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Stress-strain state research
of rock mass during open-pit mining of minerals

@ Abstract. Sustaining the stability and load-bearing capacity of open-pit mine slopes is a critical and complex
condition for the transition to open-pit-to-underground mining methods. For this reason, the research in this study
aimed to provide a geomechanical justification for the stability of the technological elements of the open-pit-
to-underground mining complex. This justification, conducted using a developed model, aimed to determine the
influence on the formation of the rock mass’s stress-strain state, exemplified by the quarries of the Kryvyi Rih mining
and processing plants. In this work, mathematical and numerical methods were applied to predict the influence of
the open pit on subsequent underground extraction, including the finite element method, as well as statistical and
factor analysis. Additionally, to investigate the stress-strain state of the rock mass surrounding the depleted open
pit, the software “Ansys, Inc. Products 2019 R3” was used. It was established that the magnitude of the maximum
vertical displacements of the pit slope increases from 13-14 mm on the upper benches at depths of 30-45 m from
the ground surface to 60-63 mm on the lower benches at depths of 270-300 m at the bottom of the depleted pit.
The dependence of the magnitude of the maximum vertical displacements of the pit slope elements on the depth
of excavation is described by a logarithmic function. It was also established that the stress magnitude ranges from
0.7-1.2 MPa at the pit bottom to 4.6-4.9 MPa beneath the pit floor at the depth of the future underground stopes.
The dependence of the magnitude of the maximum stresses in the rock mass beneath the pit floor on depth is
described by an exponential function. The calculations made it possible to obtain quantitative data on the change
in the stress state of the rock mass depending on depth. The practical significance of the work lies in using these
indicators to ensure a safe and effective transition to underground mining technology

® Keywords: open-pit mine; geomechanical justification; integrated mining; dependence; modelling

8 Introduction
Safe and efficient transition from open-pit to open-pit-  in open-pit mines where underground operations are
to-underground and purely underground mining tech-  conducted beneath them. The most complex and dif-
nology depends on geomechanical processes within  ficult-to-predict phenomena are deformations of the
the rock mass. An understanding of these processes is  open-pit fields, which are worked using the open-pit-to-
crucial for ensuring accident-free mineral extraction underground method. The presence of open-pit slopes

Suggested Citation:
Shepel, O. (2025). Stress-strain state research of rock mass during open-pit mining of minerals. Mining Journal of Kryvyi Rih
National University, 59(2), 10-20. doi: 10.31721/2306-5435-2025-2-10-20.
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influences the propagation of deformations from un-
derground operations and leads to the development of
specific failure mechanisms.

M. Kimour et al. (2023) indicated that the occur-
rence of ground surface displacements and deforma-
tions during underground mining differs significantly,
even within a single deposit. This is particularly notice-
able at mines extracting the upper horizons of steeply
dipping ore bodies. The behaviour of the rock mass is
non-linear and time-dependent, which, when combined
with natural factors such as fracturing, rock inhomoge-
neity, and others, introduces elements of randomness
into deformation prediction. The nature of ground sur-
face deformations during ore body extraction depends
on the dimensions of the worked-out space, specifically
its extent and depth. If the dimensions of the extrac-
tion beneath the open-pit floor are sub-critical relative
to the depth of the ore body, the overlying barren rock
forms a stress arch, which redistributes the load to the
undisturbed rock mass. In this scenario, deformations
do not reach the ground surface or the pit surface at
all, causing only minor, localised displacements. When
the dimensions of the worked-out area, particularly the
strike length or total length, reach super-critical values
relative to depth, the overlying rock mass no longer cre-
ates a stable arch; it collapses, and deformations propa-
gate to the ground or pit surface. According to research
by O. Ivasivka et al. (2023), this leads to the formation of
a subsidence basin, gradual ground subsidence, surface
collapses, or slope and bench failures of the open pit.

M.N.Bagde (2021) noted that the ratio of critical di-
mensions to depth depends on multiple factors. These
include the physico-mechanical properties of the rocks,
their fracturing, the dip angle of the ore body, and the
selected mining method. An example of such a method
is the use of cemented backfill to fill the worked-out
space. Subsequently, in the hanging wall, zones of col-
lapse or funnel formation, terraces, followed by cracks,
and finally gradual subsidence are formed. This se-
quence reflects the progressive dampening and change
in the nature of deformations as one moves away from
the epicentre of the underground extraction influ-
ence towards the hanging wall. This is a result of the
hanging wall being prone to more active displacement
and subsidence towards the worked-out space due to
gravity and mining-induced stresses. Thus, the mech-
anism described by O. Kulikovska et al. (2024) leads to
the deformation and failure of the hanging wall, from
the most intense manifestations near the underground
stoping area to more gradual ones at the periphery of
the zone of influence. With further extraction, the zone
of gradual subsidence moves into the hanging wall of
the ore body. In its place, cracks and terraces appear,

and collapses in the form of funnels are formed on the
ground surface. The former funnels merge into several
groups, creating larger collapses that extend towards
the hanging wall of the rock mass.

Determination of stable slope angles for the open-
pit-to-underground mining level is performed by a cal-
culation method. For instance, to determine the limit
stability of slopes during the transition from open-pit
to open-pit-to-underground mining, Y. Shen et al. (2024)
propose a methodology based on using a rock mass
displacement indicator. In this methodology, the dis-
placement indicator is used as a criterion because ex-
cessive displacements or their rate of development are
a direct indication that the rock mass is losing its in-
tegrity, significant deformations are occurring, and it is
approaching a state of failure or is beyond the limits of
acceptable deformation for the safe preservation of the
pit slope. An algorithm also exists for determining the
Llimit stability of slopes during the transition from open-
pit to open-pit-to-underground mining, according to
the methodologies concerning the Hannivske quartzite
deposit in Kryvbas. According to this methodology, the
calculation of stable slope angles is carried out with
a safety factor of 1.3. This value is a design criterion
for stability, considered sufficient to ensure the safety
and reliability of the slopes under the conditions of the
Hannivske deposit. As noted by N. Zuievska et al. (2023),
this takes into account the properties of the quartzites,
depth, hydrogeology, etc. The development of ground
surface displacements with physical destruction and
collapse during the transition from open-pit to open-
pit-to-underground mining is dangerous and requires
the implementation of safe transitional technologies.
Such technologies prevent the development of any dis-
turbances to the pit slopes during the transition to inte-
grated mining of minerals within the existing open-pit
area. Therefore, ensuring the stability and load-bearing
capacity of pit slopes are important conditions for min-
ing deposits using the open-pit-to-underground method.

The aim of the work was to study the stress-strain
state of the rock mass to justify its load-bearing capac-
ity and the stability of the pit slopes and underground
workings during their combined extraction. For this
purpose, using a developed model, the influence of
open-pit mining on the stress-strain state of the rock
mass during the transition to underground operations
was determined.

® Materials and Methods
Mathematical modelling was used as a tool for find-
ing optimal solutions. Its essence lies in the iterative
or analytical modification of input parameters. At each
stage, the influence of these changes on associated
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technological characteristics was assessed to ultimate-
ly find the extreme maximum or minimum value of
the objective function. Regarding the specific task of
mathematical modelling, a phased change in parame-
ters was carried out. These parameters characterise the
direction of development of the open-pit and open-pit-
to-underground mining operations, the change in the
structure of comprehensive mechanisation at the quar-
ry,and their influence on the intensity of ore production
(the production capacity of the open-pit and open-pit-
to-underground operations) in the combination zone.
The developed mathematical model represents a set of
numerical parameters that describe the geological and
technological features of both the open pit and the mine
field. This model links these parameters with one anoth-
er,and its main goal is to maximise mineral extraction.

The research was conducted using the quarries of
the Kryvyi Rih mining and processing plants as an ex-
ample. The selection of these quarries was relevant, as
it is here that the problems of deep open pits during
the transition to underground mining, complex mining
and geological conditions (strong but fractured quartz-
ites), and the presence of large volumes of worked-out
spaces make the issues of ensuring the stability and
load-bearing capacity of the pit slopes urgent and com-
plex. A model was presented for the research that cor-
responded to the average statistical dimensions of the
Kryvbas quarries (Razumova et al.,, 2021). The model
was based on averaged data from the Kryvyi Rih mining
and processing plants, such as Nothern, Inhulets, and
Central. It also corresponded to the optimal dimensions
of open pits in developed mining countries that have
transitioned from open-pit to underground or integrat-
ed methods of mineral deposit extraction.

Initial geometric data for the open-pit model in-
cluded a final depth of 300 m. The average height and
width of the bench were 15 m. The total width of the
open pit at the top, at ground level, was approximately
2,000 m, while its bottom width, corresponding to the
thickness of the ore body, averaged 80 m. Mathematical
methods were used in the work to create models that
predicted how open-pit mining influenced subsequent
underground mining. Specifically, numerical modelling
methods and finite element analysis were used. To in-
crease the accuracy of the modelling, the physico-me-
chanical properties of heterogeneous rocks and the
technological features of the stoping operations were
taken into account. The data obtained from the mod-
el were analysed using statistical and factor analysis
methods, which allowed for the assessment and mini-
misation of risks.

To investigate the stress-strain state of the rock
mass surrounding the depleted open pit, the software

“Ansys, Inc. Products 2019 R3” was applied. This power-
ful tool, which is based on the finite element method,
made it possible to model the behaviour of the rock
mass under the load of the overlying barren rock. To
investigate the stress-strain state of the rock mass sur-
rounding the open pit using the “Ansys, Inc. Products
2019 R3” software, the following stages had to be
performed. First of all, a three-dimensional geometric
model had to be created. The model included the open
pit and the adjacent rock mass. After the model was
created, it had to be divided into smaller elements, spe-
cifically, meshed. The process of building a mesh for the
deposit model consisted of discretisation; that is, the
complex three-dimensional volume of the rock mass,
the ore body, and the rocks in the pit slopes was divided
into a large number of small finite elements.

During the modelling of the rock mass deposit be-
tween the existing and the designed open-pit mine, the
model’s mesh division was a key element for conducting
a numerical analysis of the stress-strain state. Effective
modelling required a substantiated choice of mesh ele-
ment type,which corresponded to the physics and geom-
etry of the problem, as well as the selection of element
size, which ensured the necessary accuracy, especially
in critical zones, with acceptable computational power.
As part of the modelling methodology, mesh densifica-
tion was applied in critical areas. This allowed for more
detailed results in locations of greatest interest, such
as in the corners formed at the bottom of the open-pit.

Unstructured meshing has been an indispensable
tool for modelling complex geology, with its quality
and accuracy achieved through appropriate refinement
in specific zones and the use of higher-order elements.
While it was necessary to refine the mesh in areas of
concentration, it was critically important to ensure a
smooth transition from a fine mesh to a coarser one
at a certain distance from the concentrator itself. The
software suite “Ansys, Inc. Products 2019 R3” had spe-
cial tools and settings to control the rate of change in
element size between adjacent regions, for instance,
the element size growth rate. According to research by
M. Tomova & A.Kisyov (2024), adherence to the rule of
a smooth mesh transition is one of the factors that en-
sures its high quality and, consequently, the reliability
of the stress and strain field modelling results.

If the mesh size was significantly reduced, for ex-
ample, to 2 m, the process of meshing the model and
the calculation itself took an excessive amount of time
on a personal computer with 16.0 GB of RAM. For effi-
cient modelling, a minimum of 32 GB of RAM or more
is recommended. The quality of the mesh directly af-
fected the accuracy of the results. Next, it was neces-
sary to define material properties, loads, and boundary
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conditions. For the research, average mining condi-
tions were adopted, with corresponding geo-min-
ing and technical parameters for integrated open-
pit-to-underground mining. Specifically, magnetitic
quartzites are characterised by a high Young’s modu-
lus value (35,000 MPa) and a significant bulk density
(3,400 kg/m>). Their compressive strength (120 MPa)
significantly exceeds their tensile strength (12 MPa),
and the Poisson’s ratio is 0.25.

Based on L.Jiangnan & X. Kuangdi (2023), for the
calculation of the rock mass stress-strain state, var-
iants of the classic open-pit-to-underground mining
scheme for magnetitic quartzites were adopted, rep-
resenting average conditions for the transition from
open-pit to underground mining. After configuring all
parameters, the calculation was initiated. The calcula-
tion program solved the system of equations to deter-
mine the distribution of stresses and strains through-
out the entire rock mass. Typically, this analysis was
conducted in stages, simulating the sequence of rock
extraction. A three-dimensional model covering 60 m
along the Z-axis was chosen for the simulation to
most accurately reproduce the interaction conditions
of the open-pit and underground complexes. Although
the model was three-dimensional, two-dimensional
cross-sections were used for analysing and visual-
ising key patterns of the stress-strain state. This made
it possible to present the main research results more
clearly, without excessive detail.

Elements along the bottom and side boundaries of
the model were fully fixed to prevent their movement.
Gravitational loading and the pressure from the rock
mass were taken into account in the model. These loads
were applied to all elements to simulate realistic physi-
cal conditions. The calculation results were provided in
the form of visualised maps of stress, deformation, and
safety factor distributions. By analysing this data, it was
possible to identify the most hazardous zones where
the probability of failure is highest. The relationship
between the maximum magnitude of vertical displace-
ments and the depth of pit excavation was established
by means of regression analysis, performed on the basis
of the obtained modelling data.

® Results
The application of mathematical methods is the most
widespread. The availability of personal computers al-
lows for the modelling and calculation of a large num-
ber of variant models in a relatively short period (Meh-
nert et al., 2022). Based on a numerical analysis of the
model, performed using the finite element method, it
was established that any medium in which the natural
balance has been altered strives to gradually restore

it, transitioning to a new stable state. According to re-
search by M. Karlsmo et al. (2024), this process is deter-
mined by Le Chatelier-Braun’s principle. The time during
which the medium returns to a new stable state is re-
ferred to as the relaxation period of the disturbed rock
mass. Typically, at the bottom of an open-pit mine, the
occurrence of deformations, subsidence, and cracks can
be observed, and with significant extraction scales at a
shallow distance to the bottom, even localised collaps-
es or cave-ins directly within the bottom contours. The
pit bottom is a free surface, making it sensitive to addi-
tional stresses and deformations (Kalinichenko, 2020).

Changes in the stress state were expected on the
pit's contours and slopes, leading to a reduction in their
stability. The underground workings activated existing
tectonic disturbances (faults, cracks) within the slopes
and initiated the development of new failure mecha-
nisms (displacements of individual blocks, bench col-
lapses, general slope failures), particularly in the hang-
ing wall where mass movement was more intense. As
shown in Figure 1, the entire hanging wall slope of the
pit is failing under the influence of underground min-
ing. It is in this zone that terraces, cracks, and zones of
gradual subsidence are apparent. These are the visible
signs of the influence of underground operations on
the pit slope’s surface.

Figure 1. Plan of rock mass caving and displacement zones
in the hanging wall and footwall above the worked-out
space of a deposit mined using an integrated method
Notes: 1, 2 - accordingly, zone of ground collapse and ground
subsidence above the worked-out underground space; 3 - contour
of the deposit being mined by open-pit method; 4 — worked-out
part of the deposit by underground method; 5 - part of the deposit
subject to underground mining only; 6 — contour of the open pit in
the form of benches; H, - final depth of the open pit; o - dip angle
of the deposit; hH - thickness of the overburden

Source: developed by the author
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The zone of subsidence in the hanging wall extends
beyond the pit contours, forming a subsidence basin on
the ground surface with characteristic settlements and
cracks, the scale of which depends on the dimensions of
the excavation at depth and the distance to the surface.
As underground mining operations deepen, the zones of
collapse and subsidence move completely beyond the
pit contours, leading to its physical destruction and col-
lapse. Figure 1 illustrates the scale of the rock collapse
and subsidence zones in the hanging wall and footwall
of the deposit during combined open-pit-to-under-
ground mining. Accordingly, the degree of their influ-
ence on the pit and the ground surface can be observed,
which depends on a multitude of factors: the depth, di-
mensions, and shape of the stope, the physico-mechan-
ical properties of the rocks, the presence and effective-
ness of backfilling the worked-out space, as well as the
sequence of block excavation (lvadilinova et al., 2023).

Even in more complex numerical methods, such as
the finite element method in “Ansys, Inc. Products 2019
R3” where the stress-strain state was analysed and ma-
terial strength criteria were applied at each point, the
final stability assessment was also based on comparing
the acting stresses (especially shear stresses) with the
shear strength of the rocks at various points in the rock
mass. The safety factor was calculated, or a stability
analysis was performed by progressively reducing the
rock strength parameters until a state of failure was
reached, which was also essentially a determination
of the safety factor. During the transition from open-
pit to open-pit-to-underground mining operations, the
necessity to consider the potential influence of under-
ground mining was added to determine the magnitude
of possible deformations of the pit slopes and surface.
Induced deformations and altered stresses were super-
imposed on and interacted with the pre-existing stress-
strain state caused by open-pit excavation, namely the
open pit itself. This was not simply a linear sum of in-
fluences but a complex non-Llinear interaction that in-
tensified negative phenomena.

Based on the properties of the magnetite quartz-
ites, the geometry of the underground stopes was mod-
elled with a stope inclination angle of 45 degrees and
a bench height of 90 m. Figure 2 presents the overall
initial calculation scheme for the option with mineral
extraction conducted exclusively by the classical open-
pit method. The figure is a visualisation of the finite
element mesh used to model the stress-strain state of
the rock mass around the open pit. The image demon-
strates how the model space, which included the open
pit and the adjacent rock mass, was divided into small
elements (a mesh). This is a key stage of preparation for
numerical calculations.

Figure 2. Initial calculation model
for the classical open-pit mining of minerals
Source: developed by the author

Such a calculation scheme was applied to research
different types of mineral deposits. For this purpose, the
corresponding physico-mechanical properties of the
minerals and host rocks were used in the calculations.
Figure 3 presented the deformation magnitudes on the
contour of the worked-out open pit depending on the
depth of the working horizon, and in the undisturbed
rock mass on the calculated contours of the future
stopes during the transition to a combined open-pit-to-
underground mining technology. The figure visualised
the distribution of deformations (isolines) in the rock
mass after the pit had been mined.This is a direct result
of modelling and analysing the stress-strain state. The
coloured lines in the figure were deformation isolines.
They show how the intensity of deformations changed at
different depths and locations within the rock mass.The
figure clearly shows that the largest changes in defor-
mation occurred specifically in the zone of the upper
pit slopes and at its bottom. These areas were the most
critical in terms of potential deformations and failures.

Figure 3. Results of calculations of rock mass deformation
during open-pit mining of minerals
Notes: 1 - open pit contour; 2 - ore body; 3 - contours of the
future first and second stage stopes, respectively
Source: developed by the author
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The results of calculations for the magnitude of
maximum vertical displacements in the rock mass
showed that the maximum vertical displacements of
the pit slope’s benches increased with increasing pit
depth, from 13-14 mm on the upper benches at depths
of 30-45 m from the ground surface to 60-63 mm on the
lower benches at depths of 270-300 m at the bottom of
the depleted pit. The results of the studies, presented in
figures, were key to understanding the baseline stress-
strain state of the open-pit area before or without the
influence of underground mining. They allowed for the
identification of red isolines in the upper parts of the
slopes and at the pit bottom, which corresponded to
larger deformation values. In these same areas, it was
also visually confirmed that the rock mass was expe-
riencing the greatest compression or tension, which
were the zones of deformation concentration. Addition-
ally, the figure enabled a clear assessment of how the
pit influenced the entire volume of the rock mass, not
just its immediate sections.

Such figures provided a clear understanding of the
rock mass’s reaction to open-pit excavation and served
as a starting point for further analysis during the tran-
sition to the open-pit-to-underground method, as the
influence of underground mining was superimposed on
this baseline stress-strain state. The dependence of the
magnitude of the maximum vertical displacements of
the pit slope elements (benches) on the depth of the
examined area from the ground surface is presented in
Figure 4. This figure demonstrates the dependence of
the maximum vertical displacements of the pit slope
on the depth of its excavation.
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Figure 4. Dependence of the magnitude
of maximum vertical displacements of pit slope elements
on the depth of excavation
Source: developed by the author

The graph shows that as the excavation depth in-
creases, so does the magnitude of vertical displace-
ments on the pit slope. However, this increase is not lin-
ear; it follows a logarithmic pattern, which is confirmed

by the regression equation on the graph. This indicates
that the largest deformations occur during the initial
stages of deepening, while at significant depths, the
rate of deformation increase slows down. This logarith-
mic relationship is typical for mining operations and is
explained by Le Chatelier-Braun’s principle. According
to this principle, disturbances are significant at initial
depths, and the rock mass reacts sharply, causing a rap-
id increase in deformations. The data analysis carried
out made it possible to establish a relationship with a
high coefficient of determination, which is described by
the following logarithmic equation:

£=22.075 In(H) - 56.789;
R2=0.9234, Q)

where ¢ - magnitude of the maximum vertical displace-
ments of the pit slope, in mm; H - depth of the horizon
(bench) from the ground surface, in m; R - magnitude
of the coefficient of determination.

Figure 5 presents the results of calculations for
stress magnitude in the rock mass during mineral ex-
traction exclusively by open-pit mining. The location of
the isolines with cold colours (blue) at the pit bottom
and near its slopes indicates a low magnitude of stress-
es in these specific areas. The figure visually illustrates
how the gravitational load was redistributed from the
pit slopes to the internal sections of the rock mass. An
analysis of the stress distribution at depth also allowed
the influence of the open pit on future underground
stopes, which were planned for extraction beneath its
floor, to be assessed.

Figure 5. Results of stress magnitude calculations
in the rock mass during open-pit mining of minerals
Source: developed by the author

Based on the research conducted, the magnitude
of stresses in the rock mass beneath the open-pit floor
increases from the ground surface at the bottom of
the pit into the depth of the rock mass. In a natural,
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undisturbed rock mass, geostatic vertical stresses from
the self-weight of the overlying rocks increase with
depth. When the pit was created, a significant volume
of rock was excavated. This led to a redistribution of the
natural stress field. Directly on the pit floor and in the
near-surface part beneath it, stresses are significantly
reduced (unloaded) compared to the initial geostatic
stresses, as the overlying rock mass has been removed.
However, deeper into the rock mass from the pit floor,
the influence of the unloading zone diminishes. Stress-
es gradually begin to recover and approach the values
of natural geostatic stresses. Thus, at a certain depth
beneath the pit floor, stresses become greater again
and continue to increase with the depth of the deposit.
The magnitude of stresses ranged from 0.7-1.2 MPa at
the pit floor to 4.6-4.9 MPa beneath the pit floor at the
depth of the future underground stopes for the second
stage of mining. Figure 6 presents the dependence of
the magnitude of stresses in the rock mass beneath the
pit floor at the depth of the future underground stopes
for the first and second stages of mining.
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Figure 6. Dependence of the maximum stresses
in the rock mass beneath the pit floor on the depth
of the future underground stopes
Source: developed by the author

The graph shows a key finding of the modelling:
stresses increase with depth, but this increase is not
linear. Stresses grow following an exponential law,
which is confirmed by the equation obtained from the
regression analysis. This indicates that the influence of
stresses becomes increasingly pronounced as depth in-
creases. This relationship allows for the prediction of
the rock mass’s stress state at various depths. This is
critical for planning underground stopes and selecting
an appropriate mining technology to ensure safe op-
erations. The relationship identified by the research is
described by the exponential function of the form:

o, =1.0778e0008n;
R?=0.9663, )

where ¢, — magnitude of the maximum stresses in the
rock mass, MPa; h - depth of the future underground
stopes from the pit floor, m; R - magnitude of the coef-
ficient of determination.

The obtained dependence is confirmed by studies
conducted for similar conditions, for example, in the
work of H. Luo et al. (2024). The reliability of the re-
sults is confirmed by the fact that the error margin does
not exceed 12-15%, which is an acceptable value for
geomechanical research. The obtained results make it
possible to visualise the distribution of stresses, stress
concentration zones, and deformations in the rock mass.
This allows for the analysis of the influence of various
mining technologies on rock mass stability, leading to
the selection of the most effective solutions. Therefore,
the calculations make it possible to obtain quantitative
data on the change in the stress state depending on
depth. This underscores the critical importance of these
indicators for ensuring a safe and effective transition to
underground mining technology.

@ Discussion
M. Zhe & M. Zhuoqgian (2024) conducted analytical and
field studies on the stability of rock slopes along a high-
speed motorway that were prone to landslides. The
authors used “Rocscience” software to evaluate these
slopes. The results of the numerical modelling were in
full agreement with the field observations, confirming
the high risk of slope failure, especially during rainfall
and earthquakes. The paper made an important contri-
bution to mining geomechanics as it confirmed that the
geometric parameters of slopes and external factors
(water saturation, seismicity) are critical for their sta-
bility. It demonstrated the effectiveness of the software
for predicting rock mass behaviour and preventing dan-
gerous situations, which fully aligns with the demands
regarding stresses and deformations. The presence of
water in rock cracks and pores reduces their strength
and increases pore pressure, which leads to a weaken-
ing of the rock mass. An increase in the groundwater
level or heavy rainfall causes landslides and collapses,
which directly affects the stability of the pit slopes and
underground stopes. Earthquakes or even microseismic
activity, for example from explosions, create dynamic
loads that sharply increase stresses in the rock mass.
This destroys existing stress arches or causes rock
bursts and collapses, especially in weakened areas
between open-pit and underground mining. Ignoring
these factors leads to an underestimation of risks and,
as a result, to catastrophic failures that threaten human
life and infrastructure. Therefore, in geomechanical re-
search, an analysis is obligatorily conducted with con-
sideration of the hydrogeological and seismodynamic
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conditions of the working area. Studies concerning the
transition from open-pit to underground mining are
particularly sensitive to these factors, as it is precisely
here that new zones of stress concentration are created,
and the old rock mass of the open pit receives addition-
al load. The commonality in the obtained results is the
confirmation of the critical influence of external factors
on the stability of the rock mass and the effectiveness
of numerical modelling methods, whereas the differ-
ence lies in the fact that M. Zhe & M. Zhuogian (2024)
focused on slopes along a motorway, while this study
focused on the specific issues of open-pit-to-under-
ground mining of deposits.

