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at deep levels of iron ore mines

® Abstract. The increasing occurrence of adverse rock pressure effects with mining depth in the mines of the
Kryvyi Rih basin often prevents the use of room-and-pillar systems with their effective ore extraction parameters.
The objective of this study was to develop an innovative, safe, and efficient technology for mining ore deposits
at the existing deep levels of iron ore mines. The study employed a system of methods to investigate the state of
the rock massif, the structural parameters of the mining system, and to create a technological flowsheet for ore
extraction at deep mine levels. The research established relationships showing the change in the dimensions of
rooms and pillars with depth and their lifespan. It also determined the influence of rock strength on the permissible
exposure parameters, as well as the optimal conditions for using high-performance self-propelled equipment to
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improve the efficiency of ore exraction. The study investigated the relationship between the productivity of a range
of self-propelled equipment used in contemporary mining and the ore haulage distance within the stope block.
An innovative design-and-technology scheme was proposed for stoping with sublevel stope block development.
The developed technology focuses on the use of temporary I-shaped pillars, active rock pressure management,
and the substantiated lifespans of the components of the sublevel room-and-pillar mining system. The practical
significance of this work is the extension of the room-and-pillar mining system’s application range to depths of
1,400 m and more. This is achieved by improving the quality of the extracted ore through a 10-12% increase in the
room reserve while simultaneously reducing the room exposure stand-up time by one month within a mining unit

® Keywords: underground mining; rock pressure; stability and lifespan of exposures; temporary crowns; haulage

by self-propelled machinery; innovative technology

8 Introduction

Mineral deposits in the iron ore mines of the Kryvyi Rih
basin (Kryvbas) are being mined at depths of 1,400 m
and more. Active adverse rock pressure effects with the
increasing depth of mining operations preclude the
application of room-and-pillar systems with effective
parameters of ore extraction. Consequently, there is a
trend to abandon room-and-pillar mining and transi-
tion to sub-level caving systems, which leads to a deg-
radation of extraction indicators and, overall, a reduc-
tion in the effectiveness of ore stoping.

A.Mazhitov & P.Volkov (2020) concluded that most
companies have now depleted their prospective re-
serves and are inevitably turning to the sub-econom-
ic ones. Consequently, exploration is a relevant and
high-priority direction for many mining enterprises.
The authors demonstrated optimal methods for min-
ing deposits that consist of multi-grade ore bodies, the
majority of which are structurally complex and contain
off-balance ores. The solutions presented enable an in-
crease in the service life of the enterprise by expanding
its reserves of previously sub-standard ores. The find-
ings of the study confirmed that reserves are depleted
with increasing mining depth, which necessitates the
search for additional reserves and new technologies for
developing deposits. However, the study did not specify
any effective mining technologies for the high-quali-
ty extraction of ore reserves from mining units using
room-and-pillar systems.

In V. Bondarenko et al. (2023), the influence of ge-
omechanical processes in the undermined rock massif
was studied. The authors examined the patterns of in-
fluence of geomechanical factors by using the finite el-
ement method to model the displacement parameters
of mineable layers to justify the layout of degassing
boreholes during high-speed stoping. Three computa-
tional models were developed and justified based on
the shape and dimensions of the computational zone,
the rock massif texture and the mechanical properties
of its lithotype, the loading conditions on the model

boundaries, the characteristics of the stress-strain re-
lationship in the model elements, and the criteria for
determining the boundary state. The study also estab-
lished how the depth of the face location and the rock
massif texture influence the rock displacement param-
eters. However, insufficient attention was paid to re-
searching the temporal prediction of stability within a
disturbed rock massif.

A.Smolinski et al. (2022) investigated the influence
of leaving waste rock in the mined-out space on the
geomechanical state of the surrounding rock massif.
The study determined the significance and patterns of
reduction in stress intensity concentrations in the main
roof of the frontal bearing pressure zone and the re-
laxation zone with an increasing rock layer thickness
to ore body thickness ratio. However, the authors did
not address the issue of developing a flowsheet that
considers the parameters of stoping processes and the
dimensions and types of the technical equipment. A
study by M. Stupnik et al. (2022) determined the quality
of ore extraction from mining units within the mining
system. The article emphasised that dilution and high
losses of broken ore at great depths are a significant
problem that affects the extraction of marketable prod-
ucts when mining iron ore deposits by underground
methods. The article also analysed and summarised the
causes of these high losses and dilution during extrac-
tion. A rational technology for ore mining and transpor-
tation was also developed and scientifically validated.
This technology improves the grade of the mined ore
by enabling a more complete extraction of the broken
clean iron ore reserves. Nevertheless, the authors paid
insufficient attention to the influence of the stability
of underground structures on ore extraction indicators.

When mining some thick ore deposits using room-
and-pillar systems, rock pressure is managed by back-
filling the mined-out space. A prime example of us-
ing solidifying backfill in stopes up to 100 m high is
the “Bilozerske” iron ore deposit, the “Ekspluatatsiina”
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underground mine. O. Lysenko et al. (2020) provided
an analysis and interpretation of the geological infor-
mation, actual mining data, and the characteristics of
the main natural conditions of the deposit occurrence.
These factors influence not only the feasibility and ef-
fectiveness of using solidifying backfill in mined-out
rooms but also the profitability of mining rich iron ore
deposits. However, the authors did not analyse other
methods of managing rock pressure, such as through
shrinkage stoping.

Backfilling the mined-out space can eliminate ac-
tive deformation processes in the surrounding rock
environment, stabilising rock pressure and avoiding its
adverse effects with increasing mining depth. However,
backfilling requires additional expenses (up to 25% or
more of the cost of the ore mass and significant capi-
tal expenditures for creating a backfilling complex at
the mine) and other additional non-production work.
Therefore, managing rock pressure with backfilling is
only effective when mining deposits under complex
mining and geological conditions or when developing
valuable deposits. Further effective mining of mineral
deposits at deep mine levels requires a more detailed
analysis of existing technologies and new research to
improve the stability of exposures in rooms and pillars.
This also involves reducing the lifespan of underground
structures. This can be achieved by actively ensuring
the stability of rock exposures, which makes it possible
to increase dimensions of stopes. This, in turn, improves
mineral extraction indicators as mining depths in-
crease. Therefore, scientific search for and development
of more effective room-and-pillar systems for mining
deep reserves of rich iron ores remains highly relevant.

The research aimed to develop an innovative mod-
ern technology for mining ore deposits at deep levels
of iron ore mines. This technology focuses on creat-
ing a sublevel room-and-pillar system with temporary
crowns of new shapes and actively managing rock pres-
sure in the surrounding rock massif. To achieve this, the
structural elements of the system were justified, based
on newly established relationships between the dimen-
sions of rooms and pillars, their lifespan,and the imple-
mentation of modern equipment.

® Literature Review
The issue of improving mining methodologies for min-
eral deposits was addressed in numerous publications.
In particular, O. Bazaluk et al. (2022) proposed a new
methodological approach for the comprehensive as-
sessment of mining enterprises, based on the effec-
tiveness of their flowsheets and their receptiveness to
innovation. The study addressed the determination of
the boundary parameters of these technologies and the

application of criteria to assess the efficiency of min-
eral extraction. It was indicated that the concentration
and effectiveness of ore extraction can be improved
by implementing innovative technologies, optimising
parameters of mining methodologies, and considering
a system of mineral extraction indicators. The work is
highly relevant, particularly with the deepening of min-
ing operations. However, the authors focused on mine-
wide issues rather than on the specifics of technolog-
ical reserve extraction within the mine’s stope blocks.

The preparation of a stope block for extraction by
creating appropriate workings is a key component of
room-and-pillar mining systems. D. Chepiga & O. Tk-
achuk (2022) investigated the stability of preparatory
workings at great depths. The research found that the
cross-sectional area of preparatory workings is reduced
by 50% or more in the zone of influence of stoping oper-
ations, even when mining drifts are protected. Addition-
ally, the deformation of protective structures reaches a
maximum value of A =0.8 after they lose their stabil-
ity. This results in the deformation of supports in the
working and lateral rock failure. Such a production en-
vironment can lead to accidents. A functional relation-
ship, expressed as a numerical series, was established
to account for the changes in the relative deformation
of protective structures during production processes in
the stope block. Nevertheless, the study did not fully
investigate the stability of rooms and rock exposures.

W. Elrawy et al. (2020) addressed similar issues, em-
phasising that the protection of various workings and
stopes is a crucial element for rock stability and mine
safety. Therefore, rock support became a dominant
component in underground ore mines. The study inves-
tigated the influence of support types on the stability
of existing underground workings in iron ore mines in
terms of deformation, dimensions of workings, and rock
massif strength. The research results demonstrated
that the stability of workings significantly deteriorates
with the deepening of mining operations. However, lit-
tle attention was paid to the study of the stability of
pillars and rooms.

The study by M. Kononenko et al. (2023) focused on
a key process in ore stoping: determining and improv-
ing parameters of rock massif destruction by blasting
in room-and-pillar mining systems. Analytical model-
ling was conducted to determine the parameters of the
fragmentation and fracture zones that form in the rock
massif around the charge cavity during ore breaking.
Based on the changes in the stress-strain state of the
rock massif caused by blasting, numerical modelling of
the fragmentation and fracture zones was performed
using the finite element method. The established radii
of the intense fragmentation and fracture zones that
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form during blasting the rock massif vary as a power
function of the explosive charge diameter, the pressure
of the blast products in the charge cavity, and the rocks
strength. Thus, the process of blasting room reserves
was improved. However, the study did not focus on the
specific drilling and blasting sequence required to en-
sure the parabolic shape of the room and the quality of
ore fragmentation for intensified drawing and haulage.
B. Lysko & T. Hutsul (2024) assessed the effectiveness
of ground-based methods for observing neotectonic
processes at geodynamic testing areas. The study found
that geodetic methods provide the highest accuracy for
detecting surface deformations, whereas geophysical
methods are better suited for investigating deep struc-
tures but are less effective for monitoring slow chang-
es. Furthermore, the authors provided only a limited
discussion of the cost-effectiveness of an integrated
approach and the feasibility of its implementation un-
der technical or natural constraints.

Many researchers addressed the important and
complex problem of underground mining: the study
of geomechanical processes in the rock environment
and the search for solutions to manage rock pressure.
A. Matayev et al. (2024) conducted a comprehensive
study of the mechanical properties of ores and rocks
within a mineral deposit. They evaluated the natural
stress field of the rock massif to address geomechan-
ical challenges during the optimisation of mining op-
erations. The study found that the hard rock massif is
characterised by heterogeneous fracturing of a tectonic
origin, with the number of fractures ranging from 10-15
to 15-25 per metre for different lithologies. The study
identified that water saturation influences a reduction
in the strength and deformability of rocks, with signif-
icant variability depending on the rock type. The re-
search notably found a significant reduction in uniaxial
compressive and tensile strength, as well as a decrease
in Young’s modulus. The measurements yielded a line-
ar relationship between stress and depth. However, the
study did not provide data on how mining rooms influ-
ence stress redistribution or the stability of rock expo-
sures.Additionally, the research contains insufficient in-
formation to predict the application of room-and-pillar
mining systems at deep levels.

A. Salkynov et al. (2023) conducted a study on
deformation processes in the rock massif surrounding
the stope face while mining inclined ore deposits. The
authors proposed a new solution to a key scientific
problem: predicting the natural and man-made geome-
chanical state of the rock massif. The study obtained
patterns for the changes in the stress-strain state
around the stope face. The results enable the develop-
ment of technical solutions for modernising open stope

mining systems in deposits with inclined ore bodies.
However, the study did not consider the temporal de-
velopment of deformation processes in the structural
elements of the mining system. Furthermore, it did not
investigate the influence of the ore body’s dip angle
and the strength coefficient of the hanging wall on the
stability of exposures in rooms, depending on the stress
state of the ore body.

[. Kushnerov et al. (2025) developed a technology
for mining parallel contiguous ore bodies that involves
managing geomechanical processes in the interlayer
rock thickness using stable vault formations. The vault
parameters were determined based on the stope face
width, the interlayer rock thickness, and the ore body
thickness. However, mining these ore bodies can cause
significant changes in the stress-strain state of the sur-
rounding rock massif due to over- or under-mining of
the mineral reserves, which leads to hazardous condi-
tions and a decrease in ore extraction indicators. Ad-
ditionally, the successful implementation of this tech-
nology requires favourable geological conditions and
the stability of the interlayer rock mass. Furthermore,
a limited number of publications focused on the inter-
relationship between the timing of stoping processes
and the regulation of dimensions of a mining system’s
structural elements.

® Materials and Methods

The present study employed a comprehensive research
methodology. An analysis of the geometric dimensions
of rooms and pillars of the room-and-pillar mining
system was conducted based on the operations of the
“Kozatska” mine (PrJSC Kryvbaszalizrudkom) during the
mining of the “Pivnichnyi” ore body (2000-2013). The
study also summarised research findings on deforma-
tion processes, determined the ore mining conditions
and the safety of operations at deep iron ore mine lev-
els, and investigated the geomechanical properties of
the rock and ore massif. Additionally, the relationship
between the productivity of load-haul-dump machines
(LHDs) (models XUL-307, ST-3,5, and TORO-400D) and
the ore haulage distance was investigated.

Using a method of calculated functional character-
istics that accounts for mining and geological factors,
the study obtained parameters for the structural mod-
elling of a sublevel room-and-pillar mining system for
ore bodies at deep mine levels using self-propelled
equipment. The calculations determined the following
key parameters of the system’s structural elements:
room length along the strike £, and along the dip b,
crown thickness h,, and the width of the inter-room
pillar p. The lifespan of the underground structures
was based on the productivity of the equipment used
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in the main technological processes within the stope
block and an assessment of the room stability, taking
into account the geomechanical state based on equiv-
alent stresses. The influence of equipment productiv-
ity on the stope mining period T, was determined by
the formula:

T.=0.,-(P,-n_-n.-n,)? months, (1)

and the relationship between a stable, permissible pa-
rameter of the stope (e.g., its length along the strike)
and the technological components of extraction, while
other factors are held constant, can be expressed by the
following formula:

., =T,P,-n-n-n,-(m-b-g)t,m, (2)
where Q_,, - ore reserve of one room, t; P, - productivity
of an LHD, t/shift; n, - number of LHDs per room, units;
n, = number of LHD shifts per day, units; n, - number of
haulage days per month; £, - room length along the
strike, m; m - ore body thickness, m; b - room length
along the dip, m; g - ore volume weight, t/m>.

The geomechanical state of the surrounding ore

massif was also evaluated using the methodology of
0. Shashenko et al. (2021):

where o,, - equivalent uniaxial stress, MPa; R, - uniaxi-
al compressive strength of the rock, MPa; k,, - structural
weakening coefficient.

0., =A+B,MPa, (4)
where A= —(fr—1)2~'(;1+03)’ MPa; (5)
B = \/(1_fr)2'(01+0;%;2+4'fr'(01_03)2, MPa, (6)

where f, - brittleness coefficient; 0., 0,, 0; — components
of the principal stress tensor, MPa.

RS
fr = o)
where R, - uniaxial tensile strength of the rock, MPa.
Based on the completed research, the structural
modelling was performed to develop an optimal sub-
level room-and-pillar mining system for iron ore de-
posits at deep mine levels.

® Results
To assess the performance of the room-and-pillar min-
ing system at the “Kozatska” mine (PrJSC Kryvbaszaliz-
rudkom), the authors analysed the changes in structural
element dimensions, reserves, and ore extraction indi-
cators with increasing depth during the mining of the

0., 2R, -k, (3)  “Pivnichnyi” ore body between 2000 and 2013 (Table 1).
Table 1. Analysis of the components of the room-and-pillar mining system
Mining system dimensions, m Ore reserves, t o
Room ES w o !
Level (mining S :g S @ £ . - X g S
7] = = c 5 (%] - wn e}
“m | pE) 88| B ;R B3| 8| 2 B §| & 2
=% 8% £ | EZ £ e
870-790 m 34 23 40 10 11 115,736 | 65,867 | 181,603 | 63.73 74 8.2
1,110-1,030 m 28 24 40 11 12 99,456 | 68,908 | 168,364 | 59.07 8.3 8.7
1,190-1,110 m 21 23 40 12 15 71,484 | 69,654 | 139,138 | 51.37 9.2 10.2
1,270-1,190 m 15 25 40 13 17 55,500 | 71,687 | 127,187 | 43.63 12.4 13.8

Source: developed by the authors

The data in Table 1 indicates a decrease in room re-
serves and a corresponding increase in pillar reserves.
Specifically, the percentage of ore reserves in the rooms
decreased by 47.9% as the depth of mining operations
deepened by almost 500 m. This occurred because larg-
er pillars were employed throughout the depth inter-
val under study, which resulted in an 8.83% increase
in the reserves contained within them. Furthermore,
and importantly, the ore extraction indicators, namely
losses and dilution, increased by 40.3% and 40.5%, re-
spectively. This confirms that, according to the research

conducted and guidelines, the dimensions of rooms de-
crease with increasing mining depth, while the param-
eters of pillars, conversely, increase. This trend resulted
in the inefficient extraction of the iron ore deposits.
Therefore, the study investigated the dependence of
the stability of the room exposures and pillars on their
lifespan. The lifespan is known to be regulated by the
stope mining intensity. It depends on the applied equip-
ment, the organisation of labour in the stope mining
processes, and other factors. The established relation-
ships between a stope’s length along the strike and its
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lifespan and the mining depth, while other influencing
factors remain constant (with an average ore strength
of f=8), are shown in Figure 1.
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Figure 1. The relationship between stope length along
the strike €., and block mining time t
Notes: 1, 2, 3, 4 - mining depths of 900, 1,100, 1,200, 1,400 m,
respectively
Source: based on the authors’ own calculations

Similarly, graphs showing the relationship between
stope length along the dip and its mining time at vari-
ous depths were constructed (Fig. 2).

bllk

1, y month

Figure 2. The relationship between stope length along
the dip b and block mining time t
Notes: 1, 2, 3, 4 - mining depths of 1,000, 1,100, 1,200, 1,300 m,
respectively
Source: based on the authors’ own calculations

An analysis of the graphs in Figures 1 and 2 shows
that as stope mining time increases, the stope dimen-
sions decrease linearly. For the same depth, each addi-
tional month of stable stope standup requires a dimen-
sion reduction of 1-1.5 m along the strike and 1-2 m
along the dip. Thus, for example, in a 20 m thick ore
body with a 25 m x 37 m stope, 10-12% of the clean ore
reserve is lost in just one month of operation. In con-
trast to the stopes, a predictable, inverse relationship
exists for the inter-level crown and inter-room pillars in
the stope block. Figure 3 presents the relationship be-
tween the inter-level crown thickness and its lifespan
at various mine levels.
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»
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Figure 3. The relationship between inter-level crown
thickness h, and block mining time t
Notes: 1, 2, 3, 4 - mining depths of 1,300, 1,200, 1,100, 1,000 m,
respectively
Source: based on the authors’ own calculations

The relationship between the inter-room pillar
width, its standup time, and the mining depth of the
iron ore deposit was also investigated (Fig. 4).
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Figure 4. The relationship between inter-room pillar width
p and block mining time t

Notes: 1, 2, 3, 4 - mining depths of 1,300, 1,200, 1,100, 1,000 m,

respectively

Source: based on the authors’ own calculations

The research presented in Figures 3 and 4 estab-
lished that for a standup time of one month, the dimen-
sions of the structural elements of the mining system
must be increased by 2 m or more, leading to a 14-15%
increase in the pillar reserve. However, the ore reserve
mined from these pillars yields poorer ore extraction
indicators, with losses reaching up to 30-40% and di-
lution reaching up to 30%. It was also determined that
as mining depth increases, room reserves decrease
while ore reserves in pillars increase. Their absolute
dimensions also depend on other mining and geolog-
ical factors of the mining conditions. The stability of
the mining system’s structural elements is heavily de-
pendent on the strength coefficient of the ore and rock.
This coefficient is a key parameter that significantly
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influences pillar dimensions and, most notably, the ex-
posure dimensions. The relationship between the room
length along the strike and the rock strength coeffi-
cient is presented in Figure 5.

o
36
32
28
24

20

16
4

Figure 5. The relationship between the room length along
the strike €., and the hanging wall rock strength f
Notes: 1, 2, 3, 4 - mining depths of 1,000, 1,100, 1,200, 1,300 m,

respectively
Source: the authors’ own development

The graphs show that increasing the rock massif
strength by one point allows for a 2-2.5 m increase in
room dimensions, which in turn improves mineral ex-
traction indicators. Block mining processes are a cru-
cial component of the overall mining system, and the
structural elements must be designed accordingly. This
is particularly relevant for the design of the receiving
level bottom, which is optimised for self-propelled
equipment of various sizes to minimise the standup
time of underground structures. The haulage distance
for the broken ore is a key parameter of the receiving
level. Figure 6 presents the investigated relationship
between the productivity of self-propelled equipment
and the broken ore haulage distance.

A

B,
t/sh

12

> 3
8 %
& 1
0

50 100 150 200 250 300 Lim
Figure 5. The productivity of self-propelled machines P,
as a function of haulage distance ¥,
Notes: 1,2, 3 -XUL307, ST-3,5; TORO-400D, respectively

Source: based on the authors’ own calculations

Importantly, the productivity analysis accounted
for the haulage distance to the orepass raise, a factor

integral to the mining system’s design. Thus, the re-
search considered the interrelationship between the
stope block’s bottom design, the resulting equipment
productivity, and the stable lifespan of the room, which
in turn determines parameters of the stope block itself.
Therefore, the design of specific LHDs directly gov-
erns the mining period of the room reserves and the
dimensions of the mining unit. Figure 6 presents the
relationship between the productivity of three differ-
ent types of LHDs and the ore haulage distance from
the loading to the unloading point. It was found that
for the same haulage distances, the TORO-400D is the
most productive machine. For example, at a distance
of 200 m, its productivity is 1,200 t/shift, whereas the
XUL307 and ST-3,5 have a productivity of 700 and
900 t/shift, respectively.

The research also found that due to their size,
high-productivity haulage machines require a larger
cross-section for underground workings. As shown in
Figure 6, the maximum productivity of self-propelled
equipment is achieved with an ore haulage distance
of 50-100 m. However, the structural features of the
haulage level, particularly under conditions of high
rock pressure, do not always allow for such parameters.
Therefore, based on this research and modern industry
experience, it is recommended that for room-and-pillar
mining of thick ore bodies at significant depths (1,300-
1,400 m), the XUL307 and ST-3,5 machines should be
used for ore haulage at distances of 100-200 m. Thus,
based on the research conducted, it was established
that the optimal application of self-propelled equip-
ment requires an integrated consideration of antici-
pated rock stability, costs for haulage workings of the
necessary cross section, and the productivity, geometric
parameters,and defined lifespan of the stope block. The
selection of a particular LHD is the dominant factor in
this optimisation.

Based on the authors’ research (Figs. 1-6) and the
application of a methodology for assessing the safe
condition of room-and-pillar mining system elements
(using formulas 1-7), an innovative technology for
mining iron ore bodies at deep levels was developed.
The core of this technology is a proposed sequence
for extracting stope block reserves and a new struc-
tural design of the mining system. It determines the
room and pillar parameters by correlating the intensi-
ty of the room reserve extraction and the subsequent
pillar reserve extraction. The structural dimensions
determined by the authors ensure the stability of ex-
posures of rooms and temporary sublevel pillars. The
authors named the technology “Temporary I-shaped
Pillars (Crowns)”. The flowsheet for this technology is
presented in Figure 7.
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Figure 7. Sublevel room-and-pillar system for mining steep iron ore deposits
Notes: -] - across-strike projection with ore mass shrunk in the upper sublevel room, drilled ore reserves in the lower sublevels, and
I-shaped pillars (crowns); II-1l - along-strike projection with sublevels, stopes, and inter-room pillars; -l - horizontal projection

Source: developed by the authors

A steep iron ore deposit is developed using verti-
cal shafts and inclined runaways as mining progresses.
This study considers ore extraction at deep mine levels,
where each level is subsequently divided into sublevels.
Projection I-1 is an across-strike cross-section of the ore
body with a thickness m, and illustrates the elements of
a sublevel room-and-pillar mining system. Within this

projection, ABCD represents the level reserves, ABB'A’,
EFF'E’, and GHH'G' are the sublevel stopes, A'B'FE and
E'F'HG are the sublevel crowns, and G'H'CD is the in-
ter-level crown. The upper room contains the shrunken
ore, the middle room is drilled with longholes, and the
lower room shows the designed longhole pattern. Pro-
jection II-1l, a section along the strike, illustrates the
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sublevels, stopes with length £, and inter-room pillars
UVWZ with dimension p. Also shown are the boreholes
for caving the inter-level crown, the vertical compensa-
tion slot OPRS on the middle sublevel,and the contours
of drawpoints, drawbells, and other workings. Finally,
horizontal projection Ill-1ll shows the mineable and
preparatory workings.

According to the flowsheet, the sublevel room re-
serves are mined sequentially down-dip, with the ore
mass shrunk in these rooms. The inter-room pillars left
along the strike, the I-shaped crowns in the cross-strike
projection,and the shrunken ore are all used to support
the surrounding rock. To reduce the standup time of the
exposures and extract high-quality ore, an intensive si-
multaneous ore drawing is performed from the sublevel
rooms. The reserves of the two lower sublevel crowns
are then broken and drawn. Finally, with a time delay,
the remaining reserves of the inter-room pillars and
the inter-level crown are broken, followed by a mass
drawing of the broken ore. The mining operations in the
mining unit are performed as follows. The stope block
is divided along the strike into stopes, inter-room pil-
lars, and an inter-level crown, with their geometric di-
mensions determined based on the research (Figs. 1-6).
The structural elements of the proposed sublevel
room-and-pillar system are governed by the stability of
the ore body and surrounding rock. It was found that a
shorter production cycle within the stope block allows
for an increase in stope dimensions and a reduction in
pillar dimensions, which in turn improves ore extrac-
tion indicators and overall mining efficiency. Therefore,
the mining system is designed to use high-performance
self-propelled equipment (Fig. 6).

In addition, temporary support crowns with a
[-shaped cross-section and an increased area are
formed in the hanging wall between the sublevels.
Their purpose is to reliably support the exposures of
the hanging wall and the caved overlying rock (Fig. 7,
Projection I-I). Importantly, the dimensions and shape of
these temporary crowns are governed by the lifespan of
the stope in the sublevel while the inter-level crown’s
dimensions are governed by the mining block’s lifespan.
The stope block reserves are prepared using haulage
drifts 1 and 2 (in the footwall and hanging wall, respec-
tively), access crosscuts 3,and inclined runaways 4. The
block also contains manway raises 5 and orepasses 6
(Fig. 7). Furthermore, sublevel haulage crosscuts 7, drill
drifts 8, and sublevel haulage drifts 9 are driven. These
workings are connected to the inclined runaways 4 to
facilitate the movement of equipment and materials.

The blasting of the ore massif within the stope be-
gins with the formation of a cut slot and the vertical
compensation space OPRS at the centre of the stope.

To achieve this, an inclined cut raise 11 is created from
the drawpoint 10 along the upper contour of the crown
(Fig. 7, Projection I-1). Within the stope (e.g., EFF'E’), the
ore massif is then blasted using charges in inclined
longholes, first to the width of the cut raise and then to
the diameter of the drawbell, thereby creating the verti-
cal compensation space OPRS. After this, from the work-
ing 8, the stope massif is drilled with vertical longhole
rings 12, which are then charged with explosives. Part
of the longholes in the stope’s roof are under-charged
in the contact zone of the crown with the hanging wall
(Fig. 7, Projection I-1). A stable, I-shaped crown and a
more stable vault-like shape for the stope are created
in accordance with the blueprint for drilling, charging,
and caving the massif with rings of longholes. Subse-
quently, vertical layers of the ore massif cave into the
created compensation space (Fig. 7, Projection lI-I1). The
drawbells 13 from the drawpoints 10 are opened as the
ore mass is blasted, partially using the final sections of
the blastholes 12. After blasting, a volume of ore equiv-
alent to the loosening factor is drawn, while the main
portion is shrunk to support the exposures in the stopes
and reduce the standup time of the open stope space.
Once the stope reserves are caved, the ore drawing and
haulage process is conducted using high-performance
self-propelled equipment via workings 13, 10, 7, 9, and
6 (Fig. 7). During this process, the surfaces of the stopes
and pillars are exposed. Their standup time is governed
by the equipment’s productivity and can be determined
using formula (1).

Using the ratio of rock strength to the stresses
within the rock massif, the safety factor of the mining
system’s structural elements can also be determined.
This includes their standup time and the critical expo-
sure of the rock, all calculated using formulas (3-7). The
stoping parameters are also linked to the type of LHDs
used and their productivity, which in turn depends on
the haulage distance. As shown in Figure 7 (Projection
[11-111), this relationship is considered when determin-
ing the stable, long-term parameters of the mining
unit. The mining equipment choice must account for
the mining depth, rheological processes, and the active
stresses within the massif.

Based on the geomechanical processes in the rock
massif surrounding the ore body and the stability of
the mining system’s structural elements, various op-
tions exist for extracting the balance reserves. Each se-
quence or variant for mining the sublevel reserves has
its own advantages and disadvantages, necessitating
further research on the stability of the system’s ele-
ments, ore extraction and quality, and the integration
of all production operations. This paper proposes the
following flowsheet for stope mining the reserves in
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a block. After the room reserves are mined, the sub-
level crowns A'B'FE and E‘F'HG are mined first, while
retaining the inter-level crown G'H’CD. This sequence
allows for the removal of the ore from these crowns
with minimal loss and dilution. The crown reserves are
drilled using longholes 14 from preparatory workings
located within the inter-room pillars UVWZ. Finally,
mass drawing and haulage of the caved ore are per-
formed. Thus, the primary goal of this research was
achieved: to study and justify the use of a safe and effi-
cient room-and-pillar mining system for extracting ore
at deep mine levels.

® Discussion

The adverse effects of high rock pressure at deep lev-
els of Kryvbas mines are prompting a shift from room-
and-pillar systems to sublevel caving methods, despite
the latter having worse ore extraction indicators. While
room-and-pillar mining provides higher-quality ore
extraction from stope blocks, the stability of open rec-
tangular rooms decreases with depth. This necessitates
a reduction in stope reserve size and an increase in
pillar dimensions, which in turn leads to poor extrac-
tion. This is corroborated by an analysis of the mine’s
operational data (Table 1). Overall, this reduces the
efficiency of mineral extraction and the saleability of
the final product, a particularly crucial consideration in
a market-driven economy. This is evidenced by the re-
search of S. Pysmennyi et al. (2020), which focuses on
enhancing the ore extraction rate in the mining of rich
iron ores by altering the stope shape and substantiat-
ing its parameters under conditions of rock pressure.
The authors of that study proposed a parabolic-shaped
stope with geometric parameters that directly depend
on the deposit’s characteristics, mining depth, and the
direction of the principal stresses. The formation of
stable, parabolic stopes using an |-shaped crown and
enhancing its stability with shrunken ore is also pro-
posed in the technology developed by the authors. This
approach increases the extracted reserves of clean, un-
diluted ore by up to 12%.

