследуемого объекта.

Ключевые слова
физика горных пород, амплитудно-зависимые скорость волны и затухание, открытый гистерезис ско-
рости и затухания волны, влияние водонасыщения на скорость волны и затухание, микропластическая 
деформация, скачкообразная неупругость, упругий модуль
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a decrease. In the same way, the modulus of elasticity 
changes, affecting the curvature of the stress-strain 
relationship [8, 9]. This non-standard behavior of 
rocks is caused by the joint effect of elastic and 
microplastic strain [10-11]. This effect is presented as 
a “stress plateau” and “stress drop” on a stress–strain 
diagram and in an acoustic response record [12, 13]. 
The property of microplasticity of rocks allows for 
irregular short-term “switching on” of the plasticity 
process with the simultaneous effect of elastic strain. 
There are also theoretical confirmations [14–16]. The 
mechanical properties of rocks differ to a greater 
extent in their inelastic characteristics. They are more 
related to the dynamic parameters of waves than to 
the elastic characteristics. The current approach 
involves the use of new data which can be used 
to resolve geological problems. This is confirmed 
by high-precision experimental and theoretical 
studies [17, 18].

Research in solid state physics has shown that 
a  viscoelastic model can be supplemented with an 
inelastic element of a discontinuous nature, involved 
in  the deformation process. An elastic-viscoplastic 
model with the participation of a plastic component 
represents an amplitude-frequency-dependent dy-
namic modulus. In this model, the general stress ten-
sor is determined by the sum of three components, 
elastic, elastic-plastic, and viscoelastic moduli of 
a material [19–21]. In solid state physics and materials 
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science, much attention is paid to the study of step-
like strain [22–24]. There is a sharp transition from 
elastic strain to plastic flow. Such a strain jump is ac-
companied by a stress drop and depends in a complex 
way on the properties of a material and its loading 
conditions [25, 26]. The development of a  mechani-
cal model of a geological medium takes into account 
the data obtained on discontinuous inelasticity. Some 
data for rocks and minerals (sandstone, clay loam, 
quartz, silica, muscovite, stishovite, mica, sapphire, 
diorite, graphite) are described in [27, 28]. 

This paper describes a laboratory study of 
the effect of strain amplitude and pressure on the 
behavior of velocity and attenuation of P-wave and 
S-wave in dry and water-saturated sandstone at 
room temperature. This study is of great interest for 
understanding micro-strain mechanisms in rocks. 
The mechanism of microplasticity of rocks is still 
poorly understood, but it seems reasonable to say 
that it is close to a mechanism known in solid state 
physics. Microplastic behavior occurs when mobile 
dislocations are activated in the form of an avalanche 
phenomenon. The first sign of this process is the 
appearance of the “stress plateau” and “stress drop” 
effects. The results obtained in this experiment can 
be useful not only as a fundamental knowledge, 
but also for their application in solving practical 
problems. New knowledge about the microplasticity 
property of rocks allows the standard viscoelastic 
model used in seismic surveys to be improved. This 
can be achieved by including a microplastic strain 
component into the standard model. A complex 
viscoelastic-plastic model can more realistically 
describe strain processes in rocks. In the practical 
application of the knowledge acquired, for example, 
in seismic and acoustics, the amplitude-dependent 
effect that affects the velocity and attenuation of 
longitudinal and transverse waves in rocks needs 
to be taken into account. Accounting for this effect 
improves the measurement accuracy and the 
interpretation of the obtained data.

Research techniques and factual material
In the experiment, samples of fine-grained 

sandstone from a core taken from a depth of 2,545 m 
were used. The density of sandstone is 2.45 g/cm3, 
the content of fine-grained sand fraction is 82 % and 
that of siltstone is 18 %, the total porosity is 12 %. 
The measurements of the velocity and attenuation 
of P and S waves depending on the strain amplitude 
were carried out at a constant hydrostatic pressure 
of 20 MPa. In addition, the behavior of P and S 
wave velocities at constant amplitude was studied 
depending on the hydrostatic pressure in the range 

from 10 to 50 MPa. The cylindrical specimens used 
had the following dimensions: 40 mm in diameter and 
16 mm in length. A standard three-layer installation 
was used in the experiment [29, 30]. The first and 
third layers provided identical wave reflection at the 
interfaces. The first layer is the delay line and the third 
layer is the acoustic load. A rock sample is located 
between these layers. The excitation and reception 
of acoustic responses were provided by piezoceramic 
sensors at frequency of 1 MHz, which were set to 
polarize P and S waves. The attenuation decrement 
was calculated as follows [11, 31, 32]:

1 ,
8.686 8.686

V
Q

f
− α αλ= =

π π  
(1)

where α is absorption coefficient, dB · m−1,
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where L is double length of the sample, m; Atop(f) is 
Fourier amplitude of the reflected pulse from the upper 
boundary of the sample; Abot( f ) is Fourier amplitude 
of the reflected pulse from the lower boundary of 
the sample; R12( f ) is coefficient of reflection from 
the upper boundary; R23( f ) is coefficient of reflection 
from the lower boundary. In our case, the boundaries 
are identical and therefore R12( f ) = −R23( f ). Reflection 
coefficient

( ) ( )
( ) ,

( ) ( )
r r b b

r r b b

V f V f
R f

V f V f
ρ − ρ

=
ρ + ρ  

(3)

where ρr and ρb are densities of the rock and beryllium 
bronze, kg · m−3, respectively; Vr( f ) and Vb( f ) are the 
wave velocities, m · s−1; V is the phase velocity, m · s−1; 
f is frequency, Hz.

When measuring a wave velocity and attenuation, 
the strain amplitude changed in a closed cycle. First, 
the amplitude increased from the minimum to the 
maximum value (upward course), then decreased 
through the same values (downward course). The full 
course: ε1 ≈ 0,5×10−6 → ε2 ≈ 1,0 × 10−6 → ε3 ≈ 1,3 × 10−6 
→ ε4 ≈ 1,67 × 10−6 → ε3 ≈ 1,3 × 10−6 → ε2 ≈ 1,0 × 10−6 → 
ε1 ≈ 0,5 × 10−6. The increase and subsequent decrease 
in the amplitude are marked with arrows in all 
Figures. The pulse recording was carried out with the 
accumulation of signals (responses). This provided 
improved noise immunity.

Research Findings
Figs. 1 and 2 show the dependence of P and S 

wave velocities on the strain amplitude in dry and 
water-saturated (50 %) sandstone at a constant 
pressure of 20  MPa. In Fig. 1, in dry sandstone, on 
the ascending and descending courses of the strain 
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amplitude, P-wave velocity increases by 1.12 %. 
In water-saturated sandstone, the change in wave 
velocity under the same conditions is 0.28 %. The 
velocity diagrams represent open hysteresis loops 
(marked with brackets). The open hysteresis of dry 
and water-saturated sandstone is 1.41 and 0.28 %, 
respectively. The change in S-wave velocity under 
the same measurement conditions did not exceed 
0.35 %. The open part of the hysteresis loop for dry 
and water-saturated sandstone is 0.54 and 0.35 %, 
respectively. 

Fig. 3 shows the attenuation of P-wave as 
a function of the strain amplitude in dry and water-
saturated sandstone at constant pressure. In dry 
sandstone, when the amplitude changes from the 
minimum to the maximum value, the attenuation 
of the wave increases in a non-linear way by 5.43 %. 
When the amplitude returns to the minimum value, 
the attenuation decreases to the initial value. As 
a  result, the attenuation hysteresis loop is closed. 
In water-saturated sandstone, an increase in 
amplitude has little effect on attenuation. On the 
reverse course of the amplitude, the attenuation 
decreases by 4.93  %. This leads to the appearance 
of an open hysteresis loop. The water-saturated 
sandstone attenuation curve is above that 
for dry sandstone.

Fig. 4 shows the attenuation of S-wave as 
a  function of the strain amplitude in dry and 

water-saturated sandstone at constant pressure. 
The curves for dry and water-saturated sandstone 
are significantly spaced apart. The value of wave 
attenuation in dry sandstone is much less than 
in water-saturated sandstone. In both cases, 
as the amplitude increases, the attenuation 
decreases. In dry and water-saturated sandstone, 
the attenuation reduction is 8.81 % and 2.71 %, 
respectively. Both hysteresis loops are open. The 
value of the open hysteresis loop in both cases 
does not exceed 0.8 %.

Fig. 5 shows P-wave velocity as a function of 
confining pressure in dry and water-saturated 
sandstone at constant strain amplitude. With 
an increase in the confining pressure from the 
minimum to the maximum value both in dry and 
water-saturated sandstone, the wave velocity 
increases in a non-linear way by 15.06 and 26.35 %, 
respectively. In both cases, an open hysteresis loop 
is observed: for  dry sandstone, 9.77 %, and for 
water-saturated one, 15.93 %. Fig. 6 shows S-wave 
velocity as a function of confining pressure in dry 
and water-saturated sandstone at a constant strain 
amplitude. Here, the increase in the wave velocity 
proceeds in the same way as in the case of P-wave, 
and amounts to 12.42  % for dry sandstone, and 
15.81 % for water-saturated sandstone. The open 
hysteresis for dry sandstone is 0.67 %, and water-
saturated is 3.45 %.
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Findings Discussion
The conducted study shows the complex effect 

of strain amplitude, pressure, and sandstone state 
on the behavior of the velocity and attenuation of 
P and S waves. Wave attenuation is more sensitive 
to amplitude deviation and sandstone wetness 
than wave velocity. The behavior of the velocity 

of a longitudinal wave differs significantly from 
that of a transverse one. The measurements of 
P-wave velocity show that the change in the state 
of sandstone affects the shape of the hysteresis and 
the magnitude of its opening. The open part of the 
hysteresis for a longitudinal wave is 1.41 % in dry 
sandstone and 0.28 % in water-saturated one, i.e. 
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there is a great difference between them. S-wave 
velocity in both dry and water-saturated sandstone 
responds weakly to amplitude deviation. 

The greatest change in the attenuation of 
a  longitudinal wave due to the strain amplitude 
was obtained in dry sandstone (5.43 %), the same 
as that of a transverse wave at the same sandstone 
state (8.81 %). The change in the attenuation of 
a  transverse wave in water-saturated sandstone due 
to the amplitude reaches 2.71 %. For a longitudinal 
wave, an open hysteresis was recorded in the water-
saturated sandstone (4.5 %), while it is not manifested 
in the dry one. For a transverse wave, both in dry and 
water-saturated sandstone, the manifestation of open 
hysteresis is insignificant. A change in the confining 
pressure in a closed regime for both longitudinal 
and transverse waves leads to a non-linear increase 
in the velocity and the appearance of an open 
hysteresis loop. It should be noted that the velocities 
of longitudinal and transverse waves at both states of 
sandstone respond to the changes in the value of the 
confining pressure.

Conclusion
An analysis of the new data obtained in 

the experiment shows the complex nature of 
the behavior of the velocity and attenuation of 
longitudinal and transverse waves depending on 
the strain amplitude and wetness of the sandstone. 
Changing the strain amplitude and confining 
pressure within a closed cycle (i.e. its increase and 
adequate decrease) leads to a significant change 
in the dynamic characteristics of the recorded 

response. This transformation takes place for wave 
velocity and attenuation. The strain amplitude 
affects the open and closed type hysteresis both 
for a wave velocity and attenuation. In both dry 
and water-saturated sandstone, an open hysteresis 
loop is observed in most cases. There are cases of 
the manifestation of a closed hysteresis loop and 
also the effect of overlapping hysteresis loops. 
The greatest change in wave velocity due to strain 
amplitude was obtained for a longitudinal wave in 
dry sandstone. However, the attenuation parameter 
exceeds the achievements of the wave velocity. 
The highest result for the amplitude-dependent 
attenuation was obtained in dry sandstone with 
the propagation of a longitudinal wave, 5.43 %, and 
with the propagation of a transverse wave, 8.81 %. 

In our study, the signs of the manifestation of 
microplasticity include the following: open and 
closed hysteresis found in amplitude-dependent 
velocity and attenuation in dry and water-saturated 
sandstone; non-linear nature and overlap of the 
ascending and descending amplitude courses. 
Their divergence may be caused by the effect of 
microplasticity. The complex and peculiar behavior 
of both hysteresis loops suggests the possibility 
of contribution of a  non-standard mechanism 
in the sandstone strain. The diverse behavior of 
wave velocity and attenuation at rock strain can 
be caused by the combined effect of viscoelasticity 
and microplasticity processes. The qualitative and 
quantitative characteristics of the complications of 
dynamic parameters can be the signs of the internal 
structure of the subject.
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Abstract
Rock joint hollowness coefficient is an important parameter when resolving practical mining problems. 
Geophysical methods used to resolve this problem are indirect. Thus the interpretation of their results may 
cause certain difficulties as a result of the uncertainty of the physical relationships between the parameters 
of joints and the measurement results. One of the ways to resolve this problem is to combine experimental 
research methods with analytical and numerical simulation. The studies were aimed at investigating the 
electrical conductivity of a two-dimensional medium in the presence of thin insulating (non-conducting) 
joints. This paper proposes an analytical method for assessing the dependence of the specific conductivity 
of a medium with inclusions in the form of elliptical joints on their half-length. This dependence is show 
to have the form of an exponent depending on the square of the length of the maximum semi-axis as an 
argument. The simulation method is based on the assumption of the elliptical shape of a joint when the length 
of the minor semi-axis of the ellipses tends to zero. A review of publications and their results presented in 
this paper showed that this method for determining the specific conductivity of the medium with thin joints 
is one of the best in terms of compliance with experimental data. Its predictions are close to those of the 
Effective Media Approximation (EMA). However, the proposed method is distinguished by the simplicity of the 
formulas and their physical visibility essential for the use in interpreting the data of a physical experiment. 
In two-dimensional formulation, numerical simulation of the specific electrical conductivity of a sample of 
a medium measuring 1×1 m with elliptical joints of conductivity less than that of the matrix was carried out in 
the COMSOL Multiphysics environment. A square sample of unit sizes with unit conductivity was considered 
in which 25 joints with uniform distribution along the length occurred. 40 models were built wherein the 
maximum length of the joints varied from 0.01 to 0.4 sample size in increments of 0.01 m. The satisfactory 
concordance of the results of numerical and analytical models, both visual and confirmed by statistical 
estimates, has been shown. It was noted that when the size of the joints changes to achieve the value of 
the maximum semi-axis a = 0.15 m, the influence of single joints that do not extend beyond the boundaries 
of the sample prevails. Above this value, at a > of 0.15 m, the influence of joint coalescence, as well as their 
extension to and beyond the sample boundaries begins to affect. Comparison of the proposed theoretical 
model of electrical conductivity, depending on the square of the length of the maximum semi-axis of a joint, 
with a similar model in the form of an exponent with a linear dependence showed a better concordance of 
the proposed model with observations at the stage of the lack of joint coalescence and their extension to the 
sample boundaries at a < 0.15 m. At a > 0.15 m. The proposed model has a lower coefficient of determination 
compared to the full range including both intervals, but higher than that of the model with a linear dependence 
in the exponent argument. This indicates the universal nature of the proposed model.
Keywords
electrical resistance, joint length, numerical, analytical, simulation, COMSOL Multiphysics
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щинной пустотности горных пород. Геофизические методы при решении данной задачи являются 
косвенными, поэтому интерпретация результатов может вызывать определенные трудности, обу-
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Introduction
The relevance of the problem of assessing rock 

joint hollowness coefficient emerges from the need 
to address problems of strength [1–4] and stability 
of rocks around mine workings [5–7], hydraulic 
fracturing of rock mass [8–10], fluid filtration 
through a rock mass [11, 12], the calculation of 
drilling and blasting parameters [13–15], as well 
as other practical problems of mining. Geological 
[16–18], surveying [19–21], video methods [22, 23] 
are used to determine rock jointing. A special place 
here is occupied by geophysical methods [24–26]. 
A significant place is given to electromagnetic [27] 
and electric [28] methods. Despite the significant 
advantages of electrical methods for studying rock 
jointing, they also have a number of disadvantages. 
The geophysical methods are indirect, so the 
interpretation of their results may cause certain 
difficulties due to the uncertainty of the physical 
relationships between the parameters of joints 
and the measurement results. In this regard, one 

of the ways of resoling this problem is to combine 
experimental research methods with analytical and 
numerical simulation. As an example, we can cite 
study [29] which shows the theoretical feasibility of 
analytical calculation of the relationship between 
rock jointing and electrical resistance. 

The problem of sample resistance with joints 
ultimately comes down to the problem of the con-
ductivity of a two-component medium consisting of 
a continuum (matrix) and a component represented 
by individual inclusions. At low concentration of the 
inclusions, such conductivity is easily calculated 
[30]. It is connected with the concentration of 
inclusions according to the linear law. In the 
case of high concentrations, the best method is 
considered to be the Effective Media Approximation 
(EMA) [31–33]. Initially designed for “volumetric” 
inclusions (spheres in three-dimensional space, 
circles, squares, etc. in two-dimensional problems), 
it was then modified for the case of “disembodied” 
inclusions, such as infinitely thin disks in the 

словленные непрозрачностью физических связей между параметрами трещин и результатами из-
мерений. В этой связи одним из путей решения данной проблемы является сочетание эксперимен-
тальных методов исследования с аналитическим и численным моделированием. Исследования были 
направлены на изучение электрической проводимости двумерной среды при наличии тонких изоли-
рующих трещин. В статье предложен аналитический метод оценки зависимости удельной проводи-
мости среды с включениями в виде эллиптических трещин от их полудлины. Показано, что данная 
зависимость имеет вид экспоненты, зависящей от квадрата длины максимальной полуоси в  каче-
стве аргумента. Метод моделирования основан на допущении эллиптической формы трещины при 
устремлении к нулю длины малой полуоси эллипсов. Анализ публикаций и результаты, изложенные 
в статье, показали, что такой метод нахождения удельной проводимости среды с тонкими трещина-
ми один из наилучших в плане соответствия экспериментальным данным. Его предсказания близки 
к предсказаниям метода эффективной среды (EMA), но он отличается простотой формул и их фи-
зической наглядностью, что существенно для использования при интерпретации данных физиче-
ского эксперимента. В двумерной постановке проведено численное моделирование в среде COMSOL 
Multiphysics удельной электрической проводимости образца среды размером 1×1 м с эллиптически-
ми трещинами меньшей, чем у матрицы, проводимости. Рассмотрен квадратный образец единичных 
размеров с единичной проводимостью, в котором помещалось 25 трещин, имевших равномерное 
распределение по длине. Было построено 40 моделей, в которых максимальная длина трещин ме-
нялась от 0,01 до 0,4 размера образца, с шагом 0,01 м. Показано удовлетворительное соответствие 
результатов численной и аналитической моделей как визуальное, так и подтвержденное с помощью 
статистических оценок. Отмечено, что при изменении размера трещин до значения максимальной 
полуоси a = 0,15 м преобладает влияние одиночных трещин, не выходящих за границы образца. Выше 
этого значения при a > 0,15 м начинает сказываться влияние слияния трещин, а также их выхода 
на границы и за пределы образца. Сравнение предложенной теоретической модели электрической 
проводимости, зависящей от квадрата длины максимальной полуоси трещины, с похожей моделью 
в виде экспоненты с линейной зависимостью показало лучшее соответствие предложенной модели 
на стадии отсутствия слияния трещин и их выхода на границы образца при a < 0,15 м. При a > 0,15 м 
предложенная модель имеет меньший коэффициент детерминации по сравнению с полным диапа-
зоном, включающим оба участка, но более высокий, чем у модели с линейной зависимостью в аргу-
менте экспоненты, что говорит об универсальном характере предложенной модели.
Ключевые слова
электрическое сопротивление, длина трещины, численный, аналитический, моделирование, COMSOL 
Multiphysics
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three-dimensional case and “scratches” in the two-
dimensional case [34]. This approach enables the 
electrical conductivity of rocks containing joints 
to be simulated. At the same time, in actual rocks, 
joints can be empty or containing low-conducting 
liquids (oil). They can also be filled with a solution of 
salts (high-conductive fluid) [35]. In the former case, 
the joints should be considered insulating, while 
in the latter one, almost perfectly conductive when 
the fluid conductivity is several orders of magnitude 
higher than the conductivity of the host rock [29].  
In this paper, a model of “dry” or fluid-filled joints 
with a conductivity of 10-4 of the conductivity of 
a rock matrix is used. It should also be noted that 
at some rather high concentration of inclusions, 
coalescence occurs when they overlap, forming 
a continuous conductive or insulating cluster 
[36–38]. However, in the first place, such high 
concentrations of joints will not be considered, 
since when approaching the coalescence threshold, 
disintegration of a sample occurs.

The purpose of this study is to develop analytical 
and numerical models of the dependencies of the 
electrical resistance of a rock sample on the size of 
joints, and compare the results of simulating by these 
methods with each other, as well as with the results of 
testing rock samples.

2. Research techniques

2.1. Analytical method
Let us consider the problem of conductivity of 

a two-dimensional medium with thin joints (in the 
limit, scratches of zero thickness). For the case of 
low concentration of scratches perpendicular to the 
gradient of the applied voltage (and the direction of 
the electric current), we get [34]

2

0 1 ,
2
l

N
  σ = σ − π      

(1)

where σ0 is conductivity of a medium without joints; 
l / 2 is the “radius” of a joint, equal to half of its length; 
N is two-dimensional concentration of joints. In the 
case of chaotic orientation of the joints (uniform 
distribution by angle), the contribution of these joints 
to the conductivity is halved:

2

0 1 .
8
l

N
 πσ = σ − 
 

The reason is that when the conductivity is 
averaged by a statistical ensemble of joints, one of the 
two coordinate axes does not make a contribution: 
the insulating joints oriented parallel to the current 
do not significantly affect conductivity.

Note that if there is exactly a single joint in 
a square sample with a side L and a conductivity of σ0, 
perpendicular to the field, the concentration N = 1 / L2, 
and the sample conductivity is: 

2

0 21 .
4
l
L

 πσ = σ −  

Let us suppose now a square sample with a side L  
contains n joints perpendicular to the applied 
voltage and has a conductivity of σ. Let us place 
another similar joint into this sample. In this case, 
the increment of the sample conductivity 

2

2 .
4
l
L

π∆σ = −σ

Thus, we obtain a differential equation (∆n = 1)
2

2 ,
4
l

n L
∆σ π= −σ
∆  

(2)

the solution of which is
2

24
0 ,

l
n

Le
π−

σ = σ

where the obvious initial condition is used: the 
conductivity in the absence of joints is σ0. Given the 
two-dimensional concentration of joints, this solution 
can be written in the form:

2

4
0 .

l
N

e
π−

σ = σ  
(3)

Let the lengths of the joints now be distributed 
evenly in the range from 0 to l. In this case, the 
average value of the square of the joint length is l2 / 3. 
This value will determine the average contribution 
of an individual joint to the change in conductivity. 
Then the initial differential equation should be 
replaced with

2

2 ,
12
l

n L
∆σ π= −σ
∆

and we get for the sample conductivity
2

212
0 ,

l
n

Le
π−

σ = σ

or taking into account the concentration of joints in 
the two-dimensional case N = n / L2

2

12
0 .

l
N

e
π−

σ = σ  
(4)

It is often beneficial to use half the length of a joint 
a = l / 2 (similar to the radius of a circular inclusion), 
and then

2

3
0 .

a
N

e
π−

σ = σ  
(5)

If we denote A = πN / 3, formula (3) takes on form
2

.Aae−σ =  (6)
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The parameter A has the physical meaning of the 
effective concentration of joints and can be found 
from a numerical simulation or a physics experiment.

It should be noted that in [36], use of the EMA 
method for conductivity of a two-dimensional 
medium with parallel insulating joints, the following 
expression was obtained:

2
22 2

0

1 1
1 .

4 4 2 4
l l

N N
  π π σ = σ + −      

(7)

This expression at not very high concentrations 
of joints, up to 

2

1,
4
l

N
π ≈

is very close to (3), but (3) is much simpler, more 
convenient for analysis, and has a quite transparent 
physical meaning.

2.2. Numerical method
The methodology for constructing geometry and 

setting the properties and boundary conditions of 
a model when using this method is explained in [39]. 
A feature of this approach was the construction of 
geometry, properties, and boundary conditions of 
the model using program scripts. Changing the joint 
parameters in each specific model was achieved 
by changing the values of the variables used to set 
the length, position, and the angle of inclination 
of the ellipses which simulated the joints. These 
parameters were changed within the specified limits 
using a  random number generator with a uniform 
distribution.

The simulation was carried out using the 
COMSOL Multiphysics environment in conjunction 
with Matlab. The script was written and the changes 
were made in accordance with the required joint 
parameters. Figure 1 shows a drawing of one of the 
models as an example. The simulation was carried 
out in dimensionless relative units. Since the results 
for electrical conductivity and resistance are most 
conveniently represented in relative values, the 
following technique was used in the simulation. 
A rock sample was selected in the form of a square with 
a side of 1 m, with a specific conductivity of 1 Cm/m. 
A voltage of 1 V was applied to the two opposite sides. 
In the absence of joints, the current in the sample 
was 1 A. When joints were added, the current became 
less than 1 A. By virtue of Ohm's law, numerically 
coinciding with both the conductivity and the specific 
conductivity of a fractured rock.

A total of 40 models were used when changing 
the half-lengths of the joints from 0.01 to 0.4 m. One 

more model was jointless and corresponded to the 
case a / 2 = 0. The minor semi-axis of the joints was 
0.01 m, and the major semi-axis in accordance with 
the uniform distribution varied from 0.01 m to the 
value assigned in the series of experiments, ranging 
from 0.01 to 0.4 m. The joint angle varied within 
±20°. The number of joints in the sample was 25. The 
maximum displacements of the centers of the ellipses 
from the regular grid horizontally and vertically with 
their uniform distribution amounted to ±0.2DX and 
±0.5DY, respectively, where DX, DY were the average 
distances between the centers of joints along X and Y 
axes, respectively. With some combinations of joint 
sizes and displacements relative to their centers, 
they could partially or completely extend beyond 
the contour of a sample, while their total number 
was less than the specified value. In addition, the 
coalescence of joints led to a decrease in their 
equivalent number. Several interconnected joints led 
to an effect equivalent to the effect of one joint of 
greater length. The specific conductivity of the rock 
matrix was 1 cm/m, and that of the joint material, 
10–4 cm/m. The boundary conditions were as 
follows: on the upper edge, the potential V was set at 
V0 = 1 V, and on the lower edge V0 = 0 V (“earth”). On 
the side edges, zero conductivity was set σ = 0 cm/m 
(insulation). 

For finding solutions in the COMSOL Multiphysics 
system, a static problem solver was used in the 
simulation, which allowed obtaining the distribution 
of currents and voltages in steady state.
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Fig. 1. Example of a 2D model scheme  
for a numerical experiment
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4. Findings Discussion
If there are no joints in a sample, the current 

lines (Fig. 2, a) are evenly distributed over the sample 
along its horizontal axis, and the electrical potential 
demonstrates a uniform change along the vertical 
axis. In the graph in Fig. 3, this case corresponds to 
the joint half-length a / 2 = 0. The presence of joints 
of horizontal direction in Fig. 2, b increases the 
length of the current lines. This is the reason for the 
decrease in conductivity with an increase in a / 2. 
With a significant increase in the joints length up to 
the complete intersection of the sample in Fig. 2, e, 
the length of the current lines increases significantly 
with a significant change in their configuration as 
compared to the intact sample in Fig. 2, a. In this 

3. Findings
Figure 2 presents examples of the results of 

simulation of current flow through a sample without 
joints (a), with elliptical joints of half-length from 
0.01 to 0.1 m (b), from 0.01 to 0.2 m (c), from 0.01 to 
0.5 m (d). The red current lines clearly demonstrate 
the effect of joints, acting as “dams” for current.

On the graph in Fig. 3, the sample conductivity de-
pendencies obtained by finite element calculations are 
represented in the form of separate points. The formu-
la (6) was used to approximate the results obtained.

As can be seen the satisfactory mutual conver-
gence of the theoretical and experimental attracts 
them to each other. The quantitative estimates of this 
convergence are given below.
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case, the electric potential demonstrates a jump-like 
change in the places of joints. Since the numerical 
model includes a probabilistic distribution of joint 
parameters, the experimental points in Fig. 3 have 
random deviations from the analytical curve. At 
the same time, up to the value of a / 2 = 0.15 (m), 
the points are located closer to the analytical curve 
than with larger values of a / 2. This is due to the fact 
that the extent of high-impedance joints beyond the 
boundaries of the sample begins to take affect also 
owing to their coalescence leading to significant 
curvatures of the current lines. 

The experimental points are well described by 
dependency (6), in which the parameter A is selected 
using the Statistica package according to the least-
squares criterion

2exp 21.23( ),y x= −
where x = a / 2 is the maximum value of the major 
semi-axis of an elliptical joint. The value varied from 
0.01 to 0.4; y = σ / σ0 is the relative conductivity of the 
sample; σ0 is the conductivity of the sample without 
joints. In this case, the parameter is A = 21.33, which 
corresponds to the equivalent number of joints 
Neq = 3A / π = 20.4. This number is noticeably less than 
25, the true number of joints in the sample. This is 
explained by the fact that with considerable sizes of 
joints, some of them merge with each other or occur 
on the boundaries of the sample. The determination 
coefficient of the numerical simulation results at 
approximation R2  =  0.977, the root-mean-square 
deviation (RMSD) = 0.0494 cm/m, reflecting the ran-
dom nature of the joint parameters and less than 10 % 
of the average conductivity value of 0.5 cm/m in the 
experiment. For the initial section of the curve, where 
the influence of edge effects and coalescence of joints 
does not affect, this value is much lower.