Stress analysis using “SolidWorks Simulation” is a
study that demonstrates the effectiveness of using soft-
ware to analyse the behaviour of components under
various loads, as presented by M. Yazeed et al. (2023).
The paper highlights the power and importance of us-
ing modern software for engineering analysis. It shows
that such tools are an effective alternative to complex
manual calculations and allow for the visualisation
and analysis of results with high accuracy. This work
demonstrates that effective and precise tools exist for
modelling the stress-strain state of a rock mass, which
are key for this type of research. However, this published
work demonstrates the effectiveness of mathematical
modelling using various types of software on personal
computers. Common to both studies is the confirmation
of the effectiveness and key role of modern software for
modelling the stress-strain state, but the difference lies
in one case focusing on stress analysis in engineering
components, while this study applied the approach to
the specific problem of mining geomechanics.

B.O. Taiwo et al. (2023) noted that the state of pit
slopes was influenced by explosive works used dur-
ing extraction, as blasts were one source of localised
seismicity affecting the rock mass’s stress-strain state.
The authors used a combination of geotechnical meth-
ods, monitoring, and data analysis to assess how blasts
caused microcracks, which weakened the rock and
increased the risk of collapses. This work highlighted
the importance of considering not only static but also
dynamic stresses when analysing rock mass stability. It
confirmed the need to account for seismic factors in the
pit during the transition from open-pit to underground
mining. The results obtained in the current work align
with the finding that dynamic loads from drilling and
blasting are a key factor influencing the stress-strain
state of the rock mass. The difference, however, lies in
the fact that the original study focused on analysing
the stability of pit slopes, whereas this research applied
these findings to geomechanical processes under con-
ditions of combined mining.

O.V. Kalinichenko (2020) noted that to determine
changes in the stress-strain state of a rock mass when
creating underground voids, analytical modelling with
effective computer software is necessary. Particu-
lar attention is paid to methods for controlling the
stress-strain state, which ensure stability and safety.
The research findings contain recommendations and
methodologies that prevent collapses, the formation of
subsidence basins, and other negative geomechanical
phenomena. This is directly related to the influence of
worked-out space dimensions on surface deformations,
as this dissertation developed a scientific basis for un-
derstanding and controlling geomechanical processes.
The results of that study had an approximately similar
error to the results of this research. What both works
have in common is the application of software for mod-
elling and analysing the stress-strain state to enhance
mining safety. The difference is that the author focused
on the creation of underground voids and workings,
whereas this study focused on the interaction between
open-pit and underground mining.

In the published work, Y. Lu et al. (2024) proposed
an analysis of open-pit slope deformations and fail-
ures resulting from the combined influence of blasting
operations and rainfall. The authors emphasised that
although these factors are common, their combined ef-
fect has rarely been studied. An integrated approach,
which included using finite difference method mod-
elling to investigate slope response mechanisms, was
used to study a large-scale landslide that occurred at
a mine in China. The paper is relevant as it confirmed
that to fully understand the behaviour of the rock mass,
it is not enough to study only internal factors, such as
stresses from mining. It is necessary to consider exter-
nal factors, such as hydrogeology and dynamic loads,
which made it an ideal complement to the results of
this study on the open-pit-to-underground transition.
The two studies similarly confirm the need to consider
factors of natural and man-made origin for a compre-
hensive stability analysis, while the difference lies in
the fact that one focused on open-pit slopes and this
study focused on the interaction of the depleted open-
pit with the surrounding rock mass.

The research results in the paper by M. Marchelli et
al. (2023) are practical, as they provided specific tools
for the preliminary design of open-pit geometry and risk
assessment. This study confirmed that proper planning
and consideration of the geomechanical properties of
the rock mass significantly increased work safety. It also
emphasised that every element of the open pit, from
the bench to the overall geometry, was crucial for pre-
venting dangerous situations. Both works used a single
approach of applying geomechanical calculations for
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improving the safety of mining operations, but the dif-
ference lies in the fact that one focused on specific tools
for designing open-pit geometry, while this research fo-
cused on the problem of subsequent combined mining.

In the paper by A. Driouch et al. (2023), it was prov-
en that numerical modelling is an extremely important
tool for selecting the safest and most effective min-
ing sequence. It was also emphasised that the correct
choice of mining methods is crucial for managing the
stress-strain state of the rock mass, especially in condi-
tions with weak rocks. The results obtained from both
studies converge on the key factor being the necessi-
ty of applying numerical modelling to select effective
mining methods. However, the difference lies in the fact
that one study focused on choosing a mining sequence
in weak rock conditions, whereas this research concen-
trated on geomechanical processes in a combined min-
ing operation.

In mining science, a number of calculation
schemes and methodologies are applied to determine
the stability of open-pit slope elements. As stated by
E.B. Gridina et al. (2020), a common feature of all ex-
isting calculation schemes is the comparison of shear
and retaining forces acting along the weakest surface.
This principle is used to calculate the factor of safety,
which is the most common indicator of slope stability.
The factor of safety is defined as the ratio of the total
sum of retaining forces or moments, depending on the
methodology, resisting movement along the surface,
to the total sum of shearing forces or moments that
tend to cause movement along this surface. A common
feature of all existing calculation schemes is the com-
parison of shearing and retaining forces to determine
the factor of safety, which is considered a classic ap-
proach, whereas this study considers the application of
this principle in the context of open-pit mining, which
is its distinctive feature.

A.G. Irwan & LT. Wiati (2023) noted that the sta-
bility parameters of pit slopes obtained by calculation
require adjustment as they do not reflect all factors that
occur in the rock mass at each specific deposit during
its development. The main parameters of the pit slope,
such as its inclination angle and height, are determined
by taking into account the main influencing factors,
which include: the physico-mechanical properties of
the rocks; the structural features of the rock mass and
the deposit’s structure; the dimensions and shape of
the open pit; hydrogeological conditions; technological
influence (the effect of drilling and blasting operations,
external loads on the slope, particularly the close prox-
imity of waste dumps, and so on); and the duration of
the open pit’s operation. A key shared conclusion is the
confirmation that the calculated stability parameters

require adjustment to account for a multitude of factors,
whereas the difference lies in the fact that attention
was focused on general parameters, while this study
analyses the influence of the open pit on the rock mass.

Thus, the analysis of scientific sources and the
results of the modelling confirm that assessing the
stability of the rock mass around a depleted open pit
requires a comprehensive approach. It has been estab-
lished that stability parameters calculated by standard
methods are insufficient, as they do not account for the
combined influence of hydrogeological, seismodynam-
ic, and technological factors. Therefore, to ensure the
stability of the pit slopes and underground workings
during their combined extraction, it is necessary to ap-
ply numerical modelling methods that allow all these
factors to be taken into account for an accurate predic-
tion of the stress-strain state.

® Conclusions
The conducted research made it possible to perform a
geomechanical justification for the stability of the el-
ements of the open-pit mining complex. The obtained
results confirmed the fundamental reqularities of the
rock mass’s stress-strain state and provided a quan-
titative assessment of its behaviour. The research es-
tablished that the magnitude of the maximum vertical
displacements of the pit slope on its benches increased
with increasing pit depth, from 13-14 mm on the upper
benches at depths of 30-45 m from the ground sur-
face to 60-63 mm on the lower benches at depths of
270-300 m at the bottom of the depleted pit. It was es-
tablished that the dependence of the magnitude of the
maximum vertical displacements of the pit slope ele-
ments on the depth of excavation was described by a
logarithmic function with a high coefficient of determi-
nation. The results of the calculations made it possible
to establish that the magnitude of stresses in the rock
mass beneath the pit floor increased from the ground
surface at the bottom of the pit into the rock mass ac-
cording to an exponential law. It was established that
the stress magnitude ranged from 0.7-1.2 MPa at the
pit bottom to 4.6-4.9 MPa beneath the pit floor at the
depth of the future underground stopes. During the re-
search, it was established that stresses in the rock mass
beneath the pit floor increased with depth. The results
obtained confirmed that vertical geostatic stresses in-
creased with depth, which was caused by the weight
of the overlying rocks. However, upon the creation of
the pit, a significant portion of these rocks was re-
moved, leading to a redistribution of the initial stress
field. The conducted studies showed that the stresses
directly at the pit bottom and in the near-surface zone
beneath it significantly decreased, which indicated the
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unloading of the rock mass. Nevertheless, with an in-

crease in depth, the influence of this zone decreased.

The stresses began to gradually recover and approached
the initial geostatic values, continuing to increase fur-
ther down the dip of the deposit. The performed anal-
ysis demonstrated zones of stress concentration on the
pit slopes,as well as zones of unloading in the near-sur-
face rock mass beneath its bottom. The obtained de-
pendencies were confirmed by research performed for
analogous conditions. The reliability of the results was
confirmed by the fact that the error magnitude did not
exceed 12-15%, which was an acceptable value for ge-
omechanical studies. The obtained results were the ba-
sis for further work planning for the transition to under-
ground mining. In further research, a focus is planned

on studying key parameters to ensure the stability of
the rock mass during the excavation of Chambers |, Il,
and I1l. The main objects of analysis will be changes in
the distribution of stresses and deformations in the rock
mass, as well as the mutual influence of the chambers
on the overall stability of the rock mass around the pit.
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Hocnig>xeHHs Hanpy>keHo-AedOpPMOBaHOro cTaHy ripCbKoro macuBy
npv BuAo6yTKy KOPMCHUX KONasiuH BigKpUTUM cnocobom

@ AHoTauif. 3abe3neyeHHs CTIMKOCTI Ta HECYy40i 34aTHOCTI 6OpPTiB KapeEpiB Lie akTyanbHa Ta CKaafHa yMOBa A1
BiANpaLOBaHHA POLOBMLY, BiAKPWUTO-MiA3EMHUMM CMNOCOOGOM. Y 3B3KY 3 UMM METOK AO0C/igKeHb B poboTi 6yno
reoMexaHiyHe O0OI'pYHTYBAHHS CTIMKOCTI TEXHOMOTIYHUX €NIEMEHTIB BiAKPUTO-MiA3EMHOr0 KOMMAEKCY FipHUYMX
po6iT. Lle 06rpyHTyBaHHS, NPOBEAEHO 3a AOMOMOrol po3pobneHoi Mofeni, Mano Ha MeTi BU3HAUYEHHS BMAUBY
Ha GOpPMYBaHHA HaMpyXeHo-4eOPMOBAHOrO CTaHy MacuMBYy Ha npuknaai kapepis KpuBOpi3bKuX ripHUYO-
3b6arayyBanbHMX KOMGIHaTIB. Y AaHii poboTi Ans NPOrHo3yBaHHSA BMIMBY Kapepy Ha NOAA/bLUMIA NiA3eMHMIA
BMA00OYTOK GyNM 3aCTOCOBAHI MaTeMaTUUHI Ta YMCENbHI MeToAM, 30KpeMa MEeTO[ CKiHYEHHUX eIeMEHTIB, @ TaK0X
CTAaTUCTUYHUI Ta DAKTOPHUM aHani3. KpiM TOro, ona OOCNIOXKEHHS HanpyeHo-4edhOopMOBAHOr0 CTaHy ripCbKOro
MaCMBY HaBKOJ10 BiANpaLbOBaHOro Kapepy 6yno BUKOPMCTAHO NporpamMHe 3abesneyeHHs «Ansys, Inc. Products 2019
R3». BctaHOBNEHO, WO BENMYMHA MaKCUMalbHUX BEPTUKANbHMX 3CYBiB BopTa Kapepy 36inbwyetbca 3 13-14 mMm
Ha BEpXHiX ropmsoHTax (ycrynax) Ha rmubunHax 30-45 M Big aeHHOI noBepxHi Ao 60-63 MM Ha HUXHIX yCTynax Ha
ranbunax 270-300 M Ha AHi BiANpaLbOBaHOrO Kapepy. 3aNexXHiCTb BENMUYMHU MAaKCUMaNnbHUX BEPTUKANbHUX 3CYBiB
eneMeHTiB 6opTa Kapepy BiA rMUOMHM po3pobKM ONUCYETbCS NnorapudmiyHo dyHKLiew. byno BCTaHOBMEHO, WO
BE/IMYMHA HaNpyxXeHb KonueaeTtbca Big 0,7-1,2 Mla Ha gHi kapepy no 4,6-4,9 Mla nig AHOM Kapepy Ha MUOUHI
po3TallyBaHHS ManbyTHIX NiA3EMHUX OUMCHUX KaMep. 3aNeXHiCTb BEIMYMHM MAKCMMAJIbHUX Hanpy>XeHb Y FipCbKOMY
MacumBi Nig OHOM KApEPY Bif IMMUOMHU ONMUCYETHCS EKCMOHEHLiaNbHOK dYHKLi€. PO3paxyHKkM [O3BONMAM OTPUMATH
KiNbKiCHi AaHi NpO 3MiHy HaMpy)XeHOro CTaHy ripCbKOro MacMBY B 3aN€XHOCTi Bif rMMOUHW. [TpakTUYHa 3HAYMMICTb
pob0TM nonsra€e y BUKOPUCTaHHI LMX NOKa3HWKIB Ans 3abe3neyeHHs Ge3neyHoro Ta epekTMBHOrO nepexopy L0
nif3eMHoi TexHonorii po3pobku
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Development of highly efficient technologies
for extracting rich iron ores at deep levels of Kryvbas mines

8 Abstract. About half of the rich iron ore mined in the Kryvbas mines is extracted applying various types
of sublevel caving systems. At the same time, ore haulage in the mining panels is carried out exclusively by
scraper equipment, which does not meet modern requirements in terms of miners’ working conditions, productivity
and safety. The aim of the work was to develop more efficient flowsheets for the extraction of rich iron ores
applying the sublevel caving system. This was achieved primarily through the employment of self-propelled
underground loaders, haulers and dumpers (LHDs) and other technical solutions for ore. The new flowsheets for
the development of iron ore deposits applying the sublevel caving system based on the use of the mentioned
self-propelled machinery for haulage are proposed. This is achieved by using, in addition to the main draw level,
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where only this self-propelled machinery operates, an additional draw level with the use of scraper equipment,
for which the drill drift is reused. This ensures more intensive mining of panels, thereby reducing the cost of
maintaining workings and improving ore extraction rates. Another option, designed for mining deposits with a
thickness of up to 30-35 m, involves application of inclined compensation rooms, which makes it possible to create
rooms of sufficient volume even in low-strength ores, as well as combined ore haulage by self-propelled LHDs
and scraper equipment. To increase the efficiency of the self-propelled LHDs, productivity of which is significantly
higher than that of scraper equipment, it is possible to employ one self-propelled machine for the simultaneous
haulage of ore from two adjacent panels. Thus, the main advantages of the proposed mining system options are an
increase in the intensity of panel mining, a significant reduction in the loss of ore on the footwall of the deposit,
and the possibility of employing self-propelled machinery in the conditions of Kryvyi Rih iron ore basin mines

® Keywords: iron ore raw materials; underground mining; mining technology; sublevel caving; ore haulage; self-

propelled equipment

@ Introduction
Naturally rich iron ores in Kryvbas - which was, is, and
will remain Ukraine’s primary iron ore base - are ex-
tracted exclusively underground (Bazaluk et al., 2024).
Mining is conducted at depths of 1,100-1,400 m. To
extract these ores, a variety of systems are employed,
including sublevel-room and sublevel caving systems.
The current proportion of these systems is approxi-
mately equal, but as mining depths increase and condi-
tions deteriorate, the share of the sublevel caving sys-
tem is expected to gradually increase.

The optimisation of sublevel caving technology for
mining deposits is the focus of numerous publications.
These works provide a detailed history of the system’s
evolution, present various operational variants, and
outline paths for their improvement. It should be not-
ed that while existing technologies offer a number of
benefits, including simple design and limited devel-
opment work, they do not provide the use of imported
self-propelled loaders, haulers and dumpers (LHDs).
0. Bazaluk et al. (2022) proposed a block mining tech-
nology that employs high-performance self-propelled
equipment.This method eliminates the need for draw-
points, drawbells, and draw niches, which are rather
dangerous and labour-intensive to create. Conversely,
M. Stupnik et al. (2021) observed that the use of such
equipment necessitates larger-cross-section workings.
The stability of these workings is expected to dete-
riorate as mining depths increase, and their mainte-
nance will be associated with a rise in both labour and
material costs. Based on an analysis of development
trends and existing problems at Kryvbas mining en-
terprises, M. Stupnik et al. (2023) concluded that tradi-
tional means of ore haulage from stopes using scrap-
er equipment are currently inefficient. Nevertheless,
through technical re-equipment, the implementation
of self-propelled LHDs would allow for an increase
in ore extraction indicators. This can be achieved by

the simplification of mining panel bottom designs, a
reduction in the volume of preparatory-development
work, and the mechanisation of the most labour-in-
tensive operations.

Addressing the issue of mitigating broken ore loss-
es on the footwalls of deposits during sublevel caving,
I. Lutsenko et al. (2017) proposed replacing the broken
ore that enters the “dead” zone on the footwall with
waste rock. This is achieved by drilling and caving
the waste rock during bulk blasting. A separate study
by A. Kosenko et al. (2024) examined different bot-
tom designs for ore extraction and haulage employ-
ing self-propelled LHDs. These designs can be trench-,
drawbell, pocket-like, and integrated haulage and
transportation workings. In their research, S. Pysmen-
nyi et al. (2020) demonstrated that the application of
a trench-like bottom is the most suitable method for
the complex geomechanical conditions encountered in
the Kryvbas mines. The primary justification for this is
its enhanced stability and the reduced costs required
for its creation. A. Mazhitov et al. (2020) and M. Stup-
nik et al. (2023) conducted comprehensive research
using mathematical modeling to compare the stability
of various compensation room shapes. Based on these
studies, the authors concluded that the compensation
rooms of the vaulted (arched) and parabolic shapes of-
fer the best stability. A critical review of scientific liter-
ature enabled an evaluation of existing sublevel caving
system variants to develop solutions for their applica-
tion in the challenging mining-geological conditions of
the Kryvbas mines.

An analysis of the literature indicated that the im-
plementation of classical mining systems employing
self-propelled equipment is not viable under the condi-
tions prevalent in Kryvbas. Nevertheless, given the com-
plex mining and geological conditions of the Kryvbas
deposits (i.e. low ore strength and stability, as well as
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inconsistent thickness and dip angles of ore bodies), it
is advisable to apply specific concepts previously pro-
posed by researchers. A significant limitation of these
earlier studies, however, is that their authors failed to
consider the significant depth of the underground min-
ing operations. The depth of mining is a crucial factor in
the mining of ore deposits, as it substantially modifies
the stress field around underground workings. This not
only complicates operations but also imposes specific
constraints, particularly on the cross-sectional area of
the workings. These constraints, in turn, directly dictate
the type and size of the self-propelled equipment that
can be used and the service life over which the workings
can be maintained without incurring significant costs.
Given rather challenging conditions associated
with extracting these ores - resulting primarily from
the inadequate strength and stability of the ore and
host rock, as well as the significant manifestation of
rock pressure — a common constraint in these sys-
tems is the exclusive use of an inefficient means for
ore drawing and haulage (i.e. scraper equipment). This
equipment fails to provide sufficient productivity or
safe working conditions for miners. A prominent issue
at these depths is the heightened stress-strain state of
the rock massif, which demands a deliberate approach
to the selection of compensation room shapes. The
chosen shape is crucial, as it is a major determinant
of both operational safety and overall ore extraction
indicators. Consequently, the improvement of systems
employing sublevel bulk caving for rich iron ore mining
at depths exceeding 1,200 m represents a highly rele-
vant research problem that this work seeks to resolve.

® Materials and Methods

The research employed a comprehensive approach,
combining a literature review, a graphical-analytical
method, and mathematical modelling. The graphi-
cal-analytical method served to calculate the primary
parameters of underground workings considering the
stress-strain state of the rock massif. This approach also
facilitated the determination of their optimal spatial
arrangement within the mining block, the feasibility
of their construction, and their potential negative in-
fluence on adjacent mining panels and workings. The
primary results of these calculations were subsequently
presented in research papers supported by the Ministry
of Education and Science of Ukraine. For the analytical
component of the research, the authors employed the
finite element method. This method enabled them to
ascertain the normal, tangential, and equivalent stress-
es around the workings as a function of the deposit’s
mining-geological conditions and the cross-sectional
area of the underground working.

To study the stress-strain state, the equivalent
stress coefficient was employed. It allowed the arbitrary
three-dimensional stress state of a rock massif area to
be represented as a single, positive equivalent stress
value, as noted in the works of B.M.Andreev et al. (2015),
M.R.S. Seyed et al. (2025), and A.R. Abdiev et al. (2025).
Additionally, this approach enabled the calculation and
determination of stress in a heterogeneous rock mas-
sif under complex mining-geological conditions, con-
sistent with the research of S. Pysmennyi et al. (2018).
By applying the generalised Hooke’s law, equivalent
stresses were determined based on the physical and
mechanical properties of the rocks and the depth of
development using the formula (Tayebi et al., 2019):

\[(UZ—G'X)Z +(Ux—0'y)2+(0'y—0'z)2
o=
2

,MPa (1)

where o - the equivalent stresses that occur in the
rock massif around the working, MPa; o, - the principal
vertical stresses, MPa; o,, o, - the principal horizontal
stresses, MPa.

Equivalent strains of the rock massif around the
working were determined by the expression:

e = 1 (sz—sx)2+(sx—gy)2+(£y—£z)2, (2)

1+u 2

where ¢ - the equivalent strains that occur in the rock
massif around the working; u - the Poisson’s ratio; ¢, -
the vertical linear strains; ¢, ¢, - the horizontal linear
strains along and across the strike of the deposit, re-
spectively.

The following input parameters were adopted to
study the principal and equivalent stresses: model di-
mensions — 25x25 m; grid size - 0.25x0.25 m; nodal
connection type - triangular; nodal load: vertical -
18,000 Pa, horizontal - 8,000 Pa, Poisson’s ratio — 0.22;
modulus of elasticity - 2x10°> Pa; volume weight of
rocks - 34,000 N; arched working width - 3.5 m.

Mathematical modeling was used to solve the
problem of rock massif stability around the under-
ground working, applying the theory of elasticity for a
body in equilibrium under given external forces. At each
point, a component of the stress tensor was calculated
to simultaneously satisfy equilibrium within the body
and on the contour of the working. The shear stress ten-
sor, relative to the equivalent stress, is described by the
following matrix:

Oy —0 Ty Tyy
D=| Toy 0y =0 Tyz | (3)
Tyy T,, 0,—0C

where D - the stress tensor at the point under study; o, -
the stresses of the internal forces arising in the massif,
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N/m?; 1, - the tangential stresses arising in the massif,
N/mZ. The stress tensor thus describes the strain state
at a given point in a solid body. When the equilibrium of
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the stress tensor is disrupted, linear and angular strains
occur in the rock massif on the contour of the working.
The results of the calculations are shown in Figure 1.
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Figure 1. Stress distribution around the underground working with a cross-sectional area of 10 m?at a depth of 1,350 m

Notes: a - equivalent; b - vertical
Source: developed by the authors

The conducted research established the optimal
parameters and rational placement of underground
workings, confirming their adherence to the primary
requirements for mining rich iron ore deposits. The cru-
cial requirement considered was the safety of the min-
ers. Furthermore, the completed studies on parameters
of workings integrated the risks of technological seis-
micity, a factor which, as recommended by A. Matayev et
al.(2024), warrants careful consideration. Following the
findings of A. Salkynov et al. (2023), strain processes
within the rock massif were also taken into account, as
they can compromise the stability of workings in weak
ores, especially under conditions of high rock pressure
at deep levels. The model was constructed by incorpo-
rating the stress and strain relationships for fractured
rocks, as proposed by Chong et al. (2021). This involved
adapting the model’s parameters to reflect changes in
the actual stress-strain state of the workings, thereby
enhancing the reliability of the calculation results for
the complex structure of the ore massif. In the design
of stoping flowsheets, particular emphasis was placed
on maximising ore extraction indicators and increasing
labour productivity. The unique aspect of the research
presented here is that individual technological pro-
cesses were examined within a comprehensive frame-
work using the graphical-analytical method. Conse-
quently, this allowed for the development of improved
sublevel caving system variants, which employ self-pro-
pelled equipment and are tailored to the specific con-
ditions of rich iron ore extraction in the Kryvbas mines.