Research by S. Pysmennyi et al. (2020) found that
the ore extraction rate can be improved by employing
larger compensation rooms and by establishing their
stable parameters under rock pressure. Using the AN-
SYS software package, it was determined that forming
a parabolic-shaped compensation room can significant-
ly reduce stress concentration around the stope block.
The compensation room’s geometric dimensions are
dependent on the deposit’s parameters, mining depth,
and the direction of the principal stresses. However, the
ore volume from the compensation room reserve is a
relatively low proportion (18-25%, depending on the

loosening factor) compared to the ore reserves in the
other components of the stope block. This means that
the method does not, in itself, ensure the potentially
achievable high-quality ore extraction.

It is crucial for this work to determine and assess
the stability and durability of the exposures of rooms
and pillars, and to correlate these factors with the min-
ing intensity in the mining unit. The study established
novel relationships showing how the stable geometry
and standup time of the mining system’s structural
elements change with mining depth during stope op-
erations. These relationships exhibit trends and pat-
terns with increasing depth that are consistent with
the findings of the similar research by O.V. Kalinichen-
ko (2020) on steep deposits. Using the finite element
method to study the geomechanical deformation of
the rock mass surrounding underground workings,
OV. Kalinichenko (2020) found that the stability of
rock exposures decreases with the increasing mining
depth. This stability is primarily dependent on the rock
strength, the standup time of a structural element, and
its geometric dimensions. Values of the stress around
underground cavities and the geometric parameters of
the room-and-pillar system’s elements depend on the
mining depth, the physical properties of the rock, and
length of the ore body along the strike. The results of
the study corroborate the measurements presented in
the current work and the relationships showing that
the changes in the room span and pillar dimensions
follow similar patterns.

The condition of the undermined ore massif and
the room exposures was assessed using the method
of calculated functional characteristics, a mandatory
procedure for designing iron ore deposit development.
The method of analysing the stability of underground
structures was also employed. Similarly, O. Shashen-
ko et al. (2020) evaluated the state of underground
workings by studying the stress-strain properties of
rock samples and comparing them to the stress state of
the surrounding rock massif to determine the strength
limit at the exposure points, as stipulated by accept-
ed methodology. Therefore, the assessment of the rock
massif condition performed by the authors of this work
is valid and applicable to the conditions under con-
sideration, as the research findings corroborate the re-
sults of the cited work.

A. Kosenko (2021) established that optimising the
use of self-propelled equipment requires an integrated
consideration of several factors. These factors include
the equipment’s productivity, the potential stability of
the block bottom rock, the required cross-section of
the haulage workings, and the stope block’s reserves
and geometric parameters with a defined lifespan.
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The dominant factor in this process is the selection of
specific self-propelled equipment for ore drawing and
haulage, a finding that is corroborated by the research.
The researcher used physical modelling to establish
the relationships between the quality and quantity of
ore extraction, the intensity of ore drawing, and the
physical and mechanical properties of the ore. These
relationships allowed for the justification of rational
parameters for the structural elements of the ore draw-
ing and haulage flowsheet. Similarly, the authors of this
work justified the rational design of the block bottom,
the haulage technology, and the equipment used, which
ensured a reduction in the standup time of the room
exposures.

Based on the conducted research, a novel design
and flowsheet was developed for mining ore deposits
using a sublevel room-and-pillar system at deep levels
in iron ore mines. This scheme incorporates temporary
[-shaped crowns, manages rock pressure using shrinked
ore,and accounts for the lifespan of the mining system’s
components. By mitigating peak stresses and prevent-
ing active irreversible deformations in the ore body, this
system’s design, tailored for thick ore bodies, ensures
the stability of its elements at significant depths. Sim-
ilarly, A. Kosenko et al. (2023) established that the key
factor affecting the selection of stable structural ele-
ments for stope panels is the stress-strain state of the
host rocks. This state is determined by mining depth,
the thickness and dip angle of the ore body, the shape
and dimensions of the displacement zones, and the se-
quence and intensity of mining the reserves from both
compensation rooms and stopes. The research estab-
lished the maximum possible stable parameters for
room exposures during ore blasting. It also provided
relationships for the equivalent width of stope panel
deflection and the equivalent horizontal and vertical
stable exposures. The established relationships allow
for the selection of the most effective mining flow-
sheets for rich iron ore deposits based on ore extraction
indicators. This confirms the validity and soundness of
the technical and technological solutions made by the
authors during the research and development of an ef-
fective room-and-pillar system for mining rich iron ore
reserves at deep mine levels.

® Conclusions
Based on the practice of mining iron ore deposits using
room-and-pillar systems, a trend was established: the
stope reserve decreases with mining depth, while the
pillar dimensions in the mining units increase. Calcula-
tions showed that a deepening of mining operations by
500 m results in a decrease of stope ore reserves by al-
most 48%. At the same time, reserves in the inter-room

pillars increase to 8.83% due to the larger geomet-
ric dimensions stipulated in the mining projects. This
change in parameters leads to a significant increase in
ore extraction losses and dilution, by 40.3% and 40.5%,
respectively.

Using the method of calculated functional charac-
teristics, the study was conducted on how the geome-
try of exposures of stopes and pillars in_stope blocks
changes with mining depth. Based on the established
relationships, it was found that when the standup time
extends by a month, the dimensions of inter-room pil-
lars and inter-level crowns must be increased by 2 m
or more, which in turn leads to a 14-15% increase in
the ore reserves within these structures. Therefore, ex-
traction of the balance reserves from these pillars be-
comes more difficult, with losses potentially reaching
30-40% and dilution up to 30%. It was noted that the
stability of the system’s structural elements significant-
ly depends on the rock strength coefficient and their
lifespan. The study also established novel relationships
between the dimensions of exposures in stopes and
the rock strength coefficient, which demonstrate that
a 1-point increase in the rock massif strength allows
stope dimensions to be increased by 2-2.5 m, thereby
improving mineral extraction indicators.

To boost productivity in the stope block and conse-
quently reduce the standup time of the stope exposures,
the research was conducted on the use of self-propelled
LHDs. The study found that the TORO-400D is the most
productive LHD for a haulage distance of 200 m, show-
ing a productivity of 1,200 t/shift. In comparison, the
similarly designed but smaller XUL307 and ST-3,5 ma-
chines achieved 700 and 900 t/shift, respectively, un-
der the same conditions. The research also established
that more productive LHDs are structurally larger and
therefore require bigger haulage workings. Under the
given conditions, with the surrounding rock strength of
5-6 points, it is impossible to ensure a stable working
cross-section that allows for the movement and ma-
noeuvring of self-propelled equipment. The graphs
also show that the maximum productivity of these ma-
chines is achieved when hauling ore for a distance of
50-100 m. However, the structural characteristics of the
haulage level, particularly due to rock pressure, do not
always permit these optimal parameters. Thus, based
on the research performed, it is recommended to use
the XUL307 and ST-3,5 for ore haulage when mining
thick deposits using room-and-pillar systems at depths
of 1,300-1,400 m or more. Thus, based on the research
conducted, it was established that the optimal applica-
tion of self-propelled equipment requires an integrated
consideration of anticipated rock stability, costs for the
haulage workings of the necessary cross section, and
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the productivity, geometric parameters, and defined
lifespan of the stope block.

Based on their research, the authors of this work
developed a novel, safe, and efficient design and flow-
sheet for mining ore deposits using a sublevel room-
and-pillar system at deep horizons in iron ore mines.
The proposed technology extends the application
range of this method to depths of 1,400 m and more. It
ensures stable parameters for rooms and pillars by ac-
counting for their lifespan, which improves the quality
of the extracted ore by increasing the room reserve by
10-12% while reducing the standup time of the room
exposures by one month. Further research will focus on
improving the technology and mining parameters by
investigating new relationships between the system’s
elements, taking into account geomechanical processes
in the surrounding rock massif and the dimensions of
modern equipment.
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3acTocyBaHHA KaMepPHUX CUCTEM PO3pPO6KMU Noknaais
Ha rMU6OoKUX ropU3OHTaX 3aiSOPyAHUX LLAXT

® AHoTauifi. AKTUBHUI PO3BUTOK HEraTMBHWUX MPOSABIB FipCbKOro TUCKY 3 MMUBMHOK TipHWYMX poBIT Ha LWaxTax
KpvBopi3bkoro 6aceiiHy 4acTo YHEMOX/IMBIIKOE 3aCTOCYBaHHS KAaMEPHWUX CUCTEM PO3POOKM 3 iX ePeKTUBHWUMMU
napameTpamMu No BUNIYYEHHIO pyaHOiI Macu. MeTor focniaxeHb Bynv nowyk Ta po3pobka iHHOBALiMHOI 6e3neyHoi i
e(PeKTMBHOI TEXHONOTIi BiANpaLIOBaHHS PYAHMX NMOKNAAIB HA OOCATHYTUX IMMOOKMX rOPMU30OHTAX 3a1i30PYAHMX LLAXT.
BukopuctaHa cuctema MeTOAIB Ta MPMIMOMIB OOCNIOXKEHb CTaHy FipCbKOr0 MacuBY, KOHCTPYKTUBHMX MapaMeTpis
CMCTEMM PO3POOKM Ta CTBOPEHHS TEXHOJOTIYHOI CXEMU BUAOOYTKY PyA HA MMMOOKMX rOPM30OHTAX LUAXTOBMX MNOJIIB.
LocnigpKeHHsIMM BCTAHOBIEHO 3aKOHOMIPHOCTi 3MiHM PO3MipiB KaMep i LiNKKiB i3 MOMHOI Ta YacoM ix ekcnayaTauii,
BUSIBJIEHO BM/IMB MILLHOCTI Nopig Ha [AOMNYCTUMi MapaMeTpu OrofeHb, a TaKOX BM3HAYEHO OMTWMMasbHi YMOBU
3aCTOCYBaHHS BUCOKONPOAYKTUBHOT CaMOXiAHOT TEXHIKM ANS NiABULLEHHS edeKTUBHOCTI BUAYYEHHS PYAHOI Macu.
[ocnifxeHa 3anexHicTb NPOAYKTUBHOCTI psaAy CaMOXiAHWX MALLMWH, SKi BUKOPUCTOBYIOTbCS B Cy4aCHOMY FipHUYOMY
BMPOOHMUTBI, BiA AOBXWHM OOCTaBKM PYyOHOI Macu B OYMCHOMY 6soui. 3anponoHOBAHO HOBY KOHCTPYKTUMBHO-
TEXHOJIOMYHY CXEMY OYMCHOrO BWMIMAHHA PyA, Npy NiANOBEPXOBil MiArOTOBLI O4YMCHOro 610Ky. TexHonoris, sKa
po3pobneHa, OpiEHTOBaHa Ha 3aCTOCYBAaHHS TUMYACOBUX CTENIMH OAMHMLENOAIOHOT HOPMM, aKTUBHE KepyBaHHS
ripCbKMM TUCKOM Ta O6I'pyHTOBaHMMM TEPMiHAMM iCHYBAHHS CKNaA0BUX NiLNOBEPXOBO-KaMePHOi CUCTEMU PO3POOKMU.
MpaKkTUYHa 3HAYMMICTb POBOTU — PO3WMPEHHS 06NACTi 3aCTOCYBaHHS KAMEPHUX CUCTEM PO3POo6KM A0 rubuH 1
400 ™ i Binble Ta NiABULLEHHS SKOCTI BUAYYeHOi pyaHOi MacK 36inblueHHSM kamMepHoro 3anacy Ha 10-12 % npwu
3HWXKEHHI TePMiHY CTOSIHHS OrofieHb B Kamepax Ha 1 Micsub y BUIMKOBIN OAMHULI
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Geometrical features of crack network formation
on rock surfaces during cooling

@ Abstract. This study aimed to determine the most probable geometric shape of cracking cells based on the
principle of minimising the energy required to cause failure in the surface layer of rocks. The research methodology
was based on analysing the classical isoperimetric problem.This states that,among shapes with the same perimeter,
the circle has the largest area, while among polygons, the regular n-gon has the largest area. The energetically
most favourable configuration of the crack system was substantiated, taking into account the physical conditions
governing crack formation. The theoretical propositions were then compared with experimental data and the
results of previous thermomechanical rock failure studies. It was found that cooling heated surfaces predominantly
results in a polygonal crack structure with hexagonal cells forming. It was demonstrated that the hexagon is the
most optimal geometrical figure, in that it allows for dense packing on a plane without the formation of additional
voids or stresses, and at the same time provides the minimum perimeter for a given area. The size of the cracking
cells was found to be determined by a combination of factors, the most important of which were the physical
and mechanical properties of the rock, the magnitude of the temperature gradient and the cooling regime. The
characteristic cell size decreases as the temperature difference between heating and cooling increases. The broad
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spectrum of structural dimensions formed, ranging from fractions of a millimetre to several metres, was confirmed.
The practical significance of these results lies in their potential application in predicting fracture parameters and
controlling rock failure processes during mineral deposit development, and in designing technologies involving

thermal effects on rock masses

® Keywords: thermal cyclic loading; isoperimetric problem; regular tessellation; honeycomb structure; thermal

cyclic failure

® Introduction

The successful execution of contemporary geotech-
nological operations is contingent on a capacity to
regulate the development of fractures within rock for-
mations. This applies to the development of geother-
mal systems and enhanced oil recovery and mineral
extraction, as well as to ensuring the stability of mine
workings and underground structures. It is particularly
interesting to look at thermal cyclic loading processes
that follow a “heating-cooling” sequence. This is be-
cause these processes cause significant temperature
differences in the surface layers of rocks. This leads to
the development of tensile stresses and the formation
of ordered polygonal systems of surface cracks. The
geometrical characteristics of these systems directly
influence the subsequent failure of rock, its permeabil-
ity, the intensity of defect development and the energy
required for mechanical comminution. The formation of
polygonal crack structures is governed by regularities.
This makes it both a fundamental scientific problem
in fracture mechanics and an important applied task.
Solving it will contribute to the development of more
efficient technologies. These technologies are for the
thermal treatment of rock masses.

The review by L.N. Wong & Z. Liu (2025) provides
a summary of the current state of research, systemati-
cally presenting the results of numerous experimental
and numerical studies of thermal shock in rocks, and
analysing its effects on changes to the structure, me-
chanical properties and durability of rock masses. The
authors showed that thermal failure is determined by
the complex interplay of temperature regimes, heating
and cooling rates, mineral composition, texture, initial
fracturing and boundary conditions. However, they also
concluded that there is currently no universal mechan-
ical model capable of explaining the regularities of
thermal rock failure under different loading conditions.
The authors placed particular emphasis on the need to
develop new theoretical approaches. These approaches
should account for the spatial organisation of crack sys-
tems. They should also account for the characteristics of
the actual rock structure.

T. Chen et al. (2022) made a significant advance in
the study of polygonal crack geometry by numerical-

ly reproducing the process of crack formation on rock
surfaces during cooling. The authors demonstrated that
the type of boundary conditions dictates the nature of
crack formation, while the thickness of the surface lay-
er and structural heterogeneity regulate the average
size, regularity, and morphology of the polygonal cells
formed. Building on these findings, X. Hu et al. (2022)
have significantly advanced the understanding of the
mechanisms underlying crack propagation through the
use of modern numerical methods. They demonstrated
that crack propagation paths in granite are governed
by mineral structural heterogeneity, the mechanical
properties of individual grains, and the nature of inter-
granular contacts. Conversely, Q. Li et al. (2021) revealed
that thermal damage evolves via the gradual accumu-
lation of microcracks that form a spatially connected
macroscopic failure system as thermal loading increas-
es. Overall, the findings of these studies confirm that
the final configuration of the crack network is the result
of a complex interaction between the microstructural
characteristics of the rock and the evolution of local-
ised damage.

The effect of repeated thermal loading on the de-
velopment of crack structures has been a particular
focus of researchers. For example, D. Zhu et al. (2023)
investigated how repeated heating and cooling cycles
affect the tensile strength of granite. They experimen-
tally demonstrated that as the number of thermal cycles
increases, the density of microcracks and the degree of
internal damage to the rock gradually increase, result-
ing in a corresponding reduction in tensile resistance.
Additionally, they demonstrated that the failure pattern
shifts from the formation of isolated defects to the de-
velopment of an interconnected crack network, which
ultimately results in a loss of load-bearing capacity.
R.A. Haque et al. (2023) conducted a study that exam-
ined the evolution of polygonal crack systems in clay
materials during repeated wetting and drying cycles.
Based on experimental observations and statistical
analysis, the authors concluded that the crack network
gradually restructures geometrically over successive
cycles, with short, unstable segments disappearing and
polygons acquiring a more regular shape. The authors
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of the study concluded that the self-organisation of the
polygonal network is the result of the system’s tendency
to move towards a more energetically favourable state.

T. Chen et al. (2026) investigated the regularities
that govern the formation of polygonal cracks in mul-
tilayered rocks under cooling-induced shrinkage, using
a three-dimensional thermomechanical model. The au-
thors determined that the geometry of weak interlay-
ers has a substantial impact on the density of the crack
network, the dimensions of the polygonal blocks, and
the redistribution of thermal stresses. Their findings
confirm that the morphology of the polygonal structure
is determined by both the temperature regime and the
structural heterogeneity of the rock. The development
of rock thermomechanics and geomechanics in Ukraine
was given a sound scientific basis by fundamental stud-
ies carried out by Ukrainian researchers, which occupy
an important place in the development of this field.

Ukrainian researchers D.L. Vasyliev et al. (2020)
made a significant contribution to the investigation
of the mechanisms governing the destruction of the
surface layers of geomaterials under thermal shock,
describing in detail the nature of rock-surface failure
during rapid cooling. They demonstrated that critical
tensile stress development causes degradation of the
near-surface zone. However, the geometrical principles
governing the reqular packing of resulting crack con-
tours require further analytical substantiation. A.F. Bu-
lat et al’s (2022) monographic study provides compre-
hensive substantiation for the application of nonlinear
dynamic systems theory and fractal analysis to problems
involving the destruction of geomaterials. They showed
that the geometrical parameters and scale invariants
of crack systems directly reflect the kinetics of energy
dissipation within a loaded rock mass. The post-peak
stability of rocks subjected to local external effects was
investigated by S. Skipochka et al. (2025). The authors
showed that failure development is determined by
stress redistribution and the accumulation of potential
energy within the rock mass. Mathematical modelling
was also shown to make it possible to predict the loss
of system stability. The findings demonstrate the effica-
cy of employing an energy-based method for analysing
crack formation processes.

Analysis of the current research literature indicates
that most studies focus on the experimental investiga-
tion of thermal damage to rocks and the assessment
of changes to their physical and mechanical proper-
ties. Other areas of focus include modelling microcrack
initiation and development and analysing the effects
of temperature regimes, material heterogeneity and
boundary conditions on the nature of failure. Signifi-
cant progress has been made in reproducing crack

propagation processes through numerical modelling,
as well as in identifying the regularities that govern the
evolution of polygonal networks. At the same time, the
studies analysed give virtually no consideration to the
fundamental geometrical principles. These principles
underpin the self-organisation of polygonal crack sys-
tems. The studies also do not substantiate the reasons
for the statistical predominance of hexagonal cells.
They do not propose an analytical criterion either. This
criterion would be capable of explaining the selection
of their characteristic dimensions. These dimensions
depend on the physical and mechanical properties of
rocks. They also depend on the parameters of thermal
loading. The application of the isoperimetric approach
as a theoretical basis for describing the formation of
polygonal structures during the rapid cooling of rocks
remains largely unexplored. This study aimed to deter-
mine the most probable geometric shape of cracking
cells by analysing the classical isoperimetric problem
and the principle of minimising the energy required to
fail the surface layer of rocks. It also aimed to derive an-
alytical relationships for estimating the characteristic
dimensions of resulting hexagonal structures depend-
ing on thermal cyclic loading conditions.

® Materials and Methods

This theoretical and analytical study aimed to estab-
lish the regularities governing the formation of sur-
face crack systems in rocks subjected to thermal cyclic
loading. The study focused on the formation process
of surface crack systems in rocks under thermal cyclic
loading. The study examined the geometrical regulari-
ties that govern the formation of a polygonal surface
crack structure, as well as the impact of the structural
characteristics of rocks and thermal shock parameters
on the shape and dimensions of cracking cells.

To achieve this, a combination of theoretical and
analytical research methods was employed. These in-
cluded the theoretical substantiation of the optimal
geometrical form of a polygonal crack system. This was
based on an analysis of the isoperimetric problem. An-
other was the determination of the geometrical cell
shape. This was the one that ensures minimum ener-
gy expenditure during crack system formation. Then
there was the analysis of the conditions for regular
tessellation of a plane by regular polygons. Another
was the generalisation of published experimental data.
This was on the formation of polygonal crack systems
in rocks. It was under different thermal cyclic loading
regimes. Another was the assessment of the effects
of rock structural heterogeneity. This was on thermal
shock parameters. It was also on the shape and charac-
teristic dimensions of polygonal cells. Finally, there was
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the comparison of the regularities governing polygonal
structure formation in rocks. This was with analogous
processes in other natural and biological systems.

When a rock that has been heated is cooled at its
surface, multiaxial tensile thermal stresses arise within
the surface layer. Once these stresses reach a critical
level, the surface layer fails, forming a crack system that
divides it into individual cells. These cells are predomi-
nantly regular or nearly regular polygons. Therefore, es-
tablishing the regularities governing the formation of
their geometrical shape constitutes a distinct scientific
problem. The following assumptions were made when
analysing the formation of the polygonal crack sys-
tem: fragmentation occurs along the path requiring the
least energy; cracks generally propagate along straight
lines; elastic fracture occurs, with plastic deformation
being absent or insignificant; and the cells are packed
as densely as possible over the surface, without empty
spaces between them.

The energy required to form a single destruction
cell will be considered minimal when, for a given cell
area S, its perimeter is minimal. The essence of the clas-
sical isoperimetric problem, the focus of this study, can
be summarised as follows: it is necessary to determine
the figure with the largest area among all possible fig-
ures having the same perimeter. In other terms, given
a set of geometrical configurations with an equal ex-
ternal contour length, the configuration providing the
maximum area must be identified. This problem is of
fundamental importance in geometric optimisation and
has practical applications in analysing the regularities
that govern the spatial distribution of cracks. In the
present context, analysing the isoperimetric problem
explains why a hexagonal, or honeycomb, crack struc-
ture predominantly forms as it is the most efficient con-
figuration in terms of minimising surface energy and
ensuring a uniform stress distribution. This explanation
is in line with the geometrical crack patterns that are
produced when materials fail due to heat and that have
been observed in both natural conditions and in exper-
imental studies.

The fundamental principles of energy minimisation
that underlie the self-organisation of crack structures
are based on the classical isoperimetric problem. As
early as the works of the ancient Greek mathemati-
cian Zenodorus in around 200 BC, it was demonstrated
that the circle has the largest area of any plane fig-
ure with a given perimeter (Heath, 1921). Neverthe-
less, even though this proposition may seem obvious,
its mathematical proof is not simple. It was not until
the eighteenth century that L. Euler (1744) proved the
isoperimetric property of the circle using the calculus
of variations and provided a geometric justification for

the problem. In the present study, the isoperimetric ap-
proach was employed to substantiate the most proba-
ble geometry of a polygonal crack system formed dur-
ing the thermal cracking of rock surfaces. The classical
isoperimetric inequality was the basis of the solution to
the isoperimetric problem. This inequality establishes
a relationship between the length L of a closed curve,
or polygon, and the area S of the surface enclosed by it.
The isoperimetric inequality states that:

4TS L2, (1)

This inequality becomes an equality if and only if
the curve is a circle. This relationship was used as a the-
oretical criterion. It was used for evaluating the most
energetically favourable shape of polygonal cells. It re-
flects the fundamental principle that, for a given area,
the circle has the smallest perimeter. Since forming each
crack requires additional energy, the most favourable
shape for a polygonal cell is the one that minimises the
total crack length. For quantitative comparisons of reg-
ular polygons, the isoperimetric quotient Q was used:

4mS
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where S - is the area of the polygon; L - its perimeter.
The isoperimetric quotient was used as the main crite-
rion for comparing regular polygons quantitatively, ac-
cording to how closely they approximate a circle (which
corresponds to the maximum value of Q=1.The greater
the coefficient,the smaller the perimeter of a figure with
the same area, and consequently the lower the poten-
tial energy expenditure required to form the polygonal
crack system. For a regular n-gon, the isoperimetric quo-
tient was determined using the following relationship:

T

On = (3)
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This formula was used to calculate the isoperimet-
ric quotients of regular polygons with between three
and ten sides. These values were then used in a com-
parative analysis of different geometric shapes, consid-
ering minimum perimeter length and the possibility of
regular tessellation of a plane. The analysis also took
into account the classical isoperimetric theorems, which
state that among all n-gons with the same perimeter,
the regular n-gon has the largest area and that,among
n-gons inscribed in a given circle, the regular n-gon has
the maximum area and perimeter. These propositions
were used to provide a theoretical basis for the opti-
mal geometry of polygonal cells. To estimate the ther-
mal stresses arising in the surface layer of a rock under
thermal shock and first-kind boundary conditions, the
classical thermoelasticity equation was used:
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o, = B‘E‘(Ti_Tc)’ (4)
1-u

where f§ - is the coefficient of linear thermal expansion
of the rock; E - Young’s modulus; T, - is the initial rock
temperature; T, - is the temperature of the cooling me-
dium; u - is Poisson’s ratio. Formula (4) was used to cal-
culate the magnitude of the thermal stresses that arise
in the surface layer of the rock during rapid cooling.The
following relationship was used to estimate the charac-
teristic size of the polygonal cells under specified cool-
ing condition:

_ 045-K%.0?

n2.g2-0f’ ()

where K - is the cohesion modulus of the rock; o, -
is the compressive strength; o, - the tensile strength.
This formula (5) was used to analyse the impact of the
physical and mechanical properties of rocks, as well as
thermal cyclic loading regimes, on the size of the char-
acteristic cells within the polygonal crack system. To
verify the proposed theoretical model, a comparative
analysis was conducted. This analysis was of published
experimental studies. These studies concerned the for-
mation of polygonal crack systems. These systems were
formed under different thermal cyclic loading regimes.
Laboratory experiments and field observations inves-
tigating the formation of polygonal structures over a
broad range of scales, from fractions of a millimetre to
several metres, were analysed. Additionally, the effect
of the structural heterogeneity of rocks on the geome-
try of the polygonal crack system was analysed, as well
as the effect of the temperature difference between
heating and cooling on the characteristic dimensions
of the polygonal cells.

In the final stage of the study, a comparative anal-
ysis was carried out of the patterns governing the

formation of polygonal structures in rocks, in relation
to similar processes in other natural and biological sys-
tems. This made it possible to assess the universality
of the principle of energy minimisation as a general
mechanism for the formation of cellular structures of
various physical natures. The proposed model is based
on the assumption of homogeneity and isotropy of the
material within the study area, as well as on the suffi-
cient uniformity of the temperature field in the zone
where surface cracks form. At the same time, the model
does not take into account natural fracturing, mineral-
ogical heterogeneity,anisotropy of the physical and me-
chanical properties of rocks, moisture content, residual
stresses, or local inhomogeneities in the temperature
field. Consequently, it describes the general geometric
patterns of polygonal fracture system formation and
can be used as a theoretical basis for the further devel-
opment of models of thermal rock failure.

® Results

The theoretical analysis first determined which polygo-
nal cell geometry is most energetically favourable when
a surface crack system is formed. The underlying prem-
ise is that forming each new crack creates fracture sur-
faces, which requires energy. Therefore, all other condi-
tions being equal, the most probable cell configuration
should provide the minimum total boundary length for
a given area. Analysis of experimental observations
indicates that such cells predominantly take the form
of regular or nearly regular polygons. The most proba-
ble geometric shape of these cells was determined by
quantitatively analysing the relevant relationship. To
quantify this relationship, the isoperimetric quotients Q
of regular polygons with between three and ten sides
were analysed using formula (3). The calculation results
are presented in Table 1.

Table 1. Isoperimetric quotients for different polygons

Number of polygon sides, n 3 4 5

6 7 8 9 10

(0] 0.61 0.78 0.86

=

0.90 0.95 0.96 0.97 0.98

Source: calculated by the authors based on their own computations

The isoperimetric quotient of regular polygons
approaches unity as the number of sides increases, as
a comparative analysis showed. Of the figures consid-
ered, the regular decagon has the highest value, with
an isoperimetric quotient of around 0.98. This indicates
the most favourable ratio of area to contour length,
meaning that the specific energy expenditure required
to form the polygon boundaries is lowest. From the
standpoint of fracture mechanics, this relationship has
important physical implications. The same area with a
smaller perimeter will result in a shorter total length of

newly formed crack surfaces. This means less energy is
needed to form them. Thus, the isoperimetric quotient
can be considered a geometrical indicator of the poten-
tial energy efficiency of a polygonal structure.

At the same time, the results of the calculations
indicate that the maximum value of the isoperimetric
coefficient does not, in itself, determine the geome-
try of a polygonal fracture system. Although polygons
with a large number of sides are closer in shape to a
circle and exhibit better isoperimetric properties, most
of them are unable to regularly fill a plane without
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creating gaps or overlaps. Under these conditions, min-
imising the perimeter cannot be the sole criterion for
the self-organisation of the system. Consequently, the
results of the first stage of the study show that deter-
mining the most probable geometry of polygonal cells
requires simultaneous consideration of two independ-
ent requirements: maximum approximation of the
shape to the isoperimetric optimum and the possibility
of regular tessellation of the plane. It is precisely the
analysis of the combined effect of these criteria that
enables the determination of the geometry that is real-
ised during the thermal fracturing of rock.

The results of the isoperimetric analysis showed
that the geometric efficiency of a regular polygon in-
creases consistently with the number of its sides. How-
ever, this relationship alone cannot explain the forma-
tion of polygonal cracks in rocks during thermal failure.
Another fundamental condition, derived from the phys-
ical nature of the process, must also be considered. A
polygonal crack system develops as a continuous net-
work that divides the surface layer of a rock into sep-
arate fragments without producing voids or overlaps,
unlike an isolated geometrical figure. Therefore, the
geometry of an individual cell must allow the entire
plane to be regularly tiled, since only such a configura-
tion is compatible with the continuous propagation of
cracks within the surface layer. A comparative analysis
of regular polygons revealed that only three geometric
figures satisfy the condition of regular tessellation: the
equilateral triangle, the square and the regular hexa-
gon (Fig. 1). Furthermore, when a system of elastic cir-
cles is arranged on a plane and compressed, the circles
transform specifically into hexagons (Fig. 2).