Accordingly, for a more detailed analysis, the 
whole range of joint half-length values a was divided 
into two sections: 0 ≤ a < 0.15 m (section 1) and 
0.15  ≤  a ≤ 0.40 m (section 2), for which statistical 
estimates were carried out separately.

It is interesting to compare the results obtained 
with the experimental results. In [40], the findings 
of the conductivity study for the Chayandinsky 
deposit reservoir rock samples are considered. The 
dependence of the change in specific electrical 
conductivity on the proportion of fracture porosity 
was approximated by an exponent

0 1exp( ),= −y a a x  (8)

where a0, a1 are the exponential dependency parameters. 
The graph of the dependence according to formula (8) 
in comparison with the numerical simulation results is 
shown in Fig. 4. In this case, a0 = 1.179; a2 = 5.251.

As follows from the comparison of Fig. 4 with 
Fig.  3, visually, the approximation by depen-
dence  (8) is worse than that by dependence (6).  
If the experimental data curve in the first section is 
curved upwards, then the dependence (8) is curved 
downwards. In the second section, the curve (8) 
passes above the experimental points, although 
in this section the curvature of the course of both 
curves coincides.

Table 1 shows the results of approximation of 
the  data obtained according to formulas (6) and 
(8). For formula (6), the values of parameter A and 
the calculated values of the equivalent number of 
joints Neq are also given. It should be noted that the 
calculations according to formula (7) gave results 
close to the results of formula (6), so they are not given 
separately in Table 1. For formula (8), the values of 
parameter A were not calculated, because this model 
differed from model (6) in essence.
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As follows from Table 1, formula (8) gives worse 
results compared to formula (6). Thus, for the com-
plete curve (8) and for its first section, the determi-
nation coefficient R2 is lower, and the RMSD is higher  
than for curve (6). For the second section, where joints 
overlap and their extension beyond the sample lim-
its begin to affect, this difference is lower, but still  
significant.

In paper [40], the author explains that the de-
pendence of type (8) is used to approximate joints 
in actual samples. Such samples have a rather de-
veloped system of joints, which in large part overlap 
with each other, and also demonstrate an extent be-
yond the sample. This factor is predominant in the 
description of the dependencies in question, and de-
pendence (8) is acceptable for this case.

Thus, it can be concluded that formula (6) is 
acceptable for describing the relationship between 
the size of joints and the conductivity of a rock 
sample in the case of "dry" or low-conductive fluid-
filled joints at their low concentration before the 
manifestation of joint coalescence phenomena.

Conclusion
1. An analytical method for assessing the de-

pendence of the specific electrical conductivity of 
a medium with inclusions in the form of thin elliptical 
joints on their half-length is proposed. It was shown 
that this dependence has the form of an exponent 
depending on the square of the length of the maximum 

semi-axis as an argument. The simulation method is 
based on the assumption of the elliptical shape of 
a  joint when the length of the minor semi-axis of 
the ellipses tends to zero. The review of publications 
and the results presented in this paper showed that 
this method for determining the specific conductivity 
of the medium with thin joints is one of the best in 
terms of the compliance with experimental data. Its 
predictions are close to those of the Effective Media 
Approximation (EMA), while the proposed method is 
distinguished by the simplicity of the formulas and 
their physical visibility essential for use in interpreting 
the data of a physical experiment.

2. In a two-dimensional formulation, a numerical 
simulation of the specific electrical conductivity of 
a sample of a medium measuring 1×1 m with elliptical 
joints of conductivity less than that of the matrix 
was carried out using the COMSOL Multiphysics 
environment. Satisfactory concordance of the results 
of numerical and analytical models, both visual and 
confirmed by statistical estimates, was shown. It 
was noted that when the size of the joints changes 
to the value of the maximum semi-axis a = 0.15 m, 
the influence of single joints which do not extend 
beyond the boundaries of the sample prevails. Above 
this value, the influence of joint coalescence as well as 
their extension to and beyond the sample boundaries 
begins to affect.

3. Comparison of the proposed theoretical 
model of electrical conductivity, depending on the 
square of the length of the maximum semi-axis of 
an elliptical joint, with a similar model in the form 
of an exponent with a linear dependence on the half-
length of a joint showed a better concordance of the 
proposed model with the observations at the stage 
of the lack of joint coalescence and their extension 
to the sample boundaries at a < 0.15 m.  At a > 0.15 
m, the proposed model has a lower coefficient of 
determination compared to the full range including 
both intervals, but higher than that of the model with 
a linear dependence in the exponent argument. This 
indicates the universal nature of the proposed model.
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Abstract
In recent years, with the development of techniques and methods for in-situ leaching (ISL), additional uranium 
extraction from previously worked-out blocks is becoming not only relevant, but also quite achievable. In this 
case, the extraction of residual uranium reserves from previously worked-out blocks does not require additional 
costs for the necessary infrastructure. One of the most important factors in the formation of residual uranium 
reserves in worked-out blocks is the presence of clay minerals in the ore horizon. In this regard, we conducted 
a number of studies on the adverse and positive effects of clay minerals on ISL process. Water permeability 
and relatively good filtration (not less than 0.5–1 m/day) of ores and rocks of a productive horizon (aquifer) 
is the most important hydrogeological factors affecting the performance of uranium ISL. The second most 
important hydrogeological factor is the lack of fluid communication between the productive aquifer and non-
productive aquifers, i.e., the obligatory presence of aquicludes. The role of clays in these hydrogeological 
factors is twofold. On the one hand, the presence of clays negatively affects both the solutions filtration rate 
and uranium extraction. On the other hand, the presence of clay minerals (forming an aquiclude) enhances 
the effect of ISL. The study findings allowed the role of clay minerals in uranium ISL to be assessed. The 
diffusion coefficients of nitrate ions in the clays were determined, and the protective effect of aquicludes 
was calculated. The effect of the clay content in the ore sand horizon on the solutions filtration coefficients 
was also established. The static uranium exchange capacity of clays was determined by studying the process 
of uranium sorption by clay samples from sulfate and bicarbonate solutions. The studies established the 
diffusion coefficients of nitrate ions in montmorillonite and kaolinite clays, which amounted to 3.34 · 10−6 and 
2.14 · 10−6 cm2/s. Taking into account the calculated values of diffusion coefficients, the protective time of the 
clayey aquiclude for nitrate ions was 43 years. At 20 % clay minerals content, the solution filtration coefficient 
decreases to values where ISL conditions become unfavorable. It was found experimentally that the sorption 
of uranium by clay minerals depends on both the nature of the clays and the composition of the solution. 
Uranium sorption from sulfate solutions proceeds noticeably better than that from bicarbonate solutions. The 
highest values of the static uranium exchange capacity were obtained for bentonite (104 mg/g).
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Аннотация
В последние годы с развитием техники и технологии подземного выщелачивания (ПВ) доизвлече-
ние урана из ранее отработанных блоков становится не только актуальной, но и вполне достижи-
мой задачей, так как извлечение остаточного запаса урана из ранее отработанных блоков не требует 
дополнительных расходов на необходимую инфраструктуру. Одним из важнейших факторов фор-
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Introduction
In-situ leaching (ISL) mining methods find 

large-scale implementation and ensure the effective 
operation of mining industry in many countries [1–4]. 
The properties of the rocks and minerals involved in 
ISL processes determine its performance. Therefore, 
research aimed at studying the key physical and 
chemical processes in ISL process is of great importance. 

In our opinion, insufficient attention has been 
paid in historical studies to the influence of clay 
properties on the ISL process [5–8]. For example, 
in [5,  6], the emphasis was placed on the influence 
of clays on the filtration of solutions through an 
ore horizon, while quantitative characteristics of 
the filtration coefficients were not presented. In 
[7], for the first time, the role of clayey aquicludes 
was included in the list of the classification factors 
for deposit developed by ISL method. However, the 
numerical values of the diffusion coefficients of 
elements were not presented, and no examples of 
calculating the thickness of the protective aquiclude 
were given. In [8], the influence of clays on the water 
permeability of an ore layer was described, but similar 
to [5–7], nothing was said about the influence of clay 
minerals on the sorption of uranium from pregnant 
solutions, leading to losses of leached metal.

The purpose of our study was: a) to estimate 
the coefficients of diffusion in clay minerals and 
calculate the thickness of a protective aquiclude; 
b) to study the effect of the content of clay minerals 
on the solutions filtration coefficient; and c) to study 
the sorption of uranium by clay minerals.

Positive effect of the properties 
of clay minerals on ISL processes

In order to establish the thickness (height) of 
a  clayey aquiclude as a screen to protect against 
the harmful effects of leaching solutions on natural 
waters, we conducted studies to determine the 
diffusion coefficients of some chemical components 
in clays. Since clay aquicludes are mainly represented 
by montmorillonite (bentonite), less often kaolinite, 
these clay minerals were considered in the study. 
First, it was taken into account that the rate of 
penetration of chemical components through clays 
is limited by diffusion [9]. Second, a relatively toxic 

3NO− – anion (MPC = 45 mg/L) present in the pregnant 
solutions of uranium ISL was selected as the chemical 
component to be studied. 

It is incorrect to use metal cations (e.g., UO2+) as 
chemical components in diffusion studies, since the 
diffusion process is accompanied by cation-exchange 

мирования остаточного запаса урана в отработанных блоках является присутствие глинистых ми-
нералов в рудном горизонте. В связи с этим нами был проведен ряд исследований по изучению от-
рицательного и положительного влияния глинистых минералов на процесс ПВ. Водопроницаемость 
и относительно хорошая фильтрация (не менее 0,5–1 м/сут) руд и пород продуктивного горизонта 
занимают первое место в ряду гидрогеологических факторов, влияющих на эффективность ПВ урана. 
Вторым по значимости гидрогеологическим фактором является отсутствие гидрологической связи 
продуктивного водоносного горизонта с непродуктивными горизонтами, то есть обязательное нали-
чие водоупоров. При этом роль глин в указанных гидрогеологических факторах – двоякая. В первом 
случае наличие глин негативно сказывается как на скорости фильтрации растворов, так и на извле-
чении урана. Во втором – наличие глинистых минералов (в качестве водоупоров) усиливает эффект 
ПВ. В результате исследования дана оценка роли глинистых минералов в процессе подземного вы-
щелачивания урана; определены коэффициенты диффузии нитрат-ионов в глинах и рассчитано за-
щитное действие водоупоров; установлено влияние содержания глин в рудном песчаном горизонте 
на коэффициенты фильтрации растворов; определены статические обменные емкости глин по урану 
путем исследования процесса сорбции урана на глинистых образцах из сернокислых и бикарбонат-
ных растворов. Проведенными исследованиями установлены коэффициенты диффузии нитрат-ио-
нов в монтмориллонитовых и каолинитовых глинах, которые составили 3,34 · 10−6 и 2,14 · 10−6 см2/с. 
С учетом полученных расчетами значений коэффициентов диффузии защитное время глинистого 
водоупора для нитрат-ионов составило 43 года. При 20%-ном содержании глинистых минералов ко-
эффициент фильтрации растворов снижается до значений, когда условия ПВ становятся неблагопри-
ятными. Экспериментально установлено, что сорбция урана глинистыми минералами зависит как от 
природы глин, так и от состава раствора. Из сернокислых растворов сорбция урана протекает заметно 
лучше, чем из бикарбонатных растворов. При этом наибольшие значения статической обменной ем-
кости по урану получены для бентонита (104 мг/г).

Ключевые слова
уран, подземное выщелачивание, глина, фильтрация, коэффициент диффузии, водопроницаемость, 
сорбция
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sorption of metals by clays (in exchange for Са2+, Mg2+, 
Na+) by reaction:

2 2 2 2
( ) ( ) ( ) ( )Ca UO UO UO .main r main rR R+ + + +− + = − +          (1)

As for anions, according to data of [9] and our 
studies [10], 3NO− anions are not sorbed by bentonite 
and kaolinite.

Samples of intact bentonite and kaolinite 
clays were used in the experimental studies. 
The identification of constituent minerals of the 
clays was carried out using a “Dron-3.0” X-ray 
diffractometer with a tube 03BSV  – 25-Cu. The 
content of exchangeable forms of cations and the 
total cation-exchange capacity (CEC) of the clays 
were determined based on their interaction with 
a 0.1N solution of ammonium acetate at pH = 7.0 [11]. 
The composition of the clay samples is presented 
in Table 1. It shows that alkaline-earth bentonite 
contains 93 % of montmorillonite, while the content 
of the main mineral in the kaolinite clay sample 
is 88.2 %.

The studies to determine the diffusion coeffi-
cients in the clays were carried out according to the 
technique described in [12, 13] in a laboratory setup, 
the schematic of which is shown in Fig. 1. 

An intact clay sample with known area S and 
thickness h was placed in a glass tube. Gauze swabs 
were placed on both sides of the sample for stability 
and destruction prevention. The tube containing the 

clay sample was connected to the vessels through the 
rubber stoppers. Vessel A was filled with a solution of 
volume VA with known concentration 3NO−. Vessel B 
was filled with distilled water of volume VВ. The same 
level of the liquids in the vessels was maintained on 
both sides. Magnetic stirrers were used to stir the 
solutions, in order to create a uniform concentration 
of 3NO− throughout the whole volume. The conditions 
of the experiments were constant: t = 200 °C, stirring 
solutions at a rate of n = 50 rpm; VA = VВ = 1 L.

The diffusion coefficients were calculated based 
on the experimental data obtained using Fick's first 
law equation:

/ ,( ) ( )A BD m h S C C= ∆ τ −  (2)

where D is diffusion coefficient, cm2/s; ∆m is weight 
of substance transferred during diffusion, mg, 
∆m  = CBVB; h is thickness of clay sample, cm; τ is 
diffusion time, s; S is area of clay sample, cm2; CA is 
equilibrium concentration in vessel A, mg/cm3; CB is 
equilibrium concentration in vessel B, mg/cm3.

The conditions and findings of the experiments 
and the calculated diffusion coefficients of 3NO− – ions 
in the clays are presented in Table 2.

As can be seen from Table 2, the values of the 
diffusion coefficients obtained agree well with the 
findings of [14, 15]. In particular, according to [15], 
the diffusion coefficient of Cl− in bentonite was 
3,0 · 10−6 sm2/s. 

Table 1
Clay composition

Clay sample
Mineral composition, % Content of counterions, g/kg CEC, 

g-eq/kgMontmorillonite Kaolinite Sericite Quartz Са2+ Mg2+ Na+ K+

Alkali-earth bentonite 93.0 2.0 5.0 – 6.32 0.60 0.05 0.15 0.372

Kaolinite – 88.2 5.8 6.0 1.85 0.19 0.07 0.12 0.113

Cисх → [CA]  [CB] 

A B

VA VB

[CB]Cin → [CA]1

3

6 6

4 5
2

3

Fig. 1. Schematic of the laboratory setup for determining the diffusion coefficients in clays: 1 – vessel A with initial 
concentration Сin, equilibrium concentration СА and volume VА; 2 – vessel B with equilibrium concentration СВ and volume 

VВ; 3 – stirring devices; 4 – intact clay sample; 5 – glass tube connecting the vessels; 6 – rubber stoppers
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2000 m3 (2 · 109 cm3). The weight of 3NO−, transferred 
by diffusion to natural waters, ∆m = 9 · 107 mg. 
According to formula (2), the time of the protective 
action of the aquiclude is determined as follows:

τ = m(h / D)S(CA – CB) =
= 9 · 107 · 1 · 103 / 3,34 · 106 · 1 · 107 · (2,0 – 0,045) =

= 1,37 · 109 s or 10 years.

However, right there the positive effect of clays 
on the ISL process ends. 

Negative effect of the properties  
of clay minerals on ISL processes

The other three properties of clay minerals: ex-
tremely low filtration coefficient (Kf = 10−4−10−6 m/day 
[15, p. 3–6]), noticeable sorption properties in relation 
to metal cations [10], and the tendency to form colloi-
dal solutions have a negative impact on the process of 
uranium ISL.

Secondly, the diffusion coefficient in bentonite is 
about 1.5 times higher than that in kaolinite. This is ex-
plained by the fact that kaolinite has a strong, fixed lat-
tice, the interpacket distance in which is 0.71–0.72 nm. 
In montmorillonite, the crystal lattice packet is mo- 
vable, three-layered; the interpacket distance is 1.5 nm 
and can expand up to 14 nm. The difference in the lat-
tices of these clays can be clearly seen in Fig. 2.

The established values of diffusion coefficients 
are of great practical importance, as they allow 
calculating the clay aquiclude protective action 
time. For example, the concentration of 3NO−-ions in 
the pregnant solutions of the ore horizo Сin = 2,0 g/l 
(2 mg/cm3) and does not change in the process due 
to flow renewal. The concentration of 3NO−-ions 
in natural waters should not exceed СВ = 0.045 g/l 
(0.045 mg/cm3). The area of the bentonite aquiclude 
S = 1000 m2 (1 · 107 cm2), and the thickness h = 10 m 
(1 · 103 cm). The volume of natural water is taken to be 

Ось б

О
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14

,3
1 

°А

Ось б

О
сь

 с
C

 =
 1

0–
20

 °А

S
nH2O

Kaolinite 
Al2[Si2O5](OH)4

Montmorillonite
{Al2[Si4O10](OH)2} + nH2O

 AlKSi (in muscovite every fourth atom of Si is replaced with Al)

 О  OH

Fig. 2. Crystal lattices of clay minerals

Table 2
Diffusion coefficients determination results

Clay sample
Experimental conditions Findings

h, cm S, cm2 CNO3 (in),
mg/cm3 τ, s [СА], 

mg/cm3
[СВ], 

mg/cm3
СА − СВ, 
g/cm3 Δm, mg D, cm2/s

Bentonite 0.5 7.0 1.0 2.6 · 105 0.65 0.35 0.30 350 3.34 · 10-6

Kaolinite 0.5 7.0 1.0 2.6 · 105 0.70 0.30 0.40 300 2.14 · 10-6
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Table 3
Effect of clay content in sand on water and solution filtration coefficients

Clay content  
in sand, %

Kf in the presence of bentonite, cm/s ∙ 10−2 Kf in the presence of kaolinite, cm/s ∙ 10−2

Н2О 10 g/l H2SO4 1 g/l NaHCO3 Н2О 10 g/l H2SO4 1 g/l NaHCO3

0.0 2.2 2.2 2.2 2.2 2.2 2.2

3.0 1.2 1.1 1.0 1.3 1.3 1.1

6.0 0.9 0.8 0.6 1.1 1.0 0.9

15.0 0.4 0.3 0.2 0.6 0.5 0.4

20.0 0.2 0.1 0.05 0.3 0.2 0.1

Table 4
Cation exchange capacities of clay minerals

Clay type Mineral CEC, g-eq/kg

Kaolinite group Kaolinite 0.02–0.10

Illite group 
Muscovite 0.105

Illite 0.13–0.42

Fibrous clay Attapulgite 0.18–0.22

Montmorillonite 
group

Nontronite 0.57–0.64

Saponite 0.69–0.81

Montmorillonite 0.8–1.5

Resinous derivatives
Biotite 0.03

Vermiculite 1.0–1.5

First, let us elaborate on low filtration coefficients 
of clays. Permeable ore horizons mainly consist of 
sand. In addition to sand, an ore horizon often con-
tains clay minerals that cement the sand (hence the 
name “sandstone-type deposits” has arisen [16]). The 
content of clay minerals limits the rate of solution fil-
tration through the ore horizon.

We performed experimental studies, in order to 
determine the coefficients of filtration of water and 
solutions through sand and a mixture of sand with 
different content of clay minerals (bentonite and 
kaolinite). The studies were conducted in steady-state 
regime (the filtering material layer was unchangeable 
in all experiments) at a constant head gradient 
according to GOST 25584–20161. In the experiments, 
a  thoroughly washed sand of 0.25–0.50  mm fraction 
and powdered clays were used (see Table 1). Samples 
of the sand with the given clay content were thoroughly 
mixed before being loaded into the cylinder of the 
filtration unit. Water and solutions of 10 g/l H2SO4  
and 1  г/л NaHCO3. were used as filtering liquids. 
Filtration coefficient Kf was calculated by Darcy 
equation based on the experimental data obtained 
(using the determined filtration rate).

,)/(fv K P h= ∆
 (3)

where Kf is filtration coefficient, cm/s; v is filtration 
rate, cm/s, v = V / Sτ; V is volume of filtered liquid, cm3; 
S is filtration area, cm2; τ is filtration time, s; ∆P / h 
is pressure gradient in the layer (slope ratio of the 
filtration rate versus filtration time plot); ∆P is water 
pressure fall, cm; h is thickness of filtering layer, cm. 

The findings of the studies to determine the 
filtration coefficients are shown in Table 3. 

The data presented in Table 3 shows that Kf of the 
liquids decreases markedly with increasing the clay 
content. Notice that Kf in the presence of bentonite 
 

1 GOST–2016 25584. Soils. Methods for laboratory deter-
mination of filtration coefficient. Moscow: Standardinform; 2016.

is lower than in the presence of kaolinite. This is 
due to the different swelling properties of the clays, 
as mentioned above. The use of sulfate and sodium 
bicarbonate solutions also affects the Kf, and the use 
of NaHCO3 solution (even at a lower concentration 
than that of the sulfate solution) has a stronger 
effect. This is explained by the fact that, due to the 
cationic exchange of Na+ ions for Ca2+ counterions in 
the clays,

2 2 2
( ) ( ) (r )Ca 2Na (r) UO UO ,main mainR R+ + +− + + = − +       (4)

clay swelling takes place. At the content of clay of 20 % 
Kf decreases to the values, at which the conditions 
become unfavorable for ISL [6, p. 405].

c) Next, let us focus on the sorption properties of 
clays, which produce adverse impact on uranium ISL 
process. Table 4 presents the data on CEC values of 
some clay minerals [17].

As shown in Table 4, vermiculite and montmoril-
lonite (the main mineral of bentonite clays, being the 
most characteristic of uranium ISL conditions), have 
the highest CEC values.
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We have conducted studies specifically on the 
sorption of uranium from different solutions by 
bentonite and kaolinite clays. The studies were 
performed under static conditions with the use 
of a  thermostatically controlled stirred reactor 
at a temperature of 20 °C, Solid / Liquid ratio of 
1000, and the agitation time of 1 h (saturation re-
gime)  [17]. After agitation, the suspension was fil-
tered, the sediment was washed with water, dried, 
and analyzed for uranium by X-ray spectral analy-
sis at a ARF-7 spectrometer. The experiments used 
actual production solutions taken from sulfate and 
bicarbonate uranium ISL sites. The composition of 
the solutions is presented in Table 5. Table  6 pre-
sents the experimental data on the uranium static 
exchange capacity (SCEC) of the clays.

The data presented in Table 6 shows that the 
sorption of uranium by clays depends significantly 
on the nature of both the clay and the test solution. 
Uranium SCEC of bentonite is markedly higher than 
that of kaolinite. This can be explained by the higher 
values of bentonite CEC (see Table 1). The uranium 
sorption from sulfate solutions is also markedly 
higher than that from bicarbonate solutions. This 
is because the stability constants of sulfate anionic 
uranyl complexes (K = 76–2500) is much lower 
than those of the carbonate complex (K = 2,0 · 1018). 
It is very likely that the sorption of uranium from 
bicarbonate solutions proceeds not by the ion-
exchange mechanism, but as adsorption. 

Clayey rocks of sedimentary strata often contain 
carbonaceous organic matter, which is also a good 
sorbent for uranium.

It should be noted that laboratory studies do not 
fully simulate natural conditions. The differences 
between the laboratory experimental conditions and 
the natural processes consist in the lack of rock pres-
sure and the associated changes in the values of po-
rosity, moisture, and anisotropic component of the 
artificially prepared clay layer.

The simulation of rock pressure during the re-
search requires the use of special installations. As for 
the isotropy of samples, it is clear that the quantita-
tive relationships between individual parameters can 
be established only when the composition is homoge-
neous and its characteristics are known. 

In any case, in natural ISL conditions, along with 
the process of uranium leaching, a parallel process of 
partial sorption of uranium by clay minerals ensues. 
This is both by the boundary surface of clay aquicludes, 
and by the clays contained in a sandy ore horizon. 

In conclusion, let us consider three other prop-
erties of clay minerals which produce an adverse 
impact on the ISL process. First of all, this is the 
ability of clays to form colloidal species. When clays 
interact with a large volume of solutions that takes 
place at ISL, peptization, the process of forming clay 
colloidal species (gels) proceeds. The gels entrained 
by the flow of pregnant solutions, move towards 
extraction wells. Some of the gels are sorbed on 
the surface of the host rock, some are deposited on 
filters, and some are pumped out with the pregnant 
solution for sorption uranium extraction. In order 
to prevent the gels and other solids from entering 
the sorption columns, at the ISL mines, settling 
sumps are provided. However, in those cases where 
the concentration of colloidal species is high (turbid 
opalescent solutions are formed), the area of settling 
sumps is not enough, a clogging of the sorption resin 
with these species happens. This leads to reducing 
the performance of sorption columns, and sometimes 
to their shutdown. In this case, the uranium sorbed 
by colloidal species of clay is lost with the sediments 
at the bottom of the sumps. 

When drilling and constructing ISL process 
boreholes, clay layers and interlayers are often in-
tersected in the stratigraphic sequence. During the 
drilling process, the clay drowning takes place, caus-
ing them to swell inside the borehole, resulting in re-
ducing the specified borehole diameter. This, in turn, 
prevents the casing from descending. In practice, we 
have to use technical means to eliminate this prob-
lem that leads to additional labor costs when casing 
boreholes. 

Drilling, including the penetration of a productive 
horizon, is carried out with the use of clay mud as 
a washing fluid, creating a clay crust on the borehole 

Table 5
Composition of ISL production solutions

Solution
Concentration, mg/l

pH
U –2

4SO –

3HCO Fe3+ Fe2+ Al3+

Sulfate 40.4 12750 – 730 240 544 1.2

Bicarbonate 36.2 67 665 30 – – 9.3

Table 6
The findings of determining static uranium exchange 

capacity of clays

Clay sample
Uranium SCEC of clays, mg/g

from sulfate 
solution

from bicarbonate 
solution 

Bentonite 104 15

Kaolinite 32 5
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walls. In the filter installation interval, claying of 
the near-filter zone also takes place. Preflushing the 
borehole with clean water and pumping after casing 
are carried out for the filter cake removal. These 
measures do not allow the near-filter zone to be 
completely cleared from clays which subsequently 
adversely affect the borehole productivity. It is 
especially difficult to clean a borehole from clays 
in the conditions of low groundwater head on the 
productive horizon roof.

When constructing the process sumps, a special 
attention is paid to waterproofing of their bottoms. 
The bottom is waterproofed using bentonite clays, 
which, as mentioned above, also sorb uranium that 
leads to its losses.

Conclusions
1. Clay minerals have a great deal of both positive 

and adverse effects on uranium ISL process.
2. Clay minerals are very effective as aquicludes, 

preventing the flow-out of pregnant and extracting 
solutions. The studies conducted enabled the diffu-
sion coefficients of nitrate ions in montmorillonite 

and kaolinite clays to be determined, amounting to 
3,34 · 10−6 and 2,14 · 10−6 cm2/s. 

3. Taking into account the calculated values of the 
diffusion coefficients, the protective time of the clayey 
aquiclude for nitrate ions was 43 years.

4. Clay minerals present in a sand ore horizon 
adversely affect the filtration coefficient of the 
solutions. The decrease in the filtration coefficients 
of the solutions with increasing the content of 
montmorillonite and kaolinite clays in a sand ore 
horizon has been experimentally established. At 20 % 
content of the clay minerals, the solution filtration 
coefficient decreases to values at which the conditions 
become unfavorable for the ISL.

5. Exhibiting cation-exchange sorption abilities, 
clay minerals also adversely affect uranium extraction. 
It was found experimentally that the sorption of 
uranium by clay minerals depends on both the nature 
of the clays and the composition of the solution. The 
uranium sorption from sulfate solutions proceeds 
noticeably better than from bicarbonate solutions. 
The highest values of the static uranium exchange 
capacity were obtained for bentonite (104 mg/g).
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Abstract
Determining the sources of hazardous and toxic substances released into mine air, their gas composition, as 
well as providing each such source of pollution with the required amount of fresh air are important issues 
in terms of ensuring normal healthy and safe working conditions for miners. This paper studies blasting 
as one of the most dangerous sources of mine air pollution. The study was carried out for a long dead-end 
exploration working, and a development (preparatory) working of a copper-nickel mine. In accordance with 
the federal rules and regulations (FNiP), a number of requirements, including monitoring of gas hazard at 
a face, is applied to blasting operations.
The study examined the behavior of gas-air mixture in dead-end mine workings after blasting. The 
findings are based on the experimental data obtained in the conditions of two dead-end workings at an 
operating copper-nickel mine. A technique for the experimental studies of gas release after blasting in 
a dead-end working was developed. The main technical characteristics of the instruments involved in the 
in-situ measurements are given. Time dependences of the concentrations of toxic gases after blasting 
at the blasted working mouth, at the return ventilation current, and near a booster were established. In 
order to assess the reliability of the data obtained, the volume of released carbon oxides was calculated 
based on the data of gas analyzers and chemical reactions of explosives decomposition during detonation, 
depending on the types and weights of the explosives. A model of gas-air mixture transfer was described, 
constructed, and calibrated allowing for longitudinal dispersion. The Voronin model was used to simulate 
the gradual removal of toxic gases from the working face and solving the problem of boundary conditions. 
Based on experimental data, the coefficients of longitudinal dispersion, ventilation efficiency, and volume 
concentration of the considered gas admixture in the mixing zone at initial time were determined for a long 
dead-end mine working.
The constructed gas-dynamic model and longitudinal dispersion coefficients obtained as a result of 
the analysis enabled the time required for long dead-end mine workings ventilation to be analysed and 
estimated. Based on the model, the algorithm for calculating the velocity of spreading the combustion 
products in a mine ventilation network in emergency situations is being improved. The value of longitudinal 
dispersion coefficient for different operating conditions is also being refined.
Based on the gas distribution simulation within the interval of 1,500 m from a working face, the time required 
for the ventilation of a dead-end mine working was determined.