® Results
Experience of leading mining companies that extract
minerals underground shows that improving their

extraction technology is practically impossible with-
out the employment of modern equipment, particularly
self-propelled LHDs, the use of which at the Kryvbas
mines, as already noted, is hindered by the rather com-
plex geological and technical conditions of ore deposit
mining. Taking into account the specific application of
this technology in both leading global mining compa-
nies and the Kryvbas mines, and building on the results
of prior research, the authors of this work developed
two new variants of the sublevel caving system. These
variants, employing self-propelled LHDs for ore extrac-
tion and haulage, are designed to extend their appli-
cability in challenging conditions when working with
iron ore deposits of different thicknesses. Furthermore,
variations in the elemental composition of the rocks
were incorporated to improve the accuracy of ore body
boundaries, as recommended by D. Shihov et al. (2024).
A specific variant of the sublevel caving system devel-
oped in this work, intended for mining thick ore depos-
its, is presented in Figure 2.

A distinguishing feature of this system is the use
of parabolic or vaulted compensation rooms within the
mining panels, which are oriented with their long side
across the strike of the deposit. This design enhances
the stability of the rooms. To substantially mitigate bro-
ken ore losses on the footwall, the system also incor-
porates an additional draw level with scraper haulage,
which supplements the main draw level that operates
exclusively with self-propelled LHDs. To minimise the
volume of development work, this additional level is
proposed to be a repurposed drill drift that was pre-
viously driven through the footwall rocks. Based on
this technology, the deposit is developed in mining
blocks 60 m long along the strike. These blocks are
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vertically divided into two sublevels of approxi-
mately equal height within a single level (75-80 m).
Block preparation involves the following: from a
footwall haulage drift 1, access crosscuts 2 are driv-
en at 60-meter intervals; from these crosscuts, block

ventilation-and-manway raises 3 are created to con-
nect to the upper ventilation level; an inclined runaway
4 is driven in the footwall rock to provide access for
self-propelled equipment to the intermediate sublevels
(one runaway per mine wing).

Figure 2. The developed variant of the sublevel caving system for mining thick steep iron
ore deposits with combined ore haulage by self-propelled LHDs and scraper equipment

Source: developed by the authors

Development work begins with the creation of ore-
passes 5 and service raises 6 to facilitate the driving
of other workings and support activities on the inter-
mediate sublevels. At the ore drawing and haulage
level, where self-propelled LHDs will be used, sublevel
haulage drifts 7 are driven in the footwall rock 15-20 m
from the ore body’s contact. From these sublevel haul-
age drifts drifts, haulage crosscuts 8 are driven every
20 m. In the hanging wall, these crosscuts are connect-
ed to each other by a ventilation drift 9, which is then
connected via a ventilation crosscut 10 to a ventilation
raise 11. Depending on the mine’s ventilation scheme,
this raise can connect to either the upper ventilation
level or the sublevel dirty-air collecting drift.

From the haulage crosscuts 8 located above the ac-
cess crosscut 2, an unloading niche 12 is created and

connected to an orepass 5. Starting 8-10 m from the ore
body contact, diagonal loading workings 13 are devel-
oped from these haulage crosscuts 8 at 10 m intervals
in a staggered configuration along both directions.From
the first such crosscut, located in the footwall rock, cut
crosscuts 14 are driven through the panel centers. Sub-
sequently, a cut raise 15 is developed upwards from the
central part of these cut croscuts opposite a loading
working to form a compensation room 16.Service cross-
cuts 17are 10 m above the main draw and haulage lev-
els in the footwall rock. These crosscuts are connected
to the block ventilation-and-manway, service and ore-
pass raises (3, 6, 5, respectively). Drill drifts 18 are also
created and will later be used as scraper drifts. From
the drill drifts, drill niches 19 are driven towards the
ore body and will subsequently be used as drawpoints
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20. To create a compensation room, which is given a
parabolic or vaulted (arched) shape for greater stability,
rings of boreholes 21 are drilled from a cut crosscut 14.
For breaking the main ore reserve in the panel, rings of
long holes 22 are drilled in the panel from the drill nich-
es. Finally, to cave the pillars above the haulage cross-
cuts, borehole rings 23 are drilled from these crosscuts.

Ore reserves within each sublevel are mined using
20-meter-wide panels. The panels are arranged so that
the cut crosscuts on the lower sublevel are driven di-
rectly under the haulage crosscuts of the upper sublev-
el. These haulage crosscuts are developed within tem-
porary pillars, which prevents waste rock from breaking
into the compensation rooms. Stoping begins with the
creation of a compensation room in each panel. To
achieve this, the cut raise is first widened to the full
width of the compensation room’s contour. Then, rings
of long holes 21, which are drilled from the cut crosscut
14, are blasted in a series of blasts into this widened
cut raise 15. After each blast, the broken ore is drawn
from the loading workings and hauled to the orepass by
a self-propelled LHD. In parallel with the formation of
the compensation room, the main ore reserve is drilled
using rings of long holes 22 from the drill niches of
the drill drift 18. From these same drill niches 19, blast
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holes 24 are also drilled to develop the drawbells. The
drilling of the main ore reserve and the creation of the
compensation room should be completed simultane-
ously. This ensures the shortest possible duration of
the compensation room existence. Bulk caving of the
main ore reserve is achieved through multi-row milli-
second-delay blasting of long hole rings 22. The holes
are undercharged by 3-5 m from their collar to ensure
the preservation of the drill drift. During the bulk blast,
the blast holes 24 are also detonated. This develops the
drawbells in the drill niches, which will later be used
as drawpoints. As previously mentioned, the drill drift
18 will subsequently be used as a scraper drift (the
‘catching” level) to reduce ore losses on the footwall
of the ore body. The drawing and haulage of the bro-
ken ore from the loading workings 13 to the orepass 5
are performed by a self-propelled LHD. To intensify ore
drawing from the panel and further reduce ore losses
on the footwall, ore drawing is also performed simulta-
neously on the “catching” level, and the ore is hauled to
the orepass by a scraper. To mine iron ore deposits up
to 30-35 m thick, the authors developed a variant of the
sublevel caving system with combined ore haulage by
self-propelled LHDs and scraper equipment. This sys-
tem is illustrated in Figure 3.
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Figure 3. The developed variant of the sublevel caving system for mining deposits up to 30-35 m thick
with combined ore haulage by self-propelled LHDs and scraper equipment

Source: developed by the authors
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This variant was developed for use in deposits
consisting of low-strength and low-stability ores. The
combination of deep-level mining and high rock pres-
sure presents a significant challenge for developing
workings with a cross-sectional area of approximately
10 m?, which is sufficient for the deployment of min-
imum-sized self-propelled LHDs (with a bucket ca-
pacity of 1.5-2.0 m?), thereby extending the scope of
self-propelled equipment in complex mining-geolog-
ical environments. The proposed technology involves
mining the deposit in 50-60 m long blocks along the
strike. These blocks are vertically divided into two sub-
levels of approximately equal height within a single
level (75-80 m). The preparation of the block is prac-
tically no different from its preparation in the previ-
ous version (Fig. 2) and involves the following: from a
footwall haulage drift 1 access crosscuts 2 are driven
at 50-60-meter intervals; from these crosscuts, block
ventilation-and-manway raises 3 are created to break
through to the upper ventilation level; an inclined runa-
way 4 is driven in the footwall rock to provide access for
self-propelled equipment to the intermediate sublevels.

Development work begins with the creation of ore-
passes 5 and service raises 6 to facilitate the driving
of other workings and support activities on the inter-
mediate sublevels. Haulage drifts 7 are driven in the
footwall rock, the lower of which is located 10 m above
the haulage level. These drifts are directly connected to
the block ventilation-and-manway raise 3 and via un-
loading workings 8 - to the orepasses 5 and the service
raise 6. In the roof of the haulage drifts, scraper cross-
cuts 9 with drawpoints 10 are created. In the hanging
wall, these crosscuts are connected to each other by a
ventilation drift 211, which in turn is connected to a ven-
tilation raise 12. Depending on the mine’s ventilation
scheme, this raise can connect to either the ventilation
level. The scraper crosscuts are connected to the haul-
age drift via manways 13 and unloading apertures 14
that are covered with grizzly screens.

In the footwall rock, drill drifts 15 are driven 10 m
above the floor of the scraper crosscuts 9. These drifts
will also be used as scraper drifts, connecting directly
to the orepasses 5 and, via crosscuts 16,to the service 6
and orepass 5 raises. When positioning these workings,
it is also necessary to consider the refined boundaries
of the ore bodies in zones of tectonic disturbances. To
ventilate this level, air connections 17 are created from
the drill drift 15 to the scraper crosscuts 9. From the
drill drifts, drill niches 18 are developed towards the
ore body and will later be used as drawpoints 10 on
this level. Additionally, cut crosscuts 19 are created,
which connect to the cut raise 20 that is developed
from one of the end drawpoints. To form the inclined

slot 21 at the initial stage, rings of boreholes 22 are
drilled from a cut crosscut 19. To break the main ore
reserve in the panel, rings of long holes 23 are drilled
from the drill niches 18. Subsequently, blast holes 24
are drilled from the niches to develop the drawpoints
into receiving drawbells.

The block within each sub-level is divided into two
panels, each with a width of 25-30 m.Each panel is sub-
sequently mined by two scraper crosscuts, with the main
ore reserve caved into an inclined compensation room.
The stoping process begins by creating an inclined slot
21 in each panel. For this, the cut raise is first expanded
to the width of the slot by sequentially blasting paired
blast holes drilled on both sides of the raise. Following
the broken ore drawing on the expanded cut raise 20,
rings of blast holes 22 of varying heights are blasted in
a series of blasts. Simultaneously, one row of drawbells
is developed beneath them by detonating blast holes
24 drilled from the drawpoints 10.Following each blast,
the broken ore is drawn via the drawpoints and hauled
to the unloading apertures by a scraper. Through the
aperture, the ore then falls to the haulage drift, where
a self-propelled LHD transports it to the orepass. After
the inclined slot is formed, a portion of the long hole
rings 23 situated above and on either side of the in-
clined slot are sequenially detonated in multiple blasts.
This creates an inclined compensation room 25 of the
necessary volume. Simultaneously, the drawbells are
developed beneath the compensation room by blasting
the blast holes 24 drilled from the drawpoints. The re-
sulting broken ore is drawn after each blast.

In the vertical projection, Roman numerals denote
the stages of the inclined compensation room crea-
tion: | - formation of the inclined slot, Il and IIl - the
blasting of a portion of the rings of long holes situated
above and on either side of the inclined slot, thereby
forming the inclined compensation room 25 within its
designed contours. In parallel with the development of
the inclined compensation room, the main ore reserve
is drilled using rings of long holes 23 from the drill
niches of the drill drift. From these same drill niches,
blast holes 24 are also drilled to deploy the drawbells.
It is essential that the drilling of the main ore reserve
is completed simultaneously with the creation of the
compensation room to ensure a minimal duration of
the compensation room existence. Bulk caving of the
main ore reserve is achieved through multi-row milli-
second-delay blasting of long hole rings 23. The holes
are undercharged by 3-5 m from their collar to ensure
the preservation of the drill drift. During the bulk blast,
the blast holes 24 are also detonated. The drill drift will
subsequently be used as a ‘catching” level to reduce
broken ore losses in the “dead” zone on the footwall.
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After the bulk caving of the ore in the panel, it is
drawn and hauled according to the developed draw-
ing schedule. The ore is drawn through the drawpoints
and hauled by a scraper to an unloading aperture.
From there, the ore falls onto the haulage drift, where
a self-propelled LHD hauls it to the orepass. The ore
drawn from the drawpoints on the ‘catching” level is
hauled directly to the orepass by a scraper. To improve
the efficiency of the self-propelled LHDs - whose pro-
ductivity is significantly higher than that of scrapers
for primary haulage in the stopes - one LHD can be
used to haul ore simultaneously from two adjacent
panels on opposite sides of the orepass. In this case,
unloading workings 8 are used for the LHD to make a
U-turn. Both proposed variants for the sublevel caving
system facilitate the application of high productivity
self-propelled LHDs for ore haulage even when mining
iron ore deposits in the demanding conditions of the
deep Kryvbas mines. The variant for mining thick de-
posits incorporates a parabolic or vaulted (arch) shaped
compensation room, which improves its stability. This
design mitigates the formation of critical tensile stress-
es in the surrounding rock massif, ensuring the room’s
integrity even in ores with low compressive strength
(30-50 MPa) at depths of up to 2,000 m. This finding
was supported by the research of W. Elrawy et al. (2020).
The ability to create compensation rooms of required
volume under these demanding conditions ensures
effective ore fragmentation during bulk caving. This is
achieved by maintaining the required ore loosening co-
efficient, which minimises the generation of oversize
material and mitigates ore congestions during drawing,
as highlighted by A. Kosenko et al. (2024). This approach
also contributes to improved labour productivity and
safety for ore drawing and haulage operations, while
simultaneously reducing the costs associated with sec-
ondary crushing. It should also be noted that the imple-
mentation of an additional “catching” level facilitates a
higher indicator of extraction within the panels. This,
in turn, shortens the overall mining cycle, reduces the
volume of re-timbering required for the haulage work-
ings, and decreases broken ore losses on the footwall
of the ore body.

Given that the predominant method of iron ore ex-
traction in the Kryvbas mines involves breaking into a
compensation space, considerable research was dedi-
cated to identifying a more stable form for this space.
For instance,A. Matayev et al.(2024) proposed a ‘reverse
trench” shape for the tent-like compensation room.The
accuracy of determining the equivalent mechanical
properties of the rock massif was further enhanced by
incorporating a digital characterisation of the fractured
rock massif, based on the structural features of the

deposit,as outlined in Huang et al. (2024). This approach
facilitated a more refined calculation of the stress-
strain state of the rock in areas subjected to high rock
pressure. W. Elrawy et al. (2020) proposed to improve
the mining of panels with this system by increasing
the intensity of ore drawing with scrapers. To achieve
this, the authors suggested almost halving the average
haulage distance by driving only two to three pairs of
drawpoints in the workings. Furthermore, A. Khorolskyi
& A. Kosenko (2022) proposed increasing the efficien-
cy of combined haulage by using more powerful (55
kW) scraper units equipped with multi-bucket scrapers.
These units would operate in conjunction with a pow-
erful self-propelled LHD (such as the TORO-400E).

In the variant developed for mining deposits up to
30-35 m thick, a combined ore haulage system using
scrapers and self-propelled LHDs was proposed, as
suggested by I.B. Bondarchuk et al. (2015) and O. Kho-
menko et al. (2015). This approach offers several key
advantages. It provides better ore extraction indicators
through areal drawing in the panels by scrapers and
increases mining intensity by using LHDs for secondary
haulage to the orepass. The additional ‘catching” lev-
el also contributes to these benefits. Furthermore, this
system helps reduce the cost of maintaining haulage
workings by utilising more stable scraper crosscuts in-
stead of drifts, and by locating the larger cross-section
workings for the self-propelled LHDs in the stronger
and more stable rock of the footwall. To increase the
efficiency of self-propelled LHDs - whose productivi-
ty for primary haulage in stopes is significantly higher
than that of scrapers - it was proposed that a single
LHD be used to haul ore simultaneously from two ad-
jacent panels on opposite sides of the orepass. The
use of an inclined compensation room in this variant
allows for the creation of rooms of required volume,
even in low-stability ores under high rock pressure. Ac-
cording to M. Stupnik et al. (2023), the roof of the room
should have an inclination of at least 35-40 degrees
to enhance its stability. This approach is supported by
many years of successful practical experience of using
compensation rooms of this shape at the deep levels of
the Kryvorizka mine, owned by Kryvbaszalizrudkom JSC.

® Conclusions
The developed variants of the sublevel caving system
allow their application in the challenging conditions
of deep Kryvbas mines for mining iron ore deposits of
varying thicknesses. The use of self-propelled LHDs for
ore haulage during stoping is expected to increase la-
bour productivity in this process by approximately 1.5-
2.0 times compared to the existing system employing
scrapers. This also improves working conditions and
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safety. To enable the creation of compensation rooms of
sufficient volume even in low-strength and low-stabil-
ity ores, the system provides a parabolic, vaulted (arch)
shape, or an inclined compensation room with an opti-
mal roof inclination angle (no less than 35-40 degrees).
This design ensures the necessary ore loosening coef-
ficient for a specific ore type during bulk caving of the
main panel reserve, which improves the quality of ore
fragmentation and reduces the production of oversize
material. Combined ore haulage with scrapers directly
in the stopes and then with self-propelled LHDs to the
orepass allows for a combination of better ore extrac-
tion (due to drawing across the entire panel area) and
higher productivity during secondary haulage. At the
same time, positioning the scraper workings across the
strike of the ore body and locating the LHD workings
in more stable footwall rock improves their stability
and reduces the cost of maintaining the workings dur-
ing operation. The use of an additional ‘catching” lev-
el in both variants helps reduce broken ore losses on
the footwall and increases the mining intensity of the
panels. This, in turn, shortens the overall mining time,
which helps reduce the amount of re-timbering needed
for the workings at the bottom of the panels, and the

associated costs. Future research will focus on optimis-
ing the size of mining panels, as this significantly influ-
ences the mining time. The duration of mining is a key
factor affecting the stability of workings, as well as the
overall efficiency and safety of the operations.
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Po3spo6ka BucokoedeKTUBHUX TEXHONOTi BUAOBYTKY
6araTux 3anisHux pya Ha rnmbokux ropusoHTax waxt Kpusbacy

® AHoTauif. bv3bko NonoBMHM 06cAariB 6aratmx 3anisHux pya, Ski BUAobyBatoTb Ha WwaxTax Kpmebacy, 34iicHIo0Tb
i3 BUKOPUCTAHHSAM pi3HMX BapiaHTiB CUCTEMM MiANOBepXxoBoro obsaneHHs. Mpu LboOMy LOCTaBKY PyAU Y BUMMANbHUX
NaHensix BMKOHYKOTb BUKIHOYHO CKPEMNEePHUMM YCTAHOBKAMM, SiKi HE BiAMOBIAAOTb CYyY4aCHMM BMMOMaM 3 TOYKM
30py YMOB NpaLi ripHKKiB, ii NpoAyKTMBHOCTI Ta 6e3nekn pobiT. MeToto pobotn Byna po3pobka 6inbl edhekTUBHUX
TEXHOMOrYHMX CXeM BMA0OyBaHHS 6araTMx 3ani3HMX pyn CUMCTEMOIO NiANOBEPXOBOro 06BajseHHs, Wo 6yno
30iMCHEHO, B NepLUy Yepry, 338 paxyHOK 3aCTOCYBaHHS Ha LOCTaBLI pyAy CaMOXiAHMX HAaBaHTaXyBaNbHO-A0CTaBOYHUX
MalwuH (HOM) Ta iHWKX TEXHIYHMX pilleHb. 3anpOonOHOBaHI HOBi TEXHOMOMYHI CXEMM BiLNpaLOBaHHS MOKMALiB
3aNi30pyAHOi CUPOBMHU CUCTEMOK MiLNOBEPXOBOr0 OOBANEHHS, SKi IPYHTYIOTbCS Ha 3aCTOCYBaHHI Ha A0CTaBLi
camoxigHmux HOM. Lle nocaraeTbcs 3aCTOCYBaHHAM OKPiM OCHOBHOIFO FOPU3OHTY BMMYCKY, A€ MPaLIO0Th BUKIOYHO
camoxigHi HAM, nofaTKkoBOro ropuM3oHTY BMMYCKY i3 BUKOPUCTAHHSAM Ha HbOMY CKpPenepHMX YCTaHOBOK, AJ1S YOro
NMOBTOPHO BMKOPUCTOBYIOTb BypoBuii WwTpek. Lle 3abe3nedye Binbl iHTEHCMBHE BianpaLlOBaHHA MaHenen, 3aBasku
4YOMY 3MEHLUYKTbCS BUTPATVM Ha MiATPUMAHHS BMPOOOK Ta MOKPALLYHOTbCS MOKA3HUMKKU BUITYYEHHS pyau. [Hwun
BapiaHT po3pobneHnit ona BignpaLoBaHHA NOKNaaiB NOTYXHiCTo Ao 30-35 M, nepenbayae 3acToCyBaHHS MOXMIMX
KOMMEHCALIMHMX KaMep, WO [AE MOXIMUBICTb YTBOPIOBATM KaMepu [AOCTaTHbOro 0O€EMY HaBiTb Yy pyAax HW3bKOI
CTiVKOCTI, @ TaKOXX KOMBiHOBaHy A0CTaBKy pyau caMmoxifHnumu HIAM Ta ckpenepHMMM ycTaHOBKaMW. s NigBULLEHHS
edeKTUBHOCTI BUKOPUCTaHHS caMoxigHx HOM, NpofyKTUBHICTb IKMX € 3HAYHO BiNbLLOK HiXX CKpENnepHUX YCTaHOBOK,
nepenbayeHa MOXMBICTb 3aCTOCYBaHHA oaHoi HOM nng ogHOYacHOI AOCTAaBKM pyau 3 ABOX CYMDKHWMX MaHenem.
TakMM YMHOM, FONIOBHUMM NepeBaramMmmn 3anpornoHOBAHMX BAPiaHTIB CUCTEM PO3POOKM € MifBULLEHHS IHTEHCUBHOCTI
BiANpaLOBaHHA NaHeNnemn, CyTTEBE 3MEHLUEHHS BTPAT BiAOMUTOI pyan Ha nexavyoMy 60ui NoKagdy, a TaKOX MOXK/IMBICTb
3aCTOCyBaHHA camoxigHnx HAM B yMoBax waxT KpnBopi3bkoro 3anizopynHoro 6aceinHy
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Innovative methods forimprovement of production efficiency
at wells with sand production: Technological metrics and their role

® Abstract. Sand production in production and injection wells is a critical factor that reduces productivity and
operational reliability, necessitating innovative control methods. The study aimed to develop a scientific basis for
improving the production efficiency of wells prone to sand production using innovative sand control techniques
and a system of key performance indicators for their implementation, using typical offshore production conditions
as an example. The work uses numerical modelling, scenario analysis using long-short-term memory algorithms
and recurrent blocks with controlled updating, simulation of processes in a digital twin of the well,and verification
of the results according to American Petroleum Institute Recommended Practice 14E and ISO 17824:2009
standards. The study determined that the implementation of intelligent monitoring systems increases the
accuracy of sand detection from 65% to 85% and reduces the number of missed events by 40% compared to
threshold schemes. The average operating time of a well without particle removal increased by almost 1.5 times,
and specific operating costs decreased by 20%. Practical “before/after” cases have shown that limiting depression
in combination with modernising the filtration system increases operational stability (increasing sand-free time
from ~45% to ~70%), while controlled pumping with chemical stabilisation reduces the skin factor from ~6
to ~2.5 with a 12-15% increase in productivity. The results demonstrate that the integration of digital twins,
predictive analytics algorithms, and combined physical and chemical methods forms a new paradigm for sand
control. This ensures coordinated growth in productivity, reliability and environmental sustainability, confirming
the strategic potential of digital transformation in the oil and gas industry
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8 Introduction

Sand production in production and injection wells re-
mains one of the key causes of production efficiency
losses: solid phase removal accelerates abrasive wear
of equipment, increases hydraulic losses, causes flow
instability and unplanned downtime. In response, the
industry is shifting from a “catalogue” of disparate solu-
tions to management based on pre-agreed key perfor-
mance indicators (KPIs), where the choice of technolo-
gies is strictly linked to the sand-free rate, permissible
formation depression, productivity coefficient, addition-
al filtration resistance (skin factor), particle retention
coefficient and filter erosion indicators, as well as the
total sand-free operating time.

Summarising mechanical approaches, B.A. Sulei-
manov et al.(2024) demonstrated that the effectiveness
of screens and gravel packs is determined not only by
their design, but also by verified criteria for sand re-
tention and throughput capacity in specified extraction
modes. At the same time, a gentler “chemical” approach
is being developed: a study by M. Soroush et al. (2020)
analysed the challenges and prospects of designing
sand control systems in weakly cemented reservoirs in
Kazakhstan, emphasising the importance of chemical
consolidation technologies that can maintain permea-
bility with minimal skin factor growth. Early diagnosis
and prompt adjustment of sampling modes enhance
the effect of control technologies. On large assets in
the Caspian region, Z. Hasanov et al. (2021) showed
that distributed acoustic surveying (DAS) identifies
sand signatures in horizontal wells and can be used for
calibration of maximum depressions without excessive
flow rate restrictions. To predict sand occurrence zones,
A.Kukshal et al. (2024) integrated rock strength param-
eters with core microanalysis, improving the accuracy
of risk mapping and the quality of candidate selection
for mechanical or chemical control. In mature offshore
clusters, D. Kazidenov et al. (2025) described the tran-
sition to comprehensive sand management strategies,
where monitoring, properly designed filtration sys-
tems, and operating regulations are combined into a
single control loop with KPI assessment of sand re-
tention, intervention frequency, and specific operating
costs (OPEX).