Figure 1. Dense packing of hexagons on a flat surface
Source: compiled by the authors
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Figure 2. Transformation of elastic circle
s into hexagons under compression
Source: compiled by the authors
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Practical observations suggest that the resulting
crack structure closely resembles a honeycomb pattern,
meaning it is predominantly hexagonal. Both during
intensive cooling and during temperature-induced pol-
ymorphic transformations of quartz, this relationship is
observed. Heating the low-temperature modification
of B-quartz to 573°C transforms it into the high-tem-
perature modification, a-quartz. This transformation is
diffusionless and occurs without breaking the principal
interatomic bonds, accounting for its virtually instan-
taneous nature. Subsequent cooling below 573°C nor-
mally causes a-quartz to transform back into f-quartz,
accompanied by volumetric changes in the crystal lat-
tice and the development of internal stresses.

It has been established that when quartz that has
been heated above 573°C is rapidly cooled, a specific
system of inversion cracks forms within its structure.
The geometry of this system is predominantly honey-
comb, or hexagonal,and it can be detected using micro-
scopic methods. Honeycomb cracks produced by cool-
ing quartz rapidly from above the inversion range to
below the inversion temperature are diagnostic a— 8 of
quartz phase transformations. These transition cracks
only form under intensive cooling, such as with water,
and are absent during slow cooling, such as in air. The
degree of quartz cracking under these conditions is very
high. In the experiments, a crack network with a char-
acteristic size of 0.15 x (0.2 + 0.4) mm was obtained. A
comparison of the three possible tessellation patterns
revealed significant differences in their geometrical
efficiency. The isoperimetric quotient of an equilater-
al triangle is approximately 0.605; that of a square is
0.785; and that of a regular hexagon is 0.907. Therefore,
among all regular polygons capable of tiling a plane in
a regular manner, the hexagon provides the minimum
total boundary length for the same cell area.

The formation of cracks is accompanied by an en-
ergy cost associated with the creation of new surfac-
es; therefore, the system seeks to minimise their total
length. Given a regular tessellation of the plane, this
problem boils down to finding a geometric compromise.
If only the minimisation of the perimeter is considered,
the optimal shape is a circle, which cannot tightly fill
the plane. If only the tessellation condition is consid-
ered, the possible shapes are a triangle, a square and a
hexagon. The simultaneous combination of these two
independent criteria leads to a single analytical solu-
tion - a regular hexagon, which provides the smallest
perimeter for a given cell area. This geometric principle
forms the basis for the self-organisation of real frac-
tured structures in rock formations.

The crack system evolves towards a hexagonal con-
figuration in stages. During the initial stage of thermal
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shock, an isotropic field of biaxial tensile stresses forms
on the surface of the rock. Due to the mineralogical
heterogeneity of the material and the random distribu-
tion of local stress concentrators, individual cracks form
independently of each other. Further propagation of the
defects transforms the local stress state of the surface.
Each newly formed crack produces a surrounding re-
laxation zone. This is also known as an unloading zone.
The interaction between these zones via adjacent me-
chanical stress fields transforms the random crack for-
mation process into a self-organising regime.As energy
is dissipated, the number of possible network configu-
rations becomes limited: polygons with a small number
of sides (triangles) have an excessively high specific
boundary length, which is energetically unfavourable,
whilst polygons with n>6 do not provide a continuous
tessellation of the plane. As a result, the system sta-
bilises at an optimal compromise solution - a regular
hexagon. The structural and thermal heterogeneity of
real rocks causes local deviations of individual cells
from the ideal geometry, resulting in the formation of
adjacent pentagonal and heptagonal contours; how-
ever, the overall tendency towards the formation of a
honeycomb topology remains dominant.

Laboratory experiments involving the rapid cooling
of granite, basalt and other brittle rock surfaces demon-
strate the formation of such polygonal networks. The
cells formed are predominantly pentagonal, hexagonal
and heptagonal in shape,with a clear statistical predom-
inance of hexagonal elements. Under natural conditions,
this geometric mechanism manifests itself in the forma-
tion of columnar structures during the cooling of crys-
tallised lava. A honeycomb system of cracks forms on its
surface, with hexagonal blocks ranging in size from a
few centimetres to 1.5 m, penetrating into the massif to
a depth of up to 30 m. The mechanisms governing the
development of such structures at great depths depend
significantly on high geostatic pressure. The planetary
and universal nature of this phenomenon is confirmed
by the discovery of similar hexagonal cooling formations
on the surface of Mars. Thus, a comparison of theoreti-
cal propositions with empirical and field data reveals
their qualitative consistency. This confirms the ade-
quacy of the proposed isoperimetric model for predict-
ing the topology of thermal cracking in geomaterials.

Nevertheless, it should be noted that the verifica-
tion conducted is qualitative in nature. The proposed
model describes the fundamental geometrical regular-
ities governing the formation of a polygonal network.
However, quantitative prediction of the proportions
of polygons of different shapes requires considera-
tion of material heterogeneity, crack-development ki-
netics, the three-dimensional stress state, and other

factors beyond the scope of the present study. The line-
ar dimensions of polygonal cells are determined by the
balance between the accumulation of elastic energy in
the near-surface layer and its dissipation during fail-
ure,unlike their shape.Analysis of the developed model
and formula (5) shows that the scale of the resulting
network changes systematically under the influence
of thermomechanical parameters. Tensile stresses are
accelerated by an increase in the intensity of thermal
loading, the elastic modulus, or the coefficient of line-
ar thermal expansion. Consequently, the critical state is
reached at a shorter distance between adjacent defects,
resulting in a denser network with smaller individual
cells. The tensile strength of the rock has the opposite
effect. A higher concentration of thermal stresses is re-
quired to initiate failure when tensile strength increas-
es. This leads to larger polygons being formed, with the
spacing between cracks increasing.

The analytical relationships established provide
a physical basis for the known experimental data for
granites and basalts, where accelerated cooling is al-
ways accompanied by a refinement of the fracture
structure. Thus, during thermal fracture, the geometric
topology of the network is governed by the principles of
energy optimisation, whilst its scale factor is a function
of the properties of the geomaterial and the thermal
loading conditions. Combining the isoperimetric crite-
rion with the condition of regular tessellation of the
plane analytically proves that a regular hexagon is the
only energetically optimal configuration that ensures
minimal energy expenditure for the formation of frac-
ture surfaces. The transition from chaotic crack initia-
tion to an ordered hexagonal network results from the
self-organisation of the system through the interaction
of local stress relaxation zones. The heterogeneity of
the geomaterial’s properties determines the statistical
nature of the model, which is expressed in the domi-
nance of hexagonal cells alongside the presence of de-
fective pentagonal and heptagonal contours. A funda-
mental distinction between the factors governing crack
formation has been established: the topology of the
network is governed by geometric principles of perime-
ter minimisation, whilst its linear scale is a function of
the thermomechanical parameters of the medium and
the intensity of the heat flow.

® Discussion
The results obtained allow to explain the predominant-
ly hexagonal shape of the polygonal crack system in
terms of minimising fracture energy and geometrically
optimising the surface. Unlike traditional approaches,
which focus on strength criteria and the mechanisms
responsible for initiating thermal cracks, the proposed
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isoperimetric model explains the geometric nature of
the resulting defect system. Recent mathematical stud-
ies, particularly the review by J. Li & S.Pan (2025), sup-
port the fundamental significance of the selected isop-
erimetric approach, as they demonstrated the universal
applicability of isoperimetric inequalities in different
types of spaces. Their proposition that the isoperimet-
ric inequality is a key instrument for optimising ge-
ometrical forms appears well founded. However, unlike
this general theoretical approach, the present study
is restricted to tessellation problems, specifically the
dense tiling of the Euclidean plane. This is critical for
explaining the formation of a hexagonal crack network
within a rock mass.

The results obtained are consistent with those of
W. Nie et al. (2023), who used numerical modelling to
demonstrate the formation of an extensive system of
thermal cracks in rocks. While the authors of that study
analysed the kinetics and mechanisms of crack devel-
opment, this research focuses on explaining why hex-
agonal cell geometry predominates specifically during
thermal cracking. These findings are also consistent
with those of Q. Lu ef al. (2023), who investigated ther-
mal damage in rocks and shales under thermal shock
conditions. They confirmed the intensive development
of cracks and changes in rock mass permeability as a
function of temperature gradients. The proposed ap-
proach reveals the topological characteristics of the
resulting polygonal structure, unlike their studies,
which focused on the quantitative assessment of ac-
cumulated damage.

The study by T. Wang et al. (2026) is interesting be-
cause it draws parallels with the present research. This
earlier study analysed the influence of surface defects
on crack initiation during soil desiccation. The authors
support the proposition in this study that local stress
concentrators on the surface trigger the formation of
regular structures. Their conclusion that defects play a
decisive role in crack initiation seems entirely justified.
However, in contrast to their strategy, which centred on
observing changes in soil deformation, this study aims
to provide a detailed explanation of the shift from a
random arrangement of defects to a hexagonal pat-
tern in solid rocks. This transformation is driven by the
principle of reducing isoperimetric energy. The results
of this study are consistent with the observations of
Y. Akiba et al. (2021a; 2021b), who used field measure-
ments of columnar joints and solidified lava to identify
universal statistical patterns in the geometry of polyg-
onal cracks. Unlike their predominantly statistical and
descriptive studies, the isoperimetric model proposed
here provides a physical and geometrical explanation
for the predominance of hexagonal cells.

Important confirmation of the hierarchical nature
of the established model is provided by the results
of C-S. Tang & T. Wang (2026), who demonstrated
that the architecture of crack networks is governed
by a recursive stress-field feedback mechanism. They
demonstrated that over 80% of secondary microcracks
originate at the midpoint of a parent crack, and that
mutual attraction occurs when the distance between
them decreases to approximately two to four times
their width, resulting in the formation of nodal junc-
tions. This process leads to a shift from chaotic crack-
ing to ordered polygonal structures. Unlike the objects
investigated by C-S. Tang & T. Wang (2026), in which
this process develops gradually during soil desicca-
tion, similar hexagonal cell topologies form in brittle
rocks under conditions of intensive thermal shock.The
characteristic hexagonal network pattern is therefore
a universal outcome of geometrical self-organisation.
This is governed by the isoperimetric principle of frac-
ture-energy minimisation. This is irrespective of the
nature and rate of the external influence.

In the context of energy optimisation principles
governing cracking, the proposed isoperimetric ap-
proach closely aligns with recent specialist studies
on damage evolution in rocks subjected to thermal
effects. The evolution of rock damage during rapid
cooling has been extensively examined by L. Dong et
al. (2024), and the results of this contemporary ex-
perimental data confirm it. The authors examined
the temperature dependence of the physical and me-
chanical properties of hot, dry rocks when subjected
to a sudden reduction in temperature. They demon-
strated through experimentation that a high cooling
rate is a critical trigger for the widespread initiation
of macrocracks and the rapid degradation of the rock
mass. Their approach is different. It records the loss of
strength. This is unlike the present study. It explains
how this avalanche-like evolution of damage geomet-
rically self-organises in space. This is done so as to
minimise energy expenditure.

This degradation inevitably involves a complex
transformation of the system’s energy balance, which
was analysed in depth by W. Shen et al. (2026). Their
study considered energy evolution in granite. This was
under cyclic loading combined with thermal shock and
seawater cooling. The authors convincingly demon-
strated that crack formation is the principal mecha-
nism through which accumulated thermoelastic ener-
gy is dissipated in rocks. While the study by W. Shen et
al. (2026) shows that a lot of energy is spent creating
new surfaces, the isoperimetric approach proposed
here explains why this dissipation is optimum through
the formation of a hexagonal network.

Mining Journal of Kryvyi Rih National University. 2026. Vol. 60, No. 1

29



30

Geometrical features of crack network formation...

Similar processes can be clearly represented in
terms of their kinematics and spatial development
using modern numerical modelling methods, as demon-
strated in the study by L. Su et al. (2026). The authors
used the discrete element method (DEM) to visualise the
propagation of cracks and dynamic damage in granite
that was directly subjected to high-temperature thermal
shock. The model they developed shows how microc-
racks initially develop chaotically,gradually merging into
larger structures as they are influenced by temperature
variations. While DEM modelling shows the progressive
course of failure over time, the analytical geometri-
cal model in this study identifies the ideal topological
outcome of this process: formation of a hexagonal cell,
as this is the most energy-efficient geometric shape.

Analytical degradation models, such as that devel-
oped by Y. Li et al. (2026), also reflect the theoretical
basis of these processes. This study proposed a com-
prehensive mathematical model of damage evolution
in granite subjected to extreme high-temperature ther-
mal shock. The researchers’ primary focus was on quan-
titatively assessing the deterioration of the material’s
mechanical properties and changes in its structural
integrity. This study builds on their work by translat-
ing quantitative damage indicators into the qualitative
domain of topology, demonstrating that the final mac-
rocrack configuration is strictly governed by the macro-
scopic isoperimetric principle.

In the context of geometrical optimisation, the
study by Q. Ma et al. (2023), which directly applies the
concept of planar tessellation, merits particular atten-
tion. The authors applied a two-scale tessellation ap-
proach within the discrete element method. This was
to analyse the thermal failure of granite under different
temperature conditions. However, in their study, polyg-
onal subdivision was primarily used as a mathematical
tool, or mesh, to accurately model a continuum numeri-
cally. In contrast, in the present study, tessellation is not
treated as an artificial approximation tool, but rather
as a fundamental physical and geometrical mechanism
that explains the natural formation of regular polygons.

The geometry of cracking described in this study is
in line with the key review by L. Wong & Z. Liu (2025),
which identified thermal shock as a major cause of
damage to underground structures. While that review
documents the formation of polygonal structures as a
typical consequence of energy dissipation, the present
study provides a mathematical demonstration of why
this self-organisation tends towards a regular hexagon
under planar tessellation conditions. When analysing
the geometrical parameters of crack networks, the
recently published dataset by A. Asadian et al. (2026)
should also be considered. This contains labelled

geometrical characteristics for hundreds of shrink-
age-crack networks. The authors recorded the predom-
inance of polygonal structures. These had mainly tri-
angular, quadrilateral, and hexagonal cell geometries.
A. Asadian et al’s (2026) conclusion that the formation
of polygonal structures is statistically characteristic of
failure processes appears well founded. However, in
contrast to their method, which merely documented
geometric parameters without elucidating the underly-
ing physical mechanism, this study delves into the or-
igin of these structures. Thus, the data of A. Asadian et
al. (2026) provide an empirical basis for observation.
This study explains why the hexagonal form becomes
dominant during intensive cracking. This addresses a
gap in the theoretical understanding of the mechanism
responsible for the formation of such structures.

The methods developed by the authors for thermal
cyclic weakening and volumetric treatment of strong
rock masses, which are protected by Ukrainian Util-
ity Model Patents No. 154853 (2023) and Ukrainidan
Utility Model Patent No. 161823 (2026), represent a
practical development of the theoretical propositions
obtained in this study. Unlike the present study, these
patents primarily focus on the technological imple-
mentation of artificial fracture generation and sub-
stantiating thermal treatment regimes. By contrast, the
present work reveals the underlying geometrical nature
of the crack system formed when the patented methods
are implemented. The proposed isoperimetric approach
extends the existing understanding of thermomechan-
ical rock failure and is of considerable importance for
optimising geotechnologies, the effectiveness of which
depends directly on the controlled management of rock
mass permeability.

® Conclusions

The mechanism governing the formation of a polygonal
cooling-crack network has been theoretically substan-
tiated. This was based on the isoperimetric approach
and dense planar tessellation. It has been established
that, of the shapes capable of regularly tiling a surface,
the regular hexagon provides the greatest isoperimet-
ric efficiency. The predominance of hexagonal geome-
try has been shown to result from minimising the to-
tal crack perimeter, which corresponds to the lowest
energy expenditure required for failure. The statistical
predominance of hexagonal polygonal cells has been
shown to be a natural consequence of the geometrical
self-organisation of the crack system. This system forms
during the thermal failure of rocks.

The proposed model explains how individu-
al pentagonal and heptagonal cells can form next to
hexagons in the real world. This is associated with
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heterogeneity in mineral composition, local variations
in stress levels and the natural anisotropy of rocks. The
characteristic size of polygonal cells has been shown
to be determined by the intensity of thermal loading
and the physical and mechanical properties of the rock.
As the temperature difference between the heated
rock and the cooling medium increases, the density of
cracks rises and the average size of the polygonal cells
decreases systematically. The theoretical conclusions
are in line with the experimental observations, which
confirm the formation of a honeycomb-like polygonal
structure with characteristic cell sizes ranging from
fractions of a millimetre to several metres, depending
on the thermal exposure conditions.

The proposed model’s practical significance lies in
its potential use for predicting the morphology of po-
lygonal crack systems during thermal failure of rocks
in thermal drilling, thermal treatment, and the stimula-
tion of geothermal-reservoir permeability. It can also be
used to interpret natural polygonal structures of differ-
ent origins. Future research should extend the model to

account for the anisotropy of the physical and mechan-
ical properties of rocks, the heterogeneity of their min-
eral composition, the three-dimensional development
of crack networks and integrate the analytical approach
with modern numerical modelling methods. This would
enable to progress from qualitative descriptions to
quantitative predictions of the parameters of polygonal
structures.
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® Abstract. The intensive development of the mining industry in the Kryvyi Rih basin has led to the formation
of significant areas of technogenically disturbed land (quarries, rock dumps, tailings storage facilities),
characterised by complex engineering-geological and geo-ecological conditions and limited suitability for
traditional agricultural use. The aim of the study was to analyse the current state of technogenically disturbed
land in the Kryvyi Rih mining region and to justify the feasibility of applying nature-based technologies during
its revitalisation through the installation of wind turbines. The methodological basis of the study comprised
methods of systems analysis, a review of scientific publications, a geo-ecological assessment of technogenically
disturbed areas, a comparative analysis of the engineering-geological characteristics of mining sites, and an
analysis of natural and technological factors influencing the feasibility of their reuse. The findings identified the
specific features of the current mining and environmental conditions of the Kryvyi Rih basin and determined the
integrated potential of waste dumps, exhausted open pits, and tailings storage facilities for the safe installation
of wind turbines. A detailed analysis of the engineering-geological characteristics confirmed the high potential
for using spoil heaps as an alternative means of developing disturbed landscapes. Furthermore, a geo-ecological
assessment demonstrated that the considerable height of rock spoil heaps allows for the effective optimisation
of the interaction between wind turbines and air flows. Basic principles for the nature-based restoration of
disturbed landscapes have been formulated, which envisage synergy between technical-biological reclamation
and the infrastructure development of renewable energy without the appropriation of new natural land areas.
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The practical value of the study lies in the scientific justification for the reuse of land disturbed by human activity
without further removal of natural areas from economic use, which contributes to improving the efficiency of
land resource use, reducing the anthropogenic impact on the environment, and implementing the principles of

sustainable development in mining regions

® Keywords: reclamation; revitalisation; waste dumps; wind turbines; Kryvyi Rih basin

® Introduction

The current stage of global industrial development re-
quires a fundamental rethinking of approaches to sus-
tainable land use. Prolonged mineral extraction by both
surface and underground mining methods has resulted
in the large-scale degradation of natural ecosystems,
the formation of deep open pits, and the accumulation
of extensive waste rock dumps. Restoring such areas
to an environmentally safe and economically produc-
tive condition has become a major challenge for many
industrialised countries, as conventional land reclama-
tion techniques often require substantial financial in-
vestment and do not always ensure the long-term eco-
logical stability of restored landscapes. Between 2020
and 2025, international practice has demonstrated a
clear transition from the traditional reclamation model,
focused primarily on the technical restoration of dis-
turbed land, towards the broader concept of post-min-
ing land use. This approach emphasises the long-term
planning of functional land use for technogenically
disturbed areas in mining regions, taking into account
environmental, economic, and social considerations. As
highlighted by C. Pagouni et al. (2024), K. Karalidis et
al. (2024), and S. Worden et al. (2024), the principal cri-
teria for determining future land use include ecosystem
resilience, economic viability, societal value, and con-
sistency with regional development strategies.

One of the most dynamic areas of research dur-
ing this period is the implementation of Nature-based
Solutions (NbS) in the restoration of degraded areas.
According to the methodology of the International Un-
ion for Conservation of Nature (IUCN), nature-based
solutions are measures aimed at the conservation,
restoration and sustainable management of natural
or modified ecosystems, which simultaneously deliver
environmental, social and economic benefits. According
to the findings of M. Cardinali et al. (2021), the further
development of this concept is reflected in the Euro-
pean Commission’s practical recommendations on as-
sessing the effectiveness of nature-based solutions as
a tool for implementing climate policy and sustainable
land management. In this study, nature-based technol-
ogies are considered as the practical implementation
of the principles of Nature-based Solutions for techno-
genically disturbed land in mining regions, involving

the integration of engineering solutions with natural
ecosystem self-recovery processes to form ecologically
sustainable nature-technology systems.

Experience from countries such as Germany, the
USA, Peru, Poland and Ukraine shows that one of the
most promising avenues for the reuse of technogeni-
cally disturbed land is the development of renewable
energy, as confirmed by the works of K. Kaczmarczyk et
al.(2023), 0.0. Medvedieva et al. (2024), and M.A. Cotri-
na-Teatino et al. (2025). Locating solar and wind pow-
er stations on the sites of former quarries, waste rock
dumps and other mining facilities minimises the use
of natural land, contributes to the decarbonisation of
the economy and enhances the economic efficiency of
revitalisation programmes. At the same time, the study
by J.M. Kiesecker et al. (2024) emphasised the impor-
tance of identifying areas with a low level of environ-
mental conflict for the deployment of wind and solar
power generation facilities within the context of the
pan-European energy transition. Similarly, S. Worden et
al. (2024) argued that decisions regarding the future
utilisation of technogenically disturbed land should be
based on a comprehensive assessment of geotechnical,
environmental, spatial, and socio-economic factors.

In Ukraine, the issue of utilising land disturbed by
human activity is becoming particularly pressing due
to the significant areas of land affected by both surface
and underground mining. Traditional approaches have
mainly focused on the regulatory and legal framework
for land reclamation, improving land-use planning,
the protection of land resources, and the application
of strategic environmental assessment tools in the
field of subsoil use. However, only a few researchers in
Ukraine, notably O.S. Kovrov et al. (2023) and 0.0. Med-
vedieva et al. (2024), have directly addressed issues re-
lating to a comprehensive approach to the utilisation
of technogenically disturbed land, its revitalisation and
technical-biological reclamation. However, research
combining these processes with the systematic inte-
gration of nature-based solutions principles and the
direct siting of renewable energy facilities on spoil
heaps currently requires further development and sci-
entific justification. Given the level of anthropogenic
impact, this aspect is of paramount importance for
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the Kryvyi Rih iron ore basin, one of Europe’s largest
mining complexes. More than a century of intensive
iron ore extraction has resulted in extensive areas of
technogenically disturbed land, including open pits,
waste rock dumps, tailings storage facilities, and zones
of ground deformation. At the same time, the morpho-
metric characteristics, spatial distribution, and wind
potential of waste rock dumps create favourable con-
ditions for combining ecological restoration with the
development of renewable energy.

Despite significant progress in scientific research
into the utilisation of technogenically disturbed land,
the scientific and methodological foundations for in-
tegrating nature-based technologies, land reclamation,
revitalisation and the siting of wind power installa-
tions into a unified management system for anthro-
pogenically disturbed areas remain underdeveloped.
This necessitates the development of a comprehensive
approach to the use of these lands, adapted to the nat-
ural, climatic and technogenic conditions of Ukraine.
The aim of the study was to justify nature-based tech-
nologies for the utilisation of technogenically dis-
turbed land in mining regions based on the principles
of Nature-based Solutions, and to determine the pros-
pects for the use of wind turbines as a component of
their revitalisation. To achieve this aim, the following
objectives were undertaken: to analyse the experience
of European Union countries (in particular Poland and
Germany) regarding post-mining land use; to inves-
tigate the spatial condition of technogenic disturbed
areas in the Kryvyi Rih iron ore basin; to summarise
the principles of nature-based restoration of degraded
landscapes and to assess the engineering-geological
prerequisites for using waste rock dumps to accommo-
date wind energy facilities.

® Materials and Methods

This analytical and predictive study was based on a
comprehensive geo-ecological assessment and spatial
modelling of the potential for renewable energy on de-
graded landscapes. The regional case study focused on
technogenically disturbed land at the largest mining
enterprises in the Kryvyi Rih iron ore basin, which was
formed asaresultof prolonged (over 140 years) intensive
open-cast and underground mining and the processing
of iron ore. The criteria for selecting specific study sites
were: the scale of anthropogenic disturbance, the dura-
tion of the disturbed state, the elevation and geometric
parameters of the disturbed areas, as well as the pres-
ence of developed industrial infrastructure and the ab-
sence of current competition from agriculture or forestry.

The research materials comprised scientific publi-
cations, regulatory and legal documents in the field of
land protection, as well as summarised geo-ecological
and statistical reports from mining enterprises in the
Kryvyi Rih iron ore basin for the period 2021-2025. In
particular, the analysis utilised environmental impact
assessment reports and post-project monitoring mate-
rials, which are publicly available on the official web-
sites of industrial enterprises in the city of Kryvyi Rih,
the Kryvyi Rih District State Administration, and on the
web portal of the Ministry of Economy, Environment
and Agriculture of Ukraine (n.d.). The criteria for select-
ing scientific sources for the analysis were: relevance
to the topics of post-mining land use and Nature-based
Solutions; indexing in scientometric databases (Scopus,
Web of Science); geographical coverage (EU countries,
the USA, Latin America); and publications no more than
five years old. A general description of the sites studied
within the mining concessions of Kryvyi Rih basin en-
terprises is presented in Table 1.

Table 1. Sites of technogenically disturbed land at mining enterprises in the Kryvyi Rih basin

Enterprise Principal features AL G Total area, ha
features
. Subsidence zones and waste rock dumps, disturbed
Sukha Balka Mine land, “Dubrova Gully”, and waterlogged area 6 2502
Southern Mining and Processing Plant Se“ctlons of the S'rlymanlvskyl 1 68.7
and “Pravoberezhnyi” waste dumps
Central Mining and Processing Plant Open pits and waste dumps 3 126.5
Northern Mining and Processing Plant Open pits, tru.ck-operated waste dumps, 4 209.0
and disturbed land areas
Ingulets Mining and Processing Plant Waste Dumps No. 1 and No. 3 2 259.5
ArcelorMittal Kryvyi Rih Truck-Operated Waste Dump No. 3 1 54.0
Total 967.9

Source: compiled by the authors based on an analysis of the enterprises’ geo-ecological and statistical data (Sukha Balka, n.d.;
Southern Mining and Processing Plant, n.d.; Central Mining and Processing Plant, n.d.; Ingulets Mining and Processing Plant, n.d.;

ArcelorMittal Kryvyi Rih, n.d.)
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The study was carried out in several consecutive
stages. The first stage involved an analysis of current
scientific approaches to the reuse of technogenically
disturbed land, the revitalisation of post-mining areas
and the implementation of nature-based technologies,
as outlined in the works of M. Hendrychova et al. (2020),
C. Pagouni et al. (2024), and S. Worden et al. (2024). A
system of fundamental reclamation and energy prin-
ciples was developed by integrating three key com-
ponents, namely the theoretical basis drawn from the
literature, from which the conceptual foundations of
ecological balance and the engineering and energy
compatibility of sites were derived, the requirements of
Ukraine’s regulatory and legal documents, in particular
the Land Code and the Subsurface Code, which defined
the boundaries of legal certainty and the mandatory
stages of mining reclamation; and the actual regional
geo-ecological characteristics of the Kryvyi Rih basin,
including the physical and mechanical properties of the
spoil heaps, the topographic potential of waste dumps
and the parameters of the local wind climate, which
set the actual technical constraints. The choice of these
specific principles is dictated by the need to simulta-
neously address environmental objectives regarding
landscape stabilisation and engineering requirements
for ensuring efficient power generation.

These principles were incorporated into the concep-
tual model as fixed spatial filter criteria, against which
each analysed waste dump was systematically assessed
for compliance with the specified requirements; this
made it possible to identify specific sites suitable for
revitalisation and to use them as the basis for develop-
ing the final conceptual model. In the second stage, a
geo-ecological characterisation of the technogenically
disturbed lands of the Kryvyi Rih basin was carried out,
taking into account their morphological features, types
of disturbance, engineering-geological condition and
current use. Particular attention was devoted to waste
rock dumps, which were identified as the most promis-
ing locations for the deployment of wind energy sys-
tems owing to their considerable elevation, favourable
conditions for wind flow enhancement, open terrain,
and the absence of conflicts with agricultural land use.
The third stage comprised a comparative assessment
of the natural, technogenic, and engineering-geologi-
cal factors determining the potential for the reuse of
different categories of technogenically disturbed land.

The methodological basis of the study was pro-
vided by methods of systems analysis, which were
applied to consider technogenically disturbed lands
as complex natural-technical systems; the method of
comparative analysis was used to compare different
types of disturbed areas in terms of their suitability for

revitalisation. The comparison criteria were as follows:
the geometric parameters of the landmasses (plateau
area and elevation), the degree of geotechnical stabil-
ity of slopes and the riverbed, the intensity of hazard-
ous geodynamic processes, the level of flooding and
characteristics of the hydrogeological regime, proxim-
ity to existing energy infrastructure hubs of industrial
enterprises, as well as the degree of surface erosion
vulnerability. A geo-ecological assessment method
was employed to determine the ecological status and
potential for the reuse of the studied areas. Structur-
al-functional analysis was used to establish the inter-
relationships between the processes of reclamation,
revitalisation, and renewable energy development. In
addition, the method of generalisation was applied
to systematise contemporary scientific approaches to
the utilisation of technogenically disturbed land, as
presented in the works of C. Pagouni et al. (2024) and
S.Worden et al. (2024).