Keywords
mine ventilation, gas distribution, toxic gases, blasting, monitoring, mathematical model, ventilation of a long 
dead-end working, longitudinal dispersion coefficient, ventilation time
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ТЕХНОЛОГИЧЕСКАЯ БЕЗОПАСНОСТЬ В МИНЕРАЛЬНО-СЫРЬЕВОМ КОМПЛЕКСЕ 
И ОХРАНА ОКРУЖАЮЩЕЙ СРЕДЫ

Научная статья

Исследование динамики газовой обстановки подземных выработок 
после проведения взрывных работ
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Аннотация
Определение источников выделения опасных и ядовитых веществ в рудничную атмосферу, их газового 
состава, а также обеспечение каждого такого источника загрязнения требуемым количеством свежего 
воздуха – важные вопросы с точки зрения обеспечения нормальных санитарно-гигиенических и без-
опасных условий труда горнорабочих. В настоящей работе на примере протяженной тупиковой разве-
дочной выработки и подготовительной разрезной выработки медно-никелевого рудника проводится 
исследование одного из наиболее опасных источников загрязнения – взрывных работ, к которым в со-
ответствии с Федеральными нормами и правилами (ФНиП) предъявляется ряд требований, в том числе 
осуществление контроля газовой обстановки в забое.
В работе проведено исследование динамики газовоздушной смеси в тупиковых горных выработках по-
сле проведения в них взрывных работ. Исследования выполнены с учетом экспериментальных данных, 
полученных в условиях двух тупиковых выработок действующего медно-никелевого рудника. Разра-
ботана методика проведения экспериментальных исследований газовыделений после взрывных работ 
в тупиковой выработке. Даны основные технические характеристики инструментальной базы, задей-
ствованной при проведении натурных измерений. Выявлены зависимости изменения концентраций 
ядовитых газов после взрывных работ в устье взрываемой выработки, на исходящей струе воздуха 
и у вентилятора местного проветривания. Для оценки достоверности полученных данных произведен 
расчет объема выделившихся окислов углерода по данным газоанализаторов и химическим формулам 
разложения взрывчатых веществ при детонации в зависимости от типа и массы взрывчатых веществ. 
Описана, построена и откалибрована модель переноса газовоздушной смеси с учетом продольной дис-
персии. Для моделирования постепенного выноса ядовитых газов из забоя выработки и задачи гра-
ничного условия применяется модель Воронина. На основе экспериментальных данных определены 
коэффициенты продольной дисперсии, эффективности проветривания и объемная концентрация рас-
сматриваемой газовой примеси в зоне перемешивания в начальный момент времени для протяжен-
ной тупиковой выработки. 
Построенная газодинамическая модель и полученные в результате анализа коэффициенты продольной 
дисперсии позволяют выполнять анализ времени проветривания протяженных тупиковых выработок. 
На основе полученной модели ведется усовершенствование алгоритма расчета скорости распростране-
ния в вентиляционной сети рудника продуктов горения при аварийных ситуациях, а также уточнение 
коэффициента продольной дисперсии для различных условий ведения работ.
Определено время проветривания тупиковой выработки по результатам моделирования газораспреде-
ления при удалении забоя выработки на 1500 м.

Ключевые слова
рудничная вентиляция, газораспределение, ядовитые газы, взрывные работы, мониторинг, математи-
ческая модель, проветривание протяженной тупиковой выработки, коэффициент продольной диспер-
сии, время проветривания
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Introduction
Determining the sources of hazardous and toxic 

substances released into mine air, their gas composi-
tion, as well as providing each such source of pollution 
with the required amount of fresh air are the important 
issues in terms of ensuring normal healthy and safe 
working conditions for miners [1]. Mine air gas compo-
sition depends on a number of factors (man-made and 
natural sources of pollution) [2]:

– rock breaking method;
– blasting;
– applying mining machinery and equipment;
– rock gas content;
– rock gas-dynamic characteristics.
This paper studies blasting as one of the most 

dangerous sources of mine air pollution. The study was 
carried out for the case of a long dead-end exploration 
mine and a development (preparatory) working of 
a  copper-nickel mine. In accordance with the federal 
rules and regulations (FNiP), a number of requirements, 
including monitoring of gas hazard at a face, is applied 
to blasting operations1.

The study objectives included: 
– in-situ measuring the mine air gas composition 

at different distances from a working face over time;
– simulation of gas-dynamic processes in a long 

dead-end mine working after blasting;
– determination of the coefficients of longitudinal 

dispersion and ventilation efficiency;
– determination of changing the required time 

of a long dead-end working ventilation as its driving 
proceeds on the basis of the simulation results.

Based on experimental data, the coefficients of 
longitudinal dispersion, ventilation efficiency, and 
volume concentration of the considered hazardous 
gas in the mixing zone at initial time were deter-
mined for a long dead-end working. As a result, the 
rate of decreasing toxic gases concentrations was  
determined, taking into account the actual parame- 
ters of a working ventilation, the flow rate of air 
supplied to the face, and the time of its ventilation. 
Based on the measurements, the amount of gases 
released after blasting was determined. The results 
of theoretical studies allowed the performance of 
a working ventilation to be assessed, taking into ac-
count the prospective development of mining, on 
the basis of the developed and verified gas-dynamic 
model of a working.

1 Federal norms and rules in the field of industrial 
safety “Safety rules for the production, storage and use of 
explosive materials for industrial use”: approved by order of the 
Federal Service for Environmental, Technological and Nuclear 
Supervision dated December 03, 2020 No. 494.

Experimental studies in a development 
(preparatory) working 

The general pattern of the measurements was 
as follows: prior to blasting in dead-end workings at 
predetermined points, portable gas analyzers were 
installed in the mode of recording readings, and the 
ventilation air flow rates were measured prior to and 
after blasting. In most workings the measurement 
points were located as follows (Fig. 1):

point 1 – at a booster fan;
point 2 – at the mouth of a working;
point 3 – at the return ventilation current from 

a dead end.
The location of a gas analyzer at point 1 enabled 

the presence of toxic gases and the degree of influ-
ence of the toxic gases recirculation on the face ven-
tilation to be assessed. The gas analyzer at point  2 
enabled the time required to ventilate a dead-end 
working, as well as the volume of the released gases 
to be determined. The gas analyzer at point 3 ena-
bled the time of removal of the toxic gases and the 
degree of dilution of the toxic gases by return venti-
lation current to be assessed, taking into account the 
additional fresh air intake.

According to this pattern, the measurements were 
carried out in a development (preparatory) working 
(Stope drift 26-20-1). Dräger X-am 5600 portable 
gas analyzers were used for the measurements (their 
technical specifications are presented in Table 1). 

The volume of air was determined by an APR-2 
propeller-type anemometer and a Leica Disto X310 
laser rangefinder. The main technical characteristics 
of the devices are given in Table 2.

The blasting of any industrial explosive produces 
toxic gases in varying quantities [3]. The main 
products of industrial explosives blasting are: carbon 
oxides CO and CO2, sulfur dioxide SO2, and nitrogen 
oxides NO, NO2 [4]. The concentration of sulfur 
dioxide SO2 was not measured in this study, due to 
the strong influence on the readings of the nitrogen 
dioxide (NO2) gas analyzer sensors.

1

2

3

Fig. 1. Locations of portable gas analyzers
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Processing of the portable gas analyzers data 
for each measuring point enabled graphs presenting 
the toxic gas concentrations in a working mine to be 
constructed as a function of time elapsed. Figs. 2–4 
show graphs of carbon monoxide CO and nitrogen 
dioxide NO2 concentrations as functions of time.

Fig. 5 presents the carbon dioxide CO2 concen-
trations as functions of time. No significant changes 
in the concentrations of oxygen O2 and methane CH4 
were recorded (were not shown in the graphs).

The time of working ventilation required to 
achieve a concentration decrease below the Maximum 
Permissible Concentration (MPC) was 130 minutes–
much longer than the time permitted by the federal 

rules and regulations (FNiP) (30 minutes)2. The results 
of the monitoring of the toxic gases concentrations 
after blasting suggest that the booster fan was turned 
off prior to blasting and was launched only at 22:50. 
This means that the working was not ventilated by 
active air current for 110 minutes. This assumption 
is supported by the curve in Fig. 3, where the 
concentration of toxic gases begins to sharply decrease 
after switching on the booster fan. In the return 

2 Federal rules and regulations in the field of industrial 
safety “Safety rules for mining and processing of minerals”: 
approved by Order No. 505 of the Federal Service for  
Ecological, Technological and Nuclear Supervision dated 
08.12.2020, 524 p.
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Fig. 2. Toxic gas concentrations at the booster fan (point 1) as functions of time

Table 1
Technical specifications of a Dräger X-am 5600 gas analyzer

Measured gas Measuring range Sensor lower detection limit Measurement error Sensor response time

Methane CH4 0–100 % LEL 0.1 % LEL ± 5 % LFL Up to 15 s

Carbon dioxide СО2 0–5 vol. % 0.01 vol. % ± 10 % Up to 15 s

Oxygen О2 0–25 vol. % 0.1 vol. % ± 5 % 5–90 s

Carbon monoxide СО 0–2000 ppm 1 ppm ± 15 % 5–90 s

Nitric oxide NO 0–200 ppm 0.1 ppm ± 10 % 5–90 s

Nitrogen dioxide NO2 0–50 ppm 0.1 ppm ± 15 % 5–90 s

Table 2
Technical specifications of the anemometer and rangefinder

Measured value Measuring range Measurement error

APR-2

Airflow velocity 0.2-40 m/s ± (0.1 + 0.05·V) m/s

Leica Disto X310

Length 0.05-120 m ± 1.0 mm
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Fig. 3. Toxic gas concentrations at the blasted working mouth (point 2) as functions of time
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Fig. 4. Toxic gas concentrations at the return ventilation current (point 3) as functions of time

ventilation current (see Fig. 4), the concentration of 
the toxic gases, on the contrary, sharply increased. 
This suggested the rapid removal of the toxic gases 
from the dead-end working and evidenced the 
activation of the booster fan. In 20 minutes after 
booster fan activation, the concentration of the toxic 
gases reached the background values. This indicated 
a sufficient level of ventilation under the condition of 
a permanently operating booster fan. 

In addition, the experimental data analysis allows 
certain conclusions to be drawn. In Figs. 2 and 4, an 
increase in the concentrations (in ≈ 21:30) is seen, 
indicating the arrival of toxic gases after blasting from 
other workings. This is the result of the sequential 

ventilation of working zones causing increased gas 
hazard in some workings of a mine due to non-
optimum ventilation. The carbon dioxide concentration 
peaks in Fig. 5 after 23:20 are presumably caused by 
starting operation of ICE equipment in the workings. 
The concentration of nitrogen dioxide at the blasted 
working mouth exceeded the effective measuring range 
of the portable gas analyzer (50 ppm).

In order to assess the reliability of the data 
obtained, the calculation of the volume of the 
carbon oxides released was performed based on the 
data of gas analyzers and the chemical reactions of 
the explosives’ decomposition during detonation, 
depending on the types and weights of the explosives. 
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The volumes of the released carbon oxide CO and 
dioxide CO2, m3 were calculated from the data of gas 
analyzers by determining the average concentrations 
from the moment of starting the increase in the 
concentration to the moment of the decrease to the 
background values:

 – ,( )co av backV Qt= ϕ ϕ  (1)

(for the case of CO), where ϕav is average gas 
concentration from the moment of starting the 
increase in the concentration to the moment of the 
decrease to the background values, m3/m3; ϕback is 
background gas concentration, m3/m3; Q is air flow 
rate in the point, m3/s; t is time from the moment 
of starting the increase in the concentration to the 
moment of the decrease to the background values, s.

The results of the calculations of the released 
volume of carbon monoxide and carbon dioxide 
(hereinafter referred to as carbon oxides) are pre-
sented in Table 3. 

At point 2, it was impossible to reliably determine 
the volume of the carbon oxides due to the fact that 
the booster fan was switched off.

Table 3
Results of calculations of the released volume of carbon 
oxides after blasting in the development (preparatory) 

working

Point No. Air flow 
rate, m3/s

Volume  
of released CO, 

m3

Volume  
of released СО2, 

m3

2 23.2 – –

3 35.4 4.78 19.65

In addition, the volume of releasing other toxic 
gases depending on the types and weights of explo-
sives used has been estimated.

A mixture consisting of Granulit AS-7 and 
Ammonit 6 ZhV explosives was used for blasting in 
the working. The weight of Granulit AS-7 was 280 kg, 
and that of Ammonit 6 ZhV, 68 kg. The oxygen balance 
of both explosives is positive.

ГGranulit AS-7 consists of ammonium nitrate 
(~90  %), aluminum powder (~7 %), and mineral oil 
(~3 %). When ammonium nitrate detonates, nitrogen 
N2, water H2O, and oxygen O2 are released, and the 
oxygen balance is positive. In addition to the compo-
nents listed above, nitrogen oxides are also generat-
ed during the detonation. Nitrogen oxides (nitrogen  
oxide NO and nitrogen dioxide NO2) are released due 
to the incomplete reduction of ammonium nitrate 
NO3, and also originate at high temperatures. The for-
mula for the decomposition of ammonium nitrate at 
detonation is as follows [5]:

4 3 2 2 22NH NO    2N    O    4H O.→ + +

Aluminum powder and oil are added to ammo-
nium nitrate, in order to increase the detonation 
energy and compensate for the excess oxidizer. Alu-
minum powders do not release toxic gases during 
detonation. 

In order to calculate carbon dioxide release, the 
chemical formula of mineral oil is taken as С12Н26 
according to [5]. Then the chemical reaction of oil 
combustion will appear as follows:

12 26 2 2 22C H    37O    24CO    26H O.+ → +

21
:0

0
21

:0
5

21
:1

0
21

:1
5

21
:2

0
21

:2
5

21
:3

0
21

:3
5

21
:4

0
21

:4
5

21
:5

0
21

:5
5

22
:0

0
22

:0
5

22
:1

0
22

:1
5

22
:2

0
22

:2
5

22
:3

0
22

:3
5

22
:4

0
22

:4
5

22
:5

0
22

:5
5

23
:0

0
23

:0
5

23
:1

0
23

:1
5

23
:2

0
23

:2
5

23
:3

0
23

:3
5

23
:4

0

Time

CO2 at Point 1 (booster fan) CO2 at Point 2 (dead-end) CO2 at Point 3 (return ventilation current)

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

0

Vo
l, 

%
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The oil combustion produces carbon dioxide СО2 
and, in the case of the shortage of oxygen, carbon 
monoxide CO. In addition, the oil often contains 
sulfur, combustion of which produces sulfur dioxide 
SO2. Estimating its quantity is problematic.

Ammonit 6 ZhV consists of ammonium nitrate 
(~79 %) and TNT (trinitrotoluene), ~21 %). The 
detonation of TNT produces nitrogen N2, water H2O, 
carbon monoxide CO and carbon C.

The formula for the trinitrotoluene decomposi-
tion during detonation is as follows [5]:

2 5 3 6 2 22C H N O 3N 5H O 7CO 7C.→ + + +

Trinitrotoluene has a negative oxygen balance, 
compensated by the positive balance of ammonium 
nitrate. Thus, the main source of carbon monoxide 
CO is trinitrotoluene in Ammonit 6 ZhV and oil con-
tained in Granulit AS-7. 

With the known weight of an explosive, the 
maximum volume of the released carbon oxides (COx) 
m3, is estimated by the following formula:

exp
co ,l

C mol
TNT

m k
V mol V

M
=

 
(2)

where mexpl is the weight of an explosive, g; k is the 
weight fraction of the carbon-containing component 
in the explosive; MTNT is molar mass of the carbon-
containing component (TNT), g/mol; molC is the 
number of moles of carbon (including those contained 
in CO and СО2) released during detonation; Vmol is the 
volume of one mole of gas, 0.0224 m3.

As a result, the detonation of 68 kg of Ammonit 
6 ZhV can release 9.86 m3 of carbon oxides COx. When 
detonating 280 kg of Granulit AS-7 and the mineral 
oil contained in it, the maximum possible volume of 
the released carbon oxides amounts to 13.24 m3. Thus, 
during blasting of a mixture of 280 kg of Granulit AS-7 
and 68 kg of Ammonit 6 ZV, 23.1 m3 of carbon oxides 
can be released, corresponding to the total volume of 
carbon oxides measured by the portable gas analyzers 
at point 3 (24.44 m3). This suggests the credibility of 
the experimental data measured by the portable gas 
analyzers.

Experimental studies 
in a long dead-end working 

RV-1, a long exploration working (more than 
800  m long at the time of measurements, with 
a mouth close to the ventilation shaft; fresh air was 
supplied to the working directly from the surface 
through a ventilation pipeline) required corrections 
in the measurement techniques. In order to conduct 
the field (in-situ) studies after blasting, the sensors 
(gas analyzers) were installed along the length of 
a long dead-end working at three points. Point 1 was 
as close to the blasted face as possible, point 2 was 
in the middle of the working, and point 3 was located 
at the working’s mouth. The layout of the sensors is 
shown in Fig. 6.

The layout of measuring points along the working 
length is due to significant air leaks (about 50  %) 
along the length of the ventilation duct, laid along 
the working. In this case, the degree of dilution of 
toxic gases along the length of the long working 
and the influence of the longitudinal dispersion of 
gas impurities are of interest. In this context, the 
installation of the sensors at the booster fan and in 
the main return ventilation current is not important 
due to the lack of possible recirculation of air and the 
delivery of all the return air through the ventilation 
shaft directly to the surface. 

Fig. 7 shows the experimentally determined time 
dependences of the toxic gas concentrations in the 
mouth of the working. The mouth of the working is 
characterized by the lowest gas concentrations due to 
their maximum dilution. 

The nitrogen dioxide concentrations above 
50 ppm were obtained by approximation.

It should be noted that nitrogen dioxide NO2 con-
centrations at other points exceeded the measuring 
ranges of the instruments, so for other measurement 
points, the data is given only for carbon monoxide CO 
and carbon dioxide CO2. The plots of the concentra-
tions of carbon monoxide CO at points 1, 2, and 3 and 
carbon dioxide CO2 at points 1 and 3 as functions of 
time are shown in Figs. 8 and 9, respectively.

123

Shaft

400 m 370 m 40 m

Fig. 6. Layout of measuring points in RV-1 working
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According to the data obtained, the concentration 
of toxic gases decreases as the air flows along the 
working, while the time of exceeding the maximum 
permissible concentration increases. This is due to 
the leaks in the ventilation duct and longitudinal 
dispersion [6, 7] which do not allow simplified 
models [8] to be applied.

In Table 4, the data on the distance of the points 
from the working face, the time of exceeding MPC 
atthem, the air flow rate, and the volume of carbon 
monoxide CO passing through them are presented.

In order to assess the reliability of the obtained 
results of the toxic gases concentrations monitoring 
in the mine working after blasting, the volume of 
the released toxic gases depending on the types and 
weights of the explosives used was assessed.

For blasting purposes, a mixture consisting of 
Granulit AS-7 and Ammonit 6 ZhV explosives was 
used in the working. The weight of Granulit AS-7 
was 200 kg, and the weight of Ammonit 6 ZhV was 
34 kg. As a result, the detonation of 34 kg of Ammonit 
6 ZhV can release 4.92 m3 of carbon oxides COx. When  

Table 4
Results of the study of the gas hazard in the working after blasting

Measuring 
point 

number

Distance  
from the face  

to the measuring 
point

Start time 
of exceeding 

MPC (17 ppm)

End time 
of exceeding 

MPC (17 ppm)

Required 
duration 

of ventilation

Air flow rate  
at the measuring 

point

Volume 
of released 

CO

Volume 
of released 

СО2

RV-1 working
1 40 m 8:06 8:38

63 min
m3/s 4.0 m3 9.1 m3

2 410 m 8:20 8:53 – – –
3 810 m 8:32 9:09 m3/s 4.8 m3 10.6 m3
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Fig. 8. Time dependences of carbon monoxide CO 
concentrations in the working after blasting
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Fig. 7. Time dependences of the concentrations of toxic gases after blasting in point 3
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detonating 200 kg of Granulit AS-7 and the mineral 
oil contained in it (6 kg), the maximum possible volu- 
me of the released carbon oxides amounts to 9.46 m3. 
Thus, blasting of a mixture of 200 kg of Granulit AS-7 
and 36 kg of Ammonit 6 ZV can release 14.38 m3 of 
carbon oxides which corresponds to the total volume 
of carbon oxides measured by the portable gas analy- 
zers at Points 1 (13.1 m3) and 3 (15.4 m3). This suggests 
the reliability of the experimental data obtained with 
due consideration of the instrument accuracy and the 
sensor response delay in the gas concentration meas-
urements. The resulting volume of the released car-
bon oxides was used for the mathematical simulation 
of the gas distribution in the ventilation network of 
the mine workings after blasting.

The ventilation time required in the long working, 
in order to achieve the concentration decrease below 
the Maximum Permissible Concentration (MPC) was 
63 minutes – much longer than the time permitted by 
the federal rules and regulations (FNiP) (30 minutes)3.

Theoretical Studies
In order to analyze the temporal dynamics of toxic 

gas impurities blow-away from the RV-1 working face 
depending on the distance of the face from the mouth, 
a non-stationary gas-dynamic model was developed.

The following assumptions were taken in the 
model:

– the volumetric concentrations of gases are 
small, so the difference in the density of the gas-air 
mixture they create in different parts of the dead-end 
working cannot result in a significant gas depression 
and/or convective stratification of the flows along 
aworking cross-section;

– the concentration of toxic gases is uniform in 
the cross-section of a mine workings;

– all physical processes are determined only by 
time and the longitudinal coordinate of a working. 
This assumption allows considering workings 
geometrically as one-dimensional objects;

– the Ox coordinate system is selected in such 
a way that the longitudinal x-axis is directed in the 
direction of air flow in adead-end working, and the 
origin of coordinates O is in the face of aworking;

– the zone of irregular vortex air motion near the 
face is negligibly small compared to the total length 
of aworking;

– the model takes into account the process 
of mixing harmful gas impurities with fresh air by 
setting the contact boundary of the vortex mixing 

3 Federal rules and regulations in the field of industrial 
safety “Safety rules for mining and processing of minerals”: 
approved by Order No. 505 of the Federal Service for Ecological, 
Technological and Nuclear Supervision dated 08.12.2020, 524 p.

zone with the zone of unidirectional and steady air 
movement in the model.

Analyzing the time dependences of CO concen-
trations in the working (see Fig. 10), one can observe 
the concentration dispersion with increasing distance 
from the face. This indicates that gas dispersion takes 
place in the workings. According to [8], dispersion in-
cludes both “dissipation” of admixtures due to the 
airflow velocity non-uniformity across the cross-sec-
tion, and longitudinal turbulent diffusion due to 
еруturbulent pulsations of the flow velocity at each 
of its points. The molecular diffusion of a dust and air 
mixture is generally considered negligible when con-
sidering the turbulent air flows in mine workings. It 
correlates with turbulent diffusion in the same way as 
molecular viscosity with turbulent, i.e. it is lower than 
the latter by one-three orders of magnitude [9, 10]. 
The main factor that leads to the dispersion of admix-
tures at the straight runs of the working is the nonu-
niform cross-sectional airflow velocity. It is important 
to note that the effect of airflow dispersion, caused 
by the turbulent diffusion and nonuniformity of the 
velocity field across the cross-section, is true primari-
ly for the one-dimensional models of mine workings 
within the ventilation network. 

The convection-diffusion transfer equation was 
solved to describe a gas admixture transfer in mine 
workings [11]:

2

2

( )
,

c vc c
D

t x x
∂ ∂ ∂+ =
∂ ∂ ∂  

(3)

where c = c(t, x) is volume concentration of the 
considered gas impurity, m3/m3; v = v(x) is airflow 
velocity in a working, m/s; D is longitudinal dispersion 
coefficient, m2/s [12, 13]; x is longitudinal coordinate, 
m; t is time, s. Taking into account the dependence 
of airflow velocity v on the longitudinal coordinate 
enables the air leaks in the ventilation duct to be 
explicitly calculated.

The contact boundary with the mixing zone and 
the mouth of the working are taken as the boundaries 
of the calculation area. The following boundary 
conditions are set on these boundaries:

=( ), ;mixing mixingc t x c
 (4)

( , ) 0,mouth

c
t x

t
∂ =
∂  

(5)

where xmixing is contact boundary with the mixing 
zone, m; xmouth is boundary of the working mouth, m; 
cmixing = cmixing(t) is volume concentration of gas in the 
mixing zone, m3/m3.

The position of the contact boundary with 
the mixing zone is determined by the following 
formula [14]:
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p 4 ,mouth effx x d= +  (6)

where xp is distance from the face to the end of the 
ventilation duct, m; deff is equivalent diameter of the 
working, m.

The equivalent diameter is calculated using the 
following formula:

4 ,eff

S
d

P
=

 
(7)

where S is cross-sectional area of the working, m2;  
P is the working perimeter, m.

The Voronin model [15] is used to determine 
the volume concentration in the mixing zone cmixing:

p
0exp ,mixing

mixing

Q
c c k t

V

 
= − 

   
(8)

where c0 is volume concentration of the considered 
gas impurity in the mixing zone at the initial time, 
m3/m3; k is ventilation efficiency coefficient; Qp is rate 
of airflow leaving the duct, m3/m3; Vmixing = xmouth, S is 
mixing zone volume, m3.

At the initial time, in the calculation area, zero 
concentration of a harmful gas impurity is set:

0(0,   .)c x =  (9)
As a result, equations (2)–(8) constitute a 

mathematical gas-dynamic model of harmful gas 
admixtures removal from a working during ventilation 
after gas release at a face. It is worth noting that the 
values of D, c0 and k for each working and gas must 
be determined by backward analysis [16], using the 
results of field (experimental) measurements, like 
those obtained for CO in Fig. 7.

The numerical solution of the problem of convec-
tion-diffusion transfer of a gas admixture in workings 
was sought using finite-difference method by means 
of splitting by physical processes, convection and dif-
fusion [17] (if necessary, taking into account the ac-
tion of a mass source of a harmful admixture).

It should be noted that the calculation of gas 
concentrations and calibration of the model were 
performed based on the carbon monoxide CO con-
centrations measured during the experimental stu- 
dies at the time of blasting in three points along the 
length of mine workings (see Fig. 10). Of all three 
measuring points, the measuring results at point 3 
are considered to be the most reliable. This is justi-
fied by the fact that due to the longitudinal disper-
sion, the entire gas volume passes through point 3 
without sharp changes in the concentrations. In this 
case, the sensitive element of a sensor (gas analyzer) 
has time to measure the concentration of gas passing 
through it more accurately, i.e. the influence of the 
sensor time response decreases.

However, in order to determine the concentration 
in the mixing zone at the initial time c0 the results 
of the measurements at point 1 are required, because 
this point is within the mixing zone, therefore, the 
maximum CO concentration at point 1 will determine 
the value of c0.

The ventilation efficiency coefficient k and the 
longitudinal dispersion coefficient D are determined 
by backward analysis using the results of the 
measurements at point 3 [18]. The backward analysis 
consists in the following:

1. Knowing the value of c0, the value of k is se-
lected so that the gas mass balance between point 3 
and the boundary of the mixing zone is maintained.

2. Having fully determined the parameters of the 
boundary condition on the boundary of the mixing 
zone, simulation is carried out with different values of 
the longitudinal dispersion coefficient D. Finally the 
D value is found by the selection, at which the simu-
lated dispersion of gas (decreasing its concentration) 
over time in point 3 coincides with the experimental 
measurement data.

The obtained values of parameters c0, k, and D for 
the RV-1 are given in Table 5.

Table 5
Value of longitudinal dispersion coefficient 
and parameters in Voronin mixing model

D, m2/s c0 k
RV-1 working

2.5 765 0.11

The results of the simulation of gas distribution 
in the working at point 3 are shown in Fig. 10. 
In addition, the Figure shows the results of the 
experimental measurements, the time dependence of 
the gas concentration.