With high solid phase removal, coupled flow
and transport models come to the fore: S. Murillo et
al. (2025) used dynamic modelling to remove flow as-
surance uncertainties and optimise pumping modes, re-
ducing the risks of blockages and erosion failures. The
results of laboratory and field cycles on the durability
of “chemical” solutions were supported by data from
J.Z.Kueh et al. (2022), which evaluated the durability of

consolidation as an alternative to primary mechanical
control in marginal reservoirs. At the industry review
level, Y. Li et al. (2024) noted a trend towards the inte-
gration of mechanical and chemical means with online
monitoring and analytics, emphasising the need for a
unified set of technological indicators to compare op-
tions in terms of their contribution to stable flow rates
and equipment resources.

The design and technology circuit is reinforced by
experimental and numerical filter selection: N.C. Su et
al. (2025) demonstrated that combining laboratory
slurry tests with coupled numerical modelling based
on computational fluid dynamics and discrete particle
modelling improves the predictability of screen per-
formance and can be used for optimisation of particle
retention at a given pressure loss and required erosion
resistance. Lastly, the related field of offshore gas hy-
drate extraction enriches the methodological toolkit
for sand control: N.Wu et al. (2021) proposed approach-
es to solid phase management under unstable thermo-
baric conditions, which can be applied to traditional
sand-prone reservoirs. In the context of typical offshore
oil and gas fields, the use of programming tools and
artificial intelligence methods for real-time interpre-
tation of telemetry data on pressure and temperature
at various well circuits, hydrodynamic gradients and
monitoring system signals, with automatic comparison
of any deviations in these parameters with pre-agreed
key performance indicators for sand-free operation and
permissible values of formation depression.

The study aimed to substantiate scientific ap-
proachestoimproving the production efficiency of wells
prone to sand production, with a focus on introducing
innovative sand control technologies and developing
a system of key performance indicators based on typ-
ical offshore field conditions. To achieve the research
objective, the following tasks were set: perform a com-
parative analysis of modern mechanical, chemical, and
organisational and technological solutions for sand
control and establish a consistent set of key perfor-
mance indicators with target values; develop and the-
oretically test a real-time telemetry processing circuit
based on programming tools and artificial intelligence
methods with automatic comparison of deviations in
pressure, temperature and acoustic signals with target
indicators; perform theoretical modelling and scenario
analysis under synthetic conditions, quantitatively as-
sessing the impact of selected techniques on flow sta-
bility, productivity coefficient, additional filtration re-
sistance,sand removal rate and specific operating costs,
with the formulation of practical recommendations.
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® Materials and Methods

The basis was a theoretical model of a “digital twin” of
a typical sand-hazardous well, built on synthetic data
reflecting typical operating conditions, in which the fol-
lowing were specified in advance: wellbore type (hori-
zontal and directional), completion options (open-hole
and screened configurations with filters and/or gravel
packs), reservoir condition ranges (reservoir pressure
and temperature, viscosity and gas content of fluids), as
well as representative particle size classes of transport-
ed particles. The composition of telemetry streams was
determined conceptually and included bottomhole/
wellhead pressures and temperatures, phase flow rates,
tubing position, hydrostatic gradient in pump-com-
pressor pipes, and surface sand detector signals; these
series were used as feature carriers rather than actual
field measurements. A set of key performance indica-
tors was recorded as a dictionary with definitions, units
of measurement, and target ranges: proportion of time
without sand removal, permissible depression on the
formation, productivity coefficient, additional filtration
resistance (skin factor), pressure drop and retention co-
efficient on filter elements, frequency of technological
interventions, and specific operating costs. To substan-
tiate the research model, a systematic review of scien-
tific and technical sources was conducted using Scopus,
Web of Science, SpringerLink, and OnePetro databases.
The relationship between the indicators and industri-
al safety and equipment resources was determined by
reference benchmarks: maximum erosion flow rates
according to American Petroleum Institute (API) (1991),
the recommended practice is 14E, and the level of
requirements for sand control screens according to
ISO 17824:2009 (2009). Two software environments
were used for the calculation implementation: Python
in Jupyter Notebook (as a basic tool for analytics and
prototyping of interpretation rules) and PIPESIM (as a
node simulator of inflow and transport in the wellbore
for scenario building).

The study was conducted in three stages. In the
first stage, the phenomenology of silting/sand boils and
their impact on productivity and safety was formalised:
in a “digital twin”, the mechanisms of particle mobilisa-
tion during depression growth were simulated, libraries
of erosion and blockage scenarios were formed, and key
indicators were recalculated (changes in flow rate, pres-
sure drops, skin factor, and the proportion of time with-
out sand carryover). The second stage involved a com-
parative analysis of technologies for controlling and
combating particle carryover. For mechanical screens
and gravel packs, the particle retention coefficient and
expected pressure losses were compared; for physical
cleaning, the reduction in clogging with increasing

frequency of interventions; for chemical consolidation,
the preservation of permeability and durability within
acceptable thermobaric windows. The analysis meth-
od was based on numerical modelling of scenarios in
Python/Jupyter and PIPESIM environments, where the
particle retention coefficient, pressure drop across the
filter, skin factor, frequency of interventions and oper-
ational stability of filtration systems were calculated.
The comparison results were summarised in tables and
graphs, acceptable depression windows were recorded,
and the operational compromises of each approach
were determined. In the third stage, a management
framework was formed, where the key role was assigned
to software tools and artificial intelligence methods. In
the Python/Jupyter environment, a modular time series
processing chain was established: Downhole Pressure
and Wellhead Pressure data, Downhole Temperature
and Wellhead Temperature data, hydrostatic gradient of
the column in the sucker rod pipes and surface sand de-
tector signals were synchronised and cleaned; features
were formed using sliding windows (instantaneous de-
pression and its derivatives, flow rate change rates, pul-
sation indices, spectral densities/energies in diagnostic
bands, conditional carry-away integrals). To detect and
predict sand formation/growth events, recurrent neural
networks of the Long Short-Term Memory (LSTM) and
Gated Recurrent Unit (GRU) classes were used, as well
as threshold anomaly detection schemes. Training was
performed with a breakdown by wells to exclude leaks;
alarm thresholds were selected based on a cost func-
tion with an increased penalty for missing an event; for
interpretability, feature importance and local explana-
tions were calculated using SHapley Additive exPlana-
tions methods.

At the same time, the PIPESIM hydraulic simulator
was used for scenario modelling of the “technology-in-
dicator-effect” relationship with varying sampling pro-
files and layouts; the results were compiled into deci-
sion maps (acceptable modes, expected indicator values,
escalation rules). The reliability of operating mode fore-
casting was assessed based on the integral R indica-
tor, defined as the proportion of scenarios in which the
forecasted values of key technological indicators (well-
head pressure, skin factor, productivity coefficient, pres-
sure drop) fell simultaneously within acceptable ranges
according to international standards APl recommend-
ed practice 14E (American Petroleum Institute, 1991)
and 1SO 17824:2009 (2009) and showed deviations
of no more than 10% from the reference scenarios of
the digital twin. Additionally, statistical metrics (Mean
Absolute Error, Root Mean Square Error, R?) were con-
sidered, which compared the reliability of forecasts of
different algorithms. The approach was verified using
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quasi-cases on a “digital twin”according to a “before/af-
ter” scheme of conditional innovation implementation
(integration of monitoring with depression limitation;
change of screen type; short-term controlled pumping
combined with chemical stabilisation) and analysis of
sensitivity to variations in formation pressure, viscos-
ity, granulometry and filter configuration; the compli-
ance of safety scenarios was verified by maximum ero-
sion rates and the functional integrity of the screens.

® Results

Characteristics of the phenomenon of well silting

and its impact on productivity and operational safety
Simulation of processes in a digital twin showed that
an increase in formation depression is regularly ac-
companied by the mobilisation of fine particles and the
gradual formation of silting deposits in the filter zone.
These deposits reduce the effective permeability of the
reservoir and increase filtration resistance, which di-
rectly affects technological indicators. Quantitative cal-
culations revealed a 10-18% decrease in flow rate de-
pending on the particle size distribution and formation

conditions, while the skin factor increased to +6 units.
In addition, an increase in the pressure drop across the
filter element by more than 1.3-1.5 times was recorded.
A key indicator of this phenomenon was a reduc-
tion in the duration of well operation without particle
removal and accumulation: sand-free or silt-free peri-
ods decreased sharply, leading to accelerated erosion
of pump and compressor pipes and an increased risk
of emergency failures. At the same time, an increase in
the content of solid particles in the product not only
poses an internal threat to the filtration zone but also
increases the risk of contamination of the wellhead
equipment, accelerated failure of fittings and potential
uncontrolled emissions. These results are consistent
with the industrial safety criteria of APl recommend-
ed practice 14E (American Petroleum Institute, 1991),
which sets maximum erosion flow rates. Thus, silting
is not only a factor in productivity decline, but also a
systemic threat to equipment reliability, environmental
safety and the sustainability of the entire technological
cycle. Table 1 shows the agreed set of changes in key
technological indicators as silting develops.

Table 1. Change in key technological indicators during sand manifestation simulation

Indicator Base state At pouring Change, %
Fluid flow rate, m3/day 100 82-88 -12..-18
Skin-factor 1 +5...+6 increase by 5-6 times
Pressure drop across the filter, MPa 1 1.3-1.5 +30...+50
Operating time without particle removal, % 70 40-50 -25..-30
Risk of tubing erosion (APl recommended practice 14E), % of limit 40 70-80 +30...+40
Solid particle content, mg/L <50 120-150 increase by 2.5-3 times

Source: compiled by the authors

Following Table 1, silting triggers a coordinated
degradation of the operating mode: the fluid flow rate
decreases by 12-18% with a simultaneous increase in
local resistance, the skin factor increases to +5...+6,and
the pressure drop across the filter element increases
by 30-50%. An additional indicator of deterioration is
an increase in the content of solid particles in the well
production: from a baseline level of less than 50 mg/L, it
increases to 120-150 mg/L, which is almost a threefold
increase in the abrasive load on the equipment and ac-
celerated formation of secondary deposits in the bot-
tomhole zone. The reduction in stable operating time
without particle removal from 70% to 40-50% indi-
cates a transition to a more “aggressive” filtration mode,
which directly affects the increase in the share of the
maximum erosion rate according to APl recommend-
ed practice 14E (American Petroleum Institute, 1991),
from 40% to 70-80%. Together, this indicates that not
only hydrodynamic parameters, but also the concen-
tration of solid inclusions form a closed degradation

loop, which, without corrective measures, quickly puts
the system into an erosion-hazardous state. Thus, the
simulation results demonstrate that silting is not a lo-
cal operational problem, but a systemic factor that re-
duces well productivity and simultaneously increases
the load on equipment. The combination of a drop-in
flow rate, an increase in the skin factor, an increase in
pressure drops, and a reduction in operating time with-
out particle removal forms a closed degradation loop,
which, without corrective measures, quickly reduces the
system to a critical condition. Therefore, timely mon-
itoring of key technological indicators and preventive
management of development modes should be consid-
ered as priority conditions for ensuring industrial safety
and sustainable production.

Comparative analysis of control technologies

and methods for combating particle removal in wells
An analysis of traditional solutions (mechanical screens,
gravel packs, physical cleaning methods, and chemical
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consolidation) revealed significant differences in their
effectiveness and operational reliability. Mechani-
cal screens provided the highest particle retention
rate of up to 80-85%, which significantly reduced the
proportion of sand occurrences in the productive in-
terval. However, this advantage was accompanied by
a 25-35% increase in pressure drop across the filter
element, which had a negative impact on flow rate and
sampling profile stability. Gravel packs demonstrated
slightly lower particle retention efficiency (70-75%),
but proved to be more resistant to prolonged loads,
ensuring stable permeability of the filter medium with
less resistance growth. Physical cleaning methods
(washing and blowing) made it possible to temporar-
ily reduce the degree of filter clogging, but the effect
achieved was short-lived: after 1-2 operating cycles, a
renewed increase in pressure drop was recorded. In ad-
dition, there was an increase in the frequency of inter-
ventions and an increase in operating costs by almost
1.8 times compared to the baseline mode. Chemical
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consolidation proved to be the most effective in main-
taining filter permeability: within the permissible ther-
mobaric windows, it was possible to maintain filter-
ing capacity without a noticeable increase in the skin
factor and with a coating durability of up to 12-18
months. However, when critical temperature or pres-
sure values were exceeded, coating degradation and
partial loss of efficiency were observed. Thus, for each
of the methods considered, “windows” of permissible
depression were determined: for mechanical screens,
no more than 70-80% of the limit values according to
APl recommended practice 14E (American Petroleum
Institute, 1991), for gravel packs up to 85%, for chem-
ical consolidation up to 90% within the thermobaric
window. Exceeding these limits was accompanied by
a sharp deterioration in technological indicators and
an increase in risks. Comparative data are presented in
Figure 1, which shows particle retention coefficients,
pressure drops and operational stability of various
methods of combating sand production.

m Coef. Hold, %
m Pressure change, %
Resilience (score 1-10)

Chemical consolidation Method

Figure 1. Comparative indicators of traditional methods of combating sand exposure

Source: compiled by the authors

Following Figure 1, mechanical screens provide
a high particle retention rate (about 85%), but their
use is accompanied by a significant increase in pres-
sure drop (about 35%) and only average operational
stability. During prolonged operation, this leads to
an accelerated reduction in the permissible depres-
sion range and a decrease in flow rate. Gravel packs
retain particles slightly worse (=75%) but create less
resistance (=20%) and show the best stability over
time, i.e., they degrade more slowly and maintain the
permeability of the filter medium for longer. Physical
cleaning provides the minimum pressure drop (=15%),
but also the lowest retention effect (=50%) with poor
stability: the effect is short-term, requires frequent in-
terventions and increases operating costs. Chemical
consolidation demonstrates an almost “screen” level
of retention (=80%) with the smallest pressure drop
(=10%) and good stability; its limitation is compliance
with the thermobaric window, outside of which the

coating degrades, and performance quickly declines.
A comparative analysis of traditional technologies has
shown that each has a unique balance of advantag-
es and limitations. Mechanical screens provide a high
level of retention, but are accompanied by an increase
in hydraulic losses; gravel packs are inferior in terms
of filtering capacity, but win in terms of long-term
stability; physical cleaning methods provide a short-
term effect at the cost of increased operating costs;
chemical consolidation combines a high retention co-
efficient with minimal pressure drop, but is sensitive
to thermobaric operating conditions. The established
“windows” of permissible depression confirm that ex-
ceeding the normative limits leads to a sharp deterio-
ration in performance and an increase in risks, which
means that an effective strategy for combating sand
production must be based on a flexible combination
of these solutions, addressing the specifics of the for-
mation and operational limitations.
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Results of innovative technologies

for controlling and preventing sand encroachment

The integration of automated monitoring systems has
significantly improved the accuracy of detecting sand
formation/growth events. The use of sequential data
processing models, such as LSTM and GRU, has reduced
the number of misses by more than 30% compared
to traditional threshold schemes. This means that the
risk of delayed response to the onset of sand produc-
tion has been significantly reduced. Digital forecasting
based on Python and the PIPESIM simulator was used
for the creation of maps of acceptable well operating

modes, including depression intervals and expected key
performance indicators. This level of detail developed
scenarios for escalating management actions: from re-
stricting the nozzle and adjusting the sampling profile
to scheduling treatments. Combining monitoring with
controlled depression restrictions increased the aver-
age stable operating time of the well without sand re-
moval by almost 1.5 times, confirming the effectiveness
of the integrated use of intelligent algorithms and dig-
ital modelling. Table 2 shows that the use of innovative
monitoring and forecasting technologies provides a
qualitative leap in all key parameters of well operation.

Table 2. Effectiveness of innovative technologies for monitoring and forecasting key indicators

Indicator Basic mode (threshold circuits) I(T;?rﬁfz;:je::?;lsc;?ﬁ; Change, %
Detection accuracy, % 65 85 30
Event omissions, % 20 12 -40
Operating time without sand, % of fund 45 65 44
Specific operating costs (%) 100 80 -20
Reliability of mode prediction Average High -

Source: compiled by the authors

Following Table 2, the use of innovative monitor-
ing and forecasting technologies has made it possible
to achieve fundamentally new operational effects. The
increase in detection accuracy from 65% to 85% was
accompanied by a reduction in the number of missed
events by almost 40%, which significantly improved the
reliability of sand production diagnostics. The increase
in the time a well can operate without sand removal
from 45% to 65% of the total time effectively means
an extension of the equipment’s service life and a re-
duction in the probability of emergency failures. At the
same time, a reduction in specific operating costs of
approximately 20% was recorded due to a decrease
in the frequency of interventions and a transition to
preventive mode management. Stability and economic
efficiency of well operation. Similar approaches have
been confirmed in field conditions: distributed acous-
tic sensing (DAS) technologies for sand manifestations
were successfully applied at several offshore facilities
in the Caspian region, which improved diagnostic ac-
curacy and prediction reliability (Hasanov et al., 2021;
BP Azerbaijan, n.d.). Together, these results confirm that
the integration of intelligent algorithms (LSTM, GRU)
with digital modelling not only increases the accuracy
of control but also creates a new level of predictability.

Practical “before/after” case studies

and results of experimental well investigations

The developed approaches were verified using a dig-
ital twin of the well in a comparative “before/after”

case study format. The scenario involving changing
the type of sand control screen and limiting depres-
sion showed an increase in operating time without
sand removal to 70% of the total time fund, compared
to 45% in the baseline mode. This indicates that even
a partial modernisation of the filtration system, pro-
vided that the depression is correctly controlled, can
significantly extend the life of the well. Another sce-
nario involved controlled short-term pumping com-
bined with chemical stabilisation of the bottomhole
zone. The results showed a decrease in the skin factor
by 3-4 units and an increase in the productivity coeffi-
cient by 12-15% compared to the initial state. This ef-
fect confirms the high efficiency of the combined use
of physical and chemical methods as part of an inte-
grated strategy. Sensitivity analysis revealed that var-
iations in formation pressure, fluid viscosity and sand
particle size distribution have a significant impact
on filter stability. However, the digital model made it
possible to keep the indicators within the permissible
depression “windows”, minimising the risk of transi-
tion to emergency mode. Figure 2 shows the dynamics
of the skin factor and productivity coefficient in the
“before/after” scenarios of implementing innovative
solutions. As shown in Figure 2, the implementation
of combined measures leads to a coordinated im-
provement in the regime: the proportion of operating
time without particle removal increases from approx-
imately 45% to 70%, the skin factor decreases from ~6
to ~2.5, and the productivity coefficient increases by
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12-15%. These effects are achieved in two scenarios:
“screen replacement + depression limitation” and “con-
trolled pumping + chemical stabilisation”, which indi-
cate an expansion of the safe depression window and
a reduction in erosion risks. Similar results in terms of

80
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40
30
20
10
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increased sand-free operating time and productivity
are confirmed by field tests using ceramic screens in
a digital twin of a sand-prone well, where long-term
stability of the filtration systems was observed (Ja-
farov et al., 2024).

Skin-factor Productivity
= oef. Operating time
without sand, %

0
Screen change +
depression restriction
(before)

Screen change +
depression restriction
(after)

Pumping + chemical
stabilisation (before)

Pumping + chemical
stabilisation (after)

Scenario

Figure 2. Dynamics of the skin factor and productivity coefficient in scenarios “before/after”the introduction of innovations

Source: compiled by the authors

Thus, practical “before/after” cases confirm that the
use of a digital twin can be used not only to quantita-
tively record the effect of innovation implementation,
but also to identify consistent patterns in well behav-
iour. The combination of filter system modernisation
with depression control and controlled pumping with
chemical stabilisation provides a coordinated improve-
ment in two key groups of indicators: stability of operat-
ing conditions and productivity of the bottomhole zone.
This approach demonstrates the potential for integrat-
ing physical, chemical and digital methods into a single
strategy, where each measure reinforces the effect of
the other. The result is a reliable basis for increasing
oil recovery while reducing operational risks and costs.

Verification of sand manifestation control scenarios
and their compliance with industrial

and environmental safety requirements

The proposed scenarios were verified by comparing
the calculated data of the digital twin with industrial
standards for safety and operational reliability. The ba-
sic criteria used were the maximum erosion flow rates
specified in APl Recommended Practice 14E (American
Petroleum Institute, 1991) and the functional require-
ments for sand control screens specified in the inter-
national standard ISO 17824:2009 (2009). This com-
parison evaluated not only the effectiveness of the
technologies in terms of performance, but also their
compliance with industrial safety criteria (Table 3).

Table 3. Parameters for verifying sand manifestation control scenarios
and their compliance with industrial and environmental safety requirements

Indicator Base mode Innovative scenarios
Erosion load (APl recommended practice 14E) 100 80
Retention coefficient (ISO 17824:2009) 100 90
Operating costs 100 80
Environmental sustainability 100 85

Source: compiled by the authors based on American Petroleum Institute (1991), 1SO 17824:2009 (2009)

Following Table 3, the integration of innovative
technologies demonstrates consistent growth in all key
areas: the effectiveness of digital twin scaling reaches
8 points with a 15% reduction in costs, the use of ar-
tificial intelligence models increases the predictability
and accuracy of management (9 points) with a 20% re-
duction in costs, and the comprehensive integration of
technologies into operators’ production processes pro-
vides the maximum effect: a 25% reduction in costs,

an increase in reliability to 9 points, and the achieve-
ment of high environmental sustainability. The test
results showed that none of the tested modes led to
exceeding the permissible erosion loads. Even in sce-
narios with an increase in formation depression, the
actual share of the maximum velocity did not exceed
80% of the standard value, which provides a margin of
safety for long-term operation of pump and compressor
pipes and fittings. Similarly, the functional integrity of
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sand control screens was confirmed: the reduction in
the retention coefficient during long-term operation
remained within the permissible values according to
ISO 17824:2009 (2009), and the degradation of the fil-
ter elements did not reach a critical level. Another sub-
stantial result was the maintenance of acceptable op-
erating costs. Despite additional operations to manage
modes and integrate monitoring systems, overall costs
were reduced due to fewer emergency failures, fewer
unscheduled repairs, and increased equipment service
life. This indicates that innovative approaches are not
only technologically sustainable but also economically
sustainable. From an environmental point of view, the
tested scenarios also demonstrated a positive effect.
The reduction in the frequency of well interventions
and the number of emergencies reduces the probabili-
ty of uncontrolled emissions and lowers the impact on
the environment. Thus, the integration of digital mod-
els and intelligent monitoring systems creates a ‘gen-
tler” operating mode that complies with the principles
of environmental safety and sustainable development.

Prospects for the application of artificial intelligence
models and the integration of innovative solutions into
the well monitoring and forecasting system

Modelling has shown that the proposed methods can
be scaled to wells with different geological and tech-
nological conditions. This is due to the versatility of the
principles of digital twin construction, where the main
focus is on the dynamics of filtration processes, the in-
fluence of depression and interaction with sand con-
trol systems. Such flexibility creates the opportunity

to replicate the solutions obtained not only within a
single field but also on a broader industry scale, where
adaptation to diverse development conditions is re-
quired. The results showed that artificial intelligence
models can be used for predictive control of sand-
ing, forming scenarios for preventive actions before
the system exceeds the permissible depression limit.
Sequential data processing algorithms (LSTM, GRU)
and ensemble methods in the analysis of time series
of technological parameters made it possible to form
scenarios for preventive actions before the system ex-
ceeds the permissible depression limit, which was con-
firmed in the simulated scenarios of the digital twin.
This provides a transition from reactive to proactive
control, minimising the risks of emergencies and opti-
mising operating modes.

The integration of these technologies into the
production processes of large operators provides a
comprehensive effect. Operating costs are reduced by
decreasing the frequency of interventions, optimising
equipment performance and extending its service life.
At the same time, operational reliability is improved:
the system demonstrates resistance to fluctuations
in reservoir parameters and unpredictable factors. An
additional result is compliance with modern environ-
mental requirements, which is reflected in a reduction
in the number of emergencies, a decrease in emissions
and minimisation of the impact on the environment. Ta-
ble 4 presents the prospects for the integration and de-
velopment of innovative technologies, reflecting their
potential in three key dimensions: economic, techno-
logical and environmental.

Table 4. Prospects for the integration and development of innovative technologies

Efficiency . o, | Reliability improvement | Environmental sustainability
RIcspec (score 1-10) EoSHISdHE oo (score 1-10) (score 1-10)
Digital twin scalability 8 15 8 7
Artificial intelligence models
(Al models) for predictive control 9 20 ? 8
Integration into the production 10 25 9 9
processes of operators

Source: compiled by the authors

Following Table 4, the integration of innovative
solutions demonstrates balanced growth across all key
areas. Scaling the digital twin ensures high efficiency
(rated 8 out of 10) while reducing costs by 15%, the
use of Al models increases predictability and control
accuracy (rated 9 out of 10) while reducing costs by
20%, and comprehensive integration of technologies
into production processes yields maximum effect: a
25% reduction in costs, an increase in reliability to 9
out of 10, and the achievement of high environmental

sustainability. Thus, the prospects for the application of
Al models and the integration of innovative technolo-
gies exceed the scope of local improvements to individ-
ual wells. These results show that digital twins and in-
telligent algorithms are capable not only of optimising
operations under current conditions, but also of laying
the foundation for a systematic transition of the indus-
try to a new management paradigm. The combination
of high-precision forecasting, cost reduction, increased
reliability and environmental sustainability creates a
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comprehensive effect that meets the requirements of
modern industrial safety and sustainable development.
Therefore, proposed approaches are a strategic vector
for the digital transformation of the oil and gas indus-
try, ensuring its competitiveness and technological in-
dependence in the long term.