The conceptual basis of the study was the adapta-
tion of the principles of Nature-based Solutions to the
conditions of technogenically disturbed land in min-
ing regions (Cardinali et al., 2021; Rendle et al., 2023).
When assessing the prospects for land use, the follow-
ing factors were taken into account: ecological balance,
adaptability to anthropogenically altered landscapes,
compatibility with land reclamation and energy gen-
eration, the potential for integrated land use, safety
in terms of geotechnical and hydrogeological condi-
tions, and the energy feasibility of siting wind turbines
(Guan et al., 2022; Xiao et al., 2022; Aska et al., 2024).
The limitations of this study included its focus exclu-
sively on the specific characteristics of iron ore enter-
prises in the Kryvyi Rih basin, which have high waste
rock dumps, without taking into account the character-
istics of degraded landscapes in coal-mining regions.
Furthermore, the spatial analysis was limited by the
available open-access data from environmental impact
assessment reports and post-project monitoring mate-
rials from the enterprises, as the imposition of martial
law made it impossible to carry out a full range of de-
tailed field engineering, geodetic and aerial surveying
work directly at the sites.

® Results and Discussion
Assessment of the potential of post-mining areas
and the development of a model for their reclamation
and energy-based revitalisation
The analysis of technogenically disturbed land in
the Kryvyi Rih Iron Ore Basin demonstrated that the
most promising sites for the installation of wind en-
ergy systems are waste rock dumps and exhausted
open pits, which are characterised by extensive areas,
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well-developed landforms, and the absence of compe-
tition from other forms of land use. However, the effec-
tiveness of their utilisation depends not only on natural
conditions but also on compliance with a comprehensive
set of environmental, engineering, and spatial require-
ments (Rahmonov et al., 2022; Medvedieva et al., 2024).

To provide a detailed assessment of site suitabil-
ity, the proposed evaluation criteria were applied to
the mining enterprises listed in Table 1. In particular,
Truck-Operated Waste Dump No. 3 of ArcelorMittal
Kryvyi Rih (54.0 ha) and Waste Dumps No. 1 and No. 3
of the Ingulets Mining and Processing Plant (total area
259.5 ha) were identified as potentially suitable loca-
tions for the safe deployment of vertical-axis wind tur-
bines. The principal selection criteria included the ge-
otechnical maturity of the waste dump masses (active
dumping having ceased more than 15 years ago, allow-
ing adequate foundation stabilisation), the extensive
plateau areas available to ensure safe spacing between

turbines, and elevations exceeding 40 m, which pro-
vide favourable conditions for the natural acceleration
of near-surface wind flows. In contrast, the subsidence
zones and waterlogged areas of the Sukha Balka Mine,
despite their considerable area (250.2 ha), exhibit lim-
ited environmental and engineering potential owing to
the risks of unpredictable geodynamic movements and
flooding, making the construction of heavy engineering
structures unsuitable. Based on a synthesis of contem-
porary approaches to post-mining land use, a system
of principles for the nature-based utilisation of tech-
nogenically disturbed land for the deployment of wind
energy systems was developed (Table 2). Unlike exist-
ing approaches, the proposed framework integrates the
requirements of environmental safety, land reclama-
tion, geotechnical reliability, and renewable energy de-
velopment into a unified concept for the management
of post-mining landscapes (Kovrov et al., 2022; Medve-
dieva et al., 2026).

Table 2. Principles of nature-based utilisation of technogenically disturbed land
for the deployment of wind energy systems

Principle

Main content

Practical significance

Environmental sustainability

Minimising environmental impact, noise
pollution and disruption to bird migration

Preservation of natural ecosystems
and biodiversity

Adaptability to man-made
landscapes

Utilising existing waste dumps, quarries
and man-made elevations without significantly
altering the terrain

Reduction in the volume of earthworks
and improvement in energy efficiency

Compatibility with land
reclamation and energy
generation

Combining wind turbine construction with
technical and biological restoration measures

Comprehensive land restoration

Closed-loop technological cycle

Maximising the use of existing infrastructure
and recycled materials

Reduction in the consumption
of natural resources

Integrated land use

Combining wind energy with other
environmentally compatible activities

Creation of multifunctional post-mining
landscapes

Geotechnical and
hydrogeological safety

Taking into account the stability of waste
dumps, and the risks of subsidence,
landslides and flooding

Ensuring the long-term operational
reliability of wind turbines

Energy efficiency

Using sites with sufficient wind potential
and the capacity for off-grid operation

Improving the efficiency
of electricity generation

Source: compiled by the authors based on the results of the study

The results obtained indicate that individual prin-
ciples cannot be applied in isolation. For example, uti-
lising the natural elevations of rock dumps significantly
increases the efficiency of wind turbines due to the nat-
ural acceleration of air masses; however, without taking
into account the geotechnical stability of the slopes
and the dynamic load on the rock mass, there is a high
risk of accidents occurring. Similarly, the integration of
wind turbines with land reclamation measures not only

ensures the production of renewable energy but also
contributes to the restoration of ecosystem functions in
disturbed areas. In this context, studies by M. Resak et
al. (2022) and K. Kaczmarczyk et al. (2023) confirm that
combining energy development with the ecological
management of post-mining landscapes makes it pos-
sible to minimise cumulative anthropogenic pressure.
At the same time, as K. Wang et al. (2025) rightly point
out, it is precisely a comprehensive approach to the
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restoration of biogeocenoses within the impact zone of
energy facilities that is the key factor in ensuring the
long-term stability of reclaimed land.

The proposed system of principles significantly
expands traditional approaches to the reclamation of
disturbed land, shifting them from the realm of pas-
sive environmental conservation to that of active tech-
nological and energy-based regeneration. Traditional
engineering solutions, which dominate current practice,
are usually limited to two approaches: a technical one,
involving the grading of spoil heaps and covering them
with protective layers; and a biological one, aimed at
applying a fertile soil layer and phytoremediation to
prevent dust and erosion. At the same time, spoil heaps
and quarries are viewed purely as sites of accumulated
environmental damage, requiring long-term financial
and technical expenditure to maintain their stability.
The proposed approach broadens this paradigm in sev-
eral fundamental respects, most notably by transform-
ing such sites from environmental liabilities into valu-
able resources. Rather than isolating disturbed land, it
advocates its valorisation through the integration of an
energy-generating function directly into the structure
of the post-mining landscape. Under this concept, the
technogenic landform - particularly the plateaus of el-
evated waste rock dumps - performs a beneficial engi-
neering function by naturally accelerating near-surface
wind flows, thereby improving the efficiency of wind
energy generation.

At the same time, synergy between reclamation
and power generation is achieved, whereas the conven-
tional approach often regards industrial construction
on reclaimed land as a source of additional burden. In
the developed system, the principles of geotechnical
safety and reclamation-energy compatibility are inte-
grated in an interrelated manner: biological reclama-
tion, achieved by anchoring surfaces with grass roots,
stabilises the top layer of the spoil heap, significantly
reducing abrasive wear on the moving parts of verti-
cal-axis wind turbines caused by dust, whilst energy
generation covers the operational costs of monitoring
the condition of the waste dump mass. Another impor-
tant aspect of the proposed approach is the differentia-
tion of disturbed land according to the type of techno-
genic landform. Unlike existing regulatory approaches,
which generally prescribe uniform management strat-
egies for disturbed land, the proposed framework en-
ables flexible site classification. As illustrated by the
enterprises presented in Table 1, it provides a practical
tool for excluding inherently hazardous areas, such as
the subsidence zones of the Sukha Balka Mine, while
identifying geotechnically mature plateaus, including
Truck-Operated Waste Dump No. 3 of ArcelorMittal

Kryvyi Rih and the waste dumps of the Ingulets Mining
and Processing Plant, as sites suitable for technological
development. Thus, whilst traditional approaches aim
to restore the landscape to a notional “original’, often
low-productivity state, the author’s system of principles
creates a forward-looking model of revitalisation. It
demonstrates that the ecological restoration of mining
regions can take place not in spite of, but due to, the de-
ployment within their territory of innovative industrial
infrastructure - decentralised “‘green” energy based on
vertical-axis installations.

The nature-based use of post-mining sites
for the development of wind energy
The results of the analysis indicate that the effective
utilisation of technogenically disturbed land cannot be
limited to the simple selection of suitable sites for the
installation of wind energy systems. Achieving max-
imum environmental and economic efficiency is pos-
sible only through the comprehensive integration of
land reclamation, revitalisation, and renewable energy
development into a unified management framework for
post-mining landscapes. In this context, the studies of
K.Karalidis et al. (2024) and S. Amirshenava & M. Osan-
loo (2022) convincingly demonstrate that the isolated
planning of individual reclamation measures reduces
the overall restoration potential of industrial regions.
The synthesis of the identified principles ena-
bled the development of a conceptual model for the
nature-based utilisation of technogenically disturbed
land, illustrating the interrelationships between nat-
ural restoration processes, engineering interventions,
and the anticipated outcomes of their implementation.
The distinctive feature of applying this model within
the Kryvyi Rih Iron Ore Basin is that the theoretical
principles presented in Table 2 are translated into a
clearly defined technological framework, in which each
component of the model (Table 3) represents a specific
stage in the landscape restoration lifecycle. The transi-
tion from general environmental and engineering prin-
ciples to a practical implementation model is achieved
through a system of spatial filters linking the physical
characteristics of individual waste dumps, such as the
strength properties of the waste rock and the elevation
of the plateau, with the operational parameters of verti-
cal-axis wind turbines. Through this approach, the mod-
el evolves beyond a declarative set of objectives into a
dynamic planning tool, whereby the geotechnical stabi-
lisation of waste dump surfaces during the reclamation
stage directly establishes a safe engineering platform
for the subsequent installation of wind energy infra-
structure while simultaneously facilitating the restora-
tion of biogeocoenoses during the revitalisation phase.
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Table 3. Conceptual model for the nature-based utilisation of technogenically disturbed land

Component Natural component

Engineering component Expected outcome

Land reclamation Restoration of vegetation

Site planning Land stabilisation

Restoration of ecosystem

Revitalisation .
functions

New functional use Enhancing ecological value

Utilisation of wind energy

Wind energy potential

Installation of wind turbines | Renewable energy production

Nature-based Solutions

Integration of natural processes

Minimisation of human

. . Sustainable land use
intervention

Source: compiled by the authors

The interrelationship between the components of
the conceptual model presented is characterised by
sequential determinism, whereby the successful im-
plementation of each preceding stage is a mandatory
engineering and environmental prerequisite for the
deployment of the next. The logic behind the transi-
tion from the theoretical principles set out in Table 2
to the practical architecture of the model lies in the
transformation of general requirements into interrelat-
ed technological stages. In particular, the principles of
geotechnical safety and adaptation to technogenically
transformed landscapes are directly translated into the
land reclamation component. This component ensures
the initial stabilisation of the disturbed massif through
engineering planning and the creation of stable slope
profiles, thereby minimising landslide processes.

The subsequent transition from reclamation to
revitalisation implements the principles of ecological
balance and reclamation-energy compatibility. At this
stage, the engineered surface becomes a substrate for
the implementation of nature-based solutions, which
trigger the natural self-recovery of biogeocenoses and
the formation of stable vegetation cover. An important
innovative feature of the model is that the plant com-
munity formed during the revitalisation stage serves
a protective function for the third component - wind
power generation - as dense vegetation drastical-
ly reduces the level of dust in the air at ground level.
This minimises abrasive wear on the moving parts and
blades of vertical-axis wind turbines, significantly ex-
tending their service life and enhancing the project’s
overall energy efficiency.

The specific application of the developed model to
the conditions of the Kryvyi Rih iron ore basin is deter-
mined by the region’s unique geological, technogenic
and aerodynamic parameters. Unlike conventional coal
spoil heaps or sand quarries, the large waste rock dumps
of the Kryvbas region consist mainly of hard rock and
are characterised by considerable height, often exceed-
ing 40-80 metres, as well as large areas of flat plateaus.
This geometry of the man-made relief massif creates
the effect of artificial orographic acceleration of surface

wind flows, transforming the tops of the spoil heaps
into areas with high wind energy potential.

At the same time, the substantial dynamic loading
generated by heavy mining equipment during waste
rock deposition, together with the prolonged period
required for the natural consolidation of waste rock
masses, necessitates strict compliance with minimum
stabilisation periods before engineering development
can commence. The proposed model therefore assumes
that wind energy infrastructure based on vertical-axis
wind turbines may be deployed only on geotechnically
mature sites, where active slope adjustment and foun-
dation settlement processes have ceased for at least
15 years. The flexibility and multifunctionality of the
proposed model enable it to address two critical chal-
lenges facing the Kryvyi Rih region simultaneously: the
shortage of decentralised electricity generation capaci-
ty required to meet peak industrial energy demand and
the need for large-scale ecological restoration of de-
graded landscapes without withdrawing valuable pro-
ductive land from agricultural use.

According to the data in Table 3, the proposed
conceptual model is based on the sequential integra-
tion of natural and engineering solutions. In the ini-
tial stages, reclamation ensures the initial stabilisa-
tion of areas disturbed by human activity and creates
the basic conditions for their subsequent safe use. In
this context, studies by O. Rahmonov et al. (2022) and
M. Tibbett (2024) confirm that high-quality technical
preparation of the substrate is a fundamental basis
for any post-mining landscape development scenari-
os. The next step in the revitalisation phase involves
restoring lost ecosystem functions and establishing a
new functional purpose for the areas. The subsequent
integrative stage involves the direct implementation of
wind energy facilities, which allows for the harmonious
combination of long-term ecological restoration with
the generation of renewable energy. Combining these
processes within a single framework of nature-based
solutions framework facilitates the comprehensive uti-
lisation of technogenically disturbed land in accord-
ance with the principles of sustainable development,
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minimises additional anthropogenic pressure, and
substantially improves the efficiency of land resource
utilisation. Thus, whilst Table 2 sets out in detail the
fundamental principles that must be taken into account
during decision-making, Table 3 clearly demonstrates
the mechanism for their practical implementation, en-
suring a clear logical transition from theoretical princi-
ples to the authors’ proposed concept of nature-based
utilisation of technogenically disturbed land.

The analysis carried out has shown that the use
of vertical-axis wind turbines on technogenically dis-
turbed land in the Kryvyi Rih mining region offers a
number of significant advantages compared with the
traditional use of such areas.Unlike the development of
natural land, the installation of wind turbines on waste
rock dumps enables the industrial reuse of degraded

areas without any additional withdrawal of valuable
land from the natural or agricultural land reserve. Fur-
thermore, the design features of vertical-axis turbines
allow for the effective utilisation of the complex aer-
odynamic conditions found in technogenic landscapes,
which are characteristic of waste rock dumps and
other elevated landforms. The previously cited work
of M. Tibbett (2024) clearly demonstrates that verti-
cal-axis wind turbines exhibit substantially greater
tolerance to turbulent airflow and rapidly changing
wind directions generated by the distinctive orography
of waste rock dumps than conventional horizontal-axis
turbines. The results of the comprehensive assessment
of the principal environmental benefits associated
with the deployment of vertical-axis wind turbines are
presented in Table 4.

Table 4. Environmental benefits of deploying vertical-axis wind turbines on technogenically disturbed land

Assessment aspect

Description of the effect

Practical significance

Sustainable land use

Reuse of mine spoil without encroaching
on natural areas

Preservation of natural ecosystems and
agricultural land

Reduction of greenhouse
gas emissions

Electricity generation without burning fossil fuels

Reducing the carbon footprint
of mining enterprises

Impact on birdlife

Lower risk of bird strikes with the rotor compared
to horizontal-axis wind turbines

Improving environmental safety

Noise impact

Lower noise and vibration levels

Reducing the impact on the population
and the environment

Adaptation to wind patterns

Operation in turbulent and variable airflows
without the need to align with the wind direction

Improved utilisation of technogenic
landforms

Geo-ecological stabilisation

Combining wind turbine installation
with land reclamation measures

Improving the stability
of waste rock dumps

Formation of a post-mining
landscape

Transforming degraded areas into production
and environmental complexes

Implementing the principles
of sustainable development

Source: compiled and summarised by the authors based on research of D. Harrison-Atlas et al. (2022) and O. Medvedieva et al. (2024)

According to the data presented in Table 4, the
greatest environmental benefit is achieved through
the synergy of two complementary processes: the re-
vitalisation of technogenically disturbed land and the
generation of renewable energy. This makes it possi-
ble to simultaneously reduce the area of degraded land
that remains unused and minimise the environmen-
tal impact associated with electricity generation from
conventional sources. Of particular significance for the
conditions of the Kryvyi Rih basin is the ability of verti-
cal-axis wind turbines to operate in turbulent airflows,
which are characteristic of waste rock dumps. Unlike
horizontal-axis turbines, they do not require constant
reorientation to follow the wind direction, which en-
sures more stable operation in conditions of complex
man-made terrain. Furthermore, their design features
help to reduce noise pollution, the risk of bird strikes
against the blades, and potential hazards in the event
of structural failure.

The results obtained are conceptually consist-
ent with current international research into the use
of post-mining areas, which regards renewable ener-
gy facilities as one of the most effective avenues for
their revitalisation. At the same time, the proposed
approach expands on existing concepts by integrating
the processes of land reclamation, geo-ecological sta-
bilisation and renewable energy production into a sin-
gle system for the nature-based utilisation of techno-
genically disturbed land. Under such conditions, wind
turbines not only fulfil an energy-generation function
but also become an integral part of the comprehensive
transformation of degraded areas into multifunctional
post-mining landscapes, in line with the principles of
Nature-based Solutions and contemporary approach-
es to the sustainable development of mining regions,
as previously outlined by researchers M. Cardinali et
al.(2021),Q.Bo et al. (2024), as well as experts from the
International Energy Agency (2023).
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To strengthen the scientific discussion and validate
the proposed model, a broader range of contemporary
international studies was incorporated into the analysis.
In particular, in the context of the integrated selection
of post-mining land-use options, researchers S. Amir-
shenava & M.0Osanloo (2022) emphasise the critical im-
portance of applying strategic matrix planning, which
helps to avoid haphazard land development. The model
proposed in the present study advances this concept by
introducing explicit spatial filtering criteria specifical-
ly adapted to waste rock massifs. The global environ-
mental consequences of mining activities have likewise
been highlighted by B.Aska et al. (2024), who argue that
the accumulation of mining waste threatens biodiversity
and that its reuse for infrastructure development should
therefore be regarded as an environmental priority.

An analysis of global bibliometric data conducted
by M.A. Cotrina-Teatino et al. (2025) clearly demon-
strates a rapid rise in interest in the implementation
of renewable energy sources specifically within mining
operations. However, whilst most international authors
focus on conventional horizontal-axis wind turbines or
photovoltaic power stations, the present study demon-
strates the advantages of vertical-axis wind turbines
specifically for disturbed terrain. Researchers Y. Guan et
al. (2022) demonstrate that the success of land recla-
mation depends on the phased restoration of vegeta-
tion cover. In the proposed model, vegetation serves
not only to stabilise waste dumps but also to protect
the kinematic components of vertical-axis wind tur-
bines from abrasive dust, highlighting the technolog-
ical interdependence of the different restoration stages.

The importance of assessing the spatial dynamics
of wind energy deployment is confirmed by the work
of D. Harrison-Atlas et al. (2022), which highlights the
variability in land use during the long-term operation
of turbines. Furthermore, whilst investigating the inte-
gration of nature-based solutions within the renewa-
ble energy sector, EJ. Rendle et al. (2023) proposed a
three-step algorithm for aligning ecological zones with
wind farms, which closely corresponds to the sequence
adopted in the present study: ‘reclamation - revitali-
sation - wind energy”. A further argument in favour of
using vertical turbines specifically is provided by the
findings of P.Robinson et al. (2022), whose aerodynamic
tests confirmed their superior efficiency under condi-
tions of oblique and turbulent wind, which is artificially
generated by the geometry of the waste dump slopes.

Particular attention should be paid to the specif-
ic nature of the operation of facilities under the legal
regime of martial law in Ukraine. As noted by O. Med-
vedieva et al. (2026), the operation of the Kryvyi Rih
basin mining and processing complexes under these

conditions requires the rapid introduction of decentral-
ised energy supply sources to enhance the resilience
of industrial hubs, the installation of local wind ener-
gy systems on waste rock dumps represents not only
an nature-based solution but also a strategically im-
portant measure for energy security. Thus, the present
study demonstrates that the integration of wind energy
infrastructure based on vertical-axis turbines into the
degraded landscapes of mining regions facilitates a
transition from the passive conservation of disturbed
land areas to their active, nature-based restoration. The
proposed conceptual model, based on the sequential
implementation of the stages of geotechnical stabilisa-
tion, biological revitalisation and energy generation, en-
ables the transformation of accumulated environmen-
tal damage into a spatial and technological resource.
The practical implementation of this approach in the
Kryvyi Rih iron ore basin creates the conditions for the
formation of sustainable, multifunctional post-mining
landscapes, which is fully in line with the principles of
Nature-based Solutions and ensures the environmental
and energy decentralisation of the region without the
additional encroachment on natural land.

® Conclusions

The results of this study substantiate the feasibility of
using technogenically disturbed land in mining regions
as a promising spatial resource for the development
of renewable energy based on the principles of Na-
ture-based Solutions. It has been established that the
integration of nature-based technologies, land recla-
mation, revitalisation and wind energy provides a com-
prehensive approach to the reuse of post-mining areas
and meets modern requirements for sustainable devel-
opment and the circular economy. An analysis of tech-
nogenically disturbed land in the Kryvyi Rih iron ore
basin has revealed that its total area within the bound-
aries of the enterprises under study is 967.9 ha. Waste
rock dumps and disused quarries have been identified
as the most promising sites for the installation of wind
turbines, as they are characterised by their considerable
size, established topography, the presence of transport
infrastructure and the absence of competition from tra-
ditional land use.

A system of principles for the nature-based tech-
nologies for the utilisation of technogenically dis-
turbed lands has been summarised, taking into account
ecological balance, adaptability to anthropogenically
transformed landscapes, reclamation-energy compati-
bility, geotechnical safety and the energy feasibility of
land use. Based on these, a conceptual model has been
developed that integrates the processes of reclamation,
revitalisation and the siting of wind turbines into a
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unified management system for post-mining land-
scapes. It has been demonstrated that the use of ver-
tical-axis wind turbines on technogenically disturbed
land facilitates the reuse of degraded areas without the
additional appropriation of natural land, reduces the
anthropogenic impact on the environment, cuts green-
house gas emissions and improves the efficiency of land
use. The design characteristics of such turbines enable
reliable operation under the complex wind conditions
associated with technogenic landforms while enhanc-
ing the environmental safety of their operation. Pros-
pects for further research relate to the development of
a multi-criteria assessment methodology for evaluat-

assessment of the technical and economic efficiency of
the proposed solutions and their environmental impact
throughout the full life cycle of energy facilities.
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MpupopoysronykeHi TexHonorii BUKOPUCTaAHHA
TEXHOreHHO NOpPYLUEeHUX 3eMe/b NipHUYOoA06YBHUX perioHiIB

® AwHoTauif. |HTEHCMBHMIA pO3BUTOK TipHMUYO406YyBHOI MpomucnoBocTi KpuBopisbkoro 6aceiiHy npusBiB [0
(OpPMYBaHHA 3HAYHWUX MNJIOLW, TEXHOrEHHO MOpYLWeEeHUX 3eMenb (KapepiB, CKeNbHUX BiABaniB, XBOCTOCXOBWLL) AKi
XapaKTepPU3YHTbCSA CKNAAHUMU iHKEHEPHO-Te0NONYHUMM M Fe0EKONOTIYHMMM YMOBAMM Ta 0OMEXEHO NPUAATHICTIO
[0 TPaAMLIMHOIO rocnofapCbKoro BUKOPUCTaHHS. MeTow A0CnigKeHHs ByB aHani3 Cy4yaCcHOro CTaHy TEXHOreHHO
nopyweHux 3emenb KpuBOPi3bKOro ripHMYOA0O6YBHOrO perioHy Ta OOrpYHTYBAaHHS MOX/MBOCTI 3aCTOCYBaHHSA
NPUPOLOY3rOMKEHUX TEXHONONIWA Mif Yac ixX peBiTanizauii WASXOM pO3MillleHHS BiTpOEHepreTMYHUX YCTaHOBOK.
MeToL0NOriYHY OCHOBY pobBOTM CTAaHOBMAM METOAM CMCTEMHOrO aHanily, y3aranbHEHHS HayKoBMX nyb6nikaLii,
reoeKooriyHOi OLHKM TEXHOTeHHO MOPYLWEHMUX TEePUTOPINA, MOPIBHANIBHOTNO aHanily iHXeHepHO-reonoriYHNX
XapaKTEPUCTMK TipHMUYMX OOEKTIB, @ TAKOX aHanisy MpUpPOOHMX i TEXHOTEHHMX UMHHMKIB, LLO BMAMBAIOTL Ha
MOX/IMBICTb iX NOBTOPHOIO BUKOPUCTAHHS. Y pe3ynbTaTi AOCNIAXKEHHS BCTAHOBAEHO cneuudiky Cy4aCHUX FipHUYO-
ekonoriyHux ymoB Kpuebacy Ta BM3HAUEHO iHTErpasbHMIA MOTEHLian BMKOPWUCTaHHS BiABaniB, BiAMpaLbOBaHUX
KapepiB i XBOCTOCXOBMLW, A1a 0e3neyHoro no3uLioHyBaHHA BiTporeHepaTopis. [JoBeaeHo, WO peBiTanisauia
BiABaNiB [03BONSE ePEKTMBHO BMKOPWUCTOBYBATM IXHIO BMCOTY ANS ONTMMI3auii BiTpOBOro notoky. [letanbHui
QHani3 iHXEeHepPHO-reoNoriYHNX XapaKTePUCTMK NiATBEPAMB BUCOKY MEPCNEKTUBHICTb BUKOPUCTAHHS BiABasbHUX
MaCMBIB A9 aNbTEPHATMBHOIO OCBOEHHS MOpPYLUEHMX NaHAWAdTIB. [py LbOMY reoekonoriyHa ouiHKa A0Bena, Wo
3Ha4yHa BMCOTa NOPOAHMX BiABaniB L03BONSE ehDEKTMBHO ONTUMI3yBATU NAapAMETPU B3AEMOLIT BiTpOEHEPTreTUYHNX
YCTAHOBOK i3 MOBITpsHUMM noTokamu. ChopMynboBaHO 6a30Bi MPUHLMMAM MPUPOLOY3rOKEHOrO BiJHOBMEHHS
nopyweHux nanawadris, ki nependayaoTb CUHEPri0 TEXHIKO-OionoriyHoi pekynbTMBaLii Ta iHGPaCTPYKTYpHOro
pO3BWTKY BiAHOBJ/IOBAHOI eHepreTkn 6e3 BUAyYeHHS HOBMX MPUPOLHMX Yridb. [PakTUYHA LiHHICTb AOCHIAKEHHS
NoNIrae y HaykoBOMYy 06rpyHTyBaHHi MOBTOPHOIO BMKOPWUCTAHHS TEXHOTEHHO MOpYLUEHNX 3eMenb 6e3 fo0AaTKOBOro
BUYYEHHS NPUPOAHMX TEPUTOPIN i3 rocnoaapcbkoro obiry, Wo cnpuse NiaBULLEHHIO ePEKTUBHOCTI BUKOPUCTAHHS
3eMeJIbHUX PEeCcypCiB, 3HMXKEHHIO aHTPOMOreHHOrO HAaBAHTAXKEHHSI Ha LOBKINSA Ta peanisauii NpMHUMNIB CTanoro
PO3BUTKY FpHMYOL00YBHMX PEriOHIB
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Assessment of safety of CO, storage in depleted oil and gas reservoirs

@ Abstract. Research relevance is determined by the need for safe geological storage of carbon dioxide as
part of the implementation of carbon capture, transport and storage (CCS/CCUS) technologies. Study aimed to
assess safety of CO, storage in depleted oil and gas reservoirs and to justify the feasibility of use of the natural
pulsed Earth electromagnetic field (NPEMFE) method for real-time monitoring of reservoir pressure and the
identification of potential fluid migration pathways. The research methodology was based on an analysis of
the results of experimental geophysical studies conducted at the Dolynskyi oilfield research site in the western
region of Ukraine, as well as on the application of spatial correlation analysis to establish relationships between
NPEMFE parameters and reservoir pressure. Depleted hydrocarbon fields were considered as promising sites
for long-term CO, sequestration due to their significant storage capacity, proven leak-tightness and existing
production infrastructure. The study established a regular relationship between reservoir pressure and NPEMFE
parameters. An inverse relationship was identified, whereby an increase in reservoir pressure is accompanied
by a decrease in the intensity of the NPEMFE, whilst a decrease in reservoir pressure increases electromagnetic
activity. Study demonstrated that changes in the intensity of the NPEMFE are associated with stress redistribution
processes within the rock mass. The anisotropic nature of the spatial distribution of NPEMFE anomalies has been

Suggested Citation:
Minieiey, S., Pashchenko, O., Antonchyk, V., Hankevych, V., & Kiba, V. (2025). Assessment of safety of CO, storage in depleted oil
and gas reservoirs. Mining Journal of Kryvyi Rih National University, 60(1), 46-59. doi: 10.31721/2306-5435-2026-1-46-59.

*Corresponding author (serhii.bahrii@nung.edu.uq)

Copyright © The Author(s). This is an open access article distributed under the terms of the
- Creative Commons Attribution License 4.0 (https://creativecommons.org/licenses/by/4.0/)


https://orcid.org/0000-0001-6315-1277
https://orcid.org/0000-0002-1994-0970
https://orcid.org/0000-0003-1190-6222
https://orcid.org/0009-0007-9086-6973
https://mining-journal.com.ua/en

Ye.Kryzhanivskyi et al.

established, reflecting the directions of fluid flow and zones of increased permeability. Correlation analysis has
confirmed the existence of a relationship between changes in the natural electric field and formation pressure. A
conceptual approach has been developed for organisation of a geophysical monitoring system for CO, geological
storage sites, based on regular observations of NPEMFE parameters, which can be used for early detection of
potential hydrocarbon migration pathways and storage integrity breaches. The practical value of the results
obtained is determined by their potential use by specialists in the oil and gas industry,geoecology and geophysical
monitoring to monitor the condition of underground CO, storage sites, assess the risks of leaks and improve the
environmental and technological safety of geological carbon storage

® Keywords: geological CO, storage; depleted gas fields; formation pressure; the Earth’s natural pulsed
electromagnetic field; monitoring; storage site safety; fluid migration

8 Introduction

Global climate change and the need to achieve carbon
neutrality targets cause rapid development of technol-
ogies for the capture, transport, utilisation and geologi-
cal storage of carbon dioxide (CCUS). Geological storage
of CO, is regarded as one of the most effective tools for
reduction of anthropogenic greenhouse gas emissions
and is a key component of decarbonisation strategies
for the energy and industrial sectors in the European
Union, the USA, Canada, China and other countries.
Among the potential sites for geological storage, de-
pleted oil and gas fields are of particular interest. Their
advantages include the proven natural impermeability
of the reservoirs, significant volumes of available pore
space, well-developed well and transport infrastruc-
ture, as well as many years of experience in geological
research and operation.According to existing estimates,
the global potential for CO, storage in depleted oil
and gas reservoirs amounts to hundreds of billions of
tonnes, which exceeds annual global emissions.