Comparative analysis of the results of the 
simulation and measurements (Fig. 10) showed that 
the developed gas distribution model, when calibrated 
by the field (in-situ) measurements, enabled an 
acceptable agreement to be obtained with the time 
dependence of the measured gas concentrations at 
point 3. The existing differences between the simulated 
and measured dependences can be explained by 
a number of reasons: due to the rapid transfer of CO 
through the sensor at point 1 and the sensor time lag 
(see Table 1), it is impossible to correctly determine 
the time dependence of the gas concentration that 
leads to a slight shift of the experimental dependence 
to the right and less accurate estimate of c0; value; 
the lack of accurate data on the distribution of air 
leaks along workings; use of a constant coefficient of 
longitudinal dispersion; applying a simplified model 
of air mixing at a face. It is important to note that, 
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through selecting the effective simulated airflow 
rate in a working, it is possible to achieve almost 
perfect coincidence of the theoretical curve and the 
measurement point data. 

Based on the values of carbon monoxide CO con-
centrations obtained in the model, it was found that 
the MPC level at the mouth of the working is achieved 
in 18 minutes after blasting. Then, the concentration 
of CO at the mouth decreases to the MPC only after 
52 minutes of the working ventilation after blasting.

In addition, after the calibration and verification 
of the model, the simulation of the working venti-
lation was carried out for the case of increasing its 
length up to 1,500 m. It was assumed that the airflow 
rate in the working from the mouth to the previous 
position of the face corresponds to the previous initial 
parameters, and the minimum airflow rate of 9 m3/s 
was accepted for the newly driven part of the working. 
The simulation results are shown in Fig. 11.

When increasing the working length up to 1,500 m, 
it was established that the time after blasting for the 
concentration of CO to reach MPC at the mouth in-
creased to 87 min (38 % more than for the shorter 
working length).

The constructed gas-dynamic model and the 
longitudinal dispersion coefficients obtained as a re-
sult of the analysis enable the time required for long 
dead-end mine workings ventilation to be analyzed 
and estimated. Based on the model developed, the 
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algorithm for calculating [8] the velocity of sprea- 
ding the combustion products in the mine ventila-
tion network in emergency situations is being im-
proved, and the longitudinal dispersion coefficient 
for different operating conditions is being refined.

Conclusions
The experimental (measurement) data obtained 

from the study of blasting operations in RSH-26-20-1  
and RV-1 mine workings enabled the actual time of 
ventilation of a dead-end working and the amount 
of carbon monoxide СОx released to be determined. 
The results obtained were analyzed for the 
correspondence to the total amount of gas released 
after blasting, depending on the types and weights of 
the explosives used.

Based on the obtained graphs of the time de-
pendences of the concentrations of toxic gases along 
the length of RV-1 working, a mathematical model of 
the dynamics of a gas-air mixture was built and cali-
brated, taking into account the convection-diffusion 
transfer. Based on the experimental data, the coef-
ficients of longitudinal dispersion, ventilation effi-
ciency, and the volume concentration of the consid-
ered gas admixture in the mixing zone at initial time 
were determined for a long dead-end mine working 
(RV-1). The time required for the ventilation of long 
dead-end workings since its driving proceeds was 
determined on the basis of the simulation results.
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Effect of operating conditions of mine monorail locomotives 
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Abstract
An increase in the rate of coal mining and a reduction of its prime cost can be ensured by comprehensive 
mechanization and automation of the system of mine auxiliary transport through the widespread introduction 
of overhead monorail tracks. The potential use of mine monorail tracks are conditioned by the following 
factors: low payload ratio of the train; reduction of the mine workings cross-section area due to transfer of 
auxiliary transport to the upper part of the workings; high operational safety; as well as the possibility of 
dismantling the track in the unused sections and subsequently installing it in new mine workings. The use 
of rubberized rollers in the drives of mine monorail locomotives enables the coefficient of adhesion of the 
wheel with the monorail to be increased. It also reduces dynamic loads and the noise level during operation. 
The purpose of this research is to assess the durability of polymeric rims of drive wheels for mine monorail 
locomotives, taking into account their operating conditions. Stress distribution over the contact area of the 
wheel rim with the monorail was determined, enabling the development of measures to increase the service 
life of drive wheels of mine monorail locomotives to be developed. It was established that the effect of the 
monorail track deformation has no significant impact on the durability of drive wheel rims of mine monorail 
locomotives. A mathematical model was obtained to determine the durability of drive wheel polymeric rims, 
taking into account the maximum dynamic forces arising during the contact of drive wheels with the monorail. 
The durability of wheel polymeric rims of mine monorail locomotives was assessed in accordance with the 
Bailey criterion with regard to the maximum values of dynamic contact loads arising during the monorail train 
movement. It was also established that an increase in the carriage mass from 20 to 47 kN leads to 32 % less 
durability of a monorail locomotive drive wheel rim (from 8700 to 5900 hours).
Keywords
mine monorail track, monorail locomotive, durability, service life, drive, polymeric rim, overhead monorail, 
undercarriage, dynamic loads
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Аннотация
Увеличение темпов добычи угля и снижение ее себестоимости может быть обеспечено путем комплекс-
ной механизации и автоматизации системы шахтного вспомогательного транспорта за счет широкого 
внедрения подвесных монорельсовых дорог. Перспективность использования шахтных монорельсо-
вых дорог обусловлена низким коэффициентом тары состава; снижением площади сечения выработок 
за счет вынесения вспомогательного транспорта в верхнюю часть выработок; высокой безопасностью 
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эксплуатации; возможностью демонтажа дороги на неиспользуемых участках и последующего монта-
жа в новых выработках. Использование обрезиненных роликов в приводе шахтных монорельсовых ло-
комотивов позволяет повысить коэффициент сцепления колеса с монорельсом, снизить динамические 
нагрузки и уровень шума в процессе эксплуатации. Целью исследований является оценка долговечно-
сти полимерных ободьев приводных колес шахтных монорельсовых локомотивов с учетом условий их 
эксплуатации. Получено распределение напряжений по пятну контакта обода колеса с монорельсом, 
что позволит разработать мероприятия по повышению срока службы приводных колес шахтных мо-
норельсовых локомотивов. Установлено, что влияние деформации монорельсового пути не оказывает 
существенного влияния на долговечность ободьев приводных колес шахтных монорельсовых локомо-
тивов. Получена математическая модель для определения долговечности полимерных ободьев при-
водных колес с учетом максимальных динамических усилий, возникающих при контакте приводных 
колес с монорельсом. Проведена оценка долговечности полимерных ободьев колес шахтных моно-
рельсовых локомотивов в соответствии с критерием Бейли с учетом максимальных значений динами-
ческих контактных нагрузок, возникающих при движении монорельсового состава. Установлено, что 
увеличение массы тележки с 20 до 47 кН приводит к снижению долговечности обода приводного колеса 
монорельсового локомотива на 32 % (с 8700 до 5900 ч).
Ключевые слова
шахтная монорельсовая дорога, монорельсовый локомотив, долговечность, срок службы, привод, поли-
мерный обод, подвесной монорельс, ходовая тележка, динамические нагрузки
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Introduction
One way to increase coal production is to increase 

labor productivity. One important fact in this regard is 
the connectivity, comprehensive mechanization and 
automation of the mine auxiliary transport system 
by means of wide introduction of overhead monorail 
tracks becomes of great importance.

The potential of the use of monorail tracks in 
mines are conditioned by a number of essential 
advantages of this transport type: low payload ratio of 
the train; transfer of auxiliary transport to the upper 
part of the workings, enabling a substantial decrease 
in the section area and thus the capital expenditures 
for their construction; high safety of operation both 
at high and low speeds; simple automation; as well 
as possibility of dismantling the track in the unused 
sections and subsequently installing it in new mine 
workings.

The use of rubberized rollers in the drive of mine 
monorail locomotives enables the coefficient of 
adhesion with the monorail to be increased. It also 
enables a reduction in the dynamic loads and the 
noise level during operation. Therefore, the issue of 
the effect of mine monorail locomotives operating 
conditions on the durability of drive wheel polymeric 
rims is relevant.

Review of researches and publications
A number of papers of scientific-research and 

design organizations are dedicated to the design 
and upgrading of drives for monorail locomotives 
used in mines. The methods of calculating the 

main parameters and operating conditions for drive 
wheels of mine overhead monorail locomotives, 
as considered in scientific publications, do not 
fully reflect the effect of the interaction of the 
drive wheels with the monorail with regard to 
their durability. The synthesising of multipurpose 
methods on the effect of operating conditions of 
mine monorail locomotives on the durability of drive 
wheel polymeric rims is a very complex scientific 
task. Analysis of computational and theoretical bases 
aimed at developing drives for overhead monorail 
locomotives shows the necessity of assessing the 
effect of their operating conditions on the durability 
of drive wheel polymeric rims.

Results of studies of the winch wheel rolling 
process aimed at increasing the draft force when 
driving on slopes are presented in [1]. The authors 
substantiate the possibility of increasing the 
tangential draft force by means of increasing the 
coefficient of adhesion between the wheels and the 
monorail by making winch wheels out of friction 
materials. This paper, however, does not address 
the issues of assessing the durability of drive wheel 
polymeric rims.

The study in [2] proposes a design of the mine 
locomotive drive which provides increased draft 
and braking properties due to the use of additional 
rubberized rollers kinematically connected with 
the drive wheels. The use of friction materials for 
roller lining allows the draft force and coefficient of 
adhesion to be increased up to 0.35...0.45 and the 
braking distance to be reduced. The above studies 
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refer to the draft-braking properties of monorail 
locomotives, but do not cover the very relevant issue 
of studying the effect of increasing the coefficient 
of adhesion of additional rubberized rollers with 
a monorail on durability.

The results of studying the process of interaction 
between the drive carriage and the monorail using the 
original simulation model are presented in [3, 4]. The 
additional deformations of the monorail track due 
to inertial components arising in the process of the 
monorail train movement have been assessed, and the 
maximum dynamic loads arising in the "carriage-rail" 
system have been determined. The main provisions 
of the work under study do not reflect the effect of 
dynamic loads on the drive wheels.

Significant works are dedicated to the simulation 
of loads and justification of design parameters of 
tough elastic elements, justification of geometrical 
parameters of rubber-polymeric drive drums of a belt 
conveyor, prediction of complex failure of rubber 
materials, as well as the effect of increased speeds of 
monorail locomotives on the dynamic parameters of 
the locomotive–monorail system. Paper [5] provides 
a simulation of the loads arising in the rubber-cord 
elastic coupling. An epure of equivalent stresses of 
the elastic element was obtained. These results are 
valid for rubber-cord elements working in shear, 
while not taking into account the nature of loading 
of mine monorail locomotive drive wheels. Paper [6] 
describes the forces occurring in rubber linings of the 
belt conveyor drive drums. The stress-strain state 
of digital solid models was simulated. In  paper  [7] 
a  comprehensive method of determining the 
parameters of rubber fracture is given. The proposed 
method allows a quantitative assessment of rubber 
strength depending on the applied mechanical 
impacts. However, it does not fully take into account 
the features of loading the rims of drive wheels of 
mine monorail locomotives. Papers [8, 9] present the 
results of numerical simulation of the locomotive 
impact on the overhead monorail track, aimed at 
improving the safety of mine monorail locomotives. 
However, the models obtained do not take into 
account the effect of dynamic loads on the truck of 
hauling carriages.

The main provisions of the studies under consi- 
deration do not fully determine the effect of operating 
conditions of mine monorail locomotives on the 
durability of drive wheel polymeric rims, so they 
require additions and clarifications.

Operation of a wheel drive for overhead monorail 
locomotives in mines is characterized by several 
parameters: formation of draft force; creation of the 
necessary coefficient of adhesion of a wheel with 

a monorail; perception of alternative dynamic impacts 
from track roughness; as well as influence of braking 
forces and condition of interaction surfaces between 
a monorail and drive wheels. All these parameters 
have been well studied for ground-based motor road 
and railway vehicles, but they do not fully reflect 
the assessment of the influence of mine monorail 
locomotives operating conditions on the durability of 
drive wheel polymeric rims.

Purpose of research
During use, the drive wheels of a mine monorail 

locomotive, drive wheel polymeric rims experience 
periodic contact stresses due to the contact of the 
rim elements with the monorail. The relationship of 
rim durability to operating conditions determines 
the economically justified parameters. Thus, the 
assessment of durability of drive wheel polymeric 
rims of mine monorail locomotives is of scientific and 
practical interest.

Research methods
Studies aimed at determining the effect of 

operating conditions of mine monorail locomotives 
on the durability of drive wheel polymeric rims were 
carried out using the methods of differential and 
integral calculus, mathematical analysis and graphic 
interpretation.

The durability of polymeric and rubber rims 
of drive wheels for monorail tracks under dynamic 
contact loads can be determined in accordance with 
the Bailey criterion [10]:

0

1,
( , )
dt

N
L T

Θ

=
σ∫

 
(1)

where N is the number of pulses to fracture; L = L(σ, T) 
is the durability of rubber and polymeric products 
under the static loading mode; σ is the law of stress 
change; T is the absolute temperature of rim material 
(temperature of mine atmosphere); Θ = lc / V is the 
pulse duration (time of contact of the rim fragment 
with a monorail); V is the average speed of train 
movement; here lc is the length of the rim contact 
patch with the monorail (Fig. 1) determined by the 
Hertz formula [11]:

4
,d red

c
red

F r
l

E
=

π  
(2)

where Fd is the force of contact interaction between 
the monorail locomotive carriage wheel and the 
monorail; Ered is the reduced modulus of elasticity:

1 2

1 2

,red

E E
E

E E
=

+
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where E1, E2 are the moduli of elasticity of the wheel 
rim and the monorail, respectively; rred is the reduced 
radius of curvature,

1 2

1 1 1
,

redr r r
= +

where r1, r2 are the radii of curvature of the wheel rim 
and monorail.

When the carriage moves at constant speed V, 
the monorail deflects in the vertical plane by value z 
under the action of carriage mass m. This deflection 
is caused by the action of both static load and vertical 
forces of inertia (Fig. 2).

The mass of the carriage with the load is much 
greater than the mass of the monorail section, so 
the mass of the monorail can be neglected. The force 
with which the carriage acts on the monorail can be 
represented by the dependence:

2

2 .d

d z
F mg m

dt
= −

V

mg

lк

r1

Fig. 1. Establishing the contact patch length  
of the wheel rim with the monorail

Given that coordinate x = Vt:

.
dz dz dx dz

V
dt dx dt dx

= =

Hence:
2 2

2
2 2 .

d z d z
V

dt dx
=

 
(3)

Given equation (3), the force with which the 
carriage acts on the monorail:

2
2

2 .d

d z
F m g V

dx
 

= −    
(4)

The monorail can be seen as a beam (see Fig. 2) 
acting on the curve; then, the deflection of the beam 
can be described by equation:

2

2

( )
( ) ,

3
dF x L x

z x
E J L

−=

where L is the distance between monorail hangers 
(section length); J is the moment of inertia of the 
monorail cross section.

Given equation (4) we obtain:
2 2

2
2

2

( )
( ) .

3
d z x L x

z x m g V
LE Jdx

  −= −    
(5)

The maximum dynamic load at the wheel contact 
with the monorail will occur in the middle of the span 
between the monorail hangers L  =  x / 2, then, taking 
into account formula (5), we get:

max

21 .
3d

mL
F mg V

EJ
 = −    

(6)

The monorail for modern mine monorail tracks 
is made of a hot-rolled steel I-beam with a section 
height of 160 mm and the following parameters: 
Е2 = 20.6 · 107 kN/m2 and J = 8.72 · 10−6 m4.

V
mg

Z

X

z

x
L

Fig. 2. Diagram of deformation of the overhead monorail track under the moving carriage
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According to studies [3, 12], the maximum dynamic 
forces arising at the contact of a monorail with a drive 
wheel, depending on the carriage mass, change from 
20 to 47 kN, and the maximum longitudinal bending 
varies from 7 to 15 mm (Table 1).

Table 1
Maximum dynamic forces arising from the contact 

of the monorail with the drive wheel and values 
of maximum longitudinal bending of the monorail 

depending on the carriage mass

Carriage mass 
m, t

Maximum dynamic 
forces, Fdmax, kN

Maximum 
longitudinal bending 

of monorail
 zmax, mm

2 20 6.3

2.5 25 7.5

4 42 13

4.5 47 15

Durability of rim material under static loading 
mode [13–15]:

0
0( ) ln exp ,

cr

Up
L

p p k T
∞

∞

   − γσ∆
σ = τ    ∆ − ∆ ′            

(7)

where τ0 is the vibrational period of atoms in 
molecules; ∆p∞ is an increment of bond excessive 
stresses accumulation caused by thermal fluctuations; 
∆pcr is the critical concentration of bond excessive 
stresses accumulation; U0 is the energy of rim 
material chemical bond breaking activation; k′ is the 
Boltzmann constant; and γ is the structure-sensitive 
parameter [16, 17].

As a rule, mine monorail locomotive haulage is 
used for the transportation of auxiliary cargo within 
one mine horizon where the temperature of the mine 
atmosphere is practically constant. Thus the influence 
of temperature change on the rim durability can be 
neglected.

The stress in the contact of two cylindrical 
surfaces can be determined by the Hertz formula. 
Taking into account the maximum dynamic forces 
arising from the contact between the monorail and 
the drive wheel, a stress occurs in the rubber or 
polymeric rim. The average value across the contact 
patch is as follows:

max

2 ,
(1 )

red d
av

red

E E

r B
σ =

π − µ  
(8)

where μ is the Poisson ratio of the rim material; B is 
the width of the wheel.

The change in stress pulses in time is well 
described by a parabola of the form:

2
1( ) ,t A tσ =  (9)

where A1 is the coefficient, which is determined by the 
shape of the stress pulse.

Coefficient A1 can be determined by taking 
into account the average value of stress (8) and the 
duration of cycle Θ of the wheel rim fragment contact 
with the monorail:

1 3

3
.avA

σ
=

Θ
Let us suppose that the monorail deflects along 

a circular arc. Then the radius of the arc when the 
carriage is in the middle of the span can be determined 
by the following dependence:

2
max

2
max

.
8 2

zL
r

z
= +

In this case, at the places where the monorail 
hangs on the fastening sections (see Fig. 2), the 
sections of the monorail can be considered horizontal, 
r2 → ∞.

The results of calculations show that the number 
of cycles before failure when the carriage is at the 
places of monorail suspension (r2 →  ∞) and in the 
middle of the span 

(
2

max
2

max8 2
zL

r
z

= + ) 

differs by no more than 1 %. This conclusion was 
obtained on the basis of calculations performed 
according to equation (1), taking into account the 
durability of rubber and polymeric products under 
static loading mode L. 

This allows us to conclude that the effect 
of monorail deflection can be disregarded when 
calculating the durability of drive wheel rims for mine 
monorail locomotives.

Taking into account equations (1), (7) and (9), we 
can determine rim durability Tr, h:

3

0 0
0

1,74 10
.

( )
ln exp

r

cr

T
dtV

U tp
p p k T

−

Θ

∞

∞

⋅=

  − γσ∆  
τ   ∆ − ∆  ′ 

∫

   

(10)

According to the results of simulating the 
working process of carriage interaction with the 
overhead monorail [3, 18, 19] the range of values of 
maximum dynamic forces arising from the contact 
of the monorail with the drive wheel was obtained: 
20...47 kN per carriage. At the same time, there is a 
load of Fdmax = 10 · 103…2.35 · 103 N per carriage wheel, 
respectively. For this range of contact forces, the rim 
can take from 1.1 · 107 to 6.7 · 106 interactions.

Using equation (10), we obtained a graphical 
dependence of wheel rim durability on the load 
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(Fig. 3), a hyperbolic dependence for the following 
conditions: Fdmax = 10…23 kN; T = 305.15 K; V = 3 m/s; 
r1 = 0.08 m; B = 0.04 m.

Analysis of the dependences obtained shows 
that when the carriage mass increases from 20 to 
47 kN, the durability of polymeric rims of mine 
monorail locomotives decreases by 32 % (from 8700 
to 5900 h).

The formation of stress pulses is determined 
by the complex nature of interaction between the 
wheel rim and the monorail, as well as by the train 
speed and the current distance from the monorail 
suspension point to the fastening sections to 
the carriage [3, 20, 21]. This makes it difficult to 
obtain an analytical dependence describing the 
value of stress pulses. At the same time, the pulse 
shape is described quite well by a paraboloid of the 
following form:

2 2
2 2( , ) ( ) ( ) ,x y A x B yσ = +′ ′ ′ ′

where A1, B1 are coefficients determined by the stress 
pulse shape. Coefficient B1  =  lc, taking into account 
the ratio of the length and width of the contact patch 
for the rim with the monorail, A2 = 1 / 2 B2; ,x y′ ′ are 
relative dimensions of the contact patch of the wheel 
rim with the monorail.

Based on the dependences calculated, the 
distribution of stresses over the contact patch of the 
wheel rim with the monorail was obtained. This has 
the shape of an elliptic paraboloid (Fig. 4). Graphic 
interpretation of stresses shows that the maximum 
stresses are concentrated at the top of the paraboloid.

Since the durability of the material is inversely 
proportional to stresses, the greatest wear will be on 
the rim surface along the line passing through the 
middle of its generators.
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Fig. 4. Distribution of stresses along the contact patch of the wheel rim with the monorail:
,y x′ ′  are relative dimensions of the contact patch
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Practical use
Based on these dependencies, an algorithm was 

obtained to determine the parameters of drive wheels 
of monorail locomotives (wheel radius and rim 
material), in order to ensure the required durability 
Treq of their rims (Fig. 5).

The algorithm takes into account the parameters 
of the monorail track and the locomotive, enabling the 
maximum contact dynamic forces in the polymeric 
rim of drive wheels to be determined. Using the 
above methodology, it is possible to establish the 
parameters of the shape of the stress pulse change 
in time, as well as to calculate the durability of the 

Begin 

 

 

End  

yes 

no 

no 

yes 

Input data:
locomotive and track parameters – 

V, m, E1, E2, J, L, Treq;
wheel parameters – rim material, 

µ, B, U0, r1max, r1min, ∆r1; 
operating conditions – T;
constants – τ0, ∆pcr, k′, γ

r1: = r1min

Fdmax (6)

rcr (8)

σ(t) (9)

Tr (10)

r1: = r1 + ∆r1

r1 > r1max

Tr ≥ Treq

r1, rim 
material

Use of rim material
with increased strength 

characteristics

Fig. 5. Algorithm of determining the parameters of drive wheels of monorail locomotives  
to ensure required durability Treq of their rims

rim, taking into account the parameters of the mine 
atmosphere and its material.

The results obtained can be used both in the 
process of developing technical assignments and 
designing the drive wheels of mine monorail 
locomotives, as well as in studies aimed at improving 
the design of drives for the rolling stock of the 
overhead monorail track. Also, the algorithm and 
calculation methods described above can be useful 
for engineers and technicians of mining enterpris-
es interested in  durability and increasing perfor-
mance indicators of mine monorail locomotives 
running gears.
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Conclusions and further research
A mathematical model was obtained to determine 

the durability of drive wheel polymeric rims, taking 
into account the maximum dynamic forces arising 
during the contact of drive wheels with the monorail. 
It was also established that the effect of the monorail 
track deformation has no significant impact on the 
durability of drive wheel rims of mine monorail 
locomotives. 

An algorithm of determining the parameters 
of drive wheels of monorail locomotives to ensure 
the required durability Treq of their rims was deter-
mined.

The durability of wheel polymeric rims of mine 
monorail locomotives was calculated, taking into 
account the dynamic loads arising during the move-
ment of the monorail train. Stress distribution over 
the contact area of the wheel rim with the monorail 
was obtained. This enables measures to increase the 
service life of drive wheels of mine monorail loco-
motives to be developed. An increase in the carriage 
mass from 20 to 47 kN leads to 32 % less durability of 
a monorail locomotive drive wheel rim (from 8700 to 
5900 hours). Further research will be aimed at develo- 
ping a comprehensive model to assess the durability 
of the drive wheel of mine monorail locomotives.
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Abstract
A significant portion of mineral deposits developed by open-pit mining is opened to the full depth by road 
transport ramps without the use of combined transport. In most cases, this is dictated by the high rate 
of a pit deepening and multi-stage development. In this study, the energy intensity of rock mass (RoM) 
haulage from the working zone of a pit to the surface is considered at several hierarchical levels. Mineframe 
software was used to study 3D-models of open pits with different slope angles in order to test the method 
of analytical calculation of a pit volume that allowed ensuring accuracy under a wide range of mining 
conditions. The findings of the research are as follows: with an increase in the pit bottom diameter, the 
zone of stabilization of rock mass lifting (haulage) height shifts to greater target depths. An increase in 
the pit slope angles entails shifting the weighted average height to deeper elevations. By increasing the pit 
target depth, combined modes of transport become more economical in comparison with dump trucks due 
to an increase in the total volume of rock mass. Depending on the comparison purpose, it was proposed 
to use different types of energy intensity. For a broad estimation of the rationality of the pair “scheme of 
opening – mode of transport” for open pits, the ratio of potential energy intensities of rock mass haulage 
of a considered option of a pit opening and its basic option without transport berms was used. The ratio of 
potential energy intensities as a function of a pit depth was determined. The values of total energy intensity 
of rock mass haulage from a pit to the surface were also established.
Keywords
energy intensity, open pit haulage system, deep pit, opening scheme, transport berm, pit dump trucks, slope 
angle
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Аннотация
Значительная часть месторождений полезных ископаемых, разрабатываемых открытым способом, 
вскрывается автомобильными транспортными съездами на всю глубину без использования комби-
нированного транспорта. В большинстве случаев это связано с высокой скоростью снижения уровня 
горных работ и многоэтапной разработкой. Методы исследований энергоемкости транспортирования 
горной массы из рабочей зоны карьера на поверхность рассматриваются в несколько иерархических 
уровней. Для исследования 3D-моделей карьеров с различными углами откоса использовано программ-
ное обеспечение Mineframe с целью забазировать методику аналитического расчета объема карьера, 
что позволило обеспечить точность при широком охвате диапазона горнотехнических условий. При 
увеличении диаметра дна карьера зона стабилизации высоты подъема смещается к большим конеч-
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ным глубинам, увеличение угла откоса бортов карьера влечет за собой смещение средневзвешенной 
высоты в глубину, с ростом конечной глубины карьера комбинированные виды транспорта становятся 
более экономичными в сравнении с автомобильным за счет увеличения суммарного объема горной 
массы. В зависимости от цели сравнения предложено использовать различные виды энергоемкости, 
для укрупненной оценки рациональности пары «схемы вскрытия – вид транспорта» для карьеров воз-
можно использовать отношение потенциальных энергоемкостей перемещения горной массы рассма-
триваемого варианта вскрытия карьера и его базовой версии без транспортных берм, установлены за-
кономерности изменения отношения потенциальных энергоемкостей от глубины карьера, определены 
значения полной энергоемкости транспортирования горной массы из карьера до поверхности комби-
нированными видами транспорта.
Ключевые слова
энергоёмкость, транспортная система карьера, глубокий карьер, схема вскрытия, транспортная берма, 
карьерные автосамосвалы, угол откоса бортов
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Introduction
A significant portion of mineral deposits 

developed by open-pit mining is opened to the 
full depth by road transport ramps without the use 
of combined transport. As a rule, this is dictated 
by the high rate of a pit deepening, multi-stage 
development (up to 5–6  stages with a cutback at 
full height at each stage) that does not allow more 
economical, but capital-intensive modes of transport 
to be implemented. At the same time, the effective 
development of these deposits with the fullest 
possible extraction of reserves is an urgent task [1, 2].

The volume of rock mass within the envelope 
of a pit depends significantly on its depth and size 

in plan view, and, with an increase in its depth, the 
volume increases parabolically (Fig. 1). At the same 
time, the distribution of these volumes by bench is 
uneven. Deepening leads to a decrease in the volume 
of each underlying horizon, while the distance of 
haulage increases [3]. The final figures of haulage 
work while developing a deposit by a  deep round 
pit is described by an ascending-and-descending 
curve. For instance, Fig. 1, b shows a graph built 
without taking into account annual smoothing 
production volumes. It can be seen that the peak 
value and intensity of the change in the tonne-km 
work significantly depend on the slope angles of the 
pit walls.
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Fig. 1. Dependence of the volume of rock mass and haulage work within a round-shaped pit envelope  

on the size of the bottom, target depth, and slope angle of the walls:
a – dependence of the volume of rock mass within a round-shaped pit envelope;  

b – the haulage work depending on a pit depth at the target depth of − 585 m
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The way to manage the shape of a pit walls in 
a  final pit envelope, in order to achieve significant 
slope angles is to optimize the parameters of 
transport (haulage) lines:

– use of narrow transport berms, including t 
single-lane roads with separation of the laden and 
unladen vehicle traffics; 

– use of increased road gradients;
– use of appropriate modes of transport located 

on benches without transport berms (high incline 
conveyor, skip hoist, freight suspended ropeway, 
etc.), etc.

In order to compare different schemes of open-
ing of mineral deposits in an open-pit with different 
modes of transport, certain criteria need to be de-
fined. One such a criterion can be the energy intensity 
of hauling the entire volume of rock mass from a pit.