Thus, the obtained results redefine silting not as
a specific operational problem, but as a systemic fac-
tor that simultaneously reduces well productivity and
increases risks to equipment, industrial and environ-
mental safety. A comparative analysis of traditional
technologies has shown their limited effectiveness and
the existence of operational compromises, whereas
the integration of digital monitoring, predictive mod-
els (LSTM, GRU) and controlled physical and chemical
methods ensures consistent growth in key indicators,
from flow rate and skin factor to stable operating time
and cost reduction. Verification of the scenarios con-
firmed their compliance with international standards
APl recommended practice 14E (American Petroleum
Institute, 1991) and ISO 7824:2009 (2009), which guar-
antees industrial safety and operational sustainability.
Lastly, the prospects for scaling digital twins and imple-
menting Al predictive control models highlight the for-
mation of a new production paradigm, where increased
efficiency and reliability are combined with cost reduc-
tion and minimisation of environmental risks, setting
the strategic vector for the digital transformation of the
oil and gas industry.

® Discussion
The results obtained showed that silting in the fil-
ter zone forms a consistent pattern of degradation in
well performance: a decrease in flow rate, an increase
in the skin factor, an increase in pressure drop, and a
reduction in operating time without particle removal.
These conclusions correlate with the observations of
D.T. Asfha et al. (2024), which emphasise that the key
mechanism of sand production is the mobilisation of
fine particles as the depression increases and that the
integration of fibre optic technologies and machine
learning methods significantly improves the reliabili-
ty of forecasting. Similar trends are demonstrated by
Z. Xu et al. (2024), which reviews modern extraction
technologies in China, with a particular focus on dig-
ital modelling of filtration processes, which is consist-
ent with the results of this study on the use of digital
twins to analyse the dynamics of silting and sand pro-
duction. A comparison with the results presented in the
study by X. Zheng et al. (2022) shows a coincidence in
the analysis of the key role of digital technologies: both
in this study and in the Chinese cases, the digitalisa-
tion of interpretation processes and the integration of

engineering simulators are considered a strategic tool
for improving production efficiency. However, while
the study analysed the broad prospects for the appli-
cation of “smart” technologies in the national oil and
gas industry, the modelling in a digital twin of a spe-
cific sand-prone well demonstrated the applied level
of the possibility of quantitatively assessing the impact
of depression on productivity and forming scenarios for
controlled sand control. The data on chemical stabili-
sation of the bottomhole zone are consistent with the
results of E. Peretomode et al. (2022), noting that the
chemical interaction of rock and reagents can be used
for a temporary reduction in particle removal, but the
effectiveness of such methods is limited and largely de-
pends on thermobaric conditions. In the study, a similar
effect was observed in scenarios of controlled pump-
ing with chemical stabilisation: a decrease in the skin
factor and an increase in productivity were observed,
but at the same time, the need for strict adherence to
working “windows” to prevent coating degradation and
loss of retention capacity was emphasised. Comparative
data on the effectiveness of mechanical screens corre-
spond to the conclusions of A. Abduljabbar et al. (2024),
which shows that mechanical screens provide a high
particle retention coefficient, but are accompanied by
an increase in pressure drop and accelerated wear of
filter elements. The results of digital modelling confirm
these observations, demonstrating a similar combina-
tion of high efficiency and limited-service life. In turn,
data on the use of gravel packs are consistent with the
conclusions of R. Miri et al.(2024), emphasising that this
method provides a slightly lower particle retention co-
efficient compared to mechanical screens, but is char-
acterised by greater stability of the filtration system
during long-term operation. The results of digital mod-
elling also confirmed this pattern, recording more sta-
ble behaviour of gravel packs over time. Similar trends
are confirmed by F. Deng et al. (2022), where, in the con-
text of gas hydrate field development, sand production
is a key factor in reducing production reliability.
Verification of scenarios according to APl rec-
ommended practice 14E (American Petroleum Insti-
tute, 1991) and ISO 17824:2009 (2009) demonstrated
that the maximum erosion loads were not exceeded
and confirmed the functional integrity of the screens,
which is consistent with the conclusions of X. He et
al.(2024) on the need to integrate sand control technol-
ogies with industry standards. Additionally, M.A. Issa et
al. (2022) emphasised the importance of coupled ge-
omechanical models for reducing the risks of sand pro-
duction, which confirms the feasibility of using digital
twins to predict operating conditions. The experimen-
tal data of C. Ma et al. (2021) on the effectiveness of
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pre-backfill screens are comparable to the identified
effect of reducing the skin factor when changing the
filter type. A comparison with the Kazakhstani experi-
ence presented in the review by M. Soroush et al. (2021)
confirmed that in weakly cemented reservoirs, the risks
of sand production are particularly high and can only
be minimised by a comprehensive approach. The ob-
tained results demonstrated that the combination of
digital monitoring, physicochemical stabilisation and
controlled depression provides a sustainable improve-
ment in operational performance and is consistent with
international practice. The results of digital modelling
showed high reproducibility of sand production control
scenarios when combining automated monitoring and
innovative stabilisation methods. These data are com-
parable to the conclusions of C. Ma et al. (2024), where
numerical simulations confirmed the significance of
pre-backfill screen parameters for reducing particle mi-
gration risks. Similarly, a review by S. Nie et al. (2023)
emphasised that gravel packs remain the most widely
used method in horizontal wells but need to be sup-
plemented with digital tools to improve efficiency and
long-term sustainability. The results of the “before/
after” case studies are consistent with the methodol-
ogy for choosing between sand control and sand man-
agement strategies presented by E. Araujo-Guerrero et
al. (2021), which justifies the need to consider both
geomechanics and filtration dynamics. From this point
of view, the identified decrease in the skin factor and
increase in the productivity coefficient after chemical
stabilisation demonstrated the feasibility of combined
strategies. The geomechanical approaches described
by M. Rodriguez et al. (2025) confirmed the importance
of modelling the stress-strain state in deepwater res-
ervoirs, which echoes the conclusion about the need
to keep indicators within acceptable depression “win-
dows”. The experience of managing sand production in
marine conditions, presented by N. Kerya et al. (2022),
emphasised the importance of comprehensive strat-
egies in offshore gas fields. The data obtained on fil-
ter stability under silting conditions complement the
conclusions about the need to integrate monitoring
systems with preventive management methods. The
experimental results of W. Zhiliang et al. (2025), which
analysed the migration trajectories of sand under screw
pumps, confirmed the significance of numerical model-
ling for predicting erosion risks and are comparable to
the identified increase in abrasive load with increasing
solid particle concentration.

Numerical studies by N.I. Ismail et al. (2021) con-
firmed that the use of CFD-DEM approaches can be
used for a detailed description of particle motion dy-
namics and interaction with filtration systems. The

study demonstrated that, in the absence of corrective
measures, such models record accelerated degradation
of well performance. A similar trend was identified in
the digital twin, where, without mode control, silting
quickly shifts the system into an erosion-prone state.
Furthermore, the study by Y. Xiao et al. (2024) on field
cases in wells without control systems demonstrated
that operation in such conditions is inevitably accom-
panied by accelerated growth of sand production and
a decrease in productivity. The data obtained fully cor-
responds with the results of digital modelling, which
also shows that ignoring control and preventive man-
agement measures leads to the system transitioning
to an emergency-hazardous mode. The causal mecha-
nisms of sand production, as discussed by S.K. Subbi-
ah et al. (2021), addressed predictive models, which are
consistent with the demonstration of the potential of
LSTM and GRU to reduce the number of missed events
and transition to proactive management. The potential
for using artificial intelligence for lithofacial predic-
tion in complex reservoirs, as demonstrated by M. Ali et
al. (2024), is consistent with the results of modelling,
where sequential time series processing algorithms in-
creased diagnostic accuracy by more than 30%. Togeth-
er, these sources confirm that the integration of digital
twins, DAS monitoring and Al algorithms is shaping
a new direction in sand management: from reactive
measures to predictive management, ensuring cost re-
duction, increased reliability and compliance with envi-
ronmental requirements.

A comparison with the results of other studies
shows that the proposed set of innovative approach-
es to sand control provides a consistent improvement
in key well performance indicators. The data obtained
confirm the patterns recorded in modern scientific liter-
ature: a reduction in the skin factor and pressure drops
when using combined stabilisation methods, an exten-
sion of sand-free operation time through the modern-
isation of filtration systems and controlled depression
limitation, and improved forecasting accuracy through
the introduction of intelligent data processing algo-
rithms. Numerical modelling in a digital twin made it
possible to localise areas of critical growth in solid par-
ticle concentration and adapt operating modes to min-
imise the risk of erosion damage. The behaviour of the
system under variations in reservoir pressure and fluid
properties indicates a reduction in the probability of
emergency scenarios and an expansion of the permissi-
ble depression window; therefore, proposed technolo-
gies can be considered as competitive with traditional
sand control methods. The results obtained are fully
consistent with the modern paradigm of digitalisation
and predictive management in the oil and gas industry,
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confirming the practical feasibility and strategic poten-
tial of integrating digital twins, chemical and mechani-
cal solutions with artificial intelligence tools.

® Conclusions

The study confirmed the systemic nature of well silting
as a factor that simultaneously reduces productivity and
increases risks to equipment, industrial and environ-
mental safety. Simulation of processes in a digital twin
showed a regular relationship between the increase in
formation depression and the mobilisation of fine par-
ticles, which leads to a 12-18% drop-in flow rate, an
increase in the skin factor to +6,and a 30-50% increase
in the pressure drop across the filter. An additional indi-
cator of degradation was an increase in the content of
solid particles in the product from <50 to 120-150 mg/I,
which increases the abrasive load and poses a threat of
accelerated wear of wellhead equipment and uncon-
trolled emissions. These results are consistent with the
criteria of APl recommended practice 14E and indicate
a narrowing of the “windows” of safe depression.A com-
parative analysis of traditional control technologies
(mechanical screens, gravel packs, physical cleaning
methods and chemical consolidation) revealed their di-
verse advantages and limitations. Mechanical screens
provided maximum particle retention (up to 85%) but
were accompanied by increased hydraulic losses. Grav-
el packs demonstrated better long-term stability with
moderate efficiency. Physical methods provided short-
term effects at the cost of increased expenses, while
chemical consolidation showed balanced results, but
its effectiveness depends on compliance with thermo-
baric windows. The established limits for permissible
depression (70-90% of the maximum values according
to API recommended practice 14E) confirmed the need
for adaptive selection of methods, incorporating the
specific conditions of the formation.

The integration of innovative monitoring and fore-
casting technologies has ensured qualitative growth
in operational performance. The use of LSTM and GRU
algorithms in combination with modelling in Python/
Jupyter and PIPESIM has increased the accuracy of sand
detection from 65% to 85%, reduced the number of
missed events by 40% and increased the average sand-
free operating time by 44%. At the same time, specific
operating costs were reduced by 20%. Practical “before/
after” cases showed that modernising the filtration
system and limiting depression increases the share of

stable operation from ~45% to ~70%, while controlled
pumping with chemical stabilisation reduces the skin
factor from ~6 to ~2.5 and increases the productivity
coefficient by 12-15%. These results are also confirmed
by modelling in a digital twin of a sand-prone well,
where the use of DAS monitoring and ceramic screens
improved the accuracy of diagnostics and the stability
of filtration systems. Verification of the scenarios con-
firmed compliance with international standards: maxi-
mum erosion loads did not exceed 80% of the norma-
tive values, the screen retention coefficient remained
within acceptable limits, and total costs were reduced
due to a decrease in the number of emergency failures.
The environmental effect was expressed in a reduction
in the probability of uncontrolled emissions and the
minimisation of the impact on the environment.

The prospects for scaling digital twins and im-
plementing Al predictive control models point to the
emergence of a new paradigm in production. The inte-
gration of intelligent algorithms into production pro-
cesses can simultaneously reduce costs (by up to 25%),
increase reliability (9/10 points) and ensure environ-
mental sustainability. This forms the strategic basis for
the digital transformation of the oil and gas industry,
where efficiency and safety are combined with environ-
mental responsibility and long-term technological in-
dependence. Prospects for further research include the
development of multiscale modelling methods that ac-
count for the nonlinear interactions of geomechanical,
hydrodynamic and chemical factors in the inflow zone;
the integration of digital twins with field automation
systems and real-time data management platforms;
and the expansion of the use of artificial intelligence
models for predictive control and optimisation of pro-
duction modes. Issues related to the standardisation
of digital monitoring protocols, the validation of algo-
rithms in long-term field series, and the assessment of
the environmental impact of the technologies being
implemented require further study.
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IHHOBaUiNHI MeTOAM NiaBULLEHHSA ecbeKTUBHOCTI BUAOBGYTKY
Ha cBepAJ/IoBMHaX 3 NiCKONpPOosiBaMMU: TEXHOJOriYHI NOKa3HUKMU Ta iX ponb

@ AHortauia. [lickonposiBu y BUAOOYBHWUX i HarHiTaNbHWUX CBEPAJIOBMHAX € KPUTMYHUM (AKTOPOM, WO 3HMXKYE
NPOAYKTUBHICTb i HaAiMHICTb ekcnyaTaLii, Wo 3yMOB/OE HEOOXiAHICTb IHHOBALIIMHMX METOAIB KOHTPOI0. MeTo
[aHOro [oCnifXeHHs Oyna po3pobka HayKOBMX OCHOB MiABWULLEHHS BUPOOHMYOT e(DEKTMBHOCTI CBEPAJIOBUH,
CXMNbHUX OO0 MiCKOMpPOSBIB, i3 3aCTOCYBAHHAM iHHOBALMHUX TEXHIK KOHTPOMK MiCKYy Ta CUCTEMM KIIHOHOBMX
NMOKa3HMKiB eDeKTUBHOCTI iX BMPOBAAYKEHHS HA NPUKAAAI TUNOBUX ODLIOPHUX YMOB BUA00YTKY.Y poboTi 3aCTOCOBaHO
yncenbHe MOAENOBAHHS, CLLEHAPHMI aHaNi3 3 BUMKOPWUCTAHHAM anropuTMIiB A0Broi KOPOTKOCTPOKOBOI NaMdTi Ta
pPEKYPPEHTHUX BJIOKIB 3 KEPOBAHMM OHOBJ/IEHHSAM, iMiTaLis NPOLIECIB Y LMPPOBOMY ABiMHMKY CBEPAJIOBUHM, @ TAKOXK
npoBeaeHo BepudikaLito pesynbTaTiB 3a cTaHaapTamu American Petroleum Institute Recommended Practice 14E
Ta ISO 17824:2009. BctaHOBNEHO, L0 BNPOBALKEHHS iHTENEKTyaNbHUX CUCTEM MOHITOPUHIY A,03BONSE NiABULLUTH
TOYHICTb BMSIBNEHHS MICKOBMX NposiBiB 3 65 % [0 85 % i 3HM3uUTH KinbKicTb Nponyckis nogit Ha 40 % B NOpPiBHSAHHI
3 noporoBuMmK cxeMaMu. CepefHiit Yac poboTn CBepANOBUMHM 6€3 BUHECEHHS YaCTMHOK 36inbimneca mMaixke B 1.5
pasu, a NUTOMI ekcnayaTauiiHi BUTpaTh 3HM3mMnmncsa Ha 20 %. MNpakTuyHi kencm «ao/nicna» nokasanu, Wo 0OMexeHHs
nenpecii B NOEAHAHHI 3 MOAepHi3auieto dinbTpy4oi cnctemMu 36inbLUye CTiMKiCTb poboTH (3pocTaHHs sand-free vacy
3~45 % no ~70 %), a kepoBaHa NpokKauka 3 XiMiuHo cTabinisauieto 3Hmxye skin-dakTop 3 ~6 0o ~2.5 nNpu 3pocTaHHi
KoediuieHTa NpoayKTMBHOCTI Ha 12-15 %. OTpuMaHi pe3ynstaTv LEMOHCTPYIOTb, LWLO iHTerpaLis LMPpoBMX ABiMHMKIB,
anropuTMiB NPeAMKTMBHOIO aHanidy Ta KOMOIHOBAaHMX (i3MYHUX i XiMiYHMX MeTOAiB (OPMYE HOBY Mapagurmy
ynpaBniHHs nickonpossamu. Lle 3abe3sneuye y3romkeHe 3pOCTaHHS MPOAYKTMBHOCTI, HafiMHOCTI Ta eKONOriYHOi
CTIMKOCTI, MiATBEPAXKYOUYM CTpATeriyHMi noTeHuian umdposoi TpaHchopMaLii B HadTorasosin ranysi

8 Kniouosi cnoBa: uMbpoBuKit ABilHKK; 3aMyntoBaHHS; skin-dhakTop; KoedilieHT NPoAYKTMBHOCTI; HadTorasosa
ranysb; MOAENi WTYYHOrO iHTeNeKTy
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Development of a six-cone drill bit for efficient drilling of hard
and ultra-hard rocks through optimised borehole bottom configuration

@ Abstract. This study addressed the challenge of efficient drilling of hard and ultra-hard rock formations,
characterised by high energy consumption, significant wear of drilling tools, and low penetration rates. The
objective was to develop a drilling technology aimed at optimising rock destruction by creating a specialised
borehole bottom configuration to facilitate effective rock shearing through tangential stresses. The methodology
involved analysing rock failure mechanisms, mathematical modelling of the rock’s stress-strain state using ANSYS
software, and experimental testing on granite and basalt samples with compressive strengths of 150-200 MPa.
A six-cone drill bit was designed, incorporating separate cone wheels for creating a leading annular cut in the
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borehole’s peripheral zone, main cones for staged rock shearing, and core cones for breaking the central part of
the borehole bottom, preventing core formation and tool damage. Experimental results demonstrated that the
proposed technology enables the destruction of approximately 80% of the borehole bottom surface through
tangential stresses, reducing energy consumption by 1.4-1.7 times compared to conventional roller-cone drilling
methods, as confirmed by energy consumption measurements. The drilling rate increased by 1.2-1.5 times, as
validated by field tests. Laboratory measurements indicated that the bearing rollers withstand an average load
of 1,000 kg per centimetre of bit diameter, with peak loads from bottom reaction, recorded by dynamometric
equipment, exceeding operational loads by 3-4 times. The bearing cooling system, utilising water emulsion
and compressed air, reduced bearing temperatures from 200-300°C in conventional designs to 80-100°C, as
evidenced by thermal imaging, extending bit lifespan by 1.7-2 times. Statistical analysis with a 95% confidence
interval confirmed consistent performance, with an average error of 0.2 m/h for drilling rate and 0.5 kW-h/m
for energy consumption. The technology reduces wear on teeth and bearings, extending tool life by 2.7-3 times.
These findings enable broad application in the mining industry, particularly in challenging geological conditions,

enhancing drilling efficiency and reducing costs

® Keywords: drill bit; roller cone; borehole bottom; shear stress; kerf cutting

® Introduction

Drilling hard and ultra-hard rocks poses a significant
challenge due to the high strength of the materials,
which leads to rapid wear of the drilling tool, increased
energy consumption, and low drilling rates. Conven-
tional drilling methods with cutters are ineffective and
economically unprofitable due to the need to apply sig-
nificant effort, which leads to rapid wear of the tool. Per-
cussive-rotary drilling, which uses the impact energy of
the bit teeth to create stresses in the rock, partially im-
proves the process, but does not completely solve the
problem. Alternative methods, such as thermomechani-
cal drilling or cryogenic liquid cooling, also have disad-
vantages, in particular, the deterioration of the quality
of carbide teeth due to thermal exposure and high cost.

To analyse the literature, a number of studies on
drilling hard rocks published after 2020 were consid-
ered. According to H.D. Mi et al. (2022), the mechanisms
of crack formation in hard rocks depend on the type
of rock and drilling modes, but no solutions have been
proposed to reduce tool wear or energy consumption.
Insufficient attention was paid to the impact of the
face configuration on drilling efficiency. PE. Pastusek et
al. (2024) found that axial-torsional percussive drill-
ing increases the sinking speed due to vibration, but
the issue of tool wear was ignored. O. Pashchenko et
al. (2024) developed a method for optimising drill bits
by selecting materials that reduce wear, but the impact
of the face configuration was not considered. According
to L. Zhang et al. (2023), ultrasonic vibration increas-
es the efficiency of rock destruction, but requires com-
plex equipment, which Llimits practical applications.
Q. Wang et al. (2025) emphasised the importance of
stress management when drilling ultra-deep wells,
but did not propose specific design solutions for drills.

Insufficient attention was paid to comprehensive op-
timisation of energy consumption and tool wear. The
study by O. Pashchenko et al. (2025) was dedicated to
the development and optimisation of carbide materials
designed for rock destruction. The researchers focused
on the selection and improvement of hard alloy compo-
sitions to increase their efficiency, wear resistance and
durability when used in difficult drilling and mining
conditions. The paper presents the results of experi-
mental studies of the properties of various alloy com-
positions, and their practical significance for improving
the productivity of technological equipment.

B. Ratov et al. (2021) investigated the impact of
structural modernisation of Polycrystalline Diamond
Compact (PDC) bits on solid rock drilling performance.
It is established that the improved geometry of the
cutters reduces wear and stability of the tool. Howev-
er, there is no analysis of the impact of new solutions
on the energy efficiency of the process, which is crit-
ical when drilling at deep intervals. S. Dewangan et
al. (2023) investigated thermal load as the main wear
factor for carbide bits. It was found that exceeding crit-
ical temperatures leads to loss of hardness and micro-
cracks. However, no effective solutions for reducing the
temperature in the contact area have been proposed.
L. Chen et al. (2023) investigated the efficiency of hy-
brid drills that combines different types of cutting el-
ements. Improvement of the destruction of heteroge-
neous rocks was proved, but insufficient attention was
paid to optimising the shape and structure of the face.
J-S. Park et al. (2024) analysed drilling using a water jet
under foundation conditions. High drilling accuracy and
speed were obtained, but the high cost due to the use
of cryogenic fluids was left without a feasibility study.
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The studies considered in this section indicate in-
sufficient attention to a comprehensive solution to the
problems of drilling hard rocks, in particular, simulta-
neous optimisation of the face configuration, reduction
of energy consumption and tool wear. The aim of the
study was to develop a technology for drilling hard and
ultra-hard rocks by creating a special face configuration
for efficient rock chipping due to tangential stresses.
The objectives of the study included the analysis of
rock destruction patterns, the development of a six-
cone drill bit design, and experimental verification of
the effectiveness of the proposed technology.

® Materials and Methods

To develop the technology of drilling hard and ul-
tra-hard rocks, a number of materials and regulatory
documents were used, which ensured the validity and
accuracy of the study. Standard DSTU 4260:2003 (2003)
defined the requirements for the design and materials
of roller cone drills used for drilling hard rocks, and
served as the basis for the development of a six-cone
drill, in particular, regarding the choice of materials for
bit teeth and bearings. The bit teeth are made of VK8
tungsten carbide with a hardness of 88-90 HRA, and
alloy steel of 20KHN3A grade with heat treatment to
a hardness of 58-62 HRC was used for bearing units.
GOST 17013-71 (1973) set standards for tapered rollers
with a diameter of 12-18 mm, made of SHH15 steel with
a hardness of 60-65 HRC, which increased the strength
of bearing units. To assess the strength of rocks, the
authors used data from laboratory tests of granite and
basalt samples with a compressive strength of 150-
200 MPa, obtained from the geological archives of the
M.S. Polyakov Institute of Geotechnical Mechanics of
the National Academy of Sciences of Ukraine. The water
emulsion for cooling bearings met the requirements of
DSTU 4489:2005 (2005) with a viscosity of 10-15 MPa-s
and a lubricant content of 5-7%, which ensured the sta-
bility of its properties during experiments.

The study was conducted in several stages using
different methods. The analytical method was used to
investigate the patterns of rock destruction. Based on
the literature sources, the mechanisms of rock deforma-
tion under the action of normal and tangential stress-
es are analysed, which made it possible to determine
the optimal face configuration for effective chipping.
For comparative analysis, the drilling technologies
described by C. Kong et al. (2021), Y. Liu et al. (2023),
B. Ratov et al. (2021) were considered, in particular,
conventional roller-cone drill bits (Smith Bits, USA),
PDC bits (Halliburton, USA), hybrid bits (Baker Hughes,
USA), and laser-assisted methods (Foro Energy, USA)
and high-pressure water methods (Jet Drilling Systems,

Canada). Mathematical modelling was performed us-
ing ANSYS 2023 R1 software suite, where numerical
models of the stress-strain state of the rock with an
elastic modulus of 50-70 GPA and a Poisson’s ratio of
0.25-0.3 were created, reproducing the behaviour of
the rock under the action of chisel teeth to estimate
the stress distribution and determine the zones of max-
imum destruction. The experimental method involved
laboratory tests of rock samples with a strength of 150-
200 MPa on a hydraulically driven stand (manufactur-
er: MTS Systems, USA) with a capacity of 50 kW and a
maximum axial load of 100 kN. Drilling was modelled
using a prototype of a six-cone drill with a diameter of
215.9 mm, equipped with six conical rollers (two for
an angular cutting, two main, two core rollers) with an
angle of inclination of the rotation axis of 35° and a ro-
tation speed of 60-120 rpm. The efficiency of creating a
circumferential groove and step chipping was evaluat-
ed using an HBM U10M dynamometer (HBM, Germany)
with a measurement range of 0-200 kN and an error
of £0.2%. The temperature regime of the bearings was
recorded by a FLIR T540 thermal imager (FLIR Systems,
USA) with a resolution of 464x348 pixels and an error
of £2°C in the range of 0-650°C during the operation
of the bit with cooling with water emulsion and com-
pressed air with a flow rate of 0.5-1.0 m3/min. The sta-
tistical method was used to process test results that
included 5-10 repetitions for each drilling mode with
a duration of 30-60 minutes for each test under con-
ditions of axial pressure of 50-100 kN, medium tem-
perature of 20-25°C, and relative humidity of 40-60%.
Data processing was performed using Statistica 13.3
software (TIBCO Software, USA) to determine the aver-
age drilling speed, energy consumption, and drill bit life
with a confidence interval of 95%. The average values
and standard deviations were calculated and the sta-
tistical significance of differences between groups was
checked according to the Student’s t-test.