One of the key factors in the successful implemen-
tation of geological storage projects is ensuring their
safety. The main risks remain potential CO, leaks due
to breaches in the integrity of the caprock, the activa-
tion of tectonic faults, the degradation of cement stone
and well casings, and the formation of man-made fluid
migration pathways. It is therefore necessary to estab-
lish effective monitoring systems capable of promptly
tracking changes information pressure, the stress-strain
state of the rock mass, and the development of poten-
tially hazardous filtration zones. Traditional monitoring
methods, based on the use of observation wells, repeat
seismic surveys, and gravimetric and geodetic observa-
tions, are characterised by high costs and limited timeli-
ness in obtaining information. In this regard, the search
for alternative methods to monitor the state of the geo-
logical environment is substantial. The increase in glob-
al greenhouse gas emissions and the need to achieve
climate neutrality are driving the active development
of carbon capture, utilisation and storage (CCS/CCUS)

technologies. One of the most promising areas for the
implementation of these technologies is considered to
be the geological storage of carbon dioxide in depleted
oil and gas fields, which are characterised by signifi-
cant storage capacity, the presence of natural isolating
barriers and well-developed production infrastructure.

A comprehensive analysis of existing state of geo-
logical CO, storage in depleted hydrocarbon reservoirs
is presented in the papers by B. Wei et al. (2023) and
K.K. Nsiama et al. (2024). Authors noted that such sites
are among the most well-prepared for the implemen-
tation of CCS technologies, as their geological struc-
ture, permeability and storage capacity, and the imper-
meability of the cap rocks have been studied in detail
during many years of operation. At the same time, the
effectiveness of long-term storage is determined by a
combination of geological, geomechanical, hydrody-
namic and technological factors. The prospects for use
of existing underground gas storage facilities for the
storage of CO, and hydrogen have been investigated by
Y. Demchuk et al. (2025). The authors assessed the ge-
ological and petrophysical characteristics of Ukrainian
underground gas storage facilities and established that
a significant proportion of these sites offer favourable
conditions for the implementation of geological car-
bon storage technologies. This creates the conditions
for the development of a national CCS infrastructure
and Ukraine’s integration into European decarbonisa-
tion programmes. A substantial area of research is the
use of CO, to improve oil recovery whilst ensuring its
long-term sequestration in the reservoir. X. Zhou et
al. (2024) summarised the results of existing research
into CO,-EOR technologies and demonstrated that, un-
der optimal conditions, a significant proportion of the
injected carbon dioxide may remain in the reservoir af-
ter the field has been depleted. Study also emphasised
the need to address phase transitions, the interaction of
CO, with formation fluids, and changes in the reservoir
properties of the rocks.
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A significant number of scientific papers have been
devoted to the issues of long-term safety in the geolog-
ical storage of carbon dioxide.According to the findings
of A. Ahmed et al. (2025), the success of CCS projects
depends to a large extent on integrity of the storage
site over decades or even centuries. To achieve this,
a comprehensive risk assessment must be conduct-
ed covering geological, geomechanical, economic and
environmental aspects of the facility’s operation. One
of the most critical elements of a geological storage
system is the wells. Research by V. Nguyen et al. (2023)
has shown that prolonged contact between CO, and the
metallic components of casing strings and the cement
matrix can cause corrosion, cement degradation and
the formation of potential leakage pathways. In this
regard, monitoring the technical condition of wells at
all stages of CCS project implementation is substantial.
Monitoring systems minimise potential risks. According
to M. Fawad & N.H.Mondol (2021), modern monitoring
of geological CO, storage is based on the integrated
use of geophysical, geochemical and hydrodynamic
monitoring methods. Similar conclusions are present-
ed in the work by W. Tang et al. (2025), which provides
an overview of existing monitoring technologies and
numerical modelling of carbon dioxide dispersion pro-
cesses in the geological environment.

Study by V. Fedoriv et al. (2019) examined appli-
cation of integrated interpretation of geophysical sur-
veys to determine the petrophysical characteristics of
reservoir rocks, in particular their clay content, poros-
ity and structural features. Study demonstrated that
the use of a combination of geophysical parameters
improves the reliability of rock property estimates,
which is substantial for prediction of storage and fil-
tration characteristics of reservoirs. The approaches
developed can be used in assessment of safety of geo-
logical CO, storage in depleted oil and gas reservoirs,
as the accurate determination of the properties of res-
ervoir rocks and cap rocks is essential for prediction
CO, migration, assessment of integrity of the storage
site and selection of an effective monitoring system.
E.D. Kuzmenko et al. (2020) investigated the applica-
tion of the NPEMFE method for prediction of defor-
mation processes in rock masses. A correlation was
established between electromagnetic anomalies and
zones of instability in the rock mass, confirming poten-
tial for NPEMFE to monitor the safety of CO, storage in
depleted oil and gas reservoirs.

Thus, an analysis of existing scientific publications
indicates significant progress in the development of
CO, geological storage technologies and methods for
ensuring their safety. At the same time, issues relating
to the operational monitoring of changes in reservoir

pressure and the early detection of potential CO, mi-
gration pathways based on geophysical observations
remain under-researched. Of particular relevance is
the development of monitoring methods capable of
ensuring continuous monitoring of the geological envi-
ronment during the operation of storage facilities. The
study aimed to assess the safety of CO, storage in de-
pleted oil and gas reservoirs and to justify the feasibil-
ity of using the Earth’s natural pulsed electromagnet-
ic field to monitor reservoir pressure in real time and
identify potential fluid migration pathways.

® Materials and Methods

The test site is situated and operates within the Dolyna
oilfield (wells No. 1-Smolianska, No. 61-Pivnichna Doly-
na, No. 152-Pivnichna Dolyna, No. 81-Vygoda Vytvytsia,
No. 64-Dolyna) and was established based on legacy oil
wells following a special permit for subsoil use granted
to the university by the State Service of Geology and
Subsoil of Ukraine. To investigate the patterns of forma-
tion pressure variations within the Dolyna oilfield (well
No. 152 “Pivnichna Dolyna”), the method of the Earth’s
natural pulsed electromagnetic field was employed. The
natural Earth electromagnetic field method is one of
the modern geoelectric techniques, which has become
increasingly widespread for a wide range of geological
and geophysical problems. Its principle is based on the
detection of electromagnetic pulses generated by die-
lectric minerals under stress and strain. The Earth’s nat-
ural pulsed electromagnetic field is understood to be
the aggregate of electrical discharges that occur within
the Earth’s interior, particularly within rock masses. As
rocks consist of heterogeneous mineral components
containing impurities, pore spaces, charged disloca-
tions and other structural defects, their internal struc-
ture is excited under the influence of external energy
sources. This causes a disturbance of the equilibrium
state and the accumulation of excess energy, which can
be released in the form of electromagnetic pulses.

The main processes responsible for the generation
of such pulses are the excitation of the crystal lattice
in a field of alternating mechanical stresses, the inten-
sive filtration of fluids through pores and capillaries,
the relaxation of the excited medium, the formation
of a double electric layer, and plasma formation pro-
cesses. The combination of these physical phenomena
causes Earth’s natural pulsed electromagnetic field
under various conditions of stress in rock formations.
The study was conducted within the area surrounding
Well No. 152 “Pivnichna Dolyna”. The NPEMFE method
was performed based on a radio-wave stress-strain in-
dicator (RWSSI) and has the following characteristics
(Table 1).
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Table 1. Technical specifications of the RWSSI device

Parameter name RWSSI
1. Number of registration channels 3(X,Y,2)
2. Frequency range 2-50 kHz

3. Low-pass and high-pass filter

Discrete settings 2 kHz

4. Connecting external antennas

3 with a pre-amplifier, up to 10 metres

5. Measurement modes

Automatic, semi-automatic, manual

6. Measurement duration

1s,25,105s,1 min

7. Pulse count scale

00000-131071

8. Scale for measurement of average pulse amplitude 0000-4095
9. Number of measurements at a single point 1-15
10. Time reference for measurements in semi-automatic and automatic modes Present
11. Interface for connection of a removable memory module to a computer Present

12. Power supply for the RWSSI indicator

12V, 2.2 Arechargeable battery

13. Overall dimensions of registration unit

335x260x95 mm

14. Weight of registration unit

4.2 kg

Source: compiled by the authors

The RWSSI operated in the frequency range from
2 to 50 kHz and allowed the low-pass and high-pass
filters to be adjusted in 2 kHz steps, which was used to
isolate relevant signal and reduce the impact of exter-
nal electromagnetic interference. The instrument sup-
ported the connection of three external antennas with
pre-amplifiers and cable lengths of up to 10 m, provid-
ing flexibility for field measurements. Three operating
modes were provided — automatic, semi-automatic and
manual - adapting measurement process to specific
research conditions. The recording duration could be
1s,25s,10 s or 1 min, depending on the tasks at hand
and the required level of detail in the observations. The
measurement range for the number of pulses was from
0to 131,071, and for the average amplitude - from O to
4,095 conventional units. Furthermore, the instrument
allowed for between 1 and 15 repeated measurements
at a single observation point, which improves accuracy
of the results and reduce random errors.

The procedure involved synchronising the two in-
struments before measurement (via a cable and by con-
figuring same time), selecting the signal gain to ensure
field differentiation and the correct detection of anom-
alies, as well as setting the frequency range to 2-50 kHz
(or a narrower range, but not less than 5 kHz) with puls-
es recorded as an integral characteristic. In addition, a
pulse accumulation mode was set (1-15 measurements
of varying durations), which reduced random errors and
can be used to calculate number of pulses per second.
The frequency range of 2-50 kHz can be used to receive
signals from the first few tens of metres up to a thou-
sand metres, which is necessary for the set task.

The measurement time step is also set, which de-
termines the intervals at which the signal is recorded
simultaneously, covering the observation step and the
movement between points. The X, Y, Z orientations of

the antennas are set (X - north-south, Y — west-east,
Z - vertical) is conducting, with the directions for both
instruments aligned; the instruments are divided into
variation and field units (the variation unit is setup in a
homogeneous zone to negate external influences); and
data is recorded for subsequent reading and process-
ing using specialised software. The requirements for
the NPEMFE observation grid are similar to the gen-
eral requirements for geophysical profiling (electrical,
magnetometric, gravimetric) in either profile or planar
configurations. The layout of the profile lines within the
study area is as follows: main lines - north-south and
west-east; additional lines - north-west-south-east and
north-east-south-west. This profile layout enables ob-
jective data to be obtained around the study area. The
observationinterval along the profiles for the NPEMFE is
10 metres.The observation scheme is shown in Figure 1.

Figure 1. Layout of observation profiles
using the NPEMFE method at Well 152 “Pivnichna Dolyna”
Source: compiled by the authors
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The combination of mutually perpendicular and di-
agonal profiles ensures a more comprehensive detec-
tion of anomalous zones, regardless of their orientation,
reduces probability of omitting local heterogeneities,
and enhances the objectivity of the interpretation of re-
sults. This observation scheme is particularly effective
during investigation of zones of faults, fracturing and
other structural features of the geological environment.
The observation spacing along the profiles was 10 m,
which provides sufficient spatial resolution for detailed
mapping of geoelectric heterogeneities and the identi-
fication of local anomalies in the Earth’s natural pulsed
electromagnetic field. The selected density of the ob-
servation network was optimal for detailed geophysi-
cal investigations, ensuring reliable information on the
stress-strain state of the rocks within the study area.

® Results and Discussion

Geological and man-made risks associated

with CO, storage in depleted oil and gas reservoirs

The effectiveness of geological carbon dioxide stor-
age is determined not only by the reservoir’s capaci-
ty, but also by the geological system’s ability to ensure
the long-term integrity of the storage site (Benson &
Cole, 2008; Bachu, 2015). When CO, is injected into a
formation, this causes a change in formation pressure,
a redistribution of stresses within the rock mass and a
change in the filtration regime. If permissible pressure
limits are exceeded, new fractures may form or existing
ones may be activated, the integrity of the cap rock may
be compromised, and fluid migration pathways may
develop. The main potential pathways for CO, leakage
are tectonic faults, naturally fractured zones, man-made
disturbances in the near-wellbore zone of the forma-
tion, and abandoned wells (Bai et al., 2016). Therefore,
one of the key tasks of the monitoring system is the
timely detection of zones of increased permeability and
the monitoring of changes in formation pressure during
the operation of the storage facility. Modern monitoring
systems for geological CO, storage are based on the
integrated use of seismic, geochemical, geodetic and
geophysical methods. However, most of these systems
are characterised by high costs and the discrete nature
of the data collected. In this regard, a promising ap-
proach is the use of passive geophysical methods, in
particular the Earth’s natural pulsed electromagnetic
field (EPEMF), which can be used to continuously moni-
tor changes in the geological environment. The Natural
Earth Pulse Electromagnetic Field (NEPEMF) method
is an effective geophysical monitoring tool that can
identify areas with elevated stress-strain states in rock
formations and track changes in their physical and me-
chanical properties. The results obtained do not provide

direct information on the technical condition of the
underground repository; however, can be used for an
indirect assessment of the geodynamic processes that
may affect its geometric integrity and safe operation.

In particular, the NPEMFE method can be used to
identify or indirectly assess the following potential risks:

¢ activation of faults and tectonic disruptions,
which may form permeable channels for the vertical
migration of gas;

s development of fractured zones in overlying stra-
ta, which reduces their insulating capacity;

s change in stress-strain state of rock mass associ-
ated with an increase in formation pressure during CO,
injection;

s formation and development of local electromag-
netic anomalies, which may indicate increased activity
in deformation zones or filtration processes.

Assessment of the safety of geological CO, storage
in depleted oil and gas reservoirs emphasises control
of reservoir pressure and its impact on the stress-strain
state of the reservoir and overlying rocks. During CO,
injection, the increase in reservoir pressure may impose
additional mechanical loads on the rock mass, whilst
its redistribution may alter the stability conditions of
existing geological structures (Rutqvist, 2012). If these
changes exceed the rocks’ adaptive capacity, tectonic
faults may be activated, existing fractures may open,
or new microfractures may form. Such processes are
accompanied by the generation of electromagnetic
pulses, which can be recorded using the natural pulsed
Earth electromagnetic field (PEMEF) method. Thus,
changes in the parameters of the natural electromag-
netic field can be used as an indicator of the develop-
ment of deformation processes associated with chang-
es in formation pressure during CO, storage.

The formation of zones of fracturing or increased
permeability is one of the key risk factors for the long-
term safety of CO, storage, as such areas may create
potential pathways for the migration of carbon dioxide
outsode the target formation. Fractures and weakened
zones within the rock mass are characterised by ele-
vated concentrations of mechanical stresses and may
act as channels for more intense filtration of formation
fluids. Under these conditions, physical processes are
activated, accompanied by the generation of electro-
magnetic pulses, as a result of which local anomalies
in the NPEMFE may be recorded above such areas.
Analysis of the spatial distribution, intensity and con-
figuration of these anomalies can identify potentially
weakened zones, assess their orientation and deter-
mine areas requiring further geophysical, geomechani-
cal or engineering-geological investigations. It is worth
noting that results of the NPEMFE are interpretative
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and do not constitute direct evidence of a breach in
the integrity of the geological repository or of CO, leak-
ing outside the reservoir. To draw reliable conclusions
regarding storage safety, a comprehensive analysis of
the NPEMFE results must be conducted in conjunction
with geological, geomechanical, hydrodynamic and in-
dustrial geophysical data, as well as information on CO,
injection regimes, changes in formation pressure and
the operational parameters of the storage facility.

The relationship between formation pressure

and the intensity of NPEMFE

The results of experimental studies at the Dolinsky oil-
field research site indicate a regular relationship be-
tween formation pressure and the parameters of the
Earth’s natural pulsed electromagnetic field. The exper-
iment involved measuring the Earth’s natural pulsed
electromagnetic field under three specified operating
conditions: 1) formation pressure of 72; 2) formation
pressure is falling; 3) formation pressure is reduced and
equal to zero. The distribution of the pulsed field corre-
sponding to the specified formation pressure levels is

shown in Figure 2. The borehole for all conditions was
located at the centre of the site at the intersection of
four profiles defined at the surface, with a distance of 10
metres between points along the profiles. At an initial
stable maximum pressure of 72 atm, the distribution of
the NPEMFE intensity is not isometric but is elongated
into a band-shaped anomaly (a), which corresponds to
a decrease in field intensity. As the pressure decreases
(drops), the anomaly of reduced intensity extends from
the north to the south-east (b), and subsequently the
reduction in intensity extends to the eastern and south-
ern parts of the study area. In other words,a pronounced
anisotropy of formation pressure has been observed. An
explanation for the observed distribution of the anom-
aly at this stage should be sought in the correlation
between changes in formation pressure and the inten-
sity of natural radiation. In particular, the direction of
oil inflow varies over time, as demonstrated in Figure 2.
The natural pulsed electromagnetic field measured at
the earth’s surface is variable in nature and depends
on the formation pressure at the wellbore. At the same
time, its isotropic nature is confirmed.

The pressure decreases

Pressure of 74 atm from 74 atmospheres to 0

Pressure of 0

C\) ,',-

Intensity scale

0 10 20

30 40 50 60

Figure 2. Variation in the intensity of NPEMFE radiation
at different formation pressures in Well No. 152, “Pivnichna Dolyna”
Notes: a) pressure is stable at 74 atm; b) pressure decrease from 74 to 0 atm; c) pressure is 0 atm

Source: compiled by the authors

The observations showed that, at maximum for-
mation pressure values in the well, the lowest values
of NPEMFE intensity were observed. As the pressure
decreases, the intensity of electromagnetic radiation
gradually increases. The established relationship is of
an inverse nature and reflects the response of the ge-
ological environment to changes in the stress-strain
state and filtration processes within the formation.
Physically, this pattern is determined by changes in the

flow conditions of formation fluids within the porous
medium. An increase in formation pressure contributes
to the stabilisation of the hydrodynamic regime and a
reduction in local deformations of the pore space.When
the pressure decreases, processes such as stress redis-
tribution, the opening of microcracks and local changes
in the direction of filtration flows are activated, accom-
panied by the generation of additional electromagnetic
pulses (Fig. 3).
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Figure 3. Graphs depicting intensity of electromagnetic field radiation at different formation pressures
Notes: formation pressure 72 atm; formation pressure decreases from 74 to O; formation pressure is reduced and equals zero

Source: compiled by the authors

For CO, geological storage projects, this is substan-
tial, as introduces use of NPEMFE parameters as an in-
dicator of changes in formation pressure without the
need to drill additional monitoring wells.

Identification of areas of increased permeability

and potential CO, migration pathways

The observed anisotropy in the distribution of elec-
tromagnetic anomalies is of particular interest for as-
sessing the safety of storage facilities. When formation
pressure changes, the anomalous zones of the NPEMFE
form an elongated shape and exhibit a defined orienta-
tion in specific directions (Fig. 4).

‘ Pressure of 74 atm

The pressure decreases
. from 74 atmospheres to 0

Intensity scale

0 10 20 30 40 50 60

Figure 4. Distribution of the pulsed electromagnetic field
according to the specified formation pressure levels
Notes: a) formation pressure of 72 atm; b) formation pressure
decreases from 74 to O; ¢) formation pressure is reduced and

equals zero
Source: compiled by the authors

Spatial organisation of the electromagnetic field
indicates the existence of zones of increased permea-
bility, which are controlled by fracture systems or local
tectonic disturbances. These areas may act as natural
channels for fluid migration during CO, injection. Anal-
ysis of the NPEMFE distribution maps shows that the di-
rections in which the anomalies develop change in tan-
dem with changes in formation pressure. This indicates
the presence of active filtration processes and confirms
the method’s high sensitivity to changes in the forma-
tion’s hydrodynamic regime. For CO, geological storage
sites, the identification of such zones is substantial, as
it can be used for localisation of potentially hazardous
areas even before the start of commercial injection or
during the early stages of storage operation.

The most relevant factors for interpretation are the
differences in intensity, extent, shape and spatial loca-
tion of the NPEMFE anomalies. Comparison of individ-
ual parts of the figure can be used to assess how the
distribution of electromagnetic pulses changes under
different reservoir operating conditions. Appearance of
new anomalous zones, displacement of existing anom-
alies, and changes in their size or intensity should be
emphasised. If the anomalies retain their position but
change in amplitude, this may indicate a redistribu-
tion of stresses within existing geological structures. If,
however, their spatial position or configuration changes,
this may be a sign of the activation of new deformation
zones or a change in filtration conditions. Changes in
formation pressure during CO, injection into depleted
oil and gas reservoirs are accompanied by a transforma-
tion of the stress-strain state of the reservoir and sur-
rounding rocks, which may affect the characteristics of
the Earth’s natural pulsed electromagnetic field. An in-
crease in reservoir pressure during CO, storage can lead
to the concentration of mechanical stresses in localised
areas of the geological environment, particularly near
zones of faults, fractures and rock heterogeneities. Such
changes may manifest as an increase in intensity, an
expansion in area or a change in the spatial position of
individual NPEMFE anomalies.
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When the storage facility’s operating conditions
change - in particular, when formation pressure de-
creases, or pressure redistribution occurs as a result of
fluid migration - further changes occur in the stress
state of the rock mass. This may form new local elec-
tromagnetic anomalies or changes in the configuration
of existing ones. Analysis of the dynamics of the spatial
distribution of NPEMFE can be used to assess geolog-
ical environment’s response to changes in CO, storage
conditions and identify areas of potential geomechani-
cal instability. Thus, spatio-temporal changes in NPEM-
FE parameters can be used as an additional indicator of
processes associated with stress redistribution within
the formation during CO, storage. However, the meth-
od fails at direct determination of formation pressure
or confirmation of CO, migration; therefore, the results
obtained must be analysed in conjunction with hydro-
dynamic modelling, well logging, seismic monitoring
and other methods of storage site monitoring (Ajayi et
al.,2019; Massarweh & Abushaikha, 2024).

Anisotropy is manifested in the uneven distribution
of electromagnetic anomalies in different directions.On
NPEMFE maps, this is reflected in the fact that anom-
alous areas have an elongated shape, a predominant
orientation, or varying intensity along different profiles.
Such features may be associated with the direction of
tectonic faults, the system of natural fracturing, the
layering of rocks, or the orientation of principal me-
chanical stresses. The detection of anisotropy can form
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conclusions regarding presence of structural hetero-
geneity in the geological environment and determine
predominant directions of deformation processes.
Under natural conditions, the filtration of liquids and
gases predominantly occurs not uniformly, but along
fractures, faults and other weakened structural ele-
ments characterised by increased permeability. These
elements are often linear or elongated in nature, which
is why NPEMFE anomalies form a similar shape. If elon-
gated anomalies extend over a considerable distance
and are consistent with known geological structures or
the results of other geophysical surveys, they can be in-
terpreted as potential zones of increased permeability
or the predominant directions of formation fluid flow.
However, such an interpretation must be corroborated
by a suite of independent data, as the NPEMFE method
is indirect and does not independently determine the
presence of flow pathways.

Further confirmation of the relationship between
formation pressure and geodynamic processes was ob-
tained through a correlation analysis of NPEMFE data
at different formation pressures. The correlation coef-
ficients obtained demonstrate consistency in the spa-
tial structures of the anomalies under different well
operating conditions (Fig. 5). The greatest changes in
the structure of the correlation functions are observed
during periods of active change in formation pressure,
confirming the sensitivity of electromagnetic methods
to stress redistribution processes within the rock mass.

NPEMFE
NPEMFE (Pressure NPEMFE
(Pressure || decreases || (Pressure 0
74 atm) || from 74 to O atm)
atm)
NPEMFE
(Pressure 74 atm)|| 1.000 0.348 0.131
NPEMFE
(Pressure 0.348 1,000 0.113
decreases from =
74 to 0 atm)
NPEMFE
(Pressure 0 atm) ||  0-131 0.113 1.000

Figure 5. Pairwise correlation matrix
Notes: values marked in red are statistically significant at p <0.05000

Source: compiled by the authors

Figure 5 shows the correlation coefficients be-
tween the spatial distributions of the Earth’s natural
pulsed electromagnetic field (NPEMFE), obtained under
three formation pressure regimes: at a pressure of 74

atm, during its decrease from 74 to 0 atm, and after it
has fully decreased to O atm. Values of 1.000 are shown
on the main diagonal, as each dataset is fully correlated
with itself. The highest correlation coefficient between
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different regimes is observed between the state at a
formation pressure of 74 atm and the process of its re-
duction to 0 atm (r=0.348). This indicates a moderate
similarity in the spatial distribution of NPEMFE anom-
alies, which is to be expected, as some structural fea-
tures and stress concentration zones are still preserved
during the process of reservoir depressurisation.

By contrast, the correlation between the distribu-
tions obtained at a pressure of 74 atm and after the
pressure had been fully reduced to O atm is only 0.131.
Similarly, the correlation coefficient between the grad-
ual pressure reduction regime and the final state at
0 atm is 0.113. Such low values indicate a significant
change in the spatial structure of the electromagnetic
field following the completion of the reservoir depres-
surisation process. The results obtained demonstrate
that a change in formation pressure is accompanied by
a noticeable reorganisation of the spatial distribution
of NPEMFE anomalies. The greatest similarity is ob-
served between the initial state and the transient re-
gime, whilst after zero formation pressure is reached,
the nature of the electromagnetic pulse distribution
differs significantly from the previous states. This may
be associated with a redistribution of the stress-strain
state of the rock, a change in the activity of existing
fracture zones, and the weakening or emergence of new
sources of electromagnetic pulse generation. It should
be noted that the correlation coefficients presented
characterise only the degree of statistical similarity be-
tween the NPEMFE maps. They fail to establish causes
of the changes and must be analysed in conjunction
with geological, geomechanical and industrial geo-
physical data. The identified patterns can be used to
predict the directions of propagation of the injected
CO, front and to assess the risks of it extending outside
design boundaries of the storage site.

A methodology for monitoring the safety of geological
CO, storage based on NPEMFE

Based on the results, a methodological approach to
monitoring the safety of geological CO, storage us-
ing the NPEMFE has been proposed. In the first stage,
a baseline map of the natural electromagnetic field
is generated prior to the start of CO, injection. Sub-
sequently, during operation, regular observations are
conducted along a network of profiles located above
the reservoir and within the predicted fluid migration
zones. Comparison of existing data with baseline can
be used for rapid detection of: changes in formation
pressure; activation of fractured zones; emergence of
new filtration channels; directions of movement of the
CO, front; potential areas where the storage facility
may leak. In the event of local anomalies detected by

the NPEMFE, the relevant areas may be further investi-
gated using seismic, geochemical or borehole methods.
Thus, NPEMFE can be used to create an early warning
system for potential leaks from geological storage sites
and significantly enhances the safety of long-term car-
bon dioxide storage in depleted oil and gas reservoirs.

The proposed methodological approach is based
on research findings which have shown that the spatial
distribution of NPEMFE varies depending on the for-
mation pressure regime. Analysis of the NPEMFE maps
and correlation relationships demonstrated that a sig-
nificant restructuring of the electromagnetic anomaly
pattern occurs during the transition from a pressure of
74 atm to O atm. The low correlation coefficients be-
tween the states at 74 atm and 0 atm (r=0.131), as well
as between the process of reservoir depressurisation
and the final state (r=0.113), indicate the method’s high
sensitivity to changes in the stress-strain state of rocks.
This confirms the suitability of using NPEMFE as one
of the tools for geophysical monitoring of underground
and geological CO, storage sites.

NPEMFE baseline map depicts the natural state of
the geological environment before the onset of anthro-
pogenic influence. It serves as the reference against
which all subsequent changes in the electromagnetic
field are assessed. Without such a map, it is impossible
to determine whether the detected anomalies are the
result of CO, injection or whether they existed previ-
ously as natural features of the geological structure.
Furthermore, the baseline map can be used to identify
background anomalies associated with faults, zones of
natural fracturing and lithological heterogeneities.

Existing measurements must be conducted fol-
lowing the same observation scheme, using identical
profiles, measurement intervals, recording parameters
and data processing conditions. The comparison should
include an analysis of the spatial location of anomalies,
their intensity, extent, configuration and orientation. It
is also advisable to use statistical indicators, in particu-
lar correlation coefficients, difference maps and other
methods of spatial analysis, which can be used for a
quantitative assessment of the degree of deviation
from the baseline. The emergence of new local anom-
alies, a significant increase or decrease in the intensity
of already known anomalous zones, or a change in their
geometric dimensions, orientation or spatial location
may provide grounds for conducting further investi-
gations. Anomalies that recur systematically over sev-
eral observation cycles, or that spatially coincide with
known tectonic faults, boreholes or other potentially
hazardous areas, should be emphasised. Such chang-
es do not constitute direct evidence of a breach in the
storage facility’s integrity; however, they may indicate a
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change in the stress-strain state of the rock and require
verification using other methods.

The NPEMFE method is best used as part of a com-
prehensive monitoring system. NPEMFE data can be
correlated with the results of 3D seismic surveys or re-
peat seismic surveys to refine the location of faults and
zones of disturbance. Geochemical studies of soil gases
or groundwater can accompany verification of whether
electromagnetic anomalies by the migration of CO, or
other fluids. Well-based methods (monitoring of forma-
tion pressure and temperature, well logging and geo-
physical surveys) provide information on the condition
of the reservoir directly within the wellbore. Consistent
results from several independent methods significantly
improve reliability of the interpretation (White, 2009;
Michael et al., 2010).

The integrated use of NPEMFE alongside tradition-
al methods provides a more comprehensive picture of
the state of the geological environment. In contrast to
borehole measurements, which characterise individu-
al points, NPEMFE can be used for areal mapping of
the study area and rapid detection of local changes in
the stress-strain state. The method is non-invasive, rel-
atively quick to conduct and can be applied repeatedly
without interfering with the operation of the storage
facility. Its main advantage lies in the early detection
of areas where changes in the geomechanical state are
occurring, after which these specific areas can be in-
vestigated in detail using more expensive or localised
methods. Thus, NPEMFE should be regarded as a tool
for initial screening and spatial monitoring, rather than
as a standalone method for confirming leaks or breach-
es in the integrity of a geological repository.