The approach which uses energy intensity as an 
indicator or criterion for evaluating open-pit mining 
processes or mining machines is used in a number 
of studies [4–7]. This indicates both the universali-
ty of this method and the relevance of the problem 
under consideration. The topic of energy efficiency 
has been pressing for the last 20 years. For exam-
ple, the paper “Substantiating systems of open-pit 
mining equipment in the context of specific costs” 
[8] describes the energy efficiency of equipment 
in coal mines. The study "Energy consumption in 
open-pit mining operations relying on reduced  
energy consumption for haulage using in-pit crusher 
systems" [9] investigates energy efficiency in haul-
age with the use of in-pit crushing systems. “Smart 
energy management: a comparative study of energy 
consumption forecasting algorithms for an experi-
mental open-pit mine” [10] is a paper which reviews 
the problem of smart energy efficiency management. 
In the study “Structure of energy consumption and 
improving open-pit dump truck efficiency” [11], in-
creasing energy efficiency through reducing ener-
gy consumption is considered. The paper “An inte-
grated model of an open-pit coal mine: improving  
energy efficiency decisions” [12] describes an inte-
grated model of a coal mine. The paper “Bulk mate- 
rial transportation system in open pit mines with im-
proved energy efficiency” [13] describes the increase 
in energy efficiency of bulk material transportation. 
Ageneralized approach to assessing transport sys-
tems on the whole and the energy efficiency of indi-
vidual vehicles should be combined.

Research tasks and objectives
1) to structure the energy intensity of rock mass 

(RoM) haulage, applicable to compare the efficiency 
of transport modes and opening schemes, by hierar-
chical level;

2) to establish patterns of change in the relative 
energy intensity of rock mass haulage from a pit to 
the surface depending on the parameters of a pit;

3) to determine the energy intensity of rock mass 
haulage by different modes of transport when opening 
the working zone by truck transport.

Research techniques
In this study, the energy intensity of rock mass 

haulage from the working zone of a pit to the surface 
is considered in several hierarchical levels (Table 1). 

Since the study is aimed at identifying general 
patterns, for simplicity the calculation of the volume 
of rock mass within a pit envelope is performed as 
for an inverted truncated cone, the generatrix slope 
of which corresponds to the average slope angle of 
the pit walls.

To a certain extent, when searching for a rational 
scheme of opening and an appropriate mode of 
transport, an open pit that has no transport berms 
can be considered as the ultimate optimized option. 
Only bench sloping (working berms) is implemented 
on its walls, and the wall slope angles are selected to 
maintain wall stability. We will conventionally call 
such pit a “basic” option. A number of 3D models of 
pits with slope angles of 35, 45, 55 and 65°, on the 
target envelopes (walls) of which transport berms 
were positioned, were studied. The simulation was 
carried out in Mineframe software package [14] for 
a number of open pit options, in order to test the 
method of analytical calculation of a pit volume [15], 
which allowed accuracy to be achieved under a wide 
range of mining conditions.

The working berm was assumed to be 15 m wide. 
The width of transport berms was taken as different in 
accordance with the rational type of dump trucks for a 
particular size of a pit (taking into account a pit dimen-
sions in plan and depth) which determines the produc-
tion capacity. The range of variation was as follows:

– for small pits, the width of berms of 24.5 m is 
designed for 60–90 ton-payload dump trucks;

– for large pits, the width of berms of 34 m is 
designed for 130–160 ton-payload dump trucks.

Fig. 2 shows the results. They demonstrate 
that the construction of spiral ramp berms leads to 
a decrease in the wall slope angles by 2–3° for small 
basic angles and by 5–7° for large basic angles. The 
data processing enabled the dependences of the slope 
angle on the pit depth and the overall pit slope angle 
(Table 2) to be determined. They were used in further 
calculations.

In order to cover a set of pits in terms of the stability 
of walls. the following basic overall slope angles were 
taken: 35°, 45°, 55°, 65°.
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Table 1
Hierarchical levels of hauling energy intensity research

Level of energy intensity  
consideration Expression for estimation Significance

1

Energy intensity of haulage in units 
of potential energy (conservative forces 
only), taking into account the volume 
for pushback for the placement of 
haulage lines

0

p

p

E

E

∆

∆

Effect of pushback for the placement of haulage lines, 
taking into account their parameters, on the total 
energy intensity (as a rule, produces the main effect on 
the total energy intensity)

2

Energy intensity of haulage in units 
of physical work of external (in relation 
to vehicles) conservative forces and 
external dissipative forces

( 1) ( 1)

( 2) ( 2)

( 1)

( 2)

p T d T

p T d T

T

T

E

E

A A
A A

∆

∆

+
=

+

When comparing modes of transport: along with the 
effect of the haulage lines parameters, the energy 
efficiency of a drive (propelling unit) of a particular 
mode/modification of transport is taken into account

3

Energy intensity of haulage taking into 
account the energy carrier indicators

0

( )
p d

po p

E

E

A qQ
E

∆

∆

+
=

1. For a particular mode of transport: selection 
of the optimal shape of the walls of pushbacks and 
an ultimate pit, determination of rational parameters 
of openings (slope and width of transport berms, etc.)

( 1) ( 1) 1

( 2) ( 2) 2

( 1)

( 2)

( )
( )

p T d T T

p T d T T

T

T

E

E

Q A q
Q A q

∆

∆

+
=

+

2. When comparing modes of transport: the selection 
of energy-efficient mode of transport, taking into 
account the energy carrier indicators (fuel calorific 
value, coefficient of efficiency of electricity generation 
and transmission, etc.) and the coefficient of efficiency 
of the power plant of vehicles

Notes: ∆Еp, ∆Еp0 are energy intensities of rock mass lifting (difference of the mass potential energies on the surface and in situ 
in a pit) for an open pit with haulage lines (∆Еp) and the basic pit option (∆Еp0), respectively; Ad is work against dissipative forces 
when hauling the rock mass; T1, T2 are modes/modifications of transport 1 and 2, respectively; Q is total energy inputs for rock 
mass haulage; q is specific energy intensity of generation and transmission of a unit of energy by a power plant to a vehicle's engine 
(for example, the lower calorific value of fuel, taking into account the coefficient of efficiency of the internal combustion engine and 
the transmission).
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Fig. 2. Changing slope angle of a round-shaped pit  
when constructing transport berms for spiral ramps 

on the walls

Table 2
Dependencies of slope angle on pit depth (Нk)

Параметры
Overall pit slope angle 

35° 45° 55° 65°

Dependence of pit slope angle on pit 
depth y 0.0018Нk + 32.168 0.0035Нk + 38.325 0.0052Нk+ 46.898 0.004Нk + 54.771

Confidence R² 0.9967 0.884 0.7647 0.8848

H
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Sl h p
i

h l
 =
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Fig. 3. Scheme for determining the volume of layers 
to be excavated within a pit envelope:

Sl is layer area, m²; Sd is bottom area, m²; Vl is layer volume, 
m³; hl is layer height, m; hy is bench heigh, m;  

hpi height from the top elevation of a pit (daylight surface) 
to the bottom elevation of a layer, m; Y is overall pit slope 

angle, deg; Hq is pit wall height
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Let us define the theoretical energy intensity as 
the energy spent for lifting the whole volume of a rock 
mass within a pit envelope to the surface, described by 
the change in the potential energy of each elementary 
volume between the positions “on the surface” 
and “in situ”. In this case, the calculation shall be 
performed layer-by-layer, since the material moving 
in the horizontal plane does not lead to a change in 
energy intensity taking into account the accepted 
assumptions (Fig. 3).

Correspondingly, the energy intensity of rock 
mass haulage from a pit envelope:

0

,
kH

p li pi pi l piE V h g g h S dh∆ = ρ = ρ∑ ∫
 

(1)

where Vli is volume of the i-th layer (horizon) within 
a  pit envelope, m3; hpi is height from the bottom of 
the i-th layer to the surface of the pit (height of rock 
mass lifting), m; g is free fall acceleration (9.81), m/s2;  
ρ is density of rock mass in a pillar, т/m3.

When passing to an integral, a layer height 
decreases to an infinitesimal value, so the areas of 
the bottom and the top of the truncated cone, which 
represents each layer, can be considered to be equal. 
The corresponding area, m2, is defined as follows:

2 2 2 2 2

2 2

2 ,
l d d k d pi

k k pi pi

S S s H ctg s h ctg

H ctg H h ctg h ctg

= + π γ − π γ +

+ π γ − π γ + π γ         
(2)

where Sd is the area of the bottom of a pit, m2; γ is the 
average overall pit slope angle, deg; Нk is target depth 
of a pit, m. 

Correspondingly, the formula for determining Ep 
can be expressed as:

0
2 2 2 2 2

( 2 2

2 ) .

kH

p d d k d pi

k k pi pi pi

E g S s H ctg s h ctg

H ctg H h ctg h ctg dh

∆ = ρ + π γ − π γ +

+ π γ − π γ + π γ

∫

  

(3)

After all transformations and integration, the 
formula takes the following form:

2
4 3 2 .

12 3 2
d d

p k k k

S ctg Sctg
E g H H H

 π γπ γ∆ = ρ + + 
     

(4)

Research Findings
As already mentioned above, the energy in-

tensity of rock mass haulage is determined by two 
main factors: the distribution of volumes within a pit 
envelope; and the increase in energy consumption 
for haulage with extraction deepening. Therefore, in 
order to explain the patterns of changes in the energy 
intensity when changing the parameters of open 
pits, it is important to identify their influence on the 
location of the “center of mass” of the total volume 
of rock mass within a pit envelope. It can be seen in 
Fig. 4, a that, at a bottom diameter of 100 m, with 
increasing the target depth of a pit above 500–600 m,  
the average weighted height of rock mass lifting 
stabilizes at 26–28 % of the target depth, and, at the 
depth less than 200 m, the height increases sharply, 
becoming practically equal to the full depth of a pit. 
As the pit bottom diameter increases, the lifting 
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Fig. 4. Pattern of changes in the position of the “center of mass”  

of the rock mass volume within a pit envelope depending on its parameters:
а – ratio of the average weighted (by the volume of excavated rock mass) depth of a pit to the target depth of a pit;  

b – reciprocal cumulative graph of the volume of rock mass in a pit envelope as a function of a pit depth
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height stabilization zone shifts to greater target 
depth values. Increasing the pit slope angle entails 
a  shift of the average weighted height towards 
greater depths (Fig. 4, b).

Calculations showed that the energy intensity 
of rock mass haulage, based on the difference in the 
potential energy (see Table 1, p. 1), characterizes the 
mining and geological conditions and the scheme of 
opening as a whole. Fig. 5 shows that its increase with 
the depth of a pit is generally similar to the increase 
in the volume of pit space. However,  as the analysis 
showed, this is more intense due to increasing energy 
consumption with depth. Increasing the slope angles 
naturally leads to decreasing the rock volumes and, 
consequently, the total energy costs, while increasing 
the diameter of the bottom leads to the costs increase.

A convenient way to compare alternative 
opening schemes is to calculate relative energy 
intensity, as equal to the ratio of the energy 
intensity of hauling the whole volume of the rock 
mass within a pit with the considered opening 
scheme ∆Еp to the energy intensity for a pit without 
opening berms and ramps ∆Еp0. It makes it possible 
to estimate the contribution of opening berms and 
ramps to the increase in the volumes and their 
distribution by depth. Let us consider the results of 
the calculations in more detail. 

Fig. 6 shows that the curves of the dependences 
of the relative energy intensity on the target depth of 
a pit have maximums, corresponding to the greatest 
negative impact of the placement of transport berms 

on a pit wall cutback. This pattern is “natural”, arising 
from geometry, so these groups of pits should be 
subject to mandatory optimization. The decrease 
in relative energy intensity with further increase in 
depth can be explained by a decrease in the proportion 
of wall cutback in the geometric volume of the pit 
space and a smaller decrease in the slope angles of a 
pit due to the distribution of transport berms over the 
increasing perimeter of the outline of a pit. For the 
same reasons, the specific energy intensity decreases 
as the size of a pit bottom increases.

Fig. 7 shows that with growth of the basic pit slope 
angle (without transport berms), which were taken in 
the study as the limiting stable slope angle, the relative 
energy intensity increases at all depths. However, the 
character of this growth changes (see Fig. 7, b): at low 
depths the intensity of growth decreases; at depths of 
400–500 m the graph is almost straight, and then it 
curves, approaching the parabolic form.

Pit bottom diameter has a significant impact on 
the relative energy intensity. With a large bottom 
diameter, the relative energy intensity is generally 
lower than in the case of a small diameter (Fig. 8). 
Moreover, if at small bottom sizes, the maximum 
energy intensity is observed at a depth of the pit of 
100–500 m, then at an extensive bottom the intensity 
shifts to depths of 500–900 m. Consequently, the 
greatest negative impact from the wall cutback of a pit 
for the placement of haulage lines on them is observed 
for pits with relatively small size of the bottom,  
50–100 m in diameter at a depth of 100–500 m. 
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The patterns described above refer to the 
theoretical energy intensity. In practice, it is 
markedly influenced by the mode of transport used, 
characterized by specific energy consumption. In 
order to bring different modes of transport with 
different energy carriers (diesel fuel, electricity) to 
a comparable type of energy intensity, the following 
must be used (Table 3):

– the calculated work of conservative and 
dissipative forces on a vehicle engine;

– the energy of the primary fuel by its calorific 
value, at the place of its generation (diesel engine of 
autonomous vehicles or a power plant).

With regards to the second option, the study [6] 
suggests and describes the method of reducing the 
energy intensity of a transport mode to the amount 
of consumed fuel equivalent in g of f.e./(t·m), suita-
ble for practical calculations in natural terms. Howe- 
ver, given that it is more convenient to operate with 
energy units within the framework of this study, in-
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cluding for the transition to dimensionless relative 
units, Table 3 shows the results of the calculations 
based on: traction calculation, transmission effi-
ciency calculation, averaged reference efficiency of 
engines, lower calorific value of fuel, and calculation 
of the losses in power lines. For electrified modes of 
transport (rail and conveyor), a scheme with electri- 
city generation at a gas turbine mini thermal power 
plant located in the immediate vicinity of a pit was 
adopted. 

Note that these indicators are averaged and de-
pend on specific mining conditions (weighted aver-

age slope of the route, haulage distance, configura-
tion of haulage lines, etc.).

The capabilities of the approach under 
consideration were tested by comparing the combined 
modes of transport: truck+rail and truck+conveyor. 
The slope angle of a pit with haulage lines on the 
walls was taken into account, as well as the specific 
energy intensity of hauling depending on the height 
of the rock mass lifting (the pit depth). For the sake 
of convenience, the results of the calculations are 
given in the form of the ratio of energy intensities 
(Fig. 9): the smaller this ratio, the more economical 

Table 3
Specific energy intensity of generation and transmission of a unit of energy by a power plant to a vehicle’s engine

Mode of transport

Specific energy intensity by mode of transport1

MJ / MJ (work of forces on 
the wheels of a vehicle)

MJ / MJ 
(taking into account the heat 
of combustion, the efficiency  
of PP and the transmission 

from the power line to a vehicle)

Ratio to the energy intensity indicator according to Table 1. A / ∆Еp Q / ∆Еp

Dump trucks 3.28 9.89

ЖRail / Trucks + Rail2 2.01 / 2.52–2.64 6.89 / 8.09–8.39

Conveyor / Trucks + Conveyor2 1.88 / 2.44–2.163 5.98 / 7.37–6.533

1 In the numerator, the initial consumption of the energy carrier is converted into fuel equivalent.
2 In the range of pit depths of 200-1000m, the height of the working zone of dump trucks is accepted: in case of rail transport, 

80–400 m, in case of conveyor transport, 80–150 m.
3 Taking into account coarse crushing; PP – power plant.
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Fig. 9. The ratio of total energy intensities (Q) of hauling rock mass to the surface from a pit,  
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Truck + Rail  – Dump Trucks + Railway transport; Truck + Conv. – Dump Trucks + Conveyor transport.  
In parentheses, the average pit slope angle is given
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Abstract
Successful mining businesses rely heavily on the safety and reliability of their mine power distribution 
systems. Mine power distribution systems are designed to withstand an aggressive environment with a range 
of hazards. The harsh operating conditions require improvement to personnel protection systems through 
the study and simulation of the electric network’s normal and emergency operations. The purpose of this 
study is to assess insulation leakage current using an equivalent circuit of a mine power distribution system. 
The simulation identified the key properties of the equivalent circuit which can model potential hazardous 
situations. We also selected the quantitative metrics and the equivalent circuit property ranges. In order to 
simulate the transients, we recommended using the time constants for the oscillation damping in circuits, 
the insulation phase resistance properties, and the absorption currents. This paper presents the equations 
to estimate these values. As an example, we considered the equivalent circuit of a mine power distribution 
system with an R-L filter in the residual current device line. The equivalent circuit helps analyze the current 
leakage when a person touches a live phase conductor accounting for low-frequency polarization in the phase 
insulation. The proposed approach to the simulation and analysis of the insulation current makes it possible 
to generate an equivalent circuit of the mine power distribution system to analyze phase voltage asymmetry, 
trip currents of residual current devices, low-frequency polarization of the insulation, and the leakage current 
effects on the human body.

Keywords
mine power distribution system, leakage current, residual current device, insulation properties, EMF sources, 
electrical safety
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Аннотация 
Характеристики безопасности и надежности шахтных электротехнических комплексов и систем во 
многом обеспечивают успешность горных предприятий. Сложные технологические условия, осо-
бенно при ведении подземных горных работ, многообразие индивидуальных факторов определя-
ют совокупность требований, которые предъявляются к подземным электрическим сетям горных 
предприятий. Все это определяет необходимость совершенствования систем защиты персонала на 
основе исследования характеристик сетей, моделирования режимов работы, в том числе аварийных. 
Основная цель исследований – обоснование схемы замещения шахтной подземной электрической 
сети путем синтеза ее структуры для последующего анализа режимов утечки тока через изоляцию. 
На основе методов математического моделирования дано обоснование параметров схемы замеще-
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ния шахтной подземной электрической сети с учетом условий возникновения и развития аварий-
ных и травмоопасных ситуаций. Определены количественные показатели и диапазоны изменения 
параметров элементов схемы замещения электрической сети. Для математического моделирования 
переходных процессов рекомендовано использование электромагнитных постоянных времени зату-
хания колебаний в контурах, образованных параметрами фазных сопротивлений изоляции, а также 
абсорбционных составляющих токов утечки, и приведены соответствующие расчетные соотноше-
ния. В качестве примера приведена схема замещения шахтной подземной электрической сети с ак-
тивно-индуктивным фильтром присоединения устройства защитного отключения, позволяющая 
выполнить анализ утечки тока при однополюсном прикосновении человека к токоведущей фазе, 
с учетом процесса низкочастотной поляризации в фазной изоляции. Предложенный методический 
подход к моделированию и анализу режимов утечки тока через изоляцию позволяет осуществить 
синтез схемы замещения подземной электрической сети для анализа несимметрии фазных напряже-
ний, токов срабатывания устройств защитного отключения, процессов низкочастотной поляризации 
в изоляции, воздействия тока утечки на человека. 

Ключевые слова
шахтная подземная электрическая сеть, режимы утечки тока, защитное отключение, параметры изоля-
ции, источники ЭДС, электробезопасность
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Terms and Definitions
Leakage  Current: the current that flows from 

exposed live parts or protective conductors to the 
ground in normal operation.

Leakage  current  type: the current that depends 
on the earth-to-phase voltages for different active 
resistance and insulation capacitance values.

Absorption  current: the amount of current that 
flows and is absorbed by the dielectric insulation, 
which is caused by polarization and redistribution of 
free charges.

Ion conductivity: the movement of charged par-
ticles (ions) under voltage applied to the insulation 
with the charge neutralization on the conductor’s 
insulation layer.

Introduction
Successful mining businesses rely heavily on 

the safety and reliability of their mine power dis-
tribution systems. Mine power distribution sys-
tems  [1,  3,  4] are designed to withstand aggressive 
environments [1, 2] with a range of hazards [1, 5, 6]. 
The harsh operating conditions require improve-
ment to personnel protection systems through the 
study and simulation of the electric network's nor-
mal and emergency operations.

As mine conductors age, their insulation 
resistance reduces. The insulation resistance of each 
phase may change either steadily (symmetric leakage 
current) or abruptly (single-phase and two-phase 
leakage current) [1–3, 5]. Asymmetric leaks lead to 
significant phase voltage surges (the undamaged 
phase voltage raises to the linear voltage). Such 

surges may damage the electrical equipment and 
are an electric hazard, if the exposed phase wire are 
touched.

The simulation of leakage currents provides 
a sufficiently accurate definition of the most 
complicated electric processes (e.g., transients).

Our study included the following stages: se-
lecting the simulation model structure and inputs; 
definition of the simulation target; definition of the 
numerical experiment procedure; and the processing 
of the results.

The core of the simulation model is a system 
of equations deducted from the equivalent circuit. 
These equations estimate the effects of voltage and 
insulation properties on the leakage current.

The literature review identified several ap-
proaches to the leakage current studies applicable to 
specific operating conditions of the electric equip-
ment.

Many researchers use equivalent circuits, in order 
to simulate the insulation behavior [2, 6, 7]. The key 
cable insulation properties are distributed  resistance 
determined by the quality of the insulating material 
along the entire conductor length, and lumped  resis-
tance affected by mechanical damage, aging, moisture 
ingress, etc. The ground  capacitance is mainly deter-
mined by the length and cross-section of the cables. 
Note that the insulation resistance and capacitance 
vary as the mine power distribution system compo-
nents are powered up or down according to the startup/
shutdown procedure. For example, the backbone cable 
is energized first, and then the branch cables connec- 
ting the switchboard to the consumers are powered.
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The simulation of leakage currents is challeng-
ing because, for more complicated equivalent cir-
cuits, it is extremely difficult to model the transients. 
Conventional simulation methods are not quite suit-
able, if we need to consider the properties of residu-
al current devices, phase insulation, current leakage 
circuits, capacitive current compensation devices, 
and shunt-connected surge protection devices, etc. 
These components generate transients in the RC 
oscillator circuits which lack proper mathematical 
interpretation. A possible solution to this problem 
is the simulation of the leakage currents which re-
quires an appropriate equivalent circuit and a set of 
variables.

Goals and Objectives
The purpose of this study is the assessment 

insulation leakage current using an equivalent circuit 
of a mine power distribution system.

This paper presents the solutions to the following 
problems:

– selection of the equivalent circuit structure for 
a mine power distribution system and its component 
properties;

– deriving the equations for the time constants of 
damped EM oscillations in circuits consisting of the 
insulation and current leakage paths;

– development of an equivalent circuit to solve a 
specific problem related to insulation monitoring and 
protective device performance.

Model Structure and Input Variables
We used a circuit equivalent to a typical mine 

power distribution system up to 1,140 V (Fig. 1).
Let us consider the key components of the 

equivalent circuit, in order to analyze the leakage 
current paths through the insulation and a person 
touching a live phase conductor.

The EMF source (Fig. 1, a) is the secondary 
winding of the power transformer installed on a 
mobile substation, 6,000/660 (1,140) V.

A residual current device (RCD) is represented 
as an RL filter (Fig. 1, b) or an RC filter (Fig. 1, c) 
(UAKI, AZAK, AZSH, SASU, ASZUS, AZUR models 
of RCD) [7, 8]. The RCD is defined with the RC filter 
properties. The phase resistances of the branch lines 
are RFa = RFb = RFc = 15 kOhm, RPN = 1 kOhm, and the 
capacitance is LPN = 8 . The measuring instrument is 
connected between the neutral of the filter and the 
ground. For RCDs with RL filters: phase resistances 
are RFa = RFb = RFc = 0.3 kOhm, phase inductances are 
LFa = LFb = LFc = 75 H. The measuring circuit resistance 
and inductance are R0 = 3.9 kOhm, and L0  = 8 H, 
respectively [5]. 

The impedance components of the phase in-
sulations  (Za, Zb, Zc) vary in the following ranges: 
resistance RI = 10.5...300 kOhm/phase; and capac-
itance: CI  =  0.1...1.5  μF/phase (Fig. 1, d). The resis-
tance and capacitance of the absorption current cir-
cuit vary as follows: Rab = 0.01...10 MOhm/phase,  
Cab = 0.01...0.5 μF/phase. The impedance components 

Za Zb Zc Zh

RCD

ua ub uc

Ea Eb Ec

RI

RI

CI

CI
Rab

Cab
Rhs

Chs

Rh

Rhio

RPN

LPN

R0

L0

RFa RFaRFb RFbRFc RFc

VDa VDb VDc

a b c

d e

Fig. 1. Equivalent circuit for a current leakage path in a substitution in a mine power distribution system
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of the equivalent leakage path through the human body 
(Zh): internal body resistance is Rhio = 0.7...1 kOhm; skin 
resistance is Rhs = 0.5...3.5 kOhm; and skin capacitance 
is Сhs = 0.3...1 μF (Fig. 1, e). If the voltage exceeds 380 V, 
we can simplify the model to Zh ≈ Rh = Rhio = 1 kOhm, 
since over 40 V the skin no longer protects from elec-
tric shocks, and the leakage path resistance is equal to 
the internal body resistance [9−11].

The inclusion of RCD in the equivalent circuit of 
the leakage path significantly complicates both the 
circuit and the simulation model [12–14]. Note that 
the introduction of a neutral displacement device and 
an additional leakage path through the RCD tester 
into the equivalent circuit results in a noticeable 
(15...20 %) increase in the insulation leakage current 
(especially if an RC filter is present) [5, 7, 15].

The symmetric leakage current values in 380 and 
660 V networks are fairly well known for zero sequence 
equivalent circuits [4, 6, 12]. 

Among the variety of options, the most common 
are zero sequence substitution circuits, for which the 
equivalent insulation properties are expressed as:

        ,;    a b c
I c

a b b c c
a

a
I b

R R R
R

R R R R R R
C C C C= + +=

+ +         
(1)

where Ra, Rb, Rc, Ca, Cb, and Cc are the phase resistances 
and capacitances.

For such circuits, the insulation properties vary 
within the ranges: RI  =  3.5...300 300 kOhm/phase, 
CI = 0.03...1 μF/phase.

The representation of phase insulation with linear 
lumped capacitance and resistance models provides 
a more accurate description of the processes in a circuit 
with asymmetric leakage current.

For such circuits, the phase resistances and ground 
capacitances are in the range of  RI = 31.5...300 kOhm and  
CI = 0.3...3 μF.

Since we studied leakage currents during a transient 
while the RCD trips, it is reasonable to represent the 
phase insulation as time constants of dumped EM 
oscillations in RC circuits:

, , ,Ia Ib Ic
Ia Ib Ic

Ia Ib Ic

X X X
T T T

R R R
= = =

 
(2)

where RIa, RIb, RIc are the insulation resistances; 
XIa, XIb, XIc are the insulation capacitances  
(XI =  1/(ω0CI); TIa, TIb, TIc are the time constants of 
dumped oscillations.

It was found that the amplitude and damping 
rate of EM oscillations largely depends on the ratio 
of the phase resistance and capacitance. The highest 
values correspond to the insulation resistances 
up to 60 kOhm/phase and capacitances less than  
0.3  μF/phase. In the resistance range of  
RI = 60...300 kOhm/phase and capacitances greater 
than 0.5 μF/phase, the TI constants are less than 
0.1 rad/s and tend to be zero.

The reason is that at high capacitances, the 
resistance does not significantly affect the oscillation 
damping in the phase insulation circuits. The leak 
is purely capacitive, and the insulation efficiency 
is sharply reduced. A phase current leak does not 
instantly reduce the phase voltage due to a sufficiently 
high charge potential of the insulation ground 
capacitance. In this case, the electric hazard increases 
dramatically [16–18].

In order to simulate the leakage with the human 
body equivalent circuit (Fig. 2), we specified the 
internal body resistance Rhio, skin resistance Rhs, and 
skin capacitance  Сhs (Xhs = 1/(ω0Chs)) and transformed 
the model as follows.

The equivalent resistances for the human body 
equivalent circuit are estimated as:

2 2

2 2; .hs hs hs hs
e hio e hio

hs hs hs hs

R X X R
R R X R

X R R X
= + = +

+ +       
(3)

Considering the inverse transformation of the 
ReCe circuit, the human body impedance is: 

2 2 2 2
e e e

e

; .e
h h

e

X R X R
R X

R X
+ +

= =
 

(4)

Rhs

Chs

Rh

Rhio
Ch

Re

Ce

(Xe)(Xhs)

(Xh)

Fig. 2. Transformation of the human body equivalent circuit
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Then phase resistance and capacitance for 
a circuit when a person comes into contact with a live 
component are estimated as:

; .I h I h
Ih Ih

I h I h

R R X X
R X

R R X X
= =

+ +  
(5)

The time constant of dumped oscillations in the 
phase insulation circuit accounting for the human 
body properties is: 

.Ih
Ih

Ih

X
T

R
=

 
(6)

In the case of skin breakdown, the human body 
resistance is equal to the internal body resistance 
Rhio ≈ 1 kOhm. Therefore, the leakage circuit proper-
ties are:

   
(1 )

1;
1

; ;Ih
I I I

Ih Ih
I

I
I

X X
R X R

R T
R R

+
≈

+
== =

      
(7)

We found that in this case, the TI constant 
(2.5...35 rad/s) is an order of magnitude greater than 
the similar values of the TIh constant (0.1...3 rad/s). 
The greatest increment of TIH occurs when the 
insulation resistance is less than 31.5 kOhm/phase 
and the insulation capacitance is less than  
0.3  μF/phase. As the insulation resistance reaches 
RI  >  31.5  kOhm/phase, the TIh constants do not 
change and depend only on the phase insulation 
capacitance CI. 