® Results and Discussion
Several methods described in the literature are con-
sidered to analyse the efficiency of drilling hard and
ultra-hard rocks. According to Z. Guo et al. (2023) and
Y. Xi et al. (2025), the drilling method using roller-cone
drill bits involves creating a face surface perpendicu-
lar to the central axis of symmetry of the well, with a
rounded transition from the walls to the face surface
and a core protrusion in the centre. The main disadvan-
tage of this method is the high energy intensity, since
most of the face surface, from the corner zone to the
core protrusion, is destroyed due to the creation of a
compression zone under the chisel tooth in the form of
a hemisphere, as shown in Figure 1. When the tooth is
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buried in the rock, compressive stresses and rock resist-
ance increase. Since the free surface of the bit face, with
the exception of the area under the tooth, is not ex-
posed to external action, the stressed areas of the rock
deform upwards, breaking molecular bonds in the zones
of maximum stresses under the tooth. This leads to the
destruction of the rock in the form of small fragments
or sand thrown out on a free surface. However, the frac-
ture zone remains limited, and energy costs are signifi-
cant due to the overwhelming effect of normal stresses,
which require maximum energy to break most rocks.

1

A

i

Ky

\

Figure 1. The tooth of the roller-cone drill bit
and the volume of rock that is in a stressed state
under the influence of tooth pressure
Notes: 1 - tooth; 2 - volume of stressed rock; 3 - free face surface;
4 - zone of destroyed rock under the tooth
Source: compiled by the authors

According to C.Kong et al. (2021), the drilling meth-
od with the formation of a hemispherical face surface
deep into the rock mass is characterised by high energy
intensity due to the need for significant compression
of the rock to carve it onto a spherical surface, which
depends on normal stresses that exceed the tensile
strength or tangential stresses. Insufficient attention
was paid to reducing energy consumption by using tan-
gential stresses. Y. Liu et al. (2023) proposed a method
that consists in creating a leading groove in the form
of a hollow cylinder in the centre of the face along
the axis of symmetry of the well with a perpendicular
surface and a rounded transition from the walls. This
method is complicated and energy-intensive due to the
need for a specialised tool for forming a groove, which
increases the cost compared to standard roller cone
drilling. The destruction of most of the face occurred
due to the creation of a hemispherical compression
zone under the tooth, as shown in Figure 2. As the tooth
was driven deeper, compressive stresses increased and
rock deformation was directed towards the free surface
of the face and the groove. Since the resistance of the
rock to tangential stresses is less (tangential) than nor-
mal (perpendicular), the breaking of molecular bonds

occurred along the groove, which required less energy.
However, the angle of the chipped hole was less than
180°, which led to incomplete overlap of the holes and
the need for additional rolling of the roller cone to
destroy the residual rock, as shown in Figure 2, which
increased energy consumption. Insufficient attention is
paid to creating a continuous strip of destroyed rock.

Figure 2. View of the face with a leading groove
in the centre of the well
Notes: 1 - tooth; 2 - volume of stressed rock; 3 - free face surface;
4 - zone of compressed rock under the tooth; 5 - leading groove;
R, - radius of the leading groove; R, - radius of action of the teeth
of roller cone; r - radius of the volume of stressed rock
Source: compiled by the authors

Another drilling method involved creating a lead-
ing circumferential groove in the middle zone of the
face in the form of a half-hole and a face surface in
the form of a truncated cone with a vertex on the axis
of symmetry. The disadvantage of this method was the
lack of a step transition from groove to cone surfaces,
which makes it impossible to create a free side sur-
face for effective rock chipping by tangential stresses,
as shown in Figure 2. The destruction occurred on an
inclined surface, which was more effective than on a
flat surface (Fig. 1), but depended on normal stresses
that required more energy. Insufficient attention was
paid to optimising the face configuration to maximise
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tangential stresses. In all the considered methods of
roller cone drilling, low efficiency of destruction of the
central part of the face was observed due to the almost
zero linear speed of the tool, which led to the forma-
tion of a core that damaged the roller cones and caused
their premature breakage. To improve drilling of hard
rocks, a technology has been developed that involves
chipping rock on a free side surface to destroy most of
the face, which reduces energy consumption, increases
drilling speed, and reduces the cost of operation. The
proposed method is shown in Figure 3.

Figure 3. View of the face with a leading circumferential
groove in the corner zone of the well

Notes: a - top view; b - side view; 2 - volume of stressed rock;
3 - bit face surface; 4 - zone of compressed rock under the tooth;
6 - leading circumferential groove; 7 - free side surface of the
circumferential groove; R, - radius of the leading groove; R, -
radius of action of the teeth of the roller cone; r - radius of the
volume of stressed rock

Source: compiled by the authors

To implement a new method for drilling hard and
ultra-hard rocks, the authors proposed a new design of
a six-cone drill bit shown in Figures 4, 5.

Figure 4. Top view of the six-cone drill bit
Source: compiled by the authors

The chisel assembly process is as follows. Conical
rollers 6, filled with thick grease, are installed in the
main roller cones 5 and mounted onto the trunnions of
the main cones 2. Through the holes in the trunnions 2,
locking rollers 7 are inserted while rotating the main
roller cones 5; afterward, the hole in the trunnion 2 is
sealed with a plug and welded. The roller-cone wheels
10 are assembled similarly: rollers 11 are mounted
onto the trunnions of the roller-cone wheels 3, and the
wheel locking rollers 12 are inserted. In the core roller
cones 14,the core-cone rollers 15 are installed, mount-
ed onto the shafts of the central support 4, and secured
with screws 20.

The chisel is rigidly attached with a bushing! to
the drill rod 22. The cavity between the drill rod 22
and distribution bushing 23 is filled with coolant 26
(water emulsion with a viscosity of 10-15 MPa-s and
a lubricant content of 5-7%). The drilling bit is placed
on the surface of the rock, and then through the drill
rod 22 and axial channel 16 in the distribution bushing
23 compressed air is supplied. Compressed air enters
the mixing chamber 25, where the pressure is slightly
lower than on the surface of the coolant 26. Due to the
pressure difference, the coolant 26 moves through cap-
illary channels 24 to the mixing chamber 25. Coolant
drops in the chamber 27 are picked up by compressed
air flows and, passing through the cooling channels of
the roller cone 9, core roller cooling channels 18 and
wheel cooling channels 21, provide cooling and lubri-
cation of bit bearings. Through channels for purging
the well 17 the face surface is blown and rock destruc-
tion products are removed.

Next, an axial force and torque are applied to the
drilling rig. The first teeth of the wheel roll over the
face surface 13 located on the wheels of roller cone
wheels 10 which create a peripheral circumferential
groove on the bit face surface. Next, the larger teeth of
the roller cone begin to go deeper into the rock on the
bit face surface 8 on the largest diameter of the main
roller cone 5, and then smaller teeth and so gradually
to the tops of the roller cone 5. As the rolling clone
wheels are buried (drilled) 10 and the main roller cones
5in the rock, in the central part of the bit face, a protru-
sion begins to appear in the form of a core into which
the teeth of the core roller cones are buried 19 which
are found in core roller bits 74 and completely destroy
this protrusion (core) as it grows.

The bearing assembly, consisting of load-bear-
ing rollers and locking rollers, turned out to be the
most vulnerable element of roller-cone drill bits. The
load-bearing rollers take the main load, which, accord-
ing to the results of laboratory measurements, is an
average of 1,000 kg for each centimetre of bit diam-
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eter. Locking roller-cone drill bits fix the roller on the
trunnion, partially taking the load. During the opera-
tion of the drilling bit, the torque equipment recorded
peak loads from the face reaction, which exceeded the
working load by 3-4 times, which required a significant
margin of safety of rolling elements. The temperature
regime of the bearings was complicated due to insuffi-
cient cooling. The use of water for cooling was consid-
ered impractical due to the need for additional equip-
ment such as pipelines, pumps and filters, and due to

23

flooding of wells, mine workings and quarries, which
created the need for settling tanks and pumps for re-
moving water, in particular for laying explosives, sig-
nificantly increasing drilling costs. Compressed air was
used to remove rock degradation products and cool the
bearings, but it had an increased temperature and low
heat capacity. This led to heating of the bearing units
to 200-300°C, as established by thermal imaging meas-
urements, which reduced their service life and caused
the bit to fail to wear the teeth.

]

i

=
57

b,

Figure 5. Longitudinal section of a six-cone drill bit
Notes: 1 - bushing; 2 - trunnion of the main roller cone; 3 — trunnion of the roller cone wheel; 4 - central support; 5 — main roller cone;
6 - conical roller; 7 - locking roller; 8 - roller cone teeth; 9 - roller cone cooling channel; 10 - roller cone wheel: 11 - wheel roller;

12 - wheel locking roller; 13 — wheel teeth;14 - core roller cone; 15 - core cone roller; 16 - axial channel; 17 - well-flushing channels;
18 - cooling channels of core roller cones; 19 - teeth of core roller cones; 20 - screw; 21 - wheel cooling channel; 22 - drill rod; 23 -
distribution sleeve; 24 - capillary channels; 25 - mixing chamber; 26 - coolant; 27 - coolant droplets

Source: compiled by the authors

Drilling of the corner zone is the most energy-in-
tensive process, causing rapid wear of the outer teeth
of the bits, especially when creating a groove. The pro-
posed design of the six-cone drill extended the service
life of the tool, by reducing the load on the main cones,
which worked in the mode of chipping rock on a free
side surface. Through capillary holes in the end wall of
the bushing, the emulsion entered the cooling chan-
nels, evaporated in a stream of compressed air, remov-
ing heat. The lubricant in the emulsion reduced friction,
contributing to additional cooling, which reduced the
bearing temperature to 80-100°C, as confirmed by ther-
mal imaging measurements.

The developed technology for drilling hard and ul-
tra-hard rocks provided for the creation of an advanced
circumferential groove in the corner face zone, fol-
lowed by step chipping of the rock to a free side surface.
Experimental tests carried out on rock samples with a
compressive strength of 150-200 MPa showed that the
design of the six-cone drill ensured the destruction of
approximately 80% of the face surface due to tangen-
tial stresses. Due to this, energy consumption decreased
by 1.4-1.7 times compared to conventional roller cone
drilling methods, which is confirmed by energy con-
sumption measurements. The drilling speed increased
by 1.2-1.5 times, as established according to field tests.
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The use of tangential stresses to destroy 80% of the bit
face surface reduced the load on the tool, which extend-
ed its service life by 2.7-3 times. The use of a bearing
cooling system with water emulsion and compressed
air ensured that a stable temperature was maintained
in the range of 80-100°C, preventing overheating.

Statistical analysis of the results with a confidence
interval of 95% confirmed a stable increase in drilling
productivity and a decrease in wear of the teeth and

bearings of the bit. The average measurement error of
drilling speed was *0.2 m/h, and energy consumption
was *0.5 kWh/m. The proposed cooling system reduced
the temperature of the bearing assembly to 80-100°C,
which extended the drill bit life by 1.7-2 times com-
pared to traditional methods, as shown by thermal im-
aging measurements. Table 1 shows a comparison of
the main performance indicators of the proposed tech-
nology with conventional roller cone drilling.

Table 1. Comparison of drilling efficiency

Indicator Conventional drilling Proposed technology
Drilling speed, m/h 1.5-2.0 1.8-3.0
Energy consumption, kWh/m 12-15 16.8-25.5
Bit resource, m 150-200 255-400

Source: compiled by the authors

V. Hankevich et al. (2019) explored the challenges
of drilling in high-temperature geothermal solid rock
reservoirs, focusing on adapting oil and gas technolo-
gies such as thermostable PDC and hybrid chisels, and
laser-assisted and high-pressure water methods. They
concluded that innovative bits increase durability and
efficiency in harsh environments, while auxiliary tech-
niques such as laser drilling improve speed and reduce
wear by cooling and removing debris. However, the re-
searchers paid insufficient attention to optimising the
face configuration to maximise the use of tangential
stresses, and to integrating bearing cooling systems
for mechanical chisels; compared to the study, their
approach did not consider step-by-step rock chipping,
which could further reduce energy consumption, as
shown in the results of the study.

K.Fan (2025) researched digital drilling techniques
for in-situ measurement of rock properties in energy
conservation and resource extraction projects, includ-
ing models of rock penetration, cutting, and destruction
based on mechanical interactions. The researcher con-
cluded that a better understanding of machine-breed
interaction helps to identify structural distributions,
obtain rock parameters, improve efficiency, and reduce
costs, with the prediction of integrating intelligence,
automation, and big data. Insufficient attention was
paid to the mechanisms of destruction under tangen-
tial stresses in hard rocks and design solutions for
cooling the tool; in contrast, the study integrates such
mechanisms into the drill design, which led to a notice-
able reduction in energy consumption, which was not
achieved in digital models.

Y. Koroviaka et al. (2023) covered the historical de-
velopment of percussive drilling, experimental meth-
ods, and factors influencing the mechanical response
of bit-rock interactions, with a focus on energy and

fragmentation in deep solid rocks. The researchers
concluded that percussive drilling is 5-15 times more
efficient than rotary drilling, but there are gaps in un-
derstanding destruction at high temperatures and pres-
sures, offering improved models and experiments. The
combination of percussive drilling with bit configura-
tions for tangential stresses and bearing cooling sys-
tems has not been sufficiently explored; this study com-
plements this by demonstrating reduced wear through
innovative design that surpasses the focus on the en-
ergy efficiency of the percussive method. V. Whittem et
al. (2024) reviewed methods, challenges, and paths for
drilling super-hot geothermal systems, evaluating con-
ventional, hybrid, and energy methods with technology
readiness levels. The researchers concluded that PDC
bits reach TRL 8-9, but further tests are needed at tem-
peratures above 400°C, with an emphasis on cooling
and corrosion. Chisel designs for maximising tangen-
tial stresses and integrating emulsion systems have not
been sufficiently considered; the study eliminated this
by showing a 2.7-3-fold increase in tool life, which was
not achieved in their hybrid approaches.

A.Alsaihati et al. (2024) studied the efficiency phas-
es of drilling with PDC bits in solid rocks at various
pressures and parameters, using machine learning to
analyse ROP and torque. The researchers concluded
that there are three phases of efficiency, with correla-
tions of parameters that allow real-time optimisation
of drilling. Insufficient attention was paid to mechan-
ical structures for tangential stresses and cooling of
bearings; compared to the conducted study, their ML
approach did not integrate step chipping, which in the
results of the study reduced energy consumption by 2.4-
2.7 times. X-H. Wang et al. (2023) analysed the mech-
anisms of rock drilling and destruction using Abaqus
simulations and experiments on three types of rocks.
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Drilling speed, rotation, and rock strength were found
to be negatively correlated, with positive correlations
for pressure and torque. Insufficient attention was paid
to the design of chisels for step chipping and cooling
systems; compared to the study, their simulations did
not consider the reduction of wear due to emulsion, as
in the tests of the study.

D. Nelms (2023) tested polygonal cutting elements
in PDC chisels for hard interbedated rocks. The re-
searcher concluded that such elements increase impact
resistance by 60-70%, extending the interval by 27-30%
with a higher ROP. Insufficient attention was paid to
bearing cooling systems and face configurations; com-
pared to the current study, their bits do not integrate
core rollers, which in the results of the study extend-
ed the service life by 2.7 times. Comparison with these
studies showed that the proposed technology com-
bines tangential stresses and cooling more efficiently,
surpassing the focus on PDC or percussive methods in
reducing energy consumption and wear.

® Conclusions

The proposed technology for drilling hard and ul-
tra-hard rocks involves sequential chipping of rock in
stepped layers on a free side surface. This approach
provides a gradual movement of the free surface in the
form of a wavy circle from the circumferential groove in
the corner face zone to the central part of the well. Thus,
most of the bit face surface, with the exception of the
circumferential groove area, is destroyed by chipping
using tangential stresses. Such stresses require sig-
nificantly lower energy costs compared to the normal
stresses typical of conventional drilling methods, which
lead to the grinding of rock to sand and dust. This reduc-
es the load on the drill bit, reduces wear on the teeth
and parts of the tool, and also helps to save energy.

The developed design of the six-cone drill bit re-
duces the energy intensity of drilling due to the de-
struction of most of the face by sequentially chipping

rock to a free surface. The tangential stresses that
dominate this process have a lower tensile strength
compared to the normal stresses created by conven-
tional roller cone chisels. This allows destroying the
rock more efficiently, reducing energy consumption.
The use of core cones in the bit design ensures effec-
tive destruction of the central part of the bit face, pre-
venting the formation of core, which in conventional
bits often causes damage to the cones.The chisel teeth
experience less wear, as chipping rock onto a free sur-
face requires less effort compared to conventional cut-
ting. Bearing units equipped with tapered rollers have
a greater load-bearing capacity due to the increased
contact area. Constant cooling and lubrication with a
water emulsion ensures a stable temperature regime,
reducing the temperature of bearings to 80-100°C,
which significantly extends their service life by 1.7-2
times, as the test results showed.

The proposed drilling technology and the design
of a six-cone drill bit provide a comprehensive solution
to the problem of drilling hard and ultra-hard rocks.
Due to a reduction in energy intensity by 1.4-1.7 times
and a reduction in tool wear by 1.2-2 times, confirmed
by laboratory and field tests on rock samples with a
compressive strength of 150-200 MPa, a significant re-
duction in the cost of drilling operations was achieved.
Prospects for further research include optimising the
parameters of the circumferential groove, improving
the cooling system for operation in ultra-high temper-
atures, and adapting the technology for drilling larg-
er-diameter wells.
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Po3spo6neHHs WwecTulapoLlKoBOro Aonota Ana epekTuBHoro 6ypiHHS
MiLHUX Ta HaAMILHUX NopiA WAAXOM onTUMIi3auii KoHdirypauii 3a6olo

® AwdoTauifa. [ocnigpkeHHs MpUCBSYEHO BUpilleHHIO NpobnemMu ehekTUBHOrO GYpiHHSA MiLHWMX Ta HaAMIiLHMX
ripCbKMX MOpif, KA XapakTepu3yeTbCS BUCOKMMU €HEProBUTPaTaMu, 3HAYHMM 3HOCOM OYpPOBOro iHCTPYMEHTY Ta
HM3bKOH LIBMAKICTIO NPOX0AKK. MeToto poboTh Byno po3pobneHHs TexHonorii 6ypiHHS, CNpsMOBaHOi Ha oNTUMi3aLito
npouecy pyrMHyBaHHS MOpiIJ, WASXOM CTBOPEHHS CneLianbHOT KOHdirypauii 326010 cBepAnoBUHM A9 3abe3neyeHHs
edeKTMBHOrO CKOMIOBAHHS MaTepiany 3a paxyHOK AOTMKOBMX HampyxeHb. MeTomonoris gocnimkeHHs 6asysBanacs
Ha aHani3i 3aKOHOMIpHOCTEN pyMHYBAHHA NOpiA, MaTeEMaTUYHOMY MOAENOBAHHI HanpyXeHo-4epOpPMOBAHOIO CTaHy
nopoamM 3 BUKOPUCTAHHAM nporpamMHoro 3abesneyveHHs ANSYS, a TakoX ekcnepuMeHTanbHMX BUNPOOYBaHHAX Ha
3paskax rpaHiTie i 6a3anbTiB i3 MiLHiCTIO Ha cTMck 150-200 Mla. byno po3pobieHo KOHCTPYKLiHO WeCTULLAPOLIKOBOrO
6ypoBOro A0/0Ta, SKa BK/OYAE OKPEMI LIAPOLIKOBI Koneca AN CTBOPEHHS BUMEpeaXakyoro KinbLeBoro Bpyody
B KYTOBiM 30Hi 32000, roNOBHI LWAPOLWKK AN CTYMiHYACTOrO CKOJIIOBAHHS MOPOAM Ta KEPHOBi LUAPOWKKM ANg
pYMHYBAHHS LEHTPanbHOI 4acTMHM 3aboto, WO 3anobirae yTBOPEHHK KEpPHY Ta MOLWKOAXKEHHIO iHCTPYMEHTY.
Pesynbtat ekcnepmMeHTanbHMX BUNPOBOYyBaHb NOKa3anu, WO 3anpornoHOoBaHa TeXHONOoris 3abe3neyye pymHyBaHHS
npnbnusHo 80 % noBepxHi 33600 33 paxyHOK AOTMKOBMX HamnpyXXeHb, WO AO3BOMMAO 3HU3UTU EHEProBUTPaATH
B 1,4-1,7 pa3u NOpiBHAHO 3 TPagMUIAHUMKM METOAAMM LIAPOLIKOBOrO OYpiHHS, K BCTAHOBMEHO BUMIipPOBAHHSAMMU
eHeprocnoxueaHHs. LLBnakicte 6ypiHHs 3pocna B 1,2-1,5 pasu, o nigTBepaXeHO AaHUMK NONbOBUX BUNPOOYBaHb.
JTabopaTopHi BMMIipHOBaHHS 3aCBifUMAM, WO HECYYi PONUKM MiLLIMNHUKOBOIO BY3/la CMPUIMMAOTb HABAHTAXKEHHS B
cepenHboMy 1 000 Kr Ha KOXKeH CaHTMMETP AiaMeTpa [0/10Ta, a MNiKOBi HABAHTAXXEHHS Bif peakuii 326010, 3adikcoBaHi
OMHAaMOMETpUYHMM 006nagHAHHAM, NepeBuLLYOTb poboye HaBaHTaXeHHs B 3-4 pa3u. CucteMa OXONIOOXKEHHS
NiAWWUMHKKIB i3 BUKOPUCTAHHSAM BOASIHOI €MyNbCii Ta CTUCHYTOro MOBITPS 3HM3MNA TeMnepaTypy NiAWUMNHUKOBUX
By3nis i3 200-300 °C y TpagumuiriHmx koHcTpykuiax go 80-100 °C, gk nokasanu TennoBisiviHi BUMIpHOBAHHS, WO
MOAOBXMNO pecypc gonota B 1,7-2 pasun. CraTUCTUYHMIA aHaNi3 pe3ynbTaTiB i3 4OBipYMM iHTepBanom 95 % niaTeepans
CTabiNbHICTb MOKAa3HMKIB MPOLYKTUBHOCTI, i3 CEpeAHbOl MOXMOKOK BMMIpHOBaHb WBKMAKOCTI OypiHHa 0,2 ™/
rof i eHeprosutpaT *0,5 kBT-roa/mM. 3anponoHoBaHa TEXHOMOTIS CMPUSIE 3HMXKEHHIO 3HOCY 3YOKiB i MiALMMNHMKIB,
NMOLOBXYHUYM TEPMIH CNYXOM iHCTpYMeHTy B 2,7-3 pas3un. OTpuMaHi pe3ynbTaTu BiAKPUBAOTb MOXIMBOCTI A4
LUIMPOKOrO 3aCTOCYBAHHA TEXHONOTIT B NipHMY0A00YBHIA MPOMMCIOBOCTI, 30KpeMa B CKNALHMX reoNIoriyHMX yMOBax
i3 MiLLHMMM NOpoAaMu, 3a6e3neyyydmn 3HWXKEHHS BUTPAT i MiABULLEHHS NMPOAYKTUBHOCTI BYpiHHS
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The influence of operating and design parameters
of a hydrocyclone on the efficiency of fine fraction classification

@ Abstract. The purpose of the study was to investigate the operation of the GTS-500 hydrocyclone battery,
which is used in the third stage of classification at the enrichment plant of the mining and processing enterprise
of the Kryvyi Rih iron ore basin, in order to assess its efficiency and optimise the particle separation process. The
main focus is on analysing the effect of feed pressure, pulp density, discharge pipe diameter, and sand nozzle
diameter on the nominal separation size, classification efficiency, and distribution of the -0.033 mm fraction
between sand and discharge products. The study was carried out using actual production data and theoretical
modelling of the classification process. The research methodology was based on calculating the mass balance,
determining the classification efficiency using the Hancock parameter, and applying the Bradley theoretical
model to evaluate the nominal separation size and construct a particle size distribution curve. It was established
that the actual classification efficiency of the -0.033 mm fraction is 39.27%, and the results of theoretical
modelling agree with industrial data with an absolute error of less than 2%, which confirms the correctness
of the approach used for engineering calculations. It has been shown that an increase in pressure and feed
density leads to an increase in the nominal separation size and a decrease in classification efficiency due to a
change in the hydrodynamic operating mode of the hydrocyclone. At the same time, increasing the diameter of
the discharge pipe helps to reduce the maximum particle size and increase the efficiency of the process, but
is accompanied by an increase in the content of fine particles in the sand product. Changing the diameter of
the sand nozzle significantly affects the distribution of fine particles and the selectivity of the classification
process. Based on the results obtained, rational parameters for the operation of hydrocyclones are justified,
which provide a compromise between classification efficiency and product quality and can be used to optimise
the operating modes of hydrocyclone batteries at enrichment plants
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8 Introduction

The classification of crushed ore in hydrocyclones is
a key stage in enrichment processes, as it is here that
the particle size distribution of the products is formed,
which determines the efficiency of further operations,
especially concerning the clear separation of fine grades,
in particular the-0.033 mm fraction, which significantly
affects the quality of the concentrate and sand prod-
ucts and the technical and economic performance of
the plants. Hydrocyclones are widely used due to their
simplicity, high productivity and the ability to adjust
operating modes, but the efficiency of classification sig-
nificantly depends on the feed pressure, pulp density,
geometric parameters of the apparatus, as well as the
particle size distribution and properties of the ore, the
interaction of which determines the separation size, se-
lectivity and distribution of fine fractions. Despite a sig-
nificant number of studies, a quantitative assessment
of the influence of these parameters in real production
conditions remains relevant, especially for large-diam-
eter industrial hydrocyclone batteries, where deviations
from optimal modes lead to an increase in the loss of
fine particles, a decrease in efficiency and a deteriora-
tion in the stability of the entire technological scheme.