Comparison of the results obtained

with data from existing studies

B.Wei et al. (2023) investigated the prospects for using
depleted oil and gas fields for the long-term storage of
carbon dioxide. Study found that the safe operation of
such facilities is determined not only by the geological
characteristics of the reservoir, but also by the ability
to continuously monitor CO, migration processes and
changes in reservoir pressure (Albertz et al., 2023). This
conclusion is fully consistent with the results of pre-
sented study, as the identified relationship between
formation pressure and NPEMFE parameters can be
used as an additional tool for such monitoring. Similar
conclusions were reached by K.K. Nsiama et al. (2024),
who conducted a comprehensive analysis of modern
technologies for the geological storage of CO, in de-
pleted hydrocarbon reservoirs. The researchers noted
that one of the key factors for long-term safety is the
ability of monitoring systems to detect changes in the

physical state of the reservoir in a timely manner. The
results obtained in presented study confirm the validity
of this approach and demonstrate the potential for use
of geophysical parameters as indicators of changes in
the geological environment.

Y.Demchuk et al. (2025) investigated geological and
petrophysical characteristics of Ukrainian underground
gas storage facilities concerning their suitability for
storage of hydrogen and CO,. The authors found that
most of the sites studied have sufficient capacity and
favourable geological conditions for the implementa-
tion of CCS projects. Presented study correlates with
these conclusions; however, the assessment of storage
site suitability must necessarily be accompanied by the
development of systems for the continuous monitoring
of the reservoir’'s geomechanical state. This aspect is in-
sufficiently addressed in study of mentioned authors.
A. Ahmed et al. (2025) is noteworthy for interpretation
of the results obtained. It addressed integrity and safe-
ty of underground CO, storage sites. The researchers
concluded that the main risks remain breaches in the
integrity of the caprock and wells, which can form gas
migration pathways. The results obtained in this study
do not contradict these conclusions. On the contrary,
the ability to record changes in the stress state of the
rock mass using the NPEMFE method could serve as
an additional tool for the early detection of potentially
hazardous zones.

X.Zhou et al. (2024) analysed the effectiveness of
CO,-EOR technologies and the behaviour of carbon di-
oxide in oil reservoirs. The authors found that changes in
reservoir pressure significantly influence CO, migration
processes, the degree to which it is retained in the res-
ervoir, and the ultimate effectiveness of sequestration.
These results are consistent with presented observations,
as reservoir pressure is one of the main factors determin-
ing changes in the parameters of the NPEMFE model.

M.S. Shah et al. (2026) examined geological and
technical aspects of the safe storage of CO, in depleted
oil and gas reservoirs. Study emphasised significance of
comprehensive monitoring of the condition of storage
sites, control of formation pressure, assessment of cap
rock integrity and identification of potential CO, migra-
tion pathways. The findings confirm the suitability of
the NPEMFE method as an additional geophysical tool
for assessing changes in the stress-strain state of rocks
during CO, injection. When combined with seismic,
well logging and geochemical methods, NPEMFE can
improve effectiveness of the monitoring system and
ensure early detection of potentially hazardous areas
where storage integrity is compromised.

PA. Eigbe et al. (2023) examined the prospects for
using depleted oil and gas fields for the geological
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storage of CO,, emphasising the need to assess reser-
voir capacity, cap rock integrity, injection parameters
and the geomechanical stability of the system. Study
noted that the safe storage of CO, requires compre-
hensive monitoring of changes within the reservoir, as
the increase in pressure during injection may affect the
stress-strain state of the rocks and the activation of
permeability zones. The findings confirm benefits of the
NPEMFE method as an additional tool for monitoring
the geomechanical state of the reservoir,as it can detect
changes associated with stress redistribution and the
development of fracturing. When used in conjunction
with seismic, well logging and geochemical methods,
NPEMFE can improve the reliability of safety assess-
ments for the long-term storage of CO, in depleted hy-
drocarbon reservoirs. J-P. Deflandre et al. (2011) inves-
tigated the modelling of CO, injection processes at the
In Salah industrial site (Algeria), emphasising the rela-
tionship between CO, flow, changes in reservoir pres-
sure and the geomechanical response of the reservoir.
The authors demonstrate that a reliable assessment of
the storage site’s behaviour requires a combination of
hydrodynamic modelling, geomechanical calculations
and monitoring results, in particular satellite observa-
tions of surface deformation. The results obtained con-
firm that pressure changes during injection can cause
a redistribution of stresses in the rock and manifest as
deformation anomalies. This approach is relevant for
assessment of safety of CO, storage in depleted oil and
gas reservoirs and justifies the use of NPEMFE as an ad-
ditional method for monitoring changes in the stress-
strain state of the rock mass.

This approach is supported by W. Tang et al. (2025),
who conducted a review of current geophysical mon-
itoring technologies for geological CO, storage. Study
noted the great potential of electromagnetic methods
due to their sensitivity to changes in rock fluid satu-
ration and alterations in the medium’s electrophysical
properties. The current results confirm this conclusion
and demonstrate that electromagnetic parameters can
also reflect changes in the stress-strain state of the
reservoir. The proposed approach involves creation of
a baseline map of the distribution of NPEMFE param-
eters before the start of CO, injection, which charac-
terises the natural state of the geological environment
and serves as a reference for subsequent comparisons.
During subsequent stages of storage operation, period-
ic measurements are conducted on a network of obser-
vation profiles located above the reservoir and within
zones of potential fluid migration. Comparison of ex-
isting data with the baseline state can identify chang-
es in the geodynamic state of the rock mass and pro-
cesses associated with storage operation. In particular,

analysis of the spatio-temporal variations in NPEMFE
parameters can assess changes in formation pressure,
identify the activation of zones of increased fracturing,
record the formation of potential filtration channels,
and determine the directions of possible propagation
of the injected carbon dioxide front. Furthermore, lo-
cal anomalies in the electromagnetic field may indicate
the presence of areas with an increased risk of leakage
from the geological storage facility.

Should anomalous zones be detected, the moni-
toring results can be used to plan further detailed in-
vestigations using seismic, geochemical or borehole
monitoring methods. This approach enables multi-level
verification of the data obtained and enhances the re-
liability of assessments of the geological environment.
The results obtained demonstrate that the use of the
NPEMFE method has the potential to create an ear-
ly-warning system for detection of hazardous changes
within geological CO, storage sites. The advantages of
the proposed approach include the ability to rapidly
obtain information on changes in the stress-strain state
of rock masses, the relatively low cost of fieldwork, and
the possibility of integration with other monitoring
methods. This defines NPEMFE as a promising tool for
improvement of safety of long-term geological storage
of carbon dioxide in depleted oil and gas fields. Anal-
ysis of results of this study in the context of scientific
publications, it is possible to state no contradiction of
existing interpretaion of the mechanisms governing
the operation of CO, geological storage sites. On the
contrary, the data obtained expand current approaches
to monitoring underground reservoirs using the Earth’s
natural pulsed electromagnetic field as an indicator of
changes in formation pressure and the stress-strain
state of rocks. However, further research is required at
other underground gas storage facilities and potential
geological carbon dioxide storage sites to definitively
confirm the identified patterns. This can be used for
an assessment of the universality of the proposed ap-
proach and determine the limits of its practical appli-
cation in CCS monitoring systems.

® Conclusions
An analysis of existing scientific research has shown
that depleted oil and gas fields are promising sites for
the long-term geological storage of carbon dioxide
due to their significant pore volume, proven natural
impermeability and the presence of a well-developed
production infrastructure. At the same time, it has been
established that the main risk factors during the im-
plementation of CO, geological storage projects remain
breaches in the integrity of the cap rocks, the activation
of tectonic faults, well degradation and the formation
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of man-made fluid migration pathways. The research
established the existence of a regular relationship be-
tween changes in formation pressure and the param-
eters of the Earth’s natural NPEMFE. A consistent in-
verse relationship has been identified: an increase in
formation pressure is accompanied by a decrease in the
intensity of the Earth’s natural NPEMFE, whilst a de-
crease in formation pressure increases electromagnetic
radiation. This pattern is determined by changes in the
stress-strain state of the rocks and the intensification of
filtration processes in the geological environment. An
investigation of the spatial distribution of the NPEM-
FE anomalies revealed their pronounced anisotropy
and dependence on the formation pressure regime. It
has been established that elongated anomalous zones
reflect the directions of fracture development and the
movement of formation fluids, which defines them as
indicators of zones of increased permeability and po-
tential migration pathways for carbon dioxide. The re-
sults of the spatial correlation analysis confirmed the
existence of a genetic correlation between the Earth’s
atural electric field and its natural pulsed electromag-
netic field. It was established that changes in the struc-
ture of the correlation functions are most manifested
during the redistribution of formation pressure and
reflect changes in the stress-permeability state of the
geological environment.

Based on the results obtained, the feasibility of
use of NPEMFE method as a tool for real-time mon-
itoring of the safety of geological CO, storage was

demonstrated. It has been demonstrated that the meth-
od can be used for remote monitoring of changes in
formation pressure, the identification of active filtration
zones, the localisation of potential leakage pathways,
and the assessment of the condition of the geological
environment without the need to drill additional ob-
servation wells. A conceptual approach is proposed for
establishment of a system of continuous geophysical
monitoring of CO, storage sites based on regular NPEM-
FE observations. Implementing this approach can be
used for early detection of reservoir integrity breaches,
the prediction of carbon dioxide migration pathways,
and an improvement in the environmental and opera-
tional safety of geological storage. The results obtained
indicate the potential for further research aimed at
quantitatively establishing the relationships between
NPEMFE parameters, formation pressure, rock permea-
bility and the volumes of injected CO,. Development in
this area lays the scientific foundations for the design
of automated monitoring systems and risk-based man-
agement of geological carbon dioxide storage sites.
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OuiHka 6e3neku 36epiraHHs CO,
Yy BUCHa)KeHUX HapTOBUX Ta ra30BMUX NnacTax

® AHoTauif. AKTyasbHICTb [OOCNIOXKEHHS 3yMOBNEHA HeobXiAHiCTIo 6e3MeyYyHoro reonoriyHoro 36epiraHHs
BYINIEKMC/IONO rasy B MeXax peanisalii TEXHONOriN YyN0BABAaHHS, TPAHCNOPTYBaHHS Ta 36epiranHsa Byrneuto (CCS/
CCUS). MeToto pocnipxeHHs byna ouiHka 6esnekn 36epiranHa CO, y BUCHAXEHMX HAaPTOBMX Ta ra3zoBMX maacrax
i 0OrpyHTYBaHHSA MOX/MBOCTI BMKOPUCTAHHS METOAYy MPUMPOLHOr0o iMMyNbCHOrO €/eKTPOMAarHiTHoro nong 3emni
(MEMM3) nng onepaTMBHOIO KOHTPOO MIACTOBOrO TUCKY Ta BUSIBJIEHHS MOTEHLiMHUX KaHaniB Mirpadii ¢nwigis.
MeToponoria pgocnigxkeHHs 6a3yBanacs Ha aHanisi pe3ynbTaTiB eKCNepuUMeHTaNbHUX Teo@i3uyHUX LOCNIOKEHb,
BMKOHAHMX HA HAayKOBOMY MOAiroHi [IonMHCbKOro HaTONPOMUCAOBOr0O paroHy 3aXigHOro perioHy YKpaiHu, a Takox
Ha 3aCTOCYBaHHi NPOCTOPOBO-KOPENALIMHOr0 aHani3y Ang BCTAHOB/IEHHS B3AEMO3B43KiB Mix napameTpamu IEMI3
Ta N1acTOBMM TUCKOM. BUCHaXXeHi pofoBMLL,A BYrNEBOLHIB pO3rNaAanmcs SK nepcnekTMBHI 06€KTM 419 LOBrOTpMBanoi
isonauii CO, 3aBAAKM 3HAYHINA EMHOCTI, NIATBEPOXEHIN rEPMETUYHOCTI Ta HASBHIM BUPOOHMYIN iHDPACTPYKTYPI.
Y pe3ynbTaTi AOCNIAXKEHHS BCTAHOBEHO 3aKOHOMIPHMI 3BYI30K MiX MAAcTOBMM TUCKOM i napameTpamu [MIEMIM3.
BuaeneHo iHBepCiliHWUIA XapaKTep 3aNeXHOCTI,3a IKOro MiABULLEHHS NIACTOBOr0 TUCKY CYNPOBOAXKYETLCS SMEHLLEHHSIM
iHTeHcmBHOCTI MIEMIM3, TOAi 9K MOr0 3HMXEHHS NMPU3BOAMTb O 3POCTaHHS €/1eKTPOMarHiTHOI akTMBHOCTI. [okasaHo,
WO 3MiHM iHTeHcuBHocTI MIEMIM3 nosd3aHi 3 npouecamu nepepo3nofiny HanpyXeHb Yy MOPOAHOMY MACKBI.
BctaHOBNEHO aHI30TPOMHMIA XapakTep NPOCTOPOBOro po3noainy aHomanin MIEMI3, akuii Binobpaxkae HanpsamMku
pyxy GnigiB i 30HM NiABUWEHOT NPOHMKHOCTI. KopensauifHMin aHanis nigTBepamMB HasiBHICTb B3aEMO3BA3KY MiX
3MiHaMM NPUPOLHOTO eIeKTPMUYHOIO NOAS Ta NNACTOBMM TUCKOM. PO3pobneHo KOHUEeNTyanbHMIM NiaxXia A0 opraHisauii
cucteMm reodisMyHOro MOHITOpMHIy 00€kTiB reonoriyHoro 36epiraHHs CO, Ha OCHOBI perynsipHMX CNoCTepeXeHb
napametpiB MEMII3, wo 3abe3neyye paHHE BUSABNEHHS NMOTEHLIMHUX KaHaniB Mirpalii ByrneBoAHIB Ta NOpyLleHb
repMeTMYHOCTI Cx0BuLWaA. [pakTUyYHa LiHHICTb OTPUMAHUX pe3ynbTaTiB MOASrA€E Y MOXAMBOCTI X BUKOPUCTAHHS
daxiBusMM HabTOra3oBoi ranysi, reoekonorii Ta reodisuyHoro MOHITOPUHTY A/ KOHTPOMKO CTaHy MiA3eMHUX
cxosuy, CO,, OLiHIOBAHHSA PU3MKIB BUTOKIB i NiABULLEHHS PIBHS €KOMOMYHOT Ta TEXHOMOMYHOT Be3MeKu reonoriyHoro
36epiraHHs Byrneuto

® KniouoBi cnoBa: reonoriuHe 36epiraHHs CO,; BUCHaXeHi ra3oBi poAOBMLLA; MAACTOBMIA TWUCK; MPUPOAHE
iMMyNbCHe enekTpoOMarHiTHe nosie 3emii; MOHITOPUHT; 6e3neka CXOBULL,; Mirpawis Gniais
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Innovative use of UAVs and photogrammetry
for automation of mining surveying in open-pit mining

@ Abstract. The study aimed to evaluate the potential of unmanned aerial vehicle (UAV)-based photogrammetry
for automating spatial monitoring in open-pit mining. The methodology included comparative field experiments
conducted in June-September 2024 at granite quarries. UAV flights were performed at altitudes of 60, 80 and
120 metres using sensors with a resolution of 20 Mpix and 45 Mpix to analyse the impact of flight altitude and
sensor characteristics on spatial accuracy. The results showed a direct dependence of the accuracy of digital
terrain models on flight altitude and sensor characteristics. With an increase in altitude to 120 metres, the errors
increased to 6.1 cm (planimetric) and 10.3 cm (altimetric). The camera with higher resolution demonstrated
consistently higher accuracy at all altitude levels, which was confirmed by statistical analysis (p<0.05). In addition,
the critical role of the density of the ground control point network was established: reducing their number from
18 to 6 caused an increase in the plan error from 3.4 cm to 8.9 cm, and the elevation error from 4.8 cmto 11.5 cm,
with significant local deformations of the models at the periphery. When comparing three software platforms for
automated calculation of rock mass volumes, the smallest error was recorded in 3D Survey (1.6% of the reference
laser scan), while Trimble Business Centre demonstrated the highest performance (1.5 hours of processing versus
2.6 hours in 3D Survey). Statistically significant differences (p=0.033) indicate the importance of a well-informed
choice of software in accordance with priorities of accuracy or speed. The practical significance of the study is
determined by the possibility of implementing the results obtained by mining companies, surveying services
and engineering and geodetic departments to improve the accuracy, productivity and safety of monitoring while
minimising human and technical resources

® Keywords: spatial monitoring; planned errors; point cloud density; photogrammetry; autonomous aerial
vehicle; geodetic instruments; digital model
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8 Introduction

The development of open-pit mining is accompanied
by a constant complication of production processes,
which requires the introduction of the latest technolo-
gies for monitoring the spatial parameters of quarries.
In conditions of intensive depletion of deposits, growth
in the volume of mining activities and the actualisation
of occupational safety issues, there is a need to increase
the accuracy of mine surveying while reducing time and
resource costs. Traditional methods of engineering and
geodetic measurements, although they remain the basis
of technical control, often do not provide the necessary
efficiency in the conditions of rapidly changing geome-
try of open mining workings. In this context, innovative
remote sensing technologies, in particular photogram-
metry using unmanned aerial vehicles (UAVs), are be-
coming relevant as a tool for high-precision and rapid
spatial analysis. At the same time, despite the rapid de-
velopment of this field, several scientific and applied
issues remain related to the standardisation of meth-
ods, accuracy assessment, processing optimisation, and
justification of the number of control points to ensure
reliable results.

The key problem with using UAVs in surveying is
the variability of accuracy, which is determined by flight
altitude, sensor type, and the density of Global Navi-
gation Satellite System (GNSS) control points. In many
cases, the lack of regulated approaches to flight param-
eters leads to ambiguous results and complicates the
integration of technology into production processes.
Y. Zabolotna et al. (2025) analysed the impact of sur-
vey altitude on the accuracy of digital terrain models in
coal mines, finding a significant deterioration in metric
characteristics when the UAV was raised above 100 m.
However, their study did not consider the peculiarities
of high-altitude or complex-structured quarries, where
relief changes are sharply pronounced locally.

A substantial feature of the use of UAVs in the ex-
traction of solid minerals is their adaptability to various
types of photogrammetric equipment. The results of a
study by D. Polishchyk et al. (2024) indicated a signifi-
cant reduction in error when using a sensor with higher
resolution (24 Mpix versus 12 Mpix). At the same time,
the impact of data volume on processing time and re-
source intensity, which is critical in production condi-
tions, was not analysed. The accuracy of calculating the
volumes of extracted rock is also substantial, as errors
in this aspect can lead to financial losses. At the same
time, V. Kotenko & M. Kunytska (2023) raised the issue
of the accuracy of volume calculations based on models
obtained from UAVs but were limited to analysis of only
one software product. Their results were inapplicable
for a comparative assessment of different software

environments, which limits the ability of companies to
choose the optimal software.

Another substantial issue is the optimal number of
control points required to ensure high model accuracy.
N. Bar et al. (2020) investigated the impact of different
numbers of GNSS points on the results of orthotrans-
formation of photogrammetric images. They estab-
lished a critical threshold of 10 points, below which ac-
curacy decreases significantly. However, their work did
not address changes in accuracy depending on the type
of sensor and terrain conditions. Another aspect is the
comparison of photogrammetry with alternative tech-
nologies, such as terrestrial laser scanning (TLS). Ac-
cording to S. Tsachouridis et al. (2025), parallel survey-
ing using terrestrial laser scanning and UAVs showed
greater detail in the former method. At the same time,
their study did not consider the economic feasibility of
using each technology in industrial conditions, nor did
it evaluate the effectiveness of a hybrid approach.

The issue of data processing efficiency in differ-
ent software environments is also of scientific interest.
K. Chand et al. (2024) evaluated the performance of
three programmes for building digital terrain models,
noting that differences in processing speed reached
50%. However, the study did not compare these param-
eters with the accuracy of the results, which prevents
a comprehensive assessment of software efficiency. In
the context of the industrial integration of UAV tech-
nologies into the mining industry, their practical test-
ing in real conditions is relevant. At the same time,
S. Mikrut (2024) conducted field experiments at an iron
ore quarry, proving the possibility of regular spatial
monitoring using UAVs. However, the study did not in-
clude a systematic assessment of the statistical signif-
icance of the results, which limits their application as
a regulatory framework. The problem of standardising
the methodology for processing photogrammetric data
remains insufficiently studied. An analysis of different
approaches to model validation using GNSS and TLS
was presented in a study by R. Battulwar et al. (2020),
but it did not address the influence of control point
density on the results, which reduces the applicability
of their recommendations for dynamic quarries.

Thus, the research is driven by the need to devel-
op an optimised photogrammetric monitoring meth-
odology that incorporates the impact of key shooting
parameters, sensor type, number of control points, and
software environment on the accuracy and efficiency
of mine surveying. The main goal of the study was to
determine the technical possibilities of using UAVs for
automated spatial monitoring in open-pit mining. The
research tasks included analysing the impact of flight
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altitude and sensor resolution on model accuracy, as-
sessing the role of control points in ensuring metric
reliability, and comparing three software platforms in
terms of accuracy and processing speed.

® Materials and Methods

The research was conducted between June and Sep-
tember 2024 at open-pit mines near the town of
Khoroshiv in the Zhytomyr region of Ukraine, which
specialises in the extraction of granite and decorative
stone. Field work was conducted in cooperation with
the production department of Limited Liability Compa-
ny “KLM Granresurs”, which conduct open-pit mining of
minerals in the region. The choice of the research site
was determined by the presence of active mining work-
ings and a variety of geological structures, which create
favourable conditions for testing new methods of mine
surveying. The climatic conditions of the study area are
temperate continental, with an average air temperature
of +19.5°C in the summer months and an average pre-
cipitation of about 78 mm per month. The geological
structure is represented by massifs of crystalline rocks
of the Archaean and Proterozoic ages, which ensure the
stability of control points and reduce the influence of
vegetation cover on the accuracy of aerial photography.

Field work included a series of experimental flights
using DJI Phantom 4 RTK (China) and DJI Matrice 300
RTK (China) UAVs with Zenmuse P1 cameras to compare
the effectiveness of sensors with different resolutions
(20 Mpix and 45 Mpix, respectively). To determine the
optimal flight altitude, missions were performed at lev-
els of 60,80 and 120 m with 80% frontal and 70% lateral
image overlap. The collected data was processed using
3D Survey (Netherlands) and Pix4Dmapper 4.9 (Swit-
zerland) software, which was used for a comparison of
the accuracy of digital terrain models and orthopho-
tomaps created using different photogrammetry algo-
rithms (SfM, MVS). In addition, the capabilities of auto-
mated analysis of rock mass volumes were tested in the
Trimble Business Centre 5.9 software suite (USA). Three
key parameters were used to evaluate the effectiveness
of the rock mass volume calculation software: calculat-
ed volume (m?®), absolute deviation from the reference
model built using laser scanning data (Leica ScanSta-
tion P40, accuracy 2 mm), and total processing time
(hours), which was used for an objective comparison of
the accuracy and performance of the selected platforms.

Ground measurements of control points were per-
formed using a Trimble R10 GNSS receiver (USA) in
RTK mode. A total of 18 control points were laid out,
distributed evenly across the study areas, with an av-
erage distance of 80 m between them. Additionally,
the influence of the number of control points on the

accuracy of the constructed models was investigated:
three series of processing were performed with a full
set of points, with a 50% reduction in their number, and
with a minimum required set of 6 points. This made it
possible to determine the dependence of the error on
the density of the control network. To verify the mod-
els, comparative measurements were also conducted
using a Leica ScanStation P40 (Switzerland) terrestrial
laser scanner, which provided reference three-dimen-
sional models with an accuracy of up to 2 mm. A com-
parison of digital terrain models obtained from UAVs
and TLS was used for a quantitative assessment of the
error of deviations in planned coordinates and height.
Statistical data processing included three main stages:
analysis of the accuracy of digital models depending on
flight altitude and control point density, comparison of
the time required to update mining and graphic doc-
umentation using traditional and automated methods,
and assessment of the error in calculating the volume
of rock masses using different software packages. The
calculations were performed in IBM SPSS Statistics 29
(USA). The analysis used analysis of variance (ANOVA)
for multiple comparisons, the Wilcoxon test for paired
samples, and the Kruskal-Wallis test for independent
groups, with a significance level of p<0.05.

To provide a contextual comparison of the effec-
tiveness of traditional surveying technologies and
modern UAV-based solutions, an analytical summa-
ry of the technical characteristics of both approaches
was additionally conducted. The comparative table was
compiled based on a combination of data from liter-
ary sources and the results of field tests, in particular
regarding the duration of data collection, the required
number of operators, the accuracy of coordinates, and
access requirements to the facility. This approach sys-
tematised the key parameters of mine surveying and
highlighted the technological advantages of UAV solu-
tions in the context of open-pit mining. In addition to a
quantitative analysis of errors, the study also provided
practical recommendations on the minimum number
of control points required to ensure the necessary ac-
curacy. Scenarios were considered that correspond to
the conditions of indicative mapping, standard survey-
ing control and high-precision modelling for boundary
calculations, incorporating resource constraints and re-
quirements for the reliability of results.

® Results
In mine surveying for open-pit mining, there is a steady
trend towards the introduction of UAVs as an alterna-
tive or supplement to traditional geodetic measure-
ment methods (Cao et al., 2022). Classic instruments
such as total stations, levelling instruments and GNSS

Mining Journal of Kryvyi Rih National University. 2026. Vol. 60, No. 1



M. Kunytska & 1. Piskun

receivers provide high accuracy but are characterised
by limited data collection speed, significant labour in-
tensity and dependence on complex terrain conditions.
At the same time, photogrammetry technologies im-
plemented through UAVs can be used to photograph
large areas in a limited time with minimal personnel
involvement. The main advantages of photogrammetric
methods are the high frequency of spatial information

updates, the possibility of automated processing, and
reduced monitoring costs (Lu et al., 2021). However, the
accuracy of the results largely depends on the survey
parameters, sensor type, lighting conditions, and pro-
cessing software. Table 1 summarises the key technical
characteristics and differences between traditional ge-
odetic methods and modern UAV solutions in the con-
text of open developments.

Table 1. Comparison of traditional and UAV photogrammetric methods of mine surveying monitoring

Parameter

Classic surveying methods

UAV with photogrammetry

Equipment type

Total station, GNSS, level

DJI Phantom 4 RTK, Matrice 300 RTK

Coverage area per session Upto1lha Up to 50 ha
Time for data collection 4-8 hours/plot 20-40 minutes/plot
Amount of operators 2-3 1-2
Accuracy of planned coordinates £1-2cm £3-5cm
Accuracy by height £l cm £5-10 cm

Equipment cost

15,000-25,000 USD

30,000-55,000 USD

Update frequency

1-2 times per month

Weekly or more often

Direct access requirement

Yes

No

Weather condition impact

Moderate

High

Source: compiled by the authors based on L. Canh et al. (2020), J. Lu et al. (2021), R. Preston (2021), D. Cao et al. (2022), D. Zhou et

al. (2022)

A comparative technical analysis demonstrated the
evolution of approaches to spatial monitoring in mine
surveying, from labour-intensive classical instrumental
methods to highly efficient automated systems based
on UAVs. This transformation was made possible by the
simultaneous development of three key technological
components: high-precision sensors, image process-
ing algorithms (SfM/MVS) and geospatial referencing
systems. All these components determine the overall
efficiency and accuracy of digital terrain modelling,
which is critical for the safe and rational organisation
of open-pit mining (Zhou et al., 2022). The sensor part
of modern UAVs includes cameras with a resolution of
12 to 61 megapixels. Two popular kits were used in this
study: the DJI Phantom 4 RTK with a 20 Mpx camera
and the DJI Matrice 300 RTK with a 45 Mpx Zenmuse P1
camera. During flights at altitudes of 60, 80 and 120 m,
a ground sample distance (GSD) in the range of 0.7 to
2.5 cm/pixel was achieved, providing detail even when
shooting vertical quarry benches. High image overlap
values (80% frontal and 70% lateral) reduced the area
of “dead zones” by more than 65% compared to the
minimum acceptable overlap (60x40%), which, in turn,
increased the point cloud density to over 100 points/m?
and ensured the stability of spatial reconstruction even
in complex terrain areas. As a result, more than 100
points/m? were obtained in a dense cloud, which is 10-
20 times higher than the density available when us-
ing conventional GNSS surveying. However, it is worth

noting that these algorithms are sensitive to shadow
areas, excessive reflection from wet surfaces, and vege-
tation, which complicates the reconstruction of objects
in the summer.

Another critical component is the coordinate refer-
ence system. The use of the RTK module ensured a ge-
olocation error of 1.5-2 c¢m for individual images with-
out involving a complete network of ground control
points. However, optimal results were achieved with a
combined approach using GNSS control points and RTK
photogrammetry. All constructed models were trans-
formed into the UCS-2000 coordinate system, incorpo-
rating the parameters of the Gauss-Kriiger projection,
which was used to integrate the models into the QGIS
geoinformation environment for further processing.
Thus, the technical prerequisites for the successful im-
plementation of UAVs in mine surveying are based on
a combination of high-quality sensors, optimised im-
age processing algorithms and accurate georeferenc-
ing methods. Compliance with these conditions ensures
not only high accuracy of digital models (up to 3.2 cm
in plan and 5.1 cm in height when shooting from 60 m
with a 45 Mpx camera), but also a significant reduction
in time and resource costs: the duration of field work is
reduced from 4-8 hours to 20-40 minutes per 10-12 ha
plot, and the number of personnel involved is reduced
from 2-3 to 1-2 operators.

In the process of analysis of the influence of flight
altitude and sensor resolution on the accuracy of
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digital terrain models in field research, six different
photo shooting configurations were used with two
types of sensors: 20 Mpix (DJI Phantom 4 RTK) and
45 Mpix (Zenmuse P1 on DJI Matrice 300 RTK). The
photography was conducted from three altitude lev-
els: 60 m, 80 m and 120 m. All missions adhered to the

same overlap parameters of 80% frontal and 70% later-
al, and the data were processed in Pix4Dmapper using
the same recursive optimisation parameters. As shown
in Table 2, lower flight altitudes provided better detail
(lower GSD values) and, accordingly, higher accuracy of
both planned position and altitude.