The reason for this is that when a person touches 
a phase live wire, the resistance of the leakage 
path decreases sharply to 1 kOhm and is virtually 
independent of RI. In this way, the insulation 

resistance is shunted. The leakage current Iy and the 
constant TIH depend only on the phase insulation 
ground capacitance. 

In order to incorporate the low-frequency 
polarization into the phase insulation model, we 
added an RC circuit consisting of the capacitor Cаb and 
resistor Rаb with the absorption current iab (Fig. 1, d) 
[5, 7, 18].

For the analysis of the transient occurring 
in the insulation, direct incorporation of the dif-
ferential link (Rаb, Xab) leads to a more compli-
cated simulation model. This is because the se-
ries RC circuit is a  source of interference in the 
oscillatory circuit. The equivalent circuit of the 
phase insulation can be transformed to include 
the resistance and capacitance into the absorption  
current (Fig. 3).

The following relationship indicates the time 
constant of dumped oscillations in a circuit repre-
senting the insulation resistance and capacitance:

2 2

2 2

( )
,

( )
I I ab ab I ab abIF

IF I
IF I I ab ab I ab ab

X R R Z R R ZX
T T

R R X X Z X X Z
+ +

= = =
+ +      

(8)

where Rab, Xab, Zab are the phase resistance, capacitance, 
and impedance; RIF, XIF are the insulation ground 
resistance and capacitance estimated as:

2

2 ;I abI A
IF

I A I ab ab

R ZR R
R

R R R R Z
= =

+ +

2

2 .I abI A
IF

I A I ab ab

X ZX X
X

X X X X Z
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(9)

RI CIRab
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Rab Cab
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Fig. 3. Transformation of the equivalent circuit of the phase insulation to include the resistance  
and capacitance to the absorption current

https://mst.misis.ru/


83

ГОРНЫЕ НАУКИ И ТЕХНОЛОГИИ
MINING SCIENCE AND TECHNOLOGY (RUSSIA)

Pichuev A. V., Petrov V. L. Equivalent circuit for mine power distribution system...2023;8(1):78–86

https://mst.misis.ru/

eISSN 2500-0632

Where RI, XI are the insulation ground resistance 
and capacitance for ion conductivity; RA, XA are the 
resistance and capacitance to the absorption current 
estimated as:

2 2 2 2

; .ab ab ab ab
A A

ab ab

R X R X
R X

R X
+ +

= =
 

(10)

When Cab is comparable to the insulation 
capacitance CI, TIF reaches its maximum [14].

With the above relationships, equivalent circuits 
of mine power distribution systems suitable for a wide 
range of applications can be generated.

Fig. 4 shows a Simulink simulation model of 
a  mine power distribution system with an RC filter 
in the RCD circuit.

The simulation model functionality is as follows:
– simulation of current leakages through the 

phase insulation accounting for the presence of the 
RC filter in the RCD circuit;

– analysis of the low-frequency polarization 
effect on electrical safety in transient and steady-
state current phase insulation leakages;

– analysis of transient and steady-state phase 
insulation leakages to assess the electric hazard when 
a person comes into contact with a live component;

– analysis of current and voltage variations in 
the filter and RCD tester circuits for various current 
leakage types.

As an example, Figs. 5 and 6 show oscilloscope 
patterns of the leakage currents and phase ground 
voltages for a single-phase leakage to a human body 
(contact with phase А, Rh = 1 kOhm), symmetric 
insulation properties RI  = 300 kOhm, СI  =  0.03 μF, 
Rab = 1 MOhm, Сab = 0.01 μF, UL = 1140 V.

With the oscilloscope patterns, we could assess 
the instantaneous and effective currents and voltages 
in the equivalent circuit nodes, phase angle shifts, 
surge currents, and transient periods in case of 
a single-phase leakage through a human body.

A comparative analysis of the simulation results 
showed good agreement (more than 0.95) with similar 
research results [5, 7, 13]. The proposed simulation 
model applies to a wide range of insulation and 
emergency trip monitoring problems to ensure the 
electrical safety of mine power distribution systems.

++ +

– – –

– – –
+ + + vvv

i i i

v –
+

i
–+ –

+

i

i

+

–

–– v

+

v

+

–

–

+
+

+

– i

i

i

i

+

v+
–

–

Ea

Eb

Ec

Discrete
1e-07 s.

+

+

+

+ + +

+

+

+

+

+

+ +

Ic Ф Ib Ф Ia Ф

Ub Ф Ua Ф

Uc Ф

RCD filter currents

Voltage
in RCD
circuits

Voltage 
in leakage

circuits

Leakage
currents

Lфc
Rфc

Lфb
Rфb

Lфa
Rфa

Uc

Zc Zb Za
Ca C
Ra C

Ca B
Ra B

Ca A
Ra B

Ub Ua

Iy C Iy B
Iy A

Absorption
currents

Iаб C

Iаб B
Iаб A

U0

I0

L0
R0

Fig. 4. Simulation model of a mine power distribution system with an RC filter in the RCD circuit

https://mst.misis.ru/


84

ГОРНЫЕ НАУКИ И ТЕХНОЛОГИИ
MINING SCIENCE AND TECHNOLOGY (RUSSIA)

Pichuev A. V., Petrov V. L. Equivalent circuit for mine power distribution system...2023;8(1):78–86

https://mst.misis.ru/

eISSN 2500-0632

Fig. 5. Oscilloscope pattern of the leakage currents through insulation, human body, and RCD tester circuit
with an RC filter

Fig. 6. Oscilloscope pattern of the phase voltages and zero sequence voltages  
before and after a person touches live phase A
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Conclusions
The proposed equivalent circuit of a mine power 

distribution system can be used to analyze insulation 
currents and phase voltages as the insulation 
resistance changes under symmetric, single-phase, 
and two-phase leakages also caused by a person 
coming into contact with live components.

The equivalent circuit includes the EMF source, 
RCD, and insulation leakage paths. The model 
supports extensive ranges of its component pro- 
perties including their critical values. The model  
gives a more accurate quantitative and qualita-

tive assessment of the RCD efficiency. It assesses 
the acceptable insulation resistance and current 
passing through the person, the contribution of 
low-frequency polarization to the required insula-
tion resistance, and selects the insulating material, 
shunt-connected surge protection devices, and pro-
tective bypassing of damaged phases and residual 
current arrestors. 

The equivalent circuit of the power distribution 
system addresses a range of problems related 
to insulation and trip monitoring in the mining 
industry.
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Abstract
Digitalization and digital transformation of companies have turned from global trends to an urgent need. 
Thanks to digitalization and digital transformation, organizations can overcome the times of crisis, the 
times of lockdowns with less losses and respond more effectively to any adverse changes in the external 
environment. The assessment of the level of digitalization and digital transformation allows to determine 
how fast the processes of introducing digital technologies and optimizing processes with digital solutions 
proceed, both in companies and across the industry as a whole. The article provides an analysis with the 
systematization of foreign and domestic methods, methodological approaches, methods for assessing the 
digitalization level and digital transformation, as well as reveals their positive and negative aspects. Based on 
a comparative analysis, an improved author-developed methodological toolkit is proposed for assessing the 
level of digitalization and digital transformation, alleviating the disadvantages of the existing methodological 
experience. The approbation of the author-developed methodological toolkit was performed using the oil and 
gas industry as an example; the following companies, being the industry leaders, were analysed: PJSC “Lukoil”, 
PJSC “NK “Rosneft”, PJSC “Gazprom”, and PJSC “Tatneft”. According to the results, the digitalization and 
digital transformation processes of the domestic oil and gas industry are insufficiently dynamic. It was found 
that in the period from 2016 to 2020, the Russian Federation industry leaders were in the following order from 
the most advanced to the least advanced in terms of the digitalization level and digital transformation: PJSC 
“Gazprom” topped the list; PJSC “NK “Rosneft” was second; PJSC “Lukoil” was the third largest company, and 
PJSC “Tatneft” held the fourth position.
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Аннотация
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ровых технологий и оптимизации процессов цифровыми решениями как в компаниях, так и в от-
расли в целом. В статье проведен анализ с систематизацией зарубежных и отечественных методов, 
методологических подходов, методик по оценке уровня цифровизации и цифровой трансформации; 
выявлены их положительные и отрицательные стороны. На базе сравнительного анализа предло-
жен усовершенствованный авторский методический инструментарий по оценке уровня цифровиза-
ции и цифровой трансформации, нивелирующий недостатки существующего методического опыта. 
Апробация авторского методического инструментария была выполнена на примере нефтегазовой 
отрасли; анализу подлежали следующие компании – лидеры отрасли: ПАО «ЛУКойл», ПАО НК «Ро-
снефть», ПАО «Газпром», а также ПАО «Татнефть». Результаты продемонстрировали недостаточную 
динамику процессов цифровизации и цифровой трансформации отечественной нефтегазовой отрас-
ли. Было выявлено, что лидеры отрасли в период с 2016 по 2020 г. в РФ по уровню цифровизации 
и цифровой трансформации располагаются в следующем порядке от наиболее продвинутых к наи-
менее продвинутым: ПАО «Газпром» на первом месте; на втором ПАО «НК «Роснефть»; на третьем 
ПАО «Лукойл»; на четвертом ПАО «Татнефть».
Ключевые слова 
нефтегазовая отрасль, цифровизация, цифровая трансформация, оценка, методологические подхо-
ды, методический инструментарий, сравнительный подход, ранжирование, стратегическое развитие, 
сравнительный анализ, Российская Федерация
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Introduction
The relevance of digitalization and digital trans-

formation of the oil and gas industry is indi-cated by 
both the global situation associated with changing oil 
prices and the sanctions policy against Russia, and 
the need to develop hard-to-recover oil reserves in 
the conditions of depleting exploited fields, as well 
as the Arctic projects, using digital models [1–3]. The 
significance of the development of hard-to-recover 
reserves in Russia is associated “… with an increase 
in their share in the structure of hydrocarbon re-
serves (now it exceeds 65 % of the total volume), as 
well as with the forecasts of a decline in oil produc-
tion by 44 % by 2035, approximately 310 million tons. 
In 2017, oil production from hard-to-recover reserves 
in Russia amounted to 39 million tons, and according 
to the forecast of the Ministry of Energy of the Rus-
sian Federation, by 2035 this index is expected to be 
80 million tons per year” [4]. Under the current con-
ditions, it is digital solutions1 [5] that become priority 
lines in improving the performance efficiency of the 
companies2 [6]. Currently, almost all leading oil and 

1 INTERENERGO. On the digital transformation of 
Gazprom Neft and technological trends in the oil industry. 
URL: https://ieport.ru/stat/325802-o-cifrovoj-transformacii-
gazprom-nefti-i-texnologicheskix-trendax-neftyanoj-otrasli.
html (Accessed: 12.06.2022)

Neftegaz-EXPO. Oil organizations. URL: https://www.
neftegaz-expo.ru/ru/ui/17160/ (Accessed: 12.06.2022

2 Oil and Gas Information Agency. LUKOIL introduces 
digital field models. URL: https://www.angi.ru/news/2878022-
LUKOIL-introduces-digital-field-models/ (Accessed: 12.06.2022)

Neftegaz.RU. Strategy “Rosneft-2022”. URL: https://
neftegaz.ru/tech-library/menedzhment/142430-strategiya-
rosneft-2022/ (Accessed: 12.06.2022)

gas companies of the world3 [7–9] ] establish their 
development strategy on the use of digital transfor-
mation as a major line [7–9]. Technological processes 
are being implemented in the industry since digital 
transformation is a significant competitive advan-
tage, it contributes to the profitability of oil and gas 
companies and increases their market sustainability. 
The comprehensive digitalization of the companies’ 
activities and the complete digital transformation 

3 Siemens. Making the digital leap with Topsiders 4.0. 
URL: https://assets.siemens-energy.com/siemens/assets/
api/uuid:a0f97b62-5070-46a3-984f-1ed4144e398d/topsides-
whitepaper.pdf (Accessed: 12.06.2022)

BP. BP Sustainability report 2018. Responding to the dual 
challenge. URL: https://www.bp.com/content/dam/bp/business-
sites/en/global/corporate/pdfs/sustainability/group-reports/
bp-sustainability-report-2018.pdf (Accessed: 12.06.2022)

Equinor. Equinor Sustainability report 2018. URL: https://
www.equinor.com/en/news/2019-03-15-annual-sustainability-
reports-2018.html (Accessed: 12.06.2022)

Chevron. Chevron Sustainability report 2018. Climate 
change resilience framework. URL: https://www.chevron.com/-/
media/shared-media/documents/climate-change-resilience.pdf 
(Accessed: 12.06.2022)

Eni. Eni Sustainability report 2018. URL: https://www.
eni.com/assets/documents/EniFor-2018-eng.pdf (Accessed: 
12.08.2022)

ExxonMobil. ExxonMobil Sustainability report 2018. 
Highlights. URL: https://corporate.exxonmobil.com/Community-
engagement/Sustainability-Report (Accessed: 12.06.2022)

Shell. Shell Energy transition report 2018. URL: https://
www.shell.com/energy-and-innovation/the-energy-future/
shell-energy-transition-report/_jcr_content/par/toptasks.str
eam/1524757699226/3f2ad7f01e2181c302cdc453c5642c77a
cb48ca3/web-shell-energy-transition-report.pdf (Accessed: 
12.06.2022)

Sinopec. Sinopec Sustainability report 2018. URL: http://
www.sinopec.com/listco/en/investor_centre/reports/2018/ 
(Accessed: 12.06.2022)
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can allow them to become at least 20 % more efficient 
than they are these days [7]. 

Along with positive trends towards digitaliza-
tion in the leading companies of the oil and gas in-
dustry in Russia, there are still unresolved problems 
hindering its transformation and the formation of 
digital platforms. The major problem is observed in 
the dependence of the industry on foreign techno- 
logies, equipment, software and investments, which 
is aggravated by sanctions and other restrictions. 
The level of import substitution remains insuffi-
cient. With regard to the Arctic shelf projects, they 
are scarcely being developed after the U.S. company 
ExxonMobil and the British company BP, possessing 
the necessary technology, withdrew from the joint 
projects. Shell Company also ceased its activities. 
Total Company transferred its share in the Bazhe-
nov formation fields to Lukoil, and the latter trans-
ferred its share in Shtokman to Gazprom [10]. “Many  
Western oilfield services companies have also re-
duced the scale of their business in Russia” [1]. The 
situation is aggravated by the COVID-19 pandemic, 
which hinders the growth of financial performance 
of companies, which affects the amount of invest-
ment in R&D and various innovations. 

Another significant challenge for the industry 
is the training of qualified personnel [11, 12]. This 
problem is typical for the entire mineral resource 
complex [13, 14]. Specialists “with digital competen-
cies, such as analytics and big data, robotics, opera-
tion of unmanned aerial vehicles, programming, 3D 
modeling”  [2], as well as with the competencies of 
new emerging professions in the industry related to 
digitalization are required [15]. 

The issues related to economic security and trade 
secrets upon the exchange of technical data remain 
to be the areas of concern. According to the experts’ 
opinion, the funding provided in the Digital Economy 
program for information security leaves much to be 
desired. In this connection, the Russian companies, 
unlike the foreign ones, are often afraid to share in-
formation. In turn, this can slow down the process of 
neural network prediction [16].

The success of the digitalization transformation 
in industry is largely hindered by the lack of an opti-
mal level of management of the entire set of processes 
from a single control center in the companies. 

There is also a problem of institutional support or 
legal regulation of the activities of digital platforms, 
covering a complex of various organizations, along 
with the parent one. The problem arises “due to the 
lack of a well-defined legal definition of a digital plat-
form in the jurisdiction of most countries, including 
Russia” [17]. In the Russian legislation, “The Legal 

Regulation of Digital Environment”, Federal Project 
developed as the follow-up of Decree of the President 
of the Russian Federation No. 204 “On the National 
Goals and Strategic Objectives of the Development of 
the Russian Federation for the Period up to 2024” of 
May 7, 2018, involves the elaboration of a list of regu-
lations for the removal of obstacles hindering the 
development of the digital economy. The settlement 
addresses the relevant administrative, production and 
economic issues of enterprises in related industries 
that comprise the digital platform, including issues 
related to legal status, protection of rights, obliga-
tions and security.

Along with the identified problems, the issue of 
the development of methodological support for as-
sessing the level of digitalization and digital trans-
formation, as well as the economic assessment of the 
implementation of the achieved levels within the in-
dustry, which would be applicable for each industry 
enterprise (company), as well as digital transforma-
tion, requires further development. The availability 
of such methodological support will allow to perform 
a  timely diagnosis of “constrictions” and effective 
management of digitalization and digital transfor-
mation. 

Hence, the purpose of this research is to improve 
the management of digitalization and digital trans-
formation of the oil and gas industry through the de-
velopment of the author guidelines, mitigating the 
shortcomings of existing methods. 

The purpose determines the importance of per-
forming the following tasks:

1. The analysis of the theoretical foundations of 
digitalization and digital transformation.

2. The assessment of the current state of the digi-
tal transformation of the oil and gas industry.

3. The study, analysis and systematization of for-
eign and domestic general, industry and production 
methods (for individual enterprises and companies), 
methodological approaches, recommendations and 
methods for assessing digitalization and digital trans-
formation.

4. The development of an improved author meth-
odology for assessing the level of digitalization and 
digital transformation of the oil and gas industry, al-
leviating the disadvantages of existing methods. 

Research Methods
The methodological basis of the research was 

composed of standard general scientific methods, 
as well as the method of content analysis upon the 
study and systematization of foreign and domestic 
general, industry and production methods (for indi-
vidual enterprises and companies), methodological 

https://mst.misis.ru/
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approaches, recommendations and methods for as-
sessing the level of digitalization and digital trans-
formation. The methods of mathematical statistics 
and the foresight method were also used in the for-
mation of the author methodology for assessing the 
level of digitalization and digital transformation of 
the oil and gas industry, alleviating the disadvantages 
of the existing methods.

Results and Discussion
The Analysis of the Theoretical Foundations 
of Digitalization and Digital Transformation
The digital transformation is characterized by the 

penetration of advanced technologies introduced in 
the process of digitalization into the entire complex 
of ongoing business processes of companies. Along 
with this, “digital transformation is increasingly un-
derstood as a controllable adaptation of companies 
in the context of advancing digitalization for the 
provision of sustainable value creation” [18]. In Rus-
sia, these processes are supposed to be implemented 
in a digital economy, which is defined by Decree of 
the President of the Russian Federation No. 204 of 
May 07, 2018 to be one of the national development 
goals of the Russian Federation until 2024 and high-
lighted among the priority national projects. One of 
the tasks, being set to achieve the goal, is formulat-
ed as the transformation of priority sectors of the 
economy, including industry, transport and energy 
infrastructure “through the introduction of digital 
technologies and platform solutions”4. Obviously, 
it is of direct relevance to subsurface resources ma- 
nagement. The major lines of the development of 
the digital economy were previously approved in the  
relevant program by the Order of the Government of 
the Russian Federation No. 1632 of 28.07.20175. 

The relation of the main terms is shown in Fig. 1. 
The term “digital economy” was introduced in 1995 
by Canadian scientist Don Tapscott, who described 
the digital form of representation of objects, the im-
pact of information technology on business, public 
administration system, etc. [19]. Subsequently, the 
term “digital economy” was interpreted differently by  
other authors, meanwhile the interpretations were 
close in meaning [20–23].

4 Decree of the President of the Russian Federation 
of 07.05.2018 No. 204 “On the national goals and strategic 
objectives of the development of the Russian Federation for the 
period up to 2024”. URL: http://kremlin.ru/acts/bank/43027/
page/1 (Accessed: 12.06.2022)

5 Decree of the Government of the Russian Federation of 
July 28, 2017 No. 1632-r “On Approval of the Digital Economy 
Program of the Russian Federation”. URL: https://www.garant.ru/
products/ipo/prime/doc/71634878/ (Accessed: 12.06.2022)

Digital economy

Digitalization

Digital transformation

Digital platform

Fig. 1. The chronology of the development  
of the conceptual construct and the relationship  

between the concepts of the digital economy 
and digital transformation 

According to Decree of the President of the Rus-
sian Federation No. 203 of May 9, 2017, the “digital 
economy” is defined as “economic activity in which 
digital data constitute a key factor of production, the 
processing of large volumes and the use of the results 
of the analysis of these data allow to significantly in-
crease the efficiency of various types of production, 
technologies, equipment, storage, sale, delivery of 
goods and services compared to the traditional forms 
of management”6.

A key concept for understanding the terms  
“digital economy” and “digital transformation” is 
“digitalization”, which is commonly interpreted as 
“the process of introducing digital technologies for 
generating, processing, transmitting, storing and 
visualizing data in various fields of human activi-
ty” [24], as well as “integrating digital technologies 
into everyday life by digitizing everything that can 
be digitized”7.

The oil and gas industry is also one of the indus-
tries with a particular emphasis put on digitalization 
and digital transformation. The digitalization of the 
oil and gas complex as an integral part of the fuel and 
energy complex (FEC), its essence and development 
prospects are directly addressed within the frame-
work of “Digital Energy” departmental program de-
veloped as a follow-up to the main federal regulations 
concerning digitalization. 

“The digitalization of the oil and gas complex 
should be understood as the application of new 
advanced technologies within existing business 

6 Decree of the President of the Russian Federation of 
May 9, 2017 No. 203 “On the Strategy for the Development of the 
Information Society in the Russian Federation for 2017–2030”.  
URL: http://kremlin.ru/acts/bank/41919 (Accessed: 12.06.2022)

7 Growth people. Global digitalization. URL: https://
ludirosta.ru/post/globalnaya-tsifrovizatsiya_2225 (Accessed: 
12.06.2022)
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processes without changing their principles and 
structure”  [25]. Digital transformation involves the 
improvement and change of business processes  
by managing a complex of elements of digital  
technologies.

Overall, the scheme of the digital transforma-
tion of the oil and gas industry, including its impact 
on the final performance of companies, can be pre-
sented as follows (Fig. 2). According to Fig. 2, digital 
technologies based on the principles of artificial in-
telligence, being reinforced in the national strategy 
for its development up to 20308, and implemented 
in the Russian oil industry, include big data, neural 
networks, digital twins, cognitive technologies, ma-
chine learning. 

The assessment of the current state  
of the digital transformation of the oil and gas industry:  

the major lines of digital transformation of the 
largest Russian oil and gas companies

Digital transformation is now taking place in all 
large oil and gas companies [16]. This applies to both 
foreign and Russian companies. Foreign oil and gas 

8 Decree of the President of the Russian Federation of 
October 10, 2019 No. 490 “On the development of artificial 
intelligence in the Russian Federation”. URL: https:///garant.ru/
products/ipo/prime/doc/72738946/ (Accessed: 12.06.2022)

companies such as Equinor9, BP10, Shell11, have a high 
level of digitalization  and digital transformation for 
the achievement of which, along with digital technol-
ogies, they improve partnerships in the area of creat-
ing platforms for digital transformation12 [7–9].

9 Equinor. Equinor Sustainability report 2018. URL: https://
www.equinor.com/en/news/2019-03-15-annual-sustainability-
reports-2018.html (Accessed: 12.06.2022)

10 BP. BP Sustainability report 2018. Responding to the dual 
challenge. URL: https://www.bp.com/content/dam/bp/business-
sites/en/global/corporate/pdfs/sustainability/group-reports/bp-
sustainability-report-2018.pdf (Accessed: 12.06.2022)

11 Shell. Shell Energy transition report 2018. URL: https://
www.shell.com/energy-and-innovation/the-energy-future/shell-
energy-transition-report/_jcr_content/par/toptasks.stream/1524
757699226/3f2ad7f01e2181c302cdc453c5642c77acb48ca3/web-
shell-energy-transition-report.pdf (Accessed: 12.06.2022)

12 Siemens. Making the digital leap with Topsiders  
4.0. URL: https://assets.siemens-energy.com/siemens/assets/
api/uuid:a0f97b62-5070-46a3-984f-1ed4144e398d/topsides-
whitepaper.pdf (Accessed: 12.06.2022)

Chevron. Chevron Sustainability report 2018. Climate 
change resilience framework. URL: https://www.chevron.com/-/
media/shared-media/documents/climate-change-resilience.pdf 
(Дата обращения: 12.06.2022)

Eni. Eni Sustainability report 2018. URL: https://www.
eni.com/assets/documents/EniFor-2018-eng.pdf (Accessed: 
12.08.2022)

ExxonMobil. ExxonMobil Sustainability report 2018. 
Highlights. URL: https://corporate.exxonmobil.com/Community-
engagement/Sustainability-Report (Accessed: 12.06.2022)

Fig. 2. The major lines of digital transformation of the oil and gas industry and their impact on the final result
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In Russia, “the technological portfolio of oil com-
panies consists of hundreds of projects aimed at max-
imizing oil recovery in conventional fields, as well as 
providing access and the possibility of efficient deve- 
lopment of hard-to-recover reserves” [5]. At the same 
time, the complexity of digitalization in this very in-
dustry is higher than in other industries. “The business 
consists of managing complex physical and chemical 
processes, as well as a large number of complex manu- 
facturing and oil extracting assets. The work is per-
formed within the framework of a complex cyber-phys-
ical system, where real production is combined with 
its digital twin13. Among the oil organizations, we can 
highlight such large holdings as PJSC “Lukoil”, PJSC 
“NK “Rosneft”, PJSC “Gazprom”, which are the industry 
leaders in terms of digitalization and digital transfor-
mation14. PJSC “Tatneft” also demonstrates good per-
formance. Let us discuss each company in detail. 

PJSC “NK “Rosneft”. The company’s enterprises 
provide more than 35 % of liquid hydrocarbons pro-
duction in Russia. Half of the produced raw materials 
are extracted from large fields: Priobskoye, Samotlor-
skoye, Prirazlomnoye and Malobalykskoye (the Khan-
ty-Mansiysk Autonomous Area – Yugra), Vankorskoye 
(the Krasnoyarsk Territory), Verkhnechonskoye (the 
Irkutsk Region)15

The company’s comprehensive digitalization 
plan is an integral part of “Rosneft-2022” strategy ap-
proved in 2017. The plan includes such programs as 
“digital field”, “digital plant”, “digital supply chain”, 
“digital filling station”, the implementation of which 
will contribute to the transition to a higher level of 
business information service, reliability and efficien-
cy of production, as well as to the reduction of losses. 
Upon that, the controllability and decision-making 
time along the entire production chain of the com-
pany will be improved. The strategy provides for the 
introduction of 78 proven technologies and obtaining 
effect of the implementation in the amount of more 
than 11 billion rubles16

At the Ilishevsky field (Bashkiria), there is an  
operating Digital Field, “an analogue of real produc-
tion, where all processes, from oil production and 

13 INTERENERGO. On the digital transformation of 
Gazprom Neft and technological trends in the oil industry. 
URL: https://ieport.ru/stat/325802-o-cifrovoj-transformacii-
gazprom-nefti-i-texnologicheskix-trendax-neftyanoj-otrasli.
html (Accessed: 12.06.2022)

14 Neftegaz-EXPO. Oil organizations. URL: https://www.
neftegaz-expo.ru/ru/ui/17160/ (Accessed: 12.06.2022)

15 State report “On the state and use of the mineral 
resource base of the Russian Federation in 2020”. Moscow: 
Ministry of Natural Resources and Ecology of Russia. Federal 
Agency for Subsoil Use (Rosnedra); 2021. Pp. 22–23.

16 Tadviser. State. Business. Technologies. Information 
technologies in Rosneft.

transportation to the movement of personnel and ve-
hicles, are reflected on a digital platform. The process 
is performed on the basis of “digital twins” using a 3D 
visualization platform. A pipeline monitoring system 
using drones, which is based on machine learning 
and computer vision technologies, is allocated within 
a separate project”17. 

The Digital Transformation Center and the Digi-
tal Cluster are the key mechanisms for the implemen-
tation of the digital programs. Based on the artificial 
intelligence algorithm, a computer vision technolo-
gy has been introduced at the facility of PJSC “Var-
yoganneftegaz”. “Detailed 3D models have been cre-
ated for six producing assets (“RN-Uvatneftegaz”, 
“Slavneft-Krasnoyarskneftegaz”, “RN-Vankor”, “NK 
“Kondaneft”, “Verkhnechonskneftegaz” and “Vostsib-
neftegaz”). The 3D models will be used upon the cre-
ation of a unified information and technology envi-
ronment for the monitoring the operation of oil fields 
using advanced visualization and a three-dimensio- 
nal twin of the asset”18. 

The company implements all its projects based 
on the introduction of innovative technologies, in-
cluding the use of unique domestic drilling rigs in 
the northern version, as well as its own software19. 
The company is building a 770-kilometer pipeline 
to connect the Vankor and Payakh clusters with the 
oil loading terminal being under construction at the 
Bukhta Sever port20. 

PJSC “Gazprom Neft” develops fields in the lar- 
gest oil and gas regions of the country, namely in the 
Khanty-Mansiysk and Yamalo-Nenets Autonomous 
Areas, as well as in the Irkutsk, Omsk, Orenburg, 
Tomsk Regions and on the shelf of the Barents Sea. 
The key asset of the company is the southern part of 
the Priobskoye field (LLC “Gazpromneft-Khantos”), 
where oil production amounted to 10 million tons in 
2020. The company is actively working on the deve- 
lopment of new major projects for the development 
of the Novoportovskoye, Prirazlomnoye and Vostoch-
no-Messoyakhskoye fields21.