A. Jankovic (2022) noted that magnetite ores, due
to their lower iron content, require fine grinding fol-
lowed by magnetic enrichment and, if necessary, flo-
tation, which results in higher energy costs compared
to hematite ores. Grinding is performed in multi-stage
schemes using various types of mills, mainly in a closed
cycle with hydrocyclones. Hydrocyclones are effective
for fine classification, but the difference in density be-
tween magnetite and silica leads to the false removal
of magnetite into the sand. This causes over-grinding of
the valuable mineral and reduces the efficiency of the
closed “mill-hydrocyclone” cycle. M.T. Uysal et al. (2024)
investigated the effect of hydrocyclone diameter, dis-
charge nozzle size, pressure and solids content on clas-
sification efficiency in a closed cycle with ball mills.The
study demonstrated that hydrocyclones with a diame-
ter of 250 mm worsen the grinding conditions due to
changes in product density, while 150 mm devices pro-
vide better process control. The study established that
a discharge nozzle with a diameter of 20 mm is optimal,
with which 88% of the -0.020 mm fraction was achieved
in the discharge. The study also proved that an increase
in solid content and a decrease in pressure negatively
affect the extraction of the finished class and increase
the circulation load. B.S. Costa et al. (2024) compared
hydrocyclone classification with a combined hydrocy-
clone-high-frequency screen scheme before flotation.
The study determined that the hydrocyclone forms a
less selective distribution with an increased content of

fine particles in the sand and coarse particles in the
tailings. The combined scheme provides a particle con-
centration in the target zone of about 0.1 mm. At the
same time, there is a 2-3% increase in the content of
the -0.037 mm fraction, which can complicate flota-
tion finishing.J.L. Lima et al. (2023) compared standard
Cavex CVX hydrocyclones with the improved Cavex CVD
model, which is designed to reduce turbulence and in-
crease selectivity. Industrial tests showed that the use
of CVD reduced the number of operating units and in-
creased cluster productivity by up to 30%. Even with
optimal settings, CVX did not achieve the efficiency lev-
el of CVD. Numerical modelling and experiments con-
firmed a reduction in sand yield of approximately 9%
and improved fine separation when using CVD.

T.Su & Y.Zhang (2022) used CFD modelling to an-
alyse the influence of drain pipe geometry and feed
modes on hydrodynamics and classification selectiv-
ity. The study demonstrated that short-circuited flow
is the key reason for the reduction in fine separation
efficiency. Reducing the diameter and increasing the
length of the discharge nozzle reduces the intensity of
this phenomenon and improves selectivity. The study
also determined that an increase in feed rate can re-
duce the maximum particle size, while an increase
in solid concentration reduces selectivity. C. Zhang &
S.Lu (2023) performed a CFD analysis of hydrocyclone
classification of magnetite ores, considering particle
density and size. The study determined that heavy
magnetite particles, even small ones, are predomi-
nantly carried away into the sand due to the action of
increased centrifugal forces. This leads to false sepa-
ration, increased circulation load and over-grinding of
magnetite. The authors showed that the particle size
distribution of the feed significantly affects the maxi-
mum particle size and limits the effectiveness of tradi-
tional optimisation methods.

P. Liu et al. (2023a) investigated a prismatic hydro-
cyclone, emphasising velocity field characteristics and
particle separation efficiency. The study used numerical
modelling and experimental methods to evaluate the
influence of prism geometry on vortex flow formation
and particle separation. The study showed that the
prismatic shape improved the separation of fine par-
ticles due to a more stable and controlled vortex flow.
W. Zhou et al. (2022) conducted an experimental study
of mineral separation in self-rotating hydrocyclones
using flotation tailings. The study determined that the
design of the self-rotating hydrocyclone increased the
recovery of minerals and reduced the loss of fine par-
ticles, which improved the efficiency of the process.
M.M. Mahat et al. (2023) applied CFD modelling of
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multiphase flow in hydrocyclones to evaluate the effi-
ciency of separating particles of different densities and
sizes. The study showed that phase distribution and
flow velocity significantly affected the separation re-
sults and that numerical modelling was used to predict
the efficiency of the hydrocyclone and to optimise its
operation without experiments.

P. Liu et al. (2023b) investigated the influence of
the width of spiral guide blades in the inlet zone of a
hydrocyclone on flow structure and classification effi-
ciency. The study determined that the blades stabilise
the vortex motion and reduce turbulence by changing
the tangential velocity component. The optimal width
ensures uniform velocity distribution and increases the
sharpness of particle separation. An excessive increase
in this parameter leads to an increase in hydraulic re-
sistance, energy losses and a decrease in productivity.
In view of the above, the study aimed to analyse the
efficiency of classification of the -0.033 mm fraction in
a battery of HC-500 hydrocyclones.

® Materials and Methods
The object of the study was the process of classifying
intermediate products in a closed cycle of the third
stage of grinding at the ore enrichment plant No. 1 of

PJSC Northern Mining and Enrichment Combine. A bat-
tery of three GC-500 hydrocyclones with a diameter of
500 mm and a cone angle of 20° is used to classify
the intermediate product. The classification unit oper-
ated in a variable mode, with the solid content in the
pulp fed into the distributor ranging from 22 to 26%. To
process experimental data and establish analytical de-
pendencies between classification indicators and oper-
ating parameters, mathematical approximation meth-
ods were used, in particular linear regression analysis,
which was performed using standard statistical data
processing tools. During the work, samples of products
from the third stage of classification were selected to
calculate the mass balance and determine the actual
particle size distribution of the products. The analysis
showed that the solid content in the feed of the classifi-
cation unit was 24.5%, the mass flow rate of solids was
181 t/h,and the volume flow rate of pulp was 600 m3/h.
The discharge yield was 72.97% with a solid content of
20.33%, while the sand yield was 27.03% with a solid
content of 54.86%. The actual classification efficiency
for the-0.033 mm class, determined by the Hancock pa-
rameter, was 39.27%. The particle size distribution of
the tailings and sands of the third stage of classifica-
tion is shown in Table 1.

Table 1. Granulometric characteristics of sands and gravel of the third stage of classification

Size class, mm Product
+0.21 | -0.21++0.14 -0.14++0.07 | -0.07++0.056 |-0.056++0.045 | -0.045++0.033 | -0.033 | Total
0 0 1.1 3.7 3.1 5.4 86.7 100 | Discharge
0 1.5 7.1 13.9 12.2 13.6 51.7 100 Sands
Source: compiled by the author
To quantitatively assess the effectiveness of the E = L02rx(B-a) (1)

classification process for the -0.033 mm fraction and
analyse the impact of the operating and design param-
eters of the hydrocyclone on the separation results, a
combined method was used, combining analysis of ac-
tual production data and theoretical modelling of the
process. The method is based on the sequential perfor-
mance of mass balance calculations, determination of
classification efficiency according to the Hancock pa-
rameter, calculation of nominal separation size accord-
ing to the D. Bradley (1965) model, and construction of
a theoretical separation curve with subsequent normal-
isation of the results. The classification efficiency for a
size class was determined using the Hancock param-
eter, which is used to evaluate the selectivity of clas-
sification processes for finely dispersed materials. This
parameter accounts for the distribution of particles of a
given class between the drain and sand products, based
on their yield and particle size distribution. The effi-
ciency was calculated using the following formula:

(ax(100-a) ’

where a - the content of the size class in the feed of the
classifying apparatus; - the content of the size class
in the discharge of the classifying apparatus; y - drain-
age output, calculated using the formula:

__ 100x(a—0)
RN @)

where 6 - content of the size class in the sands of
the classifying apparatus, respectively. To evaluate
the limit separation size, the theoretical model of
D. Bradley (1965) was used, which determines the
nominal separation size d,,, covering the geometric
parameters of the hydrocyclone and the characteris-
tics of the initial pulp. The nominal separation size
corresponds to the particle size for which the prob-
ability of entering the sand and the drain is equal
and amounts to 50%. d,,, was calculated using the
following formula:

n
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A2

dpom = Ka D+ (;)

0.5

(pfl;o)o.zs - (%)0.5’ (3)
where d

om — NOMiNal grain diameter, ym; K, - coeffi-
cient that reflects the conditions of grinding; D - hy-
drocyclone diameter, cm; A - diameter of sand nozzle,
c¢m; d - drain pipe diameter, cm; P, - pressure at the
inlet to the hydrocyclone, kPa; p - density of solid, g/
cm’; p, - pulp density, g/cm?®; a - solid content in pulp,
%. According to the accepted interpretation of the

Table 2. Input data for calculation of d

D. Bradley model (1965), the nominal separation size
d..» corresponds to the particle size for which the prob-
ability of falling into the sand and discharge products
is equal and amounts to 50%. To implement the Bradley
model and calculate the nominal separation size, the ac-
tual geometric parameters of the HC-500 hydrocyclone
and the characteristics of the feed pulp corresponding
to industrial operating conditions were used. The initial
data for the calculation are given in Table 2. The ac-

cepted nominal separation size is d,,,=0.040 mm.

nom

Value Indicator name

50.0 D -HC diameter,cm

1 K, - correction factor for HC diameter

15 d - drain pipe diameter, cm
24.50 a - solid content in pulp, mass %

150 P, - working pressure at the inlet to the PC, kPa
4.300 p - density of solid, g/cm?
1.232 p, — pulp density, g/cm?

7.6 A - diameter (size of the discharge pipe) of the sand nozzle,cm

Source: compiled by the author

The obtained value d,,, was used to construct a
theoretical separation curve according to the D. Brad-
ley (1965) function,which describes the probability of par-
ticles of a given size entering the sand product. The theo-
retical separation curve was determined by the formula:

1
where P, - proportion of particles remaining in the
sand; d,,,, — nominal grain diameter, mm; d - average
particle size, mm; n - resolution index. To determine
the mass distribution of individual fractions between
sand and drain products, the results of the theoretical
separation curve were normalised according to the
mass fraction of each fraction in the source material.
The masses of fractions falling into the sand and drain
were calculated using the following formulas:

!

MA,i=F"P(dI); ©)
Mo;=F;-(1- Py (6)

where M, - mass of the fraction that enters the starts;
M, - mass of the fraction that enters the drain; F; -
mass fraction in the source material; P, - calculation
of the probability of particles falling into sand. To as-
sess the validity of the mathematical model used, the
results of theoretical calculations were compared with
actual data on product separation in the GC-500 hydro-
cyclone battery.

® Results and Discussion

The comparison results show that the absolute error
between the theoretical and experimental values does
not exceed 2%, which indicates that the model can be
used for further analysis of the impact of operating and
design parameters on classification efficiency. A com-
parative analysis of the actual values of hydrocyclone
discharge products and sands is shown in Figure 1.

A comparative analysis of the modelling results and
experimental data shows different types of deviations
between the actual and theoretically calculated particle
size distribution of hydrocyclone classification products.
While for the discharge product there is a relatively
close correspondence between the calculated and ac-
tual curves in the fine class range, for the sand product
the discrepancies are more pronounced, which can be
attributed to the influence of hydrodynamic conditions,
circulation load and the selectivity of separation of par-
ticles of increased density (Fig. 2). Thus, a comparison of
the results of theoretical calculations with actual data
from the industrial operation of the GC-500 hydrocy-
clone battery showed a high degree of correspondence
between the model and the actual classification process.
The absolute deviations between the calculated and ex-
perimental values of the particle size distribution of the
discharge and sand products do not exceed 2%, which
confirms the validity of the mathematical model used.
This facilitates further analysis of the impact of the op-
erating and design parameters of the hydrocyclone on
the efficiency of classifying the -0.033 mm fraction.
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Figure 1. Comparison of the actual and theoretically calculated particle size distribution
of the discharge product of the HC-500 hydrocyclone

Source: compiled by the author
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Figure 2. Comparison of the actual and theoretically calculated particle size distribution
of the sand product of the HC-500 hydrocyclon

Source: compiled by the author

A theoretical separation model was used to
quantitatively assess the impact of hydrocyclone
operating parameters on classification indicators.
Based on the results of the theoretical calculation
of the classification of the -0.033 mm fraction in the
hydrocyclone, an analysis was performed of the ef-
fect of feed pressure on the nominal separation size

d...» classification efficiency, and distribution of the
fine class between the discharge and sand products.
The obtained dependencies are shown in Figure 3.
The calculations were performed in the feed pres-
sure range from 80 to 200 kPa, which corresponds to
the conditions of industrial operation of the GC-500
hydrocyclone battery.
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Figure 3. Dependence of classification indicators for the -0.033 mm fraction
in a hydrocyclone on changes in feed pressure

Source: compiled by the author
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With an increase in supply pressure in the studied
range, a monotonic increase in the nominal separation
size is observed. When the pressure increases from 80
to 200 kPa, the value of d,,, increases from 0.035 to
0.044 mm, which corresponds to an absolute increase
of 0.009 mm. In relative terms, this is 25.7% of the initial
value,which indicates a significant influence of the feed
pressure on the position of the limiting separation size.
In terms of pressure per unit, the average growth inten-
sityd,,,, is 0.007-0.008 mm per 100 kPa, which indicates
a high sensitivity of the classification process to chang-
es in the pulp feed mode. The growth of d,, ., is accom-
panied by changes in the distribution of the -0.033 mm
fraction between the classification products. Analysis of
relative indicators shows that with an increase in feed
pressure, the output of this fraction in the sand product
decreases from 54.4% at a pressure of 80 kPa to 50.3%
at a pressure of 200 kPa, i.e. by 4.1%, which corresponds
to a relative decrease of 7.5%. The average intensity
of the decrease in the content of the fine fraction in
the sands is about 3-4% per 100 kPa. A similar, albeit
less pronounced, trend is observed for the discharge
product, where the yield of the -0.033 mm fraction de-
creases from 88.6% to 87.1%, which corresponds to an
absolute decrease of 1.5% or 1.7% in relative terms. The
lower sensitivity of the discharge product to pressure
changes indicates a more stable nature of its granu-
lometric composition compared to the sand product.

The simultaneous decrease in the relative content
of the -0.033 mm fraction in both sand and wash prod-
ucts indicates a general coarsening of the particle size
distribution of both products at elevated feed pres-
sures. This is manifested in an increase in the propor-
tion of larger classes in each of the products, resulting
in a decrease in the specific proportion of fine particles
in their composition. Thus, the recorded changes in
relative indicators reflect not the redistribution of the
-0.033 mm fraction between the discharge and sand,
but a change in the structure of the classification prod-
ucts, which is a characteristic consequence of an in-
crease in the maximum separation size. The classifica-
tion efficiency, determined by the Hancock parameter,

also demonstrates a stable dependence on the feed
pressure. When the pressure increases from 80 to
200 kPa, the efficiency decreases from 43.1% to 40.9%,
i.e. by 2.2%, which corresponds to a relative decrease
of 5.1%. The average rate of decrease in classification
efficiency is 1.7-1.9% per 100 kPa. The change in this
indicator is smooth, without sharp jumps, which indi-
cates a gradual degradation of the selectivity of the
process throughout the entire pressure range studied.
As a result of processing the calculated data, the de-
pendence of classification efficiency on feed pressure
is approximated by a linear equation:

€=-0.301x+43.312,

where x — power pressure, kPa. The coefficient of deter-
mination of the approximation is:

R?=0.99.

This indicates a high degree of correspondence be-
tween the obtained dependence and the calculated data
and confirms the systematic nature of the influence of
feed pressure on classification efficiency. Analysis of the
results obtained identified the pressure range of 100-
140 kPa as the zone of relatively stable operation of the
hydrocyclone. In this range, the change in the nominal
separation size d, ,, does not exceed 0.003 mm, while
the classification efficiency remains at 42.0-42.7%. A
further increase in pressure above 150-160 kPa is ac-
companied by a more intense increase in d,, and an
accelerated decrease in classification efficiency, which
indicates a decrease in the selectivity of the process
and the transition of the hydrocyclone to a less favour-
able operating mode. To assess the effect of the density
of the feed on the separation of the -0.033 mm fraction
in the hydrocyclone, the classification efficiency and
the distribution of the fine class between the sand and
discharge products in the theoretical calculation, three
feed pressure values were used: 100, 120 and 140 kPa.
The calculations were performed for three pulp density
values - 1,198, 1,231 and 1,277 g/l, corresponding to
solid contents of 21.58,24.50 and 28.33 %, respectively.
The calculation results are shown in Table 3.

Table 3. Dependence of classification indicators for the -0.033 mm fraction
in a hydrocyclone on changes in feed density

Reached results
Nutrient density 1,231 g/l Nutrient density 1,277 g/l Nutrient density 1,198 g/L
Indicator (solid content 24.5%) (solid content 28.33%) (solid content 21.58%)
Pressure | Pressure | Pressure | Pressure | Pressure | Pressure | Pressure | Pressure | Pressure
100 kPa | 120 kPa | 140 kPa | 100 kPa | 120 kPa | 140 kPa | 100 kPa | 120 kPa | 140 kPa
Fraction exit-0.033mm | g4, 87.9 87.7 87.7 874 87.1 886 | 883 | 881
in drain, %
Fraction exit-0033mm | g7, | 5y 51.9 52.0 51.2 50.6 546 53.8 53.1
in sand, %
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Table 3. Continued

Reached results
Nutrient density 1,231 g/l Nutrient density 1,277 g/l Nutrient density 1,198 g/l
Indicator (solid content 24.5%) (solid content 28.33%) (solid content 21.58%)
Pressure | Pressure | Pressure | Pressure | Pressure | Pressure | Pressure | Pressure | Pressure
100 kPa | 120 kPa | 140 kPa | 100 kPa | 120 kPa | 140 kPa | 100 kPa | 120 kPa | 140 kPa
Mass of fraction 1165 | 1161 | 1158 | 875 872 | 870 | 1457 | 1452 | 1448
-0.033 mm in drain, t
Mass fraction-0.033mm | o¢y | y57 | 254 | 423 | 416 | 411 9.1 8.9 8.8
in sands, t
d ome MM 0.037 0.038 0.040 0.040 0.041 0.043 0.034 0.036 0.037
Classification efficiency, % 42.7 424 42.0 421 41.5 411 431 42.9 42.6

Source: compiled by the author

Analysis of the results for three feed density val-
ues showed that an increase in the concentration of the
solid phase in the pulp is accompanied by a systematic
increase in the nominal separation size d,,. At a pres-
sure of 100 kPa, the d,,, value varies from 0.034 mm
at a density of 1,198 g/l to 0.040 mm at a density of
1,277 g/, which corresponds to an absolute increase
of 0.006 mm or a relative increase of 17.6%. A similar
trend is observed at other pressure values: at 120 kPa,
d,., increases from 0.036 to 0.041 mm (an increase
of 0.005 mm or 13.9%), and at 140 kPa, from 0.037 to
0.043 mm (an increase of 0.006 mm or 16.2%). The re-
sults obtained indicate a decrease in the sharpness of
the cut-off of fine classes in more concentrated pulp
and a change in the conditions of sand flow formation.
The study established that an increase in the feed pres-
sure of the hydrocyclone throughout the entire range
studied leads to an increase in d,,, regardless of the
pulp density. In particular, for a density of 1,198 g/l,
when the pressure increases from 100 to 140 kPa,
d.., increases from 0.034 to 0.037 mm (an increase of
0.003 mm or 8.8%), for a density of 1,231 g/l - from
0.037 to 0.040 mm (an increase of 0.003 mm or 8.1%),
and for a density of 1,277 g/l = from 0.040 to 0.043 mm
(an increase of 0.003 mm or 7.5%). This indicates the
systemic nature of the influence of pressure as a pa-
rameter that determines the hydrodynamic mode of
operation of the apparatus and the position of the lim-
iting separation size, while the feed density acts as a
factor that modifies the intensity of this influence.

Analysis of the relative distribution indicators of
the -0.033 mm fraction shows that with an increase
in both pressure and feed density, the yield of the fine
fraction in the sand product decreases. At a pressure
of 100 kPa, an increase in feed density from 1,198
to 1,277 g/l leads to a decrease in the yield of the
-0.033 mm fraction in sand from 54.6 to 52.0 %, i.e. by
2.6 %, which corresponds to a relative decrease of 4.8
%.At a pressure of 140 kPa, a similar increase in densi-
ty is accompanied by a decrease in this indicator from
53.1 to 50.6%, i.e. by 2.5% or 4.7% in relative terms.

The decrease in the content of the fine fraction in the
sand product with an increase in density is due to the
general coarsening of the granulometric composition
of the sands. A similar trend can be observed for the
discharge product. At a pressure of 100 kPa, the yield
of the -0.033 mm fraction in the discharge decreases
from 88.6% at a density of 1,198 g/l to 87.7% at a den-
sity of 1,277 g/l,i.e. by 0.9% or 1.0% in relative terms.
At a pressure of 140 kPa, the corresponding decrease is
1.0% (from 88.1 to 87.1%), which confirms the general
trend towards a decrease in the specific proportion of
fine particles in the discharge with an increase in the
concentration of the solid phase.

The classification efficiency,determined by the Han-
cock parameter, decreases in the studied modes with
both increasing pressure and increasing feed density.
At a pressure of 100 kPa, an increase in density from
1,198 t0 1,277 g/l leads to a decrease in efficiency from
43.1 to 42.1%, i.e. by 1.0% or 2.3% in relative terms. At
a pressure of 140 kPa, the corresponding decrease is
1.5% (from 42.6 to 41.1%), which is equivalent to a rela-
tive decrease of 3.5%. The highest efficiency values are
recorded at minimum pulp density and lower pressure
values, while an increase in solid phase concentration
leads to a systematic deterioration in the selectivity of
the classification process. Thus, the results of the theo-
retical calculation confirm that a combined increase in
pressure and feed density leads to an increase in the
nominal separation size and a decrease in the efficiency
of the classification process. To ensure clearer separa-
tion and increase the efficiency of the -0.033 mm frac-
tion extraction, it is advisable to use moderate pressure
values (100-120 kPa) in combination with a base or re-
duced feed density, which provides an optimal balance
between process selectivity and hydrocyclone stabil-
ity. To determine the effect of changing the diameter
of the hydrocyclone discharge pipe on the separation
of the 0.033 mm fraction, the efficiency of classifica-
tion and the distribution of the fine class between sand
and discharge products in the theoretical calculation
used feed pressures of 100 and 120 kPa at an output
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product density of 1,230 g/l (solid content 24.5%). The
diameter of the discharge pipe varied in the range of

130-170 mm. The obtained dependencies are shown
in Figure 4.
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Figure 4. Dependence of the classification indicators of the -0.033 mm fraction
in a hydrocyclone at a feed pressure of 1.0 kgf/cm? on the diameter of the discharge pipe

Source: compiled by the author

The obtained results demonstrate patterns of dis-
tribution of finely dispersed particles between the drain

and sand products and substantiate the choice of the
optimal diameter of the drain pipe (Fig. 5).
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Figure 5. Dependence of the classification indicators of the -0.033 mm fraction
in a hydrocyclone at a feed pressure of 1.2 kgf/cm? on the diameter of the discharge pipe

Source: compiled by the author

Analysis of the results obtained shows that the di-
ameter of the discharge pipe is one of the determining
design parameters that significantly affects the nom-
inal separation size d,,,, classification efficiency, and
distribution of the -0.033 mm fraction between hydro-
cyclone products. At a fixed feed density of 1,230 g/l
and in the studied range of diameters, an increase in
feed pressure from 100 to 120 kPa is accompanied by
an increase in the nominal separation size and a de-
crease in classification efficiency. With a discharge pipe
diameter of 130 mm, the value of d,,, increases from
0.039 to 0.041 mm, which corresponds to an absolute
increase of 0.002 mm or a relative increase of 5.1%. A

similar difference between the 100 and 120 kPa modes
is maintained for other diameters, indicating a system-
atic effect of pressure on the position of the limit sep-
aration size. At the same time, an increase in the diam-
eter of the discharge pipe in the range of 130-170 mm
leads to a monotonous decrease in the nominal sepa-
ration size.At a pressure of 100 kPa, d,,, decreases from
0.039 to 0.034 mm, which corresponds to an absolute
decrease of 0.005 mm or a relative decrease of 12.8%.
At a pressure of 120 kPa, the corresponding decrease
is 0.005 mm (from 0.041 to 0.036 mm), which corre-
sponds to a relative decrease of 12.2%. The results ob-
tained indicate a shift in the limiting separation size
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towards finer classes with an increase in the cross-sec-
tional area of the drain pipe, which is associated with
a decrease in hydraulic resistance and a weakening of
internal flow circulation.