Table 2. Accuracy of digital terrain models depending on flight altitude and sensor type

Flight height (m) | Sensor type | GSD (cm/pixels) Ave:rgoer;zi?nl;ned Aver:?ri:né::;n um P (ep:?:rl;ed p(|:::(;rn)|um
60 20 Mpix 1.2 45 7.8 0.031 0.028
60 45 Mpix 0.8 3.2 5.1 0.031 0.028
80 20 Mpix 1.8 6.7 10.2 0.017 0.013
80 45 Mpix 11 4.8 74 0.017 0.013
120 20 Mpix 2.5 9.3 14.5 0.004 0.002
120 45 Mpix 1.6 6.1 10.3 0.004 0.002

Source: compiled by the author

The data demonstrates the systematic depend-
ence of the accuracy of digital terrain models on two
key parameters: the flight altitude of the UAV and the
resolution of the sensor installed on board. These pa-
rameters determine the GSD of the images, which in
turn directly affects the density of the point cloud, the
clarity of contour definition, and the accuracy of ge-
ometric reconstruction. The analysis covered six flight
configuration options, which varied between altitudes
of 60, 80 and 120 metres for two sensors: 20 Mpix
(DJI Phantom 4 RTK) and 45 Mpix (Zenmuse P1 on DIl
Matrice 300 RTK). The results showed that the lowest
GSD values, and therefore the highest accuracy, were
achieved at a flight altitude of 60 m. At the same time,
the 45 Mpx sensor provided a GSD of 0.8 cm/px, while
the 20 Mpx sensor provided 1.2 cm/px. Accordingly, the
planimetric errors were 3.2 cm for high resolution and
4.5 cm for lower resolution. The difference in elevation
accuracy is even more noticeable: 5.1 cm versus 7.8 cm.
These values indicate the possibility of using UAV data
for topographic mapping at a scale of 1:500 under op-
timal survey parameters. Statistical analysis using the
Wilcoxon criterion confirmed the reliability of these
differences (p=0.031 for planimetric coordinates and
p=0.028 for elevation). When moving to an altitude
of 80 m, the predicted increase in GSD to 1.8 cm/pix-
el (20 Mpix) and 1.1 cm/pixel (45 Mpix) occurred. The
planned errors increased to 6.7 cm and 4.8 cm, respec-
tively, and the altitude errors to 10.2 cm and 7.4 cm.
In both cases, the improvement in accuracy due to the
use of 45 Mpix was statistically significant (p < 0.05).
This confirms the ability of high-resolution sensors to
partially compensate for the deterioration in accuracy
caused by an increase in flight altitude.

The worst results were recorded at an altitude of
120 m. Here, the GSD reached 2.5 cm/pixel (20 Mpix)
and 1.6 cm/pixel (45 Mpix). Planar errors increased
to 9.3 cm and 6.1 cm, and elevation errors to 14.5 cm
and 10.3 cm, respectively. Even under such conditions,
the advantage of high resolution remained. The Kras-
kel-Wallis criterion confirmed statistical significance
(p=0.004 and 0.002), indicating a noticeable effect of
the sensor type with the same flight geometry. Thus, the
analysis revealed clear trends: with an increase in flight
altitude, the accuracy of the models decreases; cameras
with a resolution of 45 Mpix provide consistently better
results at all levels; the interaction between GSD and
SfM/MVS algorithms forms a critical limit for accept-
able error in surveying tasks. For industrial practice, it is
advisable to choose a height of up to 80 m in combina-
tion with a high-resolution sensor, which is the optimal
compromise between performance, flight safety and
model accuracy.

To study the impact of control network density on
the accuracy of digital terrain model construction, a se-
ries of test processing of photographic data with iden-
tical flight, sensor and image overlap parameters was
conducted. All models covered an area of approximate-
ly 12.5 hectares and were constructed in the same soft-
ware environment using SfM/MVS algorithms. The only
difference was in the number of control points used:
a full set (18 points), a set reduced by half (9 points),
and a minimum acceptable set (6 points). Following
Table 3, reducing the number of control points led to
a gradual deterioration in the accuracy of digital mod-
els in both planimetric and elevation measurements.
The most favourable outcomes were observed when
using a complete network of points, while partial or
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minimal coverage resulted in increased errors and
reduced spatial reliability. Statistical analysis con-
firmed the significance of the identified differences,

confirming the significance of sufficient density and
uniform distribution of control points to ensure relia-
ble geometric reconstruction.

Table 3. Influence of the number of control points on model accuracy

Number f’f control | Average planned | Average maximum Research area (ha) | p (planned error) | p (maximum error)
points error (cm) error (cm)
18 3.4 4.8 12.5 0.019 0.011
9 5.7 7.2 12.5 0.019 0.011
6 8.9 11.5 12.5 0.019 0.011

Source: compiled by the authors

The results demonstrated a dependence of the ac-
curacy of digital terrain models on the density of the
network of ground control points used in the external
orientation of photogrammetric models. This is funda-
mentally essential for surveying, where even minor ge-
ometric errors can lead to significant systematic errors
in calculating rock mass volumes, determining bench
deformations, and controlling development contours.
An experimental comparison of three processing sce-
narios with 18,9 and 6 control points quantitatively as-
sessed the degree of influence of the reduction in the
number of benchmarks on spatial accuracy. A complete
set of 18 control points, evenly distributed around the
perimeter and in the central parts of the survey area,
ensured the highest accuracy: the average planimetric
error was 3.4 cm, and the elevation error was 4.8 cm. At
the same time, the maximum local deviations did not
exceed 7 cm; therefore, the model can be used with
confidence for large-scale mapping (1:500) and volume
calculations with an accuracy of 2%.

Reducing the number of control points to 9, while
maintaining symmetry and covering the edges of the
model, led to an increase in the planimetric error to
5.7 cm and the elevation error to 7.2 cm. These values
are already close to the limits acceptable for 1:1,000
scale surveying, especially in the case of detailed doc-
umentation of relief changes. The critical point was the
reduction of the number of benchmarks to a minimum
set of 6, which can be used for external orientation
without reorienting the scene. In this case, the average
plan error increased to 8.9 cm, and the elevation error
to 11.5 cm. In addition, there was an increase in the in-
ternal deformation of models, particularly in peripheral
areas, where errors reached 14-16 cm. This effect is ex-
plained by a decrease in network rigidity in conditions
of insufficient control point coverage. Statistical anal-
ysis using the Kraskel-Wallis criterion confirmed the
significance of these changes (p=0.019 for planimetric
and p=0.011 for elevation errors), indicating the critical
role not only of the number but also of the configura-
tion of point placement.

From a technical point of view, the lack of control
points leads to a violation of the conditions for fixing
the external orientation of the model, an increase in
uncertainty in the optimisation of photogrammetric
connectivity of images, and a deterioration in micro-re-
lief reconstruction. This is evident when using SfM/MVS
algorithms, which require spatial stability for accurate
calculation of camera positions. Although modern UAVs
are equipped with RTK modules that provide precise
positioning, this data is not sufficient for metric assur-
ance without ground verification. Thus, the results of
the study show that the optimal scenario for balancing
accuracy and cost is to use at least 9 benchmarks, even-
ly distributed around the perimeter and in the centre
of the site. In situations where maximum accuracy is
required (e.g., for marginal reserve calculations), it is
recommended to use a full set of 18 points. In turn, re-
ducing the number of points to 6 may be acceptable
only for indicative mapping or when resources are lim-
ited, but it does not meet the requirements of mine sur-
veying control in active mining conditions.

As part of the assessment of the effectiveness
of software tools for automated calculation of rock
mass volumes, three specialised software platforms
were tested: 3D Survey, Pix4Dmapper and Trimble
Business Centre. The calculations were based on the
same photogrammetric model of a 12.5-hectare site,
constructed using a 45-megapixel sensor at a flight
altitude of 80 metres. To compare the accuracy of the
calculations, a model obtained from TLS data (Leica
ScanStation P40) with an error of 2 mm was used as a
reference. Following Table 4 and Figure 1, the results
of the volume calculations varied depending on the
software selected, demonstrating significant differ-
ences in accuracy. The smallest errors were character-
istic of one of the software packages, while the others
showed higher levels of deviation from the reference
value. Statistical analysis confirmed the significance
of the identified discrepancies, indicating different
processing algorithm efficiencies in each of the soft-
ware environments.
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Table 4. Comparison of software for calculating rock mass volumes

Calculated Absolute deviation Processing time p (processing

ST volume (m?3) from the standard (m?3) (hours) Bliclune) time)

3D Survey 12,750 210 2.6 0.033 0.027

Pix4Dmapper 12,580 380 2.2 0.033 0.027

Trimble Business Centre 12,690 270 1.5 0.033 0.027

Source: compiled by the authors
Trimble Business Centre B
Absolute deviation (m3)
Pix4Dmapper
m Deviation (%)
3D Survey B
0 100 200 300 400 500

Figure 1. Graph showing the dependence of volume calculation errors in different software platforms

Source: compiled by the authors

A comparison of three leading software packages,
3D Survey, Pix4Dmapper and Trimble Business Centre, in
the context of calculating rock mass volumes revealed
significant differences in both the accuracy of the re-
sults and the time required for processing. Although all
three software products are based on photogrammetric
reconstruction and digital surface modelling methodol-
ogies, the algorithms, point cloud densification param-
eters, interpolation methods, and geometric segmenta-
tion methods implemented in them differ significantly.
This, in turn, causes not only discrepancies in the re-
sults but also in the stability of the model when the
input parameters change.

3D Survey demonstrated the highest level of ac-
curacy. When modelling based on 45 Mpix images
from a height of 80 m and GSD 1.1 cm/pix, the pro-
gramme calculated a volume of 12,750 m?, with an ab-
solute deviation from the reference laser model of only
210 m? (1.6%). This is due to the flexibility in config-
uring dense cloud algorithms, adaptive noise masking,
and multi-stage camera position optimisation. How-
ever, the processing time was 2.6 hours, which is the
highest among the platforms studied. This may limit
its use in production environments where the speed
of documentation updates is critical. Pix4Dmapper, al-
though designed with a focus on fast and automated
processing of drone data, demonstrated lower metric
accuracy. The calculated volume was 12,580 m3, which
corresponds to a deviation of 380 m? (=3%). The main
sources of error were fewer points in the condensed
model, aggressive noise removal filters, and less ac-
curate geometric correction of polygon edges. The

processing time of 2.2 hours indicates relative effi-
ciency while maintaining automation, but the compro-
mise in accuracy makes this platform less suitable for
high-precision mine surveying.

Trimble Business Centre demonstrated the best
balance between accuracy and productivity. With a re-
sult of 12,690 m?* (deviation of 270 m? or 2.1%) and the
shortest processing time of 1.5 hours, Trimble Business
Centre demonstrates high efficiency in volume calcu-
lation. A distinctive feature of this software is its deep
integration with GNSS data, automatic polygon closure,
high-precision TIN model construction, and boundary
closure control, which is critical for reporting surveying
documents. In addition, Trimble Business Centre has a
convenient interface for generating volume reports in
PDF and DWG formats. ANOVA analysis showed statisti-
cally significant differences in both accuracy (p=0.033)
and time consumption (p =0.027) between the plat-
forms. This indicates the objective existence of differ-
ences that must be considered when choosing a tool
for surveying support. Therefore, for tasks where metric
accuracy is a priority, 3D Survey should be used. In sit-
uations with limited time, the Trimble Business Centre.
Pix4Dmapper is best used for training purposes or in
medium-priority projects where accuracy is of second-
ary importance.

® Discussion
This study confirmed the high potential of UAVs in
surveying open-pit mines. The results demonstrated
the advantages of UAV photogrammetry over tradi-
tional geodetic methods in terms of data collection
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speed, coverage area, update frequency, and automat-
ed processing. A similar advantage was also noted in
studies by J. Shahmoradi et al. (2020) and R. Le Roux et
al. (2025), who studied the use of UAVs in quarries of
varying depths. According to their findings, photogram-
metric models can reduce time consumption by 60-75%
compared to classical approaches. This correlates with
the results of the study, where data collection time was
reduced to 20-40 minutes compared to 4-8 hours in tra-
ditional scenarios. The established dependence of the
accuracy of digital terrain models on flight altitude and
sensor type confirms the conclusions of H. Dai & J.Jiying
(2022) and Y. Gul et al. (2020), investigating the role of
GSD in the accuracy of digital surface model construc-
tion. Both authors note that optimisation of resolution
is critical to achieving accuracy acceptable for survey-
ing purposes. In the presented study, the best results
were achieved when shooting from a height of 60 m
with a 45 Mpx camera, which provided a GSD of 0.8 cm/
px and an elevation error of 5.1 cm. This is consistent
with the conclusions of H. Dai & J.Jiying regarding the
advisability of using shooting heights of up to 70 m
to ensure a balance between coverage and accuracy.

Despite the overall positive trend in UAV perfor-
mance, D. Dawei et al. (2020) express scepticism about
their suitability for work in areas with dense vegetation,
where reconstruction accuracy is significantly reduced.
This is partly confirmed by the study, which found a de-
terioration in model accuracy during the summer due to
excessive reflection and shaded areas. At the same time,
the use of high-resolution cameras and improved SfM/
MVS algorithms, as demonstrated in the study, minimis-
es the impact of vegetation noise. Thus, the arguments
of D. Dawei et al. are valid, but only in the absence of
technological adaptation to complex conditions. Analy-
sis of sensor performance showed a systematic advan-
tage of a 45 Mpx camera over a 20 Mpx camera at all
altitude Llevels. This conclusion is consistent with the
results of A. Kabadayi (2022) proved in laboratory mod-
elling the critical impact of resolution on the accuracy
of altitude estimates. According to the observations of
A. Kabadayi, a 1 Mpx increase in resolution improves
the accuracy of digital terrain models by an average of
3-5%, which corresponds to the dynamics of the data
obtained in the study. Similar results in the field are
described by J. Wu & M. Saito (2024), who noted that a
GSD below 1 cm/pixel is a critical threshold for 1:500
scale mapping tasks.

In the context of analysing the number of control
points, the results of the study confirm the conclusions
of J. Hao et al. (2023) and Y. Astor et al. (2022), argu-
ing that reducing the number of control points below
9 leads to systematic model deformations. The study

in question showed an increase in the planned error
from 3.4 cm to 8.9 cm when the number of points was
reduced from 18 to 6. A similar effect was described
by J. Hao et al. when testing external orientation algo-
rithms without full control of the scene edges, which
causes geometry distortion at the periphery. Y. Astor et
al. also emphasise the significance of spatial symmetry
of the control network for the stability of SfM recon-
struction. At the same time, G. Yuksel (2022) questions
the advisability of using more than 6 control points
when using UAVs with RTK navigation. Following the
study, the accuracy of RTK photogrammetry eliminates
the need to install a complete network of control points.
The study partially refutes these claims, since when us-
ing only RTK data, the average height error exceeded
11 cm, which does not meet surveying standards for
a scale of 1:500. This leads to the conclusion that the
position of G. Yiksel does not incorporate the potential
instability of the RTK signal in quarries, where signal
shielding by bench walls is possible.

Regarding the accuracy of software tools, the re-
sults of the study indicate a statistically significant ad-
vantage of 3D Survey over Pix4Dmapper and Trimble
Business Centre in terms of volume calculation accu-
racy. This correlates with the conclusions of |. Daou et
al. (2022) and Y. He et al. (2024). I. Daou et al. empha-
sise the flexibility of optimisation algorithms and pre-
cise noise filtering control in Metashape, while Y. He et
al. highlights the improved stability of results in com-
plex terrain geometry. Both authors conclude that
Metashape is suitable for tasks with high metric accu-
racy requirements, which is consistent with the detect-
ed deviation of only 1.6% from the reference volume
in the presented study. At the same time, the evalua-
tion of Pix4Dmapper’s performance showed its lower
accuracy (3% deviation) compared to other platforms.
This conclusion is confirmed by the study by H. Lu et
al. (2023), highlighting the simplified structure of point
cloud densification in Pix4Dmapper and the excessive
aggressiveness of noise removal algorithms. Similar
results were presented by O. Ajayi & J. Ajulo (2021),
also noting the low stability of edge polygons. Thus,
this study confirms the limitations of Pix4Dmapper in
high-precision calculations in complex conditions.

Trimble Business Centre proved to be optimal in
terms of accuracy and processing time, as confirmed
by the findings of CV. Le et al. (2020) and H. Susilo et
al.(2024).CV.Le et al.noted that Trimble Business Centre
provides integration with GNSS data and efficient au-
tomatic generation of TIN models, which reduces time
consumption. H. Susilo et al. emphasised the bound-
ary closure control function as critical for surveying
tasks, which was also found in the presented study. The
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results of the Trimble Business Centre showed a devi-
ation of only 2.1% with a minimum processing time of
1.5 hours. However, several researchers point to alter-
native approaches to volume calculation that are not
related to photogrammetry. For example, M. Loots et
al. (2022) and W. Ling et al. (2024) advocate the superi-
ority of TLS, arguing that it offers higher accuracy and
independence from weather conditions. Their conclu-
sions are based on an analysis of TLS system errors,
which do not exceed 5 mm. However, the study shows
that when optimal shooting parameters are observed,
UAV photogrammetry can provide a deviation of only
210 m? from the reference model, which is sufficient
for most production tasks. In addition, the time and re-
sources required for TLS significantly exceed the costs
of UAVs, which raises doubts regarding the versatility of
the approach proposed by M. Loots et al.

Another critical position is represented by V. Re-
inprecht & D. Kieffer (2025) and Y. Zhu et al. (2024),
highlighting the low reliability of photogrammetry
in cases of limited visibility or large elevation differ-
ences. V. Reinprecht & D. Kieffer emphasise problems
with image overlap in terraced areas, while Y. Zhu et
al. highlight the risk of errors due to uneven lighting.
The corresponding risks are partially confirmed in the
study, but their impact was reduced by high overlap
(80% frontal, 70% lateral) and exposure correction.
Thus, the shortcomings outlined by the authors are not
critical when optimal shooting conditions are main-
tained. P. Amatya et al. (2021) and S.I. Jiménez-Jimén-
ez et al. (2021) also made a significant contribution
to the development of the model preparation meth-
odology. J. Zhao et al. emphasised the need to trans-
form models into local coordinate systems for further
integration into the GIS environment, which is fully
implemented in the study. T. Bamford et al. considered
the effectiveness of using combined RTK + GCP ap-
proaches as a basis for ensuring high accuracy. This
combination was used in the study and reduced the
georeferencing error to 1.5-2 cm without excessive
deployment of the control network.

Summarising the above results, it is possible to con-
clude that the use of UAV photogrammetry in surveying
practice ensures a high level of accuracy, efficiency and
flexibility, provided that optimal parameters for survey-
ing, processing and georeferencing are observed. The
identified dependencies between flight altitude, sensor
type, control network density and software selection
form the basis for the development of adaptive sur-
vey protocols tailored to specific tasks. Despite certain
technological limitations, the results of the study indi-
cate the feasibility of widespread UAV implementation
in the field of spatial monitoring of open-pit mining.

® Conclusions

The study confirmed that the introduction of UAVs into
mine surveying for open-pit mining significantly im-
proves the productivity, efficiency and safety of moni-
toring work compared to traditional geodetic methods.
UAV-based photogrammetric systems can be used to
survey large areas with minimal personnel involve-
ment, ensuring a high data update frequency and digi-
tal model density of over 100 points per square metre,
which exceeds the performance of classic GNSS sur-
veys by 10-20 times. Despite slightly lower absolute
accuracy, spatial positioning indicators remain within
the limits acceptable for scales of 1:500 and 1:1,000.
The study established that the combination of flight
altitude and sensor resolution has a critical impact
on model accuracy. The best results were achieved at
an altitude of 60 metres and with a 45 Mpix sensor,
which provided a planned error of 3.2 cm and an al-
titude error of 5.1 cm. Statistically significant differ-
ences (p <0.05) confirm the sensitivity of the models
to changes in shooting parameters. The density of the
control network also determines the quality of the re-
sults. When the number of control points was reduced
from 18 to 6, the planned error increased to 8.9 cm, and
the height error to 11.5 cm, accompanied by internal
deformations of the models, especially in the edge ar-
eas. The data obtained confirmed the need to ensure a
minimum threshold of 9 evenly spaced benchmarks for
stable geometric orientation of the models. A compar-
ison of the three software packages revealed that 3D
Survey demonstrated the highest accuracy in volume
calculations, Trimble Business Centre demonstrated the
fastest processing,and Pix4Dmapper occupied an inter-
mediate position on both criteria. The identified statis-
tically significant differences can be used for a targeted
selection of software according to the requirements of
accuracy or processing speed. The main limitation of
the study is that it was conducted in an open quarry
with limited terrain complexity, which requires verifica-
tion of the conclusions obtained in areas with different
types of geomorphology and climatic characteristics.
Further research should focus on improving algorithms
for automatic data processing and adapting methods to
variable terrain and seasonal fluctuations.
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IHHOBaUiHe BukopuctaHHsa BnJ1A Ta pororpammerpii
ANA aBToOMaTu3alii MapKLienaepcbkoro cynpoBoay
BiAKpUTOro BUA06YyTKY KOPUCHUX KOMasuH

@ Adorauisa. Metolo gocnigKeHHs 6yno OLIHUTK MOXAMBOCTI doTorpamMMeTpii Ha 6asi 6e3MiNOTHUX NiTanbHUX
anapartis (bnJIA) pns aBTOMatM3auii NPOCTOPOBOrO MOHITOPUHIY Y BiAKPUTOMY BUAOOYTKY KOPUCHWMX KOMANMH.
MeToponorig BK/OYana nopiBHANbHI NONbOBI EKCNEPUMEHTU, NPOBeaeH y YepBHi-BepecHi 2024 poKy Ha rpaHiTHMX
Kapepax. ObnboTn bnJlA BuKoHyBanuca Ha Bucotax 60, 80 i 120 MeTpiB 3 BUKOPUCTAHHAM CEHCOPIB PO3AiNbHOI
3paTtHoCTi 20 Mnikc Ta 45 Mnikc gns aHanisy BMAMBY BMCOTM MOMbOTY Ta XapaKTEPUCTUK CEHCOPA Ha MPOCTOPOBY
TOYHiCTb. OTpMMaHI pe3ynbTaTy 3acBigYMAM NPSAMY 3aNEXHICTb TOYHOCTI UMPPOBMX Moaenein penbedy Bif BUMCOTH
NonbOTy Ta XapaKTEPUCTUK ceHcopa. 3i 36inblueHHaM BucoTu fo 120 meTpiB noxmbku 3poctanu oo 6,1 cm (nnaHoBa) i
10,3 c™ (BMCOTHA).KaMepa 3 6inbLuIot po3LiNbHOK 34aTHICTIO AEMOHCTPYBana CTabiNbHO BULLY TOUHICTb Ha BCiX PiBHSAX
BMCOTH, WO NiATBEPAXKEHO CTATUCTUYHUM aHanisoM (p < 0,05). lonaTKoBO BCTaHOBMEHO KPUTUYHY POJb LWiSIbHOCTI
MepexXi Ha3eMHWUX KOHTPOJIbHMX TOYOK: CKOPOYEHHS ix KinbkocTi 3 18 Ao 6 cnpuyunHMno 36inblieHHs NNaHOoBOI
noxubku 3 3,4 cm 1o 8,9 cM,a BucoTHOI -3 4,8 cM go 11,5 cMm, i3 cyTTEBMMM nokanbHUMK gedopMauiamu Moaenen Ha
nepudepii.yY Mexax nopiBHAHHS TPbOX MPOrpaMHUX NAaTGOpPM 4S9 aBTOMATM30BAHOIO 06UMCIEHHS 06CAriB ripHUYOT
Macu HarMeHLWy noxnbky 3adikcoBaHo y 3D Survey (1,6 % Bif eTanoHHOro na3epHOro CKkaHyBaHHS), TOAi 9K Trimble
Business Center npoaeMoHCTpyBaB HaMBULLY NPOAYKTUBHICTb (1,5 roamHmn 06pobkun npotn 2,6 roauuHm B 3D Survey).
CratncTnyHo 3Havywi BigMiHHOCTI (p = 0,033) cBigYaTb MPO BaX/IMBICTb OOFPYHTOBAHOrO BMOOPY NMPOrpamMHoOro
3abe3neyeHHs BiANOBIAHO L0 NPIOPUTETIB TOYHOCTI YW WBKUAKOCTI. [PAaKTUUHA 3HAUMMICTb JOCNIAXKEHHS NONSra€e y
MOX/IMBOCTi BNPOBAAXEHHS OTPUMAHUX Pe3yNbTaTiB NigNPUEMCTBAMM FiPHUYOI NPOMUCNOBOCTI, MapKLUENAEPCbKUMM
cnykbaMu Ta iHXKEHepHO-reofes3nyHNMK Nigpo3ainamMm Ang niaBULLEHHS TOYHOCTI, MPOAYKTMBHOCTI Ta 6e3neku
MOHITOPMHIY NpW MiHiMi3aLii BUTpAT NOACbKMX | TEXHIYHUX pecypciB
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Increasing the efficiency of dust extraction at crusher feeding points

@ Abstract. The loading of crushers at mining and processing facilities is accompanied by intensive emissions
of fine particulate dust, which deteriorates working conditions, increases the risk of occupational respiratory
diseases,and causes additional abrasive wear of process equipment.The problem is particularly relevant where
the use of water-based dust suppression methods is limited due to sludge formation, high water consumption,
and difficulties in their application during the cold season. The aim of this study was to develop a design for
a crusher feed hopper enclosure and to provide a scientific basis for a method of calculating the extraction
parameters required to ensure uniform removal of contaminated air along the entire material loading zone.
Mathematical modelling of air-flow dynamics was carried out using the static pressure method and the
momentum equation. The model considered the air flow in a longitudinal extraction duct with a variable-
width slot. It was established that respirable dust fractions with particle sizes of up to 10 ym predominate
in the workplaces of crushing and screening plants, representing the greatest health hazard to workers. It
was demonstrated that one of the causes of dust escaping from beneath the enclosure is the unevenness of
extraction velocities along the duct. A mathematical model was developed to determine the variable width
of the longitudinal extraction slot as a function of the distance from the extraction connection point. It was
established that, to ensure a stable extraction velocity, the slot width should gradually decrease from the
closed end of the duct towards the point where the extraction system is connected. Analytical relationships
were obtained for calculating the geometrical parameters of triangular-section ducts that prevent dust
deposition inside the system. A design for a mobile extraction enclosure for a crusher feed hopper was
proposed, incorporating longitudinal slots of variable width and a hinged connection to the extraction duct.
The practical significance of the results lies in the localisation of dust emissions and the reduction of dust
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concentrations in the workplace air by ensuring uniform extraction of contaminated air along the entire length

of the crusher feed hopper

® Keywords: dust aerosol; respirable fraction; emission localisation; slotted extractor; static pressure; air flow;

enclosure

8 Introduction
Enterprises in the mining and processing industries are
among those with the highest risk of dust pollution.
One of the most significant sources of air pollution in
the workplace is the loading of crushers, during which a
considerable amount of fine dust is released as a result
of free fall, impact and the crushing of mineral raw ma-
terials. Respirable particles measuring up to 10 ym pose
a particular hazard, as they are capable of remaining sus-
pended in the air for long periods and penetrating deep
into the human respiratory system. Iron ore mining op-
erations are characterised by the presence of significant
amounts of free silicon dioxide in the dust, the effects of
which are linked to the development of silicosis, chron-
ic lung diseases and other occupational pathologies.

Water is the most common agent used for dust
suppression, as it allows dust particles to agglomerate
due to the capillary effect. The works of O. Lapshyn et
al.(2023) and M. Beltran-Marquez et al. (2025) examined
water spraying systems based on moistening the mate-
rial to prevent the release of fine dust that pollutes the
air in the workplace. This is one of the most common
methods, implemented by installing nozzles directly
above the feed hoppers of crushers. However, intensive
water spraying leads to water wastage, over-moisten-
ing of the raw material and the formation of liquid slur-
ry. Attempts to address this problem by optimising the
chemical composition of spray solutions and introduc-
ing electrostatic fine-particle spraying technology were
investigated in the work by Y-H. Oh et al. (2026).

The use of surfactants improves the wettability of
dust, making it heavier and easier to capture than with
plain water (Xu et al., 2023). The use of aqueous solu-
tions of calcium chloride salts increases the surface
tension of the water film between dust particles and
slows down moisture evaporation, which ultimately al-
lows for the efficient use of water resources in dust con-
trol (Zhao et al., 2021). However, the main drawbacks of
using water are the formation of sludge and the need to
organise a water supply recycling cycle (settling tanks,
transfer pumps, etc.), the formation of deposits on the
internal surfaces of machinery, limited water use dur-
ing the winter months, as well as the increased cost
of dust collection, significant water consumption and
energy expenditure, as confirmed by the study by Y. Li et
al. (2026). This confirms that rational management of

a company’s water resources and high efficiency in the
removal of respirable dust fractions cannot be achieved
solely through wet methods.

Researchers M. Ji et al. (2022) proposed the use of
air-mechanical foam to reduce dust load, as it requires
less water and ensures the material’s surface is covered,
forming a continuous layer. However, this method can
only be effective when the foam covers the surface of
stationary material with a continuous layer. When feed-
ing a crusher, the uniformly accelerated motion of the
falling material and the resulting upward air currents
will carry the foam away along with the dust, as the foam
is a mixture of gas and liquid in the form of bubbles,
which do not bind all the dust in the loose rock. Within
the overall set of measures to control dust during the
feeding of crushers, water spraying is regarded as an ef-
fective complement to the main measures. However, in
many cases, the implementation of this method requires
the reconstruction and re-equipping of crusher feeding
points, which entails significant capital expenditure;
furthermore, for coarse mineral feedstock in the initial
stages of crushing, the proposed methods are ineffective.
The methods mentioned above may, on the one hand,
be effective under specific conditions, but on the other
hand, their use is limited due to existing shortcomings.

The most effective way of containing dust emis-
sions is considered to be enclosing the sources of dust
emissions, in particular the loading zones of crush-
ers (National Institute for Occupational Safety and
Health, n.d.). Enclosing crushing equipment and loading
zones prevents 80-90% of dust from entering the air at
workstations. When combined with other dust suppres-
sion methods and measures, the greatest effectiveness
is achieved in containing dust emissions and reducing
dust concentrations in the workplace. An analysis of
current methods indicates that the unloading of bulk
materials without enclosures and extraction systems
is, in all cases, accompanied by intense dust emissions.
Fine dust generated as a result of the extraction and
processing of minerals is characterised by high hydro-
phobicity, whilst the large droplet size of the irriga-
tion liquid reduces the efficiency of its capture (Xu et
al.,2023). When comparing methods and means of dust
suppression during crusher feeding, it can be conclud-
ed that the most effective solution is a combination of
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different methods, provided that crusher feeding points
are equipped with enclosures fitted with local extractor
pipes for connection to extraction systems. Thus, the
aim of this study was to develop a design for a crusher
feed hopper enclosure and to provide a scientific justi-
fication for the method of calculating aspiration param-
eters to ensure uniform extraction of contaminated air
throughout the entire loading zone.

® Materials and Methods

The study analysed research into the particle size dis-
tribution of dust at crushing and screening plants and
the aerodynamic mechanisms of dust emission during
the loading of crushers; a mathematical model of air-
flow in a slotted air duct was developed, and a design
for a mobile extraction enclosure was proposed to lo-
calise dust emissions during the loading of crushers.
The analysis included scientific studies published pre-
dominantly between 2021 and 2026 in international
peer-reviewed journals, containing research findings
on dust particle-size distribution, the processes gov-
erning its dispersion in workplace air, the effective-
ness of dust suppression, and the aerodynamics of
extraction systems.