17 Tadviser. State. Business. Technologies. Information 
technologies in Rosneft.

18 Tadviser. State. Business. Technologies. Information 
technologies in Rosneft.

19 Ekb. Tsargrad. Checkmate in Taimyr: Vostok Oil will 
turn the oil industry around the world.  URL: https://tsargrad.
tv/articles/shah-i-mat-na-tajmyre-vostok-ojl-perevernjot-
mirovuju-jenergetiku_592772 (Accessed: 01.08.2022)

20 BFM. Rosneft has started development drilling at the 
Payakhskoye field of the Vostok Oil project.

21 State report “On the state and use of the mineral 
resource base of the Russian Federation in 2020”. Moscow: 
Ministry of Natural Resources and Ecology of Russia. Federal 
Agency for Subsoil Use (Rosnedra). 572 p.
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The policy of digital transformation is performed 
at all stages of activities, starting from geological 
exploration and up to product sales. In 2013, the in-
troduction of innovative was started in “Gazprom-
neft-Khantos” Company, and a production control 
center (PCC) has been operating here since 201722. 
Later, digital transformation is approved in the list of 
priority lines of the company’s activities, coordinated 
by the relevant directorate23. 

In 2019, PJSC “Gazprom Neft” “launched over 
150 new digital initiatives and 10 digital transforma-
tion programs”24. 

The company “focuses on the implementation 
of digital technologies, including the early stages 
of working with assets, when the maximum value  
is created, because the uncertainties relating to the 
geological objects are still too great and making 
high-quality decisions is crucial”25.

The following projects are being implemented: 
“Cognitive Geologist” project, which allows using the 
initial geological information “in order to provide 
a clear mathematical assessment of the probabi- 
lity of success in a particular case”26; “Digital  Dril- 
ling” project, which facilitates remote control from 
the Geo-Navigator Drilling Control Center (DCC); 
“Smart Field” project, which “allows online viewing 
of any information on the field development, i.e. well 
operation parameters, repair history and plans, the 
levels of fluid withdrawal compensation, conducted 
and planned studies”27; “Cognitive Engineering” pro-
ject that optimizes many field development schemes 
using machine intelligence. 

22 Expert. Analytical Center. Digital fountain. URL: http://
www.acexpert.ru/archive/nomer-20-796/cifrovoy-fontan.html 
(Accessed: 27.09.2021)

23 Gazprom Neft. Digitization is a fundamental trend.  
URL: https://www.gazprom-neft.ru/press-center/sibneft-
online/archive/2018-may/1589542/ (Accessed: 23.07.2022)

24 Comnews. The digital transformation of Gazprom 
Neft has produced an economic effect. URL: https://www.
comnews.ru/content/208475/2020-08-06/2020-w32/cifrovaya-
transformaciya-gazprom-nefti-dala-ekonomicheskiy-effekt 
(Accessed: 23.08.2021)

25 Gazprom Neft. On the digital transformation of 
Gazprom Neft and technological trends in the oil industry. 
URL: https://www.gazprom-neft.ru/press-center/lib/4029430/ 
(Accessed: 19.09.2021)

26 Gazprom Neft. Production in a digital format Gazprom 
Neft combines the entire cycle of field development with 
digital technologies. URL: https://www.gazprom-neft.ru/press-
center/sibneft-online/archive/2018-may/1589543/ (Accessed: 
21.09.2021)

27 Neftegaz.RU. The correspondent of Neftegaz.RU learned 
how digitalization helped Salym Petroleum Development to 
optimize the work of the production fund at Salym. URL: https://
neftegaz.ru/news/dobycha/512708-korrespondent-neftegaz-
ru-uznal-kak-tsifrovizatsiya-pomogla-salym-petroleum-
development-optimizirova/ (Accessed: 09.09.2021)

The development of the Novoportovskoye oil and 
gas field is performed using an integrated model, “in-
cluding five hydrodynamic models of major develop-
ment objects; the models of production and injection 
wells; the models of a land network for product gathe- 
ring, including the models of pipelines from well-
heads” [26]. In conjunction with subsidiary company 
“Gazpromneft-Angara”, a digital model of oil reser-
voirs, which will become the basis for the formation 
of a strategy for the development of hard-to-recover 
reserves by its “digital twin”28. was developed. “The 
company has established competence centers for ML 
and AI, VR/AR, IoT, robotics, blockchain, video ana-
lytics and product service design”29.

“The launch of a digital logistics management 
system in the Arctic, which allowed to optimize the 
cost of exporting ARCO and Novy Port oil by 10 %”, 
should not go unmentioned30. “Prirazlomnaya” off-
shore ice-resistant fixed platform (OIRFP) was crea- 
ted, allowing performing all technological operations, 
such as drilling, oil production and storage, prepara-
tion and shipment of finished products31. 

Virtually, PJSC “Gazprom Neft” is a “digital oil 
company” managed on the basis of big data and digi- 
tal twins. The company produced the world’s first 
oil found using artificial intelligence, and it operates 
40,000 “digitized” wells32. To implement the digi-
tal transformation strategy, it is planned to allocate 
up to 5 % of the total investment of Gazprom Neft.  
According to expert opinion, “the digital platform 
will allow to increase the base effect of digital trans-
formation programs by 23 % due to faster project 

28 Neftegaz.ru. Gazprom Neft has created the 
industry's first digital model of the Achimov formation. URL: 
https://neftegaz.ru/news/Geological-exploration/197900-
gazprom-neft-sozdala-pervuyu-v-otrasli-tsifrovuyu-
m o d e l - a c h i m ov s k oy- t o l s h c h i / h t t p s : / / n e f t e g a z . r u /
news/partnership/538597-achimovka-i-tsifrovizatsiya-
gazprom-neft-i-halliburton-razrabotayut-programmu-
tekhnologicheskogo-sot/ (Accessed: 19.09.2021)

29 Neftegaz.ru. Gazprom Neft has created the industry's 
first digital model of the Achimov formation. URL: https://
neftegaz.ru/news/dobycha/512708-korrespondent-neftegaz-
ru-uznal-kak-tsifrovizatsiya-pomogla-salym-petroleum-
development-optimizirova/ (Accessed: 09.09.2021)

30 Neftegaz.ru. Gazprom Neft has created the industry's 
first digital model of the Achimov formation. URL: https://
neftegaz.ru/news/dobycha/512708-korrespondent-neftegaz-
ru-uznal-kak-tsifrovizatsiya-pomogla-salym-petroleum-
development-optimizirova/ (Accessed: 09.09.2021)

31 Pro-arctic. The record well of the Prirazlomnoye field has 
been put into operation. URL: https://pro-arctic.ru/08/09/2021/
news/44438#read (Accessed: 25.07.2022)

32 Microsoft. How is a digital oil company built? 
URL: https://news.microsoft.com/ru-ru/features/belevtsev/ 
(Accessed: 25.07.2022)
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Group up to 2030”39, including the following pro-
grams: digital twins, ecosystem, digital staff and ro-
botics. The applied technologies include the following 
ones: “the industrial internet of things, interaction 
technologies, robots and drones, artificial intelli-
gence, mobile devices, cloud technologies, Big Data”40.  
Within the elaboration of the strategy, a “smart field” 
project is being implemented at the Vatyoganskoye 
field. “There are 12 facilities, 29 oil reservoirs and 
156 deposits under development.” Within the frame-
work of the project, “the following tasks are solved: 
updating the understanding of the geological struc-
ture, elaborating effective solutions for optimizing 
field development, detailing and implementing the 
prospects for increasing oil production”41. In the 
Bolshekhetskaya depression of the Yamal-Nenets  
Autonomous Area, the company is implementing 
a  digital pilot project42. The intellectual field ele-
ments are present in the following subsidiaries of the 
company: “LUKOIL-Perm”, “LUKOIL-Western Sibe-
ria”, “LUKOIL-Nizhnevolzhskneft”, “LUKOIL-Komi”, 
RITEK. These ones include Integrated Operation 
Centers (ICOs).

At the Kokuyskoye field of “LUKOIL-Perm”, the 
introduction of digital technologies allowed to “man-
age production more efficiently”43 by monitoring well 
operation parameters, pumping equipment, as well as 
controlling the emergence of dangerous situations. 

The digital oil and gas production model was 
created on the basis of the Yuzhno-Yagunskoye and 
Vostochno-Ikilorskoye fields being developed by  
“LUKOIL-Western Siberia”. Here, there is an ope- 
rating Integrated Operation Center, in which “new 
management approaches are embodied, including  
integrated planning, close cooperation with scienti- 
fic institutions and a collective analysis of the tech-
nological process”44. The automated systems of the  

39 Lukoil. Digitalization program. URL: https://
csr2018.lukoil.ru/strategy/digitalization-program (Accessed: 
04.08.2022)

40 Expert. Analytical Center. Digital fountain. URL: http://
www.acexpert.ru/archive/nomer-20-796/cifrovoy-fontan.html 
(Accessed: 27.09.2021)

41 Oil and Gas Information Agency. Lukoil 
introduces digital field models. URL: https://www.angi.ru/
news/2878022-ЛУКОЙЛ-внедряет-цифровые-модели-ме-
сторождений/ (Accessed: 28.10.2021)

42 Expert. Analytical Center. Measure oil with your 
mind. URL: http://www.acexpert.ru/archive/nomer-12-13-792/
izmerit-neft-umom.html (Accessed: 28.10.2021)

43 Association of independent oil and gas producing 
organizations. Oil with intelligence. URL: http://www.assoneft.
ru/activities/press-centre/tek/5164/ (Accessed: 27.07.2022)

44 RBC. Companies that can quickly implement 
digital solutions become leaders. URL: https://plus.rbc.ru/
news/5ad2f7ba7a8aa94d53490a4f (Accessed: 27.10.2020)

implementation”33. The company also uses a digital 
approach in its procurement activities. The optimiza-
tion of the procurement, supply and logistics system 
is performed through the introduction of “i-sourcing” 
system34.

In relation to the personnel policy issues, PJSC 
“Gazprom Neft” acts as one of the founders of Scien-
tific and Educational Center “Artificial Intelligence in 
Industry”, it is implementing “Business Thinking in 
Digital Reality” Program35. Along with Equinor, BP, 
Shell, PJSC “Gazprom Neft”, is a member of Interna-
tional Consortium “Open Subsurface Data Universe” 
(OSDU) the subject of which is work with a large 
amount of geological data36.

PJSC “NK “LUKOIL” produces oil in the Western 
Siberia (the Khanty-Mansiysk Autonomous Area  – 
Yugra), the Perm Territory, the Nenets Autonomous 
Area, the Komi Republic, and on the continental shelf. 
About half of the oil production is performed by sub-
sidiary company LLC “Lukoil-Western Siberia” at 
the Vatyegansky, Tevlinsko-Russkinsky, Povkhovsky 
and Yuzhno-Yakunsky fields. Approximately 37 % is 
produced by two enterprises of the holding, namely 
LLC “Lukoil-Perm” and LLC “Lukoil-Komi”. In 2020, 
the company’s production of liquid hydrocarbons 
(excluding its share in joint ventures) amounted to 
73.4 mln t, having decreased by 10.6 % compared to 
the previous year37. In 2021, the oil production in-
creased by 2.7 % compared to 202038

The digital development of the company is con-
ducted under “The Information Strategy of LUKOIL 

33 Manufacturing control. How GAZPROM NEFT has 
already received 7.2 billion rubles. from digitalization. URL: 
https://up-pro.ru/library/information_systems/automation_
management/mlrd-rub-ot-tsifrovizatsii/ (Accessed: 25.07.2022)

34 Isource. How digital technologies are changing the 
procurement process of societies. URL: https://isource.neftegaz.
ru/chapter2 (Accessed: 26.07.2022)

35 Neftegaz.ru. Gazprom Neft has created the industry's first 
digital model of the Achimov formation. URL: https://neftegaz.ru/
news/Geological-exploration/197900-gazprom-neft-sozdala-
pervuyu-v-otrasli-tsifrovuyu-model-achimovskoy-tolshchi/
https://neftegaz.ru/news/partnership/538597-achimovka-
i-tsifrovizatsiya-gazprom-neft-i-halliburton-razrabotayut-
programmu-tekhnologicheskogo-sot/ (Accessed: 19.09.2021)

36 Gazprom Neft. Gazprom Neft will make the 
development of digital solutions cheaper through an open 
industrial data platform. URL: https://digital.gazprom-neft.ru/
about-news?id=94 (Accessed: 21.09.2021)

37 State report “On the state and use of the mineral 
resource base of the Russian Federation in 2020”. Moscow: 
Ministry of Natural Resources and Ecology of Russia. Federal 
Agency for Subsoil Use (Rosnedra); 2021. 572 p.

38 Neftegaz.ru. LUKOIL's hydrocarbon production in 2021 
increased by 4.7 %, refining volume – by 7.4 %. 
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Advanced Process Control45 are being implemented 
at all enterprises of the company for oil refining and 
petrochemistry.

PJSC “TATNEFT”. “The major region of activity 
of PJSC “Tatneft”, which extracts 4–5 % of the Rus-
sian oil, is conventionally the Republic of Tatarstan. 
The company’s largest fields are Romashkinskoye, 
Bavlinskoye, Novo-Elkhovskoye in the Republic of 
Tatarstan, the production at which amounted to 
22.9 mln t in 2020”46.

The beginning of the process of digital transfor-
mation in PJSC “Tatneft” dates back to 2014. Current-
ly, digital technologies cover all processes, i.e. collec-
tion and processing of geological and technological 
information; creation and updating of geological and 
hydrodynamic models, decision-making on the choice 
of optimal geological and technical measures (GTM) 
as well as their implementation. Wells are designed on 
the basis of three-dimensional (3D) field models. Ac-
tive work is being conducted to create artificial intelli-
gence and digital “twins”. Digital twins have also been 
implemented “in the form of hydrodynamic models for 
oil assets that provide 80 % of oil production” at the 
Almetievskaya and Abrakhmanovskaya fields, as well 
as at the Romashkinskoye and Novoelkhovskoye fields. 

There is an operating GTM Center (geological 
and technical measures), where the measures for 
oil recovery increase are modeled. “Mobile OGPW” 
Project (oil and gas production workshop) has been 
implemented as well, it allows to continuously  
monitor and coordinate the process of oil and gas 
production remotely from the workplace throughout 
the day. On the basis of the company, its own soft-
ware is being developed, including the following: the 
software package of CIS ARMITS, CIS “Tatneft-Nef- 
tedobycha”, Roxar, T-navigator. A software package 
based on neural network interpretation of the log-
ging material has also been developed. NGT Smart 
software is being actively implemented to monitor 
and manage the development of oil fields.

In PJSC “Tatneft”, a significant role is assigned 
to the digital transformation of investment activities. 
In 2019, “the Automated Investment Management 
System (AIMS) was created”. The system constitutes 
a single bank of investment projects, being an analyt-
ical tool for managing the company’s investment acti- 
vities. The system was developed as part of the soft-
ware import substitution program based on 1C: Enter-

45 RBC. Companies that can quickly implement 
digital solutions become leaders. URL: https://plus.rbc.ru/
news/5ad2f7ba7a8aa94d53490a4f (Accessed: 27.10.2020)

46 State report “On the state and use of the mineral 
resource base of the Russian Federation in 2020”. Moscow: 
Ministry of Natural Resources and Ecology of Russia. Federal 
Agency for Subsoil Use (Rosnedra); 2021. 572 p.

prise platform. Thus, the company was able to ensure 
information transparency, strengthen control over the 
implementation of its projects, apply neural network 
data analysis and obtain a significant economic effect 
of 1 billion rubles. Specialists of the company consider 
it promising to use the results of the Modeling Center 
to calculate the volume of production when choosing 
the optimal business projects.

The company's relatively high level of digital 
transformation allows its specialists to work on the 
formation of a digital platform to coordinate a com-
plex of activities in this line.

The analysis and systematization of foreign  
and domestic general, industry and production 

methods (for individual enterprises and companies), 
methodological approaches, recommendations  

and methods for assessing digitalization  
and digital transformation

The level of development of the methodological 
system for assessing the level of digitalization and di- 
gital transformation is evidenced by a significant num-
ber of the developed foreign and domestic methods 
related to global and country (regional) levels. Most 
of them have been analyzed, systematized and pre-
sented in a series of scientific researches47 [23, 27–31].  
The international methods for assessing the level of 
digitalization and digital transformation include: 
Digital Evolution Index (DEI) Rating, Information and 
Communication Technologies Development Index 
(ICT Development Index, IDI), Global Cybersecuri-
ty Index, PwC's The Future is Coming Rating, Global 
Connectivity Index (GCI); International Digital Econ-
omy and Society Index (I-DESI); Boston Consulting 
Group’s Economy Digitalization Index (e-Intensi-
ty); World Digital Competitiveness Index (WDCI);  
e-Government Development Index (The UN Glo- 
bal E-Government Development Index – EGDI); 
Networked Readiness Index; E-Participation Index 
(EPART). In Russia, the following methods have been 
developed to determine the level of digitalization 
of the country: the rating of regions of the Russian 
Federation by the level of development of the infor-
mation society (the Ministry of Digital Development, 
Telecommunications and Mass Media of the Russian 
Federation; “Digital Russia” Index (Skolkovo Informa-
tion Center); Business Digitalization  Index (Institute 
for Statistical Research and Economics of the Natio- 
nal Research University Higher School of Economics); 
Ivanov Digital Index (PJSC “Sberbank”).

47 Moscow School of Management “Skolkovo”. Center for 
Financial Innovation and Cashless Economy. Methodology for 
calculating the “Digital Russia” index of the constituent entities 
of the Russian Federation. URL: https://finance.skolkovo.
ru/downloads/documents/FinChair/Research_Reports/
SKOLKOVO_Digital_Russia_Methodology_2019-04_ru.pdf 
(Accessed: 12.06.2022)
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A comparative analysis of the major methods and 
methodological approaches for assessing the level of 
digitalization and digital transformation at the level 
of sectors of the economy (industries) and individual 
enterprises is provided in Table 1.

The analyzed methodological approaches and 
techniques assess the level of digitalization and di- 
gital transformation of the industry (sectors of the 
economy) and individual enterprises from various 
perspectives using appropriate methods and indices 
upon that. The major methods include: questioning, 
analytical and comparative methods, the integral 
assessment method, economic and mathematical  
methods and financial and economic analysis  
methods, as well as the method of expert assessments, 
fuzzy (uncertain) sets, moving curves, etc. The indices 
of digital maturity, including innovative capacity, are 
assessed as well. Some of the proposed assessment 
methods have a significant error, which does not al-
low accurate assessment due to the use of extremely 
limited conditions and parameters.

With respect to the oil and gas industry, a com-
prehensive methodology for determining the level 
of digitalization is of interest, the application of the 
one can be attributed both to the level of a country, 
an industry, and an individual company. It was deve- 
loped and successfully applied by EY (Ernst & Young, 
UK). EY has already conducted digital transformation 
readiness assessments for more than 3,800 companies 
in 44 countries. Pursuant to Order of the Ministry of 
Energy of the Russian Federation, such an assessment 
was also carried out for the domestic oil and gas in-
dustry48. In accordance with the methodology, the 
readiness of the country’s institutional environment, 
the degree of the penetration of digital solutions in 
the industry are determined; in particular, Digital 
DNA map is built for companies based on analyti-
cal data on the current level of implementation and 
the use of digital systems, as well as on the level of 
readiness of the company for digital transformation. 
The following areas are considered for calculations: 
strategy, innovation and development; interaction 
with clients; supply chain and operation manage-
ment; information technologies; risks and cyberse-
curity; finance; legal support; taxation; leadership 
and organizational culture. The methodology allows 
to compare the results of assessing the levels of digi- 
talization of the industry and individual companies, 
to identify their strengths and weaknesses. Deloitte 
Company offers a digital transformation model for 

48 State contract dated 21.08.2019. No. 0173100008319000044/ 
К/02. Analysis of the level of implementation and use of digital 
information systems. URL: https://in.minenergo.gov.ru/upload/
iblock/971/971c417247ad76e15c6d3b910dc9dcca.pdf (Accessed: 
12.06.2022)

oil and gas exploration and production, which can 
be used to calculate the level of digitalization and di- 
gital transformation in these segments. However, the 
analysis revealed that there is no approved industry 
methodology, as well as a methodology for assessing 
digitalization and its transformation at the level of 
enterprises of the industry.

The improved author methodological toolkit 
for assessing the level of digitalization and digital 

transformation of the oil and gas industry
The author methodology implies a comprehen-

sive assessment of the strategic level of digitalization 
and digital transformation of both an enterprise and 
the industry as a whole. Thanks to this assessment it 
is possible not only to calculate the aforesaid level, 
but also to determine the role of such phenomena as 
digitalization and digital transformation in the de-
velopment strategy of the organization. The metho- 
dology of the author was developed based on the 
results of the study of foreign and domestic scienti- 
fic publications, as well as the study of assessment 
methods used by consulting companies. The metho- 
dology of the author takes into account most of the 
advantages and disadvantages of existing methods, 
which were determined on the basis of a comparative 
analysis of 24 existing methodological recommenda-
tions and reflected in Table 1. Thus, taking into ac-
count the results of the comparative analysis, the list 
of indices being used has been reduced to three for 
the express assessment; it is recommended to obtain 
all indices used for the calculation from open sourc-
es of information. 

The conditions/principles for the implementa-
tion of the author methodological toolkit for an ex-
press assessment of the level of digital transformation 
of companies in the industry, taking into account the 
shortcomings of existing methodological approa- 
ches to assessing the level of digitalization and digital 
transformation, will be as follows:

1. The assessment of the level of digital transfor-
mation is based on a comparative approach;

2. The selected leading companies of the analyzed 
and assessed industry are subject to the assessment of 
the level of digital transformation;

3. The selected indices of the assessment should 
concern digital transformation, they should charac-
terize it and be publicly available;

4. The sources of information for the selected in-
dices are exclusively official sources of information;

5. Based on the selected indices, the multipliers 
characterizing the level of digitalization and digital 
transformation are formed;

6. The multipliers are assigned certain weights, 
which are set on the basis of an expert survey.
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* State contract dated 21.08.2019. No. 0173100008319000044/К/02. Analysis of the level of implementation and use of digital infor-
mation systems.  URL: https://in.minenergo.gov.ru/upload/iblock/971/971c417247ad76e15c6d3b910dc9dcca.pdf (Accessed: 12.06.2022)

** Deloitte. Digital transformation in oil and gas exploration and production – from bytes to barrels.  URL: https://nangs.org/
analytics/deloitte-tsifrovaya-transformatsiya-v-sfere-razvedki-i-dobychi-nefti-i-gaza-ot-bajtov-k-barrelyam-fevral-2018-pdf 
(Accessed: 26.08.2021)

*** IBM. Digital transformation of the oil and gas industry. URL: https://www.ibm.com/downloads/cas/JLE286ZX (Accessed: 
27.08.2021)

Table 1
Comparative analysis of methodological approaches to the assessment of the level of digitalization  

and digital transformation of the industry and individual enterprises

Source Method name, key 
assessment method Indices in the methodology Positive aspects Negative 

aspects

Comprehensive methods and methodological approaches to assessing the level of digitalization 
and digital transformation (for industries and individual enterprises)

Potetenko S. V. 
The assessment 
of the level of 
digitalization 
of enterprises 
(organizations) 
and industries. 
Belarus. OJSC 
“Giprosvyaz” [32]

The assessment of 
the level of digital 
development of 
enterprises, industries 
and functional areas

Automation, computerization, 
informatization, digitalization

Allows to obtain a generalized 
view of the assessment for the 
enterprise and industry, control 
measurement in the sphere 
of digitalization, identify 
and develop the prospects of 
growth points and determine 
the immediate prospects for 
the digital transformation of 
enterprises and the industry.

The document 
contains a 
very brief 
description of 
the assessment 
methodology

EY (Ernst & 
Young, Great 
Britain). The 
analysis of 
the level of 
implementation 
and use of digital 
information 
systems* 

Methodology for the 
level of implementation 
and application of 
digital information 
systems

The readiness of the country’s 
institutional environment, 
the degree of penetration of 
digital solutions in the industry, 
particularly for the companies, 
are determined, “Digital DNA” 
map based on the analytical 
data about the current level of 
implementation and application 
of digital systems, as well as 
the level of readiness for digital 
transformation is drawn. For 
calculations, the following 
areas are considered: strategy, 
innovation and development; 
interaction with customers; 
supply chain and operation 
management; information 
technologies; risks and 
cybersecurity; finance; legal 
support; taxation; leadership and 
organizational culture

The methodology allows to 
compare the assessment results 
of the levels of digitalization 
of the industry and individual 
companies, identifying their 
strengths and weaknesses

Difficulties in 
collecting data, 
in particular for 
the oil and gas 
industry

Deloitte: Digital 
transformation 
in oil and gas 
exploration and 
production – 
from bytes to 
barrels**

Digital transformation 
model

The digital transformation 
model represents a roadmap that 
includes 10 stages (mechanization, 
sensor installation, transfer, 
integration, analysis, visualization, 
addition, robotization, creation, 
virtualization) with detailed 
explanation of technologies for 
each stage. The current level 
of digital maturity, the desired 
level of transformation and 
lines for increasing the level of 
transformation are determined

The current and desired 
level of digital maturity and 
transformation is determined 
in the segments of exploration, 
development and production 
of hydrocarbon raw materials 
using the relevant technologies. 
The possibilities of digital 
transformation are assessed for 
each segment. It can be applied 
both to the industry as a whole 
and to enterprises in individual 
segments

A large number 
of assessment 
indices, 
cumbersome 
calculations

IBM Digital 
transformation 
of the oil and gas 
industry***

Digital transformation 
model

The areas that will benefit from 
digital transformation in the 
sectors of the oil and gas industry 
(exploration and assessment works, 
development and production) are 
specified

A wide range of assessment 
indices

Difficulty in 
obtaining 
statistical data 
when analyzing 
enterprises of 
the industries
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Source Method name, key 
assessment method Indices in the methodology Positive aspects Negative 

aspects

Kuklina E. A., 
Mitselovskaya O. S. 
Methodological 
approach to as-
sessing the level 
of innovative 
development of 
enterprises  
(exemplified by 
the sphere of 
housing and utili-
ty services) [33]

A methodological 
approach to assessing 
the level of innovative 
development of an 
industry and an 
enterprise using the 
methods of expert 
assessments, Innovation 
Scorecard (ISC), 
assessment of financial 
stability, ratios, etc.

The assessment of prospects for 
innovative development of the 
industry: the ratio of organiza-
tions implementing technological 
innovations in the total number of 
organizations, %; the volume and 
intensity of expenses for techno-
logical innovations; the volume 
and ratio of innovative goods, 
works, services in the total volume 
of shipped goods, works, services. 
The assessment of the innovation 
potential of an enterprise: innova-
tion process, innovation strategy, 
innovation structure, innovation 
culture, provision of resources.  
The assessment of the level of 
innovative activity: intellectual 
property security ratio; R&D per-
sonnel ratio; coefficient of pro- 
perty intended for R&D; the rate of 
development of new technologies; 
the rate of introduction of new 
products; innovative growth rate

A comprehensive assessment 
using several recognized 
methods for each stage. The 
possibility of application in 
various areas

Difficulty in 
obtaining 
statistical data 
when analyzing 
enterprises of 
certain industries

Institute for 
Statistical Studies 
and Economics 
of Knowledge, 
National Research 
University 
Higher School 
of Economics [34] 

The index of digitaliza-
tion of economic sec-
tors, social sphere and 
authorities, developed 
for an aggregate assess-
ment of the distribution 
level of digital techno- 
logies

The index characterizes the rate 
of adaptation to digital transfor-
mation, the level of application of 
broadband Internet, cloud services, 
RFID technologies, ERP systems, 
and the involvement of business 
sector organizations in e-com-
merce. The index is calculated for 
Russia and the European countries, 
the Republic of Korea and Turkey

Calculated on the basis of small 
number of indicators

Cannot be 
considered 
optimal 
because of a 
small number 
of indicators 
being taken into 
account

Istomina E. A. 
The assessment 
of digitalization 
trends in industry 
[35]

Methodology for 
assessing digitalization 
in industry

Methods for assessing 
digitalization at the macro level 
and for a certain business entity 
are considered. Economic effect 
of investments in digitalization, 
percentage of labor productivity, 
profitability

The author indicates only 
3 indices that are extremely 
important for an entrepreneur, 
in her opinion. The rest 
of indices is described as 
insignificant, therefore the 
assessment can be neglected.