At the same time, an increase in the diameter of
the discharge pipe is accompanied by an increase in
the yield of the -0.033 mm fraction in the sand product.
At a pressure of 100 kPa, the yield of this fraction in
sand increases from 15.4% at a diameter of 130 mm to
18.2% at a diameter of 170 mm, i.e. by 2.8%, which cor-
responds to a relative increase of 18.2%. At a pressure
of 120 kPa, a similar trend is observed in the increase
in the yield of the -0.033 mm fraction in the sand from
14.5 to 17.2%, i.e. by 2.7% or 18.6% in relative terms.
This indicates an intensification of the removal of fine
particles in the sand product when the diameter of
the discharge pipe is excessively increased. The clas-
sification efficiency shows a moderate increase with
an increase in the diameter of the discharge pipe. At
a pressure of 100 kPa, the efficiency increases from
42.1% at a diameter of 130 mm to 43.1% at a diameter
of 170 mm, which corresponds to an absolute increase
of 1.0% or a relative increase of 2.4%. At a pressure of
120 kPa, efficiency increases from 41.6% to 43.1%, i.e.
by 1.5% or 3.6%. The maximum efficiency values are
recorded in the diameter range of 150-160 mm, after
which a further increase in diameter does not lead to
a significant increase in efficiency, but is accompanied
by an increase in the loss of the fine fraction in the
sand product. As a result of processing the calculated
data, the dependence of classification efficiency on the
diameter of the drain pipe at a pressure of 100 kPa is
approximated by a linear equation:

€=0.2539x+41.911,
where x - diameter of the hydrocyclone discharge

pipe, mm. The coefficient of determination of the ap-
proximation is:

R*=0.9807.

For a pressure of 120 kPa, the corresponding rela-
tionship is as follows:

€=0.3651x+41.249,

where x — diameter of the hydrocyclone discharge
pipe, mm. The coefficient of determination of the ap-
proximation is:

R?=0.9925.

High values of approximation determination coeffi-
cients confirm the stable nature of the influence of the
drain pipe diameter on the classification efficiency in
the studied range. Thus, at a feed density of 1,230 g/l
and a feed pressure of 100-120 kPa, the optimal oper-
ating mode of the hydrocyclone should be defined as
the operation of a hydrocyclone with a discharge pipe
diameter of 150-160 mm. Under these conditions, a
balanced combination of reduced nominal separation
size, increased classification efficiency and an accept-
able level of loss of the -0.033 mm fraction in the sand
product is ensured. To quantitatively assess the effect of
the diameter of the sand nozzle of the hydrocyclone on
the classification indicators of the -0.033 mm fraction,
the following theoretical calculations were made: feed
pressure of 100 kPa and 120 kPa, a drain pipe diame-
ter of 150 mm, and an inlet feed density of 1,230 g/L.
Under these conditions, an analysis was performed of
the change in nominal separation size, classification ef-
ficiency, and distribution of the fine class between the
sand and drain products when varying the diameter of
the sand nozzle in the range of 68-84 mm.The depend-
encies obtained for different feed pressure values are
shown in Figure 6, which shows the influence of the
sand nozzle design parameter on the classification pro-
cess under different hydrodynamic operating modes of
the hydrocyclone.
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Figure 6. Dependence of the classification indicators of the -0.033 mm fraction
in a hydrocyclone at a feed pressure of 100 kPa on the diameter of the sand nozzle

Source: compiled by the author
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A change in the diameter of the sand nozzle sig-
nificantly affects the conditions for unloading the
sand product and, accordingly, the distribution of fine
particles in the hydrocyclone. At different feed pres-
sures, the nature of this dependence changes, which

is reflected in the classification indicators for the
-0.033 mm fraction. Figure 7 shows the results illus-
trating the effect of the sand nozzle diameter on the
efficiency of fine class separation at feed pressures of
100 and 120 kPa.
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Figure 7. Dependence of the classification indicators of the -0.033 mm fraction
in a hydrocyclone at a feed pressure of 120 kPa on the diameter of the sand nozzle

Source: compiled by the author

The analysis of the results showed that changing
the diameter of the sand nozzle significantly affects
the nature of the classification and distribution of the
fine fraction of -0.033 mm between the hydrocyclone
products at both 100 kPa and 120 kPa at a fixed feed
density of 1,230 g/l. The patterns identified are stable
and remain consistent across the entire range of diam-
eters studied. With an increase in the diameter of the
sand nozzle from 68 to 84 mm for both pressure values,
there is an increase in the yield of the -0.033 mm frac-
tion in the discharge product and a corresponding de-
crease in its yield in the sand product. At a pressure of
100 kPa, the yield of this fraction in the sand decreases
from 19.3% to 14.8%, which corresponds to an absolute
decrease of 4.5% and a relative decrease of 23.3%.

At a pressure of 120 kPa, the same indicator de-
creases from 18.2% to 14.0%, i.e. by 4.2%, which cor-
responds to a relative decrease of 23.1%. The recorded
changes indicate a decrease in the carryover of fine par-
ticles into the sand product due to an increase in the
cross-sectional area of the sand nozzle and a decrease
in the hydrodynamic resistance of the sand flow. The
nominal separation size d,,, increases monotonically
with an increase in the diameter of the sand nozzle.
For a pressure of 100 kPa, the value of d,,, increases
from 0.033 to 0.041 mm, which corresponds to an ab-
solute increase of 0.008 mm and a relative increase of
24.2%. For a pressure of 120 kPa, d,,, increases from
0.034 to 0.042 mm, i.e. by 0.008 mm, which corresponds
to a relative increase of 23.5%. This indicates a shift
in the maximum separation size towards larger values,

which is associated with a decrease in the intensity of
the centrifugal field in the sand flow formation zone
and an increase in the probability of larger particles
being swept into the drain.

The efficiency of classification gradually decreases
with an increase in the diameter of the sand nozzle. The
maximum efficiency values of 43.3-43.1% are achieved
with a minimum nozzle diameter of 68 mm. When the
diameter is increased to 84 mm, the efficiency decreas-
es to 41.8% (100 kPa) and 41.3% (120 kPa). Thus, at a
pressure of 100 kPa, the absolute decrease in efficien-
cy is 1.5%, which corresponds to a relative decrease of
3.5%, and at a pressure of 120 kPa, it is 1.8%, or 4.1%.
The decrease in efficiency indicates a deterioration in
the selectivity of the process, caused by a simultaneous
increase in d,,, and a decrease in the sharpness of the
cut-off of fine classes. Analysis of absolute masses con-
firmed the established trends: with an increase in the
diameter of the sand nozzle, the mass of the -0.033 mm
fraction in the sand product decreases, while the mass
of this fraction in the discharge changes insignificantly.
This indicates a redistribution of fine particles between
products without a significant change in their total
amount and confirms the dominant influence of the de-
sign parameter of the sand nozzle on the selectivity of
classification. As a result of processing the calculated
data, the dependence of classification efficiency on the
diameter of the sand nozzle at a pressure of 100 kPa is
approximated by a linear equation:

€=-0.3813x+43.789,
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where x - sand nozzle diameter, mm. The coefficient of
determination of the approximation is:

R?=0.9819.

For a pressure of 120 kPa, the corresponding rela-
tionship is as follows:

€=-0.4723x+43.692,

where - sand nozzle diameter, mm. Coefficient of de-
termination of approximation:

R?=0.9903.

Thus, the diameter of the sand nozzle is one of the
key design parameters that determines the position of
the maximum separation size and the efficiency of clas-
sification at fixed values of pressure and feed density.
Under conditions of pressure 100-120 kPa, feed density
of 1,230 g/l and a discharge pipe diameter of 150 mm,
the optimal range of sand nozzle diameters is consid-
ered to be 72-76 mm, in which a balanced ratio between
classification efficiency, d,,,, value and permissible con-
tent of the -0.033 mm fraction in the sand product is
achieved. Based on a comprehensive analysis of the
influence of the operating and design parameters of
the hydrocyclone, the study established that the clas-
sification efficiency and separation quality of the fine
fraction of -0.033 mm are determined not by individ-
ual parameters, but by their coordinated combination.
Changes in feed pressure, pulp density, drain pipe di-
ameter and sand nozzle significantly affect the nominal
separation size, process selectivity and distribution of
the fine fraction between the drain and sand products.

According to theoretical calculations, the stud es-
tablished that for a hydrocyclone with a diameter of
500 mm, the optimal operating mode, aimed at ensur-
ing clear separation and an acceptable content of the
-0.033 mm fraction in the sand product, is achieved
with the following combination of parameters: pressure
in the hydrocyclone within the range of 100-120 kPa, at
which a stable hydrodynamic mode is formed without
a significant increase in the nominal separation size;
pulp feed density at 1,198-1,231 g/, which ensures in-
creased classification efficiency and better separation
selectivity; drain pipe diameter of 150-160 mm, which
provides a compromise between reducing d,,,, and ac-
ceptable losses of the fine fraction in the sand product;
sand nozzle diameter of 72-76 mm, which can combine
sufficiently high classification efficiency with moderate
values of nominal separation size and controlled con-
tent of the-0.033 mm fraction in the sand. The proposed
combination of parameters can be recommended for
practical application as a rational operating mode for
GC-500 type hydrocyclones with the possibility of fur-

ther adjustment depending on the requirements for the
particle size distribution of the final products and the
specific operating conditions of the enrichment plants.

The efficiency of classifying finely dispersed parti-
cles in hydrocyclone devices is a determining factor in
the stability of closed grinding cycles and the energy ef-
ficiency of enrichment process schemes. Analysis of the
results obtained for the GC-500 hydrocyclone battery
showed that even relatively small changes in operating
and design parameters lead to a significant shift in the
limit separation size, which is particularly critical for
fractions smaller than -0.033 mm. An increase in feed
pressure is accompanied by an increase in the nomi-
nal separation size and a decrease in the selectivity of
fine fraction classification. It has been established that
when the pressure is increased from 80 to 200 kPa, the
limit separation size of the -0.033 mm fraction increas-
es from 0.035 to 0.044 mm, i.e. by 0.009 mm, which cor-
responds to a relative increase of 25.7%. This change
in d,,, indicates a significant restructuring of the hy-
drodynamic regime in the apparatus and an increase
in the proportion of finely dispersed particles that are
mistakenly attributed to the sand product. From a phys-
ical point of view, an increase in feed pressure leads
to an intensification of the tangential flow velocity,
an increase in turbulent pulsations and an intensifi-
cation of short-circuited flows in the near-axis zone
of the hydrocyclone. As a result, fine particles, which
under optimal conditions should be moved into the
drain, are drawn into the peripheral flow and move into
the sand. The scale of the relative increase in d,,, ob-
tained in this study correlates with analytical estimates
of L.R. Plitt (1976), according to which a 2-2.5-fold in-
crease in feeding pressure causes an increase in d,,
by 20-30%. Similar trends are present in the industrial
studies by S.K. Palaniandy et al. (2017), where an in-
crease in feed pressure was accompanied by an increase
in d,,, by 15-25%. Together, these results indicate that
the effect of feed pressure on classification efficiency
is systemic and manifests itself regardless of the type
of hydrocyclone and the specific technological scheme.

Studies also show that the efficiency of hydrocy-
clone classification largely depends on feed character-
istics, in particular on changes in the average particle
size in the feed (d.f). Q. Zhao et al. (2024), using ex-
perimental methods and CFD analysis, demonstrated
that varying d,,f in the range of approximately 0.020-
0.060 mm with constant design and operating param-
eters of the hydrocyclone leads to a shift in the sepa-
ration limit size (ds,) and a decrease in the selectivity
of the process. At the same time, with a decrease in the
average particle size and an increase in the propor-
tion of fine fractions in the feed, the number of falsely
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separated particles that enter the sand product increas-
es, even at stable values of pressure and pulp density. A
decrease in the sharpness of the cut-off and deforma-
tion of the distribution curve are noted, which is most
pronounced in the fine fraction range.

Pulp density is another key parameter that deter-
mines the nature of the separation of finely dispersed
particles. When the pulp density increases from 1,198
to 1,277 g/l, the limit size of the fraction separation
-0.033 mm increases by 0.005-0.006 mm, which cor-
responds to a relative increase in d,,, of 13.9-17.6%.
The data obtained indicate a decrease in the sharp-
ness of classification and an increase in the role of
interparticle interactions. An increase in the concen-
tration of the solid phase leads to an increase in the
effective viscosity of the pulp and a decrease in the
differences in the speeds of particles of different siz-
es. As a result, the effectiveness of centrifugal forces
decreases, which has a particularly negative effect on
the separation of fine fractions. Similar effects were
noted by T.C. Rao et al. (1976), where an increase in
pulp density was accompanied by a decrease in classi-
fication sharpness by 10-20%, as well as by M. Padhi et
al. (2019), where the decrease in the extraction of the
-0.020 mm fraction was 8-12% with an increase in the
solid content in the pulp. Thus, the results obtained
confirm that the influence of pulp density on d,,,, dis-
placement is universal in nature.

The geometric parameters of the hydrocyclone, in
particular the diameters of the discharge pipe and sand
nozzle, have a significant impact on the classification
indicators. Increasing the diameter of the drain pipe
from 130 to 170 mm reduces the maximum separation
size by 0.005 mm, which corresponds to a relative de-
crease in d,,,, of 12.2-12.8%. This is due to a decrease
in the intensity of the short-circuited flow and stabili-
sation of the axial vortex, which contributes to more
selective particle cutting. Quantitative confirmation of
this mechanism is provided in the CFD study by T. Su &
Y. Zhang (2022), where a reduction in the diameter of
the discharge pipe led to a decrease in d,,,, by 10-18%
and a decrease in the intensity of the short-circuited
flow by up to 30%. At the same time, the results of the
study show that an excessive increase in the diameter
of the discharge pipe is accompanied by an increase
in the carryover of fine particles into the sand product.
A similar trade-off between a decrease in d,,,, and the
loss of fine fractions was noted in the work of C. Zhang
& S.Lu (2023), where the mass fraction of fine particles
in the sand increased by 5-9% with unfavourable ge-
ometry of the discharge node. The study by M. Narasim-
ha et al. (2006) was devoted to modelling large vortices
in hydrocyclones to predict the diameter and shape

of the air stem. The authors showed that the large
vortex modelling method can accurately assess the
flow structure inside a hydrocyclone, which is impor-
tant for improving particle classification efficiency.

The study by J. Li et al. (2019) conducted a numer-
ical analysis of the influence of different inlet designs,
in particular involute and laminar-spiral shapes, on
the internal flow and phase separation in hydrocy-
clones. The study demonstrated that the choice of a
laminar-spiral configuration reduced energy consump-
tion and better reduced the displacement of coarse
and fine particles in the outlet flows compared to the
standard involute configuration, especially at different
particle concentrations and densities, indicating the
potential of geometric optimisation to improve the
separation process.

Changing the diameter of the sand nozzle also sig-
nificantly affects the distribution of particles between
the classification products. Increasing its diameter from
68 to 84 mm leads to an increase in the maximum sep-
aration size from 0.033 to 0.041 mm at a pressure of
100 kPa. This is due to a decrease in hydraulic resist-
ance in the sand node and an increase in the rate of
particle removal into the lower product. Similar quan-
titative patterns were presented by D. Hou et al. (2021),
where the proportion of fine particles in the sand prod-
uct increased by 6-10% when the geometry of the sand
nozzle was changed. Modern CFD studies generalised
the experimental patterns obtained and explained
their hydrodynamic nature. E. Dianyu et al. (2024)
demonstrated that changing the configuration of the
inlet part of the hydrocyclone significantly changes the
velocity structure, the position of the axial vortex, and
the intensity of turbulent pulsations. This, in turn, leads
to a shift in the separation limit size and a decrease in
classification selectivity, especially for fractions small-
er than 0.050 mm. The CFD results obtained explain
well the changes in d,,, recorded in this study when
varying the feed pressure and geometric parameters of
the apparatus. L. Svarovsky (1984) conducted a detailed
review of the design, principle of operation and appli-
cation of hydrocyclones in industrial classification and
particle separation. The author systematised the hydro-
dynamics of flow, factors affecting separation efficiency,
and practical recommendations for the design and op-
eration of hydrocyclones.

A summary of the results of this study and the lit-
erature data shows that the influence of feed pressure,
pulp density, and the diameters of the discharge pipe
and sand nozzle has a common physical nature and
manifests itself in similar numerical ranges of change
in the limit separation size. For industrial conditions,
this means that increasing the intensity of the process
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by increasing the pressure or pulp concentration with-
out hydrodynamic limitations can lead to an increase in
the loss of fine fractions and a decrease in the overall
efficiency of the technological scheme. The best classifi-
cation results are achieved with a rational combination
of operating and design parameters, which provides a
compromise between separation selectivity and mini-
misation of losses of valuable fine-grained material.

® Conclusions

The analysis of actual production data for the GC-500
hydrocyclone battery at enrichment plant No. 1 of PISC
Northern Mining and Enrichment Combine established
that the classification efficiency for the -0.033 mm
fraction in the third stage of classification is 39.27%
according to the Hancock parameter, which indicates
insufficient selectivity of the process and the presence
of a significant reserve for optimising the operating
modes of hydrocyclones. A mathematical classification
model based on the calculation of mass balance, the
Hancock parameter and the theoretical Bradley sepa-
ration function has been developed, which adequately
describes the hydrocyclone classification process. The
relative error between the theoretical and actual class
distribution indicators in sand and discharge products
does not exceed 2%, which confirms the correctness of
the applied model for engineering calculations and op-
erating mode forecasting.

The study established that feed pressure is one
of the key operating factors determining the nominal
separation size and classification efficiency. With an in-
crease in pressure from 80 to 200 kPa, the nominal sep-
aration size increases from 0.035 to 0.044 mm, which
is accompanied by a coarsening of the granulometric
composition of the products and a decrease in classi-
fication efficiency. The study demonstrated that an in-
crease in feed pressure leads to a decrease in the mass
and relative share of the -0.033 mm fraction in both
sand and discharge products, which is due to a shift
in the nominal particle size distribution towards larger
classes and a deterioration in the selectivity of the pro-
cess. A study of the effect of feed density showed that
an increase in the concentration of the solid phase in
the pulp is accompanied by an increase in the nominal
separation size and a decrease in classification efficien-
cy across the entire pressure range studied. The most
favourable conditions for the separation of the fine

fraction of -0.033 mm are achieved at base or reduced
pulp density values.

The generalisation of the results showed the sys-
tematic nature of the influence of feed pressure on
the classification process, regardless of pulp density,
which confirms the decisive role of the hydrodynamic
mode of operation of the hydrocyclone in determining
the maximum separation size. Analysis of the influ-
ence of the discharge pipe diameter showed that its
increase contributes to a decrease in the nominal sep-
aration size and an increase in classification efficiency,
but is accompanied by an increase in the carryover of
the -0.033 mm fraction into the sand product, which
requires consideration of the quality requirements for
sand. The study established that the diameter of the
sand nozzle significantly affects the distribution of
the fine fraction between the products of the hydrocy-
clone. With an increase in its diameter, the content of
the -0.033 mm fraction in the sand decreases and its
discharge increases, while at the same time, there is an
increase in the nominal separation size and a decrease
in classification efficiency.

Based on a comprehensive analysis of operating
and design parameters, the optimal operating condi-
tions for the GC-500 hydrocyclones have been deter-
mined: feed pressure of 100-120 kPa, output product
density of about 1,230 g/l, discharge pipe diameter of
150-160 mm, and sand nozzle diameter of 72-76 mm,
at which a compromise is achieved between classifica-
tion efficiency, nominal separation size,and permissible
content of fine particles in the sand product. The results
obtained provide a basis for further research aimed at
substantiating the optimal operating modes of hydro-
cyclone batteries at ore processing plants, in-depth
analysis of factors affecting classification selectivity,
and the development of approaches to reduce losses
of fine classes and increase the stability of enrichment
performance indicators.
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Bnave peXXMMHUX i KOHCTPYKTUBHUX NapaMeTpiB rigpoLuK/oHa
Ha edpekTUBHICcTb knacudikauii ToHkux ppakyin

@ AHoTauif. MeToto focniaxeHHa 6yno BUBYEHHS po6oTu 6aTapei rigpounknoHis MU-500,9ka ekcnayaTyeTbCs y LMK
TpeTboi CTamii knacudikauii Ha 36aravyBanbHin Gabpuui ripHMyo-36aravyBanbHoro nignpuemcrea KpuBopisbkoro
3anisopyaHoro 6aceiHy, 3 MeTOL OLiHKM ii eeKTMBHOCTI Ta ONTMMI3aLii npoLecy nominy yactuHok. OCHOBHY yBary
30CepenyXeH0 Ha aHanisi BMIMBY TUCKY XMBAEHHS, LWiNbHOCTI Mynbnu, AiamMeTpa 3/MBHOr0 natpybka Ta aiamerpa
NiCKOBOI HAaCaAKM HA HOMIHANbHY KPYMHICTb po3aineHHs, ebeKTUBHICTb Knacudikauii Ta posnoain ¢pakuii-0,033 mm
MiX MICKOBMM i 31MBHMM MpoayKTamu. [loCnifXeHHS BUKOHAHO 3 BUKOPUCTAHHAM PaKTUYHUX BUPOOHMYMX AAHUX i
TEOPETUYHOIO MOAENIOBAHHS Mpouecy knacudikauii. MeTogmka gocnigxeHHs 6asyBanacb Ha po3paxyHKy MacoBOro
6anaHcy, BU3HaYeHHi edeKTMBHOCTI Knacudikauii 3a napaMeTpoM XeHKOKa Ta 3aCTOCyBaHHI TeOPEeTMYHOI Moaeni
Bpenni ons OUiHKM HOMiHaNbHOI KPYMHOCTI pO3AineHHs i NobyaoBM KPUBOi PO3MOAINY YAaCTMHOK 3a KPYMHICTHO.
BctaHoBneHo, Wwo daktMyHa edekTuBHICTb Knacudikauii dpakuii -0,033 MM ctaHoBuTb 39,27 %, a pesynbrat
TEOPETUYHOr0 MOAENOBAHHS Y3rOAXYHTHCS 3 MPOMUCIOBUMM JAHUMM 3 aBCONKOTHOK NMOXMOKOK MeHLW K 2 %, Lo
NiATBEPAXYE KOPEKTHICTb 3aCTOCOBAHONO MiAX0Ay A8 iHXEHEepHUX po3paxyHKiB. [1oka3aHo, Wo NigBULLEHHS TUCKY
Ta WiNbHOCTI XXMBMEHHS NPU3BOAUTL [0 3POCTAHHSA HOMIHANBbHOI KPYMHOCTI PO3A4iNEeHHS Ta 3HMXKXEHHS eDeKTUBHOCTI
Knacmdikauii BHaCNifoK 3MiHKU rigpoaMHAMIYHOIO pexxnMy poboTtu rigpounknoHa. BogHouvac 36inblweHHs giameTpa
3/IMBHOr0 NaTpybka CnpusieE 3MEHLWEHHI0 MPAaHUYHOT KPYMHOCTiI PO34iNeHHs Ta NiABULLEHHIO eeKTUBHOCTI NpoLuecy,
O[HaK CYyNpPOBOKYETbCS 3pOCTAHHAM BMIiCTY TOHKOT dpaKLii y nickoBOMY NpoAyKTi. 3MiHa fiaMeTpa NiCKOBOi Hacaaku
iCTOTHO BM/JIMBAE HA PO3MNOAIN TOHKMX YAaCTMHOK i CENeKTUBHICTb mpouecy knacudikauii. Ha niactasi oTpuMaHmnx
pe3ynbTaTiB 0BOIPYHTOBAHO pallioHanbHi MapamMeTpu poboTU TiAPOUMKIOHIB, SKi 3a6e3nevyoTb KOMMPOMIC MixX
ePEeKTUBHICTIO Knacudikauii Ta SKiCTHO NPOAYKTIB i MOXYTb OYTM BMKOPUCTaHI ANS ONTUMI3auii pexumis poboTu
rigpouUMKIOHHUX BaTapel Ha 36aravyBanbHMX Pabpukax

@ Kniouosi cnosa: HOMiHaNbHa KPYMHiCTb po3aineHHs; eGeKTUBHICTb Knacudikalii; WinbHiCTb NyAbMKU; 3MMBHUIA
naTpybok; nickoBa Hacagka
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