The object of the study was the process of localis-
ing dust emissions during the loading of crushers with
mineral raw materials using an extraction enclosure
with slotted extraction. The subject of the study was
the aerodynamic behaviour of air flows in an extraction
air duct with a slot of variable width, which determines
the uniformity of contaminated-air removal along the
crusher feed hopper. The theoretical basis of the study
is the classical static-pressure aerodynamic method
combined with the momentum equation. This approach
made it possible to account for changes in static pres-
sure along the air duct resulting from the entrainment
of additional air masses through the extraction slot and
pressure losses due to friction. Unlike simplified em-
pirical calculation methods, the use of the momentum
equation provides a physically justified description of
the processes governing the formation of air flows in
slotted extraction devices.

The main research method was mathematical mod-
elling of the air-flow movement in the collecting air
duct of the extraction enclosure. The object of calcu-
lation in the developed mathematical model was the
continuous volume of air flow moving inside the col-
lecting longitudinal air duct of the extraction enclosure
through an extraction slot of variable width. The air
duct was considered as a continuous-extraction collec-
tor with a transit outlet for the dust-air mixture to the
ventilation unit. The following assumptions were made
when developing the mathematical model: the air-flow

coefficient through the slot y and the aerodynamic fric-
tion resistance coefficient A were assumed to be con-
stant along the entire length of the extraction slot and
air duct, respectively; the velocity distribution across
the cross-sections of the air duct was assumed to be
uniform; the momentum of the air entering through the
slot, projected onto the axis of the duct, was assumed
to be zero. These assumptions made it possible to use
the momentum equation to determine the excess static
pressure AP at any point in the system.

The initial parameters of the mathematical model
were: the length of the air duct (the geometric length of
the localisation zone of the crusher’s feed hopper) [, m;
the cross-sectional area of the air duct F, m?; the suction
velocity of the air flow in the slit, which ensures the cap-
ture (extraction) of respirable dust particles 9,, m/s; the
air density p, kg/m?. In accordance with the developed
mathematical model and the aerodynamic method of
static pressures, the calculation determines the width
of the longitudinal slot §, in an arbitrary cross-section.
Calculating this value enabled precise geometric ad-
justment of the opening to compensate for the drop in
static pressure and maintain a stable suction velocity
along the entire length. The rationale for the method of
calculating air ducts with a longitudinal slot, based on
the static pressure method, is set out below.

A key drawback of many standard aspiration sys-
tems is uneven suction: the flow is stronger closer to
the fan, whilst in more distant sections it is insufficient
for dust collection. The proposed method has resolved
this problem through the geometric adaptation of the
air duct’s suction slot. In suction air ducts with a slot,
the average air velocity inside the duct is determined
by the formula:

0= u T B Pp=n

where u - the flow coefficient; P - the static pressure
inside the air duct; P, - the static pressure outside the
air duct; AP=P- P, - the excess static pressure; p - the
density of air. Taking formula (1) into account, the air
flow rate Q at a suction slot of width § is described by
the relationship:

Q=u-8y2-(£AP)/p. (2)

It can be seen from equation (2) that, for uni-
form air intake, the width of the slot must vary along
the entire length of the air duct. To ensure uniform
air intake through a slot in an air duct of constant
cross-sectional area F and length [, the width of the
longitudinal slot at any cross-section x is determined
by the following equation:

—2-AP/p, (1)
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F9 _ Q.
=i o

x = o,

The air intake velocity at the slot in an arbitrary
cross-section x is described by the relationship:

Oy =u-(2/p) - (Pa — Po). “)

To determine the excess pressure AP in aspiration

air ducts, the equation of momentum is used. In this

case, pressure losses due to flow are not taken into ac-

count, and the projection of the volume of air drawn in

through the slot onto the axis of the duct is equal to

zero. For the volume of air inside a suction air duct with

a longitudinal slit, the momentum equation, projected
onto the axis of the air duct, takes the form:

PO-F—Px'F—f;CTx'de=pF19?%’ (5)

where x=0 - the cross-section at the start of the air
duct on the closed end; x - the cross-section at the
opposite end near the air outlet at a distance corre-
sponding to the length of the air duct, meaning x =/;
T, - the friction stress, t,=A/4- p9,%/2; A - coefficient of
aerodynamic friction drag. If the value of the frictional
shear stress t,, into equation (5) and all terms of the
equation are then divided by F, the following equation
is obtained

2
po_px_fxi.&

05 2 dx = p92. (6)

For uniform air intake 9, =9 x/1. Substituting 9, into
formula (6) and integrating gives:

+ A_x) p_192,( 7)

xz
P"_PO__(Z 3dy) 2

12
where d, - the equivalent diameter of the air duct. If
J,, calculated using formula (4), and P, calculated us-
ing formula (7), are substituted into formula (3), the slot
width at an arbitrary cross-section x is calculated using
the following formula:

1

0 = )

6—10+ ”;;‘2 (2 +2—'§),

where §, - the slit width at the start of the air duct
on the closed end, meaning at x=0. It is evident from
equation (8) that the slit width will be at its greatest at
x =0, which is at the start of the air duct on the closed
end. As x increases to x =/, the slit width will be at its
smallest. Consequently, the maximum slot width must
be such that the dust suction velocity along the entire
length of the slot is not less than the permissible value.

To this end, the maximum slot width §, must be calcu-
lated using the formula:

8o = 2. )

For an air duct with a cross-section in the form of
an isosceles triangle, the equivalent diameter d,, is cal-
culated using the formula:

__ 2ah
0™ ay2p’

(10)

and the cross-sectional area F is calculated using the
formula:

F =-ah, (11)
where a - the base of the isosceles triangle; b - the side
of the isosceles triangle; h - the height of the isosceles
triangle. Consequently, the change in static pressure P,
along the air duct from its closed end at x =0 to the
outlet at x=[is described by equation (7). This equation
takes into account both the dynamic component of the
flow and friction losses, where d, - the equivalent di-
ameter of the air duct.

To ensure a stable dust extraction rate, the slot
width 6, must be at its maximum at the closed end of
the air duct and gradually decrease to its minimum val-
ue near the extraction unit. Formula (8) was used to
calculate the slot width at an arbitrary cross-section x.
The proposed method is universal and allows the cal-
culation to be adapted to the specific shape of the air
duct. For example, for extraction systems with an air
duct cross-section in the shape of an isosceles triangle
(which is often used to prevent dust from settling on
the walls), the area F and the equivalent diameter d, are
determined in terms of the geometric parameters of the
base g, the side b and the height h. Thus, the proposed
method for calculating the variable slot width 6, is
modern and scientifically sound, enabling high extrac-
tion efficiency to be achieved at the feeding points of
crushers throughout the entire feeding zone by equal-
ising the suction velocity distribution. This minimises
dust ejection zones and prevents energy wastage due
to excessive ventilation at specific points in the system.

® Results and Discussion
Particle size distribution of dust
and its hazard to workers
Mineral raw materials and bulk materials unloaded into
the crusher contain fine dust formed as a result of rock
fragmentation by blasting in a quarry or mine, as well
as from friction between pieces of material or impacts
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of pieces against various surfaces during transport and
transhipment. Fine dust is characterised by high hy-
drophobicity; it is capable of remaining suspended for
long periods and contaminating the air. An analysis of
recent studies on the particle size distribution of dust
in crushing and screening plant areas has shown a pre-
dominance of respirable dust fractions up to 10 um.The
study by Z. Liu et al. (2023) established that over 84%
of the dust in the air of a crushing plant consists of
particles up to 2.5 ym in size, which remain suspended
for a long time and are characterised by high mobility.
Research by A. Penchala et al. (2025) found that the ra-
tio between dust fractions of 1 uym, 2.5 pm and 10 pm
remains virtually unchanged even at a height of 30 m
above the dust emission source, indicating their high
resistance to settling and their ability to remain in the
atmosphere of industrial facilities for extended periods.

The research findings presented in the work by
V.Shapovalov (2019) indicated that airborne dust levels
at workplaces in the crushing and screening plants of
Kryvyi Rih generally exceed health standards. Further-
more, most of the dust in the air at these workplaces
contains free SiO, in the form of quartz and has a parti-
cle size of up to 5 ym. It is precisely the fine dust frac-
tions measuring up to 5 um that pose the greatest risk
to workers’ health, as confirmed by the study by K. Van-
ka et al. (2022), as well as in the study by O. Chenche-
va et al. (2023) on the pathogenesis of occupational
lung diseases. Silicon dioxide, also known as silica, is
a chemical compound commonly found in quartz, the
grains of which have sharp edges. As iron ore compo-
nents are more difficult to grind than quartz, the rel-
ative content of silicon dioxide in airborne dust may
be higher than in rock. Inhaling dust containing silicon
dioxide is harmful to human health, as it can become
trapped in the lungs, causing inflammation and scar-
ring of the lung tissue. This condition is known as sili-
cosis and can lead to permanent lung damage or even
the death of the patient (Vanka et al., 2022).

Dust particles larger than 50 um are trapped in the
nose, nasopharynx, trachea and large bronchi when in-
haled. Although these particles do not reach the lungs,
they cause mechanical irritation of the mucous mem-
brane, leading to chronic rhinitis and laryngitis. Accord-
ing to the findings of G. Liu et al. (2026), this dust also
contributes to secondary contamination of the work
area through resuspension caused by air currents and
the operation of equipment. Dust particles measuring
15-10 um are trapped in the upper respiratory tract and
small bronchi. It is this fraction that is responsible for
the development of occupational bronchitis. Dust par-
ticles measuring up to 10 um reach the alveoli of the
lungs, although they are mainly trapped in the upper

respiratory tract. Modern medicine, notably K. Vanka et
al.(2022), classifies this fraction as “thoracic”. It is critical
because particles of this size are capable of absorbing
toxic substances and microorganisms onto their surface,
transporting them deeper into the respiratory system.

The greatest danger is posed by ultrafine dust par-
ticles measuring up to 2 ym (the respirable fraction),
as they remain in the lungs for a prolonged period and
damage lung tissue (Liu et al., 2026). This is fully con-
firmed by the results of pathogenesis studies (Vanka et
al.,2022).Such dust is ingested by alveolar macrophag-
es, triggering a cascade of inflammatory reactions,
leading to fibrosis of the lung tissue (silicosis, anthra-
cosis) and the potential entry of nanoparticles into the
systemic circulation. Irritation of the upper respiratory
tract in the early stages is accompanied by a tickling
sensation in the throat, coughing and the expectoration
of contaminated sputum. This is due to the body’s de-
fensive reflexes - sneezing, coughing and bronchial ac-
tivity. Prolonged exposure to dust causes inflammation
of the upper respiratory tract, the symptoms of which
include dryness of the mucous membranes, reduced
sputum production, a dry cough and hoarseness.

The greatest danger to human health arises when
dust penetrates deep into the lungs, where it comes into
contact with lung tissue, bronchioles and alveoli. When
dust enters the lungs, its harmful components are ab-
sorbed in large quantities due to the extensive surface
area of contact, causing irritation to the lungs and sys-
temic toxicity. Dust that enters the lungs and accumu-
lates over a long period of time causes the growth of
connective tissue (fibrotic nodules) around each alveo-
Lus; this tissue is unable to react with oxygen in the air,
oxygenate the blood or remove carbon dioxide during
exhalation. Prolonged accumulation of dust contributes
to the growth of hardened lung tissue, as a result of
which part of the lungs loses the ability to perform its
function - to absorb oxygen and release carbon diox-
ide. A lack of oxygen causes shortness of breath whilst
walking or performing physical work, weakens the
body’s immune system and reduces work capacity, and
contributes to the development of diseases of the heart
and other organs. Such symptoms are characteristic
of fibrogenic dust, which contains silicon dioxide, iron
oxides and other substances (Chencheva et al, 2023).
Prolonged exposure to such dust is the main cause
of occupational respiratory diseases among workers.

Aerodynamic mechanisms of dust emission

during the loading of crushers

The amount of contaminated air entering production
premises during the feeding of crushers depends pri-
marily on the type of crushing equipment, as well as
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on the physical and mechanical properties of the raw
material - for example, the material’s hardness, mois-
ture content, particle size distribution and other factors.
During unloading, the bulk material draws air down to
the bottom of the crusher’s feed hopper, creating excess
pressure. At the lowest points of the material’s fall, as
it strikes the surface with dynamic impact, there is in-
tense dust emission and air pollution, which is carried
by air currents to the workstations.

Furthermore, the process of the material’'s verti-
cal fall is also accompanied by dust emission, which
is carried into the workspace by transverse air cur-
rents. According to the findings of G. Liu et al. (2026),
the air entrained during the handling of bulk materials
is the primary factor in dust emission. The research-
ers demonstrate that during industrial processes, such
as the feeding of crushers, the velocity of air flows at
the boundary of the falling material creates turbulence
that carries dust beyond the confines of the enclosure,
and the volume of air entrained by the bulk material is
directly proportional to the drop height. On the other
hand, the operation of crushers is accompanied by the
formation of airflows inside the crusher housing, which
carry dust into the air at workstations. The mechanism
by which updrafts are formed and the amount of dust
generated are determined by the specific operating
characteristics of the crushers. In their study, A. Saram-
ak & Z. Naziemiec (2019) confirmed that the intensity
of dust emission depends not only on the hardness of
the ore but also on the aerodynamic characteristics of
the crushers. In the study by I. Petrenko et al. (2024),
researchers analysing dust sources at mining and pro-
cessing plants concluded that cone and jaw crushers
have different levels of dust emissions due to differ-
ences in the aerodynamics of their housings. During
the operation of jaw crushers, compressed air is peri-
odically expelled at a frequency equal to the number
of jaw oscillations.

In this process, dust-laden air is carried by airflows
from the crusher chamber to the feed opening and on-
wards to the work areas. The formation of upward flows
within the cavity of a cone crusher is caused by the in-
teraction of the working parts and the oscillation of the
cone within the volume of air confined by the machine’s
housing. In this case, the velocity of the updrafts inside
the crusher’s feed hopper reaches 0.5 m/s,and 0.2 m/s
during idle operation. During the loading of the cone
crusher, the flow of rock mass is further crushed upon
impact with the surface of the cone, and the result-
ing fine dust is carried by the upward air currents into
the workshop air. In their study, K. Vanka et al. (2022)
demonstrate that the most hazardous respirable dust
(up to 5 um) is released precisely at the moment of

dynamic impact of the material against the surface. Fig-
ure 1 illustrates dust emission during the unloading of
a dump truck into the feed hopper of a cone crusher.

Figure 1. Dust generation during the unloading
of a dump truck into the feed hopper of a cone crusher
Source: compiled by the authors

The highest levels of dust emission are observed
during the operation of a hammer crusher, in the hous-
ing of which an excess pressure of 20-30 N/m? builds
up. During the operation of hammer crushers, the ro-
tating rotor creates excess pressure inside the housing
and directs airflows that carry dust from the feed open-
ing into the working chamber. However, researchers
A.Saramak & Z.Naziemiec (2019) concluded that a jaw
crusher generates less fine dust per tonne of product
compared to other machines, in particular a cone crush-
er, where constant friction creates a stable dust cloud.

An analysis of current methods and means of con-
trolling dust emissions during the loading and opera-
tion of crushers allows to identify the most effective
approaches to addressing this issue. The most effective
way to localise dust emissions remains the installation
of enclosures at crusher loading points, fitted with local
extraction ducts for connection to extraction systems.
According to NPAOP 0.00-1.82-18 (2018), fitting crush-
er loading points with extraction enclosures is a man-
datory legal requirement. The geometric shape of the
enclosure must be suited to the aerodynamics of the
airflows for the relevant dust emission sources and have
an optimal internal volume. If the internal volume of the
enclosure is too large, it hinders the formation of the
necessary directed airflows and requires the extraction
of a greater volume of contaminated air. If the internal
volume of the enclosure is too small, the airflows carry
dust into the workspace, thereby reducing the efficiency
of the extraction system. To direct the flow towards the
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extraction zone, the enclosure’s outlet pipe, connected
to the extraction system’s air duct, must ensure uniform
extraction of the entire volume of dust-laden air. At the
points where the enclosure meets the process equip-
ment, a tight seal must be ensured to prevent dust from
being carried into the working area of the production
premises. The design of the enclosure should be sim-
ple, convenient during operation and/or during repairs,
and should not obstruct access to the working parts
of the crushers. Consequently, enclosing the crusher
feeding points is crucial for localising dust emissions
and reducing dust concentrations at workstations.

An analysis of dust emission sources during crush-
er feeding indicates that the main cause of air pollu-
tion is not only the crushing process itself, but also the
aerodynamics of the interaction between the material
and the air. To neutralise dust emission sources, the ex-
traction system must not only extract air but also com-
pensate for the excess pressure created by the ejective
effect. Modern science confirms that static pressure is
a key factor in ensuring a uniform flow during extrac-
tion. Thus, the static pressure method is used to design
an extraction duct with a slot. In their study, W. Nie et
al. (2024) demonstrated that standard extraction sys-
tems create areas of uneven pressure. The study con-
firms that optimising the geometry of air ducts and
equalising flow velocities reduces dust concentration by
84% by eliminating recirculation zones. In the study by
Y.Song et al. (2022), which focuses on edge and slot ex-
tractors, the authors mathematically demonstrate that
the system’s energy efficiency (energy savings of up to
96%) is achieved precisely through the precise regula-
tion of the suction opening width to compensate for the
drop in static pressure along the length of the device.

The study by Y. Gao et al. (2024) examined in detail
how a change in slot size radically alters the static pres-
sure profile. The study confirms Equation (8), indicating
that as the distance from the suction source increases,
the aperture must be geometrically adjusted to main-
tain aerodynamic performance. An analysis of current
methods for calculating aspiration systems allows the
following conclusions to be drawn in favour of the
proposed method. Studies by W. Nie et al. (2024) and
Y. Song et al. (2022) confirmed formula (7) in the con-
text that the static pressure P, is not linear along the
air duct due to friction losses A and the “attachment”
of new air masses. This makes the proposed calcula-
tion method, based on the momentum equation, signif-
icantly more accurate than simplified methods. All the
analysed models show that, for a constant slot width,
the suction velocity decreases geometrically with dis-
tance from the fan. Formula (8) for determining the
variable width 6§, at an arbitrary cross-section x is the

mathematical solution to this physical problem and an
essential tool for overcoming pressure non-uniformity.

The transition from traditional systems with a con-
stant cross-section to the proposed method for calcu-
lating the variable slot width makes it possible to over-
come the main problem of aspiration at crusher feed
points - aerodynamic non-uniformity. The achieved
accuracy in velocity stabilisation is a compelling argu-
ment in favour of the energy efficiency of the developed
system. Optimisation prevents air from being “drawn in”
at points near the fan, which, according to the work of
Y.Song et al. (2022), reduces the system’s overall energy
consumption by 15-20% whilst maintaining dust cap-
ture efficiency. Recent research in the field of industrial
extraction and aerodynamics confirms that the static
pressure method is the most appropriate for slotted air
ducts for the following reasons.

Unlike empirical methods, the use of the momen-
tum equation in projections onto the axis ensures math-
ematical accuracy and allows for the physical nature of
the air flow to be taken into account when it is drawn
in at an angle of 90° (where the velocity projection
onto the axis is zero). Equation (7) takes into account
the aerodynamic drag coefficient A and the equivalent
diameter d,. The proposed method allows the calcula-
tion of parameters for specific air duct shapes, such as
an isosceles triangle, which is a practical solution for
preventing dust accumulation inside the air duct itself
due to its sloping walls.

Justification and design of the extraction probe

for the crusher feed hopper

The efficiency of dust extraction at crusher feed points
depends entirely on the design of the enclosure, which
may not always be airtight. Taking into account the
structure of the airflows that carry dust into the air at
workstations during the unloading of loose mineral raw
materials makes it possible to propose a design for the
crusher feed hopper enclosure that effectively localises
dust emissions and ensures uniform extraction of con-
taminated air along the feed hopper.

The enclosure is designed in the form of an in-
verted trough, the sides of which are fitted with rubber
strips. The enclosure is positioned above the crusher’s
feed hopper and can be moved across it, depending on
which side the dump trucks are unloading from. The
cover’s mobility allows for effective localisation of dust
emissions when the crusher is fed alternately from dif-
ferent sides of the feed hopper, thereby resolving the
issue of “dead zones” in the extraction process. Figure 2
shows the design of the feed hopper enclosure for a
cone crusher, whilst Figure 3 shows the layout of the
crusher feed hopper enclosure (top view).
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to the extraction air duct
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Figure 2. Enclosure of the feed hopper of a cone crusher
Notes: 1 - enclosure body, 2 - frame, 3 - feed hopper of the cone crusher, 4 - V-shaped hood, 5 - longitudinal extraction slots, 6 - outlet
connection, 7 - flexible material skirts, 8 — dump trucks
Source: developed by the authors
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Figure 3. Layout of the feed hopper enclosure (top view)
Notes: 1 - enclosure body, 2 - frame, 3 - feed hopper of the cone crusher, 4 - V-shaped hood, 6 - outlet connection, 8 - dump trucks
Source: developed by the authors
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The enclosure of the feed hopper of the cone
crusher consists of a body 1, which has a trapezoidal
cross-section (Figure 2). The body 1 is mounted on a
frame 2, which moves on wheels in a direction perpen-
dicular to the longitudinal axis of the feed hopper 3
(Figure 3).Along both sides of the frame 2, skirts 7 made
of an elastic material (used conveyor belt) are attached
to prevent dust from being carried by air flows beyond
the enclosure of the feed hopper. The entire enclosure
structure is positioned above the feed hopper 3 be-
tween the railway tracks along which dump trucks 8 are
delivered, preventing damage to the enclosure during
material unloading. Thus, the enclosure covers part of
the top of the cone crusher feed hopper, depending on
which side the dump trucks are unloaded from. To stop
the enclosure frame at the required position, KU-121
limit switches (Volianiuk & Mishchuk, 2020) or switch-
es of another design (Dwyer Omega, n.d.) are installed.
Limit switches are safety devices that automatically stop
the enclosure when it reaches its extreme positions.

AV-shaped hood 4 with longitudinal suction slots 5 at
the mouth and in the upper parts of the side walls is locat-
ed in the cavity of the enclosure of housing 1 (Fig. 2). The
V-shaped hood ensures the extraction of contaminated air,
which is contained by the enclosure during unloading. As
extraction takes place on one side of the enclosure (Fig. 3),
the intake slots 5 have a variable width to ensure uniform
air extraction along the entire length of the V-shaped
hood 4, with the narrower width of the slots located on
the side of the outlet pipe 6, which is connected to the air
duct of the extraction system. The maximum slot width §,
will be on the opposite, closed end of the V-shaped hood
4 relative to the outlet pipe 6, where x=0. Thus, as one

approaches the inlet pipe 6, that is, as x increases to x =/,
the slit width will decrease. The slit width at cross-sec-
tion x is calculated using formula (8). The V-shaped hood
4 with longitudinal suction slots 5 acts as a suction air
duct with a cross-section in the form of an isosceles trian-
gle with base a, side b and height h, reduced to the base.

The dust removal device for receiving hoppers op-
erates as follows. Before unloading the dump car 8, the
housing 1 on the frame 2 is moved to the opposite side
of the receiving hopper 3. The material unloaded from
the dump car 8 draws air into the receiving hopper 3,
creating excess pressure in its lower part, which causes
dust to be carried into the air at the workstations. The
upward flow of dust-laden air enters the cavity of hous-
ing 1 and, through the suction slots 5 of the V-shaped
hood 4 and the outlet pipe 6, enters the aspiration sys-
tem pipework. During the unloading of material from
the dump truck 8,the aprons 7 prevent dust-contaminat-
ed air from escaping beyond the boundaries of the re-
ceiving hopper enclosure. Thus, the proposed enclosure
design localises dust emissions during the unloading of
bulk material and improves the efficiency of extraction
at the crusher feeding points by ensuring uniform ex-
traction of contaminated air along the receiving hopper.

It would be impossible to move the enclosure over
the crusher’s receiving hopper if the extraction duct were
rigidly attached to housing 1 without the possibility of
rotation. To solve this problem, a hinged connection must
be provided between housing 1, outlet pipe 6 and the
extraction duct. Figure 4 shows a diagram of the hinged
connection between the extraction duct and the housing,
whilst Figure 5 shows a diagram of the hinged connection
between the extraction duct and the housing (top view).

—

~.air duct axis

Figure 4. Schematic of the hinged connection between the extraction air duct and the enclosure body
Notes: 1 - enclosure body, 6 - outlet connection, 9 — extraction air duct

Source: developed by the authors
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direction of movement
of the upper part
of the extraction connection

direction of movement

—=x—®— of the lower part

of the extraction connection

Figure 5. Schematic of the hinged connection between the extraction air duct and the enclosure body (top view)
Notes: 1 - enclosure body, 6 - outlet connection, 9 - extraction air duct

Source: developed by the authors

To allow rotation, the outlet connection 6 consists
of at least two parts, which are connected by hinges to
each other, to the enclosure 1 and to the extraction air
duct 9 (Figures 4 and 5), thereby eliminating air ingress
from outside in extraction systems of different capaci-
ties. The three hinged connections allow the position of
the outlet connection 6 to be changed simultaneously
in two directions when the enclosure 1 is moved. As
the enclosure 1 moves, the outlet connection 6 chang-
es its position simultaneously in two directions due to
the three hinged connections (Figure 5). At the same
time, the position of the extraction air duct 9 remains
unchanged. When the enclosure 1 is moved in the op-
posite direction, the kinematics of the outlet connec-
tion 6 occur in the reverse direction. Thus, the three
hinged connections of the outlet connection prevent
air ingress during operation of the extraction system
and allow the enclosure to be moved over the crusher
feed hopper, thereby eliminating the problem of “dead
zones” in the extraction system.

A comparison of the proposed design with con-
temporary international developments shows that it is
consistent with current trends in the improvement of
local dust extraction systems. For example, a study by
B. Tian et al. (2023) established that the efficiency of
slotted extractors is largely determined by the relation-
ship between the geometric parameters of the slot and
the uniformity of extraction velocity distribution along
its length. The proposed design also utilises longitudi-
nal extraction slots; however, unlike the study cited, it
features a variable slot width along the V-shaped hood,
which ensures a more uniform air flow and more even
extraction of contaminated air along the entire length
of the intake hopper. In the study by T. Wu et al. (2023), a
dust-suppression enclosure is proposed for an open-cast

quarry crushing plant, the effectiveness of which is
achieved by creating a closed circulation flow inside the
enclosure. A common feature with the proposed design
is the use of the principle of localising dust directly in
the area where it is emitted. At the same time, the pro-
posed design is distinguished by the presence of a mo-
bile enclosure capable of moving over the feed hopper
depending on the unloading point of the dump trucks,
which eliminates “dead zones” in the suction process
and improves the efficiency of the extraction system.

Experimental studies by Q. Feng et al. (2025)
demonstrated that the efficiency of partially enclosed
extraction systems during the transfer of bulk mate-
rials depends significantly on the area, location and
extraction velocity through the ventilation openings.
In contrast to these designs, the proposed enclosure
utilises a V-shaped hood with a system of longitudinal
slits of variable width, ensuring an even distribution of
air flow throughout the entire dust emission zone. Fur-
thermore, the use of flexible aprons and a hinged air
duct connection makes it possible to simultaneously
improve the enclosure’s airtightness and maintain its
mobility. Thus, the main advantages of the proposed
design compared with known modern solutions are the
enclosure’s mobility, the elimination of “dead zones” in
the extraction process, the uniform extraction of con-
taminated air along the feed hopper due to the vari-
able-width slits, and the ability to operate effectively
during the sequential unloading of material from dif-
ferent sides of the crusher.

® Conclusions
The processes of feeding a crusher via conveyors, dump
trucks or tippers into an open hopper or receiving fun-
nel generate a huge amount of dust, which pollutes the
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air in the workplace. Mineral raw materials and bulk
materials unloaded into the crusher contain fine dust
capable of remaining suspended in the air for long pe-
riods and polluting the air. At the same time, airborne
dust levels at workplaces exceed health standards, and
most of the dust in the air contains free SiO, in the
form of quartz and has a particle size of up to 5 ym.
It has been established that fine dust (particles up to
5 pym) poses the greatest risk to workers’ health, as it is
capable of penetrating deep into the lungs and causing
occupational diseases. Inhaling dust containing silicon
dioxide is harmful to human health and can lead to per-
manent lung damage and silicosis.

The amount of contaminated air entering produc-
tion premises during the loading of crushers depends
mainly on the physical and mechanical properties of
the raw materials and the type of crushing machinery,
the operation of which is accompanied by the forma-
tion of upward air currents. The most effective solu-
tion for localising dust emissions and reducing dust
concentrations at workstations is a combination of
various methods for controlling dust emissions dur-
ing the loading of crushers, provided that the crush-
er loading areas are equipped with covers fitted with
local extractor ducts for connection to extraction
systems. A key factor in improving the efficiency of
extraction at crusher loading points is ensuring uni-
form air intake along the entire length of the loading
hopper. The method proposed in this sduty for calcu-
lating air ducts with a longitudinal slot of variable
width, based on the static pressure method, allows the
suction velocity profile to be levelled out. This mini-
mises dust escape zones and prevents energy wastage
due to excessive ventilation, ensuring high efficiency
of the extraction system regardless of the distance of
the section from the fan.

Taking into account the structure of the air flows
that carry dust into the air at workstations during

crusher loading, a design is proposed for a cover over
the crusher’s feed hopper, which effectively localises
dust emissions and improves the efficiency of dust
extraction at the crusher loading points by ensuring
uniform extraction of contaminated air along the
feed hopper. The cover is positioned above the crush-
er’s feed hopper and can be moved over it, depend-
ing on which side the dump truck is to be unloaded
from. To enable the enclosure to be moved over the
crusher feed hopper, its outlet connection consists
of at least two parts and has three hinged connec-
tions, which prevent air ingress during operation of
the extraction system and allow the enclosure to be
moved over the crusher feed hopper, thereby solving
the problem of “dead zones” in the extraction sys-
tem. In the future, it is planned to extend the scope
of research into the dynamics of air flows inside the
hood, taking into account the turbulence that aris-
es when large volumes of material fall. Investigating
the influence of the internal volume and shape of
the hood housing on the aerodynamics of updrafts
for various types of crushers, to ensure maximum ex-
traction efficiency. Identifying the optimal parame-
ters for for combining extraction with spray irrigation
or foam-generating systems for hydrophobic dust, in
order to avoid excessive wetting and a reduction in
ventilation efficiency.
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