The fragmenta-
tion of the meth-
odological pres-
entation. There is 
no link between 
the assessment 
of digitalization 
trends of indivi- 
dual enterprises 
and the industry 
as a whole

Methods for assessing the level of digitalization and digital transformation of individual enterprises  
and their innovative component 

Yashin S. N., 
Shchekoturo-
va S. D. The 
application of the 
methodology  
for assessing  
the efficiency 
of the innovative 
development of 
an enterprise  
examplified 
by PJSC “RUS-
POLYMET” [36]

Moving curve method • The ratio of employees engaged 
in R&D

• The level of mastering of new 
technology

• The degree of mastering of new 
products

• The ratio of material resources 
for R&D 

• The degree of provision of the 
enterprise with intellectual 
property

• The ratio of investment in 
innovative projects

• The completeness of the 
assessment. The logical 
structure is ensured 
throughout the methodology

• The assessment is focused 
on the analysis of a relatively 
small number of related 
indices. This simplifies the 
calculation and generalization

• Developed on the basis 
of complementary 
methodologies

• The assessment of innovative 
development is performed in 
conjunction with the economic 
status of the enterprise 

The company's 
strategic 
and tactical 
guidelines are 
not considered. 
There is no 
comparison with 
other companies 
in the industry

Table 1 continued
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Table 1 continued

Source Method name, key 
assessment method Indices in the methodology Positive aspects Negative 

aspects

Kokhanova V. S. 
Fuzzy logic ap-
paratus as a tool 
for assessing the 
effectiveness of 
a company’s digi-
talization [37]

Fuzzy logic The parameters vary depending on 
the need. One can enter both the 
simplest binary scale “good - bad”, 
and a more complex one, in which 
the number of terms will reach 5, 7, 
or even 10

It is on par with other assess-
ment systems; the assessment 
is performed in a more free 
form than upon formal logic. 
The comprehensive and appli-
cable nature of fuzzy logic tools

There is still 
a portion 
of people who 
do not accept 
this method 
of assessment

Brusakova I. A. 
Methods and 
models for 
assessing the 
maturity of 
the innovation 
structure [38]

The production model 
of corporate knowledge 
about the enterprise 
readiness for digital 
transformations

Innovativeness of the 
infrastructure of an enterprise, 
innovative activity, innovative 
complexity of an enterprise

After assessing three macro 
parameters, one can talk about 
the readiness of the enterprise 
for digital transformations

Not the entire le- 
vel of digitaliza-
tion is determined, 
but only the 
innovative compo-
nent, while taking 
into account the 
information com-
ponent 

Zakharova E. V., 
Mityakova O. I. 
The assessment 
of the innovative 
potential of an 
enterprise, taking 
into account the 
digitalization of 
the economy [39] 

Methods for calculating 
the innovative potential 
of information potential 
indices (analytical me-
thod for calculating the 
system of indices, method 
for calculating an integral 
index based on the 
logistic regression model, 
method for financial and 
economic analysis, me- 
thod for expert assess-
ments, method for calcu-
lating the integral index 
based on the logistic 
regression model)

It covers 19 indices in 4 groups: 
production and technology, 
management and finance, the 
factors of innovative activity 
and the indices of information 
component

Relatively easy calculations 
due to the small number of 
indices. Due to the assessment 
of the information component, 
it is possible to determine the 
strengths and weaknesses of 
the enterprise's potential. The 
base is formed on methods for 
assessing innovative potential

Not the entire 
level of digi- 
talization is 
determined, but 
only the innova-
tive component, 
while taking 
into account 
the information 
component

Mityakova O. I. 
The assessment 
of the innovative 
potential of 
an industrial 
enterprise [40] 

Analytical method for 
calculating the system 
of indices

The determination of the state of 
each component of the innovation 
potential by calculating a number 
of indices characterizing the 
innovation potential:
1. Staff
2. Production and technology
3. Scientific and technical
4. Financial and economic
5. Organizational and managerial 
potential

The calculations are based on 
the data reflected in the state-
ments of financial and econom-
ic activity of the company, a 
high level of objectivity of the 
calculations, a comprehensive 
assessment of the potential

Not the entire 
level of digi- 
talization is 
determined, but 
only the innova-
tive component 
of the one

Delloite: Digital 
Maturity Model 
Achieving digital 
maturity to drive 
growth*

Digital Maturity Model 5 key indices are highlighted, based 
on which the assessment is per-
formed: consumers, strategy, tech-
nology, production, structure and 
culture of the organization (Custom-
er, Strategy, Technology, Operations, 
Organization & Culture). In their 
turn, they have 28 sub-indicators, 
which are divided into 179 digital 
characteristics. The emphasis is put 
on the strategy (Business Strategy), 
which determines the focus of the 
transformation. The successive steps 
of strategy concretizing are the defi-
nition of a business model (Business 
Model) and an operating model 
(Operating Model), which determine 
the required level of digital maturity 
according to the selected measures

The assessment is performed 
based on a large number of 
indicators, which increases 
its accuracy and depth in the 
internal aspects

An example of 
the application of 
this assessment 
has not been 
found due to the 
closed nature 
of the data. 
One cannot 
perform a prompt 
assessment

* Delloite. Digital Maturity Model Achieving digital maturity to drive growth. URL: https://www2.deloitte.com/content/dam/
Deloitte/global/Documents/Technology-Media-Telecommunications/deloitte-digital-maturity-model.pdf (Accessed: 28.08.2021)

https://mst.misis.ru/
URL: https://www2.deloitte.com/content/dam/Deloitte/global/Documents/Technology-Media-Telecommunicat
URL: https://www2.deloitte.com/content/dam/Deloitte/global/Documents/Technology-Media-Telecommunicat
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Source Method name, key 
assessment method Indices in the methodology Positive aspects Negative 

aspects

Merzlov I. Yu., 
Shilova E. V., 
Sannikova E. A., 
Sedinin M. A.  
A comprehensive 
methodology 
for assessing 
the level of 
digitalization of 
organizations [27]

A comprehensive 
methodology for 
assessing the level 
of digitalization of 
organizations

A step-by-step methodology for 
determining the digitalization 
of business processes has been 
developed. Six enlarged business 
processes are highlighted, 
each of which is itemized by 
a number of sub-processes: 
staff management, production, 
performance of work, provision 
of services, marketing, logistics, 
finance and accounting, general 
economic activity. A pyramid of 
the digitalization process has 
been developed, including five 
levels (primary, local, partial, 
complex digitalization; “smart” 
organization; digital ecosystem. 
Based on the final data, the 
sectoral and country level of 
digitalization can be determined, 
as well as the corresponding rating 
for the formation of various types

It is based on the methods 
of expert assessments and 
questionnaires. It is easy to 
understand and count the 
results

Public access to 
filling out the 
questionnaire 
due to the 
creation of the 
site, which can 
lead to errors in 
the calculation, 
as well as the 
possibility of the 
questionnaire 
being filled 
out by non-
specialists from 
the organization

Babkin A. V., 
Pestova A. Yu. 
The assessment 
of the level of 
digitalization 
of an industrial 
enterprise 
(Peter the Great 
St. Petersburg 
Polytechnic 
University) 
[41, 42]

The assessment of the 
level of digitalization of 
an industrial enterprise

Labor resources, material 
and technical support, digital 
infrastructure of an enterprise, 
software, financial resources, 
organizational and managerial 
indicators / 19 indicators

Complex assessment using 
the statistical data of an 
enterprise and average market 
values for each of the assessed 
parameters

The complexity 
of the 
assessment. 
There is no 
comparison with 
other companies 
in the industry

Kozlov A. V. 
Teslia A. B. 
Digital potential 
of industrial 
enterprises: 
essence, 
definition and 
calculation 
methods [43]

The methodology 
for determining the 
digital potential of an 
industrial enterprise 
as a tool for managing 
digital transformation 
processes at an 
enterprise (expert 
assessments + to obtain 
a numerical assessment 
of the integral index – 
digital potential – 
other models, being 
more complex, can be 
used, for example, the 
parametric entropy 
method, Saaty method, 
the method of principal 
components)

The external environment 
index, the internal environment 
index, including 2 subgroups: 
reflecting the resources at the 
moment and reflecting the future 
capabilities of the enterprise for 
the implementation of digital 
technologies. 17 indicators

The proposed approach to 
assessing digital potential 
allows to analyze not only the 
current level of digitalization 
of business processes in 
an enterprise, but also the 
possibility of increasing digital 
potential

Not quite 
accurate 
assessment 
because of 
practical 
focus mainly 
on subjective 
assessments

MIT Center for 
Digital Business 
and Capgemini 
Consulting*

Digital transformation 
assessment

Customer experience, operational 
processes and business models / 9 
indices

Relatively small number 
of indices and available 
calculations

Difficulty in 
collecting 
statistical data 
for assessment

Table 1 continued

* MIT Center for Digital Business and Capgemini Consulting. Assessment of digital transformation. URL: https://www.capgemini.
com/wp-content/uploads/2017/07/The_Digital_Advantage__How_Digital_Leaders_Outperform_their_Peers_in_Every_Industry.pdf 
(Accessed: 27.08.2021)

https://mst.misis.ru/
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Source Method name, key 
assessment method Indices in the methodology Positive aspects Negative 

aspects

Analytical 
Agency Arthur 
D. Little. Digital 
Transformation – 
How to Become 
Digital Leader*

Digital transformation 
index

When calculating the index, 23 
indicators are used that character-
ize the development strategy and 
leadership; products and services; 
customer management; transac-
tions and supply chains; corporate 
services and control; information 
technologies; workplace and 
culture

The result of the assessment 
of the indices allows to deter-
mine the level of the company, 
the efficiency of the trans-
formation, and to predict the 
result of the company’s deve- 
lopment. Relatively straight-
forward calculations due to 
a small number of indices

Difficulty in 
collecting 
statistical data 
for assessment

KPMG Company. 
Are you ready 
for digital 
transformation? 
Measuring your 
digital business 
aptitude**

Model of digital 
aptitude assessment 

Vision and strategy, digital 
talents, key digital processes, 
flexible sources and technologies, 
leadership – 5 major indices, 
23 indices in total

Calibrated Risk Management, 
Digital Management, Architec-
tural Discipline, Engagement, 
Agile Architecture, Infrastruc-
ture, Social Media, Mobile 
Interaction, Mobility, Strategic 
Partnerships, Measurement & 
Analytics, Optimized Platforms, 
Agile Development, Interface 
Design, Talent Development, 
Skill Optimization, Talent De-
velopment, Obtaining Talents, 
Strategy Implementation, 
Thought Leadership, Strategy is 
defined, goals are defined

An example of 
the application 
of this assess-
ment has not 
been found due 
to the closed na-
ture of the data. 
One cannot per-
form a prompt 
assessment

Global Center for 
Digital Business 
Transformation 
[27]

Digital piano Business model, organizational 
structure, employees, processes, 
IT opportunities, offerings, 
interaction model

Based on the questions 
asked in the course of this 
assessment, the gap between 
the current state of affairs 
and the required level in each 
line can be determined, thus 
indicating the volume of 
changes required

Answering 
questions will be 
the key aspect. 
An inaccurate 
answer to them 
is equivalent to a 
fuzzy assessment

Ionology Compa-
ny. Step by Step 
Guide to Digital 
Transforma-
tion***

Digital transformations Strategy and culture, people 
and customers, processes and 
innovation, technology, data and 
analytics

The methodology is focused 
on the younger generation’s 
interests 

There is no total 
number of as-
sessment indices, 
only the key lines 
are singled out. 
Therefore, there 
is no way to as-
sess the positive 
points

National Acade-
my of Sciences 
and Engineering 
of Germany. 
Industry Maturity 
Index 4.0. Mana- 
gement of the 
Digital Transfor-
mation of Com-
panies. Acatech 
research***

Acatech Industrie 4.0 
Maturity Index

Resources, information systems, 
culture and organizational 
structure

The processing of advantages, 
disadvantages and existing 
opportunities, the analysis 
of deficiencies, allowing 
subsequently to assess the 
degree of flexibility and 
continuous development of the 
established company  

Complex 
methodology 
for assessment

Table 1 continued

* Analytical agency Arthur D. Little. Digital Transformation – How to Become Digital Leader. URL: https://www.adlittle.com/
sites/default/files/viewpoints/ADL_HowtoBecomeDigitalLeader_02.pdf (Accessed: 05.09.2020)

** KPMG. Are you ready for digital transformation? Measuring your digital business aptitude. URL: https://assets.kpmg/content/
dam/kpmg/pdf/2016/04/measuring-digital-business-aptitude.pdf (Accessed: 04.09.2021)

*** Ionology. Step by Step Guide to Digital Transformation. URL: https://www.ionology.com/step-by-step-guide-to-digital-
transformation (Accessed: 05.10.2021)

*** National Academy of Sciences and Technology of Germany. Industry Maturity Index 4.0. Managing the digital transformation 
of Companies. Acatech research.  URL: https:// www.acatech.de/wp-content/uploads /2018/03/acatech_STUDIE_rus_Maturity_Index_
WEB.pdf (Accessed: 04.09.2020)

https://mst.misis.ru/
https://www.adlittle.com/sites/default/files/viewpoints/ADL_HowtoBecomeDigitalLeader_02.pdf
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https://assets.kpmg/content/dam/kpmg/pdf/2016/04/measuring-digital-business-aptitude.pdf
https://assets.kpmg/content/dam/kpmg/pdf/2016/04/measuring-digital-business-aptitude.pdf
https://www.ionology.com/step-by-step-guide-to-digital-transformation
https://www.ionology.com/step-by-step-guide-to-digital-transformation
https:// www.acatech.de/wp-content/uploads /2018/03/acatech_STUDIE_rus_Maturity_Index_WEB.pdf
https:// www.acatech.de/wp-content/uploads /2018/03/acatech_STUDIE_rus_Maturity_Index_WEB.pdf
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Source Method name, key 
assessment method Indices in the methodology Positive aspects Negative 

aspects

Komanda-А Com-
pany (KMDA). 
The assessment 
of strategic trans-
formations in the 
process of digital 
transformation*

The assessment 
of strategic 
transformations in 
the process of digital 
transformation

Customer centricity, collaboration, 
data, innovation, value, people

Link to strategy. Customer-
oriented approach

Offered by the 
developer for 
assessment. Lack 
of any document 
where one could 
go through the 
methodology in 
detail

DMA Pulse. 
A digital solution 
for assessing the 
potential and dy-
namics of changes 
in your company 
during digital 
transformation**

Digital maturity 
assessments

Digital infrastructure, HR and 
human capital development, 
product creation and value 
management, digitalization of 
business processes, data use, 
customer experience management

More than 40 blocks of 
questions of different levels of 
depth, allowing to identify the 
areas of underdevelopment and 
development potential

Lack of any 
document where 
one could go 
through the 
methodology in 
detail

Table 1 continued

* Team-A Company (KMDA). Assessment of strategic transformations in the process of digital transformation. URL: https://
komanda-a.pro/transformation (Accessed: 02.09.2020)

** DMA Pulse. A digital solution for assessing the potential and dynamics of changes in your company in the process of digital 
transformation. URL: https://komanda-a.pro/audit (Accessed: 09.08.2021)

Stage I

Stage II

Stage III

• the identification of indices characterizing the level of digitalization and digital transformation 
of the company; 

• the search of the required information in relation to these indices; 
• the determination of the period under study.

• the determination of multipliers;
• the distribution of a questionnaire for an expert survey, the collection and processing of data;
• assigning weight to multipliers based on the results of the expert survey.

• the calculation of the digital transformation indice according to the specified formulas;
• obtaining the results; 
• the formation of conclusions based on the results obtained;
• the identification of method limitations.

Fig. 3. The stages of implementation and approbation of the author methodology toolkit under the conditions  
of the oil and gas industry of the Russian Federation 

The stages of implementation of the author 
methodological toolkit for assessing the level of digi-
tal transformation of enterprises (companies) and the 
industry as a whole are shown in Fig. 3.

Stage I. The approbation of the author methodo-
logical toolkit was performed in the context of the oil 
and gas industry. Annual reports of the selected en-
terprises (PJSC “Gazprom”, PJSC “NK “Rosneft”, PJSC 
“Tatneft” and PJSC “Lukoil”) constituted the informa-
tion base of the research. 

The key indices characterizing the level of digitali-
zation and digital transformation were as follows: prof-
it, intangible assets, R&D costs, company market value. 
To calculate the market value of the company, financial 
Internet resources49 were used as the sources of infor-
mation concerning the stock quotes and their number.

49 Finanz.ru. Share quotes. URL: https://www.finanz.ru/
aktsii (Accessed: 12.06.2022)

InvestFunds. Independent data source for private 
investment in Russia. Share quotes. URL: https://investfunds.
ru/stocks/ (Accessed: 12.06.2022)

https://mst.misis.ru/
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Excluding economically unrepresentative time 
periods, three periods were selected for the research: 

– 2008. The Year of the global economic crisis;
– 2010–2011. The period of recovery, economic 

rehabilitation;
– 2016–2020. The period of design, develop-

ment, formation and implementation of digital 
technologies and platform solutions in the Rus-
sian Federation. The period under consideration 
has been increased from 2 to 4 years due to the ex-
tremely rapid development of the line under inves-
tigation.

All indices are presented in a comparable form. 
Some of the indices were missing in the 2008 reports, 
while another part was reported in dollars, not in ru-
bles. Dollars were converted into rubles at the aver-
age rate for each year50. НBelow are the tables for each 
company with the selected indices. Dashes indicate 
no publicly available data.

Stage II. The application of the cost approach al-
lowed to distinguish the following multipliers charac-
terizing the level of digitalization and digital trans-
formation: 

50 Ministry of Finance. Currency Converter. URL: https://
minfin.com.ua/currency/converter/ (Accessed: 12.06.2022)

1. The multiplier of the ratio of intangible assets 
and the market value of the company 

= ,
HA

A
P  

(1)

where HA stands for intangible assets of the company; 
P stands for the market value of a company, obtained 
by multiplying the value of a share by the number of 
shares. 

2. The multiplier of the ratio of R&D activities 
and the market value of the company

,
RDC

B
P

=
 

(2)

where RDC stands for the company’s R&D expenses.
3. The multiplier of the ratio of the net profit of 

the company and the market value of the company 

= ,
Pt

C
P  

(3)

where Pt stands for net profit of the company.
Thus,

= + +1 2 3 100 ,) %(  DL x A x B x C  (4)
where DL stands for the indicator of the level of dig-
italization and digital transformation; х1 stands for 
the weight of multiplier A; х2 stands for the weight of 
multiplier B; х3 stands for the weight of multiplier C.

Table 2
Selected indices for PJSC “Gazprom”

Indices
Year

2008 2010 2011 2016 2017 2018 2019 2020

Intangible assets, RUB 3.2 · 108 3.7 · 108 3.7 · 108 1.49 · 1010 2.009 · 1010 1.93 · 1010 1.71 · 1010 1.474 · 1010

R&D expenses, RUB 2.67 · 109 2.62 · 109 3.2 · 109 2.89 · 1010 1.61 · 1010 1.359 · 1010 1.92 · 1010 1.807 · 1010

Net profit, RUB 1.73 · 1011 7.8 · 1011 1.307 · 1012 9.516 · 1011 7.143 · 1011 1.456 · 1012 1.203 · 1012 1.35 · 1011

Share price, RUB 108.6 193.5 171.3 154.55 130.5 153.5 256.4 212.98

Number of shares outstanding, 
pcs. 2.367 · 1010 2.367 · 1010 2.367 · 1010 2.367 · 1010 2.367 · 1010 2.367 · 1010 2.367 · 1010 2.367 · 1010

Table 3
Selected indices for PJSC “NK “Rosneft”

Indices
Year

2008 2010 2011 2016 2017 2018 2019 2020

Intangible assets, RUB 1.83 · 1010 2.3 · 1010 2.2 · 1010 5.9 · 1010 7.5 · 1010 7.5 · 1010 6.9 · 1010 8 · 1010

R&D expenses, RUB 2.05 · 109 2.9 · 109 8.55 · 109 2.02 · 1010 2.99 · 1010 3.21 · 1010 3 · 1010 2.68 · 1010

Net profit, RUB 1.43 · 1011 3.47 · 1011 3.84 · 1011 1.74 · 1011 3.83 · 1011 8.28 · 1011 9.17 · 1011 3.24 · 1011

Share price, RUB 112.34 218.85 214.55 402.8 291.5 432.5 454 435.1

Number of shares outstanding, 
pcs. 1.0598 · 1010 1.0598 · 1010 1.0598 · 1010 1.0598 · 1010 1.0598 · 1010 1.0598 · 1010 1.0598 · 1010 1.0598 · 1010

https://mst.misis.ru/
https://minfin.com.ua/currency/converter/
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It is recommended that the weight of each of the 
multipliers be determined by an expert survey of spe-
cialists in a given field of activity. Within the imple-
mentation of the author methodological toolkit, the 
experts were offered a questionnaire. According to the 
results of a survey of 35 experts from the Institute of 
Economics of the Ural Branch of the RAS, the Mining 
Institute of the Ural Branch of the RAS, Tomsk Poly-
technic University, and Tyumen Industrial University, 
it was established that the weights of multipliers A 
and B are the same and equal to 0.4 c.u. accordingly, 
the weight of multiplier C is assigned at the level of 
0.2 c.u. The weight was calculated by determining the 
arithmetic mean. Hence, the formula (4) is as follows:

= × + × + ×0, 4 0, 4 0,2( )100 %.DL A B C          (5)

According to the data obtained at the stage  I 
of the implementation of the author methodo-
logical toolkit, Tables 6–9 provide for the calcu-
lations and the assessment of the final level of 
digitalization and digital transformation of the 
companies in annual terms. There are no va-
lues in some cells of the table, and that is asso-
ciated with the above mentioned factor, namely 
the closed data, the impossibility of performing 
the calculation. 

In the Russian context, a satisfactory level of 
digitalization and digital transformation is recom-
mended to consider more than 5 %; if the indicator is 
below this value, the level is considered unsatisfac-
tory, therefore, the company is not focused on digital 
development in the long run.

Table 4
Selected indices for PJSC “Lukoil”

Indices
Year

2008 2010 2011 2016 2017 2018 2019 2020

Intangible assets, RUB 2.42 · 1010 4.407 · 1010 4.34 · 1010 4.313 · 1010 4.13 · 1010 4.18 · 1010 4.31 · 1010 5 · 1010

R&D expenses, RUB 2.3 · 109 3.65 · 109 4.11 · 109 5.8 · 109 5.8 · 109 6.2 · 109 5.7 · 109 5.2 · 109

Net profit, RUB 2.674 · 1011 2.743 · 1011 3.345 · 1011 3.038 · 1011 3.994 · 1011 6.192 · 1011 6.402 · 1011 1.52 · 1010

Share price, RUB 948 1742 1702.5 3449 3345.5 4997 6169 5169.5

Number of shares outstanding, 
pcs. 6.93 · 108 6.93 · 108 6.93 · 108 6.93 · 108 6.93 · 108 6.93 · 108 6.93 · 108 6.93 · 108

Table 5
Selected indices for PJSC “Tatneft”

Indices
Year

2008 2010 2011 2016 2017 2018 2019 2020

Intangible assets, RUB 2.2 · 108 2 · 108 1.9 · 108 4.6 · 108 8.8 · 108 1.5 · 109 1.85 · 109 2.05 · 109

R&D expenses, RUB – 9 · 107 6 · 107 6.3 · 108 6 · 108 1 · 109 2.5 · 109 2.4 · 109

Net profit, RUB 3.43 · 1010 3.89 · 1010 5.488 · 1010 1.05 · 1011 1 · 1011 1.98 · 1011 1.56 · 1011 8.16 · 1010

Share price, RUB 56 148.7 160.69 427 478.8 737.9 759.7 513.7

Number of shares outstanding, 
pcs. 2.18 · 109 2.18 · 109 2.18 · 109 2.18 · 109 2.18 · 109 2.18 · 109 2.18 · 109 2.18 · 109

Stage III
Table 6

The values of the calculated multipliers and the level of digitalization and digital transformation  
for PJSC “Gazprom”

Multipliers
Year

2008 2010 2011 2016 2017 2018 2019 2020

HA / P, c.u. 0.00012 0.00009 0.00009 0.00407 0.00650 0.00531 0.00282 0.00292

RDC, c.u. 0.00104 0.00057 0.00079 0.00790 0.00521 0.00374 0.00316 0.00358

Pt / P, c.u. 0.06729 0.17019 0.32230 0.26009 0.23121 0.40067 0.19819 0.02678

DL, % 1.39 3.43 6.48 5.68 5.09 8.38 4.20 0.80

https://mst.misis.ru/
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According to Tables 6–9, a final table of the levels 
of digitalization and digital transformation was com-
piled for each selected company and the industry as 
a whole (Table 10).

Conclusions: based on the obtained screening 
of the companies and the results of the approbation 
of the author methodological toolkit for assessing 
the level of digitalization and digital transformation  
(Table 10, Fig. 4), we can conclude that, in general, the 
situation with digital transformation of the oil and 
gas industry of the Russian Federation is unsatisfac-
tory. The rates of change in the level of digitalization 
and digital transformation of the selected companies 
for the considered time periods are shown in Fig. 4. 
PJSC “Gazprom” exhibits the most stable and satis-

factory development dynamics. PJSC “Lukoil” has a 
similar trend, but only in 2008, 2010 and 2011, after 
2016 the index decreases to an unsatisfactory level. 
Besides, during the period of development and im-
plementation of digital technologies and platform 
solutions in the Russian Federation, a trend towards 
increasing digitalization and digital transformation 
can be observed at PJSC “NK “Rosneft”.

The lowest values of the level of digitalization 
and digital transformation in the considered time pe-
riods were recorded at PJSC “Tatneft”. Upon that, each 
of the selected companies declares an ever-increasing 
rates of digitalization of all processes in its reports. 
Based on the data obtained, the observed situation 
can be characterized either by a slowdown in the rate 

Table 7
The values of the calculated multipliers and the level of digitalization and digital transformation  

for PJSC “NK “Rosneft”

Multipliers
Year

2008 2010 2011 2016 2017 2018 2019 2020

HA / P, c.u. 0.01537 0.00992 0.00968 0.01382 0.02428 0.01636 0.01434 0.01735

RDC, c.u. 0.00172 0.00125 0.00376 0.00473 0.00968 0.00700 0.00623 0.00581

Pt / P, c.u. 0.12011 0.14961 0.16888 0.04076 0.12397 0.18064 0.19058 0.07026

DL, % 3.09 3.44 3.91 1.56 3.84 4.55 4.63 2.33

Table 8
The values of the calculated multipliers and the level of digitalization and digital transformation  

for PJSC “Lukoil”

Multipliers
Year

2008 2010 2011 2016 2017 2018 2019 2020

HA / P, c.u. 0.03684 0.03651 0.03679 0.01805 0.01782 0.01207 0.01008 0.01396

RDC, c.u. 0.00350 0.00302 0.00348 0.00243 0.00250 0.00179 0.00133 0.00145

Pt / P, c.u. 0.40704 0.22725 0.28360 0.12713 0.17231 0.17884 0.14978 0.00424

DL, % 9.75 6.13 7.28 5.00 3.36 4.26 4.13 3.45

Table 9
The values of the calculated multipliers and the level of digitalization and digital transformation  

for PJSC “Tatneft”

Multipliers
Year

2008 2010 2011 2016 2017 2018 2019 2020

HA / P, c.u. 0.00180 0.00062 0.00054 0.00049 0.00084 0.00093 0.00112 0.00183

RDC, c.u. – 0.00028 0.00017 0.00068 0.00058 0.00062 0.00151 0.00214

Pt / P, c.u.. 0.28113 0.12016 0.15676 0.11265 0.09586 0.12285 0.09425 0.07291

DL, % – 2.44 3.16 2.30 1.97 2.52 1.99 1.62
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of implementation of digitalization and digital trans-
formation processes due to the already achieved high 
level, or by the deterioration of the situation and the 
presence of not entirely reliable information in the re-
ports of the companies. The year 2020 is characterized 
by a slowdown in growth in all companies due to the 
COVID-19 pandemic. Although it was noted in work 
[8] that companies with a high level of implementa-
tion of digital processes suffered the least from this 
pandemic.  

Based on Fig. 4, we can present the following 
ranking of industry companies for the implemen-
tation of digital processes in their activities: PJSC 
“Gazprom” and PJSC “Lukoil” are among the leaders 
in terms of digitalization and digital transformation, 
PJSC “NK “Rosneft” is in second place and PJSC “Tat-
neft” closes the rating.

Conclusions
The developed author methodological toolkit for 

assessing the level of digitalization and digital trans-
formation allows to perform an express analysis of 
both the enterprise (company) and the industry as 
a whole with regard to introducing digital processes 
and identifying their role in the strategic develop-
ment. However, like any other toolkit, the methods 
have a number of minor limitations. Firstly, the meth-
odological toolkit provides for the application of ma-
jor key indices of digital transformation (intangible 
assets, R&D costs and net profit), but the narrower 
ones, for example, such as the number of patents in 
the field of digitalization, the introduction and use 
of digital twins of fields, etc. are not taken into ac-
count. The reasoning behind this is that the purpose 
was not to assess the digital platform, nor to consider 
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Fig. 4. The dynamics of changes in the level of digitalization and digital transformation of each company, %

Table 10
A final table of the digitalization levels and digital transformation was compiled for each selected company 

and the industry as a whole, %

Company name
Year The average DT 

for the analyzed 
periods2008 2010 2011 2016 2017 2018 2019 2020

PJSC “Gazprom” 3.01 6.77 11.56 4.87 5.09 6.64 5.30 0.87 5.51

PJSC “NK “Rosneft” 3.09 3.44 3.91 1.56 3.84 4.55 4.63 2.33 3.41

PJSC “Tatneft” – 2.44 3.16 2.30 1.97 2.52 1.99 1.62 2.28

PJSC “Lukoil” 9.75 6.13 7.28 3.36 4.26 4.13 3.45 0.70 4.88

Industry level 3.9625 4.695 6.4775 3.0225 3.79 4.46 3.8425 1.38 4.02
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